|

) <

The University of Osaka
Institutional Knowledge Archive

Tale Perpendicular exchange bias and magneto-electric
control using Cr203(0001) thin film

Author(s) |[Shiratsuchi, Yu; Nakatani, Ryoichi

Citation |[Materials Transactions. 2016, 57(6), p. 781-788

Version Type|VoR

URL https://hdl. handle.net/11094/89975

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Materials Transactions, Vol. 57, No. 6 (2016) pp. 781 to 788
Special Issue on Advanced Spintronic/Nano-Magnetic Materials
©2016 The Japan Institute of Metals and Materials

OVERVIEW

Perpendicular Exchange Bias and Magneto-Electric Control Using Cr,03(0001)

Thin Film

Yu Shiratsuchi” and Ryoichi Nakatani

Graduate School of Engineering, Osaka University, 2—1 Yamada-oka, Suita, Osaka 565-0871, Japan

Antiferromagnets themselves do not generate either stray fields or spontaneous magnetization. However, if an antiferromagnet is coupled
with a ferromagnet, unique and useful characteristics appear. Exchange bias is one such characteristic that is utilized in spintronic devices like
spin-valve films. To date, exchange bias has been used to induce static effects in devices; however, the exchange bias has not been switchable in
these devices. Recently, switchable exchange bias has been developed using Cr,O3, which exhibits a magnetoelectric effect in an antiferromag-
netic layer. The promising features of this effect are (1) the strength of the exchange bias is high and its direction is perpendicular to the film,
and (2) the switching is triggered by an electric field. In this overview, we will summarize our recent results on the unique temperature depen-
dence of high, perpendicular exchange bias and magnetoelectric switching of the induced perpendicular exchange bias.
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1. Introduction

Control of the direction of magnetization is a key require-
ment of spintronic and magnetic devices. The magnetization
direction of a ferromagnetic (FM) material can be easily ad-
justed by using a magnetic field or a spin-polarized current'-?
because FM materials possess spontaneous magnetization. In
contrast, in an antiferromagnetic (AFM) material, the spins
are fully compensated and spontaneous magnetization is not
generated; thus, the spins of AFM materials have been diffi-
cult to control in devices. In fact, in conventional devices,
AFM materials are used to fix the magnetization directions of
FM materials by inducing exchange bias®; thus, AFM mate-
rials have been employed to induce static effects. If the ex-
change bias in a device can be switched, a new method of
controlling spin as well as expanded functionality of spin-
valve films can be realized.

Cr,03 is an oxide AFM material that exhibits the magneto-
electric (ME) effect*. In this effect, electric polarization is
induced by a magnetic field”, and conversely, magnetization
is induced by an electric field”. Notably, when magnetic and
electric fields are applied simultaneously, the directions of the
induced electric polarization and magnetization are controlla-
ble. The ME effect was predicted by Pierre Curie in 18949,
and in 1960, Dzyaloshinskii proposed that Cr,O3 was likely
to exhibit this phenomenon”. In Fig. 1, the crystal structure
and spin alignment of Cr** in Cr,0; are shown schematically.
Cr,0; has a corundum structure in which the Cr** spins are
aligned along the c-axis and are antiferromagnetically cou-
pled in the adjacent layer®'?). This AFM ordering breaks
time-reversal symmetry, and in addition, at the Cr’* ion site in
the corundum structure, spatial inversion symmetry is bro-
ken. Because of these two simultaneous symmetry breaks,
Cr,03 exhibits the ME effect.

Although the theoretical prediction was experimentally
confirmed soon after the prediction by Dzyaloshinskii*”, the
ME effect exhibited by Cr,O3 was applied in spintronic de-
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Fig. 1 Crystal structure and spin alignment of Cr** in Cr,03.

vices only in 2005, by Borisov et al.'". They employed the
ME phenomenon to control exchange bias electrically and
demonstrated that the exchange bias in a [Pd/Co]s/Pd/
Cr,03-substrate stacked system is controllable by an electric
field. At that time, the ME effect was still induced using bulk
Cr;03, and its demonstration in an all-thin-film system was
reported only very recently'>!?. As long as the ME effect of
Cr,03 is caused by the interaction between the crystal struc-
ture and the spin alignment, high crystalline quality, suitable
AFM ordering, and sufficient Cr,Oj3 thin film resistivity are
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essential to realize the ME phenomenon in an all-thin-film
system; however, achieving these characteristics remains
non-trivial.

