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This work is an extension of an earlier study of charge transfer occurring when Au is alloyed
with nontransition (main-group) elements. Au Méssbauer-isomer-shift and quadrupole-splitting
results are reported for a series of Au-Te alloys: AuTe,, Aug,Teggg, AuggsyTegoqs, and
Aug g1 Tegg9. Asymmetric doublets are observed in the 197 Au Méssbauer spectra of these alloys
and are attributed to the Goldanskii-Karyagin effect. The sign of the electric field gradient is
deduced to be negative. The quadrupole splittings, substantial relative to those ordinarily en-
countered in metals, are consistent with the presence of an amount of bonding charge along
nearest-neighbor Te-Au-Te lines which exceeds by about 0.1e the charge along the two longer
Te-Au-Te axes defining the equatorial positions in the distorted Te octahedron. The net charge
transfer, 8, in AuTe, and in related AuM, compounds—compounds of common composition
but not common structure—has been evaluated with a modified model which includes pho-
toelectron binding-energy shifts, isomer shifts, and volume-correction terms at both the Au and
M sites. With an extension of this model, an attempt is made to reduce the extent of uncertain-
ty arising from reference-level shifts in the analysis of photoelectron data: the net charge
transfer is assumed to be a linear function of the chemical-potential difference between the al-
loying species. As has been found previously, the analysis provides evidence for d—non-d
charge compensation. That is, at Au sites_é decrease in d count accompanies a net gain, 8, in
charge. The extended model yields & values which vary more smoothly than those obtained
previously and show a trend consistent with general chemical behavior. Finally, while the full
analysis indicates a gain of charge at Au sites and charge loss at the metalloid sites in AuSn,,
AuSb,, and AuTe,, the Mossbauer isomer-shift data for the metalloids actually indicate that s
charge increases in Te, though it decreases in the cases of Sn and Sb. This, taken with the net-
charge-flow estimates, suggests a systematic variation in the relative loss of s vs p charge across
the AuSn,-AuSb,-AuTe, sequence. Energy differences associated with these s,p effects are sig-

nificant in relation to the heats of formation of these compounds.

I. INTRODUCTION

Recently we reported! a study of charge transfer
which takes place when gold is alloyed with nontran-
sition (main-group) metals. Results of that work
were based on Au-site Mdssbauer-isomer-shift and
core-electron-photoemission data. In this paper we
extend the analysis to consider the Au-site quadru-
pole splittings observed in the Méssbauer spectra of
the Au-Te alloys. Furthermore, we incorporate
metalloid as well as Au-site data in the calculation of
charge transfer for a set of AuM, (M =Al, Ga, In,
Sn, Sb, and Te) compounds of like composition.
Previously inferred trends in Au-site charge transfer
are confirmed, but consideration of the Au quadru-
pole splittings, which provide a measure of the as-
phericity of bonding charge, with consideration of the
metalloid site shifts, provides a more complete picture
of the bonding between main-group elements and
Au, a metal with chemically active d bands.

Some details of the experiments are given in Sec.

20

II. The electric field gradients in Au-Te and what
they indicate concerning the asphericity of bonding
charge surrounding Au sites are considered in Sec.
III. This is sometimes discussed? in terms of free-
atom Au-6p orbital charge. Such charge extends far
out into the lattice; we have, instead, dealt with 6p
charge normalized within a Au atomic site. This pro-
vides, we believe, a more reasonable basis for
describing such bonding effects. Analysis of quadru-
pole effects requires knowledge of the sign of the
splitting, which is inferred from the asymmetries ob-
served in the spectra and their attribution to the
Goldanskii-Karyagin effect® (Sec. IV). Charge
transfer is dealt with in Sec. V. A standard problem
in the treatment!*3 of photoemission data is caused
by shifts in the Fermi level, with respect to which
core-level energies are measured. We have, for the
first time, attempted to reduce the difficulty associat-
ed with this by assuming that the charge transfer 8 is
linearly related to a difference in chemical potentials.
This is done in Sec. VI. In the analyses of Secs. V
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and VI, contributions to the measured binding-energy
shifts due to changes in extra-atomic screening of the
final-state hole are neglected. In addition, the
Madelung-like contribution to the potential, due to
any net charge transfer was not defined in detail.
These matters are dealt with in Sec. VII. Conclusions
are presented in Sec. VIII.

