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Unpinning the skyrmion lattice in MnSi: Effect of substitutional disorder
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By employing magnetization and small angle neutron scattering measurements, we have investigated the
behavior of the skyrmion lattice (SKL) and the helical order in MnSig99,Gag s Our results indicate that the
order of the SKL is sensitive to the orientation of an applied magnetic field with respect to the crystal lattice and
to variations in the sequence of small temperature and applied magnetic field changes. The disorder caused by
the substitution of the heavier element Ga for Si is sufficient to reduce the pinning of the SKL to the underlying
crystalline lattice, reducing the propensity for the SKL to be aligned with the crystal lattice. This tendency is
most evident when the applied field is not well oriented with respect to the high symmetry axes of the crystal
resulting in disorder in the long range SKL while maintaining sharp short range (radial) order. We have also
investigated the effect of substituting heavier elements into MnSi on the reorientation process of the helical
domains with field cycling in MnSig 99, Gag gos and Mng 0511901551 A comparison of the reorientation process in
these materials with field reduction indicates that the substitution of heavier elements on either Mn or Si sites
creates a higher energy barrier for the reorientation of the helical order and for the formation of domains.
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I. INTRODUCTION

The antisymmetric interactions between magnetic mo-
ments allowed by the broken space inversion symmetry
in noncentrosymmetric chiral materials, such as B20 com-
pounds, stabilize a topologically nontrivial spin texture known
as a magnetic skyrmion lattice (SKL) [1,2]. The periodicity
and chirality of the SKL, formed by the superposition of
three helices, are determined primarily by the Dzyaloshinskii-
Moriya interaction (D) in combination with the uniform ex-
change interaction (J) [1-3]. The winding number of these
spin textures differentiates them from other trivial mag-
netic textures such as bubbles thereby providing topological
protection [2—4] making the SKL an ideal candidate for
low power applications in novel spintronic and information
storage devices [5,6]. These unique magnetic textures have
been observed in several chiral structured magnets such as
MnSi, FeGe, MnGe, Cu,0SeO3;, Co-Mn-Zn, Fe;_,Co,Si,
Mn,_,Co,Si, and Mn;_,Fe,Si [1,2,7-11]. The magnetic
phase diagrams of these chiral magnets are qualitatively sim-
ilar with a helimagnetic zero field ground state, a conical
magnetic state at low applied field, a SKL or A phase for mod-
erate fields and temperatures approaching the critical point,
and a high field polarized magnetic phase [1,2,8,9,12—14].
However, many of the features, such as the size, chirality,
orientation of the helices or the SKL, the magnetic transition
temperature, 7¢, and the magnitude of the ordered moment
vary widely and are all material specific [1,2,7-9,13,14].

The formation and orientation of the helices and skyrmion
lattice are described by the Landau free energy functional of
the form f = fy + fanisowopic [1-3]. The first term f; contains
isotropic terms and includes the contributions from uniform
exchange interaction (J), the Dzyaloshinskii-Moriya interac-
tion (D), and the Zeeman energy of the form H - M [1,2]. This
term, fp, where

folM] = /d3r(r0M2 +J(VM)* +2DM - (V x M)

+UM* — poH - M), (1)

is sufficient to describe the formation of a helical magnetic
state with a wave vector Q ~ D/J. Here, H is the external
magnetic field and ry, J, D, U are phenomenological param-
eters with (U, J > 0). U is the mode coupling parameter
and ry represents the distance from the mean field magnetic
transition temperature. The last term H - M is the Zeeman
energy in the presence of an external magnetic field with M
the local magnetization. For MnSi, D > 0, which gives a left
(right) handed spiral for a left (right) handed crystal structure
with wave vector Q = |Q| ~ D/J [1-3]. Although, the term
fo is sufficient to describe the formation of helical magnetic
order, the orientation of the helix and a SKL with respect to
the crystal lattice is governed by terms containing anisotropic
interactions fanisotropic [1-3,8,15-18], with

fanlsotroplc - eI(Q +Q +Q)+O(84
+e(0:0, +0,0; +0.0,) + 06%). ()

The terms containing €; and €, vary as fourth and sixth
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(Q)ZCQ% + cyclic terms) are redundant. There are other sixth
order terms O(8%), i.e., (Q)%Q%Qf) and Qf + cyclic terms,
which preserve the C; symmetry and are less important
for a sixfold symmetric SKL. The coefficients €; and €,
represent the strength of the magnetocrystalline anisotropy
[1-3,8,16—18]. The orientation of the helix in zero field is
determined by the fourth order term with coefficient €;, and
the orientation of the SKL is dictated by the sixth order term
with coefficient €,. For practical applications, details such
as the size, chirality, orientation, Ty, and magnitude of the
ordered moment are all very important as they determine the
necessary conditions for manipulating the SKL. For example,
the potential that pins the SKL to a particular crystallographic
orientation dictates the value of critical current required for
translation [16,19,20]. Therefore, it is highly desirable to
explore the behavior of these magnetic lattices under different
physical and chemical environments in order to probe the
mechanism responsible for material specific variations.

Previous small angle neutron scattering (SANS) studies
have indicated that the orientation of the helical ordering is
along the [111] for MnSi [1,2], along either the [110] or [001]
for Fe;_,Co,Si depending on x [8], and along the [001] for
Cu,08e03 [9]. Furthermore, the orientation of the helix in
FeGe varies from the [111] to the [001] with temperature
[10,14,21,22]. It is not well understood why such variation
occurs among these materials with same crystal environment
and why it may be dependent on temperature and composi-
tion. These differences may originate in details such as the
sign of €, and &, and the variation in the spin-orbit coupling
strength. However, the orientation of the SKL closely follows
the orientation of an applied magnetic field and displays
significant temperature and magnetic field history dependence
in the presence of disorder [17,18,23]. Furthermore, SANS
studies of MnSi have yielded the following observations about
the orientation and the field and temperature history depen-
dence of the SKL.

(1) The SKL pins preferentially along a [110] equivalent
provided this direction lies close to the plane perpendicular to
the magnetic field. If there are no [110] equivalents close to
this plane, then the SKL tends to pin along a [100] [1].

(2) When more than one [110] equivalent crystallographic
direction is available in the plane perpendicular to the
magnetic field, multiple domains of the SKL can form
[1,17].

(3) The reorientation of the helical lattice upon field cy-
cling or rotation in a magnetic field is elastic. That is, there
is a tendency for the helical state to form domains along all
equivalent [111] directions following a field cycling into the
field polarized state [18].

