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Low-energy excitations of the correlation-gap insulator SmB: A light-scattering study
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We present the results of Raman scattering studies of single-crystg) 8mBmperatures dowmt4 K and
in magnetic fields up to 8 T. At temperatures bel@f~50 K the electronic Raman continuum exhibits an
abrupt redistribution of scattering intensity around a temperature-indepefitisabestic”) energy, A,
~290 cm' %, 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 egpfctint
(ge=2/7) for the SM* T'g level, suggesting that these gap edge states are crystal-electric-field excitations of
the Sni* ion split by magnetoelastic couplinfS0163-18207)12717-5

I. INTRODUCTION measurement$;’® confirmed the presence of a gap in
SmB; with an energyA ~30—150 cm®. Similar gap ener-

A significant amount of condensed-matter research in thgies have been inferred from specific-h&atthermal
past two decades has been devoted to studying strongly cogxpansior,/ and elastic parameter measureméfitdhe
related systems such as hi@h-cuprates, heavy-fermion magnetic susceptibility of SmBs also interesting, exhibit-
compounds, Kondo insulators, and colossal magnetoresisng behavior typical of intermediate-valence compounds, in-
tance compounds, all of which are characterized by strongjuding Curie-Weiss behavior faf>T*, a broad maximum
electron-electron and electron-phonon interactions WhinhearT*, and a rapid decrease in the susceptibilityTas 0

generate complex and varied ground and excited stategrefs. 6 and ¥(a low-temperaturel< 10 K, Curie tail often
There has been particular interest recently in low carrier den;

. . _ Observed in measurements of SgiBgenerally attributed to
sity Kondo systems such as {B&,Pt, YbB;, CeNiSn, the presence of impuritigs
SmS, and SmB! these materials behave like Kondo metals

at high temperatures, but exhibit below a characteristic tem; A number of models have been proposed to account for
peratureT* evidence for a small gagor pseudogapin the the low-temperature properties of SgaB’he mixed-valence

