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Densities of States in Cu-Rich Ni-Cu Alloys by the Coherent-Potential Approximation:

Comparisons with Rigid-Band and Virtual-Crystal Approximat&on
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It is shown that the cohexent-potential approximation is capable of explaining the den-
sities of states of Cu-rich Ni-Cu alloys as obtained from recent photoemission experi-
ments. The coherent-potential approximation predicts the formation of a separate ¹id
band for these alloys, this being consistent with the qualitative picture of Friedel-An-
derson virtual bound states. This picture cannot be obtained from either the rigid-band
model or the virtual-crystal approximation.

The x'ecent photoexQission dRtR of Seib and Spi-
cer' for Cu-Ni alloys at high Cu concentrations
(13, 23, and 38% Ni in Cu) give a, clear descrip-
tion of the behavior of the density of states as a
function of concentration. The main feature of
these experimental data is the appeax'ance of a
subsidiary emission peak between structure orig-
inating from the d bands of Cu and the Fermi en-
ergy. This peak is ascribed by Seib and Spicer
to Ni d levels. A second important feature is
that the high-energy emission edge of the Cu d
states does not change its position with respect
to the Fermi enex'gy as the Ni concentration is
increased. Neither of these features can be ex-
plained even qualitatively by either the rigi.d-
band model or the virtual-crystal approximation,
hitherto the most widely used models for alloy
calculations. As Seib and Spicer point out, the
features are qualitatively those expected for a
Friedel-Anderson' ' virtual-bound-state model.
This model meets difficulties when the impurity
concentration becomes finite, and no specific
predictions have been made as to the position of
the impurity sub-bandq Rlthough Seib Rnd Sp1cel
use the forms of the equRtions to parametrize
their results. Here we present a calculation us-
ing the coherent-potential approximation (CPA)
which explains semiquantitatively the above fea-
tul e8 of the expel 1IQentRl photoeIQlsslon dRta and
gives a sound theoretical picture of the electron-
ic states in Ni-Cu alloys of arbitrary concentra-
tion.

On the addition of Ni impurities to Cu the CPA
predicts the formation of a d sub-band of approx-
imately I orentzian shape between the main d
band and the Fermi energy. The nature of the
states in eRch sub-band caIl be identified since 1t
is possible in the CPA to calculate the partial d
densities of states resulting from Cu sites,
pc„~(E), and from Ni sites, p~;~(E), together
with the total density-of-states function p(E)

= p'(E) +pc„"(E) +pN (E), where p'(E) is the
density of states for the s-like band. Utilization
of this analysis reveals that the Lorentzian sub-
band results almost entirely from Ni sites while
the main sub-band results similarly from Cu
sites. As the concentration of Ni is increased
the CPA shows how the Ni sub-band grows at the
expense of the Cu sub-band, gradually develop-
ing structure and finally evolving into the ¹i@-
band structure in whi. ch the Fermi energy lies.
During this process the Cu sub-band changes its
position with respect to the Fermi energy of the
alloy vexy little, mexely becoming smaller and
stx'uctureless. This behavior is in marked con-
trast to the rigid-band model which predicts that
the alloy density-of-states function remains as
that for pure Cu, and that as the electron-to-
atom ratio is decreased with the addition of Ni
the Fermi enexgy appxoaches the d band at a
more or less uniform rate. The predictions of
the virtual-crystal approximation are qualitative-
ly the saxne as the rigid-band IQodel. It ls cleax'
that the CPA provides a working alternative to
these qualitatively incorrect models.

Kirkpatrick, Velicky, and Ehrenreich (KVE)'
have performed a calculation using the CPA on
some ¹i-rich Ni-Cu alloys and have obtained
reasonable agreement with experimental photo-
emission dRta fo1 the8e Systems but if this wolk
is extended directly to Cu-xich alloys there is
little agreement with the photoemission results
detailed above. However, we do not regard this
as a shortcoming of either the CPA in general or
the particular model of EVE. Rather it is a re-
sult of an inadequacy associated with the crystal
potential which EVE used to describe pure para-
magnetic Ni, an inadequacy which was- irrelevant
to the application of their model to the Ni-rich
alloys. In this paper we show how a reappraisal
of the above undesirable feature based on our
own Korringa-Kohn-Rostoker (KKR)' band-theo-
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ry calculations leads straightforwardly to the
applicability of the EVE model to Ni-Cu alloys
of arbitrary concentration.

In the model of KVE the effects of alloying on
the d bands of the parent metals are treated in
a tight-binding sense extended in the framework
of the combined interpolation scheme of Hodges
and Ehrenreich"" (HE) to treat s-d hybridiza-
tion and orbital degeneracy. An important pa-
rameter in the analysis of the model is the split-
ting 5 between the d bands of the parent metals.
The energy of the d-band scattering resonance
E, (in the notation of the HE interpolation scheme)
determines the position of the d bands with re-
spect to the energy E(I',) of the bottom of the s
band. Since the s bands in Cu and Ni are essen-
tially identical, the s band is assumed to be un-
changed on alloying, and hence 5 can be taken as
the energy separation between the d-scattering
resonances when referred to E(I',), i.e., 5 =[E, "
-E "(I',)]-[E, '-E '(I', )], the superscripts de-
noting atomic species.

