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Photoemission and optical reflectivity measurements of Cu-rich Cu-Ni alloys are reported.
The results for alloys of composition 87% Cu-13% Ni and 77% Cu-23% Ni give conclusive evi-
dence that. a virtual bound state rather than a rigid-band model is appropriate for describing
the Ni d states in Cu-Ni alloys. In these alloys, the Cu d states are found to be little changed
in energy position from the d states in pure Cu. From the photoemission data, the Ni virtual
bound state is found to be centered 0.95 eV below the Fermi energy, and the half-width at
half-maximum of the state, due to s-d interactions alone, is found to be 0.42 +0.05 eV.
For the alloy compositions studied, it is also found that interactions among Ni states on dif-
ferent atoms give a significant contribution to the total width of the state. The behavior of
alloy reflectivity data and optical parameters, which are deduced by a Kramers-Kronig
analysis, is consistent with the alloy electronic structure obtained from the photoemission
measurements.

I. INTRODUCTION

The electronic structure and related properties
of the alloys of copper with nickel have long been
the subject of much theoretical and experimental
interest. Cu-Ni alloys have often been taken to be
the prototype of the many noble-metal-transition-
metal systems, which involve the interaction of
metals whose properties (at least near the Fermi
surface) are determined by s-p derived electron
states and d-derived electron states, respectively.
In addition, Cu-Ni alloys are ferromagnetic over
more than one-half of the composition range and

are (ideally) substitutional solid soiutions over the
entire composition range. These properties, and
the fact that pure Cu and pure Ni are among the
best understood of the noble and transition metals,
have stimulated a great amount of work on the Cu-
Ni alloy system„

Early magnetic moment' and optical data for
Cu-Ni alloys led Mott to propose in 1935 the rigid-

or common-band model of alloying behavior, The
rigid-band model assumes that there is one elec-
tronic density-of-states function which is the same
for Ni, Cu, and Cu-Ni alloys, with this density of
states filled to an energy level determined by the
electron-to-atom ratio. This model appears to
still enjoy fairly wide acceptance. However, many
subsequent measurements have questioned the ap-
plicability of the rigid-band model to Cu-Ni
alloyss ' and alternative models have been sug-
gested ' ' In particular, it has been suggested CQ-14

that a virtual-bound-state type of model, as devel-

oped by Friedel' and Anderson, ' is appropriate
for describing the electronic structure of Cu-rich
Cu-Ni alloys.

These two different models —the rigid-band and
the virtual-bound-state (VBS) models —predict
quite different behavior for the density of states in
Cu-¹i alloys. This is illustrated in Fig. 1. The
drawing on the left-hand side of Fig. 1 illustrates
schematically the optical density of states of pure
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FIG. 1. Illustration of the filled density of states in
Cu and Cu-Ni alloys, showing behavior expected from
rigid-band and VBS models at 25% Ni in Cu.

Cu as obtained from photoemission measure-
ments. '

~
' The Cu density of states is charac-

terized by a high density of d-derived states, for
energies greater than 2 eV below the Fermi level
(EF), and a relatively lower density of s- and P-
derived states between the d states and E„.The
rigid-band model for Cu-Ni alloys assumes that
when Ni is added to Cu, electrons from the s- and
P-derived states fill the Ni d shell, thereby de-
creasing the E~ to d-state energy separation. For
25% Ni in Cu, the alloy density of states would
be as shown schematically in the central drawing of
Fig. 1 —the d-state to E~ separation would be de-
creased to about 1 eV but the total density of states
would not be changed in shape.

The VBS model' ' is appropriate for describing
the states of a M transition-metal impurity atom
in a host metal with a nearly free-electron-like
band. The essence of this model is that the im-
purity 3d orbitals form levels, highly localized
around the impurity atom, that are broadened in
energy around E~, the center of the state, through
a resonant scattering interaction with the nearly
free-electron-like band of the host metal. In a
noble-metal host (which contains both s-, p-, and
d-derived states) if the d-state scattering reso-
nances of the host and impurity metals are well
separated in energy, as might be expected for Ni
in Cu, then the situation shown schematically in
the right-hand portion of Fig. 1 would result.
Cu and Ni d electrons would form essentially in-
dependent levels, the copper d-state to E~ energy
separation would be essentially unchanged, and the
Ni d electrons would cause an increase in the
alloy density of states between the Cu d states and
E

We report and discuss here photoemission and
optical measurements of Cu-Ni alloys which show
conclusively that a VBS type of model is appro-
priate for describing these alloys. Photoemission

measurements, by giving information concerning
transition probabilities from states at a given
initial energy, can give a direct measure of the
density of states at energies well separated from
the Fermi energy. Hence, such measurements
can easily distinguish between the behavior pre-
dicted by the rigid-band and VBS models (Fig. 1).
The relatively good energy resolution of photo-
emission experiments (the effective broadening
function has a half-width of 0. 2 to 0. 3 eV) enables
the changes in density-of-states structure occur-
ring upon alloying to be readily observed. The
photoemission measurements described here not
only indicate the correctness of the VBS model
for Cu-Ni alloys but allow an estimate of the po-
sition and width of the VBS and the variation of
these quantities with increasing Ni concentration
to be made. Optical measurements (the measure-
ment of the total optical absorption as a function
of energy), such as have been made previously
for Cu-Ni alloys, "' ' also probe states well re-
moved from E~, but the difficulty of separating
out the many different contributions to the total
absorption greatly complicates obtaining accurate
quantitative information about the changes in
density-of-states structure which occur upon al-
loying.

Preliminary accounts of some of this work have
been given previously. ' In addition to a presen-
tation of new and improved data, a more complete
analysis and discussion is now given. In the fol-
lowing paper, data for Ni-rich Cu-Ni alloys and

alloys of intermediate composition are presented
and discussed.

II. CLUSTERING IN CU-Ni ALLOYS

Before embarking upon a presentation and dis-
cussion of the photoemission data for Cu-Ni alloys,
deviations from ideal solid solution behavior in this
alloy system and the implications these deviations
might have on the interpretation of optical and
photoemission data must be examined.

Recently, considerable attention has been focused
upon the nature and extent of short-range ordering
and clustering in Cu-Ni alloys, One of the most
quantitative characterizations of the clustering has
been given by Mozer, Keating, and Moss, "who
measured the cluster diffuse neutron scattering
from a specially prepared sample of composition
52. 5%%u~ Cu-47. 5%%uo Ni and deduced the short-range
order parameters n&. The measurements indi-
cated that there is a fairly small tendency for Cu
and Ni atoms in a Cu-Ni alloy to prefer nearest
neighbors of the same atomic species, but beyond
the nearest-neighbor shell the atomic arrangement
is essentially random. Specifically, for the alloy
containing 47. 5%%uo Ni, n, was found to be 0. 121,
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implying that the probability for finding a Ni atom
in the first-neighbor shell around a Ni atom is 0. 539
instead of 0. 475. The deduced short-range-order
parameters are characteristic of the alloy at- 550'C, since any reasonable quenching of an
alloy specimen from high temperatures freezes in
the atomic arrangements at this temperature. '
In another measurement of short-range-order pa-
rameters, Cable, Wollan, and Child found that o.,
= 0. 05 for an 80% Ni-20% Cu alloy. These authors
also show that o., should vary as c(1 —c), where c
is equal to concentration of one atomic species,
indicating less tendency toward clustering for
alloys with compositions near pure Cu or pure Ni.

