PHYSICAL REVIEW B 94, 165154 (2016)

Anomalous three-dimensional bulk ac conduction within the Kondo gap of SmBg single crystals
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The Kondo insulator SmBg has long been known to display anomalous transport behavior at low temperatures,
T <5 K. In this temperatures range, a plateau is observed in the dc resistivity, contrary to the exponential
divergence expected for a gapped system. Recent theoretical calculations suggest that SmBg may be the first
topological Kondo insulator (TKI) and propose that the residual conductivity is due to topological surface states
which reside within the Kondo gap. Since the TKI prediction many experiments have claimed to observe high
mobility surface states within a perfectly insulating hybridization gap. Here, we investigate the low energy optical
conductivity within the hybridization gap of single crystals of SmB¢ via time domain terahertz spectroscopy.
Samples grown by both optical floating zone and aluminum flux methods are investigated to probe for differences
originating from sample growth techniques. We find that both samples display significant three-dimensional bulk
conduction originating within the Kondo gap. Although SmBs may be a bulk dc insulator, it shows significant
bulk ac conduction that is many orders of magnitude larger than any known impurity band conduction. The nature
of these in-gap states and their coupling with the low energy spin excitons of SmBg is discussed. Additionally,
the well-defined conduction path geometry of our optical experiments allows us to show that any surface states,

which lie below our detection threshold if present, must have a sheet resistance of R/square > 1000 2.
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I. INTRODUCTION

Topological states of matter have dominated the condensed
matter research landscape in recent years and none more
so than topological insulators. Topological insulators possess
bulk band inversion due to strong spin-orbit coupling resulting
in chiral spin-momentum locked surface states, which are
protected by time reversal or crystal symmetry [1-6]. Since
their prediction, a plethora of experimental evidence has cor-
roborated their existence and investigated the corresponding
physics [7-11]. However, this class of topological insulators
are in their essence noninteracting systems. Additionally, clean
samples with the Fermi energy deep within the bulk insulating
gap have proven challenging to synthesize, limiting their
potential applications. Merging strong electron correlations
with nontrivial topology is an exciting avenue to pursue exotic
many-body quantum ground states with a truly insulating bulk.

The Kondo insulator SmBg, sometimes referred to as a
mixed-valent semiconductor [12], has recently been proposed
as such a correlated, topologically nontrivial state [13-17].
SmBg¢ undergoes a crossover from metal to insulator behavior
with reducing temperature which can be attributed to the
opening of a bulk band gap of Ag &~ 15-20 meV. The gap
is believed to originate from hybridization between localized
4 f electrons near the Fermi level and itinerant 5d electrons
[12,18,19]. Correspondingly, the dc resistivity shows an expo-
nential divergence with reducing temperature, as expected for a
gapped system, but then surprisingly plateaus at temperatures
T < 5 K, suggesting an additional conduction mechanism
[20,21]. Although first interpreted as stemming from impurity
states [22,23], the low temperature resistivity plateau has
recently been proposed to arise from topological surface states
residing within the Kondo gap, suggesting SmBg to be the
first example of a topological Kondo insulator (TKI) [13-17].
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Nontrivial topology is supported by recent calculations which
propose SmB¢ possesses three Dirac cones located at high
symmetry points of the Brillouin zone [14,16,17].

Since the TKI prediction of SmBg, experimental evidence
of surface conduction at low temperatures has been reported
via transport [24-27] and tunneling spectroscopy [28,29].
Meanwhile other techniques such as torque magnetometry
[30], photoemission [31-35], and neutron scattering [36] also
report findings consistent with the TKI prediction. This has
led many to hail SmBg¢ as the quintessential TKI, with high
mobility surface states wrapping a perfectly insulating bulk.

These claims, however, should be considered in conjunction
with previous low energy ac optical conductivity experiments
of SmBg single crystals which have claimed evidence
for localized states within the Kondo gap at the lowest
temperatures and ac conductivities orders of magnitude
higher than the dc value [37—42]. These observed localized
states are in stark contrast to the expected Drude response,
indicative of free charge carries, observed from the surface
states of BiySe; [11,43]. However, these optical experiments
on SmBg single crystals pre-date the TKI prediction and
may require reinterpretation. Additionally, results from a
number of heat capacity experiments reveal a very large low
temperature fermionic heat capacity with a y coefficient that is
2-25 mJ/mol K?Z (the same as some correlated metals) which
has been shown to be of bulk origin [44] and therefore
seemingly at odds with a bulk gapped state [23,45,46].

