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Electronic structure, DOS effective mass, conductivity effective mass, re-
duced effective mass are calculated for a T1InS, crystal from first principles
within the framework of the density functional theory. The electronic struc-
ture of T1InS, is investigated by the Quantum Wise and Quantum Espresso
software program packages within the LDA and SGGA corrections, respec-
tively. The band structures calculated with use of the FHI exchange-
correlation and relativistic pseudopotentials show that both the valence band
maximum and the conduction band minimum located at the I" point of the
Brillouin zone. The top of the valence band and the bottom of the conduction
band originate generally from 6s-states of T1 atoms and 5s-states of In atoms.
Influence of the spin—orbit interaction on the electronic structure is investi-
gated. As found, inclusion of the spin—orbit interaction is not essential for
the energy states near the gap and removes the band degeneracy along the T—
Z symmetry line, but does not remove the degeneracy at the T, Z, and I', Y
points. The maximum value of the spin—orbit splitting is = 0.3 eV. The effec-
tive masses along [001], [010], and [100] directions are calculated taking into
account non-parabolicity of the bands. In this paper, DOS effective mass,
conductivity effective mass, and reduced effective mass are calculated theo-
retically for the first time.
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Hna kpucrany TlInS, 3 mepinmux TpWHIUIIB B paMKax Teopil dyHKuIioHaTY
TyCTUHU OYJIO PO3PaxoBaHO: eJIeKTPOHHY CTPYKTYpPY, DOS-edheKTUBHY Macy,
e()eKTUBHY Macy IIPOBiAHOCTHU, HaBedeHy e()eKTUBHY Macy. EJIeKTPOHHY CTPY-
KTypy KpHuCTaJy 0yJIO BUBUEHO 3 BUKOPHCTAHHAM IIaKeTiB mporpamMm Quantum
Wise tTa Quantum Espresso, BigzmoBiguo, 8 LDA- ta SGGA-HaGIMKEeHHAX.
30HHI CTPYKTypu, PO3paxoBaHi 3 BUKOPUCTAHHAM OOMiHHO-KOPEJSIiiiHOTO
norenniany FHI Ta perdaTuBicTCHKOTO IICEBAOIOTEHIIISNIY, IIOKA3yIOTh, IO
CcTeJId BAJIEHTHOI 30HY i JHO 30HM ITPOBiTHOCTHY PO3TAIIIOBaHI B IeHTPi Bpisro-
enoBoi 30HU. CTeJida BaJIeHTHOI 30HY i JHO 30HU MPOBiTHOCTU B OCHOBHOMY IIO-
xoaATh 3 6s-craniB aTromiB TI Ta 5s-cramiB aromis In. Takox mociimxyBaBcs
BILJIUB CITiH-OpOiTaJIbHOI B3a€MOAil HA eHEPTeTUYHUH CIleKTep. ByJio BcTaHOB-
JIeHO, II0 BpaxXyBaHHS CHiH-0pOiTaIbHOI B3aEMOil He € iCTOTHUM [JId eHepre-
TUYHUX CTAHIB 1063y 3a00pPOHEHO0I 30H1, 3HiMAae BUPOAIKEHHA 30H IO JIiHil
cumetpii T—Z, ajyie He 3HiMae BUPOKEeHHA B caMux Toukax 1, Z, atakox [, Y.
MaxkcumanbHe cHiH-OpOiTanbHe posIlenjeHHda 30H cramoBuTh =0,3eB. 3
OTJIAAY Ha HemapaOoJiuHiCcThL 30H 0yJI0 pO3paxoBaHO e(EeKTUBHI Macu B Ha-
npamiax [001], [010], [100]. V¥ miit pobori Oy10 BuepIie TeOPETUYHO PO3PaxXo-
Bauno DOS-edexTuBHY Macy, eheKTUBHY Macy IPOBigHOCTH, HaBedeHY edeK-
TUBHY MAacy, II10 JOCi He 3ycTpivuajucs B JiTepaTypi.

Karouosi cmosa: LDA, GGA, cmoin-opbitanpua B3aemonisa, DOS-epeKTuBHA
Maca, e(p)eKTHBHA Maca IPOBiJHOCTH.