Measurements of the magnetic susceptibilities
of Cu-rich Cu-Ni alloys also give information
concerning cluster effects. From such measure-
ments it is apparent, first of all, that clustering
is greatly reduced in samples which have been
properly homogenized and quenched. Second, in
properly prepared Cu-Ni samples, atomic cluster-
ing decreases as the Ni content decreases. Van
Elst, Lubach, and Van Den Berg~' reported spon-
taneous magnetic moments for alloys containing
40 and 30%%up Ni, indicating very pronounced cluster-
ing. However, the samples used by Van Kist et
al . were annealed for only 3 h at 900'C, which
appears to be insufficient heat treatment. Using
samples given a more careful annealing treatment,
Ryan, Pugh, and Smoluchowski observed super-
paramagnetic behavior in the susceptibilities of
alloys with composition near 40% Ni. That is, the
susceptibilities behaved as if there were (within the
homogeneous, unclustered material) small clusters
of material sufficiently rich in Ni to be ferromag-
netic. Roy and Subrahmanyam did not find, in
alloys containing 42 and 52% Ni, the strong super-
paramagnetism reported by Ryan et al. for alloys
of similar composition.

For alloys with Ni concentrations less than about
30/o, Ryan ef a/ ."found that the magnetic suscep-
tibilities were temperature independent, implying
that regions sufficiently rich in Ni to have spon-
taneous magnetic moments do not exist in these
compositions in properly homogenized samples.
Robbins, Claus, and Beck' have suggested that a
Ni atom surrounded by more than seven nearest-
neighbor Ni atoms will have a magnetic moment.
Tkis is about twice the number of Ni nearest neigh-
bors that would be expected on an average basis for
Ni concentrations less than 30%. Therefore, the
absence of paramagnetism in alloys containing less
than 30%% Ni suggests that the clustering and short-
range-order effects which might be present do not
lead to appreciable numbers of Ni atoms with this
number of Ni nearest neighbors. Certainly the
magnetic data exclude the possibility that large

clusters of almost pure Ni could exist in alloys
containing up to 30%%uq Ni.

Neutron-diffraction measurements, made by
Hicks, Rainford, Kouvel, Low, and Comly, "have
indicated that in Cu-Ni alloys with composition near
the critical composition for ferromagnetism, the
sample magnetization is distributed in giant mag-
netic polarization clouds of about 8- p. ~ total mo-
ment. These polarization clouds, which arise on
a statistical basis or due to short-range-order
effects, may explain the apparent atomic cluster-
ing found in the magnetic-susceptibility measure-
ments' and in alloy specific-heat measure-
ments. ' In Mossbauer studies of the magnetic
polarization cloud formed around isolated Fe atoms
in Cu-Ni alloys, Bennett, Swartzendruber, and
Watson have found that there is very little or no
deviation from randomness in homogenized and

rapidly quenched Cu-Ni alloy specimens.
Kidron has concluded from the magnetic-sus-

ceptibility data of Ryan et al. 26 and his own small-
angle x-ray diffraction data that clusters contain-
ing 70% Ni atoms exist in a 50% Cu-50% Ni alloy
and constitute 18 to 55% of the volume of the alloy
specimen. The Cu-Ni sample used in Kidron's
measurements was annealed at 300'C for 50h.
Because of this annealing treatment, which was for
a temperature in the vicinity of the critical tem-
perature for phase separation, Moss has con-
cluded that Kidron's x-ray diffraction data are most
likely explained by the fact that spinodal decompo-
sition had begun. If this is true the clustering ef-
fects should not be as pronounced as Kidron has
suggested in samples quenched from high temper-
atures and not subjected to long low-temperature
annealing.

On the basis of the above discussion, we believe
that clustering effects will not adversely affect pho-
toernission data for Cu-Ni alloys containing up to
25%%uq Ni, which are of interest here. Present evi-
dence indicates that there can be some deviation
from ideality in nearly equiatomic alloys, but such
deviations are small in properly homogenized
specimens and become less important for compo-
sitions near pure Ni or pure Cu. The alloy speci-
mens used in the present photoemission and optical
measurements have been homogenized and
quenched, as detailed in Sec. III, in order to re-
duce deviations from ideality to a minimum. Heat
treatments used to clean the sample surfaces prior
to photoemission measurements (Sec. III) have been
done for relatively short times and at temperatures
well above the critical temperature for phase sep-
aration. Even if some small amount of clustering
should remain in our samples the photoemission
and optical results should be relatively unaffected.
Regions of different composition will contribute to
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photoemission and optical measurements in pro-
portion to the relative amount of sample volume
occupied. Since any remaining clusters would oc-
cupy only a very small fraction of the volume,
these measurements will be dominated by the homo-
geneous volume. Therefore, the conclusions
reached from the results below should apply to
ideal unclustered Cu-Ni specimens.

III. EXPERIMENTAL TECHNIQUES

A. Initial Sample Preparation

Photoemission and optical data will be reported
for single-crystal alloy samples of composition
87% Cu-13% Ni and 77/o Cu-23% Ni. A single-
crystal copper sample was also studied to check
the sample-preparation techniques used for the
alloy specimens. Cu and 77% Cu crystals were
obtained from Research Crystals, Inc. , Richmond,
Va. and the 87/o Cu crystal was obtained from
Aremco, Inc. , Briarcliff Manor, N. Y. After
receipt, the alloy crystals were subjected to a
long high-temperature anneal: The 87% Cu crystal
was annealed 14 days at 1000 'C in an evacuated
quartz ampoule and the 77% Cu crystal was
annealed 13 days at 960'C in a continually pumped
vacuum furnace. After annealing, the rods were
quenched in air. Following the homogenization
treatment, specimens suitable for measurement
were cut from the crystal rods and smoothed using
a spark-machining device. After spark machining,
the samples were further smoothed by mechanical
polishing. These same procedures, excepting the
high-temperature anneal, were also used for the
initial preparation of the pure Cu sample. The true
average composition of the alloy samples was de-
termined by quantitative chemical analysis per-
formed by Metallurgical Laboratories, Inc. , San
Francisco, Calif.

In order to remove damaged surface layers re-
sulting from the mechanical polishing step, pure
Cu and 8V/0 Cu samples were electrochemically
polished in a solution of 33/o nitric acid and 67/0

methyl alcohol. " The 77/0 Cu samples were chem-
ically polished using a potassium dichromate solu-
tion3: Inthis case, polishing was accomplished by
saturating a cotton ball with solution and swabbing
over the sample. The specimen was frequently
washed in running distilled water. These pro-
cedures resulted in scratch-free surfaces, although
some minor pitting resulted from the electrochem-
ical polishing procedure. Immediately after the
final polishing step, the samples were mounted in
the ultrahigh-vacuum measurement chamber and

pumping was initiated as rapidly as possible.
Visual inspection of 77%0 Cu specimens after

chemical polishing revealed a regular checkered
pattern on the surfaces. This was a result of com-

positional inhomogeneity within the sample due to
the dendritic growth process'~ of the crystal and the
fact that the rate of attack of the polishing solution
used varied slightly with alloy composition. The
spacing between dendrites was approximately 1

mm. In order to obtain a quantitative measure
of the magnitude of the compositional variation, a
microprobe analysis was made on one 77% Cu

sample. This analysis was generously performed
by Dils, using the facilities of Pratt and Whitney
Aircraft Co. , Middletown, Conn. The microyrobe
analysis (which has spatial resolution of about 3 p, )

showed that there was indeed a measurable com-
position difference across the surface of the sample
which coincided with the visible dendritic pattern.
The distribution of Ni concentrations within the
sample was very nearly symmetrical about the
average Ni content. The actual Ni content in the
sample ranged from 1V to 30/o, although about 90%
of the sample had Ni concentrations between 19 and

28%%uo and about 70/o of the sa.mple corresponded to
Ni concentrations between 21 and 25. 7%.

B. Heat Cleaning of Samples

Since the Cu and alloy sample surfaces were
subject to atmospheric contamination before mount-

ing in the high-vacuum photoemission measurement
chamber, a means of cleaning the surfaces in

vacuum was required. This cleaning was accom-
plished by heating the samples in vacuum. Heat
treatment at 500-600 C for a total of about 10h
was found to give clean surfaces, as judged by the
quality of the photoemission results themselves.

