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Theoretical study of the electronic structure of ordered and disordered Cu3+u

P. Weinberger
Institut fur Technische Elektrochemie, Technical Uniuersity Vienna, Austria

and Center ofMaterials Science, Los Alamos National Laboratory, Los A lamos, New Mexico 87545

A. M. Boring and R. C. Albers
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

W. M. Temmerman
Science and Engineering Research Council, Daresbury Laboratory, Daresbury, United Kingdom

(Received 13 October 1987; revised manuscript received 4 April 1988)

The electronic structure of the ordered phase of Cu3Au is investigated using the self-consistent-
field (SCF) fully relativistic linear-mu5n-tin-orbital method. The electronic structure of the disor-
dered phase is obtained from a fully relativistic Korringa-Kohn-Rostoker coherent-potential-
approximation calculation. To show the effects of self-consistency in the disordered phase, we

present both non-SCF and SCF results for this phase. These results show that the largest changes in

the electronic structure upon ordering are in energy regions away from the Fermi energy. To verify
this prediction we have calculated the x-ray-photoemission (XPS} intensities for both phases and
compared these to experimental data. It is found that the calculated Al Ka XPS intensity is in ex-
cellent agreement with the data on the ordered system and gives a clear picture of the itinerant na-

ture of the Au Sd states. For the disordered state our results are in agreement with trends seen in

angle-resolved photoemission, but are in disagreement with the only angle-integrated XPS data
available on the disordered system.

I. INTRODUCTION

Although the order-disorder phase transition in the
Cu3Au system is probably one of the oldest transitions
considered by the metallurgical community it is still not
well understood. First, the Fermi surface of the ordered
state obtained from de Haas-van Alphen data' has been
interpreted as an indication of a strong electronic contri-
bution to the order-disorder transformation. On the oth-
er hand, Lander et al. ' have interpreted their neutron-
diffraction data as indicating that phonon anomalies may
be responsible for the transition. There does seem to be
agreement, however, that the changes in electronic struc-
ture between the ordered and disordered state near the
Fermi energy (EF ) are small and subtle.

If one does not focus on the transition and the states
near EF, but looks at the electronic states away from EF
in the two phases, larger changes are seen. There have
been several photoemission studies ' of the ordered
phase which are in good agreement with one another, but
which give different interpretations to their data. First,
Eberhard& et al. interprets the spin-orbit splitting of the
Au d states as an indication that these states are local-
ized. DiCenzo et a/. maintain that their x-ray-
photoemission (XPS) data is consistent with an itinerant
picture of these Au states. For the disordered phase the
two available photoemission studies ' agree in that they
both show that the large changes in electronic structure
upon disordering occur in Au 5d states (several eV below
EF). However, one study indicates that the Au 5d be-
come featureless upon disordering while the other

shows the lowest Au peak growing and becoming sharper
upon disordering.

The electronic structure of the ordered Cu3Au phase
appears to be reasonably well understood. The de
Haas —van Alphen measurements (Deimel et al. ') are
found to be in good agreement with corresponding band-
structure results (Skriver and Lengkeek ) obtained in
terms of the linear-muSn-tin-orbital (LMTO) method
with mass-velocity and Darwin corrections. However,
because that was a non-self-consistent calculation certain
features of the electronic structure may be expected to be
missing. This is seen most clearly in the comparison of
their density-of-states (DOS) functions with the photo-
emission data of Nemoshkalenko et al. in which their
gold bands have to be shifted by 0.4 eV relative to their
copper bands in order to obtain a rough correlation with
the data. Since matrix elements were not calculated
theirs was really only a crude comparison. At this point
it is hard to know whether the lack of agreement to the
XPS data is due to a lack of self-consistency or is due to
the constant-matrix-element approximation. To answer
these questions we have performed a fully relativistic
self-consistent LMTO calculation' for the ordered phase
of Cu3Au. In order to compare with the XPS data we
have calculated the photoemission matrix elements, " so
we obtain theoretical XPS intensities.

