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may contribute a similar amount to the observed
splittings. The radial functions of Rajnak' indicate
that overlap contributions for 5d electrons will
certainly be more important than for 4f electrons
and may be comparable to the values encountered
in the 3d transition-metal complexes; also the off-
diagonal elements will be modified. Under these
conditions, all the short-range contributions to the
potential from the nearest-neighbor fluorine ions
ought to be considered separately and a cluster
calculation used to project out the contributions

from every phonon. This will modify the contribu-
tions to F~ from phonons away from the F point,
but the effect on F3 will be more serious. Never-
theless, the present calculations give a clear in-
dication of the reasonable degree of accuracy to be
expected from a crystal-field calculation. Our
approximations have yielded values for the ampli-
tudes of the multipole contributions within a factor
of 3 of the experimental values, though more serious
discrepancies of the same magnitude remain in the
frequency dependence of some of these terms.
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Mossbauer results obtained at 300 and 4.2 K for Fesv in alloys of 2-40 at. % iron in gold
have been fitted with consistent values for the hyperfine interactions. The 300-K data are
adequately fitted using a reducing-point-charge model based on a Thomas-Fermi-like model
for the iron screening in gold, and the derived parameters are used in fitting the 4.2-K data.
The sign of the electric field gradient is deduced to be negative, and information concerning
the magnetic moment alignment with different numbers of neighbors is derived. The spins
point, along (ill) crystallographic directions when the atom has two or more iron neighbors,
and along directions normal to the iron-iron axis when it has one neighbor. With increased
size of groups of atoms the spine point along the (ill) axis that minimizes the number of Fe-
Fe axes normal to it, until at about 16 at. % iron long-range ferromagnetism occursdue to the
occurrence of linear chains. The results for higher-concentration alloys are consistent
with those expected for a ferromagnetic random alloy.

I. INTRODUCTION

Gold-iron alloys have been studied using the
Mdssbauer technique with Fe 7, Sn 9, ' 3 and
Au'~7'4 nuclei, and considerable information con-
cerning the magnetic ordering has been obtained.
However, in the case of Fe'7 where complicated
spectra are obtained above and below the ordering
temperatures, a model which accounts for the spec-

tra at both high and low temperatures and over a
range of iron concentration has not been proposed.
The Fe" resonance shows distributions of isomer
shifts, quadrupole splittings, and magnetic split-
tings, and while the analysis of the spectra is
difficult because of these distributions, a careful
interpretation can yieM valuable information about
the magnetic moment alignment with respect to the
atomic neighbors. Also there has occurred in the
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literature a number of incorrect explanations con-
cerning the apparent lack of a quadrupole splitting
when magnetically ordered, and the aim is to cor-
rect these misinterpretations.

The earlier work concentrated on the broad fea-
tures of the spectra for the dilute alloys containing
less than 15 at. %%uo iron . Viole t andBorg 'showed
that below the magnetic-ordering temperature given
by To= ll. 6c'~3, where c is the iron concentration
in atomic percent, sharp six-line magnetic spectra
mere observed. The spectra above the ordering
temperature, which apparently consisted of a single
line and a doublet, mere interpreted in terms of
quadrupol. e interactions due to near-neighbor iron
atoms, e and Ridouts showed that the asymmetry o
the doublet, which was accounted for by Borg' by
invoking a Goldanski-Karayagin effect, "was in
fact a consequence of there being iron atoms with
a. distribution of numbers of iron neighbors.
Bidout' also showed that the low-temperature spec-
tra contained a significant amount of fine detail,
which previous workers had not observed, and
managed to fit the spectra assuming a random dis-
tribution of iron atoms, and assigning electric
field gradients, isomer shifts, and magnetic fields
to iron atoms depending on the number of iron near
neighbors. However, there was little correspon-
dence between his fitted pa, rameters describing
the isomer shifts above and below the ordering
temperature, and the parameters describing the
low-temperature fit were almost certainly incor-
rect.

A mechanism to produce these Large electric
field gradients at iron nuclei in noble-metal-based
alloys was proposed by Window" from a study of
Fe in AuX alloys, where X is a 3d impurity.
Within the framework of a Thomas-Fermi-like
model' '7 for the distribution of the iron screening
charge around the nucleus, the radial distribution
of charge p(x) around an impurity of charge Zo is
given by

and n(Ez) is the density of states at the Fermi level
(&= 1.8 A ' for gold). An iron atom in gold which
has twelve gold first neighbors will have a screen-
ing charge distribution of cubic symmetry (hence
no electric field gradient at the nucleus) and the
majority of the necessary screening electrons (Zo)
will be Localized within the atomic ceLL. On the
virtual-bound-state theory~ for these all.oys of
transition metals in noble metals, this excess
charge will be accommodated below the Fermi
level in a d resonance in the host conduction band,
the distribution of excess states in energy being
Lorentzian in form and a,ccommodating in all. ten

states. This resonance will generally produce an
increase in the density of states at the Fermi level
localized on the X atom, and it is this increase
which causes the screening charge of an iron impu-
rity to distort when an X atom is placed in a near-
neighbor position. This mechanism expl, ains the
correspondence observed between the residual
resistivity per percent X of gold-X alloys, ~o and
the electric field gradient (efg) and isomer-shift
changes induced at an iron nucleus by an X neighbor
in gold. " This model can be discussed in terms of
an effective point charge localized on the neighbor-
ing site but describing the distortion of the screen-
ing charge on the central atom. ~~ A further conse-
quence of this model is that one expects the ef-
fective point charge to decrease with increasing
numbers of X neighbors. '

The objects of the investigation reported here
were to fit the 300-K spectra of gold-iron alloys
over a wide concentration range with a minimum
set of parameters, and to use these parameters to
fit the 4. 2-K data, giving information concerning
the spin directions in these alloys. The fitting
also shows that the Debye-Wailer factor is reduced
by a near-neighbor iron atom and is probably an-
isotropic. The difference in the areas of the quad-
rupole peaks suggests that the sign of the electric
field gradient is negative. Using the hi.gh-tem-
perature parameters, the 4. 2-K data give, besides
the magnitudes of the hyperfine fields for iron
atoms with n =0, 1, and 2 or more neighbors, the
orientations of the spins with respect to the near-
neighbor iron atoms. Some information concern-
ing the applicability of the random antiferromagnet
model proposed for these alloysa~'~3 was derived.
The spectra for the alloys show how the type of
magnetic order changes with changing iron con-
centration, the splns in concentrated alloys tending
to point along (111)crystallographic directions.

II. EXPERIMENTAL DETAILS

Conventional Mdssbauer spectrometers of high
linearity and low drift were used to obtain the
spectra. Top-loading helium and mtrogen Demarsa
were used to obtain the spectra at low tempera-
tures, and one sample was heated to 400 K in a
small Mdssbauer furnace.

