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We report an experimental study of the emergence of nontrivial topological winding and long-range
order across the paramagnetic-to-skyrmion lattice transition in the transition metal helimagnet MnSi.
Combining measurements of the susceptibility with small-angle neutron scattering, neutron-resonance
spin-echo spectroscopy, and all-electrical microwave spectroscopy, we find evidence of skyrmion textures
in the paramagnetic state exceeding 103 Å, with lifetimes above several 10−9 s. Our experimental findings
establish that the paramagnetic-to-skyrmion lattice transition in MnSi is well described by the Landau soft-
mode mechanism of weak crystallization, originally proposed in the context of the liquid-to-crystal
transition. As a key aspect of this theoretical model, the modulation vectors of periodic small-amplitude
components of the magnetization form triangles that add to zero. In excellent agreement with our
experimental findings, these triangles of the modulation vectors entail the presence of the nontrivial
topological winding of skyrmions already in the paramagnetic state of MnSi when approaching the
skyrmion lattice transition.
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I. MOTIVATION

A prerequisite for the definition of topological magnetic
textures is the presence of a continuous magnetization field
with a finite amplitude in space and time. An example par
excellence of such textures are magnetic skyrmions, rep-
resenting topologically nontrivial whirls of this magneti-
zation field [1]. The notions of topological winding and
topological stability of such skyrmions are only meaningful
when the magnetization is sufficiently smooth on local
scales. This condition may be readily satisfied in systems
exhibiting long-range magnetic order for temperatures far
below the transition temperature Tc. In contrast, changes of
the topological properties require that the magnetization is

capable of vanishing on short length scales and timescales.
The associated microscopic mechanisms underlying the
transition of skyrmions into different types of conventional
long-range magnetic order have been explored in a large
number of theoretical and experimental studies [2–8].
A major unresolved question concerns, in contrast, the

formation of skyrmion lattice order when starting from a
state that is essentially paramagnetic and dominated by an
abundance of fluctuations such that the local magnetiza-
tion, on a coarse-grained level, practically vanishes on
average [9–15]. This case alludes to the question of whether
topologically nontrivial characteristics exist already in a
paramagnetic state and how they may be accounted for in
the framework of the present-day classification of phase
transitions [16–18]. It also connects with the relevance of
nontrivial topological properties in the search for novel
electronic properties of solids, e.g., at quantum phase
transitions [19–21].
Magnetic skyrmions are ideally suited to address this

question. However, they are typically portrayed from either
one of two seemingly contrary points of view. On the one
hand, skyrmions may be described as solitonic objects in
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real space with a well-defined particlelike appearance
[9–12,22,23], which in the extreme limit may be reminis-
cent of hard spheres. On the other hand, skyrmions may be
described in terms of smooth, wavelike textures of the
magnetization field [24,25], where long-range skyrmion
lattices form multidimensionally modulated states, also
known as multi-Q⃗ magnetic order. This suggests rather
different scenarios for the emergence of long-range skyrmion
lattice order.
With the emergence of the skyrmion lattice, the trans-

lation symmetry is broken. This symmetry breaking may be
linked more strongly or more weakly to the appearance of
skyrmionic entities near the transition. Consider the
extreme limit of a strong first-order transition where the
magnetization and the nontrivial topological winding
would arise simultaneously out of a pristine mean-field-
like paramagnetic state. In this situation, one would not
expect any skyrmion-like precursor phenomena in the
paramagnetic phase. In the other extreme limit, particlelike
skyrmionic solitons might be preformed in the paramagnet,
and the transition to long-range skyrmion lattice order may
be expected to share similarities with the crystallization of
atoms or molecules in a liquid. Here, the nontrivial topo-
logical winding of the skyrmions as a key ingredient of the
ordered phase would already be present in the paramag-
netic state.
An intermediate situation might arise in the case of

transitions that are only very weakly first order. In the spirit
of the theory of weak crystallization originally put forward
by Landau in 1937 [26,27], the free energy of the system
may then be expanded in those Fourier components of the
magnetization that belong to the reciprocal lattice of the
emergent skyrmion crystal. In the presence of a finite field,
cubic terms are allowed that lower the energy efficiently
when there exist modulation vectors within a plane that add
to zero, i.e., when they form triangles, which eventually
leads to the stabilization of hexagonal skyrmion lattice
order. In the paramagnetic state close to the transition, the
fluctuations of Fourier components with triangular wave-
vector configurations might then give rise to patches with
skyrmionic character that have not yet developed static
long-range order.
In recent years, a large number of experimental and

theoretical studies have shown that magnetic skyrmions are
ubiquitous in bulk compounds, thin films, heterostructures,
and nanoscaled systems, where both particlelike and wave-
like descriptions have been used [6,8–11,14,23,24,28–41].
Despite this enormous progress, the question of the
emergence of skyrmions from an environment that is
strongly fluctuating and essentially paramagnetic has not
been resolved. Combining high-precision ac susceptibility
measurements with small-angle neutron scattering, neutron
spin-echo spectroscopy, and ferromagnetic resonance stud-
ies, we resolve this question for the skyrmion lattice order
in MnSi. The order emerges from a disordered state in

terms of a weak crystallization of fluctuating skyrmion
textures with topologically nontrivial character.

II. STATE OF THE ART AND MAIN RESULTS

Historically first, and so far most extensively studied, are
skyrmions in the class of cubic chiral magnets, where the
interactions feature a hierarchy of scales that comprises, in
decreasing strength, ferromagnetic exchange interactions,
Dzyaloshinsky-Moriya (DM) spin-orbit coupling, and
magnetocrystalline anisotropies [42]. As a consequence
of the strongest scale, cubic chiral magnets exhibit para-
magnetic behavior at high temperatures and low fields, and
ferromagnetic behavior at high fields and low temperatures.
Poised at the border between the paramagnetic and ferro-
magnetic regimes in the limit of low temperatures and low
magnetic fields is a complex magnetic phase diagram
featuring long-wavelength chiral modulations of the mag-
netization that reflect the DM interactions and magneto-
crystalline anisotropies [15,43–45].
At zero magnetic field, the modulated magnetic state is a

long-wavelength helical modulation, where an applied
magnetic field generates a reorientation of the direction
of the helimagnetic modulation at a field Hc1 such that the
so-called conical state stabilizes. This process is followed
by a transition to the field-polarized (ferromagnetic) state
when increasing the field above Hc2. The skyrmion lattice
phase is, finally, embedded in the conical state under a
small applied magnetic field in the vicinity of the para-
magnetic-to-helimagnetic transition.
A series of studies have established that the magnetic

phase diagram may be fully accounted for in terms of a
conventional Ginzburg-Landau theory with fluctuation
corrections. In particular, it has long been recognized that
the long-range skyrmion lattice in cubic chiral magnets
may be approximately described by a triple-Q⃗ structure in a
plane perpendicular to an applied magnetic field, where the
wave vectors enclose rigid angles of 120° [24,25]. Analysis
of the spin orientation established a nonzero topological
winding number per magnetic unit cell characteristic
of skyrmions. For the thermodynamic stability of the
skyrmion lattice in the tiny phase pocket near Tc, thermal
fluctuations are essential [24,25].
In turn, when starting in the skyrmion lattice phase, a

decrease of temperature or changes of the applied magnetic
field cause a transition of the skyrmion lattice to the conical
state. Moreover, under thermal quenches in an applied
magnetic field, the skyrmion lattice survives as a metastable
state down to very low temperatures, where a direct
transition into the helical or field-polarized phase may
be triggered in field sweeps [2,3,46–50].
In contrast, the skyrmion lattice undergoes a transition to

a paramagnetic state when increasing the temperature. Even
though there exists a small field-induced uniform magneti-
zation above Tc, we denote this state as paramagnetic
because it features an abundance of fluctuations and
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components of the magnetization at and around the order-
ing vector Q⃗ that are purely dynamic. Conceptually, three
contributions to the spectrum of fluctuations may be
distinguished as follows: (i) components dominated by
the magnetocrystalline anisotropies that are reminiscent of
the helical order, (ii) components dominated by the Zeeman
energy akin to the conical order parallel to the applied field,
and (iii) components in the plane perpendicular to the
applied field featuring a multi-Q character akin to the
skyrmion lattice. Delineation of different contributions at
the paramagnetic-to-skyrmion lattice transition represents
an important question.
On a more general note, the paramagnetic-to-skyrmion

lattice transition in MnSi is of interest in the search for
novel electronic properties of solids, where a non-Fermi-
liquid resistivity and concomitant topological Hall signal
have been observed in MnSi under high pressure as well as
in Mn1−xFexSi under substitutional Fe doping [21,51–56].
These studies raise the question for microscopic evidence
of slowly varying spin textures and topological winding in
the paramagnetic state.
An important point of reference for the skyrmion lattice-

to-paramagnetic transition at finite applied magnetic field
and ambient pressure is the behavior in zero magnetic field
[57–59]. A peak-hump temperature dependence of the
specific heat in MnSi [60] inspired theoretical work taking
into account a nonanalytic gradient term beyond conven-
tional Ginzburg-Landau theory, which suggested the puta-
tive existence of a spontaneous (zero-field) skyrmion phase
between the paramagnetic and helimagnetic state [12].
While initial small-angle neutron scattering and thermal
expansion measurements did not favor such a skyrmion
phase [57,59], polarized neutron scattering data were
interpreted in support of this prediction [61–63].
Comprehensive small-angle neutron scattering (SANS),

neutron polarimetry, specific heat, and susceptibility mea-
surements eventually ruled out the existence of a skyrmion
liquid at zero field in MnSi [58,64]. Namely, when
approaching Tc, the fluctuations in the paramagnetic state
develop a helimagnetic character. Close to Tc, the weight of
the magnetic structure factor accumulates on a sphere in
wave-vector space, with a radius Q that is determined by
the competition between exchange and DM interaction.
Such a weight distribution implies strong renormalization
effects. All of the experimental findings could be described
in the framework of conventional Landau theory without
the need for the nonanalytic term. The account is consistent
with the scenario of a fluctuation-induced first-order
transition proposed by Brazovskii, where the paramagnetic-
to-helimagnetic transition is weakly first order with a peak-
hump structure in the specific heat.
Application of a magnetic field quenches the fluctua-

tions, resulting in a tricritical point at about 0.4 T [65,66].
This result raises the question for the evolution of the
transition to long-range magnetic order as a function of

temperature under different magnetic fields, namely, var-
iations of helical, conical, and skyrmionic components of
the fluctuations as mentioned above. Resolving this issue
requires the following: (i) Collect comprehensive informa-
tion of the distribution and character of the spectrum of spin
fluctuations throughout reciprocal space, (ii) delineate
single-Q from multi-Q fluctuations, and (iii) connect the
fluctuations quantitatively with bulk properties, notably
magnetization, susceptibility, and specific heat. The asso-
ciated experimental and theoretical work is clearly pro-
hibitive in terms of the necessary resources and time, and it
is thus well beyond present-day capabilities.
In contrast, a well-defined key question that may be

