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Abstract

The low temperature dependence of the nuclear magnetic resonance frequency and spin-lattice relaxation rate measured in the chiral
magnet MnSi by Yasuoka and coworkers [J. Phys. Soc. Jpn. 85, 073701 (2016)] is interpreted in terms of helimagnon excitations.
The theoretically predicted gapless and anisotropic dispersion relation which is probed at extremely small energy is experimentally
confirmed. Whenever comparison is possible, the results are found quantitatively consistent with those of the inelastic neutron
scattering and muon spin rotation and relaxation techniques. Further studies are suggested.
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1. Introduction

The metallic cubic compound MnSi (space group P2;3) has
a long history of attracting the attention of physicists. It dis-
plays a chiral magnetic structure below 7, = 29.5 K in zero
external magnetic field [1], characterized by a very small prop-
agation wavevector k parallel to a three-fold axis:' the pitch
of the structure is ~ 18 nm. It is a prototypal weak itinerant
ferromagnet [4] and it hosts a skyrmion lattice phase [5].

Spin waves are the primary low-energy collective spin ex-
citations observed in magnetic materials. They are traditionally
studied by inelastic neutron scattering experiments. These mea-
surements are generally aimed to the determination of the spin
waves dispersion relation from which the magnetic interactions
can be quantified. In helimagnets, the quasiparticles associated
with the spin waves are known as helimagnons. As a matter
of fact, owing to the long wavelength of the helical modulation
of MnSi, the study of these excitations has been essentially re-
stricted to wavevectors ¢ 2 k in line with the momentum and
energy resolution range accessible to inelastic neutron scatter-
ing spectrometers [6, 7]. The attention has recently focused on
the formation of bands of helimagnons [8—10].

Because of the specificity of a long-pitch helical magnetic
structure, the study of the dispersion relation for wavevectors
0 < g < k, i.e. very near the first Brillouin zone center, is of spe-
cial interest. From the universal behavior of magnets [11], the
helimagnon energy Zw(q) is expected to be linear or quadratic
in g, depending whether q is parallel or perpendicular to k. In-
deed, in a plane perpendicular to k, the spins are ferromagneti-
cally arranged, whereas the structure along the direction of k is
antiferromagnetic with a long periodicity.

Given the magnetic interaction energy range at play, prob-
ing the wavevector region 0 < g < k requires an experimental

'The modulus of the propagation wavevector is about k = 0.35nm™! in the
low temperature range of interest here [1-3].
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technique with a sensitivity to excitations in the microelectron-
volt energy range. Nuclear magnetic resonance (NMR) is such
a technique which was recognized for its ability to probe ex-
tremely low energy magnons a long time ago; see e.g. Ref. [12].
Here we consider a recent NMR study of MnSi in its magneti-
cally ordered phase [13]. We restrict ourselves to data recorded
in zero applied field [14, 15]: the MnSi magnetic structure is
then purely helical and the dispersion relation is not affected by
any additional term. We show that the NMR spectra can be con-
sistently interpreted in terms of gapless helimagnons relevant to
the free energy written by Bak and Jensen [16] or Nakanishi et
al [17], with physical parameters in good agreement with pre-
vious estimates.

The organization of the paper is as follows. We present the
experimental NMR data in section 2 and the model used for
their interpretation in section 3. Section 4 offers a discussion of
the results. A summary and a conclusion are given in section
5. Finally an appendix provides mathematical details for the
model.

2. Experimental results

Several zero-field NMR measurements have been performed
on MnSi; see e.g. Refs. [18-21]. Here we will consider the data
from Ref. [13] for which a temperature dependence is available.
This is 22Si NMR, where the spin of the resonant nucleus is 1/2.
No electric quadrupole interaction is present and the nuclear en-
ergy levels are therefore only subject to Zeeman splitting. The
data have been recorded on powder samples.

In Fig. 1, we display the spin lattice relaxation rate 1/T
versus the temperature 7. This rate is found proportional to
the temperature up to nearly 15 K, i.e. for T < T./2.> Figure
2 shows the temperature dependence of the center frequency

2The 1/T; « T behavior is reminiscent of the relaxation observed in free
electrons metals [22]. This process does not apply for strongly correlated elec-
tron systems such as MnSi [13, 23].
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Figure 1: Temperature dependence of the inverse of the zero-field 2°Si NMR
spin lattice relaxation time 7';. The data are reproduced from [13]. The full line
results from the linear fit of 1/7T; = bymr T to the data recorded below 13 K
with bymr = 12.7 (1) ms™'K~!. Note that baymr is fully consistent with the
value 12.5 ms™'K~! found in Ref. [20].
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Figure 2: Zero-field 2°Si NMR frequency v versus the square of the temper-
ature. The data are taken from Ref. [13]. The full line represents a fit of
v(T) = v(0)(1 — T2/T§e) to the data below 20 K, with v(0) = 19.83 (2) MHz
and Ty = 48.4(3) K.

v of the 2Si resonance. This quantity is a good and accurate
measure of the temperature dependence of the staggered mag-
netic moment [13]. From Fig. 2 we conclude that the Mn mag-
netic moment decreases as the square of the temperature up to
~ 2T./3.

