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The electrocaloric effect and dielectric tunability of BaTiO;5 ferroelectric nanoshells on Si and MgO
cores are investigated using the modified Landau—Ginzburg—Devonshire theory, in which the
surface tension and thermal strain are taken into account. The numerical results exhibit a peak of
electrocaloric coefficient near the critical nanoshell thickness accompanied with the size-driven
phase transition. In addition to the enhanced adiabatic temperature difference, the compressive
thermal strain also significantly improves the dielectric tunability. More importantly, the
ferroelectric nanoshell displays pronounced electrocaloric effect: AT(T,,)=2.09 K for the nanoshell
on Si core and AT(T,,)=2.33 K on MgO core, respectively. Essentially, the ferroelectric nanoshell
provides an effective means to acquire good electrocaloric effect and high dielectric tunability by
adjusting the wall thickness, core radius, annealing temperature, and various core materials, which
may effectively contribute to the stress level in the ferroelectric nanoshell. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3186057]

I. INTRODUCTION

Ferroelectric materials have drawn considerable atten-
tion due to their applications in micro- and nanoelectronic
devices such as sensors, microactuators, infrared detectors,
microwave phase filters, nonvolatile memories, and tunable
dielectric devices. In particular, recent advances in the syn-
thesis and fabrication of micro- and nanoscale ferroelectric
structures' have revealed that further study need to be con-
ducted to understand the new physical phenomena in this
size range. Nowadays, various ferroelectric nanostructures—
ultrathin ﬁlms,3 nanowires.,4 nanotubes,5 6 nanoislands,7
nanorings,8 and nanocells’—can be grown with control at the
atomic scale. With the decrease in the ferroelectric size, the
size-dependent ferroelectric behaviors and their possible dis-
appearance at critical size become crucial. """ Many
theoretical > ™'® and experimental researches' ™" have dem-
onstrated that the phase transformation, dielectric, piezoelec-
tric, and pyroelectric properties are dramatically different
from those observed in bulk ceramics or crystals. These new
features can be attributed to the intrinsic size effect, surface
tension, and the electromechanical coupling between the
spontaneous polarization and the internal stress field of the
ferroelectric nanostructures. Most researchers are focusing
on the critical behavior, and dielectric and piezoelectric re-
sponses; nevertheless, not much work has been done on the
electrocaloric effect (ECE) of the ferroelectric nanostruc-
tures.

The ECE occurs when an electric field changes the tem-
perature of a polarizable material under reversible and adia-
batic conditions. The ECE may provide an efficient means to
realize solid-state cooling devices for a broad range of appli-
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cations such as on-chip cooling and temperature regulation
for sensors and electronic devices, provided that materials
with large ECE can be developed. Refrigeration based on the
ECE approach is more environmental friendly and hence
may also provide an alternative to the existing vapor-
compression approach. The ferroelectric material is an excel-
lent representative exhibiting a large ECE in that it generates
a large entropy change associated with the polarization
change. The recent discovery of a large ECE in thin film
PbZry¢sTipgsO3 (Ref. 20) and relaxor ferroelectric
0.9PbMg, 5Nb,,303-0.1PbTiO; (0.9PMN-0.1PT) (Ref. 21)
has stimulated several experimental and theoretical studies
with regard to this subject. Neese et al. %2 demonstrated that a
large ECE can be achieved in the ferroelectric poly(vi-
nylidene fluoride-trifluoroethylene) copolymer at tempera-
tures above the ferroelectric-paraelectric transition, where an
isothermal entropy change of more than 55 J/kg K and adia-
batic temperature change AT of more than 12 °C were ob-
served. Hagberg et al” reported that the existence of two
electrocaloric maxima in reactive sintered relaxor ferroelec-
tric 0.87PMN-0.13PT was an indication of several mecha-
nisms responsible for the ECE. Furthermore, Akcay et al**®
studied the intrinsic ECE in bulk and thin film BaTiO; using
a thermodynamic theory. Their work implies that the control
of misfit strain by appropriate choice of substrate provides a
potential means to alter both the magnitude and the tempera-
ture sensitivity of the ECE. Dunne et al.*® introduced a mi-
croscopic theory of the ECE in the paraelectric phase of po-
tassium dihydrogen phosphate KH,PO, based on Slater’s
lattice model and gave a remarkably accurate description of
the electric field dependence of the ECE. Recently first-
principles-derived effective Hamiltonians and nonequilib-
rium molecular dynamics have been combined to compute
ECE directly in a cubic nanodot Pb(Zr, 4Tij )O3, which ex-
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FIG. 1. Schematic diagrams of a nanoshell on cylindrical core.

hibited an unusual field-induced change in temperature.27

Obviously, most of the work on the ECE concentrated on the
ferroelectric bulk and thin films. The ECE of ferroelectric
nanostructures has not been fully investigated.

