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Abstract
The recent rekindling of interest in themixed valent Kondo insulator SmB6 as candidate for afirst
correlated topological insulator has resulted in awealth of new experimental observations. In
particular, angle-resolved photoemission experiments have provided completely new insights into the
formation of the low temperature Kondo insulating state starting from the high temperature
correlatedmetal. Here, we report detailed temperature and energy dependentmeasurements of the
optical constants of SmB6 in order to provide a detailed study from the point of view of a bulk sensitive
spectroscopic probe.We detect a previously unobserved infrared active optical phononmode,
involving themovement of the Sm ions against the boron cages. The changes taking place in the free
carrier response with temperature and their connection to changes in optical transitions between
different bands are discussed.Wefind that the free charge density starts to decrease rapidly below
approximately 200K. Below 60K a small amount of spectral weight begins to accumulate in low lying
interband transitions, indicating the formation of the Kondo insulating state; however, the total
integrated spectral weight in our experimental window (∼4.35 eV) decreases. This indicates the
involvement of a largeCoulomb interaction (> 5 eV) in the formation of theKondo insulator.

1. Introduction

The enormous interest in SmB6 as thefirst realization of a correlated topological insulator (or in this casemore
precisely a topological Kondo insulator [1, 2]), has resulted in awealth of new information on its electronic
properties and the formation of theKondo insulating state. In a concerted effort to detect the predicted surface
states, several angle-resolved photoemission spectroscopy (ARPES) experiments [3–10], transport experiments
[11–17], and scanning tunnelingmicroscopy experiments [18, 19] have been performed. At the same time, fine
tuning of the crystal growth conditions aswell as comparisons between growthmethods have been reported
[20–22], making it worthwhile to also revisit bulk sensitive probes such as optical spectroscopy. Previous optical
studies [23–29] have provided important information on the formation of theKondo insulating state.

In this article we report reflectivitymeasurements of SmB6, and present an analysis of the optical
conductivity and dielectric function derived from them. As the temperature belowwhich surface states are
expected to become detectable is below the lowest temperature achievable in our setup, we instead focus on the
changes in the optical spectra related to the formation of theKondo insulating state. The room temperature
spectra are characterized by an incoherentmetallic response and several interband transitions. The interband
transitions can be related to LSDA+U calculations [30], where Smhas been taken to have both a 2+ and 3+

valence, providing an indirect signature of themixed valence state of Sm.We also observe for the first time an
infraredmode at 19.4meV that we associate with themotion of Sm ions against the B6 cages. As temperature is
decreased, the incoherentmetallic response first becomesmore coherent but then collapses below
approximately 60–70K. The total amount of spectral weight lost in themetallic response corresponds to
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approximately 0.076 carriers per SmB6 unit and is not recovered in the entire energy range of the experiment
(4.35 eV). Based on a simple calculationwe rule out kinematic effects associatedwith the hybridization gap as the
cause for the lost spectral weight. Instead, we suggest that strong correlation effects, associatedwith the effective
Coulomb interactionU, are responsible for the transfer of spectral weight to very high energies that has thus far
not been observed inmixed valent Kondo insulators.

The paper is organized as follows: in section 2we discuss the experimental details and present an overview of
themain optical features that can be directly inferred from the reflectivity data. In section 3.1, we present the
optical response functions and present an identification of themain features. A detailed analysis of the transfer of
spectral weight is presented in section 3.2. (Our toymodel calculations are presented in the supplementary
onlinematerial (SOM)3.) Finally, in section 4we provide a brief summary and concluding remarks.

2.Methods

A single crystal boule was grownby the floating-zone technique, as detailed previously in [21]. To obtain a large
mirror-like surface, wefirst oriented the as-grown boule using Laue diffraction.We thenmade a slit using spark
erosion, cutting on the side of the crystal along the (100) oriented plane and subsequently cleaved the crystal just
before inserting it in ourUHVcryostat. This resulted in a large (5 mmdiameter)flat surface oriented
perpendicular to the [001]direction.

The reflectivity of SmB6wasmeasured as a function of photon energy (4meV–4.35 eV) and temperature
(14–300K)with 2K steps. Themeasurements were performed using a Bruker vertex 80v Fourier-Transform
infrared spectrometer. The crystal wasmounted in a high-vacuum cryostat (~ -10 9 mbar) that includes in-situ
evaporators to cover the sample with a reference layer. Differentmaterials (e.g. Au, Ag, Al) have been used as
reference layers for different frequency ranges. A detailed description of the experimental procedures, whichwe
used to calibrate the obtained reflectivity, are given in [31].