3. Model

A spin-lattice relaxation process in a magnet involves a nu-
clear spin transition which is associated with the absorption or
emission of spin waves [24]. In general a direct process with a
single spin wave is not allowed because of the energy conser-
vation requirement. Indeed, the Zeeman energy of the nuclear
probe is usually much lower than the minimum energy of a spin
wave. Conversely energy conservation can be satisfied by pro-
cesses involving the simultaneous creation and annihilation of
spin waves [24, 25], in particular Raman spin wave processes.
These processes lead to a spin lattice relaxation rate varying
strongly with temperature, at least as T2 [26], at odds from the
observation in MnSi.

For an insight into the variation of 1/7| we recast to the
expression of this quantity. The magnetic interactions between
the nuclear and the electron spins are responsible for the spin-
lattice relaxation with a rate [24, 27, 28]

1 29,2 .

- 2 w<{5Bf(t)5B+}) exp(—iwot) dt ey
where 0B, @ € {x,y, z}, is the fluctuating part of Cartesian com-
ponent a of the magnetic field acting on the 2°Si spin.> The
quantity 2y is the gyromagnetic ratio of the 2°Si nucleus and
wy 1s its resonance angular frequency in the mean internal field
which defines the z axis. The quantity 1/7; is then propor-
tional to the time Fourier transform of the dynamical field cor-
relation ({6B_(t)0B.}) taken at w = wy. This field correlation
can be expressed in terms of the electronic spin correlations
({68 o(w = wp)dS g}) through hyperfine coupling terms. In the
temperature range of interest here, i.e. T < 15 K, the thermal ex-
pansion of MnSi is sufficiently small that these coupling terms
can be considered as constant [29-31]. Therefore the tempera-
ture dependence of 1/T tracks that of ({0 o(w = w)dSg})).

The spin correlations ({0, (w = w()dS xy}) can be read-
ily expressed in terms of magnon operators through the lin-
ear Holstein-Primakov transformation. In the high temperature
limit which applies here since kg T > fiw,, the magnon popula-
tion factor is linearized, which leads to {({6S ,,(w = wp)dS 1y}
oc kgT. A linear temperature dependence of 1/T therefore in-
dicates that the 2°Si spins relax through a process involving the
creation or annihilation of single magnons at energy equal to
fiwp < 0.1 peV, a bound given by the resonance frequency; see
Fig. 2. The interpretation of v(T) to which we turn now will
confirm the role of these excitations in the NMR results.

In order to model W(T) o« m(T) we follow Bloch’s law
methodology which assigns the low temperature decrease of the
magnetization to spin wave excitations. Applied to ferromag-
nets, this model leads to the well-known 7>/ law [11]. Mathe-
matically,

1
m(T) = m(T = 0) {1 -~ Z nq], 2)

q

where ng = [exp(fiwq/ksT)— 117! is the boson occupation factor
and N is the number of magnetic atoms in the system. The
magnon Goldstone mode of angular frequency wq relevant for
helimagnons has a dispersion relation which is anisotropic with
respect to the components parallel and perpendicular to k of
wavevector (. In a first approximation [32, 33],

wg = c”qﬁ + clq‘i, 3)

which has the Landau-Peierls form characteristics for lamellar
structure [34, 35]. This form for the dispersion relation satisfies
the naive expectation for helimagnons propagating either paral-
lel or perpendicular to k; see section 1. The elastic constants ¢
and ¢, fulfil the relation [32, 33]

e =55 )
2k2°

3As usual, 6B = 6B, + i6B,.



so that the dispersion relation depends on a single free param-
eter. However we should note that, strictly speaking, Eq. 3 is
approximate. To prevent the destabilization of the magnetic or-
der by the Landau-Peierls instability [35], an additional term
proportional to ¢7 is added to the expression of wj [33]:

wg = ¢)(q] + ceaq) + €141 )

Parameter c., gauges the influence of the exchange interaction
anisotropy on the dispersion relation. It is expected to be only
a few per cent [36].