The major contaminates on the Cu and Cu-Ni
alloy surfaces are probably oxides. While it has
been suggested that heating will remove oxides
from Cu surfaces, t it is questionable whether
the last one or two monolayers can be removed in
this manner. " However, we have found that by
heating Cu samples photoemission results can be
obtained which closely resemble results obtained
using Cu films evaporated in ultrahigh vacuum
(Sec. IV). Such evaporated films are thought to be
atomically clean. Before heat-cleaning treat-
ments, the measured photoelectron kinetic-energy
distribution curves (EDCs) for bulk samples were
usually characterized by a lack of structure and

by a large number of electrons with very low
kinetic energies, due apparently to scattering of
electrons by the surface contamination. Upon

heating, the relative number of electrons with low

kinetic energy diminished and structure charac-
teristic of the density of states of the material
under study appeared at higher kinetic energies.
Cleaning-heat treatments were continued until the
number of low-energy electrons was reduced as
far as yossible and until further heating resulted
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in no changes in the measured EDCs. In contrast
to the success of heat cleaning for pure Cu and
Cu-rich Cu-Ni alloys, heat cleaning did not lead
to correct photoemission results for ¹ and Ni-
rich Cu-Ni alloys.

C. Measurement Equipment and Techniques

For photoemission measurements, the samples
studied and the electron energy-analyzer system
were housed in stainless-steel ultrahigh-vacuum
chambers, The experimental apparatus also in-
corporated a resistance heater for accomplishing
sample surface cleaning as described above.
Pressure during measurement was ~ 10 Torr,
but was higher (-10 ' Torr) during heat cleaning
of the samples.

Techniques for obtaining photoemission data
(energy distribution of photoemitted electrons and
quantum yield) have been described previously. '6'7
A Cs3Sb photodsode calibrated xn th~s laboratory
by Koyama was used as an absolute intensity
standard in order to obtain the absolute quantum
yield. Photoemission measurements on clean
samples have been made for photon energies from
about 5 eV to the I.iF cutoff at about 11.8 eV.

The near-normal-incidence ref1.ectivities of the
alloy samples (the same samples used in photo-
emission experiments) were obtained using the re-
flectivity apparatus described by Yu, Donovan, and
Spicer. ' The ref lectivity apparatus was modified
so that samples could be cleaned by heating;
changes in the magnitude of the ref lectivity, par-
ticularly at high energies, did occur after heating,
but these changes were not as pronounced as those
observed in photoemission measurements after
heat cleaning. Ref lectivity measurements could
be made for photon energies between 1. 2 and 11.8
eV in high vacuum. To extend the measurements
to lower energies, the ref lectivity of the samples
was obtained between 0. 5 and 2. 0 eV using a Cary
14 spectrophotometer with specular ref lectivity
attachment. These measurements were made in
air, immediately after the sample was removed
from the high-vacuum chamber. The over-all ac-
curacy in the ref lectivity spectra, due to uncertain-
ties in optical alignment and surface preparation,
is estimated to be + 5%.

IV. ANALYSIS PROCEDURES

A. Nondirect Model of Optical and
Photoemission Processes

The alloy photoemission data to be presented be-
low will be discussed in terms of the nondirect-
transition model formulated by Spicer and co-
workers. ' '~0 The central assumption of this
model is that optical transition probabilities are
determined by a product of initial and final den-

sities of states and do not depend strongly upon the
wave vector k. The nondirect-transition model
predicts that structure in EDCs due to structure in
the filled density of states of a material obeys the
relation 4E,= 4hv, where 4E, is the change in
energy position of EDC structure and ~hv is the
change in photon energy. Structure is also ex-
pected to vary smoothly with changing hv. A large
amount of experimental photoemission data for
metals (and other classes of solids as well) has
been found to behave in this manner. In particular,
photoemission data for pure Cu '

~ and pure Ni '
have been found to agree well with the predictions
of the nondirect-transition model.

The question of whether transitions from the d-
derived states of Cu do or do not conserve one-
electron wave vectors k is still somewhat con-
troversial, particularly since recent calculations
of EDCs for pure Cu by Smith and Spicer" using a
direct-transition assumption have shown that the
predictions of both the direct and nondirect models
have certain features in common. In photoemission
studies of cesiated Cu films, Smith and Spicer" have
found evidence for some direct transitions from the
d-derived states of Cu. Spicer" has recently at-
tempted to put these results in perspective.

The nondirect model is preferred for the analysis
of our alloy photoemission data for several reasons.
Structure observed in the alloy data exhibits the
behavior predicted by the nondirect model; struc-
ture obeys the relation 4E, = &hv and varies
smoothly in magnitude with different hv. In an
alloy system, the lack of potential periodicity im-
plies that the energy eigenstates cannot be associ-
ated with a single k value. Particularly in a strong
scattering situation, or a situation in which certain
states are predominately confined to one of the con-
stituent species and excluded from the other, which
will be found to be the case for the ¹i and Cu d
states in the Cu-Ni system, the resultant, neces-
sary distortion of the wave functions describing these
states implies that k will not be a meaningful quan-
tum number. Hence conservation of one-electron
k and direct transitions will tend to lose their
meaning in such a system. Certainly k conservation
will not be meaningful for transitions involving the
states of dilute solute atoms, such as the d states
of Ni in Cu discussed below. In Cu-rich Cu-Ni al-
loys, we have found ' no evidence for the direct
L2-I-& transition, which is observed in pure Cu. '
Finally, Doniach has examined the effects of
many-body screening of the valence hole in the uv
optical excitation process. Preliminary results
suggest that such effects can produce a spread in
the possible k values of an optical excitation event,
The spread in k increases as the effective mass of
the hole increas s. Such effects appear to be im-
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portant in the relatively flat d-derived bands of Cu,
and the spread in k would be expected to increase
with any tendency of the Cu d bands to narrow as
Cu is alloyed with Ni. These considerations in-
dicate that the nondirect-transition model is the
logical starting point for analysis of our alloy data.

By using the nondirect-transition model and cer-
tain other simplifying assumptions, Berglund and
Spicer' and Krolikowski and Spicer have given
expressions for the photoelectron EDCs in terms
of the density of states of a material. The con-
tributions of various scattering mechanisms to the
EDCs have been given by Berglund and Spicer. '
The expression for N(E, hv), the number of elec-
trons photoemitted at energy E (above the Fermi
energy) for a photon energy hv, including the con-
tribution of once inelastically (electron- electron )

scattered electrons is
T(E)o.f,(E) jM i' jN(E, ») =
( ) ~ ( )j ) N, (E-hv) N~ (E)

4Z
N;(E —hv)N&(E )

e

in[1+ o.'I (E ')] l, (E) I 1
I,(E ')

el, (E ') l, (E ') &,(E)
(1)

In this equation the first term in curly brackets
is due to primary (unscattered) electrons and the
second term is the contribution of electrons scat-
tered by electron-electron (inelastic) processes.
In Eq. (1), N, (E) is equal to the optical density
of filled states, Nz(E) is equal to the optical density
of empty states, o. is the optical absorption coef-
ficient (a function of hv), and T(E) is the energy-
dependent escape function for electrons arriving at
the sample surface. l M J is the square of the optical
matrix element connecting initial and final states.
It is taken to be constant with respect to final-state
energy and photon energy. ' ' The mean free path
for electron-electron (inelastic) scattering is l, (E)
and s,(E ) and S,(E ) are electron-electron scattering
probabilities. ' Berglund and Spicer have given a
method for calculating the electron-electron mean
free path and scattering probabilities from the
density of states.

The term &oa (hv) (the optical transition strength)
in Eq. (1) is proportional to the total number of
transitions taking place per unit time, therefore
dividing by ~o (hv) normalizes the expression for
N (E,hv) to be the number of electrons emitted at
energy E per absorbed photon. In terms of the
nondirect-transition model, ufo (hv) can be simply
expressed in terms of the densities of states (see
below). Therefore, Eq. (1) specifies the EDCs
completely in terms of the density of states of a
material, certain optical parameters, and the

assumptions of the nondirect-transition model.
Krolikowski and Spicera have given a procedure

for extracting the optical density of initial states
of a metal by using experimental photoemission
data, the first part of Eq. (1), and several addi-
tional assumptions. In this procedure, which was
successfully applied to Cu, the optical density of
empty states and the escape probability were taken
to be given by a free-electron model, and the mag-
nitude of the electron-electron scattering mean
free path was determined by fitting the experimen-
tal quantum yield. The filled optical density of
states was estimated from the photoemission data,
and EDCs were calculated using Eq. (1). The
parameters of the model were then adjusted and
fine adjustments made to the filled density of states
until the best agreement of experimental and calcu-
lated EDCs was obtained. We have used the same
approach here to deduce the optical densities of
filled states for the Cu-Ni alloys studied. The
contribution to the EDCs of once-scattered electrons
due to electron-electron collision processes has
also been included in the present analysis.

