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We present the complex energy bands and electronic densities of states in paramagnetic CuNi alloys. The
calculations are based on the use of muffin-tin potentials within the framework of the average- t-matrix
approximation. The theory is shown to predict reasonably the electronic spectrum over a wide range of
energies and alloy compositions. The experiments to be discussed include photoemission measurements of the
density of states and Dingle-temperature measurements of the damping of both the neck and belly orbits. The
half-width of the Ni virtual bound state in Cu-rich CuNi alloys is discussed in detail.

I. INTRODUCTION

In recent years there has been renewed interest
in the study of the electronic properties of substitu-
tional alloys. Because such systems lack the
translational symmetry of ordered crystals, their
eigenstates cannot be characterized in terms of
the energy-band picture usually associated with
Bloch’s theorem. Substantial progress, however,
has been made by the application of multiple-scat-
tering techniques'™3 utilizing single-site or mean-
field approximations. The essential feature of this
approach is that the individual atoms are viewed
as being embedded in a periodic effective medium

-whose choice is open and can be made either self-
consistently or non-self-consistently. These two
choices lead, respectively, to the coherent-poten-
tial**® (CPA) and average-¢-matrix (ATA) approxi-
mations. %7 While the ATA correctly describes
the qualitative features of the alloy spectrum, the
CPA is known to be the more accurate of the two
approximations.

Much of the work on the alloy problem in past
years has been concerned with properties of simple
one- and two-band tight-binding model Hamil-
tonians. *™' Lately, however, multiple-scattering
techniques have been applied to more realistic alloy
Hamiltonians and, in particular, to the muffin-tin
model. **7'7 such calculations are of importance
because the tight-binding models are not suited to
describing measured Fermi-surface and optical
properties. The muffin-tin model is also attrac-
tive from a theoretical viewpoint because it allows
the numerical methods relevant to Korringa, Kohn,
and Rostoker (KKR) and augmented-plane-wave
(APW) calculations'® in ordered solids to be
brought to bear on the alloy problem.

The formalism required for the application of
the ATA and CPA to the muffin-tin model has been
discussed by several authors. !*!" Due to the com-
plicated numerical calculations required for the
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self-consistent solution of the CPA equations, this
approach has not yet been implemented. By con-
trast, calculations based on a muffin-tin ATA
scheme are only slightly more difficult than con-
ventional energy-band computations. In a recent
publication we have shown that average-{-matrix
calculations lead to a reasonable description of
a-phase CuZn alloys.*® It was argued in Ref. 13,
that the spectrum of the alloy could be charac-
terized in terms of complex energy bands. (The
real and imaginary parts of the complex bands
correspond, respectively, to the quasiparticle en-
ergies and lifetimes.) This approach has the ad-
vantage that the calculation of the complex energy
bands is a relatively straightforward matter, the
central equations being directly related to the KKR
equations of band theory. Nevertheless, it should
be emphasized that in contrast to the real crystalline
band structure, the complex energy bands do not,
by themselves, contain enough information for the
calculation of the average electronic density of
states.

While the results reported in Ref, 13 are en-
couraging, we note that CuZn is a relatively simple
system in the sense that the constituent d bands
(being separated by ~0.5 Ry) are essentially in-
dependent. A more important test of the ATA
muffin-tin scheme is provided by the paramagnetic
CuNi system because in this case, the two d bands
interact appreciably and are both expected to hy-
bridize with the conduction bands.

In the present paper we consider the complex
energy bands and density of states in CuNi alloys. !°
That computatious of the electronic density of states
are now feasible is due to two developments since
our earlier work on the CuZn system. First,
Schwartz and Bansil'® have derived equations for
the ATA spectral density a(E, E). Once this quan-
tity is known, the average density of states (p(E))
is obtained by integration over all vectors K in the
first Brillouin zone. Second, it was Bansil’s? de-
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velopment of the special divections method that
made tractable the evaluation of these potentially
difficult Brillouin-zone integrations. Calculations
over a wide range of energies and alloy composi-
tions are now practical, and we have studied in
detail the structure of the complex energy bands,
the spectral densities, and the average density of
states.

In addition to the average density of states, the
results presented in Ref. 15 can, in principle, be
used to compute the separate contributions of the
two components to the alloy spectrum, It turns
out, however, that in CuNi alloys, where the con-
stituent d bands interact strongly, the ATA ex-
pressions for the component densities of states
are unreliable. In particular, these quantities
may become negative in the energy range between
the Cu and Ni 3d resonances. It is, of course,
possible that in other systems, less complicated
than CuNi, the ATA may provide an adequate pic-
ture of the component state densities. Neverthe-
less, it seems clear that the ATA does not describe
these more detailed properties of the alloy as well
as it does the average total spectrum.

A summary of the muffin-tin ATA formalism is
given in Sec. II. The relevant numerical tech-
niques are discussed in an Appendix. Since charge-
transfer and lattice-expansion effects are believed
to be negligible in CuNi alloys,21 the renormalized-
atom method® can be used directly to construct
neutral muffin-tin potentials for the two atomic
constituents. By contrast, in the case of a-CuZn
alloys, the renormalized-atom potentials must be
adjusted to take account of both charge transfer
and lattice dilation, **

The complex energy bands are considered in
Sec. III A. In the present case, even though we
have ten d bands intersecting the common conduc-
tion band, the classification of the quasiparticle
states is found to be surprisingly simple. The
real and imaginary parts of the complex bands are
shown to represent quantitatively the location and
widths of the corresponding peaks in the spectral
density function. This further justifies the use of
complex bands to represent the quasiparticle states
of the alloy. Section IIIB presents the densities
of states for the entire range of alloy compositions.
The characteristic features of the alloy densities
of states are discussed in relation to the complex
bands. In particular, we consider the behavior of
the Ni virtual bound state?® and the structure in
the Cu subband. The present results are also com-
pared with the predictions of the most recent tight-
binding model Hamiltonian calculations. ®

