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A nonlinear thermodynamic theory is used to predict the equilibrium polarization states and
dielectric properties of ferroelectric thin films grown on dissimilar substrates which induce
anisotropic strains in the film plane. The “misfit strain-temperature” phase diagrams are constructed
for single-domain PbTi@Qand PR 35Sty 657105 films on orthorhombic substrates. It is shown that the
in-plane strain anisotropy may lead to the appearance of new phases which do not form in films
grown on cubic substrates. The strain-induced dielectric anisotropy in the film plane is also
calculated and compared with the anisotropy observed 8k ¢sTiO5 films deposited on
NdGaQ,. © 2005 American Institute of PhysidDOI: 10.1063/1.1855389

Physical properties of single-crystal ferroelectric films lations, we obtained the following generalized expression for
are  intensively  studied  experimentdlly and  the modified potentials as a function of the polarization
theoretically’ ™ Up to now, the theoretical investigations componentd; (i=1, 2, 3:
were restricted to thin films grown of®01)-oriented cubic
substrates. In this particular case, the strain field is iSOtropiG = o, P? + a,P3 + asP2 + agP1P, + ay (P} + P3)
in the film plane. However, other substratesy., orthorhom- A4 kD oo % o 5 6. 6
bic) generally will induce the in-plane strain anisotropy. Re- T @asPa* arg(PL+ Po)P3+ appPiPs + anny(Pr + P3
cent experiments have shown that the strain anisotropy may  + pS) + oy, P}(P5 + P3) + P3(P% + P3) + P§(P2 + P3)]
significantly affect the film dielectric propertié$in this let- . )
ter, we extend the thermodynamic theory of ferroelectric thin [S12(Ufy + Uprp) = 2SyoUimg Unp ] + Ume
films"* to epitaxial layers with anisotropic in-plane strains. 2$,- ) 2544

We shall consider single-domain ferroelectric films 1)
grown in the (001)-oriented cubic paraelectric phase on a
dissimilar substrate. In general, the substrate induces two difvhere
ferent in-plane strainsj; andu,, and a shear deformatian

+ oy PIP5P3 +

in the film. (We use the Voigt matrix notation and the refer- ! = 4, + Ui (QuzS12~ QuaS1y) + Uma Quas12 ~ QuzS1a) ,
ence frame with the; axis orthogonal to the film surfaces. (Sil_ ﬁz)

The strain field inside the film is taken to be homogeneous in

our th_e_ory.(Thist approximation can be u_sed even for films S Up(Q12S12 = Q11817) + Urp(Q11812 — Q12517
containing a thin inhomogeneously strained layer near the %2~ %1 (Sfl‘ﬁz) '

interface, being caused, e.g., by the presence of misfit
dislocation$® or a superstructu Since the in-plane N
strains are governed by a thick substrate, they can be re- 3= g - M ag:—%um&
garded as fixed parameters of the film/substrate system: (S11+ 812 Ss4
=Um1, Up=Upp, U=Upe. The misfit strains can be calculated \pere 4, a;j, andayy, are the dielectric stifiness coefficients
as Um=(a1-8)/8, Ump=(8,80)/a, and Ume=y=7/2, 4t constant stress,, are the elastic compliances at constant
where g, is the equivalent cubic cell constant of the free- yo|arization,Q,, are the electrostrictive constants, ardare
standing film,a, anda, are the in-plane lattice constants of {he yenormalized coefficients introduced in Ref. 7. Equation
the epitaxial film, andy is the angle betweef100) and(010) (1) shows that the anisotropy of normal strains affects only
crystallographic axes in the strained f'_ﬁzn- the second-order polarization term$P? and a,P3. On the

For epitaxial films with a mechanically free upper sur- oiner hand, in the presence of a nonzero shear irairthe
face, the equilibrium thermodynamic states can be fclund Vigim energy becomes dependent on the sign of polarization
the minimization of a modified thermodynamic poten@l  components; and P,.
which is derived by the Legendre transformation of the stan- Using the derived potentia} we calculated the “misfit
dard elastic Gibbs functio®.'® Performing necessary calcu- strain-temperature” phase diagram of PLTICPT) films
grown on(001)-oriented orthorhombic substratésFor the
dpermanent address: State Polytechnical University, 195251 St. Petersbuiglaterial parameters of PT involved in Ed), we employed
Russia. the numerical values listed in Ref. 7. In the discussed case,
PPermanent address: A. F. loffe Physico-Technical Institute, Russian Acadqy =0 so that the phase diagram can be constructed using
emy of Scien_ce_s, 1940_21 St. Petersburg, Russia; electronic mailt'he misfit strainau u and temperatur@ as three inde-

