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1 ðÒÅÐÒÉÎÔ1. IntroductionRecently, a great attention has been paid to investigation of the e�ectscaused by hydrostatic pressure in ferroelectric crystals with hydrogenbonds. However, the in
uence of uniaxial stresses on these crystals canbe even more essential. In contrast to the hydrostatic pressure, the uni-axial stress can lower the crystal symmetry. Besides, the relative ionsdisplacements in uniaxially strained crystals are several times larger.The uniaxial stress can induce new phase transitions, in addition to thewell studied ferroelectric one.In [1,2] the model of a strained KD2PO4 crystal was proposed. Thismodel takes into account not only the deuteron-deuteron interaction butalso coupling of deuterons with optic and acoustic vibrations of heavyatoms and with orientational vibrations of PO4 groups. Resulting fromthe lattice strains longitudinal �elds, which act on deuterons, are cal-culated. In [3,4] within this model, we studied the hydrostatic pressurein
uence on the physical properties of highly deuterated KD2PO4 crys-tals. In the cluster approximation we calculated the dielectric, elastic andthermal responses of the crystals, and carried out a thorough numeri-cal analysis of the obtained results. It has been shown that under theproper choice of the theory parameters, a satisfactory numerical descrip-tion of the available experimental data for the pressure and temperaturedependences of spontaneous polarization, longitudinal static dielectricpermittivity and the transition temperature is possible.In [5], we presented the results of experimental studies of deuterationand uniaxial p = ��3 and p = ��1 stresses in
uence on temperatureand wavelength dependences of the birefringence and transition temper-ature of KD2PO4 crystals. On the basis of the model [1,2], we studied thee�ects of uniaxial p = ��3 and p = ��1 = ��2 pressures on the phasetransition, thermal, dielectric and elastic properties of highly deuteratedKD2PO4 crystals. We performed a numerical analysis of the obtainedtheoretical results and studied the dependence of calculated thermody-namic and dielectric characteristics on the theory parameters. The ob-tained results were compared with the available experimental data andearlier theoretical calculations [3,4] of the hydrostatic pressure e�ects.In the present paper, we study the in
uence of �1 � �2 stress onthe phase transition, thermal, dielectric, and piezoelectric properties ofKD2PO4 type ferroelectrics.

ICMP{97{11E 22. Thermodynamical properties. Four particle clus-ter approximation.Let us consider a system of deuterons moving on O�D� :::O bonds ina crystal of KD2PO4 type. The primitive cell of Bravais lattice of thiscrystal is composed of the two neighbouring PO4 tetrahedra with fourhydrogen bonds attached to one of them (A-type tetrahedron). Hydro-gen bonds going to another (B-type) tetrahedron belong to four neareststructural elements surrounding it.
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6 -ab 1 22112 3i 2i 1i4i21} > The primitive cell of a DKDPcrystal. Here i1 , i2 , i3 , i4and 1,2 stand for the hydro-gen bond and H-site numbers,respectively.The Hamiltonian of deuteron subsystem of a KD2PO4 crystal whenmechanical stress �12 and external electric �eld Ei(i = 1; 2; 3) along thecrystallographic axes a; b; c are applied has the following form:^Hi = �vN2 Xmn c(0)mn"m "n � 12Xqf 2 � F if h�qf i2 ++ Xq1q2q3q4 8<:12Xff 0 Vff 0 �qf f2 �qf0 f 02 + � �q112 �q222 �q332 �q442 9=;�� f�q1q2�q1q3�q1q4 + �q1+r2;q2�q1+r3;q3�q1+r4;q4g � (2.1)� Xqf 2� F if �qf2 �Xqf �fi Ei �qf2 :The Hamiltonian (2.1) describes the short range con�gurational in-teractions between deuterons near tetrahedra of \A" and \B" type; rf isa relative position vector of a deuteron on a hydrogen bond. Two eigen-values of Ising spin �qf = �1 are assigned to two equilibrium positionsof a deuteron on the f-th bond in the q-th unit cell. c(0)mn are the \seed"elastic constants; "m are the components of the stain tensor; �v = vkB , v{ is the unit cell volume; kB is the Boltzmann constant. F if are inter-nal �elds created by, �rst, e�ective long-range forces, including as well



3 ðÒÅÐÒÉÎÔan indirect interaction between deuterons through lattice vibrations andsecond, by a stress �12 = �1 � �2;� = e� is the dipole moment of ahydrogen bond; � is a distance between two D-sites on a hydrogen bond.In the case of unstrained crystal�(1) = h�q1i = h�q2i = h�q3i = h�q4i : (2.2)If the external stress �12 is applied, the hydrogen bonds directedalong the a axis are contracted, while those directed along the b axis areexpanded. The deuteron arrangement is characterized by two parameters�(1)13 = h�q1i = h�q3i ; �(1)24 = h�q2i = h�q4i : (2.3)The static and dynamic properties of a KD2PO4 crystal will beconsidered in the four-particle cluster approximation. In terms of densitymatrices [6] it reads :�0 = e�� ^HiSp e�� ^Hi = e�� ^HiA4Sp e�� ^HiA4 � e�� ^HiB4Sp e�� ^HiB4 ; � = 1T ; (2.4)where H iA4 , H iB4 are the four-particle cluster Hamiltonians, which de-scribe behaviour of deuterons near \A" and \B" tetrahedra. Since theequilibrium distribution functions of deuterons around \A" and \B"tetrahedra are equal within the cluster approximation, we can considerthe static and dynamic properties of the KD2PO4 crystal on the basisof H iA4 solely.^H iA4 =Xq ^H iA4q = (2.5)=Xq nV ��q12 �q22 + �q22 �q32 + �q32 �q42 + �q42 �q12 � ++ (U + 2�12 "12) �q12 �q32 + (U � 2�12 "12) �q22 �q42 ++ � �q12 �q22 �q32 �q42 � ^H i4(q)o ;^Hz4 (q) = zz13� ��q12 + �q32 �+ zz24� ��q22 + �q42 � ; (2.6)^Hx4 (q) = zx1� �q12 + zx3� �q32 + zx24� ��q22 + �q42 � ;^Hy4 (y) = zy3� ��q12 + �q32 �+ zy2� �q22 + zy4� �q42 :
ICMP{97{11E 4Here V = �w12 , U = �"+ w12 , � = 4"� 8w + 2w1.The e�ective �elds zi have the following symmetry :zz13 = � [��13 + (� + �� + 2 c"12) �(1)z13 + (� � ��)�(1)z24 + �3E3];zz24 = � [��24 + (� � ��)�(1)z13 + (� + �� � 2 c"12)�(1)z24 + �3E3];zx1 = � [��1 + 2(�1 +  1"12) �(1)x1 + 2(�3 +  3"12)�(1)x3 ++ 4�2�(1)x24 + �1E1];zx3 = � [��3 + 2(�3 +  3"12) �(1)x1 + 2(�1 +  1"12)�(1)x3 ++ 4�2�(1)x24 � �1E1];zx24 = �[��24 + 2�2(�(1)x1 + �(1)x3 ) + 2(�1 + �3 �  c"12)�(1)x24 ];zy13 = �[��13 + 2(�1 + �3 +  c"12)�(1)y13 + 2�2(�(1)y2 + �(1)y4 )];zy2 = �[��2 + 4�2�(1)y13 ++ 2(�1 �  1"12)�(1)y2 + 2(�3 �  3"12)�(1)y4 + �2E2];zy4 = �[��4 + 4�2�(1)y13 ++ 2(�3 �  3"12)�(1)y2 + 2(�1 �  1"12)�(1)y4 � �2E2];where�1 = J114 ; �2 = J124 ; �3 = J134 ;� = �1 + 2�2 + �3; �� = �1 � 2�2 + �3;  c =  1 +  3�3 = �13 = �23 = �33 = �43;�1 = �11 = ��31; �21 = �41 = 0 ; �2 = �22 = ��42; �12 = �32 = 0:Jff 0 is a long-range dipole-dipole interaction between deuterons; �12,  1, 3 are the so-called deformation potentials.The single-particle deuteron Hamiltonians when the stress �12 andelectric �eld Ei are applied have the following form:^H(1)z1;3 = � �zz13� �q1;32 ; ^H(1)z2;4 = � �zz24� �q2;42 ;^H(1)x1;3 = � �zx1;32 �q1;32 ; ^H(1)x2;4 = � �zx24� �q2;42 ; (2.7)^H(1)y1;3 = � �zy132 �q1;32 ; ^H(1)y2;4 = � �zy2;4� �q2;42 :Expressions for �zz13; :::; �zy2;4 can be obtained from (7) by replacing�13; :::;�4 with 2�13; :::; 2�4.



