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õäë: 537.226.4, 536.76, 538.956PACS: 77.84.-s, 64.60.Cn�ÅÒÍÏÄÉÎÁÍ�ËÁ ÔÁ Ä�ÅÌÅËÔÒÉÞÎ� ÁÎÏÍÁÌ�§ × ÏÂÌÁÓÔ� ÆÁÚÏ×ÉÈ�ÅÒÅÈÏÄ�× Õ ËÒÉÓÔÁÌÁÈ DMAAS ÔÁ DMAGaS (ÎÁÂÌÉÖÅÎÎÑÔÅÏÒ�§ ìÁÎÄÁÕ)¶.÷.óÔÁÓÀË, ï.÷.÷ÅÌÉÞËÏ, ú.þÁ�ÌÑ, ò.þÕË×�ÎÓØËÉÊáÎÏÔÁ��Ñ. úÁ�ÒÏ�ÏÎÏ×ÁÎÏ �ÒÏÓÔÉÊ Ï�ÉÓ ÔÅÒÍÏÄÉÎÁÍ�ËÉ ÓÅÇÎÅÔÏ-ÅÌÅËÔÒÉÞÎÉÈ ËÒÉÓÔÁÌ�× ÔÉ�Õ DMAAS � DMAGaS ÚÁ ÄÏ�ÏÍÏÇÏÀ ÒÏÚ-ËÌÁÄÕ ìÁÎÄÁÕ. ÷ÓÔÁÎÏ×ÌÅÎÏ ÕÍÏ×É ÒÅÁÌ�ÚÁ��§ ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�× �ÏÔÒÉÍÁÎÏ §È ÔÅÍ�ÅÒÁÔÕÒÉ. ï�ÉÓÁÎÏ ÚÍ�ÎÉ ÔÅÍ�ÅÒÁÔÕÒ ÆÁÚÏ×ÉÈ �Å-ÒÅÈÏÄ�× ��Ä ×�ÌÉ×ÏÍ ÚÏ×Î�ÛÎØÏÇÏ ×ÓÅÓÔÏÒÏÎÎØÏÇÏ ÔÉÓËÕ. äÏÓÌ�ÄÖÅÎÏÔÅÍ�ÅÒÁÔÕÒÎÕ �Ï×ÅÄ�ÎËÕ ËÏÍ�ÏÎÅÎÔ Ä�ÅÌÅËÔÒÉÞÎÏ§ Ó�ÒÉÊÎÑÔÌÉ×ÏÓÔ�ÔÁ §È ÁÎÏÍÁÌ�§ × ÏËÏÌ� ÔÏÞÏË ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�×. ïÔÒÉÍÁÎ� ÒÅÚÕÌØÔÁÔÉ�ÏÒ�×ÎÀÀÔØÓÑ Ú ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÍÉ ÄÁÎÉÍÉ.Thermodynamis and dieletri anomalies of DMAAS andDMAGaS rystals in the phase transitions region (Landau the-ory approah)I.V.Stasyuk, O.V.Velyhko, Z.Czapla, R.CzukwinskiAbstrat. A simple desription of thermodynamis of DMAAS andDMAGaS ferroeletri rystals by means of Landau expansion is pro-posed. Conditions of ourrene of phase transitions are established andtheir temperatures are obtained. The inuene of external hydrostatipressure on phase transitions is desribed. The temperature behaviour ofdieletri suseptibility omponents and their anomalies in the viinity ofphase transition points are investigated. Obtained results are omparedwith experimental data.
 ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ 1999Institute for Condensed Matter Physis 1999



1 ðÒÅ�ÒÉÎÔ1. IntrodutionFerroeletri rystals (CH3)2NH2Al(SO4)2 � 6H2O (DMAAS) and(CH3)2NH2Ga(SO4)2 � 6H2O (DMAGaS) are intensively studied in re-ent years. Their interesting feature is possible existene of rystal inferroeletri or antiferroeletri state depending on external onditions(e.g. temperature, hydrostati pressure). There is a signi�ant di�erenein thermodynamial behaviour of rystals despite on isomorphism oftheir struture. At ambient pressure DMAGaS rystal has three phases:paraeletri (T > T), ferroeletri (T1 < T < T) and antiferroeletri(T < T1) with temperatures of phase transitions T = 136 K (�rst ordertransition lose to the triritial point) and T1 = 117 K (�rst order tran-sition). There is only two phases in DMAAS rystal at ambient pressure:paraeletri (T > T) and ferroeletri (T < T) with T = 155 K.A set of strutural [1{3℄, dilatometri, dieletri, pyroeletri andultrasoni [4{12℄ measurements is made for onsidered systems, what al-lows to establish their main dieletri, mehanial and dynamial hara-teristis (see below). At the same time these investigations are inompleteand of preliminary stage in many diretions.The nature of phase transitions in DMAAS and DMAGaS rystalswas unlear up to reent time. During the last years onvition on im-portant role of dimethyl ammonium (DMA) groups in phase transitionsdue to their orientational ordering-disordering is established (see, for ex-ample, [3,6,13,14℄). In [15℄ the mirosopi approah based on the order-disorder model with aount of di�erent orientational states of DMAgroups was proposed. In the framework of the model the phase transi-tion to ferroeletri state has been desribed and onditions of realizationof this transition as of the �rst or of the seond order have been estab-lished. Order parameters of the system have been onstruted. They areonneted with di�erenes of oupanies of four possible positions ofnitrogen ions orresponding to di�erent orientations of groups. As a re-sult of symmetry analysis it has been established that omponents ofthe order parameters belonging to irreduible representation Bu of pointsymmetry group 2=m of the high-temperature (paraeletri) phase de-sribe ferroeletri ordering of DMA group along the ferroeletri axisOX (in rystallographi plane (a)) and their antiferroeletri orderingalong the OY axis (rystallographi axis b). The inverse ordering (an-tiferroeletri along OX and ferroeletri one along OY) orresponds toorder parameter omponents belonging to irreduible representation Au.Appearane of nonzero order parameters of Bu type turns the systeminto ferroeletri state (point group m) while nonzero order parameters
ICMP{99{23E 2of Au type ause antiferroeletri state (point group 2).Notwithstanding further perspetives of mirosopi approah bymeans of the four-state order-disorder model, the more simple but moregeneral thermodynamial desription based on Landau expansion is ofinterest. One an onstrut orresponding Landau free energy and instandard way investigate possible phase transitions and obtain riteriaof 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 inthe framework of Landau expansion will be used for interpretation of theindued by the external pressure hanges in the piture of phase transi-tions and for desription of dieletri anomalies in the phase transitionpoints of the investigated rystals.2. Thermodynamis of phase transitions (Landautheory approah)Let us make thermodynamial desription of phase transition in DMAASand DMAGaS rystals with the use of Landau expansion. We onsider asimpli�ed version when only one linear ombination of the initial orderparameters type is inluded for eah of Bu and Au irreduible representa-tions. The ombinations inluded are true order parameters: oeÆientsat their squared values tend to zero in the points of orresponding seondorder transitions.Order parameters, whih transform aording to irreduible repre-sentations Bu and Au of point symmetry group 2=m of high-symmetryphase, are denoted as �b and �a orrespondingly. The �rst parameter�b desribes polarization of ferroeletri type along the OX axis with si-multaneous antiferroeletri type ordering along the OY axis; the seondone orresponds to inverse orientation where antipolarization along OXis aompanied by polarization along OY.We restrit ourself to the ase of seond order phase transition fromthe nonpolar high-temperature phase to ordered one. In this ase Landauexpansion of free energy an be limited by terms of the fourth order:F = F0 + 12a�2a + 12b�2b + 14�4a + 14d�4b + 12f�2a�2b �Ex�b �Ey�a : (1)A linear dependene of oeÆients a and b on temperature is assumeda = a0(T � T 0); b = b0(T � T); (2)where ondition T > T 0 is satis�ed for normal state of the rystal whatorresponds to the transition from the paraeletri phase (phase P) to



3 ðÒÅ�ÒÉÎÔthe ferroeletri phase (phase F) as to the �rst one at lowering of thetemperature.Conditions of thermodynamial equilibrium orrespond to the mini-mum of free energy and look like�F��a = �a(a + �2a + f�2b )�Ey = 0;�F��b = �b(b + �2b + f�2a)�Ex = 0: (3)At zero external �elds there are following solutions�a = �b = 0 (4){ paraphase (P-phase);�a = 0; �b 6= 0;�b0 = p�b=d = p(b0=d)(T � T ) (5){ ferroeletri phase (F-phase);�a 6= 0; �b = 0�a0 = p�a= = pa0=(T 0 � T ) (6){ antiferroeletri phase (AF-phase). 1Corresponding expressions for free energy in these phases are as fol-lows F(P ) = F0 ;F(F ) = F0 � 14db02(T � T)2; (7)F(AF ) = F0 � 14a02(T � T 0)2:The phase transition P!F whih is of the seond order in the used ap-proximation takes plae at temperature T. The phase transition F!AFwhih an take plae at lower temperatures ours atF(F ) = F(AF ): (8)The ondition above determines the temperature of this �rst order phasetransition: T1 = {T 0 � T{ � 1 ; (9)1We follow here to the terminology widely used in literature on the subjet.
