PHYSICAL REVIEW B 98, 014424 (2018)

Phase-transition kinetics of magnetic skyrmions investigated by
stroboscopic small-angle neutron scattering
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We investigated the phase-transition kinetics of magnetic skyrmion lattice (SkL) in MnSi by means of
stroboscopic small-angle neutron scattering (SANS). Temporal evolutions of SANS patterns were measured with
time resolution of 13 ms while sweeping temperature as fast as 50 Ks~'. It turned out that the paramagnetic-to-SkL
transition immediately occurs upon traversing the equilibrium phase boundary on the rapid cooling, whereas
the SkL-to-conical transition can be kinetically avoided to realize the low-temperature metastable SkL. with a
long-range magnetic order. The formation of the metastable SkL. was found to be strongly dependent not only on
cooling rate, but also on magnetic field and trajectory in the H-T phase diagram.
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I. INTRODUCTION

Topologically stable particle-like field configurations have
attracted considerable attention in the research fields of nuclear
physics [1], quantum Hall systems [2], liquid crystals [3],
etc. Among them, magnetic skyrmions, which are nanometric
vortex-like magnetic objects in long-wavelength helimagnets,
have been intensively investigated for recent years [4—11]. This
is partly because they are countable magnetic particles which
can be driven by an electric current of low density [12,13].
These characteristics are potentially applicable for new mag-
netic memory devices [14,15]. Their topological properties are
guaranteed as long as the arrangement of magnetic moments in
the system is treated as a continuous vector field. In this limit,
the magnetic skyrmions are regarded as topological defects,
which cannot be removed by adiabatic deformations, and en-
dowed with topological stability. However, real skyrmion-host
materials exhibit paramagnetic phases at high temperatures,
where a time-averaged amplitude of the local magnetization
is zero due to thermal agitation and the skyrmionic order can
hardly exist. In bulk samples, most of the skyrmion phases
have two kinds of phase boundaries: one is facing another
magnetically ordered (mostly conical magnetic) phase, and the
other is facing a paramagnetic (or fluctuation-disordered [16])
phase. On these boundaries, the validities of the topological
stability should be different from each other.

This difference may be manifested in the kinetics of phase
transitions with varying temperature. An example is the ther-
mal quenching process of the skyrmion lattice state in MnSi
[17,18]. A metallic helimagnet, MnSi exhibits a skyrmion
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lattice (SkL) phase only in a very narrow temperature and
magnetic field window just below the transition temperature of
Tc = 29 K [5]. However, arecent Hall resistivity measurement
demonstrated that the thermoequilibrium SkL state can be
quenched to low temperatures, so it can persist as a metastable
state in a wider temperature and magnetic field range [17]. In
the previous study, an electric current pulse was applied to a
MnSi single crystal at a low temperature in a magnetic field.
The sample was heated above T¢ due to the Joule heating,
and then it was rapidly cooled to the base temperature passing
through the equilibrium SkL state. Although the system orig-
inally exhibits a conical magnetic order at low temperatures,
the SkL-to-conical phase transition can be kinetically avoided
upon the rapid cooling. A recent small-angle neutron scattering
(SANS) study also confirmed that the quenched skyrmions
still maintain the triangular lattice form [19]. In both the
experiments, however, the metastable SkL. was evidenced by
comparing the Hall resistivity or SANS patterns measured in
the respective steady states before and after a current pulse
application. It is not yet clear how dynamically the phase
transitions proceed during the current pulse application.

