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We present angle-resolved photoemission spectra from the low-index faces of CuAl sin-
gle crystals using 16.85- and 21.22-eV radiation, together with the computed bulk elec-
tronic structure of the alloy within the framework of the muffin-tin coherent-potential
approximation (CPA). The d-band complex of Cu is found to suffer shifts of less than
0.1 eV on alloying, whereas the states of s-p symmetry are lowered in energy by as much
as on the order of 1 eV. The dispersion curve of the uppermost valence band is measured
and with the extrapolation of this curve to the Fermi energy (Er), the Fermi-surface radii
along two directions in the (100) mirror plane are deduced in Cu and CuAl. Of the
known surface states in Cu, the (100) Tamm state persists in the alloy but the (111)
Tamm state appears only as a weak shoulder in the alloy spectra. The Shockley-state
bands pérsist on the (110) as well as the (111) alloy face and are estimated to accommo-
date approximately 0.03 electrons/atom more in the alloy compared to Cu. The Shockley
states are lowered (in relation to Ex) by 0.3—0.4 eV as a result of alloying but the Tamm
states are lowered by less than 0.1 eV. The CPA computations are found to be in an
overall quantitative accord with the bulk measurements and these calculations also lead to
a qualitative understanding of some of the experimental results concerning surface states
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in the alloy.

I. INTRODUCTION

Angle-resolved photoemission spectroscopy
(ARPES) has contributed significantly to the
understanding of the surface and bulk electronic
structure of perfect crystals.”> The technique is
now developed to the point such that it is possible
to determine the energy of an individual occupied
Bloch level directly and, in fact, such “experimen-
tal” valence-band structures within 5—10 eV of
the Fermi energy have been obtained for a number
of transition and noble metals.’

Although the angle-integrated experiment has
been used extensively to study disordered alloys,
the application of the angle-resolved technique in
this connection is quite recent. Only limited
ARPES measurements on CuNi (Ref. 3), AgPd
(Ref. 4), and CuAl (Refs. 5 and 6) solid solutions
have been reported to date in the literature. It
should be noted that preparing and cleaning alloy
single crystals, necessary for ARPES, normally
presents metallurgical difficulties. For example,
often during the anneal-sputter cleaning procedure,
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annealing causes surface enrichment whereas subse-
quent sputtering results in an amorphous state.
Furthermore, it is only during the last few years
that the theoretical understanding of a disordered
alloy has advanced to the stage where reliable pre-
dictions concerning the bulk electronic structure
are possible within the framework of the average
t-matrix (ATA) and the coherent-potential (CPA)
approximations.” The corresponding treatment of
the muffin-tin alloy surface (also involved in the
photoemission process) is largely undeveloped at
this time, although a good deal of progress towards
understanding the surface electronic structure of
perfect d-band metals has been made.?

In this paper we present angle-resolved uv mea-
surements on the low-index faces of CuAl single
crystals with a nominal concentration of 10 at. %
Al’® Our focus is on delineating the characteristic
effects on the bulk and surface electronic structure
of Cu resulting from the addition of impurities.
CPA computations of the complex-energy bands in
the alloy are presented and used to interpret the ex-
perimental results. The choice of CuAl was

7075



7076 ASONEN, LINDROOS, PESSA, PRASAD, RAO, AND BANSIL 25

motivated by the facts that the host metal Cu has.
been studied extensively via ARPES*>!? and CuAl
belongs to the important class of Hume-Rothery
alloys. Also, the CuAl crystal permitted particu-
larly easy cleaning by Ar*-ion bombardment and
annealing,

An outline of this paper is as follows. Section II
describes the sample preparation and other experi-
mental aspects. Section III gives an account of the
relevant theoretical details. Section IV presents
and discusses the angle-resolved spectra from (100),
(110), and (111) faces of Cu and CuAl. The bulk
and the intrinsic surface states are considered,
respectively, in Secs. IV A and IV B.

