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Skyrmion lattice and emergent electrodynamics in MnSi

critical current density: 106 A/m2 Schulz, et al. Nature Physics (2012)
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Hierarchical Energy Scales in B20 compounds
Landau-Lifshitz vol. 8, §52

(2) Dzyaloshinsky-Moriya 

(3) crystal fields (P213)

(1) ferromagnetic exchange

(*) further terms?
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(includes fluctuations)
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Fluctuation-Stabilized Multi-q Structure
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Zoology of Magnetic-Skyrmion Materials

P213 insulator: Cu2OSeO3

B20 metals & semiconductor

P4132 & P4332: CoxZnyMnz

SrFeO3, Lacunar Spinels

Sc-doped Ba-Ferrite

Heusler compounds

Fe or PdFe-layer on Ir (111)

Heterostructures & Multilayers
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Milde et al, Science 340, 1076 (2013)

Creation, Stability & Destruction of Skyrmions

unwinding by emergent monopoles

Bauer et al., in review
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Figure 2 | Magnetic state diagrams of MnSi under equilibrium and
quenched conditions. a, Phase diagram under thermodynamic equilibrium.
b, Magnetic state diagram including the metastable SkL created by
quenching under a magnetic field. Red symbols in b were determined from
the data shown in Fig. 1b and Supplementary Fig. 2. Whereas the
boundaries of the equilibrium SkL were determined from the ⇢xx data, the
ferromagnetic transition line was determined from the ⇢yx data (see
Supplementary Figs 3 and 4).

Having established a method to create a metastable SkL in a
nominally clean sample, we can now address the issue of the stability
beyond the equilibriumphase diagram.We found that the long-lived
metastable SkL can be created at any temperature between 5 and
23K using the same quenching method (see Supplementary Figs 2
and 3); accordingly, we could further examine the stability of the
metastable SkL against a magnetic field sweep at each temperature
and construct a magnetic state diagram that includes the quenched
SkL, as shown in Fig. 2b. Here, two important aspects can be
highlighted. First, the temperature/magnetic-field region in which
the quenched SkL can persist is significantly extended compared to
that of the equilibrium SkL phase, which exemplifies the remarkable
stability of the metastable SkL. Second, there is a temperature gap
(⇠24–27K) inwhich neither the equilibriumSkLnor themetastable
SkL can persist, implying that the metastable SkL is short-lived in
this temperature range.
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Figure 3 | Lifetime of the metastable skyrmion lattice. a, Time evolution of
⇢yx at selected temperatures after quenching at 0.22 T. The broken red lines
are fits to the standard relaxation equation (1). b, Temperature dependence
of the lifetime of the metastable SkL at 0.22 T. The lifetimes are obtained
from the fitting results in a.

Such a short-lived metastable SkL can be substantiated by the
time decay of the enhanced ⇢yx value, as shown in Fig. 3a. The
relaxation of ⇢yx to the equilibrium value can clearly be seen, in
accord with the expectation that the metastable SkL is short-lived
in this temperature range. The behaviour is characterized well by
the standard relaxation equation (denoted by the broken lines in
Fig. 3a):

⇢yx(t)=⇢yx ,0 +(⇢yx ,1 �⇢yx ,0){1�exp(�t/⌧ )} (1)

where ⇢yx ,0 and ⇢yx ,1 denote the initial and fully relaxed (or
equilibrium) values of ⇢yx , respectively, and ⌧ represents the
relaxation time (or, equivalently, the lifetime of the metastable SkL).
Figure 3b summarizes the ⌧ values derived for various temperatures.
Note that as the temperature approaches the SkL transition
temperature of 27K, the relaxation time decreases markedly
and will probably decrease to less than 10 s. This behaviour
reasonably accounts for why the SkL is readily annihilated during
cooling in nominally clean systems, even though it is topologically
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Figure 2 | Magnetic state diagrams of MnSi under equilibrium and
quenched conditions. a, Phase diagram under thermodynamic equilibrium.
b, Magnetic state diagram including the metastable SkL created by
quenching under a magnetic field. Red symbols in b were determined from
the data shown in Fig. 1b and Supplementary Fig. 2. Whereas the
boundaries of the equilibrium SkL were determined from the ⇢xx data, the
ferromagnetic transition line was determined from the ⇢yx data (see
Supplementary Figs 3 and 4).

Having established a method to create a metastable SkL in a
nominally clean sample, we can now address the issue of the stability
beyond the equilibriumphase diagram.We found that the long-lived
metastable SkL can be created at any temperature between 5 and
23K using the same quenching method (see Supplementary Figs 2
and 3); accordingly, we could further examine the stability of the
metastable SkL against a magnetic field sweep at each temperature
and construct a magnetic state diagram that includes the quenched
SkL, as shown in Fig. 2b. Here, two important aspects can be
highlighted. First, the temperature/magnetic-field region in which
the quenched SkL can persist is significantly extended compared to
that of the equilibrium SkL phase, which exemplifies the remarkable
stability of the metastable SkL. Second, there is a temperature gap
(⇠24–27K) inwhich neither the equilibriumSkLnor themetastable
SkL can persist, implying that the metastable SkL is short-lived in
this temperature range.
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Figure 3 | Lifetime of the metastable skyrmion lattice. a, Time evolution of
⇢yx at selected temperatures after quenching at 0.22 T. The broken red lines
are fits to the standard relaxation equation (1). b, Temperature dependence
of the lifetime of the metastable SkL at 0.22 T. The lifetimes are obtained
from the fitting results in a.

Such a short-lived metastable SkL can be substantiated by the
time decay of the enhanced ⇢yx value, as shown in Fig. 3a. The
relaxation of ⇢yx to the equilibrium value can clearly be seen, in
accord with the expectation that the metastable SkL is short-lived
in this temperature range. The behaviour is characterized well by
the standard relaxation equation (denoted by the broken lines in
Fig. 3a):

⇢yx(t)=⇢yx ,0 +(⇢yx ,1 �⇢yx ,0){1�exp(�t/⌧ )} (1)

where ⇢yx ,0 and ⇢yx ,1 denote the initial and fully relaxed (or
equilibrium) values of ⇢yx , respectively, and ⌧ represents the
relaxation time (or, equivalently, the lifetime of the metastable SkL).
Figure 3b summarizes the ⌧ values derived for various temperatures.
Note that as the temperature approaches the SkL transition
temperature of 27K, the relaxation time decreases markedly
and will probably decrease to less than 10 s. This behaviour
reasonably accounts for why the SkL is readily annihilated during
cooling in nominally clean systems, even though it is topologically

64

© 2016 Macmillan Publishers Limited. All rights reserved

NATURE PHYSICS | VOL 12 | JANUARY 2016 | www.nature.com/naturephysics



Creation, Stability & Destruction of Skyrmions

Wild et al., Sci. Adv. 3 e1701704 (2017)

extreme entropy compensation
decreasing field increasing field

nucleation enabling mechanisms

Cu2OSeO3

Chacon, et al. 
Nat. Phys, 14, 936 (2018)



Romming et al. Science 341, 636 (2013)

deformation along dislocation lines

Electric Field-Driven Switching

Creation, Stability & Destruction of Skyrmions

Writing & Deleting Individual Skyrmions

3 layers of Fe on Ir

Pin-Jui Hsu et al. Nat. Nano. 12, 123 (2017)

PdFe-layer on Ir (111)

difference SP-STM images in Fig. 3, B to E, the
skyrmions are annihilated one by one until no
skyrmion is present (in Fig. 3F); skyrmions are

then created in a different sequence until the start-
ing configuration is reached again (Fig. 3, G to J).
The writing and deleting was done between the

images by local voltage sweeps. This series dem-
onstrates that the skyrmions can be addressed
individually and independently, even in close prox-
imity to one another.

