
VOLUME 88, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 10 JUNE 2002

237204-1
Chiral Fluctuations in MnSi above the Curie Temperature
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Polarized neutrons are used to determine the antisymmetric part of the magnetic susceptibility in
noncentrosymmetric MnSi. The paramagnetic fluctuations are found to be incommensurate with the
chemical lattice and to have a chiral character. We argue that antisymmetric interactions must be taken
into account to properly describe the critical dynamics in MnSi above TC . The possibility of directly
measuring the polarization dependent part of the dynamical susceptibility in a large class of compounds
by polarized inelastic neutron scattering is outlined as it can yield evidence for antisymmetric interactions
such as spin-orbit coupling in metals as well as in insulators.
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Ordered states with helical arrangement of the mag-
netic moments are described by a chiral order parameter
�C � �S1 3 �S2, which yields the left- or right-handed ro-
tation of neighboring spins along the pitch of the helix.
Examples for compounds of that sort are rare-earth metals
such as Ho [1]. Spins on a frustrated lattice form another
class of systems, where simultaneous ordering of chiral
and spin parameters can be found. In this case, the ground
state is highly degenerate and it is possible to obtain two
equivalent ground states which differ only by the sense of
rotation (left or right) of the magnetic moments from sub-
lattice to sublattice, hence yielding an example of chiral
degeneracy. As a consequence of the chiral symmetry of
the order parameter, a new universality class results that
is characterized by novel critical exponents as calculated
by Monte Carlo simulations [2] and measured by neutron
scattering [3] in the XY-antiferromagnet CsMnBr3. An
interesting but still unresolved problem is the characteri-
zation of chiral spin fluctuations that have been suggested
to play an important role, e.g., in the doped high-Tc super-
conductors [4]. The measurement of chiral fluctuations is,
however, a difficult task and can usually be performed only
by projecting the magnetic fluctuations on a field-induced
magnetization [5,6].

In this Letter, we show that chiral fluctuations can be
directly observed in noncentrosymmetric crystals without
disturbing the sample by a magnetic field. We present
results of polarized inelastic neutron scattering experi-
ments performed in the paramagnetic phase of the itiner-
ant ferromagnet MnSi that confirm the chiral character of
the spin fluctuations due to spin-orbit coupling and dis-
cuss the experimental results in the framework of self-
consistent renormalization theory of spin fluctuations in
itinerant magnets [7]. Being a prototype of a weak itiner-
ant ferromagnet with unusual magnetic and transport prop-
erties [8], the magnetic fluctuations in MnSi have been the
subject of detailed investigations by means of unpolarized
and polarized neutron scattering. The results demonstrate
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the itinerant nature of the spin fluctuations [9–11] as well
as the occurrence of spiral correlations [12] and strong lon-
gitudinal fluctuations [13,14].

MnSi has a cubic space group P213 with a lattice
constant a � 4.558 Å lacking a center of symme-
try which leads to a ferromagnetic spiral along the
[1 1 1] direction with a propagation vector �k0 �
�2p�a� �0.017, 0.017, 0.017� yielding a period of ap-
proximately 180 Å [15]. The Curie temperature is
TC � 29.5 K. The spontaneous magnetic moment of
Mn ms � 0.4mB is strongly reduced from its free ion
value mf � 2.5mB. As shown in the inset of Fig. 1
the four Mn and Si atoms are placed at the positions
�u, u, u�, � 1

2 1 u, 1
2 2 u, 2u�, � 1

2 2 u, 2u, 1
2 1 u�, and

�2u, 1
2 1 u, 1

2 2 u� with uMn � 0.138 and uSi � 0.845,
respectively.

