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A nonrelativistic band structure of the bcc transition metal tantalum has been calculated by an iterative
empirical-pseudopotential method. Main peak locations in the density of occupied states agree to better than
0.3 eV with the results of two earlier augmented-plane-wave calculations, while the main peak in the density
of unoccupied states is more than 1 eV lower than the main peak in either of the previous results. In the
context of direct transitions, the constant-matrix-element approximation is shown to be generally valid for Ta.
In addition, reflectivity spectra based on the E—dependent, direct transition model, and the nondirect transition
model have been calculated, and each spectrum is in comparably good agreement with the data of Weaver,
Lynch, and Olson. Modulated reflectivity spectra have also been calculated according to both models, and the
results suggest that measurements of this quantity might help to determine which of the two types of
transitions—direct or nondirect—predominates in Ta. Finally, the calculated Fermi surface agrees well with

the data of Halloran et al.

I. INTRODUCTION

The usefulness of electronic-energy-band struc-
tures in interpreting the physical properties of
solids is well known. But in recent years, much
work has been done in the opposite direction:
using experimental data to determine a solid’s
energy-band structure via the empirical-pseudo-
potential method.! In this regard, optical-re-
flectivity, photoemission, and Fermi-surface
data are among the more valuable types of data
used in fitting energy-band structures. Of coufse,
the ultimate goal in such studies is not simply
that of obtaining an energy-band structure which
is consistent with these data, but rather it is to
use the derived band structure to help explain
or predict other important properties, such as
superconductivity and bonding characteristics.

Group-V (V,Nb, Ta) transition metals have many
properties of practical interest, such as hardness
and high-temperature superconductivity.? Ex-
tensive experimental investigations of the elec-
tronic properties of these elements had been
stalled in the past because of the lack of good
single crystals, but their recent availability has
led to measurements of their optical® and Fermi-
surface®'® properties. In part because of the ex-
istence of these data, and also because of the
need to better understand the physical properties
of these important superconducting transition
metals, we have begun a theoretical investigation
of the electronic properties of the group-V ele-
ments. Our study begins with tantalum.

Tantalum’s transition temperature (T, =4.48 K)
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is one of the highest for a nonalloy, and it is
one of the hardest of all the transition-metal
elements. There is thus considerable practical
value in a theoretical study of its electronic prop-
erties. An additional value of the present Ta
study lies in the possible use of its pseudopoten-
tial, together with that for Se,! to calculate the
electronic properties of the layer compounds
17-TaSe, and 2H-TaSe,, which display the in-
teresting charge-density-wave properties recently
observed by Wilson et al.®

Since the electronic wave functions of the energy
states near the Fermi surface can be used to cal-
culate electron-phonon interactions and electronic
charge distributions, an accurate determination
of these wave functions is essential if such cal-
culations are to be undertaken. The goal of the
present work is to obtain these wave functions
via an empirical-pseudopotential band-structure
calculation.

Before detailing our methods of calculation, we
will first discuss a recent controversy regarding
the relative merits of the divect and nondirect
transition models. In the direct transition model,
the electron’s crystal momentum, E, is conserved
in the excitation process. Crystal momentum,
however, need not be conserved in the nondirect
model, Analysis of photoemission data for noble
and transition metals prompted Spicer and co-
workers” to suggest that k conservation is not an
important selection rule, especially for those
transitions involving d states. More recent work,
however, has shown that it is possible to explain
copper photoemission data in terms of direct
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transitions.?

On the other hand, considerable support for
the nondirect model has been recently provided
by Steel,® who showed that observed structure in
the absorption coefficient of V, Cr, and Mn can
be successfully explained by this model. To con-
fuse matters further, Koelling et al.'° have cal-
culated the optical properties of Mo using both
the direct (in the constant-matrix-element ap-
proximation) and the nondirect models. While
there are some distinct disimilarities between
the results of the two models, both still compare
favorably with the data. To date, there is thus
widespread disagreement about the relative im-
portance of direct and nondirect transitions in the
transition metals. While the intent of the present
work is not to resolve the controversy, our results
will nevertheless suggest that future experimental
determinations of modulated reflectivity spectra
might help determine which of the two types of
transitions predominate in Ta.