The derivation of Eq. (1) assumes I,« l~, where
l~ is the elastic or electron-phonon scattering
mean free path. This relationship is valid in pure
noble or transition metals for the energies of in-
terest but is not necessarily satisfied in an alloy
because the elastic mean free path may be greatly
reduced due to the disorder of the alloy system.
In obtaining the density of filled states for 77% Cu,
a modified form of Eq, (1), which included an es-
cape probability function given by Duckett ' that in-
corporates both the effects of elastic and inelastic
scattering, was used. However, the differences
between EDCs calculated using l~= 30A, the elas-
tic scattering mean free path found to be appro-
priate for 77% Cu and I~= ~, were not significant.
This indicates that for the alloys studied here in-
elastic scattering effects remain much more im-
portant than elastic scattering processes in deter-
mining the photoemission data.

The densities of states obtained from the non-
direct-transition model using the above procedures
are properly referred to as "optical densities of
states, " and this term will be used in subsequent
discussions. That is, the deduced densities of
states are appropriate for understanding photo-
emission data and, because of the assumption of
constant optical matrix elements, may differ from
the true electronic densities of states. In experi-
ments on many metals, matrix elements appear to
be relatively constant with hv and final-state ener-
gy, but different initial states, for instance, the s-
and p-derived and the d-derived states of Cu, may
hav~ different matrix elements when coupled to the
same final states. Hence, the constant-matrix-



element assumption of the nondirect-transition mod-
el may not give the true relative strengths of struc-
ture in the actual electronic density of states, The
reasonable agreement (particularly with regard to
the energy location of peaks in the density of states)
that has been found between the optical densities of
states for ¹i4' and Cu and the band-structure den-
sities of states 6~" suggests that the optical density
of states is quite representative of the true density
of states in these and similar materials.

In the nondirect constant-matrix-element model,
the optical transition strength &uo (equal to a& ea/
4& in cgs emu, with Ez the imaginary part of the
complex dielectric constant) can be expressed as

»(») =
l
~l'J'. ""~(E »»-i(E)«

Here IMI, Ã„and N& have the same definitions
as above; IM)3 is taken to be constant with respect
to E and hv, and E~ is the Fermi energy. Use of
Eq. (2) to calculate va from the optical density of
states obtained from photoemission data for com-
parison to the measured cocr can serve as a check
on the assumptions of the nondirect analysis, par-
ticularly the assumytion of constant optical matrix
elements. It will be suggested in the following
yayer that, while IM)~ does appear to be constant
for the range of photon and final-state energies
used in yhotoemission measurements, some vari-
ations in optical matrix elements do occur for cer-
tain transitions in Cu, Ni, and Cu-Ni alloys with
lower final-state energies.

B. Derivation of Optical Parameters

Optical parameters for Cu-Ni alloys have been
obtained from measured ref lectivity spectra by
using a Kramers-Kronig analysis. 8 At low photon
energies, the ref lectivity was taken to vary
smoothly between 100% at hv= 0 and the last mea-
sured datum point at hv = 0. 5 eV. The deduced op-
tical parameters for A, v &0. 5eV were not affected
by different, reasonable, low-energy extrapolations.
For energies greater than the final measured datum
point, the ref lectivity was taken to vary as R ~
(hv) ~; a self-consistency procedure was used to
determine the best value of P. ' Different values
of p do not affect the position and shape of struc-
ture in the deduced optical parameters but do affect
the magnitude of the parameters. '

Because of errors in the original ref lectivity data
and uncertainties in the Kramers-Kronig analysis
procedure, the over-all accuracy cn magnitude of
the calculated optical parameters is estimated to
be about + 20%. In the present work, the major in-
terest is in the comparison of optical parameters
for different alloy compositions to ascertain the
changes which occur upon alloying. The same value
of the parameter P was used to extrapolate the re-

flectivity data for all alloys studied, indicating that
such comparisons of the calculated optical param-
eters can be made with confidence.

V. EXPERIMENTAL RESULTS

A. Photoemission from Pure Cu

hu = IO. 2 eV

BULK
ax IO '———EVAPQRATED

)

D
C)

CL

l&

I
I

I

I

I
I

I

/
/

UJ

Z'

-4 -5 -2
E; = E-hu+$ (eVj

FIG. 2. Comparison of ZDCs for bulk heat-cleaned
Cu and for evaporated film (Ref. 20). Structure in the
two EDCs is essentially identical in energy position.

EDCs for pure Cu at an exciting photon energy of
10, 2 eV are shown in Fig. 2. The solid curve
shows the EDC obtained in the present work using
a bulk heat-cleaned sample of Cu; the dashed curve
was obtained by Krolikowski and Spicer from an
evaporated Cu film. The EDCs of Fig. 2 are plotted
on the horizontal axis versus the initial-state ener-
gy, E, =E —hv+ p, where E is the kinetic energy
of the photoelectrons, Av is the photon energy, and

y is the sample work function. Plotting the curves
in this way refers the yhotoemitted electrons to the
energies of their initial states; this representation
of the data is particularly convenient when struc-
ture in the EDCs is due to structure in the filled
states and the nondirect-transition model applies,
for in this case structure in EDCs for different A, v
superimposes in initial-state energy. The zero of
initial-state energy corresponds to the Fermi ener-
gy (to within about 0. 1 eV). The vertical scale of
Fig. 2 gives the number of electrons photoemitted
yer absorbed photon per electron volt, that is, the
curves are normalized to their respective quantum
yields (the yield for the bulk Cu sample is shown in
Fig. 3). Unless otherwise noted, all EDCs to be
presented below will be plotted in the above man-
ner —normalized to the quantum yield and versus
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FIG. 3. Absolute quantum yields for Cu and 87% Cu
and 77% Cu Cu-Ni alloys. Insert shows Fowler plots
for alloy data.

the initial- state energy.
We have given a comparison of EDCs for bulk

and evaporated Cu samples at only one photon ener-
gy; however, the similarities and difference between
the two EDCs of Fig. 2 are typical of the similar-
ities and differences in all other EDCs obtained for
the two different Cu samples. The energy position
and shape of structure in the EDCs of Fig. 2 is es-
sentially identical. The difference in absolute mag-
nitude of the two EDCs results because the quantum
yields of the two types of Cu samples were differ-
ent; the yield of the evaporated film was greater
than that of the bulk sample. The basic over-all
agreement of the two EDCs does suggest that ade-
quate photoemission results can be obtained from
bulk samples with surfaces prepared by heat clean-
ing.

Krolikowski and Spicer' have discussed in detail
the structure observed in EDCs for pure Cu. It is
sufficient here to note that structure in the EDCs
of Fig. 2 is due to structure in the filled density of
states of Cu. Between 0 and —2. 0 eV electrons are
excited from the nearly free-electron-like s- and

p-derived states of Cu. The sharp edge at about
—2. 0eV and structures at about —2. 4, —3. 55, and
—4. 3eV are due to excitation of electrons from the
M-derived states of Cu.

B. Photoemission from Cu-Ni Samples

The photoemission data presented below for the
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FIG. 4. EDCs for 87% Cu-13% Ni, 6.4 eV~hv «7.6eV.

87% Cu-13% Ni alloy were obtained after heating
the sample at 520 'C for 11h, and the data for the
77% Cu-23% Ni alloy were obtained after heat
treatments of 11h at 410 'C and 5-', h at 475 'C.
In both cases, additional heating did not cause sig-
nificant changes in the EDCs obtained.

