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Abstract: The electronic structure, linear, and non-linear optical properties of ferroelectric-semiconductor SbSBr
are investigated in the non-polar (paraelectric) and polar (ferroelectric) phase, using the density func-
tional methods in the generalized gradient approximation. The electronic band structure obtained shows
that SbSBr has an indirect forbidden gap of 2.16 and 2.21 eV in the paraelectric and ferroelectric phase,
respectively. The linear photon-energy dependent dielectric functions and some optical functions, such
as absorption and extinction coefficients, refractive index, energy-loss function, reflectivity, and optical
conductivity in both phases and photon-energy dependent second-order susceptibilities in the ferroelec-
tric phase are calculated. Moreover, some important optical parameters, such as the effective number
of valence electrons and the effective optical dielectric constant, are calculated in both phases.
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1. Introduction

Antimony-sulfobromide (SbSBr), a member of the groupof V-VI-VII compounds, is a ferroelectric-semiconductorlike SbSI, which exhibits anomalous electro-optical andelectro-mechanical properties under visible light illumi-nation. Antimony-sulfobromide has a highly anisotropicstructure and a low phase transition temperature (Tc ∼=22.8 K) [1]. Nitsche and Merz [2] reported that SbSBr andthe other ternary compounds of the type V-VI-VII (V=Sb,
∗E-mail: harunakkus@yyu.edu.tr

Bi; VI=S, Se, Te; VII=Cl, Br, I) are photoconductors. Thecrystal structure of SbSBr was investigated by Donges[3], by Christofferson and McCullough [4] at room temper-ature, and by Inushima and Uchinokura [5] at room tem-perature and at 11 K. SbSBr has an orthorhombic struc-ture and has four SbSBr molecules (12 atoms) in an unitcell. Each molecule of SbSBr extends chain-like alongthe c-axis, which is also the polarization axis in the fer-roelectric phase. SbSBr belongs to the point group mmm(space group Pnam) and to the point group mm2 (spacegroup Pna21) in the paraelectric phase above the Curiepoint and in the ferroelectric phase below the Curie point,respectively. The crystal dimensions and the atomic po-
64



Harun Akkus, Amirullah M. Mamedov, Ali Kazempour, Hadi Akbarzadeh

sitions are given in Table 1, and the crystal structure ofSbSBr is given in Fig. 1 [5]. As can be seen from Fig.1 and Table 1, the antimony and sulfur atoms shift alongthe c-axis below the Curie point with respect to bromineby about 0.109 Åand 0.034, respectively, from 294 K to11 K. These shifts show that the phase transition is thedisplacive type.The position of the ith atom (i=1,2,3,4) of the atomicspecies j (j=Sb, S, or Br) in any unit cell is given by
~R (j)
i = ~R0 + ~r(j)i , where ~R0 is the translation vector ofthe orthorhombic crystal system and represents the unitcell considered. The vector ~r(j)i indicates the non-primitivetranslation vector, and it is written as ~r(j)i = u(j)

i ~a1+ν(j)
i ~a2+

λ(j)
i ~a3. Here ~ai (i=1,2,3) are the primitive translations:
| ~a1| = 8.212 Å, | ~a2| = 9.720 Å, and | ~a3| = 3.963 Å in theparaelectric phase; and | ~a1| = 8.168 Å, | ~a2| = 9.700Å,and | ~a3| = 3.942 Å in the ferroelectric phase. The set ofthe quantities u(j)

i , ν(j)
i , and λ(j)

i , the symmetry operations,are given in the following form:
(u(j)

i , ν
(j)
i , λ

(j)
i ) = (xj , yj , zj ), (−xj , −yj , zj + 1/2) ,(−xj + 1/2, yj + 1/2, zj + 1/2), (xj + 1/2, −yj + 1/2, zj ).

