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The band energy structure of RoKSO4 crystals
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The energy band structure of mechanically free and compressed RbKSO, single crystals is investigated. It is
established that the top of the valence band is located at the D point of the Brillouin zone [k = (0.5, 0.5,0)],
the bottom of the conduction band lies at the I" point, and the minimum direct band gap Ej is equal to 5.80 eV.
The bottom of the conduction band is predominantly formed by the K s, Li p, Rb s, and Rb p states hybridized
with the S p and O p antibonding states. The pressure coefficients of the energy position of the valence and
conduction band states and the band gap E,; are determined.
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1. Introduction

Crystals of potassium rubidium sulfate RbKSO4 have a pseudohexagonal lattice structure simi-
lar to the structure of ammonium lithium sulfate LiRbSOy4 [1-3]. At room temperature they possess
the mmm point symmetry with the unit cell parameters ¢ = 7.552, b = 5.805 and ¢ = 10.116 A
[4]. The first order phase transition (PT) at 116 K was observed. It is accompanied by jump-like
changes of the refractive indices n; and birefringence An;. It was found that an application of
uniaxial mechanical stresses along the principal crystallographic axes results in PT displacements
towards both lower and higher temperatures [4].

Investigations of phase transitions in crystals by optical and luminescence spectroscopy, as
well as the analysis and interpretation of the optical and luminescence spectra of the compounds
studied, are impossible without a clear understanding of the energy band structure of the crystals.
Band-structure calculations of RbKSOy4 crystals have not been performed so far.

This paper reports on the results of ab initio theoretical calculations of the energy band struc-
ture and the imaginary part 5 of the complex permittivity for mechanically free single crystals of
the RbKSO,4 compound at room temperature.

2. Experiments

RbKSO, crystals were grown by a slow evaporation of an aqueous stoichiometric solution of
K2SO,4 and RboSO4 substances at stable temperature. The crystals grown were of a good optical
quality and were of a pseudo-hexagonal shape. They comprised three well-defined blocks, the
pseudo-orthorombic axes a of which were oriented at 120° one to another.

The first-principles calculations of the energy band structure of RbKSO, single crystals were
performed using the nonlocal norm-conserving pseudopotential method. The computational tech-
nique was described in detail in [5,6]. The theoretical details and basic approximations can be
summarized as follows.

1. The total electron energies of the single crystals were self-consistently calculated in the local-
density functional approximation with the use of a plane-wave basis set.

2. The electron energies and electron densities of states were determined from the Kohn-Sham
equations.
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3. The ion potentials were represented by the Bachelet-Hamann-Schliiter norm-conserving pseudo-
potentials [7]. The correlation potential was determined according to the Ceperley-Alder re-
lationship for r, = (3/47p)/3 and the Gell-Mann-Brueckner relationship in the high-density
limit. The charge density distribution was calculated by the special-point method [8,9] with
the charge damping algorithm.

4. Relaxation of ion positions was simulated by calculating the atomic forces and by determining
the total stress of the unit cell for each crystal structure.

The calculations were carried out in a basis set consisting of 9196 plane waves (the cutoff
kinetic energy was Ecy, = %Gfﬂax = 450 eV). The self-consistent potential was determined using

12 iterative cycles.

3. Results and discussion

Figure 1 presents the results of the calculations of the energy band structure along the high-
symmetry lines of the Brillouin zone. It can be seen in this figure that, on the whole, the two
bands forming the band gap are characterized by a relatively weak dispersion in the k space. An
exception is provided by the lines at the center of the Brillouin zone in the vicinity of the I' point.
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Figure 1. Energy band structure of RbKSOy4 crystals at room temperature.

The top of the valence band is located at the D point [k = (0.5, 0.5, 0)], which is taken as zero
energy (0 eV). The bottom of the conduction band is located at the I' point (E = 5.16 eV). The
minimum direct band gap (at the I' point) is equal to 5.80 eV. However, it should be remembered
that the given value of the band gap is underestimated. This situation is typical of the majority
of the calculations performed within the framework of the local-density formalism.

The spectral dependences of the total density of states and the partial densities of states for
atoms with the appropriate orbital moments are shown in figure 2. The valence band of the RbKSO4
single crystal consists of narrow energy bands separated by band gaps. The density of states in the
range of binding energies close to —27 eV is determined by the K 2s bound states. The valence
bands in the energy range between —22.5 and —24.5 eV are predominantly formed by the Rb 5s
and O 2p states with an admixture of the S 2p states. The bands of the O 2p states are separated
into three wide subbands in the energy ranges from —1.5 to —3.5 eV, from —5 to —8 eV, and from
—18 to —19 eV. In other ranges, the S 2p states are admixed to a large extent. The Rb p orbitals
make the main contribution to the density of states in the range of —8.5 eV.

The top of the valence band is formed by the S p bounding orbitals. The bottom of the
conduction band is predominantly formed by the K s, K p, Rb s, and Rb p states hybridized with
the S p and O p antibonding states. In other words, the fundamental optical absorption is primarily
associated with the intra-anion transitions.
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Figure 2. Partial density of states of RbKSOy4 crystals.

The relation between the interband transitions and their optical response can be best analysed
in terms of the spectral dependences of the imaginary part of the permittivity es. However, it should
be noted that optical spectra have often been identified using the calculated reduced densities of
states.

Ab initio calculations of the electronic and structural properties of simple solids permit one
to obtain information on the crystal structure, lattice parameters, elastic constants (such as the
bulk elastic modulus and the shear modulus), binding energies, phonon spectra, etc. Moreover, the
derivatives of the direct and indirect band gaps with respect to the pressure, as well as the x-ray
structure factors, can also be obtained by analysing the electronic properties. All these quantities
can be determined from the total energy of the system under investigation.

