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Electronic behavior in alloys: Gold —non-transition-metal intermetallics
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Chemical effects (charge-transfer and valence-band behavior) upon alloying in Au alloys have been studied
in a series of Au-Cd, Au-In, Au-Sn, Au-Sb, and Au-Te intermetallics by

' Au Mossbauer and x-ray
photoemission measurements. For these alloys, the Mossbauer isomer shifts (2.0-4.7 mm sec relative to
Au)-indicate significant increases of valence s character at the Au sites, whereas the A'u-4f binding-energy
shifts (0.2-1.35 eV relative to Au) indicate apparent charge depletion. This study, together with previous
observations, confirms that there is little net charge flow between Au and host-metal atoms upon alloying,
i.e., that the increase of predominantly s-like conduction-electron count, 4n„at a Au site is largely
compensated by a depletion in 5d count, kn„.It is found from an analysis Chat the net charge flow at the
Au site, 8 = ~n, + b nd, is approximately 0.1 electron and that the ratio b n, /End is surprisingly constant
given the various numerical uncertainties of the analysis. It thus appears that the d bands are actively
involved, through hybridization, in alloying, and that such s-d compensation is a general characteristic of
Au alloys. Substantial hybridization of the Au d bands with the Au non-d states and with the valence states
of main-group metal atoms is observed in the valence-band spectra. The relationship of this hybridization to
the d and non-d charge-transfer effects inferred from the core level and Mossbauer shifts is discussed. It is
also found that in some cases the isomer shifts of the dilute alloys are similar to those of the intermetallic
compounds, indicating that the local order around the Au site in these dilute alloys is similar to that in the
intermetallic compounds.

I. INTRODUCTION

In several recent investigations' ' of charge flow
in Au alloys using Mossbauer and x-ray photo-
emission techniques, it has been found that the
traditional picture of charge screening of impurity
atoms in alloys is not necessarily adequate for the
description of charge flow in Au alloys. In the
Friedel charge-screening theory, ' the approxi-
mately free conduction electrons screen impurities.
What has emerged from these recent results'~ is a
picture in which there is a significant increase in val-
ence s character at the Au site, an increase compen-
sated by an almost equivalent; loss of d character. 'To

further pursue the question of whether such s-d
compensation is a general characteristic of Au
alloys, we have studied a series of Au alloys with
Cd, In, Sn, Sb, and Te as the hosts. These sys-
tems are chosen for three reasons. First, Au
forms at least one intermetallic compound with
the main group host metals and the molecular vol-
umes of these compounds are almost equal to the
sum of the atomic volumes' characteristic of
metallic Au and host metals, obviating the neces-
sity for a volume correction to the level shift.
Second, M5ssbauer experiments can be easily per-
formed with Au-containing absorber s. Finally,
we can observe the effects of alloying on the Au
5d bands in the valence-band spectra for alloys i.n
which Au is only a minor constituent because the
x-ray photoabsorption cross section of the Au Sd

electrons is much greater than those of the s and

p electrons in the hosts, which have relatively
little or no structure in their conduction bands.

In this paper, we report a systematic study of
the electronic behavior of these Au-main-group
intermetallics based on Mossbauer and photoemis-
sion techniques. The experimental procedures
and results are given in Sec. II. The molecular
volumes of the alloys are briefly described in Sec.
III and the Mossbauer isomer shifts are discussed
in Sec. IV. The Au-4f binding-energy shifts AE3
are analyzed, and the net charge flows 5 onto Au
sites are estimated in Slc. V from a model de-
scribed previously. ' Valence-band spectra are
discussed in Sec. VI and the conclusions are given
in Sec. VII.

H. EXPERIMENTAL METHODS AND RESULTS

All the alloys were prepared from pure metals
by melting appropriate amounts of Au and main-
group metals in quartz capsules under H, or under
vacuum~

M5ssbauer spectra were recorded with both
source and absorber at liquid-helium temperature.
The spectrometer has been described by Kistner. '
Sources of 'O'Au 7V-keV y rays were prepared by
neutron activation of -20-mg, 0.025-mm-thick Pt
metal foils (enriched to -97-at. %%u~"'Pt ) foranhour
in the hi, gh flux beam reactor at Brookhaven Na-
tional Laboratory. The absorbers were prepared
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as foils, or as pressed disks of powder mixed
with Lucite. Spectra were calibrated with an iron
foil absorber and were fitted to Lorentzian line
shapes by use of a nonlinear regression program.
All the spectra except those for the Au-Te series
have single narrow Lorentzian line shapes. Full
widths at half height are -2 mm sec '.

