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A multiferroic heterostructure is constructed by growing an epitaxial piezoelectric Pb�Zr0.3 ,Ti0.7�O3 film on
a magnetostrictive layered manganite single crystal of composition La1.2Sr1.8Mn2O7. The efficient mechanical
coupling at the interface results in a remarkable magnetoelectric �ME� effect. The ME voltage is �87% of the
theoretical value predicted by a phenomenological thermodynamic model. The ME effect peaks at the ferro-
magnetic transition temperature of the manganite, a consequence of its magnetostrictive characteristics.
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I. INTRODUCTION

Multiferroics are materials or structures where different
ferroic orders such as �anti�ferroelectrics, �anti�ferromagnet-
ics, and ferroelastics coexist.1 In multiferroic magnetoelec-
trics, a dielectric polarization can be induced by an external
magnetic field or conversely, a magnetic moment can be in-
duced by an external electric field, a phenomenon known as
the magnetoelectric �ME� effect.2,3 The physics inherent in
this class of multiferroics has received much recent attention,
as the mechanisms by which the different order parameters
can be coupled are generally poorly understood, and as the
cooperative interactions driving the different ferroic behav-
iors are often thought to arise from potentially incompatible
electronic structures. The intensive research efforts have also
been motivated by the large ME effect potentially achievable
in these compounds. Materials systems with a strong ME
effect at room temperature have potential applications as data
storage and switching devices, actuators, transducers, mag-
netic field and stress sensors, and devices in optoelectronics
and microwave electronics.3,4

Examples of single-phase multiferroic materials are
TbMnO3, TbMn2O5, BiFeO3, BiMnO3, and some hexagonal
manganites RMnO3 with rare earth elements R
� �Sc,Y,In,Ho–Lu�.5–10 One main reason for the scarcity
of multiferroics is that the ligand-field hybridization of a
transition metal cation by its surrounding anions, which is
often responsible for conventional ferroelectricity, requires
that the d orbitals of the cations are unoccupied, therefore
precluding ferromagnetism.11,12 Even the single-phase multi-
ferroics listed above often exhibit only weak magnetization
and/or ferroelectricity, and the relevant phase transitions
from which magnetoelectric behavior is derived are often
well below room temperature. A strong ME effect at room
temperature, however, can be realized in a two-phase or mul-
tiphase composite in which the mechanical deformation of
the magnetostrictive phase results in polarization in the pi-
ezoelectric phase.13–15 Bilayers and multilayers of such com-
posites are especially promising due to their low leakage
current and superior poling properties.16–19 Typical fabrica-
tion procedures involve tape-casting and sintering together
thick �hundreds of micrometers� polycrystalline films.17

However, such an approach often suffers from several short-
comings: �1� poor mechanical coupling between layers due
to the nonepitaxial nature of the interface; �2� impurities as a
result of interfacial diffusion or reaction under high sintering
temperatures; �3� lack of scaling capabilities. On the other
hand, even with an epitaxial and coherent interface, epitaxial
multilayers of thin films often yield a negligible ME effect
due to substrate clamping.20 Given these difficulties, an un-
ambiguous description of the ME effect based on the under-
lying mean-field behavior of the constituents of the compos-
ites has still not been achieved.

Therefore it is desirable to construct multiferroic struc-
tures using a carefully selected substrate that is magnetically
and elastically functional by itself. Then a ferroelectric film
can be epitaxially grown on the substrate, which results in a
heterostructure with an efficient in-plane elastic coupling.
Such a substrate must satisfy several conditions: �1� a giant
anisotropic magnetostriction;21 �2� good in-plane lattice
match to the ferroelectric film; �3� reasonably good conduc-
tivity that eliminates the need for a separate electrode at the
interface.

