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Magnetic Weyl semimetals (mWSMs) are characterized by linearly dispersive bands with chiral Weyl node
pairs associated with broken time-reversal symmetry. One of the hallmarks of mWSMs is the emergence of large
intrinsic anomalous Hall effect. On heating the mWSM above its Curie temperature, the magnetism vanishes
while exchange-split Weyl point pairs collapse into doubly degenerate gapped Dirac states. Here, we reveal
the attractive potential of these Dirac nodes in paramagnetic state for efficient spin current generation at room
temperature via the spin Hall effect. Ni and In are introduced to separately substitute Co and Sn in a prototypal
mWSM Co3Sn2S2 shandite film and tune the Fermi level. Composition dependence of spin Hall conductivity
for paramagnetic shandite at room temperature resembles that of anomalous Hall conductivity for ferromagnetic
shandite at low temperature; exhibiting peak-like dependence centering around the Ni-substituted Co2Ni1Sn2S2

and undoped Co3Sn2S2 compositions, respectively. The observed spin Hall and anomalous Hall conductivity
maxima at different compositions reflect optimum Fermi-level positioning relative to the paramagnetic Dirac
and magnetic Weyl states, suggesting the common origin and intercorrelation between the two Hall effects. Our
findings highlight a strategy for the quest of spin Hall materials, guided by the abundant experimental anomalous
Hall-effect data of ferromagnets in the literature.

DOI: 10.1103/PhysRevB.108.064429

I. INTRODUCTION

Nontrivial topology in the band structure of a solid can
give rise to large Berry curvature [1,2] acting as an effective
magnetic field in real space. This field can deflect the elec-
trons in motion, leading to an intrinsic off-diagonal transport
contribution that does not depend on the extrinsic electrons’
scattering rate. Typical examples are the anomalous Hall ef-
fect (AHE) [3] in ferromagnets and its spin counterpart the
spin Hall effect (SHE) [4], leading to transverse charge accu-
mulation and spin accumulation, respectively. The latter often
involves nonmagnetic metals with strong spin-orbit coupling
and allows generation of a transverse spin current capable of
manipulating the magnetization of an adjacent nanomagnet.
The resulting spin-orbit torques (SOTs) [5] are promising for
applications including nonvolatile memory, magnetic logic,
field sensing and neuromorphic computing. Finding material
systems that exhibit high charge-to-spin conversion efficiency
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is a key to realize competitive spin-orbitronic devices with low
power consumption.

SHE has thus far only been investigated for a small subset
of all the known materials. One primary challenge for probing
the SHE is the nonconservative nature of the spin current, thus
necessitates material integration into devices of comparable
length scale (e.g., the thickness) with the commonly nanomet-
ric spin-diffusion length λ [6]. In contrast, owing to its ease of
evaluation and prolonged history, the AHE characteristics for
many conducting magnetic materials are known and available
in the literatures. In view of the very similar origin and scal-
ing relationship for AHE [7] and SHE [8], it is tempting to
study the intercorrelation between the two phenomena. The
establishment of such an intercorrelation, if it exists, will
allow fast screening of new materials with potentially large
SHE using the abundant AHE data as a facile indicator, and
vice versa. In an earlier theoretical study [9], some Co-based
Heusler compounds were suggested to exhibit correlated AHE
and SHE, although there is no experimental evidence thus
far. More recent theoretical and experimental efforts also
failed to demonstrate a strong link between AHE and SHE,
in either CoPt alloy [10] or 3d ferromagnetic metals [11].
Different from the trivial electronic bands in conventional 3d
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FIG. 1. (a) Unit cell of Co3Sn2S2 with a Co-kagome lattice in the (ab) plane (hexagonal representation). (b) Passing a charge current jc

within the kagome plane along x generates, via the spin Hall effect, an orthogonal spin current of conductivity σ Sz
xy (σ

Sy
zx ) that flows along

y (z) with polarization along z (y). Calculated (c) electronic band structure, (d) spin-resolved density of states (DOS), and (e) anomalous Hall
conductivity σyx as a function of Fermi energy for ferromagnetic (FM) Co3Sn2S2 in the magnetic Weyl semimetal state. Calculated (f) electronic
band structure, (g) spin-resolved DOS, and two selected components −σ Sz

yx and σ
Sy
zx of the spin Hall conductivity tensor (h) for paramagnetic

(PM) Co3Sn2S2. E = 0 represents the Fermi level EF for undoped Co3Sn2S2 in the FM and PM states. Red and blue dashed boxes in panels
(c) and (f) represent the position of the Weyl or Dirac points. The arrows in panels (d)–(h) indicate contributions of these Weyl-Dirac points in
DOS and Hall conductivities. (i) Berry curvature distribution bz(k) and two components of spin Berry curvature distribution (j) bs

z(k) and (k)
bs

y(k), projected on ky = 0 plane. The Fermi level is adjusted to a doping level of (i) 0.13 electron/f.u. and (j), (k) 1.22 electron/f.u.

ferromagnetic metals [11], here we focus on one of the
topological bands in a magnetic Weyl semimetal (mWSM)
[12–15] prototype cobalt shandite Co3Sn2S2 (CSS) and its
substituted alloys to reveal the intriguing correlation between
the AHE in the ferromagnetic state and SHE in the paramag-
netic state.

