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FOURIER EVALUATION OF BROAD MÖSSBAUER SPECTRA

I. Vincsee*

Solid State Physics Laboratory, Materials Science
Center, University of Groningen, The Netherlands

ABSTRACT

It is shown by the Fourier analysis of broad Mössbauer spectra

that the even part of the distribution of the dominant hyperfine

interaction, (hyperfine field or quadrupole splitting) can be ob-

tained directly without using least-square fitting procedures.

Also the odd part of this distribution correlated with other

hyperfine parameters (e.g. isomer shift) can be directly de-

termined. Examples covering the case of amorphous magnetic and

paramagnetic iron-based alloys are presented.

*0n leave from the Central Research Institute for Physics, Budapest, Hungary
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1. Introduction

Disordered systems often exhibit broad Mössbauer spectra due to

the fluctuation In the strength of the hyperfine Interactions from

site to site. These spectra can be described by the distributions of

the hyperfine parameters (hyperfine field H, quadrupole splitting AE.

and lsomer shift IS). The evaluation of these distributions fro* the

•easured spectrum Is a difficult task and many different approaches

have been proposed.

The most widely used methods assuae that one type of hyperfine

interaction is dominant (e.g. hyperfine field) and the distribution

function is expanded in terms of trigonometric functions [l] or step-

functions [2]. The coefficients of this series are determined from a

least-square fitting procedure of the spectrum. Improvements and dif-

ficulties of these methods are discussed in Refs. [3] and [4].

The common feature and basic problem of all published evaluation

methods lays in the use of a least-square fitting procedure to determine

the parameters characteristic of the distribution. The number of para-

meters necessary to obtain a reliable fit of the spectra is a sensi-

tive function of the chosen approach. It is difficult to find the op-

timum solution with the possible smallest number of parameters. Tills

can be illustrated with the example of amorphous ferromagnetic alloys

where generally about 9-12 parameters (cosine components) are neces-

sary to determine the shape of the hyperfine field distribution with

Window's method [l]. The same accuracy (i.e. x2-value) can be reached

by using only 3-8 parameters when the binomial distribution method

(BD) [5] is used.

In the following the application of Fourier analysis to the eva-

luation of these distributions will be discussed. It will be shown.that

the even part of the distribution of the dominant hyperfine Interaction

and the odd part of this distribution correlated with other hyperfine

interactions can be directly determined in the case of broad distribu-

tions - without the use of least-square fitting procedures. The results

on amorphous iron-based alloys obtained via this method will be compa-

red with those of the BD method on the same systems. Fourier transfor-

mation has been used earlier for the removal of sample thickness effects
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in the Mössbauer spectra [&] and to Increase the resolution of the Möss-

bauer spectra [7J.

2. Basic equations

We will assume for the sake of simplicity (but without loosing ge-

nerality) that the distribution of hyperflne parameters are given by

p(h,S), where h stands for hyperfine field or quadrupole splitting (ac-

cording to the actual specification) and S is the lsoaer shift (or a

combination of isomer shift and quadrupole splitting, according to the

specification). p(h,S) is normalized, i.e.

—i.

//p(h,S) dhdS = 1, (1)

where the integrals are taken between -» and +°° (as always through this

work when no other boundaries are given).

The Mössbauer spectrum with this probability distribution after the

substraction of the background is given as

S(v) = //p(h,S) L(h,S,v) dhdS, (2Í

where v is the relative velocity between source and absorber, and

L(h's'v) = v A z y * T T T ^ V •
Here G is the half-llnewldth of the individual Lorentzian components and

it will be assumed that all elementary components have the same width,

i.e. G is not distributed (that is no sample thickness effects will be

considered). The Mössbauer spectrum given in Eq. (3) corresponds to the

elementary spectrum of paramagnetic 57Fe (3/2-1/2 transition) where h =

AEQ/2 = Q and S = IS or it represents one doublet of the six-line pat-

tern of a magnetically split Fe elementary spectrum when h is propor-

tional to the hyperfine field H (via the proper g-factor combination)

and S is a combination of quadrupole and isomer shifts. Eq. (3) should

be replaced with the proper expression when the method is used for other

nuclear transitions.

The Fourier transformed S(v) is defined as
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a(k) = /B(V) e 1 K V dv, (4)

which reduces into

s(k) = (J7p(b,S) 2coe(kh) e"lkSdhdS)(nGe"Glkl)

The definition of s(k) deconvoluted froa the Lorentxian contribution is

•~,<k) - s(k) e°'kV2ir0. (6)

After the Fourier transformation of >DC(
k> we have removed the Lorentzian

broadening of the Mössbauer lines and obtain the deconvoluted spectrua,
sic < v > "

Using Kq. (5) and (6) we stay write

S D C ( v ) = 2H

(8)

After replacing the cosine and sine products with the proper cosine

SUMS and using that g— /coskx dk * 6(x>, the Dlrac 5-function, we obtain

for tho syaaetric part of 8' (v):

8DC ( V ) " 8DC V e n < v ) = //P<h'S> ^ [ «(>» + 8 + v) + 6(h - 8 + v) +

+ 6<-h + S + v) + j(-h - S + v) ] dhdS, (9)

while the aayuetric part of the S Q ^ V ) is given by

) \ [ 6(h + S - v> - 6(h - 8 - v) +

+ 6<h - S + v) - 6(h + 3 + v) ] dhdS. (10)

Eq. (9) and (10) are our basic equations which contain all information
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of our spectrum after the deconvolutlon of the Lorentzlan broadening.

It is clear that In principle the two-parameter distribution, p(h,S)

cannot be determined because only Integrated p(h,8) values at special

parameter combinations are available. Only additional, artificial as-

sumptions like limited range for the parameters used in Ref. 6 may al-

low the non-unique determination of p(h,S).

2.1. Special cases (8 << h)

In most cases it can be assumed that one type of hyperfine inter-

action is dominant. In the case of Fe these are the magnetic

hyperfine Interaction and quadrupole interaction for magnetic and pa-

ramagnetic spectra, respectively. In the following analysis the 8 << h

assumption will be used. The corresponding approximations of Eq. (9)

| and (10) are
!

i 8 (v) = / — f p(h • v,S) + p(h "= -v,8) 1 dS «
DC Z *

_even,h
/ p e v e n'\h = v,S) dS, (11)

and

„» v,S) j)p_(h • -v,8)

even.h
= " / 3h <h * V*S> Sd8-

?.1.1. h and 8 are Independent

If there is no correlation between the hyperfine parameters, their

distribution function can be factorlzed as

p(h,S) - Ph(h) p (8), wheren S

/ p.(h) dh = 1 and / p_(S) d8 - 1. (13)

In this case
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8DC<V> * h

.. dpe.Ven(h - V)
S D C (v) * ~8 ~d¥ • whero s

In all present application* § • 0 will be assumed by the proper choice

of the velocity - zero (which can be obtained without fitting via the

weighted average of the spectrum). Thus the hyperflne parameters are

correlated when S „ (v) ? 0.
DC

2.1.2. h and S are correlated

In this case there is a functional connection between the two pa-

rameters of the distribution, i.e. 8 - 8<H). If the distribution of h

is given by p(h), where /p(h) dh = 1 then the dl -ibutida of 8 is given by

>8<8> f <8
where h = S~ (S) means the inverse function of 8. The appropriate versions

of Eq. (11) and (12) are the following:

8DC<V) = PeVM<h = v ) . and (17)

) - - ^ [ ( 8 ( h ) p e V e n ( h ) ) ] e V e n | h . v O8)

If for h > 0 the symmetric and asymmetric part of p\h) are identical (i.e.

p(- |h|) = 0) and the correlation between 8 and h is linear, Eq. (18) of-

fers an immediate direct determination of dS/dh: it is related to the va-

lue of 8__ (v) at the v -value where p(h) has its maximum, i.e.
Dv* m

d S „ o d d , * , # • * %
d h " " 8DC <V / 8DC< T«>-

3.2. Illustration

In the following simulation we will assume that p(h,8) is a one-para-

meter distribution having Caussian shape, i.e.
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p(h,S) - p<h • H, S = 0) * p(H) « e " a , (20)

where H„ = 70, a - 10. The half-llnewldth of the Lorentzian coaponenta

in Eq. (3) was chosen to be 0 < 4. The Fourier tranaforaed apectrua

calculated on the baae of Eq. (2) ia given by

i 2 2 ||
a(k) ̂  e~*k a e~°'k! coakHp. (21)

If the llnewidth used for the deconvolutlon of s(k) ia given by &_,

where AG = G__ - G > 0, the deconvoluted spectrua la given by
III* I*

Sw,(v) *»> e ° [ e ° cos(v - Hn) -=• +
o

V + MO 2

+ e CT cos(v • HQ) ̂ | ], (22)
a

if AG/o « 1.

The successive steps of the evaluation are ahown in Fig. 1. (Here and

through the whole nuaerical work the Integrals are replaced by the corres-

ponding suas). The starting p(H) is regained froa the S(v) spectrua of Fig.

lb in Fig. le aa a result of the above decoapoaltion proceaa (G_-, » G, i.e.

AG = 0 waa used).

2.3. Liaitatlona

The fundaaental atep in deducing the basic equationa (9) and (10) waa

that the /coa(:kx)dk type of integrala were replaced by the proper 5(x) del-

ta-functions. Thia ia valid If the boundarlea are £». or if a__(k) is lden-

tically sero on Halted boundaries. If we apply a finite cut-off at a k

value, the above-aentioned integrals had to be replaced with sin(kax)/kn

of expressions. Thia finite cut-off will result in a cut-off oscillation

in Sj^iv) the aaplitude of which la deterained by the value ot * D C(* U X>

and decreasing like 1/v for large v-values. The period of the oscillations

is given by 2ir/k . Alao the finite cut-off will reault in a broadening

of the distribution function* in S^,(v) if i^fk) ia not aaall enough above

k because of the neglectlon of the high frequency components.
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In the given Illustration of Fig. 1 the use of k « 0.4 haei re-

suited In this type of cut-off oscillation with an amplitude of 3.10

which cannot be observed on the figure and within this error the ori-

ginal p(H) and the deconvoluted ^„(v) were identical.

The most serious limitation of this method originates from the

statistical fluctuation of the spectra. The deconvolution process will

result In a tremendous amplification of this noise because of the mul-

tiplication with e ' '. Thus the possible maximum cut-off value is de-

termined alone by the noise-to-signal ratio, W of the spectra. This

k a M value on the other hand will limit the minimum width of the dis-

tribution, a . which can be evaluated without deforming the distribu-

tion. The condition of undistorted reproduction of tha distribution is

that its Fourier transformed function is small at the cut-off frequen-

cy, I.e. assuming Gaussian shape for the distribution:

-*ka o2

e Mwt B lf < W. (23)

A natural choice of k is e % W, which gives the condition:

ÜT <24>

Typical values of o . /0 from Eq. (24) are 0.82, 0.86 and 0.84 for W =
min

0.05, 0.01 and 0.001, respectively. That is the practical limit for the

width of the narrowest distribution which can be evaluated with this me-

thod is about a > G/2.

The before-discussed difficulties *re illustrated with the case of

crystalline Zr.Fe in Fig. 2. The Moasbauer spectrum consists of a well-

resolved quadrupole doublet [9], that is the distribution of quadrupole

splitting is a delta-function,, Its width is zero. According to this, the

deconvoluted Fourier transformed spectrum, Sp-ik) is a cosine-function

without damping (Fig. 2c). If the cut-off takes place at too small k

value strong cut-off oscillation with decreasing amplitude results (Fig.

2d). Also the distribution function is considerably broadened - in the

example of Fig. 2d its width is larger than that of the spectrum. For

increasing k values the evaluated width of the distribution is de-

creasing like 1/k and the effect of cut-off oscillations is suppressed
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by the amplified effect of the noise. In Fig. 2f the width of the dis-

tribution is 0.04 mm/s (̂  G/4) but about half of the curve is noise.

It is worth to emphasize that there is an inner control possibi-

lity in this Fourier deconvolution method: when It is incorrectly used

for the evaluation of too narrow distribution (in the sense of the in-

equality (24)) the evaluated distribution (or a certain part of it) will

change as a function of the chosen k

In the following point a natural selection of the best k value

and typical applications will be presented.

3. Applications

This method can be applied for most amorphous and a large number

of disordered crystalline systems containing iron. In the case oi Fe

the dominant hyperfine interaction parameter is the hyperfine field or

quadrupole splitting for magnetic or paramagnetic spectra, respective-

ly. The isomer shift is often only a minor perturbation.

The results of the present Fourier deconvolutlon method will be com-

pared to those obtained by the binomial distribution method |s|. The BD

method was chosen for this comparison because the correlation between

the hyperfine parameters is easily Included. The p(h) distribution of

the dominant hyperfine interaction h is approximated by a binomial dis-

tribution

p(x,n) = (*) xn(l - x) z" n, n = 0, 1 z (25)

with

h<n) = l»0 + nAh, (26)

and

p(h(n)) = p(x,n)/Ah. (27)

The parameter z is arbitrary (usually z = 20 was chosen). A least-square

fitting procedure determines the value of the shape parameter x, the sam-

pling interval Ah and h_. Linear correlation with the other parameter S is

included via the relation
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S(n) - S Q + nAS, (28)

and the distribution of S Is given by p(S(n)) = p(x,n)/AS. The values of

8Q and AS are again determined by the least-square fitting procedure and

— is given by -rr. More complicated spectra can be described with thean fln
combination of more binomial distributions [s].

•'\ Typical Mttssbauer spectra of ferromagnetic and paramagnetic amorphous
Í

;; ' alloys will be analysed in the following sections.

-;| 3.1. Ferromagnetic cases

The two investigated cases are characteristic of the "narrow"

• fl'W'loVW and "broBd" <Fe68V10B12S110> type Of h y ° e r f l M fleld di"-

> tributiona. These spectra are shown in Fig. 3 and some of the results of

! .' the BD analysis were published elsewhere [lo]. The Fourier deconvolutlon

; -'j will be performed on the 2 and 5 lines of these spectra which were obtained

'•'• by using the spectrum substraction method [s] : a linear combination of two

•:.. spectra with different relative intensities of the lines 2 and 5 was taken

in such a way that the 1,6 and 3,4 lines were removed by adjusting the

outer - free of overlap - part of the intensity of lines 1 and 6. The two

spectra were recorded in the usual geometry, in a small external field

(% 200 Oe) parallel to the ribbon plane and without external field in

which case the stress between the amorphous ribbon and the adhesive tape

turns most of the magnetic •osonts out of the ribbon plane [ll] suppressing

the intensities of the second and fifth lines. Using the p(H) obtained

from these separated 2 and 5 lines by the BD method and alao by Window's

method [lj the original spectre could be fitted with one free parameter:

the (average) relative intensity of lines 2 and 5, tius justifying the pro-

cedure. The advantage of this spectrum substraction sethod is that the

aystematical errors connected with the a priori unknown relative intensity

of lines 2 and 5 are ruled out [l2,13] and significantly simplifies the

interpretation of the results of the Fourier deconvolution. Also difficul-

ties caused by the too small broadening of the lines 3 and 4 In the case

of narrow p(H) are avoided this way. (Because of the unfavorable g-factors

the a width of p(H) Is scaled to 0.158 a for these lines).

For the second and fifth lines of the six-line pattern the line posi-

tions are given by Eq. (3) if
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h - 0.578 H and 8 = IS - ̂  AE (29)

where the proper g-fuctor combination is used and it is assumed that

AB « H.

3.1.1. Amorphous g«68go10BlaSl10

Fig. 4a shows the separated second and fifth lines of the spectrua

of Fig. 3a. The deconvoluted Fourier transformed spectru* BnrCO °* F1B-

4c clearly shows that before the strong amplification of the noise there

is an interval where s__(k) i 0. (For the deconvolutlon the llnewidth of

thei Fe calibration (G = 0.15 imrn/s) was used). The back-transformations

from this .Interval differ only In the amplitude and frequency of the os-

cillations determined by the k value, but the shape of the peak in

SDC(v) is not Influenced (Figs. 4d to f). The hyperfine field distribu-

tion p(H) Is obtained from SM,(v> by rescaling and normalizing the curve.

For the k values of Figs. 4d to f these p(H) curves are shown In Fig.

5a and they are identical apart from differences of the order of their

noise. Also the comparison of the p(H) evaluated by the Fourier decon-

volutlon with that obtained from the fit to the spectrua by the BD method

shows that they are identical within the error of the evaluations (Fig.

6a). This comparison convincingly proves the reliability of the parame-

ter les a Fourier deconvolutlon process.

There is a simple criterion for the selection of the optimum k

value in terms of the goodness parameter, g which is defined as

g = (A+ - A~ )/(A+ + A~ ), where A+ and A" are the areas vith the (30)

corresponding sign under S-piv). Since the distribution functions are

positive definite by definition the deviation between A and its absolute

value ig characteristic of the cut-off and noise oscillations, g • 0 tiX

&„„ = 0 and it would Increase asymptotically to 1 if the noise would be

absent. The amplification of noise at large k values on the other i.and

will result in g - 0, Thus g has a maximum as a function of k where

is the optimum value of k . Fig. 7 shows that in the present case there

is a brosid maximum in g around k =9.42 s/mm where the g-valuea *TB

above 0.(1. This is a typical value for proper deconvolutiona. On the
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other hand, In the former case of crystalline Zr„Fe the g-values are

around 0.5 - clearly indicating the Improper quality of this decon-

volution.

Fig. 5b shows the obtained p(H) distributions when different G__
Dv>

"• linewidths were used in the deconvolutlon. All curves were obtained

with the same k =8.08 s/mm to have the oscillations in identical

'j positions. As it is expected on the base of Eq. (22) a definite nar-

-•. ; rowing of p(H) is observed for increasing G^,. Also the amplitude of

•>:l the noise has increased. However, even with two times larger G__ (0.30
• [ DC

-~-\ mm/s) than the llnewidth of the calibration, no structure (new peaks)

; appears in p(H). This is contrary to the results obtained by the method

v i' of Window [t] where decomposition with large llnewidths results in the

•' appearance of new peaks in p(H) [3,4,14] which we had to attribute to

'. ) the artifact of the least-square fitting procedure. Also Fig. 5b and

;}{ Kq. (22) show that small deviation of G-g from 0 results only in small

•':"{• distortion of the deconvoluted p(H).

3.1.2.

-'' Fig. 8a shows the separated second and fifth lines of the spectrum

of Fig. 3b. The hyperfine field distribution is more broad here than in

the former case. According to this sQ-(k) is nearing to zero more quick-

ly (Fig. 8c). The p(H) distributions calculated for different k va-

lues are again identical within their noise (Fig. 8f). The comparison

with the p(H) obtained by the BD method shows that they are identical

within the error of evaluation (Fig. 9a).

3.2. Paramagnetic cases

K Two room temperature spectra of amorphous alloys will be investl-

gated. It is typical tor these cases that the lsomer shift perturbation

Is much smaller than the quadrupole splitting, i.e.

AE
h - - j * - Q and S = IS. (31)

The line positions are given by Eq. (3).
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3.2.1. Amorphous Zr_Fe

Fig. 10 shows the room temperature Mossbauer spectrum of melt-quen-

ched amorphous Zr_Fe together with the deconvolution process. The values

of g are shown In Fig. 7. again there Is a k -Interval where the g-

values are above 0.9. The form of S <v) Is Identical for different k
ÍJ\f ••BX

values within the error ot the determination (Fig. lOd and e). The qua-

drupole splitting distributions ptfQ) obtained after normalization are

In general in good agreement with that obtained by the BD method from

the fitting of the spectrum tFlg. *T>.

3.2.2. Amorphous F* o g
2 r

1 0

Fig. 12 sirows- the room temperature Höasbauer spectrum of aelt-quen-

•cfted* amorphous ¥*grfirin t o 8 e t h e r with the decpnvolutlon process. The

p<Q) cbtaijied from S_„(v) after norma*lizRtion Is in general in good

agreement with those obtained by the BD method from the fitting of the

spectrum (Fig. 13).

3.3. Correlation between the hyperflne parameters

In the previous applications only the even part of the Fourier trans-

formed spectra was taken into account. Since the velocity-zero was chosen

in such a way that S = 0, the odd part of the Fourier transformed spectra

should be identically zero if the hyperfine paraneters are uncorrelated.

However the parameters are correlated as it is obvious from the asymmetric

shape of the spectra. According to Eq. (18) the odd part of the deconvo-
odd

luted spectrum S__ (v) gives United information on this correlation . In

the following this information will be explored for the investigated cases.

3.3.1. Amorphous Fe08Co1(?ga2Sl10 and

The odd part of th* Fourier deconvoluted second and fifth lines of

the Mössbauer spectrum of amorphous Fe6g
Coiü

Bi2
slio i s 8 n o w n l n F1S- 14c-

Similar result was obtained ln the case of amorphous Fe.OV,„B,„Si,„. It
Do 10 lfi 10

is clear from Fig. 14c that the correlation between the hyperfine field

and the S • IS - — AEQ combination of isomer shift and quadrupole split-

ting is rather weak. Since in both cases the hyperfine field distribution
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does not extend to H ~ 0 values, It ia probably a good approxlMatIon to

assume that p e V e n(H) = p° (H). Then, If the correlation Is linear between

S and H, dS/dH can be obtained directly from the deconvoluted apectrum.

According to Eq. (19) and Eq. (29):

1 - "°- 578 8M d ( V. ) / SDC ( V. ) (32)

at the v value where 8„(v) (I.e. p(h)) has Its naxlmum. dS/dH = 0.031

and 0.042 w&s obtained for amorphous FeaaCoioBi28i10 and Fe68V10B128i10'
-. . respectively.

These values agree well with those deduced from the fits of the

• spectra with the BD Method, which are dS/dH *= AS/AH - 0.023(7) andO.027(6),

•i respectively. It Is worth to emphasize that these valuers differ both

In magnitude and sign from the d(IS)/dH-values obtained In similar crya-

•.• talline intermetallic compounds [is]. In those systems (like Fe^B, Fe2B,

' FeB) it has been found that the absolute value of the hyperfine field

( has decreased with increasing lsomer shift with a value of d(IS)/dH = -0.03B.

Since there is no evidence which would suggest that isomer shift and hy-

perfine field would be correlated differently in amorphous than in similar

crystalline systems we had to conclude that the quadrupole splitting is

'•' aleo correlated with the hyperfine field. This conclusion is supported

by the shape of the lines in the Mössbauer spectrum of amorphous Fe6BColoB12Si10

in Fig. 3a: the width of lines 1 and 6 is about the same while the lines

2 and 5 are quite asymmetric. (For the lines 1 and 6 S = IS + — AE). Si-
2

milar result was obtained in amorphous F e a o
B
2 o [5-5'

The combination of the value of dS/dH = d(IS - \ AEQ)/dH = 0.031

with the crystalline d(IS)/dH = -0.038 results in d(| AE )/dH % -0.07 for

this correlation. In crystalline orthorhombic (Fe,Nl)JB compounds a value

- of d(- AEQ)/dH = -0.08(1) can be deduced [le]. The good agreement should

be considered fortuitous because these values are quite sensitive for the

actual topological arrangement of the atoms. The origin of tbe correlation

between the hyperfine field and quadrupole splitting is the dlpole contri-

• bution of the hyperfine field [l7J.

This result is quite contrary to the common view that in metallic

glasses the quadrupole Interaction is averaged out due to the randomness of

the magnetization directions with respect to the electric field gradients.
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3.3.2. Amorphous 2r3Fe and
 Fe

0Q
Zri0

The odd parts of the Fourier deconvoluted Mfíssbauer spectra of

amorphous Zr„Fe and F e e 0
Z r

1 0
 a r e shown In Figs. 15c and 16c, respec-

tively. The correlation between isomer shift and quadrupole splitting

'" is quite strong in both cases. Assuming linear correlation we can de-

termine d(IS)/dQ by using Eq. (19), if p e V e n(Q) = p°dd(Q). The values

are -0.211 and +0.142 for amorphous Zr Fe and Fen Zr , respectively.
<& 90 1O

The fits of the spectra with the BD method has provided -0.213(12)

and +0.137(8) , respectively. Again the agreement between the two inde-

pendent determinations is quite good. The different sign and magnitude

of d(IS)/dQ in these systems suggest different elsctrostructure and

possibly different atomic structure.

.v S (v) was calculated within the present approximation by using
• - DC

the deduced values of dS/dQ and S__(v) with Eq. (18). The results are

', the dotted curves In the inserts of Figs, lla and 13a. The overall

agreement with the result of the Fourier deconvolution is satisfactory,

s . however, the calculated curves are not asymmetric. The deviation is

larger for ^e^Zr. than for Zr.Fe. This difference may be caused by

'• the roughness of the linear correlation approximation at small Q va-

v lues. However, it is more probably that the dominant reason is that

',•• p (Q) ? p (Q), i.e. the quadrupole distribution extends for ne-

gative values. The larger deviation for *egnZr]n c a n b e correlated then

with the larger p(Q = 0) value which indicates more contribution in the

negative Q-range. In this case the full p(Q) distribution (for positive

• and negative Q-values) can be determined Independently by using large ex-

ternal magnetic fields. However, the full p(Q) can be determined also

from the Fourier deconvolution if the form of the S(Q) correlation is
; known. The Information about — [ S(Q) p^Q)] e v e nin 8^ d(v) can be am-
• ' plified at the expense of the Information in S_„(v) by S ? 0 choice of
> DC

the velocity-zero. For lack of direct experimental determination of

p (Q) (in external magnetic fields) no such analysis was here perfor-

med).
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4. Sumry

It has been shown that the Fourier deconvolution method gives more

information about broai! distributions without adjustable paramétere

than the least-square fitting procedures. If a dominant hyperfine ln-

terectlon parameter can be selected the even part of the Fourier de-

convoluted spectrum provides the even part jf the distribution of this

parameter. The odd part of the Fourier deconvoluted apectrum gives

the derivative of the even product of this distribution with its cor-

relation with other hyperfine parameters.

It is worth to emphasize that differences in the symmetric and

antisymmetric part of the dominant distribution may be important when

the parameter has both positive and negative values. This possibility

ia generally overlooked in fitting of very broad hyperfine field dis-

tributions (extending to zero fields) with Window's [l] method. The

Fourier deconvolution iethod can provide both even and odd parts of

the dominant distribution when the correlation with other parameters

is known.
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Fig. 1. Illustration of the Fourier deconvolution procedure. The
theoretical p(U) (a) was used for the calculation of S(v)
(b). s(k) is the Fourier transformed spectrum (c). The
deconvoluted Fourier transformed spectrum is sDC(k) (d)
and after back-transformation the Lor&ntzian broadening
was removed in SDC(v) (e>. The maximum value of the
curves was chosen to be Í
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S n r ( k )

-42.74

I .

21.37 hts/mnH 42.74 -3.74 i.74

. 2. Fourier deconvolution of the Mössbauer spectrum of crys-
talline Zr^Fe. Notation as before. For the deconvolution
the llnewidth of the Fe calibration was used. Back-trans-
formation is shown for different kmax valuesi 1O.68 s/mm
(d)f 26.71 s/mm (e) and 42.74 s/mm (f)
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Fia. 3. Mőss&duer spectra of amorphous Fe^„Co.„B.„Si.„ measured
oo JO Z<c JO

at 77 K (a) and amorphous Fe,oVfnB..Si . measured at 5 K
(o)
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7 3 -3.71 3.71 v[mm/s| 7.43

-3.71 3.71 v[mm/sj 7.4 J

. 4. Fourier deconvolution of the second and fifth lines of
the Mösabauer spectrum of" aaorphou* PeeeCotoB12Si 1O sllown

in Pig. 3a. Notation as before. Back-transformation is
shown for different knax values: 8..08 s/mm (d), 1O.77 s/im
(e) and 13.46 s/mm (f)
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b,
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Fig. 5. a) Hyperfine field distribution of Fe,aCo,JS.^Sitn
oö IQ 1 it IO

b)

calcu-
lated from the deconvoluted spectra SDC(v) of Figs. 4d
to f, for different kmax values: 8.08 a/mm (dashed
line), ÍO.77 s/mm (continuous line) and 13.46 a/mm
(dots), respectively

Hyperfine field distributions of TerBCo, a,„Sif_
Do IO 1 * IQ

calcu-
lated from the deconvoluted spectra'SDC~(v) 'where dif-
ferent linewidths were used in the
G_ • O.Í5 mm/s (dashed lino), G
and GDC • 0.30 mm/s (continuous line), respectively.
The value of k . was the same (8.08 s/mm) in thesemaxcases

deconvolution :'
- O.22S mm/s (dots)
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fl._Si. obtained
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to that obtained by Fourier deconvolution with kmax =
= 9.43 s/mm (dashed line) (a). The fit of the spectrum
obtained by the BD method is also shown (b)

Fig. 6. Hyperfine field distribution of Fe,aCo
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Fig. 7. Goodness parameter as a function of kmax: amorphous Fe6a
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S. Fourier deconvolution of the second and fifth lines of
the Mössbauer spectrum of amorphous Fe V fl osii shown
in Fig, 3b. Notation as before, SDC(v) is shown for dif-
ferent kmax values: 5.36 s/mm (d) and 1O.73 s/mm (e). The
hyperfine field distribution calculated from the decon-
voluted Upectra is also shown for the different kmax
values: 5.36 s/mm (continuous line) and 1O.73 s/mm (dashed
line) (f), respectively

608



[tí
_ pírt

'» I

80 160 240 320 HlkOe} AOO

v [mm/s!

Fig. 9. Hijperfine field distribution of F<s gV. B. Si . obtained
by the binomial distribution method (histogram) compared
to that obtained by Fourier deconvolution with kmax »
= 5.36 s/mm (dashed line) (a). The fit of the spectrum
obtained by the BD method is also shown (b)
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i s rv|mm/»|
174

fig. ÍO. Fourier deconvolution of the room temperature Mössbauer
spectrum of amorphous Zr^Fe. Notation as before. SDQ(V)
is shown for different kmax values: 16.03 s/mm (d) and
21.37 s/mm (e)
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Fig. Ji. Quadrupole splitting distribution of amorphous
obtained by the BD method (histogram) compared to those
obtained by Fourier deccnvolution with kmax = 16.03 s/mm
(dots) and with kmax = .11.37 s/mm (continuous line) (a).
The fit of the spectrum obtained by the BD method is
also shown (b). The insert shows S^d(v) as obtained
from the Fourier transformation (continuous line) and
calculated by assuming linear correlation between Q and
IS as explained in the text (dots)
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Fig. 12. Fourier deconvolution of the room temperature Hossbauer spectrum of amorphous
fe Zr... Notation as before. S„„(v) is shown for k = 18 .70 s/mm (d)?u *u DC max



v|mm/s|

Fig. 13. Quadrupole splitting distribution of amorphous Fe^oZrjo
obtained by the BD method (the two histograms illustrate
different samplings) compared to that obtained by Fourier
deconvolution with kmax = 18. 70 s/mm (continuous line)
(a). The fit of the spectrum obtained by the BD method
is also shown (b). The insert shows SZ^(v) as obtained
from the Fourier transformation (continuous line) and
calculated by assuming linear correlation between Q and
IS as explained in the text (dots)
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Fig. 14. s° (k) is the odd part of the Fourier transformed
second and fifth lines of the spectrum of amorphous
Fe
fíg

Coto
Bi2S* to (*)' rile od<* P a r t o f the deconvoluted

Fourier transformed spectrum is s%c (k) (b) and after
the back-transformation of s^a(k) the odd part of the

deconvoluted spectrum is S<fi&£(v) (c) . Here kmax=9.42 s/rm
was used

614



0.09

0.06

0.03

0

-0.03

-0.06

s o d d l»<í

-21.37 -10.68 0 10.68
k Is/mm)

o.

0.24

0.16

0.08

0

•0.08

-0.16

DC ' '

-21.37 -10.68 0 10.68
kis/mm)

-3.74

21.37

21.37

3.76

Fig. IS. Odd part of the Fourier deconvolution of the Mőssbauer
spectrum of amorphous Zr^Fe. Notation as on Fig. 14.

= 21.37 s/mm was used
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Fig. 16. Odd part of the Fourier deconvolution of the Mössbauer
spectrum of amorphous Fe9oZr10. Notation as on Fig. 14.
kmax = 18.7O s/mm was used
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AMORPHOUS AND MICROCRYSTALLINE MATERIALS IN ARCHAEOLOGY

Katalin Takács-Biró

Hungarian Geological Institute
H-1142 Budapest, Népstadion ut 14, Hungary

ABSTRACT

Potentials of nuclear material testing methods applied to archaeo-
logical research and the resultant historical implications are
focused on. Special regard is given to certain rock materials
which play a most important role in the study of the earliest
trading activity, and, to natural and artificial glass materials
and glaze utilized or produced by man. In the summary of the Hun-
garian results attained in the archaeometrical examination of
amorphous and microcrystalline materials, non-nuclear analyses
are also included.

INTRODUCTION

With the application of modern material testing methods we

can obtain valuable historical information on archaeological ma-

terial, which is impossible to reach by the mainly descriptive

and comparative methods of traditional archaeology alone. These

\ historical factors Include the age of the discovered site, its

subsistence system, the level of technology and the raw materials

; collected, mined or imported. Thus these modern methods of analy-

sis enrich our knowledge with important facts concerning ancient

economics and social history [1].

Among the material testing methods nuclear analysis has a

distinctive role in archaeology: on the one hand, utilizing phe-

nomena due to natural radioactive decay processes, while on the

other hand, activation analyses provide information on further

topics of interest such as dating, chemical composition, proveni-

ence studies, etc. From the wide scale of nuclear analyses appli-

ed to archaeological materials those generally performed on amor-

phous and microcrystalline materials are summarized here. As no

nuclear analysis on these materials has been reported from Hun-

gary, in this paper the present state of the art of Hungarian nu-

clear analysis as applied to archaeometrical studies in Hungary
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is summarized, as well as results and trend of amorphous and mic-

rocrystalline archaeological material testing by other methods

(see Tables 1-3). I would also like to point out existing inter-

disciplinary and inter-institutional connections which are essen-

tial for exploring the potential of archaeometrical research.

AMORPHOUS AND MICROCRYSTALLINE MATERIALS IN ARCHAEOLOGICAL FINDS

Among the non-organic materials occurring on archaeological

sites stone artefacts were the first to appear. The majority are

formed of microcrystalline and amorphous silices, igneous or sedi-

mentary types, and occasionally natural glasses, like obsidian,

pitchstone or tektites. These rock materials have been in use

even in our century at: different places as gems tones,, firestone

or gun-flint. We can say these materials have followed human evol-

ution. Man-made glasses are known from the Illrd millenium B.C.

[2]. Artifical glass serves as raw material for beads and vessels,

decorative articles and various commercial articles. We should

classify glaze and enamel here as well. Some fine ceramics also

reach a grain-size value that can be conventionally labelled "mic-

rocrystalline1' in the petrographical sense.

Because of the historical importance of stone implements and

the amount of information obtainable, artefacts made of lithic

materials deserve special attention. The typological method used

as a primary approach for dating and classifying stone tools

characterizes the item macroscopically [3], while microscopical

and scanning electronmicroscopical examination can give informa-

tion on how the tool was used and the group of materials on which

it was used such as skin, wood, bone, etc. [4]. For a more exact

and less subjective dating of chipped stone artefacts, thermolu-

minescent dating of burnt flint, obsidian hydration rind measure-

ment and fluorine diffusion measurement are being performed in ar-

chaeometrical practice [5]. These processes are still in an ex-

perimental stage, but as they immediately date the artefact it-

self, their importance is likely to increase in the near future.

Obsidian hydration rind measurements, using high resolution nu-

clear analysis, can be 'regarded as a routine means of "absolute"

chronological measurements [6].
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The provenience of the raw material of stone implements can

demonstrate the "circle of connections" in a broad sense, includ-

ing navigation facilities in some instances [7]. In the case of

holocrystalline polished stone tools, thin section examination

under a polarization microscope can be enough to identify the geo-

logical source of the raw material. In sedimentary rocks, micro-

fossilia can help in provenience studies, if circumstances of

fossilization were favourable [8]. Localization of the geological

source of amorphous and microcrystalline materials, however, is

not possible petrographically, except for that case when small

fragments of the mother rock survived on the border of the archae-

ological samples (cortex). Thus, source identification is general-

ly accomplished by the examination of the chemical composition,

mainly minor constituents and trace elements. For this purpose,

neutron activation has proved to be optimal [9] in the case of a

limited territory and a restricted number of geological sources.

Besides neutron activation, a wide range of spectroscopic methods

are applied to different kinds of lithic raw materials for source

location, including optical emission spectroscopyv atom absorp-

tion spectroscopy, X-ray flourescence, Mössbauer spectroscopy,

etc. [10]. The electron microscopic study of the texture of rocks

seemingly amorphous for the optical microscope seems promising

both by transmissional electron microscope and scanning electron

microscope.

For the identification of the geological source we can make

use of the geological age determination by radiometrical dating,

fission track dating (FTD) or thermoluminescence (TL) measurement.

Fission track dating has already been applied to obsidian source

location [11], Annealing processes, however, can distort TL and

FTD value, although if the temperature of the burning was suffi-

ciently high, archaeological dates can be obtained. Imperfect

burning can cause intermediate values that are very difficult to

interpret [12].

Most of the above described methods can be applied to arti-

ficial glasses as well, for similar purposes. In the case of man-

-made glasses knowledge of the main components is always essen-

tial for studying production techniques as well as colouring ma-

terials [13]. In dating glass objects, fission track analysis was
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successfully performed on high U bearing glasses [14]. Thermolu-

mlnescent dating, in its present form, is elaborated for crystal-

line samples, but the method can be extended to glass as well

[15]. Trace element determinations are generally performed on

beads (faience, glass paste) for determining their local or alien

origin [16]. Among the additional materials utilized in the

course of glass-making, lead can be located by mass spectrometry

[17].

RESULTS OF THE ARCHAEOMETRICAL EXAMINATIONS ON AMORPHOUS AND

MICROCRYSTALLINE MATERIALS IN HUNGARY

Presently there are only a few instance of archaeometrical

application of nuclear methods in Hungary. These analyses were

performed on bone, ceramics and metal, aimed at chronological,

climatic, technological results and ancient workshop-distribution

studies [18]. Among the amorphous materials, neutron activation

analysis was performed on a considerable number of Hungarian ob-

sidian samples at Bradford University, England, comprising about

200 samples of the Hungarian and Slovakian obsidian from geologi-

cal and archaeological sources [19] . As a result of their analy-

ses the authors of the paper could differentiate two independent

source regions in the Tokaj-Eperjes Mountains, and at the same

time separate the Carpathian sources from other obsidian-quarries

of Europe. These examinations should be continued as additional

obsidian sources were probably exploited in the Carpathian Basin

[20]. Source location of the Hungarian obsidian was attempted by

fission track analysis as well [21]. These examinations were per-

formed on two samples only, from uncertain archaeological sites,

and their results contradict our present state of knowledge on

the geological age of our obsidian sources. Therefore these exam-

inations are bedly in need of revision, possibly by cross-check-

ing w4.th K/Ar dating [ 22 ].

Archaeometrical examinations published in Hungary concerning

instrumental examination of amorphous materials have been mostly

concerned with beads, applying chemical analysis for main compo-

nent determination and polarization and heating microscope for

622



textúrái and technological characterization [23], and optical

spectroscopy for the determination of colouring materials [24].

For classifying lithic raw materials thin section examina-

tion is generally used, but for location of the quarry this

method is not sufficient [25]. Application of an X-ray diffracto-

meter was also attempted [26], but this method is not suitable

for the examination of amorphous silica. Microstructural examina-

tions for source location are promising: Takács has successfully

applied the transmissional electron microscope in the separation

of opal varieties coming from different geological sources [27].

Adequate solution of the source separation problems can be ex-

pected from the exact determination of the chemical composition,

especially trace element composition, of the individual rock

varieties characteristic of a given source area. In cooperation

between the Hungarian Geological Institute we intend to collect

a representative set of the silica and natural glasses utilized

in prehistory, in conjunction with the examination of lithic ma-

terials from Hungarian archaeological sites. Presumably, charac-

terization studies will be performed separately on rocks of dif-

ferent origin and petrographical characteristics to obtain opti-

mal results. Nuclear methods can play a very important role in

this study.

Radiometrical dating in Hungary is elaborated for organic

materials [29] and rock samples of geological interest [30].

These methods, applied to igneous lithic raw materials, can serve

as a further basis of source identification. Archaeological dates

can be obtained from the study of time-dependent diffusion pro-

cesses. Among these, we are working on the application of obsi-

dian hydration dating to Hungarian chronological problems.
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Table 1
Archaeometrical study of natural glasses

Means and methods

typological
examination

microscope

polarization
microscope
thin section
examination

transmission
electronmicroscope

scanning
electronmicroscope

wet chemical
analysis

optical emission
spectroscopy

atomic absorption
spectroscopy

X-ray fluorescence

energy-dispersive
X-ray spectroscopy

neutron activation
analysis

Mössbauer
spectroscopy

mass spectroscopy

15N profiling

Phenomena utilized,
basis of archaeological

Information

traces of use

microstructure

obsidian hydration

fission - track dating

micros tructure

traces of use

fission - track dating

obsidian hydration

microstructure

main components

minor constituents,
trace elements

main components

main components,
minor constituents

main components

trace elements,
minor constituents

K/Ar dating

obsidian hydration

Archaeological
Implications

dating
production technique

technology

dating

geological dating
source location

technology

geological dating
source location

dating

source location

source location

source location

source location

source location

source location

source location

geological dating

dating
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Table 2

Archaeometrical study of artifical glasses

Means and methods

microscope

polarization
microscope
thin section
examination

heating microscope

wet chemical
analysis

optical emission
spectroscopy

neutron activation
analysis

mass spectroscopy

Phenomena utilized,
basis of archaeological

Information

glass layer counting

fission - track dating

microstructure

thermal qualities

main components

minor constituents,
trace elements

trace elements,
minor constituents

lead isotope
composition

Archaeological
1mpl1catIons

dating

dating

production technique

production technique

additives
workshop-

-distribution
studies

colouring materials

source location

source location
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Table 3

Archaeometrical study of amorphous and
microcrystalline silices

Means and methods

typological
examination

microscope

polarization
microscope
thin section
examination

scanning
electronmicroscope

transmission
electronmicroscope

X-ray diffraction

optical emission
spectroscopy

neutron activation
analysis

thermoluminescent
dating

nuclear magnetic
resonance

Phenomena utilized,
basis of archaeological

Information

traces of use

microstructure
microfauna

microfauna

microstructure

crystalline phase

minor constituents,
trace elements

trace elements,
minor constituents

natural radiation
dose

fluorine diffusion
measurement

Archaeological
Implications

dating
production technique

technology

source location

source location

source location

source location

dating

dating
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MÖSSBAUER AND INFRA-RED SPECTRA OF SOME ALKALINE EARTHS

PHOSPHATE AND BORATE GLASSES

N.A. Elssa, E.E. Shalsha, A.A. Bahgat

Physics Department, Faculty of Science, Al-Azhar University,
Nasr-City, Cairo, EGYPT

MÖssbauer and infra-red spectra were measured for a series

of alkaline earth phosphate and borate glasses with mole% com-

position (100-x) P2O5 + x MeO + 5 SnO2 (where Me = Mg, Ca, Sr or

Ba and x = 20, 24, 28 or 32). The results were analyzed as a

function of glass composition and tin atoms valence state. The

decrease in the isomer shift (IS) value with the increase of the

alkaline earth oxide content was attributed to an increase in

the ionic strength of bonds around the tin ions. The increase of

the guadrupole splitting (QS) and the line width (LW) values

with the gradual increase of alkaline earth oxide content were

attributed to be due to an asymmetric and irregular distribution

of alkaline earth ions around the tin ions. There is non-signifi-

cant variation between these parameters when it was compared for

both phosphate and borate glasses* The asymmetry in the absorp-

tion peak is due to Goldanskii effect. The tin was found only in

the guadrivalet state. The effect of tin on the infra-red absorp-

tion peaks was also studied and the different phosphorous groups

were determined.
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NEGATIVE PION - A NEW NUCLEAR PROBE i
IN MATERIAL RESEARCH '

DezsS Horváth, Valentin I. Petrukhln*
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H-1525 Budapest 114, P.O.B.49, Hungary

*Joint Institute for Nuclear Research, Dubna, USSR
Moscow, Head Post Office, Box 79, USSR

ABSTRACT

The formation and decay of plonlc hydrogen atoms are discussed,
with special emphasis on the information available from pion
capture measurements concerning the physico-chemical environment
of hydrogen atoms in complex systems.

INTRODUCTION

In addition to positronium and muonium there is a third

exotic hydrogen isotope providing physico-chemical information:

the pionic hydrogen atom; , pll". This short-lived exotic atom is

formed when negative pions are stopped in a sample containing

hydrogen. The decay of pll~ atoms can be observed by detecting

[1] the two high-energy (~70 MeV) photons from the charge-ex-

change reaction

plT •*• nü° (1)
•+2Y

Several reviews have been written on the investigation of

pionic hydrogen atoms [1-4], review [4] contains an extensive

bibliography on the "plon chemistry" papers published prior to

1980. In the present paper a brief summary is given on the prob-

lems of formation and decay of pionic hydrogen atoms and on the

chemical and solid-state information provided by them.
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EXPERIMENTAL SET-UP

The method of pionic hydrogen measurements was developed by

V.I. Petrukhin et al. [1,5,6] in JINR, Dubna (USSR) at the 680 MeV

synchrocyclotron. The fast (80 MeV) negative pions are slowed

down in the scintillation counters (Fig. l) and a beam degrader

of variable thickness and finally reach the target where a part

of them is stopped. The photons from the 11° decay are detected

by total-absorption íerenkov counters. If the thickness R of the

degrader is altered, the H° yields from reaction (1), N (R),

can be measured as a function of the pion beam energy. For hydro-

gen containing samples, N (R) consists of a peak corresponding

to the various numbers of pions stopped in the target at various

degrader thicknesses and a more-or-less linear background (Fig.2).

For hydrogen-free samples (except He) the peak is absent (Fig.3),

showing thereby that the charge-exchange reaction of stopped

pions has an extremely low probability for all nuclei except H

and 3He.

The probability W that in a system X containing hydrogen

atoms the stopped negative pions are absorbed in protons can be

estimated by a relative method: by comparing the counting rates

of neutral pions from reaction (1) in sample X and in a standard

target, e.g. in pure hydrogen (Wo =1) or in lithium hydride

(WLlH=0.035+0.004).

FORMATION AND DECAY OF pJI ATOMS

According to the generally accepted concepts the life story

of pionic hydrogen atoms in a compound Z H (Z denotes both the

element and its atomic number) can be described in the consecutive

steps [1-4] of (1) slowing down of the fast pion; (2) Coulomb

capture in a highly excited molecular orbit zmH_n~; (3) transi-

tion to an isolated pFI~ atomic state; (4) deexcitation of the II~

atom with simultaneous pion capture by proton or pion transfer

to other atoms.
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The laws governing the processes of Coulomb capture and

pion transfer have been investigated by Petrukhin et al. in

mixtures of hydrogen and hydrocarbons with noble gases [4] and

all processes of step (4) were found to proceed in the collisions

of pll" atoms with other atoms.

PHYSICO-CHEMICAL INFORMATION

The pionic hydrogen atom - in addition to its interest as

an exotic hydrogen atom with strong interaction between the con-

stituent particles - is an extremely sensitive tool for obtaining

information on the bond properties of hydrogen in various com-

pounds. The probability W that in a system with bound hydrogen

atoms a stopped pion will be absorbed by a proton is closely re-

lated to the bond covalency of hydrogen. The experimental facts

supporting this idea has been described in [1-6]. Let us summa-

rize here for example some results concerning the 0-H bond.

In strong OH acids the probability W of pion capture is

lowered in accordance with the autoprotolysis constants of the

acids. The changes of W observed in the OH bases can be attri-

buted to changes in the effective charges on the OH radicals

due to coordination.

The temperature dependence of the probability W in water

(Fig. 4) follows the trend of hydrogen-bond breaking [7j. The

probability of pion capture by protons increases with increasing

water temperature showing, in agreement with the theoretical

estimations, that the electron density on the involved proton

decreases when a hydrogen bond is formed.

