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TbMn6Sn6 is a metallic ferrimagnet that displays signatures of band topology arising from a com-
bination of uniaxial ferromagnetism and spin-orbit coupling within its Mn kagome layers. Whereas
the low energy magnetic excitations can be described as collective spin waves using a local moment
Heisenberg model, sharply defined optical and flat-band collective magnon modes are not observed.
In their place, we find overdamped chiral and flat-band spin correlations that are localized to hexag-
onal plaquettes within the kagome layer.

I. INTRODUCTION

Flat electronic bands are susceptible to a variety of
instabilities driven by electron-electron correlations and
band filling. In particular, nearest-neighbor hopping on
a two-dimensional (2D) kagome lattice guarantees flat
bands while also hosting Dirac band crossings and band
touchings that impart a non-trivial topology. Recent
discoveries of superconductivity [1] and charge ordering
[2] in AV3Sb5, and itinerant ferromagnetism (FM) with
large (topological) anomalous Hall response in Co3Sn2S2

[3] have elevated interest in kagome metals as an adapt-
able system to study the interplay of topology, supercon-
ductivity, magnetism, and other charge instabilities [4].

RMn6Sn6 (where R is a rare-earth) materials comprise
an interesting class of magnetic kagome metals [3, 5, 6, 8–
10]. The metallic Mn kagome layers have robust itinerant
FM order that can be manipulated by interleaved FM R
triangular layers through R–Mn antiferromagnetic cou-
pling. In TbMn6Sn6, R–Mn coupling and the uniaxial
anisotropy of the Tb ions forces Mn moments to orient
perpendicular to the kagome layer [11], creating an ideal
scenario for a Chern insulator where spin-orbit coupling
(SOC) gaps out spin-polarized Dirac band crossings [6].
In RMn6Sn6 and other kagome metals with FM layers,
such as FeSn [12–15] and Fe3Sn2 [16–18], the connection
between itinerant FM order and flat electronic bands, ev-
idence of the magnetic coupling to Dirac fermions, and
the role of magnetic fluctuations in topological phenom-
ena are all open questions.

These key questions can be addressed using inelastic
neutron scattering (INS) measurements to probe mag-
netic excitations and determine their coupling to kagome
electronic bands. The high energy of flat and optical
magnon bands in FM kagome lattices, which also host
topological magnonic features [19–21], make them sus-
ceptible to Landau damping by particle-hole excitations
(Stoner continuum). The heavy damping that obscures
the observation of these modes in a variety of FM kagome
metals supports this hypothesis [2, 22–24].

Here, we use INS measurements on TbMn6Sn6 to pro-
vide key insights into the high energy magnetic excita-

tions of a FM kagome metal. Whereas the low-energy
acoustic magnon modes are well-defined collective exci-
tations, we observe unusual excitations at high energies
that are described by short-ranged spin correlations on a
hexagonal plaquette in the kagome layer. Excitations at
the K-point of the Brillouin zone consist of spin correla-
tions on a hexagonal plaquette that are derived from the
expected Wannier states associated with a flat magnon
mode [26]. Excitations at the zone center (Γ′) exhibit
chiral antiferromagnetic correlations on the hexagonal
plaquette that are commonly associated with magnetic
frustration [27, 28]. Density-functional theory (DFT) cal-
culations assess that the overdamped character of these
modes can originate from Landau damping [29–31] which
is not likely to arise from massive Dirac fermions lying
close to the Fermi energy [3, 6, 8, 32, 33]. This discovery
of chiral magnetic cluster excitations raises new ques-
tions about their itinerant character and their coupling
to other novel electronic features of the kagome lattice,
such as orbital plaquette currents [34].

II. EXPERIMENTAL DETAILS

Single crystals of Tb166 were grown from excess Sn us-
ing the flux method as previously described [2]. INS mea-
surements were performed on the Wide Angular-Range
Chopper Spectrometer (ARCS) at the Spallation Neu-
tron Source at Oak Ridge National Laboratory. An ar-
ray of nine crystals with a total mass of 2.56 grams was
co-aligned with the (H,0,L) scattering plane set horizon-
tally, and attached to the cold head of a closed-cycle-
refrigerator. The data were collected at the base tem-
perature of 5 K using incident energies of Ei = 250 and
500 meV. For each Ei measurement, the sample was ro-
tated around the vertical axis to increase the q cover-
age. The neutron scattering data are described using
the momentum transfer in hexagonal reciprocal lattice

units, q(H,K,L) = 2π
a

2√
3
(Hâ∗+Kb̂∗) + 2π

c Lẑ. The INS

data are presented in terms of the orthogonal vectors
(1, 0, 0) and (−1, 2, 0), as shown in Fig. 1(b). We de-
scribe the data with reference to special points in the 2D
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Brillouin zone; Γ–(0,0), M–( 1
2 ,0), and K–(1