Before summarizing our principal conclusions,
we note that the Cug ¢Alj | crystals showed a de-
gree of surface enrichment. More specifically, the
Auger measurements prefer a surface concentration
of 13 at. % Al. For this reason and the fact that
the photoemission experiment is surface sensitive,
we have considered a number of theoretical results
for 13 at. % Al, in addition to the bulk computa-
tions on the 10 at. % Al alloy. The calculations
for 13 at. % Al are more appropriate for compar-
ing the theoretical predictions with observations,
especially in those instances where the effects of al-
loying vary strongly as a function of the impurity
concentration. This, in fact, turns out to be the
case for the spectral features associated with the
states possessing primarily an s-p character (e.g.,
the conduction bands and the Fermi-surface di-
mensions). In contrast, the differences between the
predictions of the 10% and 13% computations
with regard to the d-like states are relatively small-
er and unimportant within the context of this arti-
cle.

In connection with the bulk states, the K values
corresponding to the well-defined peaks in Cu and
CuAl spectra were determined by using the tri-
angulation (energy coincidence) method discussed
in Ref. 11. Therefore, the theoretical and experi-
mental level shifts could be compared directly for
a number of initial states. [The discussion of dis-
order smearing of levels would, in general, require
the computation of photoemission intensity profiles
(excepting isolated instances),® and is considered
beyond the scope of this article.] Our conclusion
is that the d-like states of Cu experience shifts of
less than 0.1 eV. In contrast, the levels of s-p sym-
metry are lowered by as much as on the order of 1
eV with respect to the Fermi energy.

Since only two incident uv frequencies were used
to induce electron emission, it was not possible to
probe the uppermost valence band along the high-

symmetry directions, presumably due to the nona-
vailability of final states; the dispersion curve in
the (001) mirror plane could, nonetheless, be mea-
sured' and, by its extrapolation to the Fermi ener-
gy, the Fermi-surface radii in Cu and CuAl were
deduced along two different directions in each
case. This, to our knowledge, is the first applica-
tion of ARPES as a Fermi-surface caliper in met-
als and alloys. These results, despite their prelimi-
nary nature, point to the considerable potential of
ARPES in this regard.

Turning to the surface electronic structure we
find, in accord with earlier measurements, intrinsic
states of Tamm-type on the (100) and (111) faces
and of Shockley-type on the (110) and (111) faces
in Cu. The aforementioned surface states are
found to persist in the alloy. We associate a lower-
ing of 0.3 to 0.4 eV in the position of the Shockley
states (in relation to E), with the effect of alloy-
ing; this is substantially greater than the corre-
sponding shift (lowering) of 0.05—0.01 eV for the
Tamm states.® The dispersion of the Shockley-
state bands on the (110) and (111) faces was mea-
sured as a function of k| and found to be essen-
tially parabolic. On this basis, we estimate that
both the (110) and (111) bands accommodate ap-
proximately 0.03 electrons/atoms more in the alloy
compared to Cu. Many of the preceding observa-
tions can be understood, at least qualitatively, in
terms of the bulk electronic structure of the host
metal and the alloy. Such an analysis is presented
and used to gain insight into the characteristic dis-
order effects as far as possible.

II. EXPERIMENTAL CONSIDERATIONS

The experiments were carried out on a VG
scientific ADES 400 spectrometer capable of x-ray
photoemission, Auger electron (AES), uv-
photoemission, and low-energy electron diffraction
(LEED) measurements. The present uv spectra
were obtained at an angular resolution of 3° to 4°
full opening of the electron beam cone and an en-
ergy resolution of approximately 40 meV. A rare-
gas discharge lamp producing HeI (21.22 eV) and
Ne1 (16.85 eV) resonance lines was used to induce
electron emission.

