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Multistep skyrmion phase transition driven by

light-induced uniaxial strain

Bei Ding"*t, Yadong Wang'*t, Jiahui Meng't, Xuejin Wan*t, Qingping Wang®, Xinxing Xu',
Yu Zhu', Minghui Qin’, Xingsen Gao', Xiaoyan Zhongs, Furong Chen®, Jiawen Chen'*,
Yangfan Hu**, Xuewen Fu’*, Zhipeng Hou'-%*, Junming Liu

Strain engineering in skyrmion-hosting multilayers holds promising potential for spintronic devices. However,
conventional strain is below 0.5%, limiting exploration of unique properties under substantial strain. In addition,
while uniaxial strain modifies magnetic interactions anisotropically, its influence on skyrmions is underexplored.
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Here, we integrate skyrmion-hosting multilayers with a flexible liquid crystal film, enabling multistep skyrmion
phase transitions through light-induced uniaxial strain up to 1%. Our results demonstrate that skyrmion transi-
tions are sensitive to strain magnitude and orientation. Strain below 0.6% parallel to stripes transforms them into
skyrmions. Above 0.6%, skyrmions elongate perpendicularly to the strain direction, exhibiting a negative Poisson
effect, with deformation up to 40% at 0.8% strain. Further strain reverts skyrmions back into stripes. Micromagnetic
simulations reveal that these phenomena stem from strain-induced anisotropic modulation of Dzyaloshinskii-Moriya
interaction. This approach, which combines flexibility, light activation, and substantial uniaxial strain, offers a

promising strategy for low-power, multistate spintronic devices.

INTRODUCTION

Magnetic skyrmions are nanometric swirling spin configurations stabi-
lized by a delicate interplay of magnetic anisotropy and Dzyaloshinskii-
Moriya interaction (DMI) (1-12). Particularly in asymmetric heavy
metal/ferromagnet multilayered films featuring interface DMI, these
magnetic structures can be stabilized at room temperature, offering
promising potential for advancing state-of-the-art spintronic de-
vices (13-21). For practical applications, effective manipulation of
skyrmions within multilayered films is crucial. Traditionally, this
has primarily relied on spin-polarized current stimuli (I1-6), which
typically require high current density, leading to notable Joule heat-
ing. As an alternative, strain engineering can effectively avoid these
issues as it involves no electric current. What adds further intrigue
is their exotic magnetoelastic responses (22-39), including im-
proved thermal stability (32, 35, 39), controllable multistate switch-
ing (22-24), and remarkable morphological flexibility (25, 28). These
properties not only are of profound significance to fundamental
physics but also greatly expand their functional potential, providing
a transformative pathway for the future development of skyrmion-
based technologies.

'Guangdong Provincial Key Laboratory of Optical Information Materials and Tech-
nology, Institute for Advanced Materials, South China Academy of Advanced Opto-
electronics, South China Normal University, Guangzhou 510006, China. 2Guangdong
Provincial Key Laboratory of Quantum Engineering and Quantum Materials and In-
stitute for Advanced Materials, South China Academy of Advanced Optoelectronics,
South China Normal University, Guangzhou 510006, China. 3Xi'an North Qinghua
Electromechanical Co., Ltd., Xian 350300, China. *School of Materials Science and
Engineering & Research Institute of Interdisciplinary Science, Dongguan University
of Technology, Dongguan 523808, China. *College of Electronic Information and
Automation, Aba Teachers University, Pixian Street, Wenchuan 623002 China. %De-
partment of Materials Science and Engineering, City University of Hong Kong,
Kowloon, China. “Ultrafast Electron Microscopy Laboratory, The MOE Key Labora-
tory of Weak-Light Nonlinear Photonics, School of Physics, Nankai University,
Tianjin 300071, China. 8Laboratory of Solid State Microstructures and Innovation
Center of Advanced Microstructures, Nanjing University, Nanjing 211102, China.
*Corresponding author. Email: j.chen@m.scnu.edu.cn (J.C); huyf@dgut.edu.cn (Y.H.);
xwfu@nankai.edu.cn (X.F); houzp@m.scnu.edu.cn (Z.H.)

tThese authors contributed equally to this work.

