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Calculation of the optical spectra of 3’-NiAl and CoAl
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Band structures of 8’-NiAl and CoAl have been calculated to interpret the experimental optical
spectra. The optical transitions of both compounds are calculated as direct interband transitions in-
cluding electric-dipole matrix elements between the eigenstates of the ground state of the system.
All of the structures found in the optical spectra of both compounds involve states with some Ni or
Co d character in both the initial and the final states. The overall agreement is good between the
calculated spectrum and the optical data for 8'-NiAl. For B'-CoAl there is qualitative agreement
but some discrepancy for the energy positions and the intensities of the structures. A self-energy
correction for the excitation spectrum has been used for 3'-CoAl to improve the agreement.

I. INTRODUCTION

The 3d transition metals Ni and Co form stable alloys
with Al over a wide range of composition. These alloys
form in the 3’ phase near stoichiometry in which they are
ordered in the CsCl crystal structure. In the Al-poor re-
gion of the B’ phase, Ni or Co atoms substitute on Al
sites while in the Al-rich region vacancies are formed at
Ni or Co sites. The electronic structures of 3'-NiAl and
CoAl have been studied extensively both theoretically
and experimentally because of the simplicity of their
crystal structure and the variation of physical properties
that are made possible by the width of the '-phase range.

Optical-spectroscopic measurements have provided in-
formation about the electronic structures of these alloys.
Earlier, reflectivities of these alloys were measured and
changes in the spectral features were found as the Al con-
centration varied.? The dielectric functions of ordered
3’ -phase samples of both alloys were measured at room
temperature by polarimetric techniques.>* Also, the op-
tical absorptivity of '-NiAl (Ref. 5) and CoAl (Ref. 6)
were measured at 4.2 K using a calorimetric technique
and dielectric functions were obtained by Kramers-
Kronig (KK) analysis.

The electronic band structures of both compounds
have been calculated a number of times’ !! and the re-
sults were compared with the measured optical proper-
ties,”'®!! soft-x-ray spectra,”'? and photoemission spec-
tra 13715

In the present work, emphasis is placed on the calcula-
tion of the band structures and the resultant optical prop-
erties of B'-NiAl and CoAl under the assumption of
direct (k-conserved) interband transitions. We evaluate
the real part of the optical conductivity as
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where BZ denotes Brillouin zone and Py; is the electric-
dipole matrix element between the occupied E;(k) and
unoccupied E (k) one-electron states calculated by using
the corresponding ground-state one-electron wave func-
tions. In Sec. IT the calculated optical spectra are com-
pared with experimental data and the transitions respon-
sible for the structures in the spectra are identified.

II. CALCULATIONAL RESULTS
AND DISCUSSION

B’-NiAl and CoAl have the CsCl structure in which
the Bravais lattice is sc, the space group is O}, and the
structure has two atoms per unit cell. The self-consistent
band structures of both compounds were calculated using
a scalar-relativistic version of the linearized-augmented-
plane-wave (LAPW) method'® in which the Dirac equa-
tion is reduced to omit initially the spin-orbit interaction
(thus keeping spin as a good quantum number but retain-
ing all other relativistic kinematic effects). The spin-orbit
interaction is added perturbatively after the semirelativis-
tic bands and wave functions have been obtained. The
muffin-tin approximation was used for the crystal poten-
tial and the exchange-correlation contribution to the po-
tential was calculated by using the local-density approxi-
mation of Hedin and Lundqvist!” to the density-
functional formalism. The muffin-tin sphere radii of Ni
and Co were chosen so that the spheres surrounding their

TABLE 1. Parameters used in the band calculations.

NiAl CoAl
Lattice constant (13:) 2.880 2.861
Muffin-tin radius (A) Ni 1.270 Co 1.270
Al 1.193 Al 1.193
Zero of potential (Ry) —0.767 —0.784
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sites extended 51% of the way to the Al sites. With this
arrangement 66% and 67% of the unit-cell volumes are
occupied by the muffin-tin spheres for NiAl and CoAl,
respectively.

The size of the LAPW basis function set for each cal-
culation was set to satisfy K ,, Ry =7.0 for the smallest
muffin-tin radius Ryyp. This yielded about 60-80
LAPW?’s for both compounds depending on the k point.
Inside Ry, the wave functions were expanded in terms
of spherical harmonics of angular momentum up to
[=12. There were 56 k points in the %th of the BZ, in-
cluded for the self-consistent iterations. The parameters
used for this work are listed in Table 1.