Figure 1(a) illustrates a rhombohedral structure of CSS
(space group No. 166; R3̄m) which consists of alternate
Co3Sn/SnS2 planes, stacking along the c-axis in the hexago-
nal representation. Co atoms form a kagome lattice within the
ab plane and exhibit strong perpendicular magnetic anisotropy
with Curie temperature (TC) of ≈177 K. Recent spectro-
scopic studies [16,17] have established ferromagnetic CSS
(FM-CSS) as an exotic mWSM with pairs of Weyl points
(WPs) near the Fermi level (EF), connected by the chiral
surface Fermi arcs. The WPs, the gapped nodal ring [18]
and other topological features near EF collectively generate
large Berry curvature, leading to a record-high anomalous
Hall angle exceeding 0.2 in FM-CSS [19,20]. The relatively
low TC of CSS, however, hinders the prospect of exploit-
ing its magnetic topological properties for many practical
applications.

Few studies were hitherto devoted to explore the useful-
ness of CSS at room temperature, i.e., when the CSS is in
the paramagnetic state (PM-CSS). Across the ferromagnetic-
paramagnetic transition at TC, the magnetic exchange splitting
that stabilizes the mWSM state of FM-CSS collapses,
resulting in annihilation of the WPs into gapped Dirac
points [21,22]. Inherited from FM-CSS, first-principles band-
structure calculations of PM-CSS [23] confirmed the presence
of interesting band features including the gapped Dirac point,
gapped nodal lines, and topological surface states. However,
unlike the FM-CSS with topological bands located near EF,
the EF of PM-CSS is about 0.23 eV below these unoccupied
topological states. Although such an energy gap in PM-
CSS has been exploited for oxygen evolution reaction [23],
concerning electronic transport, we anticipate limited contri-
bution from these bands, even at room temperature. Here,
we highlight the essential role of these correlated Weyl and
Dirac bands that respectively give rise to large intrinsic AHE
in ferromagnetic state and large intrinsic SHE in paramag-
netic state. Furthermore, we experimentally demonstrate that
Fermi-level tuning via isostructural substitutional alloying is
an effective strategy allowing full exploitation of the Dirac
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topological features in the band structure of PM-CSS, for
efficient spin current generation via SHE at room temperature.

II. EFFECTIVE TIGHT-BINDING MODEL

To elucidate our concept, we consider a two-orbital ef-
fective tight-binding model of CSS [24,25]. A longitudinal
charge current jc is applied along x in the ab kagome plane,
as illustrated in Fig. 1(b). The magnetic easy axis of FM-CSS
is along z coinciding with the c axis. We first focus on FM-
CSS in the mWSM state, corresponding to Figs. 1(c)–1(e).
The WPs and the gapped nodal lines are indicated by the
dashed red box in the simplified electronic band structure of
half-metallic FM-CSS in Fig. 1(c). These topological band
features are located in the vicinity of EF (represented by
E = 0) and manifest themselves in the spin-resolved density
of states (DOS) [Fig. 1(d)] as a minimum of the majority
spin-up DOS. The anomalous Hall conductivity σyx (AHC)
[Fig. 1(e)] exhibits a peak centering around the WPs at EF.
We highlight that at higher energy, a similar σyx peak of
opposite sign appears (blue arrow), which is attributed to the
conjugated magnetic WPs and nodal line gap from the spin-
down bands [Fig. 1(c); dashed blue box]. We obtain σAHE ≈
1.0 × 103 �−1 cm−1, which agrees with the experiment and
first-principles calculations [19].

The calculated properties of PM-CSS are shown in
Figs. 1(f)–1(h). In the absence of magnetic exchange, the spin-
split bands of FM-CSS tend to merge and become degenerate
without strong distortion. Notably, the conjugated WPs anni-
hilate into doubly degenerate gapped Dirac points. These gaps
are sufficiently narrow to be neglected at room temperature.
The gapped nodal lines nearby also become degenerate as
shown by the piled dashed red and blue boxes in Fig. 1(f).
Such magnetic Weyl to paramagnetic Dirac topological tran-
sition was previously characterized using angle-resolved
photoemission spectroscopy [21,22]. The spin-resolved DOS
of the two spin channels are equal, as shown in Fig. 1(g). Note
that the electrons’ filling redistributes and EF of PM-CSS now
falls on the peaks of the DOS, reflecting the ferromagnetic
ground state of CSS based on Stoner criterion. σyx vanishes
regardless of the EF positioning because contributions from
the two spins exactly cancel each other, as expected for a para-
magnet. In contrast, the spin current is time-reversal invariant,
e.g., a spin-up spin current flowing along y is equivalent to a
spin-down spin current flowing along −y. The spin Berry cur-
vature contributions from the two spin channels are additive
and linked to the relative position of the gapped Dirac point
and EF.

