Condensed Matter Physics, 2018, Vol. 21, No 3, 33001: 1g] CONENSED
DOL:[10.5488/CMP.21.33001 IVIANTRGER
PRVYSIES

http://www.icmp.lviv.ua/journal

Description of lattice anharmonicity observed in
ferroelectrics with unusual three-well local potential

R. Yevych, Yu. Vysochanskii

Institute for Solid State Physics and Chemistry, Uzhgorod National University,
54 Voloshyn St., 88000 Uzhgorod, Ukraine

Received May 15, 2018

For SnyP,Sg family of uniaxial ferroelectrics, the anharmonic quantum oscillators model, based on local three-
well potential for spontaneous polarization fluctuations, has been used for a description of anharmonic proper-
ties, namely thermal expansion. The calculated pseudospin fluctuations spectra in ferroelectric phase demon-
strate negative Gruineisen parameters for excitations that satisfy Curie-Weiss-like temperature and pressure
dependencies in the vicinity of second order phase transition. Thermal expansion coefficient is calculated by
evaluation of pseudospins entropy baric dependence. Negative thermal expansion in the ferroelectric phase of
Snp P, Sg crystal is obtained which is in agreement with observed experimental data.

Key words: ferroelectrics, lattice models in statistical physics, thermal expansion

PACS: 05.50.+q, 05.70.Fh, 63.70.+h, 77.84.-s, 65.60.+a

1. Introduction

SnyP,Se -type ferroelectrics are characterized by a three-well local potential for spontaneous po-
larization fluctuations that is related to Sn>* cations electron lone pair stereoactivity and phosphorous
cations valence fluctuations [[1H3]]. These peculiarities of chemical bonding can be described within the
framework of the second order Jahn-Teller effect [4]] and in the models that take account of the electronic
correlation [SH7]]. These microscopic models give support to a thermodynamic description in the Blume-
Emery-Griffith (BEG) model [8, 9] that operates with the two-order parameters (dipolar and quadrupolar)
and three values of pseudospins: —1, 0, +1. As a result, the temperature-pressure (composition) diagrams
contain a tricritical point, and the ferroelectric phase transition line drops down to 0 K [5H9].

Temperature-pressure diagram of ferroelectrics was described earlier for the anharmonic quantum
oscillators (AQO) model [3] that is based on the pressure evolution of the three-well local potential
determined by first principle calculations [10]. This model describes the temperature and pressure
evolutions of the pseudospin fluctuations spectra, which on the whole agree with the temperature and
baric dependencies of the low energy optic modes of SnyP,S¢ crystal lattice in the region of ferroelectric
transition observed by Raman spectroscopy [11].

Notwithstanding a successful description of complicated spectra of the order parameter fluctuations
at different thermodynamic ways across the temperature-pressure diagram within AQO model, the an-
harmonic properties of SnyP,S¢ ferroelectrics still need some clarification. It was found [12] that at
heating into paraelectric phase, the heat conductivity coefficient lowers to a very small value — about
0.5W m~! K~!, and heat transferring phonons propagate over a very short distance — several elementary
cells. Moreover, at cooling into ferroelectric phase, the volume thermal expansion coefficient ay drops
to negative values [13H15]], which is directly related to the origin of spontaneous polarization and its
temperature dependence.

In this paper, we use the AQO model in order to clarify the possible contributions to a negative thermal
expansion coeflicient that are donated by low energy optic phonons with negative Griineisen parameters.
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It was found earlier [[1] that almost all polar 13 B,, and fully symmetrical 15 A, modes, that are nonlinearly
mixed like Ang, determine the shape of the three-well local potential for a monoclinic (P2,/c) lattice of
Sny PS¢ compound. Obviously, an overwhelming majority of these models are involved in an anomalous
thermal expansion, and the temperature dependence of a negative thermal expansion [13H15] can be
described using the pseudospin entropy pressure dependence.

2. Thermal expansion in anharmonic quantum oscillators model

Thermal expansion of Sn,P,S¢ crystals has been experimentally investigated by dilatometric |13} [14]
and X-ray diffraction [15]] methods. It was found that diffraction investigations [15]] agree with dilatometric
data [13]. The largest anomaly of the linear thermal expansion in a ferroelectric phase is observed along
the a-axis (see figure[I)) which is a little deviated in the monoclinic symmetry plane from the spontaneous
polarization vector. This linear thermal expansion coefficient @;; is negative in the whole region of a
ferroelectric phase and its anomaly mainly contributes into the observed negative volume expansion
coefficient ay. The coefficient a33 rests positive in a ferroelectric phase, while coefficient @y, found
negative values only in the temperature interval about 30 K below 7y ~ 337 K. Volume coefficient as
their sum ay = a1 + @y + @33 takes negative values in the temperature interval 250 K < T < Ty [[15].

