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C R Y S T A L  FIELDS,  L I N E W I D T H S  A N D  T E M P E R A T U R E  D E P E N D E N C E  IN T H E  

P H O T O E L E C T R O N  S P E C T R A  O F  H E A V Y  F E R M I O N  Ce A N D  Yb  C O M P O U N D S *  

J. J. Joyce, A.J. Arko, J.M. Lawrence**, J. Tang**, P.C. Canfield, R.J. Bartlett, Z. Fisk and J.D. Thompson 
Los Alamos National Laboratory, Los Alamos, NM, 87545 

P.S. Riseborough 
Physics Department, Polytechnic Institute of New York, Brooklyn, NY 11201 

(Revised manuscript received 10 June 1992 by A. A. Maradudin) 

We report high-resolution photoemission results for the 4f levels in YbCu2Si2 and 
CeSi2. The data are compared to the predictions of the Anderson impurity model for va- 
lence band photoemission. These predicted spectra are obtained both in an approximate 
fashion by broadening crystal field (CF) states whose parameters are determined from ex- 
isting neutron scattering data, as well as from a Gunnarson-Schonhammer calculation. 
Inclusion of crystal fields does not affect our two fundamental conclusions: that there is a 
natural linewidth in the problem (~-130meV) which is much greater than predicted by the 
Anderson model, and that the expected temperature dependence of the Kondo resonance 
is absent. Due to the large natural linewidth, experimental resolution (60-95meV) is not a 
limiting factor. 

The prevailing model used to explain the photoemis- 
sion spectra (PES) of heavv fermion compounds is the 
Anderson impurity model i,2,3. A key prediction of the 
model is the existence of the so-called Kondo Resonance 
(KR). This is predicted to be of width kTK (where TK is 
the Kondo temperature), to be of integrated weight kTKfl" 
(where F is the hybridization width), and to lie a distance 
kTK above (below) the Fermi energy EF in cerium 
(ytterbium) compounds. For Ce compounds the KR can 
be viewed in inverse photoemission (BIS) since only the 
tail of the KR lies below EF; for Yb compounds, however, 
the KR should be directly observed in photoemission 
spectra (PES). The KR is expected to renormalize to zero 
(i.e. vanish) at T ~ TK. In the presence of spin orbit and 
crystal field splitting the predicted spectra are consider- 
ably more complicated 4. In addition to the KR of the 
ground state multiplet, crystal field and spin orbit side- 
bands are predicted above and below EF, with characteris- 
tic temperature scales for renormalization of the spectral 
weight which can be substantially different than TK. 

In recent work 5 we have examined the PES for a se- 
ries of Ce compounds with TK'S varying from 0-300K. We 
demonstrated that the spectral weight of the feature which 

• lies near EF does not scale with TK (i.e. as TK/F, or the as- 
sociated sidebands) but rather appears to have similar 
weight independent of TK; that the feature near EF has a 
natural linewidth which is much larger than kTK or kTKCF; 
and that there is no observable temperature dependence 
beyond that expected on the basis of Fermi function 
broadening and a small amount of phonon broadening. 

In this paper we present new data for YbCu2Si2 and 
re analyze existing data 5,6 for CeSi2 to show that the latter 
two conclusions hold even in the presence of spin orbit 
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(SO) and crystal field (CF) effects. We make use of exist- 
ing inelastic neutron scattering data for both compounds 
to determine the crystal field splittings and linewidths to be 
used in a simple determination of the expected spectra for 
the case where crystal fields and the Kondo effect coexist. 
Given that the KR should be readily observed in PES in 
ytterbium, our analysis for YbCu2Si2 directly establishes 
that the linewidth is larger than predicted and that the tem- 
perature dependent renormalization is much smaller than 
expected. For CeSi2, where only the "tail" of the KR is 
occupied (along with the KR sidebands), we have per- 
formed (in addition to the above simple lineshape analysis 
of broadened neutron states) a full Gunnarson- 
Schonhammer (GS) calculation containing the CF states, 
but not including the effects of the finite f-f correlation U, 
which we find has minimal effect on the spectrum, pro- 
vided that TK remains invariant with U. The fits from the 
GS calculation are substantially narrower than measured. 

