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High-quality BaTiOj; films with thicknesses ranging from 2.9 to 175 nm were grown epitaxially on
SrRuO;-covered (001)-oriented SrTiO5 substrates by high-pressure sputtering. The crystal structure
of these films was studied by conventional and synchrotron x-ray diffraction. The in-plane and
out-of-plane lattice parameters were determined as a function of film thickness by x-ray reciprocal

space mapping around the asymmetric (103) Bragg reflection. BaTiO, films were found to be fully
strained by the SrTiO; substrate up to a thickness of about 30 nm. Ferroelectric capacitors were then
fabricated by depositing StRuOj; top electrodes, and the polarization-voltage hysteresis loops were
recorded at the frequencies 1—30 kHz. The observed thickness effect on the lattice parameters and
polarization in BaTiO; films was analyzed in the light of strain and depolarizing-field effects using
the nonlinear thermodynamics theory. The theoretical predictions are in reasonable agreement with
the measured thickness dependences, although the maximum experimental values of the
spontaneous polarization and the out-of-plane lattice parameter exceed the theoretical estimates
(43 uC/cm? vs 35 uC/cm? and 4.166 A vs 4.143 A). Possible origins of the revealed discrepancy

between theory and experiment are discussed. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2745277]

I. INTRODUCTION

Ferroelectric thin films continue to be the subject of in-
tensive experimental and theoretical research due to their nu-
merous implemented and potential applications in the
microelectronics.'” The current trend towards the downscal-
ing of microelectronic devices makes the investigations of
size effects on the physical properties of ferroelectric films
especially important.

Barium titanate (BTO) is a classical ferroelectric mate-
rial which was extensively investigated in bulk form in the
past.3 It represents a good choice for experimental studies of
the size effects in ferroelectric thin films because detailed
comparison between observations and theoretical predictions
is possible in this case. In particular, the nonlinear thermo-
dynamics theory of epitaxial ferroelectric films*® can pro-
vide quantitative description of BTO films since the thermo-
dynamics parameters of BTO crystals were recently
determined with a good degree of precision.(’ This theory
describes the influence of substrate-induced lattice strains on
the polarization state of an epitaxial film and shows that
these strains may induce the formation of new ferroelectric
phases in BTO films and increase the spontaneous polariza-
tion 1argely.4’5 Moreover, several first-principles calculations
were performed for ultrathin BTO films.”'? The existence of
a minimum film thickness for the stability of a single-domain
ferroelectric state was predicted, below which it transforms

YE]ectronic mail: a.petraru @fz-juelich.de

®On leave from A. F. Ioffe Physico-Technical Institute, Russian Academy
of Sciences, 194021 St. Petersburg, Russia; electronic mail:
pertsev@domain.ioffe.ru

0021-8979/2007/101(11)/114106/8/$23.00

101, 114106-1

into the paraelectric one owing to the depolarizing-field
effect.® For SrRuO;/BTO/SrRuO; capacitors, the critical
thickness of this transformation was found to be reduced
markedly by ionic relaxations in the metal-oxide
electrodes.'” The surface effect on ferroelectricityI3 was also
confirmed for ultrathin BTO films by the first-principles-
based simulations. '’

The physical properties of BTO films epitaxially grown
on various substrates were studied experimentally by several
research groups.”f21 A nonmonotonic variation of the rema-
nent polarization was observed in BTO films grown on
StTiO; in the range of film thicknesses ¢ between 12 and
80 nm." Extending this study to the thicknesses as small as
t=5nm, Kim et al. showed that the film polarization
strongly decreases in ultrathin films, but even the 5-nm-thick
BTO film displays a well-defined polarization hysteresis
100p.18 On the other hand, enormously high remanent polar-
ization P,~70 uC/cm? was found in relatively thick BTO
films (=200 nm) grown on DyScOs."” This value of P, is
almost 2.7 times higher than the spontaneous polarization
P,=26 uC/cm? of bulk BTO (Ref. 22) and about two times
larger than the strain-enhanced polarization predicted by the
thermodynamics theory for BTO on DyScO3.23

