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The Dzyaloshinskii-Moriya interaction (DMI) is an antisymmetric exchange interaction that stabilizes spin chiral-
ity. One scientific and technological challenge is understanding and controlling the interaction between spin
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chirality and electric field. In this study, we investigate an unconventional electric field effect on interfacial DMI,
skyrmion helicity, and skyrmion dynamics in a system with broken inversion symmetry. We design heterostruc-
tures with a 3d-5d atomic orbital interface to demonstrate the gate bias control of the DMI energy and thus
transform the DMI between opposite chiralities. Furthermore, we use this voltage-controlled DMI (VCDMI) to
manipulate the skyrmion spin texture. As a result, a type of intermediate skyrmion with a unique helicity is
created, and its motion can be controlled and made to go straight. Our work shows the effective control of
spin chirality, skyrmion helicity, and skyrmion dynamics by VCDMI. It promotes the emerging field of
voltage-controlled chiral interactions and voltage-controlled skyrmionics.

INTRODUCTION

Chirality is an asymmetric structural property for which an object
cannot be mapped onto its mirror image, giving rise to a handed-
ness. It is a fundamental feature that governs many essential prop-
erties in nature. In magnetic materials, inversion symmetry
breaking can give rise to chirality in exchange coupling known as
Dzyaloshinskii-Moriya interaction (DMI) (1, 2), whose Hamiltoni-
an is defined for neighboring atomic spins S j as: Hpyp = — Djj ¢ (S;
x §;) (1, 2), where D;; denotes the DMI vector. Bulk DMI arises from
limited bulk materials with inversion asymmetry in crystal (3-5).
Interfacial DMI (iDMI) (6, 7) arises from the interface of, e.g., a
heavy metal/thin-film ferromagnet (HM/FM) (8) heterostructure
with strong spin-orbit coupling. The iDMI stabilizes chiral topolog-
ical spin textures, e.g., skyrmion and domain wall (DW) (9-12). The
topological degree of freedom gives rise to abundant physics, such
as the emergent electromagnetic field and the skyrmion Hall effect.
Skyrmion/DW can also be exploited as a solitonic information
carrier that could be created, deleted, and shifted electrically (13—
15), and thus, the understanding and control of their motion
become extremely important. The characteristics of skyrmion/
DW depend intimately on the iDMI. For instance, the handedness
of homochiral DW/skyrmion is determined by the sign of iDMI
(12, 16, 17), and the relativistic solitonic motion, topological stabil-
ity, and minimum size of DW/skyrmion can vary by orders of mag-
nitude depending on the iDMI strength (18-22). Therefore,
insightful understanding and effective control of iDMI have sub-
stantial scientific and technological ramifications. Recent progress
in controlling iDMI has been made by exploring different stackings
of various HM/FM heterostructures (6, 7). The effective tuning of
iDMI has also been achieved by introducing ionic species such as
oxygen and hydrogen via chemisorption (23, 24).
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The effect of electric field on DMI and their atomic-scale under-
standing have rarely been explored. Only a limited number of pio-
neering works (25, 26) have demonstrated the effect of voltage-
controlled DMI (VCDMI), and they focused only on tuning
iDMI strength in a fixed chirality region. Furthermore, the use of
the electric field or voltage would offer a more functional device
platform that is vital for low-energy and high-speed operations
(27-29). It would also provide a unique opportunity to manipulate
the skyrmion topology and helicity and investigate the topology-
and helicity-dependent skyrmion physics, such as the skyrmion
Hall effect. Moreover, if both the chirality and strength of iDMI
can be controlled electrically to affect the motion of a homochiral
skyrmion, then it would resolve today's critical challenge in control-
ling the skyrmion motion.

