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Abstract  
 Samarium hexaboride is an anomaly, having many exotic and seemingly mutually 
incompatible properties. It was proposed to be a mixed-valent semiconductor, and later - a 
topological Kondo insulator, and yet has a Fermi surface despite being an insulator. We propose 
a new and unified understanding of SmB6 centered on the hitherto unrecognized dynamical 
bonding effect: the coexistence of two Sm-B bonding modes within SmB6, corresponding to 
different oxidation states of the Sm. The mixed valency arises in SmB6 from thermal population 
of these distinct minima enabled by motion of B. Our model simultaneously explains the 
thermal valence fluctuations, appearance of magnetic Fermi surface, excess entropy at low 
temperatures, pressure-induced phase transitions, and related features in Raman spectra and 
their unexpected dependence on temperature and boron isotope.  
 
 
 
Significance Statement  
 Samarium Hexaboride (SmB6) has been attracting interest since its classification nearly 
50 years ago. It possesses a plethora of puzzling and seemingly mutually-incompatible 
properties, from homogeneous Sm(II)/Sm(III) mixed valency, to pressure-induced phase 
transitions, unexpected Raman peaks, and unusual behavior of the specific heat at low 
temperature. We find that the Sm and B atoms in the lattice form in two distinct bonding 
minima controlling the mixed valency through their thermal populations, enabled by the 
motion of electron-carrying boron. This is a distinct new mechanism of mixed valency. The 
paradigm enables a unified understanding of many of the disparate properties of SmB6, and a 
prediction of the Raman response to B isotope that we confirmed experimentally.  
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Samarium hexaboride (SmB6) is a famously confusing solid, having attracted constant 
attention since its characterization (1). Nearly fifty years later, the ground state of SmB6 
remains unresolved (2,3). SmB6 as a Kondo insulator is an intuitive thought: a three-band model 
predicts that the localized f-orbital peak at the Fermi level will hybridize with the d-orbitals and 
open a gap making an insulator. This would normally preclude the existence of a Fermi surface 
and thus remove any quantum oscillations, a signature of Landau quantization of a Fermi 
surface in a magnetic field. However, SmB6 displays quantum oscillations (4-8). While a 2D 
Fermi surface can be a result of the presence of topological surface states (7), a 3D Fermi 
surface (9,10) is in contradiction with apparently insulating properties of the material.  Many 
theories point to a topological type Kondo insulator allowing conduction only on the surface 
states, and some also point to composite particle excitons (11), and even call SmB6 a Majorana 
Fermion sea (12,13). Other phenomena in SmB6 are a resistivity plateau (14), and an anomalous 
peak in the specific heat (15), at T~100K.  

The central enigmatic property of SmB6 is its homogeneous mixed valency. The lattice of 
SmB6 is cubic, but spectroscopic studies reveal two distinct oxidation states, Sm+2 and Sm+3 
without an intermediate Sm+2.5 state. In contrast to other mixed-valence compounds, SmB6 
does not show charge order. The ratio between the two valencies responds to T and p (16,17). 
The valency increases rapidly from around +2.5 at 0 K to a plateau at +2.6 above 100 K. This 
raises a chemical question: what type of mixed valency is the solid? The traditional Robin-Day 
scheme defines Types I-III mixed valency, corresponding to weak, medium, and strong 
couplings between two electronic states (e.g. M2+M3+ and M3+M2+), respectively (18). However, 
the T-dependence puts in question how much the mixed valency in SmB6 conforms to these 
known schemes. For some rare-earth and actinide compounds, valence instabilities and 
transitions with T, p, and composition, are documented (19), and described mainly through 
band models, which consider valence transitions between a localized f-state and a delocalized 
band state (neither being precisely defined) (20). The energy of the localized states can rise in 
response to lattice compression, producing pressure effects. A seemingly disconnected theory 
for SmB6 states that the ratio between Sm2+ and Sm3+ is held constant by the stiff, non-
interacting boron network pressing against the hard sphere metal ions, while mixing Sm2+ and 
Sm3+ - cations of different radii - minimized the lattice energy (1). The major assumption 
underlying this description is the lack of electronic Sm-B interactions, whereas in other borides 
M-B interactions were found to be prominent (21-23), and sensitive to mechanical stress 
(24,25). Hence, there has never been a satisfying microscopic theory explaining the origin of the 
mixed valency in SmB6. 
In this paper, we present a unifying dynamic bonding model of SmB6, which readily explains its 
mixed valency, valence fluctuations and changes with T and p, and predicts many seemingly 
disparate properties such as peak in heat capacity, and Raman scattering spectra associated 
with valency changes. We will build the solid from the ground up, starting with molecular 
clusters that reveal the key bonding elements present also in the solid, as suggested by 
Hoffmann, Pauling, and several followers ( 26 - 31 ). Then, we reconstruct the chemically 
informed model of the full SmB6 solid. The approach is necessitated by the intractably complex 
electronic structure of SmB6: strongly multireference, and relativistic (for Sm, the spin-orbit 
(SO) splitting between the J=5/2 and J=7/2 states is comparable to the crystal field splitting) 
(32). These effects inevitably present a problem for DFT, but remain firmly out of reach for even 
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the most sophisticated ab initio methods. The key to our model is the unique and dynamic 
bonding interactions between Sm and B (33). 

