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Strain-induced diffuse dielectric anomaly and critical point in perovskite ferroelectric thin films

A. K. Tagantsev, N. A. Pertsev,* P. Muralt, and N. Setter
Laboratoire de Ce´ramique, Ecole Polytechnique Fe´dérale de Lausanne, Lausanne CH 1015, Switzerland

~Received 10 July 2001; published 3 December 2001!

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
~111!-oriented PbTiO3 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 dependence«(T) of the
dielectric permittivity are known to be a typical feature
ferroelectric materials. Up to now, the thermodynamic tre
ment of various systems has revealed only three type
these anomalies in a defect-free single-domain crystal:
gularity, discontinuity, and discontinuity in the slope of th
«(T) curve ~e.g., cusp!.1 These ideal types of anomalies a
often experimentally detected in bulk single-crystalline m
terials, with a certain degree of smearing of the singularit
which can be attributed to such extrinsic factors as fin
frequency of the measuring field or the influence of defe
On the other hand, in ferroelectric thin films, as a rule,
dielectric anomalies are substantially diffuse~see, e.g., Ref.
2!. Usually, this smearing cannot be attributed to the effec
frequency dispersion so that defect-related arguments
called on.

The goal of this paper is to demonstrate that, in strain
perovskite thin films, a regular reason appears for the e
tence of a strong but diffuse dielectric anomaly. Name
such an anomaly can be induced by the presence of theover-
critical trace of a critical point in the film phase diagram. W
will show that this phenomenon, which is rare in the case
transitions in bulk crystals,3 may occur naturally in strained
~111!-oriented perovskite films. This possibility will be illus
trated by calculations performed for single-domain states
~111!-oriented PbTiO3 films epitaxially grown on dissimilar
cubic substrates.

We will start with a thermodynamic analysis of pha
transitions occurring in~111!-oriented epitaxial PbTiO3 ~PT!
films. Due to the mechanical coupling between the film a
substrate, the lattice parameters of the ferroelectric in
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film plane are usually different from those in the~111! cut of
a mechanically free crystal. When the film is in the parael
tric state, this difference can be described by the so-ca
misfit-strain-tensoru(m). In the discussed case, this tens
obviously, has only two nonzero componentsu15u2[um .
@We use the Voigt matrix notation and the rectangular Ca
sian reference frame (X1 ,X2 ,X3) with the X3 axis perpen-
dicular to the film/substrate interface.# The misfit strainum

is generally a function of temperatureT ~mainly due to the
difference in thermal expansion coefficients between the fi
and substrate! and may also depend on the film thickness a
deposition temperature because of the generation of m
dislocations at the film/substrate interface.4,5 We shall con-
siderum as a given parameter at any temperatureT, includ-
ing the temperature range, where the film is in a ferroelec
state. In this range,2um will be defined as a deformation
needed to transform the actual in-plane lattice paramete
the epitaxial film into the corresponding lattice parameter
the stress-free paraelectric phase extrapolated to a given
peratureT. As demonstrated in the case of~001!-oriented
perovskite films,6,7 the introduction of two external param
etersT and um is sufficient for the determination of single
domain states of an epitaxial film, if it is thick enough so th
the so-called microscopic size effects can be neglected~see
Refs. 4 and 8 from Ref. 6!. Using the approach developed
Refs. 6 and 7, we shall derive now the misfit stra
temperature phase diagram for single-domain~111!-oriented
PT films.

For PT, the thermodynamic analysis may be based on
following expansion of the elastic Gibbs functionG ~Ref. 8!:
G5a1~ P̃1
21 P̃2

21 P̃3
2!1a11~ P̃1

41 P̃2
41 P̃3

4!1a12~ P̃1
2P̃2

21 P̃1
2P̃3

21 P̃2
2P̃3

2!1a111~ P̃1
61 P̃2

61 P̃3
6!1a112@ P̃1

4~ P̃2
21 P̃3

2!