II. EXPERIMENTS AND RESULTS

Au-Te intermetallic alloys were prepared in fused
silica tubes under vacuum and were quenched rapidly
from the melt to room temperature. AuTe, was an-
nealed and was shown to have monoclinic structure
by the x-ray powder method. The eutectic composi-
tion, Aug,Te g3, showed a more complicated powder
pattern, essentially a superposition of those of AuTe,
and Te. The more dilute alloys, Augs2Teo.943 and
Aug o1 Teos9, Showed patterns similar to that of the
eutectic, albeit with different intensity ratios. Au is
at most only slightly soluble® in Te, and how much
Au-Te solution may have been present, perhaps
metastably, in the dilute compositions is not known.
Mossbauer spectra of 17 Au in these systems were ob-
tained with source and absorbers at liquid-helium
temperature. All samples were ground into very fine
powders (—200 mesh) which were mixed with lucite
and subsequently pressed into disks. In one experi-
ment, very fine sample powder was dropped from a
pipette into a lucite sample holder to determine
whether orientation effects due to pressing and the
texture of the sample were significant. No appreci-
able difference in Mdssbauer parameters was ob-
served from the different sample preparations.
Results are given in Table I and representative spec-
tra are shown in Fig. 1. It appears that all the Au-Te

TABLE I. Méssbauer parameters for Au-Te alloys.

Alloy IS (mms™)? QS (mms™)
) = €20
AuTe, 2.16 229
Aug 17Teg gg 2.36 2.13
Aug gs57Teg 948 224 2.17
Augo11Te og9 2.103) 2.13)
AU <0,002Te%0.998 1.9(3)

2The isomer shift (IS) is relative to an enriched Pt source;
errors are +0.05 mms™! except specified.

YThis spectrum is poor in quality due to weak absorption.
Values have been extracted from a broad, asymmetric, bare-
ly resolved pattern.

°Emission spectrum from P. H. Barrett et al., J. Chem. Phys.
39, 1033 (1963). Quadrupole splitting (QS) was not reported.
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FIG. 1. Mdéssbauer spectra of some Au-Te alloys.

alloys exhibit almost constant isomer shift and qua-
drupole splitting. This is consistent with the sugges-
tion made earlier! that the local order in even the
most dilute of these alloy systems is very similar to
that of the corresponding compounds.

Core-electron binding-energy shifts were measured
using a Varian and an ADES 400 spectrometer with:
Mg Ka x rays. Au 4flevels in pure Au served for
calibration. The Au-shift results have been reported
previously! but Au in AuAl, was remeasured because
of discrepancies in the previously reported values.!
Some Mdssbauer isomer shifts are from the litera-
ture.”™?

III. ELECTRIC FIELD GRADIENTS
IN Au-Te

The structures'® of AuTe, have been known for a
long time. Except for the metastable cubic phase,!!
which can be prepared only by rapid quenching,!! all
AuTe, structures, whether occurring in nature or

.prepared in the laboratory, are characterized, essen-
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tially, by distorted six coordinated environments at
both Au and Te sites. In the monoclinic calaverite
structure!® Au is at the center of a distorted oc-
tohedron with two axial tellurium neighbors at 2.68 A
and four equatorial ones at 2.97 A Ttis apparent
that this distortion would give rise to quadrupole
splitting in the Au Mdssbauer spectrum. Substantial
splittings (—2 mms™!) are indeed observed in AuTe,
and in the more dilute alloys. It is very interesting to
note that the electric field gradient eq = —4 x 10!8
V/cm?, derived from the splitting, 2 mms~, and the
assumed value Qa,=0.594 b is considerably larger
than what is normally observed in noncubic metallic
systems.!2

The eq observed in AuTe, can be expressed as a
sum of two contributions,

eq (AuTez) = (1 - R)eqval + (1 - 'Yoo) €Giat (1)

where R and v,, are Sternheimer factors.!* (1 —R) is
close to unity and y.=—65 for Au.!* eq,, arises
from the noncubic valence charge distribution at the
Au site, which may be enhanced by Au-Te covalent
mixing. The (1 —vy..)eqia term, the lattice contribu-
tion, is small, as may be expected for metallic sys-
tems.!’

