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The coaction of the electric field induced strain and polarization effect on magnetic and electrical properties
in field-effect structures, composing of La0.7Ca0.3MnO3 �LCMO� films and Pb�Mg1/3Nb2/3�O3-PbTiO3

�PMN-PT� crystal, have been studied. The strain state of the films can continuously be tuned by application of
bias electric field. The resistance variation in LCMO film is about −4.34% and +3.48% when a negative
�−8 kV /cm� and positive �+8 kV /cm� bias field is applied, respectively, at 50 K. With increasing temperature,
the field-dependent shuttlelike loop of relative resistance changes to butterflylike hysteresis loop under the
coaction of field induced strain and polarization effect. Moreover, a sharp, stable, and reversal magnetization
controlling effect caused by electric field has also been found in the structure. The magnetization decreases as
much as −8.64% when a positive field 9.6 kV/cm is applied at 10 K. The data clearly show that the electric
field induced strain effect is dominant for the magnetization, while the polarization is dominant for the effect
on electrical transport properties when the LCMO is in ferromagnetic metal state. These results reveal that the
electric field can tune the lattice distortion and carry distribution artificially as well as magnetic and electrical
properties by using manganite/PMN-PT structure.
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I. INTRODUCTION

The perovskite-type R1−xAxMnO3�R and A are trivalent
rare-earth and divalent alkaline-earth ions, respectively�
manganites have received a great deal of interest in recent
years because they show a wide variety of phases associated
with an interplay among spin, charge, orbital, and lattice de-
grees of freedom.1 Application of a slight external field such
as magnetic field,1 electric field,2,3 photon,4,5 or pressure6 to
a manganite which is located at the phase boundary will get
huge and quick response. Among them, the electric field in-
duced polarization effect on manganites has attracted much
attention for its possible application in new field-effect de-
vices. Recently, Pallecchi et al.2 observed a shift of the
metal-insulator transition temperature as high as 43 K and a
resistivity modulation of up to 250% in La0.7Sr0.3MnO3 side-
gate channels. Hong et al.7 found that the transport charac-
teristics of LSMO vary sharply using the polarization field
from a ferroelectric oxide, Pb�Zr,Ti�O3. They showed us the
clear depletion of holes in manganite films due to the polar-
ization effect. A large electroresistance �76% at 40 kV/cm
was also found in La0.7Ca0.3MnO3 �LCMO� films with
Pb�Zr,Ti�O3 gate and explained by polarization effect on
percolative phase separation.8

Besides the electric induced polarization effect, lattice de-
formations caused by some kinds of strain are another im-
portant factor to control the electronic states in manganites
because of the strong electron-lattice coupling.9 The com-
monly applied method for the study of the lattice strain effect
is the growth of thin films on substrates with a certain lattice
mismatch. The substrate-induced lattice strain, which could
change the strength of the double-exchange �DE� interaction
and Jahn-Teller �J-T� electron-lattice coupling via modifying
Mn-O bond lengths and/or Mn-O-Mn bond angles, is one of

the most important factors that strongly affect the properties
of manganite thin films—e.g., Curie temperature �TC�, mag-
netroresistance, and phase separation. For example, the
metal-insulator transition temperature TMI of La0.7Sr0.3MnO3

�LSMO� can be reduced from 365 K for unstrained films/
bulk to 270 K in 16-nm-thick LSMO/LaAlO�001� films
strained compressively.10 Millis et al.11 proved that the fer-
romagnetic TC is extremely sensitive to biaxial strain. Gao et
al.12 found that the transition temperature is correlated with
the strain state in epitaxial LCMO films. Generally, it is dif-
ficult to modulate the strain effect in manganite films con-
tinuously and reversely by using conventional substrates. To
overcome this obstacle, some experiments, in which a ferro-
electric crystal with electrostrictive or piezoelectric proper-
ties were used as substrate, have been done.13–15 The strain-
induced shifts of the TC and enhancement of magnetization
of La0.7A0.3MnO3 films have been found.15 Zheng et al. also
reported that the charge-ordered state and paramagnetic state
of Pr0.5Ca0.5MnO3 film can be modulated continuously by
applying dc or ac electric fields across ferroelectric crystal.14

