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Abstract
µSR Study of B20 Magnetic Systems: MnSi, Mn0.9 Fe0.1 Si and Cu2 OSeO3

Lian L IU

A skyrmion is a vortex-like spin pattern which has been observed in socalled B20 magnetic systems such as MnSi, (Mn,Fe)Si and a few other
metallic magnets as well as in insulating Cu2 OSeO3 . We conduct a comprehensive study of muon spin relaxation (µSR) on bulk single crystals
of MnSi and (Mn,Fe)Si, a MBE thin film of MnSi, and a ceramic specimen of Cu2 OSeO3 in this work. The generic second-order like phase
transition indicated by 1/T1 peaks at Tc in bulk systems is discussed in
light of the Brazovskii-type first-order phase transition due to the presence of the DM interaction. We also discuss the different temperature
dependences of µ+ spin-lattice relaxation rate 1/T1 in bulk pure systems
MnSi and Cu2 OSeO3 and their commonalities in the paramagnetic state
and the ordered state due to the DM interaction. Furthermore, we highlight the enhanced 1/T1 in the skyrmion crystal (SkX) phase compared
to neighboring conical phases due to an abundance of low-energy magnetic fluctuations/excitations. This abundance is corroborated by the
reduced static order parameter in the SkX phase of MnSi compared to
neighboring conical phases, deduced by combining µSR experiments
and magnetic field simulations. The intermediate (IM) region above Tc ,
where the modification of magnetic transition by the DM interaction

starts to appear in MnSi, exhibit multi-time scale spin fluctuations, topologically non-trivial Hall resistivity and non-Fermi-liquid exponent of
longitudinal resistivity in single-crystal Mn0.9 Fe0.1 Si and the MnSi MBE
thin film, similar to the magnetically disordered phase of pure MnSi under hydrostatic pressure. These three defining features indicate a fluctuating skyrmion liquid in this magnetically ordered state, stabilized
by pressure, disorder or reduced dimensionality. Moreover, the magnetic transition is strongly first order in the MnSi MBE thin film sample,
different from the Brazovskii-type weakly first order transition in bulk
samples, suggesting the importance of reduced dimensionality in modifying the nature of magnetic phase transitions in B20 systems.
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Chapter 1
Introduction to B20 magnetic
systems
1.1

Skyrmions in condensed matter physics

Skyrmions are topologically stable knots initially envisioned by Skyrme
to construct stable baryons out of a pion field [Skyrme, 1962]. However,
it has also become a hot topic in condensed matter physics research as
an emergent phenomenon with vortex-like spin correlations [Nagaosa
and Tokura, 2013] (Fig. 1.1) in diverse environments such as quantum
Hall systems [Sondhi et al., 1993], Bose-Einstein condensates of ultracold atoms [Al’Khawaja and Stoof, 2011] and liquid crystals [Wright
and Mermin, 1989], etc. In quantum Hall systems with a sufficiently
small Zeeman splitting ge µB B compared to the cyclotron gap ωc = meBe c ,
skyrmions were predicted to occur as charged excitations [Sondhi et al.,
1993] of the ferromagnetic incompressible ground state at filling fraction
ν = 1. The topological winding number of such a skyrmion is related
to its electric charge. When ν deviates from 1, the ground state becomes
a crystal of these topologically and electrically charged skyrmion excitations [Brey et al., 1995]. Consistent with the reduced magnetization
in the presence of skyrmions [Fertig et al., 1997], Barrett and coworkers observed a sharp drop of the electron polarization as charge (hence
skyrmions) was added into or subtracted from the GaAs quantum Hall
system in an optically pumped NMR Knight shift experiment [Barrett
et al., 1995]. The presence of skyrmions also provides a route for strong
spin dynamics in these quantum Hall systems, indicated by the large T11
peak at ν slightly away from 1 in NMR measurements in GaAs [Tycko
et al., 1995]. Similarly, in a multi-component Bose-Einstein condensate
of cold atoms, due to its superfluid nature, nontrivial spin textures consisting of point-like topological skyrmion excitations were predicted to
exist in a fictitious spin-1/2 condensate of 87 Rb atoms in a metastable
state [Al’Khawaja and Stoof, 2011], with a lifetime comparable to or
1
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even longer than the typical lifetime of the condensate itself. Cholesteric
liquid crystals, whose crystallographic space-group symmetries lead to
a Landau-Ginzburg free energy that favors orientational order known
as the helical phase, can also exhibit skyrmion-like order in one or more
thermodynamically stable blue phases [Wright and Mermin, 1989].

F IGURE 1.1: An illustration of an anti-skyrmion magnetic
moment structure, reproduced from [Yu et al., 2010b]

We are interested in the skrymion crystal (SkX) phase of B20 magnetic
systems, where the lack of inversion symmetry in the lattice structure allows for a small Dzyaloshinskii-Moriya (DM) interaction in addition to
a dominant ferromagnetic exchange interaction. The P 21 3 space group
of B20 systems can be illustrated by the unit cell structure of MnSi, one
of the most widely studied compounds in this class. Fig. 1.2 shows the 4
Mn (blue) and 4 Si (red) atoms in the unit cell of MnSi at sites A: (x, x, x),
B: (0.5+x, 0.5−x, −x), C: (−x, 0.5+x, 0.5−x) and D: (0.5−x, −x, 0.5+x),
with xMn = 0.137 and xSi = 0.845 and a lattice constantR a = 4.558 Å.
~ )2 faThe ferromagnetic exchange interaction of the form J2 d~r(∇M
vors parallel spin alignment whereas the DM interaction of the form
R
~ · (∇ × M
~ ) favors perpendicular spin alignment. We choose
−D d~rM
to write the negative sign here because in MnSi this choice allows for
a positive D value. The competition of these two energy terms thus
generates a long-wavelength helical magnetic modulation, with a fixed
magnetic order parameter dependent on the temperature T , a modulation wavevector Q determined by the relative strength of two interaction
terms Q = D/J and the magnetic order parameter direction modulat~ The DM interaction is a first-order
ing in the plane perpendicular to Q.
spin-orbit interaction term in the absence of inversion symmetry. Crystal anisotropy, a series of higher order spin-orbit interactions allowed
~ to the h111i or h100i crysby the cubic symmetry of the lattice, aligns Q
tal axes in zero or low external magnetic field B (or interchangeably
denoted as Bext ), forming the so-called ‘helical phase’. At T = 0 and
2
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B = 0, MnSi exhibits a helical spin order of 0.4 µB /f.u. (Bohr magneton
∼ 180 Å. The helical propaper formula unit) and a long period λ = 2π
Q
~ are pinned to h111i crystal axes. Increasing B to above
gation vectors Q
a threshold field Bc1 (about 1 kG in MnSi when B is along the h100i directions), the helical modulation vectors decouple from the cubic axes
and align with B. In this ‘conical phase’ between Bc1 < B < Bc2 , the
ferromagnetic alignment component of the magnetic order parameter
increases linearly with B until a saturation field Bc2 (about 6 kG in MnSi
when B is along the h100i directions and T = 0 K) above which the
magnetic order parameter is completely parallel with B. In the conical
phase, the helical modulation still exists in the plane perpendicular to B,
with the same wavevector Q but a decreasing magnitude as B increases.
This can be expressed as the closing-in of the ‘cone angle’ θcone between
the magnetic order parameter and B. Fig. 1.3 shows the B-T phase diagram of MnSi. Other intermetallic compounds such as FeGe, MnGe,
(Mn,Co)Si, (Mn,Fe)Si and (Fe,Co)Si as well as a multiferroic insulator
Cu2 OSeO3 belonging to the same B20 class all share a similar B-T phase
diagram.

F IGURE 1.2: The unit cell structure of MnSi. There are 4
Mn atoms (blue) and 4 Si atoms (red) in a unit cell of MnSi
at high-symmetry sites A: (x, x, x), B: (0.5 + x, 0.5 − x, −x),
C: (−x, 0.5 + x, 0.5 − x) and D: (0.5 − x, −x, 0.5 + x), with
xMn = 0.137 and xSi = 0.845.

The A phase of MnSi, in a small region near Tc and B ∼ 2 kG, which has
been traditionally noted but not well characterized, was first identified
as the SkX phase by small angle neutron scattering (SANS) [Mühlbauer
et al., 2009]. SANS data in the A phase of MnSi (Fig. 1.4) showed
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magnetic Bragg peaks with a hexagonal symmetry indicating a superposition of three helices at 120◦ with each other confined in the plane
perpendicular to B. A subsequent topological Hall effect (THE) measurement [Neubauer et al., 2009] confirmed the topologically quantized
Berry phase experienced by conduction charge carriers traversing the
underlying magnetic structure. This was a definite proof of the lockedin phase relationship of the three helices in the A phase, establishing the
existence of a skyrmion crystal in this phase.

F IGURE 1.3: The B-T phase diagram of bulk MnSi,
adapted from [Mühlbauer et al., 2009] to show the generic
phase diagram of B20 compounds. The red, green and
blue vertical line cuts correspond to B scans in our µSR
study of MnSi at 25 K, 27.5 K and 28.5 K. Due to thermometer differences, our µSR temperatures are shifted on
this figure so that the magnetic transition temperatures Tc
are aligned.

Mean-field Landau-Ginzburg analysis has shown that the SkX phase
is unstable for cubic systems such as MnSi [Bogdanov and Yablonskii,
1989], where a uniaxial anisotropy free energy term is forbidden by the
space group symmetry. Mühlbauer and coworkers [Mühlbauer et al.,
2009] explained the existence of the SkX phase by considering the effect of thermal magnetic fluctuations to the Gaussian order. Beyond the
Gaussian order, a Monte Carlo simulation for three-dimensional chiral
magnets [Buhrandt and Fritz, 2013], considering the phenomenological
Landau-Ginzburg magnetic free energy, confirmed the effect of thermal
fluctuations alone in stabilizing the SkX phase.

4
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F IGURE 1.4: SANS pattern in the SkX phase with the applied external field perpendicular to the plane, adapted
from [Mühlbauer et al., 2009]. The hexagonal symmetry
of the SkX is shown by the 6-fold symmetric Bragg peaks
here.

1.2

Characterizing the skyrmion phase in B20
magnetic systems

F IGURE 1.5: Lorentz TEM images of a mechanically
thinned-down (001) film of Fe0.5 Co0.5 Si showing the helical modulation on the left plot and the SkX pattern on
the right plot, adapted from [Yu et al., 2010b].

Besides observing the hexagonal skyrmion lattice in the reciprocal
space using SANS in MnSi [Mühlbauer et al., 2009; Adams et al.,
2011], (Fe,Co)Si [Münzer et al., 2010], (Mn,Fe)Si [Pfleiderer et al., 2010],
(Mn,Co)Si [Pfleiderer et al., 2010] and Cu2OSeO3 [Adams et al., 2012], a
direct imaging of the in-plane magnetic moment structure using Lorentz
transmission electron microscopy (TEM) is possible when the sample
takes the form of an electron-transparent thin-film, as was in the TEM
study of (Fe,Co)Si [Yu et al., 2010b] and FeGe [Yu et al., 2010a]. Fig. 1.5
shows a comparison of the Lorentz TEM images of the helical phase
(left) and the SkX phase (right) in a mechanically thinned-down (001)
5
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film of Fe0.5 Co0.5 Si. While the period of the magnetic modulation remains unchanged (90 nm), the single helical modulation wavevector in
the left plot contrasts the superposition of three helical modulation vectors in the right plot. The same work also reported a Monte Carlo simulation [Yu et al., 2010b] that predicted that the helical phase changes to
the SkX phase when a perpendicular external magnetic field is applied
at low temperature and when the thickness of the thin film is reduced
to close to or less than the helical wavelength. Further work revealed
that thinner specimens exhibit larger regions of the SkX phase in the
B-T phase diagram in thin films of FeGe [Yu et al., 2010a], which can
be partially explained by the induced uniaxial anisotropy in the thin
film that stabalizes the SkX phase [Butenko et al., 2010]. In molecularbeam-epitaxy-(MBE)-grown thin films, Lorentz TEM has also revealed
static magnetic skyrmions in MnSi [Li et al., 2013] with a corresponding
THE signal in the static skyrmion region of the phase diagram, shown
in Fig. 1.6 for a 50 nm MnSi MBE thin-film sample, where an amorphous
skyrmion state instead of a regular SkX phase was observed due to the
underlying defects of the MBE film.

F IGURE 1.6: Topological Hall Effect (THE) signal in a
50 nm MnSi MBE thin film, indicating the topologically
non-trivial magnetic pattern in the static skyrmion state,
adapted from [Li et al., 2013].

In the static skyrmion phase, the THE signal arises from the quantized
Berry phase experienced by the conduction charge carriers traversing
the underlying skyrmion magnetic structure in real space. In the adiabatic limit, the ferromagnetic exchange interaction forces the conduction

6
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conduction charge carrier magnetic moment to be parallel or antiparallel with the local magnetic moment. As a result, a Berry phase proportional to the skyrmion number density as
1
Nsk
=
Ω
4π

Z Z

d2~r Ŝ(~r) · (
Ω

∂ Ŝ ∂ Ŝ
×
),
∂x
∂y

(1.1)

where Ω is the volume of a SkX unit cell and Ŝ(~r) is the unit vector
defining the direction of the magnetic moment at ~r, is collected by each
conduction charge carrier that traverses the SkX. This Berry phase leads
to an electric motive force from a fictitious magnetic field similar to an
applied external magnetic field but with a much larger magnitude (∼ 10
T). Conversely, the skyrmion structure also experiences a force exerted
by the conduction charge carriers, and the static skyrmion structure will
move if such a force is stronger than the pinning force [Schulz et al.,
2012]. In single-crystal MnSi in a thermal gradient field and a parallel electric current, SANS Bragg peaks of the skyrmion lattice in MnSi
were observed to rotate when the current density exceeded ∼ 106 A m−2
[Jonietz et al., 2010], revealing the strong coupling between the conduction charge carriers and the skyrmion lattice, and the weak pinning of
the magnetic skyrmion lattice to underlying structural defects. A moving skyrmion lattice along the direction of the flowing conduction current reduces their relative velocity, thus reducing the THE effect [Schulz
et al., 2012]. The drift velocity of the skyrmion lattice was reported to
scale linearly with the conduction current density [Schulz et al., 2012]
in bulk single-crystal MnSi once the current density exceeded a critical
depinning current density on the order of 106 A m−2 . This motion of the
skyrmion lattice was also confirmed by real space imaging via Lorentz
TEM [Yu et al., 2012] in a single-crystal thin film of FeGe, where the
blurring of the skyrmion lattice image due to skyrmion motion occurred
above a critical current density on the order of 106 A m−2 . Furthermore,
micromagnetic simulations [Iwasaki, Mochizuki, and Nagaosa, 2013]
demonstrated the steady-state characteristics of the skyrmion velocity
as a function of electric current density in a simple constricted geometry,
similar to those of domain walls in ferromagnets, due to the transverse
confinement of the skyrmion.
Despite the rich and novel behaviors of the static skyrmion phase, the
most straightforward way to determine it is via magnetization M and
magnetic susceptibility χ measurements, which can be used to study
the phase boundaries in general, for example, in MnSi and (Mn,Fe)Si
[Bauer et al., 2010, Bauer and Pfleiderer, 2012]. In a B scan at a certain
T below Tc , M increases almost linearly between B = 0 and B = Bc1 ,
due to an increasing anharmonicity of the helical modulation, a slight
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F IGURE 1.7: B scans of the real and imaginary parts of the
AC susceptibility in MnSi at different T ’s, adapted from
[Bauer and Pfleiderer, 2012]. The SkX phase shows up as
a reduced plateau separated by two maxima in Re[χac ].

~ and changes of
reorientation of the helical modulation wavevector Q
domain population [Bauer and Pfleiderer, 2012]. Depending on the field
~ at Bc1 represents a cross-over or a symdirection the reorientation of Q
metry breaking second order phase transition. For B > Bc1 up to Bc2
in the conical phase, the linear increase of M with B is a characteristic of the closing-in of the cone angle θcone . Similarly, Fig. 1.7 shows
that at low temperatures and low fields the real part of the AC susceptibility Re[χAC ] increases gently before reaching a well-defined plateau
above Bc1 . For temperatures just below Tc a reduced value of Re[χAC ] is
observed for magnetic fields between ∼ 1 kG and ∼ 2 kG, corresponding to the A phase field range. At the transitions between the conical
phase and the A phase, both the real and the imaginary parts of the AC
susceptibility display narrow maxima, characteristic of the response of
large magnetic objects on very slow time scales, indicating the first order phase transition between the conical phase and the A phase. In a
T scan, in the field range of the A phase, the most prominent feature of
Re[χAC ] is a maximum along the upper and lower field boundaries of the
A phase that gives way to a minimum for intermediate fields (Fig. 1.8),
again confirming the first-order phase transition between the conical
phase and the A phase. The same work also studied the shape and direction dependences of the MnSi B-T phase diagram. Fig. 1.9 shows the
comparison of the phase diagram of a bar-like sample oriented along
B (Sample 1) and that of a thin platelet oriented perpendicular to B
(Sample 4). The effect of the demagnetization field can be seen by the
8
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increased phase boundary field values of sample 4 compared to those of
sample 1. Fig. 1.10 shows the phase diagram for B along different crystallographic directions with the demagnetization field effect corrected.
The helical state is negligible when B is along the h111i direction, and
the A phase region also shrinks.

F IGURE 1.8: T scans of the real and imaginary parts of the
AC susceptibility in MnSi at different B’s, adapted from
[Bauer and Pfleiderer, 2012]. The SkX phase shows up as
dips at the lower and upper ends of the B range and peaks
in the intermediate B range.

Furthermore, for temperatures T > Tc an inflection point of Re[χAC ]
marks the onset of a strong Curie-Weiss temperature dependence χ1 ∝
T − Tc as a key characteristic of the paramagnetic state of MnSi at high
temperatures. In most B20 skyrmion systems, the magnetic susceptibility χ follows a Curie-Weiss-like temperature dependence in the temperature range between a few Kelvins and a few hundred Kelvins above
Tc [Moriya, 1985], either due to local magnetic moments (in insulators)
or weak itinerant magnetism (in metals). The temperature region between the magnetic transition and the point of inflection, as marked out
in Fig. 1.9 and Fig. 1.10, is called the intermediate (IM) region and has
been shown to exhibit interesting characteristics of its own [Janoschek
et al., 2013].

9
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F IGURE 1.9: B-T phase diagrams of single-crystal MnSi
with B along the h100i crystalline direction, adapted from
[Bauer and Pfleiderer, 2012]. Sample 4 is a thin platelet
oriented perpendicular to B and thus has a large demagnetization effect. Sample 1 is a bar-like sample oriented
along B with a negligible demagnetization effect.

