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Light scattering from gap excitations and bound states in SmBg
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Gap formation and in-gap bound states are investigated in SmBg using Raman scattering. Below 70 K, we
observe an abrupt suppression of electronic scattering below ~290 cm™! that is not consistent with the
predicted temperature dependence of a hybridization gap. We also find that gap formation in SmBy is associ-

ated with the appearance of a sharp E g(I';r ) symmetry 130-cm™

! excitation. We discuss several possible

interpretations of this excitation, including a I';-I'g crystal-field transition and a transition between bound

4f 55d configurations.

SmBg has been suggested to belong to an interesting
group of mixed-valence compounds known as Kondo
insulators,! which have high-temperature properties typical
of Kondo metals, including local moment behavior and
strong Kondo scattering of carriers, but have the low-
temperature properties of nonmagnetic, small-gap semicon-
ductors [A~4-14 meV in SmBg (Refs. 2—4)]. There is still
substantial debate concerning the nature of the ground and
low-lying excited states in the Kondo insulators. One de-
scription of these materials is based on the noninteracting
(U=0) periodic Anderson model (PAM) at half-filling,
which predicts an insulating ‘“hybridization” gap at T=0
due to coherent hybridization between the broad 5d-6s con-
duction band and the localized f states. However, Kondo
insulators have also been described by the PAM in the large
Kondo coupling regime (J— ), whose ground state is a
collection of local singlets, each comprised of a localized
spin bound to a conduction electron. Excitations out of this
ground state are expected to include spin gap excitations
(~A,) between singlet and triplet bound-state configura-
tions, and charge gap excitations (A=A,) associated with
the delocalization of the bound charge.’ The imgortance of
charge fluctuations® and the Coulomb interaction’ in Kondo
insulators has also been stressed. Finally, the ground state of
SmBg has also been associated with other exotic states, such
as a Wigner crystal® and a 4f°+4f°d excitonic state with
Ao(T{) symmetry.’

As a powerful tool for studying the energy and symmetry
of both dipole-allowed and -forbidden excitations, Raman
scattering promises to be useful for elucidating the nature of
the ground and low-energy excited states of correlation gap
insulators. For example, recent studies of FeSi have demon-
strated the efficacy of light scattering for studying energy-
gap development in such systems.'? In this paper, we present
a Raman-scattering study of gap formation and in-gap bound
states in SmBg.

Raman-scattering measurements were performed on the
(100) surfaces of single-crystalline SmBg prepared from an
aluminum flux. The measurements were performed in a vari-
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able-temperature He cryostat, using a Spex Triplemate spec-
trometer equipped with a nitrogen-cooled charge-coupled de-
vice array detector. Spectra were obtained with the incident
and scattered light polarized in the following configurations
in order to identify the symmetries of the excitations studied:
(Ei’Es):(X’X)’ A1g+Eg; (Ei’Es):(x’y)7 T2g+T1g;
(EisEs):(X+y’x+y)7 A1g+%Eg+T2g; (Ei9Es):(X+Ya
x—y), 3E ¢t T1,; where E; and E; are the incident and scat-
tered electric-field polarizations, respectively, x and y are the
[100] and [010] crystal directions, respectively, and where
A(TY), Eg(T3), and Ty, /T1,(I'5/T ) are the singly,
doubly, and triply degenerate irreducible representations of
the SmB¢ space group (0,1,-Pm3m), respectively.

Figure 1 shows the Raman-scattering response function,
R"(w)=S(w)/[1+n(w)], of SmBg¢ for various tempera-
tures and frequency ranges, where R"(w) is obtained from
the measured Raman-scattering intensity S(w) by dividing
out the thermal factor [1+n(w)]=[1—exp(—fw /kgT)] " .
The room-temperature, high-frequency Raman response of
SmBy in the inset of Fig. 1 shows the three Raman-active
phonon modes allowed by the 0},-Pm3m space group, a
T, mode at 730 cm ™!, an E, mode at 1148 cm™ ', and an
A, mode at 1280 cm™ 1, all of which were observed previ-
ously by Morke, Dvorak, and Wachter.!! Additionally, the
room-temperature Raman spectrum (inset, Fig. 1) exhibits a
broad electronic Raman-scattering background that rises lin-
early at low frequencies with a broad peak near 1200
cm™!, and a defect-induced phonon mode with T, ¢ Symme-
try near 163 cm ™! whose intensity decreases roughly sixfold
below 300 K. This “defect-induced” mode in SmBg was
recently attributed to an “extra” vibrational mode induced
by nonadiabatic coupling of the lattice to valence
fluctuations.'?> A complete examination of the 163-cm™!
mode1 3in the context of this description is given by Lemmens
et al.