First, we examine the structural motifs present in SmB6 and identify the key bonding 
interactions. A minimal cluster needn’t be stoichiometrically identical to the solid; in fact the 
SmB6

- cluster has been studied theoretically and spectroscopically, and showed no resemblance 
with the material (33). SmB6 has a cubic unit cell with a B6 octahedron in the center; however, 
the B-B distance between cells is shorter than within the octahedron, suggestive of B2 dimers. A 
plane-wave DFT calculation on this geometry reveals that the electrons are localized in-
between the cells much more than in the octahedron (Fig. S1). Thus, considering SmB6 as built 
of Sm and B2 units brings us to SmB2

+ as a minimal cluster model. The positive charge mitigates 
the undercoordinated environment of a gas phase cluster compared to the crystal. This cluster 
is small enough to explicitly calculate many-body and relativistic effects, and to qualitatively 
inform about the bonding motifs possible in the solid. 

 
Figure 1: SmB2

+ minimal cluster model. A: Ground state energy (black) at the lowest energy B2 bond length (red) 
across the range of Sm-B2 bond lengths. B: Scan across Sm-B2 bond lengths with B2 fixed at 1.57 Å. Top: 8-state 
CASSCF(14,9) scan. The energy calculations are well behaved except for in the greyed crossover between the areas 
of 6B1 and 6B2 dominance. Middle: the spin-orbit ground state (LS0), and Bottom: its composition. Even in the well-
behaved areas of the potential energy surface the ground state is strongly SO-coupled and contains nearly 50% 
states other than the leading term. C: The active space orbitals, and the occupations for the two minima 
(geometries of the minima are shown in the insets: green –B2 dimer at the center of the face in the cubic lattice, 
blue – Sm in the vertex of the cube, interacting with B2). The oxidation state of Sm switches between the two 
minima. Localized electrons from a lone pair 5d orbital (1a2) shift to the s(pz) bonding states of B2 (2a1).  

Unexpectedly, the ground state potential energy surface of SmB2
+ has two nearly 

degenerate bonding minima, one with the B-B bond length of 1.59 Å and the Sm-B2 distance of 
2.33 Å, and the other with the B-B bond length of 1.57 Å and the Sm-B2 distance of 2.61 Å 
(Figure 1A and C).  The energy difference between the minima is only 33 meV, suggestive of 
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easy interconversion on short timescales. The two minima are predominantly 6B1 and 6B2, 
though both have large additional contributions from other states (Figure 1B). The electronic 
transition between the minima is achieved by nuclear motion, and enabled by strong 
nonadiabatic coupling, including spin-orbit (SO). Most of the orbitals in the active space remain 
constantly occupied during the transition and in the minima (Figure 1C), and many correspond 
to Sm-B bonds, directly contrasting the long-held presumption of boron’s innocence. There is 
one crucial bonding difference between the minima: a significant shift of electrons from 1a2 to 
2a1, corresponding to a charge transfer from a dxy orbital on Sm to an isolated s(pz) bond on B2 
(the LUMO of the B2 molecule), consistent with the Sm-d form factor in the neutron scattering. 
The transfer is accompanied by the energy-reordering of 1a2 to 2a1. Whichever of these two 
orbitals is occupied will determine the oxidation state of the Sm. Therefore, the small stretch 
and displacement of the B2 causes the change of the electronic configuration and charge 
transfer. The oxidation state of Sm is thus controlled by motion of boron. In the SmB6 solid, this 
motion is achieved through vibrations.  

