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Experimental band structure of Cu;Au
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Angle-resolved photoemission experiments on Cu;Au{001} with synchrotron light in the range
12.5-46 eV are presented and evaluated to produce the band structure along I'-X. The initial-band
positions have been obtained by assuming free-electron-like final states. The experimental band
structure is compared with a recently calculated band structure. Similarities and discrepancies are

discussed.

I. INTRODUCTION

The determination of the dispersion of bulk bands in
crystals by means of angle-resolved photoemission is a
well-known and tested technique that has been described
in several review articles.!'? Of particular interest to the
work described below are the studies on Cu by Knapp
et al.’> and by Thiry et al.,* and on Al by Levinson
et al.’> Common to these studies is the fact that the deter-
mination of bulk energy-band dispersions from the ob-
served interband transitions was done with the help of
free-electron-like final bands shifted only by a constant
inner potential, at least at relatively high photon energies
(hv>35eV).

We report below experimental results and associated
evaluations of these results that were aimed at the deter-
mination of bulk energy-band dispersions in ordered
Cu;Au, a classic ordering alloy that has been intensively
studied by x-ray diffraction.® Although no direct experi-
mental measurement of the band structure of ordered
Cu;Au has been reported to date, a study of the optical
absorption was carried out by Skriver and Lengkeek’ and
compared with ab initio calculations. The optical mea-
surements were done at 30 K with a direct ellipsometric
technique between 0.5 and 5.3 eV. The electronic struc-
ture was calculated by means of the relativistic linear
muffin-tin orbital method. The calculations revealed that
ordered Cu;Au has distinct Cu and Au d bands posi-
tioned in and hybridizing with an s band common to Cu
and Au. Also, the order-disorder transition at 660 K has
been studied with angle-resolved photoemission and
Korringa-Kohn-Rostoker coherent-potential-approxi-
mation calculations by Jordan et al.® Recently, ultravio-
let’ and x-ray'® photoemission experiments have been
performed on single crystals and for normal emission.
On one hand Eberhardt and co-workers’ have argued
that the spectra resemble those of isolated gold atoms in
a copper matrix in that there are peaks in the range —4
to —7 eV which are separated by roughly the spin-orbit
splitting in atomic gold. On the other hand,
Wertheim!'~!? and co-workers have argued that the gold
and copper bands are heavily hybridized, as would be ex-
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pected for two noble metals, and that the spectra have,
roughly, comparable gold and copper weights at all ener-
gies.

In order to address this issue we have undertaken to
measure the bands using angle-resolved photoemission in
the range 12.5-46 eV and to compare the results with a
recent self-consistent band-structure calculation.!> The
calculations show that the peaks between —4 and —7 eV
have the bulk of their weight on the gold atoms. This
conclusion is indicated by various population analyses
and by the magnitude of the spin-orbit splitting, which is
mostly determined by the (heavier) gold. The same
analysis shows that the peaks above —4 eV have most of
their weight on the copper atoms. In fact, the energy
bands in this region resemble ‘“folded-back” fcc copper d
bands, and the spin-orbit splitting of these bands is small.

We describe in Sec. II the experimental procedure and
in Sec. III the calculational procedure followed in order
to extract the initial-state dispersion from the experimen-
tal curves. In Sec. IV we review the results of the band
structure calculated by Davenport, Watson, and
Weinert,'? and in Sec. V we discuss the comparison be-
tween experimental and theoretical band structure.

II. EXPERIMENTAL PROCEDURE

The sample (a single-crystal Cu;Au platelet with a pol-
ished major surface in a {001} plane) was wrapped in Ta
foil adjacent to a Cu{001} platelet and a polycrystalline
Au foil. The Cu and Au samples were used as references.
All three samples could be heated by sending electric
current through the Ta foil. The assembly was mounted
in a sample manipulator that allowed translations and ro-
tations such that any one of the three samples could be
exposed, in turn, to the photon beam, and the sample
orientations could be varied with respect to the beam.
The surfaces of all three samples were cleaned in situ [in-
side a vacuum chamber kept during the measurements at
about (5-9)x 10~ !° torr] by means of successive 1-h-long
Ar-ion bombardments (5X 107> torr of Ar, 500-eV Ar-
ion energy, 5 pA/cm? current) of the samples kept at
400-500°C followed by 30-min anneals at S00°C. The
chemical composition of the surfaces was checked by
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means of Auger-electron spectroscopy (AES) and the
crystallinity of the Cuj;Au and the Cu samples was
checked by low-energy electron diffraction (LEED). The
cleaning process was continued until no carbon AES sig-
nal was detected on the surface to be studied.