For the better understanding of the nature of size effects
in ferroelectric films, it is important to measure both the
polarization and lattice parameters in a wide range of film
thicknesses and to analyze their variations theoretically. In
this paper, we report such measurements for BTO films
grown by high-pressure sputtering on SrRuOj-covered
(001)-oriented SrTiO; substrates. The growth of epitaxial
films and their structural and electrical characterizations is

© 2007 American Institute of Physics
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FIG. 1. (Color online) AFM images of the surface of BaTiO; films grown
on SrRuO;-covered SrTiO; crystals. The film thickness equals 6.4 nm (left
image) and 25 nm (right image).

described in Sec. II. The experimental results are summa-
rized in Sec. III, where the thickness dependences of the
in-plane lattice strain, out-of-plane lattice parameter, and the
film polarization are presented. Section IV describes the the-
oretical analysis of our experimental data carried out with the
aid of the nonlinear thermodynamics theory. Finally, we for-
mulate our conclusions in Sec. V.

Il. FILM GROWTH AND CHARACTERIZATION

High-quality epitaxial SrRuO3/BaTiO3/SrRuO; trilay-
ers were deposited by high-pressure sputtering technique24
on (001)-oriented SrTiO; (STO) substrates. The surface of
commercially obtained substrates was not subjected to
chemical treatment and annealing to produce a certain termi-
nation. The bottom SrRuO; (SRO) layer was grown at a
substrate temperature of 610 °C and an oxygen pressure in-
side the sputtering chamber kept at 3 mbars. The BTO films
were deposited at 700 °C in a 2.6 mbar pure oxygen atmo-
sphere. These two layers were grown in situ with the BTO
thickness ranging from 2.9 up to 175 nm. The top SRO layer
has been deposited ex situ after the x-ray measurements of
the BTO one. These measurements were necessary to deter-
mine precisely the thickness of each BTO film from the
sample series by x-ray diffraction using high-angle finite-size
oscillations and low-angle reﬁectometry.25 For all samples,
the thicknesses of the top and bottom SRO electrodes were
about 20 and 80 nm, respectively. The fabricated heterostruc-
tures were investigated at room temperature in the as-grown
state, no annealing was carried out.

The atomic force microscopy (AFM) measurements
showed that the surface of BTO films has a good degree of
flatness, with a rms roughness of about 1.9 A (see Fig. 1).
The crystal structure of ferroelectric films was studied by
x-ray diffraction experiments performed with the aid of a
Philips X’Pert high resolution diffractometer. The 6-26
scans showed that BTO layers are (001) oriented, with the
tetragonal ¢ axis orthogonal to the substrate surface. Orien-
tation of the in-plane (100) and (010) crystallographic axes
in BTO agrees well with the orientation of the substrate axes,
and the films demonstrate a high degree of crystallinity.
These features were proved by ¢ scans of the (101) reflection
and w scans of the (002) reflection of BTO films presented in
Fig. 2. The full width at half maximum (FWHM) of the
scan around the (002) reflection of a 6.4-nm-thick BTO film
was 0.028°, which is close to the resolution limit of the in-
strument.
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FIG. 2. ® scan of the (101) reflection and w scans of the (002) reflection of
a 6.4-nm-thick BaTiO; film.

In order to determine the lattice parameters of BTO films
and to evaluate the substrate-induced strains, we performed
the x-ray reciprocal space mapping26 (X-RSM) of our het-

erostructures around the asymmetric (103) Bragg reflection.
Figure 3 shows the maps obtained for BTO films of several
different thicknesses. It can be seen that the films are fully
strained by the STO substrate up to a thickness of 30 nm.
Since the in-plane lattice parameter a=3.924 A of the
56-nm-thick film is considerably larger than the lattice con-
stant b=3.905 A of STO, we infer that the critical thickness
t, for the strain relaxation via the generation of misfit dislo-
cations is about 40 nm. From the X-RSM scans we also ex-
tracted the in-plane and out-of-plane lattice parameters of
BTO films. Variations of these lattice constants with the film
thickness are shown in Fig. 4.

Additional lattice parameter determinations were based
on measurements with a Siemens D5000 system and experi-

ments at Hasylab (DESY) using (303) and (002) reflections.
The synchrotron radiation data were collected at the high-
resolution diffractometer at beamline E2 using a wavelength
of 0.78 A, thus avoiding a background from Sr fluorescence.

