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Magnetic topological semimetals, the latest member of topological quantum materials, are attracting extensive

attention as they may lead to topologically driven spintronics. Currently, magnetotransport investigations on
these materials are focused on the anomalous Hall effect. Here, we report on the magnetoresistance anisotropy
of topological semimetal CeBi, which has tunable magnetic structures arising from localized Ce 4 f electrons
and exhibits both negative and positive magnetoresistances, depending on the temperature. We found that the
angle dependence of the negative magnetoresistance, regardless of its large variation with the magnitude of the
magnetic field and with temperature, is solely dictated by the field-induced magnetization that is orientated along
a primary crystalline axis and flops under the influence of a rotating magnetic field. The results reveal the strong
interaction between conduction electrons and magnetization in CeBi. They also indicate that magnetoresistance
anisotropy can be used to uncover the magnetic behavior and the correlation between transport phenomena and

magnetism in magnetic topological semimetals.
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Stimulated by the fascinating properties discovered in
topological insulators [1], topological quantum materials have
become an exciting frontier in condensed matter physics and
materials science [2-8]. Among them, magnetic topological
insulators with strong correlations between magnetism and
nontrivial band topology exhibit exotic phenomena such as
quantum anomalous Hall effect [5,8—11] and axion insulator
state [12]. However, those novel properties were observed in
thin films of magnetic topological insulators converted from
known topological insulators by doping magnetic atoms, e.g.,
chromium-doped (Bi, Sb),Tes [10,11] or in a ferromagnet—
topological insulator—ferromagnet sandwich heterostructure
[12]. Their fabrication requires advanced molecular beam epi-
taxy techniques [10-12]. The random magnetic dopants also
inevitably introduce disorder that can hinder further explo-
ration of topological quantum effects in the material [13,14].
Thus, topological insulators with intrinsic magnetic ordering
have been extensively sought, leading to the recent revela-
tion of magnetic topological insulator MnBi,Tes [13-20].
Since 2016, researchers have also been searching for other
types of topological materials with intrinsic magnetic order
and uncovered a number of magnetic topological semimetals
[21-38], which may lead to topologically driven spintronics
[37] and have become a focus center in the field [13-38].
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Extensive exploration of these materials has led to the dis-
covery of exotic properties. For example, both axion insulator
and Chern insulator states have been demonstrated in the
magnetic topological insulator MnBi, Te4 [20]. Magnetization
driven giant nematic energy shift [27] and large intrinsic
anomalous Hall effects were observed in magnetic topological
semimetals [26,29-34]. A new phenomenon called singular
angular magnetoresistance was discovered in a magnetic Weyl
semimetal CeAlGe system very recently [39].

Here we report on an intriguing magnetoresistance (MR)
anisotropy in the magnetic topological semimetal CeBi, which
reveals the unusually strong interaction between conduction
electrons and magnetization. Below the Néel temperature 7y,
we observed a large variation in the angle dependence of the
MR with the magnitude of the rotating magnetic field Hg and
the temperature. We found that the anisotropy of the negative
MR, although seemingly intricate, can be wholly accounted
for if the MR is solely determined by the magnetization
that aligns along one of the primary crystalline axes and
flops between them in a constant Hg. These assumptions
are validated by the scaling behavior of the magnetic field
dependence of the resistance R(H) obtained at various field
orientations. They are further supported by the consistency
of the experimental MR anisotropies with those derived from
the R(H ) curve obtained with H along the primary crystalline
axis by converting the H into ¢ using ¢ = arccos(H/HR),
with ¢ < 45° being the angle between the applied magnetic
field and the primary crystalline axis. Our results highlight
the strong correlation between transport phenomena and mag-
netism in magnetic topological semimetals. This work also
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provides a way of using MR anisotropy to uncover magnetic
behaviors such as flops of the magnetic moment in both
nonferromagnetic and magnetic field driven ferromagnetic
states.