Dingetal., Sci. Adv. 11, eadt2698 (2025) 14 May 2025

Despite its significance, effectively implementing strain strategies
to manipulate skyrmions in multilayered films, which are crucial
for practical device applications, remains constrained. The primary
challenge is applying a sufficiently substantial strain on the skyrmion-
hosting multilayers to overcome the energy barrier between the sky-
rmion phase and other magnetic configurations. Hitherto, the most
common approach is to integrate the multilayer with a piezoelectric
substrate subjected to an electrical field (17-19). However, the
achievable strain typically falls below 0.5%, limiting the exploration
of exotic topological magnetoelectrical properties that require sub-
stantial strain. In addition, previous studies have mostly focused on
in-plane biaxial strain, which induces isotropic modifications to the
DMI and magnetic anisotropy (18, 20, 21). In contrast, uniaxial
strain allows for anisotropic modification, but its specific impact on
the topological characteristics of skyrmions has not been thoroughly
investigated. Thus, these limitations underscore the urgent need for
developing a strain strategy that is capable of achieving substantial
uniaxial strain variations in the skyrmion-hosting multilayers.

A promising and innovative approach is to use an azobenzene
(AZO) liquid crystal film, which holds promising potential in flexi-
ble optoelectronics and display technologies (40). The AZO film
consists of AZO mesogens that enable reversible photoisomeriza-
tion. When exposed to ultraviolet (UV) light in the range of 340
to 380 nm, the AZO mesogens display a cis state with bent azo
(—N=N-—) bonds (left panel of Fig. 1A). This bending induces a sub-
stantial in-plane uniaxial tensile strain on the outer curved surface
of the liquid crystal film (right panel of Fig. 1A), which can be one
order of magnitude larger than that in the piezoelectric substrate.
Conversely, exposure to green light in the range of 420 to 550 nm
transforms the cis state into a trans state with planar azo bonds (left
panel of Fig. 1A), effectively relaxing the previously induced strain
(right panel of Fig. 1B). This reversible photoisomerization feature
allows for precise remote control of the uniaxial strain over a wide
range by delicately adjusting the light wavelength and exposure
time. Moreover, the strain can be maintained even after the light
source is removed, making it highly suitable for constructing non-
volatile devices.
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Fig. 1. Fabrication of the [Pt/Co/Tal;,/AZO heterostructure. Left panel of (A) showing the schematic diagram (upper) and molecular structure (lower) of the cis-
azobenzene state. Right panel of (A) showing the schematic diagram of the [Pt/Co/Tal12/AZO heterostructure exposed to the UV light. A uniaxial in-plane tensile strain
(red arrows) was generated at the curved surface of the heterostructure. Left panel of (B) showing the schematic diagram (upper) and molecular structure (lower) of the
trans-azobenzene state. Right panel of (B) showing the schematic diagram of the strain-free [Pt/Co/Tal;2/AZO heterostructure exposed to the green light. (C) Schematic
diagram of the [Pt/Co/Tali, (PCT)/AZO heterostructure in a rectangular coordinate system. The light-induced tensile strain (yellow arrow) orients along the x axis. Left
panel of (D) showing the STEM image of the [Pt/Co/Tal; cross section. The scale bar is 25 nm. Right panel of (D) showing the high-resolution STEM image of the [Pt/Co/
Talq; cross section. The inset shows the arrangement of Pt (green particle), Co (yellow particles), and Ta atoms (blue particles). Upper panel of (E) showing a sequence of
optical photos (I — Il — lI) that capture the deformation dynamics of the heterostructure exposed to UV light at different exposure times (t). After removal of the UV light
(IV — V), the deformation can be completely preserved. Lower panel of (E) showing a sequence of optical photos (I — Il — Ill) that capture the deformation dynamics of
the heterostructure exposed to green light at different t. After the removal of the green light (IV — V), the deformation can be completely preserved. (F) Relationship
between the strain magnitude () and the exposure time (t) for both green light (green dots) and UV light (purple dots). The red dots represent the strain magnitude cor-

responding to the optical photos displayed in (E).

In this study, we successfully combined the AZO liquid crystal
film with [Pt/Co/Ta];, multilayers, which are known to host sub-
100 nm room-temperature skyrmions (41), to explore controllable
manipulation of skyrmions’ topological characteristics through light-
generated uniaxial tensile strain using in situ magnetic force mi-
croscopy (MFM). Our results demonstrate that skyrmion behavior
is sensitive to both strain magnitude and orientation. When a small
strain (<0.6%) is applied parallel to the stripe domains, they gradu-
ally transform into circular skyrmions (CSKs) as the tensile strain
increases. However, once the strain exceeds the 0.6% threshold, these
skyrmions elongate perpendicularly to the strain direction, demon-
strating a negative Poisson effect (NPE) with a maximum morphol-
ogy deformation amplified up to 40% at 0.8% strain. Further increasing
the strain transforms the elongated skyrmions (ESKs) back into the
stripe domains. Combining with micromagnetic simulations reveals
that the multistep topological phase transition and negative Poisson
effect of skyrmions are driven by strain-induced anisotropic modu-
lation of DMI. Our work opens an exciting avenue for designing low-
power, multistate flexible spintronic devices by leveraging the photo-
striction-magnetoelasticity coupling and anisotropic modulation of
DMI in topological magnetic systems.

