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ABSTRACT: Time-reversal-symmetry-breaking Weyl semimetals
(WSMs) have attracted great attention recently because of the
interplay between intrinsic magnetism and topologically nontrivial
electrons. Here, we present anomalous Hall and planar Hall effect
studies on Co3Sn,S, nanoflakes, a magnetic WSM hosting stacked
Kagome lattice. The reduced thickness modifies the magnetic
properties of the nanoflake, resulting in a 15-time larger coercive
field compared with the bulk, and correspondingly modifies the
transport properties. A 22% enhancement of the intrinsic
anomalous Hall conductivity (AHC), as compared to bulk
material, was observed. A magnetic field-modulated AHC, which
may be related to the changing Weyl point separation with
magnetic field, was also found. Furthermore, we showed that the
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PHE in a hard magnetic WSM is a complex interplay between ferromagnetism, orbital magnetoresistance, and chiral anomaly. Our
findings pave the way for a further understanding of exotic transport features in the burgeoning field of magnetic topological phases.

KEYWORDS: magnetic Weyl semimetal, anomalous Hall effect, planar Hall effect, Berry curvature

he theoretical prediction and experimental realization of
Weyl semimetals (WSMs) in various forms have been of
great interest in condensed matter physics in the recent
past.' " WSMs are characterized by Fermi arcs at their surfaces
and bulk Weyl fermions stemming from band splitting driven
by spin—orbit coupling (SOC). The topological character of
Weyl nodes results in a number of fascinating properties
including an uncompensated Berry curvature, which corre-
sponds to an intrinsic anomalous Hall effect (AHE).>*'>'" In
addition, when an external electric field and magnetic field are
applied parallel to each other, chiral charge pumping occurs
between the two Weyl nodes, which have opposite chiralities,
and manifests itself as a negative longitudinal magneto-
resistance (NLMR)'*~"® and a planar Hall effect (PHE)."" ™’
Recently, WSMs with intrinsic magnetism have attracted
great attention.'® Compared with inversion-symmetry (IS)-
breaking WSMs, time-reversal-symmetry (TRS)-breaking
WSMs provide a playground where the interplay of intrinsic
magnetism, Berry curvature, and topological character of Weyl
nodes can give rise to rich physical phenomena, such as a Berry
curvature-induced AHE and anomalous Nernst effect* a
high-temperature quantum AHE in the 2D limit,”" as well as
possible device applications connecting topological physics and
thermoelectric devices.””> The close relationship between
TRS-breaking and intrinsic magnetism makes it possible to
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manipulate the topological state via changes in the magnetic
order 1133735

Since the realization of WSMs, most studies have centered
around IS-breaking WSMs.**~** The transport characteristics
of TRS-breaking WSMs (like ferromagnetic WSMs), especially
those in which the transport properties can be modified by
changing magnetic properties, have been sparsely addressed.
The prediction that the Kagome lattice compound, Co;5n,S,,
is a ferromagnetic TRS-breaking WSM was recently confirmed
by direct observation of its Fermi arcs via ARPES and STM
measurements.*”** In this work, we present detailed magneto-
transport measurements on 180 nm thick Co;Sn,S, nanoflakes
and discuss the intrinsic AHE, longitudinal magnetoresistance
(LMR), and PHE in the context of ferromagnetic order with
extremely large out-of-plane magnetic anisotropy (anisotropy
field >S5 T). In addition to a 22% enhancement of the intrinsic
AHC compared with the bulk Co;Sn,S, sample, the reduced
thickness increases the coercive field by more than 15 times
compared with the bulk, revealing an anomaly in the Hall
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Figure 1. Basic transport characterization of a Co;Sn,S, nanoflake. (a) The crystal structure of Co;Sn,S, in which an out-of-plane ferromagnetic
Kagome lattice is formed with cobalt atoms. (b) An optical image of a typical device used in this work. The black dotted line shows the contour of
the nanoflake before Ar ion etching. (c) The temperature dependence of longitudinal resistivity at a magnetic field of 0 and 14 T. The kink at 171 K
corresponds to the T¢. (d) Transverse magnetoresistance (TMR) measured at various temperatures with field applied out-of-plane perpendicular
to the nanoflake, which changes from positive to negative with increasing temperature. (e,f) Zoom-in plot of the TMR at 30 and 2 K highlighted in
the black dotted box in (d). The blue curves are the TMR measured when the field is swept from positive to negative and the orange curves are the

