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Multilayers of s1−xdPbsMg1/3Nb2/3dO3–xPbTiO3 thin films were prepared with a compositional
variation of PbTiO3 on each layer across the film by pulsed laser ablation technique. The fabricated
films were found to possess an enhanced diffusiveness in the dielectric phase transition, which
actually seemed to be an envelope of the phase transition of the individual layer relaxor
ferroelectrics of a particular composition. They also showed a very high nonlinear dielectric
response and hence a high tunability about 70%, an increase of about 40% than that observed for
single layer composition. This increase in tunability has been attributed to the lattice strain and the
artificially enhanced chemical heterogeneity of the system. These multilayer films also showed a
slim hysteresis loop characteristic with a saturation and remnant polarization of 20 and 6mC/cm2,
respectively.
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Recently, ferroelectric multilayers and thin films w
graded composition across the film to the substrate have
reported to exhibit striking properties that were not obse
in conventional ferroelectric layers. The artificially enhan
chemical heterogeneity and the lattice strain introduce
these types of materials are attributed to their better pro
ties than normal ferroelectric single layers.1–3 The s1
−xdPbsMg1/3Nb2/3dO3–xPbTiO3 sx=0,0.1,0.2,0.3d, also
known as PMN–PT, is a well known relaxor ferroelec
which has been studied extensively with various comp
tions of PT and it has been proven as a promising ma
for solid state actuators and multilayer capacitors.4 The solid
solution of 67% PMN and 33% PT is known as the morp
tropic phase boundary composition in the PMN–PT ph
diagram and is also found to have better properties than
other relaxor composition.5 The characteristic properties
the relaxor ferroelectrics are diffused phase transition
frequency dependent dielectric maxima, frequency inde
dent behavior of dielectric constant well above the transi
slim loop hysteresis and a nonlinear dielectric response
respect to bias voltages.6,7

PMN–PT relaxors are an ABO3-type cubic perovskit
with the presence of nanometer size polar clusters of Mg
Nb associated with a local charge imbalance and a
chemical ordering of B site within the polar cluster. The lo
symmetry of these polar clusters with rhombohedral sym
try different from the global nonpolar matrix with a cub
symmetry is a widely accepted feature.8,9 The presence o
short-range interaction among these polar clusters wa
lieved to be responsible for the diffusiveness in phase
sition and also the existence of high spontaneous polariz
values well above the transition temperature.10 This in turn
gives rise to the enhancement of the properties depende
Ps even well above the transition temperature.6,7 The primary
motive of this work is to study the variation of the physi
properties, which depends on the microscopic fluctuatio
the compositions, which is introduced by means of enh
ing the chemical heterogeneity across the material. Th
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content was varied in different layers, which in turn in
duces a huge spatial distribution of the density of the p
clusters and the lattice strain across the film. Whereas
lattice strain is expected to be concentrated at the inter
of individual layers and extend to few lattice planes in s
of the sharpness of the interfaces. Compositional hete
neity along with the lattice strain may offer additional adv
tages in tuning the physical properties of the system.1–3

PMN–PT layers of different compositions were dep
ited using multi target pulsed laser ablation deposition.
different targets ofs1−xd PMN–xPT were used, wherex
takes the values of 0.3, 0.2, 0.1, 0 whereas the targets
prepared by the Columbite process and a KrF excimer
s248 nmd was used for the ablation.11 The stacking se
quences of the layers were as follows: PMN / 0.9 PM
0.1PT / 0.8 PMN–0.2 PT / 0.7 PMN–0.3 PT / La0.5Sr0.5CoO3
sLSCOd/substrate. The usage of LSCO as a template
has been established in the process of fabricatio
PMN–PT layers on platinum coated silicon substrates12,13

Each layer of different composition was deposited at 650
for 5 minutes at an oxygen ambient pressure of 100 m
The total thickness of the film was kept at around 450
with an individual layer thickness of around 120 nm m
sured by cross sectional view in scanning electron m
scope. The crystallinity of the films was characterized
using x-ray diffractionsXRDd. The electrical characterizati
was carried out in a metal-insulator-metal configuration
depositing gold dots on top of the film by thermal evap
tion, which acted as a top electrode, and the corner of
num surface on the substrate was masked during depo
for bottom electrode. The top electrodes were anneal
350 °C for 20 min for the adhesion of the same to the fi
The dielectric phase transition behaviors«-Td and capaci
tance voltagesC-Vd characteristics were measured using
impedance analyzer of Agilent technologies model 42
from 100 Hz to 1 MHz. The polarization hysteresis meas
ments were carried out using a RT66A setup operated
Sawyer–Tower mode.14

The XRD pattern shown in Fig. 1. reveals a pyroch
free, highly oriented film alongs100d direction. The peakl:

were found to be broadened due to the internal stress present
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in the system. This was confirmed from the excess broa
ing from that of the single layer XRD patterns whose g
structure and morphology were found to be the same. F
2 shows the temperature dependence of the dielectric pe
tivity, which was found to be an envelope of all the in
vidual layer compositions. It can be visualized as the
pure PMN layer would undergo a transition followed by
consecutive layers and hence there will be individual l
dominance at the corresponding temperature regime
hence the enhancement in the diffusive nature of the p
transition. The phase transition was found to be broad
the dielectric constant was almost constant for a wide r
of temperature for about 300–375 K. The frequency in
pendent behavior above the overall dielectric maximum
peraturesTmd was also observed only at temperatures
above theTm. This could be due to the individual laye
contribution having differentTm when characterized ind
vidually. The enhanced diffusiveness could be because o
individual layer dominance at each temperature regime
overall effect of the stress and chemical heterogeneity a
the film.

