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We report a comprehensive neutron scattering study on the spin excitations in the magnetic Weyl semimetal Co;Sn,S, with a
quasi-two-dimensional structure. Both in-plane and out-of-plane dispersions of the spin waves were revealed in the ferromagnetic
state. Similarly, dispersive but damped spin excitations were found in the paramagnetic state. The effective exchange interac-
tions were estimated using a semi-classical Heisenberg model to consistently reproduce the experimental 7¢ and spin stiffness.
However, a full spin wave gap below E, = 2.3 meV was observed at T = 4 K. This value was considerably larger than the
estimated magnetic anisotropy energy (~0.6 meV), and its temperature dependence indicated a significant contribution from the
Weyl fermions. These results suggest that Co3Sn,S; is a three-dimensional correlated system with a large spin stiffness, and the
low-energy spin dynamics can interplay with the topological electron states.
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1 Introduction

Magnetic topological materials, which combine non-trivial
band topology and magnetic order, have significant potential
for fundamental physics and technology applications. This
promise stems from a number of exotic quantum phenom-
ena including the quantum anomalous Hall effect, topological
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axion state, and chiral Majorana fermions, etc [1-6]. In recent
years, an increasing number of intrinsic magnetic materials
has been theoretically predicted as magnetic Dirac semimet-
als (DSMs), Weyl semimetals (WSMs), and topological in-
sulators (TIs) [7-14]. Although a few of these materials have
been experimentally confirmed [15-24], their spin dynamics
and the interplay with topological electron states remain un-
clear [25,26].

Specifically in ferromagnetic WSMs, the Weyl nodes serve
as the magnetic monopoles of the Berry curvature, which
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leads to the intrinsic anomalous Hall effect (AHE) in the bulk
transport properties [27-29]. Moreover, these Weyl nodes can
also affect the spin wave dispersions, since the spin operators
and the current operators around these nodes are in one-to-
one correspondence, leading to a direct connection between
spin dynamics and AHE [30,31]. For example, in a magnetic
WSM candidate StRuOs3, the impact of Weyl points induces
a non-monotonic temperature dependence of the anomalous
Hall conductivity (AHC) o,,(T"), which is manifested in both
the spin wave gap E, and its stiffness D [31,32]. Such results
are distinct from those obtained for the conventional ferro-
magnetic metals. The spin waves of ferromagnetic metals are
usually either gapless in the weak correlation limit, or show a
monotonic spin gap following the magnetic order parameter
in the strong correlation limit with spin-orbit coupling (SOC)
[30]. Investigations on the energy dependence of spin exci-
tations below and above the Curie temperature (7¢) can pro-
vide important information about the spin-spin interactions
and correlations regarding their crucial role in the AHE.

Co3Sn, S, is a new experimentally verified ferromagnetic
WSM with very promising topological properties [17-21].
This material is a Shandite compound characterized by a
rhombohedral structure (space group: R3m) with quasi-two-
dimensional (quasi-2D) CosSn layers sandwiched between
S atoms [33, 34]. The magnetic Co atoms arrange on a
kagome lattice in the ab-plane with ~0.3ug/Co ordered mo-
ments aligned along the c-axis below Tc = 177 K (Figure
1(a)) [35-37]. There are three pairs of Weyl nodes in the first
Brillouin zone close to the Fermi level (Figure 1(b)), as evi-
denced by the surface Fermi-arcs and linear bulk band disper-
sions observed from spectroscopic experiments [11, 17-20].
With the considerably enhanced Berry curvature from its
band structure (Figure 1(c)), a record of large AHC is de-
tected up to 1130 Q~'cm™! accompany by a strong tempera-
ture dependence approaching T¢ [17,38].

In this paper, we report a comprehensive neutron scattering
study on the Co3Sn,S; single crystals, where the spin excita-
tions up to 18 meV both in the ferromagnetic and paramag-
netic states are measured. Both in-plane and out-of-plane dis-
persions are found, suggesting that the magnetic interactions
are actually three-dimensional (3D) in despite of its quasi-
2D lattice structure. The paramagnetic excitations above T¢
(T = 200 K) exhibit similar dispersions but damped intensi-
ties. Theoretical calculations on the effective exchange cou-
plings correspond closely to the experimental 7¢ and large
spin stiffness. However, the magnetic anisotropy energy
(~0.6 meV) is considerably smaller than the spin wave gap
E, =2.3 meV observed at T = 4 K. Further analysis on the
temperature dependence of the gap suggests a significant con-
tribution from AHC. Therefore, Co3Sn,S; is a moderately
correlated ferromagnet, where the conducting electrons re-
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lated to Weyl fermions are deeply involved into its spin dy-
namics.

