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Strain-induced diffuse dielectric anomaly and critical point in perovskite ferroelectric thin films
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It is shown that a strong but diffuse dielectric anomaly, commonly expected only in disordered ferroelectrics,
may be inherent in strained and defect-free perovskite ferroelectric thin films. The origin of this unusual
anomaly, which was never predicted for a defect-free system, is the overcritical trace of a critical point in the
film phase diagram. This possibility is illustrated by the mean-field thermodynamic calculations performed for
(11D-oriented PbTIQ films epitaxially grown on dissimilar cubic substrates. It is shown that clear symmetry
reasons exist for the unusual behavior of the system. The essential prediction of the theory is that the type of
the dielectric anomaly can be tailored by the sign of the misfit strain imposed on the film in paraelectric state:
compressive strain leads to a standard Curie-Weiss anomaly, whereas the tensile one results in a diffuse
anomaly.
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Anomalies in the temperature dependendd) of the film plane are usually different from those in tffEL1) cut of
dielectric permittivity are known to be a typical feature of a mechanically free crystal. When the film is in the paraelec-
ferroelectric materials. Up to now, the thermodynamic treat+ric state, this difference can be described by the so-called
ment of various systems has revealed only three types ahisfit-strain-tensou(™. In the discussed case, this tensor,
these anomalies in a defect-free single-domain crystal: singpyiously, has only two nonzero components=u,=u,,.
gularity, discontinuity, and discontinuity in the slope of the [\we yse the Voigt matrix notation and the rectangular Carte-
&(T) curve(e.g., cusp® These ideal types of anomalies are sian reference framex(,X,,X3) with the X5 axis perpen-
often experimentally detected in bulk single-crystalline ma-gjicyjar to the film/substrate interfage. The misfit strainu,,
terials, with a certain degree of smearing of the smgulantlesi,S generally a function of temperatufie(mainly due to the

}/;/Qlcuhenc?n otf)?hgttrgggtseudrir:o fsigﬁjhof)&”enisr:;u?gézrifzseg'erggdiﬁerence in thermal expansion coefficients between the film
q y ; 9 L and substrajeand may also depend on the film thickness and
On the other hand, in ferroelectric thin films, as a rule, th

e . . . e
dielectric anomalies are substantially diffusee, e.g., Ref. deposition temperature because of the generation of misfit

2). Usually, this smearing cannot be attributed to the effect mdlslocatlons at the film/substrate interfdceWe shall con-

frequency dispersion so that defect-related arguments afdde’Um @s a given parameter at any temperafliréenclud-

called on. ing the temperature range, where the film is in a ferroelectric

The goal of this paper is to demonstrate that, in straine@tate. In this range;-up, will be defined as a deformation
perovskite thin films, a regular reason appears for the exis?eeded to transform the actual in-plane lattice parameter of
tence of a strong but diffuse dielectric anomaly. Namely,the epitaxial film into the corresponding lattice parameter of
such an anomaly can be induced by the presence afibe  the stress-free paraelectric phase extrapolated to a given tem-
critical trace of a critical point in the film phase diagram. We peratureT. As demonstrated in the case (#01)-oriented
will show that this phenomenon, which is rare in the case operovskite films)’ the introduction of two external param-
transitions in bulk crystal$may occur naturally in strained etersT anduy, is sufficient for the determination of single-
(111)-oriented perovskite films. This possibility will be illus- domain states of an epitaxial film, if it is thick enough so that
trated by calculations performed for single-domain states ofhe so-called microscopic size effects can be negleed
(111)-oriented PbTiQ films epitaxially grown on dissimilar Refs. 4 and 8 from Ref.)6Using the approach developed in
cubic substrates. Refs. 6 and 7, we shall derive now the misfit strain-

We will start with a thermodynamic analysis of phasetemperature phase diagram for single-donaiti)-oriented
transitions occurring iril11)-oriented epitaxial PbTiQ(PT) PT films.
films. Due to the mechanical coupling between the film and For PT, the thermodynamic analysis may be based on the
substrate, the lattice parameters of the ferroelectric in théollowing expansion of the elastic Gibbs functiGh(Ref. 8:

G=ay(P{+P3+P%) +ay(Pi+Py+ Py +a(PIP3+PIPS+PIP)) +auu(PE+ PS+PY) +ayd Pi(P;+P))
+PY(PI+P2) + Po(PI+ P2 1+a1,PIPIP5— 5 511(57+ 55+ 55) = S1a(G152+ 0153+ 5307) — 5 Sal(05+T5+Tp)
—Qui(T1PI+T,P5+T5P3) — Qud 01(P5+P3) +T3(P1+P3) + To(P1+ P21 - Quu(PoPsT4+ P1PsTs+ PoP1e),

