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Giant gate modulation of antiferromagnetic spin
reversal by the magnetoelectric effect

Kakeru Ujimoto', Hiroki Sameshima', Kentaro Toyoki'**, Takahiro Moriyama®, Kohji Nakamura®, Yoshinori Kotani®,
Motohiro Suzuki@’, lon lino', Naomi Kawamura®, Ryoichi Nakatani'#? and Yu Shiratsuchi®'?

Abstract

In this study, using the Pt/Cr,0s/Pt epitaxial trilayer, we demonstrate the giant voltage modulation of the
antiferromagnetic spin reversal and the voltage-induced 180° switching of the Néel vector in maintaining a permanent
magnetic field. We obtained a significant modulation efficiency of the switching field, AugHsw/AV (AtoHsw/AE),
reaching a maximum of —500 mT/V (—4.80 T nm/V); this value was more than 50 times greater than that of the
ferromagnetic-based counterparts. From the temperature dependence of the modulation efficiency, X-ray magnetic
circular dichroism measurements and first-principles calculations, we showed that the origin of the giant modulation
efficiency relied on the electric field modulation of the net magnetization due to the magnetoelectric effect. From the
first-principles calculation and the thickness effect on the offset electric field, we found that the interfacial
magnetoelectric effect emerged. Our demonstration reveals the energy-efficient and widely applicable operation of an

antiferromagnetic spin based on a mechanism distinct from magnetic anisotropy control.

Introduction

There is a growing demand for voltage-based control of
the magnetization/spin direction because of various
advantages, such as low power and fast operation, acces-
sibility to single elements in integrated devices, and good
matching with the CMOS architecture”. Since the
magnetic moment is not conjugated with a voltage or an
electric field, an intermediate path between them is nee-
ded. The voltage-controlled magnetic anisotropy (VCMA)
effect>® is one possible mechanism. The VCMA effect
occurs at the metal/insulator interface due to charge
doping and/or charge redistribution causing changes in
the orbital magnetic moment and quadrupolar magnetic
moment, respectively”™®. Since the discovery of the
VCMA effect in FePt in an electrolyte’ and its later
development in the Fe/MgO thin film system®, controlling
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the spin reversal field by the voltage (the electric field) has
been an area of active pursuit. The VCMA effect has been
demonstrated in various systems, such as FeggCo4/ MgOg,
Co-Fe-B/MgO'’, FePt/MgO'!, and Co/CoO/TiO,'*. The
magnitude of the effect is quantified by the modulation
efficiency of the spin switching field, poHsw/AV
(ApoHsw/AE), which can be inferred from the slope of the
toHsw—V(E) curve. While a high modulation efficiency of
the switching field is clearly desired, AuoHsw/AV
(ApoHsw/AE) reaches a maximum of only ~10mT/V
(63mT nm/V)'% Since most previous studies have
employed ferromagnetic (FM) metal layers, the region
where the sizable VCMA effect occurs is in the vicinity of
the metal/oxide interface due to Thomas-Fermi screen-
ing'®. Therefore, reducing the FM layer thickness to the
ultrathin regime, typically below 1nm, is essential, and
this causes the degradation of the thermal stability of
magnetization orientation.

