Fizyka Nyzkykh Temperatur/Low Temperature Physics, 2024, Vol. 50, No. 7, pp.
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The temperature changes of the relative elongation (Al/lp); and refractive indices Ni(T) of rubidium sulfate
crystals in the region of low temperatures are investigated in the work. The linear dimensions and volume of the
crystal decrease with a decrease in temperature, and the parameters (Al/lp); are anisotropic. The values of n; in-
crease with decreasing temperature for all crystal physical directions, and the intersection of the curves n,(T) and
n.(7) at a temperature of 7= 85 K occurs. This indicates the existence of an optical isotropic point in this crystal,
which is confirmed by independent temperature measurements of the angle between the optical axes. It is shown
that rubidium sulfate crystals are optically biaxial, with the angle between the optical axes equal 2V = 41.5° at
room temperature. With decreasing temperature, it decreases almost linearly, so that at 7= 85 K the crystal
changes from optically biaxial to optically uniaxial (2V = 0°). The temperature changes of the values of electron-
ic polarizability o; were calculated. It was shown that o, increases slightly as temperature decrease, so that in the
region where the optical isotropic point exists, the values o, and o, are equal to each other.
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1. Introduction

Crystals of the ABSO, group (A, B =K, Li, Rb, NH,)
have an optical isotropic point (OIP), at which the symmetry
of the optical indicatrix increases with changes in spectral
range or temperature. The transition through OIP is accom-
panied by a change in the sign of birefringence of the crystal,
that is, its inversion takes place. Therefore, the very phenom-
enon of the intersection of the dispersion curves of refractive
indices is called the phenomenon of the birefringence sign
inversion (BSI) [1-4]. OIP is a result of temperature-spectral
deformations of optical indicatrices of crystals and consists in
the fact that for each wavelength only at a certain temperature
the phase transition of the crystal from uniaxial to isotropic or
from biaxial to uniaxial state takes place. The presence and
temperature dependence of an isotropic state of a crystal is
associated with spectral and temperature changes in the re-
fractive indices ni(A, T) [5-8]. Therefore, independent studies
of nij(A, T) make it possible to detect and analyze the behav-
ior of OIP in crystals.

Crystals with OIP are interesting due to the possibility of
their use as crystal-optical sensors for measuring tempera-
ture and pressure, as well as acousto-optical modulators.
They create better opportunities for temperature measure-
ment in harsh conditions (high electric and magnetic fields,
moving parts) and can provide Sensitivity up to 10 K.

By measuring the temperature (77-1000 K) and spectral
(300-700 nm) dependences of the refractive indices n; and
birefringence Anj, it was possible to detect OIP for a num-
ber of dielectric ferroic crystals of the ABSO, group (LiKSOy,,
K,SO,, RbNH,SO,, RbKSO,, LiNH,SO,, etc.) [9-11]. De-
spite the large number of crystals, the practical value of
searching for new crystals with OIP is relevant, since many
of the known ones reveal OIP in an inconvenient for prac-
tical use part of the spectrum, and almost all of them un-
dergo phase transitions (PT) in a certain temperature range,
which limits their technical characteristics.

Following this purpose, we have chosen one of the rep-
resentatives of the ABSO, group, namely the crystal of
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rubidium sulfate (RS) Rb,SO,. Previously, it was found
that the refractive indices n, and ny of this crystal are close
in the visible part of the spectrum, so that at a wave-
length of A = 495 nm they intersect at room temperature
(n, = ny=1.51705), which indicates the existence of OIP
along of the crystal physical direction x. The RS crystal is a
typical representative of the ABSO, group, at a temperature of
T.~922 K it undergoes PT from the pseudohexagonal
paraelectric phase P3ml to the orthorhombic ferroelastic
phase (space group symmetry D% — Pmcn [12-14].

The crystal structure of RS was studied, and it was
found that the obtained crystals belong to the Pnma spatial
symmetry group having the following refined lattice pa-
rameters: 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
(Ey = 4.89 eV) and a weak dispersion of energy levels. It
was found that for the Rb,SO, crystal, as for many other
crystals of the A,BX, 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 [15].

However, there is no information in the literature on the
optical-spectral parameters of the Rb,SO, crystal in the
region of low temperatures. Therefore, the purpose of this
work is to establish the possibility of the existence of an
isotropic state in the RS crystal in the region of low tem-
peratures, as well as to clarify the effect of the cationic
substitution Rb* — (NH,)* — Na* — K" on the optical and
electronic parameters of crystals of the ABSO, group in
order to influence and regulate the spectral and tempera-
ture ranges of OIP existence.

