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This work presents the ab initio calculations of the electronic energy spectrum of the InsCdlg compound.
The study was conducted within the framework of density functional theory (DFT), using local density ap-
proximation (LDA) and general gradient approximation (GGA) pseudopotentials, and the Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional. The GGA approximation was implemented using the PBE and PBEsol
exchange-correlation functional. Based on the electronic energy structure, the type of the minimum band gap
was determined, and an analysis of the energy level dispersion for both the valence and conduction bands was
performed. Furthermore, the effective masses of electrons (m.) and holes (m,) for In4Cdlg were established.
The energy band analysis was complemented by the calculation of the density of states (DOS). Based on the
electronic energy spectrum, the real and imaginary components of the dielectric function are calculated. Using
the Kramers-Kronig relations, we also derive such fundamental optical functions of In4Cdlg as the refractive
index n, and the extinction coefficient k.
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1. Introduction

Semiconducting compounds of the A4BXg group (where A =TI, In; B = Hg, Pb, Zn, Mg, Cd, Ge; and
X =Cl, Br, I) possess a wide band gap and are of significant interest due to their potential applications as
materials for nonlinear optical devices [1-4], ionizing radiation detectors [} 6], temperature sensors [7]],
and ion-selective electrodes [8}19]. A4BX¢ halides are characterised by highly pronounced anisotropies
of their optical properties, making them reliable materials for optical polarizing filters, the formation of
optical triggers, and related components. Their utility in nonlinear optical devices is attributed to their
broad transparency windows, spanning from the visible to the far-infrared region, and to the simultaneous
presence of two heavy cations within the crystal lattice, which suppresses undesirable high-energy phonon
excitation.

Regarding the investigation of the crystal structure of A4BXg-group semiconducting compounds,
such studies are well represented in the literature. Research on InyCdlg originated with reference [10]. In
reference [[10], it was established that the Tl4HgBrg structural type describes the compounds T14Cdlg and
InyCdlg. According to these data, the compounds crystalize in the centrosymmetric P4/mnc structure,
with lattice parameters a = 906.0(2) pm, ¢ = 975.4(4) pm [10].

Conversely, reference [11] reported on the temperature dependence of the electrical conductivity
for InyCdls. Based on these results, a structural phase transition was identified near ~ 210°C [L1]].
Furthermore, Raman spectroscopic studies of InyCdlg were conducted in reference [[11]. Specifically,
Raman bands were observed at 24.7, 40.2, 65.9, 79.1, and 112.6 cm~ L

Despite experimental investigations of other compounds within the A4BXg group [2H22], data re-
garding InyCdls remain extremely limited. Specifically, no additional experimental reports on IngsCdl,
beyond those mentioned above, were identified. Consequently, determining the fundamental electronic
properties of the In4Cdls compound represents a highly relevant task. Furthermore, theoretical studies on
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the electronic energy spectrum of InsCdlg are also absent from the literature. This lack of data underscores
the relevance and novelty of the research presented herein.

Investigations of the electronic energy spectrum of A4BXg group compounds are conducted within
the framework of density functional theory (DFT) [4,16,22H24]]. For instance, the energy band diagram of
the Tl4Hgls compound was calculated using the local density approximation (LDA) and the generalized
gradient approximation (GGA) [23]]. The band gap values obtained from these calculations are 1.15 eV
for the LDA functional and 1.265 €V for the GGA functional, both of which are somewhat underestimated
compared to the experimental values. As shown in the figure, the minimum gap between the conduction
and valence bands occurs at the I" point, the centre of the Brillouin zone (BZ), indicating that the TlyHglg
crystal is a direct-band-gap semiconductor.

