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Low-energy excitations of the correlation-gap insulator SmB6: A light-scattering study
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We present the results of Raman scattering studies of single-crystal SmB6 for temperatures down to 4 K and
in magnetic fields up to 8 T. At temperatures belowT*;50 K the electronic Raman continuum exhibits an
abrupt redistribution of scattering intensity around a temperature-independent~‘‘isobestic’’! energy, Dc

;290 cm21, reflecting the opening of a pseudogap which is larger than previously suggested by transport
measurements. Additionally, the Raman response exhibits at least four well-defined excitations within the gap
below T* . The field dependencies of some of these in-gap states are consistent with the expectedg factor
(geff52/7) for the Sm31 G8 level, suggesting that these gap edge states are crystal-electric-field excitations of
the Sm31 ion split by magnetoelastic coupling.@S0163-1829~97!12717-5#
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I. INTRODUCTION

A significant amount of condensed-matter research in
past two decades has been devoted to studying strongly
related systems such as high-Tc cuprates, heavy-fermion
compounds, Kondo insulators, and colossal magnetore
tance compounds, all of which are characterized by str
electron-electron and electron-phonon interactions wh
generate complex and varied ground and excited sta
There has been particular interest recently in low carrier d
sity Kondo systems such as Ce3Bi4Pt3, YbB12, CeNiSn,
SmS, and SmB6;

1 these materials behave like Kondo meta
at high temperatures, but exhibit below a characteristic te
peratureT* evidence for a small gap~or pseudogap! in the
density of states, a nearly exponential suppression of
magnetic susceptibility, and in some cases strong elect
phonon coupling effects. That the gaps in these mater
result from many-body, as opposed to band-structure, eff
is supported in part by the observation that the energy sc
D, below which electronic states are renormalized by g
development in materials such as Ce3Bi4Pt3 and SmB6 is as
much as 5–10 times larger than the characteristic temp
ture for gap development,T* .2,3

SmB6 is one of the most widely studied of these lo
carrier density Kondo systems. In the late 1960s, it was
ognized that SmB6 is homogeneous mixed-valent, wit
Mössbauer isomer shift,4 lattice parameter, x-ray
absorption,5 and magnetic susceptibility measurements6,7

showing that the Samarium ion at a single-crystallograp
site fluctuates between two valence states, Sm21 and Sm31,
with a relative abundance of approximately 30 and 70
respectively. The observation of a semiconductorl
resistivity6,8,9 and a four-order-of-magnitude decrease in
carrier density between room temperature and 4 K~Ref. 9!
first suggested the presence of a small gap in the densi
states (D;50 K) at low temperatures in SmB6. Direct spec-
troscopic probes, including infrared transmission10,11 and
reflectivity,12 point contact spectroscopy,13 and NMR
550163-1829/97/55~18!/12488~9!/$10.00
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measurements,14,15 confirmed the presence of a gap
SmB6 with an energyD;30–150 cm21. Similar gap ener-
gies have been inferred from specific-heat,16 thermal
expansion,17 and elastic parameter measurements.18 The
magnetic susceptibility of SmB6 is also interesting, exhibit-
ing behavior typical of intermediate-valence compounds,
cluding Curie-Weiss behavior forT@T* , a broad maximum
nearT* , and a rapid decrease in the susceptibility asT→0
~Refs. 6 and 7! ~a low-temperature,T,10 K, Curie tail often
observed in measurements of SmB6 is generally attributed to
the presence of impurities!.

A number of models have been proposed to account
the low-temperature properties of SmB6. The mixed-valence
nature of SmB6 arises because the Sm 4f 6 (Sm21) configu-
ration lies close to the Fermi energy, allowing the 4f elec-
trons to easily delocalize into thed band. Mott first sug-
gested that the gap observed in systems such as SmB6 forms
when the dispersionlessf -level hybridizes with the broad
conduction band.19 This so-called ‘‘hybridization gap’’ pic-
ture is typically described using the one-dimensional pe
odic Anderson model~PAM! Hamiltonian at half-filling. In
the absence of a strong on-site Coulomb interaction,U→0,
the PAM predicts a gap in the density of states due to coh
ent on-site hybridization between thef -level and the broad
5d-6s conduction band. One expects in this regime a sm
indirect gap associated withf - f -type transitions, as well as
an optically-active directf -d gap at higher energies. In th
strong-coupling regime (J→`), the PAM maps onto the
Kondo lattice model, which in one-dimension has a grou
state consisting of a lattice of local Kondo singlets compris
of conduction electrons bound to the localized magnetic m
ments. In this strong-coupling regime, excitations from t
ground state include charge-gap excitations,Dc , associated
with the unbinding of the conduction electron, and spin-g
excitations,Ds , between bound spin-singlet and -triplet co
figurations. Calculations of the one-dimensional~1D! asym-
metric PAM indicate that the charge-gap energy can be
12 488 © 1997 The American Physical Society
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55 12 489LOW-ENERGY EXCITATIONS OF THE CORRELATION- . . .
nificantly larger than the spin-gap energy,Dc;1.5Ds
22Ds , in this regime.20,21

Unfortunately, the 1D PAM model has limited success
describing the observed excitation spectrum of putative ‘‘
bridization gap’’ systems such as SmB6. For example, Ra-
man scattering measurements have shown that the chara
istic temperature for gap development in SmB6, T*;50 K3

is substantially smaller than the energy scale~D! over which
electronic states are affected, i.e.,D;8kBTc , reflecting a
‘‘phase-transition’’-like character to gap development
SmB6 which is not clearly described by the 1D PAM mode
Similar behavior has also been observed in reflectance m
surements of Ce3Bi4Pt3.