Here, we provide a physical understanding of the electric field
interaction with iDMI in a heterostructure and demonstrate two ex-
perimental results. First, we show that by applying a gate bias to the
Ta/CoFeB/Ir/MgO heterostructures, the electric field on the 3d-5d
orbitals at the CoFeB-Ir interface can drive the transition of the
iDMI chirality and manipulate the iDMI strength. In particular,
we show that the iDMI energy can be changed from —100 to +12
w/m?* with a VCDMI coefficient (§ = Ajppi/Ag — fela) of & =
+130 {J/Vm. Second, we use this VCDMI effect to investigate its
effect on a homochiral skyrmion and show that the skyrmion
Hall angle can be controlled electrically by the skyrmion's helicity.
As a result, we can create a type of intermediate skyrmion with a
unique helicity such that this intermediate skyrmion can be manip-
ulated to move straight forward with a near-zero skyrmion Hall
angle. Our work provides a platform for investigating chiral inter-
actions and shows the manipulation of skyrmions for low-power
spintronics by voltage instead of electric current.
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RESULTS

Iridium interface structure for VCDMI

Studies (6-8) have revealed that the sign and magnitude of the iDMI
vector (Dj;) are determined by the interfacial electronic structure of
the HM/FM interface, and both Ta/CoFeB and Ir/CoFeB structures
were shown to have positive iDMI (6). According to Fert and Levy
(8), an inverted stacking of CoFeB/Ir could give a negative iDMI. As
illustrated in Fig. 1A, the direction of D;; is given by r; X r,, where r is
the position vector pointing from the HM atom (Ir and Ta) to the
FM atom (CoFeB). As a result, the top Ir surface has a negative
(counterclockwise) Ir DMI or Dy,, pointing out of the paper. The
bottom Ta surface has a positive (clockwise) Ta DMI or Dy, point-
ing into the paper. Therefore, from these, we conceive and design a
hetero-stack consisting of Ta/CoFeB/Ir/MgO heterostructures, with
two iDMIs (Dy, and Dy,) of opposite signs, exhibiting a competing
net iDMI. If the net iDMI (D;) or chirality is negative, the spins
rotate counterclockwise; the positive D; gives rise to clockwise
spin rotation.

If the net iDMI of the system could be tuned to zero, then this
singular point would provide opportunities to study critical phe-
nomena such as the DMI chirality transition and its effects on
chiral topological solitons such as skyrmion and DW. Hence, we
construct the [Ta(5)/CoFeB(0.9)/1r(0.03 to 0.15)/MgO(2)/Al,05.
(5)] heterostructures, with a nominal thickness in nanometers, in
which the Ir thickness variation is achieved through a wedged struc-
ture (see Materials and Methods). The Ir layer is designed to have a

smooth varying thickness to induce a gradual change in iDMI
across the wafer. The measured net iDMI, D;, as shown in
Fig. 1B, shows a monotonical decrease from +135 to —45 puJ/m?
as the Ir thickness (t1,) increases from 0 to 0.15 nm (the D; measure-
ment technique will be discussed in the next paragraph). In partic-
ular, the small D; region (+68 to —45 pJ/m?) is found between t;,
values of 0.09 and 0.15 nm, with 0.12 nm giving rise to zero-D;.
The electric field—driven DMI chirality transition, as well as its
effect on homochiral skyrmion and DW, is investigated in this
thickness range and will be discussed in the following sections.
We note that Fig. 1B displays two linear D; regions with different
slopes as a function of Ir thickness. This difference is possibly due
to the discontinuous Ir layer, i.e., some Ir atoms form discontinuous
islands when the nominal thickness t;, is too thin as in the first
segment when f1, < 0.06 nm. However, when Ir becomes thicker,
the layer becomes comparatively more continuous, and the slope
maintains constant for #;, > 0.06 nm. First-principles calculations
are presented in fig. S1 to support our experimental result and
give further insights into the atomistic understanding of iDMI.