5 ðÒÅÐÒÉÎÔThe strain "12 induced by the stress �12 changes the constantsof deuteron-deuteron interaction, namely, the three and single-particlecon�gurations split into two di�erent groups with the energies w� =w � ��12"12, where the parameter�12 describes the rate of changes inthe energy w with the strain "12. Energies of the other deuteron con�g-urations remain unchanged.The single particle distributions function calculated within thefour-particle cluster approximation read�(1)z13 = 1Dz [sinh(zz13 + zz24) + d sinh(zz13 � zz24) + 2bc12 sinh zz13];�(1)z24 = 1Dz [sinh(zz13 + zz24)� d sinh(zz13 � zz24) + 2 bc12 sinh zz24];�(1)x13 = 1Dx (sinhAx1 + d sinhAx2 � 2a sinhAx3)�� bc12 (sinhAx5 � bc12 sinhAx6 + 2bc12 sinhAx7); (2.8)�(1)x24 = 1Dx (sinhAx1 � d sinhAx2 + bc12 sinhAx5 � bc12 sinhAx6);�(1)y13 = 1Dx (sinhBy1 � d sinhBy2 + bc12 sinhBy7 + bc12 sinhBy8 );�(1)y24 = 1Dy (sinhBy1 + d sinhBy2 � 2a sinhBy4 ) ++ 2 bc12 (sinhBy6 � bc12 sinhBy7 � 2bc12 sinhBy8 );where we use the notationsDz = cosh(zz13 + zz24) + d cosh(zz13 � zz24) + 2a+ 2bc12 cosh zz13 ++ 2 bc12 cosh zz24;Dx = coshAx1 + d coshAx2 + 2a coshAx3 + 2 bc12 coshAx5 + (2.9)+ 2bc12 coshAx7 ;Dy = coshBy1 + d coshBy2 + 2a coshBy4 + 2 bc12 coshBy6 ++ 2bc12 coshBy8 ;andAx12 = 2(zx1 + zx3 � 2zx24); Ax3 = 2(zx1 � zx3 );Ax56 = 2(zx1 � zx3 � 2zx24); Ax7 = 2(zx1 + zx3 );

ICMP{97{11E 6By12 = 2(zy13 � zy2 � zy4 ); By4 = 2(zy2 � zy4 ); (2.10)By6 = 2(zy2 + zy4 ); By78 = 2(2zy13 � zy2 � zy4 );a = exp (��"); b = exp (��w); d = exp (��w1); c12 = exp (���"12):After �13; :::;�7 had been excluded from (2.7), the quantities zz13; :::; zy4read:zz13 = 12 ln 1 + �(1)131� �(1)13 + �2 h(� + �� +  c"12)�(1)z13 + (� � ��)�(1)z24 + �3E3i ;zz24 = 12 ln 1 + �(1)241� �(1)24 + �2 h(� � ��)�(1)z13 + (� + �� �  c"12)�(1)z24 + �3E3i ;zx13 = 12 ln 1 + �(1)x131� �(1)x13 + �(� 13 +  13 "12)�(1)x1 + �(� 13 +  13 "12)�(1)x3 ++ 2��2 �(1)x24 � �2�1E1;zx24 = 12 ln 1 + �(1)24 x1� �(1)x24 + ��2(�(1)x1 + �(1)x3 ) + �(�1 + �3 �  c"12)�(1)x24 ;zy13 = 12 ln 1 + �(1)13 y1� �(1)y13 + �(�1 + �3 +  c"12)�(1)y13 + ��2(�(1)x2 + �(1)x4 );zy24 = 12 ln 1 + �(1)y241� �(1)y24 + 2��2�(1)y13 + �(� 13 �  13 "12)�(1)y2 ++ �(� 13 �  13 "12)�(1)y4 � �2 �2E2:The free energy of a crystal calculated within the four-particle clusterapproximation is equal tofz = ��2 c(0)"212 � 2T ln 2 + 12(� + ��) [(�(1)z13 )2 + (�(1)z24 )2] + (2.11)+12(� � ��)�(1)z13 �(1)z24 +  c"12[(�(1)z13 )2 � (�(1)z24 )2]��T ln[1� (�(1)z13 )2] [1� (�(1)z24 )2]� 2T lnDz :The thermodynamic potential is equal togz = fz � �v �12 "12: (2.12)



7 ðÒÅÐÒÉÎÔThermodynamic equilibrium conditions under the mechanical stress �12have the following form:@fz@�(1)z13 = 0; @fz@�(1)z24 = 0; 1�v @fz@"12 = �12: (2.13)Hence, the set of equations for �(1)z13 , �(1)z24 and "12 can be found:�(1)z13 = �z13Dz ; �(1)z24 = �z24Dz ; (2.14)�12 = c(0)"12 �  c�v [(�(1)z13 )2 � (�(1)z24 )2] ++ 2�12�vDz (2bc12 cosh zz13 � 2 bc12 cosh zz24);c(0) = 12 (c011 � c012):In the paraelectric phase, the equation (2.14) is simpli�ed and thefollowing relation between �12 and "12 is obeyed:�12 = c(0)"12 � b�12b sinh��12"12�v(1 + 2a+ 2 + 4b cosh��12"12) : (2.15)At the �rst order phase transition, the state of a crystal changes abruptly.The transition temperature Tc is determined from the set of equationsf [�(1)13 (Tc); �(1)24 (Tc); "12; Tc] = f(0; 0; "12; Tc);�(1)13 (Tc) = 	1[�(1)13 (Tc); �(1)24 (Tc); "12; Tc];	1[�(1)13 (Tc); �24; "12; Tc] = m13(Tc)D(Tc) ; (2.16)�(1)24 (Tc) = 	2[�(1)13 (Tc); �(1)24 (Tc); "12; Tc];	2[�(1)13 (Tc); �(1)24 (Tc); "12; Tc] = m24(Tc)D(Tc) :The polarization of the KD2PO4 crystals is determined in the followingway: P3 = �3v (�(1)13 + �(1)24 ) = (2.17)= 2�3vDz fsinh (zz13 + zz24) + bc12 sinh zz13 + bc12 sinh zz24g:Let us study now the elastic properties of a KD2PO4 crystal. From(2.14) we obtain the expression for the renormalized elastic constant at
