HarmionanbHa akameMisa HayK Y KpaiHU

IHCTUTYVYT
PIBNKN
KOHIEHCOBAHUX
CUCTEM

4 N

ICMP-99-23E

1.V.Stasyuk, O.V.Velychko, Z.Czapla *, R.Czukwinski *

THERMODYNAMICS AND DIELECTRIC ANOMALIES OF
DMAAS AND DMAGaS CRYSTALS IN THE PHASE
TRANSITIONS REGION (LANDAU THEORY APPROACH)

\

/

*Institute of Experimental Physics, University of Wroclaw,
pl. M.Borna 9, 50-204 Wroclaw, Poland

JIBBIB

YIOK: 537.226.4, 536.76, 538.956
PACS: 77.84.-s, 64.60.Cn

TepMmomuHaMika Ta mie/leKTPUYHI aHOMaJIl B obsacti ¢pasoBux
nepexomiB y kpuctaiiax DMAAS ta DMAGaS (uabimxeHH:
Teopii Jlannay)
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AmHoramisi. 3a0pONOHOBAHO MPOCTUH OIMUC TEPMOIMHAMIKUA CErHETO-
enekrpudHux kpuctasaiB tuny DMAAS i DMAGaS 3a monomoroio pos-
xkiany Jlammay. BecramoBseno ymoBu peadstizarii ¢dhasoBux nepexomiB i
oTrpuMaHo ix temmeparypu. Omnucano 3minu Temmneparyp (haszoBuUxX Ie-
PEXOIiB i BITMBOM 30BHINTHLOTO BCECTOPOHHBLOTO TUCKY. loC/TiaKeHo
TEMIEPATYPHY IMOBENiHKY KOMIIOHEHT JieJIEKTPUYHOI CHPUNHATIMBOCTI
Ta ix aHoMauii B okosii Touok (azoBux nepexonis. OrpumMani pesyibraru
MTOPIBHIOIOTHCS 3 €KCIIEPUMEHTA/ILHUMU [TAHUMU.

Thermodynamics and dielectric anomalies of DMAAS and
DMAGaS crystals in the phase transitions region (Landau the-
ory approach)

1.V.Stasyuk, O.V.Velychko, Z.Czapla, R.Czukwinski

Abstract. A simple description of thermodynamics of DMAAS and
DMAGaS ferroelectric crystals by means of Landau expansion is pro-
posed. Conditions of occurrence of phase transitions are established and
their temperatures are obtained. The influence of external hydrostatic
pressure on phase transitions is described. The temperature behaviour of
dielectric susceptibility components and their anomalies in the vicinity of
phase transition points are investigated. Obtained results are compared
with experimental data.
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1. Introduction

Ferroelectric crystals (CH3)aNHAI(SO4)2 - 6H;O0 (DMAAS) and
(CH3)2NH2Ga(SO4)2 - 6H20 (DMAGaS) are intensively studied in re-
cent years. Their interesting feature is possible existence of crystal in
ferroelectric or antiferroelectric state depending on external conditions
(e.g. temperature, hydrostatic pressure). There is a significant difference
in thermodynamical behaviour of crystals despite on isomorphism of
their structure. At ambient pressure DMAGaS crystal has three phases:
paraelectric (T' > T.), ferroelectric (T3 < T < T.) and antiferroelectric
(T < Ty) with temperatures of phase transitions T, = 136 K (first order
transition close to the tricritical point) and 77 = 117 K (first order tran-
sition). There is only two phases in DMAAS crystal at ambient pressure:
paraelectric (T' > T.) and ferroelectric (T' < T.) with T, = 155 K.

A set of structural [1-3], dilatometric, dielectric, pyroelectric and
ultrasonic [4-12] measurements is made for considered systems, what al-
lows to establish their main dielectric, mechanical and dynamical charac-
teristics (see below). At the same time these investigations are incomplete
and of preliminary stage in many directions.

