PHYSICAL REVIEW B

VOLUME 47, NUMBER 23

15 JUNE 1993-1

Photoemission spectra of CeAl;, CeBe,;, CeSi,, and CeCu,Si,:
Weights and widths of the 4 f emission features

J. M. Lawrence
Physics Department, University of California, Irvine, California 92717

A.J. Arko, J. J. Joyce, R. 1. R. Blyth, R. J. Bartlett, P. C. Canfield, and Z. Fisk
Physics Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

P. S. Riseborough
Physics Department, Polytechnic University, Brooklyn, New York 11201
(Received 7 December 1992)

We present valence-band photoemission spectra for CeAl;, CeBe,;, CeSi,, CeCu,Si,, and related con-
ventional rare-earth counterpart compounds, taken at photon energies corresponding to the giant 4d res-
onance with resolution ~150 meV. We take into account the 5d emission, which comprises 30% of the
valence-band emission at the 4d resonance. We compare the resulting 4/ emission to the predictions of
the Anderson impurity model calculated in a low-order 1/N expansion, and including spin-orbit,
crystal-field, and finite Coulomb correlation effects. The calculation gives order-of-magnitude fits to the
data, but underestimates the spectral weight near the Fermi level by a factor of 2 and overestimates the
width of the main f emission at 2 eV by a factor of 4. We argue that Ce photoemission remains an open
problem and discuss several experimental and theoretical issues which need to be resolved to make fur-

ther progress.

I. INTRODUCTION

In this paper we address the question! ¢ of whether
the Anderson impurity model adequately describes
valence-band 4f photoemission in cerium compounds.
The comparison is made over the scale of the bandwidth
at moderate resolution (150 meV). There are several
reasons for undertaking this: our resolution is signifi-
cantly better than that used in similar earlier studies;! in
some cases single crystals are now available where older
studies were performed on polycrystals; we have made a
special effort to subtract the 5d emission, which we will
argue was done incorrectly in the past; and we have
developed a calculation which simultaneously includes
spin-orbit and crystal-field splitting, and finite-Coulomb
correlation energy.

We present ultraviolet photoemission spectra for four
compounds (CeAl;, CeCu,Si,, CeSi,, and CeBe;) chosen
so that comparison to theory can be made over two or-
ders of magnitude of Kondo temperature (T =4, 8, 40,
and 400 K, respectively). The experiments utilized the
giant 4d resonance at the photon energy Av=120 eV to
enhance 4f emission;’ the resolution was 150 meV. We
estimate the background emission (primarily 5d) by com-
paring to spectra of La and Pr compounds taken at their
respective 4d resonance energies, showing that the 5d
emission forms an appreciable fraction (=30%) of the 4d
resonance spectra in these Ce compounds. We then com-
pare the spectra to the predictions of the Anderson im-
purity model, calculated via the large N expansion
method.""® As mentioned, the calculation includes finite
Coulomb correlation U, with spin-orbit and crystal-field
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splittings constrained to their (experimentally) known
values. For a fixed background bandwidth W and
Coulomb correlation U we then constrain the hybridiza-
tion A=V?p and the bare f level energy E  to give the
experimentally known Kondo temperature and measured
(“renormalized”) f level energy E,. The spectra were
finally subjected to a degree of broadening equivalent to
our experimental instrumental resolution. Our basic
findings are that the weight near the Fermi energy (ef)
observed experimentally is at least two times greater than
predicted for the Kondo resonance and its crystal-field
and spin-orbit sidebands and that the width of the
f!—f° emission peak near 2 eV is three to four times
smaller in the experimental spectra than predicted.

In the discussion we propose several possibilities to ex-
plain these discrepancies between experiment and theory.
First, we consider experimental difficulties in determining
the bulk 4f spectra. These include uncertainties due to
our method of subtracting the bulk (mainly 5d) back-
ground; the lack of knowledge of the photon energy
dependence of the branching ratio of the f!— f° peak to
the near-ey peak; and the problem of separating out the
surface emission. Although the latter is clearly impor-
tant for 120-eV photoemission spectroscopy (PES), we
have not attempted it; but we argue that were we to do
so, then in most instances the disagreement between ex-
periment and theory would be worse. We then consider
the theoretical difficulties of determining the energy-
dependent hybridization A(e)=V?(g)p(e). While use of
smaller values of bandwidth W than are expected for
these compounds can alleviate the above-mentioned
discrepancies somewhat, we argue that the resulting spec-
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tra still do not resemble the experimental data in
significant respects. The large N approximation scheme
may also affect the predictions of the Anderson model.
Finally, we discuss the possibility that the discrepancies
may arise from a more fundamental source, and that
resolution of the difficulties may require (i) inclusion in
the model of Coulomb screening of the 4f hole, and (ii)
recognition that these cerium compounds may be closer
to the band limit than implied by the model.>”!° All of
this suggests that photoemission in cerium compounds is
an open problem.

II. EXPERIMENTAL TECHNIQUE

The samples consisted of flux-grown single crystals of
CeCu,Si,, CeBe,;, and LaBe,; and arcmelted polycrystals
of PrBe;;, RAl; (R=La, Ce, and Pr) and RSi, (R=La
and Ce). The experiments were performed primarily at
the U3C beamline at NSLS; additional experiments were
performed at the University of Wisconsin SRC. Both
beamlines utilize extended range grasshopper (ERG)
monochromators; at lower photon energies at the SRC a
Seya monochromator was used. For most of the spectra
reported here the photon energy was 116, 120, and 126
eV for the La, Ce, and Pr compounds, respectively, corre-
sponding to the energies of the giant 4d resonance for
these three elements. An HA-50 hemispherical analyzer
coupled to a multichannel detector provided the electron
counting. For the 4d resonance spectra the total resolu-
tion, as determined by numerous measurements of the
Fermi edge of Au or Pt, was in the range of 120-180
meV. The samples were cleaved or fractured in an ul-
trahigh vacuum; the base pressure was in the range
5-10X 107! torr for all experiments. The samples were
in direct contact with a Cu cold finger which could be
cooled by liquid N, (T'=80 K) or liquid He (T'=20 K); a
thermocouple attached to the cold finger in close proxim-
ity to the sample provided the temperature measurement.
Changes in the spectra with temperature were minor.
For all the spectra reported here we have subtracted the
inelastic background under the conventional assumption
that the background at energy E is proportional to the
area bounded by the background and the spectrum be-
tween E and ep.

