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Spontaneous fluctuations in a magnetic Fe/Gd skyrmion lattice
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Magnetic skyrmions are topological spin textures that exhibit classical or quantum quasiparticle behavior. A
substantial amount of research has occurred in this field, both because of their unique electromagnetic properties
and potential application for future nonvolatile memory storage applications, as well as fundamental questions
on their topology and unique magnetic phases. Here, we investigate the fluctuation properties of a magnetic
Fe/Gd skyrmion lattice, using short-pulsed x rays. We first measure spontaneous fluctuations of the skyrmion
lattice phase and find an inherent, collective mode showing an underdamped oscillation with a relaxation of a
couple of nanoseconds. Further observations track the response towards the continuous phase transition and a
“critical-like” slowing down of fluctuations is observed well before the critical point. These results suggest that
the skyrmion lattice phase never fully freezes into a static crystal. This constant state of fluctuation indicates that
the physics of topological magnetic phases may have more in common with high-temperature superconductors

with disorder.

DOI: 10.1103/PhysRevResearch.3.033249

I. INTRODUCTION

Skyrmions represent one of the most complex forms of
magnetic order yet observed: They consist of a localized ex-
citation, constructed from a vortexlike, continuous rotation of
magnetic spins, which represents a topological quasiparticle.
These objects are proposed as interesting candidates for future
information technologies due to their topological protection,
mobility, size, and energy consumption compared to domain
walls or other conventional technologies [1,2]. The sponta-
neous creation of these solitons occurs due to a delicate energy
balance and allows for the formation of new types of order.

An active focus recently in condensed matter has been on
the motion of magnetic skyrmions. Numerous studies have
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demonstrated that skyrmions can be displaced with electrical
currents with low-power consumption [3-6]. A recent high-
light is in the study of biskyrmions. These are bound pairs
of opposite helicity skyrmions, or |Z| = 2 solitons, where
the topological quantum number, also known as the winding
number, is Z = %1 for each skyrmion of the bound pair [7].
Recent evidence has suggested that a similar lattice state can
form which resembles the biskyrmion lattice, but consists of
either the Z = 0 skyrmion bubble states [8], or the single
Z = 2 skyrmion states [9]. Since the precise topology of these
is still being actively debated, we simply refer to them here as
“skyrmion lattice states.” These structures have been heavily
studied due to the observation that they can be electrically
driven by orders of magnitude lower current density [10—13].
However, an outstanding question is how do spontaneous fluc-
tuations affect the formation of topological magnetic phases
(e.g., skyrmions, biskyrmions, etc.) and the transition to other
magnetic phases?

Fluctuations are critical for attempting to understand the
stability of this phase, the microscopic interactions among
the constituents of this phase, and their role in the response
functions of the system, yet little has been explored in this

Published by the American Physical Society
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area. Important for understanding skyrmion physics is how
the skyrmion-skyrmion interaction, as well as the interaction
between skyrmion bound pairs, manifests in the formation of
the skyrmion lattice state. The short length scale for these
interactions signifies the importance of implementing a probe
sensitive to this length scale, such as the case with neutron or
X-ray scattering.

In this paper, we address these open questions through an
investigation of stochastic fluctuations by studying a room-
temperature skyrmion Fe/Gd multilayer specimen. This is
accomplished by illuminating the system with ultrashort pairs
of x-ray pulses generated at an x-ray free-electron laser
(X-FEL) [14] by using two electron bunches as the x-ray
pair source [15]. In contrast to other scattering techniques
which measure an average structure, here subtle differences of
the magnetic configuration—which change in time between
the pulses—can be measured using the resultant coherent
diffraction pattern from the sample, differences which are
encoded in the x-ray speckle structure [16]. Based on the
degree of fluctuation of the sample occurring between the
two time-varied x-ray pulses, the dynamics of the system can
be measured directly as shown recently [17]. The changes
are measured by formulating a probability distribution from
counting individual photons, and using speckle statistics to ex-
tract the normalized intermediate scattering function S(qg, t).
By probing the magnetic state formed after the skyrmions
coalesce into a lattice state, we found evidence of highly
dynamic fluctuations. These slow down with field, well before
the critical point separating the uniform ferromagnetic phase,
providing evidence of a skyrmion lattice state which never
fully freezes. Most importantly, where the lattice state is most
rigid, we nonetheless observe an underdamped, propagating
excitation of the skyrmion lattice.

