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Electrostatic switch of magnetic core-shell in 0-3 type LSMO/PZT
composite film∗
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By dispersing La1−xSrxMnO3 (LSMO) granule into PbZrxTi1−xO3 (PZT) matrix, the 0-3 type LSMO/PZT compos-
ite film is synthesized through chemical solution method. The asymmetry of the top and bottom electrodes introduces
novel electrostatic screening on LSMO/PZT interface. As electric polarization is switched between upward and downward
orientations, the evolution of exchange bias, diode transport, and magnetoresistance is observed. The result implies the
electrostatic switch of magnetic core-shell in the present film. In detail, as the spontaneous polarization is upward or down-
ward in the PZT matrix, the ferromagnetic/antiferromagnetic or ferromagnetic/ferromagnetic core-shell structure is formed
in LSMO granule, respectively. This work would develop a novel device for spintronics and metamaterial.
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1. Introduction

The magnetic core-shell, in which the core and shell dis-
play different magnetic orders, is widely and deeply studied
now. The exchange bias is notable on the core-shell interface,
which results in the shift of the coercive field or remanent mag-
netization in the hysteresis loop.[1–3] Furthermore, magnetic
transport is remarkably influenced by the magnetic shell.[4,5]

Up to now, the magnetic core-shell is usually obtained by two
methods. The one is modifying the magnetic granule surface
with a chemical reaction. For example, by oxidizing the Fe or
Co granule surface, the Fe/Fe2O3 or Co/CoO core-shell will
be formed.[6–8] The other method is embedding the magnetic
granule into another magnetic matrix. For example, by mill
and segregation procedure, the NiFe2O4/FeO core-shell will
be formed.[1,2] As the magnetic core, the iron-group metal or
ferrite usually displays ferromagnetism or ferrimagnetism, re-
spectively. Meanwhile, the oxide shell is usually antiferro-
magnetic. Most of the magnetic core-shell is invariable after
being fabricated.

To explore a novel device for spintronics and metama-
terial, the electrostatic switch of the magnetic core-shell is
needed.[9,10] As an advantage, the electrostatic switch could
be achieved with lower energy and higher speed. This goal
may be realized in the 0-3 type LSMO/PZT composite film,
which is comprised of La1−xSrxMnO3 (LSMO) granule and
PbZrxTi1−xO3 (PZT) matrix. Taking the metal and oxide lay-
ers as top and bottom electrodes respectively, the electrostatic

screening becomes asymmetric across the composite film.[11]

Furthermore, because the LSMO manganite displays metallic
ferromagnetism,[12] the coupling between electrostatic screen-
ing and magnetic order may occur on LSMO/PZT interface.

Such a coupling mechanism is possible according to our
recent work.[11] As the electric polarization is downward or
upward in the PZT matrix, the electron is accumulated or de-
pleted on LSMO granule surface, respectively. Due to the
competition between double-exchange and super-exchange in-
teractions, the magnetic ground state is variable in LSMO
crystal. As the electron is accumulated or depleted, the
LSMO granule surface prefers ferromagnetism or antiferro-
magnetism respectively.[13–15] However, because the electro-
static screening depth is no more than 1.0 nm, the intrin-
sic ferromagnetism is retained in LSMO granule core.[16]

Thus, the ferromagnetic/ferromagnetic (FM/FM) or ferromag-
netic/antiferromagnetic (FM/AFM) core-shell structure would
be formed in LSMO granule. The electric polarization can be
switched by the electrostatic field, and the remnant polariza-
tion can be held in the PZT matrix. As a result, such an elec-
trostatic switch of magnetic core-shell would be reversible and
nonvolatile.[17]

In this work, the 0-3 type LSMO/PZT composite film is
fabricated through chemical solution deposition. The platinum
(Pt) and indium tin oxide (ITO) layers are taken as top and bot-
tom electrodes, respectively. As the electric polarization is up-
ward or downward, both the magnetic response and magnetic
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transport are investigated. This work achieves the electrostatic
switch of magnetic core-shell.

