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Ultrafast X-ray scattering studies of the topological skyrmion phase in Cu20SeO3 show the dynamics to
be strongly dependent on the excitation energy and density. At high photon energies, where the electron-
spin scattering cross section is relatively high, excitation of the topological skyrmion phase shows a non-linear
dependence on the excitation density, in contrast to the excitation of the conical phase which linearly dependent
on excitation density. The excitation of the skyrmion order parameter is nonlinear in the magnetic excitation
resulting from scattering during electron-hole recombination, indicating different dominant scattering processes

in the conical and skyrmion phases.

PACS numbers: 12.39.Dc, 78.70.Ck

Topologically protected states in a wide variety of con-
densed matter systems are of interest due to both new emer-
gent physics and the potential in device applications [1-5].
One example of these topological states is the skyrmion,
which is a particle-like excitation on a ferromagnetic back-
ground that forms as a twisted knot of spins in a regular hexag-
onal lattice [6]. The formation of the skyrmion lattice depends
on a delicate balance between multiple interactions. For ex-
ample, in chiral magnets such as MnSi, the skyrmion phase
originates from competition between symmetric S; - S?J ex-
change and antisymetric S, x 57; Dzyaloshinskii-Moriya in-
teractions [6], creating a Bloch-type skyrmion lattice. In thin
films, skyrmions appear due to competition between the ex-
change and dipolar interaction[7, 8].

The skyrmion phase appears only in the presence of an ap-
plied magnetic field and is generally stable within a narrow
temperature range near the Neel temperature [1, 6]. Under-
standing fluctuations and dynamics of the order parameter
are fundamentally important to determine the robustness of
the topological particles to impulsive perturbations and hence
may provide insight into their potential use in magnetic logic
and storage applications[9]. Theoretical work predicts that
the connected tetrahedron network in CuxOSeO3 gives rise to
a Goldstone mode as well as other higher energy modes [10].
Microwave spectroscopy and optical pump-probe techniques
have shown the presence of different collective modes such as
circulating and breathing modes [11-13]. While these studies
show that skyrmions exhibit interesting dynamic properties,
more direct evidence of the effect of intense perturbative im-
pulse on the skyrmion lattice can be obtained if we probe at
the skyrmion g-vector using x-rays while pumping the system
with an optical impulse.

Here, we present ultrafast optical pump/x-ray probe mea-
surements of the skrymion and conical order parameters in
Cuy0SeOs. Ultrafast optical excitation provides impulsive

perturbation of the spins, and time-resolved resonant x-ray
scattering follows the resulting changes in the order param-
eter. For both the conical and skyrmion phase we found dy-
namics with multiple time scales ranging from picoseconds
to several nanoseconds. At low pump fluences, the pertur-
bation of the conical phase is linear with excitation fluence.
However, the perturbation of the skyrmion phase is distinctly
non-linear in the low-fluence regime.

Ultrafast optical measurements have provided important in-
sight into the fundamental interactions of magnetic materials,
including the ultrafast loss of magnetic order in ferromag-
nets, and optically-driven magnetic switching in ferrimagnets
and alloys on the ultrafast time scale [16]. Optical switching
in skyrmions was theoretically proposed through a topologi-
cal inverse Faraday effect [17], and ultrafast methods there-
fore provide the opportunity for measuring the fundamental
switching speed of a skyrmion. Additionally, order fluctu-
ations are known to play a crucial role in the formation of
the skyrmion phase [1, 6], and the study of ultrafast processes
that disorder spin magnetic states remains an active field of re-
search. Ultrafast methods allow for the measurement of how
topology affects spin-scattering processes, which, as we show
here, alters the efficiency with which spins are scattered dur-
ing the decay of optically pumped electrons.