A problem which plagues the whole area of heavy fer-
mion photoemission is that, with very few exceptions,“
the samples utilized are polycrystals, and rather poorly
characterized by the standards of modern surface science.
The spectra can vary somewhat from cleave to cleave and
are extremely sensitive to oxidation, which occurs rapid-
ly. Hence, cleanliness and reproducibility are key issues.
To study these issues, we cleaved each sample three to six
times, under a variety of conditions, and studied the evo-
lution of the spectra with time, as the degree of oxidation
increased. As examples of the latter effect we show in
Fig. 1 room-temperature spectra of CeAl; and CeBe;;,
where following the initial spectra the samples were ex-
posed to the base pressure for periods of 6 and 2 h, re-
spectively. It is clear that both the line widths and the
fractional weight in the feature near the Fermi level in-
crease markedly with continued exposure. At the same
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FIG. 1. (a) Valence-band PES of CeAl; at Av=120 eV taken
with increasing time to show the effect of oxidation on the line
shape. Fresh cleave, T =20 K, crosses; 4 h after cleave, T=20
K, open circles; 6 h after cleave, T =300 K, solid circles. (b)
Spectra for CeBe;; at hv=120 eV and 300 K. Freshly cleaved
sample, open circles; 2 h after cleave, solid circles.

time, a maximum develops near 6-eV binding energy,
which is characteristic of O 2p emission. For our cleanest
spectra, which showed no sign of oxygen emission, we
found a smaller degree of cleave dependence, which gives
an uncertainty in the linewidths and fractional spectral
weights reported below of order 10%. It is worth point-
ing out that the effects of oxidation and cleave depen-
dence (as well as the uncertainties in determining the
background non-4f emission, discussed below) are less of
a problem in this study, where our effort is to examine
overall features (linewidths and relative spectral weights)
at moderate resolution, than for detailed high-resolution
studies of the line shape and temperature dependence
near €.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The spectrum of the valence-band region of CeAl,, tak-
en at the giant 4d resonance at hv=120 €V, is shown in
Fig. 2(a). Both the 4f and 5d electrons are known’ to
contribute to this resonance spectrum. To determine the
5d contribution, we measured the spectra of the conven-
tional rare-earth counterparts LaAl; and PrAl; at their
4d resonances at 116 and 126 eV, respectively [Figs. 3(b)
and 3(c)]. Simultaneously, we measured the Al 2p spectra
of all three compounds at the same photon energies [Fig.
3(a)]. All spectra presented are normalized so as to have
equal area in the Al 2p peak; this assumes that the reso-
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FIG. 2. (a) Valence-band PES of CeAl; at A4v=120 eV and
T =20 K. The spectra are normalized to the Al 2p emission as
described in the text and Fig. 3. The solid line is a Gaussian
with the same parameters as for the valence band of LaAl; [Fig.
3(b)]. (b) The 4f emission (solid circles) obtained by subtracting
the Gaussian estimate for the 5d emission. The solid line,
representing the local f! peak, is a Lorentzian with binding en-
ergy Ez=2.2 eV and width (FWHM) 0.92 eV. The open circles
are the near-g emission, obtained by subtracting the Lorentzi-
an from the total 4 f emission.

nance does not affect the emission from the Al core level,
and ignores the photon energy dependence of the Al 2p
emission in the region 116—126 eV. We then fit the
valence band of LaAl; to a Gaussian [Fig. 3(b)]; we as-
sume this represents the 5d emission. The spectrum of
PrAl; can be fit to the sum of a Lorentzian representing
the Pr 4f emission [and whose full width at half max-
imum (FWHM) is 1.5 eV] and a Gaussian with exactly
the same binding energy, width, and height as for LaAl;;
this supports the assumption that the 5d emission will be
essentially identical in all the light rare-earth compounds
RAl;. We thus estimate the 5d emission in CeAl; with
precisely the same Gaussian [Fig. 2(a)] noting that the 5d
emission forms 28% of the total valence-band emission in
CeAl; at 120 eV. After subtracting off the 5d emission
we obtain our estimate of the 4f emission [Fig. 2(b)]. We
note that the ratio of the (normalized) 4f emission in
PrAl; to that of CeAl; is 1.8, or approximately 2, as ex-
pected since there are twice as many 4 felectrons in Pr as
in Ce; this lends added confidence to our procedure. Fi-
nally we fit the 4f emission in CeAl; to the sum of a
Lorentzian, representing emission from a local 4f state,
which we call the “4f!'—4f°’ emission, and a
remainder, which we label as the “near-e;” emission.
The 4f'—4f° peak has a width (FWHM) of 0.9 eV; the
fractional weight in the near-e; emission is 37%.

The 4d resonance spectra of LaSi, and CeSi,, normal-
ized to equal area in the Si 2p peaks [Fig. 4(a)] are shown
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in Fig. 4(b). The LaSi, spectrum has an area equal to
30% of the total CeSi, spectrum,; this is very close to the
value 28% for the 5d—valence-band fraction given above
for CeAl; and increases our confidence that the LaSi,
spectrum can be taken as the 5d emission in CeSi,, and is
appropriately normalized. After subtracting the 5d emis-
sion we obtain the 4f emission in CeSi, [Fig. 4(c)]; this is
again fit to the sum of a Lorentzian, representing the
4f!'>4f° peak, and a remainder. This latter near-ep
peak has a fractional area of 33%; the 4f'—4f° peak
has a width (FWHM) of 1.5 eV.

