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Colossal negative magnetoresistance is a well-known phenomenon, notably observed in hole-doped ferromag-
netic manganites. It remains a major research topic due to its potential in technological applications. In contrast,
topological semimetals show large but positive magnetoresistance, originated from the high-mobility charge
carriers. Here, we show that in the highly electron-doped region, the Dirac semimetal CeSbTe demonstrates
similar properties as the manganites. CeSbg 1,Te; 9o hosts multiple charge density wave modulation vectors
and has a complex magnetic phase diagram. We confirm that this compound is an antiferromagnetic Dirac semi-
metal. Despite having a metallic Fermi surface, the electronic transport properties are semiconductor-like and
deviate from known theoretical models. An external magnetic field induces a semiconductor metal-like transi-
tion, which results in a colossal negative magnetoresistance. Moreover, signatures of the coupling between the
charge density wave and a spin modulation are observed in resistivity. This spin modulation also produces a

giant anomalous Hall response.

INTRODUCTION

Magnetoresistance (MR), i.e., a change (both increase and decrease)
in the electrical resistivity of a material with application of a mag-
netic field, is an extensively studied phenomenon in condensed
matter physics. Although known for decades, it remains relevant
to this day due to the wide range of technological applications (I-
5) and open questions about its origin (6-9) in a large variety of
systems. Large positive MR can be generated solely by the Lorentz
force in a clean material with long electron scattering lengths. This
has been shown in high-purity bismuth and antimony crystals,
where high-mobility carriers result in giant values of the positive
orbital MR (10, 11). In recent years, a very large positive MR has
been reported in topological semimetals (TSMs) owing to a combi-
nation of relativistic quasiparticle excitations, high-mobility charge
carriers, and highly anisotropic Fermi surface properties (12-16).
On the other hand, negative MR has more complex origins and
needs intricate theoretical models to explain. The most common
negative MR appears because of magnetic order-disorder transition
in magnetic materials. However, it only contributes to few tenths of
percentage of change in resistivity. In contrast, depending on the
observed features, types of material, and physical mechanisms in-
volved, different terms have been introduced to categorize a large
negative MR. For example, the giant MR (GMR) appears in ferro-
magnetic (FM)—nonmagnetic multilayer heterostructures, where a
small magnetic field (about a few tenths of a tesla) results in elec-
tronic conduction between the spin-polarized layers and hence a
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sharp drop in resistivity (I, 2, 17, 18). Colossal (negative) MR
(CMR) is observed near the Curie temperature of hole-doped man-
ganite perovskites, pyrochlores, and spinel compounds as a result of
the transition from a paramagnetic insulating to an FM metallic
state (19-23). However, the origin of CMR is different in each ma-
terial family. Among these, manganites are the most explored,
where, primarily, the double-exchange interaction (DEI) between
mixed valence Mn ions leads to the metallic FM state (24-26).
Because of the strong dependence of resistivity in a rather small
magnetic field, both GMR and CMR materials attracted extensive
interests in spintronics and magnetic memory applications (1-5).
It is worth mentioning that in a special experimental configuration
(collinear electric and magnetic fields), a weak negative MR can also
be obtained in TSMs because of the relativistic chiral anomaly
(27, 28).

TSMs host linearly dispersing bands in their electronic band
structure that are protected by crystallographic symmetries along
with lattice inversion and/or time-reversal symmetry (29-32).
Hence, they provide an opportunity to study the relativistic particle
dynamics in low-energy systems. Through first-principles calcula-
tions, a large number of TSMs have been identified over the past
few years (33—-36). Square-net materials are candidates that show
probably the cleanest signatures of nontrivial topological bands
(37-43). These compounds have a two-dimensional square-net
atomic motif in the crystal structure, which produces isolated
Dirac cones at the Fermi energy (Eg) in the electronic band structure
(44) with the largest reported energy range of linear dispersion (37).
LnSbTe (Ln = lanthanides), which contain magnetic rare-earth el-
ements, is a subgroup of the square-net family, and they make up
one of the rare examples of time-reversal symmetry—broken mag-
netic Dirac semimetals (40—43, 45). Furthermore, by changing the
number of electrons per atom at the Sb square-net via chemical sub-
stitution, structural distortions and charge density wave (CDW) can
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be induced in LnSbTe (46—49). While electron filling moves the
Fermi energy, thus offering access to other bands in the electronic
transport experiments, CDWs open gaps at the Fermi surface and
yield additional quantum states. It has been shown that CDWs clean
the band structure, create an ideal nonsymmorphic Dirac semimetal
state in electron doped GdSbTe (50), and lead to rich magnetism
and a potential skyrmionic phase (5I).

