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PACS: 77.80.Bh, 77.84.Faõäë: 533, 536÷�ÌÉ× ÎÁ�ÒÕÇÉ ÚÓÕ×Õ �6 ÎÁ ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä � Æ�ÚÉÞÎ� ×ÌÁÓ-ÔÉ×ÏÓÔ� ÓÅÇÎÅÔÏÅÌÅËÔÒÉË�× ÔÉ�Õ KD2PO4¶.÷.óÔÁÓÀË, ò.ò.ìÅ×É�ØËÉÊ, ¶.ò.úÁÞÅË, á.ð. íÏ§ÎÁ, á.ó.äÕÄÁáÎÏÔÁ��Ñ. ÷ ÎÁÂÌÉÖÅÎÎ� ÞÏÔÉÒÉÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ × ÒÁÍËÁÈ ÍÏÄÅÌ��ÒÏÔÏÎÎÏÇÏ ×�ÏÒÑÄËÕ×ÁÎÎÑ ÄÏÓÌ�ÄÖÕ¤ÔØÓÑ ×�ÌÉ× ÚÓÕ×ÎÏ§ ÎÁ�ÒÕÇÉ �6 ÎÁÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä, ÓÔÁÔÉÞÎ� Ä�ÅÌÅËÔÒÉÞÎ�, �ÒÕÖÎ�, �'¤ÚÏÅÌÅËÔÒÉÞÎ� ÔÁ ÔÅ�-ÌÏ×� ×ÌÁÓÔÉ×ÏÓÔ� ÄÅÊÔÅÒÏ×ÁÎÉÈ ÓÅÇÎÅÔÏÅÌÅËÔÒÉË�× ÔÉ�Õ KD2PO4. òÏÚÒÁÈÏ-×ÁÎÏ ÔÅÒÍÏÄÉÎÁÍ�ÞÎ� �ÏÔÅÎ��ÁÌÉ ÔÁ Æ�ÚÉÞÎ� ÈÁÒÁËÔÅÒÉÓÔÉËÉ ËÒÉÓÔÁÌ�× �ÒÉÎÁÑ×ÎÏÓÔ� ÎÁ�ÒÕÇÉ �6. ðÒÏ×ÅÄÅÎÏ ÞÉÓÌÏ×ÉÊ ÁÎÁÌ�Ú ÏÔÒÉÍÁÎÉÈ ÒÅÚÕÌØÔÁÔ�×;ÚÎÁÊÄÅÎÏ ÎÁÂ�Ò ÚÎÁÞÅÎØ �ÁÒÁÍÅÔÒ�× ÔÅÏÒ�§, ÑË� ÚÁÂÅÚ�ÅÞÕÀÔØ ÚÁÄÏ×�ÌØÎÉÊÏ�ÉÓ ÎÁÑ×ÎÉÈ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÈ ÄÁÎÉÈ. ðÏÂÕÄÏ×ÁÎÏ TC � �6 ÆÁÚÏ×Õ Ä�Á-ÇÒÁÍÕ; ÄÏÓÌ�ÄÖÅÎÏ ÔÅÍ�ÅÒÁÔÕÒÎ�, ×ËÁÚÁÎÏ ÎÁ ÍÏÖÌÉ×� ÂÁÒÉÞÎ� ÚÁÌÅÖÎÏÓÔ�ÒÏÚÒÁÈÏ×ÁÎÉÈ ×ÅÌÉÞÉÎ. ðÏËÁÚÁÎÏ, ÝÏ ×�ÌÉ× ÎÁ�ÒÕÇÉ �6 ÁÎÁÌÏÇ�ÞÎÉÊ ÄÏ Ä�§ÚÏ×Î�ÛÎØÏÇÏ �ÏÌÑ, Ó�ÒÑÖÅÎÏÇÏ ÄÏ �ÁÒÁÍÅÔÒÁ �ÏÒÑÄËÕ.Inuene of shear stress �6 on the phase transition and physialproperties of KD2PO4 type ferroeletris.I.V.Stasyuk, R.R.Levitskii, I.R.Zahek, A.P.Moina, A.S.DudaAbstrat. Within the four-partile luster approximation for the proton or-dering model we study the inuene of shear stress �6 on the phase transition,stati dieletri, elasti and thermal properties of deuterated KD2PO4 typeferroeletris. Thermodynami potentials and physial harateristis of therystals in the presene of stress �6 are alulated. Numerial analysis of theobtained results is performed, and the set of the theory parameters providingthe best �t to the available experimental data is found. The TC � �6 phasediagram is onstruted; temperature dependenes of the alulated quantitiesare studied, possible stress dependenes are indiated. Inuene of �6 stress isanalogous to that of eletri �eld onjugate to the order parameter.ðÏÄÁ¤ÔØÓÑ × Condensed Matter PhysisSubmitted to Condensed Matter Physis ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ 1999Institute for Condensed Matter Physis 1999



1 ðÒÅ�ÒÉÎÔ1. IntrodutionMore that sixty years have passed sine the disovery of the ferroeletri-ity in the KH2PO4 rystals. During those years, a huge number of papershas been devoted to the studies of the phase transitions in the rystals ofthe KH2PO4 family and of their physial properties. The most prominentpeuliarity of these studies is a strong onnetion between theory andexperiment, whih is thought to be an important soure of the obtainedprogress in mirosopi understanding of their properties. In this aspet,the high pressure studies of these rystals ome extremely important.External pressure hanges the internal struture of the system, alteringthereby the moleular potentials in the rystal and its dieletri and ther-mal properties. And shear stresses give rise to shear piezoeletri lattiestrains indued also by external eletri �elds via the piezoeletri e�et;that allows one to onsistently explore the eletri, eletromehani andthermal harateristis of the rystals.A mirosopi model of strained KH2PO4 type rystals has been pro-posed in [1{3℄. Aording to this model, external mehanial stresses giverise to additional internal �elds, linear in strains and (in the ase of di-agonal omponents of stress tensor) mean values of quasispins. Inueneof stresses of di�erent symmetries on energies of deuteron on�gurationswas studied.In [1{3℄ there were also explored the e�ets of �12 = �xx � �yystress on the transition temperature to the ferroeletri phase and therelations between the applied stress �xx � �yy and the indued strain"12 = "xx�"yy taking into aount the deuteron rearrangement on hydro-gen bonds. In [4,5℄ using the model proposed in [1{3℄, within the lusterapproximation taking into aount the short-range and long-range inter-ations and stress �12, the dieletri, piezoeletri, and thermal hara-teristis of KD2PO4 were alulated and studied. It has been shown thatthe stress �12 an lead to a phase transition to the monolini phase.Inuene of hydrostati pressure and uniaxial pressure �p = �3 onthe physial properties of the KD2PO4 type rystals was investigated in[6{8℄. We showed that under the proper hoie of the theory parameters,a satisfatory desription of the experimental data for the pressure de-pendenes of spontaneous polarization, longitudinal stati dieletri per-mittivity and transition temperature was obtained. Using the Glaubermodel [9℄ the expressions for the real and imaginary parts of the longitu-dinal dynami dieletri permittivity of KD2PO4 were found, and theirtemperature and frequeny dependenes at di�erent values of hydrostatipressure were alulated.