TMR when the field is swept from negative to positive.

resistivity which corresponds to a field modulated AHC that
may be directly related to the Weyl node separation. In
addition, we discuss the PHE in a Co;Sn,S, nanoflake, which
arises from a complex interaction of ferromagnetism, orbital
magnetoresistance, and the chiral anomaly that has not been
shown in other materials or previous analyses.*

Co;3Sn,S, crystallizes in a rhombohedral structure in which a
quasi-2D Co;Sn layer is sandwiched between sulfur and tin
atoms, as shown in Figure la. The magnetism originates from
the cobalt atoms that sit on a Kagome lattice in the ab plane.
Figure 1b shows a typical 180 nm thick nanoflake device used
in this work in which the dashed lines outline the nanoflake
before Ar ion etching. The current is applied along the g-axis.
The temperature dependence of the longitudinal resistivity of a
nanoflake at yoH = 0 T displays a metallic behavior with a
residual resistance ratio p(300 K)/p(2 K) of 14. Ferromagnetic
ordering appears below the T of 171 K, as indicated by the
kink in Figure lc. Figure 1d shows the transverse magneto-
resistance (TMR) with uoH applied perpendicular to the
nanoflake at various temperatures. At temperatures above 100
K and below the T, the TMR is negative, as typically seen in
ferromagnets due to magnetic-field induced suppression of
thermal spin fluctuations.*>*” At 2 K, the TMR reaches 139%
at 14 T with no sign of saturation. The TMR also shows clear
hysteresis with an extremely large perpendicular magnetic
coercive field of ~5 T at 2 K, which is 15 times larger than the
coercive field measured in bulk Co,Sn,S, (0.33 T at 2 K).* We
emphasize that the increase in the coercive field is not a result
of differences in RRR between the samples. The RRR of the
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nanoflake of this study is in between the RRRs of the two bulk
crystals reported in previous literature,”*’ but the H, of the
nanoflake is increased by an order of magnitude compared
with the bulk samples (also see Supporting Information 7).
Further magnetization measurements (Supporting Informa-
tion) reveal that when the field is applied along the in-plane a-
axis, the in-plane saturation field is as high as 24 T, implying it
is extremely hard to align the moments in-plane.*® This reflects
a very large coercive field as well as a large in-plane saturation
field which are key to understanding the transport properties of
the nanoflakes, as discussed below.

Figure le,f shows a magnified plot of the TMR as indicated
by the black dotted box in Figure 1d. At temperatures higher
than 30 K, the TMR increases when p,H and effective out-of-
plane magnetic moments M, are antiparallel aligned, so that
the TMR values drop at the coercive field. Interestingly, at
temperatures below 20 K (see Figure 1f) the TMR decreases
when pi,H and M, are antiparallel aligned compared with when
they are parallel aligned, therefore it jumps up at the coercive
field. Such TMR behavior at 2 K is not typical for conventional
ferromagnets and deserves some special attention. In a
semimetal with strong out-of-plane ferromagnetic moments,
there are three main contributions to TMR. The first one is the
ordinary magnetoresistance (OMR) that is related to the
carrier mobilities and scales with B2 The second one is a
spin-dependent magnetoresistance that results from spin
orientation-dependent electron scattering; the overall resist-
ance is relatively high when yH and M, are antiparallel aligned
because electron scattering is stronger in this configuration and
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Figure 2. Field dependence of Hall resistivity and Hall conductivity measured at various temperatures. (a) The overall Hall resistivity p

oy (green

line), two-carrier ordinary Hall resistivity Py (dark blue line), and the difference between the two P =Py — Py (red). The yellow shadow shows
the additional Hall resistivity component, which decreases with increasing temperature. (b) The overall Hall conductivity Oy (green line), two-
carrier ordinary Hall conductivity of, (dark blue), and the difference between the two (red). When the external field is antiparallel to M,, the
magnitude of the o, decreases with increasing field. (c) o, dependence of d,?y o'g, is mostly independent of longitudinal o,, below 60 K, indicating

its intrinsic origin.