Following the first report of uncommon magnetic behavior
in 1965 [40], CeBi was intensively investigated in the 1970s—
1980s [41-46]. Magnetization measurements revealed rich
magnetic phases including antiferromagnetic, ferrimagnetic,
and magnetic field driven ferromagnetic phases, depending
on the temperature and magnitude of the magnetic field
[41,45]. In the context of topological materials, CeBi re-
cently has attracted renewed interest as it has been identified
to be a topological semimetal in angle-resolved photoemis-
sion spectroscopy (ARPES) experiments [38,47]. It is also
the only known magnetic topological semimetal that shows
extremely large magnetoresistance (XMR) [47]. Although
magnetotransport measurements were conducted more than
20 years ago and anomalous Hall effects were also observed
[48], MR investigations have only been reported in the form
of temperature dependence of the resistance R(T') at low
magnetic fields (up to 3.7 T) [48] or at a high magnetic field
of 9 T [47]. Furthermore, the magnetic field in both cases was
applied along a primary crystalline axis. We present below
detailed studies on the MR in CeBi, with an emphasis on its
dependences on the magnitude and orientation of the magnetic
field.

We studied two crystals (samples A and B) in a standard
four-probe transport configuration and one bare crystal (sam-
ple C) for magnetization measurements. Additional experi-
mental details are presented in the Supplemental Material [49]
(see also, Ref. [1] therein). The R(T) curve for sample A
in zero field is presented in Fig. 1(a). The expected [41,48]
paramagnetic to antiferromagnetic (AFM) transition at Ty &~
25 K and the transition from type-I AFM to type-IA AFM at
Tn/2(~12.8 K), upon cooling, can be clearly identified [see
Fig. S1(b) in Ref. [49] for schematics on magnetic structures].
Figure 1(b) presents R(H) curves obtained at various tem-
peratures with H || ¢. Above Ty, MR decreases monotoni-
cally with increasing magnetic field, whereas below Tn/2, it
increases with field, resulting in an XMR of ~10°% at T = 3
Kand H = 9 T. At the intermediate temperatures, i.e., Tn/2 <
T < 1T, the MR exhibits a stepwise decrease with increasing
field except for a slight initial increase at low fields. Such a
transition from negative to positive MR is also found in the
R(T) curves for H = 9 and O T in Fig. 1(a), where a crossing
at T =~ Ty/2 is clearly identifiable [see more R(T) curves of
sample A and sample B in Fig. S2 in Ref. [49]]. As presented
in the magnetic phase diagram in Fig. S1b [49], the steps in the
R(H) curves at Ty/2 < T < Ty correlate with the magnetic
phase transitions determined by magnetization measurements.
On the other hand, the R(H) curves at T < Ty/2 show no
clear steps, although magnetization measurements also reveal
various magnetic phase transitions in this temperature regime
(Fig. S1 in Ref. [49]).

Figure 2(a) shows R(0) curves obtained at a constant rotat-
ing magnetic field (Hgr = 6 T) and at various temperatures and
Fig. 2(b) shows those measured at a fixed temperature (T =
20 K) and various Hy. Figure S3 in Ref. [49] presents results
for sample A obtained at 7 = 3 K and in various magnetic
fields and Fig. S4 in Ref. [49] shows results for sample B.

FIG. 1. (a) Temperature dependence of the resistance at H = 0
and 9 T. (b) Magnetic field dependence of the resistance at various
temperatures. The data are from sample A and the magnetic field is
parallel to the ¢ axis. Upon cooling in zero field, the transition at
Ty is from paramagnetic to antiferromagnetic (AFM) and at 7y /2 is
from type I (11{) AFM to type IA (1] |) AFM, with 1 and |
representing magnetic moment orientations. In (b), stepwise changes
in the magnetoresistance occur at Ty/2 < T < 7. The dashed and
dotted lines are a guide to the eye for H = 0 and 9 T, respectively.

