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TŁie hyperfine interactions of stable ** Fe nuclei implanted 
in various matrices were studied using conversion electron ŁTttss-
bauer spectroscopy {OEMOfr. The results obtained for ̂ Fe im¬ 
planted in aluminium in d-metals in silicon and germanium are 
presented. The properties of the implantation produced materials 
and the lattice location! of iron impurities are discussed. The in¬ 
formation concerning the volume dependence of the hyperfine inter 
actions and the origin of the electric field gradients in solids 
were obtained. 

CO 
Oddziaływania nadsubtelne stabilnych jąder ̂ 'Fe implantowa-

nych do ciał stałych były badane metodą mbssbauerowskiej spektro¬ 
skopii elektronów konwersji (CEMS). Przedstawiono wyniki pomia-

cn 
rów dla -"Fe w aluminium, w metalach s e r i i d oraz w krzemie i 
germanie. Przedyskutowano własności materiałów uzyskanych meto¬ 
dą implantacj i oraz krystalograficzne rozmieszczenie domieszek 
żelaza w implantowanych siatkach* Uzyskano informacje dotyczące 
objętościowej zależności oddziaływań nadsubtelnych oraz pochodze¬ 
n ia gradientów pól elektrycznych w s ia tkach zdefektowanych. 

Исследовались методом резонансной гамма спектроскопии 
электронов конверсии (CEMS) сверхтонкие взаимодействия ста¬ 
бильного изотопа Fe имплантированного в различные матри¬ 
цы. Представлены результаты измерений для Ре внедренного 
в алюминий, в металлы групп d , в кремний и германий. Об¬ 
суждено свойства материалов полученных методом имплантации 
и кристаллографическое разположение примесей железа в имплан¬ 
тированных решётках. Получены информации о зависимости сверх¬ 
тонких взаимодействий от .свободного объёма а также о произхожг 
дении градиентов электрических полей. 
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Introduction 

The study of ion implantation in solids is of considerable 

interest in solid state physics, nuclear on-beam spectroscope 

and technology. Surprisingly new materials can be produced 

using ion beams. Important applications are expected both in 

the realm of semiconductors (e.g./way70, Be73-1/) and also in 

iionequiiibrium aetaiiurgy (e.g. /?i?5/). 'i'he unusual proper¬ 

ties of implanted materials have been extensively studied. 

However, the local state of an implant in a lattice, ?;h.ich is 

of primary interest, is still not clear. 

i.-ibssbauer spectroscopy is presently one of the ziost suit¬ 

able subatomic techniques to study the hyperfine interactions 

and dynamic properties of solids. Because of its intrinsic 

high energy resolution, IJHssbauer spectroscopy is a method well 

suitable for studying solids with considerable damage or dis¬ 

order. In general, the range probed by the measurement of 

hyperfine interactions is very short. Oniy the first f or 5 

shells of atoms around a nuclear probe usually produce measur¬ 

able effects and the influence of the iamedia.te lattice neigh¬ 

bours is usually the largest. Therefore, the hyperfine inter¬ 

actions of an iaplanted atom depend irostly on its local state 

ana en its im&ediate surrounding. 

Mttssbauer lUL-axurGraents provide information concerning the 

s-electron density, the electric field gradient and the magnetic 

field at the position of the probe nucleus. 3rom this, such 

can be deduced about the local positions of implanted atoms in 

the lattice, their different charge states, the arrangement of 

neighbouring atGEE, the distribution of electric field gradients, 

etc* i!ha motion characteristics and the diffusion processes 

which take place in the sample can oe also followed. 

The information obtained froa the study of iaplanted 

samples by I.iftssbauer spectroscopy can increase our knowledge 

of some fundamental problems such as the volume dependence of 

nyperfine interactions and properties of electric field grad¬ 

ients is soiias. It is also very useful for studying the 



properties of new materials produced by ion implantation. To 
date, the power of MBssbauer spectroscopy has not been fully 
realized and exploited in ion implantation studies-. 

The wide applicability of MBssbauer spectroscopy in various 
fields is remarkable, especially for studies of defects. Various 
aspects concerning MBssbauer studies of defects were reviewed " 
by Wertheim /We7V and by Gonser /Go75-1/t where one can also 
find a very useful systematics and characterization of defects 
/GO75-V. 

The Mbssbauer studies of ion implants implanted by the 
reaction or decay recoils or by the isotope separator were usual¬ 
ly limited to radioactive nuclei. The early works were discus¬ 
sed by -ie Waard /Wa72/. His survey also provides the necessary 
background. Various related aspects, also in the context of 
different hyperfine methods applied, were reviewed by de W'aard 

/Wa75/ and by Vogl Ag7^,76/.iln studies of defects attention was 
focused usually on defects existing at low temperature or in 
a short-time scale. 

Por the 14.4 keV MBssbauer transition in ̂ Fe nuclei 
several techniques have been applied. Shortly after the dis¬ co 
covery of ^'Pe Coulomb excitation in 1965 /Le65/ a Coulomb-re¬ 
coil implantation.technique (CRIME) was introduced /Sp6^,68/.. 10 1£ 57 2 • Very small doses, about 10 - 10 -"Fe/cm , can be studied 
if the excited nuclei are implanted in a catcher shielded from 
the incident beam /Se?4/. 'Unfortunately, this important ćecii-
nique has been little used recently. The recoils excited by 
the reaction -*bJ?e (d,p)^'Fe /Ch67/ or by the capture of thermal 
neutrons /CzTO/ can be studied also. Short-time damage proces¬ 
ses on the order of 10""" s life-time of the excited 14.4 keV 
state are observable by the above methods. Slow processes can 
be observed through the reaction ^ Cr (ot,p)"j„to (1^= 1.7 rain) 
/Pr75/. However on-beam experiments are difficult and nuclear 
accelerators are expensive to use. 

The isotope separator implantation of •''Co initiated in 
1970 /3a70/ has a drawback since it results in an undesirable 
long-lived (^i/2= ̂ 70 d) radioactive contamination of the 



equipment. There are also problems with the determination of 
the total dose since very small ion currents are difficult to 
handle. Finally, the'after-effects due to electron capture 
decay may seriously complicate the analysis of the emission 
ŁRJssbauer spectra, especially in non-metals. 

Many problems can he studied in a more convenient way by 
the implantation of stable ^'7e nuclei. This technique has 
been under development in Cracow since 1973 /Sa73-1,75-2,74-1/ 
and is still relatively new in the field of resonance spectro-
scopy. The application of conversion electron MOssbauer spec-
troscopy (CEŁE) made it possible to study very small quanti¬ 
ties of implanted ironj/St75, Sa76-5»77-V« The present sensi¬ 
tivity limit of the method is 10 1 4 - 101^ 57Fe/cm2. The number 
14 V? 

10 corresponds to the number of -"Co atoms in an 80 uCi 
carrier-free source, or to 9»3 ag of iron or, approximately, 
to 1/20 of the monoatomic iron layer. Experimental techniques 
for CEMS experiments at low temperatures |/Sa76-2,77-2,78-3/ and 
at external magnetic fields /Sa77-4/ were also introduced* 

The MtSssbauer studies of stable ^'Fe isotope implanted 
into a variety of targets were performed. Most of the results 
obtained till now were presented in successive publications. 
These include the studies of ^'Pe implanted in Al /Sa74-2, 
75-1,78-2/, Si and Ge I/Sa73-^, 76-3,76-4,77-3,77-4,78-1, 
78-4/ and some results for ^'Fe implanted d-metals /Sa73-1, 
76-1,78-5,78-6/. Preliminary results for ^ P e implanted,rare 
earth matrices as well as for ionic compounds /Eo78/ were also 
obtained* 

The present paper is a summary report of the CEŁB studies 
of ^'Fe implanted aluminium, d-metals and monoatomic semi¬ 
conductors. Final discussion of the results is presented. 
Attention was focused on the hyperfine interactions of impurity 
atoms, as influenced by phases or configurations produced by 
iron implantation. Unclear or controversial results are also 
discussed. Correlations among ion energy, dose, temperature 
and annealing processes are presented. The location of 
implants in various host elements is discussed. 



In Section 1 some aspects of UBssba-aer spectroscope re¬ 
levant to iron-impured systems are presented. Sosie problems 
of electron density and electric field gradients at iron im¬ 
purities are discussed. The role of the distribution of im¬ 
purities on the electric field gradient is denor.ŝ rat;ed by 
calculations of distributions of electric field gradients in. 
a model of charge defected lattices /ru75, 6a?U-ć/t 

In Section 2 some aspects of iron implantation and. C3i.!S 
technique are discussed. Experimental procedures are briefly 
described. ' The developaent of the CEJvS method, as improvements 
of sensitivity and the extention to the variable range of 
temperatures are detailed elsewhere /Sa74-1, St75, Sa?6-2,77-2, 
78-3/ and here are only briefly summarized. An insight into 
the possibilities of the CELiS method is presented. 

CO 
The study of y/Fe implantation in aluisiniuia is concluded 

in Section 3. Here the location and the distribution of iron 
impurities after implantation as well as the dependence of the 
electric field gradients on iron concentration are discussed 
in relation to the theoretical model of charge defected lat¬ 
tices. The role of the distribution of impurities on efg is 
demonstrated, i 

57 
In Section 4, the hyperfine interactions of y'T?e implant¬ 

ed in transition metal and some normal metal hosts are dis¬ 
cussed. The behaviour of iron implants in various metals is 
compared in order to follow the systematic dependence of the 
electron density and electric field gradient on the volume of 57 substifcutional lattice sites. Data for ^'Fe iaplants and 
Fe/Co impurities introduced into relevant matrices by conven¬ 
tional methods are compared. Prom well resolved spectra of 
implanted samples, data for dimeric iron in 3d, 46., and 5d 
metals were obtained. A comparison of hyperfine parameters 
for monomeric and dimeric states of iron was made. 

57 
In Section 5 the properties of x'Fe implanted in mono-

atomic semiconductors, silicon and germanium, are presented. 
The modification of the structure of the semiconductor lattice 
by iron implantation is discussed on the basis of experimental 



results* Measurements In an external magnetic field and in 
the iunction o£ dose and temperature are described. Anneal¬ 
ing processes in samples are indicated. The state and the 
possible lattice location of an iron in Si and Ge lattices are 
discussed. Correlations of the hyperfine parameters with the 
iron concentration and the volume available in diamond-type 
lattices are presented. 

1. HYHSHFBtB INTERACTIONS 0? IRON IMPURITIES 

1,1, Mflssbauer spectra of Fe nuclei 

Hyperfine interactions cause shifts and splittings of 
nuclear levels, which can be measured very accurately from 
gamma resonance spectra. The accuracy of the method is deter¬ 
mined by the natural linewidth r of the excited state. For 
en 

'"Fe, a most typical and convenient MBssbauer isotope, the 
energy resolution is about O.1»f/B»10 . Because of its 
direct relation to the measurements, the energy scale is 
usually expressed in velocity units* For ^'Fe 1 mm/a corres¬ 
ponds to 4.79•10"8 eV. 

Electric monopole, electric.quadripole and magnetic di¬ 
pole hyperfine interactions are measured, respectively, by 
the isomer shift 33 , the quadrupole splitting QS and the 
magnetio splitting of the spectrum. The Hamlltonian for each 
of the hyperfine interactions can be factored into a nuclear 
tern, which is always the same for a given transition* aatt aft" 
atomic teza containing solid state physics or chemical iasfti**i 
mation* Using the iftssbauer technique either nuclear pamiwtters 
or solid state properties can be measured. la the 
plication the iibssbauer nucleus is used as a sensitive 
to study the electronic structure, local sywwtvgr and 
order in solids* 

There are many useful literature references which- disettM 



the principle of gamma resonance effect, the hyperfine parameters, 
and application of MOssbauer spectroscopy (for example /Fr63, 
We64, Go68, Ba69t Gre71, Sa75-2, Go75-2, Gru65-78/). Only a brief 
description of parameters measured by MBssbauer spectroscopy is 
given here below* 

The isomer shift measures the charge density at the nucleus* 
The energy of Coulomb interaction between the nucleus (n) and 
the electrons (e) penetrating the nucleus is 

f 
It results in the shift of the nuclear level (compared to the 
point-like nucleus): 

ÓE = |irmo)|2e2 J?nrn dtn = |lt|V(0f 2e
2<r2> (2) 

Shifts are different for ground and excited nuclear states if 
nuclear radii in both states are different. If the* electronic 
densities IHKOJr are different for nuclei in the MBssbauer 
source (S) and the MJssbauer absorber (A) the isomer shift of 
the spectrum appears 

is * c[Mo)I2 -Wo)if] i (3) 

where C is a constant which is described by the parameters 
of the nucleus. For ^ P e C equals -0.23(2) a^»mm *s /Du7^, 
KU75, Pr75/. If one uses a standard source and looks at 
various absorbers, then m*(0)|g is a constant and the IS is a 
linear function of the electron density at the nucleus in the 
absorber. 

The electron density, IĤ (0) I , is sensitively affected by 
the electronic structure of the nuclear surroundings,both 
directly by the s-like valence or conduction electrons.and 
indirectly through changes in the screening of the core by 
outer electrons. 

Band properties, valency and oxidation states of the 
MUssbauer atom strongly influence the IS value* In metallic 
hosts the direct contribution to the electron density is af-

10 



fected by changes in the number of conduction electrons or in 
their wave functions. Screening of core electrons is a compet¬ 
ing mechanism. The change in the isomer shift IS = IS -
for iron with different electronic configurations a and b 
is related to the change in the electronic density: 

Indices a and b may refer to either of two different 
MOssbauer samples (e.g., iron impurity in different metals) 
or to two different forms of IRJssbauer atoms in the same sample 
(e.g., iron in different valence states or in different lattice 
positions). 

For damaged systems a set of different IS values can be 
observed in the spectrum which are characteristic for iron 
having different local electronic configurations. 

The quadrupole splitting reflects the electric quadrupole 
interaction of the nuclear quadrupole moment Q, with the 
electric field gradient (efg) tensor V ^ s -

(5) 

For nuclear spin I ^ 3/2 one has 

where the principal component VBZ= eq and the asymmetry para-
meter in » (V__ - V__)/V__ describe the efg tensor. For 

v * JQw . yy ZZ 

socially symmetric efg « = 0. 
The quadrupole splitting of the 14.4 KeV level in 57Fe 

(I s 3/2)is defined as 

(7) 

ed 
a distance between two lines in the spectrum. The transition 
With the single line ^'Co source the QS value is measured as 

ii 



probabilities between the grouud and excited nuclear levels are 

proportional to the Clebsch-Jordan coefficients I < 3/2 Q 0 I LII I 

1/2 m ;> I and to the angular distribution functions F£(-©) , 

where ̂  is an angle between z-axis of efg and a direction of 

the gamma ray. The probability of the M = 0, +1 transition is 

P (1/2, 1/2) = 1/4(3 sin2 ̂ + 1), and of the Msti transition is 

P(3/2, 1/2)s 3/4(l+cos •©). For a polycrystalline sample with 

a random orientation of the efg axes, the ratio between the 

two transitions is usually 1. This corresponds to a symmetric 

doublet in the spectrum. For the anisotropic Debye Waller 

factor, f=f (©-), the asymmetric pattern may be observed (Goldan-

ski-Kariagin effect). 

The quadrupole splitting measures the effective electric 

field gradient at the nucleus. For ̂ 'Fe (Q=0.2 b) the QS a 1 mm/s 
17 2 

corresponds to the eieff
s 4.79 • 10 V/cm . 

The efg in solids arises from a nonspherical distribution 

of charges around the nucleus. Either distribution of electrons 

(valence orbital and ligand electrons in compounds and conduction 

electrons in metals)and/or distribution of charges in the lattice 

surrounding participate in the efg. 

The magnetic hyperfine splitting is a result of the nuclear 

Zeeman effect: 

where p is the nuclear magnetic moment, u„ is the nuclear 

Bohf magneton, I is th« nuclear spin and H is a magnetic field. 

Six transitions are possible in the case of ^^Fe. Their rela¬ 

tive probabilities are 

) 
PU3/2.11/2) * 3/4-(1+cos2©') 

P(t 1/2,11/2) = ain2^ r (ifaO), 
2 , 

, 

(9) 

where 6̂  is an angle between H and gamma ray directions, 

tor polycrystalline samples with a random orientation of the 

12 



z axis the ratios among the line intensities is 3:2:1. Devia¬ 
tions from these values can indicate some preferred orientation 
or texture. This must be distinguished from the effect of the 
absorber thickness which also influences the ratio and especial¬ 
ly enlarges the inner lines (M * +1)intensities. 

For *'S'e the distance of 10 mm/s between the outer lines in 
the Zeeman pattern corresponds to the magnetic field of 310.6 kOe. 

The effective magnetic field at the nucleus, H, is a sum 
of the external magnetic field, EQ , and the hyperfine magnetic 
field B^f. Hjjjp. can originate in several ways /Wa61/: as a result 
of the Fermi contact interaction of the nucleus with an ambalance 
in the s-electron spin density, H_, from the nonzero orbital ma-
gnetic moment, H^t and because of a dipolar interaction of the 
nucleus with the spin moment of the atom, H«. For metals the 
H„ term can be strongly influenced both by direct contribution 
from polarization of conduction electrons and by indirect contri¬ 
bution of polarization of core electrons. The dominant is(usual¬ 
ly) the contribution to the contact term arising from the exchange 
polarization of the core electrons by the spin density of the un¬ 
paired outer electrons and the direct contribution from the po¬ 
larization of conduction electrons in metals. 

Electronic spins which generate the hyperfine magnetic 
field H^f are subject to changes in direction (electronic spin 
relaxation). In paramagnetic substances, where spin relaxation 
is rapid, the magnetic splitting is usually not recorded in the 
absence of HQ. When cooperative phenomena such as magnetic or¬ 
dering occur, the relaxation times are longer and the splitting 
is observed. Superparamagnetic phenomena, occuring for very 
small particles, strongly influence the spin relaxation time and 
therefore the shape of the MBssbauer spectra. 

The mixed magnetic dipole and electric quadrupole Inter¬ 
action Jt s K M * H Q , can be described analytically only in cer¬ 
tain cases. It is possible to calculate numerically the transi¬ 
tion energies and probabilities. The theoretical UBssbauer 
spectra can be obtained using computer programs /Ga65» KO67|69/. 



H, eq, and an angle ̂ between H and eg axes are the parameters. 
For experiments with a polycrystalline sample in an external 
magnetic field the computation of Ifflssbauer spectra requires ad¬ 
ditionally an integration over different possible &. 

Because of the sensitivity of the shape of the MOssbauar 
spectra on H and eq the measurements in an external magnetic 
field can belp to decide whether a quadrupole interaction is 
present in doubtful cases. The sign of eq can be also determined. 

The ener/gy profile of recoiless gamma rays, as well as the 
resonant cro'is section, are described by a Lorentzian function 

i(i)-io[i*^;j , do 
with the linewidth f determined by the nuclear lifetime, 
X B */r . Por 57Fe 14.4 keV transition T s 4.67-10'9 eV, . 
which corresponds to 0.098 mm/s. If in a UBssbauer experiment 
an emission line of natural linewidth is moved over a natural 
linewidth absorption line, the Lorentzian line having the 
linewidth W = 2T is observed. 

The resultant spectrum has contributions from many MSss-
bauer atoms in a sample. If the positions occupied by the 
resonant atoms in a lattice are lnequivalent from the stand 
point of crystal.symmetry, chemical, magnetlcal or dynamical 
nature, then they will be recognized from usually distinct 
Lorentzian lines in the spectrum. 

In systems with a substantial damage or disorder the 
spectrum can be a superposition of many different elementary 
spectra, or many lines, but it is not usually so broadened to 
make the detection impossible. 

The UBssbauer effect makes possible to deduce two important 
lattice dynamical parameters, namely the mean square displace¬ 
ment ^x2)Jfrom a. measurement of the recoil-free fraction: 

f(T) « «xp(-k2.<x2)T)« exp(-<x
2>TA

2), (11) 

\k 



and the mean-square velocity, (v )„, from measurements of the 

second order Doppler shift (SOD) of the recoil-free line 

2 = <E> / m e 2 SOD = ÓS/E = -(T?)y/2 c2 = -<Ek>T /me
2, (12) 

where k is the wave vector of the resonant gatuina ray, and ̂ B \ _, 

the average kinetic energy of an atom with the mass a. 

The f factor can be, in principle, measured from the 

amplitude of the MBssbauer spectrum: 

A * -2lI-2 S J ^ [ 1 - exp(-t/2).J0(it/2)] , (15)* 

where t = Got^n. , with <^= resonance cross section, n = number 

of resonant nuclei per unit area and the indices s and a cor¬ 

respond to the source and absorber, JQ is the Bessel function. 

However, the f measurements can be made with precision only 

using the special technique ("black absorber technique"). With 

the OEMS method the £ measurement has very large errors, but? 

the comparison of f factors is possible, for example for dif¬ 

ferent components in the same MBssbauer spectrum or in tempera¬ 

ture measurements. 

The SOD-shift is usually only a small addition to the isomer 

shift of the nuclear level due to the chemical properties. 

However, the SOD is mainly responsible for the temperature de¬ 

pendence of the shift because the isomer shift is virtually 

temperature independent. The value of the temperature shift 

can be estimated using a classicial formula for an energy 

Ek= 3/2kT; for ̂ Ie' in metallic iron the change óE/EsiÊ /mc 

corresponds to 0.22 mm/a per 200°K. 

In generaltthe <x^> T and <v> T parameters are described 

by the phonon spectrum g(cj) of the host 

In Debye's approximation: 



yr 

son - -L JbX f ł Q» 4. xl f xł<jU| C5) 
During the past years the dynamics of impurity atoms in 

crystal lattices was studied experimentally (inelastic neutron 
scattering, differential specific heat measurments and MBss-
bauer spectroscopy)and theoretically. The influence of changes 
in mass and in the force constants of atoms on the dynamic pro¬ 
perties of the lattice was followed. Theoretical results and 
models are reviewed by Nussbaum et al. /Ku77» Gro78/. The 
only consistent analytical model which presently can describe 
the dynamic parameters measured for substitutional impurities 
in many metals and noble gas solids in Mannheim's model /Man68-72/. 
This model predicts the dynamical response function gi(u) for 
any mass or force constant changes provided a realistic phonon 
spectrum g(U>) for the pure host is known. Then the (*)<j\ 
and (v ) T are described by formulas (14) with g(w) replaced 
by g^lo). 

Debye's approximation is useful for qualitative estimates. 
For the impurity an effective Debye temperature &Bff has been 
defined (from a fit of experimental data to the appropriate 
Debye's function), which has to replace the -dp in formulas (15) 

(16) 
where m and m^ are masses of the host atom and the impurity, 
and t and t± are the nearest neighbour force-constants be¬ 
tween host atoms and between the impurity and the host. The 
Debye's approximation properly describes the low temperature 
SOD shlfft, but large errors can be introduced for fitted changes 
of force, constants fro* (x }^ and from the SOD at higher tea-
perąturęB /Gro78/. 

Different defects may cause different changes in the local 



dynamical proper* ies and therefore to influence she both drnanic 
parameters, (:-:c)r;> arid <V ^ . For oxa.rr.io, t:.e ti.oorouicsi 
studies of the dynamier of selfinterstitials in as: fee lattice 
by Dederichc et al. /Ded75» Ze76/ shc.ved that the dtmbbell con¬ 
figuration vibrates alnos;t exclusively with resonant arid loca¬ 
lized frequencies and not with the ei^enfrequencies of she 
ideal lattice. As a resi.lt, the f factor for atoms in dumb¬ 
bell configuration;: deviates strongly frora the usual Debye 
V.'aller factor, which can be especially '.veil observed in their 
temperature dependence. In vacancy associated site z. substan-
tial decrease of the Debye .Valler factor, due to the increase 
in <(x }y , is expected. Jn the extreme cases the decrease in the 
f factor may be larce enough even to preclude the contribution 
01 vacancy-associated atoms to the ^bssbauer spectra. 

1.2. Electron charge density at iron nuclei 

The syctenatics of the IS-data for ^'Co diluted impurities 
diffused into different lattices is presented in r'ig.1. The 
IS-data are presented as a function of the column of the periodic 
table in which the host appears. ::ost data are talien from ^ain 
/:'';a67/« Data for Ti, Os, Hu arxd Re are fron '.Vortnann et al. 
/'..ro75/ a"ćl data for în are frora j'indo-.v /V/in70/. In spite of the 
fact that some of the data are still not fully reliable the 
follo\.'in;j tendency was established /C;.a67, V/o74/. The total 
electron density ^(O)) ̂  at iron nucleus increases when c*°inj 
f roji 5d via -̂d to a 3d homologous host raetal, and it approaches 
a nic::i:auja value for hosts with half-filled d-shells. Similar 
trends were found also for J'A-\t Ta, ^Pt and yfk\x as 
impurities in the lattice of d-.^etal elements /.'.'a73, Ka?3, ./a78/. 

