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1. INTRODUCTION 

During the past decades the energy band method has become an 
increasingly powerful and sophisticated tool fcr the solid-state 
physicist and material scientist for theoretically studying tr.e 
increasingly complex properties of matter in the condensed state. 
In particular the local density functional (L.DF) forrr.alisrr has 
led tc accurate, tractable, computer schemes for the description 
of the ground state properties of materials from first princip¬ 
les. 

Although first principle methods do not depend on any parameters 
that must be fitted to some experimental property, they are based 
on a number of simplifying assumptions and approximations that 
reduce the many-body problem to a one-electron or independent 
electron model. The first of these is the 5orn-0ppe."hoir.er appro¬ 
ximation, which essentially amounts to neglecting the electron-
phcnon interaction and reduces the problem to that of an interac¬ 
ting electron system in the field of fixed nuclear positions. The 
second simplification, the Hchenberg-Kohn-Sharc local density 
formal i sir., is based on the fundamental theore:- that the crcund 
state properties of an interacting electron system are functional 
of the electron density p(r). In a nor.-relat ivistic spin-pola¬ 
rized approach the single particle Ha.Tiilto:.ian is written (in 
Hartree a.u.) as 

h o = -1/2 V2 + V C o u l + V X C / C (I) 

In addition to the kinetic energy and Coulomb potential Vcou}> 
one must consider the spin dependent exchange and correlation 
potential in some approximate form. The simplest form is the 
Kohn-Sham-Slater potential {1,2] 

Vxc,o<z) = -3O[ l/3 

Other more sophisticated' and commonly used analytical expressions 
are given by von Barth-Hedin [3], Maruzsi-Janajc-Wiiiia-.s [4] and 
Vosko-Vilk-Nusair [5]. 

The essential steps in the self-consistent (SO procedure, deter¬ 
mining the single particle wave functions and around-state elec¬ 
tron density, is shown in Fig 1. In the energy bane ir.eth:ri; the 
molecular orbitals in Fig.l are replaced by Riech-f-jr.ctiens ap¬ 
propriate for the periodic potential. Depending on the choice cf 
the basis set and simplifications tc the potential, different 
methods have been developed such as the pseutiopotential (PF) and 
orthogcnalized plane-wave (OPW) methods, the linear-combination-
of-atomic orbitals (LCAO) , K0rringa-K0r.n-P4Cst.cker (KKR) and the 
augmented-plane-wave (APW) methods, their linearized versions 
LMTO (linear muffin-tin orbital) and LAPW. In order to obtain the 
electric field gradient (EFG) a full potential and all electron 
calculation is required and recently the full potential LA~v: 
(FLAPW) method have been applied to all hep metals up to Cd [6]. 
For pure surfaces and interfaces the thin film or slab geometry 
and the FLAPW method have been used by Freeman's group [7]. 



Fig. 1. The self-
ccr.sister.t proce¬ 
dure used in the 
molecular-cluster 
method but also 
showing the essen¬ 
tial procedure of 
other methods. 
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When a foreign atom or other point defect is introduced into an 
perfect crystal, the periodic potential of the crystal is broken. 
The supercell method, assuming the defect-defect interaction 
between adjacent "unit cells" is small, is one possible choice of 
method. Another approach which has been used to calculate the 
nyperfine fields for different probe atoms in iron and nickel 
[8,9,10] is the Green's function method. First the Green's 
function & of the pure metal host is determined by the KKR met¬ 
hod. The Green's function G of the muffin-tin or Wigner-Seitz 
potential of the impurity atom and its neighbor host atoms is 
then solved by Dyson equations based on 
J(rr') =5(rr') + Jdr"5(rr") }G(r"r') (3) 
Molecular-cluster calculations can be performed in nearly all 
systems. This approach assumes that the calculated quantities are 
having a short range origin and that in the center of a cluster 
of a finite number of atoms the essential part of this quantity 
is retained. Kith an appropriate boundary condition to the mole¬ 
cular orbital solutions of the cluster potential this method 
approaches the Green's function method (11]. 



2. HYPERFINE FIELDS 
The dominant contribution to the hyperfine field Bnf seen by a 
nonmagnetic sp- or magnetic 3d- or 4d-probe atoir, in the transi¬ 
tion magnets results from the Ferrr.i contact interaction [12] and 
is given by the magnetization density at the nucleus 
Bhf = [pt(O) - p^(0)}-52.42 Tesla (4) 
where pt(O) and pi-(O) are the local electron densities (a.u.) for 
the majority (ł) and minority (̂) spin states. The dipoie-dipole 
interaction between the nuclear and electron spins and the orbi¬ 
tal contribution are neglected in a first approximation because 
of the quenching of the angular momentum. This quantity is also 
difficult to determine since most methods mentioned above neglect 
the spin-orbital interaction in the hamiltonian. For rare-earth 
(RE) atoms with unclosed 4f shells the orbital contribution to 
the hyperfine field is often dominating. Approximate values might 
then be obtained from atomic <l/r3> integrals and a crystal field 
splitting of the 4f levels. 
In many applications relativistic corrections to the hyperfine 
field are calculated by employing the contact interaction formula 
(eq.4) but using semi-relativistic wave functions averaged over 
the size of the atomic nucleus. This leadf sometimes to serious 
over-estimations of the relativistic effects [13,10] compared to 
results from the correct relativistic expression by Breit [14]. 

2a Pure metals 
Despite the enormous number of band calculations published during 
the past decades only some authors derive the hyperfine field. 
One reason might be that the "hyperfine" experimentalist doesn't 
interact closely enough with the band theoreticians. Another 
reason lies in the frozen core approximation in many methods. 
However, recently Lindgren and Sjostrom [15] showed for iron, 
that by recalculating the core orbitals in the spin dependent 
potential within the Wigner-Seitz radius obtained by the 3C-LMTO 
method, a hyperfine field within 3% of the converged self-jonsis-
tent result is obtained. The recalculation of the core orbitals 
is similar to a spin polarized free atom calculation which often 
is an initial calculation in many band methods. The different 
contributions to the hyperfine field from cere and valence-band 
orbitals are given in Table 1. 



Table 1. Different contributions to the hyper fine 
field (Bnf in tesla) and magnetic moment Ц of iron for 
different exchange-correlation potentials used: 
KS[1,2], BH[3], BHsc=BH with SC-core, JMW[4] and 
VWN[5]. The experimental spin parts of B^f and ц are 
35.87 and 2.12цЕ after estimated corrections for a 
small orbital contribution. 

Orbital KS BH BHsc JMW VWN 

Is 2s 
3s 

-2. 
-76. 
+ 37. 

7 
0 
8 

-2 -58 
+ 33 

.3 .9 

.4 
-3. -61. 

+ 36. 

9 
0 
9 

-2 -64 
+ 34 

.5 .0 

.7 
-2. -63. 

+ 35. 

3 
8 
7 

sum core 
Band 
Total 
V- Фв> 

-41 
-7 

-48 
2. 

.1 

. 4 

.6 
40 

-26 
-6 
-33 
2. 

.6 

.5 

.0 
20 

-26 
-7 
-33 
2. 

.7 

.2 

.8 
21 

-30 
-6 
-37 
2. 

.6 

.4 

.0 
26 

-30 
-6 
-37 
2. 

.b 

.8 

.1 
23 

The core exchange polarization (CEP), which is opposite compared 
to the magnetic moment, has been explained by Freeman and Watson 
[16] by considering the relative positions of the d orbital and 
Is, 2s and 3s orbitals. Since the exchange interaction is attrac¬ 
tive, the 2st orbital inside the 3d orbital is pulled towards the 
3d moment. The difference between the radial extension of the 2sA 
and 2sJ, leaves a net negative density at the nucleus. The hyper-
fine field thus induced is proportional to the magnetic moment Ц 
with -13.7 Т/Дв [15]. The same exchange effect also polarizes the 
valence s-state, but more important is the hybridization with the 
neighboring Fe d-orbitals. This gives a negative transferred 
hyperfine field which is balanced partly by a repopulation ef¬ 
fect, i.e. more majority and less minority s- valence states are 
occupied. However, any such separation of the valence contri¬ 
butions is scmehow artificial, but it is important to note that 
the valence contribution, and hence the total Bj-jf, does not 
necessarily scale with the magnetic moment as assumed in mar.у 
analyses of Mossbauer data. 

2b Surface hyperfine fields 
Another system for which the proportionality between \i and Bvjf 
doesn't hold is the hyperfine field of Fe at the (110) surface. 
Mossbauer experiments show that despite the magnetic moment is 
enhanced at the surface the hyperfine field is reduced [17]. 
Using the slab geometry and the FLAPW method Ohnishi et al [7] 
showed for the Fe(OCl) surface that a large positive valence 
contribution is responsible for the reduction in magnitude of the 
totally negative field. ' 



2c Impurity hyperfine fields 
The hyperfine field for different non-magnetic impurities in Fe 
and Ni has been calculated with the molecular-cluster method by 
Lindgren et al [11,18,19] and with the Green's function method by 
Akai et al [8-10] who also included 3d and 4d impurities in their 
work. Since sp-impurities are essentially non-magnetic, the hy¬ 
perfine field at the nuclear position of these atoms is induced 
at the impurity by the host d-states. The exchange interaction 
between the host moment and the impurity screening electrons cr 
valence electrons attracts the majority orbitals towards the host 
site leaving a net minority density at the impurity nucleus and 
hence a negative hyperfine field. However, this polarization is 
compensated by a repopulation of majority and minority states, 
i.e. there are more majority than minority s-states giving a 
positive hyperfine field contribution. The impurity charge and 
the size of the impurity potential determines critically the 
magnitude of this contribution and is the origin to the observed 
systematic behavior of these hyperfine fields (see Fig.2). In the 
beginning of the 5sp-series, Ag and Cd, the hyperfine field is 
negative. Then the number of majority states increase (see Fio.3) 
and the local field is becoming positive around Sn. At the end of 
the series minority states are populated and the field is reduced 
again. 

Ag Cd In Sn Sb Те 
150 

100 

50 

Tig. 2. Calculated (full line) 
and experimental B^f for 5sp-
impurities in iron. 
Tig. 3. (right) 
Spectral densities. 

т 



For 3d impurities with a local moment induced by the host moments 
the different contributions are similar to those discussed pre¬ 
viously in the case of iron. Hyperfine fields for all atoms up to 
Ba at substitutionai sites in iron were calculated by Akai et al 
[9] by the KKR Green's function method determining the potential 
of the impurity and nearest neighboring host atoms self-consis¬ 
tently. The agreement between calculated and observed hyperfine 
fields is quite satisfactory (see Fig. A) and shows that first 
principle calculations now give an excellent basis for under¬ 
standing the microscopic mechanism underlying the observed trends 
in hyperfine fields. 

о 
О 

a. 
>-

С N» Mg Si S Ar Co Ti Cr Ft N. Zn fr U Кг 5г Zr Но Йц Ра И Sc Ту Xt Во 

н ь 8 N Г No Al Р Cl К Sc V Мп Со Си Go Al Вт Ro Y Nb Тс Oh Ag In SS 1 С» 

Fig. 4 (from ref.[9]). Hyperfine fields for different probes in 
ircn calculated with the KKR Green's function method. 

3. ISOMER SHIFTS 
The calculation of isoirer shifts (IS) resembles that of hyperfine 
fields in that a determination of the charge density at the 
nucleus is involved. However, while the spin density essentially 
depends on the spin dependent exchange and correlation potential, 
the total density at the nucleus depends more critically on the 
Coulomb potential. Self-consistent calculations of the core orbi-
tals are therefore particularly important. Recently Svane et al 
[20] determined the isomer shifts of Sn in various non-magnetic 
hosts were using the LMTO-Green's function method (Fig.5). 



». «• -. ч :c 

Fig. 5 (frorr. ref.[20]). Isomei shifts in the 3d, 4d and 5d series 
calculated with the LMTG Green's function method. 

4. ELECTRIC FIELD GRADIENTS 
Traditionally, estimates cf the- electric field gradients f?.FG> at 
a nucleus art based or. the parametri laticr. i.itc one part 4^>:z' 
originating from sources external tc the electron shell "and 
cir.ctr.e: part q e; from valence electrons or unfilled atoxic crbi-
cais iocsl to the nucleus. These quantities are modified ry the 
ant ishifclcinc functici. ?., which can cr.l\ со estimated crudely, 
and by tr.c- Ste rnheimer ant i shielding fa:\c-r •)„, >;:.;;£• ar pi i cit - or. 
is cr.iy justified for slowly varying external fields. 

q = ce>:. - C-R) 

The first term in equation (5) is often calculated by a lattice 
suJTjr-.iticr. and the importance of ir.cluriinc the- screening frcr 
concurtion electrons, instead cf lust su::u-rinc: over tare icr.ic 
charges, has been aemcr.strated by Nishian.a and Ric-gel [21; and 
Eutz [22]. Relying on the "universal correlation", discovered by 
Rachavan et al [23] (see Fig. 6a), the second term is then esti¬ 
mated to be three times the first term but cf opposite sign. With 
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Fig. 6. a) right, EFG data for the derivation of the "universal 
correlation in 1976 [23]. b) left, EFG data in 1983 [24 7. 
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an increasing amount of available experimental data this propor¬ 
tionality is questioned in many systems [24] (see Fig. 6b). Тле 
reason for this may be found in the second term of eq.(5), which 
requires accurate calculations of electronic wa^e functions. From 
the wave functions the charge density p is calculated and the EFG 
by 

(r)[3cos26 -ljr"3dr + qnuciues <6' 

4a Pure metals 

For pure metals the electron states and the EFG are best deter¬ 
mined by a band structure approach. Recently Błaha et al. [6] 
calculated the EFG for all hep metals from Be to Cd using the 
FLAPW method (see Table 2). They find that the EFG mainly origi¬ 
nates from the non-spherical charge density inside the atomic 
sphere, in particular the p-p contribution of the valence charge 
density. That is also true in the 3d and 4d transition metals 
despite the large d-orbital charge anisotropy. The radial depen¬ 
dence of the p-orbital charge density is very important and to 
obtain this a full potential and self-consistent all electron 
calculation is required not relying on additional shielding fac¬ 
tors. The widely used PP-method should not be applied to EFG 
calculations and methods based on muffin-tin potentials might be 
unreliable as well. 

Table 2. Theoretical (FLAPW) from [6] 
and experimental EFG:s in 101"7 V/cm2. 

Element 
Be 
Mg 
Sc 
Ti 
Co 
Zn 
Y 
Zr 
Tc 
Ru 
Cd 

c/a 
1.56 
1.62 
1.59 
1.59 
1.62 
1.86 
1.57 
1.59 
1.60 
1.59 
1.89 

expt. 

0.05 
0.06 
0.41 
1.7 

-0.30 
+ 3.8 
-
3.9 
0.7 

-1.0 
+ 7.2 

theory 

-0.04 
+0.05 
+ 1.0 
+2.2 
-0.19 
+ 3.9 
+2.9 
+ 4.5 
-1.5 
-1.3 
+7.9 

4b Impurity EFGs 
Most of the measured EFGs are for impurity probe atoms in non-
cubic metals. In its present form the Green's function method 
with its spherical muffin-tin or Wigner-Seit'z potential is not 
good but with non-spherical corrections this method may become a 
very useful tool. At present the molecular-cluster method is the 
only reliable first principle method that has been applied to 
impurity systems [e.g.25,26]. The EFGs of 5sp-atoms in hep cad-

11 



Fig. 7. Calculated and experi¬ 
mental EFGs for 5sp-impurity 
atoms in Cd metal. For details 
see ref. [25]. 
mium show a sign-reversal around Sb, hence they are not prcccr-
tior.al to any antishielding factor or an EFu from a ]at::c-
summation. The molecular-cluster calculations, using a 2"1-atc~ 
cluster, is reproducing this trend [25; (Fig. " ) . 
The result can be understood in terms of bonding and ant ibcr.dir.o 
of the impurity 5p-orbitals with the host electrons, i.e. a 
hybridization with the conduction electrons of the host. In Cć 
metal with a prolate structure (c/a > V8/3), the splitting of the 
bonding and antibonding degenerate px,Pv E'ates is stronger thai: 
for the p z states. For Ag and Cd, with no bound Sp orbit a Is ir. 
the free atomic state, the bottom of the conduction band has a 
small px,py character and hence a positive EFG. With increasing 
impurity charge and deeper impurity potential the crbitals il¬ 
lustrated in Fig. 8 are successively populated. After Sb, with 
its almost spherical half-filled 5p-shell and small FFG, the 
first antibonding states, which are of p z type, become populated 
and the EFG changes sign. 

Fig. 8. Schematic illustration 
showing the splitting of the 
valence p-orbitals into bon¬ 
ding and antibonding states 
due to the hybridization with 
neighboring host orbitals. 

12 



4c Surface EFGs 
Schatz et al (27,28] have recently studied the EFG of Cd atoms at 
Cu surfaces. Some of their results are summarized in Table 3. 
Table 3. Room temperature EFG on Cd at different Cu surfaces. 
Surface site |Vzz| (V/cm2) angle between z 

anri surface normal 
Ca (100) 
СиШО) 
Си (110) 
Си (111) 
Си(111) 
Си(111) 

subst.terrace 
subst.terrace 
subst.layer 2 
subst.terrace 
subst.edge 
ad-atom edge 

8 . 8 
7 . 7 
4 . 9 
9 .8 
7 . 8 
5.8 

1 0 1 ' 
10 " 
1 0 " 
1 0 " 
1 0 " 
1 0 " 

0 
0 . 7 4 
0 . 5 0 
0 
0 . 6 9 
0 . 3 7 

0 
0 
0 
0 

18° 
3 1 o 

Using different cluster geometries, corresponding to the various 
Cu surfaces, the EFGs have been determined with the molecular-
cluster method [26,231. In Figs 9-14 the results are listed to¬ 
gether with the cluster geometries. All atomic positions are 
substitutional with distances corresponding to the unrelaxed Cu 
lattice, unless stated. 

EFG (10 V/cm'| 

Fig. 9. Cluster geometry used for Cu(100) and the EFG at 
different Cd sites [2b]. 

Fig. 10. Cluster geometry used 
for the Cu(lll) calculations. 
The obtained value is 11.6 
1 0 " V/cm2. 



The agreement with experimental results on the Cu(lOO) and 
Cu(lll) is supporting the site assignment to substitutional ter¬ 
race site made by Schatz et al (Table 3). The higher value en the 
(111) surface compared to the (100) surface is alsc reproduced. 
Fig. 11 shows the charge density as the Cd-atom approaches the 
surface terrace with its vacancy. At a distance of 4A the Cd atom 
is essentially a free atom, there is no overlap with the surface 
charge density and hence no EFG. At ЗА a small lobe down to the 
surface develops and creates a small negative El 3. Still closer 
to the surface layer the charge in the plane dominates and the 
EFG becomes positive. Notice also that the Cd is only slightly 
bigger than Cu. Only a small local relaxation of the neighboring 
Cu atoms is to be expected. 

v _ . i 

• .ч̂ / ; Л Г . ,.,' } у I j .; У\ ;\ II J 

Fig. 11. Charge density for different Cd distances (4.2, 3.2, 
2.1, 1.1 and 0 A) to the Cu(100) surface layer. 

Fig. 12. a) Charge density 1.бА 
above the Cu(lll) layer 

b) Charge density for Cd 
at Cu(lll) with the Cu 
density subtracted. 



The EFGs at step sites were determined with much smaller clusters 
including only l:st neighboring Cu atoms (Fig. 13). In this 
geometry there is a symmetry axis 35° to the surface normal. 
Including more atoms lowers the point symmetry and px and pz 
cross terms become possible. The calculations give a main compo¬ 
nent of the EFG in the plane and not along the z-axis as experi¬ 
ments show, but the next largest component is only slightly 
smaller and a calculation with more atoms may very well change 
this result. However, the magnitudes of the EFGs agree satisfac¬ 
torily with experiments. 

Fig. 13. Snail (l:st neghbor) clusters for substitutional Cu(lll) 
terrace site (left) with calculated V2Z=7.6 I0^

7 V/cm2, substi¬ 
tutional step site (middle) with V,,,,=-7.3 10^7 V/cm^in the plane 
and n=0.65, ad step site (right] with Vxx = -5.2 10

17 v/cm2 and 

The result for the Cu(llO) (Fig. 14) is in less good agreement 
with experiments, except that a smaller cluster CdCuj7 gives 
better values than the bigger CdCu29 cluster, an unsatisfactory 
result ir. itself. However, an anisotropic local relaxation of the 
Cu positions is quite plausible, for Ag even a reconstruction of 
the (110) surface has been observed. Since the Vxx and Vzz compo¬ 
nents are quite similar, they may be sensitive to any relaxation, 
e.g. a 10% relaxation of the surface monolayer towards the bulk 
gives a major component perpendicular to the surface. 

Fig. 14. Cu(llO) clusters. With the CdCu29 cluster (right) an EFG 
of -12.3 1017 V/cm2 in the plane and r\=0.76. With a smaller 
CdCu!7 cluster Vzz=8.6 10

17 V/cm2 and r\=0.71 was obtained. Left 
figure shows the Cd in the second layer where Vzz=6.6 10

17 V/cm2 

and ry=0.08 was calculated. 



5. SOMMARY 

While hyperfine field (Bnf, EFG, IS) experiments have been highly 
sophisticated and accurate for a couple of decades it is only 
lately that reliable theoretical methods have been developed. Fcr 
pure systems the energy band methods, in particular LAPW, LMTC 
and KKR, are reproducing the hyperfine fields and electric field 
gradients to better than 10% in general. For impurity systems the 
Green's function and molecular-cluster methods are able to ex¬ 
plain all systematic trends observed and in general the accuracy 
seems to be between 10 and 20%. In certain impurity systems the 
local relaxation of the atomic positions is important. In princi¬ 
ple such relaxations can be determined by total energy minimiza¬ 
tions but at the moment the numerical or model accuracy seems not 
to be sufficient, the total energy being several 100 keV while 
relaxation energies may lie between 0.1 and 1 eV. However, a lot 
of effort is being put into the total energy algorithms and 
within a few years reliable methods may be available. 
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1. Introduction 

Hyperfine interactions yield detailed information on the magnetic behavior on a micro¬ 

scopic, i.e. an inter- and intra-atomic scale. Like the various nuclear techniques, ranging 

from neutron scattering, NMR, and NQR to Móssbauer Spectroscopy (MS), /iSR and РАС 
the method of Perturbed Angular Distribution (PAD) following recoil implantation allows 
to study local magnetism in various forms. The wide variety of probe nuclei available 
provides us with an almost unlimited selection of probe atom - host material combination 
at negligible probe atom concentrations. 

The local aspect as given by the hyperfine interaction sets the stage for problems which 
can be studied. An almost natural subject of investigation is the impurity atom - host 
interaction. Varying the probe atom - host combination may allow to distinguish between 
different mechanisms. In this context a very natural question, which illustrates the problem 
but will not be discussed in detail, deals with the formation of local moments of isolated 
magnetic atoms (d- or f-ions) in nonmagnetic metals: What happens to a free magnetic 
atom when imbedded as isolated atom in a nonmagnetic metal? Does the magnetic moment 
survive? Will the orbita! part be quenched, fully, partially, or not at all? The problem is 
best illustrated by the example of the different paramagnetic behavior (mostly Curie-like) 
of isolated Fe in various host metals. In Fig 1 the local paramagnetic enhancement factor 
/3, denned as the ratio of the total field at the nucleus over the applied external field, is 
given versus the !:.verse temperature. The different /3 values range from very small values, 
representing negative hyperfine fields (e.g. Pd, the so-called 'giant moment" case) to rather 



large values, greater than unity, representing positive hyperfine fields which originate from 
orbital contributions. 

Fig.l: Local paramagnetic en¬ 
hancement factor 3 for Fe in var¬ 
ious metals. For the negative hy-
perfine field cases only a few sys¬ 
tems are chosen to illustrate the 
range. (References: Pd \ P t \ Au! 

by MS at low temperatures, Pt3, 
Au\ Bi \ Sc<, Ca5, Li, K. Rb, Cs6 

by PAD at higher temperatures). 
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The example of Fe in different metals illustrates how the nuclear technitjue of PAD following 
nuclear reactions and implantation allows to study systems not easily accessible to other 
preparation techniques. The detection of the hyperfine interaction in PAD is basically the 
same as in РАС (Perturbed Angular Correlation) using radioactive sources. The difference 

sample 

Fig.2: Principal scheme of the target-sample arrangement for PAD 

lies in the production of the nuclear spin alignment which in PAD is produced in situ 
by the nuclear reaction. The information on the hyperfine interaction is contained in the 
modulation observed in the time spectra of the anisotropically emitted radiation, typically 
7 radiation of the deexciting nucleus. The use of heavy ions for the nuclear reaction results 
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in recoil energies for the implar iation which allow target layers of convenient thicknesses. 
The simple concept is schematically presented in Fig.2 with some typical dimensions. The 
target reaction layer and the sample should be in good contact to avoid passage through 
Vctcuum and thereby iiypsrfine interacticn in atomic or ionic configurations which would 
destroy the alignment before entering the sample of interest. 

In the following, two examples out ol the multitude of various forms of local magnetism will 
be discussed in so.ne details. Other examples were discussed by Bertschat7' at the Zakopane 
School two years ago. First, recenf results on Knight shift experiments illustrate local 
magnetism on nonmagnetic probe atonir in nonmagnetic host metals. The second example 
deals with the influence of different local structures (e.g. point defects) on the magnetic 
hyperfine field which may be helpful in understanding ell the different contributions to the 
magnetic field in magnetic materials. An oxperiment for a magnetic characterization of a 
defect in iron will be presented. 

Local iPagnetism and loc<il structure are of great importance in the high-Tc superconduct¬ 
ing oxides. The interplay between antiferromagnetic order and superconductivity may be 
elucidated by measuiing the hyperfine interaction. First experiments and perspectives will 
be discussed in the final part. 

2. Knight Shift :n Nonmagnetic Metals 

A quantity characteristic of local magnetic contributions is the Knight shift, first observed 
as a paramagnetic contribution, i.e. enhancing the externally applied magnetic field, in 
diamagnetic Cu metal with NMR by W.P.Knight8). The relative frequency shift between 
the metal and the substance of reference with zero contribution, K= («Лпиа1-"гг/)/|-'ге/, is 
understood as resulting from the polarization of s-type conduction electrons in the magnetic 
field which yield a positive n.agnetic field at the nucleus via the Fermi contact inic nction91. 
It is therefore given by the product of the Pauli spin susceptibility \p find ihc !t::ron 
density at the nucleus of electrons at the Fermi surface 

(1) K=(87r/3)-x 

Typical values for the shift are in the order of 1 % (e.g. Kc«=+0.232 % 9 )), increasing 
with Z. 



The concept of understanding the Knight shift should best apply to the most siinpie metals. 
the alkali metais. in which the conduction electrons shouM be most purely described as s-
type electrons. As the heaviest alkali atoms available as probo and host we have studied Fr 
in Cs'° . The probe nucleus was 2i ;Fr in the 15" isomeric state produced in a l9tPi(19F.5n) 
reaction with a 96-MeV 19F beam from the heavy ion facility YICKH in Berlin. To calibrate 
the nuclear g factor the magnetic interaction of Fr was also measured in a Tl metal host 
by directly populating the isomeric '•"'Fr in the 20STl(12C,5n) reaction at 90 MeV using 
the same setup. For Fr in Tl metal the Knight shift was already known from experiments 
using the ionic insulator T1C1 as reference substance"'. The resultant shift is illustrated in 
Fig.3 where the Fourier transforms of the modulation spectra are presented. The derived 
Knight shift at Fr in solid Cs (at T=273 К I is К = -4.Я(3( %. This extraordinarily large 
shift is rather well understood within the conventional scheme: 

Fig.3: Fourier transform of the 
spin rotation spectra of 212Fr in Cs 
and Tl. The dashed line indicates 
the frequency expected for a dia-
magnetic environment. 
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A convenient reference for the density of the Fermi level electrons at the nucleus is the 
corresponding atomic value, and the fraction £, 

(2) * = i*(0)!*M / l*(0) 2a,o-n,c 

is a direct measure for the s-character of the conduction electrons. Perdew12) has derived 

from simple direct calculations within the W К В modd for metals that the density at the 
nucleus of the Fermi level electrons should scale as 

(3)- |Ф(0)|г - Z • F(Z), 
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consistent with the expression for the atomic hyperfine field for alkafi atoms given by 

Kopfermann13'. The relativistic correction function F(Z) is of particular importance for 

such a high Z element as Fr. Normalizing the Knight shift at alkali probe atoms in alkali 

metals according to the scaling of the electron density with Z yields the plot given in 

Fig.4. The extraordinarily large shift found for Fr turns out to be well understood within 

the standard description and simply reflects the large Z of 

Fig.4: Normalized Knight shift of 
alkali probe atoms in alkali metals. 
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Within the conventional concept the Knight shift is a positive contribution to the field 

acting on the nucleus in a metal . For transitional elements such as Pd negative shifts 

are well known as well; they result from the core polarization of polarized d electrons 

which dominate over the 'normal ' s-type contribution. For the non-transitional element 

bismuth a large negative Knight shift is known for a long time for solid bismuth which is 

very unusual , while liquid bismuth shows a 'normal ' shift of K = + 1.4 % 9*. Additionally, 

the semimetal bismuth is a textbook case for diamagnet ism I S ' . Possible explanations for 

the large negative contribution to the Knight shift have been discussed in terms of core 

polarization of the p electron (similar to the effect of the d electrons in transition elements) 

or diamagnetic contributions of different origins '6 ' . Means to distinguish between various 

mechanisms are among others the tempera ture variation and the probe atom variation 

like the subst i tut ion of different sp-elements. To vary the probe atom with different p 

electron configuration is borne out from the strong electric field gradient (efg) dependence 

on different probe a toms especially for Bi1 7 ' as host. 
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The measurement of the Knight shift in Bi is hampered by the strong electric field gradient 
in bismuth leading to a combined interaction which has to be fully treated in the analysis. 
How the combined interaction affects the "conventional" precession frequency in a PAD 
experiment is illustrated in Fig.5 with model spectra for two different angles between the 
efg and the magnetic field in the case of a single crystal, the collinear case /3 = 0 and the 

Fig.5a: Splitting of the Д т = 2 
modulation frequency in the case 
of combined interaction in a 
level with spin 1 = 15 and relative 
strength ^L/I/<5=200 as a function 
of the angle between the magnetic 
field and the efg z-axis. 

Fig.5b: Modulation patterns for 
combined interaction for 0=0 
(top) and /3=54.7° ('magic an-
gle')(bottom). 

- i 

time 

case of the so-called 'magic' angle for which Pj(cos/?)=0. An experimental realization is 
given in Fig.6 for the case of Sb in Bi. Fig.7 gives two examples for which the combined 
interaction has only little effect on the Larmor precession frequency so that the frequency 



0.40 

Fig.6: Modulation spectrum of the 8~ isomer of m S b in liquid (top) and solid, single 
crys'alline (bottom) bismuth (/? = 55°). 
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Fig.7: Fourier transforms of the modulation spectra for I94Pb and 2URn in liquid and solid 
bismuth. 
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chance directly yields the Knight shift, which changes considerably for Pb in Bi between 
solid and liquid Bi while no change can be detected for the noble gas atom Rn in Bi. 
Table 1 summarizes the results for Knight shifts of sp-elements in Bi I81920). Three features 
are evident: (ii There are sizeable changes in the Knight shift between solid and liquid 
bismuth: (iii the change vanishes for the element with a closed outer p-shell, indicating 
the importance of the ouier p electrons: and (iii) the observed shifts for Sb and Bi, 

Tab. 1: Knight shift of sp-elements in liquid and solid bismuth 

Probe u t V " »<rfirf 

Pb 

Sb 
Bi 

At 

Rn 

+0.78(1) 
+ 1.400 

+ 0.6;°' 

1.6(5) 

1.2(3) 
0.9(3) 

1.9(3) 

-0.08(50) 0.0(2) 

"'> derived from svstematics19'. 

- t 

- 2 - 1 
X [lO-4emu/ 
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Fig.8: Correlation of the Knight shift of solid and liquid Bi with the macroscopic total 
susceptibility with the temperature as implicit paraunHtr (Тд; marks the melting point). 
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having the same outer p electron configuration and differing only in size, do not scale with 

the core polarization hyperfme field as given in the last column0' . On the other hand as 

illustrated in Fig.8 the Knight shift seems to scale with the macroscopic susceptibility. It 

shows that for Bi the Knight shift reflects the strong diamagnetism on a local scale. 

3. Magnetic Characterization of Defects in Iron 

In the study of point defects in metals via hyperfme interaction the defects are typically 

identified by the change o{ the charge distribution around the probe atom. In cubic lattices 

a characteristic efg results, while in noncubic lattices the inherent efg may be altered 

characteristically. In ferromagnetic materials near-neighbor defects do not only change 

the charge distribution but may also change the local spin distribution and thereby alter 

the magnetic field at the probe atom next to the defect. In total ?. combined interaction, 

magnetic and electric, has to be expected. So far defect configurations in ferromagnels 

were detected by their influence on the magnetic field at nonmagnetic impurity atoms 

in defect-impurity configurations. In the case of iron different magnetic fields have been 

observed for different defect configurations at the site of Cs (via Xe)21' and Sn (via In)2*'; 

in nickel unique configurations could be identified for Cd (via In)2:!:l and Sn (via Xe or In)24' 

as impurity probe atoms. In both materials the defect structures are observed because of 

trapping at an impurity atom. At the self atom, however, no unique defect structure could 

be observed so far. although many attempts have been made especially with the Mossbauer 

spectroscopy on Fe in Fe (e.g. ref. 25). It would be of great help to understand the many 

different contributions to the hyperfine field knowing the changes resulting from different 

local configurations. 

In the case of iron a very favorable alternative to the Mossbauer spectroscopy on 5<Fe is 

the high-resolution PAD on 54Fe using the 10"1 isomer. From the properties of this isoraer 

(Ti/ :=357ns, g=0.T3. Q-2b mi2 2b)) a much higher sensitivity in terms of resolution of 

magnetic fields is evident as compared to 57Fe, (g-r)(54Fe) =; 30-(g-T)(5'Fe). The isomer 

is populated in a 4;>Sc(i:iC2pti)t"'Fe reaction with a 40-MeV l :C beam and the excited 

probe nuclei recoil out of the lmg/cm2 Sc foil into the material under study. To take full 

advantage of the sensitivity sharp subnanosecond beam pulses for the exciting heavy ion 

beam and effuie:! -; detectors with nigh time resolution are required. In the experiment 

done with the tandem-superconducting» LINAC-combinalion in Stony Brook an overall 



time resolution of At ft SOOps was achieved detecting the 3.4 MeV 7 radiation in the 
decay path of the isomer with large size BaF2 scintillators. 

The experiment was performed in the so-całled '45°-geometry' first successfully demon¬ 
strated by R.S. and P.Raghavan !7). It lifts the 180" symmetry which results in the obser¬ 
vation of the pure Larmor frequency rather than twice the Larmor frequency as is usual 
in РАС/PAD. The iron sample, an annealed natural Fe foil of 99.998 % purity (metallic 
impurities), was thin enough to let the beam particles go through, they were stopped in 
a Pb foil behind the iron. The sample with the Sc foil on top was mounted on the cold 
plate of a Joule-Thomson cryo-tip between the poletips of a magnet set-up with SmCo 
permanent magnets. The magnetizing field was 0.15(1) T. Foil and magnet assembly were 
positioned to yield an angle of 45° between the beam direction and the magnetization in 
the detection plane. 
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Fig.9: Fourier transforms of the modulation spectra of MFe in Fe and Ni. 
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The observed spectra for Fe in Fe (and also in Ni) at room temperature and LNj tempera¬ 
ture are shown as Fourier transforms in Fig.9. In the case of Fe at LN2 temperature a small 
satellite shows up besides the main frequency peak. In all spectra, the main component has 
to be assigned to Fe nuclei substituted for a lattice alom in our in-beam experiment. The 
satellite in Fe has to be associated with a Fe nucleus decorated with a well-defined defect 
resulting in a reduced magnetic hyperfine field and an efg seen as a broadened linewidth 
of the satellite and a damping in the time domain, respectively. 

From the following arguments we infer that the decorating defect is a next-neighbor va¬ 
cancy which is annihilated at a temperature below room temperature: the free migration 
of interstitials (step I, in the one-interstitial model) sets in around 110 K28', vacancy mi¬ 
gration (step III) around 220 K29). These temperatures determined in isochronal annealing 
experiments (typical times are minutes) increase by a factor of two to three since in the 
in-beam PAD experiment the relevant, time for annealing is dictated by the Larmor pre¬ 
cession period, i.e. nanoseconds. (These factors are derived when a simple Arrhenius-type 
temperature behavior for the jump frequency is assumed30'), ll follows that our mag¬ 
netically characterized defect disappears due to the migration of interstitial atoms. For 
the dynamics of recoil-implantation it is widely accepted that the recoiling probe atoms 
come to rest in a vacancy-rich zone surrounded by a region of increased interstitial density, 
a picture derived from the preferred Frenkel pair production at ihe end of the collision 
cascade. This situation is supported by van JUS computer simulations, as well as in-beam 
experiments for Cd in Cd31^ and Cd in Pd^' . In the latter experiment, a vacancy-impurily-
configuration was detected with a fraction comparable to our case of Fe. As a small detail 
in favor of our assignment it should be mentioned that the damping of the modulation (or 
the width in the Fourier transform) can be interpreted as a quadrupole interaction with 
e2Qq/h=40(10)MHz which translates into an efg of V.. =: 6-1017V/cmł; while the efg on 
Fe in Fe-interstitial configurations in other bcc metals is considerably larger33', the efg at 
a Fe (110) surface is known to be \'Z! ft; 8-10!7V/cmJ 3*'. Although a direct proof cannot 
be presented we think the arguments given here highly favor our assignment for the defect 
as a vacancy. 

Adopting the Fe-vacancy-configuration the following comparison with FeX-alloys with a 
nonmagnetic partner X is quite instructive, as summarized in Tab.235'. It suggests that 
the vacancy acts very much like a 'magnetic hole' like the nonmagnetic alloying partners 
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and very similar to the free surface3"". It should, however, be mentioned that all given 
field values are for room temperature except our value for the next-neighbor vacancy at a 
temperature close to L \ 2 temperature. Indications for a strong temperature dependence 
have to be followed in future experiments. 

Tab. 2: Magnetic hyperfine fields in FeX alloys at Fe with no atom X in the 
nearest or next-nearest neighbor position H(0,0). with one atom X in the nearest 
neighbor position H(l,0) or in the next-nearest neighbor position H(O,l). 

Н(ОЧО) Н ( 1 , 0 ) Н(0 .1 ) 

Al 
Si 
Ti 
V 

C-) 

vacuum 

[Tj 

33.1 
33.4 
34 0 
33.3 
33.8 
33.0 

IT] 

30.7 
30.6 
30.6 
30.7 
30.5 
31.0 

T 

32.1 
32.1 

31.4 
31.1 

"Vacancy, at T=85 К 

4. Hyperfine Interaction in High-Tc Superconducting Material 

For the high-Tc superconducting oxides, hyperfine interactions at difTerejjf^Tuclear probes 
can provide valuable information on a local scale on lattice and electronic structure, 
charge distribution including symmetry, magnetic ordering, possibly pairing information 
via Knight shift and relaxation, and field penetration. At the beginning of a discussion 
on first experiments and perspectives for PAD on high-Tc superconductors it should be 
mentioned in honor of the first lecturer of this School that more than two decades ago РАС 
was applied for the first and, for a very long time, for the only experiment on 'normal' 
type II superconductors, namely in a study of the field distribution in Nb with !00Pd36). 

For the new mixed metal oxides, a problem, which has attracted great attention and is espe¬ 
cially suited for hyperfine interaction investigations, is the interplay of antiferromagnetic 
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ordering (AF) and superconductivity (SC). For both types of the new superconductors 
(more 'types' arc under development based on Bi and Tl), the La-Cu-oxide3'' as well as 
the "123-oxides" (like У^агСизОт 38) and others) there exists a semiconducting coun¬ 
terpart with AF ordering which is obtained by reducing the amount of e.g. doped Sr to 
zero concentration (in the case of LajCuC^) or reducing the oxygen content from 7 to 6. 
Depending on the concentration 'phase-diagrams' have been established with boundaries 
for the AF- and the SC-phase and a possible glass-phase in between. The ordering has 
been studied by /xSR 39), NQR on 159La 40), and neutron scattering 41). In addition, already 
the simple CuO shows AF ordering as seen in AISR, MS on b'Fe and РАС with 100Rh 42'. 

With the very active research going on in this field, the obvious question arises in which 
way the PAD technique can contribute, if at all. One of the main argument for PAD 
is the wide variety of probe nuclei of elements available, constituent and nonconstituent 
of the material. But it has to be proven that the implantation process and effects of 
the direct beam do not change the local structure, not only in terms of lattice location 
but also in terms of electronic structure. A few experiments done so far on comparable 
insulators, presented strong arguments in favor of such in-beam studies by confirming 
'off-beam' results in direct comparisons, such as 5'Fe in Fe2O3, 19F in perovskite and in 
antiferromagnetic MnF2, and 67Zn in NiO *3). 
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Fig.10: Modulation spectrum of 
19F in YBa2Cu3O5F2 and in Аи as 
reference. 

As a first crucial test for the applicability of PAD to the mixed oxide materials we have 
therefore studied the hyperfine interaction of t 9F in YBaCuO materials with different F 
content above and below the transition temperature. The 19F was excited and implanted 
by the inverse (p,p') reaction with a 19F beam of 56 MeV through a polypropylene foil. 
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An example of the modulation spectra detected is given in Fig.10. As a result of these 
experiments it can be stated: (i) practically all detected l 9F nuclei participate in the 
modulation in an external field of 1.71 T, (ii) the damping of the modulation observed is 

•compatible with additional quadrupole interaction, (iii) within 0.2 % there is no shift in 
frequency above and below Tc and between YBa,Cu3O7 and YBa,Cu3OsFj. 
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Fig.ll: Modulation spectra of 
6;Cu in various oxides and in Cu 
as reference. 
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The result on I9F encouraged to study different Cu isomers. since Cu is 'held responsible' 
for the occurrence of magnetic moments and AF ordering. We have started with 6:Cu in 
th, 3+ isomeric state (T 1 / 2=llns , g=0.67) produced by the 51V(14N,p2n) reaction with a 
45 MeV MN beam. The PAD spectra obtained in an external field of 6 T are presented 
in Fig.ll. Like in the case of 19F the additional damping observed in the oxides has to be 
attributed to additional quadrupole interaction. In the case of CuO, that was confirmed 
in a separate experiment with no external field when the pure quadrupole interaction 
was detected (Fig.12). The derived coupling constant fully explains the damping in the 
magnetic field experiment441. A first attempt to determine the hyperfine magnetic field 
at Cu in CuO failed, only the occurrence of an ordered phase could be verified, although 
rather indirectly, when the quadrupole interaction signal disappears below the ordering 
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temperature (Fig.12). The loss of the signal could be due to unfavorable relative strength 
of the magnetic and the electric interaction in the combined interaction. 
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Fig.12: Modulation in zero applied 
field of 62Cu in CuO above and be¬ 
low the ordering temperature. 
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In summarizing the status of PAD experiments on high-Tc superconductors the first ex¬ 
periments indicate no drawbacks from the implantation process. Like all other techniques 
which measure hyperfine interaction in nuclear states the combined interaction makes the 
investigation of the antiferromagnetic state complicated, but, if successful, yields detailed 
structural information. The different time window set by the lifetime of the nuclear probes 
in PAD experiments may be of special importance in studying fluctuations which one 
may anticipate in the transition region from the ordered antiferromagnetic state to the 
superconducting state. 
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ABSTRACT 
The paper presents a review of the recent NKR studies of the low 

energy excitation spectrui of the f electrons that have been performed in a 
number of anomalous cerium, ytterbium and uranium compounds. The studied 
systems include intermediate valent, Kondo and heavy fermion compounds with 
both cubic and anisotropic structures. From this study a universal thermal 
dependence of Г (the f electron spin fluctuation rate) emerges, at least 
in the 4£ systems, which is understood as originating from a many body 

(Kondo) resonance line lying close to the Fermi level. In particular, Г is 
shown to scale with a characteristic energy T related to the Kondo (or 

о 
spin fluctuation) temperature of the system. Such universal behavior has 
been suggested by Cox /1/ froa nuoerical calculations in the framework of 
the degenerate single impurity (Anderson's) model, which predicts a 1/2 constant Г at low T (T«T ) in a Fermi liquid regime and a T increase at о high temperatures (T»T ) , with a crossover regime for T^T characterized о о 
by a shallow minimum in the Г(Т) plot. In the U-based systems the evidence 
of such universality is less clear although several features in the thermal 

1/2 dependence of Г seem conserved, particularly the T increase at high 
temperatures. 



I. INTRODUCTION 

The dynamic magnetic response of the 4£ electronic spin has been measured 

in several anomalous rare earth and actinides compounds by quasielastic 

neutron scattering /2-8/. In valence fluctuating compounds such as CePd 

the quasielastic linewidth Г is nearly temperature independent while in 
Kondo systems such as CeB , the linewidth increases with temperature 

1/2 roughly as T . These different thermal dependences have been reconciled 
by Cox and coworkers /1/ who have shown, within the framework of the 
degenerate Anderson model, that the position of the narrow many body 
resonance in the electron/hole excitation spectrum sets the energy seal* 
for all the low energy properties. This results in universal laws for the 
thermal dependence of such properties as the low frequency dynamical 
magnetic response which are the subject of this paper. However, other 
parameters besides T , such as the hybrydization strength between f and о 
conduction electrons /9/ or crystal field splitting may introduce secondary 
energy scales breaking dovn such universal behavior. Beside that, the 1/N 
expansion method used by Cox in his numerical approach may have limited 
validity when crystal field effects yield a low degeneracy electronic 
ground state. Finally, this approach fails at low temperature when the 
system enters a Fermi liquid regime, but in such a case exact solutions are 
available through Bethe Ansatz calculations /10/. 

Nevertheless, such calculation provides the experimentalist with 
quantitative theoretical data that can be compared with measurements. 
Although the full calculation was undertaken for a 6 fold degeneracy only, 
(fully degenerated Ce ion), it also gives an analytical asymptotic 
expression at high temperatures for other values of degeneracy. 

In order to test experimentally the existence of such scaling laws, 
their universal character and their limitations, NMR has been used to 
perform a thorough measurement of the thermal variation of the f electrons 

NMR 
relaxation rate Г in anomalous cerium, ytterbium and uranium compounds 
exhibiting intermediate valent, Xondo or heavy fermion properties. 

Among Ce compounds the following have been chosen for this study: 
CeBe , CeB . CePd В and CePJ.Be as well as CeRu Si and its alloys with La and Y. CeBe and CeB are known as examples of mixed valent system and 13 о 
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Kondo system respectively, while the others provide a means of 
interpolating between the two behaviors by changing only the concentration 
of the interstitial element В or Be in case of CePd or when going from 
Ce Y ,ftRu,si, t0 Ce onL* ?oRU5Si? through the pure CeRu Si . Beside that 
CeRu Si and its alloys are tetragonal compounds with strong magnetic 
anisotropy and with a doublet Ce ground state, whereas CePdB(Be) compounds 
are cubic and exhibit only weak crystal field effects, if any. This allows 
to study crystal field and degeneracy effects. 

Among Yb compounds, YblnAu -an intermediate valent system- and YbBe 
-a Kondo system- were investigated together with the tetragonal YbPd Si 

2 2 
compound. 

Xn addition, the cubic UBe and UlnAu as well as the tetragonal 
13 2 

URu Si compounds were studied in order to compare between 4f and 5f 
systems. 

In the following we shall proceed in two main sections. The first one 
describes the methodology we have used to obtain reliable quantitative 

NMP 
information about the f electron spin relaxation time r or rate Г = 

e 
1/T . For the purpose the measurements of the static magnetic 
susceptibility x, the NMR Knight shift К and longitudinal relaxation time 
T have been performed. In the second section we shall report the main 

NMR 
experimental yield of this study i.e. the thermal dependence of Г in the 
respective compounds and discuss these results along the lines indicated 
above. Comparisons with the available neutron quasielastic scattering data 
will also be provided. 

The NMR experiments were performed on a Bruker CXP 100 pulsed 
spectrometer in the 6-16 MHz frequency range. More details about the raw 
NMR results can be found in ref /11-15/. II. EXPERIMENTAL METHODOLOGY 

In this study we were interested in comparing quantitatively f 
electrons relaxation times т and their thermal variations in compounds 
exhibiting at first sight quite different magnetic properties and in 
relating the* tentatively to a unified theoretical description. 
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For the purpose we had to develop an analysis procedure of the гам 
experimental macroscopic (̂ ) and microscopic (NHR) data in order to obtain 
reliable data for т . e 

II.1 Formalism and analysis procedure. 

Basically the spin-lattice relaxation time T measured on the nucleus 
of a magnetic impurity may be expressed, from the standard relaxation 
theory /16/, as follows: 

+00 

T = i ;
2 <hX(t)hX(O)> + <hy(t)hy(O)> e " dt (1) 1 2 n J L J 

Here h is the microscopic fluctuating field at the observed nucleus which 
originates fron the fluctuating moment; ч is the NMR frequency; .• is the 

n n 
nuclear gyromagnetic ratio and the brackets < > indicate an ensemble 
average.The external field in which the NMR is observed is assumed along 
the z axis. 

From the fluctuation-dissipation theorem the correlation function 
<h (t)h (0)> can be related to the imaginary part of the generalized 
dynamical susceptibility ;[(u>) and T reads: 

Here A. is the hyperfine coupling constant between the moment and the 
nucleus. 

Then from the Kramers-Kronig relations the dynamical susceptibility 
can be written in terms of the static susceptibility £(0) and a unit area 

spectral shape P(u>). If P(u) can be approximated by a Lorentzian 

(exponential relaxation) this leads to: 

2 

(1"> 

In the fast relaxation limit (tor <<1) one finally gets: 



If P(u>) is not Lorentzian the same expression holds provided т is 
considered as an effective relaxation time related to the initial slope of 

Hence, conversely, т can be deduced from T and *{0) according to: 

1 f^nl 2 
T « 2k T — А. *(0)T, (2) e В Li- i 1 I B) 

In the present study the situation differs from the one above since: 

i) Ve aeasure NNR on nuclei located at a different site than the 
localized f moments; the hyperfine field arises thus from the conduction 
electrons polarization by the localized moaents (indirect hyperfine 
coupling) and through the direct dipolar interaction. 

ii) We are dealing with a lattice of moments and not impurities; then 
we have to make a q average or a summation over the lattice sites. 

iii) For several compounds we have to take into account the anisotropy 
of the magnetic properties. 

Considering the above the following expressions hold for the HMR 
relaxation rate originating from one moment located at a site i(г., ~.) in 
an axially symmetric compound: 

2 2 

(3) 
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(3') 

where T and T , are the relaxation tines measured when the external field 
is parallel and perpendicular to the symmetry axis c, respectively, and 
^„(co), x i l̂ ' ) are the susceptibilities parallel and perpendicular to the с 
II n •*• n 

axis; fj.=cos9. refers to the angle between the c-axis and the vector 
bonding the observed nucleus and the moment site and r. is the distance 
between the nucleus and the moment. 

In these expressions A and a characterize the strength of the 
isotropic and anisotropic parts respectively of the hyperfine coupling to 
the fluctuating spin. Their spatial dependences have been explicitely 
written down assuming a 1/r dependence for the isotropic part and a 
dipolar-like dependence for the anisotropic part; in such a way A and a are 
essentially site independent. 

In cases where the magnetic susceptibility is only weakly anisotropic 
or isotropic as in cubic compounds the expressions (3) and (3') can be 
simplified by averaging over all orientations : 

2 , „2 1 = 2k T Т. В в 
в 2 2 

(A +2a ) — (4) 

This expression has already been reported by Myers and Narath /16/. 
For the measurements concerned here the fast electronic relaxation 

limit (w T <<1) applies. Consequently /вд(ш )/w is approximated by Н О ) г n e n n e 
as explained above. Ve have also neglected the supplementary anisotropy 
induced by the external field which is reasonable since the electron 
resonance frequency in this field is also much lower than the electronic 
relaxation rate (со т <<1). 

After the summation of the expressions (3), (3') or (4) over all the 
NKR ~1 moment sites, the electronic spin relaxation rate (Г =r } can be 

estimated from the experimental values of the static susceptibility and the 
NMR relaxation tiie T . 



In cases where the hyperfine field is mostly isotropic (a<<A) the 
summation of the expressions !3) and (3') simplify and the spin relaxation 
rate is estimated from the relations: 

„NMR 

Note that the summation of the single site expressions implicitely 
assumes uncorrelated fluctuations of the various moments. If the magnetic 
correlations were important, the summation should obviously be done before 
making the ensemble average on the correlation function of the fluctuating 
field <h (0)h (t)>. This means that in the case of ferromagnetic 
correlations the actual fluctuating field is enhanced by a factor 
corresponding roughly to the number of nearest moments with respect to the 
uncorrelated case. In case of antiferromagnetic correlations the situation 
is even rcore complicated since either constructive (as in the ferromagnetic 
case) or destructive interferences (leading to a lower fluctuating field) 
may take place /18/ . 

Our aim is now to obtain quantitative information about т u:xng T 
and x(0) measurements. At this point ve have to estimate the I ;..erf±ne 
couplings A and a. This is done using the information given by the 
Knight-shift in the following way: 

From the NMR spectra (a typical anisotropic shape of which is shown on 
Fig.l) the values for the isotropic Knight-shift (K. ) -for a cubic 

ISO 
symmetry- or those of the parallel and perpendicular Knight-shifts (K. , K.) 
-for an axial symmetry- are obtained. Since the teraperature dependences of 
К and x originate only from the f electrons contribution to \ , the slope 
of the linear К vs x Plot (Fig.2) provides the values of the static hyperfine fields -H. or H,, and H,- on the observed nuclei which are due iso II -L 
to the localized moments. 

Another way to refer to the static hyperfine field in case of an axial 
symmetry is to use H. =(H +2H.J/3 and H = (H..-H.)/3 (the anisotropic 

iso II J- an II J-

•'Ю 
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-traceless- component of the hyperfine field). The last two quantities 
correspond directly to the hyperfine couplings ,-. and ^ which can be deduced 
from them within the following approximations: 

i) Only the 1/r spatial dependence of the indirect isotropic 
hyperfine coupling is considered; possible oscillations of this coupling 
with distance are neglected. Then A. is obtained from: 

H. = .-.,. У n./r. iso В Z, i i l 
H results from the coupling with all the moments while .-' refers to one 
ISO 

rco.T.eiu only; n is the number of moments at a distance r. from the observed 
nucleus site. 

li) The angular dependence of the anisotropic part of the indirect 
hyperfine field and the direct dipolar one are the sane. Then .• is 
estimated from the relation H = -H where H is the calculated static 

an dip dip 
dipolar field due to all the surrounding moments at the nucleus site: 

In case of cubic symmetry Ш = H . =0) one is left with :.= .-. = 1 only -the 
an dip d 

usual contribution of the dipolar interaction to nuclear relaxation- . 

These approxications must be considered as operational assumptions; 
they are used to take into account in a phenomenological way the 
contribution of all the localized moments rather than the nearest neighbors 
only of the observed nuclei as it is often done. They are a posteriori 
justified by the consistency of the results as will be shovn for the 
UPt^Si,. compound and later in the paper through the comparison between the 

NMR quasielastic neutron scattering results and ; 

11.2 Application tc; UPt Si 

As an exair.ple application of the method we now consider the case 
UPt Si . No anomalous character is found in this compound but its interest 

29 195 is connected to the fact that the NMR of both Si and Pt could be 



observed. Moreover the crystallograpbic structure of this conpound is such 
that Si and Pt occupy two unequivalent sites each providing in principle 4 
sets of independent and quantitatively very different KMR data (actually 
the two Si lines are not resolved enough so that the averaged values on the 
two Si sites were used). 

Hueleus 

1 9 5 P t 
T-site 

1 9 5 P t 
P-si te 

29c-

Si 
average 

A 

21 

13.4 

4.5 

13.4 

-5.5 

1 

dip В 

-340 

335 

-

TABLE I. Estimated hyperfine coupling constants on the 
different crystallographic and/or chemical 

sites in UPt Si 

r,T(««c.U 

10 i 

'*" TOO *™ *" 
195 29 ' FIG.3: Temperature dependence of Pt and Si longitudinal 

relaxation times in UPt Si . 



ID the table I are lilted the pertinent parameters A and a deduced 
iron the anisotropic Knight-shift (rig.2) as well as the calculated dipolar 
field for the two unequivalent Pt sites and the average data for the Si 
sites. On the Si nuclei the indirect hyperfine field anisotropy is very 
weak; therefore beside the ieotropic indirect hyperfine coupling only the 
anisotropic direct dipolar coupling was considered (a=l). The table 
reveals strong differences between the static NHR data on the three sites. 
Correspondingly, very different T were measured: T is twice longer on the 
Pt P-site (P stands for pyramidal coordination) than on the Pt T-site (T 
stands for tetrahedral coordination) and «ore than one order of magnitude 
longer on the Si sites. Nevertheless their temperature dependences were 
found similar (Fig.3). 

As the electronic spin relaxation rate of the U moments deduced from 
Si or Pt NMR on any site have to be equal if the hyperfine fields are 
correctly estimated, this study provides a check for our method. Fig.4 

NMR 
displays Г values deduced from the three independent NHR data sets. The 
tenperature range for the observation of Si NMR was limited by a poor 
signal to noise ratio at high temperature and for the Pt P-site study by a 
too strong overlap between P and T-sites spectra at low T's. Nevertheless, 
the results are consistent within about 30% . The observed quantitative 

100 • 
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FIG.4: Temperature dependence of the U spin fluctuation rate 
NMR 195 29 

Г in UPt Si as deduced from NMR on Pt and Si. 
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differences «ust be attributed to the evaluation of the hyperfine fields. 
Two major difficulties can be invoked: 

i) The anisotropic byperfine field originates fron the non cubic 
arrangement of the magnetic neighbors but also from the non cubic symmetry 
of the conduction electrons polarization. Hence the estimation of the 
anisotropic coupling we have made assuming a scaling between the indirect 
hyperfine field and the direct dipolar one is analogous to the point charge 
model approximation used for computations of electric field gradients; here 
a would be the analogous of the Sternheimer anti-shielding factor used to 
take into account the electronic contribution to the gradient. The validity 
of such approach is probably limited in metallic systems. The conduction 
electrons contribution to the hyperfine anisotropy could be experimentally 
estimated using a non magnetic isostructural MPt Si compound but to our 
knowledge no such compound exists with the same structure as UPt Si . 

2 2 
ii) The determination of the isotropic coupling has been made without 

taking into account the possible RKKY oscillations of the conduction 
electrons polarization with the distance. This restriction can affect 
substantially the results particularly in this compound which orders 
magnetically. 

In any case UPt Si can be considered as a worst case example. 
Therefore rather good consistency of the results let us expect all the spin 
fluctuation rates reported in the paper to be reliable within an 
uncertainty better than 504. Such uncertainty does not affect our 
conclusions. 

III. SPIN FLUCTUATIONS IN ANOMALOUS f ELECTRONS COMPOUNDS. 

Following the procedure described in the previous section we present 
NMR 

now the f electrons relaxation rate Г =1/т deduced from our NMR and bulk 
susceptibility measurements. First we shall focus on cubic Ce an Yb 
compounds in which crystal field is weak enough so that a direct comparison 
with Cox numerical findings can be performed. Then we shall report the 
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results for tetragonal Ce and Yb compounds which exhibit significant 
magnetic anisotropy and a lov degeneracy ground state. Finally the results 
obtained in U based compounds viii be presented for the purpose of 
comparison between 4f and 5f systems. 

III.l Cubic Cę and Yb coapounds. 

Let us first consider the results obtained in the pure compounds 
CeBe (9Be HMR) , YblnAu, (U5In) on the one hand and CeB ( B), YbBe 13 2 o и 
( Be) on the other hand (Fig.5). The former are intermediate vtlent 
compounds and exhibit very short and nearly temperature independent spin 
fluctuation time at low T's followed by a decrease at high T's. The tvo 
latter compounds are Kondo systems with a lov Kondo temperature; they order 
magnetically in the liquid helium temperature range and their spin 
fluctuation time is about two orders of magnitude longer than the first 
ones at low T's but increases roughly as T with increasing temperature. 

* 
, С 

c. «, 

. с. », 
"''*'* 

JINK 

NKR К 
FIG.5: Thermal variation of Г and Г /2-4/ for Ce and Yb 

in CeBe ,YblnAu,, -intermediate valent systems-
1 i it and CeB , YbBe -Kondo systems-, о 13 

Such characteristic features were already observed by neutron 



scattering on the quasi elastic linewidth /2-4/ also presented on Fig.b. 
Basically NMR and neutron quasielastic scattering both probe the imaginary 
part of the dynamical susceptibility : rc ,{.)/. ; however NMR probes a q 
average of this quantity at very low energy (<.lmeV) while neutrons probe 
it for different q values and for higher energies (.1 to lOmeV). Thus a 

N NMR 
quantitative agreement between Г and Г depends significantly on the 
spectral shape of the fluctuations and on the existence ot magnetic 
correlations but both values should agree for a lorentzian spectrum 
(exponential relaxation) in the absence of correlations. As can be seen on 

W MMR 
Fig.5 this is the case for CeB whereas " is twice lower than at low 

6 
temperature in CeBe . Actually such observed difference in an intermediate 
valent system agrees quantitatively with Cox's results and is explained by 
a significant deviation from a lorentzian shaped fluctuation spectrum at 

К NMR low T's. However the disagreement between . and . is not expected in 
the Kondo system YbBe ; it could be explained by the existence of strong 
magnetic correlations which are not ta)sen into account in our cal .lation; 
in addition, neutron neasurements indicated strong changes of the spectrum 
shape close to the nagnetic ordering transition. Nevertheless the maximum 
difference between '.' and ." ' does not exceed 1004 which is small with 
respect to their large temperature variation or the orders of magnitude 
differences observed between I.V. and Kondo systems. 

Considering the strongly different behaviors of I.V. systems with 
respect to Kondo systems it was interesting to study along the same line 
compounds or alloys which would interpolate between the two types of 
systems. Such opportunity is offered by the CeFd В or CePd Be 
compounds.Indeed CePd is intermediate valent compound exhibiting a 
temperature independent Г 111 while CePd B(Be) behave as systems with a 
low Kondo temperature. Furthermore В and Be enter the CePd lattice at 
interstitial sites without modifying its structure. 