We define the spin Hall conductivity (SHC) σ
Sk
ji (i, j, k =

x, y, z) where i, j, and k denote the direction of the charge
current flow, the spin current flow, and that of the spin-
polarization vector, respectively. We consider the common
geometry of the SHE in a paramagnet, where the three vec-
tors are orthogonal to each other. As depicted in Fig. 1(b),
passing jc along the x axis of PM-CSS generates a lat-
eral spin current (electrons with sky-blue spins) flowing
along y with polarization along z and an out-of-plane spin
current (electrons with pink spins) flowing along z with
transverse spin polarization along y. Lateral SHC −σ

Sz
yx

[Fig. 1(h); sky-blue line] of approximately twice-as-large

to AHC is expected for EF located near the gapped Dirac
point. We obtain σSHE ≈ 1.9 × 103(h̄/2e) �−1 cm−1, which
approaches that of a typical spin Hall metal Pt [26,27].
In practice, for (0001)-textured CSS film in this work, it
is more convenient to detect the out-of-plane spin current
with polarization along y, i.e., σ

Sy
zx . Calculations suggest

a peak near the gapped Dirac point for σ
Sy
zx [Fig. 1(h);

pink line]. This maximum is however smaller than that
of σ

Sz
xy where charge and spin currents are both flowing

in the kagome plane, a feature resembles another kagome
semimetal Fe3Sn2 with highly anisotropic AHC tensor [28].
The strong anisotropy reflects the interplay between the con-
duction electron, kagome lattice, and spin-orbit coupling,
which are essential ingredients for determining the Hall ef-
fects.

To confirm the common origin of the enhanced Hall con-
ductivities near the Weyl or Dirac points and the nodal lines,
we plot in Fig. 1(i) the projection on ky = 0 plane, the Berry
curvature distribution bz(k) that contributes to σyx for FM-CSS
with a doping level of 0.13 electron/f.u. Figures 1(j) and 1(k)
show the projection on the same plane in momentum space,
for PM-CSS with a doping level of 1.22 electron/f.u., the spin
Berry curvature distribution bs

z(k) and bs
y(k), corresponding to

the SHC σ
Sz
xy and σ

Sy
zx , respectively. The very similar Berry and

spin Berry curvature hotspots shown in these figures indeed
coincide with the position of the magnetic WPs (for FM-CSS)
and the gapped Dirac states (for PM-CSS) in momentum
space. This scenario is supported by our first-principles cal-
culations on Ni-substituted CSS of various doping, which
demonstrate the tunability of Fermi level with respect to
the topological bands and the associated AHE and SHE in
electron-doped CSS-based shandite compounds. Details will
be presented in the Appendix.

Based on these theoretical analysis and in view of the
large AHE found in FM-CSS, one can anticipate finding large
SHE in electron-doped PM-CSS by experimentally engineer-
ing the Fermi level. In the following sections, we present
experimental evidences of such Fermi level tuning in In- and
Ni-substituted CSS films. We obtain an optimum SHC at room
temperature for paramagnetic Co2Ni1Sn2S2 that corroborates
the results of the effective-band model and first-principles
calculations.

III. EXPERIMENTAL RESULTS

A. Structural characterization

Recently, hole-doped CSS thin flakes of high quality grown
by chemical vapor transport method were found to exhibit
exceptionally high carrier mobility and low residual resis-
tivity [29]. However, systematic control of the doping level
using this method has yet to be achieved and the underlying
mechanism of doping remains unclear. On the other hand, the
effects of elemental substitution using Fe [30], Ni [31,32],
and In [18,33] as dopants have been extensively studied in
bulk CSS single crystals, demonstrating the effectiveness of
this strategy for tailoring the Fermi level. Theoretical calcu-
lations suggest the main features of the CSS electronic band
structure remain mostly intact for doping level as high as 1
carrier/f.u. using In [34] and Ni [31] as dopants. Here, we

064429-3



YONG-CHANG LAU et al. PHYSICAL REVIEW B 108, 064429 (2023)

2θ

FIG. 2. (a) Typical x-ray diffraction spectrum for an undoped Co3Sn2S2 shandite film showing clear Laué fringes near the Co3Sn2S2(0006)
reflection. (b) Ni composition x and In composition y dependence of out-of-plane lattice parameter c deduced from the peak position of the
(0006) reflection. Temperature T dependence of the (c) longitudinal resistivity ρxx and (d) anomalous Hall conductivity σxy for shandite films
of various x and y. Solid and dashed lines represent data for the films before and after removing the thick SiOx capping, respectively. x and
y dependence of (e) the Curie temperature TC, (f) ρxx at T = 300 K, (g) the maximum anomalous Hall angle θAHE,max ≡ σxyρxx extracted at
T = Tθ,max, and (h) σxy at 10 K. Solid and open symbols denote data for shandite films before and after removing the thick SiOx capping,
respectively. Dark yellow solid lines are drawn as guides to the eye.

