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Controlling the anomalous Hall effect (AHE) in magnetic topological materials is an important property.
Because of the close relationship between anomalous Hall conductance (AHC) and topological band (strong
Berry curvature), AHC can be effectively tuned by magnetic field combined with strong spin-orbit interaction
and special band structure. In this work, we observed a magnetic field driving the nonmonotonic magnetic
field dependence of anomalous Hall resistivity and the sign change in magnetic-field-induced Weyl semimetal
HoPtBi. The tunable ranges of the AHC and the anomalous Hall angle are —75 ~ 73 Q' cm™ and —12.3 ~
9.1%, respectively. Anisotropic measurements identified the magnetic field is the key factor in controlling the
additional Hall term sign. Further analysis indicated that it originated from the field-induced shift of the Weyl
points via exchange splitting of bands near the Fermi level. The large tunable effect of the magnetic field on the
electronic band structure provides a path to tune the topological properties in this system. These findings suggest
that HoPtBi is a good platform for tuning the Berry phase and AHC with the magnetic field.
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I. INTRODUCTION

Ternary half-Heusler compounds crystallize in the cubic
MgAgAs-type crystal structure. They constitute a large family
of materials characterized by various physical and chemical
properties [1,2]. Half-Heusler compounds have been inten-
sively studied in the last decades regarding, superconductivity
[3-5], giant magnetoresistance [6,7], heavy fermions [8,9],
half-metals [10,11], magnetocaloric effect [12], and Seebeck
effect [13], because they possess unique multifunctionality
that can be easily tuned by small modifications in their com-
position, morphology or some external factors.

Some pioneering theoretical works [14—16] have recently
suggested that rare-earth (R)-based half-Heusler compounds
(RTX), where T is a d-electron transition metal (Ni,Pd,Pt, ...),
and X is a pnictogen (Sb, Bi), are promising candidates
for topological materials, exhibiting various unconventional
physical phenomena, e.g., topological insulators/semimetals
[17,18], topological superconductivity [3,19], and spin-wave
excitations [20], topologically coupled with the electromag-
netic field. All those rare features may emerge in RTX phases
because of strong Rashba-type spin-orbit interactions, re-
sulting from the lack of inversion symmetry in crystalline
systems. The nontrivial topological nature of selected RTX
compounds has been theoretically predicted using electronic
band structure calculations and, after that, experimentally con-
firmed [21,22].
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Among these topological candidates, the magnetic Weyl
semimetals attracted growing attention since their large Berry
curvature resulted in a strong intrinsic anomalous Hall ef-
fect (AHE) when the Weyl nodes were close to the Fermi
level [23]. This scenario was well-studied in magnetic topo-
logical materials, like CosSn,S, [24,25], Co,MnGa [26],
and Fe;GeTe;, [27], in which the band crossing points and
nodal lines with a topological order host strong Berry curva-
ture [23,28-30]. Therefore, the position of topological bands
strongly affects the value and the sign of the anomalous Hall
conductance (AHC). In our previous works, we observed
the negative magnetoresistance (MR) and extracted the m
Berry phase in the rare-earth-based half-Heusler compounds,
HoPtBi, which identified the chiral-anomaly-induced negative
longitude magnetoresistance and confirmed the presence of
Weyl fermions [31]. This paper presents a systematic analysis
of the experimental results of the temperature- and crystal
orientation-dependent AHE in HoPtBi single crystals. Our
results reveal a large anisotropic AHE in HoPtBi with the
tunable anomalous Hall angles (AHAs) of —12.3 to 9.1%,
depending on the geometric configurations of the applied
magnetic field (B) and electronic current (/). This feature is
ascribed to the tunable position of Weyl points relative to the
Fermi level, which may induce the inversion of Berry cur-
vature. However, more studies in this direction are certainly
necessary.

II. EXPERIMENTAL SECTION

HoPtBi single crystals, with a typical size of 1 x 1 x 1 mm,
were grown by a solution growth method using a Bi flux [7].

©2021 American Physical Society
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FIG. 1. (a) The crystal structure of HoPtBi with the space group F-43m (216). (b) Brillouin zone and (c) band structure of HoPtBi along
the X-I"-X-W-T"-W-K-I"-K-L-I"-L high symmetry line. (d) Single crystal XRD pattern of the (111) plane. The inset is the typical shape of the
HoPtBi single crystal. (e) The thermal magnetization of HoPtBi from 2 to 300 K at an external magnetic field B = 0.05 T. The inset represents
the fitting of the whole paramagnetic region of the thermal magnetization curve by Curie-Weiss law: the extension of the fitting curve intersects
the negative x axis, AFM exchange interaction is dominant. (f) Temperature dependence of resistivity curves for sample #1 with current 1//

[1-10].