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Figure 1. Dependene of phase number of the system and phase transi-tion temperatures on values of system parameterswhere { = a0pdb0p ; { > 1: (10)Nonequalities 0 < T1 < T (11)de�ne the region of temperature T 0 values where the F-phase exists asan intermediate one: 1{ < T 0T < 1: (12)These onditions are illustrated by the phase diagram in Fig. 1. In thease T 0 > T a diret phase transition P!AF from the paraeletri phaseto antiferroeletri one an take plae.Observed by experiment hanges of temperatures of P!F and F!AFphase transitions and onseutive disappearane of the F-phase as theresult of inreasing of external hydrostati pressure an be easily ex-plained with the use of the obtained diagram. Under assumption thatthe inuene of pressure leads mainly to shifts of temperatures T andT 0 T = T0 + xp;T 0 = T 00 + x0p; (13)



5 ðÒÅ�ÒÉÎÔ
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3Figure 2. Dependene of the phase transition temperatures on the exter-nal hydrostati pressureand the hanges of other Landau expansion parameters are negligible,the following relation is obtainedT1 = T 01 + {x0 � {{ � 1 p; (14)where T 01 = {T 00 � T0{ � 1 : (15)Aording to the data published in [16℄, dT=dp � x = �0:277 K/MPa;�T1=�p = 1:95 K/MPa and if one applies a linear approximation to thedependene of T 0 on p then dT 0=dp � x0 = 0:86 K/MPa.The obtained relations are illustrated by the diagram shown in Fig. 2.This diagram qualitatively mathes the experimental (T,p) diagram forDMAGaS rystal (at T0 = 136 K, T10 = 116 K) [16℄. Obtained oordi-nates of triple pointT3 = x0T0 � xT 00x0 � x ; Ps = T0 � T 00x0 � x ; (16)where lines of phase transitions P!F, F!AF and P!AF ome togetherare in good agreement with experimental ones (T exp3 = �140:3 ÆC;P exp3 = 8:75 MPa). At p � p3 there take plae a deviation of the the-oretial predition of temperature of the P!AF phase transition from

ICMP{99{23E 6experimental data. Unlike to relationship (13) experimental dependeneis nonlinear at large pressures.The pressure value p� = {T 00 � T0x� {x0 (17)(see Fig. 2) is an important harateristi of the model. At p� < 0, whatis realized at T 00=T0 > 1={, AF-phase exists in the region of low temper-atures at ambient pressure (this situation takes plae for DMAGaS). Atp� > 0 (i.e. T 00=T0 < 1={) and ambient pressure only P- and F-phasesour; this ase an orrespond to DMAAS rystal.3. Dieletri suseptibilityThe approah used in the previous setion allows to derive expressionsfor omponents of dieletri suseptibility tensor in the viinity of phasetransition points and to desribe their temperature dependenies in gen-eral. In the used approximation the omponents Px and Py of polariza-tion vetor are de�ned by parameters �b and �a orrespondingly. Hene�xx = ��b�Ex ; �yy = ��a�Ey (18)and proeeding from equations (3) one an obtain�xx = 1D (a + 3�2a + f�2b );�yy = 1D (b + 3d�2b + f�2a); (19)where D = (a + 3�2a + f�2b )(b + 3d�2b + f�2a)� 4f2�2a�2b : (20)The following partiular ases follow from expression (19):1. Paraphase (P):�xx = 1b = 1b0(T � T) ; �yy = 1a = 1a0(T � T 0) : (21)2. Ferroeletri phase (F):�xx = � 12b = 12b0(T � T ) ; �yy = 1(� � 1)a0(T � � T ) ; (22)