Fig.6 displays the results for the interstitial alloys CePd В and 
CePd Be . For low concentrations of the interstitial element as in 

3 * _KHR CePd,В „, the compound is still intermediate valent and as in CeBe J .04 13 
reaches a large temperature independent value at low T's while at high T's 
it decreases and eventually goes through a minimum {A similar behavior has 
already been observed in YbCuAl /19/ ). For large interstitial contents 



is much smaller and obeys roughly a T lav as in CeBg. But the most 
interesting feature is the observed crossover regime for intermediate 

MMR 
concentrations of В or Be for which Г decreases first with increasing 
temperature as in I.V. compounds then after a minimum increases as in the 
Kondo compounds. 

- ooo 

I ПО »' 

„NMR FIG.6: Temperature dependence of Г in CePd В and CePd Be 
J A J A 

From these observations the following picture emerges along Cox's 
line: Г is constant at temperatures well below a characteristic 
temperature T (spin fluctuation or Kondo temperature) of the compound, T 

NHR 
being comparable to the T=0 value of Г ; when the temperature increases 
Г NHR decreases and reaches a minimum around Tr 

.1/2 
then it increases 

approximately as T for tenperatures much higher than T . In the present 
experiment we are looking through the same temperature window (4-300K) 
atcompounds with quite different T , hence we observe a temperature 
independent ГШ* (T >300K), T laws (T <4K) or minima in the Г (Т) 
curves (4K<T <300K). 

uun 
Then we have scaled Г (T> by an adjustable parameter T so as to fit 

uun 
the reduced fluctuation rate Г /Т to Cox's scaling law. The result of 
the fit is presented on Fig.7. Considering that for each compound the 



explored temperature range covers two orders of nagnitude, that the range 
of measured Г exceeds three orders of magnitude and that the whole reduced 
temperature range extends over four orders of magnitude, the agreement 
between the theoretical curve and the experimental data can be considered 
as quantitative (within a 50% scattering). The adjusted values of T are 
collected in table II together with those deduced from neutron scattering 
(when available). Cox's calculation provides also scaling laws for the 
thermal variation of the reduced susceptibility j (0,T)/v(0,0); the values 
of T deduced from our susceptibility measurements are also reported in о 
table II. Unfortunately the lowest temperature for the measurement was not 
low enough to observe the susceptibility plateau at low T for the more 
magnetic compounds. Anyway it can be seen that three determinations of T 

о 
(when possible) are in good agreement. 

. c>Pi,a.ut 

. Ct a. 

с. Р4,аы, 
Ca ",•*»• 
С. Р4,а„. 
Г» |> А., 

* * 

&Л-* 

-t -7ŚS-
NMR FIG.7: Scaling law observed for Г in cubic Ce and Yb compounds. 

Symbols: Experiment; Dashed curve: Cox's calculation; Dotted curve: 
Extrapolation to the exact value at T=0; Dashed-Dotted curve: High 

teaperature asymptote [0.04 (T/T ) ]. 



COMPOUND 

С*Веи 

YblnAu 

CePd 

C e P d 3 B .O4 
C e P V.O9 
C l M 3 h . » 
C e B 6 
YbBe n 

C e P V.55 
C e P d 3 B . 3 5 

C e P d В 3 • 5 

HMR 
0 

400 

400 

180 

70 

55 

10 

6 

5 

5 

3 . 

< 

340 

290 

8 

3 

•i 
390 

360 

255 

155 

60 

50 

TABLE II. Position (T ) of the Kondo resonance in various Ce and Vfc 
HMR M 

compounds as measured by the dynamic (Г , Г ) and static (*) magnetic 
response according to Cox's model. 

In conclusion this study of the magnetic response of anomalous cubic 
Ce and Yb compounds supports strongly the theoretical findings that the 
presence of a low energy Kondo resonance governs a universal behavior of 
these systems. The nearly quantitative agreement between the experiment and 
Cox's calculation emphasizes the already well supported idea that single 
impurity behavior carry over to the concentrated case in a wide temperature 
range at least for the properties studied here. It must be emphasized 
however that the measurements we have done concern the integral magnetic 
response *(0, T) and the spin fluctuation density at very low energy 
(u^lmK) which are not very sensitive to the details of the fluctuation 
spectrum. In this respect NHR measurements can be considered as 
complementary to neutron scattering experiments which can hardly probe the 
spin fluctuations at w=0. 
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III.2 Tetragonal Ce and Yb compounds. 

The compounds studied above are well suited for comparison with Cox'i 
findings as crystal field splitting does not exceed a few ten degrees 
leaving the electronic state of the rare earth in a nearly fully degenerate 
state within most of the covered temperature range. 

It Kas then interesting to study much less isotropic compounds «here 
magnetic anisotropy effects can take place and where stronger crystal field 
splitting exists. This is the case of C e R u ^ (29Si HHR) in which Ce can 
be substituted by Y or La: C«1_yryRuJSi2 evolves towards an I.V. system 
with increasing Y content while Ce1_x

Ła
x
Ru

a
si

2
 evolves t°** r d s * »agnetic 

system with a low Kondo temperature /20/ . As can be seen on Fig.8 the main 
features of the evolution of Г Ш К ( Т ) from I.V. (Y rich) to Kondo (ba rich) 
compounds are quite similar to those described in the cubic compounds. Note 
that only the results for rJ[MR (parallel to the с axis) are presented here: 
the very low values for x± and K i did not allow an accurate determination 
of but the value of Г*"1* is found to agree quantitatively with the 
neutron quasielastic linewidth Г /7/ (Fig.9). 
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O Cl *«,SI; 
• *Л% Ł i 
• ».!• Li 
O «.10 Li 
» ».«• V 

* «.«• r 

FIG.8: Temperature dependence of Г 
CeRu Si and Ce^ 
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IM 
N NKR FIG.9: Comparison between Г /7/ and Г in CeRu Si . 

To search for possible scaling laws in this system we used the Kondo 
teaperature T measured by the* low temperature specific heat /21/ as a 

1 NMR 
scaling paraneter. The Г /7 plot shown on Fig.10 resulted. As can be 
seen a nearly perfect scaling is found. The specific heat measurement has 
also shown that due to the tetragonal crystal field the ground state of the 
system is a doublet and the first excited level a doublet 22OK higher in 
energy .This is significantly different from the 6 fold degeneracy assumed 
in Cox's calculation; yet we have tentatively compared both results. For this purpose a consistent relationship between T (which refers 
position at T=0 of the Kondo resonance) and T can be found using 
expressions of the zero temperature susceptibility: 

2 

to the 
the 

1 
12 

ru+i> 
(Г is here the Gamma function) 

(for a doublet state). 

Here the low temperature definition of T and a value of the degeneracy N=2 
have been used to be consistent with the low temperature specific heat 
estimation of T . For this degeneracy т and T_ differ only by 10%. Cox's 

«• U K 



universal curve is drawn on Pig.10. The agreement between theory and 

мил IM 

in CeRu Si and substituted alloys. FIG.10: Scaling law observed for Г 
Symbols: Experiment; Dashed curve:Cox's calculation; Dotted curve: 

Extrapolation to the exact value at T=0 for various degeneracies of the 
ground state; Dashed-Dotted curves: High temperature asymptotes. 

experiment is only qualitative as expected and for a further analysis one 
oust consider the reduced degeneracy of the ground state and its changes 
when T becomes comparable to the crystal field splitting (in the present 
case a degeneracy N=4 is expected for the highest experimental 
temperatures). Considering the two fold degeneracy of the ground state the 
validity of the 1/N expansion method used by Cox may be questionned. 
Actually it seems that the 1/N expansion converges rather quickly even 
though the results may disagree by a few ten percent /10/. Then for high 
temperatures an approximate analytical expression for Г 
Cox : 

1 

NHR is proposed by 

(for T>TQ) 

53 



and from Bethe Ansatz calculations the exact result at T=0 is known /10/ : 
мне _ Г (0) N N 1 — --. Г»*-) 

These asymptotic limits are also shown on Fig.10 for various values of the 
degeneracy N. A good agreement is found between the experimental curve and 
the theoretical asymptotes for 2<N<4 at T=0 and K=4 at high T's. However 
such agreement must be considered with caution for the following reasons: 

i) We are comparing an anisotropic relaxation rate Г to an isotropic 
theoretical result. 

NHR ii) It is not obvious that Г /T values below 4K for the La rich 
samples would lie on the same curve as the Y rich ones. Unfortunately they 
could not be measured because of the occurence of magnetic ordering in the 
La rich samples. Indeed the Kondo temperature was found to be around 80 К 
for the sample with 20% Y content which is comparable to the crystal field 
splitting. Consequently a significant admixture between the ground state 
and the first excited level is expected which could support the fact that 

NHR the experimental value for Г is closer to the N=4 asymptote than to the 
№ 2 one. By contrast the low Kondo temperature found for 20% La content 

NHR (T =9K) implies a rather pure doublet ground state and Г should 
extrapolate to the № 2 value. 

NHR As a last remark ,one notices that the minimum in the Г (Т) curve is 
less deeply marked in the experimental curve as compared to the № 6 curve; 
actually no minimum is expected at all for N=2 as the Kondo resonance is at 
the Fermi level /22/; this also agrees with observations of monotonously 

NHR increasing Г (Т) curves for transition metal impurities /23/. 

NHR 29 
Г has also been measured in YbPd Si ( Si NHR) which exhibits 

2 Z 
essentially the same features as CeRu Si (Fig.11). NHR and specific heat 
measurements yield in this sample the same value for T (70K) and for the 
degeneracy of the ground state (4). 

The significant result of this study of non cubic compounds is that 
some degree of universality in the thermal variation of the low energy 
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excitations is conserved as it scales with the Kondo temperature of the 

FIG.11: Yb spin fluctuation rate in YbPd Si and coaparison 
with theoretical curves. 

compounds. Although the crystal field introduces a second energy scale its 
effect can be phenomenologically taken into account by considering 
different values of the electronic state degeneracy according to the 
tenperature range of the observation. 

III.3 Uraniu» compounds. 

Actinide compounds are usually less easy to handle than rare earth 
compounds since the 5f electrons are less localized than 4f ones. Hence non 
magnetic actinide compounds have often been compared to transition metals 
rather than to rare earth. It is then not obvious that a non magnetic 
ground state in the V based systems is related to the existence of a Kondo 
interaction betveen 5f and conduction electrons; indeed it may originate 
also from a band forming intersite overlap between 5f orbitals. However 
several uranium compounds recently studied exhibit very high electronic 
specific heat coefficients у (up to U/mole.K ) relsted to a high narrow 5f 
peak in the density of states at the Fermi level, a feature similar to that 
of Kondo or heavy fermions Ce based compounds. This is why out study was 
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extended to such uranium compounds (HBe , URu Si and 

The thermal variation of Г in these systems is shown on Fig.12. In 
NMR UlnAu which antiferromagnetically orders below 50K /15/ Г extrapolates 

2 NHR 
to 0 for this temperature as in UPt.Si,. Yet, contrary to UPt Si , 1 

2 2 £ £ 

does not saturate at high temperature as expected for true localized 
moments and rather follows a T variation. A T law is also obeyed in 

NMR 
URu Si at high temperatures (T>60K) while at П К Г sharply increases as 
a gap opens in the density of states due to the occurence of a spin density 

NMR 
wave /24-26/ . At last in UBe Г is rather constant below 4K which is 
believed to be a signature of a Fermi liquid state /27/ whereas for T>4K a 1/2 T variation is again observed. 

NMR The comparison of the Г values in the three uranium compounds shows 
that for high temperatures the spin fluctuation rate lies within the same 
order of magnitude. Surprisingly, the largest value is found for UlnAu 
which was expected rather to lie below the others as it exhibits localized 
moment ordering for a rather high temperature; here again as in YbBe^ Г 
may be overestimated due to magnetic correlations effects. 

KHR FIG.12: Thermal variation of Г in anoaalous U-based coapounds. The 
dotted line recalls the noraal behavior of UPt.Si.. For 

froa Clark et Al's work /27/. 
(*) are 



NHR The constancy of Г in the 25-60K range for URu Si has been 
previously interpreted as the occurence of the Fermi liquid state /26/. The 

NUR 
minimum that is reached around 30K corresponds to а Г value of about 30K 
which is consistent with the scaling laws found in Ce(Yb) compounds; such 
fact supports the interpretation given above. However an alternative 
explanation of this minimum as being due to a progressive gap opening below 
60K -suggested by neutron experiments /25/- is not excluded. Only the 
knowledge of the electronic state of uranium could allow a quantitative KMR comparison of the high temperature values of Г with theory thus 
providing an element of answer concerning the two explanations. 

At last in MBe one must emphasize the strong difference between the 
NMR results on the one hand and neutron /28/ or Raman /29/ scattering 

NHR 
experiments. From the present experiment Г is nearly two orders of 
magnitude smaller at low T's than that reported by neutron or R»«an 
scattering studies. Such low value would indeed be consistent with the 
width of the narrow f line expected from the large electronic specific heat 
coefficient in the compound /30/ and from the low teaperature 
susceptibility. Contrary to NMR neutron studies were unable to detect any 
narrow (Г <lmev) quasielastic response whereas a broad inelastic peak was 
observed around AE=150K. The temperature dependence of the width Г of this д excitation is also reported from Ranan scattering studies: below 100K Г is 
temperature independent and above 150K it exhibits a rather linear increase 
with increasing temperature. Although the origin of this aagnetic response 
is not yet clear a recent model /31/ explains it as resulting fro» 
inelastic transition between crystal field split levels in agreement with 
the observed Schottky anomaly in the specific heat data /30/. Along this 
line the NHR relaxation rate has also been interpreted as originating from 
electronic spin fluctuations in a narrow Sf band and in thermally populated 
crystal field levels /32/ .It is then difficult to reconcile both types of 
measurements. Yet they are both self consistent in the sense that the low 
temperature limit for Г corresponds to the crossover temperature between 
the temperature independent regime and the high temperature increase in 
each case. One must then conclude that NKR and neutron (or Raman) 
measurements probe different excitations related to the different energy 
domains explored by the different techniques. 
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The only general conclusion concerning this study of the spin 
fluctuations in the above uraniun compounds is that the thermal variation 

NKR 
of Г exhibits similarities with what is observed in Ce or Yb anomalous 
compounds: a T increase at high temperatures and possibly a low 
temperature plateau. Unfortunately a possible universality of their 
behavior (scaling laws) cannot be tested in the studied systems for the 
following reasons: 

i) The actual degeneracy of uranium is unknown and no reliable value 
for the Kondo temperature (if any Kondo interaction) can be deduced from 
experiments. 

ii) In all cases the low temperature Fermi liquid state is perturbed 
by another physical phenomenon -magnetic ordering in UlnAu , spin density 
wave in URu Si and superconductivity in UBe -. Actinides compounds 
showing no phase transition would allow an easier test of eventual scaling 
laws. 

IV. CONCLUSION 

Electronic spin fluctuation rates measured by KMR have been reported 
for several anomalous Ce, Yb and U based compounds. Ve have proposed an 
operational method for the evaluation of the hyperfine fields which »llow a 
rather reliable quantitative determination of this spin fluctuation rate 
Г . Using this method Г has been compared for compounds with different 
magnetic behaviors ranging from intermediate valence properties to Kondo 
like or heavy fermion properties. 

min 

In cubic Ce and Yb compounds a universal thermal dependence of Г 
was found which agrees quantitatively with the results of a numerical 
calculation by Cox /1/ in the framework of the degenerate Anderson's model: 

NMD 
in any compound Г scales with a characteristic energy T which is the 
position of the narrow manybody resonance line in the f electron excitation 

NMP 
spectrum. The reduced curve Г /T vs T/T which results from the scaling 
exhibits a low temperature plateau in the so-called Fermi liquid state for 



T«T followed, after a crossover regime around T , by a T increase for 
temperatures higher than T . 

In non cubic Ce(Yb) compounds a strong crystal field lifts the 
HMR 

degeneracy of the rare earth electronic state so that Г does not fully 
agree with Cox's results which were obtained for a fully degenerate state 
(whithout crystal field splitting). However most features of the universal 

NMR NKR 
temperature variation of Г are conserved qualitatively. Furthermore Г 
was still found to scale with the Kondo temperature of the samples. 

U based heavy fermion compounds were also measured for comparison 
purposes. Although we неге unable to ascertain the existence of scaling 
laws in this case yet some similarities with the 4f compounds were found. 

1/2 NHR 
Particularly the T increase of Г was also observed in the studied 
compounds. However while in rare earth compounds HMR results agree rather 
well with neutron studies of the spin fluctuation spectrum, strong 
discrepancies between the two kinds of measurements are found in UBe . 
This could indicate that U compounds should not be understood the same way 
as rare earth compounds. 
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MAGNETISM AND HYPERF1NE INTERACTIONS IN GdT2Si2 SYSTEMS 

K.Łątka, 
Institute of Physics, Jagellonian University, Cracow, Poland 

1. Introduction. 
The aim of this work is to present recently obtained results 

[i] of the Mossbauer spectroscopy measurements with Gd, Fe and 
Ni isotopes supplemented by bulk magnetometrie investigations 

for the whole series of GdT2Si2 intermetallics Cwhere T is 3d, 4d 
or 5d metal}. In this paper we will try to show what new we can 
learn about magnetism of these compounds from the study of 
hyperfine interactions and bulk magnetic properties. Since 
natural gadolinium is strong neutron absorber therefore it is 
difficult to obtain the magnetic structure of Gd compounds 
experimentally by neutron scattering techniques. Thus Gd 
Mossbauer effect is very helpful tool for magnetic structure 
analysis. 

The possibility to vary the transition metal ions allow to 
investigate the influence of the transition metal d- band filling 
on their properties without complications due to the change of 
the crystallografic structure. Because it seems, that among all 
transition metals only Mn ions carry a localized moment, their 
magnetic properties are mainly governed by the rare earth. 
Compounds which contain RE ions with different from zero orbital 
angular momentum demonstrate a great variety of magnetic 
structures 12]. 

Because 4f contribution to the electric field gradient CEFG> 
3 + at the nuclear site can be neglected for S state Gd ion, the 

gadolinium Mossbauer spectroscopy allows to determine a lattice 
part of the EFG. This one is directly related to the B^ term of 
tho crystalline electric field CCEF) hamiltonian which has the 
major influence on the magnetocrystalline anisotropy. Besides, 

Gd Mossbauer effect measurements allow to determine a ©-angle 
between directions of the main axis of EFG and the magnetic 
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hyperfine field. Because of the lattice origin of EFG, its main 
axis in crystals with tetragonal symmetry is pointed in the 
direction of the fourfold c-axis so the в-angle determines the 
easy direction of magnetization 

»• Iron and nickel Mossbauer experiments, especially when 
performed in the external magnetic field, provide information 
about localization of the magnetic moments at the transition metal 
site. 
2. The crystal and Magnetic structures. 

In a present review the discussion will be restricted to the 
ternary compounds of a composition RET2Si2. This class of 
compounds being a derivative of BaAl^ structure crystallizes with 
tetragonal unit cell. In most cases this is the body-centered 
ThGr2Si2~type of structure <space group Id-'mmnO and in some cases 
they crystllize in the primitive tetragonal СаВе20в2~**УРе 
structure Cspace group Pi/'nmm) which differs from the former with 
the sequence of T and X atomic planes 13,43. Both crystal 
structures are shown in Fig. 1. The atomic framework of the 

ft T,K, Я Т,Х, tHlnmm) 

О ©« 
Fig. 1. The unit cells of tetragonal body-centered ThGr2Si2 Con 

the left>, and primitive CaBe2Ge2 type structures. 
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ThCr 2Si 2 type structure can be alternatively displayed as sequence 
of planes of the same atoms: 

- R E - X - T - X - R E -
The second GaBe2Ge2 type of structure consists of atomic layers 

perpendicular to the c-axis stacked with sequency; 
- R E - T - X - T - K E -

The layered crystal structures of these compounds strongly reflect 
in their magnetic properties. 

The physical properties of the discussed phases range from 
classical "text-book" characteristics to the exotic, anomalous 
behaviors. First indication is revealed by the departure of the 
unit cell dimensions observed for some of the compounds from the 
general smooth trend. Figure 2. shows unit cell volume plotted 

V(nm3) 

0.19 

0.18 

0.17 

0.16 

0.15 

. RETjSi, 

Im G4 
1иУЪ ErHoOylb EuSm W Pr Ct U 

i ' i I I I 1 I I I II II 

0.09 0.Ю 0.105 
rRE3.(nm) 

Fig. 2. Unit cell volume as a function of an metallic radius of 
rare—earth ion for RET^Si^ compounds. 



versus metallic radius t>t tbe rare-earth ions. The clear 
anomalies occur for almost empty CCe >, nearly hair filled CSm , 
Eu3*> or almost full C Y b 3 + ) 4f-shell. 
From large c/a ratio, amounting in all cases to about 2.5, one may 
expect large anisotropy of physical properties. 
-Figure 3. presents the types of magnetic ordering which have been 
found so far in phases under consideration. The most common seems 
to be that of collinear antiferromagnetic arrangement of 
гаге-earth magnetic moments. The detailed description of all 
magnetic structures observed up to пом can be found in reference 
[33. 

LSW IV 

Fig. 3. The types of magnetic ordering found in R E T 2 S i 2 systems. 
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3. Experimental techniques and results. 
3.1. Techniques <tnd data evaluation. 

Polycrybt-.il line samples of GdT2Si2 were prepared by direct 
melting of constituents under purified argon atmosphere in the 
arc-furnace. Starting materials were at least of 99. 9У. purity. 
After melting the samples wrapped in tantalum foils were vacuum 
annealed at 800°C for one week. X-ray diffraction using Gu Ko was 
applied to check the crystallografic purity. It was confirmed that 
all compounds except GdPt^Si., crystallize in the ThCr2Si2 type 
structure. Gdl't^'io shows the X-ray pattern characteristic for the 
primitive tetragonal CaDe^Ge^ type structure. Lattice constants a 
an-1 c wore derived by the least-square fit procedure and were 
found to be in v«*ry good agreement with published previuosly 
I'S—U]. lii particular t.ht?y are in agreement with those published 
recently in ri.-f. I9J. All samples used for measurements were found 
to be ;sin;;le pho.se. This was also confirmed by high quality Gd 

spectra which could be very well fitted without taking 
into account any impurity lines. 

The Mi.^sb-uior effect measurements have been carried out using 
155 

th<? convoni.ion.il constant acceleration spectrometer with Gd 
<E =86. У ke\O, 61iii CE =67.4 keV) and 5 7Ve CE =1<1.4 keV> isotopes. 
For gadolinium measurements a single line source of either 

Eu:Pd or ~"Eu: simPdg form have been used. The nickel and iron 
spectra were taken witfi Ni:f(iQ g^V^ ^ and •"CorKh sources. 
During all measurements each resonance source' was immersed 
directly in the liquid helium bath. The absorber temperature could 
Ье- VciriocJ from 1.3 K. till the room temperature. Some iron 
measurements were carried out in external magnetic field produced 
liy a supoiconducting solenoid with a maximum field of ftO kOe. 
The source was then shielded against stray field by a sintered 
NbgSn cylinder. 

The MoŁsbuer absorption spectra were analysed using the 
troiinmiKsiori inLejral formula. To fit the gadolinium spectra the 
.intorferone•-• lactor <=0.02V'S and source line width Г.=0.35 mn/s 
were constrained. Both parameters were obtained from the fit to 



GdKc2 spectrum of very high quality. For nickel and iron 
resonances Г values were constrained as equal to 0.44 rnm/s and 
0.13 rnm/s, respectively. For Gd spectra line positions and 
their relative intensities were calculated by numerical 
diagonali^ation of the full hyperfine ham i Roman. Hyperfine 
parameters: <5iS-isomer shift, Hhl,-magnetic hyperfine field, 
AK0=C1^4)e\ Q CQ is the quadiupole moment of the nuclear ground 
state) as well as O—angle between directions of the H^j. and the 
V axis, were obtained directly from the least-square fitting 
Z •£ 

subroutine. 

The bulk magnetic measurements were carried out in the range 

of temperature between 1.0 К and 300 К using the Faraday balance 
set up operated with two independent superconducting solenoids, 
which produce the main field up to 60 kOe and the magnetic field 
gradient up to 1 kOe/cm. To avoid the influence of all parasitic 
forces of nonmagnetic origin, the magnetic moments were derived 
from the force difference acting on a given sample in two magnetic 
field gradients, while the nifłin field was let constant. 

3.Z. Bulk magnetic properties. 
The results of the bulk magnetization measurements aro summa¬ 

rized in Table 1. In most cases these results are in good 
agreement with previously reported 191. All compounds except of 
(«iNn^Si^ order antiferromagnetically below the Neel temperatures 
denoted in Table 1 by T™. 
For GdMn2Si2 the low temperature dependence of the suscept.jЫlity 
shows the characteristic of ferrimagnet with transition 
temperature Т,г̂  near 65 K. [10,11]. This magnetic transition v;,s 
also confirmed by temperature dependence of magnetic hyperfilu.1 
field observed at 1S3Gd using the Nossbain.T spe.:t.rô :opy. 

Above Tp^ according to reJ'. i. 9,12] , this compound undi?rsoc-s on 
antiferromagnetic-paramagnetic phase transition with asymptotic 
Curie temperature G determined as 4И5 k/ASJ К <i.e. above 
temperature range accesible for us). 

66 



Table 1. Magnetic properties of GtlT̂ Sî  compounds. 
T̂ j - Neo i tf/ntperaUire, T.-.̂  - f ernmagnetic Ned temperature 
temper-it.ure of second phase transition (if detected}. ™ . 
spin-flop field, Hp.j. - critical field lor other phase transitions, p.j. 
0 - pai-amagnetic Curie temperature and Pef«-
moment. 

~ effective magnetic 

т 

Mn 
Fe 
Co 
Ni 
Gu 

Ru 
Kh 
Pd 
Ag 

OS 
Ir 
Pt 
Au 

order T, 
type 

ferri. 
a. f. 
a. f. 
a.f. 
a.f. 

a.f.* 
a.f. 
a.f. 
a. i\ 

a.f.* 
a.f. 
a.f.* 
a.f. 

i О Г TFN 
(К) 

65 
8.3 
43.0 
1S.0 
12.5 

44. 0 
106. 0 
18.0 
10.0 . 

29.0 
81.0 
9. 7 
12.5 

TII 
CK) 

—— 

38±1 
18 

— 

6 
——— 

HSF 
CkOe) 

3 
7 
25 
— — 

___ 
26 
20 
25 

___ 

20 

HPT *p 
CkOe> CK 

4531121 
3 

-29 
•» — • _ i 

-21 

20^39.3 39.6 
-2.5 
-45.5 
-29.4 

7 24 
_4 

29.3 -5 
-3b 

Peff 
< M B > 

8.40(121 
8. 18 
8. 19 
7.97 
8.03 

7.96 
B.1V 
8. 05 
7.98 

8. 04 
7. 96 
8 . 1 4 
7 . 9 6 

* - indicates more complicated non-collinear antiferromagnetic 
structure. 

For other compounds a Curie-Veiss law д;<Т)=р /ЗкцСТ-в } was 
e*f f *̂  

found at temperatures above T^ and in the range of linear 
dependence of magnetization M against magnetic field. 

The inverse of zero field susceptibility x~ <T> compound was 
derived at each temperature from Arrot-plot, i.e. by linear 
extrapolation to H=0 of H/H versus M . "torn the least-square fit 
to x~1CT) dependence the values of magnetic effective moments 
p ., , and asymptotic Curie temperatures 0 were obtained for each 
compound. The derived effective magnetic moments С listed in Table 
li agree rather well with corresponding theoretical value 
А<=£"<Ю+Г7=7.94/LiB Tor Gd3+ free ion . These results confirm that 

6? 



transition metal ions do not, carry ar.y localized moment in these 
«utenals. 

Some of the compounds show spin-Mop transition which can be 
seen as a small up-turn on MCH) curves at low temperatures. 
Because our measurements were pi-Wormed with poi ycryst.alline 
materials, the spin-flop transition does not occur abruptly at 
sharply defined fieJd Hgp but is spread over a range of fields 
whose averaje value is listed in Table 1. Next transition, from 
spin-flop to paramagnetic phase in the field H^-^p accessible lor 
us, was observed only for GdPe^-Si^ with H^p ,y~2S кое at. 4.2 K. 
This experimental value agi'ees very well wjtn the theoretically 
estimated using the molecular t J <-* 1 tl approach tMFA) i.e. 

Hi.[.vp=2EABMi<0,T>=26 kOe and Н дь=1/ях И З ) , 
where x. l s *-hp transverse susceptibility doLerrained in the SK 
phase. Л11 these compounds which show spin-flop transitions can be 
characterized as weak anisotropy antii'erromagitf-ts. The anisotropy 
field H. can be deduced from Ĥ,.- which in the ЧКА is given by the 

1 /? formula < 2 H A H
m o l J with И|по1 being the moiecui.ir field. For 

example the anisotropy field derived in this way for GdFt^^io 
amounts to Нд=0.1 kOe. 

Magnetization measurements at 1.8 К show that in '..he field of 
60 kOe only for GdKeqSin and GdOs,,Si? magnetization curves 
saturate with the value of magnetization corresponding to V p(, 
per one Gd ion . This value is characteristic for I'n.'i: ion 
G<"i' moment, and additionally supports the lack of the m.i;;netic 
moment localised at "nd" elements. Magnetic externa L l'i.?!rl of 
strength 60 kOe being much greater than Ĥ J.,x,|J=25 kOe for Gd! :.^Si2. 
forces the magnetic moments of gadolinium ions to Ьп .ч ] i.-;n-. d 
parallelly giving as a result the saturation t-f J c-ct desciH.-d 
above. 

Л.ч it is seen from Table 1, second in i /Vr ••.) n t,i4ii)t..\":i 
assigned by T-Q was observed in the temperature depcmit-nce or t!i.-
susceptibility for GdRh2Si2 i n accord to observation maoe in 
114,15]. The second transition was also detected for ku and Pt 
compounds (see Table 1?. 



The magnetic hchaviou" of GdKu-,Si-, is presented in Fig. 4 

M.ignetic susceptxlulily has two peaked structure CKig.lb). Maximum 

at 4 4 K. can be at.tribute^ to the antiferromagnetic-paramagnetic 

pha^e transition, while second one at 1'-̂  = ótf K is connected with 

a phase transition of ..n ordei—order type. At 1.8 К magnetization 
versus magnetic field i=s typical for metamagnot revealing two 
Minks at the fields Hp,f specified in Table 1. Similar behaviour is 
observed for Os and Pt compounds. 

О Ю 20 30 140150 60 70 80 Т(К) 50H(kOe| 

Pig- 4- Reciprocal Kii^ceptibilit-y Ca), magnet.ic suscept ib i l i t y 
<h), rii.ignotiz.itiori a t l . a К Cc), and d i f ferent ia l magnetization at 
T=l . & К <i.O for UdKi^Sijj. 

V f c T S U S 

ripjilied fie.ld (see Kig.4d>, obtained at different temperatures for 

GdRii.j.Sx^ from МСН/Ю measurements, allowed to construct magnetic 

phase diagram for t h i s compound <Fig. 5>. 



20 30 
TEMPERATURE IK) 

Fig. 5. Magnetic phase diagram for Udkii2Si2-
The analysis of Gd Mossbauer spectra taken at low 

temperatures for Ku and Os compounds (see next Section) showed 
additionaly that their magnetic structures i.re non-collinear. 
3.3. Results deduced from the 1SS6d Mossbauer spectra. 

155 " 
The results deduced from Gd Mossbauer spectra have been 

gathered in Table 2. Besides values of the hyperfine parameters 
and 6-angles, Table 2. contains also fitted as independent 
parameters values of the absorber half widths Гд and normalized 
X • The experimental half width being always very close to the 
natural one Г ^=0.25 mm/s, gives impression of quality of the 
investigated samples as well as the whole experimental procedure. 
The chi-square was included to demonstrate that in some cases two 
sets of parameters with different signs of AEQ describe the 
experimental spectra with almost the same quality. 

It has been found almost as a rule that the Mossbauer spectra 
of materials containing the transition metal elements with the 
same electronic structure of the d-shell show very often some 
common features. 

Compound with Mn. 
The results are at low temperatures essentially in agreement 

with those published in 116]. Spectra taken at 70 К and 80 K, 
above transition temperature of the ferrimagnetic ordering, show 
pronounced broadening of absorption lines. This may be caused by 
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Table 2. Kesults deduced from Gd Mossb3uer spectra. 
For E =85. 3 keV -amma transition in lb3Gd: 

8 eV=69 . 803 MHz. 
Compound 

GdMn,Si-. 
CdFe2Si2 

GdCo2Si2 

GdNi2Si2 

°GdlNi1 5Ci 
GdNiCuŚi2 
GdiNip gCu. 
GdCu2Si2 

GdKu?Si, 

Gdkh2Si2 
GdFd2Ci2 

GdAg2Si2 

GdOs2Si2 

GdIr2Si2 

CJPt?Si2 
Cd.4ii2i"i2 

a) 
Ы 

ł0.5S12 

,.5Si2 

11 
•2.1 

ai 

b) 

1 ) 
7.1 

a) 
b! 

Texp 
CK.) 
1.5 
1.5 
1.2 
1.3 

1.4 
1.5 
1.5 
1.4 

4.2 

50.0 
4.2 
4.2 

1.5 

4.2 

35. 0 
4.2 
1.5 
1.5 

^is 

0.492 
0.484(2) 
0.483(3) 
0.521(1) 
0.525(1) 
0.544(2) 
0.556(1) 
0.576(1) 
0.597(2) 

0.426(4) 
0.426(4) 
0.421(4) 
0.501(4) 
0.354(2) 
0.555(2) 
0.664(3) 

0.465(7) 
0.465(7) 
0.459(3) 
0.533(4) 
0.614(5) 
0.082(4) 
0.685(4) 

AEQ 
(mm/s) 

-0.764 
-1.020(3) 
-0.361(4) 
+0.115(3) 
-0.166(5) 
0.197(2) 
0.261(2) 
0.308(1) 
0.326(6) 

-2.083(3)* 
-2.085(3) 
-2.085(3) 
-0.837(5) 
-0.045(30) 
+0.032(42) 
0.443(1)* 

-2.082(3)* 
-2.082(3) 
-2.082(3) 
-0.980(6) 
0.622(3)* 
-0.063(67) 

|Hhf| 
( k O e ) 

2 4 9 . 7 ( 6 ) 
3 0 3 . 4 ( 6 ) 
2 9 3 . 4 ( 9 ) 
2 8 9 . 0 ( 4 ) 
2 9 1 . 1 ( 4 ) 
2 8 8 . 0 ( 6 ) 
2 7 2 . 1 ( 6 ) 
2 6 3 . 0 ( 6 ) 
2 5 9 ( 1 ) 

2 7 3 ( 1 ) 
2 7 3 ( 1 ) 

-
3 1 2 ( 1 ) 
2 5 0 ( 1 ) 
2 5 0 ( 1 ) 
2 6 2 ( 1 ) 

2 8 3 ( 3 ) 
2 8 3 ( 3 ) 

-
3 1 0 ( 2 ) 
2 9 7 ( 2 ) 
2 5 3 ( 2 ) 

+0.033(109)253(2) 

О 
( d e S ) 
8 2 ( 1 ) 
8 4 ( 1 ) 
8 4 ( 1 ) 
3 3 ( 2 ) 
7 7 ( 1 ) 
6 2 ( 1 ) 
7 0 ( 1 ) 
7 4 ( 1 ) 
9 0 ( 1 ) 

3 2 ( 1 ) 
7 4 ( 1 ) 
-

8 5 ( 1 ) 
8 8 ( 2 ) 
1 4 ( 1 0 ) 
9 0 ( 1 ) 

2 7 C 2 ) 
6 0 ( 2 ) 
-

8 5 ( 1 ) 
7 Ч К 1 ) 
90(1) 
0(10) 

(mm/s) 
0.25* 
0.25* 
0. 25* 
0.25* 
0.25* 
0.29(1) 
0.29(1) 
0.27(1) 
0.25* 

0.26(1) 
0.26(1) 
0.25(1) 
0.25* 
0.25(1) 
0.25(1) 
0.25(1) 

0.25(2) 
0.25(2) 
0.26(1) 
0.28(2) 
0.28(2) 
0.30(1) 
0.30(1) 

x'ź 

1.18 
1.07 
1.09 
1.44 
1. 18 
1.31 
1.62 
1.28 
1.09 

1.21 
1.21 
1.10 
1.00 
1.31 
1.26 
0.84 

1.12 
1.12 
0.86 
1.13 
0. 99 
0 . 9 1 
0. 91 

relative to 155 Eu.Pd source at H - all isomer shifts are given 
JiquiO helium temperature. 

* - qiKicirupole interaction constant obtained from spectra above T^ 
The si;;n «as •Jec.i.U'.О from low temperature measurements. 

+ — f.on.strained during the fit. 
о - spectra of mixod GdNio Cu Si, compounds were fitted taking into 

acrownt. distribution of hyperfine magnetic fields. 
a, b-denote two possible sets of parameters «hich fit the experimental 

ьрс-ctra. 
i. 2-cienote sets of parameters for both components. 
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the transferred magnetic hyperfine field from the manganese 
subiattice which is still ordered till 453 К П21, 

Compounds with Ke, Ku and Os. 
The Mossbauer spectrum lor GdFe2b"i., at 1.5 К can be well 

fitted with the set of parameters shown in Table 2. Lower 
temperature of measurement then reported in 116,IV) resulted in 
the higher value of |HhJ. | in our case. The other parameters are in 
very good agreement. 

Very different features show the resonance spectra of the two 
other compounds: GdRu2Si2 and GdOs2Si2. At first, they are 
characterized by very large quadrupole interaction energy. This 
can be seen for ruthenium compound on a spectrum taken at T=50 K, 
i.e. above the Neel temperature (Fig. óa.). This pure quarlrupole 

spectrum can not be satisfactorily described with relative 

intensities of hyperfine lines given by squares of the 

Clebsch-Gordan coefficients. Fit with intensities modified by 

Goldanski-Karyagin Effect. CGKK> gives the ratio of the 

Debye-Valler CD\O factors perpendicular and parallel to the 

tetragonal c-axis equal to f /T..=0. 105 . Huge quadrupolc 

interaction and distinct anisotropy of the DW factor have beon 

also recently found by the Eu Mossbauer spectroscopy m 

EuRu2Ge2 C183. Besides, the Mossbauer spectra of both com;•ouni 

below Т]̂ | could not be fitted with a single component, even when 
the GK.E was included. However, the shape of the resonance t ,зп be 
quite well described taking into account two components. The 
spectrum above T^ which reflects equivalent positions of <jd ions 
in the crystalline lattice, suggests that both components should 
have the same values of AEQ and <5ig. Fit to t-he Gviku.,.Si2 spectrum 
at 4.2 К with indepedently varying two O-angles, two ral.itivu 
intensities and one value of the magnetic hyperfine field common 
for bcth components is shown in Fig.6b. This way obtained ratio of 
relative intensities is close to one. It is worth to noting tluit 
varying |HLJ> I independently for both components; does not improve 
the fit. This result means that the magnetic structure of GdKu2;='i2 
is more complicated what was also concluded from the rather 
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complicated magnetic phase diagram. There are at least two 
magnetic sublattices with different directions of magnetization 
relative to the c-axis. Since the asymmetry parameter of the 
electric field gradient is equal to zero (tetragonal symmetry}, 
nothing can be concluded about direction of magnetization in the 
basal plane. Therefore, one can not decide wheather the magnetic 
moments are parallel within each sublattice or they form some kind 
of spiral as for example in metallic Er at low temperatures. 

The whole discussion of the ruthenium compound concerns also 
GdOs2Si2- The Hossbauer spectrum of Gdl>S2Si2 at T=4.2 К is shown 
in Fig. 6c. 

0 98-

Gd Ru2Si2 = 50K 

-60 -4.5 -30 -IS 

z 
о 

1Л 

i 
0 994 -

0 988 

1000 

0 497 

0 994 

b GdRu2Si2 

15 30 45 60 
Fig. 6. Mossbauer 
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absorption spectra of 
GdKu2Si2 at 50 К t a ) , 
Gdku2Si2 at 4.2 К СЬ), 
and GdOs2ii2 a t - 4 . 2K ic) . 
The continuous line 
represents the least-
square f i t to the 
experimental points. 
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Compounds wi th Co, kh anil lr. 
The results for tid^o^Si^ and CJdk'h-jSi., at, li'|un.i h >.' 1 i uin 

temperature are in very good agreement with previously reported 
[161. The HosKhauer spectra of Gdlr^Si^ can be perfectly fitted 
with the set of parameters placed In the Table 2. Likewise lor 
cobalt, and rhodium compounds the basal plane is the easy plane of 
magnetization in this compound. 

Additional effort has been undertaken to clear up the 
appearance of the additional peak at 18 К in the temperature 
dependence of the magnetic susceptibility for (Jdkli^^i^ • Suggested 
in 114,15,193 itinerant magnetism of the k'h sublaM.ice below this 
temperature could induce an additional transferred magnetic 
hyperfine field at the Gd site and change the character of t.ht-
temperature dependence of the H, f. around 18 1С . Thc> Mossbauer 
spectra were taken at T=4. 2, 10, 14, 20, 25 and 'J'S K. Any abrupt 
change of the magnetic hyperfine field has not been detected. The 
temperature dependence of Nnr can be well described by the? 
formuła: H. r< 4"> = Hf f С0)11 -aT2i as it is anticipated for 
temperatures much belo* T™ by the spin—w.'ive? theory lov 

ant lferromagnets. Fig. 7 presents the magnetic hyperf.wn.- field as a 
function of T . The straight line was obtained by the 
least-square fit giving ilht.C0>=310. 0 kOe and a=-1.3*10"v 

Fig. '<". Temperature depen¬ 
dence of the magnetic 
hyperfine field at 
gadolinium nuclei in 

0 200 400 600 800 1000 1200 U00 1600 
T2(K2] 



Nevertheless, one can not reject a possibility that the magnetic 
polarization of the rhodium d-band has only a negligible 
influence on the magnetic hyperfine field at gadolinium site and 
can not be detected in our measurements. However, we can 
certainly conclude that the magnetic phase transition at 18 К is 
not connected with change of orientation of gadolinium magnetic 
moments relative to the c—axis. From our spectra we can deduce 
that in the range of temperature from 4.2 till 35 К the magnetic 
hyperfine field is always in the basal plane. 

Compounds with Ni, Pd, and PL. 
In the nickel and palladium compounds the quadrupole 

interactions are very weak. The Mossbauer spectrum of GdNio^i? 
above the Neel temperature shown in Fig. 8a demonstrates that the 
qu^drupole interaction constant is much smaller than the tialt' 
width of the resonance. As a consequence, even spectra perturbed 
by the magnetic interaction are not sensitive to the sign of A^n-
In contrary to results of paper £161 where negative sign of Д̂ -п 
has been reported for both compounds, our low temperature spectra 
of GdNi2ii2 anc! GdPd2Si2 can be successfully fitted with two sets 
of parameters. Both of them are included in the Table 2. As a 
rule , one possibility gives negative sign of AEQ and the 
direction of H. ., in the basal plane whereas the positive ДЕ,. leads 
to the magnetic hyperfine field pointed close to the direction of 
the c-axis. Almost the same z obtained with both sets of 
parameters demonstrates the same quality of' the fits. The 
Mossbauer spectrum of GdNi2Si2 at 1.3 К was shown in Fig.8b . In 
conclusion, shape of the resonance spectra for pure nickel and 
palladium compounds do not allow to determine unambigously the 
signs of AEQ and easy directions of magnetization. 

More information about proper set of parameters for the 
nickel compound has been deduced from measurements for a series of 
"mixed phases" between GdNi2Si2 and GdCu2Si2. The resonance 
spectrum of the copper compound CFig.8c> can be fitted in 
agreement with the results of paper [161, in a unique way with 
positive quadrupole interaction constant. The results for "mixed 
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Kig. 8. x"Gd Mossbauer 
absorption spectra of 
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and GdAg-^i-? â - 1 - S К 
td>. The continuous line 
represent, s the least-
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experimental points. 
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phases" show continuous decrease of ДЕ„ with decreasing content of 
copper (spectra for GdNiQ 
only with posit.ive 

j gSi2 and UdNit;uSi2 can be i~itted 
accompanying by continous change of the 

easy direction of magnetization from basal plane for GdCu2Si2 to 
the direction closer to the c—axis. Taking all of that into 
account, it seems that for GdNi2Si2 the set of hyperfme 
parameters with the positive quadrupole interaction constant is 
more justified. Nevertheless,there are also indications for 
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negative ДЕ^ in GdiNi^i^. They are discussed in section 4.3. 
For GdPL.^^. only one compound which crystallizes in the 

CaBe2Ge2 type structure, our results are essentially in agreement 
with those published in [16]. 

Compounds with Cu, Ag and Au. 
As concerning the ternary silicides with nobel metals, any 

Mossbauer results for GdAg2SiT have not been published till now. 
The resonance spectrum for this compound at T=l.5 К has been shown 
in Fig.8d. Likewise for GdCu2Si2 it can be well described by the 
set of parameters with positive AEQ and direction of magnetization 
being in the basal plane. 

In the case of GdAu2Si2 the situation reminds exactly that 
already discussed for the nickel and palladium compounds. The 
resonance spectrum can be well reproduced by two sets of 
parameters, both given in Table 2. In contrary to 1161, only from 
Mossbauer spectrum we are not able to decide about sign of the 
quadrupole interaction constant. 

At the end of this Section, one should mention that the 
temperature dependence of the magnetic hyperfine field lor 
compounds with 3d metals has been measured. No sensational 
results, as for example change of the easy direction of 
magnetization, have been found. In all cases IHj.f-1 relatively well 
follow the Brillouine curve for S=7/2. 

3.4. Kesults deduced from Fe and Ni Mossbauer spectra. 
î-? compound was also investigated using 14.4 keV 

Mossbauer transition in Fe. The Fe Mossbauer spectrum at 1.2 К 
and 4.2 К have similar character to those published in llT] 
and according to the proposed magnetic structure the best fits can 
bo obtained assuming that iron ions occupy two nonequiv^lent 
magnetic sites with zero <15 and non-zero (II) internal magnetic 
fields. This assumption is realised when the sequence of 
ferromagnetic G'd plaines being perpendicular to c-axis isep 
Section 4.3b.) is -t-+—. The result derived for magnetic hyperfine 
fields at 4.2 К and 1.2 К are 16 kOe and 17.8 kOe, respectively in 



fairly good agreement with the value 16 kOe reported in reference 
117']. At 23 К and 90 К the Fe spectra reveal only single lines. 

To investigate the origin and the character of the magnetic 
hyperfine field at iron site II, some Wossbauer experiments in 
external magnetic field of 60 kOe were performed. The results are 
shown in Fig.9. where Hhf=H!rf~Hext~CHL+HD:> wit"h Hext = 6 0 kOe> 
HL=C4/3JwM, HD=-4nM, and Heff being the value of measured 
magnetic hyperfine field. It was found that after demagnetization 
corrections, H*££ is always smaller than 60 kOe so we can 

deduce that magnetic hyperfine fields at 1.2 К and 4.2 К 
without external magnetic field have negative signs. It means that 
they are opposite to the direction of magnetzation M. 

Linear proportionality between Ĥ ,̂ and magnetization 
obtained at different temperatures below and above l'N <Fig. У) is 
consistent with the assumption that Fe ions are diamagnetic and 
that Hhf is a transfer field produced by Gd dipole moments either 
directly or via conduction electron polarization. 

о 
i 

20 40 60 80 100 120 

MAGNETIZATION lemo/g) 

Fig. 9. Magnetic hyperfine 
fields at Fe nuclei versus 
magnytization. 
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The 67.4 keV Mossbauer line was utilized to study hyperfine 
interactions at 6lNi in GdNi2Si2 compound. The spectrum at 4.2 K. 
and in zero external magnetic field was successfully analysed as 
respective Fe spectrum being decomposed into 50 У. intensity 
magnetic component and 50 У. intensity nonmagnetic one. This 
confirms similar magnetic structure for CJdNi2Si2 as proposed for 
GdFe^Si2 1173. The magnetic hyperfine field |Uhf|=C18.3±1i kOe 
observed at one of Ni site is very close to the value found for 
b'fe in GdFe2Si2. 
4. Discussion. 
4.1. Isomer shifts C155Gd). 

The behaviour of the isuner shifts along each series with 
3d, 4d <=md 5ri metals has been shown in Fig. 10a. One can observe a 
continuous increase of *i s with increase of the number of 
d-electrons of transition metal element . In particular this 
trend is well seen for compounds with 4d and 5d metals. It is 
interesting, that in spite of different crystallografic structure, 
the platinum compound also follows this behaviour. Since, 
contrary to compounds with the ThCr2Si-> type structure, in 
GdPt2Si2 (results for GdPt2Si2 are marked in Fig. 10 and \l always 
by a triangle) each gadolinium atom is in its nearest 
neighbourhood surrounded by a regular parallelpiped of platinum 
atoms, this result shows that the nearest surrounding has no major 
influence on the electronic structure of Gd. Moreover,one has to 
emphasize that the observed isomer shifts are much bigger than the 
ó i s for metallic gadolinium which only amounts to 0.036C3) mm's 

L20K They are rather closer, especialJly for compounds with 

nobel metals, to the isomer shifts for gadolinium ionic compounds 

1211. Since the difference between average squared nuclear radii 
о 

in excited and ground states <5<r > is for the E =86.5 keV gamma 
i5 1 rit5 transition in Gd negative С21], observed large positive isomer 

shifts are connected with decrease of the total charge density at 
gadolinium nuclei. If we accept 5dos electron configuration of 
valence electrons for metallic gadolinium this decrease can be 
caused either by transfer of 6s electrons to the transition 



metal d-band or by increase of occupation of 5d level at the 
Gd site. 

Large values of isomer shifts as well as their tendency along 
each series can be qualitatively understood from the band 
structure calculations published in 122Э. They were done for 
isostructural set of compounds: YMn2<3e2, LaMn2Ge2 and LaCo2Ge2-
Nevertheless, we believe that the qualitative conclusions can be 
transferred to understand our results. In Table 2 of reference 
[221 electron occupation of valence orbitals as calculated from 
the band structure has been presented. In all cases occupation of 
the rare earth d level is close to one whereas number of 
electrons occupying 6s level is much reduced and for example in 
LaCo2Ge2 amounts to 0.231. It explains the large isomer shifts 
for our compounds. Increase of ó^s along each series could be 

understand as caused by increase of the electric charge of rare 

earth ions С in this case La) going from LaMn2t>e2 to LaCk^lSe^. The 
change is mainly caused by increase in the occupation of rare 
earth d orbital , which should lead to decrease of the total 
electron density at rare earth nuclei and in the case of 
gadolinium to increase of the isomer shift. 

Last of all one should also mention about a possible change 
of the the isomer shift caused by a change of a volume available 
for gadolinium ions. Since accurate positions of silicon atoms, 
being in the nearest neighbourhood of gadolinium, are not known, a 
credible volume correction of <5 ŝ can not be performed. 
Nevertheless, it seems to be no correlation between isomer shifts 
and shown in Fig. iOd volumes of the unit cell. 

At the end of this Section one should notice, that in ref. 
[231 the Niedema model has been applied to explain isomer shifts 
values for GdT2Si2 materials. We havu also tried this possibility. 
As a result, it was possible to get this way rather big positive 
values of <5;_, in agreement with experimental observations. 
Nevertheless, it was impossible to reproduce systematic trends of 
«5is shown in Fig. 10a. 
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*./.. Qundrupole interactions С Gd> and magnetic properties. 
The monotonous increa.se оГ the quadrupole interaction 

constants along each series of GdT2Si2 compounds has been sttown in 
Kig. 10b. They change from large negative values for rhiitennw and 
osmium compounds to positive for and 
exception makes the platinum compound, which is clear taking into 

Si 



account its different crystaliografic structure. Since the 
coordinates of silicon atoms are not known, it is impossible to 
do a one charge model calculations to explain the observed 
bohavi>ur. One can only notice, that the quadrupole interaction 
energies are not correlated with the ratio of lattice constants 
c/a which were presented in Fig. 10c. 

The V component of the bFG tensor induced by the 
crystalline lattice, which can be directly deduced from the 
gadolinium quadrupole interaction constant, is proportional to B2 

term in the CEF hamiltonian. The relationship between B2 and Vzz 

has the following form [243: 
Vzz=-4A2C 

and B 2 = a , A 2 < r 2 

In the formulas у and ao describe screening of atomic nucleus 
and electronic 4x* shell against the external electrostatic 
potential, <r > is the second moment of the radial function of 4f 
electrons and a. represents a numerical Stevens factor. 
4.2.1. Preferred orientation of the гаге-earth magnetic moments. 

Discussion of the magnetic properties of rare tarth requires 
application of the full CEF hamiltonian which in the case of the 
tetragonal symmetry containes five B™ coefficients 12'J3 and is 
given by 

H C F= в°о20 + в°о? * «Jo* + B X • в*о* 
nhere 0™ are Steven's operator equivalents, and B™ are the CtF 
parameters. 
Nevertheless, hamiltonian restricted only to the Ysl term has 
been successfulJу used to discuss preferred orientation of the 
rare earth moments 124,253 as well as deviations of the magnetic 
transition temperatures from the de Gennes rule I2o] because tins 
term seems to be dominant, as the remaining parameters are smaller 
by an order of magnitude. Among heavy rare earth metals the inoviel 

3"+" can not be only strictly applied for Tm , for which the truncated 
hamiltonian predicts singlet nonmagnetic ground state. However, in 
this case the magnetic moment can be produced by addition of 



smal 1 B^ term [ 2b'3 . 
The r'.'l.itionship between sign of \i., and preferred orientation 

of the magnetic moment can be understood in the following way. 
For the lowest order B^ coefficient which is generally important 
in uniaxial crystals <with the principal axis along Oz> explicit 
form of the truncated CEF hamiltonian is as follows: 

H2CEK и B2 [3Jz - JCJ + 1 > ] 

For negative B^ ground state doublet is built up of states with 
maximum absolute value of J_ (see Table 1. in reference 124)), 
which means that, the magnetic moment is pointed in the direction 
of c-axis. In contrary, for positive Ь., only states with the 
smallest possible |JZI contribute to the electronic ground state 
and the magnetic moment is aligned in the basal plane. 

Our results, concerning comprehensive series of intermetallie 
gadolinium compounds allow to perform discussion of the easy 
direction of magnetization for extensive class of intermetallic 
compounds with T h C ^ S ^ structure. Predictions given by the B^ 
model can be compared with experimentally determined orientations 
of magnetic moments. 

The following constants were used to transfer AEQ values into 
B~ . The shielding factors were taken as equal to: Cl-r )=60 and 
Cl-O2>=0.4 C243 for all heavy rare earth metals. These are in 
agreement with experimentally determined ratio Ci-j'a)}/'Cl-O2>!=152 
1273. The second moments of the 4f radial wave functions are from 
reference С 231 whereas for the ground state quadrupole mement of 
155Gd nucleus we have accepted Q =C1.30±0.02)b t291. Values of 
1̂2 for RET^Sip compounds with heavy rare earth metals were 
gathered in Table 3. 

From Table 3 and commentary which was put under it, one can 
conclude that remarkable agreement exists between predictions of 
the simple Bo model and experimental observations. It is 
especially well seen for cobalt and copper compounds. In 
ТЬСО2^2> 1)\'Со̂ ,512 and HoGo2Si2 B^ is negative and magnetic 
moments are parallel to the c-axis whereas because of positive B2 
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Table 3. Crystalline electric field parameters 
>i„ intermetallic compounds. 

For , jjllc B° for Bpo, pxc. 

for 

RE Tb 3 + Dy 3 + Er3+ Yb 3 + 

Fe -4.07 -2.41 -O.8O°[313 0.87*1443 3.37 10.12 
Co -2.28*[323 -1.33*1333 -O.4S*C323 0.49*1323 1.«9*1333 5.69 
Ni+ 0.50#t343 0.29 0.10 -0.11 -0.41 -1.23 
Си 1.30*1353 0.77*f363 0.26*1333 -0.28*1373 -1.07 -3.23 

Ru 
Rh 
Pd + 

Ag 

Os 
Ir 
Pt 
Au+ 

-8.33*138 3 
-3.26'h[3O3 
0.13*1413 
1.77 

-8.32*143 3 
-3.91*t303 
2.48 
0.13 

-4.94*C383 
-1.93°t393 
0.08 
1.0S 

-4.93 
-2.32 
1.47 
0.08 

-1.64*1303 
-0.64°C303 
O.O3°1423 
0.3S 

-1.64*U3 3 
-0.77 
0.49 
0.03 

1.78*138] 
0.70*1403 

-0.03 
-0.38 

1.78*1433 
0.84 

-0.53 
-0.03 

6.89 
2. 69 

-0.11 
-1.46 

6. 08 
3.24 

-2.06 
-0.11 

20. 74 
8.11 

-0.32 
-4.41 

20.71 
9.75 

-6.19 
-0.33 

+ - for positive has been taken whereas for 

of 
negative. For explanation see Section 3.3. 

* — agreement between predicted and observed orientation 
magnetic moments. 

• - disagreement between predicted and observed orientation of 
magnetic moments. 

о — orientation of magnetic moments is neither parallel nor 
perpendicular to the tetragonal axis. 
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they are aligned in the basal plane in ErCo ,Si, and TmCo^Sio- The 
opposite situation is observed for copper compounds vliere B^ is 
positive for compounds with terbium, dysprosium and hoimium and 
magnetic moments are oriented in the basal plane whereas because 
of negative B^ they are pointed in the direction of c-axis in 
ErCu^Si^. However, there are also some exceptions where 
predictions are not perfectly good. They are mainly for Ho 
compounds for which canting of magnetic moments relative to the 
tetragonal axis have been observed by neutron scattering. Hoimium 
belongs to one of exemples where the B^ model may not work 

3+ properly. The reason is the Ho ions are on the bordei—line 
between heavy rare earths with positive and negative quadrupole 
moments. It leads to usually very small values of B^ and growing 
importance of higher order CEF parameters. Nevertheless, even in 
this case, for negative Bo deviations of magnetic moment 
orientation from c-axis is not lar̂ -e being: 6=C28±3>° in HoRl^S^ 
[303 and 0=C1S±53° in HoFe2Si2 [313. Just the opposite, for 
HoPdpSij, with positive B^, direction of magnetic moments has been 
found to be closer to the basal plane with e=<<53±5>° t423. One 
should mention that i'or palladium compounds, positive ЛЕ-Q for 
GdF"d2Si2 leads to better agreement with experiment Cfor discussion 
of ЛЕ^ in GdPd2Si2 see section 2.3.>. Finally, we are left only 
with two compounds, TbNi^Sio and DyRh^Sio, for which deviations of 
the By mod?! predictions seem to be not so well justified. 

Ą.2..Z. Calculations of the transition Nell temperatures TJJ. 
Except the easy direction of magnetization, the CEF has also 

considerable influence on the magnetic transition temperatures. 
Taking into account the CEF represented only by the second order 
term, large deviations of T^ from prediction of the de Gennes rule 
can be understand [263. Using the formula C4) from ref.(261, 
transition temperatures for compounds with cobalt, ruthenium and 
rhodium have been calculated by numerical solving of an implicit 
equation for T^ : 



x CZ 
J . 

, - t 

Large quadrupole interaction constants measured for 
respective gadolinium compounds suggest that the 13̂  term plays 
dominant role in these materials. Moreover, in compounds with Tb, 
Dy and Ho magnetic moments are aligned in the direction of c-axis 
or close to it <DyRh2Si2 and HoKl^Sa,}. Magnetic ordering along 
the c-axis makes an assumption under which the mentioned formula 
is valid. 

Experimental transition temperatures taken from 
ref.[14,32,33,383, marked by crosses and dots, are compared with 
the de Gennes rule prediction Ccontinuous line) in Fig. 11 . 
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Large deviations, in particular for terbium compounds, can be 
observed. Jo calculate the magnetic transition temperatures, 
exchange integrals J Tor each series with one transition element 
have been adjusted from T^ Гог respective gadolinium componds 
using standart molecular field formula: T^=2JexCg .-1) JCJ+l>/3 
as equal to: 4.28 К for RECo2Si2 4.19 К for kl£ku2-Si2 and 10.10 

К for EEkh2Si2. The results of calculations with included B^ 
from Table 3, shown by dotted and broken lines, reproduce 
qualitatively distinct deviation from the de Gennes behaviour for 
terbium compounds, nevertheless, quantitative agreement is far 
from being satisfactory. Most probably higher order CEF terms 
should be taken into account to get better agreement with the 
experimental observations. 

4.3. Magnetic hypertfine fields - values and directions. 
(a> lb5Gd - values. 

The magnetic hyperfine field at gadolinium site can be 
decomposed into three contributions: ^hr=Hcore+*'cE where 
HQJ^II^+H^ . H is the core polarization contribution whereas 
H4 and H^ represent the magnetic hyperfine field induced by 
conduction electrons polarized either by the Gd spin itself or 
transferred froir; neighbouring magnetic moments. Kven if we accept 
constant value the for core polarization H =<-332±6) kOe 145], 
ve can not decompose both conduction electron contributions to 
H. j,. Under assumption that the measured H. ., is negative, we can 
only conclude that the total contribution from polarization of 
conduction electrons H^p is always positive and rather small in 
comparison with the absolute value of H . Extrapolated to 0 К 
values of H,^ and Hcg are shown in Fig. 12a and b. 

Nevertheless, some correlations between bulk parameters as 
magnetic transition temperatures and lattice constants, and 
magnetic hyperfine fields can be inferred from our measurements. 
At first, vs observe dist.inct correlation for each series of 
compounds ol the magnetic transition temperatures T^ and the 
lattice constants a which give a distance between gadolinium 
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atoms in the basal plane CFig. 12c and d). The shortest distances 
between Gd atoms within the plane, the highest observed Neol 
temperatures. Even platinum compound, having different 
crystalline structure follows this behaviour. Therefore, it seems 
that the exchange interaction between gadolinium atoms in the 
basal plane is the strongest one and has a dominant influence on 

88 



the value of T«. 
As concerning the magnetic hyperfine fields, Fig. 12 

demonstrates that in particalar Гог compounds with 4d and 5d 
elements , H. (. and H,,̂  correlate with both Т„ and а. Гог 
qualitative understanding of this result, we shall refer to 
detailed analysis of the magnetic hyperfine fields of Gd in binary 
intermetallic compounds of gadolinium with transition metals 
[46,47,48]. At the beginning one should remark that in general 
the correlation between T^ and H^g is not expected. In frame of 
two band model when the spin polarization in the conduction band 
is transferred by both s- and d-kind of electrons, because of 
different hyperfine interaction constants ag and a^, even 
transfer part of H ^ is not directly proportional to T^. However, 
very interesting and not well understood correlation of H - the 
nearest neighbour contribution to H», with the distance between 
gadolinium atoms has been reported in ref.14V,4B1. This 
correlation is general, it means independent on the character of 
conduction electrons which take part in the transfer of spin 
polarization. Therefore, we would like to understand the observed 
correlation between HGE and a Csee Fig.12) as an indication that 
the transferred spin polarization at Gd site is dominated by the 
nearest gadolinium moments. This nearest neighbourhood 
interaction is also decisive for the values of magnetic transition 
temperatures. 

