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Electronic structure of black SmS.
I. 4d-4f resonance and angle-integrated valence-band photoemission spectroscopy
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We study the electronic structure of single-crystal “black” semiconducting SmS using x-ray absorption and
resonance photoemission spectroscopy acrossdhef 4hreshold and high-resolution temperature-dependent
valence-band photoemission spectroscopy. Tdhe # on-resonance spectra show mixed valency of Sand
Sn?t states in semiconducting SmS at low temperatdfe= 80 K). The high-resolution spectra show a
pseudogap within 20 meV of the Fermi level at low temperatures. This pseudogap is gradually filled up
accompanied by a redistribution of spectral weight over a larger energy scal@ meV on increasing
temperature, resulting in an incipient metallic phase at room temperature. The two energy scales can be
associated with the coherence temperaiyrand the Kondo temperatufig , respectively. The changes in the
single-particle density of states at and about the Fermi level are compatible with recent theoretical results on
“exhaustion physics” in the periodic Anderson model. The present study indicates a Kondo lattice picture for
SmS and suggests a relation between the mixed valency and the temperature dependence of the pseudogap for
“black” semiconducting SmS.
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[. INTRODUCTION which showed that SmS exhibits a Van Vleck paramagnetic
susceptibility given byy=8Nu?/E(T), whereE(T) is the
SmS is well known for the first-order pressure-inducedtemperature-dependent singlet-triplet gap &hds the spin
semiconductor to mixed-valent-metal transittod The low-  density? An admixture of the 4°5d* Sn¥* configuration in
pressure phase is a black-colored semiconductor possessitig ground state was postulated as a reason for the same.
rocksalt structure, with a nearly divalent configuration of Though electron spectroscopy was expected to provide a
Snt* ions corresponding to af4 occupancy. The # con-  conclusive answer, early work resulted in conflicting pictures
figuration results in @l=0 singlet ground state with th&  with x-ray photoemission spectroscof¥PS) indicating less
=1 triplet state about 30 meV higher in energy at roomthan 3% Sm* (Ref. 7) while ultraviolet photoemission spec-
temperature. This situation led to SmS being considered tioscopy (UPS concluding 15-5%d character in the
good test example for the mean-field random phase approxgiround staté. The presence or absence d8d* Snt* ad-
mation result of an ideal singlet-triplet excitation. In an in- mixture in the ground state is a necessary input to construct
elastic neutron scattering experiment done by Shapiro, Bira theory for the pressure-induced transition from black SmS
geneau, and Buchérthe dispersion of the singlet-triplet to gold SmS.
excitation was traced as a function of temperature and it The golden-colored high-pressure isostructural metallic
confirmed the temperature-dependent dynamics of thphase of SmS exhibits a homogeneous mixed valence as
singlet-triplet model. A clear reduction in the singlet-triplet shown by studies of magnetic susceptibility, isomer shift,
excitation energy at low temperature compared to the freetc.? with a Snf* to Sn* ratio of 7:3. The high-pressure
Snt* ion was simultaneously observed by Natteral. us-  metallic phase is, in fact, qualitatively similar to SgiBnd
ing Raman spectroscopyThis was attributed to the ex- YbB,, as well as other mixed-valent rare-earth systems in-
change interactions which couple neighboring Sm ions andluding a-cerium®°-*2Wwhile gold SmS, Smg and YbB,
reduces the effective spin-orbit splitting. A similar result wasare actually semiconductors at low temperature and trans-
obtained earlier from magnetic susceptibility measurementform to a metal at high temperatures-{00-150 K), an
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important common factor in the mixed-valent metallic statecreasing temperature to 300 K accompanied by redistribution
is the so-called Kondo volume collapse relating to a first-of spectral weight over a larger energy scale of 200 meV. The
order transition with a large volume change, accompanied bghanges in the single-particle density of states at and about
a change in the magnetisthThe issues of mixed valence Er are compatible with recent theoretical results based on
and the Kondo effect have retained enormous interest ovdhe “exhaustion physics” scenario of the periodic Anderson
the yeard*~17 with electron spectroscopy studies playing amodel. The present study thus clearly indicates Kondo lattice
significant role throughout, beginning with the work of Allen effects in SmS.

