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Multilayers of Pb�Mg1/3Nb2/3�O3 �PMN�-PbTiO3 �PT� were deposited through pulsed laser ablation depo-
sition with different periodicities �d=10, 20, 30, 40, 50, 60, and 70 nm� for a constant total thickness of the
film. The presence of superlattice reflections in the x-ray diffraction pattern clearly showed the superlattice
behavior of the fabricated structures over a periodicity range of 20–50 nm. Polarization hysteresis and the
capacitance-voltage characteristics of these films show clear size dependent ferroelectric and antiferroelectric
�AFE� characteristics. Presence of long-range coupling and strain in multilayers with lower periodicity
��10 nm� exhibited a clear ferroelectric behavior similar to a solid solution of PMN and PT. Multilayers with
higher periodicities �20–50 nm� exhibited antiferroelectric behavior, which could be understood from the
energy arguments. On further increase of periodicity, they again exhibit ferroelectric behavior. The polarization
studies were carried out beyond the Curie temperature Tc of PMN to understand the interlayer interaction. The
interaction is changed to a ferroelectric-paraelectric interlayer and tends to lose its antiferroelectric behavior.
The behavior of remnant polarization Pr and dPr /dT with temperature clearly proves that the AFE coupling of
these superlattices is due to the extrinsic interfacial coupling and not an intrinsic interaction as in a homoge-
neous conventional AFE material. The evidence of an averaged behavior at a periodicity of �10 nm, and the
behavior of individual materials at larger periodicities were further confirmed through dielectric phase transi-
tion studies. The presence of AFE interfacial coupling was insignificant over the dielectric phase transition of
the multilayers.
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I. INTRODUCTION

Fabrication and stabilization of materials that do not occur
naturally has been the interest of study in recent trends of
materials research.1 Artificial superlattices �SL� and multilay-
ers �ML� provide an opportunity to fabricate materials with
carefully engineered properties. The control of desired prop-
erties can be achieved by tailoring the lattices.2 The wide
range of applications of ferroelectric oxides–ferroelectric
memories, MEMS application, to name a few, require a pre-
cise combination of properties of individual layers. The ma-
terials used to form the SL may not have the required prop-
erty individually.3 Averaged physical behavior of the
superlattice depends mainly upon the interfacial coupling
among the layers and size of the individual layers. For ex-
ample, neither BaCuO2 nor SrCuO2 is superconducting, but a
superlattice of these materials exhibits superconductivity.4

Thus, a better understanding of the coupling between the
layers of the superlattice will help us understand the proper-
ties of the total combination, and is also crucial if we hope to
synthesize superlattices with a particular property.5 A ferro-
electric �FE� SL cannot be assumed as a capacitor connected
in a series, which would be an erroneous oversimplification
of the problem. Various theoretical models explaining the
role of the intrinsic coupling, the interfacial coupling, and the
interfacial strain present in a ML has been studied
extensively.6–11 Theoretical studies of these SL and FE bilay-
ers can be broadly classified into two major classes: the first
one is based on a transverse Ising model �TIM�, in which a
model Hamiltonian is constructed including the interfacial
exchange coupling among the ferroelectric �FE� dipoles of
the different materials comprising the SL and their intrinsic
dipolar coupling;6,7,12,13 the second method is basically a
continuum limit of the above explained discrete models,7,14

in which the Landau free energy expression based on the
polarization of the materials is constructed including the in-
terfacial interaction among the polarization of the individual
layers comprising the SL. The nature of the coupling is un-
derstood based on the energy arguments.15

