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We present calculations of interband optical conductivity of the compound Ni;Al using the linear-
muffin-tin-orbital method. Calculations are performed using constant matrix elements and calculated
matrix elements. We find that matrix elements play a significant role in influencing the magnitude of op-
tical conductivity o(w) and the position of peaks. Since Ni;Al is weakly ferromagnetic (magnetic mo-
ment equal to 0.31up per unit cell), we have also calculated o(w) using the ferromagnetic band structure
but without spin-orbit coupling. A comparison of our results with experimental data is presented.

I. INTRODUCTION

The intermetallic compound Ni;Al has been a subject
of intensive study both theoretically as well as experimen-
tally. Experimental studies for Nij;Al include those of
magnetic properties,! ™ * low-temperature specific heat,*
de Haas—van Alphen effect,” elastic constants,® ° and
optical properties.!® A number of theoretical stud-
ies!' 71 have also been undertaken for this compound. In
our earlier publication,?° we reported a calculation of the
electronic structure and Fermi surface (FS) of Ni;Al in
the paramagnetic and ferromagnetic states. Calculations
were done self-consistently using the linear-muffin-tin-
orbital (LMTO) method?""?? within the atomic-sphere ap-
proximation (ASA) and including the combined correc-
tion terms. The exchange and correlation potential used
was the von Barth—Hedin potential (BH XC potential).?
The calculations were performed at the experimental
value of 6.776 a.u. (3.586 A) for the lattice constant and
the Wigner-Seitz (WS) spheres around Ni and Al sites
were taken to be of different radii following Andersen,
Jepsen, and Sob.?* The WS radii at Ni and Al sites were
2.553 and 2.855 a.u., respectively. A good agreement was
obtained between the calculated and experimentally mea-
sured FS, suggesting that the LMTO method can be used
with reasonable confidence to calculate the FS topology
for this compound. In fact, we found that a shift in Fer-
mi energy (Ez) of 12 mRy was sufficient to bring the cal-
culated FS in agreement with the experimental areas.
The value of the corresponding shift for ferromagnetic Ni
(Ref. 25) was 9 mRy. Our calculation showed that the
electrons at the FS have predominantly Ni-d character.
We found a significantly large value for the enhancement
factor [(¥expt/7Vtheor)— 1], Where y is the coefficient of
electronic specific heat. Since Ni;Al is not a supercon-
ductor we attribute the large value of enhancement factor
to spin fluctuation.

The FS gives information regarding states near Ep.
Our calculations have already shown that these are well
represented within the LMTO method. The optical data,
on the other hand, span all the states above as well as
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below Ep. It would be useful to know if the LMTO can
give these states equally well. We have therefore decided
to calculate the optical conductivity of NijAl in the
paramagnetic state as well as in the ferromagnetic state
to ascertain how well it compares with the available data.
This is a natural sequel to our earlier paper.

van der Heide et al.'® have measured the optical prop-
erties of Ni;Al at room temperature under high vacuum
conditions using the method of spectroscopic ellip-
sometry. Measurements made on single-crystal and poly-
crystalline samples yielded identical results. Using an
earlier self-consistent band calculation of Buiting, Ku-
bler, and Mueller,!® based on the augmented-spherical-
wave (ASW) method of Williams, Kubler, and Gelatt,2¢
van der Heide et al.!® have calculated the joint density of
states (JDOS) and the optical conductivity o(w) as
JDOS/w, to compare with their own experimental data
(here o represents the energy). Based on this comparison
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FIG. 1. The optical conductivity of Ni;Al from the experi-
mental data (dots) and from the calculation (full curve in arbi-
trary units) of van der Heide et al. (Ref. 10).
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they were able to identify the origin of the various experi-
mentally observed structures in the optical conductivity.
The experimental curve showed a decrease in o(w) as @
increases with a minimum at 0.21 Ry followed by a max-
imum at 0.32 Ry; thereafter o(w) decreases with increas-
ing . The theoretical JDOS/w did show most of this
structure along with many others but was unable to bring
out the main peak at 0.32 Ry suggesting the need for in-
clusion of matrix elements to calculate o(w) (see Fig. 1).

In Sec. II we give the methodology, in Sec. III we
present a comparison of our results with the available cal-
culations and experimental data, and in Sec. IV we give
our conclusion.

