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We have investigated the magnetic structure in a polycrystalline sample of the B20-type MnGe by means
of small-angle neutron scattering. On the projected diffraction plane normal to the incoming neutron beam, a
Debye-ring-like pattern appears due to the random orientation of the spin helix g vectors (|| (100)). When an
external magnetic field is applied normal to the incoming neutron beam, an intense peak with wave vector (g)
perpendicular to the applied magnetic field is observed as the hallmark of the formation of a skyrmion lattice
with a multiple-g helix in a wide temperature-magnetic-field region. This scattering intensity remains even after
removing the magnetic field, which indicates that a skyrmion lattice is stabilized as the ground state. A different
form of skyrmion lattice, either square or cubic, is proposed, which is also shown to be in good agreement
with previous high-angle neutron diffraction results. Calculations based on such structures also describe the

magnetic-field profile of the topological Hall resistivity.

DOLI: 10.1103/PhysRevB.86.134425

I. INTRODUCTION

The antisymmetric spin exchange interaction affected by
the relativistic effect, termed the Dzyaloshinskii-Moriya (DM)
interaction,"? plays a role in twisting spin order, and hence
gives rise to various kinds of non-collinear and non-coplanar
magnetic structures. Weak ferromagnetism in «-Fe; O3 (Refs. 1
and 2) and the helical spin order in MnSi (Ref. 3) are typical
examples found in the early stage of research. In recent years,
some other magnetic structures have been experimentally ob-
served in FeSi-type (B20-type) chiral-lattice magnets: partial
order in the high-pressure phase of MnSi,* a magnetic blue
phase,s’6 a Swiss-roll-like helical structure in FeGe,” and a
triangular lattice of skyrmions in some compounds (MnSi,?
Fe,_,Co,Si,” !0 FeGe,'-13 etc.!4). Among them, the magnetic
skyrmion lattice is attracting much attention and is providing
an excellent laboratory for novel emergent electromagnetic
responses'> (such as the topological Hall effect!®'® and a
skyrmion-motion-induced electric field'*-?"), which may have
the potential for next-generation spintronic devices.?>~>* Since
the initial prediction of skyrmion formation,? different types
of skyrmion lattices have been proposed theoretically for
DM magnets.?*2%3! Such diversity of topological magnetic
textures and emergent physical phenomena is the reason
for the extensive research activities on B20-type chiral
magnets.

The crystal structure of B20-type transition-metal com-
pounds belongs to the space group P23, which lacks space
inversion symmetry and hosts DM interactions [Fig. 1(a)].
The following generic magnetic phase diagram is observed in
B20-type compounds:'* A long-period (10-200 nm) helical
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(proper screw) spin structure whose helical plane is perpen-
dicular to the wave vector is stabilized by the competition
between ferromagnetic and DM interactions in zero magnetic
field. Relatively weak magnetic anisotropy due to spin-orbit
interaction locks the modulation vector g along (111) or
(100). A certain magnetic field unpins and aligns the helical
order along its direction, distorting the helical plane like
an umbrella. This state is called conical spin structure.
The transition to the induced ferromagnetic state occurs
upon further increasing of the magnetic field. In addition, a
triangular lattice of skyrmions, whose modulation directions
are perpendicular to the magnetic field, is observed within a
narrow temperature—magnetic-field window just below Ty at
intermediate fields.3%!31432 This skyrmion phase was once
known as the A phase, in which not only anomalies in
physical properties such as ultrasonic absorption,* electron
spin resonance,* and magnetoresistance® but also g-flop
perpendicular to the field**-” were already observed.