adopt the second approach and demonstrate systematic tun-
ing of the properties in CSS-based shandite-structured films
grown by magnetron co-sputtering. We have grown textured
undoped CSS, Ni-substituted Co3−xNixSn2S2 (CNSS), and
In-substituted Co3Sn2−yInyS2 (CSIS) films with thicknesses
ranging from 11 to 40 nm on Al2O3 (0001) substrates, as
described previously and in Sec. S1 of the Supplemental
Material [25,35–37]. x and y denote the composition of Ni
and In, respectively. Upon replacing Co with Ni (Sn with
In), the electron (hole) doping is expected to shift EF to
higher (lower) energies. The crystal structure of CSS is main-
tained throughout because CSS, Ni3Sn2S2 and Co3In2S2 are
isostructural compounds. Figure 2(a) shows typical x-ray
diffraction (XRD) spectrum for an undoped CSS film ex-
hibiting clear Laué fringes around the CSS (0006) reflection,
indicative of strong (0001) texture with sharp interfaces. In-
plane XRD � scan of the CSS (112̄0) reflection, however,
shows peaks that are 30 ◦ apart, reflecting the presence of
in-plane twinned domains. The out-of-plane lattice parameter
c shown in Fig. 2(b) was extracted from the (0006) Bragg
peak position for a series of CSS, CNSS, and CSIS films,
suggesting systematic tuning of c on varying x and y.

B. Magnetotransport properties

The magnetotransport as a function of temperature T in
Figs. 2(c) and 2(d) provides another evidence of system-
atic tuning of film properties notably in the ferromagnetic
state by alloying. Solid lines denote data for undoped CSS
(black), CNSS (red), and CSIS (blue) films covered by a thick
≈75 nm SiOx protective layer, whereas dashed lines represent
the data for samples after removing the SiOx layer by Ar
ion milling followed by the deposition of 3 nm AlOx capping
[25]. The high quality of our undoped CSS film gives rise to
a residual resistivity ratio, RRR ≡ ρxx(T = 300 K)/ρxx(T =
10 K) ≈ 3. σxy [Fig. 2(d)] is nearly a plateau for T sufficiently
far below TC, suggesting the dominant intrinsic nature of the
AHE in this sample. Meanwhile, for doped films, the kink in
ρxx(T ) reflecting TC and the average resistance are system-
atically controlled by In and Ni contents. Due to the reduced
RRR and TC with the increase of doping level (hence shrinking
the temperature range where the saturation magnetization is
roughly a constant), the analyses based on the AHE scaling
for extracting the extrinsic skew scattering contribution, if
any, become less reliable. More discussions can be found
in Sec. IV. TC, ρxx at T = 300 K, the maximum anomalous
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FIG. 3. (a) A schematic of the stack structure and high-resolution cross sectional transmission electron microscopy image for a trilayer with
Co3Sn2S2 (CSS) thickness t = 18.5 nm. (b) Atomic force microscopy image for a trilayer with t = 7.9 nm, showing a low root mean square
roughness of ≈0.3 nm. (c)–(f) Spin-orbit torque quantification of CSS(7.9) /Cu/CoFeB trilayers at T = 300 K. (c) Schematic illustration of the
harmonic Hall measurement set-up and (d) azimuthal field angle ϕ dependence of the second-harmonic Hall resistance R2ω measured at various
external fields Hext. The inset of (d) plots A, the prefactor of the cos ϕ term of R2ω against the inverse of the effective field 1/(Hk + Hext ). The
red line is the best linear fit to the data. (e) Schematic illustration of the spin-torque ferromagnetic resonance (ST-FMR) measurement set-up
and (f) a typical FMR spectrum measured at 8 GHz with an applied field along ϕ = 45 ◦. The fit and decomposition of the spectrum are based
on the sum of a symmetric and an antisymmetric Lorentzian [25]. t dependence of (g) the damping-like spin Hall efficiency ξDL and (h) spin
Hall conductivity σ

Sy
zx .

Hall angle θAHE,max ≡ σxyρxx at T = Tθ,max, and σxy at 10 K
are summarized in Figs. 2(e)–2(h). Referring to Stoner cri-
terion, both electron and hole doping reduce TC because EF

of undoped PM-CSS falls on a local maximum of the DOS
[Fig. 1(g)]. Similarly, σxy at 10 K and θAHE,max are maximized
for undoped FM-CSS and fall rapidly with increasing x and y.
These observations confirm the correlation between the large
intrinsic σxy and the EF positioning relative to the magnetic
WPs and the gapped nodal lines.

