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The drive to develop materials with new multifunctional
capabilities has rekindled interest in multiferroics—systems
which are characterized by the simultaneous presence of, and
coupling between, magnetic and electric order parameters. In
naturally occurring multiferroics the magnetoelectric coupling is
often weak, and new classes of artificially structured composite
materials that combine dissimilar magnetic and ferroelectric
systems are being developed to optimize order parameter
coupling.[1–6] Here, we describe direct, charge-mediated magne-
toelectric coupling in a heterogeneous multiferroic that takes
advantage of the sensitivity of a strongly correlated magnetic
system to competing electronic ground states. Using magne-
to-optic Kerr effect magnetometry, we observe large magneto-
electric coupling in ferroelectric/lanthanum manganite hetero-
structures, including electric field-controlled on/off switching of
magnetism. These results open a new vista for the development
of novel magnetoelectric devices with large charge coupling
between electric and magnetic degrees of freedom.

Doped lanthanum manganites are complex oxides character-
ized by a strong interplay between electron transport, magnetism,
and crystal lattice distortions, leading to a rich variety of electronic
behavior, including magnetic and charge-ordered states, colossal
magnetoresistance (CMR), and a diversity of electron transport
behavior. Underlying the competition between these ground
states is the prominent role of charge in double exchange,
hopping, and orbital overlap.[7,8] To date, controlling charge as a
parameter has most often been achieved using chemical doping,
which is robust, and permanent. An alternative approach to
modulate carrier density is to use an electrostatic field,[9–15] which
has been used successfully to modulate charge-dependent
phenomena, including superconductivity[16] and dilute magnetic
semiconducting behavior.[12,13,17] In these systems, the nature of
the electron correlations results in a strong sensitivity of the
material properties to the charge-carrier concentration.

Magnetism has also been controlled at interfaces using field
effects. Magnetotransport measurements (planar and anomalous
Hall effect, magnetoresistance, resistance) indicate large changes
in critical temperature,[12,13,18–20] while changes in coercivity have
also been observed.[14] Moreover, magnetoelectric effects at
interfaces have been predicted to arise from spin density
accumulation in metallic ferromagnet/ferroelectric structures,
induced by charge screening of the electric field.[5] These
experimental and theoretical results point to the potential of these
types of structures for nanostructured multiferroics.

Here, we demonstrate a large charge-driven magnetoelectric
coupling effect in a Sr-doped lanthanum manganite/ferro-
electric composite structure resulting from direct control of
magnetism via charge carrier density. This approach has the
advantage that its physical mechanism is transparent and the size
of the effect can be quantified and understood qualitatively within
the double exchangemodel, in particular the observed variation of
the magnetic moment and critical temperature with charge
carrier concentration. This approach is an alternative to
electroelastic modulation of the magnetic properties of mag-
netic/ferroelectric composites, wheremagnetoelectric coupling is
achieved through changes in magnetic anisotropy and remanent
magnetization via strain.[1,21] The converse effect, in which the
electric polarization is modulated by a magnetic field, has also
been demonstrated.[1,2,22,23]

In this study, we use off-axis magnetron sputtering to grow a
continuous 250 nm PbZr0.2Ti0.8O3/4.0 nm La0.8Sr0.2MnO3

bilayer structure on a SrTiO3(001) single crystal (see Fig. 1a).
We chose La0.8Sr0.2MnO3 (LSMO) since the bulk compound lies
near the boundary betweenmetallic and insulating ferromagnetic
ground states; themagnetic Curie temperature occurs at 300K.[24]

In field-effect structures the induced electric polarization at the
gate oxide creates a surface charge density at the interface, which
is screened by an equal number of charge carriers of the opposite
sign, changing the effective doping of the system. One challenge
with the field-effect approach here is the nearly metallic
hole-doping level of LSMO (1021 holes cm�3), which results in
a screening length that is only a few angstroms; ultrathin,
atomically flat ferromagnetic layers are therefore required in
order to observe a measurable effect. To provide the electric field,
we used the spontaneous electric polarization of PbZr0.2Ti0.8O3
H & Co. KGaA, Weinheim 1
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Figure 1. a) Schematic diagram of the PZT(red)/LSMO(blue)/SrTiO3(001)
structure (S) and of the measurement geometry. An s-polarized focused
laser beam is reflected off the sample surface towards a photoelastic
modulator (PEM), a Glan-Thompson analyzer (POL) and a photodiode
detector (DET). A Au (yellow) gate electrode (Gate) is used to switch the
PZT polarization in the active area of the device. (SL: iris collimator, W:
cryostat window.) H represents the direction of the applied magnetic field.
b) Room temperature P–E response (red circles, left axis) showing a
square hysteresis loop, with a remanent polarization of 45mC cm�2.
The displacement current as the applied electric field is ramped at
1.6 MV cm�1 s�1 (black squares, right axis) exhibits a sharp increase at
the PZT switching field and indicates a low leakage current.