The crystal structure was identified using the x-ray diffraction
(XRD) method with Cu-Ko radiation. The transport and mag-
netization properties were measured in the physical properties
measurement system (PPMS, 9T). The samples were polished
into a rectangle shape with a thickness lower than 0.1 mm
for transport measurement. A six-probe method was applied
to simultaneously measure the magnetoresistance and Hall
signals. The misalignment of the electrode was removed by
symmetrizing the data between negative and positive mag-
netic fields. The electronic band structures were calculated
using the WIEN2K code, based on the framework of density
functional theory [32]. The Perdew-Burke-Ernzerhof gener-
alized gradient approximation [33] was used to calculate
exchange correlation potentials. We set the cutoff energy of
—6.0 Ry, defining the separation of the valence and core
states. Due to heavy elements, we included spin-orbit cou-
pling (SOC) in the calculation. A large exchange parameter,
Ut = 0.6 Ry, was applied to Ho.

III. RESULTS

Figure S1 shows a uniform distribution of Ho, Pt, Bi,
indicating high-quality HoPtBi single crystals grown by the
Bi-flux method [34]. HoPtBi exhibits a cubic MgAgAs-type
crystal structure, Fig. 1(a), with a crystal lattice parameter
a=6.6344 A [7]. The corresponding Brillouin zone is shown
in Fig. 1(b). The high-symmetry lines I'-L and I'-X represent
[111] and [100] crystal planes, respectively. Since the bands

cross the Fermi level around the I" point, Fig. 1(c) shows the
band structure along different high-symmetry lines crossing
the I" point with ferromagnetic states and spin-orbit coupling.
The semimetallic band structure is similar to that of other half-
Heusler compounds, like GdPtBi [17,35], TbPtBi [22], and
YbPtBi [18]. The theoretical calculation of GdPtBi suggested
that the direction of magnetic moment significantly influenced
the number and position of Weyl points [35]. The magnetic
field can easily change the symmetry of the magnetic structure
in a paramagnetic material. In theory, besides the strong spin-
orbit coupling, the magnetic field can effectively tune the band
structure and topological states. Therefore, the tunable effect
could be observed in the HoPtBi compound.

The orientation of a single crystal is determined based
on the corresponding XRD pattern. As shown in Fig. 1(c),
two peaks indicate the (111) crystal plane of sample #1. The
inset represents a photograph of the HoPtBi single crystal
with the (111) plane making triangle (red dashed line). The
thermal magnetization curves are measured from 300 to 2 K
under 0.05 T, Fig. 1(d), indicating paramagnetic states in
the whole T range. HoPtBi host an antiferromagnetic state
in T < Ty = 1.2K [36]. The solid line in the inset is the
fitting curve of Curie-Weiss law. The effective magnetic mo-
ment e = 10.2 up is closed to the theoretical magnetic
moment of ppos+ = 10.6 up. Figure 1(f) shows the temper-
ature dependence of p,, for sample #1 with 0 T and 7//[110].
The transition of resistivity p,, from semiconductor behav-
ior to metallic behavior and small activation energy 18 meV
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FIG. 2. AHE for sample #1. Magnetoresisitance (a) and Hall resistivity (b) for sample #1. The inset of (a) is the configuration of the
magnetic field B//[111] and current / /[1-10]. (c) Magnetization as a function of B at different 7" with B//[111]. (d) The extracting progress of
the anomalous Hall resistivity at 2 K. The lower figure shows Hall resistivity at 2 and 20 K. The upper one shows the additional term Ap?, at
2 K. The total curve can be divided into three regions I, II, and III. The additional term Ap?% at 2 K was obtained by subtracting the linear Hall
resistivity at 20 K. (e) The additional term A pf‘, for sample #1 at T < 20 K. V

(Fig. S4) indicates HoPtBi hosts a small gap, which is coin-
cide with band structure.