2. Method
Through solving Pb(CH3COO)2, Zr(NO3)4, and

Ti(C4H9O)4 into 2-methoxyethanol, the PZT precursor is
produced. Through solving La(CH3COO)3, Sr(CH3COO)2,
and Mn(CH3COO)2 into n-octyl ether, baking the solution,
and sintering the powder, the LSMO granule is produced. To
obtain the optimal ferroelectric and ferromagnetic property,
the Zr/Ti and La/Sr ratio is selected as 0.2/0.8 and 0.7/0.3,
respectively.[12,18] Then, the LSMO granule is dispersed into
the PZT precursor by ultrasonic vibration. Through deposit-
ing the mixed solution on ITO/glass substrate by coating tech-
nique, and annealing the deposited layer under an oxygen
atmosphere, the 0-3 type LSMO/PZT composite film is ob-
tained. Finally, the Pt layer is grown on the top surface by
the sputtering method. The fabrication procedure is seen in
Fig. 1(a). For the present film, the crystalline phase is charac-
terized by x-ray diffraction (XRD) with Cu Kα radiation. The
cross-section morphology is observed by both scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). Furthermore, the magnetic force microscopy (MFM)
is applied to investigate the distribution of LSMO granule in
the PZT matrix.

The ferroelectric hysteresis is measured on the standard
ferroelectric test unit. Both the magnetic response and mag-
netic transport are investigated on the physical property mea-
surement system (PPMS). During the magnetic response mea-
surement, the cooling field is set as 0 kOe and 10 kOe sequen-
tially, meanwhile the pulse voltage is set as −9 V, 0 V, and
+9 V sequentially. The composite film is cooled from 300 K
to 5 K under each cooling field and pulse voltage. Then the
magnetic hysteresis loop is measured at 5 K. The magnetic
transport measurement is carried at room temperature. Firstly,
the −9 V or +9 V pulse is applied to switch the spontaneous
polarization. Then, the direct voltage is swept from −1 V to
+1 V, meanwhile, the electric current across the top and bot-
tom electrodes is detected. The sweep and detection are cy-
cled four times, when the magnetic field of 0.0 kOe, 0.5 kOe,
1.0 kOe, and 1.5 kOe is applied sequentially.

In the present film, the bottom electrode is defined as zero
potential plane, thus the spontaneous polarization is upward
and downward under −9 V and +9 V pulse, respectively. Af-
ter 10 kOe cooling, the pulse dependence of the magnetic re-
sponse is investigated. At 5 K, the pulse voltage is swept in
four ways, i.e., −9 V to +9 V, +9 V to −9 V, 0 V to +9 V,
and 0 V to −9 V. During all the sweeps, the magnetic hystere-
sis loop is measured immediately after each pulse. At room

temperature, the pulse dependence of magnetic transport is
also investigated. In detail, the magnetic field of 1.00 kOe,
1.25 kOe, and 1.50 kOe is applied to the film sequentially.
Under each magnetic field, the pulse voltage is swept in two
ways, i.e., −9 V to +9 V and +9 V to −9 V. During all the
sweeps, the current is detected after each pulse, with measur-
ing voltages of both +1 V and −1 V.

3. Result and discussion
3.1. Morphology

In Fig. 1(b), the SEM image shows each compact layer
and distinct interface. The thickness of the Pt, LSMO/PZT,
and ITO layer is estimated as 30 nm, 100 nm, and 60 nm,
respectively. According to Fig. 1(c), the TEM image shows
LSMO granule is dispersed in the PZT matrix, and the LSMO
granule is isolated along the thickness direction. Further-
more, the LSMO granule diameter is estimated as 20 nm.
In Fig. 2(a), only the XRD peak of perovskite LSMO, per-
ovskite PZT, and bixbyite ITO phase is observed.[19] No peak
of the impurity phase is found in the XRD spectrum. Here
the XRD measurement is carried without the Pt layer, because
the peak of the Pt and PZT would cover each other. After
the LSMO granule is magnetized upward or downward, the
observed MFM image is shown in Fig. 2(b) or Fig. 2(c), re-
spectively. The bright and dark colors imply repulsive and
attractive forces on probe respectively.[20] Because the probe
is magnetized downward permanently, the bright and dark re-
gions represent upward and downward magnetizations of the
LSMO granule, respectively. It further proves that the ferro-
magnetic LSMO granule is dispersed in a nonmagnetic PZT
matrix.

