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Electronic structure of Ni-Cu alloys studied by spectroscopic ellipsometry
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Ellipsometric measurements of the complex dielectric functions of Ni and Ni&, Cu, alloys
{c=0.1,0.3,0.4) have been carried out in the (1.2—5.5)-eV region. Two structures in the 0.

&
spec-

trum of pure Ni at about 1.5 and 4.7 eV are attributable to direct interband transitions in the band
structure of ferromagnetic Ni. As the Cu concentration increases, the 4.7-eV edge (from transitions
between the s-d —hybridized bands well below E+ and the s-p-like bands above E+, e.g., X& ~X4)
shifts to higher energies, while the 1.5-eV edge (from transitions between a p-like band below EF
and a d band above EF along the L —8' direction, e.g., L2~L3) remains at the same energy. A
structure grows in the {2-3)-eV region as Cu is added, and it is interpreted to be due to the transi-
tions between the localized Cu subbands. All these observations are in accord with the calculated
{coherent-potential-approximation) electronic structure of ¹iCualloys.

INTRGDUCTION

The understanding of the electronic structure of disor-
dered alloys is not yet as advanced as that of ordered
crystals. Because of the lack of translational symmetry,
the eigenstates of disordered alloys cannot be character-
ized in terms of the energy-band picture associated with
Bloch's theorem, and often the nature of the one-electron
states is not known.

A great deal of work has been done on the study of
electron states in disordered, substitutional, binary alloys,
which possess a regular crystal lattice whose sites are oc-
cupied at random by two difT'erent types of atoms. As a
prototype of the nearly ideal, disordered, substitutional,
binary-alloy systems, the electronic structure and related
optical and magnetic properties of Ni-Cu alloys have
long been the subject of much theoretical and experimen-
tal interest.

Ni and Cu are next to one another in the Periodic
Table with atomic configurations 3d 4s' and 3d' 4s ', re-
spectively, having the same fcc crystal structure, and the
lattice constants differ by only about 2.5%. The electron-
ic band structures of pure Ni (Refs. l —3) and pure Cu
(Refs. 4—6) are well known. Comparison of the two band
structures reveals that the s-p bands are very similar in
both metals and that they di6'er substantially in the loca-
tion of the d bands with respect to the Fermi level EF.
There is a similarity in the optical properties of the two
metals above 4 eV but a big difterence at lower ener-

1es
In the metallic state, Ni is known to have incompletely

filled 3d bands and the magnetic exchange splitting of the
spin-up and spin-down bands gives rise to ferromagne-
tism below T, ( =633 K).' Ni-Cu alloys are known to be
ferromagnetic below a critical Cu concentration. Experi-
mentally, it has been observed that the magnetic moment
of the alloy disappears in the vicinity of 53 at. %%uoCucon-
centration. ' '

To explain the decrease and disappearance of fer-

romagnetism with increasing Cu content in the Ni-Cu-
alloy system, the rigid-band model' was proposed. It as-
sumes that the alloy possesses one common band struc-
ture (mostly that of the host) and the density of states
does not change its form, but only shifts rigidly as anoth-
er component is added. Physically, this means that the
electrons in the valence band are equally distributed be-
tween Ni and Cu sites and only a small constant change
in the periodic potential is introduced. The common den-
sity of states of the alloy is filled up to Ez, determined by
the electron-to-atom ratio. Hence, in the case of Ni-Cu,
the d holes of Ni can be completely filled when the Cu
concentration reaches about 60 at. '% and this leads to
the disappearance of the ferromagnetism. The fact that
the magnetization in the Ni-Cu system is found experi-
mentally to vanish at about this concentration has been
taken to support the rigid-band model. But much experi-
mental evideg. ce' showed that the rigid-band model is
quite inappropriate to explain the electronic structure of
Ni-Cu alloys in spite of the fact that Ni and Cu have very
similar band structures. The same basic idea as the
rigid-band model is used in the virtual-crystal-
approximation description in which the random array
of potentials, Vz and Vz, of a binary alloy is replaced
with an ordered array of potentials, V,&&,= ( l —c ) V~ +cVit, where c is the concentration of
species 8. In common with the rigid-band model, the
virtual-crystal approximation predicts one common-
delocalized-band structure which shifts smoothly upon
alloying, but it allows for deformation of the band shapes
when the atomic composition is changed. This model
can be a good approximation in describing the shape of
the s-p bands of the alloy well above Ez. '