1.3

The intermediate (IM) region of the B-T
phase diagram

The existence of three distinct energy scales: the ferromagnetic exchange
interaction, the DM interaction and cubic anisotropy gives rise to interesting behaviors of the magnetic fluctuations in the paramagnetic phase.
For T  Tc the correlation length ξ is short and the magnetic fluctuations are essentially ferromagnetic. However, as T is lowered and ξ
increases to the order of the DM length scale ξDM ≡ λ = 2π
, the flucQ
tuations start to accumulate uniformly on a sphere of radius Q (the helical modulation wavevector) in the momentum space, and, as a consequence, the magnetic correlations develop an oscillating character. Finally, as the correlation length increases even further beyond the characteristic length scale ξcub of the cubic anisotropy energy, cubic anisotropy
favors fluctuations which carry momenta in the crystallographic h111i
or h100i directions (h111i in MnSi, for example). In the Landau-Ginzburg
theory, critical behaviors arise from the self-interaction of the magnetic
order parameter beyond the Gaussian order. There is a length scale
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F IGURE 1.10: B-T phase diagrams of single-crystal MnSi
with B along the h100i and h111i crystalline directions,
adapted from [Bauer and Pfleiderer, 2012].

called the Ginzburg length ξGi , determined by the strength of the magnetic order parameter self-interaction beyond the quadratic order, which
separates the strongly interacting regime from the weakly interacting
regime. If ξGi < ξDM , the system enters the strongly interacting regime,
characterized by ξ > ξGi , before isotropic chiral fluctuations develop.
Therefore the usual ferromagnetic Wilson-Fisher criticality is observed
if the system is an insulator. If, however, ξcub > ξGi > ξDM , the system enters the strongly interacting regime when the isotropic chiral nature of
the magnetic fluctuations is already well established, then a Brazovskiitype first order phase transition will occur due to the abundance of
magnetic fluctuations on the sphere of radius Q in the reciprocal space
[Brazovskii, 1975; Brazovskii, Dzyaloshinskii, and Kukharenko, 1976].
If ξGi > ξcub , the system enters the strongly interacting regime with
anisotropic chiral fluctuations. Then a Bak-Jensen-type first order phase
transition will occur [Bak, Krinsky, and Mukamel, 1976].
In single-crystal MnSi, the second scenario is realized and the IM region
in Fig. 1.9 and Fig. 1.10 is the strongly interacting regime between Tc and
the temperature at which the correlation length reaches ξGi . SANS studies [Grigoriev et al., 2005; Janoschek et al., 2013] revealed the success
of Brazovskii’s theory in explaining the temperature dependence of the
SANS magnetic correlation length ξ in B = 0. Furthermore, polarized
SANS [Grigoriev et al., 2005] established the chiral nature of the magnetic fluctuations in single-crystal MnSi. Inelastic NSE measurements in
11
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MnSi [Pappas et al., 2009] in zero field indicate that dynamic spin fluctuations acquire a fully chiral character (100%) in the IM region, and the
dynamic spin correlation length becomes comparable to ξDM . A similar chiral IM region was also reported for (Mn,Fe)Si in zero [Grigoriev
et al., 2009] and finite fields [Grigoriev et al., 2011] by polarized SANS.
On the theory side, a Monte Carlo simulation of bulk MnSi [Buhrandt
and Fritz, 2013] reproduced the Brazovskii-type fluctuation-driven firstorder transition from the paramagnetic state to the helical state in zero
external magnetic field [Brazovskii, 1975; Brazovskii, Dzyaloshinskii,
and Kukharenko, 1976].

1.4

MnSi under hydrostatic pressure

F IGURE 1.11: The T -p phase diagram of MnSi, adapted
from [Pfleiderer et al., 2004]. p? marks the onset of the
first-order phase transition region and pc is the quantum
phase transition pressure. NFL resistivity shows up above
pc and the NFL region is shaded. In the NFL region, there
is a temperature T0 below which diffuse scattering pattern
in the reciprocal space appears on the sphere with radius
Q, the helical modulation wavevector.

Not only does the ambient pressure B-T phase diagram of MnSi remain
an active research topic, the exotic behavior of MnSi under hydrostatic
12

Chapter 1. Introduction to B20 magnetic systems
pressure is also worth exploring. In the T -p phase diagram of singlecrystal MnSi in Fig. 1.11, the helimagnetic transition temperature Tc (p)
is gradually suppressed to zero at pc ≈ 14.6 kbar. Tc (p) divides the phase
diagram into the magnetically ordered and disordered regimes. In the
magnetically ordered regime, phase separation starts to appear above
a pressure p? < pc shown by both zero-field 29 Si-NMR [Yu et al., 2004]
and zero-field µSR [Uemura et al., 2007]. In the magnetically disordered
3
regime, a non-Fermi-liquid (NFL) regime with a T 2 dependence of the
resistivity ρ exists below a pressure-independent temperature T ? ≈ 12
K and above p? ; this T ? is also the helimagnetic transition temperature
at p? . The NFL behavior is observed over almost three decades in T and
over a huge pressure range (at least from 14.6 kbar to 27.5 kbar) [Pfleiderer, Julian, and Lonzarich, 2001; Doiron-Leyraud et al., 2003], where a
marginal Fermi-liquid behavior of ρ ∝ T 5/3 was predicted for weakly
ferromagnetic itinerant metals by conventional theory [Moriya, 1985;
Pfleiderer et al., 1997]. Depending on the pressure p, applying an external magnetic field B above a field denoted as BNFL brings the system
back into a Fermi liquid regime with ρ ∝ T 2 (Fig. 1.12). For ρ > ρc , the B
dependence of ρ first decreases with an increasing B but then starts to
increase after B exceeds the itinerant metamagnetic transition field Bm
[Ritz et al., 2013a], which coincides with BNFL . This indicates that novel
spin scattering processes in the NFL regime are quenched above Bm .
Furthermore, within this NFL regime there is a natural extension of the
low-pressure part of the phase transition line Tc (p), where Tc (p) varies
almost linearly with p. This extension of the linear dependence defines a
temperature T0 (p), below which SANS shows a peculiar magnetic scattering intensity on the surface of a small sphere in the reciprocal space
with radius Q [Pfleiderer et al., 2004]. The integrated scattering intensity over this sphere is comparable in magnitude to the scattering intensity at ambient pressure and at the same temperature, but the scattering
peaks in the h111i-directions in the p = 0 helical phase disappear while
weak peaks appear in the h100i-directions under pressure. This ’partial order’ reveals that the NFL behavior arises not from the remnant of
the first order phase transition, e.g. in the form of metastable droplets
with the helical order, but a novel mechanism actively drives the system away from the helical order [Pfleiderer et al., 2007]. Recently, a THE
signal whose temperature, pressure and magnetic field range coincides
with that of the NFL region was observed [Ritz et al., 2013a]. This signals a topologically non-trivial spin structure in real space (Fig. 1.13) in
the NFL region. It is in stark contrast to MnSi at ambient pressure, in
which THE has been observed only in the static SkX phase. It has been
argued that the THE contribution to the Hall resistivity ρxy might have
its origin in dynamically fluctuating skyrmions above Tc , intrinsic to the
DM interaction. The NFL behavior may thus be a manifestation of the
13
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nontrivial temperature dependence of quasiparticle scattering rates off
this ‘fluctuating skyrmion liquid’ (FSL).

F IGURE 1.12: A pressure-dependent external magnetic
field Bext suppresses the NFL behavior ∆ρ ∝ T 1.5 and
brings the system back to the FL regime, adapted from
[Pfleiderer, Julian, and Lonzarich, 2001].

For p < pc and T < Tc (p) in MnSi, Lee and coworkers [Lee et al., 2009]
observed an unusual Hall effect anomaly, arising from the effective realspace magnetic field due to the chiral spin textures. This THE has recently been linked to a meta-stable static skyrmion phase under field
cooling at nonzero pressures [Ritz et al., 2013b] due to defect-induced
pinning controlled by sample purity and pressure inhomogeneities controlled the pressure transmitter. This meta-stable static skyrmion phase
is connected continuously to the ambient pressure A phase.
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F IGURE 1.13: T -p-B phase diagrams of MnSi. The top
figure is a T -p phase diagram in B = 0. The remaining
figures are B-T phase diagrams under varying pressures,
adapted from [Ritz et al., 2013a].
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Introduction to the µSR
technique
2.1

ZF, LF and TF µSR

F IGURE 2.1: LF or ZF µSR geometry.

The µSR technique uses a positive muon µ+ as a magnetic probe. In
many condensed matter systems, a µ+ loses its kinetic energy after implantation into the system for a period of time on the order of 10−11
s while keeping its original spin direction until it eventually stops at
an electro-statically favorable interstitial position in a random unit cell.
Such a position or positions are called muon site(s). After coming to
a stop, the µ+ magnetic moment precesses around the local magnetic
field Bloc at the Larmor precession angular frequency ω = γµ Bloc , where
γµ = 851.6 Mrad s−1 T−1 is the muon gyromagnetic ratio. A µ+ is an
unstable particle. It decays with a mean lifetime of 2.2 µs following
µ+ → e+ + νe + ν̄µ , during which the decay positron is emitted preferentially along the µ+ spin direction. In a typical µSR experiment,
millions of these decay positrons are collected to reconstruct the time
dependence of the µ+ spin depolarization function which reflects the
spatial and temporal distribution of magnetic fields at the muon site(s).
16
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F IGURE 2.2: TF µSR geometry.

Two types of experimental geometry are routinely used, as illustrated
in Fig. 2.1 and Fig. 2.2. In the longitudinal field (LF) geometry an external magnetic field Bext is applied along the initial µ+ beam polarization
direction Sµ and the positron detectors are positioned parallel (forward)
and antiparallel (backward) to Sµ . The zero-field (ZF) measurements are
performed with the LF geometry. In the transverse field (TF) geometry
Bext is perpendicular to Sµ and the positrons are detected perpendicularly to Bext . One problem with this simple-minded TF geometry setup
is that, since the µ+ spin direction is antiparallel to its momentum direc~ ext ⊥ S
~µ is also perpendicular to the µ+ momentum.
tion, a transverse B
This Bext gives rise to a Lorentz force that deflects the µ+ ’s and degrades
the beam focus at the sample. However, instead of using the default
antiparallel configuration of µ+ spin and momentum, named the nonspin-rotated (NSR) geometry in conventional µSR experiments, a Wien
filter can be used to rotate the µ+ spin by 90° without deflecting the
µ+ . This leads to the so called spin-rotated (SR) geometry for ZF and TF
measurements. In this geometry, Bext is applied parallel with the µ+ momentum. In a Wien filter, a combination of an electric field E along ê2 ,
a magnetic field B along ê1 and the µ+ momentum along ê3 , with ê1 , ê2 ,
ê3 forming a right-handed Cartesian coordinate system, can lead to balanced electrostatic force and Lorentz force if the µ+ velocity v satisfies
E
. Thus, a µ+ traversing the Wien filter with the correct v will not
v= B
be deflected. Moreover, its spin will precess around B, causing different
degrees of spin rotation depending on the product of B and the amount
of time the µ+ stays in the Wien filter.
In a non-magnetic sample and a TF geometry with an applied external
field B, all µ+ ’s landing in the sample experience the same transverse
field B and thus precess with the same angular frequency ω = γµ B.
We define the asymmetry function A(t) from the positron histogram
Nf (t) of the forward detector and Nb (t) of the backward detector as

17

Chapter 2. Introduction to the µSR technique
N (t)−N (t)

A(t) = Nff (t)+Nbb (t) . In this simple case, A(t) takes the form of A(t) =
A cos(ωt + φ), where φ denotes the angle between the µ+ initial polarization direction and the axis of the opposing positron detectors. Measuring ω of the asymmetry function directly gives us the value of B. In
many systems, there is a variation of the local magnetic field due to either dense random nuclear magnetic moments and/or dilute magnetic
impurities. In this case, A(t) may also take an extra Gaussian or exponential damping component as in A(t) = A cos(ωt + φ) exp(− 21 σ 2 t2 )
or A(t) = A cos(ωt + φ) exp(−λt), where σ or λ are the relaxation rates,
characterizing the spread of the local magnetic field.

F IGURE 2.3: Illustration of the ‘longitudinal fraction’ and
the ‘transverse fraction’ of a single µ+ and the dependence
of the local field on the direction and magnitude of the
internal field.

A conventional coordinate system in a µSR experiment has the direction
~µ as the z direction, as shown in Fig. 2.3. The local
of the initial µ+ spin S
~ loc is the vector sum of the applied external magnetic
magnetic field B
~ ext and the magnetic field from sample internal magnetism B
~ int .
field B
~ loc is oriented at an angle θ from S
~µ and S
~µ is parallel with
Suppose B
the forward-backward positron detectors axis, the asymmetry function
becomes A(t) = A[cos2 (θ) + sin2 (θ) cos(ωt)]. Since the total initial asymmetry A stays the same, we can also discuss only the normalized depolarization function P (t) = cos2 (θ) + sin2 (θ) cos(ωt). In the rest of this
work, we do not differentiate the asymmetry function and the depolarization function, even though we mainly mean P (t) when we refer to
them.
In a powder-form ferromagnet in Bext = 0, even though the magnitude
of the internal magnetic field Bint may be uniform, its direction is random due to the random orientation of a meso-scale particle which a µ+
stops in. Therefore, the asymmetry function is averaged over all possible θ, giving P (t) = 13 + 32 cos(ωt). This asymmetry is illustrated in black
in Fig. 2.4. In fact, Bint may take a distribution of values centered around
one field characteristic of the long-range magnetic order parameter with
a width characteristic of random demagnetization fields. Fig. 2.4 shows
this case in red. Furthermore, the sample may not be entirely isotropic,
18
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F IGURE 2.4: µSR asymmetry function of an ideal isotropic
ferromagnetic system (black) and an isotropic ferromagnetic system with a Gaussian local field variation (red).

which is possible in the case of a polycrystalline or single-crystal sample
form. In this case the fractions differ from 1/3 and 2/3, and the corresponding asymmetry function is shown in Fig. 2.5. If the magnetic order
becomes more disordered to the point that long-range magnetic correlation disappears, the µSR asymmetry function will not show oscillations
at all, but instead show a pure relaxation whose relaxation rate characterizes the magnitude of the magnetic order.

F IGURE 2.5: µSR asymmetry function of an anisotropic
magnetic system (red).

The static internal field which µ+ ’s experience is related to the magnetic
structure of the sample. In general, one has [Schenck, 1998]
~ loc = B
~ hf + B
~ Lor + B
~ dem + B
~ ext ,
B
~ hf = B
~ dip + Â · M
~ loc ,
B
~ Lor = µ0 M
~ ,B
~ dem = −N̂d · M
~.
B
3
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~ is the
where µ0 = 4π × 10−7 T m A−1 is the vacuum permeability, M
macroscopic uniform magnetization, and the other quantities are described below.
One can consider dividing the sample volume into two distinct regions:
a macroscopic Lorentz sphere centered at the µ+ site and the rest of the
sample volume outside this sphere. There are two contributions to the
~ hf . One is B
~ dip , the sum of the magnetic dipolar field
hyperfine field B
from all the localized magnetic moments inside the Lorentz sphere. The
other contribution is a Fermi-contact-type hyperfine field from the elec~ loc , with the
tron polarization density at the µ+ site, proportional to M
tensorial Fermi-contact-type hyperfine coupling constant Â assumed to
~ loc . The contribution from magnetic moments outbe independent of M
side this Lorentz sphere is treated as a continuous magnetization field,
~ Lor and the sample outer surwith the Lorentz sphere surface giving B
~ dem . They are both proportional to the uniform magnetizaface giving B
~ . The tensorial coefficient N̂d is called the demagnetizing factor,
tion M
determined by sample geometry.

F IGURE 2.6: µSR asymmetry function of an isotropic random magnetic system with a Gaussian (red) or Lorentzian
(black) distribution of local field width.

In the absence of long-range magnetic order and in ZF, such as in the
case of a static nuclear dipolar field in a system with cubic symmetry,
the internal field follows an isotropic Gaussian distribution [Kubo and
Toyabe, 1967], resulting in an asymmetry function P (t) = 13 + 23 (1 −
2 2
∆2 t2 ) exp(− ∆2t ) as shown by the red line in Fig. 2.6. This can be understood by considering Eq. 2.1, where Â = 0 since we are considering
~ = 0 due to the random orientathe nuclear magnetic moments, and M
tion of the nuclear magnetic moments. Therefore, we only consider the
magnetic dipolar field from a magnetic moment lattice with each moment’s direction random. The resulting internal field distribution is an
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isotropic Gaussian distribution. Similarly, in the case of dilute magnetic
impurities like those in a spin glass, the internal field has an isotropic
Lorentzian distribution [Uemura et al., 1985], resulting in an asymmetry function P (t) = 13 + 32 (1 − λt) exp(−λt) shown by the black line in
Fig. 2.6. An applied LF can be used to decouple the effect of this static
local internal field, assuming that the LF does not change the magnetic
field distribution [Kubo and Toyabe, 1967]. Fig. 2.7 illustrates this LF
decoupling effect for an isotropic Gaussian internal field with a width
0.75 µs−1 ∼ 8.8 G. An external LF on the order of 10 times the internal
field can completely decouple the effect of the isotropic static internal
field. The asymmetry function always relaxes to a non-relaxing value
in time, the fraction of which is dependent on the competition of the
external LF and the internal field.

F IGURE 2.7: LF-decoupling of the µSR asymmetry function following Eq. 4.3, with ∆ = 0.75 µs−1 .

We establish here some concepts important to the understanding of
the µSR asymmetry function. In a static local magnetic environ~ loc ) ≡
ment (Fig. 2.3), denoted by a field distribution function D(B
D(Bx , By , Bz ), in which z is chosen to be the implanted µ+ spin direction,
one would expect the polarization function of the µ+ ensemble Pz (t) to
evolve as
Pz (t) =

Z h

i
q
Bx2 + By2
Bz2
2
2
2
+
cos(γµ t Bx + By + Bz )
Bx2 + By2 + Bz2 Bx2 + By2 + Bz2
D(Bx , By , Bz )dBx dBy dBz . (2.2)

After averaging over all possible local field configurations, the first term,
non-relaxing under our assumption, constitutes the ‘longitudinal fraction’ fL . fL represents the portion of µ+ ’s that land in positions in which
the local magnetic field is parallel to µ+ ’s initial spin polarization. The
second term undergoes relaxations and/or oscillations due to the static
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magnetic order and is the ‘transverse fraction’ fT . Whether we observe
coherent oscillations or not in fT depends on the randomness and demagnetizing field distribution of the system [Uemura, 1998]. In particular, fL and fT are given by
Z
Bz2
D(Bx , By , Bz )dBx dBy dBz ,
(2.3)
fL =
Bx2 + By2 + Bz2
fT = 1 − fL .

(2.4)

In real systems, fL undergoes spin-lattice relaxation due to dynamic
magnetic fluctuations and/or spin-wave excitations. This relaxation has
the simple exponential form exp(− Tt1 ) in most cases. T11 is the spin-lattice
relaxation rate [Uemura, 1998]. The ‘longitudinal’ versus ‘transverse’ dichotomy is interpretable in most systems in which the relaxation rates
from two different origins differ significantly and/or if static oscillation
patterns are clearly observable in fT .

