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We report on detailed magnetic measurements on the cubic helimagnet FeGe in external magnetic fields
and temperatures near the onset of long-range magnetic order at T = 278.2(3) K. Precursor phenomena
display a complex succession of temperature-driven crossovers and phase transitions in the vicinity of 7.
The A-phase region, present below T- and fields H < 0.5 kOe, is split in several pockets. The complexity
of the magnetic phase diagram is theoretically explained by the confinement of solitonic kinklike or
Skyrmionic units that develop an attractive and oscillatory intersoliton coupling owing to the longitudinal

inhomogeneity of the magnetization.
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The peculiarities of the electronic [1] and magnetic [2]
properties of the monosilicides of transition metals crys-
tallizing in the B20 structure (space group P2,3) attract
unabated attention. The magnetically ordered B20 com-
pounds are chiral cubic helimagnets as a consequence of
the broken inversion symmetry and the Dzyaloshinskii-
Moriya (DM) interaction [3,4]. The paramagnetic (PM)
to helimagnetic transition in these compounds is a long-
standing and unsolved problem that seems to be related to
the specific frustration introduced by the chiral DM inter-
actions. Intensive experimental investigations of the arche-
typical chiral helimagnet MnSi report numerous physical
anomalies along the magnetic ordering transition, and
particularly, indicate the existence of a small closed area
in the magnetic field—temperature, (H, T), phase diagram,
the so-called “A phase” [5—16]. Magnetic neutron diffrac-
tion data first suggested a paramagnetic nature of the
magnetic state in the A phase [10], but later static magnetic
modulations transverse to the field direction were found
[14]. The attempts to explain the A phase by the forma-
tion of a specific modulated phase either with a one-
dimensional modulation (”single-g” helicoids) [15-17]
or as “triple-g” modulated textures [13] are in contra-
diction to earlier magnetization data suggesting a subdi-
vided A phase in MnSi [9] as well as a rigorous theoretical
analysis [18,19].

Theory has predicted the existence of chiral precursor
states near magnetic ordering [19,20] and specific
Skyrmionic textures composed of stringlike localized
states [21,22]. Recent direct observations of specific two-
dimensional modulations in FejsCo(5Si [23] and FeGe
[24] as well as isolated and bound chiral Skyrmions in
Fe( 5Coq 551 [2] and FeGe [25] at low T conclusively prove
the existence of Skyrmions in nanolayers of cubic heli-
magnets. However, the relation between the precursor
phenomena in bulk material very close to 7. with the
direct microscopic observations at much lower T in
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nanolayers [2,25] and the theoretical predictions of stable
—ar Skyrmions [21,22] is still an open question [18].

In this Letter we present ac-susceptibility data on the
cubic modification of FeGe, e-FeGe, close to the onset of
magnetic order. FeGe is an important counterpart to MnSi
as a cubic helimagnet, because it behaves magnetically
differently [26-28]. Spin fluctuations are less relevant
than in MnSi as the Fe ions bear a stable magnetic moment
characteristic for strong band-ferromagnets [29]. Our re-
sults conclusively show that the A-phase region is not a
distinct simple phase. The succession of crossovers and
phase transitions can be interpreted as a generic example of
solitonic mesophase formation. This establishes the chiral
magnetic ordering in noncentrosymmetric magnets as a
new paradigm for unconventional phase transitions, which
are expected to occur similarly in other systems described
by the theory of incommensurate phases [3].

The ac susceptibility, y,., of single crystalline e-FeGe
grown by chemical vapor transport [30] was measured in
a Quantum Design PPMS device using a drive coil fre-
quency of 1 kHz and an excitation field of 10 Oe. The well
characterized single crystal (m = 0.995 mg) with almost
spherical shape was aligned with the [100] axis parallel to
the external magnetic field. Field sweeps were recorded
such that the measuring 7" was always approached from
300 K in zero field and data were recorded upon increasing
field. For T runs the sample was zero-field cooled.

