
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322419047?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Chapter 4

Self Assembled Nanoscale Relaxor Ferroelectrics

Ashok Kumar, Margarita Correa, Nora Ortega,
Salini Kumari and R. S. Katiyar

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54298

1. Introduction

Worldwide research on relaxor ferroelectric (RFE) has been carried out since 1950s. There
are several schools in the world who have defined the evolution and origin of relaxor prop‐
erties in the ferroelectric materials in their own way. One common consensus among the sci‐
entists is the presence of polar nano regions (PNRs) i.e. self assembled domains of short
range ordering typically of less than 20-50 nm in the ferroelectric relaxor materials which
causes the dielectric dispersion near the phase transition temperature. Another common ap‐
proach has been also believed among the relaxor ferroelectric scientists i.e. the existence of
random field at nanoscale. Random field model is considered on the experimental and theo‐
retical facts driven from the different dielectric dispersion response under zero field cooled
(ZFC) and field cooled (FC) among the relaxors.

Overall relaxor ferroelectrics have been divided into two main categories such as (i) classical
relaxors (only short range ordering), the most common example is PbMg1/3Nb2/3O3 (PMN),
(ii) Semi-classical relaxor ferroelectrics (a combination of short and long range ordering). In
the latter case, the relaxor properties can be arises due to compositional inhomogeneities, ar‐
tificially induced strain, growth conditions (temperature, pressure, medium, etc.), and due
to different ionic radii mismatched based chemical pressure in the matrix. The local domains
(PNRs) reorientation induces polar-strain coupling which makes RFE the potentially high
piezoelectric coefficient materials widely used in Micro/Nanoelectromechanical system
(MEMS/NEMS). The basic features of the RFE over a wide range of temperatures and fre‐
quencies are as follows (i) dispersive and diffuse phase transition, (ii) partially disordered
structure, (iii) existence of polar nano-ordered regions, etc. over a wide range of tempera‐
tures and frequencies. Physical and functional properties of relaxors are very different from
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normal ferroelectrics due to the presence of self assembled ordered regions in the configura‐
tional disorder matrix.

This article deals with the historical development of the relaxor ferroelectrics, microstructur‐
al origin of RFE, strain mediated conversion of normal ferroelectric to relaxor ferroelectrics,
superlattice relaxors, lead free classical relaxor ferroelectrics, distinction of classical relaxors
and semiclassical ferroelectric relaxors based on the polarization study, and their potential
applications in microelectronic industry.

2. History

Relaxor ferroelectric materials were discovered in complex perovskites by Smolenskii [1] in
early fifties of twentieth centuries. Since then a vast scientific communities have been work‐
ing on relaxor materials and related phenomena but the plethora of mesoscopic and micro‐
scopic heterogeneities over a range of lengths and timescales made difficult to systematic
observations [2]. The microscopic image and the dielectric response of relaxor are qualita‐
tively different for that of normal ferroelectrics. The universal signature of RFE is as follows
[3 - 18]: (i) the occurrence of broad frequency-dependent peak in the real and imaginary part
of the temperature dependent dielectric susceptibility (χ') or permittivity (ε') which shifts to
higher temperatures with increasing frequency, G. A. Smolenskii and A. I. Agranokskaya,
Soviet Physics Solid State 1, 1429 (1959), (ii) Curie Weiss law is observed at temperatures far
above dielectric maxima temperature (Tm), (iii) slim hysteresis loops because polar domains
are nanosized and randomly oriented, (iv) existence of polar nano domains far above Tm, (v)
no structural phase transition (overall structure remains pseudo-cubic on decreasing tem‐
perature but rhombohedral-type distortion occurs in crystal at local level) across Tm in relax‐
ors in contrast with the normal ferroelectric in which phase transition implies a macroscopic
symmetry change,(vii) history dependent functional properties and skin effects (surface be‐
havior is quite different than the interior of the system) (vi) in most cases, relaxor crystal
showed no optical birefringence (either far below the freezing temperature and/or under ex‐
ternal electric field).