Dingetal., Sci. Adv. 11, eadt2698 (2025) 14 May 2025

RESULTS
Fabrication of the [Pt/Co/Ta],2/AZO heterostructure
We fabricated the [Pt/Co/Ta];2/AZO heterostructure by depositing a
[Pt (2.5 nm)/Co (2.2 nm)/Ta (1.9 nm)];,/Ta (20 nm) multilayered stack
onto a 50-pm-thick AZO liquid crystal film using the magnetron sput-
tering technique (Materials and Methods and Fig. 1C for details). Dur-
ing the sputtering process, the AZO film was affixed on a copper plate
for efficient heat dissipation, preventing possible wrinkling because of
overheating. Scanning transmission electron microscopy (STEM)
analysis of the sample’s cross section reveals that the as-prepared [Pt/
Co/Ta];, magnetic multilayer has sharp and distinct interfaces (left
panel of Fig. 1D). High-resolution STEM imaging further illustrated
that the Pt (green particles), Co (yellow particles), and Ta (blue parti-
cles) atoms orderly arranged into the parallelogram lattice (the major-
ity of the film exhibits an amorphous structure; fig. S1). Indexing their
possible crystal structure identified the parallelogram lattice as the
(110) plane within the cubic structure of Pt and Ta (space group of
Fm3m) and the hexagonal lattice as the (110) plane within the hexago-
nal structure of Co (space group of P63/mmc; right panel of Fig. 1D).
We then investigated the photostriction effect of the heterostruc-
ture by exposing it to UV (the wavelength is 365 nm) and green (the
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wavelength is 465 nm) light from the bottom of the AZO layer. The
light-induced dynamic behaviors were recorded as movies at 25
frames per second. Figure 1E displays a sequence of optical photos
extracted from these movies, illustrating the detailed the deformation
dynamics over exposure time (f). It is clearly observed that UV light
induced notable bending in the film, and the bending radius (r) in-
creased gradually with increasing ¢, eventually reaching saturation at
t =25 s (the upper row of Fig. 1E). Even after UV light was removed,
the bending remained stable, indicating a nonvolatile feature. Con-
versely, exposure to green light gradually relaxed this bending, return-
ing the heterostructure to the strain-free state (r — o) at t =40 s
(the bottom row of Fig. 1E). The longer recovery time for the green
light is attributed to the weaker absorption of the AZO film (fig. S2).

The bending of the AZO film generates a uniaxial tensile strain on
the outer curved surface of the heterostructure. Because the MFM
measurement area is only 5 pm by 5 pm, we assume that the tensile
strain orients along the in-plane direction within such a small region.
The magnitude of the resulting in-plane tensile strain (g) can be qual-
itatively calculated using the bending strain formula

-4
T or (1)

where d is the thickness of the heterostructure. As shown in Fig. 1F,
the strain can be finely tuned up to a peak value of 1% by delicately
adjusting the exposure time, providing an important basis for subse-
quent skyrmion manipulation.

€

Controllable creation and manipulation of skyrmions
through light-induced uniaxial strain

We studied the strain effect on the magnetic domain evolution pro-
cess using a homemade in situ light-induced strain setup integrated
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into the MFM, as shown in Fig. 2A. In this setup, light was injected
from the bottom right of the heterostructure, which was draped on
a quartz rod (Fig. 2B). Because of the gravity of the heterostructure,
the measurement area can stay in close contact with the curved sur-
face of the quartz rod, effectively eliminating possible height varia-
tions of the measurement area caused by light-induced sample bending
(fig. S3). Before MFM measurements, an in-plane magnetic field of
1 T was applied using the VFM3 magnetic field component to align
initial magnetic domains along the x axis, as schematically illustrat-
ed in Fig. 2B. After aligning the domains, the in-plane magnetic field
was removed, and an out-of-plane magnetic field (noH) was applied
to nucleate skyrmions.