II. EXPERIMENTAL

The sample measured was a thin-film Fe/Gd multi-
layer with 100 repetitions of alternating Fe (0.34 nm) and
Gd (0.4 nm) grown by dc magnetron sputtering [11,12]. This
system forms a skyrmion lattice at room temperature [18,19].
The data presented here were measured at the SXR instru-
ment [20,21] of the Linac Coherent Light Source [14,22]
using a newly constructed endstation. This station consists
of a UHV chamber housing a sample holder, electromagnet,
and megapixel fast readout detector placed 2.35 m from the
sample [23,24] in a forward scattering geometry. The photon
energy was set to 1190 eV (Gd Ms edge) using a grating
monochromator [25], a 1.0 eV bandwidth [26,27], and a spot
size of 30 um [28,29].

III. RESULTS

Figure 1(a) illustrates the magnetic field-temperature phase
diagram for a similar specimen, and has been mapped out
by x-ray scattering, microscopy, and Lorentz transmission
electron microscopy (LTEM), as reported by Montoya et al.
[11]. It establishes the number of complex phases which
form in this system, and indicates the region of H-T space
where the skyrmion lattice forms (yellow region) [18,30]. We
performed coherent resonant soft x-ray scattering at the Gd

M5 edge which is sensitive to the order parameter of the mag-
netic structure. An example of the diffraction pattern is shown
in Fig. 1(b), with the integrated intensity of the symmetric
skyrmion lattice peaks with field measured at the X-FEL
shown in Fig. 1(c).

We first conducted measurements where the resonant scat-
tering intensity is maximized in the lattice phase, at the
skyrmion Bragg reflection at Oy = 6.3 mA~!. This occurs at a
magnetic field of H = 210 mT [Fig. 1(c)], or areduced field of
|h| = 0.22, defined as h = (H — H.)/H, for the critical field
H, = 267 mT, where the skyrmion lattice melts. This point is
where one would expect the state to be the most robust. We
observe that this is generally the case, since the structure only
partially fluctuates at this timescale, but notably, the state is
not fully static.

The intermediate scattering function S(q, ?) is shown in
Fig. 2(a) which illustrates the skyrmion fluctuations under
these conditions, with evidence of an underdamped oscillation
of the correlation function occurring at a frequency of f =
0.25 GHz. This fits an oscillatory exponential decay, with a
relaxation time of T ~ 1.8 ns. The data are normalized by the
single-shot data which represent S(q, 0), as has been imple-
mented previously [13]. At this timescale, the contrast decay
value indicates that about 75% of the global skyrmion struc-
ture at this point in the phase diagram is moving slower than
what these measurements can capture. The lifetime measured
here of the skyrmion lattice represents a direct examination of
spontaneous fluctuations and indicates rapid thermal motion.

The S(q, t) attained above can be computed by solving for
the degree of freedom M using the well-known transcendental
equation for photon counting in speckle experiments [31],

k+M
) . D

Since M is equal to the inverse of the square of the contrast,
it has been shown that the normalized contrast is equal to
the normalized intensity-intensity correlation function [32].
Here, k is the number of photons per speckle and k is the
average intensity. To verify that we are not creating unwanted
excitations with the x rays, Fig. 2(b) shows the contrast as a
function of the pulse energy of the first pulse [33].