The coordination of water molecules in aquacomplexes, as

shown by the pion capture study of 31 crystalline hydrate samp-

les, leads to a substantial reduction of the probability of

pion capture in the hydrogen atoms of water [8]. The reduction

values show the influence of both the cations and the anions.

In all cases the changes, observed in the probability of

pion capture by protons, considerably exceed the effects expec-

ted by electron density considerations. For example the theore-

tical calculations performed by various methods predict a change
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0.04 e" in the electron density on the proton involved in the

formation of the hydrogen bond in the H-O-H ... OH, dimer while

the W probability of pion capture measured in water doubledwhen

the water sample was heated from an ice state (no H-bond broken)

to the supercritical one (all H-bonds broken).

POSSIBLE APPLICATIONS

The pion capture method can be applied for the study of the

hydrogen states in a system when (i) a sufficient amount of hy-

drogen (0.1 to 1 g) is contained in the sample depending on the

experimental conditions and (ii) there are no wild changes of the

chemical composition between the samples to be compared. Prob-

ability to is not sensitive to changes in the density of the sample

or to solld-liquid-gas phase transitions if changes in the chemi-

cal bond of hydrogen are not involved.

As shown above the systems with hydrogen bonds or coordina-

ted H-containing ligands are suitable for pion capture experi-

ments. Here we can mention, as a special example, the metal-

ammonia systems and the ferroelectrics with H-bonds.

The pion capture method may also be used in the research

of metal-hydrogen systems (for example for the clarification of

the bond properties of hydrogen in the various lattice gas sta-

tes in some non-stoichiometric metallic hydrides as NbH ).
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Fig.l. experimental set-up for pionic hydrogen measure-
ments [6]. Mj, M,, M3 - scintillation detectors
monitoring the plon beam, D-beam degrader (moder-
ator/, r-target, Cj and C% - total-absorption
Serenkov detectors

635



Fig.2. n"YY coincidence counting rate vs degrader thickness
S measured in LiH and crystalline hydrate samples
[4]. The peak posi*:ons correspond to pion-stop
maxima
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Fig.3. II Y Y coincidence counting rate vs. degrader

thickness R measured in various elements [<*].
For copper the single photon yields are also
presented indicating the location of the pion-
stop maximum
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ABSTRACT

Positron lifetime spectra were recorded and evaluated in mixtures
of Zn+s and Zn+Se ground for various periods. The intensity of
the long lived positron lifetime component is shown to increase
with time of grinding until a sudden decrease takes place at a
specific grinding time thereby indicating the onset of the effec-
tive chemical reaction. The suitability of positron annihilation
for investigating mechanochemical reactions is clearly demon-
strated.

INTRODUCTION

In the last decade positron annihilation methods have become

immensely important in terms of their application is solid state

research fields, in chemistry, and recently they have started to

be regarded as a suitable tool for applied research. There is

now no measure of doubt that positron techniques can be utilized

advantageously to study defects, dislocations, or other types of

structure imperfections due to the high probability that these

will act as positron trapping centres [1]. The trapped states

mean the opening of new annihilation channels specified by the

characteristic parameters of positron annihilation (lifetime,

shape of the angular correlation curve and energy distribution

of the annihilation y-rays). In many cases the annihilation of

positrons from "surface states" may also play an important role
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enabling one to draw interesting conclusions regarding surface

properties. These studies are of great interest from the view-

points of technical and technological application of materials

with high specific surface. Such is the case with, for example,

solid-state chemical processes.

The aim of this work was to investigate the kind of informa-

tion achievable by positron lifetime measurements for studying

chemical interactions between Zn+S and Zn+Se taking place in the

solid state in powder-like samples, ground for different times

in rolling mills.

EXPERIMENTAL

The sample components were mixed in quantities corresponding

to the stoichiometric composition of the expected products of

the mechanochemical syntheses.

A vibration ball-mill (JCM-1, GDR) was used to prepare the

samples. The grinding took place at room temperature in an Ar

atmosphere for different period's.

The free S- and Se-content indicating the changes in phase

composition during the grinding process can be determined by

conventional chemical methods. In Fig.2. a qualitative picture

of chalcogenid content in mixed powders vs. grinding time is

shown [2].

The positron lifetime measurements were performed using

a lifetime spectrometer based on XP 1021 photomultipliers with

NE 111 plastic scintillators and ORTEC electronics. The system

was optimized as described in [3], the time resolution was de-

termined by Co source being 330 ps in FWHM (Fig.l). The lifetime

spectra were evaluated by the POSITRONFIT EXTENDED f 4] program.
22 5

As source NaCl of 5.10 Bq activity was used, evaporated on

thin fiostaphan foils; the source was put inside a copper capsule

filled with the powder to be measured. The thickness of the sample

in the sandwich-type arrangement was sufficient to ensure that

annihilation took place in the powder (and not in the wall of the

capsule).
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RESULTS

Measurements of positron lifetime were performed on all the

samples. No significant difference was found between lifetime

data of samples ground recently and those ground earlier. This

shows that no chemical process takes place in the samples even

during years of storage.

The lifetime spectra were fitted for two components. The

first component comes from free annihilation in the bulk material

and from annihilation in single trapping centres. The second

component indicates positron annihilation in large trapping

centres existing possibly on the surface of the grains. Figures

?. and 4. show the T,, r. and I- values as functions of the grind-

ing time in the case of stoichiometric compositions of Zn+S and

Zn+Se. With increasing grinding time the density of vacancies

in the crystal lattice of the components increases. This can be

seen from the behaviour of the first lifetime component in

Fig.3a. The lifetime of the second component indicating large

void-like trapping centres on the surface of the grains increases

with increasing grinding time too. Then a sudden change appears

in all the parameters. The same behaviour can be seen for par-

ameters of the Zn+Se mixture (Fig.4). Experimental points at the

site of the transformation were measured three times and the

average of results obtained is shown in the figures. The sudden

decrease in I 2 and the increase in T 2 at the same time indicates

that the density of trapping centres decreases while the size of

these trapping centres increases. This phenomenon may be related

to the chemical reactions between Zn+Se.

CONCLUSIONS

Mechanochemlcal reactions, i.e. reactions that are not

thermally activated, have a complex nature which is not yet

fully understood. It is known, however, that the mechanochemical

synthesis of some metalchalcogenides exhibits an explosive char-

acter accompained by light-, sound-, and temperature effects

[2]. This explosive phenomenon might be interpreted in the
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following wayt during the mechanical treatment energy is accumu-

lated in the system. In some cases this metastable state can

exist for quite a long time before an explosive process takes

place with extremely increased reaction velocity. Positron anni-

hilation lifetime measurements show that this explosive process

takes place after about 5 hours grinding for Zn+Se and after

about 13 hours grinding for Zn+S.

In this paper we have shown that positron lifetime measure-

ment is suitable for tracking mechanochemical reactions; such

reactions are in the focus of interest because of their importance

in technology.
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Fiy.l. Positron lifetime measuring set-up with
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The start of the effective chemical

reaction depends on the Initial disptrsity

of the samples
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Fig.2. Qualitative picture of chalcogmnid con-
tent vs. grinding time
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ABSTRACT

Mössbauer spectra of Co in dilute frozen aqueous solutions of
"coCl 2 and in 0.11 at % frozen aqueous solutions of C0CI2 with
and without glass fromer have been studied. The spectra reveal
the presence of a small fraction of Fe 3 + ions besides the Fe%+
as a consequence of the Auger cascade following the electron cap-
ture. The addition of glycerol to the 5 7CoCl 2 solution resulted
in decreasing the fraction of Fe 3 +. The quadrupole splitting of
the ferrous ions was found to be less by 13 % than that of the
Fe(H20)g+ complex as measured in absorption geometry. This is
suggested as being the consequence of the autoradiolysis of water
molecules resulting in a metastable state of the complex.

INTRODUCTION

After-effects of Co electron capture decay have been

observed in various kinds of hosts. The results have been inter-

preted in terms of different mechanisms. Auger cascades lead to

highly ionized daughter iron ions which may be neutralized by

the transfer of electrons from neighbouring atoms in the molecule.

The electrostatic repulsion drives the positive charges to the

periphery of the molecule. The charge distribution may produce

a strong Coulombic repulsion between the atoms in the molecule

leading to its explosion (explosion model) [11. The Auger electrons

and X-rays radiolyse the ligands to ions and free radicals. Oxi-

dizing or reducing radicals ensure the stabilization of the

aliovalent ions through the reaction with the central metal ion

(radiolysis model) [2]. In a previous paper {3] we have shown that

in ferrous perchlorate and tetrafluoroborate hexahydrate complexes

having a known phase transformation the autoradiolysis model is
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appropriate. Here we present a Btudy of the mechanism of after-

effects of Co in frozen aqueous solutions (FAS) of CoClj.

SAMPLE PREPARATION

57CoCl2 was prepared using 0.15 ml
 57CoCl (37 MBq activity)

being dried almost completely and then diluted by 0.2 ml of O.OOl

n HC1. The solution was put into a holder with a teflon middle

ring and two Terylene foils. Then the solution was solidified

by immersion in liquid nitrogen. CoCl-fCoCl-) was prepared

using 14.5 mg CoCl2.6H20 dissolved in 1 ml distilled water and

mixed with 0.08 ml 57CoCl2 solution with an activity of 18.5 MBq.

Two further samples with 50 vol % glycerol added were prepared

as well.

RESULTS

The CoCl2 FAS was measured after solidification at liquid

nitrogen temperature. The same measurement was made with the

CoCl2(CoCl-) FAS. The Mössbauer emission spectra are shown in

Fig. 1 and the parameter values are listed in Table 1. Mössbauer

emission spectra and parameters measured on the glycerol added

samples are shown in Fig. 2 and Table 2, respectively.

DISCUSSION

The emission spectra show a significant decrease in the

Fe + quadrupole splitting (13 %) relative to the absorption case:

AErt(em)=2.86+0.04 SES , AEri(abs)= 3.30+0.05 — [4], The Mössbauer
u — s u — UJS

spectra also show a small fraction of Fe which means the par-

tial change of the oxidation state with respect to the cobalt

parent atom.

Using 50 % glycerol of the solution volume as a glass former

no change could be observed in the quadrupole splitting and

isomer shift of Fe within the limits of experimental error.
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The quadrupole splitting of the absorption spectra of the FAS of

ferrous cunpour.Js shows sliyht deviations (0.2^-p); there are remarkable
s

differences in the AE_ values measured on pure crystalline hy-

drates [5l. For emission spectra of FAS such small differences

may also appear, but as a result of the line broadening they

cannot be observed.

The only effect of adding 5O % glycerol was that the rela-

tive fraction of iron (III) decreased significantly. In the hy-

drates of Co compounds a regular increase of the proportion of

ferric ion with hydration number was observed [6], This is ex-

pected from the autoradiolysis model. The radicals originating
2+ 3+

from H20 ligands will oxidize Fe and thus stabilize Fe ions.
The reaction

Fe 2 + + OH -* Fe3+ »• 0H~

is a well known process in radiation chemistry [7]. The increase

in the yield of Fe with the number of H2O ligands in the nearest

coordination shell is due to the higher density of the oxidizing

radicals.

In conventional radiolysis experiments the presence of

alcohols in aqueous solutions of ferrous salts is known to in-

crease the yield of Fe ions by about a factor of 3 [7]. This is

explained by the assumption that OH radicals produce organic

peroxy radicals rather than oxidizing Fe . The peroxy radicals

will, in turn, oxidize three Fe ions:

RH +

R +

R02

R02

RO2H

H+
 +

OH -

°2 -

R + H

RO,

+ F e 2 + •»• Fe

• H+

+ Fe

Fe2+

•+ RO 2H

2°

3 + • R

2 + + RO + OH

+ RO •* ROH

°2

" • Fe3+

+ Fe
3+

In this case RH denotes glycerol.

The observed decrease in the ferric yield seemingly contradicts

the above expectations. Taking it into account, however, that
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- the above model is applicable to frozen solutions only to a

limited extent since it supposes a strong diffusion of the R

radicals thereby enabling them to oxidize three Fe ions;

- the first reaction decreases the direct Fe yield by depriving
2+Fe ions of OH radicals while the other reactions are certainly

much slower and are complete only beyond the Mössbauer lifetime?

- the produced peroxy radicals do not necessarily oxidize the
2+same Fe ion to whose ligand sphere the OH radical belonged;

one expects in fact a decrease in the ferric yield on adding

glycerol to the solution. This result shows that glycerol mol-

ecules enter at least the second ligand sphere of the metal ion

thereby affecting considerably the first ligand shell.

The decrease of AEQ can be explained as a result of a mate-

stable intermediate state of the molecule produced by the auto-

radiolysis of the surrounding water ligands i.e. by the formation

of a transient form of Fe(H2O)g
+ [3].

On increasing the concentration of CoCl- in water a slight
3+

increase of the Pe fraction is observed. Although the quenching

procedure shifts the effective salt concentration towards higher

values [4] the final concentration is expected to follow the

initial concentration of the solution. In the light of this, the

increase of the Fe fraction might be attributed to the increased

concentration of Cl ions. If these anions are radiolysed,

Cl •+ Cl + e , the nascent chlorine may contribute to the oxidiza-

tion of the Fe . In constrast to this, an increase of the CoCl2

concentration in the water/glycerol solution seems to decrease

the Fe fraction. This point needs further clarification.
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Table 1

2+
Quadrupole splittings, isomer shifts, line widths, and Fe frac-
tions obtained from emission Mössbauer spectra of 5'CoCl2 and
57CoCl2(CoCl2) frozen aqueous solutions at T=88 K. The upper 3 +
values of AEQ and IS are related to Fe 2 +, the lower ones to Fe

57COC12

57CoCl2(CoCl2)

AHQ(S=>

2.86+0.

1.06+0.

2.72+0.

1.10+0.

04

06

04

04

s

-1.30+0.02

-0.38+0.04

-1.31+0.2

-0.35+0.04

n

0.

0.

s

91+O

78+0

.04

.04

Fe 2 +

66

57

%

%

%

Table 2

2+ frac-Quadrupole splittings, isomer shifts, line widths, and Fe
tions obtained from emission Mössbauer spectra of 57CoCl2 and
^7CoCl?(CoCl2) frozen aqueous solutions with 50 vol. % glycerol
idded at T=88 K. The upper v " *" — J --' '

1", the lower ones to Fe3+.
added at T=88 K. The upper values of AEQ and IS are related to

57COC12

57CoCl2(CoCl2)

2.74+0.04

1.30+0.08

2.72+0.04

1.24+0.08

is(ffi)

-1.32+0.02

-0.42+0.04

-1.29+0.02

-0.37+0.04

r(SE) Fe 2 + %

0.86+0.04 83 %

0.79+0.04 92 %
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n i 5 7 CoCI 2

*CoCI2(CoCI2)

5 4 3 2 1 0 - 1 - 2 - 3 - 4 - 5

Fig. 1. Mőssbauer emission spectra for frozen aqueous solutions
of *'CoCl3 and 57CoCl2{CoCl2) at T-Sfl K.
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Fig. 2. Mössbauer emission spectra for frozen aqueous solutions
of 57CoCl and 57CoCl (CoCl.) with 50 vol % glycerol
added at T=88 K.
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ABSTRACT

The influence of the transition metals T=Ti, V, Cr, Mn, Co, Ni,
Ru, Os, Pd on the Mössbauer characteristics and corrosion resis-
tance of Fe8oT3Bl7 metallic glasses was studied. It was found

that the additives improving magnetic properties decrease corrosion
resitance and vice versa. The changes of the isomer shift are in-
terpreted in terms of changes of the electronic structure caused
by alloying with transition metals.

INTRODUCTION

FeB metallic glasses are important model materials as well

as the bases of a class of alleys for possible applications. For

an improvement of their properties the effect of additives - es-

pecially a second transition mstal component - is to be studied.

In an earlier paper the effect of 3 at.% of transition metals on

the magnetic properties and thermal stability of nearly eutectic

FeB metallic glasses was studied [1]. It was shown that Co and Ni

increase, the 3d elements left from iron decrease the Curie tem-

perature and room temperature magnetization. The changes of the

coercive force were studied as well.

In this paper the study of practically important properties

was extended to corrosion resistance. A similar study on Fe, B

.metallic glasses was published earlier [2]. A substantial increase

of corrosion resistance was found as a function of the increasing

boron content. The effect of processing parameters and annealings

was studied as well.
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To learn something about the electronic structure of these

materials room temperature Mössbauer measurements were carried

out. The changes of the average hyperfine field and hyperfine

field distribution can supply information about the local magnetic

properties. Isomer shift - as a unique probe of the electron den-

sity - can be useful to interpret magnetic properties as well as

corrosion behaviour.

EXPERIMENTAL

Glassy ribbons of 2 mm x 20 pm in cross section were pre-

pared by the melt spinning method. The concentration of the samples

was analysed by the atomic absorption method.

The Mössbauer spectra were recorded by a "Range Electronics"

constant acceleration Mössbauer spectrometer using Co in Pd
Q

source of 2 x 10 Bq activity. The spectra were evaluated by as-

suming a binominal distribution of hyperfine fields [3]. The in-

tensity ratio was about 3:3:1:1:3:3 in each case except Ti and V

which cause a change in magnetic anisotropy towards a random dis-

tribution of magnetization directions. The average hyperfine field

(H), the width of the hyperfine field distribution /as measured

by the means square deviation of the component hyperfine fields

from the average, 6/ and the average isomer shift (6) is collected

in Table I. The average magnetic moment per transition metal atom

(y) and the Curie temperature (T ) is taken from Ref. [1].

Anodic and cathodic polarization curves were measured in a

1 mol/dm NaClO. water solution saturated by air (Fig. I). As can

be seen the cathodic polarization curves are practically the same.

On the other hand the anodic curves are very sensitive to the

impurities indicating that the changes of the corrosion rate orig-

inate from the changes of the anodic processes. Due to the rather

complicated shapes of the anodic curves, both the "extrapolation

method" and the "method of linear polarization" can only be used

for the estimation of the corrosion rate [2]. In order to obtain

more exact data for the average corrosion rates, we applied the
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R-eell method developed for continuous corrosion measurements of

amorphous ribbons via the indication of resistivity changes [4].

The results obtained by this technique are shown in Fig. 2.

DISCUSSION

Fig. 3 shows the change of the average magnetic moment rela-

tive to Fe83B,7 as a function of the alloying element. Co and Ni

cause a slight increase but all the others cause a strong decrease

of the magnetic moment. Although this decrease originates partly

from the decrease of the Curie temperature, the strong decrease

of the magnetization suggests an interpretation using the virtual

bound state concept [5], The 3d. states of the impurity form vir-

tual bound states whose energy can be increased to above the Fermi

level by the strongly repulsive impurity potential. In this way

the 3d+ electrons of the impurity are - at least partly - trans-

ferred to the 3 d band. If the 3d+ band has higher density of

states at the Fermi energy than the 3d+ band, these 3d+ impurity

electrons become 3d, electrons reducing the magnetization. Accord-

ing to O'Handley [5] these 3d, electrons should be located at

the matrix sites. In this way the increase of the number of 3d

electrons at the matrix atoms should result in an increase of the

average isomer shift. As it is indicated in Fig. 4 the isomer

shift decreases in each case except Co and Ni. So the electron

transfer from the impurity 3d. states into the 3d band cannot be

the only change of the electron structure caused by the 3d elements

left from iron and the 4d and 5d elements investigated.

As - contrary to the magnetic moment and the hyperfine

field - the isomer shift changes were not much larger that the

experimental erro, correction was made to the same boron concentra-

tion assuming that the boron concentration dependence found in

binary FeB metallic glasses can be used also in the presence of

transition metal impurities. The different concentrations of the

transition metal impurities were also taken into consideration

when plotting <<5-<5Fe)/cT as a function of the impurities in Fig.4.

/6 is the isomer shift, 6p is the isomer shift of the binary

FeB metallic glass, cT is the concentration of the impurity./
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In this way differences of 3 ym/sec could be made significatn. It

is interesting to note that the difference between the effect of

Pd and Ni is much larger than the effect of Ru. This can be caused

by a charge transfer from iron to palladium because of the large

electron affinity of the latter.

The relative width of the hyperfine field distribution is

plotted in Fig. 5. The hyperfine field at a given iron nucleus

is sensitive to the magnetic moment of that atom through the core

polarization contribution and to the neighbouring magnetic moments

through the polarization of the conduction electrons. The insen-

sitivity of the hyperfine field to Co and Ni substitution shows

that the local contribution should play the dominant role. So - in

accord with the virtual bound state model - the changes of the

iron magnetic moments close to the impurity atoms should be the

main reason why the other transtion metal impurities cause a

strong broadening of the hyperfine field distribution.

The corrosion resistance cannot be explained simply but its

correlation with the isomer shift shows that it is dependent on

the chemical state of the material. Extensive studies on the sur-

face properties and micristructure are necessary to a better un-

derstanding of corrosion behaviour of metallic glasses.

CONCLUSIONS

1. The additives improving magnetic properties decrease corrosion

resistance and vice versa. In this way only an acceptable

compromise can be looked for.

2. There is a correlation between corrosion resistance and elec-

tronic structure as shown by the isomer shift data.

3. The virtual bound state model proposed by O'Handley for CoB

based glassy alloys [5] could be used to explain the effect

of transition metal impurities. The disagreement with the

isomer shift data, however, should be lifted. More magnetic

and Mössbauer measurement especially at low temperature are

necessary to solve this problem.
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en Table 1

Room temperature average hyperfine field (H), isomer shift (ő)and width of the

hyperfine field distribution (a). The average magnetic moment per transition metal

atom (Ü) and the Curie temperature (Tc) was taken from Ref. [1]

Nominal
composition

F e8O T i3 B17

F e8O V3 B17

F e8O C r3 B17

Fe 8 0Mn 3B 1 7

F e 8 3 B 1 ?

F e80 C o3 B17

F e8O N i3 B17

F e8O R u3 B17

F e8O O s3 B17

F e8O P d3 B17

Analysed
composition

F e81

Fe ? 9

F e80

F e81

F e83

F e80

F e 8 0

F e81

.5Ti3.1B15.

,3V4.2B16.5

.7Cr3.2B16.

. 8 M n 1 6 B 1 6 i

.4 B16.

.5CO3.1B16.

.5Ni3.2B16.

.6Pd3.1B15.

5

1

6

6

4

3

3

H
[T]

23.

2O.

21.

23.

25.

26.

25.

22.

20,

22.

2

4

4

6

4

2

7

6

8

6

Ő
[T]

3.3

4.0

3.7

3.2

3.0

2.9

3.0

3.4

3.7

3.4

Ő
[mm/sec]

0.039

0.025

0.037

0.053

0.057

0.063

0.064

0.053

0.046

0.045

W

1.

1.

1.

1.

1.

1.

1.

53

31

47

57

81

82

85

TC

tK]

538

500

542

608

684
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Fig.l. Anodic and cathodic polarization
curves measured on FegQT3BJJ metallic
glasses. The electrollte was 1 mol/dm3

water solution saturated by
air

1
I

0.9 •

0.7

0.5

Cr Mn Co Nl

Fig.2. Corrosion rate as a function of the
transition metal impurity in fe-.Tjij,
metallic glasses measured by the R-cell
method. The estimated error is £.5*
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TI Ni
Fig.3. Room temperature average hyperfine field (*) and

magnetic moment per transition metal atom (x)
relative to their value for FegoBn metallic glass
as a function of the alloying element

Co N(

Fig.4. The slope of the change of the isomer shift
- (6-6Pfl)/cT - as a function of the second tran-3Fesition'metal component, T. 6 is the average
isomer shift for the metallic glass Fe83~cT

TcT
B j

6 F e f o r F e B

Os

0.12

Cr Mn Ft Co Nl

rlg.S. The relative width of the hyperfine field dis-
tribution as a function of the alloying elemet.
6 is the mean square deviation of the component
hyperfine fields from the average
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ABSTRACT

Positron lifetime measurements have been performed in aqueous

SDS (Sodium Dodecyl Sulphate) Solutions. The lifetime distribu-

tions measured by fast-slow coincidence technique have been found

to be influenced by surfactant concentration, which varied in the

range of 1.25*10

mole fractions).

range of 1.25'lO~3-3.2»lo"":L mol/dm3 (i.e. 2.27«lo"5-5.82.io"3

The lifetime of the long living component connected to positronlum

formation and decay increases with Increasing surfactant concen-

tration. Lifetime data suggest that a direct positronium-micelle

electron-exchange reaction leading to pick-off annihilation is

contraindicated.
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INTRODUCTION

As a result of intricate processes, positrons injected into

condensed media annihilate. For most of these processes the anni-

hilation of positrons takes place 0.1-0.5 nsec after having en-

tered the condensed phase. In the: case of positronium formation

however, lifetimes can reach about 1-10 nsecs.

Judging by the longer lifetimes, the experimental investiga-

tion of positronium formation and annihilation is a relatively

simple task and, as reported in many papers, this process is sen-

sitive to the changes in the electron density [1,2].

Electron density in miceliar solutions shows an abrupt

change in the vicinity of micelles. Several works are devoted to

study the effect of micellization on positron annihilation para-

meters [2-8], and connections were found between surfactant con-

centration and

a/ relative intensity [3-7] and lifetime [3] of the long lived

spectral component, and

b/ line-shape parameters in angular correlation measurements [8].

For aqueous SDS /Sodium Dodecyl Sulphate/ micellar solu-

tions relative intensity [4] and line-shape [8] data are avai-

lable* the aim of this paper to present our experimental results

concerning the complementary spectral quantity, the positron

lifetime.

MATERIALS

Laboratory purity SDS /MJ3RCK/ was carefully purified by

fractional recrystallization from saturated solutions of SDS
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in a 1:1 mixture of ethanol and benzene.

The purified material was tested partly by surface tension

measurements [9], partly by mass spectroscopic analysis of the

equilibrium vapour field of the heated solid SDS sample. The ana-

lysis carried out on an MM12 F1A type mass spectrometer led only

to 1-dodecene; the semiquantitative results showed that the puri-

fication procedure reduced it by about two orders of magnitude

compared with that measured in the original material 110].

EXPERIMENTAT.

Positron lifetime measurements were carried out on a fast-

slow coincidence apparatus composed of XP1O23 photomultipliers

and NE111 plastic scintillators. The fast timing is obtained from

ELSCINT STD N-l /snap-off/ discriminators and the energy selec-

tion is improved by a purpose-designed fast differential discri-

minator. The proper input signal range to the timing units is

selected by use of attenuators 111,121 thus a self resolution of

about 300 psec FWHM could be obtained for Co with energy

windows of about 40 %.

22
Positrons are emitted from Na atoms diffused by thermic

ion exchange into a very thin /I.2-2 mg/cm / sodium glass foil

[13]. The foil-source of about 7*10 Bq activity was introduced

into the solution to be studied.

The sample holder was a double walled Pyrex ampoule by means

of which the temperature could be stabilized to +0.5°C. All

samples were prepared by the freeze-thaw technique [13].

A stock solution was prepared by dissolving 0.32 mol/dm SDS
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in double-distilled water containing 0.15 mol/dm NaCl. Solutions

of diffefent SDS concentrations in the range of O.OO125-Q.32

mol/dm3, that is, 2.26*10 -5.82»1O mole fractions, were prepa-

red by consecutive dilutions of the stock solution with double-

distilled water containing 0.15 mol/dm NaCl.

RESULTS AND DISCUSSION

Positron lifetime spectra were computer evaluated using the

POSITRONFIT EXTENDED program [14] adjusted to IBM data base under

IBM OS operating system [15]. Evaluation procedures were carried

out assuming three characteristic spectral lines and they resul-

ted in lifetimes of about 0.2, 0.5 and 1.9 nsec. The medium life-

time is attributed to the so-called free annihilation /without

bounded positron formations/ and it is supposed to be a bulk-

effect. The first and last values are assumed to arise from the

bounded electron-positron systems of spin S=0 and S=l /para- and

orthopositronium/, respectively,and are assumed to be influenced

by the presence of micelles. Lifetimes are drawn in Fig.l and

relative intensities in Fig.2.

The reliability of our data is judged from three points of

view. First, it is characterized with the standard deviations of

results obtained from repeated measurements in double distilled

water containing 0.15 mol/dm NaCl. Results of six independent

measurements separated by at least one week are summarized in

Table 1.
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Table 1

Mean values and standard deviations of Independent positron
lifetime measurements in double distilled water containing
0.15 mol/dm3 NaCl

mean values

standard
deviations

relative st.
deviations

relative
RMS errors

m

s

s/m

Tl

0.160

0.029

0.183

0.075

44

8

0

0

h
.50

.91

.200

.082

0

0

0

0

T2

.481

.037

.078

.032

I

39.

7.

0.

0.

2

28

78

198

081

1

0

0

0

T3

.788

.070

.039

.016

16

1

0

0

I3 ,

.22

.35

.084

.034

Second, to all data fitted by the computer program a chi-

square value is assigned. In our case the chi-square distribution

function can be approximated with a Gaussian of mean value 1 and

of standard deviation 0.05-0.1. For all data published the chi-

square values are less than 1.5 and characteristically fall into

the range 0.9-1.2. /It should be noted that lifetime data vary

very slightly in a wide range of the other parameters being

fitted./

The third test for our data is the tendency of medium po-

sitron lifetimes and relative intensities, see Figs. 1 and 2; the

explanation follows later.

Unfortunately, a detailed, quantitative theory desrlbing

positron interactions in the condensed phase is not yet available

and thus our statements concerning any connection between the

components of positron lifetime spectra and the microstructure

of micellar solutions must remain qualitative.
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The results listed in Table 1 and drawn in the figures show

that in our experimental conditions lifetime data have much better

reproducibility than relative intenisities and foir this reason

relative intensities are preferably not used in making conclu-

sions. If at least two independent results are available, data

points and their RMS errors /otherwise their standard deviations

estimated on the basis of results listed in Table I/are drawn.

Spectral components T- and I. marked by (•) in Fig.l and 2

in the given concentration range have a slight dependence on the

surfactant concentration; lifetime data are constant* within the

experimental error in accordance with the expectation that the

medium spectral component arises from a bulk effect [16].

On the basis of data reported by Ache [4] a definite decrease

in the relative intensity of the long lived spectral component

vs. surfactant concentration due to the inhibition of positronium

formation is expected. Our I, data presented above show only a

slight - if any - inhibition. This deviation from the expectation

is probably due to the differences in the systems investigated

and in the evaluation conditions. Data presented in Ref. [4]

correspond to pure micellar solutions without NaCl present and in

the evaluation procedures two spectral components have been

assumed. In. a preliminary report [17] we found a systematic

decrease of the Inhibition effect whence a three-component para-

metrization of the evaluation procedures instead of a two-compo-

nent one has been applied.

In contrast with the incertainties in the relative intensity

results, lifetime data t, /marked with (A) in Fig.l/ for increa-

sing surfactant concentrations show a definite increase towards
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the lifetime of 3.2 nsec obtained at 20°C in pure dodecane [18] .

which is generally accepted aa representing the physico-chemical f

properties of the SDS micellar interior [19].

Our T, data show the same tendency in their dependence on

surfactant concentration as those determined in aqueous micellar

solutions of NaOSA /Sodium Octyl Sulphate/ and of CTAB /Hexa- ~

decyltrimethylammonium Bromide/ published by Ache [3] and are in

agreement with the early results of Lévay and Vértes [20]. This

tendency of r, data proves that pick-off annihilation is a bulk :

property and cannot be related to the micelles [21].

A hypothetical electron-exchange reaction between o-Fs and

other molecules followed by an immediate annihilation of the po-

sitron could be described as a bimolecuiar process having a rate

coefficient X given as a linear combination of the mole fractions 1

of the different type of molecules present: *

T; * * - Vm + V * + V * w
where X^, Xw and Xg are mole fractions for surfactant, water and

NaCl molecules, respectively, and A^, *w and Xfl are their partial

pick-off rate coefficients. From the reciprocal of Eq.l the re-

lative change in the lifetime ^3/^3 vs. surfactant concentration

is expressed by differentiating with respect to mole fractions;

taking it into account that as a consequence of constant NaCl

concentration in the diluting solution *9/\ " ^8f^\
 and» f o r

small surfactant concentrations,; as in the pesent case

? one gets
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AT 3 C_ X ) AX_A.
KIT WVw isrs
V
w w

X
Cl - k T*) /2/

w

V.V. SB
where k stands for both expressions 1 + v . and 1 + A'« T .

AwAw *w w
On the basis of data obtained for pure dodecane [18]

A '" (3.2 nsec)** , for NaCl solutions from Table 1

kA * Cl.79 nsec)""1, the ratio kX f\ • 1.79 and thus the rela-
n vf ill

tive change in T. at csos ** 0.32 mol/dm , that is at X » O,

Xw 3 1 and áXm « 5.82 10~
3 is given as

3
T

&K- a - k ^ ) g 5 . 8 2 . 1 O -
3 . Q . 7 9 , 2 t 5 . l o - 3 /3/

V ° Xw IT
x - * X ' T779

T

On the other hand, the measured t, data in Fig.l define a

relative change

T

T3(0.32 mol/dnT) - T 3CO) 2.1-1.79

xm«o
1 #

~ 0.17 HI

which deviates from the result of Eg.3 by about two orders of

magnitude, contradicting the assumption of pick-off annihila-

tion mechanism.
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STRUCTURAL PROBLEMS



SHORT RANGE ORDER IN THE DISORDERED
STATES OF SELENIUM-TELLURIUM MIXTURES

Robert Bellissent

Laboratoire Léon Brillouin, C.E.N.-SACLAY
91191 Gif sur Yvette, CEDEX, FRANCE

ABSTRACT

The local order of amorphous and liquid Se^ Te systems has
been Investigated by thermal neutron scattering in the concen-
tration range up to x = 0.4 for the amorphous alloy, the whole
concentration range has been studied In the liquid state.

Since the coordination number Is very close to 2 up to 50% Te,
the random chain model, used to describe the short range order
of selenium, has been generalized to Se, Te mixtures up to
x = 0.5. J.-x x

A three-dimensional model of about 1000 atoms has been con-
structed using computer calculation In order tjo Investigate the
behaviour of the dihedral angle in the chains.

Such a chain model cannot represent trivalent Te in the liquid
state. Thus, short range order of Te has been represented by a
quasicrystalline model.

1. INTRODUCTION

Altough they do exhibit in the cristalline state the same

structure characterized by an hexagonal network of helical

chains, selenium and tellurium have very different behaviour in

their disorder phases. Liquid tellurium becomes trivalent just

above the melting temperature and tends to a metallic state

while liquid selenium remains divalent up to a temperature as

high as 1173 K with the restivity of a semiconductor.

In order to study this evolution of electronic states and

local order, we hava undertaken a structual investigation of the

selenium-tellurium systems in both amorphous and liquid states,

by means of thermal neutron scattering.
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After a brief survey of the experimental arrangement we

discuss the structure factors and the pair correlation functions

corresponding to the compositions studied.

In the second part, we present a structural model which

enables us to calculate the structure factor.

The last part contains a discussion where we have tried to

emphasize the limitations occuring from both the experimental

data and the structural model.

2. EXPERIMENTAL RESULTS

2.1 Devices and procedures used

Our neutron diffraction experiments on the amorphous state

were carried out on the D4 spectrometer at the High Flux Reactor

(HFR) of the I.L.L. in Grenoble. All the measurements on the

liquid state have been performed on the H,Q spectrometer at the

EL, reactor in Saclay using a 640-cell multidetector.

Amorphous mixtures have been Investigated at room tempera-

ture from pure selenium up to 40% atomic tellurium. The measure-

ments on liquid samples have been performed in the whole con-

centration range at 748 K. Various corrections have been applied

to take into account absorption [1], multiple [2] and incoherent

scattering, and inelasticity [3]. Some of these corrections have

been generalized or developed for disordered substances [4].

Owing the use of the 640-cell multidetector at Saclay, we ob-

tained the same order of magnitude for the precision (namely a

relative uncertainty of about 2% on the various structure fac-

tors) for both the Grenoble and the Saclay measurements.

2.2 Selenium-rich range

We present in Figure 1 and Figure 2 the pair correlation

functions obtained as the Fourier transforms of the measured

structure factors for amorphous alloys up to 40 at.% tellurium

and for liquid melts at 748K up to 50 at.% tellurium respect-

ively. One can see that all these curves corresponding to the

amorphous systems present two well defined peaks at about 2.35 8
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and 3.80 8 respectively. A smaller peak also appears at approxi-

mative ly 5.75 8. The pair correlation functions corresponding to

the liquid state are very similar to the previous ones. The only

change consists of a small broadening of the peak without any

change of the values of their position. Such a behaviour suggests

to us:

i) the same kind of model can be used to describe both pure

selenium and SeTe mixtures up to 50 at% tellurium.

ii) Local order is very similar in the amorphous and the

liquid stateso

2.3 Tellurium-rich range

We show in Figure 3 the pair correlation functions of SeTe

melts at 748K from 60 to 100% atomic tellurium. We observe a

strong broadening of the second peak which finally resolves into

two different distances for the highest concentration in

tellurium. The first peak itself is broadened and shifted to

larger values of r. Such a behaviour emphasizes the strong dif-

ference of local order between selenium and tellurium and par-

ticularly, we found again a coordination number of 3 for pure

tellurium instead of the value 2 for pure selenium.

3. STRUCTURAL MODEL

3.1 Nearly Free Rotating Chain Model (NFRC)

The behaviour of the pair correlation function of amorphous

selenium with two well defined peaks at 2.32 and 3.72 R respect-

ively suggested to us that the Is and 2 n neighbour distances

are quite the same in the crystalline and disordered Btates. But

any other structure of hexagonal or monoclinic selenium has

disappeared from the amorphous correlation function. This led us

to the idea that the chain structure is still present in the

amorphous state but with a random growing of the chains which

preserves only the bond length and the bond angle as represented

in Figure 4.
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We have computed from such a model the corresponding dis-

tribution for 3r , 4 and 5 neighbour distances which are

represented on Figure 5. The 3 and 4 neighbour distributions

clearly show the secondary maximum between 5.5 and 6 8 which is

observed in the experimental g(r).

As this g(r) becomes nearly equal to 0 between the 1 s t and

2 n peaks and knowing that the coordination number of 2 for the
st *

1 peak we have forbidden any distance smaller than that of the

first minimum of g(r). This limitation led us to the name of NFRC

for the model. Its effect is only to suppress about 5% of the 4

and 5 neighbour distances in the distributions in Figure 5.

Moreover, as the 5 neighbour distribution is almost a constant,

we only take into account the five first distributions of dis-

tances in each chain and we consider as uncorrelated two atoms

belonging to different chains.

3.2 Selinium-rich mixtures

As the introduction of tellurium up to 50 at% produces only

very small changes in the g(r), we have represented all the

amorphous and liquid systems in this range using the assumption

that the chain structure is conserved and that the tellurium is

substitutional in Se type chains [5]. A mean distance d for

nearest neighbours has been evaluated by using for a couple of

atoms i and j of respective concentrations and scattering lengths

x., x. and b i # b., a statistical weight (a., equal to x.x.b.b..

The mean value for the covalent bond angle cp is deduced from the

diffusion of second neighbour atoms i and j related by a single

covalent bond to the same third atom k. Correspondingly for such

a triplet, we assume a statistical weight <•>... equal to

3.3 Tellurium range

Such a chain model cannot give a representation of the local

order of the liquid tellurium which is characterized by a coor-

dination number equal to 3. Therefore we have used for the

simulation of the tellurium a quasi-crystalline model already

used for the simulation of a trivalent system, amorphous ar-
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senic [6]. The lattice of As has been taken as a structural basis

with the assumption of a Gaussian distribution of distances

arising from collective diffusive motion and any harmonic effect.

For the tellurium rich systems we have assumed that the struc-

ture is represented by a mixture of chains, with a limiting con-

centration of 60% atomic tellurium, in a matrix of quasicrystal-

llne Te [7].

4. DISCUSSION

4.1 Selenium and selenium-rich range

We present, in Figure 6a, a comparison between our experi-

mental structure factor and a structure factor that we have

computed using the NFRC model. These two curves exhibit an agree-

ment within the experimental uncertainty. Moreover this model

allows us to take into account an experimental structure factor

obtained from a LINAC experiment by SUZUKI [8] as shown on

Figure 6b. Applying to our g(r) a narrowing of the peaks with

decreasing temperature, we represent also the structure factor

obtained, at low temperature, by CARNKIRO [9] as shown on

Figure 6c.

We give, on figure 7 and Figure 8, a comparison between our

experimental data and the corresponding computed structure factor

for amorphous and liquid mixtures respectively. The only differ-

ence between these two sets of curves consists of a broadening of

the functions for the liquid state which has been taken into

account by a broadening of the various distributions of dis-

tances of our model with increasing temperature. Thus, we have

obtained a good representation of the structure factor of the

selenium and selenium-rich alloys by our NFRC model. However, it

seemed to us interesting to check the hypothesis of the random-

ness of the chains and the possibility of building such a model

in three dimensions instead of its statistical description.
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4.2 Bulk NFRC model

We have constructed a bulk NFRC model in a sphere of 2O 8

radius which corresponds to about 1200 atoms. First, we have

taken various chain centers, at random. Then, we perform simul-

taneous growing of random chains, around each center, with the

non-overlapping condition given in (3.1).

We stop the chain growth of this model as soon.as we reach

the experimental bulk density. The last step consists of the

calculation of the dihedral angle distributions. We have shown

in Figure 9 the dihedral angle distribution corresponding to a

set of 200 different configurations. Since this distribution is

almost uniform, the hypothesis of random chains seems to be

quite reasonable. Furthermore such a bulk model shows that one

could build a packing of random chains in three dimensions with

the bulk density of amorphous selenium.

4.3 Tellurium and tellurium-rich range

We present in Figure to a comparison between the experi-

mental and calculated structure factors for Se, Te mixtures in

the range 0.6 < x < 1. Even for pure tellurium, the agreement

between the quasicrystalline model and the experimental data is

not as good as the one observed for the selenium and the selenium-

rich mixtures. However, we obtain a fair representation of the

positions of the peaks, of the structure factor over the whole

q-range and only small differences in the intensity for q values

between 2.5 and 3.75 S~ . These differences which increase with

increasing Se concentration may be due to our hypothesis of a

quasicrystalline matrix with uncorrelated substituted chains.

The model could be certainly improved by taking into account some

correlation between the chains and the matrix which corresponds

to chain branching by trivalent tellurium atoms.

We exhibit in Figure ii the variation, versus concentra-

tion, of the coordination number, as deduced from our experi-

mental g(r). This number remains equal to 2 up to 60% atomic

tellurium and is a confirmation of our chosen limiting condi-

tion for the substituted chains.
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Moreover the linear growth of the coordination number up to

the value 3 for pure tellurium is consistent with a mixture of

substituted chains in a tellurium matrix. These results confirm

previous structure determination by X-rays [10] and density

measurements [11].

5. CONCLUSION

We have determined accurate structure factors of amorphous

and liquid SeTe systems by means of neutron diffraction measure-

ments performed at the high flux reactor for amorphous mixtures

and using a multidetector at the medium flux reactor for liquid

systems.

A Nearly Free Rotating Chain (NFRC) model has provided us

with a good representation of amorphous and liquid selenium.

Moreover a three dimensional computer-built model has given us,

on the one hand, an additional proof of the randomness of the

dihedral angle, and, on the other hand, the evidence of the

possibility of packing together random chains up to the bulk

density of the pure selenium.

The coordination number of 2 of the pure selenium remains

constant for concentration of tellurium as high as 60 at% which

is very consistent with our model of substituted random chains.

The local order in the tellurium-rich range has been re-

presented by adding to this NFRC model a quasicrystalline model •

for the pure tellurium. Thus, we observe a more compact local

order when going from selenium to tellurium which can be related

to the quasi metallic [12,13] behaviour of the tellurium in the

liquid state.
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g(r)

Fig. 1. Pair correlation function, g(r), of amorphous Se-Te
mixtures
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Fig. 2. Pair correlation functions, g(r), of liquid Se. Te
mixtures (O < x < 0.5) *~x *

691



8

Fig. 3. Pair correlation functions, g(r) of liquid Se Te
mixtures (O.6 < x < 1) *
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Fig
. 4. Structural basis of the HFRC model
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DIRECT EVIDENCE FOR INTRINSICALLY BROKEN CHALCOGEN CHEMICAL ORDER i
IN GeSe2xTe2-2x

 ALL0Y GLASSES
P. Boolchand, W.J. Bresser, P. Suranyi, J.P. de Neufville*

Physics Department, University of Cincinnati,
Cincinnati, Ohio 45221

"Energy Conversion Devices, Troy, Michigan 48084

ABSTRACT

Melt-quenched alloy glasses G e S e2 X
T e2-2x n a v e b e e n studied by

" 5 T e nuclear gamma resonance ana differential scanning calori-
metry. A large increase in the average quadrupole splitting that
is non-linear with alloy composition (x* is observed. This is
shown to provide evidence for at least two distinct chalcogen
sites in these alloy glasses implying thereby that the chemical
order of the glass network is intrinsically broken

INTRODUCTION

One of the central issues surrounding the structure of

chalcogenide glasses is the nature of the equilibrium network

describing the easy glass formers GeX, where X=S, Se and Te.

These glasses, up until recently, were described [1-3] to consist

of chemically ordered continuous random networks (COCRM) of

Ge(X,)4 units. Phillips [4] has recently pointed out the difficulty

of incorporating Ge(X,)4 units to form a COCRN that is space

filling in 3 dimensions if constraints associated with short

range order (bond lengths, chalcogen bond angles 100°+10° and

tetrahedral angles of 110°+10°) are imposed. Using topological

arguments, he has alternatively suggested [4] that the glass is

composed of anion-rich and cation-rich molecular clusters (MCN).

An element of sharp difference between the two models indi-

cated above is as follows. The COCRN requires that the chemical

order of the network be preserved while the MCN requires just

the reverse i.e. the chemical order of the network to be intrinsi-
125

cally broken. Te Mössbauer spectroscopy through a measurement

of the EFG provides a direct microscopic characterization of the

chalcogen immediate chemical environment in covalent materials.
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It provides a simple and sensitive method to decide between the

two structural models of these glasses.

In this work we have performed Te Mössbauer measurements

on alloy glasses of the type GeSe2xTe2-2x* T n e e a s e w i t h which

one can form homogeneous bulk glasseB over a wide composition

range 0.4 < x < 1 is an attractive feature of this system [5].

It permits amongst other things to systematically study the evolu-

tion of the GeSe, glass network starting from a GeTe- glass

network.

EXPERIMENTAL

The glasses were prepared by alloying highly pure (99.999 %)

elemental materials in evacuated quartz ampules. The melts were

taken up to 95O°C for 2 hours and then equilibrated at 900°C for

24 hours before quenching in cold water. Glasses of the composi-

tion x=0.90 and 0.95 were made starting from enriched Te.

Fig.l shows a typical differential scanning calorimeter scan

of an alloy glass sample taken with a Perkins-Elmer model IB

instrument. All glasses presently studied were characterized by

a well defined glass transition (T ) endotherm. The composition

variation of T for the glasses is sketched in Fig. 2. These T

results are in quantitative agreement to the earlier work of

Sarrach, de Neufville and Haworth [5].

Spectra of the glasses were taken at 4.2 K using a conven-
tional Mössbauer spectrometer that is described elsewhere [6].

125

2.7 ysars Sb diffused in Cu [7] was used as a source for the

35.5 KeV y-rays. The spectra of the glasses (see Fig.3) are char-

acterised by a doublet which we attribute to a quadrupole splitting

in the 3/2 state <

usual expression,

in the 3/2 state of 1 2 5 T e . This splitting (A) is given by the

A = 2
 z z (1 + n 2 / 3 ) * (1)

We have analysed [8] the spectra in terms of two lines and have

obtained the mean quadrupole splitting <A> in the alloy glasses.
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The varlation of <A> with alloy composition x appears in Fig.4.

The quadrupole splitting corresponding to x=0 i.e. GeTe2 was

taken from a previous Mössbauer measurement [9] on r.f. sputtered

amorphous GeTe- films.