A di6'erent theoretical approach, called the minimum-
polarity model, ' ' '~ was proposed for Ni-Cu alloys. It
assumes that the electronic configuration of each com-
ponent in its pure-metal state carries over into the alloy.
This implies local charge neutrality at each site and can
be understood in the one-electron-band picture as the

39 1989 The American Physical Society



39 ELECTRONIC STRUCTURE OF Ni-Cu ALLOYS STUDIED BY. . .

limit in which the localization of the crystal is strong
while the rigid-band model represents the opposite limit.
Hence, the band structures of both species coexist
without mixing with each other due to heavy scattering
at the potential barrier between the two species. Howev-
er, this model may also represent an oversimplification.

For dilute alloys where the interaction between solute
atoms is not significant, the virtual-bound-state model
was proposed to explain the change of the electronic
structures and the related optical properties of the alloys.
It assumes that highly localized (in space and in energy)
impurity states around the solute atoms are broadened in
energy through a resonant scattering interaction with the
nearly-free-electron-like bands of the host which are ex-
tended enough to overlap with the localized states. This
model has been successful in describing the Ni-impurity d
states in Cu-rich alloys, because they occur well separat-
ed in energy from the high-density Cu d bands. ' *

It is more realistic to include the mixing of the adja-
cent states of Ni and Cu because they are expected to in-
teract with each other. The theoretical approaches to
this problem have involved multiple-scattering theory us-
ing the single-site approximation, which amounts to re-
placing the disordered, substitutional alloy by an
equivalent perfect crystal of effective atoms where the
electrons travel without being scattered. Two representa-
tive methods are the coherent-potential approximation
(CPA) (Refs. 30—37) and the average —t-matrix approxi-
mation (ATA), s' the latter having the advantage of be-
ing simpler to implement than the former.

For a disordered, substitutional alloy the crystal
momentum k is not a good quantum number and no
well-defined E-k relation exists. Hence, the Bloch spec-
tral function a ( k, E ), which can be interpreted as the
density of states per k point, is as close as we can get to
describing the electronic structure of the alloy. For an
ordered system a(k, E)=X 5(E E,w where E,t, 's
the energy of a Bloch state with band index v and wave
vector k. Thus, for a given k, a(k, E) consists of a set of
5-function peaks and the positions of these peaks as a
function of k is the E-k curve in an ordered system. In
the case of a random alloy, a (k, E ) broadens but usually
remains well defined, the peak position and the width
representing the quasiparticle energy and inverse lifetime
of the complex energy band, respectively. The inte-
gral of a (k, E ) over the first Brillouin zone is the
configurationally averaged density of states N(E)=(1—c)N "(E)+cN (E), where N (E) and N (E) are the
contributions to the N(E) from A and 8 sites, respective-
ly. Despite the mathematical complexity of these calcu-
lations, the resultant electronic structure and density of
states do not suffer the restrictions of the previous simple
models. A knowledge of the evolution of the electronic
structure of Ni-Cu alloys obtained by these calculations is
desirable for explaining the change of the magnetic prop-
erties as well as the optical properties of this alloy system.

In the following, we report measurements of the corn-
plex dielectric functions, Z=e&+i@2, of Ni-Cu alloys in
the (1.2 —5.5)-eV region. The observed spectral features
will be interpreted in terms of direct interband transitions
between electronic states in the one-electron-band struc-

ture. We use o i=co@2/4', the optical conductivity, and
b, cr&=(o i),&&,

—(cri) „„to help in analyzing the evolu-
tion of the optical properties of the alloys which are relat-
ed to the changes of the electronic structure due to alloy-
ing.

EXPERIMENT

Single-crystal Ni of (110)orientation and single crystals
of Ni&, Cu, (c =0.1,0.3,0.4) of (100), (100), and (110)
orientations, respectively, were cut and mechanically pol-
ished to a mirror finish with abrasives, the final grade be-
ing a paste of 0.05-pm-diam alumina.

The scanning photometric ellipsometer system with ro-
tating polarizer and analyzer, both rotating synchronous-
ly at rotation rates of 0/2 and II (f=51 Hz), which has
been discussed in detail in Ref. 40, was used in this mea-
surement.