Figure 3 shows the absolute quantum yield for
the 8V% Cu and VV% Cu alloy samples. The quan-
tum yield is calculated using the measured reflec-
tivities of the samples (Sec. VD) in order to ob-
tain the photoelectric yield per absorbed photon.
Fowler plots of the alloy-yield data near the thresh-
old for photoemission are shown in the insert in
Fig. 3. The work function of the 87% Cu alloy is
found to be 4. 45+0. 05eV. The 87% Cu sample
surface was a (100)plane (determined by x-ray dif-
fraction). For the 77% Cu alloy, which had a sur-
face parallel to I311)planes, the work function is
5.05+0.05eV. These values differ slightly from
the value of 4. 8 eV obtained from the pure Cu sam-
ple which had (100) surface orientation. At high
photon energies the quantum yield is seen to in-
crease with increasing Ni content.

Figures 4-6 show EDCs for 87% Cu-13% Ni for
exciting photon energies between 6. 4 and 11.6 eV.
In these EDCs, five peaks are observed to super-
impose in initial-state energy very well. One peak
is seen at an initial-state energy of about —1.OeV.
The actual peak becomes less distinct as the photon
energy increases due to the fact that the peak
moves away from the rapidly varying portion of the
escape function and electrons near the leading edge
are lost to inelastic scattering processes. The
relative number of electrons emitted for energies
between 0 and —2. 0 eV remains considerably
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greater than in pure Cu (Fig. 2 and Ref. 20). A

sharp edge occurs in the curves for initial-state
energies between —2. 0 and -2 3 V Be . Below this
edge, peaks canbe distinguished at -2. 4, —2. 7,
—3. 6, and —4. 4eV.

Because of the fact that structure in the EDCs
of Figs. 4—6 superimposes in initial-state energ
this struc ture closely resembles structure in the
filled density of states of 87% Cu-13% Ni. The
observations of an edge near -2 0 V,e, similar to
that in Cu due to the Cu d states, and the increased
number of states, compared to pure Cu, between
0 and -2. 0 eV, are consistent with the beha 'e avior,

ussed in Sec. I, expected from the VBS model

and therefore indicate that the Ni d electrons in
Cu-Ni alloys are forming virtual-bound-type states
in the nearly free-electron-like states of the Cu
host.

In Figs. 7-9, EDCs for the alloy of composition
77% Cu-23% Ni are shown for photon energies
between 6. 0 and 11.6 eV. Structure in the curves
superimposes quite well for different hv Again,

~ ~a sharp distinct edge in the number of photoemitted
electrons occurs at about -2. 0 eV and peaks can
be identif ied at energies of -2. 45, -2. 8, -3. 55
and -4. 3 eV. Ae . pronounced peak is also present

~ ) ~ j ~

at -1.1 eV, and the relative number of photoelec-
trons emitted for energies between 0 and -2.0 eV
is much greater in this alloy than in pure Cu or
87' Cu. Asinthecaseof EDCsfor 87%%u Cu th
curvesves for 77% Cu are in accord with the predic-
ions of the VBS model rather than with the pre-
ictions of the rigid-band model.
Whereas structure between 0 and -2 0 V

'e in the
a oy DCs is attributed to the excitation of Ni d
electrons existing in virtual-bound-type levels,
comparison of EDCs from 87% Cu and V7% Cu with
those from pure copper indicates that structure

-2 Oe
in the alloy curves for energies less than ab t

. 0 eV is due to excitation of the Cu d-derived
states. This point can be established 'th th 'dwi e ai
o ig. 0, which compares EDCs for the three
materials for a photon energy of 10.2 eV. The dif-
erence in absolute magnitude of the three curves

results because the EDCs are normalized to their
respective quantum yields, which increases with
Ni content Fig. ~'. The sharp distinct rise in the
number of electrons photoemitted occurs at the
same ener -2gy, — . 0 eV, in all three materials. In

pure Cu, this rise is associated with the onset of
transitions from the d-derived state, d'es, as iscussed

/
/

3 IO
/

x

/

I
I
I
I

I

,
'

/

I

l

I

l I

Iz
O
I—
O
Z
Q.

D
UJ
CD

O
V)

z
O
KI-
O
IJJ

W

LLI

z

87 ~oCu 13~ONi

-5-67 -4 -3 -2 -I 0
E =E-hv+P (eV)

FIG. 6. EDCs for87% Cu-13%Ni 10 0 V~o i, . eV~hv ~11 6eV.

Iz'
0
0
X
CL

Ci
LU
Q3
X0
V)
Kl

V)

0
XI-
W

4J

4J
z

2xlo

77 ~o Cu 23/o Ni

~///
l . , l

/ //

/
I

I/ I

-3 -I
E, =E- hv+ f (eV)

FIG. 7. EDCs for77%Cu-23%Ni, 6.0eV~hv ~ 7 6 eV



IES OF Cu-NlAND Op TICA. J STUDpHO TOEMIS SION 1685

4xIQ—

77%CU-25%

3xl0

I

Z
OI-
O
CL

CI
hl
CQ

O
M
K)

V7
Z0
I—

LLJ

LLJ

LU

Z

eV

I

z ) h
OH0
Z
CL

O
M
CO

(Az
O
K
~o
UJ

LLI

LLJ

z

IQ

E.=E-hv+f ~e
I

0
-5

I I

4 $ 2
E;=E-h +f ~ev~

I

OI-
O
Z
CL

Ni 8.0 eV —h& 9.6 eV.FIG. 8 EDCs for 77% Cu-23%

natural to as oTherefore, it is nain Sec. V A
t th same energycurves athe rises in the alloy

Cu d-derivedt of transitions from
By the same analogy, e ec

tl
excited from the Cu d-derive s a

4xIQ ~—

of EDCs for Cu, 87% CubaFIG. 10. Cornpari
'

d « their respectiverves are norlnalize77% Cu. The curves
t ture froIn the Culelds. The energy p

tant. the buildup
osition of struc ur. eV~ re~ains cond states (Eg .

N d electrons lneV is due toructure
tual-bound-type states.

The fact that the risrise occurs a et the same energy in
that the Cu p-ositions establishes t aall three composi i

aration is essen-' level energy separstate to Fermi-
t within the experi-ed u on alloying o witially unchanged up
V). The energymental resolution'on of about 0. 1 e

—2. 35, —2. 75, —3.45, anposition of sstructure near —2. 35, —

th o' t th t
ains cons an

aterials, confirming e

and indicating that the Cu d states are
51with alloying.

O
LLJ

03
K0
(A
Kl

Vl

O
KI-
UJ

LIJ

I

I

I
2 — !

I
l

l

I
I

LLJ

z

Q I

-7 -6 5
E =E-hv+f (ev)

I

Ni, 10. e0.0 V ~ hv ~ 11.6 eV.EDCs for 77%Cu-23%, 0.PIG. 9. E s

C. Alloy Optical Densinsities of States

llo hotoemission data ddescribed
'll d states have beendensities of fille s a"t

l tg the constant ma rix
model discusse in

applying the ana y
'l sis of Sec. IV o e

scattering meanelectron-electron s
r , not used as an a ]us

agnitude of the e
d' table parameterfree path l, was no us
'

ld as was donental quantum yieo f t the experime

was taken to havee the same magni u

e E . In order toA at 10 eV above

erms of changes in l, o y,i i
i io h iwould have to be greater in e



1686 D. H. 8 RIB AND E. SPIC ER

V)

6—Z'

//."4 //
/

//

//
2 —

//
g/

I -g/
y/

I

-6
I

-5
I I I

-4 -2
ENERGY {eV)

o
EF

I

+I +2

FIG. 11. ODS for 87% Cu-13% Ni and 77% Cu-13% Ni.

