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We have studied the mixed-valent compound GgBsing a combination of high-resolution angle-resolved
resonant photoemission and x-ray absorption. Based on the angle and temperature dependence of the intensity
of the f* peak at the Fermi level, we conclude that tHesfate is most likely a narrow band with a bandwidth
of ~50 meV, and may cross the Fermi level. The temperature dependence of the valence band photoemission
spectroscopy can be accounted for by conventional thermal broadening effects. A mean valen8e0dfis
extracted fromM , 5 absorption spectra which agrees witly edge measurements, however the temperature
dependence is negligible. A large amplitude anisotropy is observed iff theak, as well as about 0.1 eV of
dispersion. Residual gas dosing in the submonolayer regime suggests that mucti®ahteasity is surface
related.

I. INTRODUCTION well into the Curie-Weiss regime demonstrates the lack of a
temperature dependence that scales With Most unam-

The class of materials known as heavy fermidmsually ~ biguously it shows that even at high temperatures we are not
compounds with an unfilled shel) display macroscopic dealing with noninteracting single impurities.
characteristics which suggest that thelectrons are gener- It is important to emphasize that at issue is not the exist-
ally localized with only a very weak interaction with the ence of electron correlation effects in heavy fermion spectra.
lattice! Indeed, the prevailing model for heavy fermions is These unquestionably exist, as evidenced by the valence
that thef electrons behave as noninteracting single magnetiband satellites, extreme narrowness of the bands, and bulk
impurities at high temperaturés. However, because of thermodynamic properties. At issue is which of the prevail-
slight residual hybridization with conduction electrons, theying models more correctly captures the physics of heavy
condense into a singlet stateith the conduction electrohs fermion phenomena. Any successful theory must simulta-
below a characteristic temperatufB, . At still lower tem-  neously predict the unusual macroscopic properties as well
peratures these impurities are presumed to form a periodias the microscopic properties reported here, namely, the ap-
lattice* which yields very narrowf bands whose width is of parently bandlike and relatively temperature independent
the order ofT . The singletf state is predicted to manifest electronic structure. The prevailing single impurity model
itself as a very narrow density of statd30S) near or just (SIM) is less successful with microscopic than with macro-
above the Fermi enerdy., and is usually called the Kondo scopic properties. While it is sometimes speculated that even
resonance, or KRin the remainder of the paper we will within SIM there may exisk-dependent effects as observed
often refer to this feature as thef4,). It has very specific by us, no calculations exist along these lines. Indeed, inas-
properties that should scale witfy and should be measur- much as the KR results from an integration over all conduc-
able in a photoemission experiment. Indeed, thetion band state$jt is difficult to envision directional effects.
Gunnarsson-Schonhammer(GS) and the noncrossing In this paper we show that the amplitude modulation is
approximatiofi (NCA) predictions for photoelectron spectra universal in heavy fermion crystals by demonstrating that
in heavy fermions have served as guides to interpreting phosery similar results are obtained in both I materials
toelectron spectra. (i.e., CePy,,) as well as those considered to be mixed valent

We have recently demonstrafedith in situ prepared (or largeTy , or sometimes referred to aslike). We report
crystals of CePBt, , (x<1, Tx<20 K), however, that not only detailed results of an angle resolved study of bulk single
does onenot obtain the necessary scaling witly predicted crystals of CeBg; (Tx=~400 K) cleaved in vacuum and mea-
by GS and NCA, but within the same crystal there occursured at the 4 absorption edge of Céhr=120 e\). Besides
large periodic intensity variations with crystal momentum inthe 4f 5;, amplitude effect we find unambiguous evidence for
the 4fg, feature usually identified as the KR. Moreover, dispersion of the ﬂwf peak, as well as anisotropy and dis-
these intensity modulations, most easily explained as a smalersion in the mairf* to f° transition at—2.4 eV. With 56
dispersion of a very narrow band toward or abovEg, are  meV resolution we show unambiguously that the width of
observed at temperatures as high as 10 tilmesfar into the  the 4fg, is at least three times larger than GS predictions
region where the magnetic susceptibility has a Curie-Weisgven for thisa-like material. CeBeg, is important toward an
temperature dependence. This would seem to suggest bandderstanding of heavy fermion phenomena since, because
formation which is far more persistent than could possibly beof its relatively largeTy, it does not exhibit crystal field
explained by the Anderson lattice. The existence of this statevels, and thus, within GS, the intensity Bt can only
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come from the KR for which NCA predicts a strong tempera-resolution of 75 to 140 meV, was collected on the Los Ala-
ture dependence. Inasmuch as we show that no unconvemos U3C beamline at NSLS, while additional spectra with
tional temperature effect is evident, it may be useful to conresolution of 55 to 70 meV were obtained on the AT&T U4B
sider alternate theories to SIM. In addition to renormalizedDragon beamline. For measurements néar +1° angular
band structure approaches, a recent theory by Sheng amgsolution was employed so that the acceptance cone corre-
Coopef may be promising. _ _ sponds to~25% of the Brillouin zone at 120 eV.