However, the following questions
addressed.

(1) What is the orientation of the SKL. when both [110]
and [001] directions are absent in the plane perpendicular
to the magnetic field and how does the SKL respond to a
sequence of field and temperature variations in this case?

(2) What changes occur to the long range (orientational)
order of the SKL and the helical order due to substitutional
disorder sufficient to significantly modify 7¢?

(3) What effect does substitutional disorder have on the
elasticity of magnetic domains? Does it depend on which of

have not been

the two lattice sites is disordered, and what is the cause for
domain formation in helimagnets?

The answers to these questions are important for devel-
oping an understanding of the mesoscopic properties of the
SKL and for future practical applications in spintronics. In
addition, the answers will provide insight into the effect
of heavy impurity atoms on the formation, orientation, and
reorientation process of SKL and helices in the presence of
disturbing fields, or temperature variations.

To address these questions, we have performed detailed
magnetization and SANS measurements of MnSig 992Gag 003
single crystals. The effect of variations of the temperature,
field magnitude, and field orientation, and their history de-
pendences on the magnetic structure was explored. The Ga
substitution results in an expansion of the crystal lattice
sufficient to raise the 7¢ by 5 K [25]. Our observations
indicate that the pinning of the helix along a [111] direction
(easy axis) remains robust to the disorder induced by the
Ga substitution, whereas the orientation of the SKL can be
more easily manipulated. The orientation of the SKL can
switch easily from aligning with a [110] to a [100] (hard
axis) direction by varying the field or changing the thermal
history. We find that in the case where neither a [110] or
[100] direction are adjacent to the plane perpendicular to the
magnetic field, a ring of scattering appears on the detector
instead of the iconic hexagonal scattering pattern of the proto-
typical skyrmion lattice. This indicates either an orientational
disorder of the skyrmions, the presence of a large number of
randomly oriented SKL domains, or the existence of labyrinth
domains [24] whenever the field is not within 10 degrees of
perpendicular to a high symmetry direction of the crystal.

In addition, we have probed the effect of heavy element
substitution into MnSi on the elasticity of the helical order-
il’lg in MnSio'gngao_Qog [25] and Mn0.9851r0_015Si [26] single
crystals. Within the time scale of our measurement, the ori-
entation of the helical state recovers (along the equivalent
[111] directions) after field cycling with a decreased intensity
for MinSig 99oGag gos. In contrast, we observe no evidence for
such recovery in the case of Mng ggsIro 01551 . This indicates
that the elasticity of helical lattice reorientation decreases with
substitution of heavier elements on either lattice site, perhaps
due to the strength of the disorder and/or the expected increase
in spin orbit coupling.

II. EXPERIMENTAL DETAILS
A. Crystal growth and magnetic characterization

Single crystals of MnSig992Gag gos Were grown using Ga
flux as described in Ref. [27]. The resulting crystals were
pyramid shaped having a mass of up to 70 mg. Single crystals
of Mny gssIrp 015Si were grown via a modified Bridgeman
technique. The chemical composition of these crystals was
determined using wavelength dispersive spectroscopy. The
obtained crystals were single phase crystals having the cu-
bic B20 crystal structure as determined from single crystal
and powder x-ray diffraction. We have also confirmed that
the MnSi.992Gaggog crystal used in the SANS experiments
presented in this paper was single domain via measurements
performed on HB3A, a four-circle neutron diffractometer at
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FIG. 1. ac and dc magnetization of MnSij99,Gag gos (a) Temperature, 7, dependence of the magnetization, M divided by the field, H,
M/H, for MnSi and MnSig99,Gaggos measured at H = 1kOe. Inset: pyramid-shaped crystals grown using Ga flux. (b) Real part of the ac
susceptibility, x’, as function of magnetic field, H, and 7. (c) Frequency, f, dependence of x' and the imaginary part of the ac susceptibility,
x”, at 32.5 K. (d) Orientation and field dependence of x’ and x” at 32.5 K. A driving ac field of 2 Oe amplitude was applied during the ac

susceptibility measurements.

the High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL). For MnSig 99oGag os, the Ga substitu-
tion increases the lattice constant by ~ 0.1% creating negative
chemical pressure thereby increasing 7¢ and modifying the
bulk magnetic behavior [25]. The residual resistivity ratio of
these crystals was approximately 60 as reported in Ref. [25].
Whereas for Ir substitution, we observe a systematic decrease
of T¢ along with an increase in Q [26]. ac and dc magnetiza-
tion measurements were carried out in a Quantum Design 7-
T Magnetic Property Measurement System superconducting
quantum interference device magnetometer. ac susceptibility
(xandy) was measured by applying an ac signal on top of
the dc magnetic field. More details of the magnetic properties

of these samples are presented in our previous publications
[25,26].

B. Small angle Neutron scattering (SANS)

SANS measurements were carried out at the GP-SANS
beamline at HFIR. All of the crystals were aligned such that
the [-110] crystal direction was along the magnetic field which
was oriented parallel to incident beam. In addition, the crys-
talline [111] direction was oriented nearly vertical such that it
lies within the detector plane. The mean wavelength of inci-
dent neutrons employed was A = 6 A with AA/A = 0.13 and
a sample to detector distance of 11.3 m. The measurements
were performed under a set of field and temperature sequences
that are summarized in the figures and the movie in the
Supplemental Material [28]. In addition, for MnSig 992 Gag oos,

a set of measurements were performed after a rotation of the
crystal around the vertical (the [111] direction) for angles be-
tween 0 and 7 /2 while keeping the field and beam directions
constant. Slight variations of the [111] reflection as a function
of rotation are indicative of a misalignment of the sample of
a few degrees. Similar measurements were performed on a
Mny 98511001551 single crystal with the exception of crystal
rotation experiments.

III. RESULTS
A. Magnetic Properties

The dc and ac magnetization of a representative
MnSig 99, Gag nog crystal are shown in Fig. 1. Figure 1(a) dis-
plays a comparison of the magnetization divided by H (M/H)
of MnSi and MnSip 992Gaggog single crystals both measured
at 1 kOe. The substitution of a small amount of Ga into MnSi
has increased 7¢ by ~5 K over that of nominally pure MnSi
(T ~ 28.5K) due to the negative chemical pressure created
by the Ga substitution [25]. Furthermore, the sharpness of the
temperature dependence of the magnetization at 7¢ indicates
the high quality of our flux grown MnSig 99 Gag gog crystals.

