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Amnoramisi. 3aponoHOBAHO YOTUPHOXCTAHOBY MOIE/b s OMUCY HO-
CJILIOBHOCTI ()a30BUX IEPEXOMIB y CErHeTOe/IeKTPUIHUX KPUCTaIax TH-
ny DMAGaS i DMAALIS. Ilporecu BOOPAAKYBAHHA B MiICUCTEMI I'PyIl
DMA posrismaioThes K TOJIOBHA MPUYNHA TAKUX MEPeTBOpeHb. Bsa-
€MOMiI0 MiXK TpPyHmaMé B iX PI3HUX OPi€HTAIITHWX CTaHaX BPAXOBAHO Y
JIWTIOJTb-IUTIOJIbHOMY HaO/mxkenHi. OTpuMaHO TEPMOAMHAMIYHI Xapak-
TepucTUKU MOJesi (CHOHTAHHA HOJIAPU3ALid, 3aCe/IEHICTb OpieHTauiii-
HUX CcTaHiB, pazoBa njarpaMa), o AKICHO y3rOUKYIOTbCH 3 JAHUME €KC-
nepumenTy. [IpunycTuBimmm, o0 OCHOBHUI BIJIUB T1APOCTATUIHOTO TUCKY
Ha KPUCTAJ 3BOMUTHC OO 3MiHU PI3HUI €Hepriil OpieHTaIlilHNX CTaHIB
rpyn DMA, nosicHeHO ekcnepuMeHTaIbHuil (haKT 3HUKHEHHS CerHeTO-
dasu 31 301/IbLIEHHAM TUCKY.

Microscopic model of phase transitions in DMAGaS and
DMAALIS crystals

I.V.Stasyuk, O.V.Velychko

Abstract. The four-state model is proposed for description of the se-
quence of phase transitions in ferroelectric crystals of DMAGaS and
DMAAIS type. The ordering processes in the subsystems of DMA groups
are considered as a main reason of such transformations. The interac-
tion between groups in their various orientational states is taken into
account in the dipole-dipole approximation. Obtained thermodynami-
cal characteristics of the model (spontaneous polarization, occupancy of
orientational states, phase diagram) are in good agreement with experi-
mental data. The experimental fact of suppression of ferroelectric phase
at increase of hydrostatic pressure is explained under assumption that
the main role of the pressure is the change of the difference between
energies of various orientational states of DMA groups.
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1. Introduction

The family of isomorphous crystals with ferroelectric properties to which
e.g. (CHg)gNHzAl(SO4)Z - 6H20 (DMAAIS) and (CH3)2NH2G&(SO4)2
- 6H,O (DMAGaS) belong to is experimentally studied during the last
ten years. A peculiar feature of the family is the possibility of existence
of crystal in three different phases at change of temperature: at room
temperature crystal is paraelectric, at lowering of temperature it se-
quentially becomes ferroelectric and antiferroelectric [1-4]. For example,
it has been measured T,; = 136 K and T» = 113 K [4] (or 122 K and
114 K correspondingly [3]) for DMAGaS crystal, but it has been only
found Tyq = 150 K [1-3] for DMAAIS. The phase transition between the
ferroelectric and antiferroelectric phases is of the first order [3,4]. There
are evidences, supplied by optical, ultrasonic, pyroelectric, dilatomet-
ric and dielectric measurements, that the phase transition paraelectric
— ferroelectric is of the first order close to the second one in DMAGaS
and of the second order in DMAAIS. Crystallographic analysis shows
that in all three phases crystal belongs to monoclinic space groups: high-
temperature paraelectric phase has P2, /n space group [1,2], ferroelectric
and antiferroelectric ones have Pn [2,3] and P2; [3] groups respectively.
It should be mentioned that low-symmetry space groups are subgroups
of the high-symmetry group obtained by the loss of rotation axis and
mirror plane respectively (point symmetry group 2/m changes to m or
2).

A lot of ferroelectric compounds have some structural elements which
reorientation leads to polarisation of crystal. Changes in the rest of the
crystal are insignificant and can be neglected in description of the phe-
nomenon. Crystals DMAAIS and DMAGaS belong to this type of fer-
roelectrics. In this case the element, which can be reoriented, is the
dimethylammonium cation (more strictly NHy group) [3,5-7]. This el-
ement can occupy four equilibrium positions which are related in pairs
by inversion centre forming a slightly deformated cross (Figs. 1 and 2).
It is very likely that this asymmetry (and corresponding differences of
pair interaction constants) is responsible for so complicated behaviour of
the crystal. In the paraelectric phase site in one pair ((k,1) and (k,2);
k = 1,2) is occupied with probability 40% and in another ((k,3) and
(k,4)) with probability 10% at 300 K.

According to the experimental data in the ferroelectric and anti-
ferroelectric phases only positions in the first pair are occupied with
appropriate ordering.