C. Spin-orbit torque quantification

We next fabricate undoped CSS(t)/Cu(1.8)/CoFeB(2)
(thicknesses in nanometer) trilayers (see Supplemental Ma-
terial [25]) for investigating the charge-to-spin conversion
at T = 300 K, i.e., when CSS is paramagnetic. t denotes

the thickness of the CSS layer. Figure 3(a) shows a typical
high-resolution cross-sectional transmission electron mi-
croscopy image of CSS(18.5)/Cu(1.8)/CoFeB(2) trilayer
where the layered structure of high-quality CSS is clearly vis-
ible. The average grain size of CSS (>50 nm) is significantly
larger than that of Cu/CoFeB (≈10 nm). Energy dispersive
x-ray spectroscopy mapping confirms that all layers of the
heterostructure are continuous with limited interdiffusion (see
Fig. S1 in Supplemental Material [25]). Typical atomic force
microscopy (AFM) micrograph [Fig. 3(b)] of the trilayer for
t = 7.9 nm reveals flat surface morphology with a low root
mean square surface roughness of ≈0.3 nm, which is a pre-
requisite for spintronic device integration in the future.

On passing a charge current along x, PM-CSS gen-
erates a spin current flowing along z that traverses the
Cu spacer and exerts SOTs on the CoFeB with in-plane
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magnetization. Limited by the thin-film geometry, only
σ Si

zx ; i = x, y, z are accessible. The thin Cu spacer with long
λ physically separates CSS and CoFeB, thus avoiding local
enrichment of Co at the interface which may alter the proper-
ties of CSS. The observation of ≈1 % current-in-plane giant
magnetoresistance for the trilayer at T = 50 K (i.e., when
CSS is ferromagnetic) confirms the finite spin transparency
across the Cu spacer (see Fig. S2 in Supplemental Material
[25]). We first employ the harmonic Hall technique [38,39]
to quantify the damping-like and field-like spin-orbit effective
fields (HDL and HFL, respectively) acting on the CoFeB mag-
netization [Fig. 3(c)]. The dependence of second-harmonic
Hall resistance R2ω on the external field Hext and its azimuthal
angle ϕ allows separation of the SOT contribution (∝1/H)
from the parasitic thermoelectric effects [40–42]. Figure 3(d)
plots the ϕ-dependence of R2ω measured at various Hext for
trilayer with t = 7.9 nm and a current density flowing in the
CSS of jCSS ∼ 1.6 × 106 A/ cm2 . R2ω(ϕ) is dominated by
the cos ϕ term, defined with a prefactor A. (See Sec. S2 of
the Supplemental Material for the detailed analysis of the
harmonic Hall measurement [25].) HDL is extracted by linear
fitting A against the inverse of the effective in-plane field
1/(Hk + Hext ) [insets of Fig. 3(d)]. We found HDL/ jCSS =
1.4 × 10−6 Oe A−1 cm2, corresponding to a DL spin Hall
efficiency ξDL = (2e/h̄)(HDLMstCoFeB/ jCSS) ≈ +0.20 where
e is the elementary charge, h̄ is Planck’s constant, Ms =
1200 emu cm−3 is the saturation magnetization, and tCoFeB =
2 nm is the CoFeB thickness. ξDL of undoped PM-CSS is of
the same sign as that of Pt. Its absolute magnitude is larger
than another mWSM prototype Co2MnGa (ξDL ≈ −0.07 in
the ferromagnetic state) [43]. With ρxx ≈ 340 µ� cm, we ob-
tained σ

Sy
zx = ξDL/ρxx ≈ 600(h̄/2e) �−1 cm−1.

For an independent verification, we performed spin-
torque ferromagnetic resonance (ST-FMR) [set-up depicted
in Fig. 3(e)] measurement [44] on microstrips fabricated on
the same substrate. A representative FMR spectrum measured
from the mixing voltage Vmix while applying Hext along ϕ =
45 ◦ is shown in Fig. 3(f). The spectrum is fit by the sum of
a symmetric and an antisymmetric Lorentzian. More details
of the analysis can be found in Sec. S3 of the Supplemental

Material [25]. The emergence of an appreciable symmetric
component (blue) confirms the generation of DL-SOT from
the undoped PM-CSS at room temperature. Lineshape anal-
ysis taking into account current shunting in the Cu spacer
yields ξDL = +0.11, which is lower than that obtained from
the harmonic Hall technique. This is, however, consistent
with a recent systematic analysis that ξDL obtained using the
harmonic Hall method is typically 60% larger than that esti-
mated using ST-FMR technique [45]. The full ϕ dependence
of ST-FMR is a powerful means allowing us to confirm the
dominant role of spin current with polarization along y [see
Fig. S4(a) in Supplemental Material [25] ]. Figures 3(g) and
3(h) summarize the CSS thickness t dependence of ξDL and
σ

Sy
zx obtained from the two techniques. The almost constant

trend of ξDL and σ
Sy
zx against t for undoped PM-CSS is consis-

tent with the bulk-like SHE picture and λ being much shorter
than t = 7.9 nm. We consider this upper bound estimation of
λ for undoped CSS remains valid for Ni- and In-substituted
CSS in the following paragraphs because alloying typically
reduces RRR and λ.