et all” Recent work on the periodic Anderson mod@AM)

and_the Falicov-Kimball model with new an_alytic and nu- Il. EXPERIMENT
meric methods has brought into focus many issues of mixed _ _ _
valence including the connection between the stédig., Polycrystalline SmS was first prepared by heating the

magneti¢ and dynamidqsuch as the density of stajgsrop- ~ constituent elements in an evacuated sealed quartz tube. The
erties of such systen’r§726 In particular, Tahvildar-Zadeh, resulting powder was encapsulated in a tungsten crucible and
Jarrell, and Freerick& have shown that their PAM results single crystal SmS was grown by the Bridgman method. The
can account for the dispersion and weak temperature depegtructural, electrical, and magnetic properties have been
dence of the Kondo resonance observed in angle-resolvggported* and match well with earlier work:® X-ray ab-
photoemission experimeRfsfor a heavy-fermion system. sorption spectroscop§xAS) and RESPES across thel-4f
The Kondo resonance at the Fermi level] of a heavy- threshold were performed at beamline 19-B of Photon Fac-
fermion metal is due to hybridization of strongly correlafed tory at Tsukuba. XAS measurements were carried out in the
orbitals with a metallic host, with characteristic high- andtotal fluorescence yield mode on cleaved mirrorlike0)
low-energy features in photoemission spectros¢dp§3t surfaces at T=30 K. The base pressure was 5
The increase of this hybridization then leads to a stronglyx 10™'% Torr and the sample surface was stable for a time
mixed-valent state. Another group of compounds that fallperiod of about 40 min. Consequently, the XAS and RESPES
into the same Anderson lattice class are the Kondo hybridspectra on cleaved surfaces reported here were acquired
ization gap insulator® These can be similarly modeled by within 30 min of cleaving. The total resolution for the XAS
onef band hybridizing with a conduction band, with exactly and RESPES measurements was 120 meV at ihelf4
two electrons per unit cell, resulting in a ground-state semithreshold. XAS and RESPES spectra were also measured on
conductor. An important concept put forth by Noziéfeend ~ gently scraped surfaces at 30 K. High-resolution photoemis-
recently gaining more attention for Kondo lattice systemssion spectroscopy was carried out at Tohoku University us-
with low carrier density is the relevance of “exhaustioning a SCIENTA SES-200 analyzer and a GAMMADATA
physics,” operative when the carriers compensating owdischarge lamp with a toroidal grating monochromator. The
screening the local-electron moments are exhausted. Thisspectra presented here were recorded with a total energy
situation distinguishes collective effects due to the Kondoresolution of 13 meV at 30 K, including the Fermi-Dirac
lattice from the single-impurity problem. Magnetic ordering (FD) broadening. The sample surface was gently scraped
is suppressed due to quantum fluctuations in this picturesitu for angle-integrated measurements, ensuring that the sur-
Experimentally, the Kondo insulating behavior is known to face did not transform to the “gold” phase. The scraping was
be very sensitive to applied magnetic fiéfdyressuré® and  carried out using a diamond file in a base vacuum of 5
to a small amount of impuritie®. It has been shown recently <10~ Torr for the laboratory measurements. Due to the
that the width of “Kondo resonance” calculated based on theémproved base vacuum and a working pressure~cb
periodic Anderson model and the single-impurity Andersonx 10~ 1% Torr when the discharge lamp is in operation
model gives a measure of the “coherence temperafyte (caused by an increase in He partial pressure monitored us-
and the “Kondo temperaturéy ,” respectively. As a result, ing a residual gas analyzethe sample surfaces were stable
there are two energy scales in the problem withsup-  for about 1 h. The Fermi level was referred to that of a gold
pressed compared by, and this results in a pseudogap film evaporated onto the sample substrate and its accuracy
below the temperaturg, .= was better than 0.5 meV. The temperature of sample was
In this work, we have studied black semiconducting SmSneasured using a Pt resistor to an accuracy-af K. The
using high-resolution photoemission spectroscopy as a funspectra were recorded at temperatures between 30 and 300
tion of temperature. We used resonant photoemission spe&, in a temperature cycle, to ensure that temperature-
troscopy at low temperatur@0 K) across the d-4f thresh-  dependent changes were reproducibly obtained.
old on cleaved100) single-crystal surfaces to reinvestigate
the issue of mixed valency in SmS. We havg observed fea- Ill. RESULTS AND DISCUSSION
tures due to SAT and Smi* states at ambient pressure,
indicating that black SmS is mixed valent. We confirmed that We show in Fig. 1 the valence-band spectra of SmS ob-
the relative intensity of the St and Sni* states in reso- tained at 30 K using Hed (hv=21.218 eV) or He Ik
nance photoemission spectroscofRESPES is not modi- (hv=40.814 eV) photons. The He | spectrum shows a
fied on scraping the surface necessary to obtain the totahree-peak structure between 1 and 3 eV and a broad feature
density of states. We also observed a pseudogap within 2& about 5 eV binding energy with a weak shoulder. The
meV of Eg at 30 K using high-resolution photoemission features at 1-3 eV are strongly enhanced in the He Il spec-
spectroscopy. The pseudogap gets gradually filled up on intrum, suggesting that they are due to Sinsfates. The spec-
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FIG. 1. Valence-band spectra of black SmS measured with He FIG. 2. X-ray absorption spectrum of SmSTat30 K across
le and He I photons aff=30 K. the 4d-4f threshold measured in the total-fluorescence-yield mode.