For the investigation of the ferroelectric properties of
BTO films, plate-capacitor structures were fabricated using
optical lithography and Ar* ion beam etching. The etching
process was monitored with secondary ion mass spectros-
copy (SIMS). This enabled us to stop the etching shortly
after reaching the surface of BTO layer thus avoiding the
damage at the lateral sides of capacitor structures. The fab-
ricated devices had a square shape and the area ranging from
100X 100 um? to 4 X4 um?,

The polarization-voltage hysteresis loops of BTO ca-
pacitors were recorded at frequencies 1-30 kHz using an
aixACCT TF analyzer 2000. We contacted the electrodes
with the aid of micromanipulators and needles. Figure 5
shows typical current-voltage dependences and correspond-
ing polarization-voltage (P-V) loops measured for BTO films
of different thicknesses. When the film thickness ¢ is in the
range of 25—100 nm, the P-V loop has practically ideal rect-
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angular shape [see Fig. 5(a)], which reflects high quality of
fabricated BTO films and the absence of nonferroelectric
(“dead”) layers at the film/electrode interfaces. The loop,
however, is shifted from the symmetric position along the
voltage axis markedly, which may be attributed to the pres-
ence of an internal electric field in the capacitor. At the film
thicknesses below 20 nm, the shape of P-V loops deterio-
rates progressively. As can be seen from Fig. 5(b), the hys-
teresis loop displayed by a 6.4-nm-thick film is compressed
along the polarization axis and strongly inclined with respect
to this axis. The raw current-voltage curve also demonstrates
the presence of a strong leakage current in this film. The
leakage current increases further in the thinnest fabricated
film (r=2.9 nm), but the capacitor is still not short-circuited.
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FIG. 4. (Color online) In-plane and out-of-plane lattice parameters of epi-
taxial BaTiOj; layers plotted as a function of the film thickness.

Although the hysteretic behavior disappears at t=2.9 nm [see
Fig. 5(c)], the current-voltage dependence remains nonlinear.

lll. EXPERIMENTAL RESULTS

The x-ray measurements demonstrate that the lattice pa-
rameters of fabricated BTO films differ from those of bulk
BTO crystals and vary markedly with the film thickness at
t>1,~40 nm (Fig. 4). Hence these epitaxial films have
thickness-dependent lattice strains. For the theoretical analy-
sis of the experimental data carried out in Sec. 1V, it is nec-
essary to evaluate the misfit strain S, in our films. This strain
can be determined from the measured in-plane lattice param-
eter a via the relation S,,=(a—ay)/ay, where ay is the lattice
parameter of a freestanding film in the prototypic cubic
state.* Taking aq at room temperature to be 4.008 A (Ref. 5),
we obtained the thickness dependence of the misfit strain
shown in Fig. 6.

The out-of-plane lattice parameter ¢ decreases with in-
creasing film thicknesses but remains larger than the bulk
value of 4.036 A (Fig. 7). The maximum measured value ¢
=4.166 A exceeds considerably the lattice parameter c
=4.099 A observed in BTO films grown on
SrRuO;/DyScO; at a comparable misfit strain of about
~1.7%." On the other hand, enormously large values of the
out-of-plane lattice parameter (up to 4.37 A) were reported
by Yanase et al. for ultrathin BTO films grown on SRO-
covered STO by radio-frequency magnetron sputtering.14 It
should be noted that the lattice parameter ¢ in our films is
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FIG. 5. (Color online) Current-voltage and polarization-voltage characteris-
tics of BTO films sandwiched between SRO electrodes. The film thickness
equals 30 nm (a), 6.6 nm (b), and 2.9 nm (c). In the case of the 6.6-nm-thick
film, the leakage current was compensated with the aid of the aixACCT TF
analyzer 2000.

insensitive to the presence of the top SRO electrode. This
feature was demonstrated in a special experiment, in the
course of which we compared the values of ¢ measured be-
fore and after the deposition of the top electrode.