The energy characteristics of Tl4Cdlg, compared with those of TlsHgls, have been investigated in
references [0, (14, 20, 23]]. In all cases, calculations were performed using LDA and GGA exchange-
correlation potentials. The band gap values obtained in reference [23] are E, = 1.88 eV (LDA) and
E,; = 2.04 eV (GGA), which are comparable to the values of 2.043 eV (GGA) and 1.627 eV (LDA)
reported in [4]. The authors of reference [6] achieved a slightly higher value (2.25 eV), through the
combined use of the LDA approximation and spin-orbit coupling (SOC). The minimum band gap occurs
at the centre of the Brillouin zone (I" point). Similar to TlyHglg, the band structure of Tl4Cdlg exhibits a
direct character.

The investigation of the energy band diagrams for Tl4HgBrg is presented in references [[12} 24]]. The
compound under study is characterized by a direct band gap, with calculated values of 1.779 eV (GGA)
and 1.342 eV (LDA) [12]. Additionally, a value of 2.456 eV was obtained using the mBJ+U+SO ap-
proximation [[12]. It is noteworthy that the latter result is in close agreement with the experimental value
determined in [[13]].

Considering that the LDA and GGA pseudopotentials are typically used for the investigation of other
compounds within the A4BX¢ group [4.16,22-24], given the absence of experimentally determined energy
parameters for InyCdlg in the literature, this work utilises the LDA [27]] and GGA approximations. The
GGA approximation was implemented using the Perdew—Burke—Ernzerhof (PBE [25]]) and PBEsol [26]
parameterisations of the exchange-correlation functional. Given that hybrid functionals provide a more
accurate description of the electronic energy structure of semiconducting materials, the Heyd—Scuseria—
Ernzerhof (HSEO6 [2829]) functional was also employed in this study.

2. Calculation details

All our calculations, including geometry optimization and calculations of total energy, energy spectra
and density of states, were performed with the DFT [30-32]] and implemented in the QUANTUM-
ESPRESSO package [33]. To describe the exchange-correlation energy of the electronic subsystem, we
used the functionals taken in the LDA [27], GGA within PBE [25]] and PBEsol [26] parameterization, and
HSEOQ6 hybrid functional [28L29]. The interaction between ions and valence electrons was described using
Vanderbilt ultrasoft pseudopotentials [34] for LDA and GGA. A norm-conserving pseudopotential [34]
was employed in calculations performed with the HSE06 functional.

In our calculations, the value E.y..o = 350 €V (for LDA and GGA) and 660 eV (for HSE06) was used
as the plane-wave cutoff energy (this energy corresponded to the minimum total energy). The atomic
levels 4d'°5525p! for In atom, 44'%5s% for Cd atom and 5s25p° for iodine atom are treated as valence
electron states. The total energy converged to about 5 x 10~® eV/atom. Integration over the BZ was
performed using a 2 X 2 X 2 Monkhorst—Pack scheme [36]. In the initial stage of our calculations, we
optimized a starting InyCdlg structure (with lattice parameters taken from reference [[10]). The symmetry
was maintained throughout the optimization process. The atomic coordinates and the unit-cell parameters
were optimised using the Broyden—Fletcher—Goldfarb—Shanno technique. Optimization was continued
until the forces acting on atoms were less than 0.01 eV/A, the maximum displacement was less than
5.0x 107 A, and the mechanical stresses in the cell were less than 0.02 GPa.

The dispersion of the energy bands was analysed using the effective masses of the electron (m.)
and hole (m,), which were determined from the calculated electronic energy band structure using equa-
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tion (2.1)) [37]
1 4n? ¢°E(K)
me R dK?
where £ is the Planck constant, and E(K) is the dependence of the band energy E on the electron wave
vector k.

) 2.1)

3. Results and discussion

The optimized structures of IngCdl crystal are presented in figure [T] for visualization. It should be
noted that the optimization of the InsCdlg crystal by different methods leads to different lattice parameters
with a tetragonal structure (space group P4/mnc). The space symmetry groups and the lattice parameters
for the optimized structures are summarised in table[T} Moreover, table[T]also lists the total energy values
for the optimized configurations.