As a result of using ferroelectric crystal, the field-induced
polarization effect should also be considered except field-
induced strain effect. Hence, thorough knowledge of the co-
action of these two factors benefits not only to clarification
of the electric-induced effects in manganites but also to the
designing of artificial materials. In this paper, the field-
effect-transistor �FET� structure composing of a piezoelectric
material, Pb�Mg1/3Nb2/3�O3-PbTiO3 �PMN-PT, with 30% of
PbTiO3 �PT��,16 and LCMO films has been fabricated. The
coaction of the electric field induced strain and polarization
effect on electrical and magnetic properties of the structure
have been studied carefully.
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II. EXPERIMENTAL

The LCMO films were grown on the �001�-oriented
single-crystal substrates of PMN-PT using pulsed laser depo-
sition. The substrate temperature was 700 °C. The deposi-
tion took place in a pure oxygen atmosphere of the pressure
of 0.5 mbar. The energy of the laser beam is �400 mJ, the
wavelength is 248 nm, and the pulse frequency is 3 Hz. The
thickness of the film was about 90 nm, controlled by depo-
sition time. The inset of Fig. 1 shows a typical �-2� x-ray
diffraction �XRD� pattern of the LCMO/PMN-PT structures.
Despite a lattice misfit of +4% between PMN-PT �4.02 Å�
compared to the pseudocubic lattice parameter of 3.863 Å of
LCMO, the films grow in cube on cube epitaxy, as consid-
ered from the �103� phi pattern of LCMO film �not shown
here�. The electrical transport properties were measured in
the temperature range of 20–300 K using a closed-cycle
refrigerator. To provide ohmic contact, Ag electrodes
are evaporated on film surface by lithography mask. The
magnetization of the sample was measured on a Quantum
Design superconducting quantum interference device
�SQUID� magnetic property measurement system �1.9�T
�400 K, 0�H�5 T�.

III. RESULTS AND DISCUSSION

X-ray diffraction measurements ��-2�� performed in
LCMO/PMN-PT exhibit the response of the c lattice param-
eter of PMN-PT�001� crystal under applied electric field. The
typical results are shown in Fig. 1. It is found that the c
constant depends on a nearly linear way on the bias electric
field. It increases by about 0.12% with an electric field of
E=10 kV /cm �Vbias=500 V�. The relation between lattice
strain s and E indicates a converse piezoelectric nature of the
crystal. More precisely, it can be found that the slope of
strain decreases slightly with increasing voltage. Cycling the
field from positive to negative values, a butterflylike hyster-
esis loop with coercive fields of 2 kV /cm�Vbias=100 V� is

observed. Assuming approximate volume conservation,
0.12% of out-of-plane expansion would be accompanied by
0.06% of contraction in both in-plane directions of the PMN-
PT�001� single crystal.15,17 If we consider that the in plane of
LCMO film is compressed due to the contraction strain com-
ing from PMN-PT substrate, the in-plane distortion ratio
�xx=�yy should be −0.06% and the out-of-plane distortion
ratio �zz is about +0.043% using �xx=−2� / �1−�� �zz and
Poission coefficient ��0.41.18,19

The temperature dependence of the resistance of LCMO
film is plotted in the right inset of Fig. 2�b�. A metal-insulator
transition at TMI=201 K was observed. The electric field
control of electrical properties in LCMO films was measured
in the FET configuration as shown in the left inset of Fig.
2�b�. The resistance of LCMO was measured through source
and drain electrodes and the bias electric voltages were ap-
plied to the LCMO/PMN-PT structure through the gate and
drain. A resistor of 4.7 M� was connected in series with the
gate in order to protect the electrical meters in case a dielec-
tric breakdown took place in the PMN-PT crystal. Results of
transport measurements of LCMO film under bias electric
field are shown in Fig. 2. The resistance R at room tempera-
ture drops by about −3.61% ��R /R= �R�E�−R�0�� /R�0�� at
E=−8 kV /cm due to the electric-induced in-plane strain in
the film. �The positive bias is defined as when the electrode
on the PMN-PT gate is positive while the electrode on
LCMO is negative.� The change in resistance with variation
in V is not linear. It is similar to the strain coefficient s shown
in Fig. 1 that a butterflylike hysteresis loop with coercive