Cu, which appears to be unrealistic. It seems
plausible that the electron-electron scattering mean
free path at high energies will not be greatly differ-
ent in the alloys and pure Cu. Therefore, in ap-
plying the nondirect analysis to the alloy data, only
the shape of the EDCs and yield have been fitted.

Calculations of alloy EDCs from the optical den-
sities of states also included the effects of once-
scattered electrons, calculated from the second
term of Eq. (1). The scattered electron contribu-
tion accounted for only about 12. 5% of the total quan-
tum yield at hv= 11.4eV. As mentioned in Sec. IV,
the inclusion of short elastic mean free path did not
significantly affect the EDC calculations. The po-
sition of the free-electron-like band, used in the
analysis to approximate the unfilled states and to
calculate the surface escape probability, was not
used as an adjustable parameter, but the bottom of
this band was fixed 7 eV below E~, as suggested
by the free-electron model of Cu and Cu-band calcu-
lations.

The optical densities of states (ODS) obtained for
87% Cu and 77/o Cuare shown in Fig. 11. The
magnitudes of the two ODS relative to one another
are arbitrary. For energies less than -2. 0 eV the
densities of states bear a fairly close resemblance,
in the energy position of structure at least, to the
optical density of states for pure copper. Be-
tween 0 and -2. 0 eV an increasing number of
states, due to the Ni d electrons existing in vir-
tual-bound-type levels, is present as the Ni con-
tent is increased. The existence of such states is
clearly evident in the raw data (Fig. 10). In the
raw data the relationship of the VBS peak to both
the Cu d-state edge at about -2. 0 eV and the lead-
ing edge of the EDCs establishes that the center
of the Ni d states is at about -1.0 eV. The posi-
tion and width of the Ni VBS will be discussed in

greater detail in Sec. VI. Below —4. 0 or -5. 0
eV the alloy optical densities of states are rela-
tively uncertain because of the presence of large
numbers of scattered electrons in the original
data; therefore, this region is dashed to indicate
the uncertainty. Theoretical calculations ' of the
Cu density of states suggest that the Cu d states
extend to only —5. 5 or —6. OeV.

The first structure in the Cu d states is greatly
reduced in relative magnitude in the alloys com-
pared to its strength in pure Cu. ~ This reduction
may result because the states at the energy of the
first Cu d-state peak overlap, and may interact
with, the Ni virtual-bound levels; or the magnitude
of this peak may be underestimated because of
some loss of resolution in the heat-cleaned sam-
ples, or a combination of these effects.

As mentioned above, the density of empty states
in the alloys has been approximated by a free-
electron band, N~ (E) ~gE, with the band bottom
at -7.0 eV. As will be discussed below, Ni VBS
in Cu are only partially filled, containing approxi-
mately nine electrons, so just above E~ an addi-
tional number of states is indicated on the alloy
densities of states to account approximately for
the unfilled portion of the Ni VBS. No structure
in the empty states at about +1.5eV is included
in the alloy densities of states as in pure Cu
since no evidence for such structure has been found
in our studies.

D. Reflectivity and Optical Parameters of Cu-Ni Alloys

In Fig. 12 the measured near-normal incidence
ref lectivities (8) of the 87% Cu and 77% Cu alloys
for photon energies between 0. 5 and 11.8 eV are
shown, Also shown in Fig. 12 is the ref lectivity
of pure copper; the ref lectivity values for Cu are
taken from previously unpublished measurements
made by Donovan'2 in the energy range 0. 05 «hv
~ 8. 0 eV and from the measurements of Beagle-
hole' in the energy region 8. 0 & hv & 12. 0 eV.
These measurements were made under conditions
closely approximating those of the present alloy
measurements and matched quite well in the vi-
cinity of 8. 0 eV.

By far the most pronounced change in the re-
flectivity spectra of the alloys compared to that of
pure Cu occurs in the photon energy range 0-2. 0
eV. The behavior of A for the three compositions
in this energy range is shown in greater detail in
the insert in Fig. 12. The ref lectivity of Cu is
near 100/o and very flat until hv=-2. 1eV, where
there is a sharp drop. In the alloys, the reflec-
tivity in the range hv = 0 to 2. 0 eV decreases with
increasing Ni content. However, there is still a
sharp drop in R at hv =2. 1eV for the 87/0 Cu alloy
and the 77/0 Cu alloy ref lectivity exhibits a rapid,
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addition of Ni to Cu causes a large increase in the
absorption between 0 and 2. 0 eV. The ~o curves
for 87% Cu and 77% Cu have distinct peaks at hv
=1.3eV and hv=1. &eV, respectively, and the
relative strength of this structure increases with
increasing Ni content. Beyond 3. O. eV, eo is quite
similar for the three materials; a slight shift of
the peak in the vicinity of A, v = 5. 4 eV to higher
energies as the Ni content of the alloys increases
is evident.

The additional optical absorption in the Cu-Ni
alloys for 0 & hv & 2. 0 eV must be due to the pres-
ence of Ni virtual-bound levels between E~ and
the Cu d states. The photoemission data of Sec.
V B indicate that the Ni virtual-bound levels give ap-
preciable d-state density between the Fermi level
and the Cu d states, so a significant contribution
to the optical absorption from the Ni d states can
result for all photon energies.
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FIG. 12. Reflectivity for pure Cu, 87% Cu, and 77%
Cu. The insert shows the low-hv behavior. The re-
flectivity for Cu is from Refs. 34 and 52.

though not so steep, decline beyond 2. 0 eV. The
sharp drop in ref lectivity of pure Cu at hv = 2. 1
eV is due to the onset of strong transitions from
the Cu d states to E~. The fact that there is a
sharp drop in refiectivity in the 87% Cu and 77%
Cu alloys at hv=- 2. 1 eV indicates, as did the pho-
toemission data, that the Cu d-state to E~ separa-
tion remains the same in Cu and Cu-rich Cu-Ni
alloys. Schroder and Oneng'ut, " in interpreting their
absorptivity measurements on Cu-Ni alloys to 26%
¹i, have previously established this same point.
The results of Schroder and Onengut, "while not as
sharp, are in good agreement with the present data.
Also, the ref lectivity spectrum obtained by Scouler,
Feinleib, and Hanus' for an alloy of composition
84% Cu-16% Ni is completely consistent with the
present results.

Another change in the ref lectivity spectra with

increasing Ni content is a shift of the local minimum
at 4. 3 eV in pure Cu to about 4. 8 eV in the 77% Cu
alloy. The peak in the vicinity of 5. 8 eV shifts only
very slightly upon alloying.

In Fig. 13, the optical transition strength vo is
shown for Cu and the two Cu-Ni alloys studied.
The optical transition strength for Cu between hv

=0 and 2. 0 eV, which is due to Drude or free-elec-
tron absorption, is weak. At hv:—2. 1eV, cocr for
Cu increases rapidly because of d-band-E~ tran-
sitions and beyond this absorption edge there is

VI. DISCUSSION OF RESULTS
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FIG. 13. Optical transition strength coo. for Cu and

Cu-Ni alloys. Ni virtual-bound levels produce a very
pronounced change for 0 ~ hv —2.0 eV.

From the Cu-Ni alloy EDCs and ODS, it has
been established that a VBS type of model describes
the Ni d states in Cu-rich Cu-Ni alloys and that the

Cu d states in Cu-rich Cu-Ni alloys are little changed,
with regard to the energy position of structure,
from the d states in pure Cu. In addition to these
qualitative conclusions, it is of interest to attempt
a more detailed analysis of the VBS of Ni in Cu in

order to obtain an estimate of its position, width,

and the relative importance of s-d and d-d interac-
tions in determining the width. While the values of
the VBS width obtained in the analysis below will be
somewhat uncertain because it is not known how
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to correct these values for experimental resolu-
tion effects, such an analysis appears to be useful
at this time because of the lack of more direct data
on the VBS of Ni in Cu.

