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Ultrathin epitaxial ferroelectric films grown on compressive substrates:
Competition between the surface and strain effects
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The mean-field Landau-type theory is used to analyze the polarization properties of epitaxial
ferroelectric thin films grown on dissimilar cubic substrates, which induce biaxial compressive
stress in the film plane. The intrinsic effect of the film surfaces on the spontaneous polarization is
taken into account via the concept of the extrapolation length. The theory simultaneously allows for
the influence of the misfit strain imposed on the film lattice by a thick substrate. Numerical
calculations are performed for PbTj@nd BaTiQ films under an assumption of the polarization
reduction in surface layers. The film mean polarization is calculated as a function of film thickness,
temperature, and misfit strain. It is shown that the negative intrinsic size effect is reduced in epitaxial
films due to the in-plane compression of the film lattice. At room temperature, strong reduction of
the mean polarization may take place only in ultrathin filftisickness~1 nm). Theoretical
predictions are compared with the available experimental data on polarization properties of BaTiO
films grown on SrRu@ coated SrTiQ. © 2002 American Institute of Physics.
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I. INTRODUCTION epitaxial films grown on much thicker substrates, which are
usually studied experimentally. At the same time, it was
In view of the sustained trend towards further miniatur-shown recentl* that the two-dimensional clamping and
ization of microelectronic devices, investigations of the scalstraining of a ferroelectric layer by a dissimilar thick sub-
ing effects in electronic materials like ferroelectrics acquirestrate may affect considerably its phase state and physical
great practical importance. Among these, the size effect OProperties.
ferroelectricity in thin epitaxial layers is of special interest Besides, some recent experiments demonstrated that
because of the use of ferroelectric films in modern nonvolaeven ultrathin epitaxial films of perovskite ferroelectrics may
tile random access memori¢6eRAMs.*? To ensure write  possess pronounced ferroelectric properties. For instance, it
and read operations of the FeRAM device, ferroelectric laywas found that 4-nm-thick REr, ,Tig s O films may exhibit
ers should show large switchable polarizations even at @ stable polarization orthogonal to the surfatéloreover,
small thickness, which is necessary to minimize the volume 2-nm-thick BaTiQ films grown on SrTiQ displayed a
occupied by a ferroelectric cell. Therefore, it is important toremanent polarization larger than the bulk spontaneous
study the dependence of the ferroelectric polarization on thgolarization'®> which is in qualitative agreement with the
film thickness both experimentally and theoretically. predictions of the thermodynamic theory of “thick” epitaxial
The intrinsic surface effect on phase transitions in ferro-fjjms 11

electric thin films and their physical properties is a subject of  The apove facts motivated us to develop a phenomeno-
theoretical investigations since the early 1980% This ef- logical theory, which takes into account both the two-
fect was regarded as a possible cause of the suppression §hensional clamping and straining of epitaxial ferroelectric
ferroelectricity in ultrathin films and its disappearance at aayers and the intrinsic surface effect on their polarization
nonzero critical thickness. The magnitude of this critical prgperties. In this article, we analyze ferroelectric films with
thickness has been calculated in the framework of the thele polarization orthogonal to the substrate and a positive
modynamic theory based on the concept of extrapolatioR,ranolation length. This situation corresponds to the films
length. For BaTiQ and PbTiqQ films, for example, the criti- - o¢ nergyskite ferroelectrics grown on “compressive” sub-
cal thickness at room temperature was estimated to be abogltrates(i.e., inducing compressive in-plane stresses in the

20_ and 5.5 nm, respectivefyHowever, the th‘?Ofet'Ca' calcu- film) and characterized by a polarization reduction in subsur-
lations were performed for free standing films, but not forface layers

In Sec. Il the basic thermodynamic relations are formu-
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parison of theoretical results with available experimentaltheir finite conductivity*) It also allows for the absence of
data is also given. shear straing,, S;, andS; in a tetragonal film grown on a
cubic substraté® It should be noted that E¢l) neglects the
contribution of strain gradients, which may be important in
proper ferroelastic$?°and the coupling between these gra-
_ o o _ dients and polarization.