θ

FIG. 1. The variation in the out-of-plane lattice constant c of a
PMN-PT�001� crystal and strain s under an electric field E along the
c axis. The inset shows the x-ray diffraction pattern ��-2�� at angles
in the vicinity of the pesudocubic �002� reflection for
LCMO/PMN-PT.
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FIG. 2. Resistance hysteresis of the LCMO film vs bias electric
field at �a� 300 and �b� 50 K. The left inset of �b� is the schematic
for the LCMO-PMNT structure in FET configuration and the circuit
for electrical measurements. The right inset of �b� shows the typical
temperature dependence of electrical resistance R�T� of LCMO
film.
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fields of 2 kV/cm is also observed when we cycle the electric
field from the positive to negative values. Basing on the
theory of strain effect on manganite films, it is easy to un-
derstand this butterflylike behavior as follows. In the sim-
plest scenario, two aspects caused by strain in manganite
films can be envisaged: a uniform compression will tend to
increase the bare electron-hopping amplitude and thereby re-
duce the importance of the electron-lattice coupling, at the
same time a biaxial distortion will also compete with the J-T
distortion and lattice distortion caused by tolerance factor,
thus affecting the properties of manganite films especially for
magnetic structure �it will be discussed later�. Due to the first
aspect, the enhancement of electron-hopping amplitude will
contribute to the decreasing of resistance as shown in Fig.
2�a�.

As temperature decreases, an interesting phenomenon oc-
curs as shown in Fig. 2�b�. In the negative branch, the resis-
tance of LCMO film decreases with increasing negative bias
voltage. In the positive branch, however, the resistance in-
creases with increasing positive bias voltage, which is quite
different from that of high temperatures. As we can see in
Fig. 2, the butterflylike hysteresis loop changes to shuttlelike
loop with decreasing of temperature. At 50 K, the �R /R is
about +3.48% when the electric field E is +8 V /cm, while it
reaches −4.34% as E=−8 V /cm. The difference reaction to
the direction of bias voltage in different temperature can be
clearly reflected in Fig. 3. The relative change in resistance
�R /R as a function of temperatures, as bias field E= +8 and
−8 V /cm, respectively, was depicted in this figure. It can be
found that the resistance decreases no matter what the direc-
tion of bias electric field at high temperature. We named this
area as region I for simplicity reason. The change in resis-
tance of the LCMO film at low temperature, however, has a
tight relation with the direction of bias field as shown in
region II. It is interesting that the transition point from region
I to region II is located near T=200 K which is close to the
metal-insulator transition temperature and Curie temperature
�TMI=201 K, TC=203 K�. These results imply that the
transition from field-induced butterflylike hysteresis loop to
shuttlelike behavior might has an intimate relation with the
electrical and magnetic state of the LCMO films.