X 6 Y )
density of states, a nearly exponential suppression of thgat_ure _Of SmB arises becaus_e the Sn 4(sz ) configu-
magnetic susceptibility, and in some cases strong electrorj@tion lies close to the Fermi energy, allowing the ec-
phonon coupling effects. That the gaps in these material§Ons to easily delocalize into the band. Mott first sug-
result from many-body, as opposed to band-structure, effec@ested that the gap observed in systems such as; Smnis
is supported in part by the observation that the energy scalé/hen the dispersionlesklevel hybridizes with the broad
A, below which electronic states are renormalized by gagonduction band? This so-called “hybridization gap” pic-
development in materials such as;BaPt and SmB is as  ture is typically described using the one-dimensional peri-
much as 5-10 times larger than the characteristic temper&dic Anderson mode{PAM) Hamiltonian at half-filling. In
ture for gap development* .23 the absence of a strong on-site Coulomb interactidn; 0,
SmB; is one of the most widely studied of these low the PAM predicts a gap in the density of states due to coher-
carrier density Kondo systems. In the late 1960s, it was recent on-site hybridization between tlidevel and the broad
ognized that Smp is homogeneous mixed-valent, with 5d-6s conduction band. One expects in this regime a small
Mossbauer isomer shift, lattice parameter, x-ray indirect gap associated with f-type transitions, as well as
absorptiorr, and magnetic susceptibility measuremé@nts an optically-active direct-d gap at higher energies. In the
showing that the Samarium ion at a single-crystallographistrong-coupling regime J—o), the PAM maps onto the
site fluctuates between two valence states?'Samd Smi™, Kondo lattice model, which in one-dimension has a ground
with a relative abundance of approximately 30 and 70%state consisting of a lattice of local Kondo singlets comprised
respectively. The observation of a semiconductorlikeof conduction electrons bound to the localized magnetic mo-
resistivity’®® and a four-order-of-magnitude decrease in thements. In this strong-coupling regime, excitations from the
carrier density between room temperature and 4Riéf. 9 ground state include charge-gap excitatiohs, associated
first suggested the presence of a small gap in the density afith the unbinding of the conduction electron, and spin-gap
states A ~50 K) at low temperatures in SngBDirect spec- excitations,Ag, between bound spin-singlet and -triplet con-
troscopic probes, including infrared transmissfoft and  figurations. Calculations of the one-dimensiofHD) asym-
reflectivity> point contact spectroscopy, and NMR  metric PAM indicate that the charge-gap energy can be sig-
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nificantly larger than the spin-gap energ.~1.50s  SmB; are anomalously soft compared with the reference ma-
—2Aq, in this regime®?! terial LaBs. “Soft” and “extra” modes are also observed in
Unfortunately, the 1D PAM model has limited success atother semiconducting intermediate valence compounds such
describing the observed excitation spectrum of putative “hy-as Sng ;2Y  sS, “gold” SmS, and TmSé&%°providing evi-
bridization gap” systems such as SgB-or example, Ra- dence that these lattice anomalies are a generic consequence
man scattering measurements have shown that the charactef-the complex electronic state of these materials. Notably,
istic temperature for gap development in SgnB*~50K®  however, no evidence for polaronic effects has been ob-
is substantially smaller than the energy sddigover which  served in SgcY, S by x-ray-diffraction technique®, al-
electronic states are affected, i.&~8kgT,, reflecting a though similar measurements have, to our knowledge, not
“phase-transition”-like character to gap development inyet been performed in SmB
SmB; which is not clearly described by the 1D PAM model.  |n this paper, we report a detailed Raman-scattering in-
Similar behavior has also been observed in reflectance megestigation of the unconventional lattice and electronic prop-
surements of CBi,Pt.> Both neutron-scatterifg and erties of SmB. The complex interplay between electronic,
Raman-scatterinfgmeasurements of SmgBalso reveal the spin, and lattice excitations in systems such as SisBatu-
presence of a 130-cnt in-gap resonance whose energy isrally studied by Raman scattering, which not only offers an
roughly half of the gap energy observed in Raman scatteringilternative to infrared spectroscopy as a direct means of
that this excitation cannot be attributed to the simple singletprobing energy gap development in this material, but also
to-triplet (J=0—J=1) “spin-gap” transition anticipated affords energy and symmetry information about other low-
by 1D PAM calculations, however, is verified by tl&  frequency excitations that may be important in “hybridiza-
rather thanT,, symmetry observed for this excitation in tion gap” systems, including crystal-field excitations, exci-
these studies. An additional complication for 1D model pre-tons, and anomalous phonons. As noted previously, our
dictions is that the neutron-scattering intensity of theearlier Raman-scattering studieshowed not only that gap
130-cm * in-gap resonance in Sngixhibits a rapidQ de-  formation in SmR involves a suppression of electronic scat-
pendence and a strong angular anisotropy, possibly indicatering to energies as high as~290 cm , an energy which
ing a substantiati-band character associated with this stateis much larger than the gap inferred from transport measure-
Indeed, Kikoin and Mishchenko have suggested that this exments, but also that gap development in SroBcurs at tem-
citation involves a transition betweerf%d excitonic con-  peratures much lower than the characteristic gap enexgy,
figurations. ~8kgT*. In the more complete study presented here, we
Notably, several other interpretations of the ground andexplore in greater detail the temperature-, symmetry-, and
excited states in SmEhave been proposed, all stressing im- magnetic-field dependence of the gap in SmBVe also
portant features of low carrier Kondo systems which are nopresent a more complete investigation of the low-frequency
described by more conventional models such as the PAMn-gap resonance observed earlier in Sgn&owing in par-
For example, Kasuyat al'® emphasize the importance of ticular that there is substantial “fine structure” associated
the small carrier density in SmBarguing that the conse- with low-temperature in-gap states in Sg®hich we be-
qguent enhancement of the Coulomb interaction energy reldieve reveals the substantial influence of local lattice distor-
tive to the kinetic energy makes conditions favorable fortions on the low-energy electronic states in this system.
Wigner crystallization at low temperatures. Additionally,
Kikoin and Mishchenk®& (KM) have stressed the impor- Il. EXPERIMENT
tance ofd-f excitonic correlations in mixed-valence sys- o o
tems, proposing that SmBand the high-pressure phase of ~ The cubic single crystals in this study were grown from
SmS are unstable towards the formation of mixed-valenc&n aluminum flux and measured typically 0.5-1.0 mm along
excitonic excited and ground states involving @ &lectron  the edges. The experiments described in this paper were per-
on nearest-neighbor Sm sites bound tofzhéle on a central formed using two different Raman systems. Most of the
Sm atom. KM further suggest that these excitonic states hav&ero-field measurements were made with a SPEX 1877 sub-
associated polaronic effects, since the large difference in thiactive triple spectrometer and an attached liquid-nitrogen-
ionic radii of Sn¥* and Smi*, combined with the compa- C(_)oled Princeton Inst.ruments CC_D. Samples were excited
rable energy scales of slow charglence fluctuations and  With 20 mW of the linearly polarized 5145-A line of an
lattice vibrations, are conductive to strong electron-lattice2rgon-ion laser incident on the sample at a pseudo-Brewster
coupling. Indeed, it is important to point out in this regard angle. The light was focused to a spefL00um in diameter.
that SmB exhibits numerous phonon anomalies compared té* TRI liquid-helium bath cryostat cooled the samples down
stable-valence isostructural rare-earth hexaborides. For e¥ 4 K. Spectra were obtained with the incident and scattered
ample, neutron-scattering studies of SymBveal several lat- light polarized in the following configurations in order to
tice anomalies, including a softening of most phonon modeddentify the symmetries of the excitations studie&; (Es)
in SmB; compared to those of isostructural, integral valence™ (X.X),A1g+Egq; (Ei ,Es)=(Xy), T1g+Toq; (Ei,Eg)=(X
LaBs, anomalous dips in the dispersion of the LA phonons intY:X+Y),Aigt 1/4Eg+Toq: (Ei ,Eg) =(X+Yy.X—Y),3/4E,
the [££0] and [£££] directions, and the existence of disper- T T1g; Where E; and E; are the incident and scattered
sionless “gap”’ modes between the acoustic and opticaflectric-field polarizations, respectivelyandy are the[100]
branche€* Raman scattering experimeft€® also show an and [010] crystal directions, respectively, andl;o(T';),
“extra” phonon mode in SmBwhich has been attributed to Eq4(I'3), andT,4/T14(I's/T;), are the singly, doubly, and
polaronic effects, and elastic measurem¥ftsfind that the  triply degenerate irreducible representations of the $mB
bulk modulus and the longitudinal elastic constant,, in  space group(()ﬁ—Pm3m), respectively.



