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While anomalous Hall effect (AHE) has been extensively studied in the past, efforts for realizing large Hall response
have been mainly limited within intrinsic mechanism. Lately, however, a theory of extrinsic mechanism has
predicted that magnetic scattering by spin cluster can induce large AHE even above magnetic ordering tempera-
ture, particularly in magnetic semiconductors with low carrier density, strong exchange coupling, and finite spin
chirality. Here, we find out a new magnetic semiconductor EuAs, where Eu** ions with large magnetic moments
form distorted triangular lattice. In addition to colossal magnetoresistance, EuAs exhibits large AHE with an
anomalous Hall angle of 0.13 at temperatures far above antiferromagnetic ordering. As also demonstrated by
model calculations, observed AHE can be explained by the spin cluster scattering in a hopping regime. Our
findings shed light on magnetic semiconductors hosting topological spin textures, developing a field targeting

diluted carriers strongly coupled to noncoplanar spin structures.

INTRODUCTION

The anomalous Hall effect (AHE) is one of the most fundamental
phenomena in magnetic conductors (I). In ferromagnets, the
mechanisms of AHE are roughly classified into two groups: intrinsic
mechanism related to the Berry curvature (2) and extrinsic mecha-
nism by asymmetric scattering (3, 4). The intrinsic mechanism is
related to the Berry curvature of electronic bands, which appears as
a consequence of spin-orbit interaction. A similar effect also occurs
from spin Berry phase (5, 6), in which case the Hall effect is related
to the scalar spin chirality S; - (S; x Sx) of adjacent three spins; a
related theory shows that the Hall conductivity is proportional to the
scalar spin chirality in the weak coupling limit in dirty conductors
(7). Large Hall current is produced by the intrinsic mechanism
especially in the metallic conduction regime, and thus, it has been
extensively studied for many years (8-11). In recent years, large
Hall angles exceeding 0.1 have been found in a variety of magnetic
topological semimetals, which host topological singularities of the
Berry curvature in momentum space (12-18).

In contrast to the intrinsic mechanism, asymmetric scattering
coupled with spin-orbit interaction is treated as small perturbation
in the extrinsic mechanism, resulting in relatively small anomalous
Hall angles of 107* ~ 10°. Lately, however, it has been theoretically
proposed that large AHE is induced by skew scattering by multi-
ple spins with finite spin chirality (19, 20). In this mechanism,
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anomalous Hall angles, roughly two orders of magnitude larger
than in the case of single-spin scatterers, have been theoretically
derived, especially in the limit of strong coupling between charge
carriers and localized spins (20). Furthermore, this AHE can emerge
even above the magnetic ordering temperature reflecting thermal
average of the spin chirality, while the intrinsic AHE based on the
Berry phase disappears above the ordering temperature. Actually,
AHE above the magnetic ordering temperature has been observed
in a metal hosting skyrmions (21, 22), which has been ascribed to
the skew scattering by fluctuating but locally correlated spins origi-
nally forming the skyrmion lattice below the ordering tempera-
ture. Moreover, large AHE ascribed to the spin cluster scattering
has been observed in a Kagome metal even without magnetic order-
ing (23). In this theory (20), on the other hand, it turns out that
anomalous Hall angles rapidly increase with decrease in charge
carriers and also with increase in its exchange coupling to localized
spins. In addition, quantization of AHE can also be expected, once
the low-density charge carrier corresponds to a topological spin
configuration one by one (24, 25). Therefore, for realizing large Hall
response by this mechanism, it is desirable to design magnetic con-
ductors with more diluted carriers and stronger exchange coupling,
while the study of AHE in the hopping conduction regime has been
limited to conventional magnetic semiconductors so far (26-28).
Here, we take note of a novel magnetic semiconductor EuAs.
Regarding this compound, only its crystal structure has been reported
in the 1970s (29-31). As illustrated in Fig. 1A, EuAs has a unique
hexagonal structure (Na,O, type, space group: P62m) (30, 31),
where Eu forms a distorted triangular lattice with geometrical frus-
tration, different from other europium monochalcogenides and
rare earth monopnictides with cubic structure (32, 33). Here, we
report colossal magnetoresistance (CMR) and nonmonotonic AHE
with large Hall angles observed even far above the Néel temperature.
As also demonstrated by theoretical calculations, this large AHE can
be explained by spin cluster skew scattering in the hopping regime.
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Fig. 1. Epitaxial stabilization of EuAs. (A) EuAs crystal structure and top views of
alternately stacked Eu layers, where an Eu atom is located at the center of EuAse
triangular prisms. Reflecting short (blue) and long (red) As—As bonds along the
c axis, distorted Eu triangular lattices composed of large (blue) and small (red)
regular triangles are formed on the alternately stacked layers, as shown in the
insets. (B) Al,O3 substrate crystal structure and top view of a surface layer. A rhombus
corresponding to the EuAs unit cell represents the in-plane epitaxial relation. cps,
counts per second. (C) X-ray diffraction 8 — 26 scan of a single-crystalline EuAs film
grown on the Al;,03 (0001) substrate. Substrate peaks are marked with an asterisk.
(D) Cross-sectional high-angle annular dark field (HAADF)-scanning transmission
electron microscopy STEM image of the EuAs film grown from the atomically sharp
heterointerface. A side view of the EuAs crystal structure is also overlaid.