resolved concerns the character of the paramagnetic state
and the emergence of the nontrivial topological winding in
the skymrion lattice phase when approaching the skyrmion
lattice transition under decreasing temperature. Based on
the ac susceptibility and limited specific heat data at a finite
field, it was argued that skyrmionic precursor phenomena
exist in the paramagnetic state at the border of the skyrmion
lattice phase in FeGe [13,67]. However, this interpretation
lacked the necessary microscopic information on the
spatial, temporal, and topological character of the correla-
tions. Moreover, the claim of skyrmionic precursor phe-
nomena in the paramagnetic state assumed a spontaneous
skyrmion liquid in zero magnetic field. Thus, in order to
clarify the nature of the paramagnetic-to-skyrmion lattice
transition, a combination of bulk properties and microscopic
data is required, as well as a critical assessment of the
consistency with conventional Ginzburg-Landau theory.
In this paper, we report an experimental investigation of

the paramagnetic-to-skyrmion lattice transition in MnSi,
the most extensively studied representative of the class of
cubic chiral magnets. In our study, we combine the
information inferred from four experimental methods as
described in Sec. III. The combination of methods permits
us to show that the paramagnetic-to-skyrmion lattice
transition is dominated by skyrmionic fluctuations, whereas
conical and helical fluctuations are subleading. In turn, an
assessment of the full magnetic field and temperature
dependence of the spectrum of fluctuations by means of
neutron scattering, which is not feasible to date, is not
required.
Our arguments and presentation are organized as fol-

lows. High-precision measurements of the longitudinal and
transverse ac susceptibility, reported in Sec. IVA, reveal
that remnants of key signatures attributed to skyrmion
lattice order extend into the paramagnetic regime up to a
few K above the critical temperature. As presented in
Sec. IV B, in this paramagnetic regime, an abundance of
fluctuations gives rise to small-angle neutron scattering
intensity on the surface of a sphere with a faint sixfold
intensity pattern reminiscent of the skyrmion lattice order,
where the integrated weight is dominant. This result
establishes that further contributions with a conical
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character are subleading. The associated correlation lengths
of this skyrmionic intensity pattern are resolution-limited
and exceed several thousand Å. Thus, the sixfold pattern is
quantitatively consistent with the strength of the relevant
magnetocrystalline anisotropies that orient the pattern,
which are sixth order in spin-orbit coupling (cf. Sec. V B).
Using neutron spin-echo spectroscopy, we establish next

that the paramagnetic regime is fully dynamic, where
typical lifetimes of the skyrmionic correlations exceed
several 10−9 s, as reported in Sec. IV C. Finally, usingmicro-
wave spectroscopy, reported in Sec. IVD, we find, within
this small temperature range, the characteristics of counter-
clockwise collective excitations of skyrmions around
10 GHz, i.e., on timescales that are short as compared with
the lifetimes of the correlations. This observation under-
scores the fact that skyrmionic correlations are dominant in
comparison to conical contributions.
As summarized in Sec. VA, the main experimental result

of our paper concerns the observation of large-scale, long-
lived fluctuations with skyrmionic character in the para-
magnetic state of MnSi when approaching the skyrmion
lattice transition. Evidence of the nontrivial topological
character is provided by magnetic resonances that are
reminiscent of typical excitations of the skyrmion lattice.
Closer inspection of the length scales and timescales inherent
to our data presented in Sec. V B, such as the faint sixfold
intensity pattern in the paramagnetic regime, shows excellent
quantitative agreement with the well-known hierarchy of
scales at the heart of all of the properties of MnSi and related
compounds reported in the literature.
The presence of such large and slowly fluctuating

skyrmion textures would naturally explain the topological
Hall signal in MnSi seen under high pressures and substitu-
tional Fe doping, as discussed in Sec. V C. In Fourier space,
these magnetic fluctuations correspond to the leading
Fourier components of the emerging hexagonal skyrmion
lattice with wave vectors that form triangles (cf. Sec. V D).
This case identifies the paramagnetic-to-skyrmion lattice
transition as a form of weak crystallization in the spirit of
Landau’s seminal proposal. Perhaps most remarkably, the
large fluctuating skyrmion textures establish the presence
of nontrivial topological winding in the disordered state.

III. EXPERIMENTAL METHODS

For our study, high-quality single-crystal samples of
MnSi were grown by means of optical float zoning under
ultrahigh-vacuum compatible conditions [68–70]. The ac
susceptibility and specific heat were measured on a cubic
sample with an edge length of 2 mm and surfaces
perpendicular to h100i and h110i. For the small-angle
neutron scattering, a spherical single crystal with a diameter
of 5.75 mm was used, where a crystallographic h110i
direction was perpendicular to the directions of the neutron
beam and the magnetic field. The neutron resonance spin-
echo spectroscopy was performed on a cylindrical MnSi

sample with a diameter of 10 mm and a length of 30 mm,
where the h110i direction was parallel to the symmetry axis
of the cylinder. For the microwave spectroscopy, a disc was
used with a diameter of 6 mm and a height of 1 mm,
corresponding to demagnetization factors Nx ¼ Ny ¼
0.175 and Nz ¼ 0.651.
The longitudinal ac susceptibility was measured with a

Quantum Design Physical Properties Measurement
System. For the measurements of the transverse ac sus-
ceptibility, a bespoke susceptometer was used [71,72], as
operated in a superconducting magnet system with a
variable temperature insert. Both the longitudinal and
transverse susceptibility were measured at an excitation
frequency of 120 Hz and an excitation amplitude of 0.5 mT.
Complimentary magnetization and specific heat data,
recorded in order to confirm the sample quality with the
literature and previous studies, were also determined using
the Quantum Design Physical Properties Measurement
System.
The SANS measurements were performed at SANS-1

[73] at the Heinz Maier-Leibnitz Zentrum (MLZ) in
Garching. Data were recorded for a neutron wavelength
of λ ¼ 5.5 Å with a wavelength spread Δλ=λ ∼ 0.1. The
neutron beam was collimated over a length of 12 m with a
beam diameter of 50 mm. A pinhole aperture was placed
350 mm in front of the sample with a diameter of 4 mm.
The sample-detector distance was 10 m.
For an estimate of the resolution of the SANS measure-

ments, we assume a Gaussian distribution of the wave-
length spread and beam divergence, which, in reality, are
triangular and trapezoidal, respectively. No collimating
effects of the sample may be expected as the sample is
larger than the pinhole aperture. Taking additionally the size
of the pixels of the detector into account, the combined
calculated resolution of our SANS setup is given by a
Gaussian with a full width at half maximum of Δq ¼
0.0068 Å−1. Becauseof these approximations, the calculated
resolution represents a conservative upper limit, whereas the
measured full width at half maximum of the resolution is, in
fact, smaller and given by wG ¼ 0.0051 Å−1.
In the SANS studies, magnetic fields were generated

with a 5-T superconducting magnet system, and the sample
was cooled with a pulse tube cooler. At the time the SANS
data were recorded, the SANS-1 beam line was not
equipped with a goniometer. Therefore, all data were
recorded using one-axis rocking scans with respect to
the vertical direction. However, a large number of related
studies using full two-axis rocking scans confirmed the full
symmetry of the scattering pattern. Based on the very
systematic temperature and magnetic field protocol, only
data recorded using one-axis rocking scans are shown in
the following. We note that the logarithmic color scales
used in Fig. 2 are chosen such as to minimize the twofold
appearance of the diffraction pattern.
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Longitudinal neutron resonance spin-echo spectroscopy
was performed at the beam line RESEDA [74–76] at the
MLZ. As our study pursued measurements under applied
magnetic fields, the instrument was operated in the so-
called modulation-of-intensity-with-zero-effort (MIEZE)
mode. In this mode, the signal contrast corresponds to
the intermediate scattering function Sðq; τÞ. For a peda-
gogical account of the MIEZE setup used in our study, we
refer to Refs. [77,78]. A neutron wavelength of λ ¼ 6 Å
was used, and data were recorded covering a dynamic range
from 70 ps to 1.9 ns.
All-electrical microwave spectroscopy was performed by

means of a coplanar waveguide (CPW). The surface of the
sample that was placed on the CPWwas carefully polished.
Earlier work focusing on the universal character of the
FMR spectra in the ordered state of different material
systems has long established that different excitation modes
may be clearly discerned as comprehensively illustrated,
e.g., in Fig. 5 in the supplement of Ref. [79]. For the work
reported in this paper, the detection electronics and imped-
ance matching were optimized further, where additional
details and illustrations of the noise level using an identical
setup may be found in Refs. [80–82]. The static magnetic
field was oriented along the z axis perpendicular to the
CPW. For our setup, the strongest high-frequency compo-
nent of the CPW induced the precessional motion of the

spins along the x axis. Data were recorded with a vector
network analyzer, providing the relative amplitude of the
scattering parameter jΔS12j. For subtraction of the signal
background, spectra were at first recorded at each given
temperature for a magnetic field of 2 T not containing the
magnetic resonances of interest. This was followed by a
subtraction of data recorded at a high temperature of 35 K.
Throughout our study, great care was exercised to keep

track of differences of characteristic field values due to
differences of sample shape and the associated demagnet-
izing fields. Moreover, taking into account an excessive
body of experimental data that were recorded in the context
of other studies, the size of systematic differences of sample
temperature between the different experimental apparatus
was tracked and found to be very small. This result allowed
us to ascertain internal consistency of the data presented in
this paper, as well as consistency between different quan-
tities, notably the ac susceptibility, small-angle neutron
scattering, neutron resonance spin-echo spectroscopy, and
microwave spectroscopy.

IV. EXPERIMENTAL RESULTS

The presentation of our experimental results is organized
into four subsections: magnetic susceptibility in Sec. IVA,
small-angle neutron scattering in Sec. IV B, neutron

〈 〉
〈 〉
〈 〉
〈 〉

〈 〉
⊥ ⊥(a)

(c)

(b) (e) (f) (i)

(g)

(h)

(d)

FIG. 1. Longitudinal and transverse ac susceptibility. (a)–(d) Color maps of the real and imaginary parts of the longitudinal and
transverse susceptibilities, χLac and χTac, for a field along h100i after zero-field cooling. Data points are inferred from temperature (light
colors) and field sweeps (dark colors) of the differential susceptibility dM=dH (circles), χLac (squares), and specific heat measurements
(diamonds); see text for details. The following six regimes may be distinguished: helical (H), conical (C), skyrmion lattice (S),
fluctuation disordered (FD), paramagnetic (PM), and field-polarized (FP). (e) ReχLac as a function of field for different temperatures.
Dark and light shadings indicate contributions that arise from the skyrmion lattice state and skyrmionic fluctuations, respectively. Data
have been offset for clarity. (f)–(h) Reχac for different field directions and temperatures well below, around, and just above Tc. Isotropic
behavior is observed in the regime without static order. (i) ReχTac as a function of field for different temperatures.
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resonance spin-echo spectroscopy in Sec. IV C, and micro-
wave spectroscopy in Sec. IV D.