The magnetization process of the magnetic domain structures was
first studied at the strain-free state (the bottom row of Fig. 2C). At
HoH = 0 Oe, an array of stripe domains aligned along the x axis was
observed. As poH increased, the stripe domains gradually fractured
into smaller fragments and transformed into skyrmions at a critical
magnetic field (poHc) of 130 mT. Light-induced tensile strain was
then applied along the x axis by exposing the heterostructure to the
UV light for a specific duration. After reaching the desired strain
state, the UV light was turned off, and the strain could be maintained
owing to the nonvolatile photostriction effect of the AZO film. As
shown in the middle two rows of Fig. 2C, we observed that the ap-
plication of strain caused poH, to decrease with increasing €, reach-
inga minimum value of 80 mT at & = 0.6%. In contrast to skyrmions
stabilized solely by the magnetic field (poH. = 130 mT), the neces-
sary assisting magnetic field was much lower, indicating that tensile
strain effectively shifts the skyrmion phase to a lower-energy state.
However, when the strain was applied perpendicular to the stripe
domains (along the y axis), there was no obvious decrease in poH,
over the entire € range (fig. S4), implying that the strain-assisted
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Fig. 2. Experimental setup for in situ light-induced strain MFM measurements. (A) Optical photograph of the homemade setup for in situ light-induced strain inte-
grated into the MFM. The light was injected along the bottom right of the heterostructure, and the external magnetic field was applied using the VFM3 magnetic field
component. Amplified optical photograph of the text area enclosed by the white dashed box in (A). LED, light-emitting diode. (B) Schematic illustration of the curved
sample on the quartz rod, where external magnetic field poH was applied along the c direction. (C) Magnetic field-dependent MFM images measured under a fixed strain
(€):0,0.2,0.6,and 1%. MFM tip resonant frequency shift (Af) represents the image contrast. The scale bar in the MFM images is 1 um. (D) Phase diagram of the [Pt/Co/Tal 2/
AZO heterostructure measured through fixed strain with varied magnetic field. Colors represent stripe domain, mixed phase, and skyrmion region. Different symbols in-
dicate different phase boundaries. The blue dots represent the critical magnetic field for the transformation from mix phase to skyrmion (poHs).

Dingetal., Sci. Adv. 11, eadt2698 (2025) 14 May 2025

30f9



SCIENCE ADVANCES | RESEARCH ARTICLE

skyrmion nucleation depends on the strain’s orientation relative to
the stripe domains.

We also found that, with increasing € above 0.6%, the strain’s as-
sistance effect on skyrmion nucleation was suppressed, causing poH.
to increase accordingly with increasing € (top row of Fig. 2C). This
suppression is likely due to strain-induced rotation of the stripe do-
mains, which forces them to align perpendicularly to the strain di-
rection. To better illustrate the magnetic field-dependent domain
evolution process under strain, we plotted a color map based on
more detailed MFM results (fig. S5), as shown in Fig. 2D. Here, the
yellow and blue and their intermediate areas represent the skyrmion,
stripe, and skyrmion-stripe mixing states, respectively. It is clearly
demonstrated that a relatively small uniaxial tensile strain (e <0.6%)
promotes skyrmion nucleation, while a relatively large strain (e > 0.6%)
suppresses it. On the basis of these findings, we can conclude that
both the strain magnitude and orientation play a crucial role in the
manipulation of skyrmion phase transition.

We further explored strain’s effect on domain evolution under a
fixed out-of-plane magnetic field. Figure 3A and fig. S6 show a se-
quence of MFM images capturing the e-dependent changes in mag-
netic domain at three typical magnetic fields. When poH was below
80 mT (including 80 mT), only stripe domains were observed through-
out the € cycle, suggesting that the light-induced ¢ is insufficient to
trigger a stripe-to-skyrmion transition under these magnetic field
conditions. However, when the magnetic field increased to 95 mT,
the stripe domains began to fracture as € increased and ultimately
transformed into circular skyrmions at € = 0.6%, confirming the as-
sisting effect of tensile strain on skyrmion nucleation. With € increas-
ing beyond 0.6%, the initially generated circular skyrmions were
elongated along the y axis despite the strain aligning parallel to the x
axis. This abnormal magnetoelectrical response can be identified as
the negative Poisson effect of skyrmions, in contrast to the previously

