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Topological materials are expected to show distinct transport signatures owing to their unique band-
inversion characteristic and band-crossing points. However, the intentional modulation of such topological
responses through experimentally feasible means has yet to be explored in depth. Here, an unusual
elevation of the anomalous Hall effect (AHE) is obtained in electron (Ni)-doped magnetic Weyl semimetals
Co3−xNixSn2S2, showing peak values in the anomalous Hall-conductivity, Hall-angle, and Hall-factor at a
relatively low doping level of x ¼ 0.11. The separation of intrinsic and extrinsic contributions using the
TYJ scaling model indicates that such a significant enhancement is dominated by the intrinsic mechanism
of the electronic Berry curvature. Theoretical calculations reveal that compared with the Fermi-level
shifting from electron filling, a usually overlooked effect of doping, that is, local disorder, imposes a
striking effect on broadening of the bands and narrowing of the inverted gap, thus resulting in an elevation
of the integrated Berry curvature. Our results not only realize an enhancement of the AHE in a magnetic
Weyl semimetal, but also provide a practical design principle for modulating the bands and transport
properties in topological materials by exploiting the local disorder effect from doping.
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As a pseudomagnetic field in the momentum space, the
Berry curvature describes the geometric phase of the wave
function [1,2]. In magnetic materials with broken time-
reversal symmetry, the integration of the Berry curvature of
all occupied states through the entire Brillouin zone (BZ)
adds a transverse velocity term into the equation of motion,
giving rise to an intrinsic contribution to the anomalous Hall
conductivity (AHC) [2,3]. In topological materials, the
nontrivial Berry curvature is expected to significantly
contribute to the anomalous Hall effect (AHE) and the
relevant physical properties. A magnetic Weyl semimetal
Co3Sn2S2 was recently discovered experimentally [4–8],
with a significant AHC of ∼1130 Ω−1 cm−1 and an anoma-
lous Hall angle (AHA) of ∼20%. The measured AHC is
highly consistent with the theoretical calculations from the
Berry curvature, indicating that the AHC is dominated by
intrinsic contribution originating from the clean nontrivial
Weyl bands around the Fermi level (EF) [4].
How can the transverse transport effects, like the AHC

in magnetic topological materials, be further enhanced,

particularly in Co3Sn2S2 that already has a giant effect?
According to the Kubo formula [9], the intrinsic AHC is
closely related to two factors. One is the electron occupa-
tion determined by the position of EF, and the other is the
topological band characteristic around EF, such as the
size of the inverted band gap. We consider the possibility of
doping, which has been well established as a way to control
the material properties. In Co3Sn2S2, it has been predicted
that the position of EF is already optimal for the integrated
Berry curvature [4], implying that within the rigid band
framework [10], doping is not expected to further elevate
the intrinsic AHC. However, in addition to the voltage
gating effect [11,12], chemical doping induces modulation
of the electronic structure, which is often overlooked.
For example, a disordered distribution of the dopants
will change the local potential environment and destroy
the translational symmetry [13,14], inevitably modifying
the band structure and affecting Berry curvature.
Meanwhile, the introduction of alien atoms may cause
the impurity scattering, which usually generates an
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extrinsic contribution [15]. Therefore, the physical mecha-
nism of how doping affects the AHC in topological
materials is intricate and therefore requires a comprehen-
sive exploration.
In this Letter, based on experimental measurements,

transport scaling, and chemical-doping theory encoded in
first-principles calculations,we found that inCo3−xNixSn2S2
with low doping concentrations (x ≤ 0.1), a disorder-
induced band gap narrowing dominates the modulation of
the Berry curvature, leading to a sizable enhancement of
AHC of up to 60% compared with the undoped sample.
Scaling model shows that such an enhancement of AHC is
mainly from intrinsic rather than extrinsic contributions. Our
work demonstrates that a local disorder can be used to
engineer the desired physical properties through an intrinsic
Berry curvature design.
To probe the evolution of AHC with the Ni substitution

of Co, a series of single crystals of Co3−xNixSn2S2
(0 ≤ x ≤ 0.22) were grown using a Sn and Pb mixed flux
(see SupplementalMaterial, Sec. I [16]). Figure 1(a) shows a
rhombohedral structure with a space group of R-3m