Figure 1. (Colour online) Examples of InyCdlg crystal obtained after optimization.
A comparison of the calculated lattice parameters with the experimental data [10] (see table |I[)

shows that the values obtained using the HSE06 functional are the closest to the experimental results.
Furthermore, the HSEO6 hybrid functional yields the minimum total energy (Eo1) of the system.

Table 1. Structural properties of InyCdlg crystal after optimization.

Parameters HSE06 [ LDA [ GGA+PBE [ GGA+PBEsol [ [10]
Space group P4/mnc
a=b A 9.123182 | 10.468368 | 11.360644 10.471746 9.060(2)
c, A 10.160833 | 11.597852 | 12.533962 11.806590 9.754(4)
Eiotal, €V —18823.05 | —18168.19 | —18124.32 —18088.82 -

Figure [2] shows the calculated electronic energy band diagrams for IngCdlg crystal along the high-
symmetry points of the BZ. In this case, the energy in figure[2is counted from the Fermi level (Eg = 0 V).
No experimental or theoretical data on the electronic energy spectrum of the InyCdlg crystal have been
identified to date. The analysis of our calculation data for the energy band spectrum of InsCdlg crystal
shows that the bottom of the conductivity band is localized in the centre of the BZ for all methods (HSEO06,
LDA, GGA+PBE, and GGA+PBEsol), i.e., at the point I". On the other hand, the top of the valence band
is localized at the R point for LDA, GGA+PBE, and GGA+PBEsol and I" point for HSE06 of the BZ
(see figure [2). This means that the corresponding crystal is characterised by an indirect energy optical
band gap (R-T") based on LDA and GGA calculations, and a direct energy optical band gap (I'-I") based
on HSEO06. Nonetheless, the quantitative difference between the indirect optical transition and the direct
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transition (AE = E;“dir —Egir) localized at the I'-point remains less than ~0.022 eV (see table. Typically,
crystals of the A4BXg group are characterized by a direct band gap (T14Cdl [6} 20} 23], T14Pblg [14],
Tl4Hgle 23], TI4HgBrg [12}124]]). It should be noted that for the Tl4Pblg crystal it shows an indirect band
gap [14]. This was identified using the GGA and the modified Becke-Johnson potential as implemented
in the Tran-Blaha (TB-mBJ) method. However, the inclusion of the Hubbard correction parameter U and
spin-orbit coupling in the calculations yielded the minimum band gap of a direct type [[14]. Consequently,
we assumed that the direct optical band gap for InyCdlg is more correct. The experimental measurements
of the optical absorption spectra for InyCdlg crystal need to prove this assumption. The application of
the Hubbard correction parameter U and SOC in the calculations presented in this work is considered
impractical without supporting the experimental data. In the next section, we focus on the data obtained
using the HSEO06 method.
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Figure 2. (Colour online) Electron band energy structures of IngCdlg crystal calculated by different
methods (see the legend): red lines correspond to Fermi level positions; green line — path of the smaller
band gap.

Regarding the minimum band gap, the value obtained with the HSE0O6 method was over 30% larger
than those determined by the LDA and GGA methods (see table [2). Typically, calculations performed
within the LDA, GGA+PBE, and GGA+PBEsol approximations show that these approximations un-
derestimate the band gap [38]]. One of the appropriate reasons for the discrepancy between theory and
experiment is that infrared absorption has not been taken into account in our calculations [39]]. The
simplest way to obtain theoretical data that are fully consistent with the experiment is to apply a so-called
‘scissors’ operator, which shifts the calculated conduction band towards higher energies, thereby increas-
ing the band gap [39]. Then, the calculated conduction band is shifted until the experimental minimum
energy gap E, for the compound under test is achieved. A success of the ‘scissors’-operator approach
stems from the known Kohn—Sham equations for the band energy dispersion [27]. It should be noted that
the absence of an experimentally determined band gap value for this crystal precludes the performance
of this operation. Given that A4BX¢ group compounds are typically synthesized from binary precursors
(which, in the case of IngyCdlg compound, are Inl and CdlI,), their minimum bandgap is expected to lie
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within a range close to those of these binary constituents. For the InyCdlg compound, these values are
2.01 eV [40] for InI and 3.05 eV [41] for Cdl,. Therefore, we assume that the bandgap value obtained
using the HSEO06 method is closer to the expected experimental value.

