
 
 

Delft University of Technology

Extended skyrmion lattice scattering and long-time memory in the chiral magnet Fe1-
xCoxSi

Bannenberg, L. J.; Kakurai, K.; Qian, F.; Lelièvre-Berna, E.; Dewhurst, C. D.; Onose, Y.; Endoh, Y.; Tokura,
Y.; Pappas, C.
DOI
10.1103/PhysRevB.94.104406
Publication date
2016
Document Version
Final published version
Published in
Physical Review B (Condensed Matter and Materials Physics)

Citation (APA)
Bannenberg, L. J., Kakurai, K., Qian, F., Lelièvre-Berna, E., Dewhurst, C. D., Onose, Y., Endoh, Y., Tokura,
Y., & Pappas, C. (2016). Extended skyrmion lattice scattering and long-time memory in the chiral magnet
Fe1-xCoxSi. Physical Review B (Condensed Matter and Materials Physics), 94(10), [104406].
https://doi.org/10.1103/PhysRevB.94.104406
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1103/PhysRevB.94.104406
https://doi.org/10.1103/PhysRevB.94.104406


PHYSICAL REVIEW B 94, 104406 (2016)

Extended skyrmion lattice scattering and long-time memory in the chiral magnet Fe1−xCoxSi

L. J. Bannenberg,1 K. Kakurai,2,3 F. Qian,1 E. Lelièvre-Berna,4 C. D. Dewhurst,4 Y. Onose,5 Y. Endoh,3
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Small angle neutron scattering measurements on a bulk single crystal of the doped chiral magnet Fe1−xCoxSi
with x = 0.3 reveal a pronounced effect of the magnetic history and cooling rates on the magnetic phase diagram.
The extracted phase diagrams are qualitatively different for zero and field cooling and reveal a metastable
skyrmion lattice phase outside the A phase for the latter case. These thermodynamically metastable skyrmion
lattice correlations coexist with the conical phase and can be enhanced by increasing the cooling rate. They
appear in a wide region of the phase diagram at temperatures below the A phase but also at fields considerably
smaller or higher than the fields required to stabilize the A phase.
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I. INTRODUCTION

Spin chirality generated by Dzyaloshinsky-Moriya (DM)
interactions [1,2] is the focus of interest due to the emergence
of chiral skyrmions [3–9], which are noncoplanar and topo-
logically stable spin textures. These can form a unique type
of long-range magnetic order, a skyrmion lattice (SkL), as ob-
served in the isostructural B20 transition-metal silicides, TMSi
(TM = Mn, Fe, Co), and germanides like FeGe by neutron
scattering [6,8,10] and in real space by Lorentz transmission
microscopy [7,11]. In these bulk cubic helimagnets, the SkL
correlations appear spontaneously in the so called A phase, a
small pocket in the magnetic field (B), temperature (T ) phase
diagram slightly below the transition temperature TC [6,7]. In
confined geometries such as thin films [11] or nanowires [12],
this narrow pocket expands and tends to cover a substantial part
of the phase diagram below TC up to the lowest temperature.

Recent findings show that it is also possible in bulk
MnSi to quench the thermodynamically stable SkL into a
metastable state by rapid cooling down to low temperatures
[13]. Additionally, short range order that may be associated
with isolated skyrmions has been found outside the A phase in
MnSi [14]. Thus the experimentally observed stability limits of
chiral skyrmions and SkL in the reference cubic helimagnets
seem to be less well defined and established than assumed
so far. On the other hand, it is theoretically established that
metastable SkL and single skyrmions should exist over a broad
range of the phase diagram [4,15], as supported by recent
findings on thin films [16] or on the bulk polar magnetic
semiconductor GaV4S8 [17].

The small angle neutron scattering (SANS) results pre-
sented below go further in this direction and show strong
memory effects and very weak patterns with the characteristic
SkL sixfold symmetry that coexist with the conical phase,
indicating the stabilization of SkL outside the usual ther-
modynamic equilibrium limits in the bulk cubic helimagnet
Fe1−xCoxSi, x = 0.3. The sample belongs to the semicon-
ducting system Fe1−xCoxSi, which is characterized by very

long helix periods from � ∼ 25 nm to 300 nm [18,19] and by
a change of magnetic chirality from left to right handed as the
amount of Co doping increases, triggered by the change of the
chemical lattice chirality at x = 0.2 [20]. Fe0.7Co0.3Si has a
right-handed, or clockwise, chirality and the helices propagate
along the [100] crystallographic directions.