12 490 P. NYHUS, S. L. COOPER, Z. FISK, AND J. SARRAO 55

The magnetic-field experiments were carried out in a true Energy Shift cm”)
backscattering geometry using a modified subtractive triple 0 300 600 900 1200 1500
spectrometer with a Photometrics liquid-nitrogen-cooled ' : ' '
CCD. The sample was cooled down to 1.5 K in a pumped
Oxford flow cryostat which was mounted in the bore of an
Oxford superconducting magnet. We used 10 mW of the
linearly polarized 6471 A krypton ion laser line for the zero-
field measurements and circularly polarized light for the
field-dependence measurements. The magnetic-field spectra
were taken in thgRCP,LCP and (RCP,RCP geometries,
where RCP and LCP refer to right and left circular polariza- ——
tion, respectively. The use of circularly polarized light was g
necessary for these magnetic-field measurements because the :

X S(w)/(1+n(w)) (arb. units)

Faraday effect causes mixing of Raman symmetries for lin- A +14E +T (b)
early polarized light. Circularly polarized laser light was ob- a1 g g
tained with a polarizing cube and a Berek compensator op- =
timized for the frequency of the laser line. We analyzed the > 300K
scattered light with a broadband quarter wave plate and a g
polarizing cube. g 40K
&
S
c
Ill. RESULTS AND DISCUSSION L R v
A. Phonons and phonon anomalies E
. w 4K
The room-temperatur@npolarized Raman spectrum of
SmB; shown in Fig. 1a) exhibits four previously studied L
lattice modes and an electronicicontinuum_\{vhich rises lin- 120 130 140 150 160 170 180 190
early up to a peak near 1000 ch We verified that the ) 4
electronic continuum is indeed inelastic scattering, rather Energy Shift (cm™)

than luminescence, by exciting the samples with several laser ) _

excitation lines ranging from 6471 to 4765 A and confirming  FIG. 1. (8 The unpolarized Raman response function of $mB
that the continuum shifts appropriately for all excitation at 300 K, exhibiting(i) a linear continuum at low frequencie@,)

lines. The three first-order Raman-allowed modes in $mB T2g (730 ¢M %), Eg (1148 cm %), andAyq (1280 cmi ') Raman-
[see Fig. ] are observed at 730, 1100, and 1200 ¢mnd oS OPFEm ROROneR) S0 ah Bk mote A PEETLD
motes invove i Hisplacement 1 boron aloms:the Sm fofi-2hanan emperalursdeperdence. A o-phonan verone thr
. . . R . , [0) =[1—exp(—riw/2Kg s 1-

IS at a site of inversion Symmetry and cannot contribute tQ/ided from each spectrum and the spectra have been offset for
first-order phonon Raman scattering. ) comparison. The resulting integrated spectral weight of the 174
A fourtfjlpeak with mainlyE symmetry is also observed ¢~1 mode changes little from 300 to 4 K, consistent with the
at 170cm . This “extra” mode is not allowed by the interpretation of this mode as a two-phonon process. The peaks
Pm3m space group in first-order Raman scattering, and igetween~130 and~145 cmi ! in the 4 K spectrum are the low-

particularly unusual in that it exhibits nearly an order of temperature bound-state modes discussed in text.

magnitude decrease in intensity between 300 and 40 K.

Similar modes have also been observed in the isostructurgleak is very close to twice the energy of longitudinal acous-
rare-earth hexaborides LgBCeB;, and NdR, (Ref. 32 but  tic phonons observed near the edge of the Brillouin zone by
in SmB; the “extra” mode is significantly softer. Me  neutron scattering.