In this paper, a modified Landau—Ginzburg—Devonshire
(LGD) thermodynamic theory is used to study the impact of
thermal strains on the ECE and dielectric properties of ferro-
electric nanoshells. Investigations have shown that the inter-
nal strains play an important role in the ECE properties of
BaTiO; film.” Internal stresses usually arise from the lattice
mismatch between the film and substrate for epitaxial grown
films, the difference in thermal expansion coefficients
(TECs) of the film and the substrate, the surface curvature in
the nanostructures, defects such as dislocations and vacan-
cies, and the self-strain of the ferroelectric phase transition
for the material grown above the phase transition tempera-
ture. Although the influence of surface tension and size effect
on the phase diagrams and polar properties of ferroelectric
nanowires and nanotubes have been fully discussed based on
the LGD theory,lo’m’28 the impact of the internal thermal
strains on the ECE properties and dielectric properties of
nanoshells have not been reported yet. We believe a deep
understanding of the relationship between the thermal strains
and ECE, as well as the dielectric response in ferroelectric
nanoshells, will provide guidelines on how to improve the
dielectric tunability, electrocaloric coefficient, and adiabatic
temperature change by manipulating the thermal stress level.
This might be crucial for application of ferroelectric nano-
structures.

Il. THEORETICAL DEVELOPMENT

We consider a BaTiO; ferroelectric nanoshell on a cylin-
drical core, with an inner radius (IR) a and outer radius b, as
shown in Fig. 1. A cylindrical coordinate is established and
the z axis coincides with the cylindrical axis of the nanoshell.
The polarization P is aligned axisymmetrically along the
[001] axis direction, i.e., P(r)=P[0,0,P(z)]. Based on the
LGD theory, the total free energy per unit length of the ferro-
electric nanoshell is given by14

b
G=Gy+Gy+Gg=Gy+ f 27Trdr{algP2(r) +a, PA(r)
a

1 | aP(r) |?
+a1”P6(r)+§K[ or :| —E()P}

+ K& 'alaP*(r=a) + bP*(r=0)], (1)
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where a,,, a;;, and a;; are the modified dielectric stiffness
and higher-order dielectric stiffness coefficients, respectively.
K, &, and E, represent the gradient energy coefficient, ex-
trapolation length, and external electric field, respectively.
Then the following Euler—Lagrange equation can be obtained
using direct variational approach:

d*P 1dP 3 s
W+;; —2a10P—4a11P —661111P —E0=0,
(2)
with the boundary conditions
dP P dpP P
—=-, r=a, —=-—, r=b. (3)
dr o dr o

Considering the stress effect, the coefficient a;, should be
renormalized:

aj;=a)(T=Tc) = Qpp(0,,+ 04y) — 0110, 4)

where o, O s and o, are the radial, tangential, and axial
components of the stress field in the nanoshell, respectively.

In our calculation, both the surface tension induced
strain and the thermal strain have been taken into consider-
ation. Under radial pressures p, and p, at the inner and outer
surfaces, as shown in Fig. 1, the surface tension induced
strain can be expressed as”

_ @b’ py—p.  dp.—bpy
Urr(r)_bz_az 2 T2
2,2 2 2
a’b” py—p,  ap,—bpy
Oglr) == a2 g (5)

For the nanoshell, p,=-u,/a and p,=-u,/b in Eq. (5) are
the radial stresses, where u, and u, are the inner and outer
surface energy densities, respectively. Assuming u,=u,=u,

we then have
u RC )
_ _ , 6

b— aexp( b-a ©

Ot Opp =

where R is the characteristic thickness of a nanoshell.”® The
expression in Eq. (6) avoids the unphysical divergence when
the thickness of the nanoshell reduces to zero. On the other
hand, the temperature field can be regarded as uniform
throughout the nanoshell. According to the elasticity theory,
the stress-strain equations in cylindrical coordinate system
can be expressed as