The sign of %equ in AuTe; is negative, as ob-
tained from the asymmetry in the splitting to be dis-
cussed in Sec. IV. The sign of eqy, is thus negative
because Q,, is positive. A negative field gradient,
qva, implies that there is more electron density along
the z axis of the field gradient, the linear Te-Au-Te
axis, than in the plane in which there are the four Te
atoms at a longer distance. Consider, for the mo-
ment, the implications of assuming that the quadru-
pole splitting arises from an excess Au-6p charge
along the z axis. Normalizing'® the 6p electron to the
Au atomic cell produces a (r‘3) ¢p integral of ~25
a.u. and, with this, one finds that the observed split-
ting is equivalent to a charge excess of 0.1ein the
pair of bonds involving p, orbital character as com-
pared with either px or p,. This is not inconsistent
with the net increase ~0.2¢e in s and p charge at the
Au site, which has been inferred! previously. Simi-
larly, if only Sd charge is considered, an excess of d
charge of 0.25¢ along the z axis would yield the ob-
served splitting. Since Au-5d character is lost by hy-
bridization with Te this might be viewed as an in-
creased depletion in the x-y plane. The picture which
emerges is a modest excess of 54-6p bonding charge
along the z axis. This then involves charge in the Te
sites as well, whose contributions to eq are not in-
cluded in the above charge estimates. If one takes
both Au and Te sites into account, the quadrupole
splitting indicates an excess of (0.1 +0.05) e charge in
the axial bonds, a result which is consistent with pre-
vious observations.? !’

IV. GOLDANSKII-KARYAGIN ASYMMETRY
k'

All Au-Te alloys of this study show pronounced
asymmetric doublets in the Mdssbauer spectra of
their random powder samples (Fig. 1). The relative
intensity of the components of the doublet for
AuTe,, i.e., area of higher-velocity peak divided by
area of lower-velocity peak, is estimated, with the
spectrum fitted to Lorentzian line shapes having
slightly different widths, to be 0.91 +0.05. This
asymmetry can be due to several effects: presence of
impurity, magnetic relaxation, and vibronic anisotro-
py. An x-ray powder diffraction pattern of the well
annealed AuTe, shows that it is monoclinic, con-
sistent with previously reported results,'® and sug-
gests that it is very unlikely that the asymmetry arises
from impurity or presence of a second phase. The
contribution of magnetism can also be ruled out since
AuTe, is diamagnetic. We are left with the vibronic
anisotropy. It must be emphasized that because the
splitting observed here is comparable to the width of
the peaks, the fitted area ratio has a large uncertainty
and is at best semiquantitative. What is important is
that the ratio is less than unity. Similar asymmetry
of quadrupole doublets has been documented in
iron,'® tin,!® and tellurium?® compounds and also in
Au(CN),~." These effects have been attributed by
Goldanskii and Karyagin to the anisotropy of the
Debye-Waller factor associated with atomic vibra-
tions. In cases such as *’Fe, !1%Sn, and '?°Te, it has
been shown'®~20 that the ratio of the areas of the two
lines, R = A4 (%)/A (%), depends upon the difference
(z%) — (x?), where (z?) and (x?) are the mean-square
vibrational amplitudes parallel and perpendicular,
respectively, to the z electric-field-gradient axis.
When (z2) > (x?), then R <1; if (z%) < (x?), then
R > 1. This can be used in two ways: if (z2) — (x2)
is known, it can be used to calculate R; and qualita-
tively, if the sign of (z2) — (x?) is known, R can be '
used to determine the sign of the quadrupole split-
ting. In the °7Au case, the situation is complicated
by the E2-M1 mixed multipolarity of the I, — I3
Maéssbauer transition.!” In a noncubic axially sym-
metric environment, the ratio of the intensities of the
two lines can be expressed!’ as

R.5)- 46D

_ 2(¥3+8,)2-3(1 +2+/35,— 82) sing
2(1-+/38,)2+3(1 +2+/38, — 82) sinf

@

where 0 is the angle between the axis of the electric
field gradient and the axis of the Mdssbauer spec-
trometer, and 9, is the £2/M1 mixing ratio of the
77-keV transition. If we set 8,=0 in Eq. (2), include
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FIG. 2. Intensity ratio, R = A3)/A,, of the two com-
ponents of the quadrupole split 77-keV 197 Au Méssbauer
line as a function of the vibrational asymmetry parameter €
(see text).

the Debye-Waller asymmetry, and take into account
_the fact that the sample is randomly oriented powder,
we have .

