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4f -derived electronic structure at the surface and in the bulk ofa-Ce metal
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Resonant photoemission experiments at the 4d→4 f absorption threshold ofa-Ce are reported. Separation
of spectral bulk and surface contributions is achieved by quenching the Ce-derived surface emission with a Dy
overlayer. As in previous works, the outermost surface layer ofa-Ce is found to beg-like. In contrast to
theoretical predictions, however, the ‘‘4f 0 final-state’’ signal of the surface is shifted to higher binding energy
with respect toa-Ce andg-Ce bulk emissions. The data are analyzed in the framework of the single-impurity
Anderson model. Taking into account the influence of the autoionization channel to resonance process, a larger
4 f hybridization is concluded than assuming solely a direct photoemission event.
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I. INTRODUCTION

The g-a phase transition of Ce metal that is related to
volume collapse by 15% and a loss of magnetic momen
high pressure (p>0.8 GPa) or low temperatures (T
<100 K) ~Ref. 1! has attracted large interest during the la
decades.2 It is by now generally accepted that this pha
transition is not due to a simple promotion of the localiz
4 f electron into the valence band but due to hybridization
4 f and valence-band states that reduces the 4f occupancy
only by about 10%. Direct insight into this phenomenon c
be obtained from photoemission~PE!.3 4 f PE spectra of both
a- andg-Ce reveal a characteristic double-peaked struct
from which one component at around 2 eV binding ene
~BE! may be assigned to a 4f 0 final state expected from th
photoionization of a localized 4f 1 ground-state configura
tion. The other component appears near the Fermi en
(EF) indicating a 4f configuration close to the one of th
ground state. A weak intensity of the latter component
g-Ce can be taken as indication for an almost localizedf 1

ground state in that phase, while a strong increase of
component ina-Ce reflects increasing mixing of 4f - and
valence-band~VB! states. The phenomenon may be quan
tatively described in the framework of the single-impur
Anderson model~SIAM!.4–6 From the energy positions an
relative intensities of the two spectral components hybridi
tion parameters may be derived that allow a consistent
scription of the PE spectra and ground-state properties.

The analysis is complicated by the fact, that PE repres
a surface-sensitive method and the 4f -VB hybridization de-
creases at the surface as a function of atomic coordination7–9

Surface and bulk contributions to Ce 4f spectra have bee
discriminated taking advantage of the energy dependenc
the mean free path of photoelectrons excited at different p
ton energies.8 In fact dehybridization has been observed
the surface leading even in case ofa-Ce to ag-like shape of
the surface derived PE spectrum. Unfortunately, the app
method suffers from the reduced spectral resolution at hig
photon energies. Additionally, spectral surface contributio
are estimated assuming exponential damping of the PE
tensity as a function of escape depth and setting the thick
0163-1829/2002/66~15!/155116~5!/$20.00 66 1551
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of the outermost atomic surface layer equal to half the lat
constant. These approximations, however, do not cons
the atomic structure of the solid and may introduce errors
the data evaluation. As an alternative approach to discri
nate bulk and surface emissions the quenching of the la
by deposition of a Dy overlayer has been attempted.9 Assum-
ing layer-by-layer growth and negligible interdiffusion on
the pure Ce 4f bulk signal remains after Dy deposition
Then, from the difference to the spectrum of pure Ce me
the shape of the surface emission may be derived. Forg-Ce,
surface and bulk components were separated in this way
the surface shift of the 4f 0 emission was measured for th
first time with high-resolution PE.9 For a-Ce, however, re-
spective experiments are still lacking. Calculations p
formed on the basis of the SIAM predict fora-Ce a surface
shift of the 4f 0 component to lower BE.10 If true this is an
unique phenomenon since all rare-earth systems known
far reveal surface shifts of the 4f n21 final state to higher
BE’s.11,12

In this publication we present high-resolution resona
4d→4 f PE data ofa-Ce and discriminate bulk and surfac
contributions by the quenching method. In contrast to
theoretical prediction10 we find a surface shift of the 4f 0

peak to higher BE. The data are analyzed in the light
SIAM taking into account a realistic VB density of state
~DOS!. Good agreement between theory and experimen
achieved. Additionally, the influence of the resonance on
spectral shape is considered. Within the resonance proc
hybridized 4d94 f n11 intermediate states are populated by
dipole transition that decay via autoionization into PE fin
states. As we will show, not only the intensity but also t
shape of the 4f PE spectra is influenced by this autoioniz
tion channel that complicates the interpretation of PE da