We _shall cpn3|der epltaX|_aI th|r_1 films of perovskite fer- Using the mechanical boundary conditions of the prob-
roelectrics, which are grown in a high-temperature paraeleqgm, we can eliminate lattice strains from the free-energy

tric state on a thick00D)-oriented cubic substrate. In the eypansion(1). Since the substrate is usually several orders of
ferroelectric phase, which forms in a film during the Coo“”gmagnitude thicker than the epitaxial layer, the in-plane

Il. THERMODYNAMICS OF THE OUT-OF-PLANE
POLARIZATION STATE IN ULTRATHIN FILMS

from the deposition temperatufl,, the polarization orien-
tation generally depends on the misfit strey, in the

epitaxy4 [S,,= (b* —a,)/b*, whereb* is the substrate
effective lattice parametér,and a, is the equivalent cubic
cell constant of the free standing filirin a wide range of

strainsS; andS, must be constant throughout the film thick-
ness and equal to the misfit strep, in the heterostructure.
On the other hand, the normal stresgis zero on the film
free surface and satisfies the equation of mechanical equilib-
rium o3 3=0. Therefore, the conditioo3=0 holds through-

misfit strains and temperatures, however, the polarizatiogut the film thickness, which enables us to calculate the

state with the spontaneous polarizatienorthogonalto the

strain S; via the thermodynamic relationr;=JdF/JS; as

substrate surface is expected to be stable. The stability C°'353(X3)=[Q11P§(X3)—20125m]/011- SubstitutingS, into Eq.

ditions of this out-of-plane polarization statgetragonalc
phas¢ depend on the electrostrictive constag of the

. . . . 2 2
paraelectric phase. In ferroelectric substances like BaTiO_ €131 C11C1o— 2cy,

(BT) and PbTiQ (PT), which haveQ,,>0 andQ,<0, the
¢ phase is stable ategativemisfit strains satisfying the in-
equalitySm<S%(T)=Q12P§(T), whereP, is the spontane-
ous polarization of a free crystil.

For the correct thermodynamic description of epitaxial
thin films, an appropriate form of the free-energy function
must be chosen, which corresponds to actual mechanical a
electric boundary conditions of the problem. In this article,
we shall consider the usual situation, where the film/substrat

system is not subjected texternal mechanical forces. We

also assume that the film is sandwiched between extende
identical electrodes in the short-circuited condition. Since
there is no work done by extraneous mechanical sources, t

total free energy of the epitaxial layer can be derived solely

from the spatial distribution of the Helmholtz free-energy

densityF within the film.

nd

(1), we obtain

C p—
Sﬁq+ a1+2qll 12 quCllSﬂ Pg
Cna Cu
2
d11 1
+| gy~ 2cs P4+ a111P3+ Egllpg,& 2

Since for perovskite ferroelectrics the Gibbs energy function
G,is defined better than the functiéh?>??it is convenient to
express parameters of E@) in terms of the material con-
stants involved in the expansion & This can be done by
geriving the Helmholtz energy functioR via the inverse
L(Eegendre transformation o& and comparing it with the

standard form of. The substitution of the derived relation-

hships into Eqg.(2) after some mathematical manipulation

ytlaelds (in the contracted notatioR;=P, X3=2)

2
m

For perovskite crystals that are proper ferroelectrics and

improper ferroelastics, the energy denditynay be approxi-
mated by a polynomial in the polarization componeRis

their first gradient®; ;, and lattice strains,.'® In the par-
ticular case of the phase with the tetragonal polag axis

orthogonal to the substrat®,=P,=0, P;#0), this poly-

nomial reduces to

1
F=aiP5+ayPi+ a;P3+ 5011(35“‘ S+S5)

+C1A S5+ 5,53+ 5,53) — Q1153P§_ 1Sy

2 1 2
+S,)P3+ 5911P3,37 (1
where a1, aq;, and aq,; are the dielectric stiffness and
higher-order stiffness coefficients at constant strajp,are
the relevant electrostrictive constants, and are the film
elastic stiffnesses at constant polarization. Equatibnas-

sumes that the polarization changes only in the film thickness

direction, i.e. along the; axis, and ignores the depolarizing
field, which might be associated with the gradieqt;. (This

