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Fine details of the electron density distribution in the heavy fermion metal CeB6 have been studied for the first
time by precision x-ray diffraction experiments in the temperature range of 30–500 K. At temperatures between 30 K and
80 K, the formation of dynamic charge stripes along the 〈100〉 axes is observed in B6 clusters, corresponding to gapless
(weak) localization of charge carriers. Based on the achieved results, we assume that the spin-polarized 5d–2p electronic
states in the conduction band are partially localized within these charge stripes and between vibrationally coupled Ce–Ce
pairs. Moreover, results of thermal conductivity, heat capacity, Seebeck coefficient and resistivity measurements indicate a
significant role of polaron–phonon scattering, which causes inhomogeneous weak localization of charge carriers in CeB6.
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1. Introduction
The hexaboride CeB6 has long been considered as an

archetypal example of a magnetic Kondo lattice with a low
Kondo temperature TK ≈ 1–2 K and two magnetic phase tran-
sitions: (i) at TQ≈ 3.2 K to orbital ordering in the so-called an-
tiferroquadrupolar phase (AFQ; “magnetically hidden order”
phase) and (ii) at TN ≈ 2.3 K into an unusual Néel antifer-
romagnetic (AFM) ground state.[1–3] However, recent mea-
surements of resistivity and magnetization in the range of
T = 2–800 K in combination with precise structural studies
at temperatures between 85 K and 500 K have shown that
CeB6 is a Griffiths phase with ferromagnetic fluctuations and
nanoscale magnetic clusters of Ce ions.[4] Instead of the log-
arithmic Kondo-type dependence σ(T ) ∼ lnT , which is ex-
pected at T ≥ TK ∼ 2 K, a power-law behavior of conductiv-
ity σ(T ) ∼ T 0.4 is observed in CeB6 crystals in the range of
T = 8–80 K � TK (see Fig. 1), corresponding to the regime
of weak localization of charge carriers. Indeed, the depen-
dence σ(T )∼ T α with α = 4/11 was predicted by McMillan
for the regime of weak localization in a system with electron–
electron interaction in Ref. [5]. Detailed studies of the electron
density (ED) distribution using x-ray diffraction (XRD) data
at 85 K and in the temperature range of 300–500 K[4,6] led
to the conclusion about the formation of (i) vibrationally cou-
pled pairs of Ce ions, (ii) sub-structural charge density waves
(s-CDW) with peaks in the interstices of the covalent-bonded

B framework and (iii) dynamic charge stripes. At Tc ≈ 340 K
(see Fig. 2), an electronic phase transition associated with a
change in the stripe configuration was detected.[6] However,
a problem that has not been solved to date is to elucidate the
mechanism of weak localization of charge carriers in CeB6

and the corresponding details of the ED distribution in this
heavy fermion metal with nanoscale electron phase separation.

Thus, the goal of present study is to shed more light on the
nature of weak localization in the paramagnetic Griffiths phase
of CeB6 with the help of precise XRD experiments in a wide
temperature range (30–500 K) in combination with studies of
resistivity, Seebeck coefficient, thermal conductivity and heat
capacity on high-quality single-domain crystals. Important in-
formation on details of the temperature-dependent distribution
of electron density in crystals was obtained by the maximum
entropy method (MEM) based on detailed XRD data sets col-
lected at fixed temperatures. We suggest that in this heavy
fermion metal, electron trapping within vibrationally coupled
nanoscale Ce clusters leads to gapless localization in the range
of 8–80 K, preceding the transition into the inhomogeneous
magnetic AFQ phase with ferromagnetic nanoscale droplets
(ferrons)[7] that is observed below TQ ≈ 3.2 K. Finally, esti-
mations of the relaxation time and the effective mass of charge
carriers are presented, arguing in favor of strong polaron–
phonon scattering and renormalization of the electron density
of states in CeB6 at intermediate temperatures.
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2. Experimental details
High-quality CeB6 single crystals were grown by verti-

