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A study of the optical absorption of Ni-based dilute alloys (NiCo, NiFe, NiV, NiTi) by a sensitive
differential technique is presented. The experiment is analyzed for the difference in the optical conductivity
between the alloy and pure Ni. The structures observed in the differential optical conductivity are classified
into two groups; one is sensitive to impurity species and the other is not. The former is discussed in terms
of the Friedel virtual-bound-state model of transition-metal-based dilute alloys. The latter is found to be
described in terms of the electronic band structure of ferromagnetic nickel as arising from disorder-induced
wave-vector-nonconserving optical-absorption processes. Based on these results we also present a
reinterpretation of our previous NiCu data. The data appear to be consistent with the coherent-potential-
approximation calculations of the density of states for Ni-rich alloys. Peaks at #iw =1 eV (NiFe) and
#iw = 3 eV (NiCu) are interpreted in terms of impurity density-of-states peaks 1 eV above, and 3 eV below

the Fermi level, respectively.

I. INTRODUCTION

The electronic structure of the Cu-Ni alloy
series has been extensively studied both experi-
mentally and theoretically. In Cu-rich alloys,
the Ni-impurity d levels lie in the s-p bands and
appear to be well described!™® by the virtual-
bound-state model of Friedel* and Anderson.® In
our previous paper,® we presented a study of the
optical properties of Ni-rich Cu-Ni alloys. We
showed that the differential optical conductivity
of NiCu alloys provides a sensitive probe to the
change of the electronic structure of Ni upon
alloying. An interpretation of the optical data in
terms of a contribution due to transitions from
Cu-impurity levels to band states above the Fermi
level, and a negative contribution corresponding
to a reduction in the interband conductivity in the
alloy was presented and shown to be consistent
with the band-structure calculations for ferro-
magnetic nickel. However, from the data on the
NiCu system alone, it was not possible to make a
definitive interpretation. Since the host transi-
tion metal itself has a complex electronic struc-
ture throughout the spectral range of interest,
the absorption due to impurity levels is super-
imposed on spectral features due to the changes
in the electronic. structure of the host metal upon
alloying. The motivation for this study on Ni-
based alloy series with different impurities is to
more clearly identify these different features.

The present investigation of nickel-based 3d
transition-metal alloys was undertaken with two
objectives in mind. Firstly, we wanted to study
the differential optical conductivity spectrum as
a function of the impurity potentials in order to
clarify identifications of optical absorption as-
sociated with impurity states. Secondly, we

wanted to find out if some of the structures in the
differential optical conductivity could be described
in terms of the band structure of host metal as
arising from nonvertical transitions which are
caused by disorder-induced relaxation of the con-
servation of crystal momentum. To our know-
ledge, no explicit evidence of such an impurity-
induced indirect transition has been reported so
far concerning the optical study of the transition-
metal alloys.

The decision to study the nickel-based alloy
system in preference to other 3d transition-metal-
based alloy systems was based on the following
considerations. Since the d bands of the ferro-
magnetic Ni lie almost entirely below the Fermi
level with only the minority spin d band extending
a small fraction of an eV above the Fermi level,
the final states in the absorption process lie either
in the flat s-p bands or in the very sharp minority
spin d band at the Fermi level. It is this simpli-
city of the final states of the absorption process
that makes the nickel-based alloy system the first
choice for the optical study.”

The paper is organized as follows. The experi-
ment is described in Sec. II and the interpretation
of the optical data on NiCo, NiFe, NiV, and NiTi
alloys is discussed in Sec. III. In Sec. IV, we
present reinterpretation of the optical data on
NiCu alloys. Concluding remarks are made in
Sec. V.