A very attractive materials family that may meet these
criteria is the naturally layered manganites. Mixed-valent
�Mn3+-Mn4+� manganites have captured much attention in
condensed matter science recently due to their exotic elec-
tronic and magnetic properties, including complex insulator-
metal transitions and colossal magnetoresistance.22 In some
mixed-valent manganites, the strong coupling between mag-
netic field and lattice results in giant anisotropic magneto-
striction, especially if the structural transition temperature
�TS� is close to the ferromagnetic ordering temperature
�TC�.23 It is important to note that unlike in conventional
ferromagnets, the giant magnetostriction in layered mangan-
ites is a result of a field-induced change in the orbital-state
occupancy.21

In the current study, we focus on the n=2 member of the
Ruddlesden-Popper series of layered manganites
La2−2xSr1+2xMn2O7 �LSMO� with x=0.4.24,25 Besides satisfy-
ing the conditions listed above, these layered manganites are
easy to cleave along the a-b plane to achieve atomically flat
surface areas of hundreds of square micrometers. We select
Pb�Zr0.3Ti0.7�O3 �PZT�, tetragonal at room temperature, as
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the ferroelectric film based on the facts that it is a well-
studied material with a large polarization and is both chemi-
cally and structurally compatible with LSMO.

Here we report our study on a unique heterostructure
composed of a PZT layer epitaxially deposited on a layered
manganite crystal of composition La1.2Sr1.8Mn2O7. While
not optimal from an applications standpoint because of the
relatively low TC of the manganite constituent, this combi-
nation has many advantages as a model system. In this mul-
tiferroic structure, the manganite crystal serves as the sub-
strate for the PZT film growth, as the magnetostrictive
element and as the bottom electrode in the device. Without
the constraint from conventional substrates, such a geometry
maximizes the efficiency of in-plane transfer of the magne-
tostrictive strain from LSMO to the PZT film, and as we will
describe below is amenable to a straightforward modeling of
the ME effect. Indeed we find a strong strain-mediated cou-
pling between the ferromagnet and the ferroelectric due to
the epitaxial nature of the interface and the absence of sub-
strate clamping. In a related study on similar heterostruc-
tures, we observed an abrupt change of polarization in the
PZT film at the ferromagnetic transition temperature �TC� of
a LSMO crystal.26 This modulation of polarization originates
from the contraction of the in-plane lattice parameters of
LSMO at TC. In the current paper, a large ME effect is ob-
served at TC of LSMO where it exhibits the highest magne-
tostrictive sensitivity to an applied magnetic field. A model
based on the phenomenological mean-field description of the
ferroelectric PZT is shown to successfully describe the ME
voltage that is generated by applied magnetic field.

II. EXPERIMENTAL PROCEDURES

Crystals of La1.2Sr1.8Mn2O7 were melt grown in flowing
20% O2 �balance Ar� using a floating zone optical image
furnace �NEC model SC-M15HD� as described previously.27

The resulting boule cleaves readily to yield shiny black crys-
tals. Energy-dispersive spectroscopy �Oxford Instruments
Link Isis� indicates that the metal stoichiometry is equal to
the nominal composition within experimental error. Tetrago-
nal PZT films with a ratio of Zr:Ti=30:70 were deposited
by chemical solution deposition �CSD� on cleaved manganite
crystals. We also fabricated samples by depositing PZT films
on polished manganite crystals, yielding equivalent results.
CSD methods including both sol-gel and metallo-organic de-
composition have been routinely used to prepare PZT films
with properties comparable to those of single crystals.28 The
details of the film deposition and solution chemistry used for
our sample preparation have been reported elsewhere.29 Spe-
cifically, an alkoxide precursor solution with 10% lead ex-
cess was spin coated onto the freshly prepared manganite
surface. The final film thickness is �1100 Å after annealing
at 650 °C for 20 min in air �only one coating was required to
achieve the desired thickness�. Platinum top electrodes with
areas between 7.85�10−5 and 1.96�10−3 cm2 were depos-
ited at �200 °C by electron beam evaporation through a
shadow mask to define discrete capacitors. After top elec-
trode deposition, the samples were heated again at �550 °C
for 10 min in flowing oxygen to optimize the ferroelectric/
top electrode interface.