2 Both neutron-scattering22 and
Raman-scattering3 measurements of SmB6 also reveal the
presence of a 130-cm21 in-gap resonance whose energy
roughly half of the gap energy observed in Raman scatter
that this excitation cannot be attributed to the simple sing
to-triplet (J50→J51) ‘‘spin-gap’’ transition anticipated
by 1D PAM calculations, however, is verified by theE,
rather thanT1 , symmetry observed for this excitation i
these studies. An additional complication for 1D model p
dictions is that the neutron-scattering intensity of t
130-cm21 in-gap resonance in SmB6 exhibits a rapidQ de-
pendence and a strong angular anisotropy, possibly ind
ing a substantiald-band character associated with this sta
Indeed, Kikoin and Mishchenko have suggested that this
citation involves a transition between 4f 55d excitonic con-
figurations.

Notably, several other interpretations of the ground a
excited states in SmB6 have been proposed, all stressing im
portant features of low carrier Kondo systems which are
described by more conventional models such as the PA
For example, Kasuyaet al.16 emphasize the importance o
the small carrier density in SmB6, arguing that the conse
quent enhancement of the Coulomb interaction energy r
tive to the kinetic energy makes conditions favorable
Wigner crystallization at low temperatures. Additionall
Kikoin and Mishchenko23 ~KM ! have stressed the impo
tance ofd- f excitonic correlations in mixed-valence sy
tems, proposing that SmB6 and the high-pressure phase
SmS are unstable towards the formation of mixed-vale
excitonic excited and ground states involving a 5d electron
on nearest-neighbor Sm sites bound to a 4f hole on a central
Sm atom. KM further suggest that these excitonic states h
associated polaronic effects, since the large difference in
ionic radii of Sm21 and Sm31, combined with the compa
rable energy scales of slow charge~valence! fluctuations and
lattice vibrations, are conductive to strong electron-latt
coupling. Indeed, it is important to point out in this rega
that SmB6 exhibits numerous phonon anomalies compared
stable-valence isostructural rare-earth hexaborides. For
ample, neutron-scattering studies of SmB6 reveal several lat-
tice anomalies, including a softening of most phonon mo
in SmB6 compared to those of isostructural, integral valen
LaB6, anomalous dips in the dispersion of the LA phonons
the @jj0# and @jjj# directions, and the existence of dispe
sionless ‘‘gap’’ modes between the acoustic and opt
branches.24 Raman scattering experiments25,26 also show an
‘‘extra’’ phonon mode in SmB6 which has been attributed t
polaronic effects, and elastic measurements18,27 find that the
bulk modulus and the longitudinal elastic constant,c11, in
t
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SmB6 are anomalously soft compared with the reference m
terial LaB6. ‘‘Soft’’ and ‘‘extra’’ modes are also observed in
other semiconducting intermediate valence compounds s
as Sm0.75Y0.25S, ‘‘gold’’ SmS, and TmSe,

28–30providing evi-
dence that these lattice anomalies are a generic consequ
of the complex electronic state of these materials. Nota
however, no evidence for polaronic effects has been
served in Sm0.75Y0.25S by x-ray-diffraction techniques,31 al-
though similar measurements have, to our knowledge,
yet been performed in SmB6.

In this paper, we report a detailed Raman-scattering
vestigation of the unconventional lattice and electronic pr
erties of SmB6. The complex interplay between electroni
spin, and lattice excitations in systems such as SmB6 is natu-
rally studied by Raman scattering, which not only offers
alternative to infrared spectroscopy as a direct means
probing energy gap development in this material, but a
affords energy and symmetry information about other lo
frequency excitations that may be important in ‘‘hybridiz
tion gap’’ systems, including crystal-field excitations, exc
tons, and anomalous phonons. As noted previously,
earlier Raman-scattering studies3 showed not only that gap
formation in SmB6 involves a suppression of electronic sca
tering to energies as high asD;290 cm21, an energy which
is much larger than the gap inferred from transport meas
ments, but also that gap development in SmB6 occurs at tem-
peratures much lower than the characteristic gap energyD
;8kBT* . In the more complete study presented here,
explore in greater detail the temperature-, symmetry-,
magnetic-field dependence of the gap in SmB6. We also
present a more complete investigation of the low-freque
in-gap resonance observed earlier in SmB6, showing in par-
ticular that there is substantial ‘‘fine structure’’ associat
with low-temperature in-gap states in SmB6 which we be-
lieve reveals the substantial influence of local lattice dist
tions on the low-energy electronic states in this system.