A tantalum energy-band structure is obtained
in the present study by using the empirical pseudo-
potential method to fit the energy bands at the
Fermi level to the data of Halloran ef al.* Since
agreement with Fermi-surface data is not a sen-
sitive test of the energy bands away from the
Fermi level, we have also simultaneously fitted
our band structure to the data of Weaver, Lynch,
and Olson.® It is agreement with both sets of data
which provides the more strict test of the accuracy
of the energy bands and wave functions. But, in
light of the obvious uncertainties regarding the
relative importance of direct and nondirect tran-
sitions, we have calculated the reflectivity ac-
cording to both models. For the direct model,
the K-dependent dipole transition matrix elements
are used. For transition metals, as far as we
know, the present work is the first comparison
of the nondirect model with the K-dependent direct
model.

There have been two earlier determinations of
tantalum’s energy-band structure. The first, a
relativistic, augmented-plane-wave (RAPW) cal-
culation by Mattheiss,!! is in good agreement with
the Fermi-surface measurements of Ref. 4. The
RAPW energy bands in the immediate vicinity
of the Fevymi level, therefore, may be assumed
tobe very accurate—to better thanabout 0.2 eV.
But, neither reflectivity nor photoemission data
existed at that time, so these quantities—which
might have confirmed the locations of the bands
away from the Fermi level—were not calculated.
Questions regarding the accuracy of these bands
thus remain unanswered. The same may be said
of another Ta APW band-structure calculation by
Petroff and Viswanathan.!? While they did not

calculate the Ta Fermi surface, they did evaluate
the dipole transition matrix elements and calculate
the energy distribution function for photoemission.
However, an evaluation of their results must
await . future Ta photoemission data.

II. PRESENT METHODS OF CALCULATION

Detailed discussion of the empirical pseudopo-
tential method is in the literature.! We have
not included the spin-orbit interaction. In this
section we will just discuss a new iteration scheme
we have developed—a scheme which permits a
rapid determination of a near-optimum pseudo-
potential,

Since the diagonalization of large secular de-
terminants in pseudopotential calculations involves
large amounts of computer time, it is important
to use very effective means in searching for an
empirical pseudopotential which provides good
agreement with all experimental data. In the past,
inspection! and nonlinear optimization schemes!?
have been used. While these schemes have had
great success in calculations of band structures
wherein single k points (critical points) play a
dominant role in the optical behavior, there are
nevertheless many elements which display so-
called “volume effects.” In these solids, the main
peaks in the reflectivity arise—not from critical
points—but from large regions throughout the
Brillouin zone. In order to deal effectively with
these volume effects, the following scheme was
developed.

1. Choose a starting pseudopotential. Since
no previous Ta pseudopotential has been given
in the literature, the starting pseudopotential in
the present case is taken to be that used by Fong
and Cohen'* in their empirical-pseudopotential-
method (EPM) band-structure calculation of niobi-
um, the element just above tantalum in Group V
of the periodic table. In that work, as in the
present, eight parameters are used to characterize
the pseudopotential. Four of these parameters
correspond to the coefficients [ form factors,
V(IG|?)] of a truncated Fourier expansion of the
local pseudopotential, two correspond to the depth
and width of the nonlocal square d well, and two
others, a and k, are involved in the d-state damp-
ing factor ¢~7", where n=a[(|k+G| - «)/2kz]?,

k is the wave vector, G is a reciprocal-lattice
vector, and kz is the Fermi momentum. The off-
diagonal nonlocal matrix elements are multiplied
by the damping factor to improve the convergence
of the d-like wave functions.

2. Calculate the enevgy-band stvucture. Energy
convergence to within 0.1 eV is obtained with about
110 plane waves, corresponding to |k +G|?
<14.1(2n/a)?, where k is one of 91 uniformly dis-
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tributed mesh points in the irreducible part of
the Brillouin zone, Gisa reciprocal-lattice vec-
tor, and @ =3.30 A is the lattice constant.’® The
Léwdin perturbation scheme!® is not used.

