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The form and electronic structure of the valence band (VB) of the ferroelectric SbSI crystal was calculated by solving the
Hartree—Fock—Roothaan matrix equation. The diagonal eigenvalue matrix € gives the electron state energies. These energies
were also studied experimentally by PHI 5700/660 Physical Electronics Spectrometer using Al K, monochromatic radiation
(1486.6 eV) as the excitation source. The spectrum of the VB electronic levels was approximated by the Gauss functions. The
form of the VB depends on the width of the Gauss function and the number of SbSI molecules, which were taken into account in
the model of SbSI crystal. The obtained theoretical density of states and the VB form of SbSI crystal is close to the experimental
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1. Introduction

Antimony sulfphoiodide, SbSI, is a well-known quasi-
one-dimensional ferroelectric
T. ~ 298 K), which exhibits plenty of outstand-
ing strongly coupled semiconductive and ferroelectric

semiconductor (with

properties [1]. X-ray photoelectron spectra (XPS) of
the valence band (VB) and of the principal core lev-
els for the SbSI single crystals [2, 3] in the temperature
range of 215-390 K revealed the electronic structure of
the VB and large splitting of core level. This splitting
is caused by the different valence states of surface and
bulk atoms (different bond orders and charges). The ex-
perimental results were confirmed by the theoretical ab
initio calculations. Audzijonis et al. [4] performed the
same theoretical calculations with the same GAMESS
program and the same SbSI model as in [3] and came
to similar conclusions, however without citation of [3].
The purpose of this paper is to discuss in greater details
the form and electronic structure of the VB in SbSI crys-
tals based on the XPS and on theoretical calculations.
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2. Experimental details

The SbSI single crystals were grown from a vapour
phase. The obtained crystals were in the form of nee-
dles or small plates of 7x2x1.5 mm>. The orienta-
tion of the ferroelectric [001] axis is along the nee-
dle. The XPS of the valence band were measured by
PHI 5700/ 660 Physical Electronics Spectrometer in the
temperature range of 215-390 K. The excitation source
was Al K, monochromatic radiation (1486.6 eV). The
photoelectron spectra as the functions of kinetic energy
were analysed in the energy range of 0-1400 eV by
a hemispherical mirror analyzer with the energy res-
olution of about 0.3 eV. The measurements were per-
formed on the (110) and (001) crystal surfaces (view of
the sample is given in [3]) both cleaved in vacuum, in
the low 1071€ torr range, to obtain a clean surface. The
surface stoichiometry and surface quality of the both
(110) and (001) cleavage surfaces were quantified from
the overview in spectrum. The only contaminant was
found to be carbon. No other spectral features showing
non-stoichiometry or impurities have been found. C 1s
signal (at 284.5 eV) was used as the energy reference to
correct the energy shift due to charging which strongly
depends on temperature [3].
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3. Ab initio calculation of the energy levels

The electronic structure of the VB of SbSI was calcu-
lated by the method based on solving the Hartree—Fock—
Roothaan (HFR) matrix equations, in the Linear Com-
binations of Atomic Orbitals (LCAO) approach for the
molecular orbitals. According to the Koopmans theo-
rem, the one-electron energies obtained from the canon-
ical HFR equations correspond to the approximate en-
ergies of the ionization potential. Koopmans theorem
applies if the number of electrons in the system is large.
Then adding or removing a single electron from the sys-
tem will not affect the orbitals of the other electrons and
they can be assumed fixed. The molecular orbital (MO)
; can be expanded as a linear combination of atomic
orbitals (AOs) x,:

M
0i(7) = Couxp(7), (1)
pn=1

where p is the number of the AO, or the set of quantum
numbers nim. The coefficients C;;, are called MO ex-
pansion coefficients. For simplicity, a Gaussian orbital
basis set is used. The C matrix is obtained by solving
the Hartree—Fock matrix equation

FC = SCe, 2

where F is the Fock matrix and S are the overlap inte-
grals.

The method of solving Eq. (2) as well as the binding
energy, bond strength, and atomic charge calculation is
described in [3]. It is supposed that the electron corre-
lation energy is small. Also, the quantum mechanical
calculations do not localize the surface states. XPS is a
final state spectroscopy but the results qualitatively can
be compared with a ground state calculations data. The
calculations were performed using the GAMESS pro-
gram [5].

