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The electronic band structure of PdSb has been calculated, as well as the density of states, joint density of
states, optical transitions, and Fermi surface. In general there is good agreement with experimental results

(when they exist). Comparison is also made to experimenta1 results of other transition-metal compounds
which crystallize in the NiAs or D structure.

I. INTRODUCTION

The group of compounds which crystallize in the
hexagonal NiAs or D', ~ crystal structure continues
to interest both theorists and experimentalists.
Primarily this interest has centered on a number
of anomalies in either the magnetic, ' phononic, ' or
crystallographic' structures of several members
of this group. In this paper we focus on PdSb—a
material which as far as we know does not have
such anomalies. The phase diagram of Pub,
near x =0.5 showers a single-phase region and con-
gruent melting. 4 Thus Pd and Sb form a highly
stoichiometric compound in this region, and with
care' single crystals may be grown with high re-
sistivity ratios —of order 400. This is a sufficient-
ly high stoichiometry that the accurate de Haas-van
Alphen (dHvA) technique can be applied to measure the
Fermi surface, ' and in addition the optical px oper-
ties, ' and electron-spectroscopy-for-chemical-
analysis (ESCA) spectra' were also available.

With such a wealth of experimental data; we en-
visioned that Pd8b could be utilized as a "bench
mark" material for the entire class of ¹iAs com-
pounds and that a calculation of its electronic
structure would be readily applicable to other sys-
tems. Previous calculations include those of Tyler
and Fry, ' Mattheiss, ' and Kasowski" on ¹iS;Eng-
land, Liu, and Myron on VS"; and a molecular-
theory orbital band model of Goodenough et al."
It was our aim to utilize the several pieces of ex-
perimental data of PdSb to provide a best "ad-
justed" band structure of higher accuracy in that
sense than previous calculations in other mate. —

rials. In fact, as discussed below, a minimum ad-
justm, ent was sufficient.

The plan of this paper is as fbllows: in Sec. II
we give the formal aspects of our calculations; in
Sec. III we give the band structure and the derived
properties of the density of states, the joint densi-
ty of states, the optical transitions, and the Fermi
surface; in Sec. IV our conclusions are given.

.II. CRYSTAL STRUCTURE, POTENTIAL, AND APN METHOD

As stated above, PdSb crystallizes in the hexa-
gonal ¹iAs structure, space group D46~. The lattice
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FIQ. 1. (a) Nickel-arsenide or L)4&& crystal structure.
tb) The Brillouin zone of the g)4@, structure.

consists of hexagonal layers of Pd atoms separated
by hexagonal layers of Sb atoms. The NiAs struc-
ture is given in Fig. 1(a) and the corresponding
Brillouin zone (BZ) in Fig. 1(b). An examination of
the crystal structure in Fig. 1(a) suggests that
PdSb has a lattice which will be intermediate be-
tween that of a closed-packed elemental structure
(hcp—such as Ti metal) and an open, loose struc-
ture (such as MoS,). The full crystal potential was
calculated by the Mattheiss method' from overlap-
ping Hartree- Fock-Slater atomic-charge densities
of Herman and Skillman' using Slater's local ap-
proximation" (a = 1) to treat exchange. The atomic
configurations are given in Table I.
%'ith the two types of four atoms in the unit cell,

some freedom exists in the choice of the various
muffin-tin (MT) radii. Computational simplicity
within the augmented-plane-wave" (APW) method
dictates that these radii should be as large as pos-
sible, i.e., the Pd radius and the Sb radius touch.
%e imposed the additional criterion that the choice
of radii should minimize the sum of the square of
the discontinuities between the value of the spheri-
cally symmetric potentials inside the two types of
MT radii and the value of the MT floor in the in-
terstitial region. Although ee have not made a de-
tailed study of the point, we believe that this cri-
terion provides a simple form of smoothest MT
potential. The best choices for the radii are given
in Table I. Direct examination of the full crystal
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TABLE I. Potential parameters used for PdSb.

Atomic configuration
Lattice constant ~

Muffin-tin radii

Positions of atoms
in unit cell

Pd (4d 5s ) Sb (5s 5P3)
a =4.076 g e=5.592 A
R(Pd) = 2.254 a.u.
R(Sb) = 2.895 a.u.
Pd: (o, o, o)

(o, o, c/2)
Sb: [(a/2v 3 ),a/2, c/4)

(a/v 3, 0, 3g/4)

Fraction of volume outside
muffin-tin spheres

Zero of energy relative
to vacuum

0.448

-1.036 Ry

From Ref. 18.

potential and MT approximate with radii of Table
I, showed modest differences in the inner region
(of order 25 mHy} but larger differences in the in-
terstitial region (of order 150 mHy), a result not
too surprising in view of the "semi-loose" ¹As
structure. We have therefore ignored the "inside"
corrections, but have explicitly incorporated the
"outside" corrections.