In this paper, we review the previous reports on ME-con-
trolled exchange bias in all-thin-film systems with Cr,O3 lay-
ers, focusing mainly on our own achievements'>'®), We also
discuss the characteristics of the exchange bias achieved us-
ing Cr,0O3 thin films because it has been hypothesized that
exchange bias can be induced by using this material, and ex-
change bias itself is of significant interest in the field of na-
no-magnetism. In chapter 2, we show that the exchange bias
induced by a Cr,03(0001) thin film exhibits (1) high, perpen-
dicular exchange anisotropy above 0.4 mJ/m? and unique
temperature dependence, with abrupt onset at a specific tem-
perature, as well as (2) a close relationship with the boundary
magnetization, which is coupled with the ME effect. In chap-
ter 3, we present two methods of switching the ME-controlled
exchange bias: ME field cooling (MEFC)!'~!® and isothermal
switching!®!%29_In chapter 3, we also address dynamic ex-
change bias reversal by using a pulsed voltage.

2. Perpendicular Exchange Bias Induced by Cr,03(0001)
Thin Film

2.1 High, perpendicular exchange bias and its unique
temperature dependence

Future spintronic/magnetic devices should be capable of
high integration, low power consumption, and high-speed op-
eration, among other requirements. To realize these charac-
teristics, it is commonly considered that the spin orientation
should be perpendicular to the film, unlike in a conventional
in-plane magnetized system. This paradigm shift is required
not only for the FM/AFM spin orientation, but also for the
exchange bias direction; that is, perpendicular exchange bias
is also required. Since the Cr** spins are aligned along the
c-axis of the corundum structure (Fig. 1), it is expected that
the AFM spin orientation is restricted to the direction perpen-
dicular to the film and that perpendicular exchange bias can
therefore be induced by aligning the c-axis of the Cr,03 thin
film along the surface normal.

We previously reported that, by appropriately choosing the
substrate and buffer layer, a Cr,O3(0001) layer could be
grown easily using conventional sputtering techniques and
that subsequent layers were grown epitaxially on the
Cr,03(0001) layer'®. A typical magnetization curve exhibit-
ing perpendicular exchange bias, measured using the polar
magneto-optic Kerr effect (MOKE), is shown in Fig. 2. This
curve was obtained by usingaPt(111)/Co(111)/Cr,03(0001)/
Pt(111) stacked film. The out-of-plane magnetization compo-
nent is observable in the polar MOKE; thus, the exchange
bias shown in Fig. 2 agrees with the above prediction. The
exchange anisotropy energy Jx, defined as Jx = Mg tpp-Hex
(where Mg is the saturation magnetization, fgy is the FM lay-
er thickness, and Hgy is the exchange bias field), can exceed
0.4 mJ/m?>'>. Perpendicular exchange bias has been reported
in several systems using other AFM layers such as CoO?",
NiO??, FeF,*¥, MnPd**, Fe-Mn*"?"), and Ir-Mn**-!, The
Jx values of such systems have been reported to be 0.31 mJ/
m?> at 10K for  (Co+CoO)(15 nm)/[Pt(0.5 nm)/
Co(0.4 nm)]s%", ~0.17 mJ/m? at 120 K for [MnPd(10 nm)/
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Fig.2 Typical polar MOKE loop exhibiting perpendicular exchange bias in
Pt(5 nm)/Co(0.8 nm)/Cr,03(70 nm)/Pt(20 nm) stacked film.