Antiferromagnetic (AFM) insulators are another plat-
form for voltage-driven spintronics. Magnetoelectricity is
a coupling between magnetism and electricity and can
compensate for the absence of the net magnetization of
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antiferromagnets; additionally, it provides an advanced
pathway for controlling AFM spins by the voltage (the
electric field). The magnetoelectric (ME) effect is referred
to as the induction of the net magnetization (the dielectric
polarization) by an electric field (a magnetic field) 416,
Since the conventional ME effect is a bulk effect, in
principle, the magnetic layer thickness is not limited for
the attainment of a large effect. Although the ME effect
was discovered in the early 1960s'*'®, much earlier than
the VCMA effect, ME effect has been overlooked as a
modulation scheme of the switching field because ME
materials typically exhibit AFM ordering'’, which has
caused difficulty for the detection of the ME-controlled
magnetic order parameter. Controlling the surface/inter-
face magnetism facilitates overcoming this problem. The
broken inversion symmetry at the surface/interface of ME
materials induce a robust spin-polarized state on the
surface of magnetoelectric materials; this is referred to as
the boundary magnetization (the surface magnetiza-
tion)ls’w, due to the presence of a built-in electric field in
conjunction with magnetoelectricity. Since the boundary
magnetization strongly couples with the bulk AFM order
parameter, switching the boundary magnetization is
concomitant with the switching of the Neel vector.
Although the boundary magnetization results in a Zee-
man energy gain by coupling with an external magnetic
field?°, this contribution is very minimal compared to the
total magnetic energy in bulk and thick films due to the
low surface-to-volume ratio. Historically, the exchange
bias in the FM/AFM stacked system, which is a shift of the
magnetization curve along a magnetic field direction®"*?,
has been used as a fingerprint of the boundary magneti-
zation to complement its small magnitude®*~>>. However,
the FM/AFM interfacial exchange coupling to induce the
exchange bias became an additional source of the
switching energy barrier of the AFM spin and boundary
magnetizationzs’w. Alternatively, the FM-free structure,
such as the nonmagnetic heavy metal (HM)/AFM system,
is expected to be an active target*® 3% Very recently, using
Cry03, a prototypical ME AFM material, we reported the
isothermal and low-field (<1 T) reversal of the boundary
magnetization, e.g., the Néel vector, by reducing the
Cr,05 thickness down to 15 nm>®; here, the contribution
of the boundary magnetization became sizable due to the
reduced ME film thickness®’. In this study, we advance
this finding and explore the voltage-induced modulation
of the switching field, which corresponds to the voltage-
induced coercivity change in FM systems. We demon-
strate the giant modulation of the switching field; this
modulation is typically a few 100 mT/V (a few T nm/V) to
a maximum of 500 mT/V (4.8 T nm/V), by the combina-
tion of the bulk ME effect and the magnetoelectricity of
the boundary magnetization, e.g., the interfacial ME effect.
The demonstrated value is more than 50 times larger than
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the voltage-induced coercivity change originating from
the VCMA effect in the FM system. We also demonstrate
the voltage-induced deterministic 180° switching of the
Néel vector in maintaining a permanent magnetic field
using this simple structure.

Results
Giant modulation of the switching field

For this purpose, we fabricated Pt(2 nm)/Cr,Os(tcra03
=8, 10nm)/Pt(20nm) epitaxial trilayers on a-
Al,03(0001) substrates. Structural analysis revealed the
formation of a Cr,O5(0001) layer in which the Cr*>" spins
lie perpendicular to the film according to the bulk spin
Conﬁguration36. The actual ¢c,p03 values were determined
by X-ray reflectivity measurements (see the Supplemen-
tary Information). Hereafter, we use the designed tc,203
value to describe the film for simplicity. The detailed
fabrication methods and structural information are
described in the “Methods” section and the Supplemen-
tary Information, respectively. For the detection of the
boundary magnetization, we employed the anomalous
Hall effect (AHE) emerging at the HM/Cr,O;3 inter-
face®®?%?!, Kosub et al. reported that the AHE resistance
at the Pt/Cr,Oj; interface showed a sizable remanent value
below the Néel temperature (Ty)*®. Although some
mechanisms for the AHE at the heavy-metal/Cr,O3
interface have been proposed®®*”~*°, they remain deba-
table. Nonetheless, the AHE is considered to be relevant
to the boundary magnetization of Cr,Os;. This finite
remanent AHE resistance is initially regarded as “field
invariant” due to the high Cr,Oj thickness (~200 nm), in
which the Zeeman energy of the boundary magnetization
is subtle and barely contributes to the total free energy™.

Figure 1b shows the representative yyH-dependence of
the transverse resistance R,, for the Pt (2nm)/Cr,O3
(8 nm)/Pt (20 nm) trilayer. R, shows rectangular hyster-
esis as a function of H applied perpendicular to the film,
resembling the magnetization curve along the magnetic
easy direction for an FM film with perpendicular magnetic
anisotropy (PMA). According to the magnetocrystalline
anisotropy (MCA) of the bulk Cr,05* and the above-
mentioned Cr*>" spin orientation, it is reasonable for the
film to exhibit PMA. The emergence of hysteresis is a
consequence of the reduction in the Cr,Oj thickness and
agrees with our previous report®”. The remanence ratio is
unity, and the remanent R,, value is fully switched. The
full switching of R,, was confirmed by the zero-offset Hall
measurements (see Supplementary Information), indicat-
ing the 180° switching of the boundary magnetization and,
consequently, the Néel vector. While the rectangular
shape is maintained under the gate voltage application,
the switching field poHsw is modulated. The poHsw
value at a gate voltage Vg of 0V was ~0.6 T, and this
value increases (decreases) for the negative (positive) Vg.
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Fig. 1 Voltage (electric-field) modulation of antiferromagnetic spin switching field. a Schematic of a device structure of magnetoelectric Cr,05
equipped with Pt gate electrodes. At the interface between the top Pt heavy metal layer and the Cr,O5 antiferromagnetic layer, boundary
magnetization is present due to the built-in electric field in conjunction with magnetoelectricity. The voltage (electric field) impacts the bulk spin
state via the magnetoelectric effect. In the figure, the equivalent electrical circuit for the transport measurements is also depicted. b Anomalous Hall
resistance Ry, as a function of magnetic field uoH under an applied gate voltage Vi. The measurement temperature was 240 K. The black, blue and red
lines represent the curves for Vs =0, —0.3 and +0.3 V, respectively. € LigHsy as a function of Vi and the electric field E (refer to the top axis). The open
and closed circles represent the curves for the different devices fabricated from identical films. The red and blue symbols represent the pigHsy in the
ascending and descending branches of the R,,~H curve in (b), respectively. d, e R,, and leakage current ||| as a function of V5 at a constant magnetic
field of poH = —0.58 T. The results are shown for the film with tc,,03 = 8 nm. The arrows in (d) represent the sweep direction of Vg (F). f Modulation
efficiency of the switching field, AugHsw/AF (closed symbol) and —2ueKeira™ £y (open symbol) derived in Eq. (4).