The sources used, 100 mCi of Co" diffused into
6- p, m palladium foils, were maintained at 298 K
during the experiments, and curve fitting the spec-
tra obtained using a thin iron absorber (6 pm of
natural iron) yielded a. joint linewidth of O. 21 mm/
sec for the inner tmo lines. All calibrations were
done using either this iron foil or one enriched with
Fe", and the velocity scales and isomer shifts are
all with respect to this standard. 6

The alloys were prepared by argon are melting
the required a,mounts of iron and gold, the iron
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on the following model, which is similar to that
employed by Preston et al.2' to fit spectra of VFe
aHoys. A nucleus of Fe' with n iron nearest
neighbors in a particular arrangment P, labeled
by C(n, P), was assigned an isomer shift of (&+n5)
mm/sec, and an electric field gradient giving a
splitting of Q, f(n, P) mm/sec in the M5ssbauer
spectrum, where & is the isomer shift of the iso-
lated iron atom, & is the isomer-shift change per
iron neighbor, and Q, is the splitting ( in mm/sec)
due to the efg in a configuration with one iron and
eleven gold near neighbors. The factor f (n, P) was
calculated for the configuration C(n, P) by finding
the components of the efg tensor for a, point charge
on each iron atom in the configuration, diagonaliz-
ing to determine V„, the largest in magnitude
principal value of the efg tensor, and g, the asym-
metry parameter, ~9

and calculating the quadrupole splitting
FIG. 1. Mossbauer spectra obtained at 300 K for

AuFe (2-21 at. Vo) alloys, and at 400 K «r a AuFe 30-
at. % sample are shown. The full lines are fitted curves
explained in the text. The zero of velocity is the center
of the O.-iron spectrum.

f(n, P) =aV„(1+—,'q')'",
where A is a constant fixed by making

f (1, P) = 1.

(4)

(5)

being enriched so that there was approximately a
constant amount of Fe'~ (-4 at. %) in each sample.
This restricting of the Fe" concentration is to
minimize line-broadening effects in the iron-rich
samples. 3' After melting, the alloys were cold
rolled to 6-8- pm foils and used in this condition.
M5ssbauer work on unstable copper-iron alloys
has shown that this treatment results in more
random alloys than are obtained by conventional
quenching, since the heavy cold roBing breaks up
preprecipitation clusters. Quenched alloys gave
substantially the same spectra and no evidence of
a second phase was observed in the Mossbauer
spectra of the as-rolled samples.

III. RESULTS AND DISCUSSION

A. Electrostatic Interactions

1. Concentration Dependence

The Mossbauer spectra of alloys containing
&35 at. % iron at temperatures above theirmagnetic-
ordering temperatures are shown in Fig. 1. The
spectra of the lower-percentage alloys show the
features reported by other authors, 6 8'" in par-
ticular a single line produced by iron nuclei without
iron neighbors, and a doublet produced by the el.ec-
tric field gradient at the nuclei of iron atoms with
iron neighbors. The shape of the spectra, at higher
iron concentrations is best described as a doublet
with one broad and one narrow line.

Initial. attempts to fit these spectra were based

All possible configurations C(n, P) for n= 0-12 were
considered in the fitting; the intensities of the
various components being calculated assuming the
alloys were random solid solutions. The linewidth
was fixed at 0. 21 mm/sec full width at half-maxi-
mum.

%ith these constraints satisfactory fits were not
obtained. Firstly, for the more dilute samples the
peak due to the isolated iron nuclei was broadened,
as has been previously reported, 6 ' and secondly,
the values of Q, derived in the fitting showed a
marked decrease with increasing iron concentra-
tion. Mossbauer studies of Fe-Fe pairs in copper~8
show an efg of 0. 56 mm/sec compared with 0.7
mm/sec" in gold, and so one does not expect a
large falloff in Q~ on the basis of a change in lat-
tice parameter alone.

The first effect is clearly due to efg's produced
by neighbors further removed than the nearest
shell, and they should be included in the calcula-
tion. The broadening of the central peak was sim-
ulated by repla, cing the single line by a pair of
Lorentzian lines of equal intensities and widthse
separated by 0. 1 mm/sec; a value which was de-
termined by allowing it to vary when fitting the
data for the 2- and 5-at. %-iron samples, and which
was subsequently fixed in fitting all the spectra.
This procedure is adequate for the effects of the
further neighbors on iron atoms with no iron near
neighbors, but would be unsatisfactory in treating
these interactions at nuclei which already had at
least one iron near neighbor. The effect of this
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small additional efg [giving a quadrupole splitting
by itself of Q'=0. 1 mm/sec (Q -7Q, )] can be
evaluated for any angle subtended at the origin by
the two point charges either numerically as de-
scribed earlier, or by treating Q' as a perturbation
on Q. The limiting cases are clearly when the
angle between their lattice vectors is zero, giving
a, resultant Q, + Q', and —,

' v giving a resultant Q,
——,'Q' (for Q'«Q, ). The observation of significant
broadening of the isolated iron nuclear resonance
for concentrations as low as 2 at. % iron shows
that at least (6+ 24) further neighbors contribute
significant values of Q'. The effect of this large
number of sites can be approximated by moving Q'

uniformly over a sphere while keeping Q, fixed.
A distribution of quadrupole splittings is obtained
and the probability of a quadrupole splitting Q be-
tween the limits Q, ——,'Q' to Q, + Q (see Appendix)
is given by

P(Q)dQ = 3 '"dQ/Q'[1. 2(Q- Q,)/Q']'",

(6)

The principal effect of this distribution, similar to
Fig. 7, is to broaden each line of the quadrupole
doublet due to Q, in an asymmetric fashion, and
the sign of the asymmetry will depend on the rela-
tive signs of Q, and Q . The distribution of split-
tings of the doublet will result in a smaller broad-
ening of each of these lines than was observed for
the line due to the isolated iron nuclei (0. 1 mm/sec)
and we have chosen to include this broadening in an
approximate fashion by allowing the linewidth to
vary to minimize the sum of squares at some value
greater than 0. 21 mm/sec full width half-maximum.

The second problem concerns the reducing value
of the point charge per neighbor. The model so far
assumes that the point charge localized in an Fe-Fe
directj. on is independent of the number (g) of iron
near neighbors. However, this is a poor assump-
tion, and if it is assumed that the screening charge
localized along an Fe-near-neighbor axis is equal
to a constant plus a term proportional to the density
of states on the neighbor, ' it is easy to show that
the difference in charge Q„between that localized
on each of the n Fe-Fe axes and that localized
on each of the (12-n) Fe-Au axes is given by'

Q„=12 Q, f(~, p)/(12+ on) for n»,
where (n+1) is the ratio of the densities of states
(Fe to Au), and Q, [= Q,.(1+~& o.)] is a constant inde-
pendent of z&„Similarly, one may expect the iso-
mer-shift change per iron neighbor (5„) to depend
on the number of iron neighbors, i.e. ,

&„=12 &0/(12+ y n), (6)

where 6o = 5, (1+~3y) and (y+ 1) is the effective ratio
of the densities of states (Fe to Au). As a first

approximation one could have n = y. An attempt was
made to fit the data using this restraint, but the
essential feature of the high-concentration spectra,
namely, the occurrence of a narrow and a broad
line, was not reproduced to the extent observed in
the data. Satisfactory fits were obtained putting
y= 0, i.e. , ~= 6„ independent of the number of
neighbors (n).

