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The electronic density of states and mixing enthalpies of random substitutional A& B„alloys have
often been described within the single-site coherent-potential approximation (SCPA). There one as-

sumes that each atom interacts with a fictitious, highly symmetric average medium and that at a given
composition x, all A atoms (and separately, all B atoms) are equivalent (i.e., have the same charges and
atomic sizes). In reality, however, a random alloy manifests a distribution of different (generally, low-

symmetry) local environments, whereby an atom surrounded locally mostly by like atoms can have
different charge-transfer or structural relaxations than an atom surrounded mostly by unlike atoms.
Such "environmental effects" (averaged out in the SCPA) were previously studied in terms of simple
model Hamiltonians. We offer here an efficient method capable of describing such effects within first-

principles self-consistent electronic-structure theory. This is accomplished through the use of the
"special-quasirandom-structures" (SQS) concept [Zunger et al., Phys. Rev. Lett. 65, 353 (1990)],whereby
the lattice sites of a periodic "supercell" are occupied by A's and B's in such a way that the structural
correlation functions closely mimic those of a perfectly random infinite alloy. The self-consistent charge
density, total and local density of states, and mixing enthalpies are then obtained by applying band
theory (here, the linearized augmented-plane-wave method) to the SQS. Application to Ago, Pdo g and

Ago 5Auo, alloys clearly reveals environmental effects; that is, the charge distribution and local density
of states of a given atomic site depend sensitively not only on the composition and occupation of the site
but also on the distribution of atoms around it. This SQS approach provides a rather general framework
for studying the electronic density of states of alloys.

I. INTRODUCTION

The electronic structure of substitutionally random al-
loys has been commonly discussed in terms of the elec-
tronic density of states (DOS) and its projection onto
various atomic sites and angular momentum com-
ponents' (local DOS, or LDOS). A central question
surrounding such analyses is the extent to which the alloy
environment modifies the DOS and LDOS of the constit-
uent elemental solids. The basic issue surrounding such
alloy-induced DOS variations can be defined as follows:
Consider a perfectly random binary 3, 8 alloy of
composition x. At each x there are N! /(xN )![( I —x )N ]!
ways ("configurations") of distributing the A and 8
atoms on a given lattice with N sites. Each configuration
has its own "configurational DOS" and is distinguished
from other configurations by the arrangement of atoms
about each atomic site ("local environment"). In an arbi-
trary configuration, all A atoms (and, separately, all 8
atoms) can be crystallographically inequivalent. This
geometrical inequivalence can drive then a concomitant
electronic inequivalence in the properties of the various
sites. For example, the net charge transfer Q; on an atom
(e.g., A at i) surrounded locally mostly by atoms of the
same chemical type is likely to be smaller than that of the
same atom surrounded locally mostly by atoms of the op-
posite type (i.e., 8). Similarly, a large atom surrounded
locally by smaller atoms can relax differently than the
same large atom surrounded locally by atoms of equal
sizes. Clearly, these "environmental effects" reAect the
disparity between the properties of the mixed A and B

species (electronegativities, atomic sizes, electron densi-
ties, and bandwidths) on the scale of alloy interactions,
and they tend to vanish in alloys of nearly identical con-
stituents (e.g., isotope mixtures to name an extreme ex-
ample). Hence, even though the occupation statistics of
sites in a random alloy may be (by assumption) perfectly
random, the physical properties of each occupied site (net
charges, configurational LDOS, local bonding
geometries) need not take the (average) random values:
these properties may indeed exhibit correlations. Since
measurable alloy properties represent the ensemble aver-
age over all configurations, the central question sur-
rounding the discussion of alloy effects on the DOS is the
extent to which such "environmental effects" (at a fixed
composition) survive alloy averaging.

Many theories of electronic structure of alloys provide
no direct answer to this question, as environmental effects
are averaged out at the outset. The "virtual-crystal ap-
proxiination" (VCA) averages over the properties of the
3 and 8 atoms (hence, all fiuctuations are lost), whereas
the (homogeneous) "site coherent-potential approxima-
tion" (SCPA averages over the environment of each site,
so that fluctuations in the properties of different 3 sites
(and, separately, different 8 sites) are lost. More
specifically, in performing a configurational average of a
matrix representation P; of physical operators P (e.g.,
the scattering path operator) at particular atomic sites,
the SCPA replaces the real atomic environment of the
site by a homogeneous average medium of identical,
"effective" scatters. Hence, in this single-site decoupling
of the configurational average, only a single scatterer is
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treated exactly while the rest are replaced by an effective
medium (through which an electron travels unscattered).
The scattering equation becomes analogous to that of a
system with equivalent sites and the full symmetry of the
pure A (or 8) constitutent solids. While the SCPA con-
stitutes the "best single-site model of an aHoy", ' it is not
obvious if a single-site representation captures the essen-
tial physics for those physical properties that "see" the
local environment. A few examples iHustrate this doubt.

First, while the assumption (underlying the SCPA) of
the equivalence of the properties of aH A sites in a ran-
dom configuration leads to a vanishing electrostatic
Madelung (M) energy '

a realistic model for the perfectly random alloy (permit-
ting the magnitude of the point charges to depend on the
occupation of nearest-neighbor sites, see below) yields a
finite Madelung energy. ' Assuming (E~&=0 then
(significantly) overestimates "ordering energies. " Hence,
while the SCPA result (EM & —=0 is exact within the
mean-field model (that removes all geometrical informa-
tion beyond single site), the model itself is unphysical in
that it assumes that in a random configuration all
atoms have the same charge, irrespective of the chemical
identity of the neighbors. Second, explicit calculations of
the LDOS associated with a different local environment
at a fixed global composition (e.g. , a Pd atom coordinated
by Pd&2, Pd&OAgz, Pd6Ag6, or Ag&2 as first nearest neigh-
bors in a random Ago sPdo s alloy) exhibit distinct envi-
ronmental effects. ' Similar effects were discussed by Van
der Rest, Gautier, and Brouers" and by Cyrot and
Cyrot-Lackmann. ' Third, simulation of the LDOS of
large superceHs with independently occupied sites'
(leading naturally to a distribution of many different low-
symmetry sites) often yields DOS features that are absent
in the high-symmetry SCPA average. Fourth, while the
assumption of equivalence of the A (or the 8) sites leads
to equal (average) A —A, A 8, and 8 —8 inter—atomic
distances in a face-centered-cubic (fcc) alloy, extended x-
ray-absorption fine-structure (EXAFS) experiments (e.g.,
in semiconductor' ' or metal ' ' alloys) often exhibit
unequal interatomic distances. We emphasize that the
behaviors noted above are characteristic of nominaHy
random alloys with no short- or long-range order. Exten-
sions of the CPA formalism so that scattering from ob-
jects larger than a single site can be created more accu-
rately [e.g. , molecular CPA, next-neighbor CPA
(Ref. 15)] have been attempted. While constant progress
is being made along these directions, the complexity of
such models, however, has not been conducive so far to
the use of first-principles electronic Hamiltonians that
permit full (i.e., position-dependent) charge self-
consistency while permitting general atomic relaxations.

In principle, the most straightforward approach to the
evaluation of the electronic density of states of a A, B
random alloy entails application of an electronic Hamil-
tonian to a "large" supercell whose N~ ~ sites are occu-
pied independently by A and B. Such a model would nat-

urally exhibit (when N~ ~) all possible local environ-
ments about the various atomic sites without resorting to
a single-site decoupling. Applications of a Hamiltonian
to describe the electronic structure of such a giant super-
cell would, in principle, yield an "exact" description of
the DOS of the random alloy. In practice, such superceH
calculations were limited to N=O(10 ) atoms, e.g. , the
—1000-atom ceH of Pb, „Sr S used by Davis, ' the
-2000-atom model of (GaAsi Ge2„used by Davis and
HoHoway, ' the -2000-atom model of Al, Ga As used
by Hass, Davis, and Zunger, ' and the earlier model cal-
culations by Alben et aI. ' with 8000—10000 atoms. By
necessity, such model calculations are limited to highly
simplified electronic Hamiltonians (e.g., subminimal
basis-set tight-binding models) and neglect atomic relaxa-
tion. First-principles theories of electronic structure
are currently limited to N~50 atoms/cell. For such
small supercells, a "random" (coin-fiip) occupation of the
site by A and B atoms produces a structure that, as a
whole, can deviate substantially ' ' from randomness (a
deviation measured by the amount that its many-body
correlation functions fail to match those of the perfectly
random network).