Experiments were carried out at the Los Alamos 
U3C beamline at NSLS and at the University of 
Wisconsin's SRC. The YbCu2Si2 samples were flux-grown 
single crystals cleaved along the basal plane in ultra high 
vacuum (UHV); the CeSi2 samples were arc-melted poly- 
crystals fractured in UHV. The chamber base pressure was 
5x10-11 torr. Temperature was controlled by placing the 
sample in direct contact with a cryostat cooled either by 
liquid helium (T=20K) or by liquid nitrogen (T=80K) or 
held at room temperature. The total experimental resolu- 
tion was determined to be 60 or 80meV for YbCu2Si2 at 
hv=60eV and 95meV for CeSi2 at the 4d resonance of 
hv=120eV. Although the characteristic Kondo and crys- 
tal field widths are expected to be smaller than this, we 
will show subsequently, that the natural linewidth is of or- 
der 130 meV; for this reason our experimental resolution 
is adequate. To further establish this point we will analyze 
data for CeSi2 reported by Patthey et al6 taken at 18meV 
resolution using Hel and Hell discharge radiation, and 
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Fig. 1 (a) Photoemission spectrum of YbCu2Si2 at 
hv=60eV with resolution AE:60meV (b) The bulk J=7/2 
peak of part A isolated as discussed in the text. (c) The 
specmma of CeSi2 at hv=120eV (d) Data from Ref. 6 for 
the region near the Fermi level in CeSi2; the resolution is 
18meV. The peak at 280meV is the J=7/2 spin orbit side- 
band. (e) The J=7/2 feature of part D isolated by fitting 
the data to a two peak Voigt fit (see text). 

show that there is no essential change in our conclusions. 
The compound YbCu2Si2 is a nearly trivalent Yb 

compound with a Kondo temperature of order 50K as de- 
termined from the specific heat 7 or inelastic neutron qua- 
sielastic linewidth 8. In Fig. la we show the spectra of 
YbCu2Si2 taken at hv=60eV. As is generally true for 
heavy fermion compounds with Kondo temperatures of or- 
der 100K, the valence is non-integral. A series of peaks 
with binding energies in the range 6-12eV represent f13 
f12 transitions from the trivalent component of the ground 
state. The peaks within 3eV of EF represent f14 .., f13 
transitions from the divalent component. Based on similar 
spectra taken at several photon energies we estimate the 
valence from the ratio of the weights of these two sets of 
features to be 2.9, i.e. the number of holes in the 4f shell is 
nf = 0.9. 

In the language of the Anderson model 4 the f14 --, fl3 
transitions are the Kondo resonances. The peak labeled 
J=5/2 represents an "excited state" resonance from the di- 
valent component of the Kround state to the J=5/2 spin 
orbit excited state of the fiJ final state. The peak labeled 
J=7/2, representing transitions into the lower spin-orbit 
manifold of the final state, should be further split due to 
crystal field splitting. The measured J=7/2 spectrum 
should consist of four doublets. The lowest (the ground 
state KR) should lie a distance kTK below EF and should 
have a width kTK: the other three should lie at energies 
below EF corresponding to the crystal field splittings. 
Theory further predicts that the divalent f14 component of 
the ground state, which arises from hybridization, should 
vanish as the temperature is raised through T K. For Yb 
this would result in a suppression of all the resonances dis- 
cussed above (i.e. ground state, CF and SO excited state 
resonances) since they all represent transitions out of the 
flZl component of the ground state. This can be seen in 
Fig. 13 and 34 of Bickers et al 4 (in the latter figure positive 
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energies represent binding energies below EF in PES for 
Yb). For the case of nf = 0.9 theory predicts at the very 
least, a factor of two decrease in the spectral weight of 
both the KR and the sidebands as T increases from T = 0 
to 3TK. 