FIG. 1. Inelastic spectra in MnSi �h̄v � 0.5 meV� at T �
31 K for the neutron polarization parallel and antiparallel to the
scattering vector �Q, respectively. The solid lines are fits to the
data. The inset shows the crystal structure of MnSi. For means
of clarity only the Mn ions are drawn. Note that MnSi is not
centrosymmetric.
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We investigated the paramagnetic fluctuations in a large
single domain crystal of MnSi (mosaic h � 1.5±) of
10 cm3 on the triple-axis spectrometer TASP at SINQ.
The single crystal was aligned with the [0 0 1] and [1 1 0]
crystallographic directions in the scattering plane. Most
constant energy scans were performed in the paramagnetic
phase in order to relax the problem of depolarization of
the neutron beam in the ordered phase. The spectrometer
was operated in the constant final energy mode with a
neutron wave vector �kf � 1.97 Å21 corresponding to an
energy resolution at the elastic position of �0.45 meV. In
order to suppress contamination by higher order neutrons
a pyrolytic graphite filter was installed in the scattered
beam. The incident neutrons were polarized by means
of a remanent FeCoV�TiN-type bender that was inserted
after the monochromator [16]. The polarization of the
neutron beam at the sample position was maintained by a
guide field Bg � 10 G that defines also the polarization of
the neutrons �Pi with respect to the scattering vector �Q �
�ki 2 �kf at the sample position. Such a small field has no
influence on magnetic fluctuations as gmBH ø kBT .

In contrast to previous experiments, where the polar-
ization �Pf of the scattered neutrons was also measured in
order to distinguish between longitudinal and transverse
fluctuations [13], we did not analyze �Pf , as our goal was
to detect a polarization dependent scattering that is pro-

portional to sp ~ � �̂Q ? �Pi� as discussed below. A typical
constant-energy scan with h̄v � 0.5 meV measured in the
paramagnetic phase at T � 31 K is shown in Fig. 1 for the
polarization of the incident neutrons �Pi parallel and an-
tiparallel to the scattering vector �Q. It is clearly seen that
the peak positions depend on �Pi and appear at the incom-
mensurate positions �Q � �t 6 �d with respect to the recip-
rocal lattice vector �t011 of the nuclear unit cell. Obviously,
this shift of the peaks with respect to (0 1 1) would be
hardly visible with unpolarized neutrons and could not ob-
served in previous inelastic neutron scattering experiments.

In order to discuss our results, we remind the reader
that the scattering function S� �Q, v� is related to the dy-
namical susceptibility through the fluctuation-dissipation
theorem S� �Q, v� � 2h̄��1 2 exp�2h̄v�kT��Imx� �Q, v�.
The general expression for the cross section of magnetic
scattering with polarized neutrons reads [17]

S� �Q,v� �
X

a,b

�da,b 2 Q̂aQ̂b�Aab� �Q,v�

1
X

a,b
� �̂Q ? �Pi�

X

g

ea,b,gQ̂gBab� �Q, v� , (1)

where � �Q, v� are the momentum and energy trans-

fers from the neutron to the sample, �̂Q � �Q�j �Qj, and
a, b, g indicate Cartesian coordinates. The first term in
Eq. (1) is independent of the polarization of the incident
neutrons, while the second is polarization dependent
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through the factor � �̂Q ? �Pi�. �Pi denotes the direction
of the neutron polarization before scattering and its
scalar is equal to 1 when the beam is fully polarized.
Aab �

1
2 �Sab 1 Sba� and Bab �

1
2 �Sab 2 Sba� are

the symmetric and antisymmetric parts of the Fourier
transforms of the spin correlation function �sa

l s
b
l0 	 with

Sab� �Q,v� �
1

2pN

R`

2` dte2ivt
P

ll 0 e
i �Q� �Xl2 �Xl0 ��sa

l s
b
l 0 �t�	.

The vectors �Xl designate the positions of the scattering
centers in the lattice.