D; is measured using a slightly modified approach based on the
well-established spin Hall torque magnetometry (30, 31), using the
spin-orbit torque (SOT)—driven DW motion to quantify the D; sign
and strength. The snapshots of DW motion and the measurement
setup are illustrated in Fig. 1C. The [Ta (5)/CoFeB (0.9)/Ir (0.03 to
0.15)/MgO (2)/Al,05 (5)] multilayers (thickness in nanometers) are
patterned into a DW racetrack-like strip structure. A down-up
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Fig. 1. Ir interface structure for studying VCDMI. (A) Material stack of Ta/CoFeB/Ir wedge. The gray circle with a black arrow denotes the FM atom. The blue and red
straight arrows represent the position vectors r; and r,. The blue and red circular arrows denote the Ir and Ta atom and their iDMI vector direction (chirality). The iDMI from
Ta/CoFeB (Dr,) and CoFeB/Ir (Dy,) interfaces are of opposite signs. (B) D; versus Ir layer thickness (t;,). Color code: Red accounts for positive D; values, white represents zero
D;, and blue denotes negative D;. (C) Snapshots of SOT-driven DW motion. Illustration of the experimental setup: DW motion device, SOT-driven down-up DW motion
under H, and J,. (D) DW spin configuration and DW motion under H, (—x direction), J, (+x direction), and o (—y direction). (i) H, = 0, the DW is a left-handed Néel type with
a +x-direction velocity V3% (Hy = 0). (ii) H{") is applied. The DW changes to Bloch type and stops its motion, Vo [H{V] = 0. (iii) H is increased to H). The DW changes to
a right-handed Néel type with a —x-direction velocity V5, [Hf(z)]; Vo = — V. (E) The full-range |Vpw| versus Hy plot. (F) Zoom-in plot of (E) near Vpw = 0 to show the
[H)((Uv VDW = 0]' [H)((I)r VDW = O]r and [H)((Z)r VIS\)I(\/] data.
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(= Mz, DW, + M) DW is nucleated on the left side of the device. As
illustrated in Fig. 1D (i), when a +x-direction electron current J, is
applied through the Ta underlayer, the spin Hall effect from the Ta
generates a spin accumulation 6 ~ —z x J, ~ —y at the Ta/CoFeB
interface (o is illustrated as the small black spins at the interface) (9,
13, 32). The o creates a damping-like torque and drives the DW
motion (9-13).

We next discuss the three steps to get the parameters for calcu-
lating the D; value. In Fig. 1D (i), no external magnetic field is
applied (H, = 0), the DW is a left-handed Néel type (counterclock-
wise rotation), and we get a +x-direction velocity Vi, [H, = 0]. In
Fig. 1D (ii), an external magnetic field H’(CI) in the —x direction is
applied to counteract the DMI effective field Hppyg to alter the DW
spin configuration. If H(!) is large enough to precisely compensate
Hpn, then the DW changes to Bloch type and stops its motion,
Vow[HWY] = 0. In Fig. 1D (iii), the field is further increased to
H». The DW changes to a right-handed Néel type (clockwise

rotation) with a —x-direction velocity V5% [HP]; here,
V& [HY] = V% [H, = 0], ie., they have the same magnitude
but with an opposite sign. The full-range |Vpw]| versus H, plot is
shown in Fig. 1E. The [H, =0,V3%], [HY, Vpw = 0], and
[H? V%] in the zoom-in plot near Vpw ~ 0 is shown in
Fig. 1F. The DMI eftective field Hppy and DW shape anisotropy
field Hpw can be obtained respectively from (30, 31)
Hpy = HY =9 Oe and 2Hpy = 2 _H(U =8 Oe; the D,
constant is then calculated as (30, 31): D; = woHpmiMsA, and
A= %;‘iz), where 1, is the vacuum permeability, M; is the satura-
tion magnetization (whose measurement is shown in fig. S2), A is
the DW width (30, 31), and t = 0.9 nm is the CoFeB thickness. From
these data, we find D; & —64.3 pJ/m? at t;, = 0.15 nm for this device.
The detailed measurement mechanism and velocity tracking tech-
nique are discussed in figs. S3 and S4, respectively.