The values of xj , yj , and zj are given in Table 1.The electronic properties and band structure of the para-electric SbSBr were investigated using the empiricalpsuedopotential method by Alward et al. [6]. They cal-culated the upper valence and lower conduction bands ofthe non-polar SbSBr along a few special symmetry direc-tions in the Brillouin zone and reported that SbSBr hasan indirect forbidden gap with a value 2.18 eV. They alsoreported that in the band structure the valence band max-imum is slightly displaced from the usual location of themaximum (at symmetry point Γ in the BZ) in the semicon-ductors. The maximum of the valence band was betweenthe Z and Γ symmetry points, and the conduction bandminimum was at the symmetry point S. Pikka and Frid-kin [7] reported that SbSBr has an indirect gap with avalue 2.22 eV, and Inushima [1] reported that SbSBr hasforbidden gap energy of 2.5 eV, in the paraelectric phase.Some optical properties of SbSBr such as reflectivity, di-electric constant, and refractive index were also studiedempirically and semi-empirically [6, 7, 9].In the present work, we have investigated the electronicband structure, total density of states, and frequency- (orphoton energy-) dependent optical properties of the Sb-SBr single crystal, using a pseudopotential method basedon the density functional theory (DFT) in the generalizedgradient approximation (GGA).

2. Computational methods
The self-consistent, norm-conserving pseudopotentialshave been generated using FHI98PP code [10] with theTroullier-Martins scheme [11]. In order to take into ac-count the exchange-correlation effects, the Perdew-Burke-Ernzerhof GGA functional (PBE-GGA-96) [12] has beenused to generate the pseudopotentials. For Sb atoms, 5sand 5p electrons, for Br atoms, 4s and 4p electrons, andfor S atoms, 3s and 3p electrons were considered as thetrue valence. Plane waves were used as the basis setfor the electronic wave functions. In order to solve theKohn-Sham equations [13], the conjugate gradient mini-mization method [14] was employed by the ABINIT code1[15]. In the bulk total-energy and band-structure calcula-tions, the exchange-correlation effects and the self-energyeffects (for the band gap correction) were taken into ac-count, with the PBE-GGA-96 functional and GW approx-imation [16], respectively.All the calculations involve a 12-atom, orthorhombic unitcell. Good convergence for the bulk total-energy calcula-tion has been achieved with the choice of cut-off energiesat 20 Hartree using a 6×6×6 Monkhorst-Pack [17] meshgrid.It is well known that the electric field vector ~E(ω) of theincoming light polarizes the material. This polarizationcan be calculated using the following relation:
Pi(ω) = χ (1)

ij (−ω,ω) · E j (ω) + χ (2)
ijkE j (ω)Ek (ω) + ... (1)

If the material is a polar crystal and has a spontaneouspolarization ~PS , the total polarization of the material con-sists of two terms:
~Ptot = ~Ps + ~Pind, (2)

where ~Pind is the induced polarization that corresponds tothe polarization in Eq. (1), and it is related to the opticalresponse. In Eq. (1) χ (1)
ij is the frequency-dependent linearoptical susceptibility tensor and is given by

χ (1)
ij (−ω, ω) = e2

h̄Ω ∑
nm ~k

fnm(~k) rinm(~k) rjmn(~k)
ωmn(~k)− ω = εij (ω)− δij4π ,

(3)where n andm denote energy bands, fmn(~k) ≡ fm(~k)−fn(~k)is the Fermi occupation factor, Ω is the volume, ωmn(~k) ≡
ωm(~k) − ωn(~k) is the frequency difference, h̄ωn(~k) is the
1 http://www.abinit.org
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Figure 1. Schematic projections of SbSBr on the ab-plane. The temperatures of the structures are 294 K (corresponds to the paraelectric
phase) (a) and 11 K (corresponds to the ferroelectric phase) (b) [5].

Table 1. Lattice constants and atomic positions in the unit cell of the SbSBr single crystal in both phases [5].

