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Partial ordering and phase elasticity in the MnGe short-period helimagnet
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We study the helimagnetic ground state of the MnGe cubic alloy using small-angle neutron scattering
and a high-resolution method, the so-called MIEZE spectroscopy. Upon cooling below the Néel temperature
Ty = 170(5) K, we observe the proliferation of long-wavelength gapless spin fluctuations, concomitant with

a continuous evolution of the helical correlation length. These fluctuations disappear at 7., = 32(5) K when
the helical period becomes commensurate with the lattice. We propose to describe this intermediate phase as a
soliton lattice, promoting nonlinear collective modes, or phasons, over a large temperature interval. We discuss
the possible relevance of our results to the previously observed magnetotransport anomalies.
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Introduction. Helical magnets with noncentrosymmetric
crystal structures—such as MnSi and FeGe—are currently
a major research topic in condensed-matter physics. On one
hand, they host field-induced skyrmion lattices (SkLs) in
well-defined pockets of their temperature and magnetic-field
(T, H) phase diagrams either in bulk samples [1] or in thin
films [2,3]. On the other hand, they show quantum critical
points at low temperatures under hydrostatic pressure, associ-
ated with non-Fermi-liquid behavior and partial ordering (PO)
of fluctuating magnetic moments [4,5]. Interestingly, the SkL.
and PO phases both show a topological Hall effect (THE) [6]
usually observed in narrow intervals of a few kelvins nearby
the ordering temperature [7-9]. This suggests that the emer-
gence of nontrivial spin textures preceding the suppression
of the long-range magnetic order by temperature or pressure
is a general phenomenon [6]. These textures are expected to
support low-energy excitations, which likely play a crucial
role in the anomalous transport properties. However, their
direct observation has remained elusive even in perfect single
crystals. This might be due to the small moments (typically
< 1ug per ion) and rather long helimagnetic periods (in the
10-100-nm range) displayed by the studied compounds.

In turn, the MnGe alloy—an isostructural analog of MnSi
and FeGe—appears as a promising candidate for the obser-
vation of nontrivial low-energy excitations. It displays a large
ordered moment (my ~ 1.9up per Mnion at 7 = 1.5 K [10])
and a very short period (A, 2.9 nm at T = 1.5K [11]),
which varies by a factor of ~5/3 as a function of temperature.
An adopts an incommensurate value for Tiom = 32(5) K <
T < Ty then locks into a commensurate state (A = 6a,
where a is the cubic lattice constant of MnGe) for T < Teom
[Figs. 1(a) and 1(b)]. This feature contrasts with MnSi and
FeGe for which A, is fairly temperature independent and
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remains incommensurate down to the lowest temperatures.
Actually, the small value of A;, in MnGe cannot be explained
by a bare competition between a ferromagnetic (FM) ex-
change and the Dzyaloshinskii-Moriya interactions [12] as for
MnSi or FeGe since it would require an unphysically large
spin-orbit coupling [13]. MnGe thus shows a more complex
behavior, close to that of frustrated helimagnets where FM
and antiferromagnetic interactions compete [14—16]. It shows
magnetic anomalies over an extended pressure range [10,17]
as well as a sign change in the anomalous Hall effect (AHE)
at ~30 K, yielding a large THE [18,19]. Although the Néel
temperature of MnGe is high [Ty = 170(5) K], anomalous
spin fluctuations persist down to low temperatures [20,21].
Up to now, the nature of this peculiar spin dynamics has not
been fully clarified since it has mostly been studied using local
probes, namely, Mossbauer spectroscopy [20] and muon spin
rotation («SR) [21].

Here, we use a high-resolution neutron-scattering tech-
nique, the so-called MIEZE spectroscopy [22], to probe the
gapless spin excitations of MnGe at the helical Bragg peak
position with a sub-peV energy resolution (or, equivalently on
the nanosecond timescale). We observe them in the large tem-
perature interval Toom < 7 < Tn. These excitations, which
cannot be confused with usual spin waves, suggest that the
incommensurate helical order has a finite lifetime. We inter-
pret them as nonlinear collective modes associated with the
phase degeneracy of the incommensurate magnetic structure,
namely, phasons. These phasons evolve towards diffusive
incoherent modes in the vicinity of Ty, whereas they disappear
below T.,n, when a commensurate order sets in. We discuss
their possible implication in the anomalous magnetotransport
properties of MnGe.