CeBgj belongs to the class of intermediate valeld) At resonance the # contribution to the photocurrent
compounds which exhibit an enhanced coefficient of the linig enhanced by a factor 0of100 because of an inter-
ear specific heaty=115 mJ K (Ref. 9 and anomalous ferencd® between  direct processes of the form
behavior in the lattice parametéry is estimated to be be- 4d'%$%(5d6s)%+ hv— 4d'%F%(5d6s)%+¢, and indirect
tween ~500 K based on sgsceptibility mea;urem%rapd processes d@%4f3(5d6s)3+hv— 4d4f4(5d6s)®  which
~300 K from the quasielastic neutron scattering linewidth. decay via a super-Coster-Kronig procesé, (Ng Ng ) to

Crystals of CeBg were grown from an Al flux. Surface ' . :
imperfections resulting from cleaving these crystals apparghe same final state as in the direct process. If the host metal

ently do not totally average out the angular information, thus‘valence bands contribute substantially to the photocurrent, as

it is not always necessary to undergo the arduous task of Is frequently the case, then thé émission may be obtained
situ crystal growth to obtain sufficiently perfect crystals for PY Subtracting the spectrum off resonartbelow thresholy
angular studies. In the cubic NaZrstructure the Ce atoms [rom the spectrum on resonance. In CeB@ee below this
are surrounded by a cage of Be atoms with no Ce-Ce neared¢btraction is not necessary due to the lowsecross sec-
neighbors, so the material can be thought of as Ce atonfion athr=120 eV. It appears however, as shown below, that
embedded in a Be host. Within the single impurity model,the Ce resonance spectrum is complicated by a substantial
then, thef hybridization occurs primarily with the Bep ~ contribution from Ce-8 emission which decays via a
conduction band which is at least 10 eV wide. Coster-Kronig processNy sNg 704 5).
The electronic structure of CeBghas been the subject of In situ fracturing of the small(=2 mm on a sidg as-

a number of previous experimental and theoretical studieggrown crystals was used to prepare a clean single crystal
The mixed-valent identity of CeBgwas ascertained by cor- surface of CeBg. It is not known if the material has a true
relating lattice parameter measurements with changes in theeavage plane. However, because of the surprisingly large
x-ray photoemission spectroscop¥PS) spectra! The lat-  momentum dependence of the data, there was significant
tice parameter is anomalously low compared to other comcleave to cleave variation. The samples were cleaved either
.p0L.mdS in the LnB@ Seriesl:z Below 200K the Susceptib.”' ] atT=20 K or 300 K in -11 Torr vacuum. Data were typ|_
ity Is temperaturéa independent suggesting a demagnetizatiqiyly collected for 3—4 hours or until noticeable oxygen con-
of the Ce a}tomé. The neutron scattering shows a quas'selas’[amination was visible in the valence bands, at which time a
tic Lore_nt2|an line shap&X-ray absorbtion at the,, edgé fresh cleave was made. All the dispersion data on(110€)
determined a valence of~3.04. surface reported here was collected from a single cleave with
q Sglf-consstgnt APW lLDf(a.ug?‘er;]ted plane (\j/vave—lg;:al no detectable deterioration of the surface. The largefor

ensity approximationcalculations' show some degree CeBeg; precluded the possibility of performing the measure-

band narrowing in CeBg which is due to hybridization with ;

the Besp bands from below and Bp bands from above. ment far abovd i as in CePt, ,, so that measurements were

The mixing with the host bands squeezes thetates more generally done at 20 K, except for temperature effects at 300
K. Efforts were made with low-energy electron diffraction

than in isostructural LaBg. However, the calculated mass i . :
enhancement is still too small by an order of magnitude td -EED) to ascertain the surface orientation, but, although

explain the specific heat and susceptibility data. Thus faPharP Spots were visible, we were unable to determine the
“corrected” LDA calculations have not been attempted for surface_onentauon in this manner. In order to establish the
CeBaj although it has been shown that such corrected LDAPUIK orientation of the cleaved surface, we removed the
calculation® can yield the experimentally measured valuesS@mple from vacuum and utilized x-ray Laue techniques. The

for UBe,s, a compound which has a mass enhancement tefflirection normal to the cleaved surface found by this method
fold Iarglg’r than CeBg. was typically eithef100) or (110. Spectra with very distinct

signatures are found along each direction. Consequently, we

sion spectroscopyUPS spectra in terms of the GS model will r_efer to the very different spectra found for each surface
and found that the calculated linewidth of tHepeak was at @S €ither100] type or[110] type.

least three times larger than the experimental width. To date

there have been no temperature dependent studies of the va-

lence bands oM, 5 x-ray absorption studies to complement ll. RESULTS

existingL,, edge work:®> We might expect much larger tem-
perature effects in CeBgvs those reported for CeS(Ref.
17) (Tx=~40 K), based on the NCA predictions of scaling
with Ty .

Recently Lawrencet al!® analyzed utraviolet photoemis-

While it is the features within 0.5 eV of the Fermi energy
that are of greatest interest, we first consider the entire va-
lence band spectrum. Because of the relatively strong time
dependence of the spectra with residual gas adsorption, it is
necessary to first delineate which features are bulk related vs
surface related, and what indeed is the line shape of the true

Photoemission measurements were done generally at thmrilk spectrum. Toward this end the section below is intended
4d-4f resonancéhv=120 e\). The bulk of the data, with to show that it is the feature closestBg which appears to

Il. EXPERIMENTAL DETAILS
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rections. For a given cleaand emission anglehe spectra
are normalized to the feature Bt after it was ascertained
that flux normalization yields nearly the same result. Nor-
! malization between different cleaves is more difficult, but it

I appears that the valley at—0.6 eV as well as the secondary

: background come closest to being the common points be-
| tween all spectra, based on an average of many flux normal-
|

!

|

|

|
(100) Surface hv =120 eV :

—  Fresh Cleave

- CeBe13

mmenes After 3 Hrs.

izations.

