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Giant, unconventional anomalous Hall effect
in the metallic frustrated magnet candidate, KV3Sbs

Shuo-Ying Yang'*, Yaojia Wang'#, Brenden R. Ortiz?, Defa Liu', Jacob Gayles3'4, Elena Derunova’',
Rafael Gonzalez-Hernandez®$, Libor Smejkal®”, Yulin Chen®, Stuart S. P. Parkin’,
Stephen D. Wilson?, Eric S. Toberer'®, Tyrel McQueen'!, Mazhar N. Ali'*

The anomalous Hall effect (AHE) is one of the most fundamental phenomena in physics. In the highly conductive
regime, ferromagnetic metals have been the focus of past research. Here, we report a giant extrinsic AHE in KV3Sbs,
an exfoliable, highly conductive semimetal with Dirac quasiparticles and a vanadium Kagome net. Even without
report of long range magnetic order, the anomalous Hall conductivity reaches 15,507 Q™' cm™ with an anomalous
Hall ratio of ~ 1.8%; an order of magnitude larger than Fe. Defying theoretical expectations, KV3Sbs shows
enhanced skew scattering that scales quadratically, not linearly, with the longitudinal conductivity, possibly aris-
ing from the combination of highly conductive Dirac quasiparticles with a frustrated magnetic sublattice. This
allows the possibility of reaching an anomalous Hall angle of 90° in metals. This observation raises fundamental
questions about AHEs and opens new frontiers for AHE and spin Hall effect exploration, particularly in metallic
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frustrated magnets.

INTRODUCTION

The electronic anomalous Hall effect (AHE), where charge carriers
acquire a velocity component orthogonal to an applied electric field
without an external magnetic field, is one of the most fundamental
and widely studied phenomena in physics. Since its discovery more
than a century ago, the AHE has been extensively studied both
theoretically and experimentally (I). Historically, spontaneous AHEs
have been explored in materials with internally broken time-reversal
symmetry (TRS), due to ferro- or ferrimagnetic ordering (2-5). Re-
cently, there has been a surge of interest in the exploration of non-
spontaneous AHEs, which require the application of an external
magnetic field to break the TRS. The resulting Hall response is not
commensurate with the magnitude of the applied field, thus making
it distinct from the ordinary Hall effect (OHE). Such a nonsponta-
neous AHE has been seen in nonmagnetic ZrTes (6) and in dilute
magnetically doped Kondo systems (7). Large AHEs can arise from
a variety of effects, and a particularly interesting limit to explore is
when the anomalous Hall angle (AHA) approaches 90°; one charac-
teristic of the intrinsic quantum AHE observed in TRS breaking
topological insulators (8-10). In these insulators, the anomalous Hall
conductivity (64rr) becomes modulated by the conductance quantum,
while the longitudinal conductivity (o) approaches zero, resulting
in the AHA (tan_l((’;‘%))approaching 90° (11, 12).

The AHE can be broadly divided into two categories: intrinsic
and extrinsic (I). The intrinsic AHE is governed by the electronic
structure of a material that causes an electron to acquire a transverse
momentum as it travels in-between scattering events (2, 13-15).
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This is the dominant mechanism in topological materials like Co3Sn,S,
and Co,MnGa, which have AHEs on the order of 1000 Q 'cm™!
(16-18). The extrinsic AHEs, on the other hand, are dependent on
electrons scattering off of sudden changes in the periodic potential
of a crystal, caused by structural defects or chemical and magnetic
impurities (3, 4, 19). They can be further categorized into the “dirty
regime” (low conductivity, small scattering time, t) (19, 20) and the
“clean regime” (high conductivity, large scattering time) (3, 4), which
is dominated by skew scattering and is the focus of this work.

Much effort has been dedicated to understanding the different
mechanisms that can give rise to skew scattering AHEs, as illustrated
in Fig. 1A. In clean ferromagnets with spontaneously ordered mag-
netic moments, such as Fe, an AHE can be induced by electrons
deflecting transversely by nonmagnetic impurities (21-23). In para-
magnetic systems, such as ZnO/MnZnO, spin-dependent electron
scattering on localized magnetic moments can give rise to an AHE
(24). Recently, scattering off of spin clusters, local groups of coupled
spins, has been proposed: tilted magnetic clusters, like magnetic
atoms in a Kagome net, can generate an enhanced skew scattering
potential (25) and thus a large AHE. Triangular materials, like those
often explored as geometrically frustrated magnets and spin liquid
candidates, as well as other types of cluster magnets, are particularly
likely to exhibit this type of AHE (25-28). However, the necessity of
a combination of high conductivity in a spin-cluster lattice has con-
tributed to its lack of experimental observation.

