Piezo-optical properties and infrared spectra of Rb,SO4 crystals
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Abstract
The paper deals with the dispersion dependences of birefringence Ani(A) of the mechanically free and
uniaxially clamped Rb,SO;4 crystal along different crystal-physical axes at room temperature. It was
found that the crystal has an insignificant normal dispersion d(Any)/dA x< 0, and uniaxial
compressions om do not change the character, but only the slope of the dependences Ani(A). Uniaxial
loads shift the position of the optical isotropic point both in the short-wavelength (c;) and in the long-
wavelength part of the spectrum (oy). The spectral dependences of the combined piezo-coefficients
m,, (1) were calculated and it was found that they have an insignificant dispersion dependence, and the

piezo-coefficients =3, and ngl are equal to each other in the vicinity of the optical isotropic point at

the light wavelength A = 490 nm. The reflection spectra of Rb,SO4 crystals were measured in the
infrared range at room temperature using FT-IR spectrometer and synchrotron radiation and the
corresponding ab initio calculations of the phonon partial density of states and the dielectric function
were performed.
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Introduction
Today, acousto-optical interactions have a wide practical application. They allow controlling light
flows (modulation, changing the frequency or polarization of monochromatic radiation, changing the
direction of propagation, etc.), processing information in real time, calculating correlation integrals,
and searching for new elements in optoelectronics. These are, first of all, acousto-optical modulators
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and deflectors. The latter are used to deploy the light beam along the lines and the platform, similar to
the deployment of electrons on the TV screen. To determine the acousto-optical efficiency of a
material, it is necessary to determine all components of the tensor of piezo-optical coefficients ik
(POC) (the indices i and k denote the directions of light polarization and deformation, respectively) is
a difficult task [1-8]. For this, interferometric methods are used [9-12], which allow finding all
components of the POKC tensor mik.

In this work, the piezo-optics of rhombic crystals (symmetry class mmm) of rubidium sulfate
Rb.SO4 (RS), which belongs to the crystal group A2BX4, was investigated using the interferometric
method. Interest in this crystal group is due to the fact that some members of the group have large
piezo- and elasto-optical coefficients. For example, the largest POC of the ammonium sulfate crystal
[13] are the coefficients 711, 712, and ma, Which have values of 11.0, 6.5, and 8.5 Br, respectively
(1 Br =1 Brewster = 10712 m?/N). For comparison: the largest POC of the model acousto-optical (AO)
LiNbOs crystal have values of w13 = 0.78 and mas = 2.25 Br [14], and other representatives of the
A:BX,4 group: ammonium fluoroberylate (NH4).BeF4 [15] and K2ZnCl4 have changes in the refractive
index n;, which corresponds to the value of the POC mim ~ 5...7 Br [16].

Crystals of the A;BX.4 group (A =K, Li, Rb, NHy4, BX4 = SOs, BeF4, ZnCly) are interesting in
that they have an optical isotropic point (OIP), which consists in increasing the symmetry of the
optical indicatrix when the spectral range or temperature changes. The transition through OIP is
accompanied by a change in the sign of birefringence of the crystal, i.e., its inversion takes place [17-
20]. OIP is the result of temperature-spectral deformations of the optical indicatrix of crystals and
consists in the fact that for each wavelength only at a certain temperature the transition of the crystal
from uniaxial to isotropic or from biaxial to uniaxial state takes place. The presence and temperature
dependence of the isotropic state of the crystal is associated with spectral and temperature changes in
the refractive indices ni(A, T) [21-24].

OIP crystals are interesting for the possibility of their use in crystal-optical sensors for
measuring temperature and pressure, as well as acousto-optical modulators, especially in the infrared
part of the spectrum. For this purpose, we have chosen one of the representatives of this group - the
crystal of rubidium sulfate (RS) Rb2SOs. Previously, in this crystal at room temperature, it was found
that the refractive indices n; and ny are close in the visible part of the spectrum, so that at the
wavelength A = 495 nm they intersect at room temperature (n, = ny = 1.51705) [25], which indicates
the existence OIP along the crystal-physical direction X.