7 ðÒÅ�ÒÉÎÔhere the notations are used:T � = T + T � T 0� � 1 ; � = fb0da0 (� > 1): (23)In this ase suseptibility �yy an be also expressed in the form�yy = [a + f�2b0℄�1; (24)where �b0 is a spontaneous value of order parameter (polarizationPs) in the ferroeletri phase.3. Antiferroeletri phase (AF):�xx = 1({2� � 1)b0(T �� � T ) ; �yy = � 12a = 12a0(T 0 � T ) ; (25)where the temperatureT �� = T + T � T 01� 1={2� ; (26)is introdued suh that T �� > T � > T. A similar to the previousone expression �xx = [b + f�2a0℄�1; (27)relating the temperature dependene of longitudinal suseptibilityin AF phase with the equilibrium value of the order parameter(polarization in one of sublatties) takes plae.The temperature behaviour of dieletri suseptibility omponentsand their anomalies in the phase transition points are illustrated in Fig. 3and 4 as temperature dependenies of inverse suseptibilities ��1��.The inverse suseptibility ��1xx is equal to zero at the temperature T.Its linear dependene on temperature in the viinity of this point hasan inlination b0 at T > T and 2b0 in the ferroeletri phase (Fig. 3).This typial behaviour for seond order phase transition hanges if thephase transition P!F is of the �rst order. Suh a situation takes plae inthe DMAGaS rystal where the �rst order phase transition lose to thetriritial point is observed. Then the suseptibility ��1xx remains nonzeroat T and has a small jump (aording to data [11℄, T � T0 ' 1:2 K,where T0 is the temperature at whih ��1xx ! 0; ��1xx (T = T) ' 6 �10�4).Mentioned hanges are relevant only to a small viinity of T; in a largetemperature sale dependene ��1xx (T ) in para- and ferroeletri phase isalmost the same as for the seond order transition. The phase transition
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9 ðÒÅ�ÒÉÎÔF!AF is a well pronouned �rst order phase transition aompanied byjump of the ��1xx funtion. The ontinuation of the straight line desribingthe temperature dependene of ��1xx in the AF phase passes the pointT �� (see Fig. 3). ��1xx has the following values at the ends of its jump��1xx ��1 = 2b0 {{ � 1(T � T 0);��1xx ��2 = � {{ � 1({2� � 1) + {2�� b0(T � T 0): (28)Value of suseptibility jump ���1xx = ��1xx ��2 � ��1xx ��1 an be positive ornegative depending on values of theory parameters.Temperature behaviour of the inverse suseptibility ��1yy is essentiallydi�erent. In the point of the seond order phase transition P!F it re-mains nonzero with value��1yy (T) = a0(T � T 0) (29)Its ontinuation to lower temperatures goes to zero at T ! T 0. The on-tinuation of the line of the inverse suseptibility in the antiferroeletriphase ��1yy (T ) = 2a0(T 0 � T ) also goes aross this point. In the ferro-eletri phase region the funtion ��1yy (T ) is linear with the ontinuationpassing the point T ��. At the F!AF phase transition this funtion hasa jump between points��1yy ��3 = 2a0{ � 1(T � T 0);��1yy ��4 = {� � 1{ � 1 a0(T � T 0): (30)Similarly to the ase of the funtion ��1xx the jump an have positive ornegative value.4. DisussionProeeding from obtained in the previous setion formulae one an try tointerpret available data on the temperature dependene of dieletri sus-eptibility omponents of DMAAS and DMAGaS rystals. The majorityof performed measurements is devoted to the longitudinal dieletri per-mittivity "x (or its real part "0x for low frequeny alternating urrent mea-surements) mainly in the region of the high-temperature phase transitionfor DMAGaS and the orresponding phase transition in DMAAS. Suhdata are reported in works [5,8,9,11℄ (DMAGaS) and [4,7,8℄ (DMAAS);
ICMP{99{23E 10only in paper [7℄ the temperature behaviour of all permittivity ompo-nents ("0a, "0b, "0) for DMAAS rystal in the wide range of temperatures(from '90 K to '280 K) was measured. In some papers dependene ofspontaneous polarization on temperature in the ferroeletri phase wasinvestigated and oerivity �elds were measured [8,9℄ (the value of Ps inthe state lose to saturation is about 1.4{1.9 C/m2 for DMAAS and 0.9{2.0 C/m2 for DMAGaS). Partiular investigation of the T point viinityin DMAGaS devoted to inuene of the external eletri �eld on the �rstorder phase transition point and the di�erene T � T0 is made in [11℄.On the basis of available experimental data Curie-Weiss onstant (fromthe paraphase