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The manipulation of magnetism with a gate voltage is expected to lead to the realization of energy-
efficient spintronics devices and high-performance magnetic memories. Exploiting magnetoionic effects
under micropatterned electrodes in solid-state devices adds the possibility of modifying magnetic prop-
erties locally, in a nonvolatile and reversible way. Tuning magnetic anisotropy, magnetization and
Dzyaloshinskii-Moriya interaction allows the modification “at will” of the dynamics of nontrivial mag-
netic textures such as skyrmions and chiral domain walls in magnetic race tracks. In this work, we illustrate
efficient magnetoionic effects in a ferrimagnetic Pt/Co/Tb/AlO, stack using a ZrO; thin layer as a solid-
state ionic conductor. When a thin layer of terbium is deposited on top of cobalt, it acquires a magnetic
moment that aligns antiparallel to that of cobalt, reducing the effective magnetization. Below the micropat-
terned electrodes, the voltage-driven migration of oxygen ions in ZrO, toward the ferrimagnetic stack
partially oxidizes the Tb layer, leading to the local variation not only of the magnetization, but also of the
magnetic anisotropy and of the Dzyaloshinskii-Moriya interaction. This leads to a huge increase in the
domain wall velocity, which varies from 10 m/s in the pristine state to 250 m/s after gating. This non-
volatile and reversible tuning of the domain wall dynamics may lead to applications to reprogrammable

magnetic memories or other spintronic devices.
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I. INTRODUCTION

The study of domain wall (DW) dynamics in magnetic
thin films is receiving considerable interest not only for
its rich physics but also in view of applications to spin-
tronic devices. The discovery that extremely large veloc-
ities can be reached by chiral Néel DWs stabilized by
the interfacial Dzyaloshinskii-Moriya interaction (DMI)
[1] driven by either magnetic fields or spin-orbit torques
[2—6] has widened the interest in this field. Recent stud-
ies have shown that electric fields provide an efficient
way to tune the DW dynamics through the modification
of interfacial magnetic properties, and in particular inter-
facial magnetic anisotropy. Relatively small variations in
the magnetic anisotropy obtained when the gate voltage is
at the origin of electronic effects (charge accumulation or
depletion) can induce large variations in the DW veloc-
ities in the thermally activated (or creep) regime, where
the DW velocity depends exponentially on the DW energy
[7-11]. Remarkably, Koyama ef al. [12] observed changes
in DW velocity exceeding 50 m/s in the depinning regime
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in Pt/Co/Pd/MgO stacks, using HfO, as dielectric layer.
The electric field effect on the magnetic anisotropy, which
is volatile when the voltage induces electronic charge
modifications, can on the other hand be persistent when
the chemical nature of the interface, and in particular its
oxidation state [13], is tuned via the migration of ionic
species through a solid-state ionic conductor (GdO,, HfO,,
710y, ...) [14-19]. The large voltage-driven modification
of the magnetic anisotropy allows the easy magneti-
zation axis of Pt/Co/oxide stacks to be switched from
out-of-plane to in-plane. Rare are the works showing
important electric-field-driven variations in DW veloci-
ties beyond the thermally activated regime, where the
DW velocities can largely exceed 100 m/s in sys-
tems with DMI [20]. Since in this regime the DW
velocities depend linearly on the magnetic parameters
(magnetization, anisotropy or DMI) much smaller vari-
ations are expected. So far, large variations in current-
driven DW velocities (up to £100 m/s) have been
observed only for synthetic antiferromagnetic stacks,
where the remanent magnetization was tuned by a con-
trolled oxidation of the upper magnetic layer driven by
ion migration [21]. In that work gating was obtained
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using an ionic liquid, with nonlocal modification of the
magnetic properties and typical gating times of several tens
of minutes.

In this work we have used the magnetoionic effect to
tune locally the field-driven DW velocity in a ferrimag-
netic Pt/Co/Tb/AlO, stack, using a ZrO, dielectric film
as oxygen ion conductor. For large magnetic fields, the
DW velocities were observed to change from a few m/s
in the pristine state, where DWs are pinned by defects, to
more than 200 m/s after the application of the gate volt-
age, where DWs reach the flow regime. We demonstrate
that the large variation in the DW velocity is associated to
the change not only of the magnetic anisotropy, but also
of the spontaneous magnetization and the DMI constant,
resulting from the voltage-driven partial oxidation of the
Tb layer.