weaker when uoH and M, are aligned. The third contribution
originates from the strong out-of-plane moments which act as a
fictitious magnetic field in addition to the external applied
magnetic field and generates an extra OMR. When p,H and M,
are antiparallel aligned, the effective out-of-plane moment M,
results in a reduced effective field and a smaller positive
contribution to the OMR. The fact that the TMR at low and
high temperatures shows different hysteresis behaviors is an
indication of the competition between the last two
mechanisms at different temperatures. At higher temperatures,
scattering mechanisms dominate so that the TMR increases
when poH and M, are antiparallel. At low temperatures,
contributions from scattering are smaller, making the effective
OMR the dominant contribution.

The semimetallicity of the nanoflake devices is confirmed by
the Hall effect measurements (Figure 2 as well as Supporting
Information). Figure 2a shows the Hall resistivity at various
temperatures at and below 30 K where the green line is the
overall Hall response (p,,), the dark blue line is the extracted
two-carrier ordinary Hall resistivity (pf,), and the red line is
the difference between the two (p% = p,, — p§,). At low
temperatures, p,, displays a nonlinear behavior on top of a
square-shaped hysteresis loop, indicating the coexistence of
electron and hole carriers and a single hard magnetic phase,
respectively. With increasing temperature, the carrier type
gradually becomes hole-dominated (see Supporting Informa-
tion).

Upon subtracting py,, pif, smoothly increases when y,H and
M, are aligned antiparallel and shows a sharp antisymmetric
peak at the coercive field. The Hall resistivity anomaly,
highlighted by the yellow shading in Figure 2a, decreases with
increasing temperature and disappears at about 50 K. This
behavior cannot be explained by a typical ferromagnetic AHE,
which is linearly dependent on magnetization (p}, = R47M,):
the M, when poH and M, are antiparallel will not exceed the
maximum M, achieved when the moments are fully saturated
by the external magnetic field, meaning p%, will not be
maximized during the antiparallel alignment. The Hall
resistivity anomaly resembles the topological Hall effect
which has been seen in noncollinear magnetic systems due
to a real space Berry phase*”*” arising from a spatially varying
magnetic potential. However, given that numerous studies
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have shown the robust out-of-plane ferromagnetic ground state
in Co;Sn,S, at low temperatures,”**>*" this is unlikely to be
the origin of the Hall anomaly.

Another possible reason for the Hall anomaly is a field-
dependent AHE arising from a field-modulated splitting of
Weyl points. To analyze this possibility, it is helpful to convert
the Hall resistivity to Hall conductivity which is directly
proportional to the magnitude of the uncompensated Berry

curvature within the Brillouin zone. Figure 2b shows the

. Py .
overall Hall conductivity (O'xy = —/)27:;), ordinary Hall

conductivity (63,), and the difference between the two (o3 =
0., — 05,) (green, dark blue, and red lines, respectively). In the
antiparallel orientation, o3, continues to decrease when
approaching the coercive field. A decreasing AHC could
appear as a natural consequence of Weyl points moving toward
each other in a magnetic WSM.”'®'" If the ferromagnet
undergoes a canting of the magnetic moments away from the
easy axis resulting in a decreasing out-of-plane magnetization
M,, the reduction of spin splitting decreases the relative
distance between the two Weyl points in k-space. As each
plane between the two Weyl nodes can be seen as a 2D Chern
insulator that has a chiral edge mode contributing a Hall

2
conductance of e? the intrinsic AHC becomes smaller when

KTEZ where
K is the distance between two Weyl points).'' Given the
previously observed robust ferromagnetic ground state at low
temperatures in Co;Sn,S,,”"*>>* we speculate that the field-
modulated AHC due to changing Weyl point separation is
likely to be the origin of the observed Hall anomaly and is
easily resolved in the nanoflakes because of the increased
coercive field compared with the bulk. Future studies on these
nanoflakes such as neutron scattering, Lorentz transmission
electron microscopy, or magnetic force microscopy to probe
the magnetic sublattice and magnetization below T, will help
confirm the origin of the anomaly.

