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õäë: 537.226.4, 536.76, 538.956PACS: 77.84.-s, 64.60.Cní�ËÒÏÓËÏ��ÞÎÁ ÍÏÄÅÌØ ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�× × ËÒÉÓÔÁÌÁÈ DMA-GaS � DMAAlS¶.÷.óÔÁÓÀË, ï.÷.÷ÅÌÉÞËÏáÎÏÔÁ��Ñ. úÁ�ÒÏ�ÏÎÏ×ÁÎÏ ÞÏÔÉÒØÏÈÓÔÁÎÏ×Õ ÍÏÄÅÌØ ÄÌÑ Ï�ÉÓÕ �Ï-ÓÌiÄÏ×ÎÏÓÔi ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄi× Õ ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÉÈ ËÒÉÓÔÁÌÁÈ ÔÉ-�Õ DMAGaS � DMAAlS. ðÒÏ�ÅÓÉ ×�ÏÒÑÄËÕ×ÁÎÎÑ × ��ÄÓÉÓÔÅÍ� ÇÒÕ�DMA ÒÏÚÇÌÑÄÁÀÔØÓÑ ÑË ÇÏÌÏ×ÎÁ �ÒÉÞÉÎÁ ÔÁËÉÈ �ÅÒÅÔ×ÏÒÅÎØ. ÷ÚÁ-¤ÍÏÄ�À Í�Ö ÇÒÕ�ÁÍÉ × §È Ò�ÚÎÉÈ ÏÒ�¤ÎÔÁ��ÊÎÉÈ ÓÔÁÎÁÈ ×ÒÁÈÏ×ÁÎÏ ÕÄÉ�ÏÌØ-ÄÉ�ÏÌØÎÏÍÕ ÎÁÂÌÉÖÅÎÎ�. ïÔÒÉÍÁÎÏ ÔÅÒÍÏÄÉÎÁÍ�ÞÎ� ÈÁÒÁË-ÔÅÒÉÓÔÉËÉ ÍÏÄÅÌ� (Ó�ÏÎÔÁÎÎÁ �ÏÌÑÒÉÚÁ��Ñ, ÚÁÓÅÌÅÎ�ÓÔØ ÏÒ�¤ÎÔÁ��Ê-ÎÉÈ ÓÔÁÎ�×, ÆÁÚÏ×Á Ä�ÁÇÒÁÍÁ), ÝÏ ÑË�ÓÎÏ ÕÚÇÏÄÖÕÀÔØÓÑ Ú ÄÁÎÉÍÉ ÅËÓ-�ÅÒÉÍÅÎÔÕ. ðÒÉ�ÕÓÔÉ×ÛÉ, ÝÏ ÏÓÎÏ×ÎÉÊ ×�ÌÉ× Ç�ÄÒÏÓÔÁÔÉÞÎÏÇÏ ÔÉÓËÕÎÁ ËÒÉÓÔÁÌ Ú×ÏÄÉÔØÓÑ ÄÏ ÚÍ�ÎÉ Ò�ÚÎÉ�� ÅÎÅÒÇ�Ê ÏÒ�¤ÎÔÁ��ÊÎÉÈ ÓÔÁÎ�×ÇÒÕ� DMA, �ÏÑÓÎÅÎÏ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÊ ÆÁËÔ ÚÎÉËÎÅÎÎÑ ÓÅÇÎÅÔÏ-ÆÁÚÉ Ú� ÚÂ�ÌØÛÅÎÎÑÍ ÔÉÓËÕ.Mi
ros
opi
 model of phase transitions in DMAGaS andDMAAlS 
rystalsI.V.Stasyuk, O.V.Vely
hkoAbstra
t. The four-state model is proposed for des
ription of the se-quen
e of phase transitions in ferroele
tri
 
rystals of DMAGaS andDMAAlS type. The ordering pro
esses in the subsystems of DMA groupsare 
onsidered as a main reason of su
h transformations. The intera
-tion between groups in their various orientational states is taken intoa

ount in the dipole-dipole approximation. Obtained thermodynami-
al 
hara
teristi
s of the model (spontaneous polarization, o