The electronic structure in the disordered phase is even
less well studied and less well understood. This is unfor-
tunate for it is precisely the electronic structure in the
disordered state that enters into the theory of composi-
tional disorder (Gyorffy and Stocks' ), which is one of the
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most striking phenomena displayed by this alloy system

(Clapp and Moss, ' Hashimoto and Ogawa, ' Moss and
Walker, ' Zhu and Cowley' ).

As mentioned before in the present work the fully rela-
tivistic (solutions to the Dirac equation) LMTO method'
is applied for the ordered phase, whereas for the disor-
dered state the fully relativistic Korringa-Kohn-Rostoker
coherent-potential approximation (RKKR-CPA, Staun-
ton et al. '

) is used. For the disordered state two separate
calculations are perforined, namely, (1) a non-self-
consistent-field (non-SCF) RKKR-CPA calculation based
on self-consistent muffin-tin LMTO potentials for the or-
dered system and (2) a self-consistent RKKR-CPA calcu-
lation. The reason for including the non-self-consistent
results is to show the effects of self-consistency in the
RKKR-CPA method as most results in the literature are
of the non-self-consistent variety. Finally having ob-
tained the DOS functions from these calculations, we
then calculate the XPS intensities" and compare them to
the existing data.

II. PRACTICAL AND NUMERICAL ASPECTS

The ordered-phase calculations were performed self-
consistently using the fully relativistic linear-muffin-tin-
orbital (LMTO) method' within the local-density ap-
proximation. Calculations were performed using both
the Kohn-Sham exchange-only potential and the Barth-
Hedin exchange-correlation potential' to check the sen-
sitivity of the results to the potential approximation used.
It was found that the quantities reported in this paper
such as densities of states (DOS) and photoemission in-
tensities (XPS) were insensitive to the potential apprdxi-
mation. The results presented here are for the Barth-
Hedin' approximation. The calculations were, of
course, performed for the Cu3Au crystal structure at the

0
experimental lattice constant of 3.7478 A. For this crys-
tal structure, the band structure was converged for 95 k
points in the irreducible wedge of the Brillouin zone (BZ}
within the atomic-sphere approximation (ASA). The
tetrahedron method' was used to obtain the DOS func-
tions. The core states were taken from atomic Dirac cal-
culations and were held fixed throughout the self-
consistent-field cycles of the band electrons.

In the case of the non-SCF RKKR-CPA calculations,
the Cu and Au scattering potentials correspond to self-
consistent LMTO potentials for the ordered systems. For
the LMTO calculations the common muffin-tin zero cor-
responded to the mean value of the scattering potentials
at the muffin-tin radius. For the BZ integration the 21
directions of Fehlner and Vosko are used and the SCF
scattering amplitudes are calculated at real energies.

In the fully SCF RKKR-CPA calculation a frozen-core
approximation was also applied. It should be noted that
a SCF RKKR-CPA calculation involves two self-
consistency cycles, one for the scattering amplitudes (this
solves the problem of averaging over all compositional
configurations), and another for the charge densities as
required by the density-functional theory. This implies
that for each step in the self-consistency cycle for the
charge densities a self-consistency cycle for the scattering

amplitudes has to be carried out. The muffin-tin charge
densities are obtained by an energy integration of the
Green's function along a rectangular contour in the com-
plex plane, similar to the nonrelativistic case as described
by Johnson et al. ' and Pinski and Stocks. This contour
passes the real axis below the bottom of the valence s
band and at the Fermi energy. The Coulomb part of the
potential is found by solving Poisson s equation, the con-
stant potential refers to a concentration-averaged con-
stant charge density in the region between the muffin-tin
spheres. Contrary to a calculation for an ordered system
no Madelung term is involved (for a more formal descrip-
tion of the self-consistency procedure see, for example,
Weinberger and Gonis }.

