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ABSTRACT

EuB6, as a magnetic Weyl semimetal, has attracted much attention in recent years due to its rich intriguing physical properties, especially the
colossal negative magnetoresistance (CNMR) exceeding �80% and the topological phase transition. Yet, the underlying mechanism of the
CNMR in EuB6 is still controversial. In this work, the CNMR with a maximum value of �88.4% and Hall resistivity without linear
dependence on the magnetic field are both observed to indicate the existence of a weak ferromagnetic order below 50K. The effective carrier
concentration can be modulated by both temperatures and external magnetic fields. Moreover, the angle-resolved photoelectron spectroscopy
results demonstrate the gradual band splitting and crossing near the Fermi level below 15K, and the field-dependent Kelvin probe force
microscope results confirm the field-induced variation of the Fermi level at different temperatures. Furthermore, by integrating those results
with the monotonic increment relationship between the effective carrier concentration and the field-induced magnetization ratio, it is con-
cluded that the magnetic field-induced topological phase transition is the main mechanism for the CNMR in EuB6, which is helpful to under-
stand the exotic transport properties in magnetic topological materials. Our findings provide a route for exploring and manipulating the
topology-related transport properties via the external magnetic field in other systems with strong correlation between magnetism and topo-
logical states.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0236038

Topological materials have attracted extensive attention due to
their exotic transport properties and potential application in future
quantum devices.1–3 The initial milestone is the discovery of the quan-
tum Hall effect (QHE). Therein, the Hall resistance is quantized while
the longitudinal resistance of the sample boundary is zero under a
high external magnetic field.4,5 It is highly desirable to control the
excellent transport behavior by modulating the topological state
through intrinsic band structure adjustments or external fields. An
attempt has been made to realize the quantum anomalous Hall (QAH)
effect by introducing ferromagnetic properties into the topological

insulator.6,7 In recent years, the tremendous progress has been
achieved in some systems where magnetism and topology intertwine,8

for instance, the ferromagnetic Weyl semimetal Co3Sn2S2 (Ref. 9) and
the antiferromagnetic topological insulator MnBi2Te4.

10 Moreover, the
topological states can be modulated by strain, light, and electrical and
magnetic fields in some unique systems such as ZrTe5,

11,12 CsV3Sb5,
13

MnBi2Te4,
14 Na3Bi,

15 and Fe-doped (Bi,Sb)2Se3 heterostructures.16

Consequently, the interaction between magnetism and topology
becomes one of the significant topics in the condensed state matter
physics. From the perspective of a fundamental investigation, an
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intrinsic magnetic topological material with a simple crystal structure
and clear electronic band structure might be an excellent system to
clarify the correlation mechanism.

EuB6 possesses a simple cubic crystal structure and is a magnetic
topological Weyl semimetal at low temperatures. The topological band
structure near the Fermi level is simple and clear without any other
interference. Moreover, it is predicted to realize the large-Chern-num-
ber quantum anomalous Hall effect (QAHE) in its [111]-oriented
quantum-well structures according to the theoretical calculation.17

Thus, EuB6 is an ideal platform to reveal the exotic transport proper-
ties, especially to investigate the correlation between magnetism and
topology. In experimental studies, the typical magneto-transport prop-
erty of EuB6 is the colossal negative magnetoresistance (CNMR).18 Yet
the mechanism of that CNMR remains contentious, with two main
explanations including the electronic phase separation19 and the mag-
netic fluctuations.20 Nonetheless, the influence of the magnetic field on
the topological band structure is not well considered, and the contribu-
tion of the topology in EuB6 to the CNMR is unclear.