Additional information concerning the background
emission can be obtained by studies at photon energies
below the threshold for the onset of f emission; such
spectra are often taken as representing the background
emission from 5d and other (e.g., Si 3p) states. In Fig. 5
we compare such spectra for LaSi, and CeSi,, taken at 26
eV, to the spectra of LaSi, taken at the 4d resonance (116
eV) and of CeSi, taken at the Fano minimum of the 4d
resonance (112 eV). Both pairs of spectra have three
peaks (at —4, —2, and 0 eV) but the branching ratios of
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FIG. 3. (a) The Al 2p core levels of LaAl; and PrAl; at
hv=116 and 126 eV, respectively, and T =300 K. The spectra
are normalized to have the same area. (b) The valence band of
LaAl; at hv=116 eV, normalized to the Al 2p core level. The
solid curve is a Gaussian approximation to the emission; with
binding energy Ez =1.0 eV, standard deviation 0 =0.83 eV and
height 0.84. (c) The valence band of PrAl;, normalized to the
Al 2p core level, at hv=126 eV and T =300 K. The long-
dashed line, representing the 5d emission, is a Gaussian with the
same parameters as for LaAls; the short-dashed line, represent-
ing the 4f emission, is a Lorentzian with E3=3.65 eV and
width (FWHM) 1.52 eV.
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the three peaks are clearly different at the two photon en-
ergies; in particular the peak near the Fermi edge is
enhanced and the peak at 4 eV is suppressed in the 26-eV
spectra. These differences arise from relative changes in
the optical-absorption matrix elements for the three
peaks as the photon energy varies. Since our CeSi,
valence-band spectrum was obtained at Av=120 eV, it is
clearly more appropriate to determine the strength of the
5d emission at an approximately equal photon energy (as
we have done by use of the LaSi, 4d resonance spectrum)
than at the lower energies (hv=20-30¢eV).

We did not measure a core level for normalization in
the RBe,; series. Instead, we proceeded as follows: We
measured the LaBe,; spectrum at the 4d resonance, and
the spectra of CeBe,; and PrBe,; at a low photon energy
(27 eV) chosen to lie below the threshold for the onset of
f emission [Fig. 6(a)]. All three spectra have the same
three-peaked structure and furthermore the branching ra-
tios are the same at both photon energies; hence, we take
the 5d emission as proportional to the LaBe,; spectrum,
but with as yet undetermined overall scale factor. Two
ways to choose the scale factor are shown in Fig. 7 for
CeBe,;. In the top panel we have chosen the scale factor
to be sufficiently large that when 5d is subtracted there is
no trace of the middle peak near 1.5-eV binding energy,
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FIG. 4. (a) Si sp core levels, normalized to equal area, for
LaSi, (hv=116 eV, T=80 K) and CeSi, (hv=120 eV, T =20
K). (b) Valence-band spectra, normalized to the Si 2p core lev-
els, for CeSi, (hv=120 eV, T=20 K) and LaSi, (hv=116 eV,
T =80 K). (c) 4f emission for CeSi, (solid circles), obtained by
subtraction of the LaSi, emission. The local f' peak is
represented as a Lorentzian with binding energy Ez=2.35 eV
and FWHM 1.46 eV. The open triangles are the near-e, emis-
sion, obtained by subtracting the Lorentzian.
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which is the peak that corresponds to the largest peak in
the 5d emission. In doing this, however, we find that the
resulting 5d emission is nearly 50% of the total valence-
band emission in CeBe;; and the resulting fractional
weight in the near-e emission is only 11% of the 4f
emission, as opposed to the values of 30% and 35% ob-
served in CeAl; and CeSi,. In the lower panel we have
chosen the scale factor so that the 5d emission is 30% of
the valence band. For this choice, after subtraction of
the 4f'—4f° Lorentzian (FWHM=1.2 eV), the remain-
ing near-e; emission has a fractional weight of 28%, now
comparable to that for CeAl; and CeSi,. We take the
latter choice of the 5d emission as the more probable.
We have also attempted to determine the correct choice
of scale factor for PrBe;;. However, for this compound
the valence-band spectra cannot be neatly decomposed
into the sum of a Lorentzian plus the 5d emission, as for
PrAl;. The choice of 5d emission shown in Fig. 6(b) has
the virtue that it fits the Fermi edge very well; a greater
choice of scale factor would overestimate the emission at
ep. It leads to the result, however, that there is a large
remaining peak [the long-dashed line in Fig. 6(b)] in the
valence band of PrBe;;.

The spectra of CeCu,Si, at the 4d resonance (hv=120
eV) as well as off-resonance (hv=112 eV) are shown in
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FIG. 5. (a) Off-resonance spectrum for CeSi, (T"=20 K) and
on-resonance spectrum for LaSi, (=80 K). (b) Spectra for
CeSi, (20 K) and LaSi, (80 K) taken below the threshold
(hv=30 eV) for the onset of f emission. This figure shows two
methods of estimating the 5d emission, but demonstrates that
the branching ratios between the three peaks in the 5d spectra
vary with photon energy. (All spectra are normalized to unit
height near 2 eV.)
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Fig. 8(a); the spectra are normalized to unity at the
copper 3d peak at 4 eV. For this case we do not at
present have data for the La counterpart, so we proceed
as follows. An examination of Fig. 8 shows a clear peak
near 1.67 eV in both the on- and off-resonance spectra.
In Fig. 8(b) we fit the off-resonance data in the interval
3.5 eV below the Fermi level to the sum of a Lorentzian
representing the tail of the Cu peak at 4 eV, a second
Lorentzian for the peak at 1.67 eV, and a reversed
arctangent for the Fermi step. We then assume that the
emission in the Fermi step and the peak at 1.67 eV
represent the 5d emission, and hence at resonance will be
enhanced to a magnitude equal to 30% of the total emis-
sion in the valence band, as for the other compounds. To
determine the 4f emission, we first subtract the peak
representing the copper emission from the on-resonance
data, assuming that it should not resonate. We then scale
the sum of the peak at 1.67 eV and the Fermi step so that
its weight is 30% of the resulting valence-band emission.
The 4f emission obtained after subtraction [Fig. 9(a)]
shows no hint of the peak at 1.67 eV. The resulting
4f'>4f° peak has a width 1.12 eV (FWHM) and the
near-g; peak comprises 49% of the total 4f emission.
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FIG. 6. (a) Un-normalized spectra for LaBe,; taken on reso-
nance (300 K) and for CeBe,; (20 K) and PrBe;; (80 K) taken
below the threshold for 4f emission. For this material the
branching ratio for the non-4f emission appears to be constant
with photon energy. (b) Spectrum for PrBe;; taken on reso-
nance. The dotted curve, proportional to the curves in (a), and
normalized as discussed in the text, represents the non-4f emis-
sion. The Lorentzian (Ez=3.9 eV, FWHM=1.20 eV)
represents the local f>— f! peak. The long-dashed curve is the
extra 4f emission.
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FIG. 7. (a) The on-resonance spectrum of CeBe,; (hv=120
eV, T=20K) and LaBe; (hv=117 eV, T =300 K). The latter
is normalized so that when subtracted, no vestige of the peak
near 1 eV remains in the 4f spectra (solid triangles). (b) 4f
emission for CeBe;; (solid circles) obtained by subtracting the
LaBe;; spectrum, normalized so as to give the same fraction of
5d emission on resonance as in CeAl; and CeSi,. For reasons
stated in the text, we believe this is a better method of normaliz-
ing than in (a). The parameters of the Lorentzian (solid line) are
Ep=2.6 eV, FWHM=1.2 eV. The remainder after subtracting
the Lorentzian is the near-e emission (open triangles).

