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Exotic magnetic textures emerging from the subtle interplay between thermodynamic and topological
fluctuation have attracted intense interest due to their potential applications in spintronic devices.
Recent advances in electron microscopy enable the imaging of random photogenerated individual
skyrmions. However, their deterministic and dynamical manipulation is hampered by the chaotic nature
of such fluctuations and the intrinsically irreversible switching between different minima in the magnetic
energy landscape. Here, we demonstrate a method to coherently control the rotation of a skyrmion crystal
by discrete amounts at speeds which are much faster than previously observed. By employing circularly
polarized femtosecond laser pulses with an energy below the band gap of the Mott insulator Cu2OSeO3, we
excite a collective magnon mode via the inverse Faraday effect. This triggers coherent magnetic oscillations
that directly control the rotation of a skyrmion crystal imaged by cryo-Lorentz transmission electron
microscopy. The manipulation of topological order via ultrafast laser pulses shown here can be used to
engineer fast spin-based logical devices.
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I. INTRODUCTION

When an electron traverses a skyrmion’s magnetic
structure, the topological ordering causes the electron’s
spin to pick up a Berry phase. This produces a Lorentz force
on the electron as well as a net force on the skyrmion
oriented perpendicular to the flow of electric current, known
as the Skyrmion Hall effect [1,2]. The effect provides a
greatly enhanced coupling of electric current to the mag-
netic texture, much more efficient than for current-driven
manipulation of domain walls [3,4]. In analogy to the case

of electric current, skyrmions present in an insulating host
material are subject to similar forces when exposed to a pure
spin current [5]. However, this process can proceed without
the Ohmic losses that exist when using electrical current.
Additionally, excitation of spins can be achieved in an
ultrafast and contact-free manner using ultrafast lasers on
femtosecond timescales [6,7].
The emergence of Cu2OSeO3 as a skyrmion hosting

Mott insulating material with multiferroic properties and
bulk Dzyaloshinskii-Moriya interaction opens the possibil-
ity to study and manipulate topological order and skyrmion
dynamics purely under the influence of magnetic excita-
tions or electric fields [8]. Additionally, spin currents and
collective oscillations in Cu2OSeO3 are shown to have an
exceptionally low damping and correspondingly long mean
free path, making them effective candidates for manipu-
lating spin order [9,10]. Recent works demonstrate the
ability to rotate the skyrmion crystal in Cu2OSeO3 via
thermally generated spin currents [11,12], electric fields
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[13,14], and a magnetic field gradient in doped crystals
[15]. In Refs. [11,12], the spin currents are induced via the
spin Seebeck effect with a strong local heat gradient
generated from a high-power electron beam. For all
previous experiments of this kind, the rotation proceeds
on the timescale of hundreds of milliseconds to seconds. To
increase the speed of these processes, faster excitation
mechanisms are required.
Recent experiments show that circularly polarized fem-

tosecond pulses of light can induce an effective magnetic
field of up to 0.6 T in a material for timescales as short as
50–100 fs and drive switching of the magnetic order via the
inverse Faraday effect [16–18]. Femtosecond light pulses
can also generate spin excitations that have pulse widths in
the femtosecond timescale and can travel up to ballistic
speeds [19–23], and single pulses are used to trigger the
generation of skyrmions in a ferromagnetic or helical
background [24,25]. However, the microscopic details of
spin excitation on ultrafast timescales are still not fully
understood. Experiments investigating these excitations are
ultimately constrained by a limited ability to directly image
spins on the relevant length (nanometer) and time (femto-
second) scales and are furthermore limited by the inher-
ently irreversible nature of many of the magnetic
phenomena studied. The development of Lorentz force
microscopy for imaging magnetic textures such as sky-
rmions coupled with ultrafast excitation of these structures
constitutes a promising tool for enhancing the understand-
ing of these spin excitations and their propagation.
In this work, we take advantage of the strong coupling