In this paper, the transport properties, magnetic properties,
angle-resolved photoelectron spectroscopy (ARPES), and Kelvin probe
force microscope (KPFM) measurements are carried out on the high-
quality EuB6 single crystal. The paramagnetic (PM)–ferromagnetic
(FM) phase transition is observed with the temperature decreasing.
The CNMR and the Hall resistivity without linear dependence on the
magnetic field are observed within the same temperature range. The
ARPES measurement results demonstrate the gradual band splitting
and crossing near the Fermi level with the temperature decreasing.21

Moreover, the field-induced variation of the Fermi level is observed at
different temperatures by the KPFM measurement. Based on the
above-mentioned results and the monotonic increment relationship
between the effective carrier concentration and the field-induced mag-
netization ratio, it can be concluded that the CNMR of EuB6 predomi-
nantly originates from the magnetic field-induced topological phase
transition.

The EuB6 single crystal is prepared by an Al-flux method,22 and
the corresponding structure characterizations confirm the high quality
of the as-grown EuB6 single crystals (see details in Fig. S1). Based on
the high-quality single crystal, the magnetoresistance (MR) curves are
measured at different temperatures [Fig. 1(a)]. Overall, the MR curves
decrease first and then increase with the external field increasing. The
external field corresponding to the maximum negative MR ratio is
defined as the critical magnetic field (Bc@MR, where dMR¼ 0). As
shown in Fig. 1(b), the temperature and the critical magnetic field have
almost the same influence on the maximum negative MR ratio and the
CNMR ratio exceeding �88% is achieved around 12K. MR curves
ranging from �1.5 to þ1.5T [the inset of Fig. 1(b)] do not show the
distinctive sharp cusps corresponding to the weak localization (WL)
effect.23 Therefore, the WL effect can be excluded. The upwarp of the
temperature-dependent longitudinal resistivity (qxx�T) curves in the
inset of Fig. 1(c) indicate the possible Kondo effect.24,25 However, it
could only contribute a small negative MR ratio of � �8% (estimated
in Fig. S2), which is far from the main mechanism for the CNMR in
EuB6.

The dramatic decrease in the temperature-dependent qxx under
the zero field below 15K [Fig. 1(c)] suggests a possible phase transition
at the critical temperature of 15K. The monotonic shift of the maxi-
mum values of dqxx/dT with the external field increasing [Fig. S3(b)]

indicates that the phase transition could be related to the magnetic
ordered states. In order to determine the magnetic ordered states, the
temperature-dependent magnetization (M�T) curves under the corre-
sponding external fields are measured [Fig. 1(d)]. The M�T curve in
the inset demonstrates a PM–FM phase transition with a critical tem-
perature of 15K (Ref. 26) (detailed in Fig. S4), which is the same as the
critical temperature in the qxx�T curve measured under 0T.
Moreover, theM�T curves under different external fields show a simi-
lar shifting behavior compared to the qxx�T curves in Fig. 1(c). So far,
it can be supposed that the transport properties, including the CNMR,
are closely related to not only the temperature-dependent magnetiza-
tion but also the field-induced magnetization in EuB6. Numerically,
such huge CNMR ratio of��88% is impossible to happen only by the
suppression of the scattering between carriers and the magnetic
moments after applying the external field.24 Fundamentally, the carrier
concentration mainly determines the electronic resistivity, which can
be investigated by the Hall resistivity.

The temperature-dependent Hall resistivity (qxy�T) curves are
measured under different external fields [Fig. 2(a)]. The upward shift
of the qxy�T curves with the external field increasing suggests the
ordinary Hall-type behavior. It should be noted that the measured qxy
is primarily contributed by the ordinary Hall effect since the AHE sig-
nal is rather tiny (<5 lX cm) as discussed in Fig. S5. The decrease in
qxy with the decreasing of the temperature in Fig. 2(a) reflects the
increase in the effective carrier concentration (Neff ¼ B/(eqxy),

