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The electronic band structures of the ferroelectric semiconductor SbSI, whose crystal structure is very
complex compared with the crystals for which the band calculations have been made up to the present,
have been calculated by the pseudopotential method im the para- and ferroelectric phases. It is shown
that this material has an indirect gap (about 1.4 eV) in both phases and that the smallest direct gap
exists at the U point on the surface of the Brillouin zone. It is also found that the optical absorption
edge shows the dichroism and electro-optic effect as observed in the experiments. As for the correlation
of the band structures with the ferroelectric phase transition (the transition temperature is about 22 °C)
it is shown that some bands greatly change their energy values at the phase transition, in particular,
the bands at the U point. Further, the dielectric constamts have been calculated and compared with the

experimental result.

I. INTRODUCTION

Recently, there has been considerable interest
in SbSI, which shows a ferroelectric phase transi-
tion! and semiconducting properties. &3 Although
phonon-related phenomena*™® in SbSI have been ex-
tensively investigated, much less is known about
its electronic band structure!®*? and correspond-
ing optical properties, 31318

One of the purposes of this work is to bring up
the essential band-structure features of SbSI and
to investigate the correlation between the semi-
conducting and ferroelectric properties. For this
purpose, the band structure of the paraelectric
phase and that of the ferroelectric phase have been
calculated by the pseudopotential method and com-
pared to each other.

The experimental results are at present insuf-
ficient, but the following facts are known for the
optical properties.

(i) The absorption edge is about 1.8 eV for the
electric field of the incident light parallel to the
c_1;ystal ¢ axis, which is also the polarization axis
(ENE), and 1.9 eV for that perpendicular to the
¢ axis (E LC) in the paraelectric phase. !*

(ii) In the : ferroelectric phase the absorption
spectra for E Il € and E L€ have line shapes similar
to those in the paraelectric phase. 3'1°

(iii) The shift of the absorption edge is about
+0.1 eV, going from the paraelectric to the ferro-
electric phase. *!* This value is the difference of
the absorption edges at 5 °C (ferroelectric phase)
and at 35 °C (paraelectric phase). Then, strictly
speaking, this value includes the effect of the
change of the lattice constants, in addition to the
proper edge shift between both phases due to the
polarization. (The edge at the transition point is
0.02-0.03eV.) In the band calculations, however,
the lattice constants at 5 and 35 °C have been em-
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ployed; therefore the calculated value should be
compared with the difference of the edges at these
two temperatures.

(iv) The absorption edge may correspond to di-
rect transitions which are electric dipole allowed.

(v) Below this direct absorption edge there
exists also a weak absorption which may be due to
indirect transitions. **1°

(vi) The observed reflectivities in both phases
below 3.5 eV are very similar to each other for
various polarizations of the incident light. !

(vii) Fine structure has been observed®® in the
reflectivity spectra in the range 2-3.5eV, In
g.ddition, the measured reflectances for E Il § and
E L€ show a large anisotropy in the electronic
properties of SbSI

(viii) The measured dielectric constant has
three peaks in the range 2-6 eV for the case of
E 1€ in the paraelectric phase. 2

Of these facts, (i), (ii), and (iv) will be em-
ployed to determine the pseudopotentials, and the
others will be used as the checks for these pseudo-
potentials. Although several experiments of
photoconductivity®*!" have been made in addition
to these, the photoconductivity will not be con-
sidered in the following discussion, because this
phenomenon is also related to impurities or de-
fects.

In Sec. II and the Appendix, the symmetry prop-
erties of SbSI crystal structures are briefly given
for both the para- and ferroelectric phases. In
particular, the selection rules for the optical
transitions are considered for both phases. Since
the SbSI crystal structures are very anisotropic,
this consideration, connected with facts (ii) and
(iv), is very useful to the determination of those
critical points in the Brillouin zone at which the
optical transition gives rise to the absorption edge.

In Sec. III, it is shown that the matrix element
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of the pseudopotential is written as the sum of the
products of atomic form factors and atomic struc-
ture factors of each atomic species, and that the
atomic structure factors of the ferroelectric phase
can be related to those of the paraelectric phase
in a simple way. The atomic form factors are de-
termined in the first part of Sec. IV. In this sec-
tion, band calculations in the paraelectric phase
have been made, by using the tentative atomic
form factors, which were chosen so as to best fit

the values obtained up to the present for other crys-

tals. Then these atomic form factors have been
slightly changed, and the band structures recal-
culated. In this way, the final atomic form factors
have been determined in order to g_i’ve the correct
values of the absorption edges for E Il ¢ and E1g
in the paraelectric phase [fact (i)]. In the rest of
Sec. IV, the calculated results of the band struc-
tures in both the para- and ferroelectric phases
are given together with the calculated dielectric
constants in the paraelectric phase.

In Sec. V, the calculated results are compared
with the experimental results [facts (iii) and (v)-
(viii)]. The agreement is shown to be good if the
uncertainty of the calculation and the scarcity of
experimental data is taken into account. The cor-
relation of the band structures with the ferroelec-
tric phase transition is also discussed by compar-
ing the band structures of the para- and ferroelec-
tric phases. Furthermore, the general features
of the band structures for complex crystals de-
duced from this work for SbSI are summarized. In
Sec. VI the conclusions are given.

II. SYMMETRY PROPERTIES OF SbSI CRYSTAL
STRUCTURES

In this section, the symmetry properties of SbSI

that are used in the following discussion are briefly

summarized; details are given in the Appendix.
It should be noted here that the crystal ¢ axis,
which is also the polarization axis, is taken as
parallel to the ¥ axis in order to be coincident
with the nomenclature of Slater’s book,'® where

® Sb

FIG. 1. Crystal structure of SbSI. In this figure only
the one double chain is shown. The arrows represents
the atomic displacements from the paraelectric phase to
the ferroelectric phase.

8
kZ
: fz B T
! U E F H
I --A__l.
)_ G’Z,:zc_--_q Y Y
/ X D S
//
X

FIG. 2. First Brillouin zone of the SbSI crystal struc-
tures. It should be noted that the y direction is taken as
parallel to the crystal ¢ axis.

the symmetry properties of the paraelectric phase
of SbSI crystals are considered in detail.

The crystal structure of SbSI is given schemat-
ically in Fig. 1, where only one double chain of
SbSI is shown. This crystal belongs to the ortho-
rhombic system and has actually two double chains
in a unit cell (then four SbSI molecules in a unit
cell). The arrows in Fig. 1 show the displacements
of the Sb and S atoms from the paraelectric to the
ferroelectric phase. (The transition temperature
is about 22 °C).

The position of jth atom (j=1, , 4) of the
atomic species a(a=Sb, S, or I) in any unit cell
is given by

R{® =R +7{®, (1)

where ﬁc,u is the translation vector of the ortho-
rhombic system and indicates the considered unit
cell. The vector ‘r"‘" represents the nonprimitive
translation, which is written

Fio =@ G pf¥ £+ (9T, (2)

Here t, (¢=x,y,2z) are the primitive translations
whose magnitudes™ are |, 1=8.52 &, I, 1=4.10
A, and I%,1=10.13 &. These values do not change
between 5 and 35 C The set of the quantities
A u}“’, and v{* is written in the following form
for j=1, ..., 4

TABLE I. Atomic positions of each atom in the unit
cell of SbSI crystals.

Para (35°C)* Ferro (5°C)*
o X, Y, 2z, X, Y, Z,

Sb 0.119 i 0.124 0.119 0.298 0.124
S 0.840 i 0.050 0.843 0.261  0.049
I 0.508 0.828  0.508 i 0.828

2The values given here are those measured at 35°C
(paraelectric phase) and at 5°C (ferroelectric phase)
(Ref. 19).
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TABLE II. Selection rules of the optical direct transi-
tions at the symmetry points of SbSI in the paraelectric
phase.

ENg EC Eng ELE
yl xl zl yl x‘ zl
Ty r, Tg Ty R® Ry® Ry® R,®
r, Ty Ty Ty ® ( b ( b ( b
T, r, Iy T, R, R; Ry Ry
T, Ty T, Ts b b b »
T, Ts r, T, ( §t ( Sz . (51 ( S,
Te r, T Ty s5;® § s° 5°
T, T Ty T,
Ty Ty Ty ry T T, T T,
T, Ty T, Ty
Xy X, Xy X,
X, Xy X, X, ( U ® ( U, < U® vg®
b b b b
Y, Y, Y, Y, 143 Us Us Uy
Y, Y, Y, ¥y (Uab <Uz' (Ush Ugb
Z, Z, Zy Zy /A u;® Ug® u;®
Z, Z Z, 2,

2The character y, %, or z means that the electric field
of the incident light is parallel to the y, x, or z direction.

