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We report an x-ray photon correlation spectroscopy method that exploits the recent development of the
two-pulse mode at the Linac Coherent Light Source. By using coherent resonant x-ray magnetic scattering,
we studied spontaneous fluctuations on nanosecond time scales in thin films of multilayered Fe/Gd that
exhibit ordered stripe and Skyrmion lattice phases. The correlation time of the fluctuations was found to
differ between the Skyrmion phase and near the stripe-Skyrmion boundary. This technique will enable a
significant new area of research on the study of equilibrium fluctuations in condensed matter.
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Ever since Einstein’s paper on Brownian motion, fluctua-
tions of matter in equilibrium has been a cornerstone in
modern physics [1]. This provides the basis for phase
transitions and critical phenomena in statistical mechanics
[2], order parameter field theories in quantum criticality [3],
the ergodic theory of conductance in metals [4], and under-
standing symmetry breaking in general, in solids [5]. From a
theoretical standpoint, constructing the dynamic susceptibil-
ity χðq;ωÞ or a model Hamiltonian for a spin system can be,
at the most fundamental level, akin to understanding the
magnetic fluctuations. In the case of magnetic and strongly
correlated electronic materials, the fluctuations of interest
occur over a wide range of time and length scales, presenting
a central challenge from both experimental and theoretical
perspectives.
Spontaneous fluctuations at the nanoscale are known

in many cases to have profound influence over material
properties, such as transport, viscosity, or even determi-
nation of the system’s thermodynamic phase. For example,
spin fluctuations are considered to be an important com-
ponent in stabilizing the topological magnetic structures
called Skyrmions [6,7]. The Skyrmion phase originates
from competition between the symmetric-type exchange
(Si · Sj) and antisymmetric-type Dzyaloshinskii-Moriya
(Si × Sj) interactions (see Fig. 1) [8,9]. Skyrmions have

been observed in a variety of chiral magnetic systems, that
include MnSi [10], CoFeB [11], PtCoTa [12], FeCoSi [13],
FeGe [14], IrCoPt [15], and multiferroic Cu2OSeO3

[16,17]. They have also been observed in many thin films
with perpendicular anisotropy [18]. Experimental verifica-
tion of Skyrmions in magnetic systems have come from
small-angle neutron scattering, Lorentz TEM measure-
ments, resonant x-ray scattering, and the topological
Hall effect [19]. Apart from interesting physics, these
topological entities can be moved coherently over macro-
scopic distances with very low currents and have the
potential for use in advanced quantum computing and

FIG. 1. Schematic depicting the geometry of the experiment at
the LCLS [25], including the monochromator, the MCP detector
which is used to sort the relative pulse height amplitude between
pulse pairs, the pulse pair separated by time τ, the sample and
applied magnetic field, the CCD mask to limit x-ray illumination
on the CCD to a small region of interest, and the commercial
(Andor) CCD. Inset: a cartoon of a single spin configuration of a
chiral magnetic Skyrmion, a single unit of the Skyrmion lattice,
and the resonant x-ray scattering from the Skyrmion hexagonal
lattice, as measured at the ALS.
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future memory devices. In spite of a large number of studies
on Skyrmion textures and their related motion using
electrical currents, very limited reports exist on the fluc-
tuating nature of the order parameter [20,21]. In particular,
there is no study of element specific measurements on
fluctuations in a Skyrmion system, that which offers the
information necessary to calculate the dynamic suscep-
tibility χðq;ωÞ in a complex, multifunctional material from
first principles [22].
To achieve a fundamental understanding of the fluctua-

tions in a condensed phase, spatial and temporal correlations
can be determined by the van Hove correlation function,
Gðr; tÞ, or measured via its space-momentum Fourier trans-
form: the intermediate scattering functionSðq; tÞ.Oneway to
measure this is using x-ray photon correlation spectroscopy
(XPCS) [23,24]. This is a coherent scattering method
wherein random variations in the scattered intensity, or
“speckle,” are measured as a function of time. The speckle
diffraction pattern is formed from interference of the scat-
tered coherent beam due to sample heterogeneity. This relies
on spatial coherence of the x rays and on a disorder length
scale that is much greater than the x-ray wavelength.
The dynamics associated with spin heterogeneity are