4. The model of SbSI crystal

For the theoretical ab initio calculation of energy lev-
els the molecular model of the SbSI crystal is needed.
The model must be a cluster composed from the even
number of molecules. The interaction between the clus-
ters is assumed to be weak.

The crystal structure of SbSI contains double chains
[(SbSD) ]2 consisting of two chains related by a two-
fold screw axis and linked together by a short and
strong Sb—S bonds [1]. Weak van der Waals-type
bonds of strength >3.8 eV bind the double chains. The
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Fig. 1. (a) Two primitive cells of SbSI crystal. The simplified unit

cell is formed by two molecules of SbSL, i. e. by 6 atoms. (b) Molec-

ular chain of SbSI crystal cluster in the x — y plane. Dotted line

shows the zy projection of the simplified unit cell. The calculated

bond strengths and atom charges are shown in the picture. They are

different in different planes from the surface and reveal themselves
in the VB electronic structure and core-level splitting.

weakly bonded double chains may be considered as
non-interacting and one double chain (Fig. 1) may be
taken as a molecular model of the crystal for the bind-
ing energies calculation.

The double chain is formed of many simplified unit
cells. One such simplified unit cell consists of six
atoms. A cluster of two, four, eight, sixteen, and
twenty such unit cells has been considered as a molec-
ular model of SbSI crystal for the energy level calcu-
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Fig. 2. XPS [3] of SbSI in the energy range of 0 to 1400 eV (the
same in paraelectric and ferroelectric phases). The binding energy
is negative.

lations. Energy levels slightly change with the increase
of the cluster. The model of only two SbSI molecules is
sufficient to describe qualitatively the electronic spec-
trum of the crystal. Due to broken bands on the sur-
face the redistribution of electron density occurs, espe-
cially for electronegative S and I atoms. Due to this the
band strength of atoms between the first and the second
planes increases.

5. Results and discussion

Figure 2 shows the overview of the SbSI crystal XPS
in the energy range of 0 to 1400 eV below the Fermi
level without contamination with any gas and only with
a small amount of carbon (C 1s peak at 284.5 eV).
Auger spectra of Sb MNN and of | MNN are also seen in
the high energy range. The higher the binding energy,
the higher is the XPS background. XPS did not show
any traces of impurities, only the carbon was visible af-
ter the sample was cleft under high vacuum conditions,
in the low 10719 torr range. The valence band (VB) lies
in the energy range of 0-30 eV, i.e. below the Sb 4d
level energy which dwarfs part of the VB.

Figure 3 shows the experimental VB spectrum in the
P2,2,2; (295 K) and paraelectric (350 K) phases. No
significant changes occur in this temperature range. In
the room-temperature P2;2,2; phase, the VB is sepa-
rated by the gap of 1.8 eV from the Fermi level. In the
ferroelectric phase, the VB is located at 2.3 to about
20 eV below the Er. The top of the VB is shifted by
AFE =0.53 eV with respect to the top of the VB in the
P2,2:2; phase [3]. In these crystals, the optical band
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Fig. 3. Experimental VB of SbSI crystal in room-temperature
(295 K) and paraelectric (350 K) phase. There are no significant
changes in the form and electronic structure.

gap obtained from an isoabsorption curve is 1.82 eV
at 300 K, while the one in the ferroelectric phase is
1.89 eV at 273 K and it increases at lower temperatures
to 2.2 eV (see [3] and references there). It corresponds
to the value obtained from the XPS measurements. The
Fermi level is pinned at the bottom of the conduction
band. In the ferroelectric phase, the form and structure
of the VB does not change significantly [3].

Figure 4 shows theoretically calculated VB form and
electronic structure of SbSI crystal. The spectrum is
referred to the Fermi level (Eg). The Er was defined
experimentally with the accuracy of 0.3 eV. The inten-
sities of the XPS were described by three ways:

1. By the energy states band ¢; from the characteristic
Eq. (2);
2. By the peaks of the density of states (DOS)

1 1
D)= —— 3
where Ny is the number of molecules in the clus-

ter;
3. By the Gaussian broadening method [6, 7]:
(e —&i)?

