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Mossbauer spectra for '"Au in Au metal and the intermetallic compounds AuAl„AuGa„AuIn„and
AuSb2 have been obtained for the temperature range 4.2 to 95'K. The isomer shifts for these absorbers
with respect to a ' Au in Pt source are —1.223(2) [Au metal], + 2.288(12) [AuSb2], + 3.489(4) [AuIn2],
+4.450(11) [AuGa, ], and +.5.967(5) [AuAl, ] in units of mm/sec. The difference in isomer shifts
(alloy-Au-metal) may be interpreted in terms of an increasing electron charge density at the Au
nucleus in the alloys as compared to that of Au metal. When volume changes for the alloys with
respect to the pure metal are taken into account, we conclude that approximately one 6s-like electron
is transferred to the Au in each of the alloys. The Au isomer shifts in the alloys are only weakly
temperature dependent and this is consistent with the ' 'Au Knight-shift measurements with three of
these alloys. The recoilless fractions have been measured as a function of temperature and
parametrized within the framework of the Debye model. We obtain at 4.2'K, f(AuGa2) 13.4%
(SD —140'K), f(AuSb2) 15.1% {O~ —152'K), f{AuA12) —15.7% (0& —152'K),
f{AuA12) —21.9% (8~ —192 'K).

I. INTRODUCTION

We have measured the isomer shifts and recoil-
less fractions for ' 7Au in the intermetallic com-
pounds AuX2, where X=A1, Ga, In, and Sb, as a
function of temperature (4. 2~ T~ 95 'K). These
compounds have been the subject of a number of
recent theoretical' and experimental investiga-
tions. Since AuAl~, AuGa&, and AuIn& are isoelec-
tronic as well as isostructural, it is expected that
the electronic properties of these compounds would
be quite similar. However, the dramatic changes
of the Knight shift and the spin-lattice-relaxation
Korringa product T, T'for 'Ga in AuGa& as a func-
tion of temperature were the first evidence that
this assumption was incorrect, since the X-atom
Knight shift in the other alloys is positive and
nearly temperature independent. The Au Knight
shift for AuGa& over the same temperature region
has been shown to be relatively constant.

Theoretical investigation' of the band structures
of these compounds and subsequent experimental
corroboration '4 showed that the density of elec-
tronic states for AuG~ is different from the other
compounds. In order to explain the strongly tem-
perature-dependent Knight shift and relaxation be-
havior for Ga, a change of the state near the Fermi
surface, associated with Ga from 4p-like at low
temperature to 4s-like as the temperature is in-
creased toward 300'K, was postulated. ' Switen-
dick and Narath and others argue that this postu-

late of varying Ga s character is consistent with
the weak temperature dependence of the Knight
shift at the Au because of symmetry considerations.

Further evidence of the electronic character
of AuGa& may be obtained by studies of the total
electron charge density at the Au nuclei of these
alloys obtained through the Mossbauer isomer
shift. Our ' Au isomer-shift measurements are
sensitive to changes in the total s-electron charge
density at the "Au nucleus of about yppp of an s-
electron. An increase in the isomer shift may
arise directly from additional Gs character at the
gold, from a decrease in the atomic screening of
the Gs electrons by a decrease in d-electron charac-
ter at the gold, or from a decrease of the alloy
a,tomic volume.

II. APPARATUS AND OTHER DETAILS

The Mossbauer apparatus used in this investiga-
tion has been described previously. ' The trans-
ducer motion is controlled by a high-gain feed-
back circuit and it is driven in a, linea, r velocity
mode with a slope of -12 channels per mm/sec.
For all of the data reported here, a velocity range
(V —V „)-21mm/sec was used. Nonlinearities
in the velocity scale of the composite system were
less than - 0. 5' and these were accounted for in
the data analysis program. The velocity scale and
nonlinearities were determined from a 15-line
Fe-vs-Fe Mossbauer spectrum taken simultaneous-
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ly with each "Au spectrum. This was accom-
plished by having a "Co-in-Fe source and a, na.tural
iron absorber at the top of the transducer, and the
"Au source and absorbers at the bottom of the

same drive rod.
The temperature of the absorbers under investi-

gation was varied by resistive heating in a vaeuum-
insula. ted cell. The cell and the Au-in-P t source
were immersed in liquid He at 4. 2 'K. The ab-
sorber temperature was monitored'with a copper-
constantan thermocouple and a Pt resistance ther-
mometer. We estimate the greatest error in our
measurement of the temperature to be + 3 'K.