The CuAl alloy single crystals were grown from
99.999% pure Cu and 99.999% pure Al with the
aid of the Bridgman method. The orientation of
the crystals along the various symmetry planes was
characterized by Laue diffraction. The composi-
tion was determined by x-ray microprobe analysis
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to be 10 at. % Al with an error of +0.2 at. %. No
inhomogeneities were found in the x-ray mi-
croanalysis within the limit of resolution (~1 pum)
of the method. We emphasize that the Cu alloys
containing less than 9 at. % Al have been shown to
possess little, if any, short-range order'? and that a
periodic (superlattice) structure appears in small
domains at the much higher concentration of 17
at. % AL Therefore, it is reasonable to assume
that our samples, containing 10 at. % Al, are sub-
stantially disordered, although we did not investi-
gate possible short-range ordering effects. In par-
ticular, the comparison of our experimental results
with the random alloy computations is a meaning-
ful one.

The crystals were polished mechanically and
electrochemically and cleaned in situ by repeated
cycles of heating at 720 K for 15 to 30 min fol-
lowed by argon-ion bombardment with (600 —
1000)-eV beam energy for 1 to 20 min at a time.
The base pressure of the spectrometer was typically
5% 1072 Pa. The crystal structure and the compo-
sition of the surface were monitored, respectively,
via LEED and AES measurements. The (100) and
(110) surfaces of the alloy were easy to clean; upon
annealing the Al content in the surface, as deter-
mined by the AES measurements, was approxi-
mately equal to 13 at. %. The LEED spectra from
these surfaces yielded sharp (1 X 1) patterns indicat-
ing that these surfaces were clean and perfect.
Thus annealing the samples at the end of the
cleaning procedure did not cause any appreciable
change in the composition or the crystal structure
of the (100) and (110) surfaces. In contrast, the
composition and the crystal structure of the (111)
surface was affected considerably by annealing and
sputtering. Low-energy AES and LEED studies
showed that the annealed (111) surface contained
approximately 30 at. % Al and exhibited a
(V3xV3) R30° Al overlayer structure. This sur-
face could be converted to the normal (1 X 1) con-
figuration by 600-eV Ar*-ion bombardment for
2.5 min. This procedure also reduced the Al con-
tent in the surface region to approximately the
bulk value.

III. THEORETICAL CONSIDERATIONS

Since the theoretical discussion of disorder ef-
fects in this article centers primarily around the
nature of the complex energy bands in CuAl, an
overview of such computations in alloys is ap-
propriate here. For a detailed discussion of the

muffin-tin CPA and ATA formalisms we refer the
reader to the literature.*~17

The single-site approximations, such as the ATA
and the CPA, amount to replacing the random al-
loy by an equivalent ordered crystal of suitably
chosen effective atoms. In particular, the quasi-
particle spectrum is given by the secular equa-
tion!>18

|t# (E)—B(K,E)||=0, (1)

where the determinant is understood to be in the
angular-momentum space. Here, t.4(E) denotes
the matrix of the on-the-energy-shell elements of
the effective atom and B (k,E) is the matrix of the
familiar Korringa-Kohn-Rostoker (KKR) structure
functions. In the alloy 4, B;_,, the ATA would
correspond to the simple choice

tgg=tATA=(t) =xt,+(1—x)tp ,

while the CPA scattering matrix 1?4 must be ob-
tained by numerically solving the CPA self-
consistency equation. Since the CPA treats the
disorder self-consistently, it is generally believed to
be a better approximation than the ATA. Howev-
er, we note that the ATA, despite its simplicity,
captures much of the dominant physics of disorder
and is known in many cases to be an adequate ap-
proximation.'®

For a perfect 4 or B crystal, t.4—>t4 or tz and
Eq. (1) reduces to the usual KKR equation. Equa-
tion (1) thus provides a simple conceptual basis for
the band theory of random alloys. In practice, it is
convenient to fix the value of the wave vector k
and solve (1) for E(k). These solutions are real in
a perfect crystal but become complex in an alloy,
with the imaginary part representing disorder
smearing of the quasiparticle states.