A. Magnetic susceptibility

It is helpful to begin with a brief reminder of key
characteristics of the magnetic phase diagram of MnSi
[see Figs. 1(a)–1(d) and 6(a)]. As emphasized in the
Introduction, two major regimes may be distinguished,
notably large temperatures and small fields vis-à-vis low
temperatures and large fields. While the former is essen-
tially paramagnetic (PM) with a pronounced Curie-Weiss
susceptibility of large fluctuating moments μCW ≈ 2.2μB,
the latter is essentially ferromagnetic (field polarized, FP).
In MnSi the magnetic moment in the FP regime is strongly
reduced, μs ≈ 0.4μB, as compared to the Curie-Weiss
moment, and highly unsaturated under large magnetic
fields [83]. Both aspects represent a key characteristic of
itinerant-electron magnetism [84,85].
At zero magnetic field, helimagnetic order with an

ordering wave vector Q⃗ with jQ⃗j ¼ 0.036 Å−1 emerges
below a transition temperature Tc ¼ 29.0 K. Detailed
SANS, susceptibility, specific heat, ultrasound attenuation,
and thermal expansion data of the transition consistently
establish a fluctuation-induced first-order transition
[58,59,65,66,86,87], where the paramagnetic state when
approaching Tc develops an abundance of chiral fluctua-
tions in a small temperature interval, denoted fluctuation
disordered (FD).
At low temperatures, a magnetic field exceeding a

characteristic field Hc1 causes a reorientation of Q⃗ to
become parallel to the applied field [88,89]. Depending on
the crystallographic direction, the reorientation at Hc1 is
either a first- or second-order transition or a crossover [89].
When further increasing the magnetic field, the conical
state collapses above a critical field Hc2, and the field-
polarized state is entered.
In a small temperature interval just below Tc, the

skyrmion lattice stabilizes [24]. In reciprocal space, the
skyrmion lattice represents approximately a triple-Q⃗ state
for all field directions, where the sum over the wave vectors
vanishes, forming a triangle. As the modulus jQ⃗j is
constant, the wave vectors enclose rigid angles of 120°.
It is important to emphasize that the phase relationship of
the three modulations is fixed and rigid as confirmed by
small-angle neutron scattering [90]. For the energetic
stabilization of the skyrmion lattice, phase fluctuation
corrections to the free energy are essential [24,25].
Depending on the field direction, small changes of precise
orientation of the skyrmion lattice with respect to the
crystal lattice are qualitatively and quantitatively in excel-
lent agreement with the cubic magnetocrystalline anisot-
ropies up to sixth order in spin-orbit coupling [91].
It is interesting to note that cubic magnetocrystalline

anisotropies may stabilize skyrmion lattice order for
specific directions only. A second skyrmion phase of this

type was recently identified in Cu2OSeO3 at low temper-
atures and magnetic field along h100i [92]. The study
reported here focuses instead on the high-temperature
skyrmion phase and the limit of very small, cubic,
magnetocrystalline anisotropies relevant to MnSi.
To account for our key findings, we begin with a

comparison of the quantitative value of the real and
imaginary parts of the longitudinal and transverse ac
susceptibilities, as depicted in terms of the color shading
of the magnetic phase diagram for a field parallel h100i in
Figs. 1(a)–1(d), before turning to typical data, as shown in
Figs. 1(e)–1(i). The phase boundaries are thereby inferred
from the longitudinal ac susceptibility (χLac, squares), the
susceptibility calculated from the magnetization (dM=dH,
circles), and the specific heat (diamonds). Data inferred
from temperature and field sweeps are indicated by light
and dark colors, respectively. For what follows below, it is
important to point out the lobed phase boundary between
the skyrmion lattice phase and the FD regime. A compre-
hensive account of the definitions of the phase transitions
for the different quantities as well as the phase diagram has
been reported in Refs. [15,45,65]. In comparison to
previous work, the information presented in the following
on the longitudinal susceptibility is of much greater detail;
rudimentary data of the transverse susceptibility may be
found in Ref. [93].
The well-known real part of the longitudinal ac suscep-

tibility, shown in terms of the color shading in Fig. 1(a), is
essentially constant in the helical phase (blue shading) and
assumes an increased constant value in the conical phase
(red shading). In the skyrmion lattice phase, the suscep-
tibility is also constant at a lower value as compared to the
conical phase [89]. The color shading highlights the FD
regime (green shading) particularly well.
In comparison, the real part of the transverse suscep-

tibility, shown in Fig. 1(b), displays an increase as a
function of increasing magnetic field in the helical and
conical phases (changing from blue to green shading),
superimposed by a maximum at the helical-to-conical
transition [93,94]. The details of this behavior are in
excellent agreement with theoretical models of the mag-
netic order presently available and will be reported else-
where [71]. In the skyrmion lattice phase, the susceptibility
is constant and enhanced. Of interest for the study reported
here is the transverse susceptibility in the FD regime, which
displays an enhanced value that is quantitatively compa-
rable to the longitudinal susceptibility (yellow-green shad-
ing). The color shading illustrates that the longitudinal and
transverse susceptibilities are essentially isotropic in the FD
regime and thus independent of the magnetocrystalline
anisotropy.
Additional information on the nature of the magnetic

response is provided by the imaginary part of the ac
susceptibility shown in Figs. 1(c) and 1(d), recorded
simultaneously as the out-of-phase signal component.
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The imaginary part of the longitudinal ac susceptibility,
depicted in Fig. 1(c), displays a finite value characteristic of
dissipation that is small at the helical-to-conical transition
and prominently large at the conical-to-skyrmion lattice
transition. This result is consistent with the first-order nature
of this transition as reported in detail in Refs. [45,65,95,96].
The imaginary part of the transverse ac susceptibility,

shown in Fig. 1(d), assumes a finite value in the helical state
when approaching the conical phase and in all of the
conical phase. This reflects the dissipation due to changes
of the propagation direction of the modulation vector under
oscillating transverse fields. An additional enhancement is
observed at the helical-to-conical transition that may be
attributed to the transition itself. Interestingly, for the
excitation frequency and amplitude used in our study,
the imaginary part is vanishingly small in the skyrmion
lattice phase as well as in all of the paramagnetic state
including the FD regime. This observation is consistent
with the observation that the skyrmion lattice does not
follow changes of field orientation in the limit of very small
transverse excitation amplitude and frequency, as observed
in kinetic SANS [97].
The magnetic field dependence of the ac susceptibility,

shown in Figs. 1(e)–1(i), provides further information on
the character of the FD regime at finite magnetic field.
Shown in Fig. 1(e) is the real part of the longitudinal
susceptibility at selected temperatures as denoted in the
figure (curves are shifted vertically for better visibility).
Here, we are interested in contributions reminiscent of the
skyrmion lattice phase as illustrated in terms of the dark and
light gray shading. It is important to emphasize that dark
gray shading is used in the field range of the long-range
ordered state (below Tc), and light gray shading is used in
the FD regime (above Tc). For T ¼ 26.8 K, the reduced
value of the susceptibility at zero field corresponds to the
helical state, followed by the enhanced constant suscep-
tibility in the conical state between about 0.1 T and 0.45 T.
The reduction of the susceptibility in the skyrmion lattice
phase with respect to the surrounding conical phase at
temperatures of 27 K and above is marked by dark gray
shading.
Of particular interest is the magnetic field dependence at

T ¼ 28.8 K, which begins in the helical state but enters the
FD regime, and next cuts across the skyrmion lattice phase
as a reentrant state within the FD regime. This sequence of
different states reflects the lobed phase boundary. Here, the
suppression of the susceptibility is partly in the long-range
ordered skyrmion lattice (dark gray shading) and partly in
the FD regime (light gray shading). Yet, the susceptibility
curve is basically featureless across the transitions between
light and dark gray shading. Slightly increasing the temper-
ature to 28.9 K, the field sweep still starts in the helical
state, followed by the FD regime without a reentrant
segment in the skyrmion lattice phase. Here, the FD regime
features the reduced susceptibility at intermediate fields

(light gray shading). As the helimagnetic order at zero
magnetic field finally vanishes at Tc, just above 29 K, a
reduced value of the susceptibility (light gray shading)
survives as a signature within the FD regime. Closer
inspection reveals the same suppression of the susceptibility
in the color shading of the FD regime, shown in Fig. 1(a).
The evolution of the susceptibility for a field parallel to

h100i suggests the presence of skyrmionic correlations in
the FD regime. As shown in Figs. 1(f)–1(h), the same
qualitative and quantitative behavior is also observed for a
field along h110i, h211i, and h111i, where the differences
of the field range of the skyrmion lattice phase reflect the
well-understood weak magnetocrystalline anisotropies that
are fourth order in spin-orbit coupling [45,91,98]. This case
suggests, in turn, the presence of skyrmionic fluctuations in
the FD regime under small applied magnetic fields (roughly
between 0.1 T and 0.3 T), regardless of the crystallographic
direction in which the magnetic field is applied.
The possible existence of skyrmionic correlations in

the FD regime is further corroborated by the transverse
susceptibility, shown in Fig. 1(i). Consistent with the
longitudinal susceptibility as compared to the conical state,
the real part of the transverse susceptibility features a
considerable enhancement in the skyrmion lattice phase
marked by dark gray shading. This enhancement evolves
into an enhancement in the FD regime. Namely, between
28.6 K and 28.8 K, the field sweep under an increasing field
exits from the skyrmion lattice phase into the FD regime,
which also displays an enhanced susceptibility as compared
to the susceptibility of the conical state (black line
extrapolated from the behavior at 26.7 K). Interestingly,
on top of this large enhancement, there is a faint reduction,
visible at 28.9 K, which vanishes at the highest temper-
atures. The shallow minimum around 0.2 T is reminiscent
of the minimum in the longitudinal susceptibility in the FD
regime, providing evidence for a response that is essentially
isotropic.

B. Small-angle neutron scattering

To obtain microscopic information on the nature of the
magnetic correlations in the FD regime, SANS was
performed. Shown in Fig. 2 is an overview of typical
SANS data for a magnetic field parallel [Figs. 2(a)–2(c)]
and perpendicular [Figs. 2(d)–2(f)] to the neutron beam. A
comparison of data recorded under field cooling and field
heating showed the same behavior without evidence for
thermal hysteresis in the scattering patterns. This result is
consistent with the bulk properties, which did not show any
evidence for hysteresis in the skyrmion lattice phase and
FD regime either (differences of domain populations in the
helical state addressed in Ref. [89] are not of interest here).
Furthermore, the SANS measurements as well as the
MIEZE spectroscopy reported in the next section were
recorded for a magnetic field along h110i as the corre-
sponding plane normal to h110i contains all high-symmetry

WEAK CRYSTALLIZATION OF FLUCTUATING SKYRMION … PHYS. REV. X 9, 041059 (2019)

041059-7



directions. The isotropic behavior of the FD regime
observed in the susceptibility shown in Fig. 1, where most
data were recorded for h100i, allows us to connect the
susceptibility with the SANS data.