Influence of the intrinsic and the interfacial coupling and
their size dependences in a SL is well understood based on
the TIM. The existence of the strong long-range FE interac-
tions and their influence over the averaged property of a SL
is studied on a FE-FE SL and also over a FE-paraelectric
�PE� SL.16,17 Existence of a strong long-range interaction
across the interface and its dominance gives rise to a strong
coupling within the layers, effectively giving an averaged
property for the SL structure. A weak long-range interaction
gives rise to the domination of interfacial coupling and hence
the physical property due to the interfacial coupling between
the layers is observed.11 Most of the Ising models proposed
were used to study the FE phase transition behavior, which is
insensitive to the nature of either FE or AFE interfacial
coupling.6,7,12,18 Very few reports are found on the polariza-
tion hysteresis of the bilayers and multilayers �ML� based
on these discrete models.19 The effects of interfacial
coupling giving rise to FE and AFE effects in a ML
structure were explained based on the polarization behavior
of the individual systems comprising the ML and energy
considerations.19 Interfacial coupling among the ferroelectric
layers has also been studied based on the Landau free energy
expression of the individual layers and a coupling term be-
tween the layers, which is a continuum model. These free
energy constructions illustrate the role of interfacial coupling
over the polarization behavior of the superlattices, and the
existence of double loop behavior due to the AFE interfacial
interaction among the layers present in the ferroelectric het-
erostructures and their dimensional dependent behavior.15
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Experimentally, the existence of an intrinsic dipolar long-
range interaction giving rise to an averaged FE behavior on
epitaxial thin films has been observed in KTaO3/KNbO3 and
in a relaxor superlattice.20–22 For example, in the case of
KTO/KNO SL, though one of the layers is a PE material at
room temperature, the strain effects at the interface introduce
a FE distortion and hence an effective FE behavior has been
observed at low modulation lengths.11,20 Evidence of an in-
trinsic coupling and an averaged behavior has also been ob-
served in a FE relaxor SL;22 whereas, an intrinsic size de-
pendent FE and AFE distortion has been reported only on
SrTiO3/BaZrO3 �STO/BZO� SL structure, in which the indi-
vidual layers are room temperature PE in nature. A clear size
dependent FE and AFE distortion has been observed in STO/
BZO and KTO/KNO SL.23,24 Knowledge of the interfacial
interaction and its influence over the FE and AFE behavior
of various ferroelectric heterostructures remains ambiguous.
Moreover, an interaction between a normal FE and a relaxor
FE ML has not been studied extensively. In the case of the
FE heterostructures, certain questions remain ambiguous, for
example what is the dimensional range in which the interfa-
cial coupling dominates the overall polarization behavior of
the system? Is it possible to observe the FE and AFE
distortion in a ML structure of a normal FE and relaxor FE?
Are the physical properties based on the individual layer
dimensions tunable even in highly oriented polycrystalline
structures, which are easier to fabricate in a mass scale
and economic? In the present work, we have tried to
address the above issues with lead magnesium niobate
�PbMg2/3Nb1/3O3� PMN, a well-known relaxor FE,25–27 and
lead titanate �PbTiO3� PT, a well-known FE material.28 Mul-
tilayers of PMN and PT were fabricated with different peri-
odicities to study the interfacial coupling between the layers
of the heterostructure. PMN is the most extensively studied
relaxor with very high dielectric constant. PMN has a
Tm �temperature corresponding to dielectric maxima� of
�−15 °C. PMN also exhibits a frequency dependent Tm,
which is a common phenomena observed in any of the re-
laxor FE. Above Tm, the PMN is known to behave as a su-
perparaelectric system with nonzero remnant polarization
�Pr�.25–27 It also has high technological applications when
fabricated as a solid solution with PT as electrostrictive ac-
tuator and sensors. Hence the ML structure of PMN, the
simplest among the distorted perovskite systems, and PT, a
well-known FE, could be useful candidates for both funda-
mental understanding and for technological applications.
Moreover, PMN has a good lattice matching with PT.

II. EXPERIMENTAL

Phase pure Pb�Mg1/3Nb2/3�O3 �PMN� and PbTiO3 �PT�
pellets were prepared through columbite process, and con-
ventional solid state reaction process, respectively.29 Well-
sintered pellets of both PMN and PT were used as target
materials for fabrication of thin films in a multitarget laser
ablation chamber. Multilayer �ML� structures of PT and
PMN were fabricated using a KrF pulsed excimer laser
�Lambda Physik, 248 nm� fired at a pulsed energy of 120 mJ
and a fluence of 3.5 J /cm2. ML structures of different peri-