Since the outside corrections were large we have
utilized the APW method for the band structure in
which such outside corrections take a particularly
simple form"; as a Fourier transform of the in-
terstitial potential

V,„,(r }= P V, ~~e" (1)
b

These effects are now called warping. " We have
found the expansion coefficients V~ by direct nu-
merical expansion, i.e., summing over 40800
points in the interstitial region. The relevant pa-
rameters used in the band calculation are listed in
Table L

We developed a nonsymmetrized version of the
APW method for the NiAs structure. Since the
number of plane waves needed in order that the
eigenvalues be converged to a few mBy is quite
large for this crystal structure, care was taken to
increase the syeed of the computer programs and
convergence rate of the eigenvalues. Some points
are worth mentioning.

A variable basis for each point in the —,
' th BZ is

ordered in reciprocal space according to length.
We find that the eigenvalues are converged to 3
mBy for general points in the BZ when approxi-
mately 220 ordered plane waves are used. The
same degree of convergence is obtained for a fixed
basis set of somewhat over 300 plane waves. In
passing, it is worth noting that the convergence
rates of different states s, p, and d are quite sen-
sitive to the size of the basis set following the em-

pirical rules of Mattheiss et al. ' quite closely.
The APW basis set is of course energy depen-

dent, it is therefore necessary to set up the matrix
at various energies for a given k point in the BZ
and search for the roots (when the determinant of
the secular equation goes through a zero). This is
time consuming and tedious. Hence several tech-
niques were investigated to speed up the root
searching procedure.

We have investigated a search procedure similar
to that employed in the Korringer-Kohn-Rostoker
(KKH) method. 20 The eigentrajectories are calcu-
lated on an energy interval and the roots of the
secular matrix are predicted using a regula falsi
procedure. This scheme yields all eigenvalues,
including degenerate roots, in an energy interval
of 0.1 Ry within two or three iterations. However,
this scheme is quite time consuming" since the
eigenvalues for a matrix of rank N must be calcu-
lated at each iterated energy.

In order to reduce the size of the matrix first-
order L&vdin perturbation" was applied. We find
that the speed of the program was greatly in-
creased when incorporated with the eigentrajectory
predictor, but the energy bands were shifted non-
uniformly uy to 30 mBy. This procedure is also
inapplicable .in the energy region of the logarithmic
derivative asymptotes. At this point we calculated
the secular matrix for a given R point on an energy
grid, yut the matrix in tridiagonal form and inter-
polated on the number of negative diagonal ele-
ments and the secular determinant. Even though
this leads to more evaluations of the secular ma-
trix, it is accurate and faster than calculating the
eigenvalue trajectories.

III. RESULTS

A. Energy bands

Using the APW method and the root-searching
procedures of Sec. II, the energy bands of PdSb
were calculated on a uniform mesh of 45 points in
the irreducible wedge (—,

' th) of the BZ. This mesh
in reciprocal space includes three layers; (i) the
basal plane k, =0; (ii) the face k, =s/c; and (iii)
halfway between k, =v/2c; with 15 uniformly dis-
tributed points per layer. (Because the unit cell is
"tall" along the c axis, the BZ is correspondingly
"short. ") We have found this mesh to be suffi-
ciently dense to interpolate the energy-band struc-
ture to a high accuracy as described below.

The energy bands of PdSb are shown in Fig. 2.
The lowest energy regions extending from -0.360
to -0.115 Ry are derived from Sb s states. Above
0.065 By at I' are Pd-derived d bands and Sb-de-
rived p bands. A clear distinction cannot be made
between the p and d bands. Covalent bonding and
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FIG. 2. Electronic energy-band structure of Pdsb. The zero of energy has been shifted by -1.036 py.

TABLE II. Energy levels for Pdsb at selected high-
symmetry points with and without warping.