3. Calculate the density of states. The dis-
iribution of energy states is obtained from about
10000 linear interpolations in the 91-point ir-
reducible zone mesh.

4. Determine the Fevmi enevgy and the shape
of the Fevmi surface. The Fermi energy is de-
termined by integrating the density of states to
five electrons, the valency of Ta. Then a linear
interpolation in the 91-point mesh is used to map
out the Fermi-energy contours.

5. Calculate the imaginary part of the dielectric
Junction, €(w). The method used for the direct
transitions model is described by Saslow ef al.'”
In the present iterative procedure, only the direct
transition model is used. Once a final band struc-
ture is determined, €, and the reflectivity are
determined according to the nondirect model.

In this model,

€~ % fN(E)N(E +hiw)dE,

where N(E) and N(E +7w) are the densities of states
at the valence- and conduction-band energies,
respectively. For both models, the total ¢, is
taken to be the sum of the interband and free-
electron parts.!'®

6. Calculate the veflectivity. A Kramers-Kronig
transformation'® of the total €,(w) is used to cal-
culate the real part of the dielectric function,
€,{w). From these two quantities, the reflectivity,
R(w), is calculated on the assumption of normal-
incidence photons.?°

7. Compare Fermi surface and veflectivity with
experiment. Specific areas of agreement sought
for the Fermi surface are the cross-sectional
areas of the hole ellipsoids at the N symmetry
point, and the minimum arm diameter of the
jungle gym. The comparison of the calculated
reflectivity with data is more subjective. Evalua-
tion of the extent of agreement is guided by con-
siderations of general shape, magnitude, and
locations of prominent structure below 6 eV. When
comparisons with the data—for both the Fermi
surface and the reflectivity are unsatisfactory,
another set of pseudopotential parameters is
chosen according to steps 8 and 9.

8. Vary the pseudopotential, Each of the eight
pseudopotential parameters can, in principle,
assume any one of a continuous, but limited range,
of new values. An infinite number of possible
new sets of pseudopotential parameters are there-
fore available. But, of course, as a practical
matter, we must restrict the scope of the search.

Instead of permitting variations of all eight of the
parameters, the parameters relating to the d-
state damping factor and the width of the d well
retain their starting values, and only the four
form factors and the depth of the d well are al-
lowed to vary. Changes are not made continuously,
but are instead taken to be either zero, or plus,
or minus some small, but fixed amount (~0.01 Ry).
The search is thus limited to five parameters,
each of which may independently assume any one
of three different values. There are then 3°=243
new pseudopotentials to test. First-order per-
turbation theory is used to determine new, ap-
proximate energy-band structures for each of
these pseudopotentials. Initially, though, only
the energies at the symmetry points are calculated
to see whether those states which lie within 2-3
eV of the Fermi level are in severe disagreement
with the earlier a p7io7i calculations.!'"*? For
the EPM energy states more than about 3 €V above
the Fermi level, we do not demand similarity
with the a priori results. Indeed, the essence of the
EPM is that the Fourier expansion of the pseudo-
potential may be truncated to exclude all but the
long-wavelength (low-energy) terms, so the EPM
bands lying within 2-3 eV of the Fermi surface
may be regarded as relatively accurate (to

within 0.1 eV), while the higher-energy states may
be inaccurate. Since the goal of the present study
is to obtain accurate wave functions for only the
energy states within 2-3 eV of the Fermi level,
the inherent uncertainty in the higher-energy
states makes no difference in the present calcula-
tion. If the perturbed energies do not satisfy the
a priovi constraints, the associated pseudopoten-
tial is discarded. However, a full 91-point
perturbed band structure® is calculated for each
pseudopotential that does satisfy these constraints.
Each of these approximate band structures is then
used to calculate an approximate Fermi surface
and reflectivity according to steps 3—6,

9. Select the best pseudopotential. Determine
which of the above 243 pseudopotentials provides
the best agreement with the data, and use it as
the new starting pseudopotential in step 2.