Explicitly computing the two states and the vibronically-enabled transition between 
them in the solid is not feasible, but we gather significant evidence that the two minima are 
present. DFT provides a qualitative agreement: upon an artificial deformation of the lattice 
where B2 is displaced toward one of the Sm ions by 20 % of the equilibrium Sm-B2 distance, the 
B2 s(pz) state moves from the valence to the virtual manifold, as predicted by our cluster model 
(Fig. S2). The average valence measured by Mössbauer is static over changes in T, whereas X-
ray absorption shows the increase of valence with T (16). Our model resolves this discrepancy 
by predicting a constant ratio of f-shell occupations (which Mössbauer measures), and a 
variable d-orbital occupation (not seen by the Mössbauer). Indeed, our minimal cluster model 
shows the Sm(II) à Sm(III) + e- transition as 4f55d16s0 à 4f55d06s0 + e-, enabled by boron 
motion. Hence, we have strong initial indications that the solid SmB6 also has two distinct 
bonded states available to every B2 with every Sm in the face of the cube. Based on this “two-
state” model, we now construct the model of the full solid. 

For the face of the cubic lattice, consisting of four Sm atoms and one B2, we thus predict 
a 5-well system (Figure 2A), with four energy-degenerate wells where one out of four Sm ions is 
in the +2 oxidation state (‘reduced’) and B2 is stretched and displaced toward this Sm, and a 
non-degenerate central well where the B-B distance is compressed, B2 holds an extra electron 
in the bonding s(pz)-orbital, and all Sm ions are in the +3 oxidation state (‘oxidized’). The 
relative energies and geometries of these minima in the solid likely differ from those in the 
cluster. The energy-displacement between the minima presents three distinct possibilities for 
the character of the mixed valent system (Figure 2A right). First, the oxidized state can be lower 
in energy than the reduced states, and this case results in a symmetric oxidized ground state 
and thermal population of the reduced states. Second, the oxidized state can be higher in 
energy than the reduced states but lower than the barrier to interconversion between the 
states. This system would undergo transitions between the reduced minima with different Sm 
ions in the +2 state, and the ground state would be symmetry-broken. Finally, the oxidized 
minimum can be higher in energy than the interconversion barrier between the reduced wells. 
The mixed valency in this case will not be affected by the oxidized state, and it falls into one of 
the three Robin-Day schemes.  
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The free parameter in the model is the energetic splitting ! between the reduced and 
oxidized minima. Instead of using ! from the cluster model, or calculating it for the solid ab inito, 
we find it from fitting to experiment. Given that only one Sm in every face of the cube can 
interact with B2, we can state that, when B2 interacts with the Sm, the average oxidation state 
of Sm in the solid will be +2.5, while when B2 is non-interacting, the average oxidation state of 
Sm will be in the +3. The dimensionality of the problem is thus reduced to a set of cluster states 
embedded in the solid. Using x-ray absorption average valency data as a function of T,16 we 
performed a least-squares fit to the functional form shown in Figure 2B, and found the energy 
splitting, !, in the solid to be 5.2 meV. The reduced minima appear lower in energy than the 
oxidized minimum. The fitted degeneracy of the reduced states, ", is 4.05 as expected.  

The model yields the following description of mixed valence in SmB6: Below 10 K, the 
solid is almost entirely in the ground state with an average valency of +2.5. The B2 dimers hold 
no extra electrons, remain stretched, and displaced toward one of the Sm, creating structural 
disorder in the boron sublattice. Between ca. 10 K and 100 K, the thermal excitations begin 
allowing B2 to exit the reduced minima, now holding an extra electron, and leaving Sm in the +3 
oxidation state. Hence, valency increases rapidly until beginning to taper off towards an 
asymptotic average of +2.6.  
 

 
Figure 2: Model of SmB6 solid based on the dually accessible bonding states. A: top: one-dimensional three-well 
model displaying the three classes of mixed valency that can occur with a variable central well height and their 
thermodynamic populations. Bottom: two-dimensional analogues of the displacements and well types as they 
would be seen in the solid B: Least squares two-level thermodynamic fit to the x-ray absorption mixed valency data. 
The two free parameters d and e are the degeneracy of the side states and the energy splitting respectively. C: 
Fitting of the excess entropy to the toy model. The modes from the rest of the solid are accounted for by scaling 
the profile of LaB6 and adding the additional peak on top. D: Demonstration of a transition between mixed valency 
types induced by pressure calculated from x-ray data over different pressures.  Note the discontinuous jump of 
average Sm valence from +2.5 to +3 at 5 GPa signals a phase transition from symmetry broken to symmetric mixed 
valency. Using the parameters calculated in section B. 
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Vibronic coupling thus appears to be the key to mixed valency in SmB6. Evidence of the 
electron-phonon interactions between the B-B stretch in the B2 dimers and the electrons in Sm 
comes from Raman vibrational spectroscopy. 