cal crucible-free inductive zone melting in an argon gas atmo-
sphere using a setup described in detail in Ref. [8]. For the
preparation of CeB6 we used high-purity substances: natural
boron [isotope distribution: 18.8% 10B, 81.2% 11B with pu-
rity > 99.9 mass% (AVIABOR Inc., Dzerzhinsk, Russia); the
procedure of boron preparation excludes its contamination by
carbon] and Ce2O3 with purity of 99.997 mass%. The qual-
ity and orientation of the samples were controlled by XRD
and Laue backscattering patterns. X-ray phase analysis of the
synthesized powder and the crushed CeB6 single crystals was
performed on a DRON-3 x-ray diffractometer in Cu Kα ra-
diation with a Ni filter and demonstrated only reflections of
the CaB6-type structure (space group Pm3̄m-O1

h). The im-
purity composition of the grown single crystals was analyzed
using an atomic emission spectrometer with inductively cou-
pled plasma iCAP 6500 Duo (Thermo Scientific ICP, USA)
with an accepted detection limit of 3 ppm. The presence of
oxygen in the grown CeB6 single crystals was checked using
pulsed reductive extraction with carbon in a flow of helium
gas (gas chromatography). The oxygen content did not exceed
0.04 mass%, i.e., oxygen is chemically bound to the surface of
the crushed single crystal. Thus, the grown CeB6 crystals and
the experimental samples prepared from them represent highly
pure and structurally perfect objects for research. The concen-
tration of boron vacancies is estimated to be about 1 at.%.

The sample quality was also characterized by magne-
tization and charge transport measurements. The single-
domain crystals were cut from the same rods as those in
Refs. [4,6]. To analyze the transport and thermodynamic prop-
erties and scattering mechanisms of charge carriers, the tem-
perature dependences of resistivity (ρ), thermal conductivity
(κ) and the Seebeck coefficient (S) were measured in a wide
temperature range on rectangular single-crystalline samples
1 mm×2 mm×12 mm in size, elongated in the [110] direc-
tion. Heat capacity C(T ) was measured on a CeB6 sample
2 mm× 2 mm×0.5 mm in size. Thermal and transport charac-
teristics were obtained using a commercial installation PPMS-
9 (Quantum Design Inc.) of the Shared Research Center of
the Lebedev Physical Institute as well as of the Centre of Low
Temperature Physics of the Institute of Experimental Physics
SAS. Precise XRD experiments on single-crystal samples of
CeB6 were carried out in the temperature range of 30–500 K.
XRD data on Ag Kα radiation (λ = 0.56087 Å) were col-
lected on small samples of about 150 µm at the Shared Re-
search Center of the Kurchatov Complex of Crystallography
and Photonics of NRC ‘Kurchatov Institute’ on a Rigaku Xta-
LAB Synergy-DW diffractometer equipped with a HyPix-Arc
150◦ photon detector, Cobra Plus and N-Helix cryosystems
(Oxford Cryosystems) with open flow of nitrogen and helium

gas, respectively. The main experimental results including the
structure refinement in the Pm3̄m symmetry group at temper-
atures of 30 K, 50 K, 70 K, 200 K and 280 K are presented in
Table S1 of the supplementary materials. The resistivity and
Seebeck coefficient of CeB6 single crystals were also mea-
sured in the temperature range of 300–900 K using an instal-
lation of original design.

3. Results and discussion
Temperature dependences of conductivity σ(T ) =

1/ρ(T ) for the direction of measuring current 𝐼 ‖ [110] and
Seebeck coefficient S(T ) for the direction of temperature
gradient ∇T ‖ [110] in the temperature range 2–900 K are
shown in Fig. 1. The curves obtained for CeB6 crystals stud-
ied in this work are in good agreement with the results of
Refs. [2–4,6,9], demonstrating a power-law growth of conduc-
tivity σ(T )∼ T 0.4 with increasing temperature in the range of
8–80 K that corresponds to the regime of weak localization
of charge carriers predicted in Ref. [5] (see the IWL interval
in Fig. 1). Moreover, the logarithmic behavior of the See-
beck coefficient S(T ) ∼ − lnT , changing from small values
S < 10 µV·K−1, typical for metals (a degenerate electron gas
with EF � kBT , where EF is the Fermi energy and kB is the
Boltzmann constant), to values S ∼ kB/e ≈ 87 µV·K−1 (e is
the charge of an electron), corresponds to a classical electron
gas[10] (Fig. 1). The features on the S(T ) curves observed
at temperatures TN ≈ 2.4 K and TQ ≈ 3.3 K correspond to
transitions to the Néel (III in Fig. 1) and so-called antiferro-
quadrupole (II) phases of CeB6, respectively. As shown in
earlier work,[2] the Hall coefficient RH(T ) in CeB6 is nega-
tive and almost independent of temperature in the range of 5–
300 K. Consequently, the power-law dependence of conduc-
tivity is apparently determined exclusively by the behavior of
the Hall mobility µH(T ) = RH(T )σ(T ), which emphasizes the
dominant role of scattering processes in the charge transport of
CeB6 in the temperature range of 8–80 K. Figure 1 also shows
the additive parameter σ(T )S(T ) whose behavior indicates the
absence of other contributions at temperatures corresponding
to weak localization of charge carriers in the interval IWL.