Among Bloch-type skyrmion materials with antisymmetric
Dzyaloshinskii-Moriya interactions, CuyOSeQOs is unique as
the only electrically insulating material known to exhibit this
phase [1]. Cuz0SeOs is cubic in structure, with both trigo-
nal bipyramidal CuOj and square pyramidal CuOs. The local
magnetic ordering is primarily ferrimagnetic (7.= 60 K), with
a net magnetization resulting from oppositely-oriented Cu
spins with different oxygen bonding geometries [1, 18, 19].
Related to the insulating nature, and of interest for applica-
tions, CupOSeO3 is multiferroic [1], with magnetic-field in-
duced ferroelectricity that promises a unique approach to con-
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FIG. 1. Experimental scattering geometry. The magnetic field is
applied perpendicular to the scattering plane. The skyrmion peaks
appear as satellites to the (001) lattice peak.

trol the skyrmion lattice.

Dynamics of the conical and skyrmion order parameters in
Cuy0SeO3 were measured via time-resolved resonant x-ray
scattering at the soft x-ray beamline at the Linac Coherent
Light Source (LCLS) with 100 fs resolution and at BL6.02
at the Advanced Light Source (ALS) with 60 ps resolution
[20, 21]. Both experiments probed the (1, 0, 7) and (1, 7, 0)
scattering peaks, sensitive to conical and skyrmion order [11]
with x-ray photon energy of 930 eV, resonant with the Cu L-
edge. Dynamics were measured at 57.8 K, at the peak of the
skyrmion scattering signal. A variable magnetic field was ap-
plied perpendicular to the scattering plane to access both the
skyrmion and conical phases (Fig. 1) [22]. This geometry is
chosen as a measure of the order parameter dynamics because
it is insensitive to the linear and rotational in-plane motions of
the hexagonal skyrmion lattice [23]. In both experiments, the
sample was excited with 100 fs pump pulses at 1.5 and 3.0 eV,
corresponding to excitation below and above the optical gap,
which allows us to distinguish between magnetic excitation
due to spin-lattice and electron-spin interactions.

Fig. 2(a) shows pump-probe data for the skyrmion and con-
ical phases with 60 ps time resolution. In both phases, the
primary effect of the excitation is a loss in x-ray scattering in-
tensity corresponding to disruption of the ordered state. When
excited below the optical gap at 1.5 eV, the loss of ordering oc-
curs on a 300 ps time-scale for both magnetic phases, while
with 3.0 eV excitation, the loss of ordering occurs on a signif-
icantly faster timescale, with dynamics faster than the probe
resolution.

Fig. 2(b) shows dynamics of the skyrmion and conical scat-
tering peak intensities with a pump energy of 3.0 eV on a 100
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FIG. 2. (a) Comparison of dynamics for above gap (3.0 eV - circles)
and below gap (1.5 eV - squares) excitation. Excitation density at
both energies was 2.4 mJ/cm?. 3.0 eV excitation results in faster dy-
namics in both conical (open symbols) and skyrmion (filled symbols)
phases. The time-traces have been normalized to -1. (b) Ultrafast
dynamics in skyrmion and conical phases with above-gap pump en-
ergy. Solid lines show three-timescale fits to the function represented
in equation 1, with 7; of 1.5 ps, 60 ps and 300 ps.

fs time-scale. The scattering intensity decays with timescales
of 1.5 ps and 60 ps, in addition to the 300 ps timescale ob-
served with 1.5 eV excitation.

Solid lines in Fig. 2(b) are exponential fits using these de-
cay constants in the following model:

3
SIt)/T =" aze /™ (1)
=1

The time constants 7; are the same for both conical and
skyrmion phases.

The time scales of the magnetic excitations can be de-
scribed within the three temperature model, in which mag-
netization dynamics occur due to energy transfer from photo-
excited electrons to the spin system [24]. This is described by
a set of equations:

oT;

Gt

=Gi— (T; = Ti). @
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FIG. 3. Fluence dependence of the dynamics for the skyrmion (a)
and conical (b) phases with 3 eV excitation.