ICMP{97{11E 8constant polarization:cp11 = �@�1@"1 �P = c(0) � 2 c�vDT [�(1)13 (�13 + t13)� �(1)24 (�24 + t24] �� 2�212�vDT (2bc12 cosh z13 + 2 bc12 cosh z24) + 2�vD2T M2; (2.18)cp12 = �@�1@"2 �p = �cp11 ; cp22 = �@�2@"2 �p = cp11 ;Here the notations are used�13 =  c(�(1)13 �13 � �(1)24 s) + t13;�24 =  c(�(1)13 s� �(1)24 �24) + t24;�13 = cosh(z13 + z24) + d cosh(z13 � z24) ++ 2bc12 cosh z13 � �(1)13 m13; (2.19)�24 = cosh(z13 + z24) + d cosh(z13 � z24) ++ 2 bc12 cosh z24 � �(1)24 m13;s = cosh(z13 + z24)� d cosh(z13 � z24)� �(1)13 m24;t13 = �2bc12�12 sinh z13 + �(1)13 M;t24 = 2 bc12 �12 sinh z24 + �(1)24 M;M = �12 �2bc12 cosh z13 � 2 bc12 cosh z24�:The renormalized elastic constant of unstrained crystals in paraelectricphase is equal to:~cp+11 = @�1@"1 j"12=0 = c(0) � 8�(�12)2b�v(1 + 2a+ d+ 4b) : (2.20)Using the relations (2.14) and (2.17), we get expressions for piezoelectricconstants related to the "12 strain.The coe�cient of piezoelectric stress has the following forme31 = �@P3@"1 �E3 = �� @�1@E3�"12 = �3v ��fD(�13 + �24) ++'�13(�13s� �24�13) + '�24(�24s� �13�24) ++'�1�4 [��24(�13 � s)� �13(s� �24)]g ;e32 = �e31 ; (2.21)



9 ðÒÅÐÒÉÎÔwhere � = D2 �D('�13�13 + '�24�24 + 2'�1�4 s) + (2.22)+ ['�13'�24 � ('�1�4)2] (�13�24 � s2) ;'�13 = 11� �(1)213 + 12T (� + ��) + 1T  c"12 ; (2.23)'�24 = 11� �(1)224 + 12T (� + ��)� 1T  c"12 ;'�1�4 = 12T (� � ��) :Using the relations (2.14), we get the following systems of equations ford13i = (@�(1)13 =@�i)E3 , d24i = (@�(1)24 =@�i)E3 , sE1i = (@"1=@�i)E3 , sE2i =(@"2=@�i)E3 , (i = 1; 2).0@ N11 N12 �N13N21 N22 �N23�h13 �h14 cp11 1A0@ d131d241sE11 � sE12 1A = 0@ 001 1A ; (2.24)0@ N11 N12 �N13N21 N22 �N23�h13 �h14 cp11 1A0@ d132d242sE12 � sE22 1A = 0@ 00�1 1A ;whereN11 = D � ('�13�13 + '1�4 s);N12 = �('�1�4�13 + '�24 s); N13 = ��13 ; (2.25)N21 = �('�13 s+ '�1�4�24);N22 = D � ('1�4 s+ '�24�24); N23 = ��24 ;h13 = 2�vD ('�13�13 + '�1�4�24); h24 = 2�vD ('�1�4�13 + '�24�24):and now we �nd the expression for the coe�cient of piezoelectric straind31 = �@P3@�1 �E3 = e31 (sE11 � sE12) ; (2.26)d32 = �@P3@�2 �E3 = e32 (sE22 � sE12) ;where sE11 � sE12 is the elastic compliance at constant �eld.sE11 � sE12 = sE22 � sE12 = 1cp11 � h13e13 � h24e24 ; (2.27)
ICMP{97{11E 10e13 = �3v ��[D�13 � �13('�14 s+ '�24�24) + �24('�1�4�13 + '�24 s)];e24 = �3v ��[D�24 + �13('�13 s+ '�1�4�24)� �24('�1�4 s+ '�13�13)];e31 = e13 + e24.Let us consider now the thermal properties of a KD2PO4 crystalunder the stress �12. In ferroelectric phase the entropy of the crystalsper one mole calculated on the basis (2.11), has the following form:S = R[2 ln 2 + 2 lnD + ln(1� �(1)213 ) + (2.28)+ ln(1� �(1)224 ) + 2T'T13�(1)13 + 2T'T24�(1)24 + 2 �MD ];where �M = w1T d cosh(z13 � z24) ++ wT (2bc12 cosh z13 + 2 bc12 cosh z24) + 2 "T a+ "12T M;'T13 = � 1T 2 [ 12(� + ��)�(1)13 + 12(� � ��)�(1)24 +  c"12�(1)13 ]; (2.29)'T24 = � 1T 2 [ 12(� � ��)�(1)13 + 12(� + ��)�(1)24 �  c"12�(1)24 ]:The molar speci�c heat at constant pressure we calculate, di�erenti-ating the entropy (2.28):�C� = �RT�@S@T �� = �C" +RTqp(�1 � �2); (2.30)where �C" is the molar speci�c heat at constant strains, and�C" = RT (+qP;" + q"13p�13 + q"24p�24): (2.31)Here we use the following notations:qP;" = � 2DT fT'T13[
13 + (q13 � �(1)13 �M)] + (2.32)+ T'T24[
24 + (q24 � �(1)24 �M)] +N � �M2D g;qP = 2�vDT f�T'T13�13 � T'T24�24 ��  c�(1)13 (q13 � �(1)13 �M) +  c�(1)24 (q24 � �(1)24 �M) + �� �MMD g;



11 ðÒÅÐÒÉÎÔq"13 = � 2D ('�13
13 + '�1�4�24);q"24 = � 2D ('�1�4
13 + '�24�24);whereN = 2� "T �2a+ 2�w + �12"12T �2bc12 cosh z13 ++2�w � �12"12T �2 bc12 cosh z24 + �w1T �2d cosh(z13 � z24); (2.33)q13 = 2w + �12"12T bc12 sinh z13 + w1T d sinh(z13 � z24);q24 = 2w � �12"12T bc12 sinh z13 � w1T d sinh(z13 � z24);� = �12hw + �12"12T 2bc12 cosh z13 � w � �12"12T 2 bc12 cosh z24i;
13 = T'T13�13 + T'T24 s+ q13 � �(1)13 �M;
24 = T'T13 s+ T'T24 �24 + q24 � �(1)24 �M:From the system of equations obtained from (2.14)0@ N11 N12 �N13N21 N22 �N23�h13 �h14 cp11 1A 0@ p�13p�24� 1A = 0@ 
13
24�p 1A (2.34)we get an expression for a pyroelectric coe�cient at � = const(� == �1 � �2)p� = �3v (p�13 + p�24) = p" + e31 �; (2.35)p" = �3v 1� �j 
13 N12
24 N22 j + j N11 
13N21 