The most striking result to emerge from the plot of Fig.4

is the large (~ 40%) Increase in <A> with x, which is clearly

non-linear. In the measurements the thickness of the absorbers
2 2 125

was kept in the range 2.5 mg. /cm to 3 mg- /cm of Te. The
observed linewidths within errors were found [8] to remain constant

7 7 *\

at 6.2 + 0.3 mm/s. Te isomer-shifts in the glasses show [8]

a systematic increase as x + 1; these shifts actually mimic the

variation of <A> with x but on a qualitatively much compressed

scale.

DISCUSSION

Within the framework of a COCRN model, the alloy glass

network for x approaching 1 may be schematically drawn as follows:

Ge Ge Ge Ge

In drawing the above scheme we have assumed that Te atoms ran-

domly replace Se atoms in the network. This would appear to be

the only possibility if the 8-N rule of coordination and the

continuous random character of the network is to be preserved.

As x approaches 0, the Se atoms are all replaced by Te atoms and

a chemically ordered network of Ge(Te.). units is realised.

Within this model, it is easy to recognise that to first order,

the immediate chemical environment of Te consists of 2 Ge near

neighbors, and further that these do not change as a function

of x. This is an asymmetric local environment in which Te

nucleus will experience an BFG that is approximately [10]

eV = - -5% and that will give rise to a quadrupole splitting
z z 5rJ
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Te
ír /
Ge Ge

A from equation I of about 9.6 mm/s [10]. It is important to
125

emphasize that within the COCRN model, in principle, the Te

quadrupole splitting will remain independent of alloy composi-

tion. In practice because of a systematic shortening of the Te-Ge

covalent bond length 'r' as x+1, e V „ (afi»l/3) and therefore A
zz

can be expected 111] to show a monotonic increase (10% or so).

These expectations are however in clear disagreement with the

rather large and non-linear variation of <A> that is experimen-

tally observed as a function of x (Fig. 4). We therefore conclude

that a COCRN model of the alloy glasses provides an incomplete

description.

The systematics of Fig. 4 reveal that as x -• 1, new Te

environments characterized by large A values are apparently

populated in the alloy glasses. Unfortunately, because of the
125poor resolution of the Te resonance (F =5.2 mm/s) it is not

possible to resolve these sites and make meaningful statements

concerning their microscopic nature.

Recently we have studied [12] the same alloy glass system
129

using I Mössbauer emission spectroscopy. Because of the much
129

narrower linewidth of the I resonance (T =0.69 mm/s) we were
129

able to resolve at least two chemically distinct I sites A

and B in the spectra of these glasses. The compositional variation

of the site intensity ratio IQ/I. and quadrupole couplings eQv

and eQV which are shown in Fig. 2 of ref. 12, reveal a most
2 B

interesting pattern. The data show that the B-site e QV as

well as the relative intensity X-/X- rapidly increase in the

composition range 0.8 < x < 1.0. This behaviour is actually

reminiscent of the steep increase in <A> seen in the same composi-

tion range (see Fig.4) in the present experiments.
129

Given that there are two I sites populated in these

alloy glasses, we asked ourselves if the present Te spectra
125

are compatible with the presence of two Te sites, and in

particular if one could quantitatively understand the observed
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variation of <A> with x on such a basis. This apparently is the
125

case. Let us suppose that there are two Te sites A and B which

are characterized by quadrupole splittings and isomer-shifts of

AA, &B and öA, 6g. Further, let us suppose that <SA-<5B «

and (A,.-AD)/r . < 1. One can then approximate the average
A D OOS

guadrupole splitting by the expression

where I. and I 0 are the normalised (IA + IQ = 1) intensitices

of the sites. In dense covalent materials, it has already been

demonstrated [6] that Te quadrupole splittings A, and corre-
120 2

sponding I quadrupole couplings e QV are correlated through
1 the details of local chemical environment. Taking AA(x-K»=7.6 mm/s

and AQ(x-»-l)=11.5 mm/s, and obtaining AA(x) and AQ(x) for inter-

•• mediate compositions by scaling with the appropriately measured1 2 9I e^V* ix) and e2Qv!L (x) couplings, we have calculated <A>zz zz
' using relation 2. In these calculations the normalised intensities

IA and IQ of the Te sites were constrained to the ones experi-

mentally obtained for the I sites. The result of this calcula-

•. tion appears in Fig.4 as the dashed curve. It is remarkable

. indeed that this simple-minded model which has only one adjust-

able parameter AQ(x->l) , is able to reproduce the basic features

of the observed <A> variation with alloy composition. We take
129

this to be an indication that the two I sites actually orig-

inate from the presence of two parent *\e sites in the alloy

glasses.

The identification of the two Te sites A and B has been
129

discussed earlier [12] in the context of I emission experiments.
We believe that site A represents Te bonded to 2 Ge neighbors.

This is the normal chalcogen site that bridges Ge(X,). units.

The character of site B changes with alloy composition in general.

Only for the case when x •*• 1, can we identify site B with a Te

atom that is twofold corrdinated to a Se and a Ge near neighbor.

This particular site, within the context of MCN model of Phillips,

represents the outrigger chalcogen site.

Our fit of <A> with x in Fig.4 requires that *&B(x-»-l) be
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rather high (11.5 mm/s) and this is an important result. This

large quadrupole splitting is ascribed to a Te atom that is

twofold coordinated to a Ge and a Se near neighbor. That this

is a physically plausible result may be seen as follows. The

guadrupole splitting in amorphous Se which is ascribed to a Te

atom that is twofold coordinated to 2 Se neighbors is known [13]

to be 10.4 mm/s. The primary effect of replacing one of the

two Se neighbors by a Ge one, is to increase the net charge on

the central Te atom due to electronegativity considerations [141.

This excess charge could not be transferred to the bonding p or

p like orbitals of Te since the Ge-Te covalent bond is known to

be weaker in strength than the Se-Te one [5]. Clearly then, this

excess charge is localized in the p -like non-bonding lone pairs

of Te and gives rise to an increased imbalance U =-U +(U +U )/2

of the Te 5p charge cloud. It is this mechanism which causes

the eV and therefore the quadrupole splitting to show an in-z z
crease from 10.4 mm/s in amorphous Se to 11.5 mm/s for Ag(x-»-l).

In accord with the present result of a breakdown in chal-

cogen order in the stoichiometric bulk glass GeSe-r we have

recently also observed a breakdown in Ge chemical order using
119

Sn Mössbauer spectroscopy [15]. The significance of the present

experiments in relation to the MCN model of the alloy glasses

will be discussed in detail elsewhere [16].

CONCLUSION

125
A large increase in the Te quadrupole splitting in

GeSe- Te,__ alloy glasses with alloy composition has been

observed. This result immediately implies that a chemically

ordered continuous random network cannot describe the structure

of the alloy glasses. The Te quadrupole splitting systematics

can however be well described in terms of a model that has at
125 129

least two distinct Te sites in analogy to two distinct I

sites reported in the same alloy system using Mössbauer emission

spectrocopy. These experiments clearly show that the chalcogen

chemical order of the glass network is thus intrinsically broken.
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Fig.l. Differential scanning calorimeter scan of a (GeSe?)x(GeTe2)j_x x - O.6O bulk
glass, taken at 10 K/min scanning rate, using a Perkins-Blmer Model IB in-
strument. The scan shows the glass transition endothera (T*Tg*58O K) and
crystallization exotherm (T-TX=7O5 K)
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Fig.4. Mean Te guadrupole splitting <A> in
2X22x **loy glasses plotted as

a function of alloy composition''x'.
The continuous line is a smooth curve
through the data while the dashed line
is a calculation of <A> based on a
2-site model. See text for details
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ABSTRACT

Small-angle scattering of neutrons (SANS) was analysed on
Fe-B and Fe-Ni-B metallic glass ribbons by means of a double
crystal small angle device and a neutron diffractometer. The di-
mensions of magnetic domains and small clusters were determined.
An appreciable anisotropy of SANS intensity and surface scattering
was observed.

INTRODUCTION

Recently increasing interest has arisen concerning the pro-

perties and structure of amorphous metallic alloys. Most of the

investigations were aimed at determinating either their macro-

scopic behaviour or their atomic arrangement. A comparatively

small number of papers deal with the study of the intermediate

region, i.e. with the investigation of magnetic and compositional

inhomogeneities of these alloys having sizes of about 1-100 run

[1-5]. The most valuable probes of structure analysis in the

above range are transmission electron microscopy, small-angle

X-ray (SAXS) and neutron scattering (SANS). The last of them

possesses a unique characteristic as neutrons interact with the

atomic magnetic moments giving information about the magnetic in-

homogeneities .

In this work a double crystal small-angle device and a usual

neutron diffractometer were used for elucidating the magnetic and

compositional behaviour of iron based magnetic metallic glasses.
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MATERIALS AND METHODS

The investigated Fe-B and Fe-Ni-B metallic glasses were pre-

pared by the spinning wheel method [6] in the form of 15 mm wide

and -20 nm thick ribbons. As starting materials elemental Fe, Ni

and B (enriched to 99.2 % in B to reduce the neutron absorption)

were used. The amorphicity of the samples was verified by X-ray

and neutron diffraction.

The ribbons were cut into pieces and some hundreds of them

packed together so that they were parallel to one another forming

20x15x4 mm3 slabs of about 7 g weight.

The neutron scattering measurements were performed in

Budapest at the WVfR-SM Reactor. For measurements of the scattered

intensity distribution in relatively high scattering vector range
a -1 -1

(q = 4nsin^/\ }, viz. from q •» 1.5 nm to q • 10 nm , a con-

ventional diffractometer based on a Zn (002) monochromator of

24' mosaic spread was used. The wavelength of the monochromatic

neutron beam was \ » 0.11 nm. In order to separate the magnetic

and nuclear scattering an external field up to 1.5 T was

used.

In the very small scattering vector range, viz. up to
—2 —1

q e 10 nm , the measurements were performed by means of a

double crystal neutron small-angle device based on two Ge single

crystals of 0.6' mosaic spread. The schematic view of the SANS

device is shown in Fig. i . The wavelength of the monochromatic

neutron beam was \ * 0.13 nm. On the double-crystal SANS device

two different types of measurements were carried out. Namely,

the intensity distribution of neutrons scattered by the sample

placed between the two crystals was mapped as the function of

the rotation angle (0) of the analyser (Ge2* crystal and the inte-

grated SANS intensity was measured using a procedure similar to

the method given by Warren [7].

The detailed description of our method utilized for mea-

suring the integrated SANS intensity is given in the following

as it contains several new elements. Our method involves four

relative intensity measurements, namely: without a sample be-

tween the crystals measured by Dy and D 2 detectors, respectively,
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and with a sample
I3 = IORTE1 (3)

X * X TT E ^ I T 16 ™ 1) E oT t \ 41

where I is the intensity of the incoming neutron beam, ê  and e-2

are the efficiency of the D1 and D 2 detectors, respectively. T Q e

is the transmission of the analyser crystal, R is the reflecti-

vity of the analyser crystal, T is the transmission of the sample,

^VL is t h« transmission of the analyser crystal for neutrons
vie

scattered by the sample, d is the thickness of the sample, \i is

the total SANS cross section.

From relations (1)-(4) it follows that

_5-£ „ p—1 ^ (5)

1 + m (e - 1)
xGe

When Tog/Tig ••1, or the denominator in (5> slightly differs from

unity, the integrated intensity

23 <L
A s In Y ^ « tid =S^ (6)

J1X4 TGe

Both type of measurements were carried out at various orien

tation of the sample (see Table 1). An external magnetic field

of 0.25 T was used to that the magnetic multiple refraction

could be separated from SANS caused by inhomogénéities.

EXPERIMENTAL RESULTS

Typical rocking curves measured by the double-crystal SANS

device are shown in Fig. 2. A broadened rocking curve is measured

when the sample is placed between the crystals and the SANS in-

tensity distribution can be characterized by the excess width
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(őr) of the rocking curve. The ór values obtained for different

sample orientations with and without external magnetic field are
collected in Table 1. Also given are the corresponding values of
A parameters discussed earlier (see eg.(6)). Both parameters are
normalized to 5 mm sample thickness. Several peculiarities of

these data should be underlined:
(i) The external magnetic field appreciably reduces the values of

both A and őr quantitites;
(ii) Both the above mentioned quantities exhibit dependence on
the orientation of the sample as compared to the direct beam;
(iii) A less pronounced dependence of the parameters on the alloy

composition was observed;
(iiii) Although the magnetic field almost entirely reduces the
broadening of the rocking curve, the integrated small angle

scattering does not disappear.

Scattering distributions obtained in high q-range were rep-
resented in two alternative ways, i.e. lnl versus Inq and inl versus q •
typical curves are given in Fig. 3 and Fig.4.The intensity measured in
external magnetic field (H II q) decreases by about 40 %.

DISCUSSION

If we compare the first and third columns of Table 1, we
can see that the magnetic field entirely reduces the rocking
curve broadening when the neutron beam is perpendicular to the
sheet plane. Consequently, the broadening is of magnetic origin
and may be connected with the multiple refraction by magnetic
domains. From these measurements information can be obtained on
the average domain size in the direction perpendicular to the
sheet plane, i.e. in the width of the ribbon. According
to [8] the excess broadening depends on the average domain
size (M) as

I
bT = * Q(d/M)

2 (7)

where » Q is the average angular deviation per domain boundary,
d is the sample thickness. The average domain size for Fe-Ni-B
metallic glasses was found to be M = 18-4 nm; in Fe-B amorphous
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alloys the domain, sizes are smaller M - 7*2 urn.

The external magnetic field used in our experiments was

strong enough to eliminate the domains, however, the integrated

intensity measurements gave evidence of remaining small-angle

scattering.

In the case of Fe-B amorphous alloys the relatively high

values of integrated SAMS cross sections measured in external

magnetic field, and their dependence on the orientation of the

sample and of the external field indicate the presence of elonga-

ted particles interpretated as quasi-dislocations in [3]. Our re-

sults seem to support this interpretation since a qualitative

agreement can be found between the observed A-valuei and the

theory of SANS at dislocations [9], as is shown ÍA the following.

The SANS cross section in magnetic materials consists of both

I nuclear and magnetic components. The magnetic component exceeds

I the nuclear one by a factor of ten and takes ,its origin from the

' strain field of the dislocations which causes fluctuation of the

• magnetization by magnetoelastic coupling. The stress tries to

: direct the magnetization in magnetoelastically favourable direc-
1 tions whereas the external field forces the magnetization parallel

'•• to itself. When a high enough external field coincides with one

; of the magnetoelastically favourable directions the fluctuation
; in magnetization disappears. This case was realized when H IIq 111

' (1 is the ribbon direction, see column 6 in Table 1). In the
I,

'' H nqi.1 position (see column 5 in Table 1) the integrated inten-

sity of the small-angle scattering appreciably increases showing

that the magnetoelastically favourable direction coincides with

the direction of the external magnetic field and the strength of

the magnetic field was sufficient to achieve saturation. The

data in column 4 seem to support this observation too. They

belong to the H l q ill position (the sample and the magnetic field

were turned by an angle of 90° compared with the previous situa-

tion) . When the sample gets again into the vertical position

(Hlq 11 column 3 in Table 1) the integrated SANS value decreases

again but takes a higher value compared with the data in column 6.

The difference between the A valuen in column 3 and column 6

may be connected with the interference between the quasi-dislo-

cations. This effect, i.e. the interference, appreciably depends
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on the relative position of the dislocations, and because of the

asymmetrical sensitivity of the double-crystal scattering arran-

gement it must also depend on the sample orientation.

The above behaviour is much less pronounced in the case of

Fe-B metallic glasses.

Turning the sample into a position when the planes of the

sheets are parallel to the neutron beam the broadening of the

rocking curve becomes by an order of magnitude higher than it

was in the perpendicular position (see Fig. 5). This high value

of the broadening cannot be interpreted as multiple magnetic

refraction effect since the external magnetic field does not

entirely reduce the broadening.

As an alternative explanation, one may suppose that the re-

maining part of the broadening comes from a channelling of

neutrons by means of total refraction on the parallel sheets,

although the surface of the sheets was not like a planar mirror.

If this hypothesis were valid, then by turning the sample out of

the beam direction the broadening should disappear when the ro-

tating angle of the sample gets larger than the preliminary col-

limation, i.e. 40'. However, when rotating the sample around a

vertical axis by an angle of 4.5° the broadening decreased by

only a factor of two, but does not disappear. This observation

contradicts the assumption that the broadening is caused by total

reflection.

It seems to be more convenient to suppose that the main part

of the broadening takes its origin from SAKS on surface irregula-

rities. The SANS caused by surface defects has been investigated

by others [10Í11], but as far as we know, a similar arrangement

i.e. sample consisting of sheets parallel to one another and to

the neutron beam has not been investigated experimentally. To

clarify the origin of the observed surface effect further inves-

tigations are required, but it seems probably to be caused mainly

by multiple refraction at surface irregularities. From the magnetic

part of the broadening one can estimate the average dimension of

surface inhomogeneties using the (7) formula. In the case of the

investigated samples the average size of surface irregularities

was found to be ~1 urn.
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To decide whether the SANS intensity over the high q-range

belongs to the tail (Porod-range) of the scattering curve of

large size inhomogeneities or whether one dealing with a scat-

tering on very small clusters we represented the scattering in-

tensity distribution in two different ways: in lnl versus lnq

(Porod-law, see Fig. 3) and versus q (Guinier-plot, see Fig. 4)

The slope of lnl vs. lnq curves is nearly -2.1 which is suffi-

ciently different from the expected value (-4) for the Porod-

range. This observation clearly shows that the SffliS intensity over

this q-range cannot be interpretated as a tail of scattering

curve of large size inhomogeneities. A straight line part can be

found in Guinier-plot (see Fig. 4). The corresponding radii of

gyration was found to be the same within error limit for the

investigated Fe-B and Fe-Ni-B systems, namely, R * 0.4-0.1 nm.

This indicates the existence of small clusters consisting of

about three neighbouring atomic shells. The above observation is

in good agreement with the data published in [4].

The SANS over this high q-range has both nuclear and magne-

tic component, since in the external magnetic field of 1.5 T

parallel with the scattering vector, a SANS intensity reduced by

~40 % could be observed. The magnetic SANS is supposed to ori-

ginate from the same clusters as the nuclear one, since the

shape of the scattering distribution was not influenced by the

external magnetic field. A similar field dependence was observed

fór Fe-based metallic glasses by Fish et al. [5], whereas for

Fe-B amorphous alloys no field dependence was found by Nold and

co-workers [4].
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Table 1

The A and <SF (10~ rad) parameters measured by the double-crystal

SANS device. In each column of the table are collected the data

obtained for the arrangement schemed in the first line. In the

schemas H, N, g and 1 are the direction of the external magnetic

field, that of the neutron beam and that of the scattering vector

and the ribbon direction, respectively. The parameters are nor-

malized to 5 mm sample thickness.

O.1B O.SO OJ034 O.O54 O.O11

O.

OJ27

1.7

q,32 Q.OB

ajsa

*se' <fl"
O.OBS

o.

D.1B DJDB O.O11

afie O.47 Op 47

a.

o.ia O.13 qpio

722



S^t
Colllmator

M
Raaetor ehannal

, Monochromator cryat.

.Sample

Qea Ananalyaar cryat.

#
0^ detector

Q, detector

Fig.l. Shematic view of the dauble~crystal SANS
device

723



i
z

oc

2.5-

2 -

S5
z
UJ

1 -

0.5-

0(10" red)

Fig.2. Rocking curves of Fe86&i4 sample
x - without sample
A - without external magnetic field (ar-
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Table 1)
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in Table 1)
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orientated with the plane of the sheets par-
allel to the neutron beam
+ - without external magnetic field
o - in external magnetic field of O.25 T
(The central peak is the transmitted direct
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ABSTRACT

Fe, B (0.12<x<0.25) glasses have been studied by Mössbauer

spectroscopy. The hyperfine field distributions show that the
structure of boron rich glasses (x>0.20) may be described as a
packing of iron trigonal prisms centered by boron atoms. Below
x = 0.20, a description with mixture of such environments and of
iron sites without boron neighbours' is appropriate. A model
grounded on the structural operations which generate the crystal-
line counterparts from close packed structures is then proposed.
The decomposition of the structure in two kinds of environments
follows from this model and the corresponding critical concentra-
tions are discussed.

1. INTRODUCTION

Because of their simple chemical composition and of their

potential technical applications, the amorphous Fe, B v alloys
* v, í ̂  X X

have been extensively studied in recent years. A strange behav-

iour of their physical properties has thus been discovered in the

vicinity of the eutectic composition: the composition - density

(-microhardness) - magnetostriction constant/relationship exhibit

a slope change [1], the amorphous to crystal transition arises

in two distinct steps for x<0.17 while it takes place in only

one step above x = 0.17 [2]. This behaviour is to be related to

change of the local order of the metallic subnetwork as it is shown

by the X-ray diffraction data of Fukunaga et al. [3]: there is

a sudden evolution of the height and width of the first peak of

the structure factos S(Q) in the 0.17 <x<p.2O concentration range

while the intensity of the shoulder of the second peak of S(Q)

abruptly decreases above x = 0.17.
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Although Mössbauer spectroscopy is restricted to the study

of the short range order around the iron probe, it has demonstrated

i to be a powerful technique for the investigation of the magnetic

f properties and crystallization behaviour of Fe-B glasses [4],

Provided the relationships between the hyperflne parameters and

the local order are known, the histograms of the number of nearest

neighbours can be calculated from the hyperfine field distribu-

tions (HFD). In this paper, we restrict ourselves to hyperfine

field measurements in Fe, B, (0.12<x<0.25) glasses. This study

will be published in more details in the near future. The histo-

grams of the number of Fe--B pairs are presented which emphasize

the importance of the chemical short range order in the amorphous

structure. We describe then this structure with the help of a

decomposition model which takes into account the similarities

] between the physical properties of the amorphous samples and their

• crystalline counterparts.

2. EXPERIMENTAL

The amorphous ribbons have been quenched from the liquid

state by the help of a conventional melt spinning device, (width:

1-3 mm; thickness =25 m . ) . The amorphous state of the samples

has been carefully checked by X-ray diffraction, DTA and resis-

tivity measurements.

The Mössbauer spectra have been recorded with a commercial

spectrometer working in the constant acceleration mode. A

30 mCi Co source in a rhodium matrix has been used. The counting

rate in each channel was larger than 10 counts. The HFD have

been calculated with a modified Hesse-Rubartsch method (P(H)>O)

as is described in [5]. The corresponding misfit parameters M

and AM introduced by Ruby [6] will be reported here.

It is generally stated that the quadrupolar interaction only

results in a slight broadening of the Mössbauer line. As we have

shown in [5], this is not the case in Fe-B glasses which are

characterized by mean quadrupole splittings A>0.4 mms~l (see

Figure 1). If the natural Mössbauer line is a Lorentzian with a

full width at half maximum F * 0.25 nuns" , the actual peak shape

is no more Lorentzian and is broadened with respect to r by at
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least 50% [5]. As very little is known about the quadrupolar

splitting distribution and its correlations with that of H, we

have only taken into account its average value 5. This value has

been measured from fits (two independent peaks) of the spectra

recorded above the Curie temperature T of the samples by the

help of a low inertia Mössbauer furnace [7]. Except for Fe-gB,,.,

the recording time was short enough to prevent the start of the

crystallization. 5 increases slightly from A = O.41 nuns (x=0.12)

to Á = 0.48 mms (x=0.22), as shown in Figure I. However, as A

decreases often linearly with T ' [8], the actual values of 5

at low temperature may be larger than those of Figure l. Due to

the increase of T with the boron concentration [2], the change

of 3 near x = 0.2 may also be more pronouncec at T<_300 X.

On the other hand, the spectra are asymmetric (see figure 2) .

We assign this effect to the existence of anisotropic hyperfine

fields (H_ - 1$ kOe) due to the spin moments of the 3d electrons

[9]. Under these conditions, the actual line shape is significant-

ly different from a broadened Lorentzian line [5,9]. Although

our assumptions are perhaps not always correct because of possible

anisotropy of the structure and of magnetic texture, they repre-

sent a first attempt towards a better account of the line dis-

tortion due to the low symmetry of the charge and Bpin distribu-

tions in the glass structure.

3. RESULTS

The Mössbauer spectra recorded at liquid helium temperature

(T = 4 K) and at room temperature (T = 300 K) are presented in

Figure 2. The HFD calculated from these spectra are reported on

Figure 3 while the corresponding parameters are collected in

table 1 (H; mean hyperfine field; a H, ajj: mean square deviation

and third moment of the HFD, A = H/ű hyperfine coupling constant

with iá taken from references [2,10]) <

As it was already mentioned, a^ does not depend on x at low

temperatures [4,11] but the syicne^ry of the HFD changes as it is

indicated by the increase of o^ with x. These features are also

verified at room temperature if the low field components of the
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HFD observed for x<0.15 are neglected. However, we believe that

these low field components are significant and are relevant to

magnetic relaxing atoms like those pointed out in FeR_.B2o by

Meisel [12]. As it is now well known in Fe-B comppunds, the

hyperfine coupling constant is near A = 130 kOep" and slightly

increases at low boron contents.

The HFD Figure 3 present a structure which maioly results

from the line shape introduced in the fitting program [9] and

from the constrained (P(H)>0) deconvolution method [5j. It is

out of question to assign a precise environment to each component

of this structure of which the details may eventually be sensitive

to the fitting conditions. However, the main components of the

HFD at 4 K of the F e75 B25 s a m P i e a r e centered on hyperfine fields

which are very close to the values characteristic of the three

iron sites of the tetragonal Fe,B e^ boridé [9] which forms the

first crystallization stage of these alloys. Such an argument has

already led Vincze et al. [13] to propose their "quasi-crystalline"

model in order to describe the amorphous structure.

It is generally admitted that the hyperfine field mainly

depends on the metalloid neighbourhood of iron. Figure 4 present

the values of H measured in an as complete as possible set of

iron borides. If the correlation is restricted to the effect of

the number n_ of boron nearest neighbours and neglecting the Fe-B

distance, the following relations provide a quite satisfactory

description of H versus n„ [14]:

(1) T=4K H(kOe)=375 - 36nn (correlation coefficient r=0.98)

(2) T=300K H(kOe)=345 - 31nB (correlation coefficient r=0.97)

A more elaborated model, which takes the Fe-B distance into

account, has recently been proposed by Lines [16]. Although the

correctness of the choice of bcc iron as representative of the

nB=0 site is to be questioned the study of Lines lead to a rela-

tion similar to equation 1. This equation allows to determine the

histograms of the Fe-B coordination (Table 2 and Figure 5 for

x_0.175). The class limits have been fixed by the center
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H_ = 375 kOe of the n_ = O class. The error on the average value

rL essentially comes from the uncertainty on HQ, i.e. AHQ=18 kOe,

i but is however, smaller than +0.5. Finally, the mean number Z of

' B-Fe pairs has been calculated by assuming that there are no B-B

pairs like in Co-B glasses [17]:

Z = nB <l-x)/x (3)

3.1 Hvpereutectic alloys x > 0.175

Table 2 shows that Z - 9 in these alloys. This number of

B-Fe pairs is in agreement with the tetrakaidekahedral environment

of boron encountered in Fe^B borides and which is characteristic

of the structure of a large number of transition metal-metalloid

compounds like Ti3P, Ni,B, FeJZ, Fe-C-... This polyhedron has

already been proposed as a building unit of such metallic glasses

by Viucze et al. [13] and Gaskell [18,19].

The histograms of Figure 5 clearly show that the nB=2 and 3. B

environments represent at least 2/3 of the total distribution. On

' the other hand, there are no iron atoms without boron neighbour

and the n =5 B environment is always negligible. It is the promi-

nence of the 2 B and 3 B environment which explains why ou remains

constant (Table 1).

3.2 Hypoeutectic alloys x <. 0.175

•' Below the eutectic concentration, the values of rL in Table
0

2 are obviously not reasonable. This is especially the case for
Fe88B12' t n e density of which is in a clear disagreement with

: the surrounding of a boron atom by 15 iron neighbours.

: The calculation of P(nQ) from HFD by the help of relation

(1) leads thus to a misinterpretation which overestimates nfi and

means that this relation is no more appropriate to account for

the hyperfine field of a part of the iron atoms. He then assume

that in Fei_x
Bv (x £ 0.175) glasses, the HFD results from two

kinds of iron environments:
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- the iron atoms embedded in tetrakaidekahedrons surrounding

the boron atoms like in F e e o
B2o (hereafter labelled A„).

- the iron atoms which have no boron neighbours and which

fill the space between the tetrakaidekahedrons (hereafter

labelled A Q ) .

This last kind of iron atoms has already been predicted by Gaskell

[18]. In the framework of their quasi-crystalline model, Vincze

et al. [20] have assumed that iron substitutes thu boron sites

when x decreases below x = 0.25. This substitution would thus

give rise to a local boron off-stoichiometry which would lead to

the formation of iron clusters. However, this assumption seems to

be irrealistic because the atomic radii of B and Fe are very dif-

ferent and because the iron coordination of the substituted sites

would become too small to account for the density.

The HFD allow to estimate the fraction (l-o)of iron atoms

embedded in the tetrakaidekahedrons. The HFD are indeed almost

Gaussian3 which means that each of the two components are near

Gaussians. The fraction (1-a) would lead to an actual number nf

of boron neighbours surrounded by Z = 9 iron atoms while n" is
* a

measured. Thus, from relations 1 and 3:
-a

n™~ l̂x"

The corresponding fractions a of A_ atoms are reported in

Figure 6. On the other hand, we assume that the fraction of bcc

iron precipitated during the first crystallization step of low

boron content (x < 0.17) Fe-B glasses results from ordering of

the A_ environment. Taking into account the increase of the

resonant fraction during the crystallization [22], we have measured

a » 0.37 in a Feg6Bi4 sample (Figure 6).

4. INTERPRETATION : DECOMPOSITION MODEL

On one hand, our study has confirmed that the structure of

hypereutectic F e i _ x
B
x glasses ressembles that of the crystalline

borides: tetrakaidekahedral structural units, prominence of the

nn - 2 and 3 B environments. On the other hand, this prominence
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leads in hypoeutectic alloys to the formation of iron sites

without boron neighbours. Furthermore, the densities of the met-

glasses are near to those of the close packed structures (hep

and fee) [19].

Anderson, Hyde and co-workers [2 3] have shown that the

complex structure of the transition metal-metalloid (M-X) crys-

talline compounds may be simply generated from hep or fee struc-

tures by periodically repeating structural operations like chemi-

cal twinning (followed by slight distortions of the metallic

network). For example, the prismatic units of cementite Fe,C

are created by introducing a twinning plane every four (1122)

planes of the hep lattice [23J. Depending on the nature of the

structural operations and on their periodicity, the stoichiometry

can be varied between M and MX. Parthe and Moreau [24] have in-

troduced a linkage coefficient LC which represents the number of

trigonal prims shared by a metallic atom. LC varies between

LC = 0 and LC = 12. If, on the average, LC < 1, a fraction of

the metallic atoms do not belong to prismatic units. Thus, as

LC = 6x/(l-x) [24], the minimum metalloid concentration for which

all the metallic atoms belong to at least one unit, is x = 1/7.

To describe the amorphous structure, we propose to generate

it from a close packed metallic structure of which the octahedral

sites are occupied by the metalloid atoms. The tetrakaidekahedral

sites will be generated by the same structural operations as they

are in the crystalline counterpart: i.e. chemical twinning [23J

in Co 7 5B 2 5, Pd75Si25; chemical fourling [25] in Fe 7 5B 2 5. The

disorder will occur by limiting the spatial extent of the sturc-

tural operations and by repeating them on different equivalent

planes (and not only in one plane like in Fe^C).

These operations can take place at the liquid-solid interface

[24] and generate the prismatic units during the glass transition.

We assume that the traces of these chemical twinning planes give

rise to the interference fringes obtained by high resolution

electron microscopy in P < 3 Q O
S Í 2 O **¥ GasJce^a- e t a^« f26J- Thus,

the extent l a of these planes may be roughly estimated between

10 8 and 15 fi. This value is in agreement with the determination

of the defect extent measured in FegnB20 b v S a n s (15 8) [27].
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However, the nature of the defect line which closes these planes

is still to be determined (disinclination line ?).

The coherence length 1 of the structural operations is of

the order of magnitude of the lattice parameters of the crys-

talline compounds (for example a = 8.6 R, c = 4.3 R in Fe,B t.).

Therefore, the amorphous structure is completely different from

a microcrystalline structure because the number of atoms in one

unit cell is larger than the number of atoms in a twinning plane.

In this model, a change of the connectivity between pris-

matic units simply accounts for the decrease of the metalloid

concentration. Moreover, the evolution of the connectivity allows

to keep the number of metalloid nearest neighbours constant when

x decreases (as is experimentally shown in section 3.1). For

example, for n„ = 3, LC can be varied from 1 to 3: the metallic

atom belongs to LC trigonal prisms and forms a half octahedron

with the rectangular faces of (3 - LC) trigonal prisms. Finally,

as it was mentioned in the introduction of this section, there

is a critical concentration x below which a fraction of metallic

atoms do not belong to the neighbourhood of boron. In Fe, B
i"*X X

glasses, we have shown in section 3.1 that 2/3 of the iron atoms

have 2 or 3 boron neighbours, which means that x >x . For x<x,,

we suggest to describe the amorphous structure with the help

of two kinds of metallic sites:

i: metallic sites with at least one metalloid nearest

neighbour and whose average metalloid concentration is

x (A„ environments)

ii: metallic sites without metalloid nearest neighbours

(AM environments, in a Bernal-like structure?)

The fraction a of AM environments is then simply:

1 - x.
(5)

which is reported on Figure 6 for three values of x . In Fe, B
C X ™JC X

glasses, x = 0.20 +_ 0.01 is deduced from experimental data of

Figure 6 by a least squares fit.

Depending on the chemical composition of the glass, the

value of x c results from the nature of the M-X bonds which impose

the numbers of M-X pairs. It corresponds to the formation of M-X
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clusters as it was assumed by Gilman {28] in eutectic liquids.

It follow from this idea that it exists a percolation thereshold

of these clusters. If, for the sake of simplicity, we assume that

their shape is almost spherical, the relative fraction of A„

sites at the percolation threshold may be identified with the

relative volume located between the spheres, i.e. a(x)=0.26 which
s

in Fe-B glasses leads to 0.15<x <0.16.

Figure 7 gives a picture of the structure for three con-

centration ranges and shows that it can be described by the

help of concentration fluctuations of wave length A. For x <x<x ,

A is near the coherence length of the structural operations,

i,er: 10<A^15 8. This result is in good agreement with a recent

experimental determination of the wave length A = 12 Í? of con-

centration fluctuations in Fe 8 3B 1 7 1231. On the average, the

number of iron atoms in an AQ zone may thus be some tens while

it is around one or two tens in an A_ zone.

Up to now, it is difficult to precisely describe what is

the dependence of the physical properties on x and x . In Fe, B

glasses, a lot of them reflect the existence of such concentra-

tions. Especially, we believe that the Invar behaviour of these

glasses [30] is to be related to the percolation of two magneti-

cally different regions of the structure. The increase of the

resistivity near x = 0.17 in (Mo, Ru), B glasses [31] may

also be due to the percolation of Ag-like regions if their con-

ductivity is smaller than that of the A„ regions. The reason why

the density slope changes at x = 0.2 is still an open question

because such a behaviour is indeed not observed in other met-

glasses [19]. However, if the metallic coordination in the A„

regions is near Z = 12 as it is in the corresponding close

packed metals, a significant decrease of the packing fraction

at the Ay - A„ boundary is not expected. In Pe,_ B glasse, this

is may be not the case if the stacking of iron in the A p zones

ressembles that of bcc iron. This argument has already been

suggested, but for the whole structure, by Hasegawa and Ranjan

Ray [1]. Further investigations are needed to precise this point.
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5. CONCLUSION

Although this model still gives an oversimplified descrip-

tion of the amorphous structure, it seems to provide and adequate

picture of glasses of which the crystalline counterparts contain

trigonal prismatic units like metglasses or rare earth - transi-

tion metal alloys. The high density of linear defects (estimated
1.7 19 —

at around 1 0 - 1 0 cm 3) which is explicitely expected in this

picture should be of interest in the understanding of the mech-

anical properties of such materials. Finally, it also allows a

satisfactory prediction of the compositions at which structural

transformations occur in Pe-Si-B glasses [32], New investigations

are in progress to check this model further.
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Table 1

0

0

0.

0.

0.

0.

0.

X

12

Il4

15

175

20

22

25

Ü
kOe

300

299

29l»

289

230

272

a
H

kOe

35

35.

33.

33.

33.

35.

3

1

9

9

9'

8

U

3
0
H

-11*900

-9300

-8000

•
-6>»00

-1*1*00

-2600

K

A

11*0

137

135

131*

131

128

0

0.

0.

0.

0.

0.

M

088

063

065

058

055

OU

0

0

0

0

0

0

AM

.010

.008

.006

.008

.009

002

H

kOe

21*8 +

2l»5t

2l»5 +

250

252

250

21*6

°H
kOi

32

31

32

32

31.

30.

30.

.0*

.7+

.2+

3

0

0

5

300

A

15fc

11*0

lUO

135

133

132

130

K

0.

0.

0.

0.

0.

0.

0.

M

11*7

153

119

161

169

070

100

0

0

0

0

0

0

0

AM

.007

.03

.005

.009

.01

006

006

+ The low field components of the HFD have been
neglected.

Table 2

T

h K

class
limits
kOe

357

321 I

285 .

2U9 _

213

0

1

2

3

1*

5

i,

z

x»0.12

O.Oi*

0.26U

0.371

0.239

0.076

0.01

2.07

15.2

0,

0.

0.

0.

0.

0.

0.

9.

12

15

038

21*9

370

260

076

007

10

.0

0,

0.

0.

0.

0.

0.

0.

2.

10

p{

175

016

216

375

286

10

007

26

.6

0

0

0

0

0

0

0.

2.

9.

)

.20

.01

.182

.369

311

115

013

38

5

0

0

0

0

0

0

0.

2.

9.

.22.

.120

.336

.350

168

026

65

1*

0

0

0

0

0,

0.

0.

2.

8.

.25

.088

286

365

211

05

85

5
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0.45"

Fig.l. Mean guadrupole splitting 2 in
Fe, B glasses1-x x *
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Fig.2. Mössbauer spectra of Fe
1 -x

T = 4K (left) and T = 3OOK
B glasses recorded at
(right)
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Fig.3. Hyperfine field distributions P(H) calculated from
spectra of Figure 2
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Fig.4. Correlation between iron hyper fine field
H and number n of boron nearest neigh-
b i i bid C t t lbours in iron borides tetragonal
Fe-B, 0: orthorhombic Fe.B\l4,15\,

a,8* Fe-B)
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Fig.5. Histograms of the number of Fe-B
pairs in FeJ_xBjf glasses (x>O.175)
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0.26-

0.10 020 x

Fig.6. Experimental (symbols) and calculated (curves) fractions
of iron atoms without boron neighbours (A environments)
• from HFD (relation 4), • from crystallization of a
fefl6 B. . amorphous sample, O from n
neutron diffraction in Feon B_„ by LAHPARTER et al.

2.2. measured by
[21]
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Fig.7. Schematic description of the
structure of Fe._ B glasses.

(See text for the symbols)
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ABSTRACT

In order to collect a complete set of structural informations,
polarized neutron diffraction, EXAFS and Mössbauer specroscopy
experiments have been performed in Co^_xBx glasses. These results
show that chemical short range order prevails in the amorphous
structure. The boron atoms are enclosed in cobalt structural
units the packing of which evolves with the composition. Iron
preferentially substitutes the cobalt sites which have two boron
nearest neighbours. These results support the models of the
amorphous structure grounded on the packing of structural units
like tetrakaidekahedrons.

1. INTRODUCTION

The study of the chemical and topological short range order

is one of the most important tasks in the investigation of me-

tallic glasses. For the purpose of increasing the self consis-

tency of such a study, it is of importance to collect structural

data from different investigation methods. We summarize in this

paper the main results we have obtained on the atomic scale

structure of Co, B glasses by polarized neutron diffraction,
•la ™ X X

EXAFS spectroscopy at the K edge of cobalt and Mössbauer spec-

roscopy in Fe doped samples. More details about thes studies

will be respectively published in [1,2,3] in the near future.

In the case of a binary alloy, a complete determination

of the PSF can be achieved from a set of three independent
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measurements of the coherent cross section. Different approaches

are thus suitable: isotopic substitution, combined diffraction

methods with different scattering cross sections, polarized

neutron diffraction if the sample is ferromagnetic. In Co B glass-

es, this last method seems to be the most appropriate because only
59 11

two stable usable isotopes ( Co, B) are available. This is

also the reason why the combination of different diffraction

methods is restricted to X ray diffraction and one neutron ex-

periment. An additional assumption, like for instance wna Sa=0

(where w„ B is a weighting factor), is then needed to determine

the two other PSF. This has been the approach-of Lamparter et al.

[4J and of Chadha et al. [5] in their studies of the Cog. 5

B,g e amorphous alloy.

In recent years, EXAFS has proven to be a useful tool for

the determination of pair distances in disordered materials [6j.

However, as it has been shown by Eisenberger et al. [7], sig-

nificant errors can occur if the anharmonicity of the inter-

atomic potential is not taken into account. Conversely, the three

first moments of the pair correlation function can be measured

by appropriate fits of the spectra.

Finally, the hyperfine field, which essentially depends on

the metalloid neighbourhood of iron, provides informations about
57

the Fe-B pairs in Fe doped samples.

Besides still rare structural data 14,5,8], measurements

in the 0.14 £ x £ 0.28 concentration range have shown that the

density, mean magnetic moment per cobalt atom, Curie temperature

and saturation magnetostriction constant are monotonous decreas-

ing functions of the boron content [9,10]. Only few data about

the crystallization temperature are available [10,11] which show

that for x £ 0.25, the crystallization starts before the Curie

temperature is reached.

2. EXPERIMENTAL

The amorphous samples have been prepared from master sinter-

ed alloys by melt spinning on a copper wheel. In order to limit

the reaction of the alloy with the quartz crucible, a low pres-
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sure atmosphere of He - 5% H, has been kept during the quench.
11The following compositions have been prepared: Co. «.,. BQ

for neutron diffraction and EXAFS, I57?eooo8 C°Q992 )O.78 BO.22

(hereafter labelled as Co7gB2?) for EXAFS and Mössbauer spect-

roscopy, CoQ 7 4B Q 2g for EXAFS and

(57FeO.0O8 C°O.992)O.72SiO.O2BO.26 <h^eafter labelled as
Co-^Si-Bpg) for Mössbauer spectroscopy.

Boron 97,15% enriched in B has been used for the

Coa. c B,o c sample. Its mass was near 8 g and it was wound on
öl. 5 J.O. 3

a flat former of the kind described by Cowlam et al. [12]. It

was kept in the neutron beam between the polar pieces of a 16 kG

electromagnet (D5 diffractometer ILL, Grenoble) with the help of

an aluminium holder protected from irradiation by a boron nitride

shield. The neutron wave length was A = 0.84 8. The beam was

polarized by a Cu- Mn Al monochromator (polarization rate

P = •• 0.964) and the flipper efficiency was e = 0.925.

Two scattering patterns were recorded with the polarization

+ P perpendicular to the scattering vector Q in the 0.5<Q£ll.8 8

range. With the polarization parallel to the scattering vector,

the pattern was limited to Q £ 5.7 8 by the geometry of the

magnet [1]. This disadvantage is however not too serious because

of the rapid decrease of the magnetic structure factor with Q

which anyway restricts the useful Q range to Q £ 6-7 S~ . The

analysis of the diffraction data has been performed in the way

defined by Bletry [13]. The three coherent cross sections
+

do 7 do.,

(air and a/ )
have been calculated from corrected intensities (rapid neutrons

intensity, polarization, absorption, incoherent, inelastic,

multiple scattering [13]) by a normalization at large values of

Q. Therefore, -^ , has been extended to Q = 11.8 S"1 by a linear

combination of the two other cross sections [1]. Finally, the

formalism developed by Bhatia and Thornton [14], which is

especially suitable for liquid and amorphous alloys, will be

used in this paper.
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For each sample, we have recorded from 2 to 4 EXAFS spectra

at room temperature. They have been added in order to increase

the statistical reliability of the data. These data have been

analyzed in the framework of the model of Eisenberger et al. [7],

using the calculated backscattering amplitude and phase shifts

for cobalt of LEE, TEO and coworkers [15]. The validity of these

parameters has been checked in crystalline model compounds: hep

Co and orthorho'mbic Co,B. The three first moments of the radial

distribution function (R, o2,* a3) in the first cobalt shell have

been optimized with a non linear optimization routine after

filtering the contribution of the first shell according to the

method of Shulman et al. [16], The origin of the photo-electrons

energy has been chosen in order to account for the mean Co-Co

distance R = 2.59 R in Co3B [17].

The Mössbauer spectra have been recorded at T = 4 K, 80 K

and 300 K, with the help of a constant acceleration spectrometer

using a 30 mCi source in a rhodium matrix. The hyperfine field

distributions (HFD) have been calculated as it is described in

[18]. A representative value of the mean quadrupole splitting

A = 0.5 + 0.07 mms has been measured above the Curie tempera-

ture before the crystallization starts in the Co-jSi-B,, sample.

For such a quadrupolar interaction, a significant broadening

and a distortion of the natural Lorentzian Mössbauer line are

expected, which have been taken into account [18].

3. EXPERIMENTAL RESULTS

3.1 Polarized neutron diffraction . ± .

The three coherent cross sections -rpr— and ^r of the
dfi dft d 0C°81 5B,g c sample are presented in Figure 1. -=jj' which

only contains the nuclear scattering information is the neutron

structure factor SN(Q)..The oscillations of SN(Q) beyond the

first intense peak are strongly damped as they are also in the

patterns of Lamparter et al. [4] and of Chadha et al. [5]. This

effect results from the out of phase oscillations of S_ co^'

and Sc B(Q) which contribute almost equally to SN(Q) [5].
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The positions of the first intense peak and of the oscilla-

tions are respectively: 2.3; 5.9; 7.7; 10.5 8 while an import-

ant prepeak appears at Q + 2.1 8" , This prepeak is also clearly

visible on -jjr1 and has also been shown by Lamparter et al. [4].

Or. the contrary, such a prepeak does not appear on the structure

published by Chadha et al. [5]. An intense prepeak is a

feature of the neutron diffraction patterns of amorphous

alloys like Co-P [13], Fe8oB2O '4^' etc* i n" w h l c h a strong chemi-

cal order prevails.

The magnetic scattering length of cobalt has been calculat-

ed from measured mean magnetic moment [9,19] and with the help

of the analytical expression of the magnetic structure factor

given for metallic cobalt by Lisher and Forsyth [20]. The ex-

pression has been fitted to the actual magnetic structure factor

of the alloy by the two fitting parameters introduced by Bletry

and Sadoc [13]: t = 1.30, W = 0.95.

The density-density, density-Co concentration and Co con-

centration-B concentration (respectively S„N, S N C, S c c as defined I

in [21]) partial structure factors of Cofl1 KB-.a c are represented ^
da. ol':> J-Ö.3

on Figure 2. Due to the expansion of -rj at large Q values, these
PSF are only significant in the O < Q < 5.7 8" range. From the

position Q.j!jN = 3.15 fi~ of the first peak of S N N, the average

atomic diameter can be calculated [13,21], e.i.:

0.815 dCo + 0.185 dB = 7.7 / Q*N = 2.4 8 which is in agreement

with the Goldschmidt radii rCQ = 1.25 8, rB = O.87 R.

The correlations between the atomic positions of cobalt

and boron lead to oscillations of S ™ around zero. However, a

precise interpretation of this function does not seem to be pos-

sible. Finally, S c c exhibits a broad peak of which the posit-

ive amplitude shows that this alloy is strongly ordered. This

amplitude allows to estimate a Cowley parameter [22] a = -0.25-

with the help of Beltry's DRP models [13,23]. As the minimum

value of a which corresponds to this composition is a = -0.23,

we conclude that there are no B-B pairs in the COg. 5B,Q 5
glass.
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3.2 EXAFS spectroscopy

The modulations x{k) o f t h e EXAFS spectra of hep cobalt,

orthorhombic Co3B and of t'.ie Co7.B_, glass are superimposed on

Figure 3 . Although a glitch distors the spectrum of Co-B at

large values of k (transfer momentum of the photoelectron), this

figure clearly shows that this boridé is a suitable model com-

pound for the amorphous alloys. On the contrary, the oscilla-

tions of xOO in hep Co are out of phase with respect to those

of Co74B26 f r o m k >/ 6 Ü" .