Photoelectron spectra of the Au 4f levels, of
main-group 3d levels, and of the valence bands of
these alloys were obtained with a Varian IEE-15
spectrometer or with a Vacuum Generators ADRS
400 spectrometer which features ultrahigh vacuum
under normal operating conditions (5 x10 "to
5 x10 "Torr). Alloy surfaces were cleaned in the
Varian by glom-discharge ion sputtering in purified
Ar at about 20 mTorr in a chamber attached to
the spectrometer and by a focusing argon-ion gun
at about 2 x10 ' Torr in the VG instrument. The
spectrometers were calibrated by a pure gold
standard after each run. Spectra were fitted to a
Gaussian-Lorentzian function. ' The Mossbauer
isomer shifts 8 (relative to Au) and the Au-4f
binding-energy shifts (obtained at room tempera-
ture) AEe are given in Table I.

in Au is 17.0 A' whereas the atomic volumes of
Cd, In, P-Sn, Sb, and Te are 21.25, 25.96, 26.96.
30.05, and 33.76 A', respectively. ' For all the
Au-main-group intermetallic compounds of known

structure, the molecular volume derived from the
lattice str~cture is, to a good approximation, the
average of the atomic volumes of the pure con-
stituents (Table II); i.e. , for an alloy with Au

atomic fraction [C]„„,
v„...=[c]„„v„„+(1-[c]„„)v„,

and thus the volumes characteristic of the pure
metal can be assigned to the constituent atoms of
the alloys. It is apparent from Table II that the
above equation holds and that any significant
changes in isomer shift and binding energy can be
attributed primarily to chemical effects rather than
tochanges in volume chars, cteristic of the atomic
sites. "'"

IV. '9~ Au MOSSBAUER ISOMER SHIFTS

The isomer shift of an absorber can be related
to the difference of electron contact density be-
tween the source and the absorber by'""

HI. VOLUME CONSIDERATIONS s= (o.oo6osz ~(H)/z„)~p(o), (2)

Structural information on Au-main-group-metal
alloys' is well documented. " The atomic volume

Alloy S (mm/sec) &MA„4f (eV)

AuTe2
Auo. os2Te0. 848

Auo. Oii Te0.888
Ausbo

Auo. 088Sbo.si2
AuSn2
Auo. ossSno. soi
AuIn
AuIn2

Aup. ossinp. soi
Auo. osoIno. sso
AuCd
AuCds
Auo. osoCdp. sso
A 0 olpC O.ssp
Auoa2
AuA12

Auo. osoCuo. sso
Auo. osozno. sso
Au-Te
Au-Al
Au-Sn

2.16(4)
2.24(4}
2,10{10)
S.41(1)
s.5o(5)
3.9v(5)
3.77(2)
S.56{1)
4.64{1)
4.6V(2)
4,68 (2)
2.00{2)
3.27(2)
S.26(2)
3.04{10)
5,56(1)
v.ov(s)

4.18{2)
3.37(2)
1.9(3)'
v.6(4)'
4.s(4)'

0.30(8)
0.24(3)

O.22(2)

1.S2{5)
1.S5(5)
o.s8(2)
o.v1(2)

O.86(5)
o.so(s)
o.vo(5)
0.6o(5)

1.30(5)b
1.35(5)b
1.95(5)c
o.5o(5)
1.O9(5)

'8 and h&~ are relative to pure Au.
b Reference 1,
cReference 25.
d Reference 13.