As concerning compounds with the 3d elements, the most 
outstanding from HCE to a and TN correlations is GdCo2Si2- This 
different behaviour may be caused by a tendency to form the 
localized moment at the cobalt site. For example a local moment 
has been found on Go in EuCo2<3e2 [491. Such a moment in the 
neighbourhood of Gd can produce rather large transfer field as it 
was observed for binary intermetallic compounds of gadolinium with 
iron and cobalt 1201. 
<b) 1{5SGd - directions. 
As concerning directions of magnetic hyperfine fields, which in 
this case determine the easy direction of magnetization, it has 



been round that in majority of investigated compounds they are 
directed exactly or very close to the basal plane. Since lor 
sfericaliy symmetric Gd ion there is no single ion anisotropy 
caused by СЕЬ', there should be another mechanism which l'orct-s this 
orientation of magnetization. One of the possibilities is giver. 
by the dipole-dipole interaction . Calculation of the 
dipole-dipole interaction energy leads to the conclusion that for 
all investigated compounds the preferred orientation of 
magnetization is in the basal plane. The dipole energy is the 
same for both: O00) and O10> orientations of magnetic moments. 

This result gives also some hint, to decide about sign of the 
quadrupole interaction constants for GdPdo^io tinń GciAû uî - As 

can be seen from Table 2, the negative AEQ for both compound!* is 

connected with the preferred orientation of magnetic hypert'ine 

fields in the basal plane. So we can conclude that the choice of 

negative ДЕу for both compounds is more justified. 
Situation for GdNi2Si2 needs a separate cliscusssion. As it 

was described in detailes in section 3.3, positive AE^ for this 
compound was inferred from systematics of results for 
GdNi2_xCuxSi2 series. Nevertheless, one should re-mark thrro iVicts 
which lead to opposite conclusion. At first, fit with negative 
Д1£~ gives smaller value of chi—square then that with positive one, 
the difference being distinctly bigger than for Gdi'd^Si^ and 

GdAu-j.S'î  . Then, positive ЛЕ„ leads to positive H^ and easy 
direction of magnetization in the basal plane for TbNi^Si^,. Th's 
is only one result when predictions of the В., model are in 
explicit disagreement with the neutron scattering rpsults. At 
last, fit with negative ДЕ„ gives 0=77415°, rather close to the 
basal plane predicted as the easy plane by dipole-dipole 
interactions. 

The magnetic structures observed in GdRu2^i^ and GdOs^Si^ can 
not be explained using only the dipole-dipole interactions. 
Another mechanisms, as for example .announced in 1221 anisotropic 
exchange interaction for compounds with ThCr-jSi.-, type structure 
could be probably include to describe their magnetic behaviour. 
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(see Kig. 95. However, ix, should be pointed out- thai, i.hese 
results can not be compared directly in the simple way, since the 
magnetic ordering of GdFe2isi2 in H ,=0 and H *=60 kOe is quite 
different what in turn is a reason for dil'l'erent transfer and 
dipole magnetic fields in both cases. When ^ext=^ magnetic 
moments are ordered perpendicular to the c-axis with a sequence 
+ + — while in external magnetic field ^ext=<*^ kOe magnetic Gel 
moments order along this field with the sequence ++++ «see 
Section '3.2. and .i.l.). The change of the transferred niajiieHc 
hyperfine field caused by the change of magnetic ordering is 
however impossible to estimate without detailed knowledge oi 
mechanism l>y which the the transfer hyperfine field is pri'dnced. 
It. was shown that only dipole fields couJd not account, for 
observed differences. 

The iact. that, in .д.* net i с hyperfine fields observed at- J rKe -11 > • t 
'"' !N i are very close (.Section 3.1), can be also used as an дг̂ -ччи. m. 
that, because is no doubt about diamagnetisin of Ni ions in l.htsf 
compounds, iron ions do not carry any localized ma^nt-tic moment 
what supports the id ?д that magnetic hyperfine field observed at, 
J'Fe is only of transfer type in accord with conclusion derived iii 
Section 3.4. from experimental results shown in Kig. ч. 

8. Summary and conclusions. 
Comprehensive Mossbauer spectroscopy investigations wit.h 

Fe, ó lNi and i~:':-'Gd nuclei supplemented by bulk magnet.izatiiin 

measurements have been performed lor the series of gadol i ns.'iin 

ternary silicides with t'ormula GdT^,Si2 (T=3d, 4d and :jd 

Hyperfine parameters: isomer shii'ts, quadrupole 

constants and magnetic hyperfine fields as well as directions оГ 
Hh^. relative to the tetragonal c- axis, which determines in this 



case the еачу direction of magnetization, have been obtained from 
gadolinium Mossbauer spectra. Values of the isomtr shu'Ls were 
qualitatively explained taking into account the band structure 
calculations for materials with the ThCr2Si2 t-ype structure Th<= 
quadrupole interaction constants were used to calculate the second 
•order CEF parameters B^ for respective compounds with heavy гаг» 
earth elements. It has been shown that the СЕК hamiltonian 
truncated only to вЯ term explains observed easy directions of 
magnetization for a large class of ternary silicides. B-> term has 
been also used to explain deviations of the magnetic transition 
temperatures from prediction of the de Gennes rule. Introduction 
of CEF reduces deviation between calculated and experimental 
values of TV, nevertheless, quantitative agreement with 
experimental values is still far from being satisfactory. 
Furthemore, correlations of the hyperfine magnetic fiebis values 
with the magnetic transition temperatures and distance of 
gadolinium atoms in the basal plane were demonstrated and 
ciiscucsed. Finally, iron and nickel NosshauiT spectra g^ve 
information about orientation of gadolinium moments in the basal 
plane as well as about localization of magnetic moments at the 
transition metal site. 
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Structural and Electronic Properties of 
Defects in Semiconductors which can be 

Studied by РАС Technique* 
THOMAS WICHERT 

FakuhutfurPhysik, Universitut Konstanz, D-77JO Konstanz, FRG 

Abstract 

The formation of molecule-like complexes, consisting of a defect and a radioactive l l l In atom, is 

studied using the perturbed тгтг angular correlation technique (РАС). The complexes are characterized by 

their defect specific electric field gradients which also contain information on the geometry of the formed 

complexes. Whereas the complex is formed with the Ш1п atom its electric field gradient is measured after 

the decay of the radioactive Ш1п atom to l n Cd. Formation and dissolution of the molecule-Шее complexes 

is pursued for a variety of different conditions, such as sample temperature, dopant concentration and 

position of the Fermi level. In particular, the interaction of In atoms with the following defects in Si was 

investigated: Intrinsic defects, created by particle irradiation, substitutional donor atoms (P, As, Sb, Bi), and 

interstitial impurity atoms (Li, H, and an unidentified X defect); especially, the latter ones are known to 

passivate acceptor atoms in Si. Methodology and specific properties of the РАС technique will be illustrated 

with help of these examples. 
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1. introduction 

For the characterization of defects in materials nowadays a wealth of experimental techniques is 

available. Among them, the nuclear techniques, as the perturbed тгт angular correlation technique (РАС) 

and tht Mossbaucr spectroscopy, gather their information with help of radioactive probe atoms introduced 

into the material of interest1'2. The electric and magnetic fields of the lattice interact with the nuclear 

moment of a probe atom and give r'se to a nuclear hyperfine interaction allowing to study the probe atom's 

environment on an atomic scale. In diamagnetic materials, like semiconductors, two different types of 

electric hyperfme interactions are available for Móssbauer spectroscopy, which either give information on 

the electron density (isomeric shift) or on the electric field gradient (electric quadrupol interaction) at the 

site of the probe nucleus; but mainly the isomeric shift has been used by this technique for the 

characterization of defects in semiconductors3 as well as in metals4. In contrast, the РАС has successfully 

made use of the electric field gradient (efg) for the study of defects primarily in metals5'6. While the 

stimulating results in metals established РАС as a powerful new tool for the investigation of defects in a 

qualitatively new way, as documented in the recent topical conferences of '^is area ' , it is to one's surprise 

that in semiconductors no detailed information on defects was obtained. 

Already in 1977, Kaufmann and «workers had implanted radioactive In atoms into Si in order to 

study the annealing behaviour of defects in the lattice region surrounding the implanted probe atoms. But 

their results were very discouraging, because instead of unique efg only very broad, unresolved distributions 

of efg were observed Because of the failure of subsequent experiments by other groups to find defect 

associated unique efg in m I n implanted Si crystals, it has been argued that a so-called "decay after effect"9, 

initiated through the electron capture decay of the u l I n probe to m C d and taking place immediately 

before the observation of the nuclear hyperfine interaction at the excited l Cd state, might prevent the 

detailed study of defects in semiconductors in general. The idea is, that the reduced free carrier 

concentration in a semiconductor compared to a metal might be responsible for the lack of a timely 

restoration of the electronic shell of the Cd atom. This results in strong, fluctuating fields which explain the 

observed non-unique hyperfine interactions and which at the same time seriously hamper a study of the 

probe's surrounding. Meanwhile, it is more probable that undefined sample and implantation conditions 

might be the reasons for the negative outcome of the past experiments, since now about 18 unique efg were 

found in 1 HIn doped Si samples, labelling a variety of different molecule-like complexes, consisting of an In 

atom and a defect. Since structural and electronic effects determine the efg observed in а РАС experiment, 

correspondingly designed experiments will yield informatu n on structural defects and their electronic 

properties. 

There are several advantages in using РАС for studying defects in semiconductors: First, an absolute 

number of only 1011 probe atoms (referring to the case of l u I n ) is sufficient for an experimental 

investigation, since radioactive probe atoms are used; thus, the experiments can be performed at low probe 

atom concentrations, an important aspect because typical defect concentrations in semiconductors are in 

the range of 1016 cm'3. In addition, by implanting these probes the doping procedure becomes very clean 

and at the same time the probe atoms can be placed in a preselected area of the sample by adjusting the 
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implantation energy; e.g. by implanting ' 'in probes with 350 keV in Si a Gaussian concentration profile is 

achieved at a depth of 0.16 fjm, with a standard deviation of 0.05 |im and a maximum probe concentration 

of about 1016 In cm'3. Second, РАС does not rely on a particular concentration of free electrical carriers or 

on the presence of paramagnetic centers so that this technique can be used under a broad range of different 

sample conditions, like carrier concentration or temperature. Third, the РАС probe atom l l l In is among the 

acceptor atoms B, Al, Ga, In, and Tl in the element semiconductors Si and Ge and it is well known that a 

great variety of defects interact with these acceptors and modify their electrical properties. These acceptor-

defect pairs can be studied via their characteristic efg. This possibility is the more of interest as studies using 

the electron spin resonance technique have difficulties in working with acceptor atoms in Si. 

Thus, it becomes obvious that Si represents an especially favourable test case for the first РАС 

experiments in semiconductors. By employing the efg, defects trapped at the probe atom are identified in a 

unique way and the geometry of the formed probe-defect complex is deduced from the orientation and 

symmetry of the efg tensor. Via its characteristic efg each defect can be recognized so that its formation 

probability can be pursued under a variety of different experimental conditions, and its mobility as well as 

its stability, when bound to the probe atom, can be determined. Because of its importance to the present 

studies we shall briefly recall the properties of the efg tensor and the way this tensor is measured at a 

radioactive probe atom in а РАС experiment. 

1.1 The Electric Field Gradient as Measured by РАС 

Electric Field Gradient 

The property of the semiconductor used for the characterization of a defect on an atomic scale is the 

second derivative of the electrical potential. The nine components of the tracclcss tensor describing the 

electric field gradient are 

(1) 

In its principal axis system the diagonalized tensor is described by the three components Va , V , and 

with the convention 

lv к lv U lv I (2) 
1 xx' ' yy1 ' zz ' v ' 

Because the trace of the tensor is zero two components are sufficient for its complete description. Usually, 

the largest compo-'-at V Q and the asymmetry parameterTJ is chosen which is defined as 

(3) 
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Because of eq. (2) rj can assume values from 0 to 1, whereby т) = 0 describes an efg tensor with axial 

symmetry. The strength of the cfg tensor as measured at the site of the probe atom is expressed by the 

nuclear quadrupole coupling constant 

(4) 

where О is the probe's nuclear electric quadrupole moment used to measure the efg. This coupling 

constant, measured with a precision of about 1 MHz, and the asymmetry parameter r] guarantee the unique 

tagging of the respective environment of the probe atom giving rise for the measured efg. As can be seen 

from eq. (1), the strength of the efg falls off with the third power of the distance between the sourc» of the 

efg and the probe's site requiring that an observable source has to be located in the immedia'e 

neighbourhood of the probe atom. For a probe atom occupying a substitutional site of the Si lattice the efg 

at the probe's site vanishes because of the spherical symmetry of the surrounding diamond lattice structure. 

However, as soon as a defect occupies a neighbouring substitutional or interstitial lattice site this symmetry 

is broken and correspondingly a defect characteristic efg is observed. The coupling constant u Q reflects the 

strength in the perturbation of the original electronic charge distribution by the defect and the parameter TJ 

the symmetry of the formed probe atom-defect complex. 

In addition, also the orientation of the formed probe atom-defect complex with respect to the host 

lattice can be determined. This information is contained in the angles of the matrix rotations necessary to 

bring the efg tensor in its diagonalized form. Since the sign of the efg tensor is not measurable in our 

experiments only two out of three rotation angles can be determined. In all, four out of the five componenis 

describing the symmetric, traceless efg tensor are measureble for the undoubtful characterization and 

identification of a particular probe atom-defect complex making the cfg so useful for defect studies. As will 

be seen, ш most cases all four components were measured for the various defects in Si and it is hoped that 

theory will be able to reproduce the measured quantities in the near future. 

Perturbed тт Angular Correlation 

As is seen from eq.(4), the hyperfine interaction of the efg with a nuclear quadmpole moment Q 

effects an energy splitting of the order h« i)Q, but at the same time also the reorienlation of the nuclear spin 

is caused. In a Móssbauer or a nuclear magnetic resonance experiment the energy splitting is measured by a 

resonance process while а РАС experiment measures the spin precession frequency <o. The basic principles 

of the technique are described in Fig. I10: The radioactive probe atom creates through its P-decay an 

excited daughter nucleaus which subsequently releases its excitation energy through the emission of two ~i 

rays. It is the property of the t rays that they always carry their angular momenta either along or opposite lo 

their propagation direction which gives the information on the orientation of the nuclear spin I. By detecting 

both 7 rays, 7 j and T ? , in coincidence, information is obtained on the two orientations of the same nuclear 
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Initial 
Orientation 
of Spin I 

Field- £} -U) 
Orientation 
of Spin 1 
after At 

Perturbed ГУ Angular Correlation (РАС) 

Figure /: In а РАС experiment, the precession of a nuclear spin I, induced by a local field at the site of the 
radioactive probe atom, modulates the probability to detect 
frequency ь> 10 

and t2 in coincidence with the 

spin I at the times of the emission of the two t rays. From the measured change of the spin orientation AI 

during the time At, elapsed between the emission of both тг rays for an ensemble of probe atoms, the spin 

precession frequency ш is deduced. The change in A1 as reflected by the it coincidence probability has to 

be observable for a range of At values that is comparable with at least one full revolution of the nuclear spin. 

In order to get the necessary range of At values the nuclear state with spin I and electric quadrupole 

moment Q has to possess an adequate lifetime т . 

In the present experiments exclusively the probe atom In is used which creates via electron capture 

decay (EC) the excited *Cd daughter nucleus. By recording in coincidence т j and тг2 having energies of 

173 keV and 247 keV, respectively, the precession of the 1 = 5/2 spin of the intermediate nuclear state with 

the quadrupole moment Q = 0.8 barn and the lifetime т = 142 ns is observed. The coincidence rate for 

both t rays enclosing the angle 8 reads11 

I(t, G) = I 0 -«p(- t / т ) . ( 1 + A^-GjCt, 9)) (5) 

with the perturbation function 

G2(t, (6) 

and Uj + d>2 = <i>3, IQ is determined by the source strength and efficiency along with the solid angle of the 
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used t ray detectors, which arc equipped with cither NaJ(Tl) or BaF2 crystals. A,2 is probe dependent and 

is -0.179 in case of m I n / l u C d ; because of the finite solid angle of the -r detector A,, is reduced to -0.12, in 

our case. The coefficients Sn are determined only by the angle в if the cfg is randomly oriented, e.g. in a 

polycrystalline sample. In single crystalline samples Sn also depends on the actual orientation of the efg 

tensor as discussed below (see Fig. 3). 

The parameter V the largest component of the efg tensor, is obtained from the frequencies (o^. In 

case of an efg with axial symmetry, i.e. TJ = 0, the three frequencies of eq.(6) are integer multiples of a 

fundamental frequency (Jj, namelyь>п - п !ш ; (п = 1,23), with 

g'(3ir /1O)'UQ (7) 

andg = 1. 

The parameter n, describing the symmetry of the efg tensor, is obtained from the frequency ratio 

uju . This ratio deviates from 2 when TJ becomes larger than 0 and decreases to 1 for TJ = 1, as shown in 

Fig. 2. With the exception of л = 1. the frequencies u2 and <J3 are no longer integer multiples of w,. By the 

value of n the vaJue of the parameter g ш eq.(7) is determined which is ш the range between 1. and 1.763 

(see Fig. 2). 
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Figure 2: Dependence of the ratio of the spin precession frequencies u , and u2 (eq. (6)) and of the parameter g 
(eq.(7)) on the asymmetry parameter!] of the efg tensor (eq.(3)). 

The orientation of the efg tensor and thereby the information on the orientation of the formed probe 

atom-defect complex is contained in the amplitudes Sn of eq. (6), because, iii general, Sn depends on the 

direction, along which the t rays are detected, with respect to the principal axes system of the efg tensor; 

the frequencies u are not affected. Since a particular probe atom-defect complex possesses a particular 
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Figure 3: Fourier transform of the perturbation function G^ft) (eq- (6)) for an axially symmetric efg tensor in 
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orientations of the efg tensor and of the т detectors (Q = 180°) with respect to the crystal axes 
determine the values of the coefficients Sn

 w. 

Figure 4: Level splitting, induced by a nuclear electric quadrupote interaction for a spin I = 5/2, along with the 
10 corresponding PA С time spectra and their Fourier transforms . 

101 



crystallographic orientation also its efg tensor has a preferred orientation and therefore influences the 

measured Sn amplitudes in a characteristic way. Thus, by using a single crystalline sample the orientation of 

the probe atom-defect complex is deduced from the measured value of the Sn amplitudes. For practical 

reasons, the principal axes system of the efg tensor is described with reference to the lattice of the host 

crystal and therefore also the directions of the t rays are given with reference to the crystal lattice. For ал 

axially symmetric efg, whose V = component points either along a <100>, <111>, or <110> lattice 

direction, the three amplitudes Sn (n = 1ДЗ) are shown in Fig. 3 for the three cases where the it 

coincidence (6 = 180°) is measured along one of the major lattice directions. In order to calculate the 

expected Sn values the equivalent lattice directions have to be averaged. For comparison, also the Sn values 

for a randomly oriented efg tensor (polycrystalline sample) are shown. The dependence of Sn on the 

orientation of the efg and of tbe т detectors is evident. It should be noted that S, becomes dominant 

whenever the crystallographic directions of efg and i detector are identical; in the other shown cases, 

always S2 is the major component in contrast to the polycrystalline pattern. A more general discussion can 

be found at other places12-13. 

To summarize the experimental information on the efg tensor as obtained by PAC, Fig. 4 shows the 

level splitting induced by the interaction of the efg with the nuclear quadrupole moment (top) along with 

the perturbation function G2(t) respective the РАС time spectrum (middle) and its Fourier transform 

(bottom): In the first column the efg is randomly oriented and axially symmetric; the Fourier transform 

shows the expected integer ratios of the three appearing frequencies Ł>0 of 1: 2 : 3. The second column 

shows the influence of the asymmetry parameter TJ; the frequency ratios are no longer integer as is best seen 

in the Fourier transform and also observable in the aperiodic modulation of the time spectrum. In the third 

column the efg is axially symmetric and its symmetry axis points along a < 111 > lattice direction; the 

frequency ratios are integer, but the amplitudes S2 and S3 are strongly reduced compared to the previous 

two cases, because the т detectors are positioned along a < 111 > lattice direction; the resulting Fourier 

transform is identical with the corresponding panel shown in Fig. 3. 

In a real experiment the probe atoms are exposed to different microscopic situations which are 

labelled by their characteristic efg (Fig. 5): In (A) the probe's surrounding is spherical symmetric, therefore 

the efg is zero and the corresponding РАС spectrum is time independent 

= So 

In (В) the probe atom is surrounded by distant defects giving rise to a weak efg; since there are many 

different arrangements between probe atoms and defects, experimentally a distribution of efg A V about 

V a = 0 is observed and the РАС spectrum is described by 

G 2« - so + £?.«P(<V) (6b) 
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assuming a Lorentzian distribution for the different efg with a o = Aa>n<x AVn; or assuming a Gaussian 

distribution 

(6b') 

Lattice Situation РАС Spectrum 

\ 
V? 

Rlt ) 

l Y - V : 

® 

© 

. - « 1/V..,. - w 

/ 

Figurę 5: Different microscopic situations of a radioactive probe atom (full circle) in a cubic lattice with defects 
(open square) and the corresponding РАС spectra. 

In contrast to the previous situation, in (C) the defect being in the next neighbourhood of the probe atom 

gives rise to a unique efg and the measured РАС spectrum is described by eq.(6). It is this case that allows a 

unique tagging of the observed defect. In genera], also in situations like (C) a distribution of efg AV^ can 

appear which in case of a static distribution, analogous to eq.(6b), yields 

G 2 « = S o + (6c) 

(assuming a Lorentzian distribution). The term static means, the efg does not change during the time 

window of the observing Cd state which is in the order of about 400 ns. Does a change of the efg happen 

within this lime window, a dynamic distribution or relaxation is observed which can be described by 

G2(t) = exp(-\t)(So (6d) 
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Returning to Fig. 5, situations (A) - (C) might simultanously appear what then is described by 

G2(t) = fA- G2(t)A + V G2(t)B + fc- G2(t)c (8) 

where I-, (i = A.B.C) are the fractions of probe atoms exposed to the three different situations, whereby 

holds 21 = 1, and the perturbation functions G2(t)' correspond to eqs.(6a), (6b), and (6c) discussed above. 

In order to increase the speed for data sampling, 4 т Hetectors are used to record simultanously 8 

coincidence spectra L(t, 9) from the coincidences between detectors i and j forming the angle 9. After 

stripping the time independent background of accidental coincidences the following ratios are formed 

Q,(t) - (O u ( t . l80 # 

and 

Q2(t) = ((I3l(t,180'')-r^(t,180''))/((I41(t )90'>)-l32(t,90')) (9b) 

ID this case, the 4 detectors form a cross with the sample at its center and each detector acts as start (TJ) 

and stop ( T 2 ) detector. Both ratios of eq.(9) are combined in such a way that different efficiences of the -r 

detectors cancel and the exponential decay of the intermediate n l C d state is eliminated (see eq.(5)) so that 

the so called РАС lime spectrum is obtained 

R(t) = Ш ' ( Q j ( t ) w + Q 2 ( t ) w - 2) » Atf G2(t) (10) 

Such a detector arrangement is used if the two т rays are detected along < 100 > and/or < 110 > lattice 

directions. If the т rays are detected along < 111 > lattice directions the 90° degree angles in eq. (9) have 

to be replaced by 70.9° (109.1°) angles and eq.(10) becomes 

R(t) = 3 « ' ( Q 1 ( t ) i y 2 + Q2( t)w 2-2) » A J J - G J W (11) 

The РАС spectra R(t) are analysed according eq.(8) using a least-squares fit to extract the interesting 

parameters from the measured spectra: uQj , т)|7 f., ст. and the orientation <hkl> i of the efg tensor. As is 

seen from eqs.(6) and (8) always the product f;*S appears so that separate information on f and S is not 

obtained. In practice, first the orientation of the probe atom-defect complex, i.e. the coefficients S , is 

determined by recording the РАС spectra for the three major lattice directions whereby f remains constant. 

In particular, in case of an efg tensor with axial symmetry, the relative changes of the products f« Sn indicate 

along which lattice direction the symmetry axis is, as is seen from Fig. 3. With help of the known Sn 

parameters the fraction fj is obtained from the product f.»S . It is also possible to perform an experiment 

with the single crystal randomly changing its orientation with respect to the i detectors during the 

measurment so that "polycrystalline" spectra are obtained. Now, the Sn coefficients are known since they do 
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not depend any more on the actual orientation of the tensor and fraction f is obtained. This procedure is 

helpful, if the efg tensor does not possess axiai symmetry, i.e. forTj > 0. 

If there are several efg simuianously present, it is more favourable to start the analysis with a Fourier 

transform of the experimental spectrum which shows how many different efg are involved and from the 

frequency ratios what the values of their asymmetry parameters TJ are. With help of this information the 

final least-squares analysis is performed. 

A characteristic feature of РАС is the involvement of two different chemical elements acting as probe 

atom in the experiments, i.e. In and Cd in our case, which are associated with the parent isotope " ' i n and 

daughter isotope l u C d , respectively. The actual measurement of the efg tensor takes place at the 

intermediate nuclear state of l u C d and is started at the time of the detection of т , . The time elapsed 

between the /3-decay of n l I n and this event is about 1 ps, caused by the nuclear lifetime of the excited 

nuclear state populated by the p-decay. Thus, an unobserved structural change of the originally formed In 

atom-defect complex leading to a new complex, which now is typical for the probe Cd, has to happen on 

a time scale of 500 ps to Ins, the time restitution of the РАС equipment. Changes on a larger time scale 

either become directly observable via dynamic relaxation phenomena in the РАС spectrum (1 ns < t i 

500 ns) or are not of interest any more because the РАС experiment at this particular probe alom is finished 

(t £ 500 ns). Thus, the magnitude of the measured efg tensor (V n) depends on the probe " Cd and its 

electronic shell, but the geometry of the formed probe atom-defect complex, Le. its symmetry (rj) and its 

orientation (< i jk>) should rather depend on the probe U1ln, unless structural rearrangements on a time 

scale of 100 ps would occur. In additon to the geometry of the probe atom-defect complex, the probe atom 

In also governs the trapping of the defect and the thermal stability of the formed complex. 

1.2 Outline of РАС Experiments In Silicon 

Prerequisite for all investigations in Si is the doping of the Si samples with the radioactive m i a 

atoms. We doped our samples by implanting H 1 In + ions with the advantage of a clean and controlled 

doping procedure but the disadvantage of the radiation damage accompanying this violent doping process. 

Therefore, it is quite natural to begin a presentation of the РАС results with the subject of radiation 

damage, which is related to the annealing of defects after implantation and to the incorporation of 

implanted dopant atoms into an unperturbed lattice environment. Although there have beep, found social 

unique defect related efg, the interpretation of the corresponding In atom-defect complexes к still at its 

beginning because of the various processes happening simultanously during bosnbariiing and annealing of 

the samples. However, it will be shown that two efg, in the literature related to the appearance of intrinsic 

defects, viz. trapped lattice vacancies, in fact are caused by H atoms. This case is a good example of how 

interpretations of the experimental РАС data can easily be examined because of the uniqueness of the 

defect characterizing efg tensor. 

The next chapter will deal with the interaction between the probe atom In, which b an acceptor in 

Si, and substitution^ donor atoms, like P, As, Sb, and BL Whereas much is known abool the electrical 
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compensation between acceptor and donor atoms, structural information is much more limited, although 

this information is of interest to the junction behaviour in doubly doped Si samples. It will turn out that 

pairing between acceptor and donor atoms is quite a common phenomenon in Si which is observed for all 

the donor atoms studied. Again, the uniqueness of the efg characterizing these pairs will help solving a 

controversy raised in the context of the formation of In-Sb pairs. Also, an example will be discussed of how 

clustering of donor atoms can be pursued with help of the n l I n probe acting as an observer, a problem 

which is related to the electrical activity of highly n-doped Si samples. In case of the donor atoms a unique 

interpretation of the РАС results is much easier to accomplish because the introduction of a particular type 

of donor atom at a well defined concentration can much better be controlled than the creation and 

concentration of a particular intrinsic lattice defect. 

One of today's very challenging areas in the characterization of semiconductors represents the 

interaciion of dopant atoms with interstitial impurities which degrade the electrical properties of the 

semiconductor. Since our studies are performed with reference to an acceptor atom, the studied interstitial 

atoms will exhibit a donor-like character. Results on the pairing between In and H atoms will be presented 

which arc used ю determine the thermal stability of acceptor atom-H complexes and to understand the 

microscopic process underlying the electrical passivation of acceptors by H atoms. The efg characterizing 

the H atoms is u;ed lo identify contamination pathways for the inadvertent introduction of H into Si 

samples. In order to complement these investigations, results on Li atoms and a new X defect will be 

discussed where the X defect bears in some respect close resemblance to the H defect but is obviously 

introduced via a different pathway and exhibits a quite different mobility and stability in the formed In-X 

complexes. Common to all three types of defects is the appearance of three different efg upon their pairing 

with the In atoms. This behaviour is different to the appearence of a single efg in case of pairing between In 

atoms and substitmional donor atoms. The existence of three different efg for one type of interstitial 

impurity indicates cither an occupation of different lattice sites at the In atom or the formation of different 

electronic environments, e.g. charge states, at the same structural complex. 

tn order to give an idea of the extent of the information on defects in Si collected by РАС so far, 

Tubie I lists the different efg characterizing different ln-defecl conplexes. This table should ako serve as a 

reference point in ihc course of the following chapters. In addition to the values of the coupling constant 

UQ or (be efg component V= , information on the symmetry and orientation of the rfg tensor is given. As !;tr 

;-.s possible, an assignment of the defect being responsible for the respective efg tensor is presented It is 

interesting to note that most of the efg caused by defects are distinctly larger in [hi. semiconductor Si than in 

metals. Since trie number of different efg states has dramatically increased in recent time and the efg exhibit 

also a slight temperature dependence their values are quoted for 78 К and ;°5 K, as far as these data are 

available. 
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TABLE I: Defect complexes in Si formed at the probe 1л and detected at ulCd, respectively, 

listed are the different components of the efg tensor V.. and its orientation < ijk >. 

Complex 

Intrinsic Defects 

In-Del 
In-De2 
In-De3 

Subst Donor Atoms 

In-Pl 
In-Asl 
In-As2 
In-Sbl 
lo-Bil 
In-Bi2a) 

Interstitial Atoms 

In-Hl 
In-H2 
In-H3b) 

In-Lil 
In-Li2 
In-U3c ) 

In-Xl 
Ia-X2 
In-X3d) 

assuming axial symmetry 
b^ for concentrations larger 

78К 

448 

360 
480 
270 
172 
260 
323 
237 
334 
408 

fh (MHz) (V^, 

295K 

28 
142 
448 

179 
229 
237 
271 
386 
484 

349 
463 

172 
233 

1017Bcm'3 

c ) for Si doped with 1.6 • 1017 В cm '3 

d) for partially passivated p-Si doped with 5* 10I<s В cm'3 

fVyy ) / V 

0. 
0.42 
0. 

0. 
0. 
0.65 
0. 
0. 
0. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

<IJk> 

<m> с) 



2. Doping with 111 ln Atoms end Radiation Damage 

The radioactive u l I n probe atoms are introduced into the Si crystals by ion implantation, one of the 

most common steps for selective doping of semiconductors dedicated to VLSI circuits. Upon heating of the 

crystals, the implantation induced radiation damage is annealed so that the radioactive probe atoms become 

substitutionally incorporated into an unperturbed lattice environment. Already the annealing of the 

radiation damage accompanying the ' " i n implantation process, i.e. the ions's correlated damage cascade, 

can be studied by РАС because the implanted ion is the radioactive probe atom itself. After annealing this 

correlated damage the behaviour of intrinsic lattice defects, produced by post-irradiation of the sample 

(uncorrelmed damage), and of impurity related defects can be investigated. 

After a short description of the experimental conditions which are typical for the discussed 

experiments this chapter will deal with the interaction of intrinsic defects with the acceptor atom In. It will 

turn out that three, through unique efg well characterized In atom-defect complexes are found, which are 

the complexes In-Del to In-De^ in Table I. Their identification is rather preliminary, up to now, but it 

should be improved through more refined experiments because their efg enable their recognition in future 

experiments. 

2.1 Sample Preparation 

The Si wafers, implanted with the ' " i n atoms, ate cut from float-zone or Czochralski grown material 

with (100) or (111) surfaces supplied by Wacker Chemitronic In some cases, material of different origin is 

used what will be indicated in the context of the respective experiments. The crystals are cleaned by rinsing 

in aceton, ethanol, and finally by dipping into HF. 

The ion implantation is usually performed with an energy of 350 keV; the number of implanted 

'!n~ ions as determined from the activity of the sample is about 3'10 covering a circle of 5 mm 

diameter so that the corresponding dose is in the order of 1.5* 1012 l u I n cm"2. The projected range of the 

implanted ions in Si is R = 1600 X with a standard deviation AR = 500 Xм . The thermal treatment of the 

samples is performed under flowing N2 gas inside of a quartz tube, the annealing time is 600 s. In some 

earlier experiments the annealing was performed in a vacuum of 10"6 Torr. The thermal treatment of the 

samples effects a broadening of the original " in implantation profile what becomes apparent in a loss of 

radioactivity. Based on the diffusion energy of 3.6 eV15'16, at 1170 K, where the implanted samples usually 

are annealed, noticable diffusion of In atoms is just expected to set in. Eecmise of the additional radiation 

damage, the In mobility is enhanced so that a broadening of the In profile by a factor of two can be assumed 

under the present annealing conditions. Describing the In depth profile by a Gaussian depth distribution 

N(x) = dose/(2.5' A R p • exp(- L^x-R^/A Rp
2) (12) 
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and using AR = 1300 Я after annealing at 1170 К (600 s) the maximum local u l I n concentration is about 

5-1016 cm"3. 

For most of the implantations, the dose deduced from the accumulated electrical charge is 10 times 

higher than expected from the measured m I n activity. This discrepancy points to a coimplantation of other 

ions. Because of the production of the probe atom " ' i n from Cd via a nuclear reaction and the continuous 

decay of l n I n into l n C d the used ''ЧпСЦ solution is contaminated with stable Cd isotopes which cannot be 

separated from the isotop ' ' in in the mass separator; probably, the coimplanted ions are u l C d + . 

However, from the annealing of l l l m C d implanted Si samples (E = 60 keV) it is known that Cd diffuses out 

of the sample already ai annealing temperatures above 950 K. Thus, the annealing of the m I n implanted 

samples at 1170 К should remove the contamination by the n l C d atoms. 

2.2 interaction with Lattice Defects 

Correlated Damage 

The fact that In as a group-Ш element represents an acceptor atom in Si triggered the first, 

pioneering РАС experiment by Kaufmann and coworkers on the annealing behaviour of In implanted Si. 

Results of this experiment are shown in Figs. 6 and 7: The РАС spectrum of Fig. 6 was measured at 295 К 

after annealing of the implanted Si at 823 К for 50 min. The spectrum mainly exhibits two distributions A VQ 

of efg which are described by eq.(6b') ard therefore indicates the m I n probe atoms to reside in differently 

perturbed lattice environments. Only for a small fraction of probe atoms the efg is zero corresponding to 

the time mdependent part of the spectrum (see eq.(6a)). In Fig. 7 the fraction of l n I n atoms in defect free 

sites fu CVa and A VQ are zero) or almost defect free sites f$ (AVn not equal zero) as a function of annealing 

temperature is plotted (solid line); for comparison also the change in electrical sheet resistivity is given 

(dashed line) which was measured at a sample prepared under comparable conditions. The anneali-ig of the 

implantation induced correlated damage reflected by the increasing fraction of i n I n atoms in the defect 

free sites f, + f is evident and parallels the decrease in electrical resistivity, Unfortunatelly, besides the 

distributions AVn no unique efg, labelling the formation of a wed defined In atom-defect complex, is 

observed. Thus, similar to the electrical resistivity data, the РАС results can give only an integral 

icfo'.matioo on the defect reactions around the probe atom during isochronal annealing; that means an 

identification of a particular defect is not possible. For almost 10 years the data have been typical for the 

seemingly limited sensitivity of РАС to defects in semiconductors. 

Fig. 8 shows the results of РАС experiments17'18 that more or less represent a remake of the study by 

Kaufmann and coworkers; the differences in implantation energy, 350 keV instead of 90 keV, and in the 

resistivity of the implanted n-Si, 0.11 Пет instead of б Пет, have not turned out as decisive parameters. 

Similar to the previous experiment, the fraction fQ, corresponding to fu +ig in fig. 7, grows with increasing 

annealing temperature (10 min annealing time), and finally 100 % of the implanted In atoms are in a 
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400 

Figure &• РАС spectrum of I n /n implanted into Si, measured after annealing at 823 К (SO min.); from the 
work by Kaufrnann et at.8. Note, that R(l) corresponds to 0.5'A^' G2(t), in this case. 
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ANNEALING ТЕМРЕЯАТиЯС | ' С ) 

Figure 7: Sum of the fraction of In atoms in defect free fu or almost free sites ff observed during isochronal 
annealing (50 min.) of Si (left-hand scale, solid line) along with sheet resistance data (right hand 
scale, dashed line); from the work by Kaufrnann etol*. 
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defect free position. But, also three unique efg are observed now, denoting the formation of three different 

In atom-defect complexes, listed in Table I as complexes In-De3, In-Del, and In-De2, respectively. The 

fractions fj and f2 of In-Del and In-De2, respectively, as observed during annealing of the correlated 

damage, are plotted in Fig. 8. In order to increase the fraction f3 of complex In-De3, which already starts to 

disappear at the implantation temperature of 295 K, this defect should be produced by post-irradiation 

below 295 К as described below. 

100 
Si. PI7-1016) 

х - f0 

- • • f , 

* • f 2 

• ' 3 

i J 

Figure &• Fractions of In atoms in defect free or almost free sites (f) and in defect complexes In-De3 (fj, In-
Del (/y, and In-De2 (/y observed during isochronal annealing (10 min.) of particle irradiated Si ,18 

Uncorrelated Damage 

Si wafers, implanted with m I n atoms and annealed at 1170 K, are post-irradiated with 130 keV ^ S i + 

or 31P "*" ions with a dose of 5 ' 1012 cm"2 at 100 K. They show the formation of the identical three In atom-

defect complexes already observed before; the fraction fj, as measured during isochronal anneaiing, is 

plotted in Fig. 8. In Fig. 9 РАС spectra are shown for the three annealing temperatures where the largest 

fractions of the different In atom-defect complexes are observed After annealing at 280 К the frequencies 

caused by the In-De3 complex are visible. A least-squares Gt according to the superpositon of cqs. (6) and 

(6b) yields a defect characteristic efg described by и_ = 448 MHz and т) = 0, i.e. an axially symmetric efg 

(note the periodic modulation); the symmetry axis is along a < 1 H > lattice direction. The spectrum, 

measured after annealing at 450 K, shows the complex In-Del with a much smaller frequency or efg, which 

corresponds to u Q = 28 MHz, and 17 = 0; the symmetry axis of this complex is reported to be also along a 
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< Ul > direction 58. Annealing at 870 К produces the complex In-De2, characterized by u Q = 142 MHz 

and TJ = 0.42, i.e. an efg without axial symmetry (note the aperiodic mudulation). 
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Figure 9: РАС spectra, showing the formation of the In-defect complexes In-De3, In-Del, and In-De2 (top to 
bottom) after annealing at the indicated temperatures 18. 

Thus, in contrast to Kaufmann's first experiment, the present experiment can take advantage of the 

capability of РАС to label distinct defects by their charactestic efg, so that they can be recognized under 

different experimental conditioncs as will be illustrated next. 

Laser-Quenching 

Kemerink and Pleiter produced uncorrelated damage in 1!1In dop;d Si by laser-quenching . After 

this procedure the РАС spectra reveal three different efg, or In atom-defect complexes, of which oniy one is 

identical with an already known efg discussed above. Fig. 10 shows (hi РАС time spectrum (top) along its 

Fourier transform (bottom), which more clearly shows the presence of the three different efg; it should be 

remembered that three frequencies ь>п belong to each efg (see eq.(6)). The authors label their complexes by 

the frequencies oij = 328 Mrad/s, 418 Mrad/s, and 433 Mrad/s (see eq.(7)), corresponding to 

u Q = (10/Этг)'ш[ = 348 MHz, 444 MHz, and 459 MHz, respectively. All of them possess axial symmetry 

(T) = 0) because of their frequency ratios WJAJJ = 2 (note « 3 = Wj +w2). The Fourier transform shows that 

two In atom-defect complexes are rather strong; they are labelled by 328 Mrad/s and 433 Mrad/s, 

respectively. The third, weaker complex is labelled by 418 Mrad/s ( u Q = 444 MHz). Only this complex is 
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known from the above discussed experiments and corresponds to complex In-De3 with 448 MHz. The 

difference in the analysed frequency seems to be caused by the difficulty to fit the small amplitudes of this 

complex at the presence of the strong amplitudes of the other two complexes in the laser-quench 

experiment. The two prominent complexes, however, found after laser-quenching cannot be produced by 

irradiation induced defects and it turns out that they have to be assigned to the formation of In-hydrogen 

complexes as will be discussed in chapter 4 (see complexes In-Hl and In-H2 in Table I, which are labelled 

by u = 349 MHz and 463 MHz, respectively). 
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Figure 10: РАС spectrum (top) and its Fourier transform (bottom) for luIn in laser-quenched FZ-Si, 
measured at 300 K. The quoted modulation frequency u , and the coupling constant vQ (listed in 
Table I) are connected by vQ = ('Ю/Зв-^ы^from the work by Kemerink andPleiter19. 

Identification of the Trapped Defects 

Although the collected data on the trapped defects are not very conclusive, up to now, a preliminary 

identification of thv. trapped defects leading to the formation of In-De3, la-Del, and In-De2 should be 

given; the latter two complexes have also been observed by Forkel and «workers20. The first complex. In-

De3, formed at the lowest annealing temperature is expected to be the smallest of the ihree defects. U is 

produced by all throe damaging procedures, ion implantation (correlated damage), post-irradiation and 

laser-quenching, om electron spin resonance (ESR) experiments it is known that, depending on their 

charge state, vacancies become mobile in the temperature range from 80 К to 220 К (Fig. II)21 . Thus, the 

formation of In-De3 around 220 К could be explained by napping of a neutral vacancy, the least г.юЬИг 
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monovaeancv at the In atom. Such a complex should exhibit axial symmetry about a <111> lattice 

direction because ihe diamond structure of the Si lattice locates the trapped vacancy along a <111> 

direction with respect to the In atom. This symmetry is in agreement with the < Ш > orientation of the 

axdalh symmetric efg characterizing this complex. It should be noted, lhat the complex is not formed by 

trapping of P atoms, which are also present in the n-type Si sample, in particular after the P + irradiation: 

The efg charactcriang the formation of an ln-Р pair leads to u Q = 171 MHz (see Table I) and the post-

irradiation with P + ions instead of Si+ ions should effect a higher fraction of the In-De3 complex what is 

not observed. 

200 300 400 500 60Г 
ANNEALING TEMPERATURE !"K! 

Figure II: Stability of various vacancies and vacancy-impwity pairs in Si as obsen-cd during isochronal 
annealing studies (15 min.); after Watkins ". 

Fig. 8 shows that the dissapearance of In-De3 around 400 К is accompanied by the increase of the 

fraction f. of complex ln-Del. Therefore, rather than a dissolution of complex In-De3 its growth to a new, 

larger complex, i.e. !n-Del. seems to be indicated by the decrease of L. In this model, ln-Del would consist 

oi \: larger defect complex formed by additional trapping of vacancies or impurity related defects, such as С 

r>r О atoms. For complex In-De2, it is observed that its formation is favoured by high defect densities: It is 

easily formed by the implanted probe atom's correlated damage cascade and also by post-irratibiion with 

hcjvj ions, such as A u ł ions. Therefore, the conplex should consist of a larger number of intrinsic defects 

and it might be possible that its formation around 750 К occurs via complex ln-Del by trapping of 

additional defects. The slightly lower maximum value of f2 as compared to f, might indicate that this process 

happens with an efficiency below 100 %. At about 1000 K, complex In-De2 disappears, in this case, 

obviously caused by its dissolution because the fraction f of In atoms in a defect free environment reaches 

100 % at the same time. 

This preliminary interpretation of the defect reactions happening around the In probe atom can be 

easily tested in future experiments because all complexes are uniquely labelled by their cfg. In this way. 

РАС will effect a significant extension of the knowledge on defects which has been collected by electron 

spin resonance techniques, so far, because РАС does not rely on the existence of an unpaired electron spin. 
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Besides a final identification of the trapped defects, the temperature range ъ ound 400 К seems to be of 

particular interest, because annealing at this temperature effects the disappearance of not only complex In-

De3, related to a trapped vacancy, but also of the complexes In-Hl, In-H2, and In-X3 (see Table I), which 

are related to the trapping of the impurity H and a presently unknown defect X, respectively. 

3. Interactions with Substitutional Donor Atoms 

In contrast to the previous chapter, discussing the behaviour of native defects as produced by particle 

irradiation or quenching, this one will be focussed on the behaviour of impurity related defects, which act as 

shallow donors in Si, i.e. P, As, Sb, and Bi. Such donor atoms are known to occupy substitutional lattice 

sites22, what distinguishes them from other donor atoms, as U and H, which reside at icterstitial sites; they 

will be discussed in the following chapter. 
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Figure 12: Schematic cross-section of a double implanted n-p-n bipolar structure along with a schematic of the 
В and As impurity profiles; from the work by Rupprecht and Michel 23 

Since РАС gathers its information with reference to the group i n probe atom In the interaction will 

take place between an acceptor and a donor atom. Whereas group Ш and V elements are well known to 

compensate each other electrically, little is known about the structural aspect of this interaction ; i.c. do these 

impurities form pairs, when they are mobilized during high temperature processes, and what is the structure 

and thermal stability of these pairs? This aspect of the acceptor-donor interaction is of importance, as 

demonstrated by the cross section of a double implanted n-p-n bipolar structure along with the schematic В 
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.ind Ль impurity profile* in Fig 1223. In these devices ihe actual depth of the junction, where acceptor and 

donor aloms arc equally concentrated, can be affected by interactions between В and As atom:- after the 

wafer is thermally annealed following the high dose As implantation. The figure also indicates the 

requirement of high dopant concentrations, exceeding 10:o As cm"3, which all should be electrically active. 

But. as the data in Fig. 13 indicate for the case of As, at these high concentrations the free carrier 

concentration n does not follow the As concentration, revealing the presence of non-active As atoms . An 

understanding of the underlying electrical deactivation mechanism in order to impede this process, requires 

information about the As atoms on an atomic scale. It will be illustrated that this problem can be pursued 

with help of radioactive probes. 
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Figure 13: Free carrier concentration n as a function of total As concentration; from ihe work by Rupprecht 
ft 

and Michel 23 

Electrically activated aceptor and donor atoms in Si exist as negatively and positively charged ions 

with charges q(, respectively. Their mutual attraction according to a simple Coulombic interaction 

(13) 

leads to a binding energy of about 0.5 eV ( t s i = И.7) for a pair on neighbouring substitutional lattice sites. 

From the luminescence of acceptor-donor recombination, information on the spacial distribution of the 

impurities is available, because the Coulombic interaction modifies the energy of the emitted light 

depending on the distance R between the charged donor and acceptor atoms. This effect gives rise to many 

photoluminescence lines for a particular accepor-donor pair"4. However, most information is obtained for 

compound semiconductors, as GaP, and for distances above the Bohr radii of the neutral donor and the 

acceptor involved . More direct, microscopic information comes from ion channeling experiments that 

116 



show an augmented substitmional incorporation of group III elements in Si if group V elements are 

simullanously present at concentrations exceeding those of the group III atoms . Without group V 

atoms, these elements have a teudency of occupying also interstitial lattice sites. The influence of donor 

atoms on the lattice occupancy of the acceptor atom is understandable if a formation of close pairs between 

both types of impurites is assumed. In РАС experiments this pairing becomes immediately visible because of 

the occurence of the associated, short-ranged cfg. In this way, close pairs of In with P, As, Sb, and Bi atoms 

are observed (see In-Pl, In-Asl, In-Sbl, and In-Bil in Table I). 

3.1 In-Donor Pairing 

For these studies n-rype Si wafers with donor concentrations in the range of 1018 to 2.25* 1020 cm'3 

are used28-29. The u l l n atoms are implanted with an energy of either 40 keV or 350 keV. The formation of 

the different complexes is studied by annealing in an oven-heated, evacuated quartz ampoulle; at the end of 

an annealing period the wafer is pulled from the hot zone, thereby effecting a slow vacuum-quench. Fig. 14 

displays the results of РАС experiments at a Si:As (3.5* 101' cm"3) wafer, obtained after l l l In implantation 
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Figure 14: РАС spectra of In implanted in As doped Si after annealing at different temperatures. 

at 293 К and following annealing at the indicated temperatures. After the implantation, electronic and 

structural damage around the u l I n atoms lead to a distribution of large efg, causing spin precession 

frequencies ы too high to be resolved by the used set-up of т detectors. Because the coefficients Sn 

(n = 1,2,3) of this fraction f of probe atoms then average to zero (see eq. (6)) the corresponding probe 

atoms are not visible in the time spectrum; the remaining time independent part of the spectrum essentially 
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corresponds to the so-called "hard core" value fu«S0. Annealing at 820 K, Lc. around the recristallizalion 

temperature of Si, replaces the fraction fu by f0, representing In atoms exposed to only weak efg close to 

zero, and by a fraction f,, representing In atoms now characterized by a well defined, unique efg; the 

corresponding parameters u Q = 229 MHz and т? = 0 characterize Йе formation of a close hi-As pair, as 

will be explained below. Annealing at 1170 К increases the pair fraction fj at the expense of the other 

fraction fo, showing the formation of more In-As pairs. Obviously, annealing of the implantation induced 

radiation damage and possibly an onset of impurity diffusion at the higher temperatures induces the pairing 

process and because of the quench subsequent to each annealing step the observed fractions fj reflect the 

binding energy of the complex if a not too large impurity concentration is used. 
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Figure 15: РАС spectra of niIn implanted in differently doped Si, measured after annealing at the indicated 
temperatures. In the cast of Sb and Bi, Si crystals were predoped by implantation of 40 keV Sb + 

(2> W1A cm'2) and 320 keVBi+ (5* lCP cm'2), respectively 37. 

л Fig. 15, РАС spectra of differently doped Si are shown, containing 1.5' 1018 P, 7.5-1018 As, 9* 1019 

Sb, and 7» 1020 Bi cm"3 (top to bottom panek). The first two sample were doped from the melt, whereas the 

other two samples were implanted with 2« 10м Sb cm"2 (40 keV) and 5-1015 Bi cm"2 (320 keV) and 

annealed so that here the given concentrations are the maximum values, respectively. All samples are 

annealed at temperatures for which the largest fractions of the respective complexes have been found. All 

formed complexes are characterized by an axially symmetric efg tensor (n = 0), but the strength of the 

respective efg are different and characteristic for the type of donor: 171 MHz for P, 229 MHz for As, i.e. 
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identical to the frequency found in the Si:As (3.5- 1019cm"3) sample (sec Fig.14), 271 MHz for Sb, and 3S6 

MHz for Bi. Since the frequencies are observed exclusively in those Si samples that are doped with the 

corresponding type of donor, the four complexes in Table I are identified undoubtlcssly with the four 

different In-donor pairs. In case of Bi, a second In-Bi complex (In-Bi2) exists in the РАС spectrum, 

characterized by и„ = 484 MHz, whereby T) = 0 is assumed because (J, is not resolved; its dependence on 

the Bi concentration points to a larger In-Bi complex than represented by ln-Bil. In general, the 

concentration dependence of the different In-donor complexes also helps to an assignment of the observed 

efg to the different pairs, in particular with respect to the number of donor atoms involved; this will be 

exemplified in more detail for the donor As (see Fig. 19). If the donor concentration is monotonously 

increased, the above discussed efg are always the first ones which are observed. This shows that the 

complexes consist more probable of a single donor atom than of a cluster of donor atoms. 

Ал additional argument for the formation of a complex that consists of an In atom with a single 

donor atom arises from the axial symmetry (17 = 0) and < 111 > orientation of its efg tensor. As sketched in 

Fig. 16, trapping of a single donor atom at the In atom (transition from sile 0 to site 1) leads to the 

formation of a pair that is axially symmetric about a < Ш > lattice direction and an efg tensor of the same 

symmetry is expected Co occur. Trapping of a second donor atom (transition from site 1 to site 2) destroys 

this symmetry for each site, 2a and 2b, so that 17 should deviate from zero. In Fig. 17, the Fourier transforms 

of two РАС spectra, showing the three frequencies of the In-Pl complex, can be seen: Because of the 

frequency ratio ayojj = 2 the complex possesses axial symmetry By positioning the "r detectors along 

different crystallographic directions the orientation of this symmetry axis is obtained (see Fig. 3). Since in 

case of the < 111 > orientation of the т detectors the frequencies ы2 and ш3 vanish, the corresponding efg 

tensor possesses a <111> symmetry. The same observations are made for the other pairs In-Asl, In-Sbl, 

and In-Bil confirming the above made identification of the observed efg tensors. 

• Si - atoms 

site 0 1 

Figure 16: Different arrangements of complexes of In and donor (D) atoms in a Si lattice. 

Based on their formation probabilites, measured after quenching the samples from temperatures 

above 900 К , the thermal stabilities of these pairs can be estimated to be about 0.5 eV, the value expected 

if a pure Coulombic attraction between acceptor and donor atom is assumed. By repealing this experiments 

at higher quenching rates, e.g. using a rapid thermal annealing set up (RTA), more quantitative binding 

energies will be obtained. Comparing the four diTerent pairs, some systematic trends regarding their 
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Figure 17: Fourier transforms of РАС spectra recorded by i detectors pointing along <JOO> and <HO> 
(top) and along < 1U> lattice directions. Comparison with Fig. 3 shows the < 111> orientation of 
the In-Pl complex 29 

formation probabilities and efg become evident: Fig. 15 shows the pairing probability to decrease going from 

P to Bi, as indicated by the different fractions fj, obtained for increasing donor concentrations. At the same 

time, the efg ai expressed by the parameter u Q increases going from P to Bi. Both observations, the changes 

in formation probability and in strength of the efg, can be explained on the base of the covalent radii г of 

the impurities involved (see Fig, 18)31 and the corresponding elastic interactions. Since the formation of a 

complex with the oversized In atom (r,n > г$.) is the more probable the smaller the donor atom or its 

covalent radius rD, i.e. In-P pairs should be formed easier than In-Bi pairs. Since a smaHer covalent radius 

of the donor atom also allows a larger In-donor distance, the associated efg, which is proportional to r"3, 

should increase with increasing covalent radius rD of the donor atom. Both phenomena arc confirmed by 

the experimental data. Obviously, a more quantitative information on the binding energy of rhese pairs is 

only obtained if the fraction of pairs is measured under thermal equilibrium conditiones or following a rapid 

quench. 

Regarding the efg characterizing the In-Sb pair, there exists a conflicting, second experiment by 

Forkel et al., performed at Sb doped, polycrystalline Si samples, into which the n i I n probes are introduced 

by melting the sample in an Ax plasma32. They report that In-Sb pairs are characterized by an axiaily 

symmetric efg tensor with uQ in the range 90 to 122 MHz, depending on the anoealing conditions, waat 
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obviously is different from th? corresponding parameter in Table 1 characterizing the complex ln-Sb). In 

addiiion, their complex exhibits a strong temperature dependence of its efg in contrast to the efg 

characterizing the above discussed In-donor pairs. Because of their preparation conditions, ii is possible 

that after melting the Si sample the In probes are dissolved in Sb precipitates rather than incorporated ir. an 

ln-Sb pair33; this interpretation is supported by the differc-ч efg measured for 11!In in Sb whose o Q values 

range between 70 MHz and 120 MHz, depending on the concentration of dissolved impurities. Thus, the 

parameters characterizing the complex In-Sbl belong to the In-Sb pair. 

Figure 18: Values of tetrahedral covalent radii for various atoms; from Pauling . 

3.2 Donor Atom Clustering 

The influence of the doping concentration on the formation of the In-donor complexes is illustrated 

in Fig. 19 for As concentrations between 7.5*10 cm"3 and 2.15'10^ cm . With increasing donor 

concentration an enhanced formation of pairs would be expected followed by the formation of larger In-

donor complexes. The increase of the In-As pairs (In-Asl) with As concentration is obvious; here, the 

plotted fractions correspond to an annealing temperature of 900 K. With increasing concentration the 

formation of a second In-As complex (In-As2) is observed whose fraction also increases with As 

concentration until both sites are equally populated at the highest concentration. For this concentration. 

Fig. 20 shows the Fourier transform of the РАС spectrum (top panel): The presence of the new complex is 

reflected by new frequencies and their ratio u^to, = 1.35 shows that the associated efg tensor is described 

by t>Q - 238 MHz and an asymmetry parameter rj = 0.65. Note, that for In-Asl only Uj is visible because 

of the < 111 > cr<-ntation of the ~t detectors in this experiment. Obviously, this new complex contains more 

than one, probably two As atoms. In this case, the In-As2 complex, depicted by site 2a and 2b in Fig. 16 is 

no longer axially symmetric in agreement with the measured non-zero asymmetry parameter rj. 
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Figure 19: Fractions of In atoms in complexes invohing a single As atom (In-Asl) and an As cluster (In-As2) 
versus As concentration, which are observed after annealing at 900 К . 
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Figure20: Fourier transforms of РАС spectra for mIn in Siyls (2.1S- JO20 ст'г) showing the influence of the 
thermal treatment on the occurrences of single As atoms and As clusters via the formation of the 
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Assuming that complex In-As2 consists of two As atoms, a distinction between site 2a and site 2b can 

not be made with help of the efg tensor; the large value of TJ might favour site 2a over 2b, i.e. the case where 

the As atoms are next-nearest neighbours and are arranged as in the II1-V compounds. Such an 

arrangement of ASj pairs is also supported by recent EXAFS data measured by Erbil et al. in Si:As 

(1« 1020 cm'3) samples34. The structure of site 2a is identical to the As complex, proposed by Fair and 

Weber , in order to explain the fUmation of electrically non-active As states in Si if the In atom is replaced 

by a vacancy. 

For the formation path of complex In-As2 it can be assumed that the increasing As concentration 

causes Che clustering of As atoms and the migration of In atoms, which are more mobile than As atoms'6, 

leads to the formation of the In-As2 complex. The second possibility, that the complex is formed via 

trapping of a second As atoms at an already existing In-As pair can be excluded because this process of 

multiple trapping would lead to much a stronger reduction of the pair fraction ln-Asl during the growth of 

the larger complex. Thus, the In probe atoms sample the Si lattice for isolated As atoms and As clusters and 

the population of the ln-Asl and In-As2 complexes reflects the degree of As clustering in the sample. Then, 

the occurrence of In-As2 in Fig. 19 immediately shows the formation of As clusters for concentrations 

around 1* 1СГ As cm what is in fair agreement with the plot w Fie. 13 showing mat the reduction in the 

free carrier concentration per As atom starts at the same concentration. By this comparison, the clustering 

of As atoms observed by РАС can be correlated with the occurrence of electrically non-active As atoms. 
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Fi&ue21: Fractions of In atoms, forming complexes with As atoms (In-As 1) and As clusters (In-As2), 
observed after isochronal annealing at 900 К and 1173 К (10 min.); subsequently, the sample is 
isothermally annealed at 900 K". 37 
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From the literature it is well known that a suitable thermal treatment of highly As doped Si samples 

reduces the fraction of non-active As atoms. In particular, low temperature furnace annealing following a 

high temperaturę RTA process results in a significant loss of electrically active As atoms36. Figs. 20 and 21 

show how РАС can pursue the formation of As clusters during different thermal treatments . The middle 

рале! of Fig. 20 shows the result of quenching the As doped sample from 1173 K, which before was 

annealed at 900 К (top panel): The reduction of the Fourier amplitudes of complex In-As2 shows the 

reduction of the clustered As fraction in the sample because of the higher temperature anneal at 1173 K; at 

the same time the fraction of isolated As atoms increases as probed by the complex In-Asl. The bottom 

panel shows that a subsequent low temperature anneal at 900 К for 2 hours restores the previous situation 

of the first panel; the clustered fraction is grown again at the expense of the isolated As atoms. The detailed 

behaviour of both In-As complexes during this thermal cycling is plotted in Fig. 21, whereby the first and 

second data points correspond to the first anneal at 900 К and the subsequent anneal at 1173 K. 

Alter having identified the differenl In-donor pairs, formed with the subslitutional shallow donor 

atoms, and in rwo cases also larger donor complexes, the influence of native defects on these pairs can easily 

be studied. Another interesting question is whether in amorphous Si acceptor-donor complexes arc formed 

and how ikcir loca! structure looks like. With help of the known efg tensors for the crystalline Si a 

comparison between the amorphous and crystalline state is easily achievable. 

4. Interstitial Donor Atoms 

Among the donor atoms in Si, located at interstitial lattice sites, the best known element is Li which is 

used for the compensation of semiconductor detectors employed for high resolution photon detection. ESR 

experiments show a tetrahedral rather than a hexagonal interstitial site occupancy of isolated Li atoms in 

Si . From infrared spectroscopy at В doped Si samples which are diffused with Li, it is suggested that the 

complication of the В atoms by Li atoms leads to Coulombic bound B-Li pairs arranged along < 111 > 

crystallographic lattice directions39. 

Until 1983, less was known about the influence of H atoms on the electronic properties of Si. Ł чч-pi a 

strong affinity of H to defects, in particular vacancies. Then, Sah et al.40 and Pankove et al."1' discovered (he 

passivating effect of H ш p-type Si. This first observation was followed by a steadily increasing number of 

publications4 , which arc summarized in a recent review by S J . Pearton et al.43. 

Also a few years ago, the passivating effect of some chemo-raechanical polishing procedures was 

reported44'45. Up to now, the nature of the defect, responsible for the passivation, is no! known, but there 

are proposals of identifying this defect with H atoms as well. But it is notable, that in comparison with H 

this defect possesses a distinct higher mobility around 295 К with the consequence of a much larger 

passivation depth (mm instead of um) and a lower temperature stability, at which the passivation disappears 

(273 К instead of 400 K). 
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Fig. 22 shows a series of РАС spectra along with their Fourier transforms measured at ' " i n doped 

Si, which contains cither H atoms, Li atoms or an unknown species X (top to bottom). In all cases, the 

observed frequencies indicate that close pairs are formed with the In atoms. In the Fourier transforms it is 

easily visible that always two different efg are dominantly present in each case which differ from sample to 

sample according to the different, introduced defects. The ln-Н, In-Li, and In-X complexes arc all arranged 

along <111> lattice directions because of the axial symmetry about <111> of the characterizing efg 

tensors (see Table I). 
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rill, Figure 22: РАС spectra and their Fourier transforms showing the formation of the different complexes of In 
atoms with interstitial impurities. 