While the origin of these in-gap states remains an open
question, recent experiments suggest that impurities and dis-
order do play an important role in the low temperature physical
properties of SmBg, perhaps even in the topological aspects.
Phelan et al. [46] demonstrated that the low temperature
resistivity plateau can be tuned as a function of carbon or
aluminum doping, typical impurities found in SmBg depending
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on the synthesis method and quality of seed materials. The
effects of disorder in the form of Sm™3 vacancies have also
been examined and shown to produce significant changes in
the low temperature physical properties of SmB¢ [47,48].
Recent Raman spectroscopy measurements show that Sm+%3
vacancies on the order of only 1% can effectively close the
bulk gap [48]. In this regard, recent theoretical calculations
predict the topological properties of SmBg to be strongly
dependent on Sm™*23 valence [17], which will correlate with
sample imperfections. These results suggest that synthesis
method, impurity concentration, and disorder are important
considerations and warrant further investigation in SmBg.

Low energy optical experiments are well suited for investi-
gating the in-gap conduction in SmBg. Additionally, transmis-
sion experiments performed as a function of sample thickness
can separate surface and bulk conduction and have therefore
been successful in the field of topological insulators [11,43].
However, optical transmission experiments on the rare-earth
hexaborides can be exceptionally challenging due to their
unusually large index of refraction. Moreover, as we discuss
below, SmBg itself has substantial ac conduction that precludes
simple transmission experiments. Therefore, the optical prop-
erties of the hexaborides have been traditionally studied via
reflection techniques, [38,40,41] which rely on a Kramers-
Kronig transform to obtain the real and imaginary parts of the
response and possess substantially less signal to noise than
what can be achieved in modern phase sensitive transmission
experiments. Transmission experiments of SmByg in the far
infrared have been performed with success [42,49] but a
detailed temperature and thickness dependence of the optical
conductivity has not been provided. Moreover, the continuous
wave nature of previously used techniques can give artifacts
due to standing wave resonances in the optical apparatus.

In this paper we present a comprehensive high resolution
study of the optical properties of the potential topological
Kondo insulator SmBg in the terahertz frequency range. As the
gap energy, Ax ~ 15-20 meV, is larger than our experimental
energy range, hw ~ 1-8 meV, we directly probe states within
the bulk insulating gap via the optical conductivity. We
compare samples grown via both optical floating zone and
aluminum flux methods to examine differences originating
from sample preparation, but only minor differences are found.
Transmission experiments performed as a function of sample
thickness determine that the conduction of the in-gap states is
predominantly three-dimensional (3D) in nature. Our results
show that the “perfectly insulating” bulk of SmBg in fact
has significant 3D conduction at finite frequencies that is
many orders of magnitude larger than any known impurity
band conduction. The potential origins of these states and
their coupling to the low energy spin excitons of SmBg
are discussed. Additionally, the well-defined conduction path
geometry of our optical experiments allows us to place limits
on the sheet resistance of potential surface states, which must
lie below our detection threshold if present.

II. METHODS

As stated in the introduction, the exceptionally high index
of refraction of SmBg, n = 25, in the THz regime presents
experimental challenges for transmission measurements. One
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can show from the Fresnel relations that the reflection coef-
ficient of a sample with index of refraction n = 25 at normal
incidence is r &~ [EZ:;]Z ~ 85%. Absorptions in the sample
and reflection off the back surface drastically further reduce the
transmission. Therefore, novel methods for measuring SmBg
single crystals are needed in order to achieve sufficient signal
to noise.

Correspondingly, we find SmB¢ samples are not sufficiently
transmissive in the THz range until sample thicknesses of
d < 100 um. In order to achieve such thicknesses, SmBg
samples were first double sided polished to a mirror finish to
ensure plane parallel sides. Samples were then mounted to a
double-side polished Al,O3 substrate of nominal thickness of
500 um via mounting wax. Once mounted, SmBg samples
were not removed from the substrate for the remainder of
the experiment. Samples were then further polished to a
thickness of 10’s of um as measured by a micrometer. Time
domain terahertz (TDTS) transmission experiments were then
performed. The thickness-dependent THz response of the
samples was obtained by further polishing the samples in
between TDTS measurements.