Two effects were proposed to explain the systenatic va¬ 
riation of the contact electron density at impurity nuclei .vhen 
alloying in lattices of different elcuents: i) a change in 
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Fig.1. Isomer shifts at ̂ 'Co impurities diffused in a variety 
of hosts 

the volume available for an impurity atom in a host lattice 
/Si71» Ea74/, and ii) a change in the s-d-electron charge 
transfer along each transition series /In74/. Crystal structure 
and magnetic effects influence the IS values to a much lesser 
extent. 

The volume effect was observed in pressure experiments 
/In67, Wii72, Ea74/. It was found that for all d- and f-tran-
sition metals investigated to date the electronic density in¬ 
creases with a decrease in the atomic volume. This means 
that a change in the volume acts primarily on the outermost 
conduction electrons of s-character, because a compression of 
d or f electrons would lead to a decrease inlH^OJr . All 
the presently available data for d-metal systems can be des¬ 
cribed by a simple equation, IS « const* 12"' , with p close 
to 1. If one assumes the host atomic volume for an impurity 
site in a host lattice, then the volume corrections for iron 
in different matrices can be estimated on a basis of the data 
from pressure experiments for a pure iron. As it was proposed 
by Ingalls /In74/, the volume correction for an iron impurity 
in particular matrix is then equal to the IS value for a pure 
iron lattice which however has the atomic volume characteristic 
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for this matrix. 
The charge transfer effect results in changes in the 

numbers of d-electrons, 5nd , and non-d conduction electrons, 
o(nc, at the impurity site. The effects of changes in ónd 

and in dnc oppose each other. According to Watson /CTa78/, 
the universal formula applies for all the previously named 
impurities upon alloying in different hosts 

A IS m IS - f^'oV * C (<Jnc- R-6nd), ^7) 

where AIS is the IS value corrected for volume effect, and 
the positive constant R is of the order of 0.5 - 1. 

For iron impurity the changes in 4s and in Jd electrons 
play a roi Por estimations of charge transfer effects on 
alloying, the semiempirical formula of van der Woude and 
Sawatzky /Wo74/ is useful 

5-<fa3d) (18) 

When going from left to right on the periodic table of ele¬ 
ments as a host material, the increase in jn,^ at the iron 
impurity is expected. This explains the observed decrease in 
the IS value. However, its exact valuer as well as <£n ĝ 

changes are not known. 
Since the isomer shift depends on the local electronic 

structure of the impurity,several IS values are expected in 
damaged or in heavily doped lattices, which would reflect 
different surroundings of iron atoms. The configurations of 
other impurity atoms as nearest neighbours may manifest them¬ 
selves in different components of the MOssbauer spectra. In 
Sec. 4.?. this is shown for the monomeric and dimeric confi¬ 
gurations of iron in 5fr iron alloys* Vacancies or their ag¬ 
gregates may also change the isomer shift and therefore in¬ 
fluence the spectra. 

While there is a systematics of the IS-data for iron 
based alloys /Wo?4/ there is no data about the hyperfine Inter¬ 
actions of iron in simple iron aggregates (like dimers)in d 
metals. 
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1.3. Properties of the electric field .gradients in metals 

The electric field gradient tensor at the nucleus incor¬ 

porated in the lettice comes from different sources including 

the noncubic arrangement of lattice ions, the distribution of 

valence electrons or conduction electrons in metals, and the in¬ 

ner shell effects. Until now it had been unsuccessful, especial¬ 

ly for metals to attempt the calculation of all these sources 

self-consistently and simultaneously. It is, therefore, custom¬ 

ary to present the effective efg as a sum of independent contri-
i e butions, q and q . Any interaction between the two terms is 

thought to be taken into account by polarization effects. Inner 

shell effects are introduced by appropriate Sternheimer factors, 2 

and RQ. 

eq = Vzz 

= V ^ - V yy = eqV ( 1 O + eqf (1Rq) # 

The first term, "ionic contriDution", arises from a non-

cubic symmetry of charges on distant atoms or ions, ?nd can 

be calculated if the coordinates r, , •©••,, <|K ana charges q, 

of all n ions in the lattice are Known 

L 5 \ -1), 
- 3 sin2^-0032^ . 

These calculations can be easily done with the use of the 

symmetry properties of the crystal. Defects present in real 

crystals can markedly influence the lattice contribution to 

the efg. For a high concentration of charge and/or site de¬ 

fects, and for doped systems, the calculations of efg require 

the determination or simulation of the distribution of defects 

and these can be performed with computer programs (/Pu75, 

Sa?4-2/f see also Sec. 1.4.) . 

The second term, which is caused by the distribution of 

electrons, consists of large compensating contributions from 



various parts of :!io electron band structure. Izs calculation 
requires a detailed icnoivlad/je of electronic v.-ave functior.s, 
which involves a further approximation. 

The Sternheimer factors, ^ and R-, accost for the 
presence- or distortion of the inner atonic shells in 

£,« equals -9.14 for Fe^* and ^ = -10.6 for j'e2+; R. i s 

much less known and equals about 0.2- 0.3 /St53, In64/I' 
•There are two sernieinpirical rules known at present for 

efg in metals: 1) the correlation between the calculateu 
ionic tera and the effective electric field gradient, 
2) the characteristic temperature dependence of efg. So far, 
no satisfactory theoretical explanation has been offeree for 
both observed rules in spite of their striking sispl:lcity and 
universality. New data on efg can help to clarify the probio:;j 
of che origin of efg in metallic systems. 

The first correlation v;as recognized first for the ef.-
at Fe impurities in nexagonal petals /Sa?2/. It is illu¬ 

strated by diagrams in Fig.2, 
-15 
eq-eq'0-rVeq*O-R)« -2 eq'(t-

-re however, in contrast 
the diagrams presented 
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originally /Sa72/ the corrected experimental data QS e x p for 
Re, Ru, Ti, and Os /Vo75, Sa76-1/ are used. Raghavan et al. 
/Ra75.76/ ! have found that such correlations exist for all 
known efg's at different impurities and in metals with different 
lattice symmetry. Therefore, if the corresponding Sternheimer 
factors 3̂ , are taken, a universal formula can be written 

zz * 
This is valid independently of the impurity and the lattice 
symmetry. A correction factor, <( vzz") » kad to be introduced 
for V^ Z^3«1O

1 7 7/cm2 /Ra75/» while for all the smaller efg 

values a proportionality occurs 
(22) 

Even though there is no theoretical basis for this correlation, 
its universality is very valuable. It allows one to form an 
idea concerning the value of an effective electric field gra¬ 
dient after having calculated only the "ionic term". 

The experimentally observed temperature dependence of 
efg in metals and alloys usually fits a simple expression 
/He74, Ch76/ 

<l(T) » q(0) (1 -

where B is a constant. The dependence was observed for 
pure noncubic metals as well as for binary alloys (/Ch76/ for 
additional references/). Discrepancies from the qr' law were 
observed only at very low temperatures. All measured values 
of B were found to be positive with the exception of TaEs 
and they range approximately till 7•10"*%""^^. 

In order to explain a strong T ^ dependence of efg in me¬ 
tals, another source of temperature changes of efg had to be in¬ 
troduced along with the lattice expansion mechanism. The idea 
of time averaging of efg connected with lattice vibrations 
/Ba51f Ku56/!»as successfully used to describe a large number of 
W R data on efg in complexes and UtJssbauer data for Zn and Cd 
ferrites /Sa74-4/. In such approach the d r ^ variation and 
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its deviation at low temperature is, therefore, a result of the 
{* )ri, behaviour and can be obtained, roughly, even in the De-
bye's approximation. 2hls idea stimulated also new descriptions 
of the efg in metals ( "phonon modelslf/Qu74, Hi76, Je76/). 
Within a free electron pseudopotential approach /Ni76,77/ the 
following expression was obtained: 

eq * A (1-

where kg, is a Fermi rector and oq^cr describes the efg arising 
from the charge density of all screened ions, while *<£eT 4 9<^ • 

Another approach was proposed by Christiansen et al» /Ch76/, 
based on the idea of an interaction between neighbouring qua-
drupoles, which give rise to elementary excitations in the non-
cubic metal lattice. This is though to be analogous to the 
magnon excitations in a ferromagnet. Atomic quadrupole reflect 
the lattice symmetry and are determined by a nonspherical charge 
distribution of the metal ions and the conduction electrons* 
In this model the explanation of the T*'^ law requires an inter¬ 
action of neighbouring atomic quadrupoles. Therefore, for efg's 
connected with lattice defects where such cooperative phenomena 
are limited, only small temperature variations of efg are predicted* 

It is remarkable that for defected cubic metals and for 
cubic alloys a small temperature variation is usually observed, 
with B<''MO~5Kr^y'2 /we?3/. In these cases the efg is thought 
to be connected with an impurity or vacancy nearby the probe 
atom, e.g. efg in radiation defected Ag, Pd and Cu /Beh73, Be75, 
Ec78/ or at 111Cd impurities in dilute AgAu and AgPd alloys 
/Bu77, Xr77/ or at ^'Pe impurity coupled to another iron in Al 
/Sa78-2, Sec. 3.1/. Slight temperature dmendence in cubic 
metallic systems due to lattice vibrations is acceptable in 
terms of Christiansen model, while the "pbonon models'* would ;y 
rather not imply the differences in the beiwiour of the efg 
in non-cubic and in cmbic systems. Hew data on the temperature 
variation of efg in cubic systems would help to enlighten the 
problem of the origin of the quadrupole interaction* 



1.4. Simulation of eff; distributions in defected lattices 

In order to exaiaine the influence of random point defects 

on the lattice contribution to the electric field gradient, the 

calculations of efg's were performed using computer sinulation 

of the distribution of defects /?u75A The distribution func¬ 

tion of the quadrupole frequencies was derived and then the 

shape of the i,'.5ssbauer spectra was obtained. 

In the model used for calculations the point defects were 

assuned to be located randomly in substitutional positions of 

the host lattice. The defect is recognized by a charge excess 

Ae over the host lattice ion. The defect can be, in particular, 

an iapurity where the charge surplus is caused by a difference in 

effective charges of the host and impurity atoias, including volume 

effect and local screening in metals. 

The calculations were performed in point charge approxima¬ 

tion. Therefore, the efg produced by the point charge defect 

Ae was calculated from formula (20). The influence of 

Friedel type charge density oscillations as shown for isolated 

impurities by Kohn and Vosko /K06O/, ;vas neglected here. 

In order to compute the distribution of ofg at any lattice 

site one must take into account the concentration and the spa¬ 

tial arrangement of the defects in the sample. Assuming that 

there is no correlation among the positions of the defects, one 

can easily simulate their random distribution using the ;.;onte 

Carlo method. 

The computations of the electric field gradient were aade -

by taking the sums over all the defects lying inside of the 

sphere with the radius R and containing N lattice sites. At ( 

any given average concentration of defects the Gauss distribu¬ 

tion of the number of delects within the sphere R, -with an 

average value xN, and a standard deviation Ifx!?, was assumed. 

In this way the local fluctuations of defect concentration 

were taken into account. The radius R was taken to be large )i 

enough to ma^e the contribution to efg from the defects lying 

beside the sphere negligible. For any choosen arrangement of 



defects the principal components of the efg tensor were found. 
Por each concentration, x, the procedure was repeated several 
hundreds of times in order to obtain the statistical distribu¬ 
tion of the electric field gradients. 

Calculations were performed for cubic lattices with simple 
body-centered,and face-centered structures, and for hexagonal 
lattices as well as for many different concentrations of defects 
from 0.01% to 99$. In the case of a nuclear spin 1=3/2 the 
effective field gradient as expressed by the formula (6) was 
calculated. In Pig. 3 the qeff probability diagrams are 
presented for bcc, fee and hep lattices. 

She distribution, of efg can markedly affect the experimen¬ 
tal characteristics isuch as the NMR spectra, the attenuation of 
angular correlation function, etc. Its influence on the shape 
of MUssbauer spectra is illustrated in Fig.4. Other pictures 
and more details of the calculations can be found in ref. /Pu73A 

As shown in Fig.4, with an increase of impurity concentra¬ 
tion, the two line pattern appears and an increase in both the 
splitting of the spectrum and the linewidth is observed. Si¬ 
milar tendency was found to hold independently on the lattice 
symmetry. 

This model can explain an impurity concentration-induced 
change in the shape of UBssbauer spectra observed e.g., for 
Fe-V alloys by Preston et al. /Pr66/ and for; ̂ CoPd sources 
by Qaim et al. /Qa68/. 

The effect of charge defects on the guadrupole broadening 
of the illJasbauer lines does not seem to be very significant 
for standard ^'Co sources in simple metals. The broadening 
will occur for alloy sources as for "(Jo in stainless steel. 
Furthermore, the charge defects can play an important role in 
high resolution MBssbauer spectroscopy, e.g., in experiments 
with 1 8 1Ta, 672u and 107Ag. 

In random distribution of impurities an impurity in a host 
lattice can exist in different configurations: as a monomer 
(no other impurity es ft nearest neighbour), dise* {one n.n. 
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Pig. 4b 
57 x'F 57 Fig.4. MBssbauer spectra of x'Fe calculated for q 

distributions in bcc (a) and fee (b) lattices ob¬ 
tained from a model of random charge perturbed lat¬ 
tices* Parameters taken for calculations: Ae = le, 
a = 3.556 X (ot-Fe lattice), linewidth of the ele¬ 
mentary spectrum tf ,=0.2 mra/s 

impurity) , trimer (two n.n. impurities) and s.o. configura¬ 
tions. The probability of a particular configuration depends 
strongly on the impurity concentration and on the number of 
neighbours. For the random distribution of impurities this is 
determined by binomial distribution. For example, for the 
fee lattice,the probability that one iron atom has N of its 
twelve nearest neighbours to be other iron atoms equals 

- T2! • x K • (T-x) 12"N/ (12-X) I -Nl 25 
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The probabilities of different impurity associations for con¬ 
centrations in the range O - 30% are presented in Fig.5» Here 
PQ is probability of monomers, 1?^ - dimers, P2 - trimers, etc. 

Fig. 5. Probabilities of different impurity configu¬ rations in randomly doped fee lattice. P-monomers, P1 - dimers, P? - trimers, etc 
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The contriDutions to the efg distribution from simple 
iron associations can be resolved clearly in the efg diagrams 
(Fig. 3) for small x. Then, the probability of finding the 
next impurity in the surrounding is low, and the influence of 
additional Impurities eventually causes only some minor line 
broadening in the real efg distribution compared to the sharp 
peaks obtained from the calculations when contributions from 
the immediate neighbours are only taken into account. For high¬ 
er concentrations, however, the n.n. approximation is usually 
not sufficient. This is illustrated In Figs 5 and 4 for the 
extreme case of x = 50%. The "50% a" case which presents the 
real distribution differs from the "50% b" case presenting the 
distribution calculated in the n.n. approximation. 

The model of charge perturbed lattices was applied also in 
simulation of the efg distributions in the implanted samples 
/Sa74-2/. In the case of implanted Impurities their local con¬ 
centration depends on the depth of the implant location. Here an 
additional source of efg distribution is a distribution of possi¬ 
ble iron nearest neighbour configuration probabilities which de¬ 
pend on the concentration (see Fig.5). The computations of efg 
must be made for the determined dose and the range of implants. 
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The distribution of concentrations resulting from the distribu¬ 
tion of ranges R^ must be taken into consideration. 

She following method of simulation of the impurity position 
and its surrounding average concentration, x, was applied. 
First, the distance of the implant from the target surface, R^, 
was choosen with Gaussian probability by the Monte Carlo pro¬ 
cedure* For the position selected, the concentration of implants, 
x, in the surrounding region was then determined and their ar¬ 
rangement was again found by the Monte Carlo method. Then the 
procedure for randomly distributed charge defects was followed. 
The radius of sphere R changed for different values of x and 
in each case was taken to be sufficiently large to make the con¬ 
tribution from outside the sphere negligible. 

The results of calculations for 55 keV "tfe implants in 
an aluminium lattice are presented in Sec* 2*2, together with 
their comparison to the experimental data. A Gaussian distri¬ 
bution of ranges Ri was taken for calculations with the cha¬ 
racteristic values R_ and AR_ from LSS theory. The computed 
efg distributions are qualitatively similar to those for uniform 
distributions of defects. 

In all the computations described, the "ionic term" of 
the effective electric field gradient was only calculated. 
However, if one remembers the universal correlation between the 
total efg and a calculated (eq^^.) term (iormula (22)) , one can 
accept the diagrams and spectra as describing the distribution 
of the total efg. According to the correlation, e<łeff= "^"e'^efrf 
a double reduction in the horizontal scale in diagrams (Fig.jJJ, 
or a double reduction in the charge surplus Ae taken for com¬ 
putations of the MOssbauer spectra, must be made. 



2. SAr.5PLB PREPARATION AND MEASUREMENT TECHNIQUE 

2.1. Implantation of iron atoms in solids 

Low energy ions are stopped in solids via elastic (hard-
sphere, nuclear) collisions with target atoms which form dis¬ 
placement cascades. At higher energies, atoms are excited and 
ionized via inelastic (electronic) collisions. For iron pro¬ 
jectiles of energies approximately 100 keV which are usually 
available with electromagnetic mass separators or implantators, 
nuclear stopping prevails. 

The technique of ion Implantation enables one to carry out 
doping regardless of the solubility limits, diffusion rates, 
chemical reactivity, etc. Iron can be Introduced in well de¬ 
fined quantities, even orders of magnitude above its solubility 
linits. 

An implanted area and a dose is well controlled. Different 
sort of materials can be used as targets. However, an Implanted 
dose is nonuniformly distributed along the depth of the target 
and a substantial damage may be introduced into the host lat¬ 
tice. 

2.1.1. Distribution of Implants 

The distribution of implantsi in a target can be described 
by the Lindhard, Scharf, and Schirftt (LSS) theory /L163/ 
(also available in la form more suitable for numerical cal¬ 
culations /Sc?1, Be?3/). The ranges and range distributions 
of implants were calculated from the specific energy losses 
dE/dR for two processes of slowing down of a particle penetrat¬ 
ing a target, tha£ is, the elastic collisions with nuclei and 
the excitations of target atom electrons. The final parameters, 
that is, the projected range R_ and the range straggling ARp, 
are expressed as a function of the energy of the incident par¬ 
ticle and of the atomic and mass numbers Z, A of both implant-
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ed and host atoms. The range profile is described by a Gaussian 
function with parameters R and AIL. Experimental ranges 
and stopping power data are in good agreement v?ith the theore¬ 
tical framework when the sputtering of the target and ion chan¬ 
neling can be neglected /May70, Pi73, De73-2/. 

The values of AR and Ł , calculated according to LSS 
theory for Fe implants in a Pd host, are presented in Pig. 6. 
Por ion energies lower than 25 keV there is only nuclear stop¬ 
ping and at energies higher than 130 keV the electronic stop¬ 
ping has been included. 
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Fig.6. Range R , range strag¬ 
gling AR^ and average iron 
concentration xV^for a-to tal 
dose of ID*1 of "''ife/ca in 
a palladium host. Profiles 
of iron impxancs at two 
energies are indicated 

In the following examples (Fig. ?), the R^ and ^ 
LSS parameters calculated for some other matrices are presented 
together with the average iron concentrations determined. The 
IiSS parameters for two energies of iron ions implanted into lat¬ 
tices with different Z are summarized in Fig. 8. 

The values ARp and R_ expressed in mass units, in 
general, increase with the increasing atomic number of the host 
element. This increase also holds for the AR_/Rp ratio. Ran¬ 
ges in depth units are smaller for heavy element targest. For 
example, for 70 keV ^\Fe implanted in Al, AR_ =4*6 fig/cm e.a. 
170 £, and R^ = 11.2 jug/cm2 e.a. 414 8,with R/R 0 4 0.4. 



«..*«, 

Jig. 7a Fig. 

Fig. 7c 

Fig. 7& - d. Parameters R_, 
Al, Ge, Cu, and Au 

and x for Fe implanted in 

Fig.8. Range R_ and range 
straggling &fi£ of Fe implants 
vs. atomie number of the 
host element for two ion 
energies. Dotted lines present 
approximate half absorption 
tnioicaesaM t 1 / 2 for 7-3 k V 
and 5.4 keV •leotrona 



For ?0 keV Fe in Au AR^ = R^ = 27 pg/cm2, e.a. 140 S. For 

a target with different types of atoms the rango R can be 

calculated from corresponding ranges R(n) in monoatomic targets, 

1/R = Ic(n)/ R(n), where c (n) is the content of particular types 

of atoms in a complex target. 

A concentration of implanted impurities follows a Gaussian 

distribution of ranges: x = ̂ mgx'^^ (~(Rp " AR )2/2-AR^2). 

The average concentration was defined as a ratio between the 

number of implanted ions to the number of atoms in the inplanted 

depth 4-ARp, x = N i m p/ (NhQSt + Nifflp)# Such a definition 

corresponds to 6&/0 of the atoms being in a region with higher 

x, and 32% - with lower x, if Gaussian distribution of implants 

is preserved and the sputtering is neglected. 

For doses D ̂  10 /cm , a simple formula can be used to 

estimate the average concentration of implanted I impurities: 

x = 0.42-A'D/ARp t where D is in units of 1016/cm2 and & 

is in pg/cm . A maximum concentration x m a x is at the depth 

and equals 1.6-x. At the depth R_+2»AR_ the concentration 

falls to x/10, and to x/100 at the depth R^+3'AIL » The 

average concentration x depends strongly on the ion energy 

and on the implanted dose. It changes only slightly with the 

Z number of the host element, especially for higher Z. For 

70 keV iron implants x = 2.4-Dfo for Al targets, x = 2.8*13% 

for Ti, and the approximate value, x «3 D%, can be accepted 

for all heavier tar.gets since then x hardly changes with1 Z. 

i'or 35 keV iron implants 5E s 4.9•!$> for Al targets, and 

x w 5.5'Wo for heavier targets. 

Sputtering can significantly alter the shape of the im¬ 

plantation profile and also cause a deviation of fa real dose im¬ 

planted from that which was intended to be introduced. However, 

as can be estimated, for most cases under study the sputtering 

does not influence substantially the determined concentrations. 

Only a few values of sputtering yields for bombarding different 

materials with Fe ions are known but the extrapolated data can 

be used. For most targets under study the sputtering yields 



for iron, extrapolated from 50 &eV Ar and £r bombardment, are 

smaller than about 5 atoms per ion /Ca5S, 3eh78/. Then the 

sputtering does not play a substantial role, especially for 

light targets. For example, for Al and Si, the concentrations 

determined with and without sputtering are the same for doses as 
16 2 

high as 10 /cm for 70 keV iron, and for doses as high as 

2«10 Vcn for 10 keV iron. Higher sputtering yields (about 8-10) 

of atoms per ion)' are for Cu, Ge, Pd, In, Pt, Ag,and still 

higher for Zn, Cd and Au /Ca68, Beh78/. For these targets the 

concentrations of iron determined, especially for high dose 

implantations, can bear larger errors. Thin surface oxide layers 

may additionally change (decrease) the sputtering yields. 

2.1.2. Damage effects 

The displacement of atoms from their lattice sites in a 

cascade of atomic collisions originated by nuclear collisions 

of the slowing down -particle creates a lattice disorder around 

the ion track. Because of the very high stopping power of ions, 

the number of displacements per unit path produced by one iron 

atom implanted into solids with an energy provided by an isotope 

separator is very high. About 30 to 50 eV are needed to dis¬ 

place an atom from its lattice site. Each iron projectile 

implanted with an energy of 70 keV causes over an entire pene¬ 

tration depth about 2000 displacements. Therefore for doses 
14 p 

higher than approximately 10 Fe/cm , on an average every atom 

udergoes at least one displacement. 

In Fig.9 the stopping powers for different incident par¬ 

ticles are compared. A number of displacements caused by one 

atom as heavy as iron is several orders of magnitude higher 

than the number of displacements caused by one neutron. The 

damage introduced in such a thermal shook corresponds to neutron 

fluxes several orders of magnitude higher. Therefore, the heavy 
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radiation damage processes in fission or fusion reactors can be 

simulated and conveniently studied by iron implantation. 

During the implantation process large numbers of defects 

are formed. Most of these,especially in metals, disappear im¬ 

mediately (~99^ or even ~99% /P173, Da72/). Individual va¬ 

cancies and interstitials are usually mobile in most materials 

even at low temperatures, and their recombination repairs a 

great part of the damage in a short time after implantation. 

However, clusters of defects are usually formed because of the 

precipitation of individual vacancies and interstitials due both 

to the dynamic segregation of defects within the collision cas¬ 

cade and the self-annealing. The total amount of disorder and 

the depth distribution depend on many factors, such as the 

energy of radiation, temperature, the total dose implanted, as 

well as the nature of the implanted material. Regions of lattice 

disorder were observed directly by many methods such as electron 

transmission microscopy, electron diffraction and MeV particle 

channeling. The precise nature of the disordered regions is not 

known in details at present. 