II. SAMPLE PREPARATION AND DOMAIN WALL
DYNAMICS

Capacitorlike structures were prepared using the
procedure described in our previous works [18,19].
Ta(4)/Pt(4)/Co(1)/Tb(0.8)/Al(3) magnetic stacks (thick-
nesses in nm) were deposited by magnetron sputtering on
Si/Si0, wafers. X-ray diffraction measurements show that
the magnetic layers are polycrystalline, while x-ray reflec-
tivity measurements reveal a mean square roughness of
0.3—0.4 nm for all interfaces. After patterning the films into
1-20-um wide strips by electron beam lithography (EBL)
and ion-beam etching, a 10-nm- thick ZrO, dielectric layer

was deposited by atomic layer deposition. The oxide layer,
grown at 100 °C, has an amorphous structure. Finally, 3-
nm-thick Pt electrodes (lateral sizes 520 wm), acting
as local gates, were patterned by EBL and lift-off [see
Fig. 1(a) and [18,19]].

Before patterning, the magnetization of the sample was
measured by superconducting interference device vibrat-
ing sample (VSM-SQUID) magnetometry. The measure-
ment shows the presence of a compensation temperature at
around 100 K. The effective anisotropy energy is obtained
from the measured in-plane saturation field.

The stacks display a perpendicular magnetization as
shown by M-H hysteresis loops measured under an exter-
nal out-of-plane magnetic field. The small value of the
spontaneous magnetization (M = 0.4 MA/m) and the
presence of a compensation temperature confirm the fer-
rimagnetic nature of the samples, in which the magnetic
moments of Tb align antiparallel to those of Co.

DW dynamics was measured by polar magneto-optical
Kerr effect (MOKE) microscopy. The film magnetization
was first saturated in the out-of-plane direction. An oppo-
site magnetic field pulse B, was then applied to nucleate
a reverse domain. The DW velocity was obtained from
the displacement of the DW during the application of the
magnetic field pulses, divided by the total duration of the
pulses. Microcoils 200 um in diameter associated to a fast
pulse current generator allow us to obtain magnetic pulses
up to 500 mT with duration down to 20 ns.

In order to obtain the strength of the Hpyy field, from
which the DMI constant is extracted, DW velocities were

(a) Pt electrode (b)
— Y 2 [+ saeo
g oy, s:a:e;
n’ | state
ZrOZ I B /
Al OX © - 3 e
= t
Tb Tb/ _k
( ]
{_‘( 1'7“’7\ 2
Cc :
-12 -06 0.0 0.6 1.2
Pt Pt 1 8 2o
t A —state 0
(c) A\ 8
(e) 300 () 250 —; ol | state 2
4 state 0 @ . £ \
state 1 - %20 . 3 : \
@ state 2 st a 2 slt ¥ o L \
£ 200} ¥ E R — L
= ¥ E 50| o 7400 7410 7420 7430
g 1 B 20 g kinetic energy (eV)
9] ¥ 8 i
£
100 ¥ F 100 [ s statel (d) —— PYCo/TbOx
; i ; % P state 2
. ¢ 2| y
[a o 0 5 n % state 0 § [ N
-
. eachte : . ° M
Ob__= sak :.A. As A& M‘/.*A - ol L =’ F’g .‘ ‘7-’ & 7?77: :,:: L |
0 100 200 300 —400 —300 —200 —100 0 100 200 300 7700 7720 7740 7760
B, (mT) B, (mT) kinetic energy (eV)

FIG. 1. Effect of a negative gate voltage on magnetic parameters and DW dynamics. (a) Sketch of the multilayer stack and effect of
the migration of oxygen ions on the Al and Tb layers. (b) Out-of-plane (OOP) polar Kerr hysteresis loops versus in-plane magnetic
field B, before and after application of a negative gate voltage. (c),(d) hard x-ray photoelectron spectroscopy spectra (c) at the Al 1s
edge and (d) at the Tb 4s edge. (¢) DW velocity versus B, field modified by the gate voltage. (f) DW velocity versus in-plane field B,
showing the modification of the Hpyy field after gating.
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measured as a function of a static in-plane magnetic field,
using B, = 100 mT as driving field.

