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Kondo behavior and metamagnetic phase transition in the heavy-fermion compound CeBi2
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Heavy fermions represent an archetypal example of strongly correlated electron systems which, due to
entanglement among different interactions, often exhibit exotic and fascinating physics involving Kondo
screening, magnetism, and unconventional superconductivity. Here we report a comprehensive study on the
transport and thermodynamic properties of a cerium-based heavy-fermion compound CeBi2 which undergoes
an antiferromagnetic transition at TN ∼ 3.3 K. Its high-temperature paramagnetic state is characterized by
an enhanced heat capacity with Sommerfeld coefficient γ over 200 mJ mol−1 K−2. The magnetization in the
magnetically ordered state features a metamagnetic transition. Remarkably, a large negative magnetoresistance
associated with the magnetism was observed in a wide temperature and field-angle range. Collectively, CeBi2

may serve as an intriguing system to study the interplay between the f electrons and the itinerant Fermi sea.
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I. INTRODUCTION

The interactions between local moments and itinerant elec-
trons may result in many exotic quantum phenomena, the heavy
fermions in intermetallic lanthanide/actinide compounds being
a clear-cut example [1]. In heavy fermions, the lattices of
localized f moments are antiferromagnetically coupled with
conduction electrons via Kondo interaction, and below a
characteristic temperature, referred to as the Kondo coher-
ence temperature, a Landau Fermi liquid with significantly
enhanced electron effective mass emerges. Besides the Kondo
interaction, the competing Ruderman-Kittel-Kasuya-Yosida
interaction favors the magnetic ordering of the f moments
[2,3].

Among heavy fermions, Ce-based compounds stand for the
simplest example that incarnates most of the important physics
since each Ce3+ ion has only one f electron in the 4f shell
[4–8]. Specifically, many Ce-based antimonides/bismuthides
display intriguing properties at low temperatures, including
complex magnetic ordering, heavy-fermion behavior, uncon-
ventional superconductivity, or even nontrivial topological
states [5,7,9,10]. Taking the rare-earth monoantimonide CeSb
as an example, its magnetic resistivity logarithmically in-
creases with decreasing T due to the incoherent Kondo scatter-
ing, and at least four metamagnetic transitions are observed in
the magnetization curves [3,7]. More intriguingly, the angle-
dependent magnetoresistance shows the signature of nontrivial
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Weyl fermions in its ferromagnetic state, which makes CeSb a
promising candidate in the nascent search for novel topological
states in the strongly correlated regime [7].

Another cerium-based intermetallic system, as yet much
less studied, is cerium dibismuthide. A previous work focusing
on the magnetization properties of CeBi2 has reported the
discovery of a metamagnetic phase transition [9]. However,
similar to the Weyl semimetal candidate CeSb, the physical
properties of the magnetic CeBi2 deserve more fundamental
exploration. In particular, it is not yet clear how universal
the topological Weyl point seen in CeSb is in other Ce-based
antimonides/bismuthides. In this context, we performed a sys-
tematic study on the transport and thermodynamic properties of
CeBi2 single crystals. Our study reveals that CeBi2 is a typical
Kondo lattice system with a large Sommerfeld coefficient
γ over 200 mJ mol−1 K−2. Contrasting with the topological
origin of the negative magnetoresistance (MR) in CeSb [7],
the negative MR in CeBi2 can be instead associated with the
complex magnetism of the system.

II. EXPERIMENT

Single crystals of CeBi2 were grown by the self-flux
method. Elemental Bi and Ce were mixed with a molar ratio
over 10:1. The mixture was then sealed in a quartz tube in
vacuum. The tube was heated to 1000 ◦C in a high-temperature
box furnace and kept at this temperature for several hours. After
a slow cooling process, platelike crystals which can be easily
exfoliated were harvested.