well known to occur in the nanosecond time range,
according to the Landau-Lifshitz-Gilbert equation. This
regime has so far been inaccessible to XPCS due to
significant technical challenges, such as available coherent
x-ray flux and detectors. Thus, in spite of their scientific
importance, XPCS studies on time scales faster than 1 μs
have not been possible. We note that the common pump-
probe technique can access much shorter times for the
study of excited states, but this is not suitable for studying
spontaneous fluctuations since the system needs to be
probed while in equilibrium.
In this Letter, we demonstrate that Sðq; tÞ can be

measured on the nanosecond time scale using XPCS by
directly probing the magnetic structure of the Skyrmion
lattice (see Fig. 1) in a thin film of amorphous Fe/Gd,
exhibiting a hexagonal lattice phase. This is 3 orders of
magnitude faster then the current state-of-the-art measure-
ments. The experiment was performed by using a pair of
femtosecond x-ray pulses that are tuned to the Gd M5

resonance (≈1190 eV), sensitive to the magnetic moment
of Gd. Magnetic diffraction peaks appear from the mag-
netic texture due to the Skyrmion lattice, providing exper-
imental observation of first spontaneous magnetic
fluctuations directly on the nanoscale. Near the stripe-
Skyrmion phase boundary, we observe a more rapid
fluctuation and a larger fraction of the magnetic structure
exhibiting spatiotemporal fluctuations. In contrast, the
magnetic vortex motion deeper in the Skyrmion phase is
relatively slower. The method that we report here creates an
opportunity to use femtosecond pulse pairs from an x-ray
free electron laser (XFEL) [25] to study thermally induced,
spontaneous nanoscale fluctuations in materials, an area of
exploration that has not been possible until now.

In the conventional mode of XPCS, a series of speckle
patterns is collected sequentially as a function of time from
which the intensity-intensity autocorrelation g2ðτÞ is calcu-
lated, related to Sðq; τÞ, where τ is the time difference
between successive pulses [26]. This has been used from
the microsecond time scale to several hundreds of seconds
[27–34]. For time scales below a microsecond, this method
is impractical due to detector speed limitations, and
available coherent x-ray flux. Alternatively, a two-pulse
technique has been proposed that takes advantage of the
high coherent flux and short pulse nature of XFELs [35].
This instead records the sum of two speckle patterns while
adjusting τ between the pulse pair. The speckle contrast
Cðq; τÞ, which is related to g2ðq; τÞ, is calculated from this
sum of the speckle patterns. This is the idea behind the use
of a split-and-delay device, where XPCS can be conducted
by splitting a single pulse from the XFEL into two equal
pulses [36]. The split-and-delay device, however, has
stringent requirements on the stability and alignment of
the optics which makes its use nontrivial.
Hereweuse a two-bunchmachinemode that produces two

separate femtosecond pulses that are time delayed with
respect to each other directly from the XFEL accelerator
[37]. This mode uses two different Ti:sapphire laser systems
to illuminate the linear accelerator cathode and creates two
separate electron bunch sources. Each bunch is accelerated
colinearly down the linac at 120 Hz, but in separate radio-
frequency (rf) “buckets,” allowing time delays in the nano-
second regime as bunches can be separated by integer
multiples of the rf period, 350 ps.
The sample measured is a multilayer with 100 repetitions

of alternating Fe (0.34 nm) and Gd (0.4 nm) layers grown
by dc magnetron sputtering. This system can be adjusted
in total thickness to optimize the scattering intensity and
the alloy composition can be tuned so the Skyrmion phase
occurs at room temperature [38]. They were deposited on
50 nm Si3N4 membranes and were measured in a forward
scattering geometry. The samples were precharacterized
at the coherent soft x-ray beam line (12.0.2.2) of the
Advanced Light Source (ALS) [39] using a prescripted
magnetic field cycle [40]. The sample was shown to exhibit
an aligned stripe domain state and a Skyrmion state at
room temperature between perpendicular magnetic fields of
μ0H ≈ 0�150 and μ0H ≈ 150�250 mT, respectively (see
Fig. 1 for an example).
Resonantly tuned coherent soft x-ray scattering was

performed at the SXR beam line at the LCLS [41]. The
pulse pair was set to the M5 edge in Gd at 1190 eV using a
100 l=mmmonochromator, with a bandwidth set by the exit
slit to 1.0 eV [42,43]. The spot size on the sample was set to
a diameter of 30 μm using a KBmirror system [44], and the
detector (Andor Newton) was placed 1.4 m from the
sample, such that the speckle size would be oversampled
by the 13 μm pixel size of the detector.
We measured hexagonally symmetric resonant scattering