As we know ferroelectric and related phenomenon are synonyms of ferromagnetism, anti‐
ferromagnetism, spin glass, and random field model which have been originally studied for
magnetic materials. Relaxors ferroelectrics possess a random field state, as initially proposed
by Westphal, Kleemann and Glinchuk [16-18]. Near Burns temperature, small polar nano re‐
gions start originating in different directions inside the crystal at mesoscopic scale; however,
these polar nano regions are not static in nature at Burns temperature. At low temperature
these polar nanoregions (PNRs) become static and developed a more defined regions called
random field, the nature of these fields are short range order. The evidence of the existence
of nanosized polar domains at temperatures well above the dynamic transition temperature
comes for experimental observations. The presence of these polar nanoregions (PNRs) was
established by measuring properties that depend on square of the polarization (P2) and by
direct imaging with TEM studies. The first evidences came from a report by Burns and Da‐
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col [5] who studied the electro-optical effect in a PMN crystal. In case of normal FE, the tem‐
perature dependence of the refraction index (n) show a linear decrease of n from the
paraelectric phase down to phase transition temperature (Tc), below Tc n deviates from line‐
arity. The deviation is proportional to the P2 and it increases as the polarization changes
with temperature. Burns and Dacol observed deviation from linear n(T) in relaxor PMN
crystal well above Tm, the onset of the deviation was observed at 620 K, almost 350 K above
Tm. The temperature in which onset of deviation from linearity of n(T) occurs (in any relax‐
or) had been identified in the literature as the Burns temperature (TB or Td).

Electrostriction is a property which depends on P2. Thermal strain in a cubic perovskite has
two components, one due to the linear coefficient of thermal expansion, α, and another due
to electrostriction accounted by the electrostrictive coefficients Qijkl. Measures on the temper‐
ature dependence of thermal expansion in RFE crystals have shown that the contribution
due to electrostriction vanishes only above TB where P=0.

The existence of PNRs well above Tm and the growth of these domains with decreasing tem‐
perature have been demonstrated by TEM [8 - 12]. Transmission electron studies also ac‐
count for the B-cation order in complex perovskites [11 - 12]. Ordering of the B-site cations
occurs if there is sufficiently large interaction energy between neighboring cations.

3. Theory of relaxor ferroelectricity

The general formula of perovskite having A and B-site cations with different charge states can
be written as A′xA′′1−xB′yB′′1−yO3. The randomness occupancy of A′,A′′ and B′,B′′ in A, B site
respectively, depends on the ionic sizes, distribution of cations ordering at sub lattices and
charge of cations. If the charges of cations at B-sites are same it is unlikely to have the polar ran‐
domness at nanoscale. Long range order (LRO) is defined as a continuous and ordered distri‐
bution of the B cations on the nearest neighbor sites. The short coherence length of LRO occurs
when the size of the ordered domains are in a range of 20 to 800 Å in diameter. The long coher‐
ence range of LRO occur when the size of the ordered domains are much greater than 1000 Å.
Randall et al. made a classification of complex lead perovskite and their solid solutions based
on B-cation order studied by TEM and respective dielectric, X-rays and optical properties [11]-
[12]. This classification divides the complex lead perovskites into three subgroups; random oc‐
cupation or disordered, nanoscale or short coherent long-range order and long coherent long-
range order of B-site cations.

Diffuse phase transition behavior is characteristic of the disordered structures. In these
structures, random lattice disorder introduces dipolar impurities and defects that influence
the static and dynamic properties of these materials. The presence of the dipolar entities on a
lattice site of the highly polarizable FE structure, induced dipoles in a region determined by
the correlation length (rc). The correlation length is a measure of the extent of dipoles that
respond in a correlated manner. In normal FE, rc is larger than the lattice parameter (a) and it
is strongly temperature dependent. On decreasing the temperature, a faster increase of rc

promotes growing of polar domains yielding a static cooperative long-range ordered FE
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state at T < Tc. This is not the case for RFE where a small correlation length of dipoles leads
to formation of polar nanodomains frustrating the establishment of long-range FE state.
Therefore, the dipolar nanoregions form a dipolar-glass like or relaxor state at low tempera‐
ture with some correlation among nanodomains.