The nature of phase transitions in DMAAS and DMAGaS crystals
was unclear up to recent time. During the last years conviction on im-
portant role of dimethyl ammonium (DMA) groups in phase transitions
due to their orientational ordering-disordering is established (see, for ex-
ample, [3,6,13,14]). In [15] the microscopic approach based on the order-
disorder model with account of different orientational states of DMA
groups was proposed. In the framework of the model the phase transi-
tion to ferroelectric state has been described and conditions of realization
of this transition as of the first or of the second order have been estab-
lished. Order parameters of the system have been constructed. They are
connected with differences of occupancies of four possible positions of
nitrogen ions corresponding to different orientations of groups. As a re-
sult of symmetry analysis it has been established that components of
the order parameters belonging to irreducible representation B,, of point
symmetry group 2/m of the high-temperature (paraelectric) phase de-
scribe ferroelectric ordering of DMA group along the ferroelectric axis
OX (in crystallographic plane (ac)) and their antiferroelectric ordering
along the OY axis (crystallographic axis b). The inverse ordering (an-
tiferroelectric along OX and ferroelectric one along OY) corresponds to
order parameter components belonging to irreducible representation A,.
Appearance of nonzero order parameters of B, type turns the system
into ferroelectric state (point group m) while nonzero order parameters
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of A, type cause antiferroelectric state (point group 2).

Notwithstanding further perspectives of microscopic approach by
means of the four-state order-disorder model, the more simple but more
general thermodynamical description based on Landau expansion is of
interest. One can construct corresponding Landau free energy and in
standard way investigate possible phase transitions and obtain criteria
of their realization with the use of data of the mentioned above symme-
try analysis. This is a main goal of the present work. Results obtained in
the framework of Landau expansion will be used for interpretation of the
induced by the external pressure changes in the picture of phase transi-
tions and for description of dielectric anomalies in the phase transition
points of the investigated crystals.

2. Thermodynamics of phase transitions (Landau
theory approach)

Let us make thermodynamical description of phase transition in DMAAS
and DMAGaS crystals with the use of Landau expansion. We consider a
simplified version when only one linear combination of the initial order
parameters type is included for each of B, and A, irreducible representa-
tions. The combinations included are true order parameters: coefficients
at their squared values tend to zero in the points of corresponding second
order transitions.

Order parameters, which transform according to irreducible repre-
sentations B, and A, of point symmetry group 2/m of high-symmetry
phase, are denoted as 7, and 7, correspondingly. The first parameter
1y describes polarization of ferroelectric type along the OX axis with si-
multaneous antiferroelectric type ordering along the OY axis; the second
one corresponds to inverse orientation where antipolarization along OX
is accompanied by polarization along OY.

We restrict ourself to the case of second order phase transition from
the nonpolar high-temperature phase to ordered one. In this case Landau
expansion of free energy can be limited by terms of the fourth order:

1, 1., 1 1 1.
F = Fy+ san; + 5bnj + chi + Zdnz‘ + 5 Iman = Eetip = Eya - (1)

A linear dependence of coefficients a and b on temperature is assumed
a=d (T -T)), b=0b'(T-T,.), (2)

where condition T, > T is satisfied for normal state of the crystal what
corresponds to the transition from the paraelectric phase (phase P) to
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the ferroelectric phase (phase F) as to the first one at lowering of the
temperature.

Conditions of thermodynamical equilibrium correspond to the mini-
mum of free energy and look like

OF .

gy, = Tlatenid fui) By =0,

OF .

o = (b +cni + fn?) — E, = 0. (3)
b

At zero external fields there are following solutions

Na =M = 0 (4:)
— paraphase (P-phase);
Na=0, m #0,
o = \/=b/d = /(b /d)(T. — T) (5)
— ferroelectric phase (F-phase);
a #0; =0
o =/ —afe=/d'[e(T; = T) (6)

— antiferroelectric phase (AF-phase). !
Corresponding expressions for free energy in these phases are as fol-
lows

Fpy = Fp,
1

Fipy = Fy— 2b(T - T.), (7)
1

Foary = FO—%a’Q(T—TC’)Q.

The phase transition P—F which is of the second order in the used ap-
proximation takes place at temperature 7T,. The phase transition F—AF
which can take place at lower temperatures occurs at

Firy = Flar)- (8)

The condition above determines the temperature of this first order phase

transition: P
T, = L’ (9)

x—1

1We follow here to the terminology widely used in literature on the subject.
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Figure 1. Dependence of phase number of the system and phase transi-
tion temperatures on values of system parameters

where Vi
a'vd
Nonequalities
0<Ty <T. (11)

define the region of temperature 7" values where the F-phase exists as
an intermediate one:
1 < I. <1 (12)
»x T, )
These conditions are illustrated by the phase diagram in Fig. 1. In the
case T! > T, a direct phase transition P—AF from the paraelectric phase
to antiferroelectric one can take place.