1 2
G __Jy aruean ®
wder = = »
" 41/ f: G/3-ue du

where u=cos0, e=(1/%?) ((z%) — (x?)), and X is 1/27
times the Mossbauer-photon wavelength. This ex-
pression is identical to the equation applied to the
5TFe, 198n, and '2°Te quadrupole splittings. In the
97Au case, Prosser et al.!” have measured 3, to be
—0.352, and for random Au containing absorbers we
have

R

1
acn _Jy @-wea
Rpowder = 4(1/2) = "A1 5 » 4)
: j; (b+ude * du
where a and b are constants obtained by substituting
the value —0.352 for 8, in Eq. (2). Numerical
analysis of Eq. (4) (Fig. 2) shows that if (z%) > (x?)
(e positive), then R >1; if (z?) < (x?) (e negative),
then R <1, in contrast to what one would expect in
the S’Fe, !19Sn, and 2°Te cases. In Au(CN),", eq is
known to be negative and R observed from a random
sample is less than unity. This observation immedi-
ately indicates that e is negative in Au(CN),~.!7 In
AuTe,, because its local structure is similar to that of
Au(CN),~, one expects that € should be negative.
Consequently we have R < 1, meaning that the less
intense line at positive velocity in Fig. 1 has indenti-
ty I3;. Thus the quadrupole splitting at the Au site
is negative and the electric field gradient eq is neg-
ative. A negative eq at Au in AuTe, is entirely con-
sistent with previous experience®!” and with the
binding-energy shift arguments discussed in Sec. V.
The determination of sign of eq from the asymmetry
is illustrated in Table II.

197Au >1

TABLE II. Summary of the sign of 3’Fe and 197Au
Mossbauer quadrupole splittings determined by Goldanskii-
Karyagin asymmetry (see text).2

_AG/2)
A4(1/2)

R =@ -0 Qs

STReb >1
<1

L+ +
I+ 1+

<1

2Note that in 5Fe, the ground state is I =% and the excited
state (14.4 keV) is [ =%, whereas in 197 Au the ground state

is 1 =% and the excited state (77 keV) is 1 =-;—.

"The 57Fe case also applies to 1%Sn and 125Te.
°QS =%e2qQ; Q is the nuclear quadrupole moment and is
positive in both 3'Fe and 1%7Au cases.

V. CHARGE TRANSFER IN AuM,
(M = Al, Ga, In, Sn, Sb, Te)

In a previous paper! we have shown that from the
Au core-level binding-energy shift AE,,, which is as-
sociated with alloying, we can estimate the net charge
flow, 8, to or from the Au site. The procedure is not
straightforward because, in order to evaluate charge
flow from the measurement, one needs to know from
theory the core-electron binding-energy shift per unit
valence charge change at the site. This theoretical
quantity refers to the photoemitted core electron be-
ing removed to infinity, whereas the measurement is
referred to the Fermi level. Furthermore, because
more than one kind of valence charge is usually in-
volved in alloying, d and non-d of Au for example,
there is an interplay of terms associated with charge
redistribution. In addition, alloying of an element
may introduce modification in the volume attributed
to an atomic site and may modify the ability of the
medium to screen the final-state hole created by pho-
toemission. In the previous paper, estimates of alloy
site charging are based on the Au core-level shifts
alone. As will be shown below, some of the difficul-
ties in this problem are reduced by utilization of shift
data for both constituents in the binary alloys.

Although the analysis is numerically complicated
and requires estimation of some quantities, the
results do indicate the magnitude and nature of
valence charge modification upon alloying.

If, for the moment, final-state screening is neglect-
ed, the measured Au-site binding-energy shift is writ-
ten

AEay =+ (¢au— dar—Ad) — An.F(cond) — AnyF(d)

/2 v
+8F (latt) + dVAV]Au , )
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where 8 is the sum of 4 and conduction electron
count changes associated with the Au atom,

8=An.+An; . (6)

One can similarly estimate the charge flow in terms
of a metalloid-site core-electron binding-energy shift

dE
£

)]

AEy=—A¢—AngF;— Any,F, — 'g‘Flau +

where
—% =Ans+An, ®

and Ang and An, are changes in s and p counts on the
metalloid atom. The minus sign for 8 and the factor
of % follow because 8 is defined by Eq. (6) in terms

of the Au site and because there are two equivalent
metalloid atoms per Au atom in these compounds.
F,, F,, F(cond), and F(d) of Egs. (5) and (7) are
the changes in core-electron binding energies?! asso-
ciated with the removal of a single valence electron
from the atomic site in question. This definition
leaves the F’s as positive quantities much like
Coulomb integrals. Now, the addition or removal of
a valence electronic charge causes the other valence
and core electrons to relax; the effect of this relaxa-
tion is included in the estimation of F, causing the
value to be smaller in magnitude than the direct
Coulomb interaction between a valence and core
electron. For these estimates valence electron orbi-
tals were normalized to the atomic Wigner-Seitz cell.

