Band energy structure of K,ZnCl, crystals under
uniaxial pressures

1Bovgyra 0.V., ’Gaba V.M., *Kohut Z.0., 'Kushnir O.S. and
'Stadnyk V.Yo.

"Ivan Franko Lviv National University, 8 Kyrylo and Mefodiy St., 79005 Lviv,
Ukraine, bovgyra@gmail.com, vasystadnyk@ukr.net
2 National University “Lviv Polytechnics”, 13 Bandera St., 79013 Lviv, Ukraine

Received: 12.01.2011

Abstract

We have studied the energy band structure of uniaxially compressed single crys-
tals K,ZnCl,. The smallest direct energy-gap for the stress-free crystal is
4.55 eV and corresponds to the /-point of the Brillouin zone. The pressure coef-
ficients for the energy positions of the valence and conduction band states and
the band gap are determined. The pressure-induced decrease in the band gap
found by us correlates well with the increase of the refractive indices known
from the earlier experiments.
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1. Introduction

Potassium tetrachlorozincate crystals, K,ZnCl,, are typical representatives of one-
dimensionally modulated incommensurate compounds of A,BX4 type. They undergo a
sequence of phase transitions: a second-order one at 7; = 553 K from a paraelectric phase
with the space group Pnam (Z = 4) into incommensurate phase with the modulation wave
vector directed along the ¢ axis, a first-order one at 402 K from the incommensurate
phase into a ferroelectric commensurate phase with the space group Pra;2, and a low-
temperature first-order one into a ferroelastic phase (the space group P2,11) [1-4].

Optical studies of K,ZnCl, dealing with the temperature and spectral changes of the
refractive indices »; and the birefringence An; have revealed clear anomalies at the phase
transitions [5]. It has also been found that the uniaxial stresses do not change the tempera-
ture behaviour of An; and »; in its essence, i.e. the profiles of the curves An,(7T) and n(7T)
are reproducible in every phase. On the contrary, specific An; and n; values, the phase
transition points, and the jumps dAn; and dn; at the phase transitions have been revealed to
be substantially affected [6, 7].
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In principle, ab initio calculations of the electronic and structural properties of solids
permit one to obtain information on the crystal structure, lattice parameters, elastic con-
stants (such as bulk elastic modulus and shear modulus), binding energies, phonon spec-
tra, etc. All these quantities can be determined from the total energy of the system under
investigation. Any in-depth investigations of the phase transitions in crystals by optical
and luminescence techniques and analysis and interpretation of their optical spectra are
impossible without understanding of the energy band structure. The band-structure calcu-
lations for the stress-free K,ZnCly crystals have already been reported in the literature
[8, 9]. Basing on these ab initio studies of the band electronic structure, the density of
states (DOS) and the optical functions of K,ZnCly crystal have been obtained for the sim-
plest case of their orthorhombic space symmetry group Pna2; (twelve formula units).

This paper reports on theoretical ab initio calculations of the energy band structure
for uniaxially compressed K,ZnCl, single crystals in the ferroelectric phase. Besides, we
have established quantitative correlation between the changes in the energy band structure
and the pressure dependences of the refractive indices n;.

2. Calculation techniques

The first-principles calculations of the energy band structure of K,ZnCl, single crystals
were performed within the framework of density functional theory (DFT) using plane-
wave basis. The electron-ion interactions were described by Vanderbilt ultrasoft pseudo-
potentials [10], while the electron exchange and the correlation energies were calculated
with the Perdew, Burke and Ernzerhof (PBE) formulation of generalized gradient ap-
proximation (GGA) [11]. The Kohn-Sham wave functions of valence electrons were ex-
panded over a basis of plane waves, with the kinetic cut-off energy of 310 eV. The ine-
quality AE < 1x 10°° eV for the electron energy difference between the consequent itera-
tions was selected as a criterion of convergence for the self-consistent procedure. Integra-
tions over the Brillouin zone were performed using a 2x4 x 7 grid of special k-points as
suggested by Monkhorst and Pack [12]. In all the calculations on the stressed crystals,
one of the lattice parameters was fixed at a specific value, and the optimal values of other
lattice parameters were determined, which corresponded to each of the fixed values. The
calculations involved optimisation of the atomic positions such that each component of
the force acting on every atom should become less than 0.05 eV/A.

3. Results and discussion

The lattice parameters of K,ZnCly calculated for the ferroelectric phase are listed in Ta-
ble 1. The theoretical lattice parameters obtained here are in reasonable agreement with
the experimental data available and the results of calculations performed in the work [13].

