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Abstract: Lanthanide hexaborides (LnB6) have disparate and often 

anomalous properties, from structurally homogeneous mixed valency, 

to superconductivity, spectral anomalies, and unexplained phase 

transitions. It is unclear how such a diversity of properties may arise 

in the solids of identical crystal structures and seemingly very similar 

electronic structures. Building on our previous model for SmB6 (mixed 

valent, with a peak in specific heat, and pressure induced magnetic 

phase transitions), we present a unifying dynamic bonding model for 

LnB6 that explains simultaneously EuB6 (possessing an anomalous 

peak in specific heat at low T, magnetic phase transitions, and no 

mixed valency), YbB6 (mixed valent topological insulator), and rather 

ordinary LaB6. We show that Ln can engage in covalent bonding with 

boron, and, in some members of the LnB6 family, also easily access 

alternative bonding states through the electron-phonon coupling.  The 

accessibility, relative energetics, and bonding nature of the states 

involved dictate the properties.  

Quantum Materials – materials that exhibit strong electron-
phonon coupling – have many exotic and usually unexpected 
properties,1,2 such as valence fluctuations,3 quantum critical 
points,4 (topological) Kondo insulating properties,5 and heavy 
fermion superconductivity.6 

Lanthanide hexaborides (LnB6) are quantum materials that 
show a number of anomalous and seemingly contradictory 
features, in spite of having the same crystal structure (CaB6-type, 

 space group, see Figure 1A).7-12 For example, both EuB6 
and SmB6 have an anomalous behavior in the specific heat as a 
function of temperature, T (the so-called Schottky anomaly).13,14 
Many electronic properties of SmB6 and EuB6, such as resistivity 
and electronic transport, are highly sensitive to T and pressure, 
p.15,16 However, some other properties of these two alloys are very 
different: SmB6 is Sm(II)/Sm(III) mixed-valent, whereas EuB6 is 
not.15 EuB6 undergoes a second order ferromagnetic (FM) to 
paramagnetic (PM) phase transition at 15.6 K, which is absent in 
non-magnetic SmB6. However, SmB6 can become magnetic via 
phase transition at high p. Another unusual LnB6 is YbB6, 
proposed to be a moderately correlated topological insulator, 

similar to SmB6, but with a larger bulk band gap.7 There is a 
disagreement whether YbB6 is single-valent, Yb(II),17 or mixed-
valent, Yb(II)/Yb(III).7,18  

Despite much theoretical research,19-21 many features of LnB6 
remain a mystery, and there is no unifying molecular-level 
framework that would simultaneously explain all their more and 
less exotic behaviors, and predict new ones. Here, we expect to 
advance in such unifying model of LnB6, and pave the way 
towards the rational discovery of new quantum phases with 
selected properties. We build the model on the basis of LaB6, 
EuB6, YbB6, (and SmB6), as they cover a wide range of very 
different behaviors.  

The electronic structure of LnB6 is expected to be strongly 
correlated, requiring the high-level ab initio description,22 which is 
inaccessible for periodic systems. Hence, we build the 
understanding of the material from the ground up, using minimal 
energy models informed by electronic structure.23.24 In a previous 
study, we developed a dynamic bonding model for SmB6 based 
on the non-trivial SmB2

+ fragment,25 which we selected by 
analyzing the electronic density distribution in the full solid, and 

 

Figure 1. (A) Crystal structure of EuB6 (and LnB6 in general) and ELF basins 

(depicted in blue, isovalue = 0.75). The electron density integration over the di-

synaptic B–B basins yields a population of 2.54 e-. Notice that, for the sake of 

clarity, we have added the six B atoms bonded to the B atoms that are inside 

the unit cell. (B) Minimal cluster model: LnB2+. (C) Crystallographic face with a 

