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We explore the stability of the hybridization gap in SmB6 to presence of a small number of Sm
vacancies typical for this material, and demonstrate the extreme fragility of the Kondo insulating
state. For the most stoichiometric sample we detect the hybridization gap which appears below
50 K as a depressed electronic Raman intensity below about 30 meV. The spectral weight that
shifts to higher frequencies on the opening of the hybridization gap, forms two electronic maxima
at 100 and 41 meV. We assign these maxima to the excitations between hybridized 4f -5d bands
using recent band structure calculations. Below 30 K, in-gap exciton modes with long lifetimes
protected by hybridization gap develop at 16-18 meV. With the increase of the number of Sm
vacancies the exciton features broaden, evidencing a decrease in the lifetime due to a presence of
electronic states in the gap. At a concentration of Sm vacancies of only about 1 % the in-gap exciton
is completely quenched, and the hybridization gap is not fully opened. We suggest that only the
most stoichiometric SmB6 samples possess a bulk gap necessary for the topological Kondo insulator
state.

I. INTRODUCTION

Much recent research is aimed at experimental real-
ization of the topological insulator (TI) state of matter
where topologically protected metallic surface states ap-
pear due to a surface crossing of inverted bulk bands.
While the TI state has already been observed in band in-
sulators, it is proposed that the strong electronic interac-
tions in Kondo insulators could be a source of topological
surface states [1–3]. SmB6, which has been studied exten-
sively for its mixed valence and Kondo insulating prop-
erties [4, 5], is the prime candidate for topological Kondo
insulator (TKI). The presence of metallic surface states
reveal itself as a plateau in the DC resistivity tempera-
ture dependence below 5 K [6–8]. Interpretation of these
metallic surface states varies from topologically protected
[6, 8] to polarity-driven “trivial” surface states [9].

A requirement for a TI state is a presence of a bulk
insulating gap with an inversion of bands. SmB6 has
been claimed to be the first topological insulator candi-
date with a truly insulating bulk [10]. In SmB6, a gap
opens at the Fermi level due to hybridization between
4f and 5d electronic bands below 70 K (below 150 K
according to Ref. 11). The Kondo insulating gap has
been detected experimentally using a variety of different
methods [6, 11–17]. Band structure calculations predict
a gap opening due to hybridization with band inversion
necessary for topological nontriviality at the X-point in
the Brillouin zone (BZ) [3, 18, 19]. Indeed, a neutron
scattering study [20] gives evidence of band inversion at
X and R points of the Brillouin zone (BZ).

On the other hand, there is some controversy regard-
ing the bulk properties of SmB6, and if they would allow
TKI state. For example, the shape and the offset tem-
perature of the plateau, as well as the ratio of resistivity
ρ(2 K)/ρ(300 K) which characterizes the bulk insulating

state can differ between the samples due to a defects and
vacancies. In particular, a presence of a small number of
Sm vacancies is typical for SmB6 [21]. The evidence for
metallic behavior in the bulk at temperatures relevant
for TKI is provided by 3D quantum oscillations [22].

In this work we show that the hybridization gap is ex-
tremely fragile to the presence of Sm vacancies. While
the most stoichiometric samples demonstrate the pres-
ence of the gap, it starts to fill in with states at the
concentration of vacancies below 1 %. The presence of
even 1 % of Sm vacancies leads to smearing of the bulk
hybridization gap in SmB6 samples and would result in
a breakdown of the TKI state.

We use Raman spectroscopy to probe the bulk hy-
bridization gap in samples with the level of Sm vacan-
cies up to the 1 %. In the same measurements we probe
Sm-vacancies induced phonon scattering, which indepen-
dently characterizes the number of vacancies. Thus we
provide the most reliable way to show a correlation be-
tween the number of Sm vacancies and the electronic
properties.