As it was already mentioned in section 2, the fitting pa-

rameters (photoelectron mean free path, inelastic emission and

scattering amplitude, origin of the photoelectron energy) which

enter in the EXAFS formulation, have been fitted with the help

of hep Co and Co3B. However, for the sake of briefness, they

are not given in this paper and will be reported in [3]. Because

of the rather important thickness of the samples (20-25 iim) , the

presence of harmonics in the X-ray beam modifies the amplitudes

of the edge and of the x(k) modulations [24]. Therefore, only

relative coordination numbers Y are available from this study

which may however, be scaled with the help of the number of Co-Co

pairs Y = 12.7 published by Lamparter et al. for Co 8 1 5 B 1 8 5

[4]. Finally, the quite small backscattering amplitude of boron

avoids any significant determination of the parameters of the

Co-B shell.

The results which concern the first cobalt shell around the

cobalt probe in hep Co, Co, B (x = 0.185; 0.22 and 0.26) glass-

es and Co.,B are reported in Table 1 while the corresponding ex-

perimental \(k) after filtering in the real space and back

Fourier transforming [16] (and calculated xdO are presented

on Figure 4.

The mean Co-Co distances of Table 1 are in good agreement

with those measured by X-ray diffraction by Waseda and Chen [8].

Due to the spherical atomic distribution in hep Co, a represents

the thermal mean square amplitude of the atomic displacements.

Our measurement is in satisfactory agreement with the calculation

of Ramanand and Ramji Rao [25]. The amorphous alloys exhibit an

additional scatter of the atomic positions, as is shown by the
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2 3

increase of o and by o / O which means that the first peak

of the radial distribution function is not symmetric. Of course,

as can be infered from space group of Co,B [17], these features

are also observed in this boridé. ? weakly depends on the boron

concentration (Table 1). Scaled with y(0.185) = 12.7 [4], the

measured 5 values lead to Y = 11.7 in Co^.B-, which is close to

the average value in Co,B (Y = 11.3). On the contrary, although
2 3

the compositions are almost the same, a and a are significant-

ly smaller in Co-.B,, than in Co,B.

3.3 Mössbauer spectroscopy

The Mössbauer spectra (at 4 K and 300 K) of the Co7gB_g and

Co72Si2B26 (doped with Fe) glasses are presented in Figure 5.

The HFD calculated from these spectra and from the spectra record-

ed at 80 K are reported on Figure 6 and the corresponding para-

meters are collected in Table 2. (H: mean hyperfine field, o„:

mean square deviation of the HFO, 6 mean isomer shift with re-

spect to bcc iron at 3OO K, M and AM: misfit parameters of Ruby

[26].

The spectra of Figure 5 exhibit a strong asymmetry: A.< Afi
(T, >r,) ' A_> A5 (F_ >r5) if the peaks are labelled from 1 to 6

from negative to positive velocities. We assign this asymmetry to

the existence of anisotropic hyperfine fields [27] which are a

common feature of many transition metal borides. A quite satis-

factory fit of the experimental spectra is obtained with an

average value H = -10 kOe and with the same average isomer shift

6 for all the components of the HFD. (Figure 6 and Table 2).

The hyperfine fields which characterize the two sites of

the Co,B boridé (doped with Fe) have been measured at T = 4 K

[28]. They are respectively Hj = 228 kOe (3 boron nearest neigh-

bours of the cobalt site [17]) and HJJ. = 283 kOe (2 boron nearest

neighbours [17]) and are also reported on Figure 6 (dashed lines).

Furthermore, this study has shown that iron prefentially substi-

tutes the site II with an occupancy ratio 1/1 instead of 0.5/1.

Figure 6 shows that the HFD of Co72Si2B2g presents a main com-

ponent and a shoulder at low fields which, at T = 4 K, are res-

pectively located on Hjj and H . In Co7gB22, the HFD is almost
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completely located around H-. between 250 and 300 kOe. Prom this

comparison with H_ and H__/ an estimate of the mean number of

boron nearest neighbours of an iron atom can be given ÍL = 2.2

in Co-gB,, and iL a 2.5 in Co_2Si2B2g (the influence of silicon

has been neglected).

The shape of the HFD of Figure 6 shows that, like in Co,B,

the iron environment with 2 boron neighbours is favoured in the

glasses. This is the reason why the width of the HFD (see o in

Table 2) is rather small in these glasses with respect to the

value measured in Fei_ B amorphous alloys. To illustrate this

point, we have superimposed in Figure 6 the HFD at T = 4 K of

Co7gB22 and
 F e

7 8
B22 ^29^ (with a^ = 24 kOe and aH = 34 kOe res-

pectively) . The top of the HFD in Fe78B22 also corresponds to

the n„ = 2B environment [29] and therefore confirms that the

HFD mainly results from iron occupancy of the n„ = 2B environ-

ment in Co, B glasses.

4. DISCUSSION

Our neutron diffraction study experimentally demonstrates

that the boron atoms are isolated from one another by a cobalt

shell. The repulsion between metalloid atoms is also evident in

Co P glasses [13] and is usually stated in the building of dense

random packing of spheres models.

An other evidence that chemical ordering prevails in the

amorphous structure can be deduced from the EXAFS results of

Table 1. The three first moments of the Co-Co pair distribution

function are in fact not independent parameters and it is of
— 3 2interest to plot for instance R and a versus a as is shown in

Figure 7. This picture proves that the symmetry of the cobalt

shell around a cobalt atom in the amorphous alloys drastically

decreases from an almost sphericity like in hep Co to the low

symmetry which is characteristic of the orthorhombic structure

of C0.3B. In the framework of the Polk-Bernal model [30], the in-

crease of the boron content is expected to increase the filling

of the larger voids of the rigid [31] metallic skeleton. It is

however, obvious from Figure 7 that such a model cannot account
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for the distortion of the metallic network observed around x=0.20.

On the contrary, the results of Figure 7 suggest that, due to

the sp-d hybridization, Co-B clusters occur in the liquid state

which form cobalt structural units around the boron atoms during

the glass transition. Such structural units are likely to be

tetrakaidekahedrons (as they are in Co,B) which have been assumed

by Gaskell [32] to be the basic building units of the amorphous

structure of metglasses. We propose elsewhere in this conference

a model of the amorphous structure of metglasses which is also

grounded on the existence of these units 129 ]. In this model, a

change of the connectivity between prismatic units simply accounts

for the concentration variation. A distortion of the cobalt shell

(on average) may thus be expected to occur when the mean number

of boron nearest neighbours of a cobalt atom increases from

rL= 1.5 (x = 0.185 [4]) to nn = 2.5 (x = 0.26, section 3.3).

Moreover, the nature of the structural operations which

generate the prismatic units only depend on the chemical bonds

between the different atoms irrespective to the crystalline or

amorphous state of the sample. Therefore, the cemical short range

order is expected to satisfy the same substitution rules in both

crystalline compounds and glasses as it is indeed experimentally

observed in Co,B and in the Co, B amorphous alloys (section 3.3).

5. CONCLUSION

This study of Co, B glasses has shown that the boron atoms

are enclosed in cobalt structural units the connectivity of which

depends on the composition. Furthermore, the glasses present some

characteristic features of the Co_B boridé like a preferential

substitution of iron on those cobalt sites which have 2 boron

neighbours. The amorphous structure is therefore mainly governei

by the chemical short range order and our results support the

structural models grounded on the stacking of structural units

like tetrakaidekahedrons. The notion of highest disorder which

is usually associated with the hard spheres packing models is
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thus to be replaced by a notion of minimum disorder compatible

with the packing of structural units as defined by the chemical

bonds. New investigations of the Co-B amorphous system are in

progress to further clarify this point of view.
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Table 1

sample

hep Co

C O81.5 B18.5

CO78 B22

CO74 B26

Co3 B

R + 0.02
8

2.51

2.55

2.57

2.57

2.59

0

82

0.007

0.011

0.016

0.016

O.O25

a3

83

0 .

0.0023

0.032

O=OO32

O.OO4

-

1.

1.02

O.92

-

Table 2

sample

Co78 B22

T
K

4

8O

30O

4

C o 72 S i 2 B 26 8 0

300

H

kOe

277
275
267

256
254
230

°H
kOe

24 .1

25.6
22 .2

26.9
27.5
27.9

6
nuns

0.275

0.24
0.132

0.28
0.28
0.148

H

0.107
0.073
0.135

0.211
0.107

0.126

AM

0.019
0.029
O.O2O

0.052
0.039
0.020
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Fig. 1. Coherent cross sections
amorphous alloy

3I da
•TJT of the Co81.5 B18.5
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4 6

Fig. 2. BHATIA-THORTON partial structure factors of the
Co , B o _ amorphous alloy
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Fig. 5. Experimental and calculated Mr'ssbauer spectra at 4K
and 3OOK of a: Co
(doped with 57Fe)
and 3OOK of a: Co-B B,_ and bt Co-. fl_, glasmea
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Fig. 6. Huperfine field distributions P(H) calculated
from spectra recorded at 4K, 8OK and 3OOK in
Co?g B22 (left) and in Co?2 S±2 B2& (right).
Thin solid line: HFO of Fe?e B at 4K [29);
dashed lines: hyperfine fields in Co. B (doped
with 57Fe) at 4K [28].
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- 3 2Fig. 7. Bvolution of X and 0 vmraua o in hep Co
(lower left corner), Co._ a (x • 0.185/
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THE COORDINATION OF IRON IN ALUMINO GLASSES CONTAINING SOME

ALKALINE OR ALKALINE EARTH ELEMENTS

N.A. Eissa*, A.G. Mostafa+, A.M. Sanad*, A.L. Hussein"

*Physics Department, Faculty of Science, Al-Azhar University/

Nasr-City, Cairo, EGYPT.

Physics Department, Faculty of Science in Aswan, EGYPT.

xGlass Unit, National Research Center, Dokky, Cairo, EGYPT.

The coordination of iron was studied applying Hössbauer

spectroscopy (HE) in the glass system:

4.5 mole B_O, • 1 mole A1_O, ' 1 mole M,0 • x mole Fe_O3 where

•A represents Li, Na or K and x=0.4, 0.85, 1.25, 1.7, 2.1, 2.5

and 2.9.

and also in the system:

5 mole B-0, * 1 mole A12°3 * *
 m o l e M e O ' °«5 m°le Fe2°3 where

He represents Hg, Ca, Zn, Sr, Cd and Ba.

The Mössbauer spectra for all the samples were measured at

room temperature.

It was found that Al ions appeared in all glasses as AlO^

and hence they may replace the fourfold coordinated iron ions

in in glasses. Al-O, may aid also the formation of a compact

structure specially at higher iron oxide concentration. This was

confimed by the molar volume measurements for these glasses. The

slight deviations appeared in the molar volume values of alkaline

earth berate and alkaline earth alumino borate glasses may be •

due to the difference in the electronic configuration between

group (II-A) and group JII-B).
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A COMPARISON BETWEEN COMPTON SCATTERING AND
POSITRON ANNIHILATION IN Nl-B ALLOY GLASSES
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Kenji Suzuki

The Research Institute for Iron, Steel and Other Metals,
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ABSTRACT

The Compton scattering mearuements and the positron annihilation
measurements have been carried out for four kinds of Nl-B alloy
glasses. From the comparison between these two methods, it is
concluded that positrons in Ni-B alloy glasses are traped at
vacancy-like sites in the amorphous structure.

INTRODUCTION

As it is well known, Compton scattering experiment informs

us about the momentum distribution of electrons in materials [lj

as well as the positron annihilation experiment. The feature of

the Compton scattering experiment is to provide the average mo-

mentum distribution of all electrons in the material with an

equal probability.

This is in contrast to the feature of the positron annihila-

tion experiment in which positrons prefer to annihilate with the

valence electrons far from the nucleus and are sensitively trapped

by various types of defects in the material. Therefore, it would

be of great interest to compare experimentally the Compton profile

with the positron annihilation characteristics for the same

material.

-••Present Address: Material Research and Development, Mitsubishi
Electric Corporation, Sagamihara, Kanagawa 229, Japan.
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From this point of view, Itoh and Suzuki[2] have already A

discussed the positron trapping in liquid metals and found an

appreciable trapping effect in liquid 6a metal in contrast to

liquid Na metal.

In this paper, we report the Y-ray Compton profiles and the

angular correlation curves as well as the lifetime of the positron

annihilation for four kinds of Ni-B glassy alloys in order to

make clear the positron annihilation characteristics in the

amorphous material.

EXPERIMENTAL

N*100-xBx'x" 18' 20' 33 and *°* all°Y glasses were prepared

by rapid quenching from melts under an Ar atmosphere of 100 i

Torr. The purities of Ni and B elements were 99.98 t and 99.8 %, %

respectively. Ni-B alloy glasses thus obtained were long

ribbons with about 30 urn in thickness and 1 mm in width.

Compton scattering measurements were carried out using 59.54

keV y-Xü/B emitted from a 1 Curie Am source and a pure Ge

solid state detector. The energy resolution was 0.45 a.u. in the

momentum space in this system. The details of the experimental

set-up and the data processing procedure have been described

elsewhere[3].

The measurements of the angular correlation curves were

made by a conventional long-slit apparatus(4) using the Cu

isotope of about 1 Curie as a positron emitter. The resolution

of this system was 0.65 milliradian which is equal to 0.089 a.u.
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The lifetime measurements were made using a spectrometer consist-

ing a fast-slow coincidence circuit having a time resolution of

about 320 psec in FWHM of a Co prompt curve. The positron

• 22
source was a 10 yCi Na isotope which was sandwiched between a

couple of thin Mylar foils.

RESULTS AND DISCUSSION

Figure 1 shows the Compton profiles Jig) as a function of

momentum q for four kinds of Ni-B alloy glasses, together with

those for pure Ni crystal and pure B crystal. The area under

each curve is normalized to give the number of whole electrons

in each Ni-B alloy glass. It can be seen that the height of J(0)

monotonically changes with the concentration of B atom'. i

In order to find the alloying effect on the electronic *

structure of Ni-B alloy glasses, we introduce the differential

Compton profile AJ(q) defined as

where JN^_B (g) <•
 J
N^ (?) and Jfi (q) are Compton profiles for Ni-B

alloy glass, pure Ni crystal and pure B crystal, respectively,

and cNi and cfi denote the concentration fractions of Ni atom

and B atom in the alloy glass. As shown in Fig.2, each A J(q) •

curve exhibits negative values around q« 0 and reverses its sign

to positive values around q * 0.5 a.u., beyond which A J(q)

oscillatorily approaches zero with increasing momentum. These

q-space behaviors show that d-like electrons increase at the
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expense of decreasing s- and p-like electrons in Ni-B alloy

glasses, because J(q) in the intermediate momentum region around

g» 1.0 a.u. is quite sensitive to the behavior of 3d-electron

wave function in Ni atom[5J. The non-linear behavior in A J(q)

with increasing concentration of B atoms has been found to

correlate with the formation energy of Ni-B alloy glasses[6].

Figure 3 shows the angular correlation curve N(6) of the

positron annihilation for Ni-B alloy glasses. N(8) for Ni crystal

annealed at 900 °C during 2 hours as well as irradiated by fast

neutron(> i MeV) up to a fluence of 4.4 x 10 nvt at Japan

Material Test Reactor are compared with N(6) for N i 9 2
B
1 8 alloy

glass. It can be seen that three N(6)'s for Ni-B alloy glasses

shown in Fig.3 do not change appreciably with increasing

concentration of B atoms. The FWHM of these N(8)'s are summa-

rized in Table 1 in which the FHHM of N(6) for Nig()B20 is also

included. It is noteworthy that the curve N(9) for Ni-.B.g

alloy glass resembles N(6) for the irradiated Ni crystal rather

than that for the annealed Ni crystal.

The lifetime spectrum of positron annihilation was fitted

by a three component analysis, two of which were the source

components. The results thus obtained are listed in Table 1.

It can be seen from Table 1 that the positron lifetimes

for Ni-B alloy glasses are rather independent of the concentra-

tion of B atoms. This feature is consistent with the observa-

tion of the angular correlation curves in Fig.3. The positron

lifetimes for Ni-B alloy glasses are longer than the positron

lifetime for the annealed Ni crystal. These values for Ni-B

alloy glasses are very close to the value of the positron life-
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time by Lynn et al[7J which was attributed to the positron trap-

ping in thermally activated mono-vacancies but are smaller than

the value 230 psec by Doyama and Cotterill[8] which has been

reported for the positron lifetime at dislocations in Ni crystal.

From these results of both the angular correlation curves

and the lifetimes, it may be concluded that positronc in Ni-B

alloy glasses are trapped at vacancy-like sites in the amorphous

structure. This conclusion supports the earlier suggestion that

positron states are localized at the holes existing inherently

in the dense random packing of atoms[9-10]. \

Finally, it should be noticed that the positron annihilation

characteristics in Ni-B alloy glasses are so much insensitive to

the variation of B atom concentration. This implies that

positrons are likely to annihilate from particular vacancy-like

sites near Ni atoms in the amorphous structure. However, it is

not yet clear at present why such a situation can be realized in

the defect structure of Ni-B alloy glasses.

CONCLUSION

The present results are briefly summarized as follows.

The Compton profiler for Ni-B alloy glasses reflect to some

extent the electronic structure in the amorphous alloys despite

of the rather poor resolution> This shows that the Compton

scattering technique is useful to investigate the electronic

structure of amorphous materials. On the contrary, the positron

annihilation measurements in Ni-B alloy glasses can not yield

the average electronic structure due to the trapping effect but

rather the defect structure. The small variation of the positron
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annihilation characteristics against the compositional change in

Ni-B alloy glasses should be examined in view of the defect

structure in their atomic arrangements.
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Table 1

Positron annihilation characteristics for Ni-B glassy
alloys and pure Ni crystal

Sample
Positron lifetime

(psec)

PWHM of angular

correlation curve

(mrad)

Pure Ni

annealed

irradiated

9-Ni82B18

g-Ni80B20

103.1 - 1.1

141.2 - 1.0

139.8 - 1,2

145.2 - 1.1

143.2 - 1.4

11.95 - 0.05

9.85 - 0.05

10.90 - 0.05

10.80 - 0.05

10.90 - 0.05

10.85 - 0.05

777



NI-B GLASSY ALLOYS

NI (CRYSTAL)

NÜ82
NI60 B20
N167 B33
NI60 B40
B (CRY5TAL)

Fig.I.

q (a.u.)
Compton profiles J(q) for Ni-B alloy glasses
together with those for pure Ni crystal and
pure B crystal.
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Differential Compton Profile

I

NI82 B18
NI80B20
N167 B33
NI60 BAO

2 3
q (a .u . )

i

Fig.2. Differential Compton profiles for M-B alloy glasses. The vertical bars denote
statistical errors.



NI67B33 /

NI6OBAO.

NI82B18

pure
NMWMN

NI

irradiated
by neutron •
annealed

(9OCTc.2hr)

0 5 10 15
6 ( mrad)

Fig.3. Angular correlation curves for Ni-B alloy
glasses. Angular correlation curves for pure
Hi irradiated by neutron as well as annealed
at 900°C x 2 hours are also shown.
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ABSTRACT

All three methods of the positron annihilation technique were ap-
plied to investigate amorphous metals. Samples of Fe4ONi4oSii4B6

and Fe4oNi4Op16B6 were prepared from melt spun with constant ejec-
tion pressure and orifice but varying quenching rate and melt
temperature. The influence of the production process leading to
different H c for the samples, the effect of heat treatment, cold
rolling, and electron irradiation were studied. The measured de-
pendence of positron annihilation parameters on the above treat-
ments indicate the presence of positron-active trapping centres
in the amorphous phase.

INTRODUCTION

The investigation of amorphous solid systems by nuclear

methods has gained considerable interest of late. This is due

to the many complex questions to be answered by physics, but

it is also due to some very promising technological properties

offered by these materials. Glassy metals constitute a special

group in this field and, albeit there are already successful

applications in mechanical, chemical and electronical engi-

neering, their structure is still open to discussion. Conven-

tional structure investigation methods have given essential in-

formation on atomic distribution, pair correlation, short-range

order, etc. in different amorphous metallic alloys but the ques-

tion of the existence of "defects" in the glassy phase is not
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answered by them. It is extensively demonstrated that positron

annihilation methods represent a sensitive and selective tool

for examining vacancy-like defects, and these methods are now

being applied to studying amorphous materials, especially metal-

lic glasses [lj.

In this paper our aim was - as a continuation of our earl-

ier work [2-4] - to study the possible effect of the production

process using the spinning wheel technique on the structural

imperfection of metallic glasses as seen by positron annihilation,

furthermore, effects of heat treatment, cold rolling and electron

irradiation were also investigated. The effect of a further pro-

duction method - that of electrodeposition - was also studied

with regard to the structure of amorphous samples [5].

EXPERIMENTAL

All three methods of the positron annihilation technique

were applied to investigate the amorphous metallic samples.

a/ Positron lifetime measurements were performed with a

conventional fast-slow coincidence system based on XP 1023 photo-

multipliers with Me 111 plastic scintillators; the. self-resolu-

tion of the measuring set-up - as defined by Co for 30t energy

windows - was between 3S2 and 372 ps. The measured spectra were

evaluated with the POSITRONFIT EXTENDED program [6], taking source

correction into account.

b/ The measurements of the Doppler-broadening of the an-

nihilation vline were carried out with an ORTEC HPGe-detector

with 1.1 keV PWHM-value for the 514 keV 85Sr y-line. To charac-

terize the measured energy distributions - after background cor-

rection - both the extensively used S-parameter and normalized

L-parameter values were calculated (rig. l).

c/ The angular correlation of the 2 ^annihilation y-quanta

was measured applying a long-slit geometry device. The angular

correlation curves were evaluated by the PAACFIT program [7].
jo 5

As positron source Na/5xlO Bq activity.for positron

lifetime and Doppler-effect measurements'! 6x10 Bq activity for

the angular correlation measurements/was used for all measure-
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ments. The samples of Fe.-jNi.-Si-.B, and Fe4oNi.oP,.B, were pre-

pared in the Central Research Institute for Physics (Budapest)

by melt spun with constant ejection pressure and orifice but

varying quenching rate (rotation speed of the cooling disc) and

melt temperature applied for the first type of samples [8].

The data for the melt temperature and rotation velocity

values are given in Table 1.

Table 1

Rotation speed values are given in relative units

Fe4ONi4OSi14B6 s a mP l e s

No.

1

2

3

4

5

6

7

8

9

v/vo

3

3

5

2

10

3

3

3

4

T <°C)

13OO

1300

1300

1300

1300

150O

1500+1300

125O

1500+1300

H •(A/m)c

27.4

25.8

30.0

17.6

39.5

27.4

34.8

20.3

44.7

The amorphicity of the samples was verified by X-ray dif-

fraction measurements.

Measurements of the coercive force H_ were performed by a

vibrating sample magnetometer.

A set of samples was heavily deformed (cold-rolled) to a

degree of 20+5% thickness reduction; others were electron-irra-
16 2

diated with a dose of 2x10 e/cm at room temperature (electron

energy: ~ 7 MeV).
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The influence of annealing was studied on Fe40Ni40Si14Bg

samples by positron lifetime measurements carried out at room

temperature.

Measurements of the Doppler-broadening in dependence of

annealing temperature were performed using an oven; the heat-

treatment of the samples was carried out under vacuum (or in

argon atmosphere).

The conventional sandwich-type source-sample arrangement

was utilized for lifetime and Doppler measurements; three-layer

thick metallic glass samples were prepared by point-welding

pieces of the ribbons to a stainless steel frame. Such types of

samples were also used for 2 Y-angular correlation measurements,

performed in vacuum.

RESULTS AND DISCUSSION

Measurements of positron lifetime and those of the Doppler-

effect were carried out on the samples listed in Table 1 and on

purer well-annealed, heavily deformed Fe. The lifetime spectra

yielded two components; the second one is thought to indicate

presence of extended trapping centres and/or surface states. For

the calculation of L1 the Doppler-broadened curve for well-

annealed Fe was chosen. The parameters a,b,c (see rig. l) were

chosen so that an optimum sensitivity was achieved. The differ-

ence between the Doppler curves of the samples and that of the

Fe single crystal (see rig. 2) made it easier to choose the a, b

and c parameters correctly. The lifetime/ coercive force and S-

and -L1-parameter values for Fe4oNi4oSl14Bg samples are given in

Table 2. The x -values show a reasonable fit.

Figure 3 presents the positron annihilation parameters

listed above grouped according to values of cooling rate; it is

noteworthy that higher cooling rates result in higher values of

all annihilation parameters, in contradiction with results in [9].

On the other hand from rig. 4 - where the mélt-temperature is

taken as variable for a given cooling rate - it can be concluded

that there are no significant changes depending on the melt-tem-
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Table 2

Positron lifetime and Doppler-broadening parameters referring to amorphous Fe.-Ni.-Si.,Bfi
samples produced by applying different melt temperatures and cooling rates, and having
different coercive forces

No

1

2

3

4

5

6

7

8

9

Fe single
crystal

Fe deformec

t^ns)

±0.003

0.166

0.159

0.183

0.159

0.192

0.151

0.152

0.159

0.185

114

172

T2(ns)

±0.020

0.846

0.803

1.186

0.814

1.194

i.O22

0.980

0.848

1.236

-

-

Ix(%)

±1,0%

92.2

90.6

87.8

91.3

86.4

90.8

92.0

91.3

87.3

100*

100*

I2(%)

±1,0%

7.7

9.3

12.1

8.6

13.5

9.1

7.9

8.6

12.6

-

-

S

±0.0005

0.4293

0.4247

0.4397

0.4220

0.4514

0.4263

0.4277

0.4249

0.4520

0.3927

0.4152

L'

±0.005

1,352

1,297

1,473

1,265

1,624

1,320

1,328

1,294

1,621

1,0

1,192

Hc(A/m)

±20%

27,4

25,8

30,0

17,6

39,5

27,4

34,8

20,3

44,7

One-component evaluation



perature. It is obvious that higher rotation speed results in a

higher cooling rate and a reduced thickness of the amorphous

ribbon. The increase of the x, values with increasing cooling

rate indicates either the increase in size of the trapping

centres or the increasing number of trapping centres. The cause

of this uncertainty is that the components of free annihilation

in the bulk and that of annihilation in trapping sites are too

close to each other and cannot be separated. It might be ex-

pected that higher cooling rates result in greater 'free volume1

in samples seen as vacancy - like 'defects' by positrons than

slower cooling rates. It is in accordance with the fact that

microhardness data show a systematic decrease with increasing

cooling rates [10]. Indeed, all positron annihilation parameters

presented in Figs. 3 and 4 indicate that the positron trapping

- which is though to play a determining role in the increase of

the above parameters - depends only on the cooling rate which is

practically uneffected by the varying melt-temperature. Figures 5

and 6 present the S,L* and positron lifetime parameters as a

function of ribbon thickness. The results are in accordance with

those in Fig. 3.

The Doppler-measurements on Fe4oNi4oP,.B, were carried out

in thermal equilibrium in the temperature range 23-5OO °C for

as-received and 2O±5% cold-rolled samples, the results are

summarized in Fig. 7. No difference is observed between the as-

received and the cold-rolled samples at roon; temperature. Both

types of samples exhibit nearly identical linear, positive tem-

perature dependence in the amorphous state which continues even

in the crystalline state. The trend of the data points of the

as-received sample in the temperature range 23-150 °C could be

indicative of some structural relaxation in the glassy matrix

already noticed earlier [11-13,17] whereas in the cold-rolled

sample such relaxation is not visible.

Lifetime measurements showed no significant difference be-

tween electron irradiated and non-irradiated samples (Table 3).

Further measurements at low temperature using higher dose are

desirable [14-16],

788



Table 3

Positron annihilation parameters of irradiated
and as-received samples

Fe4ONi40S114B6

Not irradiated

Irradiated

2 'Dose e/cm

2xlO16

T1 [ns]

+O.OO3

0.151

0.157

Successive heat treatment of the Fe4oNi4oSi,4Bg samples was

carried out in Ar atmosphere. Positron lifetime measurements

were always performed at room temperature. Figure 8 presents the

dependence of positron lifetime and coercive force values on the

heat-treating temperatures. The marked decrease at 200 °C in x,

and H might be interpreted as a sign of structural relaxation

causing a redistribution and change of the structural imperfec-

tions.

From computer analysis of the measured 2 Y-angular correla-

tion curves for Fe40Ni40P,4Bg it was found that only lllfittlng

of the curves is achievable following the conventional assump-

tion that they consist of two components, one of Gaussian form

originating from positron annihilation with core electrons, and

one of parabolic shape - resulting from annihilation with va-

lence electrons. No better fit was obtained when assuming a

third component representing a localization of the positron be-

fore annihilation as in the case of pure metals containing de-

fects. This fact indicates a substantial difference in the

electronic structure of amorphous alloys compared with that of

materials of crystalline structure.
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CONCLUSIONS

The marked influence on the positron annihilation para-

meters ascribed to changes due to different production and

handling procedures suggest that metallic glassy samples tend to

behave guite individually. This leads to the conclusion that

different production techniques may well result in somewhat dif-

ferent arrangements of structural imperfections.

From the present set of data, i.e. the positive temperature

dependence, the insensitivity of the measurable parameters to

substantial cold-rolling, and that no apparent jump occurs due

to crystallization, we may conclude that a very high concentra-

tion of vacancy-like defects is present in the samples, so that

positrons are always trapped there. According to experience on

defects in metals, the 'defect' co! centration ought to be larger

than lo" per atom.
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SHORT-RANGE STRUCTURE OF AMORPHOUS METAL-METALLOID ALLOYS

N. Mattern, H. Herman

AdW der DOR, Zentralinstitut fUr Festkorperphyslk und
Werkstofforschung, DDR-8027 Dresden, Helmholtzstr. 20

The structure of amorphous alloys is interpretated either
by the models of dense random packed spheres or by quasi-crys-
talline models. Experimental data like density pair distribution
function (PDF), average hyperfine field distribution act as
critical test for structure models and give hints for their im-
provement .

In the case of amorphous metal-metalloid alloys it could
be shown, that disordered models with short-range order of the
crystalline Ni P-phase provide PDF's in agreement with experi-
mental ones. As an important parameter the fraction of metalloid
atoms has to be introduced in binary structure models. Models
with crystal-like short-range order require some plausible as-
sumptions to include different chemical compositions.

The model PDF's of amorphous Fei_xB„ with Ni_P short-range
order were calculated assuming the exceeding metal atoms to be
situated at metalloid place. Clusters with Ni-P short-range order
were produced and relaxed using Lennard-Jones potentials. The
total PDF's show the following behaviour with decreasing metal-
loid fraction:

1) nearest neighbour distance decreses
2) coordination number increases
3) first component of the second split peak decreases.
These model calculations are in agreement with experimental

results and confirm the existence of a short-range order in this
class of amorphous alloys similar to that in the crystalline
unit cell.

801



MAGNETIC RESONANCES OF BORATE GLASSES DOPED

WITH PARAMAGNETIC IONS

Al. Nicula, S. Simon

Faculty of Physics, University of Cluj-Napoca, 3400 Rumania

ABSTRACT

Results obtained by means of magnetic resonance (NMR and EPR)
regarding the structural modifications Induced in alkali borate
glasses by the preparation temperature and presented with par-
ticular reference to results using alkali borate glasses contain-
ing paramagnetic ions (V4+, Mn2+, Cu2+) whose EPR spectra ex-
hibit hyperfine structure due to interactions with their nuclei.
In this context the EPR technique may be regarded as an indirect
nuclear method for the investigation of the materials structure.

INTRODUCTION

The magnetic resonance technique has become one of the most

widely used methods for the investigation of the local order in

glasses as a result of the progress in the elucidation of the

mechanisms by which different magnetic and electric interactions

influence the magnetic resonance lineshape and the established

correlation between the shape and the parameters of these spectra

and the nature of neighbourhood, type and symmetry of first

coordination sphere of the resonance centres [1-3].

Results obtained by means of magnetic resonance regarding

the structural modifications induced in alkali borate glasses by

preparation temperature are presented, with particular reference

to results obtained using alkali-borate glasses containing para-

magnetic ions (V , Mn , Cu ) whose EPR spectra exhibit hyper-

fine structure (hfs) due to interactions with their nuclei. In

this context the EPR technique can be regarded as an indirect

nuclear method for the investigation of materials structure.

803



EXPERIMENTAL

The composition of the vitreous matrices investigated is

given in Table 1.

Table 1

Composition of the sample

X mol%

B2°3
y
Né

R

mol%

'2°.
= Y.
X

95

4

0

.23

.77

.5

90.

9.

0.

9

1

1

86

13

0

>5

.05

.15

83

16

0

.33

.67

.2

80

20

0.25

76

23

0

.92

.08

.3

74

25

0

.07

.93

,33

71.

28.

0.

43

57

4

68

31

0

.96

.04

.45

66

33

0

.66

.34

.5

Reagent grade sodium and boric acid were thoroughly mixed to-

gether. The mixtures were placed in alumina crucibles and fused

at temperature ranging from 900°C to 130C°C, in an1 electric

furnace, for 30 minutes. About 20% of samples were melted in

platinum crucibles to detect and avoid any effect due to the

alumina crucibles.

The resulted melts were poured onto stainless ster plates

atroom temperature and quickly covered with a stainles. steel

block. The samples with paramagnetic ions were prepared in the

same manner, keeping the same values of the R parameter (the

ratio between Nao0 and B_0_ contents expressed in mol%) by ad-

dition of 2 mol% P2
0s' °-25 mol% MnO- and respectively 1 mol%

CuO.

The NMR measurements were carried out on a JEOL standard

spectrometer at 9.212 MHz, sweeping the magnetic field through

the resonance condition. The EPR spectra were recorded on JEOL

equipment at 9.3 GHz. For both techniques powder samples were

used and all the spectra were recorded at room temperature.

RESULTS AND DISCUSSION

Earlier papers [4,5] showed that the addition of paramagnetic

ion oxides determined the changes of the tetracoordinated boron
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atoms fraction N.. The intensity of these effects depends on the

nature and content of the paramagnetic ions added to the glasses.

The investigated samples were doped with V2°5'
 M n 02 a n d C u 0 i n

sufficiently low proportions to avoid the pronounced structural

modifications of the local order from the alkali-borate glasses

without paramagnetic ions [6,7], but enough to give rise to well

resolved EPR lineshapes.

The higher the preparation temperature, the higher the melt

viscosity [8] and the degree of disorder in the glass. The struc-

tural modifications induced by the preparation temperature were

followed by magnetic resonance.

NMR
Typical B-NMR spectra for the investigated samples are

shown in Fig. l. They are the result of the superposition of two

distinct liness (1) a narrow line due to BO. units with four

bridging oxygens, (2) a broad line due to the BO. units with

three bridging oxygens. The narrow and the broad line are in-

dicated by a and c, respectively Fig. l. The fraction of tetra-

coordinated boron atoms N. was determined by comparison of the

relative intensities of the two lines.

The NMR measurements performed on the soda-borate glasses

containing V2O5, MnO2 and CuO showed that the B lineshapes were

modified markedly as the preparation temperature is raised from

900°C to 1300°C (Fig. 2). One notices that up to 1000°C N4 in-

creases whereas above 1100°C it decreases drastically. One also

observes that the increase of the preparation temperature deter-

mines a diminution of the differences existing at lower tempera-

tures between the values of N. for samples with different alkali

content. These results could be explained assuming that at higher

preparation temperatures part of the BO. units are strongly dis-

torted, an effect which determines the appearance of an electric

field gradient at the B nucleus and in this case a smaller

number of boron nuclei will find themselves in sites with low

electric field gradient. The oxygen atom from the top of the BO.

pyramid is the most affected compared with the other three, be-
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cause its B-0 bond is weaker. It is possible that this bond

breaks and the oxygen leaves the melt thus giving it a more re-

ducing character. The increase in the reducing character of the

melts as the preparation temperature is raised was also evidenced

by other studies [11J. In addition to this quantitative effect

one notices that at higher preparation temperatures the B

linewidths increase, which could be assigned to the increase of

the fluctuation amplitude of the oxygens from the first coordina-

tion sphere of the boron atoms around the sites corresponding

to the structural units identified in the crystalline compounds.

This, fact leads t'o a widening of the distribution range of the

parameters from the quadrupole interaction term of the NMR

Hamiltonian.

EPR
As the EPR spectra of the pramagnetic ions added to the

studied glasses V , Mn and Cu are sensitive to the matrix

structure, the structural modifications caused by the increase

of the preparation temperature and evidenced by the NMR measure-

ments, will also result in changes of the shape and parameters

of the EPR spectra.

Soda-borate glasses containing V2
O5' A typical EPR lineshape

detected for the investigated glasses is presented in Fig. 3 and

can be described by the following axially symmetric spin

Hamiltoniant

* « B*| 1 \SZ + *9X<HXSX + HySy) + A, ,IZSZ + A l (l xS x • IySy)

(1)

Although the V 4 + ion (S*l)2, 1=7(2) is usually six-fold coordinated

its local symmetry 1B generally not octahedral, but axially dis-

torted to tetragonal (D^_) or even lower symmetry such as D_ or
C4 V* ThiB axial distortion of octahedral symmetry is mainly res-

ponsible for the observed variations of the g tensor components

of the EPR spectra [9,10]. Using the relationship given by Imagawa

[13] with his own notations for the lines from the parallel band
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AH(m) = á9||(Cv + in-Cp) [Gs] (2)

and assuming a similar expression for the perpendicular band,

one is able to appreciate that the hfs linewidth is directly

dependent on the distribution range of the g tensor components

around the average values. Ine g| | » 9\, A|i and A. parameters of

the V EPR spectrum to not particularly change as the prepara-

tion temperature is raised. However, the shape of the spectra is

evidently affected in the 9OO-13OO°C temperature range (Fig. A).

This modification is due firstly to, the broadening of the hfs

lines (Fig. 5) especially to the broadening of the lines from

the perpendicular band. Using relationship (2) it follows that

at higher temperatures the distribution of the g tensor components,

expecially that of gi, increases, which denotes an increase in

the fluctuations of the oxygens from the plane perpendicular to

the symmetry axis of the crystalline field. The behaviour of the

EPR line shape confirms the conclusion resulting from the NMR

measurements, namely that the increase of the preparation con-

siderably diminishes the effect of the alkali oxide (Fig. 4).

The decrease of the EPR signal intensity is a consequence of the

fact that the oxidation-reduction equilibrium in an oxide melt

moves toward the reducing side with increasing melt temperature

[11].
2+

Sode borate glasses containing MnO.,. The Mn ion (S=5)2,

1=5(2) is among the most thoroughly studied iron-group ions in

borate glasses [12]. Generally one consideres that the Mn EPR

spectrum from glasses (Fig. 6) arises from Mn ions disposed in

a crystal field of rhombic symmetry and is described by a spin

Hamiltonian of the form:

J j (3)
z ^ x. y

Considering that |E/D| = 1 and that the crystalline field term

from the Hamiltonian is of the same order of magnitude as the
2+

Zeeman term it was possible to interpret the Mn EPR lineshapes

from lithium-borate glasses [12]. Figure 7 shows that by increasing

the preparation temperature the intensity of the hfs line decreases
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f
with respect to the line with g*2.O. It can be seen that in the '

case of the samples with a well resolved hyperfine structure

(R = O.I) the width of the ra = 3/2 hfs line increases by about

100% (Fig. 8) as the preparation temperature increases by 4OO°C.

This additional broadening of the hfs lines is the consequence

of broadening of the fine structure parameters distribution from

the spin Hamiltonian 112]. The environmental fluctuations of
2+

the Mn ions increase and therefore the hfs resolution is poorer,

and the difference existing between the samples with different

alkali content are diminished.
2+

. Soda borate glasses containing CuO. The Cu EPR spectrum

is considered to be most sensitive to the first coordination

sphere of the paramagnetic ion and therefore it is very frequently

used in the glass characterization [14]. If the preparation tem-

perature of the samples is increased from 900°C to 1300°C it

causes a diminution of the hyperfine interaction constant A and

an increase of the gii value (Fig. 9). The dependence of these i

parameters illustrates a decrease of the covalency degree of i

the Cu-0 bonds [3]. Because the BO, units fraction in which the

oxygens are strongly bonded to the boron atoms increases with

temperature, the probability that the oxygens coordinating the
2+

Cu ions belonging to the BO, units also increases and hence it

is more likely that these bonds are weaker. One observes in Fig.9
2 +

that one of the two sites identified in the Cu EPR spectra in

the samples with R<0.25 disappears as the preparation tempera-

ture exceeds 1000 C, in good agreement with the observation that

the microphase separation disappears with the increase of the

preparation temperature [15]. This constitutes a further argument

in favour of the assumption that the two paramagnetic centers are

Cu ions disposed in the two microphases indentified in the

glasses of the mentioned composition [5]. The broadening of the

hfs lines from the parallel band, accompained by diminution of

their resolution was also observed in the case of Cu EPR spectra

'.Fig. 10) and may be assigned to a similar cause: the increase

of the fluctuations of the oxygens from the first coordination

sphere of the Cu ions. The lowering of the paramagnetic center
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density (Fig. 11), accompained by a discoloration of the samples

is the result of the conversion of part of the Cu + to Cu+ ions

as a consequence of the increase of the reducing character of

the melt with rising temperature [11].

CONCLUSIONS

The obtained results probe that the disorder degree frozen

in these glasses also increases with the increase of the prepa-

ration temperature. It results first of all in a broadening of

the resonance lines, a fact which -demonstrates that an increase

of the microenvironmental fluctuations of the resonance takes

place. The raising of the preparation temperature leads to a

reduction in the structural effects caused by the alkali oxide.
2+

More information was obtained from the analysis of the Cu EPR

lineshapes, which confirmed once more the qualities of this ion

as a structural probe. The evaluation of the intensity of the

EPR signals showed that the oxidation-reduction equilibrium moves

towards the reducing side with increasing preparation temperature.
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Fig. 1. Experimental llB HHR
derivative spectrum
from the studied
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ing 1 rnolX CuO

810



-5it -7ii
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A MÖSSBAUER STUDY OF THE AMORPHOUS TIN-OXIDE SYSTEM

M. Pasternak , N. Benczer-Koller*

Tel Aviv University, Ramat aviv, Israel

"Rutgers University, New Brunswick, New Jersey, U.S.A.

The structure of the Sn-0 bonding and lattice dynamics of

amorphous tin-oxide were studied by Hössbauer spectroscopy (MS),

electro-micrography and electron diffraction. Samples were pre-

pared by direct reaction of 0„ gas and Sn vapour condensed on a

substrate cooled to 100 K. Studies were performed with various

O2/Sn concentration. It was found that despite the existance of

the amorphous state determined by electron diffraction and

electron-micrography, the MS results, namely the hyperfine in-

teraction and temperature dependence of the recoil-free-fraction

data, were the same as that obtained from polycrystalline ma-

terials. Only at extremely high concentration of 0_ (10 torr)

and tin deposition rate of 20 8 s~ a distinct change is observed

in the isomer shift, guadrupole splitting and Debye temperature

(0 ) of the tin-oxide composed of SnO and SnO- species. This high

degree of amorphicity is preserved at least up to 450 K. It is

unequivocally conclueded that in the tin-oxide systems drastic

decrease in 0. is coupled to disorder of Sn-0 bond, down to the

atomic scale of nearest and next nearest neighbours. The MS in

this respect is a unique tool for determining amorphous state of

oxide systems,
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STRUCTURAL PROPERTIES OF SPUTTER-DEPOSITED
IRON-GARNETS FROM MÖSSBAUER-SPECTROSCOPY

Norbert Schultes, Heike Schieder, F. Jochen Litterst,
G. Michael Kalvius

Physik-Department E15, Technische Universitat München
D-8046 Garching, Federal Republic of Germany

/
ABSTRACT /

t

Samples of non-crystalline (nc) iron garnets (RIG, R=Sm, Gd, Tm,
Eu, Dy) and of stoichiometric mixtures of nc R2O3 and nc Fe2O3
have been prepared by dc-sputtering (Ar, 10 kV, 2 10~,4 Torr Ar+) ,
using the polycifiüstalline material as targets and a mylar foil as
substrate (77 K). The samples were studied by Mössbauer spectro-
scopy between 4.2 K and 300 K. In the paramagnetic state (above
T % 60 K) the 57Fe hyperfine (hf) spectra can be interpreted by a
superposition of three guadrupole patterns, reflecting different
iron sites. These are assigned to Fe2+ and tetrahedrally and oc-
tahedrally coordinated Fe^+. The quadrupole interactions reveal
Gaussian distributions (o % 0.4). The appearence of divalent iron
is discussed in view of possible oxygen defiency and the presence
of tetravalent impurity cations.

Introduction

Rare earth iron garnets (RIG) have the net chemical formula

RjFe^O^' where R is a rare earth element or yttrium. The cr

structure is cubic with eight formula units per unit cell. The

cations in this structure are sitting on three different crystal-

lographic sites, the R cations on 24 c-sites (dodecahedral

sites eight-fold 0 -coordination), the Fe -ions on 16 a-sites
2_

(octahedral sites, six-fold 0 -coordination) and 24 d-sites

(tetrahedral sites, four-fold 0 "-coordination). All these sites

have no ideal symmetry, but are slightly distorted [1] „ Garnets

are ferrimagnetic, the Neel temperature is about 570 K. The

room-temperature Mössbauer spectra (fig. 1) show a superposition

of two six line hf patterns indicating the two different iron
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sites. An exchange of the rare earth ion does not change the I

main features of the spectra.

Various methods have been used to get nc materials; the present

study describes structural properties of nc RIG prepared by

dc sputtering.

Experimental

Samples of nc RIG (R - Eu, D/, Gd, Sm, Tm) have been prepared by

slow ac-sputtering (10 kV Ar+ ), using cr RIG as target. The

sputter geometry is shown in fig. 2. The argon pressure was

about 10~*Torr; the target and the mylar substrate was kept pt

77 K to avoid changes in the surface composition of the target

caused by diffusion from the bulk. We obtained samples of sever-

al microns thickness with deposition times of ISO hours.

To study the influence of the microscopic target composition on

the sputter process, targets prepared of stoichiometric mixtures

of R 0 and Fe 0 ( 3/2 Tm 0 +5/2 Fe 0 ) have been sputtered in

the same way as the RIG materials.

With these samples Mössbauer absorption studies were carried out

at 4.2 K, 77 K and 300 K, using a conventional Mössbauer spec-

trometer. The source was a 100 mCi Ccr^ Rh.

Results

The sputtered RIG samples as well as the sputtered oxide mixtures
S3

are x-ray amorphous. The Fe Mössbauer absorption spectra meas-

ured at 300 K in the paramagnetic regime are shown in figs. 3 and

4 [2l examples of the 4.2 K spectra in fig. 5. The high temper-

ature spectra can be interpreted by superposing three quadrupole
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patterns reflecting three different iron coordinations. They can I

be tentatively identified by their isoner shift as Fe3*with tet-

rahedral and octahedral oxygen coordination and Fe2 +. The ab-

sorption lines are strongly broadened; they can be fitted with

gaussian distributions of quadrupole splittings (QS) (with gaus-

sian widths C=.4-.6). The mean values of QS at 300 K and the

relative occupancies of the different iron sites are summarized

in table 1, together with the values for the corresponding cr RIG

at 590 K [3]. The Laab-Mössbauer factors were assumed to be

equal for the different iron sites at 300 K.

The thermal scanning technique was used with the ^7Fe. resonance

to determine the magnetic ordering temperature. We observed

T**60 K for all the samples. The magnetic properties determined

by macroscopic magnetization and Mössbauer measurements will be

described elsewhere [4 ].

Discussion

Various methods like melt quenching [5] and pyrolysis 16 ] have

been used to get nc RIG, however the results of these experiments

cannot be compared with our results, because RIG melt incongru-

ently [1 1. The phase separation yields compositions distinctly

different from the RIG composition.

