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A major challenge in spin-based electronics is reducing power consumption for magnetization switch-
ing of ferromagnets, which is implemented by injecting a large spin-polarized current. The alternative
approach is to control the magnetic anisotropy (MA) of the ferromagnet by an electric field. However,
the voltage-induced MA is too weak to deterministically switch the magnetization without an assisting
magnetic field and a strategy towards this goal remains elusive. Here, we demonstrate a scheme of orbital-
controlled magnetization switching (OCMS). A sharp change in the MA is induced when the Fermi level
is moved between energy bands with different orbital symmetries. Using a ferromagnetic oxide interface,
we show that OCMS can be used to achieve a deterministic and magnetic-field-free 90°-magnetization
switching solely by applying a small electric field of 0.05 V nm~! with a negligibly small current den-
sity of about 1072 A cm~2. Our results highlight the huge potential of band engineering in ferromagnetic

materials for efficient magnetization control.
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In present spin-based electronic devices, such as mag-
netic tunnel junctions (MTJs), magnetization switching
is implemented by either spin transfer torque (STT)
[1-3] or spin-orbit torque (SOT) [4,5]. These current-
driven switching methods require a very large current den-
sity, typically in the order of 10°~107 A cm™ for STT and
10°-10% A cm for SOT, which causes high-power con-
sumption, and thus, degrades the endurance and scalability
of the device. Therefore, there is intensified interest in
electric-field-driven schemes for magnetization switching,
the key ingredient of which is to manipulate the mag-
netic anisotropy (MA) of ferromagnetic thin films using
a bias voltage [6—16]. However, in ferromagnetic metals
[11—14], the electron charging effect by an electric field
is effective only in monolayer thin films, and modifica-
tion is, at most, 10% of the total interfacial MA energy
for a typical electric field of 1 V nm™, as also expected
from density functional theory modeling [17]. Because of
this small change in the MA energy, the demonstration
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of electric-field-driven magnetization switching always
requires an external magnetic field or a well-calibrated
sequence of ultrafast electrical pulses [13], both of which
are impractical for device applications. The magnetoelec-
tric effect in multiferroic materials, such as BiFeOs;, is
promising for reducing the power consumption of magne-
tization switching by an order of magnitude [15]; however,
in these cases, the choice of materials is limited and very
low device endurance is a problem.

In this Letter, we report that highly effective magne-
tization switching can be implemented by moving the
Fermi level (Ep) between energy bands with different-
symmetry orbitals, which is induced by a strong change of
the MA through spin-orbit interactions [Fig. 1(a)]. We call
this scheme orbital-controlled magnetization switching
(OCMS). Using an MTJ composed of Lag ¢7Sr033MnO;
(LSMO)/SrTiO; (STO)/LSMO as a model system, we
demonstrate a deterministic magnetic-field-free sharp 90°
switching of magnetization induced solely by a small
change in the electric field applied on the tunnel barrier
(~0.05 V nm™), which is two orders of magnitude smaller
than that of values reported in previous works, [11-14,17]
with a negligibly small current density (~1072 A cm™).
These results also suggest that OCMS can possibly be
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applied to a wide range of materials that have only
moderate spin-orbit interactions, such as LSMO, if the
band structure is appropriately designed.

To demonstrate OCMS, LSMO [18-20] is an ideal fer-
romagnetic material, thanks to its band structure. Immedi-
ately (~0.2 eV) below the Er in LSMO, at the LSMO/STO
interface, there is the bottom band edge of spin-up
e, orbitals and the top band edge of the £, orbitals
[21,22]. We study a MTJ structure consisting of, from the
top surface, LSMO [18 unit cells (u.c.)=7.0 nm]/STO
(10 u.c.=3.9 nm)/LSMO (40 u.c. =15.6 nm), which is
etched into a circular mesa with a diameter of 800 um
[see Fig. 1(b) and the Supplemental Material [23]]. Our
proposed scheme is illustrated in Fig. 1(c): when applying
a positive bias voltage, V, for example, carrier depletion
occurs at the top interface between LSMO and STO (left-
side interface), which moves the chemical potential (1)
downward from the e, band to the 75, band and induces a
sharp change in the MA of the top LSMO layer. To detect
this change in the MA when changing V, we measure
the characteristics of tunneling magnetoresistance (TMR)
with a magnetic field, H, applied along various in-plane
directions (Fig. 2). Here, the TMR ratio is defined as
[R(H)—R(0)]/R(H), in which R(H) represents the tunnel
resistance under H; Oy, Ov,, and Oy, are the in-plane
angles of H; and M; is the magnetization vector of the top
LSMO layer and M, is that of the bottom LSMO Ilayer,
from the [100] axis in the counterclockwise direction, as
shown in Fig. 1(b). All crystallographic axes in this work