Whereas controlled skyrmion creation and
annihilation is demonstrated, the intermediate
magnetization states during the switching process
cannot be imaged directly because of the limited
time resolution in our experiment. We consider
the following mechanisms that may contribute to
switching (22, 23): (i) thermal noise, (ii) a local
temperature increase caused by the injected pow-
er (Joule heating), (iii) nonthermal excitations
from the injected electrons, and (iv) spin-transfer
torque (STT). The latter depends on the spin-
polarization of the tunnel current and its direction.
To discriminate between these different contribu-
tions, we performedmeasurements as a function of
bias voltage U, tunnel current I, and applied mag-
netic field B (23, 24): With the tip held stationary
above atomic pinning sites, we recorded the time
evolution of the system (20). The observed mag-
netic telegraph noise (see insets in Fig. 4) oc-
curs because of repetitive switching between a
skyrmion (S = 1) and the FM state (S = 0). From
each measurement, typically consisting of 1000
switching events, the switching rate f and the
probability to observe a skyrmion P can be ex-
tracted (22). We find that the switching process
is very sensitive to the energy of the tunneling
electrons eU (where e is the elementary charge)
(Fig. 4A): At U = 300 mV, switching occurs, on
average, once every 15 s at I = 300 nA. Toward
lower bias voltages, switching becomes increasing-
ly rare, which facilitates nonperturbing imaging.
For higher voltages, the rate increases rapidly,
allowing efficient skyrmion manipulation. In con-
trast, the current dependence at fixed bias voltage
(Fig. 4B) is much weaker. The switching rate de-
pends linearly on I within the investigated current

Fig. 2. Manipulation of
themagnetic statesof the
PdFe bilayer at T = 4.2 K.
(A and B) SP-STM images
at B = +1 T (U = +100 mV,
I = 0.5 nA, magnetically in-
plane sensitive tip). Whereas
(A) shows the sample in its
initial magnetic state after
sweeping the field up from
B = 0 T to +1 T, in (B) the
spin spiral has locally trans-
formed into skyrmions after
supplying energy by a higher-
voltage STM scan with U =
+1 V, I = 0.5 nA. (C) SP-
STM image of the initial
state at B = +1.8 T after
sweeping the magnetic
field down from +3 T. Four
skyrmions are marked by
circles (U = +100 mV, I =
1 nA, magnetically out-of-
plane sensitive tip). (D) Suc-
cessive population of the
island with skyrmions by in-
jecting higher-energy elec-
trons through local voltage
sweeps (20) (fig. S2). (E)
Concept of skyrmion manip-
ulation with local currents
from an STM tip. (F) Sketch
of the field-dependent po-
tential for a skyrmion (Sk;
S = 1) and the FM state
(S = 0). B0 is the field where the two states are energetically degenerate.
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Fig. 3. Creation and
annihilationof single
skyrmions. (A) Constant-
current image of a sam-
ple region with four defects
(see box in Fig. 2A), each
hosting a skyrmionmarked
by a circle containing
~270 surface atoms (U =
+250 mV, I = 1 nA, B =
+3.25 T, T = 4.2 K, mag-
netically in-plane sensi-
tive tip). (B to E) Sequence
of difference SP-STM im-
ages [with respect to (F)]
showing the selective eras-
ing of all four skyrmions
using local voltage sweeps
(feedback loop switched
off while bias voltage was
increased to +750 mV).
(F) The sample area with-
out skyrmions (constant-current image) and (G to J) their successive rewriting (difference images). (K) Schematic spin configuration with distances twice the atomic lattice,
superimposed on the experimental data: The asymmetric appearance of the skyrmions results from a canted SP-STM tip magnetization in this experiment.
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5.1. Numerics withoutDMI
A typical relaxedmagnetization con!guration is shown in!gure 2(a). In the continuous operationmode, aDC
current above the critical one can generate periodically spin textures. For a large set of parameters these spin
textures evolve into skyrmion/antiskyrmion pairs. A typical snapshot for the time evolution of the
magnetization under a (continuous)DCcurrent is presented in!gure 2(b). To establish the topological nature of
the skyrmion and antiskyrmionwe have calculated as a function of time thewinding numbers over spatial
regions indicated by the boxes in cyan andmagenta. The results presented in panel (c) clearly show a period
creation of skyrmion/antiskyrmion pairs withwinding numbers±1. The shedding frequency for the simulated
material structurewith applied current density of q �5 10 A m12 2 can be extracted from the power spectrumof
the Fourier transformed data, X x 0.68 GHzshed corresponding to a shedding period of approximately xTshed

1.47 ns (see panel (d)). For this setup, we have used � q �M 3 10 A ms
5 1, � q � �A 2 10 J mex

11 1, � qK 8u
�10 J m4 3, �K 0u

p and � q �K̃ 1 10 J mu
p 3 3 inside the pinning areawhich has a radius of 50 nm, andGilbert

damping of B � 0.05, and C � 0.More information on the numerical part can be found in theMethods
section, section 8.

5.1.1. Shedding of skyrmion/antiskyrmion pairs
For currents less than the critical current, themagnetic texture around the pinning center elongates until above
the critical current it breaks off and a!rst skyrmion/antiskyrmion pair is formed, which travels along the
magnetic !lm. The details of the shedding process are shown in!gure 4, wherewe show the pro!les of the
pinning center up to 0.65 ns. The observation that the created topological texture comes in a pair with opposite
topological charge re"ects the fact that during the creation process the topological charge is conserved, with
initial con!guration having no topological charge.

5.1.2. Time-evolution of a skyrmion/antiskyrmion pair
The skyrmion/antiskyrmion pair begins tomove away from the pinning center andwe observe in our
simulations that the distance between the anti-skyrmion and skyrmion increases at a rate proportional to! as
expected (with C � 0 in our simulations). The evolution of the pair has an oscillatory character related to the
fact that, in equilibrium, the individual structures are not stable. This is shown in detail in!gure 5. The
dynamical stabilization due to the current leads to the global continuous precession of all spins around the z axis.
This results in the skyrmion (lowermagnetic texture) oscillating continuously betweenNéel and Bloch
skyrmion type and between negative and positive chirality, as discussed in [31], and to the anti-skyrmion (upper
magnetic texture) rotating its orientation counterclockwise. For themodeled setupwe obtain an oscillation
frequency of x xf 1 0.34 ns 2.9 GHzosc being about four times faster than the shedding frequency. This
oscillatory behavior does depend on the details of the speci!c sample and therefore we do not explore it further,
since it does not affect the production or control of the texture in the considered time and length scale.

Figure 4.Details of the shedding process of the time evolution of a skyrmion/antiskyrmion pair shown in!gure 2. Shown is the z
component as a color code, and the arrows visualize the in-plane components. For this setup, we use the same parameters as in
!gure 2: � q �M 3 10 A ms

5 1, � q � �A 2 10 J mex
11 1, � q �K 8 10 J mu

4 3, �K 0u
p and � q �K̃ 1 10 J mu

p 3 3 inside the pinning
area which has a radius of 50 nm,Gilbert damping of B � 0.05, and C � 0. The applied current density is q �5 10 A m12 2.
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Current-Induced Sk-ASk Pair Creation

Everschor-Sitte et al. NJP 19, 092001 (2017)
cf Stier et al. PRL 118, 267203 (2017)



Jiang et al. Science 349, 283 (2015)

Skyrmion „Bubbles“ in Trilayers

S. Woo et. al, Nature Mater.  15, 501 (2016)

also: Boulle et al. Nature Nanotechnogy 2016

‚Blowing‘ Skyrmion Bubbles

Ta(5nm)/Co20Fe60B20(CoFeB)(1.1nm)/TaOx(3 nm)

Skyrmion „Bubbles“ in Multilayer Stacks
LETTERS NATUREMATERIALS DOI: 10.1038/NMAT4593
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Figure 4 | Current-driven skyrmion motion. a, Schematic of a magnetic track on an Si3N4 membrane with current contacts and skyrmions stabilized by a
down-directed applied magnetic field. b, Sequential STXM images showing skyrmion displacement in Pt/Co/Ta after injecting 20 unipolar current pulses
along the track, with an amplitude ja =2.2⇥ 1011 A m�2 and polarity as indicated. Individual skyrmions are outlined in coloured circles for clarity. c, Average
skyrmion velocity of Pt/Co/Ta (filled symbols) and Pt/CoFeB/MgO (open symbols) versus current density. Di�erent shaped symbols correspond to
di�erent devices. Error bars denote standard deviation of multiple measurements.

heavy metal because of the spin Hall e�ect. In this case, the current
exerts a Slonczewski-like torque that can be much stronger than
spin-transfer torques from in-plane spin current. As Pt and Ta have
large spin Hall angles with opposite signs, the spin Hall currents
generated at each interface in Pt/Co/Ta work in concert to generate
a large Slonczewski-like torque28. As the spin Hall e�ect direction
of motion of a skyrmion depends on its topology13, observations
of current-induced displacement can serve to unambiguously verify
the topology and chirality of the skyrmions in this system.

In Fig. 4, an external magnetic field Bz was applied to a
2-µm-wide Pt/Co/Ta magnetic track to shrink the zero-field
labyrinth domains into a few isolated skyrmions. The track was
contacted by Au electrodes at either end for current injection
(Fig. 4a). Figure 4b shows a sequence of STXM images of a
train of four skyrmions stabilized by Bz . Each image was acquired
after injecting 20 current pulses with current-density amplitude
ja =2.2⇥1011 Am�2 and duration 20 ns, with the polarity indicated
in the figure. Three of the four skyrmions move freely along the
track, and can be displaced forward and backward by current,
whereas the left-most skyrmion remains immobile, evidently
pinned by a defect.

The propagation direction is along the current-flow direction
(against electron flow), and this same directionality was observed
for skyrmions with oppositely oriented cores. This behaviour is
analogous to spin Hall current-driven motion of homochiral Néel
domain walls stabilized by interfacial DMI in Pt/Co(Fe)/oxide
thin films19,20,24. Micromagnetic simulations (see Supplementary
Information 6.1 and Supplementary Fig. 5 for details) show that as is
the case for domain walls, spin-Hall-driven displacement along the
current-flow direction occurs only for left-handed Néel skyrmions,
confirming the topology of the skyrmions in this material.