1)
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whereP; anda; are the polarization and stress componentsstate (1,,<<0), therhombohedrakingle-domain ferroelectric

defined in the crystallographic reference frar¥g (X,,X5).  State is expected to form ifi11)-oriented PT films.
Equation(1) may be rewritten in the film frameX(,X,,X3) However, completely new features can be also seen in
by using the frame transformatiof)= A;;X; with the matrix E]Ig.plﬁalzslgsst,a% I;r;?n(;:(sa?r;]g:)pphégrzhﬁ%izgnlfpl)tl\?vﬁfte\llvsr?t?cal
A given by(the X; axis is taken to be parallel to tfhé 1 0] ’

) ; point (like in liquid-vapor systems Second, a special line
two fold axis of the cubic parent phgse exists in the phase diagram ¢f11)-oriented films, shown

W3 —1h3 0 with the dashed line in Fig. 1. On crossing this line, the

dielectric response 33 along the normal to the film plane
A=| 16 16 -—21/6]. (2)  exhibits a sharp, but nonsingular maximysee Fig. 23)].
W3 1N3 1W3 Figure 3 shows the misfit-strain dependence of the maximum

permittivity £33 observed on crossing this line. The afore-

The most straightforward way to describe the thermodynammentioned features are very unusual for bulk ferroelectrics.

ics of thin films is, first, to pass from the elastic Gibbs func-Nevertheless, the analysis reveals that(ltl) perovskite

tion G to the thermodynamic potential corresponding to thethin films, a regular reason exists for their appearance.

mixed mechanical boundary conditions,=u,=u,, Ug The possibility to have afiisolated critical point in the

=0, andoy=0,=05=0 imposed on an epitaxial film and, phase diagram can be derived from the analysis of the origin

second, to eliminate rest of mechanical variables using thef ferroelectric single-domain states in the system. Evidently,

same condition®’ This leads us to an effective thermody- the biaxial stress in the film lifts the degeneracy of some of

namic potentialG.«, which is a function of the temperature, the domain states and changes their symmetry. Figure 4 con-

polarization, and misfit strain,,, only. Applying this proce- tains a diagram that shows the possible ferroelectric phases

dure to the elastic Gibbs functiofl) rewritten in the film and their domain states allowed by the thermodynamic po-

frame (X;,X,,X3), we obtain the effective potential tential given by Eq(1) (Ref. 10 and the relation between
these and the possible phases of the strained system. This
Ger=af (P24 P2 +a% Pi+aly(PZ+ P2)%+ajPs relation is a result a straightforward symmetry analysis. It
TSP, 5 ) © can be seen from this diagram that three generically different
+aysP3(P1+ P2) +az0P2P3(P;—3P7) + G, phases of then symmetry are possible. Transitions between
these phases, if any, will be isomorphic. Thus there is a sym-
. 2(2Q1114Q15— Qu4) metry reason for the existence of a line of isomorphic phase
83 =a1— 45,1+ 8515+ S, Um, 3 transitions(with a critical point at the end of)itin the phase
diagram of(111)-oriented PT films.
. 2(2Q41+4Q 10+ Quyf2) The line of_a sharp peak of thg permittiviéys, shown by
aj=a;— Umn» the dashed line in the phase diagrésee Fig. 1, can be
4511+ 8815t Sys

regarded as a special type of tbhgercritical trace of an
whereG®) represents the® terms of Eq.(1) transformed to ist_)lated crit?cal poin_t. Howeyer, the fact that even far from
the film frame and the contributions independent of the polhiS Point this trace is associated with a very strong anomaly
larization P are omitted. In Eq(3), the explicit expressions of £33is related to another fascm.atlng fgature of the system.
are given only for the renormalized second-order coeffi-1 NS feature can be revealed by inspecting the expar(Sion
cients. For the fourth-order coefficients, explicit expression®! the effective potentiaBey . It can be seen that two polar-
are very cumbersome so that we list here only their numeri-

cal values for PT films. Using the parameteos$ the Gibbs T (C)
function G taken from Ref. 8, we found thaa};=3.9 800
X107, a%,=2.3x1C°, a};=0.92<10°, and a,,;=0.63