et al. originally attributed the 170-cimt mode in SmRB to The strong second-order phonon Raman scattering ob-
defect-allowed Raman scatterifijHowever, this interpreta- served in SmBis likely due to the same strong electron-
tion does not account for the unusual temperature depenphonon coupling effects that cause anomalies in the phonon
dence of this excitation, for the fact that this mode is ob-dispersion curves of this compound. Klein has shown, in the
served with undiminished strength even in the highestcontext of narrowd-band systems such as TiN, TaC, and
quality samples, or for the absence of first-order defectNbSe, that the two-phonon Raman matrix element is pro-
induced scattering in SmBa feature typically observed in portional under appropriate circumstances to the phonon
systems with strong defect scatteritig. Rather, our self-energy associated with coupling to narrow-band elec-
temperature-dependence studies are consistent with recantns near the Fermi levelry=wy— 0y, Where oy and
measurements of SngBRef. 26 which suggest that the low- wyo are the renormalized and unrenormalized phonon fre-
frequency phonon Raman peak is largely due to two-phonoquencies, respectivefi). The two-phonon overtone Raman-
scattering. For example, Fig(d clearly shows that the in-  scattering cross sectioR(2w,), is, in such cases, directly
tensity of the 170-cm® mode,S(w), has a temperature de- proportional to the square of the phonon self-energy,
pendence consistent with a two-particle thermal factor, i.e.R(qu)oc|7rq|2. In mixed-valence rare-earth systems such as
S(w)~[1+n(w/2)]?. Also, the position of the 170-cit  SmB;, strong phonon anomalies are expected due to the
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strong coupling between lattice deformations and the fluctu-

ating 4f-5d charge shells of the rare-eartf8m) ion. 100
Neutron-scattering studies of SmBshow that phonon
anomalies in this system are strongest for longitudinal acous-
tic phonons in thg¢110] and[111] directions in the second
half of the Brillouin zone where the dispersion is ftatn the
two-phonon Raman-scattering response, this should weight
most heavily a narrow energy range of high-energy acoustic
phonons in the second half of the Brillouin zone, accounting

80

o ) -1
0 20 40 60 80 100120
Temperature (K)

60|

S(w)/(1+n(w)) (arb. units)

not only for the relative sharpness of the two-phonon scat- 40 70K

tering peak in SmB but also for both the appearance of 45K SmBy

two-phonon scattering at roughly twice the energy of the 20 50k ’ e A A )

most energetic acoustic phonons, and the absence of two- 15K | ¢

phonc_)n scattering at. lower frequenues_,. . . 0o 160 260 360 460
Using a generalized charge-density distortion model, Energy Shift (cm™)

wherein an intermediate-valence excitonic state with soft va-
lence fluctuations resonantly couples to different distortions _
of the lattice around the St ion, Kikoin and Mishchenko FIG. 2. Cor.npar'son of the low.'frequenaylg:r Eg_symmetry

. - - . Raman-scattering response function of MR’ (w)=S(w)/[1
(KM) ha\./e' provided perhaps thg most detglled |nterpr_e3t7at|or]rn(w)]' from 70 to 15 K where [1+n(w)]=[1—
of the origin of the unusual lattice properties of S@?S _ exp(-hwl/kBT)] tis the thermal factor. The scattering response is
KM find that the anomalies associated with the longitudinalsyppressed below an isobestic pait~290 cm 2, and redistrib-
acoustic phonons in thgl10] and [111] directions in the uted aboveA, between~300 and 400 cm'® as the gap develops.
second half of the Brillouin zone can be well described byAlso evident in the 15 and 30 K spectra is tBg(I';) bound-state
monopolar [‘Ir) shell distortions associated with charge peak near 130 cm which develops as the pseudogap forms. The
fluctuations between mixed-valence excitonic stadg,,  inset shows comparison of the temperature dependence of the
=4f6i4f555,34 Wherea represents an extendedstate in- isobestic point A.) and the change in integrated spectral weight of

. o . . gap,Al(T)/AlI(15 K) (@). The spectral weight of each spectrum is
volving a superposition od orbitals on nearest-neighbor Sm integrated up ta\. and does not include the bound-state contribu-

sites. Notably, the nonadiabatic coupling between phonon§ons.Ac(E) is the energy below which the spectrum loses intensity

and charge fluctuations implicit in the KM model is also compared to the spectrum at the next highest temperature.
expected to give rise to hybrid excitations associated with

both coherent and incoherent exciton-polar$h&or ex-  tures; unfortunately, our results do not reveal enough details
ample, in the KM picture, incoherent polaronic distortions@bout the nature of this coupling for a useful comparison to
act like defects in the force constants of the crystal at temPredictions of the KM model.

peratures above-20 K, giving rise to local modes such as
the 150-cm? dispersionless “extra” vibrational mode ob-
served in neutron-scattering studies of St 1. Temperature dependence

‘The KM model also predicts that S@Band similar . The temperature dependence of the electronic Raman
mixed-valence systems should evidence “local transitions continuum in SmB is shown in Fig. 2. The low-frequency

between coherent exciton-polaron states involving propagat, <500 cmi'l) continuum exhibits very little temperature
ing charge-density distortions resonantly coupled to ionicgependence between 300 and 60 K. BelGiv~50—60 K,
displacements. Recently, Lemmegtsal. reported &l ,4 cON-  however, electronic scattering intensity below 290 ¢nis
tribution in the Raman spectra of SmBear the 170-cm*  rapidly suppressed and redistributed to higher enefgiith
“extra” mode which they attribute to such a local transition. a peak energy of 330 crmi 1)) reflecting the development of