One avenue for realizing this is by introducing electronic topology
into magnetically frustrated systems. The electronic topology can
generate a spin-orbit field that couples to magnetic fluctuations (for
example, in a tiled spin cluster lattice), which can act analogously to
impurity centers, a mechanism that is fundamentally distinct from
the Berry phase mechanisms (25). This is advantageous for allowing
cleaner crystals, without chemical disorder or atomic impurities, which
have very high conductivities. The coupling of magnetic fluctuations
and Dirac quasiparticles generates a novel field of study, previously
unconsidered, for skew scattering. Topological frustrated magnets,
which can host both magnetic fluctuations and Dirac quasiparticles,
are highly sought after class of compounds. Metallic materials with
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Fig. 1. Skew scattering mechanisms, basic ARPES, and transport characteristics of KV3Sbs. (A) Schematic representation of three different skew scattering mechanisms,
including clean ferromagnetic (FM) model, Kondo model, and spin cluster model. (B) Left: Experimentally measured Fermi surface of KV3Sbs. The hexagonal Brillouin zone is
marked by the red line. Middle: DFT-calculated Fermi surface. Right: Band dispersion along K-I'-K direction overlayed with the ARPES measurement. (C) Temperature dependence
of longitudinal resistivity in zero field and in a field of 14 T. The inset on the top left shows the temperature dependence of differential longitudinal resistivity in zero field, in which
a kink at 80 K corresponds to the magnetic transition. The inset on the bottom right shows the crystal structure of KV3Sbs and its Kagome lattice. The Residual Resistivity Ratio
(RRR) of the sample is 45. (D) MR measured at various temperatures, exhibiting linear field dependence below 3 T and quadratic field dependence at higher field (inset). (E) Extracted
FFT frequency showing two identifiable periods of 34.6 and 148.9 T. The inset shows the Lifshitz-Kosevich fit of the 34.6 T orbit with an extracted effective mass of 0.125 m,.

frustrated magnetic sublattices, particularly when combined with
relativistic carriers, are uncommon, and investigation of their Hall
effects has been sparsely performed. For example, the metallic spin
liquids, Pr,Ir,07 and LiV,0, are a Luttinger semimetal and heavy-
fermion metal, respectively; neither of these has Dirac band cross-
ings or low-mass carriers (29-32).

In this work, we present the observation of a giant extrinsic AHE in
KV3Sbs, which is a high-conductivity semimetal with Dirac quasi-
particles and geometric frustration due to its vanadium Kagome net.
The highly dispersive Dirac bands of KV3Sbs are observed using angle-
resolved photoelectron spectroscopy (ARPES) as shown in Fig. 1B,
along with the density functional theory (DFT)-calculated band struc-
ture. The DFT and ARPES match well, both in terms of band dis-
persion and the Fermi surface geometry with the experimentally
determined Fermi level appearing to be slightly below the predicted
level (=—10 meV). Although there has been no report of magnetic
ordering of KV3Sbs down to 0.25 K (33), the anomalous Hall conduc-
tivity (AHC), at 2 K, reaches as high as ~15,507 ohm™'cm ™ with an
anomalous Hall ratio (AHR) of ~1.8%; an order of magnitude larger
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than Fe (34) and one of the largest AHEs ever observed. Unexpectedly,
this AHE scales quadratically with c,,, deviating from the linear scaling
predicted from current skew scattering theories. This is the first example
of a giant AHE without ferromagnetic ordering in a magnetic system
and prompts investigations into previously unconsidered material
families, particularly metallic geometrically frustrated magnets, spin
liquid candidates, and cluster magnets. It also raises new questions
on the fundamental theory regarding AHE mechanisms in the high-
conductivity regime and poses the possibility of realizing an AHA
0f 90° in metallic systems. This observation opens a new frontier for
the AHE [and spin Hall effect (SHE)] born from the intersection of
geometrically frustrated/cluster magnets and topological semimetals/
metals, inviting exploration not only from theoretical and experimental
physicists but also materials scientists and solid-state chemists.

RESULTS
KV;Sbs crystallizes in the P6/mmm space group (SG: 191) and as shown
in the inset of Fig. 1C, and its stacking is composed of a Kagome

20of7



SCIENCE ADVANCES | RESEARCH ARTICLE

lattice of vanadium coordinated by antimony in distorted octahedra
with potassium intercalated between layers. Previous work by Ortiz et al.
(33) found that the compound displays paramagnetic behavior at
high temperatures, before undergoing a transition at 80 K to either
a dilute trimerized state from orbital ordering effects or a highly
frustrated state with localized moments. Considering the vanadium
Kagome net, geometrical frustration of the magnetic sublattice is
expected. DFT + U calculations carried out by Ortiz et al. (33) com-
paring disordered AFM and ferrimagnetic ordering also support this
expectation. Transport experiments on those same crystals were carried
out here on a series of KV3Sbs nanoflakes of different thicknesses.
Figure 1C shows the typical temperature dependence of py, for a
105-nm-thick device (see the Supplementary Materials for fabrication
information); with decreasing temperature, a kink is visible in p,, around
80 K, corresponding to the known magnetization and heat capacity
anomaly (33). At low temperature, the p,, reaches =1.5 uQ cm,
which is comparable to that of high purity bulk Bismuth (35). The
magnetoresistance (MR) at various temperatures is shown in Fig. 1D,
with Shubnikov de Hass (SdH) oscillations clearly visible above 4 T.
Below 3 T, the MR is linear, while at higher field, it adopts a standard
quadratic dependence with poH (uoH is the applied magnetic field;
Fig. 1D, inset). Fitting the quadratic field dependence, the average
carrier mobility at 5 K is extracted to be 1000 cm* V™' s™*. The fast
Fourier transforms (FFTs) below 35 K reveal two identifiable periods
at 34.6 and 148.9 T, as shown in Fig. 1E. Tracking the temperature
dependence of the FFT amplitude, the Lifshitz-Kosevich fit yields
an effective mass of 0.125 m, for carriers related to the 34.6 T orbit.
Such a low effective mass corresponds well with the highly dispersive
Dirac bands near the Fermi level. Angle-dependent MR and SdH
oscillation analysis (see fig. S2) shows the 34.6 T peak deviates from
the 1/cos(0) line below =~ 20°, implying that the 34.6 T pocket is not
strictly two dimensional.

