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1. Introduction

The discovery of a novel long-lived metastable skyrmion phase in the

multiferroic insulator Cu,0SeO; visualized with Lorentz transmission
electron microscopy for magnetic fields below the equilibrium skyrmion
pocket is reported. This phase can be accessed by exciting the sample
non-adiabatically with near-infrared femtosecond laser pulses and cannot be
reached by any conventional field-cooling protocol, referred as a hidden phase.
From the strong wavelength dependence of the photocreation process and via
spin-dynamics simulations, the magnetoelastic effect is identified as the most
likely photocreation mechanism. This effect results in a transient modification
of the magnetic free energy landscape extending the equilibrium skyrmion
pocket to lower magnetic fields. The evolution of the photoinduced phase is
monitored for over 15 min and no decay is found. Because such a time is
much longer than the duration of any transient effect induced by a laser pulse
in a material, it is assumed that the newly discovered skyrmion state is stable
for practical purposes, thus breaking ground for a novel approach to control
magpnetic state on demand at ultrafast timescales and drastically reducing
heat dissipation relevant for next-generation spintronic devices.

Magnetic skyrmions are topologically non-
trivial magnetic textures where the spins
twist in a vortex-like fashion around the
skyrmion core. Their small size and high
speed of current-induced motion make
them prospective for various spintronics
applications.['*] Implementing these con-
cepts requires solving multiple fundamen-
tal and technological challenges, such as
stabilizing room temperature and zero-field
skyrmion phases necessary for practical ap-
plications in modern information technol-
ogy. However, in most of the discovered
skyrmion-hosting compounds, skyrmions
exist only at low temperatures and require
external magnetic fields.®) Searching for
topologically nontrivial phases at ambient
conditions and exploring the ways for their
ultrafast manipulation can lead to a dif-
ferent data storage paradigm, allowingfor
faster data processing without ohmic losses.
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Figure 1. New skyrmion phase below the equilibrium skyrmion pocket in Cu,O0SeOj3. a) The field-cooling phase diagram of the Cu,0SeO; lamella. "FP"
is the field-polarized state, and "PM" denotes the paramagnetic state. b) After field cooling the sample below the equilibrium skyrmion pocket (14 mT),
only the helical state is visible in the real-space LTEM image measured at 5 K. c) After the arrival of a single 780 nm laser pulse, the magnetic state of
the sample contains coexisting skyrmion and helical phases. d) Protocol followed to attempt accessing the novel skyrmion phase at low magnetic fields
by field cooling. €) The skyrmion phase at 5 K and 40 mT generated by field cooling the sample through the Curie temperature. f) After decreasing the
magnetic field to 14 mT, the skyrmions disappear, and the helical phase emerges. Scale bars in (b), (), (e), (f): Tum.

Insulating skyrmion hosting compounds are of high inter-
est due to low Gilbert damping,”! which allows for studying
the propagation of magnons through a skyrmion crystal®®! or
thermal-gradient-induced skyrmion motion.'”! However, such
materials are very rare, including multiferroic Cu,0SeO;!! and
Tm,Fe;O,, , where the topological Hall effect was detected at
room temperature in Pt/TmlIG heterostructures.[?l Cu,0SeO,
is the ideal candidate for studying the light-induced effects
due to its bulk Dzyaloshinskii-Moriya interaction (DMI) and a
rich phase diagram containing various low-temperature mag-
netic phases.[3] The material exhibits a bandgap of 2.5 eVl
and a local maximum of absorption around 1.5 eV corre-
sponding to the transitions between the 3d levels of Cu split
by crystal field effects.'”] The equilibrium skyrmion phase
in Cu,0Se0, can be tuned by an external electric field,!1¢1]
and the electric field-induced creation of skyrmions was re-
cently demonstrated.[’®! The mechanical strain plays an im-
portant role in stabilizing skyrmions in Cu,0SeO;, evidenced
by a significant expansion of the skyrmion phase at high
pressures.[*°]

