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HIGH RESOLUTION PES INVESTIGATIONSON THE PROTOTYPE HEAVY FERMIONCOMPOUND CeCu6�D. Ehma, F. Reinerta, J. Krohab, O. Sto
kert
 and S. HüfneraaUniversität des Saarlandes, F.R. 7.2 Experimentalphysik ImStadtwaldBau 22 66123 Saarbrü
ken, GermanybInstitut für Theorie der Kondensierten Materie, Universität KarlsruhePostfa
h 6980, 76128 Karlsruhe, Germany
Max-Plan
k Institute for Chemi
al Physi
s of SolidsNöthnitzer Str. 40 01187 Dresden, Germany(Re
eived July 10, 2002)We present high resolution photoemission investigations on the heavyfermion 
ompound CeCu6. By appli
ation of a normalization pro
edurewe 
an resolve the Kondo resonan
e and its 
rystal �eld stru
tures in boththe He II� and He I� data. A 
omparison with NCA 
al
ulations allows aquantitative determination of the Kondo temperature and the 
rystal �eldenergies.PACS numbers: 71.27.+a, 71.28.+d, 79.60.�i, 71.10.�w1. Introdu
tionSin
e more than two de
ades heavy fermion (HF) 
ompounds are underintensive investigation by photoemission spe
tros
opy (PES). This methodallows to study dire
tly 
ore-level spe
tra, the valen
e states and the o
-
upied part of the 4f spe
tral fun
tion 
lose to the Fermi level (EF). In
ontrast, inverse PES has a

ess to the spe
tral fun
tion above EF, but �due to its �nite energy resolution � is not able to resolve in detail the 4ffeatures, i.e. the Kondo resonan
e (KR) and its 
rystal �eld (CF) and spin�orbit (SO) partners 
lose to the Fermi level. Re
ently it has been shown [1℄that high resolution PES 
an resolve the KR in 
-like CeCu2Si2. This di-re
t observation of the KR was possible by appli
ation of a well knownnormalization pro
edure based on the division by the Fermi�Dira
 distri-bution (FDD) [3℄, that allows to re
over the thermally o

upied spe
trum� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(951)