Through the measurement of the amplitudes of the
three ac components at frequencies of 51, 102, and 153
Hz, the complex-reflectance ratio, p=r /r„of the p
(parallel) and s (parallel) and s (perpendicular) field com-
ponents of the light beam defined with respect to the
plane of incidence of the sample is calculated. The com-
plex dielectric function Z is related to p through the equa-
tion

Z=sin /+sin /tan P[(1—p)/(1+p)]
where P is the angle of incidence of the light beam (68 in
this measurement).

The complex dielectric functions of the samples have
been determined in the (1.2—5.5)-eV photon-energy re-
gion at intervals of 0.01 eV in the (1.2—2.5)-eV range and
0.02 eV in the (2.5 —5.5)-eV range. Measurement errors
do not exceed 1% in ez. Systematic errors due to the
effect of oxide overlayer formation appear to be small,
and partially cancel in the Ao. , spectra. They do not
affect any conclusions drawn.

RESULTS

The real parts of the measured complex optical con-
ductivities o.

&
of pure Ni and the three Ni-Cu alloys are

displayed in Fig. 1. The spectrum for pure Ni shows two
representative structures, a peak near 1.5 eV and a broad
structure around 4.7 eV. As Cu is added, the intensities
of both structures decrease, while a broad structure
grows in the (2—3)-eV region. The peak position of the
4.7-eV structure shifts to higher energies as the Cu con-
centration increases, while that of the 1.5-eV structure
remains unchanged, as listed in Table I.

In Fig. 2, b,o i
= (cr i),&&

„—(o &) „„spectra are shown to
demonstrate the evolution of the above-mentioned struc-
tures more clearly. The intensities of the two structures
diminish gradually from those of pure Ni as the Cu con-
centration increases. We can also see that a broad struc-
ture in the (2—3)-eV region develops and its peak position
shifts to lower energies as the Cu concentration increases.
This shift is nearly linear with Cu concentration from 3.0
eV for 10 at. % Cu to 2.7 eV for 40 at. % Cu. The inten-
sity of this structure increases nearly linearly in the Cu
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FIG. 1. Real part of the complex optical conductivity o
&

vs

photon energy for Ni&, Cu, .
FIG. 2. The change in the real part of the complex optical

conductivity her, vs photon energy for Ni&, Cu, .

concentration as shown in Fig. 3. The reAectivity spec-
tra, defined by

8 =[(n —1)~+k2]/[(n+1)~+k ] (2)

with e, =n —k and e2=2nk, agree very well with the2 2

spectra reported by Feinleib et al. ' The shift of the
minimum point of the spectra is listed in Table I.

DISCUSSION

A number of measurements of the dielectric functions
of Ni have been reported, but substantial disagreement is
found in the shape of the spectrum and in the as-
signments of the optical structures ' ' found in the
spectrum.

The optical structure at about 1.5 eV has been assigned
to direct interband transitions between a p-like band
below Ez and a d band above EF along the L —8' direc-

3, 8, 44, 47tion, ' ' ' e.g. , L 2 L 3, as indicated in the ferromag-
netic band structure for Ni (Ref. 3) (Fig. 4), which has
been obtained empirically by fitting angle-resolved photo-
emission results. ' The structure at about 4.7 eV has

been assigned to direct interband transitions between the
spatially extended s-d —hybridized states well below EF
and the s -p-like conduction states above EF, '" e.g.,
X& ~X4, as indicated in Fig. 4. The oscillator strength
for these transitions is expected to be very sensitive to
changes in the crystal potential because it is a sum of two
interfering terms. It decreases signi6cantly from Ni to
Cu

As the Cu concentration increases a structureless,
broad "peak" appears in the (2—3)-eV region in the cr

&

spectra. It grows at the expense of the Ni-derived struc-
tures around 1.5 and 4.7 eV. Its peak position in the Ao. ,
spectra shifts to lower energies with increasing Cu con-
centration. Cu is known to have a main absorption edge
at about 2.1 eV due to L3-Lz (EF ) transitions, ' "' '

indicating that the position of the L3 band is about 2.1

TABLE I. Experimentally determined maximum positions in
the optical conductivity o.

&
and minimum positions in the

reAectivity R for Ni&, Cu, .

Op

O p
b

&3

First
maximum

(eV)

Second
maximum

CT l

(eV)

Minimum
R

(eV)
I I

3 4
PHOTON ENERGY (eV)

0.0
0.1

0.3
04

1.47
1.47
1.47
1.49

'Photon energy of minimum do &/dm.