The interstitial character of the defects can be judged from the high diffusivity of the trapped defects 

and the low thermal stability of the formed complexes. Thus, there are several possibilites for the defects to 

associate themselves at interstitial sites on < 111 > lattice directions with the In probe atom, as can be seen 

in Fig.23: In the model no relaxation of the acceptor atom (A) is taken into account which might be effected 

by impurilics at a bond center (ВС), antibonding (AB) or tetrahedral site (T). In principle, also the 

hexagonal site, which is situated halfway between two neighbouring T sites on a < 111 > axis, would fullfill 

the observed symmetry of the efg tensor. Because of its large distance to a substitutional ID atom, however, 

this site is not included into Fig. 23. Thus, the fact that more than one efg characterb.es a particular In-

defect complex can be explained by the number of different sites which can be occupied by the trapped 

interstitial defect. This interpretation is supported by the finding that pairing with a substitutional donor 

atom, where only one lattice site is involved, is always characterized by only one efg (see chapter 3.1). 

However, the problem of interpretating the occurrence of more than one efg for the same trapped defect 

deserves special attention and will be discussed later (see Chapter 4.4). 



Si 

Figure 23: Various interstitial sites in the neighbourhood of a substitution^ acceptor atom (A) in a Si lattice: 
Bond center (ВС), antibonding (AB), and tetrahedral (T). 

4.1 Lithium Atoms 

The formation of In-Li complexes is studied in different experiments whereby the method of doping 

the sample with Li and the concentration of В atoms is varied. In all cases the doping with l n I n atoms 

happens via implantation with subsequent annealing of the Si wafer. 

In the first experiment, a Si:B (1» 1015 cm"3) wafer is diffused with Li at 723 K. The formation of two 

types of complexes, In-Lil and In-Ш, is observed, which are characterized by u Q = 172 MHz and 

260 MHz, respectively. The РАС spectrum and its Fourier transform are shown in the middle panel of 

Fig. 22. This spectrum is typical for a sample temperature of 78 K, both complexes are equally populated. 

Varying the sample temperature changes the population of both complexes in a reversible way, as is drawn 

in Fig. 24: At 10 K, the complex In-li l is dominant, whereas at 295 К the complex In-Li2 is prevailing. The 

reversible change in the population of both complexes proves that the same number of Li atoms is involved, 

that means, a structural or electronic rearrangement of the Ln-Li complex is responsible for the different 

efg. The frequency, characterizing In-Lil, remains constant over the whole temperature range, wheras for 

In-Li2 the frequency varies between 269 MHz (10 K) and 230 MHz (295 K). When the sample temperature 

is increased to 400 К and а РАС spectrum is recorded at this temperature a strong relaxation of the 

modulation in the time spectrum is observed indicating a dynamic effect; i.e. that the trapped Li atom 

performs several jumps during the 100 ns, the time window that is observable in the РАС spectrum. 

Obviously, at this temperture the In-Li complex is no longer stable. When this sample is cooled back to 

295 К the РАС spectrum shows the same fraction of In-Li2 complexes that was observed before at this 

temperature and the relaxation has disappeared. This behaviour indicates that there is still a sufficient 

number of Li atoms in the region of the observing In atoms so that upon cooling stable In-Li complexes are 
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formed again. It requires an annealing al 773 К in order to observe a significant reduction in the fraction of 

In-Li2 complexes (measured at 295K). Now, temperature and time are sufficient to effect an outdiffusion of 

the Li atoms from the In implanted region. 

- Si: B(110t5). Li diffused 

0 100 

Figure 24: Influence of sample temperature on the populations of two types of In-Li complexes. 
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In a second experiment, the Li atoms are intioduced by implantation with energies of 25 keV and 100 

keV whereby the dose is l»1014 Li+ cm'2and 2-1013 Li+ cm"2, respectively. Both In-Li complexes are 

observed again, confirming that Li atoms participate in the formation of the complexes. In addition, the 

known complex In-De3 is observed, obviously produced by the radiation damage accompanying this doping 

procedure. The РАС spectra measured at 295 К show an increase of the In-Lil complex with increasing Li 

dose and at the same time a decrease of the In-Li2 complex. 

Based on the experimental conditions it can be assumed that In-Lil and In-Li2 correspond to the 

formation of an In-Li pair. Their efg tensors are axially symmetric about the < 111 > lattice direction, so 

that the Li atom can be located at the ВС, AB or T site neighbouring the In atom. The efg characterizing 

these complexes are relatively weak compared with the efg which characterize the formation of the other In-

defect complexes involving the interstitial H or the X species (see Table I). This might indicate that the Li 

atoms are bound at a more distant lattice site with respect to the In atom than the other two defects are, so 

that a T site for the Li atom in the In-Lil complex can be assumed; this would be in agreement with the 

structure of the B-Li pair identified by infrared spectroscopy, where the T site for Li was observed . 

Whether the occurence of the second complex, In-Li2, indicates the occupancy of a new interstitial lattice 

site by the trapped Li atom or the formation of the same pair, but now with the In or Cd atom in a different 

electronic state, can not be determined on the base of the existing experiments. 

In a third experiment, a Si:B (1.6* 1017 cm'3) wafer is diffused with Li at 773 K. In this case, at 78 К а 

new field gradient characterizes a complex In-Li3 by uQ = 323 MHz which was not observed at the lower В 

conceu ation. Upon raising the temperature the complex reversibly transforms into complex In-Li2. The 

microscopic nature of this In-Li complex is not understood; but notable is its appearance for the high В 



concentration, whereby high means high compared lo 5* 101 cm , the maximum local ' 'in concentration. 

Concerning this, the In-Ii3 complex shows close resemblance to the complexes !n-H3 and In-X3, which will 

be discussed below. U might be possible that such transitions as a function of sample temperature are 

triggered by electronic changes in the formed complex. Dwelling on the possible influence of [he sample 

conditions, such as dopant concentration and temperaturę, on the actually observable complex, it should be 

remarked that Cardona et alJ9 obtained their infrared results for the B-Li pair at a doping concentration of 

7> 1018 В cm"3. 

4.2 Hydrogen Atoms 

Regarding the recently discovered impact of H atoms on the electrical properties of p-Si two aspects 

are of particular interest: First, the passivaling effect of the H atoms on the acceptor atoms and the 

structure of the thereby formed acceptor-H complex and secondly, the fact that meanwhile a variety of 

different procedures has been found which all lead to a passivation of the a'-'-eptors in Si46. Among other 

techniques, recent РАС experiments have shown, that close In-H pairs are formed along < 111 > lattice 

directions . The results are similar to those obtained for Li: At low В concentrations two complexes, In-Hl 

and In-H2, are formed, characterized by u Q = 349 MHz and 463 MHz at 295 K, respectively (see first 

panel of Fig. 22). Fig. 25 shows the effect of changing the sample temperature which is similar to Fig. 24 for 

Li. Also the populations of In-H 1 and In-H2 are revcrsibly changed by changing the sample temperature 

; Influence of sample temperature on the population of two types of In-H pairs 51. 

between 10 К and 295 K; therefore, it can also be concluded that the number of H atoms involved has to be 

the same for both In-H complexes. In the investigated temperature range the frequencies vary between 360 

MHz and 346 MHz for In-Hl and between 488 MHz and 463 MHz for In-H2. Again, a third efg is visible if 

the В concentration is increased from 1- 10 b to 5.5' 1017 cm'3: Fig. 26 shows at 78 К a new complex, In-H3, 

characterized by vQ = 270 MHz (bottom panel); when the sample temperature is raised, at 190 К a strong, 
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dynamic relaxation in the РАС spectrum appears (middle) followed by the appearance of the already 

known complex In-Hl, as is shown in the top panel of Fig. 26 for a temperature of 300 K. 
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РАС spectra of niIn in Si:B (5.5- Wv) showing (he formation of In-Hl at 300 К ofln-Hl at 75 K, 
and the transition between both types of In-H complexes at 190 K, which is accompanied by a 
pronounced dynamic relaxation process (note the damping of the oscillations). 

Returning to the lower В concentrations, if H is introduced from either a plasma, or by boiling in 

water, or by low energy (200 eV) H + injection, in all cases the identical In-H complexes are formed as 

shown by the three РАС spectra in Fig. 27. The combination of the results of the three experiments proves 

that trapping of H atoms and not of vac.mcies is responsible for the two observed efg. As already mentioned 

in chapter 2.2, Kemerink and Pleitcr assigned their two frequencies of 328 Mrad/s (349 MHz) and 433 

Mrad/s (463 MHz) to the formation of In-vacancy complexes guided by the way they had produced these 

complexes, i.e. by laser-quenching". On the base of the present data, it is obvious that during their sample 

handling inadvertently H was introduced, possibly during etching of their Si samples. 

That not all processing steps, mentioned in the literature in context with the passivation of acceptors 

are associated with the formation of acceptor-H pairs will be discussed in -chapter 4.3: Wafer polishing in 

alkali-based, chemi-mechanical solutions obviously forms a different complex, In-X, because different efg 

are observed ir '. с РАС experiments. 

From the Fourier transforms in Fig. 28 the axial symmetry along < 111 > lattice directions of the efg 

tensors characterizing both complexes is evident because ш ^ ^ г and the frequencies U>2 and ш3 almost 
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Figun27: РАС spectra showing the formation of the identical Ulfn-H pairs following various sample 
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Figure 2& Fouriei transforms, belonging to different orientations of the т detectors with respect to the Si lattice, 
which show the < Ill> orientations of the complexes In-Hl and ln-H2 47. 
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vanish if the т detectors are oriented along < 1X1 > directions of the Si lattice. Thus, the H atoms in these 

complexes are located on < 111 > lattice directions dose to the In probe atom. The microscopic structure 

of the complexes In-Hl and In-H2 might correspond to either of the two models in Fig. 29: Here, it is 

proposed that the H atom either occupies the ВС site (A) or the AB site (B). Because of the higher efg (or 

frequency uQ) of both complexes as compared with the Li complexes In-LJl and ln-U2 it seems to be 

justified to choose interstitial sites for H which are closer to the In atom than those of the Li atoms; they 

were proposed to be at the T site. Since theoretical calculations for the different efg produced by impurities 

at different interstitial sites are not available, solely from the observed < 111 > symmetry of the efg tensor it 

is not possible to decide which model is the correct one. Both H sites are discussed in the current literature 

whereby the available information seems to favour the ВС site, in particular at low temperatures. In 

principle, ion channeling experiments are able to determine directly the lattice site of the H atom: 

According to the channeling experiments by Marwick et al.48'49 and by Bech Nielsen et al.50, D atoms, 

replacing H for experimental reasons, mainly occupy the ВС site at 295 К and at 10 K, respectively. The 

data of a third experiment1, however, point to an AB site al 295 К and possibly а ВС site at 10 K. Here, the 

change in the projections of the D site for different axes and planes, which is caused by the analyzing beam, 

is used to obtain information on the D site. This latter result would be in agreement with the temperature 

dependent populations of complexes In-Hl and ln-H2 in Fig. 25 and would suggest that in complex Ln-H2 

the H atom is located at the ВС site and in complex In-Hl at the AB site. Howevci, it shouH be noted that 

in contrast to the channeling experiments, the РАС results are obtained for the acceptor In and for a 

significantly lower В concentration; all channeling experiments had to be performed at В concentrations in 

the range of 10 cm . In addition, for the channeling experiments the D atonis were introduced from a 

plasma, which is known to produce lattice defects52; also after etching off the surface layer, damage might 

still be present and introduce new lattice sites for the D atoms, which would affect the analysis of the 

channeling data because this technique averages over all D atoms. 

Proposed arrangements for the ln-H2 complex (A) and the In-Hl complex (B) in Si; possible lattice 
47 relaxations of the In atom art not taken into account . 

131 



er 

-0.1 

0.0 

-01 

0.0 

-П1 

0.0 

. Si. ВИ-1015) 

wVlfV/Л 

'imp 

v/'V 

T =4 

Тд-4 

=355 К 

15 К 

50 К 

0 50 100 150 200 
t(nsec) 

Figure 30: РАС spectrum showing the decrease of the fractions of lllIn-ft pain in Si:B (l'10lS) during 
isochronal annealing. 

Of great technological interest is the thermal stability of the passivation, i.e. the stability of the 

accepior-H complexes. Similar to the case of Li, discussed above, a reduction in the concentration of the 

pairs requires their dissociation and the removal of the H atoms, what can happen via outdiffusion or via H, 

formation which should immobilize the H atoms at temperatures below 773 K. The spectra in Fig. 30 

immediately show the disappearance of the In-H pairs in a Si:B (1* 10 cm ) sample during isochronal 

.annealing: Compared to the first spectrum, annealing at 415 К significantly reduces the ln-H fraction, and at 
J.4i К almost all pairs have disappeared. In Fig. 31 the fraction of the visible ln-H pairs, i.e. the sum of In-

H1 and In-H2, is plotted as a function of annealing temperature. From the dissapearance of the complexes 

around 420 К з dissociation energv of about 13 eV is deduced, assuming that a single jump is sufficient foi 

this process to occur. For sure, the number of jumps required is larger than one, because талу of tlie 

released H atoms wiil return to free In atoms upon cooling of the sample; ;hus iiv.: dissociation energy of 

! 3 -Y represent* an upper limit for the stability of these complexes. In order to iiiustrjic ;iu Influence or. 

the dissapearancc of tbe ln-Н complexes by В atoms, which also form B-H complexes, the result (or a 

highei В concentration (1.6* 101') is plotted, whereby in both cases the H doping is performed bv 

implanting 1» 10'"* H T cm'2 with 200 eV: Now, during isochronal annealing an increase of the fraction of In-

H pairs is observed and the disappearance of the complexes takes place at a distinctly higher temperature 
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than before . It is found that the increase is the more pronounced ihe higher the В concentration is. Since 

apart from the higher В concentration ail other parameters are kept identical, the В atoms are the source 

for the H atoms which at 400 К form new In-H complexes. This effect is only visible, of course, if the В 

concentration is comparabel to or higher than the local u l I n concentrpl'on of a few 1016 cm'3 and therefore 

is absent for the low В concentration in Fig. 31. From these data the thermal stability of the B-H pairs can 

directly be deduced because this parameter governs the increase of the fraction of In-H atoms during the 

temperature treatment. Without having invoked rate equations, it is obvious that the stability of the B-H 

pairs is slightly lower than or comparabel with the stability of the [n-H pairs, which has been deduced from 

the data for low В concentration. As mentioned before in the case of Li, the delay in the dissociation of the 

In-H pairs is caused by the influx of additonal H atoms into (he In profile, which are released from the В 

atoms. 
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Figure 31: Influence of the В concentration on the persistence ofln-H complexes during isochronal annealing. 
Each sample is implanted with 1-1014 H cm'2 (200eV) at 353 К 

if the results obtained for the thermal stabilities of B-H and In-H are compared with the data 

reported by Peanon et а!.43, it turns out that those values are significantly larger. They report thai В and In 

are reactivated by annealing at 423 К and 625 K, respectively. In contrast to the РАС data, those values 

were obtained after ;oading the samples from a H plasma and therefore might be affected by radiation 

damage. This damage may act as a H trap and thereby as a supplier for additional H during annealing or 

the damage at the surface might impede the ouldiffusion of the H atoms; both effects would increase the 

apparent stability of the passivation. This explanation is supported by РАС results showing that the 

temperature at which the In-H pairs dissapear is mcreased by at least 100 K, if the H is introduced from an 

H pfcsma. Comparing the РАС results with tbe data by Sah al.53, who introduced the H from the oxide of a 

MOS via low energy (5 keV) electron irradiation or avalanche electron injection, a good agreement is 

observed; in those experiments lattice defects are not expected to influence the H dynamics. 
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Pearton et al4 3 also report that the B-H pain are more stable in Si than in Ge. This trend in the 

relative stabilities of acceptor-H pairs is confirmed by recent РАС experiments in Ge: After 200 eV H 

implantation an In-H complex is formed, which is characterized by vQ = 412 MHz at 295 К and is axially 

symmetric about the < 111> direction of the Ge lattice. This complex starts to disappear already around 

373 K, whereas the ln-Н complex in Si is stable up to 420 K. 

Before concluding the discussion on the stability of the In-H pairs in Si, as observed by РАС, it 

should be noted that at the same temperature of 420 K, where the In-H pairs dissapear in case of the low В 

concentration, also the In-defect complex In-De3 anneals out, which possibly consists of an In atom and a 

tapped neutral vacancy (see Fig. 8); actually, this observation was first made by Kemerink et Pleiter and is 

clearly documented in fig. 2 of their publication". Future experiments have to show, whether this 

coincidence is accidental or whether this agreement in the thermal stability of a trapped H atom and a 

trapped vacancy defect points to a defect related mechanism in the passivation of shallow acceptors which 

has not been discussed so far. 

4.3 In-X Complexes 

Here, we are dealing with an presently unidentified defect species X. It is introduced into p-type Si 

wafers during chemo-mechanical polishing at 295 К and it shows up a very high mobility. Like Li and H, this 

complex compensates or passivates acceptor atoms. It is assumed that acceptor-X complexes are formed 

whereby the X defect might also be a H atom or an intrinsic point defecr . 

The identical polishing procedure is used for (111) and (10Ó) Si:B (l'lO1 5 cm"3) wafers whose 

backsides are doped with radioactive l uIn. After polishing, the samples are immersed in LN,, because the 

passivation is known to decay already at ambient temperature. As is seen from the РАС spectrum in Fig. 22 

(bottom panel), recorded at 77 K, two new In-X complexes are formed, which were not observed before 

(compare Table I). Thus, the observation of unique efg, directly proves that the passivating defect X forms a 

close pair with the acceptor atom. The observed complexes are In-Xl and In-X2, characterized by 

u Q = 237 MHz and 334 MHz, respectively. In case of a SLB (б« 1016 cm"3) wafer, which was not completely 

passivated, a third complex, In-X3, with i>Q = 408 MHz is observed (see also middle panel o; Fig. 34). 

Surprising is the close similarity of the unknown defect if compared with I i and H: Its interaction with l n In 

leads to the formation of three different efg and the third efg appears if the В concentration exceeds the 

local In concentration; this latter efg is observed only below 295 К and all three efg tensors are axially 

symmetric about a < 111 > lattice direction. - It should be noted that the here discussed In-X complexes are 

not iJentical with the In-X complex observed by deep-level-transient-spectroscopy in In doped Si55 which is 

proposed to consist of an In-C pair56. 

Like the induced passivation, also the two complexes In-Xl and In-X2 disappear already at ambient 

temperatures (Fig. 32): The РАС spectra measured at a (111) Si:B (1« 1015 cm"1) wafer, which was 

completely passivated, show that during isothermal annealing at 295 К after 21 min a substantial fraction of 

the complexes is lost and after 221 min almost all complexes have disappeared. The dependence of the 



fractions of the two complexes on the annealing time during this isothermal anneal is plotted in Fig. 33. 

Remarkable is the simultaneous decrease of both fractions. The РАС results are in good agreement with the 

electrical characterization of such samples which shows that the decay of the ln-X complexes occurs at the 

same temperatures; and polishing of (100) wafers leads to a less pronounced formation of the ln-X 

complexes corresponding to a slower passivation of (100) wafers as compared with (111) wafers". 
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nlI Figire 32: РАС spectra showing the decay of nlIn-X complexes during isothermal annealing (295 K) after 
chemo-mechanical polishing of (111) Si:B (I^IO15) wafers; the РАС spectra are measured at 77 К 
sample temperature. 

As mentioned above, after passivation of a S'v.B (6*1016 cm'1) sample the third complex, ln-X3, is 

observed. For two different В concentrations Fig. 34, compares РАС results obtained for polished samples 

at a sample temperature of 77 K; they clearly demonstrate the presence of a new complex for this sample 

(middle panel) if a comparison with the Fourier transform of the sample with a lower В concentration (top 

panel) is made. When the sample temperature is raised to 140 К complex In-X3 is no longer visible in the 

РАС spectrum; when the temperature is decreased to 10 K, in addition to In-X3 also In-Xl and ln-X2 are 

visible. The conditions for the production of complex In-X3 are not yet clear, because the sample differs 

from the previous ones in В concentration and in the fact that after polishing not all acceptors in the sample 

were passivated. A consistent interpretation for the different behaviour o. the ln-Х complexes, which are 

distinguished via their efg, is obtained, if it is assumed that ln~Xl and In-X2 are formed in completely 

pas-ii led samples, whereas the occurence of ln-X3 seems to be correlated with a free carrier 

concentration exceeding about 1016 cm'3. Then it becomes understandable that In-Xl and ln-X2 also occur 



in this latter sample, i/ the sample temperature is so low that the uncompensated acceptors are no longer 

electrically active. 
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Figure 33: Influence of isothermal annealing (295 K) on the fraction of ln-X complexes in a chemo-
mechanicallypolished (111) Si:B (!• 1(P) wafer. 

The thermal stability of complex In-X3 seems to be distinctly higher than those of the other two 

complexes (Fig. 35): During isochronal annealing (10 min) this complex is stable up to 400 K. During the 

decay of complex In-X3 at 423 K, a different efg is observed, characterized by uQ = 270 MHz at 7£ К (see 

Fig. 34), which finally disappears along with the In-X3 complex (Fig.35). Comparing the frequent» of this 

complex with the frequencies listed in Table 1, it is tempting to assign this frequency to the In-H3 complex, 

which at 78 К is also characterized by u Q = 270 MHz. A critical lest for an assignment of this i implex to 

an tn-H complex is а РАС experiment at 295 K, because at this tempt ature the complex ln-H3 has 

transformed into complex In-Hl as was shown in Fig. 26. Also the thermal stability of this complex is 

remarkable because it also agrees with the stability of ln-Н pairs obscrcd at lower В concentrations (sec 

Fig. 31). In case that this complex is an In-H complex it still has to be shown whether the complex is 

produced via the decay of the In-X3 complex, what would shed new light on the nature of the species X; or 

whether H has been inadvertently introduced during the treatment of the sample. 
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Fourier transforms showing the formation of different mln-defect complexes, detected at 77 K, in 
chemo-mechanically polished (100) Si wafers that differ m their В concentration: ForaS'vB (!• 1015) 
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Figure 35: Isochronal annealing of a chemo-mechanically polished (100) Si wafer, showing the decay of 
complex In-X3 and the occurrence of a second In-aefect complex (270 MHz), the In-H3 complex. 
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Concluding, a soon identification of the species X by РАС is expected, because the In-X complexes 

arc well characterized by unique eig. In any case, already the present results prove that close In-X pairs are 

formed. Forkel et al.58 report in a contribution to this volume that all three In-X complexes can also be 

produced by quenching l u I n doped Si samples from about 900 К into a H20 bath at ambient temperature, 

followed by a rapid sample transfer into a LN2 bath. In addition to the frequencies, which exactly match the 

frequencies in Table 1. the thermal stabilities of their complexes axe identical to those observed for the In-

XI and In-X2 complex as well as for the In-X3 complex. A different, more specific method for identifying 

the defee: X will be the low energy implantation of " ' i n doped Si with elements which are supposed of 

ei. int; rise to the formation of the In-X complex; the identity would be established via ihe observed efg. 

4.4 Microscopic Origin of the Electric Field Gradient 

In the above discussed РАС experiments, the molecule-like complex is formed with the element In 

and its i-haracterislic efg is measured at the element Cd, because the РАС experiment is started after the 

electron capture decay (EC) of the probe m I n to the probe l u C d (see also the discussion in the last 

paragraph of Chapter 1.1). In a semiconductor, three aspects can determine the efg, which arises from the 

formation of a " ' indefcel complex and is observed at ihe nuclear site of m C d : The structural and 

electronic configuration of the ln-defect complex - both are obviously interrelated - and the resulting charge 

distribution around ihe n l C d nucleus which develops after the EC decay. In case of the interstitial defects, 

discussed in this chapter, we always met the situation that a particular In atom-defect complex is connected 

\«[h different efg. although the number and nature of the trapped species is not altered. Thus, if there exists 

a complex, e.g. the ln-H complex (see Fig. 36), that is characterized by two different efg, here denoted by 

\ ' и
А and \'a , obviously some change in the Si sample has occurred which effects either a new structural or 

electronic configuration of the In-H complex; or a different charge distribution around the Cd nucleus 

following the EC decay. Which of these processes, the change of the structure of the ln-H complex or of its 

elixtmrnc configuration , on one hand, or the change of the charge distribution of the Cd-H complex, on the 

other hand, is responsible for the occurrence of the second efg V n remains to be found out with help of 

addinona! information. Of especial importance with regard to a comparison with results of other 

experimental techniques is the situation where only a single structural and electronic configuration of the 

In-dcfect complex occurs but in the course of the EC decay and the following restauration of the electronic 

shell different charge distributions about the Cd atom develop depending on the sample conditions. In this 

case. РАС would observe different efg for this complex, whereas other spectroscopic methods, which look 

exclusively at the In-defect complex detect only one type of complex. 

In the present experiments in Si, the changes in the sample properties are of electronic nature; i.e. 

(he carrier concentration is altered by the concentration of dopant atoms or by the sample temperature. U is 

interesting to note, that such changes seem to influence only complexes that involve interstitial defects, like 

in chapter 4, whereas in particular the complexes involving substitutional impurities (chapter 3) arc not 

sensitive to different electronic conditions and arc characterized by only a single efg. This observation 
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indicates that the larger number of different lattice sites available to the trapped interstitial atoms or the 

possibility of forming different In-defect configurations favours the occurence of the different efg. 
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Figure 36c Significance of two different efg, here denoted by the components Va
A and V^, for the occurrence 

of a particular In-defect complex in two different configurations A and B, using the in-H pair for 
illustration. It should be noted that the complex is formed with the probe nlIn and its characteristic 
efg is detected at Uie probe niCd after the radioactive decay of iUIn via electron capture (EC). 

Thus, it has been shown that the In-Hl complex transforms into In-H2 upon decreasing the 

concentration of the free holes in the sample by reducing the sample temperature (Fig. 25) or upon 

reducing the concentration of electrically active В atoms by changing their dopant concentration or the 

degree of passiva'ion. Similarly, In-H3 transforms into In-Hl whtn the sample temperature is increased 

(Fig. 26). Here, the РАС spectrum measured around the transition temperature of 190 К exhibits a strong 

dynamic relaxation what shows that the efg changes on a time scale of 10 ns or even faster. Thus, this 

transition seems to be connected with fluctuating electronic states formed at the Cd atom. In contrast, tor 

the trónsition In-Hl to In-H2 no dynamic relaxation is found independent on the chosen experimental 

conditions. This indicates a change in the structural or electronic configuration of the ln-H complex occurs 

rrther than only a change at the Cd atom. A second example, where the observation of a new efg is caused 

by a change of the In-defect configuration seems to be the In-X complex The efg, characterizing the In-X3 

co.uplex. vanishes during annealing around 400 К (Fig. 35), whereas the other two complexes. ln-Xl and In-

X2, already disappear during annealing around 300 К (Fig. 33). Since the element ID and noi Cd determines 

the thermal stability of a particular complex, the configurations of the complexes ID-X1 and In-X2 on one 

hand and of с-.. plex In-J3 on the other hand have to be different. In order to study the influence of 

electronic properties on such transitions between different efg in a more systematic way, the influence of the 

positiou of the Fermi level on the populations of different complexes is studied by forming these complexes 



in the depletion region of a Schottky contact and observing their different formation probabilites in the 

РАС spectrum as a function of the applied bias voltage. 

in conclusion, this discussion shows that the efg in a semiconductor depends on structure and 

electronic stale of a formed complex whereby both elements, In and Cd, are involved. Therefore, a carefull 

analysis of the experimental data is necessary to obtain the correct interpretation for the occurrence of 

several efg which all characterize the same molecule-like complex. At the same time, the simultaneous 

sensitivity of the efg to structural and electronic properties of a defect offers a great potential for future 

РАС studies in semiconductors. 

5. Conclusion and Outlook 

The РАС data discussed in this article show that the defect specific efg tensor is a valuable tool for 

the analysis of molecule-like complexes in semiconductors. As a prerequisite for the application of the РАС 

technique the radioactive probe аюю has to take part in the formation of these complexes. The short-

ranged efg proves to be very suited for labelling different complexes in a unique way and the tensor 

properties of the efg give insight into the geometry of the formed complex. Once labelled, the complexes 

can purposively studied in order to identify the nature of the trapped defect and to investigate its formation 

conditions along wkh its thermodynamic properties such as mobility and stability. In this way, the formation 

of complexes which involve lattice defects, substitutional donor atoms and interstitial donors has been 

discussed. Fig. 37 gives an overview over the available information on the different molecule-like complexes, 

whereby the characterizing frequencies U- reflect the value of the largest component Vzz of the respective 

efg lensor. Up to now, the situation for the lattice defects, as produced by particle irradiation, is the most 

unsatisfying one. The situation will change soon when electron irradiation experiments at low temperatures 

will be performed. From the overview it is evident that the characteristic frequencies should be measured 

within ;,л accuracy of at least 1 MHz in order to avoid confusion between different complexes. Of course, 

the parameter uQ describes only one out of four available quantities of the efg tensor. Therefore, the 

complexes In-As2 and In-Li2 are still distinguished because of their different symmetries, i.e. 77 values, of 

the associated efg tensors (see Table I). Nonetheless, for two complexes, In-Sbl and In-H3, the efg tensors 

arc identical with respect to uQ , r) and the < 111 > orientation. Here, the different thermal stabililes of the 

formed complexes, which dissociate upon annealing around 1000 К and 400 K, respectively, help to 

distinguish between both complexes; in addition, the formation conditions for both complexes are 

completely different. Thus, in general the efg along with the respective sample conditions сал be used for 

the unequivocal characterization of the complexes. 

It has only briefly been touched upon the pussibiliry of performing РАС experiments in 

semiconductor devices, such as a Schottky contact or a MOS. In this way, it becomes possible to combine 

more directly results from other spectroscopic techniques, such as iieep level transient spectroscopy, with 

the information obtained by РАС. The information offered by the e.'g will prove to be helpful when the 
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effect of different annealing conditions, such as furnace annealing and RTA, on the formed complexes has 

to be understood on an atomic scale; e.g. as has been discussed in the case of the complexmg of As atoms. 

Defects Trapped at '" In in Silicon 

LA CE SJBSTiTuTiONAi [ N ' E H S ' ' •>•-

l i b figure37: Quadrupole coupling constants vQ = eQV^/h measured at Cd and characterizing the various 
In-defect complexes discussed throughout this paper (see also Table I). With the exception of In-De2 
(r) = 0.42) and In-As2 (r) = 0.65) the complexes possess axial symmetry ft) = 0). The 
experimentally accessible frequencies uQ are in the range from 10 MHz, because of the lifetime of the 

/ill 245 keV Cd state, to 700 MHz, because of the time resolution of the i detectors. 

For sure, the results in Si will trigger more РАС experiments in different semiconductors, such as Ge 

or the compound semiconductors of III-V or II-VI type, using other radioactive probe atoms, like " l m Cd. 

For the Ш-V compound GaAs59 and the II-VI compound CdTe60 first РАС results are obtained. It can be 

expected that similarly detailed information will be obtained as for the case of Si. 
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MOSSBAUER STUDIES OF DEFECTS IN ION-IMPLANTED METALS ANO SEMICONDUCTORS 
G. Weyer 

EP Division, CERN, CH-1211 Geneva, Switzerland 

Recent progress in the application of Mossbauer spectroscopy 
to studies of defect structures in ion-implanted metals and 
semiconductors is discussed. Mainly results obtained by new¬ 
ly-developed on-line implantation techniques are reviewed. 

1. Introduction 
The potentialities of Mossbauer spectroscopy (US) to studies of point defects 
in solids were realized early after the discovery of the Mossbauer effect 
and applications of MS in this field of research can be said to have grown in 
importance, magnitude and versatility ever since. General reviews on this to¬ 
pic and contrib tions can be found in the proceedings from recent conferences 
on Mossbauer spectroscopy " ' as well as from conferences dedicated specifi¬ 
cally to defects in semiconductors ' and metals '. 
This lecture is concerned with recent applications of MS to investigations 
of ion-implanted fee metals and elemental and compound semiconductors. Such 
studies aim primarily at a basic understanding of the defect types created 
in ion-implanted materials, however, a good deal of the motivation for such 
efforts is stimulated by the increasing importance of ion-implantation tech¬ 
niques to controlled material doping and modification. The strength of MS in 
this context lies in the microscopic nature of the information gained for 
(ion-implanted) Mossbauer probe atoms, which often represent impurities in 
the host matrix. The principal impurity parameters accessible to MS, the fra¬ 
ction of Mossbauer if-radiation emitted or absorbed without recoil-energy loss, 
the impurity hyperfine interactions isomer shift S, electric quadrupole split¬ 
ting A E Q and the magnetic dipole splitting лЕ are all sensitive to the local 
surrounding of the probe on an atomic scale. The sensitivity of f'o 
emission spectroscopy utilizing radioactive probe atoms is sufficient to 
allow for inv . 'Aigations of genuine dilute impurities, i.e. atomic concentra-
tions ^-10 . In the implantation process atherma1ly-formed impurity-defect 
complexes and the impurity lattice location can thus be studied as well as 



the interactions of the impurity with defects from it's own damage cascade 

upon thermal annealing. 

This paper is organized as follows: After condensed summaries of basic rele¬ 
vant properties of ion-implantation damage, ion-implantation techniques, 
aspects of Rossbauer spectroscopy and applied Mossbauer isotopes, selected 
examples are presented of the implantation behaviour and the interactions of 
implanted impurities with defects from their own damage cascade mainly in 
fee metals and semiconductors. Emphasis will be laid on results from on-line 
implantation techniques, which combine the production and the implantation 
of radioactive probe atoms. 

2. General aspects of ion implantations and problems addressed by MS 

When heavy ions are implanted into solids, typically with energies > 10 keV, 
they loose energy by inelastic collisions with electrons and by nuclear col-
lissions, which lead to the creation of a radiation damage cascade, i.e. a 
locally high concentration (~%) of interstitial, displaced host atoms and 
vacancies . At the end of the slowing-down process a considerable fraction 
of the energy is dissipated as kinetic energy, which exceeds thermal energies. 
This gives rise to athermal dynamical processes, e.g. the creation and annea¬ 
ling of defects, which may involve the implanted ion. These processes may be 
considered as independent of the energy of the incident ion. The impact-host 
system is in a state far from (thermal) equilibrium and the final location 
and possible bindings of the implant is to a large extent governed by the non-
equilibrium properties of the radiation damage cascade. In the'extreme case 
the host crystal (semiconductors) may be amorphised in (fractions of) the 
damage cascades. 

For the fate of an implanted probe atom three effects may be singled out as 
important: ).Collision dynamics. From linear collision models replacement 
collisions yielding substitutional probes are highly probable in particular 
for not too different masses of projectile and target '. 2.Impurity-defect 
interactions. Athennal trapping of lattice defects at the impurity atoms 
appears to be a frequent phenomenon. At temperatures where lattice defects be¬ 
come mobile an ~ 100 8 scale by thermally-activated migration, impurity-de¬ 
fect complexes may also be formed by trappinq.5.Chemical and size effects. In 
metals oversized probe atoms tend to form vacancy complexes, whereas undersi¬ 
zed atoms are found on interstitial lattice sizes also. Evidence for a depen-



dence of substitutional fractions on the heat of solution and size mismatch 
О g \ 

has been 1: . .-,.1 recently for fee metals ' ' (cf. also the lecture by A. Turos 
at this ; .;i. !}. Indications for chemical effects determining the final lat¬ 
tice position nave especially been obtained in semiconductors ' '. In bina¬ 
ry compounds a site preference depending on the chemical impurity nature is 
found10). 
When radioactive impurities are implanted, two possible additional effects of 
the radioactive decay have to be considered: A displacement of the probe from 
it's lattice site by the recoil effect if the recoil energy exceeds the dis¬ 
placement energy. An electronic "after effect" of the nuclear decay, e.g. by 
an EC decay metastable charge states of the impurity in semiconductors may be 
reached. Since such effects are of minor importance for the examples presented 
here no detailed discussion will be given. 
Mossbauer spectroscopy can contribute to give answers to all three problems 
formulated above as will be shown in the examples given. These are ordered 
according to a hierachy of questions, which may be posed: 
1. What is the lattice location of the implant in the host lattice - at suffi¬ 
ciently low temperature to prevent any influence of thermally-activated inter¬ 
actions? 
2. What are the interactions of the implant with lattice defects from it's own 
damage cascade - which impurity-related defect types are formed? 
3. What can be learned about the structure of defects from interpretations of 
the Mossbauer parameters f-fraction and hyperfine-interaction parameters of 
the probe atoms? 

3. On-line ion-implantation techniques 
Mass separators of different conventional types have been applied extensively 
in ion-implantation studies in combination with Mossbauer spectroscopy during 
the last decades '. In Europe traditional centers in Groningen, Leuven, Cracow 
and Aarhus should be mentioned, but several other laboratories have contribu¬ 
ted. The latest development in this field is the utilization of the on-line 
mass-separator facility ISOLDE at CERN for implantations of radioactive precur¬ 
sors to Mossbauer isotopes. Descriptions of the technique and it's application 
tc on-line Mc.ibauer spectroscopy can be found in refs.12-14. This technique 
is destinguished from previous ones by three important achievements. The radio¬ 
activity is generally produced directy in suitable targets by spallation reac-



tions or by p-induced fission utilizing the 600 MeV p beam from the CERN syn¬ 
chrocyclotron. High yields of short-lived radioactive isotopes far away from 
the valley of stable isotopes are obtained. These are transferred into sui¬ 
table ion sources, where they are ionised, then accelerated to 60 keV and 
mass analyzed. Finally intense, pure ion beams (10 -10 ions/s) of radioac¬ 
tive isotopes are available for experiments. Several precursors to Mossbauer 

119 isotopes are produced, e.g. the Mossbauer state of Sn is populated in the 
decay of 1 1 9 mCd, 1 1 9In, 1 1 9Xe, and 119Cs (see Fig. 1). 

119 Fig.l: Simplified decay schemes to the Sn 24 keV Mossbauer state. 
Maximum recoil energies FR in the decays are indicated. 

Furthermore, owing to the nature of the production yields of the nuclear re¬ 
actions, different isotopes of a particular element are produced simultane¬ 
ously andean be distributed among the four independent beamlines of the ISOL¬ 
DE facility. For example three different Xe isotopes, 1 1 9Xe, 1 2 1Xe, and 125Xe 
can be implanted into solids in parallel for MS with the ^-radiation emitted 
by the respective decay products Sn, Sb, and Те. Since the radioac¬ 
tive beams are generally very pure studies with unrivaled low implant concen¬ 
trations and high statistical accuracy are enabled. 



Another recent achievementwith great prospects for future developments of the 
field is the on-line excitation of Mossbauer states by heavy-ion reactions 

'. This technique is exploited at the VICKSI accelerator of the Hahn-Meit-
ner Institute in Berlin, where the 136 keV state of Fe, which decays to the 
14 keV Mossbauer state, has been Coulomb-excited by means of a 130 MeV, pul¬ 
sed (pulse length Ins, repetition rate 10 MHz) Ar beam. The recoil energy 
( E R £ 1 MeV) imparted on the excited nuclei in a Fe target foil is suffi¬ 
cient to expel them from the foil and allow for an implantation into any 

host matrix. Time-delayed Mossbauer spectra are measured on a time scale of 
19) 

10-100 ns by means of resonance-counting techniques '. The set-up is descri¬ 
bed in refs. 15 and 17. 

4. Mossbauer spectroscopy at on-line facilities 

Emission Mossbauer spectroscopy, which aims for a measurement of the parame¬ 
ters of Mossbauer jf-radiation emitted from ion-implanted source nuclei, is 
generally performed in transmission or scattering geometry by application of 
standard reference absorber material. The classical transmission set-up is 
best suited in cases of relatively high Mossbauer y—energy, where source and 

absorber are held at low temperature during the measurement. This technique 
20 21 \ was found favourable in the example reported here ' ' of MS on the 37 keV 

121 v -radiation of Sb, which is emitted after the decay of ion-implanted 

Xe to the parent Те (Т^ ,^= 17 d), which populates the Mossbauer level 
with a branching ratio of only 1.5%. This also allowed to take advantage of 
the high energy resolution of germanium detectors to discriminate the Moss¬ 
bauer r-radiation against a high jf- and x-ray background. 
For emission Mossbauer spectroscopy on highly-converted transitions ( Fe and 
119 

Sn) a scattering technique based on resonance detectors is more appropri¬ 
ate. Gas-filled resonance detectors of the parallel-plate avalanche-counter 
type were applied, which detect conversion electrons reemitted after the re¬ 
sonant absorption of emitted Mossbauer ^-radiation from standard absorber 
material incorporated in the detector. Such detectors are characterized by a 
high detection efficiency for recoil-less Mossbauer /-radiation (~10'-) as 
determined by the resonance cross-section and an effective absorber thickness 
given by the range of the reemitted conversion electrons. The detection effi¬ 
ciency for non-resonant f- or x-rays is lower by orders of magnitude because 
of the much lower photoeffect cross-sections. Hence large effect-to-background 



ratios are achievable in favourable cases, resulting in a shortening of mea¬ 
suring times for a given statistical accuracy by orders of magnitude as com¬ 
pared to transmission techniques. The resonance detector can be held at room-
temperature and moved on conventional drive systems for the recording of MS. 
An additional advantage for on-line applications is the obtainable time re¬ 
solution (£10 ns), which enables high counting rates and time-differential 
measurements in experiments with pulse-excited Mossbauer states of source 
nuclei. 
In the examples discussed here only directly measurable basic Mossbauer para¬ 
meters for impurities in a lattice as listed below are concerned; more sophi¬ 
sticated experiments can be expected for the future. 
The Lamb-Mossbauer factor is determined from the temperature-dependent line 

intensity in the MS and is in the harmonic approximation for a cubic location 
2 2 

of impurities given by f = exp (-k < x > ), where к is the wavevector of 
о the Mossbauer f -radiation and < x > the mean square vibrational amplitude in 

the emission direction. Parametrized in a Oebye model the impurity Oebye tem¬ 
perature 6 is deduced, which for an impurity is rigorously defined from the 
moments of the impurity vibrational frequency spectrum. Threfore informa¬ 
tion on the impurity lattice dynamics is gained. 
The isomer shift S = <*- ( e (o) - p (o)) is determined with reference to the 
contact electron density (ced) at the absorber nucleus (\(o). Since accurate 

-̂  a 
calibrations to within 10% of the constant ct- (which contains the change in 
nuclear charge radii of the transition states) have become available for the 
cases considered here ', this yields the ced at the impurity nucleus f s(o). 
which depends on the impurity valence-electron configuration. 
From the electric quadrupole splitting л £ = 1/4 V ^ y - 1 ] ^ * H [ * ]) e2Q for 
axially symmetric field gradients the main component of the electric field 
gradient tensor V at the impurity nucleus is extracted for known quadrupole 
moments of the involved nuclear states e Q. The presence or absence of an efg 
gives direct information on the local impurity symmetry. 
Finally the magnetic dipole splitting ДЕ = - g м, 3 m gives the local mag-

IT) У К 

netic field at the impurity nucleus for known g-factors of the nuclear states. 
The magnetic field В is given by В = B h f + B d i p + B L o r + B d e m + B e x c , with 
B h f the hyperfine field, В.. the contribution from magnetic dipoles, B, 
the Lorenz field, B d e m the probe-shape dependent demagnetizing field, and 
Bext an a P P ^ e d external field for impurities in a ferromagnetic material. 1 30 



In the context of this lecture, where changes of В for probe atoms in diffe¬ 
rent lattice locations in ferromagnetic hosts are of primary interest, chan¬ 
ges may occur in B. , and В.. . The latter contribution is either zero for 
cubic symmetry of lattice sites or small compared to B. f. The magnetic hyper-
fine field contains contributions from orbital and spin terms. For the case 
of 5sp impurities in 3d ferromagnets considered here, B ^ is governed by the 
Fermi-contact interaction from the spin density of s-electrons at the nucleus. 
To a reasonable approximation changes is В do represent changes in B. ,. This 
parameter is sensitive to changes in the electronic coupling of the impuri¬ 
ty-host system. 
It is worth mentioning that the Mossbauer parameters listed above can in prin¬ 
ciple be determined simultaneously for impurities located in different (well-
defined) positions in the host lattice, however, this may be prevented in 
reality by the lack of sufficient resolution. 

5. Low-temperature implantations of ;Fe and Co into aluminium 

Coulomb-excited Fe was implanted by Menningen et al. 'to fluences ^lO 1 
_2 cm with recoil energies of the order of several MeV into 5N aluminium foils 

held at temperatures between 5-205 К in the Mossbauer set-up at the y/ICKSI 
accelerator. Spectra are displayed in Fig.2. They could be analysed satisfac¬ 
torily in terms of two well-known lines for Fe in aluminium, which are at-

2з\ 
tributed to substitutional and interstitial Fe, respectively '. The inter¬ 
stitial line, which has the higher intensity at low temperature, is shifted 
relative to the substitutional line by A S = 0.43 mm/s and exhicits an unre¬ 
solved quadrupole splitting of д F_n = 0.18 mm/s. However, a further defect 
line, attributed to Fe-vacancy complexes, is known for Fe in aluminium ', 
which has an isomer shift-value inbetween those for the substitutional and 
the interstitial line, A S = 0.33 mm/s, hence small fractions of this line 
might be hidden in the spectra. The temperature dependence of the intensity 
of the two lines in the spectra is displayed in Fig.3. The temperature depen¬ 
dence of the substitutional line is well described by a Oebye-like behaviour 
as indicated in the figure, which is in agreement with previous experimental 
results. This indicates clearly that the fraction of Fe probes on substitu¬ 
tional sites does not change in the temperature interval investigated. There¬ 
fore in Fig.3 the line area has been normalized to the known f-value at 4 K, 
f = 0.88 for both the substitutional and the interstitial lines. This yields 
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Fig.2: Fe MS after implantation 
into aluminium at various tempe¬ 
ratures. 

Fig.3: Temperature dependence of f-
factors. Circles and squares refer to 
two different detectors. Lines see 
text. 

fractions of 40 and 60% for substitutionally and interstitially implanted Fe, 
respectively. The S and A E Q parameters for the interstitial line coincide 
with those found after trapping of mobile interstitials at substitutional 
57Co upon e" or n irradiation. For the resulting Fe-interstitial complex 

25) from detailed studies a structural model has been proposed ' as shown in 
Fig.4. The originally substitutional impurity is relaxed into an intersti¬ 
tial site close to the octahedral position, where it performs thermally-acti¬ 
vated localized jumps above 14 К between the 8 different equivalent lattice 
sites of this configuration as indicated in the figure. This cage-motion ef¬ 
fect has been observed recently also in other metals (cf. ref. 26). This mo¬ 
tion leads to a sharp drop in the area of the interstitial line for the one-
interstitial complex created in low-dose e'irradiations and to a more gradual 
decrease after n irradiation, which is attributed to multiple interstitial 
trapping hindering the utomic jump process of the impurity. The temperature 



Fig.4: Structural model of the cubic <111> cage. 
Fe atoms (filled circles), Al atoms (open circles). 

dependencies of the line areas for these two extreme cases are indicated in 
Fig.3b. The decrease in interstitial line area for implanted Fe is seen to be 
inbetween the two extremes. This is attributed to the influence of the latti¬ 
ce damage in the damage cascades resulting from the slowing down of the Fe 
projectile, which may hamper the interstitial jump process. However, the pro¬ 
nounced difference in dynamical behaviour of the substitutional and intersti¬ 
tial fractions clearly permits to identify the latter as being interstitial. 
Since the measurement has been performed within the lifetime (f= 144 ns) of 
the Mossba'.er state after the implantation the creation of this defect by tra-
ppinn of mobile interstitials from it's own damage cascade at the Fe probes 
has been ruled out and a direct interstitial implantation mechanism has been 
proptosed. ' 
It is instructive to compare the above results to those reported by Verbiest 
and Pattyn ' for similar implantations of Co into aluminium. These experi¬ 
ments are distinguished from the on-line experiments by the following featu-

57 res: Co was implanted into aluminium foils (6N) with an energy of 85 keV at 
4 К to a fluence of 2-1014 cm"2. Whilst the (slightly) different chemical na¬ 
ture and energy of the implant may be anticipated to be of minor importance 
for it's fate at the end of the slowing-down process, the overlap of the da¬ 
mage-cascade volumes expected for the higher implantation fluence may lead 
to the athermal interaction of the impurities with defects created in the 
damage cascades of subsequently-implanted impurities. Furthermore, the annea¬ 
ling of the implanted sample up to 330 К was performed after the implantation, 
which may lea' to interactions of the impurities with thermally-activated 
migrating defects. The spectra measured for the annealing series were analy¬ 
zed with the substitutional and interstitial lines mentioned above. However, 

153 
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Fig.5: Fractions of substitutional, interstitial and vacancy-asso¬ ciated Co as a function of annealing temperature (ref.27). 
additionally the line attributed to Co-vacancy complexes was found in parti¬ 
cular after annealing above 180 K, where vacancies are known to become mobi¬ 
le '. Since the Oebye temperature measured for this line is only insignifi¬ 
cantly lower than that of substitutional Fe presumably mono- or divacanc. 
complexes are formed with substitutional Co, in accordance with results from 
various different experiments (cf. ref.26 and refs. cited there). ТЪг fracti¬ 
ons of substitutional, interstitial and Co-V complexes are displayed in Fig.5 
as a function of isochronal (30 min) annealing temperature. It is remarkable 
that the substitutional and interstitial fractions, about 53 and 37%, respec¬ 
tively, for low-temperature implantation are close to those for implanted Fe. 
This indicates no pronounced influence of neither the different chemical na¬ 
ture of the implant nor the difference in implantation energy or fluence. How¬ 
ever, the interstitial fraction may be partly formed by athermal trapping of 
interstitials at substitutional impurities in the overlapping damage cascades. 
An analogous origin by athermal trapping of vacancies might be postulated al¬ 
so for the Co-Vp complexes, however, due to a strong overlap of this line with 
the two others in the spectra, the existence of a Co-Vn line in the spectra 
at low temperature can hardly be considered statistically significant. Upon 
annealing to 40-80 К slight increases in the substitutional and interstitial 
fractions and a decrease in the Co-Vn fraction are in accordance with the as¬ 
sumption that mobile interstitials are released from interstitial clusters in 
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this annealing stage II. In annealing stage III (*180 K) vacancies and small 
vacancy clusters are becoming mobile ', this evidently leads to an annihila¬ 
tion of Co-interstitial complexes and the formation of a maximum fraction of 
302 of Co-vacancy complexes. These anneal at""300 K, at 330 К nearly only sub-
stitutional Co is found. Thus the formation of Co-V complexes in annealing 
stage III seems' well established. The absence of any indication of vacancy 
trapping up to 205 К in the on-line Fe-implantation experiment, on the other 
hand, is readily explained by the very small probability of a sufficiently 
long vacancy-migration path during the lifetime of the Mossbauer state. Hence, 
disregarding possible effects from the difference of the Fe and Co probes, 
their fate in low-temperature implantations (for low and high fluence) is very 
similar. Additional information on the interaction of Co with vacancies has 
been obtained in the annealing experiments. 

119 6. Implantations of In into aluminium 
OQ\ 1? -? 11Q 

F.T. Pedersen et al. 'implanted low fluences ( ~>]0lc cm ) of In into 
aluminium single crystals between 100-300 K. Spectra measured for the 24 keV 119 transition of the Sn daughter are shown in Fig.6. Besides the dominating 
substitutional line (S = 2.27 mm/s) a defect line shifted by д S = 0.48 mm/s 
is found in the analysis of the spectra for ̂ plantation temperatures > 180 K. 
This defect complex is attributed to the formation of a cubic 1п;~Уд complex 
(presumably by trapping of mobile trivacancies at substitutional In), where the 
impurity is located on tetrahedral interstitial sites surrounded symmetrical-

11О 
ly by four vacancies. The Debye temperature of "'Sn in this complex is lowe¬ 
red considerably by a factor of 0.7 compared to substitutional Sn. Fractions 
calculated for substitutional and interstitial Sn in the Sn.-V. complex are 
displayed in Fig.7. The defect is stable in the temperature interval 200-
300 К and reaches a maximum fraction of 40%. Below 170 К a small fraction 
(~ 15%) of a different defect with a similar^S value but about the same De-
bye temperature as substitutional Sn is seen in the spectra. The nature of 
this complex is uncertain and shall not be discussed here, however, a compa¬ 
rison to Cd perturbed angular correlation (РАС) experiments for implanted 

In precursors ' and a recent discussion of other experimental ćata^') for 
the system InAl_ suooeststhat In-V or I^-V^ complexes are formed athermal-
ly in the implantation process below ~ 200 K, where they anneal. This assign¬ 
ment is based on the deduced efg magnitude and symmetry properties. Owing to 



ПО 110 
Fig.6: l3Sn MS from ' 4 n implan¬ 
tations into Al at 297 К measured 
at 297 К (A) and 77 К (В) and at 
77 К (С) after annealing at 51 K. 

Fig.7: Fractions of substitutional 
(upper curve) and defect sites (lo¬ 
wer curve) for implantations at the 
temperatures indicated. 

a larger quadrupole moment of the Cd РАС state as compared to the Sn 
Mossbauer state and to higher resolution, the РАС technique is much more sen¬ 
sitive to electric quadrupole interactions of the impurities. On the other 
hand, cubic defect structures are invisible to РАС techniques in non-magnetic 
hosts. The assignment of a 40X fraction to the 1п.;-Уд complex from MS is the¬ 
refore consistent with the absence of any defect signal in the РАС spectra in 
the temperature interval 200-200 К '. This assignment is furthermore corro-

119 borated from the Mossbauer parameters as discussed in section 7. For In 
implantations between 30-100 К (not shown in Fig.7) a constant substitutional 
fraction of ~ 80% is concluded. Hence no interstitial defect complexes are 
formed with In or these do not give rise to a measurable change in the Moss¬ 
bauer parameters, i.e. an approximately substitutional location of the impu¬ 
rity is maintained. 
The difference in implantation behaviour of Fe or Co and of In is striking. 
Whilst Fe and Co are implanted into interstitial sites to fractions of the 
order of 50% at temperatures below stage III, In is found predominantly on 
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subs11tutiona 1 sites. In both cases the athermal creation of simple vacancy 
complexes in fractions of the order of 10% cannot be excluded. In stage III 
vacancy complexes are formed in fractions of 30-40% with both impurity types. 
However, the nature of these defect complexes is different, mono- or divacan-
cy complexes are formed with Co, wheras a specific relaxed trivacancy complex 
is formed with In impurities. 

119 119 7. Implantations of In and Xe into ferromagnetic fee metals 
119 119 Radioactive In and Xe were implanted at 297 К with an energy of 60 keV 

into fee cobalt and nickel to fluences £ 1 0 l 3 cm"2 at the ISOLDE facility32"34^. 

The trapping of lattice defects from the radiation damage cascade was follo-
119 

wed as a function of isochronal annealing temperature. For the Xe-implan-
119 ted samples annealing was performed after the nuclear decay to Sb had oc-

cured, hence the trapping behaviour of In and Sb, respectively, is probed by 
1 ig 

MS on the 24 keV ^radiation emitted by the common Sn daughter. 
Various different defect complexes were identified in the spectra, which were 

119 
assigned to (multi)vacancy complexes. Typical spectra for Xe-implanted 
nickel are shown in Fig.8. The parameters of ;he different components, each 

of them split into six lines by the magnetic hyperfine interaction, are listed 

in Table 1. Recently very similar results have been reported by the Groningen 
2) П 9 

group ; for Sb-implanted nickel, who also found some of the defect comple¬ 
xes to be formed upon deformation of nickel. The structural assignments for 
the different vacancy complexes lean heavily on the identification of the 
most prominent defect with the largest magnetic hyperfine splitting as a re¬ 
laxed trivacancy of the Imp.-V. type. This identification is strongly suppor-

321 - + 
ted from channeling experiments ' on emitted e and e from implanted radio¬ 
active In isotopes under similar conditions as for the MS experiments. These 
experiments prove that about 30% of the substitutionally-implanted In probes 
move to the tetrahedral interstitial site upon annealing to ~ 400 K. Above 
650 К only substitutional In is found. This behaviour is in perfect agreement 
with the annealing behaviour of component 6. Furthermore, the same annealing 
behaviour was observed in previous Cd РАС experiments for implanted In, 
which led to the first proposal of a cubic In.-V. structure to this complex 

35} 
in particular from the absence of any quadrupole interaction '. Also the va¬ 
cancy nature of this defect is corroborated from РАС and channeling results 
on irradiated samples ' '. 15' 



Fig .8: 119Sn MS measured at 297 К 
(A end B) for 473 К annealed nickel 
with (A) and without (B,C) applied 
external field В .=2.5 Т. Spectrum 
С was measured ext at 77 K. The 
angle between В and ̂  was 90 for 
A and С and 45 for spectrum B. The 
spectra are fitted with components 
1,2,3,4,and 6, components 2,3,4 
as indicated in the figure. 
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Fig.9: Fractions of components 
6 (A), 5 (B), 4 (C), 3 (D), and 
2 (E) from In implantations (open 
circles) and Xe implantations 
(closed circles) in nickel as a 
function of annealing temperature. 
Annealing time 1 min (In) and 
15 min (Sb). 

Evidence for the formation of smaller fractions of different vacancy comple¬ 
xes was also obtained in the РАС experiments, although these could not be well 
characterized by their hyperfine-interaction parameters in general. Analogous¬ 
ly, in the MS after In implantation weaker components are indicated as listed 
in Table 1. Clear evidence for most of these components is obtained from the 

11Q 
results of Xe implantations (cf. Fig.8), where except for the Sn.-V- com¬ 
plex larger defect fractions are found. The structural assignments made for 
the components are mainly based on the annealing behaviour (cf. Fig.9) as com¬ 
pared to the Sni-V4 complex and the values of the hyperfine and e parameters. 
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Table 1: MS parameters of Sn-V complexes in f:c cobalt and nickel. 
(S relative to CaSnO^ at 297 K) 

Host Line S(mm/s) f(mm/s) B(T) 6(K) Assignment 
1 1.55(3) O5 + 2.0(1) ЗЩГ) subst. Sn 
2 1.73(8) 1.05 + 4.5(4) - ? 
3 1.72(5) 1.05 + 7.7(3) 223(10) Sn W 

Ni 4 1.73(3) 1.05 + 9.1(2) 230(10) Sn<-Vfi 5 1.83(6) 0.95 + 14.4(5) 240(30) Sn,.-V, 
6 1.89(3) 0.95 + 16.5(2) 214(5) Sn]-V4 

1 1.68(4) 1.08 - 2.39(3) 295(15) subst. Sn 
3 1.66(5) 1.31 + 15.1(8) - Sn-V? 

Гл 4 1.83(5) 1.4 + 16.8(2) " Sn-V ? t0 5 2.0(1) 2.0 + 30.0(2.0) - Sn rv"? 6 2.01(4) 1.21 + 36.1(2) 241(10) Sn^-V^ 

A detailed discussion of the site assignments given in Table 1 is beyond the 
scope of this lecture, however, the prominent features of the hyperfine inter¬ 
actions and f-factors found for the vacancy complexes will be put out. The 
magnetic hyperfine fields of substitutional sp impurities in ferromagnetic 
3d hosts are theoretically well understood (see ref.38 and refs. cited there). 
The B. , values exhibit a similar systematic behaviour in every sp period. 
Large negative values are Found in the beginning of a period. These are attri¬ 
buted to a predominant hybridisation of the impurity sp valence electrons with 
minority-spin d-electrons of the hosts, giving rise to negative fields by the 
Fermi-contact interaction. When going through the period new states related 
to majority-spin states become more important until they dominate at the end 
of the period, where large positive values are found. Sn impurities in the 
middle of the 5sp period have the lowest B, f values in all 3d hosts due to an 
almost complete cancellation of (large) negative and positive contributions. 
Therefore B. f for this impurity should be sensitive to minute changes in it's 
local surrounding disturbing this delicate balance. From inspection of Table 1 
it emerges that the fields increase orr*erlv for mono-, di-, and trivacancy 
complexes, having proposed structures of Sn-V, Sn--V,, and Sn.-V,, respecti¬ 
vely, where Sn denotes substitutionally and Sn. interstitially located Sn. 
The field decreases again for the complex assigned to Sfl.-Vg, where Sn is ei¬ 
ther located on the octahedral interstitial bite surrounded symmetrically by 
six vacancies or on the tetrahedral interstitial site in a relaxed structure 
as discussed in ref.39. The increase in B. , for all vacancy complexes is cor¬ 
related to an increase in isomer shift as shown for nickel in Fig. 10. 
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Fig. 10: Isomer shift versus magnetic f ield В for substitutional 
Sn and Sn-vacancy complexes. 

Since the isomer shift is proportional to the total s-electron density \~f{o} 
(neglecting p-electron contributions) and Bhf is proportional to the diffe¬ 

l d i t ( |Т * ( ) | | T * ( ) ] ) t 
( g g hf 
rence in spin-up and spin-down s-electron density, (|Т*(о)| - |T*(o)] ), this 
correlation suggests that the increase in B h f is due to an increase in ced 
of prevailing spin-up character. This is in accordance with the general re¬ 
sults of the model calculations and is also expected from the measured pres¬ 
sure dependencies of S and B. f for substitutional Sn. The latter values have 
been utilized for a semiempirical calculation of the field for the particular 
I m p ^ complex formed with the 1]1Cd РАС and the l19Sn US probe in both fee 
cobalt and nickel40^. These calculations reproduce the systematic increase in 
B. f for the 1тр^У4 complex as compared to substitutional impurities reasona¬ 
bly well. The characteristic increase in ced for Sn in this complex as well 
as the lowering of 6 compared to substitutional Sn nave been found alr.o for 
the Al, Cu, and Pt hosts39). The much more complex nature of vacancy comple¬ 
xes revealed by the magnetic splitting in nickel and cobalt may conceivably 
be present in the case of non-magnetic hosts also, where they cannot be re¬ 
solved on the basis of the measured S values alone. Nevertheless, the Sn^-V^ 
complex appears to be the prominent defect formed in all fee metals investi¬ 
gated so far. 