rtsev main.ioffe.rssi.r mls ~m2s
C),’itlas:)seat@IOInostit?Jt f?]reresstkl:jrperforschung, Forschungszentrum JulichP€ndent variables. The cross section of the developed 3D
D-52425 Jiilich, Germany. diagram by the plana,;=-U,, is shown in the Fig. 1. This
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FIG. 1. Vertical cross section of the 3D phase diagram of PRThd films

grown on dissimilar orthorhombic substrates. This cross section corresponddG. 3. Effect of the in-plane strain anisotropy on the dielectric constants of
to the planeu,;=-u,, and contains stability ranges of the following polar- epitaxial PbTiQ films (T=25 °C). The anisotropy factor equal8=(u,
ization statesc phase with the spontaneous polarizatfyrorthogonal to the  —up)/ (U +Uyp). The dependencies are calculated @, +u,,=-10
interface;a’ anda” states, wheré, is oriented along th¢100] and[010] X 1073 they are valid only within the stability range of tlegphase.
crystallographic axes, respectivebg’ andca’ states withPg inclined to the
interface and parallel to th@®10) or (100 plane. The first- and second-order . . L
phase transitions are shown by thick and thin lines, respectively. Since the renormalized second-order coefficienfsof
PT films are positivé,the paraelectric to ferroelectric phase

i ) i __transition is of the second order. The temperafly®f this
phase map is very different from the diagram of PT filmsy,oncition can be calculated analytically ~ asT,

grown on cubic substratés(The latter represents the cross =maxT,,T,, T4}, where
section of 3D diagram by the plang,=u,,.) Remarkably, e
when the misfit strains are opposite in sign, new ferroelectric T =Tote.C Qut Q1z( fu)
phases appear, which do not formuat =u,,. These are the 1= 10" %o S+ S U1 * Umo
a phase, where the spontaneous polarizafigns oriented
along one of the in-plane edges of the prototypic unit cell, + LQH(U —-u ))
and theca phase, wher®; is parallel to one of the out-of- S11—S12 i me
plane faces of this cell.

The phase map of PT films at room temperature is Qi1+ Q2
shown in Fig. 2. It should be emphasized that anisotropic T2:T0+80C( s +s (U + Urrp)
misfit strains (uy; # Uyp) lower the symmetry of the we
paraelectric phase from cubic to orthorhombic. Hence, the _ Qll‘le(u ~u ))
symmetry of ferroelectric phases also lowers. Instead of the S11= S12 miTm2
monoclinicr phase(P;=P,+# 0,P;# 0) forming in PT films
grown on cubic substratésthe triclinic r* phase(P; # P, Q12U + Upp)
+P,+0) appears in the general case. The strain anisotropy 13~ o+ 2e0C (s1*s12) @

also transforms thaa phase(|P4|=|P,| #0,P3=0) into the . _

aa phase, wher®; is rotated away from the in-plane face ToandC are the Curie-Weiss temperature and constant of a

diagonal of the unit cellP;# P, 0,P3=0). bulk crystal, andk, is the permittivity of the vacuum. Equa-
tion (2) demonstrates that the anisotropy dsitive misfit
strains always raiset., whereas the anisotropy okgative

PbTiO, misfit strains does not affect this temperature.

The dielectric properties of ferroelectric films must de-
pend on the strain anisotropy as well. To demonstrate this
effect, we calculated small-signal dielectric constassof
PT films with the out-of-plane polarization stat®,=P,
=0,P3#0). When u,;=U.p, this state corresponds to the
tetragonalc phase so that the dielectric response is isotropic
in the film plane. Atu, # Uyp, the symmetry of the phase
lowers to orthorhombic, which induces the in-plane dielec-
tric anisotropy(eq11# €5,). Variations of the film dielectric
constants with the anisotropy factQ8= (U —Umz)/ (Umt
20+ +U,p) are shown in Fig. 3. It can be seen that the strain-

20 -10 0 10 20 induced anisotropy of the in-plane dielectric response may

. . 3 be significant.
Misfit strain v, [10°] In order to compare our theoretical predictions with
FIG. 2. Horizontal cross section of the 3D phase diagram of single-domair?va"able eXpe”mental da{é'we also calculated the eqU|I|b-

PbTIO; films grown on dissimilar orthorhombic substrates. The phase magiUMm phase states and dielectric properties qf 88 657103

corresponds td=25 °C. (PST) films grown on orthorhombic substrates. For PST of
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