ICMP{99{25E 2It is also interesting to study the inuene of the shear stress �6 givingrise to a shear strain "6 = "xy, whih transforms after the irreduiblerepresentation B2. After this representation, polarization P3 transformstoo; hene, the inuene of external stress �6 = �xy is similar to that ofeletri �eld E3. Importane of this study results also from the fat thatspontaneous polarization P3 in KD2PO4 is aompanied by spontaneousshear strain "6.In [10℄ the dieletri, piezoeletri, and elasti properties of KH2PO4with taking into aount the strain "6 indued by the piezoeletri e�etare studied within the modi�ed Slater model.Experimental measurements of dieletri, eletromehani, and elas-ti harateristis of K(H1�xDx)2PO4 were performed in several works.Thus, in [15℄ the temperature dependenes of the dieletri permittivitiesof free and lamped KH2PO4 rystal, piezoeletri onstants d36, e36, h36and elasti onstants P66, E66 and sP66, sE66 were reported. Temperaturedependenes of the piezoeletri module d36 of the KH2PO4 rystal atdiret and inverse piezoeletri e�et are given in [16℄ and [17℄, respe-tively. Temperature dependene of elasti onstant E66 for KH2PO4 ispresented in [18℄. Experimental data for the temperature dependene ofd36, "33 and sE66 for a partially deuterated rystal with x = 0:89 are givenin [19,20℄.In this paper we study the inuene of the shear stress �6 on thephase transition and physial properties of deuterated ferroeletri rys-tals of the KH2PO4 family. We shall also ompare the obtained resultsfor thermodynami, dieletri, elasti, and piezoeletri harateristisof the rystals with the orresponding experimental data.2. The rystal HamiltonianWe onsider a system of deuterons moving on ï{D-: : :-ï bonds in deuter-ated rystals of the KD2PO4 type. The primitive ell of suh a rystalis omposed of two neighbouring PO4 tetrahedra together with four hy-drogen bonds attahed to one of them ("A" type tetrahedra). Hydrogenbonds going to another ("B" type) tetrahedron belong to four neareststrutural elements surrounding it (see the �gure below).Hamiltonian of a deuteron subsystem of the KD2PO4 type rystalstaking into aount the short-range and long-range interations in thepresene of the shear stress �6 = �xy giving rise to the strain "6 ="xy and of the external eletri �elds Ei(i = 1; 2; 3) applied along the
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Figure 1. Primitive ell of the KD2PO4 rystal. Numbers in irles orrespondto hydrogen bonds; 1,2 are the deuteron equilibrium sites. By dashed lineswe show the diretions of hydrogen bonds in an unstrained rystal in theparaeletri phase. a, b are the axes of an undeformed I�42d ell;  is an anglebetween the diretions of hydrogen bonds in strained and unstrained rystals.rystallographi axes (a; b; ) reads^Hi = �vN2 E066 "26 � �vNe036E3"6 � �vN2 �0iiE2i + (2.1)+ Xq0f 0qf Jff 0(qq0) h�qf i2 h�q0f 0i2 �Xqf [2�F zf (6) + �fiEi℄�qf2 + ^Hshort:The �rst term in the right hand side of (2.1) orresponds to that partof the elasti energy whih does not depend on hydrogen arrangement(E066 is the so alled \seed" elasti onstant); the seond term in (2.1)is the energy of interation between polarization indued by the piezo-eletri e�et due to the strain "6 (not taking into aount the hydrogensubsystem ontribution) and �eld E3 (e036 is the seed oeÆient of thepiezoeletri stress); the third term is the energy due to polarization in-dued by external �eld independently of the hydrogen on�guration (�033is the seed dieletri suseptibility). The last term in (2.1) desribes theshort range on�gurational interations between deuterons around the"A" and "B" type tetrahedra. Two eigenvalues of Ising spin �qf = �1are assigned to two equilibrium positions of a deuteron on the f -th bondin the q-th unit ell (�qf = �1). �v = v=kB, v is the primitive ell vol-ume; kB is the Boltzmann onstant. F if are internal �elds, arising instrained rystals, whih inlude the e�etive long-range interation be-
ICMP{99{25E 4tween deuterons (taken into aount in the mean �eld approximation)and the additional internal �elds related to the strain "6 [3℄:2�F z(6) = 2�F z1 (6) = �2�F z2 (6) = �2�F z3 (6) = 2�F z4 (6) == 2��(1)z(6)� 2 6"6;2�F xy1 (6) = 2�1�(1)x;y1 (6) + 2�3�(1)x;y3 (6) ++ 2�2[�(1)x;y2 (6) + �(1)x;y4 (6)℄� 2 6"6;2�F xy2 (6) = 2�2[�(1)x;y1 (6) + �(1)x;y3 (6)℄ ++ 2�1�(1)x;y2 (6) + 2�3�(1)x;y4 (6)� 2 6"6; (2.2)2�F xy1 (6) = 2�3�(1)x;y1 (6) + 2�1�(1)x;y3 (6) ++ 2�2[�(1)x;y2 (6) + �(1)x;y4 (6)℄� 2 6"6;2�F xy4 (6) = 2�2[�(1)x;y1 (6) + �(1)x;y3 (6)℄ ++ 2�3�(1)x;y2 (6) + 2�1�(1)x;y4 (6)� 2 6"6;where�(1)z(6) = h�q1iz = h�q2iz = h�q3iz = h�q4iz ; �(1)x;yf (6) = h�qf ix;y;� = �1 + 2�2 + �3; �1 = J114 ; �2 = J124 ; �3 = J134 ;Jff 0 = PRq�Rq0 Jff 0(qq0) is the Fourier transform of the long-rangedeuteron-deuteron interation,  6 is the so alled deformation potential;� = eÆ is the dipole moment of a hydrogen bond; Æ is the D-site distane.In (2.1) and (2.2) we do not take into aount piezoeletri shearstrains "4 or "5 indued by eletri �elds E1 and E2, respetively.The Hamiltonian is usually hosen suh that to reprodue the energylevels of the Slater-type model for KDP (see, for instane [11℄) { theSlater energies ", w, and w1 ("� w � w1), determined by the energies ofup-down "s, lateral "a, single-ionized "1, and double-ionized "0 deuteronon�gurations." = "a � "s; w = "1 � "s; w1 = "0 � "s:If "6 = 0, on�gurations with two hydrogens in potential wells beinglose to upper and lower oxygens of a given PO4 group (eah PO4 tetra-hedron is oriented suh that two of its edges are parallel to the ab plane)and with the hydrogens on the two other bonds being lose to the neigh-boring tetrahedra, have the same energy "s, assumed to be the lowest.Correspondingly, lateral on�gurations with two hydrogens lose to an