Has xpucranaa T1InS, n3 mepBbIX IPUHIIUIIOB B pAMKax TeOpUU PYyHKIIMOHA-
Jla TIJIOTHOCTH OBIIM PaCCUMTAHBI: SJIEKTPOHHAA CTPYKTypa, DOS-ahdeKTuB-
Hasd Macca, s¢GeKTUBHAA Macca IIPOBOAUMOCTH, IpuBeAEéHHAA d(hdeKTUBHAA
Macca. JIeKTPOHHAs CTPYKTYpa Kpucrajiia Oblia usdydeHa ¢ UCIIOJIb30BaHNIEM
nmaxeroB nporpamMM Quantum Wise u Quantum Espresso, cooTBeTCTBeHHO, B
LDA- u SGGA-npubam:xenuax. SOHHLIE CTPYKTYPbI, PACCUNTAHHbBIE C MCIIOJb-
30BaHMEM OOMEHHO-KoppeaalnnonHoro morennuana FHI u pexstTuBucTcKoro
TICeBIOIIOTEHIIAJA, TIOKA3bIBAIOT, YTO MOTOJOK BAJIEHTHOM 30HBLI W JHO 30HBI
IIPOBOJMMOCTH PACIIOJIOMKEHBI B I[eHTPe 30HbI Bpuimiosna. IToTosmok BajeHT-
HOM B30HBI UM [OHO 30HBI HPOBOAWMMOCTHA B OCHOBHOM IIPOMCXOAAT u3 6s-
cocrosuuii aromoB T1 u 5s-cocroanunii aromos In. Taxixe nceaemoBaIOCh BIM-
sSHUe CIUH-OPOUTATBHOI0 B3aUMO/IeiICTBUA Ha 9HePreTuUecKuii cnekTp. BrLio
YCTaHOBJIEHO, UTO YUYET CIWH-OPOMUTAJIHLHOTO B3aWMMOAENCTBUS HE CYIIeCTBEeH
IJIs 9HEePreTHYeCKMX COCTOSHHNII BOJIM3UW 3aIIpPeIéHHOl 30HbI, CHUMAET BEI-
POKAEHUA 30H II0 JIUHUU cUuMMeTpuu T—Z, HO He CHUMAaeT BLIPOKIEHUA B ca-
mux Toukax T, Z, a tak:xke [', Y. MakcuManbHOe CIMH-OPOUTATIHLHOE pacIer-
Jenune 30H cocrapisger = 0,3 3B. C yuérom HenmapaboJIMUYHOCTHA 30H OBLIN pac-
cunTaHbl 3(hdexkTuBHLIe Macchl B HampaBiaenuax [001], [010], [100]. B aToii
pabore BIepBbIe TeopeTuuecku paccumtTanbl DOS-sdderTnBHas macca, ah-
(ekTHUBHAA Macca MPOBOJUMOCTH, HNpuUBeAEéHHaA ddhdeKTuBHAA Macca, KOTo-
phIe 0 CUX IIOP He BCTPEeYaJIiCh B IUTEpaType.

Kiarouessie caomsa: LDA, GGA, crnuu opburajbHOe BsaummogeiicTsue, DOS-
a(ppexTBHAA Macca, d(pPpeKTUBHAA Macca IPOBOIUMOCTU.

(Received May 23,2016 in final version, August 9,2016 )
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1.INTRODUCTION

The III-III-VI, type crystals exhibit quasi-low-dimensionality in the
form of layered and chain structures and has become increasingly at-
tractive due to their interesting structural properties and potential
optoelectronic applications [1] (see also references therein). As well as
layered TIMeX, (where Me = In or Ga and X =S or Se) crystals, TIInS,
has C2/c space group symmetry at room temperature [2]. The funda-
mental structural unit of the layer is the In,S; adamantane-like units
linked together by bridging S atoms. The Tl atoms are in trigonal pris-
matic voids resulting from the combination of the In,S; polyhedra into
a layer [3]. Absorption spectra of thin films of the T1InS, crystals are
used to study the energy gap and the interband transitions in the ener-
gy region of 2—2.4 eV. The direct band gap was determined to be
2.34 eV [4]. Hole, electron, hole—electron pair effective masses of
0.24m,, 0.14m, and 0.09m, are obtained from the Hall effect meas-
urements [5]. Obtained from the excitonic and interband transitions’
studies of the TIInS, crystals, reduced masses are 0.15m, [6], 0.17m,
[7]. In some studies, we came across some information about effective
mass of the crystal; however, this information is not sufficient and in
this work made a detailed investigation of the hole electron DOS effec-
tive mass, reduced and conductivity effective mass.