(a) A¢>0
CRYSTAL ZERO
by
¢Au —————— «
8¢ .
“r
Efu Eau(aLLoy En
2 Em (ALLOY)
§o
J ~
Z
I [
€i(Aul
0  ——m
Au AuM, M

Charge at an atomic site necessitates a compensating
charge in the surrounding lattice and the Fy,, and
F(latt) terms are the spherical Madelung-like poten-
tial energies associated with a unit charge displaced
out into the lattice surrounding a metalloid site and
Au site, respectively. The positive sign of F(latt),
Eq. (5), follows from the fact that the charge dis-
placed into the lattice is opposite in sign to the Au-
site charge 8. We use here values estimated after the
manner employed previously!; more will be said con-
cerning this in Sec. VII. The terms (dE/dV)AV are
calculated binding-energy changes associated with the
difference between the volume assignable to an atom
in the alloy or compound and the volume the atom
occupies as a pure element. Vegard’s law approxi-
mately describes the behavior of the compounds of
concern here—their molecular volumes equal the
sum of the pure element atomic volumes. Devia-
tions from Vegard have been accounted for by scaling
both metalloid and Au-site volumes according to the
ratio V(AuM,)/[V(Au) +2V(M)]. The same scaled
volumes are used to obtain volume-corrected esti-
mates?? of metalloid An, values and Au An, values
from Mdssbauer isomer shifts. Finally, a binding-
energy shift is measured with respect to the Fermi
level ef of the sample, while the above F terms are
calculated with respect to the zero of the crystal po-
tential energy within the sample. The first terms of
Egs. (5) and (7) account for any shift in €7 with
respect to the crystal zero, i.e., any shift of the inter-
nal chemical potential. This is illustrated in Fig. 3:
Ad is the shift on going from the metalloid to the

(b) A¢<0
CRYSTAL ZERO
®u
¢Ao €
B I L «
F
Eau(ALLOY)
EAu
l Em(aLLov)
o iM
% T
- €i(Au)
—— %™
Au AuM, M

FIG. 3. Energy levels involved in core-electron photoemission and the definition of A¢, the Fermi-level shift of the alloy,

AuM,, with respect to the pure metalloid, M.
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TABLE III. Data relevant to Eqs. (5)—(9). Refer to text.

Metalloid Au
¢b ¢
(Work  [Pauling

core functions) (scaled)] Fy—Fy  AE(core)? AE@f)Y  F(d) - F(latt)

level eV) eV) Angd (eV) V) And V) V)
Al 2p 4.20 3.86 .2 6.5 +0.9 0.65 +1.8
Ga 3p 4.10 4.08 .2 5.5 +0.5 0.50 +1.3
In 3d 3.90 4.30 .2 4.8 +0.3¢ 0.40 +0.71
Sn 3d 4.15 4.51 —0.04 53 +0.8, 0.33 +1.32
Sb " 3d 440 4.73 -0.02 56 —0.1, 0.27 +0.22
Te 3d 4.70 495 +0.05 5.3 +0.1, 0.19 +0.30
pure Au 5.15 5.83 . 8.8

#No isomer-shift data from which to estimate Any.

dWork-function values as estimated by A. R. Miedema except for Te (Ref. 23).
°These ¢ values have been scaled from values of Ref. 23.

9Values are differences between AuM, and the pure elements.

compound. Unfortunately, ¢ values are not obtain-
able experimentally and are rather uncertain compu-
tationally. It has been common practice to substitute
work-function values for them: work functions are a
measure of the position of €, with respect to the vac-
uum zero external to the crystal. In the third column
of Table III are work-function values of ¢ as ob-
tained by Miedema et al. in their considerations? of
electronegativity effects. The fourth column provides
an alternate set obtained by linearly scaling the Paul-
ing electronegativities?* onto the Miedema energy
scale for all elements common to the two scales. The
Pauling scale, which is based on thermochemical

—

(AEy—AE,) +(dau—du) +
6= L

dE _
%4 -|

dE
—A
av V]M

data, is a measure of the internal chemical potential,
hence of ¢. Scaling the Pauling values in this way
brings them into the energy units required here. The
discrepancies between the two sets of ¢ values are
not altogether insignficant for estimate of site charge.
Values of An, and, where available, Any, as based on
volume corrected isomer shifts,?? are also listed in
Table III. Results are lacking for the Ang of Al, Ga,
and In but inspection of the values for the other
metalloids suggests that the assumption An; =0 for
these cases should not be far off the mark.