II. EXPERIMENT

The cubic single crystals in this study were grown fro
an aluminum flux and measured typically 0.5–1.0 mm alo
the edges. The experiments described in this paper were
formed using two different Raman systems. Most of t
zero-field measurements were made with a SPEX 1877
tractive triple spectrometer and an attached liquid-nitrog
cooled Princeton Instruments CCD. Samples were exc
with 20 mW of the linearly polarized 5145-Å line of a
argon-ion laser incident on the sample at a pseudo-Brew
angle. The light was focused to a spot;100mm in diameter.
A TRI liquid-helium bath cryostat cooled the samples dow
to 4 K. Spectra were obtained with the incident and scatte
light polarized in the following configurations in order t
identify the symmetries of the excitations studied: (Ei ,Es)
5(x,x),A1g1Eg ; (Ei ,Es)5(x,y),T1g1T2g ; (Ei ,Es)5(x
1y,x1y),A1g11/4Eg1T2g ; (Ei ,Es)5(x1y,x2y),3/4Eg
1T1g ; where Ei and Es are the incident and scattere
electric-field polarizations, respectively,x andy are the@100#
and @010# crystal directions, respectively, andA1g(G1

1),
Eg(G3

1), andT2g /T1g(G5
1/G4

1), are the singly, doubly, and
triply degenerate irreducible representations of the Sm6
space group (Oh

1-Pm3m), respectively.
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The magnetic-field experiments were carried out in a t
backscattering geometry using a modified subtractive tr
spectrometer with a Photometrics liquid-nitrogen-coo
CCD. The sample was cooled down to 1.5 K in a pump
Oxford flow cryostat which was mounted in the bore of
Oxford superconducting magnet. We used 10 mW of
linearly polarized 6471 Å krypton ion laser line for the zer
field measurements and circularly polarized light for t
field-dependence measurements. The magnetic-field sp
were taken in the~RCP,LCP! and ~RCP,RCP! geometries,
where RCP and LCP refer to right and left circular polariz
tion, respectively. The use of circularly polarized light w
necessary for these magnetic-field measurements becaus
Faraday effect causes mixing of Raman symmetries for
early polarized light. Circularly polarized laser light was o
tained with a polarizing cube and a Berek compensator
timized for the frequency of the laser line. We analyzed
scattered light with a broadband quarter wave plate an
polarizing cube.

III. RESULTS AND DISCUSSION

A. Phonons and phonon anomalies

The room-temperatureunpolarizedRaman spectrum o
SmB6 shown in Fig. 1~a! exhibits four previously studied
lattice modes and an electronic continuum which rises
early up to a peak near 1000 cm21. We verified that the
electronic continuum is indeed inelastic scattering, rat
than luminescence, by exciting the samples with several l
excitation lines ranging from 6471 to 4765 Å and confirmi
that the continuum shifts appropriately for all excitatio
lines. The three first-order Raman-allowed modes in Sm6
@see Fig. 1~a!# are observed at 730, 1100, and 1200 cm21 and
have symmetriesT2g , Eg , andA1g , respectively. All these
modes involve the displacement of boron atoms; the Sm
is at a site of inversion symmetry and cannot contribute
first-order phonon Raman scattering.

A fourth peak with mainlyEg symmetry is also observe
at 170 cm21. This ‘‘extra’’ mode is not allowed by the
Pm3m space group in first-order Raman scattering, and
particularly unusual in that it exhibits nearly an order
magnitude decrease in intensity between 300 and 4025

Similar modes have also been observed in the isostruc
rare-earth hexaborides LaB6, CeB6, and NdB6, ~Ref. 32! but
in SmB6 the ‘‘extra’’ mode is significantly softer. Mo¨rke
et al. originally attributed the 170-cm21 mode in SmB6 to
defect-allowed Raman scattering.25 However, this interpreta-
tion does not account for the unusual temperature dep
dence of this excitation, for the fact that this mode is o
served with undiminished strength even in the highe
quality samples, or for the absence of first-order defe
induced scattering in SmB6, a feature typically observed in
systems with strong defect scattering.33 Rather, our
temperature-dependence studies are consistent with re
measurements of SmB6 ~Ref. 26! which suggest that the low
frequency phonon Raman peak is largely due to two-pho
scattering. For example, Fig. 1~b! clearly shows that the in
tensity of the 170-cm21 mode,S(v), has a temperature de
pendence consistent with a two-particle thermal factor,
S(v);@11n(v/2)#2. Also, the position of the 170-cm21
e
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peak is very close to twice the energy of longitudinal aco
tic phonons observed near the edge of the Brillouin zone
neutron scattering.

