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In considering the electronic structure of (Cu-rich) CuPd alloys, we present computations of
complex-energy bands and average densities of states together with the angle-resolved photoemission spectra from the (100), (111), and (110) surfaces of Cu95Pd5 and Cu85Pd&5 single crystals. The
Pd-derived irnpurimpurity spectrum in CuPd is found to be dominated by two quite-well-separated
ity bands and differs sharply from the case of CuNi or AgPd systems, where only a single Ni- or
Pd-related impurity structure appears in the alloy. Extensive comparisons between the theory and
experiment are carried out with regard to the positions and halfwidths of the Pd-induced impurity
structures, the level shifts and disorder smearings of the Cu-derived bands, and the shifts in the
binding energies of the Cu 2p and Pd 3d core levels. A remarkably good agreement is found to exist
in all cases. The (111) Shockley state is observed to lie at a binding energy of 0.2 eV (with respect to
the Fermi energy) in Cu95Pd5 and to possess an increased full width at half maximum (compared to
Cu) of 60 meV. This state moves just above the Fermi energy in Cu85Pd». These effects can also be
understood in terms of the changes in the bulk electronic spectrum of Cu upon alloying with Pd.

I.

INTRODUCTION

The electronic structure of disordered alloys has been
the subject of extensive investigations
during the last
decade, culminating in the development of a band theory
of alloys within the framework of the Korringa-KohnRostoker coherent-potential
approximation (KKR-CPA)
and its simpler version, the average-t-matrix approximaThis approach involves the application of
tion (ATA). '
the ideas of ATA and CPA, developed earlier in connection with the simple one- and two-band tight-bindingmodel Hamiltonians,
to the muffin-tin Hamiltonian,
which is well known as providing a realistic representation
of the crystal potentials in perfect metals and presumably
also in close-packed disordered materials. It is clear that
the KKR-CPA gives a good description of at least the
average properties of the medium. On the experimental
side, state-of-the-art advances are making it possible to
test theoretical predictions at an increasingly sophisticated
microscopic level. A note may be made here of progress
in the areas of angle-resolved photoemission spectroscopy
(ARPES), two-dimensional angular correlation of annihilation radiation, and the differential (composition moduIn recent papers we
lation) optical refiectivity studies.
have discussed at some length the electronic spectra of
CuAl and CuGe solid solutions, using the ARPES spectra
from low-index faces of alloy single crystals together with
the KKR-CPA computations. ' Here we consider the
Cu-rich CuPd system which constitutes an example of a
transition-metal
impurity in Cu. In comparison to the
29

earlier angle-integrated
photoemission
experiments,
the present angle-resolved measurements provide a substantially more detailed picture of the electronic spectrum.
An outline of this paper and its principal conclusions is
as follows: Section II discusses the underlying theoretical
spectrum of CuPd alloys. The Cu and Pd muffin-tin potentials used in this work are described and the KKRCPA computations in Cu95Pd5 and Cu85Pd~5 are presented. The impurity spectrum is found to be dominated by
two quite-well-separated
Pd-derived impurity bands and
thus differs sharply from the case of CuNi or AgPd, where
only a single Ni- or Pd-related impurity structure appears
in the alloy. ' ' This phenomenon physically has its origin in the large-crystal-field splitting associated with the
Pd muffin-tin potential in the alloy and also in the particular circumstance that the Cu d band lies roughly in the
middle of the substantially broader Pd d band. The Pd d
states then tend to get excluded from the middle region
and give rise to a two-peaked structure in the density of
states on the Pd site To gai. n further insight into the
preceding effects, we also present and discuss a number of
additional KKR-CPA computations involving shifts of
the Pd d bands to higher as well as to lower energies from
their correct position with respect to the Cu d bands.
Section III presents Her (21.22 eV) and Ni I (16.85 eV)
angle-resolved
normal-emission
spectra from the (100),
(111), and (110) faces of Cu, Cu95Pd5 Cus5Pd~z, and Pd
single crystals. A limited number of off-normal-emission
spectra were also investigated. A remarkably wide range
of agreement is found to exist between the ARPES mea1713
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surements and the theoretical picture developed in Sec. II.
In this connection we consider the positions and
halfwidths of the Pd-induced impurity structures and also
the level shifts and disorder smearings of the Cu bands
(which continue to be clearly identifiable) in various parts
of the Brillouin zone for both the 5- and 15-at. % Pd alloy. The Fermi-surface dimensions of Cu-rich CuPd alloys decrease essentially uniformly and in accord with the
predictions of a Cu-based rigid-band model, assuming effective valences of 0 and 1 for Pd and Cu, respectively.
The calculated shifts in the positions of the Cu 2p and the
Pd 3d cole levels are
good accord~ in sign and magn1tude, with the electron spectroscopy for chemical analysis
(ESCA) results of Martensson et al. Finally, concerning
the intrinsic surface states, we were able to locate the (111)
Shockley state clearly in Cu»pd& at a 0.2 CV lower binding energy (compared to Cu). In Cus5Pdls, we deduce
from the spectra that this state has moved just above the
Fermi energy. (The Tamm-type surface states are not expected to be observable due to the presence of strong Pd
emission in their energy range. ) We interpret the level
shift and smearing of the (111) Shockley state in terms of
the changes in the bulk bands of Cu upon alloying and,
here again, find good accord with the measurements.