5 ðÒÅ�ÒÉÎÔupper and a lower oxygens are four-fold degenerated; single-ionized withonly one (or three) hydrogens lose to a given group are eight-fold de-generated, and double-ionized with four hydrogens (or without any) aretwie degenerated.However, the strain �6 splits ertain deuteron on�gurations of theonventional Slater-Takagi model. In Table below we present all possibledeuteron on�gurations and their energies. Sine the system is not anylonger symmetri with respet to a reetion in the ab plane �h or tothe reetion with �=4 rotation around the -axis S4 (both operationshange the sign of polarization and strain "6), the up-down on�gurations(i = 1; 2) split to two di�erent levels, and lateral on�gurations split totwo groups of twie degenerated levels eah (i = 5; 6) and (i = 7; 8). Con-�gurations within eah group are symmetri with respet to �=2 rotationC2. Similarly, single-ionized on�guration are divided into two groups,within eah the -omponent of dipole moments assigned to a on�gu-ration are direted up (i = 9; 10; 11; 12) or down (i = 13; 14; 15; 16).Here we assume that the strain "6 alters the energies of deuteronon�gurations only by splitting the degenerated levels due to loweringof the system symmetry. From geometri point of view, this happensmostly beause the angle between perpendiular in the paraeletri phasehydrogen bonds is hanged, whereas in the hydrostati pressure ase thehanges are usually attributed to pressure-indued hanges in the D-sitedistane Æ [6,12℄.To rewrite the energies of deuteron on�gurations Ei6 in terms ofpseudospins, we assoiate the on�guration operator ^Ni with the on-�guration i aording to the following rule: eah operator is a produtof four fators, one per eah hydrogen bond, eah fator being equal to12 (1 + �qf ) if deuteron is in the �rst minimum at the f -th bond and12 (1� �qf ) otherwise. Then the Hamiltonian of the short-range intera-tions takes the form^Hshort(6) = NXq=1 16Xi=1 [ ^NAi (q) + ^NBi (q)℄ = (2.3)= NXq=18<:"64 (�Æs6 + 2Æ16) 4Xf=1 �qf2 +�"6(Æs6+2Æ16)h�q12 �q22 �q32 + �q12 �q22 �q42 + �q12 �q32 �q42 + �q22 �q32 �q42 i++ (V + Æ6"6) h�q12 �q22 + �q32 �q42 i+ (V � Æ6"6) h�q22 �q32 + �q42 �q12 i+
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7 ðÒÅ�ÒÉÎÔ+ U h�q12 �q32 + �q22 �q42 i+��q12 �q22 �q32 �q42 o+ NXq=1 16Xi=1 ^NBi (q):Here the following notations are usedV = V12 = V23 = V34 = V41 = �12w1;U = V13 = V24 = 12w1 � "; � = 4"+ 2w1 � 8w;" = "a � "s; w = "1 � "s; w1 = "0 � "s;where "s, "a, "1, "0 are energies of up-down, lateral, single-ionized anddouble-ionized deuteron on�gurations in an unstrained rystal, respe-tively.The further alulations will be performedd in the four-partile lus-ter approximation. The luster Hamiltonian in the presene of the stress�6 and eletri �eld Ei reads^H iAq4 (6) = e4 (�Æs6 + 2Æ16) 4Xf=1 �qf2 + (2.4)�"6(Æs6+2Æ16)h�q12 �q22 �q32 + �q12 �q22 �q42 + �q12 �q32 �q42 + �q22 �q32 �q42 i++ (V + Æ6"6) h�q12 �q22 + �q32 �q42 i+ (V � Æ6"6) h�q22 �q32 + �q42 �q12 i++ U h�q12 �q32 + �q22 �q42 i+��q12 �q22 �q32 �q42 �Xf zif6� �qf2 :In (2.4) zz6 = zz16 = zz26 = zz36 = zz46 = �[��z6 + 2�F z(6) + �3E3℄;zx16 = �[��x6 + 2�F x1 (6) + �? os E1℄;zx26 = �[��x6 + 2�F x2 (6)� �? sin E1℄;zx36 = �[��x6 + 2�F x3 (6)� �? os E1℄;zx46 = �[��x6 + 2�F x2 (6) + �? sin E1℄; (2.5)zy16 = �[��y6 + 2�F y1 (6) + �? sin E2℄;zy26 = �[��y6 + 2�F y2 (6)� �? os E2℄;zy36 = �[��y6 + 2�F y3 (6)� �? sin E2℄;zy46 = �[��y6 + 2�F y4 (6) + �? os E2℄;�3 and �? are the longitudinal and transverse e�etive dipole momentsof primitive ells, reated by displaements and polarization of heavyions whih are triggered by deuteron ordering.

ICMP{99{25E 8We took into aount the following relations whih are obeyed in thepresene of stress �6 and �elds Ei�13 = �23 = �33 = �43 = �3; (2.6)�11 = �1 os ; �21 = ��? sin ; �12 = �? sin ; ��22 = �? os ;�31 = ��? os ; �41 = �? sin ; �32 = ��? sin ; �42 = �? os :Using the onditionh�qf ii = Spf�qf e�� ^HiAq4 (6)gSpfe�� ^HiAq4 (6)g = Spf�qfe�� ^Hiqf (6)gSpfe�� ^Hiqf (6)g ; (2.7)where the single-partile deuteron Hamiltonians are^H iqf (6) = � �zi6� �qf2 ; �zif6 = ���i6 + zif6; (2.8)we alulate the single-partile distribution funtions of deuterons andexlude the parameters �i6�(1)z(6) = mz(6)Dz6 ; (2.9)wheremz(6) = sinh(2zz6 + �Æs6"6) + 2b sinh(zz6 � �Æ16"6);Dz6 = osh(2zz6 + �Æs6"6) + 4b osh(zz6 � �Æ16"6) + d+ aa6 + a=a6;zz6 = 12 ln 1 + �(1)z(6)1� �(1)z(6) + ��(6)�(1)z(6)� � 6"6 + ��3E32 ; (2.10)a = exp(��"); b = exp(��w); d = exp(��w1); a6 = exp(��Æ6"6);also �(1)�f (6) = m�f (6)D�(6) ; (� = x; y); (2.11)wherem�13 (6)= sinh(A�1 (6)2 + �Æs6"6)+d sinh A�2 (6)2 ��aa6 sinh A�3 (6)2 � aa6 sinh A�4 (6)2 ++ b �� sinh(A�5 (6)2 � �Æ16"6)� sinh(A�6 (6)2 � �Æ16"6)+