In treating the VBS problem, Anderson" and

Klein and Heeger' found that the density of d-state
admixture, p~(E), in a nearly free-electron-like
band per transition-metal impurity atom is given
by the expression

(3)

Here E~ is the energy position of the VBS and b, ,~

is the energy half-width at half-maximum of the
level due to the mixing of the impurity d states
with the nearly free-electron-like states of the
host. Equation (3) describes the situation when
the spin-uy and spin-down VBS are not split in

energy; magnetic-susceptibility data for Cu-Ni
alloys ' indicate that for Ni concentrations less
than about 40/o this situation applies.

Equation (3) (a.nd in the strictest sense, the VBS
model itself) cannot be expected to be completely
valid for describing the rather concentrated alloys
studied here since this model was originally for-
mulated to deal with isolated noninteracting impur-
ities. However, the VBS model and Eq. (3) pro-
vide a logical starting point for analyzing the pres-
ent data for several reasons. First of all, the
alloy data are in agreement with the qualitative
predictions of this model, as discussed previously.
Second, one of the most important parameters of
the VBS model is the interaction between the d
states of the impurity atom and the nearly free-
eleetron-like states of the host material. This
interaction is almost always neglected in tight-
binding' and multiple-scattering treatments" of
the d states in transition-metal alloys, yet mea-
surements on very dilute Cu-Mn' alloys indicate
that this interaction can give appreciable energy
width to the impurity d states. It is also found
below that most of the energy width of the Ni d
states in the Cu-Ni alloys studied here is given by
this s-d interaction. Therefore, the VBS theory
incorporates an important effect which is neglected
in other theoretical models which treat alloys sim-
ilar to Cu-Ni. (The tight-binding and multiple-
scattering models of alloys do have certain features
in common with the VBS model, such as the pre-
diction of separate host and impurity d levels when
the atomic-energy levels are well separated. )
Finally, concentration effects, or effects which
occur when the added impurities can no longer be
assumed to be noninteracting, have been incorpo-
rated into the original VBS model by Kim. " This
treatment suggests that for nondilute alloys the

Lorentzian form of Eq. (3) will remain approxi-
mately valid but the energy position and width of
the VBS may depend upon the solute concentration.
Therefore, evaluation of the VBS parameters at
different alloy comyositions can give information
concerning the concentration effects which are
present.

An estimate of the parameters E„and ~,„of
Eq. (3) for the Ni VBS in Cu can be obtained by
considering the Ni d-state contribution to the EDCs
for 87% Cu and 77% Cu. In obtaining this contri-
bution in the range of initial-state energies from
0 to -P. 0 eV, it is necessary to take into account
the contribution of the s- and P-derived electrons
excited in this same energy range. These electrons
give an important contribution to the total number
of photoemitted electrons for initial-state energies
between 0 and —2. 0 eV, especially in the 87% Cu
alloy.

The procedure which we have adopted to approxi-
mately obtain the Ni VBS contribution to the alloy
EDCs is to use the EDCs obtained for pure Cu in
the present work to give a measure of the s- and
p-like electron contribution to the alloy EDCs.
That is, at a particular hv, sealed values of the
number of electrons photoemitted from pure Cu
are subtracted from the number of electrons yho-
toemitted from the alloy in the initial-state energy
range of 0 to -2. 0 eV. This procedure then in-
volves the assumption that the behavior with hv of
the yhotoemitted s- and P-like electrons is the
same in the alloys as in pure Cu. The photoemis-
sion results of Norris and Nilsson' on Ag-Pd
alloys clearly show that a contribution from s-
and p-derived electrons, almost identical to that
in pure Ag, is present in EDCs for an alloy con-
taining 85%%uo Ag-15/o Pd. Therefore, the above
assumption does not seem unreasonable.

The absolute quantum yields, and hence the ab-
solute magnitude of the normalized EDCs, increase
with increasing Ni content. Therefore, the values
of the pure Cu EDCs must be adjusted so as to put
the Cu and alloy curves on equivalent scales before
subtraction. The pure Cu curves have been ad-
justed by matching the height of the first Cu d-
state peak at about -2. 5 eV to the height of the
equivalent peak in the alloy EDCs. Although the
height of the -2. 5-eV structure in the alloy EDCs
appears to be somewhat smaller relative to other
structure than in pure Cu, this process gives a
reasonably good basis for comparison.

The above procedure has been followed for 17
EDCs for 87'%%uo Cu-13%%uq Ni and 20 EDCs for 77/0
Cu-23% Ni. Some typical results for the Ni VBS
contribution to the 87% Cu EDCs are shown in
Fig. 14. These particular curves were chosen to
illustrate the behavior over a wide range of photon
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energies; the results for other hv were essentially
identical to the curves shown. The solid, or ex-
perimental, curves are obtained by the procedure
above and closely resemble Lorentzian-shaped
peaks, with the major deviations occurring near
-2 eV, where the presence of the Cu d states may
modify the form of the VBS or affect the shape of
the EDCs. The experimental curves indicate that
the ¹i d-state contribution to the density of states
goes to zero at 0 eV (the Fermi energy); however,
this is a consequence of the experimental resolu-
tion. Actually, the Fermi level cuts the Ni VBS
so that it contains only about nine d electrons and

so that there is appreciable Ni d-state density at
the Fermi level.

Values of E„,the position of the peak, and the
half-width at half-maximum of the Ni d states, b. ,

measured to the right as shown, can be determined
from the curves of Fig. 14 and the curves obtained
for other hv. Here b, is defined as the sum of
~,„,the energy width of the Ni d states due to
s-d interaction alone, and any contribution due to
interaction of VBS on different Ni atoms. It is
assumed that the shape of the Ni d states in 87%
Cu-13% Ni is given by Eq. (3) with b, repla. cing

The average values for E„and ~ obtained
from 17 different curves for 87% Cu are E„
= —0. 95+0.05eV and ~=0. 55+ 0. 05eV. Also
shown on Fig. 14 is the curve calculated using the
experimentally deduced parameters and the ap-
propriate form of Eg. (3):

p„(E;)=A/[(E, +O. 95)'+ (O. 55p],

where E; is the initial-state energy and A is a
constant chosen to match the peak height of the
experimental curves. The calculated curves are
seen to match the shape to the experimental curves

very well, particularly in the vicinity of -1.0.
Repeating the above process for the 77% Cu

EDCs yields the typical results for the Ni VBS
contribution to these EDCs shown in Fig. 15.
Again peaked structures are obtained, although they
are somewhat unsymmetrical about the peak posi-
tion. Defining E„and4 as before, the averageval-
ues E, =1.0~0. 05eV and 6=0. 65~ 0. 05eV are
obtained from 20 curves. The curve defined by

p„(E;)= A/[(E; + 1.0) + (0. 65)2]

is also shown in Fig. 15, and the agreement is
fairly good except near -2. 0 eV.

The difference in the values of 6 obtained for the
87% Cu and 77/o Cu alloys (0. 55 and 0. 65 eV, re-
spectively) suggests that the width of the Ni d-state
density varies with concentration because of the
interaction of VBS on different solute atoms.
Therefore, as anticipated above, it is necessary
to go beyond the simplest form of the VBS model
in order to more completely describe the behavior
of the Ni d states with increasing concentration.

Kim" has extended Anderson's" theory of the
VBS to include interactions between the solute
atoms to lowest order in the concentration.
Kim's' treatment indicates that the VBS width
should vary linearly with concentration. The con-
centration-dependent portion of the width arises
predominately from an indirect interaction between
impurities, i. e. , through a process in which a Ni
d electron in a VBS undergoes a transition to a
free-electron-like state, is scattered by another
Ni atom, and then returns to the initial state.
Beeby'4 has given a tight-binding theory of alloying
behavior which also indicates that the solute band-
width varies linearly with composition. Model cal-
culations, based on the coherent-potential approxi-
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mation by Velicky, Kirkpatrick, and Ehrenreich,
indicate that solute bandwidth varies somewhat
faster than linearly —as c' —but the assumptions
of the coherent-potential approximation overesti-
mate the bandwidth. Neither of the latter two treat-
ments includes s-d interactions.