3 , 13 ). The INS
data are displayed as intensities that are proportional to
the spin-spin correlation function S(q, E), where E is the
energy. To improve statistics, the data have been sym-
metrized with respect to the crystallographic space group
P6/mmm.

III. INS DATA

The magnetic sublattice of TbMn6Sn6 consists of
stacked Mn kagome and Tb triangular layers, as shown
in Fig. 1(a). The FM Mn and Tb layers couple antiferro-
magnetically, resulting in a ferrimagnetic ground state
with moments pointing along the c-axis. Within lin-
ear spin wave theory, TbMn6Sn6 has seven spin wave
branches. We label these branches as acoustic–even
(AE), acoustic–odd (AO), optical–even (OE), optical–
odd (OO), flat–even (FE), flat–odd (FO), and Tb. As
there are two kagome layers in the unit cell, the even
(odd) branches correspond to in-phase (out-of-phase)
precession of Mn moments in adjacent kagome layers
and have strong neutron intensity in Brillouin zones with
L = even (L = odd), respectively. The acoustic and op-
tical branches are found below and above the K-point
Dirac magnon crossing, respectively, and represent in-
phase and out-of-phase precession of the three Mn mo-
ments within the unit cell of a single kagome layer. AE
and AO branches have strong neutron intensity in Γ zones
with H = even and K = even, whereas OE, OO, FE, and
FO branches are strongest in Γ′ zones with H = odd and
K = odd or H +K = odd, as shown in Fig. 1(b).

Previous INS experiments were conducted on smaller
samples and mapped out the lowest-lying AE, AO and
Tb branches below 125 meV [2]. These spin waves pos-
sess sharp, dispersive excitations throughout the Bril-
louin zone, indicative of their collective nature, and are
well represented by a Heisenberg model consisting of
intralayer and interlayer pairwise exchange interactions
and single-ion anisotropy terms, as described in the Sup-
plementary Material (SM) [35].

In Ref. [2], we were unable to clearly observe the OE,
OO, FE, and FO branches due to the small sample vol-
ume and increasingly broad line shapes encountered at
higher energies. The measurements reported here were
performed with a larger sample volume and higher in-
cident energies, revealing significant magnetic spectral
weight up to 250 meV that accounts for the missing
branches in the previous data. However, as previous re-
ports hinted, these higher energy features are incoherent
(broad in both momentum and energy), unlike the col-
lective nature of the AO, AE, and Tb branches.

Figures 1(c)–(e) show slices of the data along different
reciprocal space directions within the kagome layers, as
indicated in Fig. 1(b). The data are averaged over L to
improve statistics, resulting in the simultaneous observa-
tion of even and odd branches. The data are compared
to the Heisenberg model dispersions shown as pink lines.

FIG. 1. (a) Ferrimagnetic structure of Tb166 with key interlayer
magnetic interactions indicated by black arrows. (b) 2D hexagonal
Brillouin zone showing reciprocal lattice vectors a∗ = (1, 0) and
b∗ = (0, 1) and representative high symmetry Γ (black circles),
Γ′ (empty circles), M (blue circles), and K (gold circles) points.
INS data are described with the orthogonal vectors (1,0) and (-
1,2). Red arrows correspond to the three reciprocal space slices
shown in panels (c)–(h). Panels (c)–(e) show the intensity of slices
through the INS data along the (1−K, 2K) (slice #1), (H, 0) (slice
#2), and (H − 0.5, 1) (slice #3) directions, respectively, after av-
eraging over L = 0 − 7. In panels (c) and (d), data with E < 150
meV (> 150 meV) were collected with Ei = 250 meV (500 meV),
respectively. Data in (e) were collected with Ei = 500 meV. Pan-
els (f)-(h) show identical slices as (c)–(e) calculated from linear
spin wave theory using the parameters described in the main text.
In panels (c)–(g), the solid and dashed pink lines correspond to
model dispersions with L = 0 and L = 1/2, respectively. In panel
(h), blue, pink, green, and white lines label the model dispersions
of the Tb, AE/AO, OE/OO, and FE/FO modes, respectively, as
described in the text. White (yellow) dashed rectangles outline
overdamped cluster excitations at the Γ′ (K) point, respectively.
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FIG. 2. Constant energy slices of the TbMn6Sn6 spin excitations over incremental energy ranges from (a) 50–70 meV, (b) 70–90 meV,
(c) 90–110 meV, (d) 110–130 meV, (e) 130–150 meV, (f) 150–170 meV, (g) 170–190 meV, (h) 190–210 meV, (i) 210–230 meV, (j) 230–250
meV. Data were collected at Ei = 250 meV for panels (a)–(e) and Ei = 500 meV for panels (f)–(j). All cuts are averaged over an L-range
from -7 to 7 rlu. Hexagonal Brillouin zone boundaries are shown and Γ and Γ′ zone centers are indicated by filled and empty circles,
respectively.