The hysteretic P-V loops discussed in Sec. II enabled us
to determine the film polarization and coercive field. To
evaluate the spontaneous polarization P,, we extrapolated the
linear part of P(V) observed at large voltages back to V=0.
The dependence of thus obtained P on the film thickness 7 is
shown in Fig. 8. It can be seen that, with decreasing thick-
ness, the film polarization first gradually increases and then,
below #=25 nm, starts to drop down. The maximum polar-
ization P,=43 uC/cm? observed in our films is close to the
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FIG. 6. (Color online) Thickness dependence of the misfit strain in BTO
films epitaxially grown on SrRuOs-covered SrTiOj; crystals. Squares show
the values obtained from the x-ray measurements, and the solid curve rep-
resents the fitting of these values by Eq. (7).

values of 38.5 and 44 uC/cm? reported by Yanase et al. and
Kim et al. for the same heterostructure.'*'® On the other
hand, it is much smaller than the recorded polarization P,
=70 uC/cm? measured in the 200-nm-thick BTO films
grown on SrRuQO;/ DyScO3.15 The thickness dependence of
P, in our films at <30 nm is qualitatively similar to the
dependence reported in Ref. 18.

Since the P-V loops are shifted from zero voltage (see
Fig. 5), the coercive field E. was evaluated as E.=(V,,
-V.)/(2t), where V,, and V,, are the two measured values
of the coercive voltage (V.,>V,,). The coercive field was
found to be relatively weakly dependent on the film thick-
ness, being about 150 kV/cm. This value is in order-of-
magnitude agreement with the coercive fields E,
=200-300 kV/cm reported in Ref. 19 for the same hetero-
structure. At the same time, the coercive fields displayed by
epitaxial BTO films are much larger than E.~1 kV/cm
characteristic of the bulk crystal.22 This drastic difference
cannot be explained by the strain effect on polarization
switching,27 which is expected to increase E, by a factor of
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FIG. 7. (Color online) Thickness dependence of the out-of-plane lattice
parameter in epitaxial BTO films. Circles show the measured values, and the
solid line represents prediction of the thermodynamics theory.
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FIG. 8. (Color online) Thickness dependence of the polarization in epitaxial
BTO films. Circles show the experimental values, and the solid line repre-
sents the theoretical dependence.

(P,/Py)*~4 only (P,=26 uC/cm? is the spontaneous polar-
ization of bulk BTO). It should also be emphasized that
strong increase of coercive field at small film thicknesses,
which was observed in epitaxial Pb(Zrys,Tip4g)O5 films
sandwiched between SRO and Pt electrodes,”’ is absent in
our BTO films. This can be attributed to the absence of non-
ferroelectric layers at the BTO/SRO interfaces.'”*® Tt was
shown that the depolarizing field due to the imperfect screen-
ing of the polarization charges by the electrodes can become
very large, especially in ultrathin film range, and this can
produce a backswitching of the polarization via thermally
activated nucleation of reverse domains.”>*

IV. THEORETICAL ANALYSIS

The observed thickness dependences of the out-of-plane
lattice parameter (Fig. 7) and the spontaneous polarization
(Fig. 8) are expected to result from the combination of sev-
eral size effects, including the relaxation of misfit strain in
thicker films (Fig. 6), the influence of the depolarizing
ﬁeld,30 and the intrinsic surface effect on ferroelectricity.5 13
In this section, we analyze the experimental observations in
the light of strain and depolarizing-field effects assuming
BTO films to be in a single-domain state.

To describe quantitatively the influence of substrate-
induced lattice strains on the orientation and magnitude of
the spontaneous polarization, we use the thermodynamics
theory of epitaxial ferroelectric films.* This theory is based
on the polynomial expansion of the energy density in terms
of the polarization components P; (i=1,2,3). Since the
eight-order polarization terms in the free energy expansion
were found recently to be important for the bulk BTO
crystal,6 we employ the P® approximation to calculate the
properties of BTO films.

In general, the equilibrium polarization state of an epi-
taxial ferroelectric film is determined via the minimization of

the specific thin-film thermodynamic potential G.**" In our
case, the Helmholtz free energy density F' may be used for
this purpose as well since the upper film surface is not sub-
jected to external stresses.”> The total energy density in a
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strained film can be written as F=F,+F+F,, where F, is
the energy associated with the ferroelectric polarization, F is
the elastic strain energy stored in the film, and F,. is the
energy of the electrostrictive coupling between polarization
and strain. For a ferroelectric with a cubic paraelectric phase,
the polarization energy in the P® approximation reads

