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The optical constants and their temperature derivatives have been determined for P'-NiA1 from absorption and

thermoreflectance measurements in the energy range of 0.2-4.4 eV. The results are interpreted using the self-

consistent energy bands of Moruzzi, Williams, and Gelatt. By comparing a calculated joint density of states with e„
the imaginary part of the dielectric function, good overall agreement is found between theory and experiment. In

contrast to earlier analyses, it is found that the 2.5-eV peak in e, is primarily due to direct interband transitions

terminating near the Fermi surface. This new interpretation of the 2.5-eV feature is discussed in relation to

previously reported concentration effects and the rigid-band model.

I. INTRODUCTION

Simplifications in the procedures used to calcu-
late the single-particle energy bands of metals"
have made the results of self-consistent energy-
band calculations available for many materials.
These new calculations, which are becoming more
and more accurate due to both the smaller mesh
sizes and the stricter self-consistency criteria
being employed, allow a detailed comparison be-
tween theory and experiment. One experimental
technique that lends itself to detailed comparisons
with band-structure calculations is thermoref�le-
ctanc.

The intermetallic compound NiAl was chosen for
this study because of its interesting concentration
effects. The p'-phase of NiAl exists within the
range of 45-60 at. % Ni, making it an excellent
material in which one can study the limits of the
rigid-band model. Since the number and popula-
tion of energy states at the Fermi level is affected
by temperature as well as species concentration,
thermoreflectance experiments can be of use in
understanding these concentration effects. Several
other groups have studied the electronic structure
of P'-NiAl using optical techniques' ' and non-self-
consistent band-structure calculations. ' " As will
be seen in the following sections, however, owing
to our sensitive optical experiments and the self-
consistent band-structure calculations, "our un-
derstanding of the optical spectra of this alloy is
quite different from previous interpretations.

The remainder of this work is organized into
three sections. %'e first discuss briefly the ex-
perimental reflectance and thermoreflectance
techniques which were empl. oyed. Our reflectance
results are in agreement with previous results,
but, due to our higher sensitivity, reveal more
structure. In Sec. III, we detail some of the com-
putational methods used in comparing the band

calculations with the optical experiments. Fea-
tures in the calculated joint density of states are
shown to correlate well with the experimentally
derived spectra of the imaginary part of the di-
electric function e,(u). In the final section, we
discuss the previously reported concentration-
dependent optical structure. We examine the
rigid-band model and point out some of the pitfalls
encountered in using it to interpret peak shifts.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

A near-stoichiometric (50.1 at. %g Ni as deter-
mined by wet chemical analysis) polycrystalline
sample of p'-NiAl was generously provided by F.A.
Schmidt of the Ames Laboratory. This was cut
into two pieces, one approximately 1 cm x lcm x 2

mm for the reflectance study, and the other,
3x 3x 0.5 mm' for the thermoreflectance work.
Both samples were polished in stages ending with
1-p.m alumina powder. Immediately prior to being
mounted in their respective vacuum chambers, the
specimens were electropolished in 6% perchloric
acid in methanol at dry ice temperature.

The absorptance (A = I -R) of NiA1 was measured
at 4.2 K using a calorimetric technique discussed
elsewhere. " The advantage of measuring A for
metals is that in the infrared, where R approaches
unity, an accuracy of 1%0 in A gives more accuracy
for the determination of weak-interband structure
than an accuracy of 1% in R. Data were taken in
the photon energy range of 0.2 to 4.4 eV. The
reflectance spectrum was similar to those shown
by other workers, "' except for some fine details,
and will not be reproduced here. In order to ob-
tain the complex dielectric function, Z=E, -i&„
Kramers-Kronig integrals were carried out. The
extrapolations used were the following: a D rude
term below 0.2 eV, data of Kiewit et al. ' from 4.4
to 5.6 eV, a shifted average of Ni (Ref. 14) and
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FIG. 1. &~(~) from absorbance measurements (dotted
line) and ~J(~)/cu2 from JDOS calculations (solid line).
The k-space origin of the numbered theoretical features
is summarized in Table I and discussed in relation to
experimental structure. The arrows connect features
in the calculations with the appropriate experimentally
observed features in &&(~) and the &&'s indicate transi-
tions not allowed by symmetry on symmetry lines.