2.2

µSR facilities: TRIUMF and PSI

µSR studies in this work have been performed at two facilities located
at (1) TRIUMF (Vancouver BC, Canada) and (2) the Paul Scherrer Institute (Villigen PSI, Switzerland). The µ+ beams at these two facilities
are both quasi-continuous, allowing a high time resolution on the order of ∼ 0.2 ns. At both TRIUMF and PSI, high energy proton beams
(500 MeV - 1 GeV) produced using cyclotrons are fired into a graphite
or beryllium target to produce pions via p + p → π + + p + n and the
pions decay into muons via π + → µ+ + νµ , where νµ is a muon-neutrino.
The muon neutrino always has its spin antiparallel with its momentum.
In the pion rest frame, due to the conservation of both momentum and
angular momentum, since the pion has zero spin, the µ+ spin is also
antiparallel with its momentum. This way, µ+ ’s produced are fully polarized in the rest frame of the pions. By selecting pions which stop in
the target and are therefore at rest with the lab frame when they decay
one can produce 100% spin-polarized µ+ ’s. These µ+ ’s are called surface muons. They have a unique energy of 4.1 MeV and a momentum
of 29.79 MeV/c. The M15 and M20 channels at TRIUMF and the GPS
channel at PSI all use surface muons. Surface muons have a stopping
range of 0.1 mm to 1 mm with a wide distribution of about 20% of the
mean value and thus are good for bulk property measurement. When a
µ+ enters the experiment it is detected and a clock starts. When the decay e+ is detected in either the forward or backward detectors, the clock
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is stopped and a successful event is recorded. If a second µ+ arrives before the first one has decayed then both µ+ ’s will be ignored, to make
sure that the e+ detected is always attributable to a single µ+ . This is the
conventional bulk µSR experimental setup.
At LEM (low energy muon), PSI, however, depth-controlled µSR with
an implantation depth on the order of tens of nm have been made available. When high-energy µ+ ’s are injected into the back of a thin foil
(about 100 µm) covered with a very thin layer (less than 1 µm) of a condensed van der Waals gas (such as argon, neon or N2 cryosolids), very
slow µ+ ’s at energies of a few eV are emitted [Harshman et al., 1987;
Morenzoni et al., 1997] from the thin foil’s downstream side. The thickness of the thin foil is chosen so that the stopping density distribution
of µ+ is centered at the downstream surface of the target, i.e., in the
condensed gas layer. This process is called moderation. It allows the
deceleration of a fraction of an existing intense beam of surface muons
from the initial energy of 4 MeV to about 10 eV, with almost no loss of
polarization. When a µ+ first enters a sample, it rapidly loses energy by
Coulomb collisions with electrons and by ionizing and exciting target
atoms (electron-hole pair and exciton creation). When this µ+ has lost
most of its energy, at energies below about 10 keV, charge-exchanging
cycles, involving muonium formation in one collision and muonium
break-up in one of the subsequent collisions, also acquire importance
as energy-dissipating mechanisms. However, in wide-band-gap perfect insulators such as solid krypton, argon, N2 , and neon (band-gap
energy between 11 and 22 eV) these charge-exchanging electronic processes are strongly suppressed or even become energetically impossible
below about 10 eV due to the high threshold energies. Only the relatively inefficient elastic scattering and phonon excitation processes remain as the only energy loss mechanisms. Therefore, traversing a thin
layer of condensed van der Waals gas, µ+ ’s emerge with a kinetic energy
of a few eV and almost full polarization, since depolarization via electron and Coulomb scattering is negligible and the overall time for slowing down to 10 eV is very short (about 10 ps). The moderation efficiency
(which is the fraction of incoming surface muons converted to epithermal muons) can be optimized by the appropriate choice of parameters
such as incoming beam parameters, geometry of the moderator, growth
conditions, composition and temperature of the overlayer, etc.
The schematics of the LEM beamline at PSI is shown in Fig. 2.8. Surface
muons are incident at a continuous rate of currently about 2 × 108 s−1 on
to the cryogenic moderator held at a positive potential between 12 and
20 kV. Epithermal muons emerging from the moderator are accelerated
in this potential, transported and focused by electrostatic lenses and a
mirror to the sample, where they arrive at a rate of about 4500 s−1 . The
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F IGURE 2.8: Schematics of the LEM beamline setup at PSI,
adapted from [Low energy µ+ beam and set-up for LE-µSR
(LEM)].

electrostatic mirror is used to separate the low-energy µ+ ’s from any
fast µ+ ’s exiting the moderator. The 90◦ deflection at the electrostatic
mirror also has the practical effect of transforming the initially longitudinally polarized µ+ beam into a transversely polarized beam. The
spin-rotator is a Wien filter that selects µ+ ’s with a certain velocity while
rotating the spin of each µ+ . The low-energy µ+ ’s are detected when
they pass through a carbon foil (‘trigger detector’) approximately 10 nm
thick placed at an intermediate focus of the beam transport system. The
µ+ traversing the foil ejects a few electrons, which are directed by a grid
system to a microchannel plate detector where they are detected. This
scheme keeps the amount of material interacting with the µ+ ’s and the
consequent effects on the trajectory minimal, while allowing for an efficient (greater than 80%) and fast detection. On passing through the foil,
the µ+ ’s lose about 1 keV and acquire an rms energy spread of 0.4 keV.
This detector provides the information about the implantation time of
the µ+ in the sample and starts a time differential measurement. The
final kinetic energy of the µ+ ’s implanted into the sample may be varied
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over the range from 0 to 30 keV by applying an accelerating or decelerating potential of up to 12 kV to the sample, which is mounted in
good thermal but electrically insulating contact with a cryostat for lowtemperature experiments or on other types of sample holder. At these
energies implantation depths in matter typically extend from ∼ 1 nm to
∼ 300 nm, depending on the implantation energy and the sample density. The µ+ stopping profile in a sample can be simulated with Monte
Carlo Simulations of µ+ (as a charge)-sample interactions [Morenzoni,
1998]. The decay e+ ’s from the µ+ ’s implanted in the sample are normally detected by a set of scintillator ‘telescopes’ placed left, right, above
and below the beam axis.

2.3

Past µSR studies of MnSi

µSR studies of MnSi started in the early days of the technique’s development. The interest in explaining itinerant magnetism using Moriya and
coworkers’ self-consistent renormalization (SCR) theory [Moriya, 1985]
was the main motivation of early µSR studies of MnSi. Knight shift measurement of MnSi in the paramagnetic phase between 28 K and 300 K by
Yasuoka and coworkers [Yasuoka et al., 1978] found that the observed
shift was found to be proportional to the uniform susceptibility with a
hyperfine coupling constant of −4.8 kG/µB . Limited by the µSR time
resolution at that time, only one oscillation frequency was observed,
leading to the incorrect assumption of a unique interstitial µ+ site with
a unique local magnetic field. Whereas the proportionality between the
µSR measured magnetic field and the Mn magnetic order parameter was
correctly captured, this work did not consider the possibility of multiple
µ+ sites in a MnSi unit cell nor the coexistence of a Fermi-contact-type
hyperfine field and a magnetic dipolar field at these µ+ sites. Hayano
and coworkers [Hayano et al., 1978] focused on the µ+ spin-lattice relaxation rate T11 in the paramagnetic state in a longitudinal field of 700
T
G. The observed temperature dependence of T11 as T11 ∝ T −T
was found
c
to be in agreement with the prediction of the SCR theory for itinernatelectron ferromagnets, consistent with Mn NMR results, as shown in
Fig. 2.9. Following this work, Takigawa and coworkers [Takigawa et al.,
1980] again assumed only one µ+ site and only the Fermi-contact type of
hyperfine field to analyze the magnetic order and spin-lattice relaxation
rate in the helical phase of MnSi. Under these incorrect assumptions,
they concluded that the hyperfine field at 4.2 K was 17% smaller than
that expected from the hyperfine coupling constant determined in [Yasuoka et al., 1978] and the ordered moment of 0.39µB /Mn. Furthermore,
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whereas the SCR theory for weakly ferromagnetic metals predicts a proportionality relationship T11 ∝ M0T(T )2 , where M0 (T ) is the temperature
dependent ferromagnetic component of the average magnetization, this
linear relationship only seemed to hold below 22 K. It was then argued
in the paper that as the temperature approached the magnetic transition temperature, the helical modulations became important. Thus the
system resembled an antiferromagnet instead of a ferromagnet.

F IGURE 2.9: Left: plot of µSR T1 vs 1/T showing a linear
dependence, adapted from [Hayano et al., 1978]; Right:
µSR and properly scaled NMR 1/T1 of MnSi compared to
different theoretical predictions.

Further work by Kadono and coworkers [Kadono et al., 1990] considered the possibility of multiple µ+ sites, even though without a proper
spatial symmetry analysis they concluded incorrectly that there were
two inequivalent interstitial µ+ sites. They also pointed out that the
seemingly good agreement between the µSR experiment and the SCR
theory prediction of 1/T1 in the paramagnetic phase in [Hayano et al.,
1978] might be partly attributable to the arbitrary choice of the temperature region used for extrapolation. They showed that at high temperatures T1 exhibited a considerable deviation from that extrapolated from
the vicinity of Tc . Consistent with this argument against the applicability of the SCR theory for weakly ferromagnetic metals to MnSi, in
[Gat-Malureanu et al., 2003], µ+ 1/T1 was shown to exhibit a divergence
as T1 T ∝ (T − Tc )β with the power β larger than 1 near Tc , shown in
Fig. 2.10. Yaouanc and coworkers [Yaouanc et al., 2005] further confirmed this temperature regime close to Tc where deviations from the
SCR theory prediction occur, and explained this deviation in terms of
a critical fluctuation theory with magnetic dipolar interactions between
magnetic moments included. Recently, in [Amato et al., 2014], a detailed
angle-dependent Knight shift measurement and magnetic field simulation finally elucidated the µ+ sites in MnSi. The µ+ ’s were shown to
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reside in higher-symmetry sites similar to those occupied by Mn or Si
atoms. These sites are electro-statically equivalent but magnetically inequivalent. In the field-polarized phase, the reduction of symmetry depends on the relative orientation of the external magnetic field and the
lattice axes. As a result, these 4 electrostatically equivalent µ+ sites may
exhibit different combinations of internal fields, calling for an angledependent Knight shift measurement. A simulation considering these
µ+ sites, the Mn moment size and the correct form of internal magnetic
field for the internal field distribution at all µ+ sites in ZF at 5 K, was in
a good agreement with the experimentally observed lineshape.

F IGURE 2.10: Plot of µSR T1 vs 1/T showing the linear
dependence not close to Tc , transitioning to a quadratic
dependence near Tc , adapted from [Gat-Malureanu et al.,
2003].

Contributing to the discussion of the unusual quantum phase transition
in MnSi shown by transport [Pfleiderer, Julian, and Lonzarich, 2001;
Doiron-Leyraud et al., 2003; Ritz et al., 2013a] and neutron scattering
[Pfleiderer et al., 2004; Pfleiderer et al., 2007] experiments, in pure singlecrystal MnSi under hydrostatic pressure, pressure-cell µSR revealed the
first order nature of the quantum phase transition [Uemura et al., 2007]
with phase separation and the lack of critical behaviors.
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3.1

Specimens

Our motivation to study the skyrmion systems with µSR is to understand details of the static magnetic order and magnetic fluctuations in
the B-T phase diagram, since µSR is sensitive to weak magnetic order, magnetic phase separation and low-energy magnetic fluctuations
and excitations. In our study, we choose 4 representative systems:
pure single-crystal metal MnSi, pure pressed-powder-pellet insulator
Cu2 OSeO3 , doped single-crystal metal Mn0.9 Fe0.1 Si and a 50 nm MnSi
MBE thin film grown on a Si-(111) substrate. This wide range of systems gives us access to variables such as electronic structure (metal versus insulator), randomness/disorder (pure versus doped systems) and
dimensionality (bulk versus thin film).

F IGURE 3.1: µSR time spectra in bulk single-crystal MnSi.
The early time region 0 − 0.5 µs is expanded to show the
oscillation patterns due to static magnetism below Tc .

Fig. 3.1 shows the µSR asymmetry time spectra in MnSi representing the
time evolution of the µ+ spin polarization P (t) in a longitudinal field
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(LF). In the paramagnetic phase (e.g. T = 30.3 K) the µ+ spin polarization follows an exponential decay P (t) = exp (− Tt1 ), from which the
spin-lattice relaxation rate T11 is derived. As the transition is approached
from above Tc , T11 increases due to the slowing down of spin fluctuations. The temperature Tp where this relaxation rate peaks serves as one
definition of Tc . In the magnetically ordered state below Tc = 29 K, µ+
~ loc = B
~ int +B
~ ext . Therefore, the
spins precess around the static local field B
time spectra exhibit two components: the ‘transverse’ component representing the precessing signal perpendicular to the z axis with amplitude
fT , and the non-oscillating ‘longitudinal’ component with amplitude fL ,
as explained in Eq. 2.3 and Eq. 2.4. The ‘longitudinal’ component again
shows a slow decay due to the dynamic T11 relaxation, while spin dy~ loc both contribute to the decay of the ‘transnamics and the spread of B
verse’ component. We identify the onset temperature Ts of a nonzero fT
as another definition of Tc . Tp and Ts agree well with each other in bulk
MnSi. Similarly, coherent oscillations and a simple exponential spinlattice relaxation are also observed in powder Cu2 OSeO3 below Tc ≈ 60
K.

F IGURE 3.2: µSR time spectra in bulk single-crystal
Mn0.9 Fe0.1 Si. Static magnetism below Tc does not lead to
oscillation patterns. Instead, it leads to the loss of initial
symmetry plotted on this time scale.

In our bulk Mn0.9 Fe0.1 Si single-crystal sample as well as the MnSi MBE
thin-film sample, however, the onset of static magnetic order can only
be identified with a fast-relaxing front end from a random static field
due to disorder and/or irregular magnetic domain boundaries. Also
in contrast to bulk MnSi and Cu2 OSeO3 , spin-lattice relaxation of the
‘longitudinal fraction’ can no longer be fitted with a simple exponential
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function. These two points are illustrated by the µSR asymmetry time
spectra in single-crystal Mn0.9 Fe0.1 Si in Fig. 3.2. At certain intermediate
temperatures it might seem justifiable to fit the asymmetry spectra with
the sum of two simple exponential functions, one fast-relaxing front end
and one slow-relaxing long-time tail. However, the static magnetic order parameter obtained from the front-end (fast) exponential relaxation
rate appears too small, since a static internal field of this size should
have been decoupled by the applied external LF [Uemura, 1998]. Therefore, to reasonably capture the physics, we have to resort to a stretched
exponential function exp(−(t/T1 )β ) for the ‘longitudinal fraction’ [Keren
et al., 2001]. 1/T1 is the relaxation rate and β is the stretching exponent.
In our fit a single stretched exponential function captures the asymmetry spectra in the paramagnetic phase well and the peak temperature Tp
of 1/T1 defines the transition. This coincides with the phase boundary
determined by magnetometry for both our Mn0.9 Fe0.1 Si single-crystal
sample and the MnSi MBE thin-film sample. Due to the large magnetic
moment (≥ 0.2 µB ), the ‘transverse fraction’ from the static random field
would have fully relaxed to zero after 300 ns. Therefore we determine
the total remaining asymmetry at t = 300 ns, whose ratio with the initial
asymmetry gives the ‘longitudinal fraction’ fL . Then a stretched exponential exp(−(t/T1 )β ) is used to fit this ‘longitudinal fraction’.
Our four systems share a similar phase diagram, illustrated by Fig. 1.3.
For single-crystal MnSi, we extract phase boundaries from the comprehensive angle-and-shape-dependent magnetometry study by Bauer et
al. [Bauer and Pfleiderer, 2012], as illustrated in Fig. 1.9 and Fig. 1.10.
Fig. 20(b) of [Bauer and Pfleiderer, 2012] gives the phase boundaries for
the case of B k h110i. We choose this phase diagram because our sample
surface normal is closest in direction to the h110i axis. We make corrections for T by subtracting/adding a constant value to align the magnetic
transition temperature Tp = Ts measured in our µSR experiments with
the IM to ordered phase transition temperature in Fig. 20(b) of [Bauer
and Pfleiderer, 2012]. We make corrections for the thin disc shape of our
sample by considering the demagnetizing field from a uniformly magnetized thin disc. The final phase boundaries are shown in Fig. 4.2. We
extract phase boundaries for a powder-form Cu2 OSeO3 from [Seki et al.,
2012b] with the procedure for temperature corrections similar to those
for MnSi. The demagnetizing field averages to zero in a powder sample
so we do not consider any corrections in this respect. We independently
determine the phase boundaries for single-crystal Mn0.9 Fe0.1 Si and the
MnSi MBE film by magnetometry. By considering the inflection points
of the susceptibility χ(T ), Tc can be identified as the maximum of dχ/dT
while the boundary between the IM region and the paramagnetic region
can be identified as the minimum of dχ/dT .
30

Chapter 3. Specimen characterization
In single-crystal MnSi, there are 4 electrostatically equivalent µ+ sites in
each unit cell [Amato et al., 2014]. Therefore, to consider the 4 magnetically inequivalent sites in an applied LF we use four oscillating components with equal weights to fit the asymmetry spectra. The normalized
depolarization function is
4

(1 − fL ) X
(∆i t)2
t
). (3.1)
cos (γµ Bi t) exp (−
PMnSi (t) = fL exp (− ) +
T1
4
2
i=1
Here the Bi ’s are the oscillation fields and the ∆i ’s are the corresponding
Gaussian relaxation rates. This function form works best in a ferromagnetic state but also fits the time spectra in the entire ordered state of
MnSi well (Fig. 3.1).
In our Cu2 OSeO3 powder sample, a much broader early time spectrum
has been observed below Tc , which we find is best captured by
(∆t)2
t
).
PCu2 OSeO3 (t) = fL exp (− ) + (1 − fL ) cos (γµ Bt) exp (−
T1
2

(3.2)

A previous ZF µSR work on single-crystal Cu2 OSeO3 determined a
rather complicated µ+ stopping profile that gave rise to two oscillating
components with a weight ratio of 4:1 and almost identical oscillation
fields [Maisuradze et al., 2011]. Here we assume only one oscillating
field for the transverse component due to lower statistics and the powder form of the sample.
Unlike these two bulk pure samples, the randomness in single-crystal
Mn0.9 Fe0.1 Si and the 50 nm MnSi MBE thin film renders the static magnetic field more disordered, yielding a fast relaxation instead of coherent
oscillations. In addition, the longitudinal spin-lattice relaxation is better captured by a stretched exponential function. Therefore, for both
single-crystal Mn0.9 Fe0.1 Si and the 50 nm MnSi MBE film we use
0.9 Fe0.1 Si
P MnMBE
(t) = fL exp (−(

3.2

t β
) ) + (1 − fL ) exp (−λt).
T1

(3.3)

Comparison of two MnSi MBE film samples

Our 50 nm thick MnSi MBE film sample was fabricated in RIKEN using
the method described in [Li et al., 2013]. The same work also includes
a detailed study of the B and T dependences of the THE resistivity of
another 50 nm MnSi MBE film sample. We label the sample used in [Li
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F IGURE 3.3: Ferromagnetic moment vs T plots of our 50nm MnSi MBE thin film.

et al., 2013] Sample A and the sample used in our µSR study Sample
B. Magnetization data on a small cut-off piece of Sample B is shown in
Fig. 3.3 for up to Bext = 5 T. To illustrate the definition of magnetic tran2
sition temperatures, we plot M vs T (blue, left axis) and ddTM2 vs T (green,
right axis) for Bext = 0.1 T in Fig. 3.4. Tc1 (transition temperature from
the ordered phase to the IM region) and Tc2 (crossover temperature from
the IM region to the paramagnetic region) correspond to the minimum
2
and maximum of ddTM2 , respectively [Yokouchi et al., 2014]. Here, we
would like to demonstrate that these two samples are essentially identical.
Firstly, even though these two samples come from different batches
to satisfy different requirements for subsequent characterization techniques, they share the same growth recipe and environment, the growth
processes having been performed in the same laboratory. Therefore, it
is reasonable to believe these two samples resemble each other.
Secondly, we compare the B-T phase diagram extracted from [Li et al.,
2013] for sample A with the phase boundaries determined from the
M (T ) dependences for Sample B in Fig. 3.5. Here the silver solid and
pink dashed lines indicate the ordered to IM transition and the IM to
paramagnetic crossover lines for Sample B, while the remaining information is extracted from [Li et al., 2013] for Sample A. For Sample A, the
pink and white solid squares connected by dashed lines are determined
by the kinks of M vs Bext and ρyx vs Bext curves. The magnetic transition lines for Sample A and B follow each other well in the temperature
region from 20 K to 35 K.
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F IGURE 3.4: Illustration of the definition of Tc1 (the magnetically ordered region to the IM region transition) and
Tc2 (the IM region to the paramagnetic region transition)
through a d2 M/dT 2 vs T plot.