9 ðÒÅ�ÒÉÎÔ+sinh(A�7 (6)2 � �Æ16"6) + sinh(A�8 (6)2 � �Æ16"6)� ;m�24 (6)= sinh(A�1 (6)2 + �Æs6"6)�d sinh A�2 (6)2 ��aa6 sinh A�3 (6)2 � aa6 sinh A�4 (6)2 ++ b �sinh(A�5 (6)2 � �Æ16"6) + sinh(A�6 (6)2 � �Æ16"6)�� sinh(A�7 (6)2 � �Æ16"6)� sinh(A�8 (6)2 � �Æ16"6)� (2.12)D�(6)=osh(A�1 (6)2 + �Æs6"6)+d sinh A�2 (6)2 ++aa6 osh A�3 (6)2 + aa6 osh A�4 (6)2 ++ b �osh(A�5 (6)2 � �Æ16"6) + osh(A�6 (6)2 � �Æ16"6)++osh(A�7 (6)2 � �Æ16"6) + osh(A�8 (6)2 � �Æ16"6)�Here the following notations are usedA�12 (6) = z�1 (6)�z�2 (6) + z�3 (6)� z�4 (6);A�34 (6) = z�1 (6)� z�2 (6)� z�3 (6)� z�4 (6);A�56 (6) = �z�1 (6) + z�2 (6)� z�3 (6) + z�4 (6);A�78 (6) = z�1 (6)� z�2 (6) + z�3 (6)� z�4 (6);and zx16 = 12 ln 1 + �(1)x1 (6)1� �(1)x1 (6) + ��1�(1)x1 (6) + ��3�(1)x3 (6) ++ ��2�(1)x2 (6) + ��2�(1)x4 (6)� � 6"6 + ��? os E12 ;zx36 = 12 ln 1 + �(1)x3 (6)1� �(1)x3 (6) + ��3�(1)x1 (6) + ��1�(1)x3 (6) ++ ��2�(1)x2 (6) + ��2�(1)x4 (6)� � 6"6 � ��? os E12 ;(2.13)zx26 = 12 ln 1 + �(1)x2 (6)1� �(1)x2 (6) + ��2�(1)x1 (6) + ��2�(1)x3 (6) +
ICMP{99{25E 10+ ��1�(1)x2 (6) + ��3�(1)x4 (6)� � 6"6 � ��? sin E12 ;zx46 = 12 ln 1 + �(1)x4 (6)1� �(1)x4 (6) + ��2�(1)x1 (6) + ��2�(1)x3 (6) ++ ��3�(1)x2 (6) + ��1�(1)x4 (6)� � 6"6 + ��? sin E12 ;zy16 = 12 ln 1 + �(1)y1 (6)1� �(1)y1 (6) + ��1�(1)y1 (6) + ��3�(1)y3 (6) ++ ��2�(1)y2 (6) + ��2�(1)y4 (6)� � 6"6 � ��? sin E22 ;zy36 = 12 ln 1 + �(1)y3 (6)1� �(1)y3 (6) + ��3�(1)y1 (6) + ��1�(1)y3 (6) ++ ��2�(1)y2 (6) + ��2�(1)y4 (6)� � 6"6 + ��? sin E22 ; (2.14)zy26 = 12 ln 1 + �(1)y2 (6)1� �(1)y2 (6) + ��2�(1)y1 (6) + ��2�(1)y3 (6) ++ ��1�(1)y2 (6) + ��3�(1)y4 (6)� � 6"6 � ��? os E22 ;zy46 = 12 ln 1 + �(1)y4 (6)1� �(1)y4 (6) + ��2�(1)y1 (6) + ��2�(1)y3 (6) ++ ��3�(1)y2 (6) + ��1�(1)y4 (6)� � 6"6 + ��? os E22 :3. Elasti, piezoeletri, and dieletri propertiesof the KD2PO4 type rystals under the mehanistress �6Inuene of the stress �6 on the harateristis of the KD2PO4 type rys-tals will be onsidered using the thermodynami potential per primitiveell, whih within the four-partile luster approximation readsg1E(6) = �v2E066 "26 � �ve036"6E3 � �v2�"033E23 + 2T ln 2 + (3.1)+ 2�[�(1)z(6)℄2 � 2T ln[1� (�(1)z(6))2℄� 2T lnDz6 � �v�6"6:Let us mention the equation for the extremum of the thermodynamipotential g1E with respet to �(1) oinides with Equation (2.9).



11 ðÒÅ�ÒÉÎÔFrom the thermodynami equilibrium onditions1�v ��g1E(6)�"6 �E3;�6 = 0; 1�v ��g1E(6)�E3 ��6 = �P3we obtain�6 = E066 "6 � e036E3 + 4 6�v mz(6)Dz6 + 2Æa6�vDz6Ma6 � 2Æs6�vDz6Ms6 + 2Æ16�vDz6M16;P3 = e036"6 + �"033E3 + 2�v mz(6)Dz6 ; (3.2)whereMa6 = aa6� aa6 ; Ms6 = sinh(2zz6+�Æs6"6); M16 = 4b sinh(zz6��Æ16"6):From (3.2) we �nd the eletri �eldE3 = �h036"6 + k"033 �P3 � 2�v mz(6)Dz6 � ; (3.3)where h036 = e036=�"033; k"033 = 1=�"033. Substituting the expression (3.3)into (3.2), we get�6 = P066 "6 � h036�P3 � 2�v mz(6)Dz6 �+ 4 6�v mz(6)Dz6 ++2Æa6�vDz6Ma6 � 2Æs6�vDz6Ms6 + 2Æ16�vDz6M16; (3.4)where P066 = E066 + e036h036.Expressions (3.3) and (3.4) an also be obtained from the onditions1�v � �f�"6�P3 = �6; 1�v � �f�P3�"6 = E3;whereas the free energy f isf(6) = g1E(6)� �vP3E3: (3.5)Substituting the expressions (3.1) and (3.3) into (3.5), we obtainf(6) = �v2P066 "26 � �vh036"6P3 + �v2k033P 23 � �v2k033 �2��v �(1)z(6)�2 + (3.6)+ 2T ln 2 + 2�[�(1)z(6)℄2 � 2T ln[1� (�(1)z(6))2℄� 2T lnDz6 :
ICMP{99{25E 12Let us study now the inuene of the stress �6 on piezoeletri, di-eletri and elasti properties of KD2PO4.From the expression for the mean value of quasispin h�qf i (2.9) itfollows that ���(1)(6)�"6 �E3 = ��6D6 � 2'�6{6 ;where {6 = osh(2z6 + �Æs6"6) + b osh(z6 � �Æ16"6)� �(1)(6)m(6);r6 = Æs6 osh(2z6 + �Æs6"6)� 2bÆ16 osh(z6 � �Æ16"6) ++�(1)z(6) [�Æs6Ms6 + Æa6Ma6 + Æ16M16℄ ;'�6 = 11� (�(1)(6))2 + ��; �6 = �2{6 6 + r6:Hene, the oeÆient of piezoeletri stress e36 ise36 = �� ��6�E3�"6 = ��P3�"6 �E3 = e036 + 2�3v ��6D6 � 2'�6{6 :(3.7)In the paraeletri phase at �6 = 0, the oeÆient of piezoeletri stresse36 equals e+36 = e036 + �3v 2�[�2(1 + b) 6 + Æs6 � 2bÆ16℄�1 + 2b+ 2a+ d� 2��(1 + b) : (3.8)Di�erentiating the expression for polarization (3.2) with respet tothe �eld E3 at onstant strain "6 we obtain dieletri suseptibility of alamped rystal�"33 = � �P3�E3�"6 = �033 + �v �2v2 1T 2{6D6 � 2{a6'eta6 : (3.9)Using the relations(D6 � 2{6'�6)���(1)(6)�"6 �P3 = ��6 + ��3{6��E3�"6 �P3 ;(D6 � 2{6'�6)���(1)(6)��6 �E3 = ��6 � �"6��6�E3 ;where sE66 = ��P3��6� is the rystal ompliane at onstant eletri �eld,we obtain the onstant of piezoeletri stress h36:h36 = ���E3�"6 �P3 = ����6�P3�"6 = e36�"33 (3.10)