A

reported positive Poisson effect (PPE) of skyrmions in the FeGe
crystal (28). The occurrence of a negative or positive Poisson effect
is proposed to stem from the competition between DMI and mag-
netic anisotropy in specific materials. A comprehensive analysis of
the underlying physics will be presented in Discussion. The degree
of skyrmion deformation can be quantitatively described by the el-
lipse oblateness defined by

f=1-2 @

a

where a and b denote the ellipse axes perpendicular and parallel to
the tensile strain, respectively (as schematically illustrated in the in-
set of Fig. 3A). Notably, at € = 0.8%, f ranges from 20 to 40%, which
is approximately two orders of magnitude larger than that of the lat-
tice strain. Such substantial deformation suggests that skyrmion mor-
phology could serve as an additional degree of freedom for skyrmion
manipulation, providing a compelling route for the future explora-
tion in areas, such as anisotropic magnetoelectrical properties (42, 43)
and skyrmion-based multistate memories (44, 45). We attribute this
morphology flexibility to the topological protection of skyrmions,
which creates a high-energy barrier against transitioning to other do-
main structures. With € further increasing up to 1%, strain transforms
skyrmions into stripe domains. This observation suggests that the
relatively larger tensile strain functions similarly to the decrease in the
applied magnetic field, shifting the stripe phase to alower-energy state.

Notably, from a topological perspective, the stripe domains ob-
served in real materials often resemble deformed skyrmions. In this
work, we classify deformed skyrmions with a length-to-width ratio
greater than 3.0 as stripe domains, consistent with previous reports
(4, 46-48).

When the heterostructure was exposed to the green light, & decreased
accordingly with increasing exposure time. A gradual transformation
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Fig. 3. Manipulation of skyrmions through the photostriction effect. (A) Relationship between the strain magnitude (¢) and the exposure time (t) for both UV light
(purple dots) and green light (green dots). Insets showing the MFM images and corresponding schematic diagram at the dots enclosed by the red dashed boxes. A fixed
magnetic field (poH) of 95 mT was applied along the out-of-plane direction during the measuring process. The scale bar in the MFM images is 0.5 pm. CSK, circular sky-
rmion; ESK, elongated skyrmion. (B) Skyrmion-stripe binary switching achieved by exposing the heterostructure to UV light for 25 s (resulting in e = 1%) and green light
for 40 s (resulting in € = 0%). MFM tip resonant frequency shift (Af) represents the image contrast. The scale bar in the MFM images is 1 pm.

Dingetal., Sci. Adv. 11, eadt2698 (2025) 14 May 2025
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from stripe domains, back into elongated skyrmions, and then to
circular skyrmions was observed. However, because of the topologi-
cal protection, the circular skyrmion phase did not revert to the initial
stripe domains upon strain release. We also found that the transfor-
mation of the skyrmions back into the stripe domain occurred at a
narrow HoH range. For instance, when poH increased to 100 mT, the
skyrmions could not transform into the stripe domain anymore,
even though elongated skyrmions appeared at € = 1% (fig. S6). Fur-
thermore, we have achieved the stripe-skyrmion reversal switching
by exposing the heterostructure to UV light for 25 s (resulting in
€ = 1%) and green light for 40 s (resulting in € = 0%), as shown in
Fig. 3B. This light-induced switching demonstrates promising po-
tential for designing advanced flexible spintronic devices that use
photostriction-magnetoelasticity coupling.

DISCUSSION
On the basis of the [Pt/Co/Ta];,/AZO heterostructure, we have
achieved a strain-mediated light-induced multistep skyrmion phase
transition. The next step involves a detailed exploration of the un-
derlying physical mechanisms. It is widely recognized that the inter-
play between the effective magnetic anisotropy and the DMI plays a
crucial role in the stabilization of skyrmions. Therefore, we will fo-
cus on examining how the light-induced uniaxial strain affects sky-
rmion phase transitions. While the saturation magnetization and
Heisenberg exchange interaction are also important for the domain
evolution, the strain achieved in our experiments is too small to no-
tably affect them (Fig. 4A and fig. S7 for details).

First, we have calculated the strain-dependent effective magnetic
anisotropy constant (K.g) that determines the strength of magnetic
anisotropy. To characterize the variation of magnetic anisotropy in

the xy plane, we calculated two components: K’Z and Key ;, which
correspond to the area difference between the out-of-plane magne-
tization curve and the magnetization curve measured along the x
axis (Ké‘é) and y axis (Kf ;), respectively (Fig. 4A and fig. S8 for de-
tails). Notably, directly measuring magnetization curves of a curved
heterostructure may result in considerable deviation in K. To ad-
dress this issue, we deposited the [Pt/Co/Ta];, multilayer on a dented
AZO film. After relaxing the AZO film, we obtained a flat hetero-
structure with specific tensile strain, enabling more precise magne-
tization measurements.