1 ’
€,.= E[O'r - v(o,+0)]+ aAT’,

1
g,= M[O'q)— v(o,+ o))+ aAT’,

1
g.=—lo,— o, +0,)]+ aAT’, (7)

where &,(,,.), T4z and v correspond to the strain, stress,
and Poisson’s ratio, respectively. M denotes the elastic
modulus and « represents TEC, and AT'=T-T), is the dif-
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ference between the ambient temperature and annealing tem-
perature. The thermal strain in the ferroelectric nanoshells
originates from the deposition temperature or from the an-
nealing temperature depending on the deposition process.
The reference temperature that determines the thermal strain
relies on what is chosen as the processing technique. For
chemical deposition techniques such as spin coating or metal
organic chemical vapor deposition, the critical temperature is
the one at which the final annealing is carried out. For physi-
cal vapor deposition methods such as pulsed laser deposition,
the temperature of interest is the one of the substrate at
which the deposition is carried out. Here we only concentrate
on the thermal strain arising from the annealing temperature.
The annealing at high temperatures will not only increase the
crystallinity but also change the boundary conditions with
the formation of interfacial layer; thus it could probably be a
shortcut to adjust the ECE and dielectric response of
nanoshells through thermal strain. Assuming that the thermal
induced radial pressure at the interface is p’, we get the
stress-strain relations shown in Egs. (8) for the core and in
Eq. (9) at the interface r=a between the core and the shell
combining Eq. (5) with Eq. (7):

! !
o, =0,==-p,
1
8;=A7[—p— V(-p'+0o))]+ ' AT,

AT'MM' (b* - a®)(1 +v')(a' - @)
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1
8;: M[—p— V(-p'+0a))]+a' AT,

4 1 Y ’ ’ ’ ’
e=—lol=v(=p' -p)]+ AT, (8)
M
, b*+a* ,
o.,=—p, U¢:b2_a2p R
1 . b +a* | )
i I mp +0. || - aAT,
1| b*+a? , , )
go= /| 22— 2 —v(=p'+0) | +aAl’,
1 . br+a’ )
SZ=E[UZ—V<—P T 2P >]+aAT, )
with the boundary conditions
-g.=¢,,
84,:84,’,
e.=¢. (10)

By solving the set of Egs. (8)—(10), the radial, tangential, and
axial components of the stress field in the nanoshell can be
expressed as follows:

B a*(1-v) ,
9= V(bz—az)p ’
24°
O, +0,=—5—p'. (11)
b —a

Based on Egs. (4), (6), and (11), the dielectric stiffness co-
efficient a;,, can then be deduced as

2a* , u Rc
aj,=a)(T—=Tc) = O1n m!’ —b_anP T bh—a
a*(1-v)

mp'. (12)

_Qll

As a result, the role of the surface tension and thermal strain
effect of the substrate can be determined from the above
modified dielectric stiffness coefficient.

The equilibrium polarization P° of the shell is numeri-
cally calculated from Eq. (2). According to the thermody-
namic theory, the excess entropy SX° and the excess specific

WP -AEA+)+EQ+v)(1=-20)]+a?E 20 =)+ (v /v=1)(1-1)]

heat ACg, of the ferroelectric nanoshell, under constant ap-
plied electric field and stress, can be expressed as

G
S;;(SU=—(—) , (13)
: T ) gy
dZG)
AC, .=—T| — | . 14
E,o <&T2 Fo ( )

The electrocaloric coefficient is defined by

aP° Js
r=\%r ). =\a), - (15)
E,o T,0

By computing the values of ACg, and P° as functions of T,
E, and €, ), the temperature change induced by the varia-
tion in applied electric field at adiabatic condition can be
determined through

Downloaded 26 Aug 2009 to 158.132.183.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



034103-4 Dai et al.

TABLE I. TEC, elastic modulus, and Poisson’s ratio of BaTiOs, Si, and
MgO.