The strong second-order phonon Raman scattering
served in SmB6 is likely due to the same strong electro
phonon coupling effects that cause anomalies in the pho
dispersion curves of this compound. Klein has shown, in
context of narrowd-band systems such as TiN, TaC, a
NbSe2, that the two-phonon Raman matrix element is p
portional under appropriate circumstances to the pho
self-energy associated with coupling to narrow-band el
trons near the Fermi level,pq5vq2vq0 , wherevq and
vq0 are the renormalized and unrenormalized phonon
quencies, respectively.34 The two-phonon overtone Raman
scattering cross section,R(2vq), is, in such cases, directly
proportional to the square of the phonon self-ener
R(2vq)}upqu2. In mixed-valence rare-earth systems such
SmB6, strong phonon anomalies are expected due to

FIG. 1. ~a! The unpolarized Raman response function of Sm6
at 300 K, exhibiting~i! a linear continuum at low frequencies,~ii !
T2g (730 cm

21), Eg (1148 cm
21), andA1g (1280 cm

21) Raman-
active optical phonons,~iii ! and an ‘‘extra’’ mode at 174 cm21. ~b!
The 174 cm21 mode intensity at 300, 40, and 4 K, illustrating
two-phonon temperature dependence. A two-phonon overtone
mal factor,@11n(v/2)#25@12exp(2\v/2kBT)#

22, has been di-
vided from each spectrum and the spectra have been offse
comparison. The resulting integrated spectral weight of the
cm21 mode changes little from 300 to 4 K, consistent with t
interpretation of this mode as a two-phonon process. The pe
between;130 and;145 cm21 in the 4 K spectrum are the low
temperature bound-state modes discussed in text.
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55 12 491LOW-ENERGY EXCITATIONS OF THE CORRELATION- . . .
strong coupling between lattice deformations and the fluc
ating 4f -5d charge shells of the rare-earth~Sm! ion.
Neutron-scattering studies of SmB6 show that phonon
anomalies in this system are strongest for longitudinal aco
tic phonons in the@110# and @111# directions in the second
half of the Brillouin zone where the dispersion is flat.24 In the
two-phonon Raman-scattering response, this should we
most heavily a narrow energy range of high-energy acou
phonons in the second half of the Brillouin zone, account
not only for the relative sharpness of the two-phonon sc
tering peak in SmB6, but also for both the appearance
two-phonon scattering at roughly twice the energy of
most energetic acoustic phonons, and the absence of
phonon scattering at lower frequencies.

Using a generalized charge-density distortion mod
wherein an intermediate-valence excitonic state with soft
lence fluctuations resonantly couples to different distortio
of the lattice around the Sm31 ion, Kikoin and Mishchenko
~KM ! have provided perhaps the most detailed interpreta
of the origin of the unusual lattice properties of SmB6.

35–37

KM find that the anomalies associated with the longitudi
acoustic phonons in the@110# and @111# directions in the
second half of the Brillouin zone can be well described
monopolar (G1

1) shell distortions associated with charg
fluctuations between mixed-valence excitonic states,Cg,e

54 f 664 f 55d̃,34 whered̃ represents an extendedd state in-
volving a superposition ofd orbitals on nearest-neighbor S
sites. Notably, the nonadiabatic coupling between phon
and charge fluctuations implicit in the KM model is als
expected to give rise to hybrid excitations associated w
both coherent and incoherent exciton-polarons.36 For ex-
ample, in the KM picture, incoherent polaronic distortio
act like defects in the force constants of the crystal at te
peratures above;20 K, giving rise to local modes such a
the 150-cm21 dispersionless ‘‘extra’’ vibrational mode ob
served in neutron-scattering studies of SmB6.

24

The KM model also predicts that SmB6 and similar
mixed-valence systems should evidence ‘‘local transition
between coherent exciton-polaron states involving propa
ing charge-density distortions resonantly coupled to io
displacements. Recently, Lemmenset al. reported aT2g con-
tribution in the Raman spectra of SmB6 near the 170-cm21

‘‘extra’’ mode which they attribute to such a local transitio
It is not clear from our results if we see such aT2g contri-
bution in SmB6. However, we have looked at the temper
ture dependence of the 170-cm21 mode, finding that while
the integrated spectral weight under this mode is well
scribed by the two-phonon overtone thermal factor,S(v)
;@12exp(\v/2kT)#22R9(v), there are at least two distinc
components associated with this mode: a high-energy c
ponent near 180 cm21 with a strongly temperature
dependent damping rate below 50 K, and a low-energy c
ponent near 165 cm21 with a nearly temperature
independent linewidth@see Fig. 1~b!#. The sudden decreas
in the damping rate of the 180 cm21 component belowT*
;60 K does appear to betray a strong coupling of this ex
tation to low-energy charge degrees of freedom in SmB6 ~the
relaxation of lattice modes due to traditional two-phonon
cay should change little with temperature at low tempe
-
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tures!; unfortunately, our results do not reveal enough deta
about the nature of this coupling for a useful comparison
predictions of the KM model.