The process of implantation proceeds very rapidly. From 

the beginning of the collision the subsequent secondary col¬ 

lisions are completed in about 10" s, and the energy excess 
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is dissipated by thermal vibrations in the range of approximately 12 10" s /De73-2/« In radiation damage experiments the affected 
regions are often described in terns of thermal spikes or dis¬ 
placement spikes. However, the knowledge of their nature is 
still fragmentary at present. In metals the results of collision 
cascades are frequently described using the model of hard sphere 
collisions. Then the arrangement of atoms after implantation 
can be close to that described by the model of randomly, densely 
packed hard spheres (RDPHS /Be60/). It was observed that solids 
exhibiting strong covalent bondings behave differently than 
metals /De?3-2/. For example, the electron microscopy studies 
of ion bombarded Ge and GaAs have shown that the radiation da¬ 
mage results in the creation of essentially amorphous regions 
~30 & diameter* These were thought to be produced in the vi¬ 
cinity of the primary recoils as a consequence of displacement 
cascades. As the bombardment dose builds up, the disordered 
zones steadily increase in number until eventually an overlap 
occurs. The precise mechanism for the creation of these regions 
is not yet understood. Also, it is not clear why such phenomenon 
does not occur in metals. 

Ion penetration in solids and radiation damage processes 
were simulated in computer experiments /Er63»65» Des75i Rb"78/ , 
which therefore simulate the lattice disorder and provide micro¬ 
scopic models of possible configurations of defects. 

£.1.2. Sample preparation j 

For experiments presented here samples were made in a series 
of room temperatur^ implantations of ^'Fe into a variety of tar¬ 
gets having an iron energy in a range of 10 - 70 keV and with 
doses in the range of 10 - 10 ' ions/cm • Various elements in 
a form of aonocrystals, foils, and powders pressed into pel¬ 
lets were used as targets. 

All implantations were made in the Cracow isotope separator 
/Ła71/ where the Fe+ ions can be accelerated to an energy of 
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20 - 45 keV. Their final energy range was assured "by de- or 
post-acceleration. Tiie conditions of implantations were de¬ 
scribed elsewhere /Sa77-1,78-2/. Anhydrous ferrous chloride 
was used as a source material in a slit-type ion source. The 
total dose implanted was measured by a Paraday cage and a charge 
integrator with an accuracy about 1OJ&. The fraction of ^T?e in 
iron deposit which is substantial when natural iron was used in 
a source material, was reduced to less than 5# with the source 57 enriched in -"Fe. No admixture of other isotopes was seen. 

In order to assure the best heat take-off, targets were 
mounted on a thick aluminium holder, and a mechanical sample 
sweeping system /Ła73/ was used providing a good homogeneity 
of the implantation. The temperature of the target, measured 
by thermistors, was higher than room temperature in some implanta¬ 
tions especially when de-acceleration of the beam was used, but 
for currents of 1 - 3 uA per cm it never exceeded 7O°C. 

Because the ilbssbauer spectra of ^'Pe:Al were found to be 
distinctly dose dependent and precisely reproducible, the alu¬ 
minium foil was always implanted along with other targets to 
serve as an additional test of a dose and the quality of the 
implantation. 

Surfaces of the targets were carefully cleaned (etched) 
before implantation. Samples were stored in n-pentane. Such 
protection was usually sufficient. 

Surface oxide layers were usually too thin to contribute 
significantly in the MOssbauer spectra. This problem is il¬ 
lustrated in Fig. 10* No visible traces of oxide are seen in 
the spectrum of the iron implanted Al foil. The spectrum for 
the Al foil which was purposely oxidized before implantation 
is presented for comparison and reveals pattern which is cha¬ 
racteristic for aluminium oxide. 

For very sensitive targets (rare earth and some transition 
metals) a special protection of the implanted surface was tested*. 
Immediately after implantation the implanted surfaces were covered 

KThis technique is under development by the Staff of the Isotope 
Separator Laboratory* 
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Pig. 10, Spectra for ^ P e implant¬ 
ed Al foils. The upper one was 
measured for foil purposely oxi¬ 
dized before implantation. The 
Iflwer one, characteristic for 
^'FeAl,shows no visible traces 
of iron in oxide 

by a thin layer of gold. The gold covering was thin enough 
to cause only a 25% reduction in electron counting. Accord¬ 
ing to the half absorption for the ^'Fe electrons(about 
25 ug/cm) the gold layer thickness was about 60 £ (Fig. 8). 

2.2. Conversion electron Mflssbauer spectroscopy of "fe implants 

en 

2.2.1. " F e conversion electron MBssbauer spectroscopy 

The excited 14.4 keV state of ̂ F e re-emits gamma rays 
(10$) or conversion electrons (cts 8.2). These include 7.3 keV 
K-shell (79^), 13.6 keV L-shell (6%) or 14.3 keV M-shell C2%) 
conversion electrons. They are accompanied by 5*5 keV K-LL Auger 
electrons (63%)» 0.53 keV L-MM Auger electrons (6006) and 6,4 keV 
K X-rays (28%) /W&76/. In order to measure a Mttssbauer spectrum 
some of these radiations must be detected as a function of its 
energy relative to the energy standard. This means that it 
is detected as a function of a source-absorber velocity. 
Measurements in the transmission or in the scattering geometries 
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can be made. In the first method, when gamma rays transmit¬ 
ted through the resonance absorber are measured, the whole 
thickness of the sample is examined. This method is generally 
used in HBssbauer studies. The transmission method was success¬ 
fully applied for measurements of MOssbauer spectra for implant* 
ed ^'Fe atoms /Sa75-1,75-2,74-1/. A measurable resonant effect 
was observed in spite of the very small effective thickness of 
the implanted sample as a resonant absorber. The number of 
MBssbauer atoms in the sample cannot be very small, which 
usually limits the Mbssbauer studies in transmission; to sam¬ 
ples implanted with doses not lower than ',5 — 1O)*1O i ^'Fe/cm , 
as discussed in Sec. 2.2.3. 

The scattering geometry is much more suitable when just 
the sub-surface layer of the sample has to be examined. Methods 
for the detection of different types of radiation re-emitted 
by MtJssbauer nuclei in the sample can be chosen according to 
the thickness of the surface layer to be examined. ^'Fe gamma 
and X-rays penetrate a depth of approximately 20 jum. Thinner 
layers,of 10 - 10 £,are examined by ^'Fe conversion and 
Auger electrons. 

The process of penetration of low energy (<10 keV) elec¬ 
trons through matter has still not been well described theore¬ 
tically in spite of efforts in this direction. Therefore, it 
is necessary to rely on experimental determinations. A slowing 
down of electrons involves a series of processes such as single 
and plural scatterings, inelastic and elastic scatterings and 
diffusion. None of these exhibits a purely exponential be¬ 
haviour over the entire slowing-down range of electrons. It is 
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assumed that the conversion -"Fe electrons, having a rather 
low energy s>nd being emitted relatively isotropically, enter 
a diffusion process immediately after being emitted by a UBss-
bauer nucleus. Thus, the Bothe model /Bo29/» in which iso¬ 
tropically emitted electrons diffuse randomly due to multiple 
low angle scattering, was used for calculations by Krakowski 
and Mttller /&r72/. The electron energy distribution function 
at the surface of the resonator, describing the probability 
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P(z,B) that an electron with an energy E had originated at 
the layer (z,dz), was then obtained (Fig.11). The total atte¬ 
nuation coefficient was found to follow, approximately,an ex¬ 
ponential law, exp (-71Z) Ar72/, in agreement with the experi¬ 
mental result of Graham et al. /Gra63/. 

-72MV . 

400 800 000 

Pig.11. Probability that an electron 
of energy E originated at the dis¬ 
tance (z,dz) in a resonator for 2% 
energy resolution (modified from 
ref. A 7 2 / ) 
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On a basis of electron transmission measurements for Al, 
Cu, Ag, and Au, carried out in the electron energy range of 
5 - 15 keV /Co64/, it was found that the u factor does not 
depend on the atomic number Z and equals: 

f [ ] = 4.43-10-5. c.E"1'5, (25) 

where 0 [g/cnr] i s the density of the medium, and E[kev] is the 
energy of electrons. This gives for 7.3 keV electrons: 
fiA1= 0.6-10-5 2-1, p p ^ 1.75.10-3 1-1, and Plu. 4.2-10^ 1-1. 

The half-absorption thicknesses are 1155 &( 396 S and 165 &, 
respectively. In the mass per area units the t1/2 values depend 
only on the electron energy. Fov 13.6 keV, 7.3 keV and 5.4 keV 
electrons t^ 2 equals apprcxiwately 80 ug/cm

2, 30 ug/cm2 and 
20 pg/ca, respectively. 

Therefore, the 5?Pe electron penetration range is near 
the range of the iron ions implanted with the energy provided 
by the isotope separator (see Pig. 8). This makes the conver-
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sion electron MtJssbauer spectroscope technique very adequate 
for studies of implanted samples. 

Conversion electron LKJssbauer Spectroscopy of ^'Pe is des¬ 
cribed in detail by Spijjkerman /Sp71/. It is a relatively new 
technique, but it has already found many applications especially 
to study thin films and the surfaces of solids* For reviews on 
a variety of applications see /Wa76, Tr77/. 

A key element in the OEMS experiments in an electron de¬ 
tector. Most convenient and therefore most widely used are 
gas-filled counters /Sp71» Pe73. St75/. Various other detectors 
can be used: parallel-plate avalanche detectors /Ste71/, channel-
trons /Uas78/ plastic scintillators /Man76/ and electron magne¬ 
tic spectr meters /Bo69» Ba74,78/ . 

A serious drawback of the method was restricting the measure¬ 
ments to room temperature only and this was recently overcome suc¬ 
cessfully. Helium filled counters were constructed in Cracow /Sa7€ 
77-2/ and in Japan /Is76/ for work at low temperatures. The chars 
teristicsof the counter were measured at temperatures from about 
450 K to 78 K /Sa78-3/i and measurements to about 30 K were shown 
to be possible /Sa77-2/. The application of the channeltron for CE 
measurements at liquid helium temperature was recently reported by 
Massenet /Mas78/. The extention of the conversion electron detec¬ 
tion to the region of low temperatures not only provides the poasi 
bility of temperature measurements in ^'Fe conversion CEM spectroe 
pyf but also extends the applicability of the conversion,electron 
method in the spectroscopy of otherMBssbauer nuclei. Conversion 
electron counting is much more efficient for highly converted M8s 
bauer transitions than the gamma-ray counting technique* 

It is of interest to note the possibility to apply the CEUS 
technique to the analysis of implantation profiles. The energy 
distribution PCz.S) depends strongly on the depth distribution of 
the resonant nuclei in the sample. This is illustrated in Pig.12 
where the electron energy distribution functions are. compared for 
two types of distribution of ^ F e nuclei in the sample. In one 
case a uniform distribution was assumed (a) and in another one a 
Gaussian distribution (b). Both functions were calculated from 
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Fig. 12. The energy distri-: bution function of electrons : coming out from the MBssbauer i sample with the uniform dis¬ tribution of -"Fe nuclei (a) land with their Gaussian dis-.tribution (b), calculated from distributions in Fig.11 
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Krakowski'a theory (P(z,B) given in Fig.11). The depth selectivity of 
conversion electron MBssbauer spectroscopy requires an analysis 
of the energy leaving the surface of the sample with a good 
energy resolution, of a few per cent. When applied to the 
implanted samples studies it can provide an analysis of the im¬ 
plantation profile. The measurements of UBssbauer spectra with 
a use of ^.spectrometers designed originally for work in a low-
-energy nuclear physics and specially designed spectrometers 
with a high luminosity were performed /Bo69, Ba74f?8, Bo?5/. 
However, even with a very good resolution of the f-spectrometer 
the depth selective UBssbauer spectroscopy is still problematic, 
and it still lies rather in a future of the application of CEUS. 
There are some problems and uncertainties. The ?(z,E) function 
cannot be given with sufficient reliability in spite of the 
theoretical and semiempirical efforts in this direction /Xr72, 
Ba75, Hu76/. This is because of still unsolved basic problem 
of the description of the passage of low-energy electrons through 
matter. Also, electrons with different initial energies originat¬ 
ing at different layers (£, Ł electrons) nay result finally as 
electrons with the seme energy. Some additional effects can al¬ 
so play a role, like the effect not realised in earlier works 
of the production of secondary electrons in the surface layer by 
X-rays from resonantly excited atoms situated in deeper layers 
/Tr?7-V. 



2.2.2. Detectors and CEMS measurements 

For the measurements presented here, various self-made gas 
detectors were used, with a helium-methane mixture /St?5/ or 
with pure helium /Sa76-3,78-3/ as a filling gas. Some trial 
measurements with the channeltron were also perfo.rmed. The 
gas detectors used were almost insensitive to gamma rays. There¬ 
fore, a backward-scattering geometry was used when the gamma rays 
passed the counter unattenuated to reach the sample. Such geo¬ 
metry allowed the detection of practically all electrons emerg¬ 
ing in the sample. The sample was placed either inside or out¬ 
side of the counter with its surface closing an opening in the 
counter back. Therefore, any type of sample in respect to the 
shape, thickness, etc., could be measured. 

As an example of the detectors used, a simple miniature 
counter is presented in Fig. 13. This counter was used for 
measurements in a high external magnetic field /Sa77-4/, and 
its accuracy was tested up to 100 kOe. It operated in a room 
temperature field access of a horizontal superconducting sole¬ 
noid36. Pure helium gas from the return-line was used as a 
filling gas. 

O-tWG PUSTC1UK 

Fig. 13* Miniature low-
background electron counter 
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Measurements in external magnetic field were performed at 
the University of Marburg 



In counters operated at room temperatures usually a gas 

mixture of 0.1 CH^- 0.9 He was used, with a flow rate of 

about 3 curVmin. This assured a very high counter stability. 

Two or four anodes made of 30 /um thin gold plated molybdenium 

wire were connected in parallel, spaced by a distance of about 

2.5 mm. Cathodes, made of a thin aluminium foils, were placed 

on both side of the anodes, and were at earth potential. 

Background coming from gamma or X-rays is recorded in¬ 

directly via photo- and Compton-electrons. Cross sections of 

these processes are relatively small compared to the resonant 

cross section Co. For 14.4 keV ^'gamma rays 6Q a 2.56*10 b, 

» a n d ^ c
 = ^ ' 6 **' T n e e^fec*"t0""n°ise ratio 

p c 

obtainable in CELE is higher than that in the transmission 

method. 

The energy resolution of the counter is low, which however 

was insignificant, and usually only a low-discriminator level 

was set to cut small noise pulses ( O keV). 

For measurements at low temperatures a more sophisticated 

instrumentation set-up was made for the absorber, detector and 

source to be kept simultaneously at low temperatures /Sa77-2/. 

Pure heliua gas introduced into the system served as working 

gas for the detector. Its exchange was not necessary even 

during a few days measurements. A gas detector operating at 

low temperatures requires more careful handling. The counter 

worked steadily down to 80 K, but some instabilities were ob¬ 

served at lower temperatures. A major parameter describing the 

properties of the counter was a gas density. Characteristics 

of the counter are detailed elsewhere /Sa78-3/. A higher gas 

density and higher anode voltage were used in order to keep the 

gas-gain at lower temperatures at the same level as at room 

temperature. 

.•'or measurements of the Mossbauer spectra presented in 

this paper, a typical instrumentation for MBssbauer spectro-

scopy was used. It included the detector, FET charge sensitive 

preamplifier, linear amplifier, pulse height discriminator, 



single channel analyser, and a transducer connected to a drive 
unit. A constant acceleration spectrometer was used coupled 

to a 1024—channel analyser. Four Mbssbauer spectra correspond¬ 
ing to different discriminator levels could be simultaneously 
recorded. 

Electron counting rates were very low, usually about 
1000 - 5000/s in the MOssbauer channel. Sources much stronger 
than those available at present could be used thus remarkably 
improving the potential of the method for future use. 

It should be noted that the effect-to-background ratios 
in our experiments can be improved, as they are still far iron 
theoretical limits of conversion electron spectroscopy. Ac¬ 
cording to a simple estimate a limiting condition for a sin¬ 
gle-line resonant *'Fe counter is approximately Oo/Gvil « 300. 
An experimentally observed effect-to-background ratio is 13 
at most with the ^'Fe enriched stainless steel foil. 

A pulse discrimination level was very substantial to ob¬ 
tain a good signal-to-noise ratio for ŁIBssbauer spectra measure¬ 
ments. At low discrimination levels a high counting rate can 
be obtained, but the relative effect is small. At high, dis¬ 
crimination levels a large effect could be obtained at an op¬ 
timum gass pressure, but a counting rate was small. Jith the 
discrimination level slightly above the noise level a 1000>& 
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effect could be obtained for 90^ ̂ 'Fe enriched iron foil,boch at 
low and room temperatures. The figure of merit parameter des¬ 
cribing the quality of the measurements is presented in i'ig.14 
for different adjusted parameters. ,-„ 

Accumulation time of the spectrum for 90ż" ?& enriched 
iron foil was about 10 min. The accumulation time of a reason¬ 
able spectrum for implanted samples depended, of course, on 
the ^Fe dose implanted. Usually two day runs were taken for 
D a 5«1015 57Fe/cm2. 

A very important feature of the CBMS method is its high 
sensitivity. Nanogram quantities of iron in microgram samples 
can be studied. For instance, a 0.5>* effect was observed for 
1014 ^Fe/cm2 (9.3 ng) implanted in an evaporated thin alumi-



Fig.14. Figure of merit for dif¬ ferent gas pressures in the detec¬ tor at two different temperatures 
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nium layer 100 ug thick. At present this is the lowest content 
of iron that can be measured in a UOssbauer absorber, and is 
comparable to the quantities of ^'Co used in a source-side 
technique. With the transmission technique a content of 10 
of -"Fe/cm was needed to give a comparable effect. 

The experimental linewidth for a metallic iron scatterer 
was (0.24^0.01)mm/s. It is significant that in the CEHS method 
there is no line broadening due to absorber thickness. 

The velocity calibration of the apparatus was established 
with natural iron or potassium nitroprusside as absorbers. 
Different sources of -^Co in p<i or 5 ^ 0 ^ Cr> 2o - 80 mCi, 
were used. All the spectra presented in this paper are standard¬ 
ized to ct -iron. 

All the spectra obtained were processed by computer in 
order to make the necessary folding and background corrections, 
and to obtain a least square fit in an iterative process to ą ««t 
of Lorentzian lines with a chosen number of free parameters. 



2.2.3* Measurements in transmission and by CEKS 

Some measurements of implanted ^'Fe were performed using 
a transmission technique with a conventional Xe-CC^ detector 
used in the MBssbauer equipment. A measurable resonant effect 
was observed in spite of the very small effective thickness of 
the implanted sample as a resonant absorber /Sa?3-1»73-2/. How¬ 
ever, because of a much lower sensitivity than that of the CBŁS 
method, the measurements for doses lower than 10 of '''Pe/cm 
were very difficult, while for doses lower than 10 ' they were 
practically impossible. Some improvement can be made by making 
the multilayer absorbers /Sa74-3/ but this possibility exist 
only for very light targets, like Al. 

A second problem concerned the fact that in the transmis¬ 
sion technique, the 14.4 keV gamma rays have to be transmitted 
through the sample and the conditions of attenuation of the 
gamma-ray set the limits on the sample thickness. For heavy 
targets only thicknesses no greater than a few mg/cm can be ap¬ 
plied. This is frequently difficult to achieve and to handle. 

A third problem in the use of the transmission technique 
to study implanted layers is the possible detection of un¬ 
wanted iron impurities diluted in a volume of the target. 
A thickness of an implanted layer is at least 1CK times less 
than the thickness of the sample permitted by the transmission 
conditions. In most cases, samples are much thicker than ia-
planted layers. Then, a number of iron throughout the sample, 
even very diluted, can frequently be comparable to the number 
of implants. 

Below are presented the examples of CBU5 measurements com¬ 
pared to the transmission spectra. In Fig. 15 are the ^ F e 
spectra measured for ordinary and not "very clean" aluminium 
foil, 0.1 mm thick, implanted with ^ F e at a dose 1.5«101* per 
2 VJ 

cm and an energy of 70 keV% A concentration of -"Fe implant¬ 
ed impurities in the implanted layer is, therefore, about 0.2%. 
The CEMS spectrum measured for the implanted side of the foil 



(upper spectrum) represents only implanted impurities. No ef-
. feet is observed in the CELE spectrum measured for the non-im¬ 
planted side (middle spectrum)• In the transmission spectrum 
(lowest one), an additional broad background is observed, due 
to iron impurities present in the foil. The estimated iron 
impurity content is 10"^ %» 
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Fig. 15. MOssbauer spectra of ̂ F 
in, aluminium foil implanted with 
??Fe. The C1MS spectra measured 
for both sides of the sample, 
the implanted side (upper spec¬ 
trum) and the non-implanted side 
(middle spectrum), are compared 
to the spectrum measured in 
transmission. 

5.16. MBssbauer spectra of 
i>e in Be plate, 1mm thick. 

The spectrum for implanted 
side (top)j spectrum for non-
implanted side (below). The 
spectrum of nonimplanted pla¬ 
te, measured in transmission 
-bottom 
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In Pig. 16 the MSssbauer spectra of ^'le in a 1 mm thick 
berylium plate are presented. The transmission spectrum (the 
lowest) was measured for the non-implanted sample, and shows ordi¬ 
nary iron impurities diluted in berylium. Two other spectra 

16 59 were measured for implanted samples in which 3.10 of ?'Fe 
•ions per caT were deposited in a thin surface layer (R = 247 £» 
AR_ = 69 2). A quadrupole doublet similar to that found in 
the emission spectrum of -"coBe source or the well known spec¬ 
trum of berylium windows is observed also for implanted iron 
impurities. 

3. STUDIES OF IRON IMPLANTED IN ALUMINIUM 

3»1. Analysis of MPssbauer spectra 

Aluminium is a very convenient material both for iron 
implantation and for resonant electron spectroscopy. Since 
intensive studies of Fe-Al systemas were performed in the. 
past especially using MSssbauer spectroscopy /Sti71, Pr71,72, 
Man72, Na74, Kt74, Se74, Wd75/f the MBssbauer spectra of

 5'Fe 
implanted Al targets could be compared to those for different 
Fe-Al phases and precipitates. Because of the very low solu¬ 
bility limits of Fe in Al, the compounds such as FeAl^, F«A16, 
Fe^Al/|z usually precipitate in the samples prepared by dif¬ 
fusion or melting /StiTI, Pr71,72/ and MBsabauer spectra are 
more complex. It was found /Sti7V» however, that nearly 100 
times the maximum equilibrium solubility of iron can be re¬ 
tained by a rapid cooling from the melt. Because of a high ther¬ 
mal cooling rate, the distribution of iron admixtures near melt¬ 
ing is preserved at room temperature in splat-quenched alloys. The 



expected local cooling rate for Implantation is still higher. 
(Therefore, implanted samples ray be more comparable to those 
obtained by splat quenching method than to those obtained by 
classical methods. 

Studies reported here /Sa75-1,78-2/ were performed 
for a variety of samples obtained by Implantation of -*'Fe with 

14 17 2 doses from 10 to 2*10 '/cm and energies ranged from 10 to 
70 keV. Average concentrations of iron obtained varied from 
O.O3J6 to 50% and were above the solubility limit of Fe in Al 
(0.001% at room temperature and 0.025^ at 650°C). Very clean 
aluminium was used. The surface was cleaned before each im¬ 
plantation, but electromechanical polishing had no influence 
on the results. • 

MBssbauer spectra change strongly with iron concentration 
5E, while different 5E were achieved by changing either iron 
doses (Fig. 17) or iron energies (Fig.18). All implantations 
gave reliable and reproducible results. 

At the smallest concentration a single line was observed. 
At concentrations higher, but lower than about 3%» the spectrum 
shows an asymmetric pattern; which was decomposed into a singlet 
and a doublet. For concentrations x ̂  3% the spectra represent¬ 
ed symmetric doublets. 