Shown in Fig. 2(a1) is the characteristic sixfold intensity
distribution as recorded in the skyrmion lattice phase of
MnSi at 28.7 K for an applied magnetic field of 0.15 T
along h110i (cf. sum over a one-axis rocking scan as
explained above). In the FD regime at 29.3 K and the same
magnetic field, the SANS pattern comprises a ring of
scattering intensity with a faint sixfold azimuthal intensity
modulation reminiscent of the skyrmion lattice phase, as
shown in Fig. 2(a2). We note that a similar scattering
pattern is shown in Fig. 1(a) of Ref. [86] (data at 29 K),
where it was not discussed as this work had a different
focus. This pattern suggests the presence of skyrmionic
correlations in the FD regime as a precursor phenomenon
prior to the onset of long-range skyrmion lattice order.
However, while the similarity with the skyrmion lattice
phase is striking, we note that the SANS pattern alone does
not allow us to distinguish between genuine triple-Q⃗ and
fortuitous single-Q⃗ correlations under 120°. We return to
this issue in Sec. IV D. When further increasing the
temperature in the FD regime to 30.5 K, the putative
skyrmionic correlations vanish, leaving behind the ring of
scattering intensity as shown in Fig. 2(a3).
The detailed evolution of the azimuthal intensity dis-

tribution as a function of temperature is shown in Fig. 2(b),
where the temperatures of the patterns shown in Fig. 2(a)
are marked as dashed lines and α is defined in Fig. 2(a1)
(data were binned in sections of 2°). This evolution
underscores that the sixfold azimuthal intensity variation
in the FD regime has the same orientation as the skyrmion
lattice phase. Comparison of various intensities shown in
Fig. 2(c) on a logarithmic intensity scale reveals that the
sixfold pattern attributed to the skyrmion lattice is sub-
stantial in the FD regime at first and then merges with the
ring of intensity under increasing temperature. Thus, the
sixfold scattering pattern represents an important facet of
the FD regime when approaching the onset of long-range
skyrmion lattice order.
The data recorded for a field perpendicular to the neutron

beam, shown in Figs. 2(d)–2(f), complements the behavior
for a field parallel to the neutron beam presented so far. For
this configuration, intensity along the horizontal direction
(α ¼ 0 and α ¼ 180°) corresponds to conical order,
whereas intensity along the vertical direction (α ¼ 90°
and α ¼ 270°) corresponds to the ring perpendicular to
the field, notably the sixfold maxima. Typical data in the
skyrmion lattice phase at 28.7 K, shown in Fig. 2(d1),
comprise strong intensity for the skyrmion lattice and very
weak intensity associated with conical correlations. In
comparison, a ring of scattering intensity with additional
maxima is observed in the FD regime at 29.3 K, shown in
Fig. 2(d2). In combination with the ring of scattering
intensity seen for a field parallel to the neutron beam,
cf. Fig. 2(a2), this observation implies scattering intensity
on the entire surface of a sphere in the FD regime under the
applied magnetic field of 0.15 T.

FIG. 2. Small-angle neutron scattering in an applied magnetic
field parallel [(a)–(c)] and perpendicular [(d)–(f)] to the neutron
beam. (a,d) Typical SANS patterns for temperatures within the
skyrmion lattice state, just above Tc, and well above Tc (from left
to right). (b,e) Temperature evolution of the azimuthal SANS
intensity distribution. Dashed vertical lines mark the temperatures
shown in panels (a) and (d), respectively. (c,f) Temperature
dependence of the elastic peak intensity characteristic of the
conical state, the skyrmion lattice, and the fluctuation-disordered
regime (ring) on a logarithmic scale.
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In addition, maxima can be discerned in Fig. 2(d2) at the
top and bottom (faint) as well as horizontally (strong),
which are characteristic of skyrmionic and conical corre-
lations, respectively. It is important to note the much larger
phase space assumed by the intensity on the ring
perpendicular to the field direction, as compared to their
conical counterparts that are confined to regions on the
sphere close to wave vectors parallel to the field. In other
words, when integrating over the entire ring perpendicular
to the field, a scattering intensity is found that is larger than
the intensity attributed to the conical correlations.
At 30.5 K, the data shown in Figs. 2(a3) and 2(d3)

provide evidence of intensity that is almost uniform on the
surface of a sphere with a gentle enhancement in the field
direction and the weak sixfold maxima seen in Figs. 2(a2)
and (d2) have vanished. Upon increasing field, this broad
distribution of scattering intensity continuously changes,
and at a field of 0.5 T, it is practically concentrated close to
two points along the field direction. The details of the
magnetic field dependence of this redistribution and the
question of the Brazovskii scenario under applied magnetic
field are beyond the scope of the work reported here.
The temperature dependence of the azimuthal intensity

variation of the data shown in Fig. 2(d) is depicted in
Fig. 2(e). The pronounced scattering due to the conical state
at low temperatures (α ¼ 0 and α ¼ 180°) shifts into
pronounced scattering characteristic of the skyrmion lattice
phase. When further increasing the temperature and enter-
ing the FD regime, the intensity distribution on the surface
emerges, together with residual intensity characteristic of
conical and skyrmionic correlations. This evolution is
corroborated in Fig. 2(f), which displays the peak inten-
sities observed for the conical and skyrmionic correlations
as well as the ring of scattering. At the highest temperature
studied in the FD regime of 30.5 K, the signatures for
conical and skyrmionic correlations merge with the scatter-
ing on the surface of the sphere denoted as a ring.
Shown in Fig. 3 is the intensity as a function of the

modulus of q⃗ for the skyrmion lattice phase and the adjacent
paramagnetic state when slightly increasing the temperature
as inferred from the scattering patterns shown in Fig. 2(a).
The intensity represents sums of the sectors marked (1) and
(2) as depicted in the insets, corresponding to the sixfold
pattern and the ring between the spots, respectively. In the
following, these two directions are denoted with the sub-
scripts s and r, respectively. For what follows, it is important
to note that we expect a Lorentzian line shape for scattering
intensity that is not constrained by the experimental setup.
In contrast, resolution-limited scattering essentially gives rise
to a Gaussian line shape. The calculated experimental
resolution of our setup—taking into account the scattering
geometry, wavelength spread, and resolution of the
detector—is given by 2σq ¼ 0.0058 Å−1. This case corre-
sponds to twice the standard deviation of the Gaussian and is
depicted by the light-blue shading in Fig. 3. Its full width at
half maximum is given by Δq¼2σq

ffiffiffiffiffiffiffiffiffiffiffiffi
2log2

p
≈0.0068Å−1.

For the skyrmion lattice phase shown in Fig. 3(a), we
find a Gaussian line shape in sector (1), which is character-
istic of resolution-limited scattering intensity. To emphasize
this point, a Lorentzian line shape is shown in addition.
Quantitatively, the measured Gaussian line shape in sector
(1) displays a full width at half maximum of wG ¼
0.0051 Å−1 that is smaller than the calculated resolution
Δq ¼ 0.0068 Å−1 (see Sec. III for details).
The measured resolution limit wG permits us to provide a

lower estimate of the correlation length of the sixfold
scattering pattern in Fig. 3(a). Namely, assuming that
we can resolve a signal contribution of 20% beyond the
resolution limit, the correlation length of such a signal
would be ξs ≳ 2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1.2wGÞ2 − w2
G

p ¼ 591 Å. In other
words, the correlation length ξs associated with the sixfold
intensity distribution must be considerably larger than
591 Å. This case is consistent with the very large
correlation lengths in the skyrmion lattice phase inferred
from the magnetic mosaicity [90].
While there is essentially no intensity in sector

(2) between the skyrmion peaks shown in Fig. 3(a), it is

〈 〉

S

S
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R
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FIG. 3. Evolution of various radial correlation lengths as
inferred from the SANS data at μ0H ¼ 150 mT. The instrumental
resolution is marked by light-blue shading. (a) Intensity as a
function of q in the skyrmion lattice phase at T ¼ 28.6 K, where
data in the sectors marked (1) and (2) of the intensity pattern
shown in the inset were summed up. (b,c) Intensity as a function
of q in the FD regime at T ¼ 29.3 K and the paramagnetic state
outside the FD regime at T ¼ 30.5 K. Data in the sectors marked
(1) and (2) are denoted “skyrmion on ring” and “ring,” respec-
tively. The difference between sectors (1) and (2) is denoted
“Skyrmion” in the figure. See text for further details.
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nonetheless sufficient for a cautious assessment. Here, we
find a Lorentzian line shape with a full width at half
maximum at wL ¼ 0.0091 Å−1. This result corresponds to

a correlation length ξr ¼ 2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
L − Δ2

q

q
≈ 330 Å. This

value is consistent with the correlation length observed
in zero magnetic field at the paramagnetic-to-helical
transition as reported in Ref. [58]. Importantly, it is
significantly smaller than ξs.
In the FD regime at 29.3 K shown in Fig. 3(b), the

intensity in sectors (1) and (2) as depicted by open and
filled symbols, respectively, displays the same q depend-
ence except within a small range in the vicinity of the
maximum. Closer inspection reveals that the line shape of
the intensity in sector (2) is well described by a Lorentzian
(the Gaussian is depicted by a dashed line). The full width
at half maximum of wL ¼ 0.0149 Å−1 of the Lorentzian
line shape exceeds the resolution limit substantially,
amounting to a correlation length ξr ≈ 150 Å.
The difference between the intensities in sectors (1) and

(2), depicted by filled orange symbols, represents the faint
sixfold intensity distribution in the FD regime.
Qualitatively, the line shape of this difference corresponds
to a Gaussian that is characteristic of resolution-limited
scattering. The associated full width at half maximum is
wG ¼ 0.0054 Å−1. Thus, the faint sixfold intensity con-
tribution in the FD regime features a correlation length
substantially exceeding ξs ≳ 591 Å as estimated in the
skyrmion lattice phase and may be as large as many
thousand Å [99].
At the border of the FD regime at 30.5 K, shown in

Fig. 3(c), the sixfold intensity variation has vanished and
the intensity in sectors (1) and (2) displays the same q
dependence. Here, the line shape is well described by a
Lorentzian with a full width at half maximum, wL ¼
0.0415 Å−1, that exceeds the instrumental resolution by a
large margin. The associated correlation length is ξr ≈ 49 Å.
The simple analysis of the intensity pattern of the

paramagnetic state at 29.3 K shown in Fig. 2(d2) qualita-
tively and quantitatively establishes significant differences
of typical correlation lengths of the ring and of the faint
sixfold pattern in the FD regime. The ring is characterized
by correlation lengths that are consistent with the behavior
at zero field as reported in Ref. [58]. In contrast, both the
skyrmion lattice order and the skyrmionic correlations in
the FD regime display correlation lengths that are much
larger and exceed the resolution limit. This case represents
a rather remarkable separation of scales in the plane
perpendicular to the applied field, where the sixfold
skyrmionic correlations in the paramagnetic FD regime
extend over very large distances, forming extended tex-
tures. The intensity that is evenly distributed on the ring
perpendicular to the applied field could be attributed to
either helical fluctuations or to skyrmionic fluctuations
with shorter correlation lengths, so its sixfold pattern has

not yet locked into the magnetocrystalline potential. Our
SANS data do not allow us to distinguish between these
two possibilities. We return to this question at the end of
Sec. IV D, where we present a strong plausibility argument
for dominant skyrmionic correlations. A discussion of the
consistency of the sixfold pattern in the FD regime with the
underlying magnetocrystalline anisotropies may be found
in Sec. V B.