Figure 4B illustrates the established strain-dependent K’7 and
K: ;. In the absence of strain, both constants exhibited negative val-
ues, implying in-plane magnetic anisotropy, meaning that the in-
plane direction of the heterostructure is more easily magnetized than
the out-of-plane direction. However, this does not imply that the
magnetic easy axis (MEA) lies strictly within the xy plane. Instead, it
forms a specific angle relative to the xy plane. We also observed that
the values of K% and K: ; were nearly equal. This, combined with the
angular orientation of MEA, suggests easy-cone magnetic anisotropy
at the strain-free state, as schematically illustrated in Fig. 4C. As €
increased, both K’ and K: ; increased accordingly, indicating a de-
crease in in-plane magnetic anisotropy (Fig. 4B), which suggests that
the tensile strain induces a rotation of the MEA toward the z axis (as
schematically illustrated in Fig. 4C). Moreover, the slope of the K’z-¢
curve exceeds that of the K: ;-8 curve, and the difference between K32
and Ki’ fzf increases with enhancing €. These results imply that the uni-
axial tensile strain forces the in-plane component of the MEA to
align along the y axis, that is, magnetic anisotropy transforms from
the easy-cone type to an easy-axis type under the strain stimuli, as
schematically illustrated in Fig. 4C.
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Fig. 4. Variation of magnetic anisotropy and DMI with light-induced strain. (A) Magnetization curves measured with the applied magnetic field along x (left panel)
and y (right panel) axes at a strain range of 0 to 1%. The inset is the schematic diagram of the heterostructure in a rectangular coordinate system. (B) Variation of mag-
netic anisotropy in the xy plane with the light-induced strain along the x axis (ex). Keszf (red dots) and Ké'fzf (blue dots) correspond to the area difference between the out-of-
plane magnetization curve and the magnetization curve measured along the x and y axes, respectively. The dependence of K7, or Ki'fzf with ey is fitted using a linear law.
(€) Schematic diagram for the rotation of MEA with the strain. (D) Strain-dependent domain wall energy along x (o, red dots) and y (cy, blue dots) axes. Insets are MFM
images measured at H = 0 mT. Domain periods along the x (w,) and y () axes are schematically illustrated in the insets. The scale bar is 200 nm. (E) Variation of DMI con-
stant along the x (D,) and y (D,) axes with €,,. The dependence of D, or Dy, with &,y is fitted using a linear law. (F) Schematic diagram for the transition from isotropic DMl at

the strain-free state to the anisotropic DMI at the strain state.
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Then, we studied the strain-induced variation of the effective
DMI constant (D) that determines the strength of DMI. D was cal-
culated using the domain wall energy (o) formula (19, 22, 23, 49)

6 = 4y/AKy — 7D 3)

where A is the exchan;lge constant and is assumed to be a fixed con-
stant (A = 1.7 x 107! J/m) over the whole strain range. ¢ can be
calculated on the basis of the domain spacing model (19, 22, 23, 50)

c W o 1
HoTszh =7 Odgzl <(n7)3> [1 —(1—2nnh/w)exp(— 27mh/m)] (4)
where h is the thickness of the film (h = 72 nm); ® is the low-field
domain period; and M is saturation magnetization, which is fixed
to be 750 kA/m at the both the strain-free and strained states. Com-
bining these equations demonstrates that the anisotropic Keg leads
to an anisotropic distribution of D. Specifically, K3Z and o, corre-
spond to the DMI constant along the x axis (D,), and the domain
period extends along the x axis (Fig. 4D). Similarly, the DMI con-
stant along the y axis (D)) corresponds to Key fo and oy, and the do-
main period extends along the y axis (Fig. 4D). Details about the
establishment of o, and o, are presented in fig. S9. Using the mag-
netic parameters described above, we calculated D, and D, at differ-
ent € values (Fig. 4E). At € = 0, the distribution of D is isotropic in
the xy plane. When ¢ is applied along the x axis, both D, and D,
decrease linearly. The slope of the e-D, curve (y,) is larger in abso-
lute value than that of the e-Dy curve (yy), resulting in an anisotropic
distribution of D (Dx # D,) in the xy plane, as schematically illus-
trated in Fig. 4F. This anisotropy reflects a differential response of the
DMI to the uniaxial strain along different axes, which would notably
affect the observed anisotropic skyrmion manipulation.