between topological ordering and collective spin oscillations
inCu2OSeO3 to drive skyrmion rotationalmotionwith single

femtosecond pulses of circularly polarized near-infrared
light. After each individual laser pulse, we image the sky-
rmion crystal in real space via in situ cryo-Lorentz force
transmission electron microscopy (LTEM). We show that
with each laser pulse we rotate the skyrmion crystal by a
controlled and irreversible amount. The magnitude of the
rotation depends sensitively upon the polarization and
fluence of the pulse. With time-varied double pulse mea-
surements performed at the fluence threshold of the observed
rotation, we show that this rotation process is driven by a
collective magnon excitation that has a characteristic exci-
tation period of approximately 175 ps. Furthermore, the
rotation can be switched on and off in a coherent manner by
changing the delay time between successive driving pulses
with the appropriate polarization. Our conceptually new
experimental protocol provides nanoscale images of irre-
versible modification of the skyrmion crystal orientation that
correspond to picosecond dynamics in thematerial. Through
real-space analysis of our images, we generate detailed
mappings of the rotations present overmacroscopic distances
(tens of microns) with a precision that is limited only by the
natural length scale of the skyrmions themselves (approx-
imately 60 nm). Additionally, the energy of the light used for
excitation (1 eV) is far beneath the band gap of the skyrmion
host material, and, thus, control can be achieved with
remarkably low values of absorbed fluence, potentially
enabling future ultrafast and highly efficient devices.

II. EXPERIMENTAL RESULTS

Figures 1(a) and 1(b) show real-space cryo-LTEM
underfocused images of the skyrmion crystal in
Cu2OSeO3 discussed in this work. Figure 1(a) shows a

FIG. 1. Illustration and schematic of laser-driven skyrmion crystal rotation process. (a) Real-space images of skyrmion crystal in
Cu2OSeO3 taken before excitation with the laser pulse and (b) after six successive near-infrared laser pulses each rotate the skyrmion
crystal by a discrete amount. Note that the angle (depicted in blue) to the horizontal changes. (c) Fourier transforms of LTEM images
following successive pulses of 8 mJ=cm2 of near-infrared femtosecond laser excitation. The angle of the hexagonal ordering of the
skyrmion crystal changes as a function of the number of pulses applied to the sample. (d) Tracking the position of a single peak in the FT
of an image while pumping the sample with individual femtosecond laser pulses. Note that σþ and σ− polarizations both rotate the
skyrmion crystal in the same direction, while linear polarization does not rotate the skyrmion crystal. The error bars are 95% confidence
intervals calculated from the data and multiplied by an uncertainty factor determined from the noise level in the data.
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metastable skyrmion crystal that forms when we cool the
thin lamella from above the Curie temperature (approx-
imately 60 K) to 5 K under an applied magnetic field of
34 mT. Further details of the complete phase diagram of
the sample are provided in Supplemental Material [26].
Next, we irradiate the sample with individual femtosecond
laser pulses having a waist much larger than the sample
size (see Appendix A 1), after which we observe that the
skyrmion crystal rotates. Figure 1(c) illustrates our pro-
cedure for tracking the rotation of the skyrmion crystal
in the real-space TEM images. After each successive
laser pulse, we take an image and then take the Fourier
transform (FT) of the real-space image (or a subsection of
an image) and calculate the angle of the FT in a polar
coordinate system. We repeat this process, allowing us
to map the change in the angle of the skyrmion crystal
following a train of pulses of near-infrared radiation.
Further details about the pulse train and imaging settings
are given in Appendix A 1. In Fig. 1(d), we extract and
plot the angle of a single peak in the FT of the skyrmion
crystal after illuminating the sample with femtosecond
pulses of light. For the circularly polarized light (both σþ
and σ−), each pulse rotates the skyrmion crystal by a
discrete amount, with the direction of rotation being the
same for both handednesses of polarization, while the
linearly polarized light does not rotate the skyrmion
crystal. This difference between the rotation of linear
and circular polarizations implies that the circularly
polarized pulses can drive excitation of magnons (the

