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The electronic properties of Inl and TII crystals of an orthorhombic structure with a space group Cmcm are
studied. Calculations of electron properties are performed in the basis of projector augmented waves by means of
ABINIT program. Total and partial densities of electronic states are calculated. Electron energy spectra are found
with the exchange-correlation functional GGA, without and taking into account the spin-orbital interaction. It was
found that the band gap of the Inl, obtained without spin-orbital interaction, is less than the experimental value by
38 %, and by 42 %, taking into account the latter. For the TII crystal, the corresponding values are 27 % and
39 %. The band gap found from the quasiparticle equation in the GW approximation exhibits an excellent

agreement with the experimental values for both crystals.
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Introduction

Inl and TII crystals crystallize in an orthorhombic
structure, the spatial group of which is Cmcm (63), and
the unit cell contains 8 atoms [1]. These are
semiconductors with interband gaps of 2.01 and 2.84 eV,
respectively. The work [1] is devoted to the theoretical
and experimental study of structural, electronic and

optical properties of solid solutions In TI,_ 1. The

practical application of these solutions is associated with
the possibility of operating with a material whose band
gap varies from 2.01 eV to 2.84 eV.

Attempts to calculate the electronic energy spectrum
of Inl and TII crystals have a long history. In particular,
in [2] it was found that crystals have indirect band gaps.
In [3], a direct band gap was found at the point I" of the
Brillouin zone. In works [4-7] the direct band gap was
found, but not located at the point I'. In a work [8], a
band gap was found at the Q point in the Brillouin zone.

Summarizing up a brief review of the calculations of
the electronic energy band structure for Inl and TII, we
note that in a work [1] the nature of the interband gap is
clearly established on the basis of the measured structural
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parameters of the unit cell.

Two circumstances prompted the implementation of
the study outlined in this article. The first one is
connected with underestimated values of the band gap

£q. The interband gaps of solid solutions calculated in

[1] are much smaller than the experimental ones. For
example, for the concentration x = 1, i.e. in the Inl

crystal, the value ofgg = 1.34 eV was found, while the

experiment gives the value of 2.01 eV. The second
circumstance is the lack of data in the literature on the
influence of spin-orbit interaction on the formation of the
electronic energy spectrum of both crystals.

Therefore, the aim of this study is to obtain the
electronic energy bands in Inl and TII crystals without
and with the spin-orbit interaction, as well as more
accurate values of the band gaps. And now let's focus on
the solving these problems.

I. Theory

The electronic energy band spectrum of the crystal
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was obtained using the ABINIT program [9] based on the
basis of projectior augmented waves (PAW) [10]. The
PAW basis functions have been generated using the
AtomPAW code [11]. The exchange-correlation potential
was selected in the form of GGA-PBE [12] obtained
from the functional of the exchange-correlation energy.
In the PAW method, the true all electron function

v, is obtained by the action of the operator = on some

smooth function y7a :

v, =TV T =1+ ZX(0h >0, >)<Bal, 6]
a o

(24

where an operator 7 is built on the all electronic ¢, ,

pseudo-wave @, and projector functions P,

respectively. We search the electronic energy band
spectrum and wave functions from the Schrodinger
equation [10],

H Vo >= Borc [War > O]

The Hamiltonian operator is represented as follows:
1

H = =5 VZ +Vext (N +Ve (p(N) +Vi (p(1) . (3)

12 . N
where ?V is the Kkinetic energy operator, Vext the

pseudo-potential of the ion, and the potentials V. and

V,. correspond to the Coulomb and exchange-correlation
interactions, respectively. Index = {k; n, I, m} covers the
quantum numbers n, I, m, and Kk is a quasi-wave vector in
the first Brillouin zone. Substituting (1) in equation (2)
we obtain the transformed pseudo-wave equation:
TTHT |y >=7"7| Wy > E - 4)

The energy spectra, found from the quations (2) and

(4) are identical.