RESULTS

Structural characterization of EuAs films

Single-crystalline EuAs films were grown on lattice-matched Al,O3
substrates by molecular beam epitaxy. As shown in Fig. 1 (A and B),
an Eu atom is located at the center of EuAsg triangular prisms,
which are alternately stacked along the ¢ axis. A dimer expressed by
[As-As]? is formed with short As—As bonds as in isostructural
SrAs (30, 31), and thus, Eu is expected to be divalent (Eu*", $=7/2).
Corresponding to this dimerization, the Eu triangular lattice is
distorted and composed of two large (blue) and small (red) regular
triangles, as shown in Fig. 1A (insets) (see also fig. S4). X-ray dif-
fraction © — 26 scan in Fig. 1C shows sharp peaks from the EuAs
{001} planes without any impurity ones. As confirmed in atomically
resolved scanning transmission electron microscopy image in
Fig. 1D, the EuAs film is epitaxially grown with forming a sharp
heterointerface to the Al,O3 substrate. Further structural character-
ization was performed for examining the in-plane epitaxial relation
and the Eu valence (Eu®") state (see note S1).

Colossal magnetoresistance
Figure 2 summarizes fundamental transport and magnetic proper-
ties of EuAs films. Longitudinal resistivity in Fig. 2A exhibits a

Uchida et al., Sci. Adv. 7, eabl5381 (2021) 22 December 2021

semiconducting temperature dependence with a kink at Ty = 23.0 K,
which is interpreted as an antiferromagnetic (AFM) phase transition
as detailed below. With applying the magnetic field, the resistivity
markedly decreases by several orders of magnitude at the lowest
temperature. This large negative magnetoresistance, which can be
called CMR, appears even at far higher temperatures than Tyy. CMR
is confirmed also in the field sweep shown in Fig. 2B, where the
drop of the resistivity at 1.4 K suddenly stops at B, = 14.5 T. Magne-
tization in Fig. 2C saturates at the same field, exhibiting a transition
to the forced ferromagnetic (FM) phase with a full magnetic moment
of about 7p. While temperature dependence of both the out-of-plane
and in-plane magnetizations shows a sharp kink at T, the in-plane
one is largely suppressed below Ty compared to the out-of-plane one,
suggesting that Eu®* Heisenberg spins are antiferromagnetically
ordered on the a-b triangular lattice plane.