tra are very consistent with earlier valence-band studies ot al3° We have carried out valence-band RESPES measure-
SmS carried out using UPS>*Since the feature at nearly ments in normal emission at photon energies of 125, 135.5,
1 eV binding energy is observed in SmS and not in SmSe, i&nd 143 eV labeled as “off,” “on1,” and “on2” in Fig. 2.
was assigned to the-derived contributior!. However, the  The RESPES data normalized to the incident photon flux are
three-peak structure between 1 and 3 eV binding energy &hown in Fig. 3. The off-resonance spectrum is again very
low photon energies goes over to a two-peak structure igimilar to that reported earli€& and confirms the quality of
XPS. This difference is due to an overlap from the surfacghe surface. We find a two-peak structure at 0.8 eV and 1.6
states(observed only in UPS and shifted to higher bindingeV corresponding to the Sm states followed by the S8
energy on the bulk states, which has been proved to be thelerived band at about 5 eV. On increasing the photon energy
case by measurements on cleaved surfaces of SmS with oxy “on1,” we find a sharp resonant enhancement of thé Sm
gen exposure. The oxygen exposure resulted in quenching @8atures but also weak enhancements of thé Sfeatures.
the surface states at higher binding enerdfesimilar to that  The relative intensities at this photon energy do not match
known for Sm metal and SmB(Ref. 37. The bulk states wijth the expected intensities calculated using a fractional
were thus identified to be at 0.8 eV and 1.6 eV bindiﬂgparentage method. On tuning the photon energy to “on2,” a
energy, in very good agreement with XPS valence-band fegurther enhancement is seen for features due td*Sand
tures. Although XPS spectra of substituted S(R8fs. 7 and  sn?* along with changes in the relative intensities of the
8) and SmB (Refs. 37 and 3Bunambiguously show the sn?+* 4 and °F features. The energy positions and relative
coexistence of SAT and Smi* features, the general consen- intensities for Si* and Sm* ions have been calculated
sus rested at SmS being divalent without a detailed inveStiusing a fractional parentage metﬁbdnd are shown as a bar
gation of Smi* features in black SmS. However, a careful diagram in Fig. 3. The “on2’-resonance spectra match well
look at the XPS valence-band data of Refs. 7 and 32 shows\gith the calculated energy positions for the different multip-
broad weak feature centered about 8 eV whose origin has not
been discussed in the literature. Since the He | and He Il —
spectra do not show even a weak feature at the same energy
in all measurements to date including the present one, we felt
it important to confirm states of Smf &£haracter in SmS. In
order to do so, we have carried out XAS and valence-band
RESPES across thed4threshold. Due to dipole selection
rules, we can thus unambiguously identify 4haracter in
the valence band. We have made an extensive literature sur-
vey and to the best of our knowledge there exists only one
study of 4-4f RESPES of SmS by Gudat al>® over a
limited photon energy range. We compare and confirm our
results with the incident photon energy used in the early
measurement and then extend the energy range to identify
the 4f states in the valence band. . a in,
Figure 2 shows the x-ray absorption spectrum measured — T ' "‘ 0
in the total-fluorescence-yield mode across the Soh 4
threshold for a Sm$100) cleaved surface at=30 K. The
spectrum is very similar to the constant-final-state spectrum F|G. 3. Resonant photoemission spectrd at30 K across the
reported earlief? It is well known that the constant-final- 4d threshold at photon energies labeled “off,” “on1,” and “on2” in
state spectrum resembles the x-ray absorption speéftumithe XAS spectrum in Fig. 2. The bar diagram shows thé Sand
We identify prepeaks at 128 eV and 131 eV followed by twoSn?* mulitplets calculated using a fractional parentage method
main peaks at 135.5 eV and 143 eV, as in the work of GudatRef. 41).