We also compare the data to model calculations of the
INS intensities under the same reciprocal space averaging
conditions, as shown in Fig. 1(f)–(h).

In Figs. 1(c) and (d), slices #1 and #2 along the (1−
K, 2K) and (H, 0) directions reveal dispersing AE and
AO branches emanating from the Γ points that highlight
their collective character. In slice #1, the AE and AO
dispersions are well-defined up to their respective K-point
Dirac crossings at 90 meV and 140 meV. In slice #2, the
AE and AO branches are well-defined up to the M-point
with energies of 70 meV and 115 meV. The AE, AO, and
Tb dispersions and intensities are consistent with model
calculations shown in Fig. 1 (f)–(g).

Traces of broad OE, OO, FE and FO excitations can be
seen as high as ∼ 250 meV in slices #1–3, consistent with
model predictions of a 230 meV energy cutoff. However,
these modes are incoherent and overdamped. Incoher-
ent excitations observed in slices #1-3 form a steep fea-
ture centered in the Γ′ zones which extends from approx-
imately 50 to 180 meV (white rectangle). These modes
are clearly observed in slice #3, where the Γ-zone AO
and AE modes are suppressed. Slice #1 also indicates
higher energy incoherent modes centered at the K-point
and extending from 140–230 meV (yellow rectangle).

In an attempt to capture these features, the current
Heisenberg model can be extended to include longer-
range interactions within the kagome layer. These in-
teractions can be added with constraints that fix the M-
point AO and AE energies while attempting to lower the
energy of the OO and OE branches at the Γ′-point. How-

ever, these interactions also introduce unsatisfactory dis-
tortions of the magnetic spectra (such as an overall low-
ering of the magnetic bandwidth) and the broad nature
of the high-energy excitations present difficulties in nu-
merical fitting of the extended models. More details of
these extended models are provided in Fig. S1 [35].

Rather than pursuing an extended Heisenberg model, a
qualitative understanding of the incoherent high-energy
excitations can be obtained from constant energy cuts
through the excitation spectra, as shown in Fig. 2. Start-
ing at 60 meV in Fig. 2(a), we see the intense AE and AO
conical dispersions that form concentric rings of intensity
in the Γ zones. We also see streaks of intensity that ex-
tend longitudinally across the Γ′ zones. As we move up
in energy, the AO branch eventually reaches the zone
boundary around 115 meV [Fig. 2(d)] while the longitu-
dinal streak in the Γ′ zone persists. At energies above the
AO branch cutoff, only the streak through the Γ′ zones
remain [Fig. 2(e)]. As we continue to increase energy, the
Γ′ streaks overlap with scattering intensity that forms at
K-points found at the intersection between Γ′ zones [eg.,
at q = ( 2

3 ,
2
3 )]. Figure 2(h) shows that only these K-point

excitations remain at 200 meV. All magnetic excitations
disappear at about 250 meV. For comparison, Heisen-
berg model calculations of these constant-E cuts can be
found in Fig. S2 [35]. We can make several conclusions
about these results; (1) the expected spectral weight of
the OE/OO/FE/FO branches is associated with incoher-
ent excitations in the Γ′ zones, (2) the steep incoherent
excitation centered at Γ′ in Fig. 1 forms the longitudi-
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nal streaks in the Γ′ zones in Fig. 2(c)–(e), and (3) the
K-point excitations extend to the highest energies as ob-
served in Fig. 1(c).