From the Hall measurements, the AHC (%) at zero field is
extracted at each measurement temperature (Supporting
Information). Figure 2c shows the dependence of o’,’?y on the
longitudinal conductivity o,,. At temperatures below 60 K, oiy

the Weyl points are closer together in k-space (693
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Figure 3. Anisotropic magnetoresistance and planar Hall effect. (a,b) AMR ratio and planar Hall resistivity measured at 2 K in magnetic fields from
1 T through 9 T. The black dotted lines show the fitting of the data with equations shown in the plot. (c) Field dependence of Ap,, obtained from
fitting, which follows a power law with an exponent of 1.81. The inset shows schematics of the Hall bar device and the measurement configuration.
The sample is rotated in the ab-plane while V,, and Vpyg are measured simultaneously. (d,e) AMR ratio and planar Hall resistivity measured at 9 T

under temperatures ranging from 2 to 100 K. (f) Temperature dependenc

e of Ap,, obtained from fitting in Figure 2e.

appears mostly independent of temperature and o,,, a hallmark
of an intrinsic AHE due to an uncompensated Berry
curvature.””>* Surprisingly, the magnitude of cr;; of the
nanoflakes reaches as high as 1379 Q' cm™" (see Supporting
Information), approximately 22% higher than the 6%, of bulk
Co,Sn,S,.” Previous DFT calculations show that the
magnitude of intrinsic AHC is highly sensitive to the local
magnetic moment of Co: cf;\y (0.33 pp/Co) = 1310 Q' cm™*
whereas d;\y (0.30 pbohr/Co) = 1110 ohm™ ecm™"*). The
origin of the AHC enhancement may be linked to a larger local
moment in these nanoflakes and merits future thickness-
dependent studies of the AHE and coercive field.

Having established that Co;Sn,S, nanoflakes display an
intrinsic AHE corresponding to the magnetically driven Weyl
states, we now discuss the chiral anomaly in the nanoflakes
through the PHE and LMR measurements, which have been
predicted to reveal chiral charge transport in WSMs'>' %'
providing inherent current inhomogeneity is excluded. Figure
3c inset shows a typical schematic for the PHE measurements:
HoH rotates in the ab plane while the longitudinal and
transverse voltages are measured simultaneously, which
corresponds to the anisotropic magnetoresistance (AMR)
and the change in planar Hall resistivity, respectively. After
processing the data to get rid of the effect of misalignments
(Supporting Information), the angular dependence of the
AMR and PHE within the temperature and field ranges of this
study can be well-described by

pxiMR =p - Apxy cos® ¢

pAMR ) AMR
XX, xx, L
AMR = =2 5 100

pxx,L (1)
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pxI;HE = —Apxy sin ¢ cos @ @)

where p, and p are the longitudinal resistivity when y,H is
perpendicular or parallel to E, respectively, and Ap,, = p, — p|
describes the resistivity anisotropy. Figure 3a,b shows the
angular dependence of the AMR ratio and the planar Hall
resistivity measured at 2 K for uoH varying from 1 to 9 T. The
black dotted lines show fits of the AMR ratio and the PHE
with egs 1 and 2. At 2 K, the extracted Ap,, increases with
increasing field, exhibiting a power-law dependence with an
exponent of 1.81. Figure 3d,e shows the angular dependence of
AMR and planar Hall resistivity at 9 T in temperatures from 2
to 100 K fitted with egs 1 and 2. The extracted Ap,, increases
with decreasing temperature and is observable at the highest
temperature of 100 K.