Muffin-tin Muffin-tin
Muffin-tin corrected K Muffin-tin corrected

1+

3+
5+

1
6
6
5
2

6
3'
5

-0.350
-O.110

0.081
0.172
0.228
0.267
0.309
0.382
0'.521
0.557
0.659
0.702

-0;356
-0.116

0.063
0.150
0.198
0.251
0.291
0.371
0.515
0.537
0.645
0.706

5,
1
5
6
3
5
6
1
2
6
5

-0.180
0.141
0.131
0,237
0.269
0.334
0.371
0.392
0.402
0.475
0.530

-O.190
0.107
0.131
0.219
0.248
0.318
0.360
0.373
0.379
0.465
0.546

-0.270
0.231
0.256
0.312
0.480
0.661

-0.277
0.211
0.230
0.296
0.468
0.655

-0.172
0 ~ 102
0.243
0.247
0.316
0.328
0.392
0.401
0.736

-0.184
0.112
0.212
0.227
0.303
0.305
0.379
0.391
0.742

mixing is strong in this material, since the Pd 4d
atomic state lies just above the Sb 5P state. This
general interpretation for the electronic structure
of transition-metal antimonides has been suggested

by Allen and Stutius based on their experimental
data

The effect of including a nonspherical interstitial
potential to the energy bands can be quite substan-
tial for individual states. %e find that states at
high symmetry points change by as much as 0.034
By, but the ordering of the bands remains gener-
ally insensitive. The notable exception is the in-
terchange of two states K, and K,. The K, state at
0.131 Hy remains unchanged while the K, state low-
ers by 0.034 Ry and is below the K, state with the
addition of MT corrections. A comparison of four
high symmetry points I', K, A, and H for the two
crystal potentials is shown in Table II.

8. Density of states

In order to calculate the density of states, we
have interpolated each of the bands on the 45-point
mesh onto a Fourier series as

g (k) g g11 sit ~ 1t (2)

where as usual the set C& was made equivalent over
a star of equivalent 8's. In order that the Fourier
fit "average" the band structure n we have limited
the expansion set to 2V stars.

The electronic structure was fit to the Fourier
series by means of the least-squares procedure
MINFIT. '4 The root-mean-square error for the 22
bands fit was not greater than 12 mRy, while the
error for the bands below E~ was less than 6 mRy
(the higher bands are wider). The density of states
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FIG. 3. Electronic density of states of Pdsb.

is calculated using the linear tetrahedron method";
the number to tetrahedron needed to perform the
Brillouin-zone integration is chosen such that no
structure changes by more than 1%. This corre-
sponds to choosing 5880 tetrahairons in the —' th
BZ. N(E) was calculated on an energy grid of 2

mRy in order to determine the density of states
n(E), and the Fermi energy accurately. Once Ez
is determined, then the joint density of states
(JDOS) is calculated along the same line as N(E).

The density of states of PdSb shown in Fig. 3 can
be broadly separated into two regions. The Sb s-
band region from -0.350 to -0.125 Ry is clearly
distinct and does not overlap with the higher Pd
4d and Sb 5P states. This result of a nonoverlap-
ping nonmetal s band is also borne out by calcula-
tions of England et a/. for hypothetical vanadium
sulfide in the NiAs structure. The separation of the
sulfur s band in VS from the P-d manifold is of the
order of 0.4 By and reflects the diminished overlap
of the radial charge densities between the metal
and nonmetal constituents in VS than PdSb.

Broadly speaking, the density of states above
0.065 By and below 0.450 Ry is composed of highly
mixed Pd 4d and Sb 5P derived states. There is no
clear distinction between the nonmetal-derived p
bands from the metal-derived d bands as found in
many transition-metal dichalcogenides, "but rather
a high degree of mixed p and d states as found for
PdTe, ."

The Fermi energy of PdSb falls at 0.495 Ry above

TABLE III. Calculated and experimental features of
PdSb ESCA experiments.

Calculated (eV) Experimental (eV)

Width of s band
s to pd band gap
Width of pd band

3.13
2.48
5.84

3.0
2.90
6.10

the peak structure of the density of states. The
calculated denary of states at the Fermi energy is
25 states/(Ry cell). This leads to a value of y, the
electronic contribution to the specific heat, of 1.16
mJ/mole 'K'. Low-temperature specific- heat
measurements have not been reported to date.

General features of the density of states, can be
compared to recent ESCA experiments of Van
Attekum and Trooster. ' The experimental findings
indicate an s bandwidth of 3.0 eV, s to P-d band

gap of 2.9 eV and aP-d bandwidth of 6.1 eV, these
results agree quite well to our corresponding fea-
tures of 3.13, 2.48, and 5.84 eV (see Table III).
However, the central peak determined from the
ESCA experiment lies approximately 1.0 eV below
our calculated results.

Additionally, ESCA experiments" on MnSb tend
to confirm the above findings. If we rigidly remove
three electrons from the density of states of PdSb,
corresponding to a new Fermi energy of 0.41V Ry
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FIG. 4. Joint density of states of Pdsb.
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for "Mn81, " then the calculated Pd bandwidth be-
comes 4.31 eV which is quite close to the experi-
ment value of 4.1 eV. Furthermore, the s to Pd
gay and the width of the s band remains the same
as that of PdSb.