TDTS transmission experiments were performed using
a home built spectrometer within a temperature range of
1.6-300 K [50]. TDTS is a high resolution method for
accurately measuring the electromagnetic response of a sample
in the experimentally challenging THz range. In a typical
TDTS experiment, the electric field of a transmitted THz
pulse through a sample mounted to a circular aperture is
measured as a function of real time. Fourier transforming
the measured electric field and referencing to an aperture
of identical size allows access to the frequency-dependent
complex transmission spectrum of the sample. In this case
the transmission is given by the expression,
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where d is the sample thickness, w is the frequency, c is the
speed of light, 77 is the sample’s complex index of refraction,
and normal incidence has been assumed. A Newton-Raphson-
based numerical inversion of the complex transmission is
then used to obtain both the frequency-dependent real and
imaginary parts of the index of refraction. In principle the
index of refraction of the sample, 7 = n + ik = /€14, contains
both the electric and magnetic responses of the sample since
THz fields can couple to both electric and magnetic dipole
transitions. However, we find the optical response of SmBg
in the THz regime to have no magnetic field dependence
in static fields H < 7 T and therefore assign all dissipation
as stemming from electric effects. This allows the complex
optical conductivity to be determined from » and k.

Mounting single crystals of SmBg to the Al,O3 substrates
introduces a new interface which modifies the typical trans-
mission expression presented in Eq. (1). In this case it is best
to use an identical substrate as a reference as the transmission
is then independent of the substrate’s thickness. For the case
of a single crystal mounted to a substrate, Eq. (1) is modified
as
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FIG. 1. (a) Transmitted electric field of an optical floating zone grown SmBg single crystal mounted to an Al,Os substrate as a function of
time at 3 and 30 K. The 30-K signal is identified as background “light leak” signal which is caused by diffraction of light around the sample.
(b) Transmitted electric field as a function of temperature once the background signal shown in (a) is removed by subtraction. (c) Transmitted
electric field of the aluminum flux grown SmB¢ mosaic at 3 and 30 K. The light leak in this case is much larger due to diffraction between
neighboring samples within the mosaic. The two largest signals shown stem from light only transmitted through the Al,O; substrate and must
be subtracted from the reference substrate’s transmitted electric field. The inset shows an expanded view of the time window in which the signal
from light transmitted through the SmB¢ mosaic is observed. (d) Transmitted electric field as a function of temperature once the background
signal shown in (c) has been removed by subtraction. See text for more details.

where 71, is the substrate’s complex index of refraction. One
can verify that in the case of no substrate, 7; = 1, Eq. (1) is
recovered. TDTS experiments were performed on the Al,O3
substrate with an aperture reference where it was found that
7, is well approximated by a real constant in the THz range,
as expected for a good insulator, with a value of n; = 3.
Long wavelength THz radiation restricts TDTS to samples
with fairly large cross sectional areas. Therefore, sample
diameters greater than 3 mm are typically needed in order
to achieve sufficient signal to noise. Optical floating zone
SmBg¢ samples are therefore better suited for TDTS as single
crystals can often be so large. TDTS measurements on large
floating zone crystals were performed on single crystal SmBg
samples with the ¢ [001] axis oriented out of the plane of the
sample surface. SmB¢ samples grown via the aluminum flux
method are generally smaller than what is required for TDTS.
In order to achieve sufficient signal to noise on these samples,
a “mosaic” of 10 closely packed aluminum flux grown SmBg
samples were mounted to an identical Al,Os substrate. The
mosaic covered a rectangular spatial area of ~3.5 mm Xx
6 mm in cross section. All aluminum flux samples were
oriented with the ¢ [001] axis out of the plane of the sample
surface. One should note that the cubic symmetry of the Pm3m
space group of SmBg ensures that the linear optical response is

identical for incident THz k oriented along any of the principal
axes of the crystal [51].