Light stimulation provides a fast and versatile way to con-
trol the structural and magnetic properties of the materials.2!
The coupling between light and the magnetic state of a sam-
ple occurs via several mechanisms. These include coupling be-
tween the magnetic and the electronic subsystems at an elevated
temperature,/?!l nonlinear phononics,!??l a transient magnetic
field generated via the inverse Faraday effect,[?*? or the mag-
netoelastic effect.?’! The previous experiments on the photocre-
ation of topological magnetic textures focused on metallic com-
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pounds, where the transient heating of the material was identi-
fied as the primary microscopic mechanism.[26-28]

In this work, we demonstrate the photoinduced creation of
skyrmions by a single NIR femtosecond pulse outside the adi-
abatically accessible regime. We visualized the skyrmions by the
Lorentz transmission electron microscopy (LTEM) technique,
which provides a high spatial resolution for studying the mag-
netic materials on the nanoscale.l*3!l We successfully gener-
ated the skyrmions at low magnetic fields below the equilib-
rium skyrmion pocket in Cu,0SeO; by 780 nm and 1200 nm
pulses. Considering the low absorption of Cu,0SeO, at 1200 nm,
the reported results are relevant for low-power skyrmion-based
applications.[]

2. Results

The equilibrium phase diagram of the Cu,0SeO, lamella was
measured by field cooling the sample from 65 K at different mag-
netic fields and is presented in Figure 1a. The cooling rate was
~1 K s71. Field cooling in magnetic fields lower than 24 mT re-
sults in the appearance of a helical phase below the ordering tem-
perature T.. Magnetic fields exceeding 50 mT correspond to the
conical or field polarized (FP) states, which are indistinguishable
in the LTEM images. The boundary between these two phases is
indicated by a dashed line in Figure 1a,d. The measured T, of 40
K is lower than the value of 59 K reported earlier.'!] This discrep-
ancy might be explained by the difference in the actual sample
temperature and the temperature measured by the thermocouple
of the sample holder or by the fact that we studied a thin lamella
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Figure 2. The stability of the photocreated skyrmion phase. a—c) The LTEM images of the Cu,0SeO; lamella at 5 K and 14 mT one second before (a),
one second after (b), and 40 s after (c) the irradiation of the sample by an optical pulse. The insets show the Fourier transform (FT) patterns calculated

over the corresponding images. Scale bar is 1 um.

(150 nm) that may have a different T,. and phase diagram than
the bulk crystal measured in ref. [11].

The skyrmion photocreation experiment below the equilib-
rium skyrmion pocket was conducted according to the protocol
shown in Figure 1a. First, the sample was cooled from 65 K (above
the T¢.) in a field of 14 mT, which is the remanent field of the TEM
objective lens, following the blue arrow. The initial state of the
sample after field cooling is helical (Figure 1b). After reaching a
temperature of 5 K, the sample was irradiated with a single 780
nm femtosecond pulse, resulting in the formation of a skyrmion
lattice (Figure 1c). The absorbed fluence in this experiment was
15 mJ cm™2.

We tested the possibility of creating the low-field skyrmion
phase shown in Figure 1c by slow field cooling. Figure 1d in-
dicates the path followed within the phase diagram. First, the
sample is cooled in a field of 40 mT from 65 K to 5 K at
a cooling rate of ~1 K s7', resulting in the formation of a
skyrmion lattice (Figure 1e). However, after decreasing the mag-
netic field to 14 mT, the skyrmion lattice transforms into he-
lices (Figure 1f). Thus, the photoinduced skyrmion phase in the
Cu,0Se0, lamella at 14 mT and 5 K manifests a unique mag-
netic phase, which can be accessed only via photoexcitation of
the sample.

The helical and the skyrmion domains coexist in the sample
for a few seconds after the optical excitation, and on a longer time
scale, the skyrmion lattice expands prevailing over the helical do-
mains (Figure 2). We followed the evolution of the light-induced
skyrmion phase for over 15 min (not shown). During this inter-
val, no evident skyrmion decay was observed. This time is far
longer than any residual effect from the laser pulse expected to
vanish after few microseconds supported by finite-element sim-
ulation as performed in ref. [24]. In addition, the skyrmion phase
is stable against the electron beam irradiation.