This represents the final model. Fits were made
allowing all parameters to vary, but due to the
large covariances between o.' and Qo, and 4 and 5,
some wide variations in the parameters were ob-
served. Taking the general trends, & and ~ were
fixed (17 and —0. 04 mm/sec, respectively), and
6, Qo, and 1', the linewidth„were allowed to vary.
The derived parameters are shown in Fig. 2 as a
function of iron concentration, and the fitted curves
are shown in Fig. I as full lines. The values of g
squared with these restraints were marginally
inferior to those obtained allowing & and & to vary,
and in view of the approximations made and possible
errors in the atomic concentration of iron, the fits
are reasonable. The linewidth has increased from
near 0.21 to 0.26 mm/sec to accommodate the
broadening due to further neighbors.

2, Temperuture Dependence

As noted by other authors, '8 the value of Q,
[= 12Q0/(12+ o')] increases with decreasing tem-
peratures, and spectra for the Au-5-at. %-Fe sam-
ple obtained at VV, 195, and 298 K have been fitted
using the above model„but allowing the relative
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FIG. 2. I'arameters derived from the fits in Fig. 1
are shown as a function of iron concentration. The
quadrupole interaction at an iron nucleus with one iron
neighbor is 12 Qo/29 mm/sec, 4 is the isomer shift of
the isolated iron atom with respect to ~ iron (mm/sec),
and I' is the linev, idth (FTHM) in mm/sec. The dashed
line on the isomer-shift curve is derived from the pres-
sure experiments of Ingalls et al. (Ref. 30).
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FIG. 3. Results of fitting the spectra of the AuFe
5-at. % sample obtained at 77, 195, and 298 K are shown
as a function of temperature. The quadrupole splitting
with one neighbor is 12 Qp/29 mm/sec, and h (mm/sec)
is the isomer shift of the isolated iron atom; fp/f& is the
ratio of the recoiless fraction for isolated iron atoms
to that of iron atoms with iron near neighbors.

areas of the contributions from iron atoms with no
near-neighbor iron atoms and from iron atoms with
one or more iron neighbors to deviate from the
ratio set by the probabilities of these configurations
in a random 5-at. % alloy. The ratio of the experi-
mental to the calculated relative areas gives the
ratio of the mean recoiless fraction for atoms with
no iron near neighbors (f,) to the mean recoiless
fraction for atoms with one or more iron neighbors
(f~), provided the iron concentration is known with
sufficient accuracy. For the 5-at. % sample, the
n= 0 and n = 1 configurations are the most probable,
and the ratio f,/f~ gives the ratio of the recoiless
fractions of iron atoms with no iron neighbors to
that of iron atoms with one iron near neighbor.
The results of fitting the spectra at 77, 195, and
298 K are shown in Fig. 3, where 4, Qp, and f,/f,
are plotted against temperature.

3. Discussion

In the fits described above, the fixing of & and ~

effectively defines Qp and 4, respectively, and this
should be remembered when assigning any signifi-
cance to these parameters individually. In Fig. 2,
the change in isomer shift of the isolated iron atom
as deduced from fitting the data with &= —0.04
mm/sec is shown. The dashed line in Fig. 2 de-
picts the change in isomer shift expected from the
change in lattice parameter, using the pressure re-
sults of Ingalls et al. ,s and this line lies very close

to the derived parameters. This good agreement
suggests that in these alloys there is very little
change in the matrix with the addition of iron, i.e. ,
an isolated iron atom in a 1-at. %%uo-F ealloyan d ina
30-at. %-Fe alloy finds itself in very similar en-
vironments. Each iron atom presumably donates
one electron to the conduction band, the remaining
electrons being accommodated in the virtual d
bound state on the iron atom, perhaps spreading
on to the near neighbors.

The agreement between the concentration varia-
tion of 6 and that expected purely on the basis of
the change in lattice parameter supports our choice
of the value of y as zero. A value of 5 = —0.04
mm/sec was definitely correct for n=1 from the
good fit achieved for the 5-at. %-Fe sample, and it
seems to remain constant with increasing iron con-
centration. This is in marked contrast to the be-
havior of the point charge describing the distortion
per neighbor, as it decreases rapidly with increas-
ing numbers of iron neighbors. The quadrupole
interaction measures the spatial distribution of all
electrons, princiyally the d electrons in the iron
virtual bound state, while the isomer-shift change
measures the change in s electron density at the
Fe' nucleus. ' The changes in these parameters
with numbers of neighbors are therefore not nec-
essarily tied together, and the small change in s
electron density is consistent with the much lower
s electron density of states compared with the d
electron density of states in the virtual bound d
state on the iron neighbor. If the ratio of s elec-
tron density of states (Fe to Au) is a small number
(& 2) then a small dependence of 5 on the number of
neighbors is expected.

The isomer shift for iron in gold is large for a
metallic host (0.637 + 0.004 mm/sec), and should
be compared with the isomer shift in the isoelec-
tronic matrix, copper (0. 222 + 0.004 mm/sec). as

This large increase must be due to the increase
in lattice parameter. Using the plot of %alker et
al. '3' to derive the configuration of electrons,
assuming an electrically neutral configuration,
i.e. , 3d "4s", one finds x=O. S for copper and
+=0.7 for gold. The isomer-shift change induced
by one iron neighbor (i.e. , —0.04 mm/sec) corre-
syonds for gold to a change of g from 0.7 to 0.72,
i.e. , by 0.02 of an electron changing from a 3d to
a 4s state. Alternatively, keeping seven Sd elec-
trons, the change corresponds to +0.03 of a 4s
electron. Changes in the spatial distribution of the
screening electrons with the change of lattice pa-
rameter or with the presence of iron neighbors
will also change the isomer shift, but the figures
given above do illustrate how small the changes
need to be.

In the fitting, values of e in the range of 13-20
produced satisfactory fits, and the concentration
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dependence of Qo shown in Fig. 2 should not be
considered unique. It is, however, possible to
state that Q~ does not change much with iron con-
centration, and the results suggest an increase
with concentration. This is to be expected on the
Thomas-Fermi-type model, where the contraction
of the lattice, besides altering the radial distribu-
tion of electrons (and hence Qa), will tend to force
more electrons to concentrate on the iron-iron
axis. There could also be changes in other param-
eters, such as the shape in energy of the virtual
bound state.

