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We report three distinct regions within the A-phase in Fe-doped MnSi, based on the evolution
of magnetoresistance and the Hall effect as a function of orientation of applied field. Fe impurities
as pinning centers and crystalline anisotropy are found non-negligible only at the boundary of the
A-phase. Electrical transport characteristics unique to the A-phase not only remain robust, but also
indicate a freely rotating skyrmion lattice, decoupled from underlying crystal structure or impurity
pinning.

PACS numbers:

Introduction Cubic B20 structured intermetallic mag-
nets provide a rare opportunity to study unique prop-
erties of the non-trivial magnetic texture known as
the magnetic skyrmion lattice (SkL) as a collection of
particle-like individual skyrmions. A small pocket in the
H-T phase diagram, where the SkL emerges is called the
A-phase1,2.

The similarities between SkL and vortex lattice phases
in type-2 superconductors has been recognized and many
efforts were devoted to exploring possible skyrmion
states3–5, analogous to those exhibited by superconduct-
ing vortices. In particular, the presence of quenched
disorders in superconducting states have been known to
drive the system into a variety of vortex states that ex-
hibit unique electrical transport characteristics and a rich
phase diagram6. While the role of quenched disorders
in the SkL has been considered theoretically in a dy-
namic limit 7, the experimental examination is scarce.
Quenched disorders are expected to cause deformation
of the SkL arrangement8 and to influence the strength
of the emergent field and scattering rates of the conduc-
tion electrons. Therefore, tracking the electrical trans-
port properties will shed light on the nature of the A-
phase and possible discernible states within.

Within the A-phase, the conspicuous topological Hall
effect is observed, which arises from the emergent gauge
field b expressed as, bi = Φ0

8π εijkn̂ ·(∂j n̂×∂kn̂), where εijk
is the Levi-Civita symbol with the indices running over
x, y, and z, n̂(r) is the unit vector of the magnetization
M(r), and Φ0 = h/|e|9–11. The magnitude of this gauge
field is estimated to as large as 20 – 45 T for Fe-doped
MnSi, giving rise to a highly unusual H-profile of the Hall
signal 8.

In this paper, we report the field angle dependence
of the Hall signal, ρyx and magnetoresistance (MR) in
the presence of quenched disorders viz. Fe-doping in
MnSi. We focus on near and inside of the A-phase in
the phase diagram to reveal discernible areas within the
A-phase whose origin could be attributed to weak crys-
talline anisotropy and quenched disorders. We find that
the A-phase is divided into three distinct regions, which
we call Region I, II and III : Region I shows the most

prominent crystalline anisotropy and pinning effects, yet
overall, both turn out relatively weak. Region II cor-
responds to the center of the A-phase and is character-
ized by the angle-independent MR, occurring at the same
magnitude of field, Hm at which the THE has a maxi-
mum magnitude at a given T . Region III is found at
elevated T and H above Region II, where the ρyx(H)
remains constant with increasing H and both MR and
Hall signals as a function of the field angle recover the
usual functional forms, indicating the background mag-
netization smoothly increases to the full spin-polarized
state.
Methods Single crystals of Mn0.9Fe0.1Si (TC = 6.9

K) used were grown by the Bridgman technique and cut
into rectangular prisms for a standard 6-contacts geom-
etry. Samples were mounted on a home-built rotation
probe which allows full 2π rotation of the applied mag-
netic field in the xz-plane with the current I ‖ ŷ, as shown
in Fig. 2(a). Polar angle θ is measured from the ẑ axis
parallel to the crystallographic axis 〈111〉. Longitudi-
nal (ρ) and Hall resistivity (ρyx) presented here are sym-
metrized and antisymmetrized, respectively, with respect
to the polarity of H and θ. We found the demagnetiza-
tion correction is negligible compared to magnitudes of
features reported here (see Supplementary Materials12).
Results Unlike epitaxially grown films of MnSi or