Reflectivity spectra for selected temperatures are shown infigure 1. Figure 1(a) shows the reflectivity over the
full spectral rangemeasured. Themost prominent changes as function of temperature take place in the low
frequency part of the spectrum (displayed infigure 1(b)). However, at higher photon energies a clear shift of the
plasma edge is visible between 1 and 2 eV. Above the plasma edge several structures in the reflectivity point to
interband transitions. Figure 1(b) shows the reflectivity below 0.2 eV, where the effects due to the formation of
theKondo state at low temperature aremost prominent. Overall the spectral features agreewith previously
published data [25, 27–29], but there are also significant differences aswewill discuss further below. At room
temperature the reflectivity scales according to the expectation for ametal, namely as ( )w w s» -R 1 2 DC

(i.e. Hagen–Rubens behavior), with sDC theDC conductivity.We extracted sDC by fitting theHR relation to the
low energy ( )wR . It agrees towithin a factor 2–3with theDC resistivitymeasured on a different crystal taken
from the same boule (data reported in [6]).

At room temperature, Hagen–Rubens (HR) behavior persists up to about 12meV, butwe expect theHR
scaling to eventually break downbelow a certain temperature due to the opening of the hybridization gap.We
estimate this temperature scale as follows: we fit the low frequency reflectivity to the relation

( ) ( ) ( )w w= -R T A T B T, and determineA(T) andB(T). The functions ( ) =A T 1and ( ) s=B T 4 DC in
theHR limit. FromB(T)we obtain ( )r TDC , while a deviation ofA(T) from1 is taken as an indication for the
opening of the hybridization gap.We can directly compare ( )r TDC obtained fromour fits to the temperature
dependent resistivity reported in [6]. Apart from a (temperature independent) scaling factor≈ 2.7, we obtain
excellent agreement between these twomeasurements if we restrict the photon energy range used in theHRfit
from the lower limit of the data (4meV) up to 12meV. The temperature dependence ofA(T) obtained in this
case is shown in the inset offigure 1(a). The blue shaded area indicates the dependence ofA(T) resulting from
varying the upper bound of the photon energy range (6–30meV) included in thefits. Based on the departure ofA
(T) fromone, we estimate that themetallic response persists down to approximately 60–70K,which is in good
agreementwith estimates of the onset temperature for the formation of theKondo groundstate [32].We note
that this onset temperature increases to about 100K if we include the frequency range up to 30meV, but in this
case the agreement with themeasured ( )r TDC is lost around 150K.

Before proceeding with further analysis we highlight a few observations that can be gleaned directly from the
reflectivity data itself.With decreasing temperature severalminima develop in the reflectivity spectra. An
isobestic point (i.e. a frequency where the reflectivity is temperature independent) is visible at 0.13 eV. Both
above and below this energy,minima start to develop as temperature is lowered. Aswewill see below, both
minima roughly correspond to interband transitions. As temperature decreases below∼ 60K, a thirdminimum
develops at the lowestmeasured energies (starting to become visible around 20meV in the 50K spectrum).

3
See supplementary online information.
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Another feature that becomesmore prominent with decreasing temperature is a phononmode around 19.4
meV, as shown in the inset offigure 1(b). Thismode has been observed for other hexaborides [33–40] and
according to the symmetry of the crystal structure should be theT1u mode. Thismode has thus far not been seen
in the IR spectra of SmB6 [25, 27–29], attesting to the high quality of our single crystal. A symmetry ‘forbidden’
excitationwas observed in recent Raman experiments [41, 42]with a similar energy as our phononmode andwe
suggest that themode observed in theRaman spectra could thus be interpreted as part of the IR optical phonon
branch observed here.We note that themode becomesmore prominent in the reflectivity spectra at low
temperature due to ‘unscreening’. Specifically, the oscillator strength associatedwith thismode remainsmore or
less temperature independent, butwith decreasing temperature the free charge carrier density is reduced
resulting in less effective screening of themode. Finally, we note aweak but noticeable Fano-like asymmetry for
this feature that becomesmore prominent as the hybridization gap opens, similar towhat has been observed in
FeSi [43].

3. Results

Nextwe turn our attention to the complex optical response functions. Thesewere obtained from the reflectivity
data using aKramers–Kronig consistent variational routine [44].When applied to reflectivity data, this
approach is equivalent to aKramers–Kronig transformation, but with slightlymodified low and high frequency
extrapolations (see footnote 3)).We obtain all relevant optical quantities such as the complex optical
conductivity ( ) ( ) ( )s w s w s w= + i1 2 and dielectric function ( ) ( ) ( )  w w w= + i1 2 from the resulting
variational dielectric functionmodel.