Atom Para (294 K) Ferro (11 K)
a = 8.212 Å b = 9.720 Å c = 3.963 Å a = 8.168 Å b = 9.700 Å c = 3.942 Å
xj yj zj xj yj zjSb 0.1211 0.1323 0.2500 0.1235 0.1321 0.2777S 0.8389 0.0473 0.2500 0.8370 0.0486 0.2585Br 0.5134 0.8239 0.2500 0.5135 0.8231 0.2500

energy of band n at wave vector ~k , εij (ω) is the frequency-dependent dielectric tensor, and the ~rnm are the matrixelements of the position operator and are given by
rinm(~k) = v inm(~k)

iωnm ; ωn 6= ωm,
rinm(~k) = 0 ; ωn = ωm,

where v inm(~k) = m−1pinm(~k), m is the free electron mass,and ~pnm is the momentum matrix element.As can be seen from Eq. (3), the dielectric function
εij (ω) = 1 + 4πχ (1)

ij (−ω,ω) and the imaginary part of
εij (ω), εij2 (ω) is given by
εij2 (ω) = e2

h̄π
∑
nm

∫
d~k fnm(~k) v inm(~k)v jmn(~k)

ω2
mn

δ(ω− ωmn(~k)).(4)

The real part of εij (ω), εij1 (ω), can be obtained by usingthe Kramers-Kronig transformation,

εij1 (ω)− 1 = 2
π ℘

∞∫
0
ω′ εij2 (ω′)
ω′2 − ω2 dω′. (5)

In Eq. (1) χ (2)
ijk is the frequency-dependent, second-ordersusceptibility tensor and is given by [18, 19]

66



Harun Akkus, Amirullah M. Mamedov, Ali Kazempour, Hadi Akbarzadeh

Figure 2. Electronic band structure and the corresponding total density of states of the paraelectric SbSBr (the atomic positions suggested in
Ref. [5] are used in the calculations).

Figure 3. Diagram of the forbidden-band gap variation of the SbSBr crystal undergoes the phase transition.

χ (2)
ijk (−ωβ , − ωγ ; ωβ , ωγ) = χ (II)

ijk (−ωβ , − ωγ ; ωβ , ωγ) + ηIIijk (−ωβ , − ωγ ; ωβ , ωγ) + iσ (II)
ijk (−ωβ , − ωγ ; ωβ , ωγ)(ωβ + ωγ) , (6)

where
χ IIijk (−2ω;ω,ω) = e3

h̄2 ∑
n lm

∫ { d~k4π3
rinm
{
rjmlrkl n

}
ωl n − ωml

×
[ 2fnm
ωmn − 2ω + 2fml

ωml − ω
+ 2fl n
ωl n − ω

]} (7)
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Figure 4. Real and imaginary parts of the 11-component of the linear dielectric tensor and energy-loss function along the x-axis for SbSBr in
the paraelectric (a) and ferroelectric phase (b).

is the contribution of interband transitions to second-order susceptibility,
ηIIijk (−2ω;ω,ω) = e3

h̄2 ∫ d~k4π3
{∑
nm l

ωmnrinm
{
rjmlrkl n

}
×
[

fnl
ω2
l n(ωl n − ω) − flm

ω2
ml(ωml − ω)

]
−8i∑

nm

fnmrinm
ω2
mn(ωmn − 2ω) {∆j

mnrkmn
} +2∑

nml

fnmrinm
{
rjmlrkl n

} (ωml − ωl n)
ω2
mn(ωmn − 2ω)

 ,
(8)

is the contribution of intraband transitions to second-order susceptibility, and
i2ωσ IIijk (−2ω;ω,ω) = ie32h̄2

∫ d~k4π3
{∑
nm l

fnm
ω2
mn(ωmn − ω) × [ωnlrilm {rjmnrknl}− ωlmrinl {rjlmrkmn}] +∑

nm

fnm∆i
nm

{
rjmnrknm

}
ω2
mn(ωmn − ω)

 .