Figure 1c plots the puoHsw as a function of Vg (the electric
field E). uoHsw monotonically decreases with increasing
Vg (E). poHsw changes over 100 mT when +0.3V
(+38.9 mV/nm) is applied. Based on the rough hypothesis
of a linear relationship between poHsyw and Vg(E), the
modulation efficiency AuoHsw/AVg (ApoHsw/AE) s
deduced to be —180mT/V (—1400 mT nm/V). These
values are significantly large and are more than 10 times
(20 times) greater than those of the FM counterparts
based on the VCMA mechanism, at most 12mT/V
(63 mT nm/V)'2. Similar behavior is observed in the dif-
ferent devices, as shown by the open and closed symbols
in Fig. 1c. We further investigated the voltage-induced
switching under constant H to reinforce the voltage-
induced change in the switching field. Figure 1d, e shows
R, as a function of Vg (E) under a constant magnetic field
of —0.58 T and the simultaneously obtained /-V curve,
respectively. Starting from the negative R,, state formed
by the proper magnetic field cycle, Vg was swept from
—0.3V to +0.3V and then to —0.3V. R,, was switched

from negative to positive at Vg=55mV (7.1 mV/nm).
The positive state was stable after Vg was set to —0.3 V.
We observed Vg-induced switching of R,, at different
temperatures and under an inverted constant magnetic
field (see the Supplementary Information). This behavior
is basically reversible, as discussed below, although Fig. 1c
shows one-directional switching. The leakage current at
the switching voltage was only 1.2 nA, corresponding to a
quite low current density J of ~1.5 A/m?, which indicates
good crystallinity of the film with fewer defects (see the
Supplementary Information).

In the case of FM materials, the impact of the gate
voltage on the switching field can be quantified by the
VCMA efficiency, the change in the interfacial magnetic
anisotropy energy density K; per electric field, and AK;/
AE®. However, a similar treatment is difficult for AFM
materials because of the lack of net magnetization.
Therefore, we first investigated the mechanism of the
large gate-induced modulation of the switching field
based on the temperature dependence of AugHsy/AE, as
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sometimes employed in FM materials*>**, Figure 1f

shows plots of the AuoHsw/AE values as a function of
temperature by closed circles. ApoHsw/AE shows a
complex temperature dependence, which is significant for
the Pt (2 nm)/Cr,O3 (10 nm)/Pt (20 nm) trilayer. The Ty
value of this film is 260 K for fcy503 of 8 nm and 265 K for
tcroos of 10 nm (see Supplementary Materials); below this
temperature, the above effects occur. With decreasing
temperature, ApuoHsw/AE first increases, reaches a max-
imum, and then decreases. The highest value is
—4.80 T nm/V, corresponding to —500 mT/V at 245 K.
This value is significantly large, more than 50 times larger
in magnitude compared with the FM counterparts based
on the VCMA effect'”. To interpret the complex tem-
perature dependence of ApoHsw/AE, we consider the
switching energy condition driven by the ME effect
expressed as follows™:

My (E)

= Hsy = 2K (1)