quanta of spin current) on ultrafast timescales. The
mechanism for this excitation is known to be inverse
Faraday effect [27] and is discussed later in the text.
In Fig. 2(a), we plot the fluence dependence of the

rotation process. We observe that the magnitude of
rotation depends sensitively on the amount of laser
fluence used in the experiment. In Fig. 2(b), we show
that the threshold fluence needed to rotate the skyrmion
crystal with circularly polarized light is >1.6 mJ=cm2.
Above this threshold, the rotation amount proceeds in a
roughly linear fashion until 8 mJ=cm2. We observe that
pulses with energies above this value (approximately
10 mJ=cm2) can melt and reform the skyrmion crystal;
thus, they cannot be used to rotate the crystal in a
controlled way.
Following this fluence dependence,we study the threshold

between rotation and nonrotation using a time-resolved
technique. We split the photoexcitation pulse into two parts
with equal value, and we measure the rotation of the
skyrmion crystal as a function of the time delay between
the two pulses, each with a fluence of 1.1 mJ=cm2, corre-
sponding to half of the required fluence for the skyrmion
crystal rotation.When the pulses are combined into one pulse
at time zero, the excitation is above the threshold where
rotation occurs [see Fig. 2(a)]. In Fig. 2(c), we plot the
difference in the Fourier transform of two images: one image
taken before and one taken after two pulses are sent at the
intervals indicated (0–300 ps). We observe that rotation
occurs only when the pulses are sent at certain intervals.

FIG. 2. Fluence and time dependence of skyrmion crystal rotation. (a) Fluence dependence of skyrmion crystal rotation. The dashed
line is a linear fit to the data points with fluences from 1.6 to 8 mJ=cm2. (b) Threshold value of fluence needed to drive rotation in the
skyrmion crystal. This value of fluence (2.2 mJ=cm2) is split into two pulses and used to perform the double pulse time-resolved
experiments described in (c). Two laser pulses, each with a fluence of 1.1 mJ=cm2, are separated by a controlled delay. After the pulses
excite the sample, a Lorentz image of the magnetization is recorded. The change in the Fourier transform of the images is shown for
various time delays between pulses, illustrating that this time delay between the two pulses directly influences the observed rotation. For
clarity, the observed changes are shown after the rotation is driven by 120 pairs of pulses.
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This result is further investigated in Fig. 3. We plot the
detailed time dependence of the skyrmion crystal rotation
as a function of the pulse separation in Fig. 3(a). The blue
data points are taken for a sequence of two right-handed
circular (σþ) polarized pulses. The time dependence of the
rotation phenomenon shows an oscillation with a period of
approximately 175 ps and a damping that takes place over
the course of a nanosecond. This response can be attributed
only to the launching of a coherent collective magnetic
oscillation in the skyrmion crystal that drives the rotation
process. For the red data points, we send one pulse with σþ
polarization and a second pulse with left-handed circular
polarization (σ−) and slightly more than half the fluence
value of the first pulse (0.6 mJ=cm2). For a sequence of
σþ þ σ− pulses, we observe a coherent drive that is out of
phase with the σþ þ σþ sequence by 180° (approximately
87 ps). This is due to the polarization of the second pulse,
which can excite a magnetic field with opposite direction to
the first one via the inverse Faraday effect. The magnitude
of the rotation also has a weaker amplitude due to the
weaker amplitude of the second pulse, showing that the
process roughly scales linearly as predicted in Figs. 2(a)
and 2(b).
Next, we present a theoretical model that can help us

to understand the origin of the collective excitation obser-
ved. We compute and show theoretically in Supplemental
Material [26] that the combination of Gilbert damping, or
another source of damping (e.g., disorder), and breathing-
mode oscillations naturally leads to rotational torques,
TR
α;pump ¼ −αm0