Table 2. Energy properties of InyCdlg crystal: the indices ‘c’ and ‘v’ denote the conduction and valence
bands, respectively. M —I' — Z and Z — R — X path of the k-space for the calculated effective masses.

Method ENir ev | ESt eV | AE.eV | EL.eV | Eb.eV | ER eV | mMT"Zim, | mER X m,
LDA 1.036 1.058 | 0.022 | 1.036 | -0.022 0 2.536 0.331
GGA+PBE 0.862 0.881 0.019 | 0.862 | -0.019 0 3.903 1.516
GGA+PBEsol | 0.996 1017 | 0.021 | 099 | -0.021 0 2.594 0.343
HSE06 1.827 1483 | —0.344 | 1.483 0 —0.344 0.419 0.233M-T~-

The analysis of the energy band dispersion for the InsCdlg crystal was conducted using the effective
masses of electrons (m,) and holes (1m,), which were determined based on equation (2.1). Table[2]presents
the effective masses for the InsCdls crystal determined from the electronic energy band diagrams along
different directions in the k-space. It should be noted that the effective masses of electrons (m.) and
effective mass of hole (m,) determined using the LDA and GGA+PBEsol methods are in good agreement.
On the other hand, a sharp decrease in the effective masses of electrons (m.) and effective mass of hole
(my) calculated using the HSE06 method is observed compared with the LDA and GGA methods. This
is attributed to the decisive impact of the HSE06 functional on the conductivity and valence band [42].
Furthermore, it was found that the electron effective mass (m.) exceeds that of the hole (m,) in this
crystal, consistently across different calculation methods. This disparity is expected to have a substantial
impact on the sample conductivity (o ~ m~Y) [37].
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Figure 3. (Colour online) Total and partial distributions of electronic DOS calculated for InyCdlg crystal.

Based on the electronic energy structure of InyCdlg crystal, we have determined the total and partial
electronic density of states (DOS) (see figure [3)). The electronic density can be summarized as follows:
(i) the energy levels between —15 and —12 eV can be attributed to the s-states of iodide; (ii) the energy
levels near —11 eV can be attributed to the d-states of Cd; (iii) the p-states of I are predominant in
the energy region between —8 and —1.5 eV; (iv) the maximum of the valence band is formed by the
contribution of the s-states of In with some admixture of the p-states of I; (v) the minimum of the
conduction band corresponds to the p-states of In; (vi) considering the Pauli exclusion principle, we infer
that the minimum energy gap is formed by the s—p transitions with the bond of I-In.
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The total number of electrons per unit volume in the crystal can be determined from the DOS using

equation (3.1) [43].

n:Jf(E,T,,u)D(E)dE, (3.1)
0

where D(E) is the DOS, f(E, T, ) is the Fermi-Dirac distribution function, and u is chemical potential.

In the case of electrons: i

1 +exp[(E - u)/kT]

The chemical potential is a key parameter for estimating the charge-carrier concentration (n). Its limiting
case, (E — u)/kT > 1, allows for the determination of the charge carrier concentration, since the Boltz-
mann distribution is employed as an approximation of the Fermi-Dirac distribution [43]]. Consequently,
the charge carrier concentration can be determined using equation (3.3),

FE.T,p) = (3-2)

2am*kT\>/?
il ) . (3.3)

n=Ncexp[-(E. — u)/kT], Nc=2( 2
Taking into account that the 4 = 0 eV corresponds to the top of the valence band in semiconductors 43,
44]], the effective density of states (N.) and n can be estimated. Thus, the n and N, were determined
using the electron (m,) effective masses calculated in this study. The values of N, and n are presented in
table[3] It should be noted that the values of the effective density of states (N..) determined using methods
LDA, GGA+PBE, and GGA+PBEsol are quite close to each other. By contrast, the N, value estimated
by the HSEO6 method is different. This behaviour is attributed to the dispersion of the conduction band

[mc, see table[3]and equation (3.3)].