2. COMPUTATIONAL METHOD

In this article, we present the results of electronic structure for TlInS,
crystal from the first principles in the framework of the DFT (Density
Functional Theory) [8] by the Quantum Wise and Quantum Espresso
software program packages, within the Local Density Approximation
(LDA) [9] and the Spin Generalized Density Approximation (SGGA)
[10], respectively.

The lattice parameters and the equilibrium atomic positions in a
unit cell were determined by the minimization of the Hellmann-—
Feynman forces until forces and stresses were less than 0.0001 eV/A
and 0.0001 eV /A3, respectively. The Perdew—Burke—Erenzhorf (PBE)
exchange—correlation functional and Double Zeta Polarized basis sets
were used in our calculations. The wave function was expanded taking
into account plane waves with energies of up to 150 Ry, which provide
a good convergence of the total energy. Lattice parameters of the op-
timized structure in good agreement with experimental result [11] and
differ from them only =1%. The electron configuration of atoms in
HGH pseudopotentials were chosen as (core +electron) TI[Xe]4f"* +
+5d'°6s°6p', In[Kr]+4d"5s°5p" and S[Ne]+3s*’3p*, and in FHI
pseudopotentials were chosen as T1[XeJ4f'*5d" + 6s*6p"' , In[Kr}4d"® +
+5s°5p', S[Ne] + 3s°3p”.
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3. RESULTS AND DISCUSSION

Let us examine the band structures calculated by different methods
separately. The band structure calculated by using FHI pseudopoten-
tial show that the valence band maximum and minimum of the conduc-
tion band located at the I" point of the Brillouin zone (Fig. 1). There-
fore, T1InS, is a direct band gap semiconductor as obtained in the spec-
troscopic measurements [4]. The band gap obtained by HGH and FHI
pseudopotentials are 1.43 eV and 1.25 eV, respectively, and are smaller
than experimental one (2—2.3 eV) [4]. It is well known that the LDA
and GGA usually underestimate the band gaps of the Kohn—Sham elec-
tronic band structure. The electronic structure calculated by HGH
pseudopotential has been widely discussed in our work [12].

The spin—orbit splitting has been investigated by using full-
relativistic pseudopotential in Quantum Espresso.

In electronic structure calculated by the SGGA, fundamental ab-
sorption edge of crystal is formed with direct transition. The values of
band gap and lattice parameters are given in Table 1. According to the
calculated structures by the SGGA in Quantum Espresso and Quantum
Wise, the spin—orbit interaction influences along the symmetry line of
T-Z (Fig. 2).

Thus, excluding T and Z symmetry points, along this line, double
degeneracy of the bands is removed by taking into account the spin—
orbit interaction.

zZ r Y T z

Fig. 1. Electronic structure calculated within the LDA by means of the FHI
pseudopotential.
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It is not observed degeneracy in the other symmetry points and
symmetry lines. In spite of band gap gets smaller to 0.2 eV, in general,

TABLE 1. Lattice parameters and band gap calculated within the LDA using
the FHI and HGH pseudopotentials and within the SGGA using the full rela-
tivistic pseudopotential.

Quantum wise | Quantum espresso ‘ Exp.[11]
LDA (FHI, HGH) SGGA (full-relativistic)
a(A) 10.800 11.0146 10.90
b(A) 10.845 11.0132 10.90
c(A) 15.054 15.3488 15.19
B 100.375 100.27 100.55
E,(eV) 1.25(FHI),1.43 (HGH) 1.25 2.35
3 Bandstructure = a

3 Y T Z

Fig. 2. Electronic structure calculated by Quantum Espresso program exclud-
ing the spin—orbit interaction (used pseudopotential is relativistic) (a) and
electron spectrum calculated with taking into account the spin—orbital inter-
action (used pseudopotential is full relativistic) (b).