Here, we focus on the anti-FM (AFM) Dirac semimetal CeSbTe
(40). With application of an external magnetic field, the band struc-
ture of CeSbTe can be tuned to realize Weyl and higher-order topo-
logical states (40). Recently, by substituting Sb with Te on the
square-net site, the evolution of the CDW at room temperature
has been investigated in CeSb,Te,_,_s (0 is the vacancy concentra-
tion in the crystal) (48). A CDW appears at around x < 0.79 accom-
panied by a structural distortion from the tetragonal to an
orthorhombic phase. The associated modulation wave vector (q)
changes continuously as a function of x. At the highest electron
filling range 0.10 < x < 0.34, a complex CDW ordering is observed,
represented by multiple q vectors. The corresponding crystal struc-
ture is shown in Fig. 1A. The CDW also modifies the AFM ground
state. Especially in the region of multiple q vectors, a magnetic field—
induced “devil's staircase” ordering is reported in the magnetization
(Fig. 1B) (48). A series of fractionally quantized magnetization pla-
teaus originate from the coupling between the CDW and a spin
modulation along the ¢ axis. First-principles calculations suggest
that a rigid band model can be assumed where the electron filling
moves Ex and the CDW gaps out a number of band crossings. At x =
0.11, several Dirac nodes persist at or near Er. (48). In this report, we
combine angle-resolved photoemission spectroscopy (ARPES) and
electronic transport measurements to unveil the interplay between
the CDW, spin modulation, and topological states in the multiple q
vector regime of CeSb,Te,_,_s.

RESULTS

ARPES results and topological states

In Fig. 2, we present the results of the ARPES measurements, mea-
sured with a photon energy of 110 eV (see fig. S1 for an additional
photon energy). The experiments were performed at 1.5 K, which is

below the reported AFM Néel temperature (Ty) of 4.27 K for
CeSbg 11 Te; o0 (48). In Fig. 2A, we show the constant energy con-
tours at different energy (E) values from Eg to E = Er — 0.7 eV.
Similar to CeSbTe (40), a diamond-shaped Fermi surface is ob-
served. Unlike the parent compound, Fermi surface nesting and
corresponding energy gap opening are expected in CeSb,Te,_,_s
for x < 0.79 due to the presence of the CDW. Despite the strong
CDW modulation observed in CeSby ;;Te; oo in single crystal x-
ray diffraction (48), the band structure remains rather metallic.
The previously reported theoretical band structure for CeSby ;.
Te; o9 showed that several Dirac cones cross the Fermi energy
with the nodes residing above Ep (48). The positions of these
Dirac nodes are also highlighted in fig. S3A. Along the I'-X and
I'-S directions, the Dirac points are near Ep. In Fig. 2 (B and C),
the measured band dispersions and the calculated band structure,
respectively, are plotted along the high-symmetry directions X-I-
X and S-T-S. For both directions, clean, linearly dispersing bands
are observed, which agree well with the theoretical results. These
bands can be clearly resolved down to E = Ex — 1.0 eV, therefore
confirming the robustness of the Dirac semimetal state in CeSby 1;
Te; g0. To provide an easier comparison, we have overlaid the calcu-
lated band structure with the ARPES spectra in fig. S2. The ARPES
spectra measured with photon energy of 70 eV at ~30 K (fig. S1)
also shows similar features, thus indicating that the AFM ordering
does not modify the topological electronic state. To clearly show the
effect of the CDW, in fig. S3, we have compared the electronic band
structure of CeSby ;;Te; oo and calculated using the CDW-modulat-
ed and a hypothetical unmodulated crystal structure. It is evident
that the CDW reduces the spectral weight of several bands near
Ey, thus indicating a partial gap opening at few parts of the Fermi
surface, which is expected in a three-dimensional system. We note
that the intensity of the ARPES spectrum diminishes as we ap-
proach Ep, thus making it difficult to identify the points at which
the bands cross the Fermi energy. In fig. S4, we show the ARPES
results obtained from the energy distribution curves normalized
by the sum of energy distribution curves over all k, and k, values.
This method enhances the intensity of the weak features in the
ARPES spectrum. From the normalized data for both photon ener-
gies, we can clearly see the bands crossing the Fermi level.