If only the electric field induced strain effect is consid-
ered, the shutterlike loop of the relative change in resistance
as a function of electric field cannot be explained.11,12 It is
difficult for the piezoelectric effect to explain the different
behavior of LCMO films under different directional bias
field. It should be noted that the electric field cannot only
induce the piezoelectric effect but also polarize the LCMO
film because of using the ferroelectric crystal PMN-PT.
Therefore, the bias electric field applied in the FET configu-
ration not only results in the expansion of the lattice along
the direction of the electric field but also cause the depletion
or accumulation of holes in the LCMO films layer as shown
in Fig. 4. It is known that the LCMO is a p-type material, the
majority of the charge carriers in the LCMO films are holes.
The application of a positive �or negative� field to the gate
will polarize the PMN-PT layer such that the electric-dipole
moments in the PMN-PT point upward �or downward� into
the LCMO film, thereby leading to a depletion �or accumu-
lation� of holes in the interface part of LCMO film as shown
in Figs. 4�a� and 4�c�. If the polarization effect caused by
external bias is taken into account, the depletion of holes will
happen in the LCMO film within screen length with positive
bias as shown in Fig. 4�c�. However, the screen length in
LCMO films is very short because of the high carrier density
of the LCMO films with doping lever x=0.3.7,8 The applied
electric field will be screened within one or two lattice con-
stants of the interface and could not affect bulk transport of
the film. In our experiments, therefore, another process may
happen and it allows the electric field induced effect to pen-
etrate more deeply into the film. The possible process for the
polarization effect observed in our experiments may be rel-
evant to the phase separation of the LCMO films. Recent
experimental and theoretical studies implied that the doped
manganites are intrinsically inhomogeneous and that phase
separation is common in these materials.20,21 The phase sepa-
ration and percolative transport properties in LCMO films
have also been proven.8 In an electronically inhomogeneous
channel, they are partly metallic and partly insulating. The
application of high electric field would change the relative
volume fractions of metallic and insulating regions by accu-
mulation of charge between metallic and insulating phases,
thereby causing the interface between these phases to
move.7,8 The nature of accumulating charge, holes, or elec-
trons will depend on field polarity and thereby control the
direction of interface movement. The field effect on the
transport properties, therefore, is also field-polarity depen-
dent. In our case, the polarization effect on phase separation
as well as percolative transport caused by positive external
bias will make the resistance increase as shown in Fig. 2�b�.

∆
%

FIG. 3. The relative change in resistance �R /R as a function of
temperatures with bias electric field E= +8 and −8 kV /cm,
respectively.
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FIG. 4. Schematic picture of coaction of the electric field in-
duced strain and polarization effect on the LCMO/PMN-PT
structure.
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A negative voltage does the opposite, leading to a decrease in
resistance. Considering the coaction of field-induced strain
and polarization effect together, we can understand the be-
havior that the absolute value of �R /R under negative bias
�4.34%� is larger than that of positive bias �3.48%� at T
=50 K.

In the Fig. 3, it can be found that the relative change in R
has a maximum value near the temperature of 150 K. This
value is consistent with the temperature at which the resis-
tance of LCMO films has a steeper slope as shown in inset of
Fig. 2�b�. That is to say the modulation �R is clearly larger
at temperature where the change in R is steeper. This feature
is another evidence for the percolative transport in LCMO
films with multiphase. Another point in Fig. 3 should be
noted that the polarization effect derived from ferroelectric
PMN-PT crystal is dominant at lower temperatures and neg-
ligible at higher temperature T	TMI. It reveals that the effect
on phase separation of LCMO film caused by PMN-PT po-
larization is more effective at temperatures below the TMI.
This point also agrees with the feature that the phase sepa-
ration is significant at lower temperature in manganites
film.20

To test whether there is any influence on magnetization
under coaction of strain and polarization effect, the measure-
ments of magnetization with and without external-bias elec-
tric field have been done. The data were obtained by moni-
toring the in-plane magnetic response to a voltage applied
between the film and substrate bottom. Figure 5 exemplifies
the response of magnetization of LCMO/PMN-PT structure
to the external-bias field measured at a selected temperature
T=10 K. When a E= +9.6 V /cm bias is applied, a sizeable
decrease in the magnetization is observed, and the magneti-
zation shows a quick switch between the original state and
lower magnetization state corresponding to the “bias on” and
“bias off.” The lower magnetization state is stable for a con-
stant bias voltage, unaffected by the repeated bias voltage on
and off. The relative variation �M /M�0� �defined as �M�V�
−M�0�� /M�0�� is about −8.64%. As for the negative bias
field E=−9.6 V /cm, the relative variation is about −7.47%
which is smaller than that of the positive bias. Before the
application of larger bias field, the bias field E