The average skyrmion velocity was measured versus current
density in three di�erent devices, shown in Fig. 4c. We observe
a critical current density jc ⇠ 2.0 ⇥ 1011 Am�2, below which no

skyrmion motion is observed. Slightly above jc the skyrmions
move at di�erent average speeds in di�erent regions of the track,
suggesting a significant influence of local disorder on the dynamics.
Interestingly, pinned skyrmions can be annihilated, as seen in the
last image of Fig. 4b, where only three skyrmions remain, and the
left-most skyrmion becomes pinned at the same location as was
the annihilated skyrmion. At higher current densities we observe
fast skyrmion motion with velocities approaching 50m s�1 at
j⇠3.5⇥1011 Am�2.

The experimentally observed critical current density, and the
skyrmion velocities that are lower than those calculated for a defect-
free sample (see Supplementary Fig. 8) are in sharp contrast to
recent micromagnetic studies that predict high skyrmion mobility
even in the presence of discrete defects10–13. In those studies, discrete
defects were introduced sparsely at a length scale larger than the
skyrmion size, so that skyrmions could propagate around them and
avoid becoming pinned. In ultrathin films, both the anisotropy and
DMI arise from interface coordination, and atomic-scale interface
disorderwill result in an energy landscape that is inhomogeneous on
length scales comparable to and smaller than the skyrmion size. Our
micromagnetic simulations (see Supplementary Information 6.2
and 6.3 and Supplementary Figs 9–11 for details) show that short-
length-scale dispersion in the local DMI can strongly pin skyrmions,
leading to a finite critical current, reduced velocities, and current-
induced annihilation of pinned skyrmions, in agreement with
our experiments.

These results suggest that more reliable current-
driven motion might be achieved by using lower pinning
materials. To test this experimentally, we developed
[Pt(3 nm)/CoFeB(0.7 nm)/MgO(1 nm)]15 multilayer stacks.
Here, amorphous CoFeB was chosen because the absence of grain
boundaries leads to lower pinning as compared with polycrystalline
Co (see Supplementary Information 3 and Supplementary Fig. 4).
The average skyrmion velocity for Pt/CoFeB/MgO versus current

504

© 2016 Macmillan Publishers Limited. All rights reserved
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Sampathkumaran et al. arXiv/1910.09194
& series of papers around 1999Kurumaji, et al. Science 365 914 (2019)

Skyrmion Lattice in Gd2PdSi3

paramagnetic (PM) state (34). In the H-T phase
diagram, we overlay the contour plot of rTyx
(Fig. 1D), which is deduced from the Hall resis-
tivity measurements. The enhanced topological
Hall signal appearing exclusively in the A-phase
region suggests that in Gd2PdSi3 the appli-
cation of H induces topological phase tran-
sitions in the context of spin textures. The
magnitude of the THE at the lowest temper-
ature is as large as 2.6 microhm·cm, which is
one or two orders of magnitude larger than
that in other skyrmion-hosting materials such
as MnSi (40 nanohm·cm under high pressure)
(25, 26, 35, 37) and FeGe (0.16 microhm·cm in
a thin film) (38). This must be partly caused
by a shorter wavelength of the spin modula-
tion (~2.5 nm) (fig. S5), which squeezes the em-
ergent magnetic flux of a skyrmion, in contrast
to the relatively large size of skyrmions (10 to
100 nm) in typical noncentrosymmetric (chiral
or polar) magnets (36).
To corroborate the observation of the THE in

the A phase, we show a typical ryx!H curve
together with the M for H!c at 2 K (Fig. 2A). A
sharp positive enhancement of ryx is apparent
in the region between two stepwise changes of
M, defining the first-order–like transitions to and
from the A phase. On the contrary, in the IC-2
phase and higher-field region, ryx stays negative
with nearly field-linear behavior, at least up to
140 kOe (fig. S3A), whereM is 13.7 mB/f.u. (where
mB is the Bohr magneton and f.u. is formula unit),
approaching the saturation value expected for
the value of local Gd moment. In principle, this
nearly saturated phase hosts a topologically triv-
ial spin arrangement, allowing us to describe the
Hall response with the first two terms in Eq. 1.
The black solid line in Fig. 2A shows the fit to
the high-field data of ryx. The fitting quality
is excellent for all measured temperatures
(fig. S3A), which allows us to unambiguously
extract rTyx from ryx (Figs. 2B and 1C). The
quality of the fit is not substantially affected
by using a different formula—e.g., assuming
skew scattering type anomalous Hall effect (fig.
S4). Figure 2C shows the evolution of the peak
inrTyxwith temperature. Continuous decrease of
rTyx toward zero around 20 K suggests that this
response is affected by the magnitude of the
molecular field from 4f moment on the conduc-
tion electron through an f-d coupling, consist-
ent with the scalar spin chirality model for the
THE (35). The effective magnetic field (Beff) for
the maximum rTyx is around "39 T (39), which
is a factor of 0:07"#P# smaller than the bare
emergent magnetic field (Bem ~ "570 T) esti-
mated from the skyrmion density. The polariza-
tion factor P is one order of magnitude smaller
than those in MnSi under pressure (P ~ 0.25 to
0.38) and slightly-doped Mn1"xFexSi (P ~ 0.3 to
0.45) (37). This may be caused by the moderate
f-d coupling in the present rare-earth system
as compared with the strong d-d coupling in
transition metal compounds.
To further examine the nature of the SkL state

in theA phase, we present theHall resistivity as a
function of the angle between H and the c axis

in the experimental configuration illustrated
in the inset of Fig. 2D. At f $ 0°"H!c# with
H = 9.9 kOe in the A phase, ryx starts from a
large positive value. As H rotates clockwise
away from the c axis, the value of ryx remains
flat until it experiences an abrupt drop to near
zero at around f $ 45° . A hysteresis with a
width of ~15° is observed between clockwise
and counterclockwise rotation scans of H, point-
ing to the first-order nature of this H-direction–
sensitive phase transition. This should be
compared to thin-film systems (40, 41), in which
the SkL is confined in a two-dimensional space
and survives only when H is oriented nearly

perpendicular to the lattice plane. Similar be-
havior may be expected for the present system
composed of stacked triangular-lattice layers.
The above observation provides a measure of the
topological number for the spin texture where
the topological Hall signal sharply transitions
from finite to zero upon the destabilization of
the SkL state. In contrast, at H = 40 kOe, far
above the upper critical field of the A phase, a
smooth evolution of ryx is observed with neg-
ligible hysteresis. This high-fieldryx, the absolute
magnitude of which is much smaller than the
SkL signal, follows cosf (black solid line in
Fig. 2D), indicating thatM closely follows the
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Fig. 1. Phase diagram and THE in Gd2PdSi3. (A) Basic AlB2-type crystal structure for Gd2PdSi3.
(B) Illustration of the spin texture in the SkL state. Each arrow indicates a magnetic moment at each
Gd site. (C and D) Contour plot of (C) c! and (D) rTyx for H!c (see text for definition). A represents
the SkL phase and PM the paramagnetic phase. IC-1 and IC-2 denote incommensurate spin-state
phases in near-zero and high-field regions, respectively. Circular (triangular) symbols were determined
by a peak or a kink in the c!-H (c!-T) scan (fig. S2). emu, electromagnetic units; mol, molar.
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paramagnetic (PM) state (34). In the H-T phase
diagram, we overlay the contour plot of rTyx
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one or two orders of magnitude larger than
that in other skyrmion-hosting materials such
as MnSi (40 nanohm·cm under high pressure)
(25, 26, 35, 37) and FeGe (0.16 microhm·cm in
a thin film) (38). This must be partly caused
by a shorter wavelength of the spin modula-
tion (~2.5 nm) (fig. S5), which squeezes the em-
ergent magnetic flux of a skyrmion, in contrast
to the relatively large size of skyrmions (10 to
100 nm) in typical noncentrosymmetric (chiral
or polar) magnets (36).
To corroborate the observation of the THE in