Mpu(E)Hgw +

where My is the net magnetization at the bulk site.
Although the My, value at 0V is basically zero in a pure
antiferromagnet, this value can be nonzero due to the un-
compensation of the magnetic moment for several
reasons, such as defects” and impurities®. The E-
dependence of My is attributed to the bulk linear ME
effect. M, is the net boundary magnetization, and ¢ is the
Cr,05 thickness. When the top and bottom interfaces are
exactly the same, the net boundary magnetization can be
canceled out at 0 V. However, My, can also be nonzero
when the magnitude of M, is imbalanced at the top and
bottom, for example, by defects*® and/or inhomogeneous
strain®®. K ¢ represents the energy equivalent to the spin
reversal. Although K. is related to the magnetic
anisotropy energy, the K¢ value should not be equal to
the MCA energy of Cr,O3 because domain wall motion is
involved in the switching process in the film*>. Equation
(1) assumes that My, and My, behave in the same way
due to their strong coupling®®. The ME effect is
incorporated in Eq. (1) by the following:

Mypuk(E) = Mo + aE

My(E) = Mo + BE @

where My o and M,, o are the abovementioned uncom-
pensated magnetic moments at the bulk and interface at
0V. The first equation is based on the bulk linear ME
effect with the ME susceptibility a. a in Eq. (2) is a33 (a,,)
in the ME tensor since both magnetic and electric fields
are applied along the c-axis of Cr,Os;. Because the ME
tensor for the boundary magnetization is nonanalytic,
unlike the bulk ME coefficient'’, we phenomenologically
associate the ME coefficient 5 for the boundary magne-
tization. The effective ME coefficient a.¢ and the offset
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electric field E, relevant to the boundary magnetization
are defined as follows:

Qeff = +/f
Ey = Mik_o+Mp_o/t (3)
eff
The AuoHsw/AE value evaluated above can be directly
compared with a first-order derivative of Eq. (1) with
respect to E. The first-order derivative of Eq. (1) at E=0
is derived as follows:

IpoH 5y _ _ 2p0K eft (4)
aE E=0 OleffE(z)

The uoHsw-Vg (poHsw-E) relationship (Fig. 1c) was
analyzed using Eq. (1), and a factor of — 2K oo Ey >
was deduced. The deduced parameter is plotted as a
function of temperature in Fig. 1f, and it effectively
reproduces the temperature dependence of AuoHsw/AE,
indicating that the ME effect is the main mechanism of
the Hgyw modulation.

Bipolar switching attainable by the ME-driven mechanism

Bipolar switching is of particular importance for deter-
ministic switching. This is a significant advantage of the
ME mechanism because it cannot be obtained by the
VCMA mechanism. For these observations, there is a risk
of dielectric breakdown by high voltage application, and
we used a Pt(2nm)/CryO3(40, 90 nm)/Pt(20) epitaxial
trilayer. As previously reported®®, the boundary magne-
tization and the Néel vector were “magnetic-field invar-
iant” for the thick Cr,O3; within the field range of +9T.
(Detailed AHE loops are presented in the Supplementary
Information.) However, under finite voltage (the electric
field), the Zeeman energy of the E-induced magnetization
overcomes the switching energy barrier, and conse-
quently, hysteresis can emerge. Figure 2a, b show the
AHE loops at Vg=14.0V (E=£0.1 V/nm). A clear hys-
teresis was indeed observed. Notably, the switching
direction was reversed for the positive and negative Vg
(E), as indicated by the blue and red arrows in the loops;
thus, the direction of the E-induced magnetization is
reversed with the polarity of Vg (E), which is in agreement
with the ME mechanism. Figure 2c shows poHsw as a
function of E for both fci003 =40 and 90nm. The
hyperbolas with a finite offset electric field of Ey ~ 0.01 V/
nm are observed and agree with the switching conditions
shown in Eq. (1). The red- and blue-painted areas outside
of each hyperbola show the monostable states. The
monostable states in any of the four quadrants indicate
that deterministic access to any of the four regions is
possible by the suitable combination of E and H. The
bistable region shown by the green-painted area can be
interpreted as analogous to ordinal ferromagnets with
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uniaxial magnetic anisotropy; there are two energy
minima in the energy landscape®. When the map is
horizontally intercepted, e.g., the E-sweep under constant
H, it is possible that the E-induced reversible switching of
the AFM state occurs at a constant magnetic field; down-
to-up switching is demonstrated in Fig. 1d. These obser-
vations reinforce the ME mechanism as the origin of the
observed change in the switching field.