Co(10 nm)];o multilayer®®, and ~0.4 mJ/m? at room tem-
perature for [Pt(1 nm)/Co(0.6 nm)]4/Pt(1 nm)/
Fe40Cogo(1.2 nm)/Ir-Mn(5 nm)*V. Thus, Jk is relatively high
for the Pt/Co/Cr,03/Pt film, and it is comparable to that of
the film containing Ir-Mn. High J values in films containing
Ir-Mn have been achieved by inserting suitable spacer layers
such as Pt?>?® and Fe-Co’**" between their Pt/Co multilay-
ers and Ir-Mn layers. This is because that when the Pt/Co
multilayer is directly deposited on the Ir-Mn layer, the in-
plane interface magnetic anisotropy was induced®®. The in-
plane interface magnetic anisotropy at an FM/AFM interface
tends to cant the interfacial spins away from the surface nor-
mal. In order to suppress this effect, a suitable spacer layer
can be inserted to induce interface perpendicular magnetic
anisotropy>”, implying that collinear spin alignment along
the normal to the FM/AFM interface is sufficient to induce
high, perpendicular exchange anisotropy. This effect can be
simply predicted by the fact that the exchange coupling ener-
gy is proportional to the scalar product of the FM and AFM
spins. Thus, the relatively high Jx value observed in the Pt/
Co/Cr,03/Pt film can be understood as having been partly
caused by the Cr** spins being aligned perpendicular to the
film at the Cr,O3(0001) surface. In addition, unlike in the [Pt/
Co]-multilayer/Ir-Mn film, the perpendicular magnetic an-
isotropy at the Co/Cr,03 interface®? would also contribute
the high Jx value.

The perpendicular exchange bias, induced by the
Cr,03(0001) thin film, exhibits unique temperature depen-
dence'?. Figure 3(a) shows the variation of the coercivity
with temperature. In the figure, the coercivities Hcy and Hc;
defined in Fig. 2 for the increasing and decreasing branches
of the magnetization curve, respectively, are shown separate-
ly. The measurements were performed after the sample was
cooled in a magnetic field of —4 kOe. The absolute values of
Hc and Hc; increase with decreasing temperature, and at
122 K, Hc; abruptly increases and changes sign. Since Hgx =
(Hcy — Heo)/2, this abrupt change indicates the abrupt onset
of exchange bias, as shown in Fig. 3(b). In Fig. 3(b), it is also
evident that the coercivity Hc = (Hcy + Hcp)/2 abruptly de-
creases at the Hgx onset temperature and that the amount of
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Fig. 3 Temperature dependences of (a) Hc; and Hc and (b) Hgx. Definitions of H¢; and Hc; are shown in Fig. 2.
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Fig. 4 (left) Calculated changes of Cy (= Ms-tpy-H/J) with Cxt (= Kapm-tapm/J). (right) Supposed spin configurations.

decrease, AHc, is exactly equal to Hgx at that temperature.

In the Mn-based system, the above-mentioned critical con-
dition for the appearance of Hgx was rarely observed in the
AFM layer thickness dependence of Hgx**** and was not
evident at all in its temperature dependence. Instead, the tem-
perature dependences of Hgx in other exchange-biased sys-
tems have often shown that Hgx gradually decreases with in-
creasing temperature and finally becomes zero at the blocking
temperature®). This trend occurs because the thermal agi-
tation of the AFM magnetization dominates the temperature
dependence of the exchange bias.

The abrupt onset of Hgx and the quantitative relationship
Hgx = AH¢ at the onset temperature are predicted by the sim-
ple model developed by Meiklejohn and Bean, termed the
M-B model**-*%9), The total magnetic energy density per unit
area of an FM/AFM stacked system is expressed as

tE = — Mg - tpy - H - cos a + (Kpy —27TM§) ~IpM sinza
+ KapMm  tAFm sinzﬁ — JCOS(Q’ —ﬁ),
where ¢ is the total thickness, H is the external magnetic field,
Kpy is the magnetic anisotropy of the FM layer, Kapy is the
magnetic anisotropy of the AFM layer, topy is the AFM layer
thickness, J is the interfacial exchange coupling energy, and «
and 8 denote the angles of the FM and AFM spins, respective-
ly, from the surface normal (see Fig. 4). The first and second
terms represent the Zeeman energy and the magnetic anisot-
ropy energy of the FM layer, respectively. In the case of an
in-plane exchange-biased system, Kgy can sometimes be ne-