In the ferroelectric phase positions (1,2) and (2,2) (or (1,1) and (2,1))
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Figure 1. Projection of N and C atoms in the dimethylammonium groups
of DMAGaS crystal at ambient temperature [1] onto the XZ plane (the
Y coordinate is indicated in parenthesis).
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Figure 2. Projection of N atoms onto the plane perpendicular to the

C-C' axis of the dimethylammonium group for the same crystal as in
Fig. 1.
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Table 1. Coefficients of symmetrized occupancies of orientational states
which correspond to irreducible representations of the point symmetry
group 2/m.

are mainly occupied while in the antiferroelectric state occupancies of
position (1,2) and (2,1) (or (1,1) and (2,2) respectively) prevail [1]. In
[8] we have performed the symmetry analysis of functions being lin-
ear combinations of occupancies of positions of NHy groups in elemen-
tary cell. Symmetrized linear combinations, which transform according
to irreducible representations of point symmetry group 2/m of the high-
temperature phase, are presented in Tab. 1. Combinations y4, u— (y—,
u4 ) belonging to representation B, (A,) correspond to orderings appear-
ing in ferroelectric (antiferroelectric) phase, and form order parameters
for these phases. Existing orderings are of the mixed nature: ferroelectric
ordering in positions (k, 1), (k,2) (along the OX axis) is accompanied by
antiferroelectric one in (k,3), (k,4) (along the OY axis) and vice versa.

Proceeding from these facts we have proposed microscopic four-state
model [8] for description of thermodynamics of order-disorder phase tran-
sitions in the subsystem of reorientationable DMA groups. The phase
transition between paraelectric and ferroelectric phases in the consid-
ered crystals was described and criteria of order of this transition were
established in the approach with the allowance for the direct interaction
between variously oriented groups (site-site approach). This approach
however can not be extended on a wide temperature range including
e.g. the region of the low-temperature phase transition in DMAGaS be-
cause total occupancies of “longitudinal” positions ny = (X' + X?%)
(and “transverse” positions n, = (X2 + X}*) respectively) have been
assumed as temperature independent parameters of theory.

Here a continuation of this work is presented where an approach
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of dipole-dipole interaction between ionic groups is used; temperature
change of total occupancies n, and ny is taken into account as well as the
effect of reorientational hopping of groups between positions (k,p). Or-
dering of ionic groups corresponding to order parameters of both B,, and
A, symmetry is described in the mean field approximation. Equilibrium
states are investigated, temperature dependences of order parameters
(spontaneous polarization) and occupancies of positions of NHy groups
are studied. Both phase transitions (at temperatures T,; and T,») are
described; the regions of existence of para-, ferro- and antiferroelectric
phases depending on temperature and model parameters are established.
Observed by experiment changes of picture of phase transitions in DMA-
GaS crystal under the influence of hydrostatic pressure are interpreted
in the framework of microscopic description.

2. The model Hamiltonian

Let us formulate Hamiltonian of the subsystem of DMA groups on
the basis of four orientational states with an account of differences of
nonequivalent configuration energies, possibility of orientational hopping
and interaction between groups in dipole approximation.

H=Y S N X g S S s ) Dy D, (1)

nk ss’ nn' kk' of
where
er 0 O O ee 0 Q2 O
I 0 €1 Qz Ql N 0 €1 Ql QQ
M=l e 0 |0 T e e o0 |0 @

Q U 0 e D D 0 ey

Dy, = do (X35 = Xuk),  Dpy = dy(Xp — X33), Diy =0, (3)

ijg’ is the Hubbard transfer operator from the state s’ on the state
s of the DMA complex in the lattice site n and the sublattice k, D%,
is the a-component of the dipole moment of complex, \I";’g (nn') is the
energy of the dipole interaction, €; and £z are energies of DMA groups
in positions (k,1), (k,2) and (k,3), (k,4) respectively, ; and Q, are
parameters of the reorientational hopping.

Here the coordinate system with the X axis along the axis of spon-
taneous polarization of the crystal and the Y axis perpendicular to the
DMA plane (parallel to the crystallographic b axis) is used.
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It should be mentioned that the Hamiltonian (1) simplifies the real
structure of DMA complexes in DMAGaS crystals, which are oriented
not exactly along the chosen axes (as assumed in definitions of D¥, (3)).
Next, the dipole-dipole interaction is only the first nonzero term of the
multipole expansion. Nevertheless, as will be shown below, the model
described by the Hamiltonian (1) can give a satisfactory explanation of
the behaviour of DMAGaS and DMAAIS-type crystals despite of sim-
plifications made.