Figure 1(b) presents the real part of the ac susceptibility, x’,
for different values of applied dc magnetic field applied along
the [110] direction of the crystal. For a range of magnetic
fields above 1 kOe, there is a dip in the ac susceptibility
just below Tr. The span of reduced susceptibility represents
the field dependent extent of the SKL. Figure 1(c) presents
the frequency and magnetic field dependence of x’ and the
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FIG. 2. Small angle neutron scattering (SANS) patterns from MnSig 99o Gag gos. (a) Scattering in zero magnetic field, H = 0, such that the
sample is in the helical state. Lines indicate several high symmetry crystallographic directions lying in the detector plane. (b) Summary of H
and temperature, 7, sequences for frames (c)—(j) which present the resulting scattering patterns. (k) Intensity scale. (1) Summary of H and T
sequences for frames (m)—(p), which present the resulting scattering patterns. (q) Summary of H and T sequences for frames (r)—(v) which
present the resulting scattering patterns. In (b) a constant field of 1.4 kOe was applied and T was increased from 31 to 34 K. In (1) H = 1.4kOe
was applied at each T and returned to H = 0 after each measurement. 7' was then increased by 0.5 K and H ramped back to 1.4 kOe. In (q) a

field of 1.4 kOe was applied and the sample cooled from 34 to 31 K.

imaginary part of the ac susceptibility x”. Such variations of
x'and x" are typical of all skyrmion hosting B20 compounds
[2,12,26] and the changes evident indicate transitions to the
different magnetic states that make up the phase diagram
of MnSi. These states include the helical state at zero field
with a continuous change to a mulitdomain conical state for
H < Hey, a single domain conical state for Hey < H < Hyy,
the SKL or A phase for Hy; < H < Hyy, and a field polarized
phase for H > Hc; [29]. There is some frequency dependence
apparent at the boundary between the conical and SKL phase
(Hy4p) with the magnitude of x” decreasing from low to high
frequency, while there is very little change with frequency
to either x' or x” at Hyp. This behavior is typical of the
response of large magnetic objects having a characteristic
time scale in the range of the frequencies employed for the
measurement (100’s of hertz) [2]. Figure 1(d) presents the
orientation dependence of x’ and x”. These are qualitatively
similar for the two orientations displayed but with slightly
different H¢; values apparent.

B. Temperature and field history dependence
of orientation of the SKL

We present the results from the SANS measurements in
Fig. 2. In these measurements, the high symmetry crystallo-
graphic directions [111], [-1-11], [001], and [110] lie in the
detector plane as they are perpendicular to both the incident

beam (k; // [-110]) and H(k;//H) [see Fig. 2(a)]. Here, the
crystal orientation was held stationary and only 7 and H were
varied between measurements. It is clear from the scattering
pattern shown in Fig. 2(a) that the helix orientation (along
[111] and equivalent [-1-11]) and the magnitude of wave vec-

tor of the helix (Q ~ 0.037 Afl) [30] remain unchanged from
that found in nominally pure MnSi. However, as the remaining
scattering patterns reveal, the orientational order of the SKL
is very sensitive to temperature and field history and does not
remain well registered to a particular crystallographic direc-
tion. This is substantially different from what was observed
in MnSi [1]. An important observation is that there is only
small variation in the translational order indicated by the full
width at half maximum (FWHM) along the radial direction.
The skyrmion lattice wavevector, Q, as function of H and T
is shown in Fig. 3 as well as in the Supplemental Material
[28]. Such a small variation in the radial peak position and
FWHM is typical for MnSi near the phase boundary (in H and
T) between the conical and SKL phases.

We observe that the SKL order can be disrupted, with the
scattering forming a ring-like feature [see, e.g., Figs. 2(n)
and 2(s)], rather than a well-ordered hexagonal pattern, de-
pending upon the T and H history. In addition, for those T
and H sequences that yield a well-ordered hexagonal pattern
indicative of the SKL, the lattice was found to align along
either the [110] or [001] so that it appears that neither of these
is substantially preferred. We conclude that the tendency for
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FIG. 3. Results of SANS measurement: (a) Variation of full
width at half maximum (FWHM) of the radial scans with mag-
netic field, H. The dashed line is the instrumental resolution
(~ 0.0035 10(1) (b) Variation of wave vector Q with magnetic field,
H. For 0 < H < 1 kOe, MnSig99,Gaggos has a conical magnetic
order resulting in a loss of scattering intensity on the detector for
our experimental geometry. (a) and (b) share the same symbols.

the SKL to orient along a specific crystallographic direction
is reduced in MnSig99oGag oo compared to MnSi, but that
the translational order is retained. The ring-like feature we
observe for some sequences indicates that the orientational
order becomes either multidegerate, a large number of SKL
domains that are randomly oriented are nucleated, or that
labyrinth magnetic domains are created [24]. The level of
variation that we observe in the 7 and H history-dependent
scattering at 32.54+/—0.05 K [Figs. 2(g), 2(0), and 2(t)] is
surprising.

C. Magnetic field orientation-dependent skyrmion
lattice orientation

In addition to probing the T and H history dependence
of the helical and skyrmion states, we have also performed
measurements to probe the field orientation dependence as
presented in Fig. 4 and in the sequence of figures in the movie
in the Supplemental Material [28]. For these experiments, we
began with the crystal oriented similarly to the previous ex-
periments with the crystalline [-110] direction and H aligned
along the incident neutron beam and perpendicular to detector
plane. The crystalline [-1-11] direction was aligned to be
almost vertical, whereas in Fig. 2 the vertical direction was
along [111]. With this arrangement the reflections associated
with the crystalline [110], [001], and [111] directions initially
lie in the detector plane. The alignment was within 3° in
both horizontal and vertical directions. The crystal was then

rotated in the horizontal plane in 5° steps from ¢ = 0—90°,
as demonstrated in Fig. 4(a), such that the [-110] rotates into
the detector plane after a 90° rotation. The magnetic field
was ramped to zero after each measurement and prior to each
crystal rotation and then re- energized to 1.4 kOe.