Kramers-Kronig analysis, the extrapolation of
AR jR to high and low energies to get 4& is not as
critical as the extrapolation of R to get i." The
low-energy limit was fitted to a temperature-mod-
ulated Drude term and the high-energy side was
extended smoothly to zero.

The b,e, spectrum is shown in Fig. 2 as a dotted
line. As can be seen, there is one major feature
which is antisymmetric about 2.40 eV with smaller,
similar structures at 1.80 and 3.95 eV. One effect
of temperature modulation is a broadening of the
edge of the Fermi distribution function, producing
an increase in E, at low energies followed by a de-
crease in e, at high energies. " Thus all three
features are consistent with line shapes expected
for interband transitions originating from, or
terminating on, the Fermi surface. The 2.40-eV
structure corresponds in energy to a feature seen
in c,. The other features are near the shoulders
seen on the low-energy side of the &, structures
labeled E2 and E4. The k-space origin of struc-
tures in a, and hE, is discussed in the following
section.

III. COMPUTATIONAL TECHNIQUES AND RESULTS

Ai (Ref. 15}optical data, from 5.6 to 27 eV, and a
power-law function from 27 to 5000 eV.

The &, spectrum is shown as a dotted line in
Fig. 1. The effect of using an inaccurate extrapo-
lation on this curve would be to modify peak
heights slightly, but it is the shape of the spectrum
which is of most interest to us. Compared to other
experimental results for &„ ours displays a bit
more structure in the first gross peak labeled E2.
There is a shoulder near 2.1 eV and evidence of
peaks at 2.40 and 2.60 eV. Rechtien et aE.' also
had a slight shoulder near 2.1 eV but only a broad,
structureless peak at 2.5 eV. The second major
feature, labeled E4in Fig. 1, is less symmetric in our
work with a shoulder evident on the low-energy
side. Before comparing these features with band-
structure calculations, we look at our thermore-
flectance results.

The thermoreflectance of NiAl was measured at
near-normal incidence between 0.5 and 5 eV using
PbS and photomultiplier detectors. The sample
was glued, using Duco cement diluted with acetone,
to a Cr-film heater on a sapphire substrate. This
assembly was then placed in a cryostat using liq-
uid nitrogen as coolant. A unipolar 2-Hz square
wave with an average power of 7 W passed through
the heater, bringing the sample temperature up to
about 145 K. The temperature amplitude of mod-
ulation was 1-3 K and conventional lock-in tech-
niques were used to measure AR/R. " For the

The self-consistent energy bands of NiAl shown
in Fig. 3 were calculated using the augmented-
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FIG. 2. 4&2(co) from thermoreflectance measurements
(dotted line) and &~9(w)/co~ from JDOS calculations
(solid line). Experimental evidence of transitions in-
volving the Fermi surface is seen at 1.80, 2.40, and
3.95 eV. The k-space origin of the numbered antisym-
metric theoretical structures is summarized in Table II
and discussed in relation to experimental features. The
&& 's at zero crossings indicate transitions on symmetry
lines not allowed by symmetry.
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FIG. 3. Self-consistent energy bands of NiAl as calculated by Moruzzi, Williams, and Gelatt (Ref. 12).

spherical-wave method developed by Williams,
Kubler, and Gelatt. ' The results are in good
agreement with older Korringa-Kohn-Rostoker
NiAl calculations. " Energy eigenvalues at 363
points in the irreducible 1/48th of the Brillouin
zone were least-squares fitted to 60 symmetrized
plane waves with an average rms error of 2.6 mRy.
These fits were then used to generate the band
energies at the corners of 512 tetrahedra which
filled the irreducible wedge of the Brillouin zone.
Using the linear-energy tetrahedron method, "the
density of states (DOS) and the joint density of
states (JDOS) could then be calculated. For the
JDOS, care was taken to include only the portion
of the tetrahedron yielding empty final states or
filled initial states when the Fermi surface inter-
sected a tetrahedron.