27 where
e is the elementary charge) in EuB6. As shown in Fig. 2(b), qxx�T
curves, as well as dqxx/dT�T curves, measured under B¼ 0.05 and 0T
almost overlap, which shows that the transport behavior under 0.05T
can be used to proximately reflect the intrinsic transport parameters
under 0T. The temperature-dependent Neff curve under 0.05T shows
a critical temperature of 15K, similar to the value in the qxx�T curve
measured under 0T. In addition,Neff increases with the decrease in the
temperature and the increase in the external field [Fig. 2(c)]. To further
investigate the influence of the external field on Neff, the field-
dependent qxy and Neff curves are shown in Figs. 2(d) and 2(e). The
qxy without linear dependence on the external field is observed from 4
to 35K, and the nonlinear dependence is enhanced with the tempera-
ture increasing [Fig. 2(d)]. Neff initially increases and then slightly
decreases with the external field increasing [Fig. 2(e)], reaching its
maximum value under the critical external field (Bc@Neff), where dNeff

¼0 at different temperatures from 4 to 35K. The temperature-
dependent Bc@MR and Bc@Neff exhibit the similar variation tendencies
and approximate values at the same temperatures [Fig. 2(f)].
Therefore, the maximum Neff corresponds to the maximum negative
MR, which indicates the field-induced variation of Neff should be
responsible for the CNMR in EuB6. In addition, the field-dependent
Neff means that the carrier pocket, as well as the electronic band struc-
tures near the Fermi level, could be effectively changed by the external
magnetic field, which is analogous to the reported temperature-
induced variation of the band structures in EuB6.

21,28

In the current temperature-induced topological phase transition
in EuB6 observed via the ARPES experiments, discrepancies arise in
both the Fermi level locations and the transition temperatures.21,28,29

To validate the influence of the temperature on the band structures,
the temperature-dependent ARPES measurements were carried out
from 30 to 6.9K. The measured band structures along M-X remains
unchanged from 30 to 17K [Figs. 3(b-I)–3(b-III)] at which the EuB6
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FIG. 1. (a) MR ratio curves at different temperatures. The inset illustrates the measurement configuration. (b) The maximum negative MR ratio as a function of the temperature
and the corresponding critical external magnetic field (Bc@MR). The inset shows the MR curves at the small external field (61.5 T) from 4 to 10 K. (c) qxx�T curves under dif-
ferent external fields. The inset shows the corresponding curves with external fields from 0 to 0.6 T. (d) M�T curves under different external fields. The inset shows the M�T
curve measured under 0.005 T.

FIG. 2. (a) qxy�T curves from 300 to 4 K under different external fields. The data measured at 0.05 T are displayed as ten times of the original data (red curve). (b) The qxx�T
curves and dqxx/dT�T curves in the inset measured under 0.05 T (red line) and 0 T (black line). (c) The corresponding temperature-dependent Neff under different external
fields. (d) External field-dependent qxy at different temperatures. (e) External field-dependent Neff at different temperatures. (f) Temperature dependence of the critical external
fields extracted from Fig. 1(a) (Bc@MR) and extracted from Fig. 2(e) (Bc@Neff).
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crystals are in the PM state. Then the observable band variation
emerges at 15K [Fig. 3(b-IV)], which is consistent with the critical
temperature of the PM–FM phase transition and the qxx�T curve
under 0T. Notably, the spin-up and spin-down valence subbands split
with the crossing over of the spin-up valence and conduction subbands
near the Fermi level at 10K (see Fig. S11 and Refs. 17 and 28 for the
identification of spin-up and spin-down sub-bands). Meanwhile, the
carrier pockets are well-constructed and expand monotonically with
the further decrement of the temperature [Figs. 3(b-V)–3(b-VII)], see
Fig. S12 for the temperature-dependent Fermi level variation). Upon
returning to 30K, the band structure reverts to its initial state exactly
[Fig. 3(b-VIII)].

