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Efficient manipulation of the antiferromagnetic (AFM) state is desirable for advanced spintronic devices
with fast operation and robustness regarding magnetic field perturbation. In this article, we demonstrate
deterministic bipolar AFM spin reversal induced by a low voltage below 0.8 V (51 mV/nm) based on
the magnetoelectric (ME) effect in a Pt/Cr,O5/Ir epitaxial trilayer. A stable spin direction is determined
depending on the sign of the electric field and magnetic field product, enabling deterministic access to
four quadrants in E-H space. With the help of first-principles calculations, we show that the voltage effect
on the magnetic anisotropy energy density is a minor effect, whereas the ME effect determines both the
stable spin state and the switching behavior. Our findings not only advance voltage-based insulating AFM
spintronics but also provide a basis for the device function, such as a deterministic logic operation by

means of the field combination.

DOI: 10.1103/2k8x-pryw

I. INTRODUCTION

Manipulation of spin is crucial in spintronic devices
since the device function relies on the spin direction of a
magnetic layer in the devices. External fields to manipulate
the spins have been used, from a conventional magnetic
field to modern current-based stimuli. Although the spin-
polarized current can apply a torque on the spins to switch
the direction, known as the spin transfer torque [1-3] and
the spin-orbit torque [4—6], it requires a huge current den-
sity typically greater than 10'© A/m? [7,8], giving rise to
high energy consumption and a temperature rise due to
Joule heating.

A voltage-driven mechanism is an alternative, energy-
efficient manipulation principle, and it also benefits from
complementary metal-oxide semiconductor (CMOS) com-
patibility. There are typically two distinct physical phe-
nomena that couple voltage and the magnetic moment:
the voltage-controlled magnetic anisotropy (VCMA) effect
[9,10] and the magnetoelectric (ME) effect [11,12].
The VCMA effect referes to a change in the mag-
netic anisotropy energy density at a metallic magnetic
layer/nonmagnetic insulator interface by E. Since the
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discovery of the VCMA effect in an all-solid-state system
[10], VCMA-based spin manipulation has been explored
for various ferromagnetic (FM) metal/oxide interfaces
[13—17]. The underlying mechanism of the VCMA effect
is charge doping and/or charge redistribution causing
changes in the orbital magnetic moment and the quadrupo-
lar magnetic moment, respectively [13,18,19]. Since the
VCMA effect only reduces the energy barrier and does not
change the symmetry of the magnetic anisotropy energy
landscape, the magnetization switching is not deterministic
[20,21].

The ME effect is another mechanism for voltage-
induced spin manipulation, and is attributed to the induc-
tion of a net magnetization M by an electric field £ and
the induction of a dielectric polarization P by a magnetic
field H [11,12]. This effect typically occurs in an antiferro-
magnetic (AFM) insulator in both the bulk [11,12,22-24]
and a thin film [25-28] and it is rather compatible with
recently emerging AFM spintronics [29]. The ME effect
has been developed into multiferroic effect [30,31], man-
ifested in, for example, BiFeO; [32], where magnetism,
dielectricity, and elasticity are coupled. In this system,
the lattice constraint due to epitaxial growth degrades the
multiferroicity, which becomes significant on lowering of
the thickness. The linear ME effect can overcome this

© 2026 American Physical Society
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limitation since the lattice deformation is not involved for
the ME effect to occur. It has been attempted to use Cr,0s3,
a prototypical linear ME AFM material [11,12], in voltage-
driven spintronic devices due to the possible occurrence of
the ME effect above room temperature. The key for the
achievement is control of the spin-polarized surface state
called the “boundary magnetization” [33] or the “surface
magnetization” [34] inherently existing in ME AFM mate-
rials, due to the built-in electric field in conjunction with
the ME effect. The boundary magnetization also gener-
ates spin-dependent transport phenomena at the interface
with a nonmagnetic heavy metal such as the anomalous
Hall effect (AHE) [35—38] and spin Hall magnetoresistance
[39], which can be used as the detection principle for the
boundary magnetization and consequently the Néel vec-
tor 1. While the AHE itself emerges in bulk Cr,O3 [38],
no hysteresis was observed in the bulk [38] or in thick
films, e.g., 200-nm-thick, films [37]. This is because the
bulk AFM nature dominates the total magnetic energy den-
sity in these systems. Recently, we reported external field
switching of 1 by taking advantage of the enhanced con-
tribution of the boundary magnetization by reducing the
Cr,03 thickness to 15 nm [40]. Consequently, we also
found that the switching field was modulated by the elec-
tric field E, with high efficiency above 4.8 T nm/V, due
to the ME effect in the Cr,O3 layer [28]. These previous
reports led to the work presented in this paper reporting
the voltage-induced reversible switching of 1.