F,=a,(P>+ P, +Py) +a, (P + Pyt + Pyt
+ap(P\*Py" + P*Py% + P,°PyY) + a4,y (P° + P
+ P3%) +ayp[ P (Py + P + P NP + Py
+ PH(P 2+ PY)]+ayP PPy Py +ay (P + P
+P3) +ay [P\ °(P) + Py) + P,O(P > + PyY)
+ PSP+ P )] +ay (P Pt + PP
+ PP + ay15(P PP + PP 2P
+P'P 2P, (1)

where a,, a;;, a;y, and a;;, are the dielectric stiffness and
higher-order dielectric coefficients at constant strain. The
strain energy in the harmonic approximation equals

1
F,= Ec“(Sfl + 855, + 833) + C12(S11S2 + 511833+ 522533)

+2c44(S5,+ 52,4 53,), (2)

where c,,,, are the second-order elastic stiffnesses at constant
polarization, and §;; are the lattice strains in the film. The
coupling energy may be written as (g,,, are the electrostric-
tive constants)

Fc=—6111(511P12+522P22+S33P32)—4112[511(P22+P32)
+522(P12+P32)+533(P12+P22)]—26]44(512P1P2
+813P1P3+ Sp3P,P3). (3)

The film strains S;; involved in Egs. (2) and (3) are defined
by the mechanical boundary conditions of the problem.4 For
films grown on (001)-oriented cubic substrates, the in-plane
film strains S;; and S,, may be set equal to the misfit strain
S,,» whereas the shear strain S, equals zero. The out-of-plane
strain S35 can be found from the condition o33=0 imposed on
the stress 033=0F/dS33 in the multilayer with the mechani-
cally free upper surface. This condition yields S33=[q12(P12
+P2)+q P2 =2¢,8,,]/cyy. Similarly, the conditions o3
=0,3=0 give us the relations S;3=(qu4/2cs4)P;P; and Sy,
=(qu4a!2¢44) Py P4 for the shear strains S;3 and S,3 in the film.
Substitution of the calculated strains into Egs. (2) and (3)
shows that the total film energy F can be written in a form
similar to Eq. (1), but with renormalized coefficients of the
second- and fourth-order polarization terms. This renormal-
ization of the free energy is described by the formula™

2 2
_cntencn—2ch

F 2 +a,(P,* + P,%) + ay Py’

11
+a), (P, + P,Y) + a3 Pyt + a),P Py’
+ a’f3(P12 + P22)P32 + oo, (4)

where aT=a1 —(g11+q12=-2g912¢12/ 1) S» a§=dl +28,,(q11¢12
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—qici)/ e 6111—6111 6111/(2011) asz an— 6111/(2C11) 6112
=ap-qp/err, and ayy=apn—(qnqia/cn)—qayl (2c4s). Using
Eq. (4) and performing the minimization of the free energy F
with respect to the polarization components P, P,, and P,
we determined the equilibrium polarization state of a
strained BTO film.*> The calculations showed that in the
studied range of misfit strains (Fig. 6) BTO films stabilize at
room temperature in the tetragonal ¢ phase with the polariza-
tion orthogonal to the surfaces (P;=P,=0, P;#0). For this
phase, the spontaneous polarization P,=P; (V=0) can be
calculated from the relation dF/dP;=0, which reduces to the
following cubic equation for P¢*:

ay +2ayP7 +3a,,,P,' +4a,,,,P° =0, (5)
where
- Cio— (g 1oC 1
o =a1+2(f]11 12— 912 Il)Sm+_' 6)
Cl1 2Cif

As can be seen from Eq. (6), an additional third term was
added to the second-order polarization coefficient. This term
describes the influence of the depolarizing field, which exists
in a ferroelectric capacitor due to imperfect screening of the
polarization charges by the electron density variations in the
electrodes.™ Tts magnitude is inversely proportional to the
film thickness ¢ and the total capacitance c; of the screening
space charge in two electrodes. In our case of SRO elec-
trodes, the “interfacial” capacitance ¢; may be set equal to
0.444 F/m>>