(9)

is the modulation of interband terms by intrabands terms.Also, {rjmlrkl n} ≡ (1/2)(rjmlrkl n + rkmlr
j
l n), ∆i

nm(~k) ≡ v inn(~k) −
v imm(~k), v inm(~k) ≡ iωnm rinm(~k), and vanm(~k) = m−1panm(~k),where m is the free electron mass and pnm(~k) is the indi-

cated momentum matrix element. In these expressions ndenotes the valence states, m the conduction states, and
l denotes all other states (l 6= m,n).
As the Kohn-Sham equations only determine the ground-
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Figure 5. Real and imaginary parts of the 22-component of the linear dielectric tensor and energy-loss function along the y-axis for SbSBr in
the paraelectric (a) and ferroelectric phase (b).

state properties, the unoccupied conduction bands have nophysical significance. If they are used as single-particlestates in the optical calculation of semiconductors, a bandgap problem appears: The absorption starts at a too-lowenergy [18]. In order to remove the deficiency, the many-body effects must be included in calculations of responsefunctions. In order to take into account the self-energyeffects, in the present work, we used the scissors approx-imation [18].Within the scissors approximation the Hamiltonian fromwhich response functions are calculated is given by
H̃ = H + Vs, (10)

where
H = p22m + V (~r)− e~r · ~E (11)

and
Vs = ∆∑

c ~k

∣∣∣c~k〉 〈c~k∣∣∣ (12)
is the scissors operator [18]. In this expression the sum

is over all ~k and conduction bands c, ∆ is the constantenergy shift related to the correction of the band gap,and ∣∣∣c~k〉 denotes single-particle eigenstates of the un-perturbed Hamiltonian. In the framework of the scissorsapproximation, Eq. (3) can be rewritten as follows:
χ (1)
ij (−ω, ω) = e2

h̄Ω ∑
nm ~k

fnm(~k) rinm(~k) rjmn(~k)
ωmn(~k) + ∆̄

h (δmc − δnc)− ω.(13)In the present work, ∆, the scissor shift to make the the-oretical band gap match the experimental one, is ∆=0.4eV. The only difference between Eqs. (3) and (13) is themodification of the frequencies ωmn, ωmn → ∆̄
h (δmc− δnc).Expressions for the absorption coefficient, α(ω), extinc-tion coefficient, k(ω), refractive index, n(ω), energy-lossspectrum, L(ω), reflectivity, R(ω), and optical conductivity,

σ (ω), are given as follows, respectively:
αii(ω) = 2ω

c kii(ω),
kii(ω) = {12 [[(Reεii(ω))2 + (Imεii(ω))2]1/2 − Reεii(ω)]}1/2

,
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Figure 6. Real and imaginary parts of the 33-component of the linear dielectric tensor and energy-loss function along the z-axis for SbSBr in
the paraelectric (a) and ferroelectric phase (b).

Figure 7. Dispersion of the main refractive indices (a) and extinction coefficients along the 11-, 22-, and 33- directions (b) for SbSBr in both
phases.

nii(ω) = {12 [[(Reεii(ω))2 + (Imεii(ω))2]1/2 + Reεii(ω)]}1/2
,

Li j (ω) = −Im ε−1
i j (ω),

Rii(ω) = (nii − 1)2 + k2
ii(nii + 1)2 + k2
ii
,

Re σij (ω) = ω4π Imεij (ω). (14)
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Figure 8. Absorption coefficients (a) reflectivities (b) along the directions of main crystal axes for SbSBr in both phases.

Table 2. Comparative characteristics of linear optical functions of the SbSBr single crystal (ab initio calculations).