'SmS E
RESPES 4d-4f

Intensity (arb. units)

Binding energy (eV)
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lets of Snt™ and Smi*. Since the “on2” measurements are
done after the “onl” and the relative intensities and energy
positions match very well with calculations using a fractional
parentage method, we strongly believe the data are intrinsic.
The origin of the features is thus well understood as the
one-electron removdiH, °F, and ®P states of the #° con-
figuration of SM* and the®l, °F, °G, and °D states of
Sntt (4f°5dY). The separation between the lowest-energy
multiplets of SM* and Smi* is a measure of the on-site
Coulomb interactiotJ¢; in SmS and is estimated to be about

7 eV, similar to that obtained in Sm metal and SmRef.

37). The ®P feature at 4 eV overlaps the broad $ 8tates
centered at 5 eV binding energy. The observation of bulk
states in agreement with earlier XPS studies and a suppres-
sion of the surface states indicates that RESPES across the
4d-4f threshold is dominated by the bulk states of S 4

SmS
RESPES 4d-4f

cleaved

degraded

Intensity (arb. units)

scraped

However, we do not understand the details of the relative L L

intensities of S" and Sn™ and their line shapes in the 12 8 4 0

present case at the intermediate “onl1” photon energy. Given Binding energy (eV)

this complication, it is extremely difficult to extract the rela-

tive concentration of SAT and Sm* from the resonant FIG. 4. Resonant photoemission spectrd at30 K across the

photoemission spectra. The early studies of valence-ban‘bd threshold at photon energy “on2” to show the intrinsic spectrum
RESPES had been carried out up to an incident photon er{or @ cleaved surfacaipper panel the_degrgded spectrufmiddie

ergy of 130 eV. An enhancement of the Sirfeatures at an pane), and recovery of the spectral intensity after scrapiogver
incident photon energy corresponding to the prepeak enerdglane}'

was measured. Further, the change in relative intensities be- ]

tween “off” resonance and “onl” resonance in the presentlncreleses to about 2.6 in the “gold” phase at a pressure of 10
case are very similar to the data of Ref. 39 measured at 12¢par.”” Another EXAFS study on black SmS, however, con-
eV and 130 eV. In fact, based on a symmetry analysis, it wasidered SmS to be a divalent system but identifies an absorp-
claimed that resonance enhancement should occur only féton threshold puzzle: SmS and $Y,S exhibit the same
the SF and °P states with the®P states showing higher threshold in spite of the mixed valency of $mY,S™*

intensity than thé’F states. The analysis is, however, incom-  Figure 5 shows the valence-band spectrum of SmS at 300
plete, as they have not been measured at higher photon ek-superimposed on the 30 K spectrum obtained using He I
ergies. The present study extends the earlier results t&diation for scraped surfaces. The spectrum at 300 K clearly
RESPES of SAt- and Smi*-derived states occurring at a shows that the S#i features increase in intensity while the
higher photon energy corresponding to the main peaks obSnT "-derived features weaken compared to the 30 K spec-
served in XAS and confirms the mixed valency in blacktrum. However, such a behavior is also expected to appear
SmS. A similar resonance enhancement due t¢'smand due to contamination and oxidation of the surface at higher
S+ -derived features has been observed for Sm metal an@mperatures, though we do not see changeuptt after
SmB; by Allen et al¥” Note that the resonance enhancemen$craping in a base vacuum ok&.0™** Torr. Unfortunately,

is observed only on tuning the photon energy and is not due
to a contaminated and degraded surface. We have also mea- ' ' '

sured the “on2”-resonance spectra of the cleaved surface SmS  valence band :
after degradation as shown in Fig. 4. In comparison with the He Il é |
intrinsic spectrum, we see a sharp decrease in the intensities _

of Snt'-derived states after 40 min of cleaving with no 2 T=30K
enhancement in the intensities of the Snderived features.
However, on scraping the surface with a diamond file, the
intensities of the SAY- and Sni*-derived features are re-
markably recovered as shown in Fig. 4, although the features
are slightly broadened compared to that obtained from
cleaved surfaces. We note that since the mixed valency is 5 1o £ 0

observed clearly only in the resonantly enhanced spectra, we Binding energy (V)

are unable to quantify the relative contributions of the?Sm g 24

and Smi*-derived features in the ground state. However, a FIG. 5. He Il valence-band spectrum of black SmS at 30 K
pressure-dependent extended x-ray absorption fine structuggmpared to that at 300 K, showing the growth of3nfeatures
(EXAFS) study at room temperature reported a valency ofand a reduction of SAi features. The spectra are normalized to the
2.1 for SmS in the ambient pressure “black” phase whichintegrated intensity.