I

Q.

II. THEORETICAL ELECTRONIC SPECTRUM
The theoretical techniques used in the present KKRCPA calculations have been discussed at length elsewhere.
(See Refs. 12 and 2.) Mattheiss's prescription of overlapping the charge densities was employed to generate the
constituent muffin-tin potentials on a composition dependent fcc lattice with the lattice constant of the alloy.
Herman-Skillman wave functions corresponding to atomic
configurations of 3d' 4s' and 4d'o5s for Cu and Pd,
respectively, were used. The Cu muffin-tin potential is
essentially the same as that we have used in other Cubased systems, except that the Cu d bands were moved to
a 0.15 eV lower energy in order to gain good absolute
agreement with the measured Cu d bands. The Pd potential for the perfect Pd fcc lattice yielded good agreement
with the published Pd-band structures. ' However, the Pd
potential generated on the alloy lattice constant leads to
results

and was therefore rigidly moved by
energy with respect to the Cu potential.
This is the only semiempirical adjustment which we have
invoked for Pd. However, as the discussion in Sec. III
will show, our calculations possess a wide range of agreement with the measurements for both the 5- and 15-at. %
unphysical
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with a break along the I X direction in (a) because this band hybridizes strongly with the Pd-derived impurity band as it crosses the
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method from the experimental spectra. The labels Ec„, I'c„, and Gc„refer to points corresponding to specific spectral features in
Figs. 6 8 belaw. Crass-hatched regians an the right side af panels (a) (c) give the location and full width at half maximum of the
Pd-derived stlllcturcs 111 tllc ARPES spectra. Thc cllcrglcs of tllc 8s(I Ip) alld Ilg(1 pg ) lcvcls foi tllc Cll aild Pd mufflil-t111 potclltlals,
used in the alloy computations, are marked on the left-hand side of the figure.

— —

—

—

—

—

—

ELECTRONIC STRUCTURE OF COPPER-RICH COPPER-. . .

Xqi

1715

(c)

2.0

2.0

0.0

0.0

L2'

LQ

:(X,

Ce r;2d~
aal -2.0

—-2.0

712

~

~2S'

~P2I

—-I+.0

251 0

I

Pd

X)

—-6.0

-6.0
I

x

r

X

I

|.0

0.0

2.0
DENSITY OF STATES(states atom-"eV-"

)

'

d'ff erences
notation
and the fact that this figure refers to Cu85Pd~5.
n es in thee no
a
FEG. 2. Same as in Fig. 1, except obvious minor di

Pd alloys. Two further points are noteworthy in this
gard: (i) By computing the absolute positions of the Pd
and Cu 2p core levels with respect to the Fermi energy
C Pd and in the pure Pd and Cu crystals, we obtain
increased binding energy of the Pd 3d core levels of 0.7
and a decreased binding energy of 0. 1 eV for the Cu

