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1. INTRODUCTION

In the work published almost ten years ago Chelikowsky and Cohen | 1] sugges-
ted formula” for pseudopotential spin-orbit matrix elements. This formula has been inte-
nsively used for energy band calculations of elementary semiconductors and semiconduc-
tor compounds. Generalizing Bloom-Bergstresser’s formula | 2], which followed from mo-
dified Weisz's formula |3], the authors of the work [1] have given it in the form from
which it is not easy to repeat their results. In some of the recent papers |4, 5], spin-orbit
interaction influence has been estimated on the basis of that or similar formula. We are of
the opinion that it is worth to give precise expression for pseudopotential spin-orbit inter-
action matrix elements.

2. SPIN-OREIT INTERACTION

The formula for the pseudopotenticl spin-orbit interaction matrix elements for
semiconductor compounds with zinc-blende cubic structure, which follows from Bloom-
-Bergstresser’s work [2], can be written in the form:

- —>-T<>ix_k)-—> —>—>—>S—>—>—>
<ki,V;WSO.ki,V’>=—kk—-L |\ sin (k; — k;) 7= i Ncos (k; = ki) 7], (1)

i

* Formula (18) in [1}
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where

AN+, ' A=A\,
N=— % andAA=———, (2)
_9
are the symmetric and antisymmetric contributions to the spin- orbit Hamiltonian U is
the Pauln spin operator, v and v are spin indices. Vector product k X k in (1) is given
in (—)‘ unlts where a is lattice constant. All other wave vectors are taken in atomlc

unlts Further k quI denote the point from the first Briliouin zone (BZ), k = k + g.,
-
l k + g‘ and gl, g; are reciprocal lattice vectors. The sine and cosme terms in (1) are

appropriate for the geometrical structure factor of this lattice and T =—§— (111)

The A, and \, are contibutions of the first and second element in the men-
tioned binary compounds:

A2 =au anl(kl) B‘.:-" (ki): (4)

where pu is an adjustable parameter (in Ryd) and a is constrained such that the ratio of
spin-orbit contribution for the atoms in binary compounds is the same as the spin-orbit
splitting ratio for free atoms [6].

We include only contributions from the outermost p-core states. Contributions
from inner core states or d-core states can be neglected |7].

B! | (k) is defined by
By (k1=C Ty tke) Y (r) r2ar, (5)

where R'nl (r) is the radial part of the core wave function, i denotes the element of binary
compound (i = 1, 2), j| is a spherical Bessel function, while C is the normalization cons-
tant defined so that

. -l i _
lim k Bnl (k) =1 (6)
Kk—>0

Integrals defined in formulas (5) and (6) were solved numerically in 1] on the
basis of tabulated data for radial part of atomic wave functions given in Herman-Skillman
book [6]. However, these integrals can be solved analytically |8] on the basis of radial
part of the core wave function obtained by the Roothaan-Hartree-Fock method |9]:

N
RnI =2
p=1

cnlp le , (7)

where Ng denotes the number of basis functions (Slater-type orbitals) having the form:
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5 Lt mL -1 -E
sp=l@m) 7t 2 2g ) P TR T (8)
The parameters cnlp' nlp, Elp and number N_ for each atom are given in |9,

10]. In that way we obtained the analytic expression for integral (5)**

|
kv m Ng Ntz
B (k)=C—o— X (2n N2 (2g,) P
nl 2|+1 p 1 nIpI Ip I ‘Elp .
I+ Mip +2) nlp+|+2 I—nIp 3 K2
’ 2 T 42 3 - F( 3 M +7,' PREITE k;,), (9)
Vigg vy P raesy 2 2 ip

where F is hypergeometric function and I’ is Gamma function. The constant C is defined
by the following relation:

c! v |42 .m" T2 1"'p+;_ L pt 2
= Lot H2n M T2 I+n, +2

3. DISCUSSION OF THE RESULTS

Nonlocal pseudopotential of Chelikowsky and Cohen has been tested for Si
and GaP. In the case of these semiconductors the effect of spin-orbit splitting in respec-
tive energy levels can be neglected. We repeated results from |[1]. In order to get these
results we have to take:

1. d-well radius, which is not given in |1}, has the same value for both compo-

3 and was obtained by means of ,,touching

nents in the compound. That value is a
spheres’’ approximation.

