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Mossbauer spectra have been obtained for bcc Fe alloys containing up to 25-at. /0 Ga in solid
solution. The spectra have been analyzed in a manner which permits the study of the effect of
configuration on the hyperfine magnetic field and on the isomer shift with very few prior assump-
tions. Various assumptions commonly made in handling data of this type have been examined in
detail and their validity tested. The details of 16 different configurations are presented along
with an empirical formula to describe the hyperfine field as a function of configuration and
concentration.

I. INTRODUCTION

The range and strength of the hyperfine magnetic

interaction in nondilute solid solutions is of gen-
eral interest in understanding the mechanismwhich
causes these alloys to be ferromagnetic. Many of
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the properties of this interaction have been deter-
mined for several alloy systems, including Fe-Ga,
by Wertheim et al. ' and others. 7 However, in

view of the number of assumptions made in these
studies without explicit justification, a detailed
reexamination of one of these systems with a
somewhat different type of data analysis is justified.
The present analysis is intended to evaluate the
validity of these assumptions as well as to provide
new information about the nature of the hyperfine
magnetic interaction. It is also shown that the

application of this type of analysis to Mossbauer
data with small statistical scatter yields more in-
formation than the data are usually thought to con-
tain. The system Fe-Ga was chosen because it is
possible to retain the bcc structure with as much
as 35-at. % Ga in solid solution by quenching from
the liquid state. This wide range of solid solu-
bility and the partial ordering which occurs in
the region of 25-at. % Ga allows the study of the ef-
fects of 16 different nearest-neighbor and next-
nearest-neighbor configurations, thus making pos-
sible a more thorough examination of the character-
istics of the hyperfine coupling.

II. EXPERIMENTAL PROCEDU RES

Each alloy was prepared by placing the appro-
priate amount of Ga. (99.99% pure) inside a, hol-
lowed Fe rod (99.99% pure) and sealing it in an
evacuated quartz tube. The Ga was then allowed to
diffuse into the Fe for 10 days at 800 'C, following
which the diffused ingot was induction melted sev-
eral times on a silver boat. ' Weight losses were
less than 0. 1% of the ingot weight, so the nominal
compositions were taken as the actual ones. Foils
about 60 p.m thick, prepared using the piston and
anvil technique, were mechanically polished to a
thickness of -35 p, m. All hQssbauer measure-
ments were performed at room temperatureusing
a constant acceleration drive of the type described
by Kankeleit. ' The radioactive source, obtained
from the New England Nuclear Corp. , was 10 mCi
of Co~~ diffused in Pd. At ambient temperature
this source produced a single line emission with a
linewidth of -0.30 mm/sec. Following the collec-
tion of data for each specimen, the spectrometer
was calibrated using a 0.001-in. Fecalibrationfoil
(also supplied by the New England Nuclear Corp. ).
The calibration data were fitted using peak split-
tings of 10.657, 6. 16V, and1. 677 mm/sec, asgiven
in Ref. 11, thereby specifying the conversion from
channels to mm/sec. This method of calibration
results in reasonable agreement between the ac-
cepted value of isomer shift for Fe in Pd with res-
pect to pure Fe [-0.185+0.01 mm/sec (Ref. 12)j
and the value of —0. 177 + 0.001 mm/sec obtained
in this work. The x-ray diffraction measurements
used to confirm crystal structure and previously

reported lattice spacings were performed using a
114.6-mm Debye-Scherer powder camera and Fe
filtered Co Ke radiation.