The top row of Fig. 4 displays the scattering at H =0
corresponding to the helical state where the crystalline [-1-11]
direction is vertical and indicated by the scattering associated
with the magnetic domain having Q along this direction. The
[-1-11] remained in the detector plane throughout the ex-
periment. Peaks associated with scattering along other [111]
equivalent wave vectors progressively appear and disappear
as they fall close to the detector plane. The bottom row
shows the variation of the scattering pattern at H = 1.4 kOe
where the sample is within the A phase determined from the
magnetic susceptibility data shown in Fig. 1 and confirmed to
correspond to a SKL state in both Figs. 2 and 4. Interestingly,
at a rotation angle of 0 the SKL aligns along the crystal-
lographic [001] direction even though the [110] direction is
also perpendicular to H, thus lying in the detector plane and
indicated in Fig. 4(b). At ¢ = 30°, the [101] reflection rotates
into the detector plane and the SKL aligns along this high
symmetry direction. Similarly, for a rotation angle of ¢ = 90°,
the [-110] direction rotates into the detector plane and the
SKL aligns closely to this direction. Therefore, it appears as
if the pinning toward a particular crystalline axis is not robust
since the SKL evolves so that it aligns to either a [100] [as
in Fig. 4(g)] or a [110] [as in Figs. 4(b) and 4(j)] equivalent
crystal axis as the crystal is rotated with respect to H. If,
however, there are no [110] or [100] equivalent crystal axes
close to being perpendicular to H (within ~10 degrees), a
ring-like scattering pattern results [Fig. 4(i)]. The ring-like
structure indicates the lack of an orientationally ordered SKL
with the retention of translational order. This is very different
from the case of nominally pure MnSi where a sixfold pattern
was observed in all cases even when H was applied in an
arbitrary direction with respect to the crystal lattice [1,31].

Furthermore, the radial width of the ring-like feature, which
is well above an instrumental resolution of ~ 0.0035 A_l, re-

mains nearly the same as that of the hexagonal sixfold patterns
[Supplemental Fig. S1, Ref. [28], and Fig. 3(a)] indicating
an unchanged translational order. In contrast, the azimuthal
width continuously varies possibly indicating a change in the
orientational order of the SKL with a rotation in the field.
The small variation in radial width [Fig. 3(a)] excludes the
possibility of formation of a skyrmion glass phase [32].

A comparison of the intensity integrated over Q from

002847 <0 <0.043A" as a function of azimuthal angle
Xaz 18 presented in Fig. 5 for both H = 0 [Fig. 5(a)] and for
H= 1.4kOe [Fig. 5(b)]. Rotation of the crystal with H = 0
probes the scattering from several different helical domains
which are all found to be well aligned along a [111] equivalent
crystal direction. In contrast, the orientational order of the
A phase varies dramatically with the orientation of H with
respect to the crystalline lattice. The data shown with ¢ = 60°
displays a significant scattering intensity at all x,. demonstrat-
ing a lack of an ordered lattice of spin textures over the volume
of the crystal indicating a strong field orientation dependence
to the magnetic state.
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FIG. 4. Field orientation dependence of the skyrmion lattice. SANS data taken as the MnSig g9, Gag o crystal was rotated about its [-1-11]
axis taken at 7 = 32.2 K. (a) Intensity scale and schematic of experimental configuration. The red cylinder represents the crystal with three
perpendicular axes identified. The crystal was rotated about the vertical axis which was parallel to the crystalline [-1-11] axis. (b)—(e) data
taken in zero field, H = 0. (f) Schematic showing the field and rotation angle, ¢, sequence for the measurements presented in frames (g)—(j).
H was ramped to zero during the rotation and energized prior to each measurement. (g)—(j) ¢ dependence of the scattering with H = 1.4 kOe,
within the A phase of MnSi.g9oGag os. ¢ corresponds to the angle measured from the condition that the crystal [-110] direction was aligned
parallel to the beam direction and to H. In all cases H was parallel to the incident beam and the [-1-11] direction of the crystal was vertical. The
[001], [110] and [111] directions lie in the detector plane in frames (b) and (g). Data at a larger number of angles is presented in the sequence

of images presented in the Supplemental Material [28].

D. Comparison to Mn;_,Ir,Si

In MnSi it was reported that upon field cycling from
H = 0 to high field and then returning to zero field, there was
little change to the scattering patterns or amplitudes [23,33].
The lack of a history-dependent scattering was interpreted
in terms of the ease at which the helical domains reform
along each equivalent [111] crystallographic direction after

orienting in a magnetic field. This is referred to as the elas-
ticity of reorientation, which reflects the degree that a helical
domain remains pinned to a particular [111] axis. We have
measured the reorientation process of the helix associated
with this elasticity in MnSig9920Gag gog and Mng gg51rg 91551
single crystals and compared it to that reported for nominally
pure MnSi to probe the effect of heavy element substitution

MnSig 49,Gag g5
H=0,T=322 K 12—l 3kOe TE322 K
20 r r 4 : . . . "
4=0 (2) — (b)
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FIG. 5. Comparison of Q-integrated intensities for (a) zero magnetic field, H (helical state) and (b) H = 1.4kOe (A phase) for different
rotation angles, ¢, of the crystal with respect to the neutron beam. x,, is the azimuthal angle in the detector plane. The intensities in both

frames are normalized to the same standard monitor count.
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FIG. 6. Comparison of SANS data for MnSi.992Gag 03 (Tc = 33.5 K) and Mngos51r9.015S1(7 = 23 K). Intensity pattern observed in the
helical state (T = 4K, H = 0) after zero-field cooling, ZFC, (a) for Mng ggs1ry 91551 and (b) for MnSig 99, Gag gos. Intensity pattern observed
at T = 4K, H = 0 after field cooling, FC, (c) for Mng ggs51r 91551 and (d) for MnSig 99oGag os. Intensity pattern in the SKL state (e) for
Mny 98511001551 and (f) for MnSig 990 Gag oos- Intensity scales are displayed in (c) and (d).

on the elasticity of reorientation. This comparison is shown in
Fig. 6 where the intensity pattern for the helical state (H = 0)
in both the zero-field-cooled and field-cooled (H = 5kOe//
[-110]) conditions is presented for both crystals. It is clear that
the peaks corresponding to the helical domain lying in the de-
tector plane disappear completely for Mng og51rg 01551 whereas
those peaks reappear with decreased intensity but unchanged
orientation for MnSij 99oGag oog. This demonstrates that the
elasticity of reorientation of the helix is substantially reduced
for Mn;_,Ir,Si as compared to MnSi [18]. In addition, we
present the scattering for these two samples in a field such
that the A phase is accessed. Figures 6(c) and 6(f) compare
the orientation of the SKL for the same orientation of the
crystals and magnetic fields after cooling in zero field. In this
particular case, the SKL tends to align along the [110] for
both Mng gg51rg 915Si and for MnSig 99, Gag gog. However, as
described above, the orientation of the SKL can switch easily
between [001] or [110] for MnSig 992 Gag gos-