The magnitude of the quadrupole splitting ob-
served when an iron neighbor is present (0.74 mm/
sec) is much smaller than is observed in ferrous
compounds. The quadrupole splitting of the Fe'~
excited state expected for one d electron in a pure
orbital state is of the order of 3 mm/sec, and

assuming that the antishielding factors and covalen-
cy effects in the metal and in the ferrous com-
pounds are similar, an asymmetry of charge given
by 0. 25 electron in a Sd state is indicated. Using
the value of a derived from fitting the 300-K data,
i.e. , 17, the distortion for v =1, 2, 3, 4 iron neigh-
bors amounts to 0. 25, 0. 10, 0.065, and 0.048 of
a 3d electron per neighbor, respectively. One can
see that the necessary asymmetry is small.

The values of n which fit the data (13-20) are
considerably larger than the expected ratio of the
local densities of states on iron and gold in gold.
For iron in gold, the virtual-bound-state model
leads to 1.3 per eV for the local density of states
for iron in gold, and one obtains 0. 27/eV for gold
using a free-electron model; i. e. , the ratio of
the densities of states is approximately 4. The
assumption of a linear dependence of the distortion
on the local density of states is not necessarily
correct and was chosen initially for its simplicity.
It has been assumed that the point charge produced
is proportional to an angular redistribution of the
screening charge, but as the electric field gradient
depends strongly on the radial distribution both
directly (covalency effects) and through the anti-
shielding factor, these are also important. In
view of all these effects, a power-law dependence
of the effective point charge on the ratio of the
density of states is not unexpected, and an expo-
nent in the range 1.5-2. 5 is indicated by these re-
sults. It is also possible that it is the ratio of the
densities of d-like states on the iron and gold
atoms which determines the value of n, and this
ratio will be much larger than 4.

The results may also be explained in terms of
the Friedel oscillations of charge '3 around an
impurity, regarding neighbors as essentially inde-
pendent. In this case the factor reducing Q with
increasing number of neighbors will be the blurring
of the Fermi surface in k space. However, the

T «8 f=exp[- (R/8)(-', +v T'/8 )] (10)

T & —,
' 8 f= exp(- 6R r/8)

where 8 is the Debye temperature (an effective
Debye temperature for Mossbauer emission), 7 the
actual temperature, and R is the free-atom recoil
energy in K (R=22. 6 K). The recoiless fraction
thus depends on temperature, and also on the di-
rection of emission of the y ray. The recoiless

results are adequately explained on the model pre-
sented above, and the electrostatic interactions
which must occur between the two or more iron
neighbors have been treated with some degree of
consistency.

In Fig. 3, the temperature dependences of the
parameters of a 6-at. /o-iron-in-gold sample are
shown. The temperature shift for iron in gold has
been discussed by other authors3 and will not be
considered here. The temperature dependence of
Qo is of more interest —it increases by -10' for a
300-K decrease in temperature, ' an effect which
is not expected on the basis of lattice expansion
using the results in Fig. 2. The lattice contraction
with decreasing temperature is a small change
compared with that on alloying, and the tempera-
ture dependence must arise in some other way.
If the efg does come from the charge oscillations
around impurities, then the sharpening of the
Fermi surface with decreasing temperature could
increase their amplitude, resulting in an increased
quadrupole splitting. Alternatively, due to a simi-
lar effect, the shape of the virtual bound state in
the conduction band due to the scattering of conduc-
tion electrons from the impurity potential could
change, leading to an increased density of states at
the Fermi energy and a corresponding increase in
the efg via the Thomas-Fermi-type model. Also
the increasing amplitude of vibration of the iron
atom with increasing temperature may cause the
iron-screening electrons to redistribute them-
selves away from the iron axis, resulting in a de-
crease in the efg at the iron nucleus.

B. Recoiless Fractions

Discussion

The recoiless fractions for iron atoms with iron
neighbors and without iron neighbors vary with
temperature in different ways. The recoiless
fraction f is given by

~~ &r &/X
3 2 3

where (x ) is the mean-square amplitude of vibra-
tion of the nucleus in the direction of the y beam
and X =8.61 x10 cm is the wavelength of the radi-
ation. In the Debye approximation this reduces to~
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fraction at 300 K for isolated iron atoms in gold
has been measured, and a value of f, =0.65 seems
appropriate. '~~ On a Debye model, one expects
the curve of f, /f~ to start off near 1 at low temper-
atures, and to deviate away from 1 as the tempera-
ture is increased. The behavior shown in Fig. 3
is not consistent with this, and results from an
error in the iron concentration used in the fitting.
If the iron concentration is decreased from 5. 0 to
4. 8 at. /~ iron, the value of f, /f„at 77 K will in-
crease to approximately one. The important result
is that there is a 5% increase in f, relative to f~
in going from 77 to 300 K. For such a small in-
crease at 300 K, one can assume that f,=f, at 77 K
giving f,=0.65 (0~=310 K) and f~ =0. 62 (OH= 296 K) at
300 K.

The decrease in the average recoiless fraction f
is probably due to a large decrease of f for emis-
sion in the Fe-Fe direction, and this large aniso-
tropy will cause some asymmetry in the quadrupole
doublet via the Goldanski-Karyagin effect. " For
a positive electric field gradient, the intensities of
the high-energy and low-energy Mossbauer lines
are given by~~

I(+ —,'- ~ —,') =-', (1+cos'e)f(e),

1(~ —,'-+ —,') = (1+-,' sin'e)f(8),

respectively, where the recoiless fraction depends
on 8, the angle between the direction of emission
and the principal axis of the efg. If there is no
change in the Fe-Au spring constants when the iron
atom acquires an iron neighbor, the average f
(=0.62) requires f=0. 45 along the Fe-Fe axis at
300 K, and the expected asymmetry amounts to
0.95 for the ratio of the intensity of the high-energy
line to the intensity of the low-energy line. The
anisotropy was not included in the fitting, but it is
a general feature of the fits (Fig. 1) that they give
more absorption on the left-hand peak and less on
the right than is consistent with the data. This
symmetry, while small, is significant and supports
the Thomas-Fermi model of the screening de-
scribed earlier; as on this model, a negative elec-
tric field gradient is expected. The asymmetry is
evident in the spectra of the alloys of high iron
concentration despite the proliferation of possible
configurations of neighbors. The potential wells
describing the efg at the nucleus and the actual
atomic motion will be very similar in shape, and
the spring constant tensor and efg tensor will have
similar principal axes for any particular configu-
ration. The f factor will be related to the spring
constant tensor through (x ), and hence to the efg
tensor. On this, simple-model asymmetry is ex-
pected in the spectra of Fe' in high-iron-concen-
tration alloys. The decrease in f when the iron
atom acquires an iron neighbor is consistent with
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FIG. 4. Mossbauer spectra obtained at 4. 2 K together
with fitted curves explained in the text are shown. The
two spectra for AuFe 16 at. % are to illustrate the alter-
native fits to the spectrum, and are also explained in the
text.

results at high temperatures, and can be explained
on the basis of the different ionic sizes in these
alloys.