Structural characterization was carried out using a Philips
X’pert MRD system. The dielectric properties of the PZT
film were studied using an HP4192A impedance analyzer
and a Radiant Technologies RT6000 ferroelectric test system.
The magnetization of the manganite crystal was measured in
a Quantum Design physical properties measurement system
�PPMS�. Figure 1 shows a block diagram of the experimental
setup for the ME characterization. The sample was measured
at selected temperatures in the PPMS cryogenic chamber
which provides a static magnetic field Hdc parallel to the
sample surface. An ac field Hac �Hac=0.1–10 Oe at
100 Hz–10 kHz� along the same direction was generated by
a coil concentric with the primary dc superconducting mag-
net. The induced ME voltage across the sample, VME, was
measured using a lock-in technique. Our setup corresponds
to a transverse geometry, which often results in a stronger
effect than the longitudinal geometry where all Hdc, Hac, and
VME are perpendicular to the sample plane.18 For each tem-
perature, to minimize the effect of magnetic hysteresis, the
sample was heated to room temperature first before cooling
down to the specific temperature in the presence of a poling
voltage of +6 V to the top electrode.

III. EXPERIMENTAL RESULTS

Figure 2�a� is an x-ray �-2� scan of the sample. The lay-
ered manganite crystal has a tetragonal structure with a
=3.87 Å and c=20.12 Å at room temperature. For the PZT
film, only the �00l� reflections are detected and there are no
visible secondary phases. The in-plane epitaxial relationship
between the PZT film and the LSMO crystal was examined
by an x-ray � scan of �101�-type reflections as shown in Fig.
2�b� and confirmed to be PZT�001�//LSMO�001� and
PZT�100�//LSMO�100� with fourfold symmetry. The FWHM
are 0.89° and 0.08° for the PZT film and LSMO crystal,
respectively.

The dielectric permittivity and the loss tangent vs electric
field in Figs. 3�a� and 3�b�, respectively, show little voltage
shift and further confirm the good quality of the interface
with a low density of charge traps between the PZT film and
the LSMO crystal. The detailed measurement of polarization
hysteresis and its temperature dependence are reported
elsewhere.26 The remanent polarization Pr at room tempera-
ture is �44 �C/cm2.

FIG. 1. Experimental setup for the ME measurement.
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Figure 4 shows the static magnetic field dependence of
the induced ME voltage at three temperatures: 50, 120, and
300 K.30 All data were taken with Hac=2 Oe and f =1 kHz.
This frequency is below anticipated magnetoelectromechani-
cal resonances for this particular geometry, and indeed no
clear evidence for resonancelike frequency dependence was

observed for the range of frequencies that is accessible with
our measurement system. It is important to emphasize as
well that our geometry is a rather different device configura-
tion compared to the many-micrometer layer thicknesses of
the laminate composites that are commonly studied.31 The
strongest ME effect is at 120 K, near TC of the manganite
crystal. As Hdc is ramped up from zero, VME first increases,
then peaks at �1 T with a magnitude of �VME�15 �V, and
finally decreases at higher field. VME goes through zero as
Hdc ramps down and switches its direction, accompanied by
a 180° shift in VME. Similar features have been observed in
layered composite of thick films made by tape casting.17 At
120 K, the peak-to-peak difference of the ME voltage swing
is �2�VME or 28 �V.