At tin by lead substitution, the temperature of ferroelectric transition lowers and negative ay anomaly
becomes less deep [[16] which is in agreement with the already described [3] weakened ferroelectricity
in case of a diluted ferroelectric sublattice due to less stereoactive Pb>* cations. At tin by germanium
substitution, the ferroelectric transition temperature increases [17,18] which again is induced by a stronger
stereoactivity of Ge>* cations electronic lone pair in a polyhedron of sulfur anions. This tendency was
also confirmed by recent investigations of thermal expansion of Sn;P,S¢ crystals with partial substitution
of Sn by Ge [16].

On the whole, the experimental data regarding the negative thermal expansion in the ferroelectric
phase of SnpP,S¢ crystals coincide with the mixed ionic-electronic origin of spontaneous polarization in
this ferroelectric compound and can be obviously described in the AQO model. Such a model considers
a real crystal lattice to be a one-dimensional system of non-interacting quantum anharmonic oscillators.
Each oscillator is vibrated in a local potential and is influenced by a self-consistent mean-field that
indirectly takes into account the interaction between oscillators (see references [3,[11] for details). Within
this model, we calculated the temperature-pressure phase diagram of Sn,P,S¢ crystals and solid solutions
with tin by lead substitution [3]. Moreover, the spectra of pseudospin fluctuations were calculated and
compared with the Raman scattering data [11]. Here, we present temperature and baric dependencies
of the pseudospin fluctuations spectra taking into account the pressure transformation of the local
three-well potential [see figure Eka)] [1, [1O]. Based on this transformation, the baric behavior of a spin
fluctuation spectrum for SnyP,Sg crystal at room temperature, for example, was calculated and presented
in figure [3(b). One can see that there is a phase transition from ferroelectric to paraelectric phase at
pressure Py =~ 0.24 GPa.

The evolution of the spin fluctuations spectra with temperature and under compression is determined
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Figure 1. (Colour online) Temperature dependencies of thermal expansion coeflicients for Sny P> S¢ crystal
from dilatometric [13|14] and X-ray diffraction [15] experiments.
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Figure 2. (Colour online) (a) — Pressure transformation of local potential for order parameter fluctua-
tions (light blue surface). The calculated dependencies of the lowest three energy levels (Eq, E; and
E») on pressure are also shown (dark grey, red and green surfaces, respectively). (b) — The calculated
pressure transformation of a spin fluctuation spectrum for Sn,P,Sg crystal at room temperature.

by energetic distance between energy levels — for simplicity, only the lowest three levels are shown
in figure 2fa). On the whole, the spectra evolution is very complicated — at heating in ferroelectric
phase [see figure Eka)], the frequency wy;, related to the energetic difference between levels Ey and Ej,
declines starting from 112 cm™~! and similarly the frequency w1, declines starting from 103 cm~!. The
interaction between these excitations is demonstrated by their intensities redistribution [see figures [2(b),
Bla), Blb)]. At approaching the transition temperature T at an ambient pressure, many low-energy
excitations appear, and the experimentally observed spectrum contains very damped asymmetric lines
combined with a relaxational central peak [19].

Baric transformation of pseudospin fluctuations spectrum, at approaching the transition pressure about
0.24 GPa [see figure 3(b)], similarly demonstrates a clear softening of two highest frequency excitations
and their interference with many new low-energy spectral peculiarities. Such a pressure dependence
agrees with the evolution of Sn,P,S¢ Raman spectra at compression [13]].

For the case of temperature dependence [L1]], two excitations with frequencies wp; and w;> mostly
satisfy the Curie-Weiss behavior [] a)l.z ~ |To — T|. Similarly, two highest frequency excitations wg; and
wyy satisfy the Curie-Weiss behavior [] wf ~ |Pg — P| on the baric scale [see figure c)].

Griineizen parameters of the mentioned modes were estimated using their definition

\%4 80.),‘
Y=o (W)’ (D

and with the assumption that the volume changes are proportional to the order parameter variation (or
average displacement of oscillators). Such an approach yields negative values of the mode Griineizen
parameters of wg; and w1, excitations (see fi gureE[) which coincides with the previously estimated contri-
butions into thermodynamic Griineizen parameters of Sn,P>Se ferroelectric phase — negative for optic
modes and positive for acoustic modes [19]. However, this qualitative coincidence of thermodynamic and
spectral characteristics is insufficient for quantitative characterization of the crystal lattice anharmonicity.
To reach a more objective description of a thermal expansion, we tried to calculate the thermal expansion
coefficient (TEC) using thermodynamic relations. By definition, the volumetric coefficient of thermal
expansion is determined as follows:

1 (oV
=y (5, ”