II. EXPERIMENTAL

The samples were prepared by simultaneous
vacuum evaporation of the two constituents onto
polished fused quartz substrates. Two identical
substrates were mounted in the evaporation
chamber in a geometry such that one received
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nickel only providing the pure comparison sample,
while the other substrate received both constit-
uents. The nickel was evaporated with an elec-
tron-beam evaporation source, while another
solute metal constituent was evaporated from a
tungsten boat by resistive heating. The concen-
trations of the alloy samples were determined
from the ratio of the deposition rates of the two
constituents, monitored separately with two cali-
brated quartz oscillators. Details of sample pre-
paration and other experimental conditions were
described elsewhere.®

We have used a single-beam differential re-
flectance technique, similar to that described by
Beaglehole,® in order to measure the change in
reflectivity of the pure nickel with the addition of
small amounts of other 3d transition metals. Both
pure and alloy samples were mounted on a rotating
holder so that light was reflected alternatively
from a pure sample and an alloy sample. The
quantity, related to the difference in reflectivity
0= (Rype =Ryt voy)/ (Rpure + Rat1oy)y Was recorded con-
tinuously as a function of photon wavelength. In
Fig. 1, o is shown for representative samples of
NiCo, NiFe, NiV, and NiTi alloys with concen-
trations around 4 at. %.

The complex conductivity function & =0, +io, of
the sample was obtained through a Kramers-
Kronig analysis of the reflectivity data. The re-
flectivity of the pure-nickel films was measured
separately using a Perkin-Elmer model 350 spec-
trophotometer with a specular reflectance acces-
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FIG. 1. Experimental curves of the differential re-
flectivity o= (R e — Ra110y)/ (Rpure + R a110y) for NiCo,
NiFe, NiV, and NiTi alloy films. Alloy concentrations
are about 4 at. 9.

sory. The phase shift 8(w) of the complex re-
flectivity #(w) = [R(w)]*/2e#“) was obtained from
the near-normal-incidence reflectivity data with
the aid of the phase-shift dispersion relation

* 1InR(w)
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After 6(w) is obtained, the complex dielectric
function €(w) is computed from Fresnel’s relation
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and the complex conductivity function 6(w) is
computed from

6(w) =g [ew) - 1]. (3)
G*ure and 62!'°Y were obtained separately from
R .and R, =R [(1-a)/1+a)]. The results
were then presented in terms of the differential
conductivity Ao, =0%11Y _giure, In order to per-
form the Kramers-Kronig analysis, it was neces-
sary to extrapolate the reflectivity data outside the
measured spectral range. Both low- and high-
energy extrapolations were made following the
procedure described in our previous paper on
N4Cu alloy.® The differential conductivity is not
very sensitive to the details of the extrapolation.

III. DISCUSSION

The results for Ag, for NiCo, NiFe, NiV, and
NiTi are shown in Fig. 2. We will be discussing
the following spectral features in this section.
The low-frequency part (below 1.5 eV) contains a
sharply rising low-frequency divergence in
common, except for NiFe where a pronounced peak
is observed around 1 eV. The second feature of
interest is a peak around 2 eV which is commonly
seen for all four kinds of alloys with different
impurity species. Finally, at higher frequencies,
there is a structure that appears to be related to
the 4.5-eV peak in the conductivity of pure Ni.

We will discuss the interpretation of the Ao,
spectra in terms of three processes: (a) Modifi-
cations in the host density of states which can
include a reduction due to the replacement of host
atoms with the impurity atoms and shifts and
broadening of host bands. (b) Absorption associat-
ed with the impurity density of states. This in-
cludes transitions from host states to empty im-
purity states as well as transitions from impurity
states to host states. (c) Impurity-induced in-
direct transitions (wave-vector-nonconserving
transitions). In this process it is expected that
optical-absorption edges can occur at frequencies
corresponding to the separation of peaks in the
host density of states and the Fermi level, and
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FIG. 2. The differential optical conductivity Ao
=gl _ o3¢ ghtained by Kramers-Kronig analysis of
data in Fig. 1.

optical-absorption peaks can occur at frequencies
corresponding to the separation of occupied and
unoccupied peaks in the host density of states.

