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We report on the real-space observation of a type of spin texture, i.e., the Swiss-roll-like vortex, in cubic
helimagnet �B20-type� FeGe in terms of the Lorentz electron microcopy. This structure is enabled by the weak
spin anisotropy in FeGe and the two-dimensional confinement, as revealed by a theoretical analysis that takes
into account the Berry phase �Proc. R. Soc. London, Ser. A 392, 45 �1984�� associated with the curved spin
stripes, i.e., the change in the spiral direction.
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I. INTRODUCTION

Various spin textures are the subject of intensive interests
both experimentally and theoretically. In this respect, heli-
magnets are of particular interest since the spins are destined
to be noncollinear due to the frustrated exchange inter-
actions1,2 or the Dzyaloshinskii–Moriya �DM� interaction in
noncentrosymmetric systems.3–5 Especially, a focus of the
recent intensive interests is the transition-metal silicides,
such as MnSi �Refs. 6–10� and �Fe,Co�Si,4,11 wherein the
DM interaction produces spiral spin ordering with a definite
helicity. In MnSi, a quantum phase transition from helimag-
net to the quantum-disordered state is discovered under hy-
drostatic pressure at around pc�14 kbar.6 A non-Fermi liq-
uid behavior of the resistivity � is observed for the quantum-
disordered state p� pc. A neutron scattering experiment
revealed the distribution of the scattering intensity on the
surface of the sphere in momentum space in the quantum-
disordered state.10 This means that in MnSi, the wave vector
of the spiral acts as the dynamical variable. Theoretically,
several different models and/or spin textures have been
proposed.12–15 Therefore, the topological textures of heli-
magnets are an important problem of great current interest.

Experimental information on the spin order and texture of
helimagnets is not enough yet. In our previous study,4 the
helical spin order �Fig. 1�a�� of Fe0.5Co05Si was visualized in
real space by means of the Lorentz transmission electron
microscopy �TEM�, in which the two types of magnetic de-
fects, which are analogous to crystal defects, were found: the
helical magnetic domain boundary and the helical magnetic
edge dislocation. In the present study, we have investigated
the helical spin order and the accompanying spin texture of
FeGe with the B20 structure �Fig. 1�b��, which exhibits he-
lical spin order with a relatively long period �70 nm� and a
high Néel temperature �TN�280 K�.16,17 Former neutron
scattering studies16 of FeGe showed that in zero magnetic
field, the helical spin propagates along the equivalent �100�
directions between TN=279 K and T2, where T2↓=211 K

and T2↑=245 K in cooling and warming runs, respectively.
Below T2, however, the helical spin order changes to propa-
gate along the equivalent �111� directions, implying rela-
tively weak magnetic anisotropy. Therefore, such real-space
magnetic fine structures as materializing the aforementioned
topological spin texture are anticipated to show up.

II. EXPERIMENT

Single crystals of FeGe were grown by chemical vapor
transport.18 The phase purity of the crystals was checked
by x-ray diffraction and magnetization measurements using
a superconducting quantum interference device magne-
tometer.19 The temperature dependence of the dc magnetiza-
tion indicated TN=280 K, which is in accord with
literature.16,17 Thin samples for the Lorentz TEM observation
were prepared by crushing the material into fine fragments
with CCl4, which were then dispersed on Cu grids coated
with carbon support films. The observations were made by
using a Lorentz transmission electron microscope �Hitachi
HF-3000L� operated at 300 kV equipped with a television
camera. The sample with perhaps a thickness of 50–100 nm
was placed in a magnetic-field-free region. The Lorentz TEM
has been used to observe magnetic domain in ferromagnets20

as well as helimagnets.4 In the wave-optical representation,
the phase of an electron wave is changed as it passes through
a magnetic object. Recent development of the transport of
intensity equation �TIE� method allows us to obtain magne-
tization distributions on the basis of noninterferometric phase
recovery.21,22 The calculations were made by means of the
software package QPT.23 A detailed description of the method
was given in Ref. 4.