It is not clear from our results if we see suchT g, contri-  a gap, or pseudogap, in the low-frequency excitation spec-
bution in SmB. However, we have looked at the tempera-trum of SmB,. The characteristic temperatur€*, associ-
ture dependence of the 170-ctmode, finding that while ated with gap development in Fig. 2 corresponds closely to
the integrated spectral weight under this mode is well dethe temperature at which the magnetic susceptibility has its
scribed by the two-phonon overtone thermal factsfw) maximum valué;® and below which the resistivity increases
~[1—exptiw/2kT)] 2R"(w), there are at least two distinct with decreasing temperatufé Remarkably, the temperature
components associated with this mode: a high-energy condependence of the electronic Raman continuum in $mB
ponent near 180cmt with a strongly temperature- characterized by a temperature-independent energy or
dependent damping rate below 50 K, and a low-energy comtisobestic” point, A.~290 cm !, across which electronic
ponent near 165cht with a nearly temperature- spectral weight is systematically transferred as the gap de-
independent linewidtlisee Fig. 1b)]. The sudden decrease velops belowT*. Figure 2 also shows that the development
in the damping rate of the 180 crh component belowl* of the gap in the electronic scattering response is accompa-
~60 K does appear to betray a strong coupling of this excinied by the appearance of a sh&psymmetry in-gap reso-
tation to low-energy charge degrees of freedom in g2 nance which will be discussed in greater detail later.
relaxation of lattice modes due to traditional two-phonon de- While the development of a gap in SmBas been ob-
cay should change little with temperature at low temperaserved in other measurements such as infrared reflectivity,

B. Gap development in SmB
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suppressedA ., to the fractional change in the integrated
electronic scattering strength below., AI(T)/AI(T
=15 K), where AI(T)=I(T)-1(110 K), and I(T)
zféng(w,T)dw is the integrated spectral weight associ-
ated with the electronic contribution to the Raman-scattering
response functiorR)(w) below A,~290 cmi ! at a given
temperatureT. Figures 2 and 3 illustrate clearly that the
low-energy electronic continuum changes little with tem-
perature down td@*, but decreases abruptly and over a wide
frequency range beloW* .

The large difference between the characteristic energy,
A., and the temperature scale at which the gap develops,
T*, in SmB; is also a property exhibited by other correlation
gap systems, including FeSi and 8&Pt. Significantly,
this behavior is not consistent with that predicted by either
LRI “fixed” band-structure gap or simple “hybridization” gap
0 40 80 120 160 descriptions. With respect to the latter, Sanchez-Castro

Energy Shift (cm™) et al3® have calculated the temperature dependence of the
gap for theU =<0 limit of the Anderson lattice Hamiltonian

FIG. 3. In-gap resonances at 4 K, showing at least four peaks a1sing a mean-field, slave-boson technique. In contrast to our
0 T, including Eg(131 cnt), Tpg(142cmt), Ty4(135cm?), observations in SmB the hybridization gap energy in this
and a weak fourth mode off,4 or T,; symmetry below calculation decreases gradually with increasing temperature
130 cmi *. The dashed lines compare the Raman response at 40 kand shows no evidence for a temperature-independent energy

scale. A better comparison to our data is found in results of
transport, NMR, and point contact spectroscopy, our Ramarealculations by McQueeat al,*® which go beyond a mean-
scattering results exhibit several interesting features whiclfield treatment of the Anderson lattice Hamiltonian to in-
have not been revealed by other techniques. First, althougklude the effects of the temperature-dependent quasiparticle
transport and infrared transmission measurements of SmBifetime due to strong electron-electron scattering. These cal-
have infrared gaps of 30 and 140 ¢k respectively, the culations predict that at high temperatureE>T*) the
Raman results shown in Fig. 2 demonstrate that gap develidth of the quasiparticle spectral function is much larger
opment in SmB influences electronic states up to a muchthan the renormalized hybridization gap, resulting in a
larger energy,A.~290 cni’?, than is indicated by other smearing of the gap and “dirty-metal” transport behavior.
measurements. Figure 3 shows in greater detail the influencgs the temperature is reduced, however, the width of the
of gap development on the low-frequency<{30cm ')  quasiparticle spectral response decreases rapidly, and below
electronic scattering in SmB Over the frequency range a characteristic temperatufé becomes less than the renor-
shown in Fig. 3 (15-160 cim') gap development results in malized gap, resulting in pseudogap development. Calcula-
an abrupt, uniform suppression of electronic scattering; theréions of the magnetic susceptibility using this model indicate
is no feature in this spectrum at the reported energy of thea much stronger temperature dependence in the transition
transport gapA,~30 cni %, and only a slight “kink” in the  region than is expected in a conventional semiconductor, in
slope of the Raman spectrum near the energy of the reportesjreement with our observations. Moreover, the results of
optical gapA o~ 130 cm'l. Thus, while the nearly com- these calculations are consistent with several key features of
plete suppression of electronic scattering due to gap formasur Raman results, including the rapid development of a
tion is only observed fow<130 cm %, Figs. 2 and 3 illus- pseudogap below a temperature which is much less than the
trate that gap development in Sgihfluences electronic gap energy.
states up to much higher energie290 cm 1. Notably, in- It is worth noting that various strong-coupling descrip-
frared measurements of SmBiot only reveal a low- tions of mixed-valence insulators involving the formation of
temperature T<T*) transmission onset below 110 ¢t local bound states at low temperatures, including Kondo in-
but also clearly show that the opening of the gap in $mB sulator (Kondo singlety and excitonic insulatofexcitong
causes a partial suppression of the optical conductivity up tpictures, appear at first glance to be consistent with certain
much higher energies; 240 cm 1, in reasonable agreement aspects of our Raman results. In the strongly coupled Kondo
with our Raman results. insulator description, for example, the observation of a