The above iterative procedure continues until
the comparison with experiment is optimum.
Steps 2-9 are all included in a single computer
program. The results reported in Sec. III were
obtained after five iterations.

III. RESULTS
A. Band structure

The final pseudopotential parameters are com-
pared with the starting values in Table I. Also
given is the free-electron parameter y =m*/n,'®



TABLE 1. Comparison between the present tantalum
EPM parameters and the EPM parameters for niobium
from Ref. 14.

Present Results Ref. 14
EPM Parameters? (Ry) (Ry)

V(2) —-0.041 —0.041

V4) 0.100 -0.020

V(6) 0.071 -0.009

v(8) . 0.150 0.070
Depth of d well —3.483 —3.884

o 0.206 0.206

K 1.668(2m/q) 1.668(2m/a)
Y 1.1><10"49gcm3

2Arguments of the form factors V(|G[?) are given in
units of (21/a)?, where a=3.30 A.

this parameter is not one of those varied during
the iteration scheme, but was adjusted to its
present value after the final values for the other
parameters were obtained. Note that all but the
first of these parameters are considerably higher
than the starting values. The average difference
in the form factors is 0.07 Ry, while the nonlocal
d well of Ref. 14 is 0.401 Ry deeper. The large
difference in the depths of the d wells is due to
the relative insensitivity of the d-state energies
to changes in the depth. The relatively large dif-
ference between the starting and final pseudopo-
tential parameters illustrates the power of the
present iterative technique.

The calculated energy bands are shown in Fig. 1.
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The standard notation is used to label the sym-
metry points and lines.? Generally, the occupied
bands are in reasonable agreement with the APW
bands.!'**? In the unoccupied states, however,
there are apparent differences. These differences
are discussed below.

The A, band intersecting both A,, and A pro-
vides one of the more striking contrasts between
the earlier APW results and the present EPM
calculation. Near its endpoints, the present A,
band lies above A, and A, but dips below both
of these bands at a point about % of the way from
T, to H,. No dip is evident in the work of Ref. 12,
where the A, band has a free-electron-like shape
and lies well above A,, and A;. The dip is obvious
in Ref. 11, but it is not as strong as in the present
case. A second significant difference is found
at the N symmetry point, where the present N,
(5d) state is located only 1.6 €V above the Fermi
level, but in Ref. 11, N, is at 4.4 eV, and at 4.1
eV in Ref. 12. Another important difference is at
the P symmetry point, where P, is very low com-
pared to the APW results. It is 4.7 eV, and 8.0
eV lower than the P, state in Refs, 11 and 12,
respectively. A final difference is found about
7 eV above the Fermi level, at the H symmetry
point. Here, the ordering (H,~H,,) is the opposite
of that obtained in Refs. 11 and 12. In addition,
both of these states are quite low compared to
these earlier works. The present features are
probably artifacts of the EPM. However, these
states are too high to influence the calculation
of the reflectivity below 6 eV.

(3}

ENERGY (eV)
o

FIG. 1. Empirical pseudo-
potential band structure of
tantalum. Fermi level is indi-
cated by the broken horizontal
line, taken as the zero of en-
ergy.
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FIG. 2. Electronic density of states of tantalum. Shad-
ed area represents the occupied region.

B. Density of states

The calculated density of states, N(E), is given
in Fig. 2 as a histogram of 0.1 eV resclution. A
broken vertical line indicates the Fermi level;
the estimated uncertainty in its position is 0.05
eV. In the present work, the main peak above
the Fermi level is located at 2.0 eV, while the
main peak in Ref. 11 is at 4.5 eV, and at 4.1 eV
in Ref. 12. These differences are closely related
to the band-structure differences discussed in
Sec. IITA. Below the Fermi level, there are three
main peaks, located at — 0.3, - 1.2, and —-2.5 eV.
In Ref. 11, the main peaks below the Fermi level
are at - 0.3, -~ 1.5, and ~2.6 eV, and at 0.0, -
-1,5, and — 2.7 eV in Ref. 12. The present den-
sity of occupied energy states thus agrees to
within - 0.3 eV with both APW calculations. Final-
ly, the density of states at the Fermi level,

N(E ), is 0.78 states of one spin/(eV atom). This
result is in excellent agreement with the value
obtained by McMillan,? who used a strong cou-
pling formulation to derive the value 0.77 from

the experimental values of the superconducting
transition temperature and the electronic specific-
heat capacity. In contrast, the calculated values
of N(E.) from Refs, 11 and 12 are 0.65 and 0.61.