The photoemission experiments were carried out at
beam line U7 of the National Synchrotron Light Source
(NSLS). A plane-grating monochromator (PGM) was
used to disperse the synchrotron light and the experi-
ments were carried out in the range of photon energies
from 12.5 to 46 eV. The photon beam was incident onto
the Cu;Au surface at an angle of approximately 50° with
respect to the surface normal, the electric vector of the
light being almost parallel to a (110) direction of the
Cu;Au surface. The experiments were done in an angle-
resolved mode with a hemispherical analyzer (Vacuum
Generator) featuring a 2.4° acceptance angle and a total
resolution of 0.3 eV as determined at the Fermi level of
Au. Electron-distribution curves were measured for elec-
trons emitted in the direction of the surface normal (nor-
mal emission). The geometry for normal emission, i.e.,
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the position of the analyzer relative to the sample surface,
was established by searching for extrema in the binding
energy of selected pronounced peaks.

III. EVALUATION PROCEDURE AND RESULTS

Electron-distribution curves were measured from
Cu;Au{001} at normal emission for all photon energies
in the range 12.5-46 eV as listed in Table I. Only some
of these curves are depicted in Fig. 1. Table I summa-
rizes the photon energies used and the associated binding
energies of identifiable bands.

To analyze these results we draw first a “free-electron
band structure” (more properly called an empty-lattice
band structure) appropriate for Cu;Au along the I'-X
direction of the Brillouin zone. We do not show this plot
here; a similar one can be found, e.g., in Fig. 3 of Ref. S.
We then search in Fig. 1(b) for an extremum in binding
energy of any band, and we find one at 20-22-eV photon
energy for the band with 3.5-eV binding energy (see also
Table I). The resulting kinetic energy of approximately

TABLE I. Experimental photoemission peak positions from Cu;Au{001}. hv is the photon energy
in eV; E, is the binding energy in eV. An asterisk denotes binding energies that are weak or cannot be

resolved.

hv E, hv E, hv E, hv E,
12.5 0.50 18.5 6.00 25.0 2.50* 35.0 6.90*
12.5 2.50 18.5 6.95 25.0 2.95 36.0 2.60*
13.0 0.60 19.0 2.80 25.0 3.55 36.0 3.30
13.0 2.55 19.0 3.50 25.0 5.40* 36.0 5.10
13.5 0.70 19.0 6.10* 25.0 6.10* 36.0 6.20
13.5 2.60 19.0 6.90 25.0 6.90* 36.0 6.85*
14.0 0.80* 20.0 2.80 26.0 3.00 38.0 2.00*
14.0 2.65 20.0 3.55 26.0 3.50 38.0 2.60*
14.5 2.65 20.0 3.95* 26.0 5.25* 38.0 3.30
14.5 3.20* 20.0 4.90* 26.0 6.05* 38.0 5.10*
15.0 2.70 20.0 6.00* 26.0 6.85* 38.0 6.30
15.5 2.40* 20.0 6.90 28.0 3.00* 38.0 6.90*
15.5 2.70 21.0 2.80 28.0 3.50 40.0 2.10*
15.5 3.00* 21.0 3.55 28.0 5.10* 40.0 3.20
15.5 6.00* 21.0 4.00* 28.0 6.75 40.0 5.10*
16.0 2.35* 21.0 5.00* 30.0 2.40* 40.0 6.25
16.0 2.75 21.0 5.80* 30.0 3.10* 40.0 6.75*
16.0 3.10* 21.0 6.85 30.0 3.50 42.0 2.50*
16.0 3.45*% 22.0 2.80 30.0 5.00* 420 3.20
16.0 5.90 22.0 3.55 30.0 6.10* 42.0 5.10*
16.0 6.95% 22.0 3.90* 30.0 6.80 42.0 6.30
17.0 2.30* 22.0 5.15% 32.0 2.30* 42.0 6.70*
17.0 2.80 22.0 6.00* 32.0 3.40 44.0 2.50*
17.0 3.20 22.0 6.75 320 5.00 440 3.10
17.0 5.90 23.0 2.85 32.0 6.10* 44.0 3.50
17.0 7.00* 23.0 3.40 32.0 6.80 44.0 5.10
18.0 2.80 23.0 3.70* 340 2.10* 44.0 6.20
18.0 3.20 23.0 5.25* 34.0 3.40 44.0 6.90*
18.0 6.00 23.0 5.90* 340 5.10 46.0 2.40*
18.0 6.90 23.0 6.75 340 6.10 46.0 3.10
18.5 2.40* 24.0 2.85 340 6.80* 46.0 3.50
18.5 2.75 24.0 3.50 35.0 3.35 46.0 5.00
18.5 3.30 24.0 5.30* 35.0 5.05 46.0 6.20
18.5 5.10* 24.0 6.85* 35.0 6.20 46.0 6.90*
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18 eV, when reported on the free-electron band-structure
plot, indicates that this extremum must correspond to the
X point at momentum value k,=3(7/a)=2.51 A -1
We can thus estimate the inner potential with the formu-
la k;=0.512(hv—E;+ | V| )'/* (Ref. 1) where hv is the
photon energy, E; is the binding energy of the initial
state, ansl V, the inner potential (all in eV), and & f is in
units of A ~!. We thus obtain ¥;=6 eV. This estimate is
not very accurate, to be sure, but is not too different from
an estimate of ¥V, obtained from LEED.!* We will take,
then, Vy=6+1 eV, and use this value for the band-
structure determination described below.

