Anomalous Hall effect emerging from field-induced Weyl nodes in SmAISi
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The intrinsic anomalous Hall effect (AHE) has been reported in numerous ferromagnetic (FM)
Weyl semimetals. However, AHE in the antiferromagnetic (AFM) or paramagnetic (PM) state of
Weyl semimetals has rarely been observed experimentally. Different mechanisms have been pro-
posed to account for the emergence of AHE from different types of magnetic order. In this paper,
we propose a new model that explains the observed AHE in both the AFM and PM states of non-
centrosymmetric Weyl semimetal SmAISi. The newly proposed mechanism is based on magnetic
field-induced Weyl node evolution, which qualitatively explains the temperature dependence of the
anomalous Hall conductivity (AHC), which displays unconventional power-law behavior in both the

AFM and PM states of SmAISi.

Magnetic Weyl semimetals have garnered a lot of in-
terest in recent years because of the interplay between
electronic correlations and topology [1-6]. Magnetism
drastically increases the number of possible symmetries,
from 230 crystalline space groups to 1651 magnetic space
groups if we only consider the commensurate order, al-
lowing for the tunability of topology through the mag-
netic structure. In magnetic Weyl semimetals, Weyl
fermions can mediate magnetic order through nesting
between different Weyl pockets [6-10]. Furthermore,
the Weyl nodes of different chirality in magnetic Weyl
semimetals bring about a wide range of magnetotrans-
port and spectroscopic properties [11-16]. Among these,
the anomalous Hall effect (AHE) in Weyl semimetals
stands out, especially in contrast to the AHE in nor-
mal ferromagnets, e.g., iron [17-21]. In the latter, the
spin-orbit interaction and the finite magnetization M give
rise to a nonzero AHE, where the anomalous Hall con-
ductivity (AHC) is found to be proportional to M [22].
Although nonzero AHE can occur in most FM systems,
it has only recently been revealed in a few AFM Weyl
semimetals, an observation that required new models
since M = 0 [Fig. 1]. The Weyl nodes can behave as
effective magnetic monopoles, generating strong Berry
curvature, which, in turn, acts like an effective magnetic
field in momentum space. In this scenario, finite M (as
in FM order) is no longer required to host nonzero AHE
[23-25]. More importantly, there are no models and no
experimental observations for AHE in the paramagnetic
(PM) state of noncentrosymmetric materials.

Here we report the first observation of AHE in the PM
state of a noncentrosymmetric Weyl semimetal SmAISi,
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together with a novel mechanism that accounts for this
new state, based on the magnetic field displacement of
the Weyl nodes to inequivalent points in momentum
space. This results in regions with nonzero Chern num-
bers in the first Brillouin zone. Moreover, the same
model explains the AHE in the AFM state of SmAISi,
in contrast to the only other noncentrosymmetric AFM
semimetal showing AHE, CoNb3Sg [26] [Fig. 1(d)], where
the mechanism relied on breaking time-reversal symme-
try (TRS) in a noncollinear magnetic structure [Fig.
1(a)].

SmAISi is a member of the noncentrosymmetric class
of compounds RAI(Si,Ge) (R = La - Sm) [4, 6, 13, 27—
36]. The Weyl points and Kramers nodal lines (KNLs)
in the PM state of SmAISi have been investigated
through density functional theory (DFT) calculations,
angle-resolved photoemission spectroscopy (ARPES) and
angle-dependent quantum oscillation (QO) measure-
ments [35]. In addition to the previous report of the
topological Hall effect (THE) in the intermediate-field A
phase [34], here we report large AHE in the AFM ground
state and in the PM state of SmAISi up to 100 K.