C. Imaginary part of the dielectric function

Theoretical spectra of the imaginary part of
the interband dielectric function, €,(w), based
on the direct transition model, have been calcu-
lated, first, for k-dependent dipole-transition
pseudo-matrix elements,?* shown in Fig. 3 as the
solid curve. A calculation of €,(w) based on con-
stant matrix elements is shown as the dashed
curve. The qualitative features of these two direct
transition curves are very similar. There is a
one-to-cne correspondence of the individual struc-

tures, and the relative magnitudes and shapes

of the curves show good agreement. Enhance-
ment, relative to the peaks at 2.6 and 4.3 eV, of
all the other structures in the constant-matrix-
element curve is the main effect of including the
matrix elements. The similarity of these two
curves strongly suggests that the assumption of
constant matrix elements—based on the direct
transition model in Ta—is generally valid. It
seems probable that the assumption is also valid
for tantalum’s neighbors on the periodic table—
V, Nb, Mo, and W. Such an assumption was made
by Pickett and Allen,?® who used the APW band
structures of Nb,'* and Mo,'? to calculate the
imaginary part of the dielectric function, €,. The
agreement with the experimental data of Ref. 3

is fairly good.

The results of the present calculation of €,,
based on the nondirect transition model, are shown
as the chain curve in Fig. 3. While this curve
is in qualitative agreement with the others, there
are nevertheless four mainpoints of dissimilarity.
First, and most obvious, is the difference below
1 eV. An abrupt rise to a maximum at 0.2 eV,
and an equally rapid fall to a minimum at 0.9 eV
are dominant features of the direct transition
model. The strong peak at 0.2 eV is associated
with direct transitions at off-symmetry points
between second and third bands very close to the
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FIG. 3. Imaginary part of the interband dielectric
function, €,(w), calculated using pseudomatrix elements
(solid curve), constant matrix elements (dashed curve),
and for nondirect transition (chain curve).



Fermi level. These band pairs cannot be seen
in Fig. 1, but they are derived from the relatively
flat, doubly degenerate A; band, which splits at
k points away from the symmetry line. Even '
though the dipole transition probabilities for these
transitions are about ten times smaller than those
contributing to the other peaks, this peak is still
very strong because of the relatively large joint
density of states associated with the two almost
parallel band pairs—one just above, and the other
just below the Fermi level, The peak is also
greatly enhanced by the 1/w? weighting factor which
occurs in the integral expression for €,(w).'” In
the nondirect curve, there is no peak in the low-
energy portion of the spectrum, which goes off
scaleat0.7 eVand rises monotonically. Secondly,
the nondirect model shows no structure between 1
and 2 eV, while there is a definite shoulder in
this portion of the direct transition curve. About
40% of the strength of this shoulder comes from
transitions between the second and third bands
(2-3 transitions) at k points on and just above the
central region of the I’'NH symmetry plane; another
40% arises from 3-4 transitions inside a roughly
spherical region of radius | k| ~5(27/a), centered
near k=(3, 0, 0).

A third significant difference is the location of
the main peak. Transitions from the high density
of states at -~ 0.4 eV, to the high density of states

50

[
|
| TANTALUM
| TOTAL €,(w)
a0 \
—— DIRECT TRANSITIONS
—-.—- NON-DIRECT TRANSITIONS
30
€2(w)
20+
10+
1 1 1 1 | 1
%12 3 4 5 & 7

PHOTON ENERGY (eV)

FIG. 4. Sum of the interband €, and the free-electron
€,. Solid curve corresponds to the:direct transition
model, and'the chain curve is the nondirect result.
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FIG. 5. Tantalum reflectivity spectra. Solid curve
is based on the direct transition model (with k-dependent
dipole matrix elements), the chain curve is based on the
nondirect model, and the broken curve is the data of
Ref. 3.

