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MnSi is a cubic compound with small magnetic anisotropy, which stabilizes a helimagnetic spin spiral that
reduces to a ferromagnetic and antiferromagnetic state in the long- and short-wavelength limits, respectively.
We report a comprehensive inelastic neutron-scattering study of the collective magnetic excitations in the
helimagnetic state of MnSi. In our study we observe a rich variety of seemingly anomalous excitation spectra,
as measured in well over 20 different locations in reciprocal space. Using a model based on only three
parameters, namely, the measured pitch of the helix, the measured ferromagnetic spin wave stiffness and the
amplitude of the signal, as the only free variable, we can simultaneously account for all of the measured
spectra in excellent quantitative agreement with experiment. Our study identifies the formation of intense,
strongly coupled bands of helimagnons as a universal characteristic of systems with weak chiral interactions.
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I. INTRODUCTION

The spontaneous breaking of a continuous symmetry in a
magnetically ordered state implies the existence of Gold-
stone modes. Thus, the low-energy spin-wave dispersions of
ferromagnets and commensurate antiferromagnets are
universal—they can be deduced from simple symmetry argu-
ments and the description does not depend on microscopic
details.1–5 In ferromagnets, where the order parameter is a
conserved quantity, the resulting spin waves have a quadratic
dispersion while in antiferromagnets the superposition of the
normal modes of the sublattices leads to the well-known lin-
ear dispersion at low energies.6,7

In recent years complex forms of magnetic order related
to weak chiral interactions of noncentrosymmetric systems,
also referred to as Dzyaloshinsky-Moriya �DM� interaction
attract great interest. Systems in which DM interactions play
an important role include multiferroics,8 the parent com-
pounds of the high-temperature superconductors,9 thin mag-
netic films �Mn on a W substrate, or Fe on a Ir substrate10,11�,
heavy-fermion superconductors12 and even itinerant-electron
magnets such as MnSi, which displays a skyrmion lattice at
ambient pressure,13 and an extended non-Fermi liquid �NFL�
resistivity at high pressures.14,15 As DM interactions are of
growing importance in noncentrosymmetric systems this
raises the question for any universal properties of the spin
excitations in systems with weak chiral interactions. Heli-

magnetic order is very well established in systems with mag-
netic frustration such as rare-earth elements such as Tb or
Ho. An excellent experimental and theoretical account has
been given by Jensen and Mackintosh16,17 but excitation
spectra perpendicular to the magnetic propagation vector
have not been studied before. In addition it has long been
appreciated that helimagnetic order due to frustration differs
fundamentally from helimagnetic order due to DM
interactions.18 The work on frustrated magnets has been con-
trasted by studies of the tetragonal system Ba2CuGe2O7,19 in
which the influence of DM interactions on the excitation
spectra has been addressed. However, Ba2CuGe2O7 orders
antiferromagnetically on local length scales. Due to the much
stiffer spectrum of an antiferromagnet compared to a ferro-
magnet, the effects of DM interactions in a helical antiferro-
magnet are therefore substantially weaker and qualitatively
different as compared to a helical ferromagnet such as MnSi.
Moreover, the helimagnetic order in Ba2CuGe2O7 is dis-
torted and shows higher-order harmonic contributions of at
least 20 %.

We have therefore decided to study the perhaps simplest
example for the effects of DM interactions, notably cubic
chiral helimagnets, where the uniform magnetization rotates
slowly around an axis with a characteristic wave vector kh.
As illustrated in Fig. 1, a helical state is essentially a ferro-
magnet on short length scales and an antiferromagnet for
long distances. In fact, from a more general viewpoint, all
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forms of complex order can be interpreted as a superposition
of helimagnetic order.20 In cases where the pitch of the helix
is much larger than the lattice spacing, �h�a, a helix can
become remarkably stable against crystalline anisotropies.
The Goldstone theorem ensures that the excitations of an
incommensurate helimagnet are gapless �in case the helimag-
net is commensurate the gap is exponentially small�.21,22 In
this paper we report, that the spin excitations for a helix with
a long pitch display an universal property: the formation of
strongly coupled bands of helimagnons.

The B20 compound MnSi is ideally suited to study the
collective spin excitations of helimagnets due to DM inter-
actions experimentally because the magnetic properties re-
sult from a clear separation of energy scales in a metallic
host. MnSi crystallizes in the noncentrosymmetric-cubic
space group P213 �a=4.558 Å�. Below Tc=29.5 K and in
zero magnetic field a long-wavelength spin spiral with the
spins perpendicular to the propagation direction stabilizes.

The periodicity �h�180 Å of the helix results from the
competition of ferromagnetic-exchange interactions, as the
strongest scale, and DM interactions as a manifestation of
weak spin-orbit coupling in crystal structures without inver-
sion center, on an intermediate scale.23,24 The propagation
direction of the spin spiral is finally locked to the cubic space
diagonal through very small crystal-field interactions, pro-
viding the weakest scale. In comparison with the helical
modulation, the Fermi wave vector is large kF�0.7 Å−1.

MnSi has recently attracted great interest as the perhaps
best candidate displaying a genuine NFL metallic state in a
three-dimensional metal at high pressure.14,15,25 Moreover,
based on neutron scattering and �-SR at high pressures,26,27

it has been suggested that the NFL behavior may be related
to spin textures with nontrivial topology.28–31 In fact, a skyr-
mion lattice, was recently identified unambiguously at ambi-
ent pressure in a small phase pocket just below Tc, which is
believed to be stabilized by thermal fluctuations.13 To resolve
the origin of these exciting properties it has become of great
importance in its own right to establish at first a full account
of the normal helimagnetic state and its spectrum of excita-
tions. This has also inspired the experimental study presented
here.