Existing proposals for mechanisms responsible for
AHE in AFM materials prove inadequate for noncen-
trosymmetric compounds, as illustrated by SmAISi.
First-principles calculations [37] demonstrate the pos-
sibility of nonzero AHE in AFM materials with non-
collinear magnetic structures [Fig. 1(a)]. The non-
collinear magnetic structure can spontaneously break
TRS. In the kagomé AFM metal Mnslr, the breaking
of TRS results in nonzero Berry curvature and nonzero
AHC. In the isostructural MnzSn and Mn3Ge, the Mn
magnetic sublattice determines if TRS is broken, which,
in turn, determines if there is nonzero AHE, as illustrated
in Fig. 1(a). The magnetic structure of a bipartite lattice
(antiparallel magnetic moment pairs) preserves TRS [top,
Fig. 1(a)], while the non-coplanar magnetic structure il-
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FIG. 1. Proposed AHE mechanisms in antiferromagnets, based on (a) breaking TRS in noncollinear magnetic structures, (b)
field-split degenerate bands, or (c) field-shifted Weyl nodes. (a) Comparison of two possible AFM magnetic structures that
forbid any finite AHE (top panel) or allow finite AHE (bottom panel). (b) Comparison of the band structure of Dirac semimetals
without (top panel) and with (bottom panel) applied magnetic field. The magnetic field lifts the band degeneracy and induces
Weyl points. (¢) Comparison of the band structure of noncentrosymmetric Weyl semimetals without (top panel) and with
(bottom panel) applied magnetic field. The Weyl nodes with different chiralities are illustrated in red and green, with Fermi
arcs connecting them (magenta curves). The magnetic field changes the position of the Weyl nodes and induces a region with
nonzero Chern number (C) in the Brillouin zone. (d) List of well-established centrosymmetric (left) and noncentrosymmetric
(right) compounds that exhibit AHE in the AFM state (top) and PM (bottom) state. These compounds are further categorized

by the underlying mechanisms in (a-c).

lustrated in bottom, Fig. 1(a) carries a chirality of wind
and breaks TRS. If the Weyl points are close to the Fermi
energy Er, the AHE amplitude is enhanced compared to
the cases where the Weyl points are away from Ep [38].
Overall, the broken TRS and the Weyl points created
by the broken symmetry could explain the observation
of the AHE in the ordered state of Mn3Sn and MnsGe
[39, 40]. Similarly, the AHE in the noncentrosymmetric
AFM CoNbs3Sg is attributed to the TRS breaking AFM
order [26].

In stark contrast to Mn3Sn and MnsGe, neutron scat-
tering and pSR measurements show that the magnetic
order in GdPtBi is collinear AFM below Ty = 9.2 K
[12, 41]. Despite the lack of inversion center, the elec-
tronic structure of GdPtBi in zero field does not feature
any Weyl nodes [12, 41]. However, AHE is observed up
to 50 K, a temperature significantly higher than T . De-
spite these differences, GAPtBi hosts a nontrivial topol-
ogy, similar to MngSn and Mn3Ge. By breaking TRS
through an external magnetic field, the degeneracy of
the electronic bands is lifted through the exchange in-
teraction between the Gd ions [11, 12]. As illustrated in
Fig. 1(c), the combination of Zeeman effect and magnetic
exchange interaction splits the electronic bands, lead-
ing to the formation of Weyl nodes in GdPtBi [11, 12].
This mechanism is responsible for the observed AHE
in GdPtBi and other centrosymmentric PM compounds
[11, 12, 23, 41, 46, 47] including TbPdBi, EuCdsAs,, and
ZrTes [Fig. 1(d)].

Weyl nodes can occur in noncentrosymmetric mate-
rials even in the absence of applied magnetic fields, as
is the case in RAI(Si,Ge) [27, 28]. In Fbreaking Weyl
semimetals, if TRS is preserved, Weyl nodes with differ-
ent chiralities appear at opposite momenta, and all re-

gions in the first Brillouin zone have zero Chern number,
such that the AHE is expected to be zero [top, Fig. 1(c)].
When FM order or an applied magnetic field breaks TRS
[27], the Weyl nodes are effectively shifted by the ex-
change interaction, resulting in nonzero integration of
the Berry curvature. As a result, there are regions with
nonzero Chern number in the first Brillouin zone [bot-
tom, Fig. 1(c)], leading to nonzero AHE. Notably, the
Zeeman energy is typically significantly smaller than the
magnetic exchange energy. Therefore, the AHE result-
ing from this mechanism is expected to be substantially
smaller in NM materials compared to magnetic materi-
als. In the magnetic system SmAISi, we expect a nonzero
AHE even in the PM state, particularly within the tem-
perature range just above T. The mechanism proposed
here for SmAISi can be applied to a broad range of non-
centrosymmetric Weyl semimetals.