II. METHODOLOGY

The interband contribution to the dielectric function
for both the spins is given by?’

b 8 (2
§n2 fBZIP""'(k)l

ds
gw)= —*_

Vo, (k)

3rew?

The above expression is written in atomic units with
e?=1/m =2 and #i=1. Here o is the photon energy (Ry)
and P,, (k) is the dipolar matrix element between the ini-
tial |nk) and final |n'k) states with their eigenvalues
E,(k) and E,.(k), respectively,

@ (kK)=E, (k)—E,(k)=w
and the constant energy surface is
Sy ={k;0, (k)=o) .

Using the LMTO-ASA, P,,.(k) can be easily calculated.
Instead of going into detail, we refer the reader to Refs.
27 and 28.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the LMTO-ASA (Refs. 21 and 22) band
structure of paramagnetic Nij;Al along some high-
symmetry directions. Six bands 14—19 cut the Fermi lev-
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el Eg. On comparison with the band structure given by
van der Heide et al., our band structure shows similar
structure everywhere. The band structure of ferromag-
netic Ni3Al is almost similar and therefore not presented.
For the majority carriers six bands (14—19) intersect Ex
while for minority carriers five bands (13-17) do so.
These differences will affect the optical conductivity.
Based on the theory discussed in the preceding section,
we extended our self-consistent LMTO-ASA —based cal-
culation for Ni;Al to calculate the optical conductivity.
The calculations are done at two levels of sophistication.
First the JDOS is calculated and then JDOS/w gives the
optical conductivity where the matrix elements are con-
stant. Thereafter, optical matrix elements are calculated
within the LMTO-ASA and then o(w) is calculated.
Results of our calculations of the o(w) with constant
matrix elements and with matrix elements properly in-
cluded are given in Figs. 3(a) and 3(b). The results of ear-
lier calculation and experimental data are also shown in
Fig. 1. The o(w), from JDOS/w [Fig. 3(a)], compares
well with the calculations of van der Heide et al.'¥ We
obtain peaks at 0.05 and 0.2 Ry with a minimum in be-
tween these two peaks at 0.1 Ry and thereafter a regular
decrease in o(w). These peaks can be identified as transi-
tions from bands 812 to band 16 near I" and from bands
15 and 16 to band 17 at X. The second peak results from
transitions from bands 3—-6 to bands 14 and 15 near I'.
On including the matrix elements we see a significant
change in the o(w). The positions of the maximum and
minimum are shifted towards the higher-energy side.
Now the maximum is at 0.12 Ry, a minimum at 0.3 Ry,
and a next maximum at 0.4 Ry, and thereafter o(w) de-
creases with increase in . On comparison with data, we
see that neither the o(w) from JDOS/® nor the o(®) us-
ing the calculated matrix elements gives an agreement
with the experimental o(w) as far as peak positions are
concerned. However, the general trend of the o(w) from
the matrix element calculations agrees better with the ex-
perimental o (w). We note that our o(w) gives two peaks
arising due to transitions from bands 5 and 6 to 14 and 15
near I' and from 3 and 4 to 14 and 15 near the same
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FIG. 2. The band structure of Ni;Al (paramagnetic) along high-symmetry lines.
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FIG. 3. The interband optical conductivity for Ni;Al using 95 k points in the IBZ (a) with constant matrix elements and (b) with

calculated matrix elements.

high-symmetry point. Inclusion of the matrix elements
brings out these two peaks more clearly than the constant
matrix element calculation where they are hardly dis-
cernible. Inclusion of broadening could again merge the
peaks. To compare with experiment one must include
this broadening. The experimental analysis of van der
Heide et al. is unable to determine the magnitude of this
broadening giving values of 7 as 1X107 ' or 3.4 X 10716
sec (about 0.6 and 2.0 eV).