To investigate the phase-transition kinetics in MnSi upon
rapid cooling, a real-time observation of the magnetic order
is necessary. One of the possible approaches is a “pump-and-
probe” or “stroboscopic” time-resolved measurement [20-25].
In the present study, we performed a stroboscopic SANS
experiment on a single crystal of MnSi at a time-of-flight (TOF)
neutron scattering instrument TAIKAN (BL15) in the pulsed
neutron source of materials and life science facility (MLF) in
J-PARC [26]. By synchronizing electric current and neutron
pulses, we implemented the stroboscopic approach in the TOF
neutron scattering instrument, which enables us to observe
temporal evolutions in neutron scattering patterns with a time

©2018 American Physical Society
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FIG. 1. (a) H-T magnetic phase diagram of MnSi for magnetic fields along the [001] axis (redrawn from the data presented in Ref. [19]).
Time profiles of the (b) electric current pulse, (c) nominal temperature T, and (d) integrated intensity of the magnetic Bragg reflections from
the SKL order, Igy . Inset schematically shows the integrated area. (e) Typical SANS patterns at selected time frames during the current pulse

applications.

resolution of 13 ms (see the Supplemental Material for details
of the experimental setup and the time resolution [27]).

II. RESULTS AND DISCUSSIONS

First, we investigated the kinetics of magnetic phase tran-
sitions in a magnetic field of 0.2 T along the [001] axis. We
applied electric current pulses at 21.5 K, which is far below
the equilibrium SkL phase, as shown in Fig. 1(a). Figure 1(b)
shows a time profile of the electric current pulse with a height
of 323 mA. The current density in the sample is calculated to be
2.2 x 10° A m~2, which does not cause irreversible unwinding
of metastable skyrmions [28]. The sample temperature was
deduced from the resistivity measured during the current pulse
application, in the same manner as in the previous studies
[17-19]. As shown in Fig. 1(c), the sample was heated up
to approximately 35 K, and then rapidly cooled down to
the base temperature at a rate of 50 Ks~'. We repeated
the current pulse application approximately 1000 times, and
accumulated the SANS signals for each time frame. Figure 1(e)
shows the temporal evolution of the SANS pattern during the
rapid temperature sweeping. At = 0, a hexagonal diffraction
pattern is observed on a plane perpendicular to the magnetic
field. This corresponds to the triangular lattice of metastable
skyrmions, which was already created by repeating current
pulses. The magnetic Bragg reflections disappeared once at
high temperatures [e.g., t = 0.34 s in Fig. 1(e)], and then
reappeared on the subsequent cooling (e.g., t > 0.5 s), as also
evidenced by temporal evolution of integrated intensity of the
magnetic reflections shown in Fig. 1(d).

We noticed that a nonzero intensity remains in the time
ranges of ¢ = 0.07-0.20 s and r = 0.40-0.47 s, where the
system is supposed to be in the paramagnetic phase at

thermal equilibrium. A finite-element calculation of the ther-
mal distribution suggests that the actual temperature of the
sample was not uniform but had some distribution, as schemat-
ically illustrated by a gray shaded area in Fig. 1(c) (see
Supplementary Fig. S3 for details), which blurred the time
profile of the integrated intensity. In this paper, we thus refer
to the temperature deduced from the transient resistivity value
as the nominal temperature, Tpomn-

Here, we focus on the rapid cooling process, which corre-
sponds to the time range of + = 0.3-0.7 s, to investigate how
the skyrmions are formed from the paramagnetic phase and
finally quenched to low temperatures. We extracted the inte-
grated intensity (/sx), length of the Q vector (|Q]), and half
widths at the half maximum of the magnetic Bragg reflections
along the radial and azimuthal directions (wy, w ), from the
SANS patterns at each elapsed time ¢. Figures 2(a)-2(d) show
these parameters as functions of T;,,,. We also measured the
SANS patterns on slow cooling without applying electric
current pulses, and plotted the parameters in these figures
as functions of 7. We found that Igy started to grow at
Thom = 31 K upon rapid cooling. Taking into account the
difference between the nominal and actual temperatures, we
concluded that the paramagnetic-to-SkL phase transition takes
place at around T¢ even upon rapid cooling, revealing that
the formation of skyrmions is fast enough to follow the rapid
change in temperature due to the infinitesimal ordered moment
at the T¢. Upon further cooling, Isx;, monotonically increases
even in the metastable regime, indicating that the magnitude
of the ordered magnetic moments is still developing from the
value of the equilibrium state.