Of these three processes, (a) and (b) have been
considered by Beaglehole and Hendrickson® in
analyzing and interpreting their reflectivity data
from dilute AuFe alloys. From a theoretical
standpoint, only process (b) has been usefully
developed in the literature. Several authors!®-12
have considered the optical response within the
Anderson model® of dilute alloys. They have only
considered the case where the impurity is placed
in a simple free-electron-like band. Since the
final states of the absorption process in ferro-
magnetic Ni-rich alloys would be either the free-
electron-like s-p bands above the Fermi level or
the empty part of the minority d band, these cal-
culations are applicable except for transitions
whose final state is the sharp density-of-states
peak at the top of the minority d band.

Process (c) has been considered by Joesten and
Brown'? in analyzing and interpreting their optical
absorption data from AgCl-AgBr mixed crystals.
Since AgCl and AgBr are both indirect band-gap
materials, long-wavelength absorption tails arise
from phonon-assisted indirect transitions. - In
AgBr-rich mixed crystals of AgCl and AgBr, an
additional absorption appeared at an energy pre-

cisely halfway between the indirect phonon-emis-
sion and phonon-absorption thresholds. This dis-
order-induced zero-phonon absorption was de-
scribed in terms of the pure-crystal band struc-
ture as arising from transitions which are non-
vertical since different points of the Brillouin zone
were involved. A similar change in the selection
rule for phonon wave vector occurs in infrared
absorption and Raman scattering, and defect-
activated infrared absorption (DAIA)** and defect-
activated first-order Raman scattering (DARS)!S
have been observed. No experimental evidence of
process (c) has been reported so far on optical
study of transition-metal-based alloys. Theoreti-
cal aspects of process (c) in alloys have recently
been developed by Parlebas and Mills.!%""

We will first take up the features seen commonly
in our Ac, spectra and interpret them in terms of
processes (a) and (c¢) which we suppose are rather
insensitive to the species of impurity atoms. We
will consider later how remaining structures can
be explained in terms of process (b).

The Ao, peak at about 2 eV and the Ao, dip
around 4.5 eV are commonly seen for all four
alloys with different impurities. In process (a) we
expect close correlation between structures in
A0, and those in the optical conductivity of pure
Ni, o?re, The o [Fig. 4(a)] is smooth compared
with our Ac, spectra (Fig. 2). The most notable
structure in 0}"*® is the peak at 4.5 eV. Therefore,
we expect a negative contribution to Ao, as dis-
cussed in (a) that should be smooth except near
4.5 eV. In the simplest model this contribution
would go like Ao, ~—co?"r® where c is the con-
centration of solute atoms. Anticovrelation
between Ao, and o?'r¢ around 4.5 eV supports our
interpretation that the 4.5-eV dip in Ao, is caused
by process (a).

The 2 eV peak in Ao, must have a different origin
since o}'*® is smooth and structureless around 2
eV. One possible interpretation is to associate
this structure with optical transition between two
prominent peaks in the minority spin band density
of states. (See Fig. 3) Since this transition in-
volves the Fermi level, one might be tempted to
interpret this peak in terms of the rigid-band
model as arising from increased d holes as a
result of introduction of impurities with smaller
atomic number. This possibility is excluded by
the fact that Ao, in NiCu alloys also has a peak
at 2 eV instead of a dip which the rigid-band model
would predict since Cu would introduce an addi-
tional electron and fill the d holes.

We want to see if this peak is consistent with the
host electronic density of state through process
(c). While Parlebas and Mills!®!” gave a theoreti-
cal basis for the possibility of observing structures
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FIG. 3. Electron density of states for majority and
minority spins of ferromagnetic Ni, from Ref. 18. The
energy is measured with respect to the Fermi level.
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related to process (c) in optical spectra of alloys,
their model calculations are not in a form that
can be readily compared with our experimental
results. In order to gain some insight into the
effect of process (c), we have made the following
simple calculation of the optical conductivity for
the case of ferromagnetic Ni.