Figure 1. (a)The reflectivity of SmB6 at selected temperatures over the full frequency rangemeasured. A small shift in the plasma edge
is visible, as well as temperature dependent changes in theUV range. The inset showsA(T) (discussed in the text). The deviation ofA
(T) from1 indicates the temperature belowwhichHagen-Rubens (HR) behavior is lost. The light shaded region indicates the range of
values obtained forA(T) by changing thefitted frequency range. (b) Low frequency reflectivity at the same temperatures as in panel (a).
With decreasing temperature aminimumdevelops below the isobestic point around 0.13 eV. At the lowestmeasured temperature (14
K) the reflectivity spectra resembles that of a semiconductor. The sharp line visible at low temperature around 20meV is the T1u

vibrationalmode, which is shown inmore detail and at different temperatures in the inset.
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3.1. Complex optical conductivity
Figure 2 presents the real part of the optical constants of SmB6 over the entiremeasured frequency range. In
panel 2(a)we show the dielectric function ( )e w T,1 and in panel 2(b) the optical conductivity ( )s w T,1 for the
same temperatures as the reflectivity data infigure 1. At room temperature, the dielectric function resembles that
of a typicalmetal: negative at low energy and, with the exception of a structure around 125meV,monotonically
increasing as a function of energy.We observe a zero crossing around 1.7 eV at all temperatures, corresponding
to the screened plasma frequency, ( ) ( )w w eº ¥T Tp,scr

2
p
2 . The inset of panel 2(a) shows that wp,scr decreases

with temperature. This decrease is gradual at higher temperatures, but it starts to accelerate below roughly 200K.
Wenote that at lower temperatures the dielectric function displays several additional zero crossings, whichwe
will discuss further below.

At photon energies larger than wp,scr, ( )e w T,1 remains positive with structures up until the highest
measured frequencies. In this range (3–4 eV), the optical conductivity ( )s w T,1 (figure 2(b)) shows a strong
interband transition. The origin of this transition is not entirely clear. According to LSDA+U calculations it can
have a different interpretation depending on the assumed Smvalence [30]. If a divalent Sm2+ configuration is
assumed, the transition involvesmostly B 2p→ Sm5d. Alternatively, it corresponds to amixture of B 2p→ Sm
5d and Sm5d→ Sm4f transitions in the case of trivalent Sm3+.We further observe twoweak structures in the
optical conductivity around 1.5 and 2 eV. These transitions are not explicitly described in [30], but the calculated
optical conductivity for the Sm3+ configuration does show a sharp structure in this range. They seem to originate
from transitions between Sm5d→ Sm5d–4f7 2 states and are exclusive to the trivalent Sm

3+ configuration.
Our data therefore support the presence of some Sm3+ in the system.

Figure 3 presents amore detailed view on ( )e w T,1 and ( )s w T,1 at low photon energy, which allows for a
more careful examination of the temperature dependence in this range. At room temperature the dielectric
function in this photon energy range is always negative; however, as temperature is decreased below 180K, a new
zero-crossing appears, labeled wp,1. If we decrease temperature further, ( )e w T,1 becomes positive over an
extended range. Figure 3(b) shows that for temperatures between room temperature and 180K themain change
in the optical conductivity is a reduction in the spectral weight of theDrude peak.Wewill discuss the detailed
evolution of theDrude spectral weight in the next section.Herewewould like to point out that theDrude peak
has been completely suppressed at 14K pointing to the formation of a gap in the energy spectrum at the Fermi

Figure 2. (a)Dielectric function for selected temperatures (indicated in panel (b)) over the entire frequency range. At room
temperature (red) the dielectric function starts out negative, indicative of a free charge response. As temperature decreases interband
transitions start to dominate the low energy response. A zero crossing around 1.7 eV, corresponding to a transverse plasma oscillation,
is present at all temperatures. The inset shows the temperature dependence of this zero crossing. (b)Optical conductivity at
temperatures indicated. The optical conductivity displays several low energy interband transitions as well as weak structures around
2 eV. Above 2 eV a prominent series of interband transitions appear.

4

New J. Phys. 18 (2016) 123003 ATytarenko et al



level. Below 180K two transitions becomemore prominently visible in ( )s w T,1 : one around 0.11 eV and
another around 0.32 eV, and both increasing in spectral weight as temperature decreases. Atmuch lower
temperatures a third transition becomes evident in ( )s w T,1 around 0.04 eV.