In their consideration of Ni-rich alloys KVE
based their interpolation Hamiltonian on that for
pure Ni. Similarly when considering Cu-rich al-
loys we have based the interpolation Hamiltonian
on that for pure Cu. A single interpolation Ham-

iltonian could be devised which would extrapolate
from pure Cu to pure Ni by giving the parame-
ters other than 5 in the interpolation Hamiltonian
some reasonable concentration dependence. How-

ever, since the differences in these off-diagonal
elements between pure Cu and pure Ni are rather
small, based on our calculations, it is not neces-
sary to adopt such a procedure. Thus, as we
shall see, the important distinction between the

present interpolation Hamiltonian and that used
by EVE is in the much larger value which we ob-
tain for 5 and not in the rather minor differences
in the off-diagonal elements.

Although there are many approximations in the
model, the most serious in respect of the pres-
ent application is an approximate decoupling
scheme introduced to bring the equations into a
two-level tight-binding form which can be treated
simply in the CPA and thus circumvent the dif-
ficulties associated with orbital degeneracies in
the d bands. The approximation is clearly ade-
quate when 6 is small compared with the band-
width, but it is not obvious that the decoupling is
valid in the case of large 6 where a near split-
band regime may be expected, as in the present
case. However our calculation reveals that this
approximation is not as restrictive as expected.

The problem is worst at band edges where the
imaginary part of the self-energy becomes sig-
nificant, but the error is still probably only of
the order of 0.01 Ry. Since, because of lack of
experimental precision, we are only interested
in the gross features of the density of states we
continue to use this decoupling procedure.

Qther important parameters in the interpolation
Hamiltonian are those governing the s-d hybrid-
ization. As Anderson' and Heine" have pointed
out, this is an important interaction in control-
ling the width of the d bands. Seib and Spicer'
incorrectly dismissed the CPA for explaining
their data arguing that the CPA did not properly
include s-d hybridization; since the CPA as ap-
plied here includes hybridization effects in set-
ting up the interpolation Hamiltonian as indicated
above, it does a priori include significant effects
of this interaction. The excellent agreement with
experiment for the Cu-rich alloys indicates that
this means of taking the interaction into account
is adequate.

Qf the available energy-band calculations for¹iand Cu, EVE chose to use the calculations of
Burdick" for Cu and Hanus" for Ni as a base for
their CPA calculation. We have used neither of
these calculations, relying on potential functions
generated by us for the present application; how-
ever, substitution of the Burdick Cu calculation
for ours leaves the results reported here essen-
tially unchanged. Although it is known that the
Chodorow potential used by Burdick for Cu gives
good agreement with experiment for Fermi-sur-
face parameters, ' we have generated a superior
potential by using the Mattheiss" prescription,
Herman-Skillman" wave functions, and Slater"
exchange. This potential is essentially that of
O' Sullivan, Switendick, and Schirber" and gives
agreement with experimental de Haas-van Al-
phen data to &I /z. The density of states calculat-
ed from this potential agrees well in its main
features with photoemission data for Cu.

The most reasonable potential we have found
for nickel was generated in the same way as the
copper potential above using a (3d)"(4s)" start-
ing atomic configuration. The density-of- states
function for Ni is characterized, disregarding
spin splitting, by two sharp peaks below the Fer-
mi energy. For the above Ni potential the upper
peak is located 0.08 eV below E F and the two
main peaks have a splitting of 1.64 eV; the corre-
sponding numbers for the Hanus potential are 0.0
and 1.9 eV, respectively. Probably the most re-
liable experimental optical density-of-states
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(ODS) data on pure ¹ are those of Eastman and
Krolikowski" (see Ref. 1) who locate the high-
energy peak 0.2 eV below EF and obtain a value
of 1.7 eV for the splitting between the peaks, in
reasonable accord with the values obtained using
the present potential. However, this indication
of the adequacy of the present nickel potential
should not be considered very significant in it-
self. Rather, the overall reasonableness of the
results obtained for the pure metal and Cu-Ni al-
loy densities of states should, in conjunction with
the above points, be regarded as substantiating
the correctness of the general features of the po-
tential function.

Having obtained reasonable potentials for Cu
and Ni at lattice parameters appropriate to pure
metals, energy-band calculations were performed
using the KKR method, and the CPA calculations
were performed from this base. The present po-
tential functions for Ni and Cu give 5 =-0.134
Ry. In the calculations which follow, the differ-
ence between this value and that of -0.06 Ry ob-
tained by KVE using the Hanus Ni potential is
nontrivial.

At this point it is worth noting that Pierce and
Spicer" have recently demonstrated the extreme
insensitivity of the results of the photoemission
experiment to the magnetic state of Ni. From
our point of view this has two important ramifi-
cations, Firstly, it lends weight to the use we
have made of the QDS as a guide to our selection
of a potential function for Ni. Secondly, in order
to be consistent with their experimental observa, -
tions Pierce and Spicer conclude that the spin-
splitting parameter is required to be &0.03 Ry at
EF, a value small compared with our calculated
value of 5. Thus the effects of spin splitting on
the gross features of the alloy densities of states
even in Ni-rich alloys should be small.