The predictions of the theory are compared with
a variety of experimental results in Sec. IV. Good
agreement is found with both low-energy and x-ray
photoemission (XPS) measurements of the densities
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of states.?*™® The predicted half-width of the Ni
virtual bound state is in good agreement with the
available experimental data for Ni concentrations
between 10 and 30 9. For Ni concentrations below
5%, however, the calculated value of the half-width
is twice as large as that deduced by Drew and
Doezema® from optical-absorption measurements.
(It should be noted that the tight-binding model
Hamiltonian calculations of Ref., 9 predict a van-
ishing virtual-bound-state half-width in the limit
of zero Ni concentration.) Finally, we compare
our results for the Fermi-surface properties of
the Cu-rich alloys with de Haas—van Alphen?’3°
and positron-annihilation measurements.® The
predicted changes in the neck radius of Cu with Ni
concentration are quite different from the rigid-

"band model® but in substantial agreement with ex-

periment. The calculated Dingle temperatures for
both the neck and the belly orbits are in good agree-
ment with those obtained in the most recent ex-
periments. 30

The present results, taken together with our
earlier results on a-CuZn and the recent calcula-
tions®*** on transition-metal hydrides suggest that
the muffin-tin ATA is capable of describing the
average electronic properties of a wide variety of
disordered alloys. In view of this, a further study
of other alloy systems within the present frame-
work and extensions to the CPA appear to be war-
ranted,

II. FORMULATION OF THE PROBLEM
A. Formalism

We consider a muffin-tin model of the substitu-
tional binary alloy. % In this model the disordered
potential can be expressed as a sum of nonover-
lapping spherically symmetric contributions. The
potential is then finite within a muffin-tin sphere
of radius 7, surrounding each of the lattice sites
{R,} and is constant (by convention, zero) in the
region between the spheres. The single-particle
Hamiltonian may be written

H=p*/2m+) vt ®(F). (2.1)

Within the muffin-tin spheres (i.e., |T-R,I<7,),
the value of

UI:(B)(?)EUA(B)(!'I%T-}.{"I) (2.2)

depends only on whether an A or B atom occupies
the site #. The arrangement of the A and B atoms
throughout the lattice is assumed to be random;
their relative concentrations are x andy=1-x«,

The fact that the atomic potentials are spherically
symmetric implies that the muffin-tin model is
most easily described in terms of an angular-
momentum representation. In this approach the
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properties of the point lattice and the atomic con-

stituents are conveniently separated. The crystal
lattice enters through the energy- and momentum-
dependent matrix

BLL'(Ey E)= [j;(K’;’)j,,(Kr')]'lﬁz;a f ei;.ﬁ"

XGo(F - # - R,V (F)Y . F)dQ:dQ;. .
(2.3)
Here L=(I,m), k=E'? j,(x)is the spherical Bes-
sel function, Y, (X) denotes a real spherical har-
monic of the angles associated with the vector X,
and

GoF)=—e™/any (2.4)

is the usual free-electron Green’s function. [Bj . (E,
E) is independent of » and 7, provided both » and
v'<7,.] The properties of the A(B) potentials are
represented by the energy shell matrix elements,
7£®)(E) of the atomic scattering operators. These
quantities can, in turn, be expressed in terms of
the more familiar atomic phase shifts 5;'® (E)

A (
4B (E)= - ket P gingp ™) (2.5)

In the case of a perfect crystal, the utility of the
angular-momentum representation is illustrated
by the KKR equation'® of band theory,

i (E)-B(K,E)l=0. (2.6)

For a given K in the first Brillouin zone, the solu-
tion of this equation determines a sequence of
eigenvalues E,,(E). In practice, the size of the
determinant in (2. 6) is limited by the fact that the
phase shifts for = 3 are negligible for many noble
and transition metals.

In the average-f-matrix approximation (ATA),
the electronic properties of the alloy are described
in terms of a periodic effective lattice of complex
muffin-tin potentials, The individual effectjve po-
tentials are so chosen as to reproduce the average

scattering at each lattice site,
17 (E)=x 71 (E)+y77 (E)=(7,(E)) . (2.7)

Within this framework, Schwartz and Bansil'® have
shown that the average electronic density of states
(per site and per spin) is given by

(p(EN=N"2a(k,E), (2. 82)
k
where

a(E;E)=a0(E) E)

+7 Im Tr {T(E, E) [(-r(E)}“ (x Zz% In[t4(E)]

+y %ln[fB(E)])“fd_Bfi%@]} ) (2.8b)

and
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T, E)=[7(E)* - B E)™ . (2.9)
Here ao(-l;, E) is the free-electron term, N is the
number of lattice sites, and the trace operation
(Tr) involves only the implicit angular-momentum
indices.

Since the spectral density a(E, E) is summed over
the Brillouin zone, contributions to {(p(E)) are
dominated by the singularities of the inverse ma-
trix T(E, E) determined by the condition

(T (E)™~B(&, E)lI=0.

In the case of a perfect crystal, the matrix ele-
ments ({7, )™6,,.~ By, are real and (2. 10) re-
duces to the KKR Eq. (2.6). In the alloy, how-
ever, this matrix is complex, and for each vector
k in the Brillouin zone, the secular equation (2.10)
determines a sequence of complex energy levels
E,(k)=EY k)+iE!"(k). According to (2.8), these
complex eigenvalues are seen to give rise to a
sequence of peaks in the spectral density a(E, E);
the larger the value of E,’,'('E), the more diffuse
the corresponding structure in a(E,E). The spec-
trum of the alloy is thus conveniently characterized
in terms of the complex energy bands defined by
the alloy-KKR (AKKR) Eq. (2.10).!® As in the per-
fect crystal, the size of the matrix ((7,)™6,,.