The three different energy scales governing the physics of
the helimagnetic state of MnSi result in four different re-
gimes for spin excitations. As a function of increasing mo-
mentum of the excitations these regimes may be summarized
as follows. For the smallest momenta one explores the anti-
ferromagnetic limit, q�kp, where a linear spectrum of spin
waves is expected. Here q is the wave vector measured from
the ordering vector kh of the helix and kp measures the weak
pinning of the orientation of the helix to the crystalline lat-
tice, which is fourth order in spin-orbit coupling �kp is ex-
pected to be of the order of kh

2 /kF and therefore extremely
tiny�. The antiferromagnetic limit is followed by the heli-
magnetic regime for kp�q�kh, where the pinning of the
helix can be neglected. Here the universal properties are pre-
dicted to consist of a dispersion similar to an antiferromag-
net, �� �q�n with n=1 for propagation parallel to kh whereas
in the transverse direction the spectrum is quadratic with n
=2 characteristic of a ferromagnet.21,32 Further increasing the
momenta leads to the cross over between the helimagnetic
regime and ferromagnetic limit, kh�q�kc with kc�kF deep
in the magnetic phase. The magnetic structure is now probed
on a length scale short compared to its pitch and a spectrum
reminiscent of a ferromagnet may be expected because the
system locally appears to be a ferromagnetically aligned.
However, as shown below this expectation differs dramati-
cally from the observed behavior. Instead of ferromagnetic
magnons multiple helimagnon bands are excited, which may
be regarded as a new universal property of magnetic materi-
als. Finally, for the largest momenta, q	kc, the ferromag-
netic spin waves cross over into the Stoner continuum as
established experimentally in a large number of systems. The
properties depend now on details of the Fermi surface, i.e.,
they are no longer universal.

Several pioneering inelastic neutron scattering studies
have been carried out in MnSi. In the mid 1970s Ishikawa et
al.33 established for the first time in any magnetic metal the
existence of paramagnon fluctuations over major portions of

FIG. 1. �Color online� �a� Depiction of a low-energy spin wave
excitation of a ferromagnet with wavelength �ex. The spins precess
around the uniform magnetization. ��b� and �c�� Sketch of a similar
excitation in the case of a helimagnet with a momentum, q, parallel
to the propagation vector of the helix, kh. The wavelength �ex �b� is
smaller or �c� much larger than the pitch of the helix �h= 2


kh
. Note

that only for this parallel configuration the excitations of the ferro-
magnet and the helimagnet are very similar for short �ex. �d� Re-
ciprocal space map around the nuclear �110� Bragg peak. The loca-
tions of the magnetic Bragg satellites k1 to k4 associated with the
four domain configurations of the helimagnetic order are shown as
color coded throughout the text. Here the actual positions of the
satellites for the domains k2 and k3 are out of the scattering plane
and only their projection onto the image plane is shown as empha-
sized by the open symbols. The locations at which the spin excita-
tions were measured are shown by the black open symbols. They
may be grouped along three trajectories, where the resolution ellip-
soids are shown in gray shading. Note that all of the spectra re-
corded may be simultaneously accounted for by the model de-
scribed in the text using just one parameter �the intensity�.
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the Brillouin zone. They further observed ferromagnetic spin
waves when suppressing the helimagnetic state in an applied
magnetic field.33 More recently polarized inelastic neutron
scattering established that the spin fluctuations in the para-
magnetic state are chiral34 and the existence of spin-flip ex-
citations in a small applied field.35,36

The magnetic phase diagram of MnSi is remarkably rich.
For small magnetic fields between of 0.05 and 0.15 T, a
reorientation transition takes place and the helimagnetic
modulation aligns with the applied field to form the so-called
conical phase. The helical modulation is suppressed for fields
above �0.6 T. Finally, a small phase pocket just below Tc
has been identified recently as the first example of a skyr-
mion lattice, thereby demonstrating the inherent instability of
the helical order to stabilize nontrivial spin textures in small
magnetic fields.

For a comprehensive understanding it is consequently im-
portant to measure the spin excitations in the prestine �zero-
field cooled� helical state. This has not been attempted before
since four equally populated domains form, all of which con-
tribute to the full spectrum of the spin excitations, as de-
scribed below. In the following we denote these domains as
follows: domain 1 corresponds to k1 � �1 ,1 ,1�, domain 2

corresponds to k2 � �1 , 1̄ , 1̄�, domain 3 corresponds to

k3 � �1̄ ,1 , 1̄�, and domain 4 corresponds to k4 � �1̄ , 1̄ ,1� �cf.
Fig. 1�. We confirmed that the domains are equally populated
in our measurements.

The experimental study of the excitation spectra of the
helimagnetic state are also extremely challenging because of
the long wavelength of the helical modulation. This makes
high-resolution measurements in a relatively small portion of
reciprocal space around a magnetic satellite reflection de-
fined by q	k=0.035 Å−1 necessary. In the study described
here we focus on the crossover between the ferromagnetic
limit and the helimagnetic regime described above. In fact,
the excitations for even smaller momenta deep in the heli-
magnetic regime and the antiferromagnetic limit described
above are technically not accessible in present day inelastic
neutron scattering measurements, even for the most ad-
vanced neutron scattering techniques.