Voltage control of the chirality and strength of iDMI
Previous theoretical studies (33, 34) reveal that the chirality and
magnitude of the iDMI are closely associated with the band filling
and hybridization between, e.g., 3d and 5d orbitals near the Fermi
level. Thus, even a tiny shift of the Fermi level could substantially
change the iDMI energy (33, 34). Our multilayer stack Ta/CoFeB/
Ir/MgO provides an ideal platform for investigating the effect of
electric field on DMI and the critical DMI chirality transition as
well as on homochiral DW/skyrmion. The thin subnanometer Ir
ensures a strong electric field at the CoFeB/Ir interface despite the
metal’s finite Coulomb screening length (few angstroms) (35). As a
result, substantial electron accumulation or depletion, resulting in a
shift of the Fermi level at the CoFeB/Ir interface, will alter the elec-
tronic structures and thus drive the DMI chirality transition.

In the experiment, the electric field is applied to the CoFeB/Ir
surface through a MgO dielectric layer, as illustrated in Fig. 2A
(left). The experimental setup is shown on the right of Fig. 2A. In
this case, the top gate is a transparent electrode (see Materials and
Methods) to observe the DW motion. We apply a top-gate voltage
(V) to the DW motion device and measure the resulting D; using
the same method discussed in the previous section. The measured
VCDMI of two representative Ir thicknesses is shown in Fig. 2B.
The data show two distinct slopes for the two Ir thicknesses: For
#;=0.15 nm, the D; changes from —100 to +12 pJ/m? with a

Dai et al., Sci. Adv. 9, eade6836 (2023) 15 February 2023

VCDMI coefficient & (§ = Aipyit/Ag — geq) of € = 130 J/Vm, and
for #,=0.06 nm, § = 25 fJ/Vm. The & (the slope) is observed to in-
crease with fy,, possibly because, again, the Ir atoms form a complete
layer as the thickness increases, giving a stronger effect of electric
field on DMI and thus a larger , consistent with Fig. 1B. The
voltage-driven D; chirality transition occurs at f;, = 0.15 nm.
When Vg < 425V, the D; remains negative, and at Vg = +25 V
(E field ~ 0.3 V/nm), D; becomes zero. Here, we define V, = +25
V as the critical voltage for zero iDMI energy, which is also the crit-
ical point that separates the opposite chiralities. As Vi increases to
+35 V (E field = 0.4 V/nm), D; changes sign and becomes positive.
Although this VCDMI effect takes place at the atomic scale, its effect
on mesoscopic homochiral DW can be directly observed from the
DW motion. The DW spin profile and snapshots of SOT-driven
DW motion under gate bias for this #;, = 0.15 nm are shown in
Fig. 2C. When Vg < V, the SOT current drives the down-up DW
to move in the +x direction, which indicates that the DW is a left-
handed Néel type (counterclockwise rotation with a negative D;). At
Vg = Vo (+25 V), the DW motion stops, indicating that the DW
transforms into a Bloch type (a zero D;). Further increase in Vg
to +35 V (Vg > V,), the DW propagation direction is reversed to
the —x direction because the DW becomes a right-handed Néel
type (clockwise rotation with a positive D;). These observations
confirm the iDMI chirality transition and reveal the interplay
between electronic structure and spin chirality as well as its
impact on mesoscopic spin textures. Micromagnetic simulations
of DW motion are presented in fig. S5 to corroborate the above find-
ings. To further confirm that this DMI-electric field effect comes
from the 3d-5d CoFeB/Ir interface, we perform a control experi-
ment for the stack without Ir insertion, Ta/CoFeB/MgO. The
results (Fig. 2D) show no obvious change in D;. The data of the
control device only show a small drop of the D; value at the
highest positive V5. However, this change is opposite to the positive
VCDMI slope as shown for the Ir device (Fig. 2B). We speculate that
this effect might come from the CoFeB/MgO interface, suggesting
that the DMI—electric field coupling could also arise between 3d FM
and 2p light elements such as oxygen. However, it needs further ex-
perimental and theoretical efforts to confirm this speculation,
which is beyond the scope of this work. Last, we perform electric
transport measurements shown in fig. S6 to rule out other effects
affecting the D, such as voltage-induced change of M.