BaTiO; Si MgO
TEC (10 mm/mm °C) 10.6 2.6 13.5
Elastic modulus (GPa) 148 169 187
Poisson’s ratio 0.3 0.358 0.18
By (op°
AT=-T —_— | — dE. (16)
E| CE,U' aT E,o

Here the absolute value of the heat capacity Cp, can be
estimated by scaling the computed zero-field values of the
excess specific heat ACg,, given in Eq. (14) to the lattice
contributions extracted from the experimental values.” E,
—E;=AE is the difference in the applied electric field. In
addition, the dielectric constant of ferroelectric nanoshell is
determined from
0
e= i£ (17)
gy OE
Correspondingly, the dielectric tunability ® is defined as the
relative change in the dielectric constant at a certain external
field e(E) with respect to the value at zero field £(0) as
follows:

_ £(0) — e(E)

IR 100%. (18)

lll. RESULTS AND DISCUSSION

Various substrates, which provide different thermal ex-
pansion induced strain, can be employed to study the strain
dependence of electrocaloric properties and dielectric re-
sponse because the boundary conditions imposed by a core
profoundly affect ferroelectricity in the ferroelectric
nanoshells. In our calculation, we consider FE nanoshells on
two different cylindrical cores: one is Si, and the other is
MgO. TEC of BaTiO; is greater than that of Si; conse-
quently, the tensile thermal strain in the nanoshell on Si core
may be built up while cooling down from the annealing tem-
perature. On the contrary, the compressive thermal strain ex-
ists for the nanoshell on MgO core since the TEC of BaTiO;
is less than that of MgO. TECs, elastic modulus, and Pois-
son’s ratios of BaTiOj3, Si, and MgO used in this study are
given in Table I.

First, we investigate the impact of the wall thickness, IR,
and annealing temperature on the electrocaloric coefficient.
Figure 2 shows the electrocaloric coefficient as a function of
the wall thickness of nanoshell on MgO and Si cores for the
various nanoshell IRs, at room temperature 7=300 K and
annealing temperature 7,=900 K. It is discovered that
nanoshell on MgO exhibits a larger electrocaloric coefficient
than that on Si, irrespective of the wall thickness and IR.
This means the compressive thermal strain is of great benefit
to the electrocaloric coefficient. Besides, the electrocaloric
coefficient is not a monotonous function of the nanoshell
wall thickness, and a peak of electrocaloric coefficient exists

J. Appl. Phys. 106, 034103 (2009)
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FIG. 2. The electrocaloric coefficient as a function of the wall thickness of
nanoshell on MgO and Si core for the various IRs, at room temperature 7
=300 K and annealing temperature 7,=900 K.

near the critical nanoshell thickness accompanied with size-
driven phase transition. Furthermore, the tensile thermal
strain reduces the critical wall thickness where the ferroelec-
tricity disappears, which is totally different from that of the
ferroelectric films.* According to Eq. (12), it is obvious that

a*(1-v)

Qnmp

!

R
_biaexp(—b_ca)”, (19)

which indicates that the axial thermal strain plays a predomi-
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FIG. 3. The electrocaloric coefficient as a function of temperature for the
various annealing temperatures under the given IR=100 nm and wall thick-
ness w=50 nm; (a) and (b) correspond to Si core and MgO core,
respectively.
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FIG. 4. The temperature dependence of the adiabatic temperature change AT under the applied electric field difference AE=E,—E;, E;=10 kV/cm; (a) and
(b) describe the case of different annealing temperatures and fixed IR=100 nm, w=50 nm, and AE=100 kV/cm; (c) and (d) represent the case of different

IRs and given w=50 nm, 7,=900 K, and AE=400 kV/cm.

nant role in influencing the stress field in the nanoshell.
Meanwhile, the polarization of nanoshell can be greatly en-
hanced by the tensile thermal strain and suppressed by the
compressive one because of the positive Q;;. In the case of
the nanoshell on MgO core, the electrocaloric coefficient in-
creases with the increase in IR at a fixed wall thickness.
However, the one grown on Si core behaves the opposite
way. This can be attributed to the size-dependent stress field
in the nanoshell. Apart from shell size, annealing tempera-
ture is also an important factor that determines the stress
level inside the nanoshell. The electrocaloric coefficient as a
function of temperature for the various annealing tempera-
tures is plotted in Figs. 3(a) and 3(b) at IR=100 nm and wall
thickness w=50 nm; (a) and (b) correspond to Si core and
MgO core, respectively. The electrocaloric coefficient in-
creases monotonically with temperature and reaches the
maximum near the phase transition temperature for a given
annealing temperature. It is explained that the abrupt change
in the polarization with temperature results in the occurrence
of electrocaloric coefficient peak when the temperature is
close to the phase transition temperature. In the meantime,
the electrocaloric coefficient is dramatically improved near
the phase transition temperature, and its corresponding peak
also shifts to lower temperature with decreasing annealing
temperature in the case of Si core. Nevertheless, the MgO
core has an opposite influence on the electrocaloric coeffi-