II. EXPERIMENTAL METHODS

A large single crystal of �8 cm3 grown by the Bridgman
method was studied. The paramagnetic spin fluctuations of
the same single crystal were reported previously in Ref. 34.
The single crystal displayed a lattice mosaic of the order
0.5°. The specific heat, susceptibility, and resistivity of small
pieces taken from this large single crystal were in excellent
agreement with the literature, where the residual resistivity
ratio was on the order of 100. The latter indicates good,
though not excellent sample purity.

The bulk of our studies was carried out on the cold triple-
axis spectrometer TASP at the Paul Scherrer Institut �PSI�
�Ref. 37� with a few supplementary measurements on
PANDA at the Forschungsneutronenquelle Heinz Maier-
Leibnitz �FRM II�. For the experiment the single crystal was
cooled with an ILL-type orange He cryostat. The sample was
oriented with the �1,1,0� and �0,0,1� crystallographic direc-

tions in the scattering plane. In order to avoid second-order
contamination of the neutron beam a beryllium filter was
inserted between the sample and the analyzer.

The experiments were performed around the nuclear
Bragg reflection �1,1,0� taking advantage of the large mag-
netic structure factor of the corresponding magnetic Bragg
reflections �cf. Ref. 33 and Fig. 1�c��. Two different setups
were used. For setup I the triple-axis spectrometer was oper-
ated with fixed final wave vector kf =1.2 Å−1. Additionally
20� Soller collimators were installed in the incident beam
and in front of the analyzer whereas 40� collimators were
used in front of the detector. In setup II we used
kf =1.4 Å−1 and a collimation setting:
open-40�-MnSi-40�–80�. The energy resolution in setups I
and II was approximately 40 �eV and 90 �eV, respec-
tively. The corresponding Q resolution is depicted in Fig. 1.
It is important to emphasize that the resolution achieved was
about the best currently available.

In order to compare the model with the experimental re-
sults the theoretical scattering function S�Q ,�� was convo-
luted with the resolution function of the triple-axis spectrom-
eters we had used.38,39 For the fits presented in this paper a
program called TASRESFIT �Ref. 40� has been developed in
PYTHON to perform the convolution of the spectrometer res-
olution with the theoretical cross section by means of Monte
Carlo integration.

Further, we have introduced a Gaussian profile centered at
��=0.01 meV to describe the incoherent scattering together
with a constant background for the fit of all data presented.
The background was carefully measured at positions in re-
ciprocal space that were not contaminated by inelastic scat-
tering around the �1,1,0� Bragg reflection and was estimated
as 20 counts/25 min.

Finally, some of the energy scans measured during the
course of our experiments were contaminated by spurious
scattering that was effectively caused by neutrons that were
scattered incoherently from the monochromator crystals of
the used triple-axis spectrometer �see, e.g., open symbols
Fig. 2�f� at E�−0.4 meV�. When the spectrometer is set to
a nonzero energy transfer, i.e., �ki�� �k f� but the angle be-
tween ki and k f as well as the orientation of the sample
correspond to a geometry that allows for Bragg scattering
from the sample, the incoherently scattered neutrons from
the monochromator that have a wave vector �ki,inc�= �k f� lead
to the observation of accidental Bragg scattering. This type
of spurious scattering is well known as Currat-Axe peaks in
the literature.41 For the analysis we considered only scans
where the spurious scattering could be separated well from
the inelastic signal.

III. EXPERIMENTAL RESULTS

All scans shown in the following were performed at a
temperature of 20 K. This way the intensity was strong while
still being significantly below Tc deep inside the helical
phase. Summarized in Fig. 1�d� are the locations in recipro-
cal space where we have recorded excitation spectra. A total
of 24 spectra were recorded. To cover the regime of interest
near the magnetic ordering wave vector, we have mostly car-
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ried out inelastic scans at reciprocal lattice positions along
three traces in reciprocal space as shown in Fig. 1�d�. Two
traces �square and rhombus symbols� were selected such that
they are parallel and perpendicular to k1 while the third trace
�circle symbols� was recorded along an arbitrary direction.
The latter may be seen as the most stringent test of the the-
oretical model used to describe the experimental data. All
spectra were recorded in energy scans at fixed momentum Q.
The scattering intensity observed experimentally is hence the
result of contributions from each of the domains, that is,
most of the scattering wave vectors were neither perfectly
parallel nor perfectly perpendicular to the ordering wave
vector.

Prior to our study we expected spectra that are strongly
reminiscent of the excitations of the ferromagnetic limit. In
stark contrast, we observed highly anomalous line shapes
that appear to be inconsistent with any conventional sce-
nario. For instance, shown in Figs. 2�a� and 2�b� are typical
data for q �k1 �squares in Fig. 1�. Here the data are charac-
terized by fairly broad dispersive maxima but a naive inter-
pretation of the data suggests an extreme form of broaden-
ing. This may be compared with data recorded for q�k1
shown in Figs. 2�c� and 2�d� �rhombus in Fig. 1�, which is
essentially featureless and more like a background. Finally,
the data for the arbitrary direction shown in Figs. 2�e� and
2�f� display yet another type of characteristic, namely, dis-
tinct maxima suggesting a well-defined intense mode on a
large background of scattering.