PThe connected states are degenerate due to the time
reversal symmetry.

(A2, 1i®, v§¥)=(X,, YV, Z,),

(—Xq, Ya"'%, _Zu), (—Xa'*'%’ Yq'*'%) Za"'%)’

(Xoy+3,Yy —Z4+3).

The values of X, Y,, and Z, are given in Table I
for both phases. ® Here it should be remarked
that ¥'®' = £ for the paraelectric phase. (The dis-
placements in the ¥ direction give rise to the spon-
taneous polarization in the ferroelectric phase. )

The first Brillouin zone is shown in Fig. 2,
where the symmetry points and lines are indicated.
The space groups of the para- and ferroelectric
phases of SbSI crystals®®?! are DL and C,, re-
spectively. The symmetry operations of these
groups are given in the Appendix, together with
the character tables of the irreducible representa-
tions of all the groups of K, but it should be noted
here that these two groups are nonsymmorphic
and therefore all the states are at least doubly
degenerate on the surface of the Brillouin zone.
This degeneracy is caused by the spatial-symmetry
operations or by the time-reversal operation.

The selection rules of the optical direct transi-
tions are easily obtained from the character tables
in the Appendix by using the fact that the ¥, X, and
Z components of the electric field of the incident
light transform according to the irreducible repre-
sentations I'y, I's, and Iy in the paraelectric phase
and 'y, 'y, and I'; in the ferroelectric phase, re-
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spectively. The results at the symmetry points
are given in Tables Il and III. Similar results can
be obtained for the symmetry lines. These tables
should be read as follows: If the states in the
columns E 1€ and E L& are different (for example,
at the points I" and U), the corresponding direct
transitions give rise to an optical dichroism such
as that observed at the absorption edges [fact (i)
in Sec. I]. Thus, the comparison of Tables II and
III gives the important conclusion that the direct
transitions at only the points I" and U (and lines A
and F) cause the optical dichroism both in the para-
and in the ferroelectric phases in the same way.
For example, at point X, the dichroism exists in
the paraelectric phase but not in the ferroelectric
phase. From this fact, and the experimental facts
(i), (ii) and (iv) mentioned in Sec. I, it is con-
cluded that the absorption edges of SbSI in both
phases correspond to the point I" or U (or the line
A or F). The symmetry consideration is hence
very useful for the determination of the critical
point at which the optical transition gives rise to
the absorption edge, for materials with highly
anisotropic crystal structures such as SbSI.

In the rest of this section, an intuitive discussion
about the band structures of SbSI is given in order
to clarify the characters of the electronic struc-
tures. For simplicity, this discussion is limited
only to the points I'" and U in the paraelectric phase.
First, the linear-combination-of-atomic-orbitals
(LCAO) model is considered. It is reasonable from

TABLE III. Selection rules of the optical direct transi-
tions at the symmetry points of SbSI in the ferroelectric
phase.

ENg oIt ENg EL8
yl xl zl yl xl za
n nn r, I, R® (R® (R (Rs®
b, T, Is I (sz (sz (Rsb (R‘b

<R3b <R3b (sz Rlb
R® \RS® \R,® ( R,®
Xy Xy Xy X, 8 S § $1
Y /v® ,y,b /Y, Ty Ty Ty Ty
(Yzb (Yzb (Yab (be AN AN
P \\y® \\r,®» \\ r,° (Uzb u,® \u,® (U4b
Y,;° \ v,® \r,® \r,°
<U3b (Uab (Uzb Ulb
Zl U‘ b U‘ b Ui b (UZ b
2The character y, x, or z means that the electric field
of the incident light is parallel to the y, x, or z direction.

PThe connected states are degenerate due to the time
reversal symmetry.

Zl Zl Zl
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the structure of the double chain to assume that the
SbSI molecule consists of the following formula:

the ionic model
Sb*(5s%) 8% (3s%, 3p%, 3p3, 307
1"(5s%, 5p%, 505, 5p2)

or

the covalent model

Sb*(5s% 5p2)S7(3s%, 3p2, 3p2)17(5s?, 5p2, 5pZ, 5p2).

[n both models, there are 72 valence electrons for
four SbSI molecules in a unit cell and thus 36 va-
lence bands. With the use of the LCAO bases con-
structed from the atomic s and p functions, which
are given in Table IV, these 36 valence bands are
classified in the following way:

at I point,

T+ 2T, + Tlg+ 2T, + 2T5+ Tl 42+ Tl
and
at U point,

MU+ MU+ 2Us+ 2Uy+ 2Us+ 2Ug+ MU+ U

where, in the state I'y, I's, I'g, I'y, U,, U, Uy, Or
Ug, there are three s-like, two p,.-like, and two
p.-like states, and the state I';, I'y, I's, I';, U,,

Uy, Us, or Ug consists of two p,-like states. As

TABLE IV. LCAO bases of SbSI at the points I' and U in the paraelectric phase.

table the following abbreviations are employed:
L 251

() _ Z
‘PPi! “Reen1 €
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Z ik ﬁeall(b(“)(r R
Reen1

cl

for the low-lying conductionbands, these are main-
ly made of the 5p,, 5p,, and 5p, functions of Sb

in the ionic model or made of the 5p, and 5p,
functions of Sb and of the 3p, function of S in the
covalent model. The actual crystal of SbSI is, of
course, between these two limiting models, but,
as seen in the following sections, the ionic model
seems preferable.

Next, in the contrary to the LCAO model, the
free-electron model is discussed. The free-elec-
tron energies at the points I"' and U are listed in
Tables V and VI, where the set of &,, k,, and &,
designates the reciprocal-lattice vector such that

K=h,b,+h,b,+hpb,, (3)

where 5,,, 5,, and E, are the primitive translation
vectors in the reciprocal lattice and

b= @/ |t |DE G=x,9,2). (4)

In these tables, the low-lying 36 states are dis-
tinguished from the other states so that the classi-
fication of 36 valence bands coincides with that ob-
tained from the LCAO point of view. It is rea-
sonably expected from these tables that the top of
the valence band is I',, I'y, I'y, I's, or I';, and the
bottom of the conduction band is I'y, I';, or Iy at
the T point, while at the U point the bottom of the
conduction band is U, (U,) or Uq (Us).

As will be seen in Sec. IV, the conjecture men-

In this

o)
csll—TJ ),

EeRegy é;:” (F = Regyy =71,

where & and \Il(;") (s =pw by Do) are the atomlc S and p, functions of the atomic species o

(e =8b, S, I) located at the position R“u+'rj G=1, , 4).
rl (‘I’éa)+‘l’(a)+‘l’s(a§)+‘l’§ﬁ)), ( (a) (;!2) \Il(“)—\ll“ﬂ)), ('I';:l)“‘l’;:z)—‘l’;;? —‘1",21
I, (:1)_}_‘1,(11) ;;’)_\I,m)
ra (\Il(“)+\ll(°') ‘Il(“) \I,(a) (q,(a)_\p(:z)+\p(a) \Il("")) (\I,;:tt) ‘I,(:tz)_q,(a)+ (a))
(a (&) () (o)
r, (‘I’pyt + \Il,:‘z +\Il,:3 +\I',,‘; )
r5 (‘I,(c)_‘l,(;z)_*\l,(a)_\l,(a))
r6 (\P(a)—‘l’(a)—\l’SS)+\I’S4) (‘I,(:l)+\l,(:2)+\l,(:3)+\l,(u)) (‘I,(a)+ p(;!2) ‘I,(a) p“)
r ¥ () (a) (a) (a)
i Yof —¥og ~ Y+ V)
Ty (‘I’(a) ‘I’é‘;) +\I’(°') Wéﬁ)), (‘I”(:l)+‘1’(:2) q,(:s)_‘l,’(at))’ (‘I,P( +‘I’p(:2)+q'(a) (:‘))
U a (‘I’(a)*“l’(a)—t‘l’(a)“i‘l’s«i (‘I’;:‘) ;:2)'{“1\1’(“)—;\1’ ) (\I,;:ti) ;:z)—l‘l'(a)‘*i‘l’p(ﬂ)
Uaa (‘I’;;)+‘I’tf})+t‘l’(:;+z (a))
() (a)__ (a) (
Uy? (80— 42— 920+ )
a v fa) (@) _ g (@) (o) (@) _ (a)_ () (a) ()
U, (\I' ‘PSZ +i¥sy —i¥sy)), (‘I”xt +‘I’pxz ;\I’: ) 0:4), (¥, gl +¥ g +i¥ '3 +1'I’ 7)