re3d
in
an
e
2p

core level. These values are in excellent accord with the
corresponding measured values of 0.8 and 0. 1 eV, in sign
and magnitude, obtained by Martensson et a/. via ESCA.
(ii) Measurements of the electronic structure of Pd overlayers grown epitaxially on the Cu(111) substrate, ' wit
increasing Pd coverage, show that the Pd d bands indeed
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appear well above the Cu d-band complex, just about
where our unadjusted Pd potential places them. It is clear
then that the aforementioned adjustment in the Pd potential can be viewed as a means of incorporating the host
and impurity interactions (i.e., the effects of charge rearrangement upon alloying) which represent an important
physical effect in the alloy.
In considering the theoretical spectrum of Cu-rich
CuPd alloys, Figs. 1 and 2 show that the Cu d-band complex remains well defined in the alloy. The dominant effect of Pd is to cause the appearance of two broad impurity bands centered around 1.7 and 5.0 eV below Ez, lying,
'
The
respectively, above and below the Cu d bands.
reason that these bands are depicted simply as hatched regions of roughly the full width at half maximum of the
associated structures in the Pd density of states [e.g., the
structures A pd and Bpd in Fig. 1(d)] is that in view of their
k for
large disorder smearing, the crystal momentum
these states is not well conserved, and a complex band calculation is not very useful in this case. (In fact, for similar reasons, the other Pd derived d bands are also not
shown explicitly in these figures. ) The splitting between
the two aforementioned Pd d bands physically has its origin in the effect of the (cubic) crystal field, a point we will
elaborate upon shortly. With increasing Pd concentration,
as the Pd d bands begin to develop, the density of states
between the peaks tends to increase. This effect can be
seen clearly by comparing Figs. 1(d) and 2(d), which show
the Pd component density states in 5 and 15 at. % Pd,
normalized to the same value and also in Figs. 3(a) and
3(b). Finally, we note that, in contrast to the d-like part of
the spectrum which undergoes large changes, the s-p states