The magnetic properties of the film were locally mod-
ified below the Pt electrodes via the application of a
negative gate voltage. In our samples the efficiency of the
electric field effect relies on the transport of oxygen ions
toward the ferrimagnetic layer. We have recently shown
that it increases with the application time of the electric
field and depends exponentially on the strength of the gate
voltage [18,19]. Based on this knowledge, the gate volt-
age and its application time were progressively increased
until changes in the coercive field in the sample area below
the electrodes were observed, indicating a change in per-
pendicular magnetic anisotropy. Here we report the data
obtained for V, = —8V applied for 430 s (state 1) and
successively for V, = —10 V applied for 600 s (state 2),
conditions for which the initial properties were strongly
modified. The field-driven DW motion was studied in the
region below the Pt electrodes, both in the pristine state
and after the application of the gate voltage.

III. MAGNETOIONIC EFFECT ON MAGNETIC
PARAMETERS AND DOMAIN WALL DYNAMICS

In the pristine state (hereafter state 0), a large anisotropy
field (B = 1.7 T) is measured with MOKE, similar to that
measured by VSM SQUID before patterning [Fig. 1(b)].
In state 0 the DW velocity shows a very slow increase
with the out-of-plane magnetic field, reaching only 10 m/s
for B, =200 mT [Fig. 1(e)]. The anisotropic motion of
the DW, driven by a field B, in the presence of a static
in-plane magnetic field normal to the DW plane, con-
firms the presence of anticlockwise chiral Néel DWs and
allows us to determine the value of the DMI field [22].
The DMI field is related to the DMI constant D through
the relation woHpyy = D/ (M;A), where A = JA/Kg is
the DW parameter, 4 is the exchange stiffness, and K¢ =
K,—1 /2,u0MS2 the effective anisotropy, with K, the mag-
netocristalline anisotropy constant. In state 0, woHpm =
150 mT [Fig. 1(f)].

After the application of a negative gating leading to
state 1, a strong decrease in both the anisotropy field
(Bx = 300 mT) and the DMI field (uoHpyv = 100 mT)
is observed. This is accompanied by a huge increase in
the DW velocity in the large magnetic field regime (v =
140 m/s for B, = 150 mT).

After application of a stronger negative gate voltage, in
state 2, a further decrease in the anisotropy field and of the
DMI field is also observed (see Table I). The DW veloc-
ity increases and reaches 250 m/s, corresponding to an
unprecedented 2400% variation in the DW speed in the
flow regime.

In addition to the strong variation in the maximum
DW velocity, a significant decrease in the depinning field
(H gep), that is, the field for which the DW overcomes the
energy barrier associated to the disorder, is also observed
after gating. From Ref. [23], Hyep o< 0/M;, where o =
4/AK — 7 |D] is the DW energy density. Therefore, the
observed decrease in the depinning field after gating is con-
sistent with the observed decrease in the anisotropy field
and the increase in the spontaneous magnetization which
will be discussed in the following sections.

Note that the modification of the DW velocity after
gating is nonvolatile, as the magnetic state stabilized by
electric field persists for several weeks after the removal
of the gate voltage. The effect is also reversible, as can be
seen in Fig. 2, where we report the DW velocity driven by a
magnetic field B, = 15 mT, measured after the application
of successive positive and negative voltages. Two states
with low and high DW velocity, both in the creep regime,
are clearly observed. The ratio between the two velocities
is at least of a factor 15 for this low magnetic field, where
the DW velocity changes exponentially with B,.

IV. EFFECT OF MAGNETIC PARAMETERS ON
THE FIELD-DRIVEN DOMAIN WALL MOTION

In our previous works [18,19] we have shown that
in capacitorlike devices prepared in the same way as
the one studied here, the ZrO, dielectric layer deposited
on top of Pt/Co/MO, microstructures acts as a ionic

TABLE I. Micromagnetic parameters measured for the reference samples and for the capacitorlike sample before and after gating.

Values in italics are estimated from the micromagnetic simulations.

Sample lefr M, woHg Ker woHpwmr Dy A
(MA/m) (T (MJ/m?) (mT) (pJ/m) (pJ/m)

Reference samples

(A) Pt/Co(0.7)/Tb(1.16) 0.62 0.32 2.86 0.45 > 350 > 0.7 5

(B) Pt/C0(0.9)/Tb(0.8) 0.47 0.62 0.62 0.43 218 0.92 7

(C) Pt/Co(1.1)/Tb(0.8) 0.42 0.74 0.8 0.30 134 1 8

Capacitorlike sample

State 0 0.56 0.42 1.7 0.24 150 0.5 5

State 1 0.5 0.7 0.3 0.12 100 0.9 8

State 2 0.47 0.8 0.28 0.11 80 0.9 10
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FIG. 2. Reproducible tuning of the DW velocity by electric
field. The DWs are driven by a magnetic field B, = 15 mT using
a standard electromagnet. The white contrast in the differential
Kerr microscopy images represents the displacement of the DW
below the Pt electrode, driven by the application of a magnetic
field pulse 20 ms long. The applied voltages and their application
times were chosen so as to obtain a large variation in magnetic
anisotropy between the two states.