13 ðÒÅ�ÒÉÎÔand the oeÆient of the piezoeletri straind36 = e36sE66: (3.11)From (3.2) and (3.4) we get the expressions for the elasti onstantE66 at onstant �eldE66 = ���6�"6 �E3 = E066 + 8� 6�v �{6 6 + r6D6 � 2{6'�6 � 4'�6r26�vTD6(D6 � 2{6'�6) �� 2��vD6 �Æ2s6 osh(2z6+�Æs6"6) + Æ2a6(a6+ a6 ) + 4bÆ216 osh(z6��Æ16"6)�++ 2��vD6 [�Æs6Ms6 + Æa6Ma6 + Æ16M16℄2 ; (3.12)and for the elasti onstant P66 at onstant polarizationP66 = E66 + e36h36: (3.13)In the paraeletri phase at �6 = 0 when �(1)(6) = 0, the renormalizedelasti onstant for an unstrained rystal isE+66 = E066 � 4 6�vT �2(1 + b) 6 + Æs6�vT [�1+ 2b+ 2a� 2���(1 + b)℄ + (3.14)+ 4 6Æs6�vD+6 T � 2�vT (1 + 4b+ 2a)(Æ2s6 + 2aÆ2a6 + Æ16):Hene, the relations (3.2){(3.4) take the form�6 = E66"6 � e36E3; �6 = P66"6 � h36P3;P3 = e36"6 + �"33E3; E3 = �h36"6 + k"33P3; (3.15)where k"33 = 1=�"33 is the inverse dieletri suseptibility. These rela-tions an be also obtained within the phenomenologial approah, butwe preferred to have the mirosopi expressions for E66, e36, �"33, h36.From the system of equations (3.15) at E3 = onstP66� �"6��6�E3 � h36��P3��6�E3 = 1;�h36� �"6��6�E3 + k"33��P3��6�E3 = 0 (3.16)we �nd the expressions for the oeÆient of piezoeletri straind36 = ��P3��6�E3 = h36P66k"33 � h236 = e36P66 � e36h36 (3.17)
ICMP{99{25E 14and omplianes at onstant �eldsE66 = � �"6��6�E3 = k"33P66k"33 � h236 = 1P66 � e36h36 = 1E66 : (3.18)From (3.15) at P3 = onst we getE66� �"6��6�P3 � e36��E3��6 �P3 = 1;e36� �"6��6�P3 + �"33��E3��6 �P3 = 0;hene the onstant of piezoeletri strain isg36 = ���E3��6 �P3 = e36�E66 + e236�"33 ��"33 = h36E66 + e36h36 = h36P66 ; (3.19)and ompliane at onstant polarization issP66 = � �"6��6�P3 = 1E66 + e236�"33 = 1P66 : (3.20)Di�erentiating the system (3.15) with respet to the �eld E3 at on-stant stress, we getE66� �"6�E3��6 � e36 = 0; �e36� �"6�E3��6 +� �P3�E3��6 = �"33: (3.21)Sine d36 = � �"6�E3��6 ;then the dieletri suseptibility at �6 = onst is��33 = � �P3�E3��6 = �"33 + e36d36: (3.22)Hene, we obtained the mirosopi expressions for E66, e36, and �"33; theother harateristis are expressed via them.Let us alulate now the transverse dieletri suseptibility of theKD2PO4 type rystals in the presene of stress �6 de�ned as�"11 = �? os v  ��(1)x1 (6)�E1 � ��(1)x3 (6)�E1 !++ �? sin v  ���(1)x2 (6)�E1 + ��(1)x4 (6)�E1 ! : (3.23)



15 ðÒÅ�ÒÉÎÔUsing the relations (2.11){(2.14) we obtain the following system of equa-tions��?(os {a6 �Ma6 sin ) == (D6 � {a6'a6)� ��(1)x1 (6)� �(1)x3 (6)��E1 �Ma6'a6 � ��(1)x4 (6)� �(1)x2 (6)��E1��?(Ma6 os  � sin {a6 ) == (D6 � {a6'a6)� ��(1)x4 (6)� �(1)x2 (6)��E1 �Ma6'a6 � ��(1)x1 (6)� �(1)x3 (6)��E1 ;where the following notations are used{a6 = aa6+ aa6 +2b osh(z6��Æ16"6); 'a6 = 11� (�(1)(6))2 +�(�1��3):In the result�"11 = �v�2?v2 1T (D6 � 'a6{a6 ){a6 � 'a6M2a6(D6 � 'a6{a6 )2 � ('a6Ma6)2 +� �v�2?v2 1T D{6(D6 � 'a6{a6 )2 � ('a6Ma6)2 sin 2: (3.24)4. Inuene of stress �6 on thermal properties of theKD2PO4 type rystalsMolar entropy of the deuteron subsystem of KD2PO4 type rystals understress �6 readsS6 = �R��f6�T �P3;"6 = Rn2 ln 2 + 2 ln[1� (�(1)(6))2℄ + 2 lnD6++ 4T'T6 �(1)(6) + 2M6D6 � ; (4.1)where R is the gas onstant, and'T6 = � 1T 2 (���(1)(6)�  6"6); (4.2)M6 = 4bwT osh z6 + dw1T +�a6 + a6� "T +�a6 � a6� Æ6"6T :
ICMP{99{25E 16The molar spei� heat of the deuteron subsystem of KD2PO4 typerystals an be alulated by di�erentiating the entropy�C�6 = T ��S�T �� = �C"6 + qP6 �6; (4.3)where �C"6 is the molar spei� heat at onstant strain�C"6 = qP;"6 + q"6p�6 : (4.4)Using the relations (4.1) we obtainqP;"6 =��S6�T �P3;"6 = (4.5)= 2RD6 �2T'T6 [2{6T'T6 + 2(q6 � �(1)(6)M6)℄ +N6 � M26D6 � ;q"6 = ��S6�P3�"6;T = v�3 2RTD6 '�6f2{6T'T6 + [q6 � �(1)(6)M6℄gis the polarization heat at given "6,qP6 = ��S6�"6 �P3;T = 2RD6 n2T'T6 (�2{6 6 + r6)� 2[q6 � �(1)(6)M6℄ 6��6 + M6D6 (�Æs6Ms6 + Æa6Ma6 + Æ16M16)� ;is the deformation heat at given P3, whereN6 = 1T 2�("+ Æa6"6)2aa6 + ("� Æa6"6)2 aa6 + 4bw2 osh(zz6 � �Æ16"6)++ w12d� (Æs6"6)2 osh(2z6 + �Æas"6) ++ (Æ16"6)2 4b osh(z6 � �Æ16"6) + (Æ16"6w) 8b osh(z6 � �Æ16"6)i ;q6 = 1T [�Æs6"6 osh(2z6 + �Æas"6) + Æ16"62b osh(z6 � �Æ16"6)++ 2bw osh(z6 � �Æ16"6)℄ ;�6 = 1T ��Æ2s6"6 sinh(2z6 + �Æas"6) + Æ216"64b osh(z6 � �Æ16"6)++Æa6�aa6("+ Æa6"6)� aa6 ("� Æa6"6)�+ Æ16w"64b sinh(z6 � �Æ16"6)� :In (4.3) and (4.4) p�6 = (�P3=�T )�;E3 is the pyroeletri oeÆient, and�6 = (�"6=�T )� is the thermal expansion oeÆient.