B. Gap development in SmB6

1. Temperature dependence

The temperature dependence of the electronic Ram
continuum in SmB6 is shown in Fig. 2. The low-frequenc
(v,500 cm21) continuum exhibits very little temperatur
dependence between 300 and 60 K. BelowT*;50–60 K,
however, electronic scattering intensity below 290 cm21 is
rapidly suppressed and redistributed to higher energies~with
a peak energy of;330 cm21,! reflecting the development o
a gap, or pseudogap, in the low-frequency excitation sp
trum of SmB6. The characteristic temperature,T* , associ-
ated with gap development in Fig. 2 corresponds closely
the temperature at which the magnetic susceptibility has
maximum value,6,8 and below which the resistivity increase
with decreasing temperature.6,8 Remarkably, the temperatur
dependence of the electronic Raman continuum in SmB6 is
characterized by a temperature-independent energy
‘‘isobestic’’ point, Dc;290 cm21, across which electronic
spectral weight is systematically transferred as the gap
velops belowT* . Figure 2 also shows that the developme
of the gap in the electronic scattering response is accom
nied by the appearance of a sharpEg symmetry in-gap reso-
nance which will be discussed in greater detail later.

While the development of a gap in SmB6 has been ob-
served in other measurements such as infrared reflecti

FIG. 2. Comparison of the low-frequencyA1g1Eg symmetry
Raman-scattering response function of SmB6, R9(v)5S(v)/@1
1n(v)#, from 70 to 15 K where @11n(v)#5@12
exp(2\v/kBT)#21 is the thermal factor. The scattering response
suppressed below an isobestic pointDc;290 cm21, and redistrib-
uted aboveDc between;300 and 400 cm21 as the gap develops
Also evident in the 15 and 30 K spectra is theEg(G3

1) bound-state
peak near 130 cm21 which develops as the pseudogap forms. T
inset shows comparison of the temperature dependence of
isobestic point (Dc) and the change in integrated spectral weight
gap,DI (T)/DI (15 K) ~d!. The spectral weight of each spectrum
integrated up toDc and does not include the bound-state contrib
tions.Dc ~h1! is the energy below which the spectrum loses intens
compared to the spectrum at the next highest temperature.
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transport, NMR, and point contact spectroscopy, our Ram
scattering results exhibit several interesting features wh
have not been revealed by other techniques. First, altho
transport and infrared transmission measurements of S6
have infrared gaps of 30 and 140 cm21, respectively, the
Raman results shown in Fig. 2 demonstrate that gap de
opment in SmB6 influences electronic states up to a mu
larger energy,Dc;290 cm21, than is indicated by othe
measurements. Figure 3 shows in greater detail the influe
of gap development on the low-frequency (,130 cm21)
electronic scattering in SmB6. Over the frequency rang
shown in Fig. 3 (15–160 cm21) gap development results i
an abrupt, uniform suppression of electronic scattering; th
is no feature in this spectrum at the reported energy of
transport gap,D tr;30 cm21, and only a slight ‘‘kink’’ in the
slope of the Raman spectrum near the energy of the repo
optical gapDopt;130 cm21. Thus, while the nearly com
plete suppression of electronic scattering due to gap for
tion is only observed forv,130 cm21, Figs. 2 and 3 illus-
trate that gap development in SmB6 influences electronic
states up to much higher energies;290 cm21. Notably, in-
frared measurements of SmB6 not only reveal a low-
temperature (T,T* ) transmission onset below 110 cm21,
but also clearly show that the opening of the gap in Sm6
causes a partial suppression of the optical conductivity u
much higher energies,;240 cm21, in reasonable agreemen
with our Raman results.

As we have reported previously,3 a second significant fea
ture of the low-temperature results in Figs. 1~b! and 2 is that
the characteristic energy associated with gap developm
defined by the isobestic point nearDc;290 cm21 ~see Fig.
2!, is nearly an order of magnitude larger than the charac
istic temperature (T* ) below which the gap develops, i.e
Dc;8kBT* . This behavior is more clearly illustrated in th
inset of Fig. 2, which compares as a function of temperat
the characteristic energy below which electronic scatterin

FIG. 3. In-gap resonances at 4 K, showing at least four peak
0 T, including Eg(131 cm

21), T2g(142 cm
21), T1g(135 cm

21),
and a weak fourth mode ofT2g or T1g symmetry below
130 cm21. The dashed lines compare the Raman response at 4
n-
h
gh
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nt,
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e
is

suppressed,Dc , to the fractional change in the integrate
electronic scattering strength belowDc , DI (T)/DI (T
515 K!, where DI (T)5I (T)2I ~110 K!, and I (T)
5*0

D fRe9(v,T)dv is the integrated spectral weight asso
ated with the electronic contribution to the Raman-scatter
response functionRe9(v) below Dc;290 cm21 at a given
temperatureT. Figures 2 and 3 illustrate clearly that th
low-energy electronic continuum changes little with tem
perature down toT* , but decreases abruptly and over a wi
frequency range belowT* .