The properties of the ground state of a crystal can be calculated from the total energy with
the use of the equation of state for p = 0 and T' = 0; that is,

(?ﬂl}j)s -0 W

where S is the entropy. Our calculations were performed with the most frequently employed equa-
tion of state, namely, the third-order Birch-Murnaghan equation of state [9,10]

swy=m 2 () 1) (1 (52) (- (0)) e

where Ej is the minimum total energy and V} is the equilibrium volume. The equilibrium volume
Vo (the unit cell volume for which the total energy is minimum), the bulk modulus By, and the
derivative of the bulk modulus Bj, with respect to the pressure were determined by least-squares
fitting of the equation of state (2) to the calculated total energies.

When optimizing the structural parameters, the equilibrium unit cell volume was determined
for fixed experimental values of the ratios a/b and ¢/b [4]. Then, the theoretically obtained unit
cell volume was used to optimize the ratios of the lattice parameters a/b and c/b.

Table 2 presents the first and second pressure derivatives of the difference between the energies
of the states of the upper (valence) and lower (conduction) bands, which are responsible for the
optical transitions in the vicinity of the fundamental absorption edge.

As a result, we obtained the following equilibrium parameters of the RbKSO, single crystal: the
minimum total energy Ey = —11 513.58 €V, the equilibrium unit cell volume Vj = 442.69A3, the
hydrostatic bulk modulus By = 98.6 GPa, and the first derivative of the hydrostatic bulk modulus
Bj) = 4.45.
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Table 1. Eqilibrium structural parameters of RbKSOy4 single crystal (the unit cell parameters
a, b, and ¢ are given in A, the unit cell volume, AS).

a b c a/b c/b Vv
Theory 7.549 | 5.801 | 10.109 | 1.301 | 1.742 | 442.69
Experiment || 7.552 | 5.805 | 10.113 | 1.301 | 1.742 | 443.35

Table 2. Pressure coefficients of the energy position E of the valence (subscript v) and conduction
(subscipt ¢) band states with respect to the top of the valence band of RbKSOy4 crystals.

r T Y, Y, B, B, D.
E.eV -0.09 5.0 -0.14 | 586 | -0.08 | 5.83 6.86
dE/dp, meV/GPa || -58.2 | —206.2 | —49.9 | -121.5 | -96.9 | —211.2 | —146.1

The energy band structure of the RbKSO, single crystal was calculated from the theoretically
obtained structural parameters. The energy band structure of the RbKSOy single crystal under
compression was also calculated by simulating the relaxation of the ion positions.

The pressure coefficient of the minimum direct band gap between the states located at the I'
point in the Brillouin zone is determined to be dE,/dp ~ —1.48 - 1075 eV /bar. This indicates
that the direct band gap in the structure of the RbKSQy4 single crystal decreases with increasing
pressure.

The equilibrium unit cell volume was determined for the fixed experiment values of ratios a/b
and ¢/d by optimizing the structural parameters. Then, the unit cell volume obtained theoretically
was used to optimize the ratios of lattice parameters a/b and ¢/d (table 1).

4. Conclusions

Thus, the energy band structure of RbKSQy single crystals was determined by the pseudopo-
tential method with the use of the Bachelet-Hamann-Schliiter pseudo-potentials. It was revealed
that the top of the valence band is located at the D point [k = (0.5, 0.5, 0)] and the bottom
of the conduction band lies at the I' point (E = 5.16 €V) of the Brillouin zone. The minimum
direct band gap is 5.80 eV. The top of the valence band is formed by the S p bounding orbitals.
The bottom of the conduction band is predominantly formed by the K s, K p, Rb s, and Rb p
states hybridized with the S p and O p antibonding states. The pressure coefficients of the energy
position F of the valence and conduction band states were 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 ~ 1.48 - 107 eV /bar.
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30HHO-eHepreTuyHa cTpykrtypa kpuctanis RbKSO,

0.B.Bosrupa, B..CtagHuk, A.B.®paHis, M.PTyssk, 0.3.4nx

JbBiBCbKMIA HaLiOHANbHUIA YHIBepcuTeT iM.l.DpaHka, pisnyHuin pakynsTer,
79005 JlbBiB, Byn.Kupuna i Medogaisi 8

OTpumaHo 4 BepecHs 2006 p.

JocnigxeHo eHepreTnyHy CTPYKTYPY MEXaHiYHO BiNIbHUX i 3aTUCHEHUX OAHOBICHWM TUCKOM MOHOKPU-
ctanie RbKSOy4. BcTaHoBNEHO, WO BepLuMHa BaseHTHOI 30HM nokanidoBaHa B Touui D 30HM BpinntoeHa
[k = (0.5,0.5,0)], AHO 30HM NPOBIAHOCTI 3HAaXO0AMTLCS B Touui I', @ HalMMeHLWa WuprHa nNpsiMoi 3abopo-
HeHOi Wwinuun Eg pisHa 5,80 eB. [IHO 30HM nposigHocCTi copmosaHo B ocHoBHOMY K s, Lip, Rb si Rb
p CTaHamu, ribpuaAN30BaHNMN 3 aHTU3B'A3yluMMN S p i O p cTaHamu. BuaHaueHi 6apuyHi koedilieHTn
€HEepPreTUYHOI 3MiHN BaIEHTHOI 30HM, 30HM MPOBIAHOCTI Ta WPUHW 3a60POHEHOT 30HN Fg.

Knio4oBi cnoBa: 04HOBICHUIA TUCK, eHEepreTuyHi 30HU, CTPYKTypa, BaJleHTHa 30Ha, 30Ha rnpPoBigHOCTI

PACS: 71.20.Ps, 78.20.Ci
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