2 Experimental method

We prepared high-quality CoszSn,S, single crystals using a
previously reported flux method (See Supplemental Materi-
als). The zero-field-cooling magnetization and resistivity re-
veal a clear ferromagnetic transition at 7¢ = 174 K, and an-
other anomaly at 75 = 136 K (Figure 1(d) and (e)), which
may be related to the formation of an in-plane antiferromag-
netic order [39,40]. The extremely large anisotropy of mag-
netization between B || ¢ and B || ab geometry confirms the
c-axis polarized magnetism [35-37]. Neutron scattering ex-
periments were performed using a thermal triple-axis spec-
trometer (Taipan) and a cold triple-axis spectrometer (Sika)
at Australian Centre for Neutron Scattering, ANSTO, Aus-
tralia [41, 42]. For Taipan experiments, the final neutron
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Figure 1 (Color online) (a) Crystal and magnetic structure of Co3Sn;S,.

(b) The location of Weyl points in the Brillouin zone along the z axis. (c)
Dispersion of the Weyl Hamiltonian on the k, = 0 plane. (d), (¢) Temper-
ature dependence of the magnetization and resistivity. (f), (g) Temperature
dependence of the peak intensity at Q = (1,0, 1), and the deduced ordered
moment m compared with the anomalous Hall conductivity o-ﬁ. (h) Spin ex-
citations at 6 meV along Q = [0, 0, L] direction. The red lines represent two
Gaussian-fittings based on L = 3 data, which are normalized by the mag-
netic form factor for L = 6 and 9. The horizontal bars indicate the calculated
instrument resolution.
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energy was fixed to Ey = 14.87 meV, using a pyrolytic
graphite filter, double focusing monochromator, and vertical
focusing analyzer. Approximately 1.5 gram single crystals
of Co3zSnyS; were co-aligned with a hydrogen-free glue on
several thin aluminum plates. For Sika experiments, a final
energy of Ey = 5 meV was set using a cooled Be filter, dou-
ble focusing monochromator, and flat analyzer. A large piece
of single crystal (mass: ~7.6 g) was used. We defined the
scattering plane [H, 0,0] % [0, 0, L] using hexagonal unit cell
where a = b = 5352 A, ¢ = 13.095 A, a = B = 90°,
v = 120°, and Q = Ha* + Kb* + Lc¢*, where H, K, and L
are Miller indices. Thus the d-spacing is determined from
ref. [43]: duxr = 1/ JAH? + HK + K?)/3a*> + L?/c2. The
instrument resolution is calculated by ResLib [44].

3 Results and discussion

3.1 Magnetic order parameter

We have first performed elastic neutron scattering measure-
ments on a Bragg peak at Q = (1, 0, 1), where the nu-
clear scattering is weak. The integrated intensity of the (1,
0, 1) peak reveals a clear ferromagnetic transition at 7¢ =
175 K, consistent with the magnetization results (Figure 1(f)).
The ordered moment M can be estimated by comparing the
intensities associated with magnetic scattering and nuclear
scattering [45] (See Supplemental Materials). A value of
0.28 £0.02 up per Co atom at the base temperature of 7 =8 K
was obtained. The weak ordered moment is consistent with
previous findings report on powder neutron diffraction ex-
periments [35] and reflects its itinerant and semi-metallic
character, where both holes and electrons contribute to the
Fermi surfaces [11, 17, 18]. The magnetic order parameter
M(T) follows similar temperature dependence as AHC, ex-
cept for a discrepancy from 7 = 50 K to 150 K. This re-
sults from the fact that the intrinsic AHC is mainly deter-
mined by the Berry curvature at low temperatures away from
Tc (Figure 1(g)) [17]. A critical exponent 8 of 0.21 + 0.04
is determined by fitting the magnetic order parameter using
M(T) = My(1 — T/Tc)P for a second-order magnetic transi-
tion (red line in Figure 1(g)).