Similar to chiral magnets of the same family, the ground
state results from the competition between three terms in the
Hamiltonian: a strong ferromagnetic exchange, a weaker DM
interaction, and a weakest anisotropy [21]. Below the transition
temperature TC a helical order sets in with � proportional to
the ratio of ferromagnetic exchange to DM interactions and
with the helices fixed to the chemical lattice by anisotropy.
This hierarchy is also found in the B-T phase diagram, where
a weak critical field BC1 is enough to overcome the anisotropy,
unpin the helices from the chemical lattice, and orient them
along its direction leading to the conical phase. A higher
magnetic field BC2 is subsequently required to overcome the
DM interactions and ferromagnetically align the magnetic
moments inducing the spin polarized phase. The A phase
occurs in a narrow region below TC and for intermediate
magnetic fields between BC1 and BC2 [8,22–25].

A phase diagram depending on the magnetic history has al-
ready been found in Fe1−xCoxSi by neutron scattering [8] and
specific heat or magnetic susceptibility measurements [26].
We chose to systematically investigate this effect and cooled
the sample through TC following three specific protocols: zero
field cooling (ZFC) and slow or fast field cooling (FC). Our
results show pronounced history effects and the existence of
SkL correlations over a very extended region of the phase
diagram when applying field cooling. These SkL correlations
can be enhanced by increasing the cooling rate and do not only
exist at temperatures below the A phase.

II. EXPERIMENTAL DETAILS

The experiments were performed on the SANS instrument
D33 of the ILL using a monochromatic neutron beam with a
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FIG. 1. SANS results obtained in ZFC configuration. Characteristic patterns at 43 and 65 mT are shown in panels (a) and (b). The azimuthal
average of the SANS intensity at 43 mT is given in (c) for selected temperatures. The temperature dependence of the helical modulation period
� is given in (d) for the magnetic fields indicated. The deduced magnetic field and temperature dependence of the total scattered intensity is
given as a contour plot (e) and the dashed lines mark the magnetic fields corresponding to the patterns of (a) and (b).

wavelength λ = 0.6 nm and �λ/λ = 10% and on the same
Fe0.7Co0.3Si single crystal (∼0.1 cm3) used in a previous
investigation [25]. The sample was oriented with the [1̄10]
axis vertical and the [001] axis parallel to �ki , the incoming
neutron beam wave vector. The data were normalized to
standard monitor counts and a measurement at T = 60 K
was used for the background correction. The magnetic field �B
was applied parallel to �ki , a configuration where only helical
modulations that propagate perpendicularly to �B may fulfill
the Bragg condition and give rise to scattering. The results are
thus complementary to the previous investigation [25], where
the magnetic field was applied perpendicular to the neutron
beam and in the SANS detector plane. The magnetic field was
applied following three specific protocols:

(1) ZFC temperature scans: the sample was cooled down
to 2 K under zero magnetic field, then a magnetic field was
applied and the patterns were recorded by increasing the
temperature in steps of 2 K every 6 min.

(2) FC temperature scans: the magnetic field was applied
at 60 K and the measurements were performed by decreasing
the temperature in steps of 0.5 K every 10 min between 45 and

42 K, in steps of 1 K every 5 min between 41 and 30 K and
between 30 and 2 K in steps of 2 K every 5 min.

(3) Fast FC temperature scans: the magnetic fields of 43 or
54 mT were applied at 60 K and the sample was immediately
brought to 30 K at a cooling rate of ∼3 K/min. The
measurements were subsequently performed by decreasing the
temperature to 2 K in steps of 2 K every 5 min.