The unknowns An,, Ang, and A¢ may be eliminat-
ed by solving Eqs. (5)—(8) simultaneously, obtaining

—~An.[F(cond) — F(d)] +Ans(F,— F,)

©

[F(d) — F(lat)] + 3 (F, — Fia)

‘Individual terms in the numerator of this equation as well as the resulting 8 are listed in Table IV; ¢ differences
are based on the averages of the work function and scaled Pauling values of Table III. Equation (9) denominator
terms appear in Table III. As has been noted previously,">¢ § is sensitive to a competition of terms in the

TABLE IV. Terms in the numerator of Eq. (9) and the resulting net charge flow 8.

AE)—AE,, Volume terms

—An,[F(cond) — F(d)]

(eV) (eV) eV) Ang(F,~F) épy—dy 0
AuAl, 09 +0.13 1.95 146 022
AuGa, -0.8 +0.10 1.50 140 019
Auln, -0.41 +0.03 1.20 139 020
AuSn, -0.52 —0.07 1.00 —0.03 116 013
AuSb, —0.32 —0.10 0.81 ©—0.03 093 0.1
AuTe, -0.20 -0.20 0.57 +0.07 067  0.08
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Eq. (9) numerator. Net charge flow is always onto
the Au site even though the chemical shifts alone, as
indicated by the negative values of AEy, —AE,,,
would suggest charge loss. The & values obtained
here are roughly a factor of 2 larger than those ob-
tained previously! from the Au-site shifts only. In
addition, the values vary more smoothly across the
row of the Periodic Table than they did previously,
and the trend in 3 is reasonable from a chemical
view. It should be noted, however, that the results
are sensitive to assumptions concerning Fermi-level
behavior, a situation which we address in Sec. VI.

VI. CHARGE TRANSFER AND ESTIMATES OF ¢

It is an often held view that ¢ provides a measure
of the internal chemical potential or, in other words,
the electronegativity. It is further generally accepted
that charge flow between two species, when they
form a compound, is proportional to their electrone-
gativity difference, that is,

This relation, while expected to hold if the two con-
stituents are nontransition elements, may have to be
modified in the case of transition metals, whose al-
loying behavior shows An; and An, to have opposite
signs. It is nevertheless plausible that a series of
compounds of common composition between metal-
loids and some transition metal, say Au, has charge
transfer governed by

d=a+Béy , an

where « and B are constants. Given rough estimates
for @ and B, Eq. (11) can be substituted into Eq. (9)
to remove the explicit dependence of & on A¢. By
taking a set of & values and fitting them to a given
set of ¢’s, from Table III, for example, one obtains
estimates of a and B, which in turn can be inserted
into the substituted Egs. (9) and (11) to obtain a new
set of 8. This scheme, though it converges upon
iteration, does require the given set of ¢’s to fix the
scale factor @. Both ¢ sets from Table III have been
used separately and each has been used with and
without the inclusion of the ¢4, (and =0) in the
fit. Each of these four calculations yields «, 8, a set
of & values, and an associated set of ¢ values. The
smallest range in ¢ (or 8) is obtained in the fit using
the work-function column (Table III) and omitting
Au, while the largest spread results from use of the
Pauling scale including Au. ¢ are plotted in Fig. 4
for these two cases; the associated 8 are listed in
Table V. The Pauling-based result (filled triangles) is
in crude overall agreement with the two ¢ sets of
Table II (open and closed circles). Note that the de-
tailed shapes of the calculated ¢ results (or 8) are

5.51- / .