24 j� ; (2.36)� = �p+ p"13h13 + p"24h24cp11 � h13"13 � h24e24 :In (2.34) p is thermal pressurep = ��@�1@T �P;" = qP : (2.37)
ICMP{97{11E 12Let us determine the static dielectric susceptibility of a KD2PO4 crystalalong the c-axis under the �12 stress. We consider the case of mechani-cally clamped crystal.�"3(0; T; �12) = �23v 12T 1� [D(�13 +�24 + 2s) �� ('13 + '24 � 2'1�4) (�13�24 � s2)]: (2.38)In the case of unstrained crystal��3 (0; T; �12) = �"3(0; T; �12) + e31[d31 � d32]: (2.39)Transverse static dielectric susceptibility (along the x-axis) reads :��1 (0; T; �12) = �21v 1T � (2.40)� 4(a+ b=c12 cosh z24)D � 2(a+ bc12 cosh z24)h(1� �(1)213 )�1 + �(�1 � �3 + ( 1 �  3)"12)i :In paraelectric phase�+11(0; T; �12) = (2.41)= �21v 1T 4(a+ b=c12)1 + 2bc12 + d� 2��a+ bc12�[(�1 � �3) + ( 1 �  3)"12] :If electric �eld is directed along y-axis,��2 (0; T; �12) = �22v 1T � (2.42)� 4(a+ bc12 cosh z13)D � 2(a+ bc12 cosh z13)h(1� �(1)224 )�1 + �(�1 � �3 � ( 1 �  3)"12)i :�+2 (0; T; �12) == �22v 1T 4(a+ bc12)1 + 2 bc12 + d� 2�(a+ bc12)[(�1 � �3)� ( 1 �  3)"12] :3. DiscussionFor numerical estimate of mechanical stress �12 and temperature depen-dences of the characteristics, calculated in the previous section, we usethe values of theory parameters, obtained in [7]. These values provide agood description of experimental data for thermodynamic and dynamic



13 ðÒÅÐÒÉÎÔcharacteristics of KD2PO4: " = 93K, w = 840K, w1 = 1, � =37,44 K,�� =16 K, Tc = 219; 7K.Strain "12 changes the energies of one and three-particle deuteroncon�gurations w. First of all, the change in energy is caused by thechanges in the D-site distance: �w=w � 2��=�, hydrostatic pressure��=� � 1%=kbar: [2]. The changes of O-O and D-D distances are ac-companied by the rotation of PO4 tetrahedra. Since the symmetrizedstress �12 does not lead to the tetrahedra rotation, and the changes inhydrogen bond length are approximately twice as ones in hydrostaticpressure case at the same value of external stress, then at �12 stress��=� � 2%=kbar, and, therefore, �w=w � 4 %kbar. Taking into ac-count the fact, that for KD2PO4, ~c = @�12@"12 j"12=0 � 5 � 105 bar, we get�12 = 3 � 104 K: In this paper we take �12 = 3:024 � 104 K; in order tostudy the in
uence of this parameter on the form of a phase diagram wealso take � = 3:3 � 104; 3:6 � 104; 3:8 � 104 K:The "seed" elastic constant is taken to be equal to c(0) = 55 � 105bar. From the chosen values of parameters and the condition of ther-modynamic potential minimum it follows that  c12 should be equal to6 � 103 K.In �g.1 we show the phase diagram in the case of �12 = 3; 024 � 104K;and �12 = 3:3 �104; 3:6 �104; 3:8 �104K, respectively; the curve, separatingregions I and II, corresponds to the �rst order phase transition in �(1)13and �(1)24 parameters, and the curves, separating I and III, II and IVregions, correspond to the �rst order phase transition in �12 stress. Asone can see, the transition temperature Tc decreases with stress �12 ,and sligtly depends on the value of �12. The phase diagrams consists ofthree phases:1)the phase I, where �(1)13 = �(1)24 = 0 and "I122)the ferroelectric phase II, where �(1) 6= �(1)24 6= 0,"II123)the phase III with �(1)12 = �(1)24 = 0; "III12Point k in phase diagram corresponds to the critical point, where thephase transition in stresses disappears. When �12 increases,the value ofTk increases and that of �k12 decreases. At larger values of �12 parameter,the phase III shifts into the smaller stresses. At �12 = 3:8 � 104 theferroelectric phase is absent.In �g.2 we plot the dependences "12(�12), calculated on the basis of(2.14) at the temperatures of 175K (curve 1),205(2),250(3). Peculiar tothese curves is the possibility of two extrema and bend point existence.The value of stress corresponding to the point can be determined fromthe condition: g("I;II12 ) = g("III12 ). At this stress, a pressure induced �rst