(Variants on our procedure, i.e., other choices of the ratio
of the weight in the peak at 1.67 eV to the weight in the
Fermi step, give similar final results for the near-ep
weight and f!— f° width.)

IV. THEORETICAL METHODS

The photoemission spectrum was fit using the results of
a variational 1/N expansion for the single-impurity An-
derson model. The calculational method used was that of
Refs. 12 and 13. We will give full details in a future re-
view; here we focus on similarities and differences be-
tween our calculation and those of Refs. 12 and 13. The
calculation included the effects of splitting the full four-
teenfold degeneracy of the 4f' configuration by spin-
orbit and crystal-field interactions. That is, we consider
f! multiplets {a} with energies E f{a) and degeneracies
N{q)- The restriction to the U— oo limit of the Ander-
son model was partially lifted by including states incor-
porating the f? configuration into the set of variational
basis states. (To the best of our knowledge, this is the
first calculation of photoemission spectra using a 1/N
treatment of the Anderson model to simultaneously in-
clude crystal-field, spin-orbit, and finite-U effects.) The
f? configuration was assumed not to be split by spin-orbit
and crystal-field interactions. The hybridization matrix
elements were assumed to be independent of the particu-
lar f! multiplet {a} involved, and also independent of en-
ergy. The variational basis states used for the ground-
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state wave function consisted of those specified in Egs.
(3.1), (3.2), and (3.4) of Ref. 12, which incorporate terms
of leading order in 1/N.

A set of coupled equations for the variational
coefficients for the ground-state wave function and the
ground-state energy were found. These were reduced to
an integral equation for an amplitude a, (,; which, when
solved, yields a transcendental equation for the ground-
state energy. This procedure is analogous to that used in
Refs. 12 and 13. The integral equation [see Eq. (4.3)] is
not separable, except in the U— o limit. Following the
procedure outlined in Ref. 13 [see Eq. (4.6)], the integral
equation can be decoupled by neglecting the kinetic-
energy dependence of the denominator. This approxima-
tion is expected to be reasonable in the large U limit, i.e.,
U >>W. (For the purposes of fitting spectra in real ma-
terials, other authors’® have solved the integral equation
numerically, without resort to this approximation. We
argue, however, that use of this decoupling procedure
should lead to no greater inaccuracy than the neglect of
configurations f” with n >2.) Unlike the N =14 case,
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FIG. 8. (a) The on-resonance (hv=120 eV) and off-resonance
(hv=112 eV) spectra of CeCu,Si, at T=80 K, normalized to
unity at the Cu emission peak at 4 eV. (b) The off-resonance
spectrum, fit to the sum of (i) a Lorentzian (dotted line) with
Ep=3.7 ¢V and FWHM=0.58 eV, representing the tail of the
Cu emission peak; (ii) a Lorentzian (medium-dashed line) with
Ep=1.66 eV and FWHM =0.86 eV, representing the 5d emis-
sion; and (iii) a reversed arctangent with width 0.5 eV (long-
dashed line) representing the Fermi step. The solid line is the
sum of the three contributions. A small amount of 4f emission
is apparent near 2.5 eV. (c) The on-resonance spectrum. The
three fit curves are the same as in (b), only enhanced as ex-
plained in the text to give a non-4f contribution to the valence
band of 30%, as for the other compounds.
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the resulting transcendental equation for the bound-state
energy [a generalization of Eq. (4.7) of Ref. 13] may pos-
sess more than one solution. The lowest energy solution
corresponds to the ground-state energy.

In the variational ground state, the Kondo singlet is
formed by binding a conduction electron to an electron
predominantly in the lowest f! multiplet. The resulting
complex, consisting of a local f moment and the screen-
ing electron, produces a nonmagnetic singlet. The higher
energy solutions of the integral equation, when they exist,
also correspond to a Kondo singlet in which the f!
configuration is a superposition consisting mostly of the
higher multiplets. These excited spin-orbit and crystal-
field-split Kondo states have characteristic binding ener-
gies or Kondo temperatures T¥ which are different? from
the ground-state Kondo temperature Ty. These higher
energy Kondo singlets and the resulting features in the
photoemission spectra are well separated when the split-
tings between f! multiplets are greater than the relevant
Kondo temperatures.