III. EXPERIMENTAL RESULTS

The Lorentz TEM observation on many thinned crystal-
line fragments with different incidences revealed that the
propagation vector basically prefers either of the �100� or the
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�111� direction at the temperatures between 85 K and TN that
we have studied.3,16 However, the propagation vector does
not change with temperature, which is contrary to the obser-
vation by neutron diffraction. The discrepancy between the
neutron diffraction on the bulky crystal and the Lorentz TEM
results arises possibly from the differences in the sample size
and shape. Figure 1�c� shows an overfocused Lorentz image,
which was taken at 200 K near the �001� zone axis orienta-
tion. An electron diffraction study confirmed that the ob-
served area was a single crystallographic domain. The image
clearly shows periodic stripes running either along the �100�
or the �010� direction. In the focused image, the stripe pat-
terns were confirmed to disappear, which indicate that the
obtained image is magnetic in origin.20 The magnetization

distribution obtained by the TIE analysis of the overfocused
and underfocused images is also shown in Fig. 1�d�. A color
wheel is used as a reference for the direction and amplitude
of the local magnetization. The contrasts on the sample edge
�the stripes running parallel along the edge� are an artifact
due to the Fresnel fringe. Our analysis of the magnetization
distribution revealed that the spin order is helical with a pe-
riod of about 70 nm, which is in good agreement with the
results determined by neutron diffraction.16 The spin stripes
cross at a right angle to each other, as schematically shown
in Fig. 1�e�, which is reminiscent of twin domains in crystals.
The domain walls are oriented along the �100� direction. We
note that the spin stripes appear to be connected to each other
across a magnetic twin domain boundary so as to avoid dis-
continuities in the magnetization. In previous studies, such
magnetic twin domains were postulated to explain the neu-
tron diffraction results.16 We were able to verify this case by
the direct real-space observation.

We have also investigated the dynamics of the helimag-
netic phase transition by the Lorentz TEM. The sample was
gradually heated from 85 K to above TN. The heating rate
was about 2 K/min around TN. It was difficult to determine
the precise sample temperature because of the small size of
the samples on the support films, but we could slowly
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FIG. 1. �Color� Real-space observation of the helical spin order
in FeGe. �a� Illustration of the helical spin order with the screw axis
along the z axis in an orthogonal xyz coordinate. Spins are all par-
allel within one xy plane, and their direction rotates by a constant
angle from one plane to a neighboring plane along the screw axis.
Magnetization distribution projected on the yz plane for this helical
spin order, which changes as a sinusoidal wave �Ref. 4�. �b� The
B20 crystal structure of cubic FeGe with a lattice constant of 0.470
nm. �c� An overfocused Lorentz image obtained at 200 K, which
shows the magnetic twin domains arising from the helical spin or-
der with a period of about 70 nm. The electron incidence is nearly
parallel to the �001� direction. �d� A color representation of the
magnetization distribution obtained by the transport of intensity
equation �TIE� method, which corresponds to the state shown in �d�.
The direction and amplitude of the magnetization are represented
by changes in color and brightness with respect to the color wheel.
The contrasts on the sample edge are an artifact due to the edge
effect �Fresnel fringe�. �e� A schematic showing the magnetic twin
domains. �f� An overfocused Lorentz image obtained at 200 K,
which shows curved spin stripes. The electron incidence is nearly
parallel to the �001� direction. �g� A color representation of the
magnetization distribution, which corresponds to the state shown in
�f�. The spin stripes and the magnetizations are largely and continu-
ously curved. �h� A schematic showing the curved spin stripe.
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FIG. 2. �Color� Vortexlike spin stripe pattern. �a� An overfo-
cused Lorentz image obtained at 200 K. The electron incidence is
nearly parallel to the �001� direction. �b� A color representation of
the magnetization distribution, which corresponds to the state
shown in �a�. The spin stripes arising from the helical spin order and
the magnetization curl around the center. The image colors have the
same meaning as in Fig. 1�d�. �c� A schematic showing the Swiss-
roll-like spin stripe pattern �see the text for the details�. A high-
resolution movie for this stripe pattern is available in Ref. 24.
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traverse the helimagnetic transition temperature TN. We ob-
served no change in the helix period at around TN but only
the collective oscillation of the spin stripes,24 which is the
slow �second-scale� fluctuation in the phase of the stripe
modulation, that was not in the amplitude. Such a collective
oscillatory motion may be interpreted as a thermal phason
fluctuation.25