2. Methodology of the experiment

The studied crystals were obtained by the method of
slow evaporation of repeatedly recrystallized aqueous solu-
tion of salts of pure rubidium sulfate Rb,SO, at room tem-
perature. The temperature of the solution was 310 K, which
was controlled by a thermostat with an accuracy of 0.5 K.
The growth was carried out from spontaneously formed
seeds with pseudo-hexagonal morphology for 20 days. The
obtained crystals were of good optical quality and had the
shape of elongated prisms, the size of which was approxi-
mately 6 x 8 x 8 mm.

The thermal expansion of Rb,SO, crystals was studied
using a quartz dilatometer [16-21]. This device allows meas-
uring the thermal expansion of samples with dimensions
within a few centimeters, and the relative changes in sam-
ple sizes were determined with an accuracy of 0.001 mm.
The studied sample was placed in a nitrogen cryostat, the
temperature was lowered by liquid nitrogen vapors blow-
ing, and measured with a copper-constantan thermocouple.
The duration of stabilization for each temperature point
was several minutes.

The temperature-spectral dependences of the refractive
indices of the studied crystals were carried out by the well-
known photographic Obreimov method [6, 22], which is
based on the fact that during the passage of a parallel light
beam along the boundary of a plane-parallel crystal plate
and the external environment with a refractive index ne,, a
path difference occurs:

A=d(ng —ng). 1)

Light beams that have passed through the sample and the
medium partially overlap and will interfere, and the refrac-
tive index of the crystal under study can be written as

N, (\)=1+kA/d. @)

Here, ng and d are the refractive index and the thickness of
the sample, respectively; A is the wavelength, k is the order
of the interference extremum.

3. Results and discussion

3.1. Dilatometric properties

Figure 1(a) shows the temperature dependence of the
relative linear elongation of the RS crystal for three crys-
tal-physical directions in the region of low temperatures.
One can see that as the temperature decreases, the linear
dimensions decrease. For the x and y directions, these
changes are not significant and are practically the same

- l(%) ~1.810" Kt and 2.2-107 K™, respectively.

I0
In the z direction of occurrence of ferroelastic deformation,
these changes are somewhat larger o., ~3.610" K.

Figure 1(b) also shows the relative changes in the vol-
ume of the sample, calculated on the basis of the data and
according to the obvious formula:

Oy,y

AV I ~ (A1), +(Al7 1), +(Al /1), (3)

One can see that as the temperature decreases, the vol-
ume of the crystal decreases almost linearly so the coeffi-

cient of temperature change of the volume f = i(ﬂ] ~

Vo LAT
~7.2.107 K. As can be evidenced from Fig. 1(a), the
parameters (Al/lp); are strongly anisotropic. It is known that
the following relations are used to estimate the quantitative
parameters A describing the anisotropy of a certain physi-
cal characteristic f (in our case the relative linear thermal
expansion) [23, 24]:

n |fi—fj|_|fx—fy|+|fx—fz|+|fy—fz|
&1 16]+[1]
It was found that the anisotropy coefficient for RS at
room temperature is A = 0.053, and it changes slightly with
temperature: the decrease in temperature is accompanied

by a decrease in A, which is due to the approaching of the
crystal to the isotropic state. At a temperature of 7= 85 K,

A= . (@)

|fy+ f,+ 1,
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Fig. 1. Temperature dependence of relative elongation (a) and vo-
lume (b) of Rb,SO, crystals in the region of low temperatures.

the value of A = 0.037. The dependences A(T) make it pos-
sible to analyze the main regularities of the temperature
behavior of dilation anisotropy in crystals.

3.2. Refractive parameters

Figure 2 shows the temperature dependence of the refrac-
tive indices n; of Rb,SO, crystals in the region of low tempe-
ratures. One can see that the n; values increase with decreasing
temperature: dn,/dT = 3.95-10° K™, dn,/dT = 4.085-10° K,
and dn,/dT =4.85-10° K™ Since dn,/dT >dn/dT, this
leads to the intersection of the curves n,(T) and n,(7), so
that at a temperature of T = 85 K we can observe the equal-
ity n, =n, =1.51936. This fact confirms the existence of
OIP, which was previously discovered using temperature
measurements of birefringence Any(T), and a value of
Any = 0 was observed [25].

