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Skyrmion lattice in the doped semiconductor Fe,_,Co,Si
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We report a comprehensive small angle neutron scattering study of the magnetic phase diagram of the doped
semiconductor Fe;_,Co,Si for x=0.2. For magnetic field parallel to the neutron beam we observe a sixfold
intensity pattern under field cooling. The regime of the skyrmion lattice is highly hysteretic and extents over a
wide temperature range as may be expected due to the site disorder of the Fe and Co atoms. Our study
identifies Fe;_,Co,Si as the second material in which a skyrmion lattice forms and establishes that skyrmion

lattices exist also in doped semiconductors.
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Recently we identified the formation of a lattice of skyr-
mion lines, a type of vortices, in the cubic transition metal
compound MnSi."? The skyrmion lattice may be viewed as a
crystallization of topologically stable particlelike knots of the
spin structure that is driven by thermal fluctuations. It de-
couples very efficiently from the atomic lattice and is always
strictly perpendicular to the applied field. As a new form of
magnetic order that was long anticipated to exist in aniso-
tropic materials,? the skyrmion lattice in MnSi attracts inter-
disciplinary interest as an analog of similar lattice structures
in nuclear physics,*> quantum Hall systems,®” and liquid
crystals.® All of these aspects make it of central importance
to establish whether the skyrmion lattice in MnSi is just a
material specific peculiarity or if it is the first example of a
more general phenomenon. The latter is suggested by the
theoretical treatment in Ref. 1. To settle this issue requires
evidence of skyrmion lattices and related spin structures in
further magnetic materials, preferably with different elec-
tronic properties. For instance, because MnSi is a pure metal
key questions concern if skyrmion lattices are sensitive to
disorder and whether they also exist in semiconductors and
insulators.

The series of isostructural B20 transition metal silicides
TSi (T=Fe,Co,Mn) is ideally suited to study whether skyr-
mion lattices occur generically in magnets without inversion
symmetry because the electronic properties of 7Si com-
pounds vary substantially. In contrast to MnSi the system
FeSi is a nonmagnetic insulator with strong electronic
correlations’ while its sibling CoSi is a diamagnetic metal.'”
For increasing Co content the series Fe;_.Co,Si displays an
insulator to metal transition at x=0.02 with a dome of heli-
magnetic order in the range 0.05=x=0.7.!' The magne-
totransport in Fe,_,Co,Si attracts interest in its own right.!>!?

The helimagnetic order in Fe;_,Co,Si results from a hier-
archy of energy scales, starting with ferromagnetic exchange
on the strongest scale favoring parallel spin alignment and
Dzyaloshinsky-Moriya (DM) spin-orbit interactions, permit-
ted in the noncentrosymmetric B20 structure, favoring per-
pendicular spin alignment on a weaker scale. With increasing
x the wavelength of the resulting helical modulation varies
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from about 200 to 2000 A.!114-16 The propagation direction
of the helical modulation is determined by crystal-field inter-
actions on the weakest scale. Based on small angle neutron
scattering study (SANS) experiments'>!”!8 and Lorentz
force microscopy'® it was concluded that the propagation
axis of the helix in Fe,_,Co,Si is (100) for all x. While this
differs distinctly from the propagation direction in MnSi,
where it is (111), it is perfectly consistent with the B20 cubic
crystal structure.22! Further, while the DM interaction and
the crystal structure have the same chirality in MnSi,?? they
have opposite chirality in Fe,_,Co,Si.'® Finally, due to the
doping in Fe,_,Co,Si there must be strong site disorder of the
Fe and Co atoms even in excellent single crystals. Thus,
although Fe;_,Co,Si and MnSi exhibit rather similar mag-
netic properties, there are strong differences of the underly-
ing electronic structure, making Fe,_,Co,Si an ideal system
to test the general nature of skyrmion lattices.