The remarkable variety of seemingly anomalous spectra
we observe experimentally certainly does not look reminis-
cent of ferromagnetic spin waves at all. In a first attempt we
tried to fit each scan individually with one or several Gaus-
sians. However, this procedure failed. Recognizing that our
data was taken for wave vectors much smaller than the Fermi
momentum, q�kF, in principle, the spectra should be insen-
sitive to most microscopic details. We have therefore set up
an effective model to calculate the excitation spectra based

on two physically transparent and meaningful parameters,
namely, the ferromagnetic spin-wave stiffness c�20 K�
=37 meV Å2 derived from previous experiments33,35 and the
pitch of the helical modulation kh=0.035 Å−1. A detailed
description of the theoretical model will be given in the fol-
lowing Sec. IV. To compare the calculated spectra with our
data we folded them with the energy and momentum reso-
lution of our measurements �which is about the best currently
available� and adjusted the absolute value of the intensity.
We emphasize that the scaling of the intensity of all spectra
by the same value represents the only free parameter of our
model.

Our theoretical model gives complete and precise account
of all measured features and lineshapes for all momenta as
illustrated in Fig. 2 for six of the 24 spectra we have mea-
sured. The agreement between the calculated spectra and the
experimental data can be quantified by the remarkably small
value of the reduced �2 value of �1.3. We thereby note that
we used a rather conservative estimate of the instrumental
resolution, which tentatively averages out small details that
may possibly exist in the data. These underestimates of the
experimental resolution are quite typical and observed in
many inelastic neutron-scattering studies. Further, when arti-
ficially modifying the values of c and kh by more than �5%
the quality of the agreement as measured by �2 deteriorates
rapidly. This suggests strongly that our model sensitively
captures the entire physics of all excitation spectra measured.

IV. THEORY

As a starting point of a detailed account of our theoretical
description we emphasize again, that the weakness of spin-
orbit coupling in MnSi leads to well-separated energy and
length scales. The underlying physics is based on the prop-
erties of a ferromagnet. At energies below �3 meV, where
the spin-flip Stoner continuum sets in,33 and for correspond-

FIG. 2. �Color online� Typical constant-Q scans at selected locations of the three trajectories shown in Fig. 1. Note that the energy and
momentum resolution is at the technical limit currently available. The strong elastic peak at 0 meV is due to incoherent scattering. The inset
in each panel shows the precise location in reciprocal space as a black spot where data were recorded. The curves represent the intensity
calculated in the model described in the text, where all data are accounted for by the same values of the ferromagnetic spin-wave stiffness,
the helical wavelength and the intensity. ��a� and �b�� Data for the trajectory with q �k1; these scans are dominated by a very broad maximum.
��c� and �d�� Data for q�k1; these scans show very broad, essentially featureless intensity that decreases for increasing energy. ��e� and �f��
Data for an arbitrary trajectory emanating from k1; data for this trajectory are characterized by almost featureless intensity over an extremely
wide range of energies and a distinct peak in a small range. The open data points below −0.4 meV in �f� represent a spurious signal that
arises from additional incoherent scattering of neutrons from the monochromator crystals of the triple-axis spectrometer.
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ing small momenta, q0.3 Å−1, the low-energy excitations
of the ferromagnet in the absence of spin-orbit interactions
are described with high precision by a simple quadratic dis-
persion Eq

FM=cq2. At the small wave vectors relevant for our
experiment the damping of those modes may be neglected.

Accordingly, the starting point of our theoretical descrip-
tion is a rotationally invariant nonlinear � model �including
the appropriate Berry-phase term� to describe the low-energy
excitations of this ferromagnet. Following Refs. 42 and 43,
we add to this model the leading spin-orbit coupling effect,
which is given by the rotationally invariant DM interaction
SDM=g
� · �����. Being linear in momentum, the DM in-
teractions necessarily lead to an instability of the ferromag-
net and stabilize a chiral helix of the form

�h�x� = n̂ cos�kh · x� + n̂2 sin�kh · x� , �1�

where the unit vectors n̂1 and n̂2 are perpendicular to each
other and to the ordering vector kh. In our MnSi crystals the
sign of g is such that n̂1, n̂2, and kh define a left-handed
coordinate system. Corrections to Eq. �1� are small as they
arise only from tiny forth-order terms in the weak spin-orbit
coupling neglected in our calculation. In a ferromagnetic
state these corrections lead to the formation of a gap. How-
ever, due to the spontaneously broken translation invariance
and the Goldstone theorem there cannot be a gap for an
incommensurate helimagnet. The only effect of the higher-
order spin-orbit coupling terms is a modification of the spin
wave spectrum for momenta much smaller than kp� �kh�, i.e.,
far below the experimental resolution available to date.21,22

To describe the spin excitations of the helix we expand �
around the mean field, �=�h+��. As discussed below the
physical situation becomes transparent by using a comoving
coordinate system, where the order parameter at point x is
rotated by the angle kh ·x around the kh axis using the space-
dependent rotation matrix R with ��=R�. In the comoving
coordinate system the helix is mapped on a ferromagnetic
solution �h�= n̂1. Using length and energy units such that
�kh�=1 and Ekh

FM=Ekh
=ckh

2=1, all free parameters are fixed.
The long wavelength of the helix with the crystallo-

graphic lattice �which breaks translation invariance�, implies
a tiny magnetic Brillouin zone and the formation of an abun-
dance of bands. For the further discussion it is helpful to split
the momentum q̃� parallel to kh into q̃� =nkh+q� introducing a
band index n while using −kh /2q� �kh /2. Denoting by q
both q� and q�, the Gaussian fluctuations around the mean
field are described by the action

S =
1

2 �
n,n�,q,i�n

��nq�
���n�Mnn��q,i�n���n�q� ��n� , �2�

where each entry of Mnn� is a two by two matrix describing
the fluctuations in two spin directions perpendicular to the
mean field �h. For a ferromagnet one needs only a single
matrix

MFM�q,�� = � q2 i�

− i� q2  . �3�

From the condition det M =0 one obtains the well-known
dispersion, �=q2 of a ferromagnet.