Experimental results. We have studied a MnGe powder
sample from the same sample batch as in Refs. [10,17,20,21],
synthesized under high pressure and high temperature [23]
by combining small-angle neutron scattering (SANS) with
MIEZE spectroscopy (see the Supplemental Material [24]).

©2019 American Physical Society
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FIG. 1. (a) Temperature dependence of the spin helix propa-
gation wave-vector Qy. (b) Temperature dependence of § = a/A,
(where a is the cubic lattice constant of MnGe) and of the zero-field-
cooled homogeneous magnetic susceptibility x in a field of 100 Oe.
(c) Temperature dependence of the helical correlation length &;,.

SANS was used to monitor the temperature dependence of
the magnetic structure factor S(Q). The experiment has been
performed on the PA20 instrument (Laboratoire Léon Bril-
louin, France [25]). Helimagnetic correlations are observed
as a peak in the structure factor S(Q) at a finite momentum
transfer Qy, in agreement with previous neutron-diffraction
studies [10,11,18,26]. Data analysis is carried out using a
normalized Lorentzian scattering function,

an (&)~

TE2+ Q-0

numerically convolved with the resolution function R(Q)
of the spectrometer (see the Supplemental Material [24]).
Equation (1) contains the essential information concerning the
helimagnetic order, namely, the integrated peak intensity ap
and position Qy = 2w /Ay as well as the helical correlation
length &,. The peak intensity a; increases, such as the squared
ordered magnetic Mn moment upon cooling the sample below

S(Q) M

Tn, whereas Qy, saturates to a value of ~0.218 Aq below
Teom = 32(5) K [Fig. 1(a)] such that the quantity § = a/Ay
becomes close to 1/6 [Fig. 1(b)]. The correlation length &, dis-
played in Fig. 1(c) shows a continuous increase upon cooling
below 7y, at odds with expectations for a three-dimensional

(3D) ordered system for which a sharp increase is expected
upon entering the ordered phase. Below Tiom, & saturates at
~550 A, close to the resolution limit. The fact that MnGe
does not fully order below Ty strongly suggests the existence
of peculiar spin fluctuations [26].

In order to study them directly, we have used MIEZE
spectroscopy [22], a high-resolution method which operates
optimally in the small-angle regime [27] and maintains
high-energy resolution irrespective of the sample under study
[28] or its environment [29] since all spin manipulations are
performed upstream. Of special interest here, MIEZE can
work on a powder helimagnet, such as our MnGe sample,
whereas standard neutron spin echo would strongly suffer
from the depolarization of the incoming neutron beam by the
randomly oriented helimagnetic domains. MIEZE renders the
normalized intermediate-scattering function Spom(Q, 7) =
S(Q, 7)/S5(Q, 0), which is the space-Fourier transform of the
van Hove correlation function G(r, t). Accounting for the
selection rule of magnetic scattering, Sporm(Q, 7) is related
to the magnetic moment component perpendicular to the
scattering vector m;y =m— (m-Q)-Q=Q x (m x Q).
We have measured S;om(Q, 7) at the position of the helical
Bragg peak |Q| = Qp in the T = 5-160-K range on the
RESEDA spectrometer (Heinz Maier-Leibnitz Institute,
Germany [30]). By focusing on this Q value, we are able
to detect the fluctuations of m, , involving spin components
within the helical plane, which are relevant on the length scale
of the helical modulation. Assuming that the measured signal
corresponds to a superposition of a static (Bragg) contribution
and a quasielastic (i.e., centered around zero energy transfer)
Lorentzian fluctuation spectrum leads to