x 10 (all in SI units. 600

As expected from general considerations, the thermody-
namic potential3) corresponds to a system of thexdym-

metry, instead of then3m symmetry inherent in bulk PT 200
crystals. Performing the minimization &.«(P;,uy,,T) with
respect to the polarization componeRts we developed the
phase diagram shown in Fig. 1. It can be seen that, depend- =20 -10 0 10
ing on the misfit strain, the paraelectric-to-ferroelectric trans- ;5 1 wisfit strain vs temperature phase diagram fior)
formation in (111) PT films results in the appearance of gjngie domain PbTi@thin film epitaxially grown on a dissimilar
phases having then8 or m symmetry. Similar to the case of ¢ypjc substrate. The biaxial misfit strai, is counted from the
single-domain(001)-oriented PT films, due to the substrate paraelectric state of mechanically free PbJidhe second- and
effect, this phase transition changes its order from the first t@st-order phase transitions are shown by thin and thick lines, re-
second one and leads to the formation of new ferroelectrigpectively. The overcritical trace of the critical point is shown by
phases, which do not exist in bulk PT. In particular, when thehe dashed line. The point group symmetry of the phases is indi-
substrate imposes biaxial compression on the film prototypicated.
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FIG. 4. Diagram illustrating relation between the possible
0.3 ~— P, phases of a ferroelectric perovskite when itli§) strained and the
0.2 P3 possible domain states of the same ferroelectric when it is mechani-
0.1 cally free. Point group symmetry and the number of the domain
T (C) states of the phases are indicated. It is seen that, in the strained
300 400 600 700 800 state, three different phases of the samsymmetry are possible.
-0.1
0.2 P3 2 symmetry or of them symmetry. If the 2 phase forms
(P,#0,P,=0,P3=0), the behavior of the system would be

FIG. 2. The out-of-plane component of the relative dielectricmalnly controlled by a wea}-F( b|quadraf[|c coupling between
P, and P53 (a comprehensive analysis of the effect of the

ermittivit a) and the spontaneous polarizatidn, out-of- . ; L . . S
permittivity ess (2 P P @ biquadratic coupling is offered in Ref. L2This situation is

plane (P3;) and in-plane P,) components, calculated as functions ~ 1" ; .
of temperature for &lll) single-domain PbTi@ thin film. The Slmllar to that found in the thermodynamics @001)-

curves correspond to the vertical cross section of the diagrarffiented BaTiQ films,® where a quadruple point of the
shown in Fig. 1 for the values of the misfit strain indicated. TheSe€cond-order phase transitions appears in the phase diagram
change of the slope d;(T) corresponds to crossing the overcriti- at Un=0. When the transition to a phase of timesymmetry
cal trace shown in Fig. 1 by the dashed line. takes place, a pseudoquadruple point should appear formed
by two lines of the second-order phase transitions, a line of
ization instabilities are inherent in the paraelectric film,the first-order transformation, and an overcritical trace. This
which correspond to the appearance of the in-pléatea; type of behavior, which is actually found in our systésee
=0) and out-of-plang(at a§ =0) polarization components. Fig. 1), can be readily explained in terms of the energy ex-
Since in PT(and in many other perovskitethe unit cell is ~ Pansion(3).
elongated along the polar axis and contracts in the transverse The pseudoquadruple point and a strong dielectric
directions, the compressive misfit strain{<0) facilitates ~@nomaly along the overcritical trace are caused by the pres-
the out-of-plane direction of the spontaneous polarizationence of theP,P3(P5—3P%) coupling term in Eq(3), which
resulting in the rhombohedral ferroelectric phase. On thds allowed by the 8 symmetry of the paraelectric film.
contrary, the tensile misfit strainug,>0) favors the in-plane  Once the in-plane componeRY, of the polarization has ap-
ferroelectric instability. In this case, according to the schemepeared, via this term its out-of-plane component becomes a
shown in Fig. 4, the resulting phase can be either of thgecondary order parametego Pg [see Fig. 2b)]. One can
say that, due to this term, the in-plane polarization compo-