- By ;) is limited if the atomic phase shifts for

1= 3 are neglected. Equation (2. 10) then reduces
to a 9x9 determinantal equation whose solution is
only slightly more difficult in the alloy than in an
ordered solid. A complete picture of the spec-
trum is, of course, given only by a(ﬁ, E) and
(p(E)). The evaluation of these quantities, while
more complicated than that of the complex energy
bands, is nevertheless practical.,

(2.10)

B. Potentials

We have used the renormalized-atom method??
to construct /-dependent Cu and Ni potentials. The
corresponding muffin-tin constants V§® and V}*,
are approximately equal, and the interstitial po-
tential in the alloy is taken as'®

Vo=aV§+ QA -x)V5t. (2.11)

While this assumption fixes the muffin-tin zero of
the alloy, there remains some uncertainty as to
the separation of the Cu and Ni 3d levels. Ac-
cordingly, two different Cu potentials are employed
in the present calculations. The first of these,
V&' is the same as that used in our earlier study
of the CuZn system.'® The second potential, V&,
is obtained from V{" by empirically shifting its d
muffin-tin zero. The effect of this adjustment is
to raise the Cud band by approximately 0. 06 Ry.

It will be seen in Sec. IV that the relative place-
ment of the two d bands as given by V¥ and V!

is in good agreement with the results of photoemis- .
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TABLE I. Complex energies (Ey, E,)=E, +E, in rydbergs, at symmetry points in Cu,Ni;.,. The energy eigenvalues
are based on the potential V§", except when noted otherwise. The symmetry classification of energy levels is given in
the first column, which also indicates whether a given alloy d level is derived from Cu- or Ni-like states. The energy
zero is taken to be —0, 8341 Ry, which is the muffin-tin zero for pure Cu. Eff“‘“”=‘?Re(3 EGYD+2 EIQ;’;N”).

State Cu Cuy,15Nig 55 Cug, 75Nig, 55 (VEY) Cuy,5Nig, 5 Cuy,95Nip, 75 Ni
Ty 0.0161  (0.0194, —0.0) (0.0194, —0.0) (0.0226, —0.0) (0. 0260, —0.0) 0, 0295
Cu{r%, 0.3808  (0.3822, —0.0038)  (0.4408, —0.0050) (0.3833, —0.0077)  (0,3841, —0.0116)
Ty 0.4510  (0.4287, —0.0087)  (0.4844, —0,0140) (0.4112, —0,0124)  (0,3968, —0,0144)
i {rw (0.5645, —0.0286)  (0,5639, —0.0286) (0.5652, —0,0191)  (0.5661, —0,0095)  0,5672
Ty (0,5920, —0,0239)  (0,5950, —0.0197) (0.6150, —0.0147)  (0.6349, —0.0070)  0,6526
X 0.2178  (0.2364, —0,0003)  (0.2809, —0,0002) (0.2587, —0.0007)  (0.2884, —0,0014)
Cu) X, 0.2580  (0,2765, —0,0006)  (0.3290, — 0, 0005) (0.2984, —0,0016)  (0.3272, —0,0036)
X, 0.4997  (0.4518, —0.0132)  (0.5003, —0.0206) (0.4236, —0.0150)  (0.4022, —0,0155)
X 0.5165  (0.4581, —0.0148)  (0.5039, — 0, 0222) (0.4270, —0.0158)  (0.4037, —0,0158)
Xy (0.5317, —0,0310)  (0.5389, —0,0327) (0.4969, —0,0247)  (0.4560, —0,0188)  0.3495
Ni % (0.5403, —0,0313)  (0.5443, ~0.0327) (0.5131, —0.0245)  (0.4793, —0.0171)  0.4172
x, (0.6199, —0,0195)  (0.6303, —0.0133) (0.6560, —0,0123)  (0,6853, —0,0060) 0,7108
X; (0.6312, —0,0181)  (0.6444, —0,0117) (0.6710, —0,0116)  (0,7029, —0.0058)  0.7308
Xy 0.8372  (0.8369, —0.0) (0.8369, —0.0) (0.8366, —0.0) (0.8363, —0.0) 0.8361
(Lt 0.2347  (0.2516, —0,0003)  (0.2926, —0, 0002) (0.2721, —0,0009)  (0.2993, —0.0017)
Cu{Lg 0.3739  (0.3780, —0.0035)  (0.4361, —0,0044) (0.3805, —0,0073)  (0.3827, —0,0113)
L 0.5028  (0.4531, —0,0135)  (0.5010, —0.0209) (0.4243, —-0.0152)  (0.4025, —0.0156)
L} (0.5293, —0.0304)  (0.5374, —0,0324) (0.4939, —0.0240)  (0.4538, —0.0183)  0.3572
Ni <L} (0.5626, —0.0288)  (0.5621, —0,0291) (0.5612, —0,0194)  (0.5600, —0,0098)  0,5591
L¥ (0.6218, —0.0192)  (0.6327, —0.0130) (0.6586, —0,0121)  (0.6883, —0.0060)  0,7143
L, 0.6193  (0,6187, —0,0) (0.6187, —0.0) (0.6181, —0.0) (0.6174, —0.0) 0.6168
L¥ 1.0018  (1.0381, —0.0025)  (1.0554, —0,0016) (1.0722, —0,0031)  (1.1045, —0,0021)  1,1354
ES"  0.4088 0.4008 0.4582 0.3945 0, 3892
EM 0. 5755 0.5763 0.5851 0. 5936 0.6014

sion measurements. It should be emphasized that
discrepancies on the order of 1 eV in the posi-
tioning of the d bands are quite common in first-
principles calculations of transition and noble-

- metal band structures. For this reason, previous
authors®3" have often employed empirical ad-
justments of the kind we have described.