In the sudden approximation, the zero-temperature
limit of the photoemission spectrum is approximated by
the density of states for removal of one f electron. The
matrix element of the resolvent, taken between states
where one f electron has been removed, is calculated by a
method analogous to that of Ref. 13. The appropriate

CeCu,Si, 4

Intensity (arb. units)

Binding Energy (eV)

FIG. 9. (a) The 4f emission for CeCu,Si, (solid circles) ob-
tained after subtracting the fit curves of Fig. 8(c) from the total
spectrum. The parameters of the 4f! Lorentzian are Ep =2.44
eV and FWHM=1.12 eV. The open circles are the remaining
near-€; emission, after subtraction of the Lorentzian. (b) Calcu-
lation of the 4f emission for CeCu,Si, for W =5 eV and U =8
eV. (c) Calculation of the spectrum assuming W =10 eV and
U =14 eV. (For further explanation of the theory curves, see
the caption for Fig. 10 and the text of Sec. V.)
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basis states [(5.17), (5.18), and (5.20)] have been modified
to include the splitting of the f! configuration into multi-
plets. The set of coupled equations for the resolvent can
be separated by using a decoupling approximation similar
to that used in Ref. 13. The decoupling approximation is
essentially the same as the one that occurs in the calcula-
tion of the ground state, and is also expected to produce
reasonable results in the limit U >>W. The photoemis-
sion spectrum is then obtained by taking matrix elements
of the resolvent and the state in which an f electron has
been removed from the ground state. The resulting ex-

pression for the one-electron removal spectrum contains
J
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factors which depend on both the proportions of the f!
and the f? configuration in the ground state, as well as
Cross terms.

For energies within Tk of the Fermi level €, the only
contribution to the spectrum comes from a Dirac 8-
function component of the resolvent. In this energy re-
gime, the integral over the Dirac 8 function can be per-
formed and the photoemission spectrum is of the form of
Eq. (5.30) of Ref. 13. However, use of the same large
U/W approximation as made in the decoupling pro-
cedures described above, removes the integrals to yield
the analytic expression

(@)=RT*J[UNU+E;—ep)Hay o — (N A/m)' P[U /(U +Ep—ep)*]

ta}

& S (N A/m{[1/Efp—Ep+kpTi)]—[1/(W +ep)1})?, (1)
(B}

where R is the renormalization of the ground state, E, <0 for cerium, A= V?p, and ay (o depends on ey =fiw+u

through the relation

Ay ja) =~ (N A/m)[(U+20) /(U420 +E;—ep)1®(Epq—E;tep—e +Tx) ' @)

Here, T =(14A/7) (W /U +E;—¢f) is small (for A=0.1
eV it is of order 0.4 eV) relative U. Each multiplet con-
tributes three terms to the photocurrent. The first, pro-
portional to ai,la}, is already present for U =o0; it
represents the rising tail of the ground multiplet, crystal-
field, or spin-orbit Kondo resonance, with apparent
divergence above e at kT, Acg+ kT, or Agg+kTy,
respectively. Physically, these tails represent the energy
distribution of the conduction electrons involved in the
screening of the f moment. It is seen that the inclusion
of the f? component leads to the addition of an energy-
independent constant to the photoemission amplitude
near the Fermi level, as evidenced by the last term in the
bold parentheses of Eq. (1). Finally, cross terms give rise
to a weakly energy-dependent constructive interference,
which is smaller by a factor A/(U +E/) than the leading
term for the tail of the resonance. (The situation is very
similar to Fig. 3 of Ref. 13, except that there are separate
contributions for each multiplet.)

For energies further away from the Fermi energy, both
the Dirac 6 function and the continuum part of the resol-
vent contribute terms to the spectrum. The resulting
convolution is evaluated numerically. The calculated
spectrum has features similar to those found by Bickers,
Cox, and Wilkins? in their evaluation of the f electron
density of states for the U-»>oo limit of the single-
impurity Anderson model in the noncrossing approxima-
tion (NCA). That is, the spectrum has a broad continu-
um of f states stretching down at least to the lower edge
of the conduction band. The precise shape, including the
width and peak energy position, is strongly influenced by
the choice of the conduction-band density of states, and
the magnitude of the width W +¢ of the occupied por-
tion of the conduction band. Closer to the Fermi energy,
the spectrum shows Kondo sidebands, due to the ex-
istence of the Kondo spin singlets involving the higher
energy f! multiplets. In the theory, these split Kondo
singlet states may occur as final states.

In addition to the features that are also found in the

[

U—> o NCA calculation,? the present calculation has a
component due to the f2 configuration in the ground
state. This component produces the constructive in-
terference in the spectrum near the Fermi energy as men-
tioned above. The f? component can also lead to the re-
sult that the spectrum has spurious structure at energies
of order (U +2E,—2¢p), below the Fermi energy e, if
U+2E; —2e;#0. We have ignored this feature, for
reasons which we will outline in a future review.

V. THE CALCULATED SPECTRA

To carry out the calculations, certain parameters must
be determined in a manner consistent with the known
properties of the four Ce compounds. A key parameter is
the Kondo temperature, which can be determined from
experimental data in one of several ways. Use of the
known coefficients of specific-heat y (Refs. 14—16) and
the Bethe-Ansatz formula'” Ty =7R /6y gives T =3.6,
7.2, and 42 K for CeAl,;, CeCu,Si,, and CeSi,, respective-
ly. Use of the rule'® that Ty equals the neutron-
scattering quasielastic linewidth o, gives Tx =6, 6-10,
48, and 290 K for CeAl;, CeCu,Si,, CeSi,, and CeBe,;, re-
spectively. "2 Use of the rule’ that Tx=3.5T,,,,
where T,,,, is the temperature of the broad maximum in
susceptibility in mixed valent compounds gives Tx =490
K for CeBe,;.2* We therefore set T =4, 8, 40, and 400 K
for the four compounds. (In Ref. 15, inclusion of an ex-
tra factor of 7 in the formula relating Ty and y leads to a
correspondingly larger value of Ty for CeSi,. Our choice
gives consistency between the value deduced from ¥ and
that deduced from w,.) Next, the crystal-field splittings
are set at 5 and 8 meV for CeAl;, at 20 and 32 meV for
CeCu,Si,, and at 25 and 48 meV for CeSi,, using
neutron-scattering results.??>2* For CeBe,; only quasi-
elastic scattering (i.e., no crystal-field excitations) was ob-
served in neutron scattering?® and the susceptibility?> has
a broad maximum characteristic?> of mixed valent com-
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pounds with orbital degeneracy N f=2J +1=6; hence,
the calculation ignored crystal fields and set N,=6. For
the spin-orbit splittings, we used the value 0.28 eV for all
four cases, as this value is consistent with the splitting ob-
served in higher resolution photoemission spectra* and is
typical for cerium compounds.