We studied the pulse duration dependence of the skyrmion
photocreation process at 5 K and a field of 14 mT. The final mag-
netic states of the Cu,0SeO; lamella are reported in Figure 3a for
the excitation with a single 780 nm pulse. Before each measure-
ment, the sample was reset to a helical state by briefly applying
an out-of-plane magnetic field of 1 T. Note that resetting the
magnetic state of the sample by field cooling from above the T,
resulted in an identical initial state. The vertical axis corresponds
to the fluence absorbed in the thin 150 nm part of the sample (see
Supporting Information). The sample remains in the helical state
for lower fluences, as indicated by the black circles. Occasionally,
a reorientation of the helix wave vector Q was observed after the
arrival of a pulse, but no skyrmions were created. A skyrmion
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Figure 3. Absorbed fluence threshold for the photoinduced generation of skyrmions with NIR photons. a) The pulse duration dependence of the skyrmion
photocreation in Cu,0SeO; at 5 K and 14 mT for a 780 nm single-pulse photoexcitation. b) Comparison of the photocreation threshold between
780 and 1200 nm optical excitation. c) The photocreation of skyrmions with single femtosecond pulses having a wavelength of 1200 nm for different
polarizations. The vertical axis indicates the absorbed fluence. The red and black circles display the final state of the sample exhibiting skyrmions and
helices, respectively. The blue horizontal lines indicate the skyrmion generation threshold. The vertical axes in all panels correspond to the absorbed
fluence in the thin part of the sample.
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Figure 4. Microscopic mechanism of skyrmion photocreation. a) Schematic of the light—matter interaction mechanisms contributing to skyrmion pho-
tocreation in Cu,0SeO;. Top: Raman scattering processes involving virtual electronic states lead to emission of magnons and phonons. Main: The
inverse Faraday effect and a direct magnetoelectric coupling to the polarization (blue arrows) leads to a change in laser polarization and a torque on the
magnetic moments (green arrows). b) Heuristic rendering of the mechanism of skyrmion photocreation: 1) Raman and magnetoelectric processes lead
to excitation of the coupled spin—phonon system and a change in the free energy landscape. 2) The system relaxes into a quasi-stationary state defined by
the photon-modulated Hamiltonian. 3) The system returns to equilibrium trapped in the metastable skyrmion crystal state. c) Non-equilibrium magnetic
phase diagram as a function of laser fluence and pulse duration. The areas with a non-zero value of the topological charge Q correspond to skyrmion
photocreation. d) Topological charge Q as a function of phonon-modulated Dzyaloshinskii-Moriya interaction D. e) Time-dependence of the topological
charge and the total energy per spin during skyrmion creation. f-h) Instantaneous spin configurations at different times t for the pulse duration 7 = 10 ps
and a fluence F = 10 mj cm~2. The equilibrium spin parameters of the normalized spin model are taken as J = 48.2 meV, D = 10.8, and B = 0.63 meV
(corresponding to B = 20.7 mT), in accordance with the literature. The strength of the light-matter coupling constants are taken as gy = 0.1/, g =0,
8meel = 0.01), and g, oy, = 0.5D for a laser electric field of £=10°V m~".

lattice was generated at higher fluences, corresponding to the  a central role. To gain further insight into the microscopic pro-
red circles. The skyrmion generation threshold marked by the  cesses underlying skyrmion photocreation in Cu,0SeO;, we per-
blue lines shows only a weak dependence on the pulse duration. ~ formed extensive spin-dynamics simulations. Due to the multi-