The 4.2 K spectra of nc RIG and nc IL 0 -Fe2 0 (fig. 5) can only

be fitted assuming three different iron coordinations. An evalu-

ation of the isomer shift data shows, that the sites correspond

to tetrahedrally coordinated Fe3*(.08mm/s), octahedrally coordi-

nated Fe3+(.41mm/s) and Fe2+(.84mm/s). The Fe2* coordination can-

not be identified with certainty. The room temperature spectra
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are fitted with this information, taking into account a distribu- V

tion of quadrupole interactions for each site. As the spectra

are not resolved, it is not possible to extract the shape of the

distribution of QS, using methods known from literature [7]. We

used gaussian distributions as a first guess, keeping in mind,

that even the assumption of a symmetric distribution is not jus-

tified by any reasonable physical argument. We get broad distri-

butions with gaussian widths of .4 to .6. For the tetrahedrally

coordinated Fe*+ the mean value of the distribution does not

change with respect to QS of the cr material, whereas the mean

value for QS for the octahedrally coordinated Fe*+ is about twice

the cr value (table 1). This behaviour shows, that the tetrahe-

dral coordination for Fe'* is much stiffer than the octahedral

coordination. This view is also supported by x-ray data per- I

formed on substituted cr RIG [ 8 1

The occurrence of Fe in the nc films is strongly dependent on

preparation conditions. We found two main reasons, which influ-

ence the amount of Fe^+ .

The kinetic energy of the sputtered off particles from the target

is about 10 eV and this causes resputtering of oxygen at the sur-

face of the substrate and leads to an oxygen deficiency and the oc-

currence of Fe 2+. it is possible to influence this effect by

changing the oxygen concentration in the sputtering chamber.

This can easily be achieved by raising the sputtering temperature

to room temperature, thus allowing oxygen diffusion from the tar-

get bulk to the target surface [ 9 ]. In this way it is possible

to sputter with higher oxygen concentration at the target surface

than the equilibrium concentration during sputtering and so to

compensate at least part of the oxygen resputtering at the sub-

824



strate surface. We were able to change the FeZ+concentration of

the nc RIG films by about a factor of two in this way.

During the sputter process impurities (of the sputter gas or the

target material) are incorporated in the nc samples. For reasons

of local charge compensation, tetravalent impurities cause diva-

lent iron. We studied this by co-sputtering an oxide mixture and

a copper net positioned in the Ar*-beam, to incorporate some

Cu impurities in the nc film. In this way it was possible to

reduce the amount of Fe drastically, however the actual copper

concentration in the nc film is not known.

Cr RIG contains two different iron sites, tetrahedral and octahe-

dral coordinated Fe in a fixed proportion of 3 : 2; in cr

©C-Fe, Q. , there is only octahedral coordinated Fe . Both the nc

films sputtered from RIG targets and the nc films obtained from

the oxide mixtures show Fe in two coordinations and an addition-

al amount of Fe . As we used a stoichiometric mixture of

R, CL and Fê  CL we had the same bulk concentration in the target

material as in the RIG targets. Assuming now, that the sputter-

ing process is an atomic process, the nc films prepared by

sputtering from the garnet and the mixed oxide targets should

have the same structural properties.

We found significant differences in the occupancies of the dif-

ferent iron sites (table 1). Therefore we have to assume some

amount of sputtering of clusters. Sputtering of clusters is re-

ported in literature [10], arguing that atoms that leave the tar-

get surface recombine to clusters some angstroms above the sur-

face. The cluster yields reported however were only of the order

of some percent or less of the atomic yields, but in these stu-

dies other sputter conditions have been used. Resputtering at
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the substrate surface and impurities incorporated in the nc films

seems to change drastically the recombination probabilities of

the atomic particles to tetrahedral or octahedral iron environ-

ments at the substrate surface. It is not possible to get deta-

iled information about the cluster yields from our data, because

up to now we cannot distinguish recombination of atoms near the

target surface from recombination near the substrate surface.

From our data of the relative occupancies of the different iron

sites we can estimate that about 20% of the sputtered particles

are made up by clusters. Further experiments are necessary to

characterize these clusters.

Conclusions

Samples of nc RIG and stoichiometric mixtures of nc 1^3 an<*

Fe2
QZ nave been prepared by slow dc sputtering of the polycrys-

talline material. The samples have been studied by Mössbauer

spectroscopy. They all show some amount of Fe +and two coordiha*-

tions of Fe +. All the sites have broad distributions of distor-

tions. The occurrence of Fe +is related to oxygen resputtering

and impurity cations. The occupancies of iron ions in the dif-

ferent sites are significantly different for nc RIG and nc oxide

mixtures, This can be explained by molecular sputtering.

This work was supported by the Bundesministerium für Forschung
und Technologie, Federal Republic of Germany.
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Table 1

57 2
Fe quadirupole splittings l/2e qQ(nun/s) and rel. occupations I of the
ff i i f RIG (30 ) O ( 3 0 O ) d

q p p q
different iron sites for no RIG (300 K), ne
cr RIG (590 K)

(30O K) and

YIG

SmIG

GdIG

DylG

EuIG

TtalG

Y 2 0 3 -Fe 2 0 3

l t a2O3-F e2°3

Fe3+ ( t e t . )

cr

1/2e2qQ

.93

.84

.88

.92

.87

.96

I

3

3

3

3

3

3

0

0

nc

1/2e2qQ

.60

.74

.90

.89

.78

1.31

1.50

I

1.13

1.33

1.52

1.63

1.97

3.75

2.13

Fe3+ (oc t . )

cr

1/2e2qQ

.50

.40

.43

.45

.41

.53

I

2

2

2

2

2

2

5

5

nc

1/2e2qQ

.82

.92

.84

.84

1.05

.92

.97

I

2.72

2.88

2.13

1.97

2.27

1.00

2.87

Fe2 +

nc

I

1.16

.79

1.35

1.40

.76

.25

.00

00

to
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Fig* 2. Schematic drawing of the sputter apparatus
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ABSTRACT

Time-of-flight linac neutron diffraction study was performed

on splat cooled Ni 6 QNb 4 0 and Fe Q 1B 1 9 metallic glass samples. The

structure factor- was measured up to high momentum transfers,

Q = 26 8" , resulting high resolution (Ar ~ 0.24 8) for the

distribution function obtained by Fourier transformation.

For Feg.jB.jg, partial coordinations could be resolved resul-

ting in r p e_ F e = 2.55 8, r„ _ = 2.18 8 first neighbour atomic

distances and npe_-pe = 10.6, nFe_B = 1.95, n B_ F e = 8.3 partial

coordination numbers. For Ni 6 QNb 4 0, no splitting of the first

peak of the distribution function was observable.

INTRODUCTION

The time-of-flight (TOF) experiment using short wavelength

neutrons (\ < 0.5 8) obtained from a pulsed neutron source elec-

tron LINAC provides a unique possibility to measure the structure

factor up to extremely high mementum transfer region,

Qm=„
 = 4nslnsA ~ 40 8" , leading to a high resolution in real

space for the distribution function. If the resolution is high

enough it can be expected that the partial correlation functions

will be separated in the correlation function obtained by Fourier

transformation from a single diffraction experiment.
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The TOF linac method has succesfully been used so far to in- K

vestigate amorphous materials such as vitreous GeO2 [1], Pd-Ge

[2], alkali disilicate glasses [3], molecular liquid-like CC14

[4J. Useful results have been obtained for metal-metalloid type

metallic glasses such as Pd-Si [5] and Co-P [2] indicating that

in this kind of amorphous alloys the atomic distances are well

defined, the atomic fluctuations are relatively small. For metal-

-metal type metallic glass, no TOF data have as yet been reported.

In this paper we report a brief analysis of high resolution

TOF neutron scattering experiments for Nig-Nb.- metal-metal type

glass.and preliminary data for Feg^B^- metal-metallid type glass.

EXPERIMENTAL

The investigated metallic glass samples were prepared by

rapid quenching from the melt [6]. The Fe R 1B 1 Q sample was enriched
11 lo

in B isotope (99.2 %) to avoid high neutron absorption of B.

In the present experiment the same Ni,0Nb«0 sample was used as in

our previous work [7], containing Ni isotope. For the measure-

ments cylindrical sample arrangement was chosen because the correc-

tion terms are in this case the simplest. The Nig_Nb40 and

Fe„^B^Q ribbons of 21.5 g and 16 g total weight, respectively,

were wound on 0 5 mm vanadium tube of wall thickness 0.5 mm, 40 mm

in height.

Neutron scattering measurements in the relatively low scat-

tering vector range Q = 0.4-10 8~ were performed in the Central

Research Institute for Physics, Budapest at the WWR-SM reactor

using a conventional neutron diffractometer with \ = 1.067 8

wavelength neutrons. For the Fe^B..- sample the magnetic scat-

tering was subtracted from the nuclear one by means of repeated

measurements in an electromagnet using a magnetic field parallel

to the scattering vector (H II Q) in H = 1,8 T and in zero mag-

netic field in the scattering vector range Q = 2-5 8" .

The scattering spectra for relatively high scattering vectors

Q = 5-40 8" were measured by means of a TOF neutron diffracto-
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meter constructed at the "FACEL" electron LINAC in the Kurchatov

Atomic Energy Institute, Moscow. The schematic arrangement of the

device is shown in Pig. 1, the detailed description can be found

in [8]. In the present experiment both sets of detectors were

placed in backward-scattering arrangement in the scattering angle

region 29 = 164.5-98° to obtain high scattered intensity in the

high Q region.

In order to eliminate the wavelength dependence of the neu-

tron beam spectra and that of the detector efficiency the measured

spectra of the investigated metallic glass samples were devided

by the spectrum of vanadium which is almost an ideal incoherent

scatterer. For vanadium a 0 5 mm x 50 mm rod was used, having

nearly the same geometry as the investigated raetallig glass

samples.

The oscillations in high Q-range are usually very weak,

therefore good statistics are needed. The Ni,oNbjo sample was

measured 32 hours and the vanadium 14 hours collecting at

S—1 4

- as a characteristic value - -10 and -3500 counts,

respectively, by each of the 16 detectors. The statistical error

of S(Q) is -0.6 % at Q = 25 8~1 (for the 16 detectors the data

are averaged) . For Fe81B..g the measured counts were about one or-

der of magnitude less and the estimated error is -1.5 %. For

lower Q-range the statistical error decreases as the measuring

data are taken at equidistant channel-width (Ax = 4 usec), which

are then averaged to obtain equidistant scattering vector

(AQ = 0.1 8~ ). For higher Q-range the statistical error is larger

as the measuring data are obtained for AQ > 0.1 8" . The statis-

tical accuracy is indicated on Figs 2 and 3 like small "flags" at

several scattering vector points.
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STRUCTURE FACTORS

Procedures for correcting and normalizing the measured spectra

in the case of the conventional diffraction experiment were des-

cribed in previous work [9]. In the case of the TOF experiment

the applied data processing was very similar to that described in

[4].

The S(Q) structure factors up to Q = 26 8~ scattering

vector are shown in Fig. 2 and Fig. 3 for Ni 6 QNb 4 0 and Fe 8 1B l g,

respectively. The main characteristics of them are the following.

For the N ig o
N^4o s a m P l e t n e details up to Q = 10 A were

discussed earlier [7). One particular feature should be under-

lined. At Q = 1.8 A* a pre-peak was observed indicating chemical

short range order. No detailed analysis of this small peak was

done so far, but it was shown that it has no effect (or very

slight) on the distribution function.

For higher Q values we can observe weak but definite oscil-

lations up to 20 8 with 1.04-1.006 peak intensities. The more

slight deviations at Q > 20 8~ with 0.5 % amplitudes are already

within the statistical errors.

For the Feg.B-g sample up to Q = 10 8"* the structure factor

is similar to that reported recently [10]. For higher scattering

vector range up to Q - 22 £ quite definite oscillations can be

observed with 1.05-1.01 peak intensities.

It should be noted that for Fe-jB^ the oscillations in the

Q > 10 R" scattering vector range are more intensive than those

for the Ni 6 QNb 4 0 sample, relating possible to a higher degree of

short range order in the metal-metalloid type metallic glass with

respect to the metal-metal type metallic glass.

DISTRIBUTION FUNCTION AND DISCUSSION

From the S(Q) structure factor by Fourier transformation one

can derive the reduced distribution function defined as

2 "G(r) = ^ / Q[S(Q) - 1]sin Qr dQ. (1)
K o
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In a real experiment the infinite upper limit of integration is

replaced by Q giving a limitation for the available resolution

in r-space I 11J. In a conventional neutron diffraction experiment

S(Q) is usually measured up to Q m a x ~10 8~ , resulting in

Ar ~ O.6 8 resolution. In the present TOF experiment the measu-

ring data up to Q m a x = 26 8~ could be used, resulting in

Ar ~ 0.24 8 resolution for G(r).

Typical sets of G(r)'s obtained by increasing Q trunca-

tion in S(Q) of Figs. 2 and 3 are shown in Figs. 4 and 5.

Ni6ONb4O

For the Ni 6 QNb 4 0 sample the G(r) does not change signifi-

cantly with the increase of Q__„. The width of the first peak at

2.58 A decreases from 0.53 A to 0.44 A as the truncation is in-

creasing from Qm=„ = 9.7 8~
1 to Qm,„ =24.4 8~

1 • No splitting of
luciX fllaX

the first peak into sub-peaks indicating partial atomic pairs

can be observed.

This can be interpreted by the phyisical fact that the

nearest neighbour distances of the Ni-Ni and Ni-Nb atomic pairs

have the same value within the resolution limit of Fourier trans-

formation, namely: rNi_Nj =
 rM4_Nv,

 = 2.58-0.05 8. This result

indicates that the interatomic distances are closer than it would

be expected from Goldschmidts' radii, namely: IL.j,. = 2.48 8 and

RjiNb = 2.70 8 113]. From anomalous X-ray data [13] also closer

interatomic distances were obtained: * N i N i = 2.49 8 and
rNiNb = 2.63 8 which was interpretated by charge transfer between

unlike atoms. Our data support this suggestion however show that

these partial distances are closer to each other than 0.1 8. It is

interesting to consider the interatomic distances for the crys-

talline Ni-jNb. From X-ray data [14J it was calculated that four

types of interatomic distances exist between both the Ni-Ni and

Ni-Nb atomic pairs, respectively, namely: d̂  = 2.55 8,

d2 = d3 = 2.60 8, dj = 2.58 8. The observed similarity in the

partial atomic distances for the Ni-Nb metallic glass and crys-

talline phase is rather surprising and one should not leave it

out of consideration.
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From our experiment no information can be obtained on the i

Nb-Nb atomic pair correlation as its weighting factor is rela-

tively small (see Table 1).

Fe81B19

For the Feg.B-g sample the distribution function (see Fig.5)

shows a drastic change with increasing integration limit. In the

case of the usual truncation with Q__„ = 9.5 8 it shows a large

first peak at r1 = 2.50 A with a width of 0.6 8. With increasing

Qm- the width of the first peak decreases. In the case of

Qm=.„.
= 17.6 A _the iirst peak shows definite shoulder on the

lower r side and becomes split in the case of Q = 26 A" . The
ITlctX

observed sub-peaks are in good agreement with the results of

recent neutron diffraction work obtained on FeQ„B_-. enriched in
.- C D £.\J
3/Fe isotope [12].

The split peaks can be originated from the first neighbour
Fe-B and Fe-Fe atomic pairs at r_ „ = 2.18 8 and r_ _ = 2.558; ,

re—B te-fe I

the evaluated width of the atomic distribution is ~0.3 fi and I

-0.44 8, respectively. It is interesting to point out that the

geometrical fluctuation for the metal-metalloid (Fe-B) neighbour

distance is smaller than that for the metal-metal (Fe-Fe) neigh-

bours. On the other hand it should be noticed that the width of

the Fe-Fe distribution of this system equals that of the Ni-Nb

system.

The partial coordination numbers were calculated from the

radial distribution function in a similar way as that described

in details in [12]. The numerical values are summarized in

Table 1 together with the data of the weighting factors, partial

atomic distances and the width of distribution.

The second peak of the distribution function denoting the

second neighbour distances shows slight fine structure at

Q m a x > 21 8" truncations relating to definite second neighbour

distances. For quantitative analysis of this fine structure and *

to obtaine more accurate results for the width of the partial

atomic distributions one needs further measurements with better

statistics for Q >20 8~ (these measurements are in progress).
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Table 1

Sample
a-b

Ni6ONb4O

Fe81B19

Waa

56.

75

6

.8

1
2wab

37.2

22.5

wbb

6.2

1.7

naa

first
split

10.6

2
nab ^ a

peak not

1.9 8.3

N

11.5

±0.5

12.4

±0.5

3
raa

2.58

± 0.05

2.55

±0.02

rab

2.58

±O.O5

2.18

±0.02

4
A r a a ^ rab

0.44

0.44 0.30

Parameters of the investigated samples:

1 - weighting factors (%) defined like in work [12]; 2 - partial and total coordination

numbers; 3 - first neighbour distances (£) obtained from G(r); 4 - width of distribution

(8) obtained from G(r).
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V.

V

V

Fig. Í. Schematic arrangement of the TOF neutron diffractometer
1 - Ta-target; 2 - water moderator; 3 - Cd adsorption
sheet; 4 ~ monitor; 5 - sample; 6 - detector placed in
the direct beam; 7 - two sets of 8 He^ detectors built
in common borated polyethylene shielding. The angle
between each of two neighbouring detectors is 9.5 .
Both sets of detectors are movable. The maximum scatter-
ing angle for the last detector is 2Q = 764.5° and the
minimum scattering angle for the first detector is
28 = 16°
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SCATTERING VECTOR, Q [A ]

Fig. 2. Structure factor of N^gO
Nb^o metallic glass. The small

'flags' at 0 = 11, 15, 25 %~ show the estimated statis-
tical error. The arrows at Q = 9.7, 19.8, 24.4 %~ show
the truncation series for Fourier transformation to ob-
tain the G(r) set of Fig. 4
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5 10 15
SCATTERING VECTOR, o

25

Fig. Structure factor of Fe B
si i

'flags' at 0 = 11, 15, 25

metallic glass. The small

show the estimated statis-
tical error. The arrows at Q = 9.5, 17.6, 26 Í" show
the truncation series for Fourier transformation to ob-
tain G(r) set in Fig. 5
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THE HYPERFINE FIELD DISTRIBUTION AND THE STRUCTURE OF
METALLIC GLASSES

L. Takács, G. Hargitai

Central Research Institute for Physics
H-1525 Budapest 114, P.O.B.49, Hungary

Because of the lack of long range order In metallic glasses,

only pair correlation functions can be studied by diffraction

measurements. Because of this, any. Indirect Information on the

structure Is wellcome. Magnetic properties, crystallization and

especially nuclear methods are hoped to be useful in this respect.

In any case, the interpretation of the data always starts with'

two assumptions.

i) The validity of some structural model is accepted,

ii) The structure dependence of the measured quantity is

assumed.

It is often the case, that the assumption made in (ii) are very

rough yet some definite conclusions are, however, reached on the

structure.

A typical example is hyperfine field distribution. It will

be shown that within the limits of our understanding the hyperfine

field in metallic substances, any existing structural model can

equally well be used to interpret the hyperfine field distribu-

tion of metallic glasses.
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ABSTRACT

Nickel, electrodeposited under different conditions and yielding
different values of stress, was investigated by positron annihila-
tion (lifetime and Doppler-broadening), Mössbauer effect and X-ray
diffraction measurements. Two-component positron lifetime spectra
were obtained. The first component is thought to result from
bulk annihilation and trapping at single trapping centres (TC).
Estimations of TC-concentrations are obtained by means of the
trapping model. The second one possibly denotes annihilation at
voids, the number of which is dependent on the stress in the de-
posit. Results of Doppler-broadening measurements support this
interpretation. The Mössbauer results show differences in the
magnetic orientation in the three samples examined.

INTRODUCTION

Use of positron annihilation methods in solid state physics

is now common. Especially fruitful are studies of vncancies,

defects and other types of structural imperfections in metals

and alloys. There are numerous articles dealing with the dofor-

mation-indiiceri structural changes in different types of alloys

and metals of technologicni importance [l-2] .
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From the results of such extensive investigations it can be
stated that positron annihilation is suitable for defect or
other 8tructure-imperfection studies because of the high pro-
bability of the positrons being trapped in vacancies, disloca-
tions, vacancy clusters, voids and generally in alaost any types
of structural disorder.

Annihilation of positrons in a given trapped state means an
opening of a new annihilation channel characterized by specific
parameters of the positron annihilation process. It is well
established that the annihilation of positrons from a trapping
centre results in longer lifetime and in narrower angular or
energy distribution of annihilation "("-quanta than values mea-
sured for untrapped positrons.

The aim of this work is to use the positron-annihilation
technique for the study of electrodeposited nickel and to
explore the relationship between annihilation data and stress
in the deposit.

In earlier publications [3-5] it was shown that an applied
stress on a Mössbauer absorber has an influence on the parame-
ters of the Mössbauer spectrum of iron. The magnetic orienta-
tion in particular was effected by the stress. In, the present
work, a study is made of the emission Mössbauer spectra of Co-
doped electrodeposited Ni as a function of the internal stress
of the samples.

X-ray diffraction measurements were also carried out to
determine the preferred crystalline orientations of the Ni
electrodepos its.

EXPERIMENTAL

The samples were prepared by electrodeposition of nickel
on copper substrate. The experimental conditions of deposition
are summarized in Table 1.
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Table 1

Conditions of the electrodeposition

N*

l

2

3

Composition of
the plating
solution

330 g/dm3 Ni-sulfamate

30 g/dm boric acid

0,8 g/dm Na-lauryl-
sulphate

330 g/dm3 Ni-sulfamate

30 g/dm boric acid

0,8 g/dm Na-lauryl-
sulphate

0,2 g/dm3 Na2S03

300 g/dm3 NiCl26H20

30 g/dm3 boric acid

PH

4,0

4,0

2,0

Current
density
(A/dmz)

2,75

2,75

15

Stress"

(kg/mm2)

+ 1,7

- 13

• 60

x Taken from Ref. [6j
+ sign means tensile; - sign means compresslve stress

The Na-lauryl-sulphate was U9ed to avoid the pitting of the

electrodeposit (sample N a 1 and 2) The deposit thickness was

250 ^m in the case of positron-annihilation measurements,

however for the Mössbauer experiments a deposit thickness of

30 AMI was used. In the latter case the radioactive cobalt

(57Co) was added to the plating bath in the form of COClg.

Positron lifetime measurements were performed using a life-

time spectrometer with a self-resolution of 340 ps as determined

by a 6oCo source. The lifetime distributions were evaluated

with the POSITRONFIT EXTENDED [7] program, appropriate source-

-correction was also taken into account.
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Measurements of the Doppler-broadening of the annihilation I

if-quantum were made by an HPGe detector with 1.1 keV self-

-resolution for the 514 keV 85Sr *f "line* After suitable back-

ground correction, the energy-distribution spectra were treated

as illustrated in Fig.2.
op

For all positron annihilation measurements a Na positron
source was used in the ~4.1O Bq activity range. The source-

2
-holder foil was ~ 1 gtn/cm thick' Hostaphan.

The emission Mössbauer spectra were recorded by a "Ranger

Electronics" Mössbauer spectrometer. The absorber was

K4f"Fe/CN/6"] . 3H 20.
A DRON-3 diffractometer with Mo KA X-ray source was used

for the X-ray measurements.

RESULTS AND DISCUSSION

The evaluation of positron lifetime spectra resulted in the

values given in Table 2.

The Doppler-broadened spectra were used to calculate the S-

and tf-parameter values given in Table 3.

The positron lifetime spectra yielded a two-component fit

-this was the most reliable in all cases. It is satisfying to

note that the one-component evalutation gives the averaged

values from en independent two-component evaluation*

On the basis of the above data, the following conclusions

are drawn} (a) The lifetime values clearly indicate the presen-

ce of at least two distinct annihilation channels.

(b) The shorter lifetime is greater than the lifetime

(115 ps) characteristic of pure nickel} this value possible

results from positron annihilation in "defected bulk" (pre-

senting a lifetime value resulting from bulk annihilation, modi-

fied by trapping).

(c) The longer lifetime can possibly be attributed

to annihilation in void-like structural imperfections and at

inner surfaces.

Assuming that Tj includes annihilation of "free" and

"trapped" (in small size trapping centres) positrons one could
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Table 2

Results of positron lifetime measurements (evaluated into one-,

two- and three-lifetime components, respectively) for the Nl
samples

Sample

Ns

1

2

3

^(ps)

Í2

168

148

142

173
178
174

255

166
144

t2(P«)
Í2

_

385
329

-

535

435

-

355
330

t3(P»)
±10

-(

1094

-

-

4624

-

-

2467

±1,0

100

87,2

81,8

100

93,7

90,7

100

50,2
39,6

i2a)
il,o

-
12,8

17,9

6,3
8,9

-

49,8
60,0

I3(%)

Í2

-

-

0,3

-

-

0,4

-
0,4

Table 3

S- and L'-parameter values (see Fig-1) for the different Ni

samples

Sample N-
•

i

2

3

S

±0,0004

0,2455
0,2460
0,2610

L'

±0,005

1,259
1,295
1,637
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use the t« values for calculating the relative trapping

centre concentrations (assuming naturally that in all cases the

same type of trapping takes place) Using equations in (8] one

can obtain (assuming independent trapping in bigger centres):

Xl-Xf 100

where t« is the lifetime of positrons annihilating in the

free state, '-llö psx; t v is that of positrons annihilating

in the trapped state, ~190 psxx> t, is the first lifetime

component of the measurement} Ij is the intensity of the first

lifetime component in the case of the evaluation into two

lifetime components, and ,u is the trapping rate constant

~2.1015 s"1 19]. The results are given in Table 4.

Table 4

Values of trapping centre concentration normalized by that be-

longing to sample N- 1.

Sample N°

c v r

1

1

2

5,8

3

4 , 5

It seems to be a reasonable assumption that the tensile stress

might well influence the number (indicated by the increase of

I2) and the compress ive stress the size of such void-like

formations (indicated by the increase of T 2)

x Measured in annealed single crystal nickel.

xx Obtained in highly deformed nickel saturated with trapping

centers.
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It is important to note that the results of Doppler-broaden-
ing measurement support this picture, aa the L', S-values regis-
ter a change of greater measure than can possibly belong to a
simple trapping process. As they represent a superposition of
more complex phenomena they can be compared only with the ave-
rage positron lifetime values (one-component evaluation).

The results of the X-ray diffraction measurements are given
in Table 5*

Table 5

X-ray diffraction results of the, Ni electrodeposits

Sample

1

2

3

Rolled
Nickel

ASTM
Standard
Powdered
nickel

Reflexion
(Miller indexer)

(111)
(200)
(220)

(111)
(200)
(220)

(111)
(200)
(220)

(111)
(200)
(220)

(111)
(200)
(220)

Jrel

100
74
2

100
94
1

100
39
42

100
99
24

100
42
21

100 f *

16
21

- 14

12
27

- L4

10
- 3

4

- 4
22

- 4

where P-P, Lhoo

1-P,
Lhkl

for the (200) reflexion of the investigated sample and p
the same expression of the standard powdered nickel [10].

has
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These results demonstrate that the ratio of the crystalline
orientations depends on the operating conditions of the electro-
deposition. Previous publications 111, 12] have shown that the
preferred orientation is a function of the condition of electro-
deposition.

The Mossbauer-spectra-evaluation yielded the isomer shift
(&*), effective magnetic field (H) and full width at the half
maximum ( r ) listed in Table 6. The Möasbauer spectra are given
in Fig.2.

Table 6
Mössbauer parameters of the 57Co doped Ni electrodeposits

Sample

N a

l
2
3

S
(nuns" )

0,146
0,142
0,137

H

(T)

26,84
26,48
26,81

r
(mnis~ )

0,300
0,317
0,317

AX • A6

A2 • A5

2,3
3,3
3,7

A. is the area of the "i"-th line of the Mössbauer spectrum.

The isomer shift and effective magnetic field are practi-
cally the same for the three samples. The R parameters which
were calculated on the basis of the area of the Mössbauer lines
are different for each sample indicating that the magnetic
orientations are also different.

A comparison of the Mössbauer R parameters with the crys-
talline orientations measured by X-ray diffraction suggests
that the stress has a significant effect on the magnetic orien-
tation. The preferred crystalline orientations are very similar
in samples No. 1 and 2., nevertheless, the respective R
parameters (the magnetic orientation) differ strongly. This
result suggests that magnetic orientation measured by Möss-
bauer spectra is a possible tool for correlation with the
internal stress of electrodeposited nickel.
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f

2-

-c

Fig. 7. Definition of S and Lf parameters on the Doppler-
broadened energy distribution curves. Parameters
a, b, c, must be selected to obtain the maximum
sensitivity for the L-parameters; Lr parameter is
introduced by normalization of L parameter to an
appropriately chosen Lo value (in this case, LQ
belongs to a Doppler-broadened curve for a well-
annealed Ni single crystal sample)
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-6 -4-2 0
VIMM/S)

57,Fig. 2. Thm MőaabMumr apmctra of the Co doped nickel
mlmetio-depoaita. The spectra were recorded at
zoom temperature. The abaorber was K4{Fe(CN)6J»
3H^O. The eompoaition of the plating solution
is given In Table 1
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LOCAL STRUCTURE OF METALLIC GLASSES

I. Vincze*

Solid State Physics Laboratory, Materials Science
Center, University of Groningen, The Netherlands

In the widely accepted view of the atomic structure of

metallic glasses the structure is universal, determined mostly

by the atomic size ratio of the constituent transition metal and

metalloid atoms via random packing of spheres (DRPS). In this

model the chemical interaction between the constituents is re-

stricted only for repulsion of metalloid-metalloid nearest

neighbours by excluding their occurence.

Recent Mössbauer [1,2] (ME) and Energy Dispersive X-ray

Diffraction [3] (EDXD) study of (Fe, Ni)B glasses has revealed

that none of the above assumptions are fulfilled. Namely:

i) the structure is not universal, the radial distribution

functions of amorphous Fe,B and (Fe_ 33NIQ 67)3B measured by

EDXD [ 3 ] differ significantly, which is not expected in DRPS models

because of the similar size of Fe and Ni atoms. The observed

differences correlate well with the ME results which suggest [lj

the change of the chemical short-range order of these glasses

following closely that of the crystalline counterparts.

ii) there are significant chemical interactions between the

transition metal atoms and metalloids which are stronger between

Ni and B than between Fe and B since the distribution of Ni and

Fe on the transition metal sites is not random, N4. prefers neigh-

bourhoods with more B neighbours than Fe as deduced from the

Mössbauer studies [2].

These results heavily support and extend structural descrip-

tions based on compound-like building units [4).

*0n leave from the Central Research Institute for Physics, Budapest, Hungary
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ABSTRACT

The scattering in the experimental data reported on Ni-P
deposits can be attributed to the structural inhomogeneities
which depend on the way of preparation used in different
laboratories. In order to find the most suitable samples for
detailed physical investigations, Ni-P samples were prepared
by chemical deposition with different processing parameters.

The composition dependence of the density and the positron
annihilation characteristics is reported. The second moment

P—P
of inhomogeneously /M-/ and homogeneously /M_ / broadened
P NMR lineshape was used to characterize the local magnetic

field inhomogeneities as a function of P content. The sig-
nificance of processing parameters are discussed in terms of
differential scanning calorimetry data.

The effect of the composition and processing parameters on
the physical properties of amorphous electroless Ni, P
alloys is reported.

INTRODUCTION

The amorphous Ni-P alloy obtained by chemical reduction

is one of the amorphous alloys which have been investigated

very early [1]. Despite of this fact a serious scattering of

the experimental data concerning the physical properties of

Ni-P alloys can be found in the literature. The discrepancy in

the results can be attributed to inhomogeneities being present

in the amorphous samples. One can speak about macroscopic and

microscopic inhomogeneities. We define the macroscopic
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inhomogeneities on a scale larger than O.lu,' they may be

caused by the variation of chemical composition, residual

stresses, partial crystallization, etc. Recently, we have

reported [2] on local thermopower method to check the in

plane inhomogeneity of chemical composition on a mm scale,

and on the preparation conditions necessary to avoid this

kind of inhomogeneities during the electroless preparation of

Ni-P alloys.

In this paper we investigate the microscopic inhomo-

geneities, their role in the physical properties and the

processing parameters necessary to produce "model " samples

for more detailed physical investigations.

For electroless samples at least two types of microscopic

inhomogeneities can be defined which profoundly influence the

physical properties and, unfortunately, are not revealed by

usual diffraction methods.

First, one can define a structural or "packing" in-

homogeneity connected inherently with the formation mechanism

involved in chemical reduction which produces a columnar

growth structure and consequently regions with different den-

sities [3]. This structural inhomogeneity constitutes a quasi-

periodical network containing voids and can be observed by

means of phase contrast electronmicroscopy or by low-angle

electron diffraction [3, 4],

Second, one can define a chemical inhomogeneity on atomic

scale which means a local variation of chemical environments,

i.e. a deviation from the statistical distribution of the

number and species of nearest neighbours. This can be for

example a Ni micro-cluster with a diameter of atomic distances

only, consisting of a Ni atom surrounded by Ni atoms only

without any phosphorous nearest neighbours. Such a microclus-

ter is statistically improbable if the concentration of P is

higher than 10 at% /accepting [5] a coordination number of lo

for the metalloid atom/. They can nevertheless form during the
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preparation and special care must be taken to avoid it. The

presence of Ni clusters can influence many physical properties;
1 2

the magnetization may be enhanced by a factor of 10 -10 ,

erronous information can be obtained regarding to the onset

of magnetic ordering at low temperatures and the thermal

stability is lowered by the precrystallization of Ni nucleated

on these Ni clusters.

The aim of this paper is to study both kinds of microscopic

inhomogeneities by density and positron annihilation measure-

ments and by DSC and NMR measurements respectively.

Sample preparation

Chemically reduced samples were obtained from solutions

containing NiSO, using sodium hypophosphite as reducing agent.

The reduction is started by catalysis. Generally Pd is used

as a catalytic agent added to the solution as a clorid salt,

and the substrate is activated by SnCl, solution. Details

about the rest of the ingredients and the reduction process

can be found in the literature [6]. In the present work the

sample preparation was autocatalytic using a Hi foil as

substrate material. In this way the contamination from the

substrate elements could be avoided [7].

From the processing parameters the temperature and the

pH of the solution can be most easily varied. For these

samples the bath temperature was kept constant at 90°C. The

pH value was controlled by addition of sulphuric acid and was

kept constant durint the preparation of a given sample. The

phosphorous content of the samples is strictly correlated with

the pH value of the bath as shown in Fig.i. To obtain samples

with different phosphorous concentration the pH value was only

changed keeping constant all other processing parameters: the

composition of the bath, the surface-to volume ratio, the

mixing rate, the temperature, etc.

In order to avoid macroscopic inhomogeneities of the

chemical composition the substrate foil was kept horizontal in
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the bath [2].

On the other hand, to avoid the microscopic inhomo -

geneities it is necessary to assure the same ionic composition

in the surface layer and the mobility and energy of the ions

must be kept constant as far as possible during the prepara-

tion. To fulfill these requirements the bath was changed

almost continously and thin layers with thickness less than

15 um were prepaired.

For a comparision thick samples of 40 nm and melt spun
Ni8oP2o r i b b o n s were also prepared.

Density measurements

Pieces of aproximately 50 mg were cut from each sample

foil in order to decrease the error of density measurements.

The weights of these samples were measured by a METTLER di-

gital mJcrobalance in air and then in toluene and bromoform.

The results of the density measurements performed on samples

prepared by electroless, electroplating and melt spinning

methods respectively are given in Fig.2. together with the

results of Cargill [8] obtained on electroplated samples

/full line/. No systematic deviations between the densities

of the samples prepared by different techniques can be obser-

ved. The reproducibility of these measurements is better than

0.4%. The density of Ni-P alloys decreases linearly with the

phosphorous content and remains somewhat below that of their

crystalline counterpart. These facts suggest that the

electroless alloys have a continous structure in spite of the

columned growth structure resulted from the preparation

process. It is remarkable that the Goldschmidt atomic radii

/corresponding to 12 fold coordination/, 1.28 8 for phosphorous

éind 1.24 8 for Ni are very close [8] while the distances of

Ni-Ni and Ni-P pairs are 2.55 8 and 2.35 8 in an amorphous

structure [5]•

Furthermore the volume per atom differs by only 0.4% in

fee nickel /1O.94 83/atom/ and in Ni.jP /1O.99 83/atom/; as a
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1
consequence the density can be approximated as a weighted sum V

of the atomic masses.

Positron annihilation measurement

The positron annihilation is suitable for the studies of

structural imperfections due to the high probability of

positrons being trapped in vacancies, voids and generally in

almost any types of structural disorder. The annihilation of

positrons from a trapping center results in a longer lifetime,

a narrower angular or energy distribution of annihilation

r-quanta than the values measured for untrapped positrons.

Positron lifetime measurements were performed by a life-

time spectrometer with a self-resolution of 330 ps in FWHH as

determined by °Co source. /More detailed description is given

in [9]/. The lifetime distributions were evaluated with the

POZITRONFIT EXTENDED [lo] program; an appropiate source-

correction was also taken into account. For all positron
22

annihilation measurements Na positron source was used in the

5xlO Bq activity range. The source-holder was a ~ 1 mg/cm

thick Hostaphan foil.

The evaluation of positron lifetime spectra resulted the

values g*ven in Table 1. The positron lifetime spectra can be

fitted most reliably by two components in all cases.

On base of these data the following conclusions can be

drawn: the lifetime values clearly indicate the presence of

two distinct annihilation channels, the shorter lifetime /which

is somewhat higher than that of the pure nickel/ denotes

positron annihilation in "defected bulk", while the longer

one can possible be identified with annihilation in void-like

structural imperfections of regions with lower densities of

the continuous amorphous network /mentioned in the introduc-

tion/.
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The values of the lifetimes t,f T- practically do not I

depend on the phosphorous concentration, on the method of "

preparation and on the thickness of the samples. It shows the

similarity of the "small-sized" and more extended trapping

centers present in all of these samples.

The intensity of the long lifetime component is a measure

of the relative concentration of the void-like structural

imperfections. This parameter is more sensitive to the way of

preparation than the lifetimes themselves. The thick

Nigg tr^n 5 sample containing Ni clusters has an Ig value

half of that corresponding to the thin sample, which is

supposed to be more homogeneous. It is remarkable that the I.

is not negligably small even for the Ni-P amorphous ribbons

prepared by melt spinning as it was found for Fe-B system

[9a]. Positron lifetime measurements on Fe-Ni-Si-B produced

by melt spinning [9] have shown a dependence of tj and I- on

cooling rate* giving higher parameter values for faster

cooling; taking into account the fact, that amorphous Ni-P can

be prepared only by very fast cooling the results presented

here might be interpreted by such a trend.

These results indicate that positron annihilation para-

meters might be Influenced by the defects, e.g. by the

columnal microstructure which is well-known to exist in the

sequentially deposited samples.

The investigation of the influence of quenching conditions

on the ratio of long lifetime component should be extended

also to melt-quenched Ni-P glassy alloys for a better under-

standing of the difference between the imperfection structure

of chemically deposited and quenched materials. This work is

in progress.
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Differential scanning calorÍmetry

A Perkin-Elmer type DSC-2 calorimeter has been used for

investigating the amorphous to crystalline transformation.

Small discs of 2-5 mg were heated with a heating rate of

10 K/min.

In Fig. 3, and 4 the transformation rate, i.e. enthalpy

change normalized by the total enthalpy change is displayed

as a function of temperature for samples with different P

concentrations (Fig. 3) and with different thickness values

at the same concentration (Fig. 4). This quantity is cha-

racteristic for the kinetics of the process and the area of a

peak measures the relative amount of the material transformed

in the process multiplied by the corresponding specific

enthalpy change.

In the literature a three step transformation process was

reported for a bulk electroless nickel sample [12] which was

interpreted as: /i/ precipitation of nickel particles in an

amorphous matrix, /ii/ crystallization of the amorphous matrix

into Ni-P and /iii/ recrystallization and grain growth of the

Ni,P and the coarsening of nickel particles. The corresponding

transition temperatures were 420 K, 600 K and 660 K respecti-

vely. A considerably more conplicated DSC thermogram was ob-

tained in our previous works on electroless samples prepared

from chloridic bath and in some cases also from sulphuric bath.

This behaviour was attributed to the concentration lnhomo-

geneities between sides toward the substrate and the solution

Ul.

In this work the samples were prepared more carefully in

order to avoid any kind of inhomogeneities as much as possible.

The influence of the preparation conditions is exemplified in

t'ig. 4, where two thermograms characteristic to samples

differing only in thickness are presented. It is obvious that

the prepeak with a low transition temperature can be avoided

by a proper preparation technology. The interpretation is
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suggested here that the prepeak, which was proved to be 4

connected with Nl precipitation [4] appears only for samples '

where Ni clusters are introduced by an improper preparation.

These Ni clusters initiate the nucleation of f.c.c. nickel

lowering the thermal stability of the Ni-P alloys.

Samples without such microscopic chemical inhomogeneities

show a two step transformation only (Fig. 3) • The first stage

of the transformation /around ~ 610 K/ may be divided to two

processes, the relative intensity and corresponding tempera ire

of which depends on the phosphorous concentration and on the

structural or "packing" inhomogeneities resulted from the

deposition conditions. Around the eutectic composition a

single peak corresponds always to the first stage of transfor-

mation. The second stage of transformation at high temperatures

/680-700 K/ is always present for samples obtained by melt

spinning and is missing for samples with pronounciated Ni

precrystallization. More detailed investigations of the nature

óf crystallization products by TEM and thermomagnetic mea-

surements are in progress and will be published elsewhere.

In Fig.5 the heat released during the amorphous-to-

crystalline transformation is shown as a function of phosphorous

concentration. The decrease of the total enthalpy change with

the decreasing phosphorous content indicates that the main

component of the crystallization energy is the heat released

at the formation of the metal-metalloid compound. In Fig.5

the AH values of samples without DSC prepeak are presented.

Samples with DSC prepeak have a higher AH value due to the

lowering of the number of Ni-P bonds because of nickel clusters.

It is remarkable that, except for the samples with Ni

clusters, the crystallization temperatures are almost the same

/~ 600 K/ for all the samples independently of the phosphorous

content or the way of preparation /Table 2/. It suggests that

the crystallization process can not be interpreted by the

diffusion of phosphorous atoms only where a significant
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concentration dependence is to be expected. The close atomic A

radii of P and Ni given above predict a small value for the

diffusion constant of a P atom similar to that of a Ni atom.

The authors are not aware of any direct measurements of the

P diffusion in amorphous Nl-P, but it is not expected to be

essentially different than the value found for P containing

Fe-Ni based glasses [ll]. In these amorphous alloys nearly

the same activation energies were found for phosphorous

diffusion in the glass as in crystalline iron /~ 1.85 eV/.

/For a comparison, the activation energy for self-diffusion

in iron is 2.6 eV/. This experimental fact also suggest that

phosphorous diffusion is not the only mechanism controlling

the crystallization properties and more than one mechanism

may play an active role in this process.

As a conclusion to the DSC measurements It turns out that

the study of crystallization gives valuable information about

the microscopic chemical inhomogeneities.

Samples with low crystallization temperatures contain Ni

clusters and consequently the results of any physical investi-

gations must be interpreted cautiosly.

P NMR measurements

The consequences of microscopic chemical and/or structu-

ral inhomogénéities can be followed by NMR technique as well,

which is applicable to study both the atomic structure,
P—P

/through the field independent second moment M~ /, and the

electronic structure /through the field dependent second

moment M~/.

The P NMR measurements were carried out on a Bruker

SXP 4-100 pulsed spectrometer at 36 MHz. For NMR measurements

sandwich samples were prepared alternating the deposited

sheets of 8x15 mm and the isolating layers of mica. The Ni-P

ribbons were also packed in sandwich form using GE varnish as

isolator and adhesive.
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The field dependent second moment K~ w a s determined from *

the slope of the semi-log plot of the echo shape /instead of f1

FID decay/ in function of t . To calculate the field _nde-
P—Ppendent second moment M2 the two-pulse Carr-Purcell echoes

were used [13].

The field dependent second moment M_ shown in Fig. 6 as a

function of P content decreases systematically with increasing

P content. The M_ values for samples with microscopic chemi-

cal inhomogeneities are spread around the average value of

corresponding P content. In an earlier work [14] M„ was found
2to be proportional to H , the square of the applied field,

indicating that inhomogeneous Knight shift is the primary

broadening mechanism.

The distribution of the Knight shift is a consequence of

the distribution of the atomic magnetic moments [16] rather

than of the inequivalency of the P atomic sites inherent of an

amorphous structure as was supposed earlier [15]. .

This fact is exemplified in Fig.8 where the echo spectra

are shown for two samples with the same composition but with

different thickness values. The thinner sample is characte-

rized by broader spectrum than the thicker one which is

supposed to contain nickel clusters. The atomic magnetic mo-

ments which are statistically distributed in a homogeneous

sample enhance the local field distribution in the whole

sample while the magnetic moments localized at the nickel

clusters influence only the surrounding P nuclei. The statisti-

cally distributed atomic magnetic moment causes both the

increase of the NMR linewidth and the asymmetry of the

lineshape towards the low field side as it was shown using

Ni-P based dilute ternary systems [17].

The field independent second moment, M_p~p shown in

Fig. 7 increases linearly with the P content as it is expected

from the increasing of the dipolar coupling of the P nuclear

spins. The direct dipolar coupling is further enhanced by
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indirect mechanisms/pseudo-exchange or pseudo-dipolar

interactions/ and as a result the M2 ~ is systematically

above the direct dipolar second moment calculated theoreti-

cally I 18]. The inhomogeneity of local magnetic fields caused

by the significant magnetic moments of nickel atoms surrounded

only by nickel atoms or those of the 3d alloying elements

[16] may wipe out a considerable amount of P nuclei from

the resonance decreasing in this way the number of iik*> p

nuclei and consequently the dipolar interaction among them.

This "magnetic" inhomogeneity is more accentuated at low P
P—p

content and its influence on the M_ a t the change of

temperature is marked by an arrow in Fig. 7.

It turns out that special care must be taken in selection

of samples for detailed NMR investigations /Knight shift,

relaxation time/ etc. measurements/ in order to avoid erroneous

interpretations. Further studies are in progress.

Conclusions

Samples prepared by different techniques with different

thicknesses show a scatter of the physical parameters such as

magnetization, thermal stability etc.

This scattering can be connected with the macroscopical

and microscopical inhomogeneities of the samples reflected in

the varying topological and chemical disorder.

Using different methods one can select the most suitable

samples for any detailed physical investigations and one can

try to optimize the preparation method to produce more

homogeneous samples.

Topological inhomogeneities can be studied by positron

annihilation measurements, which indicate the presence of

void-like imperfections in Ni-P.
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Sample homogeneity can be tested by:

- magnetization at low temperature

- systematic dependence of the crystallization behaviour

on the composition

- physically meaningful composition dependence of other

. measured parameters.

Our results may explain the scattering of the reported

data on Ni-P system and indicate, that all the electronic

structure characteristics /magnetization, Curie temperature,

electron density of states, Knight-shift, etc./ must be

nieasured on carefully selected samples.
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MÖSSBAUER STUDY OF INTERPHAS£ FORMATION AT THE INTERFACE

OF THE ELECTRODEPOSITED TIN LAYER AND IRON SUBSTRATE

A. Vértes, S. Nagy, M.Z. Awad

Department of Physical Chemistry and Radiology
Loránd Eötvös University, H-1088 Budapest, Hungary

ABSTRACT

119
For the electrodeposition of Sn, Fe foil substrates were used.
The samples vere measured before and after heat-treatments at
373, 423 and 473 K. Intermetallic interphase were formed even
without heating. Diffusion data also were obtained.