Figure 1. Temperature evolution of dielectric constant showing the characteristic temperatures in RFE. Representative
hysteresis loops for each temperature interval are showed below.

These PNRs are dynamic and they experience a slowing down of their fluctuations at T ≤ Tm.
The dielectric relaxation does not fit the classical Debye relaxation model; instead there is a
distribution of relaxation times related to the sizes of the nanodomains. The temperature de‐
pendence of dielectric constant as shown in Fig. 1 indentifies the main temperatures associ‐
ated with relaxor ferroelectric behavior. These temperatures are TB, Tm and Tf, we already
defined TB and Tm but the definition of Tf follow from the fit of the frequency dispersion of
Tm with the Vogel-Fulcher law [15]. The dynamics of polar nanoregions does not follow Ar‐
rhenius type temperature dependence; instead nice fit of the frequency dispersion for each
relaxor system is obtained with the Vogel-Fulcher law:

f = f 0exp( -Ea

kB(T m - T f ) ) (1)

where f0 is the attempt frequency which is related to the cut-off frequency of the distribution
of relaxation times, Ea is the activation barrier to dipole reorientation, Tm is the dielectric
maxima temperature, and Tf is the freezing temperature where polarization fluctuations
“frozen-in”.

Advances in Ferroelectrics72



The temperature dependence of the dielectric constant below TB and in the vicinity of Tm is
normally fitted by the empirical power law [19]:

1
ε(ω,  T ) = ( 1

εmax(ω, T ) )(1 +
(T - T max)γ

2δ 2 ) (2)

where γ and δ are parameters describing the degree of relaxation and diffuseness of the
transition respectively. The parameter γ varies between 1 and 2, where values closer to 1 in‐
dicate normal ferroelectric behavior whereas values close to 2 indicate good relaxor behav‐
ior. Above TB the inverse of dielectric permittivity is fitted by the Curie-Weiss law:

χ = C
T - Θ (3)

where C and Θ are the Curie constant and Curie temperature respectively.

Last sixty years of extensive research in the field of relaxor ferroelectrics, several models
have been proposed to explain the unusual dielectric behavior of these materials. Some of
these models are: statistical composition fluctuations [20, 21], superparaelectric model [22],
dipolar glass model [23], random field model [24], spherical random field model [25] etc.
These models can explain much of the experimental observed facts but a clear understand‐
ing of the relaxor nature or even a comprehensive theory is not available yet. Despite the
absence of a comprehensive theory of relaxor ferroelectricity, the literature agree to define
relaxor materials in terms of the existence of polar nano regions as motioned above, these
ordered regions exist in a disordered environment.

4. Strain induced relaxor phenomenon

The influence of epitaxial clamping on ferroelectric properties of thin films to rigid sub‐
strates has been largely studied and successfully explained in a Landau-Ginzburg-Devon‐
shire (LGD) framework [26-30]. However, when the same treatment was applied to RFE,
discrepancies among the predicted values and those observed in experiments were found
[30]. For instance, a downward shift in Tm of PMN films in the presence of compressive in-
plane strain was found, contrary to the expected upward shift. Catalan [30] et al. developed
a model to analyze the influence of epitaxial strain on RFE. This model is based on LGD
theory but assuming a quadratic dependence on (T-Tm), rather than linear, for the first coeffi‐
cient of the free energy. Catalan’s model shows that the shift in Tm for relaxors thin films do
not depend on the sign of the epitaxial mismatch strain, but rather on the thermal expansion
mismatch between substrate and film. Reference [30] also provided a list of compounds
which exhibited shift in Tm when they were grown in film forms. We have already observed
in-plane strain in our Pb(Sc0.5Nb0.25Ta0.25)O3(PSNT)/La0.5Sr0.5CoO3 (LSCO)/MgO heterostruc‐
ture, which may have caused the measured shift of Tm with respect to bulk values [31-33].
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We have calculated shift in the peak position of the dielectric maxima of PSNT films com‐
pared to bulk values following the model developed by Catalan et.al. The model is as fol‐
low: In LGD formalism, the thermodynamical potential of a perovskite dielectric thin films
is described as [27-28].