8. Conclusions on impurity-defect complexes in fee metals 
MS (and РАС) studies utilizing radioactive probes have proven to be sufficient¬ 
ly sensitive to allow for investigations of the microscopic nature of point-
defect complexes in ion-implanted metals. The lattice location and interactions 
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of ion-implanted probes with defects from their own damage cascades can be 
studied owing to an adequate resolution for the measured impurity-hyperfine 
interactions and f-factor. The resolution is in many cases sufficient to de-
stinguish differences in the complexes formed on (at least) a nearest-neigh¬ 
bour scale, whereas it's limitations prevent an overwhelming complexity in 
the spectra from damage distributions in the lattice beyond this scale. It is 
remarkable that the same types of impurity-defect complexes are formed in ma¬ 
ny cases in ion-implantation, irradiation, deformation and quenching experi¬ 
ments. From the comparison of different probes under comparable conditions 
it is evident that impurity-specific complexes are formed, a fact which has 
to be taken into account carefully in the interpretations of the results. 
Clearly, to arrive at a more comprehensive understanding of defects created 
in damage cascades information from copiplementary experimental techniques is 
needed. It is worth mentioning that the examples of complexes presented in 
this lecture appear to be of general nature. Interstitial-type complexes as 
for Fe and Co in aluminium have been found in several other systems ' as 
well as simple vacancy complexes. The latter have been studied extensively by 
РАС techniques, which resulted in a classification scheme based on efg proper-

41 \ ties '. The particular abundant relaxed trivacancy complex is another example 
of an apparently universal defect formed with heavy impurities in fee metals. 
This structure has been furthermore considered as a nucleation center for the 
growth of stacking faults in fee metals '. The extreme sensitivity of the 
magnetic hyperfine fields of some probe elements make more detailed studies in 
ferromagnetic materials look particularly rewarding. 
Concerning the state of a profound theoretical understanding of hyperfine-in-
teraction and f-parameters, promising results have been reported for substi-
tutional impurities '' ' and interstitial complexes (cf.ref.26). However, cal¬ 
culations for impurity-defect complexes are scarce. The systematic trends 
as sketched above, which are beginning to emerge from the wealth of experimen¬ 
tal data reported in recent years seem to allow for semiempirical classifica¬ 
tion schemes based on efg, B.f, S, and 8 values and may stimulate efforts for 
theoretical calculations. 
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9. Implantations into elemental and compound semiconductors 
In semiconductors heavy-ion implantations (A »100) are well known to result 
in an amorphisation of the implanted volume for sufficiently high fluences 
and'or low implantation temperature. However, for low-fluence implantations, 
where the radiation damage cascades do not overlap, e.g. ^ 10'" cm for si¬ 
licon at roomtemperature, the possibility of an impact amorphisation of (a 
fraction) of the cascade volume has been a long-standing problem. Recently, 
channeling experiments on e" and e emitted from implanted radioactive In 

i л _ Ь isotores at the ISOLGf facility to fluences ^ 1 0 ' cm'" gave direct evidence 
that no substantial amorphisation occurs, although heavily-disordered regions 
are created. Furthermore, substitutional fractions as derived from previous 

119 MossLuer experiments for implanted In in silicon of ~ 60i were corrobora-
4 ' • '• ' tea "'. !'he remaining fraction was concluded from MS to be distributed in a-

bout •••4;j?.l fractions cf 10-15" in three different defect types as identified 
!;•'.• their Mossbauer parameters (lines 1, 3, and 4 in Fig. 1 1 ) . Similar results i i o 11 о " ' л g \ w f e obtcined for 'In- and "/Cd-iir:>lantpdoernieniuir and ^ - t i n '. When 
'l ' ': 1 1 4-1 •) 1 q 1 1 Qm 47-50) 
' •>>:, '""Te, " S b , or 'Sn isotopes ' ore implanted twc of these 
derects (lines .> and 4) are found again in the MS for the ' '" Sn daughter, 
el tnouch in different fractions. With Те a specific, oxygen-conta i nine defect 
(line 5) was found in oxygen-rich material. The defects producec1 in low-fl--
er.ce 297 К implantations could generally be annealed at relatively low tempe¬ 
rature well below 600 K, which is known to be the onset tenperature for a re-
crystallisation of an amorphous layer for silicon, A survey of the MS results 
for t'-e different defect types formed with the various different precursors 
to the '"'Sn isotope and structural assignments are sunimarizec ii: Fig 11. 
Mo discussion will be given here, but some general conclusions on the para-
rr,ctf:s are elucidated in sects. 10 =ind 11. Similar defect structures as for 
the elemental semiconductors are also found in implanted compound semiconduc-
.-..£5-55) 

10. The electronic configuration of substitutional Sn and Sb dopants in 

semiconductors 

The nature of substitutional impurities in semiconductors is conventionally 

classified in relation to the electronic states introduced by their presence 

in the semiconductor bands. Isoelectronic impurities, having the same number 

of valence electrons as the replaced host atom, e.g. Sn in group IV or Sb on 
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Families of radiogenic Sn delects 
tn group S semiconductors 

119 Fig. 11: Isomer shift versus bond length for Sn- related 
defects in elemental semiconductors with diamond lattices. 

V sites in IIl-V compounds, introduce in general no band-gap states but exhi¬ 
bit resonance states in the valence band of the host. Shallow states slightly 
below the conduction band or above the valence band are characteristic for 
donor and acceptor impurities, respectively, having valence differences to the 
host of л1 = i 1. Such dopants control the conductivity type and the Fermi 
level in semiconducting material. Sb is a well-known donor in elemental semi¬ 
conductors, whereas it acts as acceptor on VI sites in 11-VI compounds. Sn 
shows amphoteric character in 111-V compounds, i.e. et may act as donor or 
.;ceptor depending on it'= location on III or V sites. Finally, deep-level 
states located closer to the middle of the band gap are-generally formed for 
valence differences №Zl •>• 1, e.g. Sn in 11 -VI compounds. Mossbauer isomer-
shifts yield _• (ground-state) ced and thus information on the impurity val¬ 
ence states. By ion implantation of radioactive precursors a controlled do¬ 
ping of compound semiconductors can be achieved for the decay products 
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Ion implantation and subsequent suitable annealing procedures result in a 
site-slective population in compound semiconductors, e.g. Ill and V sites, 
respectively, are preferred fcr In and Sb implants in 111-V compounds and 
analogously Cd and Те implants are found on II and VI sites,respectively, in 
11-VI compounds ' '. The mechanism for this process is not understood in 
detail, however, obviously a chemical selectivity appears to be important^'^) 
Thus after the nuclear decay of suitable precursors the Mossbauer probe atom 
is located on a specific substitutional site. Isomer shifts measured for Sb 
in various elemental and compound semiconductors ' after laser annealing 
for silicon and germanium and vacuum-annealing procedures for compound semi-

121 conductors of Xe-implanted samples are displayed in Fig. 12 as a function 
of the lattice constant of the hosts. 
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In the following a semiemp-jrical interpretation scheme for the measured ced 
values is proposed, which is collated with previous results for 1 1 9 S n . 
For the two compounds GaSb and InSb, where Sb is a constituent atom, LMTO 
calculations of the ced by Svane and Antoncik ^ yield values, which are in 
good agreement with the experimental results. A constant 5s occupancy is found 
for the two compounds and only minor changes in 5p occupancy. For the whole 
series of III-V compounds a weak bond-length dependent increase of the ced 
at the Sb probe is indicated (cf. the line drawn in Fig.12), which in ana¬ 
logy to a similar trend for 9Sn in group IV elements 5 8^ is interpreted as 
an effect of an increasing dehybridisation of the covalent bonds i.e. an in¬ 
crease in metallic character, yielding an increasing 5s state occupancy, where-



1 о] 
as the Sfcccuoarcy dec reases. For Sb donors in silicon and germanium (disre¬ 
garding the small differences for n- and p-type silicon) the ced values are 
very similar to those for bond-length equivalent III-V compounds. This leads 
to the immediate conclusion that the Sb donor state is formed with a nearly 
neutral Sb° impurity and that the nominal donor charge of +lle|, giving rise 
to the potential for the donor electron, is located on a cluster comprising 
at least the nearest-neighbour atoms. This is in agreement with results from 
recent calculations of the charge distribution around donor impurities in si¬ 
licon '. A small but significant difference in the Sb donor ced is found for 
highly-doped,degenerate n- and p-type material, Д£(о)=.6а~. This is attributed 
to the difference in ced for a neutral and ionized donor state. This value is 
consistent with a si iohtlysmaller difference determined from ENDOR measurements 
for the spin-density difference ' and with a ls(Al) donor ground state cha¬ 
racter ', which should lead to an increase in ced when the donor state is 
occupied. However, only minute changes in the Sb ced occur in accordance with 

119 a generally nearly neutral Sb donor impurity. For the analogous case of Sn 
donors on III sites in III-V compounds ' relatively larger charges on the 
impurity were found, which depend on the fractional ionicity of the bonds. 
Nevertheless, also these differences are small and justify the statement that 
also the Sn donor impurity is nearly neutralized by charge transfer from it's 
neighbours. 

121 The ced for Sb acceptors on VI sites in 11—VI compounds is lower than that 
121 121 

of isoelectronic Sb in the III-V compounds and Sb donors in group IV 
elements (cf. Fig.12). The acceptor state is formed by binding an extra elec¬ 
tron from the host valence band to the impurity, giving rise to the DOter.tial 
for hole-states in the valence band. However, in contrast to the donor case, 
owing to a predominant p-character of electronic states at the top of the va¬ 
lence band of the Sb neighbours ', this may in fact result in a lowering 
of the ced at the impurity by the shielding effect of the p-electrons on the 
5s-electrons. This tendency holds also for Sn acceptors on V sites in III-V 
compounds '. Hence the additional acceptor charge of the Sb or Sn acceotor states is more localized than in the case of donor states. However, stiVi 
than one unit of electronic charge appears to be accumulated on the impurity. 
To conclude this section, we note that an internally consistent interpretation 
scheme has been established, which accounts for the systematic trends in the 
ced r,f Sb and Sn impurities in semiconductors, where they act as, respectively 
isoelectronic, donor or acceptor impurities. It is worth mentioning that also 



Oebye temperatures measured for substitutional Sb and Sn probes have been tre¬ 
ated in the framework of lattice-vibrational models " '. 

Much less is known about ion-imnlanted, deep-level Mossbauer impurities. Recent¬ 
ly, by implantation of Cd and In into CdTe the double donor Sn, anti¬ 
cipated to be located substitutionally on Cd sites, has been studied '. Two 
different S values of S(Sn°) = 1.9 and S(Sn++) = 3.7 mm/s were measured, which 
are assigned to Sn° and Sn + + states, respectively. The Sn° value is close to 
that for^-Sn (cf. Fig.11), whereas the Sn value exceeds the scale of valu¬ 
es measured for substitutional Sn in any other semiconductor matrix. The De-
bye temperatures of the two states differ also considerably, 8(Sn°) = 145 К 
and 8(Sn++) = 107 K. Both the increase in S and the decrease in 6 for the Sn + + 

state as compared to Sn are in accordance with a weakening of the sp -type 
covalent bonds for Sn° when the Sn + + state is formed by a pronounced increase 
in s-character over the p-character of the Sn wavefunction. The much larger 
difference in ced ofaj>(o) = 21 a" underlines the deep-level nature of the Sn 
states in CdTe, where the change in impurity charge is much more localized 
as compared to the case of Sb° and Sb+ donor states in silicon. It is intere¬ 
sting to compare these results to the analogous case of U Z = + ?j e! for 

Те in silicon, studied previously by Kemerink et al '. A higher ced was 
found for Те than for Те , Д Р (О) = 12a , and a lower Debve temperature 
6(Te°) = 207 К and 9(Te++) = 232 K. The latter value is in good agreement with 
the values for isoelectronic Sn and the Sb donor impurities in silicon. Hence 
the Те state mimics the replaced host atom, whereas the decrease in 8 for 
the Te° state and the increase in ced is attributed to the filling of :.nti-
bonding orbitals '. 

11. Mossbauer parameters of defect structures in i on-i-slanted semiconductors 
The isomer-shift values for Sn-vacancy complexes in .Tiup IV elements (cf. 
Fig.ll) show the S3me tendency as for substitutiona'; Sn, however-, the сей is 
increased by about the same amount in all hosts. Similar rev/Us hava been 

121 21) obtained for Sb '. For Sn this increase is wiil reproduce by tight-bn-
ding calculations^'. Additionslly the Debye temperature for the impurity is 
lowered by a factor of 0.S3 compared to substitutional Sn .ir-l ar- ur,resolved 
quadrupole splitting of л [ - 0.35 mm/s is indicated ?or this defect. Ana¬ 
logous results have been found for Sn-V complexes in compound semiconductors 

К These systematic trends are consistent «it.h a jimila" structure of 
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the defect complex in all semiconductors, where one of the four covalent bonds 
of the impurity to it's four neighbours is broken. The detailed structure of 
the defect complexes may be different in different matrices in particular al¬ 
so beyond the nearest-neighbour shell. 
For interstitial Sn in group IV elements systematically the samr S value is 
determined and the Debye temperature is lowered by a factor of 0.65 compared 
to substitutional Sn. This is consistent with a presumable location in the 
tetrahedral interstitial site in the diamond lattice, where the electronic 

2 2 configuration is rlose to the atomic 5s 5p configuration, indicating only 
a weak bonding in accordance with the relatively low Oebye temperature. 
From the systematic nature of these results the basic defect configurations 
proposed appear well founded and in particular the S and 8 parameters, which 
are accessible to Mb contain direct information for a rough classification 
of the defect structures. As for metals at least a basic theoretical under¬ 
standing of the ced values for substitutional impurities has been achieved, 
whereas more experimental data and appropriate theoretical treatments are 
desirable for complex defects. The particular role of Hcssbauer isotopes a-
nong the op elements ( 'Zn, JGe, ""Sn, c Sb, and Те) in semiconductors 
and the possibility to control the Fermi-level position by additional doping 
makes studies of fundamental point defects by MS a promising field of future 
applications. The ion-implantation techniaue of radioactive isotopes can in 
this connection provide a valuable solution to the problem of a controlled 
incorporation of probe atoms for MS and other experimental techniques. 
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Introduction 

The mechanism of internal oxidation of non-noble impurities in a 

noble host (e.g. silver and gold) is relatively well understood. Based 

on the original paper of Wagner [Wag59], internal oxidation of these 

alloys is supposed to occur by dissolution of oxygen atoms at the 

surface. The dissolved oxygen atoms diffuse through the metal matrix 

containing already oxidi2.ed impurities towards the inward moving 

oxidation front where they become immediately trapped at the non-

oxidised impurities. Wagner's model of internal oxidation is 

relatively simple and gives a quantitative description of the 

oxidation mechanism which agrees reasonably well with the current 

microscopic measurements, i.e. electron microscopy [Rap65]. 

However, up to now only the regime has been studied in which the 

oxidized impurities form precipitates. Of fundamental interest is the 

first stage of internal oxidation at relatively low temperatures, 

i.e. the regime in which the immobile impurities react with the 

diffusing oxygen atoms to form isolated molecules. We have applied 

nuclear solid-state methods for the study of internal oxidation of 

bsp-impurities in silver single crystals. These methods deliver 

information about the stoichiometry, the geometrical and the 

electronic structure of the impurity-oxygen complexes on a sub-

microscopic scale and, therefore, may throw new light on the mechanism, 

of alloy oxidation. Moreover, they allow the direct determination of 

the oxygen profile, so that Wagner's model can be directly tested. 

*Paper presented by L. Niesen 
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Sample preparation 

Slices of i.5-3 aun thickness were cut from a 5N silver single 
crystal rod and polished mechanically and electro-chemically. Before 
implantation, the samples were annealed at 1000 К for 20 min in a H2-
flow in order to remove possible electropolishing reagents. 

The samples were implanted at room temperature in a non-
channeling direction in a vacuum better than 10"* mbar. The antimony 
or indium atoms were implanted with an energy of liO keV and a dose of 
4-1015 atoms/cm2, consisting almost entirely of stable isotopes and a 
very low dose of radioactive ll'sb or 1J1In. For the ' ̂ "ad¬ 
measurements, only radioactive lllmCd was implanted at 60 keV energy 
with a dose < l»10M atoms/cm2. 

After the implantation, the samples were annealed at 723 К for 10 
min in a Hj-flow in order to remove the implantation damage. The 
initial concentration profile of the indium (antimony) is broadened 
by this annealing treatment by roughly a factor of ten, resulting in a 
Gaussian distribution of substitutional Sb or In atoms with its 
maximum at the surface and a FWHM of 400 nm. The oxidation was 
performed in a quartz tube in which the pressure of the oxygen 
isotopes 1 8O 2 or l6O2 could be regulated from 1 to 600 mbar. The 
oxidation temperature was regulated by an oven which was mounted 
around the quartz tube. 

Internal oxidation of antimony in silver [Seg86a, Seg86b, Nie87] 

In fig.l, typical 119Sb Móssbauer spectra , taken at 78 K, obtained 
from the decay of :ł?Sb atoms in silver are shown. The as-implanted 
spectrum shows a single line, S=2.15(2) mm/s versus CaSnO3, corres¬ 
ponding to substitutional 119Sb atoms. Oxidizing this sample at 550 K, 
where the sb atoms are immobile, leads to the formation of Sb-0 
complexes with Sn in tha tetravalent state. The parameters of this new 
component, S=O.32(3) mm/s and Д=0.37(4) mm/s, are within the accuracy 
sgual to those found by Sanchez et al. [San84] for low temperature 
oxidation (To .600 K) of э dilute SnAg alloy. This shows that Sb and Sn 
form the same complexes after low temperature oxidation. 
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Ion beam analysis using the 180(p,oc) 15N reaction was used to study 
the depth profile and lattice sites of the 18O atoms [Ams67]. The 
energy spectrum of the a particles from the reaction gives direct 
information about the concentration profile of the 18O atoms in this 
case. The incident proton beam was set to 835 keV, i.e. in a region 
where the cross-section is relatively flat. Fig.2 shows the concen¬ 
tration profiles of a partly and a completely oxidized silver single 
crystal. The Móssbauer spectrum of the partly oxidized sample showed 
that 40(2) % of the antimony was oxidized. For both samples the amount 

of detected 18O divided by the number of oxidized Sb atoms is 2.0(2) . 

This shows that isolated SbO? complexes are formed. 
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Another important aspect of the depth profiling measurements is 
the shape of the oxygen profile. As expected, the oxygen profile of 
the fully oxidized sample equals the calculated antimony profile. 
More interesting is the oxygen profile of the partly oxidized sample 
since it displays how the internal oxidation process proceeds. Based 
on Wagner's model of internal oxidation [Wag59], one would expect a 
clear oxidation front, i.e. a sharp boundary between the oxidized 
antimony atoms near the surface and the non-oxidized atoms at deeper 
layers. However, we observed a rather smooth oxygen profile, showing 
that the oxidized antimony atoms are not concentrated near to the 
surface but are distributed over a few hundred nanometers. This can be 
understood on the basis of a new model for the mechanism of internal 
oxidation that treats the oxidation of antimony atoms as a two-step 
process [Seg88a]. First one oxygen atom is trapped to form an unstable 
SbO-compJex. If, within the lifetime of this complex, a second oxygen 
is trapped, a stable Sbo2-complex is formed in the silver matrix. The 
solid lines in fig.2 are the results obtained with this two-step 
oxidation model assuming a dissociation energy of 0.6 eV for the SbO-
complex. Since the SnO-complex is relative unstable, the model can 
also explain why only a Sn(4*)-component and no Sn(2ł)-component is 
observed in the Móssbauer spectra taken after oxidation at 550 K. 

Fig.3 shows the results of channeling measurements using the same 
reaction, at a proton energy of 640 keV. At this energy the 
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Pig.3: Angular асам through 
the major axes of a silver 
«ingle crystal with isolated 
SbO]-molecules formed by inter¬ 
nal oxidation at S50 K. The beam 
charge per point was 4 дс on a 
spot of l mm1. The fits are the 
results of Honte Carlo computer 
simulations. 

-2 -1 2 -2-1 0 
Angle Ф Idegl 

backscattered protons could be stopped in a :2 щи Hostaphan foil 
covering a large surface barrier detector used for the detection of 
the a particles. The angular scans through the raajor ar.is of a totally 
oxidized silver single crystal c'.̂ w a pronounced flux peak in the 
<110> string and dips in the other strings. This behaviour is highly 
characteristic for an octahedral interstitial site of the l80 atoms. 
The solid lines are the result of Monte Carle computer simulations 
[Smu87], showing the best agreement if the oxygen aeons are shifted 
about 0.3 A in a <lll> direction from the octahedral interstitial 



Tig.*: те* two poaaibl* arran¬ 
gements ot th« isolated SbO,-
•olecule in «ilv«r, accusing 
th» «ntiaony «to» to b« »t • 
•institutional sita. 

site. Fig.4 shows the two possible geometrical arrangments for the 
SbOj molecule, assuming that the Sb atom stays at or clcse to a 
substitutional site. 

Annealing of the oxidized samples leads to a gradual change of the 
Móssbauer parameters in the region 600-800 К to the limiting values 
S-0.18(2) mm/s, Д=0.63(3) mm/s. The reason for this change is not 
clear. Sanchez et al. [San86] have argued that it is associated with 
clustering of the individual SbOz complexes into bigger aggregates. 
However, the results on oxidation of indium show that the formation of 
small oxide particles takes place only in the temperature interval 
800-850 K. In the case of antimony all complexes dissociate around 
850 K, leaving substitutional Sb atoms in the silver matrix. 

Internal oxidation of indium in silver [Seg88b] 

Perturbed angular correlation on the 7-7 cascade in : l lCó was used 
to study the internal oxidation process of In and Cd impurities in 

silver. In fig. 5 typical lMIn-TDPAC spectra of silver single 

crystals implanted with stable indium to a dose of 4-1015 ln-atoms/cm2 

at 110 kev are shown after various annealing and oxidation treatments. 

The spectra were recorded along the <110-> axes with the sample at room 

temperature. Fig.5a shows that a completely unperturbed spectrum is 

obtained after annealing the implanted crystal for 10 min at 723 К in a 
Hj-flow. By this annealing treatment most of the implantation damage 
has been removed and all indium atoms occupy substitutional sites. 

Internal oxidation of the indium atoms was achieved by heating the 
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fig. 5: llJIn-TDPAC spectra of 
silver single crystals iaplanted 
vith stable indiua to a dose of 
4-1011 ato»s/CK8 after various oxi¬ 
dation and annealing treatments. T!?c 
spectra were recorded along <X10> 
crystallographic directions, 
(a): annealed for 10 min at 723 К 

in Hj-flow, 
(b): as (a) and oxidized for 1 Bin 

at 550 К in 50 mł̂ ar '"'o,, 
(c): as (a) and oxidized for 10 sin 

at 550 К in 300 mbar :l0j, 
(d): as (c) and annealed for 10 min 

at 750 К in 400 mbar '*0,, 
(c): as (d) and annealed for 10 min 

at 873 К in vacuani, 
(f): at (•) and annealed for 10 Bin 

at 1023 К in vacuum, 
(g): as (f) and annealed for 10 Bin 

at 1043 К in vacuua. 
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Table 1 
'''in-TDPAC parameters of indiua-oxygen co»pl< '•» in silver. 

Direction of Oxidation or 
Site v,(MHz) i f f EFG z-axis anneal Temp.(K) ref. 

<100> 

<100> 

2a-conplex 
59(6) 
64(3) 
50(3) 

2b-complex 
95-120 
118(4) 
90(3) 

0.3(1) 
0.4(1) 
0.7(1) 

0.4(1) 
0.35(1) 
0.46(6) 

InJOJ-precipitates 
116(2) 0.09(1) 
157(3) 0.004(1) 
118(3) 
156{T) 

111(1) 
157(2) 

Bulk In2O3 
119(2) 
154(2) 

0.08(2) 
0.04(1) 
0.10(1) 
0.03(1) 

0 
0* 

<0.02 
0.5(2) 
0.0(2) 

0.70(15) 
0.75(5) 
0.8(2) 

0.69(4) 
0.29(2) 
0.75(2) 
0.22(2) 
0.8(1) 
0.2(1) 

0.69(5) 
0.00(5) 

1 
1 
1 

1 
1 
1 

0.75(4) 
0.25(4) 
0.6(1) 
0.4(1) 
0.72(5) 
0.28(5) 

0.77(3) 
0.23(3) 

300-600 
573 

550-600 

575-1175 
623-723 
700-773 

775-1125 

723-1273 

873-1023 

Sch86 
Des83 

present 
study 

Sch86 
Des83 

present 
study 

Wod82 

Des83 

present 
study 

BO187 

crystal to 550 К in 100 mbar 18O2. The spectra shown in fig. 5 b and с 
were obtained with two different samples which were oxidized for 1 min 
and 10 min, respectively. Both spectra can be fitted assuming a broad 
distribution of electric guadrupole interactions, characterized by 
the parameters 

50(3) MHz, S = 0.7(1) and 0.0(1). 

with fóx=0.20(5) for the partly oxidized sample and fox=l.OO(5) for 
the completely oxidized sample. These values are somewhat different 
from the values given by the La Plata group [Des83] for a 1 % InĄg-foil 
oxidized at 573 К in open air. The Góttingen group [Sch84, Sch86] 
found again slightly different values for a preoxidized 0.5 % In&g-
alloy after isochronal annealing in the temperature range 300-573 K. 
The alloy was preloaded with oxygen by rapid cooling of the foil in an 
oxygen rich atmosphere. The llłIn-TDPAC parameters as determined by 

177 



О г Fig.6: 1''In-TDPAC spectra of 
the 2a-complexes recorded along 
different crystallographic 
directions as indicated. 

200 

these groups are collected in table 1. In spite of the differences, we 
think that all these measurements refer to the same type of indium-
oxygen complexes, denoted as the 2a-complex. 

We have determined the orientation of the EFG by recording TDPAC 
spectra along different crystallographic directions. These spectra 
are shown in fig. 6. The large hard-core value and the slow rise of R(t) 
in the measurement with the detectors parallel to the <100> crystallo¬ 
graphic directions is characteristic for a <ioo> direction of the 
principal axis of the EFG. Good fits are obtained by using the 
parameters of the 2a-complex given above and by assuming an axial 
symmetric EFG with the principal axis pointing in а <Л00> direction. 
However, the hard-core values obtained from these fits do not 
completely agree with the theoretical values, sugesting that the 
principal axes of the EFG are slightly different for the different 
complexes. 

We have used the fully oxidized sampl' for a channeling experiment 
to locate the lattice site of the oxygen atoms in the 2a-complexes. 
Angular scans through the major axes measured with the sample at гост 
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2a-complex 
Fig.7: Angular scans through 
the Bajor axes of a single 
crystal with only 2a-compl«x««. 
The simulation* (solid lines) 
show that all th« oxygen is 
trapped at near-octahedral 
Interstitial sites. 

-2 -1 1 2 -2-1 
Angle ф | deg | 

temperature are shown in fig.7. The pronounced flux peak in the <iio> 
scan and the dips in the <100> and <111> scans are unquestionably the 
consequence of a near octahedral interstitial site of the oxygen. The 
computer simulations gave a satisfactory correspondence with the 
experiment when all oxygen atoms were shifted 0.5{l) A from the 
octahedral interstitial site in a <111> direction. 

A third sample was, after implantation, annealed at 723 К for 10 
min in a H,-flow and completely oxidized for 10 min at 550 К in 300 mbar 
1 8 о г . After subsequent annealing for 10 min at increasing tempera¬ 
tures in vacuuri (or in 100 mbar ł 8 O 2 , which gives the same result) , the 
quadrupole Interaction parameters gradually changed to the following 

179 



values found for the temperature interval 700-750 К 

vt - 90(3) MHz, t - 0.46(6) and ^ - 0.8(2). 

These values are close to the values given in the literature for the 
so-called 2b-complex. However, as in the case of the 2a-complex, our 
value for the quadrupole frequency is somewhat low (c.f. table 1). 

Spectra taken at different crystallographic directions suggest 
that the principal axis of the IFG lies along the [100] direction, 
with the directions of the x- and y-axis parallel to [010] and [001] 
directions. However, there are appreciable differences between 
calculation and experiment, suggesting that the actual situation is 
more complicated. 

The oxygen concentration profile of this sample, with only 2b-
complexes, proves to be identical to the oxygen profile of the 
completely oxidized sample with only 2a-complexes. This implies that 
also for the 2b-complexes, two oxygen atoms are bound at each oxidized 
indium atom. The 2b-complex is formed by annealing at 700 К even in 
very dilute systems [Wod82, Des83], indicating that the change of the 
EFG is due to a thermally activated change in the oxygen-indium 
geometry rather than an effect of clustering. Consequently, the 2b-
complexes are also isolated InO2 molecules. 

The results of channeling measurements for this sample are shown 
in fig.8. The angular scans through the major axes <110>, <100> and 
<111> all show a dip in the string direction, which is a clear 
indication of a near-substitutional site for at least a considerable 
fraction of the trapped oxygen atoms. Channeling simulations show 
that several possibilities for the lattice site of the trapped oxygen 
can explain these measurements. The fits shown in fig.8 are obtained 
by assuming that 40 % of the oxygen atoms are shifted 0.4 (1) A from the 
substitutional site in a <110> direction. The remaining 60 % of the 
oxygen atoms give a random contribution, which implies that these 
atoms are neither in a near-substitutional site nor in a near-
interstitial site. We may conclude that due to the anneal at 700 К the 
position of a large fraction of the oxygen atoms has changed from an 
near-interstitial site in the 2a-complexes to a near-substitutional 
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2b-complex 
rig.в: Angular scans through 
the aajor axes of a single 
crystal with only 2b-conpl«x«s. 
The simulations (solid linas) 
show that about 40 » of til* 
oxygen is trapped at naar-
substitutional sites. 

- 2 - 1 0 1 2 >r -2 -1 
Angle ф |deg| 

0 1 

site in the 2b-complexes. This change may be caused by the trapping of 
thermally activated vacancies at the 2a-complexes. According to 
calculations, the time needed to associate all InQ2-complexes with 
two thermally created vacancies is 35 min at 700 К and 10 min at 750 K. 
Experimentally, the 2a->2b transition occurs in about 10 min at 700 K. 
In view of the crude assumptions made in the calculation the agreement 
is reasonable. 

A fourth sample, that, was prepared exactly in the same way as the 
previous sample containing 2b-complexes only, was annealed at 773 К 
for 10 min in vacuum. The TDPAC spectrum taken after this anneal 
showed no significant changes. However, after annealing at 873 К the 
spectrum changed drastically (see fig.5e) showing two well-defined 
quadrupole interactions, with 
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Za-complex 2b-comptex In.O,-pcec. subst 
Pig.9: 'J'In-TOPAC parameter* 
»,, • and relative f rac t ions / , 
as a function of the annealing 
temperatura, as derived fro» 
spectra partly shown in f ig .J . 

= 111(1) MHz, i = 0.10(1) and ij = 0.8(1), 

>tt = 157(2) MHZ, S = 0.03(1) and 1) = 0.2(1). 

The ratio ft:ft of the fractions having these interactions is about 

3:1. These parameters match very well with TDPAC measurements on bulk 

In2O3, where the two quadrupole interactions correspond to the two 

different coordinations of six oxygen atoms around an indium atom 

[Bol87] . This obviously means that the 2b-completes have agglomerated 

into InjOj-precipitates. This type of precipitation has also been 

observed in InAg-alloys by Wodniecki and Wodniecka [Wod82] and 

Desimoni et al. [Des83], who found a strong dependence of the growth 

of the precipitates on the indium concentration. This means that the 

inOj 2b-complexes are mobile at these elevated temperatures and have a 

tendency to form precipitates. This precipitation would result in the 

formation of agglomerates with a stoichiometry of InO2. Since bulk 

is instable in nature, the stoichiometry will most probably 
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change to In2O3 by the release of oxygen. Because no after effects are 
visible, the precipitates must be small [Mas86]. 

After annealing at 1023 K, a large part of the 1пг03-precipitates 
have dissociated (see fig.5f). They are completely dissociated at 
1043 К resulting in the unperturbed spectrum shown in fig.5g. 

In fig.9, the TDPAC measurements on internally oxidized silver 
single crystals are summarized by displaying the relative fractions 
of the various components and their guadrupole frequencies as a 
function of annealing temperature. 

Internal oxidation of Cd in silver 

In the interpretation of the IMIn-TDPAC spectra, the following 
argument may be important. l x lIn decays by electron capture to a short 
lived excited state of lllCd, which subsequently decays by the 7-7 
cascade used for the measurement of the TDPAC. This means that the 
hyperfine interactions are measured on cadmium-oxygen complexes 
whereas the geometrical structure, at least initially, is determined 
by the formation of the indium-oxygen complexes. In order to see if 
the cadmium-oxygen complexes formed by internal oxidation of indium 
have the same geometrical structure as the cadmium-oxygen complexes 
formed by internal oxidation of cadmium, we have performed internal 
oxidation experiments on cadmium implanted in silver. In fig.10, 
M1Cd-TUPAC spectra are shown of a silver single crystal implanted 
with only lllwCd at 60 keV to a very low dose, < 1-1011 atoms/cm2. 
After annealing at 723 К for 10 min in H2, various oxidation 
t latments were given. Fig.9a shows the unperturbed spectrum which 
was recorded just after the hydrogen anneal. Fig. 9b shows the spectrum 
obtained after oxidation at 650 К for 5 min in 600 mbar 0г. The 
guadrupole interaction is given by the parameters 

vu = 49(2) MHz, t = 0.6(1) and ij = 0.0(2). 

These values are equal, within the accuracy of the measurement, to the 
parameters of the indium-oxygen 2a-complex. 

At higher oxidation temperatures, the spectra obtained from 
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Fig.10: lllBCd-TDPAC spectra of 
cadBivm implanted with 60 keV to a 
dose < 1-1011 atoBS/ca1 in a singla 
crystal after various annealing and 
oxidation treatments. 
(a): annealed for 10 Bin at 72Э X 

in 1 at* H,, 
(b): as (a) and oxidized for S «in 

at «50 К in 600 «bar 0,, 
(c): as (a) and oxidized for 5 Bin 

at 750 К in 600 mbar o,, 
(d): as (a) and oxidized for S min 

at S50 К in 600 «bar 0,. 

0.15f (d) 

Ю0 
t Ins] 

200 

internally oxidized cadmium differ from the l l lIn-TDPAC spectra of 
the indium- oxygen 2b-complexes observed after internal oxidation of 
very dilute indium in silver [Wod82, Des83]. This means that at these 
temperatures the geometrical structure of the isolated cadmium-
oxygen complexes differs from the structure of indium- oxygen 2b-
complexes. 

Summary 

After oxidation of dilute alloys of 5sp elements in silver at 550 
K, the formation of complexes consisting of one 5sp atom (B) and two 
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oxygen atoms is firmly established. The oxygen atoms reside close to 

octahedral sites. The depth profile of oxygen does not show the sharp 

oxidation front predicted by the standard model of Wagner. The 

measured profile can be explained by assuming that the BO complex is 

only marginally stable. 

In the case of In two different configurations of InO2 complexes 

are observed, called 2a and 2b. It is argued that the 2b complex is 

formed by trapping of thermally created vacancies at the 2a complex. 

The large distribution of EFG's found for these complexes is poorly 

understood. 

Precipitation in the form of small In2O3 particles is observed 

above 800 K. Dissolution of these precipitates takes place around 1025 

K. For antimony in silver, the situation is less clear; in this case 

the oxidized component vanishes at 850 K, leaving substitutional 

atoms in the silver matrix. 

This work is supported in part by the Stichting voor Fundamenteel 

Onderzoek der Materie (FOM) subsidized through the Nederlandse 

Organisatie voor Zuiver Wetenschappelijk Onderzoek (ZWO). 
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РАС Measurements in Metal Oxides and Oxidizing fee Metals 

W. Boise, A. Bartos, J. Kesten, M. Uhrmacher and K.P. Lieb 
II. Physikalisches Institut, Universitat Góttingen 

and SFB 126, Gottingen/Clausthal, F.R.Germany 

1. Introduction 

The investigation of metal oxides using the РАС method is 
interesting from different kind of reasons. In most of the oxides 
the cation-anion bond is dominated by ionic contributions, 
therefore simple theoretical approaches like the point charge 
model may give reliable predictions for the efg acting on the 
nuclear probe. Since the oxides cristallize in different lattice 
structures, the efg can be studied as a function of the lattice 
parameters (coordination number, bond length, bond angle etc.) 
As will be shown in the following chapter, the РАС parameters a-
very sensitive towards small changes in the oxygen coordinate 
around the hyperfine probe Cd. For this reason, transitio: 
between oxides with different oxygen content may be studied on i 
microscopic scale. Many metal oxides also show at least one 
magnetic phase transition, for which the critical parameters can 
be easily determined making use of the magnetic moment of the 
probing nuclear state. The hyperfine parameters for In implan¬ 
ted into ir.etal oxides are also needed for the interpretation of 
our studies on the oxidation of In in fee metals (see chapter 3), 
as there one has to deal with the precipitation of indiurr. oxide 
in the host matrix as well as with the formation of host metal 
oxides. Apart from In 0 , where the In mother of the hyperfine 
probe'forms part of the cation sublattice, the different chemical 
nature of the probe atom leads to some difficulties in the 
identification of an unperturbed oxide surrounding, as the In 
atom is now an impurity which may trap defects. 
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2. РАС Studies on In implanted into Metal Oxides 

2 Л In2°3 
An impressive demonstration of the capability of the РАС 

technique to resolve small variations in the microsurrounding of 
the probing nucleus is given by our results on In introduced 
into indiurr. sesquioxide /UHR83, BOL87/. In O cristallizes in the 
Bixbyite structure (space group Ia3, a=10.177A), with the cations 
forming a nearly face centered cubic lattice in which six out of 
the eight tetrahedral sites are occupied by oxygen /MAR66/. The 
elementary cell of the oxide lattice consists of eight such 
cubes, containing 32 In - and 48 o" -ions. Due to their 
different 0 -coordinations the corner sites 1: % of tot-.l sites) 

6 and the face centered sites (75%) are not equivalent. As shown in 
the figure the In at the face centered site (In-2) is placed 
inside an asymmetric octahedron, whereas the corner site (In-1'1 
is surrounded by a slightly distorted regular octahedron. A 
simple point charge calculation of the hyper fine interaction 
parameters for Cd at both sites yields 

v P C = 4.7 MHz, n P C = 0.0 
С 

assuming Z „(In)=+3 resp. 2 ,_(O)=-2. Relaxation and anti-
eff eff 

shielding effects have not been taken into account. 
The РАС measurements were carried out with an In^O film on 

an Al-backing produced by electron gun evaporation of indiur, 
oxide in the presence of oxygen gas /OVA83/. The thickness of the 
film was determined to be about 360 nm by means of the Rutherford 
Backscatterinc? of 900 keV a-particles (figure 2.1). The rr.ean 111 13 -2 range of the- In (D = 10 cm ) implanted at 500 keV is K^lOOnm 
and therefore less than 1/3 of the layer thickness. 

As expected from the point charge calculation the Fourier 
transform of the perturbation function exhibits two frequency 
triplets (figure 2.2), corresponding to two different efg: 

v = 154(2) MHz, n = 0.00(5), f = 23(3)% 
VQO = 119(2) MHz, п., = 0.69(5), fo = 77(3)% 
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Fig. 2.1: RBS spectrum of the In 0 layer on Al backing 

The symmetry of the efg as well as the ratio of their 
relative fractions are in perfect agreement with the values 
predicted by the point charge model, whereas the absolute 
strength of the efg is underestimated by a factor of about 30-40. 

In in Anyhow, it is shown that the non-equivalent sites of 
In 0 can be resolved with the РАС technique. The appearance 
both efg may be taken as clear evidence for the formation 
I n2°3. 

of 
of 

The influence of the width of the efg distribution on the 
value of the fitted asymmetry parameter can also be well 
demonstrated by the comparison of the above shown results with 
those we obtained from In chemically introduced into 1 п

2°з 
powder /UHR83/. In this case the perturbation function shows an 
.xponential decay caused by a narrow distribution of efg around 
the values observed in the I n

2 ° 3 layer (6 /v =10-20%). As 
expected from the simulations done by Forker /FOR73/ the asym¬ 
metry parameter fitted to the experimental data increases 
strongly for In-1 (n =0-»0.33), whereas the one for In-2 is not 
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Fig. 2.2: Perturbation function and Fouriertransform of J11In 
implanted into the In.0, layer 
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affected very much (n =0 . f-9-KJ. 68 ) . It should be noted here that 
further increase of 6 /v >30% will result in n = 0.6 f-,r both Q Q sites. As the ground frequencies ш =g (ч.)и are very similar 
for the two interactions the differentiation between the two 
sites is not possible anymore for such broad distributions. 

The powder samples also exhibits a loss of anisotropy which 
was not seen in case of the In 0 layer on Al. Usually such 
damping in isolating or semiconducting materials is assumed to be 
due to fluctuating hyperfine fields caused by the delayed 
rearrangement of the electron shell after the radioactive EC 
decay ("after effects"). The presence of the metallic Al-backing 
seems to accelerate the electron shell recovery, leading to the 
disappearance of the fluctuating hyperfine fields. A similar 
effect was observed during the internal oxidation of Agin alloys 
/DES83, BIB83/. For small 1°,°-, precipitates embedded in the 
metallic silver matrix no after effects became visible, whereas 
with increasing size of precipitates an increase of the tulaxa-
tion constant was observed. 

2.2 Silver and copper oxides 

The hyperfine investigation of the silver- and copperoxides 
(AgO, Ag 0, CuO, Cu 0) is very interesting for various reasons: 

The cristalline structures and the electronic bonds of 
both systems are very similar and therefore the effect of 
small variations in the ir.etal-oxygen bond lengths resp. 
bond angles on the efg may be studied. 

- Phase transitions between compounds with different oxygen 
content may be easily studied as they occur at moderate 
temperatures and oxygen pressures for both systems. 
CuO-planes seem to play an important role for the 
properties of the new "high T " superconductors. РАС 
measurements may give some insight into the electronic and 
magnetic structure of the base material. 

On the basis of X-ray diffraction measurements AgO is known 
to cristallize in the tenorite structure, which is defined by the 
CuO lattice (figure 2.3). By means of neutron scattering two Ag-
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ions with different magnetic moments were observed and the 
monoclinic structure shown in figure 2.4 was proposed to be the 
more likely one /WYC63/. Although they are slightly different, 
both cristallographic structures are dominated by a planar 0 -
coordination around the cation (Cu , Ag ). In AgO also a *"* — + 2 — collinear o" -Ag -O configuration exists. For both the Ag-ions 
a point charge calculation yields axial symmetry of the efg pc (n =0), whereas for the copper site in CuO an asymmetry 
parameter n =0.3 is expected. 

Both the lattice structures of Ag О and Си О are of the 
cuprite type /WYC63/ (figure 2.5). The cations, which form an fee 
sublattice, are surrounded by a collinear arrangement of two 
tetrahedral oxygen ions. Calculations by Orgel /ORG58/ predict 
the same type of binding mechanism for both oxides. The formation 

10 + + 2+ 
of linear cation-anion bonds for d -ions like Cu , Ag and Cd 
in ionic oxides was explained by assuming an sd -hybridisation. 

z2 Recent MSX -cluster calculations for Cu O, Ag O and a collinear 
О -Cd -0 -cluster performed by Nagel /NAG83,NAG87/ have shown 
that the efg acting on the cation nucleus is mainly determined by 
the electrons from the 4d, 5p resp. 3d, 4p orbitals. Although 
these contributions depend strongly on the cation-anion distance, 
the resulting axially symmetric efg are nearly independent on the 
oxygen bondlength (figure 2.6). 

The experiments /BOL87,BAR88,BAT88/ were carried out with 
powders of AgO, Ag O, CuO and Cu 0, which were pressed into 
envelopes made from the respective metal. In addition some 
measurements with a Cu,О layer on a Cu foil were performed. In 
case of the silver oxides the РАС probe atoms were produced and 
implanted in situ via the nuclear reaction Ag(a,2n) In, 
using the 36 MeV a-beam of the Gottingen synchro-cyclotron. The 
Gottingen heavy ion implanter IONAS was used for the implantation 
of about 10 cm In into the copper oxides at an energy of 
£ 500 keV. After In-doping the samples usually passed an 

isochronal or isothermal annealing procedure. In general the РАС 
measurements were carried out at room temperature. Some measure¬ 
ments were also performed at higher (T =1100K) resp. lower 
temperature (T . =20K) to obtain the temperature dependence of 
the hyperfine parameters. 
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Fig. 2.4: (above) Monoclinic 
AgO-structure 

Fig. 2.3: (left) Tenorite structure 

ЗА 3.6 3.8 4.0 U 44 

Fig. 2.5: (above) 
Cuprite structure 

Fig. 2.6: Contributions of the 4d and 5d 
orbitals and total efg at the 111 2- 2+ 2-Cd nucleus in а О -Cd -O 
cluster. 
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Fig. 2.1.a: Perturbation functions and their Fourier transforms 
measured during an isochronal annealing cycle of 

InAgO. 
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Fig. 2.7.b: Perturbation functions and their Fourier transforms 
measured during an isochronal annealing cycle of 
*InCuO. 
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Figures 2.7.a and b show some typical perturbation functions 
and their Fourier transforms for an isochronal annealing cycle of 
AgO and CuO. The similarity of the two metal-oxygen systems is 
reflected by their similar behaviour during thermal treatment: 
After irradiation of AgO a well defined quadrupole frequency 
(v =323(5)MHz, n=0) is observed, accompanied by a broad frequency 
distribution (<v >=2O0-30OMHz, 0=0.1-0.4). After vacuum annealing 
of the sample above the stability range of AgO the well-defined 
frequency disappears and only a broad frequency distribution 
(v =100(10)MHz, n=0.1-0.4} remains visible. In CuO two well 
defined quadrupole frequencies (a: v =250(4)MHz, 0=0.77: b: 
v =420(l)MHz, n=0.42) became visible after implantation of In 
at room temperature together with a broad frequency distribution 
(<v >=231(2)MHz, n=0.66). One of the well defined frequencies (a) 
already disappears after the sample is heated above 400K, whereas 
the second stays stable until the monoxide becomes instable and 
is then replaced by a broad frequency distribution 
(<v >=152(25)MHz, 0=0.7-0.9). Further heating of both samples 
leads to the appearence of a new well defined quadrupole 
frequency (Cu: « =124(2)MHz, n=0, Ag: V =129(4)MHz, n=0), which 
is very similar in both systems. The broad frequency distribu¬ 
tions (Cu: <v >=93(l)MHz, n=0.6, Ag: <v >=100(10!MHz, 0=0.1-0.4) 
visible at the same time peak at the lowest harmonic of the well-
defined frequency triplets. Increasing the temperature above the 
dissociation temperature of Ag O leads to the disappearence of 
these frequencies in favour of the broad frequency distribution 
known from the oxidation of In in silver (<v >=110(10), o=O.6-
0.8). The degassing of the compound can also be observed, 
resulting in an increase of the unperturbed fraction (no efg) 
typical for the cubic silver lattice. 

As explained in more detail in /BOL87,BAR88/, the fractions 
f(420) resp. f(323) were attributed to Cd placed onto a 
defect-free cation site in the respective monoxide. The most 
important arguments for such an interpretation are: 

The fractions f(420) and f(323)are stable up to the tempera¬ 
tures, where the MO -> M O phase transition is expected to 
take place. 
The fractions f(420) and f(323) disappear above the stability 
range of the monoxides. 
The measured asymmetry parameters are in fair agreement with 
the values expected from the point charge model. 
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f(420) exhibits an energetic splitting of the probing nuclear 
level below T =230K which is expected for the antiferromag-m netic CuO-lattice (see below). 

It should be already noted here, that the efg corresponding 
to the fractions f(42O) and f(323)scale with d (d=M-0 bond-
length) . This results in the same antishielding factor exp pc P=v /v =20 within the point charge model. The fractions 
labelled f(124) resp. f(129) can be attributed to Cd sur¬ 
rounded by the undisturbed cuprite lattices of Ag O resp. Cu 0. 
Due to the higher thermal stability of the copper oxides and the 
less noble character of copper compared to silver many more cross 
checking experiments can be done within the Cu-O-system. There¬ 
fore we first will briefly summarize the argumentation for 

InCu 0: 
f(T24) only appears in the stability range of Cu 0. 
X-ray and RBS-analysis of the samples showing f(124) 
exhibits only Cu^O-reflections. 

2 111 
f(124) can be produced by reduction of InCuO and by 
oxidation of InCu. 
f(124) can be produced by implantation of In into Cu < 
and subsequent annealing. 
f(124) appears, when the concentration of Cu vacan¬ 
cies rapidly decreases /KAU84/. 
For some Cu 0-layers on copper f(124) reaches 100%. In this 
cases a monocrystalline structure can be deduced as the 
amplitude ratio of the frequency triplet depends on the 
orientation of the sample relative to the detector plane 
(see figure 2.8). From this behaviour one can conclude that 
the efg points out of the surface plane. This is in 
accordance with the texture of Cu 0 films on copper formed 
during the recrystallization at the given temperatures 
/BLA52/. 

- The measured asymmetry parameters are in fair agreement 
with the values expected from the point charge model. 
From these facts we attribute f(124) to Cd on a copper 

site with a defect free Cu О surrounding. As the Ag-0 system 
behaves very similarly and the РАС pattern look nearly identical, 
f(129) is then attributed to Cd on a silver site in Ag 0. 
Although room temperature implantation of In into Ag O does not 
result in a narrow frequency spectrum, the observed broad 
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Fig. 2.8: Perturbation function and Fouriertransform of а Си О 
layer on Си after annealing at T =107iK. The amplitude 
ratio of the harmonics depends on the orientation of 
the layer with respect to the detector plane. 

frequency distribution peaks at the lowest harmonic of f(129> 
(see figure 2.9). We conclude that the hyperfine probe atoms are 

which is better 
sample has passed the AgO -> Ag„O phase 

to be 

in both cases surrounded by an Ag O environment, 
defined after the 
transition. of f(124) resp. The interpretation 
attributed to Co. in the undisturbed cuprites 
sistent with the calculations of Nagel /NAG83, 
predict nearly identical quadrupole frequencies 
systems. 

t(129) 
is also con-
NAG87/ which 
for the two 

By means of neutron scattering below T=240K an antiferro-
magnetic ordering of CuO has been observed /BRO54,FOR88/. From 
the magnetic moment of the Cu -ion the hyperfine magnetic field 
at the copper nucleus was estimated to be of the order of IT 
/RIE88/. Hyperfine methods like РАС are well-suited to measure 
such internal fields very precisely in the absence of electric 
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Fig. 2.9: Perturbation functions taken after 
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a) disintegration of InAgO 

b) implantation of In into kg О 
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quadrupole interaction. For combined interaction the same accu¬ 
racy may be obtained only in case of small magnetic interaction 
compared to the electric quadrupole interaction (and vice versa). 
From this point of view Cd is a proper probe for the 
investigation of the antiferromagnetic ordering in CuO as the 
electric quadrupole moment of the intermediate state is relati¬ 
vely large and therefore leads to the high quadrupole frequency 
v =420MHz compared to the expected Larmorfrequency of the order 
of some tens of MHz. 

We have measured the hyperfine parameters for a sample with 
maximum fraction f(420) as a function of temperature and indeed a 
splitting of the frequency triplet into various satellites due to 
the combined hyperfine interaction below T=230K is observed (see 
figure 2.10). Taking into account the Euler angles between the 
magnetic field and principal axes of the efg, the supertransfer-
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Fig. 2.10: Perturbation functions of CuO taken above and below 

the Neeltemperature 

2.3 Nickel oxide 

Another example of an antiferromagnetic ordering of the 
nuclear spins is given by the most stable oxide of the ferro¬ 
magnetic nickel. NiO crystallizes in the cubic rocksalt structure 
with an antiferromagnetic spin superlattice below its Neel 
temperature T s543K. A hyperfine probe atom, which is sub¬ 
stituting a Ni atom therefore should not experience any efg, but 
a magnetic hyperfine field supertransferred from the Ni sublat-
tice via the cation-anion bonds. For this reason the situation is 
similar to that in the cubic ferromagnetic metals, where the 
undisturbed host matrix is characterized by an unperturbed 
angular correlation above resp. a pure Larmor oscillation below 
the Curie temperature T . Irregularities in the microsurrounding 
of the probe atom were identified by an electric quadrupole 
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intetaction and/or a change in the magnetic hyperfine field 
/HOH77,RAE88/. 

The first hyperfine investigations of the supertransferred 
hyperfine field in NiO were carried out by Rinneberg and Shirley 
/RIN76/ in 1976. Instead of the In-isotope Cd was used to 
populate the initial nuclear state of the 171keV-245JceV г~Г-
cascade in the Cd nucleus, which was chemically introduced 
into the NiO-sample. The РАС measurement carried out at T =4K 
showed no electric quadrupole frequency, but a slightly broadened 
Larmorfrequency ш (4K)=280MHz, in agreement with the magnetic and 
crystallographic structure of the oxide. The corresponding inter¬ 
nal field В ,=19.11(25) T could be reproduced theoretically sthf (B ,,=18.96 T). Therefore as well as for sorae chemical reasons sthf it was assumed, that the РАС probe is occupying a substitutional 
site of the cation sublattice. The damping of the perturbation 
function was explained by a distribution of the magnetic hyper¬ 
fine field caused by defects in farther distances. 

Our experiments /BOL87/ were carried out between T = 20K-
m 600K, covering the transition from the antiferromagnetic to the 

paramagnetic phase. The samples were prepared by thermal oxi¬ 
dation of 50 um thick Ni foils in 200jnbar О at 1223K. As checked 
with RBS of 1 MeV a-particles, the resulting oxide layer showed 
the proper stoichiometry over more than 500nm (figure 2.11). 
After oxidation about 10 In ions per cm were implanted at 
E=500keV. In figure 2.12 perturbation functions obtained at 
different measuring temperatures are shown. In agreement with the 
results of Rinneberg and Shirley, a single magnetic fraction with 
some damping was observed. The temperature dependence of the 
Larmorfrequency in the critical region T->T can be described by 
О) (Т)/шт (0) = (l-T/T ) T with T=543(2)K, T=0.385(15) and L L N N w (0)=325(5)MHz. The critical behaviour is similar to the one L 111 observed for Cd in Ni /HOH76/ and CoO /ING88/ (figure 2.13). 
As for T>T . a frequency distribution around zero remains visible, N we conclude that all probe atoms are exposed to a magnetic 
hyperfine field combined with a small efg distribution around 
V =0. As it is also visible when using a chemically prepared zz sample, radiation damages can be excluded as the reason for this 
efg distribution, which is also observed in other cubic oxides 
/RIN76,WOD87,ING88/. On the other hand it is known that most 
oxides are able to solve oxygen in excess. The distributed efg 
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Fig. 2.11: RBS spectra of pure and oxidized Ni (T =1223K). 
the ratio Y of the backscatter yields one 

From 
can 

deduce the atomic ratio Ni/O=l/1 over a layer of more 
than 0.5/jm 

usually observed for the oxides may also be connected with 
interstitial oxygen and/or cai-ion vacancies in farther distances. 

After annealing of the samples above the Neel temperature 
the cubic symmetry around the probe atoms is destroyed: two 
nearly undamped quadrupole frequencies (v =65(2)MHz, n=C; 

0=0) and a broad frequency distribution around 
with 0-0.7 appear. The efg distribution around 

v =189(2)MHz, 
<v >=125(10)MHz 
zero correspond? to the undisturbed NiO lattice. Figure 2.14 
shows some typical РАС spectra taken above T after annealing at 
the given temperatures.In figure 2.14 the relative fractions are 
plotted versus the annealing temperature. The well defined 
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Fig. 2.12: Perturbation functions for NiO after implantation of 
In as a function of the measuring temperature. 
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Fig. 2.13. 111. The Larmor frequency for J"Ł'LJn- in NiO and Ni, plotted 
versus the reduced temperature, show the same critical 
behaviour. 

frequencies already appear at relatively low temperatures and may 
therefore be attributed to the trapping of point defects, 
originating from either the radiation damage introduced by the 

In beam or from thermal desintegration of the HiO. Further 
experiments looking for the combined hyperfine interaction of the 
efg produced by the defects and the magnetic hyperfine field 
supertransferred from the NiO matrix are in progress. 

The oxygen profile of the oxide layer as determined with RBS 
of 1 MeV ос-particles after the last annealing of the sample shows 
a strong decrease of the oxygen concentration in the first 100 nir, 
(figure 2.16). As the broad frequency distribution was also 
observed after oxidation of In implanted fee metals and was 
interpreted as InO -complexes (see chapter III), 

In to the surface may have taken place. 
segregation of 

ZOk 
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Fig. 2.14: Perturbation functions of NiO after annealing at T>T Л taken at Tm=600K. 
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Fig. 2.15: (page before) Composition of the perturbation function 
in NiO after annealing at V >T . 

Fig. 2.16: (page before) RBS spectra of pure Ni and the NiO layer 
after annealing at 900K.. The Ni/O ratio from the 
surface up to the mean range of SOOkeV In is 
drastically reduced compared to the initial state of 
the oxide layer in figure 2.13. 

2.4 Oxides having the corundum structure 

Several simple oxides are known to occur with tlie corundum 
structure, including Al 0 , Fe 0 , and Cr 0 . In the corundum 
lattice the oxygen atoms form a distorted hexagonal close 
packing, for which 2/3 of the octahedral sites are occupied by 
the metal atoms /WYC63/. The 0-6 coordination around the cations 
deviates only slightly from the perfect octahedron. Therefore the 
point charge model predicts more than twice as small efg as 
compared with the In 0 , which exhibits more distorted octahe¬ 
dral 0-6 configurations around the cation. 

Kesten et al /KES88/ recently measured the efg at the Cd 
nucleus after i.nplantation of In into monocristalline Al 0 
and polycristalline Cr 0 and subsequent annealing. For the 
aluminum oxide three fractions were observed: 

1: v =198* 3)MHz n=0.20(8) 6 /v <10% f =52% Q Q Q max 2: v =168(12)MHz n=0.66(9) 5 /v =36% f =57% 0 0 Q max 3: v = 89{ 3)MHz n=0.17(4) б /v =40% f =35% Q Q Q max 
The dependence of the perturbation function on the orienta¬ 

tion of the single crystal with respect to the detector plane is 
shown in figure 2.17. Fraction 1, which produces the narrow peak 
in the Fourier transform was attributed to probe atoms on 
undisturbed substitutional sites in the cation sublattice. As 
expected from the lattice symmetry the orientation of the z-
component of the corresponding efg points into the cristallo-
graphic c-axes. The deviation of the experimental asymmetry 
parameter from axial symmetry can be explained by the influence 
of the finite width of the efg distribution on the fitted n 
parpmeter according to the simulations of Forker /FOR73/. 
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111 In implanted into Cr О Fig. 2.18: Perturbation functions for 
powder, measured above and below the Neeltemperature 
T =307K. N 

After implantation of In into Сг О powder and subsequent 
annealing at T =675K the perturbation functions shown in figure 
2.18 were observed. The frequency triplet corresponding to the 
electric quadrupole interaction parameters 

v =148(2)MHz n=0.00<5} f =70% max 
to Cd on was attributed to ~~ Cd on undisturbed substitutional cation 

sites, as all other contributions are incompatible with the axial 
symmetry of the lattice structure. As Cr О is antiferromagnetic 
combined electric and magnetic interaction is expected below its 
Neel temperature T =307K. Indeed the narrow frequency distribu-
tion measured above T becomes slightly broadened when measuring 
at 20K. Thf above attribution is corroborated by the experiments 
of Asai et al /ASA84/ with Cd in o-Fe О , as the measured efg 
is of the same order as in А1„О, and Cr O (w =160(2)MHz). 
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2.5 Comparison of the measured efg and the oxide structure 

As up to now no reliable theoretical approach exists to 
calculate the efg acting onto dilute impurities in chemical 
compounds, we have used the simple point charge model to 
correlate the measured efg to the oxide structure. As the oxides 
-ainly feature ionic bondings, these calculations should work 
tolerably. Indeed most calculated asymmetry parameters are in 
good agreement with the experimental values, but the quadrupole 
frequencies are underestimated by an antishielding factor of $ = 
v /y = 3-100, where « denotes the quadrupole frequency 
Q Q Q 

calculated with the point charge model. 
In one of our earlier papers /BOL87/ a correlation of the 

antishielding factor and the cation-anion bordlength was pro¬ 
posed. Although such a correlation would be of great help in 
interpreting the broad frequency distributions usually observed 
when oxygen is present in the sample, the large set of data 
available now does not confirm this correlation. In figure 2.19 
the 3-values for different, oxides are plotted versus the oxygen 
bondlength. Included is the preliminary value for ^^I.n implanted 
into Y 0 , which has been measured by Uhrmacher et al /UKR88/ in 
the course of a systematic study of the components of the high T„ 
superconductor YBa Си О . As can be clearly seen, the (3-values 
arrange in four groups, which coincide with the type of the 
cristallographic structure of the respective oxides. For oxides 
with the Bixbyite structure, the (5-vaiues are sirr.ilar to the or.e 
calculated for Cd by Feiock and Johnson /FEI69/ [5 = 30.27. The ji-
values for the cuprites (3=5) and tenorites (B=20! are below, and 
for oxides having the corundum structure (£=80! above this value. 

If one only takes into account the arrangement of the nearest 

oxygen ions, it turns out that the higher the coordination nuir.ber 

(Cuprite: N=2, Tenorite: N=4, Bixbyite and Corundum: N=6) the 

higher is the antishielding factor. Indeed the 3-values should 

depend on the electronic state of the probing aton: /FEI69/, so 

our measurements may help in understanding the enhancement of the 

efg by the electron shell of the nuclear probe. 
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type of the oxide. 
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3. Oxidation of In Implanted into fee Metals 

In the last chapter we have discussed the hyperfine para¬ 
meters for substitutional probe atoms in some oxides. It turned 
out that the efg acting on the probe nucleus depends strongly on 
the electronic state of the probing Cd atom. In the following 
chapter we will describe our experiments on the oxidation of its 
radioactive mother. The chemical properties of the In atom and 
those of the fee metals are the dominant parameters for the 
oxidation process, whereas the oxygen coordination and the 
electronic properties of Cd determine the hyperfine parameters 
detected after the oxidation. 