The muffin-tin potentials for Cu and Al used in
the present calculations were generated on the basis
of the Mattheiss’s overlapping charge-densities
prescription.!® The atomic configurations of
3d'%s? and 3s%p' were employed for Cu and Al,
respectively. In both cases, the Herman-Skillman
charge densities?® were overlapped on an fcc lattice
of lattice constant 6.8309 a.u. The Cu muffin-tin
potential is identical to that used in Ref. 21. The
effects of lattice expansion were incorporated as in
Ref. 18.22 The alloy muffin-tin zero was semiem-
pirically raised by 0.08 Ry from its average value
of —1.1970 Ry in Cug 4Aly ; this yielded a good
agreement between the computed and the measured
changes?® (between Cu and Cug 4Aly, ;) in the ener-
gy of the transition corresponding to the edge in
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FIG. 1. Complex energy bands in Cug Al ; along the principal symmetry directions in the Brillouin zone, excluding
the effects of lattice expansion (see Ref. 26). The vertical length of shading around the bands equals two times the ima-
ginary part of the complex energies. The energy zero is taken to be —1.1497 Ry, which is the muffin-tin zero for Cu.

the €, spectrum (i.e., the vertical transition from
the top of the Cu d bands to Er). We emphasize
that such relatively small adjustments in the poten-
tials are generally expected to be necessary in the
first-principles band theory of alloys.!®?! All com-
putations are based on the use of / <2 pure-
constituent phase shifts, To evaluate the KKR
structure functions B (k,E) efficiently, interpola-
tions in k and E were employed.?#?

IV. RESULTS

Figure 1 shows the CPA complex-energy solu-
tions of Eq. (1) for Cug ¢Aly ; in the vicinity of the
Fermi energy. This underlying alloy spectrum will
be used frequently in this section to interpret our
experimental results.?

A. Bulk electronic structure

The spectra for emission normal to the (100)
face are displayed in Fig. 2. The energy bands in
Cu along the I'-X symmetry line (relevant for
analyzing these spectra) together with the changes
in these bands due to the addition of 10 at. % Al
are also shown.

Figure 2(a) shows that, aside from an increased
smoothing of the structures in the alloy spectra,
the Cu and CuAl spectra are remarkably similar.
Note that, in view of Fig. 2(b) and Fig. 1, in the

energy range of 2 to 4 eV below Er (where the
spectra are localized), we are primarily probing the
Cu d-band complex. The experimental observa-
tions therefore imply that the Cu d bands suffer
little shift on alloying. This is in accord with the
theoretical predictions of Fig. 2(c). A, and As
bands, which are d-like, are seen to experience
shifts on the order of 0.1 eV; this is also true of
the A, band, except after it develops a significan
s-p admixture. :

The preceding conclusi’on_s_ were further con-
firmed by determining the k value corresponding
to the most pronounced peak in each of the spectra
of Fig. 2(a). The triangulation method permitted
this determination without any auxiliary assump-
tions on the band structure.?’” Figure 2(b) shows
that the absolute agreement between the measured
and calculated levels in Cu is within a few tenths
of an eV, as is to be expected for the first-princi-
ples computations in the d-band metals. Since our
focus is on delineating the disorder effects, we did
not attempt to invoke a semiempirical adjustment
in the position of the Cud bands or use a different
Cu potential. The shifts in the levels due to the
addition of impurities are generally insensitive to
such uncertainties, and indeed Fig. 2(c) shows that
in this regard the theoretical predictions are in
good accord with the observations. In particular,
the magnitudes of the measured level shifts in Fig.
2(c) are quite small, as anticipated above for the
d-like states.

Figures 3 and 4 summarize our results for the
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FIG. 2. (a) Photoemission spectra for normal emission from the Cu(100) and CuAl(100) surfaces. (b) Energy bands
of Cu along the I'-X direction. The crosses give the E-k values corresponding to the most pronounced peak in the two

Cu(100) spectra of (a); the horizontal and vertical bars on the crosses represent the | E| and E uncertainty. (c)

Theoretically computed shift for each of the Cu bands of (b) due to the addition of 10 at. % Al. For the meaning of
shading see caption to Fig. 1. Crosses represent experimentally determined level shifts. Note that all curves in (c) give
changes with respect to Er.

