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Abstract

We have investigated magnetotransport properties and the topological electronic structure
of the half-Heusler compound TbPtBi. Our experiments reveal an exceptionally large anomalous
Hall effect (AHE) in the canted antiferromagnetic state of TbPtBi with the anomalous Hall angle
(AHA) reaching ~0.68-0.76, which is a few times larger than the previously reported record in
GdPtBi. First-principles electronic structure and the associated anomalous Hall conductivity was
computed in order to interpret the experimental results. Our analysis shows that the AHE in TbPtBi
does not originate from the Weyl points but that it is driven by the large net Berry curvature

produced by the anticrossing of spin-split bands near the Fermi level in TbPtBi.
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The ordinary Hall effect in non-magnetic metals and semiconductors arises when
oppositely charged carriers are separated via the Lorentz force in the presence of an external
magnetic field. In a magnetic system, however, the anomalous Hall effect (AHE) can occur, which
does not require an external magnetic field. The AHE is not only of fundamental scientific interest,
but it also carries promise for technological applications (e.g. Hall sensors). Three different
mechanisms for the AHE have been identified through studies of a variety of materials [1-4]: (1)
An extrinsic effect due to spin-dependent scattering involving skew scattering and side jump
[2,3,5]; (i) An intrinsic effect originating from the Berry curvature in real space [6-10], which
usually occurs in antiferromagnetic (AFM) systems with spin chirality [11-17]; and, (iii) an
intrinsic effect induced by the Berry curvature in momentum space [18-24], which is predicted in
magnetic topological Weyl semimetals (WSM) [25-27] as well as in non-collinear AFM systems

with strong spin-orbit coupling and broken time-reversal and lattice symmetries [28].

Since Weyl nodes are singular points of Berry curvature, a large net value of the Berry
curvature can occur in time-reversal-symmetry (TRS) breaking WSMs, which can result in strong
AHE when the Weyl nodes are close to the Fermi level [26]. This scenario has been demonstrated
recently in ferromagnetic (FM) WSMs Co3Sn2S2 [29-32] and CooMnGa [33-35], where the
anomalous Hall angles (AHA) reach values of 0.2 and 0.1, respectively, which are far larger than
those observed in other magnetic conductors. WSM states can also be present in AFM materials
such as GdPtBi1 [36,37], TbPtBi [38], Mn3Sn and Mn3Ge [39-43]. In particular, GdPtBi and
TbPtBi show a large AHE with AHA values of 0.16-0.38 [37,38,44]. Previous studies of GdPtBi
suggest two possible mechanisms for its large AHE. One explanation is that the spin texture under
magnetic field leads to an avoided band-crossing near the Fermi energy Ef, which can drive a

significant Berry curvature contribution to the AHE [44-46], while another explanation involves



the contribution to the Berry curvature from field-induced Weyl points [37,38,44]. However, it
remains unclear whether the Weyl node or the avoided band-crossing is the key contribution for
inducing the large AHE. In this article, we show that an exceptionally large intrinsic AHE with
anomalous Hall angles of 0.68-0.76 can be created via the anti-crossing of inverted, spin-split
bands in TbPtBi, and that it can be probed when the magnetic field is applied along the [100]
direction. We further show that Weyl points hardly contribute to the AHE under this field

orientation.

Like GdPtBi, TbPtBi belongs to the half-Heusler family. We have grown TbPtBi single
crystals using Bi-flux method, see Supplementary Materials (SM) for details. Our TbPtBi single
crystals exhibit semi-metallic behavior with a broad peak in resistivity pxx around 225K (Fig. 1a).
The magnetic susceptibility (y ) measurements (Fig. 1b) reveal an AFM transition with a Neel
temperature of 7n= 3.4 K. The »(7) in the high-temperature range (60-300K) can be fitted by the
Curie-Weiss form; the effective magnetic moment (zéff) extracted from the fit is ~ 9.41 us/Tb, see

Supplementary Fig. S1. The 7n and pefr values are consistent with an earlier report [38].