Lastly, we also perform Hall resistivity (Fig. 3.6) and magnetoresistivity
(Fig. 3.7) measurements of a small cut-off piece of Sample B. These data
are compared with those extracted from [Li et al., 2013] for Sample A.
In both cases, while small discrepancies exist, the overall Bext and T
dependences remain very similar between the two samples.
Thus we believe Sample A and B are essentially identical and can be
compared accordingly. It is interesting to point out the differences between the silver line and pink squares above 35 K. As shown in [Bauer
and Pfleiderer, 2012], the phase boundary determined by the kinks in
M vs Bext defines the entry from the conical state to the field-polarized
state with an increasing Bext at a certain low temperature, but it also defines the entry from the IM region to the paramagnetic region with an
increasing T at a certain low external field. Within the Bext range where
the IM region exists, the transition from the ordered state to the IM re2
gion is better defined by the minimum of ddTM2 [Yokouchi et al., 2014] as
shown by the silver line. Therefore, the IM region is the B-T phase diagram region bounded to the left by the silver solid line, to the right by
the pink dashed line and to the top by the white and pink solid squares.
A large THE signal persists in this region even though static skyrmions
disappear, which we will discuss in Chapter 6.
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F IGURE 3.5: THE resistivity color contour plot in a 50nm MnSi MBE thin film sample, adapted from [Li et al.,
2013]. The silver solid line is the magnetically ordered
phase to magnetically disordered phase transition line determined from magnetization measurement on our 50-nm
MnSi MBE thin film sample. It is reasonably consistent
with the phase transition line (white and pink squares) of
the sample from [Li et al., 2013]. The pink dashed line is
the IM region to the paramagnetic region transition line of
our sample.

F IGURE 3.6: Comparison of the B dependence of the Hall
resistivity at different T ’s in sample A (from [Li et al.,
2013]) and sample B (our sample).
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F IGURE 3.7: Comparison of the B dependence of the normalized magnetoresistivity at different T ’s in sample A
(from [Li et al., 2013]) and sample B (our sample).
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4.1

µSR asymmetry time spectra in MnSi

4.1.1

Experiment results

F IGURE 4.1: fL vs T in bulk single-crystal MnSi at different B’s.

In MnSi, as shown in Fig. 3.1 and explained in Chapter 2, the µSR time
spectra below Tc consist of the ‘longitudinal fraction’ and the ‘transverse
fraction’. Generally, for an isotropic magnetic system, the ‘longitudinal
fraction’ fL contains information on the relative magnitude of the internal magnetic field and the applied external magnetic field. In the
ordered state of single-crystal MnSi, however, even though the underlying lattice has cubic symmetry, the magnetic order breaks this symmetry and the magnetic dipolar field contribution makes the system
anisotropic. In fact, we can study the dependence of fL on temperature T and external magnetic field B, as shown in Fig. 4.1. Noting the
phase boundaries in Fig. 4.2, we notice that in the helical state (LF= 0 kG
and LF= 0.1 kG), fL remains almost T and B independent with fL ≈ 0.3,
due to the single-helical-domain nature of our sample and the pinning
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of the helical modulation vector to a h111i axis. Transitioning to the conical state at LF= 1 kG, the low temperature fL reduces to ≈ 0.2, consistent
with the fact that now the magnetic moment is mostly perpendicular to
the applied external field (the z direction). In other words, the magnetic
moment has a large component in the x−y plane and thus the magnetic
field also has a large x−y plane component, making fL small. At a constant T , further increasing B in the conical phase generally increases fL ,
due to both the closing-in of the cone angle that makes the internal field
more parallel with z and the increasing weight of the external field B
along the z direction. At a specific B, increasing T towards Tc also increases fL , mostly due to the decreasing weight of the internal magnetic
field with a decreasing magnetic order parameter. Curiously, fL jumps
abruptly to 1 at the magnetic transition temperature, indicating a rather
sharp and discontinuous magnetic transition at all fields. Moreover, at
intermediate fields such as 1.5 kG, 1.75 kG, 2 kG and 2.5 kG, at temperatures slightly belong Tc , fL shows a non-monotonic dip, which is due to
the SkX magnetic structure in the A phase, which we will explain later
in this chapter.

F IGURE 4.2: Color contour plot of the B and T depenxy
dences of the static internal transverse field Bint in bulk
single-crystal MnSi. µSR data points are indicated by
black hollow circles. The silver solid lines are the phase
transition lines between the helical phase to the conical
phase and the magnetically ordered phase to the IM region. The red dashed line separates the IM region and the
paramagnetic region. The SkX region is separated from
the conical phase by the green solid line. Unless otherwise noted, these phase boundary conventions are used
throughout this work. The left plot is the full temperature
range and the right plot is a zoomed-in view around the
SkX region.
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To characterize the magnetic state, fL alone is not enough since the effects of local magnetic field magnitude and direction are convoluted in
fL . Another piece of information, which is the x−y projection of the local magnetic field, provides us with another convoluted view of both the
magnitude and the direction of the local magnetic field. Since in a LF,
this x-y projection of the local magnetic field is the same as the projection
of the internal magnetic field, we call this projection the static internal
xy
xy
transverse field Bint . In Fig. 4.2 a color contour plot of Bint in MnSi is
shown with regard to T and B. Here the µSR experimental points are
indicated by black open circles. The color between points is interpoxy
lated by Gouraud shading. As T increases, Bint decreases as a result of
xy
a decreasing magnetic order parameter. However, Bint does not have a
strong dependence on B given a specific T . In the SkX phase, delineated
xy
by the green boundary line, Bint is selectively reduced in comparison
to neighboring conical phases at the same temperature both at higher
fields and lower fields. To illustrate this point further, the left-hand-side
xy
of Fig. 4.3 shows a plot of Bint vs B for select temperatures 25 K, 27.5 K
and 28.5 K. At 25 K, the system stays in the conical phase during a B
xy
scan and Bint shows little dependence on B. In contrast, at 28.5 K, sexy
lectively in the field range of around 1.5 kG to 2.5 kG, Bint shows a dip,
indicating the much different magnetic structure in the SkX phase.

F IGURE 4.3: Bext dependence of the static internal transxy
verse field Bint (left) and order parameter (right) in bulk
single-crystal MnSi at 25 K, 27.5 K and 28.5 K.

4.1.2

Further analysis of the µSR asymmetry time spectra

As explained in Chapter 2, fL reveals information on the angular dis~ loc (hence B
~ int , given that B
~ loc = B
~ int + B
~ ext ). However,
tribution of B
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~ int . This can be understood
fL itself is not sufficient for determining B
for the conical phase of MnSi, as illustrated in Fig. 2.3. Different combinations of the magnetic order parameter magnitude µMn and the cone
angle θcone can lead to the same angle between the z direction and the
~ loc , thus the same fL . To determine B
~ loc , its x-y component
direction of B
xy
is necessary. This is the static local transverse field Bloc , which combines
~ loc . This information can be obtained
angular and radial information of B
if we perform a short-time expansion of Eq. 2.2, which gives
Z
(γµ t)2
+
(Bx2 + By2 )D(Bx , By , Bz )dBx dBy dBz . (4.1)
Pz (t → 0 ) ' 1 −
2
Thus we define the static local transverse field:
sZ
xy

(Bx2 + By2 )D(Bx , By , Bz )dBx dBy dBz .

Bloc ≡

(4.2)

xy

To illustrate how Bloc gives information on the transverse (x − y) com~ loc , we present the following examples:
ponents of B
~ ext ⊥ ẑ, from the time specIn an ideally transverse field configuration B
2
trum Pz (t) = cos(γµ Bext t), we get Pz (t → 0+ ) ' 1 − (γµ B2ext t) , hence
xy
Bloc = Bext .
In a Gaussian Kubo-Toyabe asymmetry function [Kubo and Toyabe,
1967], which arises in the case of an isotropic Gaussian distribution of
2
), hence
the local magnetic field, Pz (t) = 31 + 32 (1 −√ (∆t)2 ) exp(− (∆t)
2
xy
Pz (t → 0+ ) ' 1 − (∆t)2 . We have Bloc = γ2∆
, which constitutes the
µ
x and y components of the local magnetic field each with width γ∆µ .
Similarly, in a LF-decoupled Gaussian Kubo-Toyabe asymmetry function [Hayano et al., 1979], the analytical form of the relaxation function
is given by
2∆2
∆2 t2
Pz (t) =1 − 2 [1 − exp (−
) cos (ωL t)]
ωL
2
Z
2∆4 t
∆2 τ 2
+ 3
exp (−
) sin (ωL τ )dτ,
ωL 0
2

(4.3)

~ ext k ẑ gives ωL ≡ γµ Bext . Expanding
in which the longitudinal field B
this in the limit of t → 0+ , we again have Pz (t → 0+ ) ' 1 − (∆t)2 . This is
consistent with the ZF Gaussian Kubo-Toyabe result, as the applied LF
~ int by assumption.
does not change B
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Another example is the relaxation function in an isotropic incommensurate spin density wave system [Le et al., 1993], where we have Pz (t) =
1
+ 23 j0 (γµ Bmax t), hence Pz (t → 0+ ) ' 1 − ( γµ B3max t )2 . Here the internal
3
field magnitude has a distribution of Bint (~r) = Bmax | cos r| where ~r has
its origin at a specific spatial point of the largest internal field magnitude
Bmax . Considering the two transverse (x and y) components as well as
xy
the spatial sampling of | cos r|, we have Bloc = ( 32 )( 12 )Bmax , consistent
with the expansion.
~ ext is longitudinal (k ẑ) and/or when B
~ ext = 0, the static internal
When B
xy
transverse field Bint completely determines the static local transverse
xy
field Bloc :
xy
xy
Bint = Bloc .
(4.4)
xy

To extract the static internal transverse field Bint of bulk MnSi we perform a short-time expansion of Eq. 3.1, which gives
v
u
4
u (1 − fL ) X
∆i
xy
t
(Bi2 + ( )2 ).
(4.5)
Bint =
4
γµ
i=1

4.2
4.2.1

Static magnetic order parameter of MnSi
Derivation of order parameter and cone angle from
experimental data assuming the conical spin configuration
xy

The parameters (fL , Bint ) can function as the basis for our understanding
of the static magnetic order µ
~ Mn in MnSi below Tc . If the sample geometry, the magnetic moment distribution, the Fermi-contact-type hyperfine coupling constant Â, and the µ+ sites are known, a simulation of
the local magnetic field distribution can be performed and compared
with experiments. Such a comparison can yield detailed information on
the static magnetic order in the crystal. From Eq. 2.1, one only needs to
~ dip , which involves a convergent sum over a macrodirectly calculate B
scopic lattice with a specific moment distribution [Schenck et al., 2001].
In the case of MnSi, one can perform this sum in the helical state, the
conical state, the SkX state and the ferromagnetic (field-polarized) state
separately. A Knight shift measurement corresponds to the sum in a
field-polarized state. A detailed angular dependence of shift line(s) elucidates the exact µ+ position(s) in the unit cell as well as Â [Amato et al.,
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2014]. Conversely, knowledge of the µ+ site(s) and Â allows one to determine the exact orientation of a single crystal from its µSR asymmetry
function.

F IGURE 4.4: Color contour plot of the B and T dependences of the cone angle θcone in bulk single-crystal MnSi.

To avoid introducing systematic biases, we assume that the whole magnetically ordered region of the B-T phase diagram consists of a single
conical phase in our simulation. Any behavior not explained by the
conical phase assumption must be explained by another phase. Fig. 4.4
shows the color contour plot of the cone angle θcone in MnSi using the
xy
experimental values of (fL , Bint ) and the procedures explained later in
this chapter. The closing-in of the cone angle with an increasing Bext
is evident. On the conical side of the phase diagram, we observe a
linear decrease of θcone with an increasing Bext in simulation, consistent with magnetization measurements and the Landau-Gizburg theory
, where Bc2 is the conical to ferromagwhich predicts cos (θcone ) = BBext
c2
netic transition field. Similarly, at a specific Bext , with an increasing T , a
decreasing θcone is observed in simulations. This can be explained by the
decreasing total magnetic moment, while the ferromagnetic (z) component stays unchanged. Furthermore, in the helical phase region, the T
and Bext independent behavior of θcone indicates the differences between
the conical phase and the helical phase. Quantitatively, the θcone values
are also consistent between experiments and the simulation. At the transition field Bc1 between the helical phase and the conical phase (1 kG for
our MnSi sample), Mn spins have a cone angle of about θcone ∼ 83◦ at
5 K. Considering only the hyperfine field, Mn spins with such a cone
angle would give fL ∼ 0.015. Such a small fL reflects the fact that the
magnetic moments lie mostly in the plane perpendicular to the µ+ initial
spin. However, also including the dipolar field, Mn spins with the cone
angle of θcone ∼ 83◦ give fL ∼ 0.2, consistent with the experiment value
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observed. Similarly, we can read off θcone ∼ 60◦ for B ∼ 4 kG. Using
the demagnetizing factor of our sample Nd = 0.736 and the full magnetic moment 0.4 µB , the conical to ferromagnetic transition field at 5
K (6 kG for samples with vanishing demagnetizing fields) corresponds
to Bc2 = 8.2345 kG for our sample. The simple theoretical prediction
then gives θcone ∼ 83◦ for Bext ∼ 0.95 kG and θcone ∼ 61◦
cos (θcone ) = BBext
c2
for Bext ∼ 4 kG, both in good agreement with the simulation results.

F IGURE 4.5: Color contour plot of the B and T dependences of the order parameter µMn in bulk single-crystal
MnSi.

Fig. 4.5 shows the color contour plot of the magnitude of the Mn magxy
netic order parameter µMn . Compared to Bint , no angular information
is convoluted in this parameter. At low T , in the conical phase, the
near constant µMn independent of Bext is consistent with the fact that
the magnetic order parameter size is only T -dependent. Consistently, at
xy
a specific field, increasing T leads to a decreasing µMn . Similar to Bint
shown in Fig. 4.2, the particular reduction of µMn in the SkX phase compared to the neighboring conical phases at the same temperature reveals
the special characteristics of the magnetic order in the SkX phase. The
right-hand-side figure of Fig. 4.3 plots µMn vs Bext for select temperaxy
tures to show the trend similar to that of Bint . In magnetization measurements, only the ferromagnetic (z) component can be measured. In
neutron scattering, however, only the modulation component is probed.
Therefore, it is not easy to obtain complete information on the direction and the magnitude of the order parameter. Combining bulk singlecrystal µSR measurements with the magnetic field simulation, we can
separate the effects of the magnetic order parameter magnitude and direction. Our results establish the reduced order parameter magnitude
in the SkX phase compared to neighboring conical phases.
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4.2.2

Magnetic field simulation procedures

In bulk single-crystal MnSi, the low spatial group symmetry (P 21 3)
of the B20 structure dictates that there are at least 4 electrostatically
equivalent µ+ sites. If, however, µ+ ’s stop at lower-symmetry sites,
the equivalent-site number will increase to 12. Depending on the specific microscopic magnetic structure, these electrostatically equivalent
sites may be magnetically inequivalent. In MnSi, the µ+ stopping sites
in a unit cell and the magnitudes of the Fermi-contact-type hyperfine
and dipolar couplings between the ordered moments and the µ+ spin
have been determined in detail [Amato et al., 2014]. µ+ ’s stop at highersymmetry sites like those occupied by Mn and Si atoms with xµ+ = 0.53
[Amato et al., 2014]. Our independent Knight shift
and Â = 5.17 µBkG
/f.u.
and ZF µSR measurements are consistent with these results.
In the helical state, the electronic magnetic moment has the helical distribution


~ ψ) = µMn cos(Q
~ ·R
~ + ψ)~e1 − sin(Q
~ ·R
~ + ψ)~e2 ,
m
~ h (R,
(4.6)
~ is the helix modulation wavevector and ~e1 and ~e2 are two
in which Q
~
perpendicular unit vectors, which, together with Q̂ ≡ Q/Q,
form a righthanded Cartesian coordinate system with ~e1 × ~e2 = Q̂. Note that the
~ ·R
~ + ψ) term arises from the negative
negative sign before the sin(Q
sign in front of the DM interaction. A µ+ can stop at any unit cell along
the helix. Therefore ψ takes any value in the range [−180◦ , 180) with an
equal probability due to the incommensurability of the long helix period
and the short lattice constant. In the conical state, similarly, we have


~ ψ) = µp ẑ + µm cos(Q
~ ·R
~ + ψ)x̂ − sin(Q
~ ·R
~ + ψ)ŷ .
m
~ c (R,
Mn
Mn

(4.7)

~ ext k Q.
~ µp denotes the ferromagnetic projection of the static
Here ẑ k B
Mn
magnetic moment µMn , while µm
Mn is the modulating component in the
x-y plane. In the SkX state, the magnetic moment distribution is much
more complicated, but near the SkX to paramagnetic transition this can
~ 1, Q
~ 2 and Q
~ 3 at
be approximated by a superposition of three helices Q
◦
120 with respect to each other in the x − y plane as [Mühlbauer et al.,
2009]
~ ψ) = µp ẑ + µms
m
~ s (R,
Mn
Mn

3
X



~j · R
~ + ψ)~e1,Q − sin(Q
~j · R
~ + ψ)~e2,Q ,
cos(Q
j
j

j=1

(4.8)
where for helix j there is a Cartesian coordinate system defined by Q̂j ,
~e1,Qj and ~e2,Qj , with the phase constraint ~e1,Q1 = ~e1,Q2 = ~e1,Q3 = −ẑ to
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ensure a topologically nontrivial SkX moment configuration.
In our simulation, we focus on the conical state and the SkX state. Each
(T , Bext ) point in the Bext -T phase diagram of MnSi (Fig. 4.2) corresponds to a specific moment distribution which can be specified by
p
p
ms
(µMn , µm
Mn ) defined in Eq. 4.7 in the conical state or (µMn , µMn ) defined
in Eq. 4.8 in the SkX state. To simulate the local field distribution,
in addition to material and sample specific parameters, magnetic moment magnitude and direction and Bext are necessary inputs. In the ordered state, a simple Landau-Ginzburg free energy consideration links
p
the ferromagnetic component µMn to Bext [Mühlbauer et al., 2009], as
illustrated by the linear relationship between the cone angle θcone and
Bext : cos(θcone ) = Bext /Bc2 , thus reducing the input parameters to two.
It should be noted that this treatment is less reliable at temperatures far
away from the transition temperature, since the Landau-Ginzburg free
p
energy expansion is no longer a good approximation. With (µMn , µm
Mn ) in
p
the conical state and (µMn , µms
)
in
the
SkX
state,
simulations
can
be
perMn
xy
formed to deduce the parameters (fL , Bint ), which are experimentally
accessible in the LF geometry. If this mapping is injective, the inverse
xy
p
p
ms
mapping (fL , Bint ) 7→ (µMn , µm
Mn ) (or (µMn , µMn )) will give us information
on the magnetic moment distribution at each specific (T , Bext ) point.
The ferromagnetic component deduced this way can be compared with
magnetization, and a comparison of TF µSR measurements with a TF
lineshape simulation using the deduced moment distribution as inputs
can serve as another validity check.
xy