Figure 2. Temperature dependence of the LSMO magnetization for the
two polarization states of the PZT layer. A shift in Tc of about 20 K is
observed. The inset shows quasi-static M-H loops measured at 100 K for
the accumulation and depletion states. Full lines: MOKE data; symbols:
SQUID data (depletion state). The y-axis corresponds to the magnetic
moment of the 4 nm LSMO film obtained from SQUID magnetometry,
which is used to calibrate the MOKE signal.
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(PZT), which can generate polarizations of the order of 50mC
cm�2, much larger than the breakdown field of SiO2. For the
bilayer structures, X-ray diffraction reveals that the PZT is c-axis
oriented, with the polarization lying perpendicular to the film
surface.[18,25] The polarization can be switched by applying a
voltage across the PZT layer, using a gold top electrode and the
LSMO layer as the bottom electrode. Polarization–electric field
(P–E) hysteresis measurements reveal a square loop with a
remanent polarization of �45mC cm�2 (Fig. 1b). Clear peaks are
observed in the displacement current at the coercive field,
confirming polarization switching of PZT (Fig. 1b) with a low
leakage-current characteristic.

To probe the local magnetic state of the LSMO as a function of
the PZT polarization state, we employ magneto-optic Kerr effect
(MOKE) magnetometry. In this technique, the sample magne-
tization gives rise to changes in the polarization of light reflected
off the surface. We measure the Kerr rotation and ellipticity, both
of which are proportional to the magnetization (although
different in amplitude). For the reflection geometry used here,
optical effects originating from the birefringence of the PZT and
SrTiO3 substrate (which becomes tetragonal below �100K) are
negligible, as corroborated by magneto-optic calculations. We
used ac modulation techniques to increase the sensitivity of the
magnetometer (see Experimental). The magnetic field is applied
in the plane of the sample, the same direction as that of the
remanent magnetization.

In Figure 2, we show how the magnetization of the structure
evolves as a function of temperature and ferroelectric polariza-
� 2009 WILEY-VCH Verlag G
tion. The red and black curves correspond to the states where the
ferroelectric adds and removes charges from the magnetic LSMO
layer; these are termed the accumulation and depletion states,
respectively. We distinguish three different temperature regimes
for the magnetization curves. At high temperatures (region III,
T> 212K) we find that LSMO is in a paramagnetic state for both
polarization states and shows no magnetic response. For
intermediate temperatures (region II, 147<T< 212K), we
observe a vertical and horizontal split in the magnetization
curves, where the accumulation state becomesmagnetic at higher
temperatures and has a larger magnetization than in the
depletion state. A crossover in behavior is observed at 147K
(region I), where a reversal in the relative position of the
magnetization curves occurs: the magnetization for the depletion
state becomes larger than that for the accumulation state. This
region is also characterized by the gradual increase of the
magnetization towards a constant ground-state value.[26]

To better understand the evolution of the observed behavior, we
measured magnetic hysteresis loops at several temperatures for
the two polarization states of the PZT layer. At low temperatures,
the M–H curves show that the LSMO magnetization switches
hysteretically between oppositely magnetized states, confirming
the ferromagnetic ordering of the LSMO for the chosen chemical
and field-effect dopings (Fig. 2, inset). The M–H loops also show
that in region I the magnetization of the LSMO in the depletion
state is higher than that in the accumulation state. We also find a
change in coercivity for the two doping levels.[14] In region II, the
opposite behavior is observed, as expected from the higher Tc for
the accumulation state.[15,18]

Analysis of the magnetization data of Figure 2 reveals that the
two M–T curves collapse onto each other after a suitable vertical
rescaling and a temperature shift of 20K. This result shows that,
mbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1–5
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Figure 3. Magnetoelectric hysteresis curve at 100 K showing the magnetic
response of the PZT/LSMO system as a function of the applied electric
field. The two magnetization values correspond to modulation of the
magnetization of the LSMO layer. Insets represent the magnetic and
electric states of the LSMO and PZT layers, respectively. The size of the
arrows indicates qualitatively the magnetization amplitude.
while there is a substantial change in Tc and saturation
magnetization for the accumulation and depletion states, the
normalized M–T behavior is largely unaffected by the change in
carrier concentration. The critical temperatures are estimated as
179 and 197K for the depletion and accumulation states,
respectively, from linear extrapolations to zero magnetization
near the critical region (Fig. 2). The lower Tc for the depletion state
is consistent with the bulk phase diagram of the doped
lanthanum manganites in the ferromagnetic regime, where Tc
increases with doping level.[27,28]