Looking at the magnetic structures more closely, neutron dif-
fraction experiments were also performed for a EuAs film. As
shown in Fig. 2D, magnetic reflections indexed by wave vectors of
q = (1/2,1/2,0) and its equivalents were observed on the (H, K, 0)
plane, which indicates AFM spin correlation on the triangular
lattice plane. Temperature dependence of these reflections was
measured using a polarized neutron beam as shown in Fig. 2E. The
neutron spin polarization at the sample position was set parallel to
the ¢ axis, and so, non-spin-flip (NSF) and spin-flip (SF) scattering
intensities are proportional to squares of Fourier-transformed spin
components parallel to the c axis and those perpendicular to the
¢ axis and q vector, respectively. We found that the magnetic scat-
tering below Ty is dominated by the SF scattering, indicating that
the magnetic moments are confined in the triangular lattice planes.
A minimal model to explain the present results is a collinear AFM
order, in which magnetic moments are pointing perpendicular to
both the ¢ axis and q vector. However, taking into account the
symmetry of the crystal structure, it should be allowed to have spin
components parallel to the g vector, which leads to a noncollinear
spin arrangement on the triangular lattice plane. Consideration of
Dzyaloshinskii-Moriya interaction, whose vector points along the
c axis for adjacent Eu spins on the triangular lattice plane, also leads the
same consequence. The obtained magnetic phase diagram of EuAs
is presented in Fig. 2F. With increasing the out-of-plane magnetic
field, the coplanar spin configuration suggested by the neutron scat-
tering experiment is expected to be transformed into a noncoplanar
one by canting and then eventually into the fully polarized one.

It is naturally understood that CMR observed in the magnetic
semiconductor EuAs is caused by diluted carriers coupled with the
Eu®* localized spins over a wide range of temperatures. In the
double exchange model for strong coupling between charge carriers
and localized spins, the transfer integral ¢ for hopping carriers is
expressed by f o< cos (8/2) with the angle 8 between adjacent
localized spins (34, 35), explaining metallic conduction in the spin
polarized state. In simple FM systems such as La;_,Sr,MnO; (36-38)
and EuO (39), fluctuating spins near the FM transition are forcedly
polarized by the applied magnetic field, and thus, CMR appears
mainly above the Curie temperature. In the present case of AFM
systems, on the other hand, CMR appears also below Ty as observed
in NaCr,04 (40) and EuTe (41), because antiferromagnetically or-
dered spins are gradually polarized by the applied magnetic field. In
EuAs, CMR begins to emerge at temperatures far above Ty, sug-
gesting that the in-plane AFM spin fluctuation evolves from such
high temperatures on the frustrated triangular lattice.
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Fig. 2. New magnetic semiconductor EuAs. (A) Temperature dependence of longitudinal resistivity py in EuAs, measured under various out-of-plane magnetic fields
(B || ©). (B) Magnetic field sweep of pyy at different temperatures. (C) Magnetization curve taken at the base temperature of 1.4 K. Saturation magnetization M is estimated
at about 7ug/EuAs, considering volume of the EuAs film. Inset: Temperature dependence of magnetization for B || ¢ and B L c after zero field cooling. (D) Neutron diffraction
pattern measured on the (H, K, 0) plane at 3K. (E) Temperature dependence of g = (1/2,1/2,0) reflection peak, taken for spin-flip (SF) and non-spin-flip (NSF) scattering
processes using a polarized neutron beam. (F) Magnetic phase diagram of EuAs for B || c. A circle and a diamond represent the Néel temperature Ty and the saturation

field B; determined from the sweeps in (A) and (B). a.u., arbitrary units.

Anomalous hall signal above Néel temperature
In addition to CMR, EuAs exhibits unconventionally large AHE for
a magnetic semiconductor. As shown in Fig. 3, Hall resistivity is
almost proportional to B at 300 K, but a hump starts to appear at
about 15 T, and it significantly increases with lowering tempera-
ture. It shows a maximum approximately at 70 K, a temperature far
higher than Tn. With further lowering temperature toward Ty, the
hump shifts to lower fields, and then below Ty, the hump is partially
seen in the canted AFM phase below Bs and the Hall resistivity
above B, becomes almost proportional to B again. Apparently, this
nonmonotonic Hall signal is not proportional to the field induced
magnetization (M) as represented by the Brillouin function. In
addition, the M-proportional component, estimated by linear ex-
trapolation of the forced FM phase (10 K) data to zero field, is
negligibly small. As seen in the above temperature and field depen-
dences, this anomalous Hall signal is enhanced in the region where
the Eu®" spins on the triangular lattice are forcedly canted but not
yet fully polarized. This implies that the observed AHE is mainly
caused by noncoplanar spin texture or local fluctuations with finite
spin chirality under the out-of-plane magnetic field.