the A phase, we show a typical ryx!H curve
together with the M for H!c at 2 K (Fig. 2A). A
sharp positive enhancement of ryx is apparent
in the region between two stepwise changes of
M, defining the first-order–like transitions to and
from the A phase. On the contrary, in the IC-2
phase and higher-field region, ryx stays negative
with nearly field-linear behavior, at least up to
140 kOe (fig. S3A), whereM is 13.7 mB/f.u. (where
mB is the Bohr magneton and f.u. is formula unit),
approaching the saturation value expected for
the value of local Gd moment. In principle, this
nearly saturated phase hosts a topologically triv-
ial spin arrangement, allowing us to describe the
Hall response with the first two terms in Eq. 1.
The black solid line in Fig. 2A shows the fit to
the high-field data of ryx. The fitting quality
is excellent for all measured temperatures
(fig. S3A), which allows us to unambiguously
extract rTyx from ryx (Figs. 2B and 1C). The
quality of the fit is not substantially affected
by using a different formula—e.g., assuming
skew scattering type anomalous Hall effect (fig.
S4). Figure 2C shows the evolution of the peak
inrTyxwith temperature. Continuous decrease of
rTyx toward zero around 20 K suggests that this
response is affected by the magnitude of the
molecular field from 4f moment on the conduc-
tion electron through an f-d coupling, consist-
ent with the scalar spin chirality model for the
THE (35). The effective magnetic field (Beff) for
the maximum rTyx is around "39 T (39), which
is a factor of 0:07"#P# smaller than the bare
emergent magnetic field (Bem ~ "570 T) esti-
mated from the skyrmion density. The polariza-
tion factor P is one order of magnitude smaller
than those in MnSi under pressure (P ~ 0.25 to
0.38) and slightly-doped Mn1"xFexSi (P ~ 0.3 to
0.45) (37). This may be caused by the moderate
f-d coupling in the present rare-earth system
as compared with the strong d-d coupling in
transition metal compounds.
To further examine the nature of the SkL state

in theA phase, we present theHall resistivity as a
function of the angle between H and the c axis

in the experimental configuration illustrated
in the inset of Fig. 2D. At f $ 0°"H!c# with
H = 9.9 kOe in the A phase, ryx starts from a
large positive value. As H rotates clockwise
away from the c axis, the value of ryx remains
flat until it experiences an abrupt drop to near
zero at around f $ 45° . A hysteresis with a
width of ~15° is observed between clockwise
and counterclockwise rotation scans of H, point-
ing to the first-order nature of this H-direction–
sensitive phase transition. This should be
compared to thin-film systems (40, 41), in which
the SkL is confined in a two-dimensional space
and survives only when H is oriented nearly

perpendicular to the lattice plane. Similar be-
havior may be expected for the present system
composed of stacked triangular-lattice layers.
The above observation provides a measure of the
topological number for the spin texture where
the topological Hall signal sharply transitions
from finite to zero upon the destabilization of
the SkL state. In contrast, at H = 40 kOe, far
above the upper critical field of the A phase, a
smooth evolution of ryx is observed with neg-
ligible hysteresis. This high-fieldryx, the absolute
magnitude of which is much smaller than the
SkL signal, follows cosf (black solid line in
Fig. 2D), indicating thatM closely follows the
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Fig. 1. Phase diagram and THE in Gd2PdSi3. (A) Basic AlB2-type crystal structure for Gd2PdSi3.
(B) Illustration of the spin texture in the SkL state. Each arrow indicates a magnetic moment at each
Gd site. (C and D) Contour plot of (C) c! and (D) rTyx for H!c (see text for definition). A represents
the SkL phase and PM the paramagnetic phase. IC-1 and IC-2 denote incommensurate spin-state
phases in near-zero and high-field regions, respectively. Circular (triangular) symbols were determined
by a peak or a kink in the c!-H (c!-T) scan (fig. S2). emu, electromagnetic units; mol, molar.
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ordinary Hall effect and conventional anomalous magnetic scattering contributions). These 
features in single crystals  are  apart from the  observations of  anisotropic electrical resistivity, 
magnetoresistance and magnetization anomalies, another subtle magnetic feature near 15 K 
(supporting Mössbauer spectral features stated above), as well as Hall anomalies even in the 
paramagnetic state near 100 K (see Fig. 5 in Ref. 13), thereby stressing in our publications on the  
richness and anomalous magnetism of this compound. 

                                        
                                                      

Fig. 2: The temperature dependence of Hall coefficient of polycrystalline Gd2PdSi3 and Lu2PdSi3, from the 
data extracted from our work in 1999 Ref. 11. It is clear that there is a sign reversal of Hall anomaly around 10 K in 
the magnetically ordered state (TN= 21 K) , when measured in a field of 10 kOe, whereas in Lu analogue, there is no 
worthwhile feature.  This comparison revealed the dominant role of Gd 4f magnetism on Hall behavior. 

       

 

 

 

 

 

 

 

                

 

Fig. 3: Electrical resistivity as a function of temperature for polycrystalline Gd2PdSi3 in zero field and in 50 
kOe, extracted from our  publication in 1998 (Ref. 12). The dρ/dT is negative below TN (without showing the drop 
due to the loss of spin-disorder contribution), indicating complex magnetic phase.  It is to be noted that there is a 
minimum in ρ(T) well above TN, uncharacteristic of “normal” rare-earths like Gd, which gets suppressed by the 

rotating H and that the projections of M and
B to the c axis produce the first two terms in
Eq. 1 as dominant contributions toryx outside
the A-phase region.
Having identified the emergence of a topo-

logical electromagnetic response in the A phase,
we examined the Gd spin structure under H
along the c axis by means of the magnetic RXS
in resonance with the Gd L2 edge. We observed
the magnetic modulation along in-plane direc-
tions represented by the reciprocal-space vector
Q1 = (q, 0, 0) [and equivalentQ2 = (0, !q, 0) and
Q3 = (q, !q, 0)] in the magnetically ordered
phase (39). Here, q (~ 0.14 reciprocal lattice unit)
is the magnetic modulation wave number. In
Fig. 3, A and B, we show M and q, respectively,
as a function of H, which is applied along the
c axis; the data were taken at 5 K. To define
the phase boundary for each phase, we show
the difference DM between the measurements
of M for the H-increasing and H-decreasing
scans (Fig. 3A). In the IC-1 phase, q is almost
independent of H and starts to gradually in-
crease on entering the A phase and, further-
more, the IC-2 state. Despite the clear first-order
nature for each transition (vertical gray lines),
q shows merely a weak kink at each phase
boundary and changes only 4% in total between
0 Oe in the IC-1 phase and 20 kOe in the IC-2
phase. The orientation of the Q vectors with

respect to the triangular lattice does not change
across these metamagnetic transitions. This re-
stricts the candidate spin textures for each phase
to the spin modulations with one or several
equivalent Q vectors plus a component of ho-
mogeneous magnetization (q = 0) along the c
axis. This is consistent with the intermediate-
field SkL state, which can be seen as a super-
position of three spiral spin modulations with
their magnetic modulation vectors lying in the
triangular-lattice plane and pointing 120° away
from each other.
Figure 3C shows the H dependence of the

scattering intensities for respective satellite peaks
for the three Q vectors measured around a Bragg
spot (2, 2, 0) in the H-decreasing scan. Starting
from the high-field IC-2 phase region (10 kOe <H
< 20 kOe), we observed that the intensity for one
of theQ vectors !IQ2 " is markedly weak compared
with IQ1 and IQ3 . A fanlike structure (fig. S7A)
provides a good explanation for this feature as
follows. Polarization analysis of the scattered
x-ray, which enables decomposition of the in-
plane !m"" and out-of-plane !mz" components
of the modulated magnetic moment (39), re-
veals the negligibly weak modulating mz com-
ponent (fig. S6B) for the magnetic structure of
the IC-2 state. We thus propose that a possible
magnetic structure for the IC-2 state is a fan-
like or a transverse conical structure (fig. S7, A

and B), both of which lack global scalar spin
chirality in accord with the absence of a topo-
logical contribution inryx. Of the two proposed
magnetic structures, the fan model gives a better
fit to the observed intensity, although both fits
deviate from experimental observations. The
observed imbalance of the scattering intensity
among the threeQ domains is suggestive of the
single-Q nature of this phase and stems per-
haps from residual strains on the sample in-
duced by shaping and attaching it on the sample
holder (42).
With decreasing H (Fig. 3C), the intensities

for all the three Q vectors show a stepwise in-
crease upon entering the A phase. Such a simul-
taneous increase of intensity for every Q is
associated with the developing mz (modula-
tion component), as shown in Fig. 3D, which
is absent in the IC-2 phase. This fact points to
a noncoplanar spin texture in the topological
A phase. When H decreases further (Fig. 3C),
the intensity for each Q vector is almost un-
changed, whereas a prominent peak in DM (Fig.
3A) suggests a first-order phase transition from
the A phase to the IC-1 phase. The polarization
analysis reveals the presence of an mz com-
ponent (fig. S6A) comparable with that of the
A phase, suggesting a similarity of the spin con-
figurations for both phases.
Looking back to the polarization analysis for

the A phase (Fig. 3D), the intensity Ip#p! for the
p-p' channel !ºm2

z" is of nearly the same mag-
nitude for all Qi, consistent with the triple-Q
nature of the skyrmion state. Ip#s! !º!m" $ ki"2"
is, on the other hand, correlated with m" to
show clear Qi dependence. For the Bloch-type
SkL state, the spin texture is composed of a
superposition of the three proper-screw spin
modulations (Fig. 3E), where m" is perpendic-
ular to eachQi vector (Fig. 3E, inset). As shown
in Fig. 3F and the corresponding inset, the di-
rection ofQ2 is particularly closer to ki than are
the directions ofQ1 andQ3—i.e., the direction of
m" forQ2 is closer to the direction normal to ki
than those for Q1 and Q3. This feature is con-
sistent with theQi dependence of Ip#s! . Further-
more, a quantitative comparison between the
calculated and observed intensities reveals that
the magnetic structures in the A phase can be
reproduced by hybridization of the three proper
screws with equivalent amplitude plus the uni-
formmoment along z (fig. S6C), consistent with
the picture of the Bloch-type SkL state. This
spin texture spontaneously breaks the inver-
sion symmetry and potentially hosts domains
for handedness of skyrmions. Preference for
the Bloch-type spin configuration over the
Néel or the antiskyrmion type is consistent
with the effect of the dipole-dipole interaction
(14, 43), which is generally substantial in Gd
compounds.
The scattering intensities in the IC-1 state