∆G = ( 1
2 α - Qi3X i)P3

2 + 1
4 βP3

2 - 1
2 sij(X i X j) (4)

where α and β correspond to linear and nonlinear terms of the inverse permittivity, and sij,
Xi, and Qi3 are the elastic compliances, the stress tensor, and the electrostriction tensor in
Voigt notation; P3 is out of the plane polarization. Strain gradients across the films are ne‐
glected. The inverse permittivity is the second derivative of the free energy with respect to
the polarization:

χ3
' = ∂2 ΔG

∂ P 2 =α - 4Q13
Y

1 - ν xm + 3βP3
2 (5)

where xm, Y, and ν are the mismatch strain, Young’s modulus, and Poisson’s ratio of the
film respectively. For conventional ferroelectrics, α is usually expanded in a power series
of (T-Tc):

α = 1
Cε0

(T - Tc) + f (T - Tc)2 (6)

which directly leads to Curie-Weiss behavior, where C is the Curie constant. Substituting α
into the above equation showing that the strain shifts the critical temperature for a ferroelec‐
tric by:

ΔTc =4Cε0Q13
Y

1 - ν xm (7)

Since Q13 is always negative, it has been observed that the shift in the critical temperature
depends on the sign of in-plain strain: Tc decreases for the tensile strain and it increases for
compressive strain. Equation 7 is not adequate to explain the shifts in the dielectric maxi‐
mum temperature for the relaxor ferroelectric materials

In case of PSNT films, we observed a quadratic temperature dependence of the permittivity:

1
ε(ω, T ) - 1

εm(ω, T ) = 1
2εmε0

(T - Tm)2 (8)

Since the inverse of the dielectric constant is the second derivative of free energy with re‐
spect to polarization (Equation 5), the measured dielectric constant can be related to the ap‐
propriate coefficients in the LGD thermodynamical potential. For P=0 and xm=0 (in the
absence of strain), χ correlates with the first coefficient of the Landau equation, i.e.
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χ(T , f )=α(T , f )= 1
2εmε0

(T - Tm)2 (9)

We substituted the values of α in Equation 5 and calculated the dielectric maxima tempera‐
ture under strain (Tm

' ). To calculate Tm
' , we differentiated the inverse of permittivity with re‐

spect to temperature at Tm
' .

∂χ '

∂T m
' =0= 1

ε0εmδ 2 (Tm
' - Tm) - 4Q13

Y
1 - ν

∂ xm

∂T (10)

where it is assumed that Q13, Y, and ν do not change substantially [34] with temperature in
the dielectric maxima regions; only the mismatch strain changes due to differential thermal
expansion:

∂ xm

∂T = ∂
∂T

(a film 1 - λsubstrate(T - T 0) - abulk )
abulk

(11)

where λsubstrate is the coefficient of thermal expansion of the substrate, afilm and abulk are the lat‐
tice constant of the film and the bulk respectively. Using Equations, 9, 10, and 11 the expect‐
ed shift in Tm is:

ΔTm =4δ 2εmε0Q13
Y

1 - ν
a film

abulk
λsubstrate (12)

We have used the above equation to calculate the shift in the position of dielectric maxima
of PSNT films. Due to lack of experimental mechanical data in literature for PSNT films or
ceramics, we have used the standard Q13 for PST thin films [34] and Y value for the PMN
single crystal [35] other values we got from our experimental observation i.e. (δ, εm, afilm,
abulk,). For MgO substrate, λsubstrate = 1.2x10-5 K-1. Putting all these data in Equation 12 we got a
shift in the dielectric maximum temperature (Tm) of the same magnitude order than those of
experimental observation.