There are several possible origins for these three peaks. The LSDA+U calculations of [30] again predict
several interband transitions in the photon energy range below 1 eV, depending on the Smvalence. However,
several aspects of this interpretation should be noted: First, the experimental transition around 0.3 eV seems to
stemmostly fromoccupied,mixed d–f→ 5d-states for the Sm2+ configuration, but itmay also contain a
component related to Sm5d→ 4f transitions for the Sm3+ configuration. Compared to the experimental data
reported in [27], the centre of this transition is somewhat lower in energy in our case. If this transition indeed has
contributions fromboth Sm2+ and Sm3+, this reduction in the centre of the transition could be understood as
arising froma different average valence and indicating a larger Sm2+ component for our experiments. This
hypothesis is further corroborated by the transition thatwe observe around 0.11 eV. This transition is also
present in the experimental data of [25] and [27], but in those experiments the transition ismuchweaker relative
to the transition at 0.3 eV,whereas in our case it ismuchmore prominent. According to [30], this transition is
between occupied,mixed d–f states and unoccupied Sm5d states that are exclusive to the Sm2+ configuration.
The second aspect of note is that Antonov et al predict that the lowest lying interband transitions occur around
50meV and are between various hybridized Sm5d bands exclusive to the Sm3+ configuration. Thismatches well
with the structure thatwe see evolvingwith temperature just above the optical gap. Asmight be expected, the
lowest energy transitions aremost strongly affected as function of temperature as these bands involve transitions
directly between hybridizing bands.

We conclude this sectionwith some remarks concerning the appearance of the additional zero-crossings in
( ) w T,1 at low temperature, and in particular the low energy crossing labeled wp,1. As the inset of panel 3(a)

shows, this crossing first appears below 180K and quickly shifts to lower energy with decreasing temperature. It
disappears below the lower limit of our experimental range below T 25K, butwe are still able to infer its
approximate energy position fromourDrude-Lorentzmodel. The low temperature value, wp,1(18K)=3.5
meV, agrees reasonably well with the zero crossing reported inGorshunov et al [25]. Although the temperature
dependence of wp,1 does not show signs of changes at a particular temperature, a specific temperature scale can

Figure 3. (a) ( )e w T,1 at selected temperatures (Note the rescaling of the vertical axis by a factor of 1000.). At high temperatures
( )e w T, is negative over the entire range shown. At 180K a new zero crossing, labelled wp,1, occurs around 80meV. As the inset

shows, wp,1 shifts to lower energy with decreasing temperature and ( )e w T,1 becomes positive over an extended range of photon
energies. The red shaded area indicates the approximate energy of the optical gap edge and the blue area indicates the temperature
rangewhere wp,1 drops below this edge. (b)The corresponding ( )s w T,1 .We observe three distinct interband transitions (40, 120 and
300meV) at the lowest temperatures. Note also the narrowDrude peak that is still clearly visible at 50K.
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be defined as follows.With decreasing temperature the low energy spectral weight starts to decrease and an
optical gap begins to form. Asfigure 3(b) shows, the hybridization gap appears to have completely formed
around 50K (based on the appearance of the low energy peak around 0.04 eV).We estimate that the optical gap
is approximately 15–20meVwide, based on the 14K spectrum and using the onset of absorption just below the
phononmode as ameasure. In the inset of figure 3(a)we indicate the approximate size of the optical gap as the
red shaded area and note that the zero crossing in ( )e w T,1 falls below the gap edge at low temperature. The
temperature rangewhere this happens is indicated by the blue shaded area and spans the temperature range
60–80K.

3.2. Spectral weight transfer
Having identified themain features of the optical response functions, we now turn our attention to the
somewhatmore subtle changes in their temperature evolution by presenting an analysis of spectral weight
transfers associatedwith the destruction of themetallic state and the formation of the hybridization gap. As
temperature decreases the hybridization of the d and f states is expected to result in the formation of an energy
gap near (or at) the Fermi level [45]. The formation of this state takes place at the cost ofmobile d-electron states
in favor of a larger occupation of f-electron states and a reduction of theDrude spectral weight results. This can
be quantified by examining the partial integrated spectral weight,

( ) ( )ò s w wW W =
W

W
T TSW , , , d .a b 1

a

b

When applied tomaterials where the optical properties change as function of an external parameter, the integral
is often restricted tofinite frequency intervals in order to detect associated transfers of spectral weight. The
energy range over which these transfers take place can provide information on the interactions involved in the
transition [46–48].