5.0 —
S
C
b3
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® PAULING ¢, SCALED
TO eV

3.5 | 1 1 1 1 1 Il

FIG. 4. Two sets of experimental chemical potentials, ¢,
of the elements constituting the alloys considered in this pa-
per. Also plotted are two independent sets of estimates of
¢: one, work functions; and two, the Pauling electronega-
tivities expressed in eV. As discussed in the text, the two
sets of experimental estimates represent the extremes of the
range obtained by use of Egs. (9) and (11).

determined essentially by the terms not involving ¢

on the right-hand side of Eq. (9). The range in ¢

covered by a set of solutions does indeed depend

upon the given set of ¢ employed in the fit of Eq. (11).
The set of "upper"-range 8§ values is in quantitative

agreement with the "first-pass" results of Table IV,

except perhaps for AuSn,. Having arrived at the &

values, Egs. (5) and (7) can be used to estimate A¢,

TABLE V. Charge flow 8 and the Fermi-level shift A¢ as
obtained from solutions of Egs. (9) and (11) and from use
of these 8 values in Egs. (5) and (7). See text and Fig. 3 for
the definition of A¢. '

Values based upon
smallest range of &

Values based upon
largest range of &

) A (eV) b Ad (eV)
AuAl, 0.24 +0.5 0.15 +0.7
AuGa, 0.18 +0.3 0.11 0
Auln, 020 +0.3 0.12 0
AuSn, 0.08 -0.7 0.05 -0.8
AuSb, 0.08 +0.2 0.05 +0.1
AuTe,  0.06 —0.2 0.03 -03
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the position of the Fermi level of AuM, relative to
the position in the metalloid (Fig. 3). The resulting
estimates are somewhat more sensitive to accumulat-
ed errors than the & values. In Table V the A¢ are
listed. Values near zero are obtained for AuGa,,
Auln,, and AuSb,; this means that their Fermi levels
are close to those of the metalloids. In the cases of
AuAl; and AuTe,, the Fermi levels are not far from
those in the metalloids. AuSn,, however, does not
fit smoothly with the behavior shown by the other
compounds. Its estimated A¢ value places its Fermi
level substantially above those of both Au and Sn;
this results directly from the fact that Au and Sn in
the compound both show considerable increases in
binding energy. It is interesting to note that the
Maossbauer-isomer-shift Au An, values show a break
near AuSn; as a function of varying Au-Sn composi-
tion.”

VII. EFFECTS OF EXTRA-ATOMIC FINAL-STATE
SCREENING AND OF THE CHOICE
OF LATTICE F VALUES

Several matters were not considered in detail in
Secs. V and VI. For example, F,, and F(latt) were
not defined in detail and the extra-atomic screening
of the final-state core hole was not included in Eq.
(9). These questions are considered below.

Electrons at the atomic site and in the surrounding
medium act to screen the final-state hole charge.
This lowers the final-state energy and hence reduces
the binding energy. Of concern to us here is the
variation in such screening on going from the pure
elements to the compounds. Little is known con-
cerning change in intra-atomic relaxation of the
valence electrons on the atomic site in question, and
presumably this effect is smaller than the variation of
screening of the hole state charge between a good
metal like Au or Al and a covalent element such as
Te. It is this latter variation which should be includ-
ed in Eq. (9) under the plausible assumption that Au
and M benefit from the same extra-atomic screening
in AuM,. For Au, final-state screening is more im-
portant than it is in the case of Te, for example, and
its effect in reducing electron binding energy is
greater. These effects, if included in Eq. (11), act to
increase § in these AuM, systems by an amount
which is greatest for AuTe; and is small for AuAl,
where both constituents are good metals. Even in
the case of AuTe,, however, the § increase should
not exceed ~—0.09e and thus the sign of An; should
not be affected. ,

Lattice F functions are impeortant because the atom
considered in the compound is part of a structure of
charged atoms which is, in total, electrically neutral.
The lattice contribution to the potential of a core
electron can be estimated with a spherical Madelung

sum for an ordered compound, but we have here em-
ployed a scheme! which may be applied alike to com-
pounds and to dilute alloys. Friedel screening con-
siderations suggest that charge removed from an
atomic Wigner-Seitz cell must be quite nearby. Plac-
ing the displaced charge on a spherical shell having a
radius between the Wigner-Seitz radius, rws, and rws
plus one atomic unit results in a potential consistent
with the Friedel picture and in numerical agreement
with Madelung sums for reasonably packed struc-
tures. The Fj, of Sec. V were obtained assuming a
charge sphere radius 1 a.u. larger than rws. Max-
imum values for F,,, hence a minimum denominator
in Eq. (9), would be obtained with a radius equal to
rws. Roughly, these maximum possible values would
increase the & values in this paper and in Ref. 1 by
20%.