To illustrate the difference between the well-
established compounds that exhibit AHE in the AFM
state and the PM state, we categorize them by: (1)
presence of inversion symmetry, (2) type of magnetic
state that exhibits AHE, (3) underlying AHE mechanism
[Fig. 1(d)]. The AHE in SmAISi reported in this work
benchmarks this as the first noncentrosymmetric com-
pound that exhibits AHE in the PM state.

Our earlier work has shown that SmAISi orders anti-
ferromagnetically below Ty = 11.3 K and undergoes a
second magnetic transition at Th = 4.1 K [35]. Recent
neutron scattering measurements by Yao et al. revealed
the incommensurate nature of the AFM magnetic order
below Ty [34]. Magnetic Bragg peaks were found at Q
= (1/3-6, 1/3-0, 4) and (1/3-6, 1/3-§, 8), which could be
indexed by a propagation vector k = (1/3-9, 1/3-4, 0)
with § = 0.007(7). We also carried out diffraction mea-
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FIG. 2. Transverse resistivity (pz. and p.,) longitudinal re-
sistivity (p.» and pz» of SmAISi). (a, b) Field-dependent Hall
resistivity pz. and p.s, with current j || ¢ and magnetic field
H || b (a) and current j || a and magnetic field H || b (b),
respectively. The schematics of the corresponding Hall resis-
tivity are shown in the inset. (c,d) Field-dependent resistivity
pz> and pgz. as a function of magnetic field.

surements and confirmed the basic magnetic order wave
vector is (1/3, 1/3, 0) with an ordering temperature of
Ty = 11.2(2) K [Fig. Sl(a,b)], where the uncertainty
represents one standard deviation [42].
Magnetotransport measurements with current along
the c¢/a axis and magnetic field parallel to the b axis
revealed large anomalous Hall contributions to the resis-
tivity and conductivity in both the AFM and PM states.
In the following discussion, the x/y/z subscripts of the
resistivity or conductivity tensors refer to the a/b/c axes
of the crystal [Fig. S1(c)], respectively [42]. The nonlin-
ear field-dependent Hall resistivity components p,, and
P22 [Fig. 2(a,b)] indicate the coexistence of electron and
hole carriers, consistent with previous studies [6, 30, 33],
although these measurements were performed for a differ-
ent current-field configuration (j || a, H || ¢). Surpris-
ingly, the Hall resistivity components p,, and p,, show
an unusual plateau between 0 and 2 T [inset, Fig. 2(a,b)],
which was not observed before, likely due to the different
measurement configuration [6, 30, 33]. Considering the
additive contributions of Hall conductivity [22], we use
conductivity (rather than resistivity) analysis to probe

the existence of the AHE. Since the ¢ axis is not equiv-
alent to the a or b axes, the conductivity tensor and the
resistivity tensor are connected through

|:O'acx O'xz:| _ 1 |:pac3c _pxz:| (1)
Ozz Ozz PxxPzz — PrzPzx | Pzz  Pzz

Fig. 2(a,b) shows the measured resistivity data for the
relevant current (j) and field (H) orientations, which are
used in eq. 1 to estimate the conductivity components
0g. and o, [Fig. 3(a,c)]. The unusual plateau between
0 and 2 T in p,. develops into an additional peak in o,
and a broad maximum in o,,.

To rule out a simple multiband explanation for the ob-
served magnetotransport, we performed two-band model
fits to capture the low-field anomaly at 1.8 K. An exam-
ple of such a fitting is shown in Fig. S5 (dashed lines)
for n; = 1.08%10%%cm=3, 1 = 606 cm?V~'s™! and ny
= 5.36*107cm ™3, py = 30436 cm?V~1s7! [42]. How-
ever, the best fits do not capture the Hall conductiv-
ity well for the entire field range. In addition, the con-
ductivity from the fit of*(H = 0) = nieu; + noeps =
1.31%10*Q " 'em ! is significantly smaller than the exper-
imental value 0., (H = 0) = 8.18%¥10*Q tem~!. These
observations suggest that a simple multiband model
without the inclusion of an anomalous term is not ad-
equate to account for the Hall conductivity.