F(z)= St sy +a} (Sm) P?+ajPt+ayP°
L1 (AP
> 911( dz) , (©)
s 3121‘(E lS212 @
2
azs=auy Flzslz 6)

where a,, a;;, and a;;; are the dielectric stiffness and
higher-order stiffness coefficients at constant st?é@ij are

the electrostrictive constants related & and s;; are the
elastic compliances at constant polarization. It should be em-
phasized that the renormalized coefficieafsanda3; given

by Egs.(4) and (5) coincide with the corresponding coeffi-
cients of the modified thermodynamic potentf@al which
was introduced in Ref. 11 for the thermodynamic description
of homogeneously polarized epitaxial films.

The film free energyj/A per unit area can be calculated
now by integrating the densit{8) over the film thicknessi

and adding the contributions associated with the film

field should be negligible in perovskite ferroelectrics due tosurfaces. This yields
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H/2 1 tained in the so-calle®* approximation, which neglects the
3/A=J F(Z)d2+§gu5_1( P2 +P?%), (6)  sixth-order polarization term in the free-energy expansion
e (3). These relationships correspond to epitaxial films experi-

wheredis the so-called extrapolation length, aRd andP _ encing asecond-orderparaelectric to ferroelectric phase

are the polarization values on the film surfaces, i.e.z at transition during the cooling from the deposition tempera-
= +H/2 andz= —H/2, respectively. To find the equilibrium ture. It should be noted that, due to the two-dimensional
polarization profileP(z), we may use the Euler—Lagrange clamping of the film on a thick substrate, the ferroelectric

equation resulting from Ed6), which has the form transformation in an epitaxial layer may become the second-
o2 order phase transition, even if it is of the first order in a free
gllFZZag p+4a’3‘3p3+ 6a,,,P°. (7) bulk crystal'! This situation takes place in epitaxial single-
z

domain BT and PT films! and we shall check the validity of
The boundary conditions corresponding to the surface termiéie P* approximation for these films below.

in Eq. (6) read Neglecting the sixth-order term in E(), we can write
dqp the Euler—Lagrange Ed7) and the boundary conditiof8)
5= +671P(z) at z=FH/2. (8) in the following normalized form:
d2
Since only films with identical electrodes are considered here é =—2p+2p°, (13
and the mechanical substrate effect does not produce asym-
metry of the polarization profild(z), we may assume the dp & _
latter to be symmetric with respect to the film cenzerO. &: i?Pb at £= e (14
This yieldsP,=P_=P,, P(z=0)=P., anddP/dz=0 at ]
z=0, so that the first integration of E¢{7) gives wherep=P/Ps, pp=Py/Ps, and{=2z/¢*. Here we intro-
L P2 d_uced a modified ferroelectrlc correlation length which is
5911( —a% (P2~ P2)+a%yP*— P%)+ay,(Po— PY). given by the relation

dz
9 £ = 1 /é_y' (15)
3

Using the boundary conditio(8) together with Eq(9), we

find the relation betweeR. and P, as and differs from the correlation length=\g,,/|a,;| of a
g mechanically free bulk crystddue to the strain effect, see
2_; pﬁ:ag(pg_ p§)+a§3( pg_ pg)+a1ﬂ(pg_ pg), Sec. IV). The polarizatiorPg used in the normalization pro-

cedure corresponds to the spontaneous polarization of a thick

(10 epitaxial layer H> &*), where the surface effect can be ne-
The second integration of E¢7) at 0<z<H/2 yields glected so that
P(2) Vg14/2d a3
- 912/40p sz 3 (16)