The RS crystal is a typical representative of the ABSO, group, at the temperature of
T. ~ 922 K it undergoes a phase transition (PT) from the pseudohexagonal paraelectric phase P-3m1 to
the orthorhombic ferroelastic phase (space group symmetry D2y!® - Pmcn [26-28]. Their crystal
structure was studied and it was found that the obtained crystals have the Pnma symmetry space group
with the following refined lattice parameters: a = 7.82079(10) A, b =5.97778(7) A, and
¢ = 10.44040(13) A. The band energy structure of the crystal is characterized by the band gap of the
direct type (Eq = 4.89 eV) and a insignificant dispersion of energy levels. It was found that for the
Rb,SO;, crystal, as for many other crystals of the A,BXa4 group, the top of the valence band is formed
by the 2p states of oxygen atoms, and the bottom of the conduction band is formed by the 4s electrons
of rubidium [25].

However, there is no information in the literature about the piezo-optical properties of Rb;SO4
crystals and infrared reflection and transmission spectra. Therefore, the purpose of this work is to
investigate the piezo-optical coefficients and reflection spectra in the infrared part of the spectrum of
crystals, as well as to find out the effect of the cationic substitution Rb* — (NH4)" — Na* — K* on the
optical-electronic parameters of crystals of the ABSO. group in order to influence and regulate the
spectral and temperature ranges of their existence.



There are few references on the study of infrared spectra of Rb,SO4 molecules or molecules in
the solid matrices [29, 30]. Three main groups of the absorption maxima in the infrared spectra of
Rb,SO. molecules were detected, at about 1100 cm*, 600 cm, and 200 cm™. [30]. The absorption
maxima at 1100 cm™* and 600 cm™ correspond to the stretching and bending vibrations in SO4> anions,
when the absorption features at about 200 cm™ were assigned to the vibrations in Rb - O bonding. We
have not found systematic studies of the infrared absorption and phonon properties of Rb.SO4 crystals.

Experimental methods
The investigated crystals were obtained by the method of slow evaporation at room temperature of an
aqueous repeatedly recrystallized solution of salts of pure rubidium sulfate Rb,SO4. The temperature
of the solution was 310 K, which was controlled by a thermostat with an accuracy of 0.5 K. The
crystal growth was carried out from a spontaneously formed seed with a pseudo-hexagonal symmetry
for 20 days. The obtained crystals were of good optical quality and had the shape of an elongated
prism, the size of which was approximately 16 x 11 x 8 mm (Flg 1).
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Fig. 1. Habit and setting of the synthesized Rb,SO, crystal

Study of the birefringence An of the crystalline sample was carried out by the spectral method, which
is based on the analysis of the interference pattern that arises as a result of the decomposition into a
spectrum of the white light that has passed through a system of crossed polarizers, between which the
sample is placed in a diagonal position and normal to the incident parallel beam of light. The
transmission of such a system is described by the relation:
| = IosinZ(ni—nj)d
A

)

where lo and | are the intensities of the input and output beams; A is wavelength; (n; - n;) is the
birefringence An, d is the thickness of the sample.

The study of birefringence characteristics under action of the uniaxial mechanical pressure was carried
out using a special attachment to the cryostat, which makes it possible to compress the crystals using a
set of calibrated loads. Then birefringence of the crystal during temperature change or application of
uniaxial load is determined as follows:

kr
d(T,o)
In the case of applying a uniaxial stress om, the polarization constants a;{® changes by the value Aajj
[12, 22], and then their value will be a; = aj@ + mtimom (mim are absolute piezo-optical coefficients
(POC) of the crystal). Since the change in birefringence can be written as, dAn; = dn; - dnk, we get the
following equation for changing the polarization constants:

2
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In general, the mechanical stress-induced optical path difference in a crystal is determined by both the
induced birefringence dAng and the induced deformation ddx of the sample, and it allows one to find
the value of the combined POC in the direction of its illumination:
- _3nd)
9

—2AnS,, . (4)

Here Sim is the coefficient of elastic compliance, o iS the magnitude of the uniaxial mechanical stress,
di is the thickness of the crystal in the direction of light propagation.