odicities ranging from 10 to 70 nm in steps of 10 nm were
fabricated on �111� oriented Pt/TiO2/SiO2/Si substrates at
650 °C and 100 m Torr of oxygen ambient. All the ML
structures were fabricated with a symmetric periodicity;
hence, the PT and PMN were of equal thickness in a given
period. A thin layer �50 nm� of La0.5Sr0.5CoO3was used as a
template layer to assist phase formation whose usage is well
known in the fabrication of relaxor thin films.30 The period-
icity �d� and crystallinity of these structures were confirmed
from the x-ray diffraction studies �FeK� ,�=1.936 Å�. The
periodicities were compared with the thickness calibration
done with respect to number of laser pulses using a cross
sectional scanning electron microscope. The films grown un-
der the processing conditions explained above were known
to have a high orientation along �100� direction. The electric
polarization and capacitance-voltage studies of these films
were performed using an RT66A system working under
modified Sawyer Tower circuit mode31 and an impedance
analyzer �4294A Agilent technologies�.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction �XRD� pattern of the
ML and was found to be highly oriented along �100� direc-
tion. Figure 1�a� indicates the XRD pattern of a ML structure
with a periodicity of 40 nm. Figure 1�b� shows the magnified
view of the XRD pattern of the ML structures with different
periodicity. The pattern clearly shows the presence of satel-
lite reflections in the ML with the periodicities ranging from
20–50 nm which is a clear illustration of the superlattice
type of behavior in the highly oriented polycrystalline struc-
tures for certain dimensions �20–50 nm�. Periodicity of the
superlattice structures was calculated from XRD pattern us-
ing the formula given below.32

d =
�

2�sin �1 − sin �2�
¯ · �1�

�1 and �2 are the corresponding Bragg angles of the 1st and
2nd satellite reflections. The calculation from the XRD pat-
terns matched well with the thickness calibration carried out
on individual layers, bilayers, and ML for various number of
laser pulses using a scanning electron microscope. Asymme-
tries present in the intensity distribution of the superlattice
reflections have been studied extensively by static phonon
approach and structure factor calculations33 and are attrib-
uted to the fluctuation in the periodicity of the system. This
could be due to the annealing effect experienced by the ini-
tial layers of deposition until the top layers are completed,
which is unavoidable. Moreover, the second order term cor-
responding to the strain variation and the corresponding
modification of structure factor introduces an asymmetry in
the intensity distribution.33 The satellite peaks were observed
only for samples with a periodicity ranging between 20 and
50 nm. Samples with a periodicity of 10 nm show a broad
single peak indicating a large strain present in the system. At
10 nm periodicity, the average d�100� was found to be
�3.947 Å and the average d�100� spacing had a systematic
decrease to 3.881 Å for 30 nm, and at 60 nm periodicity it
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relaxed to 3.901 Å which matches very well with the bulk
d�100��3.900 Å� of PT �74-2495, JCPDS-1999�. On compari-
son with the bulk values of the d�100��4.044 Å� spacing of
PMN �81-0861, JCPDS-1999� and PT, it is clear that the PT
layers have undergone a tensile stress and the PMN a com-
pressive stress.

The microstructural feature of a ML structure across the
film is shown in Fig. 2. An oriented columnar growth of the
ML with a column diameter of 30 nm and length of 600 nm
was observed from a field emission scanning electron micro-
scope �Sirion�. Weak striations observed across the column
of a single grain are due to the alternate layers of the ML
present in a single column. This observation of a columnar
growth of the whole structure indicates a sharp interface be-
tween the PT-PMN layers and also the absence of any grain
boundary perpendicular to the applied field. Hence the influ-
ence of grain boundaries perpendicular to the applied electric
field can be neglected in the present case and a single column
of grain can be assumed as a single crystal of the ML struc-
ture.

Figure 3 shows the polarization behavior of the PT-PMN
superlattice structures of different periodicities. The figure
shows the presence of size dependent polarization behavior

of the ML. At a periodicity of 10 nm, the system exhibited a
slim loop hysteresis similar to a solid solution of a PMN-PT
relaxor material. On increasing the periodicity, they exhib-
ited an antiferroelectric �AFE� type of behavior, showing a
slim double hysteresis loop type of behavior normally ob-
served for an AFE material. The existence of AFE coupling
between the layers was observed in the periodicities of the
range of 20–50 nm. On further increase of periodicity, a
normal FE behavior was onset with a slim polarization loop
characteristics.