Intensity (arb. units)
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we were not able to measure thel-4f RESPES at high
temperatures because of the poorer vacuum (5
%10 1° Torr) and the rapid degradation of surface. Thus,
the present temperature-dependent observations are only
suggestive of possible changes in mixed valency as a func-
tion of temperature in black SmS. A similar behavior using
temperature-dependent XPS is known for the collapsed 2
phase of mixed-valent metallic $S$mYo1sS and 300 200 00 )
SmAS).lBSO.BZ (Ref- 44- Binding Energy (meV)
The above experimental results and assignment of fea- ‘
tures are consistent with recent theoretical calculations of the
electronic structure of Sm$:7%° Most significantly, it has
been shown recently by Stranget al?’ from a first-
principles calculation that the mixed-valence transition in Sm
chalcogenides is not a transition starting with an integer
number of localized states. Rather, the system undergoing a
mixed-valence transition as a function of a physical param-
eter actually exhibits a transition between two states both
with a nonintegral number of delocalizéetlectrons and an
integral number of localized electrons. The difference in FIG. 6. (9) Raw He Il spectra nedE: of SmS measured at 30
energy of the SAT and Smi™ configurations has also been and 300 K.(b) He Il spectra after dividing by the Fermi-Dirac
calculated® from a total energy method and is of the order of function convoluted by a Gaussian for the experimental resolution.
15 meV for SmS, which is of the scale of room temperatureA low-energy(20 me\) pseudogap af=30 K is clearly observed,
These theoretical studies also reproduce the intricate valen@éich gets filled up at 300 K, accompanied by spectral changes up
stability and the systematics observed in various propertiet® about 200 meV.
of mixed-valent Sm, Eu, Tm, and Yb compourfds*®it was

also shown using a multiband periodic Anderson model forfyp at 300 K accompanied by a redistribution of the spectral
SmS within the local density approximatfBrthat the semi- weight over 200 meV as clearly seen in Figa)6 In order to
conducting “black” phase also has a small amount of mixed.heck the observed behavior. we have measured Hear-
valency which increases in the “gold” phase. In the follow- g8 with high resolution as a function of temperature.

ing paper, we report our angle-resolved photoemission S'peﬁ‘figure 1a), shows the spectra obtained with He | radiation

troscopy on SmS ar=30 K, Wh'Ch determines t_he expert- fom 30 to 300 K. The spectra show weaker intensity fea-
mental band structure. Comparison of the experimental resu . .
ures compared to that observed in He Il spectra, but at iden-

with the local density approximatioft.DA) band calculation tical energy positions. The weaker intensity in He | spectra

is presented. .
The existence of mixed valency naturally gives rise to thecompared to He Il specira and the absencé afaracter in

question of changes in the spectra at and rgar as is the RESPES measurements at or rEaa(F_ig. 3) indicate the
known for other Ce- and Yb-based Kondo systéte.in d charact.er of the;e _states. As a function of .temperature, a
Fig. 6(@), we plot the neaE spectra of SmS obtained using systematic reduction in the spectral features is observed on
He Il radiation at 30 and 300 K normalized to the area undefcreasing temperature, with a simultaneous increase in the
the curve up to 300 meV binding energy. The spectrum at 3OS atEg. The same analysis of dividing by the Fermi-

K clearly shows two features: one at about 30 meV andPirac function convoluted with a Gaussian confirms the
another broad feature centered at about 160 meV. Due to thHeseudogap behavior and a gradual filling up of the same on
low intensity at and neaEg in UPS spectra and the inad- increasing temperature as shown in Fi¢)7

equate resolution used in earlier studies, these features have A similar observation of the pseudogap with a gradual
not been clearly identified. Going back to the RESPES spedilling up is known for other Kondo insulators: gRi,Pt;

tra obtained at the “on2” resonand€ig. 3), since the spec- (Ref. 52, YbB,, (Ref. 53, CeRhSbh, and CeRhARef. 54.