In the Hall effect measurements, we observed an intrinsic AHE, much stronger than that
seen in previous studies on TbPtBi [38] and GdPtBi [37,44]. Our measurements were conducted
with the magnetic field applied along the [100] axis (inset, Fig. 1a) and the current along the [010]
or [001] direction ([010] and [001] are equivalent in a cubic structure), while previous experiments
on TbPtBi and GdPtBi involved 7//[110] and B//[111]. Figure 1c shows the Hall resistivity (oxy) of
a typical TbPtBi sample as a function of the magnetic field at various temperatures. Below 20K, a
clear anomalous feature emerges, which is analogous to what has been seen in GdPtBi [37,44]. pxy

deviates from linear field dependence and the magnetic field H* where pxy deviates from linearity



decrease with decreasing temperature, ~ down to 3-4T at 2K. We also find that the anomalous Hall
resistivity is not coupled to the magnetization M. The M-H curve shows a slightly deviated linear
behavior in the AFM state at 2K whereas it is linear in the paramagnetic (PM) state at 9K as shown
in the inset of Fig. 1c. We further examine the magnetization dependence of anomalous Hall
resistivity 4oy which is obtained by subtracting normal Hall contribution RoB (Ro, Hall coefficient)
and shown in the inset of Fig. 1d. It can be seen clearly that Apx, vs. M does not follows a linear
M dependence as expected in trivial magnetic conductors, but shows a significant peak near the
field where pxy deviates from linear field dependence, suggesting that the large AHE observed in

TbPtBi is of intrinsic origin.

To estimate the intrinsic anomalous Hall conductivity aj}x, we followed the approach of
Ref. [44] and define 09, = oyx - 0%, where o, is the normal Hall conductivity, which can be
estimated using the Hall resistivity px and longitudinal resistivity pxx measured at a temperature
far above Tn (e.g. 20K). Both oy and 03’,‘; are obtained through tensor conversions from the
measured po and pw, ie. o =puApe’tpo’). The calculated o, is presented in the
Supplementary Fig. S2a where we can see that the maximal value of oj‘}x reaches ~ 1,100 Q'cm™!

near 1T/4T at 2K, much larger than the previously reported values for GdPtBi (30-200 Q'cm™!

[44]) and TbPtBi (~744 Q'cm™ [38]). In Fig. 1d, we present the anomalous Hall angle (Gan =
0y 0x) as a function of the magnetic field. We find the maximal fan value of this sample to be

as large as ~0.68 near 4T at 2K, about 1.8 times of the previously reported fan (=0.38 [38]) for
TbPtBi and ~2-5 times larger than the values seen in GdPtBi (6an = 0.16-0.32 [44] ). The Hall

angle of Oan = 0.38 for TbPtBi was claimed to the largest among other materials [38]; our result



thus sets a new record. Such a large Gan is verified in other samples. In Supplementary Fig. S2b,
we show the Hall angle measured on another sample whose maximal fan is ~ 0.76, even larger
than that of the sample shown in Fig. 1d.

Although we take the Hall conductivity at 20K as ng, we note that the field dependence
of py is not exactly linear at 20K but becomes almost linear at S0K. The reason why we did not
use the Hall conductivity data at S0K for normal Hall contribution subtraction is that Ro in the PM
state i1s weakly temperature dependent. Nevertheless, we find p. collapses to a linear field
dependence above 7.5T for T' < 20K, implying the variation of Ry is very small below 20K. The
non-linear field dependence of oy below 7.5T at 20K implies weak AHE due to spin fluctuations.
Thus, using the Hall conductivity of 20K for normal Hall subtraction may lead to small
underestimates of o}, and 6an. We also attempted using the Hall conductivity data of 50K for
normal Hall subtraction and found the o}, and an values are 1347 Q~'cm™" and 0.86,
respectively, at 2K (see supplementary Fig. S4), greater than those values obtained using the Hall
conductivity of 20K for normal Hall subtraction. Of course, the temperature dependence of Ro may

cause small overestimates of 03‘,‘,( and Oan in this case.

The previously reported large Oan for TbPtBi1 was attributed to the field-induced Weyl state
[38]. The main support for this argument is the observation of the negative longitudinal
magnetoresistance (LMR), which was interpreted as arising from the chiral anomaly of a field-
induced Weyl state. Negative LMR was also observed in our experiments with H//[100], as shown
in Fig. 2a. Our LMR data also display a dip feature near 4T for 7<7n, which becomes more
significant when the field tilt angle is above 30°. Although all these features look similar to those
seen in GdPtBi [36,37] and appear to be consistent with a field-induced Weyl state, we observed

signatures unexpected for a Weyl state in planar Hall effect (PHE) measurements. PHE refers to
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the Hall effect which takes place when the magnetic field and the electrical current are co-planar
(inset, Fig. 2c). Such a Hall effect can be caused by the magnetoresistivity anisotropy that usually
occurs in ferromagnets due to anisotropic magnetization. In Weyl semimetals, the chiral anomaly
leads to a large magnetoresistivity anisotropy, i.e. the resistivity measured with B // I (py) differs

from the resistivity probed with B L I (p1). The Hall resistivity of PHE (o) induced by the chiral

anomaly can be expressed as

P =@sin2(p (1),

xy
where ¢ is the angle between the current flow and magnetic field orientation (inset, Fig. 2¢) and