Since a direct calculation of (0V/0T)p derivative is not a trivial task within QAM, we use one of the
well-known Maxwell relations such as (3V/3T)p = — (0S/dP)y, where S is a entropy of a system. Thus,
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Figure 3. (Colour online) (a) — Temperature dependence of the calculated spin fluctuation spectrum for
SnyP,S¢ crystal at an ambient pressure. (b) — Pressure dependence of the calculated spin fluctuation
spectrum for Sny P> S¢ crystal (contour map) and w1, w1 frequencies (dotted lines) for room temperature.
(c) — Pressure dependence of the frequencies square in the vicinity of pressure induced phase transition

at room temperature.
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Figure 4. (Colour online) The calculated pressure dependencies of the mode Griineizen parameters for

wo] and w1y modes at room temperature.
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Figure 5. Temperature dependence of the calculated TEC for SnyP,S¢ crystal at an ambient pressure.

equation (2)) can be transformed into
oo = — 1(0S 3)
V= "vep),
The entropy of a system at a given temperature 7 can be calculated, using the energy of a system £ and
the partition function Z, as follows:

S = ? T kIn(Z), )

where k is a Boltzmann constant. The values of energy E and the partition function Z can be easily
obtained having calculated the energy spectrum {E;} of a model potential at a given temperature. The
values of (9S/0P)y derivative were determined by numerical differentiation of equation (), while the
pressure variations were specified by changing the shape of the local potential (see figure[2). To obtain an
absolute value of TEC, we use an experimental value of the volume of an elementary cell in equation (3))
for SnyP,Se crystal Vexp ~ 455.5 A3 at T ~ 338 K [13]].

The calculated temperature dependence of TEC is shown in figure[3] It should be noted that due to the
1D manner of using the AQO model, for which the pseudospins in local three-well potentials are oriented
along the chain, the calculated temperature dependence of TEC ¥ by equation (3] should be compared
with the experimental behavior of the linear TEC along a-axis. Thus, the obtained negative values of
@ within nearly the whole temperature range of ferroelectric phase agree well with the experimentally
observed behavior of @ coefficient in SnyP,S¢ crystal (see figure [I).

3. Conclusions

For ferroelectrics of Sn;P,S¢ family, the AQO model, based on the local three-well potential and
related to Sn’>* cations electron lone pair stereoactivity and phosphorous cations P** + P+ — P3* 4+
P3* valence fluctuations, is applicable to the temperature-pressure (composition) diagram together with
the polarization fluctuation spectra description, and is used for anharmonic properties such as thermal
expansion analysis. In the framework of this model, the calculated pseudospin fluctuations spectra
demonstrate negative Griineisen parameters in ferroelectric phase for excitations that satisfy the Curie-
Weiss-like temperature and pressure dependencies in the vicinity of the second order phase transition. The
negative thermal expansion in ferroelectric phase was calculated by evaluating the pseudospins entropy
baric dependence at different temperatures and is in good agreement with experimental data for Sn,P,S¢
crystal.
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Onuc cnocTepe)kyBaHOi PaTKOBOI aHFapMOHIYHOCTi Y
CcerHeToesieKTpUKax 3 0C06JiIMBUM TPUAMHUNM JIOKaJIbHUM
noTeHuyianom

P. €Bny, HO. BrcoyaHCbKnii

HayKoBO-A0CNIAHNIA IHCTUTYT Gi3MKK i XIMiT TBEPAOTO TiNa, Y>KropoACbKUIA HaLiOHabHWIA YHIBEPCUTET,
By/. BonowwHa, 54, 88000 Yxropog, YkpaiHa

[Ans ofHOBICHMX CerHeToeneKkTpuKiB ciMelicTBa SnyP>Sg MogeNb KBAHTOBMX @aHFaPMOHIYHMX OCLUAATOPIB, L0
6a3yeTbCa Ha 0KabHOMY TPUSMHOMY NoTeHLiani 418 GAyKTyauiid cnoHTaHHOI Nonspr3adii, 3acTocoBaHa Ans
OMMCY aHrapMOHIYHUX BAACTVMBOCTEl, a caMe, TEMI0BOro Po3LMpeHHs. Po3paxoBaHuin cnektp ¢aykTyaLii
nceBAOCNIHIB B CerHeToeNeKTPUYHIA $asi AeMOHCTPYE Bif'eMHi napameTpu proHaizeHa Ans 30yAKeHb, yYni
TemnepaTypHi Ta 6apyyHi 3aneXHoCTi B okoi Gpa3oBoro nepexody MatoTb NoBeAiHKy Tuny Kiopi-Beiica. Koedi-
LIiEHT TEMI0BOro PO3LLMPEHHA PO3pPaxoBaHWiA 3a 4ONOMOror 6apuUyYHOI 3a1eXHOCTI eHTponii cuctemu. OTpu-
MaHe Bif'eMHe Ten0Be PO3LUNPEHHS B CErHeTOeNeKTPUYHINA Ppasi kpuctany SnoPySg , sike Aobpe y3rogKyeTbes
3i cnocTepexyBaHUMUN eKCrepuMeHTaNbHUMUN JaHUMN.

KntouoBi c/ioBa: cerHeToeNeKTpuK, IPaTKoBi MOAEAI B CTaTUCTUYHIN i3uLyi, Ter/ioBe po3LnpeHHs
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