C. Neutron resonance spin-echo spectroscopy

The evidence for skyrmionic correlations in the FD
regime as observed in the ac susceptibility and the
resolution-limited skyrmionic correlations observed in
small-angle neutron scattering raises the question of their
lifetime. This information proves to be essential for dem-
onstrating that the SANS patterns are indeed skyrmionic as
inferred from the FMR data reported below, as well as for
unraveling the nature of the condensation of the skyrmion
lattice phase when starting from the paramagnetic regime.
Although there is no evidence for hysteresis in any of the
properties studied in the temperature and field range of
interest here, we find it also helpful to confirm spectroscopi-
cally that there are no static remnants of the skyrmion lattice
causing the sixfold intensity modulation in the FD regime.
An ideal probe to clarify this question is neutron spin-

echo spectroscopy, which offers the required ultrahigh-
energy resolution. Considering the SANS intensity patterns
shown in Fig. 2, we focused on the location of the skyrmion
lattice peaks. For a consistency check, we also performed
test measurements at the location of the conical peaks for an
applied magnetic field of 240 mT (not shown). These
measurements, performed at RESEDA using the LMIEZE
setup, were found to be in excellent agreement with the
measurements performed at IN15 at the ILL reported in
Ref. [86], where so-called ferromagnetic spin-echo spec-
troscopy was used.
Shown in Fig. 4 are the results of the MIEZE neutron

spin-echo spectroscopy, where the directions of the applied
magnetic field and the neutron beam were chosen such that
the dynamical properties in the plane perpendicular to the
applied magnetic field at one of the spots of the sixfold
skyrmionic pattern were tracked. As for the SANS mea-
surements, the magnetic field was applied along h110i.
Data were recorded under applied magnetic fields parallel
and perpendicular to the neutron beam as denoted by
squares and circles, respectively. Probing the same location
in reciprocal space, the same dynamical properties are
expected; i.e., this test confirmed that the data were not
contaminated by spurious scattering.
Figures 4(a) and 4(b) display the normalized intermedi-

ate scattering function Sðq; τÞ=Sðq; 0Þ as a function of the
spin-echo time τ at various temperatures below and above
Tc. For better visibility, data are shifted vertically. Data for
both constellations of the field and beam direction are well
described by a single exponential decay, exp ( − ðΓ=ℏÞ · τ),
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where Γ represents the quasielastic linewidth, and the
associated lifetime is t0 ¼ ℏ=Γ.
Summarized in Fig. 4(c) is the temperature dependence

of the elastic scattering intensity characteristic of the long-
range ordered skyrmion lattice below Tc ≈ 28.8 K and the
quasielastic linewidth Γ of the skyrmionic fluctuations
observed above Tc. Both the elastic intensity and the
MIEZE data were recorded at RESEDA in order to avoid
any systematic differences of the temperature dependences
of both quantities. In the skyrmion lattice phase, the
magnetic order is static within the tiny quasielastic energy
resolution limit (≪ 0.1 μeV). The elastic intensity displays
a very well-defined lower and upper transition temperature
of the skyrmion lattice phase.

Within experimental accuracy, the quasielastic linewidth
Γ assumes a finite value above the temperature at which the
elastic scattering intensity of the skyrmion lattice phase
vanishes. The same quantitative temperature dependence of
Γ is observed for fields parallel and perpendicular to the
neutron beam as expected. Expressed in terms of the
lifetime t0, typical values corresponding to the SANS
pattern at 29.3 K shown in Fig. 2(a2) are roughly
t0 ≈ 1 ns, with Γ ≈ 0.6 μeV. When approaching the tran-
sition of the skyrmion lattice phase, the lifetime increases
and reaches at least several ns. The remarkably small error
bars, and thus energy resolution, clearly establish the
dynamic character of the magnetic correlations in the
FD regime.

D. Microwave spectroscopy

The similarities of the SANS scattering pattern of the
long-range ordered skyrmion lattice below Tc and the faint
sixfold intensity pattern due to fluctuations in the FD
regime above Tc suggest that the latter already possess a
skyrmionic character. However, our SANS data do not
permit us to distinguish between a multi-Q⃗ character of the
fluctuations and fluctuating single-Q⃗ correlations that
superpose fortuitously. The key aspect underlying the
nontrivial topology of the skyrmions is a stiff phase
relationship between Fourier components of the multi-Q⃗
state. This phase relationship has been demonstrated in
SANS studies on bulk samples, where higher-order scatter-
ing could be tracked using so-called Renninger scans [90].
The same phase relationship is also at the heart of the
characteristic magnonic excitations observed in ferromag-
netic resonance spectroscopy as well as inelastic neutron
scattering.
The excellent understanding of the interactions, mag-

netic order, and magnetic phase diagram of cubic chiral
magnets is reflected in a universal account of the collective
spin excitations [79,81,100–106]. Based on a few physi-
cally transparent parameters, the full spectrum of excita-
tions, their spectral weight, and the hybridization between
modes were found to be in excellent agreement with
experiment. In the helical and conical states, two funda-
mental modes may be distinguished, denoted �Q. In
contrast, three fundamental modes exist in the skyrmion
lattice phase, notably a clockwise (CW) and a counter-
clockwise (CCW) mode, as well as a breathing mode (BM).
All three modes are intimately related to the phase stiffness
between Fourier components of the triple-Q⃗ state.
In the presence of long-range magnetic order, microwave

spectroscopy represents a very well-established and well-
understood technique. In comparison, microwave spectros-
copy on dynamic correlations has been considered selec-
tively only. The neutron spin-echo spectroscopy clearly
establishes a dynamic character of the skyrmionic corre-
lations in the FD regime with characteristic lifetimes of the
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FIG. 4. Typical quasielastic behavior in the skyrmion lattice
phase as determined by the MIEZE implementation of neutron
resonance spin-echo spectroscopy. (a,b) Normalized intermediate
scattering function Sðq; τÞ=Sðq; 0Þ as a function of spin-echo time
τ for various temperatures below and above Tc for magnetic fields
parallel and perpendicular to the neutron beam. (c) Elastic
scattering intensity of the skyrmion lattice and quasielastic
linewidth, Γ, both as a function of temperature. Error bars of
the elastic intensity are smaller than the symbol size. The energy
resolution of the quasielastic data are well below 0.1 μeV.
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order of several 10−9 s. Therefore, it seems safe to assume
that collective excitations may be detected by microwave
spectroscopy whose periods are shorter than these
lifetimes.
These considerations are clearly satisfied for typical

microwave resonances in the range of about 10 GHz
observed in our study. Typical data are shown in Fig. 5
for three selected temperatures and magnetic fields from
μ0H ¼ 0 up to 400 mT in steps of 20 mT. While the spectra
appear to be broad, the resolution corresponds very well
with seminal studies reported in the literature that allowed
us to discern different modes unambiguously, e.g.,
Ref. [103] and Fig. 5 in the supplement of Ref. [79]. In
particular, the line shape is essentially Lorentzian, and the
resolution permits us to identify and track the evolution of
the excitations as a function of field under increasing
temperatures above the ordering temperature.
Shown in Fig. 5(a) are typical data in the ordered state at

28.4 K, illustrating that different modes may be readily
distinguished. For the sake of clarity, only data for selected
magnetic fields in a field range encompassing the skyrmion
lattice phase are displayed. In the conical state below and
above the skyrmion lattice phase, the þQ mode is dom-
inant. In the skyrmion lattice phase, the counterclockwise
mode is dominant, whereas the clockwise mode possesses
much less spectral weight, resulting in a shoulder in ΔjS12j.
Shown in Fig. 5(b) are data recorded at 28.8 K, where
a magnetic-field scan cuts across the helical state, the
skyrmion lattice phase, and the FD regime. The shift of the
resonance frequency from the þQ mode at 16 GHz to an
excitation strongly reminiscent of the counterclockwise

mode at 10 GHz is resolved well. Figure 5(c) was recorded
at 29.8 K and focuses on the FD regime. Awell-developed
single line is observed at the frequency of the counter-
clockwise mode.
The microwave spectra provide striking evidence for the

presence of skyrmionic fluctuations in the FD regime under
small applied magnetic fields. Shown in Fig. 6(a) is the
magnetic phase diagram as a function of applied magnetic
field along h100i for the sample shape used in our micro-
wave spectroscopy. It is again helpful to keep in mind the
lobed phase boundary between the skyrmion lattice phase
and the FD regime. Marked by vertical lines are the
temperatures at which data were recorded as a function
of magnetic field. The peak positions of these spectra are
shown in Figs. 6(b) and 6(c) for selected temperatures,
where the color shading of the data points corresponds to
the temperatures marked by the vertical lines in Fig. 6(a),
and the color shading in the background denotes the
thermodynamic state. The size of the symbols corresponds
to the weight of the modes as determined by integrating
ΔjS12j between 0.1 and 27 GHz following subtraction of a
reference signal. Thus, the value represents an experimen-
tally extracted estimate of the spectral weight of the
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FIG. 5. Typical excitation spectra observed in all-electrical
microwave spectroscopy, where the spectra correspond to values
of the applied magnetic field between μ0H ¼ 0 and 400 mT in
steps of 20 mT. The color coding is identical in all panels and
reflects the field value. In the conical state, the þQ mode is
dominant; in the skyrmion lattice, the CW and CCW modes may
be distinguished. (a) Microwave spectra at 28.4 K for selected
magnetic fields from below to above the skyrmion lattice phase.
(b) Microwave spectra at 28.8 K. With increasing magnetic field,
data correspond to the helical state, the skyrmion lattice phase,
and the FD regime. (c) Microwave spectra at 29.8 K, where all
data are recorded within the FD regime. Spectra in the FD regime
feature a pronounced CCW character.
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FIG. 6. All-electrical microwave spectroscopy. (a) Phase dia-
gram for a magnetic field along h100i. Dashed vertical lines
indicate temperatures for which data are shown. (b) Typical
experimentally observed (circles) and calculated (squares) ex-
citation spectra as a function of field for temperatures crossing the
skyrmion lattice state well below Tc. The symbol size is a
measure for the spectral weight of the mode. The background
color shading indicates the magnetic state. (c) Frequency and
spectral weight of the dominant mode observed as a function of
magnetic field for temperatures just below and above Tc.
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dominant mode for each field value. The error bars
represent a conservative estimate of the accuracy at which
the frequency of the minimum in ΔjS12j may be
determined.
The excellent account of the experimentally observed