pi-pL represents the resistivity anisotropy caused by the chiral anomaly [47]. PHE has been used
as an alternative probe for the chiral anomaly, and it has been observed in a number of topological
semimetals such as ZrTes, CdsAs2, GdPtBi, WTe2, MoTe2 and VA3 [48-53]. As shown in Fig. 2c,
the pf'¥ measured in our TbPtBi sample shows a very complex field-dependent anisotropic
behavior. We did not observe the expected sin 2¢ angular dependence in PHE due to chiral
anomaly at low fields, but a complex anisotropy with minima occurring at 45° and 225° (e.g. see
the data taken at 4T in Fig. 2c). However, at higher fields (e.g. 6T and 8T), a sin 2¢p component
appears to be superimposed on the anisotropic component seen at 4T. This suggests that the PHE
revealed in our experiments may involve both the chiral anomaly and anisotropic magnetic
scattering effect. The anisotropic magnetic scattering is also clearly manifested in the in-plane
angular dependence of px where it exhibits oscillations with field-dependent symmetry in the
AFM state (Fig. 2d). At 4-6T, it shows 2/4-fold oscillations with the maxima occurring at B//I (i.e.
¢ =0 and 180°) in contrast to the expected chiral-anomaly induced minimal in px for B//I [36] and

(cos¢@)* dependence of px (@) [47]. When the field is increased to 8T, pu(@ ) shows more complex



oscillations with 8-fold symmetry and local minima at B//I, implying the possible superposition of
chiral anomaly and magnetic scattering. We have also measured o« (¢ ) in the PM state at 10K
(the top curve in Fig. 2d) and find it exhibits minima for both B // I and B L [ that is inconsistent
with the chiral anomaly effect. These observations suggest that the negative LMR shown in Fig.
2a mostly arise from magnetic scattering with the possibility of a relatively small contribution
from the chiral anomaly.

In order to understand the AHE of TbPtBi, we have performed detailed band structure
calculations, see SM for the details. According to previous electronic structure calculations on
half-Heusler materials [54-56], the combination of Pt with Bi in REPtBi (RE = rare earth) leads to
an inverted band structure where the /s and /s symmetry bands are inverted at I'. Since the band-
inversion-strength (BIS) increases with the average nuclear charge of the atoms in the unit cell, we
expect TbPtBi to have a greater BIS value than GdPtBi. Our first-principles band structure
calculations indeed show that TbPtBi and GdPtBi share a similar band structure and that the BIS

value is larger in TbPtBi at zero magnetic field.

The arrangement of atoms in the unit cell in TbPtBi is illustrated in Figs. 3a and 3b. For
the nonmagnetic state, it is described by the inversion asymmetric space group TZ (F43m,
No.216) where Tb, Pt, and Bi atoms occupy Wykoff positions 4b, 4c, and 4a, respectively. The
crystal structure consists of a layered atomic arrangement when viewed along [111] with Tb>" ions
stuffing the [PtBi]*" zinc-blende sublattice at the remaining sites of a face-centered cubic (fcc)
lattice. Notably, the REPtBi (RE=rare earth) compounds generally possess two different types of
AFM orders. The materials with lighter RE atoms such as CePtBi and NdPtBi tend to from type [
AFM order with the propagation vector along [100] [57-58]. In contrast, the materials with heavier

RE atoms such as GdPtBi and YbPtBi form a type I1 AFM order with the propagation vector [111]
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[44, 59]. Since Tb is heavier than Gd and GdPtBi exhibits type-1I AFM order, we consider a type-
II AFM order for TbPtBi in our calculations. For the type-Il AFM ordering, the space group
symmetry is reduced to C3,(R3m, No.160) as seen in GdPtBi. This crystal structure is viewed
as trigonal in which Tb magnetic moments align ferromagnetically in an atomic plane
perpendicular to [111] and antiferromagnetically between the two neighboring planes (see Fig. 3b).
This structure breaks inversion symmetry but preserves an effective time-reversal symmetry S =
Oty /,, where @is the time-reversal operator and 7, , is the half-translation vector connecting
spin-up and spin-down Tb atoms. We find that Tb ion has a net effective magnetic moment of

9.31 u, /Tb which is composed of a spin magnetic moment of 6.07 y,and orbital moment of
3.24 g, consistent with a simple Tb** ionic state and the experimental value of gefr ~9.41 us/Th.