952 D. Ehm et al.up to � 5kBT above EF. At higher temperatures this energy range evenin
ludes the CF stru
tures above EF. To determine TK and the CF split-tings of the J = 5=2 multiplet (�CF) one 
an dire
tly 
ompare the PES 4fspe
trum with the spe
tral fun
tion extra
ted from 
al
ulations in the non
rossing approximation (NCA) based on the Single Impurity Anderson Model(SIAM) [2℄. By an iterative �tting of the data one is able to determine allrelevant model parameters, from whi
h TK and �CF 
an be extra
ted andsystemati
ally 
ompared to numbers determined e.g. by inelasti
 neutrons
attering (INS). Surprisingly a reasonable agreement 
an be found betweenPES and INS results, although PES investigates the surfa
e region of thesample, whereas INS re�e
ts bulk properties.Here we turn our attention to the prototype heavy fermion 
ompoundCeCu6, whi
h is 
hara
terized by a huge value of the Sommerfeld 
oe�
ient(
0 = 1:6 JK�2mole�1) and a very low TK of about 5 K. There exist only fewPES studies in the literature of this 
ompound [4�6℄ be
ause of its low TKvalue and the 
orresponding weak 4f spe
tral features in the PES data. Wepresent temperature dependent high resolution (�E = 5:4 meV) He II� andHe I� PES spe
tra, whi
h 
learly show the 4f spe
tral features. Contrary toprevious investigations [7℄, we �nd that the 4f PES 
ross-se
tions at He I�are still strong enough to observe the KR and its SO stru
ture.2. Experimental setupThe PES experiments have been performed using a SCIENTA SES 200analyzer in 
ombination with a mono
hromatized GAMMADATA VUVlamp using photon energies of h� = 21:2 eV (He I�) and h� = 40:8 eV(He II�) [8℄. The energy resolution of the system was set to 5:4 meV tohave su�
ient photoemission intensity during the He II� measurements. Thesingle-
rystalline CeCu6 samples were grown by Czo
hralski te
hnique in ahigh-purity argon atmosphere using a tungsten 
ru
ible.3. ResultsTypi
al high resolution near-EF spe
tra on CeCu6 are displayed in Fig. 1,measured at di�erent temperatures with He I� (right panel) and He II� (leftpanel) radiation. It should be mentioned that although the photoionization
ross-se
tions of the Ce 4f states in
rease about a fa
tor 3:2 in going fromHe I� to He II� radiation [9℄ the PES spe
tra over an extended energy range(not shown here) 
learly show the 4f derived spe
tral features, namely theSO stru
ture at around EB = 250 meV and the tail of the KR dire
tly atEF. The latter 
an be observed with He II� and even with He I� radiationas shown in the insets of Fig. 1, but with di�erent intensities. The spe
tral
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al and experimental spe
tra of CeCu6 after appli
ation of thementioned normalization pro
edure. The PES data are taken with He II� (left) andHe I� radiation (right) at di�erent temperatures. Model parameters of the NCA:�f = �1:05 eV, D = 2:8 eV, �CF = 7:2=13:9 meV, �SO = 250 meV, V = 116 meV.The insets show the data on the same energy s
ale prior to the normalization. Allspe
tra are normalized to the same intensity at � 100 meV.intensity of the raw He I� and He II� spe
tra at energies of a few meV aboveEF and higher is suppressed by the FDD (see insets of Fig. 1). If we nowapply the normalization method (division by the FDD) to the raw data, we
an re
onstru
t the spe
tral information up to an energy of � 5kBT (seeFig. 1). Obviously there appears a narrow peak with a full width at halfmaximum (FWHM) of � 6 meV and a maximum at about 3 meV aboveEF both in the low temperature He I� and He II� data. This is su�
ientlybelow 5kBT � 7 meV, whi
h de�nes the limit of the usable energy range.In order to analyse this narrow peak we have performed NCA 
al
ula-tions with a set of parameters that is given in the figure 
aption of Fig. 1.The striking 
oin
iden
e between theory and experiment is obvious at thefirst glan
e. The NCA spe
tra are able to des
ribe the lineshape and theenergy position of the narrow peak just above EF � the Kondo resonan
e� both in the spe
tra taken with He I� and He II� radiation. In addition,the temperature dependen
e of the spe
tra is des
ribed 
onsistently. To-wards higher T , the linewidth of the Kondo resonan
e in
reases, while themaximum intensity be
omes smaller and the KR and the CF stru
tures aresu

essively smeared out. Above T = 101 K the thermal broadening of theFDD is large enough to have a

ess to the CF ex
itations at � 15 meV.



954 D. Ehm et al.Compared to the He I� spe
tra, a 
onsiderable in
rease of the relativeintensity of the KR 
an be observed in the data taken with He II� radiation.If we 
ompare both normalized low temperature spe
tra we find an intensitygain by a fa
tor of 2 in going from He I� to He II� radiation. This is identi
alwith the observed intensity loss in the SO feature by 
hanging from He II�to He I�. The di�eren
e between this value and the theoreti
al one, 
an beexplained by the in�uen
e of the Cu 3d, Cu 4s and Cu 4p, as well to the Ce5d states, that partly give a 
onsiderable 
ontribution to the spe
tra in thisenergy range.In order to estimate TK from our data, we analysed the linewidth of theKR in the NCA spe
tra 
al
ulated at T = 0:1�TK � 1 K (low temperaturelimit) with the parameter set extra
ted from the �t des
ribed above [1℄.By this pro
edure we 
ould determine TK = 4:6 K for CeCu6. We arenow able to 
ompare this Kondo temperature and the CF energies with thevalues determined by INS measurements. From INS we �nd TK = 5:0 �0:5 K [10℄ and �CF = 7:0=13:8 meV [11℄. Surprisingly our results are inreasonable agreement with the INS bulk values, 
onsidering espe
ially thatin the surfa
e sensitive PES the spe
tral fun
tion, and hen
e TK, might bemodified 
ompared to the bulk values. The reason for this 
an be foundin the fa
t that CeCu6 belongs to the 
lass of 
-like Ce 
ompounds, whereno real di�eren
e exists between surfa
e and bulk ele
troni
 properties [12℄.Thus we have shown that PES studies 
an 
ontribute important informationto the dis
ussion of CF ex
itations in Ce 
ompounds.This work was supported by the Deuts
he Fors
hungsgemeins
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