(No. 166) for Co3Sn2S2. The crystal possesses quasi-two-
dimensional Co3Sn layers sandwiched between S atoms,
with Ni atoms randomly replacing Co atoms on the kagome
lattices. Themagneticmoments aremainly located on theCo
atoms of the kagome layer and align along the c axis. The
saturation magnetization (MS) and Curie temperature (TC)
decreased with an increase in the Ni content (see Fig. S2 and
Table S2 in Sec. II of Supplemental Material [16]), which is
mainly attributed to the weaker spin splitting and exchange
interaction of Ni than that of Co. The temperature depend-
ence of the longitudinal resistivity (ρxx) for I==a andH ¼ 0
shows a rapid drop below the kink point TC, as shown in
Fig. 1(b). The residual resistivity shows a minimum at
x ¼ 0.05 (see SupplementalMaterial, Sec. III [16]),which is
attributed to the competition between the EF shift and the
effect of the disorder in this topological semimetal.
Figure 1(c) shows the Hall resistivity (ρyx) as a function

of the magnetic field at 10 K under the configuration of
H==c and I==a. The anomalous Hall resistivities ρAyx are
then obtained as the zero-field extrapolation of the high-
field part. With an increase in the amount of Ni, ρAyx at 10 K
clearly increases from 4.0 μΩ cm at x ¼ 0 to 18.2 μΩ cm at
x ¼ 0.22, as shown in Fig. 1(d). The anomalous Hall
conductivity (σAxy) can be further calculated using ρxx and
ρAyx through the relation σAxy ¼ ρAyx=½ðρAyxÞ2 þ ρ2xx�. The
results at 10 K show an initial increase and a subsequent
decrease with an increase in the Ni content, forming a
maximal value of 1382 Ω−1 cm−1 at x ¼ 0.11 [Fig. 1(d)].
The prominent enhancement from 850 to 1382 Ω−1 cm−1
shows an increase of more than 60% at low doping
levels. As an important measure of the Hall transport
properties, the AHA reflects the conversion efficiency of
the longitudinal current into the transverse current, which
can be characterized by σAxy=σxx. With an increase in the Ni
content, the AHA increases up to 14% at 10 K, showing a
small peak at x ¼ 0.11, as indicated in Fig. 1(e). The
temperature dependence of the AHA can be obtained from
the ρyxðHÞ data measured at different temperatures (see
Supplemental Material, Sec. IV [16]). For each Ni content,
the maximal value of the AHA is also shown in Fig. 1(e).
Clearly, a sharp peak in the AHA appears, with a maximal
value of 22% also at x ¼ 0.11, which is higher than that of
undoped Co3Sn2S2. These experimental results unambig-
uously show that approximately 3.7% Ni doping of Co
atoms in topological Weyl semimetal Co3Sn2S2 leads to a
significant enhancement of the AHC, indicating that the
manipulation of the Berry curvature through chemical
doping is more complicated in a rigid band model than
previously thought.
In general, anAHEcan result fromboth the intrinsic effect

of the Berry curvature and extrinsic effects such as skew
scattering and side jump [15]. To quantitatively reveal the
contributions of the intrinsic and extrinsic mechanisms,
the TYJ scaling model [47,48] was adopted, where the

FIG. 1. (a) Crystal structure of Co3Sn2S2 and a kagome layer
composed of Co=Ni atoms. Inset above the kagome layer is the
configuration for the transport measurements. (b) Temperature
dependence of ρxx for different Ni contents. (c) Magnetic field
dependence of ρyx forH==c and I==a. (d) Ni content dependence
of ρAyx and σAxy. (e) Ni content dependence of AHA at 10 K and
maximal values of AHA.
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temperature-dependent component in the extrinsic contri-
bution was dissociated, leaving the residual resistivity
component at zero temperature as the unique extrinsic
contribution. With the ρAyx ¼ aρxx0 þ bρ2xx scaling, where
ρxx0 is the residual resistivity, the TYJ model has been
widely used in many systems [36,49–51]. In this model, the
first item on the right side of the equation comes from the
contribution of the extrinsic mechanism, while the second
item comes from the intrinsic contribution. From this
scaling, a linear relationship can be expected between ρAyx
and ρ2xx, which is indeed seenwith the best fitting in Fig. 2(a).
Meanwhile, the TYJ model can also be expressed as
σAxy ¼ −aσ−1xx0σ2xx − b, where σxx0 ¼ 1=ρxx0 and b are the
residual conductivity and intrinsic σAxy, respectively.
Figure 2(b) also shows the linear relationship between σAxy
and σ2xx for different Ni contents, with the intrinsic σAxy values
obtained by intercept b on the longitudinal axis. As shown in
Fig. 2(c), intrinsic σAxy[σAxyðint.Þ] first increases and then
decreases with an increase in the Ni content, also forming a
maximum of 1340 Ω−1 cm−1 at x ¼ 0.11, whereas further
increasing theNi content leads to a decrease in σAxyðint.Þ. The
peaks of σAxyðint:Þ and the measured total σAxy overlap each
other within the doping range of x ¼ 0–0.17. Meanwhile,
during the Ni doping, the extrinsic σAxy½σAxyðext.Þ� basically
remains at approximately zero and increases slowly to
214 Ω−1 cm−1 at x ¼ 0.22. Therefore, the TYJ model
indicates that the AHC of Co3−xNixSn2S2 is mainly
enhanced by the intrinsic contribution from electronic
structures, and the extrinsic contribution by impurity
scattering of Ni dopants is very weak. A careful examination
of the fittings in Fig. 2(b) shows small deviations at
low temperatures for the doped compositions, which