The scattering potentials (i.e., the charge densities for
the components Cu and Au) are iterated until the indivi-
dual fcc band structures for Cu and Au change by less
than about 1 mRy in two subsequent iterations using the
corresponding potentials in Cu3Au and the Cu3Au lattice
constant. This rough convergence criterion yields a con-
vergence of the d-like resonance energies (the energy at
which the corresponding phase shift passes through n /2)
of about 1-2 mRy. Throughout the total self-consistency
procedure including the final iteration the BZ integra-
tions are performed using the five special directions of
Bansil.

For the SCF potentials the CPA scattering amplitudes
are calculated in the complex plane parallel to the real
axis in steps of 0.002 d.u. [I d.u. = (a /4m. Ry), where a
is the lattice constant] and are numerically continued
(Pindor et al. and Klima et al. ) to the real axis by
means of the Riemann-Cauchy condition. Because of this
numerical procedure a small imaginary part to the energy
parameter remains, causing some artificial broadening of
the density-of-states functions. For the calculation of the
electronic structure of the disordered phase the local-
density-functional approximation of Barth and Hedin is
also applied.

The x-ray photoemission spectra (XPS) intensities were
calculated as outlined previously. " Here just a descrip-
tion of the main points is given. The starting point is the
one-electron formulation of Feibelrnan and Eastman
which contains the electron-photon interaction, the
initial-state Green s function, and the time-reversed low-
energy electron-diffraction (LEED) function. For the
high photon energies of XPS the fully relativistic angle-
integrated intensity I (E+co) can be expressed as

I(E+ro) = g g o',(E+co)n „'(E) .
i(sites)

In this expression the n'„(E) are the partial DOS func-
tions for the ath (relativistic quantum number) channel
on the ith site and o' (E +co) are the relativistic cross sec-
tions calculated over the energy range of the DOS func-
tions for fixed incident photon energy (co= 1486.6 eV for
the Al Ea line). This expression shows that for the high
energies of XPS the connection between the intensity I
and the intrinsic electronic structure represented by the
DOS function n,'(E) is a simple one.
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III. RESUI.TS

A. Densities of states

In Fig. 1 the density of states of the ordered calculation
is compared with the two disordered calculations. In
Figs. 1(b) and 1(c) also the concentration weighted com-
ponent DOS are shown whereas in Fig. 1(a) only the Au-
like density of states is marked separately. We will dis-
cuss the DOS for the ordered state and then compare it
to the results for the two disordered-phase calculations.
First, we could not really compare our results to those of
Skriver and Lengkeek because their figure (see Ref. 8) is
just too small. Therefore, we can only give their descrip-
tion of their results and compare that with our fully rela-
tivistic self-consistent results. Their overall d bands (Cu
and Au) are 5.5 eV wide with the top of the Cu bands 1.8
eV below EF. This is in reasonable agreement with our
SCF results in which the top of the Cu bands is 1.7 eV
below EF and the overall width (Cu and Au bands) is 5.1

eV. This also indicates that their Cu and Au bandwidths
are individually correct (in agreement with ours) and
their assessment that their Au bands are too low by 0.4
eV is correct also. From our results a few more details of
the electronic structure can be given. Our Cu bands are
2.3 eV wide and our Au bands are 2.8 eV wide. Compar-
ing these results to the electronic structure of the pure
metals we note that in Cu3Au the Cu d bands are the
same width as in pure Cu and in the same position rela-
tive to EF (1.7 eV below). Of course, it is reasonable that
the Cu bands would be the least disturbed by replacing
every fourth Cu atom by a Au atom.