ey

glected because the FM layer is often polycrystalline, and the
magnetic easy axes are therefore randomly dispersed in the
film plane. Furthermore, magnetic anisotropy is not required
to express the in-plane magnetization of the FM layer correct-
ly if the demagnetization field, —27Ms>, is considered®*>%.
However, in the case of a perpendicular exchange-biased sys-
tem, it is necessary to use Kpy to express the perpendicular
magnetic anisotropy of the FM layer correctly; otherwise, the
magnetization would lie in the film plane because of the
strong in-plane demagnetization field. The third term is the
magnetic anisotropy of the AFM layer, and the last term rep-
resents the interfacial exchange coupling between the FM and
AFM spins. Based on previous reports on in-plane ex-
change-biased systems*>*¥, for our analysis, we also defined
a reduced anisotropy control parameter Cxt according to

2

and a reduced magnetic-field control parameter Cy according
to

Ckt = Karum - tarm/J

Cu = Ms - tpm - H/J. 3)

Ckr and Cy are dimensionless parameters reflecting the mag-
netic anisotropy energy density of the AFM layer per unit
area and the magnetic field, respectively. Cy can express ei-
ther the exchange bias or the coercivity by using Hgx or Hc,
respectively, as H in eq. (3). Using eq. (1), the magnetization
curves for the various values of Cxt were calculated. Then,
the obtained Cy values were plotted versus Ckr, as shown in
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Fig. 5 Temperature dependences of exchange bias field for films possessing (a) different Cr,05 layer thicknesses'* and (b) different Pt spacer layer thick-

nesses*!, i.e., with different interfacial exchange coupling energies.

Fig. 4. When Ckr = 1, the exchange bias appears, and the co-
ercivity diminishes abruptly. If Cxr < 1, the AFM spins re-
verse together with the FM spins. In this case, the exchange
anisotropy appears as a coercivity enhancement. However,
when Cgrt > 1, the AFM spin direction is fixed even when the
FM spin is reversed because the magnetic anisotropy of the
AFM layer overcomes the interfacial exchange coupling.

Based on this simple discussion, the temperature depen-
dences of Hgx and Hc that are shown in Fig. 3 can be ex-
plained by assuming that Kary/J changes with temperature.
Based on the above criterion for the appearance of Hgy, i.e.,
Cxr = 1, the onset temperature of Hgx is expected to increase
with increasing fapy or with decreasing J. This prediction
was qualitatively confirmed by varying 74pv'® (Fig. 5(a)) and
J by inserting Pt spacer layers with different thicknesses*"
(Fig. 5(b)). However, the quantitative validity of the Hgx on-
set criterion has not been verified with absolute certainty,
partly because the above model is based on the coherent rota-
tion of the FM spin reversal and because the AFM spins are
constant in spite of the FM spin reversal. In fact, a linear rela-
tionship between Kapm - fapm and Jg was not obtained at the
onset temperature, as shown in Fig. 6. The data presented in
Fig. 6 were acquired using various samples possessing differ-
ent fapm and Jk, and the Kapy value at the onset temperature
was estimated from the reported bulk value*?. In order to ex-
plain the onset temperature quantitatively, further investiga-
tions including the determination of Kapy in collaboration
with theoretical calculations are necessary.

2.2 Perpendicular exchange bias and boundary magne-
tization on Cr,03(0001) surface

Exchange anisotropy is induced by interfacial exchange
coupling between the FM and AFM spins, and exchange bias
is observed because of the unidirectional nature of this ex-
change anisotropy. This unidirectional nature requires some
symmetry breaking of the interfacial spin structure. Interfa-
cial uncompensated AFM spins can cause this symmetry
breaking, and substantial effort has been devoted to determin-
ing their origin***¥ and their quantitative relationship with
Jx*49_ On Mn-Ir(111) surfaces, which have been intensively
studied, the interface Mn spins are fully compensated unless
the Mn-Ir is exchange-coupled with the FM layer. Further-