At this point, the deformation of the optical indicatrix
occurs. At temperatures 7> 85 K, the relation between the
refractive indices n, > n, > n, in the vicinity of the OIP is
valid for the RS crystal: n, = n, > n,, while at temperatures
T < 85 K we have the following relation n, > n, > n,.

In order to additionally verify the existence of OIP, a
study of the angle between the optical axes of the crystal
was conducted. To do this, the sample was pre-oriented
using a polarizing microscope so that in the field of view
there is a section perpendicular to the bisector of the acute
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Fig. 2. Temperature dependence of the refractive indices of Rb,SO,
crystals in the region of low.

angle between the optical axes. The crystal was placed in a
cryostat between the crossed polarizer and the analyzer.
The polarizer ensures a constant ratio of the amplitudes of
the two waves in the crystal. The crystal itself, which is
placed in a diagonal position (the crystal physical axes, in
our case, x and z, are located at the angle of 45° to the po-
larizer and the analyzer), creates a constant difference in
path A =I(n,—n,). The analyzer reduces the oscillations
that occur in the crystal to one plane, which is a necessary
condition for interference.

The provided schema ensures obtaining the interference
(conoscopic) pattern on the screen. In the temperature range
T > 85 K, the crystal is optically biaxial, and its conoscopic
figure is a set of isochromes (corresponding to interference
bands of the same order) and two hyperbolas — isogyres
(corresponding to the output of the optical axes). As the
temperature decreases, the isogyres approach each other
and at the temperature of the existence of the isotropic
point (T = 85 K) they transform, so that the conoscopic
figure is a combination of a dark cross (Maltese cross) and
concentric isochrome rings (Fig. 3). The position of the
beams of the central cross indicates the oscillations of the
electric vector in the polarizer and the analyzer.

To determine the angle between the optical axes, we
measured the linear distance between the optical axes 21 on
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Fig. 3. View of the conoscopic figures of the Rb,SO, crystal: (a) for
the case T > 85 K (approaching OIP); (b) near OIP(T = 85 K);
(c) for the case T < 85 K (distance from OIP).

the screen, changed the temperature of the sample and rec-
orded the change in the position of the outputs of the opti-
cal axes. Then the temperature dependence of the angle
between the optical axes can be determined by the follow-
ing ratio:

. sinE . /L
2V (T) = 2arcsin S:]T) :2ar05|n[nm(T)\/1_+(”L)2], (5)

where n(T) is the index of refraction for a beam propagat-
ing along the optical axis, L is the distance between the
crystal and the screen on which the conoscopic figure is
observed.

It has been confirmed that RS crystals are optically bi-
axial crystals, in which the angle between the optical axes
at room temperature is 2V = 41.5°. As the temperature de-
creases, the angle between the optical axes decreases al-
most linearly, so that at T = 85 K the crystal changes from
optically biaxial to optically uniaxial (the optical indicatrix
transforms from an ellipsoid of the general type into an
ellipsoid of rotation) and at the same time 2V = 0° (Fig. 4).

Additionally, the angle between the optical axes can be
estimated from the experimental values of the refractive
index using the relation [6]:

N2_-N-2 N, [N2-N2
tgV = [—2—" orsinv=—2 |22 (6)
N2 =N Ny \/N§ —NZ

where Ng, N, and N, are the largest, middle, and smallest
refractive indices of the crystal, respectively. In our case,
Ng =Ny, Nm=n,, and N, =ny. The calculated value of the
angle between the optical axes is equal to 2V = 41.8°.
Therefore, the results of the calculation using formula (6)
agree well with direct measurements of the angle between
the optical axes. Using the experimentally obtained results
on n,(7), the temperature dependence of the angle between
the optical axes was estimated according to formula (6).
The theoretically obtained dependence 2V(7) fully repro-
duces the given experimental dependence.
Based on known ratios
n-1 4 pn?-1

=—nNa and R=4n/3N,a ==
n2+2 3 pn+2
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Fig. 4. Temperature angle between the optical axes of Rb,SO,
crystals for the light wavelength A = 633 nm.

(where N is the number of particles per unit volume; N,
is Avogadro’s number; p is the molar mass; p is the crystal
density, respectively) the changes in electronic polari-
zability o in the region of low temperatures are estimated.
Electronic polarizability characterizes the degree of polari-
zation (displacement of structural elements from the equi-
librium positions) of a dielectric crystal under the action of
an external electric field (in our case, the field of an inci-
dent light wave).