- Pe \aj(p?—PZ)+alyp?—Pg)+ay(pt—PY)’ 2a3;
(12) For the symmetric polarization profile, the integration of Eq.
where the extrapolation length is taken to bepositivein  (13) yields (p.=P./Ps)

order to describe the worst case of the polarization suppres-

sion in the surface layefs’ By solving Egs.(10) and (11) [=— P dp , 17)
simultaneously, we can calculate the polarizati®z) in a Pc \/p4—p‘c‘—2(p2—p§)
ferroelectric slab situated at a given distazdeom the film 2 72
center. This enables us to determine the polarization profile 2:(1+ )_ \/( 1+ ) LA 0,2 18
P(2) within the film. Finally, the mean polarizatidd of the Po 287 282 TP P 18

film can be found as Equations(17) and (18) implicitly define the functionp({)

— 2 [HR and demonstrate that the normalized polarization profile

P=4 fo P(2)dz. (120 P(z/H)/P, and the mean polarizatiod/P depend only on

the relative film thicknessi/&* and the ratiod/¢*. This re-

sult agrees with the behavior of free standing fiftns.

__ Consider now the variation of the film mean polarization

P with temperaturd. It results mainly from the temperature
Using the thermodynamic approach described in Sec. lidependence of the dielectric stiffness, which follows

it is possible to calculate the mean polarizat®rin an epi- from the Curie—Weiss law and reads

taxial layer as a function of the film thicknebls temperature T—0

T, and the misfit strairs,, in the heterostructure. In general, a=5_ c

Egs.(10) and(11) can be solved only numerically for a set of 0

material parameters corresponding to a concrete ferroelectrigshereC and are the Curie—\Weiss temperature and constant

substance. However, some universal relationships can be obf a bulk crystal, ande, is the permittivity of the vacuum.

Ill. FILM POLARIZATION: THICKNESS AND
TEMPERATURE DEPENDENCES

(19
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Using Egs.(4), (15), and(19), and neglecting the tempera- 1.0 7
ture dependence of the misfit stre#y,, we find the renor-
malized correlation lengtld* as a function of the relative 05 thick film
temperatureg =T/ 6* X ' o
i
dn 260Co11 _ -
TR B Y el T T S £ 06-
&=\~ Vo7 —8@-0 " (20 g
N
- 260Cg11 % 0.44
=V g (21 oy
3
whered* is the Curie—Weiss temperature of a thick epitaxial = 024
film grown on a compressive substrate, which is giveft by
4 C 0.0 T T T T T '
0* =6+ SmEO—QlZ. (22 0.0 0.2 0.4 0.6 08 1.0

S11tS12 ) .
) Relative temperature, T/6
It should be noted that here, as usual, the material constants

Q1. S11, Si2s and gy, are regarded as temperature- FIG. 1. Universal temperature dependences of the relative mean polarization
independent parameters. When the dielectric stiffness CoeffP_/Pg in epitaxial thin films experiencing a second-order ferroelectric phase

. - - i transition. Films with various relative thicknessei$¢ indicated in the
cientay, is also independent of temperature like in PT, Wefigure are assumed to be grown@t=0. The curves here and below were

may write the following expression for the thick-film spon- computed at a value ofi&*=1.41 taken from Ref. 6. The upper curve
taneous polarizatioR: shows the polarization calculated in the thick-film approximation, which

neglects the surface effect.
0 —T
Ps= /m: PY(1-1)"2, (23)
T.= 6* becomes significant only in films witH <5&j . Re-

pO— / o (24) markably, atH>10&; the transition temperature becomes
s 4e,Caly indistinguishable from¢* (see Fig. 1, which supports the

validity of calculations performed earlier in the thick-film
approximation'! B

When the mean polarizatioA(T) is normalized by the
temperature-dependent thick-film polarizatiBg(T), it also