The magnetic phase diagram of Fe,_,Co,Si exhibits three
prominent features.'>!!8 First, a state with a helimagnetic
modulation up to a critical field B,; in the following is re-
ferred to as zero-field cooled state. Second, for a magnetic
field in the range B, <B<B,, a helical modulation parallel
to the magnetic field is stabilized, forming the so-called coni-
cal state. Third, in the so-called A phase, a small pocket just
below T, the helical modulation is perpendicular to the ap-
plied magnetic field. Prior to the work reported here all stud-
ies were carried out with the field perpendicular to the neu-
tron beam. Because this configuration is mostly sensitive to
helical components parallel to the field and only selected
helical components perpendicular to the field, the informa-
tion on the A phase was incomplete and it was believed that
the A phase represents a single-Q helical state.!>!7-18

In the following we report a comprehensive SANS study
of the magnetic phase diagram of Fe;_,Co,Si for x=0.2 and
x=0.25. In contrast to previous SANS studies'>!"1% we ex-
plore the magnetic phase diagram also with the magnetic
field parallel to the incident neutron beam. This configura-
tion is sensitive to all helical modulations perpendicular to
the field. We also determined differences of the phase dia-
gram for zero-field cooling (ZFC) and field cooling (FC). As
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our main result we identify the A phase of Fe,_,Co,Si as a
hexagonal skyrmion lattice akin that seen in MnSi. As op-
posed to MnSi, the skyrmion lattice yields strong hysteretic
features and may be observed over a large temperature range.
Thus we identify a second example of a skyrmion lattice,
however, in a doped semiconductor with strong disorder (the
latter is inferred from the nonstoichiometric composition and
the absence of a superstructure as reported below). In addi-
tion we find that the ZFC state, long known to be
metastable,'” is characterized by scattering intensity on the
surface of a small sphere in reciprocal space with broad
maxima in the (110) direction. This is strongly reminiscent
of the partial magnetic order in MnSi at high pressure.??

For our study several single crystals were grown at TUM
by optical float zoning with a UHV-compatible image fur-
nace. Laue x-ray diffraction, energy dispersive x-rays
(EDX), polarized light microscopy, and single-crystal neu-
tron diffraction established an excellent sample quality. The
magnetotransport properties, magnetization, and specific heat
were in excellent agreement with the literature.'> All samples
were oriented using Laue x-ray diffraction. A large single
crystal with x=0.2, studied most extensively, was addition-
ally oriented on the diffractometer RESI at FRM II. Using
neutrons with a wavelength A=1.0402 A+ 1% we deter-
mined ten Bragg peaks that were fitted simultaneously. The
sample had a lattice constant a=4.483 £0.02 A with an ex-
cellent resolution-limited mosaic spread better than 0.2°. We
further confirmed within the resolution limit that there were
no superstructures, structural short-range order, or lattice dis-
tortions. The modulus of the helical modulation Q
~=(0.017 10\‘1, transition temperature 7,.=~30 K, and the lat-
tice constant were in excellent agreement with Refs. 17, 18,
and 24 but differed from crystals grown in a triarc furnace.'?

Our SANS studies were carried out at the diffractometer
MIRA at FRM II using neutrons with a wavelength
A=9.7 A +5%. Backgrounds were determined at high tem-
peratures and subtracted accordingly. A Cd marker on the
sample support confirmed that the sample was always ori-
ented correctly. The sample was cooled with a pulse-tube
cooler. Magnetic fields up to 0.3 T were applied with a be-
spoke set of Helmholtz coils. Data were recorded for a fixed
sample orientation following rocking scans with respect to a
vertical axis of typically =15°.

In the following we focus on the ZFC state and the A
phase. Figures 1(A)-1(C) show the scattering patterns of the
ZFC state for x=0.2 for three different directions, namely,
the crystallographic (111), (110), and (100) axes, respec-
tively. In this order of orientation the scattering patterns are
characterized by a uniform ring, a ring with minima for
(100) (horizontal direction), and a ring with minima for both
(100) directions (the diagonals), respectively. Taken together
Figs. 1(A)-1(C), we establish that the ZFC state is charac-
terized by intensity on the surface of a small sphere in recip-
rocal space with broad intensity maxima for (110).%