The separation of additive contributions to σ(T )S(T ) al-
lows us to identify and analyze the high-temperature compo-
nent of the Seebeck coefficient in CeB6 with a maximum in
the region of T S

max ∼ 200 K � θD ∼ 1100 K,[11] where θD

is the Debye temperature, which corresponds to the contribu-
tion of phonon drag effects. In accordance with predictions
made in Ref. [10], a dependence SL(T )∼ 1/T is observed on
the right side of the maximum of lattice thermopower, while
the low-temperature phonon drag dependence demonstrates a
quadratic asymptotic behavior SL(T )∼ T 2 (see Fig. 1), which
apparently indicates a decrease of the effective dimensional-
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ity of the charge transport in the interval T < θE ∼ 130 K,[11]

where θE is the Einstein temperature.
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Fig. 1. Temperature dependences of conductivity σ(T ), the Seebeck
coefficient S(T ) and the additive parameter σ(T )S(T ). Vertical dashed
lines separate the temperature intervals corresponding to the phonon
drag (IL interval), weak localization (IWL), coherent Griffiths phase
(IGPcoh)[7] regimes of charge carrier transport and the magnetically or-
dered phases (II and III) of CeB6.

Figure 2 shows the results of structural studies of single-
crystal samples of CeB6 in the temperature range of 30–500 K.
The temperature dependences of lattice periods and angles
demonstrate small static Jahn–Teller (JT) distortions of the cu-
bic lattice upon cooling below room temperature, which no-
ticeably increase below 80 K in the range IWL of weak local-
ization of charge carriers. The linear and angular static distor-
tions of the cubic lattice do not exceed 0.003 Å and 0.1◦, re-
spectively, which does not require a transition to a non-cubic
structural model.

ED distribution maps in three families of {110} planes
(Fig. 3) were obtained by the MEM (see supplementary ma-
terials for more details) using XRD data collected at tempera-
tures of 30 K, 50 K, 70 K, 200 K and 280 K. The ED peaks in
Fig. 3 are cut at the 2 electrons/voxel level to show fine details
of ED distribution between atomic positions. Although {110}
planes should be equivalent in the Pm3̄m symmetry group, the
differences in the ED distribution appear due to small static
JT distortions of the crystal lattice (Fig. 2), which are accom-
panied by the cooperative dynamic JT instability of the crys-
tal structure.[4,6] In most {110} planes, strong ED distortions
(non-round, smeared EDs) are observed near the Ce3+ ions,
indicating the formation of vibrationally coupled magnetic
clusters of Ce (examples are shown by ellipses in Fig. 3, ar-
rows indicate the direction of Ce–Ce vibrations). Additionally,

with stripes in some {110} planes at intermediate temperatures
of 100–500 K, we observed sub-structural charge density wave
peaks (see, for example, the s-CDW marked with small yel-
low circles in Fig. 3 at T = 200 K in the (1-10) plane), previ-
ously discovered both in CeB6 above room temperature[6] and
in ZrB12 in a wide temperature range.[12] In the range 30–80 K
of weak localization of charge carriers (IWL), dynamic charge
stripes of ED are formed predominantly in the 2p states on
boron atoms, which are clearly visible in the (01-1) and (1-10)
planes (indicated by vertical lines in Fig. 3). Analysis of the
ED distribution In the (01-1) plane (left column) at T = 30 K
shows that due to quasi-local vibrations of Ce ions in 〈111〉
directions, the 5d orbitals, which are hybridized with 4f states
of Ce (spin-polarons[2]), are mixed with the linear dynamic
charge stripe formed by 2p electrons of B atoms. It can be
assumed that the described mutual arrangement of B 2p states
in stripe and spin polarized 5d (4f) conduction electrons deter-
mines the mechanism of weak localization of charge carriers
in this metal with heavy fermions.
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CeB6.