2. Matrix elements of the nonlocal pseudopotential were not included in per-
turbation terms.

3. In Brust-Lowdin's perturbation scheme, the same formula for diagonal and
non-diagcnal matrix elements in truncated secular equation had been used. The value of

parameter EisE=2 (%")2 (see (25) in |11]).

4. According to the authors statement in | 1] the solutions of the secular equa-
tion with satisfactory convergence was obtained for LGwdins parameters N =~ 50 and
L ~ 100, where N is order of truncated and L is order of total secular equation. For
example, we wiere able to repeat the results for energy levels in the point 1" from first
BZ usingN =59 and L = 113 for GaP and N =59 and L = 146 for Si.

** Let us note that the formulas (15), (17) and (18) from Ref. [8|, have some mistakes

which are corrected here. Appropriate corrections were also made in respective computer pro-
gram SPINORB. New modified version of this program will be published.

101



The results for other semiconductors are given in columns HS and RHF in Tab.
l. They are obtained by means of N = 59, L = 113 in the pointI'and N =75, L = 146 in
the points X and L. Chelikowsky-Cohen’s results are given in the column CC. Results in
the column HS in the same Table were obtained on the basis of numerical solutions of
integrals (&). The data for radial wave functions from [6] were lincarly interpolated. The
Table I.
Eigenvalues (eV) atT", X and L for indicated semiconductors, The column CC is
taken from Ref. 1. The column HS is obtained by numerical solution and the
column RHF by analytical solution of integrals (5), respectively.

a—Sn InAs InSb

CC HS RHF CC HS RHF}{CC HS RHF

re{ oo o o {rg [0 o o-fo o0 o

T; | 1054 1056 1054{T; | 1226 1227 12.27}10.89 1088 10.90

1092 10.92 10.92|I'g 12,69 12.70 1269|11.71 11.73 11.71

I‘: 1134 11.34 11.34|T 13.06 13.07 13.07111.96 11.96 11.96

Ts | 1342 13.44 1343]1; |17.08 17.08 17.09{14.87 14.88 14.89
Ts | 14,00 1399 14,00{T5 |17.32 17.32 17.32{15.30 15.31 15.30
X¢ | 249 249 249 251 251 251
Xs | 346 347 347(x{ | 605 606 606| 528 528 529
X¢ |10.22 1020 10.20| 9.26 9.24 9.25
xs | 859 857 857[x; [10.32 10.31 10.30| 947 946 9.45

x§ 1497 14.94 1494|1342 13.40 13.40

12,24 1222 12.22 {X; [15.356 15.32 15.32 1354 1352 13.52

L: 19 19 19 |Lg 1.77 176 176 1.76 175 1.75

Le | 474 473 473[L] | 646 645 645|579 578 578

9.66 9.65 9.65|Lg 11.43 11.42 1142 j10.27 10.25 10.26

Ls,s | 10.14 1012 10.13 |Ly s {11.69 11.68 11.67 {10.76 10.75 10.74

Le 11.48 11.47 11.46 [Lg 1422 14.19 14.19 |12.74 12,73 1273

14.82 14.82° 14.82 L, 18.11 18.11 18.11 (16.01 16.01 16.01

Ls,s | 15.11 15,09 15.10 [Lf s [18.24 18.22 18.22 {16.24 16.23 16.23
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Table I. (continued)

InP GaSb CdTe

cc HS RHF | CC HS RHF | CC HS RHF

re | o 0. 0. 0. 0. 0. 0. 0. 0.