side) is estimated as 2700{3060 K for DMAGaS rystaland 2700{3000 K for DMAAS rystal. The phase transition to the fer-roeletri phase in DMAGaS rystal is of the �rst order and lose to thetriritial point; this fat however does not a�et the behaviour of �xxand �yy far from the T point.The mentioned experimental data are inomplete, hene only partialomparison with results of thermodynamial desription is possible. Forexample one an obtain values of the temperature T 0, parameters b0 and{ for the DMAGaS rystal T 0 = 125 K, { = 2:22, b0 = 0:33 � 10�3 K�1with use of above mentioned data on the inuene of external hydrostatipressure on phase transitions in DMAGaS rystal [16℄ and results ofmeasurements of dieletri harateristis.More omprehensive and selfonsistent evaluation of temperaturesT 0, T � and T �� as well as Landau expansion parameters (or parame-ters a0, b0, {, � and f) by means of presented in this setion relation-ships beome possible after goal-oriented investigations of temperaturedependenies of ��1xx and ��1yy in a wide temperature interval inludingregions of existene of all phases for DMAGaS and DMAAS. Proeedingfrom obtained results will be possible to asertain suitability of the sim-ple thermodynamial desription where Landau expansion is limited toonly one order parameter for eah of Bu and Au representations. Suh adesription is obviously muh simpli�ed omparatively to results of themirosopi approah based on the four-state model of order-disordertype [15℄. Investigation of DMA group ordering in the on�gurationalspae of four orientational states needs two-omponent order parame-ters ��b (Bu) and ��a (Au), � = 1; 2. This fat ould ompliate tem-perature dependenies of dieletri harateristis of the model even forthermodynamial desription in the framework of Landau expansion.Furthermore, onsidered here expression for Landau expansion of freeenergy (1) inludes terms up to the fourth order. A onsistent desriptionof the �rst order phase transition P!F and related dieletri anomalies



11 ðÒÅ�ÒÉÎÔdemands the inlusion of the sixth order terms into expansion. Suh ageneralization is neessary for omprehensive desription of experimentaldata and an be performed relatively easy.Referenes1. Pietraszko A.,  Lukaszewiz K., Kirpiznikowa L.F. // PolishJ. Chem., 1993, vol. 67, p. 1877{1884.2. Pietraszko A.,  Lukaszewiz K. // Polish J. Chem., 1994, vol. 68,p. 1239{1243.3. Pietraszko A.,  Lukaszewiz K., Kirpiznikowa L.F. // PolishJ. Chem., 1995, vol. 69, p. 922{930.4. Cah R., Dako S., Czapla Z. // Phys. Stat. Sol. (b), 1989, vol. 116,p. 827{831.5. Andreev E.F., Varikash V.M., Shuvalov L.A. // Izv. AN SSSR, ser.�z., 1999, vol. 53, p. 572{574 (in Russian).6. Sobiestinskas P., Grigas Y., Andreev E.F., Varikash E.M. // PhaseTransitions, 1992, vol. 40, p. 85.7. Kapustianik V., Bublyk M., Polovinko I., Sveleba S., Trybula Z.,Andreev E. // Phase Transitions, 1994, vol. 49, p. 231{235.8. Dako S., Czapla Z. // Ferroeletris, 1996, vol. 185, p. 143{146.9. Pykaz H., Czapla Z. // Ferroeletris Letters, 1997, vol. 22, p. 107{112.10. Furtak J., Czapla Z. // Ferroeletris Letters, 1997, vol. 23, p. 63{67.11. Thukvinskyj R., Cah R., Czapla Z. // Z. Naturforsh., 1998,vol. 53a, p. 105{111.12. Czapla Z., Thukvinskyj R. // Ata Phys. Polonia A, 1998, vol. 93,p. 527{530.13. Kazimirov V.Yu., Rieder E.E., Sarin V.A., Belushkin A.V., Shu-valov L.A., Fykin L.E., Ritter C. // J. Korean Phys. So., 1998,vol. 32, p. S91{S93.14. Dolin�sek J., Klanj�sek M., Ar�on D., Hae Jin Kim, Selinger J.,�Zagar V. // Phys. Rev. B, 1999, vol. 59, p. 3460{3467.15. Stasyuk I.V., Velyhko O.V. // Journ. Phys. Studies (in print).16. Yasuda N., Kaneda A., Czapla Z. // Ferroeletris, 1999, vol. 223,p. 71.
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