Another parameter to describe the magnetic order is |Q|,
which represents, in a helimagnet, a turning angle between
neighboring magnetic moments. A previous SANS study on
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FIG. 2. T,om and T variations of (a) /sy, (b) length of the magnetic
modulation wave vector | Q|, and half-widths of the half maximum of
the Bragg reflections along the (c) radial and (d) azimuthal directions.
Solid and dashed lines in (a) are guides to the eyes. Insets in (c) and
(d) schematically show the relationships between the crystallographic
and magnetic field directions and the radial and azimuthal directions
in the reciprocal lattice space, respectively.

MnSi reported that | Q| decreased with decreasing temperature
in the helical phase [29]. In the present experiment, |Q| of
the SKL state also decreases on rapid cooling, and coincides
with the value measured on slow cooling at around 27 K,
as shown in Fig. 2(b). Interestingly, |Q| keeps decreasing
from the value of the equilibrium SkL phase with decreasing
temperature. This is in sharp contrast to a previous SANS study
on SKL in (Fe,Co)Si [30], which is also known to exhibit
a metastable SkL state on cooling in a magnetic field. In
(Fe,Co)Si, the temperature evolution of | Q| was stopped when
the system entered the metastable regime. It was concluded
that the metastability of the SkL state in (Fe,Co)Si is mainly

attributed to a pinning effect due to the chemical disorder,
namely, random distribution of Fe and Co. By contrast, the
present results show that magnetic moments gradually change
their turning angle even in the metastable SkL state. We thus
conclude that the pinning effect due to chemical disorder is
less effective in MnSi, suggesting that the metastabilization
of the SkL state in MnSi is governed mainly by a competition
between the cooling speed and the time scale of the topological
unwinding of the skyrmions.

We also found that the metastable SkL appeared as a
long-range magnetic order at the lowest temperature. As shown
in Figs. 2(c) and 2(d), w) and w decrease on rapid cooling, re-
spectively, and finally become comparable with the minimum
widths obtained in slow cooling, indicating that the metastable
skyrmions are arranged in a regular triangular lattice on the
plane perpendicular to the field [see Supplemental Material
and Supplementary Fig. S4 for more details on the formation
of the long-range order (LRO)]. One should note here that
information about the out-of-plane magnetic correlation is still
lacking in the present study. To investigate this point, it will be
necessary to combine the stroboscopic SANS measurements
and rocking scans.

Another point to be noted here is that in the temperature
range of 27 < Tyom < 28 K, where the |Q| rapidly changes
on quenching, w; and w,; were larger than those on the
slow cooling, as seen in Figs. 2(c) and 2(d). We infer that
the T variation of |Q| introduces some imperfections in the
SKkL order; because the number of topological particles tends
to be conserved in the limited volume of the sample, the
rapid reduction in |Q|, which means rapid increase of the
core-to-core distance between neighboring skyrmions, may
result in temporal disorder or dislocation in the arrangement
of the skyrmion particles, though they are finally rearranged to
achieve the LRO at the lowest temperature.

Having established the kinetics of phase transitions at
0.2 T, we investigated how they depend on the magnetic
field. Figures 3(a) and 3(b) show time profiles of sy and
their variations as a function of T, with varying magnetic
field, respectively. Here, we also show integrated intensities
of the conical phase, I, which were measured by rotating
the sample and direction of the magnetic field by 90° about
the vertical axis. At each magnetic field, the current pulse
application was repeated for 300-1000 times. The integrated
area for /¢ is schematically shown in Fig. 3(c). Importantly, the
paramagnetic-to-SkL phase transition was detected at all the
magnetic fields, supporting our conclusion that the formation
of the SKL is quite fast and immediately occurs at the critical
temperature. On the other hand, the SkL-to-conical phase
transition strongly depends not only on cooling rate, but also on
magnetic field. In particular, at 0.15 and 0.22 T, the metastable
SKkL state was not observed at the lowest temperature. The
SkL state turns into the equilibrium conical phase even upon
the rapid cooling at a cooling rate of 50 Ks~!. Note that even
at 0.2 T, there is a temporal decay of the metastable SKL state
in the time range from 1 to 10 s, as shown in Fig. 3(a), showing
that the metastable SkL has a finite lifetime at this temperature
(22 K).