C. Magnetic Interactions

1. Results and Relevant Theory

All alloys were magnetically ordered at 4. 2 K, '
and the spectra obtained at this temperature are
shown in Fig. 4. Because of the large distributions
of fields observed at even isolated iron atoms in
these alloys (compare the linewidths of the outer
and inner lines in the spectrum of the 2-at. /o sam-
ple), any consistent fitting procedure will involve
a large number of parameters to describe the dis-
tributions for differing numbers of neighbors. The
magnetic moments on the iron atoms are fully po-
larized at 300 K, and very little change in the iron-
electron distribution is expected when the alloys
order magnetically. For example, determinations
of the hyperfine field at the Fe' nucleus for para-
magnetic alloys (19 T) and magnetically ordered
alloys' (22 T) are substantially the same, allowing
some polarization due to the magnetic ordering.
Hence, the electrostatic interactions measured
above the ordering temperatures should be applica-
ble to spectra obtained below the ordering tempera-
tures.

Some general remarks concerning the effects the
efg will have on the magnetic spectra are appropri-
ate here. Since the splitting of the excited state
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(14)

2. Concentrated Alloys

For most fcc ferromagnets, cobalt, nickel, etc. ,
the easy direction of magnetization lies along a
(111)direction, and this direction is probably
that assumed by the magnetization in concentrated
Au-Fe alloys which exhibit ferromagnetism. The
12 neighbor sites correspond to &=+2, and no

asymmetrical broadening of the lines due to con-
figurations with N neighbors will result. The dis-
tribution of q(p, N) is symmetrical with N+1 pos-
sible values (N ~6) given by —,'N, —,'N+1, ——
+-,'¹The computed probabilities for the possible
configurations with R = 1-6 are shown in Fig. 5.
In the right-hand side of Fig. 5, the abscissa has
been corrected to allow for the reducing point

of the Fe'~ nucleus by the internal magnetic fields
of -2V T (- 2 mm/sec) is substantially larger than
that produced by the efg (0.7 mm/sec and reducing
for n & 1), then one can consider the efg, treated as
due to point charges on the near neighbors, as a
small perturbation on the magnetic splitting. It
is thus sufficient when calculating the effect of the

efg due to a configuration of g iron neighbors to
find the value of V„, where z is the magnetic field
direction, and treat this as if an axial field gradient
with its axis along the z direction; i.e. , if a single
point charge on an iron neighbor gives a full split-
ting of +2q above the ordering temperature, then
below the ordering temperature, the outer two

peaks of the Fes' Mossbauer spectra (labeled 1 and

6) will be shifted by + qq towards positive veloc-.

ities, the inner four (labeled 2-5) by —&q, where

c =-,'(2 cos 8 —1), and 9 is the angle between the
magnetization direction and the Fe-Fe direction.
For N iron neighbors

q(p, N) = —,
' 0 (2 cos 8„—1) . (15)

Because the near-neighbor sites in the face-cen-
tered-cubic (fcc) lattice are uniformly spaced over
a sphere, then for all possible configurations of N

neighbors

Zq(p, N)=0, N=const;
all

i.e. , the centers of gravity of the individual mag-
netic lines will not shift in energy due to the efg.
This is a general property of cubic-random alloys,
independent of the easy direction of magnetization.
Changes in the easy direction of magnetization
cause differences in shape with no shift of the mean

position. For example, for the magnetization in

a (100) direction in a fcc lattice, there are two

possible values of —,'(2cos~ 8 —1) for point charges
on the 12 near-neighbor sites —+ ~ (8) and —2 (4).
For two neighbors, the values of e( P, 2) will be —1,
—4, and + 2, the amplitudes being distributed so
that the mean shift due to the efg is zero.

charge derived from the 300-K results.
In the concentrated ferromagnetic alloys, the

distributions in Fig. 5 will be relevant, and we
can see that despite the proliferation in the possible
values of q with increasing N, the electrostatic
broadening should decrease. The peaks of the
iron resonance for the alloy containing 40 at. /o iron
are spaced correctly for zero net quadrupole shift,
and no asymmetrical broadening of the individual
peaks is obvious (Fig. 4). The peak 1 is broader
than the right-hand peak 6 for the following rea-
sons. There is a shifting of the spectrum to lower
velocities with increasing numbers of neighbors,
due to the isomer-shift change (-0.04 mm/sec per
iron neighbor), and a shifting of the lines outward
from the center due to the increase of magnetic
hyperfine fieMs with iron neighbors. For peak
1 these effects add to give a much broader peak
than for peak 6, where the isomer-shift broaden-
ing subtracts from the magnetic-field broadening.
Because the magnetic shift is yroportional to the
distance of the peak from the center, peaks 2-5
do not show this effect to such a marked degree.

The full lines in Fig. 4 for the alloys (25-45 at. 'lo

Fe) were obtained by fitting six lines with their
spacings determined by an internal magnetic field.
Each of the six lines consisted of a Gaussian dis-
tribution of I orentzian line shapes of full width

half-maximum 0. 22 mm/sec. The six widths were
unrelated, but the areas were constrained to be in

N=3

J I s ~ I

-2 0- +2-

Q (rnm Se0-~)

FIG. 5. Distribution of & = &5'jg f (3 cos 8„-1)expected
in a ferromagnetic-random fcc alloy is shown for con-
figurations with N =1-6 iron neighbors. The right-
hand side (Q) has the abscissa corrected for the re-
ducing point charge used to fit the 800-K results, and
converted to actual line distributions in velocity units
(mm/sec).
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the ratio 3:2: 1:1:2: 3 for the 31-at.%-iron sample,
i. e. , completely randomly magnetized, and in the
ratio 3:3.2: 1:1:3.2: 3 for the 40-at. /o-iron sam-
ple, i.e. , magnetized in the easy direction closest
to the plane of the foil. This magnetization of the
foil of the 40-at. %-iron sample could have resulted
from rolling well below the Curie temperature,
which is above 500 K. The data for the 40-at. %
sample are fairly well fitted by the model, but the
spectrum of the 31-at.% sample still seems to have
some small remaining quadrupole asymmetry,
implying that even in this ferromagnetic alloy the
magnetization of iron atoms in some regions is not
independent of the near-neighbor atomic arrange-
ment (see below).

3. Low-Iron-Concentration A lloys

These samples do not show long-range ferromag-
netism, ' ' and the spin directions when magnet-
ically ordered are presumably determined by the
near-neighbor spin arrangement, rather than by a
long-ranged effect. ' In this case, one may ex-
pect to see shifts in the spectral components due to
electric field gradients (certain spin directions
relative to the iron neighbors may be favored), and
in Fig. 4, it is evident that such shifts do occur.
The broad lines to the left of line 1 for the 5 and
10-at. /o-iron samples do not have a corresponding
absorption to the right of line 6.