The Hamiltonian (1) can be rewritten to separate the mean field part

H = NHc+ Hur + H, “)
He = 23 uE 0poh). 6
kk' af
Hue = 3 D AN =303 > vah (DL)D;
nk! ss’ n  kk' ap
- S Y - Y HD ©
nk ss’ «a
H, = -—§§j§j§jwﬁunwxuxn— o) ((DR)=D),(7)
nn' kk’ af
where

ZZW”% b =2 Wb

N is the total number of sites. Further considerations will be restricted
to the mean field approximation (MFA) and the fluctuative term H' will
be neglected.

It is convenient to make a unitary transformation to linear combina-
tions of dipole moments

77) = Z Un,ka<DI?) (8)
ka

transforming according to the irreducible representations of the high-
temperature symmetry group of the crystal. After that the MFA Hamil-
tonian looks like

Hyra = NHg+ Hwr, 9)
1 . .
He = 2 Z<Dn>¢nn’ (D), (10)

Hyrp = ZZB nk s (11)

nk ss’
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By = ,\Zs’_éser<ZUnkadka> : (12)
n

«

where

Fn = Z@Z’nn’ <D77'>7 Uy = Z Z Unka¥i Un' o - (13)
,,—II

kk' aa’

Symmetrized averages of dipole moments form two pairs, which be-
long to different irreducible representations:

Ay = (D1) = ((DF) = (D5)/V2, (D2) = (DY) + (D)) /V2; (14)

B. : (D) = (Df) +(D$))/v2, (Ds) = ((DY) — (D3))/v2. (15)
Matrix 1y, has a block-diagonal structure with nonzero blocks belonging
to the given representation (see Appendix A).

As follows from the expressions (14)—(15) the antiferroelectric order-
ing along the X axis is accompanied by the ferroelectric one along the Y
axis and vice versa.

In general case §; # 0 the diagonalization procedure should be ap-
plied to the matrix By, in expression (11):

Hyrp =Y A X7, (16)
r
where
=Y VEBEVE, Xy =) vhxmvh (17)
ss’ ss’
and
zmzzm@m,m=zmﬁw (18)

Now all necessary thermodynamical functions could be derived from the
Hamiltonian (9) with corresponding terms expressed by (10) and (16).

3. Thermodynamics of the model
The partition function of the model in general form is presented as

7Z = 7N 7N exp(-BNH), (19)
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where
Zy = Y exp(=pA), k=12 (20)
8
1 < Lo L
HC = 5 (a1 <D1>Z + d1<D2>Z + 2b1<D1><D2>
+ax(Da)* + do(Ds)? +205(Di)(Ds)) . (21)
As a result free energy per particle looks like
F 1 InZ =H, 1 InZ L InZ (22)
=———In/= ——=InZ, — =InZs.
BN BT T
Now one can calculate averages
(X57) = exp(=BA;) [ 3 exp(=AA7) (23)
8

and after substitution into formulae (14), (15) and (18) selfconsistency
equations for (D,,) can be obtained.

In the case 1 = 0y = 0 the matrix Bk is diagonal and expressions
for thermodynamical functions are more simple. For example, the set of

selfconsistency equations looks like

(Dra) = Texp(An) 27" siab(Be]) % 25 a8

(Dos) = Lexp(=p) |27 siuh(Bad) £ 257 snh(3:))]. 24
where

2 = exp(BA) cosh(df) + exp(—pA) cosh(Bd), k=12,

A= [0 (D) + b (D) + aalD) + ha(D5)].

. %[zﬁ(bl)ml(bgw(—1)5k>2(b2<154)+d2<D5>)], (25)

e=(e2+e1)/2, A=(e2—e1)/2

4. Numerical results

The model under consideration demonstrate a complicated thermody-
namical behaviour and a some numbers of qualitatively different phase
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Figure 3. Dependences of (D) on temperature at specified below values
of parameters: by /a;=0.7, d1 /a1=0.5, a2 /a1=0.4, by /a1=2.6, d>/a1=0.8,
AJa1d2=1.52, Q0 =Q,=0, d,,/d, = 1.4; A and © are given in a;d2 units.

Figure 4. Dependences of free energy F' on temperature at the same
values of parameters as in Fig. 3
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Figure 5. Dependences of occupancies of states on temperature at the
same values of parameters as in Fig. 3.
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Figure 6. Phase diagram © — Q) at the same values of parameters as in
Fig. 3.
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Figure 7. Phase diagram © — A at the same values of parameters as in
Fig. 3.

diagrams dependently on parameter values. Further study will be re-
stricted to the case of sequence of phase transition which is characteristic
of the DMAGaS crystal (antiferroelectric — ferroelectric — paraelectric
phases with temperature increase).