Discussion on the mechanism of giant modulation of the
switching field X-ray spectroscopy

In general, the switching field is relevant to the effective
anisotropy field, Hy: Hx = 2K.4/Ms, where K is the
effective uniaxial magnetic anisotropy energy density and
Ms is the saturation magnetization. In the case of FM
materials, Hy is modulated via the modulation of K. by
Vg (E), e.g., the VCMA effect. The VCMA efficiency
should show a monotonic increase with decreasing tem-
perature*>*?, which contradicts our observation (Fig. 1f).
The VCMA is mainly caused by the change in the orbital
angular momentum for the 34 elements, and the charge
redistribution is associated with the 5d elements™®. To
address whether a similar effect occurred in our film, we
measured soft and hard X-ray magnetic circular dichro-
ism (XMCD). For this purpose, we used a Pt(2 nm)/
CryO3(8 nm) epitaxial bilayer for the XMCD measure-
ments of the top Pt layer. If we used the Pt(2 nm)/Cr,O3/
Pt(20 nm) trilayer, the absorption signal of the top
Pt(2 nm) would be masked by the strong signal from the
bottom Pt(20 nm). Although the stacking structure is

different, the film quality of the Pt/Cr,Oz bilayer is
comparable to that of the film used for the AHE mea-
surements. We also confirmed that the R,, of the Pt/
Cr,0O3 bilayer exhibited rectangular hysteresis as a func-
tion of magnetic field (see Supplementary Information).
Figure 3a shows the soft X-ray absorption spectra (XAS)
and the XMCD spectra at the Cr L, 3 edges. The shape of
the XAS peak is similar to that of the reported spectrum
for Cr20348, confirming the presence of trivalent Cr and
eliminating other phases such as CrO,. An XMCD signal
is also observed, indicating the presence of spin-polarized
interfacial Cr** attributed to boundary magnetization®.
Figure 3b shows the magnetic field dependence of the
XMCD intensity at hv = 577.5 eV, which yields the largest
XMCD signal. The XMCD curve shows a rectangular
hysteresis similar to that of the AHE loop, indicating that
the AHE loop is attributed to the reversal of the interfacial
spin-polarized Cr*>". The difference in the loop shapes of
Figs. 3b and 1b should be due to the detection area; the
XMCD method detects a large area (~400 x 400 pm?)
compared with the AHE measurements (5 x 5 um?), and
the spatial distribution of the switching field manifests in
the XMCD measurements. Recently, emerging imaging
techniques for AFM domains, such as nitrogen-vacancy
(NV) magnetometry**~' and scanning XMCD micro-
scopy””, will aid in obtaining a deep understanding of the
switching process. We note that the contribution of E-
induced magnetization to XMCD should be zero since
XMCD was measured at zero V. In addition, the XMCD
signal was not detected by the bulk-sensitive transmission
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mode in the Pt/Co/Cr,O3/Pt thin film, where the
boundary magnetization was enhanced by exchange
coupling with FM Co>>. Therefore, the bulk contribution
to the XMCD intensity was negligible, and the magnetic
moment responsible for the observed XMCD signal
should exist at the interface.

The sum rule analysis with the spin correction fac-
tor”>™>° provides the effective spin moment and the
orbital moment per Cr*" as M e = 0.016 + 0.007 pyp and
Mo, = 0.006 £ 0.004 p5, respectively. The m; o and mgy,
values are comparable to those in previous reports for Pt/
Cr,03(10 nm)/Pt trilayers35 ; however, they are lower than
the magnetic moment of Cr*" in Cr,Os, 2.48 uy deter-
mined by neutron diffraction®® and 1.51 yp deduced from
XMCD/PEEM”’. The low magnetic moment values
obtained from our XMCD measurements can be attrib-
uted to the effective probing depth of the total electron
yield (TEY) technique and the alternating spin alignment
along <0001>%, The probing depth is ~0.9 nm at the Cr
L,5 edge®®, and the XMCD signal from the topmost Cr
layer is partially canceled by the opposite spin of the

underlying Cr layers. According to the VCMA mechanism
associated with the orbital moment of the 3d element,
Morb/ Mgpin_efe is correlated with the modulation effi-
ciencysg. The mo.p,/Mgpin_ete value derived from the XMCD
measurements is 0.3 £ 0.3. This value is comparable to
that of the Pt/Co/Co/TiO, system, which shows a
ApoHsw/AV value of ~6.6 mT/V, two orders of magni-
tude lower than our observation®’.

