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Abstract 

The elctronic structure of both Ce and U heavy fermions appears to consist of extremely 
narrow temperature independent bands. There is no evidence from photoemission for a collective 
phenomenon normally referred to as the Kondo resonance. In uranium compounds a small 
dispersion of the bands is easily measurable. 

While U and Ce heavy fermions display nearly identical bulk properties', previous 

photoelectron spectroscopy (PES) on poly-crystalline specimens indicated possible fundamental 

differences since the Sf-density of states (DOS), as measured2 from resonant PES, appeared to be 

much broader than the corresponding 4f DOS - indeed, much broader even than predicted by band 

calculations3. Further, while a typical Ce heavy fermion spectrum showed several features 

identified within a Kondo picture4 as (i) the "main" or peak at FJ -2 eV, (ii) the KR, or 4f5,2, at 

E$, and (iii) the Kondo sideband, or the 4f7,2, at = -0.28 eV, a typical U spectrum measured at 

resonance in polycrystals showed2 only a broad featureless triangular structure pinned at €$. This 

led to the unsatisfactory situation whereby the single impurity model5 (SIM) is used to explain Ce 

compounds (but fails even there to explain photoemission as we have shown6-") while identical 

behavior in U compounds requires another, as yet undeveloped model. However, we show below 

that features entirely similar to the Ce-4f5,, are now found in uranium single crystal compounds as 

well, and that these features show measurable dispersion with momentum. 

The fundamental assumption' of SIM is that above the Kondo temperature (TK) f-electrons 

are non-interacting impurities even in ordered compounds. Weak hybridization with ligand 
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conduction electrons leads to a collective singlet state below T K  which yields non-dispersive, 

strongly temperature dependent, narrow f-weight (Le., the KR) at kTK above E&. 'Approximate 

solutions of SIM (Le., GS" and NCAI3) have formed the theoretical basis for heavy fermion 

PES. Their main predictions are: 1) The spectral weight of the KR scales with TK; 2) The KR is 

strongly renormalized with temperature, with only about half its T = OK spectral weight remaining 

at T,; 3) It is k-independent above the coherence temperature, Tcoh<<T,. The model has been 

unsuccessful with U heavy fermions, but more importantly, the recent use of single crystals in Ce 

spectroscopy reveals6-" a temperature independent electronic structure, no scaling with T, as 

required by SIM, and strong suggestions of band behavior even at elevated temperatures7, as 

described below. 

ARPES measurements near the 4f or 5f resonance (hv = 120 or 110 eV) were done with 

resolution AE - 70 meV at the Los Alamos beamline at the NSLS, or the AT&T Dragon beamhe. 

High resolution spectra (AE 45 meV) at hv 40 eV were done on the Argonne-Minnesota SEYA 

at SRC. Except where otherwise indicated, the measurements were done at T = 20K. Single crystal 

specimens were used in all cases except CeAl, and CeSi,, while all measurements were done in the 

angle resolved mode (ARPES) with a f l  aperture. All surfaces were prepared by cleaving crystals 

in-situ except for Ce&+, which was prepared7 by evaporating Ce onto Pt( 11 1). 

In Fig. 1 we show spectra at hv = 120 eV for several Ce heavy fermions with TK's ranging 

from = 1 K to = 400 K. One would be hard pressed to observe a pattern of scaling with TK of the 

4f5/, - a necessary condition for a KR. Indeed the 4f5,2 intensity for CeBe,, (100) (TK = 400K) is 

smaller than it is for CeA1, (TK - 1 K). CeBe,, (1 10) and Ce-,, (x I 1) have similar intense 4fsI2 

structure, but their TK's differ by more than a factor of 10. We have previously shownt4 that 

invoking crystal field levels within GS theory does not destroy the scaling, nor does the inclusion 

of fz, i.e., the doubly occupied f-state. Further, there is no obvious difference in the PES spectra 

between non-magnetic, antiferromagneti~'~ (e.g., CeAl,) or ferromagnetict6 (e.g., CeSb,) 

materials. 
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An essential prediction of NCA’, is the transfer of spectral weight from the KR to the P 
peak with increasing temperature. Indeed, at T = TK the KR is predi~ted’~ to be down to 50% of its 

T = 0 K intensity. In Fig. 2 we show the T-dependence of CeBe,, (100) for a momentum near the 

[ 1 lOJ direction. Since TK = 400K there are no crystal field complications, thus within GS all the 

4fs,, intensity must be in the KR. In the figure the 20K spectrum was fit with a Lorentzian centered 

at 0.04 eV above & (simulating a KR) so that only its tail below F$ is occupied. Additionally, the 

