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Observation of Nanoscale 180� Stripe Domains in Ferroelectric PbTiO3 Thin Films
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We report the observation of periodic 180� stripe domains below the ferroelectric transition in thin
films. Epitaxial PbTiO3 films of thickness d � 1:6 to 42 nm on SrTiO3 substrates were studied using x-ray
scattering. Upon cooling below TC, satellites appeared around Bragg peaks indicating the presence of
180� stripe domains of period  � 3:7 to 24 nm. The dependence of  on d agrees well with theory
including epitaxial strain effects, while the suppression of TC for thinner films is significantly larger than
that expected solely from stripe domains.

DOI: 10.1103/PhysRevLett.89.067601 PACS numbers: 77.80.Bh, 61.10.Eq, 64.70.Nd, 68.55.–a
growth by metal-organic chemical vapor deposition [12].
Typical growth conditions have been described previously

istics confirm that the satellite scattering originates from
180� stripe domains.
Periodic domain patterns occur in ferroelectric materials
because of a fascinating competition between polarization,
strain, and electric field [1]. In particular, 180� stripe
domains, in which the polarization forms a transverse
wave with alternating sign between adjacent lamella,
have long been known to occur in bulk ferroelectric single
crystals in order to minimize the energy of the electric field
arising from the polarization distribution (the ‘‘depolariz-
ing field,’’ Ed) [2]. The presence of such stripe domains
indicates that Ed has not been eliminated by alternative
mechanisms, such as neutralization by surface charge [3].
Recently there has been increased interest in the possibility
that 180� stripe domains may often occur in and signifi-
cantly influence the properties of very thin ferroelectric
films [4–7]. Their presence is expected to depend sensi-
tively on the conductivity of the film and the electrical
boundary conditions [8–10], such as the existence of ex-
tremely thin surface dielectric layers [7]. Calculations
including the effects of Ed and domains indicate that the
transition temperature TC can be significantly depressed
[4,5], and the dielectric response enhanced [6], relative to
the field-free monodomain state. Although such predic-
tions have been invoked to explain the observed depression
of TC in ferroelectric-paraelectric multilayers [11], to date
there has been no direct experimental evidence for equili-
brium 180� stripe domains in ferroelectric thin films.

In this Letter, we report observations of 180� stripe
domains in sub-50-nm-thick epitaxial films of PbTiO3
grown on SrTiO3 (001) substrates, as a function of tem-
perature T and film thickness d. Our approach is to use
synchrotron x-ray scattering to observe domain formation
and evolution as the sample is cooled from above TC to
room temperature. The experiments were performed at the
BESSRC beam line 12-ID-D at the Advanced Photon
Source, using an apparatus for in situ grazing-incidence
x-ray scattering measurements during and following film
0031-9007=02=89(6)=067601(4)$20.00 
[13]. Here we report on films with thicknesses from 1.6 to
42 nm, which were fully epitaxially strained (i.e., in-plane
lattice matched to SrTiO3). The films were pure c domain
(i.e., polar c axis normal to the film surface) except for T <
500 K in thicker films. This agrees with theory based on
the �1:2% compressive epitaxial strain [14]. An x-ray
energy of 24 keV and an incidence angle of 1� were
used. In situ measurements in the growth chamber not
only gave us precise control over film thickness during
growth, but also allowed us to provide a vapor pressure of
PbO over the film sufficient to maintain stoichiometric
PbTiO3 as the equilibrium phase, which is critical for
studies of thin films at temperatures above 850 K [13].

Figure 1 shows in-plane x-ray scattering profiles through
a PbTiO3 Bragg peak at various temperatures, for a typical
film. As T is lowered through TC, first-order satellite peaks
develop around the Bragg peak at positions �Q � �Q0,
indicating the presence of an in-plane modulation with
well-defined period  � 2	=Q0. At about 100 K below
TC, the first-order satellites shift to smaller Q0, and peaks
appear at the higher, odd-order satellite positions �Q �
�nQ0 (n � 3; 5; . . . ). Finally, at about 400 K below TC,
the satellites disappear. At a given temperature the posi-
tions and intensities of the satellites do not change with
time and are very reproducible provided that T is lowered
monotonically from above TC. For a given T and d, similar
satellite patterns with identical spacings Q0 are observed
around all Bragg peaks HKL except those with no out-of-
plane component (L � 0). The lack of satellites around
L � 0 peaks implies that the polarization is solely in the
out-of-plane direction (positive or negative c domains).
The lack of even-order satellites is consistent with the
1:1 ratio of positive and negative domains expected for
field cancellation. The T dependences of both the Bragg
and satellite intensities are consistent with those expected
from increasing polarization below TC. These character-
2002 The American Physical Society 067601-1
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FIG. 1 (color). In-plane x-ray scans through the PbTiO3 304
peak for a 12.1-nm-thick film, at various temperatures. Inset:
Schematic of 180� stripe domains.
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Typical in-plane arrangements of the satellite pattern are
shown in Fig. 2. On various samples, the satellites either
form rings 2(a) and 2(c), are aligned in the H and K
directions 2(b), or are aligned at a particular azimuth
2(d). These are all consistent with linear stripe domains,
oriented either randomly, crystallographically, or in a
single direction, respectively, within the illuminated area
(1 mm2). We confirmed on several samples showing uni-
directional alignment that the stripe orientation corre-
sponds to that of the terraces on the surface that occur
due to substrate miscut [typical 0:25� vicinal angle from
FIG. 2 (color). Typical in-plane distributions of satellite inten-
sity around the PbTiO3 304 peak, for various d and
T. Redder hue indicates higher intensity (log scale). (a) and
(b) are phase F�; (c) and (d) are phase F�. Elongation of central
Bragg peak is due to asymmetric resolution function.