The SdH oscillations are also clearly visible in the Hall response
as shown in Fig. 2A, when the current is applied in the ab plane and
UoH is applied along the ¢ axis. In the high-field region (above 10 T)
and below 15 K, there is a sudden change of habit resulting in a
field-independent Hall response; this may correspond to a spin flop
or other magnetic transition, which changes symmetry and modifies
the Fermi surface. Future investigations into the rich high-field
magnetic and electronic properties of KV3Sbs are necessary to
elucidate the cause of this behavior.

In the low-field region, highlighted by the blue shading in Fig. 24,
an antisymmetric sideways “S” shape is observed, which is a charac-
teristic of either an AHE or a two-band OHE. Below 35 K, p,, exhibits
a second broad hump centered around 7 T, but as the temperature
is increased, this hump is gradually lost and a one band linear field
dependence is recovered (Fig. 2B, inset). The S-shaped Hall resistivity
feature, however, persists throughout this changeover and remains
visible at higher temperature where the Hall resistivity appears to be
linear. This indicates that the high-field behavior of the Hall effect is
related to the two-band OHE and that the low-field S shape is related
to an AHE. Within the one-band temperature range, the electron
concentrations (#n,) and mobilities (i) are extracted from linear
fitting of the OHE and shown in Fig. 2B (the simultaneous fitting of
the two-band model with MR and Hall is not possible due to the
linear MR behavior in this regime). As the temperature is lowered,
e monotonically increases, while 7, shows a minimum at around
65 K, which may be related to the magnetic transition mentioned
above. Figure 2C shows the extracted p,'" taken by subtracting the
local linear OHE background. The magnitude of the AHE mono-
tonically decreases with increasing temperature until it is lost at
around 50 K. To precisely extract the AHC ( x),H Yy when Pry < Pax
with no approximation, we first obtained the Hall conductivity by
inverting the resistivity matrix, oy, = —px,/ (pxx2 + pxyz). Afterward,
the local linear ordinary Hall conductivity background is subtracted,
leaving the offE, as shown in Fig. 2C (inset).

To further confirm the AHE nature of the low-field anomaly, we
carried out a detailed angle-dependent measurements. Figure 3A shows
the c4pr dependence on the angle of poH relative to the applied
electric field, and the inset shows 64y against the cos(6). The AHC
is angle independent until poH is tilted away from the z axis by about
30°, after which it rapidly decreases until it reaches 0 at uoH||E. The
fact that 64 does not linearly scale with the out-of-plane component
of uoH solidifies its AHE origin and that the AHE extraction is robust:
If the OHE was not properly subtracted, then the angle-dependent
behavior would be skewed toward the expected linear response.
Furthermore, as expected from a real Hall response, the sign of the
AHE flips when rotated past 90° (see fig. S3). The extracted cayg for
several devices with thicknesses ranging from 30 to 128 nm is plotted
against each device’s oy, (which was varied by changing the tem-
perature) in Fig. 3B. The skew scattering and intrinsic components
of the AHE can be fitted to cagr = 0((5;;0 G,Zcx + b, where «a is the
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Fig. 2. Hall effects in KV3Sbs. (A) The Hall resistivity of KV3Sbs with the current applied in the ab plane and the magnetic field applied along the c axis. The AHE shows
up as antisymmetric S shape in the low-field region for all temperature below 50 K. At low temperatures and high-field regime, the Hall resistivity exhibits a typical two-
band behavior. (B) Extracted electron carrier concentration and mobility in the one-band regime. Inset: The Hall response of KV3Sbs above 75 K. (C) Extracted pﬁfE taken by

subtracting the local linear ordinary Hall background at various temperatures. The inset shows the converted cﬁ}’,"E at various temperatures by inverting the resistivity tensor.
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versus cﬁx for various devices with thickness ranging from 30 to 128 nm. Solid lines are fittings to the equation shown in the inset to extract the skew scattering constant
(o) and intrinsic AHC (b) for each device. The inset shows the extracted intrinsic caue for all six devices. Larger error is seen for samples 1 to 3 due to the size of the domi-
nating extrinsic component. (C) The ratio between oaue and oy for six KV3Sbs devices and for Fe. The black lines guide the eye to illustrate the increasing tendency of

onHe/oxx for KV3Sbs and for Fe.

skew constant, G,y is the residual resistivity, and b is the intrinsic
AHC (22). Samples 1, 2, and 3 were fabricated from freshly exfoliated
crystals, while samples 4, 5, and 6 were fabricated a few weeks after
exfoliation. All devices follow a square dependence with o varying
from 0.0075(2) to 0.0172(5); more than an order of magnitude larger
than Fe and Ni [0.00149 (22, 34) and 0.0007 (36), respectively]. The
inset shows the extracted intrinsic 64xg, which average to positive
500 Q"'em™ for samples 1 to 3 in the high-conductivity regime and
negative 325 Q 'cm™! for samples 4 to 6 in the low-conductivity
regime. We use an assumed ferromagnetic splitting of the bands to
reveal that the intrinsic mechanism cannot account for the markedly
larger observed signal in high-conductivity regime. The DFT-calculated
intrinsic values (see the Supplementary Materials) represent an upper
limit for the intrinsic contribution to the Hall conductivity and,
together with the Hall sign change around the Fermi level, are in
agreement with the experimentally extracted intrinsic values. This
further confirms the robustness of the AHC extraction. The AHR
percentages (GGA—XZE x 100) for various KV3Sbs devices and for Fe (23)
are shown in Fig. 3C. Throughout the measured o, range, the AHR
of KV;Sbs rises monotonically with oy, unlike Fe, which has a de-
creasing AHR throughout its intrinsic region until 6., =0.6 X
10° O"'em™, at which point its skew scattering mechanism begins to
dominate. Because of its smaller skew constant, the rate of increase
of its AHR is smaller compared to KV3Sbs (37, 38).