Inspection offigures 2 and 3, allows us to anticipate approximately the relevant energy ranges. The low
energy range is defined by W =a 0meV and W » 75b meV and the temperature dependence of the SW in this
range is shown infigure 4(a). The integrated spectral weight ( )TSW 75 meV, continuously decreases as the
temperature is lowered. Assuming that this depletion can be ascribed entirely to a collapse of theDrude peak, we
use ( ) ( )D = -SW SW 300 K SW 14 K as an estimate of the free carrier density at room temperature. From
figure 4(a)we obtain w p~ D »120 SWp 9850 cm−1, which corresponds to ( )»  ´n 1.08 0.08 10free

21

cm−3 assuming that there is nomass renormalization (e.g. assuming »m 1b at room temperature). This value is
in good agreementwith early estimates of the room temperature carrier density [49]. The error bar on this
numberwas determined using themethod presented in the SOM (see footnote 3). If we express this in terms of
carriers per formula unit, wefind that the loss of spectral weight with decreasing temperature corresponds to
0.076 carriers per SmB6 unit. This reduction is in close agreement with a reduction of the Sm valence observed in
temperature dependent x-ray absorptionmeasurements [50], where the estimated average valence of the Sm
ions changes from2.58 at room temperature to 2.5 at low temperature.

Figure 4. (a), (b) Spectral weight as a function of temperature, integrated up to a cutoff Wc indicated in each panel. The spectral weight
below 75meV is lost, which is not recovered in the fullmeasured experimental range. Note that the vertical axes of the two panels are
chosen such that the relative change is the same for both ( ´4.5 106 W-1 cm−2). (c)–(f) Integrated spectral weight as function of
temperature between two cutoffs indicated in each panel. One thing to note is that in each panel a small amount of spectral weight
increase occurs below approximately 70K. Further details are discussed in the text.
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One expects that theDrudeweight decreases in a simple semiconductor with the chemical potential inside
the band gap (or very close to the bottom/top of a band) as a result of changes in the available phase space for
scattering and the thermal distribution of free carriers. In SmB6 at intermediate temperatures the chemical
potential sits very close to the hybridization zone between themobile d band and the localized f-levels, while at
low temperature the hybridization gap opens at the Fermi level as evidenced by the optical gap. The loss of
spectral weight could therefore result from a similar kinematic effect as that occurring in semiconductors. In the
SOMwe calculate the temperature dependence of the optical constants for such a scenario.

Applying the same analysis of the spectral weight to the calculated optical conductivity shows that theDrude
spectral weight is transferred in the energy range just above the optical gap such that the total spectral weight
remains constant. This is not the case for SmB6 as figure 4(b) shows. If we integrate the optical conductivity over
the entire rangemeasured, wefind that the total integrated spectral weight decreases with about the same
amount. This indicates that a significant amount ofDrude spectral weight is being redistributed to energies well
above∼4.35 eV.Moreover, this effect is well beyondwhat is expected due to simple kinematic effects associated
with the opening of the hybridization gap. This situation is somewhat reminiscent of spectral weight transfers
taking place in the cuprate high Tc superconductors [48]. In the cuprates spectral weight is transferred from low
energy to the scale of the effective Coulomb interaction (≈2–3 eV in the cuprates) as the superconducting gap
opens. For the case at hand, the on-site 4f Coulomb interactionwas estimated to be »U 7eff eV [30]. This is
beyond our experimental window; however, a previous optical experiment byKimura et al [51] indeed shows
interband transitions around 5 and 10 eV.

Our spectral weight analysis suggests that the hybridization between d and f states involves energy scales on
the order of the effective Coulomb interaction. Surprisingly, almost all of theDrude spectral weight lost in the
formation of theKondo insulating state is transferred to this high energy scale. The stark contrast between the
spectral weight redistribution in the experiment and the tight-bindingmodel perhaps serves as an illustration of
the idea [45] that the Kondo insulator can be understood as the largeU version of a hybridized band insulator.
The effective Kondo interaction µ DJ U2 becomes small in the largeU limit. Transfers of spectral weight
involving large energy ranges have been observed in several other Kondo insulators [52, 53], which therefore
seems a generic feature associatedwith the formation of theKondo insulating state. The loss of spectral weight
can therefore be seen as a signature of strong electron-electron interactions and the energy scale over which it is
recovered as ameasure of the effective Coulomb interaction.

The remaining panels offigure 4 demonstrate that the overall reduction of spectral weight ismaskingmore
subtle shifts in spectral weight. For example, the spectral weight of the interband transition around 0.11 eV
increases at low temperatures, as is clearly visible infigure 3(b). To estimate if this is the pile-up of spectral weight
just above the gap edge anticipated above, we calculate the partial sum rule, ( )D TSW , integrated from75 to 140
meV (figure 4(c)). Herewe observe a different trend in spectral weight as function of temperature: the spectral
weight contained in this transition remainsmore or less constant as function of temperature down to
approximately 60–70K, where the spectral weight suddenly begins to increase. This temperature is close to the
temperaturewhere the reflectivity starts to deviate fromHRbehavior (see figure 1(a)), suggesting that the
enhancement of this transition is indeed related to the opening of the hybridization gap. Note, however, the
difference in SW scales. The total Drude spectral weight lost is ´2.55 106 W-1 cm−2, while the increase of
spectral weight around 0.11 eV is of the order of ´0.2 106 W-1 cm−2 (panel 4(c)).Wefind a similar increase in
the range between 0.24 and 1 eV (panel 4(d)). ( )D TSW between 1 and 2.2 eV (figure 4(e)) is relatively weak, with
a change in slope observed as function of temperature. Finally, panel, 4(f), shows ( )D TSW in the range between
2.2 and 4.2 eV. The spectral weight in this transitionmostly decreases with temperature, but a similar change in
slope can be observed around 60–70K, resulting in a small increase of spectral weight of again ´0.2 106 W-1

