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Highlights
« Structural, electronic, optic, elastic properties are investigated for perovskite RbGeClI3 crystal.
« Density Functional Theory (DFT) is used for the investigation of those properties.
« Study performed within the generalized gradient approximation and the local density approximation.
* The calculated electronic band structure shows that the RbGeClI3 has a direct band gap.
« This compound is a semiconducting material with a wide bandgap.

Article Info Abstract

Some physical properties of RbGeCls crystal are investigated with ABINIT computer program
Received: 26/07/2018 within the generalized gradient approximation (GGA) and the local density approximation
Accepted: 18/03/2019 (LDA), using density functional theory (DFT). We studied the geometry optimization, electronic

band structure, electron density of states, optical properties such as the dielectric functions,
reflectivity, refractive index, extinction coefficients, energy-loss functions for volume, the

Keywords effective number of valence electrons per unit cell and elastic properties of RbGeClI3. The
Density functional theory calculated electronic band structure shows that the RbGeClz has a direct band gap and this
RbGeCly compound is a semiconducting material with a wide bandgap.
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1. INTRODUCTION

The production and storage of energy are the probably two important concerns of all times. In this century
new materials that can be used for energy production and storage are exploring by the scientists. By virtue
of its availibility and low environmental outcome, solar energy is one of the most important inexhaustable
energy source [1]. By the investigation on the physical stuructures and properties of the materials, it is seen
that perovskites, especially halide perovskites have a high photovoltaic performance [2] which is important
for solar cells.

Perovskites was discovered by Gustav Rose in 1839 and its structure was described by Lev. A. Perovski
and still attracts attentions of scientists on a very large spectrum of investigation areas. The class of
perovskites adopt the chemical formula as ABXs, where A is a monovalent cation (e.g., Cs+, Rb+ ...), B is
a bivalent metal cation (e.g., Pb2+, Sn2+ or Ge2+) and X is a halide anion (e.g Cl—, Br—, I-). When X=0
(oxygen) then it is called oxide perovskites, when X= inorganic halide (I, Cl, Br ) it is called halide
perovskites and the other subgroup is hybrid organic-inorganic halide perovskite, generally denoted as
CHsNHsPbls (MAPDIs) [3, 4].

Oxide, iodide and hybrid perovskites have been studied in detail [5]. Most of the properties of chloride
perovskites are waiting to be revealed.
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Halide perovskites are semiconductors with a direct band gap. They have high light absorption coefficients,
high carrier mobility, adjustable spectral absorption ranges and band gap, long charge diffusion lengths,
intense photoluminescence, low rates of non-radiative charge recombination superior charge transfer
properties [1, 6-8].

These admirable properties have drown an attention on halide perovskites. By these properties halide
perovskites have a large application areas on developing high performance optoelectronic devices such as
photodetectors, solar cells, transistors, light-emitting diodes and lasers etc. [3,4,7,9]. Usually, halide
perovskites are simply processed into polycrystalline thin films on various substrates for optoelectronic
applications. These devices are also cheap and easy to be fabricated [4]. On the other hand some studies in
the literature on halide perovskites are focused on the effect of the material composition and morphology
on to these properties, and effect of these properties on device performance [10].

A group of halide perovskites with A =Rb, Cs, B = Cd, Ge, and X = ClI, Br, | are revealed as a new group
of nonlinear optical materials, which have a wide NLO applications from visible to infrared region such as
difference-frequency mixing, optical parametric generation and amplification.

The second-order nonlinear optical (NLO) materials are very important in the field of optics such as laser
frequency transformation and optical oscillation/enhancement [11, 12]. Various crystals used in ultraviolet
and visible regions, for inorganic second-order NLO materials. But in the infrared region the current
materials, are inadequate for applications. So the explorations for new materials in infrared region becomes
an important problem for NLO research area [11, 13]. Also some scientists are focused on the halide
perovskite nanowires for second-order nonlinear optics [14].

Since there are a few studies about RbGeCl; we preferred this crystal among halides. One of them is
performed by Messer, he prepared RbGeClsfrom RbCl and Ge(ll) in 6 N HCI or by reaction of RbCI with
HGeCls, determined the crystal structure and discussed the anionic framework of RbGeCls; [15]. The other
work carried out by Tang and his coworkers, they synthesized the hydrated rubidium Germanium chloride
(RbGeCl3.x(H20)) and identified the non-linear optical properties of hydrated rubidium germanium
chlorate [11].