The corresponding energy distribution curves (EDCs) around the
X point at different temperatures exhibit a noticeable shift to the
deeper energy at 15K [Fig. 3(c)]. Meanwhile, the momentum distribu-
tion curves (MDCs) at different temperatures show that the spin-up
conduction subband starts to intersect the Fermi level, and a small car-
rier pocket emerges at 15K [Fig. 3(d)], which elucidates the sudden
upwarp of the temperature-dependent Neff at 15K under 0.05T.
Moreover, the bottom of the spin-up conduction subband [EC, marked
in Fig. 3(b-VI)] gradually descends with the temperature decreasing
[Fig. S6(a)]. The splitting and crossing of the bands originate from the
strong exchange coupling between the band electrons and the local 4f
moments,17,30 which contribute to the magnetization of EuB6 (refer-
ring to Note 3 of the supplementary material). The absolute value of
EC (jECj) is plotted as a function of M/Mmax at different temperatures
[Fig. 3(e)]. M/Mmax is derived from the M�T curve measured under

0.005T, where Mmax is the maximum measured magnetization of the
curve and M is the measured magnetization of the curve at different
temperatures [Figs. S6(b) and S6(c)]. It should be noted that,M/Mmax

can actually reflect the temperature-dependent magnetization ratio
under the zero external field because the tiny field barely changes the
intrinsic magnetic state in EuB6 (see Fig. S4 for a detailed analysis).
jECj is positively correlated with M/Mmax, which indicates that the
enhanced temperature-dependent magnetization ratio in EuB6 plays a
crucial role in promoting the topological phase transition. Considering
the strong exchange coupling between the band electrons and the local
4f moments, it can be further inferred that the larger field-induced
magnetization should also promote the topological phase transition of
EuB6 (Ref. 31) (for a detailed analysis, see Note 3 of the supplementary
material), which is called as the field-induced topological phase transi-
tion.11,16,32 Moreover, jECj is positively correlated with Neff measured
at different temperatures [Fig. 3(f)], which implies that the larger Neff

means the larger jECj of the electron band. Note that, Neff in Fig. 3(f) is
derived from the qxy�T curve measured under 0.05T, which can actu-
ally reflect the Neff under 0T, as proved in Fig. 2(b).

To elucidate the field-induced topological phase transition, the
field-induced band variation should be confirmed. Since ARPES mea-
surements cannot be carried out under the external fields, KPFM33,34

is employed to investigate the field-dependent relative chemical poten-
tial (CP) of EuB6, reflecting the Fermi level (EF) variation. In the exper-
iment, the patterned nonmagnetic Ti/Au(5/50 nm) thin films are
sequentially deposited on the EuB6 surface to serve as the buffer and
the reference layer (see details in Fig. S7). As shown in Fig. 4(a), the

FIG. 3. (a) Bulk and (001)-surface Brillouin zones of EuB6. (b) Intensity plots of the ARPES data along M-X, displaying the corresponding band structures at different tempera-
tures. The red and blue thin dashed lines marked the spin-up and spin-down subbands. EC denotes the energy of the bottom of the spin-up conduction band, with respect to
the Fermi level. (c) Energy distribution curves (EDCs) around the X point at different temperatures, with k//ranging from 1.4558 to 1.4688 Å�1, as indicated by the vertical
dashed lines in Fig. 3(b-VII). (d) Momentum distribution curves (MDCs) below the Fermi level, within the range indicated by the horizontal dashed lines in Fig. 3(b-VII). (e) jECj
as a function of M/Mmax at different temperatures. (f) The relationship between jECj and the corresponding Neff at different temperatures.
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yellow and black areas in the typical CP mapping encompassing both
the Au film and the EuB6 surfaces reflect the intrinsic difference of the
CP between EuB6 and the Au film, which can be further associated
with the corresponding difference of EF. The position-dependent CP
curves along the line-cut under different external fields are presented
in Fig. 4(b). Referring to the bottom flat parts (the CP of the Au film)
of the curves as 0V, the top-left flat parts of the curves (the relative CP
of EuB6) shift downward under large external fields. The shift can be
quantitively expressed as DCP¼CP(B)-CP(0), where CP(0) and CP
(B) denote the relative CP of EuB6 under the zero and finite external
fields. DCP relates to the field-induced variation of the Fermi level
(DEF¼ eDCP). As shown in Fig. 4(c), the noticeable field-dependent
downshift of the CP is observed at different temperatures, and the
magnitude of DCP becomes larger at higher temperatures (see detailed
data in Fig. S8), especially DCP is more than �10mV from 10 to 20K,
where the CNMR ratio exceeding�80% appears. The above-mentioned
results indicate a strong correlation between the field-induced band vari-
ation and CNMR and suggest that the band structures near the Fermi
level are substantially altered by the external field.