4.65
4.67
4.89
4 97'

4.07
4.27
4.69
4.71 FIG. 3. The change in the real part of the complex optical

conductivity divided by the Cu concentration Acr&/c vs photon
energy for Ni, ,Cu, .



39 ELECTRONIC STRUCTURE OF Ni-Cu ALLOYS STUDIED BY. . . 9885

07
50-

LLJ
Z.'
bJ

0
O
CL

IJJ

IJJ 5—

-I 0
W L

KNAVE VECTOR
K,U X

FICx. 4. Combined-interpolation-scheme band structure for
ferromagnetic Ni (Ref. 3).

eV below EF in pure Cu. Hence, the shoulder in the
(2—3)-eV region is attributable to transitions involving
the d states of Cu, which occur at lower energies than
those of Ni. The shift of the peak position in the Ao.

1

spectra is an indication of the upward shift of the L3
band of Cu, which is attributable to the increase of the
d-band width of Cu due to the increase of d-d overlap in-
teractions among Cu atoms as the Cu concentration in-
creases.

Therefore, it is expected that the d states of Cu and Ni
are formed separately, even at low Cu concentrations.
According to the CPA calculation by Munoz et al., ' the
partial densities of d-like states, N '(E) and N "(E), are
quite different below EF, which indicates that the wave
functions tend to localize either on the Ni sites or on the
Cu sites. Thus, below EF the electronic structure of the
Ni-Cu system is in the split-band behavior in which there
are nearly separate Ni and Cu states. This behavior per-
sists even above EF ( —1 eV) in their result, but reduces
rapidly to N '(E) =N "(E) at higher energies, to make
the amplitude of the wave function comparable on both
sites. Thus, a common band structure accommodates the
electrons from both Ni and Cu well above E . In the

3
F'

band structure of pure Ni, the L2 band is completely
filled and is located below the L3 band while the L2 band
is not completely filled and is located above the L3 band
in pure Cu. This is due to a big difference in the crystal
potential between Ni and Cu that helps maintain the
split-band behavior in the Ni-Cu alloy. Thus, the p-like
L 2 band of Cu is expected not to be shared by the elec-
trons from Ni so that the intensity of the L3~L2 (EF)
transitions is directly proportional to the concentration
of Cu. The existence of a large density of Cu d states
around 2—3 eV below EF in Ni-Cu alloys has been
confirmed in several photoemission measure-

177 19722723

According to the CPA calculations for paramagnetic
Ni-Cu alloys by Stocks et al. , ' ' the density of Cu d
states is broad, with its center at about 3.5 eV below EF

r, =(1—c)rN'+cr', " . (3)

Similarly, we suppose that the positions of the
s-d —hybridized bands in the alloy takes the average of
the positions of those in pure Ni and pure Cu,

E, =(1—c), '+cE " (4)

According to the calculated band structure, the posi-
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FIG. 5. Density of states for 11-at. %-Cu and 39-at. %-Cu al-
loys calculated using the CPA (Ref. 30). (Energies in eV.)

and a half-width of about 2 eV for 11 at. % Cu, as shown
in Fig. 5. As the Cu concentration increases, these Cu 3d
subbands grow to size comparable to that of the Ni d
bands and become wider due to the increased overlap in-
teraction among d electrons of Cu.

As the Cu-derived structure grows, the strength of the
4.7-eV structure in the o. , spectra, which is due to the
transitions between lower s-d —hybridized states and
s-p-like states above EF, is reduced and its maximum po-
sition shifts to higher energies. The gradual decrease in
the intensity of the structure is attributable to the de-
crease of the density of states of the Ni subbands as Ni
atoms are replaced by Cu atoms. However, the s-d hy-
bridization is not expected to decrease because both of
the d bands are expected to hybridize with the conduc-
tion band, and the separation between the d states at
about L, and the bottom of the conduction band, I „in
Cu, to which the hybridization is inversely proportion-
al, is close to that in Ni, from 4.5 eV in Ni to 3 eV in48

Cu."
It is reasonable to assume that the alloy has common s

bands because the conduction electrons are expected to
be highly delocalized. In this case it seems reasonable to
treat the position of the bottom of the s band, I 1, in the
virtual-crystal approximation in which
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tions of X, and L& of pure Cu are lower by about 1 eV
than those of pure Ni. Hence, as the Cu concentration
increases, the nearly delocalized s-d states around X, and
L, are expected to shift down, making the edge of the
4.7-eV transitions shift to higher energies. By applying
Eq. (4) we have the magnitudes of the shifts of the
s-d —hybridized states which agree with the shifts of the
experimental spectra as listed in Table II.