5. Experimental observation of strain induced relaxor phenomenon

Fig. 2 shows the dielectric behavior and the microstructures of the PSNT thin films and their
bulk matrix [31-33]. It has been shown that the two-dimensional (2D) clamping of films by
the substrate may change profoundly the physical properties of ferroelectric heterostructure
with respect to the bulk material. We observed a transfer and relaxing of epitaxial strain be‐
tween the layers due to in-plane oriented heterostructure. However the mismatch strain due
to different thermal expansion properties of each layer provokes a shift of 62 K in the tem‐
perature of the dielectric maxima.
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(c

Figure 2. Microstructure of the PSNT bulk nanoceramics (a) and the thin films (b) grown on the LSCO coated MgO
substrate, and a drastic shift in dielectric maxima temperature (c) in PSNT thin film with respect same compositions of
their bulk counterpart. The microstructures of film and ceramic support the existence of strain induced relaxor phe‐
nomenon, as their microstructures- property correlation indicate the presence of some ordered polar nano-regions in
the thin films whereas absence of such effect in bulk. Figure 2(a) was adapted from Ref. [31] and reproduced with
permission (© 2008 John Wiley and Sons).

Transmission electron microscopy (TEM) images of PSNT in bulk (Fig. 2(a)) and thin film
(Fig.  2(b))  form are  shown in  Fig.  2.  The interlayer  of  about  20  nm between MgO and
LSCO and the fibril  structures  along a  single  direction in  the film confirm the in-plane
strain state of the film. TEM image of bulk shows well ordered nanoregions in the grain
matrix that meet a basic ingredient to produces relaxor behavior: the existence of nano-or‐
dered regions surrounding by a disordered structure, however, it is unable to produce it.
It has been observed from the neutron diffraction data that if the ordered nanoregions are
in the range of ~ 5-10 nm, then it is capable of yielding frequency dispersion in the dielec‐
tric  spectra [30].  But  the relaxor state  also depends on the coherency with what  the di‐
poles respond to the probing field (and frequency). They can establish long range or short
range coherent response.  PSNT ceramic was incapable to produce the frequency disper‐
sion behavior, but in thin films form the in plane strain and the breaking of long range or‐
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dering  response,  induced  dielectric  dispersion  and  shifting  in  dielectric  maxima
temperature  towards  lower  temperature  side.  We  have  observed  from  the  temperature
evolution of the Raman spectra of bulk PSNT ceramic [31-33],  the competitions between
ordered domains of short and long-range order due to Nb- and Ta-rich regions respective‐
ly. The average disorder arrangement of Sc3+/Nb5+/Ta5+ ions in the B-site octahedra leads to
the observed diffuse phase transition. In film only short range ordering in B'/B'' ions was
developed within the disordered matrix. Although bulk matrix exhibited nano-ordered re‐
gions its average size must be higher than film. Stress effects change the ionic positions
somehow favoring short-range ordering. These microstructural differences trigger the dif‐
ferent  observed  dielectric  responses.  The  microstructure-property  relation  of  PSNT  thin
films and ceramics,  one can build conclusions that perovskite with similar compositions
have well defined relaxor behavior than their bulk matrix.

6. Birelaxors

We have discussed the origin and functional properties of relaxor, in nutshell the basic charac‐
teristic of relaxors are the existence of ordered PNRs in a disordered matrix [37-42]. Similarly,
relaxor ferromagnets (synonyms: “Mictomagnets”) are also known in the literature since the
1970s. A mictomagnet is described as having magnetic clusters (superparamagnetism) which
form a spin glass and have a tendency to form short-range ordering [40, 41]. The materials hold
both ferroelectric and magnetic orders at nanoscale are called “birelaxors”. Birelaxors are sup‐
pose to possess only short range order over the entire temperature range with broken symme‐
try such as “global spatial inversion” and “time reversal symmetry” at nanoscale. Nanoscale
broken symmetries and length scale coherency make birelaxors difficult to investigate micro‐
scopically; it is advisable to use optical tools for proper probing. Birelaxors do not usually show
linear ME coupling (aij Pi Mj) but may have large nonlinear terms such as bP2M2. Since linear
coupling is not allowed, local strain-mediated PNR-PNR, PNR-MNR (magnetic nanoregions),
and MNR-MNR interactions may provide very strong ME effects [43-44].

