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Switching of perpendicular exchange bias in Pt/Co/Pt/a-Cr2O3/Pt layered
structure using magneto-electric effect

Kentaro Toyoki, Yu Shiratsuchi,a) Atsushi Kobane, Shotaro Harimoto, Satoshi Onoue,
Hikaru Nomura, and Ryoichi Nakatani
Department of Materials Science and Engineering, Graduate School of Engineering, Osaka University,
2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

(Presented 6 November 2014; received 22 September 2014; accepted 6 October 2014; published

online 16 January 2015)

Switching of the perpendicular exchange bias polarity using a magneto-electric (ME) effect of

a-Cr2O3 was investigated. From the change in the exchange bias field with the electric field during

the ME field cooling, i.e., the simultaneous application of both magnetic and electric fields during

the cooling, we determined the threshold electric field to switch the perpendicular exchange bias

polarity. It was found that the threshold electric field was inversely proportional to the magnetic

field indicating that the EH product was constant. The high EH product was required to switch the

exchange bias for the film possessing the high exchange anisotropy energy density, which suggests

that the energy gain by the ME effect has to overcome the interfacial exchange coupling energy to

reverse the interfacial antiferromagnetic spin. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906322]

Controlling magnetization direction is a key technique of

magnetic and spintronics devices. A straight way is to use a

magnetic field, which is utilized in high density storage devi-

ces like the hard disk drive. Although the magnetic field is

still useful, its high energy consumption is often a problem,

in particular, in the micro/nano magnetic devices. As alter-

nate ways, the current-induced1–3 and the voltage-induced4

magnetization switching have been investigated toward

the application in the spintronics devices such as magnetic

random access memory. These techniques are promising to

ensure the low power consumption and to improve the

CMOS compatibility of the spintronics devices. In this work,

as one of the voltage-induced magnetization techniques, we

investigated the magneto-electric (ME) switching of the

exchange bias using the ME effect of an antiferromagnetic

(AFM) a-Cr2O3.5,6

The exchange bias is generated by an interfacial mag-

netic anisotropy at the ferromagnetic (FM)/AFM interface7

and it manifests as the shift of a magnetization curve along

the magnetic-field axis. The ME-controlled exchange bias

was first reported in 2005 by Borisov et al. as the switching

of the exchange bias polarity after the ME-field cooling

(MEFC).8 After that, the isothermal switching9 and the

MEFC effect in the thin film system10,11 have been reported

up to date. The efforts using an all-thin-film system have

been started very recently10,11 and we have to accumulate

the experimental and theoretical data to mature this tech-

nique and to clarify the physics. In this work, we focus on

the threshold condition to switch the exchange bias polarity

by the MEFC using the Pt/Co/Pt/a-Cr2O3/Pt layered struc-

ture. In particular, using the films possessing the different

exchange anisotropy energy density JK, we investigated the

change in the threshold energy gain by the ME effect to

switch the exchange bias polarity with JK. We also discuss

the switching mechanism by comparing our results with the

previous reports.