conductor. Under the action of a negative (positive) gate
voltage, oxygen ions are driven toward (away from)
the Co/MO, interface, modifying its oxidation state and
therefore the anisotropy of the magnetic stacks [13].
Magnetoionic effects leading to the modification of the
magnetic anisotropy driven by ion migration, generally
reversible and nonvolatile, have also been reported in other
works [15—17].

Similarly, in the Pt/Co/Tb/AlO, stack studied here we
expect that the application of a negative gate voltage
results in the oxidation first of the top Al layer and con-
sequently of the Tb layer. This is confirmed by our hard x-
ray photoelectron spectroscopy (HAXPES) measurements,
which reveal that the Al layer, which was only partially
oxidized in the pristine sample (giving two peaks in the
Al 1s spectrum), becomes completely oxidized after the
gating (only one peak characteristic of the oxide). The
comparison between the Tb 4s spectrum measured for state
2 and that of a Pt/Co/TbO, trilayer suggests that the Tb
layer is not totally oxidized. Since the HAXPES spectra of
Tb metal and Tb oxide are very similar [24] and the signal-
to-noise ratio of our measurement is limited for the deeply
buried Tb layer, this measurement cannot give us quanti-
tative information on the amount of Tb that has oxidized
after gating. Note, however, that the partial oxidation of
the Tb layer is expected to result in a decrease in the num-
ber of magnetic Tb atoms, and therefore to an increase in
the spontaneous magnetization.

The MOKE measurements used for this investigation
do not allow quantitative measurement of the effective

magnetization in the gated area of the sample. More-
over, no other quantitative probe can access to the local
magnetization of layers buried several nanometers below
the micrometer-size electrode surface.

For this reason, in order to further investigate the role of
the voltage-driven oxidation of the Tb layer on the mag-
netic parameters and the DW dynamics, we have studied
a series of reference Pt/Co/Tb/Pt multilayers, in which the
ratio of the Tb and Co thicknesses was varied, resulting
in a variety of magnetic parameters. The samples were
grown with the same procedure used for the capacitor-
like sample, but were studied in the form of continuous
layers. The spontaneous magnetization and the anisotropy
field were measured by VSM SQUID and the DW dyam-
ics with polar MOKE microscopy as for the capacitorlike
sample.

Figure 3(b) shows the variation in the spontaneous
magnetization and of the anisotropy field measured as
function of t.g = trv/(fco + t1b), Which we have chosen
as the figure of merit reflecting the weight of the Tb
layer in the magnetic stack. We note that as f.¢ increases,
the spontaneous magnetization decreases—as expected
from the antiparallel alignment of Tb and Co magnetic
moments—and the effective anisotropy field increases.
Remarkably, as the Tb content increases, the measured
DMI field increases, consistently with the decrease in
M, and the increase in K¢ [see Fig. 3(c), Table I. and
Supplemental Material [25] ].

The variation in the magnetic parameters strongly mod-
ifies the features of the DW speed curves driven by an
out-of-plane magnetic field. Figure 3(d) shows the veloc-
ity curves measured for a selection of reference samples
(called A, B, and C in the following) whose magnetic
parameters are shown in Table I. For sample A, for which
ter 18 the largest and M, the smallest, the DW velocity
increases very slowly as a function of B, not reaching the
depinning regime even for field B, = 200 mT where the
velocity is only about 50 m/s. We attribute the large depin-
ning field Hyep ¢ 0 /Mj to the large DW energy density due
to the large effective anisotropy and the low spontaneous
magnetization.

In samples B and C, as f. decreases leading to the
increase in M, and the decrease in K., the depinning field
decreases and the DW velocity curves show the features
expected for two-dimensional chiral Néel DWs in a system
with large DMI, namely, a large DW velocity that saturates
after the Walker field [6,26,27].