As we have reported previoushg second significant fea- temperature-independent energy scale associated with gap
ture of the low-temperature results in Figgbjland 2 is that development in SmBcould be identified with the Kondo
the characteristic energy associated with gap developmertemperatureTy . Additionally, the 130-cm? in-gap reso-
defined by the isobestic point neAg~290 cni ! (see Fig. nance observed in SmgBs in certain respects reminiscent of
2), is nearly an order of magnitude larger than the charactera spin-flip transition ) expected for a Kondo singlet state.
istic temperature T*) below which the gap develops, i.e., For example, the spin-gap energy,~130 cmi' %, and gap
A.~8kgT*. This behavior is more clearly illustrated in the ratio, A./As~2.1, implied by such an interpretation of our
inset of Fig. 2, which compares as a function of temperatureesults are quite similar to those values inferred in the Kondo
the characteristic energy below which electronic scattering isnsulator CgBi,Pt; from inelastic neutron-scattering and re-

Intensity (arb. units)
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TABLE |. Symmetries, energies, and field dependencies of in-

. . 649 — 100 -
gap excitations. The excitations denotedf follow the labeling 5 Q{g o
scheme in Fig. 6. Modé appears weakly in theRCP,RCP polar- & 5195 l8o g
ization geometry. % 2 g
3 2
— § 8 389} 1° 5 5
w (cm™7) et B > s
_ = N (%]
Mode Symmetry atoT (Am;=1) é g osgl 40 25
a Tag OF Tag 128.9 ~0.15+0.06 3= 120 §
b E, 130.7 0.310.04 g 1291 <
c T29 136.6 . L L L I ! 1 1° @
@27 0 20 40 60 80 100 120
d Mostly T4 142.1 ~0 Temperature (K)
By or Ty
f Tig 135.4 FIG. 4. Comparison of the temperature dependence of the

130 cm ! magnetic excitation intensity measured by inelastic neu-
tron scattering®l) (Ref. 50 and Raman scatterin@®).

flectivity experimentsA ~160 cm ! and gap ratidA /Ag . , . . . . _
: . . > ___intermultiplet transition between spin-orbit split levels of ei-
1.8, and is also consistent with 1D PAM calculatlons,[her SM* (J=5/2-7/2) or SM* (J=0—1),% and(iii) a

; : - 21 .

which find thatA~As to 2457 However, as we shall dis J=0—1 spin-flip transition, such as that predicted between
cuss more completely in Sec. 11l C, the predictions of thesedifferent 4£55d configurations by Kikoin and Mishchenkd
1D calculations cannot account for the complex “fine struc- '

.Rather, the rich spectrum of in-gap resonances observed in

ture” and symmeiries Obsef"e.d for the IN-gap resonances I}, .se measurements suggest strongly that magnetoelastic
SmB;, and thus these predictions are ultimately not consis-

tent with our data. Rather, as we discuss below, our resul coupling, in addition to having an important influence on the

suggest not only that the gap-edge states observed iy Sm ttice dynamics of Smg***"“'also has an important effect
99 y gap-edg 6 >MB) the low-energy electronic states of this material. Several

have strong local moment character reminiscent of the ossibilities appear to be consistent with our resijsnag-

+ ; -
Sn?'* 4f states, but alsp that these states are strongly mﬂL.'lEl)etoelastic splitting of spin-orbit split levels, similar to that
enced by magnetoelastic coupling effects which are not typi-

. . . “reported previously in SgysY o 2sS (Ref. 42, (i) magneto-
cglly accounted for in electronic models of low carrier den elastic splitting of 455d excitonic state or (iii ) magneto-
sity Kondo systems such as SgB

elastic coupling to crystal-electric-fielCEF excitations.