Because Siegert’s relation is usually implemented [34],
where the contrast goes as the first-order correlation function
squared, g>(¢q,t) =1+ |g1(q, 1)|?, an oscillation in this type
of measurement typically would have the form of ~ cos?(wt).
A pure cosine dependence as observed in Fig. 2(a) can occur
however when there is a constant velocity motion within the
sampled volume, if two separate velocities are present v,
and v, which would exhibit a difference frequency mode,
i.e., cos[q - (v; — vp)t], or if a static signal is formulated
which interferes with the fluctuating signal. The latter is called
“heterodyne” detection and is well known in the photon cor-
relation spectroscopy community [35].

While no velocity gradient evidence is present in this ex-
periment, two modes have been measured for ¢ = 0, at 1.3
and 1.8 GHz [12], and give a difference within a factor of 2 of
what we measure here. However, for ¢ = Q; measured here,
we would expect these to occur at higher frequencies. Since
we Shannon-sample at 1.4 GHz, this could also be a folded

—k
P(k) = SIACh K DPVTY (—1

T RIT(4+M) k+M
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FIG. 1. The skyrmion lattice phase. (a) The magnetic field-temperature phase diagram of Fe/Gd [11]. (b) The average resonant scattering
of the biskyrmion lattice phase right as the lattice solidifies (195 mT), time-averaged over about 40 s, or about 4.7 x 10 x-ray pulse pairs. The
symmetry breaking of the sixfold symmetric pattern is caused by the biskyrmion units, or bound skyrmion pairs. (c) S(g, 0) for the skyrmion
lattice order at ¢ = Q,, measured with resonant soft x-ray scattering tuned to the Gd M5 edge. The integral of the intensity over the symmetrical
skyrmion peaks only is shown with magnetic field, demonstrating the magnetic field conditions to create a stable skyrmion lattice phase at
room temperature. The inset in (c) shows a closeup of the plot near the phase transition and designates the calculated Levanyuk-Ginzburg

region (blue area), discussed below.

mode, representing another ¢ = 0 mode at 2.6 GHz [12], but
this higher-energy mode would be even more well-separated
from the others.

It is possible, however, to have a special case of this
scenario, which is based on two opposing velocities in
the sample, which would contribute v; and —wv;, and
so create an oscillatory function of twice the frequency,
~cos[q - (2v)t]. A recent real-space Brownian motion study
has shown that the helicity of skyrmions distinctively affects
their thermal motion [36]. Since the lattice consists of bound
pairs of opposite helicity skyrmions, we could be measuring
the difference between the rotating modes. This phenomenon
has for instance been seen in x-ray photon correlation studies
of nanoparticle diffusion in polymer melt networks, where
opposing ballistic particle motion was observed in one di-
mension (1D)—along the direction of the chain [37]. For the

measured clockwise and counterclockwise rotational modes
at the ~1 GHz level and above however [38—40], these would
give frequencies an order of magnitude larger than what we
measure here.

More likely in this case, and a scenario which would ex-
plain the low-energy mode, is the third possibility based on
heterodyne detection. This occurs when static and fluctuating
signals are mixed at the detector. Since the data taken at
the brighter, twofold symmetric skyrmion Bragg peak con-
sists of intensity from both the skyrmion lattice as well as
the paired skyrmion objects, a static signal could originate
from the increased asymmetrical scattering due to the bound
skyrmion pair itself. If the skyrmion-skyrmion bond which
couples this skyrmion pair together is more robust than the
skyrmion lattice interaction between paired objects, the pair
could act as a single, rigid object, only fluctuating with

033249-3
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FIG. 2. The skyrmion low-energy mode in Fe/Gd. (a) The nor-
malized S(q, t) shown here for the skyrmion lattice peaks where ¢ is
given by Q; for a field of H = 210 mT or |#| = 0.22 [green circle in
Fig. 1(c)]. A damped oscillatory decay is observed for a low-energy
mode of the skyrmion lattice for f = 0.25 GHz. (b) The contrast
data are evaluated for the time separation of 1.0 ns and plotted as
a function of the pulse energy of the first pulse, amplitude a;. This
curve C(gq, a;) shows no systematic changes with increasing pulse
energy.