This contrasts previous studies, where a ZFC intensity
distribution was reported with broad maxima for (100).!>-17-18
We have therefore confirmed our results for several samples
with x=0.2 from different growths. Moreover, for x=0.25 we
find a similar scattering distribution in the ZFC state, i.e.,
maxima for {110) (data not shown?®). Thus data in Refs. 15
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FIG. 1. (Color online) Typical SANS data of Fe;_Co,Si for
x=0.2. (A)—(C) Intensity after ZFC. (D) A phase after ZFC for
increasing B parallel to the neutron beam. (E)—(G) Sixfold intensity
distribution in the A phase after field cooling for B parallel to the
neutron beam. (H) A phase after field cooling for B perpendicular to
the neutron beam.

and 18 may have accidentally been indexed incorrectly or a
sample dependence exists, e.g., due to the different methods
of growth, where our samples seem excellent (see above).
The broad intensity maxima for (110) in the ZFC state are
also unusual because the propagation direction of the helical
modulation in the cubic B20 crystal structure in leading or-
der may be either parallel to (111) or (100).22! In fact, the
ZFC intensity distribution corresponds to the partially or-
dered state of MnSi.?3

Shown in Figs. 1(D)-1(G) are typical intensity patterns in
the A phase. These patterns are exclusively seen in the plane
perpendicular to the magnetic field. After ZFC and for in-
creasing field we observe a uniform ring of intensity regard-
less of the crystallographic orientation [Fig. 1(D)]. In con-
trast, the intensity pattern after FC in the A phase is
characterized by a sixfold symmetry. For the (111) and (110)
directions six spots are observed as shown in Figs. 1(E) and
1(F), respectively, where two of the spots are aligned with a
(110) axis. For the (100) direction the intensity pattern in the
A phase is composed of 12 spots comprising two sets of six
spots of differing intensity [Fig. 1(G)]. Each set of six spots
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FIG. 2. (Color online) Magnetic phase diagram of Fe;_.Co,Si
for x=0.2. Gray arrows show the location of temperature and field
scans. Red/Gray data points show transition fields and temperatures
as determined in these scans. Panels (A)-(C) show the magnetic
phase diagrams after ZFC; in the green shaded area the scattering
intensity of the ZFC state is observed. Panels (D)—(F) show the
magnetic phase diagrams for FC. Across the dark blue/gray area the
intensity displays a maximum.

is aligned with one of the two (100) directions in this plane.
This is a characteristic of two domain populations (similar
effects have been seen in superconducting flux line lattices,
e.g., as described in Ref. 27). We have finally also confirmed
the formation of the conical phase, which coexists with the A
phase in Fig. 1(H) (horizontal and vertical spots are due to
the A phase and conical phase, respectively).

Shown in Fig. 2 is the magnetic phase diagram for x
=0.2 (similar diagrams for x=0.25 are not shown). We find
excellent agreement with published work where data are
available. Starting from a ZFC state we observe (i) scattering
intensity with broad maxima for (110) up to B.;, where
B, (T—0)=~95 mT and dB,,/dT~-3 mT K~! are isotro-
pic (green shading), (i) a conical phase as reported before
(gray shading), and (iii) a ring of intensity in the A phase,
where the wave vector is perpendicular to the field (blue
shading). For FC the salient features are the following: (i) the
ZFC scattering intensity is never observed, (ii) scattering in-
tensity in the A phase with a sixfold symmetry and wave
vectors perpendicular to the field (blue shading), and (iii) a
small field range in which the A phase exists down to the
lowest temperatures (this is not seen for field in the (111)
direction). The regime where the intensity in the A phase
displays a maximum is shown as dark blue shading, while
the remaining regime is shown in light blue shading.

The integrated intensity shown in Fig. 3 allows us to il-
lustrate metastable aspects of the ZFC state and the A phase.
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FIG. 3. (Color online) Temperature and magnetic field depen-
dences of the integrated scattering intensity. (A) Intensity for
BII(110) and B perpendicular to the neutron beam. (B) Intensity for
BlI{111) and B parallel to the neutron beam. (C) and (D) Intensity
for B parallel to neutron beam under FC. All panels use the same
arbitrary scale; gray shading shows the background.