IV. DISCUSSION

The data we present here explores the role of disorder on
the formation and orientation of helical and SKL states. Based
on these data three important conclusions can be drawn. First,
impurities tend to pin helical domains so that field cycling
does not return the domains to a state where they are equally
distributed along all [111] equivalent directions. This is true
for both the Ga and Ir substitution, although the effect appears
to be stronger for the heavier, Ir, substitution, which at a

substitution level of less than twice that of our
MnSig99,Gaggog crystal results in a null signal above the
background for the helical domains perpendicular to H in
Fig. 6(c). This occurs despite the large difference in length
scale between the helical wavelength and the atomic scale
disorder introduced by the small density of substitutions
employed in this work. Second, the SKL in the Ga-substituted
system acts in a surprisingly contrasting manner to nominally
pure MnSi, as the disorder tends to allow the SKL more
freedom to align along different high symmetry directions in
the crystal. Third, a disordered state results when the magnetic
field is oriented such that there are no high symmetry [100] or
[110] axes perpendicular to the field. The disordered A-phase
state is somewhat mysterious since the SANS data alone
(the ring-like scattering image) are insufficient to define the
magnetic state of the system. As pointed out in previous
studies [8,17,23,24,32], the SANS data could be consistent
with either a SKL with a wandering orientation as one moves
along the magnetic field direction, a SKL with a very large
number of randomly oriented domains where the scattering
resembles that of polycrystalline powder, or a labyrinth
domain state where the winding number is not constant
throughout the crystal.

We are left with the question of how disorder leads to these
changes in the SKL. One possibility is that the substitutions
change the local spin-orbit coupling through a change in local
electronic structure so that there is a random field acting on
the system [34]. The other possibility is that the substitutions
cause a global change in magnitude and the sign of €
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FIG. 7. Variation of H¢; for Mn;_,Ir,Si (blue) and MnSi;_,Ga,
(red) at 4 K.

and €; in Eq. (2) that is related to the magnetocrystalline
anisotropy [16,17]. These parameters are thought to determine
the orientation of the SKL with respect to the crystal lattice as
described in Supplemental Material of Ref. [16]. Furthermore,
the spin-orbit interaction is itself responsible for the magne-
tocrystalline anisotropy causing the moments to align in a par-
ticular crystal direction [35]. It is interesting that the disorder
created by Ga substitution allows the SKL to align with either
the [110] or [001] direction almost interchangeably.

The elasticity of the magnetic lattice depends on the re-
orientation process of magnetic domains, which involves a
length scale much longer than the helical wavelength. In a
typical ferromagnet, domains form and reform due to dipolar
fields. The cause of formation and reorientation of domains
in helimagnets such as MnSi is more complex and not well
understood [36-39]. One possibility is that the presence of
topological defects act as domain walls as was recently sug-
gested for FeGe [40]. Comparing the reorientation process
in MnSig 99oGag 0og and Mnyg og51rg 01551 [Figs. 6(c) and 6(d)],
one would expect that the disorder associated with Ir likely
creates a larger barrier for the reorientation of these domains.
The progressive increase of Hc as function of x in Mn; _,Ir, Si
(Fig. 7) in our previous investigation [25,26] also indicates
the increase of the barrier potential. It is possible that the
difference in the reorientation process of the magnetic states
in MnSig 992Gagoog and Mny gg51rp 01551 is kinetic in origin,
relating to the motion of magnetic domains, resulting in a very
sluggish return to a multiple domain case when the field is
reduced to zero.

To give a final perspective, although, a ring-like feature
most probably arising from multiple domain SKLs were

observed in systems such as Cu,0SeOs, and (Fe,Co)Si,
such a ring-like feature was yet to be observed in MnSi
[8,17,18,41-46]. The previous observations of ring-like fea-
tures were thought to be due to the presence of chemical dis-
order, as well as possible thermal and magnetic field gradients
[8,17,18,41-46]. Our investigation shows that even in MnSi
with a small level of substitutional disorder where we observe
no measurable changes to the helical order, an orientationally
disordered SKL can form depending upon the field history
(size and orientation) and the temperature. The most likely
cause is the increase in internal disorder and/or decreased
magnetocrystalline anisotropy caused by the heavier elements
substituted for either Si or Mn. Our study provides insight
regarding the temperature and field history dependence of
the orientation and stability of a SKL in the presence of
substitutional disorder. It is not clear at this point, why and
how the domains form in helical magnets, how the disorder
and topological defects such as dislocations interact with each
other, and how these topological defects evolve with field and
temperature. This work also establishes the effectiveness of
local variations in the spin-orbit interaction to manipulate the
SKL despite the difference in length scales between the SKL
and the atomic level disorder.

Note added. It was brought to our attention that there are
at least three related recent manuscripts that address the effect
of disorder on the SKL and helical states of B20 structured
materials. This includes a SANS exploration of nominally
pure MnSi with a rotation of the sample with respect the beam
and magnetic field [47] and two papers exploring the effect
of Fe and Co substitution in Mn;_,Fe,Si and Mn,_,Co,Si
[48,49].

ACKNOWLEDGMENTS

The authors acknowledge R. Jin, W. Xie, D. A. Browne
for helpful discussions. We also acknowledge H. Cao for
discussions and help with the crystal quality check using
HB3A beamline in HFIR ORNL. This material is based upon
the work supported by the U.S. Department of Energy under
EPSCoR Grant No. DE-SC0012432 with additional support
from the Louisiana Board of Regents. The SANS data and
alignment of the samples used resources at the High Flux Iso-
tope Reactor, a DOE Office of Science User Facility operated
by the Oak Ridge National Laboratory. C.D. acknowledges
the Department of Physics, Kennesaw State University for the
resources provided during preparation of this manuscript.

[1] S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A.
Neubauer, R. Georgii, and P. Boni, Science 323, 915 (2009).

[2] A. Bauer and C. Pfleiderer, in Topological Structures in Ferroic
Materials (Springer International Publishing, Berlin, 2016),
pp. 1-28.