interaction is represented in the form [10],
H=r"Hr=-V?/24vyq +3Ip>D; < p;1,  (5)
)

where v and Dij are the energy parameters depending

on the crystal electronic density, Coulomb and exchange-
correlation potentials. In the PAW method, the spin-orbit
interaction is taken into account by modifying only the
last term in formula (5) [9]:

H~:—V2/2+Veﬁ +izj|ﬁi>(Dij+Dﬁo)<ﬁj|- (6)

Calculations performed on the basis of equations (1)
- (6) allowed us to obtain the densities of electronic states
and electronic energy band spectra. The latter were found
without the spin-orbit interaction, as well as taking it into
account. Calculations performed on the basis of
equations (1) - (6) allowed obtaining the densities of
electronic states and electronic energy spectra. It is clear
that equations (1) - (6) are defined in the framework of
the theory of the total electron density functional, i.e. in
the GGA-PBE. In this approach, we obtained electronic
energy band spectra, which are characterized by values
of interband gaps that are much smaller than those
measured.

More precise values of the band gap were found
using the Green's function approach in the GW
approximation [9] based on the norm-concerving
pseudopotentials [13] and the screend exchange-
correlation hybrid functional HSEO06 [14]. Recently we
have completed a testing of this approach for the
calculation of electronic energy band spectra in
dielectrics [15] and semiconductors [16]. In both cases, a
good comparison of theoretical and experimental values
of the band gap of the crystals was found.

Effective Hamiltonian without the spin-orbit
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Fig. 1. Partial and total density of electronic states in the Inl crystal.
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Fig. 2. Electronic energy spectrum of the Inl crystal, obtained without and with the spin-orbit interaction
(red and black curves, respectively).
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Fig. 3. Partial and total density of electronic states in the TII crystal.

I1. Analysis and interpretation of results

Figure 1 shows the densities of the electronic states
of the Inl crystal obtained in the PAW-GGA formalism.
Note that the upper part of the valence band consists of
p-states of iodine and s-states of indium. Obviously, they
are highly hybridized. And in the conduction band is
dominated by p-states of indium.

Figure 2 represents the electronic energy dispersion
curves in an Inl crystal. The red curves were obtained
without the spin-orbit interaction, and the black ones
were obtained taking into account the latter. Note that the
spin-orbit interaction leads to a marked splitting of the
branches of the degenerate spectrum in the valence band.
In the conduction band, this effect is negligible. The
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interband gap is direct and is located on the line S — R,
namely at the point (0.5, 0.5, 0.32) of the first Brillouin
zone. The spin-orbit interaction caused the ceiling of the
valence band in Inl to move up by 0.067 eV, and the
bottom of the conduction band down by 0.019 eV. Thus,
the band gap is decreased by 0.086 eV. The band gap of
the Inl crystal is 1.252 eV and 1.166 eV without and
taking into account the spin-orbit interaction. These
values of the band gap are smaller than the
experimentally measured by 38 and 42 percent,
respectively.

Figure 3 shows the densities of the electronic states
in the TII crystal. Note that the upper part of the valence
band is formed by p-states of iodine and s-states of
thallium. The deeper part of the valence band is also
filled with s-states of the thallium.

Spectral curves shown in Fig. 4, reveal larger
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Fig. 4. Electronic energy spectrum of the TII crystal, obtained without and with the spin-orbit interaction
(red and black curves, respectively).

splittings caused by the to spin-orbit interaction, both in
the valence band and in the conduction one. Thus, the top
of the valence and the bottom of the conduction band is
shifted by 0.133 eV upwards and by 0.209 eV
downwards, respectively. That is, the band gap is
decreased by 0.342 eV. The band gap without the spin-
orbit interaction is of 2.082 eV, and taking into account
the latter of 1.740 eV, respectively. These values of the
band gap are smaller than the experimentally measured
by 27 and 39 percent, respectively. Therefore, the
theoretical values of the band gap, calculated for Inl and
Tl crystals, are much smaller than those found
experimentally. This underestimation of the band gaps is
typical for the semiconductors and dielectrics. Here we
correct this error within the Green’s function approach
[9], implemented in the ABINIT code in the form of the
GW approximation.