Observed by experiment changes of temperatures of P—F and F—+AF
phase transitions and consecutive disappearance of the F-phase as the
result of increasing of external hydrostatic pressure can be easily ex-
plained with the use of the obtained diagram. Under assumption that
the influence of pressure leads mainly to shifts of temperatures 7. and
T

Tc = TcO + zp,
T = Th+ep, (13)

c
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P

Figure 2. Dependence of the phase transition temperatures on the exter-
nal hydrostatic pressure

and the changes of other Landau expansion parameters are negligible,
the following relation is obtained

I —
T =10+ %) (14)
x—1
where T T
b — 4c0
=" (15)

According to the data published in [16], dT./dp = x = —0.277 K/MPa;
0Ty /0p = 1.95 K/MPa and if one applies a linear approximation to the
dependence of T} on p then dT/dp = 2’ = 0.86 K/MPa.

The obtained relations are illustrated by the diagram shown in Fig. 2.
This diagram qualitatively matches the experimental (T,p) diagram for
DMAGaS crystal (at T, = 136 K, Tho = 116 K) [16]. Obtained coordi-
nates of triple point

"Teo — «T} T —T,
=00 p = (16)
r —x r —x

where lines of phase transitions P—F, F—AF and P—AF come together
are in good agreement with experimental ones (T3 = —140.3 °C;
Py = 8.75 MPa). At p >> p; there take place a deviation of the the-
oretical prediction of temperature of the P—AF phase transition from
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experimental data. Unlike to relationship (13) experimental dependence
is nonlinear at large pressures.
The pressure value

*

Pt = J{Téo - TcO

T — xx' (17)
(see Fig. 2) is an important characteristic of the model. At p* < 0, what
is realized at Ty /Tco > 1/, AF-phase exists in the region of low temper-
atures at ambient pressure (this situation takes place for DMAGaS). At
p* >0 (ie. Tly/Teo < 1/3) and ambient pressure only P- and F-phases
occur; this case can correspond to DMAAS crystal.

3. Dielectric susceptibility

The approach used in the previous section allows to derive expressions
for components of dielectric susceptibility tensor in the vicinity of phase
transition points and to describe their temperature dependencies in gen-
eral. In the used approximation the components P, and P, of polariza-
tion vector are defined by parameters 7, and n, correspondingly. Hence

a’f]b ana
Tr — AL = A 1
Xew =8B, YW~ BE, (18)
and proceeding from equations (3) one can obtain
L 2 2
Xzz = B(G + 3emy + fy),
L 2 2
Xyy = B(b + 3dny + fna)s (19)
where
D = (a+ 3en; + fp) (0 + 3dny + fuz) — 4f*m5m; - (20)
The following particular cases follow from expression (19):
1. Paraphase (P):
1 1 1 1
= - = — = - = — 21
Xee =3 = pmoTy Xw =T amot1y Y
2. Ferroelectric phase (F):
1 1 1
(22)

Xew = o, T (T, —T) "~ (- a(T* -T)




7 IIpenpunT

here the notations are used:

T.-T! o
T =T. <, = — 1). 23
ter T €2 (23)
In this case susceptibility xy, can be also expressed in the form
Xyy = la+ fj] ", (24)

where 7,0 is a spontaneous value of order parameter (polarization
P,) in the ferroelectric phase.

3. Antiferroelectric phase (AF):

1 1 1
Xewe = CagDw @ —T) X~ 34~ @ —1) ®
where the temperature
T.—T!
T =T, + ———< 26
Ry (26)

is introduced such that T** > T* > T.. A similar to the previous
one expression

Xzz = [b + f’??zo]fla (27)

relating the temperature dependence of longitudinal susceptibility
in AF phase with the equilibrium value of the order parameter
(polarization in one of sublattices) takes place.

The temperature behaviour of dielectric susceptibility components
and their anomalies in the phase transition points are illustrated in Fig. 3
and 4 as temperature dependencies of inverse susceptibilities y..

The inverse susceptibility x;.! is equal to zero at the temperature 7.
Its linear dependence on temperature in the vicinity of this point has
an inclination " at T' > T, and 2b' in the ferroelectric phase (Fig. 3).
This typical behaviour for second order phase transition changes if the
phase transition P—F is of the first order. Such a situation takes place in
the DMAGaS crystal where the first order phase transition close to the
tricritical point is observed. Then the susceptibility y;, remains nonzero
at T, and has a small jump (according to data [11], T. — Tp ~ 1.2 K,
where Tj is the temperature at which x,; — 0; x,;2(T =T,) ~6-10~1).
Mentioned changes are relevant only to a small vicinity of T,; in a large
temperature scale dependence x;.1(7') in para- and ferroelectric phase is
almost the same as for the second order transition. The phase transition
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Figure 3. Temperature dependences of y;,. component of inverse suscep-
tibility.