The broad nature of the high energy modes in recip-
rocal space suggests that they are localized excitations
formed from magnetic clusters within the kagome layer.
We studied both triangular and hexagonal plaquettes
(see Fig. S5 [35]) and find that the data is accurately
described by spin clusters on a single hexagon, as shown
in Figs. 3(a)–(c). Considering that the time-averaged
Mn moments point perpendicular to the kagome layer,
the spin patterns shown correspond to the instantaneous
transverse components which precess around the c-axis.
The neutron intensity is estimated by calculating the cor-
responding static structure factors

S(q) = f2(q)
∣∣∣ ∑
j=1,6

eiφjeiq·rj
∣∣∣2 (1)

as shown in Figs. 3(d)–(f). Here, f(q) is the magnetic
form factor and φj describes the relative angle of the
instantaneous spin direction of the transverse component
of spin j. Dynamical spin precession averages over the
spin direction at each site and only the relative angle
between spins around the hexagon is relevant.

The FM cluster in Fig. 3(a) consists of in-phase preces-
sion of the spins (φj+1 = φj), resulting in strong inten-
sity in the Γ zones [Fig. 3(d)]. This corresponds to the
AO and AE modes, although these modes are more ap-
propriately described as collective excitations using spin
wave theory [2]. The chiral cluster in Fig. 3(b) is based
on the q = 0 antiferromagnet (AF), which is a chiral
magnetic ground state found in kagome systems with
nearest-neighbor AF interactions, such as iron jarosite
[27, 28]. In the long-range-ordered q = 0 AF state,
magnetic Bragg peaks appear in Γ′ zones and are sys-
tematically absent in the Γ zones. In the chiral cluster,
Mn spins successively rotate by 120◦ around the hexagon
(φj+1 = φj + 2π/3) (positive chirality) and result in an
intensity pattern consistent with longitudinal streaks ob-
served in the Γ′ zones [Fig. 3(e)]. Positive and negative
chiralities have the same intensity pattern and are de-
generate in the absence of Dzyaloshinskii-Moriya inter-
actions. Finally, we consider a flat-band cluster, con-
sisting of successive 180◦ rotations of spins around the
hexagon (φj+1 = φj + π) shown in Fig. 3(c). This is
the correct Wannier representation of the localized flat
band excitations [26] and generates scattering intensity
which is peaked at the K-points surrounded by Γ′ zones
[Fig. 3(f)]. Thus, the two incoherent modes are associ-
ated with chiral and flat band spin correlations on iso-
lated hexagonal plaquettes. Damped harmonic oscillator
analysis of the energy spectra (see Fig. S3 [35]) indicate
overdamped character with a quality-factor of 1.5–2.

Figure 4 and Fig. S4 [35] compares cuts through exci-
tations in the Γ and Γ′ zones at T = 5 K and 400 K, just
below the Curie temperature of Tc = 420 K. Dispersive
AO/AE modes and incoherent Γ′ chiral modes are both
observed at 400 K. The intensity of both modes rapidly

FIG. 3. Spin patterns for the in-plane component of the Mn mo-
ment in (a) ferromagnetic, (b) chiral, and (c) flat-band hexagonal
clusters. Numbers label the unique spins in the kagome layer and
red circles indicate the direction of spin precession. Panels (d)–(f)
show the corresponding static structure factors for the black spins
around the hexagonal plaquettes in (a)–(c), respectively.

FIG. 4. Comparison of constant-energy cuts along the (−K, 2K)
direction for T = 5 K (blue) and 400 K (red). Data are scaled
to be proportional to the dynamical susceptibility, χ′′(q, E) =
I(q, E)(1 − exp(−E/kBT )). Cuts are performed with Ei = 250
meV at energy transfers of 70, 90, 110, and 130 meV (averaged
over an energy range of ∆E = ±5 meV). All plots are averaged
over reciprocal space ranges of H = [0.9:1.1] and L = [-7:7].

diminishes above 100 meV as a consequence of soften-
ing and mode damping near Tc. The data suggest that
the both the Γ and Γ′ responses originate from the Mn
sublattice magnetization.