To illustrate the process of calculating (fL , Bint ) from a specific magnetic
moment distribution, we take the conical state (Eq. 4.7) as an example.
First, we need to choose a reasonably sized lattice to embed the conical phase magnetic moments. This can be done heuristically by finding
the smallest size for the magnetic dipolar field lattice sum to converge.
Given a lattice of magnetic moments, we calculate the magnetic dipolar
~ µ . The total magnetic dipolar
field a µ+ experiences at a specific µ+ site R
field takes the form:
X 3[m
~ i ) · ~ri ]~ri m
~ i)
~ c (R
~ c (R
~ dip (R
~ µ ) = µ0
[
−
],
B
5
3
4π i
ri
ri

(4.9)

where the sum over i represents the sum over all magnetic moments,
~ i ) is given by Eq. 4.7 and ~ri = R
~i − R
~ µ is the relative displacement
m
~ c (R
+
from the µ site to the magnetic moment position. We can also include
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~ i ). The summathe Fermi-contact-type isotropic hyperfine field γ m
~ c (R
tion gives:
~ R
~ µ ) =B
~ dip (R
~ µ) + γ m
~ i)
B(
~ c (R
µ0 ~ ~
~ ~
(A − D) + γ x̂]
=µm
Mn [cos(Q · Rµ + ψ)[
4π
~ ·R
~ µ + ψ)[ µ0 (B
~ + C)
~ + γ ŷ]]
− sin(Q
4π
µ0 ~
p
+ µMn ( E
+ γ ẑ),
4π

(4.10)

~ B,
~ C,
~ D
~ and E
~ are lattice sums given the lattice size and the
where A,
µ+ site:
X 3[x̂ · ~ri ]~ri
[
ri5
i
X 3[x̂ · ~ri ]~ri
=
[
ri5
i
X 3[ŷ · ~ri ]~ri
=
[
ri5
i
X 3[ŷ · ~ri ]~ri
=
[
ri5
i
X 3[ẑ · ~ri ]~ri
=
[
ri5
i

~=
A

−

x̂
~ · ~ri ),
] cos(Q
ri3

~
B

−

x̂
~ · ~ri ),
] sin(Q
ri3

−

ŷ
~ · ~ri ),
] cos(Q
ri3

−

ŷ
~ · ~ri ),
] sin(Q
ri3

−

ẑ
].
ri3

~
C
~
D
~
E

(4.11)

Since ψ is uniformly distributed in the range of [−180◦ , 180◦ ), in Eq. 4.10
~ ·R
~ µ + ψ with ψ when calculating the full
we can simply substitute Q
~ at all µ+ sites. Of course, the demagnetization field
distribution of B
and the Lorentz field should also be added to Eq. 4.10 to calculate the
total local field following Eq. 2.1.
Our sample is a disk with a diameter of 19 mm and a thickness of 3
mm, whose surface normal is slightly misaligned with a [110] direction
by 11◦ . In a µSR experiment in a helium-gas-flow cryostat, the sample
~ ext , depending on
surface normal might be slightly misaligned with B
how the sample is suspended with the aluminum tape. This limits the
precision of the comparison between simulations and experiments, but
xy
extensive simulations show that in the conical state, (fL , Bint ) in the LF
geometry as well as the width and height of lineshapes in the TF geometry are not sensitive to a small misalignment. In contrast, the same
orientational problem becomes more severe in the SkX state. Furthermore, higher-order harmonic terms in addition to the first-order ones in
Eq. 4.8 have to be taken into account for the SkX state at temperatures
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further away from Tc . Therefore, for all the (T , Bext ) points in the ordered state the simulations have been performed under the assumption
p
of a conical state for the derivation of the moment distribution, i.e. (µMn ,
µm
Mn ). This prevents introducing systematic biases. Using this method,
we obtain the order parameter (µMn ) plot (Fig. 4.5) and the cone angle
(θcone ) plot (Fig. 4.4) defined by
q
µm
p
Mn
2, θ
(4.12)
)
=
arctan
µMn = (µMn )2 + (µm
cone
p .
Mn
µMn

F IGURE 4.6: Comparison of µSR-simulation-deduced ferromagnetic moment with magnetization measurement
(adapted from [Gregory, 1992]), with thermometer differences and demagnetization fields corrected. The upturn
of µSR results at low fields is due to the wrong assumption of a conical phase in that field range.

4.3

Comparison of µSR results with magnetization and simulated lineshapes

4.3.1

Comprison of LF-µSR and magnetization results to
check the validity of order parameter / cone angle
derivation

To check the validity of our results, µSR-determined ferromagnetic mop
ment µMn (filled circles) is compared with magnetization data (solid
lines) on a different sample measured by a vibrating sample magnetometer [Gregory, 1992] (Fig. 4.6) after correcting for thermometer differences and shape-dependent demagnetizing fields. The agreement is
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p

reasonable for the conical state. The upturn of µSR µMn at Bext ≤ 0.5 kG
is due to the mismatch between the helical state and the assumption of
a conical state moment distribution in simulation.

4.3.2

Comparison of TF-µSR results with simulated line
shapes for different spin configurations

F IGURE 4.7: TF lineshape simulation using µSR deduced
order parameter and cone angle compared to TF µSR experiments.

A TF-geometry simulation of the conical state is straightforward with
p
the derived (µMn , µm
Mn ) information. One can also assume a SkX state
p
and perform the simulation, with the same µMn but µms
Mn determined by
√
m
µms
(4.13)
Mn = µMn / 3,
from a Landau-Ginzburg free energy consideration [Mühlbauer et al.,
2009] by minimizing a mean-field Ginzburg-Landau free energy assuming a conical state or a SkX state. The results for TF= 2.25 kG are shown
in Fig. 4.7 in comparison with TF experiments after proper normalization. At 20 K a conical state configuration explains the experimental
lineshape well (left plot of Fig. 4.7), but as T approaches the SkX state,
the conical state simulation gives too narrow a lineshape to agree with
experiments. Instead, a SkX state simulation captures the experimental lineshape (right plot of Fig. 4.7) much better at 28.5 K. Much narrower lines are observed in the paramagnetic phase. Below Tc = 29 K in
TF = 1 − 4 kG, such a sharp Fourier signal is absent, ruling out the coexistence of the ordered and paramagnetic phases, i.e. phase separation,
in the ordered state.
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4.4

µ+ spin-lattice relaxation in MnSi

4.4.1

Experimental results

F IGURE 4.8: µSR 1/T1 vs T in bulk single-crystal MnSi at
different B’s. The inset shows the plot of 1/(T · T1 ) vs T
with the T scale aligned with that of the main figure.

In the paramagnetic phase, a fast-fluctuating instantaneous local field at
each µ+ site induces µ+ spin state transitions. This is the origin of the
spin-lattice relaxation of the µ+ ensemble polarization. This relaxation
assumes a simple exponential form [Uemura, 1998] exp (− Tt1 ) in most
cases, in which all µ+ ’s experience an identical instantaneous local field
distribution and a single fluctuation rate. The fluctuation rate slows
down near a phase transition. As a consequence, T11 peaks at Tc . In the
ordered phase, the ‘transverse component’ of the asymmetry undergoes
fast relaxation and/or coherent oscillations due to the static magnetic
order, but the ‘longitudinal fraction’ still has a relaxation of the form
exp (− Tt1 ). The longitudinal field Bext (LF) dependence of the µ+ spinlattice relaxation rate T11 reveals information on the electronic fluctuation
spectrum in response to Bext .
The scatter plot and color contour plot of T11 in bulk MnSi are presented
in Fig. 4.8 and Fig. 4.9. Both plots reveal the strong peaking of 1/T1
at the magnetic transition temperature Tc due to the slowing down of
magnetic fluctuations. Applying an external magnetic field Bext significantly reduces 1/T1 and the peaking, showing the gapping out of
low-energy fluctuations by Bext . More importantly, in the color contour plot, 1/T1 shows a recovery from the conical state to the SkX state,
indicating strong magnetic fluctuations and/or excitations in the SkX
phase. This recovery of 1/T1 in the SkX phase indicates an abundance
of low-energy magnetic excitations/fluctuations in comparison to the
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F IGURE 4.9: Color contour plot of the B and T dependences of the µ+ spin-lattice relaxation rate 1/T1 in bulk
single-crystal MnSi.

neighboring conical phase at the same temperature, consistent with the
reduced order parameter in the SkX phase shown in Fig. 4.5. This enhanced spin-lattice relaxation due to the abundance of low energy magnetic fluctuations/excitations in the SkX phase can also be seen in a field
scan of 1/T1 at select temperatures, shown in Fig. 4.10. At 15 K, 25 K
and 27.5 K, 1/T1 is suppressed by Bext as expected. However, in the
SkX phase field range at 28.5 K, a recovery of 1/T1 occurs, indicating the
unusual spin dynamics in the SkX phase.

F IGURE 4.10: Continuous suppression of 1/T1 with Bext ,
with the exception of the SkX field range at 28.5 K.

Another piece of interesting information reveals itself if we plot 1/(T ·T1 )
vs T for all external magnetic fields and the temperature range below 20
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K. The inset of Fig. 4.8 reveals the T -independence of 1/(T · T1 ), indicating that the dominant contribution to the spin-lattice relaxation in the
ordered state of MnSi arises from Korriga-like electron-hole excitations
off the Fermi surface. This is a piece of strong evidence for the dominantly itinerant nature of magnetism in MnSi. During scans of Bext at
select temperatures in the magnetically ordered state, it is also interest2
. Fig. 4.11 shows T1
ing to observe the linear dependence of T1 on Bext
2
vs Bext in the magnetically ordered state in single-crystal MnSi (bottom)
and power-form Cu2 OSeO3 (top). A linear relationship is seen in the
conical phase in both systems, indicating a universal behavior in the
conical phase independent of the underlying microscopic origin of the
magnetism. We will discuss this behavior later in this chapter and in
Chapter 7. Again, the deviation from this linear relationship is evident
in the SkX phase field range in MnSi at 28.5 K.

4.4.2

Redfield formula for

1
T1

In the absence of Bext in the paramagnetic state, a minimal model for
µ+ spin-lattice relaxation involves a fluctuating local field at each µ+
site with a spin correlation time τc and an isotropic Gaussian distribution of instantaneous magnetic field of width γ∆µ . Within the strong collision approximation (SCA) [Uemura, 1998; Hayano et al., 1979], µ+ ’s
undergo a spin-lattice relaxation of the form P (t) = exp (−2∆2 τc t) in the
fast fluctuating regime (the narrowing limit) τc ∆ ≤ 51 . τc is a measure of
the time duration during which µ+ ’s undergo precession around the instantaneously static local magnetic field. After this duration of time, the
instantaneous field changes abruptly and takes a new value within the
Gaussian distribution, without any correlation with its previous values.
Typical values of τc in solids lie in the range of 10−4 − 1 ns. If we assume
that the application of a longitudinal Bext does not change the instantaneous local magnetic field distribution nor the spin correlation time,
Bext serves solely as a Zeeman field to split the two µ+ spin states with
an energy difference h̄ωL , where ωL ≡ γµ Bext . A transition between the
two Zeeman levels occurs with a probability proportional to the ω = ωL
component of the local field fluctuation spectrum. Therefore, in the narrowing limit we have
P (t) = exp (

−σ 2 τc t
),
1 + (ωL τc )2

(4.14)

√
with σ ≡ 2∆. This formula is called the Redfield formula. Under the
~ ext does
assumption of fast electronic fluctuations (τc σ ≤ 14 ) and that B
not change τc or σ, we can thus relate the longitudinal relaxation rate T11
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in the paramagnetic state to τc and σ in a simple linear relationship of T1
2
as
versus Bext
T1 =

1
(σ Redfield )2

·

τcRedfield

+(

γµ
)2
Redfield
σ

2
· τcRedfield · Bext
.

(4.15)

This means that a Bext scan of the paramagnetic phase at a certain temperature might give us τcRedfield and σ Redfield of the instantaneous local
magnetic field.
We can perform a Redfield analysis of T11 of MnSi in the paramagnetic
phase at various temperatures. We take the characteristic ZF internal
field value (∼ 1.5 kG, see Fig. 4.2 at the lowest temperature and convert
it into σ), giving σ ∼ 0.128 ns−1 . This serves as a reasonable estimate of
the width of the local instantaneous magnetic field in the paramagnetic
state. Using this value of σ and the ZF T11 values at various temperatures
above Tc , τc can be obtained. With T11 ≤ 1 µs−1 , we have τc ≤ 6 × 10−2
ns, which shows that the system is always in the narrowing limit. The
Bext dependence of T11 predicted by the Redfield formula Eq. 4.15 can
be computed and compared with experiments. It is not surprising to
see a very small dependence on Bext in our measured field range for the
Redfield formula (shown in Fig. 6.7) since γµ Bext τc ∼ 10−2 for Bext =
2 kG, rendering the second term of Eq. 4.15 unimportant. In contrast,
the strong Bext dependence of experimental T11 is beyond the Redfield
mechanism, which we will discuss later in this chapter.

4.4.3

DM interaction in MnSi

To further understand 1/T1 in MnSi, we first discuss the DzyaloshinskiiMoriya (DM) interaction in MnSi, as it is essential to many properties
of B20 systems in general. The DM interaction was first recognized by
Dzyaloshinskii [Dzyaloshinskii, 1958] by considering spin-spin interaction terms allowed by different crystal symmetries. The DM interaction was shown by him to be allowed in a certain class of crystals with
sufficiently low symmetries. Moriya [Moriya, 1960] considered the theory of super-exchange in ionic crystals with spin-orbit coupling, in the
U  t limit of the Hubbard model, where U is the intra-atomic Coulomb
energy and t is the transfer integral. Under the assumption that the
super-exchange (J ≈ t2 /U ) between electrons on neighboring magnetic
ions are sufficiently small compared with the crystal field splitting, the
DM interaction was shown to be on the order of ∆g/g · J, where g is
the gyromagnetic ratio of an electron and ∆g is its deviation from the
free electron value due to the spin-orbit interaction. MnSi, as a weakly
magnetic itinerant metal, belongs to the U  t regime of the Hubbard
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model. Therefore, Moriya’s theory cannot justify the phenomenological DM interaction in MnSi. However, a Hubbard-Stratonovich transformation with the electron degrees of freedom integrated out [Hertz,
1976] might give rise to the DM interaction for magnetic order parameter self-interaction given spin-dependent electron band energy. Due to
the lack of inversion center, the spin-orbit coupling in metals lifts the
spin degeneracy of electron bands, giving rise to [Xiao, Chang, and Niu,
~ ~k) · σ̂ in the electronic band energy, where
2010] a term of the form h̄2 Ω(
~ ~k) = −Ω(−
~ ~k)
σ̂ is the Pauli matrix representing the electron spin and Ω(
is required by time-reversal symmetry. A detailed symmetry analysis
~ ~k) ∝ ~k to the
[Fischer, 2006] of the point group T of MnSi determines Ω(
lowest order in the spin-orbit coupling parameter. Such a spin-orbit coupling correction to the band energy was also obtained by Kataoka and
coworkers [Kataoka et al., 1984] from a microscopic model. They also
calculated the wave-vector-dependent susceptibility which justified the
existence of the DM energy term when the fermion degrees of freedom
were integrated out.
The DM interaction is pivotal to the Brazovskii-type first order phase
transition in MnSi in ZF, as argued by Janoschek and coworkers in
[Janoschek et al., 2013]. In their work, the phenomenlogical LandauGinzburg magnetic free energy was used to analyze the magnetic
susceptibility χ and the SANS quasi-elastic scattering cross section
dσ(~q)/dΩ in MnSi above Tc without any consideration of the microscopic
origin of the magnetism. dσ(~q)/dΩ in quasi-elastic neutron scattering
above Tc was shown to be proportional to χ(q), taking the form:
kB T
dσ(~q)
∝
dΩ
(q + Q)2 + κ2
Q2 + q 2 + κ2
,
×
2
(q − Q)2 + κ2 + αcub
Q2 (q̂x4 + q̂y4 + q̂z4 − 1/3)

(4.16)

where κ = 2π/ξ with ξ being the magnetic correlation length, Q is the
helical modulation wave vector and αcub is the coefficient of the cubic
anisotropy term in the Landau-Ginzburg magnetic free energy. In this
form, the beyond-Gaussian self-interaction terms of the magnetic fluctuations and the underlying origin of magnetism are only contained
in the temperature dependence of the magnetic correlation vector κ.
Even though this scattering cross section is of the same form as that
derived from a phenomenological free energy with only up to Gaussian order interaction terms, κ in Eq 4.16 is a renormalized parameter
that needs to be solved self-consistently. As explained in Chapter 2, the
Brazovskii-type first order phase transition happens when ξDM < ξGi .
Since in the weakly interacting regime above Tc (ξ < ξGi ), both a 3D
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ferromagnetic Heisenberg model for localized magnetic moments and
the SCR theory for a weakly ferromagnetic metal predict a Curie-Weiss
behavior for κ2 ∝ (T − Tc ), it is plausible that the Brazovskii-type instability comes into play before the system enters the regime where
the beyond-Gaussian self-interaction terms or the underlying origin for
magnetism matters, as T approaches Tc from above. This means that
in terms of dσ(~q)/dΩ, or χ(q), the Landau-Ginzburg magnetic free energy form Eq. /refeq:equation4.13 suffices if we use a renormalized
κ2 , and a Brazovskii-type instability [Brazovskii, Dzyaloshinskii, and
Kukharenko, 1976] will occur.

4.4.4

SCR theory for
phase

1
T1

in MnSi in the paramagnetic

In a weakly magnetic metallic system such as MnSi, low energy magnetic fluctuations arising from electron-hole pair excitations with opposite spins are responsible for many physical properties of the system.
One approach to this itinerant magnetism problem, the self-consistent
renormalization (SCR) theory, was developed by Moriya and coworkers [Moriya, 1985]. In the paramagnetic state in ZF, the temperature T
dependence of the µ+ spin-lattice relaxation time T1 in a nearly ferromagnetic metal is predicted to follow [Moriya, 1985]
T1 = T1 (∞) · (1 −

Tc
).
T

(4.17)

For the case of MnSi, this prediction works well in a certain temperature
range of the paramagnetic region [Hayano et al., 1980], but discrepancies arise when Tc is approached [Gat-Malureanu et al., 2003].
To understand the temperature dependence of µSR 1/T1 in MnSi, it is
useful to consider how Eq. 4.17 was derived in the framework of the
SCR theory. Assuming only the Fermi-contact-type hyperfine interaction between the µ+ magnetic moment and the local electronic polarization, 1/T1 with a local static longitudinal field Bloc takes the form
[Moriya, 1963]:
X
1/T1 = γµ2 A2hf T N0−1
Im[χ−+ (~q, ωL )]/ωL ,
(4.18)
q~

where χ−+ (~q, ωL ) is the transverse dynamical susceptibility and ωL =
γµ Bloc is the µ+ resonance angular frequency. Above Tc in a ferromagnet, the dynamical susceptibility is isotropic and we have χ(~q, ω) =
1 −+
χ (~q, ω) as the longitudinal dynamical susceptibility. For a weakly
2
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ferromagnetic metal above Tc in ZF, the SCR theory predicts
iω
),
Γ(~q)
χ−1 (~q) ≈ χ−1 + cq 2 ,
Γ(~q) = γqχ−1 (~q),
χ−1 ∝ (T − Tc ).