The restraints on the fitting imposed by the elec-
trostatic parameters derived from the high-temper-
ature data severely limit the possible spin arrange-
ments in these alloys. The fitting was initially
based on trial and error, with the Lorentzian line-
width restricted to 0.21 mm/sec full width at half-
maximum. In the later stages when the type of
model had been decided, a distribution of lines of
this linewidth, given by a Gaussian of full width
0. OV mm/sec, was incorporated for each peak
account for the electrostatic broadening due to sec-
ond- and third-nearest neighbors. This mas the
magnitude of the broadening found in fitting the re-
sults in Fig. 1 (see Fig. 2). The following param-
eters m'ere used in fitting the results in Fig. 4. A
mean magnetic field (H) and a half-width (aH) of the
field distribution around this value, assumed
Gaussian in shape, were assigned to configurations
labeled by n=0 (Hp AHO) tl=l(H, 4H, ) and
n =- 2 (Hz, aH3), where n is the number of iron near
neighbors to the central atom. The widths of these
field distributions arise both from the effects of
further neighbors and from the variability in align-
ment of near-neighbor iron atoms. The relative
intensities of the contributions were determined
from the alloy concentration C and the relative
intensities of the six lines were fixed at 3:2:1:1:
2:3, consistent with the magnetization being ran-
domly oriented to the y-ray beam. The isomer

4. Intermediate-Concentration A lloys

These alloys cover the transition region over
which long-range ferromagnetism sets in, i.e. ,
15-20 at. % Fe. The fit shown in Fig. 4 for the
16.V-at. % sample based on the model in (c) (the

TABLE I. Values of electrostatic parameters obtained
from fitting the 4, 2-K spectra The quantities marked
were held constant while varying the other parameter.

Iron
concentration

(at. 1)

10.5

16.7

16.7

Number
of neighbors

1
«2

Quadrupole
shifting (line 1)

mm/sec

+ 0.12
—0.24k

+0.18
—0.24*

+0.24
0 24+

0 ]8+
—0.08

0.18*
—0.05

shift of the isolated iron atom was allowed to vary,
the isomer shifts of other configurations being
fixed using the 300-K data (- 0.04 mm/sec per
neighbor). The Gaussian broadening due to the
efg from further neighbors was incorporated by
adding the 0. OV mm/sec to the full width of the
Gaussian describing the magnetic-field broadening,
and ultimately folding in one Gaussian of this total
width.

No quadrupole interaction would be expected for
the isolated iron atom (excluding second-near-
neighbor effects), and no allowance for such an
effect was made in the fitting. The configurations
with n~ 2, however, do have a resultant efg, and
it was necessary to shift the peaks 1 and 6 by
—0. 24 mm/sec, and 2-5 by +0. 24 mm/sec about
the center of the contribution from these configura-
tions. As discussed earlier, this shows that the
magnetization axis is not distributed at random,
and it must point in a direction defined by the iron-
near-neighbor atomic arrangement. The spin ar-
rangement for a = 1 is not as well determined by the
data, and we have allowed the quadrupole effect,
assumed single valued, to vary for these sites.

This represents the final model-six magnetic
field parameters, one isomer shift, and one quad-
rupole splitting mere varied to fit the spectra
in Fig. 4 for alloys with the 5-, 10.5-, and
1.5.V-at. %-Fe alloy (upper spectrum of the two for
this alloy). The resulting magnetic-field param-
eters are shown in Fig. 6, and the quadrupole
parameters in Table I.
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FIG. 6. Hyperfine fields (peak values and the half-
width of the distribution) for configurations with n = 0

(0), n =1 (&) and n —2 (&) are shown as a function of con-
centration. The open symbols are the width of the dis-
tributions. For the concentrated alloys, the mean fieMs
are shown (&).

Consider the spectra of the more dilute samples
(5 and 10.5 at. /p Fe), and in particular the config-
urations described by n= 2. The point-charge mod-
el describing the 300-K data yields a point charge
giving + 0.45 mm/sec quadrupole splitting per
neighbor by itself. Hence, if both the point charges
were on the magnetic axis, a splitting of ~ 0.9

upper curve) deviates from the data in a way which
suggests that the shifts of the lines for n & 2 by
—0.24 mm/sec (1 and 6) and + 0.24 mm/sec (2-5)
are too large. We have thus fixed the efg for the
configuration having n =1 at the value obtained for
the 10.5-at. % sample (+ 0. 18 mm/sec), and have al-
lowed the averaged value of the efg in the field
direction for n~ 2 to vary from + 0.24 mm/sec.
The curve fitted on this model is better for the
16.7-at. /o alloy than that obtained keeping this
parameter at + 0. 24 mm/sec (Fig. 4, respective-
ly, the lower and upper spectra for the 16.7 at-
sample), and a reasonable fit is also obtained to
the spectrum for the 21-at. /p sample. The derived
parameters are shown in Fig. 6 and Table I.

5. Discussion

mm/sec in the 4. 2-K data is expected. The data
give a splitting of —0. 46 mm/sec, showing that,
since the near neighbors are indistinguishable,
—,
' (Scos 8 —1) =+-,' for each neighbor, i.e. , 8=-,'v
or cos '(—', )'~ for the angle between the Fe-Fe di-
rection and the magnetization axis. The value
0= &m seems physically plausible, as the neigh-
bors and the central atom will define a plane,
and the spin of the central atom could point normal
to the plane. However, the sign of the asym-
metry then implies a positive point charge on the
iron neighbor, while the Thomas-Fermi-type
model and the anisotropy of recoiless fraction in-
dicate a negative point charge. So this is prob-
ably the wrong choice of e.

The other value of 8 (cos '-,"~') defines a (111)
axis with respect to the (110)direction, and as the
high-concentration data are consistent with this
direction of magnetization, we suggest that the
spin of the iron atoms with two or more iron neigh-
bors lies along one of the now inequivalent (111)
directions. It chooses a (111)direction so that the
number of Fe-Fe axes at an angle of —,'p to the mag-
netization direction is minimized. For configura-
tions of @=2 it is possible for ~» of the possible
arrangements to choose a (111)such that —2(2 cos28
—1)= —,

' for both neighbors. The remaining ~» of the
arrangements will have all (111)directions equiv-
alent, with —,'(3 cos 8 —1) equal + —,

' for one neighbor,
and --,' for the other, leading to zero-resultant-
quadrupole effect. The shifts of the lines under
these assumptions are consistent with the Thomas-
Fermi-type model where the point charge effec-
tively localized on the iron neighbor has a negative
sign.

Now consider the situations where the iron atom
has one iron neighbor (n= 1). The obvious sym-
metry axis is that joining the atoms, but if the
localized moment points along this (110), a large
quadrupole asymmetry is expected (&=+1). This
is not observed in the spectra and indeed no quad-
rupole asymmetry of the six narrow lines is evi-
dent. Making the assumption that a single value
of & is appropriate for n=i, the fitting yields &

3 and —2 for the spectra of the 5- and 10.5-
at. /o-iron samples, respectively. (These values of
& were obtained using the 300-K data and the param-
eters in Table I. ) This suggests that the spin
points on a direction closely normal to the Fe-Fe
axis, perhaps along a (111)or (100) direction
normal to the (110)Fe-Fe axis.