All spectra at resonance show at least 4 distinct features
attributable to Ce emission. Thd €mission consists of the
three-peaked structure including the broad peak aP.3 to
—2.4 eV(depending on orientationand two narrow features
near the Fermi energy. This is a characteristic feature of all

Ce compounds and is well documented in the literat(if8.
4 LW The structure at~—2.4 eV is the so-called “main” peak

- W == Fresh Cieave

— —I After 8 Hrs.

i o (110) Surface hv =120 eV

puttd ¥

associated with the transitiorf 4—4f° while the two peaks
at the Fermi level are commonly identified in the

g ! literaturé”!” as the KR(Eg~—0.03 eV} and its associated
B Anti-Resonance, hv =112V | spin orbit sidebandAg o~—0.3 eV). The features between
- | | [ | | ) | ' —0.5 and -2 eV derive from Ce-8 emission as clearly

4 35 3 25 2 45 1 05 0 05 demonstrated from the cross section dependence at lower
Binding Energy (eV) photon energiegnot shown. The 5 emission features like-
wise undergo a dramatic intensity enhancement at tthe 4
FIG. 1. Photoemission spectra for CgBathp=120 eV for the ~ @bsorption edgeverified on LaBe,) despite the fact that the
(100 and (110 surfaces. Dark lines correspond to fresh cleaves AUger process is only Coster-Kronig and not super-Coster-
while the gray scale lines correspond to data taken 3 and 8 houtéronig. The enhancement appears to be about 50% of the
after cleaving the(100 and (110 surfaces, respectively. Also peakf-emission intensitﬂ;f3 but normalization is difficult.

Photoelectron Intensity (Arb. Units)

shown is the spectrum at antiresonariber=112 e\) which is A striking anisotropy is observed in normal emission be-
nearly featureless.. Not.e the relative shifts in fleand 4f-, fea- tween spectra from th€100) and (110) surfaces in all fea-
tures for the two directions. tures, in position as well as intensity. If the Fermi energy is

placed at the midpoint of the Fermi edge, then all features

change least with residual gas adsorption. Having establishe@xcept the 45,) in the [100]-type spectra are about 50 to
that, the remaining sections deal with the nEarfeatures. 100 meV higher in binding energy relative to tHELO]-type
spectra. Note that thigl10] spectrum apparently yields two
5d features, while only one broadd5peak is resolved in
[100] spectra.

Next we address the time dependence seen in the spectra

Figure 1 displays valence band spectra on two differendf Fig. 1 even at 20 K and a vacuum of %%0 ! Torr,
surfaces of CeBg at normal emission, on and off resonance,which is interpreted as a suppression of the surface contribu-
and as a function of time relative to a fresh cleave at 20 K intion to spectrum and a growth of surface oxide. One of the
a vacuum of 3.%10 ! Torr. The spectra shown in Fig. 1 reasons cited for the poor agreement with the GS model cal-
represent the extremes observed representativé0@f and  culations has been the surface sensitivity of the UPS
(110). (Any given cleave may also represent a combinatiortechniquet®?° which samples only the top few layers of the
of these two extremes, but we ignore thggthe beryllium  compound. Unlike Yb compound$where the surface com-
s-p DOS (density of stateésmeasured off resonanodr  ponents of thedivaleny 4f signal are easily distinguished
=112 e\) obviously makes a negligible contribution to the by a large surface/bulk splitting=0.9 eV, the size of the
total intensity at the d—4f resonance, allowing an unam- surface/bulk splitting is too small to be distinguished in Ce
biguous identification of the Cefdand 5 emission, and compounds. It is well known that the surfaces of a number of
obviating the need for subtraction of the two spectra. Theaare-earth metalée.g., Sm as well as numerous compounds
apparently increasing background intensity at antiresonanagndergo valence transitions at the surface. This phenomenon
is due to the Besp-DOS which peaks at-8 eV, plus the tail is understood as a decreased coordination at the surface
of a broad Be KL, 3L, 3) Auger feature at a kinetic energy which makes it more favorable in some cases to adopt a
of =100 eV which does not interfere av=120 eV. In the more atomiclike valence. In the case of Ce, it has been
region of interest, we can consider the Be contribution asioted®?°that the surface layers af-Ce and some é&-like”
negligible. Ce compoundgor largeTy) are “y-like” (more trivalent

In Fig. 1 the dark line spectra correspond to fresh cleavebased on the observation that the relatifespectral weight
(the larger statistical noise results from the shorter countinglecreases with increasing kinetic energy. The precise depth
times used to insure a proper representation of a clean suof the surface region is unknown, but our dosing experiments
face), while the gray scale line spectra were taken 3 and 8ndicate no more than the top layer. If progress is to be made,
hours respectively after a cleave for 0] and[110] di-  the surface contribution must first be identified.

A. Complete valence band spectrum and the effect
of the surface
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- oa) - b)
o FIG. 2. (a) Spectrum athv
e hv=122eV =122 eV and at 56 meV resolu-
tion for the sameg110 surface as
in Fig. 1 (after 8 hours The
miniscule oxygen contamination is
shown as the shaded areéb)
Same spectrum as i@ but with
an integral background subtracted.
The solid dark line is the &
electron spectrum as obtained at
hy=21 eV. Subtraction of the two
spectra yields the gray scale spec-
L trum at bottom. The shaded®
peak has been fit with a Gaussian
at the position of the fresh cleave.
Note the new oxide feature grow-

I CeBe1s,(110) Surface

AE = 56 meV —_ hv=21¢eV,5d DOS

Difference
= 8 hours after cleave

Photoelectron Intensity (Arb. Units)