Manipulation of the skyrmion motion

Having established the VCDMI, we next use this effect to investigate
its impact on the spin textures of homochiral skyrmions and the
helicity-dependent skyrmion Hall effect (36-38). DW and sky-
rmion are two different types of topological excitations: As shown
in previous sections, DW can be described by a one-dimensional
(1D) spin chain in which the spins can be mapped onto a unit
circle, while skyrmion is a 2D soliton whose spins can be mapped
onto a unit sphere. This extra degree of freedom gives rise to more
complex skyrmion dynamics, such as the skyrmion Hall effect (36—
38). The skyrmion Hall effect is manifested as a topology-induced
transverse velocity acquired by the current-driven skyrmions, anal-
ogous to the conventional Hall effect from the motion of a charged
particle (36-38). As a result, the skyrmions traverse with a skyrmion
Hall angle Oy relative to the current direction (in oblique motion),
as illustrated in Fig. 3A (i). Unlike the DW motion, which is con-
fined along the current direction, Bloch and Néel skyrmions tend to
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Fig. 2. Voltage control of iDMI chirality and strength. (A) Left: Ta/CoFeB/Ir/MgO heterostructures with an applied bias V. The D;'s chirality is left-handed when Vg < V,
and becomes right-handed when Vg > V. The larger-size blue and red circular arrows indicate the dominant chirality for these two V, cases. Right: Measurement setup.
The blue transparent strip denotes the top-gate electrode. (B) D; versus electric field plot for Ir thicknesses of 0.06 and 0.15 nm. For t;, = 0.15 nm, the D; becomes zero when
Vo =Vo=+25V (Efield, ~0.3 V/nm). The D, changes to +12 w/m? when Vg = +35 V > V,, (E field, ~0.4 V/nm). (C) DW spin configurations and snapshots of DW motion under
different V; values for t;, = 0.15 nm. J, is in the +x direction. When V<V, the DW moves to the right (i.e., —D;, left-handed Néel). When V¢ = V,, the DW motion stops,
indicating a vanishing D; (Bloch). When Vg = +35 V > V,, the DW motion direction reverses to the left (+D;, right-handed Néel). (D) Control experiment of VCDMI in a Ta/
CoFeB/MgO stack without Ir insertion. The D; shows negligible changes besides the data point at the highest positive electric field.

move orthogonally to each other (36), forming opposite skyrmion
Hall angles, as illustrated in Fig. 3A (i). Theoretically, the skyrmion
Hall angle Osxy can be obtained from the solution of the
Thiele equation for a skyrmion with given heljcity or
spin rotation angle v (36-38): Ogxyy = tan™! (‘% , where
G = —4nNy is the gyrotropic factor and Ny = + 1 is the s yrmion
winding number, D,, is the diagonal of the isotropic dissipation
tensor, and a is the Gilbert damping. As illustrated in Fig. 3A (ii),
the helicity or spin rotation angle y follows a spherical symmetry.
For a Néel skyrmion, y = 0 or 7, and for a Bloch skyrmion, y = 7 or
I Hence, by driving the transition between skyrmion types and
thus tuning v, a critical y can be found to make the skyrmion
Hall angle vanish Osgg = 0.

Therefore, if we could continuously deform a Néel skyrmion to
Bloch type, we might find a superposition or an intermediate state
of those two types of skyrmions. This “intermediate” skyrmion has
zero Osxy and could move straight forward along the current direc-
tion, as illustrated in Fig. 3A (i). The three types of skyrmions in
Fig. 3A are created by micromagnetic simulation using the
MuMax3 software (39), and our simulation shows that the transi-
tion between skyrmion types depends intimately on the iDMI mag-
nitude: The Néel skyrmion transforms into an intermediate
skyrmion when the D; is decreased from 500 to 200 pJ/m?, and
the intermediate skyrmion transforms into a Bloch skyrmion
when D; is below 50 pJ/m?. These D; magnitudes are obtained
from the simulation at T'= 0 K. As can be seen in the magnified
skyrmion spin texture in Fig. 3A (ii), the y of an intermediate sky-
rmion is clearly in between the Néel and Bloch types.