However, the assumption of a single value of
c is not as readily justified from the data as in the
cases with n ~ 2, and a random direction of spin is
quite feasible. Fits based on this assumption were
almost as good as those based on a single value
of &. The model originally suggested by Marshall
and extended by Klein suggests that something
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FIG. 7. Distribution of & applicable to the six-line
magnetic spectrum due to a small efg oriented at random
to the magnetic axis. Peaks 1 and 6 shift by +&q and

peaks 2-5 by —&q, where 2q is the splitting produced in
the absence of the magnetic field.

along these lines does happen in these alloys, the
alignment being controlled by the magnetic inter-
actions due to further neighbors. In this model,
one expects a distribution of & similar to that found
for the quadrupole interaction due to the broaden-
ing introduced by further neighbors; i.e. , the
probability of & between e and a+4& is given by

p(c)dt =dc/(e + 2) (15)

where E goes from ——,
' to +1. This distribution is

shown in Fig. 7 and its principal effect on the
spectrum is to broaden the individual lines of the
magnetic spectra. So the fitting yields incon-
clusive results for the spin direction of iron atoms
with one neighbor, except that it may be random
or at an angle to the (110) joining the iron atoms
such that a = 3 to

In Fig. 6, we have shown the parameters de-
scribing the hyperfine-field distributions for the
three configurations, i.e. , n =0, 1, 2. It is in-
teresting to note that two neighbors increase the
hyperfine field by three times that for one neigh-
bor. If the field change is due to the redistribution
of screening electrons, one expects less than
double the increase for one neighbor by analogy
with tI:e reducing-point-charge model. However,
if the increase comes from a polarization induced
by the alignment of near neighbors, one expects
deviations from arithmetic additivity as the con-
tributions should be treated as vectors. For n=2,
one obtains a narrow distribution and a large in-
crease per neighbor, suggesting that all the mag-
netic moments are aligned parallel. For n =1,
the wider distribution and small field increase

support the idea that there is more variability in
the alignment of the iron atom with only one iron
neighbor. However, consistency arguments arise
concerning spin directions —a near neighbor to a
central atom with n & 2 could come in the category
described by n = 1 and hence its spin should not
point along the (111)direction. If the spin of this
near neighbor does point along the (ill) direction,
the fraction of n =1 iron atoms affected is quite
small for the 5-at. %-Fe sample (-0. 1), but is sig-
nificant for the 10.5-at. /o-Fe sample (0. 33). These
n=1 atoms will have & =+ —,', and the peaks will be
shifted by + 0. 19 mm/sec in the magnetic spectra,
and will be included with the contributions of the
n & 2 configurations (assuming the parallel arrange-
ment also increases the internal magnetic field
significantly). This extra contribution will offset
the loss of n & 2 configurations which have 5,'e = 0,
as described next. So the fitting is not inconsis-
tent with the arrangement suggested above.

%e now consider what happens as the iron con-
centration is increased. Large clusters of iron
atoms (n & 2) will become more important, and
there will be a preferred spin direction for each
cluster, namely, the (111)axis which maximizes

However, while some clusters will have large
values of e (e.g. , ~~& of n=2 configurations),
others will have a small value and a number of
different (111)directions will give this same value
(e. g. , +~ of 0= 2 configurations have & =0 for all
(111) directions). Hence there will be a range of
values of E from about —,'n to 0, with the mean ap-
proaching zero with increasing iron concentration.
This is the reason that the quadrupole splitting for
n ~ 2 configurations decreases in the fitting of the
16.7- and 21.6-at. %-iron samples (Table I).

Another effect which occurs with the growth of
these clusters with a number of equivalent spin
directions is bulk ferromagnetism. On the basis
of the theory of Sato et al. ' at about 16 at. % Fe,
one will obtain random chains of iron atoms, i.e. ,
clusters with n~ 2, all linked together, and this
linked complex will wander through the crystal and
in some cases will have almost spherical symmetry.
Hence, no (111) is strongly preferred and applying
a field will orient the spins, i.e. , bulk ferromag-
netism. Also individual clusters with E = 0 will be
oriented by the field. The bulk ferromagnetism is
not accompanied by any significant changes in the
hyperfine fields, and there is little to distinguish
between the iron atoms in such clusters in the
"antiferromagnetic" and "ferromagnetic" alloys.
The transition is a gradual one, and even in the
21.6- and 31.2-at. %-iron samples, some quadru-
pole asymmetry is observed. This shows that in
these ferromagnetic alloys there are iron atoms
where the local anisotropy is the predominant factor
in determining the spin direction, and that ferro-
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magnetism does not exist cooperatively everywhere
in the alloys.

One parameter which does change abruptly at
16 at. % iron is the slope of the ordering-temper-
ature-vs-concentration curve. ' This is a reflec-
tion of the relative strengths of the near-neighbor
and next-near-neighbor exchange interactions.
The Mossbauer experiments reveal sharp ordering
temperatures "' giving a cooperative transition
where all moments over all the crystal couple
together in a static array. The iron moments with-
in clusters with n~ 2 perhaps align at some angle
at temperatures above the bulk ordering tempera-
ture, but no information on this point may be
derived from the data. These sharp ordering tem-
peratures are a feature of Mossbauer experiments
using Fe'7, ' Sn", ~ or Au ~ nuclei as probes
in this class of dilute alloys (e. g. , AuFe, CuMn,
RhFe, MoFe) and the ordering temperatures ob-
tained are the same for different isotopes. This
and the temperature dependence of the spectra
show that these are definite ordering temperatures,
and are not associated with relaxation phenomena.
Although sharp ordering temperatures were not
observed in previous measurements of the suscep-
tibility of Au-Fe alloys, the recent small-field
measurements of Cannella et al. show that sharp
anomalies do exist in the susceptibility at pre-
cisely the same temperatures as observed with
the Mossbauer effect.

Easy directions of magnetization result from
the electronic spins sensing the orbital motion
via spin-orbit coupling, and hence preferring cer-
tain crystallographic orientations. The pr oblem
of spin-orbit coupling in a direct-exchange model
was considered originally by Van Vleck, who
showed that the easy directions in ferromagnetic
metals could be explained by the pseudodipolar
interaction between near neighbors. More re-
cently (see Ref. 45) the theoretical work has been
on magnetic compounds. The major term in the
solutions is the pseudodipolar interaction,
typically an order of magnitude larger than the
bare dipole-dipole interaction, and favoring a par-
allel (or antiparallel) alignment of spins along a
certain easy direction. Another term, the aniso-
tropic spin-spin exchange interaction, tends to
favor a perpendicular alignment of spins, and will
cause the spins to cant from the parallel array.