17 ðÒÅ�ÒÉÎÔFrom relations (3.15) we getp�6 = p"6 + e36�6; (4.6)where p"6 = �3v 2T 2{6T'T6 + [q6 � �(1)(6)M6℄D6 � 2{6'�6 ; (4.7)and the thermal expansion oeÆient reads�6 = �p6 + h36p"6E66 ; (4.8)where p6 = ���6�T �p3;"6 = qp6 is the thermal pressure.5. DisussionBefore going into the disussion of the proposed in previous setionstheory, let us note that, stritly speaking, this theory an be valid for aompletely deuterated KD2PO4 rystal only, whereas the vast majorityof experimental data onerns the rystals, deuterated partially (see [15{20℄). Nevertheless, as the relaxational harater of dieletri dispersionin K(H1�xDx)2PO4 rystals implies, tunneling e�ets in them are mostlikely suppressed by the short-range orrelations between hydrogens [21{23℄. So at least in the ase of high deuteration, we are allowed to neglettunneling and apply the theory to partially deuterated rystals as well.Hereafter we shall onsider the rystal with nominal deuteration x = 0:89with the transition temperature TC0 = 210:7 K, for whih experimentaldata for the relevant elasti, piezoeletri, and dieletri harateristisare available.As the values of the theory parameters " and w we hoose those foundin [24,25℄, whih at �6 = 0 provide a satisfatory agreement of the al-ulated urves with the experimental data for spontaneous polarization,spei� heat, stati and dynami dieletri permittivities of the rystal.To determine the deformation potentials and \seed" quantities, weuse the experimental data of [19,20℄ for the temperature dependenes ofthe oeÆient of piezoeletri strain d36, dieletri suseptibility �33, andompliane sE66 at �6 = 0. Using the known relations between dieletri,elasti and piezoeletri harateristis and having the values of d36, ��33,and sE66 we an alulate the piezoeletri onstants e36, h36, g36, elastiharateristis P66, E66, sP66, and dieletri suseptibility �"33.Analogous alulations were arried out also for x = 0 using the dataof [16{18℄. Let us mentions that the experimental values of d36 or E66 donot agree with the results presented in [15℄.

ICMP{99{25E 18The deformation potentials  6 and Æs6, and the parameter of the long-range interation � were found from the ondition that the transitiontemperature at �6 = 0 was TC0 = 210:7 K, and that the best desriptionof the e36, sE66, and "�33 temperature urves was obtained. Let us notethat we get the best �t if the following onstraintÆs6 = 325 + 2 6 exp(� wTC0 ) (5.9)is held. By hanging  6 (or Æs6) we an slightly alter the theoretialslopes �h36=�T and �g36=�T at T > TC0. So, �tting the theoretialtemperature dependenes of the piezomodules h36 and g36 to experi-mental points, we hoose the values of  6 and Æs6. It should, however,be noted that we an vary Æs6 rather strongly (from 0 up to the adoptedin this paper value), provided Eq. 5.9 is obeyed, and still obtain a fairdesription of h36 and g36.The adopted value of the long-range interation parameter is muhlower than the one used in the theories where spontaneous strain is nottaken into aount [14℄. Low � allows us to desribe the paraeletri Curieonstant and ferroeletri spontaneous polarization with the same valueof the e�etive dipole moment �3 stritly determined by the experimentalsaturation polarization.The values of Æa6 and E066 were hosen by �tting to experimental datathe alulated sE66(T ) and P66(T ) dependenes. Moderate values of Æ16(splitting of the single-ionized deuteron on�gurations) do not perep-tibly a�et the alulated urves, and its larger values only make the�tting worse. Hene, for the sake of simpliity we neglet this splitting,taking Æ16 = 0.The \seed" e036 and �"033 are merely the high temperature limits ofexperimental temperature dependenes e36 and �"33.The adopted values of the theory parameters are presented in Table 1.Table 1. The theory parameters." w �  6 Æs6 Æa6 Æ16 E066 � 10�10 �3=v e036 �(0)33(K) (K) (dyn/m2) (�C/m2) (esu/m2)88.3 778 35.976 �250 1750 �187:5 0 7.0 6.21 0:42 � 104 0.4To �nd the order parameter �(1) and strain "6 we minimize the ther-modynami potential g1E(6) with respet to �(1) and determine "6 fromEq. (3.2).