N ing with time.
110 11 112 113 114 115 116 117 18 3 -2 -1
Kinetic Energy (eV) Binding Energy (eV)
The data of Fig. 1 clearly show that th&peak is decreas- An approximate line shape of the of the-&lectron spec-

ing with time relative to the #, due to submonolayer ad- trum can be obtained by using lower photon energies where
sorption of gases, suggestive of a surface contribution to théhe 4f cross section is negligible. Figurél displays one
spectrum. The decrease is much smaller aldid@] which  such line shape obtained at 21 eV. But it must be noted that
might suggest that here the effect of the surface is less prdhe line shape can change with photon energy and emission
nounced and that the position and size of tA@eak may be angle. In view of the surface and angle dependence of this
more correctly representative of the bulk. Careful oxygenemission, a complete study of thel Spectrum was deemed
dosing experiment$ for a (100-type surface have shown beyond the scope of this paper. LgBavas measured at
that thef® peak first decreases up to an oxygen dosing ofesonance, but while the shape of the spectrum was very
~0.2 L, and then begins to broaden, shift toward highersimilar to that shown in Fig. ®) [lending confidence as to
binding energy, and again increase in intensity with the forthe correctness of thedsspectrum in Fig. @)], the peaks
mation of a surface oxide. Because of these changes the imere shifted in energy relative to CeBe Moreover, while
trinsic line shape of thé® peak remains undetermined. The the line shape can be measured, normalization to the spec-
spectra in Fig. 1 correspond to a surface dosing of no moreum at resonance is still difficult. However, it should be
than 0.1:0.05 L. Surprisingly, the d features at=—1.5 eV  emphasized that before a direct comparison can be made to
likewise show dosing dependence, with shifts evident even &S or NCA, just such a normalization and subtraction of the
small dosing. By contrast, thef4, shows almost no inten- 5d must be made, otherwise the experimentallide shape

sity decrease up to a dosing of 0.2 L, and prior to the shiftings meaningless. Several normalizations were made which,
of the f® peak. It is justified, then, to associate thig4with  when compared to a GS calculation, consistently suggest a
a primarily bulk feature. While the intrinsic bulk intensity of Ce valence far in excess of the 3.04 measured in X

0 is difficult to ascertain, for the purposes of this paper webelow). One such normalization and substraction is shown in
will call the intensity alond 110] as the intrinsic bulk inten- Fig. 2(b) which seems plausible, although we admit that it is
sity despite the surface effects and the fact that a strongomewhat arbitrary. The difference spectrum, however, will
anisotropy is evident in the data, and that indeed we cannatlways have approximately the shape shown. fthpeak is
exclude the possibility that the buff intensity may be iden- shaded in the figure in order to more clearly demonstrate the
tically zerofor some directions of the crystal. Thé 4, peak  growth of surface Ce oxide at the 0.1 L level. Needless to
for the [100Q] direction and to a much lesser extent for thesay, a similar analysis alond@00) produces an entirely dif-
[110] direction, also shows dosing dependence of the ampliferent spectrum.

tude relative to the #;,,. Perhaps here too there is a small
surface contribution, but less pronounced than for tfe
peak.

The (110 spectrum of Fig. X8 hours after cleavingwas Figure 3 shows spectra in the ndgr-region for several
repeated with 56 meV resolution and is shown in Fi@2 different angles on &100 surface taken within 2 hours of
The spectral features at kinetic energies between 110 and 1®é&ch other on the same cledwir flattest cleave which was
eV (taken with lower resolutionshow the almost insignifi- also the most stable with time, showing no deterioration dur-
cant oxygen contributiofshaded areavhich nevertheless is ing measuremeitAfter 2 hours all data were repeated again
sufficient to change thdé® feature. In Fig. #) the same and found to reproduce almost exactly. While the actual di-
spectrum is displayed, but with the secondary backgroundection ofk; is not established, it is obvious that thés4
subtracted via the standard integral background method. does not have a constant amplitude throughout the Brillouin

B. The amplitude modulations of the 4, peak
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CeBei3

hv = 120 eV, AE =90 meV
T=20K

CeBe13 (110) Surface
hv =122 eV, AE = 56 meV

Fits

égLIIlIllIIlIIIIIFIIIITTT[

Photoelectron Intensity (Arb. Units)
oo

Photoelectron Intensity (Arbitrary Units)
T

TATTTITTTTTTITTTITTITT LA

4f

5/2
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

Binding Energy (eV)

)
1
)
|
L 1
0.1 0 0.1
: —t

0.5 FIG. 4. Line shape analysis of two spectra frorfil&0 surface
Binding Energy (eV) athv=122 eV and 56 meV resolution, with takeoff angles of 1° and
4° relative to the surface normal. The fitteéls4 shifts by 17 meV
FIG. 3. NearEg spectra at resonance from200) surface as a between the two spectra, all other parameters remaining fixed. The
function of angle g. Note the periodic amplitude modulations of the fitting components are shown for the=1° spectrum(see text for
4fg, feature. The inset shows the same spectra but now superinparameters
posed and slightly smoothed to emphasize the amplitude effect.