cm−2. To summarize, the total spectral weight decreases, butwe observe a small increase in spectral weight in all
of the interband transitions as theKondo insulating state forms In the SOM (see footnote 3)we show that this
result is robust against substantial shifts of the experimental reflectivity data and corresponding changes in the
spectral weight analysis.

As discussed above, the interband transitions at 0.11 and 0.32 eV contain a significant component
originating frommixed d−f→ 5d transitions. The increase in spectral weight below 60–70K can therefore
possibly be linked to changes taking place in the hybridization of the d and f states. In recent ARPESworks the
temperature dependence of the d−f hybridizationwas investigated in detail [5, 9]. It has been observed that one
of the f-levels shifts from above (low temperature) to below (high temperature) the Fermi level. The temperature
where this state crosses the Fermi level is approximately 60K, very close to the temperaturewherewe observe
changes taking place in (i) the low energy reflectivity and (ii) the temperature dependence of the integrated
spectral weight. It is possible that the small feature at 0.04 eV just above the gap edge (see figure 3(b)) arises from
interband transitions between these occupied and unoccupiedmixed d−f states, as the energymatches
reasonably well with the splitting observed in [5]. Comparing to our toy-model calculation, this then implies a
hybridization parameter of approximately 20meV. These authors also notice a second effect: namely a loss of the
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‘coherency’ of the f-states with increasing temperature. This change in coherence (observed as changes in the 4f
—amplitude andwidth in the ARPES spectra) is a gradual trend however and not particularly linked to an onset
temperature [5]. It is likely that these changes in coherence are reflected in the smearing of spectral features in the
optical spectra.

4. Summary

Wehave investigated the temperature dependent optical properties of SmB6 in detail. From the reflectivity data
we estimate that the high temperaturemetallic state is destroyed below 60–70K. A new feature observed in the
reflectivity data is a phononmodewith an energy of 19.4meV,which is related to the T1umode associatedwith
the rattling of the Sm ion against the boron cages. An analysis of the optical spectra shows that the destruction of
themetallic state is a gradual trend, with an approximate onset temperature around 200K. A comparison of the
measured interband transitions and LSDA+U calculations indicates the presence of ionswith varying valence in
thismaterial. The destruction of themetallic state is accompanied by a loss of low energy (Drude) spectral weight
that is not recovered in the experimental rangemeasured. In contrast, a representative tight-bindingmodel
calculation shows that this spectral weight should be recovered on an energy scale corresponding to the
hybridization strength of the d and f-states. Our analysis suggests that this spectral weight is instead shifted over
an energy range involving the effective Coulomb interaction ( »Ueff 7 eV).We suggest that this is a signature of
the important role played by strong electron-electron interactions in thismaterial.

Acknowledgments

EvHwould like to thank SVRamankutty,M SGolden, YuPan andAdeVisser for fruitful discussions and the
IoP for support. SJ was supported by theUniversity of Tennessee Science Alliance JDRDprogram; a
collaborationwithOakRidgeNational Laboratory.

References

[1] DzeroM, SunK,Galitski V andColeman P 2010Phys. Rev. Lett. 104 106408
[2] DzeroM,Xia J, Galitski V andColemanP 2016Annu. Rev. Condens.Matter Phys. 7 249
[3] Jiang J et al 2013Nat. Commun. 4 3010
[4] ZhuZH,NicolaouA, LevyG, ButchNP, Syers P,WangXF, Paglione J, SawatzkyGA, Elfimov I S andDamascelli A 2013Phys. Rev.