The fact that neutral-atom potentials for both
Cu and Ni are being used in the present calcula-
tions is consistent with the familiar minimum-
polarity model for CuNi alloys. ® In CuNi the
variation of the lattice constant with alloy com-
position is small. ® In the present calculations,
as in those of Refs. 8 and 9, the lattice constant
of the alloy Cu,Ni;., was taken equal to that of pure
Cu(i.e., a=6.8309 a.u.).

III. ELECTRONIC ENERGY SPECTRUM
A. Complex energy bands

The results of our calculations are summarized
in Table I and Fig. 1. Table I gives the low-lying
complex energy eigenvalues at the symmetry points
T, X and L, in paramagnetic Cu,Ni,., over the
entire composition range. A typical plot of the

complex energy bands along the principal sym-
metry directions is shown in Fig. 1, Here the
imaginary part of the eigenvalues is represented
by shading of vertical length 2Im|E,( E)l around

~each band.

Most of the results presented in this paper em-
ploy the potential Vf“. In understanding the quali-
tative features of the CuNi spectrum, the differ-
ences between V" and V' are relatively unim-
portant. For completeness, however, some rep-
resentative results for the complex energy levels
obtained using VS are shown in Table I. As noted
earlier, the most important effect of this adjust-
ment is to raise the Cud band by roughly 0.06 Ry.
Reference to columns 3 and 4 of Table I shows
further that this shift of the Cu d band is approxi-
mately rigid, i.e., the widths of the constituent
d bands [as monitored, for example, by (E
- Ex,)] are unaffected to within 10%. The imagi-
nary parts, however, are somewhat more sensi-
tive,

Figure 1 shows that two sets of d bands are
present in the CuNi spectrum. The upper and the
lower sets arise, respectively, from the Ni and
Cud states. Within the framework of a single-
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FIG. 1. Complex energy bands for Cuy ;Niy 3 (Ref, 40). The shading of the bands corresponds to twice the imaginary

part of the complex energies.

(The shading around the Fermi energy represents the average damping on the Fermi sur-

face.) The energy zero is taken to be —0,8341 Ry, which is the muffin-tin zero for pure Cu.

site approximation, we recall that the disordered
alloy is replaced by a periodic crystal of effective
complex potentials. The labeling of energy levels
in the alloy is thus identical to that in an ordered
fcc transition metal. In particular, in the alloy,
just as in the perfect crystal, the size of the secu-
lar determinant [Eq. (2.10)] at symmetry points
in the Brillouin zone can be reduced. As discussed
in the Appendix, this fact is useful in separating
and identifying closely placed levels in the alloy.

The general behavior of the bands can be under-
stood on the basis of symmetry considerations.
We focus on the I'- X panel in Fig. 1. Note, first,
that there are two sets of d bands (terminating at
X3, X,, and X5) which do not hybridize with the
conduction band. This behavior is characteristic
of fcc transition metals where only the single d
band of symmetry A, is allowed to interact with
the conduction band. In the present case we have
a two-d-band system and, therefore, two sets of
unhybridized d levels. Turning next to the hy-
bridizing bands in Fig. 1, we note that the upper
and lower A; bands are similar in structure to
those appearing in ordered transition metals. In
addition, the alloy contains a third A, band, which
begins as a Cu level (I'y,) and ends as a Ni level
(X1). In Cu this band would have terminated at
X, , but here it undergoes a hybridization with the
Ni d bands. A similar pattern of hybridized and
unhybridized levels is repeated in the other panels
of Fig. 1. Thus even in the present case where
ten d bands intersect a common conduction band,
the classification of the quasiparticle states is
surprisingly simple,

Consider next, the imaginary parts of the com-
plex bands. Figure 1 shows that the conduction
states are essentially undamped. This is to be

expected since the s-p potentials of Cu and Ni used
in the present calculations are similar. For ex-
ample, the levels I'; and X, in Cu and Ni differ

by less than 0,02 Ry. By contrast, the damping
of the d states is strongly energy dependent. The
d states at the lowest energies (e.g., X;, X5, L)
are essentially undamped, while those at higher
energies show substantial broadening.

While the complex bands are of interest, a com-
plete description of the alloy spectrum requires
the evaluation of the spectral density a(k, E) and
the density of states (p(E)). The behavior of the
spectral density at T" and X is illustrated in Fig.

2 for Cuy ¢ Nijy,3. The real and imaginary parts of
the corresponding energy levels are also shown
along the energy axis. Consider, first, Fig. 2(a).
The state T’y is essentially undamped, and as ex-
pected, this level leads to a very sharp peak in
the spectral density. The half-widths of the Cud
states (the lower pair I';,, I'y5.) are small com-
pared to their damping, and these states are seen
to give a distinct doublet. By contrast, the damp-
ing of the Ni d levels (the upper pair TI'y,, I'ss.)is
of the same order as their separation, and the
resulting peaks are barely resolved. The details
of the structure in Fig. 2(b), which refers to the
symmetry point X, can be understood similarly.
These results show that the real and imaginary
parts of the complex bands correspond quantita-
tively to the detailed structure of a('lz, E). Calcu-
lations at additional points in the Brillouin zone
bear this out and provide further justification for
describing the alloy quasiparticle spectrum in
terms of the complex band structure.!* Finally,
we note that the spectral density function a(k, E)
given by Eq. (2. 8) is always found to be positive
definite. * By contrast, the density-of-states
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a(K,E) (STATES/ATOM Ry)
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k=(000)

() 03 ’ 06 09
E (Ry)

FIG. 2. Spectral density of states a(k, E) for Cuy, 7Niy 3
at two symmetry points: (a) k=(0,0,0), and (b) k=(1,0,0),
The shading of the complex levels, shown on the hori-
zontal axis, corresponds to 2 | ImE,(k)|.

formalism of Ref. 16 does not satisfy this re-
quirement.

