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ABSTRACT

It is well known that the archetype chiral magnet MnSi stabilizes a skyrmion lattice, termed “A-phase,” in a narrow temperature range in
the vicinity of the paramagnetic boundary around T.¢ ~ 29 K and H. ~ 2 kOe. Recently, it has been predicted that at much lower temper-
atures below T, the conical helicoid and the forced ferromagnetic (FFM) states could be separated by a new “unknown state.” In order to
detect this “unknown state,” we explored the phase diagram of MnSi oriented single crystals as a function of the d.c. magnetic field ( Hy.)
and the temperature (T) by using a.c. magnetization measurements. For Hg. || (111), we observed a new region, termed “B-phase,” in
the magnetic phase diagram, characterized by a flat-valley-like anomaly on the in-phase component of the a.c. magnetization (m’), over
3.5 < Hy < 6.2 kOe just below the low temperature (T < 6 K) FFM boundary. The observed frequency independence over 0.3-1000 Hz and
the absence of any measurable absorption in the a.c. magnetization (m') in the “B-phase” suggest a static nature. The “B-phase” was not
observed for either Hy. || {100) or (110), revealing that the magnetic anisotropy could play a role in the stabilization of the phase. The
“B-phase” could be compatible with the theoretical predictions if the new magnetic state is supposedly related with a relative reorientation of
the four helices in MnSi.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0084342

Chiral magnets are very promising building blocks for design- hand, besides the applications to spintronics, chiral magnets are
ing new spintronic devices since they can host magnetic textures interesting from a fundamental point of view because the chiral sym-
protected by topology that can be controlled by magnetic fields or metry and its breaking and restoration are ubiquitous phenomena

electric currents, which made them excellent candidates for a new appearing virtually in any domain of science, from particle physics
generation of smart and more efficient spintronics." * On the other  to astrophysics, including chemistry, biology, and geology.’
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The Dzyaloshinskii-Moriya (DM) interaction,”* present in
non-centrosymmetric magnetic materials, often leads to the forma-
tion of canted or helimagnetic structures depending on the DM
vector (D). In any case, the canting and the pitch angle depend
on the competition between the exchange (J;;) and the DM (Dj)
interactions. In helical monoaxial magnets, for which the strong
magnetic anisotropies fix the helical axis along a unique crystal-
lographic axis, several magnetic structures (chiral soliton lattices,
helical, and conical) can appear, depending on the orientation of the
applied magnetic field with respect to the helical axis which, for large
enough magnetic fields, end up in a forced ferromagnetic (FFM)
phase.” "

In cubic helimagnets, such as the B20 chiral magnet MnSij,
in which the DM interaction occurs along three directions, helical
structures were found long time ago.'* Moreover, several decades
ago, skyrmion lattices (SkLs) were predicted to appear in cubic mag-
nets under the applied magnetic field, Hg..'"'* These predictions
were corroborated when Mithlbauer et al. interpreted the “A-phase”
observed in MnSi'” as an hexagonal SkL phase.'® Since then, the SkL
was subsequently observed in other B20-type alloys,'" *' multifer-
roic materials, such as Cu;0SeO3,”> and Co-Zn-Mn compounds
with the S-Mn structure.”’ Typically, these SKLs are observed in
the vicinity of the paramagnetic boundary of the magnetic phase
diagram (Hc — T¢), and it has been proposed to be stabilized by
thermal fluctuations.'*”" Tt has also been argued that a combined
effect of induced uniaxial anisotropies and applied magnetic fields
could stabilize a SKL in cubic helimagnets [e.g., MnSi, FeGe, and
(Fe,Co0)Si].”

A few years ago, Laliena and Campo theoretically investi-
gated the unstability of the skyrmion textures and the important
role of the thermal fluctuations in cubic helimagnets.”® In fact,
it was demonstrated that at zero temperature (T) the only sta-
ble phases were the conical helix (CH) and the FFM. Moreover,
it was also found that a skyrmionic “A-phase” might exist at low
temperatures. They also predicted that a new “unknown state,”
surrounded by the FFM, the CH, and the possible new low T “A-
phase,” might emerge in the low temperature region of the phase
diagram.