C. Joint density of states

Recent oytical elliysometry experiments on single
crystal PdSb by Castelijns' indicate peak structure
in the joint density of states at 1.5 and 2.0 eV and a
shoulder at 3.7 eV. The JDOS incx eases rather
linearly with energy above 4.0 eV. In order to
make connection with the optical experiment we
have calculated the JDOS of this material assuming
constant dipole-matrix elements. %e find similar
yeak structure at 1.0 and 2.1 eV. At higher photon
energies considerably more structure is found: (i)
maxima at 3.95, 4.63, and 6.42 eV; (ii) shoulders

at 3.13, 3.66, 5.00, and 5.V1 eV; and (iii) minima
at 4.08, 4.79, 6.13, and 6.55 eV. The comyuted
JDOS is sho~ in Fig. 4.

The sharp drop in the JDOS above 5.V1 eV corre-
sponds to excitations below the bottom of the pd
band. This agrees well with the width of the pd
band as measured by ESCA.' Unfortunately, this
droy is not seen in the eQiysometry results, since
the optical source was not considered monochro-
matic above 5 eV.

As is customary, identifications of peaks in the
JDOS can be made from the band structure as to
where in the Brillouin zone and which initial and
final states contribute substantially. These identi-
fications are listed in Table IV.

Optical reflectivity measurements have been re-
cently published on other transition- metal antimo-
nides by Allen and Mikkelsen. ~ We will focus our

TABLE IV. Decomposition of optical transitions for Pdsb.

Energy (eV) Direction Location Initial Final

1.0

2.1

3.95

4.63

rK
AL
rM
AI

j. 3p-g 'rM

Ks Ks

0.42-0.76 rK
0.62-0.75 AL

0.25 rm-m
0.35-0.75 AL

0.5 ML-L

r-0.43 rm
r-0.43 rK
I'-0.5 rA

15
15, 16
15
15
13,14
12, 13
10, 11
12 13
14, 15

11,12
10

6

16
17, 18
16
16, 17, 18
15, 16
18
16, 17
18, 19
19

18
16, 17, 18
14, 15
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attention on NiSb since it has the same electronic
configuration as PdSb. The infered Pd bandwidth
of NiSb determined by reflectivity measurments
and Kramers-Kronig analysis is approximately 5
eV. This is somewhat lower than the pd bandwidth
in PdSb from ESCA (6.1 eV) or from our results,
but clearly reflects the narrowing of the d band of
¹iSbrelative to Pd8b. This difference in the pd
bandwidth of almost 1.1 eV for these two isoelec-
tronic compounds can be nearly accounted for by
assuming the metal-derived d bands narrow the
same in the transition-metal antimonide as the
transition metal.

D. Fermi surface and de Baasman Alphen effect

Considerable experimental effort has been ex-
pended in measuring the dHvA frequencies of com-
pounds with the NiAs crystal structure. %e will
limit our discussion to AuSn, ~as' PtSn, ~"3 and
PdSb, ' since these materials are isoelectronic.
The models" used to understand the Fermi surface
(FS) are derived from a single orthogonalised
plane wave (1-OPW) and the Harrison~ construc-
tion. This model has been successful in explaining
the FS when modified slightly by the experimental
realities.

However, to date there has been no ab initio at-
tempt to construct a FS for any of these three ma-
terials. Using the electronic structure of PdSb a
FS was constructed which yielded similar topo&og-
ical forms deduced from dHvA experiments and the
1-QP%' model, but whose frequencies were in er-
ror by 15%-20%. In order to correct this difficulty
we shifted the ab initio E~ upward by 0.020 By.

This corresponds to an error of 0.3 electrons in
the number density of statgs or 1% of the total
number of electrons below E~. The adjusted FS
cross sections are shown in Fig. 5. The designa-
tions 3, 4, 5, and 6 correspond to the fourteenth,
fifteenth, sixteenth, and seventeenth band (from
the bottom of the band structure) crossing E~.

Cross-section 3 is designated as a hole orbit
centered around the I'A. line —the three-dimensional
picture corresponds closely to zones 3 and 4 of the
1-OPW model" [see Fig. 6(a)j. We call this orbit
the "dog's bone. "

The dog's bone orbit can support at most four
frequencies in the (0001), (1010), and (IIKO) field
directions. For the (0001) field we calculate two
orbits, the first is the I'-centered orbit in the
I'ME plane designated as p, ,""and the second is a
noncentral orbit situated along the 1"A line approx-
imately 60% of the way from I' to A. This orbit
has been designated as g.'3 The frequencies of the
p. and o orbits in the (0001) direction are calculated
as 4.9 and 35.7 MG, respectively. The two other
orbits in the (10TO) and (1120) originate from the
I'EHA and FMLA faces of the BZ, respectively,
we designate this orbit as P whose frequencies are
30.0 and 38.4 MQ, respectively.