If electric dipole matrix elements are approxi-

mately constant throughout the Brillouin zone, one

may write

e,(~) ~ r(sit)
I

'8(~)/~',

where (sit) is a matrix element and 4 is the JDOS.
The solid line in Fig. 1 shows 4((d)/(d', scaled with
arbitrary units so that it can be compared easily
to the experimental &, spectrum. As can be seen,
there is fairly good agreement between the gross
features of the spectra. By calculating the JDOS,
band-pair by band-pair, the origin of structure in

g&u) is identified easily. Five features have been
numbered in the curve of J((d) in Fig. 1. Their
k-space origins are summarized in Table I ac-
cording to the nearest symmetry lines and band
numbers (starting with the bottom band as number
l) involved. As indicated in the table, some of the
transitions are not allowed along the symmetry

TABLE I. k-space origin of features in the calculated function P(~) which are numbered
in Fig. l.

Structure number

Energy (eV)
Band of transitions
Symmetry location
Symmetry allowed'
Involves Fermi surface ~

2.06
6

yes
yes

2.20
5 7

Z3 Z4

no
yes

2.56
4 7

Tf TS
yes
yes

3.06
7 8

T2 Tf

4.35
2 7

i 4

yes
no
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TABLE II. k-space origin of features in the calculated function 44(+) which are numbered
in Fig. 2.

Structure number

Energy (eV)
Band of transition
Symmetry location
Symmetry allowed ~

Seen in ~J(u) ~

2.18
5 7

Z3 Z4
no
yes

2.54
4 7

Ti T5

yes
yes

3.09
3 7
b,~ Z4 Z4

no yes
yes

4.00
varies
many
yes
no

lines. In particular, features 2 and 4 are due

largely to transitions near Z, - Z4 and Tp T1
which, along these symmetry lines, are not al-
lowed. Thus, especially for structure 4, where the
lines T, and T, are quite parallel near 5R, with ma-
trix elements taken into account, these two struc-
tures shrink and broaden into better agreement
with experiment. We now re-examine the thermo-
reflectance results using similar computational
techniques.

If we assume that matrix element variation with
temperature is negligible we may write

Structure in 4E, can thus be related to regions in
the Brillouin zone where the temperature depen-
dence of the JDOS is large. This may arise via
the effect of thermal expansion on band gaps, via
phonon broadening, and, in metals, when interband
transitions involve the Fermi surface, via the tem-
perature dependence of the Fermi function. " When
present, the latter gives large thermomodulation
spectral features. The effect of a change in Ez(kT
can be examined by evaluating

h8(&u) —= ,' [J(~,Ez —5—)+g(m, Ez+ 5) j-J(u, Ez),
where, as before, 8 represents the JDOS. This
function, calculated with 5= 10 mRy and. scaled by
(d', is shown in Fig. 2 as a solid line for compari-
son with &&,. It represents, in arbitrary units,
4E, arising from an increase in temperature. As
can be seen, there is a great deal of structure in
this type of compute& spectrum which, due to ma-
trix element effects and broadening, is not seen
experimentally. Furthermore, no theoretical mod-
ulated Drude term was added. However, such cal-
culations are quite beneficial in identifying struc-
ture in the thermoreflectance data. Four struc-
tures in Fig. 2 are numbered and their k-space
origins summarized in Table II. As can be seen
by comparing Tables I and II, the first three hA

structures are close to structures seen in,'J al-
though the k-space origin for the third is much
different. The structure in AA at 4.00 eV involves
many different regions in k space and, though no

distinct feature is seen in J at this energy, the
shoulder on the low-energy side of the broad peak
labeled E4 in Fig. 1 is due to these transitions.

