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Intertwined charge and spin density waves in a topological kagome material
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Using neutrons and x rays we show the topological kagome antiferromagnet Mn;Sn for 7 < 285 K forms
a homogeneous spin and charge ordered state comprising a longitudinally polarized spin density wave with
wave vector kg = kg€, a helical modulated version of the room temperature antichiral magnetic order with
k, = k€, and charge density waves with wave vectors 2kg, 2k, , and ks + k. Though k, and kg coincide for
200 K < T < 230 K, they exhibit distinct continuous 7' dependencies before locking to commensurate values
of kg = %c* andk, = %c* at low T'. Density functional theory indicates this complex modulated state may be
associated with the nesting of Fermi surfaces from correlated flat kagome bands, which host Weyl nodes that are

annihilated as it forms.

DOI: 10.1103/PhysRevResearch.6.L.032016

The electronic band structure of kagome metals feature van
Hove singularities and flat electronic bands wherein electronic
interactions can produce strongly correlated and topologically
nontrivial states of matter. In the spin sector, kagome materials
have been shown to form both ferro- [1] and antiferromagnetic
[2] Weyl semimetals [3], while in the charge sector supercon-
ductivity and charge density waves have been discovered in
the AV3Sbs (A = K, Rb, Cs) family of materials [4—8]. Further
strong correlation is expected to lead to a nontrivial order that
encompasses multiple electronic degrees of freedom, similar
to those seen in various oxide materials [9]. However, no
such intertwined order has been reported for kagome metals
to date. Here, we report that the low-temperature phase of
the antiferromagnetic Weyl semimetals Mn3Sn [10,11] that
was previously thought to be a heterogeneous mixture of
two helical magnets [12,13] is actually a homogeneous in-
commensurate spin and charge modulated phase with two
fundamental wave vectors that evolve continuously from in-
commensurate to commensurate upon cooling.
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For temperatures between 285 K and 420 K [14-17],
Mn;Sn forms an antichiral k = 0 magnetic structure, which,
like a ferromagnet, breaks time reversal and rotation symme-
tries. Though the uniform magnetization of Mn3Sn is three
orders of magnitude smaller than in conventional ferromag-
nets, the material exhibits large anomalous Hall and Nernst
effects with considerable application potential [2,18,19].
However, our primary focus here lies in the long-wavelength
modulated magnetic phase observed for temperatures be-
low 285 K. Using polarized neutrons, we show two wave
vectors k, and kg are associated with kagome-plane polar-
ized helical order and the out-of-plane polarized spin density
waves (SDW), respectively. The observation of scattering
from higher harmonics unambiguously proves these distinct
components form a homogeneous spin and charge ordered
state. Using synchrotron x-ray diffraction, we furthermore
discovered that these spin structures are accompanied by
charge density waves (CDW)s. We associate this complex
order with nesting instabilities involving topologically non-
trivial flat electronic bands, associated with the underlying
kagome structure [20,21]. Using inelastic magnetic neutron
scattering, we show that the triplet of spin wave excita-
tions expected for an isotropic triangular-based AFM is split
into three distinct modes in the low-temperature modulated
phase.

Published by the American Physical Society
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FIG. 1. Polarized beam data in this figure are color coded to indi-
cate vertical polarization (VF) and horizontal polarization (HF), spin
flip (SF) and non-spin-flip (NSF) data, probing magnetic and nuclear
diffraction as indicated in the table above this figure. (a) Rock-
ing scans through the (100) Bragg peak of Mn3;Sn using polarized
neutron diffraction at 7 = 300 K. (b) Polarized neutron diffraction
intensity versus wave vector transfer Q = (10¢) at 7 = 250 K and
T = 100 K. The positive and negative sides of the (10¢) axis show
data for the VF and HF configuration, respectively. The solid lines
in (a) and (b) are Gaussian fits. (¢) Temperature dependence of
the integrated unpolarized neutron scattering intensities /(k = 0),
I(k, )+ I(kg), and I(2ks + k, ) acquired near the (100) Bragg peak.
The solid lines show order parameter fits for each data set. Temper-
ature dependence of (d) charge- and (e) magnetic-x-ray diffraction
measured near the (102) Bragg peak. A log scale is used and the
scaling of the two vertical momentum axes in (d) and (e) differ
by a factor 2 to emphasize the 2:1 ratio of the SDW versus CDW
wavelengths. The black dots in (e) indicate the locations of the kg
and k, peaks determined by polarized neutron diffraction.