(fig. S6, A and C) suggest that the IC-1 state may
also be of triple-Q nature but forms a spin tex-
ture topologically distinct from that of the A
phase. A degree of freedom for the phase (!i )
remains among the three helical modulations
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Fig. 2. Temperature and angular dependence of the THE in Gd2PdSi3. (A) H dependence of ryx
(left y axis) and M (right y axis) for H!c at 2 K. The red (blue) curve represents the H-increasing
(H-decreasing) scan. The black curve indicates the sum of the normal !rNyx" and anomalous !rAyx"
components of Hall resistivity. mB, Bohr magneton; f.u., formula unit. (B) H dependence of topological
Hall component rTyx at various temperatures. (C) Temperature dependence of the maximum values of
rTyx!r

T;max
yx ". (D) Normalized transverse resistivity at 2 K with H rotating in the ac plane. Red (blue)

symbols and green solid (dashed) line are in a (counter)clockwise rotation. The inset defines the
rotation angle f. The reference line cosf is shown by the black solid line.
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Part 2
Results I will talk about



Fluctuation-Induced First Order Transition



Rößler, Bogdanov, CP, Nature 442, 797 (2006) cf Hamann et al., PRL 107, 037207 (2011)

claim of a skyrmion liquid

Pappas et al., PRL 102, 197202 (2009)

Prediction of a Spontaneous Skyrmion Phase



Magnetic Phase Diagram of MnSi
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Fluctuation-Induced First Order Transition
a helimagnetic Brazovskii transition

M. Janoschek, M. Garst et al. PRB 87, 134407 (2013)



Chiral Fraction Revisited
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Magnetic Phase Diagram of MnSi

Bauer, Garst, CP, PRL 110, 177207 (2013)
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Weak Crystallization of Fluctuating Skyrmion Textures
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in Bulk Properties?
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Note on the Susceptibility Across Different Phases

geometrically required to search for STT



Temperature and Field Dependence of the Susceptibility

Kindervater et al., arXiv 1911.05095 (2019)
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Microscopic Nature of the Precursor Phenomena 
in the Bulk Properties?
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Influence of Magnetocrystalline Anisotropies
on the Skyrmion Lattice
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„Fluctuating Skyrmion Textures“ (a Skyrmion Liquid?)
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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 remnants 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 six-fold intensity pattern, that is strongly rem-
iniscent of skyrmion lattice order in three ways. First,
the sixfold pattern features the same modulus | ~Q| as the
long range skyrmion lattice order below Tc. Second, the
orientation of the six-fold 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 six-fold signatures in
the paramagnetic FD regime are due to dynamic fluctu-
ations and are clearly distinct from genuine static long-
range order, we performed ultra-high resolution neutron
resonance spin-echo spectroscopy. We find that the sig-
nal 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�9s.

Moreover, to distinguish experimentally between
single- ~Q and generic multi- ~Q correlations we used mi-
crowave spectroscopy. We find signatures in the FD
regime of the counter-clockwise gyration mode reminis-
cent of the skyrmion lattice state. The frequency of
this excitation of around 10GHz is much faster than
and therefore consistent with the lifetime of the fluctua-
tions. This provides strong evidence of multi- ~Q correla-
tions with an underlying rigid phase relationship that is
reminiscent of long-range skyrmion lattice order and the
associated non-trivial topological winding.

It is helpful to note that it is di�cult to distinguish
di↵erent 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 perpendic-
ular 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 counter-clockwise modes consis-
tent with a dominant volume fraction of the skyrmionic
correlations in the FD regime under small applied mag-
netic 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 the modulus of wavevectors, the orien-
tation of the six-fold scattering pattern and the correla-
tion lengths observed experimentally. From the analysis
of the static long-range skyrmion lattice order [23, 86] it
is known that the orientation is determined by magneto-
crystalline anisotropies that are sixth order in spin-orbit
coupling and rather weak in MnSi. In this respect, it
is at first sight surprising that the dynamic skyrmionic
fluctuations observed above Tc are oriented in a similar
manner than the order below Tc. In order to enable the
fluctuating skyrmionic patches to accommodate with the
magneto-crystalline potential, large correlation lengths
are required as estimated in the following.

Several experimental studies have established an in-
ternally consistent quantitative account of the magneto-
crystalline anisotropies of MnSi. This includes in par-
ticular the paramagnetic to helimagnetic transition in
zero magnetic field [57, 105], the helical to conical tran-
sition for di↵erent crystallographic directions [84] and
the precise orientation of long range skyrmion lattice
order [86, 106]. Denoting the strength of spin-orbit
coupling as �SOC, the strength of the Dzyaloshinskii-
Moriya interaction is linear in spin-orbit coupling, D ⇠
�SOC. In comparison, the leading order cubic magneto-
crystalline anisotropies are fourth order in spin-orbit cou-
pling Jcub,hel ⇠ �

4

SOC
, determining the direction of the

helical modulation. The contributions to the magneto-
crystalline anisotropies which control the in-plane orien-
tation of the skyrmion lattice are sixth order in spin orbit
coupling, Jcub,SkL ⇠ �

6

SOC
.

The hierarchy of energy scales may be expressed in
terms of a hierarchy of length scales, following the strat-
egy and notation introduced in the context of the para-
magnetic to helical transition in zero magnetic magnetic
field [57, 105]. Considering the paramagnetic state at
high temperatures and small fields the correlation length
is short and dominated by ferromagnetic exchange in-
teraction J . As the correlation length ⇠ increases with
decreasing temperature, the much weaker Dzyaloshinskii-
Moriya interaction a↵ect the character of the fluctuations
when ⇠ reaches values comparable to ⇠DM = 1/Q ⇡ 26 Å

where Q = D/J ⇡ 0.039 Å
�1

is the magnitude of
the modulation wavevector. As the correlation length
⇠ increases further under decreasing temperature, the
leading-order magneto-crystalline anisotropies begin to
become important when ⇠ & ⇠cub,hel where ⇠

2

cub,hel /
1/Jcub,hel / 1/�4

SOC
. When the correlation length ex-

ceeds ⇠ > ⇠cub,hel, the helimagnetic fluctuations will start
to favour h111i crystallographic directions in MnSi. From
neutron scattering data in zero field [57], this length scale
was determined to be ⇠cub,hel ⇡ 170 Å. This yields an
estimate of the strength of spin-orbit coupling in MnSi
�SOC ⇠ ⇠DM/⇠cub,hel ⇠ 0.15.
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With the information above we are in the position
to estimate the length scale ⇠cub,SkL, which the corre-
lation length of the skyrmionic fluctuations should ex-
ceed in order to lock into the magneto-crystalline po-
tential. Using ⇠

2

cub,SkL / 1/Jcub,SkL / 1/�6

SOC
we ob-

tain ⇠cub,SkL ⇠ ⇠cub,hel/�SOC ⇠ 1133 Å. In other words,
as the correlation length reaches ⇠ & ⇠cub,SkL, the cor-
relations will become sensitive to magneto-crystalline
anisotropy terms that are sixth order in spin orbit cou-
pling, Jcub,SkL ⇠ �

6

SOC
.

We note that correlations with a skyrmionic triple-
~Q character, due to their inherent six-fold symmetry,
are not sensitive to the leading order magnetocrystalline
anisotropy Jcub,hel ⇠ �

4

SOC
which possess a four-fold sym-

metry. Instead, the orientation of the skyrmionic triple- ~Q
fluctuations are determined by the same mechanism 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 dis-
plays a resolution limited radial correlation length that
must exceed ⇠591 Å substantially. Here it is interest-
ing 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 of
the helical state [85]. Therefore, it seems plausible, that
skyrmionic fluctuations in the paramagnetic state feature
also very large correlation lengths exceeding the correla-
tion 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 per-
pendicular to the field, see Fig. 3(b), exceeds the length
scale, ⇠cub,hel ⇡ 170 Å, associated with cubic magneto-
crystalline that is fourth order in spin orbit coupling.
Yet, we do not find enhanced scattering intensity in any
of the h111i crystallographic directions. This may be ex-
plained with the presence of the magnetic field, which ex-
ceeds typical values of the helical to conical transition at
Hc1. 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 is 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 non-vanishing Berry phases, where the pres-

ence of a skyrmion is described by a fictitious magnetic
flux of one quantum per skyrmion [107, 108]. As a di-
rect consequence of the non-trivial topology, skyrmions
give rise to an additional contribution of the Hall sig-
nal, referred to as topological Hall e↵ect. In the emer-
gent electrodynamics 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 emer-
gent magnetic flux [2].

