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ELECTRONIC STATES OF THE KONDOSEMICONDUCTOR CeRhAs AND RELATEDCOMPOUNDS: A HIGH-RESOLUTION RESONANTPHOTOEMISSION STUDY�Kenya Shimada, Peter Baltzer, Hirofumi NamatameMasaki Tanigu
hiHiroshima Syn
hrotron Radiation Center, Hiroshima UniversityHigashi-Hiroshima 739-8526, JapanKeni
hi Kobayashi, Takamasa NarimuraGraduate S
hool of S
ien
e, Hiroshima UniversityHigashi-Hiroshima 739-8526, JapanToshiaki Suemitsu, Tetsuya Sasakawa and Toshiro TakabatakeDepartment of Quantum Matter, ADSM, Hiroshima UniversityHigashi-Hiroshima 739-8530, Japan(Re
eived July 10, 2002)Ce 4f states of the Kondo semi
ondu
tor CeRhAs, semimetal CeRhSb,and metal CePtSn single 
rystals were observed dire
tly by high-resolutionresonant photoemission spe
tros
opy. A large gap and a pseudogap at EFwere found in CeRhAs and CeRhSb, respe
tively.PACS numbers: 71.28.+d, 71.27.+a, 75.30.Mb, 79.60.Bm1. Introdu
tionCeRhAs and CeRhSb, with the orthorhombi
 "-TiNiSi-type stru
ture,are Kondo semi
ondu
tor and Kondo semimetal, respe
tively [1�3℄. Theyhave attra
ted mu
h interest for a small energy gap or pseudogap formationin the ground state without magneti
 ordering [1, 4℄. In this paper, wereport high-resolution, low-temperature resonant photoemission spe
tra ofCeRhAs and CeRhSb single 
rystals. We dis
uss unusual Ce 4f ele
troni
states in these 
ompounds 
omparing them with that of the iso-stru
turalKondo metal CePtSn single 
rystal [5, 6℄.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1359)



1360 K. Shimada et al.2. ExperimentCeRhAs andCeRhSb single 
rystals were grownby theBridgman method,[2,3℄ and CePtSn single 
rystals were grown by the Czo
hralski method [5℄.The Kondo temperatures for CeRhAs, CeRhSb, and CePtSn were esti-mated to be TK � 1500K (�130 meV), �360 K (�30 meV), and � 10K(< 1meV) [5℄, respe
tively. The former two temperatures were inferred byassuming the relation TK � 3Tm [7℄. The present measurements were 
ar-ried out on a high-resolution linear undulator beamline (BL-1) 
onne
tedto the 
ompa
t ele
tron-storage ring (HiSOR) lo
ated at Hiroshima Syn-
hrotron Radiation Center (HSRC), Hiroshima University [8℄. The beamlineis equipped with a high-resolution, hemispheri
al ele
tron analyzer(SCIENTA ESCA200). The total instrumental energy resolution was setat 18�20meV at h� = 126 eV. The samples were mounted on a He-�ow type
ryostat and 
ooled down to 10�12 K. To obtain 
lean surfa
es, we fra
turedthe single 
rystalline samples in situ in ultrahigh va
uum (3�10�10 Torr) at10�12K. The binding energy was 
alibrated using the Fermi edge of Au withthe a

ura
y of �2meV. Surfa
e 
leanliness was 
he
ked by using the spe
-tral feature around 6 eV, whi
h is sensitive to oxygen 
ontamination. Weperformed angle-integrated photoemission spe
tros
opy by 
olle
ting pho-toele
trons emitted normally with an a

