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Enhanced relaxor behavior in epitaxial PbMg1/3Nb2/3O3 films are investigated. Analysis of the low-
frequency intrinsic dielectric response is combined with studies of the response in far-infrared frequency range.
The response is interpreted as that of a composite consisting of “matrix” and “dipoles.” Temperature depen-
dence of the measured effective permittivity is explained by growth of the “dipolar” volume fraction on
cooling. The dipolar relaxation time spectra are found to contain large fractions of fast relaxators, which
increase with decreasing film thickness. This is shown to explain the enhanced relaxor behavior in the films.
The peculiar fast dipoles are suggested to be influenced by film-substrate coupling.
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Large dielectric permittivity and effective piezoelectric
coefficient exhibited by perovskite-type relaxor ferroelec-
trics, or relaxors �REs�, sustain device-oriented research of
these materials. Also a great effort is directed to understand-
ing fundamental atomistic and macroscopic features of REs
responsible for their unique properties.1 Compared to bulk
ceramic or single-crystal REs, thin RE films are attractive for
miniature devices but are much less studied and understood.
In thin films, the small amount of material and the inevitable
presence of extrinsic factors �such as substrate, electrode lay-
ers, etc.� prevent applying many experimental methods used
for studies of bulk REs. However recently, the intrinsic low-
frequency dielectric properties of epitaxial films of RE
PbMg1/3Nb2/3O3 �PMN� have been experimentally assessed.2

Remarkably, they have been shown to noticeably differ from
those of single-crystal PMN. In such films compared to bulk
PMN, enhancement of RE behavior has been evidenced by a
profound increase in the empirical scaling3 factor. In order to
clarify possible mechanism driving epitaxial films toward
“stronger” RE state, the low-frequency dielectric properties
of epitaxial PMN films are analyzed in combination with
analysis of their response in far-infrared �FIR� frequency
range. The properties of epitaxial films are compared with
those of single-crystal PMN �Refs. 4 and 5� and polycrystal-
line film.

The epitaxial PMN films of cubic perovskite structure,
with �001� planes parallel to the substrate �001� surface, and
with the cube-on-cube epitaxial relationship2 were grown by
in situ pulsed laser deposition. An La0.5Sr0.5CoO3 bottom
electrode layer and MgO �001� substrates �for the low-
frequency studies� and also bare MgO �001� substrates �for
the FIR studies� were used. For comparison, a polycrystal-
line PMN film was pulsed-laser-deposited on Al2O3 �0001�
substrate using a thin SrTiO3 buffer layer, similarly to that in
Ref. 6. The low-frequency dielectric characterization of the
vertical Pt /PMN /La0.5Sr0.5CoO3 /MgO capacitor hetero-
structures with pulsed-laser-deposited Pt top electrodes were
performed using a Hewlett-Packard �HP� 4284A LCR meter
and Linkam LTSE350 MultiProbe stage. The details of the
growth, structural and dielectric characterization and identi-
fication of RE state can be found in Ref. 2. The amplitude of
the probing ac field applied to the capacitors was 5–100
kV/m, considerably smaller than that at which changes in
dielectric response of PMN films become detectable.2,7 The

FIR transmission spectra were acquired using a Fourier
transform infrared spectrometer Bruker IFS 113 v, an Op-
tistat �Oxford Instrument� cryostat, and a high-temperature
cell Specac P/N 5850. A helium-cooled Si bolometer operat-
ing at 1.6 K was used as a detector. The details on the mea-
surements and the fitting procedure can be found in Refs. 5
and 6.

At low frequencies, the real part of the dielectric permit-
tivity measured in epitaxial PMN thin-film heterostructures,
�H, differs from that in crystal. Unexpectedly, in contrast to
the commonly observed decrease in �H in thin-film FE ca-
pacitors compared to FE bulk prototypes, a surprisingly large
�H is obtained for PMN film thickness d=750 nm �Fig.
1�a��. At temperatures T�400 K and T�200 K, the hetero-
structure exhibits �H which is larger than the permittivity in
crystal measured at the same frequency. �Note that in vertical
heterostructures, due to presence of a film-electrode interface
capacitance, the measured effective permittivity is always
smaller than that in the film.�

In PMN films, the temperature dependence of intrinsic
permittivity � �i. e. not affected by extrinsic factors such as