2 6 K/\FMI/\FM/JK =5
"F @ PU5)ICo(08)Cr0,(t,, o IPL20) L7
24 o PUS)COOBYPHLYCTOLt, , JPY20) L
22 o PYB)CO(0.5)PH(L,)CrO ., JPY20) L7
20 2 PHB)CONi,t,)/Cr,0,(50)/Pt(20) .
L O PU(5)/CoyNiy(t,,)/Cr,0,50/Pt20)  ,~ 9,
18" 0 PUS)CONi(t,)/Cr,0,(50)/P(20)
E 16| 4
S L o 7
E 14| ’
- 4
£12r L °
= r 4
s | * o
& 1.0 I L7
9
08 L7 o * . *
4
o6 o I LAATES
o4l - o o 2777
F s 4 o0 0o ® o0 )
02F PR <= °
0. [z a e rr 15320770 7 abalh= 15
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
J I mJim?

Fig. 6 Relationship between Kapm-tapm and Jk at onset temperature for var-
ious films possessing different Jx and fapv. Kapm at onset temperature
was estimated from bulk value*?.

more, in in-plane exchange-biased systems such as Co-Fe/
IrMn(111) film, it has been shown that uncompensated Mn
spins can be induced by spin canting from the original direc-
tion due to exchange coupling with the FM spins**. The cant-
ing angle, which is proportional to the amount of uncompen-
sated AFM spin, increases with increasing interfacial
exchange coupling strength. Hence, Jk is proportional to the
amount of interfacial uncompensated AFM spin*¥. In con-
trast, the interfacial uncompensated AFM spin amount in a
Pt/Co/Cr,03 perpendicular exchange-biased system is close-
ly related to the boundary magnetization on the Cr,O3(0001)
surface. This boundary magnetization was first advocated by
Andereev in 1996*7, and more recently by Belashckenko in
2010*®. They predicted, based on symmetry arguments, that
the boundary of an ME AFM layer such as Cr,O3 has an equi-
librium magnetization. The boundary magnetization can be
detected using surface-sensitive spin-polarized probes such
as X-ray magnetic circular dichroism (XMCD)'**). In a Pt/
Co/Cr;,03 thin film, clear XMCD signals could be detected at
both the Co L3 and Cr L3 edges, as shown in Fig. 7 (a), and
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Fig. 8 Spatial distributions of XMCD intensity measured at (a) Co L3 edge and (b) Cr L edge corresponding to FM and AFM domains, respectively'® Col-
ors correspond to spin orientations schematically shown at left. Solid line in (b) represents domain boundary of FM layer.

the Cr XMCD signal was found to reverse when the Co spin
was reversed (Fig. 7(b)). Thus, the induced boundary magne-
tization is exchange-coupled with the FM spin. The results
shown in Fig. 7 also reveal that the Co and Cr spins are anti-
ferromagnetically coupled because the signs of their XMCD
signals are opposite. Furthermore, the Cr XMCD signal could
be detected by the surface-sensitive total electron yield meth-
od, but not by the bulk-sensitive transmission method!?, indi-
cating that the uncompensated AFM spins were localized at
the Co/Cr,0s interface; these results agree with the boundary
magnetization mechanism. It should be noted that for the
Cr,05(0001) thin film alone, no Cr XMCD signal was detect-
ed'¥, because the magnetic domains that possess oppositely
directed boundary magnetizations are energetically degener-
ate and because the boundary magnetization, i.e., the interfa-
cial uncompensated AFM spins are not macroscopically de-
tectable. In contrast to the Co-Fe/Mn-Ir(111) in-plane
exchange-biased system, the XMCD intensities at Cr L3
edges are similar for films possessing different interface
roughnesses and Ji values'?. These characteristics also agree
with the theoretical prediction that the boundary magnetiza-
tion is roughness-insensitive and in an equilibrium state*®.
The boundary magnetization and Jx are not coupled; how-
ever, the boundary magnetization direction is coupled with
the exchange bias polarity!>%!19_ Figure 8 shows the spatial
distributions of the XMCD intensities measured at the Co L3
and Cr L3 edges, which correspond to the FM and AFM do-

mains, respectively, at 265 K after cooling the sample in zero
magnetic field to maintain the demagnetized state'®). It can be
seen that the FM and AFM domain patterns are spatially sim-
ilar, indicating that the FM and AFM layers are exchange-cou-
pled on a domain-by-domain basis. Furthermore, the magne-
tization curves after zero-field cooling exhibit exchange bias
fields with both positive and negative directions, indicating
that the polarity of the exchange bias is determined on a do-
main-by-domain basis. Spatial coupling of FM and AFM do-
mains has also been reported in a Co/LaFeO3 in-plane ex-
change-biased system>”.