indicates that a slight extrinsic contribution of the side-jump
mechanism may also be introduced through doping [48].
Having established that the observed AHC enhancement

is caused by a tailoring of the Berry curvature, we next
applied an atomistic description of chemical doping using a
state-of-the-art density functional theory approach to gain a
fundamental picture of such a doping-induced AHC modu-
lation. In general, electron doping means that EF shifts
toward the conduction band. However, such a definition
naturally assumes a rigid band model that is inactive to the
doping process. By contrast, pushing EF to higher energy
levels often leads to reactions of an electronic structure,
such as polarons, demonstrating a coupling between the
carriers and lattice distortions [52,53]. Moreover, the global
electronic structure of a chemical-doped sample should be
the average of many locally distorted configurations, rather
than the property of an averaged, distortion-free configu-
ration [54–56]. Therefore, a comprehensive description
of the doping, particularly for quantities such as Berry
curvature, which is sensitive to the electronic structure,
should consider multiple local configurations. Thus, we
constructed large supercells to capture the experimental
conditions after doping, including disorder effects, local
environments, and translational-symmetry breaking (see
Supplemental Material, Sec. V [16]). We then used the
“effective band structure” (EBS) method [57–60] to unfold
the sophisticated E − k dispersion within a small supercell
BZ into the spectrum density in the primitive BZ.
The band structure of pristine Co3Sn2S2 is shown in

Fig. 3(a). With SOC, the nodal lines of the Co3Sn2S2
caused by band inversion are all gapped except for Weyl
points, which is in agreement with previous studies [4,5].
In slightly Ni-doped Co3Sn2S2 (x ¼ 0.056), extra electron
filling moves EF up macroscopically, as expected in
Fig. 3(b). Remarkably, owing to a local distortion,
a special form of disorder effect is induced through doping.
Figure 3(b) also shows significant band splitting along
both the U–L and L − Γ paths. Such splitting can broaden
the band spectra and thus reduce the inverted gap. More
dopants further shift EF upwards and enhance the band
broadening, as shown in Fig. 3(c) (also see Supplemental
Material, Sec. VI [16]). Recall that the AHC depends on
both the inverted gap and the position of EF, and the
synergic effect of the EF movement and gap narrowing
determines the evolution of AHC upon doping.
As shown in Fig. 3(d), the calculated peak value of the

energy-dependent AHC of pristine Co3Sn2S2 is located
exactly at EF. If we resort to the rigid band model [10],
the Co substitution from Ni introduces extra electrons and
thus moves EF to higher energies, and the AHC should
decreases accordingly, as mentioned earlier. We then
applied the virtual crystal approximation (VCA) approach
[27,28], which considers a symmetry-preserved primitive
cell composed of “virtual” atoms (see Supplemental
Material, Sec. V [16]). Compared with the rigid band

FIG. 2. Fittings of (a) ρ2xx dependence of ρAyx and (b) σ2xx
dependence of σAxy using TYJ model, and (c) Ni content depend-
ences of intrinsic and extrinsic AHCs, separated by the TYJ
model from the total measured AHC at 10 K.
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model, VCA yields slight band dynamics (mainly around
the L point, see Supplemental Material, Sec. VII [16]) upon
doping. However, it excludes the doping-induced local
disorder effects. As a result, the main factor affecting the
calculated AHC is the EF movement, leading to a slight
enhancement at x ¼ 0.056 and then decreases monotoni-
cally with a further increase in the Ni doping (see
Supplemental Material, Sec. VII [16]). In comparison,
our supercell approach predicted a more profound AHC
elevation at x ¼ 0.056, indicating that the doping-induced
modulation of the electronic structure is indeed important
to enhance the Berry curvature. The corresponding maxi-
mum evolution of AHC is comparable with that of the
intrinsic component decomposed from the measured AHC,
as shown in Fig. 3(e). A possible reason for the slight shift
in the peak positions may originate from more complicated
defects in the real materials. Meanwhile, the carrier density,
extracted by fitting the ordinary Hall part from Fig. 1(c),
shows a clear minimum at around x ¼ 0.15 [Fig. 3(e)],
which indicates that doping Ni moves the EF into the
inverted gap. Thus, the enhancement of the intrinsic AHC
is accompanied by a decrease in the carrier density. It can
be further seen that the peak of the AHC is located within
the valence band just below the gap, which provides a
subtle relation between the inverted gap and Berry-phase
dominated AHC in the present system.
Overall, our supercell approach captures both the EF-