The samples were fabricated by a DC magnetron sput-

tering system operating at a base pressure of 10�7 Pa. The

stacking structure of the samples was Pt(5.0 nm)/Co(0.8 nm)/

Pt(0.5 nm)/a-Cr2O3(150 nm)/Pt(20 nm)/a-Al2O3-substrate. In

order to alter JK of the film, we adopted two types of the

samples; one is the film with the textured a-Cr2O3 layer and

the other is the film with the twinned a-Cr2O3 layer. The

crystalline quality of the a-Cr2O3 layer is controlled by the

growth condition of the Pt buffer layer. For the former type

of sample, the Pt buffer layer was deposited at room temper-

ature and then annealed for 1.8 ks at 673 K, giving rise to the

textured Pt(111) layer. For the latter one, the Pt buffer layer

was deposited above 773 K giving rise to the twinned

Pt(111) layer. On these Pt buffer layer, the a-Cr2O3 layer

was deposited at 773 K by means of the reactive sputtering

method using the Ar and O2 gas mixture. On the a-Cr2O3

layer, the Pt spacer layer, the Co layer, and the Pt capping

layer were deposited at room temperature. The details of the

preparation method are described in the previous papers.12,13

Independent of the growth condition of the Pt buffer layer,

the crystallographic orientation normal to the film surface

was Pt(111), Co(111), and a-Cr2O3(0001), as confirmed by

in situ reflection high-energy electron diffraction. Magnetic

characterizations were carried out by means of vibrating

sample magnetometer (VSM) and anomalous Hall effect

(AHE). The magnetization curves for in-plane and out-of-

plane directions measured using VSM confirmed that all

studied films exhibited perpendicular magnetic anisotropy.14

Thus, the exchange bias investigated in this paper is a per-

pendicular exchange bias.12 The ME effect was investigated

using the AHE measurements and it was characterized by
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the perpendicular exchange bias after the MEFC in which

both magnetic field H and electric field E are applied during

cooling.8 The AHE measurements were carried out at 260 K.

To access the measurement temperature, the sample was

first heated to 317 K, above the N�eel temperature of bulk

a-Cr2O3, and then cooled under the ME field conditions. In

this work, the magnetic and electric fields were applied in

the direction perpendicular to the film. The AHE measure-

ments were carried out at E¼ 0 kV/cm. For the AHE meas-

urements, the samples were patterned into the microdots of

20 lm diameter by means of photolithography and Ar ion

milling. Using the microdots, the leakage current and the

resistivity were also characterized by two probe method.

Prior to show the results on the ME investigation, we

show the leakage current and the resistivity of the fabricated

microdot, which are essential information to ensure the ME

effect shown below. Figure 1(a) shows the leakage current as

a function of the electric field measured at 317 K. The sam-

ple was avoided from the electrical break down at the high

electric field of 1200 kV/cm. The leakage current was

�1� 10�4 A/cm2 at 80 kV/cm and 4.5� 10�2 A/cm2 at

1200 kV/cm. These values are comparable to the reported

values measured at room temperature for the 1-lm-thick

a-Cr2O3 layer prepared by a pulsed laser deposition15 but

higher than that of the 250-nm-thick a-Cr2O3 layer prepared

by an RF magnetron sputtering.10 Besides, as shown in

Fig. 1(b), the electrical resistivity increases with decreasing

temperature. At 260 K, the resistivity reaches above

73 MX�cm at 1200 kV/cm. These results ensure the sufficient

insulating feature of the microdot to investigate the ME

effect. It should be noted that as shown in the inset of

Fig. 1(a), there is insulator surrounding the microdot to avoid

the direct contact between the top and bottom electrodes and

the leakage current can be generated in this insulator. The

leakage current shown in Fig. 1(a) was calculated assuming

that the leakage current was concentrated in the microdot,

and thus the leakage current and the resistivity shown are

maximum and minimum values, respectively.

Figure 2 shows the normalized AHE loops measured

after the MEFC. When the positive magnetic field (þ9 kOe)

and the negative electric field (�1000 kV/cm) were applied

during the cooling, the exchange bias of 0.75 kOe was

observed in the negative direction (blue curve). This curve is

almost same as that measured after the magnetic field

(þ9 kOe) cooling without the electric field. When the elec-

tric field during the MEFC was changed to þ1200 kV/cm in

fixing the magnetic field to þ9 kOe, the exchange bias

0.66 kOe was observed in the positive direction (red curve).

Since the magnetic field applied during the MEFC is identi-

cal for two curves, the observed switching of the exchange

bias was induced by the ME effect of a-Cr2O3. It has been

argued that from the symmetry arguments, the switching of

the exchange bias polarity is coupled with the surface mag-

netization of the a-Cr2O3.16,17 By the ME effect, the surface

magnetization is induced depending on the sign of the prod-

uct of EH. As shown in Fig. 2, when the sign of the EH prod-

uct is positive, the positive exchange bias was observed.