The bulk band structure of TbPtBi in the nonmagnetic state is semimetallic, exhibiting a
[g(p — type) and I, (s — type) band inversion similar to other half-Heusler materials such as
GdPtBi. On considering the type-II AFM spin-order, TbPtBi retains the band-inverted
semimetallic features of the nonmagnetic state as shown in Fig. 3d without the SOC. When we
include SOC, the nodal crossings vanish, with a bandgap opening at the band-crossing points, see
Fig. 3e. A careful inspection of the band structure in the full BZ reveals that the system has a
continuous gap between the valence and conduction bands. However, the band structure remains
semimetallic with two large spin-split hole-like Fermi pockets around I' as shown in Fig. 3¢c. The
Fermi wave vector (kr) for the inner (outer) pocket along the I'-L, I'-F, and I'-Z lines is ~ 0.053
(0.066) A, 0.083 (0.125) A, and 0.091 (0.135) A, respectively, comparable to kr probed in
Shubnikov-de Haas quantum oscillation experiments, see Supplementary Fig. S3. Notably,
quantum oscillations probe a single anisotropic hole pocket. This is because the large exchange

coupling in the presence of an external magnetic field pushes the second pocket below the Fermi



level as seen in Fig. 4. Although TbPtBi is a semimetal, owing to the existence of the SOC-induced
bandgap locally at each k point and an effective time-reversal symmetry S, we can define a 2>
topological invariant in a manner similar to the time-reversal symmetric topological insulators. By
tracking the evolution of the Wannier charge centers on the k; = 0 and m planes, we obtained Z>
topological invariant to be 1, concluding that TbPtBi is an antiferromagnetic topological insulator.
Notably, this is in strong contrast to GdPtBi which remains in a nontrivial semimetal state even
after considering SOC in the computations.

We turn next to consider the ferromagnetic structure of TbPtBi and reveal the emergence
of the Weyl semimetal state for B||[100] in Fig. 4. When Tb magnetic moments are aligned
ferromagnetically, the spin-degenerate bands split in energy due to the strong exchange coupling.
By calculating the splitting between the majority and minority spin states at I', we estimate the
exchange coupling to be ~0.4 eV. As shown in Fig. 4a, the valence and conduction states of the
different spin-channels cross near the Fermi level, forming a nodal surface. When we include SOC
with a [100] magnetization, the symmetry of TbPtBi lattice reduces to S+. We find that the spin-
degeneracy at the nodal band-crossings is lifted everywhere in the BZ except at the four & points
which are listed in Table S1 in SM. These points constitute two pairs of S« symmetry-related Wi,
type-II Weyl nodes and are located at 83 meV above the Eras illustrated in Fig. 4c, contrasted with
6 pairs of Weyl nodes in GdPtBi under the same field orientation. The Weyl node separation is
~0.16 A”!, much smaller than that in GdPtBi [36,37]. These results clearly show that TbPtBi
supports a magnetic field induced topological phase transition from a nontrivial AFM insulator to
a Weyl semimetal. Given that the calculated Weyl nodes are well above Erand that the anomalous
Hall conductivity (AHC) is in proportion to the Weyl node separation Akw [26,60], it follows that

the predicted Weyl points do not make a significant contribution to the large AHE observed in



TbPtBi, consistent with our experimental results which also do not reveal remarkable transport
signatures of a field-induced Weyl state as discussed above.

In order to gain further insight into the nature of the unusually large anomalous Hall
response of TbPtBi, we have calculated the Berry curvature distribution associated with our band
structure. Fig. 4d presents the Berry curvature distribution along the selected high-symmetry
directions. The Berry curvature around the Fermi level is seen to be predominantly positive for
valence bands (hole pockets) and negative for the conduction bands (electron pockets). At E, the
Berry curvature contains both positive and negative hot-spots as shown in Fig. 4e. However, the
size of negative hot-spots is much smaller compared to the positive hot-spots. Through the Berry
curvature integrations, such a distribution of opposite hot-spots is found to produce a large AHC
that can be seen in our calculated AHC G;,lx (Fig. 4f). The G;}x maintains a plateau from Er to -45
meV with a maximum value of ~ 320 Q~1cm™?! showing predominantly positive Berry curvature.
On increasing the energy above FE, Gﬁx drops quickly and changes sign at ~ 140 meV. Although
the calculated o), near E is less than the maximal experimental value (1100 Q~'cm™1), it clearly
indicates that Berry curvature from the nontrivial hole-like Fermi pockets plays a dominant role in
the observed large AHC. The formation of such a hole pocket is driven by the anti-crossing of
spin-split bands, i.e. gapping of the nodal surface. The presence of strong SOC and the lattice
symmetry reduction caused by the magnetic order play a key role in triggering such band anti-
crossing and creating large net Berry curvature.