As suggested before, a very plausible explanation for the
zone (BZ) as one would expect from the SIM. Indeed the amplitude modulation is a dispersion of the narrovis4
amplitude modulations exhibit periodic behavior consistentband towardE,- . However, even the 56 meV resolution in
with itinerant states. The inset shows the same spectra, bthis study is insufficient to see a dispersion of 25 meV if, as
now smoothed with a 50 meV Gaussi@gnuch less than our is the case for this data, the feature occurs within 25 meV of
resolution and plotted on top of each other to emphasize thehe Fermi energy. Modeling of the spectra has shown that the
periodic amplitude effect. These amplitude modulations argosition of the 4, peak with respect to the midpoint of the
observed only whent1° angular resolution is employed. Fermi edge will be primarily a function of the resolution
Evidently this is because the larger® aperture simply av- whenever the latter exceeds the dispersion by a factor of 2 or
erages out these intensity modulations. Evehl1& aperture  more. Thus for a given resolution thd 4, peak will appear
still averages over=25% of the BZ(in all directiong com-  at about the same apparent binding energy irrespective of
pared to nearly 100% for the-4° aperture. We have seen dispersion. Its amplitude, however, will vary as shown be-
similar behavior in many of the single crystal compounds wedow. Surface lifetime considerations prevented us from ob-
have studied:®® The period of the amplitude oscillations, taining reference spectra for each angle, but fits to the data
which we interpret as approximately tHe-I" distance, is indicate that for our highest resolution datab6 meV to
8°+1° corresponding to 0:60.08 A~ while 27/a=0.61 ~70 meV, the Fermi energy is near the midpoint of the
A~ for cubic® CeBqs. In Fig. 3 the minimum 45, inten-  Fermi edge, while for data with=100 meV resolution, the
sities occur at 2.5° and 10° which are associated with apFermi energy is about one third of the way down from peak
proximately thel’ points. The spectrum closest to a zoneheight.
boundary (presumably a[110] direction then is the 15° The dispersion hypothesis was tested by fitting the data at
spectrum which also has the largedi:4 intensity. Indeed, different angles. In Fig. 4 we show typical fits to our highest
this spectrum has the greatest resemblance to a spe@eeam resolution data, obtained on(410) surface[despite the fact
Fig. 5 below taken at normal emission from(a10 surface. that in the(110) plane the maximum amplitude variation is
The two spectra need not be identical since in a three dimerenly about 15% The high resolution allows an unambigu-
sional crystal the 25% of the zone sampled by the finiteous determination of the intrinsic peak width which is critical
angular aperture is entirely different for the two directions.in any comparison to GS or NCA. The main unknown quan-
From the relative intensity variations between thfg,4 and tity in the fits is the exact line shape of the Spectrum near
the 4f,,, we rule out photoelectron diffraction as the mecha-Eg which must first be subtracted out to get thesbectrum.
nism for the modulations. The approximate shape in th&l0] direction is known from
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Fig. 2, but intensity is not known to better than a factor of 2.

As a result, the background, as shown in Fig. 4, is somewhat B CeBe13 o :
arbitrary, but similar to other heavy fermion analyses. This L hv =120 eV, AE ~ 90 meV ;fZI
version of the background tends to underestimate the width - j‘ 2'

of the 4f, (this is simply because too much spectral weight | eeee— (110) Surface : %:

is put into the background, thus cutting off the bottom por- & b —eees (100) Surface ;

tion of the Lorentziap and thus yields a lower limit on this Er 4

linewidth, which, as we see below, is already larger than GS = [

predictions. In Fig. 4 we used a Lorentzian line shape for the 2 T

4f5, and a Gaussian line shape for th&;4 peak (it was L %@‘«’&Qi%w%w

experimentally determined that the Gaussian line shape 5 | . e

yielded a better approximation of thef #4,). For both direc- 8 -"'.““’;";;»;.%*.

tions shown, the full width at half maximugFrWHM) of the cr S '”"""""

Lorentzian is 100 meV while that of the Gaussitocated at SL %M

—230 meV in both spectjas 320 meV. Since our resolution 5 F o )

is 56 meV, the line shapes are essentially unaffected by in- % -

strument broadening. The only difference between the fits for .g = a7

the two directions is that a#=1° the Lorentzian is centered s e Y

at —6 meV, while for 6=4° the Lorentzian has been shifted i 2 . [

to —23 meV. All other parameters are identical, despite the L g4, [ s
fact that there is n@ priori reason to keep them identical. T o NN : 4
Thus the 15% amplitude modulation of thés4 on the(110 T T r | wﬁ
surface is easily and completely explained by 17 meV of S T I T Ty Y H
dispersion of the fi;,. If one works within the GS or NCA -0.8 0.6 -0.4 -0.2 0 0.2
models, the lower limit of 100 meV for the intrinsic FWHM Binding Energy (eV)
corresponds to &y of 1200 K as compared te=400 K

measured from bulk properties. FIG. 5. Line shape analysis of the 10° and 15° spectra of Fig. 3,

As we have often emphasizéd° one can obtain good fits as well as a spectrum from(a10) surface at 90 meV resolution for
to the data with other combinations of parameters, backcomparison. A 50 meV shift of thef4,, is needed to explain the
grounds and line shapés.g., Doniach-Sunijic line shape for amplitude effect(see text The shift of the 47, is seen unaided,
the 4f, and Lorentzian for the #,,). We have looked into with the arrows pointing to the fitted po_sitions of_ thé7,4_,_(a shi_ft
this, but the basic physics of dispersion does not change. [Af up to 90 meV. Inset ShOWS a schematic of the fitted dispersion of
particular, one can use an integral background with the adh€ 4sand 4z, features in CeBg.
sumption that all intensity a&=—1 eV is due to secondary
electrons. In this case the background intensity approachefata in Fig. 5 is nominally 90 meV. For comparison we also
zero nealEg thus putting maximum spectral weight into the show a spectrum taken at normal emission ¢hl#) surface
4f features. Using this background one gets an upper boungith the same instrument broadening of 90 meV in order to
of 140 meV for the 45, FWHM (corresponding to a emphasize its resemblance to the spectrum at(fB°this
T~1680 K) for the spectra of Fig. 4, which is identical to [110] spectrum the fitting parameters are identical to the
the value we obtainédin our similar analysis of the CeSi g_4° spectrum in Fig. 4, except for instrument broadening
(Tk~35 K) spectra of Patthegt al,'” and first reportetf at g important things to note regarding the fits are the fol-
the March Meeting in 1991. Thus there is absolutely no dlf'Iowing. (1) To obtain a fit to the 10° spectrum it was neces-
ference in the intrinsic widths of thef4,, peaks for materials sary to shift the 4, from —30 meV/(in the 15° spectrujn

whose actuall’s differ by an order of magnitude, nor is to +20 meV and broaden it somewhédtom FWHM=90

higher resolution needed to determine the linewidths. . . .
: : . : ; meV to 150 meY, thus yielding a total dispersion of 50
Higher resolution may still be useful to see dispersion of the eV. (2) The dispersion in the #,, peak is visible by eye