Nakajima et al. explored the phase diagram of MnSi by per-
forming small angle neutron scattering (SANS) measurements in
equilibrium and also by doing fast quenching from the paramagnetic
state to the low T region, cooling down through the well-known
“A-phase” with Hg. || (001).”””" Metastable “A-phase” states were
captured at low T in those experiments, in reasonable agreement
with Ref. 28.

New magnetic states, located between the CH and the FFM
states at low temperatures, were also reported in the insulator multi-
ferroic Cu,0SeOs for magnetic fields applied parallel to the (100)
axis. One of them was recognized to be a skyrmionic state unre-
lated to the conventional SKL state, and the other was recognized
to be a tilted CH state with a propagation vector not aligned with the
magnetic field.”

In Co7Zn;Mng, in addition to a conventional SKL phase,
just below T, a three-dimensionally disordered skyrmion state,
stabilized by spin frustration, was also observed.’*”

In the recent report on the archetypical cubic helimagnet MnSi,
for Hqc || (110), no new phase has been found.** However, the exis-
tence of the new low T phases, “A-phase,” and “unknown state” in

scitation.org/journal/apm

MnSi predicted in Ref. 28 but never observed in this material is still
an open question.

This article addresses that open question by carrying out
a.c. magnetization experiments in three oriented MnSi enantiop-
ure crystals as a function of Hy,, T, and frequency (f) to carefully
explore the low T region of the phase diagram for each main crystal-
lographic direction. We clearly see that the Hy. dependence of a.c.
magnetization presents a small flat-valley close to the FFM boundary
atlow T, well below T, suggesting the existence of a new “B-phase”
that might correspond to the predicted “unknown state.”

Several single crystals of MnSi were synthesized by Bridgman
and floating zone methods.”” They were oriented, with x-ray Laue
methods, along the three main cubic axes, (100), (110), and (111),
with sizes of 3.1 x 1.1 x 0.6 mm’, 2.8 x 1.1 x 1.1 mm”’, and 2.1
% 0.5 x 0.6 mm?® for, respectively, samples labeled A, B, and C. Some
experiments were also performed with the sample B oriented along
the (111) direction.

In-phase (m’) and out-of-phase (m”) components of the
a.c. magnetization were measured using a superconducting quan-
tum interference device (SQUID) magnetometer, manufactured by
Quantum Design. The main frequency f and the a.c. amplitude
were 10 Hz and 3.9 Oe, respectively. In some experiments, f was
varied between 0.3 and 1000 Hz. The experiments were conducted
with increasing and decreasing Hg. at fixed temperature below T,
after the zero-field cooling procedure from the paramagnetic phase
(T > Tc =295 K). To ensure thermal equilibrium conditions any
time, the cooling rate to the target temperature was as slow as
1.5 K/min. Figure 1(a) shows the Hy. dependence of m’ at 2 K for
Hgc || (100), (110), and (111). For the three samples, the onsets of
the CH and FFM phases are clearly observed at ~1 and ~6.5 kOe,
respectively. However, looking carefully at the curves [see Fig. 1(b)],
a small anomaly is clearly observed only for sample C, which is ori-
ented with Hyc || (111), between ~3.5 and ~6.2 kOe. Indeed, this
anomaly has not been detected in the Hg. derivative of d.c. magneti-
zation M at 2 K for each crystal orientation, as shown in Fig. 1 of the
supplementary material. To discard any spurious sample effect, we
repeated the same measurements in sample B, but now oriented with
the Hyc || (111) axis. In both samples, with the same orientation,
we observe the same anomaly, as depicted in Fig. 2(a). The differ-
ence observed between both samples is probably due to the different
demagnetization field effects in each sample.