Additional complications can arise in very low transmis-
sivity samples as low absolute levels of incident radiation
can—even for the single crystal—be transmitted through
cracks in the sample surface, through gaps in between single
crystals mounted in the mosaic pattern, or around the cryostat
itself. We refer to this spurious signal as a “light leak” and it
must be removed from our data for accurate results. Figure 1
displays our methods for removing such light leak signal in
the case of both single crystal optical floating zone samples
and the aluminum flux grown mosaic, although both are
qualitatively similar with the exception that the light leak is
larger in the the case of the mosaic. We find that even the
thinnest SmB¢ samples become opaque to THz radiation at
temperatures T 230 K. Presumably this stems from the bulk
Kondo gap closing with increasing temperature. Yet, a very
small background light leak signal is still transmitted at and
above 30 K. We identify this signal as the light leak as it
is temperature independent from 30 K to room temperature.
Additionally, we find our data are not systematic until this
spurious signal is removed. For the case of optical floating
zone samples this signal is simply removed by subtracting the
light leak signal as a function of time at 7 = 30 K from the
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transmitted electric field of the sample at lower temperatures.
Figure 1(a) shows the transmitted THz electric field at 3 K
through an optical floating zone SmB¢ sample (d = 12 um)
as well as the 30-K light leak signal. Figure 1(b) shows the
measured electric field of the same sample at temperatures
below 30 K once the light leak signal has been subtracted.
Removing the light leak signal from the aluminum flux
grown mosaic contains an additional complication as the light
leak in this case is much larger due to diffraction through
spaces between neighboring samples of the mosaic. It requires
some additional considerations in analysis, that we believe
are applied here for the first time. In a similar manner as
described above, the light leak signal as measured at 30 K is
subtracted from sample scans at lower temperatures. However,
the additional step of subtracting the light leak signal from the
measured reference substrate’s electric field is taken to ensure
the transmission is accurate. This step is not necessary for
the optical floating zone samples as the light leak signal is
substantially smaller than the transmitted substrate’s electric
field, <1%. However, the light leak is as large as 40% for the
SmBg mosaic. Figure 1(c) shows the 3-K and 30-K measured
electric field of the SmB¢ mosaic (d = 80 pum). The first
large pulse at ~7 ps stems from light diffracting around and
between neighboring samples of the mosaic and therefore only
traveling through the Al, O3 substrate. This signal is subtracted
from the reference substrate’s measured signal to correct the
transmission. The next largest signal at &17 ps is the first
echo of light which has been reflected within the substrate
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twice. The inset of the graph shows the signal in between
these two substrate pulses where a small but finite signal of
light transmitted through the SmBg mosaic can be seen at
~13 ps. Figure 1(d) shows the extracted transmitted electric
field of the SmBg mosaic as a function of temperature once
the light leak has been subtracted.

III. EXPERIMENTAL RESULTS

A. Low energy optical response of SmB¢

Figures 2(a) and 2(b) display the magnitude of the complex
transmission, as defined in Eq. (2), as a function of temperature
and frequency for two representative samples grown by optical
floating zone (d = 22 pum) and aluminum flux methods (d =
62 pm), respectively. Both samples show qualitatively similar
behavior of the transmission. At the lowest temperatures
the largest transmission, ~5%—-20% depending on sample
thickness and synthesis method, is observed at the lowest
frequencies. The transmission then quickly decreases with
increasing frequency. Although both samples show the same
general features, we believe that the data for the floating zone
crystal is more representative of the true spectral shape of
SmBg due to artifacts that can be introduced in the mosaic
geometry. For instance, we believe the dip in transmission
of the aluminum flux grown mosaic sample at ~0.3 THz is
an artifact as it is not systematic between measurements and
likely stems from imperfections in our method of removing
the light leak signal as described above. For both samples, the
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FIG. 2. (a) and (b) Magnitudes of the complex transmissions, as defined in Eq. (2), as a function of frequency and temperature for
representative samples grown by both (a) optical floating zone and (b) aluminum flux methods. The two samples had thicknesses of 22 ym and
62 um, respectively. (c) and (d) Real part of the optical conductivity. o;(w,T'), calculated from the transmissions shown in (a) and (b).
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transmission gradually decreases with increasing temperature
until becoming opaque in the THz range for T > 30 K for
sample thicknesses d > 10 um. As we will discuss below these
features are generally consistent with residual conductivity
within a gap which is closing or filling in with increasing
temperature.

As stated in the methods section above, the real and
imaginary parts of the complex optical conductivity can
be extracted from the complex transmission via numerical
inversion of Eq. (2). Figures 2(c) and 2(d) display the real part
of the optical conductivity, o(w,T), extracted from the two
transmissions shown in Figs. 2(a) and 2(b), respectively. With
some notable differences to be discussed below, the general
frequency and temperature dependence of these data are in
rough agreement with those of previously reported optical
studies [38,40—-42], although the exceptionally high resolution
of our measurements provide new details.

A crossover from metallic to insulating behavior can be
seen as a function of temperature in the conductivity of
both samples, which show qualitatively similar behavior. At
the highest measured temperature, 7 = 20 K, a Drude-like
response can be seen as the optical conductivity is largest
at the lowest frequencies and is a decreasing function of
frequency thereafter. The Drude-like response indicates the
presence of free charge carriers in the conduction band. As the
temperature is reduced the magnitude of the Drude response
correspondingly decreases, disappearing at 7 ~12 K, at which
point the conductivity is nearly frequency independent out to
2 THz. At lower temperatures, T < 12 K, the conductivity
becomes an increasing function of frequency, displaying
approximately linear behavior below ~1 THz. This change
in functional dependence of the conductivity with frequency
signifies a shift to a new conduction mechanism. Above 1 THz
the conductivity saturates and displays little dependence with
temperature. The frequency dependence of the conductivity
will be further addressed in the discussion below.