3. Magnetoelectric Switching of Perpendicular Ex-
change Bias in All-Thin-Film Systems

Martin and Anderson®" derived the free energy of an ME
substance under magnetic and electric fields as

F,. =Fy+ o;H; +p,'E,' + 1/2Xin[H[ + 1/2)(;jE,E,

ial’jE,'Hj+"', (4)
where the first term is a constant. The second and third terms
represent the pyromagnetism and the pyroelectric polariza-
tion, respectively, which can be eliminated for Cr,O3 because
of the crystallographic symmetry. The fourth and fifth terms
represent the magnetization and the electric polarization, re-
spectively, and the sixth term represents the ME effect. F, and
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F_ denote the free energies of the oppositely directed AFM
spins. Equation (4) indicates that an energy difference that
can be expressed as

AF = ZCYUE,H/ (5)

is generated for oppositely directed AFM domains. In other
words, by applying magnetic and electric fields simultane-
ously, i.e., if H and E are both non-zero, the AFM domains are
switchable!!~13:1617.19.20.5D "Gince the polarity of the perpen-
dicular exchange bias in a Pt/Co/Cr,O3/Pt system is deter-
mined by the interfacial AFM spin orientation, the exchange
bias can be made switchable by using the ME effect. Figure 9
shows an example of the change in the exchange bias polarity
achieved by simultaneously applying magnetic and electric
fields. To obtain this figure, a Pt(5 nm)/Co(0.8 nm)/
Pt(0.5 nm)/Cr,03(150 nm)/Pt(20 nm) stacked film was used.
Upon polarity reversal, H is constant in both polarity and
strength; thus, the exchange bias polarity reversal was caused
by the reversal of E. To date, two types of ME-induced
switching have been proposed: MEFC switching!'™'® and
isothermal switching!®!'%29), In the following sections, we de-
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scribe the microscopic mechanisms of these two switching
modes.

3.1 Magnetoelectric field cooling mode

In general, exchange bias is induced by cooling a sample
from above the Néel temperature in a magnetic field, which is
known as the field-cooling process. MEFC is, in contrast, a
cooling process in which magnetic and electric fields are ap-
plied simultaneously during cooling'". In MEFC, the polari-
ty of the exchange bias is determined by the sign and ampli-
tude of the product of H and E, i.e., the EH product.
Figure 10(a) shows the change in Hgx with E during MEFC
for a Pt(5 nm)/Co(0.8 nm)/Cr,0O3(200 nm)/Pt(20 nm) thin
film. H was kept constant in the range of 8 kOe to 10 kOe
during the MEFC process. Below the threshold value of E,
Hgx is negative, similarly to in the conventional field cooling
process, because of the positive value of H. When E increases
to above its threshold value, Hgx changes sign from negative
to positive. In the figure, it is also apparent that the threshold
value of E increases with decreasing H. We defined the
threshold value of E as that at which Hgx becomes zero. The
variation of the threshold value of E with H is shown in
Fig. 10(b). The threshold value of E is inversely proportional
to H, indicating that the EH product is constant at the thresh-
old, which agrees with the ME mechanism described above.
In Fig. 10(b), the results for films with different Jx are plot-
ted. The Jx values presented in Fig. 10(b) were calculated
using Hgx at a measurement temperature of 265 K. Jx can be
altered by changing the crystalline quality of Cr,O3'® or by
inserting a Pt spacer layer between the Co and Cr,O;3 to
change the interfacial exchange coupling strength*! (also see
Fig. 5(b)). The slope of each line in Fig. 10(b) corresponds to
the EH product required to switch the exchange bias polarity.
It is likely that the slope increases with increasing Jk, so a
higher EH product is required for films possessing higher J.
This observation can be qualitatively interpreted as the ener-
gy competition between the interfacial exchange coupling
energy and the energy gain by the ME effect!”. Below the
threshold value of the EH product, the interface exchange
coupling with the FM spins determines the direction of the
interfacial AFM spins. In this case, the polarity of the ex-
change bias is determined by the magnetic field direction, as
in the conventional field cooling process. When the EH prod-
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Solid lines are guides to eye. (b) Variation of threshold value of E with H during MEFC.
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uct exceeds the threshold value, the energy gain due to the
ME effect overcomes the interfacial exchange coupling ener-
gy; then, the direction of the interfacial AFM spins is deter-
mined by the ME effect.