We have recently noted ' ' that it is possible to occupy
the N sites of a supercell by A and B atoms in such a way
that its correlation functions approach those of a random
network far closer than granted by the conventional
method' ' of occupying randomly one site at the time.
The basic concept can be appreciated as follows: In gen-
eral, any lattice property P (total energy, DOS, volume)
can be rigorously expanded in a series of contributions

pf from "figures" f:
P(o ) = g IIf(o )pf,

f
where o denotes the lattice configuration and IIIf(o )]
are the spin products for figure f in configuration cr. The
"special quasirandom structure" (SQS) is constructed by
selecting site occupation (in an ¹tom unit cell) by A' s

and 8's such that the quantities [Ilf(SQS)] best match
the exact configurational average ( IIf & in an infinite ran-
dom alloy. For a small number of atoms N-O(10) per
cell, this can be accomplished only for a few "figures" f;
we hence select the SQS so that the first few pair and
many-body Hf's match those of the exact random sys-
tem. If two structures have the same [IIf I to all orders,
they must be the same structure with the same P. Also if
two different structures have the same IIf up to a certain
range, and pf are zero beyond this range, then these two
structures also have the same property P. This clarifies
the source of error in the SQS: an error occurs when a
physical property P requires for its description longer-
range figures [f ] then the size used in constructing the
SQS. Possible examples for such properties are the x-ray
scattering factors [studied in Ref. 31(a)]. On the other
hand, we find that properties such as the equilibrium mo-
lar volume, total energy, and LDOS, '( and bond
lengths around an atom are influenced mostly by the "lo-
cal environment" (e.g. , up to —the fourth fcc neighbor),
so the SQS forms an adequate approximation. As the size
of the SQS-N increases, more IIf

's can be matched to the
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exact random values, so the predictions improve succes-
sively.

For the fcc Ao 5Bo ~ alloy, for example, the SQS-8,
consists of an eight-atom supercell best defined as an
A&82 A3B2 superlattice along the [113] direction (i.e.,
one monolayer of A, followed by two monolayers of B,
followed by three monolayers of A, and finally by two
monolayers of B, all perpendicular to the [113]direction).
Figure 1 depicts this structure. Note that swapping 3
and B yields the SQS-8b superlattice B,A2B~Az. In
what follows, we will study the electronic structure of the
Ago. sPdo. s and Ago. sAuo. s equiatomic alloys through the
SQS concept, using the local-density functional formal-
ism (LDA), ' as implemented by the linearized
augmented-plane-wave (LAPW) method. A close repre-
sentation of random alloys can be obtained by averaging
the results of SQS-8, and SQS-8b.

There are three noteworthy properties of this ap-
proach. First, the SQS s naturally exhibit a distribution
of (low-site symmetries) inequivalent A sites (and, sepa-
rately, B sites). It hence provides the opportunity to as-
sess environmental effects on the DOS, LDOS, and
charge distribution. Figure 1 denotes the various atomic
sites by superscripts that indicate the number of like
neighbors in the first coordination shell. Note that in a
perfectly random fcc alloy at x= —,

' the exact average
number of atoms of opposite ty~e to that at the origin
is "' 6+v'3, 3+V'1.5, 12+&6, 6+V3, 12+V6, and
4+&2 for the first through sixth coordination shells, re-
spectively. The SQS-8 yields "' 6+1.8, 3+0.5,
11.5+1.4, 6.5+0.5, 11+1.4, and 4+1.0, respectively, all
within the exact Quctuation range. Note further that the

2B

3A B(7a)

2B

0- ~B(5)

A(7b)

A(8)
)

1A .A(7b)

fcc, SQS-S, x=1/2

B(7a)

~A(2)

FIG. 1. Crystal structure of the binary &0 5BO 5 fcc SQS-8 at

composition x = 2. Lattice vectors and atomic coordinates are
given in Eqs. (2) and (3), respectively. The shaded areas denote
planes perpendicular to the [113]direction. Superscripts denote
the number of like atoms in the first coordination shell around a
given site. Open and solid circles denote A- and B-type atoms,
respectively. SQS-8, and SQS-8b are distinguished by swapping
A and B.

average of the SQS-8, and SQS-8b contains all five

A4 „B„(0~n~4) nearest-neighbor tetrahedra in the
correct random probability ratios 1:4:6:4:1for x =—'.

Second, since the SQS's are rather simple periodic
structures with a small number of atoms per unit cell,
their electronic properties (total energy, equilibrium lat-
tice parameters, DOS, LDOS, and charge densities) can
be efhciently calculated from first principles with the
same degree of sophistication with which ordinary simple
crystals are currently treated.

Third, this SQS is indeed "special" in the sense that
such a single eight-atom structure closely mimics the
configurational auerage of the properties of far larger,
randomly occupied supercells. The tests conducted to
date to this effect were described elsewhere; ' '

they are summarized briefly below.
(i) An —2300-atom configuration of the Alo 5Gao sAs

alloy was generated' through random site-by-site occu-
pation of the underlying zinc-blende lattice. This struc-
ture was then subjected to an electronic tight-binding
Hamiltonian solved by the recursion method. This pro-
vided the spectral functions for various zinc-blende wave
vectors. The same tight-binding Hamiltonian was sepa-
rately applied to the SQS-8 model appropriate to such a
pseudobinary alloy. The two calculations yield
r», —I „, r». —X„, r», —X„, and I &s,

—L &, band
gaps (typically around -2 eV) which are within 0.02 eV
or less from each other. The SQS calculation also repro-
duces closely the distribution of states, as measured by
the second moment of the spectral functions at various
wave vectors in the zinc-blende Brillouin zone. (In fact,
for certain states, the SQS reproduces the moments ob-
tained in the recursion calculations considerably better
than CPA. )

(ii) For semiconductor alloys, a single total energy cal-
culation on SQS-8 reproduces closely the mixing enthalpy
of the random alloy calculated separately by summing
over the contributions of pair interactions up to the sixth
neighbor, as well as the first few three- and four-body
terms.

(iii) Minimization of the total elastic energy of —1000-
atom supercells of random Sio sGeo s and averaging over
a sufticient number of random configurations produces
total elastic energies that are within 0.2 meV/atom of
what a single, eight-atom SQS gives.

(iv) The Madelung constant a for a single SQS-N of a
fcc alloy are very close to the exact configurationally
averaged value for an infinite fcc random alloy. We find
the Madelung constants aM =0.588 82, 0.75445, and
0.74031 for SQS-4, SQS-8, and SQS-16, respectively, ap-
proaching the exact random alloy value (aM=0. 739 52)
quite rapidly as a function of N. The SCPA result
(aM =0) is very different.

This paper describes the first application of the SQS to
metal alloys. Section II describes the basic physical prop-
erties of the Ag-Pd and Ag-Au systems which motivated
our choice for them in the present study. Section III
briefly describes the method used to perform the calcula-
tion, while Sec. IV describes our results for the alloy's
enthalpies and equilibrium lattice constants (A ), charge
distribution (B), LDOS and their interpretation (C and
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D), and total DOS (E). Section V summarizes the main
conclusion: we find that the present approach gives a
realistic alloy DOS, exhibits environmental effects lacking
in the SCPA, and is easier to apply.