The M-nonproportional anomalous Hall component is extracted
using the following equation

Gyx = GOHE *+ GAHEM + OAHEnonM (1

with ordinary Hall conductivity cong, M-proportional anomalous
Hall conductivity cang, > and M-nonproportional anomalous Hall
conductivity GaHE, nonm- Oyx is obtained by inverting the p. and p,.
matrix, and GaHE, nonym €an be estimated by subtracting cong and
oanE, v defined by
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1
_1p
OOHE = — pel (2)
P+ (peB)
and
OaHEM = —AoCp M (3)

from the total Hall conductivity (for details, see the Supplementary
Materials). Here, p denotes the hole carrier density, A denotes a
constant independent of magnetic field and temperature, and o
denotes a scaling factor relating 6 and caug, m (28). OanE, M is cal-
culated using a = 1.6 and A determined in the forced FM phase at
10 K, and opyg is determined on the assumption that it is the only
contribution to the remaining component at 56 T (see also note S2).
As confirmed in the Hall resistivity components converted from
OOHE> OAHE, M> and GAHE, nony»> the M-nonproportional component
is more dominant than the M-proportional one. Although the spin
fluctuation may not be fully suppressed and cang, nony may still
slightly contribute at a high field of 56 T, this assumption gives the
most conservative estimate of GoHE, nonm- The carrier density ob-
tained from copg is nearly constant with temperature at p ~ 3 x 10"
cm™ (see fig. S6). It is also confirmed that the nonmonotonic Hall
signal cannot be explained by a multicarrier model (see fig. S7).

AHE in the hopping regime

Figure 4A maps paHE, nonm ON the magnetic field-temperature
phase diagram. panE, nonm remains over a wide high-temperature
region spread from the AFM critical point, where the Eu®" spins on
the triangular lattice are expected to form local noncoplanar spin
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Fig. 3. Anomalous Hall resistivity observed above Ty. (A) Hall resistivity p,, measured at 300K and its separation into ordinary Hall resistivity pone, M-proportional
anomalous Hall resistivity paue, m, and M-nonproportional anomalous Hall resistivity paxe, nonm. At this temperature, p,, corresponds almost to the ordinary component.
(B to D) Change of p,, with decrease in temperature and its possible separation into pope, pate, M and pane, nonm at 70, 30, and 10 K. Anomalous enhancement of pate, nonm
can be confirmed from high temperatures well above Ty. (E to H) Magnetic field dependence of p,, at the same temperatures.

structures or fluctuations with finite spin chirality. Despite the
hopping conduction regime, anomalous Hall angle defined by
PAHE, nonM/Pxx rises up to 0.13 at 70 K. This is a very large value for the
extrinsic mechanism and also comparable to those recently achieved
by the intrinsic mechanism (12-17). At lower temperatures, pAHE, nonM
is largely suppressed with approaching the forced FM phase. At higher
temperatures, on the other hand, pag, nonm also gradually decreases
with elevating temperature, reflecting more randomly oriented
spin states.

To discuss possible origins of the observed large AHE, we con-
sider how the local spin correlation with finite spin chirality affects
electron conduction in the hopping regime. Electron conduction in
this regime is described by phonon-assisted hopping of electrons
localized on a site, as schematically shown in Fig. 4B. The electron
trajectory skews when they are coupled strongly to the underly-
ing localized moments (see also the Materials and Methods).
Figure 4 (C and D) shows typical temperature dependence of oy,
and GAHE, d. skew Calculated assuming constant spin chirality, with
comparing to the measured ones in Fig. 4 (E and F). A weak tem-
perature dependence of oy, characteristic in the hopping conduc-
tion is well reproduced in this model (Fig. 4, C and E). On the other
hand, the calculation shows that Gong, d. skew rapidly increases with
elevating temperature (Fig. 4D) and then decreases above T/, ~ 5,
while GAHE, nonym in EuAs reaches a maximum at about 70 K
(Fig. 4F). This indicates that the local spin chirality in EuAs is grad-
ually reduced by thermal fluctuation above Ty and also suggests
future possibility that anomalous Hall angles even exceeding the
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present value could be achieved in other semiconductor systems
that host finite spin chirality at much higher temperatures.