To test these predictions we ftrst normalize the 
spectra at different temperatures to the Cu 3d peak (at 
4eV binding energy). We then isolate the bulk J=7/2 peak 
(Fig. lb) by subtracting off the surface peaks. To deter- 
mine the predicted spectrum we use neutron scattering re- 
suhs 10 for the CF splittings; peaks are observed at 12 and 
30meV in the neutron experiment, and an additional peak 
at 80meV is inferred from fits to the susceptibility. We 
approximate the predicted spectrum by first including 
three Lorentzians of equal weight at 12, 30 and 80meV; 
we make the assumption that the linewidths of the excited 
doublets in PES are equal to the measured neutron 
linewidths (=8meV). An additional Lorentzian represent- 
ing the ground state doublet KR lies a distance kTK=4meV 
below EF and also has width 4meV. The spectrum is 
multiplied by the Fermi function at 20K and convoluted 
with instrumental resolution (60meV). The resulting curve 
is shown as the broad line in the bottom of Fig. 2 ( and the 
dashed line in the top frame) and is compared to the ex- 
perimental spectrum in the top of Fig. 2. It can be seen 
that the data is substantially broader than predicted. This 
reflects the existence of a natural linewidth which is sub- 
stantially larger than kTK. To estimate this natural 
linewidth we generate a Voigt function fit to the data, us- 
ing a 60meV Gaussian to account for instrumental resolu- 
tion, a 20K Fermi function cutoff, and a Lorentzian peak, 
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Fig. 2 The bulk J=7/2 peak for YbCu2Si2 from Fig. 1 B 
(points) compared to the spectrum predicted from 
Anderson single impurity model. In the bottom frame, the 
four crystal field levels, determined from neutron scatter- 
ing, are shown together with the Gaussian broadened com- 
posite. This predicted line is shown again as the dashed 
line in the top frame. The solid line is the Voigt function 
fit discussed in the text. The data is substantially broader 
than the Anderson Model prediction; it is dominated by a 
natural linewidth = 130meV. 
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which was allowed to vary in width and position to fit the 
PES data. The resulting Lorentzian parameters are 
FL=130 meV (FWHM) and E=60meV below EF. This is 
shown as the solid line at the top of Fig. 2. The Voigt 
function fits the data very well; the data has a smooth 
symmetrical character as opposed to the asymmetric line- 
shape expected from the composite crystal field prediction. 

The temperature dependence of the J=7/2 peak is 
shown in the top frame of Fig. 3. Apart from Fermi func- 
tion broadening (0.1eV at 300K) there is no discernible 
temperature dependence. (The J=5/2 peak, not shown 
here, shows no temperature dependence.) As already dis- 
cussed, for Yb the CF and SO resonances should vanish 
on the same scale as the ground state KR; here the scale is 
50K so that by 300K the peaks should be reduced in in- 
tensity at the very least by a factor of two. The data dis- 
tinctly violate the impurity theory as extended to PES. 

For CeSi2 we perform not only a similar analysis as 
above, but also a full GS T---0 calculation including CF 
states with infinite U (since finite U changes no widths at 
EF). We constrained TK to the thermodynamic value of 
=35K as determined from the specific heat 11. Neutron 
scattering 12 shows two excitations, at 25 and 48 meV, 
with widths 13-14meV, due to crystal field splitting of the 
J=5/2 manifold. In addition the spin-orbit splitting is ex- 
pected to be 0.2-0.3eV. The Anderson Model expecta- 
tions for the spectra for Ce compounds are more compli- 
cated than for the Yb case. Due to hybridization the ex- 
cited CF and SO multiplets acquire some 410 character. 
Photoemission causes excitations from the dominant (nf 
-1) 4fl component of the hybridized ground state to the 
4t0 component of the excited state. Hence sidebands be- 
low EF are expected at the CF and SO excitation energies. 
The widths of these excitations (kTKCF and kTKSO) can 
be substantially larger than the width of the ground state 
KR doublet, which lies above EF and has width kTK. In 
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Fig. 3 The photoemission spectra for YbCu2Si2 and CeSi2 
in the near EF region at three temperatures. (For CeSi2, 
hv=120eV and ,SE=95meV; for YbCu2Si 2, hv=6OeV and 
AE=80meV). The strong temperature dependence pre- 
dicted by the Anderson Model is not observed. 
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our simple analysis we will assume that kTKCF is equal to 
the linewidths of the CF excitations measured in neutron 
scattering. (The crystal field splittings would in any case 
set an upper limit on kTKCF.) In the GS T=0 calculation 
these widths as well as weights are determined by the input 
parameters of the calculation. 

The experimental spectrum for CeSi2 at hv=120eV, 
shown in Fig. lc, consists of the main 4f 1 .-3, 4f 0 excitation 
at = 2eV binding energy and a second feature near EF. 
This feature consists of two peaks, one at E F and the other 
at 0.28eV. This can be seen either in the 21.2 eV data 
(AE=18meV) of Patthey et al 6 (Fig. ld) or in our 4d reso- 
nance data taken at 120 eV with AE=95meV (Fig. 3). The 
peak at 280meV is assumed to represent the J=7/2 SO 
manifold, the peak near EF the J=5/2 manifold. 