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

The method used to fit the Mossbauer data is
based on the assumption that the properties asso-
ciated with a given Fe atom depend only on the
configuration of nearest and next-nearest neighbors.
Each such configuration is treated as a separate
Fe site, having its own hyperfine field, isomer
shift, and intensity, independent of values for other
configurations. In this way no prior restrictions
are placed on these parameters, and they may
assume whatever values best fit the experimental
data. An atom in the bcc structure has eight near-
est neighbors, and six next-nearest neighbors, re-
sulting in 9 ~ 7= 63 possible combinations of neigh-
bors in the first two shells (this assumes that only
the number of Fe atoms in a shell is important, not
their actual arrangement). The maximum number
of sites actually used to fit any set of data was
limited to 12, which, with the exception of the alloy
Fe,OGa20, was sufficient to account for (92-97}/p of
the Fe atoms. The analysis for Fe,OGa„ included
85 jp of the Fe atoms with the remaining 15% spread
over many sparsely populated sites. The actual
fitting was done using an iterative least-squares
procedure similar to that described by Bent et al. '
and assigning the same linewidth for all peaks in

a given spectrum. Since several alloys required
more fitting parameters than couldbe conveniently
varied simultaneously, the parameters were ar-
ranged into three groups. Group I contained all
the isomer shifts and hyperfine fields, group II
contained the site probabilities, and group III con-
tained the background level, linewidth, and peak
ratios (H, /H3 and Hz/H, ). The fitting was then ac-
complished by alternately varying groups (I+ III)
and (II+ III) until covergence was achieved.

The Mossbauer data for alloys containing up to
25-at. % Ga are shown in Fig. 1 along with the curves
fitted by the procedure outlined above. The nu-
merical information obtained from each spectrum
including the background level and the total area
under the spectrum is presented in Tables I and II.
Figure 2 shows the Mossbauer spectrum of the
alloy Fe»Gaz„ including the peaks of the individual
components, in order to illustrate the technique of
fitting. Figures 3 and 4 show the variation of
hyperfine field and isomer shift with Ga con-
centration for the configurations (n, m) = (0, 0),
(0, 1}, (1, 0), (1, 1), and (2, 0), where n and m
are the number of Ga nearest and next-nearest
neighbors, respectively. These particular con-
figurations were chosen because they span the
largest concentration range. Figure 5 illustrates
the variation with Ga concentration of the linewidth
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of the individual Lorentzian peaks.

IV. DISCUSSION

I I I I I I I

The methods most commonly used to analyze
Mossbauer data associated with solid-solution al-
loys generally employ several or all of the follow-
ing assumptions: (i) The relationship between
hyperfine field and the number of solute atoms in
a particular shell is linear. (ii) The effects of
various shells of atoms are additive. (iii) The re-
lationship between isomer shift and the number of
solute atoms in a particular shell is linear. (iv) No

quadrupole admixture exists. (v) The hyperfine
field and isomer shift are entirely determined by
the first and second shells of neighboring atoms.
The only factor implicity assumed at the start of
this analysis was the fifth assumption, and even
this was tested in a manner described later.

In order to facilitate the examination of the first
two assumptions it is helpful to consider the re-
duced hyperfine field rather than the actual mea-
sured hyperfine fiel.d. If the reduced field is ex-
pressed as

H(n, m, c)
H„(n, m) =

(
'

O

' ),
where H(n, m, c) is the hyperfine field at an Fe
atom with n and rn Ga neighbors in the first and
second shells, respectively, and Ga concentration
c, then the effect of configuration may be examined
independently of the concentration dependence.
Figure 6 shows the variation of the reduced field as
Ga atoms replace Fe in the nearest-neighbor shell,
while retaining six Fe atoms in the second shell.
It is clear from this figure that the first assump-
tion above is not at all valid over a wide range of
neighbor configurations, although the deviation
from linearity is small for arrangements close to
that of pure Fe. In order to determine whether the
effects of various shells are additive, it is neces-
sary to obtain an empirical formula to describe the
variation of reduced hyperfine field with the number
of Ga atoms in a particular shell. An expression
of the form

Z'
O

CL
CL
O
CA
CD

UJ
O

LLI

IX

I I I I I I

-8 -6 -4 -2 0 2
VELOCITY (min/sec)

FIG. 1. Mossbauer spectra of the alloys Fe& „Ga„. The
solid line is the curve fitted by the method of least squares
as described in the text.