For magnetic materials, the Hall conductivity sums up
two contributions, if the topological spin texture is not
considered: the ordinary Hall effect o, and the AHE
a4 [22]:

Opz = O + 04, (2)
where the AHE is proportional to the magnetization M
o = Sy M. Assuming the linear field dependence of the
Hall resistivity, and a small Hall angle (p,. << p..),
the measured Hall resistivity p,, can be written as:

pr: = RoH + Sy p>.M. (3)

While this formula has been successfully applied to an-
alyze the AHE in many FMs, it fails to describe high-
mobility multiband systems. In GdPtBi for example, the
field-dependent normal Hall effect is nonlinear due to the
multiband transport [12, 41]. Instead, the AHE is esti-
mated by subtracting the scaled Hall resistivity measured
far above the AFM ordering temperature (Iy = 9.2 K).
Such analysis is valid assuming the carrier density and
mobility only slightly vary below this temperature. This
may not be the case for SmAISi. To capture the nonlin-
ear field dependence of the Hall effect, we performed a
two-band fit to the high field Hall conductivity data o,
and o,,. Example fits are shown as dashed lines in Fig.
3(a,c). The difference between the data and model fits
—o2 [Fig. 3(b,d)] reflects the AHE contribution. A con-
tour plot of this transport response in the H - T phase
diagram is shown in Fig. 4(a). Such AHE map bears
a striking resemblance to that established for GdPtBi



[12, 41]: both compounds display a peak at low fields,
after subtracting the Hall conductivity fit to the high
field data. Moreover, the peak persists far above the
AFM transition temperature, although the amplitude is
reduced with increasing T'. In GdPtBi, the AHE persists
up to ~ 50 K when Ty = 9.2 K [12, 41]. By com-
parison, it persists up to temperatures twice as high T
~ 100 K in SmAISi, even when the ordering tempera-
ture is comparable Ty = 11.3 K. At 1.8 K, 02 and
o2 reach 1380 and 1030 Q 'em !, about one order of

zZT

magnitude larger than the values in GdPtBi (~ 30 - 200
Q~lem™1). The resulting tangent of the anomalous Hall
angle, tanf2, = o4 /0., is 0.017 and tanf2 = o2 /o,
is 0.02, which is about 1/8 to 1/10 of that observed in
GdPtBi [12, 41], but comparable to that of CeAlSi (0.02)
or PrAlGe (0.025) [30, 36], although the latter systems

are both ferromagnets.
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FIG. 3. The AHC of SmAISi. (a,c) Field-dependent Hall
conductivity oz, and 0., of SmAISi. The red dashed lines
are the two-band fit ordinary Hall contribution to the Hall
conductivity at 1.8 K. (b,d) AHC 02, and ¢, as a function
of the magnetic field at different temperatures T = 1.8 K to
100 K.

Compared with results from [34] where the Hall
anomaly is reported in the finite-field A phase, the Hall
anomaly from our Hall conductivity data is found in a
much larger temperature range and a distinct magnetic
field range. In addition to a different measurement geom-
etry (different current and field direction), the measure-
ments are done on samples with better crystal quality (as
demonstrated by heat capacity [35] and quantum oscilla-
tions data (Figs. S7-8) [42]. In addition, the differences
in the quantum oscillation frequencies and Hall resistiv-
ity indicate that the Fermi energy in our samples is lower
than in the samples from [34].

The contour map of the AHE contribution in SmAISi
[Fig. 4(a)] shows a striking resemblance to that in

4

GdPtBi [41]. Weyl nodes are expected to play an impor-
tant role in both systems. Nevertheless, the mechanisms
for the formation of the Weyl nodes are quite different.
The electronic structure of GdPtBi in zero field does not
feature any Weyl nodes. Under a finite field, Weyl nodes
form due to the field-induced Zeeman splitting combined
with the effect of AFM exchange field.