4f ., without line sh lysis provided that much smaller™
52 WITIOUE fING SNAPe anaiysis provided tha: Mueh SMatel, ihout the aid of fits. The fitted positions of the 4, peak

acceptance cones are used to zoom in on a smaller portion o o
the Brillouin zone. are marked by arrows in Fig. 5 and range frer250 meV

Having established the intrinsic linewidth, we next ad-for the 15° spectrum to-325 meV for the 10° spectrum,
dress by quantitative data reduction the more substantig¥hile the Gaussian FWHM decreases from 320 meV to 220
(100 surface dispersion. In Fig. 5 we show fits to the 10°MeV, respectively(3) For the (110 surface in Fig. 5, the
and 15° spectra of Fig. 3, using similar line shapes anditting parameters are the same as in Fig. 4 so that thg 4
widths obtained in Fig. 4. The position of thé«, Lorentz-  peak is at=230 meV and the #, is at —23 meV. Thus the
ian for the 15° spectrum, however, is-aB0 meV rather than dispersion of the #,,, peak is between 75 and 95 meV, with
—23 meV obtained in th€110 data. Recall that we are a momentum dependence out of phase with thg,4If we
sampling a rather different 25% of the Brillouin zone. The postulate a Kondo lattice and assume that the dispersion is a
10° and 15° spectra were taken within minutes of each othemeasure ofT, these values again correspond td'a as
with no changes in instrument settings except analyzer angléigh as 1200 K.

Moreover, they were repeated after several hours and found The use of a Doniach-Sunjic line shape for thig4as
to reproduce very closely. The instrument broadening for thevell as a Lorentzian line shape for thé4, primarily affects
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the amplitude and width of thef4,, peak. The centroid po-

sitions are only minimally changed from the above analysis. | CeBe,; i Ladlar Ce 3d XAS
A visual aid to the suggested band structure is shown by 3 . M;

the inset in Fig. 5 with the primary aim of showing the 1 Tic= 300K

strength and phase of the dispersion. It is of course, not in- 3 T=300K —

tended to be correct in detail. We caution again that we are 3§ =20K A

not observing a well defined quasiparticle state due to averg 3
aging over 25% of the zone. For this reason the dispersiorﬁ. E
values obtained represent an average, while the actual dispe'g-
sion may be substantially largéor smalley in some direc-
tions.

Yield (

C. Temperature dependence ] - k 3d94t 1
-] ' i- g
As noted earlier, a number of groups have claimed to

observe a temperature dependence in the spectral weight of
the 4f ¢, [notably"?%in CeS}, but also in YbA} (Ref. 30],
which is in agreement with predictions of finite temperature
noncrossing approximati8ror NCA. Since thef occupancy

is farther from unity in CeBg than in CeSj, NCA predict§

an even larger temperature effect in CeBeparticularly FIG. 6. TheMgy XAS spectra at the @ edge taken in the total

since crystal f.'eld C_0mpllcat|0ns are n_ot present. In theyield mode, at 20 K and at 300 K. There is no obvious temperature
course of our investigations we have discovered that temdependence in the! feature.

perature dependence is perhaps the most difficult parameter
to utilize for comparison to theory since all materials displayv =3.04 andn;=0.96. This value is in agreement with earlier
a temperature dependence to some degree. In addition, testimates of 0.96 based &, absorption eddé studies.
time dependence discussed above can easily be mistaken for According to the NCA n; should decrease by 2% be-
a temperature dependence. It is necessary to first separate oweenT=300 and 20 K to a value of about 0.94. Therefore
conventional temperature effects before assigning these t@s the temperature is lowered we would expect the intensity
novel mechanisms. As a general rule, the narrower the peakf the f component to increase by30% to 50%, since 2%
the larger the apparent conventional temperature depemf the area of the much largéf peak added té* should lead
dence, particularly nedE; where the Fermi function domi- to a percentage increase of the smalfecomponent by this
nates. amount. The lack of this expected intensity modulation can-
To study the temperature dependence of theébdnds in  not be blamed on surface effects since XAS is bulk sensitive,
CeBg4 we first consider the x-ray absorption spectroscopyi.e., the electrons have been scattered many times and come
(or XAS) which can be obtained in a photoemission experi-from deep inside the crystal. This result appears to be in
ment in the total yield mode; i.e., by measuring the secondeonflicts with L, edge analysis for other heavy fermion
ary electron output as one tunes the photon energy througtbmpounds? but is completely consistent with the PES
the 3d absorption edge. This technique is generally morewvhich we discuss next.
bulk sensitive than resonance photoemission spectroscopy In Fig. 7 we show the same spectrum as in Figopen
(PES and has been considered by some as more model irtircles at 20 K but now we also show the effect of raising
dependentalthough we would challenge that assumption the temperature to 300 Killed circles. At first glance there
Figure 6 shows th&15 spectrum of CeBg at 20 and 300 appears to be a substantial temperature dependence at odds
K. The lack of temperature dependence is detailed below, butith the XAS discussion immediately above. However, one
first we focus on extracting the valence. The spin-orbit split-must consider normal temperature effects such as Fermi
ting of the M, and M5 is ~9 eV and thus theVl, is not  function dependence and phonon broadening. The bulk of
shown. The main peak has been attributed tal®3? final  the temperature effect is caused merely by the 300 K Fermi
state>* The multiplet structure within the? manifold is  function cutoff which we show as the thin dark line in Fig. 7
nearly washed out due to limited experimental resolution abverlayed on the 300 K spectrum. This was obtained by
900 eV. The emergence of a second peak-&teV higher  merely taking the fit to the 20 K spectrum and convoluting it
energy is identified with a @4f? final state and is associ- with a 300 K Fermi function before instrument broadening.
ated with increasing hybridization and decreasfngount.  There is almost no room left for other effects, but we will
The transition energy for the proceks-3d%4f% is ~5 eV still account for increased line shape broadening due to pho-
lower than the energy for the process 3d°4f! due to the non effects at elevated temperatures. Also, while not needed
difference in Coulomb correlation energies between the 4to explain CeBg;, shifts in the position of a narrow band
subshell and the@core holeU;.~10 eV, and the Coulomb cannot be totally excluded as the lattice parameter decreases
repulsion of thef electronsU;~5 eV. To extract théf oc-  with temperature, and we have already shown above how a
cupancy (;) we first estimate the area of the smallépeak  change in position of the band can lead to drastic reductions
after subtracting a secondary background. The remainden intensity. Thermal shifts as large as 60 meV have been
then consists of the components of tfemultiplet. By this  observed in core level$and valence band states of normal
method we find that I(f)/[I(f)+1(f5)]=w(f°  materials between 20—300 K. For now, however, we will
=c9~0.04 which gives us an estimate of the valence asgnore any shifts and consider only Fermi function and pho-