In a ferromagnetic WSM, there are three likely microscopic
mechanisms to account for the observed PHE: (a) spin-
dependent scattering in ferromagnets, which stems from the
rotation of the magnetization with respect to the current
direction that changes the band occupation and thus scattering
rates,”>>* (b) anisotropic OMR, which arises from the
anisotropy in Fermi pockets leading to p, > p > 0,'#282959
and (c) the chiral anomaly effect, where chiral charge pumping
results in an enhanced conductivity for certain alignments of
the magnetic and electric fields giving rise to a PHE.'”*
Importantly, the band structures calculated along high
symmetry lines including SOC with magnetization (M) aligned
along [100], [010], and [001] directions (Figure 4a) show that
Co;3Sn,S, is a WSM regardless of its M direction within the
ferromagnetic state (ie, M || 110, M || 010, or M || 001).
Thus, Co;Sn,S, is unlike a typical nonmagnetic WSM which
has anisotropic OMR and chiral anomaly contributions (i..,
Cd;As, or WTe,”"*®) or a trivial semimetal which only has

https://dx.doi.org/10.1021/acs.nanolett.0c02219
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Figure 4. Band structure calculation, magnetoresistance with field
applied in-plane parallel or perpendicular to the current direction at
different temperatures. (a) Band structure calculation along high
symmetry lines of Co;Sn,S, with M aligned along [100], [010], and
[001] directions including spin—orbit coupling. The red box
highlights the gapped nodal line resulting in Weyl crossings which
appear off high symmetry axes in all three cases. (b) Longitudinal
magnetoresistance measured with poH parallel to E at various
temperatures. (c) Transverse magnetoresistance measured with p,H
applied in-plane and perpendicular to E at various temperatures.

orbital contribution (i.e, Bi'**”). Only magnetic WSMs have
all three possible origins, and their complex interactions and
contributions to the PHE are now examined in detail.

The PHE in ferromagnets depends on the current direction
relative to the in-plane magnetization and can be described

bySS
pxlle = k(MH)2 sin ™ cos ¢* = k(M sin a)* sin ¢™ cos ™
3)

in which k is a constant related to AMR arising from the
ferromagnetism, M, is the in-plane projection of the magnet-
ization M, « is the angle between M and the out-of-plane axis,
and ¢* is the angle between the applied electric field E and M,
(Supporting Information). Because Co;Sn,S, is a ferromagnet
below 171 K, it could well be possible that ferromagnetism is
the main origin of the observed PHE. However, we argue that
the contribution from ferromagnetism is small, for the
following reasons. First of all, the magnitude of PHE is
directly related to M. The M of Co;Sn,S, is 65.2 emu/cm’
and the in-plane saturation magnetic field p,H, is larger than
24 T (see Supporting Information). This is a significantly
lower M and higher u,H. than conventional ferromagnetic
systems in which a PHE has been observed (i.e., M (Py) =~ 750
emu/cm®; poH, (Py) ~ 10 Oe). From eq 3, assuming a
uniform canting of the moment, M = 36.2 emu/ cm® at 2 K
and 9 T, making the magnitude of Ap,, at least an order of
magnitude smaller than a conventional ferromagnet-based
PHE. In fact, right below T where the magnetic moments
preferentially align more in the plane of the flake than at lower
temperatures, no PHE was observed. Second, the AMR ratio in
Co3Sn,S, is relatively large, that is, —25%, an order of
magnitude larger than those in most conventional ferromag-
netic metals and half-metallic ferromagnets for which the AMR

7864

is typically only a few percent (e.g, Fe = 0.3%; Ni = 2.2%;
Lay,SrosMnO; = —0.15%). Third, in many conventional
ferromagnets, p, is smaller than p; when the dominant s—d
scattering process is spin-flip scattering,*”*”®" whereas we find
that p, is larger than p| for CosSn,S,. Lastly, if PHE of such a
shape is due to ferromagnetism, it should track in temperature
with magnetization and be observable immediately below the
T¢c. We observe that the PHE in Co4Sn,S, appears below 100
K, which is far below the ferromagnetic ordering temperature.
Thus, we conclude that ferromagnetism is not the main
contribution of the PHE in Co;Sn,S,.