Figures 1 and 2 show the band structures of '-NiAl
and CoAl, respectively, calculated relativistically includ-
ing the spin-orbit interaction along some high-symmetry
directions. For both compounds, inclusion of the relativ-
istic effects do not shift or split the energy spectra
significantly on the scale of the figures, so that our results
are not so different from other authors’ results,”~!! which
did not consider relativistic effects. It is seen that both
band structures look very similar except for the energy
positions of the relatively flat bands near the Fermi level
Ep. As shown in Fig. 3 the densities of states of both
compounds also look similar to each other except for the
relative position of Ep to the high-density peaks which
are due to the flat bands. These peaks are caused by nar-
row d bands of Ni or Co. It is also seen that with one ad-
ditional electron per cell the Fermi level of NiAl is locat-
ed about 0.5 eV above that of CoAl relative to the struc-
ture in the bands. The smaller peaks near Ep (below Ep
for NiAl and above Ej for CoAl) are composed of states
with predominently d character. The d bands are essen-
tially filled in NiAl while there is still some density of d
states above E in CoAl

Calculations of the optical conductivities o, of both
compounds were performed using the linear-energy-
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FIG. 1. Relativistic energy band structure of 3'-NiAl.
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FIG. 2. Relativistic energy band structure of '-CoAl.

tetrahedron method.'® In calculating o, as in Eq. (1), the
energy eigenvalues were evaluated at the four corners of
286 elementary tetrahedra in the irreducible th of the sc
BZ, and the electric-dipole matrix elements were calcu-
lated as in Eq. (2) using the wave functions at the centers
of the tetrahedra. We assumed the electric-dipole matrix
elements to be constant within a tetrahedron and equal to
the matrix element calculated at the center. The calcu-
lated spectra were then convoluted with an energy-
dependent Lorentzian broadening function of width de-
scribed by I'(E)=0.05E?2, with E the energy in eV, to ac-
count for the experimental resolution.

In Fig. 4 the calculated o; of $’-NiAl is shown and
compared with the optical data obtained from KK
analysis of the absorptivity, 4 =1—R, with R the
reflectivity, measured at 4.2 K in the energy range of
0.2-4.4 eV using a calorimetric technique® which is ad-
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FIG. 3. Densities of states of 3’-NiAl and CoAl.
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FIG. 4. Comparison of the calculated optical conductivity
with the experimental data for 3’-NiAl.

vantageous for resolving small structures at lower ener-
gies drre to interband transitions by reducing the back-
ground in the dielectric function caused by phonon-
assisted intraband transitions that grow as the tempera-
ture rises. The intraband (Drude) contribution to the op-
tical data which provides a decreasing and structureless
background as the energy increases is not subtracted.
Plotting o, instead of the dielectric function (€,) em-
phasizes the interband term with respect to the Drude
term. In the KK analysis of the measured reflectivity, a
Drude term below 0.2 eV, room-temperature reflectivity
data of Ref. 2 between 4.4 and 5.6 eV, a shifted average
of Ni (Ref. 19) and Al (Ref. 20) reflectivity data between
5.6 and 27 eV, and a power-law function above 27 eV
were used.

The calculational results show that interband transi-
tions start as low as 0.2 eV between states with mostly Ni
p-d character around the R point, where two bands are
located close to each other across Ep, as can be seen
along the R-X direction in Fig. 1. At higher energies
there are two prominent peaks at about 2.5 and 4.3 eV
with a shoulder at about 2.0 eV. It is seen that the posi-
tions and intensities of these calculated structures agree
well with the measured optical spectrum, which shows
structures at about 2.0, 2.5, and 4.2 eV. At low energies
(< 1.5 eV) the measured optical data increase rapidly so
that the interband transitions, although they contribute,
may not be resolved from the background of intraband
transitions, as is evident in the optical data®> measured at
room temperatures. The contributions to the 2.0-eV
structure come from transitions involving states with Ni
p-d character near Ej as initial or final states. The major
contribution to the 2.5-eV structure comes from transi-
tions between initial states with Ni p-d and Al p character
near Ep and final states above E, with Ni s-p-d and Al s
character (e.g., bands 7 and 8 in the I'-M direction, re-
spectively). The 4-eV structure is mostly due to transi-
tions between states with Ni p-d character mixed with Al
p character well below E and near Ej (e.g., bands 2 and

7 in the T'-X direction, respectively).

The regions in the BZ that have major contributions to
the structures in o, were found by calculating Eq. (1) for
each of the 220 tetrahedra for selected energy windows
centered at the peaks of each structure. The intensities of
all the interband transitions having energy differences be-
tween initial and final states falling in the energy window
were summed for each tetrahedron to represent the con-
tribution from the tetrahedron to the structure. Figure 5
shows the distributions of the transition intensities for the
2.5- and 4-eV structures of NiAl in the Lth of the BZ.
Each tetrahedron is represented by a parallelogram if it
makes a contribution to the structure, with the size of the
parallelogram denoting the strength of the contribution.
For the 2.5-eV structure, major contributions come from
around the I'-M-R plane of the BZ, while for the 4-eV
structure major contributions come from the central re-
gion of the BZ. The contributions to the structures
occurring near symmetry directions are also denoted as
arrows between initial and final states in the band struc-
ture in Fig. 1.