ICMP{97{11E 14order phase transition in the uniaxial stress is possible. The transitionstress �012 depends on the values of �12; w; T and c(0) parameters. The�12 decreases when w; c(0) decrease or �12 increases. It should be notedthat two extrema may appear if the relation��212c(0) > 2 � v[(1 + 2a+ d)2 � 4b2](1 + 2a+ d)2is obeyed.At c(0) = 55 � 104 bar, this condition is satis�ed when �12 > 26200K:In the curve 1, the �rst of strain jump of �T "12 corresponds to the ferro-electric transition, and the second one ��"12-to the transition in stress;�T "12 << ��"12: Temperature dependence of the strain "12 at di�erentvalues of �12 stress (0.001kbar{curve10, 1{20, 3{30, 5{40, 6{50) is shownin �g.2a. At stresses, below �12, the strain "12 slightly increases withtemperature; at T = Tc the �12 has a discontinuity (the size ofthis dis-continuity increases with �12): At �12 = 6kbar the strain "12 decreaseswith temperature, then has a discontinuity of � and increases. That isa behaviour usual in the paraelectric phase.In �g. 3a, 3b we depict the stress and temperature dependences of P3.When �12 increases, the value of polarization and the size of polarizationdiscontinuity �P3 at T = Tc decreases. However, at low temperatures,when the saturation takes place, the polarization does not depend onthe stress except for a jump at �012 .In �gs. 4a and 4b we plot the dependences of elastic constans cp11at constans polarization on stress �12 and temperature. At low temper-atures (T<175K,curve 1), cp11 does not depend on temperature (phaseII); at higher temperatures the increase in, causes the decrease in cp11.At �12 = �012, the elastic constant cp11 decreases with a discontinuity, thevalues of which ��cp11 decreases with temperature. At I-III transition,��cp11 = 0.In the phase III, the elastic constant increases with stress �12. cp11decreases with temperature at all values of stress, and changes abruptlyat T = Tc. The size of discontinuity increases with stress.In �g. 5a and 5b the stress and temperature dependences of thecoe�cient of piezoelectric stress e31; is shown. The coe�cient di�ers fromzero only in the phase II. It decreases with stress, reaching its minimumat the ferroelectric phase transition stress. The value of �T e31 decreaseswith temperature and becomes zero at T <� 150K. At certain valueof �12, e31 starts to decrease and reaches its minimal value at T = Tc.This minimal value decreases with pressure. At temperatures lower than175K the e31 is equal to zero. The coe�cient of piezoelectric strain d31has a similar stress and temperature dependences (see �gs.6a,6b).The stress and temperature dependences of the entropy S are pre-



15 ðÒÅÐÒÉÎÔsented in �gs. 7a and 7b respectively. The entropy increases with stress(curve 2,3); at �12 = �012, S decreases with a discontinuity of ��S.The value of discontinuity decreases with temperature in the phase Iand becomes zero at T = Tk and �12 = �k12: Further increase in stress(the phase III) causes the decrease in the entropy. At temperatures203:1K < T < 219:7K and stress, which corresponds to the line, sep-arating the phases I and II, the entropy increases with a discontinuityof �TS, and �TS � ��S. At temperatures below Tc (curve 1) and�12 = �012, the entropy increases with discontinuity ��S and decreasesin the phase III. At T < 150K and stresses �12 < �012, the entropydoes not depend on stress. At constant stress, an increase in tempera-ture causes an increase in S, then the discontinuous increase by �TS atT = Tc and, then,a weak linear increase of S in the phase I. The value of�TS slightly decreases with �12. In the temperature curve of the entropythe discontinuitly ��S takes place, at �12 = 6kbarThe stress and temperature dependences of the static dielectric per-mittivity ""3(0; T; �12) of a clamped crystal are depicted in �gs. 8a and 8brespectively. At T > Tc (curve 3) the permittivity is a decreasing functionof stress (up to �012); it decreases with a discontinuity at �12 = �012 (thesize of discontinuity ��""3 decreases with temperature and becomes zeroat the critical point). At temperatures 203:1K < T < 219:7K (curve 2)the permittivity