B2 unit surrounded by 4 Ln atoms. 
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treated with high level multi-reference ab initio methods. The 
model revealed the existence of a low-barrier double-well 
potential with two different Sm–B2 bonding modes. In the full solid, 
every B2 accesses 4 Sm atoms in the face of a cubic cell (Figure 
1C), producing 4 minima where one Sm is Sm(II) and bound to B2 
covalently, and 1 minimum where B2 is in the center of the cubic 
face and Sm is Sm(III). The relative depths of the minima in the 
solid is predicted to be ~4.0 meV. The model yields B2 acting as 
a shuttle of e-, mediating the Sm(II)/Sm(III) mixed valence via 
vibronic coupling. It also provides a chemical explanation for the 
dependence of mixed valency on T and p.16 The vibronic coupling 
between the two nearly-degenerate states reveals the additional 
energy of motion leading to the Schottky anomaly, as well as 
forbidden low-energy peaks in Raman spectra that appear only at 
low T. Namely, Raman spectroscopy (local-structure sensitive) 
showed that distortions of B2 dimers are strongly electron-phonon 
coupled, thus supporting our local approach to the structure. 

Any chemical bonding model should behave logically upon 
adding or removing electrons. Hence, the SmB6-like model, if it is 
correct, should be flexible to explain the properties of other LnB6. 

The initial assessment of EuB6 was done using the Electron 
Localization Function (ELF) with periodic-boundary-condition 
DFT (see SI for details). ELF provides a measure of the probability 
of finding electron pairs, e.g. covalent bonds and lone pairs.26 The 
only thus-found covalent bonds in EuB6 are in the B2 units (Figure 
1A).19 Integration of the electron density over the ELF basins 
yielded a B–B bond population of 2.54 e-, indicative of covalent 
bonds with a bond order of ~1.25. From the analysis of the 
electron density, the bond critical points only appear within the B2 
dimers, and between the center of B2 and Eu atoms (Figure S3). 
This result is consistent with the DFT-optimized B–B distance 
within B2 dimers (1.652 Å) being shorter than in the central 
octahedron (1.746 Å). Overall, the results point towards the main 
interactions in the material being within B2, and Eu–B2. Thus, we 
can expect the EuB2

+ fragment to contain the main chemical 
interactions that are important in the solid. Notice that the positive 
charge is introduced to account for the under-coordinated 
environment of the minimal fragment with respect to the periodic 
material.25 It is important to note that the three-atom model was 
validated by experiments for SmB6. In this work, we aim to 
analyze whether the same framework, developed on the basis of 
the LnB2

+ system, can be used to explain the behavior of other 
properties in the LnB6 series. 

The Potential Energy Surface (PES) EuB2
+ was computed with 

8-SA-CASSCF(14,10)/MRCI + DKH6, including the quintet and 
septet A1, A2, B1 and B2 states (Figure 2A,B). The active space 
orbitals are depicted in Figure 2C. The choice of the method was 
informed by our previous studies of Sm and Re borides (see the 
SI for details).23,27 At this point, we highlight that, as previously 
introduced, the electronic structure of LnB6 is very complicated, 
requiring the use of high level methods for attaining an accurate 
description.22 Notice that there is a significant number of bonding 
Eu–B2 molecular orbitals (MOs): 4a1, 1b1, 1b2, 3b2, and to a lesser 
extent 3a1, in line with recent reports on d-p Ln-B hybrid orbitals.28 
This fact points against the long assumed purely ionic character 
of Eu, and the bonding “innocence” of boron. 

A double-well potential with an energy difference, e, between 
the two minima of only 2.2 meV was found for EuB2

+ (Figure 2A). 
e computed for the small model is an estimate of the value for the 
solid. The “short” minimum (highlighted in red in Figure 2C) has 
the Eu–B2 distance of 2.13 Å, and the B–B distance of 1.60 Å, and 

is predominantly 7A1. The “long” minimum (highlighted in blue in 
Figure 2C) has the Eu–B2 distance of 2.23 Å, and the B–B 
distance of 1.55 Å, and is predominantly 5A1. The small difference 
in the Eu–B2 distance, in conjunction with the near-degeneracy of 
the two minima, indicates that the interconversion between the 
states can be achievable through vibrations. Hence, EuB6 could 
exhibit subtle geometrical distortions (by accessing the “short” 
minima), which have been proposed by Martinho et al.,29 who also 
related the distortions to the appearance of two symmetry-
forbidden peaks in the Raman spectrum.  