067601-2
(001)]. Such alignment increases the prominence of the
higher-order satellites in phase F�, as in Fig. 2(d). Both the
central Bragg peak and the satellites show thickness fringes
in the out-of-plane (L) direction with a spacing �QL �
2	=d, indicating that the stripe structure extends through
the film.

Figure 3 shows a typical temperature dependence of the
stripe period  for a given thickness film. As T is lowered,
 changes fairly abruptly from a lower to a higher value.
We interpret this to be a transition between two stripe
domain phases, F� and F�. The stripe periods vary system-
atically with film thickness in both phases, as shown in
Fig. 4(a). The lack of higher-order satellites in the F�
phase suggests that the 180� domain walls are significantly
more diffuse in F� than F�.

We determined TC for films of various thickness by
measuring the T dependence of the out-of-plane lattice
parameter c. Typical data are shown in Fig. 3. Owing to
its large coupling to polarization, epitaxial strain is ex-
pected to significantly affect the ferroelectric transition.
Recent calculations [15] for PbTiO3 films, in which the
electric field is assumed to be zero, predict that the epitax-
ial constraint changes the order of the transition from first
to second, and that TC can be elevated significantly above
the zero-stress value of Tzs

C � 765 K. When the effects
of electric field and stripe domains are included [2,5],
this zero-field result is valid in the limit of a thick film
�d ! 1�. For fully strained PbTiO3 on SrTiO3, the pre-
dicted c�T� in the thick-film limit is shown in Fig. 3 [16].
The transition is located at the abrupt change in slope of
c�T� at T1

C � 1025 K. We observe just such a slope change
with no discrete jump in our c�T� data, confirming that the
transition is continuous. The values of TC obtained from
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FIG. 3. Stripe period  and lattice parameter c as a function of
T for a 12.1-nm-thick PbTiO3 film. Symbols for  correspond to
the phase, F� (triangle) or F� (diamond). Symbols for c are
circles; line shows calculated c for epitaxial PbTiO3=SrTiO3 film
with E � 0 (thick film limit).
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FIG. 5. Phase diagram for epitaxial PbTiO3 thin films on
SrTiO3. Solid line: TC determined from c�T�. Circles: no satel-
lites, paraelectric phase P. Triangles: satellites at larger Q0,
ferroelectric stripe phase F� or critical fluctuations Pcrit.
Diamonds: satellites at smaller Q0, ferroelectric stripe phase
F�. Squares: no satellites, ferroelectric monodomain phase F�.
Dashed lines: estimated phase boundaries.
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FIG. 4. (a) Stripe period  vs thickness d. Solid symbols:
phase F� at T � TC � 250 K. Open symbols: phase F� at T �
TC � 50 K. Line: sharp wall theory at T � TC � 250 K. (b) TC
vs d. Symbols with error bars: observed values. Solid line: fit to
TC=T

1
C � 1� �d=d0�

�n, with d0 � 0:59 nm, n � 0:73. Dashed
line: theory (see text).
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the measured c�T� are shown as a function of film thickness
in Fig. 4(b). For thicker films we observe that TC is
elevated well above Tzs

C , approaching the predicted value
of T1

C as d ! 1. However, as d decreases, TC is sup-
pressed hundreds of K below T1

C .
Figure 5 shows the observed phase diagram as a function

of d and T. The symbol type indicates the presence or
absence of x-ray satellites, and whether the stripe period
corresponds to the lower (F�) or higher (F�) value. Also
shown (solid line) is TC determined from the lattice param-
eter. For film thicknesses above 5 nm, the appearance of
satellites corresponds closely to TC. For thinner films,
measurable satellites occur above TC, consistent with
stronger critical point fluctuations as the system becomes
two dimensional. The phase without satellites at low T we
label F�. We believe that F� is the monodomain ferro-
electric phase, since c is close to the zero-field prediction
(see Fig. 3), indicating that Ed has been relaxed without
180� stripe domain formation.