For the disordered case, we see that in both the non-
SCF (b) and the SCF (c) calculation, the structure seen in
the Au part of the DOS of the ordered state is completely
washed out. For the Cu d states the non-SCF calculation
still has some structure whereas the SCF results yield a
fairly smooth DOS function. As mentioned above, part
of this difference is due to the extra broadening in the
SCF calculation. The width of the Cu d band, however,
is about the same in both calculations and the first Cu
peak below EF is also in the same position. The Au d
states are also very similar below —5 eV, but have less
structure in the region of the Cu d bands in the SCF re-
sults. Also we note that the separation between Au d and
Cu d states seen in the ordered calculation is not seen in
the non-SCF result, but seems to reappear in the SCF cal-
culations. At the present time we have no simple ex-
planation for this hybridizationlike gap in the SCF result.
In comparing the ordered DOS with the disordered DOS
it is seen that the Cu d bandwidth is only slightly
broadened (about 0.3 eV) upon disordering. The Au d
band states, on the other hand, undergo considerable
broadening (over 1.0 eV) upon disordering. Also the two
large peaks (at 5.5 and 6.6 eV below EF) seen in the or-
dered state, which we will show are due to spin-orbit
splitting, are completely washed out in the disordered
phase.

B. X-ray-photoemission spectra

In Fig. 2 the calculated d-like Al Ka photoemission
cross sections are shown for Au and Cu in the case of or-
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FIG. 1. (a) Density of states for ordered Cu3Au for the total
(solid line) and Au component (dotted line). (b) Non-SCF densi-

ty of states for disordered Cu3Au for the total (solid line), the
Cu component (squares), and Au component (triangles). (c)
SCF density of states for disordered Cu3Au for the total (solid
line), Cu component (squares), and Au component (triangles).
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dered Cu3Au. Note that the d-like cross sections of Au
are larger by a factor of 3 than those of Cu, which in turn
implies that the Au-like contribution to the total intensity
will be much bigger than suggested by the density of
states in Fig. 1(a). The reason the Au cross sections are
larger is simple: the cross sections are proportional to
the average of r over the orbitals in question and the Au
5d orbitals are quite a bit larger in radial extent than the
Cu 3d orbitals (see also the discussion in Ref. 28).

In Fig. 3 the most recent experimental Al I( a photo-
emission spectrum for ordered Cu&Au [Fig. 3(a)] is com-
pared with our calculated Al Ka XPS intensities for the
ordered phase [Fig. 3(b)]. The theoretical spectra include
a spectrometer resolution of 0.6 eV and a quadratic life-
time broadening with a half-width of 1 eV at the band
bottom for the ordered state. The experimental spectrum
shows three well-de6ned peaks, namely at about —7.0,
—5.5, and —2. 5 eV, with a shoulder on the high-energy

peak at about —3.8 eV. Our theoretical intensity seems
to map these peaks very nicely, except that the peak posi-
tions are shifted by 0.7 eV towards higher energies and
there is a double peak at —4.8 and —5.5 eV. If we shift
our theoretical spectra by this 0.7 eV we obtain almost
perfect agreement for both peak positions and widths for
both Cu and Au states. The two-peak structure seen ex-
perimentally in the Au states will be shown (below) to be
due to spin-orbit splitting in these itinerant states. Also
the shoulder on the Cu peak at —3.8 eV is well repro-
duced in the calculations.

The theoretical spectrum for the disordered phase (Fig.
4), which is based upon the SCF RKKR-CPA calcula-
tion, shows the main Cu peak at —1.7 eV. This is exact-
ly where the corresponding peak in the theoretical spec-
trum for the ordered phase is located. All other features,
"washed out" because of disorder, are in the vicinity
where there are the low-energy peaks in the experimental
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FIG. 2. Partial d-like Al Ka photoemission cross sections
(arbitrary units) for (a) Au and (b) Cu in ordered Cu3Au. The
d' -like cross sections are shown as dashed-dotted lines, the
d' -like cross sections as solid lines.

FIG. 3. (a) Experimental Al Ka photoemission spectrum (ar-
bitrary units) for ordered Cu, Au [data from DiCenzo et al.
(Ref. 5)]. (b) Theoretical Al Ea photoemission spectrum (arbi-
trary units) for ordered Cu3Au.
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