The low-temperature, low-frequency Raman response of
SmBg is illustrated in the main part of Fig. 1. One of the
most dramatic features of the low-temperature Raman re-
sponse in SmByg is an abrupt suppression of electronic scat-
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FIG. 1. Comparison of the 70- and 15-K A, +E ;+T,, symme-
try Raman-scattering response functions, R"(w)=S(w)/[1
+n(w)], of SmBg, where S(w) is the measured Raman-scattering
intensity and [1+n(w)]=[1—exp(—Aw/ksT)]"! is the thermal
factor. A suppression of electronic Raman scattering below
A,.~290 cm ™!, and a redistribution of electronic scattering strength
to the energy range 300< =400 cm™?, is apparent in SmB4 due
to the development of an energy gap. Also evident in the 15-K
spectrum is a sharp E, symmetry excitation that develops abruptly
near 130 cm™! for T<45 K. Inset: Room-temperature, high-
frequency Raman-scattering response function R"(w) for SmBg,
exhibiting optical phonons at 780 cm™! (T 2¢)> 1148 cm™! (E o)
and 1280 cm™! (A1g), and a defect-induced phonon mode at 163
cm™ L,

tering below ~290 cm™?, and a corresponding enhancement

of electronic scattering intensity between 300 and 400
cm™!, reflecting the development of an energy gap in
SmBg for 7<70 K. A similar redistribution of electronic
Raman scattering due to the development of a gap (~780
cm™!) was also observed in the correlation gap insulator
FeSi.!% Previous estimates of the gap in SmBg were obtained
from resistivity (A~4 meV),? optical (A~4-14 meV),>*
and point-contact spectroscopy'* (A~5 meV) measure-
ments. The smallest of these gap values correspond roughly
to the frequency below which the low-temperature electronic
Raman-scattering intensity goes to zero (see Fig. 1). How-
ever, our Raman-scattering results show that energy-gap for-
mation in SmBg involves a suppression of electronic spectral
weight over a substantially larger frequency range,
A.~290 cm™!, than the estimated transport gap, A,~30
cm™!. Notably, A, is comparable to the maximum energy
for which the optical conductivity in SmBg is suppressed by
gap formation,* and is close to the onset energy of an optical
absorption band that has been identified as the (direct) d-f
optical gap.’

Figure 1 also shows that the suppression of spectral
weight due to gap formation in SmBg is incomplete below
A, revealing a broad spectrum of in-gap states with a
roughly quadratic frequency dependence, S(w)~ w?, at low
temperatures. A careful polarization study of the gap shows
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FIG. 2. The Ay +E,+T,, symmetry Raman-scattering re-
sponse function, R"(w)=S(w)/[1+n(w)], of SmBg at various
temperatures, illustrating (i) the suppression of electronic scattering
below A,=290 cm™! for T<70 K and (ii) the development of the
E, symmetry mode near 130 cm™! for T<45 K.

no evidence for anisotropy in either A, or the frequency
dependence of in-gap states, although the electronic Raman-
scattering intensity is strongest in A, and E, geometries.
Additionally, Fig. 2 illustrates that the energy below which
electronic scattering is suppressed, A, is essentially inde-
pendent of temperature once the gap begins to form, and thus
represents a fixed energy scale across which spectral weight
is systematically redistributed by the developing gap.

The 15-K Raman spectrum (Fig. 1) also reveals that the
opening of an energy gap in SmBg¢ is accompanied by the
development of a sharp £ g(I‘; ) symmetry excitation at 130
cm™! (16 meV), an energy quite close to the optical absorp-
tion edge observed in SmBg [~120 cm™! (Ref. 4)]. The
intensity of this excitation is roughly a factor of 5 smaller
than the intensity of the weakest optical phonon. Figure 2
shows that the 130-cm™! E,(I';) Raman mode disappears
abruptly for 7>30 K, suggesting that this excitation is either
screened or strongly damped by thermally excited carriers in
the d band. Neutron-scattering studies'>'® of SmBg4 have also
observed this mode at lower energy, E=13 meV (~104
cm™'), and at higher momentum transfer, |q|=1.3 A1
although a symmetry determination of the excitation could
not be made with these measurements.