The polarization behavior of any FE thin film structure is
dominated by various intrinsic and extrinsic factors. The ma-
jor factors that affect the polarization curves are �i� the FE
domains and the dipolar interactions �short and long range�,
�ii� the depolarizing field, �iii� the electrode effects, and �iv�
the other free charges due to defects, misfit dislocations etc.,
present in the system. In the case of heterostructures, the
field generated at the interface due to the variation of polar-
ization at the interface is another factor that could play a
crucial role in stabilizing the ground state of the system. All
the factors explained above have their own length scales over
which they dominate.11,19 The polarization behavior of the
PT-PMN ML exhibited a size dependent interfacial coupling
between the layers.

Existence of FE characteristics at a periodicity of 10 nm
could be due to the domination of long-range interactions
among the electric dipoles present. The existence of long-
range interaction in a normal FE superlattice has been ob-
served both theoretically and through experiments.6,21,22 In
the theoretical models, the Hamiltonian of the system is con-
structed based on a transverse Ising model �TIM�.6 The
Hamiltonian constructed based on a TIM model involves
coupling constants between the dipoles present at the inter-
faces of the two different FE layers A and B, and the cou-
pling varies with distance as a power law as given below.6

J�r� �
1

rij
� . . . , �2�

where J�r� is the exchange interaction and rij is the distance
between two dipoles at sites i, j, and � represents the decay-

FIG. 1. �Color online� �a� XRD pattern of a highly oriented
PT-PMN ML of 40 nm periodicity. �b� Magnified view of the �100�
reflection of multilayers of all periodicities.

FIG. 2. Cross sectional SEM image of a PT-PMN ML with a
periodicity of 50 nm.
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ing exponent. J�r� transforms to interfacial coupling when
the ith dipole belongs to material A and the jth dipole belongs
to material B. At lower values of �, the long-range interac-
tion dominates and the heterostructure exhibits an averaged
property of the existing materials. The existence of the long-
range interaction was observed for about �10 nm from the
calculations,6 which coincides with the experimental obser-
vations. Hence, the interfacial strain and the existence of
long-range interaction between the adjacent layers of PT and
PMN present in the ML could be responsible for the FE
characteristic of the ML with 10 nm periodicity. The ML
fabricated were highly oriented columnar structures and not
epitaxially grown. At low periodicity of 10 nm, though the
dimensions are within the range of the domination of long-
range interaction of the dipoles, a collective effect of the
interfacial roughness, the field at the interfaces due to polar-
ization mismatch and the polarization of the system stabi-
lizes the normal FE behavior and effectively exhibiting an
averaged property of the constituent materials present in the
ML structure. The slim loop FE type polarization behavior is
insufficient to conclude the existence of long-range interac-
tion in PT-PMN ML at 10 nm periodicity. A detailed crystal
structure analysis on epitaxial ML is essential to prove and
understand the FE distortions of PT and PMN and the domi-

nance of long-range interactions between the two layers at
low dimensions.5

On increase of periodicity, the dimensions of the indi-
vidual layers exceed the critical size over which the polar-
ization behavior of the PT-PMN ML is dominated by the
interfacial coupling among the layers. The layers can be
treated as a continuum and the interaction among the dipoles
are overcome by the interfacial coupling and gives rise to an
antiferroelectric interfacial coupling among the polarization
of the layers constituting the ML structure. Several models
have been reported in the literature for the validity of the
continuum models in the case of FE heterostructures and are
also treated as the continuum limit of the transverse Ising
model.14 The free energy expansion for a simple bilayer
model is given below.15

F =
A1

2�o
P1

2L1 +
B1

4�o
2 P1

4 − P1EL1 +
A2

2�o
P2

2L2

+
B2

4�o
2 P2

4 − P2EL2 + JP1P2 . . . , �3�

where A1, B1, A2, and B2 are the Landau coefficients of cor-
responding layer 1 and layer 2; P1 and P2 are the polariza-

FIG. 3. Room temperature
polarization hysteresis of the
PT-PMN ML with different
periodicity.
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tion of the layers; and L1, L2 denotes the thickness of the
individual materials. The last term is the interfacial coupling
term, which governs the ground state of the system. J is the
exchange interaction term between the layers at the interface.