cient. It can be understood that the annealing temperature is
responsible for the electrocaloric coefficient by changing the
thermal stress level throughout the nanoshell. It should be
noted that the tensile thermal strain enhances the polarization
along the axial direction through electrostriction and the
compressive one has an opposite impact on it, which is dif-
ferent from those in thin films.*

Second, the basic principle of reversible and adiabatic
ECE is that the tendency of the electric field to reduce the
entropy by alignment of electric dipoles has to be compen-
sated by a rise in temperature of the ferroelectric materials.
To better understand the effect of the shell size and annealing
temperature on the ECE, the temperature dependence of the
adiabatic temperature change AT for the various annealing
temperatures at a given IR=100 nm and wall thickness w
=50 nm is depicted in Figs. 4(a) and 4(b), corresponding to
Si core and MgO core, respectively. In order to compare with
the results of the bulk sample and thin film BaTiO;, we take
the applied electric field difference AE=E,-E,
=100 kV/cm. One can find that the adiabatic temperature
change reaches the maximum at an appropriate temperature
T,, corresponding to the ferroelectric-paraelectric phase tran-
sition temperature. In the case of Si core, the decrease in
annealing temperature not only enhances the maximum of
adiabatic temperature change to some extent but also de-
creases 7,,. Conversely, the decrease in annealing tempera-
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FIG. 5. The dependence of the dielectric tunability on the temperature for
the various IRs, at given w=50 nm and 7,=900 K; (a) and (b) correspond
to Si core and MgO core, respectively.

ture shifts the maximal AT to higher temperature and reduces
its magnitude in the case of MgO core. It is interesting to see
that the obvious adiabatic temperature changes AT(T,,)
=2.09 K at 7,=700 K for Si core and AT(T,)=2.33 K at
T,=1100 K for MgO core, which are not only much larger
than those of bulk BaTiO; (AT=1.6 K) and thin film
BaTiO; (AT=1.3 K) (Refs. 24 and 25) but also well consis-
tent with that of dense BaTiO; nanoceramics (AT=2.3 K).!
The appearance of good ECE can be ascribed to several ef-
fects. First, the surface tension of nanoshell differs from the
mechanical boundary conditions of single crystal and thin
film. Second, the discrepancy of thermal expansion stress
levels along the radial and axial directions in the nanoshell
have unique influences on the ECE compared with the bulk
material and thin film, which has been described along with
the electrocaloric coefficient. The adiabatic temperature dif-
ference depends on both the extent of electric field change
and the initial electric field, which has been systematically
investigated by thermodynamic theory.25 In addition, the
temperature dependence of the adiabatic temperature change
for the different IRs at w=50 nm, 7,=900 K, and AE=FE,
—E;=400 kV/cm is plotted, as shown in Figs. 4(c) and 4(d).
The IR just changes the position of the maximal AT, with
little influence on the magnitude of maximal AT. It is obvi-
ous that ECE has been significantly enhanced by higher AE,
AT(T,)=4.81 K at IR=50 nm for Si core and AT(T,)
=491 K at IR=200 nm for MgO core.

Finally, the dielectric tunability is numerically calculated

J. Appl. Phys. 106, 034103 (2009)

by Egs. (17) and (18), with an applied electric field varying
from O to 400 kV/cm. Figure 5 displays the temperature de-
pendence of the dielectric tunability for different IRs, at w
=50 nm and T7,=900 K. It is envisaged that the IRs have
more impact on the dielectric tunability if the temperature is
below the phase transition temperature, and the tunability
then reaches the maximum, which is approximately 100%
near the phase transition temperature. It can be understood
that the small polarization close to the phase transition tem-
perature is more sensitive to the external conditions such as
temperature and external electric field; thus small initial po-
larization would cause large polarization change at certain
AE, which results in a large dielectric response. Furthermore,
the compressive thermal strain can significantly enhance the
dielectric tunability under the same IR, wall thickness, and
annealing temperature, compared with the influence of ten-
sile thermal strain. The maximal tunability shifts to lower
temperature with the decrease in IR in the case of Si core,
but it moves to the opposite direction for the nanoshell on
MgO core. We conclude that the high dielectric tunability
can be achieved by adjusting the IR and by choosing the
appropriate core material, which can vary the thermal stress
level in the nanoshell. Besides, the radius of the core almost
has little effect on the maximum of dielectric tunability.