This ME effect is much weaker at 50 K and room tem-
perature, away from TC. This strong temperature dependence
is a result of the magnetostrictive properties of the manganite
crystal, as demonstrated by the data of Kimura et al., shown
in the inset of Fig. 4.21 As the temperature approaches TC,
magnetostriction along both the ab plane and the c axis in-
crease in accordance with the enhancement of the magneo-
resistance effect. At 120 K, the in-plane lattice contraction
�Lab /Lab�0�, or equivalently �, reaches a value of 4.4
�10−4 under a magnetic field of 7 T, which is comparable to
that of the best magnetostrictive materials such as the
TbDyFe2 alloy �Terfenol-D�.32 However, the magnetostric-
tion of the manganite crystal is much smaller at lower fields
�only �100�10−6 under 5000 Oe, compared to 1600
�10−6 for Terfenol-D under the same field�. The temperature
dependence of the striction without magnetic field also
shows a contraction of the in-plane lattice plane of �0.1% at
TC, more evidence of the structural instability at this tem-
perature. In Fig. 5, we plot together the temperature depen-

FIG. 2. �a� X-ray �-2� scan and �b� � scan for the 1100 Å PZT
film deposited on a layered manganite crystal. In �a�, diffraction
peaks of the PZT film and the LSMO crystal are labeled as P and L,
respectively. Both graphs are on logarithmic scales.

FIG. 3. �a� Dielectric permittivity and �b� loss tangent vs electric
field measured on the PZT/LSMO heterostructure at room tempera-
ture. The arrows illustrate the directions of the voltage scans.

FIG. 4. �Color online� ME voltage vs static magnetic field mea-
sured with a transverse geometry at three different temperatures of
50, 120, and 300 K. The ME voltage is induced by an oscillating
magnetic field Hac with a magnitude of 2 Oe and a frequency of
1 kHz. The open �filled� symbols are the data taken with increasing
�decreasing� H. The largest peak-to-peak ME voltage swing is
�28 �V, occurring at 120 K. The inset is the in-plane magneto-
striction ��Lab�H� /Lab�0�� as a function of H measured at selected
temperatures, taken from Ref. 23.
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dence of the peak-to-peak ME voltage and the dc mangeti-
zation of the manganite crystal measured with a magnetic
field of 1000 Oe. The error bar on the ME voltage is the
standard deviation of three different samples.

IV. DISCUSSION

We now compare our experimental results to the predic-
tions of a phenomenological Laudau-Ginzburg-Devonshire
�LGD� theory describing thin ferroelectric films epitaxially
grown on cubic substrates.33,34 For simplicity, we take cubic
symmetry and define an orthogonal right-hand coordinate
system with the three axis in the film surface normal direc-
tion. The in-plane polarizations P1 and P2 are taken both
equal to zero, equivalent to the assumption of a ferroelectric
transition to a tetragonal domain structure with out-of-plane
polarization only. This is justified given the polarization hys-
teresis loops, and by the fact that for tetragonal PZT films,
any domains with in-plane polarization are generally very
difficult to reorient. Then the general expression for the ther-

modynamic potential G̃ of a thin ferroelectric film on a thick
substrate is the Legendre transformation of the standard elas-
tic Gibbs function34

G̃ = �3
*P3

2 + �33
* P3

4 + �111P3
6 +

um
2

s11 + s12
,

�3
* =

T − �

2	0C
− um

2Q12

s11 + s12
, �33

* = �11 +
Q12

2

s11 + s12
, �1�

where �i ,�ij ,�ijk are ferroelectric dielectric stiffnesses at
constant stress; sij are the elastic compliances at constant
polarization; Qij is the electrostrictive coupling between the
ferroelectric polarization and stress; � is the Curie-Weiss
temperature; 	0 is the permittivity of free space; C is the
Curie-Weiss constant; and um is the misfit strain. The me-
chanical two-dimensional clamping breaks the symmetry of
the system and renormalizes the second- and fourth-order
polarization terms. We note that the phenomenological treat-
ment given here does not consider the effect of the depolar-
izing field or the detailed domain configurations.35,36 The re-
lations among polarization, strain, and temperature can be
achieved by minimizing this thermodynamic potential using
the appropriate dielectric stiffnesses �:

1

P3

�G̃

�P3
= 2�3

* + 4�33
* P3

2 + 6�111P3
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Solving Eq. �2�, we can write P3 as a function of um, the
misfit strain:

P3 = �− �33
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The values of the LGD coefficients in G̃ used in this cal-
culation were measured by Haun et al. on bulk samples and
are listed in Table I.37–39 The calculated polarization of the
PZT film as a function of the misfit strain um is shown in Fig.
6. The polarization decreases �increases� with tensile �com-
pressive� strain. This trend is qualitatively consistent with the
experimental results obtained by Kumazawa et al. using a
mechanical bending instrument.40 Also shown in Fig. 6 is the
percent change of the polarization, �P / P, when the misfit
strain is modulated by 0.1%, which is essentially the deriva-
tive of the P vs um curve. This strain-induced modulation of
P is as large as a few percent and is a sensitive function of
the strain state in the film.

In the formulation of Pertsev, Zembilgotov, and
Tagantsev,34 symmetry breaking is represented in the misfit

TABLE I. Values of coefficients used for the renormalized thermodynamic potential in Eq. �1�. All data
were taken on bulk samples of PZT with Zr:Ti=30:70 except the elastic compliances, which were measured
on PbTiO3 �Refs. 34 and 37–39�.

TC

�°C�
C

�105 °C�
Q12

�10−2 m4/C2�
�11

�107 m5/C2 F�
�111

�108 m9/C4 F�
s11

�m2/N�
s12

�m2/N�

440.2 1.881 −2.480 0.6458 2.348 8.0�10−12 −2.5�10−12

FIG. 5. �Color online� The comparison of the temperature de-
pendence of the magnetization measured on the manganite crystal
and the peak-to-peak ME voltages as shown in Fig. 3. The triangle
is the theoretical calculated value for the ME voltage at 120 K
based on the bulk data as outlined in the text. The continuous line is
a guide to the eye.
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strain um. In the PZT/LSMO structure, if we only consider
the substrate/film lattice mismatch at room temperature rela-
tive to the extrapolated pseudocubic lattice parameter of the
PZT as is relevant for LGD calculations,38 there is a com-
pressive strain �3.87−4.02 Å� /3.87 Å=−3.9%. However, as
Speck and Pompe pointed out,36 the effective misfit strain
associated with a film grown on a substrate after some
amount of relaxation is controlled by an effective substrate
lattice parameter b*:

b* = b�T��1 − 
ibedge,i� �4�

where b is the substrate lattice parameter and 
ibedge,i �i is
either 0, 1, or 2� is the strain relief provided by the misfit
dislocations at the film/substrate interface. In other words, b
and um must be modified to account for the misfit disloca-
tions and relaxation associated with the film growth.

Although it is difficult to evaluate an accurate value of um
given the film growth process and the complicated electro-
mechanical conditions, we can assume that um is close to
zero. In the CSD process there are several sources that con-
tribute to the residual biaxial stresses built up in the film: the
most relevant ones are the intrinsic stress �int and the thermal
stress �th.41–43 The magnitude of the intrinsic stress is largely
determined by the film deposition conditions, i.e., spin speed,
viscosity of sol, humidity, etc. After spin coating, a tensile
stress always exists in an as-spun film due to evaporation of
water and solvent at low temperatures. During subsequent
heating, organic decomposition and pyrolysis of nonvolatile
species result in additional stress development. The thermal
stress dominates during the process of cooling from the an-
nealing temperature �650 °C in our case�, which originates
from the temperature-dependent lattice mismatch between
the film and the substrate.41 At the same time, strain relax-
ation can occur through the formation of mixed ferroelectric
domains and interfacial misfit dislocations at the film/
substrate interface. As a starting point, we assume that the
residual strain after the film growth process is close to zero,
as these films are thick enough to be at least partially relaxed
by dislocation formation and twinning.