Following Ref. [18] we define now an axial vector �B byP
ab eabgBab � Bg � �Q, v� that represents the antisym-

metric part of the susceptibility. It depends on the neutron
polarization as follows:

� �̂Q ? �Pi� � �̂Q ? �B� (2)

and vanishes for centrosymmetric systems such as Fe or
Ho or when there is no long-range order. In the absence of
symmetry breaking fields such as external magnetic fields,
uniaxial pressure, etc., similar scans with polarized neu-
trons would not yield inelastic scattering that depends on
the polarization of the neutrons. However, an intrinsic
anisotropy of the spin Hamiltonian in a system that lacks
lattice inversion symmetry may provide an axial interaction
leading to a polarization dependent cross section. The po-
larization dependent scattering of the present experiments
is therefore an indication of fluctuations with chiral sig-
nature and points towards the existence of an axial vector
�B that is not necessarily commensurate with the lattice.
Hence, according to Eq. (2) the neutron scattering func-
tion in MnSi contains a nonvanishing antisymmetric part.

Because the crystal structure of MnSi is noncentrosym-
metric and the magnetic ground state forms a helix with
spins perpendicular to the [1 1 1] crystallographic direc-
tion, it is reasonable to interpret the polarization-dependent
transverse part of the dynamical susceptibility in terms of
the Dzyaloshinskii-Moriya (DM) interaction [19,20] simi-
larly as it was done in other noncentrosymmetric systems
that show incommensurate ordering [21,22].

Usually the DM interaction is written as the cross prod-
uct of interacting spins HDM �

P
l,m

�Dl,m ? ��sl 3 �sm�,
where the direction of the DM vector �D is determined
by bond symmetry and its scalar by the strength of the
spin-orbit coupling [20]. Although the DM interaction was
originally introduced on microscopic grounds for ionic
crystals, it was shown that antisymmetric spin interactions
are also present in metals with noncentrosymmetric crystal
symmetry [23]. In this case, the free energy contains at
term linear in �k0 of the form D� �S1 3 �S2� ? �k0. Here, the
sign of D defines the helicity of the spin fluctuations, i.e.,
the helicity of the spiral, and the direction of the wave
vector of the spiral �k0 is determined by the crystalline
anisotropy and the dipolar interactions [24]. Well above
TC , the anisotropy disappears and the dipolar interactions
are so weak that the spin fluctuations become isotropic.
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Hence, in a similar way as for insulators with localized
spin densities, the antisymmetric interactions originate
from the spin-orbit coupling in the absence of an inversion
center and a finite contribution to the antisymmetric part
of the wave-vector dependent dynamical susceptibility is
obtained.

For the case of a uniform DM interaction with �D �
D �k0, the transverse part of the neutron scattering function
S�� �Q, v� depends on the polarization of the neutron beam
[25] as follows:

S�� �Pi , �Q ,v� �
2h̄

1 2 exp�2h̄v�kBT �

3 Im
�1 1 � �̂D ? �̂Q�� �̂Q ? �Pi��x���q�2d�,v�

1 �1 2 � �̂D ? �̂Q� � �̂Q ? �Pi��x�� �q�d�,v�� .
(3)

Here, �q designates the reduced momentum transfer with
respect to the nearest magnetic Bragg peak at �t 6 �d.
Equation (3) shows that the cross section for 6 �Pi � �Q is
indeed independent of �Pi as observed in Fig. 2. For paral-

lel alignment of �̂D, �̂Q, 6 �̂Pi , only fluctuations around the
position �2d�, respectively �d� contribute to the scattering.
By subtracting the inelastic spectra taken with �Pi parallel
and antiparallel to �Q, the polarization dependent part of
the cross section can be isolated, as demonstrated in Fig. 3
for two temperatures T � 31 and T � 40 K.

Close to TC , the intensity is rather high and the crossing
at �Q � �0 1 1� is sharply peaked. At 40 K the inten-
sity becomes small and the transition at (0 1 1) becomes
smooth indicating the decreases of the correlation length
with increasing temperature. In order to characterize the
q dependence of the chiral correlations in more detail
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FIG. 2. Neutron spectra in MnSi for an energy transfer h̄v �
0.5 meV as measured at T � 35 K for 6 �Pi perpendicular to �Q,
respectively. The solid line shows a fit to the data and the small
symbols represent the difference signal that is independent of
�Pi . See text for details.
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we have measured the polarization-dependent part of
S� �Q, v � 0.5 meV� in the vicinity of the (0 1 1) Bragg
peak at T � 35 K. The contour plot (Fig. 4) indicates
that the DM interaction vector in MnSi has a component
along the [0 1 1] crystallographic direction inducing
paramagnetic fluctuations that are centered at positions
incommensurate with the chemical lattice.