A peak in the spectral density function can be
described in terms of three parameters: its loca-
tion, width, and weight, The preceding discussion
shows that in the alloy, the complex eigenvalues
represent accurately two of these, i.e., the posi-
tion and width. The assignment of a unit weight
to each k state, as in a perfect crystal, is ob-
viously incorrect in the alloy.

B. Density of states

Using Eq. (2.8), we have evaluated the elec-
tronic density of states in paramagnetic Cu, Ni;.,
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for several concentrations x. The special dirvec-
tions method was employed to carry out the k- space
integrations in (2. 8a). (A brief summary of the
numerical techniques is given in the Appendix. )
A set of 13 gpecial directions was used in the
present calculations and the results were smoothed
over an energy interval of approximately 0. 005
Ry. 2

The computed densities of states for three alloy
compositions and both the pure constituents are
shown in Fig. 3. To begin, let us compare the
pure Cu spectrum with that of the Cu-rich alloy

e} S
I ]

{p(ENSTATES/ATOM Ry)

(@]

x=1.0

|
0.1 04 0.7
ENERGY (Ry)

FIG. 3. Densities of states (o(E)) in the alloy Cu,Ni,.,
(Ref. 40). The successive curves are shifted with re-
spect to each other by a constant amount on the vertical
scale, The energy zero is given as in Fig. 1.
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DENSITY OF STATES (STATES/ATOM Ry)

Cupz7Nig.23

| 1
-04 -0.2 0

ENERGY BELOW Eg (Ry)

FIG. 4. Densities of states in Cu and Cuy,;;Nig, o3, Te-
produced from Ref, 9, For this comparison, the energy
zero of the alloy density of states given in Ref, 9 has
been shifted such that the sharp edges in the two curves
at ~#—0,14 Ry coincide,

Cuy,77Nij,23. The most pronounced effect of al-
loying is the appearance of a relatively structure-
less subband associated with the Ni d states. %923
The variation of this subband with Ni concentra-
tion will be discussed in Sec. IVB. We focus here
on the Cu subband and compare its structure (in
particular, the peaks labeled A’, B’, C’, D') with
the associated structure in pure Cu (i.e., the
peaks A, B, C, D). The peaks A, B, and C are
most affected by the alloying process. Indeed, A
and B are reduced to an edge (A’, B’). This is
due to the heavy damping of the corresponding
states as monitored, for example, by states in
the vicinity of the lower X5, X,, and I'y; levels

in Fig. 1. While the peak C persists in the alloy,
it is broader than its counterpart in pure Cu. By
contrast, because the low-energy part of the alloy
"Cud band is essentially undamped (cf. Fig. 1),
the structure at D is relatively unaffected. This
behavior is absent in the model Hamiltonian cal-
culations of Ref. 9 where the electron self-ener-
gies are assumed to be k independent. As shown
in Fig. 4, the Cu peaks C and D smooth rapidly
with increasing Ni concentration. > The photo-
emission experiments to be discussed in Sec. IV
appear to favor the present calculations in this
respect.

Consider next the results for Cug 4 Nig, 53 and
Cuy,19Nig,g1. In going from the Cu to the Ni-rich
regime, the Ni subband is seen to increase in
weight and to develop structure at the expense of
its Cu counterpart. Furthermore, in accord with
the predictions of the model Hamiltonian calcula-
tions, the Cu d states are seen to have a less pro-
nounced effect on the alloy spectrum in the Ni-rich
regime than the Ni d states have in the Cu-rich
case. This behavior is seen more clearly by com-
paring the corresponding results based on the po-
tential V! (cf. Figs. 10 and 11) and is primarily
due to the asymmetry of the d-band density of
states in an fcc transition metal. The differences
between the Cu-rich and Ni-rich regimes are also
apparent in the complex energy bands. Thus the
outside panels of Fig. 5 show that the center of
the Ni d resonance lies well above the top of the
Cu d bands, while the Cu resonance lies within the
lower part of the Ni d bands. It is then clear that
the impurity structure will be more pronounced
in the Cu-rich limit.

IV. COMPARISON WITH EXPERIMENT
A. Alloy density of states

Our calculated densities of states are compared
in Figs. 6~10 with the corresponding photoemis-
sion and XPS measurements of Krolikowski and
Spicer (Cu),?” Eastman and Krolikowski?® and Seib
and Spicer (Ni),?* Seib and Spicer® (Cug, ;7 Nig, 23
and Cug, 19 Nig ), and Hiifner et al. ? (Cug, 4 Nig,53).

The measurements in Refs. 24, 26, and 27 were
made with incident photon energies on the order
of 10 eV. At these low energies the electrons
penetrate only a few atomic layers, and the extent
to which they sample the bulk properties of the
materials is not clear. ** An additional complica-
tion arises from the fact that the photoemission
process involves interband electronic transitions
and therefore the joint density of states N(E, hv).
The valence-band-state density p,(E) can be sepa-
rated from that for the conduction band p (E) simply
only if itis assumed**™® that N(E, hv)~p,(E)p,(E

CupeNi (¢==0) CugNiy¢ (¢ =0)

Cug7Nig3

o8

]
D

ENERGY (Ry)
o
D

FIG. 5. Comparison of the complex energy bands
along I' —X in the Cu~ and Ni-rich alloys (Ref, 40),
Shading conventions are as in Fig. 1.
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FIG. 6. Comparison of the computed density of states
in Cu (employing V&) with the photoemission optical — hv) and that p, is relatively structureless com-
density of states (ODS) obtained by Krolikowski and pared to p,. The comparison of experimental en-

Spicer (Ref, 27). The energy zero for the experimental
curve has been shifted so that the high-energy peaks in
the two curves coincide, The binding energy for the

ergy distribution curves (EDC’s) for small zv with
theory is therefore not entirely satisfactory. This

ceps N
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energy.
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FIG. 10, Comparison of the computed density of states
in Ni with the photoemission optical density of states ob-
tained by Seib and Spicer (Ref. 24) (dotted), and Eastman
and Krolikowski (Ref. 26) (dashed). The energy zeros
of the experimental curves have been shifted so that the
high-energy peaks in the theoretical and experimental
curves coincide.

where experimental observations?® indicate that
the structure of the EDC’s becomes independent of
hv, presumably because it reflects only p,(E).