19 ðÒÅ�ÒÉÎÔLet us demonstrate how the presented theory desribes the physialharateristis of the rystal related to the strain "6 and polarizationP3 at �6 = 0. As one an see, the theoretial results are in a goodquantitative agreement with the experimental data in the paraeletriphase.In �g. 2 we plot the dependene of the ompliane sE66 and elastionstants E66 and P66 of the K(H0:11D0:89)2PO4 rystal on �T = T �TCat �6 = 0. Here we also presented the experimental data for x = 0:89[20℄ and x = 0:00 [15,18℄. As one an see, the theoretial results are ina good quantitative agreement with the experimental data of [20℄ in theparaeletri phase. The ompliane sE66 at T ! TC has an anomalous in-rease, whereas the elasti onstant E66 vanishes at the Curie point. Theelasti onstant P66 at T < TC is nearly onstant with temperature, onlyhas an about 6% derease at T = TC, and slightly inreases in the para-eletri phase. That aords with the onlusions of [30℄, where it wasshown that the ferroeletri phase transition in KH2PO4 did not a�etthe magnitude of sP66, and hene of P66. Aording to the data of [15℄, atx = 0:0 the elasti onstant P66 slightly dereases with temperature inthe paraeletri phase.
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 Figure 2. Temperature dependene of ompliane sE66: � { [20℄, 4 { sE66 = 1=E66[18℄ and elasti onstants P66 and E66: N { E66 = 1=sE66 [20℄, P66 = 1SE66 +d236=SE266 �"33 [19,20℄; Æ { [18℄; � { [15℄.Temperature dependene of the oeÆient of piezoeletri strain d36
ICMP{99{25E 20and oeÆient of piezoeletri stress e36 of the K(H0:11D0:89)2PO4 rys-tal at �6 = 0 is shown in �g. 3. A satisfatory agreement of the presentedtheory with the experimental data of [19℄ for d36 and with the data ob-tained from the formula e36 = d36[19℄=sE66[20℄ is observed. At T ! TCoeÆients d36 and e36 sharply inrease. In the ferroeletri phase, thealulated oeÆients d36 and e36 sharply derease with a rate muhhigher than in the paraeletri phase.
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 Figure 3. Temperature dependene of oeÆient of piezoeletri strain d36(left, experimental points taken from [19℄ - � (x = 0:89), [16,17℄ { � (x = 0:00),[15℄ { � (x = 0:00)) and oeÆient of piezoeletri stress e36 (right, N {e36 = d36[19℄SE66[20℄ ; � { [16,17℄, � { [15℄).Temperature dependene of the alulated onstant of piezoeletristress h36 and onstant of piezoeletri strain g36 at �6 = 0 is shownin �g. 4 along with the obtained using the experimental data of [18,19℄ values of h36 and g36 for x = 0:89 and the data of [15℄ for x =0:00. The piezoeletri onstants h36 or g36 do not have singularities atthe ferroeletri transition; therefore they are alled \true" piezoeletrionstants of the rystals.In �g. 5 we plot the temperature dependenes of the dieletri per-mittivities of a free ("�33) and lamped (""33) rystals at �6 = 0 alongwith the experimental data of [19℄ for "�33. The \experimental" datafor the dieletri permittivity ""33 were alulated using the relation""33 = "�33 � 4�e36d36.
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ICMP{99{25E 22with the heavy ions lattie ounterpart onsidered as bakground andtemperature independent one. However, sine we annot unambigouslyset the values of  6 and Æs6, we are not in position to determine whatare the relative weights in these peuliarities of piezoeletri oupling,desribed by the parameter  6, and of the short-range up-down deuteronon�gurations splitting, indued by strain �6 and desribed by the pa-rameter Æs6.In �g. 6 the dependenes of the thermodynami potential g1E on theorder parameter �(1) at di�erent values of temperature and stress �6 arepresented. The behavior of g1E at zero stress �6 is usual for the �rstorder phase transition: a little below the transition point g1E has threeminina { one at �(1) = 0 and two symmetri ones ��(1) 6= 0. The last twoare of the same depth and lower than the one at �(1) = 0. At T = TCall minima are of the same depth (riterion of the phase transition),and at T > TC the entral minimum beomes the deepest. At highertemperatures the minima of g1E at �(1) 6= 0 disappear.Under stress �6, the dependene of g1E(�(1)) beomes asymmetri;the lower values of the thermodynami potential are at those values ofthe order parameter, the sign of whih oinide with the sign of thestress.
Figure 6. Dependenes of the thermodynami potential g1E on the order pa-rameter �(1) at di�erent values of stress �6.In �g. 7 we plot the dependenes of the solutions of the equationfor the thermodynami potential g1E extremum and the orrespondingvalues of g1E on temperature at di�erent values of stress �6 in the viinityof the transition point.Equation (2.9) may have up to �ve di�erent solutions, three of whihorrespond to minimuma, and two orrespond to maxima of the ther-modynami potential. One of the minimuma { the entral one { is atsmall values of the order parameter, and the sign of �(1) oinides with
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Figure 7. Temperature dependenes of the thermodynami potential and so-lutions of equation for the order parameter at di�erent values of stress �6: a)0 bar, b) 40 bar, ) 77 bar, d) 100 bar. Æ and � orrespond to maxima andminima of the thermodynami potential, respetively.

ICMP{99{25E 24the sign of the stress �6. The two other minima, if they exist, are nearlysymmetri (absolutely symmetri at �6 = 0), and, as we have alreadymentioned, that minimum, the sign of whih oinides with the sign ofthe stress is deeper.Let �(1)1 < 0, �(1)2 � 0, and �(1)3 > 0 be the possible solutions ofEquation (2.9), orresponding to the minimuma of g1E . As one an see(�g. 7), at �6 > 0g1E(�(1)3 ) < g1E(�(1)2 ) at T < TC;g1E(�(1)3 ) = g1E(�(1)2 ) at T = TC; (the phase transition riterion)g1E(�(1)3 ) > g1E(�(1)2 ) at T > TC:The temperature of the �rst order phase transition at whih thebranhes of the thermodynami potential interset, inreases with stress�6, and the values of �(1)2 at the transition point inrease, whereas �(1)3derease. A derease in the magnitude of jump in the order parame-ter Æ�(1) = �(1)3 � �(1)2 means that the order of the phase transition ismoving towards to the seond order. At ertain stress ��6 Æ�(1) turns tozero { there is a ritial point where the seond order phase transitiontakes plae (at T �). Further inrease in stress smears o� the phase tran-sition and results in ontinuous and smooth temperature dependene ofthe order parameter. Suh behavior is typial for the �rst order phasetransitions in ferroeletris to whih the eletri �eld onjugate to spon-taneous polarization is applied [26℄.Corresponding TC � �6 phase diagram is depited in �g.8. Only thestable phases orresponding to absolute minima of thermodynami po-tential are showed. The following temperatures are indiated: TC0 =210:7 K is the temperature of the �rst order phase transition at �6 = 0;T � = 211:6 K is the temperature of the seond order phase transition atthe ritial point at stress ��6 = 75 bar; T0 = 210:8 K is the Curie tem-perature of a free rystal �6 = 0, at whih the ompliane sE66 and thelongitudinal stati dieletri permittivity "�33 diverge. As one an see, thediagram is symmetri with respet to a hange �6 ! ��6. An inreasein the transition temperature with stress �6 is pratially linear with theslope �TC=�j�6j = 21:6 K/kbar, whih is muh faster with than withhydrostati or uniaxial p = ��3 pressure [13℄.The observed \Y"-shaped form of the phase diagram is not uniquebut typial for the systems in �elds onjugate to the order parameter.The TC � E3 phase diagram of KH2PO4 of the same topology was ob-tained within the phenomenologial approah without invoking any mi-rosopi model by Shmidt [27℄; an inrease in the transition temper-



25 ðÒÅ�ÒÉÎÔature with E3 and ease of the transition at ertain ritial E�3 wereobserved experimentally in KD2PO4 by Sidnenko and Gladkii [29℄.
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Figure 9. Stress dependenes of the thermodynami potential and solutions ofequation for the order parameter at di�erent values of temperature: a) 209 K,b) 210.5 K, ) 211 K, d) 212 K. TC0 = 210:7 K. Æ and � orrespond to maximaand minima of the thermodynami potential, respetively.
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Figure 10. Dependenes of strain "6 on temperature at di�erent values ofstress �6 (bar) (left): 1 { 0; 2 { 40; 3 { 40; 4 { 100; 5 { 150 and on stress �6at di�erent values of temperature T (K) (right): 1 { 209.0; 2 { TC0 = 210:7; 3{ 211; 4 { 211.3; 5 { T � = 211:57; 6 { 211.8.

210 211 212 213 214 215
0

1

2

3

4

5

 

 

P3, µ C/cm2

T(K)

54321

0 50 100 150

0

1

2

3

4

5

6

 

 

P3, µ C/cm2

σ6(bar)

543

2

1

Figure 11. Dependenes of polarization P3 on temperature at di�erent valuesof stress �6 (bar) (left): 1 { 0; 2 { 40; 3 { ��6 = 75; 4 { 100; 5 { 150 and on stress�6 at di�erent values of temperature T (K) (right): 1 { 209.0; 2 { TC0 = 210:7;3 { 211; 4 { 211.3; 5 { T � = 211:57; 6 { 211.8.Further inrease in stress slightly raises up the strain "6 and polar-ization P3. At temperatures T < TC and T � TC > 3 K values of "6 andP3 exhibit a nearly linear inrease with stress �6. At hanging the signof the stress �6, the absolute values of the strain "6 and polarization P3do not hange, but beome negative.