The large difference between the characteristic ene
Dc , and the temperature scale at which the gap devel
T* , in SmB6 is also a property exhibited by other correlatio
gap systems, including FeSi and Ce3Bi4Pt3. Significantly,
this behavior is not consistent with that predicted by eith
‘‘fixed’’ band-structure gap or simple ‘‘hybridization’’ gap
descriptions. With respect to the latter, Sanchez-Ca
et al.38 have calculated the temperature dependence of
gap for theU5` limit of the Anderson lattice Hamiltonian
using a mean-field, slave-boson technique. In contrast to
observations in SmB6, the hybridization gap energy in thi
calculation decreases gradually with increasing tempera
and shows no evidence for a temperature-independent en
scale. A better comparison to our data is found in results
calculations by McQueenet al.,39 which go beyond a mean
field treatment of the Anderson lattice Hamiltonian to i
clude the effects of the temperature-dependent quasipar
lifetime due to strong electron-electron scattering. These
culations predict that at high temperatures (T@T* ) the
width of the quasiparticle spectral function is much larg
than the renormalized hybridization gap, resulting in
smearing of the gap and ‘‘dirty-metal’’ transport behavio
As the temperature is reduced, however, the width of
quasiparticle spectral response decreases rapidly, and b
a characteristic temperatureT* becomes less than the reno
malized gap, resulting in pseudogap development. Calc
tions of the magnetic susceptibility using this model indica
a much stronger temperature dependence in the trans
region than is expected in a conventional semiconductor
agreement with our observations. Moreover, the results
these calculations are consistent with several key feature
our Raman results, including the rapid development o
pseudogap below a temperature which is much less than
gap energy.

It is worth noting that various strong-coupling descri
tions of mixed-valence insulators involving the formation
local bound states at low temperatures, including Kondo
sulator ~Kondo singlets! and excitonic insulator~excitons!
pictures, appear at first glance to be consistent with cer
aspects of our Raman results. In the strongly coupled Ko
insulator description, for example, the observation of
temperature-independent energy scale associated with
development in SmB6 could be identified with the Kondo
temperature,TK . Additionally, the 130-cm21 in-gap reso-
nance observed in SmB6 is in certain respects reminiscent o
a spin-flip transition (Ds) expected for a Kondo singlet state
For example, the spin-gap energy,Ds;130 cm21, and gap
ratio, Dc /Ds;2.1, implied by such an interpretation of ou
results are quite similar to those values inferred in the Kon
insulator Ce3Bi4Pt3 from inelastic neutron-scattering and r

at
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flectivity experiments:Ds;160 cm21 and gap ratioDc /Ds
;1.8, and is also consistent with 1D PAM calculatio
which find thatDc;Ds to 2Ds .

21 However, as we shall dis
cuss more completely in Sec. III C, the predictions of the
1D calculations cannot account for the complex ‘‘fine stru
ture’’ and symmetries observed for the in-gap resonance
SmB6, and thus these predictions are ultimately not con
tent with our data. Rather, as we discuss below, our res
suggest not only that the gap-edge states observed in S6
have strong local moment character reminiscent of
Sm31 4 f states, but also that these states are strongly in
enced by magnetoelastic coupling effects which are not t
cally accounted for in electronic models of low carrier de
sity Kondo systems such as SmB6.

C. In-gap bound states

1. Temperature dependence

Perhaps the most remarkable consequence of pseud
development in SmB6 is the evolution of several resonanc
in the pseudogap~i.e., with energy less thanDc! belowT* .
Figure 3 shows that there are, in fact, as many as four e
tations which develop in the pseudogap belowT* : a strong,
narrowEg symmetry excitation at 130 cm

21, a strong, asym-
metric T2g symmetry excitation at 142 cm21, and weaker
T1g and T2g symmetry excitations at 136 and 128 cm21,
respectively. Table I summarizes this information. As sho
in Fig. 3, all of these excitations share the same tempera
dependence, namely a rapid diminution of intensity as te
perature approachesT* , suggesting that these excitation
have a similar origin and are strongly damped by therma
excited d electrons in the conduction band. Interesting
inelastic-neutron-scattering measurements22 have also re-
ported a single, broad (FWHM;16 cm21) magnetic excita-
tion in SmB6 with the same temperature dependence
energy scale~;130 cm21 at the Brillouin zone center! as the
in-gap excitations we observe in Raman~open squares in
Fig. 4!. Our higher resolution Raman results consequen
reveal that there is actually substantial ‘‘fine structure’’ a
sociated with this excitation in SmB6.

Several interpretations of the in-gap excitations we
serve in SmB6 are by themselves insufficient to account f
either the number or symmetry of excitations observed,
cluding ~i! a simpleG7→G8 crystal-field transition,~ii ! an

TABLE I. Symmetries, energies, and field dependencies of
gap excitations. The excitations denoteda– f follow the labeling
scheme in Fig. 6. Modef appears weakly in the~RCP,RCP! polar-
ization geometry.