II. CHOICES OF ALLOY SYSTEMS

We have selected for this first application of the SQS
concept to metal alloys two fcc systems: AgPd and
AgAu. The AgPd system was chosen primarily because
it appears to be very popular among practitioners of the
SCPA: it has been previously treated by the Korringa-
Kohn-Rostoker (KKR)-CPA [Refs. 1, 10, 21(c), and
37—45] method (both self-consistently and non-self-
consistently ), tight-binding CPA, model Hamiltonian
CPA, and linear-muffin-tin-orbitals CPA. "' For
AgAu, there was a previous non-self-consistent relativis-
tic KKR-CPA calculation. To develop an intuition on
the anticipated properties of this alloy system and those
for AgAu, we have collected in Table I (Refs. 47 —51)
some data on the relevant Pd, Ag, and Au free atoms
[LDA (Refs. 50,51) calculated atomic s and d orbital en-
ergies and the phenomenological Pauling's electronega-
tivities ] and the elemental solid metals (LAPW-
calculated positions and widths of d bands, measured
photoelectric work functions, and equilibrium lattice
parameters ). For the same purpose, Fig. 2 compares
our LAPW calculated radial (total and valence) charge
densities of the pertinent fcc elemental solids while Figs.
3 and 4 give their calculated total density of states.

Quantity

cd (atom, eV)
c, (atom, eV)

(Rd ) (atom, A)
ed —cF (solid, eV)—e (eV)

x
Wd (solid, eV)
Wd (solid, eV)

a (solid, A)

Pd

—4.31
—3.62

0.841
—1.14
—5.55+0. 1'

2.2'
1.73
6.04
3.8898'

Ag

—7.66
—4.72

0.751
—3.82
—4.0+0.15'

19
1.06
3.74
4.0862'

—7.12
—6.09

0.857
—3.24
—5.1+0.1'

2.4b

1.55
5.48
4.0783'

'Reference 48. Note that experimental photoelectric work func-
tions include an unspecified surface contribution; hence, it can
be used only to judge qualitatively the direction of charge
transfer.
Reference 47.

'Reference 49.

TABLE I. Collection of various properties of the free atoms
and elemental fcc solids of Pd, Ag, and Au. cd and c, are atom-
ic orbital energies calculated sernirelativistically within the
LDA using the exchange-correlation function of Refs. 50 and
51. (Rd ) is the expectation value of the atomic d orbital radii
obtained with the same atomic calculations. cd —c+ is the
LAPW calculated highest d band position in the solid at the I
point, and Wd and Wd are the LAPW calculated d band widths
(difference between the highest and lowest d band positions) at
I and X, respectively. @, y, and a are the photoelectric work
function, the Pauling electronegativity, and room temperature
lattice constants, respectively. The quantities displayed in this
table are used in the text to discuss qualitative expectations on
alloy behavior.
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FIG. 2. LAPW calculated radial charge densities of the ele-
mental fcc metals within the rnuf5n-tin spheres of radius RMT.
(a) Ag and Pd total charge density, (b) Ag and Pd valence-only
charge density, (c) Ag and Au total charge density, (d) Ag and
Au valence-only charge density. To better resolve the structure
shown, these functions are plotted vs r', not r. The plots for
Ag and Au are done near the experimental lattice constant

0
a =4.080 A and RMT=2. 65 a.u. For Ag and Pd, we show re-
sults at the calculated alloy lattice constant a=3.928 A and
RMT =2.55 a.u

III. METHOD OF CALCULATION

A. Determination of structural parameters

The fcc SQS-8 at x =
—,
' has the monoclinic unit cell

(space group Cz~) with lattice vectors:

Regarding Ag-Pd, the significant separation between
the Pd and Ag d levels in the free atoms (Table I) and
solids (Fig. 3) on the scale of the bandwidth in the con-
densed phases (Fig. 3) is suggestive of possible "split band
behavior, " where the states in the AgPd alloy retain to a
large extent their characteristics of the pure phases. We
hence expect significant environmental effects on the den-
si ty of states Furthermo. re, since Ag and Pd have
different numbers of valence electrons (11 and 10, respec-
tively) and Fermi surface DOS, environmental effects on
the charge transfer may also be significant.

The situation regarding AgAu is different. There, the
Au atomic s level is considerably deeper (due to relativis-
tic contraction) than the outer Ag s level, suggesting a
Ag —+Au s charge transfer. Such an overall direction of
charge transfer is also suggested by the sizable electrone-
gativity difference (y~„=2.4 and y~ =1.9) and work
function difference (@~„=5.1 eV and @~s=4.0 eV).
On the other hand, the Au d level is slightly (0.5 eV in
the free atoms, 0.75 eV in the elemental solids) above the
Ag d level (also a relativistic effect), suggesting a possible
reversed Au~Ag d electron charge transfer. Silver and
gold differ significantly, not only in their propensities to
transfer or accept charge but also in their valence charge
density [Figs. 2(c) and 2(d)]. We hence expect significant
environment effects on the charge transfer. On the other
hand, the similarity of the d band energies and the
significant overlap of the density of states of Ag and Au
suggest a "common band" behavior and weaker environ-
mental effects on the DOS.
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a=(0.5, —0.5, 0.0)a,
b=(1.0,0.5, —0.5)a,
c=(1.0, 1.0,2.0)a,

(2)

The ideal (unrelaxed) atomic positions for SQS-S, (Fig. 1)
in Cartesian coordinates are:

W "'=(0.5,0.5, 1.0)a,
&' '=(0.5, 0.5,0.0}a;(—0.5, —0.5, 0.0)a,
A' '=(0.0,0.0,0.0)a,
B' '=( —0.5, —0.5, 1.0)a;(0.5, 0.5, —1.0)a,
B' '=(0.0,0.0, 1.0)a;(0.0,0.0, —1.0)a .

(4)

Here, the number in the superscript is the number of like
atoms in the nearest-neighbor shell.

0
O.
CO

0)

2t5
M

I

0) . pd0
Cl

m 1-
PdI-

0

CF

I . I . I . I . I

-10 -8 -6 -4 -2 0 2
Energy (eV)

FIG. 3. Total density of states (in the whole space, not MT
spheres) of the elemental fcc solids: (a) Ag near its experimental

0
lattice constant aA~=4. 080 A and at the 50%%u~-50/o average
(Ag-Pd) lattice constant a=3.928 A. (b) Pd at, its calculated

0
equilibrium lattice constant apd =3.848 A and at its 50%-50%%uo

0
average (Ag-Pd) lattice constant a =3.928 A. Note how
compression (dilation) of Ag (Pd) broadens (narrows) the band-
width and shifts the states to deeper (shallower) binding ener-
gies with respect to EF (dashed line, taken as zero energy).

where a is the lattice constant. The atomic positions (in
Cartesian coordinates) take the general form

r;=(x;,x;,z;}a .

B. Electronic Hamiltonian and its solution

2.0 .-

3.5 .—

~ &.0.—
CO

g) 0.5.-
~' 0.0

Q) e2 0.—
AU

00))5
l3

I.O.—

w 0.5.-
0.0

—IO -S

1

I

I

I

I

I

I

E,F
I

I

I ~ ~ I

-4 -2 0
Energy (eV)

I

(a):

FICs. 4. Total density of states (in the whole space, not MT
spheres) of (a) Ag and (h) Au at a =4.080 A [close to the indivi-
dual experimental lattice constants of Ag and Au, see Eq. (5)].
The zero of energy is at c&, denoted by vertical dashed line.