Using the experimentally established relationship between the strain,
DMI, and magnetic anisotropy, we conducted micromagnetic simu-
lations to further clarify their respective roles in the strain-mediated
light-induced skyrmion phase transitions. Details about the simulations
are described in Supplementary Note 1. We first set the simulated sky-
rmion phase at pH = 14 mT as the initial state, and then a tensile strain
was applied along the x axis to simulate its evolution process. The simu-
lations reveal that, with increasing strain up to 1%, skyrmions elongated
gradually along the y axis, reaching a maximum deformation of 50% at
€ = 0.4%; beyond € = 0.6%, the skyrmions transformed into stripe do-
mains (fig. S10). Simultaneously, when poH was increased to 18 mT,
the stripe domains were not formed anymore and only elongated
skyrmions appeared at € = 1%. These results are well consistent with
our experimental observations (Fig. 3A), validating our physical model.
Hereafter, we analyzed the respective roles of DMI and magnetic anisot-
ropy in the strain-induced skyrmion phase transition. Figure 5A displays
the domain structures simulated on the basis of the strain-dependent
K’z and Ki’ ; at loH = 14 mT, with D, and D, fixed to be a constant at the
strain-free state. The simulations show that applying strain along the x
axis causes the skyrmions to elongate along the x axis, exhibiting a posi-
tive Poisson effect, contrary to the y axis elongation observed in experi-
ments. In contrast, simulations considering only changes in D, and D,
demonstrate a clear multistep magnetic phase transition from circular
skyrmions to elongated skyrmions along y axis and then to stripe do-
mains. This transition agrees well with the experimental results, sug-
gesting that the observed topological phase transitions are primarily
driven by changes in DMI rather than magnetic anisotropy.
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Fig. 5. Simulated magnetic domain evolution processes by varying K and
D. The upper panel of (A) shows domain structures simulated on the basis of the
e-dependent K’Z and Kgfzf with D, and D, fixed to be their values at the strain-free
state. ¢ is applied along the x axis direction with an out-of-plane magnetic field
(poH) of 14 mT. The lower panel of (A) shows domain structures simulated on the
basis of the e-dependent Dy and D, with K2 and K’ fixed to be their values at the
strain-free state. (B) Dependence of ellipse oblateness (f) on the degree of DMl an-
isotropy in the xy plane (defined by n = 1 — D,/D,) at poH = 18 mT. A positive frep-
resents the elongation of skyrmions along the y axis, corresponding to the negative
Poisson effect (NPE) of skyrmions. Negative frepresents the elongation of skyrmions
along x-axis, corresponding to the positive Poisson effect (PPE) of skyrmions. The
magnetization along the z axis (M,) is represented by regions in red (+M,) and blue
(—M,). The scale bars in [(A) and (B)] are 200 nm. a.u., arbitrary units.

We also observed that, when the slopes of the D-¢ curve (both vy,
and y,) are fixed, variations in the initial D (i.e., D at the strain-free
state) have little impact on the skyrmion deformation but substan-
tially influence the skyrmion size (fig. S11). In contrast, decreasing
DMI anisotropy in the xy plane (defined by n =1 — D,/D,) results in
a decrease in the skyrmion deformation (Fig. 5B and fig. S12). Nota-
bly, at 1 = 0.02, skyrmion deformation reaches zero, indicating no
elongation. Further reduction in 1 causes the ellipse oblateness of
skyrmion to fall below zero, showing that skyrmions elongate along
the x axis, which corresponds to a positive Poisson effect. As estab-
lished earlier, anisotropic manipulation of DMI induces a negative
Poisson effect in skyrmions, while anisotropic changes in magnetic
anisotropy result in a positive Poisson effect. Thus, we propose that
the interplay between the DMI and magnetic anisotropy determines
whether skyrmions exhibit a positive or negative Poisson effect of
skyrmions in specific materials.

Last, we will discuss why the strain effect exhibits strong anisot-
ropy. In fig. S13, we presented the calculated energy for three types
of magnetic phase: (i) x-oriented stripe, (ii) y-oriented stripe, and
(iii) deformed skyrmions, under varying €., and a fixed out-of-plane
magnetic field of 10 mT. For € = 0%, the two stripe configurations
exhibit identical energy, indicating that the stripe orientation is iso-
tropic without strain. As e increases, the energy of both stripes in-
creases linearly, with the y-oriented stripe maintaining the lower
energy. This can be attributed to the x-oriented strain leading to a
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lower DMI constant along the y axis (Fig. 5A). In this scenario,
when the initial configuration consists of the x-oriented stripe, the
strain tends to rotate it from the x axis to the y axis. However, in real
materials, because of the pinning effect originating from factors such
as magnetic hysteresis and/or defects, the expected stripe rotation
cannot occur under relatively low strain. Only when the applied strain
is strong enough to overcome the pinning effect, this rotation occurs,
as experimentally observed in fig. S5. Furthermore, when € increases
above 0.15%, the energy of the skyrmion phase becomes lower than
that of the stripe along the x axis. As a result, the x-oriented stripe
transforms into the skyrmion phase under the strain stimuli. Because
the y-oriented stripe maintains the lowest energy, the skyrmion
phase remains stable as a metastable phase. As € continues to in-
crease above 0.3%, the skyrmion phase undergoes notable deforma-
tion, eventually losing stability. At this stage, the skyrmion phase
disappears and transforms into the y-oriented stripe. In contrast, when
the initial state consists of the y-oriented stripe, it remains as the
ground state over the whole strain range, and thus, increasing the
strain does not lead to skyrmion formation.