upan
y oforientational states, phase diagram) are in good agreement with experi-mental data. The experimental fa
t of suppression of ferroele
tri
 phaseat in
rease of hydrostati
 pressure is explained under assumption thatthe main role of the pressure is the 
hange of the di�eren
e betweenenergies of various orientational states of DMA groups.
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1 ðÒÅ�ÒÉÎÔ1. Introdu
tionThe family of isomorphous 
rystals with ferroele
tri
 properties to whi
he.g. (CH3)2NH2Al(SO4)2 � 6H2O (DMAAlS) and (CH3)2NH2Ga(SO4)2� 6H2O (DMAGaS) belong to is experimentally studied during the lastten years. A pe
uliar feature of the family is the possibility of existen
eof 
rystal in three di�erent phases at 
hange of temperature: at roomtemperature 
rystal is paraele
tri
, at lowering of temperature it se-quentially be
omes ferroele
tri
 and antiferroele
tri
 [1{4℄. For example,it has been measured T
1 = 136 K and T
2 = 113 K [4℄ (or 122 K and114 K 
orrespondingly [3℄) for DMAGaS 
rystal, but it has been onlyfound T
1 = 150 K [1{3℄ for DMAAlS. The phase transition between theferroele
tri
 and antiferroele
tri
 phases is of the �rst order [3,4℄. Thereare eviden
es, supplied by opti
al, ultrasoni
, pyroele
tri
, dilatomet-ri
 and diele
tri
 measurements, that the phase transition paraele
tri
{ ferroele
tri
 is of the �rst order 
lose to the se
ond one in DMAGaSand of the se
ond order in DMAAlS. Crystallographi
 analysis showsthat in all three phases 
rystal belongs to mono
lini
 spa
e groups: high-temperature paraele
tri
 phase has P21/n spa
e group [1,2℄, ferroele
tri
and antiferroele
tri
 ones have Pn [2,3℄ and P21 [3℄ groups respe
tively.It should be mentioned that low-symmetry spa
e groups are subgroupsof the high-symmetry group obtained by the loss of rotation axis andmirror plane respe
tively (point symmetry group 2/m 
hanges to m or2). A lot of ferroele
tri
 
ompounds have some stru
tural elements whi
hreorientation leads to polarisation of 
rystal. Changes in the rest of the
rystal are insigni�
ant and 
an be negle
ted in des
ription of the phe-nomenon. Crystals DMAAlS and DMAGaS belong to this type of fer-roele
tri
s. In this 
ase the element, whi
h 
an be reoriented, is thedimethylammonium 
ation (more stri
tly NH2 group) [3,5{7℄. This el-ement 
an o

upy four equilibrium positions whi
h are related in pairsby inversion 
entre forming a slightly deformated 
ross (Figs. 1 and 2).It is very likely that this asymmetry (and 
orresponding di�eren
es ofpair intera
tion 
onstants) is responsible for so 
ompli
ated behaviour ofthe 
rystal. In the paraele
tri
 phase site in one pair ((k; 1) and (k; 2);k = 1; 2) is o

upied with probability 40% and in another ((k; 3) and(k; 4)) with probability 10% at 300 K.A

ording to the experimental data in the ferroele
tri
 and anti-ferroele
tri
 phases only positions in the �rst pair are o

upied withappropriate ordering.In the ferroele
tri
 phase positions (1,2) and (2,2) (or (1,1) and (2,1))
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3 ðÒÅ�ÒÉÎÔ(1,1) (1,2) (1,3) (1,4) (2,1) (2,2) (2,3) (2,4)Ag x+ 1/2 1/2 0 0 1/2 1/2 0 0z+ 0 0 1/2 1/2 0 0 1/2 1/2Bg x� 1/2 1/2 0 0 -1/2 -1/2 0 0z� 0 0 1/2 1/2 0 0 -1/2 -1/2Bu y+ 1/2 -1/2 0 0 1/2 -1/2 0 0u� 0 0 1/2 -1/2 0 0 -1/2 1/2Au y� 1/2 -1/2 0 0 -1/2 1/2 0 0u+ 0 0 1/2 -1/2 0 0 1/2 -1/2Table 1. CoeÆ
ients of symmetrized o

upan
ies of orientational stateswhi
h 
orrespond to irredu
ible representations of the point symmetrygroup 2/m.are mainly o