III. EXPERIMENTAL RESULTS

First, we present the ZFC results that are summarized in
Fig. 1, which shows typical SANS patterns for (a) B = 43 mT
and (b) 65 mT, azimuthally averaged intensity at B = 43 mT
(c), the temperature and magnetic field dependence of �

(d), and finally a B-T contour plot of the integrated SANS
intensity illustrating the occurrence of the different phases
(e). The patterns at low temperatures displayed in panels (a)
and (b) show four broad peaks that are the fingerprint of the
helical order along the 〈100〉 crystallographic directions. By
increasing the temperature the intensity almost vanishes at
30 K. This is the signature of the conical phase, where helices

104406-2



EXTENDED SKYRMION LATTICE SCATTERING AND . . . PHYSICAL REVIEW B 94, 104406 (2016)

FIG. 2. SANS results obtained in FC configuration. Characteristic patterns at 43 and 65 mT are shown in panels (a) and (b). As mentioned
in the text, we differentiate between fast and slow field cooling. The azimuthal average of the SANS intensity at 43 mT is given in (c) for
selected temperatures. The temperature dependence of the helical modulation period � is given in (d) for slow FC and the magnetic fields
indicated. The deduced slow FC magnetic field and temperature dependence of the total scattered intensity is given as a contour plot (e) and
the dashed lines mark the magnetic fields corresponding to the patterns of (a) and (b).

are aligned by the magnetic field and they do not fulfill the
Bragg condition in the configuration of this experiment ( �B‖�ki)
and thus do not scatter neutrons. Additional information on
this phase can be found in the previous work [25], where a
complementary experimental setup with �B ⊥ �ki was used.

By further increasing the temperature the scattered intensity
increases for B = 43 mT and scattering patterns reappear
for T � 38 K as shown in Fig. 1(a) for T = 40 and 42 K.
However, the observed pattern is not the sixfold SkL symmetry
of MnSi [6] but a ring as illustrated by the azimuthally
averaged intensities shown in panel (c). This behavior is
similar to Fe0.8Co0.2Si where such a ringlike pattern was found
and was attributed to the combination of disorder, arising
from the solution of Fe and Co in the chemical lattice, and
magnetocrystalline anisotropy [8]. The azimuthal intensity
plots also show that the four helical peaks visible at low
temperatures do not have exactly the same intensity, reflecting
a slight misalignment of the sample as pointed out in the
previous investigation [25].

Figure 1(d) depicts the temperature dependence period
of the helical modulation � that has been derived from
the momentum transfer Q where the scattered intensity is
maximum: � = 2π/Q. As the temperature increases from

2 to 40 K, � increases substantially by about 14%, which
suggests a weakening of the DM interaction with respect
to the ferromagnetic exchange. In addition for B > 22 mT,
a nonmonotonic temperature dependence is found with �

going through a minimum at the A phase and then through
a maximum at a lower temperature which depends on the
magnetic field.

FC results are summarized in Fig. 2, which is complemen-
tary to Fig. 1: the patterns in panels (a) and (b) are given for
the same magnetic fields as for ZFC and reveal substantial
differences. In contrast to ZFC, the helical phase is confined
to magnetic fields below 10 mT. In the A phase at 43 mT
a ring-shaped scattering is found for 40 and 42 K, shown
in Fig. 2(a), but in contrast to ZFC the sixfold symmetry
characteristic of the SkL phase is visible in the FC patterns
as well as in the corresponding azimuthal plots shown in panel
(c). This sixfold symmetry pattern remains, although weak,
clearly visible, even when the temperature is further decreased
below 38 K, which suggests the coexistence of a weak SkL
with the conical phase. SkL correlations therefore seem to
freeze by cooling the sample in a magnetic field, and this effect
depends on the cooling rate through the A phase as shown by
the different SANS patterns for slow and fast FC at 20 and
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FIG. 3. Characteristic SANS patterns at (a) 33 mT and (b) 55 mT recorded for fast and slow field cooling.

30 K in Fig. 2(a). This freezing of the correlations is also seen
in the evolution of � in Fig. 2(d), which for B > 22 mT locks
in to the value at ∼38 K while cooling down, which is in sharp
contrast with the ZFC behavior shown in Fig. 1(d).

For the slightly higher magnetic field of 55 mT the patterns
of Fig. 3 show that the A phase clearly extends down to 2 K. In
this case, fast FC leads to higher scattered intensities than slow
FC, although with the same symmetry and overall shape of the
scattering patterns. The B-T SANS intensity map in Fig. 2(e)
illustrates the boundaries of the A phase, which extend to the
lowest temperatures between 45 and 65 mT. However, outside
this A-phase region, weak sixfold symmetry patterns appear
with an intensity about 100 times weaker than in the A phase,
similarly to what is shown in Figs. 2(a) and 2(b). In addition,
at intermediate magnetic fields (10 < B < 35 mT) and for
T < 30 K, weak fourfold symmetry patterns are found, also
with intensities about 100 times weaker than for the ZFC case.
They become stronger as the temperature decreases, resulting
in a small pocket of a relatively low intensity in the contour
plot of the scattered intensity of Fig. 2(e).