In Table I the parameters for the least square fit to the 
set of Lorentzian lines are compiled. Isomer shifts of both 
the single line and the doublet were found to be constant and 
independent on the iron concentration x. She distance be¬ 
tween the two lines in the doublet increases . with increasing 
x . ' 

Measurements at liquid nitrogen temperature were perform-
ed for three samples: x = 0.9C (D •= J«10 v c a , E = 70 keV), 
x a 4.7% (D = 10^6/cm2, 2 a 35 keV), and x»5Q* 0> * 2»1O17/c*2, 
B » 35 keV). The spectra measured at room and at low tempera¬ 
tures for the first two samples are similar (Fig. 19a). The 
temperature SOD-shlf t, (- 5.6 - 0.5) lO^aa/s0^, la slightly 
smaller than the one for *" p e in metallic iron. For the 
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Fig.17 Fig. 18 
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Pig. 17. CEM3 spectra of "Fe in Al versus dose of Fe implants. 
Ion energy * 70 keV. Concentrations 5E = 0.75%, 0.25%, 0.08%, 
and 0.05J&, respectively 

Fig. 18. CS1C spectra of ^"Fe in Al versus energy of Fe implants. 
Dose D =2.10 V c m . Concentrations x » 0.5%, 0.6%, 0.9%, 1.0% 
and 2.1%^respectively 



Table I 
57, The CEMS spectra parameters for Fe implanted in Al 

D 
cm" 

""-££*-
3-10^ 

lO1^ 
2 . 1 0 ^ 
2-101 5 

3-1O15 

2>1015 
2 .10 1 5 

2 . 1 0 ^ 
101 6 

101 6 

101 6 

101 6 

10 1 6 

101 6 

1.5'K)16 

1.6.1O16 

2.10 1 6 

2.1O16 

2-101 6 

3-1O16 

3.2-101 6 

"I £ 3.2-1016 

vio1 6 

E 

keV 

70 
70 
70 
70 

55 
70 

40 
25 
1 0 

70 
70 

35 
35 
33 

35 

35 
35 
35 
35 
35 
35 
35 
35 
35 

X 

% 

0.03 
0.08 
0.25 
0.50 
0.6 

0.8 

0.9 
1.1 
2 . 1 

2 .4 

2.4 
4.7 
4.7 
4.7 

4.7 
K / 

7 .1 

7.5 
9.5 
9.5 
9.5 

14.2 
15.2 
15.2 
19.0 

IS-

mm/s 

0.43(2) 
0.42(3) 
0.43(1) 
0.43(1) 
0.43(1) 
0.42(1) 
0.55(1) 
0.44(1) 
0.44(1) 
0.43(3) 
0.46(1) 
0.47(1) 
0.46(2) 

-

-

-

-
-
-
-
-

. -
-

-

mm/s 

0.40(5) 
0.32(3) 
0.29(2) 
0.27(2) 
0.28(2) 
0.26(1) 
0.25(1) 
0.27(2) 
0.33(3) 
0.41(5) 
0.23(2) 
0.22(2) 
0.21(3) 

-

-

-

-
-

-

-
-

-
. -

no 
**sd 

mm/s 

-

0.29(5) 
0.30(2) 
0.32(3) 
0.30(3) 
0.30(1) 
0.34(1) 
0.3K3) 
0.43(4) 
0.47(3) 
0.40(2) 
0.39(2) 
0.45(2) 
0.55(2) 
0.56(2) 
0.4KD 
0.43(1) 
0.60(2) 
0.67(2) 
0.62(2) 
0.64(2) 
0.68(2) 
0.61(4) 
0.57(3) 
0.69(3) 
0.68(3) 

I s d 
mm/s 

-

0.14(5) 
0.11(2) 
0.11(3) 
0.07(1) 
0.11(2) 
0.23(2) 
0.11(3) 
0.14(3) 
0.15(3) 
0.14(1) 
0.16(1) 
0.14(2) 
0.16(4) 
0.21(4) 
0.23(2) 

0.34(1) 
0.25(4) 
0.25(4) 
0.21(0 
0.19(2) 
0.15(2) 
0.16(5) 
0.14(5) 
0.20(4) 
0.17(5) 

rom/s 

-

0.50(8) 
0.32(2) 
0.36(3) 
0.27(3) 

0.32(2) 
O.3K3) 
0.40(3) 
0.44(3) 
0.36(2) 
0.39(2) 
0.46(2) 
0.55(5) 
0.45(3) 
0.38(2) 

0.38(2) 
0.60(5) 
0.60(4) 

. 0.52(3) 
0.60(2) 
0.57(3) 
0.55(4) 
0.55(4) 
0.65(4) 
0.56(4) 

" S s ~ " 
S t o t 

1 

0.60 
0.57 
0.68 • 
0.66 
0.47 
0.48 x/ 
0.65 
0.34 
0.18 
0.14 
0.10 

.0.04 
0 

0 

c 
0 * / 
0 

0 

0 

0 

0 

0 

0 

0 

0 
i 

x/ = measurements performed at liquid nitrogen temperature 
D, E =• dose and energy of implanted Fe ions 
x = average concentration of implanted iron 
ISO,W_ = isomer shift and line width of the single line in the spectrum 

QSd, ISd, Wd = corresponding .parameters of the doublet part of the spectruE 

S 
e = ratio of the single line area to the total area of the spectruE btot 
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57, Fig. 19. MOssbauer spectra of -"Fe in Al measured at room and 
liquid nitrogen temperatures; a) D = 3»10 v c a , B s 70 Ice7, 
x = 0.8%; b) D = 2-1017/cm2, E = 55 keV, 2 * 50% 

iron-rich, sample the low temperature measurement reveals the 
magnetic pattern, which was seen only as a broad background at 
room temperature (Pig.19b). Thus, in that sample a large part 
of the iron atoms interact magnetically. If the increase in 
the QS at low temperatures is a result of T ^ temperature de¬ 
pendence, then the value of the B constant equals B =(1 i 1> 
1 0 " % " 5 ^ . This value agrees with the experimental B values 
known for cubic metallic systems, being rather small compared 
to values for noncubic metals. This supports Christiansen's 
approach to the origin of the temperature dependent efg in 
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metals /Ch76/, because a slight temperature dependence of the 
efg's in cubic metals is acceptable in terms of this model, 
while it is not clear in terms of "phonon models" (see Sec. 1*3) 

In spite of very high iron impurity concentrations in all 
implanted samples under study no evidence of Fe-Al compound 
formation was found in the spectra for non-annealed samples. 
The spectra indicate that by the process of implantation, high¬ 
ly oversaturated metastable solid solutions are produced. Shis 
is evidently due to a high local cooling rate during implanta¬ 
tion. Nucleation and growth of precipitates, being characte¬ 
ristic for thermally treated oversaturated PeAl systems, were 
observable only after heating of the samples, at least around 
400°C. 

No evidence was found of annealing processes at room tem¬ 
perature. The samples even after kept long lime in air, gave 
reproducible MOssbauer spectra. Annealing processes taking 
place at high temperatures were studied for two samples: 
£ = 0.806 and x = 9.5%. The heating was performed in a vacuum" 
during 5h periods at temperatures increasing by 100°C in each 
step. After each heating the sample was quenched and the spec¬ 
trum measured at room temperature. A superposition of a single 
line and a doublet was observed after heatings up to 300°C. The 
values of the QS, IS*, IS. are the same as for nonannealed sam¬ 
ples, but the relative intensity of the singlet gets smaller. 

The spectra measured for samples annealed at 400°C and 
above can be associated with the formation of compounds, which 
start to precipitate in a fora of microclusters due to enhanced 
diffusion. The precipitation is clearly seen in the spectrum 
taken for the second sample after heating it to 600°C. As 
shown in Pig.20, the spectrum contains traces of resolved ma¬ 
gnetic lines. This means that the size of precipitates is be¬ 
coming large enough for superparamegnetisa to be established. 

A gradual decrease in the area under the spectra against 
annealing temperature (Fig.20) is connected with the diffusion 
of iron implants into Al foils deeper than the sensitivity 
range of the CBMB method* 
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Pig. 20. CEKS spectra of two ^'Fe in Al eaaples taken after 
consecutive heatings, a) x = 0.8H, b x)= 9.5J6 
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3.2. Discussion of iron atom location 

Spectra for Fe implanted Al samples can be interpreted in 

a similar way as those for splat quenched FeAl alloys. Nasu et 

al./Na74/ studied splat-quenched FeAl alloys at 0.;, 1,3, and 

5 at % Fe. Their measurements with the sample placed in an ex¬ 

ternal magnetic field proved the existence of two components in 

in the spectrum: one with and another one without quadrupole inter¬ 

action. Consequently, the authors decomposed each spectrum into 

a single line and a doublet. A similar decomposition was made 

for the spectra of FetAl implanted samples (Table I). 

The single line has to be ascribed to those iron atoms, which 

during the implantation process replaced Al atoms in their sub-

stitutional positions, and are isolated from other iron impurities 

(monomeric state of iron). The isomer shift of the single line, 

IS. = 0*44 mm/s, is virtually concentration independent and is 

characteristic for isolated substitutional iron, in good agreement 

with published data for others Fe-Al systems (e.g.,/Pr71,72, Sti?1, 

Man73, Na74, Se74/). A slightly increased linewidth can be caused 

by local efg's and small changes in s-electron densities at im¬ 

purity atoms in the vicinity of radiation defects (e.g., disloca¬ 

tions or voids) and/or can be connected with far-distant impurities 

(as illustrated in Sec.1.4). 

The doublet in the spectra must be connected with the noncubic 

position of iron. This could be, for example, a single intersti¬ 

tial position, vacancy-interstitial clusters, or another impurity 

positioned as a nearest neighbour (iron dimer or multimer). The 

estimation of the probabilities for different iron associates cai 

be made from Fig.5 (the appropriate curves for the HOPES system 

are only slightly different). At the concentrations studied the 

most probable are iron monomers (PQ= 0*88 for *j>e= 1 %t
 a n d 

PQs 0.53 for Xya= 5%)• The probability of simple iron association 

formations is also large (PJUQSO*12, and 0.47, respectively), 

but dimer8 are in the majority (P^aO.11, and 0*34, respectively). 

Th0reforet a connection of the noncubic iron site with iron aulti-
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mers, mostly dimers, enters as a necessity. Such a statement 
also can be confirmed by the characteristic behaviour of the <JS 
value of the doublet against iron concentration. The isomer 
shift of the doublet is constant within the error limits for all 
concentrations 5, IS, = 0.15 mm/s. 

It is understandable that the IS value for iron in dimer 
and mul timer is more iron-like than the IS for iron monomer, 
I Ss • 

In Fig* 21 is shown a real monomer occurrence, described by 
the single line contribution in the spectra. The lines describe 
the monomer probabilities for a random distribution of impurities. 
A lower monomer occurrence than predicted by random distribution 
of iron impurities was observed both for implanted and for splat-
quenched samples. This should be a result of an attraction be¬ 
tween iron impurities which results in an enhanced formation of 
simple iron associations. It appears, however, that the mono¬ 
mers exi3t in implanted and splat-quenched samples at concentra¬ 
tions two orders of magnitude higher than the high temperature 
solubility limit of Fe in Al, which is conditionned by a very 
high quenching rate. 

"T SOLUBILITY UMTS 

Fig. 21. Fractional intensity of a single line versus iron 
concentration in Al. Crosses - data for implanted staples. 
Circles - data for splat quenched alloys, from ref• /Na7V* 
Lines represent the probability of monomers calculated from 
a binomial distribution for impurities in foe-lattice (upper) 
and random densely packed hard spheres RDPHS (lower) 
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It is significant that at higher concentrations of iron 

a quicker decrease in the single line contribution for implant¬ 

ed samples is observed in comparison to the data for splat-

quenched samples at similar x. This can be connected with the 

increased probability of the formation of 'iron multimers in 

implanted samples and also with a direct contribution to the 

efg from damaged regions (2- and 5-dimentional defects) situat¬ 

ed near implanted atoms* As the implantation dose is increased 

more defects are formed and both effects increase. A greater 

tendency to clustering of iron atoms in iron implanted samples 

as compared to splat quenched alloys at similar iron concentra¬ 

tions can be understand as a result of radiation-enhanced dif¬ 

fusion. More data for splat quenched samples are needed to 

answer the question of whether splat quenching produces more 

randomized systems than ion implantation and how this depends 

on x. 

It should be mentioned that the determination of the ratio 

between the monomer to mul timer occurrences from the single 

line to doublet contributions is not possible with precision. 

MOssbauer absorption depends not only on the concentration of 

absorbing nuclei, but also on the Debye-Waller factor f, which 

may be different for both states of iron* 

Two distinct sites occupied in the Al lattice by very di¬ 

luted Co and Fe impurities were studied by Nussbaum et al. 

/H07I, Nu78/. They observed the transition of impurity from 

the substitutional high symmetry site (Q3 = 0 ) to the low sym¬ 

metry site (Qj5 = 0.40 mm/s) after a long-time diffusion. With 

the use of the black absorber technique they determined the 

f factors for both states of impurity, f. = 0*30 and ffi = 

0.76. It is not clear whether there is a correspondence be¬ 

tween the two states, studied by Nussbaum et al. for very dilut¬ 

ed impurities and the data presented here. If such a differen¬ 

ce would be present in f factors for dimeric and monomeric 

iron observed in implanted and splat quenched heavily doped 

Fe:Al samples, then all the points in Pig.21 are to be shifted 

upward. Even then, however, they will still mostly lie below 
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the random distribution curves. 
In the Fe:Al system under study the randomization condi¬ 

tions are not fulfilled. Therefore, iron multimers can influ¬ 
ence the spectra at concentrations lower than they would for 
random systems. Only for very low concentrations of iron the 
doublet part of the spectra characterizes mainly iron dimers. 
The initial quadrupole splitting, Q3d-0.3 mm/s, characterizes 
an efg at an iron atom in an isolated iron dimer. A charge 
defect Ae = qFe - qA1 can be calculated from this value, 
assuming the universal correlation QS = - 2'OS1, and it equals 
0.5 e. 

The nature of the emerging dimers cannot as yet be deter¬ 
mined. Nearest neighbour irons may either occupy substitution-
al positions or off-lattice sites. 

The •quality of the IS^ presented here and the isomer shift 
attributed to interstitial mixed Pe-Al dumbbells is surprizing. 
Pe-Al dumbbells were found to be very unstable and were only 
observed either at low temperatures (^200 £ /Man73, Vg74-1,76-1/) 
or possibly also in a very short time scale /Se74/. Their ap-
pearence in room temperature iron implanted aluminium samples, 
measured relatively long after implantation is very improbable. 
However, it cannot be excluded, that in room temperature implant¬ 
ed samples, owing to their high iron concentration and high den¬ 
sity of interstitials produced in collision cascades, the condi¬ 
tions exist for some stable, dumbbell-like configurations, per¬ 
haps Fe-Fe diinterstitials, to be formed. A study of the dyna¬ 
mical properties of the configurations formed may help to solve 
the problem* As follows from theoretical studies of the pro¬ 
perties of dumbbells in fee lattices /Ded73t75/i a low fre¬ 
quency vibration modes of the diinterstitial complex are pre¬ 
sent which cause the anomalies in the dependence of the Debye 
Waller factor on the temperature. The dynamics of dumbbell-
type configurations well describes the behaviour of Co-JLl di¬ 
interstitials for which a strong f(T) dependence was observ¬ 
ed experimentally, much stronger than the f(£) dependence 
for "normal11 ^'Co imparities in aluminium /Vg74-1»76-1A 
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In order to follow the dynamical properties of the dimers 
formed in Al samples under study, systematical measurements ox1 

f value is needed and these are not possible with CEM3 technique. 
However, on the basis of CEMS spectra measured at 300°K and -
80°K (see Flg.19), one may conclude that there is no apparent 
difference between SOS-shifts and DW-factors for iron in mono¬ 
mers and for iron in dimers. This result is evidence against 
a dumbbell-type formation. The magnitude of the SOD shift in¬ 
dicates lower mean square velocity of the Fe atom in an alumi¬ 
nium lattice than in a metallic iron. 

»3» Iron concentration dependent electric field gradients 

With increasing iron concentration the doublet part of the 
spectra increases, as shown in Table I* Also its quadrupole 
splitting and the linewidth Wd increase, (see also the ex¬ 
perimental data in Pig.22), since gradually more and more iron 

Pig.22. Parameters of the 
quadrupole doublet in OEMS 
spectra of ^'Fe in Al ver¬ 
sus Fe concentration. The 
lines represent the results 
of calculations and are ex¬ 
plained in the text 
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atoms have disturbed the surrounding. This effect should re¬ 
flect the rising influence of increasing iron impurities, which 
is substantial especially at higher iron concentrations. 

In order to follow the influence of the distribution of 
iron-impurities on the efg distribution »ith the rise of impu¬ 
rity concentrations the calculations were performed for Fe im¬ 
plants in an Al lattice in a model of charge disturbed lattices 
adapted for implanted samples, as presented in Sec.1.4 /Sa74-2/« 
The results of computations of efg distributions and some of the 
MOssbauer spectra simulated are presented in Pigs 23 and 24. The 
shape of simulated MtJssbauer spectra depends strongly on the 
charge difference Ae = q™ - qA1, a parameter in efg distri¬ 
bution (point charge approximation). 

In Pig. 22 the quadrupole splitting QS and the linewidth 
W of the calculated MBssbauer spectra are compared to the para¬ 
meters of the quadrupole doublet in CEMS spectra measured for 
Fe implanted in Al. The lines represent the results of cal¬ 
culations for two chosen values of the A e parameter (dot¬ 
ted lines: upper for Ae = 1 e and lover for Ae * 0*5 e). 

As it follows from Fig.22 the model taken for computations 
reproduce qualitatively the increase of the QS and W with the 
rise in x. The quantitative disagreement is observed, especial¬ 
ly for low x. This is the result of the short range order pro¬ 
cesses, which causes the most common deviation from the.aodei. 
An attraction potential between iron impurities causes their 
clustering. An enhanced formation of iron multlmers (dimers), 
discussed in Sec. 3.2 and disregarded in the aodel, is vex? 
likely'responsible for the larger QS values observed for "lejAl 
samples at low x. If an assumption is made that it is possible 
to separate both effects (due to random charges and due to iron 
dimers) and therefore both contributions to the 06 are additive, 
then a good agreement with experimental data can be obtained 
(solid line, Fig.22). 

A value of Ae parameter, which had to be taken in order 
to explain an experimental QB-data slope, Ae »0.5 •, is sur-
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prizingly consistent with the value of charge defect obtained 

from the QS value for the isolated iron dimer (QSJ * 0.5 mm/s)« 

A qualitative agreement between experimental results ob¬ 

tained for implanted Fe:Al samples with the model used for the 

calculations indicates that the main source of the electric 

field gradients in doped cubic lattices was correctly recog¬ 

nized, in spite of the simplicity of the model. 

A 

4 4 i 4 i 

l?ig»23. The qeff distributions cal¬ 
culated in a charge disturbed 
lattice model for Gaussian distri¬ 
bution of impurities in an fee 
lattice. Doses refer to 55 keV Fe 
implants; R^ = 285 it ARp=0.5 H 

Fig.24 a 
vaacm I«NU 

Fig.24 b 

Fig.24. UBssbauer spectra calculated for efg distributions pre¬ 
sented in Fig.25. Lattice constant a = 4.04 A, the linewidth 
of the elementary spectrum W.-is 0*5 mm/s. Ae = 0.5 e (&) and 
Ae z 1 e (bj e i 
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4. STUDIES OF IRON IMPLANTS IN d-JETALS 
4.1. MHssbauer spectra and the host lattice structure 

Measurements of -"Fe implanted into series of d-metals 
were performed. Targets were metals of the 3d, 4d and 5d 
series, from Sc to Zn, from Y to Cd and from Hf to Au (Fig.8). 

en . Afr v p 
Implantations of 70 keV -"Fe ions at a dose of 10 atoms/cm 
were usually performed, to get samples with an average iron 
concentration of approximately 3% (Fig.7). Lower doses were also 
applied, especially for targets with high sputtering. 

A variety of MOssbauer spectra was observed, these includ¬ 
ed either single narrow line spectra or single asymmetric line 
spectra or three line spectra for r'Fe in cubic matrices, quadru-
pole doublets (often with additional side-lines) for ^'Fe in 
hexagonal close packed metals, and Zeeman patterns (sometimes 

en 
with additional lines) for ^'Fe in magnetic matrices. A care¬ 
ful least square fitting procedure was applied in order to ob¬ 
tain parameters of the spectra. The systematics of many hyper-
fine interaction parameters was possible and most of the data 
obtained are clear and unambiguous. 

The radiation damage after room temperature implantation 
at the doses used was seen usually only in the line broadening. 
Broadened lines in the spectra indicate the dispersion of IS's 
and OS's of iron atoms located in the vicinity of defect for¬ 
mations (like vacancies or their clusters, etc*) and in dis¬ 
ordered regions. In many cases this could be removed by a 
short annealing. Crystalline phase changes were observed in 
some cases,-as it will be indicated. The effects of radiation 
enhanced diffusion were recognized. 

The results of CBŁB measurements can be systematized as 
follows: 
4.1.1. Cubic nonmagnetic hosts 

en 
Single lines spectra were observed for *"Fe implanted in 
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fee hosts of Rh, Pd, Ir and Pt /Sa76-1 /. The isomer shifts 

agree well with those reported for -^Co diffused sources into 

relevant matrices /Sa76-1, Qa67/. A line broadening is observed 

(W = 0.45 nun/s) which can be removed by annealing the samples. 

For example, in Rh and Ir hosts, the linewidth was reduced to 

0.25 mm/s after heating the samples to 400°C for a few hours 

(Fig, 25). Both these hosts are known to be the best matrices 

for producing narrow-line ^'Co sources for use in MBssbauer 

spectroscopy. Since very high activities can be introduced by 

an implantation and, as is shown, the possible accompanying 

damage does not preclude obtaining narrow line spectra., there¬ 

fore, the implantation technique opens a new possibility for 

the production of strong, high quality MBssbauer sources. Nar¬ 

row line spectra indicate that ^'Fe implants occupy regular lat¬ 

tice sites in the nondamaged lattice structure. 

Fig. 25. CBH5 spectra of 57Fe 
in Rh (a - before, b - after 
annealing) and in Ir hosts 

(1016/cm , 70 keV, 3E •» 

VMOntmaM 

For ̂ Fe in Cu and Au three lines were clearly recogniza¬ 

ble in the spectra (Figs 26 and 27). This is similar to ob¬ 

servations made for fast quenched alloys at relevant composi-



wo 

Pig.26. OEMS spectra of 57Fe 
in Cu (1016/cm2, 70 keV, 5 «* 3 
before and after step-isochronal 
heatings. A gradual decrease 
in a single line is seen. Dif¬ 
fusion of iron into the bulk is 
observed at 600 C. Slight asym¬ 
metry of the doublet is caused 
by an additional small line near 
zero velocity, which indicates 
the existance of {-iron fee 
crystallites, induced in the fee 
copper lattice 

VELOCITY ImmlH 

tions /Win70,72, Vi6?, Ca74/. 
Since the solubility of iron in copper is known 

to be practically zero at room temperature and only a few per¬ 
cent at 1000°C, solid solutions containing 1 - 3% Fe obtained 
by quenching from a melt are metastable. The decomposition of 
such Fe-Cu solutions under annealing has been demonstrated 
using MBssbauer spectroscopy by Window /Win70/. As shown here 
(see also /3a76-1/) similar solid solutions of Fe-Cu 
are formed by ion implantation. Also similar effects of pre¬ 
cipitation under annealing were observed (Figi. 26 ). All 
the results confirm a close correspondence between metastable 
alloys produced by ion implantation and those formed by a more 
conventional rapid quenching' technique. Damage effects are not 
substantial, at least upf to doses of 10 6 ^^?/<«» However, the 
effect of radiation-enhanced diffusion is most probably respon¬ 
sible for the small content of g-iron disclosed in a spectrum 
of <~yf* Fe:Cu sample (see Fig.26). The effects of radiation-
enhanced diffusion are thought to be responsible also for the 
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smaller relative single-line contribution, when compared to the 
spectra for splat-cooled samples at the same iron concentration. 
(See Sec. 4.3.) . 

VELOCITY (fflm/sl 

57* spectra of -"]?e in , 70 keV). The Fig. 27 
Au ( 1 0 / 
spectra before (a) and after the sample annealing lb) are shown. The doublet contribu¬ tion in the spectrum increased after the sample annealing 

Implantations into a silver hoot were performed with 
doses of 10 1 6 of 57Fe/cm2 and 10 v ca , with an iron energy 
of 70 keV. The CBMS spectrum for the first sample presented 
an almost symmetrical doublet with additional lines in the 
background indicating the precipitation of iron in the sample. 
The spectrum for the second sample is shown in Fig. 28 and can 
be interpreted simply in a similar way as the spectra of ^7]?e:Cu 
and ^'FetAu (see Sec. 4.3.) • The isomer shift of the single line, 

.28. CBMS s 
e in Ag (5 

70 keV) 
spectruino 
•ICWcm2, 

of 

W3 

Z> 102 

§ 

wo 

V 

0 \ 
VELOCITY Imn/ł) 
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which apparently ciiaracterizes an isolated iron in a lattice 
57 57 of silver, lies between the values for ̂ 'Fe:Cu and ̂ 'Fe:Au. 

This is in accord with the systematics of the isomer shifts 

(Figs 1, 38) • It is smaller than the IS value reported by 

Qaim /Qa67/ for diluted ^Go impurities. 
en 

Spectra taken for ̂ 'Fe implanted in all bec transition 

metals gave single lines with some asymmetry and/or small 

side-lines. Three Lorentzian lines, a singlet and a doublet, 

were found to describe well these spectra. The shifts of the 

spectra agree, in principle, with the isomer shifts reported 

by Qaim /Qa67/ for ^'Co sources in relevant matrices. All spe¬ 

ctra have broadened lines. 