Peaks [eV]curve A B C D E F G H I J K L
ε112 2.82 3.05 3.36 3.79 4.13 4.45 4.68 5.33 5.65 6.42 6.74 7.39para ε222 3.16 3.36 4.45 4.90 5.22 5.42 5.76 7.39 7.82 - - -
ε332 3.04 3.48 4.02 4.24 4.55 5.00 5.42 5.98 6.40 8.36 10.0 -
ε112 3.05 3.36 3.59 4.13 4.37 4.90 5.65 6.85 7.39 7.62 9.13 -ferro ε222 3.16 3.36 4.02 4.45 4.90 5.22 5.42 5.76 6.19 7.39 - -
ε332 3.04 3.48 4.02 4.35 4.55 4.91 5.42 6.40 7.96 8.36 9.88 -

The known sum rules [20] can be used to determine somequantitative parameters, particularly the effective numberof the valence electrons per unit cell, Neff , as well as theeffective optical dielectric constant, εeff , which contributesto the optical constants of a crystal at energy E0. Onecan obtain an estimate of the distribution of oscillatorstrengths for both intraband and interband transitions bycomputing the Neff (E0) defined according to

Neff (E0) = 2mε0
π h̄2e2Na

E0∫
0
ε2(E)EdE, (15)

where Na is the density of atoms in a crystal , e and mare the charge and mass of the electron, respectively, and
Neff (Eo) is the effective number of electrons contributingto optical transitions below an energy of Eo.Further information on the role of the core and semi-corebands may be obtained by computing the contribution thatthe various bands make to the static dielectric constant,

ε0. According to the Kramers-Kronig relations, one has
ε0(E)− 1 = 2

π

∞∫
0
ε2(E)E−1dE. (16)

One can therefore define an “effective” dielectric constant,which represents a different mean of the interband tran-sitions from that represented by the sum rule, Eq. (16),according to the relation
εeff (E)− 1 = 2

π

E0∫
0
ε2(E)E−1dE. (17)

The physical meaning of εeff is quite clear: εeff is theeffective optical dielectric constant governed by the inter-band transitions in the energy range from zero to E0, thatis, by the polarization of the electron shells.
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Figure 9. Optical conductivities along all directions (a), effective number of valence electrons (Neff ), and effective optical dielectric constant
(εeff ) for SbSBr in both phases.

Table 3. Photon-energy values in which the functions,ε111 , ε221 , and ε331 , vanish.

zero points [eV]curve para ferro
ε111 7.52 8.04 5.80 5.92 7.57 8.00
ε221 5.49 5.62 5.51 5.56
ε331 4.30 15.9 4.33 15.65

Figure 10. Imaginary (a) and real (b) part of the 333-component of the second-order susceptibility tensor for ferroelectric SbSBr.
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Table 4. Maxima obtained in the n = n(λ) dependence for SbSBr in the para- and ferroelectric phase and the previous results [9] for na, nb,
and nc .

para ferron [9] nmax λmax [micron] nmax λmax [micron]n11(na) 2.64 1.62 0.30 1.65 0.30n22(nb) 3.13 1.75 0.39 1.69 0.42n33(nc) 4.00 3.90 0.37 3.81 0.37

Table 5. Wavelength maxima for optical conductivity along the directions of 11, 22, and 33 for SbSBr.

para ferro
σmax λmax [micron] λmax [micron]
σ11 0.22 0.22
σ22 0.28 0.28
σ33 0.27 0.29

3. Results and discussion
The band structures of the SbSBr single crystal have beencalculated in both phases along high symmetry directionsin the first Brillouin zone. The results of the band struc-ture calculations in the paraelectric phase are presentedin Fig. 2. The other band structure calculation that hasappeared in the literature is based on an empirical, pseu-dopotential method and limited to a few symmetry direc-tions in the BZ [6]. In our calculations, we have used moreextensive symmetry directions in a wider energy range toinclude more valence levels. We have not given the calcu-lated band structure in the ferroelectric phase. However,in Fig. 3 we have presented the variation in the band gapof a SbSBr single crystal, which comes under the ferro-electric phase transition. In the electronic band structures,the presence of well separated groups of bands is clearlyvisible. In the rightmost panel of Fig. 2, the normalizedtotal density of states (DOS) in the paraelectric phase isshown.In both phases, while the maximum of the valence band islocated between the Z and Γ symmetry points, the mini-mum of the conduction band is located at the S symmetrypoint of the BZ. The forbidden-band gap in both phasesis thus indirect, with values of 2.16 and 2.21 eV in thepara- and ferroelectric phase, respectively (∆Eg=0.05 eV).Increases in the band gap take root from decreasing tem-perature and spontaneous polarization, which appears inthe ferroelectric phase.In order to calculate the optical response by using thecalculated structures, we have chosen a photon-energy