It should be emphasized that the ED distribution pre-
sented in Fig. 3 is not in accordance with the generally ac-
cepted Kondo lattice scenario based on only one quantum me-
chanical instability of the 4f shell of the Ce3+ ions, which
produces 4f–5d spin fluctuations around the Ce ions. The re-
sults obtained in the range far above the Kondo temperature
TK ∼ 2 K demonstrate that most charge fluctuations are a nat-
ural consequence of the JT cooperative instability of B6 clus-
ters, which causes transverse quasi-local vibrations of mag-
netic Ce ions. It can be assumed that it represents a combi-
nation of the JT structural instability of the boron framework
with the 4f–5d spin fluctuations on Ce sites that leads to the
spin-polaron effect,[2,7,13,14] resulting in the localization of ED
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near the charge stripes and between vibrationally bound Ce–
Ce pairs.
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Fig. 3. Maps of the electron density distribution in CeB6 obtained by the
MEM at temperatures of 30 K, 50 K, 70 K, 200 K and 280 K (from top
to bottom) in (from left to right) (01-1), (1-10) and (110) planes. The cal-
culations were performed without constraints on the Pm3̄m symmetry. The
planes pass through Ce atoms (large red spots) and two of the six B atoms
(small red spots) forming the octahedron B6. The ED peaks are cut at the
2 electrons/voxel level. Directions along which the charge stripes are most
likely to form are indicated by straight lines. Arrows within the ellipses
show the direction of ED displacements leading to the formation of Ce–Ce
pairs. Small yellow circles in the (1-10) plane (middle column) at 200 K
mark the s-CDW peaks in CeB6 (see text for more details).

Similar nanoscale heterogeneity (stripes) has also been
observed in magnetic GdB6

[15] and in non-magnetic refer-
ence hexaboride LaB6,[4,16] in which record thermionic emis-
sion was found, and is widely used in numerous practi-
cal applications.[17] Studies of wideband dynamic conduc-
tivity of LaB6 single crystals with various 10B and 11B
isotope contents[18] and of GdxLa1−xB6 substitutional solid
solutions[19] allow the conclusion that only a small fraction
of conduction electrons behave as Drude-type charge carri-
ers, while about 70% of electrons are involved in collective
oscillations of the electron density coupled to vibrations of
both the JT unstable rigid boron cage and the rattling modes
of heavy La (Gd) ions loosely bound to the lattice. It has
been suggested[18] that the non-equilibrium (hot) conduction
electrons determine the extraordinarily low work function of
thermionic emission in LaB6. Besides, the collective JT mode
(ferrodistortive effect; see, for example, Ref. [20] for more de-
tail) is the trigger responsible in rare earth high borides for
the periodic changes in hybridization of the 5d–2p conduction
band states, leading to the nanoscale electron phase separation
(dynamic charge stripes). We assume that both B vacancies
and 10B–11B substitutional disorder should be regarded as ef-

fective stripe pinning centers in CeB6, and this issue is planned
to be investigated in the future.

The boron JT cooperative dynamics induces quasilocal
vibrations (h̄ωE ∼ 12 meV,[21,22] ωE being the Einstein fre-
quency) of Ce ions in Ce–Ce pairs along the 〈110〉 and 〈111〉
directions (Fig. 3 and Ref. [7]). The contribution of 5d states
of Ce to the predominantly 2p-type stripes of B chains is de-
tected clearly in Fig. 3 (for example, in the plane (01-1) at
T = 30 K). These many-body states are spin-polarized because
of fast local 4f–5d spin fluctuations,[2] and we suggest that
these Einstein-type vibrations of Ce ions in Ce–Ce pairs in the
directions intersecting stripes are responsible for the enhance-
ment of the electron density of states (DOS) N(EF), leading
to formation of heavy fermions with low mobility values.[2]

DOS increases under coolling (appearance and enhancement
of the many-body resonance in CeB6; see the estimation of
the effective mass of charge carriers below) in the weak local-
ization temperature range of 8–80 K (IWC), and the occurrence
of ferrons below TQ