increases with stress, then increases with a discontinuityof �T ""3 at T = Tc. ""3 decreases when �12 increases up to �12 and de-creases with a discontinuity of ��"�3 at � = �012. At T = 175K (curve 1)the permittivity increases when �12 increases up to �012. The magnitudeof the permittivity at 175K is much smaller than that at 205K (curve2). At �12 = �0 "�3 increases with a discontinuity. In the phase III thepermittivity slightly varies with stress. The maximum value ofthe per-mittivity increases and its position shifts to lower temperatures when thestress increases up to �12 = 5; 6kbar. At � = 6kbar "�3 decreases linearlywith temperature and increases with a small discontinuity at �12 = �012.The size of this discontinuity is equal to zero at the critical point.Let us consider now the stress and temperature dependences of trans-verse static dielectric permittivities "1(O; T; �12) and "2(O; T; �12). Thevalue of la = �1 � �3 = 21K parameter, which decribes the long-rangeinteractions, is taken from [8], where the transverse properties of theunstrained KD2PO4 crystals �12 are studied. The value of  a can beestimated from  a = 1"12 (T2 1+bc12a+ bc12 � la): In what follows  a = 12000K.In �gs. 9a and 9b we show the stress and temperature dependences of"1(0; T; �12). At T > Tc, "1 slightly decreases when the stress increasesfrom zero to �012; at � = �012 it decreases with a discontinuty, the size of
ICMP{97{11E 16which ��"1 decreases with temperature and becomes zero at the criticalpoint. The "1 increases with stresss, at 203:1K < T < 219:7K and has adiscontinuity of �T "1 at T = Tc. The "1 slightly decreases when stressincreases up to �012 and has discontinuity of ��"1 at �12 = �012 (curve2). At T = 175K (curve 1) the permittivity increases with stress andhas a discontinuity at �12 = �012. An increase in temperature causes anincreases in "1. In the paraelectric phase, the permittivity "1 linearly de-creases with temperature at all strains, and "1(0; 001kbar) > "1(5kbar).The stress and temperature dependences of "2(O; T; �12) are depictedin �gs. 10a and 10b, respectively. At T > Tc, it slightly increases withstress, having a discontinuity at �12 = �012. The size of discontinuitydecreases with temperature and becomes zero at the critical point. At203; 1K < T < 219:7K, "2 decreases with stress, has a discontinuity�T "2 at T = Tc, then slightly increases and decreases with a disconti-nuity of �T "2 at �12 = �012(curve 2). At 170 K, "2 also increases withstress up to �012, and has a discontinuity of ��"2 at �12 = �012. In thephase III the permittivity decreases with stress, "2(175K) < "2(250K).At stresses �12 < 5:6kbar (curves 10-40) the increase in temperature inthe ferroelectric phase causes the sharp increase in "2, at T = Tc thepermittivity has a discontinuity, which value �T "2 increases with stress.In the paraelectric phase, "2 linearly decreases with temperature and"2(0; 001kbar) < "2(5kbar). At �12 = 6kbar (curve 50) the permittiv-ity increases with pressure almost linearly, has a discontinuity of ��"2at �12 = �012 (��"2 is equal to zero at the crirical point). The furtherincrease in temperature causes the decrease in "2.References[1] Stasyuk I.V., Biletskii I.N. In
uence of omnidirectional and unaxial stresson the ferroelectric phase transition in crystals of KH2PO4 type // Bull.Ac.Sci.USSR. Phys.Ser.{ 1983.{ 4, 4.{p.79-82.[2] Stasyuk I.V., Biletsky I.N. The phase transition in the uniaxially strainedferroelectrics of KD2PO4-type .{ Kiev, 1983. {24p.{ (Preprint ANUkrSSR, Inst.Teor.Fiz.; ITF-83-93P). (in Russian)[3] Stasyuk I.V., Levitskii R.R., Zachek I.R., Moina A.P., Duda A.S. Hy-drostatic pressure in
uence on phase transition and physical propertiesof KD2PO4-type ferroelectrics. // Cond.Matt.Phys., 1996, vol.8, p. 129-256.[4] Stasyuk I.V., Levitskii R.R., Zachek I.R., Moina A.P., Duda A.S. Hydro-static pressure in
uence on phase transition and physical properties ofKD2PO4-type ferroelectrics. / Preprint, ICMP-96-12E, Lviv, 1996, 42 p.