Moreover, the “A-phase,” typically observed in the vicinity of
the paramagnetic boundary T in MnSi, is clearly observed in our
curves of m’ and m’’ measured at ~29 K, as, respectively, a down
pocket and a sharp peak, both arising at ~1.7 kOe, for all the three
orientations. It is depicted in Figs. 1(c) and 1(d) for sample C, ori-
ented with Hy. || (111). This is in agreement with the previously
reported results for the “A-phase” in MnSi.”*”* However, the new
low T anomaly does not show any signal in the m" taken at 2 K,
which seems to indicate that the nature of this new state is not
skyrmionic [Fig. 1(d)]. This behavior is a first indication about the
existence of a new state at low temperatures, just below the FFM
state, when the magnetic field is oriented along the (111) easy axis.
In Cu,;0S8e0s, new low T phases also appeared only for magnetic
field directions parallel to its easy axis ({100)).

In sample B oriented with the magnetic field Hy. || (111), m’
was measured at 2 K by increasing and decreasing the field from
0 — 8 — 0 kOe. The detail of the new anomaly in m’ is shown in
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FIG. 1. (a) Hy: dependence of m’ at 2 K for Hg. || (100), (110), and (111) after
zero-field cooling. (b) Zoomed region where an anomaly is observed only for sam-
ple C. The magnetic field dependence of both in-phase m’ (c) and out-of-phase
m’’ (d) susceptibilities on MnSi at 2 K (red) and 29 K (blue) is also depicted for
Hyc applied along the (111) direction. The red down arrows in (c) represent that
the region of novel state emerges.

Fig. 2(b). The absence of any detectable hysteresis might suggest a
continuous phase transition. The contrary happens in Cu;OSeOs3,
where a remarkable hysteresis is present in its new low T SKL phases.
The inset in Fig. 2(b), where the full magnetic field cycle is displayed,
shows the hysterical behavior at the low field region due to the single
domain formation.

Curves of m’ vs Hyg. have been measured at several tempera-
tures in the interval 2-8 K for the three orientations. The anomaly
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FIG. 2. (a) Details of the Hy, dependence of m” on samples B and C taken at
2 K and with Hg. applied along (111). (b) For sample B, details of m’ recorded
with increasing (red) and decreasing (blue) Hy; from 0 — 8 — 0 kOe. The dashed
line is a guide for the eyes. The inset in (b), where the full magnetic field cycle is
displayed, shows the hysterical behavior at the low field region due to the single
domain formation.
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observed for the crystals oriented along (111) at 2 K over ~3.5 and
~6.2 kOe is disappearing gradually as the temperature increases over
T > 6 K. These curves are displayed in Fig. 3(a) for sample C. Both
the depth and width in the m’ valley decrease with increasing T,
whereas the m’ signal at the bottom (~5.5 kOe) of the m' valley
remains almost constant. This effect is more visible in Fig. 3(c),
where a 3D map of the same curves shows a plateau at the top of an
m’ mountain. For the other orientations ({110) and (100)), where
no anomaly is observed at 2 K, a monotonous decreasing of the a.c.
signal, as the temperature increases from 2 to 8 K, is observed (see
Fig. 2 of the supplementary material).

The new anomaly observed in the curves m’ has been studied at
different frequencies (f) in the range spanning from 0.3 to 1000 Hz.
In this frequency range, the curves do not show any remarkable dif-
ference. In the inset of Fig. 3(b), the magnetic field onsets, extracted
from the curves measured at 2 K, are displayed for every frequency
for sample C, in the field range Hy. covering the region from the
CH to FFM states. The characteristic flat-valley defining the anomaly
hardly changes against the change in f. It could suggest that the
anomaly is nearly static, without accompanying any energy loss. In
addition, a local and continuous rearrangement of the magnetic spin
textures could explain these macroscopic frequency independent
curves.

We have conducted heat capacity measurements as a function
of the temperature in the configuration Hy. || {111). However, no
anomaly was observed in the characteristic T range where the new
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FIG. 3. (a) Hyc dependence of m’ at different temperatures measured in sam-
ple C. (b) Magnetic field onset for the anomaly, extracted from the curves of m’
at T =2 K, as a function of the frequency f. (c) 3D m" map, below 8 K, for
Age I (111) covering 2.0-6.2 kOe obtained from Hgc-scanning measurements
at a fixed temperature. The dashed line represents the region of the “B-phase.”
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state determined by m’ appeared. It could reveal that most of the
magnetic entropy is consumed near T, and it hardly survives in the
Hg, region near FFM below 7 K.