Since RbGeCl; has an important role on halide perovskites in regard of non-linear optical materials and
since there is no studies in the literature in detail, we performed a further study on this crystal. RbGeCls
crystal has two phases, monoclinic and orthorhombic phases. In this study we investigated the structural,
electronic, optical and elastic properties of monoclinic RoGeCls crystal using Density Functional Theory
(DFT) within the Generalized Gradient Approximation (GGA) and the Local Density Approximation
(LDA).

2. COMPUTATIONAL DETAILS

In order to investigate the structural, electronic, optical and elastic properties of RbGeCls halide perovskite
we have used the ABINIT [16] (version 7.10.1) code within the GGA and the LDA. For the norm
conserving pseudopotentials the self-consistent FHI (Fritz Haber Institute)-type [17] with the Troullier-
Martins scheme [18] have been used. The conjugate gradient minimization method [19] was used to solve
the Kohn-Sham equations [20] . In order to take into account the exchange-correlation effects, we used the
Perdew-Buke-Ernzerhof (1996) [21] generalized gradient and Ceperley-Alder Perdew-Wang local density
functional pseudopotentials (1992) [22]. For the electronic wave functions, the plane waves were used as
the basis set. For Rb atoms 1 electron with the 5s* electronic configuration, for Ge atoms 4 electrons with
the 4s? and 4p? electronic configuration, and for Cl atoms 7 electrons with the 3s? and 3p® electronic
configuration were taken as the true valence electrons. After the optimization we obtained the cutoff energy
as 30 Hartree and Monkhorst-Pack mesh grid [23] as 10x10x10 with 250 k-points.
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3. RESULTS
3.1. Structural Properties

The perovskite RbGeCls crystal is in monoclinic structure, and its space group is P2:/m with space group
number 11. RbGeCl; has 10 atoms per unit cell. The atomic positions of these atoms are given in Table 1.
First of all, we performed geometry optimization after cut-off energy and k-points optimizations, in order
to analyze the structural properties of RbGeCls. We took the lattice parameters from the literature [15], and
used them in geometry optimization, we plotted total energy vs. volume graphs for the GGA (Figure 1a)
and for the LDA (Figure 1b). The minimum points of total energy correspounds to the stable point of the
crystal. At this stable point, volume of RbGeCl; was calculated as 2058.996 Bohr® for GGA and 1791.434
Bohr® for LDA. For this stable statement, we calculated the lattice parameters of monoclinic RbGeCls
crystal for the GGA and the LDA. We also compared our results with the lattice parameters data that we
found from the literature [24] (Table 2). As can be seen from Table 2, GGA gives a lattice parameter which
is closer to the experimental one than the LDA. But we wanted to use both the GGA and the LDA in our
all calculations in order to demonstrate the difference between them for RbGeCl; perovskite crystal. After
the geometry optimization, we got the pressure values corresponds to each volume values, and we plotted
the graph of Pressure vs. Volume for the GGA (Figure 1c) and for the LDA (Figure 1d). From the graphs
one can see that the volume values are decreasing while and the pressure values are increasing, as expected.
Also, one can check that the volume value of the stable statement corresponds to the zero (0 GPa) pressure
value for both the GGA and the LDA.
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Figure 1. Total energy with respect to volume; a) for GGA b) for LDA. Pressure- volume behaviour of
RbGeCls; c) for GGA and d) for LDA



1011
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ositions in the unit cell of RbGeCls crystal [15]

Site X y z
Rb 2e 0.2943 0.7500 0.6743
Ge 2e 0.1205 0.2500 0.0738
Cl 4f 0.3233 0.0062 0.1878
Cl 2e 0.1256 0.2500 0.6761

Table 2. The experimental [15] and the calculated (present work) values of lattice parameter of
monoclinic RbGeCl; crystal

L attice _ Calculated (GGA) Calculated (LDA)

parameters Experimental (P_regent work) (Pre_sent work) Ref. [24]

(Bohr) values [15] Minimum Energy: Minimum Energy: '
-99.28 eV -99.50 eV

a 15.0951 14.8851 13.8351 15.7999

b 13.1166 12.9066 11.8566 13.5983

C 10.9604 10.7504 9.7004 11.1757

3.2. Electronic Properties

To be able to investigate the electronic properties of RbGeCl; perovskite we used pseudopotential method
based on density functional theory within both the generalized gradient and the local density
approximations. The calculated band structure of RbGeCl; for the GGA is given in Figure 2a and for the
LDA is given in Figure 2b, where the Fermi energy level was set to origin for both graphs. This crystal has
26 valence bands, additionally we demonstrated 26 conducting bands. One can see from Figures 2a and 2b
that RbGeCls has a direct band gap with the value of 3.27 eV for GGA and 3.28 eV for LDA both occur at
A high symmetry point in the Brillouin Zone. From these graphs we can classify RbGeCls as a