We now discuss the interpretation of the individual regions I
and II in more detail. First, we note that the decrease in the
ground state magnetization with increase in the doping level,
observed in region I of Figure 2 and also in the hysteresis loops,
may at first sight seem surprising since it implies that the
material with the higher Tc has a lower magnetization. However,
this trend is exactly what is expected in the ferromagnetic phase of
the bulk CMR manganites,[27,29] where the magnetic moment
varies with hole concentration, x, as (4� x) mB per Mn (where mB

is the Bohr magneton): as the hole concentration (doping)
increases, a larger fraction of the Mn cations change from an
S¼ 2 (Mn3þ) to an S¼ 3/2 (Mn4þ) spin state. However, while the
trend is the expected one, the change in the magnetic moment
seems somewhat too large to be explained only by band-filling
effects. That is reflected in the notation of Spaldin and
co-workers,[5] where we obtain a large ratio of induced spin to
charge density surface of h� 2.

That a simple band-filling model fails to describe the electronic
behavior of these strongly correlated materials is not surprising,
given the sensitivity of the electronic and magnetic ground state
to electron–electron correlations and the presence of inhomo-
geneities in these materials. Changes in the carrier density may
favor nonparallel spin arrangements or changes in the valence
state of the Mn. Other possible mechanisms that could lead to an
enhanced effect could be related to Sr segregation to the interface
layer, which could favor an antiferromagnetic spin coupling for
the accumulation state,[30,31] or changes in valency of a spin-
coupled Mn3þ to a noncoupled, paramagnetic Mn2þ, whose
presence in LSMO thin films has been suggested in recent
experimental studies.[32,33]

This competition between ground states and their sensitivity to
the charge-carrier density can be exploited to achieve large
magnetoelectric couplings driven directly by charge and electric
field. A striking illustration of this magnetoelectric coupling is
given in Figure 3, where we show the magnetic response of the
system as a function of the applied electric field, showing abrupt
modulation of the LSMO magnetization as the PZT polarization
switches. In contrast to traditional M–H and P–E loops, which
reveal how an individual ferroic (magnetic, ferroelectric) material
responds to its natural stimulus (magnetic field, electric field),
this M–E loop demonstrates cross-coupling between ferroic
ground states, showing a hysteretic magnetic response as a
function of electric field. In our system, the magnetoelectric
coupling is achieved via modulation of the charge-carrier
concentration and is directly linked to the gate oxide surface
bound charge, where the relevant coupling is between the
magnetic moment and the electric polarization.[34] The figure of
merit that characterizes the size of the magnetoelectric coupling
in our system is DM/DE; using the width of the M–E hysteresis,
Adv. Mater. 2009, 21, 1–5 � 2009 WILEY-VCH Verlag Gmb
we obtain DM/DE¼ 0.8� 10�3 Oe cm V�1 at 100K (1 Oe¼ 1000/
4pA m�1). Since the effect reported here is an interfacial effect,
this value of DM/DE is specific to the particular thicknesses in our
system. For magneto- and piezoelastically coupled composites,
values up to 25� 10�3 Oe cmV�1 have been reported.[1,21,35] In
these kinds of composites, the magnetoelectric coupling is
achieved through changes in strain, while here we induce a
change in magnetism via a charge-mediated mechanism.[36] A
direct comparison to bulk materials is difficult because of the
interfacial nature of the effect, but we note here that the values for
the linear magnetoelectric coupling coefficient, a, for homo-
geneousmultiferroics are�10�5 Oe cmV�1. We also note that the
observed magnetoelectric coupling effect reported here is
hysteretic, nonlinear, and persistent.[22]