Tuning the photon energy below the crystal field excitation  ferroic nature of the material, there is a large number of mech-
regime allows for achieving an outstanding efficiency in gener-  anisms by which the laser electric field can affect the magneti-
ating the skyrmions as demonstrated in Figure 3b. The absorbed  zation. Since our measurements were performed at wavelengths
threshold fluence required for generating the skyrmions with 780  inside the bulk bandgap and with low to moderate fluences, real
nm pulses at 5 K and 14 mT is 11 m] cm~2, and for 1200 nm  (as opposed to virtual) electronic excitations can be assumed to be
photons, this value reduces to 0.06 m] cm~2. Although the ab-  negligible. In addition, as indicated by Figure 3b, a much lower
solute values vary slightly among the samples tested, we repro-  fluence is needed to create skyrmions for 4 = 1200 nm than for
duced this result in four different samples. To the best of our A = 780 nm. This is likely due to the electronic crystal field ex-
knowledge, it is a record-low fluence necessary for generating  citations present at shorter wavelengths,!**! which hinder energy
skyrmions in a magnetic material. The fluence threshold shows  from reaching the magnetic subsystem and are detrimental to
only a weak polarization dependence for a wavelength of 1200nm  skyrmion creation.

(Figure 3c). This behavior is expected from the cubic symmetry of As illustrated in Figure 4a, the possible light-matter coupling
the material point group and is consistent with the simulations =~ mechanisms are the Raman excitation of phonons and magnons,
discussed below. an effective magnetic field generated by the inverse Faraday ef-

fect, and direct magnetoelectric coupling to the spontaneous
polarization.32** The magnetoelectric effect, originating from
the coupling between the laser electric field and the electronic po-
The low-temperature long-lived metastable skyrmion phaseiden-  larization of Cu,0SeOQj, is proportional to the amplitude of the
tified in our experiments can only be accessed by laser excitation  electric field."® Thus, the fluence threshold is expected to show a
(Figure 1c) and is absent under adiabatic field cooling of the sam-  strong dependence on the pulse duration and a crystal orientation
ple (Figure 1f). It indicates that the photocreation of skyrmions  dependence that we did not observe. In contrast, our experimen-
in this regime cannot be explained solely by the transient heat-  tal data only exhibits a weak dependence of the fluence threshold
ing of the sample. Hence, other non-thermal effects must play  on the pulse duration (Figure 3a). Thus, the magnetoelectric cou-

3. Discussion
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pling is likely not the primary mechanism driving the observed
photocreation below the equilibrium skyrmion pocket. The in-
verse Faraday effect is also expected to play a small role in the
photocreation process due to the weak polarization dependence
for 1200 nm light.[?*]

In contrast, static mechanical strain is known to modify
the shape of the magnetic phase diagram of Cu,0SeO; and
similar materials. An increase of the T and an expansion of
the skyrmion pocket were demonstrated in a bulk crystal of
Cu,0Se0; under compressive stress.['”) Moreover, a negative
uniaxial strain can shift the equilibrium skyrmion pocket to
lower magnetic fields via magnetoelastic coupling,!*! and me-
chanical strain can modify the Dzyaloshinskii-Moriya interac-
tion (DMI) constant of a skyrmion hosting compound,*®! or
both the DMI constant and the anisotropy constant.[*”} Since a
modest strain of 0.3% can induce a modulation of the DMI of
up to 20%,38%I a transient strain mediated by long-wavelength
acoustic phonons is expected to have a significant impact on the
DML

To make the above arguments quantitative, we consider a time-
dependent light-matter interaction Hamiltonian H(t) account-
ing for all of the discussed mechanisms. This Hamiltonian is

Hit)= Y []ij(t)mi -m; + Dyi(t) - (m; x mj)] + Y [B(t) - m;—E(t) - P}
) 7
(1)

where J;; is the exchange interaction between magnetic moments
m,; and m;, D; is the DMI, B and E are the external magnetic
and electric fields, and P, the electronic polarization. Each mi-
croscopic process is associated with a characteristic energy scale,
denoted by g for the magnon Raman process, g for the in-
verse Faraday effect, g, ., for the magnetoelectric coupling, and
gmpn for the magneto-phonon coupling. Further, each mecha-
nism mainly affects a single given term in Equation (1), such that
the modulation of the exchange depends on gi, the DMIon g,,, 1.,
the magnetic field on g;; and the polarizationon g, ;. A detailed
discussion of the typical values of these energy scales is provided
in the Supporting Information.