4f7,, peak was simulated with a Gaussian, while a background was also included to produce the 

gray line through the 20K data. The dark lined curve superimposed on the 300K spectrum was 

then obtained from the 20K fit by decreasing the fitted KR amplitude by 50% and convoluting 

with a 300K Fermi function. It totally fails to reproduce the 300K spectrum. By contrast, a second 

fit of the 20K spectrum, using the same background and Gaussian for the 4f7,,, but now utilizing a 

fully ocupied Lorentzian centered at -0.02 eV, exactly reproduced the 300K spectrum (“phonon fit” 

in Fig. 2) after simply broadening this 20K fit with 100 meV of simulated phonon broadening and 

convoluting with a 300K Fermi function. The KR fit absolutely requires a shift of the peak 

centroid toward E$ as the 300K Fermi function samples the intense KR above E&, while the 

phonon fit results in a shift away from q, as actually observed. Thus there cannot be an intense 

feature just above E$, nor is there any unconventional temperature dependence. Moreover, phonon 

broadening of a fully ocupied state must be occurring. 

There is also no unconvetional temperature dependence in Yb compounds where NCA 

would place the KR on the occupied side of E$. This is shown in Fig. 3 with ARPES data at the 

stated temperatures for YbAgCu, and YbCu,Si, (T, = 35 K for both). In the upper fi-ame the 

spectra were normalized at the Cu-3d peak (not shown), while in the lower frame the YbChSi, 

normalization was to the Si-2p states appearing at 100.5 eV kinetic energy due to second order 

light. We have previously showni7 that one never observes a T-dependence below 80 K. Some T- 

dependence exists” in YbAl, which, however, is at most a 10% effect between 20K and 300K vs 

the predicted 50% effect, and is probably caused by a change in the mixed valence (hole occupancy 

nf = 0.65, as determined18 from direct integration) due to lattice contraction. From the above one 
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can conclude that the near-% 4f features totally fail to reproduce the predicted behavior of the KR. 

Unlike a T-dependent KR situated above &, the features appear more like T-invariant fully 

occupied states whose spectral weight is independent of TK' 

Even more interestingly, the 4f5,, displays amplitude  modulation^"^ which are precisely 

periodic with the inverse lattice, as shown in Fig. 4 for Ce&+,. This is highly suggestive of band 

states although actual dispersion, if any, is extremely small. Modulation due to photoelectron 

diffiaction is ruled out because the 4f,,, modulation occurs relative to the 4f,,, feature whose 

AWES cross section should have been identical. In the figure the spectra are labeled with letters 

which correspond to the indicated positions in the Brillouin zone where they were taken. A very 

important point to be made is that the spectra were taken at T = 120 K lOT,. This further 

reinforces the temperature independent nature of the band-like 4f5,, state. 

Spectra very similar to those described above are found in U single crystal compounds as 

well. In Fig. 5 we show spectra taken at hv = 110 eV and 20 K for four heavy fermion compounds 

(UPt,, UBe,,, URu,Si, and UPd+413) as well as antiferromagnetic USb, (TN = 200 K). Unless 

specifically shown in the figure, the k-direction is not known. A narrow feature exists in each 

material at Q. From the data at anti-resonance (hv = 92 eV, but not shown) and from the hv- 

dependence of the peak intensity, we conclude that the near-€& features are primarily of 5f 

character. Further, just as one finds 5d features in Ce compounds so also are there 6d features in U 

compounds as far as -3 eV binding energy (tic marks). These are unmistakable in UBe,, and USb, 

where there are no ligand d-electrons. Within 0.5 eV of E, the 6d bands are likely strongly 

hybridized with 5f bands based on hv-dependence, but space does not allow further elucidation. 

In several U compounds (e.g., UP5 in Fig. 5)  there occurs a strong 5f peak at = -0.5 eV at 

resonance (first pointed by Grassman et al.). Oxygen dosing experiments suggest that it is 

primarily surface related. This may be the analogue of the famous -2 eV peak in Ce compounds 

which is likewise strongly surface related8*20, although in weakly hybridized materials there may be 

an intensity component attributable to a bulk screening satellite* '. 
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Just as in Ce compounds, the narrow near-& peaks display periodic amplitude modulation 

with momentum, but here an energy dispersion is also evident. For lack of space we will ignore 

the strongly dispersive 6d peaks. ARPES measurements were done at hv < 40 eV to maximize 

resolution (AE = 40 meV, Ak = 0.09 A-1). In Fig. 6 we show UP5 (001) spectra taken at hv = 30 

eV and 20 K for several analyzer settings relative to r or [OOl]. Note the large amplitude effect and 

about 20 meV of dispersion. Entirely similar spectra were also measured at T = 80 K, thus again 

demonstrating the lack of a temperature dependence. The intrinsic FWHM of the strong peak at 

is = 45 meV, or narrower than any 4f5,, feature in Ce compounds. 