The polarizability values at room temperature are
a, = 88510 cm’, oy = 8.85:10** cm®, and o, =
=8.85-10%* cm® and as the temperature decreases, the
value of o; increases slightly with the coefficient
do/dT ~ 4:107%8 cm*K. In the region of OIP,, the values
of a, and o, are equal to each other, which is due to the
equality of the corresponding refractive indices. The be-
havior of o.(7") of the RS crystal is similar to the behavior
of electronic polarizabilities of isomorphic crystals of the
ABSO, group [26-30].

Using relation (4), the value of the anisotropy coeffi-
cient was also determined based on measurements of tem-
perature changes of refractive indices. The value f in this case
corresponds to the refractive index. It was established that at
room temperature the value of anisotropy is A = 0.048, and
its temperature changes fully reproduce the changes in A
calculated from the changes of (AI /Io)i: the anisotropy
decreases with temperature decreasing.

4. Conclusions

The work examines temperature changes in relative
elongation and refractive indices of Rb,SO, crystal in the
region of low temperatures. It was found that as the tem-
perature decreases, the linear dimensions and volume of

the crystal decrease: %(%)~ 1.8:107 ... 3.6:107 K™,

0
(s

— j~7.2-10‘7 K™. It is shown that the parameters
V, AT
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(AI/IO)i are strongly anisotropic, the anisotropy value

decreases as the temperature decreases.

It was established that with a decrease in temperature,
the refractive indices n; for all crystal physical directions
increase at different rates (dn,/dT > dn,/dT), which leads to
the intersection of the curves n,(T) and n,(7), so that at a
temperature of T = 85 K the equality n, = n, = 1.51936 is
observed. This indicates the existence of an optical iso-
tropic point in this crystal, which is confirmed by inde-
pendent temperature measurements of the angle between the
optical axes. It is shown that rubidium sulfate crystals are
optically biaxial; at room temperature the angle between the
optical axes is 2V = 41.5°, and with decreasing temperature
it decreases almost linearly, so that at T = 85 K the crystal
changes from optically biaxial to optically uniaxial (2V = 0).

The temperature changes of the values of electronic
polarizability o, were calculated, and it was shown that
they slightly increase as the temperature decrease, so that
in the region where the optical isotropic point exists, the
values o, and o, are equal to each other. This behavior of
a(T) of the rubidium sulfate crystal is similar to the be-
havior of electronic polarizabilities of isomorphic crystals
of the ABSO4 group.
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OunaTomeTpuyHi Ta pedpakuinHi napameTpu
Kpuctanis cynbcaty pybifito 3a yMOB HU3bKMX
Temnepatyp

I. A. Pryshko, I. S. Novosad, Z. O. Kogut,
V. M. Salapak, O. M. Horina

JlocmimpkeHo TeMmnepaTypHi 3MiHH BiTHOCHOTO TOAOBKEHHS
(Al/lp); Ta mokasuukiB 3amomnenns Ni(T) KpucramiB cyabdhary
py06iniro B o0macTi HU3BKUX TeMIeparyp. 3i 3HIDKCHHSIM TeMIIe-
patypu JiHiHHI po3MipH Ta 00’€M KpHCTajla 3MEHIIYIOTHCA, a
mapametpu (Al/lg); € anizorpomHrMA. 3HAUECHHS N; 3pPOCTAIOTH 3i
3HIDKCHHSIM TEMIEPaTypH I BCIX (i3UIHMX HAMpsMIB KpHCTa-
na, i BinOyBaersest mepetun kpuBux N,(T) Ta Ny(7T) mpu Temmepa-
Typi T = 85 K. lle BKa3ye Ha iCHyBaHHS ONTHYHOI i30TPOIHOI
TOYKH B IIbOMY KPHUCTali, IO MiATBEPKYETHCS HE3AIC)KHIMHU
BHUMIPIOBAHHAMH TEMIEPAaTypH Kyra MiX ONTHYHUMHU OCSMH.
INoka3zano, mo kpucranu cynbhaTy pyOililo ONTHIHO ABOBICHI 3
KyTOM MiX onTnaHuME ocsimu 2V = 41,5° npu kiMHaTHIN TeMIIe-
patypi. 31 3HIKEHHSM TEMIIEpaTypyd BOHA 3MEHIIYETHCS Maibke
niniiiHO, Tak mo npu 7' = 85 K kpucran nepexoanuTs BiJ ONTHIHO
IIBOBICHOrO 110 onTw4HO oxuoBicHOro (2V = 0°). Po3paxoBano
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o, Ta oL, PiBHI Mixk CO00I0.
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