©

Depletlon

s,

are defined with respect to the pseudocubic crystal struc-
ture of STO. In Figs. 2(a) and 2(b), at small V' (15 mV),
large and clear TMR switching occurs when H is along
the [110] axis, while it is suppressed when H is along
the [110] axis. However, as |V] is increased, the magni-
tudes of TMR ratios measured with H//[110] and H//[110]
become nearly identical (~15%). This anomalous feature
can be more clearly understood by comparing the ¥ depen-
dences of TMR between those H directions in Fig. 2(c).
The color-coded polar plots of TMR(H,fy) in Fig. 2(d)
reveal a sharp transition from a dominantly twofold sym-
metry, with an easy axis lying along the [110] direction
(see the red regions), to an almost fourfold symmetry along
the (110) axes with increasing V (see the emerging yellow
regions along the [110] axis). This result means that the
MA of the top LSMO layer does indeed change from two-
to fourfold with increasing V.

Using this sharp change in the MA, we can realize a
deterministic magnetization switching of the top LSMO
layer without assistance from an external magnetic field.
When V is changed from 200 mV to 15 mV, the easy
axis along [110] at =200 mV becomes a hard axis at
V=15 mV, while the [110] axis is always an easy axis.
Thus, the magnetization initially pointed toward [110] at
V=200 mV is rotated toward [110] when V is changed to
15 mV. Then, after V' is returned to 200 mV from 15 mV,
magnetization remains in that position ([110]). Mean-
while, when magnetization is initially pointed to [110] at
V=200 mV, it remains fixed during the change in V.

FIG. 1. (a) Deterministic and
magnetic-field-free  90°-magnetization

LSMO(top) STO

switching induced by slightly changing
the bias voltage, V, applied to the
MTIJ. This phenomenon occurs with a
change in the orbital symmetry from
e, to 1, at the chemical potential ()
of the top interface between LSMO
(ferromagnetic layer) and STO (tunnel
barrier). (b) Device structure and
measurement configuration of the
LSMO/STO/LSMO MTJ used in this
study. (c) Band profile of the MTJ
when V is positive; the green dotted
lines represent the chemical potential
levels (ttwop, Mbot) in the top and
bottom LSMO layers. There are carrier
depletion and accumulation at the top
and bottom LSMO/STO interfaces,
respectively. Thus, when increasing V'
i-bot (>0), the band character of the carriers
at (iop changes from e, to 5, symmetry
at the top LSMO/STO interface (left
inset).

LSMO (bot)
Accumulation
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To verify this scenario, after applying H= 10 kOe along =~ M, are initialized along [110] [Fig. 3(a)], one can see
[110] or [110] to align M, and M, with ¥'=200 mV, that the R value after the bias sequence does not return to
we measure the tunneling resistance, R, at zero mag- Rpogo, which indicates that M, is rotated during the bias
netic field by varying V7 in the following sequence: sequence. We estimate the relative angle, A6, of magneti-
200 mV — 15 mV — 200 mV. In Figs. 3(a) and 3(b), the  zation between the LSMO layers after the bias sequence,
dotted horizontal lines, Rpygo (Rpis) and Rapago (Rapis), using the relation (see the Supplemental Material [23])
express R values at H=0 when M; and M, are ini-
tialized in the parallel and antiparallel configurations at cos A = 2Rp200RAP200 — RRAP200 — RRPZOO‘ (1)
V=200 mV (15 mV), respectively [23]. When M, and R(Rap200 — Rp200)