Such a sequence of phase transition is achieved at next relationships
between parameters

0 < by,di,a1 < ba,ds;
ay > as > 0. (26)

If the above nonequalities are fulfilled antiparallel orientation of D,- and
D,-dipoles of neighbour DMA groups is energetically favourable. At low
temperatures (when occupancies of positions (k,3) and (k,4) tend to
zero) the antiferroelectric phase related with antiparallel dipoles D, is
realized. In the result of increased probability of appearance of groups
in the mentioned position at temperature growing the interaction with
participation of D, dipoles becomes significant. The phase transition
to phase with their antiferroelectric orientation occurs when respective
interaction constants become prevailing. This phase is simultaneously
ferroelectric along the OX axis.

Results of numerical calculations of temperature dependences of sym-




11 IIpenpunT

metrized dipole moments (14), (15) (obtained as solutions of equation
set (24)) having meaning of order parameters are depicted in Fig. 3. The
corresponding temperature dependence of free energy calculated with
use of expression (22) one can see in Fig. 4. Here the case of the second
order high-temperature phase transition is illustrated.

As one can see in Fig. 3 and expressions (14), (15) antiferroelectric
orientation along the X axis is accompanied by ferroelectric one along the
Y axis and vice versa. Polarization along the X axis is larger than along
the Y one due to larger occupancies of positions 1 and 2 comparatively
to positions 3 and 4 (Fig. 5).

The influence of the orientational hopping on the phase transition
in the system resemble one for Ising model (Fig. 6 — for simplicity is
assumed Q; = Qy = Q). Namely the increase of () value leads as a whole
to the decrease of temperatures of PT1 and PT2. Antiferroelectric phase
is suppressed at relatively low values of 2 when the temperature of PT2
is still changed insignificantly.

According to the experimental data on pressure effects in DMAGaS
[9] the increase of hydrostatic pressure leads to the narrowing of the tem-
perature region of the existence of ferroelectric phase. At certain pressure
ferroelectric phase is completely suppressed. Thermodynamical descrip-
tion in the framework of Landau theory allows to reproduce observed
phase diagram by setting coefficients at the second order terms in the
Landau expansion of free energy to be temperature dependent [10]. Mi-
croscopic description of influence of hydrostatic pressure is rather com-
plicated question. One can assume, that due to limited compressibility of
the crystal interaction constants change insignificantly and the main ef-
fect is due to the increase of the difference of site energies A. In this case
the obtained phase diagram remarkably good coincide with the quali-
tative form of the experimental one (Fig. 7). This confirms the above
assumption of the prevailing influence of pressure on site energies. Nev-
ertheless, it seems that a more complete reproducing of the observed
dependences (in particular, the increase of temperature of phase tran-
sition into the antiferroelectric phase at the pressure values above the
triple point) can be achieved when additional factors (such as a change
of interaction constants or the parameter 2) will be taken into account.

As one can mention there are both triple and tricritical points on the
diagram. A narrow region of A values near the triple point exists where
both phase transition are of the first order as in the case of DMAGaS
crystals.
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5. Conclusions

A simple dipole approximation for the four state model proposed for de-
scription of thermodynamics of DMAGaS-DMAAIS family of crystals is
developed. The model exhibits complicated thermodynamical behaviour
depending on values of system parameters. At certain values of param-
eters the model gives the same sequence phase transitions as is found
experimentally in DMAGaS.

Numerical exploration of the model shows that the increase of the
orientational hopping between sites leads to the suppression of ordered
phases in the Ising model like way.

Attemption to give theoretical explanation of the experiment on the
influence of hydrostatic pressure on phase diagram of DMAGaS crystal
results in good qualitative agreement. It is assumed that the main effect
of pressure is the change of the difference of site energies.
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7. Appendix A. Transformation of the matrix of di-
pole-dipole interactions to irreducible representa-
tions of the high-temperature symmetry group

al bl CI dl eI fl
u gl 1% —e k' U
c K m' fl _ n'

'(/A) = d —e f/ a -V o (27)
e K =l —-b ¢ _K
! I n' ¢ W om!

Here axis indices are changed first (e.g. {ka} = {1z, 1y, 1z, 2z, 2y, 22}).
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Matrix of unitary transformation is as follows:
100 -1 0 O
01 0 0 1 0
- 1 001 0 0 -1
U= V21100 1 0 0 (28)
01 0 0 1 0
001 0 0 1
After the transformation the matrix of interactions
a—-d b+e Jd-Ff 0 0 0
b+e ¢g+k n-=1 0 0 0
QZ _ = = om-n 0 0 0
) 0 0 0 a+d V- Jd+7f
0 0 0 b—e g -k W+l
0 0 0 d+f W+l n+m
ay b1 C1 0 0 0
b1 d1 (&1 0 0 0
_ C1 (&1 f1 0 0 0
o 0 0 0 as bg Co (29)
0 0 0 by da e
0

0

becomes block-diagonal, where the upper left block corresponds to the

Ay

representation and the bottom right one to the B,,.
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