Both curves in Fig. 7 for the Cu-rich alloy
Cuyg,77Niy, 23 show a pronounced subband due to the
Ni d states. We focus here on the structure of the
Cu subband. A comparison of Figs. 6 and 7 shows
two changes in the experimental optical density of
states (ODS) of Cu resulting from the addition of
23-at.% Ni. (i) The sharp peak at approximately
2 eV in the pure Cu ODS is substantially smoothed
in the alloy. (ii) By contrast, the structure at
lower energies (i.e., from roughly 3 to 6 eV) re-
mains relatively unchanged. These features are
reproduced in the theoretical curves of Figs. 6
and 7.

In the Ni-rich alloy Cug,,oNig,4 (Refs. 49-51)
(Fig. 8), the Cu impurities have a much less pro-
nounced effect on the density of states than do the
Ni impurities in the Cu-rich alloy, as expected.
Indeed, the structure due to the Cu d states in the
theoretical curve of Fig. 8 is not resolved in the
experimental data.

The density of states in the nearly equiatomic
alloy Cuyg, 47 Niy, 53 is compared with XPS measure-
ments in Fig. 9. [The data reproduced from Ref.
25 have been corrected for inelastic components
but not for instrumental resolution (roughly 0. 55
eV—full width at half-maximum).] The qualitative
features of the two curves are in substantial agree-
ment. Both exhibit well-defined Cu and Ni sub-
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bands, and the structure within the individual sub-
bands, although smoothed, is quite noticeable in
the experimental curves. The observed width of
the Ni subband, however, is less than the theo-
retical prediction by roughly 0.5 eV. This is not
surprising since the XPS results for pure Ni are
known to give a d bandwidth which is too narrow
by approximately 1 eV.2® While this discrepancy
has been ascribed to many electron and surface
effects, its explanation remains a matter of con-
troversy. 52

B. Ni virtual bound state (VBS)

The theoretical definition of the half-width of
the Ni VBS is complicated by the fact that the d-
band density of states in an fcc crystal peaks at
high energies (cf. Fig. 3). We have already dis-
cussed the effects of this asymmetry on the in-
fluence of the minority component on the density
of states in the Cu- and Ni-rich limits. As a
further consequence, Fig. 7 shows that the shape
of the Ni VBS is not symmetric, i.e., that its
left-hand-side and right-hand-side half-widths
are unequal. In addition, we note that the left part
of the VBS overlaps with the Cu d band and is less
well resolved in the photoemission experiments.
For these reasons, we will be concerned with the
vight-hand-side half-width at half-maximum in the
following comparison of theory and experiment.

There are two important contributions to the
half-width of the Ni VBS. The first of these, A",
is associated with the spread in energy of the 7eal
parts of the Ni d bands. Physically, this spread
is due to the hopping of the d electrons between
neighboring Ni atoms and also to the coupling of
the Ni d states with the conduction band. In the
present context we are interested not in the total
width of the fcc d band, but rather in the part of
the bandwidth due to the high density-of-states re-
gion enclosed by the ¢,, peaks A and C in Fig. 3.
The positions of these peaks are monitored, re-
spectively, by the levels Xy and I'ys, (cf. the re-
sults for pure Cu in Table I and Fig. 3). AS" can
then be estimated as

Af?~3Re(Ey,~Er,,) . 4.1)

The second contribution to the half-width, AJ", is
due to the imaginary parts (i.e., to broadening) of
the individual Ni d levels. Since we are again
primarily concerned with the right-hand-side half-
width, A will be estimated as®

Aj”NIm(EXs) . (4. 2)

In Fig. 11, the complex energy bands along the
[100] direction are shown for several Cu-rich al-
loys. The limiting nature of the Ni d resonance
is presented in Fig. 12, Figures 11 and 12 show
that as the Ni concentration is decreased, the con-



12902

CQupgNig.2

CupgNig,

S
=
>
(O]
x
w
z
w
0
OF X
FIG. 11, Concentration dependence of the complex

energy bands along I' —X in Cu-rich alloys (Ref. 40).
Shading conventions are as in Fig. 1.

tribution due to the splitting of the real parts ap-
proaches zero, and the half-width of the VBS is
dominated by the broadening of the Ni d levels.

In Fig. 13 we consider the concentration de-
pendence of A, A, and A=A+ A, The
values of A, are in good agreement with the right-
hand-side half-widths of the Ni d peaks in the cor-
responding density-of-states curves, some of
which are shown in Fig. 14.% Shown also in Fig.
13 are other available estimates for the Ni VBS
half-width. Between 10- and 30-at. % Ni, our re-
sults are in substantial agreement with the experi-
mental measurements of Seib and Spicer? and
Hiifner et al.%® As already noted, the model Hamil-
tonian calculations of Ref. 9 will lead to a vanish-
ing VBS half-width in the limit of zero-Ni concentra
tion. Below 10-at.’ Ni, no photcemission data is
currently available. There are, however, other
far more indirect experimental estimates of A, in
this concentration range which are also shown in
Fig. 13. In the limit of zero-Ni concentration,
our calculations predict a VBS half-width of 0. 04
Ry, with an uncertainty on the order of 0.01 Ry.
The values obtained by Foiles® were derived by

x = 0.70 x =0.90 x =0.98
= Xg
E Ay,

£ 06 ‘(__d—AL/ —3) / 3 / ;ﬁ
> 3
2 o _h |
Yoar z,
w

FIG. 12, Concentration dependence of the splitting of

the Ni d levels in Cu-rich Cu,Nij.,. The damping of the
energy levels is not shown. The arrow at the left~hand
side of each panel marks the position of the center of
gravity of the Ni subband defined by E4=+Re(3ET;,,
+2E},). In the limiting case (x=0, 98), both the separa-
tion between X; and X,; and the hybridization splitting be-
tween the two A, bands approach zero,
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FIG. 13, Comparison of the calculated half-width 4,
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(See text for details of data points.) The two components
A§7 and AP of the half-width are also plotted.