H&(n) = 1+ &n+ Pn

where H, (n) is the reduced hyperfine field as a

TABLE I. The numerical values for background level (B), area, ratio of peak 1 to peak 3 (H&/H3), ratio of peak 2 to
peak 3 (H2/H3), normalized chi squared (y /N), ~ and the relative absorption of peak 1 for each alloy are shown below.
Standard deviations are indicated by parenthesis.

Composition
(at. / Ga) B (counts) Area (counts) Hg/H3 H2/H3 y /N Abso rption (%)

0
5

10
15
20
25

165 595 (44)
1 575 705(153)
3 112213 (246)
2 610 023 (267)
4 883 698 (380)
4 801 631(310)

610 802
483 771
850 334
707 786

1 517 943
973 043

2. 10(0.03)
2. 64(0. 02)
2. 80{0.02)
2. 81(0.02)
2.86(0.02)
2. 61(0.02)

1.95(0.03)
1.81(0.01)
1.98 (0.01)
2. 13(0.02)
2. 10{0.01)
2. 12(0.02)

2. 25
7. 19

10.52
7.17

12.68
6.54

20. 2
8.9
5. 6
4. 5
4. 3
2. 2

~N is the number of degrees of freedom in each fit.
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(n, m) HF OG) IS (mm/sec) Intensity

(o, o) 33o (o. 1)
Pure Fe
—0. 177 (0.001} 1.000

(o, o)
(1, o)
(o, 1)
(1, 1)
(2, o)

334 (0. 1)
313 (O. 2)
322 (O. 2)
3o2 (o. s)
288 (0. 8)

5-at. jp Ga
—0. 160 (0.001)
—0. 122 (0.002)
—0. 154 (0.003)
—0. 126 (0.005)
—0.098 (0.008)

o. so3 (o. oo4)
0.205 (0.005)
0.178 (0.004)
0.073 (0.004}
0.041 (0.003)

TABLE II. The numerical values of hyperfine field
(HF), isomer shift (IS), and probability of occurrence
(Intensity) for each configuration with n nearest and m

next-nearest Ga neighbors are shown below for all the
alloys studied. The standard deviations {shown in paren-
thesis) are calculated following inversion of the coefficient
matrix during fitting.

H„(n, m) = 1+ o.' n + P n + ym + & m . (4)

function of n impurity nearest neighbors (with a
pure Fe second shell), and n and p are constants,
seems to be adequate to describe this variation.
The constants n and P are determined by fitting
the data with this function using the method of least
squares. The solid line in Fig. 6 shows this fitted
curve for the variation of H„(n, 0), while the dashed
line indicates the variation assumed in Ref. 1 to
treat this same system. If the variation of reduced
field with second shell configuration (pure Fe first
shell) Ha(m) can be written in a similar form as

Ha(m) = 1+ ym+ 5ma,

then it is possible to test for additivity by attempt-
ing to fit all the data simultaneously to the function

(o, o)
(1, o)
(o, 1)
(1, 1)
(2, o)
(2, 1)
(o, 2)
(1, 2)

339 (O. 1)
31s (o. 2)
32v (o. 2)
3ov (o. s)
294 (1.6)
278 (0. 5)
310 (1.4)
2e2 (3.3)

(1, 1)
(1, 0)
(o, 1)
(o, o)
(2, 1)
(2, o)
(1, 2)
(o, 2)

(2, 2)

(3, 1)
(3, o)

3ov (o. 3)
320 (0. 5)
33o {0.3)
341 (0.3)
283 (o. e)
296 (1.3)
29O (1.3)
315 (1.2)
2vo (1.1)
254 (o. 9)
262 (1.0)

(2, 1)
(1, 1)
(2, o)
(1, 2)
(o, 1)
(2, 2)
(1, o)
(3, 1)
(3, o)
(3, 2)
(o, o)
(o, 2)

285 (0. 2)
311 (Q. 5)
29s (o. 4)
297 (0.3)
334 (O. 3)
2v2 (o. 4)
324 (0. 5)
2ss (o.v)
263 (0.4)
236 (O. 4)
345 (o.4)
319 (0. 8)

(4, o)
(1, 1)
(2, o)
(s, o)
(o, s)
(3, O)

(2, 1)
(o, 6)
(1, o)

2o2 (o. 2)
31o (o. v)
296 (1.O)

176 (0. 5)
244 (0.6)
262 (0. 8)
282 (l. 2)
218 (0. 8)
323 (1.1)

~Described in Ref.

