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ABSTRACT

Voltage manipulation of skyrmions is a promising path toward low-energy spintronic devices. Here, voltage effects on skyrmions in a GdO,/
Gd/Co/Pt heterostructure are observed experimentally. The results show that the skyrmion density can be both enhanced and depleted by
the application of an electric field, along with the ability, at certain magnetic fields to completely switch the skyrmion state on and off.
Further, a zero magnetic field skyrmion state can be stabilized at a negative bias voltage using a defined voltage and magnetic field sequence.
The voltage effects measured here occur on a few-second timescale, suggesting an origin in voltage-controlled magnetic anisotropy rather
than ionic effects. By investigating the skyrmion nucleation rate as a function of temperature, we extract the energy barrier to skyrmion
nucleation in our sample. Further, micromagnetic simulations are used to explore the effect of changing the anisotropy and
Dzyaloshinskii-Moriya interaction on skyrmion density. Our work demonstrates the control of skyrmions by voltages, showing functionali-

ties desirable for commercial devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047892

Magnetic skyrmions are topologically non-trivial spin textures,
which are widely observed in thin film magnetic trilayers consisting of
a heavy metal (HM), a ferromagnet (FM), and a metal oxide (MO),
such as Pt/Co/MgQ," Pt/CoFeB/MgO,” Ta/CoFeB/MgO,” Ta/CoFeB/
TaO,," and so on.” A combination of perpendicular magnetic anisot-
ropy (PMA) and the Dzyaloshinskii-Moriya interaction (DMI) can
lead to a skyrmion state” ° in such systems. The strong spin—orbit cou-
pling at the HM/FM interface gives rise to PMA” and, in combination
with the broken inversion symmetry in the growth direction, DML'’
Further, PMA and DMI originate from the FM/MO interface due to
the overlapping p orbitals from oxygen and d orbitals from the ferro-
magnet.'' Skyrmions have attractive features for device applications,
such as small sizes'” and stability at room temperature,"” and can be
driven into motion by a relatively low current density."* However, the
skyrmion Hall effect,” as well as the Joule heating produced by driving
currents,'™'” has hindered the application of skyrmions to current-
driven memory devices.

As an alternative approach to current-driven devices, the voltage
control of magnetism has been widely investigated, initially in mag-
netic tunnel junctions'®”’ and then other FM/MO systems.”'
Several proposals have been made for skyrmion-based voltage

24,25 26,27

controlled memory devices, using both static™ " and mobile™"" sky-
rmions. In HM/FM/MO structures hosting skyrmions, recent experi-
ments have demonstrated the voltage control of magnetic anisotropy
(VCMA), with the additional ability to control DMI by applying
voltages.”*” In such experiments, due to the modification of these
underlying magnetic properties, skyrmions can be created, annihilated,
and laterally displaced by voltages.”’ Different mechanisms have been
proposed, which would allow the voltage control of skyrmions,
namely, changing the electron orbital filling with an electric field,”
modifying the Rashba DMI field at the FM/MO interface,” and intro-
ducing strains from flexible’” or ferroelectric’** substrates. Inspired
by the control of magnetism through ionic effects demonstrated in Pt/
Co/GdO, heterostructures,”” we explore the possibility of observing
skyrmions in such a structure and subsequently controlling them by
applied voltages.

The thin film sample studied in this work is a Ta(4)/GdO,(6)/
Gd(0.1)/Co(1)/Pt(4) (in nm) heterostructure. The sample is deposited
by magnetron sputtering at room temperature in a system with a base
pressure of ~5 x 10~% mbar. Metal layers are grown by DC sputtering
with an Ar pressure of 8 X 103 mbar, while the GdO, layer is grown
by reactive DC sputtering with a 10% O, partial pressure. The sample
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is grown with an “inverted” layer structure, with the magnetic metal
layer grown on top of GdO,. The introduction of the thin Gd metal
layer acts to reduce the oxidation of the Co layer. As shown in Fig.
1(a), the multilayer is patterned into a crossbar structure by direct
laser-writing lithography. In the patterned junction, Ta is the bottom
electrode (BE), GdO, is an insulating layer, and the Gd/Co/Pt multi-
layer is the top electrode (TE). The junction area is 50 um x 50 um.
The sign of the applied voltage is defined from the top electrode to the
bottom electrode, where a positive sign means that the voltage on the
top electrode is higher than on the bottom electrode.