However, the strong out-of-plane anisotropy makes it hard
to fully disentangle the other two contributions. Figure 4b,c
shows the LMR and TMR with u,H applied in-plane, parallel,
and perpendicular to E at various temperatures. Below 50 K,
the LMR has a net weakly positive field dependence while
above 50 K an NLMR can be seen. At 100 K, both LMR and
TMR are negative and show hysteresis. In the case of a
nonmagnetic isotropic IS-breaking WSM where only the chiral
anomaly is present, p is negative due to the chiral-anomaly
induced NLMR, giving rise to a finite PHE. Previous studies
have shown that this NLMR can be suppressed by a small
angle between E and g H.'®* In a TRS-breaking magnetic
WSM with moments pointing strongly out-of-plane (i.e., a hard
magnet like Co;Sn,S,), applying an in-plane field only cants
the moments, leaving large out-of-plane components, shown
by the red arrow in the inset to Figure 4b. These out-of-plane
moments can act as a local out-of-plane field and generate a
Lorentz force, thereby giving an additional positive contribu-
tion to py, resulting in a net p, with a weakly positive
dependence on field, making the low-temperature NLMR
absent in the Co;Sn,S, nanoflakes of this study. At higher
temperatures, it is easier to align the moments in-plane, thus
the local out-of-plane field created by the M, can vanish,
making the chiral anomaly driven NLMR possible to observe.
However, magnetic field-induced suppression of thermal spin
fluctuations may also give rise to a NLMR at high
temperatures, making the chiral anomaly and the ferromag-
netic component of the NLMR hard to disentangle. To be able
to observe the chiral anomaly through PHE or LMR
measurements in WSMs, the OMR needs to be small.*® In
previously measured bulk crystal PHE studies, the NLMR was
not observed (likely due to a large OMR), but the OMR
contribution to the PHE was ignored.”> For antiferromagnetic
WSMs, it may be possible to probe the chiral anomaly driven
PHE below the spin flop transition. For ferromagnetic WSMs,
one needs to fully saturate the ferromagnetism and get rid of
any out-of-plane moment to be able to unambiguously probe
the chiral anomaly driven PHE.

In summary, we have carried out detailed magneto-transport
measurements in Co3Sn,S, nanoflakes to elucidate the origins
of AHE and PHE in a magnetic WSM with strong out-of-plane
anisotropy as large as S T. The reduced thickness increases the
coercive field of the nanoflake by 15 times, affecting the
transport properties; we observed a large intrinsic AHC that is
22% larger than bulk samples and a field-dependent Hall
anomaly, the magnitude of which cannot be explained by
classical magnetization strength driven AHE. It can, however,
be related to the extent of the Weyl point separation in k-space,
a direct manifestation of Weyl physics. Finally, we showed that
the PHE and LMR in the Co;Sn,S, nanoflake are a result of a
complex interplay between contributions from ferromagnetism,
orbital magnetoresistance, and the chiral anomaly. Our
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findings provide a direction for future understanding of exotic
topological transport in Co;Sn,S, as well as other TRS-
breaking WSMs.

Material Growth and Device Fabrication. Co,Sn,S,
nanoflakes were grown using a chemical-vapor-transport
(CVT) method on Al,O; (0001) substrates. Surface
morphology and thickness of selected flakes were measured
using a Bruker Multimode 8 atomic force microscopy (AFM).
The flake used in this work was 180 nm thick (Supporting
Information). Selected flakes were fabricated into Hall bar
geometry devices via standard e-beam lithography and Ar ion
etching. Afterward, Ru/Au (10 nm/200 nm) electrodes were
sputter deposited as contacts.

Magneto-Resistivity Measurements. The magneto-
resistivity measurements were performed in a PPMS DynaCool
(Quantum Design) with a magnetic field up to 14 T using the
“DC Resistivity” option. The rotator insert (Quantum Design)
was used to tilt the angle between the magnetic field and the
current.

Density Functional Theory (DFT) Calculations. The ab
initio DFT calculations were performed using the package
VASP.
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