10-at. % Ga
—0.139 (0.001)
—0. 112 (0.002)
—0. 135 (0.002)
—o.oe6 (o. oo6)
—0.077 (0.020)
—0.061 (0.005)
—Q. 098 (0.018)
—0.074 (0.043)

ls-at. % Ga
—o. os6 (o.oo3)
—0. 102 (0.005)
—0.101 (0.003)
—0.116 (0.003)
-o.os6 (o. oo3)
—0. 067 (0.013)
-o.ose (o.o19)
—0. 051 (0.016)
—0. 033 (0.008)
-o.o4v (o. o1o)
—0.006 (0.012)

20-at. p/& Ga
—O. 039 (0.002)
—o. o66 (o. oo3)
—0. 105 (0.003)

o. ooo (o.oo2)
—0.077 (0.003)
—0.020 (0.003)
—0.080 (0.006)
+0.002 (0.004)
-o.oo4 (o.oos)
+o. o2s (o. oo3)
-o.os6 (o. oo4)
—O. 058 (0.010)

25-at. % Ga
+0.103 (0.002)
-o.o63 (o. oo2)
—0.057 (0.004)
+0.155 (0.004)
+ 0.020 (0.004)
-o.oo6 (o.oos)
—0.038 (0.006)
+o.o6s (o.oo6)
—0.069 (0.003)

13.

0.237 (0.003)
0.188 (0.006)
0.182 (0.004)
0.086 (0.016)
0.104 (0.016)
0.053 (0.003)
0.119 (0.017)
0.031 (0.015)

0.161 (0.006)
0.159 (0.006)
o. 113 (o.oos)
0.111 (0.003)
o.ose (o. oov)
o.oev (o.ooe)
0.088 (0.011)
o.ose (o. oov)
0.051 (0.006)
0.034 (0.004)
o. o3e (o. oo6)

0.127 (0.003)
0.121 (0.004)
0.095 (0.003)
0.094 (0.003)
0.090 (0.003)
o.oss (o. oo3)
o.os4 (o. oov)
0.065 (0.003)
0.062 (0.004)
0.061 (0.002)
0.059 (0.002)
0.057 (0.007)

0.294 (0.004)
0.187 (0.008)
0.106 (0.007)
0.087 (0.003)
0.081 (0.003)
0.069 (0.004)
o.o65 (o. oos)
o.o64 (o. oo4)
0.047 (0.008)

If a set of constants &, P, y, and & exists which
fits the observed data, then this suggests that the
effects are indeed additive. The determination of
these parameters was also carried out by the least-
squares method, and the resulting curves defined
by Eq. (4) with n= 0. 0495, P = 0. 0106, y= 0.0275,
and &=0.0057, as well as the observed values, are
shown in Fig. '7. The agreement of the data with
the fitted curves seems close enough to imply that
the second assumption is quite accurate.

The relationship between isomer shift and neigh-
bor configuration is much more difficult to analyze.
Figure 8 shows the variation of isomer shift with
the number of Ga nearest neighbors (pure Fe second
shell) at several Ga concentrations from 5 to 25
at. %. It is clear from this figure that the functional
form of the variation of isomer shift with neighbor
configuration is highly dependent on Ga. concentra-
tion, and a linear approximation of the type used
in Refs. 1 and 7 is valid only in the limit of low
impurity concentration and for configurations close
to pure Fe.