l"-;’ 1121 1121 11.20 | 11.24 1127 11.24 [ 1018 10.19 10.19

I"g 1142 1141 114211200 11.99 1200 {1107 1107 11.07

1292 1293 1293 | 1286 18.86 1286 | 1266 12,66 12.66

> | 1606 1606 16.03 | 1544 1546 1543 | 1643 16.39 16.39

l": 1634 1632 1635 | 16,77 15.76 15.77 | 1668 16.70 16.71

251 252 252 | 267 268 268 | 195 194 194

5.41 529 5291 524 524 524 | 602 602 6.02

¢ 933 911 9.0 939 939 938 | 909 908 908

936 9.13 9.14{ 963 9.60 960 | 947 940 9.40

: 1386 1383 1383 | 13.72 13.71 13.71 | 1455 1451 14.51

3(—, 1439 1434 1434 | 13.79 13.77 1377 (1502 15.02 15.02

: 1.7 173 173} 183 182 182 | 143 1.42 142

5568 558 558 ] 575 574 574 | 634 630 6.30

st 1033 1032 1032 | 10.55 1056 10.54 | 989 987 9.87

Ls,s | 1048 1047 1048 {11.00 1098 10.99 | 1042 1039 10.40

13.61 1359 1359 | 13.22 13.20 13.20 {13.89 1388 13.88

1700 1697 1696 | 1643 1643 16.42 11725 1722 17.22

Lss| 1712 1707 1708 | 1659 16,57 16.58 [17.42 17.40 17.41

column RHF is obtained using analytical formulae (8) and (10). The spin-orbit parameter
p was adjusted in orcer to get respective experimental difference I'y — Iy (as in the work
[1]). The values of u, together with more precise values of @ obtained on the basis of
recent clata from [12], are wiven in Table II.

Let us emphasize scine of the results emerging from the columns CC and HS of
the Tab. I. Maximum difference is not greater than 0.02 eV for @ — Sn, 0.03 eV for InAs,
0.03 eV for GaSb, and 0.02 eV for InSb. In the case CdTe appropriate difference is 0.04
cV, except for the level X, where the difference is 0.07 ¢V. For some levels of InP
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Table. Il.
The parameters i and a used in this work. Data for u in HS column are taken from [ 1], while
the data for a in the same column are from [6]. The values for a in RHF column were obta-
ined using the data from [12). For the parameter y in the same column explanation is given
in the text,

a-Sn InAs InSb InP. GaSb CdTe

HS

RHF HS RHF HS RHF HS RHF |HS RHF |HS RHF

0.00225 0.00261

0.0012 0.00125

0.0018 0.00185

0.0020 0.0025

0.0011 0.0012

0.00137 0.0015

0.7953 0.7663

1.2803 1.2871

0.1595 0.1381

2.2166 2.3144

1.6418 1.6548

.-iaum difference is of the order of 0.05 eV. The exceptions are X% and X3 where the
~1fferencies are of the order ~ 0.1 — 0.2 eV. Here we want to say that these differencies
~iere not influenced by spin-orbit splittings. All differencies, with the exception of
cemphasizec 7'— for CdTe, X(y and X¥ for InP levels, are less or equal to the experimental
errors (~ 0.05 /). The cause of this discrepancy is not known to us.

We think that we excluded numerical errors which can emerge from the solu-
tions of the integrals (5). The results were stable on the second decimale place when we
applied different interpolation schemes, grid with 441 points generated in [6] for radial
wave functions and double precision.

We are of the opinion that our results for X% level of CdTe, X¥, XY Icvel of InP
and other levels of Tab. | are correct. Almost the same results are obtained in the column
RHF, on the basis of analytical solutions of integrals (5).

Let us stress once more that the choice of radial wave functions does not influ-
ence the band structure of semiconductors. The differencies between energy levels in the
columns HS and RHF are not greater than 0.01 eV. This difference is little greater for
I'$ level of InP and I'¥, I'§ levels of CdTe.

Using the radial wave functions in the analytical form for arbitrary point in BZ
we need less computer time (approximately by a factor two). This is important for the
density of states calculations with spin-orbit interaction included.
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