The interfacial exchange interaction �J� between the po-
larizations of the two different layers present is treated as an
analogue of the exchange interaction among the individual
dipoles in the TIM.6,7,19 The above equation, however, ex-
plains a FE heterostructure; it requires few corrections in
terms of the role of depolarization field and the field due to
the polarization mismatches at the interface, moreover the
AFE coupling is assumed a priori and the dimensional de-
pendence of the polarization behavior is calculated for un-
equal thicknesses of the individual layers. These corrections
would play a crucial role in the calculation of the exact
length scales over which the various extrinsic and intrinsic
factors dominate. Hence the size dependence of the polariza-
tion hysteresis is less accurate in the case of the above-
explained continuum model. The exchange interaction of the
dipoles at the interface has to be taken into account in order
to explain the multiple loop characteristics of a FE multilayer
and a superlattice. The basic discrete TIM model, including
the exchange interaction of the dipoles at the interface ex-
plaining the multiple loop behavior due to the effect of the
intrinsic coupling and the interfacial coupling, consists of a
Hamiltonian as given below.19

H = − �
�i,j�

Ji,jSiSj − �
i

�iSi
x − 2�E�

i

Si
z . . . �4�

Jij is the coupling constant among the dipoles present
within a layer when the ith dipole and jth dipole belong to the
same layer, and it turns out to be the interfacial coupling
term when the ith dipole and the jth dipole belongs to the
adjacent layers. Si

x and Si
z are the components of the spin

operator in the case of magnetism and they mimic the dipole
moment present in the FE systems. �i is the transverse field
across each layer and the third term couples the system with
the applied electric field. The positive values of J favor FE
coupling and negative values of J favor AFE coupling in
terms of minimization of the free energy. The existence of
the competition between the interfacial coupling and the ap-
plied field gives rise to a multiple loop behavior such as a
conventional AFE system. A similar behavior was observed
in the polarization hysteresis of the PT-PMN multilayers in a
dimensional range of 20–50 nm of periodicity. At low fields
there is a competition between the exchange interaction
among the dipoles and the applied field, in which the ex-
change interaction dominates and effectively gives rise to an
antipolar distortion at the PT-PMN interface. Hence a very
low polarization at low applied fields is observed. At higher
applied fields the applied field dominates over the AFE ex-
change interaction and results in a coherent rotation of all
polarization domains parallel to the applied field. This be-
havior effectively gives rise to an AFE-like polarization be-
havior to the ML. On increase of the applied field, it over-
comes the interfacial exchange interaction among the layers
and results in the coherent rotation of all polarization do-
mains parallel to the applied field and effectively exhibits FE
characteristics. The observation of the double hysteresis be-

havior like a conventional AFE system is due to the antipolar
alignment of the dipoles of PT and PMN at the interface, in
order to minimize the energy of the system. In the above
explained model,19 the dimensional dependence of the polar-
ization hysteresis has been explained by maintaining an un-
equal thickness among the given period. Hence, the model
does not explain the dimensional dependence for equal re-
duction of individual layer thicknesses. The modification of
the Hamiltonian to explain the whole ML stacking has been
proposed by other authors.6,7 But, those studies were concen-
trated over the phase transition behavior of the ML and not
over the role of the interfacial coupling and the dimensional
range over which it dominates the polarization behavior. The
phase transition behavior is proved to be insensitive to the
nature and strength of the interfacial coupling by those
models6,7 and the same has been observed later in this study.
The interfacial coupling dominates the short- and long-range
interactions in a dimensional range of 20–50 nm in the case
of PT-PMN multilayers. Dimensional range over which the
AFE coupling dominates the polarization and the strength of
the coupling is further analyzed.

Figure 4�a� shows the variation in the sign of J the inter-
facial exchange interaction with size as observed in the PT-
PMN multilayers. Size dependence of the AFE to FE cross-
over field within the dimensional range of 20–50 nm is
shown in Fig. 4�b�. On increase of periodicity from 20 to
40 nm, the crossover field was found to increase from
30 kV/cm to 82 kV/cm, and on further increase of period-
icity to 50 nm it again decreases to 52 kV/cm. The above
observation of the increase of the crossover field on increase
of periodicity could be due to the competition between the
interfacial interaction �J� and the long-range ferroelectric in-