The evaluation of Eq. 2 is performed along the lines given
in the Appendix. A quadratic decay for m(T) is found,

T2
(T) = m(T = 0)(1 _ 7_2)’ ©)

he

where we have defined

3 h
The = 4\,__(CHCJ_)1/47 @)
ﬂkaB

and vy is the volume per magnetic ion.

4. Discussion

The temperature dependence of the magnetic moment m(T) o
v(T) is well accounted for by Eq. 6 up to = 20 K; see Fig. 2.
This is a first indication that helimagnons are responsible for
the zero-field NMR observations.

From the experimental value of Ty, and Eq. 7 we estimate
cier =3.9(1) x 107 m®s™.* As explained in the Appendix
we have no information on the c., parameter except that it is
small, as expected. The value for the product ¢jc, compares
favorably with a recent muon spin rotation (uSR) estimate of
4.46 (15) x 107 m®s™ [37]. Using in addition Eq. 4, from
the NMR results we get ¢j = 30.8(4)x10°> m?>s~2 and ¢, =
0.126 (2) x10™'2 m* s~2. This value of ¢, is close to the value
0.11 (1) x10~'? m* s=2 found by inelastic neutron scattering ex-
periments, admittedly performed at temperatures approaching
T, [7, 38]. Now, the magnetic interaction energy relevant for
helimagnets like MnSi and valid at long wavelength, is &y =
Yq B1d?I18qI*/2 + iDq - (Sq X S_q) where we have neglected the
aforementioned anisotropic interaction [16, 17].> From the re-
lation ¢ = (BlkS/h)2 [32], we derive B; = 2.7 x 10740 Jm?.
Noticing that, to a good approximation, |D| = kBj, the quantity
Eine 18 entirely determined.

The helimagnon excitations described by Eq. 5 are gapless.
This justifies the possibility of 2°Si spin relaxation through a
single excitation (section 3) and accordingly the linear tem-
perature dependence of 1/7 is a second indication that heli-
magnons are at play in the NMR observations. From the in-
ferred value for ¢ and ¢, and the experimental value of v we

“In the numerics, we take vo = afa[/4 since the cubic unit cell of lattice
parameter ajy = 4.558 A contains four Mn atoms.

SNote that, besides the terms proportional to By and D present in &y, the
magnetic free energy contains the additional term AISq|2/2 [16, 17], which is
irrelevant for helimagnon excitations.

deduce that excitations with wavevectors g < k/20 are probed
in the 2°Si zero-field NMR experiments.

It is noticed that the proposed model fails to account for
the temperature dependence of 1/7 and v respectively above
~ T./2 and 2T./3. While several reasons can be invoked, the
most obvious is the breakdown of the linear spin-wave theory
used in section 3 when the temperature approaches 7.

From the qualitative interpretation of the linear temperature
dependence of 1/7T and the quantitative interpretation of v(T)
we definitely conclude that (i) the zero-field NMR data bear
the signature of helimagnons in MnSi, and (ii) the helimagnon
dispersion relation predicted in Refs. [32, 33] is experimentally
confirmed.

This conclusion rests in part on the temperature dependence
of the zero-field staggered magnetization m(7T) at low tempera-
ture. Besides the NMR data used here and the results of a uSR
study [37], published data showing a detailed and accurate tem-
perature dependence are scarce. The traditional bulk magneti-
zation measurements are not of direct help since at the macro-
scopic scale, MnSi is essentially an antiferromagnet rather than
a ferromagnet. Estimates of m(7T) can in turn only be achieved
from an extrapolation of measurements at relatively high field
(see e.g. Ref. [39]) with inherent uncertainties in the extrapola-
tion to zero-field.

The similar temperature behavior observed for the 2°Si and
muon probes call for two remarks about the latter. Muon-induced
effects are sometimes evoked, which may locally alter the prop-
erties of the compound, so that the muon is not a passive probe
of it. Actually the positive electric charge of the implanted
muon could not be sufficiently screened at short length. It has
already been shown quantitatively that it is not the case for
MnSi [40]. Density functional theory computations also indi-
cate that the Mn atoms are little affected by the muon presence
[41]. The consistency of the uSR and NMR results provides
further support to this conclusion.