IV. DISCUSSION

The uniaxial FM kagome layers in TbMn6Sn6 display
conventional, collective acoustic spin waves when Mn
spins precess in-phase within a kagome layer. However,
optical and flat band modes whose precessions are out-
of-phase have an incoherent character, remaining local-
ized to a single hexagonal plaquette with heavy damp-
ing. Confinement to a hexagonal plaquette is expected
for the flat band excitations of the kagome lattice due to
phase cancellation of coherent spin precession on the tri-
angular vertices surrounding a hexagon (see Fig. S6 [35]).
Thus, the observed flat bands would, in principle, be con-
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sistent with linear spin wave theory were it not for the
heavy damping. Similar to their electronic counterparts,
the observation of the flat magnon band in a FM metal
is rare: Flat band magnon modes are only reported in
the insulating kagome FM Cu[1,3-benzenedicarboxylate]
where damping is small [36], but have not previously been
reported in FM kagome metals.

The optical modes are not expected to have a localized,
chiral character based on the kagome geometry alone and
are truly anomalous. Such localization could arise from
magnetic frustration. For example, a similar confine-
ment of excitations to hexagonal plaquettes is observed
in frustrated pyrochlore antiferromagnets [37]. Frustra-
tion from competing magnetic interactions are possible
in FM kagome metals. For example, itinerant FM or-
der is proposed to coexist with q = 0 chiral AF order
in Co3Sn2S2 [38–40]. However, FM order is much more
robust in RMn6Mn6 and competing intralayer magnetic
interactions are not expected to play a significant role.

Clues to this anomalous behavior could come from the
itinerant-like character of the optical and flat magnon
modes. For example, the damping of both flat and op-
tical/chiral modes observed here in TbMn6Sn6 and re-
ported in other FM kagome metals, such as YMn6Sn6

[22] and FeSn [23, 24]. Heavy damping is consistent
with the coupling between magnons and electrons, pro-
viding a window into the correlated electron physics
of kagome metals. In TbMn6Sn6, quantum oscilla-
tions, photoemission, and DFT calculations indicate
massive Dirac fermions approximately 100 meV above
EF [3, 6, 8, 32, 33] which could provide decay channels
for particle-hole excitations at the Γ-point (intravalley)
and K-point (intervalley) (see in Fig. S8 in the SM). How-
ever, the massive Dirac fermions in TbMn6Sn6 are spin-
polarized minority bands with an exchange splitting of
∼ 1 eV [41], which should strongly suppress any spin-flip

scattering channels. Our DFT calculations of the bare
electronic spin-flip susceptibility agree with this assess-
ment (Fig S7 [35]). However, the DFT calculations do
point to potential sources of Landau damping from trivial
electronic bands (see SM [35]).

In summary, we have observed the magnetic spectral
weight associated with optical and flat magnon bands in a
FM kagome metal. The excitations are comprised of chi-
ral and flat band spin correlations within a hexagonal pla-
quette, but are incoherent between plaquettes. Extreme
damping of these cluster excitations could be caused by
Landau damping from trivial electronic bands, although
the localized character of chiral modes may point to more
exotic couplings. For example, future work should con-
sider the possibility that staggered flux or orbital currents
predicted to circulate on the same plaquettes [4, 34] could
impart chirality, localization, and damping to the mag-
netic excitations.
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I. EXPERIMENTAL DETAILS

TbMn6Sn6 crystallizes in the HfFe6Ge6-type structure
with hexagonal space group P6/mmm (No. 191) and lat-
tice parameters a and c are 5.530 and 9.023 Å at 300 K
[S1].

II. HEISENBERG MODEL DESCRIPTION

The Heisenberg model is given by
H = Hintra +Hinter +Haniso. Each Mn kagome layer
possesses strong NN FM exchange (J1 = −28.8 meV),

Hintra = J1
∑
〈i<j〉

si · sj (S1)

where s is the Mn spin operator with magnitude s = 1.
Several unique interlayer magnetic couplings between Mn
layers and between Mn and Tb layers are found, giving

Hinter =
∑
k

∑
i<j

JMM
k si · sj+k + JMT

∑
〈i<j〉

si · Sj . (S2)

Here, JMT = 0.93 meV is the AF coupling between
neighboring Mn and Tb layers, with Tb having a total
spin angular momentum of S = 3 and Mn having s = 1.
Competing interactions between Mn layers with a layer
index k up to k = 3 (JMM

1 = −4.4 meV, JMM
2 = −19.2

meV, JMM
3 = 1.8 meV) are necessary to fully describe

the low energy spin waves, especially the splitting of AO
and AE modes. Finally, uniaxial and easy-plane single-
ion anisotropies for Tb and Mn, respectively, are de-
scribed by