Nonannealed samples were usually measured, 

for which the spectrum for nonannealed samples gave only a very 

broad pattern, the spectrum for the annealed sample was taken 

for further discussion. Tantalum is known to be a matrix in 

which the characteristic for metal lattices consecutive stages 

of the recovery of! the damaged lattice occur at higher temperatures* 

57 
For -"]?e:Ta, 

en 
Fig.29. MBssbauer spectra of -"Fe 
in the matrices of elements of 
7 B group - V, Nb, Ta 
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110 

Fig.30. CEMS spectra of 57Fe im¬ 
planted in matrices of the homo¬ 
logous elements of the VI B 
group - Crt Mo, W 

VELOCITY [mm/s) 

In Table II are given parameters of the least square fits 
to the spectra of "]?e implanted in cubic d metals. 

Data for -^Fe:Mn are not included. Manganese can exist in 
four modifications having complicated cubic structures. The 
spectrum for the sample of ~2% ̂ F e dO16/cm ,. 70 keV) was 
complex, with at least four lines, and with the center of 
gravity IS = - 0.13(1) mm/s. The spectrum obtained for 0.3% 
57pe (lO^-Vcm

2, 70 keV) can be interpreted as an unresolved 
doublet with the IB s - 0.12(1) mm/s and the QS * 0.27(2) mm/s. 
The IS value agrees with the result of Window /Win70-1/ for 
FeMn alloy. 

• " • • ! • 

I 
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Table II 

The CEMS spectra parameters for ̂ 'Fe implanted in metals 
with a cubic lattice structure. 5 = average iron concen¬ 
tration, IS and ISd = isomer shift values of singlet and 
the doublet relative to metallic iron, QS - quadrupole 
splitting of the doublet, W - linewidth, S /St t - the 
single line contribution to the total area of the 
spectrum, x = measurements for annealed samples 

host 

V 

Cr 

Ni 

Cu 

x200 

36400 

m> 
Mo 

Rh 

X500 

Pd 

Ag . 

Ta as 

W 

I r 

3E500 

Pt 

Au 

X200 

= = = = = 

5E 

1.5 

3 

3 

0.3 

1.5 

3 

°C/1h 

°C/1h 

3 

3 

3 

°C/3h 

3 

1.5 

3 

3 

3 

°C/3h 

3 

3 

°C/1h 

the single line 
(i"e monomer) 

miny Q 

-0.157(5) 
-0.12 (1) 

0.03 (1) 

0.23 (1) 

0.230(5), 

0.225(5) 

0.227(5) 

-0.03 (2) 

0.04 (1) 

0.107(5) 

0.109(5) 

0.194(5) 

0.517(5) 

0.09 (1) 

0.12 (4) 

0.244(5) 

• 0.246(5) 

0.324(5) 

0.632(5) 

0.64 (1) 

V 
mm/g 
0 .4 

0.5 

0 .4 

0.3 

0.3 

0.3 

0.3 

0 . 6 

0 .4 

0.40 

0.26 

0.46 

0.3 

0.7 

0 .4 

0.43 

0.26 

0.46 

0.28 

0.28 ' 

the 
fFe 1 

mm/is 

-0.10(5) 

0.19(5) 

0.23(8) 

0.23(2) 

0.21(2) 

0.22(1) 

0.27(4) 

-0.17(3) 
-0.04(2) 

0.38(2) 

0.07(1) 

0.05(4) 

0.51(2) 

0.48(8) 

doublet 
a dimer) 

mm/a 

0 .6 

0 . 6 

0 . 8 

0.7 

0.7 

0 . 7 

0.54 

0 . 6 

0 . 8 

0 . 8 

0.9 

0.7 

0.7 

0.7 

Wd 
mm/a 

0.4 

0.7 

0 .4 

0 .4 

0.5 

0.5 

0 . 6 

0 .4 

0 .4 

0.5 

0 .6 

0.7 

0.5 

0.5 

S 
stot 

0.9 

0.67 

1 

0.51 

0.30 

0.24 

0.22 

- 0 

0.75 

0.75 

1 

1 

1 

0.38 

0.72 

0 .2 

1 

1 

1 

0.41 

0.34 



4.1.2. Hexagonal nonmagnetic hosts 

For hexagonal metal hosts either quadrupole doublets (Re, 
Os) or doublets with small side-lines (Ti, Ru) were observed 
(Fig.51). The QS and IS data for the doublets confirm the re-

en 

suits for relevant -̂ 'Co sources /W075/. Data are given in 
Table III 

g 1 • OEMS spectra of ^' 
implanted in hexagonal lat 
tices of Ru, Re, and Os 
(1016 of 57Fe/cm2, 70 keV) 

Very good, "clean" spectra were obtained here, similarly 
as for Fe:Rh, Pd, Ir and Fd. This indicates that the implants 
occupy regular lettice sites. In the case of ^'Fe:Ru, the 
^'Fe:Ąl content is probably responsible for an additional.line 
in the spectrum, because the target was made of powder pressed 
into an Al substrate. An additional line in the spectrum of 

CO 
the ̂ 'Fe:Ti sample is probably connected with the cubic phase, 
which appeared in the Ti-Fe solid solution and which can be 
recognized by its characteristic IS value /6o?8/. 

Hi. 
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Table III 

OEMS spectra parameters tor ^'Fe implanted in some hexagonal 
d-metals. In some spectra additional small side-lines were 
present, whose positions are indicated. Their origin is ex¬ 
plained in the text 

host 

Ti 

X 

Ru 

He 

OB 

X 

S 
% 

3 

1.5 

3 

3 

3 

1.5 

IS 
mtn/w 

0.02(1) 

0.02(1) 

0.02(1) 

0.05(1) 

0.13 d), 
0.14(1) 

QS 
mm/8 

0.15(4) 

0.14(4) 

0.17(4) 

0.24(4) 

0.21 (4) 

0.23(4) 

W 
mm/a 

0.3 

0.3 

0.3 

0.5 

0 . 4 

0 . 4 

side-line 
position 

mm/s 

-0.39 
-0.41 

0.37 

-

0.29 
-

x - the implantation performed with the additional special 
cleaning of the target surface just before the implanta¬ 
tion and the immediate covering of the implanted surface 
by the protective layer of gold 

The spectra obtained for -^Fe implanted into Sc, I, Zr, 
Lu and Hf are more complex than these for ™Fe implanted in 
other hexagonal d-metals. All of them present two separated 
broad lines (or two groups of lines), usually non-equal. Fig. 32 
gives an example of these spectra. Positions of both lines 
are given in Table IV. One of these was ascribed to the iso¬ 
lated iron impurity and therefore was assumed to be an unre¬ 
solved quadrupole doublet. The QS values of the doublets, 
QS « 0.3 mm/s, were found to fit the systematics of the efg's 
at substitutional iron impurities in hep lattices /Sa72, Ra72/ 
which confirms the decomposition. Therefore the IS valu* of 
the doublet (IS,,) was assumed to be a value for a substitutional 
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irpn. These IS values are usually slightly smaller than the IS 
data for '''Co sources in relevant matrices reported by Qaim 
/Qa67A The shifts of the entire spectra are still much smaller, 
with the exception of X. However, because difficulties which 
can prevent the production of suitable ^'Co sources in these 
matrices were reported, at least for Zr and Ef matrices /Wo75/, 
therefore the IS data for diffused sources can be not reliable. 

lable 17 
•57 CEMS spectra parameters for *"Fe Implanted in some hexagonal metals. Implantationsomade with 57Pe at energies of 70 keV and doses of 5'1015/cm^ are reported. Indices (1) and (2) refer to two groups of lines in the spectra. 1(2) is a con¬ tribution of the second group (2) in the spectrum 

KS8=SSSS 

host 

So 
y 
Zr 
Lu 
Hf 

B 1 
mm/g 

0.12(1) 
0.03 (1) 
0.06 (1) 
0.05(2) 
0.06(1) 

mm/g 

-0.48(1) 
.0.46(1) 
-0.53(1) 
-0.41(2) 
-0.55(2) 

srrawaagasaagłHirs.: 

1(2) 

0.45 
0.36 
0.45 
0.27 
0.27 



One can state at least two reasons for the complex nature 
of the spectra for implanted samples reported in fable IV. 
•J}he mechanism of the efg distribution, which was discussed in 
Sec.1»3» is here more visible, because all these targets con¬ 
sist of atoms of elements with properties very different from 
those of an iron atom (see Fig. 42). However, broad side-lines 
can be connected only partly with the efg distribution caused 
by random distribution of impurities. They probably also re¬ 
flect iron interstitials. Because iron is a relatively small 
atom in comparison to atoms of host lattices, a substitutional 
replacement may not be the only possibility here. At last, it 
cannot be excluded, that some precipitation or surface conta¬ 
mination is present, even though the implantations were repeat¬ 
ed using the special cleaning and protection of target surfaces. 
Because reasons given above the interpretation of these data 
and the spectra decomposition must be further checked* (There¬ 
fore, the data obtained for these matrices are not considered 
as final results. Systematic measurements for samples implantT 
ed with different doses would be especially useful. 

Several implantations of " F e into a 2a matrix were per¬ 
formed under different conditions and at different doses. Two 
line spectra were observed with the line positions slightly dif¬ 
ferent for particular spectra. Samples implanted with the use 
of the *gold covering1* protection present asymmetrical, two-
lines spectra that could be fitted with two quadrupole doublets: 
IS,} = 0.60(2)mm/s, QjL, = 0.36(2)mm/s, W., = 0*16(2) mm/s,A s 0.6 % 
IS2 = 0.44(2)mm/s, QS2 = 0.47(2)mm/s, W2 = 0.17(2) mm/s,A = 0.7 %* 
Apparently, the first doublet corresponds to the monomeric sta¬ 
te of iron, while the second corresponds to the dimeric state. 
The XS S- ISg = 0.16 4 mm/a value is in good agreement with 
the data for *"Fe implanted into other transition metals (Ta¬ 
ble ID* Preliminary measurements for a series of Cu-Zn alloys 
implanted with ^ F e support this interpretation* A possibility 
of iron interstitials contributed in the second line can be 
also considered* 
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4.1.3. Magnetic hosts 

In the magnetic hosts, Fe-bcc, Co - hep, and Ni - fee, 

the magnetic hyperfine structure was observed Figs 33, 34, 35 . 

a'he spectra present typical Zeeman patterns, characteristic al¬ 

so for diffused iron impurities. The magnetic field intensities 

are 330, 320, and 267 kOe respectively, and are in good agree¬ 

ment with the data for iron impurities in conventionally pre¬ 

pared samples. The intensity ratios of the two outer lines in 

the spectra, in all cases about 0*75-0.80,indicate a perfect 

alignment of the magnetic moments in a plane parallel to the 

surfaces of the foils. Again, the lines in the spectra for 

nonannealed samples are broadened. For Fe and Ni these could 

be reduced by an annealing (for ̂ Fe:Fe from W * 0.30 ma/s to 

0.24 mm/s, for -?'Fe:Hi from W * 0.45 mm/s to 0*30 mm/s). For 

'''FejCo the ff = 0.30 mm/s. 

All these data suggest rather a good replacement of the 

host atoms by iron implants in regular lattice sites* A small 

line at zero velocity appearing in ̂ 'Fe implanted iron foil in¬ 

dicates some content of % -phase of iron in the sample* The 

transformation to the 6 -iron occurs under high pressures or 

high temperatures. Such conditions can possibly also arise in 

the thermal spike during the implantation. An additional single 

line near zero velocity observed in the spectrum for a nonan¬ 

nealed *"Fe:Ni sample probably has to be ascribed to paramagne¬ 

tic regions in the sample which are present in rich in iron, 

invar regions. Heating of the sample triggers a better re¬ 

distribution of the impurities and hence disappearing, ?f the 

central line. 

Fig.33• UHssbauer spec¬ 
trum of -"tfe in iron 
foil after implantation 
of 10TO of ^Fe/cnr 
with an energy 70 keV 

VELOCITY Cmmf»] 
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, Pig.54. MSssbauer spectra of 
5?$e implanted in Co foil (D=1O16 /cm* , E=70 keV). Upper - for ainonannealed sample. Lower - for an an¬ nealed sample 

Fig.35.. MOsabuer spectra of 5/j?e implanted in Ni. The "damage line" disap¬ pears after annealing the sample 
vaocirr tWii 

Two cases, which are qualitatively different from the 
results of -^Fe implanted metals presented till nowrwhere no 
drastic influence of the damage on the spectra was seen, de¬ 
serve special mention. In fig. 36 the spectra measured for an 
iron host implanted with a dose of 3-1016 of 70 keV 57Fe/cm2 

are presented. In contrast to the implantations at lower doses, 
where no special radiation-defects were recorded, a complex 
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Fig.36» Conversion electron HtSss-
bauer spectra of -"Fe implanted 
into iron foil(D = 3«10io/cm2 , 
B s 70 keV). A gradual recovery 
of the lattice under consecutive 
heatings is seen 

-i o ' i 
VELOCITY 

spectrum is observed here which clearly indicates the distribu¬ 
tion of magnetic hyperfine fields. Specific peaks can be ascrib¬ 
ed, probably, to different local defects and iron sites, but the 
distribution of H Q f J can also indicate an amorphization of the 
iron foil under the high dose implantation* Possibly some ad¬ 
ditional impurities are present which stabilize an amorphous 
structure. After consecutive heatings a gradual recovery of 
the lattice and/or an annealing of iron-involved defect for¬ 
mations was observed. Eventually, a regular Zeeman pattern 
characteristic for a regular iron lattice was obtained. Implan¬ 
tation-induced amorphization of a metal latuice would be of 
interest and this problem will be studied. 

The second case is presented in Fig. 37* The spectrum 
en AC O 

for ^'Fe in a stainless steel foil implanted with only 10 /cm 
70 keV of ^'fe ions shows a drastic change in the situation of 
iron in the alloy. A magnetic coupling indicates that a small 
admixture of iron was sufficient to convert a paramagnetic al¬ 
loy into ferromagnetic alloy. 

I 
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Fig.37. CEM3 spectra for ^?Fe 
in a stainless steel foil. 
Upper spectrum - .before' implan¬ 
tation, lower - after implan¬ 
tation of 10i6/cm2 of 70 keV P/Fe ions 

vcuocnv MMMI 

4.2. Isomer shift s^stematics 

CO 

The isomer shifts for -"Fe implants as isolated iron im¬ 
purities in various matrices are shown in Fig.38. The IS va¬ 
lues were determined frot the spectra after substracting the 
side-lines if they were present. Controvertial data, as dis¬ 
cussed in Sec.4.1.2. are marked by open symbols. 

The most of the IS data for iron implanted absorbers and 
for ^'Co diffused sources appear to be in good agreement, as re¬ 
ported previously /Sa76-1, Sa78-6/. The IS values for ^'Fe im¬ 
plants were measured in heavily doped systems, frequently orders 
of magnitude more highly doped than in cobalt diffused sources. 
The IS values presented for monomeric iron were determined fre¬ 
quently from separated parts of the spectra ascribed to the iso¬ 
lated iron. The correspondence between these values and the IS 
diffused sources agree with the supposition that the influence 
on the electron density at the probe nuclei of more remote sur¬ 
rounding, including possible radiation damage,is not significant. 
On the basis of this agreement it may be possible to complete 
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Fig.38a. Systematics of the isomer shifts of *^Fe implants 
(monomeric state) vs. the number of electrons in the valence 
shell of the host element. Open symbols are uncertain data 
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Fig.38t>. The IS values for aonomeric ^"?e Implants corrected 
for volume effects. The volume corrections were calculated 
as proposed by Ingalls /In?4/. assuming a specific host atomic 
volume for an impurity site 
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the IS systematics with some of data as yet unavailable (Tc, 

Hg, Ga) using iron implantations. 

Some points (Ag, Mn, as well as Zx, Hf, Yt Lu and Sc) ap¬ 

parently have smaller IS values than those reported previously 

from data for diffused sources /Qa67/. This can be confirmed 

by measurements for quenched samples. In contrast to the IS 

values for diffused samples the IS values determined from im¬ 

planted or splat cooled samples are free from possible distur¬ 

bances of the shape of the spectra by high temperature precipi¬ 

tates, which are highly probable for diffused iron in matrices 

in which iron is unsoluble. However, the effects of different 

locations of implants as well as the effects of radiation damage, 

have to be properly recognized. She correct isomer sh.'rft syste-

matics is of fundamental importance to understand the electronic 

structure of transition metals. 

Characteristic changes of the IS with the number of outer 

electrons of the host atom are understand, at present, on the 

basis of the charge transfer effect and the influence of the 

volume available for the impurity atom /Ka73,74, In7*» Wa78/ 

(See Sec.1.2.). 

4»3» 3Svldence of iron aimers in cubic metals 

Prom well resolved spectra of 0.3 - 3$ Fe implanted sam¬ 

ples a differentiation between the hyperfine parameters for mono-

meric and dimeric states of iron was possible for many matrices. 

At these concentrations iron impurities should occur mainly as 

monomers and dimers. The expected contributions of monomers 

and dimers can be illustrated by the following numbers. In 3% 

random alloys the probability of a monomer occurence is 0.78 in 

a bcc lattice and 0*69 in an fee or an hop lattice and 0.63 in a 

RDPHS system, i'he dimer probabilities are 0.19» 0.26 and 0.28, 
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respectivelyi and the trimer probabilities are 0,02, 0,04t and 

0.06. More numerous iron associations are much less probable* 

If a difference between effective charges or radii exists be¬ 

tween the host and iron impurity atoms, then both states will 

be recognized by their different contributions to the Mbssbauer 

spectra. In 0.3% alloys, random substitutional impurities occur 

mainly as monomers, i'he scattering of concentrations around an 

average value x, characteristic for implanted impurities, only 

slightly influences the distributions of different iron configu¬ 

rations compared to the random distribution of impurities. 

This is because the changes in the contributions of va¬ 

rious impurity configurations, which appear as a result of chan¬ 

ges in x, are not very large for small x. Por example, for x = 

O.jSSfe,a local concentration in the sample scatters to about 0.%, 

which corresponds to the scattering in the monomer contribution 

in the sample from 1 to 0*95* For x = 3%» the maximum x can 

be up to approximately 5%» when multimers (trimers, etc.) con¬ 

tribute still in less than 0.15. In the spectra calculated for 

implanted samples, at small values of an average concentration x, 

both the monomeric and dimeric states of iron can be resolved 

clearly (Figs 23, 24). The influence of iron multimers and more 

distant iron impurities dominate the shape of the spectra at 

much higher values of x which results.from the simulated spectra 

and agrees with the observation for £'e:Al where at high x, with 

an increase in x the monomer line disappears and an increase in 

QS is observed • 

The singlets and the doublets separated in the MBssbauer 

spectra for "*'Fe in most cubic hosts (Table II) were ascribed 

to the monomeric and to the dimeric states of iron. The relative 

monomer occurrences determined from the fractions of the single 

line in the spectra are presented in Figs. 39|40. As seen, ex¬ 

perimentally determined monomer probabilities agree with those 

for a random distribution of iron impurities for V, Cr, Kb, Mv 

and Ta. In other hosts such as Cu, Ag, Au, W , the spectra in¬ 

dicate much lower contribution of monomers than in random systems, 

which is similar to that reported previously for Pe:Al /Sa78-2, 

Sec.3/. Low monomer fraction indicates an increased iron clus-
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Fig.39. HLot of the occurrence 
of monomeric iron vs. implant¬ 
ed iron concentration in body-
centered cubic lattices as de¬ 
termined from the single line 
contribution. in the spectra* 
Solid lines represent the mo¬ 
nomer occurrence calculated for 
the bcc lattice (upper line) 
and for the random dense pack¬ 
ing of hard spheres (lower line) 

Fig.40. Explanation as Fig.39 
but for face-centered cubic 
lattices* Open symbols are 
for splat-cooled samples, from 
refs /Na74, Win7O,72/ 

co i K> 

tering as a result of an attraction potential between iron im¬ 
purities. She shape of the spectra indicates, however, that 
also in these lattices a main part of implanted iron atoms clus¬ 
ters in simple iron associates like dimers. Some traces 
of bigger iron aggregates can be detected in a very small addi¬ 
tional single line present in the spectra(Pig. 26, iron having 
all iron atoms as n.n., e.a. # -Fe precipitates) • Only at high 
dose implentations, B>3«10 /cm2, the magnetic background in 
the spectra was observed /Sa74-1/. 

In spite of the tendency for the aggregation of iron in lat¬ 
tices of Cu, Ag, . and Al, it appears, however, that the mono¬ 
mers exist in implanted samples of these lattices at concentra¬ 
tions in orders of magnitude higher than the solubility limits. 
This was also observed for splat cooled samples and is eondition-
ned by the very high quenching rate of both methods. The iron 
solubility limits for these matrices are very low and the solid 
solutions produced are metastable. The process of iron aggre-
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gation continues more rapidly during annealing of the samples. 
After heating the samples at different temperatures up to about 
300°C, the singlet part of the spectra gradually disappears, 
while the doublet component Increases (Figs 26, 27, also Fig* 20)* 

A misfit between the iron impurities and the host atoms 
are usually smaller for matrices in which a random distribution-
of iron was observed than for matrices with a non-random distri¬ 
bution of iron* Therefore, a possibility of interstitial iron 
location can also play a role* It Is notable that iron impu¬ 
rities in boc lattices usually follow statistical rules, but 
in fee lattices they do not. This effect may be associated with 
an additional probability for iron to occupy interstitial spaces 
which are relatively large In the fco structure. The effect of 
Increased formation of iron aggregates can be in Implanted samples 
enhanced by radiation-Induced diffusion which seems to Influence 
the fee lattices. As indicated in Fig. 40, a more random dis- " 
tribution of iron impurities is observed for splat-cooled Fe:Al 
and Fe:Cu samples, than for samples produced by implantation. 
Therefore, an implantation-enhanced diffusion of. iron impurities, 
possibly via interstitial positions, seems to be an effective 
- mechanism. 

For a few hosts, usually close to iron in the periodic 
table, even statistically permittable dimers were not distin¬ 
guishable. The single-line spectra for the cubic lattices (Rh, 
Pd, IT and Pt), the quadrupole-split spectra for the hexagonal 
lattices (Ru," Re and Os) or the magnetically-split sextuplets 
(Fe, Co and Ni) were then observed* Apparently, in these hosts 
the values of hyperfine parameters for the monomeric and the 
dimeric iron, are close to one another. This is due to the 
very small charge and volume misfit between the impurity and 
the host atoms. For *"Fe implanted in these matrices the line 
broadening observed in the spectra for non-annealed samples 
disappears or at least is greately reduced after sample anneal- Ą 
ing* The initial broadening characterises a disorder In the % 
lattice after implantation. This would not obscure differentia¬ 
tion between the dimeric and monomeric states of iron* T 

82 



4.4. The dimeric state of iron d-metals 

In Fig.41 the systematics of the isomer shifts for the mono-
meric (IS^) and for the dimeric (IŜ .) states of iron vs. the num¬ 
ber of outer electrons of the host atom are compared. The two 
effects which were found to explain the IS dependence, namely 
the electron charge transfer and the volume effect, should in¬ 
fluence also the dependence observed for the dimeric iron. The 
further away from the iron column in the periodic table the host 
element is, the larger is the atomic volume available for an im¬ 
purity in a corresponding host. Consequently, the decrease in 

- I* (O*2 

2 4 6 5 » O V. 
NUMBER OF OUTER ELECTRONS 

Fig.41. Systematics of isomer shifts for monomeric and dimeric 
irSnT IS and IS,, respectively, for various hosts vs. the num¬ 
ber of oSter electrons of the host element. Matrices which were 
studied in respect to iron, dimers formation are named. £ * * ! £ * 
S IB point indicates in which direction the corresponding 3Sd 
value ?s situated. Hatched symbol*indicate that timers were not 
distinguished. Open symbols are the data which are still contro-
vertial 



the IV(O)| caused by the decompression of an iron atom should 
be larger. This tendency is observed for ISm, together with a 
systematic decrease in the I MAO)! with the increase in the num¬ 
ber of outer electrons due to charge transfer.. A systematic, 
monotonie decrease in the electron density at the iron nuclei in 
dimers is observed when going through the periodic table. This • 
indicates that the electron density at dimeric iron is highly 
sensitive to the electron transfer effect, and that most probab¬ 
ly it is less sensitive to the volume effect than the electron 
density at monomeric iron. 

The isomer shifts IS^ are usually closer to the IS value 
for pure iron than are the shifts E L for iron monomers. This 

s 
suggests that the electron density at the iron nuclei in dimers 
is more iron-like tKan in the case of isolated iron impurities. 
The only exception seems to be Fe:Nb. 

The experimental parameter, ISS- XSd, characterizes the 
mutual influence of iron atoms on the electron density at their 
nuclei in various hosts. ISS - IS^ values do not exceed 0.3 mm/s 
(Table II). 