We grew single crystals of Mn3Sn with space group
P65 /mmc following the protocol described in the Supplemen-
tal Material [22]. To unambiguously resolve the character of
each component of the complex order in Mn3Sn, we used neu-
trons polarized either along the momentum transfer Q (HF)
or perpendicular to the scattering plane (VF). We resolved
the spin-flip (SF) and the non-spin-flip (NSF) scattering for
both configurations (see table in Fig. 1). Figure 1(a) shows
the intensity in each polarization channel for a rocking scan
through the (100) Bragg peak at room temperature in the com-
mensurate k = 0 state. A comparison of the NSF channels
(blue and green symbols) shows (100) is an allowed nuclear
Bragg peak with magnetic scattering from spins polarized
along the in-plane b direction. The lack of VF SF scattering
(red symbols) shows the absence of c-polarized magnetism

at 300 K. Figure 1(b) shows scans along the (10¢) direction
in the incommensurate phase for 7 = 250 K and 7 = 100 K.
HF data (blue and orange symbols) are shown for £ < 0 and
VF data (green and red symbols) for ¢ > 0. In contrast to
Fig. 1(a), in the incommensurate phase the (100) peak has no
SF intensity, which shows the k = 0 magnetic order is ab-
sent. Instead magnetic diffraction is found for |[¢| > 0, which
indicates a spin structure that is modulated along c. In the HF
data, peaks are only present in the (orange) SF channel, which
shows these arise from incommensurate magnetism (see table
above Fig. 1). The VF data (¢ > 0) show this magnetic order is
noncoplanar with moments both within the basal plane (green)
and along ¢ (red), each with distinct temperature-dependent
wave vectors that we denote by k, and kg, respectively.

The T dependence of the neutron diffraction cross sec-
tion in Fig. 1(c) reveals two distinct phase transitions. k = 0
magnetic diffraction is superimposed upon nuclear diffraction
for 285 K < T < 445 K. The intensity grows continuously
upon cooling below 7' = 445 K as for a second-order phase
transition. When the k = 0 magnetic diffraction vanishes for
T < 285 K, the intensity of diffraction at k, and kg grows.
We also see the onset of weak Bragg peaks with wave vector
2kg + k, [Fig. 1(c)]. Contrary to a previous hypothesis [12],
these data prove that the k, and kg magnetic components
coexist within the same volume of Mn3Sn.

To determine the temperature dependence of the wave
vectors k, and kg with enhanced resolution, we employed
synchrotron x-ray diffraction. Magnetic diffraction patterns
were acquired for Q along (1,0,2 + ¢) and temperatures
between 10 K and 270 K and are presented in Fig. 1(e).
While k, and kg are well separated at the 7 = 285 K on-
set of incommensurate magnetism, they approach each other
upon cooling and merge into a single diffraction peak for 200
K < T < 230 K. Upon cooling below 200 K, however, the
peak splits again now with k, > kg. The peak assignment is
accomplished by comparison to polarized magnetic neutron
diffraction data [solid points in Fig. 1(e)]. This complex in-
terplay between the wave vector for the in-plane (k,) and
out-of-plane (kg) polarized magnetic order affirms the ho-
mogeneous coexistence of these distinct components of the
magnetic order. Upon further cooling, Kg and k, stabilize to

values that are indistinguishable from kg = 11—2c* and k, =

5 % :
75 ¢", respectively.