= 
4 kV /cm have been added to the LCMO/PMN-PT
structure in order. However, there is no obvious response as
shown in the left side of Fig. 5 and it implies that the electric
field E� 
4 kV /cm is insufficient to modulate the mag-
netic domains in LCMO films. This behavior is more clearly
shown in Fig. 6 in which the magnetic field dependence of
magnetization with selected bias field E=−4, −9.6, and
+9.6 kV /cm were shown. We observed that the M-H curves
with E=0 and −4 kV /cm, respectively, are almost coinci-
dent and there is an obvious gap when the bias field reaches

9.6 kV /cm as the magnetic field is more than 300 Oe. The
inset of Fig. 6 presents the typical results of �M /M�0� as
a function of magnetic field with fixed bias field E
= +9.6 kV /cm. It shows that the magnitude of �M /M�0�
varies with magnetic field but has no clear dependence law
with a fixed bias field.

It has been known that each orbit of Mn ion in manganite
films has a different anisotropy of the wave function and it is
coupled to the displacement of the O atoms surrounding the
transition-metal ion which has a tight relation with strain.
Moreover, the epitaxial strain could induce anisotropic hop-
ping between orbits to cause orbit ordering at the interface.
By varying the strain condition, the orbital ordering changes
which in turn changes the magnetic ordering at the interface.
For example, the energy of the dx

2−y2 orbit becomes higher
than the d3z

2 −r2 orbit in Mn-O octahedral when the two api-
cal O atoms move away from the Mn ion.22 As a result, the
C-type antiferromagnetic order would occur in LCMO films
if the compressive strain on the ab plane is strong enough.
This point has been proven by many experiments.23,24 As
stated above, except the influence on the average Mn-O-Mn
bond distance and angles, the compressive strain can also
compete with the J-T distortion and lattice distortion caused
by tolerance factor and thus magnetic structure of the LCMO
film. Therefore, the field-induced strain effect in our experi-
ments could affect the lattice distortion of LCMO films and
thus contribute to the decreasing of magnetization. Theoret-
ical and experimental studies have revealed that the coexist-
ence of multiple phases �e.g., ferromagnetic �FM� and
antiferromagnetic orbital order �AFM-OO�� and mutual in-
teraction between them are very important in manganites as

FIG. 5. Magnetization of the LCMO/PMN-PT structure as a
function of time measured at 10 K with a magnetic field of 500 Oe.

∆

FIG. 6. �Color online� Magnetic field dependence of the mag-
netization of the LCMO/PMN-PT structure with selected bias elec-
tric field E=−4, −9.6, and +9.6 kV /cm.
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stated before.20,21 The electric field induced compressive
strain and biaxial strain favor the formation of AFM-OO as
well as changing the relative volume fraction of FM
and AFM-OO region, and then the magnetization decreases.
Although the strain in films is nonuniform because the elastic
strain in the film decreases with increasing thickness, we
can also use the strain value to denote the average strain
state of films. The bulk and biaxial strain are determined
by �B=1 /3��xx+�yy +�zz� and �bi=1 /4�2�zz−�xx−�yy�,
respectively.11 In our case, the bulk and biaxial strain is about
−0.026% and +0.051%, respectively, at E=9.6 kV /cm. That
is to say the 0.051% biaxial strain will cause more than 8%
decrease in magnetization in LCMO/PMN-PT structures. Be-
sides strain effect, the polarization effect induced by the elec-
tric field should also be employed to discuss the field-
direction dependence of �M /M. It is known that the charge
accumulation or depletion has some impact on the magneti-
zation in manganite. In LCMO compounds, the increasing
effective hole density near the interface will be the benefit of
the enhancement of magnetization as the doping level is
smaller than 0.33.1 Moreover, the accumulation or depletion
caused by the polarization effect could also affect the relative
volume fractions of FM and AFM-OO phase in LCMO film
as discussed before. Hence, the magnetization of LCMO film
with negative bias field will be higher and robust than that
with positive bias. Our results shown in Fig. 5 are consistent
with this point. The sharp, stable, and reversal magnetization
controlling effect caused by electric field observed here re-
veals that the electric field can tune the lattice distortion and
effective carrier density artificially as well as magnetic struc-
ture by using the manganite/PMN-PT structure. The change
in magnetization due to the coaction of the applied electric
field induced strain and polarization effect observed here
may be of practical interest. The magnetoelectric coupling
coefficient �=�0�M /�E for the LCMO/PMN-PT structure
is about 3.4
10−8 sm−1 which is similar to the results re-
ported by Thiele et al.15 and smaller than obtained in the
La0.67Sr0.33MnO3 /BaTiO3 heterostructure.25 Basing on the
discussion above, one can deduce simply that the coupling
between the magnetic and lattice degrees of freedom is about
−0.3285 emu �−0.1512�B /Mn�, and the coupling between
the magnetic and electric degrees of freedom is about 0.0255
emu �0.011�B /Mn� in our LCMO films under the action of
electric field, 9.6 kV/cm.