To account for the time-dependence of the magnetic interac-
tions, we note that the magnon Raman process, the inverse Fara-
day effect, and the magnetoelectric effect only modify the spin
parameters during the action of the pulse (assumed to be a Gaus-
sian of width 7). In contrast, the phonon modulation of the DMI
is expected to persist for as long as there are phonons present
in the system. The time-dependent part of the DMI is therefore
assumed to have an onset time given by the pulse width = and
an exponential decay set by the phonon lifetime z,;,. This time
dependence is described by a log-normal function, as further dis-
cussed in the Supporting Information.

To describe the skyrmion photocreation process, we simulated
the time-evolution governed by Equation (1) following laser exci-
tation (see Supporting Information for a discussion of the equi-
librium spin Hamiltonian and phase diagram as well as the spin
equations of motion). In line with our experiments, the mag-
netic field was chosen such that the system is initially in the he-
lical state and close to the phase boundary to the conical state.
By exploring a significant portion of the parameter space defined
by Equation (1), the dominant mechanism leading to skyrmion
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photocreation in Cu,0SeO, was identified as the transient mod-
ulation of the DMI by long-wavelength acoustic phonons. This
identification is in line with several previous studies that have
found a strong dependence of the Dzyaloshinskii-Moriya inter-
action (DMI) on straint® 1 as well as on a dynamical coupling to
acoustic phonons.[*]

In agreement with our experimental results, our simulations
predict a skyrmion phase to appear upon laser irradiation for
magnetic parameters below the equilibrium skyrmion pocket.
Heuristically, the skyrmion photocreation process as emerg-
ing from our simulations can be understood as follows (see
Figure 4b). The coupled spin—phonon system is excited into a
non-equilibrium state through Raman and magnetoelectric pro-
cesses. Simultaneously, the modulation of the DMI by acoustic
phonons leads to a change in the free energy landscape, allowing
the system to relax into a quasi-stationary state defined by the in-
stantaneous phonon-modulated Hamiltonian. At a time-scale set
by the phonon lifetime 7, the free energy landscape returns to
its original form, while the magnetic system stays trapped in the
metastable skyrmion crystal state.

To substantiate this picture, we show in Figure 4c the non-
equilibrium magnetic phase diagram as a function of pulse du-
ration and laser fluence, that illustrates the topological charge O
of the magnetic state at the final time of our simulations (corre-
sponding to about 300 ps). The topological charge O = 0 in the
helical or ferromagnetic state, and becomes Q = —1 and 1 for
skyrmions and antiskyrmions, respectively. Thus the topologi-
cal charge counts the number of skyrmions and antiskyrmions
in the system and is non-zero only when a net imbalance of
such excitations exists. Our simulation shows that photoexcita-
tion strongly favors skyrmion creation, and thus Q in Figure 4c
is equal to the total skyrmion number N,. Clearly, above a thresh-
old fluence of F =~ 1 m] cm™2, the non-equilibrium steady state
changes character from a helical to a skyrmion crystal state. Sim-
ilarly Figure 4d shows the topological charge Q as a function of
DMI modulation.

We note that Figure 4c predicts an approximately linear rela-
tion between the threshold fluence and the pulse duration. For
this to be consistent with Figure 3a, we have to assume that the
spins are insensitive to processes on time scales shorter than
about 1 ps. More precisely, assuming that the laser energy is
transferred to the acoustic phonons faster than some excitation
time 7, and that this time is shorter than the characteristic mag-
netic time-scale 7, the resulting spin dynamics is expected to
be independent of pulse duration for = < 7.