R
d3r⃗ðdn̂=dθÞ∂tn̂ ∝ ðδMÞ2, where m0 is

the spin density, here we consider only Gilbert damping α,

n̂ the direction of the magnetization, and dn̂=dθ the change
of the magnetization as a function of the rotation angle θ.
For a clean system, we compute the rotation angle Δθα;pump

after a field pulse of amplitude δB and duration τ and obtain
(see Supplemental Material [26])

Δθα;pump ≈ γα;pump
1

αNS

�
δB
B0

�
2
�

τ

T0

�
2

; ð1Þ

where T0 is the period of the breathing mode, B0 the static
external magnetic field, NS the number of skyrmions
involved in the rotation, and γα;pump ≈ 9.7° a prefactor
for a single pulse which we determine using numerical
simulations; see Supplemental Material [26]. For a
sequence of two pulses with relative delay time Δτ, we
show in Fig. 3(b) how the rotation angle changes as a
function of Δτ. This qualitatively reproduces the exper-
imental result in Fig. 3(a). The remarkable match in the
timescales of the experimental and theoretical data con-
firms that rotational torques induced by the breathing mode
can explain our experiment.
Further analysis of our system shows that all rotations

are well completed within 5 ns. If we assume a rotation
timescale of 5–50 ns, we estimate an effective rotation rate
of 2 × 108–2 × 107 deg=s; see Supplemental Material [26].
This rotation rate is more than 6 orders of magnitude faster
than previously reported [11]. If we consider the case
of coherent control, when the oscillations are stopped
after a half period of 87 ps by a pulse of the appropriate
amplitude, the effective rotation rate could even be increased
to 2 × 1010.

FIG. 3. Detailed time dependence of skyrmion crystal rotation. (a) Double pulse timed experiments showing the rotation of the
skyrmion crystal observed as a function of the delay between the two pump pulses. The pulses either have both σþ polarization (blue
points) or a sequence of σþ=σ− polarization (red points). For the blue points, we use pulses of equal amplitude (each with 1.1 mJ=cm2)
and observe a coherent oscillation in the amplitude of rotation with a period of 175 ps that damps out progressively over a nanosecond.
For the case of σþ=σ− polarization, the second pulse of σ− polarization has half the amplitude (0.6 mJ=cm2) of the first one (1.1 mJ=cm2

with σþ polarization). Here, we observe rotation with approximately half the amplitude out of phase with the previous oscillation. The
blue and red dashed lines are a guide for the eye. Error bars (95% confidence intervals) are within the markers used. (b) Theoretical
prediction of the rotation angle θ=θ0 for such pulse sequences in a clean system where θ0 is the rotation angle for a single pulse. The
theory is based on the calculation of rotational torques arising from breathing-mode oscillations; see Supplemental Material [26].
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In Fig. 4, we use our real-space image to map the
rotation of the skyrmion crystal across macroscopic
distances while again illuminating the sample with a
train of femtosecond near-infrared (1 eV) laser pulses.
We divide the real-space image in Fig. 4(a) into 25
individual boxes, for each of which we take the FT of the
(sub)image and then plot the region around a single point
in the FT. In Figs. 4(b)–4(d), we show cutouts of the
rotation that takes place in different regions of the
sample. See Supplemental Material [26] for additional
plots of the rotation present in each subregion of a 5 × 5

grid of the sample. We find that, by analyzing subregions
of the samples, we could better isolate the different
regions of the skyrmion rotation, resulting in a higher-
quality signal. For the data presented in Fig. 4, the grid
size that leads to the best isolation of rotation regions
corresponds to an analysis subregion of 460 nm. Since
the skyrmion crystal period in this material is approx-
imately 60 nm, this corresponds to a cluster of 7–8
skyrmions across, or approximately 50 skyrmions. We
observe rotations as low as 0.05° per pulse in the Fourier
transform of our images; here, taken after a sequence of
120 pulses, this corresponds to movements of the sky-
rmions in real space of about 0.4 nm (per pulse).