II. EXPERIMENT

A. Crystal growth

In this study we used single crystals of SmB6 grown by
both Al flux and floating zone (FZ) techniques. For our
study, we selected a crystal, refered to as Al Flux-SmB6,
found from Raman measurements to have the fewest Sm
vacancies and comparable linewidths of boron Raman ac-
tive phonons for FZ samples. A value of the line width of
boron phonons as a parameter to characterize the qual-
ity of SmB6 samples and the degree of structural varia-
tion within Al flux grown samples will be discussed else-
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where [23].
FZ single crystals of SmB6 were grown using the opti-

cal floating zone technique [7, 21] and are representative
of “typical” SmB6 crystals described in these papers. An
increasing presence of Sm vacancies along the length of a
single FZ crystal occurs due to vaporization of the stoi-
chiometric rod materials into a Sm rich mixture and can
be characterized by a systematic decrease in lattice pa-
rameters. For our study we used two samples cut from
the most stoichiometric (FZ SmB6-Pure) and most Sm
deficient (FZ SmB6-Def) ends of the rod. Based on pow-
der diffraction measurements of the lattice parameters
in comparison to previous results for non-stoichiometric
SmB6, we estimate the most deficient sample (FZ SmB6-
Def) to be about 1% deficient [21]. Magnetization mea-
surements for the two FZ-grown samples did not show a
significant difference in average magnetic moment which
could arise from larger differences in the number of Sm-
vacancies [24].

B. Raman measurements

Raman measurements were performed using a Horiba
Jobin-Yvon T64000 triple monochromator spectrometer
in the pseudo-Brewster angle geometry for energies from
2.5 meV (20 cm−1) to 500 meV (4000 cm−1) with reso-
lution up to 0.25 meV (2 cm−1). A Coherent Ar+ laser
was used as a source for excitation light with wavelengths
488 nm and 514 nm which was focused on the samples
with a spot size of 50 by 100 µm. Penetration depth of
the light at 514 nm is estimated to be of the order of
100 nm. The measurements were performed on cleaved
surfaces that were exposed to atmosphere. No Raman
evidence of samarium oxide which typically appears on
the surface of the samples exposed to air was detected in
the measured Raman spectra.

Measurements were performed over a temperature
range of 10 to 300 K using a Janis ST-500 cold finger
cryostat, here the temperatures are corrected for the laser
heating. All spectra were corrected by the Bose-Einstein
thermal factor. To compare the results for different sam-
ples the spectra were normalized on the intensity of the
158 meV A1g phonon to compensate for the small differ-
ences in intensity due to the variation in the quality of
the cleaved surfaces.

SmB6 has Pm3̄m cubic symmetry corresponding to Oh

point group symmetry. The crystals were oriented us-
ing X-ray diffraction and polarization-dependent Raman
scattering measurements. The temperature dependent
measurements were performed in the (100) plane with
the orientations of the electrical field of the incident light
ei and electrical vector of the scattered light es listed
in Table I. The large acceptance angle of the analyzing
optics results in some additional signal from other po-
larizations. In the table we also present the irreducible
representations of the Oh point group probed in these
polarizations.

Polarization ei, es Symmetry (Oh)

geometry

(x, x) c(aa)c̄ A1g+Eg

(x, y) c(ab)c̄ T2g

(x′, x′) c(a+b√
2
, a+b√

2
)c̄ A1g + 1

4
Eg+T2g

(x′, y′) c(a+b√
2
, a−b√

2
)c̄ 3

4
Eg

TABLE I. Polarizations of the measured Raman scattering
spectra of SmB6, the geometry of the measurements, and the
probed irreducible representations for each polarization.

III. RESULTS

The Raman spectra of SmB6 consist of relatively nar-
row phonon peaks superimposed on the electronic back-
ground. In Sec. III A, we discuss how previously uniden-
tified defect-induced phonon scattering can be used to
extract the information on Sm vacancies in the studied
samples of SmB6. In Sec. III B, the electronic Raman
response for samples with different amounts of Sm va-
cancies is discussed.

A. Phonon scattering results

In the SmB6 Raman spectra, the three symmetry al-
lowed Γ-point phonons seen as the intense relatively nar-
row features (Fig. 1) are the T2g phonon at 89.6 meV
(723 cm−1), Eg at 141.7 meV (1143 cm−1), and A1g at
158.3 meV (1277 cm−1) represent exclusively distortions
of B6 octahedra [25]. They are observed in polarizations
corresponding to their symmetries and are well-known
from other vibrational Raman studies of SmB6 crystals
[25–29]. The relatively large line widths of 2-4 meV em-
phasizes the role of valence fluctuations and electron-
phonon coupling. Al flux grown samples can show varia-
tions among the energies of these phonons by 1 meV [23],
but for this work we chose a sample (Al Flux-SmB6) with
spectra where line-widths and energies match those of the
FZ-grown samples. This exact coincidence of B6 phonon
lines for the studied samples ensure no difference in B6