The properties of the ground state of our crystals have been calculated from the total
energy, using the equation of state. Our calculations have been performed with the most
frequently employed equation of state E(V), the third-order Birch—-Murnaghan equation
[14]:
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where £, is the minimum total energy, ¥, the equilibrium volume (i.e., the unit cell vol-

ume for which the total energy is minimal), B, the bulk modulus, and B' the derivative of
the bulk modulus. As a result of calculations, we have obtained the following equilibrium
parameters for the single crystals of K,ZnCly: the minimum total energy
E, =-58967.38 ¢V, the equilibrium unit cell volume ¥, =2483.32 A°, the hydrostatic
bulk modulus By = 108.6 GPa, and the first derivative of the hydrostatic bulk modulus
B'y=6.34.

Table 1. Theoretical and experimental structural parameters of K,ZnCly crystals in
the ferroelectric phase (the unit cell parameters a, b, c are in A and the volume of unit
cell Vyin A%).

Parameter a b c Vo
Experimental data 26.789 12.418 7.259 2414.82
Theoretical data 27.232 12.592 7.242 2483.32

Fig. 1 and Fig. 2 show the results of calculations of the energy band structure along
the high-symmetry lines of the Brillouin zone obtained using the equilibrium lattice pa-
rameters as a result of optimization process. It can be seen from Fig. 1 and Fig. 2 that, on
the whole, the two bands forming the band gap are characterised by relatively weak dis-
persion in the & space. An exception is the lines located in the centre of the Brillouin zone
in the vicinity of the /-point. It is also evident that the uniaxial pressures lead to decrease
in the band gap.
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Fig. 1. Band energy dispersion E(k) for K,ZnCl, crystals in the ferroelectric
phase: solid lines correspond to stress-free crystals and dashed ones to
those stressed along the X direction.
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Fig. 2. Band energy dispersion E(k) for K;ZnCl, crystals in the ferroelectric
phase: solid lines correspond to stress-free crystals and dashed ones to
those stressed along the Z direction.
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Fig. 3. Comparison of total DOS for stress-free K,ZnCl, crystals in the ferro-
electric phase and the same crystals stressed along the X (a) and Z (b)

directions.
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The top of the valence band is located at the /" -point which is taken as zero energy
(0 eV). The bottom of the conduction band is also located at the /-point, so that the
minimum direct band gap is equal to 4.55 eV. We have E,=4.33 eV for the uniaxial
pressure o, ~ 10 kbar and E,=4.43 eV for o, ~ 10 kbar. However, we remind that our
values of the band gap are underestimated. Such a situation is typical of the majority of
calculations performed in the framework of local-density formalism.

Fig. 3 shows the results of DOS calculations for the electronic states in the K,ZnCly
crystals. The valence band of K,ZnCl, consists of narrow energy bands separated by
gaps. When analysing partial contributions of individual orbitals to the function of total
DOS (Fig. 4) and partial contributions of individual bands to the electron density, we
have determined genesis of the valence bands and the bottom of the conduction band of
K2ZnCly crystals. The two top valence bands in the energy range of 0-2 eV originate
mainly from the p-states of chlorine atoms. Only small pd-hybridisation of the states of
chlorine and zinc atoms takes place here, whereas the hybridisation with the s-orbitals is
very small. The uniaxial pressures o, and o, shift all the DOS maxima in the valence re-
gion towards the shortwave spectral region but do not change the degree of hybridisation.
The next two narrow valence bands at —3.5 and —4.6 eV are also formed mainly by the
states of chlorine and zinc atoms. The band at —3.5 eV is characterised by a high degree
of sp-hybridisation. The band located at —4.6 eV is mainly formed by the d-states of zinc
atoms and a small pd-hybridisation with chlorines takes place here as well. The fifth and
the sixth valence bands at —11 and —13 eV are formed respectively by the states of potas-
sium and chlorine atoms. They are characterised by very small hybridisation. Again, the
uniaxial pressures do not change the corresponding degree of hybridisation.
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Fig. 4. Partial DOS of s-, p- and d-orbitals of K, Zn, and CI atoms for stress-
free KoZnCl, crystals in the ferroelectric phase.
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The bottom of the conduction band originates mainly from the ZnCly complexes and
the second wide conduction band located above 6.7 eV is formed mainly by the p- and
d-states of potassium atoms, with small hybridisation with the zinc and chlorine atoms.

