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Electronic structure of black SmS. Il. Angle-resolved photoemission spectroscopy
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We have studied the electronic band structure of semiconducting black SmS with high-resolution angle-
resolved photoemission spectroscd®RPES. The valence band consists of two well-separated groups of
bands: almost nondispersive bands réarand highly dispersive bands at higher binding energy. The former
is ascribed to the Sfi (46— 4f%) multiplet and the latter to mainly the S3states. We found a small but
distinct energy dispersion in the Sni-dlerived bands nedt: . This indicates a strong hybridization between
the “localized” Sm 4f electrons and the “itinerant” conduction electrons, leading to the “delocalized” $m 4
states in mixed-valent SmS. We have compared the present ARPES results with a recent periodic Anderson
model calculatioriC. Lehneret al., Phys. Rev. B58, 6807 (1998].
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[. INTRODUCTION proved techniques of photoemission spectroscopy. Here we
use ARPES to study the electronic structure and compare the
Rare-earth compounds have attracted much attention bexperimentally determined band structure with a recent band
cause of their anomalous properties such as the mixed vé&tructure calculation based on the periodic Anderson model
lence and Kondo effe¢t® The interplay between the “local-  using the local density approximatiohThe present ARPES
ized” f electrons and the “itinerant” conduction electrons is results have elucidated a small but distinct energy dispersion
regarded to play a crucial role in realizing such anomalou®f the 4f-derived states originating in the Smmultiplet as
properties. In mixed-valent rare-earth compounds, where th@ell s highly dispersive SgBbands, in qualitatively good
interaction (hybridization betweenf and conduction elec- 2agreement with the calculation. The observed energy disper-
trons is substantially strong, tifeelectrons acquire a delo- Sion in the 4-derived bands suggests that thelectron
calized character through the interaction and become to sho@fates strongly hybridize with the conduction electrons.
an energy dispersion in momentum space. The resultant com-
plicated energy-vs-momentum relation foélectrons is ex-
pected to produce a variety of anomalous properties. Angle-
resolved photoemission spectrosco®yRPES is a unique Single crystals of SmS were obtained from the same batch
experimental technique to directly study the electronic strucused for the angle-integrated photoemission measurements in
ture of solids as a function of momentum and has been aphe preceding paper. The structure, electrical, and magnetic
plied to a variety of materials such as high-cuprates and properties have been reportéénd match well with previ-
charge-density-wave compounds. While angle-integratedus workst*?2 Photoemission measurements were carried
studies have been reliably used to study the electronic struout using a homebuilt high-resolution angle-resolved photo-
ture of Kondo systems for nearly 20 ye8rsARPES studies emission spectrometer based on a VSW HAC300 analyzer.
have been carried out only over the last few y&afsbe-  The energy resolution was set at 100 and 200 meV for He |
cause of several limiting factors such as the very small enand He Il measurements, respectively. The base pressure was
ergy dispersion and the strong surface reactivity of samples x 10! Torr and the angular resolution was1° and
However, a recent remarkable improvement in the energy:=3° for He | and He Il photons, respectively. A clean mir-
resolution and intensity enables ARPES study to unravel theorlike surface of Sm3001) plane was obtained bin situ
experimental band structure of rare-earth compodntfs. cleaving at 30 K just before the measurement. The crystal
In the present work, we study the “band structure” of orientation was determined roughly by the Laue diffraction
semiconducting black SmS, which is well known for the before being transferred into the spectrometer and then pre-
pressure-induced first-order transition to a golden mixedecisely by the ARPES spectra measured around the high-
valent phasé!'2As discussed in the preceding paper, thesymmetry point. Since we observed a relatively fast degra-
electronic structure of SmS is being readdressed with imeation of the crystal surface as seen from the gradual
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FIG. 1. High-resolution ARPES spectra of semiconducting
black SmS measured at 30 K aloh¢{X direction in the fcc Bril- FIG. 3. Normal-emission ARPES spectra of SmS measured with
louin zone with(a) He | and(b) He Il photons. The polar angley) He | (lower panel and He Il (upper panel photons. The orbital
referred to the surface normal is indicated on each spectrum. character(Sm 4f or S 3p) is shown on each peak, together with

identification of the bulk(b) or surface(s) contribution. The mul-

decrease of the intensity of a surface-originated peak as welplet structure due to the St (4f°—4f°) atomic level is shown
as the increase of the background in the spectra, we record&d the He Il spectrum.