For B perpendicular to the neutron beam we reproduced
published results.'> As shown in Fig. 3(A) for (110), there is
essentially no intensity up to B, for increasing B and low T
above which the conical phase appears. In contrast, for de-
creasing field the intensity remains unchanged high below
B,;. In the vicinity of 7. the intensity displays a reversible
minimum in the A phase between B,; and Bj,,, where the
intensity includes contributions of the A phase and the coni-
cal phase [see Fig. 1(H)].

Scans for field parallel to the neutron beam shown in Figs.
3(B)-3(D) are the counterpart to that shown in Fig. 3(A),
notably they show all helical components perpendicular to
the field. For (111) and increasing field the ZFC intensity
well below T, is unchanged until it vanishes above B, [Fig.
3(B)]. However, in field scans of decreasing strength the
ZFC intensity is not recovered (data not shown). Near T, the
intensity reversibly shows a maximum in the A phase (data at
28 K). In temperature scans a corresponding maximum is
seen in the A phase [see Fig. 3(C) for (111)]. An additional
feature emerges in temperature scans for (100) and (110),
shown in Fig. 3(D) for (100). For B>31 mT and FC the
intensity displays not only a maximum but also an additional
increase down to the lowest temperatures. The regime of the
maximum near T, agrees between ZFC and FC for all three
directions (compare dark blue shading in Figs. 2(A)-2(C)
with Figs. 2(D)-2(F), respectively). Interestingly, for (100)
the A phase even borders on the ZFC state [Fig. 2(C)].

The scattering pattern and hysteretic behavior reported
here are fully consistent with a scenario where the A phase is
thermodynamically stable in the dark blue areas and meta-
stable in the light blue region. The characterizing sixfold
pattern is, however, directly observable only for FC. Due to
the disorder and the extremely weak anisotropy,' the spin
structure is not able to lock to the underlying crystalline
structure for ZFC so that only rings of intensity can be ob-
served as shown in Fig. 1(D).

The outstanding experimental characteristic of the scatter-
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ing pattern in the A phase is the sixfold symmetry and that it
aligns strictly perpendicular to the applied magnetic field.
The observation of two domain populations for field parallel
(100) establishes that this stable sixfold symmetry, indepen-
dent of its orientation, is impossible to explain with a multi-
domain helical order and has to originate in a crystal-like
magnetic structure. Also, the controlled theoretical frame-
work presented in Ref. 1 readily explains the sixfold pattern
including its orientation as a skyrmion lattice. Moreover, it
also predicts the magnetic phase diagram, notably the small
phase pocket below T.. There is hence no doubt that the A
phase in Fe;_,Co,Si represents a skyrmion lattice.

The trend to align two intensity maxima along (110) for
field in the (111) and (110) directions can be easily ex-
plained in the model described in Ref. 1 by adding, e.g., an
anisotropy term E,g(kg+kf+kg)ni,gn7t_k with a positive coeffi-
cient. By symmetry, this term to linear order does not cause
any alignment of the orientation of the skyrmion lattice for
field parallel (100). Instead leading order terms, such as
Si(kik; + Kk + k) ripii_g, align the skyrmion lattice along
one of the (100) directions depending on the sign of its pref-
actor. Such an alignment is indeed observed in our study. The
presence of the two domain populations thereby remains,
however, surprising. It may either suggest that the disorder
induces random prefactors of the relevant anisotropy term or
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that one of the domain populations is metastable.

A major remaining puzzle concerns the intensity distribu-
tion of the ZFC state, which is reminiscent of the partial
order in MnSi.?? Several scenarios?-3! have been suggested
with a nontrivial topology to explain the partial order in
MnSi: for example, a metastable body centered multi-Q
state’® or weakly stratified skyrmion lines.”” Thus the ZFC
state and its metastable nature may hint at an abundance of
randomly positioned topological defects.

In conclusion, our study of Fe,_ Co,Si identifies a second
material after MnSi in which a skyrmion lattice forms. In the
ZFC state this system unexpectedly exhibits also metastable
partial magnetic order possibly related to spin textures with
nontrivial topology, a liquid of defects or a complex spin
texture. As the skyrmion lattice in Fe;_.Co,Si appears in a
strongly doped semiconductor our study establishes skyr-
mion lattices as a general ordering phenomenon in magnetic
materials.
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