To calculate the momentum k of the initial state we
have assumed that the final state is free-electron-like.
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Thus, for each binding energy value listed in Table I we
have calculated a k value with the free-electron formula

2 172
m
k= —ﬁ‘z—(hV—E,»+ \ V0| )

Since all k values thus obtained fell outside the first Bril-
louin zone, we then calculated the equivalent value of the
momentum in the first Brillouin zone by subtracting ap-
propriate reciprocal-lattice vectors of the type
(0,0,27n /a), and finally reduced the results to values
varying between O (the I'" point) and 0.5 (the X point) in
units of 277 /a. The results are shown in Fig. 2 as solid or
open circles. The solid circles originate from strong and
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FIG. 1. Angle-resolved electron-distribution curves from Cu;Au at normal emission. Left, photon energy Av from 12.5 to 44 €V;
right, photon energy A v from 18.0 to 28 eV, sequence for the determination of the inner potential.



relatively sharp peaks in the experimental electron-
distribution curves and the open circles originate from ei-
ther weak or poorly resolved peaks. Thus, the error bars
relating to binding energy are smaller for the former
(£0.07 eV) than for the latter (£0.15 eV). The error in
momentum depends on the errors in photon energy, bind-
ing energy, and inner potential (the latter being the larg-
est: *1 eV) and is estimated to amount to +0.03 and
+0.02 for hv=12.5 and 46 eV, respectively, in units of
27 /a.
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IV. CALCULATIONS

The energy bands of Cu;Au have been calculated self-
consistently and described in detail elsewhere.!> The cal-
culations were carried out with the linear augmented
Slater-type—orbital method (LASTO).!> This method is
similar to other linear methods'® in that numerical solu-
tions of the Schrodinger equation are used to represent
the wave function inside touching spheres centered on
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FIG. 2. (a) Theoretical (solid and dashed lines, without spin-orbit coupling) and experimental (circles) band structure of Cu;Au
along I'-X; (b) theoretical (solid and dashed lines, with spin-orbit coupling) and experimental (circles) band structure of Cu;Au along
I'-X. Solid and open circles originate from strong and weak (or poorly resolved) peaks, respectively.
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the nuclei. However, in contrast to other linear methods
the calculations involve a Bloch sum of Slater-type orbit-
als to represent the wave function between the spheres.
The calculation was iterated to self-consistency by means
of the local-density-functional approximation for ex-
change and correlation. Only the muffin-tin part of the
potential was used, and spin-orbit terms were neglected.
[Recently, a similar scalar-relativistic calculation has
been carried out!? which used the full potential (no
muffin-tin approximation). The results are similar to
those published elsewhere'> and reported here.] Follow-
ing the last iteration the spin-orbit interaction was in-
cluded and the bands recalculated but not iterated to
self-consistency. As described in detail elsewhere,'> The
LASTO technique is comparable in accuracy to other ab
initio band-structure methods though not as accurate as
the linear—augmented-plane-wave (LAPW) method. The
method has given good results for the heats of formation
of other gold compounds as well.!”