IV. CONCLUSIONS

In summary, we have investigated the ECE and dielectric
response of the BaTiO; ferroelectric nanoshells within the
framework of modified LGD theory. The effects of annealing
temperature, wall thickness, and core radius on the electro-
caloric coefficient, adiabatic temperature difference, and di-
electric tunability are discussed. The calculated results dem-
onstrate that the temperature dependence of ECE is related to
both the size of nanoshell and the electric field. The peak of
electrocaloric coefficient occurs near the critical nanoshell
thickness accompanied with size-driven phase transition. The
tensile thermal strain reduces the critical wall thickness
where ferroelectricity disappears. This phenomenon is com-
pletely different from that of the film. BaTiO; nanoshell ex-
hibits good ECE with AT(T,,)=2.09 K for the nanoshell on
Si and AT(T,,)=2.33 K for that on MgO, compared with the
bulk and thin film BaTiO5 samples. In addition, the compres-
sive thermal strain can significantly enhance the dielectric
tunability under the same IR, wall thickness, and annealing
temperature compared with the influence of tensile thermal
strain. Therefore, ferroelectric nanoshell provides an effec-
tive means to acquire enhanced ECE and high dielectric tun-
ability by adjusting the wall thickness, core radius, annealing
temperature, and the various core materials, which may open
more opportunities for practical application in refrigeration
devices.

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China under Grant Nos. 10474069 and
50832002, and the Natural Science Foundation of JiangSu
Education Committee of China under Grant No.
08KJB140006. One of authors (H.X.C.) was supported by
the Jiangsu Government Scholarship for Overseas Studies.

Downloaded 26 Aug 2009 to 158.132.183.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



034103-7 Dai et al.

'J. F. Scott, Science 315, 954 (2007).

’A. Gruverman and A. Kholkin, Rep. Prog. Phys. 69, 2443 (2006).

D. D. Fong, G. B. Stephenson, S. K. Streiffer, J. A. Eastman, O. Auciello,
P. H. Fuoss, and C. Thompson, Science 304, 1650 (2004).

A Yun, J. J. Urban, Q. Gu, and H. Park, Nano Lett. 2, 447 (2002).
3y, Luo, I. Szafraniak, N. D. Zakharov, V. Nagarajan, M. Steinhart, R. B.
Wehrspohn, J. H. Wendorff, R. Ramesh, and M. Alexe, Appl. Phys. Lett.
83, 440 (2003).

M. Alexe, D. Hesse, V. Schmidt, S. Senz, H. J. Fan, M. Zacharias, and U.
Gosele, Appl. Phys. Lett. 89, 172907 (2006).

"H. Nonomura, M. Nagata, H. Fujisawa, M. Shimizu, H. Niu, and K.
Honda, Appl. Phys. Lett. 86, 163106 (2005).

8X. H. Zhu, P. R. Evans, D. Byrne, A. Schilling, C. Douglas, R. J. Pollard,
R. M. Bowman, J. M. Gregg, F. D. Morrison, and J. F. Scott, Appl. Phys.
Lett. 89, 122913 (2006).

M. Alexe, C. Harnagea, D. Hesse, and U. Gosele, Appl. Phys. Lett. 75,
1793 (1999).

1A N. Morozovska, M. D. Glinchuk, and E. A. Eliseev, Phys. Rev. B 76,
014102 (2007).

"5 E. Spanier, A. M. Kolpak, J. J. Urban, I. Grinberg, L. Ouyang, W. S.
Yun, A. M. Rappe, and H. Park, Nano Lett. 6, 735 (2006).

'2J. Hong and D. Fang, Appl. Phys. Lett. 92, 012906 (2008).

13J. Junquera and P. Ghosez, Nature (London) 422, 506 (2003).