The screening charge on iron in noble metals is
diffuse, and large interactions are expected be-
tween near neighbors. The rapid increase in
Curie temperature with the formation of linear
chains in & 16-at. %-iron alloys shows that the di-
rect-exchange interaction is large, and hence the
pseudodipolar interaction and possibly the aniso-
tropic interaction will be sufficiently important to
dominate other interactions, such as those due to

further neighbors (indirect exchange via the con-
duction electrons) or due to applied magnetic fields.
Long-range periodicity will not occur. A simpler
but physically similar model where only parallel
or antiparallel alignments are allowed has been
used by Kouvel ' 7 to calculate the bulk magnetic
properties of the related alloy system of man-
ganese dissolved in copper. The results obtained
here suggest that such a model may be too sim-
plified, and the inclusion of the preferred mag-
netization directions in the model may allow a more
accurate prediction of the magnetic properties.

IV. CONCLUSIONS

A point-charge model based on a Thomas-Fermi-
type of screening has been used to fit the Moss-
bauer data at 300 K for Au-Fe alloys over a wide
concentration range. This model describes the
efg as being due to the distortion of the iron-'
screening charge induced by the high density of
states on an iron neighbor, and provides an ex-
planation of the concentration and temperature de-
pendence of the electrostatic parameters. A
local model of the alloy appears to hold up to iron
concentration as large as 30 at. %. The anistropy
of the recoiless fraction in these alloys also sug-
gests that the sign of the electric field gradient is
negative, consistent with an increase in electron
density on a line joining the iron atoms.

This negative sign of the electric field gradient
is also consistent with a simple model for the mag-
netic behavior of these alloys. The results can
be summarized as follows. For n = 0, no infor-
mation can be derived from the spectra. For n
=1, the spin is oriented at random or perhaps at
right angles to the Fe-Fe axis. For n ~ 2, the
spin points along the (111)direction that makes
—,'5'„(3cos 8„-1)a maximum value LH„being the
angle between the (111)and the Fe-Fe(n) axis].
With increasing concentration, one finds an in-
crease in the number of clusters where different
(111)directions may be favored. At 16 at % Fe,
the formation of linear chains of iron atoms be-
comes very probable, and the clusters interact co-
operatively through these chains, the magnetiza-
tion of each cluster flipping from its own prefer-
red (111)direction (if different) to the magnetiza-
tion (111) characterizing the domain. This is
probably not completed throughout the whole crys-
tal until a significantly higher iron concentration.
There is no marked increase in the hyperfine fields
when this cooperative phenomenon occurs, showing
that the iron atoms are fully aligned parallel in
their own clusters below this concentration.

The Mossbauer spectra for the high-concentra-
tion alloys are characterized by the distributions
of quadrupole interactions expected for random
ferromagnetic alloys.
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APPENDIX

Consider a point charge n placed on the z axis
at unit distance from the origin. The efg tensor
$ is diagonal in the Cartesian system:

(--,' 0 0)
i 0

(0 0 1/
with eigenvalues V„„=V»= —

2 &, V„= &.
place another charge p in the xz plane at angle 8

to the z axis and at unit distance from the origin.
The new efg tensor ($') in the same axis system is

f ,' 0 -0-

0 0

( 3 sin~8 —1 0 3 sin8 cos8 )
i

P 0 0
(3sin8cos8 0 3cos 8 —1/

First-order perturbation theory gives the new

eigenvalues for p«n:
V„= &+-2 P(3cos'8 —1),
V„„=—,

' —o'+-,' p(3 sin~8 —1)
1 1V„=-. —o' - a P,

l. e. )

V„=o.'+ -2 p(3 cos28 —1)

and

n= ~(V..—V„)/V,
~
=0(P/ ) .

The quadrupole splitting observed in the Fe'7 1Vloss-
bauer spectrum S is given by

S =A V„(1+q'/3)"'

where A includes all constant factors. To order
p/~,

S =A V„=A[a+ —,
' P(3cos28 —1)]

If P is allowed to move uniformly over a sphere,
the probability P(8) of an angle 8 to 8+d8 is given
by

P(8) d8 ~ sin8d8

P(S)dS~ sin8 dS
d~

P(S)dS~dS/l2P(S &) + P'-1"'
The exact distribution for any value of P could be
derived using, for example, the results of Bell.
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A phenomenological form for ~ dependence of 7„ is proposed which takes into account a
term known as the population-difference factor. The thermal-conductivity-vs-tempera-
ture curves for CdTe:Fe' and MgO:Fe' are explained satisfactorily except that there are
slight deviations at the low-temperature as well as at the high-temperature side.

I. INTRODUCTION

A number of studies of thermal-conductivity
measurements, both at high and low temperatures,
on semiconductors and insulators doped with im-
purities that are magnetic in nature (such as Fe,
Mn, Co, etc. ) have been reported by Slack and

co-workers, ' ' de Goer, Morton and Lewis, ' and
Challis et a1. The general feature of the K-vs-T
curves is that there are dips appearing in them, and

the over-all conductivity is reduced considerably
in comparison to those for the pure sample, with
the reduction depending upon the concentration of
impurities. A qualitative explanation for this sup-
pression and the dips has been suggested by Slack'
in terms of resonant scattering of phonons from
the magnetic levels of these ions in the crystalline
host.

The first quantitative analysis which employs the
known energy levels of the excited states of the im-
purity ion (as deduced from far-infrared spectro-
scopy) has been given by Morton and Lewis. ' The
strength of the spin-phonon coupling has been de-
duced from spin-lattice relaxation-time measure-
ments which identify an Orbach's process (i. e. ,
in MgO: Fe' ). The shape of the theoretical curve
is more or less of the same form as the experi-
mental one, whereas the thermal conductivity is

heavily reduced at low temperatures. In fact,
this reduction is due to the tail of the I orentzian
line-shape function in Etl. (13) of Ref. 5.

Far-infrared optical absorption of CdTe: Fe'
gives four peaks at 18.6, 54. 8, 66. 7, and 73. 2
cm ' believed to be due to electronic transitions
associated with the d-shell levels of Fe ion im-
purities in tetrahedral lattice sites of CdTe. This
indicates the possibility of four resonant-phonon-
scattering processes that may take place from
these levels, each having a different spin-phonon
coupling.

Taking a level at 18.6 cm ', we tried to explain
the curve R-87, with the corrected expression giv-
en by Morton and Lewis' [Eti. (13) of Ref. 5] for
the relaxation rate of phonons due to resonant
scattering from the magnetic levels as follows:

v„'(x, T) = n(1/T )f (x -xp) E(xp) (x/xp ),
where x = htu/kpT, a is the angular frequency of
phonons in rad/sec, xp= 8'(dp/k pTK(dp is the ener
gy separation of the resonance level from the
ground-state level, and n is an adjustable param-
eter. Further, f(x —xp) is the Lorentzian line-shape
function and F(xp) is a population-difference fac-
tor derived from Maxwell-Boltzmann statistics.
However, the theoretical calculations were so
discouraging that even when the simultaneous ef-