2The states with the irreducible representations U,, U, Ug, and Uy are degenerate with

those with Uy, U, Us, and Uy, respectively.
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TABLE V. Free-electron energies at the I' point of SbSI crystal in the paraelectric phase.
The energy is written E=1.504 G (eV), G=1.37 h2+5.90 h%+0.974 k2,

hy hy h, G States No.
0 0 0 0.0 Iy 1
0 0 £1  0.97 Ty T 2
+1 0 0 1.37 Ty Ty 2
+1 0 +1 2.34 Iy Ty T Ty 4
0 0 +2 3.90 I, ry 2
x1 0 x2 527 Iy Ty T, Iy 4
+2 0 0 5.48 Iy T, 2
0 1 0  5.90 T, Iy 2
£2 0 +1 6.45 Iy Ty T Iy 4
0 1 +1 6. 87 Ty T, Ty Ty 4
1 1 0 7.27 T, Ty T Ty 4
£1 £1 £1*  8.24 T, Ty T, N r, 5
£1 21 +1* 824 I T ry 3
0 0 =3 8.73 Ty T 2
+2 0 2  4.38 Ty T, T Iy 4
0 1 =x2 9.80 r, Ty Ty r, 4

21t should be noted that the case (+1, +1, 1) is divided into two parts (see the text).

tioned here is the case; that is, the classification
of 36 valence bands is correct, and the top of the
valence band is I'g and U5(Ug), while the bottom of
the conduction band is I'y and U, (Ug). Thus the
band structures of SbSI are, on the one hand,
LCAO like, and, on the other hand, free-electron
like.

III. PSEUDOPOTENTIAL METHOD

The band-calculation method employed in this
work is the pseudopotential method. 22 Although the
precise determination of the pseudopotentials needs
many good experimental results and at present the
experiments are insufficient for this purpose, this
method has been chosen for its relatively easy use
for the calculation of the band structure for mate-
rials with very complicated crystal structures such
as SbSI, if the pseudopotentials are once obtained.
Since there is little knowledge of the electronic
structures of SbSI, for the moment the pseudopo-
tentials obtained for various other crystals will
be used for the determination of the pseudopoten-
tials which are necessary for the band calculations
of SbSI, instead of the usual process in which the
pseudopotentials are determined from the com-
parison with the experiments. The details of this
will be described in Sec. IV; this section is de-
voted to the discussion of the parameters which
are connected with the crystal structures and of
the related quantities.

As usual, the crystal pseudopotential is taken
as the sum of the atomic pseudopotentials as fol-
lows:

VE=Z 2 T o F-Reu-7?),

a Reetl J

(5

where v ,(T) is the atomic pseudopotential of the
atomic species a and is assumed to be local and
energy independent. The Fourier transform of
this pseudopotential (which is also its matrix ele-
ment between plane waves) is written
VR)=Z $,(R) S 0, (R), ®)
[ c
where Q, and Q. are the normalization volume
given for the atomic species a and the volume of
a unit cell, respectively. In Eq. (6) the quantities
S,(K) and v ,(K) are the atomic structure factor
and the atomic form factor, respectively, for the
atomic species @, and are defined by

- - Jl@)
Su(K)=27e' 7 M
)

uﬁ):%f v FeFFa%, 8)
(-3
where the integral is taken over the volume ..
The atomic structure factors can be easily cal-
culated, because the atomic positions in the unit
cell are known. Since the SbSI crystal in the para-
electric phase has an inversion center, the atomic
structure factors are real and are written as fol-
lows, with the use of the quantities given in Table
Iand Eq. (3):

SP®)=4cos2r(XP + Hhr ihyr k] )

xcos2n[- $h.+ (2 - §)n,),

where the index p is introduced for indicating that
the quantities are for the paraelectric phase. For
the ferroelectric phase, the atomic structure fac-
tors are not real. For example,
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TABLE VI. Free-electron energies at the U point of the SbSI crystal in the paraelectric
phase. The energy is written E=1.504 G (eV), G=1.37 (h +3)%+5.90 h2+0.974 (h, +3)%

23"
.‘h‘

G States No.

0.62 U U v U 4

2.70 U, U, U U 4

I/I\
OO
o O O OO OO0 OO0 OC o O o O
| |
N =N

5.58 U U, U, U 4

P
[

[ S
=3

I

[

6.52 Uy U, Uy U, Us Ug Uy Ug 8
+1

6.86 U U, v, Uy 4

8.60 U U, Uy U, Us Uy U, U 8

9.26 U U, U, Uy 4

9.40 U v, U U U U U U 8

T
=~ o o
H K H
AP
| 1
= o o

. 2n ) of the unit cell.
SY (K)=4e>'Ta /4N Since the displacement of S and I atoms are
11 compared with that of the Sb atom, the dif-
xcos2n[(X + ) h + th,+ 50 Sma. ’
(X" + €Y et ahy+ 2] ference of the pseudopotentials between the ferro-
xcos2n[- shy+ (2 - 5)n,). (10) and paraelectric phases is approximated as fol-

Since Xf,f’ and fo) are almost the same as Xf,” and lows, using Eq. (11):

VA :,’) (as is seen in Table I), Sf,,") (E) is approximated

as - ® - TABLE VII. Factor representing the displacements of
S (K) el =1/ 910 g () | (11) each atom of SbSI in the ferroelectric phase at 5°C.

The factors in the exponent represent the dis- a Yy -1 ¥y -3 F,| a

place'ments of atoms. in thc'a _ferrc')electrlc phase ‘ b 0.048 0.572 a.u.

relative to the atomic positions in the paraelectric S 0.011 0.085 a.u

phase and their magnitudes at 5°C are given in 1 0.0 0.0

Table VII. It is seen in this table that the dis-

placement of the Sb atom is about 5% of the length 3 Ey| =7.75 a.u.; 1 a.u. =5.29 x10"% cm.
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Sb & |
(evV) A (@) tev) A
2+ 2"
(c)
K (a.u) Y 3> Klaw
-2 4 emmeee- i
—_———m
f
. CH (for Cl)
-4
-6} ve(K)=0
Vde)-O /I
/ (R ¥ xuwmmmwnc st scnnn
(®) ¥ X*XuxgxRX px

(ev) A
2+ (o)
0

Vg (K)=0
S
/

av(K) =V (K) - VP (K) ~ - [1- cosA¥ g K,
+i8inAY g K, 15¥(K) (Qg,/ﬂc)vm,(ﬁ), (12)

where AYg,= (Y¢' - 1) I, |_is the displacement of
the Sb atom For large IK |, the atomic form fac-
tor v ,,(K) becomes very small, and then Eq. (12)
is farther approximated as

AV(K)~ - [ (4- K2+z<;)

x s @22 00 (), (13)
c

where P, ~Ne*AY g, is the spontaneous polarization
in the ferroelectric phase, and N and e* are the
number of Sb atoms in the unit volume and the
effective charge, respectively. Equation (13) means
that the spontaneous polarization and the atomic

FIG. 3. Atomic form factors of (a) Sb, (b) S, and (c)
I: It should be noted that these are corrected by the vol-
ume factor Q,/Q,. The symbols i, m, and f represent
three different atomic form factors of each atom with
which the hand structures have been examined, and the
final atomic form factors are those of f (see the text).
The dots in these figures are the values of the atomic
form factors obtained for other crystals [M. L. Cohen
and V. Heine, Solid State Phys. 24, 37 (1970)]. The
cross points at the bottom show the values of « that are
necessary in the band calculations of SbSI.

form factor of the Sb atom contribute mainly to the dif-
ference of the pseudopotentials and then to the differ-
ence of the band structures between both phases.