eptan
e angle of �6Æ and �1:3Æalong and perpendi
ular to the analyzer slit, respe
tively. The spe
tral fea-tures were highly reprodu
ible. At photon energy of h� = 126 eV, whi
h is
lose to the Ce 4d�4f photoemission resonan
e peak at 122 eV, the Ce 4f
ontribution is enhan
ed signi�
antly, and dominates the spe
tra. The o�-resonan
e spe
tra of these 
ompounds taken at h� = 115 eV (not shown)have almost �at spe
tral shapes above EB � 2 eV, and have mu
h weakintensity 
ompared with those taken at h� = 126 eV.3. Results and dis
ussionFig. 1(a) shows the Ce 4f1 derived spe
tra. The intensities are normal-ized to the peak at � 300meV. The Ce 4f1 spe
tra of CeRhSb and CePtSnare split by the spin-orbit intera
tion into two peaks at � 300meV and� EF. Based on the single-impurity Anderson model (SIAM), the spe
tralfeatures at � EF are due either to a Ce 4f15=2 
ontribution, or to the tailof the Kondo resonan
e (KR), while those at � 300meV are due to the Ce4f17=2 derived states. It is noteworthy, on the other hand, that the peakstru
ture near EF is fully absent in the spe
trum of CeRhAs.In order to estimate the spe
tral density-of-states (SDOS), we dividedthe photoemission spe
tra (normalized at � 300meV) by a Fermi-Dira
distribution fun
tion (FDD), 
onvoluted with a Gaussian whi
h representsthe instrumental resolution [9℄, as shown in Fig. 1(b). The resulting spe
traare assumed to give the SDOS broadened with the instrumental resolution.
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Fig. 1. (a) High-resolution photoemission spe
tra of CeRhAs, CeRhSb, and CePtSnnearEF. The spe
tral intensities are normalized to the peak at� 300meV. (b) Pho-toemission spe
tra of CeRhAs, CeRhSb, and CePtSn divided by broadened FDD.These spe
tra are assumed to re�e
t the SDOS broadened with the instrumentalresolution. Dashed lines are guides to the eyes.One noti
es again that CeRhAs exhibits quite di�erent spe
tral features as
ompared with those of CeRhSb and CePtSn. There is no KR at EF. Thespe
tral intensity de
reases monotoni
ally above � 90meV, forming a largegap stru
ture. It is remarkable that the energy gap of CeRhAs is very 
loseto a fullgap rather than a pseudogap.As shown in Fig. 1(b), the spe
tral intensity of CeRhSb shows enhan
e-ment above � 120meV, whi
h is similar to that of Kondo metals with highTK [10℄. However, above � 13meV the spe
tral intensity de
reases steeply,whi
h is an important feature di�erent from that of CePtSn and other Kondometals [9,10℄. The rapid de
rease in the spe
tral intensity strongly supportsthe existen
e of a narrow pseudogap. It should be noted that the size of thepseudogap � 13meV 
oin
ides well with the �p�p values of 10�13.5meVobtained by tunneling spe
tros
opy [11℄.The spe
tral intensity of CePtSn exhibits no remarkable enhan
ementnear EF, ex
ept for a peak stru
ture at �27 meV. The peak stru
ture is ingood agreement with 
rystal �eld ex
itations observed in inelasti
 neutrons
attering [6℄. Weak KR is 
onsistent with either the low kB TK < 1meV, ora weak 
�f hybridization [10℄. The spe
tral features of CePtSn 
an be wellinterpreted within the framework of the SIAM.



1362 K. Shimada et al.Based on the periodi
 Anderson model (PAM), Ikeda and Miyake [12℄and Moreno and Coleman [13℄ showed the semimetalli
 spe
tral density forCeNiSn or CeRhSb. The observed spe
trum for CeRhSb 
an be qualitativelyunderstood in terms of these models. However, the observed spe
tral featureof CeRhAs is signi�
antly di�erent from the spe
tral density given by thePAM. The absen
e of a peak stru
ture near EF is highly suggestive of mu
hstronger 
�f hybridization. More realisti
 energy band dispersions shouldbe taken into a

ount. It is desirable to 
ompare the spe
tral features withthe density-of-states given by band-stru
ture 
al
ulations.In summary, the Ce 4f derived ele
troni
 states of the iso-stru
turalsingle 
rystalline CeRhAs, CeRhSb and CePtSn have been investigated,by utilizing high-resolution, low-temperature resonant photoemission spe
-tros
opy. The spe
tral intensity of the Kondo semi
ondu
tor CeRhAs mono-toni
ally de
reased above � 90meV. The spe
tral feature 
onsiderably di�ersfrom what the PAM predi
ted so far. The observed SDOS of the semimetalCeRhSb enhan
ed above � 120meV but de
reased above � 13meV, whi
h
an be well des
ribed based on the PAM. The spe
tral features of the metalCePtSn are well explained by the SIAM with low TK.This work was supported by a Grant-in-Aid for COE Resear
h (13CE2002)by the Ministry of Edu
ation, S
ien
e, and Culture of Japan. We thank theCryogeni
 Center, Hiroshima University for supplying liquid helium. Thesyn
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