The fluctuations around the helimagnetic state are in con-
trast described by an infinite-dimensional matrix, where the
DM interaction yields two changes with respect to the ferro-
magnetic state. First, one obtains an additional “1” in the
diagonal entries Mnn�q ,��, which are given by

Mnn�q,�� = � q2 i�

− i� 1 + q2  , �4�

where q2=q�
2 + �q� +n�2. The matrix describes that a uniform

rotation of the magnetization around the kh axis does not cost
any energy while energy is needed for the other direction.
Second, one obtains nonvanishing off-diagonal matrix ele-
ments given by

Mn,n�1�q,�� = � 0 − iq�
�

iq�
� 0

 �5�

with q�
�=qx� iqy for a helix oriented in z direction. The fact

that only neighboring blocks are connected can be traced
back to the observation that the chiral helix in Eq. �1� con-
tains no higher-order Fourier components. This is an exact
relation as long as higher-order spin-orbit coupling terms are
neglected �see Sec. V�. The simple matrix defined by Eqs.
�4� and �5� leads to the physics explained below and de-
scribes the neutron-scattering experiments with high preci-
sion and no other parameters besides the �measured� pitch of
the helix, the measured ferromagnetic spin-wave stiffness
and the overall intensity as the only free parameter.

V. DISCUSSION

To compare the calculated spectra with the neutron-
scattering results, one determines the momentum-diagonal
3�3 susceptibility matrix �q���� ������q�

= ��R−1�����R−1�����q� by inverting first the matrix M and
undoing the basis change due to the rotation R defined above.
The basis change implies that one has to calculate a convo-
lution of �������� and the rotation matrices R. As R oscil-
lates with wave vector kh this has the consequence that mo-
menta �kh are added when momenta in the comoving frame
are transformed back to the physical frame of reference. The
scattering cross section for neutrons with a given momentum
transfer Q=G+q close to a reciprocal lattice vector G
of the MnSi crystalline lattice is proportional to

�1+nB����Im�Tr��q��+ i0��−Q̂�q��+ i0�Q̂�, where nB���
=1 / �e��/kBT−1� is the Bose function and where we have
taken into account, that the neutrons couple only to the com-
ponent of � perpendicular to Q. Within the Gaussian ap-
proximation one obtains sharp modes. For a comparison with
experiment these theoretical results are convoluted by the
experimental resolution.

We first consider the excitations with vanishing momen-
tum perpendicular to the propagation vector, q�=0, pre-
dicted in this model. In this limit all off-diagonal matrices
vanish and one obtains a single mode with the dispersion
relation �=cq�

�kh
2+q�

2, well known from the physics of Bose
condensed atoms. It describes the crossover from a mode
with linear dispersion21,32 at small momentum to a ferromag-
netic mode with quadratic dispersion. This crossover is also
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manifest in the eigenmodes as illustrated in Fig. 1. In the
ferromagnetic limit kc�q� �kh the magnetization displays
the typical precession �Fig. 1�b�� while it oscillates only per-
pendicular to q� for q� �kh �Fig. 1�c��.

By transforming back to the physical coordinate system,
one realizes that generically three copies of this mode can be
observed in neutron scattering with unpolarized neutrons as
shown in Fig. 3�a�. Besides the two copies with minima at
�kh one also obtains generically a mode directly at the
Bragg spot with zero momentum. However, in contrast to the
dispersion of a ferromagnetic mode of identical spin stiffness
c shown as red solid line, in the helimagnetic case the inten-
sity vanishes for q→0. The fact that only three modes rather
than a large number of bands can be observed, originates in
the special symmetry of the helical state: a translation of the
helix can be compensated by an appropriate rotation of the
spins. Theoretically this property has actually long been
known.44 Only higher-order spin-orbit coupling terms which
break this symmetry may lead to the excitation of further
modes, however, with a tiny weight.

The more important second example, which reveals an
entirely unexpected property, concerns spectra for finite per-
pendicular momentum as shown in Fig. 3�b�. Here the off-
diagonal terms in Eq. �5� lead to a mixing of the modes. For
vanishing q� and q��kh one obtains21,32 E�q��=�3 /8cq�

2

which can, however, not be observed directly within our ex-
perimental resolution. In the limit q��kh one finds that
more and more modes are excited. Mapping the matrix to a
harmonic oscillator on a lattice �see, e.g., Ref. 45� one finds
that typically of the order of �q� /kh bands are excited with
equally spaced energies

En�q� � c�q�
2 − 2khq� + 2�q�kh

3�n +
1

2
� ,

n = 0,1,2, . . . ,�q�/kh. �6�

Here two aspects are remarkable. First, for increasing per-
pendicular momentum an increasing number of bands are
excited. Second, the dispersion is essentially independent of
q� for q� �q�kh.