17 ðÒÅÐÒÉÎÔ[5] Stasyuk I.V., Levitskii R.R., Zachek I.R., Duda A.S., Moina A.P., Ro-manyuk N.O., Stadnyk V.J., Chervony R.G., Shcherbina Ye.V., Uniaxialpressure in
uence on phase transition and physical properties of highlydeuterated KD2PO4-type ferroelectrics / Preprint, ICMP-96-18E, Lviv,1996, 36 p.[6] Levitskii R.R., Korinevskii N.A., Stasyuk I.V. Distribution functions andthermodynamical properties of KD2PO4 and ND4D2PO4 type crystals//Phys.Stat.Sol.(b){ 1978.{ 88, 1.{ p.51-63.[7] Levitskii R.R., Zachek I.R., Mitz I.Ye. Thermodynamics and longitudi-nal relaxation of ferroelectrics K(H1�xDx)2PO4 / Preprint, ITF-87-114R,Kiev, 1987, 48 p. (in Russian)[8] Levitskii R.R., Zachek I.R., Mitz I.Ye. Transverse relaxation inK(H1�xDx)2PO4 type ferroelectrics / Preprint, ITF-87-115R, Kiev, 1987,48 p. (in Russian)[9] Samara G.A. Pressure dependence of the static dielectric properties ofKD2PO4and RbH2PO4. // Ferroelectrics, 1979, vol. 22, p. 925-936.[10] Reese W., May L.F. Studies of phase transitions in order-disorder ferro-electrics. II. Calorimetric investigations of KD2PO4. // Phys. Rev., 1968,vol. 167, 2, p. 504-510.[11] E.N.Volkova (private communication).
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Figure 1: The phase diagrams of a KD2PO4 crystal at di�erentvalues of �12(K): (a){30240K; (b): 1{33000, 2{36000, 3{38000.
Figure 2: The strain "12 of a KD2PO4 crystal as a function of: (a)pressure at di�erent temperatures T(K): 1{175, 2{205, 3{250; and (b) temperature at di�erent pressures p (kbar):10{0.001, 20{1, 30{3, 40{5, 50{6.
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Figure 3: The spontaneous polarization of a KD2PO4 crystal asa function of: (a) pressure at di�erent temperaturesT(K):1{175,2{205; and (b) temperature at di�erent pres-sures p (kbar):10{0.001, 2 [9]; 20{1; 30{3; 40{5.

Figure 4: The elastic constants cp11 of a KD2PO4 crystal as a func-tion of: (a) pressure at di�erent temperatures T(K): 1{175, 2{205, 3{250; and (b) temperature at di�erent pres-sures p (kbar): 10{0.001, 20{1, 30{3, 40{5, 50{6.
ICMP{97{11E 20

Figure 5: The coe�cients of piezoelectric stress e31 of a KD2PO4crystal as a function of: (a) pressure at di�erent tem-peratures T(K): 1{175, 2{205; and (b) temperature atdi�erent pressures p (kbar): 10{0.001, 20{1, 30{3, 40{5.

Figure 6: The constants of piezoelectric strain d31 of a KD2PO4crystal as a function of: (a) pressure at di�erent tem-peratures T(K): 1{175, 2{205; and (b) temperature atdi�erent pressures p (kbar): 10{0.001, 20{1, 30{3, 40{5.
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Figure 7: The entropy of a KD2PO4 crystal as a function of: (a)pressure at di�erent temperatures T(K): 1{175, 2{205, 3{250; and (b) temperature at di�erent pressures p (kbar):10{0.001, 20{1, 30{3, 40{5, 50{6.

Figure 8: The static dielectric permittivity ""3 of a KD2PO4 crys-tal as a function of: (a) pressure at di�erent temperaturesT(K):1{175, 2{205, 3{250; and (b) temperature at di�er-ent pressures p (kbar): 10{0.001, � [10]; 20{1; 30{3; 40{5;50{6.
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Figure 9: The static dielectric permittivity "1 of a KD2PO4 crys-tal as a function of: (a) pressure at di�erent temperaturesT(K): 1-175, 2-205, 3-250; and (b) temperature at di�er-ent pressures p (kbar): 10{0.001, � [11]; 20{1; 30{3; 40{5;50{6.
Figure 10: The static dielectric permittivity "2 of a KD2PO4 crystalas a function of: (a) pressure at di�erent temperaturesT(K):1-175,2-205,3-250; and (b) temperature at di�erentpressures p (kbar):10{0.001, � [11]; 20{1; 30{3; 40{5; 50{6.
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