To isolate the J=5/2 peak for lineshape analysis we 
proceed as follows. As shown in Joyce et aP, both 
Patthey's 18meV resolution data and our 95meV resolution 
data can be fit with nearly identical Voigt functions, both 
having two Lorentzians (El=280meV, FI= 220meV; 
E2=20meV, F2=145meV) cut off by a T=20K Fermi func- 
tion, but with appropriately different experimental widths 
(18 or 95meV). The 20meV feature obtained after sub- 
tracting out the 280meV component from Patthey's data is 
shown in Fig. le. To determine the curve expected from 
CF states found in neutron scattering, we proceed as for 
YbCu2Si2. Lorentzians at 25 and 48meV represent the CF 
sidebands; the widths are set equal to the neutron linewidth 
(13-14meV). A Lorentzian situated 4meV above  EF with 
width 4meV represents the ground state KR. These are 
cut off by a T=20K Fermi function; an 18meV Gaussian 
represents instrumental resolution. The spectrum thus ob- 
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Crystal Fields ~ \ \ i  

vs i 
Data Fit Voigt A / / I  KR from lower frame / I I Ii 

CeS~ w Crystal Fields ~"i~ i 
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Fig. 4 The J=5/2 spectrum near EF for CeSi2 from Fig. 1E 
compared to lineshape from broadened crystal field states. 
In the bottom frame the three crystal field doublets deter- 
mined from neutron scattering are shown, together with 
the Gaussian broadened composite. The latter is repli- 
cated in the top frame and directly compared to the data. 
Again, the data is substantially broader (=145meV). The 
parameters of the Voigt fit are given in the top frame. 
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Fig. 5 Comparison of lineshapes obtained from the PES 
experiment of Ref. 6 (dots) vs lineshapes calculated from 
the GS model (heavy solid line) and broadened neutron 
linewidths (light solid line). All fits are poor, but the extra 
weight for the KR in the GS calculation yields a substan- 
tially worse fit than the simplistic neutron linewidth spec- 
trum. 

tained is shown at the bottom of Fig. 4 while in the top it is 
compared to the experimentally determined J=5/2 spec- 
trum. Again the observed linewidth is substantially broader 
than predicted. With the stated resolution of Ref. 6 the CF 
levels should be resolvable, as demonstrated in the lower 
frame. Instead the data is much broader and symmetrical; 
it is dominated by the large natural linewidth (145meV). 
We will explore the sensitivity of the measured linewidth to 
assumptions about the non-f background in a future publi- 
cation. 

Since the above lineshape analysis may appear 
somewhat ad-hoc (although the only serious question is 
one of relative weights for the various CF's), we also in- 
clude the full GS calculation in Fig. 5 with parameters as in 
ref. 6, but including the correct CF's with infinite U. Due to 
the added strength of the KR relative to the CFs, one can 
see that the fit becomes substantially worse than our ap- 
proximate fits which give eq.ual weight to all levels. Thus, 
surprisingly, our approximate representation (using 
Lorentzians at the neutron CF levels) of the GS excitation 
spectrum is actually a best case scenario. In Fig. 3 we show 
the temperature dependence of the J=5/2 and J=7/2 peaks 
for CeSi2. The data have been normalized to the incident 
photon flux. No dramatic temperature dependence is ob- 
served; rather the small decrease with temperature can be 
explained primarily by Fermi function broadening and sec- 
ondarily by inclusion of a small but reasonable amount of 
phonon broadening 5. Fig.34 of Ref. 4 states that depletion 
of CF(SO) sidebands occurs with characteristic tempera- 
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ture equal to the CF(CO) splitting. It thus predicts a weak 
T dependence which may be difficult to distinguish from 
that due to ordinary mechanisms. Despite earlier claims 6, 
PES for Ce heavy fermions is not the optimum experiment 
to test for thermal renormalization of the excitation spec- 
trum resulting from the Kondo model. 

We thus have seen, both for a Yb and a Ce compound, 
that inclusion of excited muhiplets, both crystal field and 
spin orbit, in the analysis of the photoemission spectrum 
does not alter the fundamental conclusions that the feature 
in PES near EF has a linewidth (=130meV) much larger 
than predicted by Anderson impurity theory, and that for 
YbCu2Si2 the predicted renormalization of the spectra with 
increasing temperature is absent. Due to the large natural 
linewidth these conclusions are not altered by the fact that 
our experimental resolution (60-95rneV) is larger than the 
Kondo energies. Although the Anderson impurity model 
has proven highly successful in explaining the thermody- 
namic behavior of heavy fermion compounds, the exten- 
sions of the model to PES cannot explain these valence 
band photoemission results. 

Acknowledgment - We wish to thank the referee for en- 
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