Guided by the model, we tested the dependence of Raman spectra of SmB6 on the 10B / 11B 
isotope substitution.  The spectra show a broad continuum of excitations extending to 
frequencies above 200 meV, with narrow features of phonons superimposed on it at 
frequencies between approximately 80 and 175 meV (Figure 3A). The continuum is assigned to 
the excitations between the bands of Sm, which develop a hybridization gap at low 
temperatures (34).  The phonons are Raman active boron-motion related phonons, which shift 
in frequency upon isotope substitution from 10B to 11B as expected according to the regular 

dependence of frequency on mass as ω ~  #$(	''()
$(	'*() . The line width of the phonons that do not 

interact with electrons, G, is defined by a natural width GN for pure isotopes, and GN+ GD for 
partial isotope substitution. GD depends on disorder (Figure 3B), as demonstrated by the Eg and 
T1g phonons, which show an increased width for samples with mixed isotope content. The 
highest frequency A1g phonon is an exception from this rule. It shows an asymmetric so-called 
Fano shape [see SI], typical for phonons coupled to an underlying continuum of interband 
excitations of electrons of Sm (35).  The constant width G of A1g for all levels of isotope 
substitution suggests that it is defined by the electron-phonon coupling. This strong electron-
phonon interaction is in agreement with our model, where an in-phase stretch of the B-B bonds 
in the B2 dimers (Figure 3D) is associated with Sm-B2 electronic interactions responsible for the 
lowering of the oxidation state of the Sm.  

 
 
Figure 3. Electron-phonon coupling revealed by boron-motion-related phonons of SmB6  A: Raman scattering 
spectrum of Sm11B6 in A1g+Eg symmetry. Phonons are superimposed on the continuum of interband excitations. A1g 
phonon shows an asymmetric shape due to the interactions with the interband excitations. Inset shows phonon 
spectra of isotope substituted SmB6 for A1g+Eg symmetry, shifted along Y axis for clarity; note the linear increase of 
frequency upon changing from 11B to 10B (plotted in B), and an increase of the width of the Eg and T2g phonons for 
partially substituted samples (plotted in C). D: The A1g phonon of SmB6 following calculations presented in Ref. (36). 
Note that it involves in-phase stretching vibrations of all B-B pairs. 
 
 
Raman spectra of SmB6 also show a number of features in the energy range of interest 
identified by our model (Figure 4A): We observe two overlapping features  at ca. 22 meV 
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marked as F1 in Figure 4, one of which is a sharp phonon-like (red circle), and the other is much 
broader (black square). Lattice optical T1u phonons involving movement of both boron and Sm 
are a good candidate for an excitation observed in this frequency range. (36,37) This 
assignment is confirmed by the boron isotope-dependent frequency shift of the sharp feature.  
Indeed, while low frequency of around 20 meV where the phonon is observed is defined by the 
large mass of Sm atom, the feature shifts by ca. 0.17 meV towards the higher frequency upon 
replacement of 11B with 10B (Figure 4A). This phonon modulates the distance between B2 and 
Sm atoms, which within our model leads to valence fluctuations. In the absence of electron-
phonon coupling T1u phonons are forbidden in Raman scattering of SmB6. Valence fluctuations 
lead to relaxing of the selection rules, and to an appearance of an additional broad excitation 
which is associated with a local lattice deformation and a transfer of an electron from Sm to B2.  

While our model for the first time gives a detailed microscopic description of the 
valence fluctuations phenomena in SmB6, the general picture resonates with the theory of 
exiton-polaron excitations developed in Ref. [37-38]. The A1g symmetry of the features at about 
20 meV (Figure 4D) is in agreement with the suggested symmetry of the valence 
fluctuations.(37,38) Below 50 K the linewidth of the narrow feature of the T1u phonon starts to 
decrease, while the feature shifts to higher frequencies (Figure 4C), evidencing that the system 
descends more deeply in the reduced minima, away from the unharmonic regime and strongest 
vibronic coupling. The behavior follows the suggestion of our model, where the system freezes 
at the bottom of the reduced minima at low T, leading to the +2.5 average valency of Sm. On 
the other hand, the mixed exiton-polaron excitation shows lower bandwidth in the higher-
temperature regime, when the exciton-polaron is in a hopping regime and is suggested to have 
longer life-time in each site (38).  