Figure 1 shows y,.(H) for T in the vicinity of T. After
an initial increase of y,.(H) a minimum starts to evolve at
low H and for T in the range 272.5 K < 7T < 279 K. This
dip in y,.(H) is well pronounced at 277 K and ceases as T
approaches 273 K [Fig. 1(a)]. Lower and upper fields, H,
H3, delimiting the A region were extracted from the in-
flection points on either side of the minimum. Close to
these fields maxima in the imaginary part, y/.(H), were
observed. Although a shallow minimum is found in y,.(H)
at 278.5 K [see Fig. 1(b)] no maximum in y/.(H) occurred.
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FIG. 1 (color). Isothermal y,.(H)=+x?+ x'* data of
e-FeGe for H || [100]. (a) The evolution of a well-defined
minimum in y,.(H) upon approaching T from low T is the
fingerprint of the A region. (b) Very close to T~ subtle changes in
Xac(H) below about 0.6 kOe indicate a complex sequence of
magnetic phase transitions and crossovers.

Further inflection points below and above at A region were
used to define the critical fields H,.; and H_,, correspond-
ing to the entrance into the cone structure, and the spin-flip
into the field-polarized (FP) state, respectively. Near H,,
also a peak in y!.(H) was found. Cycling H at 276 K
reveals a hysteresis of the order of 20 Oe near all transition
fields whereas only a small hysteresis with width below
10 Oe was observed near H.; and H, at 275 K.

The A region also appears as a minimum in y,.(7) as
depicted in Fig. 2(a). Again, defining the limits of this
region by inflection points, two transition lines 74 < T4
were deduced. In this H range we also find a peak in y!.(T)
[see inset to Fig. 2(b)]. It suggests that 7% and T4 mark a
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FIG. 2 (color). x,(T) of e-FeGe for constant H || [100].
(a) The maximum at low H coincides with 7. The shallow
minimum for H = 0.2 kOe and Tk < T < T# is a signature of
the A region. Curves are shifted vertically. (b) A broad maximum
develops for Ty < T <T; and H > 0.5 kOe, indicating the
crossover from the PM to the FP state. Inset: y”.(T) shows a
clear peak for H = 0.5 kOe related to the A region.

possibly discontinuous phase transition. Importantly, these
transition lines extend towards higher H than the transition
line H3 found from field runs.

The shoulder in y,(7) at about 280 K and for
H = 0.45 kOe [Fig. 2(a)] evolves into a clear maximum
for H > 0.6 kOe [Fig. 2(b)] which broadens and shifts to
higher T as H increases. Inflection points below and above
this maximum at 75 and T3 signal a smeared crossover
from the PM into the FP state at fields H5; and Hs,, respec-
tively. Related to this feature is a very shallow minimum in
Xx!.(T) between T and T5,. H, (T) extrapolates to zero at
Ty = 280 K. This implies that an intermediate state exists
between T, and T which, depending on H, transforms into
different magnetically ordered states at lower 7. These
transitions are visible in the y,.(T) data [Fig. 2(a)]. The
transition into the helical state is seen as a cusp close to
Tc for 0 < H < 50 Oe, while the transition into the conical
helix is seen as a tiny peak (data for H = 0.1 kOe). For
H > 0.1 kOQe, the entrance into the A region is observed by
a markedly changed behavior of y, (7).

More details of the magnetic properties in this 7" range
are provided by y,.(H) depicted in Fig. 1(b). Clearly,
the overall H dependence of y,.(H) changes strongly
in the narrow T range 277.5 K=T =279 K and for
H = 0.5 kOe. The characteristic anomalies present up to
278 K appear completely smeared at 278.5 K where
only a shallow minimum is visible between 0.1 and
0.28 kOe. Just a smooth decrease of y,.(H) remains for
T =279 K which indicates a crossover towards the FP
state. Correspondingly, in x,.(T) a similar crossover is
seen for 0.2 kOe < H < 0.35 kOe and in the same 7 range
279 K < T <280 K [Fig. 2(a)].

This information is summarized in the phase diagram
presented in Fig. 3. Long-range magnetic order sets in at
T, =278.2(3) K (for H = 0). The helical modulation
along the [100] direction persists below H,.; which is of
the order of 60 Oe. For larger external H the propagation
direction is forced into the direction along H and a conical
helix is formed. Finally, the fully FP state is entered at the
spin-flip field H,., where the cone angle closes. This is the
normal behavior of a cubic helimagnet which is observed
in the major 7 range below T [14,26]. However, the A
region observed between about 273 and 278 K is found
to be split into several distinct pockets. The main part,
designated A, in Fig. 3, is clearly separated by a phase
transition from phase A, which exists at higher fields. The
magnetic structure of the A, region, however, appears to
transform continuously into the conical phase, as y,.(T)
for increasing H does not show clear anomalies above
0.5 kOe. There are two other small pockets Ay and Aj
which are distinct from A; and the conical phase.