P 28 (wiue exhibits a un?versal dependence on the .reIative film t_hickness

T H JO p(0)dL. (25 I—.|/§*.(T). This dependence, calculated in thé approxima-

s tion, is presented in Fig. 2. It can be seen that, irrespective of
From Eq.(25) it follows that P(T)/P? is a function of the teémperature, strong .suppressi.on of the film polarization takes
relative temperatur@/ ¢*, normalized film thicknessi/&% ,  Place only in ultrathin films with a thickness comparable
and the ratiod/&*. We note that the polarization profigz)  t0 the correlation lengti§* (T).
depends on the relative film thickned$£* (T) and so varies
with temperature. The analysis shows that the extrapolation
length 6§ should be proportional to the correlation length 109
&*(T) in order to make the thermodynamic model self-
consistent. Therefore, the rati#¢* is assumed here to be
independent of temperaturéSimilar assumption was made
by Scottet al.®> whereas Tilley and &¢' regardeds as a
temperature-independent parameter.

The universal temperature dependences of the film rela-
tive polarizationP/P?, calculated on the basis of E(5),
are shown in Fig. 1 for films of various thicknessds¢;
grown at zero misfit strain§,=0). It can be seen that the
surface effect hinders the development of spontaneous polar-
ization during the film cooling. This intrinsic size effect
manifests itself in a decrease of the ferroelectric transition
temperaturel ., as well as in a reduction of the mean polar- 00
ization P(T) relative to the thick-film polarizatioP4(T). .
However,P(T) cannot be strongly suppressed in a wide tem- Relative film thickness, H/

perature range, i.e., well beloW¢(H) the mean polarization FIG. 2. Universal dependence of the normalized mean polarization

has the same order of magnitudefagT). The decrease of p(1)/p(T) on the relative film thicknessl/&* (T). The curve was calcu-
the transition temperature relative to the thick-film value oflated in theP* approximation for epitaxial films grown &,=0.

SubstitutingP(z/ £*) = P¢p({) into Eq. (12) and using Egs.
(20) and (23), one can calculate numerically the relative
mean poIarizatiorP(T)/PgJ via the integral relation

o
3
1

Mean polarization, P/P,
>
i

N
H
1

©
[N
1

&4
J

]

J
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] BaTiO,

00
PS

Mean polarization, F/

251020

Mean polarization, P/P,’

0.0 T T T T T T T T 1
0.0 0.2 0.4 0.6 038 1.0

Relative temperature, T/6"

(a) 0.0 T T T T T T T T v T T 1
-50 0 50 100 150 200 250
1.0 . Temperature, °C
PbTIO,

1 FIG. 4. Temperature dependences of the normalized mean polarization in
BaTiO; films grown on MgO aff ;=780 °C. Films are assumed to be fully
relaxed §,=0) at 780 °C. Mean thermal expansion coefficients are taken
to be 10.410°°K~* (BT) and 14.810"® K~ (MgO) (see Ref. 3 The
mean polarizatior® is normalized by a polarizatioﬁg(T:O) calculated in
the thick-film approximation at a value of the misfit strasy=—4.6
%1072, which would appear in this film/substrate systenTat0. Numeri-

12510 cal values of the film thicknesll/&, normalized by the bulk correlation
length ¢,=&(T=0) are indicated in the figure.

0.8

Bip 0
Ps

Mean polarizétion, P/

0.6
0.4 4

0.2 for PT films as a function of temperature. For comparison,

the dependence®(T) obtained in theP* approximation are

oo v also plotted in Fig. &). It can be seen that in the vicinity of

200 -100 0 100 200 300 400 500 the transition temperatufg.(H/£5) the P® term indeed may
Temperature, °C be neglected. However, well beldly, the P* approximation

(b) overestimates the surface effect considerably. With decreas-

ing temperature, the actual polarizatiBT) first increases

FIG. 3. Mean polarizatiof of epitaxial PbTiQ films grown atS,=0 asa  more steeply and then varies more slowly than predicted by
function of the relative(a) and actual(b) temperature. Solid curves were the P* model

calculated with the account of tie® term in the energy expansion, whereas . . . .
dotted lines show results obtained in tRé approximation. The curves As follows from Flg._4, the BT films dISplay a similar