1 P̃3
4~ P̃1

21 P̃2
2!1 P̃2

4~ P̃1
21 P̃3

2!#1a123P̃1
2P̃2

2P̃3
22 1

2 s11~ s̃1
21s̃2

21s̃3
2!2s12~ s̃1s̃21s̃1s̃31s̃3s̃2!2 1

2 s44~ s̃4
21s̃5

21s̃6
2!

2Q11~ s̃1P̃1
21s̃2P̃2

21s̃3P̃3
2!2Q12@s1~ P̃2

21 P̃3
2!1s̃3~ P̃1

21 P̃2
2!1s̃2~ P̃1

21 P̃3
2!#2Q44~ P̃2P̃3s̃41 P̃1P̃3s̃51 P̃2P̃1s̃6!,

~1!
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BRIEF REPORTS PHYSICAL REVIEW B 65 012104
whereP̃i and s̃ i are the polarization and stress compone
defined in the crystallographic reference frame (X̃1 ,X̃2 ,X̃3).
Equation~1! may be rewritten in the film frame (X1 ,X2 ,X3)
by using the frame transformationX̃i5Ai j Xj with the matrix
A given by~theX1 axis is taken to be parallel to the@1 1̄ 0#
two fold axis of the cubic parent phase!

A5S 1/& 21/& 0

1/A6 1/A6 22/A6

1/) 1/) 1/)
D . ~2!

The most straightforward way to describe the thermodyna
ics of thin films is, first, to pass from the elastic Gibbs fun
tion G to the thermodynamic potential corresponding to
mixed mechanical boundary conditionsu15u25um , u6
50, ands35s45s550 imposed on an epitaxial film and
second, to eliminate rest of mechanical variables using
same conditions.6,7 This leads us to an effective thermod
namic potentialGeff , which is a function of the temperature
polarization, and misfit strainum , only. Applying this proce-
dure to the elastic Gibbs function~1! rewritten in the film
frame (X1 ,X2 ,X3), we obtain the effective potential

Geff5a1* ~P1
21P2

2!1a3* P3
21a11* ~P1

21P2
2!21a33* P3

4

1a13* P3
2~P1

21P2
2!1a2223P2P3~P2

223P1
2!1G~6!,

a3* 5a12
2~2Q1114Q122Q44!

4s1118s121s44
um , ~3!

a1* 5a12
2~2Q1114Q121Q44/2!

4s1118s121s44
um ,

whereG(6) represents theP6 terms of Eq.~1! transformed to
the film frame and the contributions independent of the
larizationP are omitted. In Eq.~3!, the explicit expressions
are given only for the renormalized second-order coe
cients. For the fourth-order coefficients, explicit expressio
are very cumbersome so that we list here only their num
cal values for PT films. Using the parameters9 of the Gibbs
function G taken from Ref. 8, we found thata11* 53.9
3108, a33* 52.33108, a13* 50.923108, and a222350.63
3108 ~all in SI units!.

As expected from general considerations, the thermo
namic potential~3! corresponds to a system of the 3m̄ sym-
metry, instead of them3̄m symmetry inherent in bulk PT
crystals. Performing the minimization ofGeff(Pi ,um,T) with
respect to the polarization componentsPi , we developed the
phase diagram shown in Fig. 1. It can be seen that, dep
ing on the misfit strain, the paraelectric-to-ferroelectric tra
formation in ~111! PT films results in the appearance
phases having the 3m or m symmetry. Similar to the case o
single-domain~001!-oriented PT films, due to the substra
effect, this phase transition changes its order from the firs
second one and leads to the formation of new ferroelec
phases, which do not exist in bulk PT. In particular, when
substrate imposes biaxial compression on the film prototy
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state (um,0), therhombohedralsingle-domain ferroelectric
state is expected to form in~111!-oriented PT films.