DISCUSSION

To compare the observed AHE of KV;3Sbs with that of other materials,
GAHE Versus Gy for a variety of materials spanning the various AHE
regimes from the dirty regime (localized hopping regime) through
to the skew scattering regime are plotted in Fig. 4 (23, 39-43). The
different scaling relationships for the localized hopping regime (cy.)
and skew scattering regimes (0yx) as well as the quadratic scaling
behavior of Fe (62,) are shown by black dotted lines. Purple lines show
three AHRs and their corresponding AHA values. The AHE in KV;Sbs,
for devices of varying thickness with its scaling shown as the red
dotted line, begins its quadratic scaling at 6, ~ 10° QO 'cm™, an
order of magnitude before Fe, and dwarfs most materials by oy, =
2x10°Q 'em™

Yang et al., Sci. Adv. 2020; 6 : eabb6003 31 July 2020

With an AHE this large, there are few known systems that are
comparable to KV;Sbs. It is fundamentally distinct from Fe in that
has both Dirac quasiparticles and a triangular magnetic sublattice.
It is also fundamentally distinct from the AHEs recently observed in
topological materials (e.g., Co3Sn,S; and Co,MnGa), which are intrin-
sically driven by Berry curvature (Gapg ~ 10° Q7 lem™) (16-18). To
the best of our knowledge, KV3Sbs is the first material to showcase
an enhanced extrinsic AHE in a frustrated system; other frustrated
systems, like Mn3Sn and Nd,Mo,0y7, have been shown to be dominated
by the intrinsic mechanism (40, 44, 45). KV3Sbs appears to follow
the recently proposed “spin cluster” mechanism by Ishizuka and
Nagaosa (25). Here, a triangular spin cluster or tiled clusters as in a
Kagome net can act like a “compound magnetic scattering center”
when, due to an external field, a distortion of the local order results
in a net magnetization and magnetic fluctuations act as scattering
centers generating an enhanced skew scattering potential (25). Upon
further examination of the AHE shown in the massive Dirac Kag-
ome ferromagnet, Fe;Sn,, we find that its AHC also follows a qua-
dratic scaling with a similar skew constant (0.013) as KV3Sbs, but
due to its low longitudinal conductivity, the magnitude is 10 times
smaller. However, the spin cluster theory predicts that a 64y is pro-
portional to o,y relationship, which assumes weak magneto-electron
coupling that excludes spin-orbit coupling (SOC) in the derivation.
A theoretical treatment of Dirac quasiparticles in spin cluster sys-
tems where SOC is included will have additional terms in the scat-
tering potential that may recover the quadratic dependence.

A combination of enhanced skew scattering parameters and the
quadratic scaling grant the KV;Sbs-like materials the potential to
realize another fascinating effect: to achieve an AHA approaching
90° extrinsically, which has not been previously proposed or observed.
Quadratic dependence of 645 means that the AHA increases quickly
with increasing oy, allowing a very large 64 at reasonable oy,. For
example, extrapolating the evident quadratic scaling of KV3Sbs shown
in Fig. 4, an AHA = 45° is reached by 6, of 5 x 10’ Q'cm ™. These
are very large conductivities but not implausible; the Dirac semi-
metal Cd;As; (46), Weyl semimetal NbAs (47), and encapsulated
graphene (48) all are known to reach this conductivity regime. A
similar extrapolation for Fe would require an unrealistic o, of
>10° Q7 'em™
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Fig. 4. Map of AHEs for various materials. o4¢ versus oy, for a variety of materials
spanning the various AHE regimes from the side-jump mechanism through the
intrinsic and skew scattering regimes (23, 39-43).

Intuitively, however, one would expect a saturation of the AHA
as one approaches large o, values, as the magnetic scattering events
are expected to become increasingly rare when the system is excep-
tionally clean and defect free. However, in the case of materials with
some form of backscattering protection, oy, can increase without
requiring vanishing defects. This has been seen in the Weyl semi-
metal WTe,, where the Fermi surface has spin-polarized pockets
resulting in spin-flip protection that suppresses backscattering (49);
and in the Dirac semimetal Cds;As, where the quantum scattering
lifetime is several orders of magnitude less than the backscattering
lifetime, meaning that, although the electrons are scattering often,
they are not backscattering often (46). In the limit of 90° AHA due
to skew scattering, the time between skew scattering events would
need to be much less than the time between backscattering events,
such that an electron traveling through a soup of magnetic scatter-
ing centers in an applied magnetic field would have a very high
probability to undergo an orthogonal scattering event before under-
going a backscattering event. In the case of a high conductivity,
enhanced skew scattering material like KV3Sbs, the addition of some
form of backscattering suppression should allow extremely large
AHAs to be realizable as one could envision the scenario of a high
concentration of scattering centers that do not prohibit 6, from
increasing but do provide a high probability of orthogonal scatter-
ing. Rigorous theoretical handling of this limit is needed.