875 880 885 890
Photon Energy (eV)
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with photoemission spectroscopy, a microscopic probe of the

CeBe13 [\~ Fermi Only electronic structure, the model seems to run into difficulty.
hv =120 eV, AE ~ 80 meV ;ﬁ;%j’i:g:i‘:us This difficulty is still obtained even upon the introduction of
] !

the periodic Anderson lattiégPAL) since most of the gross
features of SIM should be retained in PAL, such as scaling of
f1 intensities withT,, the temperature dependence, and in-
deed, the disappearance of the PAL and the singlet state upon
heating abovel where complete localization of thefd is
assumed, and where a Curie-Weiss susceptibility is observed.
By contrast, our previous resutsn CePj, , (x<1) showed
that amplitude modulation, interpreted as dispersion of the
bands, is retained even up toTO(Tx~10 to 20 K), where
the KR intensity should have been renormalized to zero.
Moreover, the rationafefor staying with SIM rather than
PAL has been that the dispersion introduced by PAL would
in any case be so small as to be imperceptible since it cannot
be larger thanT, . The enormous amplitude differences in
the 4f 5;, with momentum, on the other hand, suggest that the
effects are large, and our line shape analyses suggest that the
f-band crosseB , while the dispersion of thef4,, sideband
-1 08 -06 -04 -02 . is at least three times larger than one would expect even
Binding Energy (eV) within the PAL.

It has been suggested that the amplitude effect is merely a
result of directional changes in coupling between thradec-
6[ifl)ns and the conduction band; i.e., the hybridizatidn
S

Photoelectron Intensity (Arb. Units)

L1 I Y Y I I A |

| | 1 | | | | | 1 {

FIG. 7. CeBg; spectra from a110 surface at 20 K(same
spectrum as in Fig.)5and at 300 K. A fit was done to the 20 K

spectrum, and the prebroadened components convoluted with a 3 . - - .
K Fermi function to yield the thin line curve labeled Fermi only. ould be written ad(k) and the physics of SIM is retained.

The gray scale thick line at 300 K corresponds to first broadenindBUt' this then |rr_1p||e_s thatl—Ty(k) since within SIM the
the 20 K fit with a 100 meV Gaussian, to simulate phonon broad-4f5/2 amplitude is directly related t®y . On the other hand,

ening, prior to convoluting with the Fermi function and instrument If T iS still to be considered a thermodynamic quantity of a
broadening. material, then the appearance of thie,4sideband at-325

meV in a highTy material(vs typically —280 meV in a low

non broadening which for &levels is typically reported as Tk Materia) is exactly opposite to the predictidhsf NCA.
being of the order of 60 to 100 meV. Indeed, in our fits to theThis in any case still leaves unexplained the dispersion of the
data of Patthept al1” we found that a phonon broadening of 4f7» and thef® peaks.

~90 meV (obtained from Si-p core level$ yielded good Besides dispersion, however, there are several other pa-
agreement with the data, both theirs and ours. Applyingameters to consider. We have performed a GS calculation
~100 meV of phonon broadening to CeBéin Fig. 7) es-  (see Fig. 8for a material withT, =400 K, a flat conduction
tablishes that the #temperature dependence of CgBean  band DOS having a width of 10 eléven this may be too

be entirely accounted for in both the 5/2 and the 7/2 compobarrow since the Bep DOS peaks at-8 eV), and a Cou-
nents. This is accomplished by convoluting the unbroadenet@mb correlation energys; of 14 eV. In Fig. 8 we compare
fitted spectrum at 20 K with a 100 mel#WHM) Gaussian, it with a [110l-type spectrun(same spectrum as in Fig. 1,
cutting it by a 300 K Fermi function, and finally broadening fresh cleave, but now broadened to the same resolution as the
it by the 90 meV instrument resolution. The resulting line C€P%.x spectrum since it is closer in appearance to the
shape is then superimposed on the 300 K spectrum of Fig. galculation than thg100]-type spectra. Some of the dis-
As one can see, all the temperature dependence is complet@igreements, previously addressed by s>~ *are enu-
accounted for with no need for additional mechanismsmerated below. _ _

Hence, there is no loss of Spectra| Weight in th‘e/f],at 300 (I) To begln Wlth, the ratio of the tetravalent to trivalent