[7] can be explained in terms of the Stoner-
type ferromagnetic instability criterion UN(EF)≥ 1 (where U
is the Coulomb repulsion energy).[2] It should be noted that
CeB6 differs greatly from other rare earth hexaborides due to
intense ferromagnetic (FM) fluctuations that are a feature of
the Griffiths phase regime. Indeed, a low-energy collective
FM mode in the magnetic excitation spectrum of CeB6 was
found in inelastic neutron scattering experiments.[23] The re-
sults of electron spin resonance,[24,25] muon spin relaxation
(µSR) spectroscopy,[26,27] Hall effect,[2] magnetoresistance,
thermal conductivity and heat capacity studies[7] of CeB6 con-
firmed the appearance of ferromagnetic nano-domains embed-
ded in the CeB6 matrix, which places CeB6 much closer to FM
instability than previously thought. Thus, we suggest that 4f–
5d–2p charge and spin fluctuations near the dynamic charge
stripes are responsible for the DOS renormalization effect in
CeB6, and that the role of spin polarization of 5d states is
important. In particular, in the nonmagnetic reference com-
pound LaB6 a mechanism of localized inhomogeneous super-
conductivity induced by Cooper pairing mediated by quasi-
local vibrations of La ions was proposed very recently,[16] but
the weak localization effect was not observed in this case.

To shed more light on the polaron–phonon mechanism
of weak localization of charge carriers in CeB6, thermal
conductivity and heat capacity data analysis was performed
(Fig. 4(a)) and the behavior of relaxation time and effective
mass of charge carriers was estimated (Fig. 4(b)). The depen-
dences of κ(T ) and C(T ) (Fig. 4(a)) are in good agreement
with the results in Ref. [30]. Under cooling to Ts ∼ 15 K,
the heat capacity deviates from the exponential Einstein-type
asymptotic (θE ∼ 130 K[11]) with the power-law dependence
C(T ) ∼ T−0.8, indicating a transition to Griffiths phase be-
havior, which is reliably demonstrated in the wide interval 5–
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800 K on magnetization curves of CeB6.[4] In this temperature
range (IGPcoh in Fig. 4), a power-law dependence of thermal
conductivity in the form κ(T ) ∼ T 2.2 is observed, which ap-
parently indicates an electron–phonon scattering mechanism.
Using the relation for thermal conductivity based on the elec-
tron gas approximation in the range of 5–15 K (IGPcoh in Fig. 4)

κ(T ) =
1
3

C(T ) · v2
F · τ(T ), (1)

where vF ≈ 1.1× 106 cm·s−1 is the Fermi velocity found
from measurements of quantum oscillations in CeB6 by
the magneto-acoustic method;[31] we obtain a τ(T ) ∼ T 3

power-law dependence for the charge carrier relaxation time
(Fig. 4(b)). For comparison, Fig. 4(b) shows the relaxation
time curves obtained by µSR spectroscopy[28] and quasi-
elastic neutron scattering,[29] as well as the values of τferr and
τ0 components deduced in Ref. [7] at T0 = 1.9 K by the anal-
ysis of magnetic field dependences of heat capacity and ther-
mal conductivity using the separation of contributions in the
magnetically ordered phase II of CeB6. According to the con-
clusions in Ref. [7], the values of τferr ≈ 1.3× 10−14 s and
τ0 ≈ 3.3× 10−12 s (Fig. 4(b)) are characteristic of charge
carrier scattering on spin droplets (ferrons) and on dynamic
charge stripes, respectively. The value of τ0(T0) is compara-
ble to τ(Ts = 15 K) ≈ 3.9× 10−12 s obtained from the anal-
ysis within the framework of Eq. (1), corresponding to the
vibration frequency (∼ 240 GHz) of the electron density in
5d–2p dynamic charge stripes, which was found from opti-
cal spectra measurements in higher borides Tm1−xYbxB12.[32]