The topological Hall effect, which originates from the
Berry phase gained by conduction electrons moving on a
non-coplanar spin texture, is also one of the hallmarks of
skyrmion-lattice systems. The topological Hall resistivity ,oyTx
is detected in B20-type MnGe (Ref. 18) in analogy with other
B20-type compounds.'®* However, not only the magnitude
but also the field dependence of the topological Hall effect
is very distinct from other compounds; pyTx begins to appear
immediately upon the application of the magnetic field and
persists up to the critical field H, above which spins are fully
aligned. Furthermore, the temperature region with discernible
p}?x is very wide from 2 to 70 K. These observations indicate
that skyrmions can exist as the ground state at zero magnetic
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FIG. 1. (Color online) (a) Crystal structure of B20-type MnGe. (b) A contour map of magnetization normalized by its value at 14 T at
every temperature. The black circles indicate the temperature variation of the critical field, at which the spin-collinear (ferromagnetic) state is
realized. (c) SANS setup used in the present study. The powdered MnGe sample is put into a single-crystalline silicon cell. The magnetic field

is applied perpendicular to the incident neutron beam.

field and are stable in a wide temperature (7" )-magnetic-field
(H) region in contrast to the confined T-H phase of the A
phase in conventional B20-type compounds. [See also the
phase diagram of MnGe in Fig. 1(b).] Indeed, various skyrmion
ground states other than the triangular lattice form have been
theoretically proposed,”®?”->*3! and MnGe may be a candidate
for those. In the following, we present results of small-angle
neutron scattering (SANS) experiments on B20-type MnGe,
which demonstrate the formation of a skyrmion lattice at zero
magnetic field as well as in a wide T-H region, as expected. In
addition, we discuss its possible lattice structure by analyzing
the reported p!, data'® according to the theoretical formula
proposed by Binz and Vishwanath.*® Either a square or a

simple-cubic skyrmion lattice is proposed here to be realized
in MnGe.

II. EXPERIMENTS

The MnGe polycrystals were synthesized by the high-
pressure method, as described in detail in Ref. 18. The SANS
experiments were carried out using SANS-I instrument at
the Paul Scherrer Institut using neutrons with wavelength
4.7 A. A powder sample was packed in a single-crystalline
silicon container with a height of 9.5 mm and a diameter of
18 mm, and installed in a cryomagnet. The magnetic field was
applied perpendicular to the incident neutron beam collimated
over 4.5 m. The diffracted neutrons were collected by a
two-dimensional multidetector placed 2 m behind the sample
[see Fig. 1(c)].

III. RESULTS AND DISCUSSIONS

A. SANS results

The SANS patterns during zero field cooling (ZFC) from
room temperature are shown in Figs. 2(a)-2(f). A diffusive
scattering intensity around ¢ = 0 gradually grows with de-
creasing temperature above Ty &~ 170 K, and Debye-ring-like
patterns are clearly observed below Ty, as evidenced by the
angle-averaged diffracted intensity as a function of wave vector
in Fig. 2(g). The enhancement of the intensity around g = 0
indicates that the magnetic correlation is developing well
above Ty. On the other hand, the ring patterns below Ty
are associated with the formation of a periodically modulated
magnetic structure, and the radius of the diffracted neutron
pattern, i.e., the magnitude of the magnetic modulation vector,
increases with decreasing temperature from 1.15nm~! (151 K)