The magnetic field at the muon position for some elemental
ferromagnets such as Fe, Co and Ni does not track the satura-
tion magnetization of the metals [42]. This has been attributed
to the zero-point motion of the muon [43—45]. This quantum ef-
fect is obviously negligible for MnSi since v(T') and m(T) — as
deduced from uSR — agree and >Si has a negligible zero-point
motion.

The coupling between the 2°Si probe and the system in-
cluding its anisotropy has not been accurately determined. Its
knowledge would provide valuable further information. In par-
ticular the relation between the field correlation and the Mn
spin correlation functions would be expressed (section 3), from
which the gradient bymr of 1/7) vs T could be predicted (see
Eq. 1 and Fig. 1). The amplitude of the staggered magnetic mo-
ment could also be precisely inferred from v. In this respect
the knowledge of the muon coupling constants [46] allowed for
the determination of the absolute value of m(7T). In addition,
the knowledge of the 2°Si coupling constants would permit the
interpretation of the shape of the field distribution at the probe
and possibly observe the small phase shift between the helix
associated with the Mn site characterized by a 3-fold symme-
try axis parallel to k and the helix associated with the other Mn



sites [47, 48].

5. Summary and conclusion

Published data [13] of the temperature dependence of the
spin-lattice relaxation rate and of the zero-field NMR frequency
at low temperature have been successfully interpreted in the he-
limagnon framework. The form of the dispersion relation pre-
dicted by theory is verified. The derived parameters are quanti-
tatively in accord with those found in inelastic neutron scatter-
ing and uSR. The gapless nature of the excitations is confirmed
on a scale less than one microelectronvolt. From the value of
the free parameter of the dispersion relation, the magnitude of
the exchange interaction is derived.

For decades, the intermetallics MnSi has been the proto-
type for weak itinerant ferromagnets. Here the decay of its low
temperature magnetic moment is explained in terms of conven-
tional helimagnon excitations. This analysis therefore suggests
MnSi to be a dual system composed of localized and itinerant
magnetic electrons. Recent theoretical and experimental works
support this picture [37, 49, 50].

The successful interpretation of the zero-field NMR data
available for MnSi suggests to attempt similar measurements
for other systems with dominant ferromagnetic exchange in-
teractions and subdominant Dzyaloshinsky-Moriya interactions
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Figure A.3: Normalized magnetic moment versus squared temperature com-
puted from Eqgs. 2, A.3 and A.2 for selected values of parameter ce,. The plot
is obtained for ¢j = 30.8x 10> m?>s™2 and ¢, = ¢/2k> = 0.126 x 10712 m* 572,
consistent with the data of Fig. 2. The curves for cey = 107! and 107# can hardly
be distinguished from each other pointing out that m(7) is independent of ce,
for cea < 0.1. Hence, cey cannot be determined from the analysis of m(T). In
all cases m(T') varies linearly with 72, which implies that, for the chosen values
of ¢ and c_, the temperature dependence of ¢(7T) can be neglected even for
hypothetical values of ce, as large as 1.

leading to a long-range helical order in zero external field. Cu,OSeO3

is such a system [51-53] although the presence of two Cu sites
might have subtle effects. This is not the case for FeGe or the
solid solutions Fe,Co;_,Si, Co,Mn,_,Si, and Mn,_,Fe,Si that
crystallise with the same crystal structure as MnSi and exhibits
a long-range helical order [54-58]. Together with 2Si, the spin
1/2 57Fe nucleus is suitable for zero-field NMR studies [59].
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Appendix A. Discussion about the evaluation of m(7T)

For the evaluation of Eq. 2 we switch to the continuum limit

N2 T N o, 3
N4 NI exp () - 1640
Here, V is the sample volume. The symmetry of the dispersion

relation (Eq. 5) suggests the use of cylindrical coordinates for
the computation of the integral in A.1. Setting

(A.1)

h C\Icea
H = ——— A2
o) = EE (A2)
we obtain
1 1 vokgT?
—_ = —— 5 A3
N Zq: "4 212 W2 o cy (63)

n dQH dg.

fo fo exp (a7 + et +at) -1

X

where g and ¢, are dimensionless wavevectors and vy is the
volume per manganese ion.

Figure A.3 displays the temperature dependence of the mag-
netic moment, numerically computed from Eqgs. 2, A.3 and A.2
for different values of c.,. As can be inferred from the plot,
the numerical value of the double integral in Eq. A.3 is inde-
pendent of ¢(T) for any realistic value of c.,.® It approaches
n3/24 for ¢(T) — 0. Defining parameter Ty (Eq. 7), we arrive
at a quadratic decay for m(T) (Eq. 6). This result has been first
given in Ref. [37].
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