T

I

irI

(G)
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of Cu are not influenced as much by Pd; for example, I &,
X4, and 1.2 levels suffer shifts of only a few tenths of an
electron volt in Cu85Pd~5.
The spectrum of CuPd alloys thus differs strikingly
from that of other Cu-based solid solutions such as CuNi,
in'
CuZn, CuA1, and CuGe. As discussed elsewhere,
CuAI and Cuoe, the disorder is large for states of s-p
symmetry and relatively small for the d-like states. In
CuNi and CuZn, on the other hand, the situation is reversed in that most of the disorder is confined to the d
channel. However, Ni in CuNi (or Pd in AgPd) induces
only a single impurity band lying above the host d
bands, ' ' whereas Pd in CuPd yields two well-resolved
impurity bands. Figure 4 offers further insight into these
phenonema.
Figure 4(a) compares the I to X energy
bands in hypothetical pure crystals coresponding to the Pd
and Cu muffin-tin potentials used in the CuPd alloy computations. A similar plot of Cu and Ni bands appropriate
for the CuNi system is given in Fig. 4(b). All the bands in
CuNi are seen to be clearly split [Fig. 4(b)], whereas the
situation is seen to be more complicated in CuPd. The Az
and b, 2 bands of Cu and Pd in Fig. 4(a) are quite distinct
but the b, ~ and b, , bands cross each other. Recall that in a
fcc lattice, the crystal-field-split atomic states of eg(I'~z)
and tzs(I'25 ) symmetry are spread over the entire d band
(see, for example, Fig. 2 of Ref. 18). The presence of the
Cu d band in the middle of the broad Pd d band then
tends to repel the ez-type states in the lower part of the Pd
d band into the lower density of states peak B [Fig. 1(d)]
and similarly, the t2g-type states lying in the upper portion
of the Pd d band into the upper impurity peak A. Thus,
not only does the peak A (or B) consist of split-band contributions of es (or re) type, but it also develops an admixture of t2s (or es) symmetry, even for very low Pd concentrations. It should be obvious that these effects will
occur more generally whenever the host possesses a narrow d band, the impurity a broad band, and when the
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former lies approximately in the middle of the latter. The
aforementioned reasons of symmetry are also behind the
fact that the uppermost valence band (i.e., the band which
terminates at Xq or Lz ), hybridizes strongly with the
upper Pd-impurity band as it crosses the latter along the
I—
X symmetry direction in Figs. 1(a) and 2(a) (indicated
by a break in this band in the figure). By contrast, along
the I —
I. direction, there is no hybridization, although the
presence of an admixture of states of tzs-type symmetry in
the upper impurity band does cause an increased smearing
as the two bands cross [Figs. 1(b) and 2(b)].
We have also carried out a number of additional KKRCPA calculations in Cus5Pd» and Cu95Pd5 in which the
Pd muffin-tin potential was shifted by a constant amount
5E from its correct value. In this connection, Fig 5.
shows the component density of states on a Pd site for
positive as well as negative values of 5E, the 5E=O curve
(solid) being the same as that plotted in Fig. 2(d). For the
positive shift 5E=2.45 eV, both the I'iz and I z5 Pd levels
move above the Cu d bands, and only a single dominant
0.4 eV (chain curve) is obtained.
impurity peak at about —
As 5E decreases to 0.68 eV, the structure in the low4.2 eV begins to develop (shortenergy region around —
dashed curve) and it is fully developed for 5E=0. Finally,
for 5E = —
2.45 eV, both I iz and I z5 pass below the Cud
bands, and once again a single pronounced structure (at
low energy) is obtained. It is noteworthy that, as 5E decreases from 2.45 to 0.0 eV, the impurity peak around
—1.7 eV gets reduced in weight, becomes narrower and, in
2. 1 eV appears to
fact, its inner edge at approximately —
become sharper, ' presumably due to the aformentioned
repulsion of the Pd d states which becomes stronger as the
Pd d bands approach the Cu d bands.
We conclude this section by pointing out that the large
effective crystal-field splitting on the Pd sites in CuPd results from a combination of two effects. (i) The lattice
constant of Cu (6.831 a.u. ) and also of CuPd (6.862 a.u. in
5 at. % Pd and 6.923 a.u. for 15 at. oPd ) i ssubstantiall y
smaller than the Pd crystal (7.353 a.u. ). The Pd potential,
generated on the smaller CuPd lattice, possesses a larger
crystal-field splitting compared to a pure Pd crystal. (ii)
As already noted, the I iz and I'z5 levels of Pd lie, respectively, above and below the corresponding Cu levels, and
alloying further splits them apart due to the repulsion
from Cu levels. Consequently, a splitting of 1.4 eV between the I &2 and j."25 levels in a pure Pd crystal is increased to a separation of approximately 3.0 eV in CuPd,
as deduced from the positions of the peaks Apd and Bpd in
Fig. 1(d). By contrast, in Cu-Ni the host and impurity lattice constants are quite close to each other, and in AgPd
the lattice constant is larger than that in Pd, causing this
splitting to be reduced.
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produced from a gas-discharge lamp were used to induce
electron emission. The CuPd crystals were grown by the
Bridgman method. They were cut along the low-index
planes (100), (110), and (111) to an accuracy of +1'. The
crystals were polished mechanically and electrochemically
and cleaned under ultrahigh vacuum conditions in the
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III. ANGLE-RESOLVED PHOTOEMISSION
MEASUREMENTS AND COMPARISON BETWEEN
THEORY AND EXPERIMENT
The angle-resolved photoemission measurements
photoelectron
performed using a multitechnique
trometer operated at an energy resolution of 100
The Net (16.85 eV) and Her (21.22 eV) resonance
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specmeV.
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FIG. 7. Same as the caption to Fig. 6, except that this figure
refers to the (111)surface.
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from the experimental data
determined straightforwardly
using the triangulation
(energy coincidence) method of
photoemission ' and are indicated by crosses in Figs. 1
and 2. The estimated full width at half maximum of the
Pd structures c4pd Bpd Cpd and Apd, 8pd, Cpd read from
the spectra is shown by cross-hatched markings on the
I., and U X panels. Agreeright side of the I —
X, I —
ment between the computations and measurements with
respect to the absolute positions of the Cu-derived levels
in both the 5- and 15-at. % alloy as well as the energies
and characteristic widths of the two Pd-derived impurity
bands is seen to be remarkably good; discrepancies especially with respect to the width of the lower structure
(peak Bpd) are not significant since this quantity is difficult to read precisely from the spectra.
The width of the two Pd-induced impurity bands in the
5-at. % alloy represents primarily the disorder smearing of
these states. Of course, as the Pd concentration increases,
some of the observed width is associated with the emergence of the Pd d bands. Our experiments also provide information about the damping of the Cu-derived states in
the alloy. For example, the peak Ec„ in Fig. 8(a) is seen
to broaden rapidly on alloying; the estimated increase in
the full width in Cu8, Pd» is 0.60 eV, fully consistent with