from the Skyrmion lattice, with 100 nm vortex domains, in
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the form of speckle diffraction. A 90 × 90 pixel region of
interest (ROI) of the detector was centered on a magnetic
Bragg peak at a diffraction angle of 2θ ¼ 0.3° (Fig. 1). The
small ROI was used in order to acquire data at the repetition
rate of the LCLS (120 Hz). An electromagnet was used to
apply an out-of-plane magnetic field, with a tilt of 3.5° in
order to reproduce a small, in-plane field [40]. A micro-
channel plate (MCP) placed between the monochromator
and the sample was used for monitoring the energies of
each x-ray pulse individually. XFEL pulse pairs were
selected under the condition that the pulse energies mea-
sured with the MCP were within 20% of each other [45].
To measure spontaneous fluctuations, the sample must be

kept in equilibrium during the measurement. This require-
ment forces the intensity of the XFEL beam to be consid-
erably reduced. At a repetition rate of 120 Hz, a sparse
photon count was obtained on the detector which hindered
the traditional techniques for extracting the contrast from
the speckle pattern. The data must be analyzed using the
methodology of quantum optics, such that the contrast can
be calculated through photon statistics. We used a droplet
algorithm to localize the photon positions and account for
charge sharing between adjacent pixels, thus determining
the number of photons in each speckle [46,47].
When measurements are made in the photon-counting

regime, speckle contrast must be defined differently. In this
case one must measure the probability distribution of
detecting k photons in any given speckle:

PðkÞ ¼ ΓðkþMÞ
k!ΓðMÞ

�
k̄

k̄þM

�k� M
k̄þM

�
M
; ð1Þ

where ΓðxÞ is the gamma function, M is the degrees of
freedom in the speckle pattern, and k̄ is the average number
of photons [48]. M can then be extracted as a fit parameter
for the measured distribution, and the speckle contrast can
be calculated as C ¼ 1=

ffiffiffiffiffi
M

p
.

To compare the observations of the x-ray speckle patterns
recorded on the detector to the probability distribution in
Eq. (1), we calculatePðkÞ by counting all the speckles with k
photons in them and simply divide by the total number of
speckles in the diffraction pattern. Figure 2 shows the
probability PðkÞ of detecting k ¼ 1 to k ¼ 4 photons per
speckle, giving four unique ways to extract M per pair of
XFEL shots fired. The data are plotted with k̄, together with
the error, all simulated contrast values for increasing shades
of green between 0.2 and1 in 20% increments, and thebest fit
to the data. Data for Pðk ¼ 4Þ, shown in Fig. 2(d), did not
have good enough statistics for a reliable comparison.
We also fit the ratio αðkÞ≡ PðkÞ=Pðkþ 1Þ for k ¼ 1.
This enforces self-consistency and gives another way to
determine the contrast from the data.
XPCS measurements were performed in both the

Skyrmion lattice phase at 210 and at 200 mT, closer to
the stripe-Skyrmion boundary. In the Skyrmion phase, we

use αðkÞ for k ¼ 1 to extract the values of Cðq; τÞ as a
function of time delay between pulses in Fig. 3, for
q ¼ 0.06 nm−1. To confirm the results, we also analyze
speckle patterns that contain speckles with exactly k ¼ 3
photons and fit PðkÞ using Eq. (1). We chose k ¼ 3 in
particular because of what we call “contrast dispersion.”
This is the measure of the spread in PðkÞ as a function of
contrast, allowing us to obtain a more precise value for
Cðq; τÞ [compare Fig. 2(a) to Fig. 2(c)].
The final contrast curve generated from both αðk ¼ 1Þ

and the Pðk ¼ 3Þ information was fit to the simplest model:
a single exponential decay. Magnetic fluctuations related to
the Skyrmion lattice ordering length scale are observed to
exist on a ∼4 ns time scale, an effect that has not been
observed before (Fig. 3). We excluded the point at 0.7 ns
from the exponential fit, which may be an indication of an
oscillation in the correlation function as depicted qualita-
tively in Fig. 3. However, more data are required to verify
this scenario. Although Cðq; τÞ seem to only drop by 10%,
it should be noted that for two completely uncorrelated
speckle patterns with equal intensity, the contrast is only
reduced by a factor of

ffiffiffi
2

p
relative to that of a single pattern.