IV. DISCUSSION

The results presented above lead to the phase diagrams
of Fig. 4, which highlight the differences between ZFC and
slow FC. The ZFC phase diagram reveals that the conical
phase extends, as in the doped compounds Mn1−xFexSi and
Mn1−xCoxSi [27] to much larger fields than in undoped
compounds such as MnSi and Cu2OSeO3 as well as that they
reveal a temperature dependence of BC1 for ZFC. The conical
phase is greatly suppressed for the FC case where there are
regions where metastable SkL or helical correlations coexist
with the conical phase under field cooling conditions.

FIG. 4. Proposed phase diagrams of Fe0.7Co0.3Si deduced from
the SANS patterns and intensities for (a) zero field cooling (ZFC) and
(b) slow field cooling (Slow FC) showing the helical, conical, and A

phases. The slow FC diagram of panel (b) also shows the extended
A phase as well as the B-T areas where helical or skyrmion lattice
correlations coexist with the conical phase.
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These SkL correlations exist over a very extended region
of the phase diagram until the lowest temperature and are
not only found at temperatures below the thermodynamically
stable A phase. The very low intensity, almost two orders
of magnitude lower than at the A phase, could possibly
indicate surface or edge pinning [28,29] that may stabilize
these chiral correlations in directions perpendicular to the
applied magnetic field.

On the other hand, the existence of (isolated) biskyrmion
and multiskyrmion states within the conical phase arising
from an attractive interskyrmion potential has been established
theoretically [30]. However, the results presented here rather
support lattices of skyrmions rather than isolated skyrmions
and are as such more in agreement with the theoretical com-
putations of [15]. They predict the stabilization of metastable
skyrmion lattices over a large fraction of the phase diagram
below TC . These metastable skyrmion lattices are formed by
cooling through the precursor region above TC where they
are nucleated. A subsequent drop in temperature below TC

turns the skyrmion lattices into metastable states of which the
stability increases with decreasing T [15].

These theoretical predictions are also in line with the
differences observed between fast and slow field cooling.
During fast field cooling, the exposure of the skyrmion lattice
to the region just below TC where the energy barrier heights
are relatively small, is limited as compared to slow field
cooling. This results in a smaller deterioration of the SkL
correlations for the fast FC case and a stronger intensity at
lower temperatures.

A recent experimental study showed that metastable SkL
correlations can also be quenched by applying extremely high
cooling rates of ∼700 K s−1 in MnSi [13]. These high cooling
rates are required to circumvent the unwinding of the SkL
as observed in bulk Fe0.5Co0.5Si by [31] with magnetic force
microscopy. However, the cooling rates applied in this study
are more than three orders of magnitude higher, suggesting

that the unwinding of the Skl in Fe0.7Co0.3Si occurs at a totally
different time scale than in MnSi. The observation of these
metastable skyrmion lattice phases over macroscopic time
scales in Fe0.7Co0.3Si may be attributed to the combination
of quenched chemical disorder that is due to the solid solution
of Fe and Co.

V. CONCLUSION

To conclude, we observe a pronounced history and cooling-
rate dependence of the magnetic phase diagram below TC in
Fe0.7Co0.3Si. By cooling under field, metastable skyrmion lat-
tice correlations are observed outside the thermodynamically
stable A phase until the lowest temperature. These thermody-
namic metastable skyrmion lattice correlations coexist with
the conical phase and do not only appear at temperatures
below the A phase but also at fields smaller or higher than the
fields required to stabilize the A phase. The intensity of these
skyrmion lattice correlations can be enhanced by increasing the
cooling rate as the increased cooling limit possibly reduces
the unwinding of the SkL in a region just below TC . The
observation of these phenomena with the macroscopic cooling
rates used in a neutron scattering experiment may be related
to the quenched chemical disorder from the solid solution of
Fe and Co.
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