In order to proceed further with the analysis we assume
for the transverse susceptibilities in Eq. (3) the expression
for itinerant magnets as given by self-consistent renormal-
ization theory (SCR) [7]

Imx�� �q�6d�,v� � x���q�6d��
k

2
d

q2 1 k
2
d

vG

v2 1 G2 ,

(4)

with kd the inverse correlation length. For itinerant fer-
romagnets the damping of the spin fluctuations is given
by G �q�6d� � uq�q2 1 k

2
d� with u � u�d� reflecting the

damping of the spin fluctuations. Experimentally, it has
been found from previous inelastic neutron scattering mea-
surements that the damping of the low-energy fluctuations
in MnSi is adequately described using the results of the
SCR theory rather than the qz�z � 2.5� wave-vector de-
pendence expected for a Heisenberg magnet [10].

The solid lines of Figs. 1–3 show fits of S� �Q, v� to the
polarized beam data. It is seen that the form of the dynam-
ical susceptibility for itinerant magnets reproduces the data
well if the incommensurability is properly taken into ac-
count. Using Eqs. (3) and (4) and taking into account the
resolution function of the spectrometer, we extract values
k0 � 0.12 Å21 and u � 27 meV Å3 that are in reasonable
agreement with the analysis given in Ref. [11].

The positions of maximum and minimum intensity of
the critical scattering shown in Fig. 4 are located near d �
�0, 0.02, 0.02� at T � 35 K and not at the incommensurate
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FIG. 3. Difference neutron counts for polarization �Pi of the
incident neutron beam parallel and antiparallel to �Q in MnSi at
T � 31 and 40 K, respectively. The solid lines are fit to the
data using the SRC result for the dynamical susceptibility with
the parameters given in the text.
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FIG. 4 (color). Contour map of the polarization dependent
scattering for an energy transfer h̄v � 0.5 meV as measured
near the (0 1 1) reciprocal lattice point at T � 35 K.

positions of the magnetic Bragg peaks in the ordered phase.
We find that the extrema of Imx�� �q, v� lie on a sphere
with a radius corresponding approximately to the pitch j �k0j

of the magnetic spiral in the ordered phase. This result
proves that the direction of the propagation vector of the
spiral �k0 is determined only by anisotropies that are lost
above TC [24].

In addition, the data show that the T dependence of
the position of the critical scattering is determined by the
increase of kd with increasing T according to kd�T� �
k0�T�TC 2 1�0.5 [10] that describes our measurements
well. We note that the mean-field-like value for n is close
to the expected exponent n � 0.55 for chiral symmetry
[2]. In conclusion, we have shown that chiral fluctuations
can be measured by means of polarized inelastic neutron
scattering in zero field, when the antisymmetric part of the
dynamical susceptibility has a finite value. We have shown
that this is the case in metallic MnSi that has a noncen-
trosymmetric crystal symmetry. Here, the axial interaction
leads to a polarization dependent neutron cross section that
originates from the DM interaction. Above TC, the mag-
netic anisotropy vanishes and the maximum of magnetic
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scattering is located on spheres around the nuclear Bragg
peaks. Similar investigations of the polarization dependent
part of the susceptibility can be performed in a large class
of other physical systems. They will yield direct evidence
for the presence of antisymmetric interactions in magnetic
insulators with DM interactions, high-Tc superconduc-
tors (e.g., La2CuO4 [26]), nickelates [27], quasi-one-
dimensional antiferromagnets [28] or metallic compounds
such as FeGe [29].
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