at 2.0 eV are responsible for the main nondirect
peak at 2.4 eV. However, the direct model pre-
dicts a strong peak at 2.7 eV, whose strength

is due mainly to 1-3 (31%) and 2—-4 (31%) tran-
sitions at k points throughout the central region
of the Brillouin zone. Finally, above 4 €V in the
nondirect curve, there is a smooth broad peak
near 4.6 eV which arises from transitions between
the high densities of states at — 2.6 and 2.0 eV.
On the other hand, a succession of several small
structures above 4 eV characterizes the direct
transition curve. Aside from these differences,
the direct and nondirect transition models pre-
dict interpand €, spectra which are roughly simi-
lar above 1.5 eV, and even these differences be-
low 1.5 eV are almost neutralized by the strong
free-electron contribution in Fig. 4.

D. Reflectivity

Theoretical reflectivity spectra based on the
direct and nondirect transition models are shown
in Fig. 5 as the solid and chain curves, respect-
ively. Both theoretical spectra have roughly the
same shape as the data, shown as the dashed
curve. The direct transitions model predicts
a spectra which is 0.2-0.3 higher in reflectivity
than the data. This discrepancy may be in part
due to the relative (~5%) inaccuracies involved
in using the pseudo-wave-functions to calculate
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TANTALUM %s a f.eature which Fh.e authors have found to be
invariant for transition-metal band structures.
0-8r MODULATED REFLECTIVITY ] Thus, reflectivity measurements will probably
not be sufficient to distinguish between the two
A types of transitions in these metals, because the

EPM can be used to fit the reflectivity data com-
- parably well with either model.

Modulated reflectivity measurements, however,
may be the key to resolving the present contro-
versy. We have used both models to calculate
the modulated reflectivity for Ta, and the results,
shown in Fig. 6, show a great many important
qualitative differences, especially below 2 eV and
above 4 €V, where the structure in the direct
model is much sharper than in the direct model.
The differences between the two models are great
enough to suggest that it would probably be ex-
tremely difficult to obtain a comparably good fit
——— DIRECT TRANSITIONS to modulated reflectivity data, using both models.
=== NON-DIRECT TRANSITIONS | Thus, future measurement of the modulated re-

08 flectivity of Ta could be used, together with
1 1 1 1 1 1 Fermi-surface and reflectivity data, to fit an
| 2 3 4 5 6 7 EPM band structure of Ta, and then, perhaps,
PHOTON ENERGY (eV) " finally resolve which of the two types of transitions

predominate in Ta.

FIG. 6. Calculations of the modulated reflectivity
spectra, based on the direct transition model (solid
curve), and the nondirect transition model (broken
curve). N

the dipole-transition matrix elements.>* Mag-
nitude differences between the data and the non-
direct results are of no significance, since con-
stant matrix elements are assumed. The value S
of the constant is somewhat arbitrarily chosen

to be that which permits the direct and nondirect

curves to be of comparable magnitude. Both r H
models predict a broad multistructured peak,
located above the peak at 3.4 eV in the data. The >
shape of the direct transitions peak is in generally
better agreement with the data. However, the
prominent peak at 6 €V in the data more clearly TANTALUM
corresponds to the peak at 5.7 eV in the nondirect
curve. On the whole, then, either curve may be
regarded favorably, based on the agreement of

each with the data. Given the inherent and un- //
avoidable uncertainty regarding the true nature e
of the optical excitation process in these tran- P N

sition metals, the present results should be re-
garded as satisfactory. Any effort to make further — PRESENT RESULTS
slight improvements would probably be of little === HALLORAN et al.
value, since one could always argue that the am-
b‘lguous~nature of the transitions would make such ing the distorted hole ellipsoids at N, the octahedral
fine tuning meaningless. hole surface at T, and the jungle-gym arm along TH.
The rough, qualitative similarity of the results Solid curves are the present results and the broken
of the direct and nondirect reflectivity calculations curves correspond to the data of Ref. 4.