microwave spectra in terms of the excitation frequencies
and spectral weight for the long-range ordered phases in the
magnetic phase diagram of MnSi is illustrated in Fig. 6(b)
for 28.2 K [79]. The experimental data are depicted by
circles, whereas the theoretical predictions are depicted by
squares. As a function of magnetic field, the spectra are
characteristic of the different magnetic phases, notably
helical (H), conical (C), skyrmion lattice (S), and FP, where
the phase boundaries are in excellent agreement with bulk
properties—notably, magnetization, ac susceptibility, and
specific heat. For the theoretical calculations, the sample
shape was taken into account, namely, a thin disc, as the
sample shape by virtue of the associated dipolar inter-
actions leads to considerable changes of the weight and
precise character of the excitation modes [79].
Three prominent modes may be distinguished in the

experimental data in terms of their qualitative field depend-
ence and quantitative values as shown in Fig. 6(b). First, in
the helical and the conical state, the þQ mode dominates,
decreasing monotonically from about 16 GHz at zero field
to about 12 GHz at the onset of the field-polarized state.
Second, in the skyrmion lattice phase, the counterclockwise
gyration mode is dominant, whereas the clockwise mode is
very faint (for the excitation geometry used, the breathing
mode is vanishingly weak and not shown, for clarity
[82,102]). As its key property, the counterclockwise mode
is much lower in frequency, increasing from about 8 GHz to
about 10 GHz for increasing field. Third, in the field-
polarized state, the conventional Kittel mode is prominently
observed, increasing linearly with increasing field.
Keeping in mind the key characteristics of the three main

excitations—notably, þQ, counterclockwise, and Kittel
modes—it is instructive to track the evolution of the
magnetic-field dependence when gradually increasing the
temperature and entering the FD regime, as summarized in
six individual panels in Fig. 6(c). Data points represent the
minima of the spectra unless a second mode may be
distinguished in terms of a shoulder, as illustrated in
Fig. 5(a). As in Fig. 6(b), the field range of the long-range
ordered phases (helical, conical, and skyrmion lattices) is
depicted by the color shading in the background. The
dashed vertical lines around 0.4 T represent the onset of the
field-polarized state, as inferred from Fig. 6(a).
At 28.6 K, shown in Fig. 6(c1), the field sweep at first

follows the behavior known from Fig. 6(b). However, due
to the lobed phase boundary between the skyrmion lattice
phase and the FD regime, the field sweep exits from the
skyrmion lattice phase into the FD regime between 0.25 T
and 0.35 T and reenters the conical state between about
0.35 T and 0.4 T, before reaching the field-polarized state.

In the conical phase, the extracted resonance frequency
(circles) exhibits a negative slope, df=dH < 0, character-
istic of the þQ mode. In the field range of the FD regime,
the excitation frequency instead increases with increasing
field, strongly reminiscent of the counterclockwise mode of
the skyrmion lattice phase. It is important to note that the
changes of frequency between the different phases are
abrupt.
The observation of a pronounced CCW collective

character in the FD regime is corroborated by the field
sweeps at 28.8 K and 29.0 K, shown in Figs. 6(c2)
and 6(c3). With increasing field, the excitation frequency
drops drastically from the helical or conical state, increases
smoothly in the FD regime, and clearly changes its slope at
the border to the field-polarized state. It is important to note
that we track the minima in the spectra and that the line
shape remains essentially unchanged and well defined.
With increasing temperature, data such as those shown in
Fig. 6(c3) appear to suggest that the excitations in the
conical state evolve continuously into those of the FD
regime. However, as we detect a single pronounced mini-
mum in this regime, it is hard to distinguish a single mode
with mixed character from the possible presence of two
independent modes with shifting weight that are close to
each other.
Indeed, when further increasing the temperature of the

sample above the zero-field helical-to-paramagnetic tran-
sition, shown in Figs. 6(c4) and 6(c5), the field dependence
of the excitation frequency evolves gradually into the
characteristic behavior of a field-polarized paramagnet
with a Kittel mode at large field, as shown for 32 K in
Fig. 6(c6). Consistent with the paramagnetic state, the
spectral weight at low fields is very low, and the corre-
sponding error bars are large. Such a crossover notwith-
standing, the data at 28.6 K and 28.8 K provide strong
evidence of a dominant CCW skyrmionic character in the
FD regime.
On this note, it is instructive to revisit the distribution

of spectral weight observed in SANS in the FD regime,
where the intensity on the surface of a sphere displays an
enhancement in the plane perpendicular to the field and some
enhancement in the direction of the field. While the sixfold
intensity of the former may be attributed to skyrmionic
correlations, it is not possible to distinguish skyrmionic and
helical contributions elsewhere. Accordingly, one might
expect skyrmionic and helical or conical signal contributions
in the FMR data.
As stated in Sec. III, in our setup the static magnetic field

was applied perpendicular to the CPW along the z axis,
whereas the strongest high-frequency component induced a
precessional motion along the x axis. Accordingly, our
setup was sensitive to signal contributions of skyrmionic
correlations with Q⃗ vectors within the plane perpendicular
to the static field, as well as conical correlations with Q⃗
vectors perpendicular to the x axis (to excite the�Qmodes
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of the conical helix, the ac field must be perpendicular to
the modulation direction Q⃗).
With these aspects in mind, it is important to note that

there is no evidence for collective modes characteristic of
the conical state in the FD regime, as even a small volume
fraction of the þQ mode in Fig. 5(b) would result in a
pronounced shoulder if present in the FD regime. There are
two possible explanations for this observation. First, the
correlation length of the helical or conical fluctuations in
the FD regime may be too short for their collective modes
to develop, even though their lifetimes are comparable to
those of the skyrmionic fluctuations. Second, the correla-
tions that contribute to the microwave spectra may be
dominantly skyrmionic in character. Given the quantitative
size of the skyrmionic signal, the latter seems to be more
likely. In turn, we conclude that the volume fraction of
skyrmionic correlations in the FD regime is much larger
than may be expected of the faint sixfold SANS intensity
pattern.
Thus, for increasing temperature, the magnetic-field

dependence of the microwave spectra is dominated by
an excitation in the FD regime that is reminiscent of the
counterclockwise mode of the skyrmion lattice phase. As
the lifetime of the skyrmionic correlations in the FD regime
is much longer than the excitation frequencies, this dem-
onstrates a triple-Q⃗ character of the fluctuations with a stiff
phase relationship and, therefore, a pronounced skyrmionic
content in the fluctuation spectrum.

V. DISCUSSION

A. Summary of key observations

Our study concerns the nature of the paramagnetic state
at the border of long-range skyrmion lattice order and the
associated phase transition. Starting with the longitudinal
and transverse susceptibilities, we find signal contributions
in the FD regime of the paramagnetic state that are
reminiscent of long-range skyrmion lattice order. SANS
in this regime reveals scattering intensity on the surface of a
sphere, with increased weight in the plane perpendicular to
the magnetic field as well as along the field direction. The
additional weight within the plane contains a sixfold
intensity pattern that is strongly reminiscent of skyrmion
lattice order in three ways. First, the sixfold pattern features
the same modulus jQ⃗j as the long-range skyrmion lattice
order below Tc. Second, the orientation of the sixfold
pattern with respect to the crystallographic lattice is
unchanged, the same as below Tc. Third, the correlation
lengths and line shapes are resolution limited and clearly
reminiscent of long-range skyrmion lattice order.
In order to confirm that these sixfold signatures in the

paramagnetic FD regime are due to dynamic fluctuations
and are clearly distinct from genuine, static, long-range
order, we perform ultrahigh-resolution neutron resonance
spin-echo spectroscopy. We find that the signal

contributions at the location of skyrmion spots in the plane
perpendicular to the applied field are dynamic down to Tc.
They are characterized by a critical slowing down, with
lifetimes exceeding several 10−9 s.
Moreover, to experimentally distinguish between single-

Q⃗ and generic multi-Q⃗ correlations, we use microwave
spectroscopy. We find signatures in the FD regime of
the counterclockwise gyration mode reminiscent of the
skyrmion lattice state. The frequency of this excitation of
around 10 GHz is much faster than and therefore consistent
with the lifetime of the fluctuations. This result provides
strong evidence of multi-Q⃗ correlations with an underlying
rigid phase relationship that is reminiscent of long-range
skyrmion lattice order and the associated nontrivial topo-
logical winding.
It is helpful to note that it is difficult to distinguish

different volume fractions of the conical and skyrmion
lattice fluctuations in the SANS data since the variation of
the intensities is rather gradual and because only one-axis
rocking scans could be performed. However, taking into
account the large phase space of the surface of the sphere,
as well as the scattering in the plane perpendicular to the
applied field, both contributions are clearly much stronger
than the scattering in the field direction. Moreover, the
microwave spectra in the FD regime are clearly dominated
by the counterclockwise mode, consistent with a dominant
volume fraction of the skyrmionic correlations in the FD
regime under small applied magnetic fields.

B. Consistency with the hierarchy of scales

The skyrmionic fluctuations in the FD regime are strongly
reminiscent of the long-range skyrmion lattice order in terms
of themodulus ofwavevectors, the orientation of the six-fold
scattering pattern, and the correlation lengths observed
experimentally. From the analysis of the static long-range
skyrmion lattice order [24,91], it is known that the orientation
is determined by magnetocrystalline anisotropies that are
sixth order in spin-orbit coupling and ratherweak inMnSi. In
this respect, it is, at first sight, surprising that the dynamic
skyrmionic fluctuations observed above Tc are oriented in a
similar manner as the order below Tc. In order to enable the
fluctuating skyrmionic patches to respond to the magneto-
crystalline potential, large correlation lengths are required as
estimated in the following.
Several experimental studies have established an inter-

nally consistent quantitative account of the magnetocrystal-
line anisotropies of MnSi. This account includes, in
particular, the paramagnetic-to-helimagnetic transition in
zero magnetic field [58,107], the helical-to-conical tran-
sition for different crystallographic directions [89], and the
precise orientation of long-range skyrmion lattice order
[91,108]. Denoting the strength of the spin-orbit coupling
as λSOC, the strength of the Dzyaloshinskii-Moriya
interaction is linear in spin-orbit coupling, D ∼ λSOC. In