B. Thickness dependence

To further investigate these in-gap states, spectra were taken
as a function of sample thickness. A thickness-dependent
study was performed on three samples, two optical floating
zone crystals and the aluminum flux mosaic comprising 10
individual single crystals. To obtain the thickness dependence,
spectroscopy was performed, then samples were mechanically
polished to a reduced thickness as measured by a micrometer,
then spectroscopy was performed again, etc. As the conduc-
tivity carries the dimension of (resistance x thickness)™!,
one would expect that the optical conductivity would display
thickness dependence if significant surface conduction exists.
For samples with bulk 3D conductivity one expects there to be
no thickness dependence of the conductivity as reducing the
thickness also increases the resistance of the sample rendering
the conductivity unchanged. Thus, transmission experiments
performed in this fashion can separate surface and bulk
conduction as has been done in Bi;Ses [11,43].

Figure 3(a) displays the results of our thickness-dependent
study of the optical conductivity at 7T = 3 K + 0.1 K, in
the frequency range in which the highest signal to noise
is achieved. However, we mention that our conclusions are
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FIG. 3. (a) Thickness dependence of the optical conductivity at
T =3 K £ 0.1 K in the frequency range of the highest signal to noise
of our measurement. Data from two different optical floating zone
samples are presented as well as data from the aluminum flux grown
mosaic. The colored regions represent the estimated experimental
uncertainty of our measurement for each sample. One can see that no
systematic dependence on thickness is observed, indicating 3D bulk
conduction. (b) Change in optical conductivity expected if surface
states were present with the given sheet resistance as derived from
our REFFIT trilayer model. The two lower curves are the conductivities
from the optical floating zone sample No. 2 presented in (a) with the
average of the two conductivities subtracted. The gray box represents
our estimated measurement uncertainty. From this we conclude that
if surface states are present then they must have a sheet resistance
R/square > 1000 €. See text for details.

not particularly dependent on this temperature or frequency
range. Thickness dependence of three samples are shown.
The colored regions are representative of the experimental
uncertainty of our measurements which will be used for further
analysis below. One can immediately observe that there is no
systematic dependence with sample thickness of the extracted
optical conductivity within the uncertainty of our experiment.
One might argue that surface state conduction may lie at
frequencies below our experimental range. However, such a
prominent feature at low frequencies in the real conductivity
would manifest as an obvious trend over a large frequency
range in the imaginary conductivity, as the real and imaginary
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parts of the conductivity are related through a Kramers-Kronig
transformation. We observe no such trend in the imaginary
part of the conductivity for any SmBs sample measured in this
study. We therefore conclude that the principal signal of the
residual conductivity of the in-gap states stems from 3D bulk
conduction.

With the 3D nature of the optical conductivity within the
gap established, we now discuss how this relates to the TKI
prediction of SmBg. Our measurements are not able to exclude
topological surface states residing within the bulk Kondo gap.
However, if surface states exist in the gap then they must
have a conductance below the detection threshold of our
measurement. Thus, an estimate of our uncertainty can be
used to place limits on the potential surface state conductance.
To do so, the optical transmission was modeled in REFFIT [52].
The T = 3 K conductivity of the optical floating zone sample
No. 2, shown in Fig. 3(a), was chosen for the model as the
thickness dependence on this sample possesses the lowest
experimental uncertainty. A trilayer model of surface state—
bulk—surface state was developed to model the transmission.
The bulk conductivity was given by that of the d = 32 yum sam-
ple shown in Fig. 3(a). The two surface states were modeled
as two identical two-dimensional (2D) Drude responses, in
agreement with the surface states observed in Bi,Ses [11,43].
We assume that the conductance of these states is constant
as a function of frequency in our spectral range. This is
consistent with the ~10 THz scattering rate determined in
quantum oscillation experiments [30]. Therefore, the surface
state conductance would manifest in the trilayer model as a
frequency-independent offset to the conductivity when the
thickness of the sample is varied.