Haniso = KT
∑
i

(Szi )2 +KM
∑
i

(szi )
2 (S3)

Supplementary Figure 1. Calculations of the neutron scatter-
ing intensity along the (1-K,2K), (H,0) and (H-0.5,1) directions
for Heisenberg model with (a) Nearest-neighbor intralayer inter-
action J1 = −28.8 meV, (b) nearest and next-nearest neigh-
bor interactions with J1 = −15 meV and J2 = −4.6 meV and
J1 + 3J2 = −28.8 meV, (c) nearest and third-nearest neighbor
(through the Mn) interactions with J1 = −12 meV and J3a = −8.4
meV and J1 + 2J3a = −28.8 meV, (d) nearest and third-nearest
neighbor (across the hexagon) interactions with J1 = −12 meV
and J3b = −8.4 meV and J1 + 2J3b = −28.8 meV.

with KT = −1.28 meV and KM = +0.44 meV [S2].

Extended models where longer-range intralayer Mn-
Mn interactions have been introduced, such as J2, J3a
(through the Mn atom), and J3b (across the hexagon).
Generally, longer-range FM interactions pull down the
average energy OE and OO modes in better correspon-
dence to experiments. We try not to affect the AO
and AE modes by introducing constraints. For exam-
ple, keeping (such as J1 + 3J2 = constant) will keep the
M-point energies of the AE and AO modes fixed. Fig. 1
shows some results for the extended models.
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In Fig. 2, we show constant energy slices from the
Heisenberg model parameters used in the main text. This
can be compared to the data shown in Fig. 2 of the main
text. The model calculations indicate that intensity prin-
cipally occurs in the Γ zones below 130 meV (comprised
of AE and AO modes) and only in the Γ′ zones above 130
meV (comprised of OE,OO,FE, and FO modes). The flat
band modes that occur at the highest energies have in-
tensities centered at the K-point.

III. DAMPED HARMONIC OSCILLATOR
ANALYSIS

Figure 3 shows cuts at the key reciprocal space posi-
tions for the chiral and flat band excitations. The dynam-
ical susceptibility is fit to a damped harmonic oscillator
lineshape, χ′′(E) = AγE/[(E2 − ω2

i )2 + E2γ2i ], plus a
background. We find the mean frequencies of the chi-
ral and flat mode cluster excitations, ωC =145(2) meV
and ωF =187(8) meV, and the corresponding relaxation
rates, γC =69(10) meV and γF =115(30) meV, respec-
tively. The relaxation rates are influenced by the back-
ground fitting, so we used the cut at Γ = (2, 0) to esti-
mate of the high-energy background level. Nonetheless,
an oscillator Q-factor of ω/γ ≈ 1.5−2 for the two modes
is consistent with large damping.

IV. TEMPERATURE DEPENDENCE

Figure 4 compares slices through excitations in the Γ
and Γ′ zones at T = 5 K and 400 K as measured with
Ei = 250 meV for several energy transfers. The data
show that the dispersive AO and AE excitations in the
(-1,2,0) Γ zone are further split at 400 K, indicating sig-
nificant softening of the Mn modes just below TC . The
localized q = 0 cluster mode in the (1,0,0) Γ′ zone is still
observed at 400 K. Both the dispersive Γ and localized Γ′

modes are more intense at lower energies, but their inten-
sity rapidly diminishes above 100 meV as a consequence
of softening and mode damping near TC . Evidence of the
dispersive Γ mode is present at 130 meV. However, the
Γ′ excitation appears to be completely suppressed above
130 meV at 400 K. Despite the complex temperature de-
pendence, which also must take into account the tran-
sition from uniaxial to easy-plane ferrimagnetism above
TSR = 310 K, the data suggest that the both the Γ and
Γ′ excitations occur on an ordered Mn sublattice.

V. CLUSTER CALCULATIONS

Spin correlations are most likely to occur in hexagonal
or trangular plaquettes in the kagome layer. In Fig. 5,
we plot the structure factor for chiral spin correlations
around a triangular plaquette. This pattern is not con-
sistent with the q-dependence of the data in the Γ′ zones

shown in Fig. 2(a)–(e). Fig. 6 shows a schematic dia-
gram of flat band and chiral spin excitations which have
no phase coherence from hexagon-to-hexagon.