VIIIl. CONCLUSIONS

We have considered quadrupole effects in the Au-
Te system and the electronic structural information
which may be deduced from them. We have con-
sidered also core-electron binding-energy shifts in a
sequence of AuM, compounds so that comparison
could be made of charge transfer 8 among them.

As has sometimes been done, core-electron
binding-energy shifts of the two sites, Au and M,
were combined in order to reduce the number of as-
sumptions required for a quantitative analysis. We
have, perhaps for the first time, dealt with the

- Fermi-level shifts which enter the binding-energy

analysis by assuming that charge transfer and the
metalloid chemical potential are linearly related. Pro-
vided that this assumption is applied with a suitable
set of alloys or compounds, we believe it to be at
least as reasonable as the use of work functions to fix
Fermi-level shifts. One may compare, as in Fig. 4,
the set of chemical potential values provided by this
scheme with other scales.

Values of & obtained in this treatment vary more
smoothly through the set of compounds than did
those of the earlier published work! in which Au-site
shifts alone were employed. This improvement does
result mainly from the use of data from both sites in
Eq. (9) rather than from the effects of Eq. (11) in
the fitting procedure. The new & values, and their

. associated ¢, are consonant with general conceptions

of the trends of electronegativity as is seen in Fig. 4.
In accord with previous observation!'** the & values
are smaller in magnitude but of the same sign as the
Au-site conduction-electron count changes, An,,
which have been inferred from isomer-shift data.
The implication, then, is the d charge change, Any, is
of opposite sign to An. and smaller. Au-site d charge
is lost by hybridization of the 54 bands with unoccu-
pied metalloid levels. Although there is numerical



3560 T. K. SHAM, R. E. WATSON, AND M. L. PERLMAN ‘ 20

scatter in the ratios Ang/An, they are constant within
the uncertainties of the analysis.
The charge change at the metalloid site is —%8,

which may be compared with Ang for Sn, Sb, and Te.
The relative behavior of the two quantities varies
smoothly across this sequence of compounds: they
are roughly equal and of the same sign for AuSn,
and we estimate them to have reversed sign with
respect to one another in AuTe,. In other words, Te
appears to gain s-electron count while losing net
charge to Au, while in the case of Sn the charge loss
is almost entirely s in character. This appears to be
readily explainable. Covalently bound atoms tend to
have valence p levels populated at the expense of s
population; for example, elementary C, Si, and Ge
have sp? configurations, though their atomic ground
states are s2p2. Metallic bonding, on the other hand
is generally consistent with depletion in p and gain in
s count relative to such covalent compounds. One
would presume that the bonding of Te to Au is more
metallic than the bonding of Te in its elemental form
and thus Te in AuTe, appears to exhibit an increase
in valence s count despite a net loss of valence
charge. In the case of AuSn,, by way of contrast, Sn
is referred to metallic white tin. Here Any is of the
same order and sign as —%8.

Across the sequence AuSn,, AuSb;, AuTe; com-
pound formation is associated with metalloid Ang
values which vary from —0.04 (Sn) to +0.05(Te) and
corresponding An, values varying according to Eq.
(8). These Ang and An, trends, which amount to
something of the order of 0.1 electron s — p promo-
tion or p — s demotion, must be of significance in re-
lation to the heats of formation of these compounds.
It may be recalled that the s2p>— sp® promotion ener-
gy is 97 kcal/mole for carbon and it should be greater

for Sn, Sb, and Te. Thus, the roughly 0.1 electron
effects in these compounds are equilvalent to varia-
tions of as much as say 10 kcal/mole, an energy
larger than any of their heats of formation. It should
be emphasized that the Ang and An, values derived
from these experiments are at best semiquantitative;
nevertheless, the present results establish that there
is a promotion-demotion trend which is of energetic
significance to the heats of formation of these com-
‘pounds.

The quadrupole effects observed in the Au-Te sys-

“tem suggest that 54 and "6p" valence charge contri-

bute to the quadrupole field at the Au site. There is,
so to speak, an aspherical imbalance in the charge
redistribution. Whether certain interstitial charge
should be called Au non-d or metalloid valence is
academic. It would appear that this charge hybridizes
with the 5d bands, and contributes at the Au site to
the quadrupole field and to the s-d compensation.

The asymmetries in the observed quadrupole split
spectra allow one to deduce the sign of the electric
field gradients. The sign thus obtained here is con-
sistent with concentration of valence electron charge
density along the near-neighbor Te-Au-Te lines.
This, too, is consistent with the overall picture which
emerges of bonding in these compounds.
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