FIG. 4. �Color online� Dispersion curves for various directions
as calculated in the model described in the text. Contributions from
different domains are color coded as shown in Fig. 1. The area of
each point is proportional to the weight of the corresponding peak
in neutron scattering �only for the most intense peaks close to the
reciprocal lattice vectors a fixed point size was used for better vis-
ibility�. The complex lineshapes observed experimentally �cf. Fig.
2� result from the large number of excited bands. The gray shaded
bars show the direction and parameter range of the constant Q scans
recorded in our measurements, where the width in Q of the gray
area represents the resolution in Q. Data for the gray bars labeled
�a�–�d� are shown in Fig. 2. �a� Dispersion for the trajectory with
q �k1. �b� Dispersion for the trajectory with q�k1.

FIG. 3. �Color online� Illustration of characteristic features of
helimagnon bands. In the regime investigated, q�kh, a crossover to
a ferromagnetic dispersion with little weight in side bands was gen-
erally expected �see text�. Instead, for finite q� multiple bands with
approximately equal weight are excited due to significant Umklapp
scattering. �a� For wave vectors strictly parallel to the helix a spe-
cial symmetry prohibits higher-order Umklapp processes: a transla-
tion of the helix can be compensated by a rotation of all spins. As a
consequence only three modes are excited, two modes with minima
at �kh and an additional mode centered directly at the position of
the nuclear Bragg peak with zero momentum but vanishing inten-
sity for q→0. For comparison the dispersion of a ferromagnetic
mode �=cq2 is given �red solid line�. �b� The strong Umklapp
scattering for finite perpendicular momentum, q�=4kh, stops the
motion of spin excitations with small q� leading to flat bands �see
text and Eq. �6��. In both panels the spectral weight of the corre-
sponding modes is proportional to the area of the points where we
use a maximal size for better visibility. For the calculation of the
dispersion we used c�20 K�=37 meV Å2 and kh=0.035 Å−1. For
clarity only a single domain is shown, namely, k1.
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In Fig. 3�b� we plot the corresponding dispersion as a
function of q� for q�=4kh with c and kh given above. For
clarity we consider only the domain associated with k1. The
transverse momentum strongly couples the ferromagnetic
branches �red solid lines�, ��q�=c��q� +mkh�2+q�

2 � with m
=0, �1, �2. . ., shifted by multiples of the reciprocal lattice
vector kh of the magnetic Brillouin zone. As the DM inter-
actions grows linearly with q, more an more modes are
coupled by Umklapp scattering when q� increases. As de-
scribed by Eq. �6� the repeated Umklapp scattering prohibits
the motion of the spin excitations parallel to kh and leads to
a very flat dispersion for q� �q�kh.

We finally illustrate in Fig. 4 the full complexity of the
calculated helimagnon bands as probed experimentally by
the two trajectories in Fig. 1. Here the area of the calculated
dots is proportional to the intensity and the color coding
refers to the relevant domain. The gray shaded bars show the
location and parameter range of our measurements, where
the width of the gray bars represents the resolution of our
measurements. Using this approach we are able to account
for the entire set of very broad and extraordinarily rich spec-
tra measured �note the very different energy dependences in
Fig. 2� without any further adjustments of parameters.

VI. CONCLUSION

In many magnetic materials excitation spectra like those
observed here may be interpreted by invoking a host of non-
universal properties. For instance, spin-orbit coupling and
dipolar interactions cause magnetic anisotropies and the for-
mation of energy gaps.46 Moreover, scattering from impuri-
ties and crystalline defects, the coupling to the particle-hole

continuum in metals,33 magnon-phonon,47 and magnon-
magnon interactions48 may lead �in combination with spin-
orbit interactions� to a substantial damping of the magnetic
excitations.

In summary, we report an inelastic neutron scattering
study of the perhaps simplest manifestation of weak chiral
interactions: the helimagnetic order in the cubic B20 com-
pound MnSi. The excellent quantitative account we achieve
establishes the existence of a new universal property of the
spin excitations: the formation of a large number of disper-
sive bands of helimagnons. Our study is also important for
the theoretical description of the skyrmion lattice in MnSi
which turns out to be stabilized relative to a conical phase
only by thermal fluctuations. Therefore it is important to es-
tablish that a quantitative description of the fluctuations
spectrum can be obtained in this material. We expect that
similar phenomena will be relevant for a broad range of ma-
terials where long wavelength or incommensurate magnetic
order lead to strong Umklapp scattering and the formation of
multiple bands.

ACKNOWLEDGMENTS

We wish to thank D. Belitz, T. R. Kirkpatrick, M. Garst,
B. Binz, M. Vojta, and W. Zwerger. This research was sup-
ported in part by the National Science Foundation under
Grant No. PHY05-51164 and by SFB 608 of the DFG. The
neutron scattering experiments were carried out at the con-
tinuous spallation neutron source SINQ at Paul Scherrer In-
stitut at Villigen PSI in Switzerland and the Forschungs-
Neutronenquelle Heinz Maier-Leibnitz �FRM-II� of
Technische Universität München at Garching in Germany.