Mode Symmetry
v (cm21)
at 0 T

geff
~Dmj51!

a T2g or T1g 128.9 20.1560.06
b Eg 130.7 0.3160.04
c T2g 136.6

~at 2 T!
d Mostly T2g 142.1 ;0
e Eg or T2g
f T1g 135.4
e
-
in
-
lts
B
e
u-
i-
-

ap

i-

n
re
-

y
,

d

ly
-

-

-

intermultiplet transition between spin-orbit split levels of e
ther Sm31 (J55/2→7/2) or Sm21 (J50→1),40 and ~iii ! a
J50→1 spin-flip transition, such as that predicted betwe
different 4f 55d configurations by Kikoin and Mishchenko.35

Rather, the rich spectrum of in-gap resonances observe
these measurements suggest strongly that magnetoe
coupling, in addition to having an important influence on t
lattice dynamics of SmB6,

24,37,41also has an important effec
on the low-energy electronic states of this material. Seve
possibilities appear to be consistent with our results:~i! mag-
netoelastic splitting of spin-orbit split levels, similar to th
reported previously in Sm0.75Y0.25S ~Ref. 42!, ~ii ! magneto-
elastic splitting of 4f 55d excitonic states,35 or ~iii ! magneto-
elastic coupling to crystal-electric-field~CEF! excitations.

In order to further examine these possibilities, it is use
to first note that there are anomalous phonons which do
pear to participate in strong magnetoelastic coupling
SmB6. For example, the frequency of theT2g Raman-active
optical phonon in SmB6 is substantially renormalized com
pared to theT2g modes in stable-valenceREB6 compounds,
suggesting a particularly strong coupling betweenT2g sym-
metry lattice distortions and the low-frequency electron
states of SmB6.

32 Moreover, although neutron-scattering r
sults show a general softening of all modes in SmB6 com-
pared to other hexaborides, these measurements also
kinks in the dispersion of the longitudinal acoustic phono
near theL andS points of the Brillouin zone24 which have
significant localT2g character. The anomalous behavior a
sociated with theT2g phonon in SmB6 motivates two mag-
netoelastic coupling descriptions that are consistent with
served features of the in-gap bound states in SmB6. First, a
dynamical Jahn-Teller effect~DJTE!, which causes a split-
ting of theG8 crystal-field quartet by aT2g symmetry pho-
non, and results in the formation of four hybrid states hav
symmetries (G8^T2g5)G61G712G8 and different mix-
tures of electron-phonon character. Notably, the presenc
a DJTE has also been inferred from ESR measurement
Er31-doped SmB6.

43,44A second possibility is that magneto
elastic coupling causes a bound state between aT2g phonon
and both theG7 andG8 levels, similar to that proposed b
Thalmeieret al.45 to explain the observation of fine structu
in theG72G8 transition of CeAl2 ~Ref. 46!. In the model of
Thalmeieret al., T2g phonons near theX point of the Bril-
louin zone couple to the crystal-field levels, producing ad

FIG. 4. Comparison of the temperature dependence of
130 cm21 magnetic excitation intensity measured by inelastic n
tron scattering~h1! ~Ref. 50! and Raman scattering~d!.
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tional structure in the neutron-scattering spectrum. This
scription differs from the DJTE scenario in that theT2g
mode couples to both theG7 andG8 levels, resulting in the
formation of three new hybrid states, including one of pr
cipally phononic character and two of primarily electron
character.

Notably, several properties of the in-gap states are con
tent with the presence of magnetoelastic coupling. First,
reasonably strong Raman-scattering intensities assoc
with these in-gap states suggest the presence of some ph
character. Second, strong magnetoelastic coupling provid
natural explanation for the strong angle anduQu dependence
of the 130 -cm21 in-gap mode.22 Finally, as discussed be
low, the magnetic field dependence of the in-gap resona
in SmB6 affords additional evidence not only that these sta
are hybrid states with mixed electron-phonon character,
also that the electronic contributions to these states ma
derived from the Sm31 4f 5 crystal-field levels (G7 ,G8).

47

2. Magnetic field dependence

The magnetic-field dependence of the low-frequency
citation spectrum in SmB6 also affords insight into the natur
of the in-gap states observed in this system. Most electro
models of the Kondo insulators predict a narrowing of t
gap with field; for example, the simple hybridization ga
picture predicts a narrowing of the gap which varies linea
with field due to Zeeman splitting of the localized gap-ed
states. Experimentally, however, a large variation in the fi
dependence of different putative Kondo insulators has b
observed. For example, YbB12 exhibits a large negative mag
netoresistance and a rapid reduction of the gap with fi
which results in a field-induced insulator-to-metal transiti
at H545 T. By contrast, SmB6 exhibits a very small nega
tive magnetoresistance, and has a gap that is reduced by
4% in an 18-T field. Sugiyamaet al.48 have proposed that th
different field dependencies observed in YbB12 and SmB6 are

FIG. 5. The magnetic-field dependencies of the gap and de
modes. The thin line shows the gap and bound states at 4 K in zero
field, while the thick line shows the low-frequency spectrum at 4
in a 8-T field. The inset shows the same spectra in the ra
120–185 cm21.
e-

-

is-
e
ted
non
s a

es
s
ut
be

-

ic

y
e
d
n

ld

nly

wholly attributable to the different Lande´ g factors in Yb31

(geff;7/2) ~Ref. 47! and Sm31 (geff52/7) ions, and are
therefore consistent with an extended hybridization g
model. However, Cooleyet al.49 argue that the magnetore
sistance in SmB6 is too small to be accommodated by th
hybridization gap description, and suggest instead that
behavior results from strong exchange coupling, which c
ates band edge states that are nonmagnetic singlets simi
those expected in a Mott-Hubbard insulator.