to 2.23 nm~' (30 K), which is in accord with previous reports
[Fig. 2(h)].'8%

Figure 3 shows the development of SANS patterns under
different magnetic fields at 30 K after ZFC. We could not
access the gray-shaded region in Fig. 3 due to the angular
limitation of the cryomagnet window. When applying a field
of 2 T, three characteristic diffraction patterns appear: crescent-
shaped intensity patterns parallel to the field I(q | H)
[patterns 1 and 2 in Fig. 3(b)], a local maximal intensity pattern
perpendicular to the field /(¢ L H) [intensity 3 in Fig. 3(b)],
and a diffusive pattern around the center /g [intensity 4 in
Fig. 3(b)]. At higher magnetic fields of 4 and 6 T [Figs. 3(c)
and 3(d)], I(¢ L H) almost disappears and the crescent shape
of I(q || H) shrinks. Around the critical field H. (= 9.8 T
at 30 K), all the intensities sharply drop [Fig. 3(e)]. When
ramping the field down back to zero, the various overall
SANS profiles at each magnetic field [Figs. 3(f) and 3(g)]
are similar to those which were measured on increasing the
field [Figs. 3(b) and 3(c)], although the ring pattern is not
restored and all the characteristic intensities remain at zero
magnetic field [Fig. 3(h)]. Rough alignment of the modulation
directions parallel to the field is reflected by the crescent shape
of I(q || H), which is also detected in a single crystalline
B20-type Fey7Co 3Si (Ref. 37). The shrinkage of the crescent
shape indicates the gradual alignment of modulation vectors
toward ¢q | H. Iy (intensity 4) is assigned to the double
scattering of the helical magnetic structure, representing the
superposition of two crescent shapes of intensities 1 and 2.
The emergence of intensity perpendicular to the applied field
is a typical signature of the formation of a skyrmion lattice,
which has been confirmed for the skyrmion-lattice state in
other B20-type compounds.®337 We have also observed a
ring pattern corresponding to I(q¢ L H) in the setup with
the magnetic field applied along the incident beam, which
confirms the formation of a skyrmion lattice (not shown).

Here we should note that the magnetic field causes partial
alignment of the MnGe powder grains as well. Once a magnetic
field is applied to the sample, the ring-shaped SANS pattern
below Ty gives way to an anisotropic crescent-shaped one, as
shown in Fig. 3(h). The identical change happens even after
initializing (randomizing) the magnetic state by increasing the
sample temperature well above Ty (e.g., 300 K, not shown).
This demonstrates that the easy axes of magnetization, which
are (100) in MnGe,'® are flipped along the field direction.
Therefore, the peak intensities are observed again along the
previous field direction, originating from the (100)-modulated
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FIG. 2. (Color online) (a)-(f) SANS patterns at zero magnetic field during zero-magnetic-field cooling (ZFC). (g) The angle-averaged
SANS intensity during ZFC as a function of wave vector ¢. (h) Temperature dependence of the magnetic modulation vector g (open circles) as
measured in the present SANS study, compared with the data from the high-angle neutron diffraction study taken from Ref. 18 (solid circles).

magnetic structure at zero field. Although the polycrystalline
powder is subjected to the magnetic-field induced alignment,
the assignment of the /(¢ L H) diffraction to the formation of
a skyrmion lattice is supported by the following arguments: (i)
If MnGe were in a single-g screw or conical state, the magnetic
field would not be able to rotate the modulation directions
perpendicular to its direction. (ii) Furthermore, although we
cannot determine whether a single-g or the multiple-g state
(skyrmion lattice) produces the intensity /(¢ L H) because of
using the polycrystalline sample, the multiple-g state with the
non-coplanar spin configuration is a more plausible structure
due to the existence of the topological Hall effect (vide infra).
(iii) The hysteresis behavior of the H dependence of the
magnetization in MnGe indicates that the modulation direction
remains along the previously applied magnetic field once the
field is increased above a critical value.'® This feature is
generically observed in other B20-type helimagnets, which
is also confirmed by SANS experiments.’®3” Therefore, the
reappearance of I(q L H) with decreasing field [Figs. 3(g)
and 3(h)] could hardly be explained without assuming the
formation of the skyrmion-lattice state, which has g vectors
perpendicular to the magnetic field.

To summarize the above, a magnetic structure modulated
in multiple directions, most probably a skyrmion-lattice state,
is stabilized as the ground state at zero magnetic field. Prior to
the magnetic-field-induced orientation of the polycrystalline
powder, the randomly oriented multiple-g structures produce
the ring scattering pattern at zero magnetic field [Fig. 3(a)]. The
magnetic field (H) flips and aligns the modulation directions
as well as the crystalline grains with the (100) axes parallel to