The evolution of a sharp excitation within the optical gap
in SmBg is suggestive of an impurity level. However, the
130-cm ™! excitation is not consistent with a Wannier-Mott—
type exciton associated with localized in-gap states, since
optical estimates of the nmass renormalization,
m*/m,~1.5, and the effective dielectric response, € ~500,
in SmBg imply a binding energy, Ez=(13.6 eV)(m™/
szme)~1 K, that is too small, and an exciton radius,
rex=(0.53 A)(em,/m*)~170 A, that is much larger than
the ~2-A radial extent of this excitation estimated from
neutron-scattering measurements.'® One possibility that we
cannot rule out is that the 130-cm™! excitation is a Frenkel-
type exciton, such as an f-d exciton involving an electron
released from the 4f shell that bound to the 4f hole left
behind.
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Two particularly notable interpretations are consistent
with the symmetry, energy, and temperature dependence of
the 130-cm™! E ¢ excitation. The first is a crystal-field tran-
sition between I'; doublet and I'g quartet levels of the
4f° °Hs, manifold (Sm®*). The E, symmetry of the
130-cm~! Raman excitation in SmBy is indeed consistent
with a T';—Tg transition, [,Q@T3=E,&T,®T,, (T3
ol ®l']), and the 130-cm™! energy is close to the
Sm3*(°Hs),) T';,-T'g energy splitting estimated from crystal-
field parameters, Acp~103 cm~'.Y7 Furthermore, while
crystal-field excitations generally exhibit a significant tem-
perature dependence only for 7=Acr (~180 K in SmBy),
the abrupt temperature dependence of the E, mode in
SmB; (see Fig. 2) could result from the rapid development of
the gap below 70 K, which should substantially reduce f-d
hybridization for w<<A,. It should also be noted that the
observation of pure intraionic 4f> transitions is not pre-
cluded in configurationally mixed materials such as SmBg
when the energy transferred to the system is larger than the
hybridization energy. Under these circumstances, one ex-
pects to probe a static mixture of 4f° and 4f°
conﬁgurations.18 Indeed, neutron-scattering studies of SmBg
report both the (4f°) J=3—J=1 (~1000 cm™!) and
(4f%) J=0—J=1 (~300 cm™!) intermultiplet transitions
at low temperatures.!® Perhaps the strongest argument
against the crystal-field interpretation is that the q depen-
dence of the 130-cm ™! excitation does not follow the single-
ion 4 f form factor, but rather a form factor that betrays some
mixture of f- and d-orbital character.'®

A second noteworthy scenario is that the 130-cm™
E g(F; ) mode involves an interconfigurational (valence-
conserving) transition from the ground singlet state to a
bound excited state. The exact nature of such a transition
depends upon assumptions about the ground state. One pos-
sibility, which presumes that the ground state is partly com-
prised of a 4f° (°Hs,) state bound to a spin-3 5d(e,) con-
duction electron in a parallel spin configuration, 4f354"
("H,)," is that the 130-cm ™! mode involves a spin-flip tran-
sition to a 4f35d' state with antiparallel spin align-
ment (°H;). However, neutron-scattering measurements
find that the 130-cm™! mode has a highly anisotropic q
dependence,'® suggesting that this excitation has a d-orbital
contribution that is distributed in an extended wave function
on the nearest-neighbor Sm sites. An example of such a
bound state has been proposed by Kikoin and Mishchenko,’
who argue that intermediate-valent SmBg has singlet (A 1,)
ground (¥,) and excited (W,.) states described by
Y, .=4f0)= |4f5d1~7—), where the second term represents a

1

small-radius excitonic state comprised of a 4f° hole on one
Sm site bound to an electron shared in a I'; -symmetry linear
combination of 54 orbitals on the six nearest-neighbor Sm
sites, c~ir7— . This model predicts a monopolar (A,,) transition

between bonding (V) and antibonding (V) configurations,
involving a change in both spin and orbital degrees of free-
dom.

Significantly, the £, symmetry of the 130-cm™ " excita-
tion rules out a monopolar bound-state transition, but is con-
sistent with a quadrapolar transition from a bound singlet
state (A14;/=0) to an E, symmetry 4f 5d bound state (E ¢

1
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FIG. 3. Filled circles: Temperature dependence of the fractional
change in integrated electronic spectral weight below A ~290
em™ !, AI(T)/AI(T=15 K), where AI(T)=I(T)—1(340 K), and
I(T) is the integrated electronic spectral weight associated with the
Raman response function R"(w) below w=A_.. Open squares:
Temperature dependence of the integrated E, mode intensity. Inset:
Plot of A, as a function of temperature (filled circles), where A, is
the energy below which electronic Raman-scattering intensity in
R"(w) is suppressed with decreasing temperature compared to the
70-K spectrum (see Fig. 2). For comparison, the £, mode energy is
also plotted as a function of temperature (open squares). The error
bars reflect uncertainty in determining A below 75 cm™ 1.