Obviously, exchange bias polarity reversal occurred when
the above-mentioned energy competition actually occurs. On
the other hand, when the electric field was applied in the op-
posite direction, both the ME effect and the interfacial ex-
change coupling induce exchange bias with the same polarity,
and exchange bias polarity reversal does not occur.

Although the energy competition between the ME effect
and the interfacial exchange coupling qualitatively explains
the results, quantitative interpretation is a non-trivial prob-
lem. One difficulty lies in determining the interfacial ex-
change coupling energy because it is not equal to Jx, as has
been intensively discussed since the discovery of exchange
anisotropy*?.

3.2 Isothermal switching mode

The MEFC mode requires temperature hysteresis to switch
the exchange bias polarity, and switching occurs upon forma-
tion of the AFM order. Thus, this process yields the minimum
EH product for a film. MEFC could be useful, for example,
for heat-assisted magnetic recording®?. In contrast, isother-
mal switching occurs at a constant temperature, as its name
suggests. In addition to this important engineering difference,
isothermal switching enables us to access the dynamics of
switching with pulsed voltages'®. Figure 11 shows the chang-
es in Hgx and remanence ratio with the duration of the input
voltage pulses. The film used to obtain Fig. 11 was identical
to that used for Fig. 10(a). In the measurements, the tempera-
ture was maintained at 268 K, and H was held constant at
—796 kA /m during the voltage application. The amplitude of
the pulsed voltage was —35V, which corresponds to E =
—175 MV /m. The input EH product was therefore approxi-
mately 1.3 times higher than the threshold EH product of
~—1.1 x 10'* A-V/m? at this temperature. As shown, Hgx in-
creases and the remanence ratio decreases gradually with in-

creasing pulse duration. The time required to complete the
switching process is 200-300 ns under these conditions. This
switching time is very long compared with the precession
time of the FM and AFM spins, which is typically in the
sub-nanosecond range>®. The slow switching implies that the
switching process is dominated by magnetic domain wall mo-
tion. According to reports on magnetic domain wall dynamics
examined using FM wires, the magnetic domain wall velocity
depends on the input energy density®¥, and it is expected that
the switching time of our investigated system could be de-
creased by increasing the input EH product. The variation of
the switching time with the input EH product is now under
investigation.

In principle, it would be possible to determine the AFM
domain wall mobility from this type of measurement, using a
method similar to that employed for FM wires>>®. However,
the domain wall propagation direction is more difficult to de-
termine in AFM materials than in FM wires. Hence, direct
observations of the magnetic domain structure changes after
applying pulsed fields are necessary, and we are now investi-
gating this type of measurement.

4. Concluding Remarks

Recent progress in investigations of perpendicular ex-
change bias using Cr,0O3 as an AFM material and its ME
functionality were reviewed in this report. This overview is
mainly dedicated to the achievements of our research group
because ME control of perpendicular exchange bias is a new
field in which we have been very active since the first report
of this phenomenon in an all-thin-film system. This pioneer-
ing work has led to increasing research in the field of ME
control of AFM spin. Together with these recent develop-
ments, experimental techniques such as AFM domain imag-
ing using focused soft/hard X-rays will help understanding of
the underlying physics. The authors believe that these charac-
terization techniques will contribute to achieving the require-
ments of advanced spintronics and hope to establish a com-
munity in this research field.
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