The equilibrium values of the lattice constants are ob-
tained by minimizing the total electron-plus-ion energy of
the SQS. Cell-internal atomic relaxations are neglected.
We calculate the electronic properties of the alloy in the
local-density approximation ' with the Ceperley-
Alder exchange-correlation functional as parametrized
by Perdew and Zunger. ' The LDA equations are solved
by the LAPW method, in which fully self-consistent
solutions to the effective single-particle equations are
found, without restricting the shape of the potential and
charge density. Inside the muffin-tin (MT) spheres, the
nonspherical charge density and potential are expanded
in terms of lattice harmonics of angular momentum I ~ 8.
A basis set of 50—55 LAPW's/atom are used (equivalent
to kinetic energy cutoffs of 9.83 Ry for AgPd and 9.11 Ry
for AgAu). During the self-consistency iterations, the
Brillouin zone summation was done using 60 special k
points for the fcc constituents and 98 special k points
for SQS, respectively. All calculations were carried out
semirelativistically, except for fcc Ag and Au, which
were also calculated fully relativistically. The muffin-tin
radii of A and B atoms were chosen to be equal: in the
AgPd alloy and its elemental solids RMsr =RMT =2.55
a.u. , while in the AgAu alloy and its elemental solids
R MSr =RMT =2.65 a.u. The densities of states are calcu-
lated using the tetrahedron integration method. The re-
sulting DOS were then smoothed using a Gaussian func-
tion with a full width at half maximum of about 0.2 eV.
The energy eigenvalues are evaluated at 195 and 117 k
points in the irreducible Brillouin zones for the fcc con-
stituents and the SQS-8 structure, respectively.

Our results for the electronic states in the elemental
Ag, Pd, and Au fcc solids are summarized in Table
II, where they are compared with other band-
structure calculations55, 56, 58, 6& and experiments.



ELECTRONIC STRUCTURE OF RANDOM Ago gPdo 5 AND. . . 10 475

The calculated equilibrium lattice parameters of the
pure solids are

a(Ag) =4.008 A, a(Au) =4.056 A, a(Pd) =3.848 A

(5)

compared with the room-temperature experimental
data~9

a(Ag)=4. 086 A, a(Au)=4. 078 A, a(Pd)=3. 890 A

and the pseudopotential mixed-basis results of Takeuchi
t ~I65

and (8)

a,q
=0.998a,

0
where a =3.928 A is the linear average of the calculated
[Eq. (5)] lattice parameter of Ag and Pd. This can be
compared with the experimental results

b,H(x =
—,', T=1200 K)

equivalent amounts of the solid constituents at their equi-
librium lattice constants [Eqs. (5) and (6)]. Figure 5(a)
shows such a calculation for Ago 5Pdo 5, yielding

EH(x =
—,')= —38.3 meV/atom

a(Ag)=4. 108 A, a(Au)=4. 104 A

IV. RESULTS

(7)
= —52. 1 meV/atom (Ref. 66)

(9)

a,q(T=295 K) =1.007ao (Ref.67),
A. Mixing enthalpies and equilibrium lattice parameters

The mixing enthalpy hH of the x =—,
' random alloys

were obtained by minimization of the SQS-8 total energy
versus lattice constant. hH is the difference between the
SQS total energy at a,q

and the total energies of the

where ao is the linear average of the experimental lattice
constants of Ag and Pd. The less negative value of the
calculated hH is in part due to our neglect of the cell-
internal relaxations. Note that AH & 0 for the random al-
loy implies a tendency toward short-range order in the al-

TABLE II. d band widths ( 8'z ) and positions (ez ) in fcc, Pd, Ag, and Au. Results have been listed
in each case for the three high-symmetry k points I, L, and X. The s band position at the I point is
also listed. The width is defined here as the energy difference between the highest and lowest d band ei-
genvalues at the respective k point. The position is defined as the highest d band eigenvalue. All energies
are in mRy and are measured with respect to the Fermi energy. The last column gives the density of
states D(cF ) (in states/eV spin) at the Fermi energy. SR and R denote "semirelativistic" and "relativis-
tic," respectively.

Present (SR)
LAPW'
Experiment

Metal

Pd

—551
—528

—84
—90
—85

127
133
103

25
34

X

444
434

1

5
—7

L
8'g

413
400

1.193
1.283

Present (SR)
Present (R)
I APWc
RAPW'
Experiment'

Present (SR)
Present (R)
LAPW'
RAPW
Experiment~

Ag

Au

—581
—581

—734
—744

—281
—276
—295
—349
—351

—238
—229
—233
—257
—261

78
96
90
85
84

114
177
175
170
173

—205
—190
—209
—274

—124
—86
—86

—121

275
291
273
250

403
457
464
431

—221
—211
—232
—292
—291

—148
—128
—130
—161

257
268
250
218
219

398
434
435
386

0.135
0.135
0.131
0.127

0.143
0.149
0.142

Reference 55, fully relativistic LAPW calculation, using Hedin-Lundqvist exchange-correlation (Ref.
57) potential.
Reference 62.
Reference 56, fully relativistic LAPW calculation, using the Hedin-Lundqvist exchange-correlation po-

tential.
Reference 58, using non-self-consistent relativistic augmented-plane-wave method (RAPW, Ref. 59)

with the Xa (a= 1, Ref. 60) exchange-correlation potential.
'Reference 63.
'Reference 61, using non- self-consistent RAPW method with the Xa (a = 1) exchange-correlation po-
tential.
Reference 64.
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loy and possible long-range order at low temperature.
This result convicts with the simple expectation based on
the tight-binding model that binary alloys of all late
transition metals should phase separate rather than or-
der. To examine this issue more closely, we have calcu-
lated the formation enthalpies of ordered Agpd in the
L le (CuAu-I), L li (CuPt), and B2 (CsC1) structures (Fig.
5), finding that bH(L1, )= —60.4 meV/atom; that is,
this structure is stable both with respect to phase separa-
tion (hH &0, as also noticed by Takizawa and
Terakura ) and disordering at T=0 [i.e.,
AH(L 1 i) & EH(SQS)]. The B2 structure is unstable with
respect to phase separation [it has b,H(B2) =+19.7
meV/atom and, therefore, is outside the range in Fig. 5].
Low-temperature studies of possible L1, ordered phases
in the Ag-Pd system are lacking (the existing phase dia-
gram is limited to rather high temperatures, T~ 1200
K, exhibiting continuous fcc solid solutions). Diffused
scattering experiments on the disordered alloy could po-
tentially indicate such ordering tendencies.

For the AgAu random alloy, we find the mixing enthal-

py and lattice constant

EH (x =
—,
'

) = —44. 7 me V/atom,

a,q
=0.998a,

(10)

p — (a)
~

I
I

I
I

Eo -40-8
CO) -60—I
E
~ -80
cn Q

C~ -20-
CO
40
Ol" -40-

LU

L1, [Ag Pd
(

I i I I I a I s

I
'

I
' I

'
I

' I

Random

14g 4U
I

8Q I I I I I I I ~

0.98 0.99 1.00 1.01 1.02
Reduced Lattice Constant a/a, q

FIG. 5. Calculated excess energy EE(a) vs lattice constant a
for the random alloys (modeled by the energy of SQS-8 and
shown as solid circles and solid lines) and some ordered phases
(shown as diamond-shaped and square symbols) at x = z. The
zero of the energy corresponds to the pure constituent solids at
their equilibrium lattice constant. The minimum of EE(a,q)
gives the alloys mixing enthalpy at x= 2. (a) Ago 5Pdo „(b)
Ago 5Auo 5. The negative sign of AH (alloy) implies that it is
more stable than its disproportionation products. Note in (a)
that the L1& ordered structure of AgPd is predicted to be more
stable than the disordered alloy. The B2 structure is unstable
with respect to phase separation [it has b,H(82) = + 19.7
meV/atom and therefore is outside the range of this figure].
Note in part (b) that the Llo ordered AgAu structure is more
stable than the alloy.