CPA calculations have been performed for the
density of states on a series of Ni-Cu alloys, us-
ing the value of 6 determined above. For Ni-
rich alloys the qualitative features elucidated by
KVE still obtain. A sa.mple result obtained for a
Cu-rich alloy is shown in Fig. 1, this being for
a 13% Ni-87% Cu alloy. There is good overall
agreement between theory and experiment, since
the magnitude of the structure in the experimen-
tal data is probably of little significance. The
agreement obtained for other Cu-rich alloys
(23 and 38% Ni in Cu) is similarly very good.

If the theoretical curves for the alloys are
compared with the curve for pure Cu several
points beyond those previously discussed emerge.
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FIG. 1. The density of states in a random 87% Cu-
18% Ni alloy. The curves are as follows: Full line,
total density of states, p(E); dashed line, density of
d states at Cu sites, p«" (E); dotted line, density of
d states at Ni sites, p»" (8). These are theoretical
curves given by the CPA. The outer curve gives the
experimental "optical density of states"; for this curve
the scale is arbitrary. The theoretical curve has been
moved slightly such that the edge at =-0.16 Hy coin-
cides with experiment.

Fine structure on the density-of-states curve is
rapidly damped out with increa, sing impurity con-
centration. Indeed, this is intuitively obvious
and has already been noted by KVE for Ni-rich
alloys. Also the structure on the Cu sub-band is
preferentially damped at the top of the band; the
high density-of-states peak which occurs for
pure Cu at the top of the d band is very rapidly
damped such that it is only a small spike as
shown in Fig. 1. For a 23% Ni-77% Cu alloy this
peak is damped to a shoulder; for a 38% Ni-82%
Cu alloy there is no trace of this peak. This be-
havior appears to be in keeping with the data of
Seib and Spicer.

Figure 2 shows how the position of the high-en-
ergy edge in the host sub-band changes with re-
spect to the Fermi energy as the impurity con-
centration is increased. The curve marked "rig-
id band" was obtained by using the Cu density-of-
states function and allowing the filling of states
according to the electron-to-atom ratio appro-
priate to the alloy under consideration. The
curve marked "virtual crystal" was obtained
from the density-of-states functions for alloys
having a potential function V, &»&

= cVC„+(1-c)VN;,
where Vc„and V&; are the potential functions ap-
propriate to Cu and Ni, respectively. The virtu-
al-crystal approximation was invoked at the
stage of the HE interpolation scheme rather than
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values are 0.'74 and 0.81 By. The theoretical
half-widths of the impurity sub-bands for the 13
and 23% Ni alloys are 0.034 and 0.042 Ry, re-
spectively, the experimental values being 0.040
and 0.048 Ry. These parameters are in good
agreement considering the joint experimental
and theoretical uncertainties.

Finally it should be noted that calculation of

pN; (E) and pc„'(E) reveals that the total charge
on Cu and on ¹isites in the above Cu-rich alloys
remains essentially the same as in the pure par-
ent metals, in agreement with the minimum-po-
larity hypothesis of Lang and Ehrenreich" and
the findings of EVE.
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FIG. 2. The energy at its half-height of the high-en-
ergy edge in the Cu sub-band measured relative to the
Fermi energy. The curves CPA, rigid-band, and
virtual-crystal were obtained from calculated densities
of states while the experimental curve was taken from
energy-distribution curves at an incident photon ener-
gy of 10.2 eV. The experimental curve has been moved
uniformly 0.06 eV such that theory and experiment co-
incide for pure Cu.

in the generation of the original potential func-
tions. As can be seen from the rigid-band and
the virtual-crystal curves, the prediction is that
the edge approaches the Fermi energy at an ap-
proximately uniform rate, in clear contrast to
experimental observation. The combined error
(=0.2 eV) of the experimental results and the
present CPA calculation leaves the two in rea-
sonable accord. That the host sub-band remains
in the same position relative to EF is a direct
consequence of the appearance of the reasonably
high density-of-states impurity sub-band near to
EF. Thus decreases in the electron-to-atom ra-
tio as the Ni concentration is increased can easi-
ly be accommodated by small changes in the po-
sition of EF with respect to the Cu sub-band.

As has been indicated earlier, Seib and Spicer
interpreted the photoemission data as being con-
sistent with a Friedel-Anderson virtual-bound-
state mechanism. Indeed, the predictions of the
CPA are consistent with this interpretation. As
can be seen from Fig. 1 the impurity sub-band
is quite Lorentzian at low concentrations and the
impurity sub-band only develops structure at Ni
concentrations on the order of 40%. On the basis
of these calculations the impurity sub-band is
located 0.68 and 0.79 Ry above the top edge of
the host sub-band for the 13 and 23% Ni alloys,
respectively. The corresponding experimental
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