We now extend the harmonic Hall SOT quantifica-
tion at T = 300 K to Ni-substituted and In-substituted
CSS/Cu/CoFeB trilayers. Substituted CSS layers of thick-
nesses higher than 15 nm are chosen to minimize potential
interference between SOT performance and the reduced film
quality due to island-like growth mode [36]. Contrary to σxy

that is maximized for undoped FM-CSS, In and Ni sub-
stitutions lead to opposite trends in ξDL and σ

Sy
zx . A direct

comparison of the raw harmonic Hall data for CNSS(x ≈
1.0)/Cu/CoFeB trilayer and CSIS(y ≈ 0.6)/Cu/CoFeB tri-
layer are shown in Fig. S3 in the Supplemental Material [25].
Both ξDL and σ

Sy
zx [Figs. 4(a) and 4(b)] exhibit a pronounced

peak for electron-doped (Ni-doped) PM shandites. The high-
est ξDL = +0.30 is achieved for PM-Co2.25Ni0.75Sn2S2 (x ≈
0.75), which is comparable to that of β-W [46]. Taking
into account the conductivity enhancement on increasing x
[Fig. 2(f)], the peak of σ

Sy
zx ≈ 1000(h̄/2e) �−1 cm−1 is shifted

to Co2.02Ni0.98Sn2S2 (x ≈ 1.0). The prominent peak feature
of composition-dependent σ

Sy
zx resembles that expected for a

FIG. 4. Nickel (Ni) composition x and Indium (In) composition y dependence of (a) the damping-like spin Hall efficiency ξDL and (b) spin
Hall conductivity σ

Sy
zx , for paramagnetic shandites based on the harmonic Hall technique, measured at 300 K. (c) σ

Sy
zx against the longitudinal

conductivity σxx for all the samples. The calculated spin Hall conductivity maxima for σ
Sy
zx and σ Sz

xy are indicated by the dashed lines with
schematics of the spin current geometry in the insets.
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(c)(a) (b)

FIG. 5. Illustrations summarizing the evolution of the band structure with spin-orbit coupling and the electrons’ filling of CSS at different
stages. The AHE in the ferromagnetic state and the SHE in the paramagnetic state depend on the position of the Fermi level EF from the Weyl
or Dirac states. (a) Undoped FM-CSS with EF near the magnetic Weyl states is optimized for AHE. (b) CSS becomes paramagnetic across TC.
The favorable position of EF is disrupted. (c) Proper electron doping into PM-CSS is required to reposition EF near the paramagnetic Dirac
states and maximize SHE.

massive Dirac model [18,28] where at the peak composition,
EF cuts a specific band feature (the gapped Dirac states for
PM-CSS) providing large spin Berry curvature contribution
related to σ

Sy
zx . Changing the composition shifts EF away

from the optimum energy level and reduces σ
Sy
zx . This model

is fully consistent with our observations that ξDL and σ
Sy
zx

decrease dramatically upon introducing In for hole doping.
Between x ≈ 1.0 and x ≈ 1.5, we found the Hall coefficient
of PM-CSS at 250 K smoothly reverses its sign to electron-
like, suggesting multiband contribution to the transport (see
Fig. S6 in Supplemental Material [25]). We infer that over
this x range, EF may have crossed the Dirac points while the
excessive Ni substitution (up to 50% Co substitution) may
have strongly distorted the electronic band structure. The high
tunability of the experimental σ

Sy
zx spanning over a factor of

≈5 is plotted against the longitudinal conductivity σxx and
compared with the calculated σ

Sy
zx and σ

Sz
xy maxima [horizontal

dashed lines] in Fig. 4(c). We consider misoriented CSS/Cu
interface (e.g., due to the damage induced by Ar ion milling)
may partly contribute to the experimental σ Sy

zx that lies between
the two theoretical estimations. More interestingly, the highly
anisotropic SHC tensor inherit from the CSS kagome lattice
may allow further SHC enhancement, provided high-quality
shandite films with the c axis lying in the film plane can be
stabilized.

IV. DISCUSSION

It is worth noting that, for another Weyl material Mn3Sn
with noncollinear antiferromagnetic order, AHE [47], time-
reversal-odd magnetic SHE [48], giant magnetic field-like
torque [49], and zero-field spin-orbit torque switching [50]
were systematically studied and demonstrated below the Néel
temperature TN of the material. The noncollinear magnetic
octupole of Mn3Sn plays the common crucial role in the
observed phenomena. A fundamental difference is that the
AHE and the magnetic SHE are time-reversal odd and being
controlled by the magnetic octupole whereas the conventional
SHE that we have observed here is time-reversal invariant and
stems from the spin-degenerate gapped Dirac states with no
magnetism involved. Spin current generation in Mn3Sn there-
fore involves the interesting interplay between the magnetic

SHE and the conventional SHE, for which the details are
beyond the scope of this work.