The FP state is separated from the PM phase by a broad
crossover region (lines labeled as Hy and H in Fig. 3).
This transforms below about 0.45 kOe into a region with
precursor states between T and T, (straight dashed lines),
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FIG. 3 (color). (H, T)-phase diagram of e-FeGe for H || [100].
Open and bold symbols represent data obtained from y,.(H)
and x,.(T), respectively. Various phases are observed below
T, = 278.2 K: a helical state with ¢ || [100] (H < H_,), a coni-
cal helix phase (cone), a field-polarized state (FP) above H,,,
and a complex A region with several pockets. Various crossovers
occur in the range T <7 < T, =280 K and H = 0.45 kOe.
The lines H5(T) and H3(T) indicate a crossover from the
paramagnetic phase (PM) to the FP state. The dashed lines are
high-field extrapolations.

inferred from smeared anomalies in H and 7 runs.
Moreover, closer to the A region there is evidence of
further transformations or crossovers that could not be
resolved, e.g., related to the shallow anomaly in y,.(H)
at 278.5 K [Fig. 1(b)].

The theoretical analysis of these findings is based on a
phenomenological model [3,4]

w = A(gradM)> — DM - rotM — H - M + wy(M) (1)

with wo(M) = a(T2 + Ap/4 — T)M? + bM*, where T2
is the ferromagnetic Curie temperature and Aj, =
D?/(2aA) < T? is the exchange shift, which increases
the magnetic transition to 7, or Ty for helices or
Skyrmions, respectively; A is the exchange stiffness and
D is the DM interaction. Model (1) is commonly used to
study precursor effects in cubic helimagnets [2,13,17,20].

Minimization of functional (1) shows [19] that in the
magnetic phase diagram different types of chiral modula-
tions are separated by a crossover line

H = HNT= 052 ),

with running parameter v. T; = T — A is the confine-
ment temperature and Hy = Ap4/2A,/b.

T =Ty +Apr’ (2

The solutions of (1) for T < T, consist of helical or
Skyrmionic textures with localized repulsive cores. They
are essentially similar to solutions derived earlier for
model (1) with a fixed magnetization modulus [3,18,22].
Near the ordering 7', however, the interaction potential
between helical kinks or Skyrmions is attractive. The
crossover from repulsive to attractive is caused by the
“softening” of the magnetization near the magnetic order-
ing. This imposes a coupling between angular (twisting)
and longitudinal modulations of the magnetization magni-
tude [19,31,32]. As a result, chiral modulations in the
confinement region, T > T, drastically differ from regu-
lar repulsive modulations, because the magnetization
modulus becomes inhomogeneous. The intercore coupling
acquires an oscillatory and competing character. Thus, the
magnetic properties are determined by an inherent frustra-
tion. Localized (particlelike) chiral modulations with os-
cillatory interactions can be arranged into various extended
spin textures with tiny energy barriers. This confinement of
localized states is a generic property of model (1). At the
magnetic ordering itself, the attractive interactions cause
a simultaneous nucleation and condensation of stable
solitonic units into different clusters or extended bound
configurations (mesophases). Rigorous solutions for the
two-dimensional model (1) are sketched in Fig. 4; they
can be homogeneously extended into the third space
dimension as space-filling textures. The H-driven transfor-
mation of such modulated states evolves by distortions of
the longitudinal components of the magnetization modulus
while the equilibrium periods hardly change with H.

The characteristic features of attracting modulations,
i.e., inherent frustration of clustered solitonic states and
inhomogeneity of the order parameter both in directional
and longitudinal components, show why various anoma-
lous precursor states arise in cubic helimagnets above 7.
The heuristically introduced ‘“precursor region” should be
identified with the T interval T < T < T. The existence
of this 7 range explains the complexity of the experimental
phase diagram in FeGe (Fig. 3) and the diversity of earlier
observations on anomalous magnetic ordering processes
in other chiral helimagnets [9-15,33]. Magnetic noncen-
trosymmetric systems ruled by model (1), thus, are char-
acterized by an unusual type of magnetic ordering relying
on confined solitonic units.