cage for these samples.
At energies well below the frequencies of distortions of

B6 octahedra, we observe features at 10 and 21 meV (see
Fig. 1) with largest intensity in (x, x). Since phonon en-
ergies are proportional to 1√

m
of the atoms involved, at

these low frequencies we expect the collective motions of
the Sm and B6 centers. In the cubic unit cell of SmB6,
Pm3̄m space group, the Sm ion is located at a center
of inversion symmetry, and thus there are no allowed in
first-order Raman scattering Γ-point phonons associated
with Sm movement. We attribute the 10 meV feature to
finite momentum scattering from acoustic phonons Ra-
man active due to local symmetry breaking induced by
the presence of Sm defects. The loss of translational in-
variance allows light scattering from all points within the
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FIG. 1. Room temperature Raman spectra of the three stud-
ied SmB6 samples with increasing number of Sm vacancies
(Al Flux-SmB6, FZ SmB6-Pure, FZ SmB6-Def, respectively)
in (x, x) and (x, y) polarizations. The 3 first-order Raman ac-
tive phonons appear at 89.6 meV (T2g), 141.7 meV (Eg), and
158.3 meV (A1g) are superimposed on a broad continuum of
electronic scattering. Inset shows low-frequency (x, x) spec-
tra of the samples. Two symmetry forbidden peaks appear at
10 meV and 21 meV correspond to defect-induced and two-
phonon scattering, respectively.

BZ [30] leading to a Raman intensity that depends on
the density of states (DOS). Neutron scattering experi-
ments [31] show a relatively flat dispersion of the acoustic
phonon branches over the majority of the BZ which is re-
sponsible for the small line width of the Raman phonon
line at 10 meV . While we would also expect the Raman
scattering on the optical phonon branches at finite mo-
menta due to Sm defects, the large dispersions of these
branches would lead to a weak undistinguishable feature
spanning a large energy range [31, 32].

We base the correspondence between the number of Sm
vacancies and intensity of the 10 meV phonon on data for
the FZ-grown samples used in our study. For these sam-
ples the presence of Sm vacancies was estimated by mea-
surements of the variation in lattice constants [21]. The
Sm defect-induced phonon at 10 meV shows an increase
in spectral weight by about 1.5 times (Fig. 1) with an in-
crease in Sm deficiency of less than 1 % between the two
FZ-grown samples. This demonstrates that Raman scat-
tering can be effectively used to characterize the relative
presence of Sm vacancies in SmB6 samples. Moreover, in
contrast to the estimation of the number of Sm-vacancies
by measurements of a lattice constant [21], inelastic light
scattering probes the presence of defects on Sm sites di-
rectly. In our case care was taken to exclude other ori-
gins of defects on Sm cites by checking the elemental
content of the samples by EDS measurements and mass
spectrometry [21]. The intensity of 10 meV phonon has

nearly zero spectral weight for the Al Flux-SmB6 sample
used in this study, demonstrating that the sample has the
lowest number of Sm vacancies. It is important to em-
phasize here that the presence of vacancies as was shown
in [21] is individual for each sample and does not directly
depend on FZ vs Al-Flux method of growth.

The 21 meV feature has a different origin, and thus
shows a reverse dependence on the number of Sm defects
at room temperature (see inset in Fig. 1). A compar-
ison to neutron scattering spectra [32] suggests that it
originates from two overlapping effects, those are two-
phonon scattering from acoustic phonons and valence
fluctuations coupled to the lattice deformation (exciton-
polarons). For two-phonon overtone scattering from the
acoustic branches (A+A), in agreement with the expec-
tations [28, 33, 34] we observe the maximum intensity
in A1g polarization and a decrease in intensity on cool-
ing as ( 1

1−e−
~ω
2kT

)2. The origin of the untypically large

strength of two-phonon scattering are phonon anomalies
due to phonon coupling to d-electrons [28, 35, 36]. In
an imperfect crystal a matrix element which gives rise
to the large two-phonon scattering is expected to de-
crease [36], explaining the decrease of the two-phonon
feature on the increase of vacancies. In fact, both an
increase of acoustic-phonon Raman-forbidden scattering
and the decrease of two-phonon scattering on an increase
of disorder was also observed for substoichiometric tran-
sition metal carbides [36].