DISCUSSION
In the hopping conduction regime, to be precise, the extrinsic
mechanism cannot be distinguished from the intrinsic one because
the band picture of magnetotransport is not preserved anymore. On
the other hand, its temperature dependence greatly differs from the
one in the intrinsic mechanism. In the spin cluster skew scattering,
thermal average of the spin chirality (S; - (S; x Sp)), not the spin
chirality of averaged spins (S;) - ((S;) % (Sx)) as in the intrinsic mecha-
nism, contributes to the anomalous Hall conductivity, and this remains
finite even above the magnetic ordering temperature (19). This is
consistent with our observation that in EuAs, the M-nonproportional
AHE emerges up to high temperatures much above Ty, while the
intrinsic AHE disappears above the magnetic ordering temperature.
It is also instructive to mention that M-nonproportional AHE
above the magnetic ordering temperature has been reported for
La;_,SryMnOj; (36) and EuTe (41) in the past, which also exhibit
CMR in the hopping regime. While this AHE has been also ascribed
to thermally fluctuating spins forming local noncoplanar structures
near the magnetic ordering temperature (36), their Hall angles were
very small due to simple FM or AFM ordering without frustration
at the ground state. In EuAs, noncoplanar fluctuation may survive
much above the magnetic ordering temperature, largely enhancing
the spin cluster skew scattering. In this context, triangular-lattice

40f7



SCIENCE ADVANCES | RESEARCH ARTICLE

PaHE nonm (OM-cm)
00 01 02 03 04

30— B
25-A
B Electron
20+
Sk

£ 45l ¥, ! \‘/}
m Y ;"’ “‘s

10 T’Sk\?fs’ s

in
51 g Hopping
AFM
O0 Phonon

2 —— o .
e e - m
e c | .5 0.10 D
FIO % F ]
E 1 V/,»-‘«NM :O_OSV o
o 2
x S [
Sl o+ . . 40.00
% 1 2 3 &0 3
) Tlwg A Tlog,
— T T T T T 1 T T T T T
i € 0.10 oe B
g | E 40T ] <° F ; \\20 T
-~ 0% -0 = r ' N B
! o DR $ oo N
£1 Olbd 0® - __ T ;COl /o2 RIS _
S @'f--f 207 g S008r sFaoTe
S |lg 1 3 i e
bxoo e ‘OTx I:'EJ()_OO or .o
0 100 200 300 © 0 100 200 300
T(K) T (K)

Fig. 4. Large AHE in the hopping regime. (A) Color map of paE, nonvt ON the magnetic
phase diagram. p,, below about 5 T and 60K could not be measured because the
sample becomes too insulating. (B) Schematic picture of the skew scattering
process in the hopping conduction regime, producing AHE proportional to the
scalar spin chirality. Temperature dependence of (C) longitudinal conductivity oy
and (D) M-nonproportional anomalous Hall conductivity originating in the spin cluster
skew scattering oake, cl. skews Which is calculated for t/mpn = 300 assuming constant
spin chirality. (E) ox and (F) oanE, nonm €Xperimentally obtained at typical magnetic
fields. Difference between cang, . skew @aNd GaHE, nonm at high temperatures is mainly
explained by a decrease in spin chirality due to thermal fluctuations in EuAs.

magnetic semiconductors forming magnetic sublattices with finite
spin chirality (42) may be promising as further targets.