Figure 5 schematically illustrates the step-by-step evolu-
tion of the EF positioning and the electronic band structure
with spin-orbit coupling of CSS, starting from the mWSM
state optimized for large AHE to Ni-doped PM-CSS op-
timized for large SHE. The Fermi level tuning scheme
presented in Fig. 1 allows us to reveal strong AHE and SHE
contributions that separately stem from the magnetic Weyl
and paramagnetic Dirac states in CSS-based shandites. The
observed giant AHE and SHE share the common intrinsic
origin due to the same topological nontrivial band feature
(either being spin-split or degenerate), which makes the two
Hall effects naturally intercorrelated. This is the main finding
of this work.

To consolidate our claim, potential alternative interpreta-
tions involving extrinsic contribution to the Hall effects will
be discussed in detailed. Starting from the AHE in FM-CSS:
Although previous studies reported the synergetic role of ex-
trinsic mechanism for enhancing the AHE in CSS by Ni,
In, and Fe doping [18,30,32], we should emphasize that the
extrinsic contribution found in these studies is substantial only
for low doping concentration <0.2. Since the extrinsic AHE is
additive to the intrinsic one, if the former contribution is dom-
inant in our samples with higher doping level, AHC should
further enhance with increasing x and y, which disagrees with
the experimental composition dependence of AHC, showing
a decreasing trend over a broader range of x and y until the
ferromagnetism completely vanishes at x, y ≈ 0.8. We there-
fore conclude that the extrinsic mechanism alone cannot fully
explain the experimental AHE dependence.

Next, we turn to the SHE that is maximized for PM-CNSS
with higher Ni contents x ≈ 0.75 and x ≈ 1.0, correspond-
ing to 25% and 33% of Co being substituted by Ni. The
weak temperature dependence of ρxx for CNSS precludes
reliable experimental separation of the intrinsic and extrin-
sic contributions. We thus compare this optimum alloying
concentration with other reports in the literature. Dominant
extrinsic skew scattering contribution to SHE was reported
for systems with typically very high longitudinal conductivity
(superclean regime) and lower alloying concentration, e.g., in
Cu with <12 % Ir impurities [51] and Cu doped with 0.5%
Bi [52]. For the Cu-Ir binary-alloy system with higher Ir
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concentration (>12%), it was recently shown that the intrinsic
mechanism (or side jump) governs the SHE [53]. In addition,
based on the reported positive extrinsic contribution to AHE,
one may expect positive extrinsic contribution to SHE for
both In and Ni doping, which disagrees with our experimen-
tal observations that Ni substitution increases SHC while In
substitution has the opposite effect. It is also worth noting that
the resistivity at 300 K for CNSS with x = 0.75 and x = 1.0
are around 200 µ� cm, which corresponds to the so-called
moderately dirty conduction regime where intrinsic SHE is
expected to be dominant [8]. Extrinsic SHE due to spin-cluster
scattering [54,55] can also be safely ruled out because the
CNSS neither exhibits strong field-dependent SHC (or oth-
erwise the harmonic Hall quantification will not work) nor
does it host magnetic frustration at room temperature enabling
spin-chirality scattering. Based on the above arguments, we
consider extrinsic mechanisms are unlikely to be responsible
for the observed SHC peak for CNSS with x ≈ 1.0.

Having established the central role of intrinsic mechanism
that governs the AHE and SHE in cobalt shandites, we are
now in a position to discuss the degree of intercorrelation
between the two Hall effects. Tung et al. [9] theoretically
showed that the anomalous Hall current for many ferromag-
netic Co-based full Heusler compounds is almost fully spin
polarized, giving rise to correlated AHC and SHC of com-
parable magnitude (note that the definition of SHC in their
work and here differs by a factor of two). This analysis is,
however, only valid for material systems with moderate spin-
orbit coupling and negligible spin-flip because spin-up and
spin-down states tend to be mixed up when the spin-orbit
coupling is strong. Ordered CoPt alloy is an example showing
little link between the AHC and SHC in ferromagnetic state,
owing to the opposite spin character of the band anticrossing
at EF [10] and perhaps the high spin-orbit coupling. Previous
calculations have shown that, in ordered FePt alloy, this spin-
flip term is greatly reduced upon replacing Pt by Pd [56]. We
then consider CSS with Sn being the heaviest constituent at
the same row of the periodic table with Pd may also exhibit
negligible spin-flip. Combining with the half metallicity of
the FM-CSS in the mWSM state (the Weyl points and gapped
nodal lines are essentially of the same spin character), CSS
system fulfills all basic requirements to show intercorrelated
AHE and SHE. In addition, in the paramagnetic state, the
conjugated magnetic Weyl features of FM-CSS annihilate to
form gapped Dirac states, resulting in further enhancement of
the SHC in Ni-doped PM-CSS by doping-controlled Fermi-
level tuning. Our experimental results support this scenario
and highlight the qualitative correlation between AHE, SHE
and the position of EF from the topological band features.