Mn1−xFexSi13,14, the THE signal can be easily identified
from the unique H-profile in bulk crystalline samples.
Fig. 1(a) shows the progression of ρyx(H) in the A-phase
(the shaded area). At T = 5.50 K, ρyx(H) displays the
onset of the THE, persisting throughout the range of T of
the shaded region and the narrow bounds of the applied
field. As T increases, the small bump in the H-profile,
starting at around H ' 0.3 T at as low as T = 5.25 K,
develops into a “peak-like” anomaly and then “shoulder-
like”, where ρyx(H) remains constant until merging to
the background. This region of T and H is referred to
as the A-phase. We note the signs of the anomalous Hall
signal and THE of Mn0.9Fe0.1Si here are found to be op-
posite from those of pure MnSi, attributed to sufficiently
large Fe doping that alters the electronics structure re-
sponsible for the sign of the Berry phase contribution and
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FIG. 1: (a) Hall resistivity ρyx(H) and (b) fMR ρ(H)/ρ(H =
0) as a function of H are plotted with offset for clarity. Gray
shaded areas indicates the T -ranges corresponding to the A-
phase (thick lines).

the polarity of the effective carrier8.
Similar progression of the H dependence is also found

in fractional MR (fMR), defined as ρ(H)
ρ(H=0) , shown in

Fig. 1(b) in the shaded area. Entering the A-phase with
increasingH, MR becomes enhanced due to the increased
spin scattering arising from the SkL texture simultane-
ously to the emergence of the THE signal. This enhance-
ment collapses back as exiting the A-phase, resulting in
the peak-like feature in MR as well. At higher T ’s (6.00
and 6.25 K), MR undergoes similar changes to the Hall
signal, exhibiting the shoulder-like H-dependence when
approaching the spin polarization field (HP ). Beyond
HP , it decreases rapidly due to the significantly reduced
spin scattering in the polarized state. .

We first establish the baseline of the field orientation
dependence outside of the A-phase, where the MR and
Hall signals unequivocally exhibit cos 2θ and cos θ depen-
dences, respectively. Fig. 2 (b, c) displays the angular de-
pendence of the normalized Hall resistivity, ρyx(θ)/ρ0

yx,

where ρ0
yx = ρyx(θ = 0) at the given H’s and T ’s of which

values lie well outside of the A-phase. Since ρyx in this
region is largely contributed from anomalous Hall effect
due to the background magnetization (M) the cos θ de-
pendence indicates smooth rotation of M along H. Fig. 2
(d,e) displays the angle dependence of normalized MR,
ρ(θ)/ρ0, where ρ0 = ρ(θ = 0). Two MR curves track the
cos 2θ dependence, which is expected for soft ferromag-
netic metals, known as anisotropic magnetoresistance15.
Note that the angle sweep at H = 0.15 T at 4.5 K shows
a distinct curvature near θ = 0, which clearly differs from
that of 6 K. This is supposed to arise from the depinning
of the helical propagation direction5.

Next, we present the results on angular dependences of

FIG. 2: (a)(Left) Measurement configuration with a bar-
shaped Mn0.9Fe0.1Si. θ measured from the 〈111〉 direction
sweeps through 〈010〉. (Right) Image of Mn0.9Fe0.1Si crys-
tal with crystallographic faces labeled via X-ray single crystal
diffraction. (b) Normalized Hall resistivity ρyx(θ)/ρ0yx at fixed
H = 0.15 (red), 0.175 (green) and 1 T (light blue) at T = 4.5
K and (c) at 6 K. (d) θ dependence of normalized MR at
T = 4.5 K and (e) at 6 K. Broken lines establish cos θ and
cos 2θ for Hall and MR respectively.

ρyx and MR at three representative T ’s – 5.50, 5.75 and
6.26 K – within the A-phase. Fig. 3(a-d) shows ρyx(H)
[(a)], fMR (H) [(c)] and θ-dependences of the normalized
resistivities ρyx(θ)/ρ0

yx [(b)] and ρyx(θ)/ρ0
yx [(d)] at T =

5.50 K, where both the THE and enhanced MR begin
to emerge. In the H range of 0.175 < µ0H < 0.250 T,
the angle dependences exhibit strong deviations from the
cosine functions, shaded in (b) and (d). Weak THE signal
indicates either low density and/or an imperfect lattice
of skyrmions. Similarly, deviations from cos 2θ observed
in MR [Fig. 3(d)] point to the onset of the A-phase.

Fig. 3(e-h) shows the set of data at T = 5.75 K. Here,
both Hall and MR angle data start with following usual
cos θ and cos 2θ at low field [green curves in (f) and (h)].
Then, MR signal consequently go through two H-region
of strong deviation from cos 2θ function [red shade in (h)],
which are separated by the striking θ-independent MR
[thick lines in yellow shade]. Meanwhile, the Hall data
also shows the deviations from cos θ in two red shaded
regions but it recovers the strict cos θ form in the yellow
region. Further increasing H, exiting the A-phase and
entering the conically-ordered state, the cosine function
dependences are recovered.