The electronic configurations of the two minima are nearly 
identical, and only differ by one electron shifting from 1a1 to 3a1, 
as the system goes from the “long” to the “short” minimum (Figure 
2C). 1a1 is the isolated p2px MO of the B2 fragment, and the 3a1 is 
mainly the s2pz MO of B2. Note that the short B–B distance 
normally makes the p2px MO more stable than s2pz. Nonetheless, 

 

Figure 2. EuB2+ minimal cluster model. (A) Ground state energy (green) and 
corresponding B2 bond length (red). (B) Potential Energy Surface corresponding 
to the four lowest-lying states. No convergence was achieved in the area 
depicted in gray. (C) The CAS active space orbitals, and the occupations for the 
two minima. The geometries of the two minima are shown in the insets: the 
“short” minimum with the shorter Eu–B2 distance is outlined in red, and the “long” 
minimum is outlined in blue.  
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the proximity of the Eu cation, and the increased B–B distance in 
the “short” minimum compared to the isolated dimer stabilize s2pz. 
Interestingly, the experimental observations show that Eu (II) in 
EuB6 is the stable state, which remains unaltered even under 
external p of up to 25 GPa.15 This is contrary to what happens in 
SmB6 where p induces a phase transition from a mixed valent to 
the pure Sm(III) state.25 Thus, we propose that in the solid EuB6, 
the two Eu–B2 bonding states also co-exist, and the vibronic 
coupling between the two states is achieved via nuclear motion 
(Figure 1C), analogously to SmB6, but without driving mixed 
valency.  

Both SmB6 and EuB6 exhibit an anomalous peak in the specific 
heat (CV) at low T. Notice that CV is the derivative of the energy 
with respect to T at constant volume, and thus, one would expect 
that the internal energy increases with T, as it happens in LaB6 
(Figure 3A).13 The presence of an anomalous peak points towards 
the existence of an additional energy scale of motion.30 On the 
basis of the two-minima model and statistical thermodynamics, 
we previously proposed an analytic expression for Cv in the low-
T regime, which can be applied to EuB6:25 

   (1) 

where kb is the Boltzmann constant, b is (kb·T)-1, and d is the 
system degeneracy. In this family of materials, d = 4, as each B2 
unit is surrounded by 4 Ln atoms. 

Using e = 2.2 meV for the energy splitting in EuB6, a peak in the 
specific heat is predicted to occur at TP ~12 K. This result is in 
very good agreement with the reported experimental value of 
~10.5 K (Figure 3B),31,32 especially considering the minimalism of 
the model used to derive e. Because e in SmB6 is larger than in 
EuB6 (4.0 vs 2.2 meV), the anomaly in EuB6 occurs at a lower T 
(12 K vs 20 K),13 in agreement with the experiment. Notice that for 
EuB6 a second peak in CV appears at the Curie Temperature (TC) 

of 15.5 K,14 which has been reported to be a consequence of the 
system transition from FM to PM at TC.32 At this point, we also 
note that the presence of low lying excited states (like 7B2 and 5B2) 
may also be relevant for explaining such phenomena, as a 
consequence of low energy (less than 0.1 eV) electronic 
transitions. 

Next, we consider two additional extremes in the LnB6 series: 
YbB6 and LaB6, which differ in properties quite dramatically. YbB6 
has been proposed to be both Yb(II/III) mixed valent, and Yb(II) 
single valent.7,17,18 The ELF in the YbB6 solid shows the same 
pattern as for EuB6 and SmB6 (Figure S4A). The electron 
population in the B–B bond is 2.58 e-, very similar to that in EuB6 
(2.54 e-). This points towards the adequacy of the YbB2

+ fragment 
in the minimalistic description of the material. Its PES was studied 
using 4-SA-CASSCF(11,13)/MRCI + DKH6, i.e. with the same 
active space as for EuB2

+, but removing the unoccupied 3a2 MO 
and other 3 f-AOs that stay doubly occupied and inactive. 
Moreover, we needed the 4-SA to keep the 4 f orbitals in the active 
space (see Computational Details in the SI for further details). The 
PES shape for YbB2

+ is very different from that of EuB2
+ (Figure 

4A): there is only one ground state minimum (2B1), and 4 low-lying 
doublet states whose PESs are nearly parallel to the ground state. 
These excited states correspond to electronic transitions between 
the single-unoccupied f orbital.  