The results of the model are shown in Fig. 3(b). Shown at
the bottom are the optical conductivity at T = 3 K of the optical
floating zone SmBg sample No. 2 for thicknesses of d =32 um
and 45 pm with the average of the two thicknesses subtracted.
The gray box indicates our approximate uncertainty in the
experiment. The horizontal lines demonstrate the expected
offset in the effective optical conductivity that would be
extracted if surface states with the specified resistances existed
in addition to the bulk conductivity. From the model we
conservatively conclude that we would be able to identify
surface states with a sheet resistance R/square < 1000
in our experiment. Therefore, surface states with a sheet
resistance below this detection threshold can be excluded.

C. Coupling of bulk states to spin excitons

The results presented above show that although SmBg
may be a bulk dc insulator, it shows significant bulk ac
conduction. Low energy 3D bulk states exist within the gap
of SmBg. These states within the gap can also greatly affect
other low energy excitations of SmBg. For instance, previous
experiments indicate a magnetically active collective spin
exciton which results from the electron-hole continuum to exist
within the gap of SmBg with an energy of ~14 meV [53-56].
In a recent neutron scattering study [36,57], the width of the
exciton was observed to be exceptionally narrow, ~2 meV,
although more recent measurements with improved resolution
suggest the width of the resonance to be even narrower than
that, ~#100 peV [58]. The narrow width suggests the spin
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exciton to be an extremely long-lived excitation and was
speculated to be protected from decaying into electron-hole
pairs by the hybridization gap in which it resides.

However, the exciton can in principle couple to states
within the gap, whether they are topological Dirac
states or bulk states. Coupling of the spin exciton to
such states can have tremendous impact on the physics of
SmBg. The possibility of spin excitons coupling to surface
states has been discussed theoretically [59] and then reported
experimentally via tunneling spectroscopy [60]. Meanwhile,
evidence of coupling between spin excitons and bulk states
was recently presented via Raman spectroscopy measurements
[48]. In that work it was found that disorder in the form of
Sm ™23 vacancies on the order of only 1% leads to states within
the gap. The spin exciton shows a corresponding spectral
broadening with increasing disorder suggesting decay through
these bulk in-gap states.

While the spin exciton lies at higher energy than what our
experiment can access, we can still quantify how the finite
density of states within the gap couples to these collective
excitations. A similar analysis has been performed previously
in regards to how crystal field linewidths in metallic systems
and the “resonance mode” in high 7, cuprate superconductors
[61] couple to a continuum of states. One may use the
expression,

I = 47[gV.D(ep)I*R2, 3)

where I' is the full width at half maximum of the resonance,
Q2 is the exciton energy, D(er) is the density of states at the
Fermi level, and g is the coupling constant.

With the energy, 2 & 16 meV, and width, I' &~ 2 meV, of the
spin exciton as measured in floating zone crystals by Raman
experiments [48], we can extract the coupling constant if the
density of states at the Fermi level is known. An estimate of the
density of states can be obtained from the metallic contribution
of the heat capacity, Cee = yT. Interestingly, heat capacity
measurements find a surprisingly large metallic component at
low temperatures, often on the order of 10 mJ K2 mol™!,
in agreement with the observed large low energy spectral
weight [23,45,46]. Additionally, recent measurements indicate
that the large metallic heat capacity is independent of sample
surface area and is therefore of bulk origin [44]. Phelan et al.
report a value of y =25 mJ K=2 mol~! in optical floating zone
samples [46]. In the simplest picture of a noninteracting Fermi
gas, the density of states is proportional to y, in the units of
the given heat capacity, as, y = MD(GF), where kp is
Boltzmann’s constant, N4 is Avagadrb’s number, and V., is the
volume of one SmBg formula unit. Substituting the observed
value of y into this expression and then the corresponding
density of states into Eq. (3) results in a coupling constant of
g = 9.40 meV.

The coupling constant is more easily understood in the
conventional dimensionless form A, which can be determined
via the expression, A = w. Here, I is the ratio of the
integrated spectral weight of the exciton to the total integrated
spin structure factor. An /) =~ 0.4 was determined from neutron
scattering experiments [36]. Substituting in the appropriate
values gives A = 0.047. This calculation shows the coupling
of the excitons to the bulk in-gap states to be very weak.
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The strong dependence of the exciton’s linewidth on sample
disorder [48,58] is interesting considering the relatively weak
dependence of the in-gap states we probe. Moreover, the fact
that the exciton is seen clearly in Raman, whereas it is not
observed in the infrared [42] points to a well-defined selection
rule associated with its excitation. In inversion symmetric
systems like SmB¢ excitations are either Raman active or
infrared active, but not both. We therefore speculate that the
exciton is—in the ideal case—prevented by symmetry from
coupling to the infrared continuum and it is only through
disorder that this coupling becomes finite. In other words, the
exciton’s lifetime disorder dependence comes from a strong
dependence of disorder on g in Eq. (3) and not D(E).