The quadrupole splittings attributed to iron dimers in 
cubic metals are between 0.5 - 0,9 mm/s. They appear to be very 
large when compared to the QS values for isolated iron in hep 
metals. They cannot be compared with the 03 values attributed 
to iron dimers in noble gas matrices /Mc?1/, in which values 
as high as 4 mm/s were observed. In metals, shielding effects 
play an important role. Systematic studies of the concentration 
dependence of QS and the measurement of the sign of the quadru¬ 
pole coupling are necessary in order to clarify the nature of 
the electric field- gradients in dimeric iron impurities in me¬ 
tals. Calculations of efg's similar to those carried out for 
dimeric iron in noble gas matrices /Tr73/ would be of great 
value. 



4.5. General characteristic of iron implanted alloys 

For systems produced by ion implantation the question 
arises whether the lattice location of implanted ion or the 
nature of the phase formed are determined by the. dynamics pf 
the collision cascade or more so by the physical properties 
of the implanted and host atoms* Both factors can play a role. 

An implantation process can force the formation of meta-
stable solid solutions outside of the Hume-Rothery rules 
/Hu69/t which are characteristic for alloys formed in equi¬ 
librium conditions. This Is also indicated by the recent ex¬ 
tent ion of the Hume-Rothery rules when basing on Miedema para¬ 
meters /P078, Mi75,76/. Implanted atoms come to rest within 
the host metal lattice, where in a very short time they have 
to choose lattice positions which represent energetically 
most favourable local host-impurity configurations. For 
studies presented here samples were implanted at room tempe¬ 
rature, which bears two important consequences. From one side, 
lattices under study were usually already annealed and free 
from most of the damage. From another side, the processes of 
a long-range diffusion which result in a formation of segre¬ 
gated precipitates are not operative at room temperature and 
therefore the "frozen", metastable atomic arrangements were 
very likely. 

The results obtained here can be summarized as follows. 
Well resolved MBssbauer spectra indicate that iron im¬ 

plants are located in well determined and reproducible posi¬ 
tions in the host lattice and this confirms that most of the 
radiation damage anneals during or shortly after the implantation 
process* After implantation of iron into d-metal lattice with 
doses of 1O1^- 10 1 6 per cm2, usually highly random, frequently 
oversaturated and metastable solid solutions "were obtained* 

A good replacement of the host atoms by iron implants in 
their substitutional positions in Rh, Ir, Pd, Pfc, Ru, Ra, Os, 
Fe, Co, and Ni matrices was indicated by narrow line Ifflas-
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bauer spectra. 
The random distribution of iron implants tras also observ¬ 

ed in V,Cr, Nb, Mo and la matrices. In these cases, however, 
a distribution of parameters of the hyperfine interactions for 
different iron configurations strongly influenced the linewidths 
and changed the shape of the spectra* 

Effects of short range ordering processes were observed 
in metastable alloys obtained by implantation of iron in 11, 
Cuf Ag, Auf similar to those produced by splat-cooling. In 
these lattices an attraction between iron impurities is pre¬ 
sent, which even during the very short time required for the 
dissipation of heat in a single Implantation process caused 
some clustering of iron atoas. The process of iron cluster¬ 
ing continues if thermal energy is provided to the lattice, 
as observed from the spectra under consecutive heatings. For 
these hosts the diffusion of impurities, being an equilibrium 
process, results in different states of impurities than those 
formed by an implantation. 

In a simple approach the lattice site location of implant¬ 
ed iron atom and the properties of solid solutions formed can 
be pictured in terms of two simple coordinates: the relation¬ 
ship between the atomic radii of Fe and the host atoms and the 
atom position in the periodic table. The two parameters are 
illustrated in Fig.42 which help to explain several things, 
including the different specific shapes of the MtSssbauer spec¬ 
tra of ^'Fe implants in various metallic hosts and the possibi¬ 
lity of iron impurity location. As the smallest atom, iron 
can be easily accomodated in substitutional positions in ma¬ 
trices of other metals; interstitial spaces are usually too 
tight (Pig.42). Iron atoms may be implanted as random sub-
stitutionals as long as the effective charges of Fe and the 
host atoms are close to each other and the size misfit is 
small. This corresponds to the close location of both ele¬ 
ments in the diagram shown in Fig.42. Examples are: Co, Ni, 
Ru, Rh, Pd, Re, Os, Ir, Ft. In such hosts even statistically 
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Fig.42. Effective atomic radii of various elemsnts. 
A and 0.64 A, respectively. 

Ionic 
radii of Fe2+ and Fe5+ are 0.76 
From the formulas the effective radii of the"interstitial" 
spaces can be estimated 

permittable dimers are not observed in the MBssbauer spectra 
because the QS^ values are small and the ISg and IS^ are 
similar. For the hosts more distant from iron in the diagram, 
the iron dimers can be distinguished, because a misfit in 
charge and volume between iron impurity and the host atoms 
causes the difference in energy hyperfine interactions for 
various iron configurations. Iron dimers were distinguished 
as formed in a random way in V, Cr, Nb, Mo and Ta, and formed 
with an increased probability in Al, Cu, W, Ag and Au. For 
the fee lattices (Al, Cu, Ag, Au) the effects of radiation-
induced diffusion through large interstitial fee spaces are 
highly probable. 

For all these matrices and for doses as high as 10 of 
^ the only influence of radiation effects (in addition 
to the possible radiation-enhanced diffusion in fee lattices) 
was the radiation damage which reflected only the line broad-
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ening. This line broadening, which results from small dif¬ 
ferences in the IS and CjS values for iron atoms located in dis¬ 
ordered regions or close to defect formations,characterizes 
a disorder in the lattice after implantation* Therefore, as 
expected, the initial line broadening can be, in most cases, 
removed or greatly reduced by heating of the samples. Shis ' 
indicates that the full recovery of the lattice is easily 
achieved. Note, that the initial line broadening bears eviden¬ 
ce of only a small part of radiation damage introduced in the 
implantation process, while most of the damage anneals in a 
very short time during and/or shortly after the implantation. 

The lattice recovery processes under the temperature treat¬ 
ment of the samples reflected the MBssbauer spectra differently 
in the three group of matrices and they were not always evident. 
For the first group the examples are Rh and Ir matrices. Here, 
the spectra for annealed samples have natural linewidths which 
indicate a perfect replacement of the host atom by an Iron im¬ 
plant in a non-damage lattice. A similar influence of the sam-
pie annealing was observed in the spectra for samples of -"Fe 
implanted into magnetic lattices (Fe, Co, Nl)« For the second 
group (bcc lattices) the lattice recovery processes observed 
in the MBssbauer spectra were obscured by the line broadening 
caused by different iron configurations (monomers and dimers). 
For the third group of lattices (Al, Cu, Ag, Au) the-lattice 
recovery processes were masked by much stronger effects of the 
iron clustering caused by the diffusion at higher temperatures. 

Indications for iron position preferences in metastable 
microalloys produced can be correlated in terms of Miedema co¬ 
ordinates, namely, the chemical potential <|> and the electron 
density at the boundary of the Wigner-Seitz cell n w g. The two 
bulk parameters were developed by Miedema et al* /Mi75»76/ for 
many elements and then the heats of formation of solid binary 
alloys of transition metals by means of cellular model were 
successfully predicted. Successful predictions of the pre¬ 
ferential lattice site locations of different Implants Into 
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Be lattice were made in terms of Miedema coordinates by Kaufmann 
et al. /H&7?/» 

In Fig. 43 the diagram of Miedema coordinates is presented. 
Also in this diagram the coordinates of the elements belonging 
to the three previously named groups of matrices agree with a 
substitutional replacement of the host atoms by the iron impu¬ 
rities, while the elements of the three groups of matrices can 
be differentiated. 

••M 

Fig. 45. Correlation of two Miedema parameters for ele¬ ments tabulated in ref. 
/W.75/ 

Complex spectra observed for Be, I,- Zr, Lu and Hf indicate 
that iron interstitials are present in these lattices, in addi¬ 
tion to the substitutional iron which is favoured by the mecha¬ 
nism of replacement collisions. Such statement agrees with an 
indication for the high probability of iron interstitials in lat¬ 
tices of elements situated far from iron in Figs 42, 4?. All 
these elements have atomic properties very different from the 
atomic properties of|iron atom. The MBssbauer spectra obtained 
for 57Fe implanted in Cd, Tl, Ł , Fb and Bi can be explained in 
a similcr way. 

Relative to iron proper*isa of atoms of rare earth elements 
are still more different.. Iron implanted into rare earth matrices 
also present complex spectra. Both effects,»the effect of charge 
defects" and the effect of iron interstitials, can be expected to 
be strong here and to influence strongly the shape of the spectra. 



In Fig* 44 some spectra are presented to exemplify the results. 
This problem is under study now and the results will be published 
separately* In spite of a complex nature of the spectra a syste¬ 
matic decrease of the 15 value with the increase in the number of 

4f electrons of the host atom 
was observed* 

Fig. 44* CEMS spectra for **7pe 
implanted into some rare earth 
matrices 

Note* that no special, radiation- induced defects or com¬ 
plexes, in which iron would be involved were distinguishable 
in the MBssbauer spectra of room-temperature-implanted metals* 
The situation of iron implants in semiconductor lattices and 
in ionic crystals can be different* The behaviour of *'Fe im¬ 
planted in Si and Ge lattices is described in the next Section. 
Studies of a series of simple ionic compounds of the ffad type 
implanted with the ^?Fe beam have been started* Different iron-
vacancy complexes are thought to be responsible for the result¬ 
ing complex spectra* It is thought that complexes of vacancies 
closely surrounding the implanted iron are formed in order to 
balance, a charge surplus on the iron atom replacing Na+ /K078/. 
This problem is under study and will be published elsewhere /K078/, 
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5. STUDIES OF IRON IMPLANTS IN SILICON AND GERMANIUM 

5.1. lB5ssbauer spectra of implanted and diffused samples 

The properties of deep donor impurities such as Fe, Cu, Au, 
and Co in silicon and germanium are of recent interest. Even 
though iron is seldom yet applied as a dopant it is an interest¬ 
ing impurity from a theoretical point of view. The formation of 
several charge states was predicted theoretically /Ha76/ and 
different geometrical positions are, in principle, possible* The 
presence of diluted impurities affects strongly the electrical 
properties of semiconductors, therefore the nature of the electron 
configuration in the neighbourhood of an impurity is of considera-
ble interest. 

The diamond-type lattice is formed by two fee lattices 
shifted by 1/4:1/4:1/4. Two interstitial sites are possible, 
the tetrahedral position (4 n.n. at 0.453 unit cell edges (ucę) 
and 6 n.n.n. at 0.5 uce) and the hexagonal site (6 n.n. at 
0.413 uce and 8 n.n.n. at 0.649 uce). The openess of the lat¬ 
tice permits a very efficient mechanism for quick diffusion 
of impurities through interstitial positions /We62/. Atoms in 
the regular lattice sites are covalently bonded. The regular 
tetrahedral interstitial sites, although geometrically similar 
to the substitutional sites, do not interfere with any bonds. 

Two different positions, substitutional and interstitial, 
were thought to be occupied by Co or Fe impurities in Si and Ge 
lattices and the two lines appearing in the MBssbauer spectra 
for *'Co diffused into relevant matrices were interpreted 
according to such an assumption /No62, BeTOA The intensity 
of both lines were subject to changes under different diffusion 
procedures and quick cooling from the melt also produced dif¬ 
ferent results* 
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The solubility of iron and cobalt in Si and Ge is extreme¬ 
ly small (e.g. at 1250°C tne solubility approaches 1 ppm) . 
.Therefore, it is practically impossible to prepare solid solu¬ 
tions using the diffusion method. At higher temperatures com¬ 
pounds can be easily formed /Ze74, Sa76-4/ and precipitation 
rather than dilution often occurs. Alloy phases and both bulk 
and surface precipitates can be formed. For these reasons, the 

en CJJ 

MBssbauer spectra of ^'CoS£, and ^'CoGe. were inconsistent -and 
their interpretation inconclusive, ever since the early works 
of Norem and Wertheim /No62/ and more recent works of Nisti-
r;juk et al./Bo71, ffs76/.The behaviour of Co/Te diffused in sili¬ 
con was recently reviewed by Bergholtz and SchrOter /Ber78/. 

MBssbauer studies of Fe/Co impurities implanted into diamond-
type lattices were initiated by Sprouse et al. /Sp65, La71/. 
They used a Coulomb recoil method to implant ^'Fe recoils with 
an energy of 24 - 32 MeV and to measure the HBssbauer spectra 
in on beam experiments (CRIME technique) . Si and Ge were used 
as targets. The concentration of iron they obtained was about 
10 %. De Barros et al. /BaTO/ used an isotope separator for 
the implantation of a dose of about 10 of 60 keV -"Co into a 
diamond lattice.. 

S7 
MBssbauer studies of ^'Fe implanted into Si and Ge by the 

Cracow isotope separator began in 1973 /Sa73-2/ and systematic 
measurements for •''Fe implanted with different doses from 10 

16 2 to 10 /cm and energies from 10 keV to 70 keV were performed 
using conversion electron MBssbauer spectroscopy /Sa76-3/. Dif¬ 
ferent Si and Ge crystals were used as targets, that is the n-
"or p-types and having different densities of defects. Implanta¬ 
tion into amorphous silicon was also done.. The results obtain¬ 
ed were independent of the above, initial properties of the 
targets. It is notable that, therefore, electrically active 
electrons have no influence on the electron density at the 
nucleus* Channeling conditions-were avoided* Some of the 
spectra are shown in Figs. 45, 46. The least square fit para¬ 
meters to the Lorentzian lines are given in Table 7 (also ref. 
/Sa76-3/). 
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Table V 
co cn 

The Lorentzian line fit parameters of spectra for 7fFe:Sl and y Fe:Ge. 
S^/Sp = line intensity ratio; D, E, x = dose, energy, and average 
atomzc concentration of the ?'Fe implants; (a) = amorphous target 
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Fig* 45* Mttssbauer spectra 
for ^TPe implanted in Si 

Fig* 46* HOssbauer spectra 
for ^'Fe implanted in Ge 

The two lines in the spectra are broadened. This broade¬ 
ning can be reduced (but not removed) by the annealing of the 
samples* The fit to the two Lorentzian lines is not ideal. 
The shape of the spectra indicates that the distribution of the 
hyperfine parameters is present* Apparently, this is due to 
the amorphization of the samples under implantation and due to 
the distribution of impurities effect* Some asymmetry of the 
lines can be detected in the spectra for low-dose-implanted 
samples (Table V, Figs 45, 46, /Sa76-3/) but usually spectra 
are symmetric in the error limits* 

Several papers reported the attempts to determine the elec¬ 
tronic structure and the lattice location of Co or Fe implanted 
into group IT elements have been already published by now* 



In addition to these mentioned already, it means the work of 
de Sarros et al. /BaTO/, of Stanford group /La68,71/ and works 
of Cracow group /Sa73-2,76-3,77-3,77-4,78-1/, the isotope sepa¬ 
rator implantation technique was applied to implant ^ C o at low 
doses, smaller than iO14/ca2, bj Weyer et al. /We75,76, Ke77/ and 
by Langouche et al. /Ła78,78-1/. In all spectra two broad lines 
were observed. Slight asymmetry was in many eases indicated. An 
asymmetric pattern was observed at very low doses, about 10 1 2-
10^/cm2 /Ła78-1/. 

Implanted samples were stable at room temperature, but some 
small lattice recovery processes were detectable within months 
by line narrowing /Sa73-2/. Lattice recovery can be accelerated 
by heating. The various steps of annealing processes are shown 
in Fig. 47 for the ^FesSi sample. Up to about 400°C the line 
narrowing without changing the shape of the spectrum was observed. 
After heating the sample at higher temperatures the spectrum indi¬ 
cates different forms of precipitates. As suggested by ZemĆlk and 

Vojtechovsky /Ze74/ and observed ex¬ 
perimentally /Sa76-4/, the precipi¬ 
tation first of (S-FeSig and then 
oL-FeSi2 takes place in ^FeiSi 
samples under high temperatures 
(in addition to other possible pre¬ 
cipitates /Ber78/), which masks the 
the further lattice recovery sta¬ 
ges. This also occurs in ̂  
(see also Figs 53, 54)* 
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Fig. 47* MDssbauer spectra for * O.», after isochronal heatings. At 20CTC and 400°0 the lines sharpen. At higher temperatures the compounds, as indicated In the figure *>j the spectra, can be formed. At 1200 C iron diffuses into bulk 

95 



5.2. Evidence for the electric field gradient at the iron site 

The interpretation of the spectra for Co or Fe implanted 
impurities required evidence to decide whether the two lines 
observed in the spectra are members of a quadrupole doublet or 
whether they are independent and should be ascribed to two dif¬ 
ferent lattice sites. The equality of the two lines in the 
spectra we measured for a large range of iron concentrations, 
and a lack of the temperature dependence of the two lines in¬ 
tensity ratio, suggested the first possibility /Ba76-3/. The 
second possibility, which is more likely for % u and °Sb 
impurities /An?5, We75-1» Ny76/ was considered to occur also 
for ^'Fe and " C o impurities in group 17 semiconductors /La71, 
We75,76, Ze77/. 

In order to decide which of the two possible interpreta¬ 
tions is true, measurements for the -"Fe:Si sample in the pre¬ 
sence of an external magnetic field were made /Sa?7-4/. She ex¬ 
periment was performed at Marburg University. The sample of 
57Fe:Si, 1016/cm2 of 70 keV 57Fe, was placed in a miniature 
electron counter (Fig.13) in a forward-scattering geometry in 
the magnetic field parallel to the direction*of gamma rays. 
A superconducting solenoid was employed and the UBssbauer 
spectra were measured at room temperature. A compensating coil 
was used to reduce the field on the source to zero at a dis¬ 
tance of a few cm from the sample. To find the most unambi¬ 
guous experimental conditions, theoretical spectra were comput¬ 
ed for different magnetic field intensities, as well as for 
different linewidths and for different asymmetry parameters of 
t;V>e electric field gradient. The spectra calculated for com¬ 
bined electric quadrupole and magnetic dipole Interactions for 
polycrystalline samples (Gabriel-Ruby programme /Ga65/) were 
compared with the spectra calculated for two single lines in 
the presence of a magnetic field. The separation of lines 
0*7 mm/a, as obtained from the zero-field spectrum,was assumed. 
Several theoretical curves are shown in Fig.48. 
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Pig.46. Theoretical spectra 
of 57Fe in an applied longi¬ 
tudinal field. Spectra were 
calculated for a quadrupole-
-split doublet and for two 
independent single lines, 
positive V and random orien¬ 
tation of tGe z-axis was as¬ 
sumed. Linewidth W=0.5 mm/s 

icucn (mnai 

The measurements were carried out in a magnetic field of 
25 kOe and 70 kOe (Fig.49). The spectrum measured at 70 kDe 
indicates clear evidence for the quadrupole. interaction (Fig.50) • 
No agreement could be found for the two independent lines. The 
linewidth W=0.45 mm/s gave the best fit. 

It is notable that the quadrupole nature of the MBssbauer 
spectra for ^Fe:Si is unquestionable but the positive sign of 
7 determined from the shape of the experimental spectrum 
(Fig.50) could not be determined unambiguosly. The sign is de-
temined by the asymmetry of the spectrum with a large statis¬ 
tical error. Because of the small quantity of 57Fe atoms in 
the sample and the large background of scattered photons, the 
experiment was <xot easily performed and the statistical error 
was difficult to reduce in high-field spectra. 

A similar but source side experiment, which confirmed our 
result, was performed recently by Langouche et al. The authors 
studied the sample with a lower content of implants (70 keV of 
101^ 5^Co/om2 implanted in Si) /I*78/. 

According to the experimental results, it can be concluded 
that iron/cobalt implants are located in a silicon lattice aainly 
in one, low-symmetry site. Therefore, the occupation of tetra-
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hedrally bonded sites, which form saturated sp^ bonds and give 
the MBssbauer singlet, as accepted for tin impurities in Si 
and Ge, is improbable for iron impurity. Only insignificant 
parts of implanted iron impurities can possibly be located in 
high symmetry positions* 

Iron simple aggregations (dimers, etc.) can account for 
the quadrupole-split spectra, in a similar way as it was ob¬ 
served for Fe implants in metals. However, in a diamond-type 
lattice there is also possibility for the interstitial low sym¬ 
metry location, which can be a primary reason for a high Qj3 va¬ 
lue even at low iron doses. There are several possibilities 
for the interstitial low symmetry location. The formation of 
stable interstitial-vacancy pairs was considered by van Vech-
ten Ae76/. Under implantation conditions when many vacancies 
are formed the formation of interstitials stabilized by adja¬ 
cent vacancies is very probable. This would also agree with 
the results of the calculations simulating the process of the 
stopping of ions in the lattice /Er63,65/. (The classical 
equations of motion of several hundred atoms were calculated. 
The subsequent motion of the atoms and their final positions 
were calculated after having given an impulse to the atom. The 
results indicated a preference for replacement collisions and 
a strong probability that the implanted atom may be adjacent 
to a vacancy.) Vacancies can stabilize iron interstitials in 
silicon even at very high iron concentrations. 

Another possibility for the iron interstitial in a dia¬ 
mond type lattice results from Weiser /We62/ theoretical ana¬ 
lysis of the equilibrium interstitial positions which can ac¬ 
count for the mechanism of the quick diffusion. According to 
these calculations, under the condition of the balance between 
an attraction produced by the polarization of the host atoms, 
and a repulsion due to overlapping of nonbonding electrons) 
the interstitial in the diamond lattice does not reside exact¬ 
ly in a position of tetrahedral symmetry, but it is shifted 
towards the host atom. Because the size of the iron atom this 
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site is more probable for iron interstitial impurity than the 
smaller hexagonal site. There is not much space for a relati¬ 
vely large iron atom in a silicon lattice, therefore the low-
symmetry interstitial position is expected to be coupled to 
a vacancy* The possibility of the formation of complexes like 
Fe-vacancy or Pe-vacancy-Si can be argued* 

It is, however, still impossible to solve decisively be¬ 
tween all these possibilities at present knowledge and further 
information are needed to clarify the iron atom location in 
diamond-type lattices* Comparison of tron implanted and amor¬ 
phous alloys is useful, as well as the measurements of the efg 
in a function of iron concentration and temperature* 

5*3* Comparison of Iron j"Planted and Qfltorphous 

The properties of amorphous a-FeSi and a-FeGe were studied 
recently by various methods* Amorphous, highly oversaturated 
a-FeGe, as well as a-Ge, exist in a wide range of temperatures* 
Separation of phases was observed at higher temperatures, be¬ 
tween 700 and 800 K, depending on the iron concentration /Rn76/. 
Thin a-FeGe layers prepared by a co-evaporation of iron and ger¬ 
manium onto liquid nitrogen cooled substrates were investigated 
by Massenet and Daver /Mas77,78, Da77/. They used the OEMS me¬ 
thod for studies of a-samples within the iron concentration 
range of 8 —• 53 %, The quadrupole doublets with broadened 
linewidths were observed in Mttssbauer spectra. CEMS studies of 
a-FeSi films by Oswald et al. /Os77/ show quadrupole-split 
spectra* The distribution of efg's around a specific value 
was also found by Mangin et al. /Mag76/ from the MOssbauer 
spectra of a-FeSi studied at high iron concentrations* 

There are theoretical models of amorphous semiconductor 
lattices* The loss of long-range order is achieved by mixing 
together various possible configurations which are encountered 
separately in different related crystals based on the same type 
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of chemical bonds. In an ideal amorphous structure the atoms 
are considered to form a complete inter-connected network in 
which all covalent bonds are satisfied. The model of amor¬ 
phous germanium, proposed by Grigorovici et al. /Gri72,7S/ was 
build starting from a geometrical distribution of atoms bound-
ed in different possible ways and then corrected by a computer 
to meet the minimum energy condition. In a-Ge the elementary 
tetrahedra of the crystalline structure are preserved, with the 
presence of fluctuations in bond lengths and bond angles which 
gives them the character of a random network. 

In a-FeGe alloys the same short range order also was found 
to be preserved. Electron diffraction studies for a-FeGe films 
/Rn?6/ from 0 up to 30 at % have shown that the bond angles and 
the bond lengths are only slightly distored in an amorphous lat¬ 
tice in comparison to the crystalline form of the diamond-type 
structure* It was concluded that iron atoms in a-FeGe are ac-
comodated in the random tetrahedral network of germanium. The 
precise nature of the sites occupied by iron atoms was yet not 
determined and remained still an open problem* 

In Figs 51,52 the MBssbauer data for a-FeSi and a-FeGe al¬ 
loys, prepared by conventional methods, are compared with the 
results obtained for ^'Fe implanted samples. The similarity 
of the HflBssbauer spectra and the good agreement between their 
Q3 and IS data for ion-implanted and for amorphous samples 
confirms that in both types of materials iron possesses very 
similar atomic properties and local surroundings* It can be 
inferred that, independent of the implanted dose, an implanted 
iron atom is accomodated in a surrounding characteristic for an 
amorphous-type network. Such a conclusion agrees also with the 
results of neutron-activated ^'Fe recoil implantation studies 
of FeGe crystals /Je?5/, where the recoiled F9 was represented 
by the quadrupole doublet with the parameters as for a-FeGe. 