H, giving rise to accumulated intensities parallel to the field.
In the multiple-g state, the other modulation directions are
perpendicular to the field, which can show up as I(¢ L H).
The multiple g vectors aligned by the magnetic field persist
and point along the same directions after removing the field,
which results in a SANS pattern at zero field [Fig. 3(h)]
similar to the one under a magnetic field [Fig. 3(g)]. From
the results of a high-angle neutron diffraction experiment,'®
it is clear that all the multiple modulation directions should
belong to the category (100), i.e., [100] and equivalent,
directions. Therefore, the ground state will be the multiple-g
state composed of two or three independent (100) directions,
which we define as a square or a simple-cubic (SC) skyrmion
lattice, respectively. If the square skyrmion lattice is the case,
the observed much larger intensity /(g || H) than I(q¢ L H)
may indicate that the skyrmion lattice coexists with the helical
structure producing /(g || H). On the other hand, in the case of
the simple-cubic lattice, one modulation vector gets collected
along the magnetic field, and the set of the other two modula-
tions can point to an arbitrary direction in the plane normal to
the field, which may explain I(q || H) > I(q L H).
Although some form of skyrmion lattice is likely to form
in MnGe judging from the circumstantial evidences, i.e., the
topological Hall effect and the appearance of /(¢ L H),
there would be alternative scenarios to explain /(¢ L H)
that involves only helices. For example, the grains may
have cleavage surfaces of (100) and/or (110) planes,40 whose
normal vectors are perpendicular to the (100) direction aligned
along the field direction. If the Hamiltonian includes a term
that aligns the helical plane with the surface of the powder
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FIG. 3. (Color online) Variation of SANS patterns with magnetic
field (H) at 30 K. The magnitude of the applied magnetic field
changes from (a) 0 T to (e) 9.9 T and back to (h) O T in the
sequential order indicated by thick arrows. Three typical intensities
are clearly observed in panel (b): (i) crescent-shaped diffractions
parallel to the field (diffractions 1 and 2); (ii) a local maximal intensity
observed perpendicular to the field (diffraction 3), which indicates
the formation of a skyrmion lattice; (iii) a diffusive diffraction around
the center (diffraction 4), which is assigned to the double scattering
stemming from the crescent shape of diffractions 1 and 2. The solid
and dashed lines in panel (b) are guides to the eyes.

grains, the additional spot /(¢ L H) in the diffraction pattern
may be explained. Nevertheless, those simple (single-g) helix
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FIG. 4. (Color online) Magnetic-field dependence of SANS
intensities (a) parallel and (b) perpendicular to the field at 30 K.
Solid and open circles represent different field-decreasing scans. The
dashed line in panel (a) indicates the relation M> — M? vs H. (c)
SANS intensity as a function of angle in the sector bounded by the
dashed line in the inset of panels (a) and (b). The angle origin (6 = 0)
is defined at the /(¢ L H) position (the bottom of the half-circle).

structures can hardly be reconciled with the emergence of the
very large topological Hall effect as observed.

Hereafter, as the most plausible scenario, we adopt the
standpoint that the skyrmion lattice is formed in MnGe. To
identify the genuine magnetic contributions with I(q || H)
and I(q L H) or to eliminate the apparent variation of the
scattering intensity by rotation of the grains, it is useful to
discuss the H dependence of the intensity in a decreasing
field, since we can reasonably assume that the grains remain
locked in their positions once they have been aligned by the
field. In fact, two independent field-decreasing scans show
little difference [open and closed data points in Figs. 4(a)
and 4(b)]. The neutron scattering cross section is proportional
to |§ x [M(q) x §1|> [M(q) being the Fourier transform
of the magnetization], and hence the scattering intensity
coming from the conical magnetic structure is proportional
to the squared magnetization component perpendicular to
the scattering vector, MJ2_ = MS2 — M?. M, stands for the
nearly saturated magnetization, e.g., at 14 T, and M is
the magnetization component parallel to the field. The H
dependence of I(q || H) is proportional to M2 — M?. On the
other hand, /(¢ 1L H) only rises below approximately 4 T,
which can clearly be seen in the development of the peak
intensity at & = 0 in the angular dependence of the scattering
intensity [Fig. 4(c)]. (Here, 6 is defined as the angle of the
q point in the g circle measured from the bottom ¢ L H
point.) Disarray of the skyrmion lattice appears to occur at high
fields, which may explain the decrease of I(¢ L H) above
4 T, this is reminiscent of the transformation into a heavily
distorted skyrmion lattice or sparsely populated skyrmions as
observed in an Fe 5Cog 5Si thin platelo and has been explained
theoretically.*!
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FIG. 5. (Color online) SANS patterns under zero magnetic field
after an application of high magnetic field exceeding critical magnetic
field at each temperature; 9.9 T for 30, 70, and 100 K and 5.0 T for
140 K. [See also Fig. 1(b).]