*Present address: Department of Physics, University of California,
San Diego, La Jolla, CA 92093-0354, USA;
mjanoschek@physics.ucsd.edu
1 F. Bloch, Z. Phys. 61, 206 �1930�.
2 T. Holstein and H. Primakoff, Phys. Rev. 58, 1098 �1940�.
3 F. J. Dyson, Phys. Rev. 102, 1217 �1956�.
4 B. N. Brockhouse, Phys. Rev. 106, 859 �1957�.
5 A. Okazaki, K. C. Turberfield, and R. W. H. Stevenson, Phys.

Lett. 8, 9 �1964�.
6 C. Kittel, Introduction to Solid State Physics �Wiley, New York,

USA, 1996�.
7 F. Keffer, H. Kaplan, and Y. Yafet, Am. J. Phys. 21, 250 �1953�.
8 Y. Yamasaki, H. Sagayama, T. Goto, M. Matsuura, K. Hirota, T.

Arima, and Y. Tokura, Phys. Rev. Lett. 98, 147204 �2007�.
9 V. Juricic, L. Benfatto, A. O. Caldeira, and C. Morais Smith,

Phys. Rev. Lett. 92, 137202 �2004�.
10 M. Bode, M. Heide, K. von Bergmann, P. Ferriani, S. Heinze, G.

Bihlmayer, A. Kubetzka, O. Pietzsch, S. Blügel, and R. Wiesen-
danger, Nature �London� 447, 190 �2007�.

11 K. von Bergmann, S. Heinze, M. Bode, E. Y. Vedmedenko, G.
Bihlmayer, S. Blügel, and R. Wiesendanger, Phys. Rev. Lett. 96,
167203 �2006�.

12 C. Pfleiderer, Rev. Mod. Phys. 81, 1551 �2009�.

13 S. Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A.
Neubauer, R. Georgii, and P. Böni, Science 323, 915 �2009�.

14 C. Pfleiderer, S. R. Julian, and G. G. Lonzarich, Nature �London�
414, 427 �2001�.

15 N. Doiron-Leyraud, I. R. Walker, L. Taillefer, M. J. Steiner, S. R.
Julian, and G. G. Lonzarich, Nature �London� 425, 595 �2003�.

16 J. Jensen and A. R. Mackintosh, Rare Earth Magnetism, Struc-
tures and Excitations �Clarendon Press, Oxford, 1991�.

17 H. Bjerrum Møller, J. C. Gylden Houmann, and A. R. Mackin-
tosh, Phys. Rev. Lett. 19, 312 �1967�.

18 M. Kataoka, J. Phys. Soc. Jpn. 56, 3635 �1987�.
19 A. Zheludev, S. Maslov, G. Shirane, I. Tsukada, T. Masuda, K.

Uchinokura, I. Zaliznyak, R. Erwin, and L. P. Regnault, Phys.
Rev. B 59, 11432 �1999�.

20 L. Sandratskii, Adv. Phys. 47, 91 �1998�.
21 D. Belitz, T. R. Kirkpatrick, and A. Rosch, Phys. Rev. B 73,

054431 �2006�.
22 In Ref. 32 it has been argued that the interaction of spin waves

can give rise to a gap in the spectrum. As this result contradicts
the Goldstone theorem, we believe that it is probably not valid.

23 G. Shirane, R. Cowley, C. Majkrzak, J. B. Sokoloff, B. Pagonis,
C. H. Perry, and Y. Ishikawa, Phys. Rev. B 28, 6251 �1983�.

24 M. Ishida, Y. Endoh, S. Mitsuda, Y. Ishikawa, and M. Tanaka, J.

HELIMAGNON BANDS AS UNIVERSAL EXCITATIONS OF… PHYSICAL REVIEW B 81, 214436 �2010�

214436-7

http://dx.doi.org/10.1007/BF01339661
http://dx.doi.org/10.1103/PhysRev.58.1098
http://dx.doi.org/10.1103/PhysRev.102.1217
http://dx.doi.org/10.1103/PhysRev.106.859
http://dx.doi.org/10.1016/0031-9163(64)90774-7
http://dx.doi.org/10.1016/0031-9163(64)90774-7
http://dx.doi.org/10.1119/1.1933416
http://dx.doi.org/10.1103/PhysRevLett.98.147204
http://dx.doi.org/10.1103/PhysRevLett.92.137202
http://dx.doi.org/10.1038/nature05802
http://dx.doi.org/10.1103/PhysRevLett.96.167203
http://dx.doi.org/10.1103/PhysRevLett.96.167203
http://dx.doi.org/10.1103/RevModPhys.81.1551
http://dx.doi.org/10.1126/science.1166767
http://dx.doi.org/10.1038/35106527
http://dx.doi.org/10.1038/35106527
http://dx.doi.org/10.1038/nature01968
http://dx.doi.org/10.1103/PhysRevLett.19.312
http://dx.doi.org/10.1143/JPSJ.56.3635
http://dx.doi.org/10.1103/PhysRevB.59.11432
http://dx.doi.org/10.1103/PhysRevB.59.11432
http://dx.doi.org/10.1080/000187398243573
http://dx.doi.org/10.1103/PhysRevB.73.054431
http://dx.doi.org/10.1103/PhysRevB.73.054431
http://dx.doi.org/10.1103/PhysRevB.28.6251
http://dx.doi.org/10.1143/JPSJ.54.2975


Phys. Soc. Jpn. 54, 2975 �1985�.
25 C. Pfleiderer, P. Böni, T. Keller, U. K. Rößler, and A. Rosch,

Science 316, 1871 �2007�.
26 C. Pfleiderer, D. Reznik, L. Pintschovius, H. v. Lohneysen, M.