Our studies shed new light on the results of high pres-
sure studies of MnSi, where the helimagnetic transition
is suppressed above a critical pressure of pc = 14.6 kbar.
When approaching pc an anomalous T

3/2 temperature
dependence of the resistivity and a topological Hall sig-
nal emerge in the paramagnetic metallic state [49, 51–
53, 109, 110]. Moreover, elastic neutron scattering re-
vealed a broad distribution of scattering intensity on the
surface of a sphere, referred to as partial magnetic or-
der [111]. Additional muon-spin-rotation measurements
and NMR [112, 113], which failed to detect a signal, sug-
gested that this partial magnetic order represents spin
textures that are dynamic on time scales between 10�10 s
and 10�11 s. A similar topological Hall signal has also
been reported in Mn1�xFexSi [54], suggesting similarities
with an additional importance of defects and disorder.

Taken together the transport properties, elastic neu-
tron scattering, mu-SR and NMR reported in the litera-
ture 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 particle-like skyrmions or some form of three-
dimensional textures [114, 115]. 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 ex-
ceeding several 103 Å and lifetimes up to several 10�9 s.
Thus, the spatial extend and the lifetimes are large as
compared to typical charge carrier mean free paths as
well as their scattering times.

Up to now it was not possible to discern a topologi-
cal Hall signal in the FD regime at ambient pressures.
The topological Hall signal observed at finite pressures
however shows a strong suppression of the signal with
increasing temperature [52, 53]. This reduction may be
attributed to a combination of mechanisms, of which in-
terband scattering may be most important. Taking ad-
ditionally into account the rather narrow temperature
range of the FD regime and the strong temperature de-
pendence of the resistivity (which a↵ects the anomalous
Hall contributions), it seems technically not possible to
identify a topological Hall contribution unambiguously
at ambient pressures, although it might, in principle, be
generated by the skyrmionic fluctuations.

NB: Gaussian for resolution-limited scattering
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(Longitudinal) Resonance Spin Echo for Diverse Applications
 (RESEDA @ FRM II)

reconstruction of the instrument since 2015 are summarized.
In addition, the main tests establishing the accessible
parameter range vis a vis the considerations mentioned in
Sect. 3 in longitudinal MIEZE are reviewed.

4.1 Current instrument con!guration
RESEDA (REsonance Spin Echo for Diverse Applica-

tions) is a high-resolution resonance spin-echo spectrometer
located at the cold neutron guide NL5-S in the Neutron Guide
Hall West at FRM II. In its present con!guration the
instrument provides access to a large range of spin-echo
times and scattering vectors for quasi-elastic measurements.
A recent photograph of RESEDA is shown in Fig. 2. It
supports in particular LNRSE in the range from below
0.001 ps to above 20 ns for ! ! 10Å16,41) and modulation of
intensity with zero-e"ort (MIEZE) in the range from below
0.001 ps to above 10 ns for ! ! 10Å).42–44) A standard 3He
detector and a 2D CASCADE detector with an active area
of 20 " 20 cm2 are available. The CASCADE detector is
characterized by a spatial resolution of 2:4 " 2:4mm2

and a temporal resolution up to 100 ns.32,33)

In its present status RESEDA makes use of a clean and
well-de!ned polarized neutron beam at wave-lengths be-
tween 3.5 and 15Å (at larger wavelengths the intensity is
massively reduced and suitable for proof-of-concept studies
only). The wavelength spread may be varied between 7.7 and
17.2%. Resonant spin #ips for the longitudinal con!guration
may be routinely performed at frequencies up to 1.2MHz.
An optimized solenoid permits to reduce the e"ective !eld
integral, J0, such that a dynamic range of over seven orders
of magnitude between a few Hz up to above 1MHz is
available. Indeed, in the MIEZE con!guration an amplitude
modulation as low as 0.2Hz could be demonstrated. The
corresponding e"ective spin-echo time extends from below a
few 100 fs to above 100 ns, covering over seven orders of
magnitude in dynamic range.

Originally conceived and constructed as a transverse
NRSE instrument, RESEDA was converted into a longitu-
dinal NRSE starting in 2015. The initial instrument design of
RESEDA as a transverse NRSE dates back to the late 1990s,
when it was proposed by Bleuel as part of his PhD thesis.45)

Bleuel also set up the !rst version of the instrument, many
components of which could only be replaced in recent years
for lack of resources. At the time RESEDA was proposed, the
NRSE technique represented a new idea with little or no
practical experience. In turn, starting from the RF spin

#ippers a large number of the components had to be
developed alongside the basic instrument concept.

The commissioning of RESEDA as NRSE instrument
began with the operation of FRM II in 2004. In 2006 it was
realized that due to activation of Co, approximately 40m of
the polarizing neutron guide had to be replaced by a non-
polarizing guide combined with a polarizing cavity resulting
in a long down-time and a new realignment of the beamline.
Following this, corrosion problems in the RF coils and a loss
of beam polarisation due to slightly magnetized mu-metal
components of the RF coils caused further delays. Due to a
large number of technical problems and severe understa$ng,
it was not before 2011 when !rst scienti!c studies could be
attempted. Until then some of the most important challenges
included the design of the RF spin #ippers, the design and
installation of a !rst polarizer, the development of !rst
detector electronics, design and installation of a velocity
selector and the implementation of a !rst version of the
instrument software.

Starting around 2011, the transverse MIEZE option could
be commissioned, making straight-forward measurements
under applied magnetic !elds possible for the !rst time.
Major constraints during this time remained the unreliable
mechanical set up and the lack of instrument status polling,
resulting in typical tuning times of the beam-line in excess
of several weeks, as well as major problems with the
CASCADE detector (electronic failure and a slow drift),
which required substantial e"orts to be resolved. Moreover,
during this period two implosions of the neutron guide NL5
caused longer down-times. By the end of 2013 a !rst test of
the LNRSE technique proved to be extremely successful,
clearly demonstrating that essentially all of the technical
limitations encountered with TNRSE in quasi-elastic scatter-
ing experiments could be resolved.

The reconstruction of RESEDA as a dedicated LNRSE
beam-line started in 2015. It commenced by rebuilding the
spectrometer from scratch, beginning with a rigid, modular
platform of the primary and secondary spectrometer arms, as
well as a complete reconstruction of the electrical wiring and
the instrument control system. Following this a large number
of major changes were implemented comprising:
• Replacement of the polarizing cavity in the incident

beam by a double V-cavity polarizer to remove parasitic
signal contamination and to increase the accessible
maximum wavelengths from 10 to 15Å.

• Replacement of the polarizing cavity before the sample

Fig. 2. (Color online) Neutron spin-echo spectrometer RESEDA at FRM II. The complete reconstruction of the beam-line since 2015 permitted to
demonstrate the full potential of LNRSE as summarized below. The con!guration shown here corresponds to the set-up depicted in Fig. 1(c). When operated as
a MIEZE spectrometer the secondary spectrometer arm supports a #ight tube and the analyser is placed in front of the sample position.
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!eld integral subtraction used in LNRSE permits to increase
the dynamic range of the spectrometer substantially towards
very small spin-echo times (!ps) as compared with NSE
without need for any changes of the instrument.

The NRSE concept, !nally, allows to implement the
MIEZE method, as schematically depicted in Fig. 1(d).
Operating two RF spin "ippers in the primary spectrometer
at di#erent frequencies, a sinusoidal time-dependence of the
beam intensity is generated at the detector when the MIEZE
condition

L1

L2
" !2 # !1

!1
$1%

is satis!ed. The energy transfers is thereby encoded in the
contrast of the intensity modulation, where the spin-echo (or
MIEZE) time, !MIEZE, is given by

!MIEZE " m2

h2
"3!!LSD $2%

m is the mass of the neutron, h is Planck’s constant, ! is the
neutron wave-length and LSD is the distance between sample
and detector. It is helpful to note that LSD quantitatively
compares with the length of typical NSE solenoids (at
RESEDA LSD " 1:87m). As the Larmor labelling is entirely
realized in front of the sample the polarization analyzer may
also be placed in front of the sample, resulting in two major
advantages. First, the signal contrast is insensitive to depo-
larizing samples and sample environment, e.g., ferromagnetic

and superconducting materials may be investigated and
studies under strong magnetic !elds may be carried out.
Second, polarization analysis can be readily implemented.
Third, the signal contrast becomes insensitive to incoherent
scattering, facilitating studies of hydrogen-containing
materials.