Considering that the exchange coupling with interfacial

uncompensated Cr spin and Co spin is antiferromagnetic,18

the positive surface magnetization generates the positive

exchange bias in agreement with the above discussion. One

FIG. 1. (a) I-V curve measured at 317 K and (b) temperature dependence of

resistivity of the film with the twinned a-Cr2O3 layer. Inset of (a) represents

a schematic cross-sectional view of the microdot.

FIG. 2. Normalized AHE loops after the MEFC for the film with the

twinned a-Cr2O3 layer. Broken blue and solid red lines represent the

data after the MEFC of H¼þ9 kOe, E¼�1000 kV/cm and H¼þ9 kOe,

E¼þ1200 kV/cm, respectively.
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may still wonder that the switching of the exchange bias was

triggered by the leakage current in the a-Cr2O3 layer.

However, as shown in Fig. 1, the leakage current is at most

4� 10�2 A/cm2 which is insufficient to excite the spin flop

phase of a-Cr2O3 by the current-induced Oersted field, e.g.,

about 0.28 Oe at 1 nm from the center of microdot assuming

that the leakage current is concentrated at the center of the

microdot. Besides, the maximum leakage current density is

11–13 orders smaller than the typical threshold current den-

sities to move the magnetic domain wall of FM nanowire19

and that to switch the magnetization direction by the spin

transfer torque.20 Furthermore, the unipolar switching of the

exchange bias with respect to the electric field strength sup-

ports the ME mechanism. The exchange bias after switching

(þ0.66 kOe) is slightly lower than that before the switching

(�0.75 kOe). This reduction of the exchange bias was

observed in the bulk a-Cr2O3 and indicates that the AFM

domain is not still fully reversed.

The previous report suggests that the higher electric field

to switch the exchange bias polarity is required in the

a-Cr2O3 thin film system compared to the bulk a-Cr2O3

system.10 However, its critical condition, i.e., the threshold

electric field to switch the exchange bias polarity was not

investigated in detail. We determined the threshold electric

field to switch the exchange bias polarity from the change in

the exchange bias field with the electric field strength during

the MEFC. In Fig. 3(a), the result for the film with the

twinned a-Cr2O3 layer is shown. The exchange bias field

was switched from about �0.75 kOe to about þ0.66 kOe

sharply at the threshold electric field. It is also seen that the

threshold electric field decreases with increasing the mag-

netic field strength during the MEFC. The threshold electric

field strength was defined as the electric field at which the

exchange bias field becomes zero and it was shown in Fig.

3(b) as a function of the magnetic field strength. The thresh-

old electric field is inversely proportional to the magnetic

field strength in agreement of the ME mechanism. The

EH products at the threshold condition (EH)threshold are

6714 kV/cm�kOe for the film with the twinned a-Cr2O3

layer.

According to our previous reports,18,21 the switching of

the exchange bias should be accompanied with the reversal

of the interfacial uncompensated Cr spin and thus the energy

gain to reverse the interfacial AFM spin would be related to

the interfacial exchange coupling strength. We compare

the EH products for the film possessing the different JK

[ergs/cm2]¼HEX�MS�tFM, where HEX is the maximum

exchange bias field [Oe], MS is the saturation magnetization

[emu/cc], and tFM is the ferromagnetic layer thickness [cm].

Using this definition of JK, the JK for the film with the

twinned a-Cr2O3 layer is 0.072 ergs/cm2 as shown in Fig.

3(b). In Fig. 3(b), the threshold electric field for the film with

the textured a-Cr2O3 layer possessing JK¼ 0.039 ergs/cm2 is

also plotted. For the latter film, the (EH)threshold is 4212 kV/

cm�kOe, lower than the film with the twinned a-Cr2O3 layer

possessing high JK. Note that the change in JK with the crys-

talline quality of the a-Cr2O3 may be related to the structural

difference such as the grain size but it is unclear at present.

Because this topic is out of the scope of this paper, it will be

reported elsewhere.