As we will see, a key parameter for determining the
spectral weights and f! linewidth is the bandwidth of the
background conduction band. For all four compounds,
the cerium hybridizes with the s,p electrons on the
nearest neighbor (Al, Be, or Si). Band calculations® for
CeAl; and CeCu,Si, show that the bottom of the s,p band
lies at a distance W =9-10 eV below the Fermi level €.
We do not know of calculations for the other two com-
pounds, but calculations for UBe,;,2° which should have
a similar s,p band to CeBe,;, give W =10 eV; and we as-
sume that the Si s,p band in CeSi, should have a similar
width as in CeCu,Si,. Therefore we have set W =10 eV
for all four cases, as this appears to be a characteristic
value for compounds of rare earths with these s,p ele-
ments. The conduction band is taken as rectangular
(constant p=1/2W) with g;=0. We fix the Coulomb

1-00 T T T T T T T T
0.75+ 4
CeAly
0.50 4

0.25F

0.00
1.00———T————7——

0.75r b

0.501+

0.25F

Intensity (arb. units)

0.00 B
1.00———T———71 71— 711

0.75F

Binding Energy (eV)

FIG. 10. Calculations of the 4f emission for CeAl;, CeSi,,
and CeBe,; using the low-order 1/N expansion of the Anderson
impurity model. The bottom of the conduction band is set at
W =10 eV in accordance with known s,p bandwidths of con-
ventional rare-earth counterparts, and the Coulomb correlation
is set at U =14 eV. Other parameters are chosen, as described
in the text, in accord with experimentally known Kondo tem-
peratures, crystal-field and spin-orbit splittings, and final posi-
tion of the f!— f° peak. The dashed lines are Lorentzians,
representing the f'— f° emission; the binding energies are the
same as for the experimental case and the widths and spectral
weights are given in Table I.
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correlation energy as U =14 eV; this value which is
somewhat larger than the accepted value U =6 eV, is
taken as small as possible, but larger than W since the
calculation requires U > W, as discussed above.

Finally we adjust both the bare value of the energy E
of the f! level and the average hybridization width
A="V?p to simultaneously yield the observed (‘“renormal-
ized”) f! level energy E + and the Kondo temperature.
Following this we convolute the spectra with the known
resolution (150 meV) using a three-point smoothing
method (which correctly convolutes 8 functions and step
functions). The resulting spectra are shown in Figs. 9(c)
and 10. To determine the f!— f° linewidth and the rela-
tive spectral weights in the two peaks, we fit the high
binding energy part of the spectra to Lorentzians [dashed
lines in Figs. 9(c) and 10] in precisely the same manner as
for the experimental spectra. The resulting linewidths
and fractional weights in the near-e peaks are given in
Table I where it can be seen that the experimental widths
of the f1— f° peaks are three to five times narrower than
the theoretical widths, and the fractional weight in the
near-€ peak is 1.65, 1.85, and 2.33 times greater in the
experimental spectra for CeSi,, CeAls;, and CeCu,Si, than
in the theoretical spectra; for CeBe;; the agreement is
much better.

Somewhat better agreement with experiment can be
obtained by choosing a more realistic value of U (8 eV)
but a less realistic value of W (5 eV). The results are
shown in Figs. 9(b) and 11 and Table I. For CeSi, and
CeBe,; the fractional weights in the near-e; peaks are
closer to the experimental values; however, the theory
continues to give too little weight for CeAl; and CeCu,Si,
and too large a value for the width of the f'— f° excita-
tion for all four compounds.

VI. DISCUSSION

Comparison of the experimental 4f spectra [Figs. 2(b),
4(c), 7(b), and 9(a)] to the theoretical spectra (Figs. 9-11)
show that on the scale of the bandwidth and for the reso-
lution utilized here, the theory underestimates the spec-
tral weight in the near-g, peak, and it overestimates the
width of the main f'— f° peak (see also Table I). Visual
comparison of the spectra for CeCu,Si, in Fig. 9 makes
this particularly clear. Reduction of U, with a concomi-
tant reduction of W, can improve the fractional weights
somewhat, but overall agreement remains visually poor.

We note in passing that our spectrum, taken for a
cleaved single crystal of CeCu,Si, at resolution ~ 150
meV, is significantly different from the low resolution
(~600 meV) spectrum?’ of polycrystalline CeCu,Si, used
recently by Kang et al.?® Adding additional rounding to
our spectra to simulate 600 meV resolution does not re-
move the discrepancy, which is mainly that our data
show more weight in the near-e, peak than do the older
data. It is our experience that single-crystal data are
more reliable. Thus, the analysis of Ref. 28 needs to be
reconsidered.

The experimental f!— f° line widths all have compa-
rable magnitude and also are comparable to those of nor-
mal rare-earth core levels (for example, the 4f level of



15 468

J. M. LAWRENCE et al. 47

TABLE I. Widths of the f! Lorentzian and ratio of the spectral weight in the near-e; emission to the total 4f emission for the ex-
perimental spectra and for the theoretical spectra of Figs. 9—11. The values given for the experimental spectral weight are lower lim-
its; subtraction of surface emission would decrease the relative f!— f° weight. The parameters W andU used in the calculation are
given for each case, as are E, (bare f-level energy) and A, which are adjusted to yield the experimental (“renormalized”) f-level ener-

gy E r and Kondo temperature Tk. All energies are given in eV.