€33 (10%) nentP, induces a weakictive out-of-plane electric field act-
60 ing on P5. Therefore, when on cooling the film crosses the
50 line of the out-of-plane polarization instabilitythe situation
40 becomes similar to that at the second-order phase transition
in the presence of a weak electric field. This explains the
30 smearing out of the singularity in the dependence gfon
20 temperature. However, since the fictive field is weak, the

anomaly remains strong. The physical meaning of the line of
this anomaly is the overcritical trace, which passes through
5 5 5 20um(lo‘:‘) the critical point and ends up at the pseudoquadruple point.
Another feature of the pseudoquadruple point—namely,
FIG. 3. Misfit-strain dependence of the out-of-plane componenthe first-order phase transition between ther3and “ m’
of the relative dielectric permittivity: 55 calculated along the over- phases, is also symmetry determined. Considering the insta-
critical trace shown in Fig. 1 by the dashed line. bility of the 3m phase with respect to the appearance of the
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polarization componentP,, it is seen that here the metry and with close temperatures of the in-plane and out-
p2p3(p§_3p§) term induces a cubic invariant foP,, of-plane polarization instabilities. As follows from the above
which is proportional td®30P3 (P, is the spontaneous value analysis, it is these features that are crucial for the specific
of P4). The cubic order-parameter invariant in the LandauP€havior of the system.

expansion is known to exclude the possibility of the second- Conceming the approach used in the paper the following
order phase transition in the systefn. remark should be made. Our calculations are based on the

Thus we have shown that, {11) perovskite ferroelectric Gibbs energy expansion that is available for bulk PT at the

films, a regular symmetry reason exists for the appearance ﬁoment. The information contained in thls_ex_pansmn r_nlght
smeared but still strong and sharp dielectric anomaly if the,fﬂCtually not be enough_for_ a correct quantitative description
substrate imposes tensile straing,0) on the film proto- of the pro_blem. The pointis t4hat, at present, we do not pos-
typic cubic state. On the other hand, when the substrate inpeSs any mformapqn on theP -type'terms'. It can be shown
poses compressive strains on this state<(0), there is no th.at, after.the ellm_lrjatlc_)n of elas'gc varla_bles, these terms
reason for the smearing of dielectric anomaly. As shown ir;[W'” result in a modnﬁcapon Of. theP terms in th_e effective
Fig. 2, the standard Curie-Weiss singularity fof; is ex- herm_odynamm |Iootefntr|1al. Tlh'sl mod|f|cat|<f:)n will aff_ect th?.
pected in(111) PT films atu,,<0. We would like to stress q“?‘”t"at'vle resu tsho the calcu at'OT;S-hAS or Ourorlnaln qu?|- f
that, in the case oflll)-oriented PT films, the theoretical tative result, 1.e., the appearance of the smeared anomaly o

predictions could be checked experimentally. The tensilé 33 it holds as long as the in-plane instability results in a
conditions in the paraelectric phase can be achieved by usirﬁ'a‘c’e6 with then symmetry. However, if the modification of
Si as a substrate, because its thermal expansion coefficie e P terms leads to the preferen_ce of th? 2 phase, the
(TEC) of about 2<10 6K is well below the TEC of PT prediction of the smeared anomaly is n_ot valid anymore.
(~8x10 6K ~1). The compressive conditions could be pro- In summary, we have shown that a diffuse static dielectric

vided by MgO substrate, which has a TEC of about 14anomaly in ferroelectrics can arise not only due to the pres-
%10 6K-1 ' ence of imperfections, as customary believed, but also be-

The presented analysis has explicitly addressed the Singlg_ause of the strain effect. The origin of the smeared anomaly

domain case. The application of the obtained results to th gr?]'r:a?z;uor\éercggf:'(;irgcfaﬁ('s\::/gg Ag\sze d@ﬁgtnittrrz:tggetfgfin
multidomain situation may be impeded by the impact of the P P 9 ‘

domain-assisted stress reled&eiowever, to certain multi- -LD-0riented perovskite films these phenomena have regu-
domain cases, our results are applicable. First, thegaae- lar symmetry reasons for existence. A quantitative descrip-
titatively applicable to the situatiorttypical for very thin tion .Of the above phenome_na has been prese”.teﬂl@ .
films'¥) where the domain period is larger than the film PDTIO; films grown on cubic substrates. For this epitaxial
thickness so that the stress in the “bulk” of the domains is>YSteM: 1S predicted that,_dependlng on the type of strain
virtually equal to that in the corresponding single-domainc.ondltlons |mpos_ed on the film in the parae_lectnc state-
state. Second, the results can duglitatively applicable to sile or compressw)e_elther a smeared or a singular tempera-
the case of partial domain-assisted stress release. In this caglér,e anomaly O3 is expected.

the ferroelectric film will be still strained in thel11) plane, The work was supported by the Swiss National Science
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