In the results shown above, one point worthy of special
attention is that the electric field induced strain effect is
dominant for the magnetization at low temperature, while the
polarization is dominant for the electrical transport properties
as shown in Fig. 2�b�. This point implies that the magnetic
structure of LCMO films is more sensitive to the local dis-

tortion of Mn-O octahedral than to the change in the effec-
tive carrier density. Although the magnetization drops about
8%, the LCMO is still in ferromagnetic metal state and the
decreasing magnetization has little influence on the double-
exchange effect and percolative behavior as well as the elec-
trical transport process. These features are consistent with
previous results.1,26 As mentioned in those works, the resis-
tivity of manganites � varies with carrier density n and
changing of magnetization �M in an empirical relation of
��1 /n exp�−�M /Ms�, where Ms is the saturation magneti-
zation. This relation reveals that the resistivity varies faster
with the change in the effective carrier density n than with
the relative change in magnetization �M as �M /Ms�1. In
this work, we only give a possible explanation for the ob-
served field control of the magnetic and electrical properties
of LCMO/PMN-PT structures. To understand the coaction of
strain and polarization effect comprehensively, further ex-
periments about the electron-lattice coupling of the mangan-
ite films are required.

IV. CONCLUSION

In summary, the electric field control electrical and mag-
netic properties of LCMO/PMN-PT structures have been
studied. It is found that the variation in resistance of the
LCMO film is about −4.34% and +3.48% when a −8 and
+8 kV /cm bias voltage is applied, respectively, at 50 K.
However, the field-dependent shuttlelike loop of the relative
resistance at T�TMI changes to butterflylike hysteresis loop
when T	TMI under coaction of field induced strain and po-
larization effect. Moreover, a sharp, stable, and reversal mag-
netization controlling effect caused by electric field has also
been found in the structure. Our results indicate that the
field-induced strain and polarization effect both can modu-
late the electrical and magnetic properties of manganite
films. As for field effect on transport properties, the polariza-
tion effect is dominant at T�TMI while the strain effect is
dominant at T	TMI. Moreover, we also observed that the
electric field induced strain effect is dominant for the mag-
netization when the LCMO is in ferromagnetic metal state,
while the polarization effect is dominant for the electrical
transport properties.

ACKNOWLEDGMENTS

This work has been supported by a grant of the Research
Grant Council of Hong Kong �Project No. HKU 7024/07�.
The work done in Institute of Solid State Physics is sup-
ported by the National Key Basic Research under Contract
No. 2007CB925002 and the Fund of Chinese Academy of
Sciences for Excellent Graduates.

*Author to whom correspondence should be addressed;
jugao@hku.hk
1 J. M. D. Coey, M. Viret, and S. von Molnár, Adv. Phys. 48, 167

�1999�, and references therein.

2 I. Pallecchi, L. Pellegrino, E. Bellingeri, A. S. Siri, D. Marré,
A. Tebano, and G. Balestrino, Phys. Rev. B 78, 024411 �2008�.

