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P M3 Sb ( M= Li,K,Cs) in the ordered cubic D 03 struc-
ture. In this crystal structure (inset to Fig. 1), four simple
face-centered sublattices are mutually displaced along the
body diagonal such that a11 nearest-neighbor distances
equal 4 of this diagonal. There are two different types of
crystallographically inequivalent cations in this structure:
M& with eight M» cation as nearest neighbors, and M»
with four cations and four anions as nearest neighbors.
The primitive lattice vectors are

a, =(0, —, , —, )a,1

a2 ——( —, , 0, —, )a,1 I

tegration. The basis set consists of about 200 functions (a
basis set of about 300 functions was, however, needed for
the calculations which treat Cs Sp states as valence states,
see below). Eigenvalues of the valence states are con-
verged to better than 0.03 eV (0.2 mRy). Finally, the den-
sity of states (DOS) is calculated using the tetrahedral in-
tegration method with a square broadening scheme (with
a width of 0.16 eV, or 12 mRy) and eight primary k
points.

III. RESULTS AND DISCUSSION

A. Total-energy and ground-state properties

a3 ——( —, , —, ,0)a,1 1

and the atomic site coordinates are as follows: Sb at

r) ——(0,0,0)a,
M» at

I 1 1

2 4 4 4

M, at
(2)

The total and cohesive energies as a function of lattice
parameter were calculated for Li3Sb, K3Sb, and Cs3Sb in
the cubic (P) D03 structure and are depicted in Fig. 1.
The calculated total energies using the signer' interpola-
tion formula at three values of the lattice parameter were
fitted to a quadratic form and interpolated to obtain the
zero-temperature equilibrium lattice constant a,q and
bulk modulus B. The cohesive energies, using the Von
Barth —Heding spin-polarized exchange correlation poten-
tial (in the Hedin-Lundquist paramagnetic limit), are ob-
tained by subtracting the spin-unrestricted atomic total

and M» at

where a is the cubic lattice constant.
From total-energy calculations we have obtained the

ground-state properties of these systems. The band struc-
tures of Li3Sb, K3Sb, Cs3Sb, and that for a hypothetical
crystal (Sb ) + (with three additional positive charges
uniformly distributed in the unit cell for charge neutrali-
ty) have isolated three physical contributions to the elec-
tronic structure: (i) lattice relaxation, (ii) p-d repulsion,
and (iii) the relativistic effects. The chemical bonding in
these compounds has been studied through charge-density
plots.

II. METHOD OF CALCULATION

The total-energy and electronic band structures are cal-
culated with use of the first-principles self-consistent
general-potential linearized augmented-plane-wave
(LAPW) method' within the local-density-functional for-
malism. ' Several exchange-correlation functional
forms' ' have been used to test the dependence of
ground-state properties (lattice constant, bulk modulus) on
these potentials. Scalar relativistic effects (i.e., including
directly all relativistic effects but the spin-orbit coupling)
are incorporated for all valence states; spin-orbit coupling
is included only in the calculation of the splitting bo of
the I &5, states at the valence-band maximum. Core states
have been calculated fully relativistically in a spherical ap-
proximation. All core and valence states are calculated
self-consistently without invoking the frozen-core approx-
imation. Shape unrestricted potentials and charge densi-
ties are used throughout. The two special k points of
Chadi and Cohen are used for the Brillouin-zone in-
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FIG. 1. Cohesive energy per unit cell as a function of relative
lattice constant (a/a, „p, ) for Li3Sb, K3Sb, and Cs3Sb. a,„~, is
the experimental lattice constant (see Table I). Arrow indic/Xi1 8.88 Tf
244.11 1attice
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TABLE I. Calculated [using the Wigner (Ref. 19) exchange-correlation functional] equilibrium lattice constants {a,q ), bulk moduli

( B), cohesive energy per four atoms ( E, ) and spin-orbit splitting of the valence-band maximum (Ap) of Li3Sb, K3Sb, and Cs3Sb in the

D03 structure, compared with experimental data and the LMTO results of Christensen (Ref. 11) [using the Ceperley-Alder (Ref. 21)
exchange correlation].

Properties

a,q (A)
B (kbar)
E, (eV)
Ap (eV)

Present
calc.

6.497
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TABLE II. Calculated [using Wigner's exchange correlation (Ref. 19i] one-electron eigenvalues (in eV} and 1-decomposed local
0 0

charge character (in percentages) inside atomic muffin-tin (MT) spheres of cubic Li3Sb (a=6.572 A, RMT ——1.370 A), K3Sb (a=8.493
0 0 ct 0

A, RMT ——1.767 A, and Cs3Sb ( a =9.128 A, RMT ——1.900 A) at high-symmetry points. For each state the I characters are given for Sb
(first row), M& (second row), and M&& (third row). The energy zero is at the I »„valence-band maximum.

State

I 25.

X),

Xg,

X5„

X),

X3,

—9.31

7.28

2.98

4.92

—8.42

—2.12

0.74

3.07

—8.67

Li3Sb
S

63
3
5

28
25
10

74
1

0

0
0

11

6
30

0
0

21

70
0
2

57
5

1

0
0

54.
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to the presence of the unoccupied K 3d orbitals. These d
orbitals have an
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TABLE III. Comparison of the bandwidths and band gaps of Li3Sb, K3Sb, Cs3Sb
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FIG. 5. Calculated valence charge-density contours (in units of 10 ' e/a. u. ') for (a) Li3Sb, (b) K3Sb, and (c) Cs3Sb (without Cs 5p
states) on the (110) plane. Successive contours are separated by 4&(10 ' e/ ' Pl t d h he a.u. o s are rawn wit the correct proportion of the
lattice parameters. Dashed regions in (a) show Li-Li bond.
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Treatment (1) of Table IV of Ref. 17 was used here. The
larger lattice constants obtained by Christensen (Ref. 11) (cf.,
Table I), especially for Cs3Sb, are probably due to the use of
the renormahzed frozen-core approximation. Such an ap-
proximation has been known (see Ref. 17) to exaggerate the
lattice parameter, particularly when one renormalizes and
freezes the rather extended Cs 5p orbitals.
S.-H. Wei and H. Krakauer (unpublished).
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