If we completely ignore wave-vector conserva-
tion and take a constant transition matrix ele-
ment, we obtain a simple result for the optical
conductivity which we will refer to as the indirect
model. In the indirect model, the interband part
of the optical conductivity is found from the den-
sity of states as

o, (@)t fE j”"“’ n (B (E — Hw)dE . @)

Here n; and n; refer to initial- and final-state den-
sities below and above the Fermi level, respec-
tively. For the present calculation, the density of
states for the majority and minority spins are
taken from the ferromagnetic Ni band-structure
calculation by Connolly*® (Fig. 3). With spin-orbit
coupling ignored, the evaluation of this integral
for the majority and minority spin band structure
of Ni is made separately as shown in Fig. 4(a),
together with the sum of the two. The majority
spin conductivity o7 shows an edge around 1 eV,
which is associated with an onset of optical transi-
tion from the top of the majority d band. The
minority spin conductivity o7'* shows a sharply
rising low-frequency divergence below 1 eV, a
shoulder at 1 eV, and a prominent peak around
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FIG. 4. (a) Optical conductivity for Ni calculated as-
suming non-k-conserving transitions, 'The dash-dot line
of8¢ is the sum of contributions from majority and mi-
nority spin bands. The measured optical conductivity
", which is considered to result mainly from %2-con-
serving transitions, is shown as a solid line. The dif-
ference between these curves is related to the change in
absorption spectra produced by the introduction of dis-
order in alloys. (b) Calculated differential optical con-
ductivity Ac;=0§%°— 03" showing a possible contribution
from the disorder-induced wave-vector-nonconserving
absorption.

2 eV. The experimentally observed low-frequency
divergence of o}"r® can thus be explained in this
model by interband transitions within the minority
spin band, with a relatively small contribution
from a Drude-type absorption. A shoulder at1

eV originates in transitions from a small e, peak
in the middle of two prominent ¢, peaks. A peak
around 2 eV is caused by transitions from the
lower f,, peak in the middle of the minority d
band to the sharp f,, peak at the Fermi level. In
the total conductivity o¢?l¢ (= 0P + oP!®), in addition
to the 2 eV peak originating in o?!", a new peak is
formed at about 1 eV out of an edge in 0P and a
shoulder in oP'®, Since constant matrix elements
are used, the scaling of the theoretical curve is,
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of course, arbitrary. However, the conductivity
sum rule gave us a proper scaling factor as shown
in the figure. The experimental o}'™ is also in-
cluded in the figure for comparison. The indirect
model completely neglects the wave-vector-con-
servation selection rule, while the actually ob-
served o}'® is governed by the selection rule. We
“therefore expect that the difference between this
theoretical calculation (0$2'¢) and the experimental
observation (o%'r¢) would suggest how and to what
extent the optical conductivity could change when
the selection rule is relaxed upon introduction of
impurities.’® The difference Ac, =0%c — oPre jg
shown in Fig. 4(b). Ao, in Fig. 4(b) has peaks at
1 and 2 eV and a dip around 4.5 eV. Upon com-
parison of Fig. 4(b) with Fig, 2, one clearly sees
that the origin of the experimental Ao, peak
abound 2 eV can be interpreted in terms of pro-
cess (c). Interestingly, the calculated Ao, seems
to fit to the experiment more than we expected.
For example, a dip around 4.5 eV, which we attri-
buted to process (a), can also be explained by this
model in terms of process (c). This suggests that
the processes (a) and (c) are not entirely indepen-
dent. Indeed, optical absorption measures a
transition density of states (TDOS) for which the
total oscillator strength of the transition is con-
served. Hence nondirect transitions allowed by
process (c) would be expected to occur at the ex-
pense of prominent structures in the wave-vector-
conserving TDOS of the pure metal. This effect is
indistinguishable in optical studies from a reduc-
tion in the DOS mentioned in process (a). In this
paper, however, we practically classified into
process (a) only those cases where obvious anti- -
correlation between Ao, and o}""® were observed.