The dielectric phase transition of these multilayers
not be explained in terms of conventional relaxor ferroe
tric system with single composition. Since the structure h
combination of different layers with different transition v
ues, the dielectric properties are expected to have an o
effect on their temperature dependence.18 In principle the
dielectric constant will be a combination of the followi
terms: sid Dielectric constant of the individual layers w
their own temperature dependence and relaxation timesii d
the three active interfaces present between the relaxor l
and a passive interface between the LSCO and the bo
layer andsiii d the interaction of the two consecutive lay

FIG. 1. XRD pattern of PMN–PT multilayer thin film.
FIG. 2. Dielectric phase transition of PMN–PT multilayer thin films.
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though the interface by means of a coupling factor depen
on the thickness of the individual layers, which in turn wo
modify the individual layer responses. A more detailed
oretical study involving the thickness of the individual la
and their polarization is required to understand the a
physical phenomena undergoing in the influence of the i
face on the adjacent layers explained above.15 Hence, the
enhanced diffusiveness could be due to the influence o
dividual layer composition at their corresponding temp
ture regime and the internally stressed regions due to
interfaces present across the film. The presence of the s
variation of both the density and size of these polar clu
and the internal stress present at the interfaces play a
role in the enhancement of the diffusiveness of the diele
phase transition. Moreover, a detailed thermodynamic
energy analysis including the strain and the spatial vari
of polarization in microscopic scale is required to unders
the collective physics involved in the phase transition.
loss factorsDd was found to be 0.033 for 10 kHz at roo
temperatures303 Kd that was slightly higher than expect
but was lesser than the loss values reported for PMN
superlattices.16

The capacitance voltagesC-Vd behavior of these grad
films is shown in Fig. 3. These compositionally varying m
tilayered films showed higher nonlinear dielectric respo
as a function of bias voltage and the high freque
s100 kHzd tunability of the films was calculated to be arou
70%–74% which is well above the tunability of any ot
single layer of same thicknesss50%–54%d. The
70 PMN–30 PT, known to have better properties than an
the single layer composition taken for study, is used for c

FIG. 4. Tunability of both multilayer and PMN–PT 70–30 thin films

FIG. 3. Capacitance-voltage behavior of multilayer and PMN–PT 70
thin films.
different frequencies.



lcu-

-

ou
re 4
re-
ition
ion
mly
and
type
con
ove
y-
d th
the
tun
the

ike
5%
r-

av-
lti-
f
ed

d a

metry
drant

on top
sym-
n of
etry

o the

the
the

rib-
odic

ria-
cross
small
ight
f the
ated
era-

was
ions
truc-
lso
and
s the
op
xor

S.

tt.

e, J.

0, p.

L.

k, P.

an,
parison and shown in the figure. The tunability was ca
lated using the equation given below17

Tunability =
«sT,0d − «sT,Ed

«sT,0d
3 100 % .. . . .sad,

where« sT,0d is the dielectric permittivity at a given tem
perature and zero field,« sT,Ed is the dielectric permittivity
at the same temperature and at the maximum field. In
case theC-V was measured at room temperature. Figu
shows the tunability of the multilayered film at various f
quencies and the 70 PMN–30 PT single layer compos
The tunability of individual layers of a relaxor composit
is generally explained in terms of the rotation of rando
oriented polar clusters, which acts like nano domains
their separation acting as a domain walls. The domain-
dynamics of these polar clusters is evident by means of
sidering an ergodic phase of a relaxor material ab
transition.18,19The enhancement of tunability in the multila
ers could be due to the stress present in the lattice an
distribution of nano polar regions across the film due to
variation of lead titanate. Though these films showed a
ability of around 74%, they were found to be less than
well known high frequency tunable materials l
SrTiO3/BaTiO3 superlattice structures by around 10%–1
in the measured frequency regime.2 Measurements are cu
rently planned at higher frequencies. TheC-V curve at room
temperature showed a very thin butterfly loop kind of beh
ior. Figure 5sad shows the polarization hysteresis of a mu
layered thin film and Fig. 5sbd shows the polarization o
single layer with 70–30 composition; both the films show
a slim loop characteristic. The multilayered films showe
remnant polarization of around 6mC/cm2.

Similar to capacitance-voltage behavior theP-E curve

FIG. 5. sad Polarization hysteresis of multilayered film.sbd Polarization
hysteresis of PMN–PT 70–30 film.
will also be dominated by the rotation of the randomly ori-
r

.
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e
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ented polar clusters present in the system. The asym
seen in the hysteresis between the first and the third qua
may not be because of the asymmetric electrodes used
and bottom, rather the system as a whole itself has an a
metric band structure across the film due to the variatio
composition near the two electrodes. Hence, this asymm
in the band structure across the film could be attributed t
asymmetry observed in the hysteresis loop.20 The multilay-
ered films showed a lower coercive field than that of
single layer with 70–30 compositions as observed in
C-V analysis. This reduction in coercive field could be att
uted to the presence of both the ergodic and nonerg
phase at room temperatures.18

As the summary of the work we present that the va
tion or the enhancement of the chemical heterogeneity a
the layer and the interfacial stress introduced due to a
variation in the lattice parameters of the each layer m
correspond to the enhancement of the diffusiveness o
phase transition. Moreover, the phase transition is domin
by the individual layer response at corresponding temp
ture dominance. The tunability of these multilayers
found to be higher than any of the single layer composit
and was close to the tunability reported for superlattice s
tures of PMN–PT.16 This enhancement in tunability can a
be attributed to the spatial fluctuation of composition
randomly oriented nano polar clusters distributed acros
film. These mulitlayers exhibited a slim polarization lo
characteristic, which is a typical behavior of any rela
material.
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