As shown in our previous work [6,26], by combining
the measured Walker velocity (vy = ymwD/(2M;)) and the
value of the DMI field, it is possible to estimate the value
of the exchange stiffness 4, for which the DMI constant D
extracted from the two measurements is the closest. Val-
ues changing between 8 pJ/m and 5 pJ/m are found, as
the Tb content increases [Table I and Fig. 3(c)]. These
low values of 4 compared to those found for thin Co
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Magnetic parameters and domain wall velocities for the Pt/Co/Tb/Pt reference samples. (a) Sketch of the reference samples

stacks and differential Kerr microscopy images showing the isotropic motion of the DWs driven by a field B, and the anisotropic motion
in the presence of a static in-plane field, reflecting the presence of DMI. (b) Spontaneous magnetization and in-plane anisotropy field
Versus fesr = t1v/(fco + tv). (¢) Hpwmr field and exchange stiffness as a function of #g. (d) DW velocity versus B, in Pt/Co/Tb/Pt

reference samples A, B, and C.

layers (4 &~ 16 pJ/m in our samples [6]) are in line with
the results reported for intermetallic amorphous alloys [28]
and in GdCo thin films [26,29]. The effective interfacial
DMI constants, which are weakly dependent on the sam-
ple composition, are shown in Table I for samples A, B,
and C.

The results of micromagnetic simulations for samples
B and C, using the measured magnetic parameters, show
good agreement with the experimental velocity curves (see
Supplemental Material [25]).

V. TUNING OF THE MICROMAGNETIC
PARAMETERS IN Pt/Co/Tb/AlO, AFTER GATING

In order to improve our understanding of the magne-
toionic effect on the DW dynamics, we have compared
the DW velocity curves obtained for the capacitorlike
Pt/Co/Tb/AlO, sample with those of the reference sam-
ples. The variation in the DW velocities between states 0,
1, and 2 follows the same pattern as those of samples A, B,
and C, where the spontaneous magnetization increases by
decreasing the Tb content.

The slow increase in the DW velocity in the pristine state
(state 0) is consistent with the measured low magnetiza-
tion and the large magnetic anisotropy leading to a large

depinning field, as observed in reference sample A. The
decrease in the depinning field and the strong increase in
the DW velocity after gating reflect the expected increase
in the spontaneous magnetization (as in samples B and C)
and are coherent with the measured decrease in the in-
plane saturation field. We can then confirm that the huge
change in the DW velocity after gating is due to the partial
oxidation of the Tb layer driven by oxygen ion migration.

The missing magnetic parameters (M, and 4) allowing
us to quantitatively interpret the DW velocity curves after
gating were obtained by carrying out a set of micromag-
netic simulations using the Mumax3 software [30,31] (see
Supplemental Material [25]). The simulations involved
evaluating the DW speed at B, = 200 mT using the val-
ues of the experimental anisotropy and DMI fields, while
varying the exchange stiffness and the spontaneous mag-
netization. The phase diagram generated allowed us to
determine the set of 4 and M, values that provides the
best agreement with the experimental velocities. This set
of parameters is shown in Table 1. The results of the sim-
ulations and the details of the methodology are detailed in
the Supplemental Material [25].

Some interesting features emerge: an increase in Mg
(corresponding to a decrease of approximately 0.3 nm
in the thickness of the metallic Tb layer, as extrapolated
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from the magnetic parameters of the reference samples) is
observed after gating. In parallel, the interfacial DMI con-
stant D; is observed to increase by a factor 2, going from
D; ~ 0.5 pJ/m in state 0 to Dy &~ 0.9 pJ/m after gating.
Since the oxidation of the Tb layer is expected to be inho-
mogeneous and to affect the Tb/Co interface, this result
suggests that the DMI at the Co/TbO, interface is larger
than that of the Co/TDb interface.

To conclude, we confirm that the huge variation in the
field-driven DW velocities induced by the negative volt-
age is due to the partial oxidation of the Tb layer, leading
to an increase in the magnetization, a decrease in the
anisotropy and a strong increase in the DMI constant in the
region below the micropatterned electrodes. The observed
effect is reversible and nonvolatile, as the magnetic prop-
erties are kept for several weeks after the application of
the gate voltage. This magnetoionic effect, driven by the
migration of oxygen ions across the ZrO, ionic conduc-
tor, may be easily extended to downscaled electrode sizes
[19] and its efficiency increased by optimizing the ionic
conductor thickness. The results of this work may have
promising applications in low-power logic devices and
reprogrammable memories based on DWs [32].
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