We note that the narrow field range of the isotropic
MR in the yellow shade (i.e. ρ(θ)/ρ0 remains constant)
include the Hm [ Fig. 3(e)], indicating the SkL lattice
is fully formed and the magnitude of the resulting gauge
field is at its largest. The simultaneous recovery of cos θ
in Hall evidences that the SkL plane rotates freely along
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FIG. 3: (a-d) ρyx(H), ρyx(θ)/ρ0yx, ρ(H)/ρ(H = 0) and ρ(θ)/ρ0 at T = 5.50 K, (e-h) T = 5.75 K, (i-j) T = 6.25 K. Note both
(h) and (l) show the angle-independent region that separates two different θ-dependence. The angle sweep curves are shown
with offsets for clarity. The regions outside of the A-phase are plotted in green. Region I, II and III are marked with red,
yellow, and purple shading respectively. Broken black lines show cos θ and cos 2θ dependences for Hall and MR, respectively.

the applied field direction, decoupled from the lattice or
pinning centers. This makes it plausible to have a con-
stant spin-scattering rate that leads to constant MR upon
rotating the orientation of H.

Fig. 3(i-l) shows the same set for T = 6.25 K. Here,
ρyx(θ)/ρ0 shows a clear deviation from cos θ only in the
low H [red shade in (j)] but it remains in the cos θ form
for the rest of the H’s. On the other hand, MR ex-
hibits the same θ-independent region [yellow shade in
(l)] followed by the strong deviation from cos 2θ form
[red shade]. In high H, it smoothly transforms to cos 2θ
form, which is different from what was observed at lower
T [Fig. 3(f) and (h)].

Based on these observations, we classify the A-phase
and the immediate surroundings into three separate re-
gions in the H-T phase diagram:

(1) Region I : Red-shaded regions [Fig. 3(b,d,f,h) and
(j,l)] are marked by the deviations from cos θ (Hall) and
cos 2θ (MR) dependence. The irregular θ-dependence in
this region is ascribed to crystallogrphic orientation de-
pendence or pinning of skyrmions during the nucleation
and annihilation of individual skyrmions or the SkL. In
low T of this region [Fig. 3(b,d) ], the SkL is still prema-
ture so that the resulting gauge field responsible for THE
must be weak. Thus nucleation of skyrmions and the SkL
encounter pinning from the impurities and the crystalline
anisotropy16–18, preventing it from closely following the
applied field direction resulting in strong deviations from
cos θ dependence. At higher T , this region occurs at at
nucleation (lower H) and annihilation (higher H), from
which we deduce that the effect of crystalline anisotropy
and pinning effect is most prominent as entering and ex-
iting the A-phase.

(2) Region II : Yellow-shaded regions [Fig. 3(f,h) and (j,l)]
are marked by the constant MR upon rotating H, indi-
cating the emergence of the fully developed SkL decou-
pled completely from the crystalline lattice and pinning
sites. Here the Hall signal reaches its maximum, simulta-
neously recovering cos θ dependence, from which we infer
that the SkL is fully formed and generating the maximum
magnitude of the gauge field. This region occupies a nar-
row range of H at the center of the A phase, although it
extends close to TC .

(3) Region III : Purple-shaded region [Fig. 3(j,l)]
is marked by the smooth recovery cos 2θ after θ-
independent MR. We note, in this region, the H depen-
dences of THE and MR exhibit “shoulder-like” features,
where the magnetic state in the H range of constant MR
and Hall should be discernible from the conical state.
Approaching TC near the upper T and H boundary of
the A-phase, the SkL maintains the long range transla-
tional symmetry while the individual skyrmions are po-
larized and thus, the emergent field is reduced to to zero
smoothly. This results in cos 2θ dependence being recov-
ered in the MR, with no sign of exiting the A-phase (i.e.
without having Region I in the high H). It is consistent
with the shoulder-like H-dependence in ρyx.