Figure 1(d) shows second harmonic and interference peaks
with wave vectors 2k,, 2Kg, and k, + kg, respectively.
Because the analogous peaks are absent in our neutron diffrac-
tion measurements yet two orders of magnitude stronger than
the magnetic x-ray diffraction peaks, we conclude they arise
from a charge density modulation analogous to that found in
Cr metal [23]. The presence of the k, + kg peak provides ev-
idence of homogeneous coexistence of incommensurate SDW
and CDW orders. For comparison CsV3Sbs displays CDW
order [7], while FeGe develops a CDW within a collinear
commensurate magnetic state [24,25].

For detailed quantitative information about the commen-
surate and incommensurate phases of Mn3Sn, we refine the
polarization-resolved intensity of scans along c¢* through
magnetic peaks accessible with 14.7 meV neutrons in the
(h0O£) and (hh() scattering plane. For the k = 0 commensu-
rate phase, which exists for T € [285, 445] K [Fig. 1(c)], we
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FIG. 2. Polarized beam data are color coded to indicate vertical
polarization (VF) and horizontal polarization (HF), spin flip (SF) and
non-spin-flip (NSF) data, probing magnetic and nuclear diffraction
as indicated in the table above Fig. 1. (a) The k = 0 magnetic
structure of Mn;Sn obtained at 300 K for the two indicated 2 T
field directions. For the B _L (hhl) field orientation only a second
symmetry related domain is anticipated. (b) Comparison between the
observed and calculated structure factors for multidomain (circles)
and single domain 2 T measurements (stars). In frames (b) and
(d) the four polarization channels are distinguished through the color
scheme in the table above Fig. 1 and open and closed symbols show
data from the (k0!) and (hhl) planes, respectively. The inset shows
the absence of ferromagnetic diffraction at (002). (c) The proposed
incommensurate structure where the color of each spin refers to the
magnitude of its out-of-plane component. The curved red arrows
indicate how the direction of the spins is rotated between adjacent
kagome planes. (d) Comparison between the observed and calculated
structure factors for the incommensurate phase at 250 K.

collected room temperature rocking scans for all four polar-
ization channels at the accessible k = 0 Bragg peaks. The
second-order critical behavior indicated by Fig. 1(c) ensures
the k = 0 spin structure is associated with a single irreducible
representation (IR). The only IR that allows for the absence
of magnetic diffraction at (111) and the existence of a (110)
peak within the SF and NSF channels of all polarization
configurations is I'g [17,26]. The absence of magnetic diffrac-
tion at Q = (002) [inset of Fig. 2(b)] allows a description
in terms of a pure antichiral antiferromagnetic spin structure
as the small uniform magnetization of 0.007uz/Mn [2] does
not produce significant diffraction. Thus the parameters to be
refined within I'g are the moment size (M) and a uniform ro-
tation of all spins about the ¢ axis. However, in a multidomain
sample with a macroscopic sixfold axis, even the polarized
neutron diffraction is insensitive to this angular variable [17].
We therefore acquired polarized neutron diffraction data in

a 2 T field, which exceeds the coercive field inferred from
magnetization data. The field was applied along b and [110],
which are perpendicular to the (h0€) and (hh{) scattering
planes, respectively, as shown in Fig. 2(a). The quality of the
0 T and the 2 T refinements can be gauged from Fig. 2(b).
The best fit is obtained with M, = 2.1(1)up/Mn and all spins
parallel to the edges of the equilateral triangles that form the
kagome lattices as shown with each of the two applied field
directions in Fig. 2(a). This shows that (100) directions are
easy axes for Mn3Sn as opposed to the (110) directions for
Mn;Ge [27].

