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The Pb(Zr0.52Ti0.48)O3/CoFe2O4/NiO heterostructural films with exchange bias (EB) effect have
been prepared on Pt/Ti/SiO2/Si wafers using a sol-gel process, and reversible manipulation of EB
effect by electric fields has been realized. Compared with the exchange bias field (Heb ¼ 75 Oe) at
as-grown state, the modulation gain of Heb by electric fields can reach 83% (Heb ¼ 12.5 Oe) in the
case of þ5.0 V and 283% (Heb ¼ 287.5 Oe) in the case of 5.0 V, respectively. Moreover, such
electrically tunable EB effect is repeatable and has good endurance and retention. Through analyzing the energy band structures in different electric treatment states, we discuss the mechanism of
such electric-field-tunable EB effect. Two factors, i.e., the filling (or releasing) of electrons into (or
from) the defect levels produced by oxygen vacancies at positive (or negative) electric voltages, and
the redistribution of electrons due to the ferroelectric polarization, both of which give rise to the variation of the strength of exchange interaction in the CFO layer, have been revealed to be responsible
for the electric modulation of EB effect. This work provides a promising avenue for electrically
manipulating the EB effect and developing high-performance memory and storage devices with low
power consumption. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4966545]

Exchange bias (EB) effect has great applications on the
fabrication of spin-valves and magnetic tunnel junctions,1–3
and it has been the research highlight in magnetic data storage and spintronic fields in the past few years.4–8 It is generally accepted that the EB effect originates from exchange
coupling of the spins in the ferromagnetic (FM) to uncompensated pinned spins in antiferromagnetic (AFM) at the
FM/AFM interface.9–11 It manifests itself as a shift of the
magnetic hysteresis loop along the fixed field axis. The shift,
measured by exchange bias field (Heb), appears after cooling
the EB system under an external magnetic field down
through the Neel temperature (TN) of the AFM part. Tunable
EB effect shows great value in actual applications.6–8 For
this purpose, various approaches have been explored and
tunable EB effect has been realized in some material systems.12–18 Among them, the switching of EB effect by magnetoelectric coupling is a promising way, which has been
demonstrated in Cr2O3(111)/(Co/Pt)3 system despite the fact
that the switching is elusive at room temperature and needs
complicated procedures.12–14 Nevertheless, the recent advent
of boron-doped Cr2O3 with decisively enhanced Neel temperature (400 K at 3% boron doped at oxygen sites) makes
the realization of electrically tunable EB effect in such system become facile and provides a possibility for commercial
applications.15 Another feasible avenue is to control the
photo-carrier using light irradiation in the multiferroic heterostructure such as BiFeO3/La2/3Sr1/3MnO3 thin films.16 But
in this case, the modulation is volatile because the photoinjected electrons will vanish when the light irradiation is
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removed. Full electric field control of EB effect may be an
alternative approach, which has been achieved in some
BiFeO3-based heterostructure.17,18 Nevertheless, the manipulation is irreversible or needs low temperature condition,
which limits its actual applications.
It is known that the EB effect belongs to the interface
coupling, and the value of Heb is closely correlated to the
properties of FM and AFM components, including the saturated magnetization (Ms), the thickness, the anisotropy, and
so on.10,11 If these properties can be modulated, the tunable
EB effect may be expected. Herein, we propose a route to
achieve the electric-tunable EB effect at room temperature
by constructing a tri-layer heterostructure composed of ferroelectric (FE), ferrimagnetic (FIM), and AFM layers. Thanks
to the introduction of FE layer, it becomes possible to modulate the magnetism of FIM layer by external electric fields
via the interfacial coupling and further change the magnetic
exchange coupling between the FIM and AFM layers.19–21
Accordingly, the electric manipulation of Heb in such trilayer heterostructure may be realized.
In this letter, we report on a remarkable electric manipulation of EB effect at room temperature in a tri-layer heterostructural film stacked sequentially by PZT(Zr0.52Ti0.48)O3
(PZT, FE layer), CoFe2O4 (CFO, FIM layer), and NiO (AFM
layer). Great change in EB effect is observed after the electric treatments. The gain in increasing Heb can reach 83%
in the case of þ5.0 V treatment, while 283% in the case
of 5.0 V treatment. Moreover, we demonstrate that such
electric-field-tunable EB effect is repeatable and has good
endurance and retention. Through analyzing the change in
the energy band structures under different electric fields, we
reveal the mechanism of electrically manipulating EB effect

109, 172904-1

Published by AIP Publishing.

Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 218.94.142.63 On: Thu, 27 Oct 2016
23:58:51

172904-2

Li et al.

that originates from the change in the magnetization of FIM
layer due to the coupling between the FE and FIM layers.
The PZT/CFO/NiO film was prepared by a sol-gel process and spin coating technique. The NiO, CFO, and PZT
layers in turn were grown on the Pt/Ti/SiO2/Si(100) wafer.
Before depositing the next layer, each layer was dried at
280  C for 10 min and then annealed at 650  C for 5 min by a
rapid annealing process under oxygen atmosphere. The
details of the preparation can be found elsewhere.22 In order
to induce the EB effect, we subsequently treated the film by
a field cooling process as follows: The film was first heated
to 350  C, and then was cooled gradually to room temperature under an in-plane 2000 Oe DC magnetic field. For electric measurements, 100 nm-thick Au top electrodes with
1.0 mm in diameter were finally deposited onto the surface
of the film using ion sputtering technique.
The phase structures of the film were analyzed by X-ray
diffraction (XRD) on a D/MAXRD diffractometer using
Cu Ka radiation, as shown in Figure 1(a). The film consists
of perovskite PZT, spinel CFO and rock-salt NiO phases.
Besides, no other impure phase is observed. The crosssectional scanning electron microscopy (SEM) image of the
film was carried out using a scanning electron microscopy
(SEM, LEO-1530VP), as shown in the inset of Figure 1(a).
The upper PZT layer, middle CFO layer, and bottom NiO
layer are about 100 nm, 30 nm, and 40 nm in thickness,
respectively. Figure 1(b) presents the ferroelectric hysteresis
loop measured by a standard ferroelectric test system
(Precision Multiferroic, Radiant, Inc.). The film exhibits evident ferroelectric hysteresis characteristics with the remanent

FIG. 1. (a) XRD patterns of the PZT/CFO/NiO film. The inset is the corresponding cross-sectional SEM image. (b) Ferroelectric polarization vs. voltage (P-U) loop (the blue solid line) and the current density vs. voltage (J-V)
curve (the red line with solid squares). For the measurements of P-U loop, a
standard bipolar triangular waveform with a measuring frequency of 10 kHz
was used. The J-V curve was measured with a 0.5 V sweeping step from
10.0 V to þ10.0 V.

Appl. Phys. Lett. 109, 172904 (2016)

polarization 2Pr  12.0 lC/cm2 and ferroelectric coercive
voltage Vc  2.9 V. Figure 1(b) also gives the current density
(J) vs. voltage curve recorded by an ampere meter (Keithley
6517B). The leakage current is quite low (typically, only
1  104 A/cm2 at 610.0 V), indicative of good insulating
property. The in-plane magnetization vs. magnetic field
(M-H) curve of the as-grown film was measured at room
temperature on a superconducting quantum interference
device magnetometer (VSM-SQUID, Quantum Design), as
shown in the green curve with solid squares of Figure 2. The
as-grown film exhibits well-defined ferromagnetic characteristics with distinguished EB effect. The Ms and Heb values are 175 emu/cm3 and 75 Oe, respectively.
For the present tri-layer heterostructure, it is possible to
manipulate the EB effect by electric fields since the EB
effect originates from the exchange interaction at the CFO/
NiO interface while the coupling between CFO and PZT can
provide us a chance to tune the magnetism of CFO by the
ferroelectric polarization of PZT. To verify this, we made
the electric treatments on the films and then carried out the
measurements of M-H loops to observe the change in magnetic features. The electric treatment process was carried out
as follows: An electric voltage was applied to the film for
10 ms on a Keithley 2400 system, and then removed. The
applied electric voltage was set to þ5.0 V or 5.0 V, which
exceeded the ferroelectric coercive voltage of the film so that
the ferroelectric domain in PZT layer can be reversed adequately. Figure 2(a) presents typical room-temperature M-H
loops after the film was treated by þ5.0 V and 5.0 V electric voltages. One observes that after being subject to electric
treatments, the film has an evident change in the Ms value. In
the case of þ5.0 V treatment, the film has a 24% gain in
increasing the Ms value, i.e., from 175 to 217 emu/cm3. On
the contrary, after being treated by 5.0 V electric voltage,
the film has a 36% drop in the Ms value, decreasing from