1
\/ZWUZeXp<_ 202 >7 @

where the sum is performed over the states ¢, ¢; are
the corresponding energy levels, and o is the en-
ergy broadening parameter.

D(e) =

The Gaussian broadening method is the simplest
approach to the Brillouin-zone spectral integrations
[7]. The k-points are distributed as evenly as possi-
ble throughout the Brillouin zone, and the DOS D(¢)
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Fig. 4. Electronic structure of SbSI VB. (a) The density of states

D(e) in Eq. (3) representation for the peaks of the density of states

of the valence electrons for 16 molecules SbSI cluster. (b) VB spec-

tra approximation by the Gaussian broadening method (Eq. (4)) for

different SbSI molecular clusters from 2 (lowest curve) to 16 (upper

curve) and their comparison with experimental XPS. Energy states
broadening parameter is o = 0.54 eV.

is formed according to Eq. (4). This method is de-
signed for efficient calculation of experimentally ob-
served crystal spectral properties where experimental
and lifetime broadenings place a limit on the resolution
required.

Further, all experiments have a finite energy reso-
lution and frequently concentrate on the shifts, distor-
tions, and changes in weight in the spectral features.
In the used approach (Eq. (4)), the aim was to calcu-
late the DOS only at the high density of k-points and
then to smear the resulting spectrum to the experimen-
tal resolution. However, the application of the Gaussian
smearing to the DOS results in good convergence at low
k-point sampling densities.

Figure 4 gives the comparison of before discussed
calculated SbSI VB structure with the experimental
XPS spectrum up to 20 eV. At higher energies the VB
overlaps with Sb 4d core level energy (Fig. 2) and is
not shown in Fig. 4. Intensity of the bands depends
on the density of states. Figure 4(a) shows the repre-
sentation of D(e) for the peaks of the density of states
(Eq. (3)). Experimental XPS is the integral picture of all
electronic states. In the Fig. 4(b) the approximation of
SbSI bands spectra by the Gaussian broadening method
(Eq. (4)) for different SbSI molecular clusters (from 2

to 16) and their comparison with experimental XPS is
presented.

The calculations give fairly good description of the
places and the widths of the VB energy bands. The VB
of SbSI is composed of the s and p type bands separated
by 2 eV forbidden gap. The s band is formed from the
Sb 5s, S 3s, and I 5s bands of SbSI cluster, separated
by narrow gaps. Extending a chain of atoms in clus-
ter, an interval between the I 5s and Sb 5s narrows and,
at last, disappears. However, the break between the S
3s and I 5s states remains stable and equal to 1.78 eV.
Among these bands, formed from the electronegative
atoms states, there comes to light the degenerate .S level
which does not mix up with the levels of other atoms of
the cluster, while the Sb 5s and I 5s states are disposed
to the mixing. The form of the VB can be explained by
the analysis of MO population. Knowing the MO coef-
ficients C;;, (Eq. (1)) one can evaluate the contribution
of A atom electrons for ¢; state:

pia=Y_ Cop, )

HEA

There Cy = S™/2C is the matrix of MO coefficients
orthogonolized according to Lowdin. The obtained re-
sults are shown in Table 1, i.e. the population of the
VB states for 4 (SbSI) cluster. All binding energies in
Table 1 and Figs. 2—4 are referred to Er. From the Ta-
ble 1 one can see that the sharp ionisation edge (near to
E) of the most intensive p band of the VB is formed
by I atom (64%) of the first plane from the surface per-
pendicular to the z axis (see Fig. 1(b)) as well as by S
(21%) and Sb (15%) electrons. As the Sb 5p contribu-
tion is small, the VB edge is sharp. The highest MO of
the VB is composed mainly of I 5p of the first surface
atomic plane. When the atomic chain is long this level
degenerates. The high-energy p band edge of the VB is
formed from the S 3p (56%) states of the second plane
from the surface, as well as by the Sb 5p (30%) and 1
5p (13%) states. The lower-energy edge of the s band is
formed. by the S (36%), Sb (52%), and I (12%) mixed
surface and bulk states. The higher-energy edge of the
s band is formed by the S (72%) states from the second
plane from the surface, as well as Sb (26%) and I (2%)
states. There are no states in the VB composed from
pure Sb states MOs. Interaction of Sb atoms with other
atoms increases the width of the VB. Sb atoms interact
also with the atoms of neighbouring chains (Fig. 1(a))
and also broaden the p band. The conduction band (CB)
edge is formed almost 100% by the Sb 5p states from the
first surface plane. Therefore, the donor level is of Sb
Sp states and the acceptor level is of I 5p states.
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Table 1. Population (in %) of VB levels in 4 (SbSI)

molecule cluster. VB consists of s and p bands. ¢; is

the energy of levels. The last column (D) is the domi-

nant atomic plane from the surface from which photoe-
mission dominates.