3. Assessment of MIEZE Spectroscopy Revisited

It has long been appreciated that the MIEZE method may
be particularly helpful in studies of dynamic processes in the
parameter range of typical SANS experiments.26,27) Accord-
ingly, construction of dedicated MIEZE beam-lines had been
proposed before, e.g., at the ORNL-SNS. The technical
concerns, expressed as a result of the assessment of these
proposals, were based on the experience with transverse RF
spin "ippers available at the time. However, in recent years
great progress has been achieved with LNRSE and especially
longitudinal MIEZE as reviewed below. In the light of this
progress, it is instructive to revisit the concerns raised
historically against dedicated MIEZE instruments as they
appear to re"ect presently accepted views in the scienti!c
community.

First, it has been argued that spin-echo spectroscopy at
small momentum transfers may be carried out at conventional
NSE beam-lines. However, conventional NSE spectrometers
cannot easily be adapted to the needs of small angle
scattering. Namely, NSE spectrometers typically have no
capabilities for beam collimation in the primary spectrometer

Fig. 1. (Color online) Di#erent types of neutron spin-echo spectrometers. Red arrows indicate orientation of the !eld guiding the neutron polarization.
(a) Conventional neutron spin-echo spectrometer (NSE). Long solenoids with DC !elds B0 act as precession devices (PDs). The precession is started and
stopped by spin "ippers. The "ipper close to the sample inverts the e#ective polarity of B0 of the !rst PD. (b) Resonance spin-echo spectrometer with B0

transverse to the beam direction (TNRSE) and RF !eld B1 transverse to B0. A pair of RF spin "ippers acts as PD. Guide !elds parallel to B0 can be applied, but
are not necessary. The polarization is carefully coupled into the PD device. (c) Resonance spin-echo spectrometer with B0 parallel (longitudinal) to the beam
direction (LNRSE), B1 is transverse to B0. A small longitudinal guide !eld is applied along the beam path. (d) LNRSE in MIEZE con!guration: The RF
"ippers are operated at di#erent frequencies leading to a sinusoidal time modulation of the detector signal. The polarization analyzer is placed upstream the
sample. Spin depolarizing samples or high magnetic !elds in the sample region do not a#ect the modulated signal. Plot adapted from Ref. 16.
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!eld integral subtraction used in LNRSE permits to increase
the dynamic range of the spectrometer substantially towards
very small spin-echo times (!ps) as compared with NSE
without need for any changes of the instrument.

The NRSE concept, !nally, allows to implement the
MIEZE method, as schematically depicted in Fig. 1(d).
Operating two RF spin "ippers in the primary spectrometer
at di#erent frequencies, a sinusoidal time-dependence of the
beam intensity is generated at the detector when the MIEZE
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MIEZE) time, !MIEZE, is given by
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m is the mass of the neutron, h is Planck’s constant, ! is the
neutron wave-length and LSD is the distance between sample
and detector. It is helpful to note that LSD quantitatively
compares with the length of typical NSE solenoids (at
RESEDA LSD " 1:87m). As the Larmor labelling is entirely
realized in front of the sample the polarization analyzer may
also be placed in front of the sample, resulting in two major
advantages. First, the signal contrast is insensitive to depo-
larizing samples and sample environment, e.g., ferromagnetic

and superconducting materials may be investigated and
studies under strong magnetic !elds may be carried out.
Second, polarization analysis can be readily implemented.
Third, the signal contrast becomes insensitive to incoherent
scattering, facilitating studies of hydrogen-containing
materials.

3. Assessment of MIEZE Spectroscopy Revisited

It has long been appreciated that the MIEZE method may
be particularly helpful in studies of dynamic processes in the
parameter range of typical SANS experiments.26,27) Accord-
ingly, construction of dedicated MIEZE beam-lines had been
proposed before, e.g., at the ORNL-SNS. The technical
concerns, expressed as a result of the assessment of these
proposals, were based on the experience with transverse RF
spin "ippers available at the time. However, in recent years
great progress has been achieved with LNRSE and especially
longitudinal MIEZE as reviewed below. In the light of this
progress, it is instructive to revisit the concerns raised
historically against dedicated MIEZE instruments as they
appear to re"ect presently accepted views in the scienti!c
community.

First, it has been argued that spin-echo spectroscopy at
small momentum transfers may be carried out at conventional
NSE beam-lines. However, conventional NSE spectrometers
cannot easily be adapted to the needs of small angle
scattering. Namely, NSE spectrometers typically have no
capabilities for beam collimation in the primary spectrometer

Fig. 1. (Color online) Di#erent types of neutron spin-echo spectrometers. Red arrows indicate orientation of the !eld guiding the neutron polarization.
(a) Conventional neutron spin-echo spectrometer (NSE). Long solenoids with DC !elds B0 act as precession devices (PDs). The precession is started and
stopped by spin "ippers. The "ipper close to the sample inverts the e#ective polarity of B0 of the !rst PD. (b) Resonance spin-echo spectrometer with B0

transverse to the beam direction (TNRSE) and RF !eld B1 transverse to B0. A pair of RF spin "ippers acts as PD. Guide !elds parallel to B0 can be applied, but
are not necessary. The polarization is carefully coupled into the PD device. (c) Resonance spin-echo spectrometer with B0 parallel (longitudinal) to the beam
direction (LNRSE), B1 is transverse to B0. A small longitudinal guide !eld is applied along the beam path. (d) LNRSE in MIEZE con!guration: The RF
"ippers are operated at di#erent frequencies leading to a sinusoidal time modulation of the detector signal. The polarization analyzer is placed upstream the
sample. Spin depolarizing samples or high magnetic !elds in the sample region do not a#ect the modulated signal. Plot adapted from Ref. 16.
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shown in Figs. 6(e) through 6(h), where the panels on
equivalent excitation energies and damping parameters are
placed underneath each other. It is helpful to note the
quantitative energy and time scales. In particular, whereas the
quasi-elastic response, shown in Fig. 6(e), may be well
known, the combined signal of the quasi-elastic and inelastic
signal, shown in Fig. 6(h), may be less familiar.

The capability to detect combined quasi-elastic and
inelastic scattering over an exceptionally large dynamic
range has been studied at RESEDA in selected pyrochlore
oxides, A2B2O7. Characterized by rare earth magnetic
moments located on the A site of a three-dimensional
network of corner sharing tetrahedra these materials are
model systems of geometric frustration, where Ho2Ti2O7 is
well known for the emergence of spin ice properties at low
temperatures.49–51) Instrumental for the spin ice state are the
crystal !eld levels, which impose a strong local Ising
anisotropy of the rare earth spins along the h111i direction
in the cubic unit cell. In turn, the rare earth moments at low
temperatures are either pointing into or out-of the tetrahedra.
An unresolved scienti!c question concerns the putative
collective character of the spin excitations as well as the
presence of magneto-elastic coupling with the crystal lattice.
The latter may provide a constraint of the spin ice state that
lifts the degeneracy in the zero temperature limit.

At high temperatures Ho2Ti2O7 displays strong thermal
"uctuations of the rare earth ions. As the moments are large
and the e#ects of magnetic anisotropies weak, these
"uctuations have become an important bench marker for
quasi-elastic neutron scattering instrumentation. Seminal
studies using conventional NSE have observed an inter-
mediate scattering function characteristic of momentum
independent quasielastic scattering at spin-echo times in the
range ! ! 4 ps up to 2 ns at temperatures between 0.2 and
200K.52) While it was speculated that a slight reduction of
S"q; !# below 4 ps may provide putative hints of an inelastic
process, the precise nature of this process could not be
determined. Further insights on this inelastic process were
observed in recent time of "ight (ToF) and backscattering
measurements, suggesting the presence of an Orbach process

at intermediate temperatures in which a phonon drives a
crystal !eld excitation.53,54) In addition, the observation of
additional crystal electric !eld transitions was reported. In
contrast, below 50K these studies lacked the necessary
resolution to resolve the slow spin dynamics.

Taken together, the information observed in NSE, ToF and
backscattering highlights the need for data recorded across
the entire parameter range as recorded in a single measure-
ment. On the one hand, this allows to track the evolution
of di#erent features, frequently located at the boundaries of
the individual parameter regimes of the di#erent types of
spectrometers. On the other hand, this provides complete
information on S"q; !# without need to Fourier transform part
of the data for a comprehensive account. This promises to
avoid ambiguities and greatly increases the speed at which a
full data set may be obtained.