FIG. 1. �a� The dielectric permittivity � as a function of tem-
perature T measured at frequency f =100 kHz in the heterostructure
of 750 nm thick PMN film and at f =76 kHz in the single-crystal
PMN. �Ref. 4� �b� Verification of empirical expression �1� using the
data from �a�.
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electrodes, interfaces, and film conductance� at frequency f
has been fitted by an empirical function2

1

��f ,T�
= �0T + �1�f��2 exp�−

T

�2
� + I0, �1�

where �0, �1, �2, and I0 are the temperature independent pa-
rameters. Using the derivative � of inverse permittivity: �
=���−1� /�T, it is easy to see that the expression �1� can be
verified by analyzing the temperature dependence of
ln��0-��=ln �1−T /�2. The experimentally obtained linear
temperature dependence of ln��0-�� �Fig. 1�b�� proves valid-
ity of Eq. �1� for PMN films at T between 80 and 620 K. In
PMN crystal, the behavior of ln��0-�� is more complicated.
However, at low T �below 250 K in Fig. 1�b��, the line is
seen in the crystal too, with the parameters �0 and �2 being
close to those in 750-nm-thick film.

The empirical expression �1� can be interpreted consider-
ing PMN film as a system of polar units, or “dipoles” em-
bedded in a “matrix.” At very high T→�, the inverse per-
mittivity tends to that of matrix: 1 /�=�0T+ I0. This only
formally resembles the Curie-Weiss law for paraelectric state
in FEs. The linear term �0T in Eq. �1� suggests a paraelectri-
clike contribution present at all T. In the low-T limit T→0,
the permittivity tends to �=1 / ��1�2+ I0�, corresponding to a
pure “dipolar” contribution.

The frequency dependent fitting parameter is �1 �Fig. 2�.
All other experimental fitting parameters are found to be fre-
quency independent. In PMN crystal, the parameter �1 deter-
mined from the low-T derivative ��T� depends on frequency
f according to �1� log�f�. In PMN films, another type of
frequency dispersion �1�f� is found. In the low-T limit T
→0, considering the frequency dependent permittivity being
solely that of an ensemble of dipolar relaxators with a certain
distribution g�f� of relaxation times �=1 / f and assuming I0
=0, the shape of the normalized relaxation spectra g��f� can
be evaluated

��f� = �static�
f0

f

g�f�df �
1

�1�f��2
, �2�

g��f� � −
1

��1�f��2 ·
���1�
� f

. �3�

In PMN film �d=750 nm� and crystal at low T, the low-
frequency edges of the normalized relaxation spectra g� look
similar �Fig. 2�. For the films, however, the Vogel-Fulcher
analysis has revealed that with decreasing film thickness, the
average relaxation time becomes shorter.2

To understand physical meaning of the empirical expres-
sion �1� and of the fitting parameters therein, the permittivity
of a two-component system including matrix and dipoles
were considered. It can be roughly estimated using the
Maxwell-Garnett equation8

� − �h

� + 2�h
= �

�i − �h

�i + 2�h
, �4�

where �h and �i are the permittivity of the dielectric host and
spherical inclusions, respectively, and � is the relative vol-
ume fraction of inclusions. Using expression �4� the inverse
permittivity 1 /� and its derivative � were numerically simu-
lated for a fixed frequency. In simulations, a matrix with the
permittivity cM /T and cM= �0.1–10�	105 K, and dipoles,
the volume fraction � of which grows on cooling exponen-
tially �=exp�−T /TD� with TD=100–500 K were assumed.
For ��0.5, the dipoles were considered as inclusions and for
��0.5 the matrix permittivity was treated as that of inclu-
sions. The dipolar relaxation time spectrum and, hence, the
dipolar permittivity were first assumed to be temperature in-
dependent. The dipolar permittivity �D was varied from 100
to 10 000. The results of simulations �Fig. 3�a�� qualitatively
reproduce the dielectric response of PMN films. In the simu-
lated temperature dependence of inverse permittivity 1 /��T�,
the high-temperature linear part mimics the Curie-Weiss-type
behavior. The simulated temperature dependence of deriva-

FIG. 2. The fitting parameter �1 �open symbols� as a function of
frequency f determined in PMN film at all T and in PMN crystal at
low T�200 K. The normalized relaxation spectra g� are also
shown �solid symbols�.