From our observation of about 10% contrast reduction, we
thus conclude that about one-third of the Skyrmion domain
state fluctuates on a time scale of 4 ns, or faster.
We next investigate how the fluctuations change near

the stripe-to-Skyrmion phase boundary, by lowering the

FIG. 2. Probability to scatter k photons, PðkÞ, for k ¼ 1�4
photons at the Skyrmion peak measured through coherent soft
x-ray resonant scattering in Fig. 2(a)–(d), respectively. The
distributions are plotted with k̄, the average photons per speckle.
The black points are the binned data, the shades of green
represent the range of contrast calculations for this range of
data, and the red curve is the best fit of the data to Eq. (1).
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applied magnetic field to 200 mT. We extract the contrast
following the same procedure as for the Skyrmion phase
mentioned above. In comparison to the Skyrmion lattice
phase, the dynamics in this part of the phase diagram shown
in Fig. 4 indicate that the system exhibits 80%� 20%
domain fluctuations. In addition, the time constant drops
considerably, from 4 ns to < 300 ps. This indicates larger,
and more rapid fluctuations near the phase boundary.
The implicit assumption of equilibrium dynamics studies

raises the question: Are the x rays promoting excitations in
the system? Taking into account beam line optics, band-
width, and the filtering, we estimate a maximum fluence of
0.15 mJ=cm2 at the sample for this experiment. At this
wavelength, this corresponds to a dose of ≈10−3 eV=atom.
We calculate that this multilayered sample structure exhibits
damage at a fluence of about 50 mJ=cm2, or an energy dose
of about 0.4 eV=atom [49]: well above our experimental
conditions. To test the damage threshold experimentally,
we systematically increased the fluence until we reached
the point at which the scattered intensity became nonlinear
with incoming pulse energy. This occurred at a fluence of
5 mJ=cm2, indicating the threshold where sample modifica-
tion can occur before damage sets in. Additionally, tracking
themeasuredM values as a function of photon density did not
reveal a noticeable deviation from Eq. (1), further confirming
that the sample is not being modified with the first pulse.
The power of themethod demonstrated here is not only an

ability tomeasure the time scale of themagnetic fluctuations,
but also that we can both associate this specifically with
in-plane Skrymion motion at the range of the Skyrmion-
Skyrmion interaction, as well as with the fraction of
fluctuating Skyrmion domains. Our data are consistent with
other Skyrmion work such as GHz ferromagnetic resonance
(FMR) modes observed in a similar Fe/Gd system [50], as
well as with recent neutron spin echo spectroscopy experi-
ments on fluctuating magnetic correlations in FeCoSi [51].

The quasiparticle equation of motion used for gyrotropic
eigenmodes is most likely not applicable here since the
rotational motion of these objects in the plane of the sample,
perpendicular to the x-ray propagation vector, would not
contribute to a decay in contrast of the speckle patterns [52].
It is clear that spin fluctuations, random motion, and lateral
fluctuations of domain walls all contribute, and will be the
focus for thismethod in the future, both froman experimental
and a theoretical perspective.
The observation of nanosecond Skyrmion fluctuations

through the use of x-ray pulse pairs, essentially using two
XFELs simultaneously, is a technological breakthrough for
the field of XPCS. This work demonstrates that through the
use of developments in accelerator physics together with
the speckle statistics formalism it is possible to perform
nanosecond XPCS. A fundamental concept in solids is that
of elementary excitations and how they relate to collective
modes on different length scales, giving rise to the macro-
scopic properties of a material. The extension of XPCS into
the nanosecond regime with this new XFEL advancement
enables the study of a wide range of systems, including
those that exhibit electronic and magnetic phenomena.
These results indicate that XPCS can not only uncover a new
regime of physical phenomena in the μeV range, but for even
shorter times, may also be able to complement resonant
inelastic x-ray scattering (RIXS) and inelastic neutron
scattering in the future. Short bursts of soft x rays have
many applications [53], but with the ability to separate pulses
on these time scales, this technique will be a pivotal point for
progress in new directions in condensed matter, especially
those focused on the spin or orbital wave function of the
electron.

We would like to acknowledge comments on the
manuscript from D. Zhu, illustrations for the inset of
Fig. 1 by T. Anderson, and assistance with other research
and resources at SLAC from V. Sha. Special thanks also
to B. Faruzzi. Use of the Linac Coherent Light Source
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FIG. 4. Contrast vs time delay near the Skyrmion-stripe phase
transition at 200 mT. Blue data points are calculated based on a fit
to αð1Þ, the ratio between Pð1Þ and Pð2Þ, using Eq. (1), with the
fit for Pð3Þ shown for comparison (red data points). The blue
curve represents a decay time consistent with the data, estimated
at 300 ps.
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