We have also examined the temperature range where
I(q L H) appears, i.e., the possible skyrmion-lattice forms
(Fig. 5). To exclude the possibility of a multidomain state of
single-g helical structure, SANS patterns were taken at zero
magnetic field after aligning the modulation vector by applying
a high magnetic field above H, at each temperature (uoH =
9.9 T for 30, 70, and 100 K and o H = 5.0 T for 140 K). There
still exists I(g L H) at all the measured temperatures.'®+
Thus, the skyrmion state is stable in a wide temperature
range, perhaps over the whole temperature region below
In (= 170 K).

B. Fitting of topological Hall resistivity

The quantum phase factor, the so-called Berry phase, can be
multiplied with the wave function by the adiabatic change in
the parameter on which the Hamiltonian depends. Conduction
electrons in a non-coplanar spin structure can acquire the Berry
phase @ related to the spacial variation of the spin direction,
and thus feel the gauge flux 2¢—7‘; ® in analogy with the Aharonov-
Bohm phase. (¢9 = h/e.) The value of the Berry phase is equal
to half of the solid angle subtended by the spins in the spherical
surface of the spin space. In a skyrmion magnetic structure,
the Berry phase collected by the conduction electrons is

| . on  dn
S=27 [ dr®* =—- | dra-|—x—]),
2 ax  dy

which can result in the topological Hall effect; the topological
Hall resistivity ,o;x is in proportion to ®. Here ®° is the
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skyrmion density, 7 = M(r)/|M(r)|, and the integration
extends over one magnetic unit cell.

The H dependence of the topological Hall effect has
been theoretically discussed for different forms of skyrmion
lattices.?=3! The profiles are different from each other, being
sensitive to the lattice forms. Here, to estimate ,ofx, we follow

the method by Binz and Vishwanath® and discuss which type
of lattice, square or SC, is more plausible for the case of MnGe.
Assuming that the conduction electrons cannot couple to a part
with smaller magnetization than some cutoff,?’ the collected
Berry phase is modified as & = 2« fdr O[M(r) — M.|®*,
where ® is the Heaviside step function and M. is a cutoff
magnetization.

The position dependence of the magnetization M (r) in the
skyrmion lattice is described by a superposition of helices
with identical handedness.*’ The handedness is determined by
the sign of the DM interaction. The square and SC skyrmion
lattices are superpositions of two and three orthogonal helical
structures, respectively,

M?*i(r) = (0, sinx, cos x) + (—sin y,0, cos y) + (0,0,m)

= (—siny, sinx, cosx + cosy + m)
and

M5C(r) = (0, cos x,— sinx) + (— sin v,0, cos y)
~+ (cos z,— sin z,0) + (0,0,m)
= (—siny + cosz,—sinz + cos x,

—sinx + cosy + m).

Here, m is the induced magnetization, which should be almost
linearly proportional to the applied field as observed.'® The
square and SC skyrmion lattices are illustrated in Figs. 6(a)
and 6(b), respectively, where m was set to m = (. Arrays
of vortices pointing up (M, > 0; red) and down (M, < 0;
blue) are arranged in an alternate order for these skyrmion
lattices. We can see nodes with zero M, in the vicinity of
which we neglect the collection of the Berry phase. Note that
the choice of chirality of the skyrmion lattice, or equivalently
the swirling direction in a skyrmion, changes neither the value
of the Berry phase nor the topological Hall effect; here we take
the superpositions of left-handed spirals.