In summary, a giant extrinsic AHE as large as 15,507 Q' cm ™ is
observed in the highly conductive frustrated magnet candidate,
KV;Sbs. It hosts a Kagome net of vanadium atoms, without magnetic
ordering down to 0.25 K, as well as Dirac quasiparticles at the Fermi
level. The observed G4y is proportional to G,Zcx and, combined with
an enhanced skew constant, the AHA rapidly rises with increasing
Oy @ phenomena not clearly demonstrated before. This points to
the possibility of extremely large AHAs at reasonable conductivity
values including an AHA of 45° by ~5 x10’ Q"' cm ™' and an AHA
of =90° if the skew scattering constant can be further enhanced by an
order of magnitude. Materials with S > '/, may lead to stronger itin-
erant spin coupling, which can result in even larger skew constants,
further lowering the oy, threshold for an AHA = 90°. This raises
fundamental questions about the extrinsic limits of the AHE as one

Yang et al., Sci. Adv. 2020; 6 : eabb6003 31 July 2020

of the effects of quantum anomalous Hall insulators may be repli-
cated in a highly conductive metal. We conclude that the Kagome sub-
lattice in KV3Sbs is acting as tilted spin clusters, giving rise to an
enhanced skew scattering effect in accordance with a recent proposal
by Ishizuka and Nagaosa (25) but with highly mobile Dirac quasi-
particles enhancing the conductivity. This suggests that future theo-
retical studies on understanding the coupling of relativistic electrons
to the magnetic texture with SOC are necessary to reveal the detailed
scaling relations. Studies on sister compounds RbV3Sbs and CsV3Sbs
could elucidate the effect of increased SOC strength. Since these
materials also have weakly bound alkali earth interstitials, the Fermi
level can be tuned through intercalation control; ionic liquid gating
on few layer samples is an ideal way to vary o, and explore the AHE
response. In addition, the high exfoliatability of these compounds
makes them ideal platforms for thickness-dependent and monolayer
exploration of the AHE and observing the cross-over from the
extrinsic-dominated AHE to the intrinsic-dominated regime. This
combination of exotic band structures with metallic geometrically
frustrated systems provides a novel route for the study of extrinsic
Hall effects. Also, since the magnetic fluctuations can be tuned with
external perturbations, a new type of experiment where the AHE is
further enhanced by modifying the skew scattering potential in situ
is possible. In addition, the skew scattering SHE arises from a
similar mechanism as the skew scattering AHE; therefore, very
large spin Hall angles may also be discovered in KV3Sbs and other
similar materials. This is another particularly important avenue
of research as large spin Hall angles in highly conductive systems
(and therefore low power) are extremely sought after for spintronic
applications.

METHODS

High-quality single crystals of KV3Sbs were synthesized from K
(ingot, Alfa 99.8%), V (powder, Sigma 99.9%), and Sb (shot, Alfa
99.999%) via the flux method as described by Ortiz et al. (33). Flux
mixtures containing 5 mole percent of KV3Sbs were heated to 1000°C,
soaked for 24 hours, and then subsequently cooled at 2°C per hour.
KV3Sbs crystals were structurally and chemically characterized by
powder x-ray diffraction to confirm bulk purity and scanning elec-
tron microscopy energy-dispersive x-ray for chemical analysis.

A Quantum Design physical property measurement system (PPMS)
was used for transport measurements with Keithley 6221 and Keithley
2182 electronics. Hall measurements were taken in a five-wire con-
figuration, while the MR of KV3Sbs samples was measured using the
four-point method. The rotator insert (Quantum Design) was used to
tilt the angle between the magnetic field and the current direction.

ARPES measurements were performed at Beamline 105 of the
Diamond Light Source using the Scienta R4000 analyzer. The angle
and energy resolutions were <0.2° and <15 meV, respectively.

The electronic structure calculations were performed in the frame-
work of DFT using the wien2x (50) code with a full-potential linearized
augmented plane wave and local orbitals [FP-LAPW + lo] basis (51)
together with the Perdew Burke Ernzerhof parametrization of the
generalized gradient approximation as the exchange-correlation func-
tional. The Fermi surface was plotted with the program XCrySDen.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/31/eabb6003/DC1

50f7


http://advances.sciencemag.org/cgi/content/full/6/31/eabb6003/DC1
http://advances.sciencemag.org/cgi/content/full/6/31/eabb6003/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

REFERENCES AND NOTES

1.

[© I NSV ]

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, N. P. Ong, Anomalous Hall effect.
Rev. Mod. Phys. 82,1539 (2010).

. R.Karplus, J. M. Luttinger, Hall effect in ferromagnetics. Phys. Rev. 95, 1154 (1954).

. J. Smit, The spontaneous Hall effect in ferromagnetics I. Physica 21, 877-887 (1955).
. J. Smit, The spontaneous Hall effect in ferromagnetics Il. Physica 24, 39-51 (1958).

. E. M. Pugh, N. Rostoker, Hall effect in ferromagnetic materials. Rev. Mod. Phys. 25, 151

(1953).

. T.Liang, J. Lin, Q. Gibson, S. Kushwaha, M. Liu, W. Wang, H. Xiong, J. A. Sobota,

M. Hashimoto, P. S. Kirchmann, Z.-X. Shen, R. J. Cava, N. P. Ong, Anomalous Hall effect
in ZrTes. Nat. Phys. 14, 451-455 (2018).