FIG. 4. �a� The variation of the sign of interfacial coupling �J�
among the layers with periodicity. �b� The variation of the AFE to
FE crossover field with periodicity.
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teractions. At 20 nm, the interfacial coupling is weak and it
gradually dominates over the long-range interaction on in-
crease of periodicity, and hence the interfacial interaction is
strong at 40 nm periodicity. On further increase of periodic-
ity the J is again dominated by the intrinsic short-range FE
interactions present in the system and again a drop in the
strength of the interfacial coupling is observed at 50 nm. On

increase of periodicities to 60 nm and above, only FE behav-
ior was observed. In this regime the dimensions of the indi-
vidual layers of the ML are beyond the length scale over
which the intense interfacial couplings or the long-range in-
teraction among the layers could dominate the property of
the ML structure. The intrinsic short-range dipolar interac-
tions dominate and the system exhibits the bulk characteris-

FIG. 5. Capacitance-voltage characteristics of the PT-PMN ML with varying periodicity ��a–f�-�10–60 nm� respectively�.
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tics of the individual material as two FE put together.6,7 The
domination of interfacial coupling over the short- and long-
range interactions stabilizes the AFE behavior in the ob-
served dimensional range. Effectively the AFE behavior ob-
served in a range of periodicity of these ML is due to the
externally induced heterogeneous polarization and not an in-
trinsic property normally observed as antidipolar distortions
in individual materials such as PbZrO3.34

To further confirm the indication from the FE slim loops
and the AFE behavior the capacitance-voltage �CV� mea-
surements were carried out on these samples to cross check
the polarization behavior. The CV curves may not be exactly
the slope of the P-E curves due to their difference in the
measurement techniques; however, this could be a useful ex-
periment to mimic the slope of the P-E curves and a useful
approach to confirm the polarization behavior.35 Figure
5�a�–5�f� shows the room temperature CV characteristics of
the PT-PMN superlattices of different periodicities measured
at 10 kHz. The results indicate clear size dependence exactly
similar to the corresponding conventional polarization
curves. A butterfly loop CV behavior is a common phenom-
enon observed in normal FE compositions.26 A butterfly loop
with a valley at the zero bias is a well-known illustration of
an antiferroelectric behavior.26 The factors that dominate the
P-E curves also influence the CV characteristics in the simi-
lar fashion. Hence, from the observed P-E and CV curves, a
clear size dependent characteristic is evident and their inter-
facial interaction follows the trend as shown in Fig. 4.

The role of the interfacial interaction on stabilizing the
AFE behavior is further envisaged through the studies of the
temperature variation of the CV and P-E characteristics.
PMN is known to have a transition from a FE to PE phase
below room temperature, as explained earlier.26 But the ex-
istence of the remnant polarization well above the transition
temperature is a common phenomenon observed in relaxor
ferroelectrics.25 To understand and confirm the role of inter-
facial interaction in exhibiting an AFE behavior, the polar-
ization studies were repeated at temperatures well above the
Tm of PMN. At temperatures above Tm, PMN transforms to a
PE state, effectively transforming a FE-FE interaction to a

FE-PE interaction and hence, the AFE behavior is expected
to diminish at temperatures well above Tm. Both PE and CV
measurements were carried out in the temperature range of
−70 to 180 °C. The AFE behavior was observed until 70 °C
and above which only normal FE behavior was observed.
The CV curves at two different temperatures are shown in
Fig. 6. At temperatures above 50 °C, the interlayer interac-
tion becomes a FE-PE interaction rather than a FE-FE inter-
action, hence, effectively indicating the ferroelectric behav-
ior of the PT layer. An AFE behavior was observed on
cooling back to room temperature, which indicates the re-
versible transformation of the interfacial interaction. Polar-
ization curves were measured at various temperatures and
their remnant polarization �Pr� was found to be very low
until 50°C due to their AFE coupling, and above that they
exhibited a normal FE loop characteristic with enhanced Pr.
Figure 7�a� and 7�b� show the variation of Pr and dPr /dT
with temperature. The dielectric dissipation factor �tan 	� of
the system was 0.014 and 0.023 at room temperature and
180°C, respectively. Hence, the high temperature measure-
ments of the polarization curves are the actual polarization
loops and were not interfered with by the leakage current of
the system.22 The hump in the dPr /dT at 50°C can be used
as a point where the FE-FE interfacial interaction breaks up
and the system goes to the effective FE character due to the
FE behavior of the PT layers.