3 Z. G. Sheng, J. Gao, and Y. P. Sun, Phys. Rev. B 79, 014433
�2009�.

COACTION OF ELECTRIC FIELD INDUCED STRAIN AND… PHYSICAL REVIEW B 79, 174437 �2009�

174437-5



4 M. Fiebig, K. Miyano, Y. Tomioka, and Y. Tokura, Science 280,
1925 �1998�.

5 Z. G. Sheng, Y. P. Sun, J. M. Dai, X. B. Zhu, and W. H. Song,
Appl. Phys. Lett. 89, 082503 �2006�.

6 Congwu Cui and Trevor A. Tyson, Phys. Rev. B 70, 094409
�2004�.

7 X. Hong, A. Posadas, and C. H. Ahn, Appl. Phys. Lett. 86,
142501 �2005�.

8 T. Wu, S. B. Ogale, J. E. Garrison, B. Nagaraj, Amlan Biswas,
Z. Chen, R. L. Greene, R. Ramesh, T. Venkatesan, and A. J.
Millis, Phys. Rev. Lett. 86, 5998 �2001�.

9 B. Wiedenhorst, C. Hofener, Y. F. Lu, J. Klein, L. Alff, R. Gross,
B. H. Freitag, and W. Mader, Appl. Phys. Lett. 74, 3636 �1999�.

10 M. Angeloni, G. Balestrino, N. G. Boggio, P. G. Medaglia,
P. Orgiani, and A. Tebano, J. Appl. Phys. 96, 6387 �2004�.

11 A. J. Millis, T. Darling, and A. Migliori, J. Appl. Phys. 83, 1588
�1998�.

12 G. Gao, S. Jin, and W. Wu, Appl. Phys. Lett. 90, 012509 �2007�.
13 C. Thiele, K. Dörr, S. Fähler, L. Schultz, D. C. Meyer, A. A.

Levin, and P. Paufler, Appl. Phys. Lett. 87, 262502 �2005�.
14 R. K. Zheng, Y. Wang, H. L. W. Chan, C. L. Choy, and H. S.

Luo, Phys. Rev. B 75, 212102 �2007�.
15 C. Thiele, K. Dorr, O. Bilani, J. Rodel, and L. Schultz, Phys.

Rev. B 75, 054408 �2007�.

16 A. A. Levin, C. Thiele, P. Paufler, and D. C. Meyer, Appl. Phys.
A: Mater. Sci. Process. 84, 37 �2006�.

17 R. K. Zheng, Y. Wang, H. L. W. Chan, C. L. Choy, and H. S.
Luo, Appl. Phys. Lett. 92, 082908 �2008�.

18 L. Ranno, A. Llobet, R. Tiron, and E. Favre-Nicolin, Appl. Surf.
Sci. 188, 170 �2002�.

19 T. W. Darling, A. Migliori, E. G. Moshopoulou, Stuart A. Trug-
man, J. J. Neumeier, J. L. Sarrao, A. R. Bishop, and J. D. Th-
ompson, Phys. Rev. B 57, 5093 �1998�.

20 L. Zhang, C. Israel, Amlan Biswas, R. L. Greene, and Alex de
Lozanne, Science 298, 805 �2002�.

21 E. Dagotto, Takashi Hotta, and Adriana Moreo, Phys. Rep. 344,
1 �2001�.

22 Y. Tokura and N. Nagaosa, Science 288, 462 �2000�.
23 Y. Konishi, Z. Fang, M. Izumi, T. Manako, M. Kasai, H. Kuwa-

hara, M. Kawasaki, K. Terakura, and Y. Tokura, J. Phys. Soc.
Jpn. 68, 3790 �1999�.

24 Yafeng Lu, J. Klein, F. Herbstritt, J. B. Philipp, A. Marx, and
R. Gross, Phys. Rev. B 73, 184406 �2006�.

25 W. Eerenstein, M. Wiora, J. L. Prieto, J. F. Scott, and N. D.
Mathur, Nature Mater. 6, 348 �2007�.

26 P. Mandal, K. Bärner, L. Haupt, A. Poddar, R. von Helmolt,
A. G. M. Jansen, and P. Wyder, Phys. Rev. B 57, 10256 �1998�.

SHENG, GAO, AND SUN PHYSICAL REVIEW B 79, 174437 �2009�

174437-6