1024 N. A.ISMAYILOVA and H. S. ORUDZHEV

spin—orbit interaction does not influence seriously on surrounding
state of band gap. The splitting observed in lower parts of conductivity
bands, which are formed from 5s-electron states of In atoms.

It is also calculated DOS effective mass, conductivity effective
mass, reduced effective masses of electrons and holes within the LDA
by the FHI pseudopotential using 11x11x11 k-point sets. Taking into
account non-parabolicity of maximum of the valence band and mini-

mum of the conduction band at the I" point, effective mass is calculated
21,2

Here, the quantity of parabolic characterize is o.

PR

by E(+ 0E) = ’2‘

In our software calculations, k-points were expressed with basis trans-
lations of the reciprocal lattice, and directions were taken as OX —
g -8,,0Y—g +g,,and0Z—g,.

Note that direction g, — g, in fact is different from direction OX by
=10°. Nevertheless, this difference in direction does not affect the re-
sults, and the relative error is not more than 2% . Here, basis transla-
tions of the reciprocal lattice are as follow:

111 T
=2n| —,—,—tan|PB-—1]|,
& (a b a (B ZD
11 1 i
=2n| ——,—,——tan|{B——||,
8z ( a b a (B ZD

1
8 = 275(0, 0. ccos(B— n/Z)}

Calculated effective masses for each of the three directions of elec-
tron (hole) were given in Table 2. Calculated value for electron (hole)
effective mass, 0.14m, (0.24m,), in the g, direction is in a good agree-
ment with experimental effective mass for electron (hole) 0.14m,
(0.19m,) in this direction [5].

TABLE 2. The electron and hole effective masses in directions 0Z, OY, OX
calculated within the LDA. All the masses are given in units of free electron
mass.

Directions LDA (FHI) Exp.[3]
g, TToz 0.14 0.19 0.14 0.24
g +g, 1Toy 0.33 0.71

g —g, TTOX 0.28 0.59
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TABLE 3. Calculated electron (hole) DOS, conductivity and reduced effective
masses. All the masses are given in units of free electron mass.

me DOS mh DOS mecon mhcon mred mred (111) mred (001) Exf)e-d[(ﬁ]’ [')7]
0.24 | 0.41 | 0,22 | 0.35 | 0.15 0.20 0.17 0.15
For calculation DOS effective mass, we used
2 1
Meypos = Me3,(h)(m:(h)xm:(h)ym:(h)z)3 . (1)

Here, M, is number of equivalent valleys for electrons and holes.
The conduction (valence) band minimum (maximum) is located in the
centre of the Brillouin zone. For this reason, numbers of equivalent
values in both cases were equal to unit. Here, m; )., m.u),, and m; ;.
are electron (hole) effective masses in the direction of a coordinate ax-
is. Similarly, for calculation of conductivity effective mass, we used

3
% _ % _ ¢ 1
(M2 )™+ (M )+ (M2 ) )

Meon = 0.221m,, m;.., = 0.355m,.

(©))

Mehycon =

Reduced effective mass m, s = 0.15m, (Table 3) was calculated using
values of the three mutually perpendicular directions electron and hole
effective masses. Note that obtained reduced effective mass in [6] and
[7] experimental works was carried out only by the (001) plane. For cal-
culated reduced effective mass in this plane, we have found geometric
mean effective masses of hole and electron, which are calculated paral-
lel to the axis OY and OX. Obtained result, 0.20m,, is in a good agree-
ment with experimental results: 0.17m, [6]and 0.15m,[7].

4. CONCLUSION

Calculated electronic structure by the Quantum Wise and Quantum
Espresso software within the LDA, SGGA in different pseudopotential
show that valence band maximum and conductivity band minimum are
located at the I point of the Brillouin zone. Spin—orbit interaction re-
moves double degeneracy along the symmetry T—Z line, excluding
symmetry T and Z points. Maximum spin—orbit splitting is of 0.3 eV.
Calculated DOS effective masses of electron and hole are
M;pos = 0.24m, and mjpos = 0.41m,, respectively. Conductivity effec-
tive masses of electron and hole are m.)., =0.221m, and my., =

=0.355m,, respectively. Reduced effective mass is my 4 =0.15m,,
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and in-plane (001) reduced effective mass is m,.q001) = 0.20 m,.
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