In connection with this difference of the pseudo-
potentials, it is useful to introduce the concept of
the polarization potential,?® which is analogous to
that of the deformation potential. The polarization
potential is defined as the change of the band energy
duetotheunit polarization; thatis, the energy change
of the nth band at the point k, AE,(k), is written

AE, (k)= E b{? k)P, P,, (14)

where P; is the ith component of the polarization

bf;”(ﬁ) is the corresponding polarization poten-
tial tensor. This quantity is defined in the same
way for the pair band. These polarization poten-
tials can be determined from the band calculations
by comparing the band energies of the para- .and
ferroelectric phases, as discussed in later sec-
tions. Here the electro-optic effect on the absorp-
tion edge is considered in terms of the polarization
potential. When the external electric field is ap-
plied in the direction of the spontaneous polariza-
tion, the energy change of the absorption edge is
expressed as

AEg=bP?, (15)
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where P is the sum of the spontaneous and in-
duced polarizations such as

P=By(T)+ X Eoxt, (16)

where E(T) is the spontaneous polarization and yx
is the electric susceptibility. Then the linear and
quadratic electro-optic effects are expected for the
ferro- and paraelectric phases, respectively, in
the following way:

AEY = 26" By(T) Euye, 17
AEL =bX""2Ey. (18)

These electro-optic effects have been measured
for the absorption edges of SbSI in both phases. '3

IV. BAND STRUCTURES AND OPTICAL PROPERTIES OF
SbSI

In this section the calculated results of the band
structures and of the dielectric constants of SbSI

|
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FIG. 4. Changes of the
band energies for three dif-
ferent sets of the atomic
form factors at the points
T and U of SbSI in the para-
electric phase.
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are given. The determination of the atomic form
factors are assumed, as usual, to be local and
spherically symmetric, such that va(§)= v OL(.K)’
where k is the absolute value of the vector K. As
mentioned in the preceding section, the usual pro-
cess of the determination of all the atomic form
factors from comparison with experiments is im-
possible, for at present there is little knowledge
about the band structures and the optical proper-
ties of SbSI, and the experiments are insufficient.
Therefore, the energy levels have been calculated
only at the points I" and U of SbSI in the paraeclec-
tric phase using the tentative atomic form factors,
because direct absorption edges have been ob-
served with a relative precision and they corre-
spond to direct transitions at the point I" or U, as
shown in Sec. II. The calculations have then been
repeated with the use of the other atomic form
factors which have been changed slightly from the
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first tentative ones, until the calculated values of
the absorption edges for E I € and E 1T coincided
with the observed values in the paraelectric phase.
Finally the over-all band structures have been cal-
culated using the atomic form factors determined
in this way. It should be remarked here that these
final atomic form factors contain much uncertainty,
because only two experimental results have been
used in the above process of the determination of
the atomic form factors. This uncertainty can be
checked by the comparison of the calculated band
structures with the other experimental results and,
as will be seen in the Sec. IV, the calculated band
structures explain the experiments considerably
well.

The first tentative atomic form factors have been
determined from those obtained at present for vari-
ous other crystals. (For the Sb atom, for ex-
ample, the atomic form factor is determined for
the crystals of Sb, AlSb, GaSb, and InSb). In
doing so, the following interpolation formula used
by Falicov and Lin®* has been assumed for all the
values of « less than 62 a.u. :

(Ra/R) V4 (K)=A 4 (k¥ = Bo)/(1+ea%*Da) - (19)

because the number of k¥ necessary for the band
calculations of SbSI is extremely large, as shown
in the bottom of Fig. 3. It should be noted that
Eq. (19) contains the volume factor Q,/Q,. For
the values of k larger than 6/2 a, u., it has been
also assumed that v (k)=0. The potential param-
eters A, B,, C,, and D, in Eq. (19) have been
chosen so as to best-fit the values of the atomic
form factors obtained up to now. These values
have been cited by Cohen and Heine? for Sb and S
atoms and are shown by the dots in Fig. 3. For
the atom I there exists no atomic form factor;
therefore, that of the atom C1?*'%® has been used,
because the atomic pseudopotential v ,(F) is mainly
due to the nucleus and the core electrons of an «
atom and, therefore, it is expected that the atom-
ic pseudopotentials for the atoms with the same
valency (for Iand Cl, Z="1T) are approximately the
same. This approximation is written

Qv4(k)= [ v (F)e* d%
~ [vaF)e™ dr=Qqwa(k). (20)

These tentative form factors are shown by the lines
i in Fig. 3.

The calculated energy levels at the points I' and
U using these atomic form factors are given by the
part ¢ in Fig. 4, where the abbreviated notions are
used for the irreducible representations. (For
example, the number 8 at the I' point means that
this level belongs to I'y and the double manner 1-2
at the U point represents the degeneracy of the
states U, and U,.) Since this result did not give the
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correct values of the absorption edges in the
paraelectric phase [fact (i) in Sec. I], the cal-
culations have been repeated for the other atomic
form factors which have been changed slightly from
i. One example of the atomic form factors and the
calculated results are shown by 7 in Figs. 3 and 4.
The lines f in Fig. 3 represent the final atomic
form factors and the corresponding potential param-
eters are summarized in Table VIII. These give
the correct values of the absorption edges in the
paraelectric phase; that is, 1.82 eV for Ei¢ and
1.91 eV for E L&, The former edge corresponds to

the transition U{%~ USS, and the latter to the transi-

tion U%y~ UL, where the indices v and ¢ indicate
the valence and conduction bands. It should be re-
marked that the band-edge states at the I' point are
always I'§” and I'® and that the optical transition
between these states is forbidden. It should be
also noted that the experimental results used for
the determination of the atomic form factors are
only the absorption edges in the paraelectric phase
and not in the ferroelectric phase.

The over-all band structures have been calculated
using the atomic form factors f for the symmetry
points and lines. The results show that the classi-
fication of 36 valence bands is the same as that ob-
tained from the LCAO point of view in Sec. II. The
calculated band structures around the forbidden gap
in the para- and ferroelectric phases are given in
Figs. 5 and 6, respectively, where the same ab-
breviation of the irreducible representations is
employed as in Fig. 4. The same atomic form
factors have been used for both phases. The atom-
ic positions which enter into the atomic structure
factors, Egs. (9) and (10), have been those mea-
sured at 35 and at 5 °C for the para- and ferroelec-
tric phases. ' Although these temperatures are in-
dicated in the figures, the effects of the lattice
vibrations on the band structures have not been
considered in the calculations. It is seen from
these figures that the SbSI crystals have an indi-
rect gap in both phases. In the paraelectric phase,
the top of the valence band and the bottom of the
conduction bands are U’y and Z'®, respectively,
and the magnitude of the indirect gap is 1.41 eV.
The corresponding value in the ferroelectric phase

TABLE VIII. Parameters of the atomic form factors.

Aua Bab Cuh Dab
Sb 0.20 2.3 2.8 3.1
s 0.16 3.4 3.4 3.2
I 0.28 2.6 3.6 3.2

2The unit of A, is eV.
®The units of B,, C,, and D, are a.u.
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FIG. 5. Band structure of SbSI around the forbidden gap in the paraelectric phase. (The atomic positions at 35°C are

used in the calculation.) The numbers represent the corresponding irreducible representations at the symmetry points

and lines.

is 1.43 eV, which is the energy difference of Z ‘f)
and R‘,‘.”; The minima of the direct gap exist at
the U point in both phases, thus the direct absorp-
tion edges correspond to the optical transitions at
the U point in the ferroelectric phase as well as in
the paraelectric one. The calculated values of the
absorption edges are 1.82 eV for Ene (U - use)
and 1.91 eV for E L& (U~ ULS) for the paraelec-
tric phase, and 2.03 eV for E I E(UY,~ UY)) and
1.97 eV for E L& (U~ UL,) for the ferroelectric
one. Thus, the shift of the absorption edges from
the para- to the ferroelectric phases is about
0.1~0.2 eV, but the dichroism of the absorption
edges is contrary in both phases [facts (ii) and (iii)
in Sec. IJ.

As seen from the figures, the over-all band
structures in both phases are generally similar to
each other, except for the small shift of the posi-
tion of energy levels. The remarkable fact to be
noted is the splitting of the states at the R point in
the ferroelectric phase (these states are degenerate
due to the time-reversal symmetry in the para-
electric phase). The features of the over-all band
structures of SbSI are the existence of many close-

energy levels, the small band width of about 1 eV
(thus the large effective mass) and the large anisot-
ropy of the band structures. The third feature is
the reflection®® of the highly anisotropic crystal
structures of SbSI; that is, in the direction of the
crystal ¢ axis the electrons can easily move and
thus the band variation with K is relatively large
along the lines A and F, which are parallel to the
¥ direction (or the crystal € axis). The first and
second features are related to the fact that there
are many atoms in a unit cell of SbSI and the di-
mension of the unit cell is considerably large.
Furthermore, the low symmetry of the crystal
structures contributes to the second feature, be-
cause in this case there are many states with the
same symmetry and they cancel one another.