Dai et al., Sci. Adv. 9, eade6836 (2023) 15 February 2023

As demonstrated in earlier sections, D; of the Ta/CoFeB/Ir/MgO
heterostructures can be controlled by the Ir thickness (#;,) and elec-
tric field, thereby providing a good experimental platform for inves-
tigating the transition between skyrmion types and the helicity-
dependent skyrmion Hall motion. The CoFeB thickness increases
from 0.9 to 1.1 nm, and skyrmions are stabilized at room tempera-
ture. The D; versus t, plot is shown in Fig. 3B, showing that D; de-
creases from 0 to —45 pJ/m? as t;, changes from 0.12 to 0.15 nm.
Bloch-type magnetic stripes are present for —20 puJ/m? < D;< 0
and that of Néel-type skyrmions for D;< —30 uJ/m?. The color gra-
dient of the data points in Fig. 3 (B and C) depicts this variation
from the Bloch to the Néel state, and the emergent intermediate sky-
rmion should be located at D; of ~—25 pJ/m?, for which the sky-
rmion Hall angle Osxy is expected to be 0. We note that these D;
magnitudes are smaller than that in the simulation (T = 0 K)
because the experiments are performed at room temperature (300
K). The labels 1 to 4 denote four representative states—(1), (2), (3),
and (4)—during this variation, and their Kerr images of SOT-
driven motion are shown in Fig. 3C. For state (1): D; = 0 (t;, =
0.12 nm), Bloch stripes (label 1 in Fig. 3, B and C) are stabilized.
We note that the formation of Bloch stripes instead of Bloch sky-
rmions in the experiment is due to a different sequence of experi-
mental procedures from that in the simulation. In the experiment,
the Bloch stripes are directly nucleated by applying an external mag-
netic field. However, in the simulation, a Néel skyrmion is first
created, and because of the topological stability, it maintains its
shape and thus transforms into a Bloch skyrmion by reducing the
iDMI energy. For state (1) in Fig. 3C, the Bloch stripes are perpen-
dicular to the SOT current direction. In this geometry, the Bloch
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Fig. 3. Dependence of skyrmion motion on topological spin textures. (A) Dynamics and spin textures of Bloch, Néel, and intermediate skyrmions. (i) lllustration of the
skyrmion Hall effect. The skyrmion Hall (transverse) motion directions or 6sx of Bloch and Néel skyrmions are opposite. The intermediate skyrmion moves straight with a
zero Bskp. The micromagnetic simulated skyrmion spin textures are shown on the right. The color wheel depicts the spin direction. (ii) Magnified simulated skyrmions and
their corresponding spin rotation angles y. The intermediate skyrmion is a superposition of the Néel and Bloch skyrmion, with y in between. (B) D; versus Ir thickness. The
color depicts the variation of spin texture from pure Bloch to pure Néel type as a function of D;. Labels 1 to 4 correspond to four states. (C) Kerr images of the SOT motion
for these four states and their 65y versus D;. Each data point is an average of 50 individual tests. As D; decreases, the states change from pure Bloch stripes (state 1) to pure
Néel skyrmions (state 4). / and V are the current and motion directions. Their transverse motion changes from +y direction (states 1 and 2) to —y direction (states 3 and 4).