3.1 Survey of measurements 

The first application of the РАС method to the study of the 
(internal) oxidation of In in silver was done by Pasquevich et 
al /PAS81/. The amount of oxidized In inside the cubic silver 
lattice was detected and attributed to a progressing oxidation 
front according to Wagner's theory /WAG59/. Using higher concen¬ 
trated InAg alloys (c =0.5at %) Wodniecki and Wodniecka /WOD82/ 
identified the formation of Inô -i precipitates through the 
observation of the quadrupole frequencies for Cd in In 0 . 
After a detailed investigation of the interaction between In, 
oxygen and radiation induced defects in silver 
/BOL83,SCH86,WEG87/, we started a systematic study of the oxida¬ 
tion of In implanted into fee metals /BOL85,BOE87/. Parallel 
to our investigations, the La Plata group continued with the 
investigation of silver indium alloys and the Bonn group studied 
the oxidation of In in gold. The Groningen group started a 
combined channeling, РАС and Mó(3bauer study of oxidized 5-sp 
elements in silver /NIE87,NIE88/. In the following we will 
shortly summarize our results concerning the oxidation mechanism, 
the structure of the indium oxygen complexes and the size of 

indium oxide precipates at low impurity contents (c <0.1at % ) . 
In 

We havs investigated the oxidation of In in the more 
noble fee metals Au, Ag, Pd and Pt as well as in the less noble 
fee metals Al, Cu and Ni. Usually after implantation of In+ 

into the metal foils at ES500keV a vacuum annealing was carried 
out to recover the ion beam induced damages. The samples then 
passed an isochronal oxidation treatment in 200mbar oxygen at 
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Fig. 3.1: Perturbation functions with maximum fraction of oxi¬ 

dized In-atoms. 
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temperatures T =300-1223K (t =15min). With increasing oxidation 
ox ox 

temperature the unperturbed fraction is progressively replaced by 
a broad quadrupole frequency distribution, attributed to the 
trapping of oxygen by * In. In figure 3.1 the perturbation 
functions with maximum fraction of oxidized In atoms for all 
investigated fee metals are summarized. The oxidation of the 
probe atoms results in a broad quadrupole frequency distribution 
around <« >=90-200MHz. The center frequencies of these distri¬ 
butions are plotted versus a in figure 3.2, with a denoting the 
lattice constant of the metal. All values spread around the 

spectrum. For 
Pt, Pd and Al the center frequency is very close to this 

value. This points to the formation of similar InO complexes 
with an oxygen coordination similar to In 0 . For Ag, Au and Cu 
the situation is somewhat different and will be discussed below. 

frequency which is expected for a broadened In О 
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3.2 Center frequencies of the broad distributions found 
after the oxidation of In implanted fcc-metals 
plotted versus the cation-anion bondlength. 
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3.2 Oxidation mechanisms 

The oxidation of In implanted fee metals can be divided 
into two basic mechanisms: 
- oxidation of the host metal 
- oxidation of indium inside (internal oxidation) or outside 

the bulk material (external oxidation), followed by the 
formation of In~0-, precipitates. 

Depending on the external conditions, especially on the oxidation 
temperature and the oxygen pressure, one of these mechanisms may 
dominate, leading to the appearence of well defined hyperfine 
interaction frequencies. Apart from Ni all netals exhibit only 
broadly distributed quadrupole frequencies with the center rather 
close to that of In,0 precipitates observed in Agin /WOD32/. We 
interpret this as the formation of very small InO clusters at 
the very beginning stage of In 0 precipitation, called "In 0 
embryos" by the La Plata group. 

For the noble metals Au, Ag, Pt and Pd which are not 
oxidizable above T --570K at the given oxygen pressure, internal ex or external oxidation of In may occur. Because of its very low 
oxygen solubility external oxidation of In in Au already occurs 
at In concentrations at the ppm level /PAS85/. The center 
frequencies found for Pt and Pd agree with the formation of small 
In^O7 precipitates, too. However, no distinction between the two 
types of In oxidation was possible up to now. The oxidation of 
Agin alloys is one of the standard examples for the validity of 
Wagner's theory and has been extensively investigated using 
electron microscopy /RAP65/. Froa these results one can conclude, 
that under the present oxidation conditions, external oxidation 
of In in Ag only occurs for ст >10 at %. Indeed the La Plata 
group has shown that internal oxidation of In takes place in — 4 dilute InAg alloys with с =10 -1 at %, although the tine In depender.ee of the progression of the oxidation front deviates 
from the predicted parabolic behaviour /PAS83,DES83/. A similar 
result was obtained for с =0.5 at % by Wodniecki et al /WOD82/. 

In 
For oxidation of In in Ag at lower temperatures (T <600K) 

another oxidation r.echanism seer.s to be the r-.cre important one. 
In figure 3.3 the result of an isochronal oxidation of a silver 
indiur alloy (c =0.5at %) performed by Desir.oni et al is shown 
/DEŁ83/. After oxidation at 570K all probe ato-.s are oxidized, 
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Fig. 3.3: Composition of the perturbed angular correlation for a 
silver indium alloy (c =0.5 at%) as a function of the 

In 
oxidation temperature. Ill a)broad distribution similar to InAg О 
Ыbroad distribution around the In О frequencies 
c)well-defined In О frequencies 

resulting in a broad frequency distribution similar to the one 
found after implantation of In into Ag O /BOL87/. As shown in 
chapter 2.2 this distribution centers at the first harmonic of 
the frequency triplet attributed to Ago0 produced after thermal 
desintegration of AgO. For In implanted into pure silver we 
found a similar result. The Groningen group /NIE87,NIE88/ perfor¬ 
med a combined channeling-, МоЭЬаиег- and PAC-study on a sample 
showing the above frequency distribution. They found evidence for 
an О -coordination around the In atom. The oxygen atoms are 
located on the NN octahedral sites, resulting in the same oxygen 
bondlength d =2.04A as known for the collinear O^-coordination 
of the silver atom in Ag 0. For this reason these complexes may 
be interpreted as precursors of Ag O with the In as the 
nucleation center. 
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sample, measured with RBS. 
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For copper we found a strong decrease of the average 
frequency from <v >=200MHz at T =500K to a value similar to the 
value found in the noble fee metals at higher temperatures. 
Although the CuO and Си О frequencies have not been observed 
after oxidation of In implanted into Си, this behaviour may be 
interpreted in the same way as for InAg. If the oxidation 
occurs at moderate temperatures, where In diffusion does not take 
place, the probe atom is dissolved in the oxidized host metal, 
whereas at higher oxidation temperatures In О precipitation sets 
in as soon as In becomes mobile. 

As already shown in chapter 2.3 annealing of Ni in oxygen 
leads to the formation of a NiO layer on top of the metallic 
foil. Because of the ferromagnetic ordering of the cubic Mi metal 
as well as the antiferromagnetic ordering of the cubic NiO, both 
the electric quadrupole interaction (measured above T ) and the 
magnetic hyperfine interaction (measured below T ) may be used to 
identify the indium oxygen configurations formed during the 
oxidation of InM. As expected for a magnetically ordered 
cubic matrix, a single fraction with a well defined Larmor 
oscillation is observed after annealing of the radiation damages. 
Measured above T the angular correlation becomes unperturbed. 
When oxidizing the sample at increasing temperatures this frac¬ 
tion is successively replaced by a broad frequency distribution 
attributed to "In 0 embryos". Besides the broad distribution a 
second magnetic fraction appears, attributed to In dissolved 
in NiO. The ratio of the two oxidized fractions R=f /f 
depends on the oxidation temperature. This can be best illustra¬ 
ted by an isothermal oxidation of InNi at T =723K in 20mbar 

. — ox 
0 . The perturbation functions together with their Fourier 
transforms are shown in figure 3.4. Corresponding to the growing 
NiO layer measured with RBS (figure 3.5) the fraction of 
substitutional In in Ni decreases in favour of a fraction with 
the hyperfine parameters for CdNiO. After 400min oxidation all 
In atoms are located in a NiO environment. Heating the sample to 
T =1223K results in decrease of the NiO signal and an increase 
ox 
of the broad frequency distribution. Evidently no InO precipita¬ 
tion occurs at the lower oxidation temperature, but In is 
dissolved in NiO. Since the broad frequency distribution attri¬ 
buted to indium oxide embryos becomes visible at higher tempera¬ 
tures, we conclude that at this temperatures In has become mobile 
and In 0 precipitation has taken place. 
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This interpretation is corroborated by the correlation of 
the melting temperature with the temperature T,_,=0.6T , where 
half of the initially unoxidized In atoms are exposed to an 
oxygen surrounding during the isochronal oxidation cycles. In 
metals the formation of thermal vacancies sets in at about half 
the melting point and thermally activated substitutional dif¬ 
fusion becomes possible. Due to the short oxidation time in our 
experiments the In becomes mobile before the oxide layer has 
covered the whole implantation profile. We suggest that the 
oxidation of diffusing In and the formation of initial indium 
oxide precipitates (possibly at grain boundaries) is the dominant 
oxidation mechanism at oxidation temperatures above half the 
melting point. 

Since we found evidence for the formation of initial In О 
л, 3 precipitates, it would be of interest to get information about 

their size and about the influence of their size on the hyperfine 
parameters. For such low In concentrations no results from 
microscopic methods are available up to now. On the other hand 
many РАС studies on silver indium alloys have been carried out, 
covering a wide range of In concentrations (c_ = 0.01 at ppm - 7 
at % ) . Comparing the results of these experiments, two correla¬ 
tions between the hyperfine parameters corresponding to indium 
oxide and the In content can be deduced: 

non-static hyperfine interaction due to after effects only 
appear at high In concentrations 
at low In concentrations the frequency triplets are smeared 
out and only broad frequency distributions can be observed 

As already described in chapter 2.1 the I n
30-, layer de¬ 

posited onto an Al foil does not show any damping, whereas the 
powder samples showed a relaxation connected to the delayed 
recovery of the electron shell of the probe atom due to the low 
density of conduction electrons in In^O . We suggest that the 
absence of after effects in the oxide layer is caused by a rapid 
transfer of electrons from the Al metal to the conduction band of 
the semiconducting In О . This interpretation is corroborated by 
the results of the oxidation experiments on Acjln alloys with an 
In content in the percent range carried out by Bibiloni et al 
/BIB84/. They found that compared to pure In О the precipitates 
embedded in Agin show less relaxation. This behaviour was also 
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attributed to an electron transfer from the Ag-metal to the oxide 
precipitates. If this is correct, the relaxation of the angular 
correlation should depend on the size of the precipitates, which 
itself depends on the In concentration. Indeed we found a 
correlation between the relaxation time 
of Aflln alloys as shown in figure 3.6, 
described interpretation. 

and the In content 
confirming the above 

ił 

3-

o 

1 
1 

/ 

/ 

0 2 3 
CIn (at%) 

Fig. 3.6: 

Relaxation con¬ 
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Localization of Impurities in Semiconductors by Channeling of Electrons and 
Positrons 

H. Hofsass, S. Winter, S. Jahn, G. Lindner and E. Recknagel 
Fakultat fur Physik, Universitat Konstanz, D-7750 Konstanz. FRG 

Channeling of decay electrons and positrons emitted from implanted 
radioactive probe atoms was first investigated by Uggerhoj |1] and was one of 
the very eary applications of the channeling effect to lattice location of impu¬ 
rities. Isotope separator facilities like ISOLDE at CERN |2] provide intense beams 
of a large number of different isotopes, many of them suited as probe atoms in 
channeling measurements. Therefore channeling of decay electrons and positrons 
is a rather universal technique and can be applied to nearly all impurity-host 
systems. 

For electrons, emitted e.g. from substitutional lattice sites, an enhanced 
emission yield in the direction of crystal axes or planes is observed. For posi¬ 
trons, on the other hand, blocking dips are characteristic, if emitted from sub¬ 
stitutional positions. With an increasing fraction of emitter atoms displaced with 
respect to an axis or plane the respective maxima or minima are disappearing. 
From a comparison of emission yields observed in different crystal directions, 
the lattice site occupancy of emitting atoms can be determined. A unique 
feature is the quite low impurity concentration sufficient for this channeling 
technique. For typical implantation doses of 1012 ions/cm2 at E = 60 keV the 
local impurity concentration does not exceed 1016 - 1017 /cm3. Moreover, the 
overlap of defect cascades is small, so that the local defect environment of each 
dopant is determined by its own slowing down process. 

A major advantage of this lattice location technique is the possibility of 
a combination with nuclear hyperfine interaction techniques like Mossbauer 
spectroscopy and perturbed angular correlation (РАС) under identical conditions 
[3.4,5]. 

To clarify the microscopic situation after ion implantation in semiconduc¬ 
tors, numerous lattice location studies using ion channeling and Rutherford 
backscattering techniques have been performed (61. In ger.jral rather high 
dopant concentrations ( £ 1OM ions/cm2) are needed for those studies. However, 
such fluences cause severe radiation damage leading to an amorphization of the 
lattice in most cases. Therefore annealing of the sample up to rather high tem¬ 
peratures is necessary prior to channeling measurements and information about 
the as-implanted lattice site is no longer obtainable. These difficulties can be 
avoided by implanting radioactive dopants at low doses and using electron and 
positron channeling |7,8|. In the following, lattice location measurem -nts of Cd 
and In ans Те impurities in Si and GaAs are presented. 

After implantation of Il4mIn (ti,2=49.5 d) and 112BIn (ti 2=20.9 m) into n-
type as well as p-type Si emission maxima of conversion electrons (electron 
energies between 130 keV and 190 keV) were observed at the as-implanted 
samples in all three principal axes |8|. This demonstrates, that the crystalline 
structure, in particular the defect cascade volume and the neigbourhood of the 
implanted impurities, is not strongly disturbed by implantation. Assuming a 
substitutional fraction greater than 90 % after annealing to 700 K, as derived 
from Mossbauer spectroscopy at "9In/ll9Sn probes [9,JO,111, a minimum substitu¬ 
tional fraction in the as-implanted sample of about 60 % is calculated (neglec¬ 
ting possible additional dechanneling due to radiation damage). 

Ion channeling data indicate that Cd impurities occupy mainly interstitial 
sites [12,13). Moreover, for the as implanted lattice site a non-tetrahedral 
interstitial fraction of 100 % is suggested [131. The channeling spectra of 125 
keV and 147 keV conversion electrons emitted from lllBCd (ti/2=48 m) implanted 
into n-type Si clearly shows maxima for all principal axial directions (fig.l). 
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Affer annealing at 500 К the maximum yields increase and slightly decrease 
after fa ther annealing to 700 K. The latter decreaso is probably due to the 
inset of diffusion of Cd atoms. A comparison of the observed maximum yields 
with the InSi results icveals a minimum substitutional fraction of about 15 4 
direct after~implantation. After annealing to 500 К this fraction increases to 
about 30V These experiments demonstrate, that a classification in'.o completely 
interstitial or completely substitutiona) dopant species ist not valid s-> far. 

Fig.I: Axial channe¬ 
ling effects of con¬ 
version electrons 
from the decay of 
"'mCd measured at a 
Si crystal after room 
temperature implan¬ 
tation with a fluence 
of 10t! cm-2 and 
after annealing at 
500 К and 700 K. 
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Fig.2: Axial blocking effects of positrons emitted in the decr.y of "aTe / "*Sb / 
"eSn after room temperature implantation of "*Xe into GaAs 17]. 
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After room temperature implantation of Cd and In isotopes into semi-iso¬ 
lating GaAs at doses of about 1012 ions/cm2 emission maxima of conversion elec¬ 
trons were observed for all principal axial directions. Maximum yields of Хпах х 
1.7 «ere observed for the Cd as well as the In doped samples, indicating that 
most of the Cd ?nd In probe atoms occupy subsiitutional sites. After annealing 
to 450 К the maxima increase slightly and then remain constant for further 
annealing up to 650 K. Therefore annealing of implantation damage in GaAs 
occurs at temperatures below 450 K. 

Sb and Те isotopes cannot yet be produced chemically selective at ISOLDE. 
To study the lattice location of those impurities one has to implant Xe or Cs 
isotopes and make use of the the neutrino recoil occuring in the electron cap¬ 
ture decays to Те. The kinetic energy transferred to the daughter nucleus is 
•iven b} Ekin = 0V2Mc!. In the decay of lieXe this energy can exceed a value 
>: 200 eY, so that the Те prebn atoms are reimplanted from the Xe sites. The 
lattice location of Те impurities in GaAs was studies by implanting neXe and 
measuring the positrons from the decay of "8Sb to 118Sn. As shown in fig.2 
pronounced blocking minima of positrons (E = 500 - 1500 keV) were observed in 
.-•1! principal directions indicating a high substitutional fraction of Те atoms of 
at least 70 % [7]. These minimum yields remain ungangod up to annealing 
temperatures of 600 К indicating, that no significant lattice site changes occur 
during anneling. 

Channeling of conversion electrons and positrons emitteu from implanted 
radioactive probe atoms appears to be a unique technique for lattice iocatinn 
studies of impurities in semiconductors, in particular where low impurity con¬ 
centrations are required. Through the utilization oT on-line isotope separators 
like ISOLDE, suitable isotopes of nearly all elements of the periodic table are 
available, which makes the technique rather universal. 
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ION Г.!PLANTATION STUDIES 
OP COLLISION CASCADES IN SOLIDS 

A. TUROS 
Institute for Nuclear Studies 
ul. Hoża 69, OC-681 Warsaw, Poland 

1. INTRODUCTION 

The prediction of solid solubility in alloys is one 
of the moet important problems in metallur/^y. Based or. 
the thermodynarnical considerations several attempts to 
solve this problem have been made in last decades /1/. 
Ho'-vever, the question arises if such methods, even arrre-
ci-ably successful in the case of equilibrium alloys, are 
applicable at all for ion implanted systems. Ion implanta¬ 
tion is a noneouilibrium process which leads to the forma¬ 
tion of alloys of unique metallurgical prorerties. The 
surface alloys can be formed which are outside the limits 
of eauilibriu.Ti phase diagrams /2/. These alloys are meta-
stable. Moreover, other strange nronertie3 have been observ¬ 
ed: impurity atoms v.hich apparently fit well in the host 
lattice can occuny distorted substitution*?. 1 positions i.e. 
these atoms are slightly displaced /~0.02 r.ni/ from lattice 
sites, some largely oversized atoms are found to be located 
in very small interstitial sites and finally, the recent 
experiments of the Karlsruhe ^roup /3/ have sho'vn that the 
fraction of atons occupying substitutional sites derer.as 
strongly on the temperature. Any comprehensive theory if 
apnlied to ion irr.planted systems must be able to explain 
these phenomena. 
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The annealing behavior of irradiated metals is governed 
by distinct recovery stages which appear at temperatures 
where different defects become mobile /3/. Two of them are 
of special interest for the study of defect - impurity 
interactions. Self - interstitials /SIA/ perform long - range 
migration in the stage I whereas the vacancies can migrate 
in the stage III. An attractive interaction between point 
defects and impurities leads to the formation of defect -
impurity complexes. Such an association produces displace¬ 
ments of impurity atoms from their initial lattice position 
/4/. Aa lattice defects are always created by ion implantation 
itself, these mechanisms are expected to play an important 
role. 

The defect - impurity interaction potential consists 
of two parts: the long range interaction is due to the strain 
field produced by the atomic size mismatch and the short ran;~e 
one v/hich resulted from the electronic density rearrangement 
when a defect occupies a neighbouring position to the impurity 
atom. Consequently, the trapping probability can te scaled 
with the parameter 4 H = -^Нао1 + ^ Hsize f w h e r e ^ H

Sol i s 

the heat of solution and Д ** i e *э ***e s* z e mismatch energy 
as given by Miedema /5/. 

The majority of results reviewed here /6/ was obtained 
by the use of ion channeling /7/. The implantation ani ana¬ 
lysis have been performed in situ in the temperature range 
from 5K to 293K. The single crystals are mounted on a liquid 
helium /4.2 K/ cooled two axes goniometer /6/ which is courled 
to a 350 keV ion implanter for implantation and postirradia-
tion and to a .2.0 MeV Van de Graaff accelerator for analysis. 
In order to avoid sample heating the power dissipated during 
postirradiations and channeling measurements was limited to 
50 mW, far below the cooling power of the goniometer / 2 W at 
5 K/. The energies of the ions used for postirradistion were 
chosen so that they penetrate the implanted region. The 
application of channeling measurements to material analysis 
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/7/ and the analysis of impurity-point defect complexes /6/ 
are well documented in the literature. The substitutional 
fraction /fg/ was determined by /6/: fg = /1-х?1"/ /1-x£ln/, 

where x™in ?md xj"1 зге the normalized minimum yields for 
the impurity and the host, respectively. The modified 
Kinchin-Pease formula 111 dpa = /0.8 PQ/7/2 E D N/, with 
the atomic density /N/ of the host and a threshold displa¬ 
cement energy /ЕгУ of 13 eV has been used to convert the 
employed ion fluences 1ф/ to a "displacements per atom" -
scale /dpa/. The TRIM2-program /10/ has been used to determine 
the energy density deposited into nuclear collisions /Fn/ 
above SDjin the deoth where the impurity atoms are located. 

2. LATTICE SITE OCCUPATION OP IMPLANTED ATOMS 

Impurity atoms with positive heats of solution are 
nonsoluble in metals. Detailed studies on the substitutional 
fraction f performed by in - situ implantation and channel-
ing analysis revealed that the temperature is the key parame¬ 
ter for the lattice site occupancy. Some of the results are 
shown in Pig, 1. 
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Pig. 1. Temperature dependence of the substitutional 
fraction for different ion implanted systems 
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There are systems like YBi where f of the impurity is equal 
1.0 independently of the lattice temperature. For other 
systems like VBa, FeBa or AlCd f is 1.0 or less and is 
independent of the lattice temperature for temperatures 
below 77 K. For these systems a pronounced decrease of f is 
noted after implantation at 293 K, 

These results can be understood by noting the correla¬ 
tions between the recovery stages and the temperatures at 
which the change of the substitutionality has been observed. 
Since stage I sets in below 77 К and stage III lies between 
200 К and 300 К it can be concluded that in this case the 
interaction of impurity atoms with mobile «-acancies leads to 
the decrease of f via vacancy capturing and subsequent 
displacement of the impurity. 

The correlation between f_ and the corresponding H -
s 

value for V and Al - based alloys nroduced by low dose /0.1 -
•0.2 at3/ ion implantation is shown in Pi/?. 2.f is seen to 
decrease with increasing ЛЯ. The decrease is much more 
pronounced for systems implanted at 293 K. Some other effects 
have also been observed. For ĄJLGa system, which is an equili¬ 
brium one, it was found that Ga is located at a distorted 
aubstitutional site after implantation at 293 K. Several 
other systems such as VCet VXe, FeAu and FeBi exhibit the 
same behaviour. This displacement is probably caused by -\ 
vacancy on a neighbouring lattice site. The location of impu¬ 
rities at perfect or distorted substitutional sites depends 
on a delicate balance between vacancy traptin/т by impurities 
and by other competing trans on the one hand and by the 
increasing density of competing traps and the dissolution of 
impurity - vacancy clusters in overlapping cascades on the 
other hand. These effects can lead to an anomalous increase 
of the substitutional сошропег.с. At Tj < 100 K, where vacan¬ 
cies are not mobile f_ is always larger than at 293 K. 
Nevertheless, the f values are smaller than 1.0 for systems 
exhibiting a large positive 4й д ( ) 1 value. The non-eubstitu-
tional component for these systems can be attributed to 
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vacancy impurity interaction in the cooling ph'-se of the 
collision cascade /within ~> 10~ s/. 

Elements with negative heats cf solution are кпо-ъ 
to form intermetallic phases and reveal rather low solid 
solubility. They usually are undersized with respect to 
the host atoms. Such aton3 are known to interact vrlth 
selfinterstitial atoms forming nixed dumbbells. In contrast 
to systems with positive heats of solution where Л К з о 1 
increases with increasing Л H g i z e this correlation does net 
exist for systems with negative Д H ,. Thus it is possible 

H w i. 

to select systems with different Л Н д с 1 and 4H o,, e in 
order to study the influence of these paraceters separately. 
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Pig. 3. Substitutional fraction of various elexer.ts -vith 
^^sol v a^ u e s between - 150 and - 10 kJ/Viol as a 

function of 4 
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Systems with moderate ДЯ - values /between - "00 
kJ/mol and 0.0 kJ/mol/ and small Д H . form supersatu-
rated solid solutions independently of the implantatir. r. 
temperature. The nonsubstitutional component increasen for 
systems with large negative Д H

g oi values 3nd moderate 
4 n . . For these systems the effect of SIAs mobility was 
clearly seen: f was appreciably higher after implantation 
at 5 К than at 77 K. Fią. 3 shows the influer.ee of &':\^. ̂  
on f for systems with moderate negative Д н , . This 

S 3 0 1 , -
parameter seems to play a very important role: fort\r,.. 
exceeding; 40 kJ/mol f was zero. Since the implantatin 

s 
has been performed at temperatures where vacancies are 
immobile the decrease of f in due t< 

s 
variety of SIA - impurity complexes. 

immobile the decrease of f in due to the formation of a 
s 

3. POSTIRRADIATION ENHANCED LATTICE SITE OCCUFAT: ri"7 

Cadmium and aluminium are almost completely im.nlr?cible 
even in the liauid state. After implantation of Ci i or.:: into 
Al single crystals at 293 К the Cd atoms occupy nonre.-ular 
lattice sitec in agreement with the phase diagram /1?/. This 
is clearly demonstrated by the angular scan shown in Ti:. As.. 
However, if the implantation and analysis are •oerforr̂ ei at 
5 К f „is as large as 1.0. Similar results have been rctnir.ed 
after implantation and in situ analysis at 77 К /see Ji~. -b/ 
above stage I, indicating that mobile SIAs do not infljence 
the lattice site occupation. Prom the perfect matchin;: nf the 
angular yield curves for Al and Cd it can be concluded th-it 
the Cd atoms are located on substitutional lattice sites 
without any relaxations. After warming up the low temperature 
implants to 293 K, f decreases to 0.15. This is due either 
to the formation of vacancy - Cd clusters or Cd - preciritate 
formation. The method of investigation of the nature of 
defect clusters is based on the use of defect - antidefect 
reaction. When vacancy - impurity complexes are already 
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formed the irradiation at temperatures below sta-̂ e III пзу 
annihilate the trapped vacancies through absorption of 
mobile SI Аз. Licht ion irradiation is an effective means 
of producing separated point defects. On the other hand, 
it is expected that irradiation with heavy ions vculd, 
by recoil dissolution, dissolve precipitates if they exist. 
The following experiments have been performed tc answer 
the questions raised above. Postirradiation at 7? К of an 
ĄlCd system as produced by Cd implantation at 2?3 К /f = 
0.15/ with 300 keV Xe ions leads to a steep increase of fs-

The Cd - vacancy complexes are recovered by postirra¬ 
diation even at 5 К using H+ and Kr+ ions. The increases 
of f at 5 К and 77 К as a function of the ion fluences s 
are shown in Pig. 5. It is obvious that the results do not 
.iepend on the substrate temperature, indicating that the 
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Fig. 5. Increase of the substitutional fraction ft f of Cd 
implanted in aluminium single crystals at 293 К 
due to H+ - and Kr+ - ion postirradiations at 5 К 

and 77 К /0/. 

annihilation of trapped vacancies by long - range migrating 
SIAs is not necessary for the improvement of f . The sub-

. s 
stitutional fraction is proportional to пф/ф= fluence/. 
This dependence is obeyed up to nearly complete recovery. 
The complete recovery indicates that the probability for 
vacancy trapping is small within the lifetime of the cascade. 

The 100$ substitutionality obtained after implantation 
at 5 К shows that stable Cd - vacancy complexes do not form 
in .4.1 and that the substitutional lattice site is the site 
of lowest energy. Previously it was noted that f versus 
is independent of the Cd concentration in the range betwsen 
0.1 to 1.4 at % /4/. This range has been extended up to 10 
at. % Cd revealing the same result. The fact of complete 
recovery even at high Cd concentration is a further hint 
that Cd precipitation does not occur after implantation at 
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К or during annealing to 293 К as it is known that 
precipitates v.-ill not dissolve corrrletely by recoil dissolu¬ 
tion and that the rreci ri t-_te sire would influence the re¬ 
covery process. The fact that the increase of f_ -.vith <ф does 
not depend on the Cd - vacancy corr.plex concentration a~ain 
indicates that the recovery process is not due to the absorp¬ 
tion of SIAs within the lifetime of the casca-Je which, 
assuming a constant carture radius, would cause such a 
dependence. 

0.8-

0.6-

• 100 ktV H * 

О 300 k»V kr *• 
a t5K 

A 

О 

0.1 
Fluence (dpQ I 

6. :Jor^alized substitutional fraction /fq,7 cf4 Cd 
implanted in Al at 293 К vs. the erplcyec rostir-
radiation ion fluer.ce in dpa. The pos t irradiations 
and analysis wers done at 5 K. Also sho-т. is a 
straight line fitted то the initial slope of the 
data roints. 
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".'he results for rf-and Kr+—ion irradiation at 5 К are com¬ 
pared in Pi^. 6 usinfr a dpa-scale. The initial slope shows 
that in the fluer.ce region where single cascades do not 
yet overlap the fraction of Cd atoms -.vhich rove to substi-
tutional lattice sites is about a factor of 8 larger than 
the number of displacements per atom. As the ratio of the 
recovered Cd - vacancy complexes to the initial number of 
complexes is independent of the Cd concentration the cross 
section for the recovery process is determined. Therefore 
we conclude that within a single event the recovery cress 
section is S times larger than the disnlacement cross 
section. The only process which is proportional to the-
number of displaced atoms and independent of the caec.de 
density and the damage production efficiency is the sponta¬ 
neous recombination of unstable neighboring Frenkel r-iirs. 
The Cd - vacancy complex disassociates vithin the collision 
phase of the displacement spike and the Cd atom comee to 
rest on a substitutions lattice site within the relaxation 
rtiase. 

4. CONCENTRATION DEPENDENCE CF THE SUBSTITUTION*I. 
PRACTION 

Another new effect has been observed ^or some syn'ens 
of limited solid solubility vhich are charicterized by a 
positive heat of solution less than about 100 k-J/tr.ol. The 
substirationality of some elements implanted at 233 К 
improved with increasing implantation dese. This is or-osite 
to wh'.t can be expected for such systems. In fact, f .h~uld 
be 1 at low implant concentrations, ar.d should decrees* 
eventually at hirher concentrations when precip:tatior doer 
occur. 

The anomalous change of f as a function of the implan¬ 
tation dose has been studied in detail fez- the ^ Ce arc ?pД.и 
systems. Although Л.и in Fe dees not satisfy well the H;;mc -



Rothery rules, a limited solubility of Au in Pe has been 
reported. In agreement with this expectation the implantation 
of Au into ?e at 77 К and the in situ analysis yield of f 

О 

value of 1.0 independent of the implanted Au concentration 
in the rar.;e between 0.1 and 2 at. ч>. The experimental 
results after implantation of Au into Pe at 293 K,howe/er, 
reveal the oppobite trend. 
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Pig. 7. Variation of the substitutional fraction with the 
implanted impurity concentration for the FeAu 
and the VCe systems. 

As presented in Pig. 7, f. is 0.6 at 0.1 at. % Au and in-
6 

creases monotonically up to 1.0 for Au concentrations above 
1.0 at. %. This value does not change even at the highest 
implanted concentration of 7 at. To although the solubility 
limit was exceeded by a factor of more than 70. 

The displacement of impurity atoms implanted at low 
concentrations can be easily understood in terms of vacancy-
impurity complex formation, as discussed in the previous 
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sections. To elucidate the question concerning the mechanisms 
of the dose dependence of fr, further pent irradiation experi¬ 
ments v.-ere perfcrm-ed. A sample implanted at 2ЭЗ К •.vit'r. Au-
iens to the maximum concentration of 0.2 -it. '' /f = ~>.75/ 

Э 
was bombarded with 600 keV Xe-iona, The variation of fc with 
the Xe dose was approximately the sane as that shown in Pi---. 
7. For doses exceeding 6 x 10 Xe+ cm , f reached satura¬ 
tion at 1.0. A similar postirradiation exreriment performed 
at 293 К using He-ions did not result in a noticeable change 
of the A.u substitutional fraction. 

Угол these results it is concluded that the vacancy - Au 
complexes dissociate at 293 К due to the overlap cf cascades 
produced by the successively impin^ine; Ли ions. The released 
vacancies will preferentially migrate towards the extended 
defects and, provided the coir.retina sink density is Нг-е 
enough, the decomposed complexes v;ill not be restored. If 
such competing trapping centers are ferried rrior to the 
impurity implantation, the subsequent introduction of an 
impurity, even at a very low concentration, will reveal a 
much higher substitutions lity. Such an experiment has been 
performed by means of prebombardment of 5 x 10 Xe c:r~*:". 
After implantation of 0.2 at. '"? Аи into the prebombarded 
rerion a f value of about 1 was observed. This result con-
firms the assumption made above that trapping centers which 
compete successfully with impurity atoms in trapnir.^ cf 
vacancies are ^reduced by hi~h density collision cascades in 
Fe and V. This effect is thermally activated and was net 
observed after implantation at temperatures below sta.-e III 
where the vacancies are immobile. 

5. CONCLUSIONS 

It wae shown that the lattice site occupation of non-
soluble atoms is governed by at least three nrocesses: 
spontaneous recombination of the impurities with vacancies 
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within the relaxation phase of the collision cascade and 
trapping of additional vacancies within cooling phase of 
the cascade and at temperatures above stage III. 

The overlap of dense collision cascades аз produced 
by subsequently incoming ions may cause a dissociation of 
formerly formed complexes. In principle, this makes it 
possible for an impurity atom to occupy again a regular 
lattice site. Here the delicate balance between the vacancy 
retrapping and escaping probabilities determines the lattice 
tosition of an impurity. If the binding energy of a complex 
is smaller than the binding energy of competing tranping 
centers for vacancies an increase of the concentration of 
these centers will be followed by an increase of the substi-
tutional impurity component. 

«.'he decomposition of vacancy - impurity complexes due 
to postirradiation does also occur even at temperatures 
below stage I. In this case the energy supplied by the colli¬ 
sion cascade induces spontaneous recombination of the impurity 
with the neighbouring vacancy. This effect will provide means 
to study the dynamics of collision cascades. 
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MECHANISMS OF ION ВЕАМ-WDUCED AMORPHIZATION 
STUDED BY NUCLEAR TECHNIQUES 

Lionel THOME 

Centre de Spectromśtrie Nucleaire et de Spectrometrle de Masse 
B.P. n*l, 91406 Orsay, France 

I - INTRODUCTION 

The study of amorphous systems (i.e. systems presenting no long-range 
atomic order characteristic of crystalline materials), and particularly of 
amorphous metallic alloys (also called glassy metals). Is interesting from the 
double point of view of fondamental research and technological applications. 
Metallic glasses [1] are generally prepared by techniques involving the rapid 
solidification of the alloying constituents from the gas or liquid phases 
(vapor quenching, splat cooling, sputtering). The possibility to form glassy 
metals directly in the solid phase has also been recently demonstrated [2). In 
this respect ion bombardment constitutes a very powerful tool to study the 
mechanisms by which amorphization occurs. 

An energetic ion which penetrates into a solid loses its enercy via two 
nearly independent processes: (i) electronic excitation and ionization 
(electronic energy loss), (ii) elastic collisions with the target atoms 
(nuclear energy loss), before coming to rest in a given site of the host 
lattice. In alloys presenting a metallic character, nuclear energy loss 
(dominant at low ion velocity) leads to the creation of radiation damage. The 
possible formation of an amorphous surface layer then results from the 
presence of both lattice disorder and implanted impurities acting as disorder 
stabilizers. The temperature at which the system is bombarded is an important 
parameter in the study of the amorphization mechanisms since it governs the 
mobility of implanted ions and defects. 

Among the large variety of experimental techniques generally used to 



characterize amorphous systems, a few of the* allow to study the Ion fluence 
dependence of the fraction of amorphous volume present In the bombarded layer 
(amorphization kinetics), which provides decisive Information about the 
amorphlzatlon mechanisms. The purpose of the present lecture Is to demonstrate 
the potentiality of nuclear techniques: Rutherford backseattering (RBS) 
associated to channeling, hyperfine Interactions (HFI), for such a study. The 
first section Is devoted to the description of a general model of 
amorphlzation by ion bombardment. The experimental study, via RBS and HFI, of 
Ion beam-induced amorphization and the results obtained In the case of 
metallic systems are presented in the second section. 

II - MODEL OF AMORPKIZATION BY ION BOMBARDMENT 

The large number of results concerning implantation [3-29] and 
irradiation [25,27,29-511 experiments shows that the crystalllne-to-amorphous 
transition in ion-bombarded alloys generally results from the combination of 
two effects: disorder production (radiation damage) and stabilization of the 
disorder by the establishment of a favourable chemical short-range order 
(already existing in the alloy or due to Implanted ions). It was also 
demonstrated that the temperature T strongly influences the amorphization 
process. 

The fraction of amorphous volume (amorphous fraction) at a given depth in 
a crystal subjected to ion bombardment can thus be expressed as a product of 
two terms [52]: 

a = f(d,d ,T) g(c.c ,T) (1) 
с с 

where f(d,d ,T) and g(c,c ,T) are functions depending respectively on the 
damage production (through parameters d and d ) and on the Implanted species 
concentration (through parameters с and с ). 

с 
The calculation of f(d,d ,T) and g(c,c ,T) is based on two major 

hypotheses [52]: (1) amorphization takes place by the formation of amorphous 
clusters; (il) a small volume of the crystal becomes amorphous as soon as the 
concentrations of defects and stabilizer atoms locally exceed a given 
threshold concentration. 



2.1. Low temperature limit 

The low temperature limit concerns the case where both Implanted Ions and 
created defects are totally immobile In the host alloy. These species are then 
randomly distributed In the bombarded layer with different probability laws. 

According to the fact that ion implantation is a uniform process all over 
the target area, the spatial Ion distribution obeys Poisson's statistics. 
The function g(c,c ,T) can thus be written t18,23,521: 

g(c,c ,T<T ) = ) — exp(-N ) (2) c ' L N ! 
N =H I i 1С 

where Ń Is the mean number of Ions (corresponding to a mean concentration c) 

Implanted into an elementary volume v of the target, N is the critical 

number of ions (corresponding to the concentration с ) above which v becomes 
amorphous and T is the temperature at which implanted ions become mobile. 

The statistics governing the spatial distribution of radiation damage 
cannot be described by the simple equation (2) since point defects are created 
in a cascade mechanism with characteristics strongly depending or. the ion 
mass. It is however possible to consider that the spatial distribution of 
defects also obeys Poisson's statistics in an elementary volume v contained 
inside a given cascade. The function f(d,d , Tj can then be expressed by the 
compound Poisson's law [52]: 

» » ,- .n , - ,N 
г- г- 1П ) 1 (П П ) d 

f(d,d ,T<T ) = > > —l- exp(-n ) — — exp(-n n ) (3) d L L n i ' N ! ' d 
N =H n =0 d 
d dc 1 

where n is the mean number of ion Impacts Into an elementary volume v, n is 
' d 

the mean number of defects created by each Ion impact in v (so that n n 
1 d 

corresponds to the mean defect concentration d), N is the critical number of 
dc 

defects (corresponding to the concentration d ) above which v becomes 
с amorphous and T is the temperature at which radiation defects become mobile, d 

Equation (3) can be simplified, depending on the value of ń , in 
d 

order to make the analysis ot experimental data easier. 
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a) When n << 1 (very light ion or electron irradiation), equation (3) 

can be written [52]: 

(n ń )Nd Г* \П П 

t- N ! 
f (d,d ,T<T ) = ) — — exp(-n n ) (4) 

d dc 

I t i s qu i t e c l e a r tha t equation (4) i s s i m i l a r to equation (2) derived 
for g ( c , c ,T<T ), in which N i s replaced by n n . 

с t \ Id 

b) When n > 1 (heavy ion i r r a d i a t i o n ) , equation (3) can be 
approximated by [52]: 

r- (n ) i 
f (d,d ,T<T ) = ) — exp(-n ) S(U - n ń ) (5) 

G c d / l d l d 
_ n 

"d"Mdc 

It is worth noting that equation (5) is identical to the well-known 

Gibbons' equation [53], where the critical number of ion impacts required to 

amorphize a given region of the crystal n = N /n . 
lc dc d 

2.2. Influence of the temperature 

When th^ temperature at which the crystal is bombarded is high enough to 

allow Implanted ions and point defects to migrate into the host lattice, 

equations (2) and (3) are no longer valid since the assumption of statistical 

distribution of ions and defects fails. 

A simple way to account for the mobility of implanted species is to 

assume that ions coming to rest in a volume v (corresponding to N atoms) can 

migrate to trap themselves in a volume v (smaller than v ) to form an 

amorphous cluster of thermodynamlcally favourable composition. With this 

hypothesis, equation (2) is transformtd into [25,52]: 

v " (N Л 
g(c,c ,T>T ) = — ) — - exp(-N ) (6) 

1 v L N ! ' 

where N is the mean number of ions initially Implanted into v and further 



trapped into v and N is the critical number of Ions above which v^ becoees 

amorphous. 

When radiation damage Is concerned, the main effect of the temperature is 

to affect N and ń (In a first approximation N can be considered as 
d d dc 

unaffected) since defect recoeibinations, due to migration, occur. Equation (3) 

remains valid but N and n must be respectively replaced by the number N 
_ d d <ir 

and mean number n of defects remaining In the volume v after recombination. 
dr __ 

Approximations (4) and (S) are then no longer based on the value of n^ but on 

the value of n (which is obviously smaller), so that the amorphizatlon 
dr 

kinetics can present a shape different from that obtained at low temperature 

for the sane irradiating ion. Morever, in all cases, for a given ion-target 

system, the irradiation fluence needed to reach total amorphizatlon (or any 

value of ai is necessarily higher than at low temperature. The ratio between 

the fluences required for total aroorphizatlon In both cases gives an 

indication of the degree of defect recombination. 

It musU be last noticed that the description of the intermediate 

temperature range where T Is close to T or T is not simple and requires 

information on the microscopical entity responsible for the nucleation of 

amorphous clusters. 

Ill - EXPERIMENTAL STUDY OF ION BEAM-INDUCED AMORPHIZATION 

3.1. Determination of the amorphlzatlon kinetics by nuclear techniques 

The difficulty to study the amorphlzation mechanisms in ion-bombarded 

crystalline alloys lies in two major points: (1) to be able to analyze the 

very thin layers involved (generally a few thousand angstroms) without being 

hampered by the crystal bulk; (ii) to be sufficiently sensitive to detect 

small amounts of amorphous (or crystalline) volume embedded in a crystalline 

(or amorphous) matrix. Nuclear techniques, such as RBS associated to 

channeling and HFI, are particularly well adapted to the determination of the 

amorphlzation kinetics since they are depth selective and offer the 

possibility to measure amorphous fractions as small as 0.05. 

3.1.1. Rutherford backseattering and channeling 

RBS experiments consist in bombarding the surface of a sample with 



energy (in the MeV range) light Ions (In general He) and counting the number 

of ions backscattered on the nuclei of the target atoms as a function of their 

energy [54-55]. The evaluation of the disorder present In the surface region 

of a monocrystalline sample can be made by combining RBS and channeling. I.e. 

by comparing RBS spectra recorded with tha analyzing beam incident along 

various axial (or planar) and random directions. 
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FIGURE 1: Random (open squares) and [100] aligned (other 
symbols) RBS spectra recorded on a Ni B .' ingle crystal 
irradiated at 15 К with increasing tluences (varying 
from 1 x W1S up to 2.6 x 1016 at.cm'2) of D* ions [50]. 
Analyzing particles: 2 HeV He ions; energy calibration: 
1.7 keV/channel. 

Typical RBS spectra recorded on a N1 В single crystal irradiated with 
3 

increasing D ion fluences, leading to the creation of an amorphous layer at a 
depth R (close to the maximum disorder depth R calculated from the D d 
slowing-down theories [56-57]), are presented In Figure 1 to illustrate the 
technique. The aligned backseattering yields, normalized to the random yields, 
as a function of the depth t In the crystal: 
from RBS spectra shown in Figure 1, are presented in Figure 2. It Is quite 

N U)/N (t), calculated 

clear that a strong dechanneling of the analyzing He Ions occurs around R 
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above a given 0 flue nee (1.2 x 10ie at. cm"2) while the surface region of the 
crystal remains unaffected. At a fluence of 2.6 ж 101в at.cm"2. the aligned 
spectrum reaches the random level lx я 1) at R , indicating that the crystal 
Is totally disordered at this depth. 

1000 2000 

OEPT H (*i 

3000 

FIGURE 2: Depth dependence of the aligned backscattering 
yields x(t) calculated from RBS spectra shown in 
fig. 1 (note that the depth scale has been reversed). 

The aligned backscattering yields can be divided [55,581 Into the yields 
arising from the dechanneled fraction of analyzing particles at depth t 

and the yields due to the direct backscattering of the channeled fraction of 
analyzing particles [1-a^tt)] by different types of defects (fractions f (t)]: 

Xtt) .(t) (7) 

where g^ is the direct backscattering factor for the defect of type 1. 
Assuning that only amorphous zones contribute to direct backscattering with 
g • 1. it is possible to write the amorphous fraction at depth t as: 

<x(t) / (8) 



The calculation of x (t) is possible following different approximations 
discussed in Ref. [59]. The amorphous fraction at the maximum damage depth R 
can thus be written [25,59]: 

)] expf-PD(RD)] 
(9) 

In equation (9), x Is the backseat terlng yield on the virgin crystal 
prior to ion bombardment and P (R ) Is given by: 

W Ln f ! _ (10) 
1-х (t*t ) 

с D 

where t refers to a depth R + 6R (with 6R of the order of 2AR , the width 
D D D D d 

of the defect profile as defined ln the slowing-down theories [56-571) at 
which the crystal is remained undamaged by the ion beam. 

The significance of the different parameters appearing In equations (9) 
and (10) is illustrated In Figure 3. 
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FICV'Z 3: Schematic representation of aligned back-
scattering yields used for defining the parameters 
appearing in equations (9) and (10). 



It aust nevertheless be emphasized that channeling cannot discriminate 
whether the disordered layer corresponds to an amorphous phase or Is formed by 
randomly oriented polycrystalline regions. Additional diffraction experiments 
have then to be performed on the sample in Its final state to demonstrate the 
amorphous nature of the bombarded layer. 

3.1.2. Hyperfine Interactions 

HFI experiments (mostly Mossbauer, time-differential perturbed angular 
correlation (TDPAC) and nuclear magnetic resonance (NMFO) allow investigation 
of the local symmetry around probe nuclei in solids by measuring the magnetic 
hyperfine field and/or the electric quadrupole Interaction. 

The largest number of HFI studies in metallic glasses concerns the 
measurement of the magnetic hyperfine field distribution with the goal of 
Investigating the local structure of these systems [60-63]. The study of the 
amorphizatlon kinetics by Ion bombardment rather Involves experiments where 
the electric field gradient distribution around radioactive probes randomly 
distributed into the bombarded layer Is measured [64]. 

Let us, as an example, consider the case of TDPAC experiments on m I n 
probes in a non magnetic amorphous metallic alloy. Typical perturbation 
factors R(t), shown In Figure 4, can be analyzed assuming the» to be the sum 
of two types of components [65-661: (1) a broad distribution of quadrupole 
frequencies representing In in the amorphous phase; (ii) one or several 
well defined quadrupole frequencies ascribed to n I n present In different 
crystalline phases. The amorphous component can be described on the basis cf a 
model representing the amorphous structure. In the case of the simple 
hard sphere random packing model, the probability distribution of electric 
field gradient V is given by [67-68]: 

P(V ,n) = (2/(t)1/2(i>/A ) e x p { - l / 2 [ ( V -V U ) ) / A J2} (11) zz zz zz zz zz 

where Д is the width of the gaussian distribution of V around V u > and 11 
zz zz zz 

is the asymmetry parameter. The corresponding perturbation factor can then be 
calculated by integrating (11) over V and 4. Components (11) give the 
following contributions to the total perturbation factor: 



) cos(g u t ) exp(-g <rt) 
ПО n 

(12) 

where w Is the quadrupole frequency, <r is. the width of the lorentzlan 
distribution around и and s and g are coefflcents depending on the value 
of the asymmetry parameter. The fit to experimental TDPAC spectra using a 
linear combination of equations (11) and (12) allows to determine the value of 
the amorphous fraction at each ion fluence. 
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FIGURE 4: TDPAC spectra [661 for UiCd In an amorphous 
"•*62^38 alloy prepared by room temperature Ion 
implantation (upper curve) and in the same alloy after 
partial crystallization at 500'C (lover curve). Solid 
lines are weighted least-squares fits to experimental 
data using a linear combination of equations (11) and 
(12). 
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The main disadvantage of HFI techniques compared to RBS and channeling 
for the study of the amorphizatlon kinetics In Ion-bombarded systems lies In 
the difficulty to fit experimental data, due to the large number of parameters 
(In some cases more than 10) needed to describe the local environment of 
radioactive probes. However, contrary to the case of channeling, the nature of 
the phases formed during bombardment can in principle be determined. 

3.2. Application of the model to experimental results 

The amorphizatlon model presented In the previous section has allowed to 
derive expressions of the amorphous fraction as a function of the bombarding 
ion fluence at various temperatures. Since no experiments have yet been 
reported where the Influence of both terms In equation (1) Is simultaneously 
studied, we will In the following consider the two extreme cases where either 
g(c,c ,T), or f(d,d ,T) governs the amorphizatlon process. 

3.2.1. Implantation experiments 

In implantation experiments, a species В Is Introduced at a given depth 
(depending on the implantation energy) Into a crystalline target A up to a 
concentration x to form an alloy of composition А В . The chemical 

t-X X 
short-range order of the system is then modified by Implanted species which 
allow the stabilization of the ion beam-induced disorder. Atomic displacements 
have no effect on the amorphizatlon kinetics since the topological disorder Is 
saturated at Ion fluences far below the fluences generally involved (higher 
than 10 at.cm" ) to modify the alloy chemical short-range order. The 
function f(d,d ,T) = 1 in equation (1) and the amorphous fraction can be 
expressed with equations (2) and (6), depending on the temperature range 
considered. 

A typical example of such a study Is provided by the Ni-B system. Figure 
5 shovs the В Ion concentration dependence of the amorphous fraction following 
implantation at 90 К and 300 K. It Is clear that, according to the model 
presented in section II, the amorphizatlon kinetics exhibits a pronounced 
slgmoidal shape at 90 K, while it is nearly linear at 300 K. The fits to 
experimental data presented in Figure 5 were made using equations (2) and (6). 
At 90 K, the fitting parameters are the critical concentration of metalloid 
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га is 
8 coneentjaiion (ai%) 

FIGURE 5: Boron concentration dependence of the 
amorphous fraction a for 90 К (upper curve) and 300 К 
(lower curve) implanted Ni-B alloys [25,27]. Solid lines 
represent the best fits to experimental data using 
equations (2) (upper curve) and (6) (lower curve). 

ions cc (obtained from N^) needed to form an amorphous cluster and the 
critical volume Vc (obtained from M ^ of these clusters. At 300 K, the volume 
v^ inside which metalloid ions can migrate in order to form amorphous clusters 
of volume vc is introduced as an additional fitting parameter. 

Table I provides the values of the various parameters extracted from the 
fits, using equations (2) and (6), to experimental data recorded on metal-
metalloid and metal-metal systems. 
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SYSTEM 

Nl-P 
Nl-B 
Pd-Sl 
Nb-B 
Mo-B 
Al-Nl 

Nl-P 
Nl-B 
Pd-Si 
Pd-Sl 
Nb-B 
Al-Nl 

T 

90K 
90K 
90K 
80K 
80K 
90K 

300K 
300K 
300K 
473K 
300K 
300K 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

с 
с 

.122 

.093 

.085 

.072 

.085 

.070 

.190 

.240 

.120 

.120 

.ISO 

.180 

v (ев3) 
с 

4.0«10*" 
1 5 x 1 0 г! 4.0х10"21 

4 0 x 1 0 а! 
4 0 x 1 0 "« 
2.0хЮ"21 

1.4хЮ"22 

8-5x10"" 
4-3x10"" 
3-2x10"" 
4.0х10"22 

2.3x10"" 

V 
i 

3 . 
1. 
8 . 
1. 
1. 
1. 

(свЭ) 
Ш 

-

-

-

-

-

ОхЮ"22 

0x10 гг 5x10 £ 2хЮ-2 

0хЮ"2 

2хЮ"21 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0, 
0. 
0. 

ст 

. 150 

.140 

.120 

. 140 

.150 

.115 

.190 

.240 

.120 

.120 

. 150 

.180 

REFERENCES 

[18.25] 
125,27] 
125,52] 
[20.52] 
[28.52] 
[23,29,52] 

[18,25,52] 
[25.52] 
[25,521 
[25,52] 
[28,52] 
[23,29.52) 

Tab} с I: Parameters extracted from the fits to experi¬ 
mental data recorded on ion-implanted metallic alloys 
using equations (2) and (6). T is the implantation 
temperature; с and v are, respectively, the critical 
Ion concentration andecritlcal volume of the amorphous 
clusters formed; v Is the volume inside which implanted 
ions can migrate to form amorphous clusters of volume 
v ; с is the ion concentration at which total amorphiza-
t\on Is reached. 

3.2.2. Irradiation experiments 

Irradiation experiments consist in bombarding an homogeneous target with 
ions which do not modify the chemical nature of the bombarded system. This can 
be achieved by using either Ions oT energy sufficiently high to guarantee that 
the projected range is large compared to the sample thickness, or Ions of 
nature such that they are chemically inert (rare gases or ions of the species 
of one of the target elements). In this case, as the alloy composition remains 
fixed, g(c,cc,T) = 1 and the amorphous fraction can be written with the 
general equation (3) or with approximations (4) and (5) depending on the mass 
of the irradiating Ion, i.e. on the value of n . 

The value of n^ can unfortunately not be a priori calculated for a given 
ion-target combination since It depends on the volume v of the amorphous 
clusters formed during Irradiation. However, It Is possible, from the 
slowlng-down theories 156-57], to calculate the mean number of defects created 



per length unit by an incoming Ion: di'/dt. The experimental results recorded 
In the case of Implantation experinents have shown that at low temperature the 
values of v deduced for the various systems studied are very close to each 
other and H e between 1 and 4 x 10"z* cm3 (see Table I), leading to a mean 
diameter (assuming spherical clusters) of the order of 10 A. We will therefore 
In the following discuss the Irradiation results via the parameter dv/dt where 
the depth Interval dt will be taken equal to 10 A. 

a) When df/dt « 1 (very light Ion or electron Irradiation), equation 
(3) reduces to equation (4). In this equation, nil » v •di'/dt 152), where v 

1 d с с 
is the critical volume of the amorphous clusters formed and • Is the 
irradiation fluence. Figure 6 presents typical results recorded on the N1 В 
system irradiated at 15 К with D Ions. According to equation (4), the 
amorphlzatlon kinetics exhibits (as In the case of low temperature 
implantation experiments) a slgmoidal shape with a clear ion fluence 
threshold. The values of the critical defect concentrations d (corresponding 
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FIGURE S: Fluence dependence of the amorphous fraction a 
for a Ni В alloy irradiated at 15 К vlth D* ions [SO]. 
The solid line represents the best fit to experimental 
data using equation (4). The number of displacements per 
atom (dpa) has been calculated with the TRIM program 
157]. 
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to N ) and critical volumes v of the amorphous clusters formed, extracted 
dc с 

froa the fits to available experimental data using equation- (4), as well as 
the values of diVdt and of the defect concentrations d required to reach 
total amorphization of the irradiated layer, are given in Table II. 

TARGET 

Ni B 
mii 

ION 

D 
D 

(energy) 

(15 
(15 

Table ] 

keV) 
keV) 

T 

15K 
15K 

[I: Parameters 

d с 

0.11 
0.13 

extracted 

v (cm3) 
С 

4.3x10^ 
1.2x10 

from the 

d 

0.22 
0.21 

fits to 

dv/dt 

0.08 
0.12 

experl-

REFERENCES 

[29, 
[47, 

,50) 
51] 

mentaJ. data recorded on metallic alloys Irradiated with 
light ions using equation (4). T Is the irradiation 
temperature; d and v are, respectively, the critical 
defect concentratlonzand critical volume of the 
amorphous clusters formed; d Is the defect concentration 
at which total amorphlzation Is achieved; dv/dt is the 
mean number of defects per incident ion created over a 
distance of 10 Л during irradiation, ca'culated using 
the TRIH program [57}. 
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FIGURE 7: Fluence dependence of the amorphous fraction а 
for Ni В Irradiated at 90 К with ions of mass ranging 
from В to Kr [25,42,49]. Solid lines represent the best 
fits to experimental data using equation (5). The 
fluence scale has been converted into a number of dpa 
scale according to the TRIH program [57]. 
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b) When dt>/dt > 1 (heavy ion irradiation), equation (3) can be 
approximated by equation (5) In which n = a* 1521, where a is the 
amorphlzatlon cross-section. Figure 7 presents experimental results recorded 
on the N1 В system irradiated at 90 К with ions of mass ranging from В to Кг. 
The amorphlzatlon kinetics Is well reproduced using equation (5) with small 
values of n . The values of d , n and a, extracted from the fits to 

lc с ic 

experimental data using equation (5), as well as the values of dy/dt and of 
the defect concentrations d at which total t 
Table III for the different systems studied. 

the defect concentrations d at which total anorphization occurs, are given in 

TARGET ION (energy) a(cn2) REFERENCES 

Ni В 
Ni*B 
N 1 3 B 

Kr 
Ni 
В 

(260keV) 
(190keV) 
( 40keV) 

90K 
90JC 
90K 

0. 
0. 
0. 
030 
027 
026 

2 
2 
2 

2.4x10 
2.0x10 
1.5x10 

-13 
-la 
-14 

0. 
0. 
0. 
038 
048 
070 

38 
28 
2 

(25, 
(25. 
(25. 

42, 
42. 
42, 

49] 
49] 
49) 

Ni B 
Ni3B 
N 1 3 B 

NiAl 
NiAl 
NlAl 

NlAl 
NiAl 
NiAl 

Кг 
Ni 
В 

Xe 
Ar 
Ne 

Bl 
Xe 
AT 

(260keV) 
(190keV) 
( 40keV) 

(360keV) 
(360keV) 
(130keV) 

(540keV) 
(360keV) 
(120keV) 

ЭООК 
300K 
300K 

10K 
10K 
10K 

77K 
77K 
77K 

0.220 
0.280 
S.400 

0.170 
0.360 
0.220 

0.180 
0.180 
0.250 

2 
2 
2 

1 
1 
1 

1 
1 
1 

3.3x10" 
1.9x10' 
7.0x10" 

3.7x10" 
3.0x10" 
2.7xlC" 

5.3x10" 
3.4x10" 
7.7x10" 

14 
14 
17 

14 
15 
15 

14 
14 
15 

0.340 
0.580 
7.500 

0.670 
1.000 
1.400 

0.650 
0.650 
3.500 

38 
28 
2 

51 
9 
5 

80 
51 
16 

[25,49] 
(25,49) 
[25.49] 

[47] 
[47] 
[47] 

(45,47] 
(45.47] 
[45,47] 

N1T1 
NiTi 
NiTi 

Ni 
N1 
Та 

(390keV) 
(2.5MeV) 
( 6 MeV) 

300K 
300K 
300K 

0. 
0. 
0. 
058 
095 
092 

2 
12 
12 

1.5x10 
1.4x10 
1.0x10 

-13 
-13 
-12 

0. 
0. 
0. 
100 
150 
150 

35 
9 
62 

[40] 
[38] 
[38] 

Table III: Parameters extracted from the fits tó experi¬ 
mental data recorded on metallic alloys irradiated vith 
heavy ions using equation (5). T is the irradiation 
temperature; d and n are, respectively, the critical 
defect concentration and critical number of ion Impacts 
required to amorphize a given region of the crystal; a 
is the amorphization cross-sect ion; d is the defect 
concentration at which total amorphizaiion is achieved; 
dv/dt is the mean number of defects per incident ion 
created over a distance of 10 Л during irradiation, 
calculated using the TRIM program [57}. 
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IV - CONCLUSION 

Rutherford backscatterlng, associated to channeling, and hyperflns 
Interactions constitute very powerful techniques to study the amorphizatlon 
mechanisms in Ion-bombarded crystalline systems. Results obtained on metallic 
alloys have shown that amorphlzatlon results from the formation (and 
coalescence) of small amorphous clusters (diameter of a few interatomic 
distances) as soon as a critical defect concentration and a given short-range 
order are locally reached. The temperature at which Ion bombardment is 
performed strongly influences the observed phenomena. 

At temperatures sufficiently low to avoid implanted ion and created 
defect elgration, the fluence dependence of the amorphous fraction can be 
reproduced from statistical considerations alone. The distribution of 
Implanted ions obeys a simple Polsson's law so that the amorphlzation kinetics 
of ion-implanted alloys presents a slgmoidal shape with a threshold ion 
concentration с . Values of с vary very little with the alloy considered and 
are well below (between 0.07 and 0.12) those involved in fast-quenchad 
metallic systems (of the order of 0.20). The distribution of radiation damage 
obeys a more complicated statistical law, due to the fact that defects are 
created in a cascade process. In the case of irradiation experiments with very 
light ions, experimental results are well reproduced with a simple Poisson's 
law and the amorphlzation kinetics presents here again a sigmoidal shape. 

Values of the threshold defect concentrations d of the order of 0. 10 are 
с 

obtained for the two systems Investigated. Irradiation with heavy ions on the 
contrary leads to a linear fluence dependence of the amorphous fraction (with 
an exponential saturation at high ion fluences) indicating that amorphization 
occurs via a direct ion Impact mechanism. The amorphizatJon ^ross-section then 
strongly depends on the Irradiating ion mass. 

In the temperature range where ions and defects become mobile, the 
situation is more complex. The nearly linear shape of the amorphization 
kinetics observed in room temperature implantation experiments can be 
reproduced by assuming that migrating ions trap themselves to form amorphous 
clusters of composition generally close to that of a eutectic or of a defined 
compooid in the alloy equilibrium phase diagram. According to thermodynamical 
considerations, the size of the amorphous clusters decreases [25,52]. In 
Irradiation experiments with heavy ions, the amorphization cross-section is 
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much lower than at low temperature, due to a significant rate of defect 
recombination. 

It must finally be pointed out that the model reported above is valid in 
the case where incoming ions mainly lose their energy by nuclear elastic 
collisions with the target atoms. A very different type of disordering process 
has been recently observed at much higher ion energies where electronic energy 
loss dominates the ion slowlng-down [69-70]. 
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HIGH PRESSURE MÓSSBAUER STUDIES OF GOLD COMPOUNDS 

Jan Sianek 

of Physics, Jagieł loruan University, Cracow, Г eland 

For few chosen gold compounds the influence of the pressure 
induced changes in the crystal structure on the electronic state of 
Аи . Аи and Л-J were studied. For cesium geld chloride it was 
feu i id that in spite of the geometrical pseudoequi. val c-nce of Au and 
Л'.: sites at high, pressure С 52 kbarO '."к? ave/ ige 2 state- of gold 
is not maintained. With increasing pressur-г and increasing of the 
grid nearest neighbours distances C!D in cesium gold chloride the 
lcnicity of gold increases. For CsAu 11 was found that at high 
pressure a structural pha-̂ -? transition occurs. This was reflected 
in the» creation of the EPS on Au ions, the decrease of the 
ej ectron density at ' Au nuclei and the dramatic increase in the 
recoil-ires fraction. The observation of this new phase transition 
confirmed the main results of the theoretical calculations. 