—

HeI

..
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the corresponding calculated value of 0.49 eV. The peak
7(a) suffers less smearing than Ec„. This can
be understood by noting that the k value for the peak Ec„
lies near the top of the Cu d band around the symmetry
point & [Figs. 1(c) and 2(c)], while that for the peak Fo,
lies quite close to the center of the zone [Figs. 1(b) and
2(b)]. Therefore, the relative broadening of the peaks Ec„
and F c„c onfirms the calculated k dependence of the
width of the uppermost Cu d band, which increases for increasing k values [Fig. 2(b)]. Finally, it is noteworthy that
the peak Gc„ is virtually undamped as may be deduced
from the similarities of the low-energy side of this peak
for pure Cu and CuPd; see Fig. 7(a). Our calculations
show, indeed, that the lower part of the Cu d-band complex giving rise to the peak Gc„ is much less damped than
the upper part of the d-band regime. A similar good level
of agreement is found for a variety of other spectral
features.
Figure 10 considers the changes in the cross section of
the Cu Fermi surface (FS) in the IX%XI plane. The
computed decreases in the volumes of the two alloy FS's
are approximately proportional to the Pd concentration, as
would be predicted by a rigid-band model assuming a
valence of zero for Pd and one for Cu. In the Cu-rich re-

I'c„ in Fig.
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Pd concentration. Note the break in the scale for the L curve. Crosses indicate the experimental positions of the (111) Shockley
states in Cu, Cu95Pd5 and Cu85Pd» (Refs. 24). The dashed line, drawn parallel to the L2 curve through the Cu data point, represents
the theoretically estimated position of the surface state in the alloy.
~
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gime this is to be anticipated since, as noted above, the uppermost s-p band (responsible for the FS) is not affected
much on alloying; this is also the case on other Cu-based
solid solutions such as CuZn. (Of course, for large enough
Pd content the Pd d bands will intersect the Fermi energy
and cause strong deviations from a Cu-like FS.) Finally,
we point out that the disorder-induced full width at half
maximum, 2 hk ~, of the FS dimensions increases from
0.05 to 0. 1 mrad in going from the I —
X to the I —
E
direction in Cu85Pd». This is the result of an increased d
admixture in the associated states at the E~. As emphasized elsewhere,
the k width 2 hk should be distinguished from the corresponding width in energy, shown
by shading around the levels in Figs. 1 and 2.
The behavior of the Shockley as well as the Tamm-type
intrinsic surface states on the low-index faces of Cu and
CuA1 was discussed at some length in Ref. 7. In CuPd, in
Fig. 11 (and also Fig. 7) shows that the (111) Shockley
state moves from a binding energy of 0.4 eV in Cu to
about 0.2 eV in Cu»Pd». For 15-at. % Pd the enhanced
intensity observed near the EF indicates that this state has
The Tamm states
moved just above the Fermi energy.
which lie very close to the Cu d-band edge on the Cu(100)
and (111) surfaces are not expected to be observable in the
CuPd spectra, since Pd yields a strong emission in the
same energy range. Recall that the (111) Shockley state is
tied to the bulk energy gap between the L2 and I. levels
and is characterized by an s-p type symmetry. Therefore,
variations in the bulk L2 and L levels can be used to

monitor this state in the alloy. The computed position of
the L2 and L levels are displayed in Fig. 11(b). In the
present case, both these levels move in essentially the same
manner. The parallel dashed line drawn through the Cu
data point then yields the estimated position of the Shockley state in the alloy. It is gratifying that the experimental
values in both the 5- and 15-at. % alloys are quite close to
the theoretical predictions.
The surface state is predicted to cross the EF at approximately 12-at. % Pd. The disorder smearing of the L2 and L levels is also reflected in
the increased broadening of the (111) Shockley state peak
S in the alloy. The full widths at half maxima of the peak
S in the Hei spectra of Fig. 11(a) are estimated to be 180
and 240 meV in Cu and Cu»Pd5, respectively. (The Net
spectra are not useful for this purpose, since they contain
a closely placed satellite structure below the peak S, visible
clearly in the Cu curve. ) The preceding increase of 60
meV (Refs. 25 and 26) compares well with the corresponding calculated value of 45 meV for the average disorder
smearing of the L2 and L ~ levels in the 5-at. % Pd alloy.
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