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The electronic and structural properties of random Cu-Au alloys have been determined using
the (all-electron) fully relativistic Korringa-Kohn-Rostoker coherent potential approximation. The
concentration was varied in steps of 10% (5% for the A3 B and ABs; compositions) and total energy
calculations were carried out to determine the corresponding equilibrium lattice constants. Just like
the experimental data from which they differ at most by 1.5%, the calculated equilibrium lattice
constants show a positive deviation from Vegard’s law. The calculated heat of mixing agrees well
with the existing experimental data. The equilibrium spectral properties of random Cu-Au alloys
are discussed in terms of theoretical photoemission spectra and are compared to experimental data
for CuzAu and pure Au. The structural properties of the compositional series are presented using
lattice-constant- and concentration-dependent effective pair (and triplet) interactions up to fourth
(tenth) -nearest neighbors and related quantities such as ordering energies and antiphase boundary
energies. The ordering processes that govern the CuzAu and CuAu structure are discussed.

I. INTRODUCTION

There is an extensive history in modern times on
the physics of the Cu-Au system. However, the alloy’s
phase diagram is still the subject of investigation by re-
searchers. If one compares the phase diagram in Ref. 1
with more recent diagrams?3 one can see phase fields be-
ing revised or questioned. Much of the attention has been
devoted to the study of the order-disorder phase transi-
tion in CuzAu, using experimental techniques such as
diffuse electron scattering,®® x-ray scattering,® extended
x-ray-absorption fine structure (EXAFS),® or specific
heat measurements.” These experiments have inspired
a series of theoretical investigations that have become
prominent in alloy theory® and have introduced metal-
lurgical concepts such as antiphase domain boundaries.’

Most of the theoretical alloy papers in the sixties and
seventies also dealt in one way or the other with the
Cu-Au system. In the eighties special techniques such as
neutron diffraction!® or angle-resolved photoemission'?
were used to trace the critical temperature of the order-
disorder phase transition in CuzAu by its characteristic
features. Of course thermal analysis and other “classi-
cal” techniques were used much earlier to classify this
system.1213

With the establishment of (angle-integrated) valence-
band photoemission spectroscopy as a standard exper-
imental technique and the improvement in large-scale
computational resources, theorists were prompted to at-
tempt extensive electronic structure calculations to de-
scribe the alloy system’s properties. There is a whole se-
ries of such calculations, roughly beginning with Ref. 14,
that deal mostly with the ordered structure of CugAu and
sometimes with its disordered state. Ordered structures

0163-1829/94/49(19)/13366(7)/$06.00 49

were also used, in terms of a Connolly-Williams-type ap-
proach, to describe phase stability and other thermody-
namical properties of the Cu-Au alloys.

In this work a charge-self-consistent (all-electron) fully
relativistic Korringa-Kohn-Rostoker coherent potential
approximation (KKR-CPA) study (see, e.g., Ref. 15)
is presented that covers a closely spaced range of alloy
concentrations. The calculations show predicted equi-
librium lattice constants, heats of mixing, theoretical
(angle-integrated) photoemission intensities, and order-
ing energies and antiphase boundary energies based on
effective pair interactions.

II. COMPUTATIONAL DETAILS

All calculations are based on the Gunnarson-Lundqvist
exchange-correlation local-density functional'® and were
carried out using a maximum angular momentum quan-
tum number of 3, the 21 special directions of Fehlner and
Vosko!? for the Brillouin zone integrations, and an energy
mesh along the real energy axis corresponding to about
160-220 energy points in the valence region. For each
self-consistent iteration the core charge density is recom-
puted. This procedure allows for the proper screening of
the nuclear charge and the subsequent readjustment of
the valence electrons. At each concentration, 4-7 differ-
ent lattice constants were used to compute the total en-
ergy in order to locate its minimum value and, hence, de-
termine the concentration’s equilibrium lattice constant.
For a particular lattice constant and concentration the al-
loy’s total energy and the constituent total energies (see,
e.g., Ref. 18) for Cu and Au were typically converged
to considerably less than 0.5 mRy. In all calculations the
same number of radial mesh points that define the charge
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density were used and the muffin-tin radius corresponded
to the inscribed Wigner-Seitz sphere.