el'; ®I'g ;J=2). Several possible orbital configurations of
the extended d state are compatible with such a bound state.
For example, an E, symmetry 4f 5d bound state can be con-
structed from the I'7 (4f°) state on a Sm site bound to an
electron in a I'y symmetry combination of 5d states on the
six nearest-neighbor Sm sites. As the spin contribution to the
spin-3 d-electron wave function transforms like T'J, the
possible orbital configurations of a I'y symmetry ex-
tended state have e,, t;,, or ¢, symmetry [I'g
el ®(e,,t1,,t2,)]. Alternatively, an E, symmetry 4f°d
state can involve the I'g part of the 4 f° state bound to a
I'7 symmetry combination of 5d states. A I'; symmetry
extended state is consistent with either a,, or ¢,, symmetry
orbital configurations on the six nearest neighbors. The
Raman-scattering process associated with this bound-state
excitation can occur via a two-step 4f%—4f35d intercon-
figurational transition that should be resonant with the
4f0—4f355d( t,,) optical transition.

The relationship between gap formation and the develop-
ment of the 130-cm™! is summarized in Fig. 3. The filled
circles in the main part of Fig. 3 illustrate, as a function of
temperature, the fractional change in the integrated electronic
scattering intensity below A,~290 cm 1,
AI(T)/AI(T=15 K), where AI(T)=I(T)—1(110 K), and
(nH=f gcRZ( w;T)dw is the integrated spectral weight asso-
ciated with the electronic contribution to the Raman-
scattering response function R/(w) below A ,~290 cm™ ! at
a given temperature 7. The open squares compare the inte-
grated intensity of the 130-cm~ ! E ¢ €Xcitation as a function
of temperature, showing that it develops rapidly as low-
frequency electronic scattering strength is suppressed by gap
formation.
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Figures 2 and 3 illustrate several key characteristics of
gap development in SmBg: an abrupt suppression of elec-
tronic scattering for (a) temperatures below T*~50 K
[roughly the temperature at which the peak in the magnetic
susceptibility is observed in SmBg (Ref. 19)], and (b) ener-
gies less than a temperature-independent energy scale, A,
~8kgT*. Neither of these characteristics is consistent with
conventional hybridization gap models in which a
temperature-dependent (indirect) gap forms gradually at low
temperatures.?’’ The primary issues raised by these results
concern the proper interpretation of A and the nature of the
in-gap states observed in SmBg. Cooley et al. suggest that
the in-gap states observed in SmBg are akin to the many-
body states that develop below a Mott-Hubbard transition.>
Indeed, the doping-induced collapse of the optical gap ob-
served in certain charge-transfer and Mott-Hubbard insula-
tors shares certain similarities with the temperature-
dependence of the gap in SmByg, including a rapid
redistribution of spectral weight across an “isobestic” fixed
point and a rapid introduction of states within the gap.?!
Alternatively, Bucher et al. find that the suppression of low-
frequency optical conductivity below T* in the Kondo insu-
lator Ce;BiyPt; correlates with the quenching of the 4f
moment,” implying that gap formation in this material is
more appropriately associated with the formation of local
singlets. A similar description provides a consistent interpre-
tation of our SmByg results, namely, that the suppression of
electronic scattering below T* (filled circles in Fig. 3) re-
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flects the systematic binding of itinerant d electrons into lo-
cal singlets, while the 130-cm ™! excitation below T* (open
squares in Fig. 3) is a “spin-flip”-type excitation between
different bound 4 f5d configurations. In this picture, the tem-
perature independence of the gap, A,~290 cm™!, in SmBg
(inset, Fig. 3) is attributable to the temperature independence
of the Kondo temperature, A.~kgTx. It is interesting to
note that the results described here for SmBg¢ are remarkably
similar to those observed in the Kondo insulator
Ce;Bi,Pt;, which exhibits a temperature-independent charge
gap of A,~300 cm 1,>> and a spin gap of A,~160
cm™ 1.2

In summary, we find that gap development below
T*~50 K in SmBy is characterized by an abrupt suppression
of electronic Raman-scattering intensity below a
temperature-independent energy scale A, ~290 cm™?, by the
presence of a broad spectrum of localized in-gap states with
frequency dependence S(w)~ w?, and by the appearance of
a sharp E, symmetry excitation near 130 cm™ !, The latter is
associated with a bound-state excitation formed between a
4f° state and a d electron which may occupy an extended
state on nearest-neighbor Sm sites.
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