Collecting all the interesting points from the a.c. magnetiza-
tion curves vs Hq. and T, including the points near T., the magnetic
phase diagram for MnSi, for Hg. || {111), is represented in Fig. 4.
The typical SKL (“A-phase”) is observed near T.. However, at low
T, the CH and FFM phases are present together with a new region,
termed “B-phase,” at relatively high magnetic fields. Whereas the
typical “A-phase” is observed for the three orientations, (100), (110),
and (111), the new “B-phase” is only visible for Hg. || (111). It
should indicate that the cubic magnetic anisotropy terms could
play a role, together with the thermal fluctuations, stabilizing such
a new state. Our experiments do not detect any anomaly reveal-
ing the existence of an equilibrium “A-phase” at low temperatures,
which is a hint about the possible metastability of such a phase at
low T observed in Ref. 29. The theoretical developments in Ref. 28
predicted its existence but did not allow us to discern about its
metastability.

The MnSi phase diagrams for different orientations of the mag-
netic field have been the subject of huge interest,'”***707540°5
However, the focus of those studies was put onto the conventional
“A-phase” and onto the low field region (H < 3.5 kOe) for a few
high symmetry directions, therefore skipping the vicinity of the FFM
boundary atlow T (T < 10 K). To our best knowledge, this is the first
experimental report focusing on the low T and high magnetic field
regime (H > 3.5 kOe) in MnSi.

As it has been mentioned before, new low T phases have
been described in the phase diagram of Cu,OSeO; oriented crys-
tals along (100). However, the “B-phase,” described in this article,
shows very important differences. In MnSi, this “B-phase” does show
neither hysteretic behavior with the magnetic field nor any measur-
able signal in the out-of-phase component of the a.c. magnetization.
In addition, in MnSi, the “B-phase” appears when the magnetic
field is applied along the main cubic diagonal (111). Moreover,
very recent SANS experiments performed in the region where the

7 T T T T T T
sk gg.ggn . FFM Hdc“ <111>_
. Sample C
s R . ]
o (] .
g 4 . il .
S 3F ] ]
T ) conical helix
1k iiiifif . A-pha/Se 7
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0 5 10 15 20 25 30 35
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FIG. 4. Magnetic phase diagram for the MnSi single crystal for Hg || (111)
deduced from characteristic points of m” measured vs temperature and magnetic
field.
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“B-phase” appears showed the typical imprint of a CH phase with-
out any detectable change neither in the modulus of the wave-
vector nor in its direction. However, in those experiments, it is
a measurable departure from the linear decrease in the integrated
intensity of the peaks as the magnetic field increases from ~3.5 to
~6.2 kOe at 2 K, as reproduced from the supplementary material of
Ref. 46. All these facts together suggest a very different nature for
the “B-phase” compared with any typical SKL or tilted CH phases.
However, at this moment, our macroscopic and SANS data can-
not provide further details about the microscopic nature of such a
phase.

To explain the existence of the new low T magnetic “B-
phase” found in MnSi, several mechanisms are available. In 2017,
Laliena and Campo studied the stability of the different stationary
points (SKL, CH, and FFM) and the role of the thermal fluctu-
ations in cubic chiral magnets, in the low temperature region of
the phase diagram,” and in the paramagnetic boundary.”* Such a
general micro-magnetic model predicted the existence of a region
at low T, in which all the well-known above-mentioned stationary
points are unstable, and therefore, a new magnetic stable “unknown
state” should appear in such a region. In addition, in that model,
a conventional SKL phase could be present at low T, as dis-
cussed in the precedent paragraphs. That model did not include
either any change in the modulus of the magnetic moment or any
extra magnetic anisotropy term in its Hamiltonian, necessary to
explain the anisotropic behavior observed for the new “B-phase.”
However, it is expected that the effect of a very weak magnetic
anisotropy, related with the real cubic symmetry, would split the
intrinsic degeneracy of the model between the three main cubic
directions.