(a)
disperse coating

PZT precursor

ITO/glassLSMO granule ITO/glass

ITO/glass

sp
u
tt

e
ri
n
g

(b) (c)

Fig. 1. (a) The fabrication procedure. (b) The cross-section SEM image. (c)
The cross-section TEM image of 0-3 type LSMO/PZT composite film.
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Fig. 2. (a) The XRD spectrum. (b), (c) The MFM image observed after
upward and downward magnetizing of the LSMO granule, respectively.

3.2. Exchange bias

The ferroelectric loop is plotted in Fig. 3(a). At the satu-
rated voltage of 9 V, the coercive voltage and remnant polar-
ization reach 2 V and 37.5 µC/cm2, respectively. During the
standard ferroelectric measurement, the voltage sweep is 0 V
to +9 V, +9 V to −9 V, and −9 V to 0 V successively. At
the initial and final moments, the PZT matrix is incompletely
and completely polarized, respectively. Thus, the polarization
gap at 0 V is present in the ferroelectric loop. For magnetic
response measurement, the 10 kOe and 0 kOe cooling loops
are plotted in Figs. 3(b) and 3(c) respectively. To clarify the
exchange bias behavior, the hysteresis loop is amplified be-
tween±1.5 kOe.[21] As spontaneous polarization rotates from
downward to upward orientation, i.e., the pulse voltage is al-
tered from +9 V to −9 V, the 10 kOe cooling loop is nega-
tively biased in Fig. 3(b). Under −9 V, 0 V, and +9 V pulses,
the positive coercive fields are about +120 Oe, +170 Oe, and
+190 Oe, respectively, meanwhile, the negative coercive field
are about −280 Oe, −220 Oe, and −190 Oe, respectively.
However, the case is very different for the 0 kOe cooling loop.
Under −9 V, 0 V, and +9 V pulses, the coercive fields in
Fig. 3(c) are about ±240 Oe, ±190 Oe, and ±180 Oe, re-
spectively. Here, as the spontaneous polarization rotates from
downward to upward orientation, the coercive field is only in-
creased in amplitude, while the bias behavior is absent.
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Fig. 3. (a) The ferroelectric hysteresis loop. (b), (c) The amplification of
magnetic hysteresis loop for 10 kOe and 0 kOe cooling, respectively. The
complete magnetic loop is in the insert.

In the present film, the electrostatic screening depths of
the LSMO granule, the Pt electrode, and ITO electrodes are
about 1.0 nm, 0.05 nm, and 0.65 nm, respectively.[16,22,23] Ac-
cording to the SEM and TEM images, the thickness of the PZT
matrix is about 100 nm, and the diameter of the LSMO gran-
ule is about 20 nm. Taking these parameters into our previous
model, the electric polarization in the composite film is sim-
ulated numerically.[11,24] As illustrated in Figs. 4(b) and 4(c),
the electric polarization near the LSMO/PZT interface devi-
ates the spontaneous polarization. Accompanying the upward
or downward polarization, the electron is depleted or accumu-
lated on the LSMO granule surface, respectively.[11,24] More
explanation is in our previous work.

In the LSMO crystal, the double exchange and su-
perexchange prefer ferromagnetic and antiferromagnetic or-
der, respectively. For the present La/Sr ratio, the dou-
ble exchange is dominant, and the LSMO granule displays
ferromagnetism.[12] As the electron is depleted or accu-
mulated on the LSMO granule surface, the superexchange
or double exchange is enhanced. The ferromagnetic-to-
antiferromagnetic transition occurs in the former case, while
the ferromagnetic order is retained in the latter case.[13–15]
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Because the electrostatic screening depth is no more than
1.0 nm, the intrinsic ferromagnetic order is retained inside
LSMO granule.[16] Thus, as the spontaneous polarization is
upward and downward in the PZT matrix, the FM/AFM and
FM/FM core-shell structures are formed in LSMO granule,
respectively. The coupling between electric polarization and
magnetic core-shell is explicitly illustrated in Figs. 4(b) and
4(c).
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Fig. 4. (a) The pulse dependence of the bias field. (b), (c) The magnetic
core-shell coupling with upward and downward polarization, respectively.