.
T T Te T T

Figure 4. Temperature dependences of X;yl component of inverse suscep-
tibility.
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F—AF is a well pronounced first order phase transition accompanied by
jump of the x, ! function. The continuation of the straight line describing
the temperature dependence of x;! in the AF phase passes the point
T** (see Fig. 3). x7a has the following values at the ends of its jump

_ r
sz1|1 = 2b’m(Tc - Tcl)a

Xail, = |[=Z=(R¢—1)+52¢| V(T - T)). (28)

x—1

Value of susceptibility jump Ax,2 = X,z |, = Xza |, can be positive or
negative depending on values of theory parameters.

Temperature behaviour of the inverse susceptibility X;yl is essentially
different. In the point of the second order phase transition P—F it re-
mains nonzero with value

Xyy (Te) = d'(Te = T7) (29)

Its continuation to lower temperatures goes to zero at I' — T.. The con-
tinuation of the line of the inverse susceptibility in the antiferroelectric
phase x,, (T') = 2d/(T} — T) also goes across this point. In the ferro-
electric phase region the function X;yl (T) is linear with the continuation
passing the point 7**. At the F—AF phase transition this function has
a jump between points

_ 2a’
nyl|3 = %_1(TC_TCI)7
S (30)

x—1

Similarly to the case of the function x,! the jump can have positive or
negative value.

4. Discussion

Proceeding from obtained in the previous section formulae one can try to
interpret available data on the temperature dependence of dielectric sus-
ceptibility components of DMAAS and DMAGasS crystals. The majority
of performed measurements is devoted to the longitudinal dielectric per-
mittivity e, (or its real part ), for low frequency alternating current mea-
surements) mainly in the region of the high-temperature phase transition
for DMAGaS and the corresponding phase transition in DMAAS. Such
data are reported in works [5,8,9,11] (DMAGaS) and [4,7,8] (DMAAS);
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only in paper [7] the temperature behaviour of all permittivity compo-
nents (e),, €, €..) for DMAAS crystal in the wide range of temperatures
(from ~90 K to ~280 K) was measured. In some papers dependence of
spontaneous polarization on temperature in the ferroelectric phase was
investigated and coercivity fields were measured [8,9] (the value of Ps in
the state close to saturation is about 1.4-1.9 C/m? for DMAAS and 0.9
2.0 C/m? for DMAGaS). Particular investigation of the T, point vicinity
in DMAGaS devoted to influence of the external electric field on the first
order phase transition point and the difference T, — Tp is made in [11].
On the basis of available experimental data Curie-Weiss constant (from
the paraphase side) is estimated as 2700-3060 K for DMAGaS crystal
and 2700-3000 K for DMAAS crystal. The phase transition to the fer-
roelectric phase in DMAGaS crystal is of the first order and close to the
tricritical point; this fact however does not affect the behaviour of x,.
and xyy far from the 7, point.

The mentioned experimental data are incomplete, hence only partial
comparison with results of thermodynamical description is possible. For
example one can obtain values of the temperature 7, parameters b’ and
s for the DMAGaS crystal 7! = 125 K, » = 2.22, b =0.33-1073 K~}
with use of above mentioned data on the influence of external hydrostatic
pressure on phase transitions in DMAGaS crystal [16] and results of
measurements of dielectric characteristics.

More comprehensive and selfconsistent evaluation of temperatures
T!, T* and T** as well as Landau expansion parameters (or parame-
ters @', b', s, £ and f) by means of presented in this section relation-
ships become possible after goal-oriented investigations of temperature
dependencies of x,! and X;yl in a wide temperature interval including
regions of existence of all phases for DMAGaS and DMAAS. Proceeding
from obtained results will be possible to ascertain suitability of the sim-
ple thermodynamical description where Landau expansion is limited to
only one order parameter for each of B, and A, representations. Such a
description is obviously much simplified comparatively to results of the
microscopic approach based on the four-state model of order-disorder
type [15]. Investigation of DMA group ordering in the configurational
space of four orientational states needs two-component order parame-
ters nY (B,) and n¢ (Ay), @ = 1,2. This fact could complicate tem-
perature dependencies of dielectric characteristics of the model even for
thermodynamical description in the framework of Landau expansion.

Furthermore, considered here expression for Landau expansion of free
energy (1) includes terms up to the fourth order. A consistent description
of the first order phase transition P—F and related dielectric anomalies
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demands the inclusion of the sixth order terms into expansion. Such a
generalization is necessary for comprehensive description of experimental
data and can be performed relatively easy.
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