Another striking feature we observed for FeGe is the ex-
istence of curved spin stripes. Figures 1�f� and 1�g� show an
overfocused Lorentz image taken at 200 K near the �001�
zone axis orientation and the corresponding magnetization
distribution, respectively. The spin stripes as well as the
magnetizations are largely and continuously curved. The cur-
vature radius ranges from 100 to 700 nm. Such curved spin
stripes indicate that the magnetic anisotropy of FeGe is
small. We notice a striking difference between FeGe and
Fe0.5Co0.5Si. In Fe0.5Co0.5Si, the helical magnetic domain
boundary and the helical edge dislocation were observed as
the major magnetic defects,4 whereas in FeGe there are very
few such magnetic defects owing to the presence of the
curved spin stripes. When the temperature is increased across
TN, the similar thermal phason fluctuation to the case of the
straight spin stripes was observed also for the curved spin
stripes with the magnetic defects, while sometimes accom-
panying the annihilation of the magnetic defects in this case.

One important outcome of the curved stripes is a vortex-
like spin stripe pattern. Figures 2�a� and 2�b� show an over-
focused Lorentz image taken at 200 K near the �001� zone
axis orientation and the corresponding magnetization distri-
bution, respectively. The spin stripes as well as the magneti-
zation curl show up around the center. This vortexlike spin
stripe pattern is like a Swiss roll, as schematically illustrated
in Fig. 2�c�. The magnetization is not circularly closed and
no singular point is discerned near the center of the vortex. A
similar vortexlike spin stripe pattern to that shown in Fig. 2
was observed for other fragments of the specimen. It is worth
noting here that a similar vortexlike pattern was observed in
some chiral liquid crystals.26 Such a Swiss-roll-like spin
stripe pattern would give rise to a ringlike diffraction pattern,
being reminiscent of the spheric diffraction pattern observed
for the quantum-disordered helical spins of MnSi as
well.10,27,28 When the FeGe sample was heated above TN and
then cooled down to TN, similar curved and vortexlike spin
stripe patterns were reproducibly observed.

IV. THEORY FOR SPIN TEXTURES

We analyze the observed spin textures. The Hamiltonian3

describing a helimagnet with DM interaction � reads as

H =	 dr
�M� · �� � M� � +
�

2
��M� �2� , �1�

where � is the spin stiffness coming from the ferromagnetic
exchange interaction. The ground state configuration of the

magnetization M� is given by

M� =
M
�2

�n�1 cos Q� · r� + n�2 sin Q� · r�� , �2�

where n�1 and n�2 are the unit vectors orthogonal to each other,

and the spiral wave vector Q� is given by Q� = �� /��n�3

�� /���n�1�n�2�, i.e., the three vectors n�1, n�2, and n�3 consti-
tute the right-handed �left-handed� coordinate system for
positive �negative� �, whose directions constitute the low
energy degrees of freedom. Setting Eq. �2� into Eq. �1� and
keeping the lowest order term with respect to the spatial
derivative assuming the slowly varying n� i, we obtain the ef-
fective Hamiltonian as

H =	 dr
�M 2

4
���n�3�2 + 2��� − �	�1 − cos 
��2� . �3�

Here, we introduce the polar coordinates as n�3
= �sin 	 sin 
 ,−cos 	 sin 
 , cos 
�, and the phase � describ-
ing the rotation of n�1 ,n�2 in the plane perpendicular to n�3
represents the shift of the spiral along n�3, i.e., phason degrees
of freedom. Here, a crucial observation is that �	�1
−cos 
� represents the Berry phase29 associated with the
“spin” n�3. Now assume that n�3 slowly changes around the
north pole with 
 being fixed at a small value 
0 as one goes
along a direction. Then, to minimize the energy, ��=�	�1
−cos 
� should be always satisfied, and the phase change ��
of the phason that is accumulated when n�3 comes back to the
original direction is ��=�dr� ·�	�1−cos 
�=2��1−cos 
0�,
which is the solid angle subtended by the closed loop on the
unit sphere drawn by n�3 �Fig. 3�a��. This means that the
curved stripe leads to the phase shift of the spiral. However,
when n�3 changes around the loop C in the real space as
shown in Fig. 3�b�, the phase � must remain constant if it is