In this article, we demonstrate the voltage-induced bipo-
lar switching of 1. We reveal that the AFM spin direction
is coupled with the sign of the EH product and it can be
described by a checkerboardlike pattern in the neighboring
four quadrants in E-H space. The results, together with
the first-principles calculations, suggest the ME effect is
responsible for spin switching.

II. SAMPLE PREPARATION AND FILM QUALITY

A Pt(2 nm)/Cr,O5(15 nm)/Ir(20 nm) trilayer was fabri-
cated on an a-Al,03(0001) substrate by the dc. magnetron

a
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sputtering method. The base pressure of the deposition
system was typically below 1 x 107® Pa. The substrate
was ultrasonically cleaned with acetone, 2-propanol, dis-
tilled water, and ethanol before being placed into a vacuum
chamber and subsequently heated for more than 7 h at
873 K in the deposition chamber. The Ir buffer layer was
deposited at 873 K. On the Ir buffer layer, the Cr,O; layer
was deposited by means of the reactive magnetron sput-
tering technique for the metal Cr target with an Ar and
O, gas mixture. The deposition temperature was 773 K.
Subsequently, the top Pt layer was deposited at room
temperature. Structural investigation was performed by
in situ reflection high-energy electron diffraction and x-
ray diffraction (XRD). The x-ray reflection (XRR) profile
was measured to estimate the actual thickness of each layer
and the interface roughness. We also measured the high-
angle 20-w profile with the scattering vector q along the
film normal. The XRR and XRD measurements were done
with Cu Ko radiation. All structural investigations were
done at room temperature. Detailed structural information
is presented in Supplemental Material [41].

We used the AHE as the detection scheme for the inter-
facial AFM moments [35-37]. The Hall device with 5 um
width and 25 pm length was fabricated by means of pho-
tolithography and Ar ion milling. An optical microscope
image with the equivalent circuit and a schematic draw-
ing of the device are shown in Fig. 1(a). A gate voltage
(an electric field) Vg (F) is applied across the Cr,0O;
layer between the top and bottom electrodes. The /-Vg
curves across the Cr,O3 layer are shown in Fig. 1(b). The
nonlinear /-Vg curves indicate the insulating nature of
the Cr,O3 layer, ensuring the above-mentioned prerequi-
site. The leakage current (the current density) at —0.2 V
(—63 mV/nm) is about 20 nA (13 A/m?) at room tempera-
ture and it decreases with decreasing temperature. The low
leakage current is associated with a good crystalline quality
of the Cr, 03 layer (see also Supplemental Material [41]).

Upon the AHE measurements, the current essentially
flows in the Pt layer and, therefore, the AHE signal
is due to magnetism at the Pt/Cr,O; interface, such

(b)moo 1.3 x10°
1.3 x 10?
1.3x10" —~
&
£
Pt(2 nm) 1.3x10° <
Cry,04(15 nm )
205(15 nm) 01} 275 K {13x107" =
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0.001 . . 1.3x107°
-1.0 -0.5 0.0 0.5
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(a) Optical microscope image of the fabricated Hall device with the equivalent electric circuit. A schematic drawing of the

three-dimensional structure of the device is also shown. LIA denotes the Lock-in amplifier. (b) 7/-¥ curves across the Cr, O3 layer. Blue
and gray curves represent the data measured at 275 K and room temperature (RT; approximately 298 K), respectively.
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as the above-mentioned boundary magnetization [33,34].
While some other mechanisms for the AHE at the heavy
metal/Cr, O3 interface have been proposed, such as AHE
by spin-polarized Pt [35], spin Hall magnetoresistance
[42], and interfacial spin texture in the momentum space
[43], all mechanisms reasonably assume that the AHE
is a fingerprint of 1. The temperature dependence of the
AHE response supports this assumption and gives the Néel
temperature as 279 K [41].

The transverse voltage V,, was measured with a lock-
in amplifier under an alternating current /,. at 1 kHz with
an amplitude of 100 pA. R,, (Vy/l5) was measured as
a function of either H or E, which were applied in the
direction perpendicular to the film plane [see Fig. 1(a)]. A
constant Vg (E) was applied during the R,,-H measure-
ments and a constant H, H o, Was applied during the
R\,-VG measurements. The background signal especially
for the R,,-Vg curve was collected at poH const =0 T, and
was subtracted from the raw data for other R,,-V curves.
A positive direction of the field was defined as the direc-
tion from the bottom to the top of the film. We varied the
measurement temperature from 220 to 280 K.