The evolution of the 1.5-eV structure in the 0. , spectra
is expected to be related to the change of the ferromagne-
tism in Ni-Cu alloys because the transitions causing the
structure involve the minority-spin d bands of Ni along
the L —8' direction.

As was seen earlier, upon alloying, the d bands of Cu in
Ni-Cu alloys are at lower energies than those of pure Cu,
so that the alloy's Cu s-p bands occur at lower energies
than in pure Cu. Hence, the Fermi level of the Ni-Cu al-
loy may not shift upward with respect to the bottom of
the conduction band, even though Cu has one more
valence electron than Ni, and this does not agree with the
rigid-band model.

According to the CPA calculation of Gordon et al. for
a,paramagnetic Ni-Cu alloy, the Fermi level shifts down
in the Ni-rich region as the Cu concentration increases,
shifting by 0.3 eV at 39 at. %%uoCu . Howeve r, the y inter-
preted this result as a failure in their description of the
crystal potential. The Fermi energies of pure Ni and Cu
are very close to each other, EF of Ni being higher by
only 0.08 eV than that of Cu, calculated from the bottom
of each conduction band, and I

&

' is located higher by
only 0.18 eV than I &" relative to the mufBn-tin zero.

The density of states of pure Ni obtained from the cal-
culated band structure shows a sharp change of the den-
sity of minority-spin d states at Ez. Hence, if the Fermi
level shifts relative to the location of the minority-spin d
bands of Ni upon alloying, then the intensity of the 1.5-
eV structure is expected to change rapidly as the Cu con-
centration changes. Our experimental result does not
show a rapid decrease in the intensity of the 1.5-eV struc-
ture as the Cu concentration increases. Instead, it shows
a rather gradual linear decrease in intensity, and this is
more attributable to the decrease of Ni d states as Ni
atoms are replaced by Cu atoms than to the relative shift
of FF from the d bands of Ni.

The CPA calculation of Inoue and Shimizu' for a fer-
romagnetic Ni-Cu alloy on the assumption of the Hub-
bard model results in a gradual decrease in the fer-
romagnetism due to a relative shift of the majority-spin
band of Ni relative to the minority-spin band to make the
net magnetic moment of Ni approach zero. In other
words, the magnetic exchange splitting between the
majority- and minority-spin Ni-derived bands decreases
as the Cu concentration increases. This behavior was
predicted for Ni-Cu (Ref. 52) and the temperature depen-

TABLE II. Comparison of the shift of the minimum position
of the reflectivity spectra with the calculated shift of the I.

&

point based on Eq. (4) for Ni&, Cu, . (The positions of L& for
pure Ni and Cu are from Ref. 39.)

0.1

0.3
0.4

Shift
of minimum R

(eV)

0.20
0.62
0.64

Shift of L&

(eV)

0.17
0.50
0.67

dence of the energy gap for pure Ni was observed by
polarization-dependent photoemission. In this process,
some of the d electrons from the majority-spin band of Ni
transfer to the s band, leaving majority d holes which
reduce the net magnetic moment of the alloy. The densi-
ties of states of the alloy obtained from this calculation
are found to be strongly smoothed out by lifetime effects
caused by a rather large difference in the crystal potential
between Ni and Cu sites. In this case it is expected that
there is negligible charge transfer from Cu sites to Ni
sites due to strong scattering at the potential barrier be-
tween the two sites.

Therefore, the above result strongly suggests that the d
holes at Ni sites are not filled by d electrons transferred
from Cu sites, even at large Cu concentration, and this is
close to the result from the minimum-polarity model pro-
posed by Lang and Ehrenreich. ' ' According to this
model, which assumes a random scattering potential
strong enough to produce nearly independent Ni and Cu
subbands, the d electrons of Cu are confined to the Cu
sites, so that the Cu d bands are completely filled and re-
side below EF. Then the d electrons near E~ come from
only Ni sites. This charge neutrality of the Ni-Cu system
was also indicated by the soft-x-ray —emission and —ab-
sorption measurements. '

Therefore, as the Ni concentration decreases, the den-
sity of states of the minority d bands decreases in propor-
tion to that of the majority d bands and it leads to reduc-
ing the difference between the number of d- electrons
with majority spin and that with minority spin so the fer-
romagnetism becomes reduced.
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