respect to other paired units in the lattice. This would create an
internal heterodyne detection scheme, and allow us to capture
the low-energy mode directly. Note that a static bond here
means that an internal vibration at higher frequency than the
Shannon limit would not be resolved. Further verification of
this scenario is the fact that the difference of the intensity
between symmetrical (sixfold) and asymmetrical (twofold)
peaks does not vanish before the phase transition to the dis-
ordered state with magnetic field. This means the structure
of the skyrmion speckle pattern is preserved up to the tran-
sition, i.e., the disordered state is a fluid of bound skyrmion
pairs, rather than separate skyrmions. This indicates that the
skyrmion lattice is more susceptible to thermal fluctuations
than the more robust, skyrmion-skyrmion bound pair. Finally,
a Goldstone mode exists for this lattice which softens as ¢ —
0 and has been studied for these types of systems theoretically
[41,42]. The finite ¢ measured here would be expected to be
at sub-GHz frequencies for the skyrmion wave vector and is
consistent with the observations reported here.

To further map how the fluctuations change within the
skyrmion lattice phase, we measure at reduced fields of |h| =
0.18 and |h| = 0.12, closer to the continuous phase transition
at |h| = 0 [Fig. 1(c)]. The intermediate scattering functions
S(q,t) are shown in Fig. 3 for the asymmetrical peaks. The
normalized blue curve [Fig. 3(a)] is for a reduced field of
|h] = 0.18 and shows a much slower decay time of ~20 ns,
with the entire skyrmion texture completely changing over
this timescale. As we continue to move towards the contin-
uous phase transition [43] at |h| = 0, we see even slower
dynamics. The beige curve [Fig. 3(b)] is the unnormalized,
scaled data for the field of 235 mT, or a reduced field of
|h| = 0.12, to emphasize the lack of fluctuations, while the
gray curve [Fig. 3(c)] shows the single-pulse data for the same
field. Even without normalization, Fig. 3(b) clearly indicates
a lack of decay, i.e., the skyrmion fluctuations occur on times
much longer than the range of T measured here [44].

IV. DISCUSSION

Spontaneous fluctuations will relax on shorter timescales
with an increase in energy kgT , except at a second-order phase
transition where the reverse effect occurs: critical slowing
down. Taking the observations together, we have discovered
that the stochastic behavior with increasing field is reminis-
cent of this slowing. However, this dramatic slowing down
occurs well before the expected field, close to H,, or & = 0,
where the state transforms to the uniformly magnetized phase
in a continuous phase transition. This is summarized in the
panel of Fig. 3(d), where the inverse time is plotted for the
different relaxation times.

These results indicate that the skyrmion structure is likely
in a constant state of fluctuation, where the lattice does not
freeze for any applied fields. Previous work showed that
a skyrmion lattice phase was stable using the saddle point
approximation—which is valid for small fluctuation correc-
tions to the mean-field value of the order parameter [45]. The
present work shows that this assumption may not be the case,
however. We conclude that while the average order parameter
is prominent in this phase leading to a stable lattice phase,
so are the fluctuations, which can completely wash out the
order temporarily in some regions [see Fig. 3(a)], indicating
a significant role of fluctuations in this phase. This implies
that small fluctuation corrections to the mean-field theory
may not be justified and would not be able to reproduce this
considerable effect.