To determine the low temperature modulated spin structure
of Mn3Sn, we acquired polarized diffraction data at T =
250 K. HF, VF, NSF, and SF Bragg diffraction cross sec-
tions were obtained by integrating the corresponding intensity
of (h0¢€) and (hh{) scans holding & constant through magnetic
Bragg peaks of the form G + k, and G =+ kg using 14.7 meV
neutrons. Here G is a nuclear Bragg peak position, k, =
[0, 0, +0.092(1)], and kg = [0, 0, £0.104(1)]. The data can
be described by the I's IR of the “little group” Gy, ,. The
six basis vectors of I'¢ are defined in the Supplemental Ma-
terial [22]. x., Xy, fx, and f, are amplitudes of kagome plane
components, while 8; and B, describe the out-of-plane spin
modulation. The detailed structures for IRs are included in the
Supplemental Material [22]. For G = (100), (200), (300), and
(110), the k,, and the kg peaks respectively appear in the NSF
and SF channels of the VF configuration [Fig. 1(b)]. Thus the
k, component of the spin structure is associated with x, x,,
fx, and f,, while the kg component must be described by S
and B;. Considering the multidomain nature of the order, we
obtain the following constraints on the amplitudes of the basis
vectors at T = 250 K:

m, = 26+ o) = 236@)ul. (D)
my = 2(1811 + |B2) = [2.128)us ), @
fel = 1] = 0.00(7)pe5. @)

A spin structure consistent with this polarized neutron diffrac-
tion refinement is depicted in Fig. 2(c). For this structure,
both x, and B; are real, while x, = ix, and B, = iB;. This
yields a helical in-plane antichiral order with a moment of
2.36(6)up/Mn superimposed on an out-of-plane modulation
with an amplitude of 2.12(8)us/Mn. A comparison between
the T = 250 K observed and calculated neutron structure fac-
tors is in Fig. 2(d).

To understand the origin of this noncoplanar modulated
phase, we examine the associated soft modes through cold
neutron spectroscopy with wave vector transfer near (110).
Figures 3(a) and 3(b) show the excitation spectrum in the
antichiral commensurate phase for wave vector transfer Q =
(11¢), |£] < 0.4. As for Mn3Ge, the spectrum has a gap-
less mode visible only very close to (110) and a 4.5 meV
resonance that extends to wave vector transfer |£| < 0.15
[26]. The presence of the resonance in THz Faraday rota-
tion spectroscopy on Mnz;,Sn;_y (x = 0.13, 0.47) thin films
[28] confirms it has spectral weight at the zone center. We
associate the gapless mode with the in-plane Goldstone mode
that arises because the antichiral magnetic order breaks the
in-kagome-plane rotational degree of freedom for Mn spins
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FIG. 3. (a) (00¢) dependence of the 300 K inelastic neutron
scattering from Mn;Sn acquired near (110). (b) Constant Q cuts at
(110) and (1, 1, £0.09) obtained from the 300 K data in (a). (c),
(d) Inelastic neutron scattering acquired at 2.6 K and presented as
for panels (a), (b). (e) The temperature dependence of the dynamic
susceptibility x”[Q = (11£), iw = 4.5 meV]. (f) The temperature
dependence of the £ € [—0.25, 0.25]-integrated local dynamic sus-
ceptibility shows the appearance of two additional modes A, and A;
for T < 285 K in the incommensurate phase.

[Fig. 2(a)]. There may also be contributions to this scattering
from acoustic phonons. We associate the 4.5 meV resonance
with a doublet of out-of-plane polarized spin waves f; and
B>, which are degenerate when the in-plane anisotropy is
negligible [29]. The coplanar antichiral magnetic structure of
the k = 0 phase in Mn3X can be described by localized mag-
netic moments with nearest-neighbor antiferromagnetic and
Dzyaloshinskii-Moriya (DM) interactions. The DM vectors of
the in-plane nearest neighbor interactions are pinned along the
¢ axis by crystal symmetry and determine the chirality of the
antiferromagnetic structure.