According to the room-temperature optical data for
B'-NiAl in Ref. 3, for Al concentrations between 38.4
at. % and 54.8 at. %, the peak of the 2.5-eV structure
shifts to lower energies as the Al concentration increases.
This downward shift of the 2.5-eV structure can be ex-
plained by assuming a rigid-band behavior in which Ep
moves upward as the Al concentration increases, result-
ing in a decrease in the energy of the 2.5-eV transitions
which occur between initial states near the Fermi surface
and final states above E . This rigid-band model assumes
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FIG. 5. Regions in the irreducible wedge of the sc Brillouin
zone of '-NiAl contributing to interband transitions in the
(2.38-2.52)-eV and (4.15-4.28)-eV spectral regions. Larger
parallelograms show the locations of the tetrahedra with the
largest contributions (from the product of electric-dipole matrix
elements and joint density of states). Smaller parallelograms
show weaker transitions.
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that due to atomic correlations a d° configuration is
maintained on each Ni atom independent of the Al con-
centration.?! The structure at about 5.8 eV in the calcu-
lated spectrum is mainly due to transitions between initial
states with Ni p-d and Al p character well below E and
final states above Ep with Ni s-p-d and Al s-p character
(e.g., bands 3 and 8 in the I'-M direction). The corre-
sponding structure in the experimental data occurs at
about 5.3 eV, which disagrees by about 0.5 eV with the
calculational result.

In Fig. 6 the calculated optical conductivity of 3’-CoAl
is compared with the optical data obtained from KK
analysis of the absorptivity measured at 4.2 K in the
0.1-2.5 eV range.® The extrapolation to high energies
was achieved by using reflectivity data of Ref. 2 between
2.5 and 6 eV, data used for '-NiAl to 30 eV, and a
power-law extrapolation beyond. The calculated spec-
trum has several structures below 3 eV caused by inter-
band transitions, located close in energy to each other
(0.7, 1.4, 1.6, 2.3, and 2.7 eV). The experimental spec-
trum also shows several structures at nearly the same en-
ergies (0.7, 1.2, 1.7, and 2.3 eV), although there is clearly
some quantitative disagreement with the positions and
the intensities of the structures. These structures were
not resolved in other experimental data taken at room
temperatures due to a large Drude background.* At
higher energies a broad structure occurs at about 4.3 eV
in the experimental spectrum while the calculation pro-
duced the corresponding structure at about 5 eV. The
calculations by Knab and Koenig!' also show some
disagreement with experimental spectra for FeAl, CoAl,
and CoGa while showing better agreement for NiAl, as
do our results.

The discrepancies between the experimental spectra
and the calculational results for both the energy positions
and the intensities of the structures, which are slighter in
NiAl than in CoAl, might be due to final-state effects for
the transitions involving 3d states which are known to
have strong Coulomb correlations.?? The d-d correlation
for the states with large d character is significant for 3d
systems due to the highly-localized nature of the 3d orbit-
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FIG. 6. Comparison of the calculated optical conductivity
with the experimental data for 8'-CoAl.

als, which maintain strong intra-atomic correlations in
the solid. This can lead to significant discrepancies be-
tween the experimental results and the theoretical calcu-
lations. A very approximate way to treat these effects
was adopted following the work of Janak et al. 2 They
assumed a self-energy correction (shift in the one-electron
energy eigenvalues for the excitation) which has the effect
of changing the excited-state quasiparticle energies ﬁ,,(k)
relative to the ground-state energies E, (k) by an amount
proportional to E, (k) —Ep, i.e.,

E (k)=E, (K)+A,[E,(kK)—E] 3)

for the states near Ep. A, is determined by the ground-
state properties. By assuming A in Eq. (3) to be a real
constant independent of »n and k, the excited-state
exchange-correlation potential differs from its ground-
state value by a term which is energy dependent but in-
dependent of position. Thus, there is no change in the
one-electron wave functions so that there is no change in
the electric-dipole matrix elements. Furthermore, & (o),
the optical conductivity evaluated using the excited-state
eigenvalues, is related to o, the optical conductivity
evaluated using the ground-state eigenvalues by

_1
1+A

[4]

&1(w) 1A
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Thus, in addition to supplying a single parameter to fit
the experimental spectra, the assumption that A is con-
stant greatly simplifies the calculation by allowing the use
of the ground-state electric-dipole matrix elements. With
the parameter A (= —0.15) chosen to make the 5-eV
theoretical structure coincide with the 4-eV structure in
the experimental data of '-CoAl the agreement in the
low-energy region becomes much better as can be seen in
Fig. 6. Janak et al. '* found that the choice A=0.08 gave
a good match between calculated and observed conduc-
tivities of Cu. For the transition metals Fe and Ni
Laurent et al.?* found that negative values of A (A= —0.1
for Fe and A= —0.12 for Ni) are needed to produce the
best agreement. In the present case, CoAl needs a value
of A larger in magnitude than those used for Fe and Ni to
best fit the experimental spectrum.