However, completely new features can be also seen
Fig. 1. First, a line ofisomorphic phase transitionsbetween
the phases ofm symmetry appears, ending up with a critic
point ~like in liquid-vapor systems!. Second, a special line
exists in the phase diagram of~111!-oriented films, shown
with the dashed line in Fig. 1. On crossing this line, t
dielectric response«33 along the normal to the film plane
exhibits a sharp, but nonsingular maximum@see Fig. 2~a!#.
Figure 3 shows the misfit-strain dependence of the maxim
permittivity «33 observed on crossing this line. The afor
mentioned features are very unusual for bulk ferroelectr
Nevertheless, the analysis reveals that, in~111! perovskite
thin films, a regular reason exists for their appearance.

The possibility to have an~isolated! critical point in the
phase diagram can be derived from the analysis of the or
of ferroelectric single-domain states in the system. Eviden
the biaxial stress in the film lifts the degeneracy of some
the domain states and changes their symmetry. Figure 4
tains a diagram that shows the possible ferroelectric pha
and their domain states allowed by the thermodynamic
tential given by Eq.~1! ~Ref. 10! and the relation between
these and the possible phases of the strained system.
relation is a result a straightforward symmetry analysis
can be seen from this diagram that three generically differ
phases of them symmetry are possible. Transitions betwe
these phases, if any, will be isomorphic. Thus there is a s
metry reason for the existence of a line of isomorphic ph
transitions~with a critical point at the end of it! in the phase
diagram of~111!-oriented PT films.

The line of a sharp peak of the permittivity«33, shown by
the dashed line in the phase diagram~see Fig. 1!, can be
regarded as a special type of theovercritical trace of an
isolated critical point. However, the fact that even far fro
this point this trace is associated with a very strong anom
of «33 is related to another fascinating feature of the syste
This feature can be revealed by inspecting the expansion~3!
of the effective potentialGeff . It can be seen that two polar

FIG. 1. Misfit strain vs temperature phase diagram for~III !
single-domain PbTiO3 thin film epitaxially grown on a dissimilar
cubic substrate. The biaxial misfit strainum is counted from the
paraelectric state of mechanically free PbTiO3. The second- and
first-order phase transitions are shown by thin and thick lines,
spectively. The overcritical trace of the critical point is shown
the dashed line. The point group symmetry of the phases is i
cated.
4-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 012104
ization instabilities are inherent in the paraelectric fil
which correspond to the appearance of the in-plane~at a1*
50! and out-of-plane~at a3* 50! polarization components
Since in PT~and in many other perovskites! the unit cell is
elongated along the polar axis and contracts in the transv
directions, the compressive misfit strain (um,0) facilitates
the out-of-plane direction of the spontaneous polarizati
resulting in the rhombohedral ferroelectric phase. On
contrary, the tensile misfit strain (um.0) favors the in-plane
ferroelectric instability. In this case, according to the sche
shown in Fig. 4, the resulting phase can be either of

FIG. 2. The out-of-plane component of the relative dielect
permittivity «33 ~a! and the spontaneous polarization~b!, out-of-
plane (P3) and in-plane (P2) components, calculated as function
of temperature for a~III ! single-domain PbTiO3 thin film. The
curves correspond to the vertical cross section of the diag
shown in Fig. 1 for the values of the misfit strain indicated. T
change of the slope ofP3(T) corresponds to crossing the overcri
cal trace shown in Fig. 1 by the dashed line.

FIG. 3. Misfit-strain dependence of the out-of-plane compon
of the relative dielectric permittivity«33 calculated along the over
critical trace shown in Fig. 1 by the dashed line.
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2 symmetry or of them symmetry. If the 2 phase form
(P1Þ0,P250,P350), the behavior of the system would b
mainly controlled by a weak11 biquadratic coupling between
P1 and P3 ~a comprehensive analysis of the effect of t
biquadratic coupling is offered in Ref. 12!. This situation is
similar to that found in the thermodynamics of~001!-
oriented BaTiO3 films,6,7 where a quadruple point of th
second-order phase transitions appears in the phase dia
at um50. When the transition to a phase of them symmetry
takes place, a pseudoquadruple point should appear for
by two lines of the second-order phase transitions, a line
the first-order transformation, and an overcritical trace. T
type of behavior, which is actually found in our system~see
Fig. 1!, can be readily explained in terms of the energy e
pansion~3!.