MR anisotropy can be clearly identified in both sample A and
sample B. As presented below, the R(6) behavior enables us
to uncover the interplay of magnetism and electrotransport in
CeBi.

CeBi has a rocksalt cubic crystal lattice, resulting in
identical electronic structures along the k., k,, and k, direc-
tions of the Brillouin zone [47]. Similar to its nonmagnetic
rare-earth monopnictide counterpart LaSb [50], CeBi has a
bulk anisotropic Fermi surface with elongated electron Fermi
pockets [38,47]. Thus, we expect to see anisotropic MR in
CeBi in a rotating magnetic field. Indeed, some of the R(9)
curves in Fig. 2 resemble those found in LaSb [50], showing
a fourfold symmetry with maxima at H | (011), e.g., curves
for HR = 6 T and T > 20 K in Fig. 2(a) as well as for 20 K
and Hr > 6 T in Fig. 2(b). However, unlike those in LaSb
[50], the MR anisotropy in CeBi varies strongly with both
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FIG. 2. Angle dependence of the magnetoresistance of sample A in Hg = 6 T and at various temperatures (a) and at 7 = 20 K and in
various magnetic fields (b). The dotted lines are a guide to the eye for the magnetoresistance at & = 45° and 135°. The inset is a schematic

showing the definition of the angle 8 for the magnetic field orientation.

the temperature and the magnitude of the magnetic field.
For example, the peaks in the R(9) curves at H | (011) in
Fig.2(a)for HR = 6 TatT > Ty/2 transformintodipsat T <
Tx /2. Figure 2(b) also shows that the shape of the R(0) curves
evolves drastically between Hr = 2 and 8 T and especially
becomes most complex at 3.3T < Hr < 4.0 T. The values
of the MR for H || (011 ) are indeed higher than those for
H || b and c. Furthermore, the MRs for & = 0° and 90° are
also different, most significantly at 2.2 T < Hg < 2.8 T (Fig.
S5 in Ref. [49]), probably due to the temperature-induced
tetragonal distortion at 7 < Ty, which breaks the cubic lattice
symmetry [43].

Recently, Xu er al. [51] investigated the MR anisotropy
of CeSb, which is a sister cerium monopnictide of CeBi, in
the low-temperature high magnetic field driven ferromagnetic
state. Minima in R(0) curves at H || (011) were also observed
and attributed to the flops of the magnetization dominated by
the planar I'g orbitals of the Ce f electrons [52,53]. Due to
strong p — f mixing, CeSb has a strong magnetic anisotropy
with the easy axis along (001) [46]. The magnetization is
induced only by the component of the magnetic field along
(001), resulting in a 1/ cos ¢ dependence of the magnetic field
values Hpy above which the material is in the magnetic field
driven ferromagnetic phase [51,54], where the relationship of
@ to the angle 6 defined in the inset of Fig. 2is¢p = 6 — nm /2
with n =0, 1, 2, 3, and 4 for 0° < 0 < 45° 45° <6 <
135°, 135° < 0 < 225°, 225° < 6 < 315° and 315° < 0 <
360°, respectively [51]. In Fig. S6a [49] we present the R(H )
curve obtained at T = 3 K and 6 = 45°, from which Hgy
can be derived. Figure S6(b) in Ref. [49] presents the angle
dependence of Hpy;. It clearly shows that Hgy; indeed follows
a 1/cos¢ dependence. That is, the MR and its anisotropy
in CeSb and CeBi at low temperatures, particularly in high
magnetic fields, may have similar origins. For example, the
dips in R(6) curves presented in Fig. S3 [49] for H || (011)
and T = 3 K originate most likely from magnetization flops,
similar to those in CeSb [51]. However, Fig. S7 in Ref. [49]
also discloses significant differences of CeBi’s MR behavior

from that of CeSb. For example, at the ferromagnetic transi-
tion, CeSb has lower resistances in the ferromagnetic phase
for all field orientations [51,52]. The R(H) curves of CeBi
show only a slight downturn kink at & = 0° or an upturn
bump at & = 90° (insets in Fig. S7 [49]). At other angles
the resistances of CeBi in the ferromagnetic phase become
higher.