Presented in Fig. 6(i) are the intermediate scattering
functions of a high-quality powdered sample of Ho2Ti2O7
as measured at RESEDA at intermediate and small
momentum transfers. It is helpful to note that the dynamic
range covers over seven orders of magnitude. For the
parameter range in which data had been reported in the
literature excellent quantitative agreement is observed.
Further, measurements down to very short spin-echo times
extend deep into the regime, where the conventional spin-
echo approximation assuming a linear relationship between
Larmor phase and energy transfer is no longer valid. To shed
further insights on the data recorded at these very short spin-
echo times, the full response of the spectrometer was
simulated by di#erent methods and found to be tractable
and physically meaningful.42,43) A full account of the study
on Ho2Ti2O7 including information on the interpretation at
very short spin-echo times is beyond the scope of this review
and will be presented elsewhere.44)

5.2 Depolarizing sample environments: Magnetic !elds
Conventional neutron spin-echo spectroscopy requires

excellent control of the polarization of the neutron beam
along the entire beam trajectory up to the analyzer in front
of the detector. Use of depolarizing sample environments,

Fig. 6. (Color online) Typical MIEZE data expected for quasi-elastic and inelastic excitations. (a) through (d) Typical scattering functions S"q; !# expected
of quasi-elastic and inelastic excitations (red and blue denote di#erent temperatures). (e) through (h) Typical intermediate scattering functions S"q; !# of the
excitations shown in panels (a) through (d). (i) Experimental data recorded in high quality powder of Ho2Ti2O7 at di#erent temperatures. Quasi-elastic
scattering due to paramagnetic "uctuations and crystal !eld excitations are clearly resolved. Lines represent !ts corresponding to the processes illustrated in
panels (a) through (h), providing accurate values of the excitation energy and damping.
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Prediction of Universal Spin Excitations
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two material-specific parameters: 
chiral energy:
critical field energy:

➜ demagnetising fields
➜ dipolar interactions

hierarchical scales so far:
FM > DM > CEF

new ingredients:

➜ neglect: anisotropies
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Theory of weak crystallization 
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A complete theory, based on the soft mode mechanism proposed by Landau [Zh. Eksp. Teor. Fiz. 
7,627 ( 1937) 1,  is developed for a liquid-crystal transition with low latent heat. Thermodynamic 
fluctuations alter substantially the results and change the form of the phase diagram. Thus, 
besides the transition from a liwid to a body-centered cube, the only transition possible without 
allowance for fluctuations, direct transitions appear from the liquid into other cubic phases and a 
one-dimensional density wave. Transitions into quasicrystalline states, particularly the 
icosahedral state, are discussed. 

1. INTRODUCTION 
Landau' investigated the transition from a liquid to a 

crystal as far back as in his 1937 studies of phase transitions 
(see also Ref. 2).  He considered, of course, a hypothetical 
weak crystallization, when a small-amplitude periodic (or 
quasiperiodic) density component 

appears in the liquid. By virtue of the isotropy, this expan- 
sion contains in the leading approximation only vectors k of 
fixed length k,, for which the coefficient of the second-order 
term in the Landau expansion has a minimum. The corre- 
sponding Landau energy is" 

@ L = T ~  I p. I "+r p k . p . , p k , + ~  1.(k.k2h3k.)pk.pkq..pkA. 

(1 )  
To be able to discard the higher orders in a theory of this 
kind, it is necessary that the amplitudes p, be small. This 
yields 

Landau's analysis of Eq. (1 )  has shown immediately 
that the absolute minimum of the energy ( 1 ) is reached for a 
set of momenta k from which it is possible to construct a 
maximum number of closed triangles (Fig. 1).  The transi- 
tion to such a state will take place, regardless of the sign ofp, 
already at r > 0, i.e., will be a first-order transition. 

The first to consider weak crystallization in greater de- 
tail were apparently Kirzhnits and Nep~mnyashchii.~ They 
have pointed out that the phases described by sets of k with 
triangles are BCC. On the other hand, they failed ta notice 
that, if A depends strongly on the momenta and T is long 
enough, absolute stability can be possessed also by phases 
without triangles, such as FCC. A transition into an FCC 
phase can occur only via the chain of first-order transitions 

The Landau energy ( 1 ) was subsequently considered 
by a number of workers (see, e.g., the review by ~ l e x a n d e r ~ )  
from the standpoint of the symmetry of phases that can re- 
sult from weak crystallization. 

Interest in weak crystallization was aroused anew by 
the theory of the cholesteric state and of the so-called blue 
phases. The first in this field was the work by Dmitriev and 

one of  US.^ We wish to single out here specially two seminal 
investigations in this field, by Kleinert and Maki6 and by 
Grebel, Hornreich, and Strickman.' It is interesting, as indi- 
cated by Kleinert and Maki, that an icosahedral quasiperio- 
dic phase can be realized in a metastable state in cholesteric 
crystals. 

Finally, recent experimental discoveries stimulated a 
burgeoning interest in quasiperiodic phases, particularly 
planar pentagonal icosahedral ones. A number of studies in 
this field, within the framework of Landau's approach, fol- 
lowed right away.'-' ' 

It  became clear long ago, however, that even though all 
the transitions described by the energy ( 1 ) are jumplike, 
thermodynamic fluctuations can influence weak crystalliza- 
tion substantially. The reason is that the order parameter of 
the theory has in fact an infinite number of component ( k  
traces a whole sphere of radius k,), and this naturally en- 
hances the role of the fluctuations (details will be given in 
Sec. 4).  The first investigation in this direction was carried 
out by one of us back in 1975.12 A transition was considered 
into the state of a density wave (the analog of a cholesteric 
helix) defined by only one vector k. According to the Lan- 
dau theory,' such a transition should be continuous in view 
of the absence of third-order terms. Allowance for the fluc- 
tuations, however, transforms it into a first-order transition, 
the absence of cubic terms notwithstanding. A correct gen- 
eral conclusion reached in Ref. 12 is that the liquid-crystal 
transition is always of first order whether or not triangles are 
present in the reciprocal lattice (Fig. 1 ) . Nothing like a com- 
plete investigation of the phase diagram, with allowance for 
fluctuation, was carried out at that time. The estimate of the 
energy of the non-one-dimensional phases contained errors 
which are corrected in the present paper. 

The phase diagram with allowance for fluctuations was 
investigated later by DyugaevI3 for the case of a pion con- 
densate. His result agrees in principle with ours in the 
strong-fluctuation limit, viz., there is one L-RCC transi- 

FIG. 1 
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set of momenta k from which it is possible to construct a 
maximum number of closed triangles (Fig. 1).  The transi- 
tion to such a state will take place, regardless of the sign ofp, 
already at r > 0, i.e., will be a first-order transition. 

The first to consider weak crystallization in greater de- 
tail were apparently Kirzhnits and Nep~mnyashchii.~ They 
have pointed out that the phases described by sets of k with 
triangles are BCC. On the other hand, they failed ta notice 
that, if A depends strongly on the momenta and T is long 
enough, absolute stability can be possessed also by phases 
without triangles, such as FCC. A transition into an FCC 
phase can occur only via the chain of first-order transitions 

The Landau energy ( 1 ) was subsequently considered 
by a number of workers (see, e.g., the review by ~ l e x a n d e r ~ )  
from the standpoint of the symmetry of phases that can re- 
sult from weak crystallization. 

Interest in weak crystallization was aroused anew by 
the theory of the cholesteric state and of the so-called blue 
phases. The first in this field was the work by Dmitriev and 

one of  US.^ We wish to single out here specially two seminal 
investigations in this field, by Kleinert and Maki6 and by 
Grebel, Hornreich, and Strickman.' It is interesting, as indi- 
cated by Kleinert and Maki, that an icosahedral quasiperio- 
dic phase can be realized in a metastable state in cholesteric 
crystals. 

Finally, recent experimental discoveries stimulated a 
burgeoning interest in quasiperiodic phases, particularly 
planar pentagonal icosahedral ones. A number of studies in 
this field, within the framework of Landau's approach, fol- 
lowed right away.'-' ' 

It  became clear long ago, however, that even though all 
the transitions described by the energy ( 1 ) are jumplike, 
thermodynamic fluctuations can influence weak crystalliza- 
tion substantially. The reason is that the order parameter of 
the theory has in fact an infinite number of component ( k  
traces a whole sphere of radius k,), and this naturally en- 
hances the role of the fluctuations (details will be given in 
Sec. 4).  The first investigation in this direction was carried 
out by one of us back in 1975.12 A transition was considered 
into the state of a density wave (the analog of a cholesteric 
helix) defined by only one vector k. According to the Lan- 
dau theory,' such a transition should be continuous in view 
of the absence of third-order terms. Allowance for the fluc- 
tuations, however, transforms it into a first-order transition, 
the absence of cubic terms notwithstanding. A correct gen- 
eral conclusion reached in Ref. 12 is that the liquid-crystal 
transition is always of first order whether or not triangles are 
present in the reciprocal lattice (Fig. 1 ) . Nothing like a com- 
plete investigation of the phase diagram, with allowance for 
fluctuation, was carried out at that time. The estimate of the 
energy of the non-one-dimensional phases contained errors 
which are corrected in the present paper. 

The phase diagram with allowance for fluctuations was 
investigated later by DyugaevI3 for the case of a pion con- 
densate. His result agrees in principle with ours in the 
strong-fluctuation limit, viz., there is one L-RCC transi- 
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