This picture signals the existence of a single bonding mode 
within YbB6, with Yb not switching valency through phonons and 
remaining either single valent, or divalent but such that some Yb 
atoms are Yb(II) and others are Yb(III), as suggested by some 
authors.7,18 To the best of our knowledge, no Schottky anomalies 
have been reported for YbB6, in agreement with the model.33,34 
However, it has been noted that the heat capacity increases more 
rapidly than expected at 15 K,34 and that at p >18 GPa a transition 
to a mixed-valent state occurs with an anomaly in the T2g mode 
for the B.35 We hypothesize that these could be driven by the 
presence of the very close-in-energy electronic states, 2A1 and 2B1, 
in the YbB2

+, which are only 25 meV apart, and differ by the 
populations of non-bonding f-orbitals. The transition between 
them at low T might create an additional electronic energy scale 
affecting the heat capacity. Consistent with the model, YbB6 (as 
CaB6) do not have anomalies in the Raman spectra,29,36 whereas 
EuB6, SmB6, and CeB6 have both more pronounced anomalies in 
the heat capacity, and Raman anomalies at about 200 cm-1. 

Next, we address LaB6, whose ELF (Figure S4B) reveals an 
electron population of 2.62 e- for the B–B basin, very similar to 
those in EuB6 and YbB6 in spite of the change in the atomic 
number. The cluster model, LaB2

+, was computed at the 2-SA-
CASSCF(11,8)/MRCI + DKH4 level of theory (see the SI for 
details). The PES shape is significantly different from those of 
EuB2

+ and YbB2
+. The ground state consists of the 1A1 and 3A1 

terms, which cross at R(La-B2)=2.24 Å producing a “shoulder” 
(Figure 4B). The energy splitting between the two states is 104 
meV, significantly greater than in EuB2

+, making the 3A1 minimum 
less accessible. Notice that the electronic transition between the 
two states is the same as in EuB2

+ (Figures 2 and S2). The Ln–B2 
distance between the two minima is also 70 % greater: 0.17 Å, vs 
0.10 Å in EuB2

+. In addition, the 3A1 minimum might not support a 
ZPE. Given that for all hexaborides studied so far, the cluster 
models gave nearly quantitative information about the full solid, 
we may conclude that in LaB6 the 3A1 minimum is not populated 
through phonon motion. This agrees with the lack of the Schottky 
anomaly at low T.33 Nonetheless, the model reveals the effective 

2

2 2

1 · exp( · )
·
(1 ·exp( · ))

V

d
C

T d

e e b

e b
=

+

 
Figure3. Representation of the heat capacity against the temperature of (A) 
LaB6 and (B) EuB6. The data has been extracted from references 13 and 14, 
respectively. 
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widening of the potential at higher energies toward inclusion of 
the second minimum, which may explain the appearance of an 
unusual bump in the heat capacity at ~50 K.37 Moreover, contrarily 
to EuB2

+ and YbB2
+, LaB2

+ has no other low-lying excited states 
(as a consequence of the absence of occupied f-orbitals and 
transitions between them), which is likely to explain the absence 
of low-T effects. 

So far, it appears that the chemical model proposed here is 
descriptive of many features along the LnB6 series, relating 
electronic structure to diverse properties. The difference in which 
the minima are accessed by the motion of boron arises from the 
difference in the f-electron configuration in Ln.  

Further, known and hypothesized binary LnxLn’1-xB6 alloys can 
be examined within our model. The LnB6 series has only a 0.06 Å 
range in lattice constants,38 and a number of such solid solutions 
have been characterized.39,40 For example, the average valence 
of SmB6 increases upon doping with Yb, and decreases upon 
doping with La.41 In our model, these effects can be linked to 
changing the relative depths (hence, populations) of the two Sm-
B2 minima due to the presence of another Ln in the cubic face.  