Measurements of the specular reflectance of Rb,SO4 single crystal were performed at an
incidence angle of 8° using the synchrotron radiation of BESSY Il storage ring at the IRIS beamline of
HZB (Berlin). The high brilliance of the synchrotron radiation together with a Fourier-transform
infrared (FTIR) Bruker Vertex 70/v spectrometer allow for a precise measurement of reflection spectra
of the samples by applying a quasi-normal incidence set-up as further described in [31] with a gold
film as reference. Measurements were performed using naturally partially polarized IR synchrotron
radiation - no additional polarizer was used for the experiment.

The experimental reflection spectra R(w) of Rb2SO, crystal were fitted using the Lorentz

model of the complex dielectric function g(w),
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where & is the high-frequency dielectric permittivity, w, is the plasma frequency, oy are the eigen-
frequencies of the bonded electrons, y; are damping coefficients, and N is the number of oscillators
used for fitting [32]. The fitting was performed using the RefFIT software using the model “Reflection
and transmission of a multi-layer sample (code -2)” of this package [33].

Theoretical method
The theoretical phonon properties of Rb.SO4 crystal were calculated in the framework of the density
functional theory using the VASP code [34 — 39] with the projector augmented wave (PAW_PBE)
pseudopotentials [40]. The Perdew-Burke-Ernzerhof exchange-and-correlation functional PBE based
on the generalized gradient approximation (GGA) [40] has been utilized. The crystal structure of the
orthorhombic Rb,SO,4 (Pnam, no. 62) was taken for calculations of the phonon spectra using the
density-functional-perturbation theory (DFPT) approach. The electrons 4p® and 5s* for Rb and 3s? and
3p* for S and O were treated as valence ones. The plane wave energy cut-off, 500 eV was used for
calculations. The only one k-point is chosen in the Monkhorst pack grid 1x1x1 for the Rb,SO,
supercell 2x1x2 of the dimensions a = 15.971 A, b = 10.656 A, ¢ = 12.203 A. All the structures were
fully relaxed with an energy convergence of 10 eV. Hellman—Feynman force per atom was
minimized to less than 0.005 eV/A.

Results and discussion

Influence of uniaxial stresses on the birefringent properties of Rb,SO, crystals
The dispersion dependences of the birefringence An; of a mechanically free and uniaxially clamped
Rb,SO;, crystal along different crystal-physical axes at room temperature are presented in Fig. 2. The
following relations between different dispersions of birefringence were found: d(Any)/d\ > d(Anz)/dA >
d(Any)/dA. We see that the crystal has a small normal dispersion Anj(X): d(Any)/di = -1.2-10° nm™* and
d(An,)/d\ = -1.6:10° nm* . In addition, it can be seen that uniaxial compressions 6m do not change the
nature, but only the slope of the curves Ani(X). So d(Any)/dk ~ -1.1-10° nm™ and -1.3-10° nm for the
pressures oy and o, = 100 bar, respectively; and d(An,)/dA ~ -1.5-10° nm™ and -1.7-10° nm'* for



pressures oy and ox = 100 bar, respectively. Uniaxial compressions along the main crystallographic
axes change the An in absolute value (Fig. 3). Thus, uniaxial compression o leads to a decrease in Any
on average 8(Any) ~ 0.89-10*, while uniaxial compression oy leads to an increase in Any on average
8(Any) ~ 1.01-10*. Similar changes were found for An,: load o increases it by 8(Ai;) ~ 1.19-10, and
oy decreases it by 8(An;) ~ 1.34-10*. This behavior of changes in Any induced by uniaxial compression
was confirmed earlier revealed a regularity for crystals of the A,BX4 group: uniaxial compressions
along mutually perpendicular directions lead to the birefringence changes of different magnitudes and
signs.
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Fig. 2. Dispersion of birefringence of Rb,SO4 crystals at room temperature. Light points —
mechanically free crystal, colored points — uniaxially loaded along different crystal physical axes.
Arrows indicate the position of the optical isotropic point for a mechanically free and uniaxially
loaded crystal