We next examine the magnetic response of the system in
region II, where the change in magnetism is most sensitive to the
two polarization states of the ferroelectric. We consider various
configurations of the applied electric and magnetic fields. For a
range of temperatures close to the critical interval, only the
accumulation state ordersmagnetically, and themagnetism in the
LSMO layer can be turned on and off reversibly, as shown in
Figure 4 for T¼ 197K. The figure shows that when the PZT is
polarized downwards (t¼ 0), the LSMO is in a nonmagnetic state
(zero Kerr ellipticity). The system becomes magnetic upon
switching of the PZT polarization upwards at t¼ 7min
(accumulation state). When the PZTpolarization is subsequently
switched again to the down state (t¼ 15min), the LSMO reverts to
its nonmagnetic state, showing reversible and reproducible
control of the magnetism in LSMO through an applied electric
field.[37] When the ac magnetic field is turned off at t¼ 25min, no
changes in the Kerr signal from the background baseline are
observed, both for the depletion (t¼ 25min) and accumulation
(t¼ 32min) states. (This zero-field measurement sets the
baseline for zero magnetization.)
H & Co. KGaA, Weinheim 3
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Figure 4. Magnetic response of the PZT/LSMO bilayer at 197 K for both
polarization states of PZT, showing the control of magnetism with applied
electric field (middle panel). The color represents the polarization state of
PZT, corresponding to depletion (orange, þ10V) and accumulation (blue,
�10 V) states. The bottom panel shows the a.c. excitation field amplitude.
The Kerr signal at zero a.c. field (hatched area) corresponds to the back-
ground signal of the instrument (zero magnetization).

4

In summary, we have demonstrated reversible electric control
of the magnetic properties of a CMR manganite, including the
onset of ferromagnetic order and modulation of the magnetiza-
tion amplitude, via direct magnetic measurements. We show that
changes in Tc of the order of 20K are achievable in doped
lanthanum manganite thin films via magnetoelectric coupling.
The magnetism of the LSMO layer can be switched on or off by
means of an applied electric field, constituting a magnetoelectric
coupling in composite multiferroic systems based on an
electronic charge-modulation mechanism. We obtain a magneto-
electric coupling coefficient that is much larger than those of
intrinsic multiferroic systems. Optimization of the materials
employed, such as the use of a ferroelectric material with a
smaller electric coercive field or a magnetic material with a
doping level in closer proximity to a magnetic phase transition,
may be able to yield structures with a larger magnetoelectric
response. In addition, because this carrier-based mechanism
alters the band filling of the magnetic material (majority and
minority bands), this approach can be applied to modulate spin
polarization of itinerant magnetic systems, as proposed by
Spaldin and co-workers.[5]
Experimental

A continuous 250 nm Pb(Zr0.2Ti0.8)O3/4 nm La0.8Sr0.2MnO3/SrTiO3(001)
bilayer structure was grown by off-axis magnetron sputtering, using the
growth method and conditions described in [18]. Atomic force
microscopy and X-ray scattering measurements were carried out to
determine the surface and crystalline quality of the PZT/LSMO bilayer
structure. On this structure, a 400� 600mm2 gold contact (�10 nm thick)
was deposited, which serves as a gate electrode. The size of the contact was
made large enough to accommodate the focused laser beam for the
magneto-optic Kerr effect (MOKE) magnetometry measurements. The
gold layer is thin enough to be transparent to the laser beam (�1mW
power, l¼ 633 nm). The attenuation length of light in LSMO is
� 2009 WILEY-VCH Verlag G
�100–200nm at 633 nm wavelength, and thus the MOKE measurements
access the whole of the 4 nmmagnetic film. Piezoelectric force microscopy
was performed both on as-grown areas of the sample and in the region
under the Au contact (which was removed prior to this particular
measurement), and demonstrates the uniformity of the electric polariza-
tion of PZT upon switching.

For the magnetic measurements, the sample was placed in a high
vacuum cryostat with optical apertures for longitudinal MOKE measure-
ments. The light polarization was modulated using a photoelastic
modulator operating at 50 kHz, while the signal at the detector was fed
to a lock-in amplifier locked either to the fundamental harmonic (signal
proportional to the Kerr ellipticity) or to the second harmonic (signal
proportional to the Kerr rotation) [38]. Although both quantities are
proportional to the magnetization, they differ in amplitude. The magnetic
field was generated by a coreless electromagnet that provides magnetic
field amplitudes of up to 30 Oe at room temperature and up to 80Oe at
20 K in the frequency range from 0 to �120Hz. Two types of MOKE
measurements were performed: (i) in the d.c. mode, the Kerr rotation or
ellipticity is measured against a slowly varying (quasi-static) magnetic field
(0.005Hz), yielding ordinary M-H characteristics. (ii) In the a.c. mode, an
oscillating magnetic field (12Hz) is applied to the sample, and the Kerr
rotation or ellipticity is measured by a second lock-in amplifier locked at the
field excitation frequency. In these measurements, the output signal is
proportional to the saturation magnetization amplitude averaged over
many field cycles. The latter technique has the advantage that the
non-magnetic optical contributions are automatically filtered from the
output signal. With this arrangement, the Kerr rotation and ellipticity are
measured with a precision of better than 50 nrad.
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