The difference between the calculated and experimental values of AHC is due to the fact
that our calculations are based on a fully-polarized FM state, while the actual magnetic state near
~4T where the maximal oy, is observed shows a canted AFM order. This implies that the non-

collinear spin structure enhances the Berry curvature, which is consistent with an earlier theoretical
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prediction that a large net Berry curvature can be created by the symmetry breaking plus strong
SOC in a magnetic state with non-collinear spin structure [28]. As noted above, the large AHE
observed in GdPtBi was attributed to avoided band crossings or Weyl points [44]. Given the
similarity of band structures and the differences in the Weyl states between GdPtBi and TbPtBi as
discussed above, the band anti-crossing may also play a key role in creating large AHE in GdPtBi.

In summary, we have observed a strong intrinsic AHE effect with an exceptionally large
anomalous Hall angle (0.68-0.76) in TbPtBi, which cannot be attributed to field-induced Weyl
points. Through Berry curvature and AHC calculations, we find that the non-trivial hole pocket
formed by band anti-crossing carries large Berry curvature and drives the large AHE in TbPtBi.
The theoretical analysis also suggests that TbPtBi is an AFM topological insulator in its ground
state. Our study thus advances the understanding of exotic quantum transport properties induced

by non-trivial band topologies in materials.
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Figure 1. (a) Temperature dependence of resistivity of TbPtBi. Inset, the schematic of
experimental set up for longitudinal and Hall resistivity measurements. (b) The AFM transition
probed in the resistivity and the magnetic susceptibility measured with B=0.1T(B//[100]). (c) Hall
resistivity as a function of the magnetic field B for TbPtBi. The inset in (c) shows the isothermal
magnetization data of TbPtBi at 7=2K and 9K. (d) Anomalous Hall angle vs. field at various
temperatures. The inset in (d) shows the magnetization dependence of the anomalous Hall

resistivity 4oy (Which is obtained by subtracting normal Hall contribution RoB ) at 2K and 9K.

13



(a) 04 T T (b) T T T 4 T T T v |0 T
. ~ 08f . 90 |
S —__Blll = ) ]
QE 1/001)/[010] Q2 0.6l !fﬁﬁmumlm ]
— g I 70° .
= = 04} 500 4

o Q”
00 PN |
3 S 30°
~u 2K 4K v
= 6K—— 9K S

-02F
— 15K 20K
100K: 150K
0 3 6 9
B (T)
(c) 20 —T T (d)
BLI B/I BLI
[ Vi i ]
15k I, =gl //1001]/[010] 4

UL 2

: v N B
Q L0 - - 2K - G

i g

£ \~/ o
& . i ' QC
S i i |

—
wn

1.0

Figure 2. (a) Field dependence of longitudinal magnetoresistivity at various temperatures. (b)
Field dependence of magnetoresistivity at 2K under various field orientations. (c) Angular

dependence of planar Hall resistivity pf }{{E under various magnetic fields at 7= 2K. The data for 6

and 8T have been shifted for clarity. The insets in panels (a), (b) and (c¢) show schematics of
experimental setups. (d) Angular dependence of p,, under different magnetic fields at 2K. The

data for 6T and 8T at 2/10K have been shifted for clarity.
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Figure 3. (a) Crystal structure of the half-Heusler TbPtBi. The conventional and primitive unit
cells are denoted by black and blue lines. (b) The rhombohedral unit cell for the type-II
antiferromagnetically ordered TbPtBi. (c¢) Fermi surface of the type-II antiferromagnetically
ordered rhombohedral TbPtBi, calculated with the inclusion of spin-orbit coupling (SOC). Hole-
like Fermi surface at I' is colored in blue. Bulk band structure of the type-II AFM TbPtBi (d)
without and (e) with SOC. The shaded yellow region in (e) highlights the continuous gap between

the valence and conduction states.
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Figure 4. (a) Spin-resolved band structure of ferromagnetically ordered half-Heusler TbPtBi
without SOC. Crossings between the valence and conduction bands from different spin-channels
are highlighted with black circles. (b) Band structure with the inclusion of SOC where the magnetic
moments are fully aligned along the [100] direction. (c) Distribution of the four Weyl nodes in the
first BZ of TbPtBi. Red and blue spheres represent the Weyl nodes with ‘+1” and ‘-1’ chiral charge,
respectively. The right inset is a schematic of the band dispersion of Weyl fermions. (d)-(e) Berry
curvature distribution for TbPtBi along the selected high-symmetry lines and in the full BZ at the
Fermi level. (f) Energy dependence of the anomalous Hall conductivity of TbPtBi with all

moments oriented along the [100] direction. The vertical broken line marks the Fermi energy.
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