In Fig. 7, an example of the convergence of the
energies of the states I'y and I'; is given for the
paraelectric phase. The convergence of the other
states is almost the same. The quantity G repre-
sents the number of plane waves employed in the
band calculations and is connected with the kinetic
energy of the plane-wave state with the wave vector
(K+Kk) such that
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FIG. 6. Band structure of SbSI around the forbidden gap in the forroelectric phase. (The atomic positions at 5°C are
used in the calculation.) The numbers represent the corresponding irreducible representations at the symmetry points

and lines.
T=(12/2m) (K +K)?= 1. 504G eV, (21)
G=1.37(he+p, )2 +5.90(h, +py )+ 0. 974 (R, + )%,

22
where the set of &,, hy, and h, is defined in qu )
(3) and the set of p,, p,, and p, designates the wave
vector K in the first Brillouin zone (= 3 <py, p,, ps
=<3). The above-mentioned band calculations have
been made for G=50. Thus the accuracy of the
band energies is about 0. 1 eV, but may be about
0. 05 eV for the pair band.

The density of states of the bands is given by

D(E)=222. 8, (K)-E), (23)
R i

where E,(K) is the energy of the ith band at the
point k. For the calculation of D(E), the first
Brillouin zone has been divided into 512 sections
and the band structures have been calculated for
the central points of each section. (Actually only
64 sections are needed, because the first Brillouin
zone can be divided into 8 equivalent parts.) This
number of sections is small compared with that
usually taken for Ge, Si, etc.,? but it is expected

that for the case of SbSI the calculated result will
reveal the significant structures in D(E) because
all the bands of SbSI are very flat. The band cal-
culations for the general Kk points have been made
for G=40. This means that the calculated accur-
acy of the energies is about 0.2 eV. Next the &
function in Eq. (23) has been approximated as

S(E (k) - E)= A(E(K) - E), (24)
AE,k)-E)=1 for |E,®)-E |<3iaE
=0 for |E,k)-E |>3AaE. (25)

The value of AE has been chosen to be 0.2 eV.
The calculated result of D(E) for the paraelectric
phase is given by Fig. 8. As expected, this re-
sult shows many structures. It is found that the
valence bands separate into five groups. As will
be seen later, these are interpreted as the 5s-like
bands of I atoms, the 3s-like bands of S atoms,

the 5s-like bands of Sb atoms, the 5p-like bands of I
atoms, and the 3p-like bands of S atoms as the
energy increases. Similarly, the low-lying group
of the conduction bands in Fig. 8 corresponds to the
5p-like bands of the Sb atoms. Further, it is seen
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Next, the character of each band has been quali-
tatively identified from the chemical point of view.
For this purpose, the energy changes of each band
have been calculated against the changes of the
atomic form factors of each atom of SbSI. The
example of the I'y and I', states in the paraelectric
phase is given in Fig. 9, where case 0 corresponds
to the energy levels for the atomic form factors f
of Fig. 3. Cases 1 and 3 represent the energy
levels for the 10% increase of the values of the po-
tential parameters A, and B, in Eq. (19) from case
0 for only the Sb and I atoms, respectively; case
2 represents those for the 10% decrease of the
values of the corresponding quantities for only the
S atom. It is found from this figure that only the
specific bands change their positions greatly com-
pared with the corresponding changes of the atom-
ic form factors, which are indicated by the arrows
in this figure. This tendency of the energy changes
is seen to correspond to the changes of the atomic
form factors, as the increase of the quantities A,
and B, augments the negative part of v («x), which
means that the negative part of the atomic pseudo-
potential localizes more closely to the nucleus,
and thus the energy levels become deep. From
the results shown in Fig. 9, as well as the LCAO
bases given in Table IV and the ionization energies
of the atomic levels of each atom of SbSI, it is
concluded that the character of each state is the
following: 5s-like of I, 3s-like of S, 5s-like of
Sb, 5p-like of I, 3p-like of S and 5p-like of Sb
as the energy increases. These identifications
are not, of course, exact, but they may indicate
that the ionic model Sb*S%1 is profitable.

The difference in the ionicities of the Sb atom

para

1 1 1

-20 -10 ]

FIG. 8. Calculated density of states of the energy bands of SbSI in the paraelectric phase.

shown by Eg.
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FIG. 9. Energy changes of the I'; and I', states in the
paraelectric phase against the changes of the atomic form
factors of each atom of SbSI. The case 0 represents the
energy levels for the atomic form factors f. The case
1, 2, and 3 represents those for the atomic form factors,
whose potential parameters A, and B, of only the Sb, S,
or I atoms are changed by 10% from the case 0, respec-
tively. The arrows indicate the levels which move greatly
against these changes of the atomic form factors. The
forbidden gap is shown by Eg.

between SbSI and GaSh—that is, Sb® in SbSI and
Sb¥ (or probably Sb”) in GaSb—may raise some
doubt about the potentials of the Sb atom to be
used. In SbSI the electronegativities of S and I
are larger than that of Sb, while the electronega-
tivity of Ga is smaller than that of Sb. An uncer-
tainty in the potential of the Sb atom may arise
from the fact that the potentials of the Sb atom
have, at present, been determined only for the
Sb crystal and ITI- V compounds such as GaSb.
Then it is interesting to examine the low-lying
s-like valence bands which are shown in Fig. 10,
because these bands are not free electronlike and
the pseudopotential method is thought of as less
favorable to this case. The calculated results of
Fig. 10 show, however, that the pseudopotential
method gives reasonable band structures whose
wave functions may be bound tightly to the atomic
cores.?’ For these tightly localized states it is

ELECTRONIC BAND STRUCTURES OF SbSI IN THE PARA-...
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reasonable to assume that the interaction between
two double chains of SbSI crystal is negligible.”
This simplified one-double-chain model is char-
acterized by its space group of CZ,. From the
compatibility relation of CZ, and DX given in Table
IX, the I', - I} states and the I'y - I'g states are
found to be accidentally degenerate in the simpli-
fied C%, model. This accidental degeneracy is
seen for the 3s-like bands of the S atom in Fig. 10
and the simplified model is not as good for the
5s-like bands of the I and Sb atoms.

In order to investigate the optical properties
of SbSI, the imaginary parts of the dielectric con-
stant have been calculated for the paraelectric
phase. (The calculation has not been made for the
ferroelectric phase because in this case the atom-
ic-structure constants are not real and this doubles
the dimension of the matrix, which must be diag-
onalized in the calculation of band energies and
wave functions.) The imaginary part of the dielec-
tric constant is defined by

) 8n%e® 2
€, (w):—z—zm @ E E | E{pcv [
R

X 8(E (k) - E (k) - Fw), (26)

where €; is the ith component of the unit polariza-
tion vector of the incident light with the energy

hw, and p., is the matrix element of the momentum
operator between the empty-conduction and filled-
valence bands, whose energies are given by E (k)
and E,(k). The index i of €.’ (w) corresponds to the
polarization of the incident light. The method cal-
culating of €5’(w) is the same as that employed for
the density of states. The first Brillouin zone has
been divided into 512 sections and the band calcula-
tions for each section have been made for G =40,
which corresponds to the accuracy of about 0.1 eV
for the pair bands. The value of AE in the A func-
tion defined by Eq. (25) has been taken to be 0. 1
evV.

The calculated wzeé”(w) of SbSI in the paraelec-
tric phase is shown in Fig. 11 for three polariza-
tions (i=a, b, orc for EIlE, Enb,or ENg). In
these figures, the shaded part represents the con-
tribution from the nonsymmetric (NS) sections, in
which no symmetry points or lines of the Brillouin
zone are contained. It is seen, first, that the di-
electric constant is greatly dependent on the polar-
ization. Second, there exist many fine structures
at least within the precision of 0.1 eV. Third, the
contribution from the NS part has almost the same
structure as the total eg”(w). The first feature is
related to the anisotropic crystal structure of SbSI?®
and the second and third ones are the consequences
of its band structures; that is, there are many
close-energy levels over the whole Brillouin
zone and the k dependence of each band is not large.
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As described in Sec. V, the usual critical-point
analysis of the structures in €'’ (w) is not meaning-
ful, but the large peaks in eén(w) below 6 eV have
been found to be due to the optical transitions to
the low-lying group of the conduction band, which
reveals the peak around 5 eV in the density of
states (Fig. 8), while the peaks above 8 eV are
due to the transitions to the higher-conduction
bands. Finally, the decrease of the magnitude of
€. (w) above 10 eV may be due to the exhaustion
of the oscillar strengths of the valence bands.