In summary, we have studied magnetotransport of novel
magnetic semiconductor EuAs with large Heisenberg Eu®* spin
moments on the distorted triangular lattice. EuAs exhibits CMR
even at far higher temperatures than T, indicating strong coupling
between the localized spins and diluted carriers and also AFM spin
fluctuations evolving on the frustrated lattice. In the Hall transport,
nonmonotonic AHE with large Hall angles is observed up to high
temperatures much above Tx. Considering that the signal appears
centered at the paramagnetic phase, skew scattering by multiple
spins with finite spin chirality is a possible origin of the large AHE
observed in the hopping regime, as also supported by the model
calculations of polaron motion on the noncoplanar spin texture.
Our findings pave the way for studying magnetic semiconductors
hosting topological spin textures. Emergent magnetotransport that
originates in low-density charge carriers strongly coupled to short-
period noncoplanar spin structures includes large nonmonotonic
AHE and its quantization (24, 25), which are expected to be markedly
controlled by semiconductor techniques such as electrostatic gating
and chemical doping.
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MATERIALS AND METHODS

Epitaxial film growth

EuAs films were grown in an EpiQuest RC1100 MBE chamber on
single-crystalline (0001) Al,O3 substrates. Al,O3; has a trigonal
structure, and the lattice mismatch between EuAs and AL, O3 is only
1.1%, as illustrated in Fig. 1B. The molecular beams were provided
from a conventional Knudsen cell containing Eu (3N, Nippon
Yttrium Co. Ltd.) and an MBE-Komponenten valved cracker source
containing As (7N5, Furukawa Denshi Co. Ltd.), respectively. The
reservoir temperature of the cracker source was set to 950°C to sub-
lime arsenic as As,. The growth temperature was set to 1000°C, and
the beam equivalent pressures, measured bz an ionization gauge,
were set to 3 x 107 Pa for Eu and 1.2 x 10™* Pa for As, during the
growth. The film thicknesses were typically designed at 100 nm for
structural characterization, 400 nm for magnetotransport measure-
ments, and 1 um for magnetization measurements and neutron
diffraction experiments. The growth rate was about 0.4 Ass.

Magnetotransport measurements

Longitudinal resistivity p,, and Hall resistivity p,, were measured
with a standard four probe method. Nickel and gold electrode was
deposited on terminals of the sample for better ohmic contact, and
then, SiO, capping layer was entirely deposited for preventing oxi-
dization of EuAs. Aluminum wire was connected to the terminals
by using an ultrasonic bonding machine, and these connections
were reinforced by applying silver paste. Transport measurements
up to 56 T were performed using a nondestructive pulsed magnet
with a pulse duration of 37 ms at the International MegaGauss
Science Laboratory at the Institute for Solid State Physics, The
University of Tokyo. Longitudinal resistivity p,, below 14 T was
also measured using a Quantum Design Physical Properties Mea-
surement System.

Magnetization measurements

Magnetization curves up to 27 T were taken for 1-um-thick EuAs
films using a nondestructive pulsed magnet with a pulse duration of
4 ms at the International MegaGauss Science Laboratory in the
Institute for Solid State Physics, The University of Tokyo. Tempera-
ture dependence at 0.1 T was measured using a superconducting
quantum interference device magnetometer in a Quantum Design
Magnetic Property Measurement System.

Neutron diffraction experiments

Unpolarized and polarized neutron scattering experiments were
performed at the small- and wide-angle neutron scattering instru-
ment TAIKAN (BL15) in Materials and Life Science Experimental
Facility in Japan Proton Accelerator Research Complex. An EuAs
film with a thickness of 1 um was loaded in an aluminum cell with
He gas and then installed in a closed-cycle 4He refrigerator and a
horizontal field cryomagnet for unpolarized and polarized experi-
ments, respectively. Time-of-flight neutron diffraction patterns
were taken using a pulsed incident neutron beam with a wavelength
range from 0.7 to 7.7 A. For the polarized neutron scattering experi-
ment, the incident neutron beam was spin polarized by a supermirror
polarizer. To maintain spin polarization of the incident neutrons,
we applied a magnetic field of 0.05 T parallel to the ¢ axis at the
sample position. We also used a supermirror to analyze the spin
state of the scattered neutrons, in which wavelength was 3.25 A when
measuring magnetic Bragg reflections in the first Brillouin zone.
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The polarization direction of the incident neutrons was set to be
parallel or antiparallel to the ¢ axis using a spin flipper. We then
measured intensities of the magnetic Bragg reflection for SF and
NSEF scattering processes. The beam polarization for neutrons with
the wavelength of 3.25 A was 0.92. The SF and NSF intensities
shown in Fig. 2E have been corrected taking into account the
imperfection of the beam polarization.