upied while in the antiferroele
tri
 state o

upan
ies ofposition (1,2) and (2,1) (or (1,1) and (2,2) respe
tively) prevail [1℄. In[8℄ we have performed the symmetry analysis of fun
tions being lin-ear 
ombinations of o

upan
ies of positions of NH2 groups in elemen-tary 
ell. Symmetrized linear 
ombinations, whi
h transform a

ordingto irredu
ible representations of point symmetry group 2/m of the high-temperature phase, are presented in Tab. 1. Combinations y+, u� (y�,u+) belonging to representationBu (Au) 
orrespond to orderings appear-ing in ferroele
tri
 (antiferroele
tri
) phase, and form order parametersfor these phases. Existing orderings are of the mixed nature: ferroele
tri
ordering in positions (k; 1), (k; 2) (along the OX axis) is a

ompanied byantiferroele
tri
 one in (k,3), (k,4) (along the OY axis) and vi
e versa.Pro
eeding from these fa
ts we have proposed mi
ros
opi
 four-statemodel [8℄ for des
ription of thermodynami
s of order-disorder phase tran-sitions in the subsystem of reorientationable DMA groups. The phasetransition between paraele
tri
 and ferroele
tri
 phases in the 
onsid-ered 
rystals was des
ribed and 
riteria of order of this transition wereestablished in the approa
h with the allowan
e for the dire
t intera
tionbetween variously oriented groups (site-site approa
h). This approa
hhowever 
an not be extended on a wide temperature range in
ludinge.g. the region of the low-temperature phase transition in DMAGaS be-
ause total o

upan
ies of \longitudinal" positions nk = hX11k + X22k i(and \transverse" positions nb = hX33k + X44k i respe
tively) have beenassumed as temperature independent parameters of theory.Here a 
ontinuation of this work is presented where an approa
h
ICMP{99{19E 4of dipole-dipole intera
tion between ioni
 groups is used; temperature
hange of total o

upan
ies na and nb is taken into a

ount as well as thee�e
t of reorientational hopping of groups between positions (k; p). Or-dering of ioni
 groups 
orresponding to order parameters of both Bu andAu symmetry is des
ribed in the mean �eld approximation. Equilibriumstates are investigated, temperature dependen
es of order parameters(spontaneous polarization) and o

upan
ies of positions of NH2 groupsare studied. Both phase transitions (at temperatures T
1 and T
2) aredes
ribed; the regions of existen
e of para-, ferro- and antiferroele
tri
phases depending on temperature and model parameters are established.Observed by experiment 
hanges of pi
ture of phase transitions in DMA-GaS 
rystal under the in
uen
e of hydrostati
 pressure are interpretedin the framework of mi
ros
opi
 des
ription.2. The model HamiltonianLet us formulate Hamiltonian of the subsystem of DMA groups onthe basis of four orientational states with an a

ount of di�eren
es ofnonequivalent 
on�guration energies, possibility of orientational hoppingand intera
tion between groups in dipole approximation.H = Xnk Xss0 �ss0k Xss0nk � 12 Xnn0 Xkk0 X�� 	kk0�� (nn0)D�nkD�0n0k0 ; (1)where^�1 = 0BB� "1 0 
1 
20 "1 
2 
1
1 
2 "2 0
2 
1 0 "2 1CCA ; ^�2 = 0BB� "1 0 
2 
10 "1 
1 
2
2 
1 "2 0
1 
2 0 "2 1CCA ; (2)Dxnk = dx(X22nk �X11nk); Dynk = dy(X44nk �X33nk); Dznk = 0; (3)Xss0nk is the Hubbard transfer operator from the state s0 on the states of the DMA 
omplex in the latti
e site n and the sublatti
e k, D�nkis the �-
omponent of the dipole moment of 
omplex, 	kk0�� (nn0) is theenergy of the dipole intera
tion, "1 and "2 are energies of DMA groupsin positions (k; 1), (k; 2) and (k; 3), (k; 4) respe
tively, 
1 and 
2 areparameters of the reorientational hopping.Here the 
oordinate system with the X axis along the axis of spon-taneous polarization of the 
rystal and the Y axis perpendi
ular to theDMA plane (parallel to the 
rystallographi
 b axis) is used.