V. DISCUSSION

A. Comparison with the Experiments Giving Optical Properties
of SbSI

The calculated results of the band structures and
the dielectric constants are first compared with
the experimental results of the optical properties
summarized in Sec. I

(i) The values of the absorption edges of SbSI
in the paraelectric phase have been used for the
determination of the atomic form factors so as to

SbSI
(eV) para
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FIG. 10. Band structures
of s-like valence bands of
7-8 |g 4 2 SbSI in the paraelectric
! phase. It should be noted
3 that the energy scale of this
figure is different from that
i of Fig. 5.
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obtain the correct values of the absorption edges
for EI€ and E 1. It should be only noted here
that the values used for the absorption edges are
not precise because the line shapes of the absorp-
tion edges have the Urbach tail?® and the gap ener-
gies cannot be determined with good precision from
the experiments.

(ii) Use has been made of the similarity of the
line shapes of the absorption edges in both the

TABLE IX. Character table of the group C,, and the
compatibility relation of Cy, and D,,. (The definition of
the symmetry operations is given in the Appendix.)

Cop E c» I ole0
r, 1 1 1 1
T, 1 -1 1 -1
T, 1 1 -1 -1
T, 1 -1 -1 1
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FIG. }1. Calculated imaginary parts of the dielectric constant of SbSI in the paraelectric phase for (a) Ell i, b) Ells,
and (c) ENE. The ordinate represents the quantity wgeé‘) (w), where i=a, b, or ¢c. The shaded part (NS) is the contribu-
tion from the sections which do not contain any symmetry points or lines of the Brillouin zone.
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para- and ferroelectric phases, according to the
assumption that the absorption edges of both phases
are brought about by the optical transitions at the
same critical point in the Brillouin zone. However,
since the adjustment of the atomic form factors
has been made only for the paraelectric phase, and
the same atomic form factors have been employed
for the ferroelectric phase, the calculated edges
for the latter phase have the inverse dichroism to
the observed one.*!* As for the over-all band
structures, they are similar in both phases.

(iii) The calculated value of the edge shift be-
tween both phases is + 0. 13 eV, which is the aver-
age of the values for E Il € and E 1&; the measured
value is about +0.1 eV, *

(iv) It has been initially assumed that the ab-
sorption edges correspond to direct transitions.

(v) The existence of an indirect absorption be-
low the direct edges is in agreement with the cal-
culated result that SbSI has an indirect gap in both
phases.

(vi) The resemblance of the observed reflectiv-
ities of both phases is the consequence of the re-
semblance of the over-all band structures in both
phases.

(vii) The calculated dielectric constants for
three polarizations show many fine structures
which may give rise to the fine structures in the
reflectivities. There is also in Figs. 11 and 12

K. NAKAO AND M. BALANSKI
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clear difference in reflectance between E Il € and
E 1¢; this difference is due to the differences in
the dipole-matrix elements. The dipole-matrix
element for E Il & is greater than that for E LG,
between 2 and 4 eV, where measurements are
available. 1

(viii) An experimentally determined dielectric
constant’? has been determined for the case of
Ene only in the paraelectric phase. For compari-
son with this experimental result, the phenomeno-
logical broadening factor y has been introduced into
the calculation in order to diminish the fine struc-
ture in the calculated €' (w). This has been done
by replacing the A function in Eq. (25) by the follow-
ing Lorentzian function:

f(E c(k)-Ev(ﬁ)_ hw)=T [Ec(E)—Ev(R)-‘ﬁW]2+)’2

(27)
The value of ¥ has been chosen to be 0.1 eV. The
calculated results of w?ei’’ (w) are given by the
solid curves in Fig. 12, as are the above-men-
tioned experimental results, which are shown by
the dashed curve. Below 6 eV there are five struc-
tures in both the calculated and experimental curves.
These structures are marked by the arrows in Fig.
12 and listed in Table X, where the critical points
at which the transitions give rise to the correspond-
ing structure are summarized. For the higher

w? &M w) SbS| para
4\ V=0.1ev
3
2
£ 2 1a
>
£ 1 72
£
®
o 2
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> ho(ev
) 8 10 2 1 % «(eV)

FIG. 12.

Imaginary parts of the dielectric constant with the phenomenological broadening factor y=0.1 eV. The solid

curves €; and €3 show the calculated dielectric constants for EI1E and ELE, where €3 is the average for €% and €®’. The
dashed curve is the experimental curve for E|lC cited by Nikiforov and Khasabov (Ref. 12). The five structures seen in
the dielectric constants for EIl& below 6 eV are marked by the arrows.
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TABLE X. Observed and calculated positions of the
structures in the imaginary part of the dielectric constant
of SbSI in the paraelectric phase for EIlC.

Critical points at which the

Position transitions contribute to the

Structure expt.* cal. corresponding structure
A (kink) 1.9 eV 1.8 eV U

B (hump) 2.3 2.5 (?)

C (peak) 3.1 3.6 UZAGD

D (peak) 4.0 4.3 TXURZAAAGFB
E (peak) 5.5 5.0 TZAGFBE

2This value is taken from the figure cited by Nikiforov
and Khasabov (Ref. 12),

three peaks, the agreement is not as bad for their
positions and relative magnitudes. Finally it
should be remarked that each structure is brough
about at many critical points and thus the usual
critical-point analysis of the structures in the di-
electric constants is not meaningful for SbSI.

B. Correlation of Band Structures with the Ferroelectric Phase
Transition

Next, the band structures of SbSI in both the
para- and ferroelectric phases are compared to
each other in order to study the effect of the spon-
taneous polarization in the ferroelectric phase on
the band structures. In Table XI the calculated
energies of several bands and pair bands are listed
for both phases. It is seen from this table that the
change of energy values is very dependent on the
states and that the energy values of the states at
the U and R points greatly change from the para-
to the ferroelectric phases. This fact as well as
the fact that the states at these points are consider-
ably sensitive to the pseudopotentials (Fig. 4) may
show that the ferroelectric phase transition is re-
lated to the instability of the electronic states in
addition to the instability of the lattice. 2

From Table XI, the polarization potentials de-
scribed in Sec. III can be easily obtained by the
use of the measured value! of the spontaneous po-
larization at 5 °C of P,=0.19 C/m? The results
are given in Table XII. The magnitude of the cal-
culated polarization potentials is of the same order
as those obtained by Zook and Casselman®® for
SrTiO,. Strictly speaking, the values of the polar-
ization potential given in Table XII also include the
effect of the change of the lattice constants. How-
ever, the change of the lattice constants between the
two phases is very small, so that the calculated
changes of the energy levels between both phases
can be considered mainly as the effect of the po-
larization, although the observed temperature de-
pendence of the absorption edge (dE;/dT=-0.9
% 10°% eV/°K) in the paraelectric phase may be due
to the effect of the change of the lattice constants.
In this connection, the large temperature depen-
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dence of the absorptionedge (dEg/dT = -2.2X1073
eV/°K) observedin the ferroelectric phase for

E 1€ can be treated in terms of the polarization
potential. In practice, substituting the value of
b(UsS - U4%)=1.TeVm*/C? and the observed rela-
tion such as P%=— 20X 10°4T -~ T ;) C%/m* into

Eq. (15), one obtains the temperature dependence
of the absorption edge for E L & as follows:
dE;/dT=-3.4%10"2 eV/°K. This value is thought
of as good if the inaccuracy of the band calculation
is taken into account.

The electro-optic effects of the absorption edges
are calculated with the use of these polarization
potentials. Under the assumption that the electric
susceptibilities are the same for both phases, the
following relation can be obtained from Eqgs. (17)
and (18):

2
AEY/AEY = 4bPYT). (28)
TABLE XI, Calculated energy values of several bands

and pair bands of SbSI in the para- and ferroelectric
phases. The unit is eV,

Para (35°C) Ferro (5°C)
Band® E(para) Band® E(ferro)  E(ferro)-E(para)®
r® 1.28 r 1.29 0.01
r& 0.40 r» 0.55 0.15
re 3.30 ry® 3.27 -0.03
r& 3.92 re® 3.97 0.07
r{e 3.96 re 3.90 -0.06
xo 0.81 X" 0.88 0.07
x4 3.57 x© 3.57 0.0
Y® 0.20 Y 0.27 0.07
v 3.97 Y 3.96 -0.01
z® 0.64 z® 0.66 0.02
z©® 3.10 z® 3.08 —0.02
v 1.69 ] 1.42 -0.27
vs 1.60 U 1.48 -0.12
v 3.51 vs) 3.45 -0.06
R 1.65 0.36°
Ri3 R{Y 1.48
RS} 4.94 0.33¢

Ri3 RS 5.60

r-r 2.02 ro-rd 1.98 -0.04

vl -vé 1.82 vi-v 2.03 0.21

vE-vy 1.91 vl-uvyY 1.97 0.06

RE-RY
RE-RY 3.74 RS R 3.71 -0.03¢

%The indices v and ¢ indicate the valence and conduction
bands, respectively.

bThis value is the energy difference of the states in
both phases which are connected each other by the com-
patibility relation between two phases.