 
Figure 4. Raman spectra in the range between 12.4 and 30 meV where valence fluctuations-related feature (F1) is 
observed. A: Spectra of SmB6 with fully pure 10B and 11B isotopes in A1g+Eg scattering channel at 20 K. Note that 
isotope shift is observed for the feature related to optical phonon at about 22 meV, while position of spin exciton 
at 16 meV does not change. B-C: SmB6 (natural isotope mix) A1g+Eg scattering channel, temperature dependence of 
the spectra and lines positions and width for features related to valence fluctuations. Note that the broad exiton-
polaron excitation broadens considerably on cooing below 40 K, while the narrow phonon-related feature gets 
somewhat narrower. D: Comparison of A1g+Eg and T1g symmetry spectra. Fitting curves for the lattice phonon and 
exciton-polaron excitations are shown for 15 and 70 K with black dashed curves. Note that the features related to 
valence fluctuations are observed only in A1g. 
 

Hence, both theory and spectroscopy point at rich vibronic behavior of SmB6. On the 
basis of this understanding, we now address the question of why SmB6 has an anomalous peak 
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in +,+-./  at around 20 K (15). Normally, one would expect +,+-./to decrease with T, as the phonons 

gradually freeze out. The additional peak points towards an unexplained energy scale in SmB6. 
From our model, we derive the expression for the entropy and calculate its maximum at 19.6 
K—in agreement with experiment (derivations presented in the SI). We interpret the 
anomalous peak in entropy as follows: at low T, vibrational entropy builds up from the motion 
of the B2 units within the reduced minima; as T rises, B2 units unfreeze from the reduced 
minima and gain a new vibrational freedom, the lattice changes symmetry, and the vibrational 
partition function qualitatively changes its nature. Here we obtain a second, independent, 
method of finding the energy splitting, ! , (Figure 2C). Specifically, we find quantitative 
agreement with the experiment for the excess entropy when ! = 8.25 meV, similar to the first 
estimation, with the difference likely arising from the simplicity of the model. 

Average valency in SmB6 also responds to pressure. With increasing p, it increases past 
what would be allowed by thermal population, e.g. at 35 GPa the average valency approaches 
+3 (17). Curiously, the average valency never reaches +3 nor is it affected by a phase transition 
from a non-magnetic to magnetic material at 5 GPa. Indeed, as Butch et all point out (17), this 
result challenges prior explanations of intermediate valence in SmB6 that do not predict the 
mixed valency remaining stable at high pressure. Microscopically, pressure shrinks the unit cell 
and thus crowds the Sm closer to the B2 units. From the cluster model, we see that the oxidized 
Sm-B2 minimum is more easily compressed than the reduced minimum, with the force 
constants of 6.4 eV Å-2 and 14.2 eV Å-2, respectively. Hence, at rising p, the reduced minima rise 
in energy, eventually going above the oxidized minimum, which becomes the new ground state, 
leading to a phase transition.        

To test this hypothesis, we calculate the energy splitting !  for each experimentally 
tested p, and found that it decreases with added p. At 5 GPa the material undergoes a first 
order phase transition from the system where the central oxidized state mediates the 
transitions between the reduced states through boron motion, to the system where the 
oxidized state is lower in energy and dominates, as evidenced by a discontinuity in the average 
valency (Figure 2D). This lends an explanation to the observed transition from non-magnetic to 
magnetic solid at that pressure: the conducting and magnetic phase corresponds to the 
oxidized state, where boron holds an extra electron and thus a spin. This also provides an 
answer for why below 5 GPa, the solid has a ground state average valency of +2.5 while above 5 
GPa the solid has a ground state average valency near +3. However, for any T > 0 K, adding p 
will never cause the average valency to reach +3, due to thermal fluctuations and transient 
visits of boron closer to Sm. It’s worth noting that at kbT ≫ !  the phase transition is 
indiscernible. 
Finally, we consider the outstanding problem of the quantum oscillations in SmB6. Both 2D and 
3D Fermi surfaces were reported for this insulating solid, although these conclusions are model-
dependent and based on very similar data (38,39). Currently, the origin of quantum oscillations 
is understood as composite particles with zero overall charge and a non-zero spin. From our 
model, a potential physical origin of this many-body effect is as follows: Every Sm ion is in an 
electron-exchange relationship with one B2 (we showed in a cluster model that every Sm can 
sustain the tighter bonded state with only one B2 at a time). The full stoichiometric unit is 
required, however, for the charge neutrality. The B2 dimer is too heavy to act as a large 
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conduction particle, hence the low charge mobility, but it nonetheless possesses a spin. In a 
magnetic field, it will experience a Lorentz force and its motion will become Landau quantized, 
resulting in the appearance of a magnetic Fermi surface. Each B2 is confined to a single plane, 
and the Sm-B2 motifs form a 3-D crystal, explaining the ambiguous magnetic Fermi surface. 