In order to further examine these possibilities, it is useful
C. In-gap bound states to first note that there are anomalous phonons which do ap-
pear to participate in strong magnetoelastic coupling in
SmB;. For example, the frequency of tfig, Raman-active

Perhaps the most remarkable consequence of pseudogaptical phonon in SmBis substantially renormalized com-
development in Sm@is the evolution of several resonances pared to theT,; modes in stable-valend®EBg compounds,
in the pseudogafi.e., with energy less thaa;) below T*. suggesting a particularly strong coupling betwdgg sym-
Figure 3 shows that there are, in fact, as many as four excietry lattice distortions and the low-frequency electronic
tations which develop in the pseudogap beltu a strong, states of SmR3? Moreover, although neutron-scattering re-
narrowky symmetry excitation at 130 crl, a strong, asym-  sults show a general softening of all modes in SneBm-
metric T4 Symmetry excitation at 142 cm, and weaker pared to other hexaborides, these measurements also find
T,y and T4, symmetry excitations at 136 and 128¢chy  kinks in the dispersion of the longitudinal acoustic phonons
respectively. Table | summarizes this information. As showmear theA and3 points of the Brillouin zon& which have
in Fig. 3, all of these excitations share the same temperaturgignificant localT,, character. The anomalous behavior as-
dependence, namely a rapid diminution of intensity as temsociated with theT,4 phonon in SmB motivates two mag-
perature approacheB*, suggesting that these excitations netoelastic coupling descriptions that are consistent with ob-
have a similar origin and are strongly damped by thermallyserved features of the in-gap bound states in $nifst, a
excited d electrons in the conduction band. Interestingly,dynamical Jahn-Teller effedDJTE), which causes a split-
inelastic-neutron-scattering measuremé&ntsave also re- ting of thel'g crystal-field quartet by &,, symmetry pho-
ported a single, broad (FWHM16 cmi 1) magnetic excita- non, and results in the formation of four hybrid states having
tion in SmB; with the same temperature dependence andymmetries [3®T,q=)I's+1'7+2I'g and different mix-
energy scalé~ 130 cm ! at the Brillouin zone centgas the  tures of electron-phonon character. Notably, the presence of
in-gap excitations we observe in Raméwpen squares in a DJTE has also been inferred from ESR measurements of
Fig. 4). Our higher resolution Raman results consequenthEr?*-doped SmB.“**4A second possibility is that magneto-
reveal that there is actually substantial “fine structure” as-elastic coupling causes a bound state betwe&g,ghonon
sociated with this excitation in SmB and both thd™; andT'g levels, similar to that proposed by

Several interpretations of the in-gap excitations we ob-Thalmeieret al*® to explain the observation of fine structure
serve in SmB are by themselves insufficient to account for in theI';—I'g transition of CeA (Ref. 46. In the model of
either the number or symmetry of excitations observed, inThalmeieret al, T,4 phonons near th& point of the Bril-
cluding (i) a simplel’;—1I'g crystal-field transition(ii) an  louin zone couple to the crystal-field levels, producing addi-

1. Temperature dependence



12 494 P. NYHUS, S. L. COOPER, Z. FISK, AND J. SARRAO 55

T=4K

H=8T
0T

S(w) (arb. units)

1é0 1(|30 1;10 150 160 170 180
Energy Shift cm™)

>
-
N

oT

i L | | i i I | 120 130
0 20 40 60 80 100 120 140 160 Energy Shift (cm™)
Energy Shift cm™)

140 150

FIG. 6. The magnetic-field dependencies of the bound states.
che plot shows(LCP,RCB spectra for fields upot8 T at 4 K,
clearly showing the splitting of thE; mode into at least two peaks

field, while the thick line shows the low-frequency spectrum at 4 K denoteca andb. The straight lines through the peaks are guides for

in a 8T field. The inset shows the same spectra in the rangd'® eye. The 142_'le T, mode () does not shift and appears to
120—185 cml. lose spectral weight with field to moae Modec is not evident in

the O-T spectrum. Spectra have been offset for comparison. Peak fit
deparameters are summarized in Table I.

FIG. 5. The magnetic-field dependencies of the gap and defe
modes. The thin line shows the gap and bound statésain zero

tional structure in the neutron-scattering spectrum. This
scription differs from the DJTE scenario in that tfg,
mode couples to both thE; andT'g levels, resulting in the wholly attributable to the different Landg factors in YB*
formation of three new hybrid states, including one of prin-(g ~7/2) (Ref. 47 and Sm" (g.s=2/7) ions, and are
cipally phononic character and two of primarily electronic therefore consistent with an extended hybridization gap
character. _ _ _model. However, Coolegt al*® argue that the magnetore-
Notably, several properties of the in-gap states are conSigstance in Smpis too small to be accommodated by the
tent with the presence of magnetoelastic coupling. First, the, pridization gap description, and suggest instead that this

reasonably strong Raman-scattering intensities associat% havior results from strong exchange coupling, which cre-

with these in-gap states suggest the presence OT some p_hongtrés band edge states that are nonmagnetic singlets similar to
character. Second, strong magnetoelastic coupling provide

: StRose expected in a Mott-Hubbard insulator.
natural explanation for the strong angle 4 dependence In order to provide a more detailed picture of the gap and
of the 130 -cm? in-gap modé? Finally, as discussed be- P b gap

low, the magnetic field dependence of the in-gap resonancé'gfgapfStthat('lS n in‘@ we h(;ive studied thte tf'eld gepen%en—_
in SmB; affords additional evidence not only that these state Iés of he pseudogap and resonance states observed using
are hybrid states with mixed electron-phonon character, b gaman scattering. Figure 5 Sh,OWS that within th? noise level
also that the electronic contributions to these states may B OUr data, we observe no field dependence in either the

derived from the SAT 4f5 crystal-field levels [';,I'g).% electronic continuum intensity within the pseudogap (
<A¢~290 cm 1) or in the characteristic enerdyisobestic
2. Magnetic field dependence point”), A, for fields as high as 8 T. On the other hand, Fig.