B. Charge distributions

Self-consistent local-density calculations of the elec-
tronic structure of (ordered or disordered) compounds
provide in a natural way the energy-minimizing electron-
ic charge density p(r). While this quantity is unique, at-
tempts to characterize it in terms of charge transfer be
tween the subunits of the compound (e.g. , atomic spheres)
are clearly arbitrary in that there is no unique or compel-
ling way to apportion a three-dimensional solid into sim-
ple subunits. Correlating such charge transfer with the
(thermochemically derived) Pauling electronegativity
scale is hence problematic, precisely because of the arbi-
trariness in defining the subunits that exchange charge.
Watson et al. recently discussed the charge transfer in
transition-metal alloys. They found that the tails of the
charge density associated with the nearest neighbors to
an atom can substantially change the charge count on the
central atom. However, the charge-tail term itself is
somehow arbitrary as is the charge on a site. Neverthe-
less, experiments and calculation give information about
the actual distribution of charge in the solid and the "ap-
parent" charge transfer is well defined. Here, we will use
two diFerent definitions of charge transfer in order to as-
sess qualitatively the charge redistribution in an alloy.
First, one can contrast the self-consistently calculated
electronic density in the alloy

p,ii,„(r)=gN;P;(r)g, *(r)-
(where the sum extends over all occupied states with
weights N, under the Fermi surface of energy E~) with
that obtained by superposing overlapping ground-state
spherical atomic charge densities

p,„(r)=g g p (r —R„—r ) (13)

[where p ( ~r~ ) is the radial atomic charge density, R„ is
the lattice vector, and z is the atomic position vector in

0
where a =4.032 A is the calculated linear average lattice
parameter [Eq. (5)] of Ag and Au. This can be compared
wit the experimental results

bH(x =
—,', T=800 K)= —48.2 meV/atom (Ref.66),

(11)
a, =1.00ao (Ref.67),
where ao is the linear average of the experimental lattice
constants of Ag and Au. The calculated formation
enthalpy for the ordered L 1o structure (—60.5
meV/atom) is also negative and lower than that of the
random alloy, hence, the I.10 structure could be stable at
low temperatures with respect to both phase separation
and disordering. Again, the experimental phase dia-
gram does not extend to sufficiently low temperatures
(it is limited to T ~ 1100 K) to detect such a possible or-
dered phase. We have recently found ' that other late-
transition- (and noble-) metal alloys will also exhibit low-
temperature ordering, despite the fact that d-band-filling
argument predict that they will phase separate.
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the unit cell]. The differences

bp, (r) =p„„„(r)—p,„(r) (14)

for AgPd and AgAu are depicted as contour plots in Fig.
6. We see that relative to this atomic reference system,
charge is transferred oQthe atomic spheres (note the neg-
ative contours denoted as dashed lines in Fig. 6) onto the
interstitial interatomic space. Hence, using Eq. (13) as a
reference leads to the conclusion that all atoms lose
charge from their atomic regions. Integration of hp, (r)
in the muffin-tin spheres about atomic sites indicates that
Pd lost more charge than did Ag, in opposition to what
might be concluded from elemental electronegativities
(Table I). However, this is consistent with the fact that
the configuration of Pd is d' in the atom but d s' in the
solid, and that the Pd s and d are more extended than the
Ag s and d states (Table I). A similar situation exists in
the AgAu alloy [Fig. 6(b)], where Au loses more charge
than Ag. Note that crystallo graphically inequivalent
atoms of the same chemical species have different charge
transfer; for example, the Ag site in AgAu [Fig. 6(b)],
having only two Ag nearest neighbors, has more charge
than the Ag' ' site that has eight like nearest neighbors.

A second definition of a reference system for assess-
ment of charge transfer is the charge density of the ele-
mental fcc solid of the same molar volume as the alloy.
The relevant density fluctuation is then

~p2( ) p lloy( ) pf

Here, pr„(r) is calculated in precisely an equivalent way

as p»i, „(r) (i.e., muffin-tin sphere radii, self-consistent
conditions). Figure 7 depicts the dominant spherical part
of bp2(r) within the muffin-tin radii for AgPd and AgAu.
We see that in the AgPd alloy [Fig. 7(a)] all Ag sites lose
charge from their muffin-tin spheres in favor of the Pd
spheres (in accord with what electronegativity suggests),
whereas in the AgAu alloys [Fig. 7(b)] all Ag spheres gain
charge with respect to the Au spheres (in opposition with
the naive prediction based on electronegativity). Both
directions of charge transfer are consistent, however,
with the transfer of charge from the higher total electron
density partner (Ag in Ag-Pd; Au in Ag-Au, see Fig. 2) to
the partner with lower total electron density. Note fur-
ther that chemically identical but crystallographically
inequivalent sites again exhibit different degrees of charge
transfer: in AgPd, the Pd' '-type atom (coordinated by
ten Ag atoms) gains the most charge, whereas the Pd's'-
type atom (coordinated only by four Ag atoms) gains the
least charge. Similar comments (but with the reverse sign
of charge transfer) apply to the Ag" sites in AgPd [Fig.
7(a)]. In AgAu [Fig. 7(b)], the Ag' ' (Au' ') sites gain
(lose) the most charge, while Ag' ' (Au' ') gains (loses) the
least charge. SCPA calculations do not exhibit any of
these distinct charge "environmental effects" or their cor-
responding effects on the LDOS; instead, an average is
produced. It is interesting to note that in AgAu most of
the charge transfer occurs at the boundary of the atomic
cell (and beyond), whereas in AgPd the charge transfer
occurs mostly in the interior of the atomic cell (Fig. 7).

To further assess the type of charge transfer in the al-
loy, we have decomposed bp2(r) of Eq. (15) into angular
momenta components in the different atomic cells.
Tables III and IV summarize the results for AgPd and

(a) Ap, (r) in Agp. 5 0.5 (b) ap,
-

(r) in Ag05Aup5

, .~Ag

0.08
I alloy-~m

0 06 A p5 PClp

- (a)
0.04—

O
0.02—

0.00 K

~ -0.02—

pd(8) 0.00 F

(5)

-0.05—

-0.10—

0.15

I alloy- I

(5) — 0 10 Agp5 A

(7)

oo5- ( )

'Ag"'
Ag(5)

Ag(7)

Ag'"-

Au'"
Au(')-.

Au"'

-0.04—

0.0
I, ~ l

0.5 1.0

Ag"'

-0.151.5 2.0 Q.Q 0.5 1.0
r (bohr" )

'Au(2)-

1.5 2.0

FIG. 6. Contour plots of the charge transfer Ap&(r) with

respect to a superposition of spherical ground state atoms [Eq.
(14)] for (a) AgPd and (b) AgAu in the (100) plane of the SQS-S.
Solid contours, positive hp&, dashed contours, negative hp&. A
contour step is 0.004e/a. u. Note that charge is depleted from
all atomic regions and deposited in the interstitial space. The
lattice constant is a =3.928 A for AgPd and a =4.080 A for
AgAu. Superscripts denote the number of like neighbors to
each site.

FICr. 7. Difference in total radial charge density b p2(r ) [Eq.
(15)] between the alloy and the corresponding elemental fcc
solid, both at the same lattice constant. (a) AgPd at
a=3.928 A, (b) AgAu at a=4.080 A. To better resolve the
function shown, we plot it vs r', not r. The vertical dashed
line denotes the muffin-tin radii. The different curves corre-
spond to the various (crystallographically inequivalent) sites;
the superscripts on the atomic symbols denote the number of
like first neighbors around each site. Note that the SCPA does
not resolve this type of average charge fluctuation. In AgPd,
Ag loses charge while in AgAu it gains charge. The amount of
charge transfer is reduced as the number of like neighbors is in-
creased.
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TABLE III. Angular and atomic site decomposed charge (in unit of e) inside the muffin-tin (MT) sphere of radii of 2.55 a.u. for the
Ago, Pdo ~ alloy in the SQS-8 structure and for its pure metal constituents at the alloy's volume. The alloy vs metal differences are
also given. Charges outside the MT spheres are not included in this table. The column headed "first neighbor" gives the
configurations of atoms in the first-neighbor shell (a total of 12 atoms), and "Degen. " is the number of times that this type of atomic
arrangement appears in the SQS-8 unit cell.

Atom

Ag(2)
Ag(s)
Ag(7a)

A (7b)

Ag(8)

Average
Diff.

Metal

Pd(2)

Pd( )

pd(7a)
Pd(7b)

Pd(8)

Average
Diff.