The absorbers were fine powders less than 200
mesh. The AuAl~, AuGa~, and AuIn& were supplied
to us by Carter et al. ' and were the same samples
they had used for their measurements. The AuSb&

and an additional AuAl2 sample were prepared at
OHNL. The absorber thicknesses were chosen so
as to obtain nominally 100 mg/cm2 of Au, about
two resonant absorption lengths for the 77. 3-keV
y ray.

The isomer shifts of the AuX& absorbers with
respect to pure Au were large enough so that a

Au-in-Au-metal Mossbauer spectrum could be
obtained simultaneously with each AuX~ spectrum
using the same y source. The two spectra do over-
lap in all cases, but even for the smallest isomer
shift, AuSb&, the separation of the line centers
is more than three times the full width at half-
maximum of either of the absorption lines. There-
fore both absorbers, separated by -0.020 in. of
aluminum, were placed in the same absorber holder
in the variable temperature cell. Typical spectra
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M'ossbauer spectra of ~ Au in Au metal (- l. 22

mm/sec) and of Au in AuAlq (+5.97 mm/sec) at 4. 2 and

78 K relative to Au in Pt are shown.

are shown in Fig. 1 for 4. 2 and 78 'K. The pure-
Au absorption line is centered at —1.22 mm/sec
and the AuAlz line is centered near 6 mm/sec.
This method allowed us to determine the recoilless
fraction and isomer shift for each sample at a giv-
en temperature relative to pure Au. Using this
technique we reduce systematic errors arising
from changing y-ray content of the counting window,
changing dead-time correction, and errors in tem-
perature measurement (since the relative recoil-
less fraction is quite temperature insensitive).

It is evident that some loss of precision of the
alloy isomer shif t and recoilless fraction may a-
rise because there is some absorption from the
gold-metal line under the alloy line, particularly
for AuGa& at high temperature, where the alloy
f factor is much smaller than that for Au. There-
fore, we have studied two other samples of AuGa2,
one of double thickness, without the simultaneous
Au-metal spectrum.

We have estimated the second-order Doppler-
shift corrections to these data and find they are
less than our smallest statistical errors and will
be neglected from further consideration.

Except for AuSb2 all of the AuX& alloys have the
same fluorite structure, with lattice constants
that vary from a0=6. 00 A for AuAl& to 6. 502 A

for AuIn~. The Au atoms form a fcc structure
with a cube of eight Xatoms around each Au located
at a distance (v. 3 ao/4) on the body diagonals of the
cubic unit cell. The Au atoms occupy sites of cubic
symmetry and an electric quadrupole interaction is
not expected. There is no evidence of any line
asymmetry or broadening in the data, that could be
attributed to a quadrupole interaction,

AuSb& has the pyrite structure with ao =6. 656 A.
In this structure the Sb atoms are octahedrally
coordinated around the gold atoms, and the octa-
hedron has a, small trigonal distortion. Therefore
a, quadrupole interaction is a,llowed by symmetry.

III. EXPERIMENTAL RESULTS

A. Isomer shift

Gold isomer shifts have been observed for small
concentrations of Au in a large number of metals,
and in every case the s-electron density at the Au
nucleus increases upon alloying (e.g. , see Ref. 6).
In every situation where ordered and disordered
alloys exist at the same concentration, the ordered
phase always has the largest electronic charge
density. ' The isomer shifts for Au and AuX~ com-
pounds with respect to ' 7Au in Pt as a source are
shown as a function of temperature in Fig. 2. The
blackened data points indicate those measurements
which were made without a simultaneous pure-
gold spectrum. A slight shift from the openpoints is
present which arises from the difference in the
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FIG. 2. '~~Au isomer shifts as a function of tempera-
ture were obtained for Au, AuAl2, AuGa2, and AuSb2 with
respect to Au in Pt. The straight lines are weighted
least-squares fits to the data.