J. KINDERVATER et al. PHYS. REV. X 9, 041059 (2019)

041059-14



comparison, the leading-order, cubic, magnetocrystalline
anisotropies are fourth order in spin-orbit coupling,
Jcub;hel ∼ λ4SOC, determining the direction of the helical
modulation. The contributions to the magnetocrystalline
anisotropies that control the in-plane orientation of the
skyrmion lattice are sixth order in spin-orbit coupling,
Jcub;SkL ∼ λ6SOC.
The hierarchy of energy scales may be expressed in

terms of a hierarchy of length scales, following the strategy
and notation introduced in the context of the paramagnetic-
to-helical transition in zero magnetic field [58,107].
Considering the paramagnetic state at high temperatures
and small fields, the correlation length is short and
dominated by ferromagnetic exchange interaction J. As
the correlation length ξ increases with decreasing temper-
ature, the much weaker Dzyaloshinskii-Moriya interaction
affects the character of the fluctuations when ξ reaches
values comparable to ξDM ¼ 1=Q ≈ 26 Å, where Q ¼
D=J ≈ 0.039 Å−1 is the magnitude of the modulation wave
vector. As the correlation length ξ increases further under
decreasing temperature, the leading-order magnetocrystal-
line anisotropies begin to become important when
ξ≳ ξcub;hel, where ξ2cub;hel ∝ 1=Jcub;hel ∝ 1=λ4SOC. When
the correlation length exceeds ξ > ξcub;hel, the helimagnetic
fluctuations will start to favor h111i crystallographic direc-
tions in MnSi. From neutron scattering data in zero field
[58], this length scalewas determined to be ξcub;hel ≈ 170 Å.
This result yields an estimate of the strength of spin-orbit
coupling in MnSi, λSOC ∼ ξDM=ξcub;hel ∼ 0.15.
With the information above, we are in the position to

estimate the length scale ξcub;SkL, which the correlation
length of the skyrmionic fluctuations should exceed in
order to lock into the magnetocrystalline potential. Using
ξ2cub;SkL ∝ 1=Jcub;SkL ∝ 1=λ6SOC, we obtain ξcub;SkL∼ξcub;hel=

λSOC∼1133Å. In other words, as the correlation length
reaches ξ≳ ξcub;SkL, the correlations will become sensitive
to magnetocrystalline anisotropy terms that are sixth order
in spin-orbit coupling, Jcub;SkL ∼ λ6SOC.
We note that correlations with a skyrmionic triple-Q⃗

character, due to their inherent sixfold symmetry,
are not sensitive to the leading-order magnetocrystalline
anisotropy Jcub;hel ∼ λ4SOC, which possesses a fourfold
symmetry. Instead, the orientation of the skyrmionic
triple-Q⃗ fluctuations are determined by the same mecha-
nism that also fixes the in-plane orientation of the static
long-range ordered skyrmion lattice below Tc.
The rough estimates of the correlation lengths inferred

from the SANS data are perfectly consistent with these
considerations. The faint sixfold intensity pattern displays a
resolution-limited radial correlation length that must sub-
stantially exceed about 591 Å. Here, it is interesting to note
that the correlation lengths of long-range skyrmion lattice
order inferred from the mosaicity are exceptionally large,
reaching resolution-limited values in excess of μm; i.e., the

long-range crystalline character of the skyrmion lattice is
much better developed than that of the helical state [90].
Therefore, it seems plausible that skyrmionic fluctuations
in the paramagnetic state also feature very large correlation
lengths exceeding the correlation length of conventional
helimagnetic fluctuations by a large margin.
It is further interesting to note that the correlation

length of 330 Å observed on the ring within the plane
perpendicular to the field [see Fig. 3(b)] exceeds the length
scale, ξcub;hel ≈ 170 Å, associated with cubic magnetocrys-
talline that is fourth order in spin-orbit coupling. Yet, we do
not find enhanced scattering intensity in any of the h111i
crystallographic directions. This case may be explained by
the presence of the magnetic field, which exceeds typical
values of the helical-to-conical transition atHc1. In turn, we
conclude that the intensity distribution on the surface
of a sphere observed in our SANS studies comprises
skyrmionic and conical fluctuations, where the former
are sensitive to the sixth-order spin-obit coupling terms
and the orientation of the latter is governed by the magnetic
field. As discussed above, the microwave spectra suggest
that the correlations in the FD regime under applied
magnetic fields are dominated by skyrmionic fluctuations.

C. Implications for the emergent electrodynamics

The interplay of skyrmions with spin currents may be
described by means of an emergent electrodynamics that
accounts for nonvanishing Berry phases, where the pres-
ence of a skyrmion is described by a fictitious magnetic
flux of one quantum per skyrmion [109,110]. As a direct
consequence of the nontrivial topology, skyrmions give rise
to an additional contribution of the Hall signal, referred to
as the topological Hall effect. In the emergent electrody-
namics, the creation and destruction of skyrmions by virtue
of a locally vanishing magnetization, also known as Bloch
points, may be interpreted in terms of magnetic monopoles
supporting one quantum of emergent magnetic flux [2].
Our studies shed new light on the results of high-pressure

studies of MnSi, where the helimagnetic transition is sup-
pressed above a critical pressure of pc ¼ 14.6 kbar. When
approaching pc, an anomalous T3=2 temperature depend-
ence of the resistivity and a topological Hall signal emerge
in the paramagnetic metallic state [21,51,53,54,111,112].
Moreover, elastic neutron scattering revealed a broad dis-
tribution of scattering intensity on the surface of a sphere,
referred to as partial magnetic order [113]. Additional
muon-spin-rotation measurements and NMR [114,115],
which failed to detect a signal, suggested that this partial
magnetic order represents spin textures that are dynamic on
timescales between 10−10 s and 10−11 s. A similar topo-
logical Hall signal has also been reported in Mn1−xFexSi
[55], suggesting similarities with an additional importance
of defects and disorder.
Taken together, the transport properties, elastic neutron

scattering, mu-SR, and NMR reported in the literature
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provide circumstantial evidence of the formation of some
form of dynamical topological spin textures in MnSi at high
pressures. However, the nature of these textures has been
unresolved. Speculations included, for instance, a liquid of
particlelike skyrmions or some form of three-dimensional
textures [116,117]. Our study establishes that, at least in the
presence of a small magnetic field, skyrmionic textures
may form in the paramagnetic phase at ambient pressure
with characteristic length scales exceeding several 103 Å
and lifetimes up to several 10−9 s. Thus, the spatial extent
and the lifetimes are large compared to typical charge-
carrier mean-free paths, as well as their scattering times.
Up to now, it was not possible to discern a topological

Hall signal in the FD regime at ambient pressures.
However, the topological Hall signal observed at finite
pressures shows a strong suppression of the signal with
increasing temperature [21,54]. This reduction may be
attributed to a combination of mechanisms, of which
interband scattering may be most important. Additionally
taking into account the rather narrow temperature range of
the FD regime and the strong temperature dependence of
the resistivity (which affects the anomalous Hall contribu-
tions), it seems technically impossible to identify a topo-
logical Hall contribution unambiguously at ambient
pressures, although it might, in principle, be generated
by the skyrmionic fluctuations.

D. Nature of the skyrmion lattice transition

Turning to the skyrmion lattice transition, the evidence
for particlelike skyrmions in cubic chiral magnets com-
prises the observation of individual skyrmions and sky-
rmion clusters [23,118,119], nematic skyrmion textures
[120], as well as hard-spherelike defects in dynamically
rotating skyrmion domains by means of Lorentz trans-
mission electron microscopy (LTEM) [121,122]. However,
LTEM measurements require thin bulk samples for which
additional energy scales generate substantial changes of the
magnetic phase diagram [28]. In comparison, neutron
scattering provides strong evidence of wavelike skyrmion
lattice order in MnSi and related compounds. Higher
harmonics as weak as 10−4 and resolution-limited corre-
lation lengths are characteristic of very smooth, harmonic,
long-range order. The wavelike character of skyrmion
lattice order may also be inferred from the spectrum of
collective excitations [79,102,105].
Returning to the possible scenarios of the paramagnetic-

to-skyrmion lattice transition mentioned in the
Introduction, our study clearly rules out a transition without
any precursor phenomena in the paramagnetic state. Given
the pronounced effect of skyrmionic fluctuations with a
sixfold scattering pattern in the paramagnetic FD regime
and the weak first-order character of the transition from the
paramagnet to long-range skyrmion lattice order, it appears
that the formation of the skyrmion lattice can be interpreted
in the framework of weak crystallization.

The Ginzburg-Landau functional for the magnetization
field generically contains a quartic term,

R
dr⃗ðM⃗2Þ2,

stabilizing magnetic order. In the presence of a finite
magnetic field, a finite uniform component of the mag-
netization M⃗u will be induced. Replacing one of the four
fields in the quartic term with this uniform component, one
obtains a coupling of M⃗u to the modulated components of
the magnetization whose form in Fourier space is given by
[24,116,117]

X
q⃗1;q⃗2;q⃗3

ðM⃗u · m⃗q⃗1Þðm⃗q⃗2 · m⃗q⃗3Þδq⃗1þq⃗2þq⃗3;0; ð1Þ

where m⃗q⃗ is the Fourier transform of M⃗ðr⃗Þ and the
Kronecker delta ensures momentum conservation. This
term is effectively cubic in the Fourier components m⃗q⃗,
with finite q⃗ representing the modulation of the magneti-
zation. Moreover, as the competition between the
Dzyaloshinskii-Moriya interaction D and the symmetric
exchange interaction J favors modulation vectors with a
finite length Q ¼ D=J ≈ 0.039 Å−1, this cubic term can
lower the energy, provided that different Fourier compo-
nents are combined whose wave vectors add up to zero; i.e.,
they form triangles. Because of symmetry, the triangular
wave-vector configuration is confined to the plane per-
pendicular to the uniform component M⃗u, i.e., to the
applied magnetic field. This case eventually favors the
formation of a trigonal skyrmion lattice perpendicular to
the field.
The qualitative form of the contributions in the free

energy that drive the formation of skyrmion lattice order are
in strong analogy with the Landau soft-mode mechanism of
the formation of crystals out of the liquid state. In the
framework of the theory of weak crystallization, it is
assumed that the crystallization transition is either second
order or only weakly first order, so the free-energy func-
tional can be expanded in terms of the oscillatory compo-
nents of the density, ρq⃗. Cubic interactions of this density
play a special role, which in momentum space may be
written as

X
q⃗1;q⃗2;q⃗3

ρq⃗1ρq⃗2ρq⃗3δq⃗1þq⃗2þq⃗3;0: ð2Þ

The ordered state gains energy from this term only when
three ordering vectors of the crystal structure add up to
zero, thus forming triangles, which in two spatial dimen-
sions favors hexagonal lattices.
The striking analogy with the Landau soft-mode mecha-

nism classifies the onset of skyrmion lattice order as a weak
crystallization process. This classification is consistent with
the Brazovskii scenario of a fluctuation-induced first-order
transition at zero field, which originates in an increase
of phase space for the fluctuations in combination with
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mode-mode interactions. Increasing the magnetic field, the
fluctuations are quenched, and a tricritical point is reached
around 0.4 T [65,66,86,87], where the transition to conical
long-range order becomes second order. The application of
a field provides a static uniform component of the mag-
netization, M⃗u, that favors triangular wave-vector configu-
rations, eventually stabilizing skyrmion lattice order at
intermediate magnetic fields. Even though the associated
triple-Q⃗ fluctuations are dynamic in the paramagnetic state,
they already entail the topological signatures that are
characteristic of the long-range ordered skyrmion lattice.