One of our main finding related to HoPtBi is a large non-
monotonic Hall effect. The anomalous behavior in Fig. 2 is
explained in sample #1. MR and Hall resistivity of sample #1
are shown in Figs. 2(a) and 2(b), respectively. Compared to
B-linear dependence of the normal Hall effect, p,, of sample
#1 shows an unconventional behavior. The curves deviate
from a linear behavior, forming a swell at a high magnetic
field, similar to the AHE of TbPtBi [37]. This swell gradually
diminishes and shifts to a high magnetic field with the tem-
perature increase, disappearing entirely at 7 = 20K and B =
9 T. The fitting of the normal Hall resistivity indicates that
sample #1 shows very high mobility of 5059 cm?>V~!s7!, ex-
ceeding the maximum value of GdPtBi (1 x 103 cm?V-1s)
[38] and TbPtBi (2.2 x 103ecm?V~!s7!) [39] single crystals.
The high quality of the synthesized single crystal also re-
flects on the magnetoresistance effect. The MR value reaches
1031% at 2 K and 9 T. We also note the complex MR behavior
at a low magnetic field, contributing to quantum coherence
(weak antilocalization effect and weak localization effect) [7].
Figure 2(c) shows the magnetic field dependence of magne-

tization at low T and B//[111]. The Brillouin-function-like
behavior induces the magnetization curves saturate at a high
magnetic field reaching 60 emu/g at 9 T. In general, Hall
resistivity, pyy, in magnetic materials can be expressed as
follows:

Pry = RuB + o). (1

2

where Ry and R are ordinary and anomalous Hall coef-
ficients. ,ofy is anomalous Hall resistivity proportional to
magnetization in conventional ferromagnetic or ferrimagnetic
materials. Apparently, p,, of sample #I is not proportional
to magnetization. An additional term, Ap;“v, with a non-
monotonic dependence on M, occurs. Therefore, Pxy can be
expressed as follows:

Py = RuB + pfy + Apf,.

P?y = RsM,

3

Since the curves at B < 0.6 T and T < 20 K almost
overlap and the additional term disappears completely at 20 K.
Therefore, the additional Hall resistivity A p;‘y can be obtained
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FIG. 3. Hall resistivity p,, and magnetoresistance p,, at different temperatures for three samples with different configurations of B and 1.
(a) and (d) are the magnetoresistance p., and Hall resistivity p.,, respectively, with B//[110] and 1//[1-10]. The inset of (b) shows the Hall
resistivity at a low magnetic field. (c¢) and (d) are magnetoresistance p., and Hall resistivity p,, for sample #3, respectively, with B//[001] and
1//[1-10]. (e) and (f) are the results for sample #4 with B//[001] and 1//[100].

by subtracting p,,(20 K). Figure 2(d) shows the extracted
progress of A ,ofv. The lower figure is Hall resistivity at 2 and
20 K, and the upper figure is the additional Hall resistivity
Ap? at2 K. According to the Ap, value, the whole range can
be divided into three parts I, II, and IIL. In part I (B < 0.6 T),
Pxy(2 K) and py, (20 K) show B-linear dependence, indicating
that the normal Hall effect dominates the Hall signal. Hence,
the extracted Ap? is almost zero for the overlapping p,,(2 K)
and p,,(20 K) curves. In part II (0.6 T< B < 2.1 T), the
Pxy(2 K) curve deviates from the linear behavior and forms
a small positive swell. The critical magnetic field of AHE
is B, = 0.6 T, which is significantly lower than B. = 7T for
TbPtBi [37]. Large magnetic moment and smaller lattice pa-
rameter maybe the main factor that HoPtBi have a smaller
critical magnetic field. Because the formation of Weyl points
in magnetic RPtBi compounds was attributed to an external
magnetic-field-induced Zeeman splitting [35]. The magnetic
moment of Ho>* (10.2 ug) is larger than Tb3* (9.57 ug)
and smaller lattice constant may lead to RPtBi need smaller
Zeeman energy to form the band crossing (Weyl points). At
B=2.1T, the A,o;‘y decreases to almost zero. At this point,
the additional signal A pfv is missing, which is a phenomenon
for AHE. In part III (2. 1 T< B), another large positive swell
appears and extends to fields larger than B = 9 T. The peak of
Apﬁv(Z K) reaches 0.7037 mS2 cm, which is larger than that
of GdPtBi (ApZ = 0.18 mQ cm) [38] and TbPtBi (Apg =
0.6798 m cm) [37]. The extracted Apfy for sample #1 is

shown in Fig. 2(e). With the temperature increase, A pfv grad-
ually reduces and completely disappears at 20 K, and both of
swells are shifting to high magnetic field.