Garst, and A. Rosch, Nature �London� 427, 227 �2004�.
27 Y. J. Uemura et al., Nat. Phys. 3, 29 �2007�.
28 B. Binz, A. Vishwanath, and V. Aji, Phys. Rev. Lett. 96, 207202

�2006�.
29 S. Tewari, D. Belitz, and T. R. Kirkpatrick, Phys. Rev. Lett. 96,

047207 �2006�.
30 U. K. Rößler, A. N. Bogdanov, and C. Pfleiderer, Nature �Lon-

don� 442, 797 �2006�.
31 I. Fischer, N. Shah, and A. Rosch, Phys. Rev. B 77, 024415

�2008�.
32 S. V. Maleyev, Phys. Rev. B 73, 174402 �2006�.
33 Y. Ishikawa, G. Shirane, J. A. Tarvin, and M. Kohgi, Phys. Rev.

B 16, 4956 �1977�.
34 B. Roessli, P. Böni, W. E. Fischer, and Y. Endoh, Phys. Rev.

Lett. 88, 237204 �2002�.
35 F. Semadeni, P. Böni, Y. Endoh, B. Roessli, and G. Shirane,

Physica B 267-268, 248 �1999�.
36 B. Roessli, P. Böni, W. E. Fischer, and Y. Endoh, Physica B 345,

124 �2004�.
37 F. Semadeni, B. Roessli, and P. Böni, Physica B 297, 152

�2001�.
38 M. Cooper and R. Nathans, Acta Crystallogr. 23, 357 �1967�.
39 M. Popovici, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,

Theor. Gen. Crystallogr. 31, 507 �1975�.
40 M. Janoschek, Ph.D. thesis, Technische Universität München,

2008.
41 G. Shirane, S. M. Shapiro, and J. M. Tranquada, Neutron Scat-

tering with a Triple-Axis Spectrometer �Cambridge University
Press, Cambridge, England, 2002�.

42 P. Båk and M. H. Jensen, J. Phys. C 13, L881 �1980�.
43 O. Nakanishi, A. Yanase, A. Hasegawa, and M. Kataoka, Solid

State Commun. 35, 995 �1980�.
44 T. Nagamiya, in Solid State Physics, Advances in Research and

Applications, edited by D. T. F. Seitz and H. Ehrenreich �Aca-
demic Press, New York, USA, 1967�, Vol. 20, p. 305.

45 I. Fischer and A. Rosch, Europhys. Lett. 68, 93 �2004�.
46 P. Böni, M. Hennion, and J. L. Martínez, Phys. Rev. B 52, 10142

�1995�.
47 B. D. Rainford, J. G. Houmann, and H. J. Guggenheim, Fifth

IAEA Symposium on Neutron Inelastic Scattering, Grenoble,
France, Vol. 5, p. 655 �1972�.

48 S. P. Bayrakci, T. Keller, K. Habicht, and B. Keimer, Science
312, 1926 �2006�.

JANOSCHEK et al. PHYSICAL REVIEW B 81, 214436 �2010�

214436-8

http://dx.doi.org/10.1143/JPSJ.54.2975
http://dx.doi.org/10.1126/science.1142644
http://dx.doi.org/10.1038/nature02232
http://dx.doi.org/10.1038/nphys488
http://dx.doi.org/10.1103/PhysRevLett.96.207202
http://dx.doi.org/10.1103/PhysRevLett.96.207202
http://dx.doi.org/10.1103/PhysRevLett.96.047207
http://dx.doi.org/10.1103/PhysRevLett.96.047207
http://dx.doi.org/10.1038/nature05056
http://dx.doi.org/10.1038/nature05056
http://dx.doi.org/10.1103/PhysRevB.77.024415
http://dx.doi.org/10.1103/PhysRevB.77.024415
http://dx.doi.org/10.1103/PhysRevB.73.174402
http://dx.doi.org/10.1103/PhysRevB.16.4956
http://dx.doi.org/10.1103/PhysRevB.16.4956
http://dx.doi.org/10.1103/PhysRevLett.88.237204
http://dx.doi.org/10.1103/PhysRevLett.88.237204
http://dx.doi.org/10.1016/S0921-4526(99)00077-0
http://dx.doi.org/10.1016/j.physb.2003.11.037
http://dx.doi.org/10.1016/j.physb.2003.11.037
http://dx.doi.org/10.1016/S0921-4526(00)00860-7
http://dx.doi.org/10.1016/S0921-4526(00)00860-7
http://dx.doi.org/10.1107/S0365110X67002816
http://dx.doi.org/10.1107/S0567739475001088
http://dx.doi.org/10.1107/S0567739475001088
http://dx.doi.org/10.1088/0022-3719/13/31/002
http://dx.doi.org/10.1016/0038-1098(80)91004-2
http://dx.doi.org/10.1016/0038-1098(80)91004-2
http://dx.doi.org/10.1209/epl/i2004-10174-9
http://dx.doi.org/10.1103/PhysRevB.52.10142
http://dx.doi.org/10.1103/PhysRevB.52.10142
http://dx.doi.org/10.1126/science.1127756
http://dx.doi.org/10.1126/science.1127756