5 ðÒÅ�ÒÉÎÔIt should be mentioned that the Hamiltonian (1) simpli�es the realstru
ture of DMA 
omplexes in DMAGaS 
rystals, whi
h are orientednot exa
tly along the 
hosen axes (as assumed in de�nitions of Dxnk (3)).Next, the dipole-dipole intera
tion is only the �rst nonzero term of themultipole expansion. Nevertheless, as will be shown below, the modeldes
ribed by the Hamiltonian (1) 
an give a satisfa
tory explanation ofthe behaviour of DMAGaS and DMAAlS-type 
rystals despite of sim-pli�
ations made.The Hamiltonian (1) 
an be rewritten to separate the mean �eld partH = NHC +HMF +H 0; (4)HC = 12 Xkk0 X��  kk0�� hD�k ihD�k0 i; (5)HMF = Xnk0 Xss0 �ss0k Xss0nk �Xn Xkk0 X��  kk0�� hD�k0iD�nk= Xnk Xss0 �ss0k Xss0nk �Xnk X� F k�D�nk; (6)H 0n = � 12 Xnn0 Xkk0 X�� 	kk0�� (nn0)�hD�k i�D�nk��hD�k0 i�D�n0k0�;(7)where F k� =Xk0 X�  kk0�� hD�k0i ;  kk0�� = Xn0 	kk0�� (nn0);N is the total number of sites. Further 
onsiderations will be restri
tedto the mean �eld approximation (MFA) and the 
u
tuative term H 0 willbe negle
ted.It is 
onvenient to make a unitary transformation to linear 
ombina-tions of dipole moments hD�i = Xk� U�;k�hD�k i (8)transforming a

ording to the irredu
ible representations of the high-temperature symmetry group of the 
rystal. After that the MFA Hamil-tonian looks likeHMFA = NHC +HMF ; (9)HC = 12 X��0 h ~D�i ��0h ~D�0i; (10)HMF = Xnk Xss0 Bss0k Xss0nk ; (11)
ICMP{99{19E 6Bss0k = �ss0k � Æss0 X�  X� U�;k�dssk�! ~F� ; (12)where ~F� =X�0  ��0h ~D�0i;  ��0 =Xkk0 X��0 U�;k� ��0kk0 U�0;k0�0 : (13)Symmetrized averages of dipole moments form two pairs, whi
h be-long to di�erent irredu
ible representations:Au : h ~D1i = (hDx1 i � hDx2 i)=p2; h ~D2i = (hDy1 i+ hDy2i)=p2; (14)Bu : h ~D4i = (hDx1 i+ hDx2 i)=p2; h ~D5i = (hDy1i � hDy2i)=p2: (15)Matrix  ��0 has a blo
k-diagonal stru
ture with nonzero blo
ks belongingto the given representation (see Appendix A).As follows from the expressions (14){(15) the antiferroele
tri
 order-ing along the X axis is a

ompanied by the ferroele
tri
 one along the Yaxis and vi
e versa.In general 
ase 
i 6= 0 the diagonalization pro
edure should be ap-plied to the matrix ^Bk in expression (11):HMF = Xr ~�rk ~Xrrnk; (16)where ~�rk =Xss0 V ksrBss0k V ks0r; ~Xrr0nk = Xss0 V ksrXss0nk V ks0r0 (17)and hD�k i = Xrr0 ~drr0k� h ~Xrr0k i; ~drr0k� = Xss0 V ksrdss0� V ks0r: (18)Now all ne
essary thermodynami
al fun
tions 
ould be derived from theHamiltonian (9) with 
orresponding terms expressed by (10) and (16).3. Thermodynami
s of the modelThe partition fun
tion of the model in general form is presented asZ = ZN1 ZN2 exp(��NHC); (19)