III. MAGNETOELECTRIC SWITCHING OF THE
PERPENDICULAR NEEL VECTOR

Figure 2 shows a series of R,,-H loops under Vg appli-
cation measured at 275 K. Rectangular hysteresis loops are
observed in agreement with our previous report [40]. The
reason why the hysteresis in the R,,-H curve appears can

—— V=05V —0.3V

() —ovV 01V —— 03V
10 .

~ O o

—lUp to down
Down to up t

AR,, (MmQ)
o

HoH (T)

be found in Ref. [40]. With V5 > —0.3 V [Fig. 2(a)], up-
to-down switching of R, was observed in the positive H
direction and the opposite switching was observed in the
negative H direction. The switching field monotonically
decreases with increasing V. Notably, when Vg < —0.6 V
[Fig. 2(b)], the switching direction was reversed: down-to-
up switching in the positive H direction and up-to-down
switching in the negative H direction. Besides, the Vg
dependence of the switching field shows the opposite
trend: the switching field decreases with decreasing Vg,
i.e., increasing the absolute value of V.

Figure 3 shows the switching magnetic field poH gy
as a function of Vg as solid symbols, which resembles
an asteroid curve. Outside the asteroid, the spin state is
monostable, either up or down, and inside it is bistable,
corresponding to the bistable region of the hysteresis
shown in Fig. 2. The presence of the monostable region
indicates that the switching occurs deterministically. The
spin direction of the monostable region in each quadrant
is assigned in a checkerboard manner, i.e., the spin state
was determined by the sign of the EH product. A simi-
lar deterministic four-quadrant assignment of the spin state
was reported in our previous work [28], where 40-nm-thick
Cr;03 was used. The important advance from the previ-
ous work is that we are able to significantly reduce the
switching voltage by reducing the Cr,O3 thickness while
maintaining a good insulating property.

The results in Figs. 2 and 3 suggest that Vg-induced
switching at a constant uoH const 1S also possible. Figure 4
shows R,, as a function of Vg with uoHons ranging

—V;=-06V 0.7V

(b)  — _08V— 09V — 10V
10 :

Up to down r

AR, (M)

#oH (T)

FIG. 2. R,,-H curves under various values of constant V. (a),(b) Curves for Vg > —0.3 V and Vg < —0.6 V, respectively. The
arrows represent the switching direction of R, . The measurement temperature was 275 K.
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FIG. 3. Switching field in the E-H plane. Red and blue sym-

bols represent the data for the up-to-down and down-to-up
switching, respectively. Closed and open symbols denote the data
collected from the R, -H curves (Fig. 2) and the R,,-V curves
(Fig. 4), respectively. “Up to down” and “down to up” are defined
in Figs. 2 and 4.

from —5.0 to 5.0 T. The curve shows a hysteresis behav-
ior for |uoH const| < 2.5 T, indicating that voltage-induced
bipolar switching was successfully achieved. Remarkably,
the switching voltage was below 0.8 V with a relatively
small poH ¢onst of approximately 0.5 T. For both poH const

(a) Positive uoH.onst
20F

15

m

HoHoonst
——50T
1T—a4o0T
——35T

5F pown oum:0down-_3-0T
’ tIPL 25T

20T
ol {—15T7

T
— 05T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Ve (V)

FIG. 4.

polarities, the switching voltage monotonically decreases
with increasing absolute value of uoH const, as plotted by
open symbols in Fig. 3. The switching direction is reversed
by the polarity of uoH const, in agreement with what is seen
in Fig. 2. The asteroid feature strongly suggests the ME
effect denoted by « FH (« is the ME susceptibility) is dom-
inant in the present spin reversal [44]. It is also found that
the asteroid shifts along a horizontal axis toward negative
V. The actual switching condition is roughly expressed as
a(E — Eg)H, where E denotes the offset electric field cor-
responding to the magnitude of the uncompensated AFM
moment at 0 V [28,40].