TABLE I. Mossbauer isomer shifts and binding-ener-
gy shifts of Au alloys P

TABLE II. Volume effects in Au-main-group-metal
intermetallics. ~

Alloy Qvt, (A )

AuTe2
AuSb2
AuSn2
AuSn4
AuIn2
AuIn
AuCd

80.5
73.82
69.50

121.25
69..20
40.23
36.70

84.4
77.0
70.96

124.96
68.80
42.82
38.30

V~t,m values are from Ref. 9 and ~m, q values are
from Refs. 6 and 8.

where Z, the nuclear charge, and E» the y-ray
energy (keV), are characteristic of the Mossbauer
nucleus as is &(r'), the change in the square of
the nuclear-charge radius between the excited and
ground nuclear states. b(r') is in 10~ Fm' and
S in mm sec '. For "'Au, br/r is positive. "
b, p(a, ') is the source-absorber electron-contact-
density difference, arising primarily from the dif-
ference of valence-s -electron density.

There are actually two factors which can be re-
sponsible for an increase of contact density 4 p(0)
measured by the "'Au isomer shift. An increase
in the conduction-electron count 4n, at the atomic
site of Au increases p(0), and a decrease in d
count 4n~, by decreasing the screening effect to
the outer valence electrons, also increases the
p(0). Thus
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4n, = -0.086$ (mmsec '). (4)

This calibration involves estimates of the fraction
of s character in the conduction-band states based
on experience with Knight-shift hyperfine con-
stants. This calibration is used to derive hn, in
the evaluation of the net charge transfer 5 given
in Sec. V.

Several other interesting features such as the
qualitative correlation of S with periodicity of the
hosts are apparent from Table I, but they are not
discussed here in detail. What is probably most
interesting and important is that the increase of S
from one intermetallic compound to a more dilute
one, such as from AuCd to AuCd3 or AuIQ to AQIn2y

saturates at dilute solution. For example, S for
alloys Aup. p52Tep, 948 p Aup psInp g5 and Aup. psCdp eg

is similar to that of AuTe„AuIn„and AuCd„
respectively. These results have the following
implication: either (a) Au does not form a solid
solution with the host at these concentrations even
though these samples were prepared by quenching
the melt from high temperatures, but instead
forms a two-phase system composed of Au-M in-
termetallic compound and pure host, or (b) Au

forms a dilute alloy in which the Au site has a
nearest-neighbor shell of unlike atoms simi$ar to
that of the corresponding intermetallic compound
and that this local order is associated with the S
value.

In order to understand the results better without
having to assume that the quenched samples are
good solid solutions, "we studied the i-at. % -Au

solid solutions in Te and Cd. The Mossbauer re-
sults again show the same trend (Table I). Fur-
thermore, the previously reported S for very
dilute Au in Pe has a value equal within experi-
mental error to those for other Au-Te alloys, i.e.,
S values for very dilute Au in Te,"Aup pzyTep 98Q,

&p(0) o- &n, + Rd n„, R - -0.5 to -l
where 8 is the ratio of the d screening term to the
non-d term.

It is expected that both terms contribute because
approximate charge neutrality should be main-
tained in the metallic alloys, i.e. , ~n, + hn» ™0.
A positive S value, as shown in Table I, therefore
indicates that, relative to pure gold, there is an
increase in s character at the Au site in all these
a11oys and that 4n, is positive. This observation
is consistent with very dilute Au-alloy results re-
ported earlier by Barrett et al. "and with Pauling's
electronegativity scale, '""in which Au is assigned
to be the most electronegative among the metallic
elements.

A quantitative relationship between S and 4n,
has been derived previously"' as

Aup p»Tep, 4„andAuTe, are 1.9+0.3, 2.1+0.3,
2.24+0.04, and 2. 16+0.04 mmsec ', respective-
ly. This result strongly indicates that in each al-
loy system the local order at the Au site in these
dilute Au-main-group-metal alloys is simi$ar to
that of the most dilute Au-main-group intermetal-
lic compound (AuCd, in Au-Cd alloys, etc. ). De-
tails for the Au-Te system, whiph is of especial
interest because of the quadrupole effects which
are encountered, will be published elsewhere. "

V. CORE-LEVEQBINDING-ENERGY SHIFTS AND NET

CHARGE FLOW UPON ALLOYING

It has been shown that the chemical shift upon

alloying of a core-level binding energy of Au may
be represented as a sum of sevexal contribu-
tions' '.
hEa= hn, F —-b nqE~+ 56', ~tt + he~ (Au alloy).