Similar to that in CeSb [51], we are unable to offer a
quantitative analysis on the anisotropy of the positive MR
in CeBi (at T < Tn/2), as demonstrated by the analysis on
R(@@) at T =3 K in Fig. S8 [49]. However, magnetization
flops revealed for the ferromagnetic phase at low temperatures
(T < Tn/2) may also exist at high temperatures (T > Tn/2)
and in nonferromagnetic magnetic phases. For this purpose,
we measured R(H) curves at various angles at 7 = 20 K,
with data at 0° <60 <45° presented in Fig. 3(a). Similar to
that presented in Fig. 1(b) for H || ¢, three magnetic phase
transitions can be clearly identified in R(H ) curves for all field
orientations. Furthermore, all curves look very similar, except
those for 43° < 6 < 45°, i.e., ~2° within the (011) directions,
which have a sharper initial step. More importantly, the R(H )
curve shifts to higher field values when the magnetic field is
rotated towards [011] (6 = 45°) from the ¢ axis. As presented
in Fig. S9 [49], the angle dependence of the magnetic field H;
(i = 1,2,3) at which a magnetic phase transition occurs indeed
exhibits the same hallmark of magnetization flop as the Hgy
in Fig. S6(b) for T = 3 K [49], i.e., following a H; ~ 1/ cos ¢
relationship for all three transitions. This indicates that when
the magnetic field is rotated across the 011 direction, the mag-
netization M that orients along one of the primary crystalline
axes flops to another primary crystalline axis that is within
45° to the magnetic field, akin to that in the ferromagnetic
phase at T < Ty/2. It further reveals that the magnetic phase
transition is induced by the component Hy; of the magnetic
field Hr along M, with the value of Hy; = Hg cos ¢ and Hg
being the amplitude of the rotating magnetic field. This also
implies that when the magnetic field tilts away from a primary
crystalline axis it requires a higher magnitude to generate the
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FIG. 3. (a) Magnetic field dependence of the resistance of sample
A at T =20 K and at various angles. (b) Replot of the data in (a),
with the applied field value H replaced with the component H cosg
along the primary crystalline axis, where ¢ is the angle between H
and the closest primary crystalline axis.

same magnetic state in the material. In fact, as presented in
Fig. 3(b), the R(H) curves obtained at ¢ # 0° nearly overlap
with that for ¢ = 0° if the magnetic field values are scaled
as H cos . The slight difference probably comes from the
demagnetization effect and the small misalignment of the
magnetization to the primary crystalline axis, as theoretically
revealed for the magnetic field driven ferromagnetic state in
CeSb [51].

The above scaling behavior for R(H) curves at various
angles indicates the angular dependence of the resistance at a
constant Hy is due to the change of the effective field Hg cos ¢
responsible for producing the magnetic state. Thus, we can
use the R(H) curve obtained along a primary crystalline axis
to derive the R(6) curve at a constant Hg. For example, the
resistance value at a field H of the R(H) curve at ¢ = 0°
should be the same as that in the R(0) curve at 0 = nm /2 — ¢
with ¢ = arccos(H /Hy) obtained at a fixed rotating field Hg.
As discussed above, the R(H) curves at # = 0° and 90° are
not the same, although ¢ = 0° in both cases. In the conversion
we used the R(H) curve at & = 90° (H || b) to construct the
R(6) section at 45° < 0 < 135° in which M remains along
the b axis. Similarly, the R(H) curve at 6 = 0° (H || ¢)
was used to calculate the R(9) section at 0° < 6 < 45° and
135° < 6 < 180° (see Fig. S10 in Ref. [49] for more conver-
sion details). As presented in Fig. 4 for representative R(6)