We further measured the XAS and XMCD spectra
at the Pt L3 edge to address the possible existence of
spin-polarized Pt, which was initially assumed in ref. *°,
Figure 3c shows the XAS and XMCD spectra at the Pt L3
edge measured at 230 K. We applied a constant magnetic
field of 2.0 T, which was sulfficiently high to saturate the
Cr magnetic moment. The peak position and the white
line intensity are similar to those for metallic Pt*°. As
shown in Fig. 3c, the XMCD signal is virtually zero,
indicating that the Pt-induced moment should be below
the detection limit. Since the XMCD intensity is almost
independent of the magnetic field strength (Fig. 3d), no
appreciable XMCD signal is observed from Pt. Therefore,
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Fig. 4 First-principles calculation addressing the VCMA effect and the interface ME effect. a Top and side views of the calculated interface
structure of Pt/Cr,0s. The green, light blue and gray circles are Cr**, O~ and nonmagnetic atoms, respectively. b Magnetocrystalline anisotropy
(MCA) energy density as a function of the electric field, where red and black circles represent the values for Pt/Cr,03 and Cu/Cr,0s, respectively. The
Cu/Cr,03 system was used as a reference. ¢ Spin magnetic moment of Cr located at the interface as a function of the electric field. Filled and open
symbols represent the values for Cr located at the topmost and second layers from the interface, respectively. d—f Density of states of Cr at 0V
located on the topmost (Cr1, down spin), second (Cr2, up spin) and third (Cr3, down spin) layers from the top interface.

the alternative mechanism of the VCMA effect, e.g.,
charge redistribution in nonmagnetic heavy metals®, does
not support our observations.

First-principles calculations

To evaluate the contribution of the VCMA effect to the
observed switching field modulation, we performed a
first-principles calculation. Figure 4b shows the MCA
energy density as a function of E calculated for the system
shown in Fig. 4a. As a reference system, we also plotted
the calculated results for the Cu/Cr,0O3 system. The cal-
culated values depend on the metal species on the Cr,O3
layer, indicating that the magnetic anisotropy is mainly
attributed to the interfacial magnetic anisotropy K;. The
calculated value for Pt/Cr,Os5 is negative, indicating in-
plane magnetic anisotropy, which does not support the
experimental observation. This probably occurs because
the values obtained by the first-principles calculation
originate from the spin-orbit coupling (SOC) alone, and
the contribution from the dipolar-dipolar interaction

favoring the PMA*"®! is not considered. In the case of
bulk Cr,Os, the SOC and dipolar-dipolar interactions
have comparable contributions to the total MCA
energy61. In the case of Pt/Cr,Os, the calculated MCA
energy density monotonically decreases with increasing E,
as in the case of the VCMA effect. The modulation ratio
of the MCA energy density is approximately —99 fJ/(V m),
comparable to the FM cases® showing a much smaller
ApoHsw/AV. In addition, the monotonic E-dependence of
the MCA energy density is inappropriate for the bipolar
switching shown in Fig. 2. Both XMCD measurements
and first-principles calculations support that the mod-
ulation of the net magnetization via the ME effect is a
plausible mechanism of the giant AyoHsw/AV, rather
than the VCMA effect.

To obtain a deep understanding of the mechanism, we
investigated the impact of E on the interfacial Cr spin, e.g.,
the emergence of the interfacial ME effect. Figure 4c plots
the spin magnetic moment m; of Cr as a function of E,
obtained by first-principles calculations. The m, value of
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Cr located at the topmost and third layers with downward
spin orientations decreases with increasing E, whereas the
ms value of Cr on the second layer with an upward spin
orientation is almost constant. The modulation of m by
the electric field is 16 times greater for the topmost Cr
than for the interior Cr. Figure 4d—f show the density of
states (DOS) of Cr located at the topmost (Crl, down
spin), second (Cr2, up spin) and third (Cr3, down spin)
layers from the interface. The DOS under an electric field
are shown in the Supplementary Information. The top-
most Cr has a finite DOS at the Fermi level Er due to
orbital hybridization with Pt. For a positive electric field,
the electron accumulates at the top interface, and the
energy of the d orbital shifts to a lower level with respect
to Ep (Supplementary Fig. S6b). The electric field sig-
nificantly modulates the i of the topmost Cr because it
induces a substantial change in the number of electrons
analogous to the surface ME effect associated with the
spin-dependent Thomas-Fermi screening in FM
metals®?©3; additionally, the modulation of the mi; of the
interior Cr, e.g, Cr2 and Cr3, is insignificant because
there is no state in the vicinity of the Fermi energy. The
slight change in m; for the interior Cr is attributed to the
DOS below Ep associated with the dielectricity (Supple-
mentary Fig. S6c, d), which is related to the bulk ME
effect. At the bottom interface, the opposite effects occur
because the electron is depleted by the positive electric
field. Since the ME effect occurs due to the imbalance of
magnetic moments for two sublattices, the large change in
mg of the topmost Cr indicates the emergence of the
interfacial ME effect, and its magnitude is larger than that
of the bulk ME effect.