The absence of a quadrupole interaction in these
alloys is most fortunate and deserves some atten-
tion. Despite the fact that the crystal structure is
cubic, the local symmetry around an Fe atom with
impurities in one of the first two shells, is, in
general, not cubic, leading one to expect a quadru-
pole moment. Wertheim' has pointed out that the
angle between the solute [111]and the direction of
easy magnetization [100] is just right to cause the
factor (5 cos e —1)to vanish, resulting in the quadru-
pole interaction having no influence on the location
of the peaks. Unfortunately, this explanation applies
only to the case of one solute atom located in the
first shell. If one allows, for example, two im-
purity atoms in the first shell, then six of the seven
possible configurations do not have a threefold or
higher axis of rotational symmetry; hence, the
usual formula'4 to describe the energy of each peak
is invalid.
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random arrangement with respect to the foil geo-
metry) the spherical average of this dependence is
such that Hz/H, = 2. The values of Hp/H, shown in
Table I for the various specimens range from -1.8
to -2. 1, indicating that for these samples the geom-
etry of the foil has little or no influence on the
direction of magnetization. This being the case,
crystalline anistropy may be expected to dominate,
resulting in the alignment of the magnetic moments
along the direction of the easy magnetization [100]
axis in bcc. It should be noted, in passing, that
the intensity ratios of the first to the third peak,
called H, /H, in Table I, deviate somewhat from the
theoretical value of 3. However, this is not re-
lated to the magnetization, since the angular depen-
dence cancels out of this ratio, but rather it is
caused by the finite thickness of the specimen.

The only configuration other than n = 1, m =0,
for which the formula for quadrupole admixture is
valid, is the arrangement n= 0, m= 1. In this con-
figuration, the electric field gradient tensor has a

FIG. 5. Variation of the linewidth of the individual Lorent-
zian peaks with Ga concentration.

fourfold axis of rotational symmetry in the [lpp] direc
tion which results in four arrangements with 8= —,'m, one
with 8 = 7I, and one with & = 0. Since we are interested
in (3 cos 8 —1), both 8=pand &= m result inthesame
observed effect; consequently, the site n=0, m=1
is split into two sites whose intensity ratio is 2: 1,
with an observed quadrupole moment ratio of —1:2.
The alloy FeeoGa, o, in which the site n= 0, m = 1 is
one of the three most probable, was fitted allow-
ing a quadrupole admixture of the type described
above. The values for the quadrupole moments
obtained from this fitting were less than 0. 002
mm/sec, indicating that any quadrupole interaction
was negligibly small. This would imply that the
electric field gradient is not disturbed significantly
by the presence of a Ga atom, indicating that the
charge contrast must be fairly well screened. It
is based on this test that the authors feel justified
in ignoring any quadrupole admixture for all of the
configurations studied.

A. Concentration Dependence of the Hyperfine Field

Vfertheim et al. ' observed as early as 1963 that
the hyperfine field associated with an Fe atom sur-
rounded by all Fe atoms (first and second shells)
seems to increase with solute concentration regard-
less of the particular solute. As a consequence of
this and other observations already discussed, the
variation of hyperfine field with concentration and
configuration is described in Ref. 1 as

H(n, m) = Kr, (1+ kc) (1+a n+ bm),

where c is proportional to concentration, k, a, and
b are constants, and n and m are the numbers of
nearest and next-nearest impurity neighbors. The
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FIG. 6. Variation of reduced hyperfine field with
nearest-neighbor configuration (pure Fe second shell).
The solid curve is fitted according to Eq. (4).

FIG. 7. Variation of reduced hyperfine field with con-
figuration for ~ and re Ga nearest and next-nearest neigh-
bors, respectively. The solid curves are fitted according
to Eq. (4).
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results of this study show that for concentrations
less than 20-at. % Ga the hyperfine field for every
statistically significant configuration increases with
increasing Ga content. Using this information com-
bined with that already presented regarding additiv-
ity of the effects of various shells, and the non-
linearity of adding impurity neighbors, an empirical
expression similar to Eq. (5) may be written as

H(n, m)= Hr, K(c)(1 +an+ P n + ym+ 5m ), (6)

where H~, is 330 kG, &, P, y, and & are the con-
stsnts determined earlier, and c is Ga concentra-
tion. For alloys containing from 0 to 20-at. % Ga,
examination of Fig. 4 shows that the concentration-
dependent factor K(c) can be represented as

K(c) = 1+ kc,

with k=0. 24. Above 20-at. % Ga this function is no

longer linear, and the hyperfine field for a parti-
cular configuration decreases with increasing Ga
content.