This can be further illustrated quantitatively by calculating
the temperature region where fluctuations dominate. Using the
Ginzburg-Landau theory of phase transitions as a model, the
importance of fluctuations near a critical point can be captured
by the Levanyuk-Ginzburg criterion in d dimensions [46,47],

d—4
2

IAC
R L TG~ [(%) E:| , (2)

for the reduced temperature tz = (T' — T.)/T.. Since we are
using a magnetic field to induce the phase transformation,
we can estimate this with the reduced field 7 without loss
of generality. Careful heat capacity measurements have been
carried out on similar skyrmion systems, reporting AC per kg
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FIG. 3. Intermediate scattering functions for skyrmion fluctuations. (a) S(g, t) for a magnetic field of |#| = 0.18 (blue) shows dynamics
with a relaxation time of ~20 ns with a fit to exponential behavior. (b) S(g, ) for skyrmion fluctuations at |k| = 0.12 (beige) shows no
fluctuations in the observed range, with the gray dashed line indicating the |#| = 0.18 data [also plotted in (c)] for comparison. (c) S(q, t),
or effectively S(q, 0), for the same phase region at |#| = 0.12, which is defined by single-shot data. For this curve, since single-shot data are
inherently ¢ = 0, the time axis represents the machine configuration of the electron accelerator for producing the time delay which was used
when single shots were filtered from the two-pulse data. This single-pulse curve is used for normalizing any differences due to coherence or
machine parameter changes with time delay. For all S(g, t) curves in (a)—(c), single-pulse data were also collected for a given magnetic field,
and plotted as square symbols broken from the rest of the curve as a guide to the eye. (d) The timescales 1/t of the skyrmion phase in units of
GHz plotted with reduced field 4. The colored symbols correspond to the data plotted with the same color in Figs. 2 and 3, as well as with the

field points in Fig. 1(c).

values of about 1.8-2.2 [43]. Though this is for a different
skyrmion lattice, it gives us an estimate to within an order of
magnitude. This, taken together with the d = 2 designation
for this system, we can estimate hpg ~ 1073-1072, shown
in the inset of Fig. 1(c) (blue area). This Ginzburg region,
defined as where the fluctuations cause the breakdown of
Ginzburg-Landau theory, is estimated to be much smaller then
our observations indicate.

The Levanyuk-Ginzburg criterion is well-known to be a
good description in systems such as BCS superconductors,
but breaks down for the high-T,. systems due to a substan-
tially reduced pair correlation length [48]. Since the estimated
Ginzburg region of the skyrmion lattice phase is very close
to h = 0, the typical method of handling fluctuations may not

apply to the skyrmion lattice state. The standard procedure is
to include corrections that involve quadratic gradient terms
only, if inhomogeneities are small. Our work suggests that
this description cannot be rectified by simply adding higher-
order gradient terms to the Ginzburg-Landau theory. In other
words, the breakdown is not only due to the limited correlation
length as seen in the high-7,. superconductors, but may have
additional analogous behavior to more fundamental physics in
these systems, such as fluctuation-induced phase instabilities.
For instance, the topological nature could be playing a role
in the stochastic behavior of the skyrmion lattice. Clearly,
the severity of the measured fluctuations are such that the
phenomenological Ginzburg-Landau theory does not capture
this, and thus a more advanced theoretical treatment may

033249-5
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be required to understand this type of phase transition for a
topological state.

V. CONCLUSIONS

In summary, we have measured the spontaneous fluctua-
tions of the skyrmion lattice state as a function of magnetic
field. We observe a low-energy, underdamped excitation of
this lattice, which occurs on a nanosecond timescale and
provides insight into how the phase forms and how skyrmion
lattice interactions, and skyrmion-skyrmion pair interactions,
couple. We found the state to exhibit fluctuations which
slow down near the magnetic-field-induced critical point,
suggesting an inability for the system to energetically fa-
vor freezing over the fields measured. The breakdown of
Ginzburg-Landau mean-field theory is prominent and seems
to occur throughout the entire phase here and points to the
concept that topological phase objects may have more in
common with high-temperature superconductors. This is not
only due to the shorter correlation length however, but to the
fact that both are heavily dependent on the the appearance of
dynamic fluctuations in low dimensions.
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