In order to provide a more detailed picture of the gap a
in-gap states in SmB6, we have studied the field depende
cies of the pseudogap and resonance states observed
Raman scattering. Figure 5 shows that within the noise le
of our data, we observe no field dependence in either
electronic continuum intensity within the pseudogapv
,Dc;290 cm21) or in the characteristic energy~‘‘isobestic
point’’ !, Dc , for fields as high as 8 T. On the other hand, F
6 illustrates significant changes in the spectrum of in-g
states. For example, the 130-cm21 Eg mode is strongly in-
fluenced by field, exhibiting a roughly 3-cm21 splitting for a
field of H58 T. Using the relationshipD5D01geffmBH,
whereD is the energy splitting,H is the magnetic field,mB is
the Bohr magneton, and assumingDmj51, we estimate from
this splitting a value ofgeff;0.3160.04 for theEg symmetry
in-gap state. This estimate is quite close to the Lande´ g fac-
tor for theG8 level of Sm

31, geff52/7 ~;0.29!, providing
additional evidence that the states which develop at the
edge in SmB6 have strong local moment character, and
deed are closely related to the Sm31 G8 andG7 crystal-field
split levels. The insensitivity of the 143-cm21 T2g mode to
an applied magnetic field, on the other hand, is consis
with a predominantly phononic character for this mode a
with the hybrid nature of the in-gap states in SmB6.

ct

e

FIG. 6. The magnetic-field dependencies of the bound sta
The plot shows~LCP,RCP! spectra for fields up to 8 T at 4 K,
clearly showing the splitting of theEg mode into at least two peak
denoteda andb. The straight lines through the peaks are guides
the eye. The 142-cm21 T2g mode (d) does not shift and appears t
lose spectral weight with field to modec. Modec is not evident in
the 0-T spectrum. Spectra have been offset for comparison. Pe
parameters are summarized in Table I.
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D. Conclusions

In summary, we have investigated the development
both a low-temperature many-body gap and a rich spect
of in-gap states in SmB6. We find that the low-temperatur
ground state and excited states in SmB6 share some similari-
ties with characteristic states expected in the simple ‘‘hyb
ization gap’’ model. In particular, we observe a spectrum
gap-edge states at low temperatures which have strong lo
moment~f -electron! character. While we cannot rule out th
possibility that these in-gap states are Kondo or excito
bound states predicted by certain strong-coupling model
Kondo insulators, the number, symmetries, and field dep
dencies of these in-gap states suggest that they are
likely due to 4f 5 Sm31 crystal-field levels (G8 ,G7) whose
degeneracies are split by strong magnetoelastic couplin
local lattice distortions. Indeed, the number and symmetry
these states can be described quite well by assuming tha
Sm31 G8 crystal field level is split via a dynamical Jahn
Teller distortion associated with aT2g phonon. Conse-
quently, our results suggest that the in-gap states in SmB6 are
most appropriately viewed as ‘‘phonon bound states’’ cau
by strong magnetoelastic coupling between thef levels and
local lattice distortions. Thus, in addition to causing subst
tial anomalies in the elastic properties of SmB6, strong
electron-phonon coupling also has a significant influence
the low-energy electronic states of this compound.

On the other hand, the simple hybridization gap mo
completely fails to describe the dramatic, ‘‘phas
transition’’-like quality associated with charge gap develo
ment in SmB6, this gap is characterized by a suppression
e

ys

tu

H.

T.

J

te
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ic
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f

electronic scattering over an energy scaleDc that is substan-
tially larger than the characteristic temperatureT* for gap
development,Dc;8kBT* . Our measurements further ind
cate that gap development in SmB6 renormalizes electronic
states over a much wider energy than is suggested by
estimated transport gap. It is tempting to suggest that
dramatic development of the gap in SmB6 is not primarily
influenced byf -d hybridization, but rather by strong Cou
lomb correlations in thed band. The importance of suc
correlations is expected due to the low carrier densities
these materials, and indeed several groups have alre
noted the similarities between gap development in SmB6 and
that observed in Mott-Hubbard insulators.49 It should also be
pointed out, however, that calculations of the hybridizati
gap model which include quasiparticle electron-electr
scattering effects also look promising for removing the d
crepancies between our results and the predictions of sim
hybridization gap models.
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