The above analysis of phonon scattering associated
with Sm atoms allows us to order the three studied sam-
ples by increasing number of Sm vacancies from Al Flux-
SmB6 to FZ SmB6-Pure, and further to FZ SmB6-Def.
As the next step we follow the temperature dependence
of electronic Raman scattering for these samples.

B. Electronic Raman scattering results

In the Raman spectra of all three samples at 300 K, we
observe electronic background which linearly increases in
intensity with energy up to about 150 meV (1200 cm−1)
and stays constant at higher energies (see Fig. 1). The
background is observed in all four measured polariza-
tions, though it is considerably weaker in (x, y). This
background is present in the spectra excited with 488
nm line as well, which suggest that it originates from
electronic Raman scattering [37].

The changes observed in the Raman spectra of all the
samples on cooling from 300 to 15 K are illustrated by
the temperature dependence of the response of the FZ
SmB6-Pure sample in (x, x) polarization presented in
Fig. 2 (a). On decreasing temperatures below 130 K,
we detect a spectral weight shift to frequencies above an
isosbestic point of 64 meV. The resulting feature with a
maximum at about 100 meV continues to develop down
to 20 K. We follow the temperature dependence of the
high-frequency feature in the inset of Fig. 3(a) by plot-
ting the temperature dependence of the spectral weight
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FIG. 2. (a)Temperature dependence of Raman spectra of
the FZ SmB6-Pure sample cooled from 300 K to 15 K in
(x, x) polarization. Note redistribution of the spectral weight
which occurs below 130 K to the frequencies above 100 meV,
and below 50 K to the frequency range above 34 meV. The
inset shows a temperature dependence of spectral weight
I(T ) =

∫ ω0

ω1
χ′′(T, ω)dω below (ω0 = 12 meV, ω1 = 64

meV) and above (ω0 = 64 meV and ω1 = 134 meV) the
isobestic point. (b) Raman spectra of FZ SmB6-Pure sam-
ple at 15 K in (x′, y′), (x′, x′), (x, y) and (x, x) polarizations,
see Table I. The temperature dependent response is most
intense in (x′, x′) and (x, x) polarizations, suggesting that it
belongs to A1g symmetry.

I(T ) =
∫ ω0

ω1
χ′′(T, ω)dω below (ω0 = 12 meV, ω1 = 64

meV) and above (ω0 = 64 meV and ω1 = 134 meV) the
isobestic point, χ′′(T, ω) is Raman intensity in arbitrary
units. Another shift of the spectral weight to higher fre-
quencies occurs at temperatures below 50 K, resulting in
a band at 41 meV with further suppression of the spectral
weight below 34 meV. This lower-frequency effects are in
general agreement with Ref. [27, 28], while the feature
at about 100 meV was not discussed. The total spectral
weight of the spectra below 134 meV is conserved.

Polarization dependence of the spectra at 15 K (Fig. 2
(b)) shows that both 100 meV and 41 meV maxima are
most intense in (x, x) and (x′, x′), with somewhat lower
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FIG. 3. Low-temperature Raman spectra of Al Flux-SmB6,
FZ SmB6-Pure, and FZ SmB6-Def samples at 15 K in (x, x)
polarization. Note an increase of in-gap intensity and smear-
ing of 41 meV feature with the increase in Sm vacancies.
(a) Temperature dependence of the spectral weight I(T ) =∫ ω0

ω1
χ′′(T, ω)dω below 31.5 meV in FZ SmB6-Pure sample

(red dots) vs FZ SmB6-Def sample (green dots). The differ-
ence becomes apparent below 50 K, where the 41 meV feature
starts to develop in the spectra. (c) Spectral weight below
31.5 meV plotted against the intensity of the defect phonon.
Note the increase of the low frequency spectral weight with
the increase of the number of Sm vacancies.

intensity at the same frequencies observed in (x′, y′).
This shows that both features appear in A1g and Eg sym-
metries at the same energies. In T2g symmetry ((x, y)
polarization, see Sec. II B) the Raman response is low,
featureless and basically temperature independent.