[3] P. Bak and M. H. Jensen, J. Phys. C: Solid State Phys. 13, L881
(1980).

[4] N. Nagaosa and Y. Tokura, Nat. Nanotechnol. 8, 899 (2013).

[5] A. Fert, V. Cros, and J. Sampaio, Nat. Nanotechnol. 8, 152
(2013).

[6] J. Miiller, New J. Phys. 19, 025002 (2017).

[71 Y. Tokunaga, X. Z. Yu, J. S. White, H. M. Rgnnow, D.
Morikawa, Y. Taguchi, and Y. Tokura, Nat. Commun. 6, 7638
(2015).

[8] T. Adams, S. Miihlbauer, A. Neubauer, W. Miinzer, F. Jonietz,
R. Georgii, B. Pedersen, P. Boni, A. Rosch, and C. Pfleiderer,
J. Phys.: Conf. Ser. 200, 032001 (2010).

[9] T. Adams, A. Chacon, M. Wagner, A. Bauer, G. Brandl, B.
Pedersen, H. Berger, P. Lemmens, and C. Pfleiderer, Phys. Rev.
Lett. 108, 237204 (2012).

[10] X.Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S.
Ishiwata, Y. Matsui, and Y. Tokura, Nat. Mater. 10, 106 (2011).

024428-8


https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1088/0022-3719/13/31/002
https://doi.org/10.1088/0022-3719/13/31/002
https://doi.org/10.1088/0022-3719/13/31/002
https://doi.org/10.1088/0022-3719/13/31/002
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1088/1367-2630/aa5b55
https://doi.org/10.1088/1367-2630/aa5b55
https://doi.org/10.1088/1367-2630/aa5b55
https://doi.org/10.1088/1367-2630/aa5b55
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1088/1742-6596/200/3/032001
https://doi.org/10.1088/1742-6596/200/3/032001
https://doi.org/10.1088/1742-6596/200/3/032001
https://doi.org/10.1088/1742-6596/200/3/032001
https://doi.org/10.1103/PhysRevLett.108.237204
https://doi.org/10.1103/PhysRevLett.108.237204
https://doi.org/10.1103/PhysRevLett.108.237204
https://doi.org/10.1103/PhysRevLett.108.237204
https://doi.org/10.1038/nmat2916
https://doi.org/10.1038/nmat2916
https://doi.org/10.1038/nmat2916
https://doi.org/10.1038/nmat2916

UNPINNING THE SKYRMION LATTICE IN MnSi

PHYSICAL REVIEW B 99, 024428 (2019)

[11] N. Kanazawa, J.-H. Kim, D. S. Inosov, J. S. White, N.
Egetenmeyer, J. L. Gavilano, S. Ishiwata, Y. Onose, T. Arima,
B. Keimer, and Y. Tokura, Phys. Rev. B 86, 134425 (2012).

[12] A. Bauer and C. Pfleiderer, Phys. Rev. B 85, 214418 (2012).

[13] S. V. Grigoriev, N. M. Potapova, S.-A. Siegfried, V. A. Dyadkin,
E. V. Moskvin, V. Dmitriev, D. Menzel, C. D. Dewhurst,
D. Chernyshov, R. A. Sadykov, L. N. Fomicheva, and A. V.
Tsvyashchenko, Phys. Rev. Lett. 110, 207201 (2013).

[14] E. Moskvin, S. Grigoriev, V. Dyadkin, H. Eckerlebe, M.
Baenitz, M. Schmidt, and H. Wilhelm, Phys. Rev. Lett. 110,
077207 (2013).

[15] J. Chen, W. P. Cai, M. H. Qin, S. Dong, X. B. Lu, X. S. Gao,
and J. Liu, Sci. Rep. 7, 7392 (2017).

[16] Y. Luo, S.-Z. Lin, D. M. Fobes, Z. Liu, E. D. Bauer, J. B. Betts,
A. Migliori, J. D. Thompson, M. Janoschek, and B. Maiorov,
Phys. Rev. B 97, 104423 (2018).

[17] L. J. Bannenberg, F. Qian, R. M. Dalgliesh, N. Martin, G.
Chaboussant, M. Schmidt, D. L. Schlagel, T. A. Lograsso, H.
Wilhelm, and C. Pappas, Phys. Rev. B 96, 184416 (2017).

[18] A. Bauer, A. Chacon, M. Wagner, M. Halder, R. Georgii, A.
Rosch, C. Pfleiderer, and M. Garst, Phys. Rev. B 95, 024429
(2017).

[19] X. Z. Yu, N. Kanazawa, W. Z. Zhang, T. Nagai, T. Hara, K.
Kimoto, Y. Matsui, Y. Onose, and Y. Tokura, Nat. Commun. 3,
988 (2012).

[20] Y. Liu and Y. Li, J. Phys.: Condens. Matter 25, 076005 (2013).

[21] B. Lebech, J. Bernhard, and T. Freltoft, J. Phys.: Condens.
Matter 1, 6105 (1989).

[22] M. L. Plumer, J. Phys.: Condens. Matter 2, 7503 (1990).

[23] J. Rajeswari, P. Huang, G. F. Mancini, Y. Murooka, T.
Latychevskaia, D. McGrouther, M. Cantoni, E. Baldini, J. S.
White, and A. Magrez, Proc. Natl. Acad. Sci. USA 112, 14212
(2015).

[24] X. Yu, M. Mostovoy, Y. Tokunaga, W. Zhang, K. Kimoto, Y.
Matsui, Y. Kaneko, N. Nagaosa, and Y. Tokura, Proc. Natl.
Acad. Sci. USA 109, 8856 (2012).

[25] C. Dhital, M. A. Khan, M. Saghayezhian, W. A. Phelan, D. P.
Young, R. Y. Jin, and J. F. DiTusa, Phys. Rev. B 95, 024407
(2017).

[26] C. Dhital, L. DeBeer-Schmitt, Q. Zhang, W. Xie, D. P. Young,
and J. F. DiTusa, Phys. Rev. B 96, 214425 (2017).

[27] S. Okada, T. Shishido, M. Ogawa, F. Matsukawa, Y. Ishizawa,
K. Nakajima, T. Fukuda, and T. Lundstrém, J. Cryst. Growth
229, 532 (2001).

[28] See Supplemental Material http://link.aps.org/supplemental/
10.1103/PhysRevB.99.024428 for results of small angle neu-
tron scattering measurements.