II. EXPERIMENT

Thin films (150 Å) ofa-Ce metal were preparedin situ
by thermal deposition of high-purity Ce metal onto a W~110!
substrate held at a temperature of 50 K during the wh
experiment. Stabilization of the correct phase was chec
by comparing PE spectra of the present films with those
a-Ce taken from the literature.3,8 It should be noted that al
©2002 The American Physical Society16-1
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PE spectra found in the literature differ a little from ea
other due to~i! finite admixtures ofb and g phases in the
bulk and~ii ! different surface qualities. A large peak atEF is
usually taken as an indication for stronga-like properties.
Quenching of the surface Ce emission was achieved by
ditional deposition of 2 monolayer~ML ! Dy metal, which
does not contribute to the PE spectra in the energy regio
the Ce 4f states. Apart from the 4f shell, Dy is isoelectronic
to g-Ce and, therefore, no changes of chemical bondin
expected replacing Ce by Dy atoms. On the other hand,
mobility of adsorbed Dy atoms is low at 50 K and interd
fusion may be assumed to be negligible.

PE spectra were taken with a hemispherical VGGLAM
analyzer exploiting synchrotron radiation from the U-49
PGM1 undulator beamline of BESSY II. The basic press
during the experiments was in the low 10210 mbar range and
rose only shortly to 531029 mbar during evaporation
mainly due to hydrogen emissions. No traces of oxygen
carbon contaminations were found by valence-band PE a
eV photon energy.

III. PE SPECTRA AND SURFACE EFFECTS

Figure 1 shows on-resonance valence-band PE spect
a-Ce, taken at the 4d→4 f absorption threshold with a spec
tral resolution of 50 meV. The spectra are dominated by
4 f emission, whereas the VB contributions are weak. O

FIG. 1. Experimental resonant PE spectra taken at the Ced
→4 f absorption threshold with 121 eV photon energy: spectrum
cleana-Ce ~solid squares! and spectrum of the same sample af
deposition of 2 ML Dy~open squares!. Surface emission derived
from the difference of the spectra of the clean and Dy-cove
sample is shown by solid circles. Open circles show a spectrum
bulk g-Ce obtained by quenching the surface emission by a
overlayer~from Ref. 9!. Solid lines represent the SIAM simulatio
of the PE spectra. The VB contribution to the PE spectra is sho
with dash-dotted line.
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resonance data may be corrected for these contribution
subtracting the off-resonance spectrum that reflects mo
the valence-band DOS because the 4f emission is strongly
suppressed due to the Fano antiresonance. Although th
the standard procedure, one should note that the VB co
butions are underestimated in this way since a part of the
emission undergoes also a relatively weak resonant enha
ment as it has been shown at the 4d→4 f resonance of La.13

The VB contribution to the on-resonance emissions, ho
ever, remains still small and has no significant effect on
shape of the PE spectrum.

As it can be seen in Fig. 1, the shape of the resonant
spectrum ofa-Ce measured after deposition of 2 ML Dy
substantially changed as compared to that of the pure
film. Since the Dy 4f states do not contribute in this BE
range the PE spectrum reflects pure bulk 4f emission of
a-Ce.

The surface-derived 4f contribution shown by solid
circles in Fig. 1 was obtained subtracting the spectrum of
covereda-Ce ~open squares! from the one of cleana-Ce
sample~solid squares!. The bulk PE spectrum ofg-Ce taken
from Ref. 9 is also presented in the bottom of Fig. 1. Co
paring the surface and bulk PE spectra ofa-Ce, it is seen,
that at the surface~i! the intensity of the low-BE peak~re-
ferred to the 4f 1 final state! is strongly reduced and~ii ! the
peak appearing in the bulka-Ce PE spectrum at 2.1 eV BE
(4 f 0 final state! is shifted by 0.3 eV towards larger BE. Th
relative intensity of the surface-derived 4f 1 signal with re-
spect to the 4f 0 emission is even smaller than in the bulk P
spectrum of g-Ce indicating a weakly hybridized 4f 1

ground-state configuration.
The observed positive surface energy shift of the 4f 0