tra do not show enhancement négr, these features cannot In fact, SmS has also been classified as a Kondo insulator
be said to have # character. Further, while the energy of from thermodynamic studie$. Comparing with other ex-
these features agrees well with the electronically activgperimental data on SmS, the value of the pseudogap ob-
modes for SmS corresponding to the 0 toJ=1 and 3 of served in the present measurement is much smaller than that
the ’F; multiplets as identified from Raman spectroscopy, estimated from the optical stuly~200 meV) or the elec-
the absence of a feature fd=0-2 indicates a different trical resistivity measuremetitbelow 150 K (~100 meV).
origin for these features. In order to see the changes in thResistivity studies indicate a deviation from an activation
density of state$DOS) we have divided the raw spectra by type above 150 K. As pointed out by Varmagure SmS

the Fermi-Dirac function at the relevant temperature convoshould also exhibit a semiconductor-to-metal transition from
luted with a Gaussian for the experimental resolution. Theearly resistivity data of Badest al? as a function of pressure
result is shown in Fig. ®). We see a clear pseudogap in the at specific temperatures. In particular, their data at 473 K
DOS at 30 K within 20 meV o . This pseudogap is filled indicate a metallic phase at ambient pressure, while the low-

® 300K

Intensity (arb. units)

SmS |
He Il

o T=30K
e 300K

DOS (arb. units)

. . . i .
300 200 100 0
Binding Energy (meV)
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' fact that the spectral features are not due to multiplet excita-
tions known for this system indicates a different origin to the
observed features. In conjunction with known results of
opticaP® and point contact spectroscafyfor gold SmS,
which concluded a higti-f spectral density at low-energy
scales €25 meV) and RESPES, which indicates mate
N DOS within 25 meV ofEg in the occupied DOS, the follow-
550 160 0 . ing picture is sugg(_asted for black SmS: thiederived states
Binding energy (meV) are away fronEg with a small amount of 8 states closer to
. . : ; Er in the valence band due to the mixed valency. On trans-
SmS (b) forming to gold SmS, the #states move closer ¢, over-
Hela lapping the %l states along with an increase in mixed va-
lency. It would be important to study higher-resolution
temperature-dependent RESPES to identiycharacter
states in the valence band of SmS and the interplay aid

o T=30K
---- 100K

e 200K
— 300K

Intensity (arb. units)

— 300K
e 200K

DOS (arb. units)

P f states, particularly nedg. Such studies are beyond our
. . ; . scope presently and synchrotron-radiation measurements
200 100 0 with improved intensity and resolution would be able to re-
Binding Energy (meV) alize this possibility.
FIG. 7. (a) Raw He | spectra ned of SmS measured at 30 IV. CONCLUSIONS

and 300 K.(b) He | spectra divided by the Fermi-Dirac function .
convoluted by a Gaussian as in Fig. 6, confirming a pseudogap 1he 4d-4f on-resonance spectra show mixed valency of

below 20 meV and spectral changes up to 200 meV. A graduaPn? " and Smi* states in semiconducting SmS, which pre-

increase in the DOS & results in an incipient metallic phase by cedes the Kondo volume collapse. This could be a character-

300 K. istic of Kondo insulators and has been discussed eaflise
have identified two energy scales in SmS using high-

temperature phase is semiconducting. The photoemissiorﬁsomt'or: photoemission spectrosﬂcopy, _whlch are associated
ith the “coherence temperatufg,” causing a low-energy

spectra for temperatures at and above 200 K show a leadin ) ,

edge identical with that of gold, indicating an incipient me- 0\;)11e\6 pse;{dolgaEl)_ﬁnd thedKond(_) tem%eraltlcrns” (300

tallic phase. Further, the present study provides two energ) ev), r_esp?c ve y.t € pseudogap 'j gra ua { II € _urkJ]ton

scales in the electronic structure of SmS which can be assd1¢'€asIng t€mperature accompanied by Spectral weight re-
distribution over 200 meV. The present work indicates

ciated with the “coherence temperatufg” (20 meV to 200 Kondo lattice effects in SmS and suggests a relation between
K) and the "*Kondo temperaturé” (200 meV to 2000 K mixed valency and the tem eratg?e dependence of the
respectively. This is in agreement with calculations of the seudogap y P P

single-particle density of states for the periodic AndersorP
model in the “exhaustion” limit and is similar to observa-  A.C. thanks Tohoku University for warm hospitality dur-
tions on other Kondo insulators discussed above. Thus, thag the course of these experiments. This work was sup-
results of the spectral changes at and atifiutseem most  ported by a grant from the Ministry of Education, Science,
compatible with the spectra calculated for a low-carrierand Culture of Japan. H.K., T.l., and T.S. thank the Japan
Kondo lattice system displaying two energy sc&e$3The Society for the Promotion of Science for financial support.
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