III. DISCUSSION

Several mechanisms have previously been identified as
potential origins for the rotation of skyrmion crystals.
Roughly, they can be grouped into two different classes.
The first one is based on a manipulation of anisotropy
terms, e.g., by electric fields [13,14], which leads to a
rotation by a finite angle. In contrast, a continuous rotation
can be induced using the Magnus force imprinted onto the
skyrmions by electrical, spin, or heat currents. In an
inhomogeneous system, these forces lead to a rotational
torque. The inhomogeneity can arise from, e.g., a temper-
ature gradient [4] or simply radial heat currents when the
center of the skyrmion crystal is heated [11,12]. While the
latter effect may be of relevance in our experiment at high
fluence density, the polarization and time dependence of
our two-pulse low-fluence experiments in Fig. 3(a) allow us
to identify uniquely a new mechanism for the skyrmion
rotation.
As shown in Fig. 3(a), the first pulse induces a collective

oscillation of the skyrmion crystal with a period of T ¼
175 ps corresponding to a frequency of 5.7 GHz. The
origin of these oscillations is already known [16,27]: Via
the inverse Faraday effect, the polarized laser light induces
an effective magnetic-field pulse which triggers the

FIG. 4. Skyrmion crystal rotation in a real-space image from the TEM. (a) Real-space LTEM image of the magnetic structure in
Cu2OSeO3. The scale bar (bottom right) is 500 nm. Response of the skyrmion crystal after excitation by a femtosecond laser pulse train
is shown for specific regions of the film in (b)–(d). Each pulse has an energy of 8 mJ=cm2. We take the FT of each subsection of the
image and plot the angle of a single peak in the FTas a function of the number of pulses applied to the sample. The intensity corresponds
to the intensity of the peak in the Fourier transform within a region of angles. See Supplemental Material [26] for rotational maps of the
entire film.
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breathing mode of the skyrmion crystal, i.e., a coherent
oscillation of the size of each skyrmion. The magnetic-field
pulse has an amplitude of �10 mT for left- or right-
polarized light with a duration of τ ¼ 50 fs [16,28]; see
Supplemental Material [26] for details. The coherent
oscillations are enhanced if the second pulse is either in
phase with the same polarization as the first pulse or out of
phase with the opposite polarization, as seen for the red
data points. Remarkably, the skyrmion rotation starts
whenever the amplitude of the breathing-mode oscillation
is sufficiently large. This is direct experimental evidence
that collective oscillations induced by the inverse Faraday
effect lead to rotations of the skyrmion crystal.
Previous numerical and analytical studies [29,30] show

that collective magnetic oscillations can induce a transla-
tional motion of magnetic textures proportional to δM2,
where δM is the amplitude of the oscillatory mode. In the
current setting, such a translational motion is prohibited by
symmetry. Quantitatively, however, Eq. (1) predicts—for a
clean system and using the ultrashort pulse duration of our
experiment—rotation angles about 6 orders of magnitude
smaller than observed experimentally; see Supplemental
Material [26]. This shows that the Gilbert damping is
probably not the primary source of the rotational torques.
Instead, the rotational torques are most likely induced
because the breathing mode triggers a ratchetlike motion in
the disorder potential of our sample. Disorder is further-
more responsible for the fact that the rotation angle is not
proportional to δB2, instead following the typical threshold
behavior [see Fig. 2(b)] expected for a disorder-pinned
system. As the system is in a regime where pinning effects
are much more important than effects from the very weak
Gilbert damping, it is not surprising that disorder leads to
substantially larger rotational torques than predicted for a
clean system. As the forces from disorder are many orders
of magnitude larger than the forces for damping (α ∼ 10−4),
it is highly plausible that many orders of magnitude larger
rotational torques can arise from a disorder mechanism.
This is also consistent with the numerical observation in
Ref. [31] that boundaries can strongly enhance the ratchet-
like motion of skyrmions in oscillating magnetic fields.
In conclusion, our experiment shows that single ultrafast