135 180
0 (degree)

FIG. 4. Comparison of the experimental R(6) data (symbols) of
sample A at 7 = 20 K for various rotating magnetic fields Hr and
those derived (lines) from the R(H) curves obtained with H along
the b and ¢ axis, by converting H into ¢ using ¢ = arccos(H/Hg)
and 6 = nm /2 — ¢ (see Fig. S10 in Ref. [49] for more details on
the analysis). The value of the Hy is indicated for each curve in the
figure.

curves at T = 20 K, the calculated and experimental results
are coincident, with the small deviations due to the possible
causes cited in the preceding paragraph.

The scaling in Fig. 3(b) as well as the consistency of the
calculated and experimental R(6) curves in Fig. 4 indicate that
the MRs for all magnetic field orientations are solely governed
by the magnetization which aligns along a primary crystalline
axis and flops in a rotating magnetic field. The disparity
between the R(H ) curves obtained for & = 0° and 90° (Fig.
S5 in Ref. [49]), the reflection symmetry to the b axis in the
R(0) curves at 45° < 6 < 135°, and to the ¢ axis in the R(0)
curves at 0° <0 <45° and 135° < 6 < 180° in Fig. 4 provide
additional evidence of the direct effect of the magnetization
on the MR and its anisotropy. However, these remarkable
behaviors are exclusive to Tx/2 < T < Ty. As presented in
Fig. S8 [49] for the R(0) curve at T = 3 K, the MR anisotropy
for T < Tn/2 cannot be derived from R(H) curves measured
at 8 = 0° and 90°. A molecular field model [55] assuming
only p — f mixing can account for the experimental magnetic
transitions in CeBi. It reveals that the molecular field coeffi-
cient is a sensitive function of temperature at Ty /2 < T < Ty
and remains unchanged at 7 < Tn/2. Optical conductivity
[56] and ARPES [57] experiments also detect transitions from
p — f mixing to p — f + p — d mixings and from a double
Dirac-cone band to a single Dirac-cone band at T =~ Ty/2
when the temperature is lowered. They are consistent with the
change of the MR anisotropy revealed here.

The uniqueness of the observed magnetoresistance
anisotropy in CeBi at T\/2 < T < Ty is further corroborated
in its topologically trivial counterpart CeSb [58,59]. Similar to
CeBi which is in the ground state type IA at low temperatures
(T < 1n/2), CeSb also has a transition to its ground state type
IA at T =~ 8 K (~Tn/3) upon cooling in zero field [51]. They
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both show similar MR anisotropy at low temperatures (see
Fig. S3 in Ref. [49], and related discussion). As presented
in Fig. S11 [49], however, R(H ) curves obtained for CeSb at
T > Tn/3,e.g., T = 11 K, can be nonmonotonic, in contrast
to the pure negative MR in CeBi at T > Ty/2. More impor-
tantly, the R(H) curves for various angles do not follow the
scaling behavior presented in Fig. 3, although the deviation
becomes smaller when the R(H) curves show pure negative
MR, e.g., for T =19 K. Figure S12 presents a comparison
of the experimental R(6) curves with those calculated by
assuming a magnetization-governed MR anisotropy for 7' =
19 K. Clearly, the discrepancy is more pronounced than that
in Fig. 4 for CeBi.

In summary, we investigated the magnetoresistance behav-
ior of the magnetic topological semimetal CeBi in a rotating
magnetic field. We identified a temperature regime (7n/2 <
T < 1y) in which the magnetoresistance anisotropy is purely
controlled by the magnetization that orients along a primary

crystalline axis and flops under the influence of a rotating
magnetic field, revealing unusually strong interaction between
conduction electrons and magnetization. The results demon-
strate that CeBi can be a versatile platform for exploring the
interplay of magnetism and electrotransport as well as orbital
physics in magnetic topological materials.
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