The resulting phase diagram is presented in Fig. 4,
where Region I, II and III are indicated. The colormap is
generated from ∆ρyx(H), obtained by subtracting the T -
dependent linear background up to H = Hp from ρyx(H)
[Fig. 1(a)]. The overlaid symbols correspond to the val-
ues of (T,H) of ρ(θ)/ρ0 (white triangle) and ρyx(θ)/ρ0

yx

(black square), from the different angle dependences in
the Hall and MR data. These clearly illustrate the three
different regions of the A-phase discussed above. We ex-
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FIG. 4: Color map generated from ∆ρyx, calculated by sub-
tracting the linear background below spin polarization field
ρyx(H). The gray line refers to the onset of spin-polarization
marked from the kink in ρyx(H) shown in Fig. 1(a). Three
distinct Regions I, II and III are explicitly identified by the
field orientation and magnitude dependence (See text).

amined a different Fe doping (8%) sample and found the
angle and field dependence are consistent 12. This sup-
ports our conclusion that these three regions are not spe-
cific to a particular Fe contents but can be a general trait
for the A-phase.
Discussion It is intriguing to juxtapose our classifi-

cation of the A-phase to what was found in the LTEM
images in pure MnSi crystals: Multi-domain SkL, single-
domain SkL and skyrmion glass19. The multi-domain
SkL consists of separate hexagonal skyrmion lattices ex-
isting with distinct boundaries between different orienta-
tions similar to grain boundaries of polycrystalline mate-
rials. In the LTEM observation in Ref.19, this state ap-
pears at low H area of the A-phase, similar to our Region
I. The multi-domain SkL implies long range translational
symmetry has not been fully established yet. The domain
boundary is likely to form along the impurities, in anal-
ogy to the superconducting vortex. Deformation from
the regular triangular lattice would result in a weaker
THE signal, yet still yield the peak-like H profile. The
increased spin scattering due to the nucleating skyrmions
also leads to the increase in MR in this narrow range of
field.

On the other hand, the fully formed single-domain SkL
phase of Region II generates the largest and most robust
magnitude of the THE, while it is oblivious to the pres-
ence of disorder, and the planes of the SkL, and thus the
orientation of the gauge field, closely follow the direction
of H.

The state in further increased H is denoted as the
skyrmion glass phase 19. Here the individual skyrmions
are inferred to be in the process of being polarized, as if
dissolving into the ferromagnetic state, while the trian-
gular SkL is still maintained. This corresponds to Region

III, where the spins comprising the SkL are diffused by
applied H, yet the periodic structure of the SkL main-
tains a non-zero gauge field. It seems that the transition
from single domain SkL to skyrmion glass is smooth and
adiabatic. Such change is known to have little effect on
the THE20, which is consistent with cos θ dependence of
ρyx in our data.

Overall, we find the role of impurities as pinning cen-
ters is feeble and ineffective. In fact, there is no clear ar-
gument nor evidence to distinguish the effects originated
from of weak crystalline anisotropy and originated from
pinning centers, as both would leave distinct non-trivial
angular dependences within the A-phase in the electrical
transport data. This is consistent with the theoretical
consideration that strong interaction with impurity sites
occurs at the time of nucleation21. From the way Region
I surrounds Region II [Fig. 4] we deduce that in Region I,
the nucleation of the skyrmions and the SkL is the most
receptive to the crystalline anisotropy and the presence
of quenched disorders.

Region II resembles the previously reported A-phase
core5 in pure MnSi in terms of constant ρ(θ) upon ro-
tating field. However, robust cos θ dependence indicates
that the emergent field freely rotates along with the ap-
plied field, independent from underlying crystallinity and
pinnings. In the comparison with pure MnSi, the size of
the magnetic moment is reduced by a factor of two and
TC by a factor of four. Also, the residual resistivity in-
creases 20 times in Mn0.9Fe0.1Si which leaves the mean
free path of electron only up to a few percent of the lateral
size of the SkL8,22. Despite these effects, the remarkable
robustness found in electrical transport properties in the
A-phase is expected to play an essential role in develop-
ing skyrmion-based devices and hosting materials and is
particularly noticeable in Region II and III.

Summary We identify three distinct regions within
the A-phase in Mn0.9Fe0.1Si, reflecting a series of dis-
tinct SkL states from nucleating out of conical ordering
to vanishing into spin polarized state as a function of
T and H. The roles of crystalline anisotropy and pin-
ning due to Fe impurities is only discernible in Region I.
Experimental distinction of the multiple magnetic states
provides the basis for flexible geometries in devices uti-
lizing skyrmion-based electrical responses. We looked for
possible signatures that distinguish Region I and II in
magnetization measurements for a few different angles
but found such features are within the noise-level and far
from conclusive12. Further investigation will definitely
be beneficial to understanding the nature of these states.
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