A Py Y, s B 1F 3
/:gfr[* 4l SP FM
> I
S 0.1 Phase A J
st (S
Te ) T PM
y =
c ‘ SR FM + AFM
T = 0.01F E
[ Y
a b 2.0 25 3.0 35 4.0 45 5.0
T (K)

Fig. 1. Crystal structure and phase diagram of CeSbg 11Te; g0. (A) Crystal structure of CeSbg 11Te; oo reconstructed from data in (48). (B) Magnetic phase diagram for
CeSbg 11Te; 90- The data points are extracted by digitizing the phase diagram presented in (48). The phase boundaries separate the AFM, short-range FM (SR FM), spin-
polarized FM (SP FM), and paramagnetic (PM) states. Phase A represents a field-induced spin-modulated state that leads to a devil's staircase behavior in magnetization.
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Fig. 2. ARPES spectra for CeSby_ 11Te; g0 at 1.5 Kmeasured with a photon energy of 110 eV. (A) Constant energy contours at different energy (E) values from the Fermi
energy (Eg) to Er — 0.7 eV. (B) Experimental and (C) theoretical electronic band dispersion along the high symmetry directions X(U)-I'(2)-X(U) and S(R)-T(Z)-S(R).

Semiconducting properties and semiconductor metal-like
transition

Despite the presence of a Fermi surface in ARPES and a finite
density of states at Er in density functional theory calculations
(fig. S5), the resistivity (p,,) for CeSby ;,Te; oo Shows a semiconduc-
tor-like temperature (T') dependence (Fig. 3A) when the current is
applied along the b axis. From 300 K, p,, increases monotonically
with decreasing temperature, followed by a sharp peak and sudden
drop in the low-temperature region. The first-order derivative of
pxx(T) in the inset of Fig. 3A reveals two transition temperatures,
T; ~ 5.8 Kand T, ~ 4 K. Although the change in the slope near
T, is subtle, a prominent signature is observed for another crystal
(sample 2), from the same batch, as plotted in fig. S6. At this elec-
tron filling for CeSb, Te,_,_s, a short-range FM ordering is reported
to coexist with the AFM ground state (48). The ordering tempera-
ture (T¢) of this FM state is just below Ty. By comparing the resis-
tivity with the previously reported magnetization data (48), we
conclude that T corresponds to the AFM transition, whereas T,
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Fig. 3. Temperature-dependent electronic transport properties of CeSbg ¢,
Teq.90. (A) Temperature (T) dependence of the resistivity (py,). Inset shows the
first-order derivative of p,(T), revealing two transition temperatures (dashed ver-
tical lines). (B) px(T) curves when an external magnetic field is applied along the
crystallographic ¢ axis.
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represents Tc. Both of these transition temperatures are a bit
higher as compared to those obtained from magnetization measure-
ments. Upon the application of an external magnetic field (H ) along
the crystallographic ¢ axis, the p,,(T) curve undergoes a marked
change (Fig. 3B). With a field of just 0.3 T, the resistivity drops to
one-third of the maximum value at T} and the peak shifts to higher
temperature. This trend continues with increasing field strength
and a semiconductor metal-like transition becomes apparent in
the low-temperature region. Even at the highest field of 9 T, a
broad maximum persists at around 30 K. The observed features
suggest that a very high magnetic field might be needed to
completely suppress the semiconductor-like behavior. Similar prop-
erties are also obtained for sample 2 (fig. S6). From the reported
magnetization data, we know that for CeSby ;,Te, ¢, a fully spin-po-
larized state can be achieved at a small field of ~0.2 T (48). There-
fore, magnetic ordering alone cannot explain the low-temperature
behavior of p,..