all the spectra before the degradation was evideithin8h _ _

after cleaving. The Fermi level E;) of sample was refer- N9 energy of 6 eV, which consists of two groups of peaks:

enced to a gold film evaporated on the sample substrate. On€ IS located between 3.5 and 6 eV binding energy and
another being aEr—2.5 eV. The two groups of peaks are

clearly distinguished by the considerably different relative
1. RESULTS AND DISCUSSION intensities between He | and He Il photons. The He | spectra
Figure 1 shows the ARPES spectra of semiconductin how remarkable and systematic dispersive features at 3.5-6

black SmS measured along th&X direction in the fcc Vasa _functic_m o, while the peaks aEr—2.5 eV look
Brillouin zone (BZ) (Fig. 2) at 30 K with (a) He | (21.2 eV} almost dispersionless. In order to see the photon energy de-

: dence more clearly, we compare normal-emission
and (b) He Il (40.8 eV} photons. The spectra yield the pen U ;
momentum-resolved electronic structure in HEX-XKI ~ ARPES spectra measured with He | and He Il photons in

plane (shaded area in Fig.)2vith a dominant contribution Fig. 3. Since the phot(_)ionizat_ion cross section of thers 3
from the high-symmetry line oFKX. The polar angle ) states decreases with increasing photon energy while that of

referred to the surface normal of the cleaved plane is show‘ljie SSm 44states incrﬁfséi,peﬁkilneg_& are as?igned to
on each spectrum. The ARPES spectra exhibit several dispef2€ S™M 4 states while the highly dispersive features at

sive peaks over the whole valence-band region up to a bindligher binding energy are to mainly the $ 3tates. This
assignment is consistent with early ultraviolet photoemission

spectroscopyUPS studies®1° as well as the results dis-
cussed in the preceding paper.
[001]4 It has been reported that the three-peaked structuig at
—2.5 eV inthe UPS spectrum transforms into a two-peaked
r , structure in the x-ray photoemission spectr@XPS).® A
K similar spectral variation has been also observed in the UPS
W spectrum itself upon oxygen exposdPelhese experimental
results suggest that the He Il spectrum is composed of both
X the bulk and surface components well described with the
> multiplet structure of the Sfi (48— 4% atomic level as
[010] shown in Fig. 3. The energy separation between the two
components is about 0.6 eV. We find in Fig. 3 that the bulk
bp feature overlaps the broad $ 3tates at 3.5-6 eV and
shows a slight angular dependence as observed in Fy. 1
This suggests a substantial hybridization between the &m 4
and S P states in this energy region.
FIG. 2. Brillouin zone of fcc SmS in the extended zone scheme. In order to see the dispersive feature of bands more
Shaded area shows th& X-XKI' plane. clearly, we have mapped out the “band structure” and show

[100]
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the results in Fig. 4. The experimental band structure wafattice parameter is artificially varied to simulate the hybrid-
obtained by taking the second derivative of ARPES spectrization strength, shows that the $ ®and is shifted down-
after moderate smoothing and plotting the intensity as avard with increasing the hybridizatich.However, the cal-
function of the wave vector and the binding energy. The darkulated energy shift is smaller than the observed difference
areas in Figs. @ and 4b) correspond to the “bands.” We (2 eV) within a reasonable parameter range, suggesting that
set the gray scale so as to have the apparent bandwidth in tQ§e opserved discrepancy in the energy position of theS 3

gray-scale image to be almost equal to the full width at halfy;nq is not accounted for only by the hybridization, but is

maximum of the corresponding peak in Fig. 1. This secondysq attributed to the bare S3evel in the calculation.

derir\]/ativeh_mﬁthod has been widely lési%)in man¥ m@te”a's’ In the experimental band structure obtained by He Il pho-
such as high-temperature superconductorgavy-fermion tons [Fig. 4(b)] where the Sm # states are relatively en-

compounds, etc., to avoid artificial errors included in the X . . ) i
case of picking up the peak position by eye. The correct peaEanced, we find three slightly dispersive bands rigar Ac

position is often masked by the background due to the SeCc_ording to the discussion abov€ig. 3), the first band closest

ondary electrons, which is removed by this method. In botH? E iS assigned 10 one componerf) of the multiplet
band structures obtained by He | and He Il photffigs. structure of bulk Sfi", the second one to an admixture of