It is interesting to note that the shape of the curves
in Fig. 4 is very similar to the data of Boyle and
Hall'~ for Fe-Co alloys, in which the hyperfine field
of Fe increases as d electrons are added, reaching
a maximum with the addition of -0.25 d electrons.
In addition, the magnetization data of Aldred" show
that the magnetic moment per Fe atom increases as
Ga is added, and passes through a maximum at
-16-at. % Ga. However, as Wertheim has pointed
out, and the present data confirm, the change in
isomer shifts, both with configuration and concen-
tration in Fe-Ga, alloys, is much too small to be
consistent with such a large electron transfer.
This conclusion is based on the calculations of
Walter et al. ' for a nonionized Fe atom, which
show that the addition of 0. 25 d electrons would
result in a change of 0. 7 mm/sec in the isomer
shift. Although other interpretations are possible
if the atoms are allowed to be ionized, this is a
very unlikely possibility, considering the absence
of a, quadrupole interaction. It seems more likely
that the deviation from linearity, which occurs
above 20-at. % Ga, is due to a sharp lowering of
the Curie temperature caused by the partial BiF3
ordering, similar to that which occurs in the Fe-
Al system. 0

B. Isomeric Shifts and Linewidth

Careful examination of Figs. 4 and 8 shows that
while the variation of isomer shift with concentra-
tion seems to be almost linear, there is no obvious
empirical formula which can characterize the var-
iation with configuration. The general trend of the
isomer shift to increase both with additional im-
purity neighbors and impurity concentration is
consistent with the explanation in Ref. 1. As Ga
is added to Fe the number of d electrons is in-

0.20-

O
4P

O. I 0—
E

U

z
(A 0-
IX
W
X
O
(A

-O. l 0—

-0.20
0

I I I I I I I I

I 2 3 4 5 6 7 8
NUM BER OF GALL I UM NEA REST NE I GH BORS

FIG. 8. Variation of isomer shift with nearest-neigh-
bor configuration (pure Fe second shell) for 5-at. % Ga (o),
10-at. '/p Ga (+), 15-at.% Ga (4), 20-at. jp Ga (Q), and 25-
at. / Ga (V).

creased slightly, resulting in more shielding of
the 4s electrons from the nucleus. This causes
a slight decrease in the electron density at the
nucleus which results in an increase in the isomer
shift.

In an analysis of the type presented here, the
linewidth should be that of pure Fe and independent
of concentration if the assumption made is exactly
satisfied. Figure 5 shows that the linewidth in-
creases slightly as Ga is added at the rate of
0.002 (mm/sec)/at. % Ga. This implies that the
properties of a given Fe site are not entirely de-
fined by the first two shells of neighbors, as was
previously assumed. It is possible to determine
whether the broadening is due to unresolved effects
of the hyperfine magnetic interaction, the isomer
shift, or both by determining whether the peaks
are broadened equally or in an energy-dependent
manner. The former is characteristic of a poorly
defined isomer shift, and the 1atter is characteristic
of a, distribution of hyperf inc fields. The data for
the alloy Fe»Ga» were fitted using a program option
which allowed the linewidths of the peaks of a par-
ticular site to be determined by the formula

w = w, (1+ iEoi ),
where w is the width of peak of energy E, and wo

and n are fitting parameters. The value of & de-
termined by the least-squares procedure was
-0.001. For a maximum energy of 5 mm/sec,
this implies a broadening of 0. 0016 mm/sec, or
only about 5% of the broadening actually observed.
It may be concluded from this that the hyperfine
field is well defined by the first two shells of neigh-
bors, but the isomeric shift contains some unre-
solved effects of more distant atoms.
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V. SUMMARY AND CONCLUSIONS