The interband transitions responsible for the 0.7-eV
structure are mainly between states with Co p-d charac-
ter. The 1.2-eV structure is mainly due to transitions be-
tween initial states with Co p-d character and final states
with Co d character near E. (e.g., bands 6 and 7 along
the R-X direction and the I'-M direction). The 2-eV
structure is also mainly due to transitions between initial
states with Co p-d and Al p character and final states near
E;. with Co d character around the M point (bands 4 and
7). The contributions to the structures coming from
near-symmetry directions in k space are also denoted as
arrows between initial and final states in the band struc-
ture in Fig. 2. The above transitions cannot occur in
NiAl because the final-state bands responsible for them
are located below Ep in NiAl. The 4-eV structure is
mostly due to transitions between states with Co p-d and
Al p character well below E and states above E; having
Co s-d and Al p character (e.g., bands 2 and 7 in the I"-X
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FIG. 7. Regions in the irreducible wedge of the sc Brillouin
zone of [3’-CoAl contributing to interband transitions in the
(1.22-1.36)-eV and (4.83-4.96)-eV spectral regions.

direction). The small structure at about 5 eV is mainly
due to transitions between initial states with Co p-d and
Al p character well below E and final states above Ej
with Co s-p-d and Al s-p character (e.g., bands 3 and 8 in
the I'-M direction). The initial and final states of the
transitions for the 4- and 5-eV structures are of nearly the
same nature as those for the 4- and 5-eV structures in
NiAl. Figure 7 shows the regions in the BZ which have
major contributions to the 1.2- and the 4-eV structures,
respectively. For the 1.2-eV structure the major contri-
bution comes from the X-M-R plane, while for the 4-eV
structure the major contribution comes from a large
volume in the central region of the BZ and the distribu-
tion of the strengths is very similar to that of the 4-eV
structure of NiAl, indicating that the two structures are
caused by almost the same sets of initial and final states
in the band structures of both compounds. We believe
that the reason for the larger energy shift due to the
final-state effect of the 4-eV structure of CoAl (0.7 eV)
than the shift of the 4-eV structure of NiAl (0.5 eV) is
that the unfilled states of CoAl near E have stronger d
character than those of NiAl, leading to the stronger
final-state effect.

KWANG JOO KIM, B. N. HARMON, AND D. W. LYNCH 43

III. SUMMARY AND CONCLUSION

The calculated optical conductivity of 8’-NiAl agrees
well with the experimental spectrum at low-photon ener-
gies (<3 eV). At higher energies there is slight disagree-
ment in peak position and half-width of the structures at
about 4 and 5 eV. For 3’-CoAl the agreement is poorer
than that for 3'-NiAl even at low-photon energies. All of
the structures found in both compounds involve states
with some Ni or Co d character for both initial and final
states of the transitions. For '-NiAl the peak at about
2.5 eV is found to be due to transitions between initial
states near the Fermi surface and final states well above it
while for '-CoAl there is no corresponding structure in-
volving the same transitions, which are not allowed be-
cause of the shift of the Fermi level. Finally for CoAl we
investigated a simple approximation for the self-energy
corrected excited state energies. We found that a nar-
rowing of the bands [A=—0.15 in Eq. (3)] gave better
agreement with experiment. The sign and size of this
self-energy shift suggests that the excited hole in the
valence bands acts locally and pulls the upper
conduction-band states to lower energy. Such final-state
effects have yet to be thoroughly studied in metallic sys-
tems.?’

Note added in proof. After this manuscript was sub-
mitted, a comprehensive paper on the electronic struc-
ture of B’-NiAl appeared [S.-C. Lui, J. W. Davenport, E.
W. Plummer, D. M. Zehner, and G. W. Fernando, Phys.
Rev. B 42, 1582 (1990)]. Band structures similar to ours
were used to interpret extensive photoemission data also
reported in the paper. We attempted an empirical
correction to our calculation’of the optical conductivity
by using their derived real part of the self-energy to shift
our bands, but there was not significant improvement.
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