. N.Manyala, Y. Sidis, J. F. DiTusa, G. Aeppli, D. P. Young, Z. Fisk, Large anomalous Hall

effect in a silicon-based magnetic semiconductor. Nat. Mater. 3, 255-262 (2004).

. R.Yu, W.Zhang, H.-J. Zhang, S.-C. Zhang, X. Dai, Z. Fang, Quantized anomalous Hall effect

in magnetic topological insulators. Science 329, 61-64 (2010).

. C-Z.Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M. Guo, K. Li, Y. Ou, P. Wei, L-L. Wang,

Z-Q.Ji,Y.Feng, S.Ji, X. Chen, J. Jia, X. Dai, Z. Fang, S.-C. Zhang, K. He, Y. Wang, L. Lu,
X.-C. Ma, Q.-K. Xue, Experimental observation of the quantum anomalous Hall effect
in a magnetic topological insulator. Science 340, 167-170 (2013).

. C.-X.Liu, S.-C. Zhang, X.-L. Qi, The quantum anomalous Hall effect: Theory

and experiment. Annu. Rev. Condens. Matter Phys. 7, 301-321 (2016).

. C.-Z.Chang, W. Zhao, D. Y. Kim, H. Zhang, B. A. Assaf, D. Heiman, S.-C. Zhang, C. Liu,

M. H. W. Chan, J. S. Moodera, High-precision realization of robust quantum
anomalous Hall state in a hard ferromagnetic topological insulator. Nat. Mater. 14,
473-477 (2015).

. A.Bestwick, E. J. Fox, X. Kou, L. Pan, K. L. Wang, D. Goldhaber-Gordon, Precise

quantization of the anomalous Hall effect near zero magnetic field. Phys. Rev. Lett. 114,
187201 (2015).

. G.Sundaram, Q. Niu, Wave-packet dynamics in slowly perturbed crystals: Gradient

corrections and Berry-phase effects. Phys. Rev. B 59, 14915 (1999).

. M. Onoda, N. Nagaosa, Topological nature of anomalous Hall effect in ferromagnets.

J. Phys. Soc. Jpn. 71, 19-22 (2002).

. T.Jungwirth, Q. Niu, A. H. MacDonald, Anomalous Hall effect in ferromagnetic

semiconductors. Phys. Rev. Lett. 88, 207208 (2002).

. Q.Wang, Y. Xu, R. Lou, Z. Liu, M. Li, Y. Huang, D. Shen, H. Weng, S. Wang, H. Lei, Large

intrinsic anomalous Hall effect in half-metallic ferromagnet Co3Sn,S; with magnetic Weyl
fermions. Nat. Commun. 9, 3681 (2018).

. K.Manna, C. Felser, J. Gooth, S. N. Guin, T.-H. Kao, J. Kiibler, L. Miichler, J. Noky,

C. Shekhar, R. Stinshoff, Y. Sun, Topological magnetic Heuslers: Role of symmetry and the
Berry phase.

. S.N. Guin, K. Manna, J. Noky, S. J. Watzman, C. Fu, N. Kumar, W. Schnelle, C. Shekhar,

Y. Sun, J. Gooth, C. Felser, Anomalous Nernst effect beyond the magnetization
scaling relation in the ferromagnetic Heusler compound Co,MnGa. NPG Asia Mater.
11,16 (2019).

. L. Berger, Side-jump mechanism for the Hall effect of ferromagnets. Phys. Rev. B 2, 4559

(1970).

L. Berger, Influence of spin orbit interaction on the transport processes in ferromagnetic
nickel alloys, in the presence of a degeneracy of the 3d band. Physica 30, 1141-1159
(1964).

P.N. Dheer, Galvanomagnetic effects in iron whiskers. Phys. Rev. 156, 637 (1967).

Y. Tian, L. Ye, X. Jin, Proper scaling of the anomalous Hall effect. Phys. Rev. Lett. 103,
087206 (2009).

T. Miyasato, N. Abe, T. Fujii, A. Asamitsu, S. Onoda, Y. Onose, N. Nagaosa, Y. Tokura,
Crossover behavior of the anomalous Hall effect and anomalous nernst effect initinerant
ferromagnets. Phys. Rev. Lett. 99, 086602 (2007).

D. Maryenko, A. S. Mishchenko, M. S. Bahramy, A. Ernst, J. Falson, Y. Kozuka, A. Tsukazaki,
N. Nagaosa, M. Kawasaki, Observation of anomalous Hall effect in a non-magnetic
two-dimensional electron system. Nat. Commun. 8, 14777 (2017).

H. Ishizuka, N. Nagaosa, Theory of giant skew scattering by spin cluster. arXiv preprint
arXiv:1906.06501 (2019).

G. Tatara, H. Kawamura, Chirality-driven anomalous Hall effect in weak coupling regime.
J. Physical Soc. Japan 71, 2613-2616 (2002).

H. Kawamura, Anomalous Hall effect as a probe of the chiral order in spin glasses.
Phys. Rev. Lett. 90, 047202 (2003).

H. Ishizuka, N. Nagaosa, Spin chirality induced skew scattering and anomalous Hall effect
in chiral magnets. Sci. Adv. 4, eaap9962 (2018).