Cross-sec'. Lion 4 also supports four orbits Fig.
6(b), the 6 and X in the (0001) field direction, the 6
in the (1010) and (1120), and the (unmeasured) g. in
the (1120) direction. This hole surface is best de-
scribed as central pillar perpendicular to the basal
plane with arms directed along the AL direction.
The 6 orbit is formed by the hole piece centered at
I' and has a frequency of 11.5 MG in (0001) field,

FIG. 5. Fermi surface of Pd8b. As explained in the text, the band Fermi level was shifted upward by 20 mRy. This
adjustment is consistent with the 1/p accuracy of the density of states, Fig. 3.
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(4

zones 3.4 zone S

while the X frequency of V5.1 is formed on the AI.H
face surrounding H Thy X, and y orbits (from
cross-section 6) are degenerate since spin-orbit
coupling has not been included in these calcula-
tions. The 5 hole orbits centered about the I. point
are quite small with frequencies of 1.3 and i.j. MG
in the (1120) and (10TO) direction. The |t orbit in
(1120) direction calculated at 98.6 MG is observed
in PtSn but not in AuSn. A search for this piece is
now in progress at the Nijmegen High Field Magnet
facility. "

Cross-section 5 does not yield any closed orbits
but rather open orbits in the (1010) field direction.
A galvanometric investigation of the FS of AuSn
has also suggested open orMts along the (1010) di-
rection ss

The FS of cross-section 6 is a hwo-sheeted elec-
tron surface and is topologically equivalent to xone
6 of the modified I-OP% model" "[Fig. 6(c)].
These orbits have previously been described as
"humbugs" situated around the HE line and "butter-
flies" surrounding M. The humbugs yieM two os-
cillations in the (0001) fieM direction, the a orbit
forms the waist of the humbug surrounding the IC

point having a frequency of 4.0 MG and the second
the y orbit surrounding the II point has a frequency
of V6.1 MG. There is possibly a third erbit desig-
nated as &, which has not been measured in PdSb,
but would have a frequency of 21.1 MG in the (1120)

TABLE V. Extremal cross-sectional frequencies for
Pdsb.

Field direction Orbit

Frequency {MG}
Experiment

{Ref. 6}Theory

(0001)

&1120)

|', 1010)

p

P

'y

X

i5

f

AS

4.0
4.9

11.5
16.9
35.7
75.1
75.1
1.3

18.9
21.1
38.3
98.6
1.1

17.6
20.3
30.0

3.11

5;05
18.3

72.0
77.0
2.27

15.8

1.95
4.98

15.7
19.0
37.7

direction and mould disappear quickly for field ori-
entations away from this symmetry direction. This
orbit has been observed in AuSn, ' '" but not in
PtSn. '~' The so-called butterfly orbits have the
symmetry of the M point and yield frequencies P in
(0001) direction of 16.9 MG and c orbits of 17.6 and
18.9 MG in the (1010) and (1120) directions.

A summary of all the calculated and experimen-
tal orbits is made in Table V.

Finally, hm cyclotron masses have been calcu-
lated in the (0001) field direction. In units of the
free-electron mass, the X and y masses are 0.43,
which should be compared to 0.49 and 0.52 in
PtSn, 33 and 0.636 in AuSn, s' for X and y, respec-
tively. The calculated P mass in PdSb is 0.28,
while the corresponding is measured as 0.3V and
0.34 in PtSn, ~ and AuSn, "respectively. A criti-
cal test of our adjusted FS with experimental cy-
clotron masses is desirame, but these are, how-
ever, presently not available.

zone S

FIG. 6. Three-dimensional Fern. i surface models
(Bef. 33): {a) zones 3 and 4; {b) zone 5; and {c)xone 6.

IV. DISCUSSION AND CONCLUSION

Vfe have calculated the electronic structure of
PdSb using the APW method and have included the
important corrections to the potential in the inter-
stitial region. By adjusting the Fermi level by 20
mBy, the calculated Fermi surface is in excellent
agreement with several observed orbits. In addi-
tion, we have predicted several other extremal
orbits. By comparison to ESCA and optical prop-
erties, are conclude that our bands are in good
agreement with experiments on PdSb. Several
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other features are predicted. We anticipate, how-

ever, that our PdSb bands will be most useful to
experimentalists in interpreting results in other
NiAs structure materials.
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