EXPERIMENTAL

119

Tin, enriched in Sn, was electrodeposited on both sur-

faces cf thin sheets of iron. The thickness of the tin layers was

about 500 nm on each side. The deposited tin was studied by trans-

mission Mössbauer spectroscopy. The absorbents were made byting together two of the Sn/Fe sheets. The source was 1.2*10 Bq

CaSnO,. Isomer shifts are given relative to SnO_. As it is usual,

positive velocity means approaching source to absorbent. For the
2

characterization of quadrupole doublets, the value of e = e Qq/4
is used. The. Mössbauer spectra were recorded right after the

electrodeposition as well as after subsequent heat-treatments per-

formed at 373 K for 3 and 8 hours, at 423 K for 3 and 7 hours and,

finally, at 473 K for 3 and 8 hours in hydrogen atmosphere. The

spectra were measured at room temperature. Some of the most

characteristic Sn/Fe spectra are shown in Fig. 1.

.For calibration pusposes, three other spectra were also mea-

sured: the spectrum of 3-Sn that of a thin oxidized tin layer

(on the surface of aluminium) and the FeSn- spectrum which is

shown in Fig. l/e. The latter sample was prepared from an iron

sheet covered by a tin layer of about 300 nm of thickness, by

heating it for 8 hours at 473 K in hydrogen atmosphere. The FeSn,

was identified by its Mössbauer spectrum [1, 3].
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SPECTRUM EVALUATION

The spectrum of 0-Sn was fitted by a single line (6 = 2.52

mm/s). For all the other spectra, the isomer shift of 0-Sn was

kept constant.

The best fit for SnO» resulted in a quadrupole doublet (e =

= 0.26 mm/s). Quadrupole splitting, determined this way, was used

as fixed value for all the other spectra.

The most succesful idea to fit the Sn/Fe series to look for

four components: P-Sn, SnO2, Fe^Sn. and FeSn_. The Mössbauer para-

meters of Fe3Sn2 (6 = 1.92 mm/s, e = 0.3 mm/s) were taken from

the literature 13], The spectrum of FeSn2 (Fig. l/d) was describ-

ed formally by two quadrupole doublets of equal halfwidths. The

determined values of the Mössbauer parameters (6, = 1.63 mm/s,

e, = 1.19 mm/s, 6, = 2.50 mm/s, e» - 1.35 mm/s) and the amplitude

ratio ÍA.:A, = 1:1.315) were kept constant together with the

Fe3Sn2 parameters while fitting the spectra of the Sn/Fe series.

RESULTS AND DISCUSSION

In the Sn/Fe electrodeposits, an interphase formation was

found even before the first heat-treatment. The thickness of 0-Sn

primary involved in interphase formation was about 10 run.

The primary interphase consists mainly of Fe^Sn- (Table 1).

Due to the heat'treatments, more and more tin contributed to the

Interphase/ mainly in form of FeSn~.

We assumed that the thickness (x) of the interphase changes

in time according to the parabola law as it has often been found

in other cases [4):

Ax2 = KAt , (1)

where K is proportional to the diffusion coefficient and t is the

time. The value of x is determined by the experimental data in

form of the following expression:
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(2)

where d is the original thickness of 0-Sn, SQ and S_ are the cor-
p a

responding spectrum areas found for 0-Sn and for the alloy inter-
phase. CQ and C, are the concentrations of tin atoms (mole/cm )

P a
in P-Sn and in the alloy interphase. Since the quantity of SnO2

did not change during the heat-treatments, we could use it to nor-

malize the spectrum areas, so to estimate the ratio of the recoil-

le'js fractions (R = f_/fa). The following formula was used for
a P

this:
c» _e i
?2 ?1

In this equation, the numbers refer to different spectra of the

series, and the apostrophe means that the areas are normalized to

SnO_. Considering the spectra on Fig. l the estimated value for

R is about 10.

We had difficulties in determining the CQ/C ratio in Eq.(2).
p a

In order to solve this problem we decided to determine only the
2 2

K'Cg/Cg coefficient Instead of K in Eq.(1). Some data for the cal-

culations are shown in Table 1. The results summarized there en-

able us to estimate the activation energy of diffusion in the

Sn/Fe interphase as about 70 kJ/mole. The Arrhenius curve is

shown in Fig. 2.
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Parameters of diffusion and interphase formation.

Table 1

Heat-treatment

Temperature

(K)

373

423

i

473

Duration

(h)

3

8

3

7

3

do"12 cm2)

Sn/Fe

1.2

3.8

7.8

54

77

430

700

K # ca / C0
do'16 cmV1)

Sn/Fe

2.4

35

270

Composition of the

Sn/Fe interphase

Fe3Sn2

84

56

48

16

10

—

—

FeSn,

16

44

52

84

90

—



-2 -.
v/mms"1

Fig. i. Mőssbauer spectra of a.s Sn/Fe prior heating; b., c,
d.i Sn/Fe heat-treated at 373 K for 3 hours, at 423 K
for 7 hours and at 473 K for 3 hours; e.: FeSn.
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ELECTRON MOMENTUM DISTRIBUTION IN AMORPHOUS METALS INVESTIGATED
BY POSITRON ANNIHILATION

K. Kriatiakova, J. Kristiak, P. Galan*

Institute of Physics SASc, 89930 Bratislava, Czechoslovakia

'Institute of Preventive Medicine, Bratislava, Czechoslovakia

Electron momentum distribution in amorphous metals and the

crystalline form of N1-x
Fe8O-xB2O ^x ~ *0' 2 0' 3 O f 40* w e r e in~

vestigated by positron annihilation. The samples were 40 mm thick

ribbons, produced by rapid quenching of liquid metal on a rota-
22

ting Cu wheel. The positron source was Na on mylar or blotting

paper between two samples in sandwich arrangement. The y-radia-

tion was detected by a Ge(Li) detector which has a resolution at

511.9 keV (106Ru) of 1.6 keV.

An unfolding method based an Bayes principle was applied

to calculate the Doppler-broadening; S-parameter values were

also determined.

The calculated momentum distributions revealed a differen-

ce for the Ni 3 0 Fe5Q B 2 Q sample as compared with samples of

other compositions.
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THE SURFACE BORON CONCENTRATION OF NixFe8o_xB2o SAMPLES

K. Kristiakova, J. Kristiak, J. Kritek*, J. Cervena*

Institute of Physics SASc, 8993O Bratislava, Czechoslovakia

•Institute pf Nuclear Physics, 25068 Rez near Prague,

Czechoslovakia

The boron concentration of Ni Feo_ B_rt (x=lO, 2O, 30, 40)

.metallic glasses was measured using ^B/n... He/ Li the nuclear

reaction. The samples used were 40 mm thick ribbons prepared by

rapid quenching of liquid metal on a rotating Cu wheel. Irradia-

tion was performed by the thermal beam of INP reactor, (flux
8 2

5.10 n/cm s, time of irradiation 10 minutes). The a-particles

were detected by Si semiconductor detector with surface barrier.

The resolution of the system was 20 keV. The boron concentration

was determined from the spectrum of a-particles (E^ = 141 keV).

The amount of boron up to 0.4 mm was found to be constant with

no concentration profile. Differences in B concentration were

found, viz. there were more B atoms at the surface.
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ON THE APPLICATION OF POSITRON ANNIHILATION FOR

STRUCTURE STUDY OF METALLIC GLASSES

Zsolt Kajcsos, Tamás Kemény, Gerhard Brauer*

Central Research Institute for Physics
H-1525 Budapest 114, P.O.B.49, Hungary

*Zentralinstitut für Kernforschung Rossendorf,
DDR-8C31 Dresden, Postfach 19, GDR

ABSTRACT

A brief critical overview is given on structural models for de-
scribing metallic glasses, on postiron annihilation methods and
on their applications for studying metallic glasses. Results
from the literature are presented, compared and discussed.

1. INTRODUCTION

Metallic glasses exhibit the favourable properties of both

metals and glasses at a level not easily reached by crystalline

materials.

They are among the strongest known engineering materials,

they are not brittle, they have considerable ability to deform

plastically. Strength, ductility, toughness, resista • a against

chemical interaction provide a very unusual combination of prop-

erties. These features offer a wide variety of application pos-

sibilities as, such for examples, reinforcing filaments in plas-

tics, rubber and aluminium alloys. Mechanical oscillators and

acoustic devices might also be constructed taking advantage of

the low attenuation of acoustic waves in metallic glasses.

The nearly zero temperature coefficient and large absolute

resistivity - as compared with well-known resistance alloys -

make some metallic glasses suitable as electrical resistors, low

temperature heating filaments, resistance thermometers, etc.

Favourable magnetic properties (low coercive force and high

permeability) combined with mechanical hardness enable metallic

glasses to be used in inversion transformers, current and pulse

transformers, magnetic amplifiers, bistable switches, magnetic

memories and even in consumer electronics as tape recording heads.
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In the future it is hoped that they will be able to replace perm- 4

alloy an<5 silicon-iron in motors and generators much reducing the '

power loss in them.

For the description of the amorphous solid structure various

theoretical models have been elaborated: the "dense random packing"

model describes essentially noncrystalline configuration whereas

in the "microcrystalline disorder" model crystallites with com-

pletely uncorrelated orientation are assumed. Recently the so-

called "quasi-crystalline model" was suggested; here a random

variation in the crystalline parameters of the basic structure is

assumed.

For the experimental study of amorphous metallic systems

many different methods have been applied (e.g. X-ray, electron

and neutron diffraction, microscopy, measurements of ac-dc mag-

netic and electrical properties, density, elastic constants, hard-

ness, etc.).

As positron annihilation methods have became more and more

established for investigating the structural defects in solids,

they have also been applied for studying amorphous metallic

alloys.

Our aim in this paper is to briefly review the models and

some experimental results on metallic glasses as well as to look

at the positron annihilation methods applied for their investiga-

tion.

2. STRUCTURE MODELS FOR METALLIC GLASSES

The last 15 or so years have witnessed considerable theor-

etical and experimental effort devoted to investigating the struc-

ture of non-crystalline metallic materials. Correct characteriza-

tion of the atomic arrangement is the first step towards describ-

ing their electronic structure and related properties (e.g. trans-

port behaviour, magnetism, etc.) and their dynamic features

(phonon spectrum or diffusion characteristics).

The main directions of the modelling activity are reviewed

here with special emphasis on the problems not yet solved.
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A complete three dimensional characterization of a perfect k

crystal is given by referring to its elementary cell. As by

definition there is no long-range order in a non-crystalline

material we must accept a statistical description. The central

quantity of the structural characterization is the atomic dis-

tribution function p(r). The number of atoms in the shell between

r and r+dr is 411 r p(r)dr. Because we investigate only a one-

dimensional projection of the real three-dimensional structure,

a one-to-one correspondence between p(r) and the atomic arrange-

ment cannot be expected. Despite this restriction practically all

the experiments are compared with models which are expressed in

terms of quantitites derived from p(r) (e.g. the radial distribu-

tion function RDF(r)=4Il r -p(r), the pair correlation function

W(r)=p(r)/p0, and the reduced radial distribution function

G(r)=4H r(ptr)-p ) where *™ p(r)=p is the average atomic number

density). The experimental determination of these quantities

either by conventional diffraction methods (electron [1-3],

neutron [4-5] or X-ray [6-9] or by more sophisticated experimental I

techniques (anomalous X-ray scattering L10], EXAFS [ll^etc.) *

will not be discussed here; a number of reviews [12,13,14] and

conference proceedings [15] provide details. We would briefly

mention, however, one aspect of the#experimental problems. The

classical diffraction experiments can determine only the average

distribution function while for a physically meaningful descrip-

tion of a multi-component glassy alloy the knowledge of the par-

tial correlation functions of different pairs of atomic species,

Wj.(r) is also required.

To discuss the most important requirements which must be

fulfilled by a structural model we must start from a typical

distribution function, such as that shown in Fig. I. Instead of

the set of Dirac 6-functions which were found for a perfect crys-

tal of infinite size one can observe broad distributions of atomic

distances for the amorphous materials. To describe this situation

two radically different interpretation can be suggested:

A. Mlcrocrystalline model. The amorphous material is consi-

dered to consist of perfect crystals of very small size. The

finite grain size causes a broadening of the diffraction pattern,
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which is inversely proportional with the characteristic size [16].

A basic feature of this is that every peak of the experimental

interference function (the Fourier transform of the atomic dis-

tribution function) is broadened to the same extent. Because of

this it was concluded (Cargill [17]), that the microcrystalline

model cannot be valid for amorphous metallic materials as the

first peak of the observed interference function is.much sharper

than the others.

The existence of microcrystals would also imply that a very

significant fraction of the atoms could be found at grain bound-

aries in the amorphous material, i.e. hirsh concentration of

defects is to be expected. That is the point where positron an-

nihilation experiments are traditionally claimed to be relevant

for differentating between structural models. We will mention

our reservations in connnection with these expectations when

discussing the experimental results.

B. Essentially random models. It is generally accepted that

there is an element of inherent randomness in the structure of

amorphous metallic materials. The nature and extent of this ran-

domness is the central question of the modelling of amorphous

structures.

Bl? Dense random packing of hard spheres (DRPHS). With the

apparent failure of the microcrystalline model, its opposite,

the perfectly random model (Bernal [18]) was suggested for one

component glasses (Cohne and Turnbull [19]) and was subsequently

applied to amorphous metal-metalloid alloys (Cargill [2O]). The

structure is set up as an assembly of hard spheres in close con-

tact. The most significant feature of this structure is that it

contains no holes large enough to accomodate a new sphere.

The original Bernal model was first realized by steel balls

in a plastic bag, the procedure was later refined by Finney [21]

whose calculated reduced radial distribution function is shown

in Fig. l, scaled for comparison to the experimental result of

Cargill [17] on Ni-P. The only fitting parameter of this model

is the diameter of the hard spheres. The comparison shows that

the DRPHS construction is able to reproduce the main features

of the measured distribution function.
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B2; Relaxed models and molecular dynamics. There are two *

apparent inconsistencies between the results of DRPHS modelling

and experimentally measured atomic distributions:

- When the sphere diameter is chosen to achieve the best

agreement with the experimentally determined RDF the calculated

packing fraction n of the model remains much too low. (A typical

value [21] is n=0.637, the measured denstiy of the metallic

glasses is only 2-3% smaller than that of its crystalline counter-

part. The packing fraction of an fee or hep close packed crystal

structure is n=O.74O5.)

- The intensity ratio of the split subpeaks of the second

maximum of the pair correlation function is given in reversed

order by the DRPHS model in comparison with the measured ones

(see Fig. l). This feature of the model can be removed by a mod-

ified model building algorithm which results in the formation of

less distorted tetrahedra than those of the original model. By

introducing a second parameter, the so-called tetrahedra perfec-

tion L22], the intensity ratio of the subpeaks can be fitted to I

the measured value. Nevertheless, a severe drawback of such a

construction is that the density is further reduced (n=0.5).

An obvious refinement of the DRP modelling is that the

hard spheres results can be used as a starting point when the

model is relaxed by a properly chosen pair potential. Due to a

softer repulsive core and an attractive term in the potential,

the minimization of the total energy leads to a more dense arran-

gement of atoms than attainable in a sequential DRPHS modelling.

The correct intensity ratio of the subpeaks can also be achieved

[23]. The packing fraction is somewhat increased (n=0.66) but

is still much smaller than that of a crystalline structure.

The final step in the hierarchy of completely random models

is the molecular dynamics (MD) calculation. The decrease of

kinetic energy (i.e. reduction of temperature) in a molecular

dynamic computer model of a liquid (100-1000 atoms interacting

through a pair potential) reproduces the basic features of real

glass transformation. Due to the increased density the atomic
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mobility decrases and the liquid is solidified to a glassy state »

[241. The pair correlation function is very similar to the ox- P

perimantal one, and the packing fraction is the highest among the

random models (n=O.7O).

Despite the definite successes of the DKP construction some

conceptual difficulties must also be mentioned. The distribution

function averaged over different atomic species is only a necess-

ary but by no means sufficient test for the applicability of a

given model. The close similarity between the distribution func-

tions of a completely random single sized spheres model and that

of the Ni-P glass (Fig. l) cannot be interpreted as an indication

of the random local (nearest neighbour) coordinations. Several

experimental techniques which are able to determine the partial

distribution functions of the different pairs of atomic species;

[5,10,25] show in good agreement with each other that metalloid

atoms are surrounded by metal atoms only so thero are no first

neighbour metalloid-metalloid pairs.

To account for this general feature of the metal-metalloid

glassy alloys a somewhat different variant of the DRPIJS models

was suggested. It was recognized (Polk [26]) that beyond the

simple geometrical constraints expressed by the possible struc-

tures of hard spheres, the formation of metallic glasses is mainly

determined by the covalent-like chemical bonding between metal

and smaller sized metalloid atoms. In a randomly pached assembly

of transition metal atoms the holes can accomodate the smaller

sized metalloids. (Polk-model). Although this structure is in

qualitative agreement with the results of diffraction experiments

quite a number of inconsitencies remain.

It was recognized (Cargill 112]) that the holes are signi-

ficantly smaller than those originally supposed. Besides, as has

been pointed out (Nagel [27]), the coordination number of the

larger Bernal holes varies from 4 to 6 whereas the coordination

of metalloids is found to be 9+1 transition metal in, for example,

Pd-Si or Co-P glasses. It follows that the metalloid atoms cannot

be introduced to the holes without a severe distortion of the DRP

structure of transition metal atoms. Recently it was shown (Hayes

et al. [25]) that in Pd„0Ge20 glass the nearest neighbour Pd atoms
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of Ge are located within a root mean square half width of less

than 1O nm which is almost as narrow as the distribution in

the crystalline reference material and is inconsistent with a

completely random arrangement.

B3; Model with Fixed Chemical Short Range Order (CSRO). In

the previous parts of this section we have formulated some basic

features which should be expected from a successful model. An

element of inherent randomness (see paragraph A, on the failure

of the microcrystalline model) must be reconciled with the exis-

tence of fixed local coordinations. The first step in this direc-

tion was made by Maitrepierre [28], who suggested that the struc-

ture of Pd-Ni-P and Pd-Fe-P glasses should be described by a

quasi-crystalline model based on Pd->P. This idea, namely the in-

termetallic compound-like chemical short range order of the me-

tallic glasses, is the basis of the whole group of random models

with fixed local coordinations.

The existence of well defined local symmetry around the

metalloid site is detected by a recent NMR study [78]. Quadrupolai

effects give conclusive evidence that the building units of the

amorphous structure can be found in the crystalline counterparts.

In the quasi-crystalline models essential is the assumption

of the existence of special compositions (TM:P=3:1 in the previous

example) where the glass is characterized by a perfect chemical

short range order. It has nothing to do with the microcrystalline

model as no long range order beyond the first coordination shell

is assumed. The shape of the pair correlation function can be

calculated from the crystal structure of the compound and from

the assumed distribution of atomic distances, the width of the

n peak is an increasing function of n [29], in agreement with

the experimental results not reproduced by microcrystalline

models.

The structure of a metallic glass is described by two terms

[30]: the disorder of a glass of special composition is a con-

sequence of the distribution of atomic distances and bond angles

only (topological disorder); in a glass of arbitrary composition

there is no perfect order even in the first neighbour shell,

due to the off-stoichiometry there are A atoms on B sites (chemi-
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cal disorder). As an example, the structure of Pd-Si is reproduced

(Gaskell [31]) with the aid of packing polyhedra characteristic to

the cementite structure. The structure and thermal stability of

transition metal-transition metal (e.g. W-Fe, Mo-Co, Mo-Ni) glasses

are interpreted by Wang [32] in terms of the basic structural

unit of the intermetallic compounds, i.e. the Kasper polyhedra.

The study of ferromagnetic glasses is highly relevant to the

structure, because magnetic properties are sensitive to short

range order. The investigation of Fe-based glasses can also be

supported by Mössbauer spectroscopy which can characterize the

nearest neighbour environment of an Fe atom. The crystallization

behaviour of Fe-B glasses has been shown [33] to be closely con-

nected with the structure. It was possible to derive [34] the

hyperfine field distribution of Fe_5B_5 from the hyperfine field

pattern of its crystallization product, b.c. tetragonal Fe,B in-

termetallic compound. The close relationship between the respective

hyperfine field pattern indicates the similarity of chemical short

range order in the metallic glass and in the intermetallic com-

pound. A quasi- crystalline model of the glass was constructed,

and the composition dependence of the hyperfine field distribu-

tion and the saturation magnetization calculated from this model

together with that of a ORP construction was compared with the

experimentally determined quantities [35]. Both hyperfine field

distribution and saturation magnetization are definitely in better

agreement with the chemically correlated model than with earlier

models.

Taking into account, that the experimentally determined

radial distribution function of Fe-B glasses can also be des-

cribed by the quasi-crystalline model [29], we can conclude that

both random and chemically correlated models can be used for in-

terpreting the results of diffraction experiments, but the proper

characterization of short range order is necessary when using

structural models to explain other physical properties.
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3. THE POSITRON ANNIHILATION METHOD

In the following the principles of positron annihilation and

some possibilities but also problems in their application for

studying condensed matter are summarized briefly. The main tech-

niques in positron annihilation applications are:

- measurement of the lifetime of positron (LT)

- measurement of the y~Y angular correlation of 2Y~annihila-

tlon (AC)

- measurement of the Doppler-broadening of the annihilation

Y-line (D).

Positrons employed in the proceeding techniques are obtained
22

from the decay of unstable neutron-deficient nuclei (e.g. Na,
5 8Co, 6 4Cu).

Positrons, injected into a sample, are thermalized on a time-

scale which is short compared with their lifetimes. The annihila-

tion rate of a positron-electron pair into gamma quanta is pro-

portional to the electron density sampled by the positrons at

the site of annihilation.

The measurements of positron annihilation characteristics

can give information about the momentum density distributions of

the electrons in the sample. In general, positron annihilation is

used for studying volume effects where the depth dependence of

the annihilation events in the sample due to the implantation

profile of the positrons has no role.

The advantage of positron methods in electronic structure

studies of solids compared with other methods is that they are

neither restricted to low temperatures nor to high purity, defect-

free materials.

To study crystal defects the first step is to show that

there is a change in the positron annihilation characteristics

caused by the presence of a single type of defects at a suffi-

ciently high concentration.

Positrons are attracted by all kinds of crystal defects

having effective negative charge (trapping model [55,56]}. The

decreased density of conduction electrons around a vacancy re-

sults, for trapped positrons, in an increase of the positron

lifetime as well as in an increase of the peak height of the
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angular and energy distribution curves. From the relative chan-

ges of these parameters the fraction of trapped positrons can be

estimated. This fraction is connected with the trap rate of a

given defect type which is assumed to be proportional to the

defect concentration. If the temperature dependent proportional-

ity factor (the defect-specific positron trapping rate) is known,

the relative changes of the measuring parameters can be used to

calculate absolute defect concentrations.

The sensitivity range for vacancies in metals extends from
— 7 —3 8 12

1O to 10 vacancies per atom and from 10 to 1O o» line

length per cm for edge dislocations. The maximum change in the

measurable parameters is around 10%; it depends not only on the

material under investigation but also on the sample preparing

and handling procedures [45]. Other structural imperfections seen

by positrons are grain boundaries, voids and impurity-vacancy

complexes. Because of the high technological interest in irradia-

tion damage, fatigue, work hardening and creep, positrons are

frequently used in the study of metals to determine vacancy forma-

tion energies (measurements in thermal equilibrium), to investiga-

te and clarify the processes in different recovery stages and

to study the formation of voids. Because no theory of positron

annihilation in amorphous alloys is available as yet, it is natu-

ral to apply the experiences from investigations on defected

crystalline materials.

For a more detailed description of the principles,measuring

possibilities and limitations of positron methods [36-41,8O-82J

we refer to review articles and books [42-45],

4. POSITRON ANNIHILATION STUDIES ON METALLIC GLASSES - A LITER-
ATURE SURVEY

Here we briefly summarize some reported results obtained -

by positron annihilation studies of metallic glasses.

Regarding the basic constituents of a metallic glass one

usually makes a distinction between metal-metalloid (M2) and

metal-metal (Ml) glasses. The main points of the general informa-

tion on positron annihilation investigations in the literature

are collected in Table -1 (M2 glasses) and Table 2 (Ml glasses).
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From a comparison of the results on different as-received

iron-based metallic glasses with crystalline, well-annealed and

vacancy-rich Fe [74,75] it has been concluded that the positron

annihilates from a definite state associated with the iron atoms

in the glassy alloys, which might explain the remarkable inde-

pendence of the annihilation parameters from the type and con-

centration of the metalloid atoms [65]. The existence of such a

state has also been concluded for the Pd-Cu-Si system compared

with crystalline Pd [53].

This type of conclusion might have been drawn from all of

the studies on as-received metallic glasses although it is gen-

erally not pointed out explicitly. It also explains why only neg-

ligible changes are detected in the bulk lifetime of, for ex-

amples, electron-irradiated Pd-Ni-Si [54 J as compared with values

for the as-quenched state after production. It suggests that no

stable defects observable by positrons are induced in this way

or only by much higher doses [83,84]. It was supposed that "va-

cancy-interstitial" pairs created during irradiation recombine

either by diffusive processes analogous to those observed in the

crystalline phase or through local atomic regroupings similar to

th<?se associated with the plastic flow during cold rolling in

the Pd-Cu-Si system [51,53]. On the other hand, a remarkable in-

fluence of neutron irradiation has been reported for Mo-Ru-B [73]

and a similar sensitivity of the positron parameters to induced

defects is predicted for Ti-Be-Zr [65].

From the temperature dependence of the positron annihila-

tion parameters it has been concluded (e.g. [59,60,85,86])that

vacancy-like defects exist in the glassy material. Theoretical

studies indicate that the existence of a single vacancy in an

amorphous medium may not be energetically advantageous [79], so

"defects" observed by positron annihilation measurements mijht

be more complex entities than the classical monovacancy.

On the other hand, it has been proved (e.g. [51-53, 61,62,

64,66,72,87,88]) that relaxation processes, i.e. the change of

GSRO, have an influence on positron annihilation parameters

measured on samples in the amorphous state. When the temperature

range was extended detailed information regarding the crystalli-
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zation process was obtained e.g. a proposed crystallization mode]

[67] has been confirmed [46,48] and the activation energy of the

crystallization [69] has been estimated.

Regarding annealing and/or crystallization of amorphous

alloys some published results obtained on materials of the same

nominal composition seem to be contradictory:

- On commercially available FegoB2O n o difference between

the measurable parameters for the amorphous and the crystalline

state was found [59,60,63,69], whereas for materials produced

otherwise a pronounced difference was reported [58,61,62J.

- On Cu57Zr>3 some authors found two lifetime components |65J

whereas others [48] report only one.

- From the model analysis of AC data for the Pd-Si system

some authors [68] conclude a localization of the positron in the

amorphous state near to SI atoms and near to Pd atoms in the

crystalline state, whereas others [48] exclude such a preference.

- On commercially availabe Fe^NiogCr-, .P.-Bg s o m e authors

[59,60] found a difference in the measurable parameters referring

to the amorphous and crystalline state respectively, whereas

others [58,61-63] did not.

The last example could be an indication of the effect of

different measuring conditions (measuring temperature: 80 K [59,

6O] or room temperature [58,61-63] plus the possible influence

from having etched the samples before each measurement 159,60]).

A strong influence of the technological parameters (cooling

rate, electrodeposition, etc.) has been reported [71,77,89 1; this

influence should be taken into account in newer theoretical works

intended to describe positron annihilation in amorphous system.

5. CONCLUSIONS

Positron annihilation methods (LT,AC,D) have already been

widely applied for investigating amorphous alloys.

Studies of the as-quenched state have demonstrated the pos-

sibility to detect changes of chemical short range order.

From a comparison of results on samples of the same nominal

composition a strong influence of sample preparation conditions

i.e. technological parameters on measurable positron annihilation
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characteristics could be concluded; this can easily mask the

poscible small composition effects too.

In most amorphous alloys the study of the deformation and

irradiation-generated defects by means of positron annihilation

is of limited value because the positrons are probably already

localized at "defects", consequently the "defect-concentration"

must be high.

Regarding the decision between the two extrém structural

models for amorphous alloys(see. section 2), the applicability

of the positron annihilation methods is limited by the trapping

mentioned above, thus changes in the measurable annihilation

parameters are to be excepted only if there are considerable

changes in the concentration or "quality" of "defects". At present

there are insufficient data to enable us to draw any definite con-

clusions from positron annihilation studies for the structural

models of amorphous alloys.
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Is* Table !

Collected aain information obtained by positron annihilation mecsurenents on M2 glasses.
Nuabers in the table indicate the corresponding reference nuaber. .

System

>d-Sl

M-Cu-Si

?<i-Hi-Si

li-P

»i-Si-§

l i -AI-P-l

Co-P

:O-F.-SI-I

e-»

e-Ho-i

c-Ni-l

t-Hi-P-l

e-M-Ho-t

e-AI-p-i

e-Ni-Cr-f-i

to-Ku-l

POSITRON METHOD USES

IT

8M7.*8.

*9.SI.53.

5*

«.*8.

65

52

-

57

56.(1.(2.(5
74.7S.8MS

S(.7*.7S

57.(5

tk.il,MM.
85.72.7 .̂75

85

52

(1.(2.85

71

AC

*6.<i7.li8.68.

S0.SI.S2.68.

-

*(.S5.

-

.

55

-

(1.62.(3.69

(9

-

(3

-

-

63

-

•

••8.

-

-

56.(5.

-

-

57

56.58.S9.60
(1. (2 .7* .75

56.59.60.7*.
75

56.57.65

58.61.62.72.
7t.7S.

-

56.58.59.(0.
61.62

-

Changes upon
crystal 1i iJl ion

yje*

' -

-

-

-

-

-

-

-

58.(1.(2.85.

56.68.69.7*.
75

-

6*.72.85.
t

85 .

-

59.(0.

-

no

t6.t8.6S

••9.50.51.53.68

-

U.tS.SS

-

52

55

57

59.(0.(3.(9.

-

S7

58.(1.(2.(3.

-

-

58.(1.(2.63.

-

Temperature
dependence
aaorpho-
IK state

52

-

-

-

-

-

57

56.5S.5!.
60.85

59.M

-

(3.72.8k.
85.

15

52

S9.M

-

ryilal-
i/ed sr
-

-

-

-

-

-

-

-

59.M

(0,7*

-

-

-

-

-

-

Crystal-
lization
process

tt.ts

-

-

•*.<i8

-

-

-

57

-

(9

-

-

-

-

-

-

Irradiation / I I -
elcctram/ /I2 mut-
roni/
b-cold roll If*
-

Hb.S3b.8V'

-

-

-

-

•

-

-

H i '

-

-
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Table 2

Collected main information obtained by positron annihilation measurements on Ml glasses.
Numbers in the table indicate the corresponding reference number.

Systcn

Cu-Zr

Cu-Tl

li-Zr

n-Oe-Zr

fKi/'to wi th
IE4M, Sa
Gd, 0 y . Er

o i t h RE*4ld,
S« . « d . T b ,
By. Er

4g-Zn

C»-«9

C«-AI

POSITRON HETHOD USED

IT

*8.65

-

65

-

-

-

-

-

AC

48,66

-

66

-

66

7t

71,7*

71

71

0

••8,65

-

-

65

-

-

-

-

-

Changes upon
crystallization
yes

66

-

66

-

66

70

-

-

-

no

18

-

-

-

-

-

-

-

-

Temperature
dependence

amorpho-
us state

66

U

66

-

66

70

76

-

-

crystal-
lized St.

66

-

66

-

66

70

-

-

-

Crystalli-
zation
process

66

-

66

-

66

70

-

-

-

influence of irradiation
/M-electrons/ / i2 elec-

trons/ b-cold rolling

-

-

-

-

-

-

-
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r (sphere diameters)

Pig. 1. Comparison of the measured Ni- t"2

distribution function (continuous
line) with the histogramme derived
from DRPHS modelling [l2\
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\
ABSTRACT

Co atoms diffused at 1270 K for 1 hour into single crystals of
Si have a single Mőssbauer line at -O.059±0.001 mm/s. Channelling
studies show 77 % of the Co atcms to occupy some substitutional
sites. It is found that Co forms epitaxial CoSi2 clusters in the
Si lattice.

INTRODUCTION

The lattice location of impurity atoms in semiconductors has
been studied extensively. In particular, much work has been done
to localize Co atoms in silicon [1-13]. The Mőssbauer spectra of
Co atoms in Si generally consist of more than one line of un-

equal intensity. The first idea of Norem and Wertheim [1] was to
assign these lines to two kinds of Co atoms (substitutional and
interstitial). Later on it turned out that the shape of the spec-
tra depends on the conditions of sample preparation. It was found
in as - implanted CoSi samples [10] that the typical two-line
spectra have basically a quadrupole character and the assignation
of the two lines in this case to substitutional and interstitial
Co atoms in the Si lattice was impossible. Both the implanted and
subsequently annealed and the diffused Co in Si samples showed
spectra [13] resembling those of CoSi2. The asymmetry of the two
lines in this case revealed that at least a certain fraction of
Co atoms was located at sites with vanishing EFG*. It was sug-
gested [13] that in CoSl, the two lines originate from substitu-
tional and possibly from interstitial Co atoms.

The aim of the present study was to check whether substitu-
tional Co atoms in the Si lattice cars be observed at all.

*EFG - Electric Field Gradient
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EXPERIMENTAL

For lattice location studies silicon single crystals of 4 to

43 tJcm specific resistivity cut to the <111> direction were used.

Mössbauer sources were prepared by dropping about 4 MBq CoCl,

solution on the Si surface, the specific activity being about

1O Bg/m . After drying, the source was sealed in a quartz am-

poule in a vacuum of 4 mPa. The diffusion took place in the am-

poule at 1270 K.

The samples for channelling/Rutherford backscattering (RBS)

and X-ray diffraction studies were similarly prepared but an in-

active Co layer of 20 to 65 nm thickness was vacuum deposited on-

to the Si surface. The diffusion was made in the same way as for

the Mössbauer samples. After diffusion the residual Co metal was

removed by etching the surface with cone. HC1 and HF.

Mössbauer measurements were performed at room temperature

using a conventional constant acceleration setup. As single line

absorber K. Pe(CN)fi*3H_0 was used. The spectra were evaluated by

least squares fitting. Isomer shifts are given relative to a-Fe

at room temperature. Channelling and RBS measurements were made

at a 5 MeV Van de Graaff accelerator with a probing beam of 2 MeV
4 +
He ions in a two-axis goniometer.

The X-ray diffraction measurements were carried out using a

Philips PW1010 diffractometer (Cu tube, 30 kV, 30 mA) without

filter.

RESULTS

Figure l. shows the RBS and Mössbauer spectra of samples dif-

fused for 1 hour. The surprising feature of the channelling/RBS

spectra was that the triangulation found 77 % of the Co atoms as

if they occupied substitutional sites in the Si lattice. The

depth profile of Co atoms could be well described by an erfc func-

tion corresponding to a diffusion constant of D = 1.29±O.03»10~
2 27 3

m /s and to a surface concentration N = 1.5*10 atoms/m equiv-

alent to 0.03 Co/Si atomic ratio. The RBS spectra revealed the

presence of oxygen on the surface. Also, the Mössbauer spectrum
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was very surprising since it consisted of a single line at A

-O.O59±O.OO1 mm/s.

A longer diffusion time (e.g. 2 hours) changed the spectra

(see Fig. 2.). The RBS spectrum shows the substitutional fraction

to decrease to 36 % and the Co/Si atomic ratio to increase to

0.14. The Mössbauer spectrum contained a second line at

-0.63+0.01.The fraction of the single line was 76 "A.

The presence of oxygen could be avoided by using a Si getter

during the diffusion process. Figure 3. shows the corresponding

spectra (annealing time: 1 hour). In this case as well the Co/Si

atomic ratio was found to be 0.14. The substitutional fraction

showed a further decrease to 14 %. The Mössbauer spectrum had a

pronounced two lines character with a relative fraction of 62 %.

The X-ray diffraction measurements performed on the vacuum

deposited and annealed samples showed the presence of Co-Si, CoSi

and CoSi- phases (Fig. 4.). When the thermal annealing was made

without a silicon getter the observed silicide phase predominant- I

ly consisted of the CoSi2 compound (Fig. 5.). |

DISCUSSION

The solid solubility limit of Co in Si is 1O22 atoms/m3 at

1270 K [14], a value much below the surface concentration found

in the present study. Also, the diffusion constant deduced from

the erfc distribution differs by many orders from those of

Kitagawa and Hashimoto [15 ]. The latter authors reported
— 11 2

D = 4.7*10 m / s at 1270 K. These findings rule out the tempt-

ing possibility to assign the single line Mössbauer spectrum of

rig. l. to substitutional Co atoms in Si, a conclusion seemingly

contradicting the fact that the channelling triangulation found

a considerable fraction of Co atoms in substitutional sites. .

The high surface concentration of Co proves the formation of

small silicide clusters embedded in the Si lattice. The isomer

shift of the single line coincides with those of substitutional

Co atoms in CoSi. [13]. In fact, the formation of CoSi, is ex-

pected in this case since the mismatch between the lattice para-
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meters of CoSi- and Si is as small as 1.1 % which enables the l

growth of epitaxial CoSi, films on Si single crystals [16]. F

The differences in the substitutional fractions of cobalt in

silicon obtained by the RBS and Mössbauer measurements may be ex-

plained by a broad channelling width found in epitaxial layers.

We suggest, therefore, that the diffusion of Co is slowed

down and its surface concentration is increased by the formation

of small CoSi. clusters epitaxially embedded in the Si lattice.

The increase in diffusion time increases the number of Co atoms

in excess to stoichiometric composition causing an appearance of

a satellite Mössbauer line whose assignment is uncertain at

present.
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ABSTRACT

The annealing behaviour of Al/Cr/Al- and Al/Ni/Al-layer systems
was investigated by means of the RBS-method. In dependence on an-
nealing temperature and time there are relatively stable compound
layers or grains growing to the surface. The existence of the
grains was confirmed by SEM and roughness measurements.

INTRODUCTION

In integrated-circuit technology metal-Al-compound layers

play an important role. The electromigration capability is signi-

ficantly improved by stable compound layers. A stable compound

may increase the sheet resistance in the layer by a factor of

about 10 [1].

In this paper we investigate the growth of compound layers

in, Al/Cr/Al- and Al/Ni/Al-layer systems after various heat-treat-

ments by Rutherford backscattering spectrometry (RBS) and second-

ary ele tron microscopy (SEM).

EXPERIMENTAL

The substrates for the layer deposition were oxidized silicon

wafers. The metal layers were evaporated by a single pumpdown

with the following layer thicknesses for the two systems:

44OO fi A1/31O 8 Cr/5OOO 8 Al and 5000 8 Al/lOOO 8 N1/5OOO 8 Al,

respectively.

The samples were heat-treated in a N2-atmosphere at the fol-

lowing temperatures for the following times:

Al/Cr/Al: 670, 720, 770, 870 K for 10, 30, 90 minutes

Al/Ni/Al: 570, 590, 620, 770, 870 K for several times from 1 to

200 minutes.
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The samples were investigated by RBS and SEM techniques and

the surface roughness was measured by a Talysfcep.

For the RBS-measurements He+-ions with an energy E - 1.4

MeV were used in the case of the Al/Cr/Al-layers, and E =1.6

MeV in the case of the Al/Ni/Al-layers, respectively. The para-

meters for the experimental setup were:

charge Q = 3O uC, space angle 0 = 1.31 msr and scattering

angle O = 170°. The voltage for SEM was 30 kV.

METHOD

For the analysis of RBS-spectra we used the procedures sug-

gested in references \2, 3, 4). The layer thicknesses At and the

mean composition N' /N-, are given by:
r Cr Al

AtCr,Ai - ^ T ( 1 )

NCr qAlHCrAECr . , .

\ l = °crHAlAEAl
MX \^ I. MX r\X

((e] - stopping power function,

a - scattering cross-section, II - counts/channel on the front

face of the layer, AE - energy width of the Cr- and Al-fractions,

respectively).

The values of At and N
C r/

N
A 1 given by this procedure were

checked by a forward calculation [3]. For example the results of

the untreated Al/Cr/Al-sample are shown in Fig. 1. The discrep-

ancies between the calculated and the measured spectra are caused

by the neglection of the energy straggling of the He -ions in our

calculation.

The concentration profiles vs. depth were calculated with

the method of R.F. Lever [4]. The idea of this method is to cal-

culate the energy E. of He -ions before a collision for each

point of the spectrum and for each element by the relation:
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where E_ i s t n e energy of the detected ions, a is the ratio of

energy loss after the collision to that before, and k is the ki-

nematic recoil coefficient. It is the advantage of this method

that it provides the composition profile without exact knowledge

of energy loss values because only the ratio a is necessary. The

value of a can be assumed to be constant for many cases.

To use this method a separation of the energy spectrum into

the spectra for the different elements is necessary. For this pur-

pose a spectrum of pure Al was used for comparison.

RESULTS AND DISCUSSION

Typical concentration profiles for annealing temperatures up

to 720 K and for the untreated sample are shown in Fig. 2. After

a heat-treatment at 670 K, and a heat-treatment at 720 K for 10

and 3O minutes the chromium has only partially reacted with alu-

minium. At the interfaces between Cr and Al the intermetallic com-

pound CrAl- grows. In a certain region of temperature and time

(here 720 K, 9O min* ... 870 K, 30 mins) the chromium has fully

reacted with aluminium. In this case we have a relatively stable

layer of CrAl- between pure layers of Al. An example of such a

concentration profile is shown in the third part of Fig. 2. Even

if we take into account the eTi<sticqy resolution of the detector and

the energy straggling there is no sharp boundary between CrAl-

and Al. This is also indicated by the difference between the mea-

sured and the calculated spectra in Fig. 3.

If we increase the annealing time at higher temperatures

(for example at 870 K, 90 mins, see Fig. 4 ) a strong depth de-

pendence of the concentration ratio is found it is supposed that

Cr is distributed laterally homogeneously. There are no regions

with a certain stochiometric ratio and the Cr-concentration

reaches the surface.

Because of the loss of chemical stability a homogeneous mix-

ture of CrAl with continuous depth dependent x is questionable

as an explanation for these findings. The assumption of strong

lateral inhomogénéities which give rise to such a depth depend-

ence via the averaging analysis by the ion beam is more convinc-
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ing. Therefore investigations of lateral and depth homogeneity by

other methods were necessary; here SEM and roughness measurements t>

with a Talystep were performed.

In Fiys 5, 6 and 7 secondary electron micrographs show the

surfaces of the untreated sample and the samples heat-treated for

90 minutes at 770 K and 870 K, respectively. Fig. 5 shows only a

weak grain structure of Al. For medium annealing temperatures,

where a CrAl^-layer exists, some nucleation with grain sizes of

about 0.75 um and mean distances of about 10 urn is seen (rig. 6).

This lateral nucleation increases with increasing temperature and

time. The grain size reaches about 1 urn with distances of about

2 um (Fig. 7). Roughness measurements with a Talystep show inhomo-

geneities in height, too. In connection with the phase diagram

the measured ratio of Al and Cr in these samples may be explained

by a mixture of Al with grains of CrAl_ growing through the Al-

-layer to the surface.

For comparison Al/Ni/Al-layers were investigated. Typical

backscattering spectra are shown in Fig. 8. Already at low tem-

peratures Mi reaches the surface, no special compound layer of a

fixed composition exists for the presented layer thicknesses of

the original samples. Secondary electron micrographs (see for

example Fig. 9) clearly show lateral inhomogeneities. A calcula-

tion of the concentration profiles from RBS is therefore not con-

venient. In connection with the phase diagram of Ni-Al-systems

and other detailed measurements [5] it can be expected that NiAl.-

or NijAl.-grains grow to the surface immediately by thermal treat-

ment.

CONCLUSIONS

For heat-treated Al/Cr/Al-layer systems on oxidized Si

wafers a region of annealing temperature and time exists in which

a relatively stable layer of CrAl_ is grown. For increasing an-

nealing time and temperature grains of CrAl_ grow through the Al-

-layer to the surface. In the case of Al/Ni/Al-layer systems al-

ready a low temperature annealing for short times leads to the

growth of NiAl,- or Ni-Al,-grains through the Al-layer to the sur-

face.
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Fig. 5. Secondary electron micrograph of the untreated
Al/Cr/Al-sample. Enlargement: 1:1600
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Fig. 6. Secondary electron micrograph of Al/Cr/Al-sample
heat treated at 770 K for 90 minutes.
Enlargement: 1-.16OO
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Fig. 7. Secondary electron micrograph of Al/Cr/Al-sample
heat treated at 870 K for 9O minutes.
Enlargement: 1:1600
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Fig. 9. Secondary electron micrograph of Al/Ni/Al-sample
heat treated at 77o K for 3O minutes.
Enlargement: l:16OO
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BY MEANS OF POSITRON ANNIHILATION
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ABSTRACT

Fast neutron irradiation effects on Mo-Si amorphous alloy and
Pd-Si glassy alloy were studied by means of positron annihila-
tion and X-ray diffraction measurements. Changes of positron
annihilation characteristics in these amorphous alloys due to
the neutron irradiation are discussed in correlation with struc-
tural changes of the atomic arrangement in these amorphous alloys
and it is concluded that positrons are trapped in opening spaces
inherent to the amorphous structure in these alloys.

INTRODUCTION

It has been suggested that the positron annihilation in

amorphous metal-metalloid alloys can be characterized by a

shallow trapping in vacancy-like sites existing in amorphous

alloys [1-3]. This implies that the structural change of amor-

phous alloys can be reflected in the positron annihilation char-

acteristics. From this point of view, it would be of interest

to study the irradiation effect of amorphous alloys by means of

positron annihilation method in connection with the structural

change because the irradiation causes the change in the local

atomic arrangement of amorphous alloys [4j. In this paper, we

report the fast neutron irradiation effects on the positron
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annihilation characteristecs as well as the atomic arrangement

for Mo45Si55 amorphous alloy(a-Mo-eSi--) and Pdg0Si__ glassy

alloy(g-Pd80Si20) .

EXPERIMENTAL

Mo4_Si55 amorphous alloy in a form of 20 mm x 20 mm x 0.1-

0.5 mm was prepared by a high-rate DC sputter deposition tech-

nique [5] and Pdg.Si-Q glassy alloy was prepared by rapid quench-

ing from melts under an Ar atomosphere of 100 Torr into a form

of long ribbons with 30 ym in thickness and 1 mm in width,

parts of these samples were irradiated by fast neutrons up to a

18 2
fluence of 9 x 10 n/cm (> ÍMeV) in the Japan Material Testing

Reactor. The sample temperature was kept below 150 °C during

the neutron irradiation.

The angular correlation curves of 2y-positron annihilation

were observed using a conventional long-slit type apparatus and

the isotope of 1 Ci Cu as a positron emitter[6]» The positron

lifetime measurements were made using a spectrometer consisting

of the fast-slow coincedence circuit with the time resolution of

300 psec in FWHM of Co prompt curve. The isotope used in the

22
lifetime measurements was Na(10-50 pCi) sandwiched by a couple

of thin Mylar foils.

X-ray diffraction measurements were carried out using a

conventional er-29 diffractometer in a reflection mode. The ra-

diation used is MoK X-ray emitted from an intense rotating

anode.
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RESULTS

The effect- of the neutron irradiation on the angular cor-

relation curve N(6) for a-Mo45Si55 is shown in Fig.l together with

that for Mo crystal. The N(9) for a-Mo^Si,.,. becomes narrower on

irradiation but the change is very small compared with that for

pure Mo crystal which was irradiated under the same condition as

in the present study. The similar tendency has been found for

a- M o68 S i32 [ 4 ]-

Figure 2 shows the N(6) before and after the neutron irra-

diation. A small narrowing of the N O ) by the neutron irradia-

tion can be appreciable.

In Table 1, we show positron lifetime data for a-Mo^gSig,.

and g-PdgQSi,/) alloy . The positron lifetime spectrum was well

analyzed by a three component analysis, two of which were source

components of about 400 psec and 2000 psec.

Table 1. Positron lifetime data for a-M©45Si55 and

g-3?dRnSi2O before and after the neutron

irradiation. The data for a-Mo,gSi32[4]

are also included.