Similar changes of the spectra on cooling are observed
in the other samples. We compare the (x, x) spectra at
15 K for the samples with different concentrations of Sm
vacancies in Fig. 3. The position and intensity of the
feature at 100 meV is the same for all measured sam-
ples. At lower frequencies, for FZ SmB6-Def sample the
41 meV feature is smeared and the intensity at low fre-
quencies is higher than in the spectra of the other two
samples. The difference starts to develop below 50 K,
where the samples with fewer Sm vacancies show a shift
of spectral weight from low frequencies to the spectral re-
gion above about 31 meV, while no major changes occur
for the FZ SmB6-Def sample as follows from the inset
(a) in Fig. 3 where we plot a decrease of the spectral
weight I(T ) =

∫ ω0

ω1
χ′′(T, ω)dω between ω0 = 11 meV, ω1

=31.5 meV on cooling for FZ SmB6-Pure (red squares)
and FZ SmB6-Def (green squares). The correlation be-
tween the number of vacancies estimated as the inten-
sity of the 10 meV phonon I(10 meV phonon) and the
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FIG. 4. Temperature dependence of the low frequency Raman
response of Al Flux-SmB6 sample in (x, x) polarization. The
exciton feature appears below 30 K at 16 meV. The inset
shows a change of the position and width of the exciton on
cooling.

low frequency spectral weight I(11-31 meV) (see inset
(b), Fig. 3) shows the increase in low frequency spectral
weight on the increase of the number of vacancies to 1 %.

For the Al Flux-SmB6 sample at temperatures be-
low 30 K we observe the developing of the sharp in-gap
features in the range 16-18 meV. The temperature be-
haviour followed in (x, x) polarization in Fig. 4 shows
that the sharp peak forms when the spectral weight at
low frequencies becomes sufficiently low. The frequency
of the feature stays the same 16.0 meV, while the width
decreases with temperature till it reaches the value of
about 0.5 meV (see Fig. 4 (b)). At 20 K the temperature
changes of the exciton features saturate. Table II lists all
of the in-gap features observed at 15 K, including those
in (x, y) polarization, and their symmetry assignment,
which is in agreement with Ref. [27, 28].

At 15 K in the spectra of the FZ SmB6-Pure sam-
ple, lower intensity and wider (1.7 meV) in-gap feature
at 15.6 meV is superimposed on even wider (4.7 meV)
background. The in-gap excitations are not observed in
the spectra of the FZ SmB6-Def, where higher electronic
scattering intensity is present at frequencies within the
hybridization gap (Fig. 5).

IV. DISCUSSION

The observed in electronic Raman response of SmB6

shift of the spectral weight to the higher frequencies on
cooling and suppression of the intensity below about 30
meV clearly indicates the formation of the insulating gap.
Theoretical calculations of the Raman response on an
electronic correlations- induces metal-insulator transition
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FIG. 5. Raman spectra in the frequency range of the exiton
feature at 15 K for the measured samples, Al Flux-SmB6, FZ
SmB6-Pure, and FZ SmB6-Def in (x, x) polarization (a) and
(x, y) polarization (b).

Polariz. Symm. Al Flux FZ Pure

Freq Width Freq Width

(x, y) T2g 15.9 meV 0.7 meV

(x, x) Eg 16.0 meV 0.5 meV 15.6 meV 1.7 meV

(x, y) T2g 16.7 meV 0.7 meV

(x, y) T2g 17.5 meV 0.7 meV 17.4 meV 1.5 meV

TABLE II. Polarization dependence, symmetry, frequency
and width of the exitonic features observed in the samples
with the smaller numbers of Sm vacancies (Al Flux-SmB6

and FZ SmB6-Pure) at 15 K.

predict this behaviour, and were discussed in connection
with SmB6 low frequency Raman spectra [38]. The spec-
tral weight of the Raman response is conserved below
134 meV (1080 cm−1), this cutoff indicates the energy
range associated with the low temperature band struc-
ture formed due to hybridization of the orbitals. In the
Raman spectra of SmB6 sample with least number of Sm
vacancies we observe two electronic maxima at 100 and
41 meV appearing at 130 and 50 K. For the both features
it yields 2∆ of about 6kBT , these values being close to
each other and high as expected for strong electronic cor-
relations [39].

The observed polarization dependence confirms that
the features in the spectra originate from electronic cor-
relation effects. While the opening of the correlation-
induced gap is expected to be observed in A1g and B1g

non-resonant response in D4h symmetry (A1g and Eg for
Oh), in B2g for D4h symmetry in the approximation of
cosine bands the non-resonant Raman response is pre-
dicted to be zero[39]. Indeed, in T2g symmetry which
can be projected on B2g we see the lowest intensity elec-
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tronic background and absence of the gap signatures (see
Fig. 2 (b)).