FIG. 7. Cross sections of the Ta Fermi surface, show-
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TABLE II. Comparison of the present principal energy gaps with the energy gaps of Refs. 11 and 12.

T'yy—T9w Ep-Ty Iyee—Ep Ep-Hyy Ni4-Ty Nuy—Ep Ep-Py P3—-Ep P{-Ep
. eVv)
Present results 1.8 5.0 0.6 3.0 6.7 1.9 0.5 2.1 3.0
Ref. 11 2.7 8.6 0.8 3.9 8.8 1.5 1.1 4.6 7.4
Ref. 12 2.7 5.5 0.5 4.1 8.1 2.6 1.0 4.2 10.7

E. Fermi surface

Central cross sections of the Ta Fermi surface
are shown in Fig. 7. Calculated Fermi-energy
contours are shown as the solid curves. The
broken contours were derived from the data of
Ref. 4. We have assumed that the areas reported
in that work correspond to cross sections of per-
fect ellipsoids. It is known,* however, that the
experimentally observed ellipsoids bulge out along
the NI" symmetry line. The present ellipsoids
have a “wobbly” appearance, and the calculated
areas for these ellipsoids agree with the data to
within 10%. Precise values for the area have not
been calculated because of the relative crudeness
of the present interpolation scheme, and because
the calculation would involve the comparatively
inaccurate method of adding up grid squares. Also
shown is the cross section of the so-called jungle
gym. The dashed portion corresponds to the ob-
served minimum diameter of the arm. The present
contours are similar to the results of Ref. 11.

In that work, however, the hole ellipsoids have
very little distortion, and, in the THP plane, the
jungle-gym arm does not intersect the octahedral
hole surface, as in the present case. But their
jungle-gym arm in the I'NH plane apparently does
intersect this surface, while the arm and octa-
hedral contours are well-separated in our work.
Finally, referring back to Fig. 1, the minimum
of the Z, band nearest the Fermi level is just

0.2 eV below the surface. This characteristic

is important, since the ellipsoids at the N sym-
metry point would open up along the = directions
and form necks joining the ellipsoids to the jungle
gym if Z, were to fail to dip below E,. Because
the minimum is quite near E, it is quite clear
that even very small changes in the pseudopotential
could have a significant effect on the shape of the
Fermi surface.

IV. SUMMARY

An effective new scheme to determine the em-
pirical pseudopotential has been used to calculate
a tantalum energy-band structure. The present
occupied density of states is in qualitative agree-
ment with earlier APW calculations.!'''? There
is significant disagreement, though, above the

Fermi level. However, the present calculated
value of the density of states at the Fermi levels
is in excellent agreement with the value obtained
by McMillan.2

Within the context of the direct transition model,
the constant-matrix-element approximation has
been shown to be generally valid for Ta. In ad-
dition, the reflectivity of Ta has been calculated
using both the nondirect- and the E-dependent
direct transition models, and both spectra are
in comparably good agreement with the data of
Ref. 3. Because of the similarity of the two theo-
retical reflectivity spectra, it is clear that Fermi-
surface and reflectivity data alone will not be
sufficient to determine which of the two types of
transitions predominates in Ta. The large dif-
ferences between the modulated reflectivity spec-
tra, calculated according to both the nondirect
and direct transition models; however, suggest
that measurements of this quantity might be used
by the EPM to discriminate between these types
of transitions.

Cross sections of the tantalum Fermi surface
have been mapped out, and they are in agreement
with the data of Ref. 4. Furthermore, except for
minor differences, the present Fermi surface
is in fair agreement with the RAPW Fermi sur-
face of Ref. 11.

In conclusion, the fair agreement with the re-
flectivity data below 7 eV—for both direct and
nondirect transition models—indicates that the
velative locations of the energy bands are accurate
to within 0.5 eV, and the agreement with the Fer-
mi-surface data has confirmed, to within about
0.2 eV, the accuracy of the absolute locations of
the energy bands at the Fermi level. We believe
that the present results are sufficiently accurate
to encourage further calculations of electron-
phonon interactions and charge distribution in Ta.
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