4 (SbSI) model

Band Atomic —¢; Sb S 1 D
state eVl ») %) (%)

VB(s) S 3s 227 26 72 2 S2
214 20 80 0 S2
19.8 12 86 2 S1
19.7 14 85 1 S1

I5s 17.8 18 6 76 I2
17.4 6 4 90 I
152 20 8 72 I
152 23 5 72 I

Sb 5s 14 58 19 23 mixed
13.7 37 23 40  mixed
128 64 30 6 mixed
11.7 52 36 12 mixed
VB(p) 8.8 30 56 14 S2

S 3p 82 36 55 9 S2
78 43 50 7  bulk
7.1 33 43 24 bulk
6.6 27 48 25  bulk
65 46 44 10 bulk
6.1 31 45 24 bulk
6.1 18 60 22 bulk
59 26 37 37  bulk
56 28 28 44 bulk
I5p 54 32 47 21  bulk
4.8 14 66 20  bulk
46 21 15 64  bulk
44 24 18 58  bulk
43 6 50 44 bulk
42 51 48  bulk
39 2 38 50  bulk
34 16 32 52 bulk
32 14 21 55  bulk
Sb 5p 2.8 2 3 95 I
2.7 0 0 100 I
2.6 7 7 86 I
23 14 14 72 I
1.85 15 21 64 I

—_

6. Conclusions

The form and electronic structure of the valence band
of the ferroelectric SbSI crystal was studied experi-
mentally and calculated by solving the Hartree—Fock—
Roothaan matrix equation. The VB of SbSI is com-
posed of the s and p bands. The s band is formed from
the Sb 5s, S 3s, and I 5s states. The p band is formed
thoroughly from S 3p, Sb 5p, and I 5p states. The form
of the VB depends on the population of energy levels
of surface and bulk atoms. Conduction band edge is
formed almost 100% by the Sb 5p surface states.

The form of the VB is well approximated by the
Gaussian smearing with 0 = 0.1 AF, and that is nearly
in accordance with the spectral resolution of the used
X-ray photoelectron spectrometer. The VB of SbSI
crystal is described well enough already by the model
of the two SbSI molecules cluster. The obtained theo-
retical density of states and the VB form of SbSI crystal
is close to the experimental.
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Santrauka

Pateikti feroelektriniy SbSI kristaly valentinés juostos (VJ) for-
mos ir elektroninés sandaros skai¢iavimai Hartrio—-Foko—Rothano
(Hartree—Fock—Roothaan) metodu. Gautos energijos palygintos
su eksperimentiskai i§matuotomis PHI 5700/660 Physical Elect-
ronics spektrometru. Fotoelektrony suZadinimo Saltinis buvo Al
Ko 1486,6 eV monochromatiné spinduliuoté. VI elektrony lyg-
meny spektrai aproksimuoti Gauso funkcija. VJ forma priklauso

nuo Gauso funkcijos plocio, bet nepriklauso nuo SbSI molekuliy
skaiciaus, kvazivienmaciame SbSI kristalo modelyje. VJ sudaryta
i§ s ir p juosty, kurios savo ruoZtu sudarytos i atitinkamai Sb 5s, S
3sirI5sir Sb 5p, S 3pir I S5p juosty. Parodyta, kokiy atomy pavir-
Siniai ir tOriniai sluoksniai lemia VJ forma. Laidumo juosta lemia
Sb 5p busenos. Apskaiciuoti pavirSiaus ir tirio atomy elektros kra-
viai ir rySiy stipriai. Apskai¢iuotas buseny tankis ir VJ forma gerai
sutampa su eksperimenti$kai iSmatuotais.