Next, we measured in detail the anisotropic transport prop-
erties of this compound. Magnetic field (B) and current (J),

as two main external tunable factors, have a great influence
on magnetotransport properties, especially for the Hall effect
[40—44]. To clarify the tuning effect of B and I, we designed a
series of experiments with different B and I configurations.
Besides sample #1, samples #2 and #3 keep the direction
of current (Z//[1-10]) unchanged and rotate B from [111] to
[110] and [001]. When B turns to the [110] direction (sample
#2), px. [Fig. 3(a)] and py, [Fig. 3(a)] show curves similar
to sample #1, having lower MR values and smaller swells.
However, there is a completely opposite additional Hall sig-
nal when B turns to [001]. Figure 3(d) shows the negative
nonmonotonic magnetic field dependence of Hall signals at a
low magnetic field, and the peaks shift to a high magnetic field
with temperature increase. The anomalous Hall signal persists
up to 50 K and then reverts to a normal Hall effect. Because
the current is fixed (///[1-10]), only the magnetic field is
changing. We can reasonably deduce that the external mag-
netic field can effectively tune this nonmonotonic magnetic
field dependence of AHE. To identify this fact undoubtedly,
we pick another sample with B//[001] and 1//[100] (sample
#4). Comparing to sample #3, B is fixed, but / changes from
[1-10] to [100]. The negative nonmonotonic magnetic field
dependence of the Hall signal is also observed. It further
identifies that the magnetic field but not the current is the key
factor of the sign change. The sign change of AHE is another
main finding in HoPtBi.

To explore the origin of the anomalous Hall resistivity and
the sign change, we discuss the possible origins of A pjc‘y fur-
ther. First, A pfy, a nonmonotonic magnetic field dependence,
reminds us that a spin texture, such as frustrate magnets and
magnetic skyrmion lattices, can provide a fictitious magnetic
field and induce a nonproportional Hall effect (topological
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FIG. 4. The extracting progress of the anomalous Hall resistivity for sample #4. (a) Hall resistivity for sample #4 in the 2—50 K range. The
dashed lines are a guide for the eye. (b) The anomalous Hall resistivity for sample #4 at T = 2 K. (c¢) The anomalous Hall resistivity contains
two terms, pf,, and additional term, Apg, T < 20 K. (d) The additional term Apg, for sample #4.

Hall effect) during the magnetization progress [45-49]. In
generally, the topological Hall effect usually observed in cer-
tain special magnetic materials, such as magnetic skyrmions.
However, as shown in Figs. 1(e) and 2, HoPtBi is param-
agnetic state in 2 — 300K, and topological Hall effect will
vanish when magnetization tends toward saturation. It is not
coincident with the result in sample #1. Another evidence of
excluding topological Hall effect as the origin is that the sign
of the topological Hall effect would be determined by the sign
of the normal Hall effect [50]. Thus, the sign change of the
additional Hall signal in HoPtBi could hardly be reconciled
with the constant carrier sign. As shown in Figs. 2 and 3, the
slope of the normal Hall resistivities retains a positive sign
as the magnetic field changes from [111] to [110] and [001].
Therefore, the sign change of the additional Hall signal depen-
dent on the B direction cannot be explained by the mechanism
of the topological Hall effect. The AHE in other rare-earth-
based half-Heusler compounds was studied and attributed to
the Berry phase of electronic band [18,21,22,35,38,39]. As
previously explained, the magnetic field can easily change the
symmetry of magnetic structure in paramagnet. The magnetic
ordering can tune electronic structure through the strong SOC.
Combined with the experimental results that the sign depends
on the B direction, the A ,ofy sign change should contribute to
the change of topological band. We need to point out that the
AHE sign change is observed in this family of materials. It
also indicates that HoPtBi possesses a more special structure
comparing to GdPtBi, TbPtBi, and YbPtBi. The large change

of band structure of HoPtBi is enough to reverse the total
Berry curvature.

The Hall resistivities of samples #3 and #4 are different
from that of samples #1 and #2. In samples #3 and #4, the
term ,o;‘y in Eq. (3), which is proportional to the magnetization,
cannot be neglected. Here, we take sample #4 as an example to
separate the unconventional Hall effect. In Fig. 4(a), the Hall
resistivity forms a negative swell at a medium magnetic field.
With temperature increase, the swell peaks shift toward high
magnetic fields. The additional Hall term persists to 50 K at 9
T, which is much higher than that of samples #1 and #2. The
Fig. 4(b) shows the Hall contribution of ,ofy and Ap;‘y after
subtracting the normal Hall pfcvv at 2 K for sample #4. The
dark line represents the contribution of ,ofy + A,ofy and both
are negative. The blue line is magnetization M fitting to p;\y.
The red line is the additional Hall resistivity, Apﬁv, mainly
distributed in the 0.6 T < B < 3 T region. The critical mag-
netic field B, is the same as that of sample #1, identifying that
HoPtBi needs a small external magnetic field to form the Weyl
states. The Ap;‘y oscillation in high magnetic field originates
from the quantum oscillation which has been reported in our
previous result [31]. Figure 3(d) shows the anomalous Hall
resistivity at 7 < 20 K for sample #4.