(6)

Here E, and E» are the changes in core-elec-
tron binding energy resulting from the addition at the
Au site of a single conduction or d electron, respec-

. tively'. valence-electron relaxation and atomic-
volume renormalization' have been taken into ac-
count in the estimate of the E's. The net charge
flow

gives rise to a Madelung-like contribution 56y
due to the presence of this charge outside the vol-
ume of the Au atom. This term, which is a Made-
lung sum for an ordered compound, arises, in the
case of a dilute impurity, from the placement of
the transferred charge 5 in the immediate neigh-
borhood of the impurity site, after the manner of
Friedel theory. ' Equation (5) represents the re-
lation connecting the experimental binding-energy
shift AEa (alloy-Au), which is measured relative
to the Fermi level, with the change in electron
binding energy of the coi e level, the &nE terms, cal-
culated relative to the crystal zero and a Fermi level
shift &~, taken to be the difference in work func-
tion -nQ (thedifference indipolebarrier dd) has
been neglected in this calculation). R is necessary
to include the W~ term in order to bring the h, E~
and the I' terms to the same reference level.
Equations (6) and (5) may be combined to arrive
at

EEa+ &n, (E, -E~)+ &P (Au-alloy)

6(s latt +d) '

Now, the net charge flow 5 can be evaluated from
Eq. (V), in which EEa is determined experimen-
tally, & n, is based op Mossbauer isomer shifts,
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TABLE III. Au site charging (6) in Au alloys.

Alloy
an, (s, —z, )

(eV) (eV)

AuTe2
uO. OS2 O. 948

AuS12
AuSn4
AuSn2
AuSn
A 0.099S 0.90t
AuIn
AuIn2

Auo. osolno. oso
AuCd
AuCd3
Auo. ossC do. sss
AuGa2
AuAl2

Auo. osoCuo. 9so
Auo oso~no 9so

0.$0
0.42
0.22
1.10"
1.32
0.45b
1.35
0.38
0.71
0.60
0.30
0.70
0.86
1 3Q'
1.35~
1.95d
0.50
1.09

068
-0.62
-0.5s
-0,93-1.0s
-0.8g
-1,0s
-0.96
~1y24
~1o24
-0.5g
-0.74
-0.74
-1,3
-1.9
-1.12
-o 9o

-0.1
-0.2
-0.5
-0.5s
-0.4s
-0.3s
-0.6s
-0.6
-0.8
~1mls

-0.5
-0.7s
-0.9s
-0.6s
-0„6
-0.4s
-0.8

0.05
0.04
0.09
0.04
Q.02
0.08
0.04
0.13
0.15
0.20
0.09
0.09
0.09
0.07
0.13
0.07
0.12
0.07

0.22
0.20
0.29
0 30
0.34
0.26"
0,34
0.31
0.40
0.40
0.17
0.28
0.28
0.48~
0.61~

Q.36
0.29

-0.17
-0.18
-0.20
-0.26
-0.32
-0.18
-0.30
-0.18
-0.25
-0.20
-0.08
-0.19
-0.19
-0.41
-0.48
-0.54
-0.24
-0.22

-1.3
-1.3
-1.5
-1.2
-1.1
-1.4
-1.1
-1.7
-1.6
-2.0
-2.0
-1.5
-1.5
-1.2
-1.3
-1.1
-1.5
-1.3

~6 values are evaluated according to Eq. (7) given in the text.
b Reference 2.' Reference 1.
"Reference 25.

p values are from the literature, ""and the E's
are calculated. "' Several factors have not been
included in Eqs. (5) and (7). Volume effects, as
discussed earlier, are unimportant for the alloys
here considered and are neglected. Also of con-
cern is the neglect of change in screening of the
final-state 4f hole. However, since all the sam-
ples are metals and should be approximately equal
in screening ability and since we are only inter-
ested in the differences of the binding energies, it
is reasonable to expect only small quantitative er-
rors to be associated with the neglect of screening
differences. Perhaps more important is the un-
certainty associated with the approximation of 4&~
by experimentally known &P in Eq. (7).