The temperature of the spin, lattice, or electron system is
given by T, C; is the specific heat, and G;_; is the coupling
between systems. The subscripts indicate the relevant elec-
tron, spin, lattice baths (with subscripts e,s,l). The heating
of the spin system from the excited electrons occurs either di-
rectly (G¢—s) or indirectly through phonon excitations (G ).
We consider three types of electron relaxations that transfer
energy to the spin or lattice systems [22]. For 1.5 eV excita-
tion, there is a decay from the mid-band virtual state back the
ground state. For 3.0 eV excitation, there is an initial decay
of electrons to the lowest unoccupied states of the conduction
band and a subsequent decay of the electron-hole pairs across
the band gap.

The photon energy dependence allows us to assign the ob-
served time-scales to different scattering processes within this
model. The 300 ps timescale observed in both 1.5 eV and
3.0 eV excitations is consistent with indirect excitation of the
spin system through the lattice. For the 1.5 eV excitation, the
dynamics are described entirely by this timescale, consistent
with what has previously been observed in insulating mag-
nets [16]. In contrast to metallic systems, the spin scattering
cross section associated with relaxation from the excited vir-
tual state to the ground state is small. The excess energy in
the electrons is absorbed by the lattice (G.—;), and the spin
excitation occurs through subsequent spin-lattice interactions
(G1—s) [24, 25]. At higher fluences, we observe an almost
complete loss of intensity on long time-scales, consistent with

an increase of spin temperature above T¢.

At 3 eV, the pump photon energy is sufficient to excite elec-
trons above the gap in the Cu d-level density of states [26],
creating pseudo-stable electron-hole pairs. The decay of these
pairs results in a faster loss of magnetic ordering, suggest-
ing electron-spin scattering (G._s) during the electron decay
from the conduction band. The similar time-scales in the mag-
netic phases indicate that the excited electron relaxation pro-
cess is the same for the skyrmion and conical ordering. We
conclude that for 3.0 eV excitation, the electron-spin cou-
pling is relatively efficient, but the stability of the electron-
hole pairs creates a bottleneck for the spin dynamics.

While the time-constants remain fixed as a function of flu-
ence, the functional dependence of the differential loss of scat-
tering intensity (61 /1) on short time-scales is the most striking
distinction between the dynamics of the magnetic phases. Fig.
3 shows the fluence dependence of the skyrmion (a) and con-
ical (b) dynamics with 3 eV excitation. The amplitudes of the
differential scattering intensity («; in equation 1) is shown in
Fig. 4 for the 1.5 ps (c) timescale. Figs. 4 (a) and (b) rep-
resent the loss of scattering intensity on 1 ns and 60 ps time-
scales, respectively. In both phases, the 01/ associated with
the faster 1.5 ps and 60 ps timescales saturates before com-
plete loss of the magnetic order parameter. Complete loss of
scattering intensity occurs only at high fluences on time-scales
longer than 300 ps. In the conical phase, the short time-scale
01 /1 initially increases proportionally with fluence, while in
the skyrmion phase, /1 is super-linear before saturating at
a higher remnant intensity than in the conical phase (4 (b)).

The lines in Fig. 4(b) are fits using saturation functions
given by

8leon(F) = 61 (1 - e’F/F“) 3)
6 Lok (F) = 613 (1 - e’F/FO)2 4)

for the conical and skyrmion phases, respectively. The fit pa-
rameters ¢ [y and F} are the same for both phases, with a char-
acteristic fluence (F) of 0.75 mJ/cm?, corresponding to an
excitation density of approximately one photon per ten unit
cells.

The loss of scattering intensity is relatively small on the
1.5 ps time scale, and while the exact functional dependence
cannot be discerned from the data, the associated §7/1I is non-
linear in both phases (Fig. 4 (c)). We believe this timescale
is caused by multiple photon absorption resulting in electron
excitation significantly above the band gap, which is followed
by electron-electron scattering processes that generate multi-
ple carriers in the conduction band [16]. The fast time-scale
implies relatively efficient spin scattering, while the reduction
in ordering is relatively small due to the rarity of multi-photon
absorption events.