The AHE in SmAISi is also significantly different from
that in Mn3(Ge, Sn). In the latter, AHE is observed be-
low the ordering temperature while in the former, it per-
sists well above Ty. At H =0, the AHE is zero in SmAISi
and nonzero in Mn3(Ge, Sn). These differences highlight
the importance of the magnetic order in Mnsz(Ge, Sn) to
induce the AHE, which spontaneously breaks TRS, while
in SmAISi, it is the magnetic field that breaks TRS.

It is necessary to discuss possible Fermi surface recon-
struction under a magnetic field in the presence of AHE,
as discovered in YbMnBiz [52]. In YbMnBis, it has been
proposed that the canted Mn moments could change the
shape and position of the bands dramatically, such that
the energy of the Weyl points relative to the Fermi energy
can be tuned, and, in turn, tune the intrinsic anomalous
Hall and Nernst effects [52]. It should be noted that the
magnetic exchange energy in YbMnBis is significantly
higher than in SmAISi: ué\%ﬁ ~ 4 pp with Ty = 290 K,
and uf}”’} ~ 0.85 up with Ty = 11.3 K, respectively. The
exchange energy from the canted Sm>®* ions should be
too small to significantly impact the Fermi surface topol-
ogy as in YbMnBi,. In addition, the quantum oscillation
frequencies [Fig. S8] do not change across the transitions
[42]. Therefore, neither temperature nor field are likely
to induce Fermi surface reconstruction in SmAISi.

We benchmark the AHC in SmAISi against other es-
tablished topological semimetals, as indicated by the
o4 dependence on ., [Fig. 4(b)]. The conductivity
of SmAISi falls in the intrinsic regime, where the inter-
band-coherence-driven intrinsic AHC is independent of
the electron scattering mean free time, and should be a
constant: ¢~ constant. The amplitude of the AHC

Tz
is comparable to that of other materials with intrinsic

AHE.

The extrinsic skew scattering may contribute to the
AHE in SmAISi as well. In YbMnBiy, the strong
anisotropy of the Fermi surface leads to large anisotropy
in the conductivity (opp/0ce ~ 35). With H parallel to
a, The anomalous Hall and Nernst effects are dramati-
cally enhanced when the current or temperature gradient
is parallel to b, as expected for the extrinsic mechanism.
In SmAISi, the conductivity anisotropy is small (0., /0
~ 1.5), with similar anomalous Hall conductivity ampli-
tude 02 ~ 1380 Q~'em™! and o2, ~ 1030 Q~lem L.

Apart from the AHE, a non-coplanar spin texture may
yield spin chirality, generating Hall anomaly that is usu-
ally referred to as THE [53]. We will elaborate on this
scenario in the AFM and PM phases of SmAISi.

Based on the current understanding, it is unclear if
any magnetic phases have spin chirality in SmAISi. Due
to the large Sm neutron absorption cross section, neu-



1400

1200

1000

800

600

(jwo | 15) o

400

200

0
0 20 40 60 80 100

(b) Extrinsic Intrinsic Extrinsic
105 UxAz ~ O;l(f xz ~ constant d:z ~Oxx
T i : —
B GdPtBi ~
e vnoe | B ok «m2748)
5
A KV,Sb, I !
i e |
4| P Mnsi N E
< 10% w cosns, 1 °© 1
39N,9, 102 A
S < ZnP ! 7 35 45671 A
D - T I
d 3 CeAlsi I A 8 la
10° o smasi I o
<fb§ | o !
Iy I
| ® »o >R
102_ | | |V > 7 |
. (4 I
- L LY. L |
102 10° 104 10°

o, (7' cm™)

FIG. 4. (a) Contour map of o2, for poH = 0 - 14 T and
T = 1.8 - 100 K. The symbols are the phase boundaries
determined from Figs. S1-3 , [42]. Inset: a zoomed-in
view of the phase diagram at low temperatures. The phase
boundaries are determined from the peaks in Cp(T) (stars),
d(M(T)/H)/dT (squares), dp(T)/dT (circles), dM(H)/dH
(diamonds). (b) o2, ws. o4, for SmAISi (magenta pen-
tagons), other RAI(Si,Ge) (red, green, and orange pentagons)
[30-32], and other topological semimetals (black symbols)
[16, 39, 41, 48-50].