A single-phase perovskite PbZr0.53Ti0.47O3  (PZT) and PbFe2/3W1/3O3  (PFW), (40% PZT-60 %
PFW) solid solutions thin film grown by pulsed laser deposition system have shown inter‐
esting birelaxor properties. Raman spectroscopy, dielectric spectroscopy and temperature-
dependent zero- field magnetic susceptibility indicate the presence of both ferroic orders
at nanoscale [45].

Dipolar glass and spin glass properties are confirmed from the dielectric and magnetic re‐
sponse of the PZT-PFW system, the micro Raman spectra of this system also revealed the
presence of polar nanoregions. Dielectric constant and tangent loss show the dielectric dis‐
persion near the dielectric maxima temperature that confirms near-room-temperature re‐
laxor behavior. Magnetic irreversibility is defined as (Mirr= MFC-MZFC) and it represents the
degree of spin glass behavior. PZT-PFW demonstrates special features in Mirr data at 100
Oe indicate that  irreversibility persists  above 220 K up to 4th  or  5th  order of  the magni‐
tude, Tirr (inset Fig. 3 (b)). The evidence of ZFC and FC splitting at low field ~100 Oe and
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even for high 1 kOe field suggests and supports glass-like behavior with competition be‐
tween long-range ordering and short-range order.  The behavior  of  the  ZFC cusp is  the
same for the entire range of field (>100 Oe),  with a shift  in blocking transition tempera‐
ture (TB) (maximum value of magnetization in ZFC cusp) to lower temperature, i.e. from
48 K to 29.8 K with increasing magnetic field. The ZFC cusps disappeared in the FC proc‐
ess, suggesting that competing forces were stabilized by the field- cooled process. Magnet‐
ic irreversibilities were found over a wide range of temperature with a sharp cusp in the
ZFC data,  suggesting the  presence  of  MNRs with  spin-glass-like  behavior.  The detailed
fabrication  process,  the  complete  characterization  process  and  the  functional  properties
are reported in reference [43]. This is not only the unique system to have birelaxor proper‐
ties,  however,  Levstik et  al  also observed the birelaxor properties in 0.8Pb(Fe1/2Nb1/2)O3–
0.2Pb(Mg1/2W1/2)O3 thin films [38].
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Figure 3. (a) Dielectric response and Vogel-Fulcher fitting (inset), (b) Zero field cooled and field cool magnetic re‐
sponse of PZT-PFW thin films indicate the presence of PNRs and MNRs at nanoscale. Adapted from Ref. [45] and repro‐
duced with permission (© 2011 AIP).
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7. Superlattice relaxors and high energy density capacitors

Material  scientists  are  looking  for  a  system  or  some  novel  materials  that  possess  high
power  density  and  high  energy  density  or  both.  Relaxors  demonstrate  high  dielectric
constant, low loss, non linear polarization under external electric field, high bipolar den‐
sity,  nano dipoles  (polar  nano regions  (PNRs)  and moderate  dielectric  saturation,  these
properties  support  their  potential  candidature for  the high power as  well  as  high ener‐
gy devices.  At present high-k dielectric (dielectric constant less than 100,  with linear di‐
electric) dominates in the high energy, high power density capacitor market.  The high-k
dielectrics  show  very  high  electric  breakdown  strength  (>  3  MV/cm  to  12  MV/cm)  but
their dielectric constant is  relatively very low which in turns offer 1-2 J/cm3  volume en‐
ergy  density.  Recently,  polymer  ferroelectric,  antiferroelectric,  and  relaxor  ferroelectric
have shown better potential and high energy density compare to the existing linear die‐
lectrics [46-51].