Finally, we give here more accurate values of the
band gaps found in the GW approximation. For Inl, the
GW band gap is 2.076 eV, and after subtracting the spin-
orbit narrowing of 0.086 eV, we obtain final value, &,

1.99 eV, which is perfectly comparable to the
experimental one of 2.01 eV [1]. For TlI the GW band
gap equals to 3.152 eV, and the spin-orbit narrowing is
0.342 eV, so the final band gap value &;= 2.81 eV,

which

is well compared with the experimentally

[1]

measured value of 2.84 eV [1].

Conclusion

The electronic energy band spectra of Inl and TII
crystals are calculated taking into account the spin-orbit
interaction with the exchange-correlation potential in the
GGA-PBE formalism. The band gaps of both crystals
were less than the experimental value. More precise
values of the band gaps were obtained using the Green's
function in the GW approximation. The band gaps, found
here, were corrected by the value of spin-orbit narrowing
energy, which led to a good comparison with the
experiment. The results, obtained here, can be used to
calculate the electronic structure of regular InTII solid
solutions. The splitting of the energies in the degenerate
zones, shown in Figs. 2, 4, may be a significant limiting
factor reducing the accuracy of the calculation of the
optical constants Inl and TII, as well as solid solutions
InTII.
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C.B. CupoTiok

Enexrponni Biaacrusocti opropoMOiynux kpucraiis Inl Ta TII
3 yPaXyBaHHSIM KBa3i4aCTMHKOBUX MOINPABOK TA CHiH-OPOiTAJILHOI B3a€MOil

Hayionanenuii ynisepcumem "Jlvgiscoka nonimexnixa", Jlvsie, Yxpaina, svsnpe@gmail.com

BuBuarotscst enekrponni BiaactuBocti kpuctamis Inl it Tl opropom6iuHOi CTPYKTYpH 3 MPOCTOPOBOIO
rpynoio Cmcm. Po3paxyHKH eleKTPOHHMX BIACTUBOCTEH BHKOHAHI B 0a3MCi MPOEKIIWHO MPUETHAHMX XBHUJIb 3a
nonomoroto nporpamu ABINIT. Po3paxoBaHi moBHI i mapuianbHi TYCTHHH €JIEKTPOHHUX CTaHiB. EjekTpoHHI
€HepreTHYHI CIeKTPU 3HaMeHi 3a JOMOMOror ob6MiHHO-kopersiniiiHoro ¢ynkiionara GGA-PBE 6e3 i 3
YypaxyBaHHSM CIiH-opOiTaNbHOI B3aemonii. BusBneHo, mo mupuHa 3ad6oponeHoi 300U Inl, otpumana 6e3 cmiH-
opOiTa’abpHOI B3a€MOJIii, MEHIIA 3a eKIepuMeHTabHe 3HaYeHHs Ha 38 %, i Ha 42 % — 3 ypaxyBaHHSIM OCTaHHBOI.
Hnst kpucrana Tl BigmoBigui 3HadeHHs HOpiBHIOIOTE 27 % 1 39 %. MiK30HHI IMUIMHY, 3HaMAeHi 3
KBa31YaCTUHKOBOTO piBHSHHA B HaOmwkeHHi GW, BUABNAIOTH N0Ope 3iCTaBICHHS 3 EKCIEPUMEHTAIbHUMH
3HAUSHHSIMH JUIs1 OOMIBOX KPUCTAIIIB.

KiouoBi cioBa: HamiBIpOBIZHUK, CIiH-OpOiTambHA B3aeMOIis, QyHKIiS ['piHa, €eHEepreTHYHHH CIEKTp,
IyCTHHA EIeKTPOHHUX CTaHiB.
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