We can also see from Fig. 2 the OIP (Any = 0) at the wavelength Lo = 490 nm at room temperature. It
was established earlier [41] that in this case, the equality of refractive indices n, = ny = 1.51705 takes
place, which corresponds to OIP. Previously, OIP was found among the group of A.BXj4 crystals in the
isomorphic crystals (NH4).SO, and LiNH4SO4 [42, 43]. Since uniaxial loads along the Y and Z axes
shift the Any(A) curves towards larger and smaller values, the value of the wavelength for which

Any = 0 changes accordingly, which will mean a shift in the position of the IOP along the spectrum.
Thus, the OIP will be at the wavelength Ao = 420 nm for 6, = 100 bar and Ao = 639 nm for oy = 100 bar
(Fig. 2). One can estimate the values of spectral-baric shift of the OIP position in RS crystals as a
relatively large, dho/do; = -0.7 nm/bar and dio/doy = +1.5 nm/bar.
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Fig. 3. Baric changes in birefringences Any, Any, and An;, of rubidium sulfate crystals obtained at the
stresses ox (1), oy (2), and o, (3)

The dependencies Ani™()) are obtained in a similar way. For this purpose, 45-degree XY-, XZ-, and
YZ-cuts of RS crystals were used and subjected to uniaxial compression along the Z-, Y-, and X-
directions, respectively. One can see from Fig. 3 that an applying pressure along the Y-axis decreases
the value of An;, but an applying pressure along the Z-axis increases the value of Any. By extrapolating
the lines An; = f(om) or solving the equations

An; (oy = 0) — acy = Any (6, = 0) + boy (6)
where a and b are the coefficients of the baric change of birefringence along the Y- and Z-directions,
respectively, it was established that under the simultaneous action of the uniaxial pressures
oy = 6; = 121 bar the equality Any = An, = -10.77-10* will take place, which will correspond to the
isotropic state of this crystal.

Since the following relation Any = ny — n; holds true for the RS crystal, and An; = ny— ny, this
will mean that n, = ny. This corresponds to the emergence of a new "pseudo-isotropic” point. That is,
in the case of simultaneous application of a uniaxial load along the crystal physical directions of the Y
and Z axes, we can obtain a new OIP at room temperature. Previously, the possibility of induction by
simultaneous applying of the uniaxial stress in different crystal-physical directions of new OIPs was
discovered in a number of isomorphic crystals of this group, namely K,SO, [44].

According to the definition of piezo coefficients i, the corresponding baric changes, of the
birefringences Ani can be written as follows:

SAnz(y) ~ (ny3rc22 - nxsTClz)Gy/Z and SAny(Z) ~ (nsttgs - nx3n13)02/2 . (7)
Since in the vicinity of this "pseudoisotropic” point oy = o, (Fig. 3) and ny = n,, we obtain the
following combination between absolute piezo-coefficients and refractive indices in the vicinity of the
OIR:

Nymt2z2 - M7z ~ N37as - NAas 8)

To further analyze (8), we need to determine the values of the absolute piezo-coefficients 7im.

Piezo-optical properties of Rb,SO, crystals
Using formula (4) and the obtained spectral-baric dependences An; for 9 different geometries of the
experiment, Any®(1), Any@ (1), Any® (L), Any@ (L), An,M(X), An,P(1), , as well as, Any@ (L), An.Y (1),
Any® () the spectral dependences of the combined piezo-coefficients were calculated (Fig. 4).
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Fig. 4. Dispersion dependences of the combined piezo-optical coefficients mim©® of Rb,SO4 crystals at
room temperature: 1- mz(o); 2— T523(0); 3- Ttsl(o); 4 — 7513(0); 5- 7'[21(0); 6 - 7532(0)

A peculiarity of the behavior min©® of RS crystals is their slight dispersion dependence, while the
nature of the dispersion dmin@/d. < 0 corresponds to the dispersion of the refractive indices

dni/dA < 0. The most spectrally dependent is the constant m1,©@ (dr1@/dA = 2.2-:102 Br/nm), while it
changes very little in the spectral range studied (dn2.@/dA = 0.5:102 Br/nm).