Metal

First
neighbor

Ag2Pd)p
Ag5Pd7
Ag7Pds
Ag7Pd5
AgsPd4

Ag6Pd6

Agi2pdp

Pd2Ag&p
PdsAg
Pd7Ag5
Pd7Ag~
Pd8Ag4

Pd6Ag6

Pd, 2Agp

Degen. Q(s)

0.455
0.455
0.457
0.455
0.455

0.456
—0.010

0.466

0.383
0.386
0.392
0.391
0.390

0.389
—0.011

0.400

Q(p)

0.373
0.374
0.373
0.372
0.373

0.373
—0.019

0.392

0.302
0.315
0.318
0.318
0.323

0.316
—0.019

0.335

Q(d)

9.128
9.134
9.139
9.140
9.143

9.137
—0.007

9.144

8.357
8.310
8.287
8.292
8.281

8 ~ 302
+0.086

8.216

0.045
0.043
0.042
0.042
0.041

0.043
+0.005

0.038

0.039
0.041
0.042
0.042
0.043

0.042
—0.004

0.046

Q(tot)

10.015
10.021
10.025
10.023
10.027

10.023
—0.031
10.051

9.094
9.065
9.053
9.057
9.052

9.062
+0.050

9.012

AgAu, respectively. They show the following.
(i) s charge transfer is decided primarily by the s chemi-

cal potential (E, in Table I}. For example, in forming the
AgAu alloy from the elemental solids, Ag loses s charge
while Au gains s charge, consistent with the fact that Au
has a lower s chemical potential [The small s charge
transfer in AgPd does not follow this rule, partly because
of sharp differences of the Fermi surface DOS of the two

constituents in Fig. 3(b)].
(ii) Overall, relative to the elemental solids, Ag gains

charge in the AgAu alloy, whereas Au loses charge as
seen also in Fig. 7(b). In the AgPd alloy, the Ag site loses
charge while the Pd site gains charge. Both trends are
consistent with the picture of charge transfer from the fcc
partner with higher total electron density to the one with
lower total electron density (Fig. 2). This trend applies

TABLE IV. Angular and atomic site decomposed charge (in unit of e) inside the mufFin-tin (MT) sphere of radii of 2.65 a.u. for the
Ago ~Auo, alloy in the SQS-8 structure and for its pure metal constituents at the alloy's volume. The alloy vs metal differences are
also given. Charges outside the MT spheres are not included in this table. The column headed "First neighbor" gives the
configurations of atoms in the first neighbor shell (a total of 12 atoms), and "Degen. " is the number of times that this type of atomic
arrangement appears in the SQS-8 unit cell.

Atom

Ag"'
Ag(5)
Ag'"'
Ag'"'

Average
Diff.

Metal

Au"'
Au(s
Au(7 )

Au(7b)

Au"'

Average
Diff.

Metal

First
neighbor

Ag2Auip
Ag, Au7
Ag7Au5
Ag7Aug
Ag8Au4

Ag6AU6

Ag)2Aup

Au2Agip
AugAg7
Au7Ag5
Au7Ag5
Au8Ag4

Au6Ag6

Au ]2Agp

Degen. Q(s)

0.442
0.450
0.458
0.458
0.460

0.454
—0.025

0.479

0.640
0.624
0.615
0.614
0.610

0.620
+0.033

0.587

Q(p)

0.393
0.385
0.379
0.379
0.375

0.382
+0.017

0.365

0.385
0.393
0.400
0.399
0.400

0.396
—0.024

0.420

Q(d)

9.277
9.271
9.264
9.267
9.263

9.268
+0.015

9.253

8.837
8.842
8.844
8.849
8.847

8.844
—0.012

8.856

Q(f)
0.044
0.040
0.038
0.038
0.037

0.039
+0.008

0.031

0.037
0.041
0.044
0.044
0.045

0.043
—0.008

0.051

Q(tot)

10.172
10.160
10.152
10.155
10.148

10.157
+0.017
10.140

9.912
9.914
9.918
9.921
9.918

9.917
—0.014

9.931
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FICz. 8. Plot of the total charge transfer inside the muffin-tin
spheres of Ag-Au, Ag-Pd, and Cu-Pd with respect to the pure
solid (from Table IV) as a function of the number of like atoms
in the first coordination shell. The linear dependence is
modeled by Eq. (16). This general model has been used else-
where (Ref. 8) to calculate lattice Madelung energies.

also to the d electron transfer.
(iii) The trends above are consistent with the qualita-

tive analysis of observed Mossbauer isomer shift in AgAu
alloys by Watson, Hudis, and Perlman using a simple
two-level model. Our calculation, however, produces
smaller absolute magnitudes of the charge transfer than
their (rather uncertain) estimates: Denoting by negative
quantities loss of charge relative to the elemental solids,
we find for the s charge transfer a Ag Au+
configuration (Watson, Hudis, and Perlman suggested
Ag ' Au+ '

) and, for the d charge transfer, a
Ag+ ' Au ' configuration (Watson, Hudis, and Perl-
man suggested Ag+ ' Au ). Note that these re-
sults depend on the way space is divided. As recently dis-
cussed by Watson, Weinert, and Fernando the charge-
tailing effect plays a significant role in determining this s
and d charge count.

(iv) As noted above, chemically independent but crys-
tallographically inequivalent sites experience different
magnitudes of charge transfer. Figure 8(a) plots for Ag-
Au the total charge transfer of Table IV versus the num-
ber of like atoms in the first shell, showing a near-linear
dependence. The same trend is seen for Ag-Pd and for
Cu-Pd [Figs. 8(b) and 8(c), respectively], so these environ-
mental effects are not accidental. Clearly, it will be un-

physical to assign a constant charge to a given chemical
species irrespective of its local environment. We can
model the results of Fig. 8 by a simple linear form.
Denoting by S; the pseudospin operator for site i (

—l if
occupied by A, +I if occupied by B) and by S~&' " the
spin on one of the 12 atoms that are nearest neighbors to
i, Fig. 8 shows that the total charge transfer scales as

12

g, =X y (S, —S'„'+"),
Ic =1

with A, —=2.6X 10 e, 5.7X 10 e, and 1.1X 10 e for
Ag-Au, Ag-Pd, and Cu-Pd, respectively. This descrip-
tion of the dependence of charge transfer at fixed x on lo-
cal coordination has been used previously to model the
electrostatic Madelung energies of random fcc lattice. It
should be contrasted with the simplistic SCPA view that
for fixed x Q; is independent of the occupancy of the sites
surrounding i, leading to a vanishing Madelung energy in
the random alloy, '"' hence to an overestimation of or-
dering energies.

C. Local density of states:
General discussion of alloy effects

Before presenting our detailed DOS, we discuss the
general factors affecting alloy DOS relative to those in
the elemental solid constituents. There are four notable
effects

(i) Volume and sublattice deformation sects 'Th. e
molar volume of alloys is usually intermediate between
those of its constituents; when the latter have unequal
volumes, the element with the smaller molar volume ex-
pands in the alloy medium while the one with the larger
volume contracts. Compression displaces bonding states
to deeper binding energies and broadens the d bands,
whereas dilation has reverse effects. We expect such
changes in the volume-mismatched AgPd system but not
in the nearly volume-matched AgAu system (Table I). In
addition, atoms can be displaced in an alloy off their
nominal (e.g. , fcc) lattice sites, causing additional (shear-
type) deformation potential that can shift (and split de-
generate) states.

(ii) Alloy fluctuation sects While . in the pure fcc
solid atoms are coordinated only by like species, in the al-
loys these neighboring atoms are partially replaced by un-
like atoms. In general, there is a distribution of a variety
of such local environments. If the two types of atoms
have nonoverlapping bands, the altered local environ-
ment leads to an "off-resonance behavior, " whereby the
states of the central atom have in the alloy fewer match-
ing states into which they can tunnel. This tends to
break the broad DOS of the elemental solid into a series
of narrower subbands, thus adding structure to the DOS.
This structure and the attendant subband narrowing di-
minishes when the bands of the constituent solids over-
lap. Hence we expect to see some of this off-resonance
behavior in the AgPd system (whose elemental bands are
somewhat displaced with respect to one another, see Fig.
3), but not in the AgAu system exhibiting overlapping
elemental bands (Fig. 4).