BaTiO3/Ba0.30Sr0.70TiO3 (BT/BST) superlattices (SLs) with a constant modulation period of Λ=
80 Å were grown on (001) MgO substrate by pulsed laser deposition. The modulation perio‐
dicity Λ/2 was precisely maintained by controlling the number of laser shots; the total thick‐
ness of each SL film was ~6,000 Å = 0.6 μm. An excimer laser (KrF, 248 nm) with a laser
energy density of 1.5 J/cm2, pulse repetition rate of 10 Hz, substrate temperature 830 °C, and
oxygen pressure at 200 mTorr was used for SL growth. The detailed growth and characteri‐
zation techniques are presented elsewhere [52].

Dielectric responses of BT/BST SLs display the similar response as for normal relaxor fer‐
roelectric which can be seen in Figure 4. It follows the non linear Vogel- Fulcher relation‐
ship  (inset  Figure.  4  (a)),  frequency  dispersion  near  and  below  the  dielectric  maxima
temperature (Tm),  merger of frequency far above the Tm,  shift in Tm  towards higher tem‐
perature side (about 50-60 K) with increase in frequencies, low dielectric loss, and about
60-70% dielectric saturation.

BT/BST SLs demonstrate a “in-built” field in as grown samples at low probe frequency (<1
kHz), whereas it becomes more symmetric and centered with increase in probe frequency
system (>1 kHz) that ruled out the effect of any space charge and interfacial polarization.
Energy  density  were  calculated  for  the  polarization-electric  field  (P-E)  loops  provide  ~
12.24 J/cm3 energy density within the experimental limit, but extrapolation of this data in
the energy density as function of applied field graph for different frequencies (see inset in
Figure 4) suggests huge potential in the system such as it can hold and release more than
40 J/cm3 energy density.

Experimental limitations restrict to proof the extrapolated data, however the current density
versus applied electric field indicates exceptionally high breakdown field (5.8 to 6.0 MV/cm)
and low current density (~ 10-25 mA/cm2) near the breakdown voltage. Both direct and indi‐
rect measurements of the energy density indicate that it has ability to store very high energy
density storage capacity (~ 46 J/cm3).
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Figure 4. (a) Dielectric responses of BT/BST superlattice relaxors as function of temperature over wide range of fre‐
quencies, nonlinear Vogel-Fulcher relationship (inset), (b) Energy density capacity as function of applied electric filed,
red dots show the extrapolated data. Adapted from Ref. [46] and reproduced with permission (© 2012 IOP).

The above experimental facts suggest the relaxor nature of BT/BST ferroelectric superlatti‐
ces. It also indicates their potential to store and fast release of energy density which is com‐
parable to that of high-k (<100) dielectrics, hopefully in the coming years it might be suitable
for high power energy applications. These functional properties of relaxor superlattices
make it plausible high energy density dielectrics capable of both high power and energy
density applications.
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8. Conclusions

Extensive studies on the relaxor ferroelectrics suggest the presence of localized nano size
ordered regions in the disordered matrix or static random field are responsible for the die‐
lectric dispersion near Tm. The nano regions and their coherence length are also critical for
the relaxor behavior.  A normal ferroelectric  with diffuse phase transition system can be
turn  to  relaxor  ferroeletrics  in  their  thin  film  forms  under  the  suitable  applications  of
strain, utilizing highly lattice mismatch substrate, growth conditions (thermal, oxygen par‐
tial pressure, atmosphere), etc.. It also indicates that the defects, oxygen vacancies, order‐
ing of  cations  at  A and B site  of  perovskite,  tensile  or  comprehensive  strain  across  the
interface, etc. originate the ordered nano regions in films mainly responsible for dielectric
dispersion. Materials with same compositions can have normal ferroelectric in bulk form
whereas become relaxor in the thin film. Birelaxors hold both ferroics orders at nano scale
with only short range ordering (SRO). These nanocale SRO make it  potential candidates
for  non  linear  biquadratic  magneto-electric  coupling  suitable  for  magnetic  field  sensors
and non volatile memory applications. BT/BST superlattice has shown very high dielectric
constant, high breakdown field, relaxor, and high energy density functional properties. A
Relaxor superlattice with high functional  properties is  capable for both high power and
energy density applications.
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