comparing the theory with experimental thermo-
electric power (TEP) data on CuNi alloys. This
procedure, however, is sensitive to the choice of
the VBS peak shape. The same is true for the
estimate of Klein and Heeger,®® based on specific-
heat and residual-resistivity measurements. The
point at 4% corresponds to a width deduced from
optical-absorption measurements.?® The implied
value of A, turns out to be smaller than that given
by the present calculations by approximately a
factor of 2. We emphasize, however, that the
relation between optical-absorption measurements
and the average single-particle density of states
in the alloy is somewhat ambiguous. Detailed
photoemission measurements for Ni concentra-
tions below 5 at. % would be helpful in clarifying
the behavior of the Ni VBS half-width.

C. Fermi-surface properties

In this subsection we compare our calculations
with the available experimental data on the Fermi-
surface properties of Cu-rich CuNi alloys. As

" seen from Figs. 1 and 11, the Ni d bands in the

Cu-rich alloy do not intersect the Fermi level.
The alloy Fermi surface is, therefore, comprised
of a single sheet as in pure Cu. By contrast, in
the Ni-rich regime, the Ni d levels intersect E,
and the resulting Fermi surface consists of sev-
eral sheets. This more complicated case will not
be discussed here,

We consider first the Fermi-surface radii &y,
ki10, and &y (cf, Table II). For low Ni concen-
trations, the present results deviate substantially
from the predictions of the rigid-band model, 2
where the Cu,Ni,., Fermi surface is obtained by
filling the pure-Cu band structure with 11x +10(1
- x)=10+x electrons per atom. The rigid-band
model predicts a decrease in ky of 3.0%/at. % Ni,
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The successive curves are shifted with respect to each .
other by a constant amount on the vertical scale, The
energy zero is given as in Fig, 1.

which is almost twice as large as the present value
of 1.8%/at. % Ni and the value of 1., 5%/at. % Ni ob-
tained from the de Haas-van Alphen measurements
of Coleridge and Templeton.?® We note further
that the deviations from the rigid-band model in-
crease for larger Ni concentrations. In fact, the
rigid-band model predicts &y - 0 at 30%-Ni con-
centration, while our calculations imply a decrease
in &y of only 23%. The present results are in gen-
eral agreement with the positron-annihilation mea-
surements of Rouse and Varlashkin® in which no
substantial change in %2, as a function of Ni con-
centration was observed.

The conduction bands (i.e., the upper A; bands
in Fig. 11) in Cuy,gNig,; and Cug ; Nig, 3 enclose
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volumes in the Brillouin zone corresponding, re-
spectively, to 0.93 and 0. 79 electrons per atom.
These numbers are reasonably close to the rigid-
band values of 0.9 and 0.7 electrons per atom.
Nevertheless, this fact should not be taken to imply
the validity of the rigid-band model. Unlike the
situation in__a perfect crystal, the complex eigen-
values E, (k) in the alloy do not contribute to the
spectrum with unit weight. In general, one cannot
deduce the number of conduction electrons per
atom from just the Fermi-surface dimensions of
transition and noble-metal alloys.

In the dilute limit (i.e., impurity concentra-
tions on the order of a few tenths of an atomic per-
cent), the average damping of electronic states on
specific orbits of alloy Fermi surface is given by
de Haas-van Alphen Dingle-temperature experi-
ments. * [In alloys with higher concentrations,
the broadening of Fermi-surface states can, in
principle, be obtained by positron annihilation or
Compton scattering techniques. Unfortunately,
the resolution presently available in these experi-
ments does not permit such measurements. *" |
The most recent values for the Dingle tempera-
tures® x), and x, of the neck and (111) belly orbits
in CuNi are x,=14.9 and x 5= 30.9 °K/at. % Ni.
These are in excellent agreement with the corre-
sponding calculated values x,= 15,5 and x,
= 30. 6 °K/at. % Ni. The calculations show that the
Fermi-surface damping anisotropy is dominated
by the difference between the Cu and Ni d poten-
tials, %

The preceding results are based on the poten-
tial Vf¥. The Fermi-surface radii 2,4, k119, and
ky are insensitive to the use of V', especially
insofar as the changes in the various radii as a
function of Ni concentration are concerned. By
contrast, the damping at the Fermi surface de-
creases by 30 to 40% if VS is employed. This
would imply a similar reduction in the Dingle tem-

TABLE II. Fermi-surface properties of Cu-rich CuNi
alloys (Ref. 40). The belly radii k{4 and ks, and the
neck radii ky are given in units of (27/a), where a is the
cube edge of the fcc Cu lattice, The values of the aver-
age dampings are given in rydbergs,

Cu Cuy 9Nig,y  Cup ¢Nip,3
Fermi-surface radii
Rigo 0.815 0.808 0.796
kyyg 0.744 0.718 0.657
ky 0.155 0.135 0,119
Average dampings
Fermi surface 0.0 —0.0047 - 0,0090
(111 ) Belly 0.0 —0.0050 —0.0095
(111 ) Neck 0.0 -0,0029 —0,0065
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peratures. A general decrease in the damping is
expected when the Cu d band is moved closer to
the Ni d band, because the resulting Cu and Ni po-
tentials become more similar.
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APPENDIX: NUMERICAL TECHNIQUES

The numerical techniques pertaining to the com-
putation of the complex roots of the AKKR Eq.
(2.10) and the density of states in the alloy are
presented in this appendix.