Other theoretical mechanisms, in micromagnetic models at
T = 0, based on the competition of magneto-crystalline anisotropies,
but without considering the crucial role of the thermal fluctua-
tions effect in the free energy, are invoked to explain the exis-
tence of the new states (SkL and tilted CH phases) observed in
Cu08e0; at low T.°** 1t is clear that anisotropies must be
present because the new states in Cu;OSeOs; and the new “B-
phase” in MnSi appear only for specific directions of the crystal,
namely, the anisotropy axis, which are, respectively, (100) and the
(111). However, it is not still clear which is its hierarchy of energy
scales. Moreover, the present observations reveal that the “B-phase”
exists even in a system with a very weak magnetic anisotropy,
such as MnSi, compared with the related compounds Cu,0SeOs3 or
Fe;_Co,Si (x = 0.2).?

All the mentioned micromagnetic theoretical models have in
common the fact that they are not taking into account the local
details of the magnetic structure because they consider the density
energy in the continuum approximation with a constant averaged
magnetic moment.

However, in MnSi (space group P2:3 No. 198), there are four
Mn atoms in the 4a Wyckoff position (x,x,x), with x = 0.138,
located in the vertices of a tetrahedron."” Each one of these Mn
develops a helix, all with the same wave-vector (6,d,9), with
8~0.035 A7, therefore producing a given averaged magnetic
moment that develops itself a helix with the same wave-vector.
Moreover, the symmetry analysis of the magnetic structure for the
wave-vector (8, d,d) and the space group P2,3 in MnSi splits the 4a
Wryckoff position in two orbits formed by (x, x,x) in one orbit and
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the three other symmetry equivalents in the other. It allows three
different magnetic modes, labeled I'y,I,Ts. For the site (x,x,x),
I describes a magnetic moment pointing in the (111) direction,
whereas in I'; and I's, the magnetic moment lies down in the perpen-
dicular direction. In the other orbit, the symmetry only imposes that
the magnetic moments must be related by 277/3 or 477/3 rotations for
T'1,T2,T3. However, it has been experimentally*® and theoretically*’
found that the magnetic moments are contained in planes perpen-
dicular to the (111) direction adopting a quasi in-phase coupling
with a small phase-shift angle between both orbits of ~ 2°.

What is important for this discussion is the fact that phase-
shift angle between both orbits is not fixed by the symmetry, and
any variation, with the temperature or the magnetic field, will lead
to a change in the modulus of the averaged helimagnetic moment.
One qualitative picture about the nature of the “B-phase” could
be that the temperature and/or the magnetic field could produce
a slight relative reorientation of these four conical helices, with-
out any change in the wave-vector of the magnetic structure, but
leading to a change in the modulus of the averaged magnetic
moment. This slight reorientation should not affect the entropy or
the wave-vector of the magnetic structure, as observed in the SANS
experiments, and therefore, the effect in the heat capacity curves
should be null.

A possible new stationary point in which the averaged magnetic
moment modulus should change due to a relative reorientation of
the two orbits (each Mn magnetic moment does not change itself)
has not been considered in Ref. 28 and might correspond to the
predicted “unknown state,” which should be consistent with the
“B-phase” reported here.

In conclusion, this article reports for the first time about the
existence of a new magnetic state at low temperatures, the “B-phase,”
which spans over a magnetic field range of Hq. of 3.5-6.2 kOe in
the archetype cubic chiral magnet MnSi through a.c. magnetization
measurements. In contrast to what happens in the “A-phase,” this
new phase is only detectable when the field direction is parallel to
the (111) axis and does not show any detectable energy absorption
or frequency dependence. This could be compatible with the predic-
tions in Ref. 28 if the new magnetic state is supposedly related to a
relative reorientation of the four helices in MnSi. More experimental
and theoretical work giving light about the local details (e.g., uSR) of
the magnetic moments rearrangements is needed to corroborate this
possibility.

See the supplementary material for more details on the
magnetization measurements and small angle neutron scattering
experiments in MnSi.
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