(iii) Band repulsion and hybridization sects The alloy.
environment creates a perturbing potential 6V(r) that
can be characterized as the difference between the actual
alloy potential and that of a virtual crystal. 5V(r) has a
structural component due to sublattice relaxation [item
(i) above], as well as a chemical piece refiecting the poten-
tial change upon a constant-volume transmutation of a
virtual atom into either A or B. The alloy perturbing po-
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tential can couple VCA states either in a first-order
manner (appropriate to degenerate VCA states) or in the
second-order manner (non-degenerate VCA states). The
coupling is inversely proportional to the initial energy
difference between the states and leads to repulsion of the
deep (shallow) state into yet deeper (shallower) binding
energies. Furthermore, alloy band hybridization can in-
duce LDOS, which does not exist in pure metal.

(iv) Charge trans-fer effects. Band repulsion and hy-
bridization effects can intermix states, resulting in charge
transfer. Transfer of electronic charge onto (off) an atom
raises (lowers) the Coulomb repulsion on that site, hence
reducing (increasing) the binding energy of the level. The
shift due to this effect can be modeled through

=U bN +U ANd dd d ds (17)

where Udd and Ud, are the (positive) d-d and d-
conduction Coulomb repulsion energies on site n, while
ENd and 6, are the excess d and conduction charges on
site u, respectively, relative to the corresponding elemen-
tal solids. Note that the direction of d and conduction
charge transfer need not be equal and hence, ANd and

could have opposite signs. The intraatomic
Coulomb eff'ect of Eq (17) might be partially ofFset by the
interatomic Madelung effect: transfer of charge off sub-
lattice 3 and into sublattice B creates a repulsive
Coulomb effect on 8 but also diminishes the Coulomb po-
tential on this site due to the field created there by the op-
positely charged sublattice A. Note, therefore, that this
partial cancellation can lead to small changes in the DOS
even if the total charge transfer is large. In what follows,
we will use the above general analysis to discuss qualita-
tively our numerically obtained DOS.

D. Calculated local density of states

Figures 9 and 10 contrast the partial density of states
of the AgPd and AgAu alloys, respectively, with those of
pertinent elemental fcc solids. We have arbitrarily
aligned the Fermi energies of each alloy with those of its
constituent solids. The number shown in parentheses in
each panel of Figs. 9 and 10 denote the angular momen-
tum decomposed charge transfer within the muffin-tin
sphere:
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panels shows the following: (i) The widths of the Ag and
Pd d subbands in the alloy (e.g., measured arbitrarily but
consistently at 20% of the maximum LDOS height) are
modified relative to the corresponding values of the free
elemental solids. In the x =

—,
' alloy, the d band widths

are 4.41 and 5.28 eV for Ag and Pd, respectively, while in
the elemental solids they are 3.59 and 5.68 eV, respective-
ly. (ii) The alloy Ag, d LDOS develops a tail in the low
binding energy side [6~—2 eV in Fig. 9(c)] and a narrow-
ing in the high binding energy side [6F—6 eV in Fig.
9(c)]. (iii) The alloy Pd, d LDOS shows just the reverse
effect: the LDOS develops a tail at the deeper binding en-
ergy side relative to the pure metal and an enhancement
in the low binding energy side. Figures 11(a)—11(c) fur-
ther show that the rather sharp and pronounced features
of the total (in the whole space, not MT spheres) DOS of
elemental Ag and Pd are replaced in the alloy by a series
of narrowly spaced peaks of lower intensity and larger
width.

Considering the discussion of Sec. IVC, we note the
following points.

EF E,p
D I+I(6)de — d$~ (6)de, (1g)

where DI ' ' and di ' ' are the alloy and elemental solid
DOS projected onto a given site (A or 8) and angular
momentum I. The two individual terms of Eq. (18) are
given in Tables III and IV. Figure 11 depicts the total
DOS of the alloys and the elemental constituents.

1. AgPd

The upper part of each panel in Fig. 9 depicts the site
and angular momentum decomposed alloy LDOS inside
the MT sphere, whereas the bottom part shows the corre-
sponding decomposition in the pure elemental solids of
equal molar volume. Comparison of the upper and lower

I ~ I

-10 -8 -6 -2 0 2 -10 -8 -6 -4 -2 0 2
Energy {eV)

FIG. 9. Site and angular momentum decomposed LDOS in-
side the MT spheres for Ago 5Pdo 5 (upper panels) and pure fcc
solids (lower panels) at the same lattice constant. The alloy was
modeled by averaging the results of SQS-8, and SQS-8b. Shad-
ed areas highlight energy regions where significant changes
occur. The Fermi energies of the alloy are aligned with those of
the constituent solid. The number in parentheses gives the cor-
responding average charge transfer inside the MT spheres
[defined in Eq. (18) and Tables III and IV] calculated at the
alloy's volume. Negative (positive) values denote that the alloy
atom lost {gained) electronic charge relative to the pure solid.
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(i) Volume deformation effects (i.e., compression of Ag
and dilation of Pd) shift the Ag state to deeper binding
energies (and broaden their LDOS), while they shift the
Pd states to shallower binding energies and narrow their
LDOS (Fig. 3). These changes can be largely understood
in terms of compression and dilation of the elemental
solids. Indeed, compression of pure Ag from its equilibri-
um volume to that of the alloy [Eq. (8)] increases the d
band width from 3.59 to 4.36 eV close to the partial
width in the alloy (4.41 eV). Conversely, dilation of pure
Pd to the alloy's volume reduces its bandwidth from 5.68
to 5.23 eV, again close to the alloy value (5.28 eV).
Hence, alloy bandwidths remain virtually the same as in
their elemental solids at the same volume. The fact that
the Pd d band width in the alloy is slightly larger than in
the (dilated) fcc metal is highlighted in Fig. 9(g) by the
shaded area. This leads to a larger Pd d occupancy in the
alloy, hence to additional Pd charge denoted in Fig. 9(g)
as b,g =+0.086e. Conversely, the narrowing of the Ag
d band at deep energy in the alloy [Fig. 9(c)] leads to a
(slight) loss of d charge (EQ = —0.007e).

(ii) Alloy fluctuation effects smear the sharp features of
the Ag and Pd DOS [Fig. 11(a) and 11(c)] into a series of
narrowly spaced structures [Fig. 11(b)], reAecting the ex-
istence in the alloy of a distribution of local environ-
ments. To clarify environmental effects on the DOS, we
show in Figs. 12(a) and 12(b) the Ag-centered [part (a)]
and Pd-centered [part (b)] LDOS of Ago 5Pdo 5. In the
SCPA approach, there is but a single LDOS for each
type, i.e., one for 2 and one for B. Figure 12 shows our
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FIG. 11. Total DOS of (a) elemental solid Ag at a =3.928 A,
(b) the AgPd SQS at the same a, and (c) elemental so1id Pd at
the same a. The Fermi energies were aligned. Note that while
Figs. 9(d) and 9(h) give the Ag and Pd DOS inside the MT
spheres, the plots in parts (a) and (c) here give the full DOS in
the whole lattice space. Part (d) gives the total DOS of elernen-
tal solid Ag at a=4.080 A. Part (e) gives the results for the
AgAu SQS at the same a, while part (Q gives elemental solid Au
at the same a. Note that while Figs. 10(d) and 10(h) give the Ag
and Pd DOS inside the MT spheres, the plots in parts (d) and (f)
here give the full DOS in the whole lattice space.
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FIG. 12. This figure illustrates "environmental effects" on
the DOS by showing atom-centered LDOS's. It gives the par-
tial density of states inside the MT spheres for (a) Ag' ' and
Ag' ' in Agp 5Pdp 5, (b) Pd' ' and Pd' ' in Agp 5Pdp ~, (c) Ag' ' and
Ag' ' jn Agp 5Aup 5, and (d) Au' ' and Au' ' in Agp 5Aup 5. The
superscripts denote the number of line atoms in the nearest-
neighbor shell. Note in (a) that Ag coordinated locally by only
two Ag atoms has a narrower DOS than Ag coordinated by
eight Ag atoms. These effects are weaker in the common band
AgAu system.
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results for two representative Ag and two Pd atoms in the
alloy: one coordinated just by two like atoms [2 ' '] and
one coordinated by eight like atoms [A' ']. We have
seen in Fig. 7 that local coordination sensitively affects
the charge distribution about a site. Figures 12(a) and
12(b) show that it also affects the DOS. Notice that the
Ag bandwidth depends strongly on its nearest-neighbor
environment (e.g. , the bandwidth of Ag' ' is much larger
than that of Ag' '). This is consistent with the fact that
Ag'sl has more charge than Ag' ' [Fig. 7(a)]. We expect
that much of this structure would be absent in effective-
medium theories that consider but a single, effective envi-
ronment. Similar effects were noticed by Gonis, Butler,
and Stocks' in their embedded cluster approach; the
present SQS approach provides a natural way for assem-
bling such atom-centered DOS's (Fig. 12) into total DOS
(Fig. 11).