In Ref. 13, the complex roots were obtained by
fitting the AKKR determinant to an appropriate
monomial in the vicinity of the solution. This
procedure is not suited to calculating closely
placed energy levels (as in the case of the Ni d
levels in Cu-rich CuNi alloys), and furthermore,
it does not allow a direct identification of the sym-

|

metry label of a given root. To illust_fate how
these difficulties can be overcome at k points of
high symmetry, consider the levels I';, I'y5 , and
T;>. In the case of pure Cu, each of these energy
levels can be obtained by solving a (1x1) subde-
terminant (if phase shifts for only I< 2 are used).
In the CuNi alloy, it follows that the same sub-
determinants of the AKKR matrix will yield two
sets of levels Iy, and I'y5., and a single unsplit
level I'; . The calculation of the complex bands

at other points of high symmetry can be simplified
in a similar manner,

In contrast with the case of complex energy
bands, the computation of the spectral density
a(k, E) (cf. Eq. (2.8) and Fig. 2) requires the
structure functions B, ;.(k, E) and the atomic scat-
tering matrices 748 only at real energies. Once
a(k, E) is known, the calculation of {(p(E)) is quite
straightforward. The necessary E-space inte-
gration can be carried out efficiently by using the
special divections technique.? In practice, it is
better to compute the integrated density of states
N(E) first and then to calculate (p(E)) by dif-
ferentiation. To this end we cast Eq. (2. 8) into
the form

(p(E))=po(E)~ (1N)™ Im Z_j'%mnA(ﬁ,E)mcw)u— (nN)*Im Tr[Z kA, E)
3

3

k

. d d d : ]
10 _ a_ B_ s A_y_ & A_ (B (A1)
+kC(E)]™6-0C) (x 15 In(CE5-C)+y iE In(C4-0C) 5 In(C4-C ))
I
Here we have used the real structure functions (TABY g — kCABY | (A2b)
A;; (K, E) and the cotangents of the phase shifts o
CMP | defined by the equations Similarly,
Brpr=Apg.+ikby ., (A2a) (i) =i -kCy . (A2c)
and Equation (Al) immediately yields
]
-1 e 1 E >
N(E)=No(E)- (7N)" Im Z In||A(Kk, E)+kC(E)|| - (7N)™ Im Tr j; dE [Z k[A(k, E)+kC(E)]™ G - C)
X K
x <x -d—ln(CB—C)+y i1n(c"—c)- d—ln(CA—CB)>] (A3)
dE dE dE ’
- S NG, E) * (Ada)
K
= 3 [No&, B)+ Nk, E)+ No(&, B))] (Adb)

-
k

Here N(E,_E) represents the spectral decomposi-
tion of N(E). The N, term gives the free-electron
contribution, and N; and N,, respectively, denote

the second and third terms on the right-hand side
of Eq. (A3).
The evaluation of the phase of the logarithm in
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FIG. 15. Energy bands for a hypothetical perfect
crystal (solid) and free electrons (dashed) are shown
along I' =X in Fig. 15(a). The variation of the phase
Ny &, E) ®Ref. 59) [cf. Eq. (A4b)], at two energies E,; and
E, as one proceeds from I' —X [i, e., along horizontal
dotted lines in Fig. 15(a)], is.shown in Fig. 15(b).

N1k, E) in Eq. (A4) requires care and may be il-
lustrated by specializing to the case of a pure
crystal. Note that in this limit Na(E, E) vanishes
identically, and that the quantity 1A (K, E)+kC(E)I
is real except in the vicinity of the eigenvalues.
The phase of the logarithm in N; (K, E) must there-
fore be incremented by 7 when an » fold root is
crossed. Consequently, n sign changes must be
associated with an n-fold eigenvalue. It is clear
that the phase in question cannot be computed by
simply taking the logarithm of IlA + kCIl because
this quantity, being a scalar number, will show
only one sign change at an odd root and no sign
change at a root of even degeneracy. The simplest
way out of this problem is to diagonalize the KKR
matrix and compute the overall phase as the sum
of the phases of the diagonal elements.

So far we have not dealt with the question of free-
electron singularities. These are present in both
the Ny and N, terms in Eq. (A3) and can be shown
to cancel each other. !® Consequently, these sin-
gularities should be omitted in computing the phase
NI(E, E). This can be achieved by subtracting 7
times the number of free-electron roots below E
(for a given k) from the overall phase of N (&, E).

The preceding discussion can be clarified by
considering as an illustrative example the Zypo-
thetical solid whose energy bands are shown in
Fig. 15(a) (shown also are the free-electron roots).
The variation of the phase N,(K, E) (Ref. 59) in going
from T to X is shown in Fig. 15(b) attwo typical en-
ergies (labeled E, and E,). Figure 15(b) shows that
at the point I', the phase is taken to be 7 (and not
2 ), because the free-electron roots must not be
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counted. Accordingly, the phases are continuous
through the cross-over points with free-electron
bands (such as c; and ¢,). Note also that the lower
full band contributes a uniform phase of 7 from a,
to d, at the energy E,.

Finally, we discuss the interplay of the two
terms N,(E) and N,(E) in a finite concentration
alloy. In the case of CuNi, Fig. 16 shows that
N,(E) decveases in between the centers ES* and
EX! of the Cu and Ni d resonances, and therefore,
if taken alone would lead to a negative density of
states in this region. The term N,(E) oscillates

in just the opposite way and when added to N,(E)

gives a final N(E) curve which is monotonically
16

increasing.

INTEGRATED DENSITY OF STATES

—].—

FIG. 16, Energy dependence of the terms Ny (E)
(dashed) (Ref. 59) N,(E) (dotted), and N(E)=N,(E) +N,(E)
[cf. Eq. (A4b)], in Cuy ;Nij 3. See caption to Table I for
definition of EF*®™1),
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