29 ðÒÅ�ÒÉÎÔLet us disuss the theoretial results for the stress inuene onthe physial harateristis of the K(H0:11D0:89)2PO4 rystal. The ma-jor stress �6 e�ets on the physial harateristis are related to thehanges indued by this stress in the harater of the phase transitionand, therefore, essential only in the viinity of the transition point; atjT � TCj > 5 K, these e�ets are negligibly small.In �g. 12 we plot the temperature and stress dependenes of theelasti onstant P66 at di�erent values of stress �6 and temperature. Asone an see, the elasti onstant P66 hange with temperature and stressexatly as the strain "6 and polarization P3 do.
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Figure 12. Dependenes of elasti onstant P66 on temperature at di�erentvalues of stress �6 (bar) (left): 1 { 0; 2 { 40; 3 { ��6 = 75; 4 { 100; 5 { 150and on stress �6 at di�erent values of temperature T (K) (right): 1 { 209.0; 2{ TC0 = 210:7; 3 { 211; 4 { 211.3; 5 { T � = 211:57; 6 { 211.8.Temperature dependenes of ompliane sE66 (�g. 13), oeÆient ofthe piezoeletri strain d36 and stress e36 (�g. 14), and of the diele-tri permittivity ""33 (�g. 15) at di�erent values of stress �6 are similar.The maxima of these harateristis shift to higher temperatures withstress. At �6 < ��6 , these harateristis reahes their maximal valuesat the transition temperatures. At �6 = ��6 � T = T �C the seond orderphase transition takes plae aompanied by a sharp inrease in thesequantities.The temperature urves of the onstants of piezoeletri stress g36and piezoeletri strain g36 (�g. 16) at di�erent values of stress �6 aresimilar to eah other. At �6 < ��6 , minor jumps in h36 and g36 areobserved, whih vanish at �6 = ��6 . At �6 > ��6 h36 � g36 inrease withtemperature, tending asymptotially to the values of h36, g36 at �6 = 0.
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Figure 13. Temperature dependene of ompliane sE66 at di�erent values of�6 (bar): 1 { 0; 2 { 40; 3 { ��6 = 75; 4 { 100; 5 { 150.
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Figure 14. Temperature dependenes of oeÆient of piezoeletri strain d36and oeÆient of piezoeletri stress e36 at di�erent values of stress �6 (bar):1 { 0; 2 { 40; 3 { ��6 = 75; 4 { 100; 5 { 150.
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Figure 15. Dependenes of dieletri permittivity ""33 on temperature at dif-ferent values of stress �6 (bar): 1 { 0; 2 { 40; 3 { ��6 = 75; 4 { 100; 5 {150.
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Figure 16. Temperature dependene of onstant of piezoeletri stress h36 andonstant of piezoeletri strain g36 at di�erent values of stress �6 (bar): 1 { 0;2 { 40; 3 { ��6 = 75; 4 { 100; 5 { 150.

ICMP{99{25E 32The stress dependenes of the ompliane sE66, oeÆients of piezo-eletri strain d36, piezoeletri stress e36, dieletri permittivity ""33 atdi�erent values of temperature are presented in �gs. 17, 18, 19.
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Figure 20. Dependenes of onstant of piezoeletri stress h36 and onstant ofpiezoeletri strain g36 on stress �6 at di�erent values of temperature T (K):1 { 209.0; 2 { TC0 = 210:7; 3 { 211; 4 { 211.3; 5 { T � = 211:57; 6 { 211.8.on stress at di�erent values of temperature along with the experimentalpoints for �6 = 0.In the paraeletri phase, the experimental data are desribed by thetheory rather well. As temperature rises, "11 gradually inreases in theferroeletri phase, has an upward jump at at the transition temperature,the jump magnitude being equal to zero at �6 = ��6 . At �6 = 0 the val-ues of "11 slightly dereases with temperature in the paraeletri phase,whereas at �6 6= 0 after the upward jumps it asymptotially tends to thevalues of "11 at �6 = 0. At �6 = ��6 "11 exhibits only smooth inreasewith temperature.At temperatures T < TC, the magnitude of "11 is lowered down bystress �6. If TC < T < T �C, "11 slightly dereases with stress, then atstresses orresponding to the urve of phase equilibrium it has a down-ward jump, the size of whih �"11 is zero at �6 = ��6 . At further inreasein stress �6, "11 dereases linearly. At T > T �C the permittivity "11 ex-hibits a smooth derease with stress �6.In �g.22 we plot the dependene of spei� heat of a deuteron subsys-tem of K(H0:11D0:89)2PO4 on temperature at di�erent values of stress �6and dependene of �C�6 on stress �6 at di�erent values of temperature.In the ferroeletri phase at �6 = 0, the magnitude of �C�6 inreasesas temperature approahes TC, has a downward jump at the transitionpoint, and is nearly onstant in the paraeletri phase. On inreasingstress �6 up to ��6 , the maximum of �C�6 inreases, reahing its maximal
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Figure 21. Dependenes of dieletri permittivity ""11 on temperature at dif-ferent values of stress �6 (bar) (left): 1 { 0; 2 { 40; 3 { ��6 = 75; 4 { 100; 5 {150 and on stress �6 at di�erent values of temperature T (K) (right): 1 { 209.0;2 { TC0 = 210:7; 3 { 211; 4 { 211.3; 5 { T � = 211:57; 6 { 211.8.value at �6 = ��6 , whereas the further inrease in stress lowers down themaximal value of �C�6 and shifts it to higher temperatures. Under stress�6 the jump �C�6 is smeared out.At temperatures lower than TC, the �C�6 inreases with stress �6.At T < T �C the magnitude of �C�6 �rst slightly inreases with stress,and then at stresses orresponding to the urve of phase equilibriumit exhibits a sharp inrease, diverging at T = T �C and �6 = ��6 �C�6 .The further inrease in stress gradually dereases �C�6 . At temperaturesT > T �C, the spei� heat �C�6 smoothly inreases with stress, reahes amaximum and smoothly dereases.Temperature and stress dependenes of the pyroeletri oeÆient p�6and of the oeÆient of linear expansion �6 are analogous to those ofthe spei� heat �C�6 .6. Conluding remarksIn this paper we present the mirosopi model for a desription of thestress �6 on the phase transition, stati dieletri, elasti, piezoeletri,and thermal properties of deuterated ferroeletris of the KD2PO4-type.Unlike hydrostati or uniaxial p = ��3 pressures, the stress �6 lowers thesymmetry of the high-temperature phase down to the symmetry of thelow-temperature phase. As the eletri �eld E3, the stress �6 indues in
ICMP{99{25E 36

210 211 212 213
0

500

1000

1500

2000

2500

3000
∆ C6

σ , J/mol K

T(K)

5

4

3

2
1

0 50 100 150
0

1000

2000

3000

4000

5000

6

 

 

∆ C6
σ , J/mol K

σ 6(bar)

5

4

3
2
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