Table 2 gathers the first pressure derivatives of the differences between the energies
of the states in the upper valence and lower conduction bands, which are responsible for
the transitions in the vicinity of the fundamental absorption edge.

Table 2. Baric coefficients of energy positions E of states in the valence (index v) and
conduction (index ¢) bands with respect to the top of the valence band for the ferro-
electric phase of K,ZnCl, crystals.

Parameter T, I, Y, Y. S, Se X, X,
E, eV 0.0 4.55 -0.01 4.67 5.03 | -0.005 | -0.04 5.17
dE/do,,
75 0 -1.21 | -0.24 | -1.04 | -0.13 | —1.58 0.17 -1.57
10~ eV/bar
dE/do.,
B -0.08 | -2.21 | -0.04 | -2.17 0.02 227 | -0.55 | -2.09
10~ eV/bar

The pressure coefficients of the minimum direct band gap between the states located
at the /™-point in the Brillouin zone are determined as dEy/do, ~—1.21 x107° eV bar ! and
dE,/do. ~-2.13x107 eV bar'. This indicates that the direct band gap in the crystalline
structure of K,ZnCl, decreases with increasing uniaxial pressure.

It should be noticed that the changes in the band gap of K,ZnCl, single crystals oc-
curring with pressure are in good agreement with the experimental pressure dependences
of the refractive indices n;. The latter have earlier been studied by analysing the effect of
uniaxial mechanical pressure on the birefringence [5, 6]. It has been established that the
refractive indices n; of K,ZnCly, increase with increasing pressure, with the average baric
coefficient dn/do ~ 2 x 10 °bar ' [6]. It is known [15] that the refractive indices n; and the
band gap E, are related through the Moss relationship,

n4Eg = const. 2)
After differentiating this expression with respect to the pressure o, we obtain

dE, 4 dn
o = de E,. 3)
It can be seen from Eq. (3) that decrease in the band gap E, under pressure should be
accompanied by increasing refractive indices s, Using the parameters n;~ 1.55,
E,~4.55¢eV, and dn/do ~2x 10 bar' obtained in the work [6], we find that the baric
coefficient for the band gap is equal to dE,/do = 2.30x107° eV bar ' on the average. This
result agrees with our theoretical calculations for the baric shift of the band structure.
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4. Conclusions

Hence, we have determined the energy band structure of K,ZnCl, single crystals using the
pseudopotential method and the Vanderbilt ultrasoft pseudopotentials. It is revealed that
the minimum direct band gap is equal to 4.55 eV. The top of the valence band is formed
by the p-states of chlorine atoms, with small pd-hybridisation of the states of chlorine and
zinc atoms. The bottom of the conduction band mainly originates from the ZnCl,; com-
plexes. The second conduction band is due to the p- and d-states of potassium atoms, with
small hybridisation with the states of zinc and chlorine atoms. The pressure coefficients
of the energy positions E of the valence and conduction band states are determined. The
pressure coefficient of the minimum direct band gap between the states located at the
I-point of the Brillouin zone is equal to 1.90x107° eV bar . Finally, we have shown that
the calculated decrease in the band gap E, induced by the uniaxial pressure agrees well
with the corresponding increase detected experimentally for the refractive indices
(dn/do ~ 107 bar ™).
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Anomayin. Y pobomi 00cnionceHo 30HHO-eHep2emudny CmpyKmypy 0OHOBICHO 3AMUCHYMUX MO-
noxpucmanie K,ZnCl, Hatimenwa npsama enepeemuyHa wituHa O1si HE3AMUCHYMO20 KPUCTAAA
cmanosums 4.55 eV i sionosioac I-mouyi 3onu bpuimoena. Pospaxosano 6apuuni xoepiyicnmu
OJ1s eHepeemuUYHUX NOJIOJCEHb CIAHIE ) 8ANeHMHIN 30HI MA 30HI NPOGIOHOCMI, 4 MAKOIC O Wi~
PpuHu 3a6oponenoi 30nu E,. Po3paxosana namu eenuyuna iHOYKOBAHO20 MUCKAMU 36YIICEHHS 3a-
O0pOHeHOI 30HU KITbKICHO KOPemoe 3i 3DOCMAHHAM NOKA3HUKIE 3AJI0MLEHHS, 8i00MUM 3 paHiuie
BUKOHAHUX eKCNEePUMEHINIG
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