Lett. 111 216402
[5] Denlinger J D, Allen JW,Kang J S, SunK,Kim JW, Shim JH,Min B I, KimD-J and Fisk Z 2013arXiv:1312.6637v2
[6] Frantzeskakis E et al 2013Phys. Rev.X 3 041024
[7] XuN et al 2014Phys. Rev.B 90 085148
[8] XuN et al 2014Nat. Commun. 5 4566
[9] MinC-H, Lutz P, Fiedler S, Kang BY, ChoBK, KimHD, BentmannHandReinert F 2014Phys. Rev. Lett. 112 226402
[10] Denlinger J D, Allen JW,Kang J-S, SunK,Min B-I, KimD-J and Fisk Z 2014 JPSConf. Proc. 3 017038
[11] Wolgast S, KurdakÇ, SunK, Allen JW,KimD-J and Fisk Z 2013Phys. Rev.B 88 180405
[12] KimD J, Thomas S, Grant T, Botimer J, Fisk Z andXia J 2013 Sci. Rep. 3 3150
[13] ZhangX, ButchNP, Syers P, Ziemak S, Greene RL and Paglione J 2013Phys. Rev.X 3 011011
[14] Syers P, KimD, FuhrerMS and Paglione J 2015Phys. Rev. Lett. 114 096601
[15] LuoY, ChenH,Dai J, XuZ-A andThompson JD 2015Phys. Rev.B 91 075130
[16] Chen F et al 2015Phys. Rev.B 91 205133
[17] TanB S et al 2015 Science 349 287
[18] RuanW,YeC,GuoM,Chen F, ChenX, ZhangG-MandWang Y 2014Phys. Rev. Lett. 112 136401
[19] Rossler S, Jang TH, KimD J, Tjeng LH, Fisk Z, Steglich F andWirth S 2014Proc. Natl Acad. Sci. 111 4798
[20] HatneanMC, LeesMR, PaulDMKandBalakrishnanG2013 Sci. Rep. 3 3071
[21] Bao LH, TegusO, Zhang J X, ZhangX andHuangYK 2013 J. Alloys Compd. 558 39
[22] PhelanWA et al 2016 Sci. Rep. 6 20860
[23] Kierzek-Pecold E 1969Phys. Status Solidi b 33 523
[24] Allen JW,Martin RM,Batlogg B andWachter P 1978 J. Appl. Phys. 49 2078
[25] Gorshunov B, SluchankoN,Volkov A,DresselM,Knebel G, Loidl A andKunii S 1999Phys. Rev.B 59 1808
[26] SluchankoNE et al 2000Phys. Rev.B 61 9906
[27] NanbaT,OhtaH,MotokawaM,Kimura S, Kunii S andKasuya T 1993PhysicaB 186 440
[28] HudákováN, Farkašovský P, Flachbart K, PadernoY and ShitsevalovaN2004Czech. J. Phys. 54 339
[29] Travaglini G andWachter P 1984Phys. Rev.B 29 893
[30] AntonovVN,HarmonBNandYaresko AN2002Phys. Rev.B 66 165209
[31] TytarenkoA,Huang Y, deVisser A, Johnston S and vanHeumenE 2015 Sci. Rep. 5 12421
[32] Caldwell T, Reyes A P,MoultonWG,Kuhns P L,HochM JR, SchlottmannP and Fisk Z 2007Phys. Rev.B 75 075106
[33] Kimura S-I, NanbaT, Kunii S andKasuyaT 1991 J. Phys. Soc. Japan. 61 371
[34] Degiorgi L, Felder E,OttHR, Sarrao J L and Fisk Z 1997Phys. Rev. Lett. 79 5134
[35] OttHR,ChernikovM, Felder E, Degiorgi L,Moshopoulou EG, Sarrao J L and Fisk Z 1997Z. Phys.B 102 337
[36] Vonlanthen P, Felder E, Degiorgi L,OttHR, YoungDP, Bianchi AD and Fisk Z 2000Phys. Rev.B 62 10076