4y, Zheng, C. H. Woo, and B. Wang, J. Phys.: Condens. Matter 20, 135216
(2008).

'SB. Meyer and D. Vanderbilt, Phys. Rev. B, 63, 205426 (2001).

1], I. Naumov and H. Fu, Phys. Rev. B 95, 247602 (2005).

177. Wang, A. P. Suryavanshi, and M.-F. Yu, Appl. Phys. Lett. 89, 082903

J. Appl. Phys. 106, 034103 (2009)

(2006).

18y, Yang, X. Wang, C. Zhong, C. Sun, and L. Li, Appl. Phys. Lett. 92,
122907 (2008).

197. Dang, D. Xie, and C. Shi, Appl. Phys. Lett. 91, 222902 (2007).

W4, S, Mischenko, Q. Zhang, J. F. Scott, R. W. Whatmore, and N. D.
Mathur, Science 311, 1270 (2006).

2IA. S. Mischenko, Q. Zhang, J. F. Scott, R. W. Whatmore, and N. D.
Mathur, Appl. Phys. Lett. 89, 242912 (2006).

2p, Neese, B. Chu, S.-G. Lu, Y. Wang, E. Furman, and Q. M. Zhang,
Science 321, 821 (2008).

3y, Hagberg, A. Uusimaki, and H. Jantunen, Appl. Phys. Lett. 92, 132909
(2008).

#G. Akcay, S. P. Alpay, J. V. Mantese, and G. A. Rossetti, Jr., Appl. Phys.
Lett. 90, 252909 (2007).

»G. Akcay, S. P. Alpay, G. A. Rossetti, Jr., and J. F. Scott, J. Appl. Phys.
103, 024104 (2008).

L, 7. Dunne, M. Valant, G. Manos, A.-K. Axelsson, and N. Alford, Appl.
Phys. Lett. 93, 122906 (2008).

*7S. Prosandeev, 1. Ponomareva, and L. Bellaiche, Phys. Rev. B 78, 052103
(2008).

BALN. Morozovska, M. D. Glinchuk, and E. A. Eliseev, Phase Transitions
80, 71 (2007).

»3. P. Timoshenko and J. N. Gooier, Theory of Elasticity (McGraw-Hill,
New York, 1970).

M. B. Okatan, M. W. Cole, and S. P. Alpay, J. Appl. Phys. 104, 104107
(2008).

313, H. Qiu and Q. Jiang, J. Appl. Phys. 105, 034110 (2009).

Downloaded 26 Aug 2009 to 158.132.183.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1126/science.1129564
http://dx.doi.org/10.1088/0034-4885/69/8/R04
http://dx.doi.org/10.1126/science.1098252
http://dx.doi.org/10.1021/nl015702g
http://dx.doi.org/10.1063/1.1592013
http://dx.doi.org/10.1063/1.2364260
http://dx.doi.org/10.1063/1.1899748
http://dx.doi.org/10.1063/1.2347893
http://dx.doi.org/10.1063/1.2347893
http://dx.doi.org/10.1063/1.124822
http://dx.doi.org/10.1103/PhysRevB.76.014102
http://dx.doi.org/10.1021/nl052538e
http://dx.doi.org/10.1063/1.2830662
http://dx.doi.org/10.1038/nature01501
http://dx.doi.org/10.1088/0953-8984/20/13/135216
http://dx.doi.org/10.1103/PhysRevB.63.205426
http://dx.doi.org/10.1103/PhysRevLett.95.247602
http://dx.doi.org/10.1063/1.2338015
http://dx.doi.org/10.1063/1.2903497
http://dx.doi.org/10.1063/1.2807844
http://dx.doi.org/10.1126/science.1123811
http://dx.doi.org/10.1063/1.2405889
http://dx.doi.org/10.1126/science.1159655
http://dx.doi.org/10.1063/1.2905296
http://dx.doi.org/10.1063/1.2750546
http://dx.doi.org/10.1063/1.2750546
http://dx.doi.org/10.1063/1.2831222
http://dx.doi.org/10.1063/1.2991443
http://dx.doi.org/10.1063/1.2991443
http://dx.doi.org/10.1103/PhysRevB.78.052103
http://dx.doi.org/10.1080/01411590601092746
http://dx.doi.org/10.1063/1.3026719
http://dx.doi.org/10.1063/1.3063811