In summary, we present a new paradigm for SmB6 in which strong vibronic effects allow 
the coexistence of five distinct bonding possibilities for each B2 unit connecting the neighboring 
unit cells. Through this new model we discovered a new class of mixed valency, distinct from 
the Robin-Day scheme; rather than being dependent on couplings of two reduced states, the 
mixed valency results from the population of a third, central, oxidized state. The existence of 
the extra states in the material, and the vibronic coupling between them, enabled by the boron 
motion, creates an additional, lower energy scale to the solid, accounting for excess entropy 
and an unexplained phase transition. Hand in hand, this model also suggests that the solid has 
hidden aperiodicity within it; namely, the B2 units are disordered within the cubic Sm lattice at 
low T. This realization naturally leads to an explanation of why symmetry forbidden peaks 
persistently appear in Raman spectra of SmB6. We also propose these cluster states to be the 
physical manifestations of theorized composite particles responsible for the observed magnetic 
Fermi surface. 
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Figure S1: Left: The Electron Localization Function (ELF) of a crude DFT+U calculation. The 
electrons are significantly more localized between unit cells in the B2 units than in the 
octahedron. Right: The charge density of the same calculation demonstrating a potential 
bonding interaction between a B2 and the Sm. 
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Figure S2: Artificial deformation displacing B2 toward one of the Sm ions by 20 % of the 
equilibrium Sm-B2 distance. At the gamma point the B2 (pz) state goes from virtual to valence 
in agreement with our cluster model. 
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Computational Methods: 
All molecular calculations were performed with Molpro.1 For Sm the cc-pvDz-DK32 basis 

was used and for B the cc-pvDz3 basis was used. We selected the sixth-order Douglass-Kroll-
Hess Hamiltonian4 to account for significant scalar relativistic effects beyond the second order 
present in Sm systems. Motivation for our choices of basis set and order of scalar relativistic 
correction can be found in a previous study of the SmB6- cluster. (Ref 33, main text)  
The energy surface of SmB2+ was modeled with a 8-state CASSCF(14o,9e)+DKH6 with the lowest 
energy octet and sextet A1 A2 B1 and B2 states. The spin-orbit ground state was then obtained 
from coupling all eight of these states. The optimized B2 length was computed at each Sm-B2 
bond length by fitting a quadratic function to several points sampled by the minimum. The 
B2SmB22+ cluster was modeled in several different charges and states with a 
CASSCF(19o,12e)+DKH6. Because of the high symmetry and many accessible electronic 
configurations, we found it necessary even for our qualitative understanding to use an active 
space of this size. 

It is important to confirm that our selected three atom cluster doesn’t ignore important 
interactions in the solid. Namely, does the addition of more than one B2 unit change the 
bonding. To check this, we model the [B2-Sm-B2]+2 cluster’s 9A2 state. Optimized, we see that 
Sm bonds covalently with one of the B2 units and is nearly non-interacting with the other as 
evidenced by the Sm-B2 bond lengths of 2.38 Å and 3.09 Å respectively. Considering that in the 
solid the Sm is always found in at least a +2 state we can understand this result. A Sm 
coordinated to 3 B2 units (SmB6) will have donated electrons to two of its three adjacent B2 
units making them non-interacting. Knowing this, we return to our smaller, more approachable, 
model to understand the intricacies of Sm-B2 bonding while remaining confident that only one 
B2 interacts with a single Sm at a time. 
 
Analytic Model 

Considering the bulk solid as an ensemble of small two state clusters, we incorporate 
the energy difference between these states as a thermodynamic parameter. Now, we write a 
temperature dependent expression for the average Sm valence where the valence depends on 
which level the system is in. 