(a) M; and M, initialized in [110] (b)1310 M; and Mj initialized in [T10]  (¢)
1 -
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FIG. 3. (a),(b) Time evolution of the tunneling resistance, R, of the MTJ (dark blue dots) measured at zero magnetic field, with
a bias sequence of ¥=200 mV — 15 mV — 200 mV, after applying a strong H= 10 kOe along [110] (a) and [110] (b) to align the
magnetization vectors of the top and bottom LSMO, M, and M,,. The pink and brown arrows in the yellow insets illustrate M, and M}, in
the film plane, respectively, which form an angle, A6, determined using Eq. (1). In (a), R increases by AR; from Rpi5 and by AR, from
Rpogo after the bias sequence, due to the switching of M. (c) Magnetostatic energy, £, as a function of the magnetization direction,
Om,, of the top LSMO at =200 mV and 15 mV, calculated using the estimated anisotropy fields in Table I. The local minimum of
Enmag at [110] when V=200 mV becomes unstable as V' is decreased to 15 mV, while that at [110] is always the minimum for all V.
Thus, magnetization initially pointed toward [110] (pink circle) at ¥’=200 mV rotates toward the [1 10] direction at ¥ = 15 mV, while
that initially pointed toward [110] (gray circle) at =200 mV stays fixed.
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TABLEI. Parameters of the anisotropy fields obtained from the tunneling magnetoresistance data using the Stoner-Wohlfarth model:
biaxial anisotropy field, Hu 110y, along the (110) axes; uniaxial anisotropy field, Ho[11¢), along the [110] axis; uniaxial anisotropy field,
Hy[1007, along the [100] axis; the domain wall pinning energy, €; and the spin polarization, P, of the top and bottom LSMO layers.

Bias voltage (V) Top LSMO layer Bottom LSMO layer P
Hygioy (Oe)  Hoprig) (O€)  Hapioo (Oe) € (Oe)  Hyqrigp (Oe)  Hopiio (Oe)  Hapigoy (Oe) € (Oe)

0.015 250 —130 65 330 300 —-50 20 170 0.13

0.05 420 —160 80 330 300 —-50 20 170 0.11

0.1 480 —40 50 330 300 —50 20 170 0.08

0.2 350 —20 20 330 300 —50 20 170 0.04

The estimated A6 value is 87.7°, which is in excellent
agreement with the above expectation of 90° switching of
magnetization. Furthermore, when M; and M,, are initial-
ized along [110] [Fig. 3(b)], the MTJ consistently remains
in the parallel magnetization configuration (i.e., R = Rpis
or Rpyo), as expected. Magnetization switching occurs
with an electric field of 0.05 V nm™ (=0.2 V/3.9 nm),
which is two orders of magnitude smaller than that needed
for voltage-controlled MA (~1 V nm™) in previous reports
[10-14]. The current density during this bias sequence is
neghglbly small: 1 3x 1072 A cm™ (at V=200 mV) and
59x 107 Acm™ (at V=15 mV).

As shown below, this unusually large change in the
MA is likely to be related to the change in the orbital
at the chemical potential in the top LSMO layer (pttop).
This scenario of OCMS is strongly supported by the cor-
relation between the changes in the MA fields and in the
density of states (DOS) upon changing the magnetization
direction. The derived MA fields of the LSMO layers,
which we determine from the anisotropic TMR shown in
Fig. 2(d) (see the Supplemental Material [23]), are sum-
marized in Table I. When increasing V' from 15 mV to
200 mV, the biaxial anisotropy field, H 4110y, increases by

(a) s AdldV) ()

[100] [110] [010] [T10] [T00] [TT0] [07T0] [1T0] [100]
0.3

Voltage V (V)

40% (100 Oe), while the uniaxial anisotropy fields, 5110
and Hojio01 [24,25], rapidly decay and decrease by 85%
(110 Oe) and 69% (45 Oe), respectively. This finding is
consistent with the transition of the symmetry of the MA
from two- to fourfold, as shown in Fig. 2(d). Using these
MA fields, we calculate the magnetostatic energy, Enag
[Fig. 3(c)], which reproduces the result of magnetization
switching shown in Figs. 3(a) and 3(b); the local minimum
of Enqg at [110], when V'=200 mV (filled pink circle),
becomes unstable when decreasing V' to 15 mV (dotted
pink circle), while £\, is always minimum at [110] (filled
gray circle). This result also confirms the validity of the
derived MA fields.