3.2 Low-energy spin waves

Neutron scattering is unable to reach the primary ferromag-
netic excitations centering around Q = 0 at a finite energy
transfer [46]. Therefore, we instead seek the magnetic exci-
tation signal along Q = (0, 0, L), and measure the background
at Q = (x0.3,0,L) or (x0.5,0, L) at identical energies. Fig-
ure 1(h) shows a typical constant-energy scan at £ = 6 meV
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and T =8 K. Local signals emerge only at L = 3,6,9 with
two splitting incommensurate peaks, where signals at high
Q are contaminated by the phonon scattering from Co3Sn,S,
samples and the aluminium sample holder. We have further
mapped out the spin waves via constant-energy scans from
E =2 meV to 18 meV along both [H, 0, 3] and [0, 0, L] di-
rections at 7 =8 K (Figure 2(a) and (b)). Peaks centering
0 = (0,0,3) both along the H and L directions at 2 meV
are absent. Therefore, we consider (in general) a full spin
wave gap below 2 meV even if the gap cuts the resolution
edge of a thermal triple-axis spectrometer. Above 2 meV, a
steep dispersion of the in-plane spin waves along the H di-
rection is observed, while the out-of-plane spin waves along
the L direction are quite dispersive and broad in peak width.
Phonon signals also show up outside the spin wave branches
around 16 meV (See Supplemental Materials). By warming
up to the paramagnetic state at 7 = 200 K, the spin exci-
tations above 8 meV are heavily damped, and the strength of
the low-energy spin excitations below 4 meV increases, as the
gap is closed (Figure 2(c) and (d)). To qualitatively compare
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Figure 2  (Color online) (a)-(d) In-plane and out-of-plane spin waves at

T = 8 K and paramagnetic excitations at 7 = 200 K around Q = (0, 0, 3).
The high energy data at low Q side in panel (c) and (d) are missing due to
scattering restrictions, and strong contaminations from quasi-elastic scatter-
ing prevent measurements of data below 2 meV. (e), (f) Dispersion of the
spin excitations obtained from two Gaussian-fittings of the raw data. The
solids lines are fitting results with g>-dependence.


http://engine.scichina.com/publisher/scp/journal/SCPMA/doi/10.1007/s11433-020-1597-6?slug=supplement
http://engine.scichina.com/publisher/scp/journal/SCPMA/doi/10.1007/s11433-020-1597-6?slug=supplement

C.Liu, et al.

the dispersion below and above T¢, we performed two
Gaussian-fittings on the raw data after the relevant back-
ground subtraction (See Supplemental Materials). Owing to
scattering restrictions, we are unable to reach the band top at
the zone boundary, hence, full fitting based on a microscopic
model of spin waves is impossible from these limited data.
However, we can still roughly fit the dispersion at 8 K with
the ¢*>-dependence: E = E, + Dq? (assuming E,=2 meV),
where D ~ S|J| represents the spin stiffness in a ferromagnetic
system with exchange coupling J and effective spin S (Figure
2(e) and (f)) [47]. The spin excitations at 200 K are gapless
and can be also fitted by the same equation (here £,=0 meV),
but with smaller D than the case below T¢. The fitting re-
sults of D (see Table 1) reveal that, in both the ferromagnetic
and paramagnetic states, D is considerably larger than that
reported in StTRuOj; case [31,32].

3.3 Theoretical calculations

The Co3Sn,S; compound is considered as an itinerant fer-
romagnet below T¢ [17, 18]. However, we can still esti-
mate the effective exchange couplings by viewing the ordered
moments located on Co sites and then calculating the total
energy variation for small deviations of ground state mag-
netic configuration. A semi-classical model analogous to the
Heisenberg Hamiltonian can be expressed as:

H= " Jjee;, $))
<i,j>

where e; ; are unit vectors that point to the direction of the
spin §; ;, and J;; denotes the exchange coupling between the
ith and jth sites, as shown in Figure 3(a). Thus, we can define
the total exchange interactions between a central Co atom and
all its neighbors, up to quite long range where the exchange
interaction is zero: Jy = ;; Jo;. The spin interactions between
one and 400 neighboring Co atoms were calculated using a
multiple-scattering Green function method [48]. This yielded
values of J| = —=2.37meV, J, = —0.16 meV, J3 = —0.02 meV,
Je1 = —0.30 meV, J, = —0.75 meV, and J3 = —0.11 meV
(See Supplemental Materials, here we assume the effective
spin S=1). Admittedly, such calculations are highly model
dependent, however, the calculated results can be verified
by the experimental data. First, the Curie temperature is
determined as follows: Tc = 2Jo(M?)/3kg(M)*, where
(M?*)/{M)* = 1 for a classical ferromagnetic system [49].
We evaluate T¢c = 2Jy/3kg = 167 K, which is fairly close
to the experimental value (175 K). Second, the spin stiffness
tensor is determined as bellow:

2
Dp = 7 Z JojRjoR g, 2
J

where R, denotes the a-direction component of the lattice
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vector R;. Using the above J;;, we calculated the in-plane
spin stiffness and the obtained value agrees with experimen-
tal data, although the out-of-plane spin stiffness may be over
estimated in such a local moment picture (Table 1). Third,
the comparable exchange couplings for out-of-plane (J.;) and
in-plane (J;,) also support the 3D spin waves, since the lo-
cations of ordered moments in Co chains along the c-axis are
shifted along the a-axis for the adjacent kagome layers (Fig-
ure 1(a)). We summed over all contributions from the atoms
located the same distance from the central Co atom. For both
in-plane and out-of-plane spin interactions, an effective dis-
tance of ~12 A was found, suggesting most of the interactions
from the nearest spins in the Co kagome unit (Figure 3(b)).
Finally, we estimate the spin anisotropy energy by calculating
the energy difference when all the local moments are rotated
from the ground state to the same angle within the xoz plane
or xoy plane. The maximum energy obtained between two

geometries (~0.6 meV) is consistent with the magnetization
results (inset of Figure 3(b)) [17,50].

3.4 Spin wave gaps

The 3D spin interactions persisting both below and above
Tc with large stiffness suggest that Co3Sn,S, has a moder-
ate correlation and strong itinerancy for supporting the dis-
persive excitations against temperature. Hence, the Weyl
fermions associated with the conduct electrons will probably
contribute to the low-energy spin excitations. Measurements
of the temperature-dependent dispersions of the spin waves
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Figure 3  (Color online) (a) Effective exchange interactions between Co
atoms in our first principle calculations. (b) Estimation of the effective cor-
relation length of the exchange interactions (main panel) and the total energy
of the moment rotation (inset) for both in-plane and out-of-plane cases.

Table 1 Experimental and calculated results of D and Tc

) Dr(8 K) D1 (8 K) Dy(200K)  D7(200 K)
Experiment o o o o
(meVA?)  (meVA?) (meVA?) (meVA?)
Value 803 + 46 237+ 13 360 + 30 169 + 10
D D D, T
Calculation b i - ¢
(meVAZ)  (meVA?) (meVA?) (K)
Value 945 833 656 167
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are extremely time consuming in triple-axis neutron experi-
ments and, therefore, we map out the spin wave gap below
Tc instead. As shown in Figure 4(a), compared with the case
of T = 200 K and 300 K data, with an energy resolution of
AE = 1~2 meV, the spin wave gap yields a clear reduction in
spin excitation intensity below 4 meV for T = 8 K. For mea-
surements under relatively high resolution (AE =~ 0.1 meV),
the spin wave gap is precisely determined as a full gap be-
low 2.3 meV at T = 4 K (Figure 4(b)), where there is no
excitation signal at £ = 2 meV, but a tiny peak occurs at
E=2.5 meV (Figure 4(c)). The gap closes gradually dur-
ing warming up and disappears completely above T¢ (Fig-
ure 4(b)-(e)), giving rise to a well-defined Gaussian peak at
E =03 meV and T = 175 K (Figure 4(d)). The spin wave
gap is considerably larger than the estimated spin anisotropy
energy, owing possible contributions from the Weyl fermions.