It has been shown for Fe-Ga alloys that a two-shell
model employing superposition (additivity} of shells
is quite adequate to study the hyperfine magnetic
interaction. It seems likely that this type of model
would also be applicable to iron alloys containing
Al or Si. However, whether this model would

adequately describe the properties of iron alloys
containing elements from the first transition series
is less clear and requires experimental data for
verification. It has also been demonstrated that
there is no reason for assuming a linear effect as
impurity atoms are added to a particular shell.
While the deviations are small for one or twoim-
purity atoms, the error is quite severe when this
information is extrapolated to other conf igurations.
It seems reasonable to suppose that this type of non-
linear behavior is a general occurrence and that the

use of a linear approximation is unacceptable for
any solute.

The implications of the treatment of the quadru-
pole moment are also worth noting. Since it seems
that shielding, rather than a specific relationship
between crystallographic directions, leads to the
disappearance of the quadrupole interaction in the
Fe-Ga alloys, it is difficult to generalize the pre-
sent results to other systems. It may well be that
for other solutes near Fe in the Periodic Table,
the screening is such that the electric field is not
severely disturbed, but this is an uncertain con-
clusion until further evidence is obtained for other
systems.

ACKNOWLEDGMENTS

The authors wish to express their appreciation for
the advice of Professor Pol Duwez in conducting
this study.

*Work supported by the U. S. Atomic Energy Commis-
sion.

G. K. Wertheim, V. Jaccarino, J. H. Wernick, and
D. N. E. Buchanan, Phys. Rev. Letters 12, 24 (1964).

2P. A. Flinn and S. L. Ruby, Phys. Rev. 124, 34
(1961).

Mary Beth Stearns and Stephen S. Wilson, Phys. Rev.
Letters 13, 313 (1964).

4Mary Beth Stearns, J. Appl. Phys. 36, 913 (1965).
'M. Rubinstein, G. H. Stauss, and M. B. Stearns, J.

Appl. Phys. 37, 1334 (1966).
Mary Beth Stearns, Phys. Rev. 147, 439 (1966}.
'I. Vincze and L. Cser, Phys. Status Solidi 35, K25

(1969).
H. F. Sterling and R. W. Warren, Metallurgia 67, 301

(1963).
~P. Pietrokowsky, J. Sci. Instr. 34, 445 (1962).

E. Kankeleit, Mossbauer Effect Methodology (Plenum,
New York, 1965), Vol. 1, p. 47.

~'R. S. Preston, S. S. Hanna, and J. Heberle, Phys.
Rev. 128, 2207 (1962).

'2Arthur H. Muir, Jr. , Ken J. Ando, and Helen M.
Coogan, Mossbauer Effect Data Index 1958-1965 (Inter-
sc ienc e, New York, 1966), p. 26.

M. F. Bent, B. I. Persson, and D. G. Agresti,
Comput. Phys. Commun. 1, 67 (1969).

'4Gunther K. Wertheim, Mossbauer Effect: Principles
and Applications (Academic, New York, 1964), p. 82.

T. E. Cranshaw, C. E. Johnson, and M. S. Ridout,
Proceedings of the International Conference on Magnetism,
Nottingham, 1964 (The Institute of Physics and the Physi-
cal Society, London, 1965), p. 141.

~6T. E. Cranshaw, C. E. Johnson, and M. S. Ridout,
Phys. Letters 21, 481 (1966).

'7A. J. F. Boyle and H. E. Hall, Rept. Progr. Phys.
25, 441 (1962).

A. T. Aldred, J. Appl. Phys. 37, 1344 (1966).
'~L. R. Walker, G. K. Wertheim, and V. Jaccarino,

Phys. Rev. Letters 6, 98 (1961).
20Max Hansen, Constitution of Binary Alloys (McGraw-

Hill, New York, 1958), p. 91.