Experiment Theory
Width Fractional Width Fractional
FWHM weight FWHM weight
florf0 near g flsro near gy
CeAl; 0.9 >37% W =10 U=14 E,=—2.65 A=0.0942
4.7 20%
Tx=4 K Ef=—2.20 W =5 U=8 E,=—2.00 A=0.0750
2.5 24%
CeCu,Si, 1.1 >49% w=10 U=14 E,=-2.70 A=0.1057
4.0 21%
T¢y=8 K Ef=—2.45 W =5 U=8 E,=-2.20 A=0.0893
33 25%
CeSi, 1.5 >33% W =10 U=14 E;=—2.70 A=0.1136
4.7 20%
Ty =40 E,=—2.35 w=5s U=38 E;=—2.20 A=0.0914
3.5 : 30%
CeBe,; 1.2 >28% w=10 U=14 E,=—-275 A=0.1247
4.7 24%
Ty =400 K E,=—2.60 w=5 U=8 E,=—1.95 A=0.0987
3.4 32%%

PrAl; in Fig. 3 has a FWHM of 1.5 eV; the Lorentzian
component of the 4f spectra for PrBe,; has a FWHM of
1.2 eV). Such small observed linewidths are disturbing in
that the prediction of a large hybridization width (essen-
tially 28A FWHM) for the f!— f° transition is one of the
most basic features of the model. [Kang er al.?® calcu-

1.0 T T T T T

_.
oo

Intensity (arb. units)

Binding Energy (eV)
FIG. 11. Same as Fig. 10, but with W =5¢eV and U =8 eV.

late a narrow width for CeCu,Si, by ignoring crystal-field
splitting; in the calculation they use A==0.06 eV. For our
calculation, where crystal-field splitting is not ignored, a
larger value of A (0.09-0.10 eV) is required to reproduce
Tk; hence, our value of the f!— f° width is also larger.]
It is as though the decay of the 4f core hole (which, given
the narrow experimental width, is slower than predicted)
has nothing to do with hybridization. Concerning the
spectral weights, not only are the theoretical predictions
too small, but the systematics are wrong. The theory pre-
dicts (Table I) a nearly linear increase in the near-€ spec-
tral weight as the hybridization A increases at fixed W
and U, but the data show an inverse correlation between
A and spectral weight near the Fermi level.

The question is, how significant are these disagree-
ments? On the one hand, the calculation does fit the data
to within an order of magnitude. Furthermore, the An-
derson model is simply that—a model which is designed
to give the correct low-energy behavior (which behavior
exhibits universality, and hence has a certain degree of
independence of the high-energy details), but which
perhaps should not be expected to give good agreement
on large energy scales. From this point of view, a pre-
diction of two peaks with the correct order of magnitude
for the widths and weights is sufficient. Of course, such a
relaxed requirement would apply equally to any compet-
ing model of cerium photoemission. On the other hand,
a good deal of emphasis®> * has been given as to the de-
gree to which the predictions of the model fit the experi-
mental photoemission spectra. In addition, we wish to
know whether the model ignores any fundamental phys-
ics; in particular, whether final-state Coulomb screening
and banding effects play a more significant role in the
spectra than implied by use of the impurity model. For
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these reasons, we take the disagreements seriously; and in
what follows, we examine several experimental and
theoretical problems which will need to be resolved in or-
der to make progress on these issues.

On the experimental side we first consider the method
of determining the non-4f background. There are at
least three methods that are widely used. The first! is to
compare spectra taken on (120 eV) and off (112 eV) the
giant 4d resonance; the second® is to compare spectra
taken above (e.g., at hv=40 eV) and below (e.g., at
hv=20 eV) the presumed threshold (near #v=30 eV) for
the onset of Ce 4f emission; the third is to compare the
emission for the Ce compound to that of a La compound.
As we have shown, the first method ignores the fact that
the 5d electrons contribute at least 30% of the spectrum
at 120 eV. Applying this approach to CeCu,Si,, by sim-
ply subtracting the two spectra in Fig. 8(a), gives a non-
4f fraction of 17%; it also leaves a significant peak at
1.67 €V in the resulting spectrum, which we believe is due
to non-4f emission, rather than 4f emission as implied by
this method. The second method can underestimate the
amount of 4f emission at 20 eV (it does not actually van-
ish) and 5d emission at 40 eV. The third (which is the
method we use) overlooks possible differences between
the Ce and La 5d spectra.

All three methods require additional input as to how to
correctly normalize between comparison spectra. We
have chosen to normalize our spectra to core levels wher-
ever possible; in doing so we have ignored possible pho-
ton energy dependence of the core-level emission over the
limited range 116—126 eV. An alternative method is to
normalize to incident photon flux (by measuring mesh
current); however, in polycrystals this can give very bad
results, due to unpredictable cleave dependencies.

A second source of uncertainty is that the photon ener-
gy dependence of the matrix elements for optical absorp-
tion may differ for different energy regions of the 4f spec-
trum. In particular, the branching ratio of the near-ep
peaks to the f!— f° peak may vary with photon energy;
indeed, this is known to occur in the vicinity of the 4d
resonance.?”3® Examination of Fig. 5 demonstrates
clearly that the branching ratio for the 5d states varies
considerably between 26 and 120 eV. Hence, there is no
a priori reason for assuming that the 4f branching ratio is
constant over any energy range. This means that the
spectrum taken at a particular photon energy may not be
simply proportional to the spectral density.

At the photon energy that we use (120 eV) the spectra
are highly surface sensitive. In our analysis, however, we
have ignored the distinction between surface and bulk
emission. Recently it has been shown®' that the surface
emission occurs primarily in the f!'— f° peak near 2 eV.
For the compound CeRh; (which has a very large
Ty >1000 K) there is substantial weight in the 2-eV
feature at 120 eV, but spectra6 taken at hv=_884 eV show
very little weight in the f'— f° peak. The argument is
that for the larger photon energy the spectra should be
dominated by bulk emission. If all this is true, then were
we to account for surface emission in our spectra, there
would be less weight in the bulk 2-eV feature, and hence
the fractional weight in the near-g, peak would be even
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larger than our results suggest. In that sense, our results
are lower limits for the fractional spectral weight.
Hence, the disagreement with theory is even greater than
we have stated above. It should be pointed out that,
given the lack of knowledge of the 4f branching ratio dis-
cussed above, it is possible that some of the differences
between the 120- and 884-eV spectra may not be due to
such a surface effect.