The ME effect of the system can be treated as a special
case of “product properties” of composite materials,13 in

which the overall response coefficient �=�Z /�X is deter-
mined by the product of the individual responses, �Y /�X�1
��Z /�Y�2. In other words, the ME voltage occurs as a result
of the product property between the individual magnetostric-
tive and piezoelectric responses:

�V

�H
=

1

C0
� �P

�um
	

PZT
� �um

�H
	

LSMO

�5�

where C0 is the capacitance per unit area of the heterostruc-
ture. Combining Eqs. �3� and �5� and the magnetostriction
data in the inset of Fig. 4, we estimate the maximum of
�VME�16 �V with �H of 2 Oe. Then the modulation of
VME by a static magnetic field is 2�VME, or 32 �V, which
agrees reasonably well with the experimental value of
28 �V. Besides the intrinsic limitations of the phenomeno-
logical model as we discussed above, the major discrepancy
between theoretical and experimental results comes from the
fact that all the thermodynamic coefficients of PZT are mea-
sured on bulk crystals, not thin films.37–39 In particular, elas-
tic properties of CSD thin films may differ considerably from
bulk. Furthermore, it was proposed that the stress state upon
cooling through the Curie temperature can influence the do-
main configuration, and thus dielectric properties, in tetrag-
onal PZT thin films.44 A compressive stress on cooling from
the cubic state causes a majority of domains aligned normal
to the film plane �type-c orientation�, whereas a tensile stress
results in in-plane polar direction �type-a orientation�. In our
case, the lower remnant polarization Pr than the bulk value
implies that some fraction of ferroelectric domains are in
plane and do not yield a switchable polarization along the
direction of the applied electric field, commensurately reduc-
ing the tunability of polarization and VME.

Comparison between the theoretical prediction and the
experimental data allows us to conclude that the ME effect
observed here is intrinsic for this PZT/LSMO system. Fur-
ther, the close agreement between theory and experiment
within the limits of the assumptions that must be made indi-
cates that, as expected, reorientation of a-axis domains
�which would greatly enhance the ME effect� is not signifi-
cant for our heterostructures containing thin planar PZT lay-
ers. In our system, the stress transfer across the interface
between the LSMO crystal and the PZT film is quite effec-
tive. On the contrary, among the laminated structures com-
posed of polycrystalline thick layers, PZT/LSMO shows the
weakest ME voltage coefficient with the measured value be-
ing an order of magnitude smaller than the estimates.18 The
same trend was observed in bilayers of lead magnesium
niobate–lead titanate and yttrium iron garnet �YIG�.45 The
ME interaction is dramatically strengthened in samples with
epitaxial YIG films and is the weakest in samples with poly-
crystalline YIG.

V. CONCLUSIONS

In conclusion, we have demonstrated a ME effect in a
multiferroic heterostructure composed of a PZT thin film epi-
taxially deposited on a layered manganite crystal. Assuming
a near-zero strain state and using the bulk LGD coefficients,
we found that the experimentally observed ME voltage is

FIG. 6. �Color online� Polarization of the PZT film as a function
of the misfit strain calculated using the phenomenological Landau-
Ginzburg-Devonshire theory. Also shown is the percent change in
polarization as the misfit strain is modulated by 0.1%.
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�87% of the theoretical value estimated from a phenomeno-
logical thermodynamic model. Limited only by the thickness
of the PZT film, the ME voltage coefficient in our approach
could be as high as 600 mV/cm Oe, which is comparable
to the highest values obtained in the laminate
composites.15,18,46–48 Further enhancement of the ME effect
could be achieved by carefully adjusting the measurement
geometry and frequency of the ac magnetic field. Another
straightforward way of optimizing the ME effect is by select-
ing materials with a larger piezoelectric coefficient such as
Pb�Mg1/3Nb2/3�O3-PbTiO3.49 Finally, patterning the piezo-
electric thin films into discrete submicrometer islands could

also increases the ME response since it facilitates the move-
ment of ferroelectric domain walls and recovers the proper-
ties of single-domain crystals.50
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