χ−1 (~q, ω) ≈ χ−1 (~q)(1 −

(4.19)

Here χ−1 ∝ (T − Tc ) is determined self-consistently for a weakly ferromagnetic metal above Tc . Γ(~q) = γqχ−1 (~q) arises from Landau damping
of the ferromagnetic magnetic order parameter by electron-hole pair excitations with opposite spins having a total momentum of ~q. As a result,
the ZF µSR 1/T1 takes the form of
Z qu
χ(~q) 2
T
q dq ∝ T χ ∝
1/T1 ∝ T
.
(4.20)
Γ(~q)
T − Tc
0
It is worth noting that, the SCR theory for weakly ferromagnetic metals
actually predicts three different temperature regimes above Tc [Moriya
and Kawabata, 1973], where χ−1 behaves differently. In a very small
region near Tc , χ−1 ∝ (T − Tc )2 . In the intervening region, χ−1 ∝ T 4/3 −
4/3
Tc . Above this intervening region, χ−1 ∝ T − Tc . In MnSi, which is not
in the very weakly ferromagnetic limit, the intervening region is small.
As a result, the SCR theory for weakly ferromagnetic metals is consistent
with the dependence of Eq. 4.20 for T not too close to Tc . It also seems
to be consistent with the superlinear dependence close to Tc revealed in
[Gat-Malureanu et al., 2003].
In the presence of the DM interaction arising from the spin-orbit coupling, the simplest form of the inverse static susceptibility is
(χ−1 (~q))ij = (χ−1 + cq 2 )δ ij − 2iζijk q k ,
χij (~q) =

(χ−1 + cq 2 )δ ij + 2iζijk q k −

(4.21a)
4ζ 2 q i q j
χ−1 +cq 2

(χ−1 + cq 2 − 2ζq)(χ−1 + cq 2 + 2ζq)

,

(4.21b)

without considering the O(ζ) cubic anisotropy terms. Here the SCR prediction of the dynamic susceptibility takes a general form
(χ−1 (~q, ω))ij = (χ−1 (~q))ij −

iω −1
(γ (~q))ij ,
q

(4.22)

where the form of (γ −1 (~q))ij can be calculated using Hertz’s formalism
[Hertz, 1976]. In the simplest case (γ −1 (~q))ij = γ −1 δ ij ignoring spin-orbit
coupling induced terms.
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Note that χ−+ = χxx + χyy + i(χxy − χyx ). Using Eq. 4.18, Eq. 4.21a,
Eq. 4.22, we get
1
∝T
T1

Z

−1

2(cκ2 +

qu

qdq
0

ζ2
c

+ cq 2 )2 −

32 4 4
ζ q
3
2
(cκ2 + ζc +cq 2 )2

[cκ2 + c(q − ζc )2 ]2 [cκ2 + c(q + ζc )2 ]2

,

(4.23)

2

where κ2 ≡ χ c − ζc2 . When κ is far away from 0, Eq. 4.23 recovers
1
, thus giving T11 ∝
to T1 ∝ T χ. It is reasonable to assume χ ∝ (T −T
c)
T
. When κ → 0, the divergent integral in Eq. 4.23 gives rise to a
T −Tc
divergence of the form T11 ∝ κT3 . If we consider the renormalization of κ
T
due to the Brazovskii-type of instability, the exponent β in T11 ∝ (T −T
β
c)
is determined by the T dependence of κ. This κ is the correlation length
in quasi-elastic neutron scattering cross section in Eq. 4.16. Following
κ3
[Janoschek et al., 2013], we have κ2 = κ2MF + κGi , where κ2MF ∝ T − TMF
measures the distance to the mean field transition temperature TMF and
κGi = 2π/ξGi . In the temperature regime where κMF  κGi , we obtain
κ3
κ ≈ κMF + 2κGi2 . This is the high temperature regime when κ2 ∝ (T − Tc ).
MF

κ2

In the temperature regime where κMF  κGi , we get κ ≈ κGi + 3κMFGi ,
showing κ2 ∝ κ2Gi . The intervening temperature regime exhibits more
complicated behaviors. As a result, approaching Tc , the exponent β can
deviate from 1 both due to the Brazovskii-type renormalization of the
dynamic magnetic susceptibility, and the modification of 1/T1 by the
abundance of magnetic fluctuations on the sphere of Q in the reciprocal
space. It is easy to see that the helical modulation vector is Q = ζc .
Hence the uniform magnetic susceptibility is isotropic with the form
χij (~q = 0) = χ0κ2 δ ij , where χ0 is a constant.
1+

Q2

The above discussion clearly reveals that in the IM region, the strongly
~ dominate the properties
interacting fluctuations with a wavevector Q
of the system. Here, before the temperature reaches Tc , the magnetic
correlation length grows [Janoschek et al., 2013] and the magnetic correlation time, signified by the ZF neutron spin echo relaxation time at
the h111i helical Bragg peak, increases [Pappas et al., 2009]. Consistent with this, µSR T11 keeps increasing sharply in the paramagnetic state
with a decreasing T − Tc in ZF under ambient [Hayano et al., 1980] and
low pressures [Uemura et al., 2007], exhibiting features common to a
second-order critical behavior. However, the Brazovskii-type instability modifies both the behavior of the magnetic correlation vector κ and
the functional dependence of T11 on κ, thus rendering the SCR theory
for itinerant ferromagnets not applicable. The abrupt onset of µ+ spin
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precession frequency below Tc [Takigawa et al., 1980] in zero field, corresponding to a discontinuous onset of the order parameter, confirms
the weakly first-order nature of this magnetic phase transition.
In bulk MnSi, the application of Bext partially suppresses the sharp peaking of T11 at Tc in µSR, as shown in the present work (Fig. 4.8) and in [GatMalureanu et al., 2003]. In itinerant ferromagnets, the imaginary part of
χ−+ (~q, ω) has two contributions, dissipative modes and spin wave poles
[Ueda, 1976]. Since 1/T1 involves the integration of Imχ−+ (~q, ω)/ω over
the entire Brillouin Zone, we can consider how Bext suppresses both
contributions. Bext suppresses the dissipative mode contribution in two
aspects: On one hand, it creates a momentum mismatch of the Fermi
surfaces of electrons with opposite spins. As a result, the electron-hole
pair excitation with opposite spins responsible for the magnetic order
parameter dissipation has a non-zero total momentum. This means a
nonzero lower cutoff qL in q-space for the magnetic fluctuation modes
instead of qL = 0, thus a reduced phase space volume for the magnetic
fluctuations. Secondly, the homogeneous transverse magnetic susceptibility χ⊥ = BMext decreases with an increasing Bext in the paramagnetic
state due to non-Gaussian self-interactions of the magnetic order parameter M . This reduces χ−+ (~q, ω) directly. For the spin wave contribution, the dispersion of the spin waves has a finite gap proportional
to Bext . Thus the spin wave contribution also decreases with Bext . As a
result, Bext is quite effective in reducing T11 in the paramagnetic state of
itinerant ferromagnets. Similar mechanisms are possible for an itinerant helimagnet such as MnSi, as the non-Gaussian magnetic interaction
term U M 4 in the Landau-Ginzburg free energy expansion allows coupling between the Bext induced static ferromagnetic magnetization and
magnetic fluctuation modes with a wavevector Q that become soft first
as T → Tc . Consistent with the reduction of 1/T1 by Bext , in measurements of specific heat C(T ), Janoschek and coworkers [Janoschek et al.,
2013] reported the decrease of a sharp spike of C(T ) at T = Tc with
an increasing Bext and a strong field dependence of C(T ) in the region
between T ∼ 35 K and Tc = 29 K.

4.4.5

SCR theory for

1
T1

in MnSi in the conical state

In the magnetically ordered state of an itinerant ferromagnet, within
the framework of the SCR theory, the contribution to the µ+ spin-lattice
rate T11 from the magnetic fluctuations in ZF can be characterized by the
relation
1
T
∝ p 2,
(4.24)
T1
(µMn )
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p

where the proportionality factor is material-specific and µMn denotes the
ferromagnetic moment per formula unit. The T factor arises from the
phase space volume of electron-hole pair excitations off the Fermi surp
face, whereas the 1/(µMn )2 arises from momentum space lower cutoff
induced by the spontaneous exchange field. Here only the dissipative
mode contribution is considered, since in real ferromagnetic systems the
spin-wave pole contribution is suppressed because of the spin-wave excitation gaps induced by magnetic anisotropy energy.
Applying an external magnetic field Bext changes Eq. 4.24 to
M
1
∝T
,
T1
h + AM3

A = αĀ(

8π 3 2
),
v0 aF

(4.25)

p

where M is the value of µMn in units of µB , h ≡ 2µB Bext , Ā is a SCR theory
parameter that can be experimentally derived from neutron scattering,
v0 is the atomic volume, aF is the area of the d-electron Fermi surface
and α is very close to 1 in weakly ferromagnetic metals [Kontani, Hioki,
3
and Masuda, 1975]. For MnSi [Moriya, 1985], we have v0 = 23.7 Å ,
2
Ā = 1.14 × 103 kB K Å . Using these parameters we get
1
∝
T1

Bext
107 G

T ·M
+ 79 · M3 /(

.
aF
2
−2 )
1Å

(4.26)

−2

Given aF ∼ 10 Å , we see that the contribution from Bext only bep
comes comparable to the µMn term when Bext reaches 107 G. Alternatively, we can also understand the relative contributions from Bext and
p
p
µMn by comparing the exchange field responsible for µMn ∼ 0.4 µB with
Bext ∼ 2 kG. In cgs units, using the lattice constant a, we find the magerg
µB
= 1.57 × 102 g·cm
netization density to be M ∼ 0.4
3 . The magnetic
a3 /4
susceptibility χ of ‘free’ electrons is on the oder of 2 × 10−5 . This gives
an estimate of the exchange field given by M
∼ 104 kG, much larger
χ
than the typical Bext . As a result, the Bext term of Eq. 4.26 can be ignored
and Eq. 4.24 is sufficient to capture the Bext dependence of T1 implicitly
p
via µMn ’s linear dependence on Bext .
In terms of the spin-lattice relaxation rate in the magnetically ordered
state, MnSi differs from an itinerant ferromagnet in two aspects. Firstly,
as discussed in the previous subsection, while the most important magnetic fluctuations from electron-hole pair excitations (with the lowest
excitation energy) appear around zero momentum q = 0 in a ferromagnet, in MnSi the most important magnetic fluctuations appear around
q = Q, where Q is the helix modulation wave vector. The system behaves ferromagnetically when the temperature is not too close to the
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2 plots in the ordered state of MnSi
F IGURE 4.11: T1 vs Bext
and Cu2 OSeO3 showing a linear dependence.

magnetic transition, in which case the thermal correlation length is short
compared to the long pitch of the helix modulation. Therefore, Eq. 4.24
is expected to hold in most of the conical phase where this ferromagnetic
approximation holds. Secondly, the spin-wave contribution to T11 in the
magnetically ordered state also differs. In a ferromagnet, the magnetic
anisotropy energy gaps out the spin-wave spectrum, making Raman
(two-magnon) processes the leading contribution [Beeman and Pincus,
1968] to the µ+ spin-lattice relaxation due to energy conservation. In
contrast, the spontaneously broken translational symmetry in the conical state of MnSi leads to gapless Goldstone modes [Petrova and Tchernyshyov, 2011], which allow ‘direct’ (single-magnon) processes to contribute to the µ+ spin-lattice relaxation. The contribution from electronhole-pair excitations is expected to follow Eq. 4.24, which leads to a
p
2
linear dependence of T1 on Bext
, since in the conical state µMn ∝ Bext
[Mühlbauer et al., 2009]. It seems likely that the spin-wave contribution
2
also follows a linear dependence on Bext
, as the same behavior is seen
in the conical phase of the insulator Cu2 OSeO3 (Fig. 4.11), where only
the spin-wave contribution is present. We will discuss this further in
Chapter 7.
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Single-crystal Mn0.9Fe0.1Si
5.1
5.1.1

Experimental results
Multi-time scale magnetic fluctuations

F IGURE 5.1: Color contour plot of the B and T dependences of the µ+ spin-lattice relaxation rate 1/T1 in bulk
single-crystal Mn0.9 Fe0.1 Si.

We perform bulk µSR experiments on a single-crystal Mn0.9 Fe0.1 Si at
TRIUMF at various temperature and magnetic field settings covering its
entire B-T phase diagram, as shown in Fig. 5.1, determined by magnetometry. By considering the inflection points of the susceptibility χ(T ),
dχ
Tc can be identified as the maximum of dT
, while the boundary between
the IM region and the paramagnetic region can be identified as the mindχ
imum of dT
[Bauer et al., 2010]. The crossover line (pink dashed line) in
Fig. 5.1 represents these inflection points of χ. In ZF, Tc ≈ 6.5 K and is
slightly suppressed with an increasing B. µSR is sensitive to slow magnetic fluctuations. It is thus an ideal tool to study the dynamic magnetic
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fluctuations in the IM region as well as the SkX phase in single-crystal
Mn0.9 Fe0.1 Si.
In bulk single-crystal MnSi, the µSR asymmetry spectrum follows a simple exponential decay in the magnetically disordered phase due to spinlattice relaxation. In magnetically ordered phases, coherent oscillations
are observed due to long-range static magnetism. Compared to MnSi,
single-crystal Mn0.9 Fe0.1 Si exhibits intrinsic randomness and suppression of the ferromagnetic exchange coupling by the introduction of Fe
[Bauer et al., 2010]. Therefore, unlike bulk pure MnSi, the randomness in
single-crystal Mn0.9 Fe0.1 Si renders the static magnetic field disordered,
yielding a fast relaxation instead of coherent oscillations. In addition,
the longitudinal spin-lattice relaxation is better captured by a stretched
exponential function exp (−( Tt1 )β ). The peak of T11 marks the magnetic
transition, which coincides with the phase boundary determined by
magnetometry on the same sample, shown by the color contour plot
in Fig. 5.1. Similar to bulk MnSi, the slowing down of magnetic fluctuations is evident around Tc , and strong spin-dynamics appear in the SkX
region, indicated by the persistence of a large 1/T1 in Fig. 5.1.

F IGURE 5.2: Color contour plot of the B and T dependences of the stretching exponent β in bulk single-crystal
Mn0.9 Fe0.1 Si.

The stretched exponential relaxation form is expected for multiple spin
fluctuation time scales. A lower value of β corresponds to a wider
spread [Uemura et al., 1985; Keren et al., 2001]. When we plot the
stretching exponent β in the color contour plot Fig. 5.2, we see that β becomes smaller than 1 below the IM boundary and approaches ∼ 13 near
Tc . Assuming that the instantaneous magnitude of the fluctuating internal field in the paramagnetic state is comparable to the static local field
strength at temperatures well below Tc , we can derive the distribution
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of time scales of dynamic Mn spin fluctuations from T11 and β, following
the procedure described later in this chapter, for select values of T and
B, shown in Fig. 5.3. The onset temperature of the IM region, indicated
by pink lines in Fig. 5.3, is characterized by the large weight of magnetic
fluctuations with a Mn spin fluctuation rate slower than 1011 Hz. We
note that this time scale is comparable to the time scale of the onset of
the ‘partial order’ in the NFL regime of pure MnSi under hydrostatic
pressure, as shown by Uemura and coworkers [Uemura et al., 2007].
Approaching Tc , not only does the weight of slow magnetic fluctuations
increase, the range of magnetic fluctuation rates also broadens.

F IGURE 5.3:
Spin correlation time spectra from
µSR stretched exponential fits in bulk single-crystal
Mn0.9 Fe0.1 Si, with the IM to paramagnetic region
crossover temperature TIM and the magnetic transition
temperature Tc labeled for each external longitudinal
field.

Previously, this type of behavior has been observed in spin glass systems
[Uemura et al., 1985], in which glassy behaviors manifest as a broad distribution of spin correlation times. This leads to a non-unity exponent β,
which approaches 31 at the freezing temperature Tf , at which the broadest distribution of spin correlation times occurs. In terms of randomness, Mn0.9 Fe0.1 Si has intrinsic disorder due to chemical substitution.
Meanwhile the DM interaction, which sets an energy scale for magnetic
fluctuations close to transition, also serves to increase the instability of
the system and drive it away from a typical homogeneous second-order
phase transition [Brazovskii, Dzyaloshinskii, and Kukharenko, 1976;
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Mühlbauer et al., 2009]. It is plausible that the confluence of disorder
and the DM interaction affects the spin correlation time distribution in
the µSR time resolution window, giving range to a large spectral weight
of slow fluctuation modes with fluctuation rates below 1011 Hz.

5.1.2

Topologically nontrivial magnetic fluctuations

The topological nature of skyrmions and a strong spin-charge coupling
between the underlying magnetic structure and conduction charge carriers lead to the topological Hall effect (THE) in the static skyrmion
phase. THE has been used to identify the static skyrmion phase in bulk
MnSi [Neubauer et al., 2009], as well as MnSi thin films [Li et al., 2013].
Moreover, the persistence of a significant THE response in the IM region has also been reported in thin films of MnSi and (Mn,Fe)Si by Yokouchi and coworkers [Yokouchi et al., 2014], indicating the possibility of
a topologically non-trivial fluctuating spin structure in the IM region.

F IGURE 5.4: THE resistivity vs B at different temperatures
in bulk single-crystal Mn0.9 Fe0.1 Si showing the peaks in
the static skyrmion phase and the IM region. The dashed
arrows on the B axis indicate the phase transition between
the field polarized phase and the phase at lower fields.

In the IM region of Mn0.9 Fe0.1 Si, we perform measurements of Hall resistivity on a small cut-off piece of the same single crystal studied by
µSR. The topological component of the Hall effect (THE) is shown in
Fig. 5.4. The sharp peaks of THE in the static skyrmion phase are expected, but THE also exhibits large negative values in the IM region
above Tc , suggesting that dynamic skyrmion spin correlations persist in
the IM region. Judging by the spin correlation time spectra from µSR
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experiments (Fig. 5.4), the IM region sets in when the characteristic spin
correlation time τc approaches ∼ 10−11 s. Here, the majority of magnetic
fluctuations become slow and long-range enough to form topologically
nontrivial skyrmionic correlations. Since typical transport measurement
time scales are significantly shorter than this, such a skyrmion pattern
looks ‘quasi-static’ to charge carriers. Thus, once the spatial spin correlation length becomes comparable to the skyrmion size [Pappas et
al., 2009; Grigoriev et al., 2009; Grigoriev et al., 2011; Janoschek et al.,
2013], THE appears in the IM region, even though no static magnetic
skyrmions exist.

5.1.3

Strongly-correlated magnetic fluctuations and NFL
behavior

F IGURE 5.5: T -dependence of resistivity ρ of a singlecrystal Mn0.9 Fe0.1 Si at various B’s. ρ is proportional to
T 3/2 , after subtracting the residual resistivity ρ0 (inset). In
the (ρ − ρ0 )/T 3/2 versus T 1/2 plot, a linear dependence is
expected for a Fermi liquid, a flat line for a NFL T 3/2 temperature dependence. We see the latter behavior for T up
to ∼ 16 K.