To understand the overall nature of the p,,(T) curve, let us
discuss the usual possibilities. The presence of the Kondo effect
from the f-electrons of cerium could lead to a semiconducting be-
havior. However, in Kondo materials, p,, decreases with decreasing
temperature, followed by a region of saturation and then an en-
hancement at low temperature (52). In CeSby 1, Te; o9, in contrast,
above Ty, px, never decreases with decreasing temperature. More-
over, in Ce-based heavy fermionic systems, ARPES measurements
with a photon energy above ~100 eV revealed prominent coherent
Kondo flat bands at the Fermi level (53). From our ARPES results at
110 eV (Fig. 2B), we can confirm that these bands are not present in
CeSby 11 Te; 99 near Eyp. Following the activated transport model of
an intrinsic semiconductor, we have plotted Inp,, as a function of
1/T in fig. S7A. Tt is evident that the slope of this curve changes con-
tinuously with temperature. Hence, a unique value of any possible
CDW-induced energy gap cannot be obtained. We note that the
Inp,,(1/T) curves for all field strengths collapse on the zero-field
data above ~100 K (fig. S7A). From the slope of two approximately
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linear regions, we estimate the energy gap to be ~2.4 and ~0.85
meV with a smooth cross-over between them. Another possible
origin of this semiconductor-like behavior can be localization
effects due to the intrinsic lattice vacancies (8) in the single crystals
(54). A weak localization effect emerges from quantum interference
between scattering paths of carriers at very low temperature.
However, in the case of CeSby ;Te; 9, the semiconductor-like
transport is very robust up to room temperature. On the other
hand, Anderson localization occurs in strongly disordered electron
systems at low temperature and gets suppressed under a weak mag-
netic field. While the resistivity in CeSbg ;1 Te; o9 indeed decreases
notably with a small applied field (<1 T) around and below Ty
(probably because of the spin-scattering), the change becomes
gradual above Ty, and p,, is found to be insensitive to the magnetic
field above ~100 K. Instead, the temperature dependence of the
zero-field resistivity is better described by a p,, = AT "-type
power law, where A and n are arbitrary parameters. Two distinct
regions have been observed with the exponent n ~ 6 for 240 < T
<300 Kand n ~ 2 for 60 < T < 150 K (fig. S7B). This unusual
power law behavior cannot be explained by the conventional scat-
tering models and warranted further theoretical/microscopic inves-
tigations. We note that an unconventional power law—dependent
resistivity has also been reported for the nonsymmorphic Dirac
semimetal GdSbg 46Te; 43, possibly as a result of nonsymmorphic
Dirac fermions in presence of CDW together with the lattice disor-
der (50). However, in the case of GdSb 4¢Te; 45, the obtained expo-
nent n ~ 0.3.

Colossal MR

It is clear that the magnetic field markedly modulates the transport
properties of CeSbg 1Te; 9. In Fig. 4A, we show the field depen-
dence of the normalized resistivity (p,./po) at different tempera-
tures, where py is the zero-field resistivity. For both p,, and the
Hall resistivity (p,.), a prominent hysteresis is observed between
field sweep-up and sweep-down curves. This is a known problem
with magnetic materials and requires special attention to avoid
any spurious signal during symmetrization or antisymmetrization
of the MR and Hall data, respectively. Therefore, we have adopted
a modified symmetrization/antisymmetrization technique (55) to
circumvent this issue as described in the Supplementary Materials.
For T < Ty, pax/po drops sharply in the low field region 0 < poH < 1

T, followed by almost saturation-like behavior at higher field
strengths. This has some similarities with GMR systems, which
are excellent candidates for spin-valve applications (1, 2). We note
that the decrease in resistivity is particularly steep near Ty, whereas
it fades off as we move up/down in temperature. This is consistent
with the suppression of the spin scattering by an external field in
magnetic materials. For T' > Ty, the change in resistivity becomes
much more gradual. It is worth mentioning that at low tempera-
tures, p,, shows a slight increment in the very narrow field range
0 < poH < 0.03 T (fig. S8A), which could be due to a weak antiloc-
alization effect.

As evident from Fig. 4A, similar to manganites (19-21), the
magnetic field-induced semiconductor metal-like transition pro-
duces a very large negative MR in CeSby ;;Te; o9. The maximum
value of the negative MR, calculated by usual convention, is
always restricted to —100%. Hence, here, we use the definition