In the FM/AFM core-shell structure, certain exchange
interaction exists between antiferromagnetic shell and ferro-
magnetic core. After 10 kOe cooling, the magnetic moment
near the core-shell interface is parallel with the cooling field.
During the hysteresis measurement, as the core moment is
parallel or antiparallel with the adjacent shell moment, the
exchange interaction prevents or promotes the ferromagnetic
rotation.[1–3] Thus, the coercive field is negatively biased in
Fig. 3(b), as observed in other LSMO granules.[25] However,
after 0 kOe cooling, the magnetic moment randomly orientates
near the core-shell interface. Here, the disordered exchange
interaction always pins the ferromagnetic rotation.[1–3] Thus,
the amplitude of the coercive field is increased in Fig. 3(c).

In the FM/FM core-shell structure, the magnetic moment
of core and shell simultaneously rotates with the external mag-
netic field. Thus, both the bias and enhancement of the co-
ercive field disappear, as seen in Figs. 3(b) and 3(c). Under
0 V pulse, the PZT matrix is depolarized, and the electro-
static screening is negligible on the LSMO granule surface.
However, due to the broken or incomplete chemical bond, the
spin-glass order exists on the LSMO granule surface.[26] Here,
weak exchange interaction still occurs between the spin-glass
shell and ferromagnetic core, which results in the slight bias
and enhancement of the coercive field under 0 V pulse, as

seen in Figs. 3(b) and 3(c).[25] In a word, under −9 V, 0 V,
and +9 V pulses, the antiferromagnetic, spin-glass, and fer-
romagnetic orders are formed on the LSMO granule surface,
respectively.

As seen in the above, the electrostatic switch of mag-
netic core-shell is achieved in the present film, which is fur-
ther proved in Fig. 4(a). Here the bias field is defined as
Hbias = |H++H−|/2. The H+ and H− represent the positive
and negative coercive fields, respectively, which are extracted
from the hysteresis loop measured after each pulse. The mea-
surement method is described in Section 2. As pulse voltage is
swept between ±9 V, the hysteresis evolution of the bias field
is consistent with the ferroelectric hysteresis in Fig. 3(a). Un-
der−9 V and +9 V pulses, the bias field reaches the maximum
and minimum, respectively. Near ±3 V pulse, the bias field is
switched between two extrema. Furthermore, as pulse voltage
is only swept from 0 V to −9 V or +9 V, the bias field also
tends to the maximum or minimum. Thus, the electrostatic
switch of the magnetic core-shell is nonvolatile and reversible
in the present film.

3.3. Transport behavior

For−9 V and +9 V pulses, the current–voltage curves are
plotted in Figs. 5(a) and 5(b), respectively. Accompanying up-
ward and downward polarization, the electrostatic screening
potential is negative and positive in the PZT matrix, respec-
tively. During the measurement, as the screening potential is
toward or backward to the external potential, the electrostatic
field is enhanced or weakened. Thus, diode transport is obvi-
ous in both Figs. 5(a) and 5(b), which means the current am-
plitude is asymmetric between positive and negative voltages.
Besides, accompanying upward or downward polarization, the
depletion or accumulation of electron makes the Fermi level is
lower or higher on LSMO granule surface. In the two cases,
the Fermi level labeled as E+ and E−, respectively. As elec-
tron hops among adjacent LSMO granules, the hopping prob-
ability is inversely correlative with the barrier height, i.e., E0

– E+ and E0 – E− in Figs. 5(c) and 5(d), respectively. Thus,
for −9 V and +9 V pulses, the average current amplitude is
different from each other, as seen in Figs. 5(a) and 5(b).