In single-crystal MnSi under hydrostatic pressure, we reviewed in
Chapter 2 the topologically nontrivial magnetic fluctuations and the
unconventional non-Fermi liquid behavior above pc . To study if the
multi-time-scale and topologically nontrivial magnetic fluctuations in
the IM region of bulk single-crystal Mn0.9 Fe0.1 Si resemble the case of
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single-crystal MnSi under hydrostatic pressure, we also measured the
magnetoresistivity ρ of bulk single-crystal Mn0.9 Fe0.1 Si at Bext of 0 G, 2
3
kG, 4 kG and 7 kG. If we plot ρ versus T 2 , we observe: (1) a linear dependence at low temperatures below Tc ; (2) a change of slope at Tc ; (3)
a linear dependence in the field polarized regime at 7 kG. To show the
deviation from a Fermi-liquid T 2 dependence in the IM region, we plot
3
1
(ρ − ρ0 )/T 2 versus T 2 in Fig. 5.5. Solid arrows indicate Tc while dashed
arrows indicate the crossover TIM between the IM region and the paramagnetic region. We expect a linear dependence for a Fermi liquid, and
3
a flat line for a T 2 dependence. Here, the nearly constant variations be3
low the IM boundary (dashed arrows) indicate a T 2 power both in the
IM region and the ordered state following a ‘non-Fermi-liquid’ (NFL)
behavior. This resembles the NFL behavior in the paramagnetic state
of MnSi under pressure [Pfleiderer et al., 1997; Ritz et al., 2013a]. It
is worthwhile to note that even though the Hertz-Millis-Moriya theory
of itinerant ferromagnetic quantum phase transition [Löhneysen et al.,
2007] predicts NFL behaviors in certain regions of the B − T − p (pure, p
denotes the pressure) and B − T − x (doped, x denotes the doping level)
phase diagrams, FL behaviors are expected in the majority of phase diagram region below Tc . Therefore, the NFL behavior in the magnetically
ordered state of Mn0.9 Fe0.1 Si suggests electronic fluctuations beyond the
Hertz-Millis-Moriya theory. Moreover, the NFL behavior in a wide region of the B-T phase diagram encompassing the ordered phase and the
IM region indicate the effects of skyrmionic fluctuations and/or excitations on the charge carrier scattering rate. The multi-time-scale, topologically nontrivial and strongly correlated magnetic fluctuations in the
IM region of the B-T phase diagram of bulk single-crystal Mn0.9 Fe0.1 Si
constitute a ’fluctuating skyrmion liquid’ (FSL).
Similarly, in bulk MnSi under hydrostatic pressure above pc = 14.6 kbar,
diffusive spin correlations were observed in quasi-elastic neutron scattering by Pfleiderer et al. [Pfleiderer et al., 2004], who referred to this
phenomenon as the ‘partial order’. µSR studies of the ’partial order’
under pressure above pc [Uemura et al., 2007] found T11 to be below the
detection limit, which gave an estimate of the Mn spin fluctuation rate
as 1010 Hz < τ1c < 1011 Hz. Recently a significant THE signal and a
NFL behavior of resistivity were also reported [Ritz et al., 2013a] in this
region.
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5.2
5.2.1

Discussions of experiment data
The stretched exponential form of µ+ spin-lattice
relaxation

Phenomenlogically, we can decompose a stretched exponential µ+ spin
depolarization function P (t, T1 , β) = exp (−( Tt1 )β ) as
Z
P (t, T1 , β) =

∞

F (τc , σ, T1 , β) exp (−σ 2 τc t)dτc ,

(5.1)

0

where exp (−σ 2 τc t) represents the µ+ spin-lattice relaxation in an instantaneous local magnetic field with a single correlation time τc and a
Gaussian width √σ2 . The µ+ ensemble sample all local magnetic field
environments assuming a variety of correlation times τc . Therefore,
F (τc , σ, T1 , β) represents the system spin correlation time spectrum.
Consider the inverse Laplace transform of a stretched exponential function exp (−xβ ), which we denote as Q(s, β), analytically we have a Taylor
series expansion of Q(s, β) in s as
Z i∞
1
Q(s, β) =
exp (−xβ ) exp (sx)dx
2πi −i∞
∞
1 X (−1)n+1 Γ(nβ + 1)
=
sin (nπβ).
π n=1
n!snβ+1

(5.2)

Numerical tables of Q(s, β) for different β’s are available in [Dishon,
Bendler, and Weiss, 1990]. F (τc , σ, T1 , β) is related to Q(s, β) by
F (τc , σ, T1 , β) = σ 2 T1 · Q(σ 2 T1 · τc , β).

(5.3)

In our µSR experiments, T1 and β are obtained directly from fitting the
asymmetry function, whereas σ can be estimated from the internal field
at low temperatures deep in the ordered state detected by ZF µSR. We
choose σ to be 70 µs−1 for Mn0.9 Fe0.1 Si. This, equipped with Eq. 5.2 and
Eq. 5.3, can be used to calculate the spin-correlation spectrum, shown in
Fig. 5.3.

5.2.2

The Hall signal in single-crystal Mn0.9 Fe0.1 Si

The Hall signal consists of three contributions in general [Nagaosa et
al., 2010]: ordinary Hall effect (OHE), anomalous Hall effect (AHE) and
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topological Hall effect (THE). OHE arises from the Lorentz force that
conduction charge carriers traversing an electromagnetic field experience. AHE and THE, in contrast, represent the reciprocal- and real-space
limits of generalized phase-space Berry phases of the conduction charge
carriers due to the spin-orbit coupling in the conduction band and the
exchange coupling between the conduction band and a narrower magnetic band [Franz et al., 2014].
The AHE itself consists of three different contributions. The intrinsic
contribution is determined only by the conduction band structure and
can be understood as the Berry’s phase in the reciprocal space when the
time reversal symmetry is broken in the magnetically ordered phase.
This contribution was first derived by Karplus and Luttinger [Karplus
and Luttinger, 1954]. It can be calculated directly from the simple Kubo
formula for the Hall conductivity for an ideal lattice, given eigenstates
|n, ~ki and eigenvalues n (~k) of a ~k-dependent Block Hamiltonian H(~k)
[Nagaosa et al., 2010]:
σijAH-int

Z
d~k
e2 X
[f (n (~k)) − f (n0 (~k))]
=
d
h̄
(2π)
0
n6=n

0
0
hn, ~k|vi (~k)|n , ~kihn , ~k|vj (~k)|n, ~ki
Im
,
(n (~k) −  0 (~k))2

(5.4)

n

where ~v (~k) =

∇~k H(~k)
.
h̄

σijAH-int

0
Note that hn, ~k|∇~k |n , ~ki =

0
hn,~k|∇~k H(~k)|n ,~ki
,
 0 (~k)−n (~k)

we have

n

Z
e2 X
d~k
= −ijl
f (n (~k))bln (~k),
d
h̄
(2π)
0

(5.5)

n6=n

where ~b(~k) = ∇~k × ~an (~k) is the Berry-phase curvature and ~an (~k) =
ihn, ~k|∇~k |n, ~ki is the Berry-phase connection. The Berry-phase curvature can be proportional to the ferromagnetic magnetization M in the
ferromagnetic state, giving σijAH-int ∝ M τ 0 , where τ is the Bloch state
transport life time (the inverse of the elastic scattering rate). The extrinsic skew scattering contribution to AHE is proportional to τ 1 and the
remaining residual contribution is the extrinsic side-jump contribution
[Nagaosa et al., 2010]. Which contribution is important mostly depends
on the conductivity of the sample. For our sample, since its conductivity
∼ 2×104 (Ω·cm)−1 falls into the intermediate conductivity regime 104 ∼
106 (Ω·cm)−1 , it is expected that the intrinsic AHE is dominant [Nagaosa
et al., 2010].
The topological Hall resistivity ρTHE
is approximately independent of
xy
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the elastic scattering rate (τ −1 ). However, it is very sensitive to the
strength of the local magnetization which controls the exchange splitting of the minority and majority electron bands. Since minority and
majority electrons carry opposite emergent charges, the difference in
density of minority and majority electrons determines the magnitude
of ρTHE
xy , in the form of the charge carrier spin polarization P . The Berryphase-induced effective magnetic field B eff only depends on the size of
the underlying skyrmion lattice, as the Berry phase over each unit cell Ω
RR
r)
r)
× ∂ Ŝ(~
), where the integral is
Ŝ(~r) · ( ∂ Ŝ(~
of the SkX is defined as he
∂x
∂y
Ω
the quantized skyrmion number in each SkX unit cell, taking the value
-1 for an anti-skyrmion due to the negative sign in front of the DM interaction. Suppose
the lattice constant of the hexagonal lattice is λs , then
√
h 3
eff
B = − e 2λ2s . Ignoring spin-flip scattering which prohibits the emergent quasiparticle from following the magnetic texture adiabatically, we
have ρTHE
= P RH B eff , where RH is the ordinary Hall coefficient. The
xy
temperature dependence of ρTHE
xy arises from both P and RH . Moreover,
with an increasing T , spin-flip scattering also increases, further reducing
ρTHE
xy .
We decompose our Hall resistivity data in the following equation, with
the terms on the right-hand side of the equation corresponding to the
OHE, the intrinsic AHE and the THE contributions, respectively [Chapman et al., 2013]:
ρyx = RH · B + SH · ρ2 · M + ρTHE .

(5.6)

We determine RH and SH from the applied field dependence of M , ρ and
ρyx . At higher fields in the field polarized regime, we found empirically
a linear relationship between ρyx /B and ρ2 · M/B, which allows us to reliably obtain the ρTHE component. These ferromagnetic(field polarized)
field boundaries are indicated in Fig. 5.4 with arrows on the horizontal
axis. We would like to note here that this decomposition is poor for 2 K
since the high-field linear regime is very small due to the limited field
range of our measurements. The raw Hall resistivity ρyx and magnetoresistivity ρ data vs Bext are shown in Fig. 5.6.
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F IGURE 5.6: Field dependence of Hall resistivity and
magnetoresistivity measured on a small cut-off sample of
single-crystal Mn0.9 Fe0.1 Si. The Hall resistivity is antisymmetrized with respect to Bext while the magnetoresistivity
is symmetrized.
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6.1

Low-energy µSR on a MnSi MBE thin film

F IGURE 6.1: 1/T1 measured in ZF in a 50-nm MBE film
of MnSi in two different µ+ initial spin polarization directions: SR (spin-rotated) where the polarization is parallel
with the µ+ beam direction z, and NSR (non-spin-rotated)
where the polarization is perpendicular to z. The red arrow in the inset indicates the muon beam direction, and
black arrows show the initial spin polarization directions.

We perform the µSR study of a 50-nm MnSi MBE thin film at LEM, PSI.
A 5 keV µ+ beam is implanted with the stopping depth of ∼ 20 ± 10 nm
from the sample surface. ZF-µSR asymmetry time spectra are obtained
with the initial µ+ polarization direction (black arrow) parallel to the µ+
beam (z direction; red arrow) in the SR geometry (P k z), and perpendicular to the beam (the NSR geometry, P ⊥ z), as illustrated in the inset
of Fig. 6.1. We note here that the assignment of SR/NSR labels at LEM,
PSI is opposite to the assignment in conventional bulk µSR as explained
in Chapter 2.
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In ZF, in which case both geometries are experimentally accessible, the
observed spin-lattice relaxation rate T11 exhibits a clear anisotropy as
shown in Fig. 6.1. In a 50-nm MnSi MBE thin film, the propagation vec~ of the helical spin structure is known to be parallel with z [Karhu
tor Q
et al., 2011], indicating that the Mn spin direction is confined to the surface (x-y plane). The selection rule for the µ+ spin-flip processes requires
µ+ and Mn spins to be parallel with each other for a single-magnon excitation in the helical phase at low temperatures. The lack of such Mn
moments in ZF in the SR geometry results in the reduced T11 .

F IGURE 6.2: The volume fraction VM of the magnetically
ordered regions (solid black circles) derived from the longitudinal fraction fL measured in the SR and NSR configurations (left axis) in ZF-µSR, and fL derived from LF-µSR
in the SR geometry (colored circles, right axis), showing a
sharp onset of static order at Tc ≈ 41 K.

The SR and NSR configurations in ZF also allow determining the magnetic volume fraction VM , as discussed in the next section. In Fig. 6.2,
VM is plotted against the left vertical axis to demonstrate a sharp onset
of magnetic order in the temperature range 39 − 43 K. The increase of Tc
from the bulk MnSi value is due to strain from the Si(111) substrate [Li
et al., 2013].
~ ext parallel to the z axis and perIn the SR configuration, one can apply B
form LF-µSR measurements. Fig. 6.2 shows the results for fL at several
LF values plotted against the right vertical axis. The increase of fL with
T indicates the decrease of the magnetic order parameter. The increase
of fL with Bext shows the closing-in of the cone angle and the increasing
weight of Bext . The temperature dependence of fL also indicates a sharp
transition at Tc ∼ 41 K, except for LF = 3 kG at which an almost fully
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decoupled fL and large error bars prevent the determination of Tc by
µSR.

F IGURE 6.3: Color contour plot of the B and T dependences of the µ+ spin-lattice relaxation rate 1/T1 in the
50-nm MnSi MBE thin film.

Similar to bulk single-crystal Mn0.9 Fe0.1 Si, in the MnSi MBE thin-film
sample, the onset of static magnetic order can only be seen from a
fast-relaxing front end due to a random static field induced by disorder and/or irregular magnetic domain boundaries. We note that even
though the long-range correlation of a helical phase or a SkX phase is absent, local helical spin patterns and skyrmion spin patterns still exist [Li
et al., 2013], as observed by TEM imaging. Also in contrast to bulk MnSi,
spin-lattice relaxation of the ‘longitudinal fraction’ can no longer be fitted to a simple exponential function. A stretched exponential function
exp (−( Tt1 )β ) is used to fit this ‘longitudinal fraction’. The color contour
plot of 1/T1 in Fig. 6.3 indicates slower magnetic fluctuations around
the magnetic transition temperature. However, in contrast to the bulk
case where low-energy magnetic fluctuations are quickly suppressed by
Bext , the initial suppression of T11 by Bext is reversed once Bext reaches
1.5 kG. If we compare this 1/T1 plot with the topological Hall effect
(THE) plot shown in Fig. 6.4 (taken from [Li et al., 2013] for a similar 50nm MnSi MBE thin film), we see that in the magnetically ordered state,
the phase diagram range of the 1/T1 recovery is consistent with that of
the THE signal, indicating a large 1/T1 response in the static skyrmion
region. This may be due to mainly two reasons: Firstly, the gapless
low-energy Goldstone modes become softer in the skyrmion region as
explained previously, thus allowing for more low-energy magnetic excitations/fluctuations. Secondly, the magnetic moment distribution in
the static skyrmion phase allows a larger portion of magnetic moments
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to be parallel with the µ+ spin, thus allowing more efficient angular momentum exchange.

F IGURE 6.4: Color contour plot of the B and T dependences of the THE resistivity in a 50-nm MnSi MBE thin
film, adapted from [Li et al., 2013].

Moreover, in the IM region above the magnetic transition temperature,
the THE survives as in Mn0.9 Fe0.1 Si. The stretching exponent β in the
IM region (Fig. 6.5) shows a reduction from 1 to ∼ 12 with a decreasing
temperature. Equipped with this information, we can derive the spin
correlation time spectra of the 50-nm MnSi MBE film in the paramagnetic phase. The temperature-and-field-dependent T1 and β can be directly extracted from the experiment. σ can be estimated from the static
relaxation rate deep in the ordered state. We choose σ to be 100 µs−1 for
the 50-nm MnSi MBE thin film. The spin fluctuation spectra are shown
in Fig. 6.6 to show the multi-times-scale magnetic fluctuations. As T
approaches Tc from above, the spin correlation spectrum widens.
Another striking feature of the IM region of the MnSi MBE film sample
is the absence of critical behavior of T11 at Tc , as indicated by the lack of
critical slowing down of the spin correlation spectrum with T shown in
Fig. 6.6. A spatial smearing of Tc can be ruled out as the cause of this
absence: Firstly, Fig. 6.7 compares the Bext -dependence of T11 just above
Tc in bulk MnSi and thin-film MnSi and demonstrates that the former
shows a strong field dependence while the latter shows little. This refutes the expectation that a spatial smearing of Tc should leave the field
dependence intact. Secondly, as shown in Fig. 6.2 in ZF, the onset of
static magnetic order in the MnSi thin film, described by the magnetic
volume fraction VM , is sharp. The sharp change of fL in the MnSi thin
film at LF = 1 and 1.5 kG shown in Fig. 6.2 also confirms a sharp onset
of the static magnetic order at Tc = 41 K. These arguments suggest that
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F IGURE 6.5: Color contour plot of the B and T dependences of the stretching exponent β in the 50-nm MnSi
MBE thin film.

the observed absence of critical behavior is an intrinsic feature: A firstorder transition occurs between the magnetically disordered state and
the static skyrmion state in the 2-dimensional (2-d) film of MnSi with a
thickness of 50 nm, comparable to the helical pitch ∼ 180 Å. The special
field-dependence indicates that this first-order behavior is not a simple
extension of the Brazovskii-type instability in the IM region of the bulk
MnSi sample. Instead, the reduced dimensionality may play an important role in driving the system towards a first-order phase transition.

F IGURE 6.6: Mn spin correlation time spectra derived
from the stretched exponential fits of µSR time spectra
above Tc for a MnSi 50 nm MBE film.
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F IGURE 6.7: The LF dependence of 1/T1 in a bulk single
crystal [Gat-Malureanu et al., 2003] and the MBE film of
MnSi above Tc . Solid flat lines show the expected field dependence due to the formation of Zeeman levels of the µ+
spin by the LF. 1/T1 in the thin film shows little dependence on the LF.

6.2

The internal field anisotropy in MnSi MBE
thin film

At LEM, PSI, both the SR (P k z) and NSR (P ⊥ z) experiment geometries are allowed. To differentiate them, we define x to be the µ+ initial
spin direction in the P ⊥ z mode. Now the ‘longitudinal fraction’ for the
R
Bz2
P k z mode is fL,k = Bx2 +B
2
2 D(Bx , By , Bz )dBx dBy dBz while for the
y +Bz
R
Bx2
P ⊥ z mode we have fL,⊥ = Bx2 +B
2
2 D(Bx , By , Bz )dBx dBy dBz . Asy +Bz
suming in-plane isotropy (as expected for a thin film with an underlying
bulk cubic structure) and the presence of various magnetic domains in
an external magnetic field along z, we have
fL,k + 2fL,⊥ = 1.

(6.1)

When the sample is partially magnetically ordered, if we assume the
magnetically ordered volume fraction to be VM , then the observed ‘longitudinal fraction’ takes the form:
fOL,k = (1 − VM ) + VM · fL,k ,

fOL,⊥ = (1 − VM ) + VM · fL,⊥ .
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Using the above equations Eq. 6.1 and Eq. 6.2, we get
fL,k =

1 + fOL,k − 2fOL,⊥
,
3 − fOL,k − 2fOL,⊥

VM =

3 − fOL,k − 2fOL,⊥
.
2

(6.3)

This way we can extract information on the magnetic volume fraction
VM as well as the local field anisotropy fL,k (i.e. fL,SR ).
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7.1

Skyrmions in a multiferroic B20 compound
Cu2OSeO3

F IGURE 7.1: Unit cell structure of Cu2 OSeO3 and the
locally ferrimagnetic moment distribution in the helical
phase, adapted from [Seki et al., 2012b].