A small but always observed shoulder at 0.9 eV
can also be associated with process (c), although
we can not identify the spin band from which it
originates.

So far, we have been concerned with Ao, struc-
tures which are commonly seen in different Ni-
based alloys. This discussion shows that the
common features in measured optical properties
of the Ni-based alloys can be reasonably explained
in terms of a model including process (a) and (c).

What about the optical absorption associated with
the impurity density of states? This process (b)
is expected to be fairly sensitive to the impurity
species since the location of impurity levels in
alloys such as NiCo, NiFe, NiMn, etc., depends
on the perturbing potential which is the difference
of two.terms: (1) a repulsive Coulomb term due
to the decrease in nuclear charge and (2) an at-
tractive exchange term due to the local increase
in magnetic moment.?°

A Ao, peak at 1 eV for NiFe alloy is so pro-

nounced that we consider the structure unique to
Fe impurity and assign it to transitions of process
(b). Several authors have studied impurity states
in ferromagnetic nickel with more or less realis-
tic density of states of the host metal.?°"2® Friedel®®
has shown that in strong ferromagnetic nickel-
based alloys with 3d transition-metal impurities
(NiMn, NiCr, NiV), the virtual bound state can be
pushed through the Fermi level when the repulsive
impurity potential is strong enough. Indeed co-
herent-potential-approximation (CPA) calculations
on NiFe alloys by Hasegawa and Kanamori?* indi-
cate formation of an empty impurity state of Fe
about 1 eV above the Fermi level for the minovity
spin band of ferromagnetic Ni. In the CPA calcula-
tion, the minority spin band deforms to a consider-
able extent for a small concentration of Fe, where-
as the majority spin band keeps the original shape
approximately, We therefore interpret the Ag,
peak at 1 eV for NiFe alloy as being associated
with transitions whose final state is a virtual bound
state of Fe impurity atoms formed about 1 eV
above the Fermi level. Virtual bound states in
other alloys appear much less clear than in NiFe.
In NiCo, it would lie much closer to E; than in
NiFe and would probably be out of our experi-
mental range.’® In NiV, Ao, shows a large low-
energy divergence, and we may be observing a

tail of virtual bound state associated with the
majority and/or: minority spin d band of Ni. In

the CPA calculation,?* 25 the effective potential for
one spin band at an impurity site strongly depends
on the average density of electrons with opposite
spin at the same site. Consequently, in contrast
to Friedel’s picture,? (i) the effective potentials
for the majority and minority spin bands are
usually quite different from each other, and (ii)
they do not correlate with the original potential

of impurity atoms in a simple manner. Similar

- CPA calculations on NiV and NiTi would be help-

ful to make the interpretation clearer. Although
the above interpretation is not unique, further
optical studies on N¢iMn and NiCr alloys would be
of great interest in connection with this model.

It is to be noted that in spite of the wide accep-
tance of the concept of virtual-bound-state forma-
tion above the Fermi level in Ni-based 3d transi-
tion-metal alloys, no direct evidence of such
empty states has been reported. Since photoelec-
tron spectroscopy is ineffective for the study of
these empty states, optical measurement, which
gives information of the joint density of states,
and appearance potential spectroscopy (APS),
which gives the self-convolution of empty states,
would be two of the most feasible candidates
capable of direct observation of these virtual
bound states above the Fermi level.
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FIG. 5. The differential optical conductivity per atomic
percent for a series of NiCu alloys.