(110) and the (111) faces, respectively. Much of
the discussion presented above in connection with
Fig. 2 for the (100) surface is also applicable to
these figures with obvious modifications. The nor-
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FIG. 3. Same as the caption to Fig. 2, except that this figure displays results for the (110) surface. Experimental
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mal emission spectra in Figs. 3(a) and 4(a) are seen
to be richer in structure than those of Fig. 2(a).
Therefore, a larger number of E vs k points could
be determined experimentally along the U-X and
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FIG. 4. Same as the caption to Fig. 2, except that this figure displays results for the (111) surface. Experimental

spectra are for emission normal to the (111) surface.

the T'-L directions. [The structure at approximate-
ly —0.5 eV in Fig. 4(a) arises from a surface state
and is considered in Sec. IV B below.] Figures
2 —4 taken together show clearly that the Cud-
states are virtually unaffected by the addition of Al
throughout the Brillouin zone.

So far we have dealt primarily with the states of
d character. As noted in the Introduction, we were
unable to probe experimentally the s-p-type states

fu
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FIG. 5. Angle-resolved spectra from the Cu(100) and
CuAl(100) surfaces for 21.22-eV radiation. 6 denotes
the emission angle with respect to the surface normal.

along the principal symmetry directions, apparent-
ly because there are no final states available for
direct transitions at the two exciting frequencies
employed. Figures 1—4 show that much larger
level shifts and disorder smearings are predicted
theoretically for the levels of s-p symmetry. For
example, X, is lowered (with respect to Er) by 0.6
eV [Fig. 2(c)] and L, by 0.9 eV [Fig. 4(c)].

With this motivation the off-normal emission
spectra for the (100) face were also investigated. It
has been shown previously'° that the uppermost
filled band of s-p symmetry in Cu can be sampled
in this way in the (001) mirror plane [i.e., the (001)
plane passing through the center of the Brillouin
zone (BZ)]. Figure 5 displays representative
21.22-eV spectra and shows the presence of struc-
tures above the d-band edge. The E-K values for
the peaks in all the 21.22-eV and the 16.85-eV
spectra (not shown) were obtained by the triangula-
tion method. The results are shown in Fig. 6, to-
gether with the corresponding calculated bands in
Cu and CuAlL*® As noted in the Introduction, the
13% calculation is more relevant in this connection
due to the observed surface enrichment in the alloy
samples. On the whole, we conclude from Figs.
2(c), 3(c), 4(c), and 6 that the addition of 13% Al
lowers the s-p levels in relation to Er by as much
as on the order of 1 eV.

_, Finally, we present in Fig. 7 all the measured E-
k points in the (100) mirror plane. The corre-
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FIG. 6. High-energy conduction bands in Cu and
CuAl in the (100) mirror plane. k| denotes the parallel
component of K along the I'-X direction. (See Refs. 28,
10, and 11 for details.) The imaginary parts of the alloy
complex bands are not shown.

sponding theoretical bands are not shown because
various aspects of these measurements have already
been considered in detail in the preceding discus-
sion.

By extrapolating the dispersion curves of Figs. 6
and 7 to the Fermi energy, we were able to deduce
the Fermi-surface (FS) radii along two directions
each in Cu and CuAl. These experimental points,
together with the computed cross sections of the
Fermi surfaces in the (100) mirror plane are shown
in Fig. 8. It is gratifying to see that the Cu points
are in accord with the theoretical curve (and the
well-known FS of Cu from the de Haas—van Al-
phen experiments®®). The 13% Al computations
are, once again, seen to be in reasonable agreement
with the measurements. Our experiments show
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FIG. 7. Experimentally determined “energy bands”
in the (100) mirror plane in Cu and CuAl. 9 denotes the
polar angle of emission with respect to the (100) surface.
The dashed lines indicate an extrapolation from the ex-
perimental points.
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FIG. 8. Theoretically computed intersections of the
Fermi surfaces of Cu, Cug oAl ;, and Cug g;Aly ;3 with
the (001) mirror plane in the Brillouin zone. The empty
and the filled circles give, respectively, the experimental
values for Cu and CuAl as determined by angle-resolved
photoemission measurements.