X.-P.Yao, G. Chen, Pr,Ir,07: When Luttinger semimetal meets Melko-Hertog-Gingras spin
ice state. Phys. Rev. X 8, 041039 (2018).

H. Okabe, M. Hiraishi, A. Koda, K. M. Kojima, S. Takeshita, I. Yamauchi, Y. Matsushita,

Y. Kuramoto, R. Kadono, Metallic spin-liquid-like behavior of LiV,04. Phys. Rev. B 99,
041113(R) (2019).

Yang et al., Sci. Adv. 2020; 6 : eabb6003 31 July 2020

31.

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

S. Nakatsuji, Y. Machida, Y. Maeno, T. Tayama, T. Sakakibara, J. van Duijn, L. Balicas,

J.N. Millican, R. T. Macaluso, J. Y. Chan, Metallic spin-liquid behavior of the geometrically
frustrated kondo lattice Pr,lr,O;. Phys. Rev. Lett. 96, 087204 (2006).

Y. Shimizu, H. Takeda, M. Tanaka, M. Itoh, S. Niitaka, H. Takagi, An orbital-selective spin
liquid in a frustrated heavy fermion spinel LiV,04. Nat. Commun. 3, 981 (2012).

B.R. Ortiz, L. C. Gomes, J. R. Morey, M. Winiarski, M. Bordelon, J. S. Mangum,

1. W. H. Oswald, J. A. Rodriguez-Rivera, J. R. Neilson, S. D. Wilson, E. Ertekin, T. M. McQueen,
E.S. Toberer, New kagome prototype materials: Discovery of KV3Sbs, RbV3Sbs,

and CsV3SBs. Phys. Rev. Mater. 3,094407 (2019).

D.Hou, G. Sy, Y. Tian, X. Jin, S. A. Yang, Q. Niu, Multivariable scaling for the anomalous
Hall effect. Phys. Rev. Lett. 114, 217203 (2015).

K. Behnia, L. Balicas, Y. Kopelevich, Signatures of electron fractionalization in ultra-
quantum bismuth. Science 317, 1729-1731 (2007).

. L.Ye, Y.Tian, X. Jin, D. Xiao, Temperature dependence of the intrinsic anomalous Hall

effect in nickel. Phys. Rev. B 85, 220403(R) (2012).

S. Sangiao, L. Morellon, G. Simon, J. M. De Teresa, J. A. Pardo, J. Arbiol, M. R. Ibarra,
Anomalous Hall effect in Fe (001) epitaxial thin films over a wide range in conductivity.
Phys. Rev. B79,014431 (2009).

R. Schad, P. Belién, G. Verbanck, V. Moshchalkov, Y. Bruynseraede, Analysis

of the transport properties of epitaxial Fe and Cr films. J. Phys. Condens. Matter 10,
6643-6650 (1998).

S. Iguchi, N. Hanasaki, Y. Tokura, Scaling of anomalous Hall resistivity in Nd, (Mo;\Nb,),07
with spin chirality. Phys. Rev. Lett. 99, 077202 (2007).

S. Nakatsuji, N. Kiyohara, T. Higo, Large anomalous Hall effect in a non-collinear
antiferromagnet at room temperature. Nature 527, 212-215 (2015).

E.Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S-Y. Yang, D. Liu, A. Liang, Q. Xu,

J. Kroder, V. SUB, H. Borrmann, C. Shekhar, Z. Wang, C. Xi, W. Wang, W. Schnelle, S. Wirth,
Y. Chen, S.T. B. Goennenwein, C. Felser, Giant anomalous Hall effect in a ferromagnetic
kagome-lattice semimetal. Nat. Phys. 14, 1125-1131 (2018).

A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel, A. C. Komarek, C. Shekhar, N. Kumar,

W. Schnelle, J. Kubler, C. Felser, S. S. P. Parkin, Large anomalous Hall effect driven by
anonvanishing Berry curvature in the noncolinear antiferromagnet Mn3Ge. Sci. Adv. 2,
€1501870 (2016).

L. Ye, M. Kang, J. Liu, F. von Cube, C. R. Wicker, T. Suzuki, C. Jozwiak, A. Bostwick,

E. Rotenberg, D. C. Bell, L. Fu, R. Comin, J. G. Checkelsky, Massive Dirac fermions

in a ferromagnetic kagome metal. Nature 555, 638-642 (2018).

H.Yang, Y. Sun, Y. Zhang, W.-J. Shi, S. S. P. Parkin, B. Yan, Topological weyl semimetals
in the chiral antiferromagnetic materials Mn3Ge and Mn3Sn. New J. Phys. 19, 015008
(2017).

Y. Taguchi, Y. Oohara, H. Yoshizawa, N. Nagaosa, Y. Tokura, Spin chirality, Berry phase,
and anomalous Hall effect in a frustrated ferromagnet. Science 291, 2573-2576 (2001).
T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. J. Cava, N. P. Ong, Ultrahigh mobility and giant
magnetoresistance in the Dirac semimetal CdsAs,. Nat. Mater. 14, 280-284 (2015).
C.Zhang, Z.Ni, J. Zhang, X. Yuan, Y. Liu, Y. Zou, Z. Liao, Y. Du, A. Narayan, H. Zhang, T. Gu,
X.Zhu, L. Pi, S. Sanvito, X. Han, J. Zou, Y. Shi, X. Wan, S. Y. Savrasov, F. Xiu, Ultrahigh
conductivity in Weyl semimetal NbAs nanobelts. Nat. Mater. 18, 482-488 (2019).