Electronic Raman scattering probes direct excitations
at different parts of the B.Z. [40], where Eg probes the
transitions around the X point, and A1g probes the ex-
citations over the whole B.Z. [39]. The interband exci-
tations at 41 and 100 meV observed in our experiment
at low temperatures correspond in particulary well to
the band structure calculations in Ref. 19. These calcu-
lations predict a formation of a semiconductor-like gap
with band inversion in the vicinity of the X point of the
B.Z. as a result of hybridization of 5d and 4f bands,

where 4f j = 5/2 band splits into two Γf
7 and one Γf

6

bands suggesting two possible excitations to the upper
unoccupied band at energies close to the values observed
in our experiment. The flat dispersion of the relevant
bands [19] results in well-shaped peaks in the Raman re-
sponse observed at the same frequencies in A1g and Eg

symmetries, with the highest intensity in A1g symmetry.

Optical conductivity also shows a broad peak at
around 100 meV [14]. In inversion symmetric crystals
Raman measurements should only probe electronic tran-
sitions from bands of the same parity while infrared is
limited to bands of different parity. Here the mixed par-
ity of the hybridized 5d-4f orbitals in SmB6 allows this
transition to appear in both responses, as also expected
from the Raman response of a system with strong elec-
tronic correlations [38, 39].

An increase of the number of Sm vacancies within 1 %
between Al Flux-SmB6 and FZ SmB6-Def samples does
not affect the 100 meV feature, however it results in an
increase of the in-gap spectral weight and the respective
decrease of the 41 meV band (Fig. 3). This suggests
that the hybridization gap is not opened completely in
presence of 1 % of Sm vacancies.

For Al Flux-SmB6 sample the sharp in-gap excitations
are observed in the region of 16-17 meV in Eg and T2g

symmetries. The most intense feature belongs to Eg sym-
metry, which probes electronic excitation at the X point
of the BZ. A similar narrow in-gap excitation was ob-
served by neutron scattering at finite momentum trans-
fers with scattering intensity at the X and R points of
the BZ [20]. Raman scattering probes direct electronic
transitions, and thus the energies of these excitation of
16 meV is higher than that observed in neutron scatter-
ing at 14 meV. Recently, this feature was interpreted in
terms of scattering on the excitonic level formed by elec-
trons of hybridized bands in the gap as a result of strong
electron-electron correlations and protected from decay
by the hybridization gap [41][42]. The low line width
of the excitonic features observed in the Al Flux-SmB6

sample (0.5 meV) is an evidence of a long life time due
to protection from decay by the hybridization gap.

The parameters of the in-gap exciton reveal the dif-
ference between the two samples with the least number
of Sm vacancies, Al Flux-SmB6 and FZ SmB6-Pure. In
FZ SmB6-Pure spectra the exciton feature shows lower
intensity, and is widened to 1.7 meV (Fig. 5 ). The

widening of the feature on the increase of the number
of vacancies indicates the faster exciton decay which is
an evidence that electronic impurity states are present
within the gap. This shows that even with the number
of Sm vacancies below 1 % but still distinguishable by
Raman scattering, as in FZ SmB6-Pure some electronic
states can be present in the hybridization gap and lead to
metallic bulk response. No exciton features are detected
in the spectra of FZ SmB6-Def since the gap is not fully
opened in this material.

The multiple exciton features of T2g symmetry for Al
Flux-SmB6 sample (Fig. 5, Table II) cannot be explained
by pure electronic response. The previous work [27, 28]
proposes an alternative model for the multiple excitonic
features which appear as a result of a splitting of crystal
field levels by coupling with phonons [43]. According
to the model, the feature at 16 meV in Eg symmetry
has dominant electronic contribution, which agrees with
a pure electronic interpretation, while multiple exciton-
related features in T2g symmetry have dominant phonon
contribution [28].