6 illustrates significant changes in the spectrum of in-gap

The magnetic-field dependence of the low-frequency eX3tates. For example, the 130—?:P‘nEg mode is strongly in-

citation spectrum in SmBalso affords insight into the nature fluenced by field, exhibiting a roughly 3-crh splitting for a

of the in-gap states observed in this system. Most electroni 7 . ; L
models of the Kondo insulators predict a narrowing of theﬁler::rgl gt_hi Z'neLrjsmg Iti?tti?ng;il?s“?hn:kr]r;? ; eAtiOcJ:‘ige(le(fjf,iLBTs’,
gap with field; for example, the simple hybridization gap 9y sp ' 9 B

picture predicts a narrowing of the gap which varies linearly"e Bohr magneton, and assumitigy; =1, we estimate from

with field due to Zeeman splitting of the localized gap-edgetis SPIitting & value 0geq~0.31=0.04 for thek, symmetry
states. Experimentally, however, a large variation in the field-9ap state. This estimate is quite close to the Lagdac-
dependence of different putative Kondo insulators has beel@r for the I' level of Sni™*, ge=2/7 (~0.29, providing
observed. For example, YhBexhibits a large negative mag- additional evidence that the states which develop at the gap
netoresistance and a rapid reduction of the gap with fiel@dge in SmB have strong local moment character, and in-
which results in a field-induced insulator-to-metal transitiondeed are closely related to the $ni"g andT'; crystal-field

at H=45 T. By contrast, SmBexhibits a very small nega- split levels. The insensitivity of the 143-cm T,g mode to

tive magnetoresistance, and has a gap that is reduced by ordy applied magnetic field, on the other hand, is consistent
4% in an 18-T field. Sugiyamet al*® have proposed that the with a predominantly phononic character for this mode and
different field dependencies observed in YbBnd SmB are  with the hybrid nature of the in-gap states in Sg;nB
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D. Conclusions electronic scattering over an energy scalethat is substan-
In summary, we have investigated the development ofially larger than the characteristic temperatdre for gap

both a low-temperature many-body gap and a rich spectrurfl€velopmentA.~8kgT*. Our measurements further indi-

of in-gap states in SmB We find that the low-temperature cate that gap development in Sginormalizes electronic
ground state and excited states in SysBare some similari- States over a much wider energy than is suggested by the

ties with characteristic states expected in the simple “hybrig€Stimated transport gap. It is tempting to suggest that the

ization gap” model. In particular, we observe a spectrum ofdramatic development of the gap in Spi8 not primarily
gap-edge states at low temperatures which have strong locaftiuenced byf-d hybridization, but rather by strong Cou-
moment(f-electron character. While we cannot rule out the 10MP correlations in thed band. The importance of such
possibility that these in-gap states are Kondo or excitonicorrelations is expected due to the low carrier densities in
bound states predicted by certain strong-coupling models dh€sé materials, and indeed several groups have already

Kondo insulators, the number, symmetries, and field deper?0téd the similarities between gap de\:;Pg)pment in Sark
dencies of these in-gap states suggest that they are m t observed in Mott-Hubbard insulatérdt should also be

likely due to 4° Sne* crystal-field levels ['g,I';) whose pointed out, however, that calculations of the hybridization

degeneracies are split by strong magnetoelastic coupling 2P model which include quasiparticle electron-electron

local lattice distortions. Indeed, the number and symmetry ofCattering effects also look promising for removing the dis-
these states can be described quite well by assuming that tf&EPancies between our results and the predictions of simple
S T crystal field level is split via a dynamical Jahn- hyPridization gap models.
Teller distortion associated with d,, phonon. Conse-
guently, our results suggest that the in-gap states ingars
most appropriately viewed as “phonon bound states” caused This work was supported by the Department of Energy
by strong magnetoelastic coupling between thevels and  under Grant No. DEFG02-96ER453B.N. and S.L.Q.and
local lattice distortions. Thus, in addition to causing substanby the NHMFL through Grant No. NSF DMR 90-16241
tial anomalies in the elastic properties of SgnBstrong (Z.F. and J.S. We would like to acknowledge use of the
electron-phonon coupling also has a significant influence oMRL Laser Lab Facility, where much of this work was car-
the low-energy electronic states of this compound. ried out, and we would also like to thank Miles Klein, Girsh
On the other hand, the simple hybridization gap modeBlumberg, and Moonsoo Kang for the use of their magnetic-
completely fails to describe the dramatic, ‘“phase-field Raman system in portions of this work. Z.F. and J.S.
transition”-like quality associated with charge gap develop-acknowledge the partial support of the Japanese New Energy
ment in SmB, this gap is characterized by a suppression ofand Industrial Development Organization.
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