We discuss the change in the (EH)threshold with JK from

the viewpoints of the interfacial AFM spin reversal16,17,22 by

the ME a-Cr2O3. In our experiment, since the magnetic field

during the MEFC was fixed at þ10 kOe, enough high to sat-

urate the FM magnetization, the FM spin orientation is fixed

during the switching of the exchange bias polarity. In this sit-

uation, in order for the interfacial AFM spins to reverse, they

have to overcome the interfacial exchange coupling Jint with

the FM spin. In addition, the AFM spins also overcome the

potential barrier by the magnetic anisotropy of a-Cr2O3 layer

KAFM, in particular, at the reversed AFM domain nucleation.

FIG. 3. (a) Changes in perpendicular exchange bias field with the electric

field during the MEFC for the film with the twinned a-Cr2O3 layer. The

magnetic field applied during the MEFC was changed as þ10 kOe (black),

þ9 kOe (blue), þ8 kOe (green), and þ7 kOe (red). (b) Change in the thresh-

old electric field to switch the exchange bias polarity with the magnetic field

strength during MEFC. Red and blue dots represent the value for the films

with the textured and twinned a-Cr2O3 layer, respectively. The horizontal

axis is represented by the inverse of magnetic field 1/H. The solid and dotted

lines are guide to eye. JK value shown in (b) was calculated using the

exchange bias field at 260 K after the magnetic-field cooling condition with

H¼þ9 kOe and E¼ 0 kV/cm.
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Thus, the energy to reverse the interfacial AFM spins gained

by the ME effect, i.e., the EH product, should be related to

Jint and KAFM. On the one hand, it was reported that the per-

pendicular exchange bias in Pt/Co/a-Cr2O3/Pt layered sys-

tem is caused by the magnetic domain formation in the AFM

layer,18 which suggests that the magnetic domain model

for the exchange bias23 may be applicable. The magnetic

domain wall model predicts that JK is proportional to

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AAFMKAFM

p
and Jint for the strong and weak interfacial

exchange coupling cases, respectively.23 Hence, the EH
product to switch the exchange bias polarity can change with

JK through Jint and KAFM.

Here, we compare the (EH)threshold values with the previ-

ous reports. The (EH)threshold values obtained in this work are

about 130–180 times and 10–14 times larger than those for

the [Pt/Co]3/Pt/a-Cr2O3-substrate system8,9 and the Pt/Co/Pt/

a-Cr2O3 thin film system,10 respectively, but it is only 3–5

times larger than the (EH)threshold to reverse the AFM domain

of bulk a-Cr2O3.24 It is likely that the systems with the a-

Cr2O3 thin film require the high EH product. In addition to

the above mentioned influence of JK on (EH)threshold, the low

ME coefficient aij and/or the high magnetic anisotropy in the

a-Cr2O3 thin film can be considered. Because both aij and

magnetic anisotropy constant of a-Cr2O3 can be altered by

the lattice distortion and the displacement of Cr3þ and/or

O2� ions in a crystal lattice,25 the crystallographic analysis

of the a-Cr2O3 thin film is necessary to clarify the details.

This is now under the investigation using the synchrotron X-

ray diffraction technique and will be reported in near future.

Finally, we briefly discuss the influence of the Pt spacer

layer on the switching of the exchange bias polarity. As a

preliminary result, we confirmed that the switching of the

exchange bias polarity itself occurs for the film without the

Pt spacer layer, while this type of film requires the higher

EH product than the film with the Pt spacer layer.26 This is

possibly because the Pt spacer layer decreases JK
27 and this

tendency agrees with the above results and discussions. The

details of the effect of the Pt spacer layer are now under the

investigation using the X-ray circular dichroism and will be

reported in the near future.

In summary, we investigated the switching of the per-

pendicular exchange bias polarity by the MEFC in the Pt/Co/

Pt/a-Cr2O3/Pt layered structure. The exchange bias field

switched at the threshold electric field is inversely propor-

tional to the magnetic field. The required energy gain to

switch the exchange bias polarity is high for the film with

the high exchange anisotropy energy density. This suggests

that the interfacial AFM spin reversal by the ME effect has

to overcome the interfacial exchange coupling with FM

spins.
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