The pseudoquadruple point and a strong dielec
anomaly along the overcritical trace are caused by the p
ence of theP2P3(P2

223P1
2) coupling term in Eq.~3!, which

is allowed by the 3̄m symmetry of the paraelectric film
Once the in-plane componentP2 of the polarization has ap
peared, via this term its out-of-plane component become
secondary order parameterP3}P2

3 @see Fig. 2~b!#. One can
say that, due to this term, the in-plane polarization com
nentP2 induces a weakfictiveout-of-plane electric field act-
ing on P3 . Therefore, when on cooling the film crosses t
line of the out-of-plane polarization instability,13 the situation
becomes similar to that at the second-order phase trans
in the presence of a weak electric field. This explains
smearing out of the singularity in the dependence of«33 on
temperature. However, since the fictive field is weak,
anomaly remains strong. The physical meaning of the line
this anomaly is the overcritical trace, which passes throu
the critical point and ends up at the pseudoquadruple po

Another feature of the pseudoquadruple point—nam
the first-order phase transition between the ‘‘3m’’ and ‘‘ m’’
phases, is also symmetry determined. Considering the in
bility of the 3m phase with respect to the appearance of

m

t

FIG. 4. Diagram illustrating relation between the possib
phases of a ferroelectric perovskite when it is~III ! strained and the
possible domain states of the same ferroelectric when it is mech
cally free. Point group symmetry and the number of the dom
states of the phases are indicated. It is seen that, in the stra
state, three different phases of the samem symmetry are possible.
4-3
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polarization componentP2 , it is seen that here the
P2P3(P2

223P1
2) term induces a cubic invariant forP2 ,

which is proportional toP30P2
3 ~P30 is the spontaneous valu

of P3!. The cubic order-parameter invariant in the Land
expansion is known to exclude the possibility of the seco
order phase transition in the system.10

Thus we have shown that, in~111! perovskite ferroelectric
films, a regular symmetry reason exists for the appearanc
smeared but still strong and sharp dielectric anomaly if
substrate imposes tensile strains (um.0) on the film proto-
typic cubic state. On the other hand, when the substrate
poses compressive strains on this state (um,0), there is no
reason for the smearing of dielectric anomaly. As shown
Fig. 2, the standard Curie-Weiss singularity for«33 is ex-
pected in~111! PT films atum,0. We would like to stress
that, in the case of~111!-oriented PT films, the theoretica
predictions could be checked experimentally. The ten
conditions in the paraelectric phase can be achieved by u
Si as a substrate, because its thermal expansion coeffi
~TEC! of about 231026 K21 is well below the TEC of PT
('831026 K21). The compressive conditions could be pr
vided by MgO substrate, which has a TEC of about
31026 K21.

The presented analysis has explicitly addressed the sin
domain case. The application of the obtained results to
multidomain situation may be impeded by the impact of t
domain-assisted stress release.14 However, to certain multi-
domain cases, our results are applicable. First, they arequan-
titatively applicable to the situation~typical for very thin
films14! where the domain period is larger than the fil
thickness so that the stress in the ‘‘bulk’’ of the domains
virtually equal to that in the corresponding single-doma
state. Second, the results can bequalitatively applicable to
the case of partial domain-assisted stress release. In this
the ferroelectric film will be still strained in the~111! plane,
thus representing a system with the 3m̄ parent-phase sym
u

.
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metry and with close temperatures of the in-plane and o
of-plane polarization instabilities. As follows from the abo
analysis, it is these features that are crucial for the spe
behavior of the system.