Besides, τferr(T0 = 1.9 K) is in accord with the extrapolation
τ(T ) ∼ T 3 of the experimental curve in the low-temperature
interval (see Fig. 4(b)). In this regard, it should be assumed
that at Ts ∼ 15 K a crossover is observed from predomi-
nant carrier scattering on dynamic charge stripes to scattering
on ferromagnetic fluctuations in the Griffiths phase of CeB6.
The dramatic DOS renormalization effect in the range of 15–
400 K (about 15 times increase of the effective mass) was
estimated here in the framework of the simple Drude for-
mula m∗(T )/m0 = eτ(T )/(µH(T )m0) (see Fig. 4(b); m0 is
the free electron mass). We suggest that in the range of 5–
15 K (see IGPcoh in Fig. 4) local regions of spin polarization
are formed in the neighborhood of dynamic charge stripes,
and both the effective mass and the relaxation time decrease
strongly (Fig. 4(b)). These many-body states are transformed
into spin droplets (ferrons) during the transition to magneti-
cally ordered phase II. We suggest that the approximation of
the relaxation time by τ(T ) ∼ T 3 dependence (see Fig. 4(b))
found in this work characterizes the process of the direct cre-
ation from heavy fermions of the spin-polarized many-body
states inside and between B6 clusters. It should be also noted
that the electron spin density distribution of CeB6, found in

Ref. [33] by the MEM using polarized neutron diffraction
data analysis at T = 1.6 K, revealed the presence in phase
II of magnetic moments of about 0.3 µB, localized both be-
tween B6 clusters and in the centers of triangular faces of
B6 octahedra. The latter result is also consistent with the
spin-polaron 5d component of the magnetic structure found
in Refs. [2,7,13,14] with spin density peaks located in the in-
terstitial sites of the CeB6 cubic lattice.
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Fig. 4. Temperature dependences of (a) specific heat and thermal con-
ductivity and (b) the relaxation time (see Eq. (1)) and effective mass
of charge carriers in CeB6. Red straight lines show the approxima-
tion of C(T ), κ(T ) and τ(T ) experimental curves by power-law depen-
dences in the interval 5–15 K (IGPcoh), corresponding to the coherent
Griffiths phase. Panel (b) shows the relaxation curves obtained from
µSR spectroscopy[28] and from quasi-elastic neutron scattering (NS)[29]

measurements. The values of τferr and τ0 were obtained in Ref. [7] at
T = 1.9 K for the magnetically ordered AFQ phase (II) of CeB6 from
the analyses of magnetic field dependences of heat capacity and thermal
conductivity using the separation of contributions from carrier scatter-
ing on ferrons and dynamic charge stripes, respectively.

4. Conclusions
Precise XRD experiments in the temperature range of

30–500 K revealed small static JT structural distortions in
combination with the formation of (i) dynamic charge stripes
along some of 〈100〉 and 〈110〉 directions of the cubic lattice
of CeB6, (ii) vibrationally coupled nanoscale clusters of Ce
ions and (iii) the appearance of sub-structural charge density
waves. The analysis of the obtained ED distribution performed
by the MEM leads to the conclusion that in the temperature
range of 30–80 K the dynamic charge stripes are predomi-
nantly arranged on the 2p states of B6 clusters. This analysis
also allowed us to suggest a mechanism for weak localization
of charge carriers. Its essence is that the electron density in the
5d–2p conduction band is partially spin-polarized because of
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fast 4f–5d spin fluctuations on Ce sites and localized weakly
between vibrationally coupled Ce nanoscale clusters in the
close vicinity of dynamic charge stripes. Based on the results
of thermal conductivity, heat capacity, Seebeck coefficient
and resistivity measurements, variations of both the relaxation
time and the effective mass of charge carrier were estimated.
We argue that the weak localization phenomenon is accom-
panied by the strong renormalization of the electron density
of states N(EF) and effective mass enhancement, reaching the
Stoner criterion for ferromagnetism at liquid helium tempera-
tures. This points to a crossover from charge carrier scattering
on dynamic charge stripes (with τ0 ≈ 3.3×10−12 s, frequency
∼ 300 GHz) to scattering on ferromagnetic fluctuations be-
low Ts ∼ 15 K in the coherent Griffiths phase regime, which is
accompanied by the relaxation time behavior τ(T ) ∼ T 3 and
leads to the formation of spin-polarized nanodomains (ferrons)
observed recently[7] in the CeB6 matrix.
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V B, Anisimov M A, Gábani S, Flachbart K and Sluchanko N E 2019
Phys. Rev. B 100 205103

[16] Azarevich A N, Bogach A V, Khrykina O N, Bolotina N B, Gridchina
V M, Shitsevalova N Yu, Gavrilkin S Yu, Tsvetkov A Yu, Gabáni S,
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