Different signs and spectral changes of min® indicate that the influence of uniaxial mechanical
pressure along the crystal physical axes X, Z, and Y leads to a different nature of changes in the
induced birefringence of the RS crystal.

Consider the behavior of the coefficients 3@ and 71 ©. It can be seen from the graph that for
the light wavelength A = 490 nm n131© ~ |n21©| ~ 1.67-10"* N/m?. That is, not only the symmetry of the
optical indicator, but also the symmetry of the tensor of piezo-optical coefficients is increased in the
vicinity of the OIP.

The OIP found in Rb2SO4 crystal may result from the different pressure and temperature
behaviors of the corresponding electron and phonon subsystems. Therefore, a study of the optical
properties of the crystal in the infrared range is also of interest.

Infrared reflection spectra of Rb,SO, crystals
It is known that dispersion of the refractive index n(L) of the wide bandgap crystals in the range of
optical transparency like RS is determined by the structures of the electron and phonon bands. The
structure of phonon bands determines the infrared absorption spectrum of a crystal. That is why the
study of phonon properties of RS is necessary for understanding also the piezo-optical properties of
the crystal.

The experimental reflection spectra R(A ) (A is wavenumber) of Rb,SOs single crystal are
presented in Fig. 5 for two sample’s orientations relating the direction of maximum polarization of
synchrotron beam. The calculated using RefFIT package the corresponding two components of the
real (e1) and imaginary (s2) parts of dielectric function (A?) (¢ = &1 + ig,) are shown in Fig. 6.

The reflectance spectra of Rb,SO; in the frequency range At > 1200 cm? indicate no strong
vibration resonances (Fig. 5). The maxima of R(A1) and e2(A!) dependences near the wavenumber A
1=1150 cm? correspond to the stretching vibrations of S — O bonds in SO4* anions, when the
maximum near the wavenumber A1 = 610 cm™ relate to the bending vibrations of S — O bonds in these
groups.
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Fig. 5. Reflection spectra R(A?) (! is wavenumber) of Rb,SOs single crystal measured in the infrared
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Fig. 6. Dielectric function (%) (e = &1 + igz,) of Rb2SO4, (a) - e1(A2), (b) - e2(A2), in the infrared
range fitted using the experimental reflection spectra R(A 1) for two orientations of optical indicatrix
(along acute or obtuse bisectrix of optical indicatrix) concerning the direction of the maximum
polarization of the synchrotron beam

The calculated using VASP package Cartesian components of the imaginary parts of dielectric
function of the crystal ex(A1), 2y(A1), and 2,(11), are shown in Fig. 7. If to compare the spectral
dependences in Fig. 6b and Fig. 7a, a strong similarity in spectral positions of three corresponding
groups of maxima of &,:i(A) (where the index i = x, y, and z correspond to three Cartesian axes) can be
observed. This indicates good agreement between the experimental and theoretical ab initio results of
the positions of maxima of dielectric functions of Rb,SOs single crystal in the spectral range of
phonon excitation. Furthermore, the calculated static dielectric permittivities o (Table 1,1 =1, 2, 3)
are in very good agreement with the experimental real part of the dielectric function €; at the
wavenumber A = 0 (Fig. 6a).