Even stronger 5f dispersion and narrower FWHM's (< 30 meV) are observed in USb, as 

and within the first 100 meV of E;; are shown in Fig. 7 where spectra within 13" of 

displayed.The amplitude normalization here is arbitrary (indeed, intensity at 3" is very weak), 

chosen primarily to make it easier to see dispersion (= 39 meV). The Fermi energy was determined 

from a reference Au specimen and was invariant for the analyzer settings in Figs. 6 and 7. A 

second band (probably 5f-6d hybridized, but not shown), disperses from & to = -600 meV, while 

a satellite is not evident. 

The data presented above strongly support a t e m p t u r e  invariant band nature of 5f states. 

Moreover, the similarity to 4f spectra suggests a similar 4f electxonic structure, although actual 

dispersion of the 4f5,? peak has not yet been observed, despite the observation of 100 meV of 

dispersion' in the 4f,,, peak in CeBe,,. One is forced to the conclusion that the single impurity 

model is inapplicable to ordered compounds at any temperature and we must use a form of the 

Anderson lattice which yields nearly the LDA bands but without a Kondo resonance. The 

conventional wisdom assumes22 that the Anderson lattice is only valid below the coherence 

temperature while at elevated temperatures it reverts to SIM. To the extent, then, that the above- 

formulated model results in a temperature dependent DOS, it too is inapplicable since we find no 

temperature effect. Moreover, it is simply not known whether it is extendible to uranium. A 

successful model will have to explain bulk property behavior in both 4f and 5f systems, while at 

the same time maintain temperature independent narrow bands in both, as seen in photoemission. 
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Whether the most common form of the Anderson lattice, renormalized band  model^^^^'^, or related 

approachesz5 yield the necessary results remains to be seen. In the meantime the novel 2-electron 

band model of Sheng and Cooperz6, also based on the Anderson lattice but without the collective 

compensating electron cloud, in its early stages appears to contain all the necessary ingredients and 

certainly deserves cosideration. 
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Figure Captions 

ARPES spectra at hv = 120 eV and T = 20 K (except for Ce-,,) for 7 Ce heavy 

fermions.The intensity of the near-% features is relatively invariant with TK, contrary to 
SIM. 

CeBe, (1 10) AWES spectra at two temperatures. The fit at 20K was done with a 
Lorentzian above E$ simulating a Kondo resonance. The dark lined 300K fit was made by 
decreasing the KR intensity by 50% (see text). The phonon fit, described in Ref. 8, fits the 
data exactly, negating any NCA-derived temperature dependence. 

PES spectra for YbAgCu, and YbCu,Si, at the stated temperatures an photon energies. Any 
temperature effect is describable via conventional PES phenomena. 

AWES spectra at hv = 120 eV and T = 120 K for Ce-,, at the indicated points in the 

Brillouin zone. Note the periodic intensity modulation of the 4f5,2 peak. 

ARPES spectra at T = 20 K and hn = 1 10 eV for 5 uranium heavy fermions. Note the 
pervasive sharp peaks at &. Additional peaks (mostly 6d-bands) are marked by tic marks. 

Expanded view of ARPES spectra at hv = 30 eV and T = 20 K for UR3 (001). The 

analyzer angle is relative to the I?-point. Note the 20 meV of dispersion as well as the 

intense amplitude modulation. 

Expanded view of ARPES spectra for USb2 at T = 20 K and hn = 35 eV. About 39 meV 
of dispersion is evident. Amplitude normalization is arbitrary to facilitate viewing of 
dispersion. 

9 



CeA13 J”----” 

C aa E-- 
c - I t  

CeBei3 (1 00) 

1 1  - 

CeBe13 (1 10) 

- 
I I I I 

-4 -3 -2 -1 0 

TK’S 

<I 01 
L 

351 
UL 

~4001 
L 

~4001 - 
Binding Energy (eV) 



-1 -0.8 -0.6 -0.4 -0.2 0 

Binding Energy (eV) 

0.2 



AE-80 meV 
hv=60 eV 

B 

-2 -1.5 -1 -0.5 0 
Binding Energy (eV) 

T=25OK 
T=250°K 
T=l OOOK 

- 
-.-.-. 
I . 1 . . . . . . 

Y bCu2Si2 
UPS 

hv=102 eV 
AE-140 meV 

94.5 95.5 96.5 97.5 98.5 99.5 100.5 101.5 

Kinetic Energy (eV) 



L 

t- I I I 

- a, 0" 

- b, 4" 
- d, 14" 

-c, 9" 

- j, 24" 
- e, 0" 
- h, 20" 
-f, 4" 
-g, 7" 
-n, 30" 

-0.8 -0.6 -0.4 -0.2 0 0.2 
Energy Below Fermi Energy (eV) 



Binding Energy (eV) 



lb 
0 
0 

I 
A 
u1 
0 

I 
d 
0 
0 

&l 
0 

0 

cn 
0 

Photoelectron Intensity (Arb. Units) 

C I  

nl 



c 

-1 00 -50 0 50 
Binding Energy (mev) 