°This value is calculated with the use of the averaged
energy of the two states at the R point in the ferroelectric
phase.
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TABLE XII. Polarization potentials for several bands
and pair-bands. (The unit is eV m*/C2,)

BT &) 0.3
(T ) -0.9
b -7.8
(U -3.5
() -1.7
B -1 -1.2
bUQ-U2 6.1
U -uY 1.7

For E I ¢, the quantity b in this equation is b(Uf,f,),
- 5.":,) in Table XII, because the absorption edge
exists at the U point. The value of Eq. (28) is
calculated as 2. 9% 107! eV by using the value of
b(UsS - UL%)= 6.1eV m*/C? and the observed value'
of P2(T=16.6°C)=120x10"*C%/m*, whereas the
corresponding value obtained from the measured
electro-optic effect is 2. 9% 10°% eV, where the ob-
served values!® are used for AEY’ =3.3x107 eV
(at 16.6°C) and AEY =3.8x10 eV (at 25.5°C)
at Eo:=1kV/cm. Thus the calculated value is
much greater than the observed one. This dis-
crepancy is now unaccountable, because the cal-
culated value of the edge shift between both phases
is in agreement with the experiment.

The discussion given in this paragraph is not
completely correct, because the temperature de-
pendence of x in Eqs. (17) and (18) has not been
taken into account. The quantity x can be related
to the static dielectric constant as follows:

x=[es(T)-1]/4r.
Then Eq. (28) should be written
AEL?/AEL = @[ (T) e5(TP )R P5(T'"), (28)

where 7Y and T represent the temperatures
considered in the ferro- and paraelectric phases,
respectively. Using the measured values of
€(T*"=16.6°C)=3.1x10% and of €5(T*® =25.5°C)
=14. 3% 10% one obtains the value of Eq. (28) as
1.3x10% eV. Thus the calculated value is greater
than the observed one only by a factor of 4. This
discrepancy may be due to the large elongation of
the crystal under the external electric field
(dc/c/dE = 3.5%10°"/V/cm).

C. General Features of Band Structures of the Complex Crystals

From the calculations of the band structures and
optical properties of SbSL the following features
are deduced as the characteristics of the complex
crystals: (i) the existence of many close-energy
levels, (ii) the small bandwidth or the large ef-
fective mass, (iii) the existence of a fine structure

in the dielectric constants or in the reflectivity,
and (iv) the fact that many Kk points in the Brillouin
zone contribute almost equally to the structures of
the optical constants or, in other words, it is not
necessary to use the usual critical-point analysis.

D. Discussion of Obtained Pseudopotentials and Comparison
of Calculated Band Structures with Other Band Calculations of
SbSI

Although the calculated band structures of SbSI
explain fairly well the existing experimental re-
sults, there exists much uncertainty regarding the
obtained atomic form factors. In particular, the

atomic form factor of the I atom has been chosen
arbitrarily to some extent, because this has been

primarily determined from that of the Cl atom and
the band structures around the forbidden gap did
not depend strongly on this form factor. The pre-
cise determination of this form factor must be
done by the comparison with the experiments of the
optical properties of higher-energy range. The
problem exists, however, in the atomic form fac-
tor of the S atom rather than that of the I atom,
because the values of v (k) obtained up to the pres-
ent for other crystals scatter widely, as seen in
Fig. 3(b).

The calculated results for the ferroelectric
phase show poorer agreement with the experiments
than those for the paraelectric phase. One of the
reasons for this is that the same atomic form fac-
tors have been used for both phases. I the atom-
ic form factors are different in both phases, it is
very interesting because the polarization of core
electrons may contribute largely to the spontaneous
polarization.

The calculations have been made by the use of
the values of the atomic positions at 5 and 35 °C,
but the effects of the lattice vibrations have not
been considered. One of these effects may be in-
cluded directly in the band calculations by multi-
plying the atomic structure factors by the Debye-
Waller factors, as was done for PbTe and SnTe
by Tsang and Cohen. 3! Further, the electron-
phonon interaction will affect the band structures
near the ferroelectric phase transition because
this interaction plays an important role in the
phase transition of the displacive-type ferroelec-
tric® such as SbSL

Next it should be pointed out that, simply from
the symmetry point of view, the absorption edges
of SbSI may exist on the symmetry lines A or F,
as shown in Sec. II. Although the bottom of the
conduction band has been supposed to be on the A
lines by Bercha et al. ’m this possibility seems un-
likely within the calculated results described in
the previous sections.

The band structures and optical properties of
SbSI have been also investigated by Yamada and
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TABLE XIIl. Characters of the irreducible representations of the group 12 of DiE.

E ¥ Cév) C%" I o..(’avl) Ul(!“) a.‘(’.w)

E C%"’ Cé”’ C’%" 1 ”'(rw) o"(,“’ Un(;”)
r, 1 1 101 1 1 1
r, 1 1 1 1 -1 -1 -1 -1
r, 1 -1 1 -1 1 -1 1 -1
r, 1 -1 1 -1 -1 1 -1 1
r, 1 1 -1 -1 1 1 -1 -1
r, 1 1 -1 -1 -1 -1 1 1
r, 1 -1 -1 1 1 -1 -1 1
ry 1 -1 -1 1 -1 1 1 -1
X, 2 0 0 o 0 0 2 0
X, 2 0 0 o 0 0 -2 0
Y, 2 0 0 o 0 0 0 2
Y, 2 0 0 o 0 0 0 -2
z, 2 o0 0 0 0 0 2 0
z, 2 o0 0 o 0 0 -2 0
R, 2 0 0 0o 0 0 0 2
R, 2 0 0 0 0o o0 0 -2
S, 2 2% 0 0o 0 0 0 0
S, 2 -2 0 0o 0 0 0 0
T, 2 2 0 0o 0 0 0 0
T, 2 -2 0 0o 0 0 0 0
v, 1 1 i1 1 i
U, 1 —i 1 -i 1 - 1 -
vy 1 i 1 i -1 -i =1 =
U,@£ 1 —i 1 -i -1 i -1 i
U 1 i -1 =i 1 i -1 =i
Uy 1 -i -1 i 1 - -1 i
Uy 1 i =1 —i -1 - 1 i
Up 1 -i =1 i -1 1 -

El 1 a 1 o
22 1 - 1 -a
Z; 1 o -1 -a
2y, 1 -« -1 o

The group of A, C, and E are equivalent
to the group of Z.

a1 8 B 1
& 1 -8 B -1
Ay 1 B -8 -1
a 1 -8 -8 1
B, 2 0 0 0
D 2 0 0 0
F, 1 B i i
F, 1 B -if -1
F; 1 -B ig -1
F, 1 -8 —-iB i
Ay 1 L% L% 1
A,y 1 -y y -1
Ay 1 Yy -y -1
Ay 1 -y -y 1

The group of G is equivalent to the

group of A,
H, 2 0 0 0

The group of @ is equivalent to the
group of H.

a=e"x (—<p <P, B=e"y (—h<py <), y=eP (—h<p,<P)

The following pairs of states are degenerate each other by TR:
Ry —Ry; §1=Sy; Uy—Uy, U3=U,, Us—Us, Up—Us;
Ay —Ay, A3—Ag C—Cy, C—Cy; E\—E3, Ey—Ey;
Fi=Fy, F3—Fy; Gi—Gy, Gy—Gg; 2Qy.

Chihara!® and Nikiforov and Khasabov'? using the
LCAO method for the simplified one-double-chain
model described in Sec. IV. Since this simplified
model is not useful for SbSI except for the deep
s-like bands, the precise comparison of the cal-
culated results with the above-mentioned calcula-
tions cannot be made, but the over-all band struc-
tures are similar. Furthermore, the dielectric
constant calculated by Nikiforov and Khasabov??
is not in good agreement with the experiment and
does not show the large peak around 10 eV that
exists in the calculated results of this work (Figs.
11 and 12). This peak is due to the conduction
bands being constructed from states other than
the atomic p states, as described in Sec. IV.
Thus, the calculated results of the band struc-
tures and the optical properties of SbSI in this
work are sufficient for the moment. More experi-
ments are necessary for more precise calculations

and detailed comparison: In particular, the opti-
cal measurements of the absorption edges and of
the reflectivities in the wide energy range for vari-
ous polarizations of the incident light, as well as
the temperature (or pressure) dependence of the
optical properties and their electro-optic effects
are desirable.