To calculate the film polarization P (¢), we have to
specify the thickness dependence of the misfit strain in Eq.
(6) using the data shown in Fig. 6. In the range of small film
thicknesses =40 nm, the misfit strain may be set equal to
the constant value Sgl=—2.6%.35 At larger thicknesses, the
magnitude of S,, decreases with the film thickness, which
may be attributed to the formation of misfit dislocations and
progressive increase of their density p. Theoretically, the dis-
location density should vary with the film thickness as p(z)
= 77521(1 —t,./t), where t, is the critical film thickness and the
factor # allows for the partial suppression of the dislocation
generation due to kinetic reasons.’®*’ The misfit strain can
be evaluated as S, =[(1-p)b—ay]/ a0,38 which gives

Smsz?n[l— n(l—%)]. (7)

Equation (7) may be compared with the strain values mea-
sured in films with #>1.. As follows from Fig. 6, it is pos-
sible to fit the experimental data with a reasonable accuracy
by taking 7.=40 nm and assuming 7=0.9.

The thickness dependence of spontaneous polarization
computed from Egs. (5)—(7) is shown in Fig. 8. Gradual de-
crease of P, with increasing thickness at >40 nm is caused
by the strain relaxation, whereas the steep reduction of po-
larization in ultrathin films is due to the depolarizing-field
effect. The size-induced ferroelectric to paraelectric phase
transition takes place at £=2.6 nm in the single-domain ap-
proximation, which is close to the critical thickness of six
unit cells predicted by the first-principles calculations for the
same heterostructure.® However, at a slightly larger thickness
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of about 3 nm the single-domain state may already become
unstable with respect to the formation of a 180° domain
structure.™

The theoretical dependence P,(¢) is qualitatively similar
to the observed polarization variation with the film thickness,
but there are two important distinctions between the theory
and experiment. First, the maximum measured polarization
(about 43 uC/cm?) exceeds the theoretical value Pg™*
=35 wC/cm? considerably. Second, the strong decrease of
polarization observed in ultrathin films starts at a larger
thickness than the theoretically predicted one and proceeds
more gradually.

Owing to the electrostriction, any variation of the spon-
taneous polarization leads to a change of the out-of-plane
lattice parameter c¢. The latter can be calculated from the
relation c¢=qa, (1+S33), where S35 is the lattice strain in the
film thickness direction. For the ¢ phase, this relation yields

c=a0<1 _o%2g @Pf). 8)

1 1

Using Eq. (8) and taking into account variations of the misfit
strain and spontaneous polarization with the film thickness,
we calculated the thickness dependence of the out-of-plane
lattice parameter. As can be seen from Fig. 7, the theoretical
predictions are again in qualitative agreement with the mea-
surements. Moreover, the maximum value of the measured
lattice parameter is only slightly larger than the calculated
one (4.166 A vs 4.143 A).

One unexplored possibility to improve the accuracy of
the thermodynamics theory of epitaxial thin films* is to use
the nonlinear theory of elasticity to evaluate the strain energy
F, stored in the film.” As a first step in this direction, we
may add the third-order terms to Eq. (2). For a cubic crystal,
the elastic energy in the absence of shear strains can be writ-
ten as

1
F,= Ecll(Sfl + 855, + 833) + C12(S11S2 + 511833+ 522533)

1 1
+ 60111(5?1 + ng + 533) + 50112[5%1(522 +833)

+83,(S11 + S33) + S35(S11 + S20)] + 123511522533,
9)

where ¢, are the third-order elastic constants. The in-plane
strains S;; and S,, here may be set equal to the misfit strain
again. The out-of-plane strain S3; can be found from the
condition dF/dS33=0 using Eq. (9) and retaining Eq. (3) for
the coupling energy. For the tetragonal ¢ phase, the calcula-
tion gives
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(e + 2C1125m)2

2
111 Cin C111

2 2
C11+2ClIZSm+ 26111P3 =2¢158, = (c112+ €123)S,,

S33=- (10)
Substituting this expression back to Egs. (3) and (9) and summing all contributions to the Helmholtz energy F=F,+F+F, at
P,=P,=0 and S1,=5,3=5,3=0, we obtain an analytic expression for the total energy F of the ¢ phase. The polarization-
dependent part of F' reads

c c -c 1
AF=<(J]+ 11qll+2 112911 lllqlzsm+_)P32+Cl]1P34+Cl]]]P36+a””P38
Ci11 Ci11 2¢;t
1
~32 {(c11+ 2011287 + 2¢111[q11P3” = 20158, = (c112 + €103) Sl (11)
111