 
We use the standard  = ( kb)-1. We set 𝑑 to the degeneracy of the lower level and allow it to 
vary in our expression rather than setting it to four like in figure 2A. This serves a validating 
purpose; it’s a parameter that we know should be very near four, so if experimental valency 
data is fit to this function it should indeed be near four. 

Considering our dual bonding minima, it is straightforward to use calculate the specific 
heat for such a two-level system. As such, the Cv T-1 component from the cluster state is written 
as: 
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In order to achieve quantitative agreement with the experimental data, it is important 
to remove the contribution from all of the other motions in the solid. Using the CvT-1 profile of 
LaB6 as a base, we can isolate the contributions of our cluster from the rest of the solid. Scaling 
the above equation for Cv T-1 by some degeneracy (), adding the mass-scaled () specific heat 
of LaB6, and adding a zero-temperature constant () generates an equation that we can fit to 
experimental data.  

 
 

As seen in main text Figure 4D, the optimized parameters have clear physical meanings. 
 is the degeneracy of the total cluster system’s ground state surface,  is roughly the scaling of 
masses between Sm and La.  
 To establish a connection between epsilon and pressure we rewrite epsilon as a 
function of valence. Working from our expression for the average valence, we write a new 
expression for the change in  kb-1T-1.  

 
 
 
Discussion on the relationship of the SmB6 model to other rare-earth hexaborides and 
dodecaborides 

How and why could the discovered vibronic structure of SmB6 relate to that of other 
rare-earth hexaborides? They all have the same cubic structures, but dramatically varying 
properties.5-23 For example, EuB6 and SmB6 both have an anomalous peak in the specific heat, 
while for LaB6 no such peak exists. T and p-sensitive magnetization, resistivity, and electronic 
phase transitions have been seen also in EuB6, GdB6, PrB6, and YbB6. GdB6, and PrB6 have easily 
accessible structural distortions. These observations resonate with different structural and 
electronic aspects of the SmB6 model. It is likely that the types and strengths of the B-B and M-
B bonds that these hexaborides can afford are the unifying factors governing their similarities 
and differences. For example, the radius of the rare-earth atom influences the lattice size, and 
thus the B-B separation in the dimers and the strength of the (pz)-bond. The number of 
available f-electrons in the rare-earths may play a role in strengthening or weakening the 
interaction with the boron (Ref 25, main text). Both effects would impact the accessibility of the 
possible bonded M-B/B-B states, the energy splitting between them, and the vibronic couplings, 
which could be the building blocks of a unifying model for the entire hexaboride series. Similar 
phenomenology has also recently been reported in YbB12.24 Here, too, a similar kind of mixed 
valency is likely in play,25 but with a more complex fundamental unit than a B2 dimer, beyond 
the reach of the present computational tools. 
 
Raman spectroscopy. 
Phonon line shapes. 

In the absence of electron-phonon coupling and disorder a line shape of a phonon is 
typically described by a Lorentz function, while disorder in a system leads to a change of 
phonon line shapes to Gaussian function.26 The width (typically defined as width at half 
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maximum) of an observed phonon with a frequency ω is determined by disorder, if it is present, 
and a thermal population of the phonon levels with ωph=ω/2 through scattering on which the 
non-radiational decay of the excited phonons states occurs.27 It follows the general formula 
Γ(T, ω) = Γ𝐷 + 𝐴 (2𝑛𝐵 (𝜔

2
) + 1), where ΓD is a temperature independent term defined by 

disorder. 
 The coupling of the A1g phonon of SmB6 to a continuum of interband electronic 
excitations results in a so-called Fano line shape of the phonon. This asymmetric line shape is a 
result of an interaction of a phonon mode with a background continuum, and can be described 

by an empirical formula 𝐹(ω, ω𝐹, Γ𝐹, q) = 1
Γ𝐹𝑞2

[𝑞+𝛼(𝜔)]2

1+𝛼(𝜔)2 , where 𝛼(𝜔) = 𝜔−𝜔𝐹
Γ𝐹

, q is an empirical 

coupling parameter between the phonon and the electronic background.28,29 
 
Intensities of the features around 20meV 
 

 
Figure S3. Intensities of the features which appear due to electron-phonon coupling as a result 
of valence fluctuations in the region of 20 meV. Intensity of the narrow phonon feature is 
shown in red, intensity of the exciton-polaron feature is shown in black.  
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