After a calculation obtained a self-consistent charge
density the off-diagonal scattering path operators, neces-
sary to determine effective pair (and triplet) interactions
(see, e.g., Ref. 19), were calculated using the Fehlner and
Vosko directions.!” Since an l-convergence study for the
effective pair interactions showed little sensitivity with
respect to an inclusion of the f channels, the effective
pair interactions and related quantities presented in this
paper are based on a maximum angular momentum quan-
tum number of 2.

III. RESULTS
A. Equilibrium lattice constants and heat of mixing

Figure 1 shows the variation of the calculated equilib-
rium lattice constant as the concentration of Au (ca,) is
changed, along with the experimental data.?® As can be
seen from Fig. 1, in the range 0.3 < cay < 0.75 both the
theoretical results and the experimental data give a pos-
itive deviation from Vegard’s law. This deviation begins
at about cp, = 0.25 and tends to return to the line de-
picting Vegard’s law after cy, = 0.75. The largest devia-
tion by the theory from the corresponding experimental
values, about 1.5%, is in the region around ca, ~ 0.5.

As is well known, at cpy ~ 0.3 the long-period struc-
tures (CugAu II structures) are expected,?’ while for
Cau ~ 0.7 the experimental situation with respect to such
long-period structures seems to be somewhat less clear.
It will be shown in the Sec. IIIC that the alloy struc-
ture in the concentration range 0.3 < ca, < 0.75 can be
understood from the theory. The concentration ranges
bounding this region will be seen to be related to order-
ing phenomena. It should be noted that for cp, > 0.75
and for cay < 0.3 the calculated equilibrium lattice con-
stants agree very well with the experimental data. In
these two regimes of concentrations, the deviation from
experiment is considerably less than 1%.

The heat of mixing is not only theoretically a very sen-
sitive quantity, but also experimentally quite demanding.
In Fig. 2 two experimental curves,?! namely for “equilib-
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FIG. 1. Calculated (diamonds) and experimental (Ref.

20) (circles) equilibrium lattice constants for the system
Cu;Au;_.. Vegard’s law is indicated as a dashed line.
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FIG. 2. Heat of mixing in Cu;_Au,. The experimen-

tal values (Ref. 21) for the “equilibrium samples” (at 720
K) and the “quenched samples”(at 320 K) are indicated as
squares and circles, respectively, and the theoretical values as
diamonds.

rium samples” at 720 K and “quenched samples” at 320
K, are shown with respect to the concentration of Au,
along with the theoretical values. As can be seen from
the figure, the experimental curve for the quenched sam-
ples is lower than the one for the equilibrium samples
and also much more symmetric around ca, = 0.5. Also
there seems to be no shoulder at about ca, = 0.25 for
the quenched samples as is seen for the equilibrium sam-
ples. For ca, > 0.4 the theoretical values are in good
agreement with the experimental data for the equilib-
rium samples, while for ca, < 0.4 the theoretical values
are in better agreement with the quenched samples. By
inspecting the componentlike contributions to the heat
of mixing, namely ca(Eg o, — Egetal) (see also Ref. 18),
one discovers a kind of shoulder at cp, ~ 0.25 that re-
flects the corresponding behavior in the lattice constants
(see Fig. 1) and which is not resolved in the sum over the
components «. It should be noted, however, that since
the total energy of Au is about one order of magnitude
larger than that of Cu, even at low concentrations of Au
the averaged total energy and, consequently, the heat of
mixing is essentially determined by the numerical accu-
racy that can be achieved for the Au component total
energy.

B. Spectral properties

Figure 3 shows the calculated Al Ko x-ray photo-
emission spectra (XPS) (see, e.g., Ref. 24 and references
therein) for the whole series of concentrations investi-
gated, along with a component decomposition for the
Au3zCu, AuCu, and AuCusz random alloys. All calcu-
lated spectra have an assumed total broadening function
(lifetime broadening and spectrometer function) of 1 eV.
Figure 4 shows the variation of the binding energies of
the prominent peaks with respect to ca,. Also marked
in this figure are the experimental binding energies for
CusAu,?® and pure Au.2¢

Like previous calculations??23 for CuzAu, the present
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FIG. 3. (a) Theoretical Al Ko photoemission spectra
for Cuj_;Au,. (b) Decomposition of the Al Ka photo-
emission spectra for CursAuzs (top), CusoAuse (middle),
and CuzsAurs (bottom) with respect to the components Cu
(dashed line) and Au (dotted line).