FIG. 3. �a� The inverse permittivity 1 /� �open symbols� and its
derivative � �solid symbols� as a function of temperature T obtained
by simulation in the two-component system with cM=3	105 K,
TD=300 K, and dipolar permittivity �D=400. Linear fit to 1 /�
mimics the Curie-Weiss law. Exponential fit to � agrees with ex-
pression �1�. �b� The derivative ��T� obtained in the system �a� with
different temperature dependent dipolar permittivity ��D is also
shown�.
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tive ��T� is fitted by an exponent: ��T�=�0−�1exp�−T /�2�, in
excellent agreement with the empirical expression �1�.

To simulate frequency dispersion of the response, the di-
polar permittivity was varied in the limits of 
�D=10%
around arbitrary �D from 100 to 5 000. The obtained corre-
sponding variations in the temperature Tm of the dielectric
peaks and of the fitting parameters are about 
Tm	7–9%,

�0�2%, 
�1	8–12%, and 
�2�0.1%. Also these results
reproduce the experimentally observed frequency dispersion
of Tm and �1, with the parameters �0 and �2 being practically
frequency independent.

To check an effect of temperature dependence of the di-
polar permittivity �D�T� on temperature dependence of the
total permittivity ��T�, the simulations were performed with
the linear, polynomial, and exponential forms of the depen-
dence �D�T� �Fig. 3�b��. Also for the temperature dependent
“dipolar” permittivity, the obtained derivatives ��T� can be
satisfactorily fitted by exponential functions.

The results of simulations and experimental observations
imply that the main factor determining temperature depen-
dence of the total permittivity ��T� is the growth of the di-
polar volume fraction on cooling. Remarkably, temperature
evolution of the dipolar relaxation time spectrum has no con-
siderable influence on the character of ��T�. Also the simu-
lations show that the fitting parameters in expression �1� are
connected to properties of matrix and dipoles in a complex
manner and thus have no direct physical meaning.

In thin PMN films with decreasing thickness d, the fitting
parameters of expression �1� are found to grow �Fig. 4�a��.
Such a growth leads to enhanced diffuseness of the intrinsic
dielectric peaks. Previously, also shift of the temperatures Tm
of the dielectric peaks to lower T has been found with de-
creasing PMN thickness.2 Varying parameters in the above-
described simulations �4� shows that the increase in the fit-
ting parameters and the decrease in Tm are caused mainly by
larger dipolar permittivity �Fig. 4�b��. This qualitatively
agrees with the found shorter average relaxation time, imply-

ing larger fraction of dipoles with short relaxation times, and
correspondingly—larger fraction of dipoles contributing to
the dipolar permittivity at a certain frequency.

The performed analysis of the low-frequency intrinsic
permittivity suggests that the response of epitaxial PMN film
can be thought as that of a two-component system, contain-
ing paraelectriclike matrix and dipoles. On cooling, the vol-
ume fraction of dipoles exponentially grows. This growth
determines temperature dependence of the permittivity ��T�,
which is practically unaffected by temperature evolution of
the relaxation time spectrum and �D. In thinner films, dipolar
relaxation spectra contain larger fractions of fast relaxators,
with shorter relaxation times. This leads to increase in the
low-frequency dipolar permittivity with decreasing film
thickness. Consequently, the RE features in the dielectric re-
sponse are enhanced.

Thus the peculiarity of epitaxial PMN films is the rela-
tively large density of dipoles with short relaxation times. In
perovskite-type bulk REs, the shortest relaxation time is
known to be of the order of 10−12–10−14 s, corresponding to
FIR frequencies. To investigate the shortest-time edge of the
relaxation spectrum in PMN films, FIR spectroscopy studies
were performed.

In single-crystal PMN,4,5,9 at very high temperatures, the
lowest polar phonon mode is believed to be connected with
the formation of dynamic polar regions �corresponding to
dipoles here�. On cooling, the dielectric response of polar
regions along the direction of local polarization becomes
smaller than that in the orthogonal direction. Due to such an
anisotropy, the soft mode splits into the low-frequency
�20 cm−1� E component and the high frequency A1 compo-
nent, which hardens on cooling below 500 K. The relax-
ational mode �or central mode� related to the dynamics of
polar regions has been also detected at high T, where it over-
laps with the E-mode.9 On cooling, however, the relaxational
central mode slows to microwave and lower frequency
ranges. At low T�50 K, the presence of a mode near
65 cm−1 has been ascribed to possible changes in symmetry
in the polar regions.6,9

In the epitaxial PMN film on bare MgO substrate �PMN/
MgO�, the FIR transmission spectra were measured at differ-
ent temperatures from 20 to 900 K. At all T, the phonon
parameters of the film were determined below 100 cm−1

�Spectral limitation was due to absorption in MgO.�10 The
spectra fittings were performed for a two-layer system with
the known phonon parameters of the substrate, which were
separately investigated.