76

Chapter 7. Powder-form Cu2 OSeO3
The multiferroic compound Cu2 OSeO3 has the same space group as
MnSi, but with very different atom coordinations [Bos, Colin, and Palstra, 2008]. The lattice constant is a = 8.911 13 Å with 16 Cu2+ atoms in
one unit cell, each with spin S = 21 and a saturation moment 0.5µB . 4 of
them are located in high symmetry sites at (x, x, x), (x+1/2, 1/2−x, −x),
(−x, x + 1/2, 1/2 − x) and (1/2 − x, −x, x + 1/2) with x = 0.885576, each
surrounded by a trigonal bipyramid of oxygen ligands. The remaining
12 of them are located at low symmetry sites (x, y, z), (1/2 + x, 1/2 −
y, −z), (1/2 + y, 1/2 − z, −x) and (1/2 + z, 1/2 − x, −y) and 8 other related sites generated by a 3-fold rotation axis along the h111i direction,
with x = 0.134796, y = 0.120966 and z = −0.127336. Each of these
12 Cu2+ atoms is surrounded by a square pyramid of oxygen ligands.
The unit cell structure of Cu2 OSeO3 is illustrated in Fig. 7.1. Below the
magnetic transition temperature Tc ≈ 60 K in ZF, bulk single-crystal
Cu2 OSeO3 enters the helical phase [Seki et al., 2012b] with a modulation vector of about 50 nm and the magnetic modulation vector along
the h100i direction [Seki et al., 2012a]. Locally, in each unit cell, the magnetic structure is ferrimagnetic, with the high-symmetry Cu2+ magnetic
moments pointing in one direction and the low-symmetry Cu2+ magnetic moments pointing in the opposite direction.
When an external magnetic field Bext is applied, a triple-q magnetic
structure was shown to emerge in SANS measurements on a bulk singlecrystal Cu2 OSeO3 [Seki et al., 2012a] in the A phase just below Tc . The
skyrmions in the A phase were shown to induce electric polarization
[Seki et al., 2012b, Seki, Ishiwata, and Tokura, 2012], enabling the manipulation of them by an electric field without energy losses due to joule
heating.
A previous µSR study of single-crystal Cu2 OSeO3 focused on the magnetism and magnetoelectric coupling in zero external magnetic field
[Maisuradze et al., 2011]. Using electrostatic potential simulation and
comparing a magnetic field simulation with the ZF µSR lineshape,
Maisuradze and coworkers determined 5 magnetically inequivalent
electrostatic potential minima with nearly equal depths which they
claimed to be µ+ sites. However, to make the magnetic field simulation and ZF µSR lineshape agree, they had to add a Fermi-contact-type
hyperfine field to one of the sites. While it may be plausible for a µ+
at this site to experience a local electron spin polarization density, it remains to be justified by experimental techniques in the case of an insulator like Cu2 OSeO3 . Moreover, in their magnetic field simulation, the
spread of the ZF µSR lineshape was explained by a large number of µ+
sites. However, the assumption of a ferrimagnetic magnetic phase was
not correct when the long-range magnetic dipolar field was the main
contributor to the total magnetic field. In fact, a helical phase can result
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in a broad distribution of magnetic fields even though only 1 magnetically nonequivalent site is assumed, as shown by the simulation results
in Chapter 4. We note that an angle-dependent TF Knight shift measurement on a single crystal is necessary to pin down the µ+ sites for further
magnetic-order-field simulation using the method described in Chapter 4. In our µSR experiment on a power-form sample, only 1 oscillation
frequency is reliably discerned. Therefore we dispense with the details
of µ+ sites and leave them for future studies.

F IGURE 7.2: Color contour plot of the B and T dependences of the longitudinal fraction fL in bulk powderform Cu2 OSeO3 . The SkX region is separated from the
conical phase by the purple solid line.

Due to the mosaic powder form of our sample, ZF measurement has a
longitudinal fraction fL = 1/3, shown in the color contour plot of fL in
~ is pinned to crysFig. 7.2. At low fields the helical modulation vector Q
tographic h100i axes and different meso-scale particles have different
orientations. As a result, fL can be regarded as arising from an isotropic
internal field plus an applied external longitudinal field. However, once
the sample enters the conical phase, the magnetic moment modulation
vectors in all particles are aligned with B. In this case, the B dependence
of fL arises from the both the magnetic order parameter alignment with
B and an increasing weight of B. Following the methodology for MnSi,
xy
we can derive the static internal transverse field Bint in Cu2 OSeO3 , as
xy
shown in Fig. 7.3. Again, similar to bulk single-crystal MnSi, Bint does
not have a strong B dependence in the µSR experiment field range. The
temperature T dependence in the conical phase arises mostly from a reduction of the transverse component of the magnetic order parameter.
The µ+ spin-lattice relaxation rate 1/T1 , plotted in Fig. 7.4, also shows
a second-order like magnetic transition characterized by the slowing
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down of magnetic fluctuations as T → Tc+ . The silver magnetic transition line is determined by this peak. Similar to the other three skyrmion
systems, 1/T1 shows strong peaks in the SkX phase compared to neighboring conical phases, indicating an abundance of low-energy magnetic
fluctuations/excitations in the SkX phase. As explained before, the universal behavior of soft Goldstone spin-wave excitations in the SkX phase
may provide a mechanism for this enhanced 1/T1 .

F IGURE 7.3: Color contour plot of the B and T depenxy
dences of the static internal transverse field Bint in bulk
powder-form Cu2 OSeO3 .

It is worth mentioning that whereas in MnSi and (Mn,Fe)Si, the temperature (Ts ) at which the ‘transverse fraction’ fT = 1−fL becomes non-zero
coincides with the peaking temperature Tp of 1/T1 , this is not the case in
Cu2 OSeO3 . In fact, Ts is higher than Tp ≡ Tc , as can be seen in the nonxy
unity fL in Fig. 7.2 and the non-zero Bint in Fig. 7.3 slightly above Tc .
This difference can be understood from the origin of the internal magnetic field in MnSi compared to that in Cu2 OSeO3 . In MnSi, even though
the existence of the magnetic dipolar field contribution is essential to the
spread of the internal field, the major contribution of the internal field
arises from the Fermi-contact-type hyperfine field, which is parallel with
the local magnetization. Therefore, in the paramagnetic phase, when the
local magnetization close to Tc is almost the same as that in the magnetically ordered phase, giving rise to an appreciable magnetic field at µ+
sites, the alignment of this local magnetization with the external LF prevents any transverse component from arising. Only below Tc , when the
xy
static transverse component develops, do non-zero fT and Bint start to
develop. However, in the insulator Cu2 OSeO3 , the magnetic field at µ+
sites is primarily of a magnetic dipolar field origin. Even though the
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static Cu2+ magnetic moments induced by the external LF in the paramagnetic phase is either parallel or antiparallel with the external LF, the
internal field at µ+ sites can have transverse components. Non-zero fT
xy
and Bint close to but above Tc is simply a manifestation of the insulating
nature of Cu2 OSeO3 .

F IGURE 7.4: Color contour plot of the B and T dependences of the µ+ spin-lattice relaxation rate 1/T1 in bulk
powder-form Cu2 OSeO3 .

In contrast to the similarity in the Bext -dependence as explained in
Chapter 4, the T -dependence of T11 in the ordered phase of a metallic system (MnSi) is drastically different from that of an insulating Cu2 OSeO3
system (Fig. 7.5). At low temperatures, where the magnetic order parameter is only weakly dependent on T , the dominant electron-holepair-excitation mechanism in MnSi gives a dependence of the form
1
∝ T (see the inset of Fig. 4.8). The relaxation in Cu2 OSeO3 , howT1
ever, arises from magnon excitations, and shows a much stronger T dependence, as shown in Fig. 7.5.

7.2

µ+ spin-lattice relaxation in the magnetically ordered phase

~ loc at a µ+
In the magnetically ordered phase, the local magnetic field B
~ int and the
site is a vector sum of the static internal magnetic field B
~ ext . B
~ loc is the axis for µ+ polarizaapplied external magnetic field B
~ ext in
tion, even though the incoming µ+ ’s initial polarization is along B
the LF setup, as discussed in the ‘longitudinal’ component vs ‘transverse’ component section in Chapter 2. In ferromagnetic insulators,
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F IGURE 7.5: T dependence of 1/T1 in the ordered phase
of MnSi and Cu2 OSeO3 . While 1/T1 linearly depends on
T in the conical phase of MnSi, as indicated by the black
dashed line, the functional dependence of 1/T1 on T is
much stronger in the conical phase of Cu2 OSeO3 . This
contrasts the different µ+ spin-lattice relaxation mechanisms in magnetic metals and insulators.

spin-wave (magnon) excitations are responsible for the µ+ spin depolarization. Due to the existence of lattice anisotropy and/or magnetic
field energy, however, single-magnon processes are usually prohibited
due to the energy mismatch between the excitation of a gapped magnon
and a low-energy µ+ spin flip process. Furthermore, when the magnetic
interaction between the µ+ spin and the local electron polarization is
~ loc ) is collinear with
isotropic and the axis of µ+ quantization (along B
~ ), Raman (two-magnon) processes are also proelectronic spins (along M
hibited, due to the conservation of the z component of total angular momentum.
In the conical and SkX phases of B20 systems, however, gapless Goldstone bosons exist and constitute the main spin-wave-mode contribution to µ+ spin-lattice relaxation. We take the unit system in which
h̄ ≡ kB ≡ a ≡ 1, where a is the lattice constant. We also denote the DM
interaction as D and the exchange interaction as J. The relevant length
scale such as the size of a skyrmion is λ = (J/D), while the energy scale
is  = Jλ−2 = D2 /J. The Landau-Ginzburg free energy density can be
written as
H=

J
~ · (∇
~ ×M
~)−B
~ ·M
~.
(∇M )2 + AM 2 + CM 4 − DM
2
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~ to be along the z direction, we get the conical phase
If we choose B
magnetization configuration as
~ (~r, t) = m0 [x̂ cos (Q
~ · ~r + φ(~r, t))− ŷ sin (Q
~ · ~r + φ(~r, t))]+π(~r, t)ẑ, (7.2)
M
~ = (D/J)ẑ, the ground state
where the modulation wavevector is Q
value of the uniform magnetization
p 2 π(~r2, t) is π0 =2 B/, and the modulation magnetization is m0 = πf − π0 , where πf = ( − 2A)/(4C) is
the full magnetization. It is easy to see that the magnetic order exists
if  > 2A and the conical phase exists if π0 < πf . We discuss the temperature range close to the magnetic transition temperature, defined by
0 <  − 2A  . We further fix the unit system to make πf ≈ 1. This
means that the magnetic field energy (hence the magnetic field B) for
the conical phase is on the order of . The Lagrangian for collective
modes is given by [Zang et al., 2011, Petrova and Tchernyshyov, 2011]:
L=


Jm20
1
π φ̇ − (π − π0 )2 −
(∇φ)2 ,
γ
2
2

(7.3)

where γ is the gyromagnetic ratio γ ∼ 1/πf . We note here that this Lagrangian density is only suitable for the Goldstone mode in the conical
phase. It has a single gapless Goldstone mode arising from the spontaneously broken translational symmetry in
√ the conical phase, whose
dispersion relation is given by ωq = (m0 /πf ) Jq ∼ Dq for q < Q. For a
wavenumber q  Q, the conventional ferromagnetic spin wave dispersion ωq ∼ Jq 2 is recovered.
In the ferromagnetic phase B > Bc2 ≡ πf , the rotational symmetry in
the spin space is explicitly broken by B. Hence there is no Goldstone
boson. This means that the spin wave has a gap on the order of the
magnetic field energy, which is typically of the order of  at the boundary
between the conical phase and the ferromagnetic phase.
In the skyrmion crystal phase, there appear three components with
~ 1, Q
~ 2 and Q
~ 3 satisfying Q
~1 + Q
~2 + Q
~ 3 = ~0. We thus have
wavevectors Q
φ1 , π1 ; φ2 , π2 and φ3 , π3 for each component. Due to the phase locking
among these three components, the fluctuation of φ1 + φ2 + φ3 is gapped.
Only the following two linear combinations of φ’s and the corresponding π’s are relevant to gapless collective modes:
1
φx = √ (−φ2 + φ3 ),
2

1
φy = √ (2φ1 − φ2 − φ3 ).
6
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φx and φy measure the shifts of the skyrmion crystal along the x and y
directions, and the Lagrangian for these variables reads
X
L∼
[πj φ˙j − K(πj )2 − ρs (∇φj )2 ] + η(φx φ˙y − φy φ˙x ),
(7.5)
j=x,y

RR 2
where the coefficient η is the skyrmion number given by η =
d r M̂ ·
Ω
(∂x M̂ × ∂y M̂ )/(4π), K is the magnetic anisotropy energy on the order of
 and ρs is the spin stiffness on the order of J [Zang et al., 2011].

F IGURE 7.6: Spin-wave dispersion in ferromagnetic, conical and SkX phases.

Therefore, φx and φy constitutes one gapless (ωq = ρs /ηq 2 ∼ Jq 2 ) mode
and one gapped (ωq = Kη ∼ D2 /J) mode, where q is the wavevector in
the x-y plane. The former corresponds to the acoustic phonon mode of
the skyrmion crystal.
Fig. 7.6 illustrates the energy dispersion relations of the low energy spin
wave modes in these three cases. The spin wave pole gives a delta function contribution δ(ωm − ωq ) to Imχ+− (q, ωm ), where ωm = γµ Bloc . Assuming only a Fermi-contact-type hyperfine field, we can use the gen−1

eral equation Eq. 4.18 for 1/T1 , which gives T 1T1 ∝ ωm 2 in the SkX phase
ωm
in 3D and T 1T1 ∝ Dm
3 in the conical phase in 3D. In the ferromagnetic
0
phase, ωm is below the gap and there is no contribution from the spin
waves to T 1T1 .
2
In light of the Bext dependence of ωm and m0 , we have T T1 ∝ Bext
in
2
the conical phase. This may explain the linear relationship of T1 vs Bext
shown in Fig. 4.11. Furthermore, the softer spin-wave excitation spectrum ∝ q 2 in the SkX phase compared to the conical phase ∝ q at small q
allows for an abundance of low-energy magnetic excitations responsible

83

Chapter 7. Powder-form Cu2 OSeO3
for µ+ 1/T1 spin-wave excitations. This manifests as the enhanced 1/T1
in the SkX phase compared to the monotonic Bext -dependence of 1/T1 in
the conical phase.

7.3

Parameters of the Landau-Ginzburg free
energy expansion

We can calculate the relevant parameters of the Landau-Ginzburg free
energy Eq. 7.1 for the case of MnSi by considering only the magnetization vs magnetic field dependence
curves. By introducing a cubic
Jcub P
2
anisotropy energy term 2
i=x,y,z (∂i Mi ) , where the x, y, z axes are
the cubic axes, we have, for the conical phase,
Q = D/J,
Mf /B = J/D2 ,
s
D2
2
− 2A
D
J
,
Bc2 =
J
4C
r
2D3 −Jcub
,
Bc1 = 2
J
4C

(7.6a)
(7.6b)
(7.6c)
(7.6d)

where Mf is the ferromagnetic component of the magnetization. Note
that here we choose the applied B to be along the crystallographic h100i
direction and we know Jcub < 0 in MnSi. Similarly, in the field polarized
regime, we have
B/Mf = 2A + 4C · Mf3 .
(7.7)
To find the true experimental values, we firstly obtain the magnetic field
boundaries of MnSi at around 5 K for the case of B along the h100i direction from [Bauer et al., 2010]. With a cubic sample, Bc1, raw = 0.1
upper
lower
T, Bc2, raw = 0.7 T, BSkX,
raw = 0.1 T and BSkX, raw = 0.25 T. Given the
lattice constant 4.558 Å and 4 Mn atoms in each unit cell each with a
magnetic moment 0.4 µB , we get the saturation magnetization Mc2 ≈
1.567 × 105 A m−1 . Taking into account the demagnetization field from a
cubic sample of the form − µ30 M , we get the corrected field boundaries
upper
lower
as Bc1 = 0.09 T, Bc2 = 0.634 T, BSkX
= 0.09 T and BSkX = 0.227 T. Combining Mc2 , Bc2 with Q = 0.35 nm−1 [Grigoriev et al., 2009], we can get
D ≈ 4 × 10−14 V s A−1 and J ≈ 4 × 10−22 V s m A−1 . Again from [Bauer
et al., 2010], using data in the field-polarized phase (see Eq. 7.7), we extract 2A ≈ −2 × 10−4 V s A−1 m−1 and 4C ≈ 8 × 10−15 V s m A−3 . These
D, J, A, C and Bc2 values are consistent with Eq. 7.6c. Eventually, from
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Eq. 7.6d, we get Jcub ≈ −1.25 × 10−24 V s m A−1 . It is easy to see that
|Jcub |  J.
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xy

By combining information from fL and Bint in LF-µSR, Fourier transforms of TF-µSR, and spin vs field simulations, we have demonstrated
that very precise information about the internal field and static spin correlations can be obtained by µSR studies of single-crystal skyrmion systems. The magnetic order parameter thus obtained shows a clear reduction in the SkX phase of bulk single-crystal MnSi, indicating strong
magnetic fluctuations in the SkX phase. Consistent with this, a more
pronounced µ+ spin-lattice relaxation rate T11 is also observed in the
SkX phase compared to that in the neighboring conical phases in bulk
MnSi. This can be explained by the dispersion relations of gapless Goldstone bosons in the SkX phase and the conical phase. Whereas both the
electron-hole excitation contribution and the spin wave contribution in
2
bulk single-crystal MnSi follow T1 ∝ Bext
in the conical phase, the softer
spin-wave excitations in the SkX phase lead to a different Bext dependence.
We have also discussed the importance of the DM interaction in leading to a Brazovskii-type weakly first order phase transition [Brazovskii,
1975, Brazovskii, Dzyaloshinskii, and Kukharenko, 1976] with secondorder-phase-like 1/T1 slowing down near Tc in all three bulk samples.
The DM interaction gives rise to an intermediate (IM) temperature region slightly above Tc , where unconventional behaviors in SANS [Grigoriev et al., 2005], neutron spin echo [Pappas et al., 2009], susceptibility
[Janoschek et al., 2013], specific heat [Janoschek et al., 2013] and µSR can
be explained by the softening of magnetic fluctuations with a wavevector on the sphere of radius Q in the reciprocal space.
Similar to three bulk samples, a large T11 is also observed in the skrymion
region of the 50-nm MnSi MBE thin film. However, the magnetic fluctuations exhibit a wide distribution of characteristic time scales, and the
critical behavior of T11 is absent, signaling an intrinsic first-order phase
transition in the thin-film sample. Moreover, non-zero THE signal exists
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in the IM region, indicating topologically nontrivial magnetic fluctuations in the IM region in the thin film sample.
Similarly, we observe in this work multi-time-scale magnetic fluctuations with a characteristic fluctuation rate of 1011 Hz, a non-zero THE
signal and the NFL behavior of resistivity in the IM region of the paramagnetic phase of single-crystal Mn0.9 Fe0.1 Si, with µ+ SR and transport
measurements. Along with the case of pure MnSi under hydrostatic
pressure, it seems that pressure, disorder and dimensionality all contribute to these three features of a fluctuating skyrmion liquid (FSL).
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