To assess the stability of the non-equilibrium skyrmion state,
we further investigated the time evolution of the magnetic sys-
tem. Figure 4f~h shows the instantaneous magnetization m,;(#)
at a number of different times t, for a pulse length 7 leading to
a metastable skyrmion state. As seen from Figure 4e, the topo-
logical charge changes during the initial part the relaxation pro-
cess, which is visible in the total energy per spin €,,, = E/N. How-
ever, after a time t = 150 ps, corresponding roughly to the phonon
lifetime 7, the topological charge is constant. Within the spin
model, the skyrmion state remains stable indefinitely since addi-
tional energy would have to be supplied to bring the system back
into the helical ground state. This is in good agreement with the
experimental finding of a metastable skyrmion state with a long
lifetime of at least 15 min.
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We finally note that in Cu,0SeO;, the equilibrium mag-
netic phase diagram depends on the orientation of the ap-
plied magnetic field due to magnetic anisotropy terms in the
free energy.[1>41421 However, in the out-of-equilibrium case stud-
ied here, the cubic anisotropy discussed in ref. [38] in Equa-
tion (1) does not result in any qualitative differences compared
to the isotropic model. This is expected as Cu,0SeO; is optically
isotropic****! and is supported by our experimental results for a
(110) sample where we did not measure any significant difference
in the photocreation threshold in comparison to the (111) sam-
ples. For this reason, we have done extensive studies only with
the (111) samples, which is the most studied phase and is easy to
fabricate due to the preferential growth of the material.

4. Conclusion

We have demonstrated the possibility of generating skyrmions
in Cu,0Se0,; at low magnetic fields below the equilibrium
skyrmion pocket by NIR femtosecond laser pulses. Supported by
the wavelength dependence and spin-dynamics calculations, we
claim that the irradiation of the sample results in the triggering
of low-energy phonons, which transiently change the DMI. As
a consequence, these effects modify the free energy landscape
of the material and enable the transformation of the magnetic
state into the skyrmion lattice. After 15 min, no decay was ob-
served, which is eight orders of magnitude longer than any laser
leftover and robust against electron beam irradiation. Hence, we
conclude that the novel reported phase is stable for practical pur-
poses. The threshold fluences for the skyrmion photocreation at
5 K and 14 mT are 11 and 0.06 m] cm~2 for 780 and 1200 nm,
respectively. The latter is the lowest reported fluence required for
generating skyrmions. Thus, our experiment marks a milestone
in the development of energy-efficient skyrmion-based spintron-
ics devices.

5. Experimental Section

Single crystals of Cu,0SeO; were grown by chemical vapor transport
in a horizontal two-zone furnace. The precursor for the growth was a stoi-
chiometric mixture of CuO and SeO, sealed in a quartz ampule. The am-
pule was filled with HCl at a pressure of 100 mbar, acting as the transport
agent. A slab of material with a [111] direction normal to it was cut from
a Cu,0Se0; single crystal and polished to a thickness of 10 um. A TEM
lamella was prepared by further thinning down a 5x5 um? to a thickness of
approximately 150 nm by Ga ions using the focused ion beam (FIB) tech-
nique. The thickness of the sample was determined by electron-energy loss
spectroscopy (EELS) log-ratio method.[44]

The measurements were performed in a JEOL 2100HR transmission
electron microscope (acceleration voltage of 200 kV) equipped with a
thermionic gun. The microscope was modified to provide laser light onto
the sample.[*3] The setup was operated at saturation conditions with an
electron energy distribution width of 1 eV. The images were recorded
on a K2 camera (GATAN) in energy-filtered mode, and the width of the
energy-selective slit was set to 10 eV. Magnetic contrast was achieved
using Lorentz transmission electron microscopy with an underfocus of
2 mm.[46]

ATi:sapphire regenerative amplifier RAEA HP (KMLabs) produced 35 fs
pulses with a bandwidth centered at 780 nm at a repetition rate of 4 kHz. A
modified OPA TOPAS (Light Conversion) was utilized for converting them
into NIR pulses with a wavelength of 1200 nm. The duration of the 1200
nm pulses was fixed at 100 fs, and that of the 780 nm pulses could be
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changed from 100 fs to 10 ps. A set of optical choppers was implemented
to reduce the repetition rate to 4 Hz necessary for performing single pump
pulse experiments enabled by a fast mechanical shutter.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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