Powder- and single-crystal x-ray diffraction (XRD) mea-
surements were performed at room temperature using a Rigaku
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FIG. 1. (a) The crystal structure of CeBi2. The single layers of Bi
and the CeBi bilayers are alternately stacked along theb axis. The solid
box indicates one conventional unit cell. (b) The x-ray-diffraction
pattern for a CeBi2 single crystal. (c) Temperature dependence of re-
sistivity ρ of CeBi2. T ′ and TN denote two characteristic temperatures
where ρ shows marked decreases with T . (d) A blowup of the low-T
resistivity in panel (c). The red line is the fit to Eq. (1).

diffractometer with Cu Kα radiation and a graphite monochro-
mator. Low-field MR, angle-dependent MR, and specific-
heat data were all collected on a Quantum Design (QD)
physical property measurement system. The MR data in high
magnetic field were acquired with a resistive Bitter magnet
at the High Field Magnet Laboratory (HFML) (Nijmegen)
with a maximum field of 35 T. The samples displayed highly
symmetric resistance signals with respect to the magnetic-field
direction, hence only data obtained for positive magnetic-field
orientation are shown. The magnetization data were measured
using a QD superconducting quantum interference device
magnetometer with fields up to 7 T.

III. RESULTS

As shown in Fig. 1(a), the atomic structure of CeBi2 is
layered with single layers of Bi separated from each other by
CeBi bilayers and stacked along the crystalline b axis. The Bi
atoms in the Bi single layer are squarely coordinated, whereas
in the CeBi bilayers, Ce atoms reside at the center of the square
formed by four Bi atoms. A typical XRD pattern is shown in
Fig. 1(b). Only the (02�0) peaks were observable, suggesting
that the crystallographic b axis is perfectly perpendicular to
the surface facet of the crystal. All (02�0) peaks can be
well indexed with the orthorhombic (Pmmm, No. 47) space
group, sharing the same structure as LaBi2. Due to acute
sensitivity to the air, the polycrystalline XRD patterns (data
not shown) were only collected under the protection of Daphne
7373 oil. The resultant data show weak reflection, and as
such the lattice parameters can only be roughly estimated to
be a = 4.71, b = 17.71, c = 4.57 Å. Figure 1(c) depicts the
T dependence of the electrical resistivity ρ(T ) for a CeBi2

single crystal with current flowing along the ac plane. The
resistivity of CeBi2 is characterized by two sharp drops at
temperatures T ′ and TN . The resistivity drop at T ′ may be

attributed either to the coherence in Kondo scattering or to
the crystal electric-field (CEF) splitting of Ce atoms [11]. As
will be seen below, the characteristic TN can be assigned to
an antiferromagnetic (AFM) phase transition. In the AFM
state, the resistivity drops dramatically due to the reduction
in electron-spin scattering in the ordered state. In the case of
AFM systems with magnon dispersion of εk = √

�2 + Dk2,
where � is the spin-wave gap which arises from anisotropy
either in the magnetic interactions or of the single-ion type,
and D is the spin-wave velocity, the resistivity takes the form
[12–15],
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In this equation, the coefficient Aρ is related to the spin-
wave velocity by Aρ ∝ D−3/2. As seen from Fig. 1(d), the
resistivity of CeBi2 in the AFM state fits well to the above for-
mula, yielding ρ0 = 1.56 μ� cm, Aρ = 1.25 μ� cm−1 K−2,
and � = 2.4 K.

The specific heat of CeBi2 is shown in Fig. 2(a). Under zero
field, a sizable jump atTN is observed, consistent with a second-
order phase transition. Under a field of H = 9 T (‖b axis), the
jump is greatly suppressed, whereas the transition temperature
shows no clear shift. At T ∼ 20 K, the field has little effect on
the heat capacity and two curves overlap [the upper inset of
Fig. 2(a)]. The entropy under 9 T is approximately the same
as that in 0 T at 20 K. The effect of the magnetic field on the