that for measuring the Fermi-surface geometry via
ARPES, the surface composition will have to be
controlled more carefully than is common in the
photoemission work. To develop this application
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FIG. 9. Photoemission spectra obtained at 6=55°
and #fiw=21.22 eV for the Cu and CuAl (111) surfaces.
a spectrum for pure Cu (S denotes the structure due to a
Tamm-type surface state); b CuAl spectrum obtained
after annealing the sample at 770 K; ¢ CuAl spectrum
after the annealed surface was bombarded with Ar*
ions for 2.5 min at the beam energy of 600 eV; d CuAl
spectrum after the annealed surface was bombarded
with Ar* ions for 1.5 min.
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of ARPES fully, the use of synchrotron source for
inducing electron emission will also be necessary.

B. Surface electronic structure

Tamm-type states which are known to exist on
the (100) and (111) faces of Cu are considered
first.’* The (100) surface state persists in CuAl at
the M symmetry point of the surface Brillouin
zone (SBZ). A detailed discussion of the level shift
and the disorder smearing of the (100) Tamm state
in CuAl has already been presented in Ref. 6; this
surface state will therefore not be considered fur-
ther here. The (111) Tamm state, which was re-
ported to be absent in Ref. 5, is considered in
greater detail. Figure 9 shows the relevant spectra
from Cu and several alloy single crystals with dif-
ferent surface treatments. Although the (111)
Tamm state is seen clearly in Cu (curve a), it is
only discernible as a weak shoulder around —2.1
eV in one of the alloy samples. (See curve d in
Fig. 9; the details of this curve are shown in Fig.
10.) The close proximity of the bulk features, to-
gether with the broadening of the peaks due to
various mechanisms (e.g., disorder, natural
linewidth, surface defects, etc.) is probably respon-
sible for the fact that the (111) Tamm state is not
well resolved in the alloy spectra.

Figure 10 indicates that the (111) Tamm state is

| SRS B S R R ER B BN B B B |

INTENSITY  (ARB. UNITS)

-l i 1 1 1 1 1 1 1 L 11
-280 -260 -240 -220 -200 -1.80 -1.60
ENERGY (eV)

FIG. 10. The details of the curve d in Fig. 9.

shifted to a higher binding energy by somewhat
less than 0.1 eV. We have shown previously that
the corresponding shift for the (100) Tamm state
amounts to 0.08 eV. We conclude then that a shift
of <0.1 eV represents a characteristic effect of al-
loying on the Tamm states in Cu.

The Shockley-type states are considered now.
Such states, which are known to exist on the (110)