One must be cautious in comparing Figs. 1 and 2.
Modulation of the Fermi function for transitions
beginning or ending at the Fermi level results in
spectra with positive and negative peaks whose
zero crossings do yggt occur at the maxima of the
corresponding structure in &,. For transitions
from a narrow band of initial states to the Fermi
level the zero crossing is at threshold, while if
the initial states occur over a range in energy, the
zero crossing shifts to an energy higher than the
threshold for the transitions, the shift depending
on the electric dipole matrix elements and the den-
sity of initial states. The energy dependence of
the density of final states plays a negligible role
in the thermomodulation spectra for such transi-
tions, but it is important in c„and plays a role
in locating peaks. Similar arguments apply for
transitions originating at the Fermi level. Thus
the transitions dominating 6&, may not contribute
much to c„and the features related to excitations
to or from the Fermi energy contribute signif i-
cantly to ~&, but sometimes appear only as thresh-
olds in c„not as peaks.

We now conclude this section by identifying the
structure seen in the optical experiments with
features in the calculations, acknowledging that in
some cases, matrix elements would be desirable.
This interpretation is summarized in Figs. 1 and
2, where lines are drawn connecting features in
the computed curves with those in the experimental
spectra. The x's denote calculated transitions
which are forbidden on the symmetry lines (see
Tables I and II). The gross structure, labeled E2
in Fig. 1, is due primarily to transitions origina-
ting about 2.5 eV below E~. The structure labeled
E4 does not involve the Fermi surface except for
the shoulder on the low-energy side. Self-energy
corrections can lead to energy corrections of the
order of 10%%u&.

" Thus, taking symmetry consider-
ations into account, the JDOS appears to be quite
accurate. In Fig. 2, it appears that the structure
in ae, at 2.40 eV is due to a sum of ~ g contribu-
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tions 1 and 2. This is a case where matrix ele-
ments are needed; however, this identification
appears to fit well with the same identification in
Fig. 1. Again, rather good agreement is obtained
between ae, and ag.

IV. CONCLUSIONS

Our identification of the%-space origin of states
giving rise to the large broad peak labeled E2 in
Fig. 1 shows that the transitions involved are pri-
marily from below EF to EF. This is at odds with
the previously published interpretations, even
those involving the use of band-structure calcula-
tions, which were that the transitions were from
states at the Fermi energy to states above it.
Connolly and Johnson carried out a non-self-con-
sistent augmented-plane-wave calculation, com-
puting a DOS, JDOS, and indirect JDOS." Noting
the similarity of the JDOS and indirect JDOS, they
ascribed the optical features in e, to structure in
the DOS. In their DOS calculations (as in ours}
the product of the DOS 2.5 eV below EF and that at
EF is many times greater than the product of the
DOS at EF and that at 2.5 eV above EF. Neverthe-
less, they assign the 2.5-eV peak (actually 2.1 eV
in their calculation) to transitions from E~ to
states above, thus agreeing with previous experi-
mental interpretations. In their charge analysis
they found the DOS at EF to be composed primarily
of Al s and p functions and appealed to the rigid-
band model to argue that, on the Ni-rich side of
stoichiometry (where Ni substitutes for Al}, as
Al decreases, E'F decreases. One would then ex-
pect that if, as they asserted, the E2 structure
were due to transitions from EF to states above,
as E„decreased the threshold energy for these
transitions would increase. They then pointed to
the change in energy of the E1 minimum, seen in
the early experiments of Jacobi and Stahl, ' to con-
firm this behavior. They further suggested that
the previously reported optical results for CoAl, '
in which the 2.5-eV peak was absent, provided
further evidence that filled initial states near EF
in NiAl were responsible for the E2 structure and
that these states were completely empty in CoAl.
Jacobi and Stahl, " in later work with ternary al-
loys including Ni and Al, did not see the definite
E1 minimum that they had seen in their earlier
work, cited by Connolly and Johnson. In fact,
their results suggest that the energy position of
this minimum in e, should not be taken as a
threshold for transitions contributing to the E2
structure. Jacobi and Stahl did conclude that the
concentration-dependent optical properties, in-
cluding the peak height and peak position of the E2
structure, could be understood using the rigid-