Theoretical calculation of hall current

The Hall conductivity was calculated according to the method
developed for polaron motion (26, 43). Later, this method was used
to evaluate the spin chirality-related Hall effect in the CMR manga-
nites (36). Following these studies, we consider a double-exchange
model coupled to phonons

H:Ztijczcj + qZu)qafﬂq + Zqu”"r"c:fci(aq + aT_q)—ZeE . r,-c:fcl- (4)
iy iq i

Here, c; (cf) is the annihilation (creation) operator of an elec-
tron at site i, ag (a;) is the annihilation (creation) operator for pho-
nons, My is the electron-phononcoupling, and eE - r; is the electric
potential due to the external electric field E = (E,0). Here, the
electrons are effectively spinless, as the electron spins are polarized
along the underlying magnetic texture. Instead, the effect of mag-
netic correlation appears in the hopping integral £;;(S;, S;) = cos (6/2)
cos (8;/2) + sin (6;/2) sin (6;/2)e’¥ ~ * (34, 35). In what follows, we
assume only nearest-neighbor hopping, and the phonons are
Einstein phonons, i.e., My = M and g = 0ph.

In the polaron theory, the leading order in electron conduction
appears from the second order in hopping (43)

2
N L2 Uk P VIR Y “
=] = h(l)f,h 0 wph’ ('Oph

where

Fo(x,y)= L, drit e Y WO )

¢ kT .
¢(t)=2[1 - cos (V)] [2nph o ) + 1] + i sin (1) 7)
npp(x) = I S ®)

! exp (1/x)~-1
This term gives the longitudinal current

5= OB E p (M ©)

x = 2 h(l)lz,h 0 Oph’ Oph

when the electron field is along the x axis. Here, (S; - S;) is the thermal
average of the dot product of spins on i and j sites.

The Hall current appears from the cubic order in hopping. The
electric current flowing from site i to j reads

o 46E(I‘J)-( - f;) Re(tijtjmtmi)
i—j =
h ok
M Vo M Vo
R"'[Fl(w—m’w—ph) - F(w—phw—mﬂ (10)
2eEQ2ry, — 1 = 1r7) Im(t;jtjm tyni) M Vo
2 z o |\ oo
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with V, where

oo =(3)( 7 .00 P
Fi(x,y)= _[_m d’cfw drre 8000y ) (11)
e 0 =), ()17 P
Fy(x,y)= J‘,xdtf,wdt’r’e R0 ) (12)
and
5(3)(’[1,’[2,’53) — (3 _ ei(Iz—‘rl) _ ei(‘m—n) _ ei(Ts—‘[z)) [nph( IZ?T) + 1]
" a3

—i(Ty-11) —i(t3-11) —i(13-12) kB T
+(3—e VT g BT _ o7 2)nph<—mph>

Using the above formula for the current, the transverse cur-
rent reads

3V3 e’ni’E MV
Jy = _TehnTz,h(Xu"'Xd)Im F, m_ph’o-)_poh (14)
p

where ¥, (x4) is the thermal average of the scalar spin chirality S; -
(8j x S) for the upward (downward) triangles. Here, the sites i, j,
and k are in counterclockwise order. The result implies that a finite
Hall current forms when y, # — 4. The imbalance of chirality
generally occurs when the upward and downward triangles are
inequivalent, such as in the trimerized case.

SUPPLEMENTARY MATERIALS
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