Upon cooling into the incommensurate state, there is a
chromiumlike increase in the c-axis resistivity [30], which
indicates the opening of gaps on nested parts of the Fermi
surface. While the coplanar antichiral order converts to a
transverse spiral with wave vector k,, its amplitude is virtu-
ally unchanged across the transition [Figs. 2(a) and 2(c)]. This
suggests that out-of-plane rather than in-plane spin fluctua-
tions condense at the incommensurate phase transition so that
spectral weight is drawn from the 8, and 8, modes at 4.5 meV
to form the kg Bragg peaks. Thus it appears that c-polarized
SDW with wave vector kg along with a CDW at 2kg are the
associated amplitude-modulated electronic density waves.

I
// [

1 5
=—c* =%
kg ¢ k, yria

L\

FIG. 4. Density functional theory calculation for Mn;Sn in the
antichiral k = 0 phase. (a) Fermi surfaces where flat sheets extend-
ing within the kagome plane admit nesting for small wave vectors
extending along the ¢ axis. Panel (b) shows the slice indicated by the
gray surface in (a) through the Fermi surfaces. The potential nesting
wave vectors are labeled in panel (b), including an interzone nesting.
The surface marked « contains the Weyl point in the k = 0 phase and
is nested with an enclosing surface by the observed magnetic wave
vectors kK, g.

In the modulated noncoplanar phase of Mn3Sn at 2.6 K,
Figures 3(d) and 3(f) show three dominant spectral com-
ponents at A; = 5.0(5) meV, A, = 7.0(5) meV, and A; =
8.5(5) meV. While there are precisely three low energy modes
for an equilateral triangle of antiferromagnetically interacting
spins [29], the multi-k long-wavelength nature of the structure
may contribute to the complexity of the low T spectrum. Fig-
ure 3(e) shows that the scattering intensity at iw = 4.5 meV
continuously shifts from k =0 to k =k, g upon cooling.
For T < 50 K the k ~ 0 region between k, g peaks regains
intensity. Though the static magnetism remains modulated,
this is the temperature range where all wave vectors become
temperature independent and indistinguishable from rational
fractions [Figs. 1(d) and 1(e)]. The return to commensurability
and a finite set of local environments for Mn may play a role in
the modified I"-point spectrum as well as in the 7, = 31.5 K
spin-glass transition [31].

To examine whether Fermi-surface nesting precipitates
these developments, the density functional electronic band
structure was calculated. The corresponding Fermi surfaces
shown in Fig. 4 contain large flat sheets extending perpendic-
ularly to the ¢ axis. As shown in Fig. 4(b), large areas of these
Fermi surfaces are connected by kg and k, . Nesting is sen-
sitive to small changes in the chemical potential, which may
explain the sample-dependent incommensurability of Mn;Sn
[12]. Furthermore, one of the nested Fermi surfaces marked «
in Fig. 4(b) contains Weyl nodes at room temperature [10,11]
so that a change in band topology can be anticipated as the
bands hybridize to form spin and charge density waves. This
is indicated by the suppression of both the anomalous Hall
and Nernst effects [32,33] as required by the fact that the
incommensurate phase with k, # 0 cannot define a direction
within the basal plane. The different temperature dependence
of spatial modulations observed for kg and k, resembles
observations in the kagome semimetal YMngSng [34], which
may reflect the complex flat band nature of the nesting.
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While aspects of the low energy magnetism in the com-
mensurate phases of Mn3Sn [35] and Mn3;Ge [26,29] can
be described by models of interacting local moments [36],
the incommensurate CDW and SDW phases of Mn;Sn
reported here manifest a complex interplay between conduc-
tion electrons, magnetism, and band topology in topological
kagome materials, revealing a new form of order peculiar
to a correlated topological state. Our work lays foundations
for developing understanding of the role of correlation in
topological magnets and its applications for spintronics and
thermoelectronics [37].
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