P(T) were normalized by the thick-film polarizati®?(T=0) calculatedin ~ temperature dependende(T). Remarkably, the negative
the corresponding approximation. Numbers indicate the normalized filmsurface effect cannot strongly suppress the film polarization
thicknessH/&; for respective curves. P(T) in a wide temperature range, though it may reduce the
transition temperaturé, significantly. In view of this result,
éhe observation of a very low remanent polarizatipess

For PT and BT films, temperature dependences of th "y .
mean oIarizatioE(T) were aIsFZ) calculateé)with the aid of than the bulk value by an order of magnity@eultrathin BT
P films (H~12nm) grown on SrTiQ@ by the molecular beam

Eqs.(10)~(12), which take into account the sixth-order term epitaxy?> cannot be attributed to the intrinsic size effect.
in the free-energy expansion. Numerical values of the in-
volved material parameters were taken from Ref. e
coefficientg,,, which defines the gradient term in the energy'V- FILM POLARIZATION: MISFIT-STRAIN
expansion, does not affect the dependelR€E) plotted at a DEPENDENCE
given normalized thicknedd/&; .) In the case of PT films, We proceed now to the description of the misfit-strain
the misfit strain in the epitaxial system was assumed to beffect on ferroelectricity in ultrathin films. As shown
temperature independent for simplicitys(=0). For BT  earlier!*'8the transition temperatur, of a thick epitaxial
films, it was given a linear temperature dependéhcerre-  film is close to the Curie temperatu® of a bulk crystal
sponding to a representative example of BT films grown oronly in the vicinity of S,,=0. At large negative misfit strains,
MgO?®* in order to avoid the transformation of the tetragonalwhich are provided by strongly compressive substrates,
phase into a monoclinic on@;=P,#0, P;#0) during the  T.(S,,) may rise markedly with respect f6. In ultrathin
cooling!*18 . films, an additional negative surface effect appears, tending
Figure 3 shows the mean polarizati®{T) calculated to reduceT,. Therefore, the shift of the transition point rela-
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%207 PBTIO 7
600 ] e BaTiO,

Transition temperature 7, °C
Correlation length &0', nm
"

-5 -4 -3 -2 -1 0 -30 ' -2|5 ' -2|0 ' -1l 5 ' -110 ' -5
. . -3
Misfit strain S, 10” Misfit strain S, 10

FIG. 5. Ferroelectric transition temperatufe calculated as a function of FIG. 6. Misfit-strain dependence of the renormalized ferroelectric correla-
the misfit strainS,, for PbTiO; films of several different thicknesses. Num- tion length&g in epitaxial PbTiQ and BaTiqQ films.

bers indicate the normalized film thicknest &, for respective curves.

Dashed line shows the transition temperature of a bulk crystal.

comparison withg;; and using Eq(21), we evaluated the
correlation lengthed (S,,=0)=&(T=0) to be about 1 nm in

tive to T is governed in ultrathin epitaxial films by the com- PT and 5 nm in BT. Substituting E¢22) into Eq. (21), we
petition of the strain and surface effects Bp. also calculated the misfit-strain dependence of the renormal-