Here we discuss the switching condition at a high mag-
netic field effect based on the ME effect. For the ME effect,
the magnetization M induced by the electric field £ and the
dielectric polarization P induced by the magnetic field H
are coupled with each other [24]. The coupling induces the
H-induced polarization flop [45,46], which is relevant to
the spin-flop transition [47]. In our experiments, a similar
effect manifests itself in the disappearance of the hystere-
sis in the R,,-V curve. According to Fig. 4, the hysteresis
disappears for |uoH const| > 3.5 T, while the S-shaped curve
barely remains. The decrease of the AHE amplitude and
the disappearance of the R,,-V loop suggest that the spin
state in the Cr, O3 layer is disturbed by the high magnetic
field. The disappearance of hysteresis in the R,,-Vg curve
manifests itself as the intersection of two hyperbolic curves
in Fig. 3. Our observation seems to be consistent with
the H dependence of the ME coefficient along the ¢ axis,
a33: the ME coefficient o33 decreases with increasing H
and becomes zero at the spin-flop field [48]. However,
|toH const] ~ 4 T is quite small compared with the spin-flop

(b) Negative uoH.
W
15} W 1
WW HoHoonst

— —— 50T
@ or 1—-407
;é —— 35T
< 5t Uptodow {—-380T
/4 bown to up -25T
w —20T
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—— 05T
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Ry,-Vg curves under constant . (a), (b) R,,-Vg curves with positive and negative uoH const, Tespectively.
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(a) Film structure used for the density functional theory calculations. The top and bottom images represent the top and side

views of the film, respectively. Green circles represent Cr** ions, purple circles represent O~ ions, and light gray circles represent
heavy metal atoms, e.g., Pt or Ir. Red and blue arrows in the side view represent magnetic moments. (b) MCA energy density as a
function of electric field. Red and blue circles represent the values for Pt/Cr,O3 and Ir/Cr, 03, respectively. The results for Pt/Cr, O3

are reproduced from Ref. [28]. SOC, spin-orbit coupling.

field of bulk Cr,O3 (approximately 12 T) [49]. Although
the details of the polarization flop need further investiga-
tion, the low critical field implies that the exchange field
and/or the anisotropy field at the interface is distinct from
that in the bulk [41].

To theoretically scrutinize the physical mechanism of
the present observation, we performed first-principles
calculations to compare the ME effect with another pos-
sibility, the VCMA effect. Figure 5(a) shows the calcula-
tion model and how £ can modify the magnetocrystalline
anisotropy (MCA) of the Pt(Ir)/Cr,Os bilayer structure
[41]. Figure 5(b) shows the changes in the MCA energy
density as a function of E. The MCA energy density
depends on the heavy metal layer, i.e., Pt or Ir, indicating
that the interface magnetic anisotropy K; is the main ori-
gin. As in the case of metallic FM ultrathin films, the MCA
energy density monotonically decreases with increasing
E. The slope of this change AK;/AE gives the VCMA
efficiency as —19 fJ/V m for the Ir/Cr,O3 interface and
—98 fI/V m for the Pt/Cr,O; interface [28], which are
comparable to or lower than the values for metallic FM
ultrathin films [13].

Since the spontaneous magnetization cannot be defined
in our film due to the AFM nature of Cr,O3, the VCMA
efficiency is difficult to evaluate experimentally. Besides,
the domain wall motion, which dominates the switch-
ing process [39,41], complicates the quantitative analysis
of the switching energy. Alternatively, we compare the
Vg-induced and E-induced modulation efficiency of the
switching magnetic field, AuoH sw/AVg, around 0 V with
the efficiency in the VCMA-driven case. In the case of a

metallic ultrathin FM/insulator stacking structure such as
Co-Fe-B/MgO, |AugH o/ AVg| is at most about 21 mT/V
[21], whereas the value estimated from Fig. 3 is about
1.05 T/V, about 50 times higher than in the VCMA case.
We confirmed that |AugHs./AVg| is increased below
270 K and reaches a maximum value of 4.2 T/V (see
also Supplemental Material [41]). The first-principles cal-
culation and this modulation efficiency of the switching
field suggest that the VCMA effect has a minor role, and
that the ME effect dominates the voltage effect on the
switching field.

IV. SUMMARY

In summary, we showed voltage-induced bipolar switch-
ing of the Néel vector in a Pt/Cr,Os3/Ir trilayer with a
small gate voltage of approximately 0.8 V (51 mV/nm).
It is notable that the switching voltage could be below
0.8 V, which is comparable to the driving voltage of mod-
ern CMOS devices. The dominant mechanism allowing
bipolar and energy-efficient switching is the ME effect of
the Cr,O3, which inherently avoids endurance and stabil-
ity issues. The AFM spin switching has a great advantage
for high-speed operation in such applications. We also
found that the switching condition was beyond the simple
expression of the ME pressure, especially in the high-
H regime, which implies that rich physics for the ME
AFM spin reversal is hidden. The nonequivalence of the
effects of £ and H on the AFM spin state is related
to the distinct nature of magnetic and electric charges.
As the energy-efficient isothermal deterministic switching

014017-5
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of magnetic states is of particular interest for ultralow-
power memory and logic applications, our demonstration
paves an avenue toward low-energy-consumption spin
devices.
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