method of determining zero velocity. In Fig. 2
the magnitude of isomer-shift change for»«of a
Gs-electron change is indicated, as based on ear-
lier isomer-shift studies of gold. v The density of
s electrons for every gold alloy shown in Fig. 2
is greater than that for pure gold. The isomer
shift for AuAl~ is very nearly the same as that
reported6 for Au dissolved in Al metal, namely,
7. 6 mm/sec.

In a series of previous papers7' we have given
an approximate calibration of the gold isomer shift,
and have developed a model to describe the gold
isomer shift in metallic alloys which accounts for
the alloy volume and for scattering by the alloy
components onto a gold site. We find

where knit„„(0)i~=8.0 mm/sec. ig„„(0)l is the
valence-electron charge density at a gold nucleus
in pure gold metal. lg„(0)i is the additional elec-

tonic charge density seen at a gold nucleus which
is brought about by electronic scattering from the
alloy sites. (V„„/V~q,„) ' represents the change
in charge density at the gold nucleus as the aver-
age alloy volume per atom changes. The 0. 86
power occurs (rather than 1.0) due to screening
effects of core electrons.

Applying this model to the present alloys, AuX&,
we find that [I(A„(0)i'+ Ig., (0)l']/IyA„(0)l'=2. 00,
1.85, 2. 06, and 1.98 for the alloys X=A1, Ga, In,
Sb, respectively. Thus in this model approximate-
ly one additional Gs-like electron has been trans-
ferred to the gold in each of these alloys compared
to gold metal. The largest contribution to I JA„(0) I'
in gold metal is from a half-filled valence band of
predominantly Gs atomic character. It is possible
that these bands in the alloys AuX~ which lie below
the Fermi level have approximately two Gs-like
atomic states associated with each gold site. The
Pauli principle would thus limit the addition of fur-
ther Gs-like electrons at a gold site. Furthermore,
the density of states at the Fermi surface would
then not have strong Au s character, and this would
account for the fact that the Knight shift for Au in
AuGaz is -1.54%, somewhat less than the Knight
shift for pure Au, which is 1.65%. If so, this Pauli
limit would account for the insensitivity of both the
Mossbauer isomer shift and the Knight shift of the
Au nuclei in the AuX, alloys to temperature or pres-
sure, even if the character of the X-atom electronic
states were varying.

The primary motivation for these measurements
was to determine whether or not the '"Au isomer
shift was temperature dependent (particularly for
AuGa2, where a strongly temperature-dependent
Ga Knight shift was observed2'3) and thus add new
information about the electronic band structure of
these intermetallic compounds. Referring to Fig.
2, it may be seen that if there is a temperature-
dependent isomer shift it is indeed small. A least-
squares linear fit to the data gives for the slopes
(charge density versus temperature) (n p/b T)(A1)
= (3.4+ 1.4) x 10 electron/K, (hp/ET)(Ga) = (8.4
+ 4. 9)x 10 5 electron/K, (6p/6 T) (In) = (2. 6+ 3.0)
x 10 ' electron/K, and (4,p/6 T) (Sb) = (3. 7+ 7. 8)
x 10 ' electron/K, The slope for pure Au is (0. 35
+ 1.05) x 10 electron/K. These small shifts can-
not be totally accounted for either by the second-
order Doppler shift or by thermal expansion, at
least for AuA12, where the total volumetric expan-
sion between 4. 2 and 80'K is -4&& 10 . The effect
of d-state configuration change on the Gs-electron
charge density at the Au nucleus has been calcu-
lated by means of a relativistic Hartree-Slater-
Latter free-atom wave-function code (RELwAv). "
We find that the change in the Gs-electron charge
density at the Au nucleus due to the removal of a
5d~&z electron is + 0. 40 i (A„6,(0) i~. The x-ray
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which is based on the usual Debye formulation for
the phonon spectrum. ' In this equation E~ is the
free nucleus recoil energy and ea is the charac-
teristic Debye temperature. From these curves
we can characterize the recoilless fractions at
temperatures T & eo/2 with the Debye theory using
eo of -(192+ 2) 'K, (152+2) 'K, (152+ 2) 'K, and
(140+ 3) 'K for AuA12, Auln„AuSb„and AuGa„
respectively.