shifting effect from extra electron filling and the band

broadening effect from local disorder. The former (latter)
factor tends to reduce (enhance) the intrinsic contribution to
the AHC of Co3Sn2S2, leading to a competing mechanism
of the evolution of the intrinsic AHC, as illustrated in
Fig. 3(f). At low doping levels, the total AHC is dominated
by the gap narrowing from the band broadening, leading to
an increasing trend. Consequently, this effect will be
remarkable in topological materials when EF lies within
the inverted gap. However, at high doping levels, EF moves
away from the inverted gap region and thus strongly
suppresses the total AHC despite an even smaller inverted
gap. Similar supercell approaches were applied to Fe-Co
alloys, where the EF-shifting and band smearing effects are
responsible for the AHC reduction at a 25% Co compo-
sition [61].
From a conventional viewpoint [15], the AHE is propor-

tional toM according to ρyx ¼ ρNyx þ ρAyx ¼ R0H þ 4πRSM,
whereR0,H,RS, andM denote the ordinaryHall coefficient,
magnetic field, anomalous Hall coefficient, and magnetiza-
tion, respectively. However, as the first experimentally
confirmed magnetic Weyl semimetal, Co3Sn2S2 exhibits a
significant AHE [4] and an anomalous Nernst effect [62]
owing to the nontrivial Berry curvature. As a result, the
significant AHC and AHA in pristine Co3Sn2S2 are accom-
panied by a small M of only 0.92 μB=f:u:, which is lower
than that of many ferromagnetic materials. The anomalous
Hall factor (SH), defined by σAxy per unit ofmagneticmoment
(σAxy=M), is as high as 1.1 V−1 (Fig. 4), which is 1–2 orders

FIG. 3. (a) Band structures of pristine Co3Sn2S2. (b),(c) Effective band structures for x ¼ 0.056 and 0.167 Ni-doped Co3Sn2S2,
respectively. Dashed yellow ellipses in (a)–(c) highlight the band splitting along the U–L and L − Γ paths. The color scale in (b),(c)
represents the spectral weight of the k character for the primitive Brillouin zone. (d) Energy-dependent AHC of pristine, x ¼ 0.056 and
0.167 Ni-doped Co3Sn2S2. (e) Evolution of the AHC as a function of doping content from the calculations and experiments (left), and
carrier density (n) dependence of Ni content (right). (f) Schematic plot showing the modulation effects of the band structure and the
resultant AHC upon Ni doping. SOC was included for all calculations.
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in magnitude higher than that of many AHEmaterials. With
the disorder-enhanced Berry curvature upon Ni doping, the
AHA was further enhanced to 22% at x ¼ 0.11 (Fig. 4).
Meanwhile, SH is also improved to a maximal value of
2.3 V−1 at x ¼ 0.11 (Fig. 4),which is twice as large as that of
pristine Co3Sn2S2. Such a large enhancement of SH is
attributed to both the increased AHC and the reduced M
owing to the lowermagneticmoments of Ni than those of Co
atoms (see Supplemental Material, Secs. II and VIII [16]).
Both the SH and AHA values in Ni-doped Co3Sn2S2 are
much larger than those of many AHE materials (see
Supplemental Material, Sec. IX [16]).
In summary, in Ni-doped magnetic Weyl semimetal

Co3Sn2S2, elevations of AHC (∼1400 Ω−1 cm−1), AHA
(∼22%), and SH (∼2.3 V−1) were achieved through the
doping-induced modulation of the topological band struc-
tures. The separation of intrinsic and extrinsic contributions
based on the TYJ model indicates that the enhancement of
AHE is mainly attributed to the intrinsic mechanism.
Theoretical calculations reveal that the increase in the
intrinsic contribution, dictated by the Berry curvature,
originates from the broadening of the inverted bands caused
by the local disorder effect. Such a mechanism, together
with the extra electron filling shifting EF, leads to a
collaborative modulation of the AHE observed in Ni-doped
Co3Sn2S2. Our findings provide a novel understanding
of the local disorder effect of chemical doping on the
modulation of topological bands, which also sheds light on
the relevant electronic, thermal, or optical properties in
emerging topological materials.
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