1.Introduction. 

One of the :r.3st attractive approaches to the investigations of 
the relations between the crystal structure and the chemical bonds 
is the introduction a controlled deformation of the crystal by the 
external conditions with simultaneously observing of the electronic 
states of the atoms. This can be obtained through the Mossbauer 
measurements on compounds placed in the high pressure fields. 
Although the pressures available in laboratories are lower than 
these existing in the nature, they can still be high enough to 
remarkably modify the interatomic distances as well as the crystal 
structures. 

In the present work the results of the investigation of gold 
compounds are collected. The interest of this rather exotic group 
cf materials was not accidential. First, for the previously 
invfitig-ited gold compounds some strong, pressure induced changes 
in "iso'ner shifts and quadrupole splittings were observed /1 , £.'. 
Second, for Au the lattice contribution to the total EFo can be 
neglected and the measured quadrupole splittings, caused only by 
the lack of spherical symmetry of the elctron shell, a.r& simply 
related to the chemical bonds. Third, the character of the bondings 
between gold and its ligands is still being debated and. Fourth, in 
one of the chosen compounds, Cs Au Au Cl , a very interestinq 

z с ~ 
evolution of the Au local surrounding symmetry with increasing 
pressure was reported s3.'. In another compound, CsAu, a phase 
transition in the experimentally available pressure range was 
iredictcd on t!ie basis of the theoretical calculation ••'2,5-'. 

2Ó3 



..'. Experimental 

3.1 Properties of Au as Mossbauer isotope. 

1£>? . 
Gold is a monoi sotopic . '"Au. element. This isotope is only 

occasionally used for Mossbauer studies. The preferred source is 
lv 'Pt obtained by neutron activation due to reaction 
li>optCn, }О1Я'Р'. . The half- l i fe time o:' l /Pt is IS hours. so a 
series of measurements shcjid be terminated within a few days. Due 
to the high energy of the resonant j -transition ' "*". 34 le'vO trie 
Mossbauer measurements must be carried out at low temperatures. 

ip" The nuclear spins of 
2 and 3-2, respectively. 

Au in the excited and ground states are 
Since the radius of the 'Au nucleus in 

i soii;-.=r the excited^ state is greater than in the ground state, the 
shift of 'Au IS directly proportional to the electron density at 
the nucleus. The half-life time of the 77.34 keV nuclear level is 
1 . 8Э ns, which corresponds to a natural line width of 1 . S8£ ir.m.-s, 
wruch is several times smaller than the observed range of tr.e 
isorr.er shifts and the quadrupole splittings. For these reasons the 
application of Mossbauer spectroscopy to the solid state physics -of 
cold is fruitful. 

£.2, High pressure cell. 

The high pressure Mossbauer investigations at i ?w temperatures 
have been developed mainly at the Tecr.r.ical University of Muru;h 
. 1 ,2,3/ . In our work the know-he/ oi tr.at group WJC very help! ul . 
In particular, the apparatus for high pressure г;;эл:и; «ments 'Fi J. 
1-- was a copy of that described for exan.pl e in Ref. - с . 

Fig.l. Experimental s e t - p for 
high pressure Mossbauor study 
at liquid helium temperature. 



As i rule. in high pressure Mossbauer sxper i m&r.ts the' 
calibration of the pressure is cr i t ical . At room temperature, the 
known discontinuity of the resist ivi ty of some metals at certain 
pressures, for example Bi-25.4, 27 and 70 kbar s7/, and Yb-40 kbar 
/S,'', may be used. At low temperature a lead manorieter is u;ed. The 
metal-superconductor transition temperature of lead strongly 
depends on pressure /9 / . By measuring this temperature the 
magnitude of the pressure can be estimated. However, due to 
technical problems, the accuracy of the pressure determination is 
of \<Ул, only. 

3.Electronic state of Au and Au in some ionic compounds. 

In inorganic compounds gold usually appears in the Au and Au 
states with the nominal electron configuraton 5d and 5d , 
respectively. Among those compounds cesium gold chloride, 
Cs Au Au *C1 , is an exception. According to the most recent single 

crystal x-ray diffraction data /1O/ i t s crystal structure consists 
of chains of distorted, corner-sharing AuCl octahedra. The Au and 

Au ions are ordered and occupy the crystallographical 1 у 
nonequivalent si tes with typical linear and square coordinations 
resulting from the elongation or compression of the corresponding 
octahedra, as shown in Fig. 2. 

Fig.2. Projection of the crystal 
structure of Cs Au Au Cl at 1 

2 6 
bar. Arrows show the direction and 

-
relative amplitudes of Cl ions 
shifts when pressure is applied. 
Above, Cl cooredination octahedra 
of Au and Au at 1 bar С sol id 
line} and at 52 kbar С broken lineO 

V 
Cesium gold chloride shows some interesting phenomena under high 

pressure. With increasing pressure the Cl atoms gradually shift 
towards an apparently symmetrical position between gold atoms that 
is attained at 52 kbar CS. 2 GPaD /1O/. As a result the gold atoms 
assume a geometrically pseudoequivalent position. They become 
indistinquishable from a crystal1oqraphiс point of view and possess 
a nominal valence state of 2*. This structural change is combined 
with a strony continuous increase in the electric conductivity by 
nearly nine orders of magnitude from ambient pressure to SO kbar 
С 6 
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I r. view -: t he r?cer.'.;y deter::.: r.ed •::y;u-.. ='.ruc'.ure z: 
•~.~. Аи Аи" _.. .-.'- tugh p r e : : u r e '10 i t appeared ;*_-£: L \S t С сггг V 

o'jt Mćssbauer nej.iuró"^^". _ ji>3ve the L.rtiiurc'j at uhicr, c n f . : : : ; . 
s. h .-livjjes in s ' . ructurai a^.vn.et г у and e l e c t r i c ccr-.GUC.iVi*. у oc-_jr 

i : , i £ . 1 3 - . S ĵch measurenicTiU should proviae a microscopic ins;cr.*. 
ir-.tc the e l ec t ron ic s t a t e of Аи m Cs At: AU *C1 .̂  at hi ah p r e s s u r t s . 

2 о " 
Moreover, two other compounds, Cs AaAuCi and Aul, were ais.-:: 

2 <5 

studied. The crystal structure of Cs AuAoCi is the same 35 that c; 
2 «3 

::̂ ;iu.i gild chloride with Aq replacing Au , and the b&havi our vf 
L_'_;-, those ecu, pounds at hi gn pressure is exp^ected '.•: be similar. A;JI 
: г assumed te be the most stable aurous halide. Its crystal stru-_'.ur 
t- Cspace aroup P4 3 consists of 1 ona и azaq poi; mer chains of 
At:-I with characteristic linear coordination of Au A .-oi>:par:;or. 
с :' Messbauer cata of Cs Au*A'j *Cl , Cs AgAuCl and Aul provided nt-w 

2 ó ? ~ <S 

.-.formation about chemical bondi r.g of goid hal ides and allows a 
j.scussion of the Cs Au*Au *Ci results on related bar.is. 

2 <5 

ТУ̂ е f i r s t r e - s u i t s -11 have- a i r e ^ d y or oved tna ' . '_-;-.jer pressur - . - s 
! ,.т which t h e x - r a y a n a l y s i s o o e s not mace t r ie g o l d a'.;::.: 
di =t i riąui sh&fc'i (?. bot^) Au and Au s t a t o s a r e с!е.д] l v v i s i b l e : r. 
n ' s s b a u e r spńc t ru in . The s p e c t r a were tai.i-т-. a t 1 bar C4.2 anc 4^ > 
<a--.-3 a t 68 kbar t ' 6 . 8 GPaJ C 3 . 1 . 4 . S , Й5, -1С and 4̂ ? (•..">. Soine of ' . no re 
s p e c t r a a r e shiown in F i g . 3. They c o n s i s t of two l i n t i а г i s i n e .'".-:•.. 
t n e over 1 app i no of two q u a d r u p o l e d o u b l e t s of Au anc Au . k'ext , 
t h e p r e s s u r e d e p e n d e n c e s of QS and I S were a n a l y z e d XZ.'. T'r-.e 
r * ; c l t s can be sum a r i z e d a s f o l l o w s : 

With i n c r e a s i n g p r e s s u r e У i У EFG on Au* d e c r e a s e s ; .- , 
Cs Au Au Cl and i n Aul ; ^ i i / e l e c t r o n d e n s i t y an An d e c r e a s e s 

2 + 6 

for Cs Au Au Ci and increases for Aul. / i n ' EF<? on Au"* 
2 6 

i n c r e a s e s m Cs Au*Au +C1 and i n Cs AgAuCl . --iv- e l e c t r o n d e n s i t y 
a t Au " d e c r e a s e s m Cs Au Au C\ and i n Cs AaAuCl . 

2 e 2 - <s 

These da t a could be used for t e s t i n g the? mojol s of c t e j c o l 
b.-:ids between co ld and hal i des . Let us d i s c u s s t h e Au* c i s o f : r s \ 
V';.y Au p r e f e r s a l i n e a r c o o r d i n a t i o n may be i-xpi J i : .cja i ". 
c o n s i d e r i n g two a l t e r n a t i v e s as a b a s i s for bono.rg- i ' 6;_p 
h,or i d i z a t i o n and, /x i / 5d 26s h y b r i d i z a t i o n . The el s-c t r - n 

z 
configuration of Au in compounds his been describee pr<?vi-_-;JS. v 
.'14'' as 5d C6s6p3 , where N is a varying degree oi covaler-.cv. 
Alternatively, in an "ionic." model, hybridization o:' 3d 2 and -_s 

2 
orb i t a l s in the form of i/VzC5d 2-6s."> i s a lso possible -15 ' . Her a- . 
the electron transfer from the 11 gands i s neglected. Trie e lect ronic 
cnarge i s removed from the direct ion of the r axis ^determined bv 
two l inea r ly coordinated ligands) into the spherica: 6s o rb i ta : 
This type of hybridization should be quite effect ive for Au*, since 
the energy difference between 5d and 6s i s low C1.9 eVO comparer, 
e. cj. , with 10.0 eV for Cd2+ . '15/. Thus, the l inear configuration o: 
Au can be understood simply in terms of an e l e c t r o i t a t i c effect . 
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i hi 5 d_ - not excl '_••.-:•:• the prosen:* of some c:-valent boiv.^rig. the 
only d;::ć-ranco bei :La that in;'.i-id of л >: tip hybndi.-ńUon a 
mixture ;,:' 6p and i /2ĆSd 2-6si or vi ta ls of An* occurs. 

100 

100 

99,5 

Au' 
| 

Аи3' / 

1 ba r v/ 
4 .2 К 

7 

68 кЪаг 
- ; 

68 kbar 
25 К и 

68 kbar ••»-. 
40 К Х 

-10 -5 -10 -5 

юо 

99.S 

99,5 

VELOCITY Imm/sl 
Fig.3. * 'Au spectra of CszAu*Au3+Cl taken at different pressures 

and temperatures. 

The pressure induced change of isomer shift of Аи* can be easily 
explained. In cesium gold chloride the nearest Au*-Cl" distance 
increases with the increasing pressure. In frame of the "covalent" 
model, assuming the 5d C6s6p3 electronic state of Аи*, the degree 
of covalency N is directly related to the Au*-Cl~ distance, which 
decreases with the increasing pressure, causing the weakening of a 
bonds and. consequently, the decreasing in s-electron density. At 
the same time, in the picture of the "ionic" model the decrease of 
the distortion ot the Cl" coordination octahedra with the 

О 

increasing pressure should cause the refilling of the Sd г "hole" 
z 

at the cost, of the 6s orbital, thus also leading to the decrease of IS. 
The discussion of the pressure dependence of QS appears even 

more interesting. Due to the presented models of the bonding, there 
are two competitive contributions to the EFG: a negative 
contribution,due to the 6p orbital Cpopulated by the exchanae 
interaction, i.e. by covalent bonding}, and a positive one, 
resulting from a 5d z hole produced by the electrostatic 
interaction in the otherwise fully occupied Sc shell. 

The decrease of the Au-I distances in Aul should yield an 
increase of 6p population, i.e. an increase of its negative 
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contribution •. о the total EFO. A decree;.* of QS was experimentally 
coserved. a t b e cone . uded that t he 
c.-.'itribution comiridt.es. So. a positive 

розitive 
may also be assumed f'_T 

he A1.: in Cs Au A-J Cl and the observed decrease with pressure of 
QZ cf Au in cesium gold chloride is probably also caused mostly by 
the refi l l ing of the 5d 2 hole due to the improved local symmetry 
c:" Au at high pressure. 

inc 
res 
EF 3 

Frevi ousl у, 
d conip>our.a 
srimned by 
у. Now the 
osi te . I t 
i t i ve sign 
general IS 

reasing mag 
pective QS 

woul d yi <= 
deqr 

a negative sign was assun.ed for EFG in the unival 
• ' '£. 14,16''. However, the sign С negat 1 ve5 
an experiment for the highly covalent KAuCCN / 

sign of the EFG in gold hal i des seans to be 
should be emphasized th.it the conclusion of 
of EFG for these compounds i s net inconsistent w 
-OS relationship for Au* Cof. Fig. 4'j . In fact, w 
a tude in the sequence AuCl , AuBr , Au: and with 
values of 4.63, 4.23, 
•Id a better proper 
ее of lonicity. 

and 3. 98 mine's • 14 ' a posit 
• relat ionship ;r, terms of 

ent 
was 
I'."-' 
the 
the 
; *. h 

. h 
t i . o 
i *••« 

Thus, i t was concluded that in the investigated compounds the 
ionic bonding of Au dominates. The word "dominates" here 'iiea.-r.". 
o:ily that in each of the cases the shape of ,чи electron shell ;s 
ir.cstly determined by the electrostatic interaction. The Au* ion is 
cc ̂ .pressed in the direction of the anions leading to positive EFC-. 
T'r.e exchange interaction '.-'ouid cause the elongation of the A-J* 
electron shell in the direction of the unions producing a neaative 

Fig. 4. The isomer shift-e 
f ie ld gradient relat ionship of Au* 
compounds. Solid l ine and full 
dots, cf. Ref. 14. broken l ine and 
empty dots, cf. th i s work. 

3 + 
Square-planar Au complexes are usually interpreted in terns 
56 5d6s6p hybridization with varying degrees of ionic character. 

• molecular orbital configuration is 5d8CSd6s6p2JN /14-'. The 
pressure shifts for Au3* in Cs Au*Au3*Cl and m 

3 + 2 0 
3 AaAu Cl 2 - <s 

r:f.- Titi ve 

are caused by decrease of overlap integrals 
the с bonds due to the pressure induced increase of the 

-CI distances. 

co 
yi 
wi 

Trie two electron holes in the 5d 2 2 orbital produce a neaative 

.-.tribuLion to the EFG, while the partly filled cJd6s6pz hybrid 
elds a positive contribution. The increase of the Au-Cl distances 
thin the xy plane should decrease the positive contribution. An 
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I n 
pos i t i 

V i 

o n ; 
ew 
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o f 
n 

t h e 
Cs Au 

geometrical 
~Au3"ci at 

<5 

unexp?c'. ed increase if QS was or erved, showing that thr_- EFG was 
negative-. So far j negative Ь.Г'3 in Au compounds has been 
predicitd only in t h>_- case of the niost ionic A;JF /14/. 

pseudoequi vai oncy of the two Au 
high pressi;: e, a icrc energy 

differer-.ce between '.i\<j ;" i i i eel Au electronic Jitate and trie empty 
Au state can be assumed. Consequently, a fast, electronic exchange 
between Au and Au * producing an apparent aver j-:;e Au stole might 
be expected. However, the Mossbauer spectra show that t h i ; i s not 
the case: the Au and Au states remain distinguishable up to 68 
kbar at 40 K. Thus, the relaxation time for the electronic exchange 
process does not reach the limit of the half l i fe time of the Au 
nuclear excited s ta te , i .e . of 1.9 ns. 

Fast electron hopping in this case is primarily excludes because 
of the topology of the cesium gold chloride structure in urich the 
coordination octahedra share corpprs and Au and Au orbitals do 
not overlap directly. Thus, electronic transport can occur, 
especially at low temperatures, only by tunneling through the 
energy barrier of Cl which separates the localized Au valence 
electrons from the empty band of the Au ion. 

4. few pnase transition in CsAu 

The Jntermetal 1 i с compound CsAu has for decades been a subject 
of intense experimental and theoretical studies /4,5,1t,19,20/. 
These two typdeai mea-als show strong ionic bonds 1 eadi r.c to the 
semi conduct j g properties with the energy gap of 2.6 oV at room 
temperature /18,19,20/. CsAu crystal ises in the CsCl-type СВ2Г> 
structure. CsAu is very active chemically: in the open air i;, 
changes i t s color within seconds from dark brown to yellow, due ii 
the precipitation of metallic gold, so the the experimental studies 
of this compound are difficult . 

For many years the semiconducting proper t i e-s, of CsAu could net 
be reproduced by the theoretical calculations of t he band 
structure. Recently, however, a significant progress in the 
nummerical methods has been observed. The results of the band 
structure calculations of gold-alcali metal compounds with the use 
of the r e l a t iv i s t i c Korri nga-Kohn-P.ostocker С KKR5 method cm serve 
as an example /4 / . In particular, this calculation confirmed the 
metallic s ta te of Li Au, NaAu and 'ffbAu, and the semiconducting s tate 
for CsAu was indicated in agreement with the experiment. It was 
shown that in this series of compounds i t was the interatomic 
distances that determined the electr ical properties- Hence, i t was 
concluded that at elevated pressure, with decrease of the l a t t i c e 
constant, the metallization of CsAu should occur. 

Moreover, the later total-energy calculation / 21 / predicts a 
pressure induced phase transition from Б2 to ВЭ2 СNaTl3 structure 
at a pressure of about 45 kbar C4.5 GPa3 in the framework of this 
theory where only these two structures are compared. The present 
study was undertaken /13,22,24,25/ in order to explore t h<? 
suggested phase transit ion - not because of a spectacular result 
but t j check the range of the application of the modern nummerical 
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!:.•=•!. liods. 

Simples of CsAu w^re s> 'n the t i zed by me l t i ng t h e s to i chi о met г i -
.--•v.eunt s of Cs and Au i n a vacuum- t igh t niol ybdeni um c r u c i b l e at --•" ' 
"C. Two samples Cla and I fcO *»ere c c o l i d t o t h e rc-orn t e m p e r a t u r e 
vi t h i n minu te^ , wh i l e a t h i r d sample С 113 was cool ed down ovar л 
:"-?w hours. Further examianati on revealed that sampi о II contained 
:..uc:h more additional phases than samples la and Ib. All thr -ve 
samples were dark brown with a tiny yellow g l i t t e r . The absorber 
pallet had a diameter of 4 mm and was formed and sealed in a thin 
plast ic bag under argon atmosphere. The pellet with the cover wis 
placed between two В С anvils of the copper-berylium clamps of tne 

r.iyh pressure system. 

The obtained resul ts may be summerizred as follows. At 27 kbar 
C-E.7 GPa3 a decrease of IS is observed followed by the further 
increase with increasing pressure CFig. 35. The i n i t i a l single 1 i r.e> 
cf the resonant absorption s p l i t s into quadrupole doublet 
which at 40 kbar shows a clear asymmetry. At hign pressure the 
probability of the resonant absorption increases 3 times in the 
comparison to i t s low v?lue Сf=0.01 S3 at 1 bar. The observed 

Fig.5. Changes of isomer shift СД 5 

induced by pressure in CsAu presented 
by line a, extrapolated to 1 bar, and 
in metallic gold presented by line b. 

effects are reversible with the pressure, 
obtained spectra are shown in Fig. 6. 

The examples of the 

40 kbar 

Fig.6. Mossbauer spectra of CsAu 
С sample covered with metallic gold} 
measured at 4. 2 К at pressures as 
marked. 
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The m i e r p r e t a t i c r , of the r e s u l t s i s simple-, al though . 
©X'piai.') '.he detai ls . of the occur ing Iran lonoal-ions. 
Lir.u—i:al i or gold c,jni|. ;unds dec: e j se of t h t IU with n 
pr*?3sur^ '.here was •=• - * imaled that Au ion l o c = : j the char; 
иг О. 00 e i r err, trie ,C_ she l l . Thi ; may be relatt-d to the cJ 
the luncamental i nd i r ec t gap be tve t r the- 6s valence band *: 
conduction band, 1. e. to the predicted me ta l l i sa t ion of 

.-•'5,-'. The semiconductor to m>?t.al t rans i 

t cannot 
i om the-

Oiing of 
,d the 6p 
CsAu at 
ion was high pressure 

postulated as the result of the decreasing o: Au-Cs ln'eratomic 
distances in the frame of the CsCi structure. To elucidate tins 
-•-obiem mesaurements of the conductivity of CsAu in the function 
o: pressure were undertaken. The very p.-elinunary results show, 
indeed. an abrupt increase in conductivity at 25 kbar at room 
temperature -Fig. ТУ, which may be interpreted as pressure induc&d 
semicoductor-to-metal transition. 

Fig.7 . R e s i s t i v i t y of CsAu at 396 
К in the function of pressure 
measured with Ce c a l i b r a t i o n 
С aboveD and with Bi c a l i b r a t i o n 
С belowD. 

1P7 
The o b s e r v e d a t h i g h p r e s s u r e e l e c t r i c f i e l d g r a d i e n t s on Аи 

nuclei, are an evidenvce of the structural , at leas' local, 
transformation. The existi_ng QS indicates that the i -herical 
symmetry of Ss shei 1 of Аи is no longer mair-.t; ned. The type of 
the cocrdi nat i on of Аи certainly cannot be one 1 uded ; r. om the 
Mbssbaue:- data alone.-. But, in an analogy to n.ercury, whrh being 
i soej 6-ct гот с to Аи strongly favours the linear coordir..v ion due 
to 6s6p hybridisation -'£5/, also linear coordination of -jol d in 
CsAu at high pressure was postulated. The proposed linear 
coordination c^f Аи with 6s6p hybridization would pi iduce a 
negitive V v»hich appears to be supported' by the following 
argument. 

At 40 kbar an asymmetry in the line intens t ies at the 
quadrupoie doublet was observed. This was ' int.etpret.t--i as a 
Goidansky-Karyagin effect, i . e . the influence of the am sot ropy of 
the recoil-free fraction on the l ine intensity rat io. For t he 
linear coordination the amplidude of the thermal vibrations of gold 
atoms should be reduced in the direction of the 1 iqands. which is 
also the direction of the z-axis of EFG tensor. In the cose of a 



neaative V a reduction of the lower energy line of the quadrupoie zz 
doublet is expected /26--' in agreement with the experiment. 

The change in chemical bonds is strongly reflected on dynamical 
properties of Au . The aboui 3- times increase in f-factor by 
transition to the high pressure state ^s reflected to the increase 
in Debye temperature from 72 К at 1 bar to 96 and 99 К at 27 and 4O 
kbar, respectiveily. 

The obtained results, i.e. /i/ the decrease, probably abrupt, of 
electron density on Au nuclei, /ii/ the creation of the EFG, and 
/i i i / the strong increase of Debye temperature are evidences of the 
phase transition in CsAu at high pressure. This confirmes the 
theoretical predictions /21/. 

The further studies of the properties of CsAu at high pressure 
are in preparation. In particular, /i / new Mossbauer experiments in 
the pressure range of S-2S kbar should help in the more exact, 
determination of the pressure at which the transition takes place 
at 4.2 K, /ii/ from the resistivity measurements in the function of 
the pressure at different temperatures the construction of the 
phase diagram of CsAu may be possible, /i i i / x-ray study of Cs -\u at 
high pressure are crucial for the determination of the crystal 
structure of the high pressure phase of CsAu. 
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POSITRON ANNIHILATION STUDIES IN LIQUIDS 

G. DUPLATRK and J.C. ABBE 
Laboratoire de CHIMIE NUCLEAIRE, Centre de Recherches Nucleaires 

B.P. 20, 67037 STRASBOURG Cedex (France) 

A brief survey of positron annihilation studies in liquids is 
given, with emphasis on the polar solvents. After an introduction recalling 
the most relevant properties of positron, e , and of positronium, Ps, and a 
short account of the most currently used techniques, four major domains of 
investigation are described, with some illustrative examples : the fundamental 
works on Ps formation, on e+ and on Ps chemistry and, finally, some typical 
examples of applications. 

1. Introduction 

Positron (e+), the antiparticle of the electron, is a stable 
particle in vacuo. In matter however, it can annihilate with an electron 
either directly or after forming a bound-state, positroniu.a (Ps). The most 
probable annihilation modes of e + are those with emission of 2 and of 3 g amma 
rays, with a relative probability ratio of 1/372. 

Unlike e , Ps is not stable in vacuo. According to whether the 
spins of the constituent particles are parallel or antiparallel, Ps exists in 
the form of a triplet, orthopositroniutn (o.Ps), or of a singlet, 
parapositronium (p.Ps), state. The most probable annihilation modes are 
respectively with 2 and 3 gamma rays for p.Ps and for o.Ps. Once in matter 
though, Ps interacts with electrons of the medium and annihilates by the 
so-called "pick-off" reactions. For p.Ps, this is of little consequence, owing 
to its very short intrinsic lifetime. For o.Ps, the pick-off results in a 
considerable shortening of its lifetime, with emission of 2 photons instead of 
3. The annihilation characteristics of e and Ps are gathered in table 1. 

These characteristics can change according to the medium : they 
primarily include the lifetimes, the momentum distributions of the 
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annihilating e - e pairs and the probability of formation of Ps. These 
possibilities have open the way to many applications of the positron species 
as versatile probes in solids, liquids and gases. 

Table 1. Some annihilation characteristics of e+, p.Ps and o.Ps in vacuo 
(left) and in matter (right). 

particle e + p.Ps o.Ps e p.Ps o.Ps 
lifetime (ns) => 0.125 140 0.3 to 0.6 0.125 2 to 5 
emission mode 2 Y 3 Y 2 Y 2 у 2 у 

This lecture will be focussed on positron studies in liquids, of 
which typical examples will be shown. These studies may be classified into 4 
main categories : 

(i) Fundamental works, which aim at understanding the modalities 
of Ps formation. These are closely connected with research in pulse radiolysis 
(PR) and are useful to unravel the mechanisms of fast radiolytic reactions. 

(ii) Positron chemistry, which deals with the existence and 
stability of positron bound-states formed by fast reactions of e+ with 
solutes. Results from this specific field are confronted to theoretical 
expectations from quantum chemistry. 

(iii) Positronium chemistry, which deals with the chemical 
reactions of Ps. This fundamental field has become increasingly important, in 
view of more comprehensive applications. 

(iv) Various applications in many areas, such as those of complex 
formation, ion associations, micelles, phase transitions. 

2. Positron annihilation techniques (PAT) 

It is out of the scope of this lecture to present the techniques 
in detail. Only the 3 most widely used techniques (1) are briefly described to 
recall what parameters are measured. 

Positron lifetime spectroscopy (LS) involves conventional 
fast-slow or fast-fast coincidence circuits. The usual positron sources 

22 + 
consist of Na nuclei : the 1.28 MeV gamma ray emitted concomitantly with e 
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delivers a start signal (birth moment of e + ) , while one of the 511 keV 
annihilation gamma rays gives the stop signal. Countings last several hours, 
with time resolutions around 0.3 ns. The decay spectra obtained are analyzed 
by an appropriate program to yield the lifetime (т^) and <-he relative 
abundances, or intensities (I.), of the various positron species. Subscripts 
1, 2, 3 and 4 will refer to p.Ps, e+, o.Pc and any positron bound-state, 
respectively. Superscript "OM will denote values in the pure solvents. 

The angular correlation of e+ annihilation gamma rays (AC) and the 
Doppler broadening of the annihilation radiation lineshape technique (DBARL) 
give information on the momentum distribution of the annihilating e - e 
pairs. The resolution of AC is much better than that of DBARL. The 
experimental DBARL data are obtained by a fevi hours' counting of the greatly 
expanded 511 keV line, using high resolution (1 to 1.5 keV) Ge(Li) detectors. 
This line, which may be characterized by its full width at half maximum 
(fwhm), is the sum of the momentum distributions of each positron species. It 
can be described by Gaussian functions with fwhm's Г. and intensities Ii, 
convoluted by the resolution function of the apparatus (2, 3). Typical values 
of the I\'s in liquids are : 1^=1 keV, ?2 = 2.7 keV and Г3 = 2 to 2.4 keV. 

Combining two of the above mentioned techniques can lead to very 
precise information. Thus, knowing the Г. values in a given solvent and the 
intensities measured in LS allows to calculate the expected value of fwhm for 
any solution. Comparing with the experimental data allows a good 
cross-checking of the informatic i drawn from LS and from DBARL. 

3. Fundamental aspects : Ps formation and fast radiolytic processes 

The first proposals to explain how Ps can form in liquids came 
from the field of hot atom chemistry : it was suggested that Ps would be 
created through the abstraction of an electron from molecules of the solvent 
by the energetic positrons, before they become thermalized. By analogy with 
what is known of hot tritium atoms, any change, and particularly any decrease, 
in the final Ps yield in the presence of a solute (S), would arise from the 
reaction of tho energetic (hot), nascent Ps atoms with S (4). 

More recently, on the basis of what is known on electron tracks in 
PR, the "spur model" was proposed (5) : Ps would arise from the reaction of e+ 

with one of the electrons released by ionization of the medium at the end of 
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its track. Ps formation would thus occur in competition with other spur 
reactions, such as ion-electron recombinations. In this context, a solute can 
modify the Ps yield by reacting with one of the species present in the spur : 
primarily with the electrons which results in the inhibition of Ps formation. 
These new ideas have open the way to numerous experiments which proved the 
existence of strong correlations between PR and Ps formation results (6, 7). 
Although the hot atom model still has his tenants, a very large agreement has 
been established around the spur model. Some typical results in favour of the 
latter will therefore now be presented, with particular attention to the polar 
solvents, for which table 2 summarizes the simplest overall reaction scheme 
proposed for Ps formation (6). 

Table 2. Main reactions involved in the spur for Ps formation (M and S 
represent a solvent and a solute molecule, respectively) 

e + 

e + 

e~ + 

e+(e" 

еГос 
eloc 

Main 

e~ + 

M > e+ + 
e~—• Ps 

M + — • M* 
-, ^ + 

loc 

+ e, >i 
loc 

(еГос> — 

M+ + e" 

loc 

•s 

'solv solv 

reactions with solutes : 

S • S" 

ionization 

Ps formation, 

recombination 

localization 

Ps formation, 

solvation 

fraction 

fraction 

"total" inhibition 

(1-f) 

f 

(I) 
(ID 

(III) 

(IV) 

(V) 

(VI) 

(VII) 

el+oc (еГос' + 

M + S • products 

"limited" inhibition 
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(VIII) 
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Three main types of solutes have been found : 

3.1. The largest body involves the total inhibitors, able to suppress 
completely Ps formation at high enough concentration (C), according to the 
empirical relation : I, = I°,/(l + kC) (X) 

Fig. 

I, = I°7(l + kC) 

1 illustrates the linear variation of 1/IQ from LS for 3 solutes, the 
slope of the curves giving the inhibition constant, k. These solutes are known 
as good electron scavengers. On this basis (as opposed to positron 
scavenging), it is possible to predict the variations of fwhm with С measured 
in DBARL. Fig. 1 shows that the calculated variations (solid lines) are in 
excellent agreement with the experimental data. 

Fig. 1 - Variation of I/I (left) and of fwhm (right) with concentration С 
of : o, SeO. , Te(OHh BrO~. From (8). 

Numerous к values have been determined in water and are found to 
correlate well with the reaction rate constants of the solutes for hydrated 
electron scavenging, k(e~ + S), with a few marked exceptions like SeCT and 
2+ Ni (Fig. 2). However, as proposed in table 2, total inhibitors are 

necessarily those who can inhibit Ps formation at the earliest stages, that 
is, by scavenging quasi-free, not yet solvated electrons. Fig. 3 shows that 
there is effectively a much better correlation between к and 1/C , a 
parameter which measures the efficiency of a solute to scavenge the precursors 
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26. Te(0H)_ ; 27. U0' 2+ 

Fig. 2. Correlation between the Ps 
inhibition constant, k, and the hydrated 
electron scavenging rate constant, 
k(e~ +S) Of solutes in water. From (6, 9J. aq 

2. BrOl ; 3. BrO" ; 4. BrCH2C00 
CICH2COO" 5. 6. сю: 7. 
CIO" ; 8. Co(EDTA)" ; 9. CrO= ; 10. 
11. Cu2+ ; 12. Fe(CN)g" j 13. H ^ 
g2+ 

14. 
Hg2+; 15. HgCl2 ; 16. ICHgCOCT; 17. 10" 
18. 10" ; 19. MnO4" ; 20. NOj ; 21. NOJ 
22. Ni ; 23. Pb2+ ; 24. SgOg ; 25. SeO 

28. Acetic acid ; 29. 2,3 Butanedione 
; 

3O.Fumarate '6 ' " " " 2 
dianion ; 31. Formic acid ; 32. Maleate dianion ; 33. Maleic acid; 34. Malonic 
acid ; 35. Nitromethane ; 36. Oxalic acid, pH =1 ; 37. id., pH= 2; 38. id., pH 
= 3.5 j 39. Oxalate (hydrogen) ; 40. Succinic acid ; 41. D.L.M Tartaric acid. 

20 

10 

5 

2 

1 

O.S 

1 
-

-

-

29 / 

2 / S 

1 1 1 

7 

\ 

1« 
22 • 

I & 
* Уз*х 

T >̂  * ^ 
У 97 

13y<20 27 

•f" 
23 

^ 1 1 1 

4' 

/ 
/ 

/ 

1 

1« 

1 

12 ' I/ 

s 1» -

-

0.2 O.S 1 2 5 10 20 

Fig. 3. Correlation between the Ps inhibition constant, k, and the constant 
for scavenging of the precursors of the hydrated electron, l/co7- From (9). 
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1. BrO" J 2. С1СН2С00" ; 3. C^CCOO" ; 4. CrO^ ; 5 ^ ; 6. Cu2+ ; 7. 

g2+ : 8. H 20 2 ; 9. Hg 2 + ; XO. HgCl2 ; 11. IO~ ; 12. IO ; 13. N0 ; 14. 
NO" ; 15. Ni 2 + ; 16. Pb 2 + ; 17. S„0„ ; 18. Secf. ; 19. Te(OH). ; 20. 2,3 3 с. о ч о 
Butanedione ; 21. Dimethyloxalate ; 22. Fumarate dianion ; 23. Maleate 
dianion; 24. Maleic acid ; 25. Malonic acid ; 26. Nitromethane j 27. Oxalic 
acid, pH = 1 ; 28. id., pH = 2 ; 30. id., pH = 3.5. 

of the hydrated electron and is determined in picosecond PR experiments. Note 
that both correlations also include many solutes which are not electron 
scavengers and do not inhibit Ps formation via electron scavenging, like the 
halide anions, S~, CN~, etc. 

The correlation in Fig. 3 implies that the largest portion of Ps 
is formed by very fast processes, before solvation of the particles 
intervenes : in water, this sets a time scale below 1 ps. This hypothesis is 
supported by other observations, particularly : (i) Both к and 1/C are not 

3 / 
sensitive to ionic strength effects by contrast with k(e~ + S) which can 
change by orders of magnitude with increasing concentration of charged 
solutes, (ii) к is not sensitive to temperature. 

3.2. A second category includes the limited inhibitors, as illustrated in Fig. 
4 : I3 decreases with increased solute concentration, then levels off. An 
empirical expression for this variation is therefore : I = I°(l-f)+I°f/(l+KC) 
(XI), where К is the limited inhibition constant and f the fraction of Ps 
liable to this inhibition. 

см 

Fig. 4. Variation of I_ (left) and of fwhm (right) with concentration С of 
• , Tl ; • , Cl in water. From (10). 
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The LS data, fig. 4a, show a great similarity in the inhibition by 
either Cl~ or Tl , while the DBARL results, fig. 4b, reveal a marked 
difference of behaviour. If inhibition is due to electron scavenging, no other 
species than e + and Ps are present in the solution (see table <?), and fwhm can 
be calculated using the r.'s known from preliminary measurements in the pure 
solvent, and the I.'s measured in LS. Since I\ and Г,, related to p.Ps and 
to o.Ps respectively, are lower than Г?> any decrease in the Ps intensity 
should result in a broadening of the DBARL line, that is, in an increase of 
fwhm. The solid line in fig. 4b for Tl has been calculated on these bases and 
show a good agreement with the experimental plot. The only way to explain the 
concomitant decreases in fwhm and in I with increased Cl concentration is 
therefore to admit the presence of a new positron bound-state, [Cl e ], with a 
corresponding Г. lower than Г-. Deconvoluting the annihilation line from the 
resolution function an resolving it into 4 components shows the effective 
presence of this extra positron state, whose intensity, 14, increases with Cl~ 
concentration. It thus appears that LS shows Ps inhibition by Cl . but only 
DBARL reveals that this inhibition is due to positron scavenging. 

In table 2, the effect of limited inhibitors on Ps formation is 
ascribed to their reaction with localized, not yet fully solvated particles 
which, in the absence of solute, form only a fraction f of Ps. Several facts 
speak in favour of this ascription, in particular : (i) Fraction fl° of Ps is 
found to be the same for positron or for electron scavengers. This is expected 
since whether e, or e, are withdrawn should result in a similar decrease loc loc 
of the Ps intensity, (ii) In most solvents, fl° and К are strongly temperature 
dependent, as illustrated in fig. 5 for I~ in a glycerol/water mixture. This 
implies that fraction fl_ of Ps is formed by the reaction between species 
which are somewhat associated with the solvent molecules. The activation 
energies for К are often ratner high, close to the activation energies for the 
viscosity of the solvents. By contrast, the non sensitivity to temperature of 
fraction (l-f)I which represents the largest portion of Ps, and of k, the 
total inhibition constant, denotes the implication of reactions occurring at 
very short times, before interactions of the particles with the solvent 
molecules have become important, (iii) Ps formation and limited inhibition are 
observed at very low temperatures in alcohols, when the solvation times of e 
are significantly longer than the e T lifetime. This rules out any 
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participation of fully solvated electrons in Ps formation. 

05 ГО 
С(М) 

Fig. 5. Variation of I as a function cf 
concentration С of I~ in a 12/8S mol % 
glycerol/water mixture at : о , 294 К ;• , 
393 К. From (11). 

3.3. The third class is that of the Ps enhancers, able to increase the 
probability of Ps formation. These include mainly amines and related 
compounds, plus some anions such as Br and I . The variation of I_ with С can 
be described by : I = 1° (1 + aC)/(l + PC) (XII), where a/0 is the 
enhancement factor and p the enhancement constant. 

In table 2, this enhancement is ascribed to hole scavenging frc^ 
the positive ions in the spur, resulting in a greater local availability of 
electrons and therefore in a higher probability of Ps formation. This is 
supported by the fact that amines and the halide ions are known as the most 
efficient scavengers of OH in water (compared to the hole, OH is the 
equivalent of e ~ . compared to quasi-free e~) and, more generally, of 
positive charges. Quantitatively, a good correlation is found in water between 
3 and the reaction rate constant of solutes with OH (6). As no new positron 
states are involved, the variation of fwhm with С can be calculated from the 
sole LS data, as illustrated in Fig. 6 for allylamine in water. 



Fig. 6. Variation of I (left) 
and of fwhm (right) with 
concentration С of allylamine 
in water. From (12). 

Some solutes exhibit both limited inhibition and enhancing 
properties, in such a way that the I vs С variations display minima or 
maxima. This is expected since the positive ions in the spur and the localized 
positrons are to some extent similar species. 

Numerous studies have also been devoted to non polar solvents. The 
main difference with what has just been presented is that the solvation 
processes play a minor role, if any. Thus, no equivalent to fraction f has 
been clearly found until now. 

The experiments have aimed at finding correlations with the 
properties of the electrons known from PR and also, reversely, at making 
predictions that might be used as guidelines in PR experiments (13, 14). For 
instance, correlations have been found between the Ps formation probability 
and : (i) the electron scavenging rate constant of solutes ; (ii) the electron 
mobility, in pure solvents (fig. 7) ; (iii) the electron work function of the 
solvents in mixtures of solvents ; (iv) the appearance of the absorption 
spectrum of the solvated electron due to the formation of clusters of polar 
molecules added to a non polar solvent ; (v) the scavenging of mobile holes by 
solutes, in a similar way as expressed in 3.3 above. 
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4. Positron cheir.istry 

This very specific field will not be dealt with here. We may just 
recall that fig. 4 exemplifies data demonstrative of the formation of a 
positron bound-state with a solute (here, Cl ). A few papers have been devoted 
to such reactions, aiming at characterizing the bound-states, and at probing 
their relative and their thermal stabilities. The results are compared to 
theoretical predictions. 

5. Positronium chemistry 

Positronium chemistry has increasingly become an important field 
in the last years. Besides the very interesting fundamental implications of 
the experiments, a better knowledge of the behaviour and properties of Ps in 
matter has become an urgent task in view of more fruitful applications. The 
large development of new applications found to Ps in various media, not only 
in liquids, obviously demands a good knowledge of this probe. 

As a chemical entity, Ps can participate to the usual chemical 
reactions, such as oxidation, complex formation or addition reactions. 
Eesides, the coexistence of the singlet and triplet states of Ps allows 
studies on spin interactions and on magnetic field effects. Table 3 displays 
some of these possibilities. 



Table 3. Main possible reactions of Ps with solutes (S) and interaction with a 
magnetic field (H). 

Ps + S >• e + . + S~ . oxidation 
solv 

Ps + S • PsS complex formation 
o . P s + S ^ p . P s + S spin conversion 
p.Ps, o.Ps (m=0) *-mixed state magnetic quenching 

In the following, examples will be given of some problems which 
are currently dealt with in Ps chemistry : (i) identification of the nature of 
the witnessed reaction ; (ii) mechanism of the reactions and studies of the 
temperature effects ; (iii) magnetic quenching. 

5.1. The nature of the reactions 

It is important to realize that besides the reactions to be 
scrutinized, with essentially occur after Ps is thermalized in the solution, 
the fast radiolytic processes described in part 3 have to be taken j.nto 
account. For instance, quite generally, a good oxidizer of Ps, with a high 
electron affinity, will also be a good inhibitor of Ps formation, via electron 
capture in the spur. 

A good characterization of the nature of the Ps reactions is only 
possible when using both LS and either AC or DBARL. In case of oxidation or of 
complex formation for instance, the expected variation of X- = l/т, with 
concentration С of solute S having a reaction rate constant k1 are linear : 
X3 = \° + k'C (XIII). A more complex expression holds in case of spin 
conversion, implying some curvature of the X vs С plot, but the experimental 
variation can be very close to linear. Therefore, LS measurements cannot 
distinguish between the two first, sometimes all three, types of reactions. In 
DBARL, the expected variations of fwhm with increasing С are very different : 
in case of oxidation, the solute will transform all Ps into e+ ^ and 
therefore fwhm tends asymptotically to fwhm2, a value Characteristic of e . 
annihilation, independently of the nature of the solute. With complex 
formation, all Ps is progressively changed into the complex, which has a 
characteristic Г value : fwhm tends to an asymptotic value different from 
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fwhm2. In case of spin conversion finally, o.Ps is essentially changed into 
p.Ps : fwhm decreases. However, the action of S on Ps formation, resulting 
into changes in I_, can induce a more complex behaviour of fwhm with С than 
just described. 

Figure 8 gives tne variation of Xg and of fwhm with С for the sane 
solute, a nitroxyle free radical, in two different solvents. 

• 1 ftl ft» 0 1 

Fig. 8. Variation of 1/т_ (ns~ ) (left) and of fwhm (right) with 
concentration С of free radical HTMPO in water ( о) and in methanol (• ). Fron 
(15). 

In water, X- varies linearly with С and fwhm increases to fwhm2. The solio 
lines in the figure are calculated supposing that the reaction with Ps is 
oxidation : the LS plot delivers k1 , and the fwhm vs С curve is then 
calculated with no adjustable parameters. The agreement with the experimental 
data is excellent, strongly supporting the hypothesis. 

In methanol, X, deviates from linearity at high С and fwhm 
initially decreases. Considering the nature of the solute, these variations 
have been fitted on the basis of a spin conversion reaction. Note that the 
increase in fwhm above 0.1 M is due to Ps total inhibition, such as revealed 
by the linear variation of I/I with С (not shown, see eq. X) : fwhm tends 
asymptotically to fwhm2, when all Ps formation is suppressed. 

This example shows how the nature of a Ps reaction can be 
characterized. It also illustrates one of the interesting problems dealt with 
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in the field : the change in the nature of a reaction when changing the 
solvent and the application to study specific properties of the solute. In the 
present case, systematic experiments using solvents having very different 
properties (polar and non polar, with high or low dielectric constants, protic 
and non protic) have shown that the strong effect observed between v.ater and 
methanol would be due to the strong protic properties of the former solvent. 
The presence or absence of hydrogen bonds would lead to a change in the 
electron density on the NO moiety of the free radical, by the preferential 
stabilization of one of the mesomeric forms : N - 0 ^ N - 0 . 

5.2. The mechanism of the reactions 

In spite of growing interest, the mechanisms of Ps reactions are 
still pocrly understood. 

The kinetic theories predict that for a purely diffusion 
controlled reaction the rate constant, к , should vary linearly uith T/n., 
where T is the absolute temperature and n. the viscosity of the solvent. Such a 
simpJe behaviour is effectively found for k' with some strong oxidizers of Ps, 
as illustrated in fig. 9. Even in such cases though, a difference is found 
when n. is changed either by increasing the temperature of by adding 
(hopefully) chemically inactive compounds such as sucrose (16) . A phenon-.e-
nological approach to this problem leads to introduce the dielectric constant 
of the solvent, e, in the equation, so that k1 would be proportional tc 
(T/n.)exp(u/E) , where u is a constant involving the radii of the reactants. 

Fig. 9. Variation of the reaction rate 
constant, k, of Ps with К CrO as a 
function of T/ą in water. From (16). 
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However, for a very large number of solutes inducing various 
reactions with Ps, the activation energy associated to k1 is found to be quite 
different from that of the viscosity. At the extreme, k' is found to be alnost 
independent of the viscosity, or even to decrease with increased temperature. 
In some specific cases wher;' k' goes through a maximum with increasing T (fig. 
10), the data can be formally explained on the basis of a reversible reaction. 
The solutes involved are nitrocompounds and the hypothesized reaction is that 
of complex formation (17) : 

2 у *- Ps + S ** [PsS] -* 2 1 

««слон» «лм ••мтю-Ш) к o«t«»i savtxrs n юоо/t 

Fig. 10. Variation of the reaction 
rate constant, к . , of Ps with obs 
nitrocompounds as a function of l/T 
in various solvents. From (17). 

Still, quantitative examination of the derived reaction rate constants shows 
an abnormal behaviour for the back reaction : its rate constant is expected to 

1/2 vary as T /п., so that the measured overall k' constant should at best be 
almost insensitive to T, but not decrease. Furthermore, the above kinetic 
scheme can hardly be extended to other types of reactions. 

In a recent study in our laboratory, the problem has been 
theoretically reexarained. It is concluded that the measured k1 can only 
decrease with increasing T if an encounter pair, (Ps, S ) , then an activated 
complex, [PsS] , are formed reversibly, the final reaction (complex formation. 
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oxidation, etc) occurring only after these two steps. Further experimental 
evidence is needed to support the model, and also to prospect other 
interesting possibilities, such as tunneling reactions. 

5,3. Magnetic quenching 

Applying a magnetic field (H) gives an additional parameter to 
investigate Ps chemistry. Theory predicts that in the presence of H the two 
states p.Ps and o.Ps (m = 0) become mixed. This results essentially in a 

i 
decrease of the lifetime of the latter species, т_, in LS and in an increase 
of the intensity of the narrow component, I , in DBARL. Quantitatively, these 
changes can be different according to the spatial distribution of the Ps wave 
function in matter, as compared to in vacuo. To take account of this 
difference, a parameter a is introduced in the equations, modifying 
essentially the p.Ps decay rate constant and the hyperfine energy splitting 
between p.Ps and o.Ps : a is 1 •'"or Ps in vacuo and decreases when Ps becomes 
delocalized. The aim of magnetic quenching studies is therefore to investigate 
the properties of Ps in matter and also to characterize this species, mostly 
in solids, when its lifetime is somewhat too short to be taken as indicative 
of its presence. 

Very little has been done in liquids and we have recently 
undertaken a prospective work in polar and in non polar solvents. Again, both 
LS and DBARL measurements are made. In LS, besides the variations of TJ with 
H, another parameter is studied, R, which represents the integral of counts 
between two times : the lower time is such that contributions from p.Ps and e 
in the decay spectrum are negligible, and the upper one is such that the 
countings are still statistically significant. Preliminary LS results in 
otherwise well known solvents, water, benzene and n-hexane, can only be 
explained for a lower than 1 (fig. 11). However, the fwhm vs H variation 
calculated from these data do not agree with the experimental DBARL plots. 
Similar discrepancies between the LS and DBARL data have been found in Ps 
chemistry, in case of Ps spin conversion reactions. A provisional explanation 
quantitatively satisfying both types of discrepancies would invoke the 
thermal ization time of Ps as compared to the p.Ps lifetime : a correct 
calculation c:' the DBARL. curves requires the hypothesis of two kinds of p.Ps 
atoms. Those directly created in the spurs would not be fully thermalized, in 
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average, at the moment of annihilation and therefore would have a somewhat 
broad momentum distribution (̂  t 1 keV). While those created after the 
encounter of o.Ps with a solute molecule, in a spin conversion reaction, or 
induced by the magnetic field, would be thermalized and display a narrow 
distribution (Г^ about 0.2 to 0.5 keV). 

These experiments are still under way and more will be known about 
the properties of Ps in matter very soon. 
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Fig. 11. Variation of parameter R with 
field intensity, H(T), in water. Variation 
calculated for a = 1 (broken line) and 
a = 0.65 (sclid line). 
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6. Applications 

The most chemical applications of Ps as a probe in liquids ars 
based on the variation of either the Ps formation probability or the Fs 
reaction rate constant according to the nature of the solutes. For the first 
case, we saw previously that the equations giving 1_ as a function of С are 
semiempirical. Therefore, the information derived is often only semiquanti-
tative. Reversely, the variation of X. with С are amenable to quantitative 

О 
analysis Ъу rigorous equations. Still, applied Ps chemistry has a limited 
sensitivity : the o.Ps decay rate constant in liquids is usually X° г 0.25 to 

-1 0.5 ns and high reaction rate constants of solutes with Ps are in the range 
1-10 M ns . Therefore, significant changes in \ can only be detected for 
concentrations in the centimolar to the molar range (eq. XIII). This 
limitation may turn an advantage in concentrated solutions, where other 
conventional techniques, such as conductivity or spectrophotometry, are not 
operative because of saturation effects. 
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Some typical examples of applications are given in the following. 

6.1. Ion pairing : NiSO in water 

The Ni 2 + ion reacts with Ps in water (k1 = 2.4 M~ ns" ), not the 
anions CIO" and SCT. On the other hand, C10~ does not associate significantly 
with Ni + while SO^ does. As shown in figure 12, adding SO^ ions to a solution 
of Ni ions results in a decrease of Л. : this shows that the NiSO ion pair 

2+ formed is less reactive than the free Ni ion. On the basis of equilibria 
such as Ni + t SO NiSO , the data can be fitted by an extension of eq. 
(XIII), X = \° + T, k'.C, where the concentrations of the various species, C , 
imply the nominal concentrations of the salts used and the equilibrium 
constants. The information drawn is manyfold : (i) The lesser reactivity of 
the ion pair as compared to the free Ni + ion underlines the importance of the 
availability of the odd electrons of the latter for an efficient reaction with 
Ps. (ii) The data allow to derive the equilibrium constant for NiSO formation 
(KT = 193 M ) which agrees well with that derived using other techniques 
(196M ). (iii) A new, weak ion association is evidenced, Ni„SO (KTT =2.7 
-I ^ 4 II 

M ), (iv) The suitability of various semiempirical expressions proposed in 
the literature for activity corrections at high ionic strengths can be tested. 

02 04 06 08 1.0 

Fig. 12. Variation of l/т,, in water, 
with concentration С of :o , Ni(C10„)„ ; 

4 2 
U , NiS04 ; Na2S04 added to 0.092 M ( v) 
and 0.203 M (*-) Ni From (18). 
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6.2. Polyclcctrolyte-counterion interactions : polyphosphate/Co In water 
Co 2 + is known to react with Ps. In the presence of polyphosphate 

(PP) though, \3 remains constant at \° until a certain concentration of Co 
is reached (fig. 13). At this point, *3 starts increasing linearly with C, 
with the same slope as in the absence of РГ. On the basis of theories on 
polyelectrolytes, the interpretation is as follows : due to the high charge 
density along its chain, PP strongly binds the first Co ions added to the 
solution ("site-binding"). More markedly so than with NiSO4, this binding 
results in a dramatic decrease in the reactivity of these cations. With more 
Co + ions added, the charge density progressively decreases. At a given 
concentration, the charge density becomes reduced in such a way that the Co 
ions are no more site-bound to the chain. The break in figure 13 reveals where 
this process occurs and a comparison can be made with theoretical predictions. 
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Fig. 13. Variation of l/x with г in a 
0.114 M polyphosphate solution in water. 
r = 2 CoCl /monomer, is the ratio, in 

_ equivalent dm of CoCl to monomer 
concentration. From (19). 
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6.3. Ion pairing : LINO- in alcohols 

In this example, none of the ions Li+, NH* and NO" reacts with Ps. 
4 3 

However, N0" is an efficient total inhibitor of Ps formation, while the other 
two ions have no effect. Therefore, the useful data are those on I , not of 
the Ps lifetime, as a function of solute concentration. Figure 14 shows a 
large difference between solutions of LiNO and NH NO as concerns Ps 
formation. Extending eq(X) to I = I°/(l +Ek.C.) gives access to the 
equilibrium constants involved for ion pair formation, in a similar way as 
described in 6.1. 
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6.4. Phase transitions : sulpholan 

Tetramethylenesulphone, or sulpholan, possesses a plastic phase 
(pp) between the liquid Up) and solid (sp) phases. An interesting property of 
such solvents is that the lp-pp transition is accompanied by a sharp increase 
in the viscosity but not in the dielectric constant, which only changes 
drastically at the sp-pp transition. Figure 15 shows how 1° varies with 
temperature, with a marked hysteresis upon cooling. The data give several 
pieces of information : (i) They illustrate the suitability of LS to detect 
phase transitions. The lp-pp transition (T in figure 15) is not seen, by 
contrast with the sp-pp transition ; the reverse is true when using other 
conventional techniques such as NMR. (ii) The Ps formation probability appears 
to be very sensitive to changes in the dielectric constant, £, not to those 
in the density or in the viscosity. This lends a strong support to the spur 

model of Ps formation, extended to the solid phases, which predicts that, as 

most of Ps arises from the reaction of quasi-free particles, its yield should 

greatly depend on z . On the opposite, models which imply the presence of free 

spaces to favour Ps formation, such as the "free volume" model, and predict a 

strong dependence on the density, are ruled out. 

Fig. 15. Variation of I_ with temperature 

in sulpholan : (o) .cooling and (•) heating 

runs. From (21). 
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7. Conclusion 

This brief review on positron studies in liquids shows that the 

fields which are open are diverse. The literature concerning the solid state 

is enormous, referring mainly to metals and semiconductors, and, to a lesser 

extent, to ionic and molecular solids. Works on liquids are much less 

abundant, which explains why so many problems have remained unresolved. 

Getting direct information on fast radiolytic processes is still a 

very difficult task, owing to the very short times involved. Although the 

technology of picosecond pulsed lasers is being currently improved, the photon 

energies available are still insufficient for direct ionization of most 

molecules. Valuable indirect information can be obtained using heavy and 

costly devices like the picosecond electron linear accelerators (LINAC). 

Nevertheless, the much cheaper positron techniques still appear as useful 

tools in this domain and research aiming at comparing the results from the two 

fields should be developed. Although some striking correlations have been 

found between PR and PAT data, some recent experiments suggest significant 

differences. These are very likely to arise from the different nature of the 

spurs investigated in either case. In PR, one essentially deals with isolated 

electroii-hole pairs, while in PAT the positron can be surrounded by more than 

a pair. Confirming this possibility would give an interesting specificity to 

PAT studies. 

Positron chemistry has remained inchoate, probably because it is a 

very fundamental field. This is no reason though to hinder any further 

developments. 

Finally, numerous questions have remained unanswered in 

positronium chemistry. The necessity of combining two PAT, LS and either AC or 

DBARL, for detailed information, must be emphasized again. The behaviour of Ps 

in matter is still little understood. The kinetics, the mechanisms and even 

the nature of the various possible Pe reactions must be elucidated and some 

effort is currently undertaken in this way. Beyond the fundamental aspect of 

such researches, a good knowledge of Ps as a probe is vital for more fruitful 

applications. This is important not only to derive a clearer information on 

the studied systems, but also to allow firmer predictions as to the usefulness 

of PAT in many fields. Although they have greatly developed in the last 

decade, applications of PAT can surely be extended to more problems than have 

been tackled until now. 
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Roles of Scattered Radiation in SRIXE 
A.L. Hanson 

Brookhaven National Laboratory, Upton, New York 11973, USA 

Scattering Processes 
Synchrotron Radiation Induced X-Ray Emission (SRIXE) is an analytical technique for trace 
element measurements^1'2'3'4'5'6'''. In short it is x-ray fluorescence with electron storage ring 
generated x rays (i.e. synchrotron radiation). When used for fluorescence, synchrotron 
radiation has many advantages over tube generated x rays. The advantages of synchrotron 
radiation include extremetly high intensity and high degree of polarization of the x rays. The 
polarization properties of the x rays can be utilized to reduce the amount of x rays scattered 
into the detector therefore reducing the background in the spectra. 

The energies of x rays that we deal with in SRIXE are in the krV and tens of keV 
range. Therefore only x-ray interactions with atomic electrons need to be considered in this 
work. When an x ray in the keV range interacts with an atom it can remove an electron, i.e. 
the photoelectric effect, or it can scatter. Scattering is either a coherent or an incoherent 
event. Coherent scattering can only result in a change of direction of the photon, that is 
scattering without a change of either the phase or energy of the photon. Hence, the coherent 
scattering is necessary for x-ray diffraction. The incoherent scattering results in a change 
of phase of the photon and, in this energy range, a measureable energy shift. Incoherently 
scattered x rays cannot result in x-ray diffraction. Since the scattering of x rays is a major 
source of background in SRIXE spectra, the scattering affects the minimum detectable limits 
(MDL's) available with the technique. Understanding the scattering processes and how far 
the scattering can be reduced is important. Since we will always have some level of scattered 
radiation, it is important to consider whether the scattered radiation can be utilized for some 
aspect of the analyses. In many SRIXE applications, especially those biological in nature, 
the thickness and mass of the samples are small so there is little attenuation of the x-ray 
beam. Therefore fluctuations in the thickness need to be accounted for. It is proposed to 
use the intensity of scattered radiation for this purpose. 

As an example, a typical measurement made at our SRIXE beam line (X 26) at the 
U.S. National Synchrotron Light Source at BNL with unfocussrd "white" radiation (that is 
no monochromation of the x rays) 20 meters from the storage ring uses an apertured beam 
between 50x50fim to 250x250fim. Biological samples are usually sectioned to thicknesses 
between 10 and 30 /im. Such thin sections pose problems for normalization of fluorescent 
peak areas since regional and sample to sample fluctuations in sample thickness may be 
significant with respect to the nominal thickness of the samples. If the attenuation is small, 
scattered radiation can be used to monitor the fluctuations in thickness since the number 
of scattered photons is proportional to the number of incident x rays and the number of 
electrons in the sample within the beam spot. 

One of the assets of synchrotron radiation is that it has an inherently high degree of 
linear polarization in the plane of the electron orbit. This simply means that there is a 
net alignment of the electric field vectors in a particular direction. If the electron beam 
in the storage ring would be a line source then the x rays would theoretically have 100% 
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of their electric field vectors in the plane of the electron orbit. The terms "parallel" and 
"perpendicular" are actually determined by placement of a detector with respect to the net 
polarization of the photon beam. For synchrotron radiation the "parallel" direction is defined 
to be when a detector is placed in the plane of polarization. The "perpendicular" direction 
is 90° out of this plane. By placing the detector in the plane of polarization the amount of 
radiation scattered into the detector can be greately reduced. For linearly polarized x rays, 
the basic equation ruling this behavior is: 

da , 
— ОС cos1^ a (1) du 

where cos(a) is the scalar product between the electric field vectors of the incident and 
scattered x rays. For parallel scattering a is equal to the scattering angle so ^ = 0 directly 
into 90°. For perpendicular scattering a is always 0° so the scattering is isotropic. Since we 
can assume the photons are linearly polarized, the effective cross section is simply a sum of 
(1) the cross section for "parallel" scattering weighted by the fraction of electric field vectors 
projected onto the "parallel" plane, and (2) the cross section for "perpendicular" scattering 
weighted by the fraction of electric field vectors projected onto the "perpendicular" plane. 

The coherent scattering of x rays by free electrons is known as Thomson scattering and 
the differential cross section is given by: 

•£тк = г1<х»9а (2) 
ail 

Where ru is the classical radius of the electron. The bound electron counterpart to Thomson 
scattering is known as Rayleigh scattering and its cross section is given by the atomic form 
factor approximation: 

^R = f(q,Z)2r2
ocoB2

a (3) 
ll 

y s the scatte 
angle, and Z is the atomic number of the target. The true definition of f is: 
where fis the atomic form factor, q is the momentum transfer, q = "-y3 -, в is the scattering 

(4) 

Tables of f(q,Z) are generated from wave functions of the atomic electrons. When q= 0, f=Z, 
and for large values of q, f approaches 0. Therefore the coherent scattering is strongly forward 
peaked and becomes more so as the energy of the photon increases. Since the differential 
Rayleigh cross section for 100% parallel polarized photons is 0 directly into 90°, we can 
always improve our peak to Rayleigh scattering ratio as the detector aperture is reduced. 
This is because the fluroescence radiation is isotropic and there/ore is proportional to the 
solid angle. 