State 1, Osy = +90° state 2, Ogy = +70° state 3, Ok = —34°; state 4, Oy = —55°.

stripes move upward perpendicularly to the longitudinal SOT
current flow. The velocity and current directions are labeled as V
and I, and the corresponding skyrmion Hall angle is Oy = +90°
(the Osxy measurement technique is discussed in fig. S7). We
note that the Bloch DWs in previous sections are parallel to the
SOT current direction and hence have zero velocity. This geome-
try-dependent DW motion was explained by an earlier paper

Dai et al., Sci. Adv. 9, eade6836 (2023) 15 February 2023

(40). For state (2): D; = —15 pJ/m? (#;, = 0.13 nm), as D; decreases,
the Bloch stripes develop partly to a Néel feature (label 2). They still
move upward but with Osxy; decreases to +70° to the current flow.
For state (3): D; = —30 wJ/m? (t;, = 0.14 nm), the Bloch stripes trans-
form into Néel skyrmions (label 3). Notably, the transverse motion
of these Néel skyrmions is opposite to those Bloch stripes, and now,
they move downward with Ogxy decreased to —34°. For state (4): D;
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= —45 pJ/m? (f;, = 0.15 nm), the skyrmions become a pure Néel
type, and Oggyy = —55°. From this spin texture—dependent Ogxy,
we conclude that the skyrmion type transition and skyrmion Hall
effect are correlated to the iDMI chirality and energy.

Next, we investigate the voltage-controlled skyrmion Hall effect.
We use the VCDMI to drive the transition between skyrmion types
and show that state (3) skyrmion in Fig. 3C can be transformed
from Néel to the intermediate skyrmion and then to Bloch type
electrically. The detailed characterization of the topological
number of this skyrmion is discussed in fig. S8. Figure 4A (i)
shows this Néel-type skyrmion motion under zero bias. As de-
scribed before, the skyrmion moves downward with Osxyy = —34°.
A gate bias of +10 V is then applied to transform this skyrmion
into the intermediate state with zero Ogxyy, and in this case, electric
field reduces D; to a critical value. As shown in Fig. 4A (ii), the in-
termediate skyrmions travel almost straight along the —x direction.
In Fig. 4A (iii), when the gate bias is further increased to +20 V, the
intermediate skyrmion is transformed into a Bloch skyrmion, with a
transverse motion in the +y direction. As we can see in Fig. 4A,
some skyrmions get elongated (circled by the yellow oval) during

A
0V, 8, <0

Intermediate

their motion due to pinning sites. These elongated skyrmions also
serve as another observation of their skyrmion Hall angle (41). For
example, the elongated Néel skyrmion in Fig. 4A (i) forms a nega-
tive angle to the current flow, reflecting its downward (—y) trans-
verse motion. In contrast, the elongated Bloch skyrmions in Fig. 4A
(iii) form a positive angle to the current flow, reflecting their upward
(+y) transverse motion. The result of sk is summarized in Fig. 4B:
For the Néel skyrmion, Osxy = —34°; for the intermediate skyrmion,
Osku = 3°% and for the Bloch skyrmion, Ogxy = 74°. We also perform
micromagnetic simulations to corroborate our results. The simulat-
ed Néel, intermediate, and Bloch skyrmions are shown in Fig. 3A.
As discussed before, the mutual transition between them is enabled
by fine-tuning the iDMI energy. The snapshots of their SOT-driven
motion are shown in Fig. 4C, and their trajectories are plotted in
Fig. 4D. As expected, the Néel and Bloch skyrmions have opposite
skyrmion Hall angles, and the intermediate skyrmion moves
straight forward along the current direction.

B
Voltage-controlled Ogy )
80t Bloch* [
S 40} sov
T
N4
q":o 0 Intermediate;
+10 V., e
—40¢t
10 20
Voltage (V)
D
9t Skyrmion trajectory
o Bloch e
6 e Intermediate ..-".
T 3} “ Néel
5 0®®
~ 0 osase
-3t
6t '

x (nm)