FIG. 2. (a) In-plane magnetization vs. magnetic field (M-H) loops of the
PZT/CFO/NiO film at as-grown state, þ5.0 V and 5.0 V treatment states.
(b) Enlarged curves of Figure 2(a).
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217 to 137 emu/cm3. More interestingly, the EB effect
varies greatly with the variation of magnetization. From the
enlarged curves in Figure 2(b), one observes a remarkable
left shift of M-H loops whether the film is treated by
þ5.0 V or 5.0 V. Based on the Equation (S4) shown in the
supplementary material, we calculated the Heb values for
different electric treatment states, i.e., Heb ¼ 75 Oe for the
as-grown state, Heb ¼ 12.5 Oe for the þ5.0 V treatment
state (83% gain), and Heb ¼ 287.5 Oe for the 5.0 V treatment state (283% gain). See more data in Section I of the
supplementary material. These results indicate that the EB
effect can be well manipulated by electric fields, even if
electric fields are removed.
Repeatability and stability of such electric-field-tunable
EB effect are important for actual applications. To examine
them, we repeatedly treated the films by alternately applying
þ5.0 V and 5.0 V electric voltages and then measured the
dependence of Ms and Heb on the cycling number, as shown
in Figure 3(a). One observes that after the film is subject to
several cycling treatments by þ5.0 V or 5.0 V electric voltages, both Ms and Heb almost have no change. On the other
hand, from the dependence of Ms and Heb on aging time as
shown in Figure 3(b), we find that the electrical manipulation
of EB effect is also quite stable. Even after 30 days, the
film treated by þ5.0 V still keeps Ms ¼ 210 emu/cm3 and
Heb ¼ 18 Oe, while Ms ¼ 132 emu/cm3 and Heb ¼ 278 Oe
in the case of 5.0 V, all of which only have a slight drop
compared with the initial values. We suggest that such slight
drop of Ms value may be attributed to the slight depolarization
in the PZT layer. All the above results show that the present
electric manipulation of EB effect is nonvolatile and stable.

FIG. 3. (a) The dependence of Ms and Heb on the cycling number of alternatively applying þ5.0 V and 5.0 V. (b) The dependence of Ms and Heb on
aging time.
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The electric manipulation of EB effect in the present trilayer film is different from previous methods.12–19 In previous
investigations, the modulation of Heb was realized by changing the magnetic structures of AFM layer (e.g., in the Cr2O3based and BiFeO3-based systems)12–18 or changing the easy
axis direction of FM layer (e.g., in the AFM/FeGaB/PZN-PT
system).19 Differently, for the present film, the modulation of
Heb is realized by changing the value of Ms. Compared with
the gigahertz compatible EB devices (e.g., MERAM bases on
chromia-CoPt multilayers),14,15 although the switching rate of
EB effect in the present heterostructures is slow (only
102 s1), we believe that it can be further improved based on
the unique dynamical process (See detailed analyses in
Section III of the supplementary material).23,24 Besides, due
to good insulating property (see Figure 1(b)), the power consumption used to tune the EB effect is quite low. For example,
if the area of the device cell is 104 lm2, the power will be
only 108 W, which is low enough for reducing the actual
power consumption and helpful to improve the thermal stability of the devices.
We now turn to explore the mechanism of electrically
manipulating the EB effect. From Figure 2, a distinct correlation between Heb and Ms is observed, i.e., with Ms decreasing, Heb increases, and vice versa. Accordingly, we consider
that the modulation of Ms in the CFO layer should play a
crucial role in tuning the EB effect. It is known that CFO has
an AB2O4 molecular formula in which both spinel structure
and inverse spinel structure coexist. Two indirect exchange
interactions, i.e., double exchange and superexchange, simultaneously exist and produce a FIM structure.25–27 These two
exchange interactions in CFO must go via the media, i.e., the
electrons from the oxygen atoms in the Fe3þ-O2-Fe3þ, Fe3þO2-Co2þ, and Co2þ-O2-Co2þ chains.24,25 Nevertheless,
since oxygen vacancies are inevitably produced in CFO during the fabrication process, the strength of the two exchange
interactions is actually lower than the ideal value. In this
sense, the magnetism of the CFO layer is seriously influenced
by the electron states of oxygen vacancies.24,28,29
In the present tri-layer heterostructure, the introduction
of PZT layer provides us a feasible avenue to tune the
magnetism of CFO layer by electric fields. Figure S2 in the
supplementary material presents the capacitance vs. frequency curves for the PZT/CFO/NiO films treated by þ5.0 V
and 5.0 V. One clearly observes that the capacitance value
of the film treated by þ5.0 V is much larger than that of the
film treated by 5.0 V, indicative of the existence of ferroelectric polarization in the PZT layer. Such ferroelectric
polarization not only can change the band structure of the
whole heterostructure, but also can induce an interfacial coupling between PZT and CFO layers, both of which make it
possible to tune the electronic state of oxygen vacancies in
CFO (See detailed analyses in Section II of the supplementary material).24 To understand the role of PZT in tuning the
magnetic and electronic states of the whole heterostructure,
we illustrated the schematic diagrams of the energy band
structure for the PZT/CFO/NiO film at different electric
treatment states, as shown in Figure 4. We first analyze the
case of þ5.0 V shown in Figure 4(b). When a þ5.0 V electric
voltage is applied to the film, the electrons move from Au to
Pt electrode, nevertheless, due to high potential barrier at
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FIG. 4. Schematic diagrams of the energy band structures of the PZT/CFO/
NiO film at various states (a) initial state, (b) þ5.0 V treatment state, (c)
5.0 V treatment state.