IV. DISCUSSION

Our results and the existing heat capacity data show that
the low energy density of states in SmByg is quite large, in
contrast to the assumption of a clean insulating gap. Why then
do transport experiments claim to see a perfectly insulating gap
with activated dc transport? First, it is important to point out
that in the limit of zero temperature dc transport can only probe
extended states. However, ac experiments are also sensitive
to localized quasiparticle states, as well neutral excitations
that carry a dipole moment (e.g., phonons as the least exotic
example). In ac experiments, charge does not need to be
transmitted across the sample as charge in localized states can
still oscillate at ac frequencies on length scales smaller than
the localization length and dissipate energy. Samples which
display such behavior can appear as insulators in dc transport
experiments but conductors at finite frequency. In this regard,
we remind the reader that the ac conductivity in the THz range
in SmBg is orders of magnitude greater than the dc value at
low temperatures [38,40,41,49] in agreement with this picture.

What is the origin of the in-gap ac conduction? The most
obvious explanation is that it originates from impurity states.
A number of authors have pointed out the special role of
impurities in Kondo insulators, which in some cases can form a
Kondo hole impurity band [62—65]. Yet, these scenarios predict
magnetic phenomena which are not observed. However,
the general phenomenology of the low temperature ac and
dc conductivity of SmBg is somewhat similar to what is
observed in some localization-driven insulators, such as the
disordered electron glass Si:P [66]. In the latter systems the
dc conductivity is described by a model of variable range
hopping with a stretched exponential activated dependence
and a power law dependence of the ac response. The expected
dependencies are determined by the form of the density of
states at the Fermi level [66—68]. Assuming a nearly constant
density of states, one expects the dc conductivity, for 3D
hopping conduction to follow the expected Mott form for
Fermi glasses going with temperature as In(og.) o T-i [67].
Indeed Gorshunov et al. claim such a temperature dependence
for temperatures 4 K < 7T < 10 K with a characteristic
energy scale of 7y = 54 K, although fitting an exponential
to such a small range cannot be considered very conclusive.
In such insulators where disordered induced localization is
expected to be central to the physics, the expectation is that
at the lowest temperatures ac conduction occurs between
resonant pairs of localized states. Without interactions the
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ac conductivity is expected to follow Mott’s famous @? law
[69], which is clearly inconsistent with the data exhibited
here. With interactions included, but at frequency scales
below that of the characteristic interaction energy between
electron-hole pairs, the expectation is that the conductivity is
quasilinear with o1 (w) = e* D(er)*£*[In(21y/ hw)*w /€ where
& is the localization length [68]. I is the characteristic scale
of tunneling between localized states that is expected to be
bounded by the hybridization gap energy. Our ac conductivity
data (Fig. 2) is roughly consistent with this linear dependence
at our lowest measured frequencies. It is also important to
point out that in principle, even the “metallic” heat capacity
seen in SmBg is consistent with localized states as it has been
emphasized that despite their insulating nature such systems
can still show a fermionic linear in T heat capacity (albeit
of a magnitude far less than observed in the present case as
discussed below) [70-73].

However, despite the (partial) qualitative agreement with a
picture of localized bulk states, there are important quantitative
issues that need to be resolved. For instance, the magnitude
of the ac conductivity in the present case is quite unlike
other disordered insulators. It is approximately four orders
of magnitude larger than both the impurity band conduction
in Si:P (at say doped 39% of the way towards the 3D
metal-insulator transition) [66] and is essentially of the scale
of the ac conduction in completely amorphous Nb, Si;_, [74]
alloys. Although in principle this very large scale of the ac
conductivity can follow from the very large D(EF) in SmBg,
the large heat capacity itself is unexplained. Although localized
states at Er can manifest a linear in 7 heat capacity, the heat
capacity of SmBg¢ is many orders of magnitude larger than
any known localization-driven insulator (~10 pJ K=2 mol ™!
for the impurity band in Si:P at ~ 50% of the x. for the
metal-insulator transition [70,71] and ~0.5 mJ K~2 mol~! for
amorphous glasses [72,73]). Additionally, localized states at
Er will more generically result in stretched exponential vari-
able range hopping style activation and not simple activation
in the transport.