The change in the DOS with magnetization direction is
obtained by measuring dI/dV, with the application of a
strong magnetic field of 1 T in various directions in the
film plane, as shown in the color mapping of A(dl/dV) as
a function of V and 6y (=6ym at H= 10 kOe) in Fig. 4(a)
(see the Supplemental Material [23]). A clear change of
about £1.5% in dI/dV with twofold symmetry is induced
by rotating H. This result indicates that the DOS of the top
and bottom LSMO layers change via the spin-orbit interac-
tion when rotating the magnetization direction. The most

o

120 S

B

=

< 3
g 3
& o~

0 9 180 270 360
Angle 6y from [100] (deg)

Bias voItage V)

FIG. 4. (a) Color-mapping plot of A(dl/dV). The direction Oposmax, along which dI/dV reaches its maximum, rotates by 90° at
V="V, (=0.6 V-0.95 V) and V,, [=(—0.15 V)}~(—0.13 V)] (purple bands). (b) Absolute values of the symmetry DOS components
Copiio) and Copigg) are deduced from the magnetization-direction dependence of the DOS (dotted lines with error bars), and those of
the anisotropy fields Hyj110) and Hpi0) are obtained from the TMR data at 1'=0.015, 0.05, 0.1, and 0.2 V (closed rhombuses), as
functions of the bias voltage V. All measurements are carried out at 3.5 K.
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important feature is that the direction, 8posmax, of H, the
direction at which the DOS reaches its maximum, rotates
by 90° when V'is varied through ¥V}, =0.06 V-0.095 V and
V,=(—=0.15 V)«—0.13 V), which means that the orbital
symmetry at Ep is changed with V' [21]. We decompose
the oscillation component of the dI/dV—6y curves into
a fourfold component, Cy4110y, along (110) and twofold
components, Cyrioo) and Cypii0y, along [100] and [110],
respectively. (For the derivation of the components Cy(110),
Coriooy, and Cyi1g), see the Supplemental Material [23].)
As shown in Fig. 4(b), the absolute values of the twofold
symmetry MA fields (H110) and Hopi007) and those of
the symmetry DOS components (i.e., Cy110; and Copiooy)
show very similar dependences on V. These findings sug-
gest that the large MA change is induced by the change
in the orbital symmetry at Er. The scenario, however,
needs to be solidified by more sophisticated calculations of
the band structure and MA properties at the LSMO inter-
faces. A similar strong correlation between the MA and
DOS symmetry has been reported for the ferromagnetic
semiconductor (Ga,Mn)As [26]; this suggests the univer-
sality of this phenomenon for a wide variety of materials.
Our result highlights the large potential of using band
engineering techniques to manipulate magnetization.

In this work, as the bias voltage increases, the twofold
MA disappears and is replaced with a fourfold one at the
LSMO interface, which enables the one-way rotation of
magnetization from [110] to [110]. For reversible control
of the magnetization direction, the direction of the two-
or fourfold easy magnetization axis should be changed
with the bias voltage [e.g., in Fig. 3(c), the two-fold easy
magnetization axis at ¥'=15 mV should be switched from
[110]to[110] at a different bias voltage]. Single-crystalline
ferromagnetic quantum wells are promising candidates for
reversible magnetization rotation, in which itinerant s,p
electrons that are coupled with localized d electrons make
resonant levels. Using the ferromagnetic quantum well,
alternating reversal of the sign of the DOS symmetry,
which may lead to an alternating change of the easy mag-
netization axis, is demonstrated when switching the on-
and off-resonant states by changing the bias voltage [27].

Finally, we discuss the potential technological applica-
bility of this OCMS method, which we have demonstrated
only at the LSMO interface at low temperature (3.5 K)
and in a large MTJ (800 um in diameter) in this work. As
shown in Fig. 3(c), the potential barrier between the [110]
and [1 IO] magnetization directions at /'=200 mV, which
disappears at =15 mV, is estimated to be 53 Oe, which
corresponds to a MA constant, K, of 1.2 kJ m~. This large
K, value indicates that the two states of [110] and [110]
magnetization directions are thermally stable, even at room
temperature. At the present temperature (3.5 K), even if
we miniaturize the MTJ to as small as 21 nm in diame-
ter, the thermal stability factor A is estimated to be 60.2.
Here, A =K,v/kgT, where v is the LSMO volume, and kg

is the Boltzmann constant, and usually A > 60 is required
for a 10 year data retention time [28]. Furthermore, as
the magnetization rotation is induced by the change in the
MA energy, high-speed operation is, in principle, possible.
Therefore, OCMS is technologically promising for state-
of-the-art spin devices, if we can appropriately design the
band structure of ferromagnetic materials.
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