CFO/NiO interface, most electrons cannot pass through the
CFO/NiO interface and part of them are trapped by the defect
energy level of oxygen vacancies in CFO. As a result, part of
positively charged oxygen vacancies (V••O) in CFO are neutralized by these trapped electrons, so the strength of exchange
interactions between the Fe/Co ions increases due to the
increased electrons acting as exchange interaction media. On
the other hand, after the electric voltage is removed, due to
the ferroelectric polarization in PZT, negative polarization
charges gather at the PZT/CFO interface. So the V••O in CFO
tend to move towards the PZT/CFO interface, while the electrons gathering at the interface move away, and part of them
are trapped by the V••O in the interior of the CFO layer. This
causes the number of electrons taking part in the exchange
interaction to further increase. So the magnetic exchange
interaction in the whole CFO layer becomes strong, which
brings about an increased Ms value, as shown in Figure 2(a).
The situation becomes different when the film is subject
to 5.0 V. As shown in Figure 4(c), since the direction of ferroelectric polarization in PZT changes completely, the potential barrier height /b at PZT/CFO interface decreases.30,31 So
part of electrons trapped by V••O in the CFO layer is released
and pass through the CFO/PZT interface. As a result, the
number of electrons trapped by V••O in the CFO layer
decreases and part of oxygen vacancies return back to the positively charged state. In addition, the reversed ferroelectric
polarization in PZT causes an enrichment of positive polarization charges at the PZT/CFO interface, which promotes the
oxygen vacancies previously assembling at the PZT/CFO
interface to move away and enter into the interior of the CFO
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layer. This causes the number of electrons taking part in the
exchange interaction to further decrease. Therefore, the magnetic exchange interaction strength in CFO becomes weak,
causing a decrease in Ms.
The variation of magnetization in the CFO layer further
gives rise to a change in the EB effect of the whole heterostructure. In the present system, both the direction and the
value of uncompensated pinned moments in the NiO layer
have no change after the heterostructure is subject to the
electric treatments. According to Equation S5 shown in the
supplementary material, the value of Heb is approximately
inversely proportional to the Ms value,10,11,32,33 i.e., with
increasing the Ms, the Heb reduces, and vice versa. To understand this process, we take an example of the case of þ5.0 V
treatment. The þ5.0 V treatment can cause the electrons to
be trapped by the V••O in CFO, which enhances the magnetic
exchange interaction. So the moments in CFO having no
exchange interaction with uncompensated moments in NiO
increase, leading to a weakened EB effect. The contrary is
the case of 5.0 V treatment. See detailed analysis in
Section III of the supplementary material.
In conclusion, we have realized a reversible manipulation of EB effect by electric fields in the PZT/CFO/NiO
films. Both Ms and Heb can be greatly tuned by electric
fields. We have also demonstrated that such electric-fieldtunable EB effect has good endurance and retention, and that
the introduction of FE layer plays an important role in tuning
the EB effect. Two factors, i.e., the filling (or releasing) of
electrons into (or from) the V••O at positive (or negative) electric voltages, and the redistribution of electrons caused by
the interfacial coupling between FE and FIM layers, both of
which give rise to the variation of the strength of exchange
interactions in FIM, are crucial in manipulating the EB
effect. This work provides a promising avenue to realize
electric-field-tunable EB effect and exhibits valuable potentials for developing memory and storage devices with low
power consumption.
See supplementary material for more magnetic data, the
capacitance data, and the analysis about the process of electrically manipulating EB effect of the PZT/CFO/NiO films.
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