Sample

a-Mo68Si32

a-Mo45Si55

9-^80Si20

Before
(psec)

189.4 + 1.7

197.7 + 4.3

160.4 + 1.3

After
(psec)

196.4 + 2.1

194.9 + 3.5

150.3 + 1.9

It is noteworthy that the positron lifetime for a-MOggSi,,

increases due to the neutron irr&diation in accordance with the

narrowing of angular correlation curve[4], while the positron
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lifetimes for a-Mo.cSi-g and g-Pdg.Si2Q decrease though their

angular correlation curves become sharper as shown in Figs. 1

and 2.

Figure 3 shows the radial distribution function(RDF) which

is the Fourier transform of the structure factor S(Q) truncated

°—1
at QLax" 14 A . It can be found in Fig.3(A) that the structure

in a-Mo45Si55 is modified by the neutron irradiation in a way

that three subpeaks in the first peak of RDF for as prepared

a-Mo45Si55 shift toward new higher values of atomic distances,
o

while the RDF curve becomes more blurring beyond R= 4 A. It has

been observed that these features become more clear for a-MoJ,E.Sit.c

45 55

irradiated by electron( 2.5 MeV) at liquid N2 temperature, which

will be published elsewhere. Therefore, these observations

suggest that some kind of short-range order in a-Mo^-Si--

is enhanced by the neutron irradiation, while the longe-range

periodic-like order is decreased. This fact is similar to the

structural change observed for neutron irradiated a-Mo-gSi,-[4].

On the contrary, the structural change for ^"^gns^22 **¥

the neutron irradiation is small compared with that for a-Mo.5Sig5

as shown in Fig.3(B). The short-range order in the atomic

arrangement suffers no appreciable change and the blurring of RDF

at larger1 atomic distances is smaller compared with that for

a-Mo45Si55. This difference of structural change between

a-Mo45Si55 and g-Pdg0Si20 may be due to the difference of the

preparation method of the amorphous alloy; that is to say, the

sample prepared by the sputter deposition technique may have

more irregular and defective structure than that prepared by

melt quenching technique. Therefore, a-MOi-Sicc i s rather easy
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to suffer the structure modification due to the neutron irradia- 4

tion compared with g-Pd8QSi20.

DISCUSSION

It should be emphasized that the angular correlation curves

for a-Mo45Si55 and g-Pdg0Si2Q become narrower by the neutron

irradiation (Fig. 1 and 2) in spite of the decrease in the

positron lifetime for these amorphous alloys(Table 1). This

fact seems apparently inconsistent on the standpoint that there

exists only one positron state, because the positron-electron

pair yielding a narrower angular correlation curve could give

a longer lifetime component. Therefore, this implies that

various kinds of positron state exist in these amorphous mate-

rials. I

According to the shallow trapping picture in amorphous

materials[1-3], positrons are likely to sample electrons in

various sizes of opening spaces inherent to the amorphous struc-

ture with appropriate weighting factors. Therefore, the shorten-

ing of the positron lifetime and the narrowing of the angular

correlation curve may be mainly due to the change in the size

distribution of opening spaces capable for the positron trapping.

The relation between the positron annihilation characteristics

and the structure before and after the neutron irradiation is

not yet clear. In order to verify this conjecture, full analysis

of the atomic arrangement is needed. Further studies on these

lines are in progress.
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ABSTRACT

A simple theory of redistribution and segregation of solute which
occur during the solidification after pulsed laser beam annealing
is presented. For experimental verification, the laser processing
of Bi+ implants of different doses was investigated by bapks-
cattering spectroscopy and a qualitative agreement between the
experimental and calculated values waB found.

INTRODUCTION

The mechanism of regrowth and dopant redistribution during

a pulsed laser beam annealing (PLBA) has been extensively studied.

Strong accumulation at or near the surface was investigated as a

function of regrowth. velocity [1], crystal orientation [2] for

dopants of III-V. columns in the periodic system.

This paper investigates the segregation of dopants taking

into account the initial concentration of solute. An extension

of calculations of V.G. Smith, W.A. Tiller and J.W., Rutter [3]

with the relation between diffusion coefficient (D) and equilibrium

segregation coefficent (kQ) published by Yu.M. Shashkov and V.M.

Gurevich [4] leads to a good correlation between surface accumula-

tion and segregation. The calculations are in qualitative agree-

ment with experimental data both the present work and those of

Hoonhout and Saris [5] for other dopants.

955



THEORETICAL BACKGROUND

Let us consider a system with C Q equilibrium concentration

before laser irradiation. At onset of irradiation, kQ is equal

to C_/CT, where C_ and CT are concentrations in solid and liquid

phase respectively. According to [3], at the beginning of phase

transformation, the impurity concentration in the solid phase

/in depth interval (x , x 2 ) / can be written as:

Cg=Co[l - (l-ko)exp(-ko§x)] (1)

where D is the diffusion coefficient of impurity and R is the

rate of movement of the interface {Fig. 1). During this transient

stage, the interface concentration in the liquid phase C_,(x)

quickly reaches a saturation value, which is the eutectic concen-

tration (at the point x-x,). Beyond this point, further increase

of C_(x) is prohibited, because no additional temperature rise

can be expected in the liquid phase. At x > x2, the impurity

concentration in solid phase proceeds to a stationary value,

C e -• C and the concentration ratio will be C-/Cr=C /C =k' att> o o íj o e

the solid interface. In stationary state, the impurity concentra-

tion in the melt [3] is:

i

C L
 = c o [ 1 + ̂  exP( TT x')] (2)

k

where x' is the distance from the solid-liquid interface. The

quantity of accumulated impurity at the surface (N) can be deter-

mined by integrating Eg. 1 or Eq. 2 over the melted layer of

thickness d(d » D/R)

1-k
-T—2 H [i-exp(-k S d, ] if c„(d) < C
kQ R o D T e

(3)
i

x 8 if °T<d) -
According to [4] it was taken into account that the diffusion

coefficient depends on the equilibrium segregation coefficient.
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This dependence can be formulated as D»3xlo" >ko' [cm /s] in

the range of k «10 -1. The relationship which was determined

experimentally, gives more realistic values than that of the

generally accepted work [6].

The Eq. 3 shows that the surface fraction is determined by

the height and width of concentration peak at solid-liquid inter-

face. This indicates that for high rate of movement of the inter-

face R e 6 m/s at PLBA, the impurity atoms are not able to diffuse

into deeper region of the melt [2], so the width of the concentra-

tion peak is only 1-50 nm. In case of materials characterized by

small segregation coefficients, this width decreases through the

diffusion coefficient, Through the limiting role of C for C,

it is reasonable that the smaller the segregation coefficient,

the smaller accumulation can be expected. Table 1 compares experi-

mental values of Hoonhout and Saris with present calculations.

(The following values were used d=2xlO~ cm, R=200 cm/s, [5]

c =5.1O20 cm"3, c =5«1O22 cm" 3).
O 6

The correlation between experiment and calculation is satis-

factory, i.e. the surface fraction of impurity vs. kQ curve has

a slight maximum.

EXPERIMENTAL

To study the depth distribution of implanted atoms and their

profile modification during PLBA, 80 keV Bi was implanted into

chemically etched Si of <111> orientation at room temperature

in dose range of 10 -10 atoms/cm . After implantation all

samples were subjected to laser annealing which was done In open

air with a single ruby laser pulse of 15 nsec duration. The
2

applied energy density was 1.25 J/cm which was sufficient to

induce complete epitaxial regrowth of the implanted layer.

The samples were analysed with backscattering spectrometry

/BS/ of 5 nm resolution using glancing detection. This way the

surface fraction of Bi within the first 10 nm film could easily

be measured.
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RESULTS AND DISCUSSION

The verification of thia simple theory was done by BS inves-

tigation of Bi implanted speciments of different doses after PLBA

process. Fig. 2 shows the random spectra in the loweBt dose

case. The high regrowth velocity produced a surface accumulation

of 31 % of the total amount of impurity and a flat profile in

the deeper region of the surface. The channeling spectra in

Fig. 3 shows a complete recrystallization of silicon, highly

substitutional Bi profile in the deeper region and no lattice

location in the surface peak.

For higher dose (Fig. 4 - Fig. 7) the relative number of Bi

atoms in the surface peak decreases. These values are summarized

in Table 2. This tendency is in accordance with present calcula-

tion i.e. the higher the dose, the less atoms accumulate

in the surface layer because of the limiting factor of the euteotic

concentration and low diffusion coefficient together.

In conclusion, present paper suggests a simple model by

which a qualitative agreement can be achieved between the meas-

ured and calculated surface fraction of dopant at or near surface

because earlier approaches [5, 7] failed to describe the experi-

mental findings and the concept of thermal melting during PLBA

was doubted.
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Table 1

Comparison of the measured and the calculated surface fraction
of dopants In silicon after PLBA

The number of the dopant atoms In
Dopant Equilibrium the first 23 nm of the surface
atom segregation

coefficient measured values calculated values,
[8] Hoonhout et al present work

[5] '

Ge 0.33 11 % 10 %

As 0.30 14 % 12 %

Sb 2.3xlO~2 10 % 60 %

Sn 1.6xlQ~2 28 % 67 %

Ga 8.0xl0"3 55 % 78 %

Bi 7.0xl0"4 11 % 67 %

Te 8,OxlO~6 11 % 15 %

Se 10"8 8.5 % 1.6 %

Table 2

Measured and calculated surface fraction of Bl atoms which was
found In the first 1O run of the surface after PLBA. For calcula-
tion R = 600 cm/s [1], d = 3xlO"5 cm [9], k = 7xlO"4 [8] and

22 3c@ = 5x10 atoms/cm values were used

Implanted dose
{atoms/cm^)

The number of the Bi atoms in the first
10 nm of the surface

measured by BS calculated

2.5xlO14 31 % 80 %

6 xlO14 27 % 80 %

1 xlO16 19 % 22 4

1.2X1O16 16 % 18 %

1.4X1O16 12 % 16 %
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SURFACE

INTERFACE

Ü LIQUID

Fig. 1. Schematic picture of solidification. CQ is the equilib-
rium concentration of dopant before laser irradiation,
k the equilibrium segregation coefficient, C and C
the concentration in solid and liquid phase, c_ the
Interface concentration in the transient stage, D the
diffusion coefficient, R the regrowth velocity.
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. 2. Random spectra of both aa implanted and laser
annealed sample at the dose of 2.5xlo*-* Bi/cm*.
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Fig. 3. Channeling spectra of the lowest dose of both
as implanted and laser annealed sample.
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Fig. 4. Random spectra of silicon implanted by 6xlO
The surface sccumulation after PLBA is 27 X.
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Fig. 5. Channeling spectra of silicon implanted by 6xlO hi/cm .
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Fig. 7. Random spectra of silicon implanted with 1.4xlo Bi/cm .
The surface accumulation is 12 X.
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ABSTRACT
125

A Mössbauer study was performed on Te after implanta-
tion into Te single crystals, held at different temperatures.
It is shown that during implantation at liquid nitrogen tempe-
rature amorphization of the target occurs. The role of the
target temperature in the Naguib and Kelly criterion for amor-
phization is discussati.

INTRODUCTION

The amorphization of elemental semiconductors under ion

bombardment is a well-known phenomenon. When a critical

implantation dose is exceeded, which is around 10 atoms/cm

for heavy ions of about 80 keV energy, backscattering studies

of the disorder in the crystal show that a saturation value

is reached. When this saturation level of total disorder is

reached, the crystal is generally considered to be amorphous.

The amorphization process is still the subject of many

detailed studies. One of the controversial questions is

whether the amorphization of the lattice occurs as a spontaneous

relaxation into the amorphous state, once a critical defect

density is exceeded, or whether individual implantation tracks

are already amorphous. We believe that there is conclusive

evidence e.g. from'backscattering 11], TEM [2], and other

studies, that heavy ions create mainly direct impact

amorphization of individual tracks, while for lighter ions a

critical density collapse might take place. In the interpre-

'Research Associate NFWO (Belgium)
**0n leave from the Central Research Institute for Physics,
H-1525 Budapest, Hungary
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tation of these data[1,2J it is apparent that a linear model for

the damage production in collision cascades can no longer be

upheld, and that the concept of spike behaviour, as introduced

by Sigmund [3] has to be used. The deposited energy is

extremely high [4], and the subsequent very rapid quenching

speed favors amorphization.

An interesting problem in the amorphization process becomes

apparent when ions are implanted in materials other than

elemental semiconductors. Some materials become amorphous

while other materials, especially the metallic ones, remain

crystalline. A thorough study was published by Naguib and

Kelly [5], where the results of 72 substances were used to

formulate two criteria, which were auccesftil in predicting the

occurence of amorphization or crystallization upon ion implan-

tation. The first criterion is a simple temperature-ratio

condition, and states that a substance amorphizes if Tc/T >

0.30, but remains crystalline if TC/T < 0.30. T is the

melting temperature of the substance, and T is the crystal-
c

llzation temperature, both expressed in degrees Kelvin. This

criterion is derived using a model [ 6] based on the concept

of the thermal spike, and it was shown to be valid for 33 out

of 34 relevant cases investigated by the authors. A theore-

tical derivation of this criterion is also given by G. Carter

et al. [7] A second criterion to predict whether a substance will

amorphize or not is based on the bond-type. It states that

amorphization should occur whenever the ionicity in the target

is smaller than 0.47. This condition is related to a criterion,

argued by Phillips [ 8] , that bond directionality renders

crystallization more difficult, and therefore favors amor-

phi zation.

In previous [ 9]implantation experiments into the

semimetal tellurium, we had found no indication of amorphiza-

tion after implantation. The method used by us was Mössbauer

ipectroscopy, in which the hyperfine interaction at the
125

implanted Te nucleus is measured. This interaction was
found to be exactly the same at the site of an implanted Te

atom, or at the site of a Te atom in the bulk of an undistur-

bed Te lattice.
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According to both criteria of Naguib and Kelly, however

amorphization is readily expected. The melting temperature

is 725 °K. For the recrystalllzation temperature Tc several

values are quoted, such as 245 °K [10], 285 °K [ll] and

300 °K[1OJ. For all these values the Tc/Tm ratio is larger

than 0.30, so that the Naguib and Kelly criterion is fulfilled.

Also the bond character of Te favors amorphization, as the

bonds are strongly covalent in character, and the lattice

consists of long parallel spiral chains with very weak bonding

between the chains.

We decided therefore to perform some further experiments,

in which the target temperature was lowered, in order to

prevent a possible recrystallization.

EXPERIMENTAL

Radioactive Te111 atoms were implanted into tellurium

single crystals in the direction of the c-axis, with an energy

of 85 keV, up to an implantation dose of 10 atoms/cm .

During the implantation the tellurium single crystal was kept

at room temperature for one sample, and at the temperature

of liquid nitrogen for another sample. For both sources the

Mössbauer spectrum was recorded at the temperature of liquid
125

nitrogen. The absorber was Te in $-TeO, with a thickness
2 125

of 10 mg/cm of Te, and was kept at room temperature for

the sample implanted at liquid nitrogen temperature.
2 125

A 2 mg/cm Te in B-TeO, absorber was used for the room

temperature implanted sample, where both source and absorber

were cooled to liquid nitrogen temperature during the

Mössbauer experiment.

For the room temperature implantation an asymmetric doublet

was observed, as shown in Figure 1, with a splitting of 7.5(1)

mm/s, an isomer shift of - 1.7(1} mm/s and a linewidth of

6.3 mm/s. As the gamma-rays wore detected parallel to the

c-axis, the asymmetry is to be expected, and was accounted for

in an earlier report[9j. All the parameters of this spectrum
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are the same as for Te atoms in unimplanted bulk Te absor-

bers, so that no trace of any lattice damage can be detected

in this spectrum.

The situation is quite different when the Te target is

held at liquid nitrogen temperature during the implantation.

As can be seen in Figure 1, this time a symmetric spectrum is

observed, with a splitting of 10.6(2) mm/s, an isomer shift

of - 1.4(2) iran/s and a llnewidth of 9.0 mm/s.

This sample was consequently annealed at different

temperatures, and remeasured at liquid nitrogen temperature.

The annealing was done for three hours in vacuum for

temperatures below room temperature, and in inert gas

atmosphere for the data points above room temperature. The

resulting quadrupole splittings are shown in Figure 2. Only

at an annealing temperature of 200 °C an appreciable decrease

in quadrupole splitting is observed, and after 300 °C annealing

the normal room temperature implantation value, indicated by

the lower dashed line in Figure 2, is almost reached. Also

the asymmetry of the spectrum is partly restored after this

annealing sequence, and the isomer shift has shifted back

towards the value of the room temperature implanted sample.

DISCUSSION

He believe that the observed Mössbauer spectrum in this

low-temperature implantation experiment is typical for a Te

atom in amorphous Te.

Te in amorphous G e
x
T e j _ x

 w a s previously studied by

Mössbauer spectroscopy by F. Boolchand et al. [12], who

prepared amorphous films by rf sputtering onto Al foils, and

used these as absorbers in Mössbauer experiments. From his

data a value for the quadrupole splitting around 10 mm/s can

be extrapolated for x •+• 0.

This can bs considered to be in good agreement with the present-

ly observed quadrupole splitting, and indicates that after ion

implantation at low temperatures, the Te atom finds itself in

an immediate surrounding which is similar to the surrounding

of a Te atom in an amorphous Te film. The microscopic nature
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of amorphous Te itself is beyond the scope of the present

discussion.

In the Naguib and Kelly treatment it is stated that the

major criterion for amorphous zone creation is largely an

irradiated material property, neglecting any irradiation

condition dependence. The present work, however, shows

that the substrate temperature plays an important role. He

tend to believe that also in room temperature implantations

thermal spikes are generated and impact amorphization occurs,

but as the target temperature is high enough, the amorphization

anneals out instantaneously. Indeed, it was recently argued

theoretically by G. Carter et al [7]that amorphization will

only stabilize provided that the substrate temperature is

substantially lower than the recrystallization temperature of

the solid. This is clearly not the case in the room

temperature implantation experiment.

We also want to mention that annealing of the Te lattice

is greatly inhibited at the temperature of liquid nitrogen,

as vacancies only become mobile above 110 K[13], and Te

self-interstitials are calculated [14] to become mobile around

room temperature.

A last point to be discussed is the observed stability

of the amorphous layer against annealing to room temperature.

Such a behaviour is well known [15] for the elemental

semiconductors, where the lattice disorder after hot substrate

implantations is usually much smaller than after a correspon-

ding lower temperature implantation, annealed to the same

temperature. A continuous dynamic annealing during implanta-

tion is clearly more effective than the annealing of a

already formed heavily damaged area.
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CONCLUSION ,

r
As a conclusion we want to state that Möasbauer

spectroscopy clearly suggests that the microscopic surrounding

of a Te atom after implantation into a Te target kept at

liquid nitrogen temperature is very similar to the surrounding

of a Te atom in amorphous Te films. He hope to complement

these experiments in the near future by Rutherford backscat-

tering studies on the amorphization of Te.
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AN INVESTIGATION OF ION-BOMBARDED SILICON A
BY ELLIPSOMETRY AND CHANNELING EFFECT '
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A. Dévényi and J. Gyulai

Central Research Institute for Physics
H-1525 Budapest 114, P.O.B. 49, Hungary

ABSTRACT
Both ellipsometry and channeling measurements were applied

to investigate how the surface layer of single crystal silicon
becomes amorphous when subjected to Implantation of different
doses. The characteristic behaviour of ellipsometric parameters
is reported in correlation with the increasing amount of buried
disorder. The transition between partially disordered and fully
amorphous phase is a breaking point on the f - A - p l o t . The
ellipsometric parameters of the highest dose Implants, where
only the thickness of the amorphous layer increases, follow the
theoretical spiral curve. Besides in case of fully amorphous
layers, the ellipsometry is a fast and non-destructive method to
estimate the thickness of these films.

1. INTRODUCTION
Because the implantation process introduces a large number

of defects into the Implanted region, much effort has been devot-
ed to the investigations of the nature and the effects of the
damage. Widely used techniques in these works are transmission
electron microscopy /TEM/ £l,2], backscattering spectrometry
/BS/ [3], optical reflection and transmission spectroscopy £4-6J.
A non-contact, non-destructive, rapid and sensitive method for
characterizing surface layers of materials is the ellipsometry
[7], which studies the changes of state of polarized light after
reflection.

Ellipsometric characterization of crystal damage induced by
ion implantation have been reported by several authors [s-
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One of the mostly discussed questions in the field of ion

implantation into semiconductors is the transition point from

crystalline to amorphous because it proved to be dependent on

the method of analysis. A comment of Philipp [17J on the term

"amorphous" can be extended for backscattering spectrometry,

which has its own limitations in detecting the amorphous phase.

On the other hand, in previous papers [18,19] it was point-

ed out that the combination of ellipsometry and channeling is

promising to obtain information on the surface layer of lon-

-implanted silicon. This way one can separate the contribution

of both the disorder and the surface film caused by the

implantation process. Moreover, the plasma stripping has proved

to be an effective method to eliminate polymerized hydrocarbon

molecules from the surface. This is the way how one can make

clear investigation on the effect of radiation damage on the

optical parameters. Till now no adequate evidence exists on Hie

dopant effect on ellipsometric parameters.

This paper deals with the further results of measurements

of both the damage thickness and the degree of amorphousness on

ion-implanted silicon by combination of these two methods.

2. EXPERIMENTAL

To produce amorphous layers, two sets of implantation were

done Into the silicon wafers of both (lll) a n d O 0 0 ) orientation

at room temperature. In the first case, the thicknesses were

varied between 10-135 nm using energies of 2-130 keV and

different type of ions. Table 1. summarizes the implantation

conditions. The second set of implantation was performed by

130 keV energy As+ ions in the dose range of 2.5*10-10 * atoms/cm*".

The number of displaced atoms and the thickness of the amorphous

layers were measured by channeling of 5 nm resolution using

glancing detection £20],

The ellipsoraeter used for this work was a manual soviet

made type LEM-2 apparatus in the polarizer, compensator,

sample, analyzer /PCSA/ configuration with a He-Ne 632.8 nm

laser as a light source. The ellipsometric parameters V a n d Á

were measured for an angle of incidence ^p = 70°.
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Table 1

The summary of implantation conditions.
The thickness of amorphous silicon layer
was measured by means of channeling.

SYMBOL ION ENERGY DOSE THICKNESS
[keVl (atoms/cm2! tnm)

+

o

A

D

•
X

•

4 0Ar*
« 1 Sb +

7 5As*
31 p*

31p+

31 p*

31 p*

"A l *
75As+

2keV
30k§V
AOkéV

50kcV

5OkeV
5OkeV
SOkcV
60keV

130 keV

• 1015

63x10 w

&3M0 1 5

l u l u 1 5

1.8 MO15

3.1 »1015

1xK)W

1»1015

10

X

76

81
89
96

135

981



3. RESuLTS AND DISCUSSION

3.1« The effect of the thickness of amorphous layer.

To our experience, the ellipsometry can he converted to a

quantitative method for fast disorder analysis, as far as the

surface Is fully amorphous, i.e. optically homogeneous. Computer

simulation could produce a theoretical spiral curve on the

*f-^-plot as a function of the thickness of the amorphous layer.

During present calculations, a four-phase approximation /air,

1 nm SiO_, amorphous layer of different thickness and single

crystal bulk/ was applied using a computer program published by

McCrackin [ülj. The respective complex indices were

"ox.31-45"0'001' namorph.=4'6l-0-77i and ncryst.=3-85-0-021- T h e

optical constants of the amorphous layer were determined by

choosing a self-implanted silicon sample /80 keV Si+, 10 atoms/cm

and kO keV Si , 2*10 3 atoms/cm / and applying the one-layer

model, i.e. the sample was assumed to have a homogeneous amorphous

layer with infinite thickness. The increase in both the real and

imaginary part of the complex refractive index is in qualitative

agreement with results of Martens et al £l4]. The refractive index

of the implanted layer may also be compared to that of an

evaporated amorphous film, which shows similar deviation from the

refractive index of crystalline silicon £22]. The experimental

values, together with the calculated curve is shown on Fig. 1.

It is clear that the measured values are in good agreement with

the calculated ones, nevertheless, the lack of sharp interface

resulted a slight deviation from the theoretical curve. With a

more sophisticated model [l5j, this effect should be taken into

account in future calculations.

3.2. The effect of the dose of ion-implantation

In this paragraph we offer some data about the transition

from single crystal to fully disordered surface and how to read

ellipsometric parameters. Between these optically homogeneous

phases different degree of amorphousness can be detected by

channeling /buried and partially disordered surface films/. The

amount of buried disorder produced by As* implantation Is shown

on Fig. 2. It can be seen from the channeling spectra that the
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higher the applied dose, the higher is the disorder concentration.

At t.7*iC atoms/cm the channeling suggests that the surface

turns Into fully amorphous. For higher Ion doses, only the thickness

of the amorphous layer increases. The corresponding ellipsometrlc

data with the theoretical spiral curve Is shown on Fig. 3. For

lower doses, where the surface is optically lnhonogeneous, the

experimental *f and & exhibit a drastic change. At the

amorphisation dose a breaking point can be seen. For doses higher

than necessary for anorphisation, the ellipsometric parameters

follow the theoretical curve. Unfortunately, the experimental

curve crosses the spiral at a lower dose, too. This ambiguity can

be resolved either by approximative knowledge of amorphisation

dose at a given target, ion and energy combination or using

multiple angle elllpsometry. Although this method seems to be a

fast and straightforward way to determine the degree of amorphous-

ness either for low-dose implantation or buried disorder, It is felt

that more elaborated work is required to clarify the single

crystal - amorphous transition.

We belier«> that efforts to combine channeling measurements

with ellipsometry will help to reach a more realistic model for

determination optical constants in non-abrupt multiple layer

systems. To achieve this goal, a similar work seems necessary as

was done for IR-spectroscopy of implanted layers in
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Fig. 1. The symbols show the measured ellipsometrlc angles
(\l>, &) on different ion-implanted samples (details
in Table 1). The continuous curve is based on cal-
culations using a four-phase model. The numbers at
crossing bars indicate the thickness of amorphous
silicon layer in nm units
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Fig. 2. Channeling spectra of ' As implanted silicon
along the <1OO> axis as a function of dose
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Fig. 3. The symbols show the ell ipsometric angles (4), A;
measured on silicon samples implanted with different
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calculations using a four-phase model. The numbers
at the crossing bars indicate the thickness of amor-
phous silicon layer in nm units. The broken line is
only a guide to the eye
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COMPARATIVE STUDY ON Fe32Ni36Cr14P12B6 METALLIC GLASS AND ITS

POLYCRYSTALLINE MODIFICATION BOMBARDED BY 2000 keV HELIUM IONS

WITH HIGH FLUENCE

A. Manuaba, F. Pászti, L. Pogány, M. Fried, E. Kótai, G. Mezey,
T. Lohner, I. Lovas, L. Pócs, J. Gyulai

Central Research Institute for Physics
H-1525 Budapest 114, P.O.B. 49, Hungary

ABSTRACT

Surface deformations on both amorphous and its polycrystalline
alloy of METGLASS 2826A caused by high dose bombardment of helium
ions of energy 2 and 3.52 MeV were examined by RBS analysis and
SEM. Both observations confirm that the resistance of the amor-
phous form against flaking is 70% higher.

The morphology of the metallic glass surface after flaking is
characterized by a wave-like structure. For higher energy bom-
bardment and higher current density the surface deformations are
characterized by competition of two processes, i.e. exfoliation
and flaking presumably due to temperature effects.

1. INTRODUCTION

Radiation blistering, exfoliation and flaking are regarded

as major sources of plasma contaminations in future controlled

thermonuclear reactors. These surface deformations which are

produced by He irradiation in the energy range of some hundreds

keV are relatively well studied primarily on candidates as first

wall materials, such as stainless steel or inconel, but few ex-

perimental data exists in the MeV energies bombardment, although

the maximum energy of helium particles coming from D-T nuclear

reaction is 3.52 MeV [1,2].

A systematic investigation in the MeV energy region is in

progress and observations were made previously to outline the

energy dependence of the surface deformations on gold [3,4].

The evolution of these surface deformations is closely re-

lated to the migration of implanted atoms (He, D or T) in the

bombarded bulk materials and their agglomeration to small bubbles
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related to the mobility of vacancies and dislocations [5]. The

question which called our attention was how the evolution of 1

surface deformations is going on in the amorphous bulk materials, '

where the interpretation of vacancies and dislocations needs dis-

cussions .

At the present time, to our knowledge, only one experiment

has been done on this field [6] where the Fe.^Ni.-P..B. metallic

glass and its polycrystalline modification were bombarded by H

ions with energy of 250 keV. According to this paper the resis-

tance of the glassy alloy against radiation blistering is higher

than that of its polycrystalline counterpart.

The present paper describes the observations on the metallic

glass of slightly different composition which was bombarded by

2 and 3.52 MeV 4He+ ions.

2. EXPERIMENTAL

The samples of both amorphous and polycrystalline alloys

(pre-annealed in vacuum 2xlo"3 Pa, 400 °C, 60') of METGLASS 2826A

(Fe32Ni36Cr.4P12B6) were put together at the same sample holder

and irradiated simultaneously with 2 MeV helium ions up to the
18 2

fluence level of 0.60 and 2.34x10 ions/cm . The samples were
2

arranged so that the upper half of the beam area (2.7x3.8 mm )

was held on the polycrystalline alloy and the other half on the

metallic glass. To prevent the sample temperature rising above

~80 °C both samples were placed in such a way that relatively

good heat contact was available and the current density was held
12 2

as low as 9x10 ions/cm s.

After bombardment the samples were subjected to RBS analysis

with 4250 keV protons to obtain the depth profile of the implanted

helium. Using an analysing beam spot as small as 1x0.5 mm it was

possible to analyse the lateral distribution of the implanted

helium. It resulted a beam homogeneity of about 17%.

The experiment was extended using higher helium energy

(3.52 MeV) for irradiation and higher current density in rising

the sample temperature. Two samples,A and B were mounted on a

glass plate and irradiated separately in the following way.
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13 2
Sample A was irradiated with dobe rate 3x10 ions/cm s

IB 2 i
up to the fluence level of 0.34x10 ions/cm . Sample B was ir- A

13 2 I
radiated with dose rate of 1x10 ions/cm s up to the fluence

18 2 13 2
level of 0.26x10 ions/cm then with dose rate 3x10 ions/cm s

18 2

up to the fluence level of 0.5x10 ions/cm . The estimated tem-

perature for sample A was around 600 C and for sample B was

-200 °C then ~600 °C.

After irradiation all the samples were examined by SEM of

the type JEOL-JSN-35.3. RESULTS

3.1 RBS analysis

4 +RBS spectra taken on 2000 keV He irradiated metallic

glasses and their annealed counterparts are shown in Fig. 1. The

first observation was that for the higher dose implantations, the

surface helium peak appears beside the buried one. This phenomenon

due to one or more than one generation of flaking and the surface

peak characterize the helium quantity remaining in the bulk after

flaking near to the range. Fig. 2 presents a schematic drawing of

the profiling process. Here R means the projected range of

helium in the metallic glass, AR the range straggling and d the

thickness of the layer which left the surface. The depth scale

was determined by using tabulated stopping powers [7].
19 2From the RBS measurements, R = 3.O±O.2xlO atoms/cm

(3.5+0.2 um) was obtained somewhat larger than the thickness of

the flaked film from the SEM micrographs (3.4±O.l um). (The cal-

culated value based on Ziegler's data is 3.7 urn) [8].

Taking into account the energy resolution of the electronics

and straggling of the beam, the AR values for polycrystalline

and metallic glass are 1.24^*^x1018 atoms/cm and

2.75 +°*|QX1O 1 8 atoms/cm2 respectively. (The calculated
-u.oy in 2

AR = 2.35x10 atoms/cm ) [8], The origin of this small broaden-

ing is not clear at this moment.

At low dose irradiation, where flaking was not observed,

the measured quantity of helium atoms was in agreement with the
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Implanted dose. At higher dose Implantation from the Integrated

current and the quantity of burled helium atoms, the critical

dose of flaking can be evaluated which was at 2000 keV bombard-
18 2ment O.9±O.2xlO Ions/cm for polycrystalllne material and

18 21.5x10 Ions/cm for metallic glass. The quantity of Implanted

atoms calculated from the surface peak was the half of the above

values within 10%.

3.2 SEM Investigations

18 2
At samples Irradiated with 2000 keV and 2.3x10 ions/cm

dose, the SEM micrographs show flaking on the amorphous and

double flaking on the polycrystalllne material (Fig. 3 and Fig.4).

Going outward from the centre of flaked metallic glass three

regions can be distinguished (Fig. 3b). These regions consist of

wave-like structures which are appearing gradually outward.

(Fig. 5 - Fig. 8). At the border of the first and second region

this structure disappears abruptly (Fig* 6). The wave-like struc-

ture of the third region continues on the side of the step which

borders the flaked area (Fig. 5). The wave structure is surpris-

ingly regular on several mm length and only local inhomogeneities

of the matter cause disturbances. We could observe diffraction-,

interference- and island-like patterns (Fig. 7b, c, d). In some

cases the wave structure follows the line of border step (Fig.8).

The origin of this strange pattern formation is not clear

yet but might be the consequence of the "self-organisation of a

nonequilibrium system" [9]. In the present case, some kind of

amorphous phase transition might occur.

Similar but smeared out formations can also be observed on

the polycrystalline sample (Fig. 4 and Fig. 9).

Cross sectional micrograph was taken on a broken up metallic

glass sample where the range of implanted helium can be distin-

guished (Fig. 10). From this observation 3.6 um was obtained for

the projected range.

On thermally isolated samples which were bombarded by
4 +3520 keV He ions the increased beam-power caused exfoliations,

flaking and radiation swelling (Fig. n - Fig. 14).
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Some of the closed formations were opened mechanically.

Similar zone structure was seen as in the previous investigations

on g o l d [3] (Fig. lla - Fig. lid).
The side view of the fractured part was markedly different

on flaked and exfoliated layer (Fig. 12b and Fig. 13d). The

measured thickness of the flaked layer was 6.7 um which is in

good agreement with the calculated projected range (7.O um) [8].

The thickness of the exfoliated layer was markedly smaller be-

cause of its elongation (4.1 um and 5.9 um at the top and base

of the exfoliation respectively).

4. CONCLUSIONS

Some factors which are related to physical properties of the

amorphous structure can be stated as follows:

i) The resistance of the glassy alloy against helium flaking

was higher than that of its poiycrystalline formation

provided the sample temperature is not too high.

11) The FWHM of the helium distribution in the METGLASS 2826 A

was somewhat larger than in its poiycrystalline counter-

part,

ill) SEM micrographs show that/

- at 2 MeV irradiation and lov (~80 °C) sample tempera-

ture just flaking was observed,

- at 3.52 MeV irradiation and medium (-200 °C) followed

by high (~600 °C) sample temperature both flaking and

exfoliation were observed,

- at 3.52 MeV irradiation and high (~6O0 °C) sample tem-

perature no flaking but exfoliations and radiation

swelling were observed.

iv) The wave-like structure that was found on the metallic

glass after flaking needs further studies and theoretical

considerations which are in progress.
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det.

Fig. 2. Schematic drawing of the RBS analysis on the
flaked spot
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(b)

Fig. 3. SEM micrographs taken on a spot irradiated by 2OOO keV
4He+ ions, (a) polycrystalline alloy, (b) metallic
glass. Scale markers are 5OO \im.
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Fig. 4. Two generations of
flaking on the poly-
crystalline sample,
scale marker is 1O \im

Fig. 5. The border of the
flaked area on the
metallic glass.
Scale marker is 5 \im.
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(a) (b)

Fig. 6. The end of the wave-like structure on the flaked area.
Scale marker is (a) 20 \im, (b) 1O \im.
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(a) (h)

(c) (d)

Fig. 7. Details of the wave-like structure, (a) view from a
glancing angle, (b) diffraction-like structure,
(c) interference-like structure and (d) island-like
structure. Scale marker is (a) and (d) 1O ]im, (b) and
(c) 20 \im.
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Fig. 8. The edge of the metal-
lic glass sample.
Scale marker is 5O um.

Fig. 9. Smeared out wave-like
structure on the poly-
crystalline surface
after the second gener-
ation of flaking. Scale
marker is 5 pro.

Fig. 1O. Side view of the implanted part of the metallic glass
sample after it was broken up. Going downward on the
figure one can see the residual part of the flaked
layer, modified bulk material due to implantation and
virgin part of the bulk material. Scale marker is 2 \im.
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(a) (b)

Fig. 11. Large exfoliations on the metallic glass caused by
3.52 Mev helium bombardment with high current density,
(a) the largest exfoliation, (b) after opening mechan-
ically, (c,d) the magnified pictures of the central
part of its bottom. Scale marker is (a) and (b) 2OO \im,
(c) 50 \im, (d) 10 \xm.
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(a) (b)

Fig. 12. The same sample as in Fig. 11. (a) the top surface of
the exfoliation, (b) side view of the skin. Scale
marker is (a) 50 ym, (b) 5 pm.

1002



(a) (b)

(c) (d)
Fig. 13. Flaking and large exfoliation on the metallic glass

sample caused by 3520 keV 4He+ ion bombardment first
with medium then with high current density. (a) overall
picture, (b) the side view of the sample, (c) and (d)
the edges of exfoliated area. Scale marker is (a) 5OO ym,
(b) 200 \lm, (c) 5O ]im, (d) 10 ]im.
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(a) (b)

(c)

Fig. 14. The same sample as in Fig. 13. (a) strange shape ex-
foliation, (b) exfoliation on the flaked area after it
was opened mechanically, (c) the inner side of the lid
and the bottom of this exfoliation (dripstone-like
structure) . Scale marker is (a) 20 \im, (b) 50 \im,
(c) 5 um.
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ABSTRACT

The hydrogen content of plasma deposited amorphous silicon thin

films on silicon has been determined as a function of annealing

(200-700 °C, 12h) using the proton-proton scattering method. It

is shown that hydrogen is released with an activati^i energy of

1.3 eV. Different deposition temperatures are compared with

respect to the hydrogen evolution. The mechanical stress of the

layers on silicon substrates has been measured by interferomet-

ric techniques for each annealing step. As the hydrogen content

decreases monotonically with rising annealing temperature the

mechanical stress converts from compressive to tensile. While

only a weak correlation exists between the total hydrogen content

and the mechanical stress, the bond hydrogen as determined by IR

absorption shows a linear relation to the measured mechanical

stress.

*Work supported by Che West German Ministery for Research and Technology
(BMFT)

1007



INTRODUCTION

Amorphous silicon prepared by glow discharge decomposition of silane has

been extensively Investigated In recent years because of Interesting semicon-

ducting properties, This material 1s known to contain a considerable amount

of hydrogen which 1s believed to have a crucial Influence on the electrical

and optical as well as the mechanical properties. The total hydrogen content

and the hydrogen bond to silicon atoms has been determined using thermal

effusion 11,2l or nuclear methods C3,4,5l resp. infrared absorption spectros-

copy [6,73. mainly as a function of the deposition parameters and subse-

quent annealing steps. While there 1s a considerable amount of experimental

results available from different laboratories,, a coherent understanding of

the role of the Incorporated hydrogen 1s not yet established. Compared to

the relatively broad evaluation of electrical and optical data 1n connection

with the hydrogen content, very little has been said about the mechanical

properties 1n this context. This paper Investigates the correlation of the

mechanical stress to the amount of total and bond hydrogen.

SAMPLE PREPARATION

Amorphous silicon films of 0.5 to 1.3 urn thickness were deposited in a

commercial 50 kHz plasma reactor from a 100 percent silane atmosphere at 0.2

torr with a deposition rate In the order of 1 urn per hour. In each run, five

different types of substrates were coated:

- silicon wafers for infrared transmission measurements,

- germanium prisms for multiple internal reflection (MIR) measurements.

- silicon strips for stress measurements,

- 2 [in thick silicon windows selectively etched from silicon wafers for the

determination of the total hydrogen content by p-p scattering [8,5],

- sapphire discs for etch rate determinations (not shown 1n this paper).

The silicon substrates were (lOO)-oriented. The substrate temperature during

the deposition runs was held at 50,100,270 and 310*C. The as-deposited samp-

les were measured, subsequently annealed 1n air for 12 hours in ten tempera-

ture steps of 50*C starting from 200"C and remeasured after each annealing

step.' Oxygen incorporation under the given annealing conditions was general-

ly negligible at temperatures below 600*C as shown by infrared absorption.
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MEASUREMENT OF HYDROGEN CONTENT AND MECHANICAL STRESS

a) Total hydrogen content

For the determination of the total hydrogen content of the films, the p-p

scattering technique [53 was employed using 1 MeV protons for 1 urn thick

amorphous films deposited onto 2 um thick monocrystaiHne silicon win-

dows. F1g. 1 shows the energy distribution of the scattered protons which

are summed 1n coincidence. The energy distribution reflects the depth

distribution of hydrogen. Concentration calibration was done with a stan-

dard irylar foil. It can be seen that hydrogen is distributed uniformly in

the glow discharge silicon with an atomic concentration of 10 percent.

For comparison, an evaporated silicon layer (10" torr) with considerably

lower hydrogen content Is Included.

b) Bond hydrogen

The Infrared absorption of the films was Investigated by two methods:

double beam transmission and multiple internal reflection. The Integrated

absorption around 630 cm was evaluated. It has been shown to be proport-

ional to the bond hydrogen [7] either in the SiH bending or S1H rocking

and wagging vibrational modes. In addition to the 630 cm absorption

line, the as-deposited glow discharge samples showed infrared absorption

at 2000 cm (SiH stretching mode) while with the evaporated samples

maximum absorption was observed at 2100 cm" . Furthermore, a weak absorp-

tion line was visible near 880 cm"1 (SiH2 bend-scissors [6]) with both

types of films. A very weak absorption line at 1120 cm"1 due to oxygen-

silicon bonding was monitored with annealed samples.

c) Mechanical stress

The mechanical stress was determined using an Interferőmetric technique:
The curvatures R, of coated silicon strips (15x2x0.3 mm ) were measured
by counting interference fringes at a light wavelength of 546 nm. The
curvatures R of the uncoated strips were also monitored and corrected
for. Under the assumption that the mechanical stress between the amor-
phous film and the substrate Is only due to the difference in the thermal
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expansion coefficients, the measured curvature can be converted Into the
stress figure o f using the formula [9]

a. - 0.3 • 1012 • r~-(I- - h~) [dyn cm"2]
T tf Kf K 0

where t» and t are the thicknesses of film and substrate.

RESULTS AND DISCUSSION

F1g.2 shows the correlation between the total hydrogen content and the mecha-
nical stress for as-deposited amorphous silicon films prepared under diffe-
rent conditions: The glow discharge films with relatively high hydrogen
content exhibit compress1ve stress, Increasing with lower deposition tempera-
ture (I.e. higher hydrogen content), whereas tensile stress 1s observed for
vapor deposited films with varying hydrogen content Incorporated presumably
from the residual gas atmosphere (pre-depos1t1on pressure 10 torr).

Since the hydrogen content 1n amorphous silicon films can be lowered with
annealing it 1s interesting to Investigate whether the same correlation
holds for annealed samples as well.

Fig. 3 shows the variation of the curvature of various silicon strips coated
*<rith amorphous silicon as a function of the annealing temperature together
with an uncoated strip. The evaporated sample has a nearly constant curvatu-
re over the whole temperature range while there 1s a strong and characteri-
stic temperature dependence for the three plasma deposited samples. Two
regions of the stress-temperature relation can be Identified: The stress
converts monotonicaily from compressive to tensile for annealing temperatu-
res up to approximately 450-500'C thereby crossing zero. In this region
progressive blistering of the layers was observed. At higher temperatures
the tensile stress decreases until 675'C. At this temperature a sudden rise
1n the Infrared transmission at 2.5 urn wavelength was observed. Therefore,
this temperature was assigned to the formation of polycrystalline silicon
(crystallization point).
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As the annealing temperature Is Hsed the hydrogen content decreases uniform-
ly throughout the layer; a diffusion-Uke depth profile was never observed
within the depth resolution limits of the p-p scattering technique (usually
better than 0.1 urn). The hydrogen evolution is shown in fig.4 as a function
of the annealing temperature for two different deposition temperatures. Over
the whole range of deposition temperatures similar activation energies of
1.3 - 0.1 eV were observed. Furthermore, the annealing temperature for sub-
stantial hydrogen evolution, e.g. the point where 50% of the original hydro-
gen is lost , varied only by 50*C. Since the films used in this investiga-
tion are of the anodic type, the substrate platform being grounded, this
small variation Is somewhat in contradiction to the results reported in Cl}
for anodic films deposited with a SiH.+BpH- mixture with Ar as a carrier
gas.

In Fig. 5 the mechanical stress of a typical plasma deposited layer is

plotted against the total hydrogen concentration at different annealing

steps. It can be seen that only a weak correlation exists between the two

parameters, i.e. the important changes in the stress occur 1n temperature

regions whera the total hydrogen 1s only little affected and vice versa. In

this context, 1t must be emphasized that with p-p scattering an Integrated

value for the total hydrogen content Is obtained, Including also possible

accumulations of gaseous hydrogen in voids and at the interface. This Is 1n

contrast to the N resonant nuclear reaction technique where usually the

layer is only probed at some distinctive depth frl for the evaluation of the

hydrogen concentration.

A different picture is obtained if the bond hydrogen Is recorded as a func-
tion of the annealing temperature. From the 630 cm absorption line In
Fig.6 it can be recognized that this type of hydrogen starts to decrease
already at a somewhat lower temperature as compared to the total hydrogen
but tends to disappear at a slower rate. A similar type of temperaturedepen-
dence can be seen in F1g. 3 for the mechanical stress. Therefore 1t seems
reasonable to try to correlate both quantities with the annealing temperatu-
re as a parameter. The result Is shown in Fig.7. For annealing temperatures
up to around 45O*C (turning point of the stress curves) a linear dependence
is found over a considerable range of the variables. The slopes of the three
curves are essentially the same.
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From these results the following conclusions can be drawn:

( 1) Hydrogen 1s Incorporated 1n amorphous silicon In at least two different *
states which may be termed free and bond hydrogen.

(11) Only the bond hydrogen Is directly correlated to the mechanical stress
between the layer and the silicon substrate. It Is not yet clear whe-
ther this stress 1s a bulk property of the layers or a surface tension-
11ke phenomenon. As the bond hydrogen evolves with annealing temperatu-
re the mechanical stress 1s continuously converted from compress1ve to
tensile. Tensile stress Is characteristic for amorphous silicon with
low or negligible hydrogen content (evaporated or chemical vapor deposi-
ted silicon).
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ABSTRACT

It was shown that for doses of v-irradiation -0.5-10 mrad and
reactor irradiation up to ~5«10l9*n/cm2 and heated up to 500°C
the investigated samples of the ladder polymers practically did
not change their characteristics.

INTRODUCTION

Amorphous and polycrystal polymers exhibit unique properties

and are more and more widely used in technology. These materials

are of considerable interest for creating new construction ma-

terials for nuclear energetics [1].

The ladder and partly-ladder polychinons possess the major-

ity of the specific properties characteristic to polyconjugated

systems [2]. A common property of all of them is paramagnetism

of the polyconjugated systems to the origin and nature of which

very many investigations of different authors are devoted [3].

The results of paramagnetic characteristics studies of some

polychinons, their changes after thermal treatment and irradia-

tion in the active zone of a WWR - K reactor at 70°C and by Co 6 0

Y-rays temperature up to 300°C are given in this paper.

The EPR polychinon spectra were taken by 3 cm and 10 cm

radiospectrometers. In most cases the spectra were observed which

represent the superposition of narrow and wide signals with close

g-factors trig, l. Only for polychinons based on phentiazin and

carbazol have single symmetric signals been observed. Analysis

of line shape made by the linear anamorphosis method for these

samples showed that the signal is a mixture of Lorantzian and

Gaussian lines whose width between th« points of maximum slope
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is in the range of 4-12 G and hardly varies with frequency change.

Integral intensity of the signals corresponds to paramagnetic

centres (PMC) concentration 10 -1020 sp/g Table 1.

RESULTS AND DISCUSSION

Investigation of thermal effect on these polymers has shown

that the PMC growth with temperature increase is characteristic

of majority of studied polychinons Fig. 2. It shows that thermal

treatment of the polymers results not only in the destruction of

their macro-molecules but also that the structuring and inclina-

tion of the hard products of destruction carbonization is char-

acteristic of most polychinons. Carbonization of hard products

of thermal treatment of polymers with conjugated bonds leads, as

a rule, to the developement of their conjugation system [3j. It

seems that the analogous phenomena take place during thermal

treatment of our polychinons, and the growth of the PMC concentra-

tion observed with temperature increase is a consequence of it.