The resulting band structure is depicted in Fig. 2
without and with spin-orbit interactions, superimposed
on the experimental results. The bands have been labeled
according to the standard double-group notation.'®

If the spin-orbit interaction could be neglected, then
only states which are even or odd under the vertical mir-
ror planes could be observed in normal emission.'® In the
standard notation these are states with A; or A5 symme-
try. To aid thinking it is useful to introduce an explicit
coordinate system and indicate which orbitals have A, or
A5 symmetry. Choosing the z axis perpendicular to the
surface we find s, p,, and d , orbitals belonging to A;, and

Px»> Py> dy;, and d,, belonging to As. The states with A,
symmetry would be observed when the electric field of
the incident light is normal to the surface and the states
with A5 symmetry would be observed when the electric
field lies in the plane of the surface (s polarization). The
other orbitals do not contribute to the normal emission.
For the d bands these are x>—y%(A,) and xy(A,). Addi-
tion of the spin-orbit interaction mixes the A, and A,
into the Ay states, and the resulting symmetry label is
conventionally written A,. The A, states remain mixtures
of 5, p,, and d ; only and are labeled Ag. These are the
only two irreducible representations and both would be
observable in normal emission.

V. DISCUSSION

Experimentally, the energy bands of Cu; Au appear to
fall into two groups—those bands which lie below —35
eV and those which lie above —3.5 eV. According to the
calculation'® the deeper bands are predominantly of gold
character and the more shallow bands are predominantly
copper. It is important to remember, however, that there
is hybridization between the two groups so that there is
some gold character at all energies. A Mulliken popula-
tion analysis shows the bands between —S5 and —7 eV are
65-85 % gold.

It is not possible, however, to make a detailed compar-
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ison between the calculated and experimental band struc-
tures. There appear to be many more bands in the calcu-
lation than have been observed experimentally. One pos-
sible explanation for this fact is the lack of experimental
resolution. It shows that studies of metallic compounds
with many atoms per unit cell require extremely high
resolution to do the kind of band mapping which has be-
come standard for elemental metals. Another possible
explanation is the effect of the band folding. The bands
in the region above —4 eV resemble those of fcc copper
folded back into the simple-cubic Brillouin zone. Recall
that the zone boundary for a fcc crystal is at 277 /a while
for the simple-cubic structure it is at 7/a. However, the
intensity of the photoemission from these folded-back
bands is expected to be low. In fact, if the gold were re-
placed by copper the intensity of the folded-back bands
would be zero, and the gold potential is not expected to
be very different from that of copper. Also, the selection
rules for photoemission!® indicate that in the absence of
spin-orbit coupling only A, and Ay states contribute to
the photocurrent normal to the surface. Spin-orbit cou-
pling mixes the states so that all of them contribute. This
is why they are all shown in Fig. 2. However, for small
spin-orbit coupling (as is appropriate for copper) the
states which are predominantly of A, and A, symmetry
should be weak.

The most glaring discrepancy between theory and ex-
periment in Fig. 2 is for the peak with binding energy of
about —0.5 eV. There, no states approach the experi-
mental points in the calculation. Indeed, in a fairly gen-
eral way we can argue that the d bands of Cu;Au should
lie well below the Fermi level and the only states at —0.5
eV should be those in the broad s-p band which crosses
the Fermi level about § of the way to the zone boundary.
This argument is consistent with Fermi-surface studies.?
One possibility is that the observed peak is a surface
state, but this possibility is very unlikely as this peak
shows some dispersion (about 0.2 eV) and a peak at the
same energy has been observed in pure copper.’ A more
likely possibility is that the assumption of a free-electron
final state, used to determine k, is not valid. The state is
only observed for small photon energies, which means
low final-state energies where the free-electron approxi-
mation could break down.

In summary, our angle-resolved photoemission mea-
surements on Cu;Au are consistent with first-principles
electronic-structure calculations. The peaks in the
energy-distribution curves fall into two groups which the
calculation identifies as predominantly goldlike and
predominantly copperlike. Detailed comparison of the
theoretical and experimental bands is not possible be-
cause of the large number of bands predicted for a ma-
terial with four atoms per unit cell. It would be useful ex-
perimentally to vary the angle of incidence of the light in
order to identify the symmetry of the observed peaks. It
would be useful theoretically to estimate the matrix ele-
ments so that a rough idea of the intensities of the vari-
ous peaks could be obtained. At the lower photon ener-
gies the assumption of free-electron final states is prob-
ably not valid. Therefore calculations of the empty states
above the Fermi level would also be useful.
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