Figure 5 shows the transition temperatiizeof PT films  ized correlation lengtr€g . Numerical results obtained for
calculated as a function of the misfit stray, at different ~ PT and BT films are shown in Fig. 6. It can be seen that the
values of the relative film thickneds/&,. [HereH is nor-  two-dimensional compression reduces the correlation length
malized by the bulk correlation lengify=£(T=0), which  and, therefore, partly suppresses the surface effect.
coincides with&k (S,=0).] It can be seen thal, varies Since in PTG (Syp=0)= ¢ is about 1 nm, from Fig. 5 it
linearly with S.,, irrespective of the film thickness. The follows that even in ultrathin epitaxial PT films withi
slope of this linear dependence decreases only slightly in=2 nm the transition temperature is expected to be much
ultrathin films in comparison with thick ones. Remarkably, higher than the room temperature. This theoretical result
even in PT films with a small thickness ¢f=5¢,, the agrees with the observation of a stable out-of-plane polariza-
transition temperature appears to be higher thaim a wide  tion in 4-nm-thick PZr, Tio g O3 films grown on SrTiQ,
misfit-strain range of5,,<—1x10 2 (see Fig. 5 This is  Which was reported in Ref. 12Though our mean-field phe-
due to the fact that the surface effect redu€edy less than nomenological theory is probably not valid for ultrathin films
20°C in these films. At the same time, the strain-inducedvith thicknesses about 1 nm and below, we believe that films
increase ofT, at S,,=—5x10 3, for example, is about containing ten or more monolayers can be successfully de-
100 °C. Owing to the dominant role of the misfit-strain ef- Scribed in the continuum approximation.
fect, significant suppression of the transition temperature is ~ Finally, we shall consider the misfit-strain dependence of
expected to occur only in ultrathin filn{thickness aboutg,  the mean polarizatio® in ultrathin films at room tempera-
or lesg at small misfit strains. ture. Figure 7 shows this dependence calculated for BT films

To compare our theoretical predictions with experimen-of different relative thicknessds/&,. It can be seen that the
tal data, we must determine the magnitude of the ferroelecsubstrate-induced lattice compression leads to a significant
tric correlation length€g . According to Eq(21), £ depends increase of the mean polarizatiéhnot only in thick films
on the gradient coefficieny,, involved in the free-energy (H>§&), but also in ultrathin epitaxial layerdH(~ &y). At
expansion(3). This coefficient may be evaluated from the large negative misfit strainS,<—10x 103, the strain ef-
observed widths of domain walls in ferroelectrics using thefect completely overrides the polarization suppression
advanced theory of domain boundaries developed by Cacaused by the surface effect. As a result, in a wide misfit-
and Cross® For 90° domain walls, which are thick in com- strain range the film mean polarization becomes larger than
parison with 180° ones, the wall width at room temperaturethe spontaneous polarizatiéh=0.26 C/nt of bulk BT (see
was found to be about 1 nmin PT and 5 nm in8F/Using  Fig. 7).
these values and E@5.159 derived in Ref. 16 for the half Our theoretical predictions may be compared with the
width of a 90° domain wall, we calculated the difference experimental data of Yanas al. on the polarization prop-
betweeng; and the other gradient coefficiegt, to beg,,  erties of epitaxial BT films grown by radio-frequency mag-
—g1,~3.5x10 °J.m%C? in PT and g;;—g;y~2.7 netron sputtering on SrRu@overed SrTiQ crystals™
X 10 °J-m%/C? in BT.2 Assuming thag;, is negligible in  Clear ferroelectric hysteresis loops were observed by these
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0.40 . ited on compressive substrate$,(<0) is reduced relative to
038 - BaTiO, the bulk value. Accordingly, the intrinsic surface effect on
1 L ferroelectricity becomes weaker in epitaxial films grown on
“g 0-36 7 thick film strongly compressive substrates.
O sl 12 nme (2) In ultrathin epitaxial films, the ferroelectric transi-
|°:~ tion temperaturd . may be shifted from the bulk one both to
S 0327 higher and lower temperatures. The shift of the transition
N 030 point is governed by the competition of the misfit-strain and
_‘_g 0.28 ] 1 surface effects orm.. _Though t_he negative surface effect
2- ] bulk may decreasd . considerably, it cannot strongly suppress
3 026‘_ """"""""""""""""""""""""""""""""""""""""" the film mean polarizatiorP(T) in a wide temperature
= 024+ range.
: (3) Well below the transition temperatuik,, the film
o_zzj mean polarizatio® may be larger than the bulk polarization
0.20 r . — even in an ultrathin epitaxial layer. This increase is caused by
-30 -25 -20 -15 -10 -5

the in-plane straining of the film lattice by a compressive
Misfit strain S, 10° substrate, which overrides the negative surface effect.
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