tron scattering experiments from [34] and this work only
show the basic magnetic order wave vector as (1/3, 1/3,
0) with the magnetic structure undetermined, while the
large standard deviation precludes a solid proof of incom-
mensurate order. Moreover, the multi-q feature is miss-
ing in the neutron scattering results on SmAISi, which
has been seen as key evidence for non-coplanar spin tex-
ture. It is unclear if the magnetic structure establishes
spin chirality in SmAISi as host of skyrmionic correlation.

Skyrmionic correlation could also persist in a small
temperature range outside the skyrmion phase, resulting
in a vestigial skyrmion lattice phase, as has been shown
in MnSi recently [54]. The vestigial phase is limited to a
small range close to the skyrmion phase in MnSi, while
the Hall anomaly persists in a much larger range well
above the ordering temperature. Therefore, it is unlikely

that the Hall anomaly in SmAISi is related to the vesti-
gial skyrmion lattice.

We now turn to the discussion of thermal fluctuations,
which, in addition to long-range magnetic order, have
been shown to yield finite spin chirality [55, 56]. A com-
petition of thermal fluctuations and Zeeman energy or
Dzyaloshinskii-Moriya (DM) interaction has been shown
to induce spin chirality in GdgRu4Al;5, and in thin film of
SrRuO3; and V-doped BisSes, respectively [55, 56]. How-
ever, as proposed in [56], the fluctuation-driven effect is
promoted only when the spin chirality between neigh-
boring plaquettes is not canceled. For lattice motifs with
equivalent polygons as in SmAISi, the fluctuation-driven
chirality is expected to cancel out.

It would therefore appear that none of the aforemen-
tioned mechanisms are adequate to describe the magne-
totransport in SmAISi. It will be helpful to further ex-
plore both the intrinsic and extrinsic contributions to the
AHE in SmAISi, as well as the magnetic structures and
magnetic interactions through different theoretical and
experimental approaches. The AHE in SmAISi [Fig. 4(b)]
is not a constant as expected for intrinsic deflection [22].
Such behavior is similar to the AHE found in the FMs
CeAl(Si,Ge) and PrAl(Si,Ge) [4, 30-32], despite the fact
that the AHE is missing in their PM state. Here we pro-
vide a qualitative explanation of this dependence, based
on a new mechanism.

In our proposed mechanism, the Weyl nodes evolution
under an external magnetic field can generate nonzero
AHE in noncentrosymmetric systems. Moreover, the
AHC has been shown to be proportional to the momen-
tum space separation between Weyl nodes of different
chiralities [51]. In SmAISi, such separation is directly re-
lated to the size of the magnetic interaction between the
canted Sm>* magnetic moments. A larger moment will
induce a larger shift in the electronic bands. The size of
the canted moment is reflected in the susceptibility [Fig.
S3(a)] or the isothermal magnetization [Fig. S3(c)] [42].
The measurements of both quantities show a negative
dependence on temperature, which is consistent with the
change in the AHE.

Moreover, the o2, of SmAISi exhibits two regions that
could be differentiated by distinct power-law coefficients,
as illustrated by the linear fits in the inset of Fig. 4(b).
These two regions coincide with the PM phase (full sym-
bols) and the AFM phase (open symbols). To quanti-
tatively explain this unconventional power-law behavior,
extensive theory and experimental work are required to
study the AHE dependence under this new mechanism.

We discovered large AHE in both the AFM and PM
states of SmAISi, which is the first observation of AHE in
the non-FM state of noncentrosymmetric Weyl semimet-
als. We propose a new AHE mechanism in noncen-
trosymmetric Weyl semimetals, based on an external
magnetic field breaking T, and shifting the position of
the Weyl nodes. Consequently, these Weyl nodes create
regions with nonzero Chern number and generate AHE.
Our work motivates further studies into the quantitative



understanding of the AHE in SmAISi and other AFM

materials.
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