The competition of extended spin textures in realistic
chiral magnetic systems then is governed by additional
magnetic energy contributions such as, e.g., anisotropies,
dipolar interactions, fluctuations, etc., No clear hierarchy
between these magnetic interactions is possible in the
confinement region, in contrast to the simpler behavior at
lower T. However, some characteristic features of the
phase diagram (Fig. 3) can be interpreted in the framework
of the modified Dzyaloshinskii model [20] (gradM)> —
M?Y; (9;n;)* + 13.;(9;M)*. The parameter 7 is unity for
a “Heisenberg” model; i.e., the longitudinal stiffness of
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FIG. 4 (color). A densely packed full + Skyrmion lattice is
found in region (a). The helicoid transverse to H is reentrant in
region (b). Region (c) is a half-Skyrmion lattice with defects.
Insets are maps of the magnetization component m, for the
different modulated magnetic structures in cutting planes
perpendicular to H along z. (a) +# Skyrmion lattice; (b)
spiral-domain texture of helicoids, adapted from pictures of
cholesterics with polygonalized helix domains [34]; (c) half-
Skyrmion square lattice; (d) —7-Skyrmion lattice for T << T.

the pseudomicroscopic underlying theory is infinite.
Confined chiral modulations are sensitive to values n < 1.

The magnetic phase diagram calculated for n = 0.8
includes pockets with square half-Skyrmion lattices, a
hexagonal Skyrmion lattice with the magnetization in the
center of the cells parallel to H, and helicoids with propa-
gation transverse to H. The hexagonal + 77-Skyrmion lat-
tice [label (a) in Fig. 4] indicates the existence of densely
packed phases of Skyrmion strings [18,19]. This Skyrmion
phase competes with a helicoidal phase (b) stabilized at
higher H. In contrast, the —7-Skyrmion lattice states
expected to form a metastable low-T phase in chiral cubic
helimagnets [21,22], do not exist near magnetic ordering in
this model. At low H, a half-Skyrmion lattice (c) suggests a
further competing type of precursor with split Skyrmionic
units and defect points or lines, where magnetization
passes through zero. At lower 7, long-range ordered
condensed phases may finally form. The observed T is
expected below T owing to the competition with sponta-
neous half-Skyrmion states [20].

A comparison of the experimental phase diagram with
the theoretical results suggests to identify the pocket A;
with a densely packed phase consisting of full +ar
Skyrmions, the region and inset (a) in Fig. 4. The pocket
A, at higher H then should be a reentrant helicoidal state
labeled as (b) in Fig. 4. A helicoid can be continuously
transformed by reorientation of the propagation direction
into the conical state. This conforms with the open region
A, in Fig. 3. As we know the A, region to display character-
istic sixfold Bragg patterns in our preliminary magnetic
small-angle neutron scattering, this area most likely is a
polygonalized helix-domain structure. Such defect textures
are well known from cholesteric liquid crystals [34] that
obey a similar phenomenological theory as chiral magnets.
In these helicoidal textures, domains with nearly circular

cross section containing spiralling helices are arranged into
lattices or into a hexatic orientational order. Spiralling
domains of the helicoidal spin-structure have earlier been
seen in FeGe thin films [24].

In conclusion, the ac-magnetic susceptibility data on
e-FeGe show a complex sequence of phase transitions
and crossovers in the vicinity of T.. The A-phase region
is not homogeneous, but split into several parts. The results
exemplify the complex nature of precursor phenomena in
cubic helimagnets with chiral DM couplings. The cross-
over of intersoliton coupling from repulsive to attractive in
the confinement region, T, <T <Tg, provides the
mechanism that explains the complex and anomalous mag-
netic ordering processes and the occurrence of various
mesophases interleaved between paramagnetic and helical
ground states in FeGe and other cubic helimagnets. This
study shows that understanding spin-structures in the
precursor region is incomplete and that the identification
of Skyrmions and Skyrmion lattices close to magnetic
ordering is an open problem.
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