K except for a small fractiomspectraj We|ght Change is a% SpeCtral W8|ght$le, fllfo) is calculated to be no more than
due to the Fermi function cutoff of a broadefs at 300 K. 0.1. The actual values range from 0.3%d.0, depending on
Thus the lack of a temperature dependence in XAS in undedirection, even after subtracting tlikelectron contribution

stood and fully consistent with the PES data. (see Fig. 2 Thus the “main” f° peak is much too small.
This is mainly due to its small FWHM1 eV (see Fig. 8 as

opposed to the predicted 3—4 eV. However, the width’a$
nearly a constant for all Ce compounds irrespectivd pf
The single impurity model, SIM, and its mathematical To emphasise the point we show in Fia comparison of
extensions to excitation spectra of Ce heavy fermig@S  spectra for CeBg and CePt, , (x<<1). The spectral similar-
(Refs. 2, 4,  and NCA(Ref. 6] have lent insight into the ity is striking in view of the more than an order of magnitude
final state transition probabilities observed in XPS and XASdifference inT’s. We make the further observation here that
spectroscopies of heavy fermions. In addition they have beethe f° peak always occurs in the vicinity of2 eV. This is
highly successful in the interpretation of bulk property datastrange in view of the peaking of the Be-DOS a8 eV
such as magnetic susceptibility and specific heat. Howevewhere one would expect much stronger ligand hybridization.

IV. DISCUSSION
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a recent publicatioff it is stated that the lack of temperature
L 4 dependence in Ce heavy fermion materials is a consequence

CeBe:1s i of crystal field levels whose spectral weight is larger than the
i }'K_=2‘("°|2 K 4 KR. However, the crystal field mechanism cannot be used in
B - CeBgs.

The bandlike nature of thef4,, the lack of scaling with

E sooo .I(.:Ke':t;*é‘K Tk, the lack of a temperature dependence of theg,dver
T=120K and above conventional effects, all would suggest that an

B | approach different from SIM may be called for. While the

L hv=120eV, AE = 120 meV 3 Kondo lattice approach may yet yield the necessary results,

our present understanding suggests that it will not produce
temperature independent bands far abby@as demanded by

our CeP%,, data. While a number of theories have been
proposed for heavy electron phenomérid’~*3any success-

ful theory will have to simultaneously explain the very ro-
bust bands observed here, the lack of scaling With as

well as correctly predict the unusual bulk properties of heavy
electron systems, such as the enhanced, temperature indepen-
dent susceptibility of CeBg below 200 K. We suspect that

L@ the primary ingredient is the narrow bandwidth. Several

Photoelectron Intensity (Arb. Units)

theories obtain thigsee, for example, the renormalized band
approach by Lig® in which the main mechanism for renor-
7 6 5 -4 3 -2 - 0 malization are charge fluctuationdut we focus on a recent
Binding Energy (eV) paper by Sheng and Cooﬁgnvho suggested a non-Kondo
N explanation for heavy fermion phenomena. Using a two-

~ FIG. 8. Superposition 0f110 spectrum from CeBg (same as  glectron band theory they first do an exact two body treat-
in Fig. 1 but with background subtractedith CeP} ., spectrum  ment of the local correlations in a fashion similar to SIM,
from Ref. 7, and a GS calculated spectrum with parameters approxgy|jowed by hybridization interactions which give extended
mating CeBe; (see text Spectra were broadened as needed o glectron band states. Without invoking the concept of a
matCh.the Ref. 7 resolution, and. normalized at ttig,Apeak. The. Kondo resonance they are able to reproduce the wide diver-
Tk’s differ by an order of magnitude between the two materlals.si,[y of magnetic and heavy fermion phenomena, including
Note also the measurement temperatures. the enhanced susceptibility and specific heat, as well as cor-
rectly predict the Wilson ratio. Within this model thef'd
closely associated with the bottom of the CeéBands(i.e., form narrow bands with only conventional temperature de-
at ~—2 eV), as first suggested by Riseborowjrand has pendence, much as our data would suggest. While the under-

' standing of this model is only in its early stages, it seems to

less to do with ligand hybridization. It may legitimately be . Lo
argued that the model DOS used in our calculation will notcontain the necessary properties !nd|ca§ed by our measure-
ments over the past few years. Time will tell whether this

correctly reproduce thé® peak. However, our GS code re- _ . .
produced quite accurately the calculated Kangl3® spec- model will stand up to careful scrutiny from the macroscopic
trum of CeCySi, using a flat DOS with their published pa- end, but indications are that it is much better able to explain
; ; the diversity of phenomena and numerous transitions ob-
rameters, despite the fact that the calculations of Ketna. . ) ;
P served in heavy fermions. Like LDA, the Sheng-Cooper

utilized a full band structure DOS. A more relevant param- L . >
eter turned out to be the bandwidth model in its simplest form fails to address the existence of
(i) The FWHM of the 4., is calculated to be 32 meV the 4f,,, feature as well as the” peak(assuming it is non-

and has no crystal field levels. The actual value, as measur rg at ~—2.4 eV. However, as W'th".] most modéﬁ7§3
with 56 meV resolution, is 90 to 100 meNbwer limit) and t. ese features can undoubtedly pe qbtamed as scréénéd
is again nearly a constant for all materials irrespective of final state effects of the photoemission process.

(iii ) The 0.1 eV dispersion of the “mainf® peak in Fig.
1 is difficult to reconcile within GS or NCA since this is the
eigenvalue of the screenddevel. Within a correlated band We wish to thank Professor B. Cooper for many helpful
model, however, satellite dispersion may be possibis for  discussions, and for showing us his manuscript prior to pub-
example, in NiO¥ lication.

(iv) There is no temperature dependence over and above We also wish to thank Dr. H.J. Park for assistance on the
conventional effects, as experimentally demonstrated here. M4 beamline.

It is our observation that the position of tti& peak is more
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