range of 0-30 eV, and have seen that a 0-20 eV photon-energy range for a linear optical response and a 0-7 eVphoton-energy range for a non-linear optical response aresufficient.The SbSBr single crystal has an orthorhombic structurethat is optically a biaxial system in both phases. There-fore, the linear dielectric tensor of the SbSBr crystal hasthree independent components, which are the diagonalelements of the linear dielectric tensor. The paraelectricSbSBr crystal, which belongs to the point group mmm,is a centrosymmetric crystal. Therefore, all componentsof the second-order susceptibility tensor of the paraelec-tric SbSBr vanish. But the second-order susceptibilitytensor of the ferroelectric SbSBr crystal has five indepen-dent components(133), (131), (233), (333), and (231)because the ferroelectric SbSBr crystal that belongs tothe point group mm2 is a non-centrosymmetric crystal.In the present work, we have only calculated component(333) of the second-order susceptibility tensor.The calculated real and imaginary parts of the 11- 22-and 33- components of the photon-energy dependent, lin-ear dielectric tensor and energy-loss functions in the di-rections of the crystal axes, a-, b-, and c- axis, in bothphases, are presented in Figs. 4, 5 and 6, respectively.The values of the ε112 , ε222 , and ε332 peaks, which are in-dicated in Figs. 4, 5 and 6, are summarized in Table 2.These peaks correspond to the transitions from the valenceband to the conduction band. As can be seen from the fig-ures, while the 0-2.0 eV photon-energy range is charac-terized by high transparency, no absorption, and a smallreflectivity, the 2.0-5.5 eV photon-energy range is charac-
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terized by strong absorption and appreciable reflectivityfor all directions of the crystal axes in both phases. Thephoton-energy ranges of 5.5-8.0 eV for the 11-direction,5.5-7.0 eV for the 22-direction, and 5.5-15.0 eV for the33-direction are characterized by high reflectivity in bothphases.As can be seen from Figs. 4, 5 and 6, in the photon-energyranges 4.0-7.5 eV for the 11-direction, and 3.7-5.5 eV forthe 22- and 33-directions, the real parts of the dielectricfunction decrease with increasing photon energy, whichis characteristic of an anomalous dispersion, while theyincrease with increasing photon energy, except for theseenergy regions, which is the normal dispersion in the para-and ferroelectric phase. These figures show also that theSbSBr single crystal has a high anisotropy, because thedielectric functions in different directions gain differentmaximum values. The photon-energy values, in which thereal parts of the dielectric functions in the directions ofthe crystal axes vanish, are presented in Table 3.The calculated energy-loss functions, Imε−1, in the crys-tal axes directions are illustrated in Figs. 4, 5 and 6. Inthese figures, L11, L22, and L33 correspond to the energy-loss functions along the 11-, 22-, and 33- directions, re-spectively. The function Imε−1 describes the energy lossof the fast electrons traversing the material. The sharpmaxima in the energy-loss function are associated withthe existence of plasma oscillations [21]. In the para- andferroelectric phase, the curve of L11 in Fig. 4 has a max-imum near 8.16 eV, which is comparable with the valuesof 8.04 and 8.00 eV in Table 3. Yet the curve of L22 inFig. 5 has a maximum near 6.30 eV, which is close tothe values of 5.62 and 5.56 eV in Table 3. Finally, theenergy-loss function along the 33- direction, L33 (see Fig.6), has sharp maxima: 15.93, 16.47, and 17.19 eV for theparaelectric phase; and 15.69, 16.38, and 17.19 eV for theferroelectric phase. The values of 15.93 and 15.69 eV arecomparable to the values of 15.9 and 15.65 eV in Table 3.Fig. 7 shows the spectral dependence of the calculatedmain refractive indices in a wide wavelength range and ex-tinction coefficients along the directions of the main crys-tal axes in the para- and ferroelectric phase. As can beseen in Fig. 7a, the values n11 (na), n22 (nb), and n33 (nc)decrease with the transition from the intrinsic absorptionregion towards long waves, that is, a normal dispersiontakes place in both phases. The maxima obtained in the
n = n(λ) dependence in the directions of the main crystalaxes and the previous results [9] for na, nb, and nc aregiven Table 4. The difference in the positions of the spec-tra, na, nb, and nc , are due to the different positions ofthe SbSBr absorption edge, which, in turn, are due to thecrystal anisotropy.The calculated absorption coefficients and reflectivities in