In Fig. 5(a) and 5(b), the current increases with the mag-
netic field monotonously. For −9 V and +9 V pulses, the
magnetoresistance (MR) ratios at 1.5 kOe are estimated as
10% and 60%, respectively. Such pulse dependence of MR
also implies the electrostatic switch of magnetic core-shell.
As electron hops among adjacent LSMO granules, the hop-
ping probability is influenced by the scattering from the gran-
ule surface. Accompanying upward or downward polarization,
the LSMO granule surface displays antiferromagnetism or fer-
romagnetism, respectively. In the former case, the scattering
from the antiferromagnetic surface is stronger. In the latter
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case, as the ferromagnetic moment gradually orientates to the
external field, the surface scattering becomes weaker.[27] Thus,
lower or higher MR ratio is observed with upward or down-
ward polarization. The coupling between electric polarization
and magnetic transport is explicitly illustrated in Figs. 5(c) and
5(d).
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Fig. 5. (a), (b) The current–voltage curve measured after −9 V and +9 V
pulse, respectively. (c), (d) The hopping mechanism for upward and down-
ward polarization, respectively.

The pulse dependence of diode ratio and MR ratio is plot-
ted in Fig. 6. Here the diode ratio is defined as I−/I+, where
the currents I+ and I− are detected at the direct voltages of
+1 V and −1 V, respectively. The MR ratio is defined as
(∆I+/I++∆I−/I−)/2, where ∆I+ and ∆I− represent the cur-
rents altered by the magnetic field. As pulse voltage is swept
between±9 V, the hysteresis evolution of both diode ratio and
MR ratio is obvious. The highest diode and lowest MR ra-
tio are reached under −9 V pulse, while the lowest diode and
highest MR ratio are reached under +9 V pulse. Near ±3 V
pulse, both the diode and MR ratio are switched between two
extrema. All the behavior is consistent with not only the mag-
netic transport mechanism in Figs. 5(c) and 5(d), but also the
ferroelectric hysteresis in Fig. 3(a). Thus, the electrostatic
switch of the magnetic core-shell is nonvolatile and reversible
in the present film.

This work would achieve the electric-write device. In de-
tail, the upward and downward polarizations of the PZT matrix
represent “1” and “0” bits, respectively, which is written by
electrostatic voltage. The “1” and “0” bits are accompanied
by FM/AFM and FM/FM core-shell, respectively. Through
detecting the diode ratio or MR ratio, the bit could be readout.
Comparing to the magnetic-write way in the rigid disk, the
electric-write way could be achieved with higher speed and
lower energy.
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Fig. 6. The pulse dependence of (a) diode ratio and (b) MR ratio.

4. Conclusion
In this work, the 0-3 type LSMO/PZT composite film is

fabricated through chemical solution deposition. As sponta-
neous polarization rotates from downward to upward orienta-
tion, the negative bias of the coercive field is observed after
10 kOe cooling, while an increase of the coercive field is ob-
served after 0 kOe cooling. The upward or downward polar-
ization results in lower or higher MR ratio. Besides, diode
transport is observed in the present film. These results imply
the electrostatic switch of magnetic core-shell in the 0-3 type
LSMO/PZT composite film. As pulse voltage is swept, all the
hysteresis evolutions of bias field, diode ratio, and MR ratio
are obvious. Thus, the electrostatic switch of the magnetic
core-shell is nonvolatile and reversible.

The recent work predicts the elastic field could induce
spin transition in the magnetic core-shell structure.[28] This
work achieves the switch of magnetic core-shell by the elec-
trostatic field. It is a new method to manipulate the magnetic
core-shell. Furthermore, in the ZnSe/ZnS core-shell structure,
the electrostatic switch of resistance is achieved recently.[29]

In this work, the resistance responds to both electrostatic and
magnetic fields, i.e., the diode and MR transport, respectively.
It reveals the multi-field response of the magnetic core-shell
structure.
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