4(a) and 4b)], we find two well-separated groups of bands the su_rfaceGH counterpart and the bulkF componenF, and
located atEr—2.5 eV and 3.5-6 eV, respectively, as ex- the third one located around 2 eV to the surfa8emultiplet
pected from the ARPES spectra in Fig. 1. As discussedtructure. So we can compare the first two experimental
above, the three slightly dispersive band€at- 2.5 eV are bands with the calculation. As shown in Figch the calcu-
ascribed to the Sm f4 states while the highly dispersive lation predicts three almost nondispersive Sfri‘dands” at
bands at 3.5—6 eV are due to mainly the | Sates. 0.7, 1.3, and 3.3 eV. Although the deepest component at 3.3
Figure 4c) shows the band structure of semiconductingeV may correspond to a broad experimental band located at 4
black SmS calculated based on the periodic AndersoeV in the He Il band structure, it is apparently overlapped by
model® (PAM) for comparison. The calculated bands arethe S 3 bands so that the dispersive feature is not clearly
symmetrized with respect to the midpoint betwdémand X  resolved. In contrast, two Smf4ands closer t&g are well
points to directly compare with the experimental band dis-separated from the Sp3bands. We find by comparison that
persions in Figs. @) and 4b). We at first notice that the the experimental Smf4bands are located at a slightly higher
gross feature of band dispersions shows a qualitatively gooklinding energy than the calculated bands, and what is more
agreement between the experiment and calculation, exceptportant is that the experimental bands are more dispersive
for a clear discrepancy of relative position of the Sfnahd  than the calculated ones. One may infer that the surface sen-
S 3p bands. The S 8 bands are located much closerBp  sitivity as a function of angle in ARPES measurements pro-
in the calculation than the experiment. We found that a rigidduces the apparent energy dispersion since the bulk and the
shift of calculated S B bands by 2 eV toward high binding surface band are located very close to each other. However,
energy leads to a quantitatively good agreement, as shown &s shown in Fig. 1, the relative intensity of the surface peak
Fig. 4(@). The reasofs) for this discrepancy is unknown at at 2 eV to the bulk peak at 1 elfecrease®n moving from
present. The band structure calculation may have underesthe I'(X) to the X(I') point whereas the surface sensitivity
mated the S B atomic level itself and/or the hybridization increases. Furthermore, as shown in Fig. 4, the band disper-
strength between the Sp3and the Sm 4 states. In both sion nearEg is not monotonic as a function of ang(mo-
cases, the S@Bbands are expected to be pulled down towardmentum. All these indicate that the observed dispersive fea-
the high binding energy. A model band calculation, where theure is intrinsic and is not due to the simple angle-dependent
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surface sensitivity in ARPES measurements. It is also noteténce band consists of two well-separated groups of bands:
that the energy separation between the two Snbdnds is  almost nondispersive bandsBt—2.5 eV and highly dis-
larger in the experiment than in the calculation around thepersive bands at 3.5-6 eV. The former is ascribed to the
X(I') point where a substantial admixture of Sm States is  Sn?* (4f6—4f%) multiplet structure while the latter to
predicted from the band calculatid®?* All these facts un- mainly the S $ states. We clearly observed a small but
ambiguously indicate that the Snf 4tates form dispersive distinct energy dispersion in the Snf 4bands.” This indi-
“pands” through hybridization with conduction electrons, cates the importance of the hybridization between the “lo-
although the corresponding peaks in the ARPES spectrumgalized” Sm 4f electrons and the “itinerant” conduction
are qualitatively well understood in terms of the atomic mul-glectrons in realizing the “delocalized” Smf4electrons and
tiplet structure of St". The present ARPES results thus the resultant mixed-valent state of semiconducting black
indicate that the hybridization between the “localized” Sm gms. We have compared the present ARPES results with a
4f electrons and “itinerant” conduction electrons plays arecent periodic Anderson model calculafidand found dis-
crucial role in characterizing the semiconducting mixed-crepancies in the energy position of the § Bands and the
valent black SmS. energy dispersion of the Smf 4bands, although the gross

feature of the band structure shows good qualitative agree-

IV. CONCLUSIONS ment between the experiment and calculation.
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