semiconductor with a wide band gap.
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We also investigated the density of states (DOS) then calculated and plotted the total density of states of
RbGeCl; under both the GGA (Figure 2¢) and the LDA (Figure 2d). From these figures, one can see that,
the contribution of valence electrons to the DOS is between -16.57 eV and -2.60 eV for GGA and between
-16.36 eV and -2.18 eV for LDA. Conducting electrons contribute to DOS above 0.73 eV for GGA and
above 0.91 eV for LDA. The partial density of states according to Rb (Figure 3a), Ge (Figure 3b) and ClI
(Figure 3c) atoms are given in Figure 3. It can be noticed that Rb atoms contribute to conduction bands, Ge
atom contribute to valence bands and CI atoms contribute to deep valence bands mostly, as can be seen
from partial density of states graphs.
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Figure 3. The partial density of a) Rb, b) Ge and ¢) Cl atoms in RbGeCl; crystal
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3.3. Optical Properties

In this part, we investigated the optical responce and properties of RbGeCls. First of all, we calculated the
real (g1) and imaginary (g2) parts of complex dielectric function. The real part, which shows the physical
properties of a crystal, was plotted for RbGeCls in Figure 4a under the GGA and in Figure 4b under the
LDA. The imaginary part corresponds to the energy loss of photons in a material and electron transition
between electronic bands, plotted in Figure 4c for the GGA and in Figure 4d for the LDA, respectively. In
all these graphs, the variation of optical properties against photon energies towards a- b- and c- crystal axis
were given. Since RbGeCls crystal is in monoclinic structure, the physical properties of this crystal depends
on the direction.

In real dielectric function (1) graphs (Figures 4a and 4.b) the regions which decreases with the increasing
of the photon energy gives the anormal dispersion region. When €; values take zero values at some photon
energies, these points gives us plasmon frequencies. Also when &: values becomes negative in some regions
which means that there is a reflection of the incident electromagnetic waves. Those points that corresponds
to plasmon frequencies and the negative regions of €1 can be examined from Figures 4a and 4b. The static
dielectric constants, €1(0), were calculated as 3.205 towards a, 3.527 towards b and 3.821 towards c-
directions for the GGA and 3.797 towards a, 4.141 towards b and 4.791 towards c-directions for the LDA.

9
gl
7L
6l
54
W W 4E
3
2+
1
ol
1 i 1 1 1 -1 I 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Photon Energy (eV) Photon Energy (eV)
(a) (b)
6 - )y
. - - - (Im ]|
5| L am),

0 L L L .| L L L
0 10 20 30 40 50

Photon Energy (eV) Photon Energy (eV)
(c) (d)
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the complex dielectric function c) for GGA d) for LDA



1014 Fatma ERDINC, Emel KILIT DOGAN, Harun AKKUS / GU J Sci, 32(3): 1008-1019 (2019)

Photon Energy (eV) Photon Energy (eV)
(b)

O | 1 1 1 O 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Photon Energy (eV) Photon Energy (eV)
(c) (d)

40 50
Photon Energy (eV) Photon Energy (eV)
(e) )

Figure 5. Reflectivity a)for GGA b) for LDA, refractive index c)for GGA d) for LDA, extinction coefficients
e)for GGA f) for LDA of RbGECI; crystal

The peaks in &2 shows the transitions of electron from valence to conduction bands. The first value that the
transition starts was noticed approximately as 3.27 eV for the GGA and 3.28 eV for the LDA.

The characteristics of reflectivity was calculated and plotted in Figure 5a (GGA) and Figure 5b (LDA). The
static refractive index n(0) was obtained as 1.95 for a, 1.89 for b and 1.79 for c¢ directions in the GGA
(Figure 5c) 2.19 for a, 2.04 for b and 1.94 for c directions in the LDA (Figure 5d). The local minimum of
extinction coefficient k shown in Figure 5e for the GGA and 5f for the LDA, corresponds to the zero of €.
Loss function refers to the energy loss of a fast electron crossing over the crystal. The peak values are
related with the plasmon resonance. The frequency of the overall oscillation of valence electrons in a crystal
is called plasmon frequency. Figures 5g and 5h show the loss function behaviour against photon energy for
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the GGA and the LDA, respectively. The effective number of electrons that can be found in the unit cell of
a crystal, Nes, specifies the contribution which is done to optical functions during the transition between
the electronic bands. Effective number of valence electrons are calculatd and plotted with respect to the
photon energy with the GGA in Figure 5i and with the LDA in Figure 5j. Nef values first increases then
stays stable. After that point there is no any transitions between electronic bands.