component is in contradiction to the result of Liuet al.,10

who found the 4f 0 final-state peak in the surfacea-Ce PE
spectrum shifted to smaller BE with respect to the bulk sp
trum. There are, however, two main differences between
work of Liu et al. and the present study. First, in Ref. 10 th
4 f contribution was extracted from PE spectra measured
the photon energy range from 40 to 60 eV taking advant
of the different energy dependence of the 4f and 5d photo-
excitation cross sections, that allowed a discrimination off
and VB emissions. However, since the respective PE c
sections are of the same order of magnitude in this pho
energy range, certain inaccuracy in the determination of
spectral shape of the 4f emission are unavoidable. A secon
more important difference is that in Ref. 10 the surface a
bulk contributions were found as results of a self-consist
fitting of the 4f intensity distribution, while in the presen
work the surface and bulk contributions were separated
perimentally.

The analysis of the PE spectra was performed in
framework of SIAM. The variational approach of Gunnar
son and Scho¨nhammer~GS! for the SIAM has been proven
to be very successful in interpreting the spectroscopic da5

Here we use a rather simple numerical procedure that re
sents a minimal version of the Gunnarsson-Scho¨nhammer
approach and is described in detail in Ref. 6.

Main parameters in the SIAM are the energy of a bare 4f 1

state denoted as« f , the on-site Coulomb repulsion energ
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U f f , as well as the hybridization strengthD describing the
interaction of the 4f state with the VB via hopping. We
choseU f f57.5 eV, the 4f spin-orbit splitting was taken
equal to 0.3 eV, whereas the two other parameters« f andD
were found by fitting the experimental curves in order
reproduce the energy separation of thef 0 and f 1 final-state
peaks and their intensity ratio. A VB component contributi
by 14% of the total integral PE intensity was also taken i
account considering the fact that the total PE intensity of
varies by about a factor of 20 when going from off to o
resonance, while the respective resonant variation of the
intensity of La amounts only to about 3.13 The shape of the
VB component was taken from the valence-band DOS for
metal calculated by means of an optimized method of lin
combination of atomic orbitals~LCAO!~Ref. 14! in its scalar
relativistic version.15 We used an energy-dependent lifetim
broadening parameter in the formGL(E)50.03 eV
10.085E whereE denotes the BE with respect toEF . To
take into account instrumental resolution all calculated sp
tra were additionally broadened with a Gaussian (GG
50.05 eV). As it can be seen in Fig. 1, the SIAM calcu
tions give a good description of the shape of the experim
tal spectra. Note, that the small deviations between the b
spectra ofa- and g-Ce and the results of the respecti
SIAM simulation at the high-BE side of the 4f 0 final-state
signal may be caused by emissions from residual Ce atom
the surface of the Dy covered samples. The difference
tween theory and experiment at the low-BE side of
surface-derived 4f peak may be attributed to changes of t
DOS at the surface as discussed below.

The obtained values of the SIAM parameters are sum
rized in Table I. For bulkg-Ce the same value of« f is found
as for bulka-Ce, whereas the hybridization parameterD is
strongly decreased. This is a result of larger interatomic
tances ing-Ce leading to weaker 4f -VB hybridization. Con-
sequently, the 4f occupancy becomes very close to 1. At t
surface ofa-Ce that is also characterized by a weaken
hybridization as compared to bulka-Ce, we find quite dif-
ferent situation. The value ofD is decreased only by abou
5%, whereas« f is significantly shifted towards higher BE
This corresponds to the surface core-level shift predicted
be 0.3 eV for close-packed surfaces ofg-Ce.12 Considering
the fact that for metal films deposited at low temperatures
surface shift increases by about 50% due to the presenc
low-coordinated surface sites16 the obtained increase ofu« f u
by 0.44 eV is in good agreement with the expectation. T
relatively weak variation ofD with respect to its bulk value
is somewhat surprising since a proportionality to the cha

TABLE I. Values of the SIAM parameters and 4f occupancy
obtained by fitting the surface and bulka-Ce PE spectra as well a
the bulkg-Ce PE spectrum~as shown in Fig. 1! considering the PE
process as a direct 4f photoexcitation.

Spectrum « f(eV) D(eV) nf

bulk a-Ce 21.45 0.82 0.976
surfacea-Ce 21.89 0.79 1.008
bulk g-Ce 21.45 0.68 0.998
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of coordination is expected. This relatively large value ofD
might be taken as an indication for changes of the DOS
the surface, particularly a larger DOS atEF due to, e.g.,
surface states.9,11 In spite of the largeD, the increased value
of u« f u leads to a 4f occupancy close to 1.