Gorshunov et al. claim that sample imperfections manifest
as a slight maximum in the real conductivity at 0.72 THz
(24 cm™") [42]. Although this is an energy scale that matches
the activation energy scale of the dc resistivity above 10 K,
we have observed no such band in any sample measured
in this study. Moreover, Gorshunov et al.’s band was only
a weak maxima, and it is not clear (even if such a band
was present) why it would manifest in the dc data with an
activated temperature dependence. It has also been found that
the activation energy is strongly dependent on pressure [75],
which has no obvious explanation where the activated transport
arises through hopping in an impurity band.

Therefore, one should consider the possibility that these
in-gap states are intrinsic to SmBg¢. The apparent agreement in
the optical conductivity in our measurements between samples
grown by different methods and under varying conditions
suggests a different explanation than impurities. One can see
from Figs. 2 and 3(a) that the low temperature conductivities of
the samples measured in this study vary by—at most—a factor
of 2. Generally, insulating states induced by disorder have
conductivities that are exponentially sensitive to the degree
of impurities, often displaying large variation in physical
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properties upon even small changes to the sample composition.
The apparent lack of dependence upon sample preparation and,
in some cases, doping [46] suggests the intrinsic nature of
these localized states. We remind the reader that the aluminum
flux grown mosaic comprises 10 individual single crystals and
is therefore likely representative of samples grown by this
method.

A number of possibilities exist for ac conduction by an
intrinsic mechanism at low energy. One theory suggests that
a Fermi surface comprising electrically neutral quasiparticles
can exist within the Kondo gap [76,77]. These quasiparticles,
although electrical neutral, may still possess an electrical
dipole moment and therefore conduct at ac frequencies [78].
A separate theory claims that these in-gap localized states
may originate from intrinsic electrons in SmByg that become
self-trapped through interactions with valence fluctuations
[79]. Additionally, a recent torque magnetometry experiment
has claimed to observe unconventional quantum oscillations
stemming from a bulk 3D Fermi surface in SmBg¢ [80]. These
results suggest that the potentially intrinsic nature of our
observed in-gap localized states warrants further consideration
and investigation.

Lastly, we discuss the limits placed on the potential
surface state sheet resistance from our data. As discussed
above, Fig. 3(b) demonstrates that the surface states of
the SmB¢ samples studied must have a sheet resistance of
R > 1000 €2 or they would be detectable in our measurement.
The reported sheet resistance of surface states in SmBg varies
greatly between transport experiments, ranging from 0.1 to
100 €2 [24,26,27]. This wide discrepancy may originate from
the unknown conduction paths in four probe measurements as
current can in principle travel along all surfaces of the sample
or perhaps from differences in surface preparation methods.
A benefit of our optical experiments is that the conduction
paths are precisely known as the measurement geometry is
well defined. Correspondingly, larger values of surface state
sheet resistance are often reported from optical techniques
such as R = 250  [81] in SmB¢ thin films and R ~ 200 2
in Bi;Ses [11,43]. It is unclear if the mechanical polishing
performed on the SmBg samples in this study can account
for such a discrepancy in reported sheet resistance. However,
we point out that while the floating zone single crystals were
mechanically polished on both front and back surfaces, the
aluminum flux grown samples present their as-grown surface
on one side. If high mobility surface states existed then they
would be presumably maintained on this surface of these sam-
ples and observed in our experiment. Moreover, we point out
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that a recent study which investigated the effects of polishing
on surface state resistance found that fine polishing increased
surface resistance as it removed conductive subsurface cracks
in the sample [82]. Correspondingly, the observed surface
resistance on highly polished samples was found to be 2-3 k<2
through surface sensitive Corbino measurements, in agreement
with the R/square > 1 k€2 limit found in this study [82,83].

V. CONCLUSION

In this work we presented a detailed study of the optical
properties of SmBg in the THz frequency range. SmBg single
crystals grown by both optical floating zone and aluminum
flux methods were studied and found to be consistent in
their optical properties. We show, through high resolution
time domain terahertz measurements, that there is substantial
in-gap 3D bulk ac conductivity in SmBg. We discussed the
possible origins of these states and their coupling to the
low energy spin excitons of SmBg in which a coupling
constant of A = 0.047 was found. A modeling of the optical
conductivity concluded that any potential surface states, which
must lie below our detection limit if present, must have a
sheet resistance of R /square > 1000 €2, which is substantially
larger than what has been previously reported. Our results
demonstrate the hybridization gap of SmBg is insulating in dc
transport measurements but in fact displays significant bulk
conduction at finite frequencies.
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