Our results show that the most stoichiometric samples
(Al Flux-SmB6 in this study) possess a robust hybridiza-
tion gap which makes TKI state possible, with the in-
gap exciton can be an evidence of the TKI state [20].
Not only 1 % Sm vacancies suppresses the development
of hybridization gap and thus would eliminate the TKI
state, but even the lower but detectable by Raman scat-
tering number of vacancies leads to a presence of elec-
tronic states in the gap, which can also be disruptive
for TKI state. While introduction of Sm vacancies is a
way to change Sm valence and to explore phase diagram
proposed in Ref. 3, the largest number of vacancies in
the studied samples of about 1 % is too small to change
Sm average valence by values that would lead to tuning
the system out of TKI state. This result suggests that
TKI state in SmB6 is extremely sensitive to disorder and
variation of valence through the introduction of Sm va-
cancies [3].

The presence of Sm vacancies can introduce doping,
but the effects of disorder also can be important. To
probe the exact mechanism of an effect of Sm vacan-
cies on the metallic low-temperature response of SmB6

one needs to use frequency-dependent optical techniques
which in contrast to Raman scattering have an ability to
directly probe the bulk charge carriers.

Our Raman results for the FZ-grown samples are mir-
rored by transport measurements which show smaller
ρ(2 K)/ρ(300 K) ratio and an absence of a low-
temperature plateaux for the sample with 1 % Sm vacan-
cies (FZ SmB6-Def) [21]. However, our results suggest
that, even for the more insulating sample FZ SmB6-Pure
where the resistivity plateau is observed, the electronic
states are present in the gap. Thus our work demon-
strates that conclusions on the TKI state in SmB6 sam-
ples cannot be drawn without a very careful characteriza-
tion of the number of Sm vacancies. For example, in Ref.
22 where a 3D metallic Fermi surface was demonstrated
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for SmB6 Sm stoichiometry was only verified down to
the 1 % level. This can still allow bulk metallic response
due to a not fully opened hybridization gap, as seen from
our results.

V. CONCLUSIONS

In this work we demonstrate that a possibility of a
TKI state in SmB6 is limited to the most stoichiomet-
ric samples. This is essential, since a presence of a very
low number of Sm vacancies is typical for this material.
We study three samples of SmB6 with different number
of vacancies, from non-detectable to 1 %, using Raman
scattering technique. The increasing number of Sm va-
cancies results in the local symmetry breaking, which is
observed in Raman spectra as an increasing intensity of
the Raman-forbidden phonon at 10 meV associated with
Sm movement.

On cooling, in the electronic Raman response of SmB6

we observe a shift of the spectral weight to higher fre-
quencies due to opening of the hybridization gap. For
the stoichiometric SmB6 the two electronic maxima at
100 and 41 meV appear at 130 and 50 K in A1g and
Eg symmetries. Basing on the recent electronic structure
calculations, we assign the features to the excitations be-
tween the bands which are formed due to hybridization
between 5d and 4f orbitals. Below 30 K we observe the

narrow features of the in-gap excitons, with the most in-
tense one at 16 meV detected when probing the electronic
transitions at the X point of BZ. The extremely low line
width of 0.5 meV suggests the long life time of the exci-
ton protected from the decay by the hybridization gap.
We conclude, that in the most stoichiometric SmB6 sam-
ples the hybridization gap is fully opened and TKI state
is possible.

A presence of less than 1 % Sm vacancies leads to a
decrease of the exciton life time through introducing elec-
tronic states in the gap. With the increase of the number
of Sm vacancies up to approximately 1% the hybridiza-
tion gap is filled with electronic states at the lowest mea-
sured temperature without a detectable change in the
size of the gap, and the exciton is fully quenched. This
would result in bulk conductivity and a breakdown of the
TKI state due to the absence of a robust hybridization
gap.

VI. ACKNOWLEDGEMENTS

We are grateful to C. Broholm, P. Nikolić, W.
Fuhrman, J. Paglione, and N. P. Armitage for useful
discussions. The work at IQM was supported by the
U.S. Department of Energy, Office of Basic Energy Sci-
ences, Division of Material Sciences and Engineering un-
der Grant No. DE-FG02-08ER46544.

[1] M. Dzero, K. Sun, V. Galitski, and P. Coleman, Phys.
Rev. Lett. 104, 106408 (2010).

[2] M. Dzero, K. Sun, P. Coleman, and V. Galitski, Phys.
Rev. B 85, 045130 (2012).

[3] V. Alexandrov, M. Dzero, and P. Coleman, Phys. Rev.
Lett. 111, 226403 (2013).
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