If we assume that the alloy compositions studied
here are still in the range of concentrations where
a linear dependence of bandwidth on concentration
holds, then the energy width of the Ni VBS 6 (c)
can be represented as

(4)

Here 6« is a coefficient containing all contributions
to the change in solute bandwidth which are linear
in concentration. ' Using the two measured values
of 4 for the 87% Cu and 77% Cu alloys, Eq. (4) can
be readily solved for ~,„and~«. The resulting
values are

&,„=0.42+0. 05eV; &«=1eV.

This final value for 4,
„

indicates that the major
portion of the Ni VBS width in 87% Cu and 77% Cu
is due to s-d interactions, although the interaction
of states on different Ni atoms is also important for
these compositions.

As cautioned previously, the values of 6 and b,,„

obtained above may be too large because of experi-
mental broadening. A rough estimate of the in-
crease in measured width due to broadening can be
obtained by assuming the experimental broadening
is a Gaussian function of total width at half-maximum
of 0.4 eV. Convolving this broadening function with
a Lorentzian VBS with 6 = 0. 5eV [(Eg. (3)] results
in a structure with a half-width at half-maximum of
0. 57eV. This suggests that the measured ~ values
and &,~ are high by at most 20%, owing to experi-

mental broadening.
While it is clear that some degree of subtraction

of the s-P contribution to alloy EDCs in the region
of the Ni VBS is necessary, the values of ~ obtained
are somewhat sensitive to the manner in which the
pure Cu and alloy EDCs are scaled before subtrac-
tion. This fact al.so affects the accuracy of the
deduced value of ~,„.If no subtraction were done,
a width of &=0.75+0. 05eV would result for the
Ni VBS in both 87% Cu and 77/0 Cu, suggesting that
d-d interactions do not affect the VBS width. The
value 4«= 1eV obtained using subtraction there-
fore constitutes an approximate upper limit on the
magnitude of the d-d interaction effect. In either
case, the conclusion that s-d interactions contrib-
ute most of the width of the Ni VBS in Cu for the
compositions studied remains valid.

A summary of the present determination of E+
—E~ and 4,~ for Ni VBS in Cu is shown in Table I.
The presence of VBS in an alloy can greatly affect
the properties of that alloy; Klein and Heeger'
have discussed in detail the effect of the VBS on
the electronic specific heat, magnetic suscep-
tibility, and resistivity of an alloy. A VBS in which
spin-up and spin-down states are not split and
which is only partially filled will cause an increase
in resistivity and electronic specific heat and will
also contribute a temperature-independent para-
magnetism. Therefore, measurements of these
and similar properties of Cu-Ni alloys have pre-
viously been used to deduce E~ —E~ and d,

„

for
the VBS of Ni in Cu. Shown in Table I are deter-
minations of these parameters obtained by Foiles"
from thermoelectric-power measurements and by
Klein and Heeger' from residual resistivity and
low-temperature specific-heat measurements.
Both of these latter determinations are rather in-
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TABLE I. Determinations of VBS Parameters for Ni in Cu.

Method and source

Photoemission—
present work

Thermoelectric
power-
Foiles (Ref. 13)

Specific heat and re-
sidual resistivity-
Klein and Heeger
(Ref. 10)

Specific heat and

photo emi 88lon-
present work
and Ref. 7

Z~ -Z„(eV)

0.95+ 0. 05

0, 70+0. 05

1.35+0.1

s,„(ev)

0.42+0. 05

0.25 +0.1

Z = 1.3 + 0. 1

Composition

13 jp, 23/p Ni

&1' Ni

&1/o Ni

10' Ni

10% Ni

Comment¹d-state width taken to
vary linearly with compo-
sition

Lorentzian:

(E E )2+42&

GRus sian'
p„(E)~ exp'- (E -Eg)'/

2Z']

Assumes linear variation
of the electronic specific-
heat coefficient with con-
centration between 0 and
10% Nl; does not include
variation of 6 with com-
p os ltlon.

direct, as they involve measurements of electronic
properties at or near the Fermi surface only, a,nd

depend upon the Ni d-state density at the Fermi
level being exactly as given by Eg. (3). The
thermoelectric-power data" can only be related to
the VBS model through several additional approxi-
mations: The sensitivity of the parameters to these
approximations and the exact shape of the nickel
states is illustrated in the table where a Gaussian
form exp [- (E, —Z~) /2Z ] was assumed and

quite different parameter values resulted. Klein
and Heeger' give only a very rough estimate of
4,

„

from the specific-heat data. %e have reana-
lyzed the specific-heat data and find, using EF
—E„=0. 95 eV as obtained from the photoemission
data, that 8,~=0. 56eV. This value is somewhat
larger than the value obtained from the photoemis-
sion data, but the derivation of 4,

„

from specific-
heat data does not include concentration effects,
which may explain the discrepancy.

Integrating Eq. (3) from —~ to E~ using the VBS
parameters given in Table I implies that each Ni

VBS contains about nine d electrons, quite close
to the number of d-like electrons found in pure Ni.

In addition to those exyerimental results for
copper-nickel alloys noted in Table I, other data
for these alloys have been found to be consistent
with the VBS model. Klein and Heeger' note that
the magnetic susceytibility and residual resistivity
of dilute Cu- rich Cu-Ni alloys is understandable in
terms of the VBS model. SehrMer and Qnengut have
interpreted optical-absorptivity data of Cu-Ni alloys
to 25% Ni in terms of VBS model, and Chollet and

Templeton' have concluded from de Haas-van
Alphen measurements of very dilute Cu-Ni alloys

that the Ni d electrons exist in virtual-bound levels.

VII. SUMMARY AND CONCLUSIONS

As discussed above, the VBS model, modified to
include concentration effects, is able to account for
the imyortant changes in photoemission data which
occur when moderate amounts of Ni are alloyed
with Cu. The VBS model also provides a means
for understanding other properties of Cu-Ni alloys
which were inconsistent with the rigid-band model.
Photoemission and /or optical studies have shown

that the VBS model is also appropriate for describ-
ing the electronic structure of many other noble-
metal-transition-metal alloy systems.

The fact that Cu and Ni d-like electrons form
independent, essentially noninteracting levels occurs
because the d-scattering resonances in the vicinity
of Ni and Cu atoms are fairly widely separated in

energy. In a Cu-rich Cu-Ni alloy, each Cu or Ni core
in the alloy tends to be surrounded by very nearly the
same electronic configuration as in pure Cu or pure
Ni, respectively; there is no appreciable transfer
of electrons from Cu to Ni sites to fill the Ni d
states as rigid- or common-band models would sug-
gest. Our analysis of the width of the ¹i d states
in Cu-rich Cu-Ni alloys suggests that the interactions
among states on different Ni atoms broaden the Ni d
states at the rate of approximately 0. 01 eV per atomic
percent Ni. The deviations of the experimentally
deduced Ni d-state density for 77% Cu from the
ideal VBS form (Fig. 15) also suggest that the in-
teractions among Ni atoms begin to modify the
shape of the Ni d-state density at this concentration.
The observation that interaction effects are appre-
ciable is not suprising —for very dilute Ni concen-
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trations the d-state density has a total half-width
of about 1.0 eV, which must increase to 4-5 eV in
100jo Ni because of interaction effects. The fact
that the Cu d states remain more than 2. 0 eV below

E~ in Cu- rich Cu- Ni alloys appears to also hold true in
more concentrated Ni alloys, as will be established
in the succeeding paper. '

Optical transitions in the alloys studied here are
almost certainly nondirect in nature. This con-
clusion is based upon the success of the nondirect
model in explaining the alloy results, upon the dis-
appearance of the I., ~ —L, direct transition in the
alloys, ' and also upon the fact that, since Cu and
Ni d-derived electrons do not share common bands,
the resultant distortion of the d-derived wave func-
tions will tend to remove k as a meaningful quantum
number and hence invalidate the k selection rule.
Further discussion of the nature of optical tran-
sitions in Cu and Cu-Ni alloys is deferred until after

results for several more Cu-Ni alloys and pure Ni
are given in the following paper.
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