Assuming 30 eV for the energy of displacement of an atom 
from its position in a lattice, a dose of 2*10 at/cm of 
60 keV ions is sufficient to displace every atom in the lattice* 
Usually higher doses were applied in all our experiments* Such 
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Fig. 51. Quadrupole splitting and isomer shift data for -"Fe in; 
FeSi vs iron concentration, o s our data for Fe implants /Sa76-3» 
77-3/t x = data of Weyer et al. /We76/ for Co implants, A = data 
of Latshaw /La71/ obtained with the CRIME technique for iron 
concentration x»10-£%. • = data from ref. /Mag76/ and • = data 
from /Os77/, both for fast quenched a-FeSi alloys 

Fig. 52. -Quadrupole splitting and isomer shift data for ^? 
FeGe vs iron concentration. All symbols as above, except: 
t a data of Massenet and Daver /Mas76/ for evaporated amorphous 
films 

in 
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doses cause amorphization of semiconductor lattices. Slightly 
smaller doses were applied in experiments with -^Co implant¬ 
ations /Ba70t We75f76, La78/. Much lower concentrations of 
iron were applied in the CRIME experiments of Latshaw /LaTV. 
It shoud be noted that for doses lower- than about 1O1* ^ C o or 
co o 

•"Fe per cm the asymmetry of the quadrupole-split spectra 
begin to be detectable* A suggestion of the appearence of 
a small single line, in addition to the quadrupole-split doub¬ 
let /Ba70, La78-1/ which could explain the asymmetry of the 
spectra at low doses of implanted atoms implies the coexistence 
of two different forms of iron. While the one ascribed to the 
doublet is the only one existing in the fully amorphous systems, 
the iron form ascribed to the single-line seems to be characte¬ 
ristic for non-damaged regions in the host lattice. Therefore, 
the low-dose Fe implanted silicon represents a acre complicated 
system than that one implanted with the high dose. She results 
of CRIMB experiments, in which even for very low iron contents 
a guadrupole doublet was observed /La7V are puzzling in this 
context* A possible explanation is either that in this experi¬ 
ment damage accumulated and was larger than that determined by 
an iron content or that the state of an implanted atom is de¬ 
termined by a single implantation process. A second possibi¬ 
lity could be correlated with the accepted knowledge that heavy 
ion implantation into a semiconductor lattice causes a one-step 
process of formation of locally amorphous regions /De73-2/. 

The guadrupole splitting for ^ F e implanted in Si and for 
57;e j^ Ge is clearly concentration dependant (Figs 51,52, 
ref. /Sa77-3/) • Xhe dependence established for implanted sam¬ 
ples is also retained for conventionally prepared amorphous 
FeSi and FeGe alloys. The decrease of the Q@ with Increasing 
iron concentration is observed. This effect is opposite to 
that observed for *'Fe in Al. However, the influence of the 
distribution of impurities, as calculated in a model applied 
for -^Fe:Al, can explain also the effects for FeSi and FeGe. 
The most suitable interpretation is that in this ease there 
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are two sources of the efg (the local one and that from a more 
distant surrounding which can be simulated by the distribution 
of random charges) and that both contribute with opposite signs. 
Notice, that for a low iron concentration at which the influence 
of the effect of random charges is small, the QS is connected 
mainly with the local efg. 

The line broadening and deviations of line shapes from 
Lorentzian, which was observed in the spectra for implanted 
samples,are also characteristic features of amorphous substan¬ 
ces. They are caused by the possible scattering of quadrupole 
splittings and isomer shifts that result from the variations of 
the bond angles and bond lengths characteristic for an amorphous ' 
semiconductor lattice* In addition, the influence of the efg 
distribution due to the iron impurities distribution as well 
as the possible influence of defects has to be present. 

The room temperature values of IS of ^'Fe in Si and Qe 
are 0.15 mm/s and 0.30 mm/s, respectively. These values are 
in the range of IS's for the inter-metallic phases of Fe and Si or 
Pe and Ge /Ze74/* They also fit well to the systematics of 
the isomer shifts for diluted iron impurities (Figs 1, 38). 

A virtually constant value of the isomer shift observed 
within a change in the iron concentration x of several orders 
of magnitude reveals an interesting property of the amorphous 
metal-semiconductors under study. That is, the s-electron 
density and, consequently, the electronic structure, position 
and volume occupied by iron are not affected significantly by 
iron concentration. 

5«4» Temperature dependence of MOssbauer spectra 

The temperature dependence of the MOssbauer spectra for 
70 keV ( D a 10 /cm ) implants in Si and Ge was measured 
/Sa78-4/» The parameters of the spectra are summarized in 
Table VI. 



Table VI 
57, The parameters of the CEMS spectra for "Fe implanted in Si and 

in Ge, measured at different temperatures 

1016/cm2 of 

T 
K 

78 

99 
138 
172 

239 
293 
356 
295 
400 

475 
* 293 
550 

* 293 

70 keV 57Fe in Si 

OS 
mm/s 

0.751(15) 

O.75K1D 
O.75K15) 
0.720(10) 

0.721(9) 

0.716(5) 

0.706(5) 

0.714(5) 

0.698(16) 

0.646(11). 

0.706(8) 

0.665(21) 

0.696(6) 

7 — 

IS 
mm/s 

0.259(9) 

0.240(8) 

0.206(10) 

0.188(10) 

0.165(10) 

0.136(5) 

0.124(5) 

0.18O(r>) 

0.127(10) 

0.009(10) 

0.174(7) 

0.004(20) 

0.175(2) 

W 
mm/s 

0.48(2) 

! 0.54(2) 

0.50(2) 

; 0.56(2) 

0.45(2) • 

0.45(2) 

0.44(1) 

0.46(1) 

0.44(2) 

0.40(2) 

0.47(2) 

; 0.40(4) 

• 0.44(2) 

10l6/cm2 of 70 keV 57Fe in Ge 

T 
K mm/s 

70 ! 0.620(8) 

160 

220 

293 
293 
400 
460 

x 293 

530 
x 293 

0.612(11) 

0.612(14) 

0.583(5) 

0.602(4) 

0.582(10) 

0.535(9) 

0.56(1) 

; 0.470(19) 

! 0.564(9) 

IS 
mm/s 

0.440(8) 

0.397(11) 

0.360(14) 

0.328(5) 

0.333(4) 

0.288(10) 

0.257(10) 

0.287(10) 

0.252(20) 

0.561(9) 

V 

mm/6 

I 0.44(2) 
! 0.44(2) 

0.48(2) 

0.44(1) 

0.40(1) 

0.42(2) 

0.57(2) 

0.58(2) 

0.58(4) 

0.57(2) 

- the measurement after heating the sample to the temperature 
indicated in the previous line. 
Errors (in brackets) do not include the error of the calibratic 



The temperature dependence of the isomer shifts is shown 
in Pig. 53« The following slopes were determined from the fit 
of experimental points to.the linear dependences: 

s - 4.8(4) 10"4 mm/s £ for 57Fe in «i 
= - 4.9(5)10"* mm/s K for 57Pe in Ge. 

These results can be explained by the second order Doppler shift 
of the UBssbauer line. The mean square velocities ( v / j for 
iron in both amorphous alloys are somewhat smaller than for 
iron impurities in monoatomic crystalline matrices* 

Pig* 53* Temperature dependence of 
the isomer shift for 57fe implanted 
in Si and Ge. A points indicate 
values obtained from spectra for 
samples after heating to high tem¬ 
peratures. Lines present the 11-

fits 

The temperature dependence of the quadrupole splitting is 
fairly small. This is shown in Pig.54. A similarly small chan¬ 
ge In QP was observed by de Barros et al. for ->7Co implants in 
a diamond host, from 1.88(16) at 80 I to 1.78(16) mm/s at 300 X. 
In this case, however, the temperature dependence was not measur¬ 
ed accurately enough to determine its character. 

The sa&ll temperature dependence excludes the possibility 
of efg due to the iron's own electron shell. This Is the case 
of high-spin Pe or low-spin Pe'+ iron compounds when a ther¬ 
mal rearrangement of the population of different 3d states causes 
a strong and characteristic temperature dependence. Also, the 
thermal activation of electrons across an energy gap to the con¬ 
duction band, which was proposed by fferthelm et al. /**65/ In 
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QS 
(mm/s) 

Fig.5^. Temperature depen¬ 
dence of the quadrupole 
splitting for 5/Fe implanted 
in Si and in Ge. Lines pre¬ 
sent the least square fits 
to the T2/2 function. Points 
A indicate the measurements 
performed after heating the 
samples* Apparently, the 
state of iron changes under 
high temperature annealing, 
and then the data are not 
reproducible. Points obtain¬ 
ed at highest temperatures 
were not included in the 
fitting 

0.50-

100 "200 300 
TEMPERATURE IK) 

" S O T 

order to explain a strong temperature dependence of efg in the 
FeSi compound seems to be a non-effective mechanism in the case 
we studied* Temperature changes in efg due to a change in or 
a deformation of the crystal structure is also rather inapplica¬ 
ble because the lattice reordering and precipitation of iron-
semiconductor compounds are expected to occur only at higher 
temperatures /Sa76-4/, and because the changes measured in the 
QS with temperature are reversible. An indication of some new 
phases or changes in the iron position is observed only for 
samples after heating at temperatures higher than about 460. K. 
It is known that a recrystallization in a PeSi and a FeGe takes 
place about, respectively, 500 Z and 600 K. This is observed 
here in a decrease of the quadrupole splitting for room tempe¬ 
rature spectra for samples heated previously (triangle points 
in ?igs 53»54). Therefore, points obtained at 460 K and 530 K 
for Ge and at 550 K for Si were not taken into the analysis of 
the temperature dependence of the QS. 
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The y?' law which is at present generally accepted to de¬ 
scribe the temperature dependence of the quadrupole coupling in 
metals /Ch76/ was tested here. The points of the QS data were 
fitted using the formula: QS(TVQS(O) = 1-B-T572 . The follow¬ 
ing parameters were obtained: 
Si: QS(O)= 0.7*6 mm/s, B = + 0.8(3)'10*"5 
Ge: <*S(0)= 0.625 mm/a,. B s + 0.9(3)* 10~5 

The values.of B parameters obtained are close to those de¬ 
termined for locally distorted cubic metals /fe78/. In the ana¬ 
lysis of weak temperature dependences of efg observed by the 
time differential perturbed angular correlation experiments with 

Cd nuclei, either the vacancy or the nearby impurity was as¬ 
sumed to be responsible for efg(T) dependences with small B values. 
In noncubic lattices the B values higher by an order of magni¬ 
tude are usually observed (/We78, Sec. 1.3). 

It is interesting to note that the 3r' law is applicable 
for amorphous semiconductors. It will be of value to check 
the applicability of the ttf^Ł dependence in other amorphous 
alloys and heavily damaged lattices. 

It seens that the small B values measured here for aJeSi 
and a-PeGe are-an additional argument for the connection of 
the efg at ^'Fe in Si and Ge to isolated defects. It was con¬ 
cluded before that the local efg has to be caused by a low-sym¬ 
metry interstitial position. The most probable explanation is 
a formation of iron-vacancy complexes. The temperature beha¬ 
viour of efg supports such a conclusion. 

5»5» Volume dependence of 
in group IV elements 

The values of QS and IS for ^?Fe and ^Co implanted into 
matrices of group 17 elements can be correlated with the near¬ 
est neighbour distances in diamond-type lattices. A. correla¬ 
tion between the IS'a and interatomic distances in group 17 
elements, mB proposed by Weyer et al. /We76/, cannot, howeverv 
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be sustained in a view of the evidence of the quadrupole coupling 
of 57Pe implants /Sa77-4/. -

The following correlation of hyperfine parameters with the 
volume available for an atom in a diamond-type lattice was es¬ 
tablished /Sa78-1/. In Fig. 55» the CS and IS values for 57?e 
or "co implants in diamond, silicon, germanium and ct-tin are 
presented as a function of the reciprocal of the atomic vo¬ 
lumes in corresponding matrices /5a78-1/« The both parameters, 
the s-electron density at the iron nucleus and its electric qutd-
rupole coupling, decrease with the increase in the volume avail¬ 
able for an atom in a diamond-type lattice* 

OS 
ftnm/sl 

2 

1 

IS 
(mmM 

0 

1 

1 II " 

o urauw t* 
• oe umos • • 
• wncn «.«. 

: • OUR DAM . , 

. -rif. 
-

Fig. 55» Correlation be*-
tween the hyperfine inter¬ 
action parameters for 57Pe 
and 57Co implants against 
the interatomic distances 
d in group 17 elements* 
Lines are marked to guide 
an eye 

01 02 

The increase in 14^(0^ with decreasing atomic volume is 
understood to be the result of the compression of electronic 
shells (of s character) of the iron atom by host atoms* 
Increase in the efg is certainly evident in terms of R'^f* 

It is important to observe that the IS-volume effect of 
a comparable magnitude is found for ^'Fe impurities in homo¬ 
logous elements of the d-netals series* Therefore, one can 
conclude that the general trend previously established for iso-
mer shifts in d-element hosts is more widely obeyed, in parti¬ 
cular, for the diamond-type lattices of group 17 elements. 
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Summary 

A detailed study of the hyperfine interactions of stable 
^'Fe nuclei implanted into a variety of solids is presented-. 
These studies were performed by the conversion electron MBss-
bauer spectroscopy technique. Samples prepared by room tem¬ 
perature implantations of ^'Fe with different doses, from 
10 to 10 of ^'Fe/cm , were studied. Various solid ele¬ 
ments were used as targets. Dependences of hyperfine parame¬ 
ters on ion energy, dose and annealing of the samples were 
followed. Short-range ordering processes, motion characte¬ 
ristics and diffusion processes were observed. 

The steady state of the samples was studied, therefore 
short-time damage processes and after-effects were not observed. 

The state of iron and the properties of alloys obtained by 
implantations are determined both by the mechanism of the ion 
implantation and the relative properties of the iron and the 
host atoms. By the room temperature implantations of iron with 
doses under study, usually highly random or amorphous solid so¬ 
lutions were obtained. They were frequently oversaturated and 
metastable, and in such cases similar, phases could be obtained 
from vapour or melt only by extremely fast quenching. Well 
resolved i&ssbauer spectra indicate that, in spite of possible 
radiation damage, possibility for various defects to be formed 
and possible amorphization of the target lattice, the iron in-
plants are located in well determined and reproducible posi- -
tions in host lattices. 

Studies of iron atoms implanted in aluminium, in d-metal 
hosts and in diamond-structure monoatomic semiconductors were 
made. These studies provide information about the properties 
of impurities and about the local properties of materials pro¬ 
duced by implantation. Such studies are also important for 
understanding the phenomena like the volume dependence of the 
hyperfine interactions and the origin of the electric field 
gradients in solids, 
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The results from these studies can be summarized as follows: 

1. The behaviour of iron ^Fe implanted in various metals, 
3d from Sc to Zn, 4d from I to Ag, 5d from Hf to Au,and Al, was 
compared. Data indicate that most of the radiation damage in¬ 
troduced by the room temperature iron implantation anneals du¬ 
ring or shortly after the implantation and the reordering of 
the lattice around impurities occurs. Iron implants are locat¬ 
ed randomly In subetitutional lattice sites of closely packed 
lattices of many metals* Parameters of the hyperfine Interactions 
of iron 5?Fe depend on the atomic properties of the host matrix. 

A good replacement of the host atoms by iron Implants in 
their substitutions! positions in Rh, Ir, Pd, Pt, Ru, Os, Re, 
also ?e, Co and Ni matrices was indicated by narrow-line UOBB-

bauer spectra. The random distribution of Implants was also 
observed in V, Nb, Ta, Cr and Mo matrices. In these cases, ho¬ 
wever, a misfit in charges and volumes between the iron impuri¬ 
ty and the host atoms caused differences in values of the hyper¬ 
fine interaction parameters for iron with different configura¬ 
tions of neighbouring impurities and therefore the more complex 
MOssbauer spectra. 

Effects of short-range ordering processes were observed in 
metastable alloys obtained by implantation of ^?Pe in Cu, Ag, 
Au and Al matrices. In these cases the ion implantation, being 
an unequilibrium process, resulted in different iron impurity 
states than the diffusion. Increased iron aggregation was ob¬ 
served after consecutive heatings of the samples. Annealing 
effects were studied for *vFe in Cu, in Au and in Al samples, 
for which their properties could be compared with known data 
for appropriate samples prepared by quick cooling from the melt. 
All the results confirm a close correspondence between metasta¬ 
ble alloys produced by ion implantation and those formed by the 
more conventional rapid quenching techniques such as splat cool¬ 
ing. 

Iron interstitials were observed in lattices with atomic 
properties very different from those of iron atom. 
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Properties of the systems obtained fcy implantation of iron 

were simply pictured in terms of two coordinates: the specific 

volume available in the lattice and the number of outer elec¬ 

trons in the host element atom. Discussion of the data in 

terms of Miedema parameters was also performed* 

2. A model of charge defected lattices was proposed to ex¬ 

plain the influence of impurities distributed substitutionally 

in the lattice on the behaviour of the electric field gradients. 

Calculations of efg distributions for cubic and hexagonal lat¬ 

tices were performed) both for randomly uniform and Gaussian 

distribution of impurities. The ir/oortance of the mechanism 

of the distribution of charge defects in producing the efg dis¬ 

tributions in cubic lattices was demonstrated on a basis of 
en 

CEMS measurements of -"Fe implanted with different doses and 

energies into Al matrix (doses from 5.1014 to 3»10'16 of ^ 

energies from 10 to JO keV). It was shown that the quadruDole 
GO 

splitting in the spectra for -"Fe:Al samples increases strongly 

with the iron concentration. This increase is reproduced by 

the mode1* 

3. The monomeric and dimeric states of iron in Al, V-, Ta, 

I Nbf Cr, W, Mo, Cu, Ag and Au matrices were distinguished on the 

basis of their distinctly different isomer shifts and quadrupole 

interactions. The systematics of the electron density at the 

iron nucleus plotted against the number of outer electrons of 

the host element were shown for both the monomeric and the dime¬ 

ric states of iron. They both are consistent with the present 

knowledge of the volume dependence of the hyperfine interaction 

and a charge transfer between the host and impurity atoms. 

4. Radiation damage effects were observed usually only 

in the line broadening of the spectra. Broadened lines indi¬ 

cated the dispersion of isomer shifts and quadrupole splittings 

. for iron atoms located in the vicinity of defects and in dis¬ 

ordered regions. Because the implantations were performed at 

room temperature, the implanted metals under study were usually 
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already after the first three stages of the recovery of the lat¬ 
tice after irradiation. Therefore, point defects were not ob¬ 
served, even in nonannealed samples, while clusters of defects 
were present. 

Effects of radiation-enhanced diffusion were recognized 
to be present in fee lattices. 

Lattice recovery processes as well as formation of precipi¬ 
tates from metastable systems under thermal treatment of the 
samples were followed. 

It was found that there is no significant difference bet¬ 
ween the hyperfine parameters for iron implants and for ^'Pe or 
^'Co introduced into relevant metallic matrices by diffusion 
(in frames of solubility limits) or by alloying and quenching 
(for iron contents higher than solubility limits)• The prepa¬ 
ration of very strong, natural linewidth sources which are use¬ 
ful for MBssbauer spectroscopy (e.g, in Rh and IT) was shown to 
be possible with the use of the implantation methodf much high¬ 
er local iron contents than those produced by other methods can 
be obtained by the implantation* 

5* Properties of iron implanted in Si and Ge monocrystals 
were studied for a wide range in the concentration of iron (from 
0.02 % to 17 %), Measurements for iron implanted into amorphous 
targets, as well as p and n types crystals, gave similar results. 

Spectra indicate quadrupole interaction at the iron nuclei. 
This statement was proved by measurements in an external magnetic 
field. Most of the implanted atoms are placed in similar, low-
symmetry sites with similar, well-determined surroundings. The 
possible location of an iron implant into diamond-type lattices 
was discussed* 

The temperature dependence of the efg present at the iron 
implant site in Si and Ge was measured. The dependences were 
described by the T^'2 relationship. The behaviour of the efg 
is comparable to that observed for metals, while the values of 
B coefficients are small and agree with the observation of the 
temperature dependences of the efg's in locally distorted cubic 
metals* 
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6. The metastable phases produced by iron implantation in 
semiconductor lattices are very different from those obtained 
by diffusion of iron. A very good consistency was found between 
the hyperfine parameters of r'Pe in the fast quenched amorphous 
FeSi and PeGe alloys and the corresponding systems produced by 
iron implantation* 

A remarkable decrease in the Qj3 with the increasing iron con¬ 
centration was established* The decrease was interpreted in terns 
of the compensating contributions to the electric field gradient* 

7* The systematics of the 15 and QS parameters of the hy¬ 
perfine interactions for iron situated in diamond-type lattices 
of group 17 elements was proposed* The systematics demonstrates 
the linear volun. dependence of the hyperfine interactions* Both 
the electronic density at the iron nucleus and the electric field 
gradient increase with the decrease in the volume available in 
a diamond-type lattice* 

8* To study the phenomena that occur in implanted samples, 
where only thin, subsurface layers of a few hundreds of £ contain 
implanted impurities, the conversion electron MOssbauer spectros-
copy technique was applied* Technical innovations were introduced 
into this method in order to get a better sensitivity and to extend 
the measurements to low and high temperature regions* The measure¬ 
ments in an external magnetic field were also performed* At pre-
sent the sensitivity of the method is 10 of -"Ie/ca , which cor¬ 
responds to a tenth of a monoatomic layer of iron ^Tpe* The 
range of temperatures covered is from 80 to 600 X* 

Finally, it can be added that, while the ion implantation is 
of great interest now in solid state physics, the ZCEMS method adds 
new prospects in this field* It may be of value to study the ap¬ 
plicability of the ion implantation technique to various problems 
in mlcrometallurgy and microelectronics. Amorphous layers, unu¬ 
sual compositions, spin glasses, heavily doped materials may be 
studied by this method* The radiation damage phenomena which are 
cruoial for nuclear technology can also be simulated and studied 
by means of ion implantation combined with CBM3, 



Acknowledgement s 

I wish to thank my colleagues and collaborators from the 
JagiełIonian University for our long-term collaboration in the 
field of MOssbauer spectroscope, especially CEMS, which resulted 
in several publications which helped me greatly when writing 
this paper. Special thanks are due to Doc. dr J. Saiwcki and 
also to Dr J. Stanek and Mr J. Kowalski for this collaboration 
and for many useful discussions* 

I am very grateful to Prof, dr A. Hrynkiewicz for his sti¬ 
mulating interest and helpful comments during the course of my 
research at the Institute of Nuclear Physics in Cracow. 

All the implantations which provided the samples for stu¬ 
dies presented in this pap*r were performed by the Staff of the 
Isotope Separator at the Institute of Nuclear Physics in Cracow. 
I am grateful especially to Mr S. Łazarski, Mrs U. Drwięga and 
Mrs. E. Lipinska for performing the implantations. 

She measurements in an external magnetic field, were made 
possible using the superconducting solenoid equipment at Marburg 
University. I thank Prof. S. Eafner for making this arrangement 
possible and for his hospitality during my work in Marburg. 

My work also benefited from many helpful discussions with 
a number of physicists, ify special thanks go to Professors 
U. Gonser, R. Nussbaum, H. de Waard and J.C. walker. I am 
also grateful to all those whose previously unpublished data 
were made available to me.. 

A part of the presented results was obtained in the project 
sponsored by the Institute of Physios of the Polish Academy of 
Sciences* 

I 115 



REFERENCES 

An?5 AntonSik E . , Hyp. I n t . 1 , 329 (1975) . 
Ba51 Bayer H., Z. Physik 13JJ, 227 (1951K 
Ba69 Bara J . , A. Hrynkiewicz, Postępy Techniki Jądrowej 68, 1 (1969). 
Ba70 Be Barros F . S . , D. Hafeaeister,, P .J . Viccaro, J . Chem. Phys, 

5 2 , 2865 (1970) . 
Ba75 Bainbridge J . , Nucl. I n s t r . Meth. 128., 531 (1975) . 
B87Jf B&verstaa U., T.. Ekdahl, e t . a l . , Nucl. I n s t r . Meth. 211* 373 

(1974); U. BHyerstam, C. Bohm, et al.,"M88sbauer Effect Metho¬ 
dology",ed» I . J . Qruverman,,(Plenum Press . 1974)» v o l . IX, p .259. 

BS78 BSTerstaa U. , B. Bodlund-RLngstrBm, C. Bohm, T. Ekdahl, 
D. L i l j e q u i s t , Nucl. I n s t r . Meth. 1 ^ , 401 (1978) . 