FIG. 6. Temperature dependent variation of C-V curve exhibit-
ing AFE and FE behavior at low and high temperatures, respec-
tively, for a PT-PMN ML with periodicity of 40 nm.

FIG. 7. �a� Variation of remnant polarization �Pr� with tempera-
ture of a PT-PMN ML with a periodicity of 40 nm. �b� Variation of
dPr /dT with temperature for a PT-PMN ML with a periodicity of
40 nm.

INTERFACIAL COUPLING AND ITS SIZE DEPENDENCE IN… PHYSICAL REVIEW B 74, 184104 �2006�

184104-7



The variation of Pr with temperature and the variation of
dPr /dT with temperature for a ML structure with a period-
icity of 40 nm clearly show that the AFE behavior is an
interface-dominated phenomenon.22 The AFE to FE transi-
tion at 50°C is clearly due to the transformation in the inter-
facial interaction present between the layers. The reversible
nature of the interfacial coupling confirms the possibility of
the local transition among the PMN layers and the presence
of PT plays a role in shifting the transition of PMN to higher
temperature. Thus the temperature variation on the PE and
CV studies of these multilayers proves that the observed
AFE response is strongly due to the interfacial coupling
present in the ML structures, which is an extrinsic effect and
not an intrinsic antipolar distortion among the dipoles within
a single layer, as observed in homogeneous single layer AFE
thin films such as PbZrO3.34 An AFE-like double loop behav-
ior has also been observed in a homogenous defect induced
FE,28 and a disordered bulk relaxor FE above the transition
temperature due to the presence of defects introduced due to
various processing conditions.36 The possibility of the ap-
pearance of double loop hysteresis due to the defects in the
case of PMN layers was studied further. The concentration of
oxygen vacancies are known to be tunable with variation of
processing conditions,36 in our case mainly the oxygen am-
bient and the growth temperature. Hence, polarization stud-
ies of the homogeneous PMN layers fabricated at the same
process conditions were carried out at different temperatures.
There was no sign of AFE-like behavior at any of the mea-
sured temperatures �−70 to 50°C� and the room temperature
polarization loop of a homogeneous PMN layer is shown in
Fig. 8. Hence the observed double loop behavior is not due
to an antipolar distortion due to the presence of a high con-
centration of oxygen defects in the relaxor FE at tempera-
tures above Tm.36 Though the existence of thermodynami-
cally stable oxygen defects at low concentration is
unavoidable, those defects are not responsible for the appear-
ance of a double loop in the polarization behavior of the
PT-PMN ML.

The polarization behavior of the PT-PMN ML exhibited a
clear size dependent FE and AFE behavior. The AFE cou-
pling could be understood from the energy arguments based
on the competition between the interfacial coupling and the

applied field. Existence of an averaged property at low peri-
odicities and the behavior of individual materials at larger
periodicities were further analyzed. The existence of an av-
eraged physical property due to the presence of strain and
long-range interaction at low periodicity ��10 nm� and the
behavior of individual materials property at higher periodici-

FIG. 9. Dielectric phase transition behavior of the PT-PMN ML
with different periodicity ��a�−10 nm, �b� −40 nm, �c�−60 nm�.