We can compare the results in Fig. 4 to theory with no
adjustable parameters, since all the required properties of
the PbTiO3=SrTiO3 system have been obtained independ-
ently. For stripes with sharp domain walls, corresponding
to phase F�, an analytical solution has been obtained in a
linearized model in which P varies linearly with E in each
domain. The original treatment for thick films [2] has
recently been extended to thin films, in which the regions
of nonzero E near the surfaces overlap [5]. We expect that
the boundary conditions for our case will be asymmetric:
067601-3
the outer surface of the film will be compensated by free
charge, since it is exposed to a reactive atmosphere, while
the interface between the PbTiO3 film and the SrTiO3
substrate will be isolated from free charge. The polariza-
tion distribution is thus equivalent to that in one half of a
PbTiO3 film of thickness 2d, having symmetric isolated
SrTiO3 boundary conditions at both surfaces [4].
Extending the treatment [5] to include an external dielec-
tric, the equilibrium stripe wave number Q0 is given by the
implicit relation

Q2
0 �

4P	2
0

	�ex�0�d

X
n�1;3;5;...

1

n3




�
1

1� g coth�n��
�

gn�

sinh�n�� � g cosh�n���2

�
;

(1)

with � � ��	1=�
	
3�
1=2Q0d and g � ��	1�

	
3�
1=2=�ex, where �	1

and �	3 are the dielectric constants of the film perpendicular
and parallel to the polarization direction, �ex is that of
SrTiO3 [17], P	

0 is the equilibrium polarization under
zero field, and � is the 180� domain wall energy. Here
�	1, �

	
3, and P	

0 are the renormalized values for the epitaxi-
ally strained film [18]. Recent calculations of the 180�

domain wall energy at T � 0 K give ��0� � 132 mJ=m2

[19]. Since the domain wall energy is expected to be
proportional to P	3

0 [2], its temperature dependence
can be estimated as ��T� � ��0�P	

0�T�=P
	
0�0��

3. In the
limit � � 1, which in our case applies for d > 10 nm,
067601-3
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Eq. (1) reduces to Q0 � 1:16P	
0�0�ex�1� g��d��1=2,

giving  proportional to d1=2. The dependence of  on T
is relatively weak [2]. The predicted stripe period as a
function of d is shown in Fig. 4(a). The data and model
are in strikingly good agreement, considering that there are
no adjustable parameters. This provides quantitative sup-
port for the calculations of ��0� [19] and the effects of
epitaxial strain [15].

The linearized model predicts that the stripe domains
become ineffective at neutralizing Ed in sufficiently thin
films, so that TC depends on d. The critical thickness below
which the ferroelectric phase is not stable can be obtained
as dC � 1:53�0�	23 �=�ex�1� g�P	2

0 . Inverting dC�T� gives
TC�d�, which is shown in Fig. 4(b). The observed suppres-
sion of TC for thin films is much larger than this prediction.
One explanation for this discrepancy is the linearization of
P�E� in the model [9]. However, since the linearization
overestimates the free energy of the F� phase, the pre-
dicted suppression of TC will be even smaller in a full
nonlinear solution, in disagreement with the data. An
alternative explanation is suppression of the polarization
at the surface due to intrinsic effects, which have typically
been described using additional terms in the mean-field
free energy functional [20]. The physical origins and con-
sequences of these effects are a subject of continuing
investigation [21].

The observation of three ferroelectric phases can be
qualitatively understood using existing concepts. The F�
phase observed just below TC has a smaller stripe period
and more diffuse domain walls than the F� phase. It has
been proposed that polarization-wave fluctuations in the
paraelectric phase become unstable at TC, forming a 180�

stripe domain phase with diffuse walls [10,22]. A gradient
energy term of the form �jr 
 Pj2 is used to represent the
domain wall energy. Like the sharp wall theory for F�, this
diffuse wall theory for F� predicts a stripe period propor-
tional to d1=2. Depending on the relationship used to obtain
� from �, the predicted stripe period for F� is similar to or
smaller than that for F�, as observed. At lower T, non-
linearity in the free energy functional is expected to favor
sharp domain walls [22]. The transition to the mono-
domain ferroelectric phase F� has been predicted by treat-
ing the ferroelectric as a semiconductor, in which carriers
can be created by the field effect. The critical thickness
for monodomain formation has been given as [9]
dC � 2:6�0�	3�=P	

0, where � is the potential difference
between the Fermi level and the conduction band. Using
� � 1:9 V (half the optical band gap of PbTiO3), mono-
domain formation is predicted to occur at a polarization
corresponding to TC � T � 325 K for d � 10 nm, in
qualitative agreement with our observations. The rich
phase diagram we have observed in this simple system
makes it an excellent test case for more quantitative devel-
opment of these concepts.

For the thin films described here, TC is above room
temperature. The fit to TC�d� predicts that even two-unit-
067601-4
cell- (0.8-nm-) thick films would be ferroelectric at low T.
This is in agreement with expectations based on the in-
crease in TC from epitaxial strain, counteracted by the
intrinsic thickness effect [21]. Further study of ultrathin
films will be required to determine whether the surface,
which forms an antiferrodistortive reconstruction [23], also
participates in the ferroelectricity.
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