The calculated results of the Berry phase with different
cutoffs are shown in Figs. 6(d) and 6(e) as a function of
magnetic field in comparison with the observed topological
Hall resistivity at 30 K in MnGe.'® The negative maximal value
of the Berry phase and the critical field in the calculations
are fitted with the experimental negative peak value of p;x
and H., respectively. Both the results of the square and SC
lattices explain crudely the experimentally observed profile
of pl.: (i) p/, =0 at H =0, (ii) a finite p], at 0 < H <
H., and (iii) p!, =0 at H > H.. These behaviors can be
qualitatively explained as follows: (i) positive (skyrmion)
and negative (antiskyrmion) contributions cancel each other
out at H =0, (ii) finite m induced by a magnetic field
breaks the balance of the contributions from skyrmions and
antiskyrmions, yielding nonzero net spin chirality, (iii) a fully
spin polarized state gives no Berry phase factor. Among them,
the striking agreement with the experimental data in the SC
lattice model with the cutoff of M. = 1/6 is noteworthy, while
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FIG. 6. (Color online) Schematic illustrations of (a) a square, (b) a simple-cubic, and (c) a triangular skyrmion lattice. The color and the
hue of the arrows represent the z component of the magnetic moments; red (blue) arrows indicate up (down) magnetic moments. Comparison
between the experimental results of topological Hall resistivity'® (black solid lines) and the calculated ones with varying cutoff magnetization
(M.) in (d) a square, (e) a simple-cubic, and (f) a triangular skyrmion lattice.

the square lattice model cannot give a good fit with any
arbitrary cutoff value. For comparison, we show in Fig. 6(f) the
calculations of the Berry phase in the hitherto-known skyrmion
lattice, i.e., the triangular lattice of antiskyrmions illustrated
in Fig. 6(c). Because the triangular lattice is composed
entirely of antiskyrmions producing a negative fictitious field,
a finite topological Hall effect would be observed even at zero
magnetic field,>! which is discrepant with the observation.
This also supports that a different form of skyrmion lattice,
other than the triangular lattice, is realized in MnGe. However,
the above calculations do not take the disarray of magnetic
structure suggested by the SANS results into account, and
hence the lattice form of the skyrmions in MnGe still remains
inconclusive.

IV. CONCLUSIONS

We have observed the SANS peak whose g vector is
perpendicular to magnetic field (H) in a wide 7T-H region
including H =0, which indicates the ground state with
multiple-g vectors or the skyrmion-lattice state in B20-type
MnGe. A small uniaxial distortion, which was observed
experimentally by Makarova et al.,>* may play a role in the
stabilization of the skyrmion texture as theoretically predicted
by Butenko et al.** The square and simple-cubic skyrmion
lattices, whose magnetic modulation directions are described
by the hybridization of two or three independent (100)
crystal-axis directions, are plausible candidates. Although both
lattice models can explain the overall H dependence of the

topological Hall effect, the simple-cubic skyrmion lattice is
more likely in light of the better fitting of ,oyTx as a function of
H. In addition to the much smaller skyrmion-lattice constant
(3—6 nm) in MnGe than other skyrmion systems (10-200 nm),
the features revealed in this study are the tetragonal or cubic
lattice form of the skyrmion crystal, not the hitherto-known
hexagonal (triangular-lattice) form, and the ground-state
(H = 0) skyrmion-lattice states possibly composed of alter-
nating skyrmions and antiskyrmions.

The rapid reduction of /(¢ L H) in the high-field region
remains elusive. A microscopic observation and/or a theoret-
ical investigation on the magnetic structure under a magnetic
field are left as challenges for future study as well as the full
structural determination of the skyrmion lattice with use of a
single crystal of MnGe.
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