Be6O Bernal J . D . , J . Mason, Nature 18g, 910 (I960)} J .D. Bernal, 
Nature 18,^, l l f l (1959) . 

£«70 Eemski G», F. Gonzales, J . J . Peyre, Phys. Le t t er s A £2, 
231 (1970) . 

Be73 Bernas H. t j . Obert, Nucl. I n s t r . Meth. 107_, i»23 (1973) . 
Beh73 BeHitr Mi< ŚI.M. Ste f fea , Phys. R e v . J 2» 788 (1973) . 
Be75 Be f i s ch i t # . , H. Haas, e t a l . , Phys. Rev. B 1 2 , 1 (1975) . 
BeK78 Eehrisch R., od . , the Book w i l l b» published i n "Topics i n 

v. i p p i i e d Physics" (Springer Verlag, 1978) . 
U Ui&iiiii # . , w. Schreter, Phys. -Stat. Sol. (a) ^ , 489 (1978), 

Botha ty Z. Phyśik 5Ł, 161 (1929). 
Bo69 Śoiićiiirr Źw;, A. Jordanov, A. Mink ova, Nuci. Iftśtr. Meth. 

Bo71 Bóltais B.J., M.K. BachadyrhanoT, P.P. Serejdn, Fiz. Trerd. 
Tela 15, 2810 (1971). 

Bo75 Bokeaayer Hi, K. Wohlfahrt, E. Kankeleit, D. Eckardt, 
Z. Physik A 271, 305 (1975). 

Bu77 Buti K.t H. Haas, R. Rinnberg, Phys. Letters A 60 323 (1977). 
Ca68 Carter G., J.S. Colligan, eds., "Ion Eoobard«ment in Solids", 

(Heineaann Educational Books Ltd, London 1968). 
Ca?4 Campbell s.j,t P.E. Clark, J. Phys. F 4 , 1073 (1974). 
Ch67 Christiansen J., P. Hindennach, U. Molfeld, E. Recknegel, 

D, Riegel, G. Weyer, Nucl. Phys. A 22, 345 (1967). 

116 



Ch?6 Christiansen J., P. Heubes, R. Keitel, W. Klinger, W. Loeffler, 
W. Sandner, W. Witthuhn, Z. Physik B 24., 177 (1976). 

Co64 Cosslett V.E., R.N. Thomas, Brit. J. Appl. Phys* 1£, 883 
(1964); ibid. ±2, 1283 (1964). 

Co75 Cohen S.S., R.H. Nussbaum, D.G. Howard, Phys. Rev. B 12r 
4095 (1976). 

Cz70 Cz;Jzek G., W.G. Berger, Phys. Rer. B 1, 957 (1970). 
Da72 Daviea J.A., Proc. Int. Ćonf. on Nuclear Theory, IAEA, 

(Vienna 1972), p. 457. 
Da?7 Da*er H., 0. Massenet, Solid State COB. 23., 393 (1977). 
De73-1 Dearaaley G., Nature 2J&, 701 (1973). . 
De73-2 Dearnaloy Q., J.H. Freeman, R.S. Nelson, J. Stephen, 
.. "Ion Implantation" (North Holland Publ. Comp., 1973). 

Ded73 Dederichs P.H., C. Lehmann, A. Scholtz, Phys. Rer. Letters 
31, 1130 (1973). 

Ded75 Dederichs P.H., Proc. Int. Conf. on Fundamental Aspects 
of Radiation Damage in Metals, USA, Gatlinburg, Oct. 1975. 

Des75 Desaivo A., R. Rosa, Radiaiton Effects 27., 89 (1975). 
Dn74 Duff K.J., Phys. Rer. B £, 66 (1974). 
Ec78 Echt 0., R. Sećknagel, A* Weidinger, T. Wichert, Hyp. Int. 

4, 585 (1978). 
Er63»65 ErgLnsoy Q., G.H. Vineyard, E. Eagleri, Phys; ReT. 133; 

595 (1963); 8. Ergińsoy, G.H. Vineyard, A. Shlmizn, Phys. 
Rev. i2fc» 118 (1965). 

Fe?3 Fenger J., Nucl. Inotr. Meth. 106, 203 (1973). 
Fr63 Frattenfelder H.j "The MQssbauer Effect", Frontiers in 

Physics (W.A. Btajaili Ińc.j N. York, 1963). 
Fr75 Freeman A.J., Proc. int. Conf. MSssbauer Spectroscopy, Cra¬ 

cow 1975!(«ds. A. Hrynkiewicz, J. SawiddL), T» 1 . II, p. 435. 
6a65 Gabriel J.R., S.L. Ruby, Nucl. Instr. Meth. ££, 23 (1965). 
Q068 Goldanskl V.J., R.H. Herber, eds., "Chemical Applications 

of MBssbauer Spectroscopy" (Academic Press, N. York, 1968). 
Go75-1 Gonser U., Proc. Int. Conf. MSssbauer Spectroscopy, Cracow 

1975 (eds. A. Hrynklewicz, j. Sawlckl), rol. II, p. 113. 
G075-2 Gonser 0., ed., "MSssbauer Spectroscopy " (Springer Verlag 1975), 
Go78 Gonser U., M. Ron, in "Applications of MBssbauer Spectros¬ 

copy", ed. R.L. Cohen (Academic Press, in print). 
117 



Gra63 Graham R.L., F. Erown, J.A. Davies, J.F.S. Pringle, 
Can J. Phys. 41, 1686 (1963). 

Gri72 Grigorovici R., A. Eelu, Proc. Int. Conf. on Phys. of Semi¬ 
conductors (Warsaw 1972), p. U53. 

Gri78 Grigorovici R., M. Popescu, to be published in J. Non-Cryst. 
Solids. 

Gre71 Greenwood N.N., T.C. Gibbe, eds., "wgssfcauer Spectroscopy" 
(Chapman and Hall, London 1971). 

Gro78 Grow J.M., n.G. Howard, R.H. Nussbaum, M. Takeo, Phys. Rev. 
B17, 15 (1978). 

Gru65-78 Gruverman I.J., ed., "Mb'ssbauer Effect Methodology" (Plenum 
Press, N. York, Londoa, 1965-1978). 

Ha76 Haldane F.D.M., P. Anderson, Phys. Rev. 13_, 2553 (1976). 
He74 Heubes P., G, Hempel, et.al., Proc. Int. Conf. on Hyperfine 

Interactions, Uppsala 1974 (eds E. Karlsson, R. Wappling, 
Univ. of Uppsala, Sweden 1974) p.2O8. 

Ho71 Howard D.G., R.H. Nussbaum, C.F. Steen, A. Venkatachar, 
Eull.Am. Phys. Soc. 16, 835 (1971). 

Hu69 Hurae-Rothery W., R.E. Smallman, C.W. Haworth, "The Structure 
of Metals and Alloys" (In6t. of Metals, London 1969) 

Hu76 Huffman G.P., Nucl. Instr. Meth. 132,267 (1976). 
I1164 Ingalls R., Phys. Rev. Ą 13J5, '787 (1964). 
In67 Ingalls R., Phye. Rev. ]J?5_, 157 (1967). 
In67-1 Ingalls R., H.D. Drickamer, G. dePasquali, Phys. Rev. 155, 

165 (1967). 
In74 Ingalle R., Solid State Com. 14_, 11 (1974). 
Is76 Isozumi Y., M. Takafuchi, Bull. lustr. Chen. Ses. Kyoto 

Univ. 5J, 63 (1976). 
Je75 Jeandey J.C., P. Peretto, Phys. Stat. Sol.(a) 3_0, 71 (1975). 
Je?6 Jena P., Phys. Rev. Letters 3_6, 418 (1976). 
Ka?3 Kaindl G., D» Salomon, G. V/ortmann, Phys. Rev.B 8, 1912 (1973)* 

MSssbauer Effect Methodology 8, 211 (1973). 
Ka?4 Kalvius G.M., U.F. Klein, G. Wortmann, J. Physique Gollq. 3J>, 

C6-139 (1974). 
Ka77 Kaufmann E.N., R. Vianden, J.R. Chelikovsky, J.C. Phillips, 

Phve. Rev. Letters 2%, 1671 (1977). 

118 



Ke77 Kettschau A., G. Grebe, G. Weyer, Proc. Int. Conf. on 
MSesbauer Spectroscopy, Bucharest 1977 (ed. D. Barb, D. Ta-
rina) vol. I, p. 75* 

K06O Kohn W., S.H. Vosko,~Phys. Rev. 112, 912 (I960). 
Ko78 Kowalski J., B.D. Sawicka, J.A. Sawicki, J. Stanek, Xlth 

Int. Congress of Crystallography, Warsaw 1978. Froc, p. S268, 
also,will be published in details elsewhere. 

Kr72 Krakowski R.A., R.E. Miller, Nucl. Instr. Meth. 100, 93 (1972), 
Kr77 Krolas K., K. Parlineki, B. Wodniecka, P. Wodniecki, Raport 

INP No 9'65/PL (Cracow 1977). 
Kt74 Kato M., T. "ishida, K. Sassa, S. Oneyama, M. Mori, 

J. de Physique Collq. j£, C6-3O9 (1974). 
Ku56 ' Kushlda T., G.B. Benedek, N. Bloembergen, Phys. Rev. 104, 

1364 (1956). 
KH67 KUndig W., Nucl. Instr. Meth. 4JJ, 219 (1967). 
Kti69 Ktodig W., Nucl. Instr. Meth. 21* 336 (1969). 
KU75 KUndig W., Proc. Int. Conf. on Mossbauer Spectroscopy, Cra¬ 

cow 197? (eds. A. Hrynkiewicz, J. Sawicki) vol. II , p. 355. 
La68 Latshaw G.L., G.D. Sprouse, P.B. Russel, G.H. Kalvius, 

S,S. Hanna, Bul. Am. Phys. Soc. 13_, 1949 (1968). 
La71 Łatshaw G.L., Ph. D. Thesis (Stanford University 1971). 
La78 Langouche G., I . Sśzśi, M. Van ROSSUB, J. 7)e bruyn, 

R. Coussement, ''Phys. Stat. Sol. , (1976), in print. 
La78-1 Langouche G., I . Dezsl, J . De bruyn, R. Couseement, 

Hyp«> 1 s t , , to be published. 
Le65 Lee T.K., P.W. Keaton, E.T. Fitter, J.C. Welker, Phye. 

Rev. Letters l i , 957 (1965). 
L163 Lindhard J.„ H. Scharf, E.E* SchiAt, Hat. Fys. Hed. Dan. 

Vid. Selsk. 3^» 14 (1963). 
|!a71 JJazarski S., E, Maydell-Ondrusz, Postępy Techniki Jądrowej 

IS, 1657 (1971)+ 
#a73 jSazarski S., E. Maydell-Ondrusz, H. Drwiega, Nucl. Instr. 

Meth. 113j 303 (1973). 
Mag76 Mangin P.., G. Marchall, P. Piecuch, Ch. Janot, J. Phys. E 

2, 1101 (1976); G. Marchall, P. Mangin, Ch. Janot, Sol. 
State Com. 18, 739 (1976). 

119 



Man68-72 Mannheim P.D., Phys. Rev. 165., 1011 (1968), ibid. 165., 

8̂ 5 (1968), ibid. B4., 3748 (1971), ibid. B5_, 745 (1972). 
Man7J Kansel W., G. Vogl, W. Koch, Phys. Rev. Let. ̂ 1, 359 (1973). 
Man76 Manouchev B., Zw. Bonciev, D. Ivanov, N. Condeva, Nucl. Instr. 

Meth. 13^, 267 (1976). 

Mas77 Massenet O., H. Daver, Solid State Com. 21, 37 (1977). 

Kas78 Massenet 0., H. Daver, Solid State Com. 2j>, 917 (1978), 

0. Massenet, Nucl Instr. Meth. (1978), in print. 

May70 Mayer J.W., L. Eriksson, J.A. Davies, "Ion Implantation 

in Semiconductors" (Academic Press, N. York 1970). 

Mc71 McNab T.K., H. Micklitz, P.H. Barret, Phys. Rev. B A, 

3787 (1971). 
Mi75,76 Miedema A,R., R. Boom, F.R. de Baer, J. Less-Common Met. 

41. 283 (1975), ibid. £6, 67 (1976). 
Na74 Nasu S., U. Gonser, P.H. Shingu, Y. Murakami, J. Phys. P 

4., L24 (1974). 
Ni76,77 Nishiyama K., F. Dimmling, Th. Kornrumpf, D. RLegel, 

Phys. Let. 32t 357 (1976), ibid. A62, 247 (1977). 

Ko62 Jlorem P.C., G,K. Weztheia, J.Phya.'Cheia. Sol. 23_, J.111 (1962). 

Ns76 Nistiriuk I.V., P.P. Seregin, B.I. Boltaks, Fiz. Tr. Tela 
18, 592 (1976). 

Nu77 Nussbaum R.H., D.G. Howard, M. Takeo, J.M. Grow, Proc. Int. 

Conf. Mb'ssbauer Spectroscopy, Bucharest 1977 (eds. D. Barb, 

D. Tarina), vol. II, p.95. 

Nu78 Nussbaum R.H., privite information. 

Ny76 Nylandsted Larsen A., G. Weyer, B.I. Deutch, E, Antoncik* 

J. Physique Collq. 3^, C6-883 (1976). 

OB77 Oswald R.S., M. Ron, M. Ohring, Proc. Int. Conf. Mbssbauer 

Spectroscopy, Bucharest 1977 (eds. D. Barb, D. Tarina), 

vol. I, p. 235; M. Ron, privite information. 

F173 Picraux S.T., E.P. EerNisse, F.L. Vook, eds., "Applications 

of Ion Beams to Metals" (Plenum Press, K. York 1973). 

Po?8 Poates J.M., "Metastable Alloy Formation", Proc. IBMM Conf. 

(Budapest 1978), will be published in Radiation Effects. 

Pr66 Preston R.C., D.J. Lam, M.V. Nevitt, D.O. van Ostenburg, 

C.W. Kimball, Phys. Rev. lig, 440 (1966). 

120 



Pr71 Preston R.S., R. Gerlach, Phys. Rev. B 3,, 1519 (1971). 
Pr72 Preston R.S., R. Gerlach, Met. Trans. 3_, 315 (1972). 
Pr75 Preston R.S., B.J. Zabransky, Phys. L»t. A 2%, 179 (1975). 
Pu73 Pustowka A,, B.D. Sawicka, J.A. Sawicki, Phys, Stat. Sol. (b) 

5Z» 783 (1973). 
Qa67 Qai» S.M., Proc. Phys. Soc. 9J), 1065 (1967). 
Qa66 qai« S.H., P.J. Black, M.J. Evans, J. Phys. C 1, 1388 (1968). 
Qu7/f Quitmanix D., K. Nisbiyana, D. Riegel, 18th Aspire Congress 

(Nottingham 1974), p.349. 
Ra75 Raghavan R.S., E.M.Kaufaann, P. Raghavan, Phys. Rev, Letters 

3Jt, 1280 (197-5). 
Ra76 Raghavan R.S., Hyperfine Interactions 2, 29 (1976), 
Rn76 Randhava H«S.e Ł.K. Malhotra, H.K. Segal, K.L. Chopra, 

Phys. Stat. Sol (a) 32, 313 (1976); H,S. Randhava, P. Kath, 
L.K. Malhotra, K.L. Chopra, Sol. State COB. 20, 73 (1976). 

Rb78 RSssel K., Proc. IBMM Conf. (Budapest 1978), will be publish* 
in Radiation Effects. 

S*72 Sawicki J.A., Phys. Stat. Sol. (b) ̂ 2, K103 (1972), 
Sa73-1 Sawicka B.D,, J.A, Sawicki, E, Kaydell-Ondrusx, S, £azarski, 

Phys. Stat. Sol. (a) 18, K85 (1973). 
Sa?3-2 Sawicki J.A., B.D. Sawicka, S. £azaraki, E. Maydell-CndruEZ, 

f>hya. Stat. Sol. (b) jg. K143 (1973). 
Sa74-1 Sawicka B.D,, J.A, Sawicki, Nukleonlka JJt 811 (1974)* 
Se74-2 Sawicka B.D., J.A. Sawicki, J. Stanek, AcU Pay«t Poloni** 

A i£, 701 (1974). 
Sawicki JfA., J, Stanek, B.D. Sawicka, M, Dywitfa, Pre», Conf 
oa Ion Implantation, Lublia 1974 (INK, ISaraaw 1974),vol.II,p. 
Sawicki J.A., Acta phys. Polonica A j ^ 225 (1974), 

Sa75-1 -Sawicki J.A.,. J. Stamek, B.D. Sawicka, M. Drwiega, Proc. Int. 
Conf. Kb'ssbauer Spectroscopy, Cracow 1975 (eds. A. Hrynkiewic 
J. Sawicki), vol. It p.209T 

Sa75-2 Sawicki J.A., Zessyty Naukowe Uniwersytetu Jagiellomekiego, 
Ho 384 (PIW, Warssav* 1975). 

Sa76-1 Sawicka B.D.'f J.A. • Sawicki, J. Stanek, Phy«. Letterą A SSLf 
2a (1976). 

Sa76-2 Sawicki J.A., B.D. Sawicka, J. Stanek, Nuci. Instr. Meta. 
138. 565 (1976). 

1x1 



76-3 Sawlcka B.D., J.A. Sawicki, J. Stan*, J. Physique Collq. 
37., C6-882 (1976). 

76»4 Sawicki J.A., B.D. Sawicka, J. Stanek, J. Kowalski, Phys. 
Stat. Sol. (b) ZŁ* K1 (1976). 

76-5 Sawićka B.D., J.A. Sawicki, J. Stenek, Nokleonika 21, 949 (1976). 
77-1 Sawicka B.D., J.A. Sawicki, Proc. Int. Conf. MBssbauer Spectro-

ecopy, Bucharest 1977 (eds. 0. Barb, D. Tarina), rol. II, p. 35. 
77-2 Sawicki J.A., B.D. Sawicka, J. Stanek, J. Kowalski, Proc. Int. 

Conf. MBssbauer Spectroscopy, Bucharest 1977 (eds. D. Barb, 
D. Tarina), vol. I, p. 15. 

77-3 Sawicki J.A., B.D. Sawicka, Phys. Stat. Sol. <b) 80, Kkl (1977). 
77-4 Sawicka B.D., J.I. Sawicki, Phys. Letters A ££, 511 (1977). 
78-1 Sawicki J.A., B.D. Sawicka, Phys. Stat. Sol. (b) ££, !Q59 <1976). 
76-2 Sawicka B.D., M. Drwlega, J.A. Sawicki, J. Stanek, 

Hyp. Int. 5. U 7 (1978). 
78-3 Sawicki J.A., J. Stanek, B.D. Sawicka, J. Kowalski, Raport 

INP No 1009/PL (Cracow 1978), Vukleonika 2^, (1979, in print). 
78-lf Sawicki J.A., B.D. Sawicka, J. Stanek, J. Kowalski, T. Ty-

Ii8zczak, Xlth Int. Congress of Crystalography, Warsaw 1978, 
Proc, p. S275f «l«o will be published In details elsewhere. 

78-5 Sawicka B.D., IBMM Conf., Budapest 1978, will be published 
in Radiation Effects. 

78-6 Sawicka E.D., J.A. Sawicki, Int. Conf< MSssbauer Spectroscopy, 
Kyoto 1978, will be published in J. Physique. 

71 Schijrftt H.E., in "Ion Inplantation", eds. F» ELssen, L.T. 
Chadderton (Gordon and Breach, London-N.York-Paris, 1971) p.197. 

71 da Silra X.A., A.A. Goaes, J. Danon, Phys. Rey. B i, 1161 (1971). 
?k Seyboth D«, U. Vooland, B. Brzoska, J. Baunann, F. 

K. Wimmer, J. Physique Collq. 31, C6-3O5 (1974). 
76 Seregin P.P., I.V. Histiriuk, F.S. Naeredinov, FLz, Trerd. 

Tela 12, 1540 (1976). 
55 Sprouse Q.D., G.H. KalTius, S.S. Hanna, Phys. Ser. Letters 

18, 1041 (1965). 
68 Sprouse G.D., Q.M. Kalvius, MSssbauer Effect Methodology 

ed. I.J. Gruverman (Plenum Press, 1968), TOI. IV, p. 37. 



Sp71 Spijkerman J.J., MS6sbauer ,Effect Methodology, ed. I.J. 
Gruverman (Plenum Press, 1971) vol. VII, p. 85. 

St63 Sternheimer R.M., Phye. Rev. 1^0, 1423 (1963). 
St?5 Stanek J., J.A. Sawicki, B.D. Sawicka, Nucl. Inetr. Meth. 

130. 613 (1975). 
Ste71 Steiner P., G. Weyer, Phys. Letters A 3j>, 201 (1971). 
Sti71 Stickels C.A., E.H. Eiieh, Metallurgical Transactions 2, 

2031 (1971). 
Tr73 Trautwein A., F.E. Harris; Phys. Rev. B 2, 4755 (1973). 
Tr77 Tricker H.J., Surface and Surface Properties of Solids 

6, 106 (1977). 
Tr77-1 Tricker M.J., L.A. A«ch, T.E. Cranshaw, lfucl. Instr. Meth. 

143. 307 (1977). 
Ve?6 Van Vechten J*A., CD. Thurmond, Phys.-Rev. B ]&, 3539 (1976). 
Vi67 Violet C.E., R.I. Borgy Phys. Her. l £2 , 608 (1967). 
Vg74 Vogl a., J . Physique Collq; 21, C6-165 (1974). 
Vg74-1 Vogl G., W. Mansel, P.H. Dederichs, J. Phys. P 4 , 2321 (1974). 
Vg76 Vogl G., Hyperfine Interactions 2, 151 (1976). 
Vg76-1 Vogl Q., W. Mansel, P.H. Dederichs, Phys. Rev. Letters 

31, 1497 (1976). 
Vo75 Vook F.L., Physics Today 2§, no.9, 34 (1975). 
Wa6l Watson R.E., A.J. Freeman, Phys. Rev. 123., 2027 (1961). 
Wa72 de Waard H., "MSesbauer Spectroscopy and its Applications*1, 

IAEA (Vienna 1972), p.123. 
Wa73 Wagner F.E., Q. Wortoann, Q.M. Kalvius, Phys. Letters A 

41, 483 (1973). 
Wa75 de Waard H., Physica Scripta 11, 157 (1975). 
Wa76 Wagner T.E., J. Physique Collq. %L, C6-673 (1976). 
Wa?8 Watson R.E., L.H. Bennett, Hyp. Int. ±t 806 (1978). 
Wd75 Ward J.B., Scripta Metallurgica £, 1211 (1975). 
We62 Weieer K, Phys. ReT. 126. 1U27 (1962). 
We6if Wertheia O.K., "MSssbauer Effect; Principles and Applica¬ 

tions" (Acadeaic Press, N. York, l%k). 
We65 Wertheia O.K., V. Jaccarino, J.H. Wernick, J.A. Seitchik, 

H.J. WilUaas, R.C. Sherwood, Phys. Letters Ł&, 89 (1965), 

123 



We?l WertheiB G.K., A. Hausaann, W. Sander, "The Electronic Struc¬ 
ture of Points Defects" (North Holland Publ. Coup., 197D. 

W«75 Weyer Q., B.I. Deutch, A. Hylandsted Larsen, 0. Hoick, 
Proc. Int. Conf. MBssbauer Spectroscopy, Cracow 1975, 
(eds. A. Hrynkievlcz, J. Sawlcki), vol. I, p. 213* 

We7-5~1 Weyer G., A. Nylandsted Larsen, B.I. Deutch, J.I. Andersen, 
E. Antoncik, Hyp. Int. 1, 93 (1975). 

We76 Weyer 6., G. Grebe, A. Kettechau, B.I. Deutch, A. Nylandsted 
. Larsen, 0. Hoick, J. Physique Collq. j>7.t C6-893 (1976). 

We78 Weidlnger A., 0. Echt, E. Recknagel, 6. Schatz, Th. 11chert, 
Phys. Letters A ££, 247 (1978). 

VflLn70 Window B., J. Phys. C Suppl., %, S323 (1970). 
Win7O-l Window B., J. Phys. C 1, 922 (1970). 
Win?2 Window B., Phys. ReT. B §_t 2013 (1972). 
W1172 WUliuson D.L., S. Bukshpan, R. Ingalls, Phys. ReT. B 

6. 4149 (1972). 
*o?k ran der Woude F., Q.A» Sawatzky, Phys. Reports 12, 385 (I97it)< 
Wo75 Wortaann Q., D.L. WilllariBon, Hyp. Int. 1, 167 (1975). 

Ze7*+ Zemcik T., K. VojtechoTsky, Phys. Stat. Sol. (b) 6&, K99 
(1974). 

Ze?6 Zeller R., P.H. Dederichs, Z. Physik B 25, 139 (1976). 