Table 1. The electronic (e.i) and static (eoi) dielectric permittivities of Rb2SO4 crystal calculated using
VASP package. The ionic contributions to €o, €o - €, are presented in parentheses

& (excluding Hartree and local field €0 (€0 - &x)
effects)
€l €2 €03 €01 €02 €03
2.3369 2.3214 2.3340 6.1251 (3.7882)  6.3048 (3.9834)  6.6421 (4.3081)

The vibration partial density of states vVPDOS of Rb.SO4 crystal was calculated using the
VASP and Phonopy software and is presented in Fig. 7b. The vPDOS calculated proves that the origin
of three infrared absorption bands (Figs. 5, 6b, 7a) is the changes of the dipole moments between
different atoms of Rb.SO. induced by the infrared radiation. Really, the infrared absorption takes place
in those spectral positions at which the hybridization of vPDOS of different atoms is substantial
(Fig. 7b). For this reason, it is remarkable that for the vibration states in Rb,SO4, where the
hybridization of vPDOS is very small, at the wavenumbers 420 cm™ and 910 cm™ (Fig. 7b), the
infrared absorption is absent (Figs. 5, 6b). The latter vibration states may however be active in Raman
spectra of the crystal.
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Fig. 7. (a) Calculated spectra of the imaginary parts of dielectric function exx(A?), g2y(A1), and e2,(A 1),
polarized along Cartesian directions X, y, and z of Rb,SO4 single crystal at the space group of
symmetry no. 62. (b) Calculated vibration partial density of states vPDOS of Rb,SOs single crystal at
the space group of symmetry no. 62.

The vPDOS obtained for Rb2SOj4 single crystal confirm the suggestion derived from the
reference studies of the molecular forms of sulfates that the maxima of R(A1) (Fig. 5) and e(A?)
(Fig. 6b) dependences near A1 = 1150 cm™ correspond to the stretching vibrations of S — O bonds in
SO4* anions, when the maximum near A"t = 610 cm relate to the bending vibrations of S — O bonds
in these groups.

Results obtained for vPDOS indicate that the low-frequency peaks of the reflectance spectrum
R(A1) (Fig. 5) and imaginary part of dielectric function &,(A?) (Fig. 6b) at the wavenumber A~
1 =150 cm is formed by the vibrations of all atoms, rubidium, sulfur, and oxygen, especially by the
vibration of the rubidium cation and sulfate anion due to the ionic bonding Rb* - SO4>. The more
high-frequency peaks of R(A) and &,(A"!) are formed only by the vibrations of sulfur and oxygen
atoms. Here, the high-frequency electric field of the infrared radiation does not excite vibrations of the
heaviest rubidium atoms.



Conclusions
1. The dispersion dependences of the birefringence Ani(A) of a mechanically free and uniaxially
clamped Rb,SO, crystal along different crystal physical axes at room temperature were investigated in
the paper. It was found that the crystal has an insignificant normal dispersion d(Any)/dA <0, and
uniaxial compressions 6m do not change the character, but only the slope of the curves Ani(L).

2. It was found that uniaxial stresses shift the position of the optical isotropic point both in the short-
wavelength (c;) and in the long-wavelength regions of the spectrum (oy).

3. The spectral dependences of the combined piezo-coefficients mim@()) were calculated and it was
found that they have a slight dispersion dependence, while the nature of the dispersion dnin©@/dA < 0
corresponds to the dispersion of the refractive indices dni/d\ < 0.

4. 1t was established that the piezo-coefficients 1@ and 721 in the vicinity of the optical isotropic
point at the wavelength A = 490 nm are equal to each other, which indicates an increase in the
symmetry of the tensor of the piezo-optical coefficients.

5. The precise specular reflection spectra of Rb,SO, crystal were measured in the infrared part of the
spectrum 20 - 1500 cm™* at room temperature using FT-IR technique and synchrotron radiation and the
complex dielectric function (A1) was obtained.

6. The theoretical DFT-based calculations of Rb,SO, crystal in the energy range of phonon excitations
were performed. The calculated positions of maxima of the dielectric function (A1) are found to be in
good agreement with the corresponding experimental ones.

7. By comparison of the experimental and theoretical results the origin of the infrared reflection
spectral bands was established: the low-frequency band of the reflection spectrum at A"t = 130 cm? is
formed by the vibrations of rubidium and sulfate ions in Rb — SO4 ionic bonding, while the reflection
maxima at At =610 cm? and At = 1100 cm* are formed by the vibrations of sulfur and oxygen ions
in S - O ionic bonding.
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