7 ðÒÅ�ÒÉÎÔwhere Zk = Xs exp(��~�sk); k = 1; 2; (20)HC = 12 �a1h ~D1i2 + d1h ~D2i2 + 2b1h ~D1ih ~D2i+ a2h ~D4i2 + d2h ~D5i2 + 2b2h ~D4ih ~D5i� : (21)As a result free energy per parti
le looks likeF = � 1�N lnZ = HC � 1� lnZ1 � 1� lnZ2: (22)Now one 
an 
al
ulate averageshXrrk i = exp(��~�rk) .Xs exp(��~�sk) (23)and after substitution into formulae (14), (15) and (18) self
onsisten
yequations for h ~Dni 
an be obtained.In the 
ase 
1 = 
2 = 0 the matrix ^Bk is diagonal and expressionsfor thermodynami
al fun
tions are more simple. For example, the set ofself
onsisten
y equations looks likeh ~D1;4i = dxp2 exp(��)hZ�11 sinh(�{x1 )�Z�12 sinh(�{x2 )i;h ~D2;5i = dyp2 exp(���)hZ�11 sinh(�{y1 )�Z�12 sinh(�{y2 )i; (24)whereZk = exp(��) 
osh(�{xk ) + exp(���) 
osh(�{yk ); k = 1; 2;{xk = dxp2h(�1)Æk;2(a1h ~D1i+ b1h ~D2i) + a2h ~D4i+ b2h ~D5ii;{yk = dyp2hb1h ~D1i+ d1h ~D2i+ (�1)Æk;2(b2h ~D4i+ d2h ~D5i)i; (25)" = ("2 + "1)=2; � = ("2 � "1)=2:4. Numeri
al resultsThe model under 
onsideration demonstrate a 
ompli
ated thermody-nami
al behaviour and a some numbers of qualitatively di�erent phase
ICMP{99{19E 8
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∆Figure 7. Phase diagram ��� at the same values of parameters as inFig. 3.diagrams dependently on parameter values. Further study will be re-stri
ted to the 
ase of sequen
e of phase transition whi
h is 
hara
teristi
of the DMAGaS 
rystal (antiferroele
tri
 ! ferroele
tri
 ! paraele
tri
phases with temperature in
rease).Su
h a sequen
e of phase transition is a
hieved at next relationshipsbetween parameters 0 < b1; d1; a1 < b2; d2;a1 > a2 > 0: (26)If the above nonequalities are ful�lled antiparallel orientation of Dx- andDy-dipoles of neighbour DMA groups is energeti
ally favourable. At lowtemperatures (when o

upan
ies of positions (k; 3) and (k; 4) tend tozero) the antiferroele
tri
 phase related with antiparallel dipoles Dx isrealized. In the result of in
reased probability of appearan
e of groupsin the mentioned position at temperature growing the intera
tion withparti
ipation of Dy dipoles be
omes signi�
ant. The phase transitionto phase with their antiferroele
tri
 orientation o

urs when respe
tiveintera
tion 
onstants be
ome prevailing. This phase is simultaneouslyferroele
tri
 along the OX axis.Results of numeri
al 
al
ulations of temperature dependen
es of sym-



11 ðÒÅ�ÒÉÎÔmetrized dipole moments (14), (15) (obtained as solutions of equationset (24)) having meaning of order parameters are depi
ted in Fig. 3. The
orresponding temperature dependen
e of free energy 
al
ulated withuse of expression (22) one 
an see in Fig. 4. Here the 
ase of the se
ondorder high-temperature phase transition is illustrated.As one 
an see in Fig. 3 and expressions (14), (15) antiferroele
tri
orientation along the X axis is a

ompanied by ferroele
tri
 one along theY axis and vi
e versa. Polarization along the X axis is larger than alongthe Y one due to larger o

upan
ies of positions 1 and 2 
omparativelyto positions 3 and 4 (Fig. 5).The in
uen
e of the orientational hopping on the phase transitionin the system resemble one for Ising model (Fig. 6 { for simpli
ity isassumed 
1 = 
2 = 
). Namely the in
rease of 
 value leads as a wholeto the de
rease of temperatures of PT1 and PT2. Antiferroele
tri
 phaseis suppressed at relatively low values of 
 when the temperature of PT2is still 
hanged insigni�
antly.A