Theoretically, the spin wave gap in magnetic WSMs at
g = 0is given by E, = K/a, where the coefficient «
represents the Berry phase term and K measures the spin
anisotropy energy from SOC [31] (See Supplemental Mate-
rials). a has two contributions: one is @y = c¢o/{(S*) from the
finite contribution without SOC, and the other is a; = Aoy,
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Figure 4 (Color online) (a) Energy dependence of the spin excitations at

T =8, 200, and 300 K measured at Taipan. (b) High resolution energy de-
pendence of the spin excitations at 7 = 4, 150, and 175 K measured at Sika.
(c), (d) Constant-energy scans for E = 2and 2.5 meV atT = 4K, and E =
0.3 meV at T = 175 K. The solid lines are Gaussian fittings, and the hori-
zontal bars indicate the instrument resolution. (e) Temperature dependence
of the spin dynamic susceptibility y”(Q, w) at low energy. (f) Temperature
dependence of the spin wave gap and fitting results by eq. (2) with different
parameters. Inset shows the integral intensity x”’(w) up to 4 meV.
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which results from the existence of Weyl nodes and is di-
rectly related to o, [31]. The parameter A is determined by
the shape of Weyl cones. By introducing the normalization
factors M, (saturated moment) and oo = €?/hagy (ay is the
lattice constant), the temperature dependence of E, can be
described by the following phenomenological equation:

aM(T)/My
1+ b(M(T)/Mo) (o (T)/ )’

E,(T) = 3)
where a = K(S%)o/co and b = Ac((S*)p/co are nearly tem-
perature independent constants. Therefore, with the contri-
bution from Weyl fermions (b # 0), E,(T) probably de-
viates from the behavior of the magnetic order parameter
M(T) for the involvement of o,(T). The temperature de-
pendence of the gap seems to have an order-parameter-like
behavior, accompanied by an abrupt decrease above T¢ for
the integrated dynamic susceptibility xy”* from E, to 4 meV
(inset of Figure 4(f)). However, the direct fitting based on
E,(T)=E)(1-T/ Tc)? would yield an unreasonable critical
exponent 8 = 0.53 with a large discrepancy for 8 = 0.21 de-
duced from the actual order parameter in Figure 1(g). A full
description of E,(T) either by using fixed g = 0.21, while
ignoring the contribution from Weyl fermions, as shown by
the green dash line in Figure 4(f) (namely, a = 2.30 meV
and b = 0 in eq. (3)) is impossible. The E4(T) is well repro-
duced only when we consider the involvement of o, (which
is —crﬁ in Figure 1(g)), as shown by the open circles in Fig-
ure 4(f), thus we have a = 0.93 meV and b = 0.39 in eq. (3).
For comparison, the parameters ¢ = 0.93 meV and b = 0
are also failed to fit the results, thereby confirming the strong
interplay between the Weyl topology and the spin dynamics.
Notably, the coefficient b here in Co3Sn,S, is positive and
thus opposite to the case of STRuO;3 with b = —-9.5 or —4.98
(assuming o, is negative) [31,32], which depends on the de-
tailed shapes of Weyl cones in these two compounds.

4 Conclusions

In summary, we have performed neutron scattering exper-
iments on the recently verified magnetic WSM Co3Sn,S,.
In contrast to its quasi-2D lattice structure, the spin excita-
tions both in the ferromagnetic and paramagnetic states are
revealed with 3D characters. Theoretical calculations suggest
comparable in-plane and out-of-plane magnetic exchange in-
teractions, further estimation is consistent with the experi-
mental 7¢ and large spin stiffness. We have precisely deter-
mined a full spin wave gap and its temperature dependence
below Tc, which is much larger than the spin anisotropy en-
ergy and certainly affected by the AHC triggered by the Weyl
fermions. Our results give basic knowledge about the spin


http://engine.scichina.com/publisher/scp/journal/SCPMA/doi/10.1007/s11433-020-1597-6?slug=supplement
http://engine.scichina.com/publisher/scp/journal/SCPMA/doi/10.1007/s11433-020-1597-6?slug=supplement

C.Liu, et al.

dynamics in Co3Sn,S; and solid evidences about how it in-
terplays with the topological electron states.
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