-and (111) faces of Cu (Ref. 31) were found to per-

sist on the corresponding alloy surfaces in CuAl.
On the (111) surface, the Shockley state is localized
at T point in the SBZ, and is seen in the normal
emission spectra of Fig. 4. The spectra of Fig. 11
further clarify the nature of this state.> In partic-
ular the bottom of the surface-state band is seen to
be lower by 0.4 eV for (1X1) CuAl and by 0.8 eV
for v3X V'3 CuAl in comparison to Cu(111). The
sensitivity of this state to surface conditions is thus
obvious. To isolate disorder effects, it is useful to
consider the Shockley states associated with the
(110) surfaces of Cu and CuAl (see Fig. 12). As
emphasized in Sec. II, the (110) surface in contrast
to the (111) alloy surface does not exhibit any ap-
preciable changes in the structure or the composi-
tion on annealing. The dispersion curves of Fig.
12 show that the bottom of the related surface
state band (centered at Y in the SBZ, is lowered by
0.33 eV by alloying. This is in good accord with
the aforementioned shift of 0.4 eV for the (1X1)
CuAl(111) surface. It is reasonable therefore to
conclude that the Shockley-type states are lowered
by 0.3 to 0.4 eV on adding 13 at. % Al and that
this shift represents a characteristic alloying effect.
Since the Shockley states are positioned within
the gaps in the bulk band structures the observed
movements in their positions can be understood
qualitatively in terms of the host and the alloy
bulk electronic structures. The gaps of interest in
the present case arise from the mixing of states
possessing primarily an s-p character [e.g., the L,
to L{ gap which is relevant for the (111) Shockley
state]. Therefore, the associated surface states
would also possess a significant s-p character and
the changes in the energy of the bulk states of this
symmetry would be reflected in the corresponding
changes in the surface states. We calculate the L,
and LY levels to be lowered by 0.9 and 1.4 eV,
respectively, in Cug ¢Alg ; in relation to Cu (Ref.
33); the average shift of 1.15 eV thus obtained is to
be compared with the observed value of 0.3—0.4
eV.** The discrepancy may be related to the fact
that a surface atom possesses a smaller number of
nearest neighbors compared to a bulk atom, and
the surface states may therefore be expected to ex-
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X V'3) CuAl(111).

perience smaller level shifts compared to the
relevant bulk states.

By assuming an isotropic parabolic shape, we
have estimated the total number of electrons in the
Shockley-state bands of Figs. 11 and 12. On this
basis, we obtain the following occupation numbers
(in units of electrons/atom): Cu(111)=0.045,
(1x1) CuAl(111)=0.075, (V3 x V'3) CuAl(111)
=0.110, Cu(110)=0.070, and CuAl1(110)=0.100.
By comparing Cu and CuAl both the (110) and
(111) bands are seen to accommodate 0.03
electrons/atom more in the alloy [using the (1 1)
CuAl(111) data]. These results show that, as in the
case of level shifts considered in the preceding
paragraph, the changes associated with alloying for
the Shockley states on the (110) and (111) faces are
similar.

As indicated in the Introduction, the question of
disorder smearing is generally considered beyond
the scope of this article. Nonetheless, it is
noteworthy in connection with Fig. 11 that
broadening of the spectral features can be sensitive
to the surface treatment. A comparison of the
curves labeled (b) and (c) in this figure reveals, for
example, that the bombarded surface shows
features that are broader even though this surface
contains less Al. This phenomenon is not related
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to disorder-induced smearing but is more likely a
result of the crystal defects introduced by bom-
bardment. A similar effect of the crystal imperfec-
tions was found earlier in photoemission from
AgPd single crystals.*

Finally, we note that we have found an unex-
pected spectral feature at —4.65 eV in emission
from the alloy samples. This feature is not present
in Cu and is clearly visible in the (100) and (111)
CuAl spectra in Figs. 2 and 4. The fact that this
feature exhibits no clear dispersion as the emission
angle or the incident frequency is varied makes it
unlikely that it is associated with the bulk Bloch-
type states. Furthermore, this feature is seen in
the spectra of the overlayer as well as the normal
surface and survives after oxygen absorption and
gentle Ar*-ion bombardment. For these reasons it
is also unlikely to be associated with a surface
state, even though it does lie energetically within
the s-d hybridizational gap in the I'-L and I'-X

directions in the alloy. As emphasized in Ref. 15,
the energy spectrum of the alloy will in general
contain non-Bloch-type contributions from the
complex impurity levels associated with a single
Cu or Al atom placed in the effective medium.
This possibility was investigated but no such
theoretical single impurity levels were found in the
relevant energy range. Perhaps the observed spec-
tral feature around —4.65 €V is related to the
properties of clusters of more than one atom in the
alloy.
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