ording to the experimental data on pressure e�e
ts in DMAGaS[9℄ the in
rease of hydrostati
 pressure leads to the narrowing of the tem-perature region of the existen
e of ferroele
tri
 phase. At 
ertain pressureferroele
tri
 phase is 
ompletely suppressed. Thermodynami
al des
rip-tion in the framework of Landau theory allows to reprodu
e observedphase diagram by setting 
oeÆ
ients at the se
ond order terms in theLandau expansion of free energy to be temperature dependent [10℄. Mi-
ros
opi
 des
ription of in
uen
e of hydrostati
 pressure is rather 
om-pli
ated question. One 
an assume, that due to limited 
ompressibility ofthe 
rystal intera
tion 
onstants 
hange insigni�
antly and the main ef-fe
t is due to the in
rease of the di�eren
e of site energies �. In this 
asethe obtained phase diagram remarkably good 
oin
ide with the quali-tative form of the experimental one (Fig. 7). This 
on�rms the aboveassumption of the prevailing in
uen
e of pressure on site energies. Nev-ertheless, it seems that a more 
omplete reprodu
ing of the observeddependen
es (in parti
ular, the in
rease of temperature of phase tran-sition into the antiferroele
tri
 phase at the pressure values above thetriple point) 
an be a
hieved when additional fa
tors (su
h as a 
hangeof intera
tion 
onstants or the parameter 
) will be taken into a

ount.As one 
an mention there are both triple and tri
riti
al points on thediagram. A narrow region of � values near the triple point exists whereboth phase transition are of the �rst order as in the 
ase of DMAGaS
rystals.

ICMP{99{19E 125. Con
lusionsA simple dipole approximation for the four state model proposed for de-s
ription of thermodynami
s of DMAGaS-DMAAlS family of 
rystals isdeveloped. The model exhibits 
ompli
ated thermodynami
al behaviourdepending on values of system parameters. At 
ertain values of param-eters the model gives the same sequen
e phase transitions as is foundexperimentally in DMAGaS.Numeri
al exploration of the model shows that the in
rease of theorientational hopping between sites leads to the suppression of orderedphases in the Ising model like way.Attemption to give theoreti
al explanation of the experiment on thein
uen
e of hydrostati
 pressure on phase diagram of DMAGaS 
rystalresults in good qualitative agreement. It is assumed that the main e�e
tof pressure is the 
hange of the di�eren
e of site energies.6. A
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0 d0 e0 f 0b0 g0 h0 �e0 k0 l0
0 h0 m0 f 0 �l0 n0d0 �e0 f 0 a0 �b0 
0e0 k0 �l0 �b0 g0 �h0f 0 l0 n0 
0 �h0 m0
1CCCCCCA : (27)Here axis indi
es are 
hanged �rst (e.g. fk�g = f1x; 1y; 1z; 2x; 2y; 2zg).
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0 � f 0 h0 � l0 m0 � n0 0 0 00 0 0 a0 + d0 b0 � e0 
0 + f 00 0 0 b0 � e0 g0 � k0 h0 + l00 0 0 
0 + f 0 h0 + l0 n0 +m0

1CCCCCCA= 0BBBBBB� a1 b1 
1 0 0 0b1 d1 e1 0 0 0
1 e1 f1 0 0 00 0 0 a2 b2 
20 0 0 b2 d2 e20 0 0 
2 e2 f2
1CCCCCCA (29)be
omes blo
k-diagonal, where the upper left blo
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¶ÇÏÒ ÷ÁÓÉÌØÏ×ÉÞ óÔÁÓÀËïÌÅÇ ÷ÏÌÏÄÉÍÉÒÏ×ÉÞ ÷ÅÌÉÞËÏí�ËÒÏÓËÏ��ÞÎÁ ÍÏÄÅÌØ ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�× × ËÒÉÓÔÁÌÁÈDMAGaS � DMAAlSòÏÂÏÔÕ ÏÔÒÉÍÁÎÏ 10 ÇÒÕÄÎÑ 1999 Ò.úÁÔ×ÅÒÄÖÅÎÏ ÄÏ ÄÒÕËÕ ÷ÞÅÎÏÀ ÒÁÄÏÀ ¶æëó îáî õËÒÁ§ÎÉòÅËÏÍÅÎÄÏ×ÁÎÏ ÄÏ ÄÒÕËÕ ÓÅÍ�ÎÁÒÏÍ ×�ÄÄ�ÌÕ Ë×ÁÎÔÏ×Ï§ ÓÔÁÔÉÓÔÉËÉ÷ÉÇÏÔÏ×ÌÅÎÏ �ÒÉ ¶æëó îáî õËÒÁ§ÎÉ
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