Magneto-optical Kerr effect (MOKE) microscopy is used to
record and image the out-of-plane magnetization of the sample, under
externally applied out-of-plane magnetic fields and voltages. Magnetic
properties of the sample with zero voltage, such as the saturation mag-
netization M, and out-of-plane anisotropy K,, were measured on a
similar thin film sample by vibrating sample magnetometry (VSM) at
25°C (see the supplementary material for details), where
M, = 0.43 MA/m and K, = 0.18 MJ/m°. The measured M, and K,,
are lower than those of the previous reported Pt/Co/GdO, struc-
ture,””* where the difference is likely to be due to the inverted growth
sequence we use here. It has been shown, for instance, that the growth
sequence of heavy metals and magnetic layers can influence K,,, where
heavy metals on top of magnetic layers, as in our case, decrease K,,.””

To study voltage effects on the magnetic properties of the sample,
we first measure the out-of-plane hysteresis loop with constantly
applied voltages of 0V, 2V, and —2V using MOKE microscopy [Fig.
1(b)]. The results show a perpendicularly magnetized sample with
near to full remanence at zero applied voltage. A positive bias voltage
decreases the coercivity of the sample, indicating a reduction of the
perpendicular anisotropy or possibly an increase in DML***’ A
decrease in the perpendicular anisotropy or an increase in the DMI
strength reduces the domain nucleation energy.”*”* A negative bias
voltage has the reverse effect, leading to an increased coercivity. The
voltage effect is volatile, meaning that after any applied voltage is
removed, the 0V hysteresis loop is the same as before the application
of voltage. In Fig. 1(c), we show magnetization states at an applied
magnetic field of 3 mT with different applied voltages. The images are
taken after a relaxation time of one minute to allow for nucleation of
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FIG. 1. (a) Schematic of the multilayer sample with a crossbar structure. (b)
Hysteresis loops obtained by MOKE microscopy with constant bias voltages of 0, 2,
and —2V. (c) Skyrmion states at 3mT with different bias voltages of —1, 0, and
1V.
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the reversed domains. The voltage is applied throughout this process.
To verify that the observed magnetic structures are skyrmions, we
extract the DMI value, D, for the film using the measured M and K,
and assuming an exchange stiffness of A =12 pJ/m.”” We obtain
D=2.1 mJ/m”, which is slightly larger than the reported DMI value of
the Pt/Co/GdO, structure™ (see the supplementary material for fur-
ther discussion). These data can also be used to predict a skyrmion
radius of Ry = 265 nm, similar to that seen in the films (see the sup-
plementary material). The extracted parameters suggest that the sky-
rmions belong to the regime of “bubble skyrmions,” stabilized by the
stray field, as is defined in the study by Biittner et al."” In spite of the
relatively small voltage effect seen in the hysteresis loops, the skyrmion
density varies significantly with bias voltage, where more skyrmions
are observed with positive voltage and fewer with negative voltage.
Due to the resolution limit (~500 nm) of white-light MOKE micros-
copy, we are not able to observe variations of the skyrmion radius,
which might be expected from voltage-induced changes in the mag-
netic anisotropy.

On-off control of skyrmions starting from a uniform magnetiza-
tion state can be achieved by applying a suitable voltage sequence
(Fig. 2). The sample is initially saturated by a 3.5 mT out-of-plane field,
which is slightly larger than the transition field from a uniform state to
the skyrmion state at 3mT [Fig. 2(i)]. After this, a 2 V bias is applied
continuously, while the magnetic field is fixed at 3.5 mT, and the sam-
ple is imaged by MOKE microscopy after 30 s [Fig. 2(ii)]. Under these
conditions, skyrmions are created by the positive bias voltage. The
voltage is then set to —2 'V [Fig. 2(iii)], and after 30 s, most of the sky-
rmions have disappeared. Repetition of the same voltage sequence
[Figs. 2(iv) and 2(v)] produces a similar effect. The system returns to a
uniform magnetization state at 0V [Fig. 2(vi)]. Other than on-
demand voltage control of skyrmions from a uniform state shown
here, a similar real-time on-off control of magnetic skyrmions from
stripe domain states in magnetic nanodots has been demonstrated in a
multiferroic heterostructure.”

Besides the on-demand creation and annihilation of skyrmions
at 3.5mT, we find that a negative bias voltage can stabilize skyrmions
at zero magnetic field (Fig. 3). To demonstrate this, we first create a
skyrmion state at 2.8 mT without a bias voltage [Fig. 3(b)]. Then, we
apply —2 V and the magnetic field is turned off immediately afterward.
After 30 s, the skyrmion state is still similar to the initial skyrmion
state at 2.8 mT and 0V [compare Figs. 3(c) and 3(b)]. In order to con-
firm that it is the negative bias voltage that controls the stabilization of
skyrmions in zero magnetic field, we turn off the voltage subsequently.
A clear transition occurs as the skyrmions then expand and the sample
shows a multidomain state, similar to that seen at zero magnetic field
and voltage after saturation [Fig. 3(d)]. Here, by increasing the PMA
with a negative bias voltage, the skyrmions, once formed, are stabilized
against expanding to form worm-like domains.