calculation places the peak with the lowest binding en-
ergy about 0.6 eV too low in energy, while all other peaks
seem to be in excellent agreement with experiment.?®
From Fig. 4 one can see that for ca, < 0.5 the two
lowest peaks move toward lower binding energy as the
concentration of Au is decreased. They collapse into one
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FIG. 4. Binding energies as a function of the concentra-
tion of Au. The theoretical values are shown as diamonds, and
the experimental values for CuzAu and pure Au as squares
and circles, respectively.
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peak at CuggAu;o and this peak moves up slightly in en-
ergy toward the value for the binding energy one expects
to see in a corresponding experimental spectrum. The
reasons for this obvious failure to describe the energetic
position of this particular peak are not quite clear. Since
the two lowest peaks in the CuzsAugs spectrum corre-
spond to the Au d®/?- and the Au d®/2-like contributions
to the total spectrum, respectively, arguments based on
missing Madelung terms2® do not apply, since this ef-
fect would also shift the Au d%/2-like peak toward higher
binding energies, and that peak is already in good agree-
ment with the experimental data. Of course the effect
of displacive relaxations?® due to size effects cannot be
excluded, although from the shape of the effective scat-
tering amplitudes and energetic position of the occurring
resonances, this does not seem to be the case. It should
be noted that the failure to describe the position of the
Au d3/%-like peaks is also a difficulty®® in the ultravi-
olet photoemission regime. It is well known that the
Cu-Au system shows surface segregation with an en-
hanced Au concentration near the surface.3! It might
very well turn out that in order to describe the photoe-
mission from CujzAu surfaces properly, one has to incor-
porate a concentration gradient near the surface into the
theoretical models, i.e., one has to deal with an inhomo-
geneous CPA problem and the problem of semi-infinite
systems.3? In principle, many-body effects could play a
role in an explanation, although for the Au-Pd system?*
this did not seem to be the case.

From Fig. 4, one sees that for Au-rich alloys the ener-
getic positions of the peaks faithfully reproduce the ex-
perimental binding energies2® for pure Au, although the
lowest peak usually only shows up in theoretical calcula-
tions for pure Au.?” Figure 4 clearly indicates the need
for a careful experimental photoemission study for the
Cu-Au system, covering the whole range of concentra-
tions by using a well-defined n situ cleavage technique
and a suitable range of incident photon energies to sort
out Cooper minima. For the time being, Figs. 3 and 4
represent the angle-integrated (valence-band) photoemis-
sion for the Cu-Au system.

C. Ordering energies and antiphase boundary
energies

The purpose of this section is to interpret the parame-
ters in an Ising Hamiltonian3334 for homogeneous alloys:

1 1
H= 3 Z Vijécide; + 3 Z Vijrbcibcjbep +---

%,J ijk

where the V;; and the Vjj; are effective pair and triplet
interactions, respectively, and the éc;’s are the local con-
centration fluctuations, in terms of ground-state concepts
such as ordering energies and antiphase boundary ener-
gies. In what follows, pair interactions are denoted sim-
ply by V;, where 7 identifies the ith nearest neighbor.

In Fig. 5 the effective pair interactions up to the tenth-
nearest neighbors are shown for CuzsAurs, CusoAuso,
and CuzsAuys at a lattice constant closest to the cal-
culated equilibrium lattice constant. The plots for
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FIG. 5. Effective pair interactions for CuzsAurs (a = 7.60

a.u., top), CusoAuso (¢ = 7.45 a.u., middle), and CursAuzs
(a = 7.075 a.u., bottom) up to the tenth-nearest neighbors.

CuzsAuys and CusgAusg seem to confirm the use of such
pair interactions for the Cu-Au system in previous statis-
tical mechanics calculations (for a review of parameters
see, e.g., Ref. 35), namely V;,V3 > 0, V5, V, < 0 with all
higher pair interactions being quite small. For CuzsAuss
this obviously is not the case.

Table I shows the combinations of the first four effec-
tive pair interactions needed to calculate ordering ener-
gies (Eqrq) for the possible ground-state structures appro-
priate for these alloy compositions.3® Using these combi-
nations and the antiphase boundary energy,®® E.p, =
—V, + 4V3 — 4V,, one obtains the lattice-constant-

TABLE 1. Ordering energies based on fourth-near-
est-neighbor effective pair interactions.