band model. They suggested that the E2 structure
was due to parallel-band absorption at 9 with
transitions originating at EF and they interpreted
Nilsson's photoemission results as confirming
their assignment. " Although Nilsson did not ad-
dress the origin of the 2.5-eV peak, his discussion
can only be taken as contradicting the assignments
of Jacobi and Stahl. " Nilsson claimed that his re-
sults supported the DOS (and therefore the energy
bands) of Connolly and Johnson. " In these bands,
the closest occupied states to EF at R were almost
1 eV below EF. In affirming our interpretation,
the previous optical measurements, especially of
CoAl, and the use of the rigid-band model need to
be examined.

The CoAl measurements referred to by Connolly
and Johnson and other more recently reported re-
sults do not, in fact, lack the 2.5-eV structure.
We assert, rather, that it is shifted to lower en-
ergy and is masked both by additional interband
transitions and possibly by a large Drude contri-
bution. In Fig. 4 we show g(e)/~' using the NiAI
bands but a CoAl Fermi level. As can be seen,
the E4 structure remains but is quite small rela-
tive to the low-energy features. The 2.5-eV struc-
ture is not discernable as a peak simply because
other transitions are now allowed. It is not until
about 0.8 eV that the interband transitions turn
off and at this energy the Drude term may be too
large to detect the strong onset. Comparison of
the NiA1 bands with self-consistent CoA1 bands"
shows that transitions contributing to the E2 struc-
ture (Z, -Z, and T, T,—see Table I) shift to
lower energy by about 0.5 eV. In the experiments
cited by Connolly and Johnson, the low-energy
limit was 1.75 eV'. The results of Kiewet and
Brittain, "whose experiments had a 0.7-eV limit,

3

2
PHOTON ENERGY (eV)

FIG. 4. g(~)/cu2 from JDOS calculations of CoAl using
the NiAl energy bands of Fig. 3.
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are consistent with Fig. 4, in that optical struc-
ture is seen at low energy and the value of e, at
1.5 eV is much greater than at 4 eV. Further-
more, they were not able to obtain a good Drude
fit to the CoAl spectrum while they could for that
of NiAl, indicating the importance of low-energy
interband transitions in CoAl.

Many different experiments on P'-NiAl and sim-
ilar systems have been employed in attempts to
understand the changes in electronic structure with
changes in concentration. The large changes in
optical peak heights seen also in ternary com-
pounds, are still quite puzzling. Claims that
changes in peak height and position follow rigid-
band behavior are unjustified in two respects.
First, the movement of peak position is not nec-
essarily indicative of a change in the Fermi level.
As discussed earlier, one needs an experiment
such as thermoreflectance to monitor the Fermi
level since it is thresholds, not peaks, that are
important. Second, even if a rigid-band model
were to explain shifts in thresholds adequately,
changes in peak amplitude are much more difficult
to predict. Changes in the bands bring changes in
hybridization that may be important in understand-
ing the peak height variation through the effect of
dipole matrix elements. Our results lend strong
support to the details contained within the self-
consistent energy bands of Moruzzi, Williams,

and Gelatt. The character of these bands, when
compared with that of the CoA1 energy bands, "
indeed indicates that a rather severe change in
DOS from all but the d. -like states occurs. In any
case, the rigid-band model cannot be used to iden-
tify the 2.5-eV peak as arising from transitions
originating from E~.

How then can these alloys be understood? Sev-
eral additional experiments and calculations would
be helpful. Optical reflectance at low energy
should confirm the above assertions about the
electronic structure of CoAl. Thermoreflectance
experiments monitoring the Fermi level as a func-
tion of composition would lead to a more mean-
ingful interpretation of the reflectance results.
More sophisticated calculational techniques such
as the coherent potential or renormalized atom
approximations, which could more specifically in-
vestigate concentration effects, would be illumi-
nating and could perhaps demonstrate the import-
ance of changes in hybridization.
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