VI. CONCLUSIONS

In summary, combining measurements of the ac suscep-
tibility, small-angle neutron scattering, neutron resonance
spin-echo spectroscopy, and microwave spectroscopy, we
find evidence for fluctuating skyrmion textures with char-
acteristic length scales exceeding 103 Å and lifetimes up to
several 10−9 s. The paramagnetic-to-skyrmion lattice tran-
sition shares remarkable analogies with the Landau soft-
mode mechanism of the weak crystallization of liquids. Our
observations in the paramagnetic state establish that key
signatures of the nontrivial topological character of the
skyrmion lattice order are already present in the para-
magnetic state when approaching the transition temperature
in small fields.
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and A. Loidl, Néel-Type Skyrmion Lattice with Confined
Orientation in the Polar Magnetic Semiconductor
GaV4S8, Nat. Mater. 14, 1116 (2015).

[31] Y. Tokunaga, X. Z. Yu, J. S. White, H. M. Rønnow,
D. Morikawa, Y. Taguchi, and Y. Tokura, A New
Class of Chiral Materials Hosting Magnetic Skyrmions
beyond Room Temperature, Nat. Commun. 6, 7638
(2015).

[32] A. K. Nayak, V. Kumar, T. Ma, P. Werner, E. Pippel, R.
Sahoo, F. Damay, U. K. Rößler, C. Felser, and S. S. P.
Parkin,Magnetic Antiskyrmions above Room Temperature
in Tetragonal Heusler Materials, Nature (London) 548,
561 (2017).

[33] S. Heinze, K. von Bergmann, M. Menzel, J. Brede, A.
Kubetzka, R. Wiesendanger, G. Bihlmayer, and S. Blügel,
Spontaneous Atomic-Scale Magnetic Skyrmion Lattice in
Two Dimensions, Nat. Phys. 7, 713 (2011).

[34] R. Wiesendanger, Nanoscale Magnetic Skyrmions in
Metallic Films and Multilayers: A New Twist for
Spintronics, Nat. Rev. Mater. 1, 16044 (2016).

[35] F. Büttner, C. Moutafis, M. Schneider, B. Krüger, C. M.
Günther, J. Geilhufe, C. v. K. Schmising, J. Mohanty, B.
Pfau, S. Schaffert, A. Bisig, M. Foerster, T. Schulz, C. a. F.
Vaz, J. H. Franken, H. J. M. Swagten, M. Kläui, and S.
Eisebitt, Dynamics and Inertia of Skyrmionic Spin Struc-
tures, Nat. Phys. 11, 225 (2015).

[36] S. Woo, K. Litzius, B. Krüger, M.-Y. Im, L. Caretta, K.
Richter, M. Mann, A. Krone, R. M. Reeve, M. Weigand, P.
Agrawal, I. Lemesh, M.-A. Mawass, P. Fischer, M. Kläui,
and G. S. D. Beach, Observation of Room-Temperature
Magnetic Skyrmions and Their Current-Driven Dynamics
in Ultrathin Metallic Ferromagnets, Nat. Mater. 15, 501
(2016).

[37] W. Jiang, X. Zhang, G. Yu, W. Zhang, X. Wang, M. B.
Jungfleisch, J. E. Pearson, X. Cheng, O. Heinonen, K. L.
Wang, Y. Zhou, A. Hoffmann, and S. G. E. te Velthuis,
Direct Observation of the Skyrmion Hall Effect, Nat. Phys.
13, 162 (2017).

[38] J. Sampaio, V. Cros, S. Rohart, A. Thiaville, and A. Fert,
Nucleation, Stability and Current-Induced Motion of
Isolated Magnetic Skyrmions in Nanostructures, Nat.
Nanotechnol. 8, 839 (2013).

[39] C. Moreau-Luchaire, C. Moutafis, N. Reyren, J. Sampaio,
C. a. F. Vaz, N. V. Horne, K. Bouzehouane, K. Garcia, C.
Deranlot, P. Warnicke, P. Wohlhüter, J.-M. George, M.
Weigand, J. Raabe, V. Cros, and A. Fert, Additive Inter-
facial Chiral Interaction in Multilayers for Stabilization of
Small Individual Skyrmions at Room Temperature, Nat.
Nanotechnol. 11, 444 (2016).

[40] D. Maccariello, W. Legrand, N. Reyren, K. Garcia, K.
Bouzehouane, S. Collin, V. Cros, and A. Fert, Electrical
Detection of Single Magnetic Skyrmions in Metallic Multi-
layers at Room Temperature, Nat. Nanotechnol. 13, 233
(2018).

[41] A. Fert, N. Reyren, and V. Cros, Magnetic Skyrmions:
Advances in Physics and Potential Applications, Nat. Rev.
Mater. 2, 17031 (2017).

[42] L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electro-
dynamics of Continuous Media (Pergamon, New York,
1984).

[43] S. Kusaka, K. Yamamoto, T. Komatsubara, and Y.
Ishikawa, Ultrasonic Study of Magnetic Phase Diagram
of MnSi, Solid State Commun. 20, 925 (1976).

[44] Y. Ishikawa, T. Komatsubara, and D. Bloch, Magnetic
Phase Diagram of MnSi, Physica B 86–88, 401 (1977).

[45] A. Bauer and C. Pfleiderer, Magnetic Phase Diagram of
MnSi Inferred from Magnetization and ac Susceptibility,
Phys. Rev. B 85, 214418 (2012).

[46] H. Oike, A. Kikkawa, N. Kanazawa, Y. Taguchi, M.
Kawasaki, Y. Tokura, and F. Kagawa, Interplay between
Topological and Thermodynamic Stability in a Metastable
Magnetic Skyrmion Lattice, Nat. Phys. 12, 62 (2016).

[47] T. Nakajima, H. Oike, A. Kikkawa, E. P. Gilbert, N. Booth,
K. Kakurai, Y. Taguchi, Y. Tokura, F. Kagawa, and T.-h.
Arima, Skyrmion Lattice Structural Transition in MnSi,
Sci. Adv. 3, e1602562 (2017).

J. KINDERVATER et al. PHYS. REV. X 9, 041059 (2019)

041059-18

https://doi.org/10.1103/RevModPhys.79.1015
https://doi.org/10.1038/nphys894
https://doi.org/10.1038/nphys894
https://doi.org/10.1038/nature12023
https://doi.org/10.1103/PhysRevLett.114.177203
https://doi.org/10.1103/PhysRevLett.114.177203
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1126/science.1166767
https://doi.org/10.1103/PhysRevB.88.195137
https://doi.org/10.1038/nmat2916
https://doi.org/10.1038/nmat2916
https://doi.org/10.1126/science.1214143
https://doi.org/10.1126/science.1214143
https://doi.org/10.1038/nmat4402
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/nature23466
https://doi.org/10.1038/nature23466
https://doi.org/10.1038/nphys2045
https://doi.org/10.1038/natrevmats.2016.44
https://doi.org/10.1038/nphys3234
https://doi.org/10.1038/nmat4593
https://doi.org/10.1038/nmat4593
https://doi.org/10.1038/nphys3883
https://doi.org/10.1038/nphys3883
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1038/s41565-017-0044-4
https://doi.org/10.1038/s41565-017-0044-4
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1016/0038-1098(76)91307-7
https://doi.org/10.1103/PhysRevB.85.214418
https://doi.org/10.1038/nphys3506
https://doi.org/10.1126/sciadv.1602562


[48] T. Nakajima, Y. Inamura, T. Ito, K. Ohishi, H. Oike, F.
Kagawa, A. Kikkawa, Y. Taguchi, K. Kakurai, Y. Tokura,
and T.-h. Arima, Phase-Transition Kinetics of Magnetic
Skyrmions Investigated by Stroboscopic Small-Angle Neu-
tron Scattering, Phys. Rev. B 98, 014424 (2018).

[49] Y. Chai, P. Lu, H. Du, J. Shen, Y. Ma, K. Zhai, L. Wang, W.
Shi, H. Li, W. Wang, and Y. Sun, Observation of Skyrmion
Liquid in a Chiral Magnet, arXiv:1811.01555.

[50] A. Bauer, A. Chacon, M. Halder, and C. Pfleiderer,
Skyrmion Lattices far from Equilibrium, in Topology in
Magnetism, edited by, J. Zang, V. Cros, and A. Hoffmann,
Springer Series in Solid-State Sciences Vol. 192 (Springer
International Publishing, Switzerland, 2018)

[51] C. Pfleiderer, S. R. Julian, and G. G. Lonzarich,
Non-Fermi-Liquid Nature of the Normal State of
Itinerant-Electron Ferromagnets, Nature (London) 414,
427 (2001).

[52] M. Lee, W. Kang, Y. Onose, Y. Tokura, and N. P. Ong,
Unusual Hall Effect Anomaly in MnSi under Pressure,
Phys. Rev. Lett. 102, 186601 (2009).

[53] B. J. Chapman, M. G. Grossnickle, T. Wolf, and M. Lee,
Large Enhancement of Emergent Magnetic Fields in MnSi
with Impurities and Pressure, Phys. Rev. B 88, 214406
(2013).

[54] R. Ritz, M. Halder, C. Franz, A. Bauer, M. Wagner, R.
Bamler, A. Rosch, and C. Pfleiderer, Giant Generic
Topological Hall Resistivity of MnSi under Pressure,
Phys. Rev. B 87, 134424 (2013).

[55] C. Franz, F. Freimuth, A. Bauer, R. Ritz, C. Schnarr, C.
Duvinage, T. Adams, S. Blügel, A. Rosch, Y. Mokrousov,
and C. Pfleiderer, Real-Space and Reciprocal-Space Berry
Phases in the Hall Effect of Mn1−xFexSi, Phys. Rev. Lett.
112, 186601 (2014).

[56] T. Goko, C. J. Arguello, A. Hamann, T. Wolf, M. Lee, D.
Reznik, A. Maisradze, R. Khasanov, E. Morenzoni, and
Y. J. Uemura, Restoration of Quantum Critical Behavior
by Disorder in Pressure-Tuned (Mn,Fe)Si, Quantum
Materials 2, 44 (2019).

[57] S. V. Grigoriev, S. V. Maleyev, A. I. Okorokov, Y. O.
Chetverikov, R. Georgii, P. Böni, D. Lamago, H.
Eckerlebe, and K. Pranzas, Critical Fluctuations in MnSi
near TC: A Polarized Neutron Scattering Study, Phys. Rev.
B 72, 134420 (2005).

[58] M. Janoschek, M. Garst, A. Bauer, P. Krautscheid, R.
Georgii, P. Böni, and C. Pfleiderer, Fluctuation-Induced
First-Order Phase Transition in Dzyaloshinskii–Moriya
Helimagnets, Phys. Rev. B 87, 134407 (2013).

[59] S. M. Stishov, A. E. Petrova, S. Khasanov, G. K. Panova,
A. A. Shikov, J. C. Lashley, D. Wu, and T. A. Lograsso,
Magnetic Phase Transition in the Itinerant Helimagnet
MnSi: Thermodynamic and Transport Properties, Phys.
Rev. B 76, 052405 (2007).

[60] C. Pfleiderer, Experimental Studies of Weakly Magnetic
Transition Metal Compounds, J. Magn. Magn. Mater.
226–230, 23 (2001). The quantitative difference of the
specific heat of MnSi for different sample qualities shown
in Fig. 6 in this paper was later found to be due to an
erroneous calibration (see also Refs. [64,121]).
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