Concentration Structure Ordering energy
0.5 CuAu -Vi+iVe-Vs+ 3V,
3 1 2
CuPt —sz + §V4
AB_4o —%Vl-f-;Vz-i"Va—%Vt
0.25, 0.75 CuszAu i+ &V -3v3 + 2V,
DOz —§W+%V2+%V3+%V4
DO3s —%V1+EV2—%V§+§V4
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dependent quantities displayed in Fig. 6 for CuzsAurs,
CU50A1150, and C1175A1125.

From Fig. 6 one can see that for CusgAusg, Fora and
E,p1 are weak functions of the lattice constant. The pre-
dicted ground-state structure for CusgAuso undoubtedly
is the CuAu structure. The theoretical ordering energy
of —1.43 mRy at the calculated equilibrium lattice con-
stant (7.43 a.u.) for this structure is only about half of
the experimental value of —2.93 mRy?! for the equilib-
rium samples, but very close to the value for the quenched
samples, namely —1.66 mRy. At the calculated equilib-
rium lattice constant, E,p, = 2.3 mRy.

For the CuzsAuys system, the calculations predict
quite a different behavior. In this case the system clearly
orders as expected in the CuzAu structure and the the-
oretical ordering energy of —1.16 mRy at the calculated
equilibrium lattice constant (7.59 a.u.) agrees fairly
well with the corresponding experimental value of —0.65
mRy?! for the equilibrium samples (0.16 mRy for the
quenched samples). Under pressure (i.e., for smaller lat-
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FIG. 6. Ordering energies (left) and antiphase boundary
energy (right) for CuzsAurs (top), CusoAuso (middle), and
CuzsAugs (bottom). The equilibrium lattice constants are
indicated by vertical lines. For the A3B and AB3 compo-
sitions the CuzAu, DOz, and DO23; ordering energies are
shown as squares, triangles, and circles, respectively. For the
AB composition the CuAu, CuPt, and ABj4o ordering ener-
gies correspond to squares, triangles, and circles, respectively.
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tice constants), the system exhibits a substantial decrease
in the ordering energy with an attendant increase in the
antiphase boundary energy.

For the CuzsAuys system the ordering energies for the
CuzAu, DQO3s, and DQO53 structures as well as the an-
tiphase boundary energy are strongly dependent on the
lattice constant. At the calculated equilibrium lattice
constant of 7.08 a.u., which agrees very well with the
corresponding experimental value, the theoretical CugAu
ordering energy of —2.0 mRy is almost identical with
the value obtained experimentally (—2.04 mRy for the
equilibrium samples and —2.08 mRy for the quenched
samples?!). Inspecting Fig. 6, however, one has to ad-
mit that this kind of agreement is probably coincidental
rather than a clear confirmation of the experimental data,
since for lattice constants only marginally smaller than
the equilibrium lattice constant all three ordering ener-
gies become positive. At 7.05 a.u. the ordering energy
for the DOy, structure is lower than those for the CuzAu
and DOj; structures. From Fig. 5 one can see that
for CuzsAuys the energy expansion using (effective) pair
interactions cannot be restricted to only fourth-nearest
neighbors: higher pair interactions can contribute sub-
stantially to the ordering energy. Figure 6 also clearly
shows that the antiphase boundary energy is strongly
dependent on the lattice constant and that near the equi-
librium lattice constant E,pp, is nearly zero.

As already mentioned before in the context of Fig. 1,
at cay = 0.25 one sees the onset of a strong deviation
from Vegard’s law toward larger lattice constants. Upon
reaching cs, = 0.75, one can see a tendency to return to
smaller lattice constants, eventually reaching the value
appropriate for pure Au. Returning to Fig. 6, one sees
that for Cups Auys the system can gain ordering energy by
moving to smaller (averaged) lattice spacings, while for
CuzsAuss the opposite is true. Based on this reasoning,
it seems quite likely that displacement fluctuations play
a decisive role in the ordering of the CuzAu structure (an
interesting discussion thereof is given in Ref. 37).