V. CONCLUSION AND PERSPECTIVE

Compared with the AHE that can be easily measured for
a slab-shaped ferromagnetic sample of any size, observation
and quantification of SHE is far more challenging, rendering
its vast screening laborious and unrealistic. Here, we have
demonstrated a strategy where the large intrinsic AHE of a
ferromagnetic material may serve as a facile indicator for
predicting new paramagnetic compounds with potentially en-
hanced intrinsic SHE. This rule of thumb is best applied to

ferromagnets where contribution from one spin channel dom-
inates its intrinsic AHE and Berry curvature, as exemplified
by the half-metallic mWSM Co3Sn2S2. Another prototy-
pal mWSM Co2MnGa [57] belonging to the highly tunable
full Heusler family [58] may also work, provided a proper
dopant that simultaneously introduces additional electrons
and reduces TC can be identified. Reciprocally, introducing
a ferromagnetic hole dopant into well-established paramag-
netic spin Hall materials may lead to the discovery of new
ferromagnets with large AHC. This may explain the recent
demonstration of large AHC in L12-ordered CrPt3 compound
[59]. One should however be cautious in view of the metallic
nature of these materials and the strong spin-orbit coupling
of Pt. As a final remark, this strategy is readily extendable
to the material screening for thermoelectric generation via
the anomalous Nernst effect [60–62] and spin Nernst ef-
fect [63,64], provided in addition the Mott relation [65] is
satisfied.
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APPENDIX: FIRST-PRINCIPLES CALCULATIONS

To check the validity of our effective-band tight-binding
model and our interpretation based on rigid-band approxima-
tion against In and Ni substitution in paramagnetic CSS, we
have also performed first-principles calculations on Ni-doped
CSS of various compositions. The calculations are imple-
mented in VASP5.4.4 [66–68], WANNIER90 (v1.2) [69] and
WANNIERTOOLS [70]. The cutoff energy for the plane-wave
basis [71] set is 400 eV. The projector augmented waves
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FIG. 6. Calculated intrinsic anomalous Hall conductivity σxy as a function of the Fermi energy (a) for Ni-doped ferromagnetic CSS of
varying compositions x. Inset shows the evolution of the total moment per formula unit m as a function of x. Calculated spin Hall conductivity
components (b) σ Sz

xy and (c) σ
Sy
zx for Ni-doped CSS in the paramagnetic state.

pseudopotential is employed throughout the calculations and
spin-orbit coupling is considered in the electronic structure
calculations.

A supercell of general formula Co9−iNiiSn6S6 (i =
0, 1, 2, 3) is defined, corresponding to Ni concentrations
x = 0, 0.33, 0.67, 1.0 for Co3−xNixSn2S2 in experiments.
The same calculated lattice constants a = 5.3689 Å and c =
13.176 Å are used for CNSS without or with Ni doping. When
x = 0, there are four independent Wyckoff sites: (2/3, 5/6,
5/6) for Co, (1/3, 2/3, z) for S, (0,0,0) for Sn1 and (2/3,
1/3, 5/6) for Sn2, where z = 0.9503. The other situations are
(2/3, 5/6, 5/6) for Ni when x = 0.33, (1/3, 1/6, 1/6) for Ni1

and (0, 1/2, 1/2) for Ni2 when x = 0.66, (2/3, 5/6, 5/6) for
Ni1, (5/6, 1/6, 1/6) for Ni2 and (1/2, 1/2, 1/2) for Ni3 when
x = 1.00. With these atomic configurations, we confirm the
ferromagnetic ground state for CNSS and systematic evolu-
tion of the total moment against x, as shown in the inset of
Fig. 6(a).

The k meshes of 50 × 50 × 50 are used to calculate the in-
trinsic anomalous Hall and spin Hall conductivity. Figure 6(a)
plots the calculated intrinsic anomalous Hall conductivity σxy

against the Fermi energy for ferromagnetic CNSS of varying
x. The spin Hall conductivity components σ

Sz
xy and σ

Sy
zx for

CNSS in the paramagnetic state are shown in Figs. 6(b) and
6(c), respectively. For AHC in the ferromagnetic state, the
σxy peak deforms and eventually collapses with increasing x,
suggesting the varying magnetic exchange due to Ni doping
in FM-CSS can violate the rigid-band approximation. In con-
trast, without this complication, the rigid-band approximation
can well describe the systematic shift of the σ

Sz
xy SHC peak as

a function of x for electron doping in paramagnetic CSS using
Ni substitution up to x = 1.0. The calculations also demon-
strate strong anisotropy of SHC tensor at the Fermi level
(e.g., σ

Sz
xy � σ

Sy
zx ), which is attributed to the two-dimensional

kagome lattice of CSS. Finally, it is worth mentioning that,
although there is an apparent sign conflict between ab initio
calculations and experiments, we have verified that the calcu-
lated AHC for FM-CSS is of the same sign as that of bcc-Fe.
The calculated SHC component σ

Sz
xy for PM-CNSS is of the

same sign as that of fcc-Pt. These two features are in good
agreement with experiments.
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