van der Heide et al.'° calculated JDOS/w using eight-
million pseudorandom points in the irreducible Brillouin
zone (IBZ). To perform these calculations they fitted 22
bands to the Fourier-series expansion containing 40 stars
of reciprocal vectors. The fit was made to 89 k points in
the IBZ with rms error of 1 mRy. For the k integration,
we have used the usual tetrahedron method.*** In this
method the matrix elements P,,(k) and o,, (k) at four
corners of each tetrahedron are calculated with the help
of the eigenvectors and eigenvalues obtained through the
LMTO, whereas for any other k point a linear interpola-
tion scheme is used. For this a high number of k points is
required so that the difference between two successive k
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points is so small that a linear interpolation scheme be-
comes valid. A test of the convergence of &,(®) as a func-
tion of the number of k points has been made by Knab
and Koenig?! for copper with 161, 946, and 2856 k points
in the IBZ. They reached the conclusion that the use of a
finer mesh of 946 and 2856 k points, as compared to 161
k points, modifies only slightly the intensities of the peaks
but not their positions. In the present work, we do not
wish to do a comprehensive test of convergence, but we
simply want to check the stability of the calculated re-
sults. With this objective in mind, we have performed
calculations with 95 and 161 k points. These results with
161 k points are given in Figs. 4(a) and 4(b) (for constant
and calculated matrix elements, respectively). The corre-
sponding results for 95 k points are already given in Fig.
3. When we compare Figs. 3 and 4, we do not see any
dramatic difference. Henceforth, all calculations are
done with 95 k points.

Since Ni;Al is a weak ferromagnet with a magnetic
moment of 0.31p5 per unit cell,® we have also performed
calculations of o(w) for the majority carriers and for the
minority carriers. Since the transition between up and

0.40
- (b)
r
C
C
0.20 [
C
r
r
0-08 56 0.50 1,00
Energy (Ry)

FIG. 4. The interband optical conductivity for Ni;Al using 161 k points in the IBZ (a) with constant matrix elements and (b) with

calculated matrix elements.
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FIG. 5. The total interband optical conductivity for Ni;Al in the ferromagnetic case (a) with constant matrix elements and (b) with

calculated matrix elements.

down spins will occur at low energies where the intra-
band transitions are dominant, we do not expect any
significant change in o(w) if transitions between the ma-
jority and minority carriers are included. Thus
O o @) =0 il @) +0 (@) is plotted in Figs. 5(a) and
5(b). Once again, in comparison with earlier paramagnet-
ic calculations, we do not see any significant change in
the structure of o(w) and in the position of maxima and
minima. Thus, we may say that in a weakly ferromagnet-
ic compound like Ni;Al the exchange interaction is not
expected to lead to any major changes in o(w).

IV. CONCLUSIONS

We have performed calculations of o(w) for Ni;Al
with the LMTO-ASA with constant matrix elements and
with calculated matrix elements. Our constant matrix
element calculated JDOS/w yields a maximum at 0.05
Ry, a minimum at 0.1 Ry, and another peak at 0.2 Ry.
This is to be compared with the experimental data'°
where there is a shoulder at 0.06 Ry, a minimum at 0.2
Ry, and a maximum at 0.32 Ry. Inclusion of the matrix
elements yields a o(w) which is in better overall agree-
ment with the experiment but the positions of the max-
imum and minimum are changed. We obtain a maximum
at 0.12 Ry, a minimum at 0.3 Ry, and a maximum at 0.4
Ry. While the constant matrix element calculations un-
derestimate the position of the maximum and minimum,
the o(w) with the optical matrix elements overestimates
these. Such disagreement between theory and experiment
is not uncommon. In order to improve the agreement be-

tween theory and experiment, one needs to include final-
state effects for the transitions involving d states. These
have to be calculated as has been done by Kulikov
et al.3? for antiferromagnetic Cr. Since these calcula-
tions are tedious to perform, we adopt an alternate ap-
proximate method suggested by Janak, Williams, and
Moruzzi.** Inclusion of the self-energy correction
modifies the one-electron eigenvalues E,(k) to E, (k)
given by

E)(k)=E,(k)+A[E,(k)—Eg]
for states near the Fermi level Er. For simplicity one

takes A, to be a constant. Since the electron wave func-
tions do not change, we write the optical conductivity as

o
YN

@

ole) 1+A

For copper one finds A=0.05 for good agreement with
the data, whereas for Ni A=-—0.12 and for Fe
A=—0.1.3* Although we have not adjusted A to fit the
experimental data, our calculations suggest that A of
about —0.25 would result in good agreement with the
data.
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