Snom (@, T) = f exp(=I'nt) + (1 — f), @

where f (respectively, 1 — f) is the fluctuating (respectively,
static) fraction of the scattering function and I'y, is the inverse
characteristic lifetime of the fluctuations. A fit of Eq. (2) to the
data of Fig. 2(a) yields the parameters displayed in Figs. 2(b)
and 2(c). One immediately observes that f and I'y, acquire
nonzero values above Tgom, Whereas they both collapse below
Teom- Thus, although the helical order appears static on the
nanosecond timescale for 7 < Tiop, in agreement with the
low-temperature Mossbauer spectroscopy [20] and uSR [21]
data, gapless spin fluctuations build up in the whole Tion <
T < Ty range. Their observation at the Bragg peak position
together with their disappearance at T, clearly point towards
a dynamics being specific to the incommensurate order.
Taken together, the SANS and MIEZE results show that
MnGe only partly orders in the Too, < T < Ty range. Below
Teom, the system is fully ordered: The helical wavelength locks
into a commensurate value, and the gapless excitations vanish.
This discards usual spin waves as a source for the observed
line broadening since their damping would yield a constant
I'y, down to the lowest temperatures. On the other hand, as-
suming a local conservation law on a Mn site (m3 ., + m2, =
constant), one can compare the temperature dependence of
the static fraction with that of the squared ordered mag-
netic moment measured by diffraction on the same sample.
These two quantities agree as shown in Fig. 3(a). We then
deduce the effective fluctuating moment, defined by mﬁum ~
mgrd f/(1 — f) and scaled to the Mn moment measured at low

100402-2



PARTIAL ORDERING AND PHASE ELASTICITY IN THE ...

PHYSICAL REVIEW B 99, 100402(R) (2019)

- N A
1 — A A A A 2.0 = Mo (MF)
—‘%ESB\ = fooapy A m (PND)
= 09 B \O0 & = B O myy (MIEZE)
: q 46K 823K = g 15 0 My (MIEZE)
C 08¢ 174k 9k B NS = = Teom
€ A 293K 117.8K H =~ 1.0F
2 0.7 m 392K 1375K N\ - £
2] 49K B 1474K =
0.6 ¢ 588K ® 157.3K " i € o5k
) 68.5 K (a)
PO AT Y T B 0.0 (a) | | |
0.001 0.01 0.1 1 Y0 20 40 60 80 100 120 140 160 180
Fourier time 1 (ns) T (K)
0.5
b T @ ¢ (SANS)
04l ® | Teom - 60 o o (MIEZE)
0.3 a >
- S 40
0.2 — ?
<C
0.1 Tyl - 20
0.0 | | | | | | 0
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
T (K) T (K)
50 2000
| (c) T | (c) Teom TN
40 com 5 1500 i
> 30- . T
2 X £ 1000 _
: ol I :
~ >
1ol T - 500 J
0 1 1 1 1 1 1 1 0 1 1 1 1 ] ]
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
T (K) T (K)
FIG. 2. (a) Normalized intermediate scattering function FIG. 3. (a) Ordered (1) and fluctuating () moments ob-

Snorm(On, ) measured using MIEZE spectroscopy at the
helimagnetic wave-vector Qy around zero energy transfer. (b) and
(c) Parameters extracted from a fit of Eq. (2) to the data, namely,
(b) the fluctuating fraction f and (c) linewidth I'},.

temperatures by neutron diffraction. It is almost constant in
the incommensurate phase and close to a significant value
of 0.5up/Mn. The angular variation o associated with the
fluctuating moment [tan’ o = f/(1 — f)] is also large on
the order of 20° and becomes comparable to the tilt angle
between neighboring spins along the helix pitch ¢ = 276 in
the vicinity of 7Ty [Fig. 3(b)]. It will be possible to refine this
rough evaluation when an accurate model is proposed for the
observed excitations.

Discussion. In incommensurate systems, low-energy ex-
citations are generally called phasons [31], but one should
distinguish between linear modes, i.e., soft spin waves occur-
ring in systems with zero in-plane anisotropy, and nonlinear
ones. The latter, predicted close to an incommensurate-to-
commensurate transition, are usually described as collective
excitations associated with the onset of a soliton lattice [32]
and may be observed in spatially modulated systems of
various kinds. Historically, this picture was developed inde-
pendently by Dzyaloshinskii [33] to describe the transition

tained using MIEZE spectroscopy (squares), compared with powder
neutron diffraction [(PND), triangles] refined values (from Ref. [10])
and mean-field [(MF), line] calculation (see the Supplemental Mate-
rial [24] and Ref. [40]). (b) Angular variation of the local magnetic
moment « compared with the tilt angle between neighboring spins
along the helix pitch ¢ = 27§, where § is taken from Fig. 1(b).
(c) Temperature dependence of the soliton velocity v = &,I'y// in
the free soliton model.

from helical to ferromagnetic order and by de Gennes [34]
to model the alignment of cholesteric liquid crystals by a
magnetic field. It also explains supersonic vibrations in a
compound with flexible crystal structure [35]. Solitons are
mobile domain walls between essentially commensurate do-
mains, and their lattice describes the continually accumulating
phase shifts near the transition to commensurate order. The
associated excitation, or phason, is bound to the breaking
of translational invariance and therefore manifests itself as a
gapless mode only in the incommensurate phase.