One may consider that the metastable SkLL would no longer
be stable at 0.15 and 0.22 T, which is, however, not the case.
In Fig. 3(d), we show field dependence of Isi;. measured after
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FIG. 3. (a) Temporal profiles of Tom, IskL, and Ic measured at a number of magnetic fields. (b) Isy. and I¢ replotted as functions of 7.
Solid lines are guides to the eyes. (c) Integrated area for magnetic reflections of the conical phase. (d) Magnetic field dependence of Igy.
measured in two different paths shown in (b). The lines are guides to the eyes. (e) Metastable state and equilibrium phase diagram of MnSi.
The phase boundaries are redrawn from the data presented in Ref. [19]. The light-blue area shows where the metastable SkL state (labeled
“m-SkL”) has a life time longer than about 10 s, once it is created. The green area qualitatively shows the H and T range where the metastable

SKL state can temporarily exist upon quenching with the cooling rate of 50 K's

quenching at 0.2 T; we created the metastable SkL. at 0.2 T
and 22 K, swept the magnetic field to Hj, as illustrated by blue
arrows in Fig. 3(e), and then measured SANS patterns. The
typical data acquisition time was about 5 min. We detected
sizable intensities at 0.15 and 0.22 T, revealing that once the
metastable SkL is created, it persists (at least for more than
10 s) in a wide magnetic field range from 0.13 to 0.28 T, at
22 K. Nonetheless, it cannot be reached from the quenching
process at a fixed magnetic field, e.g., 0.13 and 0.28 T, other
than the optimum one (0.2 T).

These observations provide insights into how the equilib-
rium SKL phase is connected to the metastable SkL state. The
present cooling rate of 50 Ks~! can quench the equilibrium
SkL state to low temperatures only in a narrow window of
magnetic field near 0.2 T, as indicated a green area in Fig. 3(e).
This is quite reasonable because the transition temperature
from the equilibrium SkL phase to the conical phase is
minimized at around 0.2 T (see Fig. 1(a)). By minimizing
the thermal fluctuation, the system can pass through the
equilibrium phase boundary while keeping the topology of spin

—1

texture. As increasing or decreasing magnetic field from 0.2 T,
the SkL-to-conical phase boundary is shifted toward higher
temperatures, where the thermal fluctuations become stronger.
As aresult, the cooling rate of 50 K s ! is still not fast enough to
kinetically avoid the transformation of the magnetic order from
the SKL to conical states. Accordingly, it can be expected that
the window of magnetic field needed to realize the metastable
SKL states is expanding with increasing cooling rate. In fact,
in the previous Hall resistivity measurements on MnSi upon
a more rapid quenching at a cooling rate of approximately
700 Ks~! [17], the thermal quenching of the SkL state was
possible in a wider range of magnetic field, which covers the
whole area of equilibrium SKL phase.

III. SUMMARY

In summary, we have investigated the phase-transition
kinetics of the SKL in MnSi upon a rapid cooling by means
of stroboscopic SANS measurements. We found that the
paramagnetic-to-SkL transition occurs when traversing the
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equilibrium phase boundary, indicating that the creation of the
skyrmions is fast enough to follow the temperature change of
50Ks . By contrast, the SkL-to-conical transition was found
to be strongly dependent not only on the cooling rate, but also
on the magnetic field and trajectory in the phase diagram. At
0.2 T, where the equilibrium SkL-to-conical transition temper-
ature is minimized, the transition is completely avoided by the
rapid cooling of 50 K s™!, and finally the metastable SKL state
exhibits a magnetic LRO at low temperatures. The length of
the Q vector keeps on changing with decreasing temperature in
the metastable SkL state, suggesting that the metastabilization
of the SKL state in MnSi is governed not by a pinning effect
due to chemical disorder, but by a competition between the

cooling speed and the time scale of the topological unwinding
of the skyrmions. We also emphasize that the stroboscopic
SANS technique will be a powerful tool to explore the ordering
kinetics and transient phenomena of magnetic skyrmions and
other topological spin textures.
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