[29] S. V. Grigoriev, V. A. Dyadkin, E. V. Moskvin, D. Lamago, T.
Wolf, H. Eckerlebe, and S. V. Maleyev, Phys. Rev. B 79, 144417
(2009).

[30] P. Harris, B. Lebech, H. S. Shim, K. Mortensen, and J. S.
Pedersen, Physica B 213-214, 375 (1995).

[31] Although our sample is oddly shaped (pyramid) so that there
is likely to be a change to the demagnetization factor with

rotation of the sample in the magnetic field, we estimate that
the effective field will not change by more than 10%. Variation
of the effective magnetic field of this magnitude will not have
an effect on the scattering symmetry, although changes in
scattering intensity may be evident.

[32] S. Hoshino and N. Nagaosa, Phys. Rev. B 97, 024413 (2018).

[33] This is substantially different from the case of Fe;_, Co,Si
where the zero-field-cooled state has significant disorder (see,
e.g.,W. Miinzer, A. Neubauer, T. Adams, S. Miihlbauer, C.
Franz, F. Jonietz, R. Georgii, P. Boni, B. Pedersen, M. Schmidt,
A. Rosch, and C. Pfleiderer, Skyrmion lattice in the doped
semiconductor Fe,_ Co,Si, Phys. Rev. B 81, 041203(R) (2010)
and Ref. [43]). In Fe,_,Co,Si field cooling or cycling tends to
result in a more ordered helical ground state. In contrast, we
observe no indication of disorder of the zero-field-cooled helical
ground states of both our MnSig 99 Gaggos and Mng ggsIrg 01551
single crystals, similar to what is observed in nominally pure
MnSi.

[34] H. C. Choi, S.-Z. Lin, and J.-X. Zhu, Phys. Rev. B 93, 115112
(2016).

[35] P. Bruno, Phys. Rev. B 39, 865 (1989); in Physical Origins and
Theoretical Models of Magnetic Anisotropy (Ferienkurse des
Forschungszentrums Jiilich, Jiilich, 1993).

[36] M. Calvo, Phys. Rev. B 78, 224420 (2008).

[37] F. Li, T. Nattermann, and V. L. Pokrovsky, Phys. Rev. Lett. 108,
107203 (2012).

[38] M. Uchida, Y. Onose, Y. Matsui, and Y. Tokura, Science 311,
359 (2006).

[39] T. Nattermann, Europhys. Lett. 105, 27004 (2014).

[40] P. Schoenherr, J. Miiller, L. Kohler, A. Rosch, N. Kanazawa,
Y. Tokura, M. Garst, and D. Meier, Nat. Phys. 14, 465 (2018).

[41] S. L. Zhang, A. Bauer, D. M. Burn, P. Milde, E. Neuber, L. M.
Eng, H. Berger, C. Pfleiderer, G. Van Der Laan, and T. Hesjedal,
Nano Lett. 16, 3285 (2016).

[42] A. Bauer, M. Garst, and C. Pfleiderer, Phys. Rev. B 93, 235144
(2016).

[43] L. J. Bannenberg, K. Kakurai, F. Qian, E. Lelievre-Berna, C. D.
Dewhurst, Y. Onose, Y. Endoh, Y. Tokura, and C. Pappas, Phys.
Rev. B 94, 104406 (2016).

[44] H. Nakajima, A. Kotani, M. Mochizuki, K. Harada, and S. Mori,
Appl. Phys. Lett. 111, 192401 (2017).

[45] S. Pollath, J. Wild, L. Heinen, T. N. G. Meier, M. Kronseder, L.
Tutsch, A. Bauer, H. Berger, C. Pfleiderer, J. Zweck, A. Rosch,
and C. H. Back, Phys. Rev. Lett. 118, 207205 (2017).

[46] H. C. Wu, T. Y. Wei, K. D. Chandrasekhar, T. Y. Chen, H.
Berger, and H. D. Yang, Sci. Rep. 5, 13579 (2015).

[47] T. Adams, M. Garst, A. Bauer, R. Georgii, and C. Pfleiderer,
Phys. Rev. Lett. 121, 187205 (2018).

[48] L. J. Bannenberg, R. M. Dalgliesh, T. Wolf, F. Weber, and C.
Pappas, Phys. Rev. B 98, 184431 (2018).

[49] J. Kindervater, T. Adams, A. Bauer, F. Haslbeck, A. Chacon,
S. Miihlbauer, F. Jonietz, A. Neubauer, U. Gasser, G. Nagy, N.
Martin, W. HéuBler, R. Georgii, M. Garst, and C. Pfleiderer,
arXiv:1811.12379 (2018).