Having shown voltage control of skyrmions in our system, we
turn to the question of underlying parameters being controlled by the
applied voltage. It has been shown that voltages could influence M,
K., and DMI D. We find that the saturated MOKE signals at different
voltages are almost identical, indicating that M, remains the same.
Due to a limited in-plane field in our MOKE system, we are not able
to measure changes in K, directly. Instead, we perform micromagnetic
simulations using the MuMax3 package to gain insight into voltage
effects on the skyrmion density. In order to achieve a spontaneous
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skyrmion state in simulations with a reasonable timescale, we adopt
the following initial parameters: M; = 0.8 x 10°® A/m, exchange con-
stant A=0.7x 10712]/m, K, =0.5 x 10°J/m>, D=1.5x 103 J/m>,
and damping constant o= 0.3. A constant perpendicular magnetic
field of 160mT is applied to nucleate skyrmions, and the simulation
temperature is set to 300K. Initially, the system is allowed to relax for
20ns, and a snapshot of the magnetization is recorded. Then, either K,
or D is modified by a certain percentage of their initial value, and the
resulting skyrmion state is recorded after a further 20ns [Fig. 4(a)].
The effect of changing K, or D is directly illustrated by a change in the
number of skyrmions, AN, compared to the initial value (AN /Np). In
Fig. 4(b), both an increase in K,, and a decrease in D lead to a decrease
in N and vice versa. Below 10% variation, the effects of changing K,
and D are fairly symmetric, with changing D being more effective for
larger variation. By comparing simulation results with Figs. 1(c) and 2,
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FIG. 3. (a) Schematic of the applied magnetic field and voltage sequence. Times
when the images in (b), (c), and (d) were captured are marked. (b) Skyrmion state
at 28mT and 0V. (c) Skyrmion state at OmT and —2V. (d) Multidomain state at
OmTand 0V. The inset shows the multidomain state at 0 mT that is attained directly
from saturation at 10 mT with zero voltage.
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FIG. 2. Real-time control of skyrmion cre-
ation and annihilation from a uniform mag-
netization state at 3.5mT with a voltage
sequence of (i) 0V, (i) 2V, (iii) =2V, (iv)
2V, (v) =2V, and (vi) 0V. Each image is
taken 30 s after changing the applied
voltage.

we infer that a negative bias voltage in our system increases K,
decreases D, or possibly both. A more quantitative comparison of sim-
ulations and our experimental results is not possible, due to the very
different timescales involved.

Another open question is the underlying physical mechanism in
our system. There are two main possible mechanisms of voltage con-
trol—orbital filling effects or voltage-induced ion migration. In order
to investigate this, we first note that in our experiments, there are two
relevant timescales: the relaxation time of the magnetic microstructure,

+10% K,

+10% D

@ il

Ons
20 ns
-10% D -10% K,
(b)
2
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Z
4 0
11
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FIG. 4. (a) Simulated changes in the skyrmion state when parameters K, and D
are changed by +10% and —10% compared to their initial value. The orange and
blue lines illustrate the timeline of the micromagnetic simulations. (b) The fractional
change in skyrmion numbers due to a fractional change in K, or D.
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which depends on the relevant thermal activation barrier, and the
response time of the voltage-induced changes in magnetic parameters
such as the PMA and the DMI. For voltage effects driven by electron
orbital filling, we would expect the changes in the parameters to occur
instantaneously on the timescales of our experiments. For ion
migration-driven changes, the timescale is less clear, but could be
expected to occur over a period of hours at room temperature.
Generally, even if the voltage controlled changes of magnetic parame-
ters are fast, it takes more time for skyrmions to nucleate or annihilate
because these processes are thermally activated. Distinguishing
between the thermal-induced relaxation and the effect of voltages
would allow us to elucidate the mechanism of voltage control. In order
to study the timescale of the voltage effect, we first investigate the short
time behavior of the sample at applied voltages. We demagnetized the
sample by an AC oscillating field in 2 s in order to exclude magnetic
relaxation effects in the Co layer. A voltage pulse is applied simulta-
neously with the demagnetization field and turned off immediately
after the sample is demagnetized. Hereafter, an image of the zero-field
domain state is taken immediately. From the domain states found for
different voltages, the average domain width of the sample is extracted
by a Gaussian fitting to the fast Fourier transformation of the domain
images [Fig. 5(a)]. Clearly, 2 s voltage pulses affect the domain width
in the demagnetized state, where a —2'V pulse increases the average
domain width and 2V has the reverse effect. This is consistent with
the changes in the skyrmion density found with longer pulses, showing
that significant effects are seen within 2 s of applying the voltage.