VI. CONCLUSIONS

In this work, the electronic band structures of
SbSI have been calculated by the pseudopotential
method in the para- and ferroelectric phases. Al-
though the atomic form factors have not been de-
termined precisely for the moment, the calculated
band structures explain the experiments fairly
well. The SbSI crystal has an indirect gap in both
phases and has the smallest direct gap at the U
point. This direct gap brings about the dichroism
in the absorption edge. The over-all band struc-



5778 K. NAKAO AND

TABLE XIV. Characters of the irreducible represen-
tations of the group k of CJ,.

E Cc»  ob® ol E Cc» 9o g

r, 1 1 1 1 5 1 o
r, 1 -1 1 1 z, 1 a
?“‘ i i —i _i The group of A, C, and E is

4 equivalent to the group of X.
X, 2 0 0 0 a 1 s s .
Y, 1 i i 1 a4 1 -8 [ -1
Y, 1 -i i -1 a1 B -8 -1
v, 1 i - -1 A, 1 - -8 1
Yo 1 v Tt 1 B 2 0 0 0
z, 2 0 0 0 b 2 0 0 o
A o1 B B i

? : : F, 1 B -iB  —i
Ry 1 -i -1 —i Fo1 - : o
Ry 1 —i 1 i 3 L i

4 F, 1 -8 —-iB i
s, 2 0 0 0 A 1 Y
T, 2 0 0 0 A 1 -y
U 1 1 i i The group of G is equivalent
U, 1 1 - -1 to the group of A.
z’ 11 - i ! -t H 1 iy

4 - ¢ t H, 1 —iy

o =ex(—4<p, <})
B=ey (-3<p, <)
y=ey (- F<p,<d)

The group of @ is equivalent
to the group of H.

The following pairs of states are degenerate each other by TR:
Y,-Y,, Y,-Y3; Ri~Ry, Ry—Ry;
Uy = U, Us=Uy; Ai—Ay; 2C, 2Cy;
E{—Ey; F1—Fy, F3—Fg Hi—Hy;
Qx - 92-

tures in both phases are similar, but the absorp-
tion edge has a shift of about 0.1 eV from the
para- to the ferroelectric phases. The band’s
density of states is very large and has several
peaks. As for the correlation of the band struc-
tures with the ferroelectric phase transition, some
bands change their energy values greatly at the
phase transition. The dielectric constant has also
been calculated in the paraelectric phase and it has
been shown that this is strongly dependent on the
polarization of the incident light. The agreement
with the existing experimental result is satisfactory.
Further, several characteristics of the band struc-

TABLE XV. Compatibility relations of D}ﬁ

I, I, T, T, Iy Ty I; I; X X, Y, Y,

By T3 Zp Iy B3 Iy Iy B Ii+Z; IptIy GG G+ G

A By A3 A A 8 A 4 Dy Dy A Bty

Ay Ay Ay Ay Ay Af Ay Ay Gi+Gy G+ Gy Hy Hy
Z, Z, Ry R, Sy S, T T,

A +A, Ag+Ay E+E; E,+E; C{+C; C,+Cy Ej+E; E,+E,
By By Fi+F; Fy+Fy D, D, B B

A+ Ay Ayt Ay Q Q Q Q Hy Hy

iy U, Ug Uy U Uy Uy Uy

Ay Ay A3 Ap Ay Al A A

Fy, F, F, F{ F3 F, F; F

M. BALANSKI 8
TABLE XVI. Compatibility relations of Cg,,.

r, T, I, T, X, Y, ¥, Y, ¥, z,
Zy I, I I Zy+Z, G G G G A +A,
4 4, 83 4 D, AL 4 4 4 B,
Ay A A A G +G, H H H H A+Ap
Ry R, Ry Ry Sy T u U, U oy
Ey E, E, E Ci+C, E\+E, A A A A
F, F, F, F, ) B, F F, F, F,
Q Q@ @ @ Q+Q H+H, G G G G

tures in complex crystals have been deduced from
this work on SbSI.

Thus the calculations described in the previous
sections are sufficient for the first trial of the
quantitative band calculations of SbSI. For further
development, many precise experiments are neces-
sary. The measurements of the reflectivity in
wide energy range as well as more precise calcu-
lations of the band structure will appear in the near
future.

Finally, it is shown through this work that the
pseudopotential method is suitable for the band
calculations of complex crystals and also of ionic
crystals. 2°
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APPENDIX

The symmetry operations of Dgg (paraelectric
phase) are as follows ( the translational symmetry
operations being excluded):

{Elo}, {c&]3t,}, {009 |5(E+E,+D)},
{03 | $(E+ Tk

{r]o}, {c8|4E+5+),

{c | 3(E+0)}, {0l |48}

where E and I are the identity and inversion opera-
tors, and C$" and o!® represent the two-fold ro-
tation about the ¢ axis and the reflection with re-
spect to the jk plane, respectively. The latter fac-
tor in each operation represents the nonprimitive
translation. Thus, the space group Déﬁ has three
screw axes and three glide planes. The space
group C3, (ferroelectric phase) is a subgroup of
D;j and its symmetry operations are the first four
operations in (Al). It should be noticed here that
the crystal € axis of SbSI is taken as parallel to the
¥ axis in (A1),

The group D3 has been studied by Slater!® by the

(A1)
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TABLE XVII. Compatibility relations between Di} and C3,,.

oy ry, r, r; r, T; Ty Ty Ty X X Y, Y, Zy z,
¢, r, r, r, r, r, r, T, T, X XA Y +Y, Y,+Y, Z; 2
Dy Ry R, S 8§ T T, U U U U U U U U
¢}, Ry+R, Ry+Ry S, S T, T, U U U U U U U U
D, =, 3, % I & & A& A B D Fy F, Fy Fy Hy
W = Z, I, I, A& A O& A& B D F F, Fy; Fy H+H
Dy A A Ay 4
Ch A A & 4
use of the projection operator defined as described in Sec. IV is characterized by its space
group of CZ,. The group C%, is also a subgroup of
1 16 ; i1
f}?) ==, T,(R) ;; R®, (A2) D3, apd thus its charqcter‘tables and compatibility
g r relations can be obtained in the same way as the

where [',(R);, is the (j,!)th matrix element of the
symmetry operation R in the pth irreducible re-
resentation of the group, and g is the order of the
group. Eq. (A2) means that the jth basis function
transforming according to the pth irreducible rep-
resentation can be obtained from any function &

by this equation. Taking the plane wave as @,
Slater has obtained the matrix element of all the
irreducible representations of the group of Kk of
D2 by the trial-and-error method. The results
for the characters are reproduced in Table XIII,
where the nonprimitive translational part is omit-
ted from each symmetry operation for simplicity.
The same method can be applied for the group Cg,,;
whose character tables are given in Table XIV.
Furthermore, since both groups D}% and C}, are
the nonsymmorphic space groups, the time-rever-
sal (TR) operation is very important for the groups
of k on the surface of the Brillouin zone. The de-
generacy due to the TR operation is summarized
in each table.

The compatibility relations between the symmetry
points and lines can be easily obtained from the
character tables, and the results for D3¢ and C},
are given in Tables XVI and XVII, respectively.
Since the group C3, is a subgroup of the group D3},
there is another compatibility relation between
these two groups, which is given in Table XVIII,

The simplified one-double-chain model of SbSI

group C3,.

In the band calculations at the symmetry points
and lines by the pseudopotential method, the basis
functions are the symmetrized plane waves, which
can be easily constructed by the projection opera-
tor (A2) by choosing the appropriate plane wave as
the function ¢. Similarly, if the function & is the
Bloch sum of the atomic wave functions, Eq. (A2)
gives the LCAO bases, whose examples are shown
in Table IV. It should be remarked here that the
LCAO bases can be directly transformed to the
bases of the lattice vibrations if the atomic p;
functions ‘I>f.,§") are replaced by the atomic displace-
ments u}“) (i=x,v,z) of the atomic species a.”
Then it is seen from Table IV that in the paraelec-
tric phase there are three I', phonon modes (a
=8Sb, S, I) in which the four a atoms displace along
the ¥ axis (or the crystal ¢ axis) in the same way.
One of them is the acoustic mode and the other two
are the optical modes. These two I’ optical pho-
nons may strongly couple with the electrons, be-
cause the electrons can move easily in the crystal
¢ axis. This strong electron-phonon coupling may
give rise to the cooperative instability of the lat-
tice which corresponds to the ferroelectric phase
transition. 2 Thus it is reasonably expected that
the two I'y optical phonons become soft at the phase
transition. Similarly, the two I'; optical phonons
are expected to become soft in the ferroelectric
phase.
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