Table 3. Charge carrier concentration of IngCdlg crystal at 300 K: the indices ‘c’ denote the conduction

bands.
Method melme | Ne, 1020 cm—3 n,cm™3
LDA 2.536 1.01 2.25 % 101
GGA+PBE 3.903 1.93 1.22x 1053
GGA+PBEsol | 2.594 1.04 5.02 x 1011
HSEO06 0.419 0.07 2.53 % 107

The imaginary part of the dielectric function &(%w) for InyCdlg crystal can be calculated using
the relation (3.4) [39]]. Then, the real part of the function can be obtained from the Kramers—Kronig

relation (3.5) [39]

2@275 C |7 v C v
&= KZ‘C (WS |ar| WY ) 26 (ES — EY — hw), (3.4)
2 r tey (1)dt
1= =2 35
el nftz—(hw)z (3-5)
0

In equations (3.4) and (3.4), E is the energy, u is the vector of polarization of the incident light, ¥, and
Wy denote the wave functions respectively of the conduction and valence bands in the k-space, V is the
volume of the unit cell, e is the electron charge, £ is the dielectric constant in vacuum, r is the electron
position operator, ¢ is the dummy integration variable spanning all positive photon energies, and 7 is the
reduced Planck constant. The spectral dependences of £; and &, are presented in figure 4]

As shown in figure [4] the real part of the dielectric function increases smoothly from 0 to 2.7 €V,
then decreases rapidly. At an energy near 2.9 (for E L z) and 5.1 eV (E||z), the real part of the dielectric
function turns zero and becomes negative with a further increase in energy. The imaginary part of the

33704-6



Electronic energy structure and optical properties of In4Cdlg

18 18
g, &
16 - 164 _
2 (=5, 5,(0=e,0)
147 I &) 144 &)
121
124
10
o 81 107
64 8-
4] 6
2 4]
0 5]
24
, . . : . 0 : : : i -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E, eV E eV

Figure 4. (Colour online) Real (g1) and imaginary (g,) parts of the dielectric function calculated for
IngCdlg crystal obtained using the HSEOQ6.

dielectric function is related to the photon absorption process [45]]. The first peak at the lowest energy
corresponds to optical absorption, which is related to the fundamental absorption of the crystal. The
following bands characterize band—band transitions in a crystal at the energies higher than the band gap.

The static dielectric function is represented by a set of closely spaced overlapping bands [45].
The values of the static dielectric function gy are 14.29 and 8.07 for the £ L z and E||z directions,
respectively. To numerically estimate the anisotropy of the dielectric function, we used the formula for
uniaxial anisotropy [43]:
€6~ &5
oe = tot (3.6)

g
0

where £ and £ are the static dielectric constants and £g" is the total dielectric constant. The calculated
value of uniaxial anisotropy of the dielectric function for In4Cdls crystals is equal to é& = 0.51.

Using the calculated spectra for the real [equation (3.3)] and imaginary [equation (3.4)] parts of the
dielectric function, one can obtain the following spectral dependences of the refractive index (n) and

extinction coefficient (k):

nz\/(s%+e§>1/2+sl k_\/(s%e%)lﬂ—sl
2 ’ 2 ’

(3.7)

Note that the spectral dependences of the refractive index and the extinction coefficient are similar to
those of the real and imaginary parts of the dielectric permittivity (see figure[3).
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Figure 5. (Colour online) Calculated refractive index (n) and extinction coefficient (k) for the InysCdlg
crystal obtained using the HSEQ6.
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4. Conclusions