FIG. 8. Room temperature polarization behavior of a PMN thin
film.
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ties �
60 nm� was further confirmed from the dielectric
phase transition behavior of the PT-PMN ML structures. Fig-
ure 9 shows the dielectric phase transition of the PT-PMN
ML structures with different periodicities. At low periodicity
�Fig. 9�a�� of 10 nm, the �� increases monotonously with
increase of temperature �up to 250°C� except a small drop in
�� at around 60°C, which requires detailed studies before
concluding as a transition. In general, the sample with 10 nm
periodicity did not exhibit any feature of a relaxor in the
phase transition studies, characteristic to a homogeneous
single PMN layer within the measured temperature
regime.25,26 The measurements were not carried out beyond
250°C due to the problems of gold diffusion and interfer-
ence of space charge and DC leakage over the dielectric
constant. Characteristic relaxor behaviors like frequency de-
pendent Tmax �temperature corresponding to thedielectric
maxima� and the frequency independent behavior beyond the
Tmax were absent. ML with periodicity ranging from
20–50 nm, where the AFE interfacial coupling dominated
the polarization behavior of the system, exhibited a similar
temperature dependent behavior irrespective of their period-
icities. The dielectric phase transition behavior of a ML with
40 nm periodicity is shown in Fig. 9�b�. Beyond the transi-
tion range of PMN single layers, the dielectric constant re-
mained almost constant over a temperature range of −30 to
250°C for all the ML with periodicity ranging from
20–50 nm, which could be a very useful feature for device
applications. At higher periodicities, any FE heterostructure
is generally expected to behave as individual materials put
together, where the presence of one type of material A does
not affect the characteristic feature of the other type of ma-
terial B. Hence, for a periodicity of 60 nm, characteristics of
individual PMN layers are expected to show up in the overall
phase transition behavior of the ML structures. The phase
transition studies of ML with 60 nm periodicity clearly ex-
hibited a distinguishable characteristic feature of the indi-
vidual materials constituting the ML structure. A clear nor-
mal relaxorlike behavior was observed at the temperature
range as observed in the homogeneous single layers of PMN.
This clearly indicates that at larger periodicities the ML
structures behave as individual materials put together and no
characteristics interlayer interaction is observed. The imagi-
nary part of dielectric constant �� of MLs was very low,
indicating a low dissipation of the materials under study.
They exhibited almost similar behavior for all the ML with
increase of temperature. The low values of the imaginary
part of the dielectric constant indicates that the high tempera-
ture measurements are not interfered with by the other ex-
trinsic effects such as space charge and DC leakage of the
MLs. The dielectric phase transition behavior provesan aver-
age behavior at low periodicity of �10 nm, and a tempera-
ture independent behavior in the range of −30 to 250°C for
the ML with periodicities in the range of 20–50 nm. The

AFE interfacial coupling and the strength of the interfacial
coupling are insensitive over the dielectric phase transition
of the ML structures. At larger periodicity ��60 nm�, the
heterostructure exhibited a behavior of individual materials
constituting the ML and was insensitive to the long-range
interactions, interfacial coupling among the layers and they
are purely dominated by the short-range intrinsic coupling of
the individual materials, which is clear from their phase tran-
sition behavior.

IV. CONCLUSIONS

In summary, ML structures of different periodicities were
fabricated through pulsed laser ablation technique; their in-
terfacial coupling and their size dependence over the polar-
ization behavior were studied. MLs with a periodicity of
10 nm exhibited a clear FE characteristic, similar to that of a
solid solution, which is due to the dominance of the long-
range coupling among the dipoles and the lattice strain
present at the interface. On increase of periodicity from
20–50 nm, they exhibited an AFE behavior. Such behavior
could be understood, based on the interfacial coupling
among the layers present and energy arguments. The interfa-
cial coupling gives rise to an AFE coupling which could be
transformed to a FE coupling at larger applied electric fields,
as observed in normal intrinsic AFE systems. Strength of the
interfacial coupling was found to be high at 40 nm periodic-
ity. Further increase of periodicity to 60 nm and above the
system showed an average FE behavior, where again the
short-range interaction of dipoles dominates the interfacial
coupling and whole system behaves as two FE systems put
together. The FE-FE layer interaction which stabilized AFE
behavior at room temperatures transforms to a FE-PE layer
interaction, hence exhibiting FE behavior at temperatures
above the Tc of PMN. The temperature variation of Pr and
dPr /dT clearly establishes the transition between AFE to FE
behavior with temperature, which is due to the variation of
the exchange interaction of the individual layers at the inter-
face. The existence of AFE behavior in the PT-PMN super-
lattices are purely due to the interfacial coupling which is an
extrinsic effect and not an intrinsic behavior of the system as
observed in conventional AFE systems. The presence of an
averaged behavior at low periodicity and the behavior of
individual materials put together at larger periodicity is fur-
ther envisaged through phase transition studies. At interme-
diate periodicities �20–50 nm� the dielectric phase transition
studies were insensitive to the AFE interfacial interaction
among the layers, which was observed in the polarization
studies. Nevertheless, the role of misfit dislocations and
point defects at the interfaces over the interfacial interaction
remains ambiguous; moreover, the existence and dynamics
of the polar clusters of PMN at nanodimensions are under
study.
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