The Debye-model parametrization of the data in
Fig. 3 does not include explicit density-of-states
information for these compounds which have three
atoms per unit cell. This model does, however,
provide convenient curves with which to refer these
low-temperature data points, in'the absence of ex-
perimental information on the phonon spectra. Al-
though our statistical errors are small, there ap-
pear to be systematic errors present that preclude
comparison with a more realistic theoretical model.

C. Quadrupole interaction in AuSb,
10 20 50 40 50 60 70 80 90

TEMPERATURE (K)

FIG. 3. Recoilless fractions f for 2 at. % Au in Cu (0),
AuA12 (0), Au metal (), AuIn2 (6), AuSb2 ( ), and AuGa2

(0) are plotted as a function of temperature. The solid
curves are those calculated from the usual Debye formu-
lation for the phonon spectrum.

photoelectron spectra of these alloys' suggest that
the Au 5d bands lie deeper below the Fermi level
than in metallic Au and are also somewhat less
split. Thus it seems unlikely that there is an ap-
preciable increase of the Au 5d-electron character
accompanying an increase in temperature for these
alloys to cause the decrease in the electron charge
density and, hence, in the Mossbauer isomer shift.

B. Recoilless fraction

Since the recoilless fraction for Au metal as a
function of temperature is known, "we have re-
ferred all of the Aul, recoilless fractions to those
of Au. As mentioned earlier, this was accom-
plished by accumulating the Mossbauer spectra of
the alloy and the gold at the same time at each tem-
perature.

The recoilless fractions derived from our mea-
surements are shown in Fig. 3 and those of Erick-
son et al. "for pure Au are also plotted in the
figure. For those points where no erro is shown,
the error is smaller than the size of the plotted
point. These errors are statistical errors returned
by the computer fit, and do not include systematic
errors. The curves in the figure were obtained
from the expression

The pyrite-type crystal structure of AuSb, has a
trigonal distortion which allows a quadrupole inter-
action at the Au site. We have analyzed the AuSb~
Mossbauer spectra, assuming that the degeneracy
of the spin I= —', ground state is removed by the quad-
rupole interaction. The resulting energy difference
&E,&z

= 0. 38+ 0. 08 mm/sec is obtained for the aver-
age of three spectra obtained at different tempera-
tures.

The electric quadrupole moment of the ground
state is'3 Q= + (0, 59 + 0. 01)x 10 ~4 cm' and the Stern-
heimer antishielding factor of —65. 4 has been cal-
culated by Feiock and Johnson. '

We have calculated the electric field gradient
P,', using a simple point-charge model and making
a lattice sum over the ions within a radius of 60 A.
The Au atoms, because they are in a fcc array, do
not contribute to U„. Assuming an effective charge
of +3e for the Sb ions, a value of &E3~q ——eQV„/4
= 0. 39 mm/sec is calculated. The agreement be-
tween the calculated and measured values is proba-
bly fortuitous considering the crudeness of the
pointcharge model and the fact that AuSb~ is a met-
al.

IV. SUMMARY

We have measured the total electron charge den-
sity at the gold nuclei in each of these alloys as
a function of temperature through the Mossbauer
isomer shift. We have found little, if any, change
of electron charge density at the Au nuclei with
temperature in these compounds. Since the isomer
shift measures the total electron charge density at
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an alloy nucleus and since the valence-electron
charge density (after volume corrections) appears
to be approximately twice that of the pure-gold
metal, we suggest that the Au atoms in the alloy
may have their full Pauli limit of ss-type electrons

and thus be insensitive to further changes in alloy
band structure.

We have found values for the Debye constant ea
to characterize the recoilless fraction for ' Au in
these alloys.
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