In addition to the ~E~ values obtained here for
Cd-, In-, Sn-, Sb-, and Te-based alloys, those
reported previously' ' for Ga and Al are also in-
cluded. Work functions of the alloys have been
approximated by linear interpolation between the
values for the two constituents. The factors E,
—E„and5„«—F„have been calculated previously
to be -3.1+0.3 eV and -9+2 eV, respectively. '
b, n, was obtained from Eol. (4) and Table I. Re-
sults of the calculation from Eol. (7) are shown in Table
III. It is immediately apparent that all the 5 values are
quite small, i.e. , . 1, and that 5 values within
the same alloy system are similar. The Sn sys-
tem is somewhat ill behaved; the isomer shifts"
and the 48~ do not vary monotonically with com-
position and this is reflected in the 5 values, which

are exceptionally small. Detailed study of the re-
lationship between 5 and ~n, is unfortunately re;
stricted by the uncertainties of these values, but
the results clearly demonstrate that an s-d com-
pensa, tion mechanism is operating, that is, that
4n, and &n„areopposite in sign, with 4n, + ~n,
in the order of -+0.1 electron. The ratio d n, /
4n~ also shown in Table III, is surprisingly con-
stant, given the various numerical uncertainties
of the analysis. This constancy may be a general
characteristic of Au in its alloys and perhaps of
transition metals" generally. In Fig. 1(a), the 5
values of Table III together with some previously
evaluated' for Pt-, Ag-, ¹i-, and Pd-based Au
alloys are plotted versus the Pauling electronega-
tivities of the host metals. It appears that there
is a qualitative correlation consistent with the
overall direction of the charge Qow onto the Au
site. If there should be an error in the ~ values
because work functions were used to estimate
them, this is expected to be largest in the case of
Au,' electrochemical arguments suggest that its
Fermi level should be placed lower with respect
to those of the other elements. A crude estimate
shows that this would tend to increase the tabu-
lated 5 by a roughly constant 0.058.

A plot of 4n, versus Pauling electronegativity
[Fig. 1(b)] correlates better than 5; this is in
part because 4n, is better determined. It is in-
teresting to note that the electronegativity, which
is a measure of 5= hn, + h, n~ by definition, "does
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FIG. 2. Val.ence-band spectra of Au-main-group
intermetallic compounds drawn to the same energy
scale (eV) but arbitrary intensity. The vertical line
aligns the Au spectrum relative to the rest. The dotted
lines represent the resultant spectrum after Xo.3, K@4
contributions to the main-group 4d levels are sub-
tracted. The apparent splittings are measured
as marked and the doublet at -12 eV in the AuCd spec-
trum is the Cd4q5(2 3(2 level.

I I I I I

0 O. I 0.2 0.5 0.4 0.5 0.6

INCREASE IN Au CONOUCTION ELECTRON COUNT QN~

FIG. 1. Pauling electronegativity of the host is plotted
against (a) 6 the net charge flow onto Au site, and {b)
the increase in Au conduction electron count h n, . Note
that the 6 and ~n, values are drawn according to the
same scale.

not correlate with 4E~ at all. This illustrates
the complexity of charge transfer upon alloying;
electronegativity scales may describe certain al-
loy properties nicely but sometimes fail to do so.
It is, however, important to realize that the atomic
constituents of these alloys tend to maintain electro-
neutrality to within W. 1 electron.

VI. VALENCE-BAND SPECTRA

The valence-band spectra. for the intermetallic
compounds of known structure are shown in Fig.
2. Several interesting features are clearly seen.

(a) All spectra show doublet structure character-
istic of the high density of states in the Au 5d
bands. Increasing dilution of Au in the compounds
is associated with shift in doublet position to
higher binding energy and decrea, se in the peak
separation. In other words, the position of the
first d-band peak (relative to q~) at lower binding

energy is much more sensitive to alloying than the
position of the second peak. (b) The d-band com-
ponents become narrower in the alloys and the
relative intensity of the components which derive
from the d5/3 3/3 doublet, I,„~,3/, /I, g 3/3, de-
creases. These results are consistent with other
observations"' "of valence-band structure in
Au-main-group intermetallics and appear to be
general for Au a.lloys.