In helical magnets, anisotropy distorts the helical arrange-
ment, and the angular variation of the magnetic moment is
described by the sine-Gordon equation for a soliton lattice
[36], which justifies the above picture. Direct observations of
the magnetic soliton lattice in 3D compounds are rare but can
be found in erbium [37] or more recently in CuB,0O4 [38].
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In MnGe, although there is no direct evidence for a soli-
ton lattice from the diffraction data (probably hampered by
the powder average), we propose to describe the observed
excitations accordingly: Nonlinear phasons propagate, such
as Goldstone modes [39]—i.e., at zero energy cost—and
limit the helimagnetic order lifetime to , ~ 20 ps (namely,
1, = 0.659 /', where I'y, is expressed in peV and 1, in
nanoseconds) whereas preserving its overall periodicity. They
disappear below T, most likely at the expense of gapped
excitations when the commensurate helical order is pinned
along anisotropy directions. The soliton lattice can be pre-
served well above T, owing to the strong anisotropy of
MnGe, deduced from the large value of the upper critical
field Hc,, above which the system reaches a fully polarized
state (10T at 30 K [18]). It must however collapse at
high temperatures when the strong increase in the fluctuating
fraction of Sporm(Oh, @) suggests the destruction of the order,
mediated by paramagnetic excitations.

Alternatively, assuming independent solitons, one could
estimate their velocity by making a crude analogy with one-
dimensional magnets where their propagation has been stud-
ied in detail [41-43]. In this picture, the inverse correlation
length & ! measures the soliton density, whereas the inverse
lifetime I"° ! measures the flipping rate of the helimagnetic
state due to the passage of solitons through the ordered
domains. In the absence of intrinsic damping, one can obtain
a lower estimate for their average velocity via vy = &,I',/7,
using data of Figs. 1(c) and 2(c). v, displays a maximum value
at ~ 1300 ms~' at T &~ 70 K and drops down to zero at both
edges of the incommensurate phase [Fig. 3(c)].

We now shortly discuss the possible implications of such
excitations on the magnetotransport properties of MnGe.
Strikingly, the commensurate-incommensurate transition at
Teom occurs concomitantly with a change in sign of the
AHE versus temperature [18,19]. It is therefore likely that
the low-energy excitations observed here participate in the
resulting THE. In Ref. [19], it was recently proposed that spin
fluctuations of locally correlated moments give rise to another
anomalous Hall effect with the opposite sign to the THE. The
suppression of such excitations at the commensurate transition
could then explain the observed change in sign. A lattice
of topological defects, persisting in the zero magnetic field,
has also been proposed to interpret the elastic and magne-
totransport anomalies [44]. Our experiments do not allow

distinguishing between the domain-wall picture (proposed
here) and the monopole picture discussed in Ref. [44]. But the
observation of nonlinear modes could explain a THE, whereas
the linear phason modes present in unpinned helixes could
not. Indeed, even without well-defined lattices, solitons might
be perceived as a local Berry curvature by the conduction
electrons, which are moving on timescales much smaller than
the nanosecond one. Such a mechanism could be at play in the
region of 7y in MnGe. Here too, the contribution of the low-
energy mode to the THE is expected to be sizable, owing to
the large value of the effective fluctuating moment. It would be
actually interesting to follow the evolution of the low-energy
mode with the applied field to check the above framework. It
should disappear upon reaching the upper critical field H¢,
a region which can be conveniently explored using MIEZE
spectroscopy.

Conclusions. To summarize, we have observed a gapless
magnetic mode in the MnGe helical magnet, solely stabilized
in the incommensurate phase. We interpret it as a nonlinear
phason mode linked with the onset of a soliton lattice. This
mode disappears at the transition towards commensurate order
and may transform as individual solitonslike excitations in
the region of 7y. It was observed in a powder sample using
a high-resolution spectroscopic method. It is expected to be
quite general in spin helix systems due to the pinning by
anisotropy, but its observation was possible in MnGe thanks
to the strong anisotropy, high moment value, and small helical
pitch, which ensures a high density of excitations. It likely
plays a crucial role in the giant topological Hall effect shown
by this compound.
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