L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, K. Watanabe,

L. M. Campos, D. A. Muller, J. Guo, P.Kim, J. Hone, K. L. Shepard, C. R. Dean, One-
dimensional electrical contact to a two-dimensional material. Science 342, 614-617
(2013).

J.Jiang, F. Tang, X. C. Pan, H. M. Liu, X. H. Niu, Y. X. Wang, D. F. Xu, H. F. Yang, B. P. Xie,
F.Q.Song, P. Dudin, T. K. Kim, M. Hoesch, P. Kumar Das, . Vobornik, X. G. Wan, D. L. Feng,
Signature of strong spin-orbital coupling in the large nonsaturating magnetoresistance
material WTe,. Phys. Rev. Lett. 115, 166601 (2015).

P.Blaha, K. Schwarz, P. Sorantin, S. Trickey, Full-potential, linearized augmented plane
wave programs for crystalline systems. Comput. Phys. Commun. 59, 399-415 (1990).

P. Blaha, Computer code wien2k (vienna university of technology, 2002), improved

and updated unix version of the original p. blaha, k. schwarz, p. sorantin, sb rickey.
Comput. Phys. Commun. 59,399 (1990).

G. Kresse, J. Furthmuller, Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996).

P. E. Blochl, Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).
S.L.Dudarey, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, A. P. Sutton, Electron-energy-
loss spectra and the structural stability of nickel oxide: An Isda + u study. Phys. Rev. B 57,
1505-1509 (1998).

J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865-3868 (1996).

B.-J. Yang, N. Nagaosa, Classification of stable three-dimensional Dirac semimetals

with nontrivial topology. Nat. Commun. 5, 4898 (2014).

A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Vanderbilt, N. Marzari, wannier90: A tool
for obtaining maximally-localised wannier functions. Comput. Phys. Commun. 178,
685-699 (2008).

6 of 7


https://arxiv.org/abs/1906.06501

SCIENCE ADVANCES | RESEARCH ARTICLE

58. J.Zelezny, Y.Zhang, C. Felser, B. Yan, Spin-polarized current in noncollinear
antiferromagnets. Phys. Rev. Lett. 119, 187204 (2017).

59. L.Smejkal, R. Gonzalez-Hernandez, T. Jungwirth, J. Sinova, Crystal Hall effect in collinear
antiferromagnets. arXiv:1901.00445 (2019).

Acknowledgments: We acknowledge C. Cacho, T. Kim, and P. Dudin for the support
during the ARPES measurements. Funding: This research was supported by the Alexander
von Humboldt Foundation Sofia Kovalevskaja Award, the MINERVA ARCHES Award, and
shared facilities of the UCSB MRSEC (NSF DMR 1720256). B.R.O. acknowledges support from
the California NanoSystems Institute through the Elings Fellowship program. B.R.O. and
S.D.W. acknowledge partial support provided via the UC Santa Barbara NSF Quantum
Foundry funded under the Q-AMASE-i initiative under award DMR-1906325. D.L.
acknowledges the support from the Alexander von Humboldt Foundation. L.S.
acknowledges EU FET Open RIA grant no. 766566. L.S. and R.G.-H. acknowledge the use of
the supercomputer Mogon at JGU (hpc.uni-mainz.de), the Transregional Collaborative
Research Center (SFB/TRR) 173 SPIN+X, the Grant Agency of the Czech Republic grant no.
19-18623Y, and support from the Institute of Physics of the Czech Academy of Sciences
and the Max Planck Society through the Max Planck Partner Group programme. E.S.T. and
B.R.O. acknowledge the NSF award 1555340. T.M. acknowledges the David and Lucile
Packard Foundation and the Johns Hopkins University Catalyst Award. S.S.P.P.
acknowledge European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement no. 670166), Deutsche

Yang et al., Sci. Adv. 2020; 6 : eabb6003 31 July 2020

Forschungsgemeinschaft (DFG, German Research Foundation)—project number
314790414, and Alexander von Humboldt Foundation in the framework of the Alexander
von Humboldt Professorship endowed by the Federal Ministry of Education and Research.
Author contributions: S.-Y.Y. and Y.W. measured the transport data and carried out the
analysis. B.R.O. grew the samples and measured the magnetism. D.L. carried out the ARPES
measurements. R.G.-H. and L.S. performed and analyzed the ab initio calculations. L.S., J.G.,
and E.D. carried out DFT analysis and provided theoretical support. S.-Y.Y. and M.N.A.
conceived the study. Y.C,, S.S.P.P.,, S.D.W,, ES.T., T.M., and M.N.A are the principal
investigators. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in
the paper are present in the paper and/or the Supplementary Materials. Additional data
related to this paper may be requested from the authors.

Submitted 5 March 2020
Accepted 16 June 2020
Published 31 July 2020
10.1126/sciadv.abb6003

Citation: S.-Y. Yang, Y. Wang, B.R. Ortiz, D. Liu, J. Gayles, E. Derunova, R. Gonzalez-Hernandez,
L. Smejkal, Y. Chen, S. S. P. Parkin, S. D. Wilson, E. S. Toberer, T. McQueen, M. N. Ali, Giant,
unconventional anomalous Hall effect in the metallic frustrated magnet candidate, KV3Sbs.
Sci. Adv. 6, eabb6003 (2020).

7of 7


https://arxiv.org/abs/1901.00445