MR = % % 100%, as commonly used for the manganites

(21). At 2 K with a field of 9 T, the MR is found to be —1300%,
which increases to —14,000% at Ty (Fig. 4B). To the best of our
knowledge, such a large CMR has not been observed in TSMs so
far and is only one order of magnitude smaller than the “thousand-
fold change in resistivity” in the heat-treated La, ¢,Cag 33MnO, ep-
itaxial film (21). Sample 2, which is a crystal from the same batch
and may have an arbitrarily different lattice vacancy, also shows
similar behavior with maximum MR = —530% (fig. S9A). Further-
more, Murakawa et al. (56) recently reported a field-induced sharp
decrease in resistivity at the doping range x = 0.17 for CeSb, Te,_,_s.
Therefore, the observed CMR is an intrinsic property of
CeSb,Te,_,_s in the heavily electron-doped, multiple q vector
regime. Although the MR value diminishes with increasing temper-
ature, it remains noticeable (—14%) even at 50 K, which is way above
Tx. The MR also has a substantial anisotropy with respect to the
direction of the applied magnetic field. As illustrated in fig. S10,
keeping the current direction unaltered, rotation of the magnetic
field in the ac plane generates a twofold symmetric pattern of the
resistivity with p,, decreasing much more slowly for fields along
the a axis. From the obtained results, we estimate an anisotropy
ratio (pHlle/pHlc) of ~2.6 at 5.4 K and a magnetic field of 9 T.
The large anisotropy ratio is also a confirmation of the layered
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Fig. 4. Magnetic field dependent electronic transport properties of CeSby 11Te;.90. (A) Magnetic field (H) dependence of the normalized resistivity (p,/po) at
different temperatures with field applied along the ¢ axis. (B) Field dependence of the MR at different temperatures. (C) Phase diagram constructed from the first-
order derivative of p,,/po With respect to the magnetic field. The black dashed lines highlight the evolution of the transitions in the p,,/po(H) curves with temperature.
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crystal structure and corresponding quasi—two-dimensional nature
of the Fermi surface in CeSby ;;Te; o0.

We note that the observed field-induced semiconductor metal—
like transition and the overall magnetotransport properties have
similarities with different types of CMR materials rather than
TSMs. Among these CMR systems, in doped manganites, the MR
is primarily originated from the DEI between mixed valence Mn
ions and or the charge/orbital ordering (24-26). However, DEI
alone cannot explain the resistivity behavior in manganites (8). Rel-
atively recently, the randomly distributed disorder (quenched dis-
order) in a doped system has been identified as the major factor in
influencing the length and time scale at the critical electronic phase
separation region between the charge/orbital order and metallic fer-
romagnetism in manganites (57-59). This quenched disorder is
thus suggested to play an important role in generating the CMR.
In the case of CeSby 1 Te; g0, heat capacity and magnetic measure-
ments suggest that there is no substantial valence fluctuation in the
Ce ions (48). The quenched disorder in the highly doped crystals is
therefore likely to be a possible mechanism responsible for the CMR
in this material. Nevertheless, further experimental/theoretical in-
sights would be needed to confirm its origin. The observed electron-
ic transport behavior in CeSbg ,Te; o9 is similar to the AFM
insulator EusIn,Sbs (60). Analogous to the Dirac semimetal
CeSbTe, EusIn,Sby is a nonsymmorphic Zintl phase, albeit with a
bandgap. From theoretical calculations, an axion insulator state is
proposed in its AFM state (60), although subsequent calculations
found a trivial ground state (61). The field-induced metal-insulator
transition and a CMR of ~10°% are shown to be due to the forma-
tion of magnetic polarons, which also results in a deviation of mag-
netization from the Curie-Weiss behavior starting well above the
Neél temperature (60). Among pyrochlore iridates, the CMR in
Nd,Ir,O, reaches ~10%% at 10 T when the magnetic field is
applied along the (001) axis (62). Nd,Ir,0O; has a zero-field semime-
tallic paramagnetic state, which is followed by an insulating state at
the magnetic ordering temperature of ~32 K. The insulating state is
easily affected by an external magnetic field, possibly due to the
proximity to a tricritical point (62). The strong correlation of the
Ir electrons as well as the Ndy¢ and Irs4 spin configurations are
shown to be important to explain the observed properties (62,

63). A more recent example of a CMR compound is the ferrimag-
netic insulator Mn;Si, Tes. This compound shows a CMR of ~10%%
if the field is applied along the magnetic hard axis, i.e., by avoiding
fully spin-polarized state (64). The anisotropic CMR is predicted to
be caused by the lifting of the topological nodal-line degeneracy of
the spin-polarized bands depending on the spin orientation (65).
Other notable examples include Eu-based insulators EuMnSb,
(66) and EuTe, (67), both of which show a CMR value of 10° to
107% below the magnetic ordering temperature. In these materials,
a magnetic field-induced change in the electronic band structure is
proposed.