3.4. Elastic Properties
First we calculated the elastic constants of RbGeCI3 crystal by means of density functional theory within
the local density approximation. There would be 36 elastic constants, it decreased to 21 because of the
symmetry, then since Laue group of RbGeCls is 2/m, the number of independent elastic constant decreased
to 13, as shown below.

Table 3. Values of the elastic constants of RbGeCls crystal

Cjj Calculated value (GPa)
Cu 26.73
Cr 21.62
Cis 23.91
Cis -4.24
Ca 41.86
Cas 29.53
Css 1.43
Cas 64.64
Css -0.58
Cu 4.41
Cas 0.80
Css 2.90
Ces 2.07

It can be seen from Table 3 that we have found negative elastic coefficients of RbGeCI3 crystal. The
diagonal elements of the elastic coefficients (Ci1, C22, Cas...) which are called principle components are all
positive for our crystal. The negative components are belong to off-diagonal components which are called
shear components. Stability of the crystal requires the matrix of elastic constants (Cuv, p,v=1, 2, ..., 6) to
be positive definite. A necessary and sufficient condition for this case is that the 6 principal components of
this matrix must be positive. The off-diagonal elements may have either signs, positive or negative [25]. So
our calculated elastic constants confirm to stability rules. But how can an elastic constant be negative How
can this phenomenon be explained? According to our searchs and knowledge a material can show negative
elastic coefficients, for example post-buckled elements which already have some stored energy. It is
possible to give a definition as; if the deformation is opposite to the force direction then negative elastic
coefficient occurs, like auxetic bodies. Auxetic bodies are the materials which contain the property of
counter-intuitively expanding when being stretched [26]. In positive elastic coefficient case they are in
same directions. Also there is another definition which is as follows: when one of the constituent element
of a material has immensely high stiffness than the others, this material can have a negative elastic
coefficient. Mostly it is seen in composite materials. When we look at our crystal, we see that the stiffness
of Germanium is 91,9 GPa [27] which is immensely bigger than Rubidium (2,4 GPa) [28] and Chloride (no
stiffness) [29].

Ci1 Ciz Ci3 0 Cis O
Caz (3 0 Cs O
Cs3 0 G5 O

C

0 0 0 Cus O (1)
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The ratio between bulk modulus and shear modulus is a kind of measurement of elasticity or fragility of a
material. The critical ratio equals to 1.75. The smaller values show fragile property. We found this ratio as
6.27, so our material has a elasticity property. Elasticity properties can be also understood by compairing
the poisson ratios. Critical value is 1/3, smaller values than this critical value shows that materials fragile

property.

There are also other critical modules that figures out the elastic structure of a material. We calculated Voight
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Bulk Modulus, Hill Bulk Modulus, Voight Shear modulus etc. as can be seen from Table 4.

Table 4. Some elastical properties of RbGeCls crystal

Property Symbol Calculated value
Voight Bulk Modulus Bv 31.48 (GPa)
Reuss Bulk Modulus Br 19.74 (GPa)
Hill Bulk Modulus Bu 25.61 (GPa)
Voight Shear Modulus Gv 5.75 (GPa)
Reuss Shear Modulus Gr 2.41(GPa)
Hill Shear Modulus GH 4.08 (GPa)
Young Modulus E 11.63 (GPa)
Poisson Ratio U 0.42

Lame Constant-1 u 4.08 (GPa)
Lame Constant-2 A 22.89 (GPa)
Elasticity (Pugh) Coefficient K 6.28

the effective number of valence
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4. CONCLUSIONS

In present work, we studied the geometry optimization, electronic band structure, electron density of states,
optical properties such as the photon energy dependent dielectric functions, reflectivity, refractive index,
extinction coefficients, energy-loss functions for volume, the effective number of valence electrons per
unit cell and elastic properties of RbGeCls using ABINIT code within the both GGA and LDA based on
the DFT. This crystal has a semiconductor with a wide band gap property with the band gap value 3.27 eV
for the GGA and 3.28 eV for the LDA with a direct band gap at high symmetry A point. We have not meet
any accessible data except from Materials Project data, for RbGeCl; from the literature. Thus, we could not
be able to compare our results but, we estimate that this study of us will be a source for further studies about
this crystal in the future.
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