The incoherent scattering of x rays by free electrons is known as Compton scattering. 
The cross section can be given by the Klein-Nishina formula: 

dcr r\ К - К Ко -
— KN = f (—)2f— + V + 4cos a ~ 21 <5> 
all 4 л о Ло Л 
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К 1 
Ко

 = 1 + ^ ( 1 -cos*)) ( б ) 

The Klein-Nishina formula is a modification of the Thomson formula. In the low energy 
limit: 

d<r(E = 0) da 

~itr~KN = шп (7) 
The terms [-jr- + jf -\ 2] are sometimes known as the "depolarization terms" since they 
are independent of the polarization of the incident photons and result in a portion of the 
scattered x rays being unpolarized. Because of these depolarization terms, the Klein-Nishina 
differential cross section, unlike the differential Thomson cross section, is not equal to zero 
directly into 90°. This means that in contrast to Rayleigh scattering, we will eventually 
reach a limit in the improvement of the peak to background ratio as the detector aperture is 
reduced. From equation (6) it can be seen that jf is a slowly varying function of energy, and 
decreases with energy. However, the sum of the depolarization terms increases as the square 
of the photon energy. The bound electron counterpart is sometimes known as "Compton" 
scattering, "atomic Compton" scattering, "inelastic" scattering and "incoherent" scattering. 
This cross section is given by the incoherent scattering function approximation, which is the 
Klein-Nishina cross section modified by the incoherent scattering function S(q,Z): 

£c-*!.*>£« № 
When the energy and momentum transfer is too small to excite an atom, the scattering 

can only be coherent. When the energy and momentum transfer becomes large enough to 
remove the electron, or move it to a more loosely bound state, the scattering becomes more 
incoherent. Therefore the Rayleigh and atomic Compton scattering processes are competitive 
processes. In calculating S(q,Z), the first order approximation is: 

S = Z-f- (9) 
Zt 

The properties of S are such that S approaches 0 for small values of q and approaches Z for 
large values of q. Tabulations of f and S can be found in references (8) and (9). 

The main problem with this approach is that we have claimed that, for any given Z, 
the only variable needed to describe changes in f and S is the momentum transfer q. This 
assumption is not valid in the vacinity of absorption edges and the errors introduced can 
be large. The coherent scattering of x rays when the energy of the incide.it x ray is in the 
vacinity of absorption edges is many times referred ю as anomalous scattering' ' '. The 
problems of scattering when the energy is near an absorption edge also affects the incoherent 
cross section. 

One virtue of using synchrotron radiation for fluorescence is that the intensity of the 
radiation is high enough that the radiation can be monochromated and still have useable 
intensities of radiation. Therefore if we are analyzing a matrix which has major or minor 
concentrations of elements that can be fluoresced, we can eliminate the characteristic radia¬ 
tion of the major/minor element by tuning the monochromator to an energy just below the 
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absorption edge of that element. In this case, the photoelectric effect is not energetically 
possible. However, the x ray can excite the electron into an unfilled bound state. We have 
now created an excited neutral atom as opposed to an ion excited with an inner sliMI vacancy. 
This results in an electronic transition that is the same as we observe in the photoelectric 
effect, however, the energy of the photon is different due shifting of the electronic energy 
states of the target atoms. This process is known as resonant Raman scattering. The x rays 
emitted from this process are shifted to lower energies and have an apparently broad peaks. 
The cross section for this scattering is large, larger than the Rayleigh or atomic Gompton 
cross section(12/13). 

As was discussed before, the scattered radiation can be greatly reduced by placement 
of the detector at 90" to the x-ray beam in the plane of the electron orbit. Since the 
scattering cross section is rapidly changing about zero with scattering single in that plane, 
the approximation, jj^fi, for the total cross section for scattering into a finite sized detector 
aperture, is not valid. Therefore the cross section must be integrated over the solid angle 
of the detector. The Rayleigh scattering cross section, integrated over the solid angle of a 
circular aperture has been shown to be'14 ': 

, , , 4 cos3 t , 2 cos31 
°R = *r2j\\ - H2)(-- — - COst) + 2Я 2 ( - + — - - cost)) (10) 

о о о о 

where t = arcteui(r/.R), the detector aspect ratio, r = radius of the aperture, and R = 
distance from the point of scatter to the aperture. The function H2 is determined by the 
placement of the detector with respect to the point of scatter and with respect to the plane 
of polarization: 

1 - H2 = 1 - sin2 9* cos2 V* 

The angle в* is the scattering angle and the angle ф* is includes the polarization of the 
x rays and includes the placement of the detector with respect to the reference plane of 
polarization. 

As was illustrated in ref. (14). the integration of the atomic Compton ctn.s section 
over solid angle is not so easy since the integration is greatly hampered by the ( ;Ь) terms. 
However if we ui?.Ke the approximation that (•£-) is a slowly varying function of angle, then 

it 0 

we can treat it as a constant with respect to the integration. In this case the atomic Compton 
cross section can be approximated with'15': 

*ac = r2
oS(q, Z)(eqn(12) + eqn(U)) (11) 

*(l-cosoA2(-^+ ^ - 2 ) (12) 

К , , 4 cos3j , 2 cos3 i 
тг( — )2[(1 - H2){- - - — - cos 0 + 2H2(- + - — - cos t)l (13) 

Л о о о о о 
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Using Scattered Radiation for Normalization 

SRIXE measurements of trace elements do not determine elemental concentrations but rather 
the number of atoms of a given element within the beam. In order to convert from the 
number of atoms to concentration we must determine the total number of atoms in the 
sample within the beam. This must be done either by calculating the number of atoms 
on an absolute basis by or comparing to an appropriate standard. Since the amount of 
scattered radiation is proportional to the number of electrons irradiated by the x-ray beam, 
measuring the scattered radiation can be used to determine the actual sample mass in the 
beam (thickness) or to monitor the fluctuations in the mass (thickness). Now v;e must 
consider some of the pitfalls involved with attempting to measure and use the measurements 
of the scattered radiation. 

If we try to calculate the total number of atoms within the photon beam we must rely 
on a measurement of both the amount of scattered radiation and the number of photons 
thai struck the target. For our particular beam line, the x-ray beam intensity is monitored 
with a helium filled ionization chamber from which only current is measured. Helium is used 
because it is the only gas that is linear with the beam intensity in this intensity region. While 
ionization chambers are useful as relative intensity monitors it is very difficult to extract 
exact white light "intensities" from them since white light implies a broad energy spectrum 
of the photons. First problem is, each energy photon interacts differently with the gas in the 
ionization chamber and we only measure a current from the chamber, but not a spectrum. 
Second, helium itself is problematic since small amounts of contaminating gases can provide 
contributions to the current signals that are significant, compared to the contributions from 
the helium itself. Third, we do not know the energy distribution of photons in the ionization 
chamber, even if the theoretical calculations of the x ray emission from the electron bean-
are exact. The photons in our beam line pass through two beryllium windows of 250 /mi 
nominal thickness. These windows, which are common in x-ray synchrotron radiation work, 
separate the experimental vacuum system from the storage ring vacuum system. These 
windows help protect our experimental system from what is happening on the other side of 
the shielding wall. The uncertainty in the thicknesss of the beryllium windows are 10%. The 
current from the ionizaiton chamber is proportional to the integral of the energy distribution 
weighted by the cross section for the photoelectric effect and the incoherent scattering cross 
section. The photoelectric cross section is highest where the uncertainty in the intensity, 
due to the uncertainty in the thickness (and oxidation) of the beryllium widnows, is highest. 
This aspect alone results in uncertainties in the absolute "intensity" of at least 20%. Fourth, 
the accuracy of the absolute scattering cross sections (for scattering by the target) need to 
be questioned. There is no "rule of thumb" as to a general level of accuracy of the cross 
sections since there is energy, angle, and Z dependence on the cross sections. The estimates 
of accuracy range from less than 1% to sometimes as high as 30%. The particular tables of 
scattering functions give estimates of expected accuracies of the tables for several energy and 
Z ranges. Fifth, in order to determine the scattering cross section we must assume both a 
major and minor element composition of the target, and the polarization of the x-ray beam. 

From these arguments we must conclude that the errors in absolute calculations of the 
number of atoms within our (white light) beam would be much larger than what would be 
acceptable for normalization. Therefore normalization to scattered radiation should be on a 
relative or comparative basis. 
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With equations 10 and 11 we'can assess errors from our knowledge of the absolute 
polarization (6P about P) and absolute placement of our detector {6$* about 9* and 8ф* 
about V'*) • One significant source of error is from our knowledge of the polarizaltm of 
the x-ray beam. If the x-ray beam has a polarization of 98% ± 1% then the uncertainty in 
measuring the scattered radiation at 90° is 50%, just from the uncertainty in the polarization. 
This is because the scattering is totally dominated by the perpendicular component of the x 
rays. The total scattering iross section is determined by (0.02 ± 0.01)<xx. Even if the beam 
is 95% polarized a 1% uncertainty in knowing the polarization results in a 20% uncertainty 
in the measurement of the scattered radiation. Therefore measurement of the scattered 
radiation should not be made with the same detector that the fluorescence radiation is 
measured with. 

Measuring scattered radiation at forward angles is a measurement of the coherently scat¬ 
tered radiation. Measurement of coherently scattered radiation from organic materials in the 
forward direction should be avoided since there are problems with diffraction effects' '. For 
normalization purposes the incoherently scattered radiation should be measured at backward 
angles in order to achieve the lowest level of errors' '. 

Conclusions 
The scattering of x rays is the major source of background and hence is a limiting factor 
in the minimum detectable limits available with SRIXE measurements. The scattering can 
be utilized for normalizing the net peak areas to fluctuations in sample thickness or mass 
on a relative basis or on a comparative basis. Even then measurement of the scattered 
x rays should be made at backward angles. Measurement at forward angles should be 
avoided because of diffraction problems. The uncertainites in the measurement of an absolute 
"intensity" of the x rays can be extremely large. 
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Diffusion of Isolated Indium Atoms on Vicinal Cu(111) Surfaces. 

' 

G. Krausch, T. Klas, R. Fink, R. PImer, J. Voiftf, R. Wesche and G. Scbatz 
Fakultai fur Physik, Universitat Konstanz, 7750 Konstanz, Federal Republic of Germany 

The mobility of atoms on surfaces is of fundamental interest and plays an important practical role in 
surface growth and reaction phenomena. Recently, it was demonstrated that hyperfine techniques, like the 
perturbed т-т-angular correlation (РАС) method, exhibit a high sensitivity to study surface phenomena on an 
atomistic scale [1,2]. Here we want to preseat the application of the PAC-method to study step and terrace 
sites and migration o f indium atoms with extremely low concentration on vicinal Cu(lll) surfaces. 

Ou Cu(ll l) surfaces, two diffcrert types of monoatomic steps 
along closest packed atom rows are possible, due to the 
hexagonal atomic arrangement. These step configura-tions, 
called type 1 and 2, arc schematically depicted ic Fig. 1. Two 
copper single crystals were cut vicinal lo tht (lll)-surface; one 
w ' t h t h c s u r f a c e n°"nal tilted by 4° with respect to the [111]-
direction towards the [112]-dircction and thc other one with the 
surface normal tilted by 6* with respect to the |lll]-dircct'.on 
towards the [121]-directioti. In the first case this yields a (667)-
surface predominantly containing steps of type 1; the second 
rase corresponds to a (554)-surface mainly containing steps of 
type 2. 

Experiment? were performed in an UHV-system (p < 10 Pa), equipped with low-energy-electron 
diffraction (LEED), Auger-electron-spectrometry (AES) acd an in situ PAC-sample position. The crystals 
were sputter-cleaned and annealed accordingly. 

In the case of the Cu(667)-surface LEED experiments confirmed the existence of regular, monoatomic 
steps of type 1. On to this surface the РАС probes n I In were deposited at 77 К and thza an isochronal 
annealing program was performed. Fig. 2 shows РАС time spectra and the corresponding Fourier transforjis 
for three different annealing temperatures. At low annealing temperatures a considerable fraction of In, 
denoted by f,, is exposed to a rather well-defined electric field gradient. In addition a smaller fraction of 
probes is related to slightly larger field gradients, as can be seen. At annealing temperatures around 200 К а 
completely new fraction fj appears, which finally converts at higher temperature to fj , characterised by an 
axial-symmetric field gradient with its symmetry axis pointing perpendicular to the (111) terrace. Calculations 
of the e! metric field gradient by Lindgren [3] support the assumption that this third fraction is due to Ш1п 
probe atoms occupying substitutional terrace sites. For the three fractions the following electric-field-gradient 
parameters are found at T = 77 K: 

Fig. j : 

Atomic arrangement for the different types 
of step configuratior.j on Cu(UJ) 

f,: 

f3: 

| V J = 5.S( S) 1017 V/cm2 

| v = | = 7.8(12) 1017 V/cm2 

| V a | = 10.2(15) 1017 V/cm2 

T} = 037(2) 
т) = 0.69(1) 
17 = 0.05(5) (axial symmetry) 

Information on the principal-axis orientation for the first two electric field gradients is especially 
important to relate them to certain l n I n surface sites. For this purpose we have measured the 
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Fie. 2-
PAC-spectra andfourier tranforms for the Cu(667)-
surface at different temperatures. 

amplitudes S. and S for a variety of sample orientations with respect to the 7-detectors position. Then the SQ 

and S -amplitudes were calculated theoretically for different orientations of the principal-aids system. In Fig. 3 
the normalized chi-square for the comparison of experimental results and calculated SR-set is plotted versus 
the angles $ and <p. The angle 9 counts for the tilt of the z-principaJ axis about the (lll)-direction, confined in 
Fig. 3 to the plane perpendicular to the step direction. The angle <t describes the angle between x-principal 
axis and step direction. Other orientations, not included in Fig. 3, were also checked; the best agreement is 
obtained for the following angles: 

f2: 
9 = 31(2)* <p = 0* (x-axis along steps) 
9 = 18(3)' <f> = 90* (y-axis along steps) 

As one can see the orientation of one of the principal axes for f} and L, is correlated with the step direction, 
we therefore associate f, and f̂  with two different U 1 ln step sites. 

Normalized chi-square for comparison of experi¬ 
mental results with Sn-set calculated for different 
orientations of the principai-was system of the 
electric-field-gradient tensor. 

The fractions for the two step sites and the terrace site as a function of annealing temperature are finally 
in Fig. 4 . Clearly the conversion from step site fj to L and further on to terrace site L can be 

recognized. 
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Fa. 4: 
• 111 Fractions of In probes, characterised by different electric field 

gradients, as a function of annealing temperature. 

From the different pieces of information we have constructed a model which describes the temperature 
behavior and appearing electric field gradient orientations in a consistent way. We assume that the 1 L 1 b 
probes after deposition at 77 К are still mobile enough to reach nearby steps and are trapped as adatom (f_). 
The remaining fraction of probes occupies undefined sites which possibly are related to С or Q impurities. The 
adatom step site for n l In converts around 140 К into a substitution*! step site (fj) by trapping of a step 
vacancy. Then at annealing temperatures above 200 К the m I n probes diffuse into the top-most monolayer via 
vacancy mechanism in order to occupy substitutional terrace sites (£j). 

РАС-experiments were also performed with the Cu(554) surface. Due to the different atomic 
arrangement at the steps of type 2 compared to the above mentioned steps of type 1 (see Rg. 2) one would 
expect different electric field gradients for l n In in the step sites. Our РАС experiments, however, do not reveal 
any differences in strength and symmetry of the electric field gradients compared to the previou&iy discussed 
experiment. This indicates that the (554) surface rearranges after annealing in such a way that steps of type 1 
are preferentially grown in an irregular zigzag pattern. This interpretation is also corroborated by the principal 
axis orientation of the step correlated electric field gradients. Moreover, although the angle of inclination 
between the surface normal and Lhe (lll]-direction is larger than in the case of Cu(667) LEED measurements 
do not reveal a regular arrangement of steps of type 2, only broadened reflexes occur. 

In conclusion, we have provided direct evidence for indium atoms on vicinal Cu(Ill) surfaces occupying 
steps cither as adatom or substitutional atoms and substitutional terrace sites. The observed transition tem¬ 
peratures for site conversion can be easily translated into activation energies by underlying Arrhenius-tvpe 
behavior and assuming the pre-exponential factor to be in the order of 1012 Hz. Within this simplified picture 
the following activation energies are obtained: 

EA(fj-»f2) = 0.41 eV, Е д ( ^ - » у = 0.64 eV 
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First Results for the Electric Field Gradient at isolated 1 1 1 l n Atoms on Silver 
Surfaces 

R. Fink, R. Wesche, G. Krausch, T. Klas, R. Platzer, J. Voigt and G. Schatz 
Universilat Koastanz, Fakultat fur Pbysik, 7750 Konstanz, Federal Republic of Germany 

In this contribution the application of the perturbed ттг angular correlation method to study 
electric field gradients on silver surfaces will be described. Through the measurement of the electric 
field gradient at surfaces various interesting aspects can be investigated. Because of the short range of 
the electric field gradient, it can be used as a marker for the position of the probe atoms on the surface. 
Position changes of probe atoms either to different surface sites or into the bulk are generally connected 
to changes in field gradients; this gives a handle to study diffusion processes on the surface. 

In the following we present first experimental results using the radioactive probe In deposited 
on silver (100)-, (110)- and (Ш)- surfaces. These surfaces have been prepared by chemical polishing in 
a solution of NH4OH and HJOJ, by Ar+ ion bombardment and heating the crystals up to 850 K, 
respectively. The scructural properties have been checked by Low Energy Electron Diffraction, for the 
chemical surface analysis we used in situ Auger Electron Spectroscopy. Then the l u I n probe atoms were 
deposited by evaporation on to the cooled surface and successively subjected to isochronal annealing. 

For annealing temperatures above 400 К about 90% of the l l l In probe atoms are exposed to well 
defined electric field gradients, that are specific for the orientation of the silver surface. The 
configurations are stable over a large temperature range, before the In atoms migrate into silver bulk on 
further annealing. 

Table 1: Electric field gradients for m I n at different silver surfaces compared with the results for 
copper surfaces 

(100) surface 

(110) surface 

(Ш) surface 

Orientation 

ival 
V 
Orientation 

|VBI 
V 
Orientation 

Ag 

7.51017 V/cm2 

0 
z x surface 

6£ 1017 V/cm2 

0.79 
z x surface 
у along [HO] 

8.4 1017 V/cm2 

0 
z x surface 

Cu 

8.81017 V/cm2 

0 

7.7 1017 V/cm2 

0.74 
z x surface 
у along [110] 

9£ 1017 V/cm2 

0 
z x surface 

312 



The PAC-Spectra and their Fourier transforms for the different surface orientations Ag(100), 
Ag(llO) an Ag(l l l ) are shown in Fig. 1. In Table 1 the results for Ag(lOO), Ag(llO) and Ag(ll l) are 
compared with the electric field gradients on copper surfaces /1,2/. Molecular cluster calculations for the 
electric field gradients performed by Lindgren /3/ for the low index copper surfaces are in good 
agreement with the experimental data. 

100 200 300 0 

• 5 

200 Ł0O 600 

w iMrodfel 

Fig. 1: РАС spectra with Fourier transforms for isolated n l In probe atoms at different silver 
surfaces 

As in the Cu-system we find that the z-axis is perpendicular lo the low index plane. The tendency 
in the strength of the electric field gradient as well resembles the Cu-results. From their symmetry and 
the annealing behaviour we conclude that these electric Geld gradients are related to In probe atoms 
substitutionally incorporated in the top-most layer of the silver surfaces. 

As an example for the annealing behaviour of n l In on silver, we would like lo report the results 
for the Ag(100) surface. During annealing we fmd four different field gradients; the fractions of In 
atoms that are exposed to the corresponding field gradient are denoted by f.: 

fr 0.32(4) 10" V/cm? (uQ = 6.5 MHz) т? = 0.0(1). 
5.7(7) 1017 V/cm2 (uQ = 114 MHz) T) = 0.12(2) 
6.3(8) 1017 V/cm2 (uQ = 126 MHz) 17 = 1.00(4) 
7.5(10) 1017 V/cm2 (uQ = 151 MHz) TJ = 0.0(1) 
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Fig- 2: Fractions of l n I n probes, characterized by different electric field gradients, as a function 
of annealing temperature. f0 denotes the fraction of probe atoms migrated into bulk. 

The strength of these fractions as a function of the annealing temperature is summarized in Fig. 2. 
The conversion from one fraction f. to fj + ] can be dearly recognized. For the fractions L and £, one 

finds a correlation to an average step direction on the surface. The principle axis encompasses an angle 

of 25° to the terrace normal ( y and 15° for the fraction f3, respectively. So we have a similar annealing 

behaviour as in the case of vicinal Cu(l l l ) surfaces /4/. There is only one drastic difference: directly 

after depositing the probe atoms on the cold surface (80 K) there is a weak axialsymmetric field gradient 

with an orientation of the principle axis perpendicular to the terrace normal. Comparing these results 

with an experiment performed on another Ag(100) surface, where the average terrace width is about two 

times larger, the fraction f, scales in the same way. From these results we conclude that the In-atoms of 

the fraction {^ are trapped as adatoms on the surface, i.e. the mobility of the In-atoms at 80 К is too low 
for reaching the nearby steps. This fact can be attributed to the different chemical reactivity for In on 
silver and copper surfaces. 

The authors would iike to thank the Deutsche Forschungsgemcinschaft (Sonderforschungsbereich 
306), Bonn , for the generous financial support of this work. 
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TRAPPING OF LIGHT INTERSTITIALS AT 
VACANCIES IN METALS 

J.R. Fransens, F. Pteiter and B. Schlatmann 
Laboratorium voor Algemene Natuurkunde, Materials Science Centre, 

University of Groningen, The Netherlands 

Introduction 

Light gas atoms are known to be trapped at vacancies in metals. If 
U!In-vacancy complexes act as trapping centres, we can study these vacancy 
complexes as well as the mobility of the gas atoms by means of РАС 
measurements on the probe '"in. For this, we implanted H or He ions into 
several metals in such a way that the energy transfer to the host atoms was 
less than the displacement energy. 

Tetrahedral vacancy clusters in Ni and Cu 

It is well known [1] that tetrahedral In-vacancy complexes (InV4) are 
formed in In-implanted nickel. By implanting He ions at subthreshold energies, 
we decorated these complexes which would otherwise be "invisible* in а РАС 
experiment because of their cubic symmetry. 

To create the cubic defects, we implanted single crystals of Ni with 
50 keV luIn ions to a dose of 2-1012 cm"2 and subsequently annealed them at 
470 К in vacuum. The РАС spectrum showed two characteristic Larmor 
frequencies, Wj=98 Mrad/s and ш2»40 Mrad/s, corresponding with a 
substitutional m l n atom and an InV4 complex, respectively (Fig. la). In an 
attempt to decorate one or more of the vacancies in each cluster, the samples 
were subsequently post-implanted with 100 eV He ions. The He/In dose ratio was 
varied from 10 to 1000. With increasing He dose, the signal from the cubic 
defects gradually decreased and finally disappeared completely, while the 
substitutional fraction remained almost constant (Fig. lb). However, no new 
interaction frequencies were observed, indicating a strong fragmentation of 
the Fourier power due to multiple occupation of each vacancy of the InV4 

cluster. 
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Fig. 1 Fourier ̂ transform of the РАС spectra measured {a) after implantation 
of 2-101 In/cm and subsequent annealing at 470 К in vacuum, and (A) 
after post - implantation of 100 eV He ions to a dose of 3-10 cm' . 

Channeling [2] and Móssbauer [3] experiments have given evidence of the 

existence of lnV4 clusters in copper in the temperature range 200-600 K. In 

order to create these cubic defects, we implanted SO keV In ions into Cu 

single crystals at room temperature, to a dose of 5-10 cm" . The samples 

were post-implanted with 100 eV He ions to a dose of up to 510 cm" . 

Following each implantation а РАС spectrum was recorded. After the In 
implantation, a well defined frequency of wo=47 Mrad/s was observed, which has 
been attributed before to an In probe atom at a stacking fault [4]. No new 
frequencies were observed after the He post-implantation. However, the 
fraction corresponding with the stacking fault decreased from 15(1)% to 4(2)%, 
while the unperturbed fraction, f, , decreased from 79(3)% to 64(2)% (Fig. 2). 
The decrease of f, can not be due to decoration of substitutional " lIn atoms, 
because the In-He complex is known to be unstable at room temperature [5]. 
Therefore, we conclude that the decrease of fs is due to the decoration of 
cubic defects, and that the corresponding fraction of cubic defects amounts to 
15(3)%, which is in good agreement with the value reported by Swanson et 

Я (I) 

SO Ю0 
delay (ns) 
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ь 
1 1 

hi 
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Fig. 2 (а) РАС spectrum measured after implantation of 510 In/cm1 at room 
temperature, and (6) change of this spectrum due JO post - implantation 
of 100 eV He ions to a dose of 510u cm . 
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H-vacancy complexes in W, Ni and Pt 

In most metals the hydrogen mobility is high. Trapping of hydrogen at 
lattice defects, however, will reduce the mobility. We investigated the 
trapping of hydrogen atoms at different vacancy clusters. 

Post and Pleiter [6] have reported before about hydrogen trapping at 
In vacancy clusters in tungsten. They concluded that the cluster InVz is 

decorated by a single hydrogen atom (giving rise to the configuration InVjH), 
while the cluster InV3 may trap one or two hydrogen atoms (the final 
configurations being denoted by InV3H and InV3H2, respectively). To check this 
interpretation, we investigated the dependence of the different H-decorated 
defect fractions on the implanted H dose. 

To create the vacancy clusters InV2 and InV3, we implanted 50 keV In 
ions into polycrystalline W to a dose of 1-10 cm" , and annealed the sample 
at 620 К in vacuum. To decorate these vacancy clusters, we post-implanted 
500 eV H ions to a dose ranging from 1-Ю13 up to HO16 era*2 

The data were fitted, with good results, using the values of u0 and т) 
reported by Post and Pleiter. The obtained fractions of decorated and 
undecorated vacancy complexes are shown in Fig. 3. 

i t s 
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Fig. 3 Relative number of [a) undecorated and {b) decorated In-vacancy 
complexes in W, as a /unction of the H dose. 
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From this figure it is clear that the number of H-decorated vacancy 
complexes increases with increasing H dose. However, the curve for InV3H 
reaches a maximum at a H dose of l-10ie cm2, whereas the number of InV3Hj 
complexes further increases. Such a behaviour is characteristic for single and 
double trapping of H atoms; it corroborates the original interpretation of 
these defect clusters as given in ref. [6]. 

Recently, Collins observed H decoration of In-vacancy complexes in Ni and 
Pt [7,8]. He introduced hydrogen by electrolitically charging the foils at 
room temperature, and performed the РАС experiments while the samples were at 
80 K. We tried to reproduce these results by implanting low-energy hydrogen 
into Pt foils and Ni crystals, which had been implanted before with '"in and 
annealed at the temperatures mentioned by Collins. However, no quadrupole 
interaction was observed at room temperature. We conclude that the defects 
mentioned by Collins either are not stable at room temperature or do not exist 
at all. 

This work is part of the research program of the Stichting voor 
Fundamenteel Onderzoek der Materie (Foundation for Fundamental Research on 
Matter) and was made possible through financial support from the Nederlandse 
Organisatie voor Zuiver Wetenschappelijk Onderzoek (The Netherlands 
Organization for the Advancement of pure Research). 
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INTERACTION BETWEEN In AND Zn IMPURITIES IN SILVER 

M.Sternik and K.Królas 

Institute of Physics, Jagiellonian University, Cracow, Poland 

We present a new example of the hyperfine interaction study of 

the chemical interaction between impurity atoms in dilute alloys. The 

measurements were performed on dilute silver-based alloys containing 

zinc impurity atoms, using the TDPAC technique with 1 MIn. Temperatu¬ 

re ranged from 295 К to 1100 K. The aim was to determine the 
intercation energy for an lllIn-Zn impurity pair on neighbouring 
lattice sites in silver [1]. 

Appropriate amounts of pure silver and zinc were melted together 
under an argon atmosphere in order to obtain alloys containing 1.0, 
1.5, and 2.0 at % of Zn. The radioactive lllIn atoms were introduced 
into samples by irradiation of the prepared alloys with the alpha 
particles as a result of the l09Ag(a,2n)1MIn nuclear reaction. The 
estimated concentration of lllIn was less than 10"8. The TDPAC 
measurements were carried out using a setup consisting of four Nal(Tl) 
detectors and a standard fast-slow coincidence apparatus. From four 
delayed coincidence spectra the usual ratio R(t) was formed. An 
example is shown in Fig.l for alloys of different Zn concentrations. 

The R(t) curve is directly related to the perturbation factor 
Gj(t) which contains all relevant information on the hyperfine in¬ 
teraction of the guadrupole moment of the probe nuclei with the local 
electric field gradient due to the Zn impurity atoms. Most of the 
probe atoms were exposed to an EFG distribution with a mean value 
close to zero, generally observed in the case of a random solution of 
impurities. A small fraction, f, of probe nuclei experienced a well 
defined guadrupole interaction originating from a unique probe-
impurity configuration. 
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Fig.l РАС spectra measured for łIłIn in Ag-Zn alloys containing 1.0, 
1.5 and 2.0 at. % of Zn. 

This unique quadrupole interaction has been observed before by 
Weidinger et al [2] who introduced lllIn into a rather concentrated 
alloy Ag0,, 2Zn0,08, and by Arends and Pleiter [3] who used the probe 
1 * *Ag in Ag0 ,7Zn0 03. All authors found the quadrupole interaction 
frequency to be *a=29(l) MHz assuming ч=0, but Arends suggested that 
this EFG might be nonaxial as well. We observed the same frequency, 
but satisfactory fits to our results could only be obtained assuming a 
nonaxial EFG. For example, in the case of AgOiC8Zno ог a fit to R(t) 
yields Хг=3.6 if t,=0 (кв=28(2) MHz), while Хг=1.4 if ч=1 (еа=16(1) 
MHz) . In fact, due to the rather low quadrupole interaction frequency 
the i) parameter could not be determined precisely. Being a free 
parameter, it turns out to be between 0.8 and 1.0 for each fitted 
spectrum. The final determination of f was done assuming a nonaxial 
EFG with an asymmetry parameter ч=1. 

There are two reasons to assume that the fraction f describes the 
relative number of the nearest neighbour 1l ̂ n-Zn pairs in the crystal 
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lattice. Firstly, f increases roughly linearly with the Zn concentra¬ 
tion in the alloys, and secondly, the magnitude of the EFG points to a 
defect in the nearest surroundings of the M 1In probe atom. Note that 
the EFG due to a single impurity atom at a first neighbour site of the 
fee lattice is known to be nonaxial in many cases [4]. 

From the temperature dependence of the number of nearest 
neighbour pairs one may determine the binding energy EB between In and 
Zn atoms in silver [1]. 

f/(l-f)c - 6exp[-E8/kT] 

A logarithmic plot of the left side of the above equation is shown in 
Fig.2 together with the fitted straight line. The slope of this line 
gives EB = +67(15) meV, while the preexponential term в is equal to 
10.4(2.2). 
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Fig.2 Logarithmic plot of the normalized concentration of In-Zn 
probe-impurity pairs in silver versus 1/T. 

The positive binding energy indicates a repulsive interaction 
between In and Zn impurities in silver. These impurities tend to 
separate from each other and the number of the nearest neighbour pairs 
is lower than it would be for a random impurity distribution. With 
increasing temperature this number will approach the value expected 
for a random solution. The experimental binding energy may be compared 
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with a value calculated from the observed correlation between EB and 
the heat of formation of the involved alloys [5]. Following the 
procedure described by Cranshaw [6] we obtained the positive EB=+50 
meV, in a good agreement with the experimental findings. 

The preexponential factor 6 gives, in principle, the coordina¬ 
tion number for the lattice [1]. The obtained value 6=10.4(2.2) agrees 
very well with 12 nearest neighbour sites in the fee lattice. It is an 
additional indication that the observed unique EFG is generated by a 
single Zn impurity atom occupying one of 12 nearest neighbour sites of 
the lllIn probe. 

This work was supported by the Ministry of Education within the 
contract CPBP 01.09. 
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HYPERFINE INTERACTION OF ELEMENTS SOLUTE 
IN NOBLE METALS 

R. Pirlot, M. Cyamukungu, R. Demeure, L. Grenacs 
J. Lehmann, K. Tompa'and X. Urbain 

Université catholique de Louvain 
Institut de Physique Nucléaire 

Chemin du Cyclotron, 2 
1348 L O U V A 1 N - L A - N E U V E 

B E L G I Q U E 

The hyperfine interaction of solutes in noble metals depends upon the valance of the 
solute and, for a given valance, this interaction is different for C u and Ag solvents, 
on one hand, and for Au on the other. These effects have been discovered from the 
investigation of the Knight's (-parameter of various solutes in these metals. The 
largest subset of available data consists in the ('g of the heavier trivalant elements, 
At, G a and In. Aimed to obtain novel insights into the electronic structure underlying 
these effects, we investigate the hyperfine interaction of 0, the lightest member of 
tliis IHb group, solute in Cu, Ag and Au. 

The knight shift K, from which the (-parameter is inferred, is already known. The 
spin-lattice relaxation time Tre of /) in the noble metals, which yields an additional 
information about the hyperfine interaction of interest, is determined in this work. As 
we shall see below, from the f- parameter which is a measure of the s-caractcr in the 
metal and from the so-called Kossinga product K'Tre T (T, absolute temperature of 
the host) which is a measure of the exchange coupling between conduction electrons, 
one obtains indeed novel knowledges both about the valance effect and the gold vs. 
Cu and Ag anomaly. 

'Visiting Professor, present adress : KFKi, Budapest (Hungary) 
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TDPAC INVESTIGATIONS OF IMPLANTED TETRAHEDRALLY COORDINATED 
SEMICONDUCTORS - STRUCTURE OF AMORPHIZED ZONES AND CORRELATION 
BETWEEN BINDING TYPE AND ANNEALING BEHAVIOUR 
S. Untorricker, Bergakademie Freiberg, Sektion Physik, 
DDR-9200 Freiberg 

For TDPAC investigation of radiation damaged semiconductors 
the probes 111In(111Cd) and in some cases 118Sb(118Sn) were 
recoil implanted into Si as well as А В , А В and 
А" В С» compounds. Time spectra were measured after implan¬ 
tation and isochronal thermal treatments. In all cases conside¬ 
red the probe environments anneal nearly completely (Fig. 1). 
In the as implanted samples a considerable part of probes is 
sitting in highly disordered (amorphized) regions. These probe 
environments are reflected by broad distributions of quadrupole 
frequencies (Fig. 1). Only in the case of CdS nearly perfect 
environments are dominating. In the highly disordered regions 
frequency distributions with a most probable quadrupole fre¬ 
quency CO = О in the case of cubic (Si, InP-zincblende) and 
such with 6J>0 in the case of noncubic (CdS - wurtzite, CdSiP2~ 
chalcopyrite) semiconductors exist. By a bond bending model we 
can understand this experimental fact. It is based on the con¬ 
ception of a distorted tetrahedral coordination around the pro¬ 
bes (random network). In this model the bond directions of the 
four next neighbours (n.n.) are bent in a random manner. The 
n.n. coordination of the ordered structure is most probably and 
the width of the bond angle distribution is of the order of 10° 
as shown by other methods. According to this model the quadrupole 
frequency distribution P(CO) has its maximum at со = 0 for cubic 
structures and in the order of W = 2% V Q for noncubic substan¬ 
ces where W~ is the quadrupole coupling constant of the ordered 
structure. This can be seen in Fig. 1 for cubic Si and InP and 
for noncubic CdSiP2. In the case of CdS only 1/3 of probes in 
the as irradiated state are positioned in surroundings with a 
frequency distribution around a small quadrupole frequency 
(deviation from the fitted curve near t=0). 
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Fig, 1: As implanted and annealed time spectra for In( Cd) 

in n-Si, InP, CdS and CdSiP2# 
By TOPAC also the annealing behaviour of radiation damage can 
be examined microscopically. As a measure for extend and annea¬ 
ling behaviour of radiation damage we use the part p^ of probes 
which are positioned in defect clusters after RT implantation 
and the temperature T? for complete annealing. There are remar-
kable differences in p . and Т д for the investigated substance 
groups (see table). The different bond properties of these sub¬ 
stances are reflected by the spectroscopic ionicity f. of 
PHILLIPS /1/. If f. increases, p. and Тд decrease like other 
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Tab. 1: Extent of radiation damage and annealing behaviour 

A IV 

Si 
,nRivrv 

CdSiPg 

A Z I I 8 V 

InP 

A X I 0 V I 

CdS 

Cu3r 

part of probes in 
arnorphized regions 

Pd i " )ó 

100 

100 

90, In-111 
70, Sb-118 
65, Sb-119 (ME) 
33 

0 (EPR) 
GOLTZENE 
et a l . / 2 / 

annealing tem¬ 
perature 
T< i n °C 

650 

720 

650 

300 

RT 

ionicity-
PHILLIPS 
f i /V 

0 

0.38 

0.42 

0.69 

0.74 

material properties, which characterize the bond strength (inico-

hardness, self diffusion activation energy, . . . ) . The ternary 

А В C 2 compounds behave similar to the А В substances. The 
pure covalent case (f. = 0), as realized in Si, is of short 
range and very rigid. If f. increases the cohesion will be sof¬ 
tened and the radiation damage will anneal more readily. 
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MOSSBAUER STUDY OF MONGOLIAN BIOTITE 

Sh.Chadraabal, A.Purev - Institute of' Physics and Technology 
Mongolian Academy of Science, Ulan-Bator 51, Mongolia. 

M. Lukasiak, J. Suwalski - Institute of Atomic Energy, Solid 
State Physics Department, 05-400 Otwock, świerk, Poland. 

ABSTRACT. The natural biotite tak^n from methamorphosed iron 
formation Bondoch deposite, Hobod aimak, Mongolia, have been 
measured by ineans of Fe spectroscopy at 4.2K and 300K. The 
analyssis of the spectra, gives the relative concentrations of 
Fe and Fe ions. Opposite asymmetry of the observed quadrupole 
doublets indicate the opposite signs of the EFG tensor at ferrous 
and ferric ions. At A.2K the well defined magnetic subspectrum 

3+ 2+ 
associated with the Fe ions arrives, whereas for Fe only a 
slight magnetic relaxation is detected. 

INTRODUCTION. The ideal micas biotite unit cell formula is 
given by К [iig.Fe] (Al Si )0 {0,H} , where [ ] denotes two 
various octahedral sites and ( ) tetrahedral ones .The crystalline 
structure of biotites is then rather complicated. The octahedral 
coordinated cations, mainly Mg , Fe and Fe are sandwiched 
between two tetrahedral layers [1]. Therefore, biotites have a 
two-dimensional character, both structurally and at low 
temperatures magnetically. 

EXPERIMENTAL. The investigated materials had sheet forms of 
2 the thickness about 100 mg/cm . All measurements were performed in 

transmission geometry with the a-constant technique. The room 
temperature spectra were recorded in Ulan-Bator with the 



Car;berra-CN!TE spectrometer aided with the IBN1-AT-PC computer. 
The experiments at A.2K were carried out using the Polish MS-4 
spectrometer, in "wierk. 

The measurements at 300K were performed for two various angles 
- between the ^-rays and the surface of the samples. The values 
of t' were equal to 0 and 55 (magic angle), respectively. The 
experimental spectra have been analyzed in Ulan-Bator as well in 
świerk. It must be stressed, that only the appropriate computer 
analyssis of the obtained spectra provide the reasonable 
informations about the Mossbauer parameters of Fe nuclei in 
the biotite structure. 

TABLE I Room temperature Mossbauer parameters of Mongolian 
biotite sample observed for angles ч->=0 and ; = 55. For comparison 
the mean values of the hyperfine interaction parameters obtained 
for various 50 samples are presented [1], 
IS are given relative to pure iron at room temperature. 

in (mm/s)-» IS 

Fe 2 + 

Fe 3 + 

.1.09(1) 
1.09(1) 
1.10(1) 
1.12(2) 
1.11(5) 
1.09(5) 
0.54(6) 
0.54(6) 
0.42(12) 
0.47(6) 
0.47(8) 

QS 

2.62(1) 
2.23(7) 
2.60(1) 
2.08(6) 
2.62(8) 
2.18(10) 
0.73(12) 
0.26(22) 
0.90(15) 
0.96(20) 
0.52(18) 

Г 
0.37(1) 
0.37(1) 
0.37(1) 
0.37(1) 
0.38(6) 
0.38(6) 
0.37(1) 
0.37(1) 
0.55(12) 
0.37(3) 
0.37(3) 

I (%) 

58(5) 
28(5) 
59(5) 
22(7) 
50(15) 
30(10) 
9(5) 
5(5) 
19(5) 
15(5) 
5(5) 

sample 

Mon-1 0° 

Mon-1 55 

typical 
50 spectra 

Mon-1 0° 

Mon-1 55 
t y p i с а 1 

50 spectra 

0 

for 
[1] 

о 

for 
[1] 
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TABLH II. Hyperfine interaction parameters obtained for the 
Mongolian biotite at h.2K 

in 

Fe 
Fe 
Fe 

(mm/s 
3 + 

2 + 

0. 
0. 
1. 

»- rs 
44(65) 
98(70) 
18(1) 

0. 
1 . 
2. 

QS 

0(7) 
32(90) 
71(1) 

0 

0 

г 
.65(60) 
relax. 
.50(5) 

I (%) 

5(5) 
50(5) 
43(3) 

H . (kOc) ef f 
530(50) 
135(70) 

RESULTS. The room temperature spectra for all samples are 
very similar (see for example Fig.l). The (•? dependence of the 
relative intensities of the observed absorption lines suggests, 
that the samples are approximately monocrystal1ine. The dominating 
two absorption lines are interpreted as a ferrous doublet. Due to 
their enlarged halfwidth and according to the crystalline 
structure this doublet is divided into two doublets associated 

2 + with Fe ions in M and M octahedral positions. The remain part of 
the spectrum is associated with Fe ions. Similar as for ferrous 
ions, two octahedral positions for ferric ions were considered. 
The resultant hyperfine interaction parameters observed at 300K 
are listed in Table I. 

At U.2K the Fe magnetic moments are magnetically ordered, 
whereas Fe magnetic moments exhibit only a slight relaxation 
(see Fig.i). The estimated values of hyperfine magnetic fields 
are presented in Table II. 

DISCUSSION and CONCLUSIONS. The obtained results confirms, 
that iron atoms are located in octahedral positions. 
Therefore at low temperatures, biotites can. be treated as a 
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two-dimensional magnetically ordered system. However, it can not 
3+ , . , 

be excluded, that a small amount of magnetic Fe ions are located 

2+ 
in tetrahedral layers. 

The reversed intensities ratios of absorption lines in Fe and 

Fe + doublets indicates, that the main components of EFG tensors 

at the respective ians have the opposite signs. This results 

confirm the theoretical predictions [2]. 

It is interesting to note, that the Mongolian biotites have 

been crystallized under geological conditions different than 

those ones till now studied [1]. However, in comparison to the 

other biotites no significant differences in the obtained values 

of Mossbauer parameters are observed. 

Fig.l. Normalized spectra of 

Mongolian biotite at 4.2 and 300K. 
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c"iti_;r r . This coal i-3 mainly цгео for energy production but the pro-
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c-oal. ^L:t th is is one of the most destructive processes for the en-
•/i г СГ;;."ЕГ-~; 1 — durinę t~;c? burning, of сой! f which i s a iT»i>iture pract ical¬ 
ly a l l the stable -land sometimes unstable) el ements from the periodic 
tab le, папу very dangerous compounds are formed. Burning- of coal is 
a main factor caus-зпу several large areas in Poland to be on the ed— 
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sed products for energy production offers the chance of more fresh 
air and of avoiding this catastrophe. 

In spite of the fact that coal is a mineral commonly met with 
our knowledge of it is very small. It is extremely non-homogenous 
(mixture of organic and inorganic compounds)and its physical proper¬ 
ties and composition dep-eno markedly on the geological history of 
its bed. The chemical and mineralogical forms of appearance of dif¬ 
ferent elements in coal are kno«n only slightly. Mossfaauer spectros-
copy can be a useful tool for identification o-f chemical compounds 
of Fe and Sn because these elements appear in significant quantities 

This work was partly supported by Polish Academy of Sciences 
as problem CPBP 01.16. 
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from the fact that many of iron compounds and ironshot minerals show 
the catalytic properties required for reactions during the coal li-
cu^raction processes. The using of catalysts is indispensable for 
rich efficiency of liquefaction processes. On a commercial scale of 
production,the catalyst cannot be recovered from the process and for 
tn:c reason it must be cheapest. Maybe some of the natural iron-mi
nerals in coal can be used as the natural catalysts in coal proces
sing and this is main reason of our interest in iron compounds and 
minerals in coal. 

The first task in the Mossbauer investigation of Polish hard co-
z.l-r- was to identify the ircn-minerals contained in coal samples from 
diffz-cnt coal beds. Samples from 12 coal mines were measured. 
Th: Xozzbauer spectra for these samples measured at room temperature 
:,rs presented on Fig, 1.2.3. The Mossbauer spectrum for Brasilian mo-
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nocry5tal ругi te is given for com-
parision as the -first spectrum on 
Fig;. 1,2,3. I t is characteristic 
of al l samples that they are not 
iron minerals in which the magne¬ 
t ic interaction of the Fe nuc¬ 
leus is presented fcy a characte¬ 
r is t ic Zeemsn sextet. All identi¬ 
fied iron minerals were characte¬ 
rised by quadrupole doublets. 
The characteristic parameters o-r 
these doublets( IS -isomer shi f t , 
03-quadrupo)e spl i t t ing ; allowed 
to identify the iron minerals С13 
in al l investigated coal samples. 
The identified minerals are: 
a) 
b) 

c) 
d> 

Fe + C 

- pyrite; 
\iCCG33s - ani;erite; 

in silicates - i l l i t e ; 
CKa, fDFe3CS045s*Cli203s - jaro-
5i te (only in one sample). 

As an example, on the Figs 4 is 
given the Mossbiuer spectrum for 
»K 32 coal sample with the best 
f i t and also component spectra, i-
denti-fied as: a) pyr i te ; b) anke-
rite; c> illite. 
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sured Mossbauer parameters o-f all identi-fied qitadrupole doublets and 
the relative contents of identified iron-minerals. 

The second task in the Mossbauer investigation of Polish hard 
CDE!s was to observe the transformations of iron—minerals contained 
in coal during different thermal processes. 

Keating1 in air. 
The first process was very simple - heating the coal sample in 

air at temperature T=400 !C, for a time of 4h. The four samples se¬ 
lected had different contents of pyriŁe, ankerite and illite. The 
results of transformations of iron-minerals during the heating pro-
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cess in air are presented on Fi^. 5. B. 7. 
On Fier>S the Mossbauer spectra for selected coal samples are given. 
These spectra were measured be-fore the heating process and the velo¬ 
city range for these spectra is larger then for previous measure¬ 
ments. Contents of iron-minerals in .these samples are given in 
Table i. On Fig. S the Mossbauer spectra for the same samples after 
heating process Are given. 

1C0.0 

V E L O C I T Y Imm/el 

-ил 
V E L O C I T Y Imm/з] 

The Koss-Ъаиет s-sect га for 

% с p a r t i с Le S-. 

As an example, on Fi gv 7 is given the Mossbauer spectrum -for the coai 
sample WK 29, irisasured a-fter the heating proceąs, with the best fit 
and component spectra, identi-fied as: a) ankerite; b) ci-Fe-,0-.} 
c) ct-Fê C-. - superparamagnetic particles C23. 
Presented here are results o-f Mossbauer measurements o-f coal samples 
heated in air and a few conclusions drawn: 
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Й. snkerite was not decomposed during this heating process. 
b. pyrite and illite were completely trans-formed to c(-Fe-.Q̂  du¬ 

ring the heating process at 1=400:C. 
c. the :i-Fe?u, formed in this process appears in two phases, nor¬ 

mal and superparafiiagnetic. There is correlation between quan¬ 
tity of illite and contents of superparamagnetiс particles of 
u-FejO-̂  in the transformed coal sample. 

It is well known that the process of pyrite oxidation in coal 
at T=-100! С gives about 100'C transformation of pyrite to a— Fe-.Gr., the 
SCUT.S process on mineral pyrite with particles of diameter 12^m gives 
«bout GY. trans-format ion of pyrite C23. 

n/dr-Dpyr-olvsi s. artd pyroiysis in argon 
Hydropyrolysis is the process of heating coal at high pressure 

in a hydrogen atmosphere. The solid products (semi-cokes) of three 
different hydropyrolysis processes were measured. The conditions for 
these three processes were: 

pressure of hydrogen atmosphere - 3 MPa (for all processes) 
time duration o-f process - 30 min (for all processes) 
temperature - 450-C; 580!C; 350'С 

Cn Fi g>, S. are shown the Nossbauer spectra for the semi-cokes from 
these processes. On the same figure the Mossbauer spectrum for coal 
sample before hydropyrolysis and Mossbauer spectrum for metallic Fe 
!powdered) are shown -for comparison. Results of these measurements 
are not complete because some of the component spectra were not i-
dc-ntified. On Fi g> S. is shown the Mossbauer spectrum for the semi-
-coio obtained from pyrolysis in an argon atmosphere. In this pro-
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Positron annihilation studies on neutron-irradiated 

ferritic steels, Fe-Cu alloys and pure Fe 

K. Ghazi-Kakili (1), U. Zimmermann (2) 

(1) Laboratorium fiir Festkorperphysik, ETH, CH-8093 Ziirich 

(2) Paul Scherrer Institut, CH-5303 Wiirenlingen 

The study of defects induced by neutron-irradiation in 

metals and alloys is important from both technical and 

scientific point of view. This is due to the strong cor¬ 

relation between the mechanical behaviour and the micro-

mechanisms occuring in the irradiated material, which 

strongly depend on the composition and thermal treatment. 

The sensitivity of positrons to various types of defects is 

used to study these micromechanisms such as diffusion of 

vacancies, nucleation and growth of precipitates. 

The main experimental method used in this study is the 

measurement of the peak height (PH) of the angular corre¬ 

lation distribution (ACD) as a function of annealing tempe¬ 

rature up to 750°C. At a first stage specimens of commercial 

steels (weldment and forging) irradiated at 290°C to fluences 
17 2 19 2 

of 5.4x10 n/cm (weldment) and 1.9x10 n/cm (forging) 

have been investigated by the above method. The variation 

of PH with temperature for the forging material showed two 

distinct annealing stages at 400 and 580°C. The weldment 

sample on the other hand showed a slow increase of the PH 

at about 500 C, indicating the formation of trapping sites 

which then anneal out above 600°C. The unirradiated samples 

(weldment as well as forging) which were used as references 

did not show any significant change of the PH. 

At a second stage the above experiments have been repeated 

with a binary model alloy, Fe-0.8wt% Cu, representing a 

"simpler" system in order to get some hints for a detailed 

interpretation of the results obtained on the "complex" 



commercial steels and consequently a better understanding 
of the irradiation induced defect structures in these materials. 

Two differently heat treated specimens of this binary alloy 
have been investigated before and after irradiation at 290°C 

19 2 to a fluence of 0.5x10 n/cm . This enabled to distinguish 
between the individual influences of neutron irradiation and 
thermal treatment on PH data. It was found that irradiation 
induced defects anneal at about 400 С which corresponds to 
the first annealing stage observed in the irradiated forging 
sample. 

Further, the growth and Ostwald-ripening of Cu-clusters, 
as well as their gradual dissolution as a consequence of 
increasing solubility with temperature, was detected by 
trapping of positrons in defects at the surface of the 
clusters. These defects are a compensation for the misfit 
between the different lattices of copper (fee) and a-iron (bcc). 

The formation and dissolution of Cu-clusters explain the 
behaviour of the PH-values in case of the weldment material 
as well as the second annealing stage of the forging sample. 
Another interesting result was that Cu-clusters do not appear 
in the unirradiated steel samples. This can be attributed to 
a metastable microstructure induced by other impurities or 
alloy elements, which is destabilized by neutron irradiation. 

Further investigations on irradiated ternary alloys (Fe, Cu, Ni) 
and steels with varying alloy compositions are planned in order 
to obtain more information on this field. 

Preliminary results of the above studies have already been 
published (1 ) . 

1) K. Ghazi-Wakili et al., phys. stat. sol. (a) \02, 153 (1987) 



A CONSTANT VELOCITY MÓSSBAUER DRIVE 

M.Ceberini, M.Huol, J.Lipka, M.Prejsa, J.Sitek, I.Toth, J.Cirdk 

Department of Nuclear Physics and Technology, Electroteohnioal 
Faculty, Slovak Technical University, Bratislava 

For some special purposes in M0aebauer spectroscopy as e.g. 

SEDM or RSMR, a laok of good and reliable oonstant velooity drive 

with a high long-term stability is felt. Some attempts at such a 

design were published (1,2,3) but they were based on the same 

double-loudspeaker design by Kankeleit (4) and they can not co¬ 

ver the whole necessary velocity ranee, especially at the lower 

velocities. With deoreasing velooity, the signal from the pickup 

coil decreases as well and, below a certain limit, the velooity 

servosystom becomes uncontrolable. Obviously, the Velooity pick¬ 

up alone can not provide the proper control of the drive at low 

velocities. 

In order to minimize this drawback, we designed a displacement 

control of the drive instead of the common velocity oontrol de¬ 

sign. It means that the response of the drive to a given input 

signal is the displacement rather than the velocity, f'owever, 

velocity is the rate of inorease/decrease in displacement so that 

the type and the behaviour of this structure changes back to tho 

velocity servosystem again if the input signal is fed through an 

integrator. The principal difference between the common drive and 

this design is that this structure maintains the control at all 

velocities including zero (stationary state), i.e. is velocity 

independent. 

The schematio operator 

structure of the designed 

circuit is shown in Fig.1. 

There are two output sig¬ 

nals, one for the displa¬ 

cement Xi \ and the other 

for the velocity V/ \. Also, 

there are two feedback loops Jiw \ and $>г/„)> A / D ) i s tb-e 
fer funotion of the open-loop drive, 1/p is the integrator and 
p means the derivation of the output signal in the velooity pick-

1 
p ^ ^ < 

A ( P ) 

Ш 

Рг(Р) 

"PI 
I * P 

VIPI 

Fig. 1 
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up coil. 
The displacement transfer funotion of this structure (without 

the integrator) is 

and its error E_/_\ 

Consequently, the transfer function of the velocity output (with 
the integrator) 1st v 

V(P) * a $ = P-P- X(P) • X(P) (3) 

and its error B./_\ is v(p) 
» , * - ::jiE2 = ^iisi = . ., (4) 

so that the displacement transfer function without the integra¬ 
tor (Eq.1) and the velocity transfer funotion with the integra¬ 
tor (Eq.3) are formally equal. Similarly, their errors (Eqs. 2 
and 4) are formally equal as well. For the small values of the 
operator p (p-s*O) which correspond to small velocities, the 
zero-point transfer funotions reduoe to 

» • No, - rrfej <" 
and the zero-point error funotions reduoe to 

i.e. the transfer functions have non-zero value and the error 
functions are less than unity. Xt means that this structure pre¬ 
serves the characteristic features of the sorvomeohnnism even in 
the stationary state (i.e. at rest, at the zero input signal). 

Л more detailed description of the design and the performance 
of the drive is going to be published elsewhere (5)« 

Apart from a small line broadening at higher velocities, the 
results are surprisingly good. Both the negative and the positi-



ve velocities can be separately preset from О to i 15 шш/в with a 
step of 0,005 mrn/s within the whole velocity range whioh repre¬ 
sents a relative resolution 1:3000. The actual resolution 0,005 
mrn/s is demonstrated on the sides of the stainloss steel Moss-
bauer spectrum in Fig.2a. A spectrum of a pure tin foil 
enriohed is shown in Fig.2b. 
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Fig.2b Fig.2a 
Presently, an improved version of the drive is being oon-

strueted and it is supposed to be able to work in the velooity 
range from О to ±60 onn/s with a velooity step of about 0,001 to 
0,002 от/в. Ve also attempt at a springless version which even¬ 
tually should be able to work at low temperatures (LN or IBs), 
i.e. without a need of the rather clumsy transfer of the motion 
into the oryostat. 

The drive is intended for the SEDM method (constantly tuned-in 
resonance) and for ON-OFF mode in RSMR where the small countrates 
do not enable measuring into a higher number of channels. For 
example, if a measuring in ON-OFF mode lasts two hours fcr a gi¬ 
ven statistical error, in the constant acceleration mode using 
256 ohannels, we should need more than 10 days to reaoh the same 
error. у 
References. 
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Introduction 
The ternary silicides of the general formula RET2Sia (RE 

-rare earth, T -3d transition metal) which crystallize in the 
bod/-centered tetragonal ThCraSia type structure (space group 
I4/mmm) exhibit variety of of magnetic properties [1,2]. Recent 
bulk magnetic and M8ssbauer investigations for the Gd compounds 
with Fe and Ni [3] allowed to conclude, that: 

i) magnetic moments of Gd order ferrimagnetically with easy 
plane of magnetisation perpendicular to c-axis with stacking order 
as sketched in Fig.l. Due to the dipolar interaction energy the 
energetic minima were found along [100J and (110) type directions 
in the basal plane. 

Fig.i. The proposed model of antiferromagnetic stacking or 
gadolinium magnetic moments in GdCoaSia. 



ii) due to magnetic order three f.ypes or magnetically inequiv-
aler.t transition metal sites were distinguished (see Fig.lt . The 
hyperfine fields observed on Fe and N1 by use of MCssbauer effect 
were interpreted as caused by dipolar and RKKY type interaction of 
Gd ions, which induce appropriate small spin polarization on Fe 
and Ni. Thus zero residual magnetic moments were attributed to Fe 
and Ni. 

For the GdCo2Sia compound [1) T B • 45 К and the dipolar 
fields acting on Co atoms were calculated to be less than 1 kOe . 
The spin-flop transitions were suggested at about 7 kOe fields. 

To accomplish the MCssbauer measurements on Gd. the seCo NMR 
investigations of GdCo3Sia compound has been carried out with 
goals to find out: it if Co atoms bear magnetic moments or exhibit 
similar polarization as Fe and Ni. ii) to verify the proposed mag¬ 
netic structure and analyse the spin flop mechanism. 

Experimental results 
The samples of GdCo2Sia already investigated by Łątka et al. 

[3! has been used in the experiment. The powdered specimen was 
used in the spin-echo NMR experiments at 4.2 К and 100 K. The ex¬ 
periments were performed with and without external magnetic field. 
The resultant spectra are presented in Fig.2. For zero external 
field the narrow double peaked resonance line in the range 4 - 4.5 
MHz has been found. These two peaks may be explained as coi— 
responding to domain wall (higher peak at 4.3 MHz) and domain in¬ 
terior (4.5 MHz) signals. If we take into account, that the 
material posseses an easy basal plane anisotropy with small ener¬ 
getic minima at [100) and [HOi directions, the domain walls may 
be only of 45° character within crystallites. The difference in 
enhancement factors for domain and wall signals will be smali, and 
resultant intensities of the corresponding lines ought to be 
comparable. Also the difference between the corresponding hyper-
fine fields is about 0.2 kOe. i.e. in good agreement with the dif¬ 
ference of dipolar fields for appropriate directions within basal 
plane. 

The obtained values of Н„» are higher than the maximum values 
of Нсцр - lkOe. what means that the observed Н л г are due to inter¬ 
actions of Gd ions which induce small polarization of band 
electrons on Co sites. The split of °»Co NMR lines observed in ex¬ 
ternal fields (Fig.2b.c.d) proves antiferromagnetic order of Gd 
moments. The lines observed at external fields are broadened as 
compared with zero-field line, which may be explained by statisti¬ 
cal distribution of grain orientations in the powder. However the 
characteristic positions in the spectra may be attributed to three 



10 vlMHz) 

Fig.2. The " C o spin echo NMH spectra of GdCo3Sia: a) 

without .external magnetic field, b,p,d) in external 

magnetic field. 



Co l a t t i c e s with account on directions of Gd moments respec¬ 
tively to external field. Due to energetic minima in ll00) and 
(110) type directions the discontinuous jumps of Gd moments be¬ 
tween these directions due to increment of external field are 
expected. Tbe lines corresponding to Co atoms for which magnetic 
moments of Gd neighbours are antiparallel to external field have 
lower intensities than those with neighbouring Gd moments parallel 
to H^Kt, 

BY use of resonant condition *„..-СГ/2П> liT.^H^i the hyper-
fine fields corresponding to the characteristic peaks and bumPS 
(shoulders) has been estimated (Tab.l). 

Tab.l. The values of Co hyperfine fields for GdCo2Si2 

corresponding Ło 
magnetic field. 

the resonance lines in external 

H h f t k 0 e ] " 

I 

I I 

I I I 

IV 

V 

7 . 0 

4.5 - 5.5 

3 . 0 

0 

-2.0 

-4.0 . 

8 . 0 

4.5 - 5.5 

3 . 0 

0 

-2.0 

-4.1 

10.0-

3 . 0 

3 . 0 

0 

-

S -4.1 

The resultant analysis led to the following interpretation of 
the characteristic positions in the NMR spectra (denoted I to V)• 

i) Unes I and II correspond to Co atoms with hyperfine 
-Ids parallel to external field. i.e. Co3 atoms located between 
layers of Gd with magnetic moments exactly antiparallei to H.xt 
for line I and at 135° a n g U for line II. 

ii) line III correspond to Co atoms with zero hyperfine field 
i.e. « Coa position for which the upper and lower layers of Gd 
are directed in opposite directions, what resuUs in compensation 
of the»- contributions ori Co site and zero effective *ieM 

m ) the IV position corresponds to signals from Co3 atoms for 
«hieh antiparallel Gd moments undergo sP1n flop, what leads to 
Partly compensated negative hyperfine field 

iv) the line V reflects signals from Co', atoms with negative 



hyperfine field and Gd neighbouring ions with magnetic moments 
parallel to external field. 

The corresponding field directions are sketched in Fig.3. 

*<( 
H e x t * O -

•>f . • Hext 

-o»-
jLi(Gd1) 

ju(Gd2) 

H h f ( C O l ) 

H h f ( C o 2 ) = 0 < 

- HJCoJ 

Co-

Co, 

Fig.3. The sketch of hyperfine field vectors for magnetically dif¬ 
ferent Co sites without external magnetic field (Нф>с«.-0) and in 
external field, where gadolinium magnetic moments undergo spin-
flop transitions. 

The above conclusions confirm clearly the proposed antifer-
romagnetic stacking of Gd moments. The value of Co hyperfine field 
is 4.5 ±0.4 kOe, much less than those for Fe (16.0 kOe) and Ni 
(i6.3 kOe) [3]. To explain this one may take into account the 
following. The polarization of s-band electrons is positive (with 
respect to polarizing Gd moment) and is expected to be the same 
for Fe, Co and Ni. The d-band electron polarization is negative 
and the d-band electron densities may differ for these elements, 
which results in different polarizations and appropriate contribu¬ 
tions to hyperfine fields. 
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