IV. REINTERPRETATION OF NiCu DATA

We present here a reinterpretation of our re-
flectivity data for the NiCu system, in light of the
results of the present investigation on Ni-based
alloy series. The results for Ao, for NiCu alloys
are taken from our previous paper® and repro-
duced in Fig. 5. The following spectral features
were observed: (1) a low-frequency divergence
below 1 eV and a shoulder at 0.9 eV, (2) a broad

OPTICAL ABSORPTION OF Ni-BASED ALLOYS

peak from 1.7 to 3 eV, and (3) a dip around 4.5 eV,

Of these three features, the 4.5-eV dip was un-
ambiguously assigned to process (a), i.e., re-
duction. The Ag, structure from 1.7 to 3 eV was

643

decomposed into double peaks and interpreted in
terms of process (b) as arising from transitions
from spin-split d levels of Cu impurities. This
interpretation was plausible since nickel-rich
Cu-Ni alloys are ferromagnetic at room tempera-
ture. However, the observed splitting appears

to be too large if the 0.3-eV splitting measured by
photoemission®® is correct.

Now that the Ao, peak at 2 eV is found to be in-
sensitive to impurity species, we want to rein-
terpret these data as follows. A0, structure from
1.7 to 3 eV consists of two peaks, one at 2 eV and
the other at about 3 eV. We now interpret these
double peaks as having two different origins. The
3-eV peak is assigned to process (b) arising from
transitions from Cu d states formed at about 3
eV below the Fermi level. This position of Cu d
levels seems reasonable since Cu impurity acts
as a weak but attractive potential in Ni. It is ex-
pected that Cu d levels in Ni are not sharp virtual
levels since they fall within the high density of
states of the d band of the host. Indeed, coherent-
potential-approximation (CPA) calculations on
low Cu concentration paramagnetic NiCu alloys by
Stocks, Williams, and Faulkner®’ indicate a broad
Cu density of states centered at about 4 eV below
the Fermi level and with a half-width of more
than 1 eV. Owing to the presence of the pro-
nounced 4.5-eV dip, we cannot eliminate the possi-
bility that Cu d states are much broader and ex-
tend down to 4 or 5 eV below the Fermi level.

The 2-eV peak and 0.9-eV shoulder can be inter-
preted in terms of impurity-induced wave-vector-
nonconserving transitions, as discussed in Sec.
III. In the present interpretation, it is unneces-
sary to consider the exchange splitting of Cu d
levels in Ni-rich alloys, since we are not observ-
ing double peaks associated with transitions from
impurity states to host states.

Spectral features of Ao, for Ni-based alloys as
assigned in Secs. III and IV are summarized in
Table I

TABLE I. Energies, characteristics, and identification of Aoy structures in Ni-based

alloys.
Energy  Structure Impurity Anticorrelation

(eV) in Aoy dependence with g{"® Origin

0.9 shoulder No No (c) wave-vector-nonconserving
transition

1.0 peak Yes No (b) virtual bound state
(Fe in Ni)

2.0 peak No No (c) wave-vector-nonconserving
transition

3.0 peak Yes No (b) Cu d level

4.5 dip No Yes (a) host reduction
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V. CONCLUSIONS

We have shown that the differential optical con-
ductivity of Ni-based alloys provides a sensitive
probe to measure the change of electronic struc-
ture of Ni upon alloying. The structures observed
in the differential optical conductivity can be
classified into two groups, one is sensitive to the
impurity species and the other is not. A calcula-
tion of optical conductivity based on the indirect
model strongly supports the interpretation that
some of the impurity-independent structures in
the differential optical conductivity are caused by
impurity-induced wave-vector-nonconserving
transitions. This is the first experimental evi-
dence to show that wave-vector-nonconserving
process plays an important role in the optical
properties of transition-metal-based alloys. This
impurity-induced absorption component should be
found in other alloy systems where the host elec-
tronic density of states have both occupied and un-
occupied peaks involving different points of the
Brillouin zone.

The remaining impurity-dependent structures
can be interpreted in terms of the Friedel virtual-
bound-state model as arising from transitions
involving impurity d states. This interpretation

is consistent with the coherent-potential-approxi-
mation calculations for Ni-rich alloys. Studies of
related alloys, such as NiMn and NiCr and those
of Pd and Pt host with other transition- and noble-
metal impurities, would lead to interesting new
results and a more comprehensive understanding
of the optical properties of transition-metal-based
alloys.
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