Where the dynamics between skyrmion and conical phases
differ significantly is the incomplete loss of magnetic order-
ing on a 60 ps timescale (Fig. 4 (b)). Similar saturation of
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FIG. 4. Fluence dependence of the differential scattering signal with
3 eV excitation on a 1 ns (a) 60 ps (b) time-scales. Fit parameter «;
is shown for the 1.5 ps (c) time-scale component. Diamonds in (b)
indicate the resolution-limited decay component measured with 60
ps resolution at the ALS. Other symbols are the total loss of intensity
at 60 ps, corresponding to the sum of decay components c; with 1.5
and 60 ps, measured with 100 fs resolution from the LCLS. Lines in
(b) are fits to saturation functions as described in the text. The line in
(c) represents an F'? fluence dependence, which we postulate is the
result of multiphoton absorption.

photo-induced magnetic disorder has been reported in ferro-
magnets on ultrafast time-scales and described as an effect of
photo-induced filling of Stoner-like bands [27]. The satura-
tion behavior occurs through the depletion of available optical
transitions within an energy of hv of the initial electron dis-
tribution, where hv is the pump photon energy, conserving an
imbalance of majority and minority spins even at high excita-
tion density.

The common time-scales for the different magnetic phases
imply common mechanisms for electron scattering, while dif-
ferent fluence-dependent saturation functions given by equa-
tion 3 indicate a different efficiency for spin scattering during

this process. In the conical phase, the spin scattering resulting
from the electron decay is linear at low fluences, with a satura-
tion at high-fluences due to band-filling effects. The fluence-
dependent loss of magnetic ordering in the skyrmion phase
scales as the square of that in the conical phase. The saturated
reduction of the skyrmion order parameter also scales as the
square of that in the conical phase, indicating that the process
responsible for the nonlinearity occurs after the saturation; the
excitation of the skyrmion order parameter is nonlinear in the
magnetic excitation resulting from the electron decay.

There are multiple possible explanations for the nonlin-
earity. The conical/skyrmion to paramagnetic transitions are
first-order [28, 29]. Reduction in scattering intensity could be
explained by either spatially uniform reduction of the mag-
netic ordering through spin wave excitations or through the
creation of disordered domains. A nonlinearity in the first-
order skyrmion to disordered phase transition could indicate a
higher latent heat for this transition than in the conical phase.
However, we observe no change in the shape of the diffraction
peak that would indicate the formation of large disordered do-
mains. Additionally, no significant difference is reported be-
tween the conical and skyrmion latent heat, and in MnSi, the
conical latent heat appears to be larger [28].

Alternatively, the nonlinearity could relate to the density
of magnetic excitations that reduce the finite-q order parame-
ters. The initial excitation of the spin system occurs through
spin-flip processes, which then decay into lower-energy exci-
tations of the order parameter. The magnetic dispersion re-
lations are anisotropic [30, 31], and the observed dynamics
in the x-ray scattering differ significantly from those in op-
tical magnetic measurements of skyrmion materials [12, 13],
which measure dynamics of the =0 magnetization. This indi-
cates low-energy excitations that are not evident in measure-
ments at the skyrmion/conical wave vectors. Additionally, the
measured skyrmion wave-vector is a projection of a planar
structure, which relative to the one-dimensional ordering in
the conical phase, has a higher dimensionality for the den-
sity of relevant magnetic excitations. At the skyrmion/conical
wave vector, the relevant excitations are relatively high en-
ergy, and the higher dimensionality of the skyrmion phase cor-
responds to higher density of excitations at the measured wave
vector, leading to the scaling observed between the skyrmion
and conical dynamics.

In conclusion, we have demonstrated that ultrafast magnetic
scattering differs between magnetic phases of different topol-
ogy in Cuz0SeOs. The skyrmion phase is more robust to
optical excitation even with excitation energies substantially
larger than the free energy difference between phases. The pri-
mary excitations are de-localized spin wave excitations, which
are generated on a time scale masked by the electron-hole re-
combination time. Additional studies on metallic materials,
where excitations couple to spins on faster time scales may
further elucidate the dynamical behavior of the skyrmion lat-
tice in response to optical switching or photo-injected defects.
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