The electronic energy spectrum of the IngsCdlg crystal was calculated for the first time using DFT
methods (HSE06, LDA, GGA+PBE, and GGA+PBEsol). Based on the electronic energy band diagram
obtained by LDA and GGA methods, it was established that the InsCdlg crystal is characterized by
an indirect fundamental band gap. The difference between the direct and indirect optical transitions
is less than 0.022 eV. On the other hand, a direct band gap for InyCdlg crystal was obtained by the
HSEO6 method. The dispersion of the energy bands was analysed based on the calculated effective
masses of electrons (m.) and holes (m,). A significantly higher value for the electron effective mass
(m¢e = 0.419m, — 3.903m,) was found compared to that of the hole (m, = 0.233m, — 1.516m,). Based
on the DOS, the distribution of energy levels was determined, demonstrating that the minimum band gap
is formed by s—p transitions within the In—I bonds. Finally, the carrier concentration in the investigated
sample was determined based on the electronic density of states. Additionally, we have calculated the
spectral dependences of the primary optical functions of InyCdlg crystal, i.e., the real (¢]) and imaginary
(&2) parts of the dielectric permittivity £, the refractive index n and the extinction coefficient k.
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L. V. Semkiv, N. T. Pokladok, F. O. Ivashchyshyn, A. I. Kashuba

EneKTpoHHa eHepreTMyHa CTPYKTypa Ta ONTUYHI BNaCTNBOCTI
Iny4CdIg 3 po3paxyHkiB ab initio

I. B. Cewmkis, H. T. Moknagok, ®. O. IsawmwimH, A. 1. Kawy6a

HauioHanbHWiA yHiBepcuTeT “/IbBiBCbKa NoniTexHika”, Byn. baHaepu 12, 79013 flbBiB, YkpaiHa

Y uin poboTi NnpeacTaBneHi ab initio po3paxyHKn enekTPOHHOro eHepreTMyHoro cnekTpa cnonyku IngCdlg. Jo-
CnifxxeHHs 6yn10 NpoBejeHO B pamkax Teopii ¢yHKUioHany ryctuHun (DFT) 3 BUKOpUCTaHHAM NceBAonoTeHLia-
NiB NOKaNbHOro HabavXeHHs rycTuHK (LDA) Ta 3aranbHOro rpagieHTHoro HabamxeHHs (GGA), a Takox ribpu-
AHoro ¢yHkuioHany lelig-Cky3sepii-EpHueproga (HSE06). HabnmxeHHs GGA 6yno peanizoBaHo 3a A0MOMOroLo
06MiHHO-KopensuiiHoro ¢yHkuioHany PBE Ta PBEsol. Ha ocHOBi enekTpoHHOI eHepreTuyHoi CTpyKTypu 6yno
BM3HAYeHO TUM MiHiManbHOI 3a60pPOHEHOT 30HU Ta NPOBeAeHO aHani3 Ancnepcii eHepreTUYHUX PiBHIB AK ANs
Ba/IeHTHOI, Tak i AN 30HM NpoBigHocTi. Kpim Toro, 6yno BctaHoBAeHO edeKTVBHI Macu eNekTPoHIB (M¢) Ta 4ipok
(my) ans IngCdlg. AHanis eHepreTMYHNX 30H 6yN0 JOMNOBHEHO PO3PaxyHKOM rycTuHM cTaHie (DOS). Ha ocHoBi
€/1eKTPOHHOrO eHepreTUYHOro CreKkTpy po3paxoBaHO AiACHY Ta YABHY CK1aAoBi AienekTpruyHoi ¢yHKLii. Brko-
pricToByloUn cniBBigHoOWeHHs Kpamepca-Kponira, Ansa kpucrtany IngCdlg 6yno pospaxoBaHo ¢yHAAMEHTaNbHI
ONTUYHI GYHKLT, TaKi SK MOKa3HUK 3a10MAeHHS 1 Ta KoeiLieHT eKCTUHKLIT K.

KniouoBi cnoBa: Ay BXg, e/1eKTPOHHA eHepreTyHa CTPYKTYpa, rycTUHa CTaHiB, 3a60pOHeHa 30Ha, epekTUBHa
Mmaca.
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