Thickness effect on the offset electric field

The interfacial ME effect manifests in the Cr,Os3
thickness dependence of E, as shown in Eq. (3). Figure 5
shows a plot of the E, values as a function of Cr,O3
thickness measured at the same reduced temperature, 7/
Tn = 0.94 + 0.01. If the interfacial contribution to the net
magnetization and the ME effect are both negligible, E, is
anticipated to be independent of ¢, corresponding to the
linear increase in Vg with ¢. E; monotonically increases as
t decreases, indicating a significant interface effect. Con-
sidering the details of the Ey—t relationship, neither Ey—1/¢
nor 1/Ey—t is linear (see the insets). These results indicate
that My o and S are both nonzero (see also Eq. (3)). The
values of My o/a and B/« are determined to be 0.048 V/
nm and —5.9 nm, respectively, using Eq. (3). With the
assumption of the bulk a value®®, the bulk uncompen-
sated moment, My o, is very small, 1.5 x 10~* Wb/m?
(3.1 x 10~ * up/Cr) and would be undetectable in the thin
film by magnetization measurements. The nonzero S
supports the emergence of the interfacial ME effect pre-
dicted by the first-principles calculation. A negative 5/«
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. J

indicates that the sign of the interfacial ME susceptibility
is opposite to that of the bulk term. In bulk Cr,O3, the
sign of @ depends on the temperature due to the combi-
nation of the distinct mechanisms'®®®: the electronic
origin, such as changes in the g value and the single-ion
anisotropy, and the imbalanced thermal average of the
magnetic moments for the two sublattices. In the low-
temperature regime below ~75K, the former mechanism
causes a negative ME susceptibility; however, in the high-
temperature regime, the latter mechanism causes a posi-
tive ME susceptibility. Specifically, the negative S value
obtained in this study indicates that the former mechan-
ism exists at a rather high temperature of T/Ty = 0.94.
Since our first-principles calculations address the former
mechanism, the persistence of the negative 5 supports the
emergence of large interfacial ME effects.

In conclusion, we demonstrated that the giant mod-
ulation of the switching field reached —500mT/V
(—4800 mT nm/V); this value is more than 50 times larger
than the reported modulation based on the VCMA effect.
The voltage-induced deterministic 180° switching of the
Neéel vector in maintaining a magnetic field was also
demonstrated and enabled the investigation of the
switching dynamics using the pulse voltage. Although we
did not investigate the switching dynamics, conventional
films with an FM layer showed the switching within
10 ns®®. The pure AFM component without the FM ele-
ments used in this work is expected to exhibit faster
switching because of the inherent AFM spin dynamics.
Comprehensive investigations, including the temperature
dependence of the modulation efficiency, bipolar switch-
ing and DFT calculations, revealed that the observed giant
modulation relied on the ME effect in the AFM insulator
Cr,03 in conjunction with the boundary magnetization.
The thickness dependence of the offset electric field
together with the first-principles calculation showed the
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emergence of the interfacial ME effect. This result is
important for enhancing the effective ME susceptibility,
which is desirable for improving the modulation effi-
ciency. The maximum ME susceptibility due to the
imbalanced thermal average mechanism is limited by
magnetic and dielectric susceptibility tensors®, and the
bulk ME susceptibility of reported compounds was low, at
75 ps/m at 1.5 K in the highest case®”. The interfacial ME
effect relies on the energy band structure at Er and can be
used to enhance the effective ME susceptibility via proper
interface design.

In addition to the advances in voltage-based spintronics,
our study is also highly important for AFM spintronics.
The current-driven switching of interfacial AFM spins via
spin torque has been explored®>**=>* and requires a large
current density exceeding 10" A/m>**?%  Although
voltage-driven switching of the AFM order parameter,
e.g., the Néel vector, has also been attempted, elaborate
materials such as B~ -doped Cr,05% are essential, and the
strain effect is involved. The switching angle remains at
90° for both cases. Our study provides a scheme for the
energy-efficient, nonvolatile, deterministic 180° switching
of the magnetic state in the pure AFM component. This
study represents a great advancement in the AFM-based
ME random access memory with ultralow writing power,
an inherently fast switching speed and superior robust-
ness to the magnetic state.

Methods
Film fabrication

Pt(2 nm)/CryO5(tcro03 =8, 10, 15, 40, 90nm)/
Pt(20 nm) trilayers were fabricated on an a-Al,O3(0001)
substrate by the DC magnetron sputtering method (base
pressure below 1 x 10~ Pa). Before introducing the sub-
strate to the vacuum chamber, the substrate was ultra-
sonically cleaned using acetone, isopropanol, distilled
water and ethanol. In the vacuum chamber, the substrate
was heated for >5h at 873 K. A 20-nm thick Pt buffer
layer was deposited on the substrate at 873 K. Cr,O3 was
subsequently formed at 773 K by sputtering a pure Cr
target in an Ar and O, gas mixture. A 2-nm-thick Pt layer
was formed at room temperature. The gas pressures
during sputtering were 0.35Pa for the Cr,O3 layer and
0.5 Pa for the Pt layers. A Pt/Cr,Oj3 bilayer was also pre-
pared for XMCD measurements using an identical
deposition system. This type of film was fabricated under
the same deposition conditions, with the exception of the
Pt buffer layer.