Several factors must be considered in connection
with these observations: namely, 5d spin-orbit
effects, intrinsic dilution effects, and finally 5d

hybridization with es and covalent mixing with host
valence orbitals.

It is commonly recognized that the splitting
(-2.8 eV) and broadening of the d bands observed
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in pure Au is the result of a combination of spin-
orbit and band effects since the observed free
atom d, &,-d, &, splitting is only 1.5 eV. If Au

atoms are physically diluted in a dissimilar host
matrix or compound, the atoms are further apart
than in the pure metal, and one would expect sub-
stantial bandwidth nar rowing. Experience sug-
gests that in the absence of spin-orbit splitting
this narrowing would be more severe than that
seen in Fig. 2. The observed band narrowing and
decrease in apparent doublet separation can be
understood as a combination of intrinsic dilution,
hybridization, and spin-orbit effects. Crystal
field effects, which may exist in some noncubic
alloys, should be small and should not contribute
significantly to the shapes or widths of the d-band
structure at the instrumental resolution in these
measurements.

The most important phenomenon of all is prob-
ably the hybridization of the d bands upon alloying,
such as the s-d hybridization or mixing of the s
and d orbitals of Au with the s and p orbitals of
the main-group atoms. We suggest that in Au in-
termetallic compounds or dilute alloys because
the Au atoms normally do not have like nearest
neighbors, d-band width is determined by distant
Au-Au interactions through mixing with host or-
bitals; thus states and virtual orbitals are formed
through which some of the d-band electrons can
tunnel out, losing part of their d character. This
loss of d charge at the electronegative Au sites is
compensated by s -like -conduction-electron screen-
ing.

Important consequences of this s-d compensation
upon a,lloying should be apparent in the valence-
band spectra since, with Al or Mg En x-ray radia-
tion, only Au 5d electrons have large enough cross
.section to contribute effectively to the intensity.
In the absence of countervailing symmetry argu-
ments, "one expects hybridization effects to be
strongest in the d bands closest to the Fermi
level and a depletion of intensity at the first d-
band peak close to the Fermi level accompanied
by a, shift of this peak away from the Fermj. level.
These effects a,re indeed observed. The shift of
the peak near the Fermi level is too large to be
consistent with the binding energy shifts of the
core levels and must be due to a combination of
hybridization effects with those potential energy
effects responsible for the core-level shifts.

VII. CONCLUSION

The results reported here are consistent with,
and extend previous observations, that Au, in
forming alloys and intermetallic compounds with
other metals (at least main-group metals), gains
electron character concomitant with the loss of
5d-electron character, in contradiction to the idea
sometimes held that 5d character is not greatly
involved in the alloying process. This s -d com-
pensation turns out to be a general feature of Au-
main-group alloys and the amount of net charge
flow 5 is estimated to be -0.1 electron onto the
atomic Au site. The ratio 4n, /d n, turns out,
within experimental uncertainties, to be surpris-
ingly constant. This behavior may be a general
characteristic of Au in its alloys and perhaps even
of transition-metal alloys in general. " The net
charge flow correlates with the electronegativity
of the hosts. It is interesting to note that the iso-
mer shifts 8 themselves correlate more closely
with electronegativity than do the 5 values. Sim-
ilar charge compensation exists in zero-valent
organometallic compounds (e.g. , metal carbonyl),
where donation and back donation of electrons to
and from the central metal is a necessary condi-
tion for compound formation. Substantial hybrid-
ization of the Au d bands with s and p states of the
hosts is observed in the valence-band spectra,
which exhibit appreciable decrease of d-band in-
tensity with increasing dilution. The drop in in-
tensity of the d band close to the Fermi level is
clearly suggestive of d character depletion. Final-
ly, we report in this paper, . for the first time, al-
most identical isomer shifts for some Au-main-
group intermetallic compounds and their dilute al-
loys, a result which suggests strongly that the
local order in each of these dilute alloys is similar
to that in the corresponding intermetallic com-
pound and that this similarity is responsible for
the observed S correspondence. Further experi-
ments are needed to characterize local environ-
ments in dilute alloys.
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