Magnetic susceptibility and conductivity of Eu1-xLaxB6 have been 
known for quite some time.42 The solid transitions from a 
semiconductor to metallic beneath x=0.01.43 Additionally, a 
number of studies have explored the anomalous magnetic 
transport and magnetic phase transitions as a function of 
doping.44-46 A Raman study of magnetic phases for x  ≤ 0.05 found 
a magnetic polaron state, which could not be confirmed to have 
any phonon contribution, and perhaps ruling out any large scale 
displacements demanded by Jahn-Teller polarons.43 A later 
Raman study of several x ≤ 0.2 reported a local symmetry 

breaking of the boron units.47 Our model suggests that Eu1-x(La or 
Yb)xB6 transitions from a mixed-minima state to a mostly single 
minima state with increasing x, consistent with with the valence 
transition seen in Sm1-x(La or Yb)xB6. The emergent strong 
anharmonicity may have a large effect on transport properties.   

For La1-x(Eux)B6, Eu-B2 is expected to thermally access different 
electronic states. However, the relative depths of the wells are 
likely to change as a function of x, affecting the T at which they 
can be populated. The valence-T dependence should show a 
smooth transition as a function of x. We expect a similar situation 
in Eu1-xYbxB6. Yb has a filled rather than empty f-shell, and also 
no a permanent magnetic moment. The Eu(Sm)xLa(Yb)1-xB6 
example suggests a mechanism to turn mixed valency on or off 
consistent with available experiment.39  

Alloying is generally likely to create more states of Ln with the 
boron, and vary their energy splitting. This would result in a more 
complicated behavior of the specific heat, e.g. 
appearance/disappearance of shifts of the Schottky anomaly in 
the direction dependent on the signs of the exchange interactions. 
This overall more complicated energy landscape of the alloys may 
produce new types of vibronic resonances, opening interesting 
technological opportunities. 

Finally, we suggest how the proposed vibronic effects in LnB6 
could be experimentally detected. A useful probe would be the T1 
relaxation rate as a function of T in NMR. For example, in 
clathrates, “rattling phonons” give rise to a characteristic T1-T 
relationship deviating from the harmonic phonons response,48 but 
well-modeled by a double-well potential.49 Indeed, SmB6 was 
shown to have an applied-field-dependent anomalous relaxation 
rate, consistent with theories of in-gap states.50 We expect that by 
turning on or off the availability of multiple bonding minima 
through alloying, the anomaly in the T1 relaxation rate would 
commensurately appear/disappear with the mixed valency. Angle 
resolved photoelectron spectroscopy (ARPES) can directly 
measure the band structure, and was able to detect the 
topological difference between the bands of LaB6 and SmB6 as 
well as other borides, which arise from differences in Ln valence.51 
The symmetry-forbidden low-energy Raman features may shift in 
energy and intensity, or disappear upon alloying a two-states 
LnB6 with another Ln. The Fano shape of the A1g peak seen in 
pure SmB6

25 may report on the concentration of a co-alloying Ln.  
Overall, we expect to have advanced on the understanding of 

LnB6 systems. The bonding indicators are in agreement with the 
three-atom cluster model proposed, and the cluster PES is 
consistent with the experimental properties under study. Thus, we 
believe the proposed model can be useful to the scientific 
community. We highlight the relevance of the model on predicting 
and explaining many system properties at an atomic level and 
propose experimental procedures to validate our conclusions. 

Acknowledgements 

We thank the Institute for Digital Research and Education at 

UCLA and the Extreme Science and Engineering Discovery 
Environment for supercomputer time. A.N.A. acknowledges the 

support of the NSF CAREER Award (CHE-1351968). P.J.R. 

acknowledges support from the National Science Foundation 

Graduate Research Fellowship (DGE-1644869). 

 

Figure 4. Potential Energy Surface for: (A) YbB2+ minimal cluster model; and 
(B) LaB2+ minimal cluster model. 
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