IV. DISCUSSIONS

In Fig. 5, we show the AHC, Aajg, and the corresponding
AHA as a function of 7. The AUfy and AHA are defined
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FIG. 5. (a) The additional Hall conductance Aa;}, and (b) the corresponding AHA for samples #1 — #4 at 2 K. All data are obtained from
the peak of Ap? . I represents the data gotten from the II region (low magnetic field), and III represents the data from the III region (high
magnetic field). (¢) The sketches of the mechanism of the AHC and the sign change for HoPtBi. The upper panel: in the absence of an external
magnetic field, AHC tends to zero. The lower panel: under various magnetic field directions, the # formed Weyl points shift around Eg and

induced the AHC sign change.

as follows: Aaf, = —Apf /(p7, + p,) and AHA =100 x
Aa;*y /oy, respectively. II and III represent that peaks come
from the low magnetic field and high magnetic field regions,
respectively. Ao7 for samples #1 and #2 shows negative
values and decreases with the temperature. However, for sam-
ples #3 and #4, Aog. shows positive values and remains
almost constant with the temperature. Ao;‘y for samples #1-
I, #2-1I, and samples #3, #4 at 2 K are in the range of
60-80 Q' cm™!, which is comparable to other half-Heusler
compounds [35,38]. In fact, Pavlosiuk er al. [36] have ob-
served the anomalous Hall effect in single crystals of HoPtBi.
However, the sign change of anomalous Hall resistivity in
HoPtBi observed in the current work is rare. On the one hand,
we should note that the total Berry curvature change because
of the Fermi level (Ef) shifting when the temperature changed
from room temperature to low temperatures induced the AHE
sign change in StTRuOj3 [29]. On the other hand, La doping
of a magnetic oxides EuTiOs3 film also showed an AHE sign
change since the electron doping shifted the Fermi level Ep
[42]. All these indicate the sign change is closely related to
the position of the topological band around Ef.

The giant magneto-band-structure effect whereby a change
of magnetization direction significantly modifies the elec-
tronic band structure need several criteria, such as magneti-
cally coupled electrons, strong SOC, and a reduced symmetry
to maximize SOC anisotropy [51]. Therefore, it is challenging
to achieve the AHE sign change in conventional materials us-
ing the magnetic field, B, as another factor that may influence
the band structure. RPtBi, a rare-earth-based half-Heusler
compound with heavy atoms and absence of inversion centers,

was proved to be a magnetic-field-induced Weyl semimetal
[17,22,35,52]. Besides, a simple band structure and the cross-
ing point close to Er make the RPtBi family an ideal platform
to control of the Berry phase and AHE by tuning bands with
a magnetic field. In Fig. S5, we show the band structures of
HoPtBi with magnetic moment parallel to [001], [110], and
[111] directions, respectively [34]. The shift crossing point
between M // [001] and M // [110], [111] identified the large
tunable effect. The chiral anomaly effect and nontrivial Berry
phase extracted by Shubnikov—de Haas oscillations in our pre-
vious study identified the HoPtBi topological properties [31].

To describe tunable effect and the relationship between the
change of the topological band and the sign change of the
AHC clearly, we present a simplified schematic diagram in
Fig. 5(c). In the absence of magnetic field [antiferromagnetic
(AFM) states], the AHC is fixed to zero. Because 4 f electrons
host strong SOC and high electronic tunability, the magnetic
field can tune the topological response via rare-earth atoms
[35,38]. When the magnetic field is stronger than B., the
shifting bands induced by the exchange splitting form
the Weyl points around Eg. The crossing points shift around
the Ep because of the anisotropic tunable effect of magnetic
field on the bands, which further leads to the AHC sign
change.

V. CONCLUSIONS

In summary, we observed that a magnetic field induced
a large anomalous Hall angle and the sign change in
magnetic-field-induced Weyl semimetal HoPtBi. The Hall
measurements of four samples with different configurations
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demonstrated that the magnetic field was the key factor to
control the sign of the additional anomalous Hall term. The
tunable AHC and AHA ranges reach —75-73 Q! cm™! and
—12.3-9.1%, respectively. Based on the understanding of
RPtBi half-Heusler compounds, the Berry phase mechanism
was considered as the origin of the nonmonotonic magnetic
field dependence of AHE. The results suggested that the sign
change of AHE could be ascribed to special band structure
and a large tunable effect of external magnetic field on Weyl
nodes relative to Er. Accordingly, the total Berry curvature
flipped, and corresponding AHC changed the sign during this
progress. The large tunable effect of the magnetic field on the
electronic band structures provides a feasible pathway to tune

the topological properties in this system. These results suggest
that HoPtBi is a good platform for tuning the Berry phase and
AHE with a magnetic field.
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