Coupling of the CDW and spin-modulation

For H||c axis, below Ty, the p,./p, curves show a series of weak tran-
sitions within the low-field range of 0 < poH < 0.2 T (fig. S8A).
These transitions become readily distinguishable as we take the
first-order derivative of p,,/po with respect to the magnetic field
(fig. S8B). In Fig. 4C, we have constructed a phase diagram by plot-
ting 0(pxx/Po)/9(loH ) as a function of temperature and field. As
highlighted by the black dashed lines, the temperature evolution
of these transitions can be clearly identified. Similar weak transi-
tions are also observed for sample 2 (fig. S9B). For CeSb,Te,_,_s,
only within 0.10 < x < 0.34, CDW modulation wave vectors
extend along the crystallographic ¢ axis (48). This CDW gets
coupled with the spin modulation, which is created by the alternat-
ing spin up/down Ce”* layers along the c axis in the AFM state. With
an external magnetic field, the wavelength of the spin modulation
can be tuned, and as a result, these coupled excitations can be driven
through successive phase-locked and nonphase-locked states (48).
Therefore, physical properties involving electronic charge density
or spins should both show signatures of these coupled states. In
CeSby.11Te) o9, similar to the fractionally quantized plateaus in mag-
netization (48), the resistivity also shows a string of these transi-
tions. We note that as in magnetization, these transitions
disappear in the fully spin-polarized state at ~0.2 T or in the para-
magnetic region above Ty due to the absence of any spin
modulation.
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Fig. 5. Hall measurements for CeShy_;1Teq g0. (A) Magnetic field dependence of the Hall resistivity (p,) below and above the Néel temperature. The inset shows the low-
field region of p,, at 2 K. (B) Phase diagram obtained from the first-order derivative of p,, with respect to the magnetic field. The white dashed line represents the phase

boundary for the AHE.
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Anomalous Hall effect

In Fig. 5A, we have plotted the Hall resistivity as a function of mag-
netic field at two representative temperatures, above and below Ty.
pyx(F) is approximately linear with a negative slope. From the slope
in the high-field region at 2 K (fig. S12), we estimate electron-type
carriers with a density of ~1.5 x 10'® cm ™, which is comparable to
intrinsic semiconductors and consistent with the electronic trans-
port properties observed for CeSby ;;Te; 9. The mobility at 2 K is
found to be ~0.69 cm® V™' s™!. It is interesting that despite the pres-
ence of the steep, linearly dispersing bands near the Fermi energy,
CeSbyg.11Te; 99 has such alow carrier mobility. However, it is not un-
expected as the scattering length of the carriers must be very short in
the highly disordered crystals due to the lattice vacancy. As already
discussed, this quenched disorder also plays an important role in
generating the CMR in this material. The p,(H) curve at 2 K
shows a prominent discontinuity near the zero-field limit as
evident from the inset of Fig. 5A. We confirm that this anomalous
Hall effect (AHE) is not a spurious signal coming from the hyster-
esis during the antisymmetrization of the experimental data. In fig.
S11 (B and C), we have plotted p,.(H), calculated from the conven-
tional method when the hysteresis is neglected. Although it also
shows an anomalous behavior, the nature and amplitude are sub-
stantially different. In Fig. 5B, a phase diagram is constructed by
plotting dp,../d(uoH ) as a function of temperature and magnetic
field. A phase boundary (indicated by the white dashed line) is ob-
tained, which separates the AHE region. We note that this phase
boundary almost coincides with the AFM state in magnetic phase
diagram. Hence, an AHE is not expected for a purely AFM ground
state with vanishingly small magnetic moment, it could be originat-
ed from the collective spin excitation in the low-field limit or the
short-range FM ordering. It is worth mentioning that because of
the strong CMR in CeSby 1;Te; o0, the raw Hall data unavoidably
contain a large longitudinal resistivity component. Furthermore,
in this material, p,, is about four orders of magnitude higher
than p,,.. Hence, the extracted Hall data from the antisymmetriza-
tion technique is always noisy. However, we confirm that the ob-
served anomalous Hall behavior is reproducible over multiple
measurements on both samples 1 and 2.