As can be seen from Eq. (11), the energy density cannot be cast anymore into a polynomial form characteristic of the
polarization energy F,. In nonlinear elasticity, therefore, the strain effect does not reduce to the renormalization of the
dielectric stiffnesses a; and a;;. As a result, the equilibrium out-of-plane polarization P3 can be calculated only numerically

from the equation

c c -c 1
+ 11911 +2 129u HIQIZSm'i' —+2a11P32+3a111P34+4a1“1P36
Cli1 Ci11 2cit
q11
- C_V/(Cn +201 1587 + 2¢111[g11 P37 = 20155, = (c112 + €123)S0] =0, (12)
111

which follows from the condition dF/dP;=0.

We employed Egs. (10) and (12) to analyze the influence
of elastic nonlinearity on the out-of-plane lattice parameter
and polarization in BTO films fully strained by the STO
substrate. Since we were unable to find any data on the third-
order elastic constants c;,, of BTO crystals, their values
were varied to check whether it is possible to increase the
film polarization from 35 to 43 wC/cm? by the nonlinearity
of elastic properties. Although such enhancement can be for-
mally achieved, more detailed analysis shows that the mea-
sured values of polarization and lattice parameter cannot be
fitted simultaneously even by using c;,,, as adjustable param-
eters. This conclusion follows from the general relation S3
=[a,+1/(2ct)+2a,,Py"+3a;,Py* +4ay11,P5°=24155,,) 41,
between the out-of-plane strain and the equilibrium polariza-
tion, which holds irrespective of the mathematical expression
chosen for the elastic energy F,. It shows that the enhance-
ment of polarization up to 43 uC/cm? is accompanied by an
enormous increase of the lattice parameter up to c=4.40 A,
which is much larger than the measured value of 4.166 A.
Therefore, the discrepancy between the theoretical and ex-
perimental values of the maximum film polarization cannot
be attributed to the nonlinearity of the elastic properties of
BTO.

V. CONCLUSIONS

Our experimental study confirmed that the polarization
and lattice strains in epitaxial BTO films may vary with the
film thickness considerably. The out-of-plane lattice param-
eter of very thin films (<30 nm) exceeds the bulk value
largely, which can be explained by the influence of biaxial
compressive strain induced in the film plane by STO sub-
strate. The maximum measured value of the out-of-plane lat-

tice parameter is very close to the value predicted by the
nonlinear thermodynamics theory. In contrast, the maximum
measured polarization exceeds the theoretical value signifi-
cantly (by about 23%). Comparison of the theory with ex-
periment thus reveals qualitatively the same situation as in
the case of BTO films grown on DyScO; and GdScO3.15 For
these films, the temperature dependence of the out-of-plane
parameter can be well reproduced by the thermodynamics
theory,15 whereas the measured polarization strongly exceeds
the theoretically predicted value (e.g., 70 uC/cm® vs
32 uC/cm? in the case of BTO on DyScOs5).

The theoretical analysis presented in Sec. IV demon-
strates that the nonlinearity of the elastic properties alone
cannot explain the discrepancy between the theory and ex-
periment. Possible increase of electrostrictive constants in
strained thin films relative to their bulk values does not rep-
resent a reasonable explanation either, because the calcula-
tion shows that the polarization depends on these constants
rather weakly. In addition, the polarization enhancement
caused by the electrostrictive coupling must be larger in BTO
films grown on STO than in (less strained) films on DyScOs,
which contradicts the experimental data.

Finally, we would like to note that reversible polarization
may also increase in BTO films due to the presence of dipo-
lar defects. Indeed, such defects were found to induce low-
temperature ferroelectricity in (unstrained) thin films of
STO,**" which is an incipient ferroelectric in the bulk form.
However, the out-of-plane lattice parameter of these films at
room temperature was significantly larger than the bulk lat-
tice constant, probably because the dipolar defects involved
oxygen vacancies.”’ Hence it remains unclear whether the
defect-induced additional increase of spontaneous polariza-
tion could be accompanied by a negligible lattice expansion.
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All in all, the origin of the polarization enhancement ob-
served in epitaxial BTO thin films requires further experi-
mental and theoretical investigations.
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