To investigate the influence of the field-induced band variation
on Neff, the relationships between Neff and the field-induced magneti-
zation ratio [M/Ms, where M is the field-induced magnetization, and
Ms is the saturation magnetization of EuB6 at 4K, referring to Fig. S4
(a)] at different temperatures are constructed in Fig. 4(d). Since the
monotonic increase in Neff with the temperature-dependent magneti-
zation ratio (Fig. S9) originates from the temperature-induced

topological phase transition, it can be concluded that the monotonic
increase in Neff with the field-induced magnetization ratio [Fig. 4(d)]
originates from the field-induced topological phase transition. With a
higher field-induced magnetization ratio, the degree of the band split-
ting and crossing over near the Fermi level becomes larger, which con-
sequently leads to the larger carrier pockets near the Fermi level and a
larger value of Neff. Since no distinct electronic conductivity domain in
the EuB6 single crystal was observed in our KPFM measurement
[Fig. S7(c)], it indicates the absence of the electronic phase separation.
In addition, the negative MR ratio contributed by the Kondo-like
upwarp is ��8%. The negative MR ratio arising from the scattering
effect between electrons and magnetic domain walls in a homogeneous
magnetic system is usually ��2% or smaller.35,36 Those negative MR
ratios are much smaller than the observed CNMR ��88% in EuB6.
Combined with the qxx�T curve under 0T [Fig. 1(c)] and the ARPES
results [Fig. 3(b)], the resistivity dropped more than 90% when the
band splitting and crossing happened from 15 to 4K, which demon-
strates that the band splitting and crossing can result in a resistivity
drop of more than 90%. Since the field-induced band splitting and
crossing named as the field-induced topological phase transition has
been proved and other possible mechanisms cannot afford such a huge
CNMR ratio, it can be concluded that the CNMR in EuB6 predomi-
nantly arises from the magnetic field-induced topological phase
transition.

In conclusion, the transport properties and the band structure
variations of EuB6 have been systematically investigated, revealing the

FIG. 4. (a) The relative CP mapping on the designed EuB6 sample surface, encompassing both the deposited Au film surface (black) and the EuB6 surface (yellow). (b) The rel-
ative CP under different external fields (0–9 T) measured along the line-cut in (a). (c) The relative CP variation (DCP) of EuB6 as a function of the external field at different tem-
peratures. (d) The relationship between Neff and the field-induced magnetization ratio M/Ms at different temperatures.
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magnetic field-induced topological phase transition as the primary
mechanism for the CNMR. The ARPES results show the gradual band
splitting and crossing near the Fermi level below 15K, and further
deduce that the band structure variation is responsible for the mono-
tonic increment relationship between the effective carrier concentra-
tion and the temperature-dependent magnetization ratio. In addition,
the band splitting and crossing over near the Fermi level should be
promoted by the external magnetic field, which is supported by both
the field-induced variation of the Fermi level based on the KPFM
results and the monotonic increment relationship between the effective
carrier concentration and the field-induced magnetization ratio.
Furthermore, by excluding other mechanisms, it is finally concluded
that the CNMR in EuB6 predominantly arises from the magnetic field-
induced topological phase transition originating from the strong
exchange coupling between the band electrons and the local 4f
moments. This work proposes a reasonable mechanism for the
CNMR, which is applicable to the magnetic topological materials.
Furthermore, these findings provide a route for exploring and manipu-
lating the topology-related transport properties of other systems with
strong correlation between band electrons and magnetic moments via
the external magnetic field.

See the supplementary material for the sample preparation, struc-
ture characterization, and more details of experiments and analysis.
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