To study how voltage-induced changes of the magnetic parame-
ters affect the nucleation of skyrmions on longer time scales, we inves-
tigate the thermal activation of skyrmions by conducting experiments
at different temperatures. In Fig. 5(b), voltage effects on the magnetic
hysteresis loop are shown at 25 °C and 45 °C in a junction exhibiting a
skyrmion state from 1 mT to 2 mT depending on the temperature. To
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FIG. 5. (a) Average domain width obtained after demagnetization under applied 2 s
voltage pulses of —2, 0, and 2 V. The scale bar marks 5 um. (b) Hysteresis loops
of the sample at 25°C (solid lines) and 45°C (dashed lines) with —2, 0, and 2V.
(c) Time dependence of the variation of skyrmion numbers under 1.5mT when
applying a constant 2V at 25°C (blue) and 45°C (green). (d) Fitting of the
Arrhenius relation of the skyrmion creation time under 1.5mT and 2V at different
temperatures.
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investigate skyrmion nucleation, we first relax the sample at 1.5mT,
then apply a constant 2 V bias, and count the number of skyrmions as
a function of time for 1 min. Since a positive voltage could decreases
the PMA or increase the DMI, more skyrmions are created following
the application of the voltage through thermal activation [Fig. 5(c)].
By assuming that the voltage effect is effective instantaneously and
does not change with time, the following time-dependent equation of
skyrmion number N can be written with a scale factor A, a constant
skyrmion creation time 7, and initial number of skyrmions N0,41

N — Ny =A(1 — exp [—t/1]). (1)

The data of N as a function of ¢ are collected at different temperatures:
25°C, 30°C, 35°C, 40°C, and 45 °C. The value of 7 is fitted at each
temperature. If the nucleation process is determined by a single energy
barrier, then we would expect the rate to follow an Arrhenius law,

E
T = Tg €Xp |:- kB—T:| 5 (2)

where 7, is the scale factor, E is the energy barrier, kg is the Boltzmann
constant, and T is the temperature. As shown in Fig. 5(d), we fit 7 to
Eq. (2), which gives a nucleation energy barrier E=1.4¢eV for sky-
rmions at 2V and 1.5mT. Our assumption of a constant creation rate
and single energy barrier is not explicitly violated by these data.
Combined with our other experiments, this means that the voltage
effects on the parameters determining the energy barrier are likely to
be near instantaneous without longer-time effects. The direction of
voltages effects, i.e., decreasing PMA with positive voltage and vice
versa, as well as their volatility, is consistent with that found by ab initio
calculations of electronic effects at Fe/MgO interfaces, assuming that the
first interfacial Fe layer is oxidized.”” The voltage effect on skyrmions
seen here also has the same sign as in the Co/AlO, system.”” Previously,
it has been reported that changes in a Pt/Co/GdO, system were driven
by ion migration, where the mobile ions in the GdO, layer were deter-
mined to largely come from the atmosphere.”® The apparent lack of ion
migration in our system may originate from the reversed layer sequence,
where, in our case, the GdO, layer is buried under the top electrode,
blocking ion diffusion originating from the atmosphere.

In conclusion, we demonstrated on-demand creation and annihi-
lation of skyrmions by an applied electric field in a GdO,/Gd/Co/Pt
structure. Additionally, we developed a method to stabilize skyrmions
in zero magnetic field by voltage. We have investigated through simu-
lations the possible underlying magnetic parameters influenced by the
voltages. The simulation results show that changes in PMA and DMI
have similar effects on the skyrmion density, but with opposite signs.
We also looked at the timescale of the effects, showing that the voltages
have an effect within 2 s, without changing significantly on a longer
timescale. We conclude that the voltage effects derive from the modifi-
cation of the orbital filling at the Co/GdO, interface, meaning that
they are, in principle, limited by capacitive effects. Our results show
voltage controlled skyrmion effects that could be exploited for device
physics and should encourage further work in this field.

See the supplementary material for details of the extraction of the
magnetic parameters and the estimation of the DMI strength, along
with a comparison of the theoretically estimated and experimentally
extracted skyrmion radius.
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