Structural characterizations

The epitaxial growth of each layer was confirmed by
in situ reflection high-energy electron diffraction
(RHEED) and X-ray diffraction (XRD). RHEED observa-
tions were carried out in situ on the surface of every layer.
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The acceleration voltage of the electrons was 25kV, and
the emission current was typically 20 yA. XRD measure-
ments were performed ex situ with monochromatic Cu K,
irradiation. The acceleration voltage and emission current
for the XRD measurements were 45kV and 200 mA,
respectively. The X-ray reflectivity (XRR) was measured to
determine the actual thickness, density of each layer and
interface roughness. The experimentally obtained XRR
profile was fitted by the conventional theoretical model®”.
High-angle XRD profiles were measured to determine the
crystallographic orientation along the growth direction.

AHE measurements

For the AHE measurements, the films were patterned
into a Hall cross with 5pm width and 25 pm length by
conventional photolithography and Ar ion milling. The
Hall device was equipped with a bottom electrode for
application of a gate voltage Vg to the Cr,Oj layer, as
shown in Fig. la. In the device, the bottom Pt layer
functioned as the bottom electrode. The electric field E
was calculated as Vg/tcroos. The transverse resistance
(Ryy) was measured as a function of the external magnetic
field H applied perpendicular to the film plane. The
positive directions of E and H were defined as the bottom-
to-top direction, as indicated in Fig. 1a. The AHE mea-
surements were performed with the lock-in technique
using AC current. The equivalent electric circuit is shown
in Fig. 1a. The measurement temperature was varied from
150 to 270 K. The leakage current [ across the Cr,Oj3 layer
was also evaluated using the same device. The current
density J was calculated as I/A, where A is the total area
including the Hall cross and the electrode pad, 791 pmz,
which was measured using an optical microscope image
from the device used.

XMCD measurements

X-ray absorption spectroscopy (XAS) and X-ray mag-
netic circular dichroism (XMCD) spectroscopy were
performed at soft and hard X-ray beamlines BL25SU and
BL39XU of the SPring-8 synchrotron radiation facility,
respectively. The XMCD data, Ay =yt — u~, were col-
lected as the difference between the XAS for left- and
right-circularly polarized X-rays, denoted as y, and y_,
respectively. The XAS signals were detected via the total
electron yield (TEY) method at a bias voltage of —18 V for
Cr and in florescence mode using a silicon drift detector
for Pt. The incident angle of the X-ray beam was 10° from
the film normal. During the XMCD measurements, a
magnetic field was applied in a direction perpendicular to
the film. The measurement temperature was 230 K. In the
measurement at the Pt L3 edge using hard X-rays with a
large probing depth of a few pm, a Pt (2nm)/Cr,O3
(8 nm) bilayer was used to detect the XAS and XMCD
signals from the top Pt (2nm) layer, which was
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responsible for the AHE signal. On the other hand, both
the Pt (2 nm)/Cr,O3 (8, 10 nm)/Pt (20 nm) trilayer and Pt
(2 nm)/Cry,O3 (8 nm) bilayers were measured at the Cr
L, 3 edges using soft X-rays with a short probing depth of
a few nm.

DFT calculations

Calculations were carried out using the full-potential
linearized augmented plane-wave method”® in local den-
sity approximation with correlation correction +U in Cr
(U=4.0eV and J=0.58 eV)71, where spin-orbit coupling
was introduced by the second variational method. The
magnetocrystalline anisotropy (MCA) energy was deter-
mined by the force theorem’®, which is defined by the
energy difference for the magnetization oriented along the
in-plane (x-axis) and perpendicular (z-axis) directions to
the film plane. A homogenous external electric field was
applied perpendicular to the film plane. The polarity of
the electric field is defined as the direction in which an
electron accumulates in the top layer for a positive electric
field. Pt/Cr,O3 was modeled by twelve atomic layers of
Cr,03(0001) and two atomic layers of Pt(111), as shown
in Fig. 4a; here, the in-plane lattice constant matches the
experimental value of bulk Cr,Os; while the atomic
positions along the z-axis were relaxed by atomic force
calculations. At the interface, a Cr-terminated surface
structure’’ was assumed.
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