the para- and ferroelectric phase along the directions ofthe main crystal axes are shown in Fig. 8. It is seenfrom Fig. 8a that the photon-energy range of 2.0-5.5 eVcorresponds to an absorption region for all directions inboth phases. As can be seen in Fig. 8b, the photon-energyrange of 5.5-8.0 eV for the 11- direction, of 5.5-7.0 eV forthe 22- direction, and of 5.5-15.0 eV for the 33- directionare high reflectivity regions for both phases. The resultsfor reflectivities are in good agreement with the previousresults in the low photon-energy region [6].The calculated optical conductivities in the directions ofthe main crystal axes are presented in Fig. 9a, and thewavelengths in which the optical conductivity has a max-imum value are given Table 5.The calculated effective number of valence electrons Neffand effective dielectric constant εeff in both phases areshown in Fig. 9b. The effective number of valence elec-trons per unit cell, contributing in the interband transi-tions, reaches a saturation value at about 11 eV. Thismeans that the deep-lying valence orbitals do not par-ticipate in the interband transitions (see Fig. 2 and Fig.9b).The effective optical dielectric constant εeff shown in Fig.9b, reaches a saturation value at about 10 eV. The energydependence of optical dielectric constant can be separatedinto two regions. In the first εeff rise rapidly and extendsup to 5.5 eV. The second is characterized by a smooth andslow rise, and in this region the value of optical dielec-tric constant tends to saturate at energies of 10 eV. Thismeans that the greatest contribution to the optical dielec-tric constant arises from interband transitions between 2.0eV and 10.0 eV.The non-linear optical response calculations are impor-tant for non-centrosymmetric materials because of the de-vice applications. For the theoretical contribution to suchapplications, we have also investigated the non-linear op-tical properties of SbSBr. The calculated SHG (SecondHarmonic Generation) susceptibility χ (2)333(2ω, ω, ω)for theferroelectric SbSBr is illustrated in Fig. 10. Intrabandand interband contributions to the total real and imagi-nary parts of susceptibility χ (2)333(2ω, ω, ω)are separatelycalculated and given in the figure.
4. Conclusions
In this work, we have made a detailed investigation ofthe electronic and linear and non-linear optical propertiesof the ferroelectric-semiconductor SbSBr single crystal inthe paraelectric and ferroelectric phase, using the den-sity functional methods. Our aim was to apply the den-sity functional methods to the ferroelectric-semiconductor
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antimony-sulfobromide. As far as we know, there is no ab
initio calculation of the electronic and optical propertiesof SbSBr in the literature. It was shown that SbSBr hasan indirect band gap in both phases. The band gap valuesobtained are in excellent agreement with previous results.The photon-energy dependent dielectric functions, as wellas related quantities such as energy-loss functions, refrac-tive indices, extinction and absorption coefficients, reflec-tivities, and optical conductivities were investigated andcalculated along the directions of the main crystal axes inboth phases. The results for the reflectivity are in goodagreement with the previous results in the low photon-energy region. Some important optical parameters, suchas the effective number of valence electrons per unit cellparticipating in the interband transitions and the effectiveoptical dielectric function, were also calculated. Moreover,SHG susceptibilities were calculated.
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