024428-9


https://doi.org/10.1103/PhysRevB.86.134425
https://doi.org/10.1103/PhysRevB.86.134425
https://doi.org/10.1103/PhysRevB.86.134425
https://doi.org/10.1103/PhysRevB.86.134425
https://doi.org/10.1103/PhysRevB.85.214418
https://doi.org/10.1103/PhysRevB.85.214418
https://doi.org/10.1103/PhysRevB.85.214418
https://doi.org/10.1103/PhysRevB.85.214418
https://doi.org/10.1103/PhysRevLett.110.207201
https://doi.org/10.1103/PhysRevLett.110.207201
https://doi.org/10.1103/PhysRevLett.110.207201
https://doi.org/10.1103/PhysRevLett.110.207201
https://doi.org/10.1103/PhysRevLett.110.077207
https://doi.org/10.1103/PhysRevLett.110.077207
https://doi.org/10.1103/PhysRevLett.110.077207
https://doi.org/10.1103/PhysRevLett.110.077207
https://doi.org/10.1038/s41598-017-07907-0
https://doi.org/10.1038/s41598-017-07907-0
https://doi.org/10.1038/s41598-017-07907-0
https://doi.org/10.1038/s41598-017-07907-0
https://doi.org/10.1103/PhysRevB.97.104423
https://doi.org/10.1103/PhysRevB.97.104423
https://doi.org/10.1103/PhysRevB.97.104423
https://doi.org/10.1103/PhysRevB.97.104423
https://doi.org/10.1103/PhysRevB.96.184416
https://doi.org/10.1103/PhysRevB.96.184416
https://doi.org/10.1103/PhysRevB.96.184416
https://doi.org/10.1103/PhysRevB.96.184416
https://doi.org/10.1103/PhysRevB.95.024429
https://doi.org/10.1103/PhysRevB.95.024429
https://doi.org/10.1103/PhysRevB.95.024429
https://doi.org/10.1103/PhysRevB.95.024429
https://doi.org/10.1038/ncomms1990
https://doi.org/10.1038/ncomms1990
https://doi.org/10.1038/ncomms1990
https://doi.org/10.1038/ncomms1990
https://doi.org/10.1088/0953-8984/25/7/076005
https://doi.org/10.1088/0953-8984/25/7/076005
https://doi.org/10.1088/0953-8984/25/7/076005
https://doi.org/10.1088/0953-8984/25/7/076005
https://doi.org/10.1088/0953-8984/1/35/010
https://doi.org/10.1088/0953-8984/1/35/010
https://doi.org/10.1088/0953-8984/1/35/010
https://doi.org/10.1088/0953-8984/1/35/010
https://doi.org/10.1088/0953-8984/2/36/013
https://doi.org/10.1088/0953-8984/2/36/013
https://doi.org/10.1088/0953-8984/2/36/013
https://doi.org/10.1088/0953-8984/2/36/013
https://doi.org/10.1073/pnas.1513343112
https://doi.org/10.1073/pnas.1513343112
https://doi.org/10.1073/pnas.1513343112
https://doi.org/10.1073/pnas.1513343112
https://doi.org/10.1073/pnas.1118496109
https://doi.org/10.1073/pnas.1118496109
https://doi.org/10.1073/pnas.1118496109
https://doi.org/10.1073/pnas.1118496109
https://doi.org/10.1103/PhysRevB.95.024407
https://doi.org/10.1103/PhysRevB.95.024407
https://doi.org/10.1103/PhysRevB.95.024407
https://doi.org/10.1103/PhysRevB.95.024407
https://doi.org/10.1103/PhysRevB.96.214425
https://doi.org/10.1103/PhysRevB.96.214425
https://doi.org/10.1103/PhysRevB.96.214425
https://doi.org/10.1103/PhysRevB.96.214425
https://doi.org/10.1016/S0022-0248(01)01223-4
https://doi.org/10.1016/S0022-0248(01)01223-4
https://doi.org/10.1016/S0022-0248(01)01223-4
https://doi.org/10.1016/S0022-0248(01)01223-4
http://link.aps.org/supplemental/10.1103/PhysRevB.99.024428
https://doi.org/10.1103/PhysRevB.79.144417
https://doi.org/10.1103/PhysRevB.79.144417
https://doi.org/10.1103/PhysRevB.79.144417
https://doi.org/10.1103/PhysRevB.79.144417
https://doi.org/10.1016/0921-4526(95)00161-2
https://doi.org/10.1016/0921-4526(95)00161-2
https://doi.org/10.1016/0921-4526(95)00161-2
https://doi.org/10.1016/0921-4526(95)00161-2
https://doi.org/10.1103/PhysRevB.97.024413
https://doi.org/10.1103/PhysRevB.97.024413
https://doi.org/10.1103/PhysRevB.97.024413
https://doi.org/10.1103/PhysRevB.97.024413
https://doi.org/10.1103/PhysRevB.81.041203
https://doi.org/10.1103/PhysRevB.81.041203
https://doi.org/10.1103/PhysRevB.81.041203
https://doi.org/10.1103/PhysRevB.81.041203
https://doi.org/10.1103/PhysRevB.93.115112
https://doi.org/10.1103/PhysRevB.93.115112
https://doi.org/10.1103/PhysRevB.93.115112
https://doi.org/10.1103/PhysRevB.93.115112
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.78.224420
https://doi.org/10.1103/PhysRevB.78.224420
https://doi.org/10.1103/PhysRevB.78.224420
https://doi.org/10.1103/PhysRevB.78.224420
https://doi.org/10.1103/PhysRevLett.108.107203
https://doi.org/10.1103/PhysRevLett.108.107203
https://doi.org/10.1103/PhysRevLett.108.107203
https://doi.org/10.1103/PhysRevLett.108.107203
https://doi.org/10.1126/science.1120639
https://doi.org/10.1126/science.1120639
https://doi.org/10.1126/science.1120639
https://doi.org/10.1126/science.1120639
https://doi.org/10.1209/0295-5075/105/27004
https://doi.org/10.1209/0295-5075/105/27004
https://doi.org/10.1209/0295-5075/105/27004
https://doi.org/10.1209/0295-5075/105/27004
https://doi.org/10.1038/s41567-018-0056-5
https://doi.org/10.1038/s41567-018-0056-5
https://doi.org/10.1038/s41567-018-0056-5
https://doi.org/10.1038/s41567-018-0056-5
https://doi.org/10.1021/acs.nanolett.6b00845
https://doi.org/10.1021/acs.nanolett.6b00845
https://doi.org/10.1021/acs.nanolett.6b00845
https://doi.org/10.1021/acs.nanolett.6b00845
https://doi.org/10.1103/PhysRevB.93.235144
https://doi.org/10.1103/PhysRevB.93.235144
https://doi.org/10.1103/PhysRevB.93.235144
https://doi.org/10.1103/PhysRevB.93.235144
https://doi.org/10.1103/PhysRevB.94.104406
https://doi.org/10.1103/PhysRevB.94.104406
https://doi.org/10.1103/PhysRevB.94.104406
https://doi.org/10.1103/PhysRevB.94.104406
https://doi.org/10.1063/1.4991791
https://doi.org/10.1063/1.4991791
https://doi.org/10.1063/1.4991791
https://doi.org/10.1063/1.4991791
https://doi.org/10.1103/PhysRevLett.118.207205
https://doi.org/10.1103/PhysRevLett.118.207205
https://doi.org/10.1103/PhysRevLett.118.207205
https://doi.org/10.1103/PhysRevLett.118.207205
https://doi.org/10.1038/srep13579
https://doi.org/10.1038/srep13579
https://doi.org/10.1038/srep13579
https://doi.org/10.1038/srep13579
https://doi.org/10.1103/PhysRevLett.121.187205
https://doi.org/10.1103/PhysRevLett.121.187205
https://doi.org/10.1103/PhysRevLett.121.187205
https://doi.org/10.1103/PhysRevLett.121.187205
https://doi.org/10.1103/PhysRevB.98.184431
https://doi.org/10.1103/PhysRevB.98.184431
https://doi.org/10.1103/PhysRevB.98.184431
https://doi.org/10.1103/PhysRevB.98.184431
http://arxiv.org/abs/arXiv:1811.12379