FIG. 2. (a) Temperature dependence of heat-capacity C of CeBi2.
The red line is the heat capacity under a 9-T field (H ‖ b). The upper
inset shows the low-T heat capacity below 20 K. The lower inset
manifests the data as C/T vs T 2 below 10 K. The red solid line is
the linear extrapolation of the data. (b) Temperature dependence of
the heat capacity of the reference compound LaBi2. The inset is the
low-T plot of C/T vs T 2 to separate the electronic and phononic
contributions. (c) The nonphononic heat-capacity �C of CeBi2. The
thick red line is the fit to �C in the paramagnetic state, assuming the
nonlattice contributions come from electron (Cel), Kondo (CK ), and
CEF effect (CSch), each of which has also been plotted as individual
lines. (d) Zoom in of the low-T �C in the AFM state. The red line is
a fit to Eq. (2).
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heat capacity is better seen when we plot C
T

as a function of
T 2 [the lower inset of Fig. 2(a)]. In this manner, the electronic
specific-heat coefficient γ can be estimated crudely as γ ∼
200 mJ mol−1 K−2 if we linearly extrapolate the data from ∼
10 K (see the red solid line in the lower inset). The detailed
analysis of heat capacity however will be given below.

To determine the electronic Sommerfeld coefficient γ of
the sample, we refer to the specific heat of the nonmagnetic
counterpart LaBi2 crystal which is isostructural to CeBi2. The
phonon contribution to the heat capacity in LaBi2 can be ob-
tained by subtracting the electronic term which is determined
by fitting the low-T heat capacity to C(T ) = γ T + βT 3 as
shown in the inset of Fig. 2(b). Assuming the same phononic
heat capacity in CeBi2 and LaBi2, we can get the nonphononic
heat-capacity �C of CeBi2 as plotted in Fig. 2(c). In the

paramagnetic region of a Kondo lattice, �C is composed
of three components, i.e., �C = Cel + CK + CSch, where
Cel, CK , and CSch represent the electronic, Kondo, and Schot-
tky terms, respectively [12]. The Kondo term CK in a Kondo
lattice is only dependent on the Kondo temperature TK and
was derived theoretically in the original papers by Schotte
et al. [16,17]. The Schottky anomaly with energy gaps of
�1 and �2, resulting from the Ce3+ crystal electric-field
splitting, was considered [12]. Overall, these three terms can
fit �C fairly well above TN as demonstrated by the thick
red line in Fig. 2(c), and the corresponding fitting parameters
are γ = 220 mJ mol−1 K−2

, �1 = 75, �2 = 190, and TK =
1.5 K. Their individual lines are also delineated in the figure.
It is worth noting that the above fitting of the nonphononic
heat capacity is based on the assumption of the same phonon

FIG. 3. (a) Temperature dependence of molar magnetic susceptibility of single-crystalline CeBi2 measured under a field of 1 T oriented
perpendicular and parallel to the b axis. (b) Inverse magnetic susceptibility as a function of temperature to demonstrate the Curie-Weiss law. (c)
Magnetization under different fields (H ‖ ac). (d) Isothermal magnetization curves at some fixed temperatures for H ‖ ac. (c) Magnetization
under different fields (H ‖ b). (d) Isothermal magnetization curves at some fixed temperatures for H ‖ b.
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contribution in CeBi2 and its counterpart LaBi2. In the AFM
state (T < TN ), in analogy to the above Eq. (1) for resistivity,
�C has the form [14,18]

�C = γmT + AC�4
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where γm is the Sommerfeld coefficient in the magnetically
ordered state and � is again the gap in the spin-wave spectrum
[see Eq. (1)]. Although the fit range is limited, it gives
� = 2.9 K which is very close to the one obtained from
the resistivity fit in Fig. 1(d). γm and AC from the fit are
600 mJ mol−1 K−2 and 16 mJ mol−1 K−5, respectively. Note
that this γm is significantly enhanced compared with the one
in the paramagnetic state, γ ∼ 220 mJ mol−1 K−2. Similar
behaviors have been observed in other antiferromagnetic

Kondo systems [12,13]. Different proposals other than what we
used here to analyze the heat-capacity data in Kondo systems
can also be found in the literature [19].