In conclusion, we have successfully fabricated the ferromagnetic
film/liquid crystal flexible heterostructure and systematically ex-
plored the controllable manipulation of both the skyrmion’s mor-
phology and topological phase transition through the light-generated
uniaxial tensile strain with a maximum value up to 1% using in situ
MFM. We demonstrate that, as the strain increases up to the 0.6%
threshold by delicately controlling the exposure time of UV light,
circular skyrmions undergo elongation with a negative Poisson ef-
fect, reaching a maximum degree of deformation of up to 40%. A
further increase in strain leads to the transformation of skyrmions
back into stripe domains. Through theoretical analysis and calculations,
we reveal that these exotic phenomena arise from the strain-induced
anisotropic modulation of DMI. Our work uniquely combines the
material flexibility and remote light activation with the skyrmion-
based spintronic devices that are typically designed for magnetic
memory and logic operations. This combination holds promising po-
tential for the development of intelligent vision devices that seamlessly
integrate light sensing, memory storage, and computational functions
(51, 52), thereby broadening the scope and potential applications of
skyrmion-based technologies.

MATERIALS AND METHODS

AZO fabrication

The liquid-crystalline base composition mixture is synthesized by mix-
ing (mol%) 4.15% of the AZO switch, 94.7% of liquid crystal mono-
mers (C6M/C6BP/C6BPN in a molar ratio of 1.17:2.96:1), 0.04% of the
chiral dopant (S-811), and 1.1% of the photoinitiator (Irgacure 819).
The amount of chiral dopant S-811 was adjusted to induce a 50-um
quarter pitch. All components were brought together by dissolu-
tion in dichloromethane, and then the solvent was evaporated at
40°C. Afterward, the liquid crystal was heated up to the isotropic phase
(60°C) for 3 min, injected into the liquid-crystal cell, left at 60°C for
1 hour, and then gradually cooled down to obtain the nematic phase
(40°C) before photopolymerization with visible light for 40 min us-
ing an Edmund MI-150 high-intensity illuminator equipped with a
cutoff filter (A > 420 nm, 77 to 170 mW cm™2). The polymerized film
was retained in the cell at 40°C overnight for optimal polymerization.
Polymerization was performed between two glass substrates sepa-
rated by 10- to 50-pm-thick spacers. The glass substrates were coated
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with poly(vinyl alcohol) and rubbed for promoting a twist geometry
for the liquid crystal. After photopolymerization, the polymer film
was separated from the substrates. Then, it was sliced into rectangu-
lar pieces of different sizes for the substrate of magnetic materials.

[Pt/Co/Tal12/AZO heterostructure fabrication

The [Pt (2.5 nm)/Co (2.2 nm)/Ta (1.9 nm)];,/Ta (20 nm) multilayer
was deposited on the AZO substrate by magnetron sputtering with
a base pressure lower than 5 x 10™° Pa and a working Ar pressure of
0.45 Pa. The Ta (20 nm) layer served as a buffer layer to provide a flat
surface for growing a high-quality Pt/Co/Ta multilayer.

Magnetic force microscopy measurements

The MFM observations are performed with scanning probe mi-
croscopy (MFP-3D, Asylum Research). For the measurements, a
low-moment magnetic tip (SSS-MFMR, Nanosensors) is selected,
and the distance between the tip and the sample is maintained at a
constant distance of 20 nm. Preceding the MFM measurements, a
substantial in-plane magnetic field of 1 T was preapplied to align
the initial magnetic domains along the direction of the magnetic
field. Subsequently, the in-plane magnetic field was removed and an
out-of-plane magnetic field (poH) was applied to induce the nucle-
ation of skyrmions. For the MFM measurements, a low-moment tip
with a magnetic field magnitude of less than 100 Oe was used to
minimize the influence of the tip’s stray field on the magnetic do-
main structures.

Supplementary Materials
This PDF file includes:

Figs.S1to S13

Supplementary Note 1
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