As far as the range of concentrations 0.3 < ca, < 0.6
is concerned, from Fig. 7 one sees that the effective pair
interactions are only weakly dependent on concentra-
tion and lattice constant. On the other hand, perhaps
CuzgAusg can be regarded as a kind of precursor for
CursAugs, since V; shows a minimum near the calculated
equilibrium lattice constant of 7.18 a.u. In this regime
of concentrations the antiphase boundary energy is posi-
tive and varies only very little with the lattice spacing. A
special case is CuggAuzg for which, at the calculated equi-
librium lattice constant (7.57 a.u.), the antiphase bound-
ary energy is very nearly zero, possibly an indication for
the occurrence of long-period structures in the vicinity of
CAuy = 0.75.

Figure 8 shows the effective pair interactions for the
alloys CuggAuyo and CujpAugg. The effective pair inter-
actions are rather large and strongly lattice-constant de-
pendent. For these two concentrations effective triplet in-
teractions become important, which are in turn strongly
lattice-constant dependent.

For 0.4 < cay < 0.7 the triplet interactions Vpi2, Vois,
Vo14, and Vo4 (for a definition in terms of spanning vec-

P. WEINBERGER et al. 49

TABLE IIL

Spanning vectors for effective triplets.

Viik ﬁi ﬁj ﬁk

Voiz (0,0,0) (3,%,0) (1,0,0)
Vois (01010) (%1%70) (L%a%)
V014 (07070) (%7%10) (1:170)
V024 (07010) (170y0) (1,170)
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FIG. 7. First four effective pair interactions for CusgAuro,

CugoAueo, CusoAugo, and CuroAuse. Vi, V2, Vi, and V, are
shown as squares, triangles, circles, and pluses, respectively.
The equilibrium lattice constants are indicated by vertical
lines.
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FIG. 8. First four effective pair interactions for CugpAuio
and CujoAuge. Vi, V2, V3, and V, are shown as squares,
triangles, circles, and pluses, respectively. The equilibrium
lattice constants are indicated by vertical lines.

tors in real space, see Table II) are typically one order
of magnitude smaller than the corresponding pair inter-
actions. In Fig. 9 these four triplet interactions are dis-
played versus the concentration of Au at their respective
equilibrium lattice constants. Typically it seems to be
the case that whenever the pair interactions are large
then the triplet interactions also become large. There
is one important exception, namely CuzgAusg, for which
the triplet interactions are large and the pair interactions
rather small. It should be recalled that near ca, ~ 0.3
the CuzAu II structures have to be expected. It is diffi-
cult to decide whether or not the behavior of the triplet
interactions is an indication for invoking the concept of
concentration-independent pair interactions proposed by
Wolverton et al.3® or simply related to the occurrence of
the CugAu structure and/or displacement fluctuations.
At present, no simple models of interpretation of triplet
interactions in terms of energy concepts are available.

IV. SUMMARY

The present charge-self-consistent fully relativistic
KKR-CPA calculations give a reasonably good account
of the observed equilibrium lattice constants, of the heat
of mixing, and of the ordering energies into the CuAu
or CugAu structures. From the discussion of the pair
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FIG. 9. Effective triplet interactions for CusAu;_. at the

respective equilibrium lattice constant as a function of the
concentration of Au. Vpi12, Vo13, Vo14, and Vo4 are shown as
squares, triangles, circles, and pluses, respectively.

interactions and ordering energies, it seems that for the
Cu-Au system the basic underlying structure is the CuAu
structure, whereas the formation of the CuszAu structure
requires both ordering effects with respect to the parent
fcc lattice and displacement fluctuations. In order to rule
out ambiguities with respect to triplet and higher-order
interactions, statistical mechanics calculations have to be
performed based on the present pair interactions and on
the use of integrated densities of states corresponding
to defined configurations in a first-nearest-neighbor clus-
ter as a pickup table for Monte Carlo calculations.3® It
should be noted, however, that when using the embedded
cluster method*? in this way,*! one has to deal in princi-
ple with 144 configurations per component. Such calcu-
lations are presently under preparation. The calculated
x-ray photoemission spectra showed a consistent shift of
peaks with respect to the concentration, which seems to
yield correct binding energies for Au-rich alloys, but fails
to give a good account of the lowest peak in CugAu —at
least with respect to the existing experimental data.
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