Fig. 4. Voltage control of skyrmion helicity and motion. (A) Kerrimages demonstrating the voltage-controlled skyrmion types and skyrmion Hall motions. (i) Néel-type
skyrmions under 0 V have a —y-direction transverse motion. (ii) When +10 V is applied, the Néel skyrmions transform into the intermediate state, showing a straight
forward motion along the device. (iii) When +20 V is applied, the intermediate skyrmions transform into Bloch type, having a +y-direction transverse motion. The direction
of the transverse motion can also be inferred from the elongated skyrmions (circled by yellow ovals). In (A) (i), the elongated skyrmion forms a negative angle to the
current flow, indicating a —y-direction transverse motion. In (A) (iii), the elongated skyrmions form a positive angle, indicating a +y-direction transverse motion. (B) 6sxy
versus voltage plot. The corresponding 0sxy of the Néel/intermediate/Bloch skyrmions in (A) is measured and quantified. For the Néel skyrmion, Osxy = —34°; for the
intermediate skyrmion, 65k = 3°% and for the Bloch skyrmion, 65y = 74°. (C) Snapshots of micromagnetic simulated SOT-driven skyrmion motion. (D) Skyrmion trajec-
tories extracted from (C). Bloch and Néel skyrmions have opposite transverse motion directions, and the intermediate skyrmion moves straight.
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DISCUSSION

In conclusion, we have investigated the DMI—electric field interac-
tion of magnetic heterostructures and achieved the voltage-driven
DMI chirality transition. Using this VCDMI effect, the skyrmion
types along with their helicity-dependent skyrmion Hall effect
can be controlled, and a type of intermediate skyrmion with a
straight motion has been created. Our work demonstrates the un-
derstanding of the atomic-scale DMI—electric field interaction that
affects spin chirality, skyrmion helicity, and skyrmion dynamics. It
provides a platform for investigating chiral exchange interactions at
the atomic interface and their effect on the skyrmion dynamics. Our
work will attract and promote general interest in the emerging field
of voltage-controlled chiral interactions and voltage-controlled
skyrmionics.

MATERIALS AND METHODS

Layers consisting of Ta(5)/CoFeB(0.9 and 1.1)/Ir(0.03 to 0.15)/
MgO(2)/Al,05(5) were grown on Si/SiO, substrates by dc and ra-
diofrequency magnetron sputtering at room temperature (numbers
in parentheses represent thickness in nanometers). The Ir layer has
a wedge shape with a continuously changing thickness with a
nominal gradient of 0.02 nm/1 cm of the sample length. The
samples were then patterned into an array of top-gate DW
motion racetrack devices using standard photolithography tech-
niques. A 60-nm Al,O5 gate dielectric was deposited using atomic
layer deposition, and a 90-nm indium tin oxide layer was fabricated
as the transparent top-gate electrode. The dimensions of the devices
are 100 um by 5 um and 100 pm by 10 pm.

The polar magneto-optic Kerr effect (MOKE) imaging experi-
ments were carried out using a spatially (360-nm resolution) and
temporally (20-ms resolution) resolved polar MOKE microscope.
The external magnetic field was generated by a Helmholtz coil
driven by a Kepco power supply. The current pulses were applied
using a Keithley 2612A source-meter, and the dc top-gate voltages
were applied using a Keithley 2400 source-meter. All measurements
were carried out at room temperature.

Micromagnetic simulations were performed using the MuMax3
software (39). The systems were modeled using a cell size of 4 nm by
4 nm by 1.1 nm with a grid size of 1024 by 128 by 1, yielding a world
size of 4096 nm by 512 nm by 1.1 nm. The simulations used a sat-
uration magnetization of 9 x 10> A/m, an exchange constant of
1.0 x 107! J/m, and an out-of-plane uniaxial anisotropy of
5 x 10° J/m>. The system was initialized into a uniformly magne-
tized state in the z directions. The Néel skyrmion was stabilized
by an iDMI of 500 pJ/m? and a magnetic field of 0.02 T. It was trans-
formed into an intermediate skyrmion by reducing the iDMI to 200
wJ/m? and magnetic field to 0.01 T. The intermediate skyrmion was
transformed into a Bloch skyrmion by reducing the iDMI to 0 pJ/m?
and maintaining the same magnetic field of 0.01 T. The motion of
these three types of skyrmion was driven by a SOT current with a
spin Hall angle of 0.3. The details of the implementation of the sim-
ulation solvers and methods can be found in (39).
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