8

New J. Phys. 18 (2016) 123003 ATytarenko et al

http://dx.doi.org/10.1103/PhysRevLett.104.106408
http://dx.doi.org/10.1146/annurev-conmatphys-031214-014749
http://dx.doi.org/doi:10.1038/ncomms4010
http://dx.doi.org/10.1103/PhysRevLett.111.216402
http://arxiv.org/abs/1312.6637v2
http://dx.doi.org/https://doi.org/10.1103/PhysRevX.3.041024
http://dx.doi.org/10.1103/PhysRevB.90.085148
http://dx.doi.org/doi:10.1038/ncomms5566
http://dx.doi.org/10.1103/PhysRevLett.112.226402
http://dx.doi.org/10.7566/JPSCP.3.017038
http://dx.doi.org/10.1103/PhysRevB.88.180405
http://dx.doi.org/doi:10.1038/srep03150
http://dx.doi.org/https://doi.org/10.1103/PhysRevX.3.011011
http://dx.doi.org/10.1103/PhysRevLett.114.096601
http://dx.doi.org/10.1103/PhysRevB.91.075130
http://dx.doi.org/10.1103/PhysRevB.91.205133
http://dx.doi.org/10.1126/science.aaa7974
http://dx.doi.org/10.1103/PhysRevLett.112.136401
http://dx.doi.org/10.1073/pnas.1402643111
http://dx.doi.org/doi: 10.1038/srep03071
http://dx.doi.org/10.1016/j.jallcom.2012.11.098
http://dx.doi.org/10.1038/srep20860
http://dx.doi.org/10.1002/pssb.19690330204
http://dx.doi.org/10.1063/1.324745
http://dx.doi.org/10.1103/PhysRevB.59.1808
http://dx.doi.org/10.1103/PhysRevB.61.9906
http://dx.doi.org/10.1016/0921-4526(93)90598-Z
http://dx.doi.org/10.1007/s10582-004-0096-1
http://dx.doi.org/10.1103/PhysRevB.29.893
http://dx.doi.org/10.1103/PhysRevB.66.165209
http://dx.doi.org/10.1038/srep12421
http://dx.doi.org/10.1103/PhysRevB.75.075106
http://dx.doi.org/10.1143/JPSJ.61.371
http://dx.doi.org/10.1103/PhysRevLett.79.5134
http://dx.doi.org/10.1007/s002570050297
http://dx.doi.org/10.1103/PhysRevB.62.10076


[37] WerheitH, AuT, Schmechel R, PadernoYB andKonovalova E S 2000 J. Solid State Chem. 154 87
[38] ChoBK, Rhyee J-S, OhBH, JungMH,KimHC, YoonYK,Kim JH and Ekino T 2004Phys. Rev.B 69 113202
[39] Perucchi A, CaimiG,OttHR,Degiorgi L, Bianchi AD and Fisk Z 2004Phys. Rev. Lett. 92 067401
[40] Kim J-H, Lee Y,HomesCC, Rhyee J-S, Cho BK,Oh S J andChoi E J 2005Phys. Rev.B 71 075105
[41] Nyhus P, Cooper S L, Fisk Z and Sarrao J 1995Phys. Rev.B 52R14308
[42] ValentineME,Koohpayeh S, PhelanWA,McQueenTM,Rosa P F S, Fisk Z andDrichkoN2016 Phys. Rev.B 94 075012
[43] Damascelli A, Schulte K, VanDerMarel D andMenovskyA 1997Phys. Rev.B 55R4863
[44] KuzmenkoAB 2005Rev. Sci. Instrum. 76 083108
[45] Martin RMandAllen JW1979 J. Appl. Phys. 50 7561
[46] Katsufuji T,Okimoto Y andTokura Y 1995Phys. Rev. Lett. 75 3497
[47] RozenbergM J, Kotliar G andKajueterH 1996Phys. Rev.B 54 8452
[48] MolegraafH J A, Presura C,VanDerMarel D, Kes PH and LiM2002 Science 295 2239
[49] Allen JW, Batlogg B andWachter P 1979Phys. Rev.B 20 4807
[50] MizumakiM, Tsutsui S and Iga F 2009 J. Phys. Conf. Ser. 176 012034
[51] Kimura S I, Nanba T, Kunii S andKasuya T 1994Phys. Rev.B 50 1406
[52] Bucher B, Schlesinger Z, Canfield PC and Fisk Z 1994Phys. Rev. Lett. 72 522
[53] Schlesinger Z, Fisk Z, ZhangH-T,MapleMB,DiTusa J andAeppli G 1993Phys. Rev. Lett. 71 1748

9

New J. Phys. 18 (2016) 123003 ATytarenko et al

http://dx.doi.org/10.1006/jssc.2000.8816
http://dx.doi.org/10.1103/PhysRevB.69.113202
http://dx.doi.org/10.1103/PhysRevLett.92.067401
http://dx.doi.org/10.1103/PhysRevB.71.075105
http://dx.doi.org/10.1103/PhysRevB.52.R14308
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.94.075102
http://dx.doi.org/10.1103/PhysRevB.55.R4863
http://dx.doi.org/10.1063/1.1979470
http://dx.doi.org/10.1063/1.326765
http://dx.doi.org/10.1103/PhysRevLett.75.3497
http://dx.doi.org/10.1103/PhysRevB.54.8452
http://dx.doi.org/10.1126/science.1069947
http://dx.doi.org/10.1103/PhysRevB.20.4807
http://dx.doi.org/10.1088/1742-6596/176/1/012034
http://dx.doi.org/10.1103/PhysRevB.50.1406
http://dx.doi.org/10.1103/PhysRevLett.72.522
http://dx.doi.org/10.1103/PhysRevLett.71.1748

	1. Introduction
	2. Methods
	3. Results
	3.1. Complex optical conductivity
	3.2. Spectral weight transfer

	4. Summary
	Acknowledgments
	References