In the PMN/MgO film, the frequencies and the tempera-
ture evolution of the high-T soft mode and the A1-mode �Fig.
5�a�� are consistent with those in single-crystal PMN.4,5,9,11

The most obvious difference between the film and the crystal
is seen in the heavily damped E-symmetry mode. In the film,
its frequency is considerably higher, its phonon damping is
about three times lower and its frequency is temperature in-
dependent. The behavior agrees with the presence of large
density of fast dipoles revealed by the low-frequency dielec-
tric analysis. The fastest dipoles are determined mainly by
the E-mode phonons.

The epitaxial PMN films possess considerable degree of
rock-salt type chemical B-site ordering.12 To check if the

FIG. 4. The parameters �0 and �2, and the temperature Tm of
dielectric maxima �a� as a function of thickness d of PMN films
determined from the experimental data �Ref. 2� and �b� as a func-
tion of inverse dipolar permittivity 1 /�D obtained by simulation in
the two-component system.
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peculiar E-mode is specific for epitaxial chemically ordered
films only, the microstructure and the far-infrared spectra of
a PMN film grown on Al2O3�0001� substrate were investi-
gated. The film was perovskite, polycrystalline, with random
orientation of crystal planes relative to the substrate surface,
and without a detectable �by x-ray diffraction� B-site order-
ing. The measurements and fitting of the spectra were similar
to those in Ref. 6. Also in the polycrystalline PMN /Al2O3
film �Fig. 4�b��, the heavily damped E-mode identical to that
in the epitaxial PMN/MgO film is detected at T
=20–750 K.

Compared to single-crystal PMN in the studied PMN
films, the dipoles exist at much higher T, their shortest relax-
ation times �corresponding to E-mode frequency� remain un-
changed on cooling, and the density of the fastest dipoles is
large �well above the experimental limit of detection� at all
T.

The identical polar phonon structure observed in PMN/
MgO and PMN /Al2O3 films reveals negligible influence of

chemical ordering or epitaxial quality on fast dipoles. It is
worth mentioning that studies6,13 of single-crystal, ceramic,
and thin-film PbMg1/3Ta2/3O3 and PbSc0.5Ta0.5O3 have not
shown a noticeable dependence of polar phonon structure on
degree of chemical ordering either. Also polycrystalline
ceramic-type PMN films prepared by chemical solution
deposition have been found to behave similarly to bulk
PMN.9 The fast dipoles with the frequency marked as E in
Fig. 5 are characteristic for the physically grown epitaxial or
polycrystalline films, but are not directly connected to epi-
taxial quality or degree of chemical ordering. The common
microstructural feature of such films is their two-dimensional
in-plane clamping by the substrate: either the whole single-
crystal epitaxial film or vertical columnar crystallites grow-
ing from the bottom to the top of the polycrystalline film are
clamped. As follows from studies of strained PMN films,14

the in-plane thermal strain developing during measurements
�estimated 0.04% in PMN /MgO system� cannot noticeably
affect zero-field dielectric properties. The mechanism
through which the film-substrate coupling might lead to for-
mation of the fast dipoles is unclear and requires further
investigations.

In summary, the low-frequency intrinsic dielectric re-
sponse and the response in far-infrared frequency range of
epitaxial PMN films are experimentally studied and ana-
lyzed. The response is interpreted as that of paraelectriclike
matrix and dipoles, with the dipolar volume fraction expo-
nentially growing on cooling. Compared to single-crystal
PMN in PMN films, the dipolar relaxation time spectra con-
tain larger fractions of fast relaxators, which increase with
decreasing film thickness. This is shown to explain the en-
hanced RE behavior in the films. The film-substrate coupling
might be responsible for the peculiar fast dipoles.
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