Figure 3 summarizes the magnetization measurements on
CeBi2 for both field orientations, i.e., the H ‖ ac plane and
H ‖ b axis. Notable magnetization anisotropy is observed.
As seen from the temperature dependence of the magnetic
susceptibility (M/H ) in Fig. 3(a), the susceptibility increases
quickly below ∼50 K for both field directions. At T ∼
TN (3.3 K), a pronounced peak in the M/H curve with H ‖ ac

is seen whereas for H ‖ b, only a weak inflexion point is
observed as shown in the inset of Fig. 3(a), suggesting an
antiferromagnetic phase transition. This anisotropic magneti-
zation implies that the spins are aligned predominantly within
the ac plane [20].

To further analyze the susceptibility, the data are plotted
in panel (b) of Fig. 3 as χ−1 vs temperature to compare with
the Curie-Weiss law. As seen, the Curie-Weiss law is roughly
obeyed for H ‖ ac whereas for H ‖ b, deviation is seen below

FIG. 4. (a)–(c) Field dependence of MR measured at various angles for three representative temperatures. The inset of panel (a) shows the
field configurations. The current was set on the ac plane, and the field was confined on the plane constructed by the crystal b axis and the
current flowing direction (I ‖ ac). θ is defined as the angle between the field direction and the crystal b axis. (d)–(f) MR measured at different
temperatures for three representative angles. (g)–(i) The corresponding Schlottmann’s scaling of the isothermal MR. T ∗ is the characteristic
scaling temperature.
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∼50 K, presumably due to the CEF effects. We further extract
the effective magnetic moment μeff of Ce ions using the
Curie-Weiss law: χ (T ) = μ0nμ2

eff
3kB (T −θ) , where n is the number of

magnetic ions per mole and θ is a parameter related to the
interaction between the ions. The fits give μeff = 2.3μB, θ =
−2 K for H ‖ ac and μeff = 4.0μB, θ = −109 K for H ‖ b.
The value for H ‖ ac is consistent with the theoretical value
of 2.54μB for a free Ce3+ ion whereas the latter is somewhat
exaggerated.

Figure 3(c) shows the magnetization curves under different
field strengths for H ‖ ac. As seen, the kink associated with
the AFM transition is gradually suppressed to lower temper-
atures with increasing field and for μ0H > 2 T, this kink
disappears and a ferromagneticlike magnetization saturation at
low temperatures emerges. This ferromagneticlike saturation
is more notable on the isothermal magnetization curves in
low-temperature regions [Fig. 3(d)]. Besides, when T < TN ,
the M(H ) curves display a metamagnetic phase transition at
field around 1.4 T, revealing a complex magnetic structure of
CeBi2. At 2 K and 7 T, the magnetization reaches a value
of 6000 emu/mol that corresponds to the magnetic moment
of 1.1μB , much lower than the saturated moment of the Ce3+

ion (μJ ∼ 2.14μB ). Hence, more metamagnetic transitions are
likely in higher fields. Each of the M(H ) curves was performed
with both increasing and decreasing field strengths, yet no
magnetic hysteresis was observed. By contrast, for H ‖ b, the
magnetic properties become very different. First, the AFM
transition temperature TN shows no clear shift with increasing
field strength [Fig. 3(e)]. Second, no obvious metamagnetic
phase transition can be observed in the magnetization curves
for H ‖ b [Fig. 3(f)], indicating a rather strong magnetic
anisotropy.