FIG. 3. �Color online� Schematic for the Berry phase �Ref. 29�
and vortex structure. �a� The Berry phase �Ref. 29� associated with
the change in n�3 on the unit sphere with the fixed angle 
0. �b� The
change in n�3 along a closed loop C in space. Here, the phason
variable � remains constant if it is assumed to be single valued. �c�
The vortex structure of � field as an edge dislocation of the stripe.
The blue dashed �red� curves correspond to the equiphase lines with
�=2�m ��= �2m+1���, where m are integers. �d� The combined
vortex structure of � and n�3 fields resulting in the Swiss-roll
texture.
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single valued. In this case, �� is zero and the energy cost
from the second term in the integrand of Eq. �3� is E1
���M2 /2�2��1−cos 
0�2log�R /a�, where R is the radius of
the sample and a is the cutoff of the order of the lattice
constant. One way to reduce this logarithmically divergent
energy cost is to introduce the vortex, i.e., the phase winding
of �� by 2� around a core of the vortex. Figure 3�c� is the
schematic view of this phason � vortex, wherein the lines
show the loci where � is 2�m �blue dashed curve� and
�2m+1�� �red dashed curve�, where m is an integer, and the
center of the vortex corresponds to the edge dislocation of
this “crystal.”4 With this vortex structure, the energy cost
becomes E2���M2 /2�2��cos 
0�2log�R /a�+Ecore, where
Ecore is the core energy of the vortex. Comparing E1 and E2,
it is preferable to introduce the vortex when 
�� /3. In the
present situation, the direction of the spiral n�3 is forced to lie
within the xy plane, i.e., 
0=� /2, since the thickness of the
sample in this experiment is comparable to, or thinner than,
the period of the spiral. Therefore, the logarithmic energy
cost in E2 vanishes, although the first term in the integrand of
Eq. �3� still gives the logarithmically divergent energy cost
as in the case of usual vortex. The Swiss-roll structure is
schematically shown in Fig. 3�d�, wherein the vortex struc-
tures of the phason � and n�3 are combined. Therefore, we
conclude that this spin texture is stabilized by the coupling
between the phason � and the spiral direction n�3 through the
geometrical Berry phase.29 The present spin texture should
exhibit a higher free energy than that of the simple helical
spin structure.3 However, the presence of the thermodynami-
cally metastable spin texture is similar to the case of the
dislocation in crystal; such a spin texture must be induced by
the boundary condition of the specimen shape or the nona-
diabatic cooling procedure. Once this structure is realized,
however, it is topologically stable according to the following
homotopy classification. The order parameter space of heli-
magnets is SO�3� and its fundamental group is �1�SO�3��

=Z2,30 and, hence, there is only one type of topological vor-
tex. However, when the direction n�3 is confined within the xy
plane, the order parameter space becomes U�1��U�1�, as
described above. Also, the magnetic anisotropy, which pre-
fers some directions of n�3, gives the energy cost of the n�3
vortex. This can be written as the term h cos 4	 in the
Hamiltonian, and the energy of the vortex becomes propor-
tional to the linear size of the sample, which is similar to the
case of a domain wall. However, the argument for the loga-
rithmic energy increase in the second term of Eq. �3� remains
true and the Swiss-role structure is more stable than the
simple n�3 vortex. When h is too large, on the other hand, the
vortex structure itself is suppressed and we believe that this
is the reason why it was not observed in �Fe, Co�Si.4

V. CONCLUSION

We have reported the real-space observation of the helical
spin order of cubic FeGe by means of the Lorentz TEM. We
could directly image the magnetic twin domains in the single
crystallographic domain as well as the curved spin stripes
with the change in the spiral direction, the most notable of
which is the Swiss-roll-like stripe vortex. A theoretical ac-
count for these spin textures are given, which shows that the
vortex structure is stabilized due to the Berry phase29 asso-
ciated with the curved spin stripes. In addition, we have re-
ported on the real-space dynamics of the helimagnetic phase
transition, in which the observed collective oscillatory mo-
tion was interpreted as a thermal phason fluctuation.
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