An exception is the behaviour of phentiazin based polychinon con-

taining the nominal NH group in the main chain. The PMC concentra-

tion with temperature growth at first increases and then begins

to decrease (curve 11 Fig. 2). This is in good agreement with

the data of paper 4 in which it is shown that the structuring

which takes place during the thermal treatment of polychinons

containing N atoms in the main chain is not accompanied by car-

bonization.

The dominance of the processes of thermo™-oxidizing destruc-

tion over those of carbonization is also confirmed by the results

of element composition of hard products of destruction of this

type of polychinors [5], There are some suggestions [6] that the

irradiation effect on polymers with conjugated bonds provokes

changes analogous to those taking place during heating, i.e.

during radiation treatment of such polymers along with radiolytic

destruction processes of further polymerization or polycondensa-

tion, structurization, etc., may take place.

Possibly radiolytic destruction of polychinons as well as

thermal destruction occurs in defect sites of their molecular

structure. Hard products formed in this process are quite large
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Table 1 Paramagnetic characteristics of ladder and partly-ladder polychinons

Sam-
ple
No

Polychinon
structure

AH]
3-cm

range,G

AH]
10-cm

range,G

EPR-aignal
shape
AH2,G

N
PMC con-
centration
per gramme

5.2+0.5
Complicat.
AH2-35.7 5.6-10ia

-cvV
5.8+0.5 6.5+0.5

Complicat.
AH2-35.9 5.9*10.'

18

5.0+0.5
Complicat.
AH2-3A.8 0.6-10IB

A.5+0.5
Complicat.
AH2-35.7 1.5*10

18

6.7+0.5
Cor.iplicat.
AH2-35.7 - 10

17

5.0+0.5
Complicat.
AH2-35.9 A.9-10

5.5+0.5 5.2+0.5
Complicat.
AH2-35.9 7.2-1O18

5.0+0.5
Complicat.
AH2-35.O 8.9-1018

6.6+0.5 6.2+0.5 Singlet 1.7-.O19

10 6.1+0.5
Complicat.
AH2-35.9 6.5*10

18

11 11.6+0.5 11.7+0.5 Singlet

0 0

> 1020

1021



fragments of macromolecules with a more definite system of ronju-

gation than initial polymers. The consequence of this is the ob-

served concentration growth of PMC with irradiation dose increase.

One can see from the data given in Fig. 3 that this is character-

istic of all the studied polychinons. The most irradiation resis-

tant polymer is phentiazin based polychinon whose characteristics
19 2began to change only at very big doses ~1O n/cm (Fig. 4) .

For comparison, investigation of one of the irradiation re-

sistant polymer materials - polystirol - was carried out. Consi-

derable irradiation damage was observed in this polymer even at

~1O18 n/cm2.

The change of the thermomechanical characteristics of some

polychinons has been also investigated. Irradiated by Co y-rays

and non-irradiated (control) samples of polymers have been exposed

to heating with simultaneous mecwanical pressure with constant
2

load 38 g/mm . The typical shape of the temperature transforma-

tion curve is given in Fig. 5. The descending part of the curve

is connected with the beginning of sample destruction. The tempera-

ture of the beginning of the destruction T , equal to 510°C for

the non-irradiated sample of phentiazin based polychinon, does

not change after irradiation by Co y-^ays.

The observed EPR signal changes may be compared with the

data of crystallinity of the investigated samples. The degree of

crystallinity was evaluated by X-ray and NMR methods. Partly-lad-

der polychinons having less ordered structure show amorphous

phase presence more than ladder polychinons; this is confirmed

by the sharp (4 times) difference of angular scattering inten-

sities of X-rays for phentiazin based ladder and diphenylmethane

based partly-ladder polychinons. X-ray image comparison of diphenyl-

methane based partly-ladder polychinon before irradiation and

after 100 Mrad irradiation gives increased crystallinity as a

result of irradiation up to 50% (2 times) whereas X-rays of

phentiazin based polychinons do not vary after the same irradia-

tion. The NMR spectrum of our polychinons also confirmed the

data. These results are in a good agreement with [7] where it if;

shown that the radiation yield of radicals in amorphous polymer

is greater than in the crystalline one.
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CONCLUSION

The data make It possible to suppose the prevailing flow f~

in conditions of external effects (heating, Y - and reactor ir-

radiation) of reactions leading to perfecting the systems of

conjugation of hard products and to draw conclusions on the in-

fluence of phase polymer state upon the processes of its irradia-

tion damage,
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(a) (b)

Fig.l. Diphenyl (a) and earbazol (b) based EPR /• o 1 ych i nan.
spectra. (Scale is different).
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Digits by the curves correspond to the
sample Nos. in Table 1.
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TDPAC-STUDY OF AMORPHOUS NiP ALLOY PRODUCED BY ION IMPLANTATION

L. Thome, H. Bernas, P. Heubes , M. Deicher+, E. Recknagel

Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse,
F. 91406 Orsay

+Fakultat für Physik, UniversitSt Konstanz, D-7750 Konstanz

ABSTRACT

The perturbed y~Y angular correlation technique is applied to
ion-implanted NijzPia (2.2 x 1017 P/cm?). The disorder created
by P implantation is microscopically probed by the hyperfine
interaction of radioactive M iCd nuclei which strongly suggests
a homogeneous amorphous layer ranging from the surface to the
P implantation depth Rp + ARp ^ 800 8. The structural phase
transitions induced by annealing up to 1000 K and the subsequent
crystalline phases are discussed together with recent results on
electrodeposited alloys.

1. INTRODUCTION

It has been proved rather recently [1] that ion implanta-

tion is a suitable technique to produce room-temperature stable

amorphous metallic alloys. In view of this fact, considerable

interest is focused on the mechanism leading to the formation

of the amorphous structure and the determination of the local

atomic arrangement in implanted systems. A study of the evolu-

tion of disorder with implanted dose in NiP and CoP implanted

alloys via channeling and resistivity experiments [2] provides

enlightenment about the first point. It was therefore important

to gain information on the spatial fine structure of these al-

loys using microscopic techniques such as hyperfine interaction

(HFI) measurements. In the present work we have extended pre-

vious investigations of amorphous systems by time-differential

perturbed angular correlation (TDPAC) experiments on radioactive

probes [3] to the case of implanted NiP alloys.

I
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2. EXPERIMENTAL PROCEDURE

A high purity 5O )im thick Ni polycrystalline foil was im-

planted at room-temperature with 125 keV P ions in the Orsay

CSNSM implanter. The beam current density was kept lower than

1.5 uAcm to minimize target heating. The implantation energy
17 2and the overall implanted dose (2.2 x 10 atoms/cm ) were

chosen in order to obtain a homogeneous alloy from the surface

up to a depth of ^800 ft near the eutectic composition 12].
4 +Rutherford backscattering experiments with 1.8 MeV He ions

on the implanted sample confirmed the uniformity of the P pro-

file, depicted in Fig. l and indicated a composition Nifi2P1H
(uncertainty + 2 at.%).

After ,that radioactive In ions were implanted at room-

temperature with the Konstanz isotope separator in the NiP alloy,

keeping the In dose below 10 atoms/cm . According to cal-

culations of Biersack [4], the implantation energy was set at

300 keV so that the In distribution and the P profile comp-

letely overlapped (see Fig. i).

TDPAC measurements were performed at 8 K and 295 K on the

isomeric 5/2 state in " Cd populated from in, using a four

Nal(Tl) detector set-up and a standard slow-fast coincidence

technique. To investigate the recrystallization behaviour, the

sample was heated stepwise to increasing annealing temperatures

T (423 K < T £ 723) for about 30 min under high vacuum. A fi-

nal annealing step at T = 1000 K for 24 h was performed under
111hydrogen atmosphere to prevent diffusion of In activity out

of the sample.

3. RESULTS AND ANALYSIS

The TDPAC spectrum recorded at room-temperature on the un-

annealed sample is shown in Fig. 2. The Fourier transform

clearly exhibits a broad distribution of quadrupole frequencies

(Nig^Pja is expected to be nonmagnetic [5]),caused by non-

unique electric field gradients (EFG), as already observed in
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several amorphous alloys [3J. A quantitative analysis of this

distribution, based on the hard sphere random packing model for á

the amorphous structure [31, has been attempted. In this model »

the probability distribution of the EFG is approximated by

P(Vz2,n> = <2/7T)
1/2 n/Azz exp{-l/2[(Vzz-V^

))/A2z]
2} , (1)

where & is the width of the Gaussian distribution of V aro-

und V* ' and n is the asymmetry parameter. Inserting equation
z z

(1) in the expression of the perturbation factor Gj. (t) and
integrating over V and n, we obtain the following parameters

zz ,-,•.
from a least squares fit to che experimental data: eQV, '/h = 83(1) MHz and A / v y = 0.33(1). The TDPAC spectrum obtainedz z z z
after cooling the unannealed sample down to 8 K exhibits no

noticeable difference and can be fitted in an identical way.

Fig. 3 shows the drastic changes occuring in the TDPAC

spectra after heating the sample to crucial annealing tempera-

tures. The total series of spectra, up to T. = 723 K, is well
111reproduced assuming three different environments of the In

probe nuclei as indicated by the Fourier transforms. A fraction

f, of In nuclei senses the broad EFG distribution found for

the unannealed amorphous sample while two fractions f_ and f.

sense unique EFG expected in the case of regular lattice loca-

tions in noncubic crystals. The respective parameters deduced

from the fits are: eQvf2)/h = 75.0(2) MHz, n ( 2 ) = 0.57(1) and

/h = 105.5(2) MHz, nl ' = 0.35(1).
z z

After annealing the sample at 1000 K, the TDPAC spectrum

displays a pattern (fig. 3) characteristic of In probes

at substitutional sites in pure Ni [6J. The fit yields a frac-

tion f. = 100% of probe nuclei sensing a pure magnetic HFI with

a>L = 97.7(1) MHz in agreement with [6].

The present results are summarized in Fig. 4 where the

relative fractions f. associated with the different local atomic

environments are plotted versus the annealing temperature T..
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4. DISCUSSION

4.1 Amorphous NIP

Since the TDPAC probes are distributed all over the P im-

planted zone (Fig. 1) and, initially, a fraction f. = 100 % of

these probes is exposed to the ÉFG distribution (1),. characteri-

stic of an amorphous state, there is every indication that ion

implantation has produced a uniform amorphous layer in the im-

planted area. Whether this layer represents a unique phase from

the point of view of the microscopic structure, contrary to the

conclusions drawn from NMR experiments [7] on electrodeposited

CoP or melt-spinned CoB alloys, is hard to ensure at the present

stage. The relative broadening of the distribution A /V^ '=0.33
z z zz

is significantly lower than that usually measured on pure metal-

lic systems (0.4 - 0.5) and predicted by the model [3]. This

discrepancy may be due to deviations of the NIP spatial fine

structure from the dense random packing of hard spheres cr to

deficiencies of the applied point-charge model in case of co-

valent bonding. A choice would be hard to make between these ef-

fects which do not exclude each other.

Noting that the In probes represent impurity atoms in

the investigated alloy, introduced by implantation, further

aspects have to be considered. First, the local atomic arrange-

ment around In atoms may not be representative of the local

structure far from these probes due to their impurity character.

Second, the correlated radiation damage created by In im-

plantation may locally change the kind of disorder created by

the preceding P implantation. To elucidate these questions, ad-

ditional experiments have to be performed, as for example revers-

ing the sequence of P and In implantations or employing dif-

ferent radioactive probes.

Resistivity experiments on implanted NiP films [2] have de-

monstrated that the resistivity temperature dependence of these

films differs from that of electrodeposited NiP alloys [8] with

the same P concentration, thus indicating a possible difference
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in their microstructure. It would then be interesting to perform

similar TDPAC experiments on electrodeposited samples to study

the relative changes of the EFG as compared to the implanted

sample.

4.2 Crystallization behaviour

/!;/. 4 reveals two essential steps in the crystallization

of the implanted amorphous NiP alloy. The first structural phase

transformation occurs around T = 600 K, where the fraction f.
Illof In atoms in the amorphous network decreases considerably

while simultaneously two different noncubic crystalline phases

appear (f_ and f^)- The second transformation around T ~ 7OO K

leaves f1 unchanged but the fraction f~ disappears causing a

further increase of f,. This behaviour leads us to suggest that
111

f_ represents In probes in a metastable phase formed immedi-

ately during crystallization whereas f, refers to a more stable

phase. Diffraction studies of Cargill 19] on electrodeposited

NiP and of All et al. 110] on implanted NiP after annealings at

7O3 K and 723 K, respectively, show only Ni and Ni,P. Therefore
111

f, should be attributed to In probes in the tetragonal com-

pound Ni^P. The nature of the metastable phase (f_) initiating

the crystallization process remains rather uncertain since vari-

ous compounds Ni P are known in the NiP system. Resistivity ex-

periments on electrodeposited NigcPjc films 1111 exhibit also

two annealing stages at about the same temperatures but do not

allow definite conclusions.

Attention should be drawn to the fact that after annealing

at Tft = 723 K, the fraction f. of In atoms in the amorphous

phase does not decrease to zero but sticks to about 65% while

no In atoms sense the fee Ni phase. The latter would be ex-

pected according to the results of diffraction experiments [9,

10]. Here we have to remember the impurity character of the

In atoms which probably act as local stabilizers of the

amorphous phase instead of passive probes. This phenomenon has

recently been observed in TDPAC studies on amorphous Bi metal

after annealing, too [3].
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The final annealing stage at T. = 1000 K clearly indicates

the diffusion of both In and P atoms from the 800 8 surface

layer into the Ni bulk. In consequence of the enormously reduc-

ed P concentration around the In atoms, these probes are

located exclusively at substitutional Ni lattice sites. This is

confirmed by the strength of the observed pure magnetic HFI as

veil as by the onset of In diffusion which agree well with pre-

vious results [6].

The authors are grateful to J. Chaumont and F. Lalu for

their assistance during P implantation and to C. Cohen for

performing the Rutherford backscattering analysis.
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Fig. 1. Schematic depth distributions of 125 keV P and 300 keV In ions
implanted at room-temperature in a Ni foil. Note that the amplitudes
are not to scale: the P distribution amplitude is about 1O$ times
larger than that of In
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RESISTIVITY AND CHANNELING STUDIES OF ION-IMPLANTED
NIP AND CoP SYSTEMS
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ABSTRACT

Electrical resistivity and channeling experiments were performed
"in situ" on room-temperature implanted NiP and CoP alloys in ,.>
order to study the evolution with implanted dose (up to 2 x 10
P/cm2) of the disorder created by P implantation. For low P doses,
the disorder is mostly present at the surface due to P radiation-
-induced diffusion from the implanted zone. As dose increases, the
disordered layer grows inward from there to form a homogeneous
amorphous layer up to a depth Rp + ARp.

INTRODUCTION

Non-crystalline materials have been produced by a number of

techniques such as rapid solidification from the melt or vapour

phase, or electrodeposition. More recently, the possibility of

preparing such materials by ion implantation has also been explored

successfully as indicated by transmission electron microscopy

experiments [1]. However, the process which leads to the formation

of the amorphous structure in implanted systems is still unclear,

particularly insofar as the interplay between radiation damage

and chemical effects (due to the implanted atoms) is concerned.

In this paper, we present a study of the evolution of the disorder

Visitor from Universidad de La Plata under a fellowship of CONICET de la
Republica Argentina

xx
Present address: Institute of Physics, Jagellonian University, Cracow, Poland.
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with implanted dose in NiP and CoP implanted alloys, via channeling

(for f.c.c. Ni) and resistivity experiments (on both systems)

performed "in situ" at various stages of the implantation.

EXPERIMENTAL AND RESULTS

2.1 Resistivity

Nickel and cobalt films (thickness ^ 350 A) were prepared by

evaporation of pure metals on glass substrates in a high vacuum

[2], The films were implanted at room temperature with 40 keV P

ions in the Orsay CSNSM implanter [ 3 ]. The energy of phosphorus

ions was chosen in order to obtain a homogeneous alloy. The dose

dependence of the film resistivity measured up to doses of 6 x 1O

at. cm for both Ni and Co is shown in t'ig. 1. As determined by

Rutherford backscattering (RBS) experiments with 1.8 MeV He

ions, the homogeneity of the implanted films was such that the

final compositions were Nig2Pi8 an<* Co84Pi6 w* t n a n uncertainty

in the P concentration of about 0.02.

Samples were then cooled down to 4.2 K to measure their

resistivity temperature dependence (TCR): above 60 K, it varies
—4 —1linearly with a relative slope of approximately 1O K . A study

of the TCR concentration dependence is under way.

2.2 Channeling

- A pure Ni single crystal was implanted at room temperature
with 125 keV P ions. The overall implanted dose was 2 x 10

_2
at. cm and the beam current density was always kept lower than

_2
1.5 pA-cm in order to minimize target heating. RBS experiments
were performed "in situ" at various steps of the implantation using

380 keV 4He + + ions delivered by the implanter itself. After the
4 +total implantation dose, the sample was analyzed with 1.8 MeV He

ions at the Van de Graaff accelerator facility of the Groupe de

Physique des solides, E.N.S. Paris VII. In both cases, the depth

resolution was about 100 R. More experimental details are given

in Refs. [3] and [4].
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Fig. 2 presents RBS spectra obtained in random and <100> .

aligned directions with 380 keV 4He+ ions for implanted doses \

between 2 x 1016 at cm" and 2 x 10 at. c m .

It is clear that the surface disorder increases markedly

with the implanted dose, reaching the random level at a dose of

1.5 x 10 P/cm2. The disorder level inside the crystal increases

rather uniformly up to a dose of 5 x 10 P/cm ; at higher doses,

the disorder is enhanced at a depth (̂  550 R) corresponding to

the implanted P projected range Rp. This is seen by inspection of

Fig. 2c which also shows a dip in the random spectrum (correspond-

ing to the implanted P distribution) at the same depth. The reduc-

tion in the disorder level between the surface and the P implanta-

tion depth is progressively filled in as the dose increases up to

1.5 x 1017 P/cm2. Additional P ions (up to 2 x 1017 at. cm"2) do

not modify significantly the shape of the RBS spectra. At that

point, the disorder level is uniform (and the aligned yield has

reached its random value as can be seen in Fig. 2D)'between the

surface and a depth Rp + ARp *> 800 X. I

The latter results was confirmed by random and (100) - aligned *

RBS spectra recorded on the sample in its final state using

1.8 MeV - 4He ions (see Fig. 3). The composition of the Ni1_J£PJ£
alloy in the zone between the surface and Rp + ARp deduced from

these spectra was found to be uniform with x = 0.17 + 0.02 (see

insert of Fig. 3). A complete analysis of this experiment will be

presented in a forthcoming paper.

DISCUSSION

Fig. 1 shows that the resistivity of Nl. P and Co, P
A"X X J,—X X

films increases rapidly up to a value of the order of 100 yii cm

at a P dose corresponding to x t 0.15 (0.13) for NiP (CoP). Above

this dose, the resistivity increase follows that observed in elec-

trodeposited amorphous alloys, where it has been ascribed to compo-

sitional changes [5]. The weak and linear variation of the resis-

tivity temperature dependence of the implanted films clearly

confirms their amorphous nature.
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In order to discuss the Ni lattice disorder observed in the

channeling experiment, the effect of both radiation damage and the

implanted P impurities must be considered. However the distribu-

tion of the lattice disorder found in mos»: spectra of Fig. 2 (note

particularly the spectrum obtained at an implanted dose of 1O
2

P/cm ) does not correlate with the impurity and deposited energy

profiles deduced from stopping theory. Some process must lead to

the distortion of this distribution, to the formation of a dis-

ordered layer at the surface and to the inward growth of the latter.

Based on prior knowledge of the role played by covalent impuri-

ties in disorder stabilization (see the summary of the literature

in Ref. [1], we suggest that this process is related to the inter-

action of implanted P atoms with radiation damage. Our results

then imply that the implanted P atom distribution has been shifted

from its theoretical shape, presumably as a result of radiation-

-induced diffusion towards the surface sink. The latter is expected

to be temperature-dependent, so that low temperature P implanta-

tion may lead to different distribution.

Once the surface has been amorphized (probably above a criti-

cal P concentration of about 0.15 - 0.17), the thickness of the

amorphous layer increases in such a way that its P concentration

practically remains constant until the P implantation depth has

been reached.

For the sample implanted at the highest dose, the random

level is reached in the aligned spectra for both 380 KeV and

1.8 MeV ot-particles. This independence of the minimum yield on the

a particle energy strongly indicates that (contrarily to what is

observed in similar experiments on implanted Ni 0 alloys [4 1),

the sample in this region is effectively non-crystalline. The

transmission electron microscopy experiments of Ali et al. flj on

room temperature implanted NiP samples at similar concentration

show the diffuse diffraction rings that ' caracterize the amor-

phous structure. Our experiment provide information on the mech-

anism by which this structure is reached.

In conclusion, resistivity and channeling experiments on

implanted NiP and CoP alloys show that a homogeneous amorphous

layer is formed from the surface of the sample up to a depth
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R + AR when P is implanted at room temperature in Ni and Co.

This layer was found to grow from the surface as the P dose in- A

creases. The effect of the P-damage interaction on disorder is

emphasized, and radiation-induced P diffusion is suggested to ac-

count for the observed profiles. Hyperfine interaction experiments

planned to investigate the microstructure of these amorphous im-

planted alloys will be presented at this conference [6].
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ABSTRACT

Impurity defect structures in amorphous and crystalline silicon
have been created by ion implantation of radioactive H^In at
room temperature. The defects have been studied by Mössbauer
spectroscopy on the 24 KeV gamma radiation of the daughter H 9Sn.
Structurally similar complex defects are concluded to be formed
in both phases of the silicon host. The nature of the complex
defects depends-on the species of implanted impurities. The frac-
tion of complex defects in crystalline silicon increases with
increasing implanted dose in the dose range of 10*1-10^5
atoms/cm2. No pronounced discontinuity is observed for the criti- i
cal dose (> 10-L3 atoms/cm2) , where the implanted host volume is I
amorphised. The implications of these results on the question '
of a characterisation of the amorphous phase of semiconductors
by Kössbauer spectroscopy on implanted impurities will be discuss-
ed.

1. INTRODUCTION

Radiogenic Sn-.impurity-defect structures produced in crys-
119talline silicon from ion implantation of radioactive In ions

119(which decay to the Mössbauer state of Sn) have been investi-
119gated recently by Sn Mössbauer spectroscopy {1]. Owing to the

119formation of various different In-parent defects, the daughter
119

Sn atoms were found to be distributed over substitutional and
interstitial lattice sites and in vacancy complexes. In the pre-

119
sent experiments, In ions have been implanted into amorphous
silicon to study the influence of the state of the host lattice

*Present address: EP Division, CERN, CH-1211 Geneva 23, Switzerland
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on the formation and the properties of impurity-defect struc-

tures. Furthermore, the dose dependence of the defect-formation

and the lattice-amorphization processes by heavy-ion implanta-

tions in silicon at room-temperature were followed on micros-
119copic scale by means of the Sn Mössbauer probe.

2. EXPERIMENTAL

119

Radioactive In (T. =2.1 min) was obtained as a proton-

induced fission product in a uranium-carbide target irradiated

by 600 MeV protons from the CERN synchro-cyclotron. Following
119on-line mass separation in the Isolde facility 12,3] In ions

g

were implanted at a rate of 5*10 ions/s with an energy of 60 keV

into amorphous silicon at room temperature. Surface layers of
i 1 g

silicon single crystals were amorphized prior to the In im-

plantations by implanting stable Ar, In, Sn and Sb isotopes with

an energy of 80 keV up to dose & 10 atoms/cm . The amorphous

layer produced by the Ar bombardmen is much thicker than the
119

range of the implanted In ions and negligible overlap is ex-

pected for the In and Ar depth distributions, whereas the con-

trary holds for the In, Sn and Sb implantations. Thus a comparison

of the differently prepared samples should allow to distinguish

between the dose dependence of the amorphization process in

heavy-ion implantations and possible interactions between the

implanted impurities. Mössbauer emission spectra of the samples

were measured at 77 and 297 K with a CaSnO,-resonance detector

of the parallel-plate avalanche counter type [4,5].
3. EXPERIMENTAL RESULTS AND DISCUSSION

The Mössbauer spectra from all differently prepared samples

were found to be structurally very similar and closely related
119

to the spectrum from a low-dose implantation of In into crys-

talline silicon. This is demonstrated in Fig. l for low- and

high-dose In implantation. Both spectra could be analyzed con-

sistently with the same of four lines established previously in

crystalline silicon [1]. The parameters of an analysis of the
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spectra from all samples in terms of these lines are gathered

in Table 1. It is worth noticing that the Debye temperatures as

determined for the different lines from the measurements at 77

and 297 K are the same within error bars (with the possible ex-

ception of an increase of 0- with dose which does not niter the

origin of the line, however). Consequently the following previ-

ously proposed assignments of defect structures to the different

lines are adopted [1]: line 1 is due to Sn atoms having hybrid-

ized spd-bonds to six nearest neighbours in the center of a

divacancy; line 2 stems from tetrahedrally coordinated, substi-

tutional Sn atoms with hybridized sp bonds; line 3 is due to

substitutional Sn atoms with a dangling bond into an adjacent

vacancy, and line 4 originates from unbound interstitial Sn
2 2

atoms in an atomic s p configuration (possible located in ex-

tended agglomerates at high implanted doses).

From the intensity of lines given in Table 1 it emerges

that the basic difference in the Mössbauer spectra of crystal-

line and amorphous silicon is to be seen in the different rela-

tive intensities of defects created (additionally, some line

broadening was observed for the amorphous phases). figure 2

shows the population of the different defects with increasing

dose for In implantations. Evidently the continuous decrease

of the substitutional fraction observed the entire dose range

is balanced by equally increasing fractions of Sn atoms found

in the other defect structure. Since qualitatively analogous

dose dependencies are observed for samples implanted with

1 0 - 1 0 stable Sn or Sb ions (cf. Fig. 2) impurity-impurity

interactions seem to be of no importance for an explanation of

the observed dose dependence. Therefore, as is expected from

the assignments of defect structures to the different lines,

the dose dependence should be due to an increasing probability

of the In impurity atoms to form complex defects with increasing
12 2

dose. At extremely low implanted doses ( 10 atoms/cm ) , where

only negligible overlap of individual damage cascades of the

implanted ions is expected, the fractions of Sn atoms on sub-

stitutional and non-substitutional sites vary only slightly.
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The present results of the formation of distinct Sn-impurity

complexes after In implantations are in contrast to what has
119

been found for implantations of radioactive Sn ions into amorp-

hous and crystalline silicon [6-8]. In the latter experiments no

Sn-impurity complexes were formed and the Sn atoms were located

on substitutional sites only. This was substantiated in particular

by the fact that the same Debye temperature was measured for both

spectra from amorphous and crystalline silicon whereas the shape

of the spectra was significantly different. The amorphous spectrum

was characterized by an increase in the isomer shift of the center

of gravity by -0.15 mm/s and a line broadening of ~20% relative

to the crystalline spectrum. This difference was attributed pre-

dominantly to the influence of bond-bending effects in the micro-

scopic surrounding of the Sn atoms in the amorphous silicon phase
119

[9]. Since structurally similar spectra were observed for Sn

in amorphous germanium and a-tin in particular, where Sn atoms

are not impurities, these spectra were assumed to reflect the

microscopic structures of the amorphous phases of these group-IV

semiconductors, with a negligible influence of the impurity nature

of the isoelectronic Sn atoms in the silicon and germanium lat-

tices.

From this comparison the impurity-specific, radiogenic

nature of the Sn defects found in the present In implantations

is obvious; their basic structural configuration is inherited
119in the nuclear decay from defects formed with the In parent

isotopes. The different behaviour of implanted Sn and In in cry-

stalline and amorphous silicon appears to be completely analog-

ous. The dose-dependent increase in complex defects formed with

In ions is most likely due to increasing fraction of lattice

defects that may get trapped at the impurity atoms and does not

reflect a continuous amorphization of the host lattice with in-

creasing dose, since no discontinuity is observed in the dose

dependence at the critical dose :> 1O atoms/cm where the im-

planted layer is amorphized [9]. Sn implantations of ~10

atoms/cm , on the other hand, show still spectra that are un-

distinguishable from crystalline spectra [6] and an on-set of
13 2amorphization is indicated firstly at dose > 5*10 atoms/cm .

1054



119
Consequently, an Interpretation of the low-dose In spectra

as reflecting some loĉ al "impact amorphization" of the silicon

lattice within a heavfly damaged volume in the damage cascade

of a single implanted ion, is not indicated by the experimental

results from the Mössbeuer studies [10].

In conclusion, %t may be stated that although Mössbauer

probe atoms having t̂ ie character of natural constituents or pos-

sibly isoelectronic jimpurities in semiconductors seem well-suited

to investigate the niicroscopic nature of the amorphous phases

of such materials, the application of (ion-implanted) impurities

as probe atoms has to be considered with great care, since im-

purity-specific defects may dominate the measured Mössbauer

spectra. The present investigation has demonstrated that the

defect-formation processes with implanted In ions seem to be

' basically the same in crystalline and amorphous silicon. The

. structure of the observed radiogenic Sn defects was determined

by the implantation behaviour o£ the In-parent isotopes and only

their production rate was found to depend on the defect concen-

tration of the predamaged host lattice.

This work has been supported by the Danish Natural Science

Research Council and the Accelerator Physics Council.
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Table 1

Results from a least-squares-fit analysis of the Mossbauer spectra in terms of four lines (isomer shifts
(at 77 K rel. to CaSnO3), linewidth in [mm/s]: 0^ = 0.85, 1^ = 0.85, 5 2 = 1.82, T2 = 0.85, 63 = 2-36,

r 3 - 1.10, 64 = 3.42, T 4 = 1.2 - 2.2)

Preimplant

In

In

In

In

In

Sn

Sn

Sn

Sb

Sb

Sb

Ar

dose

[atoms/cm2]

IO11

io 1 2

1013

io14

10!5

1013

io14

1015

1013

io14

io15

io16

pl

0,15

0,15

0,20

0,17

0,26

0,17

0,19

0,19

0,14

0,19

0,19

0,18

01
[K]

165

-

171

182

179

161

173

170

181

178

173

-

P2

0,61

0,57

0,58

0,45

0,19

0,51

0,25

0,20

0,56

0,29

0,22

0,28

02
[K]

242

-

255

235

244

256

230

237

236

233

228

-

P3

0,12

0,14

0,08

0,15

0,24

0,16

0,20

0,23

0,13

0,20

0,26

0,19

Q3
[K]

226

-

244

229

235

241

228

235

228

230

221

-

P4

0,11

0,14

0,15

0,22

0,31

0,16

0,36

0,39

0,16

0,33

0,34

0,35

94
[K]

131

-

142

155

167

149

160

168

154

164

165

—
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Fig.l. Mössbauer spectra measured at 77 K for two
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ABSTRACT

Si <111>, and Si <1OO> were damaged by bombardments of Ar and
implantation of 31p+ an(j of 28gi+ ions. The structural disorder
and electronic structure were measured in disordered and crystal-
line states. The ion-implanted (amorphous) surfaces had very
different electronic structure in comparison with the crystalline
state, but they are nearly equal to each other when the surfaces
were argon ion-bombarded, while these surfaces were heavily dam-
aged by RBS data. The amorphous-crystalline transition process
detected by UPS and by RBS was different for Si <111> and Si
<100>, as well.

INTRODUCTION

The properties of ion-implanted a-Si are very important for

theory and application. The investigation by RBS and TEM were

concentrated on structural properties. The electronic structure

of ion-implanted amorphous semiconductors was not examined in as

much detail as that of the evaporated and sputtered films [1J.

As the electronic structure of amorphous material is very sensi-

tive to preparation, the ion-implantation seems to be a promising

method for realizing a special amorphous material and on the other

hand, UPS gives a new possibility for testing the ion-implantation

process. Separate experiments are generally suggested to augment

information and to avoid artefacts.

The surface cleaning by Ar ion-bombardment is the unavoid-

able process of the UPS measurement, but this is a new source of

the surface damaqe. The separating of the effect of ion implanta-

tion and Ar ion -bombardment is recommended to have reliable UPS

data.
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This paper deals with electronic structure examinations

together with RBS and AES methods to check the structural dis-

order and the surface cleaning.

SAMPLE PREPARATION

Si <111> and Si <1OO> were ion implanted by 40 JceV 3 1P +,
28 + 15 15 y
Si with 6xlO and 6.2x10 ions/cm doses at room temperature.

The ion implanted surfaces were cleaned by Ar bombardment with
2 —3

0.8 keV energy and 2 yA/cm intensity at 5x10 Pa pressure. The
ion implanted layer was completely removed by Ar sputtering

2
(3 keV, 10 iiA/cm ) from the <111> Si to prepare the crystalline
surface. The thickness of the removed layer was 3000 8 much

thicker than the damaged layer after the implantation. Si <100>

surface was sputter cleaned by 2 keV Ar+, to model the possible

damaging during the cleaning process.

The regrowing of ion implanted layer was performed by heat-

treatments at 840 °K. The duration of the annealing was 30 min

for Si <111> and 14 for Si <100> at io"5 Pa. The heat-treated

surfaces were cleaned by Ar bombardment at 0.8 keV.

EXPERIMENT

The UPS measurements were carried out in UHV chamber at
— 7 —81O - 10 Pa pressure. The light scarce was H2-discharge lamp

with McPherson monochromator. The exciting photon energy was

10.2 eV. UV Photoelectron spectra (EDC's) were obtained using a

retarding field analyzer with +0.2 eV energy resolution. The

surface compositions were controlled by Auger Electron Spectro-
4 +scopy (AES). The channeling measurements were made with He

ions at 1.0 MeV. The tilt angle of the detector was 165° and 97°.
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RESULTS

The UPS results are generally characterized by the Energy

Distribution Curve (EDC) originated from valence band emission

giving the Joint Density of States (JDS) and the Secondary Peak

(SP) including the inelastically scattered electrons. In this

paper the SP and JDS were decomposed from the EDC of UPS spectra

supposing that the SP is an exponential curve and its contribu-

tion to the EDC is negligible at higher than 3 eV secondary

electron energy.

The zero of the energy scale is given by the Fermi level of

damaged and crystalline Si which were determined by using the

work function of the gold covered retarding field analyser. The

JDS, SP and AES data are given in Fig. 1 for the P+ ion im-

planted amorphous sample. The surface contaminations (Ar, C, 0)

were about 1 percent. The effect of this contaminations on the

JDS and SP curve was negligible.

The JDS has a smooth figure without any sharp cut-off at >

the leading edge and a maximum the -4.5 sV. The height and the

position of this peak are to some degree uncertain as the peak is

in the intensive region of SP, but the possible shifting of the

position is about +0.2 eV. The height of the SP units is more

than twice that of the peak of JDS.

Figure 2 shows the JDS, SP and AES spectra for crystalline

and annealed Si <111> specimens. The surface contaminations are

the same as in amorphous case.

In the crystalline sample the JDS has a definite cut-off on

the initial energy regions -1.5 and -0.5 eV and the maximum is at

-3.5 eV energy. There is small but definite peak at -2.2 eV. The

height of SP is lower than the maximum of JDS.

The annealed sample has very similar, but not equal charac-

teristics as the crystalline specimen [2J. The secondary peak is

little higher than the maximum of JDS. The position of the maximum

is around -4 eV energy. There is not any detectable peak of JDS

except the maximum. The JDS has a definite cut-off at -1.5 eV and

-0.5 eV energy region.

The Fig. 3 shows the JDS and SP data for annealed Si <100> •

As the surface contaminations were similar as in Fig. 2 and
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Fig. 3 the AiJS data are not presented separately.

The JDS has a maximum at -3.5 eV energy and it has not any

other detectable peaks. There is an edge at the high energy region

of the JDS curve. The SP is nearly equal to the maximum of JDS.

The JDS and SP curves for sputter cleaned Si <100> were

practically equal to the data given on Fig. 2 by curve 1.

Figure 4 shows the random and aligned RBS spectra at ©=165°

for Si <111> sample implanted with 40 keV P+. In the as-implant-

ed case the height of the aligned silicon spectrum coincides with

that of the random spectrum in the energy interval corresponding

to particles scattered near to the surface, thereby indicating

that an amorphous region was formed. The as-implanted specimen

was used for UPS measurement. The sputtered Si <111> sample was

prepared by removing the as-implanted layer with Ar bombardment.

It is seen on the aligned spectrum which nearly coincides with

that of the virgin sample.The Ar peak at the surface together

with the thin damaged layer confirms the Ar bombarding process.

This sample was used as crystalline specimen for UPS measurement

which data are shown on Fig. 2 (curve 1).

Figure 5 shows the random and aligned RBS spectra at ©=165°
TO j.

for ion implanted / S i 40 keV/ and later annealed Si <111>

samples. The as-implanted spectrum is nearly equal as it is for

Fig. 4. The width of the damaged layer is around 100 ran which is

similar to the P -implanted case. After the heat-treatment the

width and height of the disorder peak in the aligned spectrum

decreases. This indicates that the regrowth of the disordered

region was initiated at the interface between the amorphous region

and the underlying Si <111>. The thickness of the epitaxially

regrown layer is approximately 30 nm. The aligned spectrum shows

that the remaining 70 nm thick layer at the surface of the sample

is still strongly disordered.

The regrowth process is demonstrated on Fig. 6 for Si <1OO>

by RBS spectra at 9=97 detector angle.

The as-implanted spectrum was same as in the Si <111>, but

thickness of the epitaxially regrown layer was about 80 nm. The

surface layer in about 20 nm thickness was disordered yet. There

is a surface Ar peak as the annealed sample was cleaned by Ar

bombardment. The UPS data given on Fig.3 were received on that specimen.
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Figure 7 presents the RBS spectra for sputter-cleaned and

virgin Si <100> surfaces. In the sputter-cleaned case the width

of the disorder peak is about 10 nm and the peak height is smaller

than on the random spectrum. This disorder peak is considerably

higher than the surface peak in the spectrum of virgin Si <100>.

The surface peak of the virgin spectrum originates mainly from

the native oxide layer.

DISCUSSIONS

The electronic structure data for ion implanted amorphous Si

are in contrast with the earlier experiments and theory on evapor-

ated and on sputtered Si as it was published earlier [3, 4]. The

JDS results for a-Si show the enhanced smearing and descreasing

of the density of states at the valence band edge and the large

SP indicates the broadening of the conduction band as this in-

creases the unoccupied density of states in the gap and at the

same time, the number of inelastically scattered electrons.

The electronic structure results for crystalline Si are in

agreement with the literature, the only difference is that the

peak at -2.2 eV is somewhat smaller than the published data [2].

The large differences in the UPS spectra for ion implanted

amorphous and recrystallized Si allow to characterize the dif-

ferent damaged structures from the point of view of the short

range order, as it is known that the electronic structure mainly

depends on the short range order. The comparison of the UPS data

with the RBS results correlates the short range disorder with any

structural disorder.

The UPS and RBS results show that the ion implanted Si is

heavily disordered from short range and long range point of view,

because the drastical changing of the UPS results could be ex-

plained only by the characteristical changing in the short range

order, and the RBS data prove the long range disorder.

The results for regrowth are given of Si <111> on Figs 2 and

5. It is seen that the regrowth is an interface process only with-

out any change at the surface when measured by RBS, but it is clear

from the band structure measurements that amorphous-crystalline

transition is taking part at the surface simultaneously with
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regrowth of the interface. In the sensitivity range of UPS the

surface is not crystalline, only the short range order has

changed in comparison with the as-implanted case. This process is

not only characteristic for Si <111> orientation as it is seen on

Figs 3 and 6 for Si <100> sample. The amorphous-single crystalline

interface had been moved by around 85 nm toward the surface, but

the 15 nm is still disordered for Si <10O>.

The short range order had been changed on the surface already

and the electronic structure at the surface is nearly same as for

Si <111> case in spite of the shorter annealing time.

The low-energy Ar+ bombardment creates damaged layer at the

surface of Si <100> and of Si <111> as well. The electronic struc-

ture of these samples is nearly same as they are on cleared Si

specimens. The only differences are the small value of the peak

at 2,2 eV and the lack of the surface state [7], The RBS spectra

show that these surfaces are heavily damaged nearly comparable

to the ion implanted layer as it is shown on Fig. 7 and Fig. 6.

As there are qualitative differences between the UPS data

of partially regrown and of Ar bombardment created damaged layer,

the former is between the amorphous and crystalline states, and

the latter has a large number of lattice defects.

CONCLUSION

Ion-implantation is an effective amorphizing method for

changing the short range order, which markedly disturbs the elec-

tronic structure of the valence and conduction band. The use of

both RBS and UPS for testing ion-implanted surfaces is promisiny

as these are complementary in sense, RBS gives information of any

disorder but UPS supply data of mainly the short range order. The

regrowth of ion-implanted layers Si <111> and Si <100> is con-

sistence of two processes, interface regrcwing and a transition in

short range for the whole damaged layer. The Ar ion-bombardment

does not influence the electronic strucLure of Si <111> and Si
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CONCLUDING REMARKS

R.S. Preaton*

Unlversltát des Saarlandes, 66OO Saarbriicken, Mast Germany

I am pleased to have this opportunity to make a few remarks

at the end of the conference. My position here has really been

that of a guest or observer, since 1 did not present a paper and,

up to the present, have done only a little work on amorphous

materials. As a consequence I am not in a position to make any

very controversial remarks, and I hope no one will be disappoint-

ed by this.

As with many of you, my interest in solids arose during the

course of earlier work in nuclear physics, and for that reason

this conference has been an inspiration to me. My recent work has

been in Mo'ssbauer spectroscopu, but as a nuclear physicist I did

a little work with positron annihilation, a little with Compton

scattering and a little with mesons. It is gratifying to see the

great improvements that have been made in these and other nuclear

techniques and to see such ingenious use being made of them in

the study of materials.

Like some of you, I think of myself as fairly expert in ap-

plications of one nuclear technique to materials problems. Many

of you, however, are at home with several such techniques. Since

no one else has done so during the conference, I would like to

list the nuclear particles or techniques that have played a part

in the research you have reported here:

Accelerators to produce beams of electrons or heavier

particles for implantation, damage production and scatter-

ing and channelling studies.

*0n leave from Northern Illinois University, DeKalb, 111. 60115, USA
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Neutron scattering/ including scattering of polarized neu-

trons, small-angle neutron scattering and time-of-flight

neutron diffraction.

\i-mesons

v mesons

Nuclear magnetic resonance

Mössbauer effect

Perturbed angular correlations

Positron annihilation

Rutherford scattering

Compto>n scattering

Auger elect-rans

I hope I haven 't left out anything. I know that I did not

include such other nontraditional tools as electron paramagnetic

resonance, BXAFS, ene'rgy-dependent X-ray sca-t teeing and laser an-

nealing which are also p-art of tJie ensemble of met hods and tech-

niques used in your work. All Of these, of course, are in addi-

tion to the older and more conventional techniques for measuring

bulk properties which are also used by many of you.

Some of you have been able to draw unassailable conclusions

from your data and calculations. In other cases there is still

uncertainty and controversy. An outstanding example of the latter

is the intense discussion here of metallic glasses and the nature

of the structural and magnetic disorder in them. I was interested

to see that everyone appeared to be more or less in agreement

with the statement made at yesterday's panel session that al-

though there has been some drawing together of divergent opinions,

it has become clear that a satisfactory understanding of this

structure is unlikely to be achieved very soon.

That such a useful if inconclusive result has come out of

this conference is largely due to the panel and workshop dis-

cussions. I remember being quite upset when poster sessions first,

became common a few years ago, but 1 think now that a mixture of

poster and oral presentations combined with further panel dis-

cussions add up to an overall improvement, especially when the

discussions are as well managed as they have been here.

I do wish, however, that more time could be alloted for

poster sessions. During most of the poster sessions here I felt
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hurried as usual and in each of them I missed at least one paper

for lack of time, on the other hand, I am conscious of being less

fatigued at this meeting than at some others, and this must be

due to our leisurely lunch breaks. Clearly, additional time for

posters can only come at the expense of this kind of free time,

but, on the whole, I think 1 would prefer to have more time for

poster sessions, assuming, of course, that the total number of

poster presentations is the same.

At this meeting, as at a number of others, there have been

complaints that many of us are too method-oriented and too little

problem-oriented. This whole conference, of course, was an at-

tempt to coricentrate on a reasonably well-defined problem area

as studied by a range of techniques, so such complaints certainly

cannot be directed toward the conference itself. But in addition,

there are many individuals and groups represented here to whom

this complaint is not applicable now, if it ever was. In fact, as

has been pointed out to me, in the subject area of this meeting

- amorphous materials - we are seeing the beginning of an even

closer focussing of a variety of techniques on a particular

problem, or even particular samples, by research groups using

facilities of several institutions. Of course, no one should

dictate to any experimenter how he should do his work, but given

the difficulty in this field of obtaining reproducible samples,

it does seem like a good idea for groups using different tech-

niques to collaborate with each other, either by making measure-

ments on the same sample or by making their facilities available

to each other.

This sort of collaboration could lead to a quicker and

better understanding of amorphous materials, especially if it is

accompanied by some amelioration of the polemics and polarization

we have seen so much of lately.

Now I would like to express the appreciation of all of us

for the way this meeting has been organized and conducted. First,

.there was an excellent selection of invited and contributed

papers. In addition, the format of the meeting has given us a

good opportunity to discuss scientific matters both publicly and

in smaller groups. He have enjoyed a beautifully scenic location
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tor our conference and we have been treated to feasting, drinking

and aigbtaeeing, and to great organ music and Co gypay music.

Finally, and important to ail of ua, we have had the pleasure of

renewing old friendships and eatabliahing nett onea.

So now let all of us vlaitora to thia country express our

thanks to all our Hungarian frlenda and let our Hungarian friends

join the reat of us in thanking all the people who have worked so

hard both in our presence and behind the acenea to make this con-

ference a memorable success.
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On behalf of the Organizing Committee, I should like to

thank you all for your participation. Hhen setting out to organ-

ize this conference our aim was to hold a conference which would

be able to contribute to the better understanding of amorphous

materials by giving a forum to scientists working in this field.

Involved in this our wish was to have a conference on a fully

international basis. Our wish was fulfilled: the number of coun-

tries represented by our 128 guests shows that we have been

successful in this respect. A problem that we faced and one that

still faces us is the problem of subject - or method - oriented

studies. Many - probably most - scientists consider the former

superior to the latter. This preference is quite natural but the

sophistication of various techniques and the highly specialised

subjects tend to make a method-oriented approach unavoidable in

many cases. For this conference we chose the topics with prefer-

ence to structural problems of amorphous solid subjects but. we

retained the method-oriented approach limiting it to nuclear

methods. The choice of the particular techniques was somewhat

arbitrary (one can argue about which method is strictly speaking

a nuclear method but we were mainly concerned with practical

classification). May I again refer to a few special details. Some

methods were chosen which could be applied successfully to study-

ing the short range characteristics of the amorphous state. Obvi-

ously the degree of short range order has to be determined in

every specific system in order to get an idea on the forces which

stabilize the amorphous structure.
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Another important problem is that of the existence of some

low atomic density regions in amorphous matter on which, for ex-

ample, positron annihilation can give information.

Studies of disorder resulting from Implanted particles

seemed to represent very up to date and attractive subject. It

• is very interesting to consider the possible equivalence of amor-

phous structure produced by implantation and other methods gener-

ally used for amorphous material preparation.

our earnest hope is that at the end of the conference we all

find ourselves satisfied with these choices. I should like to

acknowledge the sponsorship of the European Physical Society, the

work of the International Advisory Board, the support of the

Hungarian Academy of Sciences and the Roland Eötvös Physical

Society. Without the assistance given by very many people in the

Central Research Institute for Physics, Budapest, the.Conference

would not have been possible.
i
t ' In bringing these proceedings to a close, I would like to

pay a special tribute to the Organizing Committee.

I. Dezsi

chairman
of the Organizing Committee
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