The greatest uncertainty in theoretical spectra arises
from the lack of knowledge of the energy dependence of
the combined hybridization matrix element and con-
duction-band density of states A(E)=V*E)p(E). The
line shape of the 4f spectrum over the full energy range is
extremely sensitive to the choice of the energy depen-
dence of this parameter. (For this reason, it is all the
more surprising that the f!— f° peak observed experi-
mentally is for all compounds a Lorentzian with
FWHM=1 eV.) We have chosen to ignore the energy
dependence [A(e)=A independent of energy] and have
chosen to cut the conduction band off 10 eV below the
Fermi level, since this seems to be the appropriate band-
width for compounds of rare earths with the s,p elements
Al, Be, and Si. A smaller choice of bandwidth causes
more f? weight to pile up near the Fermi energy and
changes the ratio of near-e emission to 2-eV emission.
In addition, if the bandwidth is made so small that the
bare 4f level resides close to the bottom of the band, then
the f'— f° line shape alters dramatically. [In an earlier
U = oo NCA calculation? for CeSi,, the background band
was assumed to be Gaussian, with a small bandwidth (3
eV FWHM); the final f level is pushed well out in the tail
where the density of states is low and hence the hybridi-
zation is weak. For this choice of band shape, the result-
ing f!'— f° width is small and comparable to experiment.
However, in our opinion, this is a very unrealistic choice
of band shape for CeSi,, and it strengthens our point that
fits in the literature are strongly dependent on the choice
of A(E), which is essentially unknown.] A variety of re-
cent studies®®*273% attempt to derive A(E) and other pa-
rameters of the model from first-principles local-density
approximation (LDA) electronic structure calculations.
However, there is no general consensus on how to
achieve this, since there is uncertainty about the extent to
which the LDA already includes the many-body effects
which are to be calculated from the resulting model. The
issues at hand (concerning the line shape on the scale of
the bandwidth) cannot be resolved without solution of
this problem.

A second source of uncertainty is the convergence of
the large N expansion and the degree to which the trun-
cated expansion adequately represents the spectrum of
the Anderson impurity model. Furthermore, the general-
ization from the infinite U limit to the finite values of U
also raises questions; this generalization does not include
the effects of configurations /" with n > 2, and the nature
of the errors introduced by the decoupling approximation
remains unknown.

Given all this, the possibility remains that adequate
treatment of the photoemission spectra may require in-
clusion of other physics. Coulomb screening of the final-
state hole has been utilized in an attempt to explain the
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large differences between Kondo temperatures deter-
mined from thermodynamic measurements and alterna-
tively from the photoemission spectra.>® In addition, it is
known that in certain limits a two-peaked spectrum
(““well-screened” and ‘““poorly screened” final states) is ex-
pected when such screening is present.”* When such
screening is added to the Anderson model, the relation
between high-energy scales and low-energy scales is
known to be affected.® A possibility is that some of the
extra weight that we observe in the near-g; peak arises
from this source. It is very probable that the extra width
in the near-e, peak, which is apparent in higher resolu-
tion spectra,“’5 arises from this source. In this regard the
extra f emission seen in PrBe;; [Fig. 6(b), long-dashed
line] is suggestive. Similar peaks in several other Pr com-
pounds**~*2 have been interpreted as evidence for the ex-
istence of two final-state screening channels. Indeed, the
existence of two 4f peaks in Pr compounds with large hy-
bridization (as estimated by the large Kondo tempera-
tures Ty > 100 K of the corresponding Ce compounds)
now appears to be more the rule than the exception; and
this supports the view that the second peak cannot be
universally obtained from the Anderson model as sug-
gested in Refs. 1 and 8.

Finally, we raise the possibility that the enhanced spec-
tral weight at the Fermi level, which approaches 50% in
these compounds, may mean that the Ce compounds re-
side closer to the band limit than is implied by use of an
essentially local impurity model.>! In this approach,
the 2-eV peak would arise in the same way as the 6-eV sa-
tellite in nickel. While the physics of this satellite still in-
volves the Coulomb correlation, there are significant
differences in the way this approach (as opposed to the
Anderson model approach) generates the satellite.*> 46
The possibility that the band limit is more appropriate is
supported by the recent work® mentioned above for
CeRh; where subtraction of surface emission so drastical-
ly reduces the weight in the 2-eV peak that the resulting
spectrum is simply that expected for an f band. While
the compounds studied here have smaller Kondo temper-
atures than that of CeRh;, it is quite plausible that
correct subtraction of the surface peak would lead to
spectra with a much larger peak at € and a much small-
er satellite at 2 eV.
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All of this suggests that photoemission in cerium com-
pounds is very much an open problem, and that future
work, both experimental and theoretical, is in order. On
the experimental side, the greatest need is for use of
high-quality, well characterized single-crystal surfaces.
Studies®3! over a broad range of photon energies, cou-
pled with studies of the take-off angle dependence of the
emission, are needed to help determine the degree of sur-
face and bulk contribution to the spectra. For similar
reasons studies of the photon energy dependence of both
the 4f and non-f emission over a broad (20—-1000 eV)
photon energy range in both Ce and related La and Pr
compounds are needed to determine the non-f emission
and the 4f branching ratios. Further thought should be
given to normalization. Ongoing improvements® in ex-
perimental resolution can also be expected to be impor-
tant.

On the theoretical side, the problem of determining the
parameters of the model [such as A(e)] from first princi-
ples presents an important and difficult challenge.3?™%
Improvements in our understanding of the effect of ap-
proximations on the predictions of the Anderson model
would also be helpful; in this regard, the recent Monte
Carlo work*’ is very promising. Further work to assess
the importance of Coulomb screening and to determine
its effect on the predictions of the Anderson model is
necessary.>¢"%  Finally, use of many-body theories
which use band theory as a starting point may well be
necessary to understand valence-band photoemission in
cerium compounds.® 10343543746
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