To explore the transport properties of CeBi2, we performed
the detailed magnetotransport measurements of CeBi2 crystals
at different temperatures and field angles. The field dependence
of the MR, defined as MR = ρ(H )−ρ(0)

ρ(0) × 100%, at different
angles and for three representative temperatures is shown in
Figs. 4(a)–4(c). The inset of Fig. 4(a) sketches the config-
uration of current flow (along the ac plane) and the field
orientation. The magnetic field is constrained on the plane
constructed by the crystal b axis and the current flow direction.
Angle θ is defined as the angle between the field direction and
the b axis. In the AFM ordered region [T < TN , Fig. 4(a)], at
θ = 90◦, MR first increases rapidly with the field as expected
for compounds in the AFM state. Beyond a certain field, MR
decreases quickly, becomes negative, and finally saturates in
the high fields. With the field rotated towards the b axis, both
the positive and the negative MR effects are suppressed, and the
evolution from the positive to negative MR with field becomes
progressively smooth. With increasing temperature [Fig. 4(b)],
qualitatively similar MR was seen, although the positive MR
now becomes very weak. At T = 75 K, the MR becomes
negligibly small, and only positive MR and an inflection point
are seen for the H ‖ b axis. Figures 4(d)–4(f) plot the MR
at three angles under various temperatures. Similar behavior
is seen for all these angles, although the size of the MR gets
larger as the angle increases.

As is known, for a single-ion Kondo system, the MR
curves measured under different temperatures can be scaled
by Schlottmann’s relation, where T ∗ is a scaling parameter

FIG. 5. MR at T = 4.2 K with fields up to 35 T for two single
crystals (labeled as Sample 1 and Sample 2).

related to magnetic correlation types [21]. Figures 4(f) and 4(g)
show Schlottmann’s scaling for three different angles for data
measured above the AFM transition temperature TN . As seen,
for H ‖ b, Schlottmann’s scaling is violated whereas for H ‖
ac and for the intermediate angle (θ = 50◦), all isothermal MR
curves collapse onto a single curve, in good agreement with
Schlottmann’s theory. The best scaling yields a negative T ∗ =
−1.8 K, implying the presence of ferromagnetic correlations in
this antiferromagnetic system. Similar Schlottmann’s scaling
has also been observed in other heavy-fermion systems, such
as UBe1.3 [22], YbPtSn [23], and CeNiGe3 [12,24]. The origin
of the anisotropic violation of Schlottmann’s scaling in CeBi2

is unclear to us at present.
In Fig. 5, high-field MR measured up to 35 T for two

pieces of samples at T = 4.2 K is shown. Note that these two
samples show larger MR than that shown in Fig. 4 at the same
field strengths due to higher sample purity. Although the MR
behaviors are qualitatively similar to those shown in Fig. 4,
the quasilinear MR in the high fields is intriguing and deserves
more investigations in due course [25,26].

Finally, let us turn to consider the origin of the negative
MR seen in this magnetic Kondo system. As shown in Fig. 6
[more pronounced in panel (b)], the initial field where the
positive MR starts to change to the negative one coincides
with the field for the metamagnetic phase transition, suggest-
ing the possible symbiosis between these two phenomena.
Besides, the MR saturates at the high field that may also be
associated with the ferromagneticlike saturation seen in the
magnetization curves. Therefore, it is reasonable to attribute
the intriguing MR in this system to its intricate magnetism
rather than the orbital effects or relativistic chiral anomaly
physics [27,28].

IV. CONCLUSION

To summarize, we studied the detailed transport and ther-
modynamic properties of the antiferromagnetic Kondo sys-
tem CeBi2 that displays an antiferromagnetic transition with
the Néel temperature TN around 3.3 K. By analyzing the
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FIG. 6. Comparison between MR and magnetization for two field
orientations at T = 2 K.

specific-heat data, we found the Sommerfeld coefficient γ

over 200 mJ mol−1 K−2 in its paramagnetic state and a Kondo
temperature of an order of ∼2 K. We presented the evidence
that the large negative magnetoresistance observed in the wide
temperature and field-angle ranges in this system is associated
with its complex magnetism. CeBi2 therefore represents an
interesting system to formulate the theoretical understanding
of the exotic consequences from the interplay between local f

moments and itinerant conduction electrons.
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