VI. DENSITY-FUNCTIONAL THEORY
CALCULATIONS AND LANDAU DAMPING

Band structure. The electronic structures of
TbMn6Sn6 are calculated in DFT+U using an all-
electron full-potential LMTO (FP-LMTO) [S4]. Plain
DFT usually incorrectly positions the Lanthanide 4f
states near the Fermi level. A sizable on-site Hubbard
U ≈ 7 eV correction was applied on Tb-f states to push
down the occupied 4f states and further away from the
Fermi level. The resulting spin magnetic moments and
bandstructure compare well with those previously calcu-
lated using other full-potential all-electron methods [S5].
Susceptibility calculation. After obtaining the self-

consistent ab initio Hamiltonian H, we calculate the bare
transverse spin susceptibility χ+−

0 (q, ω) using the eigen-
values and eigenfunctions of H within a linear response
theory [S6–S9],

χ+−
0 (r, r′,q, ω) =

occ∑
kn↓

unocc∑
k′n′↑

Ψ∗kn↓(r)Ψk′n′↑(r)Ψ∗k′n′↑(r
′)Ψkn↓(r

′)

ω − (εk′n′↑ − εkn↓) + iδ

+
unocc∑
kn↓

occ∑
k′n′↑

Ψ∗kn↓(r)Ψk′n′↑(r)Ψ∗k′n′↑(r
′)Ψkn↓(r

′)

−ω − (εkn↓ − εk′n′↑) + iδ
, (S4)

where k′ = q+k. For computational efficiency, χ0 are
calculated using a mixed basis [S10], which consists of the
product basis [S10, S11] within the augmentation spheres
and interstitial plane waves. We first calculate χ+−

0 (q, ω)
on a 12 × 12 × 6 q mesh and construct the χ+−

0 (R, ω)
through Fourier transformation. Then we use the re-
sulted χ+−

0 (R, ω) to calculate χ+−
0 (q, ω) with a dense

set of q points along high-symmetry paths.
The Mn-d bands dominate near the Fermi level, gov-

erning the spin-flip excitations. Figure 7 shows the
imaginary part of bare transverse spin susceptibility
Im[χ+−

0 (q, ω)] along the high symmetry path Γ–K–M–
Γ–Z. As shown in the left panel, the most prominent
Stoner excitations occur near 2.2 eV, corresponding to
the exchange splitting of Mn-3d bands that dominate
near the Fermi level. However, since TbMn6Sn6 is a
metallic system, small finite q-dependent χ+−

0 (q, ω) can
also be observed in the energy window of spinwave ex-
citations (right panel), which may cause the spinwave
damping.
Massive Dirac fermions. Figure 8, shows the expecta-

tion for intravalley and intervalley charge scattering for
massive Dirac fermions (MDFs), which form a contin-
uum of scattering near the Γ and K-points. Experimen-
tal data place the chemical potential at ED = −130 meV
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Supplementary Figure 2. Constant energy slices the TbMn6Sn6 spin excitations from a Heisenberg model. Slices are identical to the
data cuts shown in Fig. 2 and are made over incremental energy ranges from (a) 50–70 meV, (b) 70–90 meV, (c) 90–110 meV, (d) 110–130
meV, (e) 130–150 meV, (f) 150–170 meV, (g) 170–190 meV, (h) 190–210 meV, (i) 210–230 meV, (j) 230–250 meV. Data were collected at
Ei = 250 meV for panels (a)–(e) and Ei = 500 meV for panels (f)–(j). All cuts are averaged over an L-range from -7 to 7 rlu. Hexagonal
Brillouin zone boundaries are shown and Γ and Γ′ zone centers are indicated by filled and empty circles, respectively.

Supplementary Figure 3. Energy cuts centered at the Γ′ = (1, 0)
point (red), at the K = ( 2

3
, 2
3

) point (blue), and at the Γ = (2, 0)
point (gray) with Ei = 500 meV. The data are scaled to the imag-
inary part of the dynamical susceptibility, χ′′(E), after correcting
for the L-averaged magnetic form factor. Solid lines correspond to
damped harmonic oscillator fits, as described in the text.

with a band gap of ∆ ≈ 30 meV [S3]. The features of
the continuum of scattering from interband transitions of
the MDFs show similar energy onset and q-dependence
as the data. However, the spin-polarized nature of the
MDFs indicates that these are not spin-flip transitions
and therefore should not couple to the magnon. This
assumption is supported by our DFT calculations.
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