Concerning the approach used in the paper the follow
remark should be made. Our calculations are based on
Gibbs energy expansion that is available for bulk PT at
moment. The information contained in this expansion mi
actually not be enough for a correct quantitative descript
of the problem. The point is that, at present, we do not p
sess any information on thesP4-type terms. It can be show
that, after the elimination of elastic variables, these ter
will result in a modification of theP6 terms in the effective
thermodynamic potential. This modification will affect th
quantitative results of the calculations. As for our main qua
tative result, i.e., the appearance of the smeared anoma
«33, it holds as long as the in-plane instability results in
phase with them symmetry. However, if the modification o
the P6 terms leads to the preference of the 2 phase,
prediction of the smeared anomaly is not valid anymore.

In summary, we have shown that a diffuse static dielec
anomaly in ferroelectrics can arise not only due to the pr
ence of imperfections, as customary believed, but also
cause of the strain effect. The origin of the smeared anom
lies in an overcritical trace existing in the misfit strain vers
temperature phase diagram. We have demonstrated th
~111!-oriented perovskite films these phenomena have re
lar symmetry reasons for existence. A quantitative desc
tion of the above phenomena has been presented for~111!
PbTiO3 films grown on cubic substrates. For this epitax
system, it is predicted that, depending on the type of st
conditions imposed on the film in the paraelectric state~ten-
sile or compressive!, either a smeared or a singular tempe
ture anomaly of«33 is expected.

The work was supported by the Swiss National Scie
Foundation.
a-

ne

n

*Permanent address: A. F. Ioffe Physico-Technical Institute, R
sian Academy of Sciences, 194021 St. Petersburg, Russia.

1B. A. Strukov and A. P. Levanyuk,Ferroelectric Phenomena in
Crystals~Springer, Berlin, 1998!.

2Z. Surowiak, A. M. Margolin, I. N. Zakharchenko, and S. V
Biryukov, Thin Solid Films176, 227 ~1989!.

3B. A. Strukov, R. Poprawski, S. A. Taraskin, and J. Mro´z, Phys.
Status Solidi A143, K9 ~1994!.

4J. S. Speck and W. Pompe, J. Appl. Phys.76, 466 ~1994!.
5N. A. Pertsev, A. G. Zembilgotov, S. Hoffman, R. Waser, and

K. Tagantsev, J. Appl. Phys.85, 1698~1999!.
6N. A. Pertsev, A. G. Zembilgotov, and A. K. Tagantsev, Phy

Rev. Lett.80, 1988~1998!.
7N. A. Pertsev, A. G. Zembilgotov, and A. K. Tagantsev, Ferroele

trics 223, 79 ~1999!.
8M. J. Haun, E. Furman, S. J. Jang, H. A. McKinstry, and L.

Cross, J. Appl. Phys.62, 3331~1987!.
s-

.

.

-

.

9The list of material parameters of PT~in SI units, temperatureT
in °C! used in the calculations:a153.8(T2479)3105, a11

527.33107, a1257.53108, a11152.63108, a11256.13108,
a123523.73109, Q1150.089,Q12520.026,Q4450.0675,s11

58.0310212, s12522.5310212, ands4459.0310212.
10A. D. Bruce and R. A. Cowley,Structural Phase Transitions

~Taylor & Francis, London, 1981!.
11Following Ref. 12, this coupling can be characterized by the p

rameterw50.5a13* /Aa11* a33* '0.15. The inequalityw!1 means
that the biquadratic coupling between in-plane and out-of-pla
polarization components is effectively weak.

12E. V. Balashova and A. K. Tagantsev, Phys. Rev. B48, 9979
~1993!.

13Since theP2
2P3

2 coupling is weak, this line is close to that give
by the conditiona3* (T,um)50.

14W. Pompe, X. Gong, Z. Suo, and J. S. Speck, J. Appl. Phys.74,
6012 ~1993!.
4-4