We know that the Hall resistivity in a magnetic material follows
the relation pyx = p{) + p;\., where p{) is the ordinary Hall resistiv-
ityand pfx represents the anomalous Hall component. p}% is propor-
tional to the magnetic field and can be estimated by extrapolating
the linear fitting of the high-field region of the p,(H) data (fig.
S12). For CeSby 1, Te; g9, we obtain an anomalous Hall resistivity
of ~8 ohm-cm at 2 K. This value in semiconducting CeSby ;;,Te; o9
is giant in comparison to the metallic noncollinear/noncoplanar an-
tiferromagnets where p‘y“x is typically of the order of a few microhm-
centimeter (68, 69). However, because of the very large value of the
longitudinal resistivity in CeSby ;;,Te; g9, the anomalous Hall con-

A
ductivity (ch‘y ~ %) is calculated to be rather small ~10 uS cm™".

In metallic noncollinear/noncoplanar antiferromagnets, on the
other hand, small longitudinal resistivity results in ny ~ 10 to
200 S em™ (70).
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DISCUSSION

Beside the fundamental physics of massless relativistic particles, the
unusual electronic transport properties drove the interest toward to-
pological materials. Different mechanisms were proposed to deci-
pher the large positive MR in these systems (71). However, high-
mobility charge carriers appear to be the most plausible explana-
tion. On the other hand, doped manganites belong to the realm
of strongly correlated systems, which demonstrate metal-insulator
transitions and CMR. Realization of these features in a topological
material is unexpected. The presence of the complex CDW state and
its coupling with the spin modulation in this high-electron filling
region of AFM CeSb, Te,_,_s makes it an even more interesting
system. Although the material is semiconducting, it exhibits a
Fermi surface; thus, the CDW does not completely gap out the
Fermi surface. Furthermore, we show that the overall nature of
the resistivity does not match the thermally activated transport or
the known localization models and warrant further theoretical
insight. While the quenched disorder might be an important
aspect, to the best of our knowledge, it does not generate similar
characteristics in materials other than manganites. Therefore, the
interplay of topological states, CDW, magnetism, and lattice disor-
der must have a distinctive role in the observed properties. We hope
that our results would encourage future investigations to confirm
this. In addition, the CMR and the giant AHE already make
CeSby 11 Te; o an attractive prospect for technological applications.

MATERIALS AND METHODS

Single-crystal growth and characterization

Single crystals of CeSby ;,Te; oo Were grown by chemical vapor
transport using iodine as the transport agent. The obtained crystals
were characterized by powder/single-crystal x-ray diffraction mea-
surements, and the chemical compositions were determined by
energy-dispersive x-ray spectroscopy. Additional details about the
crystal growth and characterization can be found in our earlier
report (48).

ARPES measurements

ARPES experiments were performed on in situ cleaved crystals in
ultrahigh vacuum (pressure below 107'° mbar). The spectra were
recorded using the one-cube ARPES setup installed at the UE112-
PGM2b beamline at the BESSY-II synchrotron, with various photon
energies (hv) ranging from 40 to 130 eV.

Theoretical calculations

Density functional theory calculations were performed in VASP
v5.4.4 (72-74) using the Perdew-Burke-Ernzerhof functional (75).
Similar to CeSbTe (40), localization of the Ce f-orbitals was correct-
ed using a Hubbard potential of U = 6 eV (76). Projector augmented
wave potentials (77, 78) were selected on the basis of the v5.4.4 rec-
ommendations. Calculation for CeSby 1;Te; o9 was performed on
the 3 x 3 x 2 supercell of CessTessSby with Fermi levels adjusted
on the basis of the electron counts obtained from the experimental
data. A plane wave energy cutoff of 400 eV and a k-mesh density,
I = 30 (corresponding to 2 x 2 x 2 I'-centered k-meshes for
CeSbyg 11 Te; 9o supercell), was used. Unfolded spectral functions
for the supercells in the subcell BZ were calculated following the
method of Popescu and Zunger (79) in VaspBandUnfolding.
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Transport measurements

The electronic transport experiments were performed in a physical
property measurement system (Quantum Design), equipped with a
sample stage rotator using the ac transport option. Prepatterned
electrodes in six-probe geometry for resistivity and Hall measure-
ments were deposited directly on the single crystals by gold evapo-
ration. Gold wires were attached to these electrodes using
conducting silver paste.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. ST to S12
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