(iii) Band repulsion and hybridization effects are
signi6cant for the AgPd DOS. For Ag, since it has lower
energy, the level repulsion enhances the deeper binding
energy portion of its LDOS while hybridization with Pd
states (which have lower binding energy) creates a tail in
the lower binding energy portion of its DOS. Opposite
eff'ects exist for Pd [Fig. 9(g)].

2. Ag Au

Figure 10 (LDOS) and Figs. 11(d)—11(f) (total DOS)
show the following features. (i) The Ag d band broadens
in the alloy relative to the same band in pure Ag [4.23 eV
vs 3.59 eV, measured arbitrarily at 20% of the maximum
height in Fig. 10(c)], while the Au d band is narrower in
the alloy (4.88 eV) than in the pure Au (5.28 eV). (ii) The
Ag s and p I.DOS develops a high-binding energy struc-
ture [Figs. 10(a) and 10(b)], whereas the Au s and p
LDOS are reduced in the high-binding energy regions
[Figs. 10(e) and 10(f)]. (iii} The total DOS [Fig. 11(e)]
shows a simple "common band" behavior whose struc-
ture resembles that of the constituents [Figs. 11(d) and
11(f)].

Considering the discussion of Sec. IVC, we note the
following. (i) There are no volume deformation eFects in
this lattice-matched system. (ii} Alloy fluctuation efFects
are smaller [Figs. 12(c) and 12(d)] compared with those in
the AgPd alloy since the bands of the Ag and Au are ful-
ly overlapping (Fig. 4). (iii) The broadening (narrowing)
of Ag (Au) in the alloy evident in Figs. 10(c) and 10(g) is
caused by the hybridization of the center atom with its
nearest-neighbor environment. This is consistent with
the fact that Au has loosely bonded electrons and hence
larger bandwidth while Ag has more tightly bonded elec-
trons and hence smaller bandwidth. (iii) The loss of Ag s
charge leads to a shift of its s-like LDOS to deeper bind-
ing energies [Fig. 10(a)] whereas the gain of Au s charge
displaces the s-like DOS to smaller binding energies [Fig.
10(e)]. (iv) In AgAu, the Ag atom gains d charge [Fig.
10(c)], while in AgPd, the Ag atom loses d charge [Fig.
9(c)]. Concomitantly, the Ag d band in AgAu broadens
at deep binding energies relative to fcc Ag, while the Ag
d band in AgPd narrows in the deep binding energy re-
gime.
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FIG. 13. (a) Comparison of the total DOS (in the whole
space) of Ago &Pdo, as obtained by averaging the SQS-8, and
SQS-8b results, with the decomposition into Ag and Pd contri-
butions (in the alloy, not pure solids) in MT spheres. (b) Results
of the CPA-KKR for Ago &Pdo 5 (Refs. 1 and 44). Note that the
distinct structure found here in the total DOS [solid line in part
(a)] is absent in the efFective-medium results [solid line in part
(b)].

E. Total density of states

Figures 13 and 14 show the total DOS of AgPd and
AgAu (solid lines), along with their decompostion into
the constituents. In the case of AgPd, where previous
CPA calculations are available, ' "" we show a com-
parison of our results with those of Winter and Stocks
[Fig. 13(b)]. As discussed above, the SQS exhibits a dis-
tribution of various local environments leading to a sub-
stantial structure in the DOS [solid line in Fig. 13(a)] that
is missing in the CPA model [solid line in Fig. 13(b)].
The overall width of the DOS and its decomposition into
Ag and Pd components are similar in both calculations.
(A similar SCPA calculation for AgAu at x =—,

' is, how-
ever, lacking).

V. CONCLUSIONS

We have seen that a structural theory of alloys consid-
ers the existence of a distribution of chemically distinct
local environments whose average gives the correct mac-
roscopic composition. Nonstructural, effective medium-
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FIG. 14. Comparison of the total DOS of Ago &Auo 5 as ob-
tained by averaging its SQS-8, and SQS-8& results (solid line)

with the decomposition into Ag and Au contributions (in the al-

loy, not pure solids) in the MT spheres.
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theories describe, on the other hand, all local environ-
ments as being identical, so each is characterized by the
macroscopic composition. They are indeed intended to
determine only the statistically average LDOS of the
component species, producing a single function that does
not resolve environmental effects. While there certainly
exist alloy properties that depend only on the global com-
position (e.g. , the molecular weight of A, B„), many
properties reAect local coupling and hence depend
specifically on the atomic arrangements and composition
about sites. In applications where a single averaged DOS
suffices, the SCPA is adequate. If, on the other hand, one
is interested in local environmental efFects, one needs to
go beyond the SCPA. We know, for example, that one
component of the total energy of an alloy —the electro-
static point charge energy —is incorrectly described by
such effective medium single site approaches that neglect
fluctuations. Since there are no parallel CPA and SQS
calculations of the total energy, it is still not clear wheth-
er the nonelectrostatic terms in the total CPA energy can
compensate for the error made in the electrostatic part.
We must await such comparisons. We have seen that a
structural theory of AgPd and AgAu alloy leads to a
significant environmental effect on the charge densities
around nominally chemically identical atoms (Figs. 6—8),
as well as to environmental effects on the density of states
(Fig. 12). We find that, owing to the significant separation
of the d bands of the constituents in AgPd, environmen-
tal effects are rather pronounced in its DOS [Figs. 12(a)
and 12(b)]. On the other hand, owing to the small d band
separation but significant s orbital energy difference in

AgAu, environmental effects are more pronounced for
the charge transfer [Figs. 6(b) and 7(b)] but less pro-
nounced for the DOS [Figs. 12(c) and 12(d)]. We expect
that transition metal alloys whose constituents differ
significantly both in electronegativity and in d band ener-
gies would exhibit the largest environmental effects in
charge fluctuations as well as DOS. This has been recent-
ly confirmed in our SQS calculation for the DOS of
Cup 75Pdp 25 ~ Owing to the large size mismatch between
the constituents ( -7.5%) we find significant relaxation
effects (the Pd—Pd bond length is longer than the VCA
average value). These, in turn, shift the Pd LDOS by —1

eV to lower binding energies.
The SQS model is readily applicable to metals as well

as to semiconductor' ' ' ' alloys, permits the effective
use of full-potential self-consistent electronic structure
methods, and predicts ground-state cohesive properties
(mixing enthalpies, equilibrium lattice constants) as well
as single-particle DOS. The method can be improved
systematically by using larger sizes in constructing the
SQS. The results could be compared to future extensions
of the SCPA to include inhomogeneous effects.
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