laser pulses can trigger remarkably large rotations of
skyrmions using rotational torques induced by collective
spin oscillations and a ratchetlike motion in a disordered
system. We show that fluence, polarization, and timing can
directly control the rotation, while other parameters such as
the beam shape have not yet been explored. To modify the
spin currents and operate spin-based devices, we could
imagine using spatially varied laser beam profiles such as
Laguerre-Gaussian beams to generate tailored device
frameworks as needed for logical operations. Tightly
focusing these beams may also offer the possibility to
generate individual skyrmions, as shown in Ref. [32], while
the orbital angular momentum in the beams may lead to

even more efficient rotations [33,34]. Thus, our work offers
the possibility to design new modifiable spintronic devices
with logical bit sizes limited only by the spatial pattern of
the light used for excitation and with temporal command
sequences that can be modified on picosecond timescales.
This demonstration of picosecond control over nanometer-
scaled topological magnetic objects will lead to an array of
new device physics and allow scientists to build new
functionalities for skyrmions.
All data, code, and materials used in the analyses are

available to readers on request.
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APPENDIX: METHODS AND MATERIALS

1. Methods: Details of the experimental setup

The experiments are carried out in a modified JEOL
JEM2100 TEM [35]. In this instrument, in situ cryo-LTEM
can be performed in the Fresnel configuration [36] at
camera-rate temporal resolution (ms) using a continuous
wave electron beam generated thermionically, upon in situ
pulsed optical excitation of the specimen with a tunable
femtosecond source. The camera used for the detection of
the electrons is a Gatan® K2 direct detection camera. The
sample is cooled to 5 K using a helium-cooled sample
holder from Gatan.
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A Ti:sapphire regenerative amplifier is used to generate
35-fs pulses of light with a center wavelength at 800 nm
and a 34-nm (FWHM) bandwidth. The pulse energy
directly from the amplifier is 1.5 mJ per pulse at a 4-
kHz repetition rate, and approximately 55% of this light
(0.81 mJ) is used to convert to near-IR wavelength via an
optical parametric amplifier. After conversion to
1200 nm=1.03 eV, the pulses have the duration of 50 fs,
and we use a series of optical choppers to lower the
repetition rate to 10 Hz. In this way, we are able to use a
mechanical shutter to send individual pulses as desired or to
send a train of pulses that has a repetition rate lower than
the exposure time of our camera. For the pulse train
measurements, the pulses have a repetition rate of either
10 Hz or 10 Hz with every 3rd pulse missing (to check for
stability). The camera rate is 20 Hz. For the time-resolved
measurements, pairs of pulses are either sent individually or
at 4-Hz repetition rate, with total rotation recorded after 120
pulses and the rotation per pulse calculated by dividing the
observed rotation angle by 120. The beam is then focused
to a diameter of 40 μm (FWHM), which is much larger than
the sample size. The magnetic field in the microscope is
applied normal to the sample surface along the [111]
direction.

2. Materials: Sample preparation

A high-quality single crystal of Cu2OSeO3 is grown by
the chemical vapor transport method. 25 g of a stoichio-
metric mixture of CuO and SeO2 are sealed in a 36-mm-
diameter quartz ampule together with 100 mbar of HCl
used as transport agent. The ampule is placed in a
horizontal two-zone furnace. During the growth, source
and sink temperatures are set at 635 °C and 545 °C,
respectively. The single crystal is aligned and cut into a
cube so that the three main directions correspond to ½1−10�,
[111], and ½−1−12�, respectively. Then, choosing [111] as
the main surface, the cube is cut into slices of approx-
imately 0.5 mm thickness. The sample is thinned to about
110 nm by a focused ion beam technique. The dimensions
of the thinned lamella region of the sample are approx-
imately 10 μm × 10 μm× 100 nm.
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