IV. EFFECT OF THE AUTOIONIZATION CHANNEL

In the theoretical simulations of the resonant PE spe
the autoionization channel was usually not taken prope
into account, in spite it may lead to thef n final-state con-
figuration weights that are different from those of the dire
PE channel, as it was shown by the model calculations
Ref. 17. This was also confirmed by interpretation of t
experimental resonant PE data on Ce 3d core-level spectra18

as well as Ce constant-initial-state spectra18,19 of Ce com-
pounds.

In the following the reader is referred to Ref. 6 wh
concerns the basic theoretical model. Here we show, h
this model can be extended to describe the resonant
spectra.

With the ground stateug& ~the ground-state energy isEg)
and the final statesum& ~their energies areEfin

(m)) the f spectral
weight can be written as@see the formula~22! of Ref. 6#

I f~ekin!52
1

p
Im(

m

u^muTug&u2

\v2ekin2~Efin
(m)2Eg!1 iG

, ~1!

where the sum is taken over all final states of the system.
transition operatorT for 4f photoexcitation has been writte
in the matrix element as (f n is the annihilation operator for a
f electron in the staten)

T5t f~v! f n . ~2!

The specific form ofT dependence on the photon energy\v
was not given explicitly in Ref. 6. If only the direct PE
channel is considered, i.e., the process

4d104 f n~5d6s!3→4d104 f n21~5d6s!31e2, ~3!

t f is a dipole transition matrix element. For the photoelectr
kinetic energies above 100 eV it changes its value o
slightly if the energy varies by several electron volts, and t
energy dependence could be neglected.

Now, in order to consider the autoionization channel

4d104 f n~5d6s!3→4d94 f n11~5d6s!3

→4d104 f n21~5d6s!31e2, ~4!

we have to define an intermediate stateur & with a core hole
and an additional 4f electron. We introduce alsotc , a dipole
transition matrix element for core-level excitation, andvA ,
transition matrix element for 4d-4 f -4 f Auger decay of the
intermediate state. Then, the transition operator may be w
ten as
6-3
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T5t f f n1(
r

vA(
n8

cn8
1 f n8 f n

3
ur &^r u

\v2~Eint
(r )2E(1)!1 iG int

tcf n8
1 cn8 , ~5!

where the first term corresponds to the direct PE whereas
second term describes the autoionization. The dependen
T on the photon energy\v gives rise to the Fano-resonan
behavior of the PE signal. Here,cn8

1 (cn8) are creation~an-
nihilation! operators for a core electron,Eint

(r ) is the energy of
the intermediate stateur &, whereasG int depends, in genera
on the 4f configuration of the intermediate state and d
scribes its spectral broadening. The expression~5! follows
from lowest-order time-dependent perturbation theory an
a simplified version of the formulas~3.21!, ~3.22! of Ref. 17,
where a general theory of resonant PE in the framework
the treatment by Gunnarsson and Scho¨nhammer5 was given.

To perform the calculations we introduce basis functio
for the intermediate states

u1&c5
1

ANf
(

n
f n

1cnuC&,

u2;i &c5
1

Nf
(
nn8

nÞn8

f n
1 f n8

1 din8cnuC&,

u3;i i &c5
1

A2

1

NfANf
(

nn8n9

nÞn8Þn9

f n
1 f n8

1 f n9
1 din9din8cnuC&,

u3;i j &c5
1

NfANf
(

nn8n9

nÞn8Þn9

f n
1 f n8

1 f n9
1 din9dj n8cnuC& ~ i . j !.

~6!

These basis functions are consistent with the ground-s
basis functions6 and describef 1, f 2, and f 3 configurations in
the presence of a core hole. Taking the basis functions~6! we
obtain a Hamiltonian matrix that differs from the groun
state matrix@formula ~15! of Ref. 6# by additional terms« f
2U f c1(n21)U f f in the diagonal matrix elements. Her
U f c is the core-hole Coulomb interaction energy, andn is the
number off electrons in the corresponding intermediate-st
configuration. Diagonalizing the Hamiltonian matrix, we o
tain the eigenenergiesEint

(r ) as well as expansion coefficien
for the eigenfunctionsur & of the intermediate states.

We performed the calculations using the transition ope
tor ~5! and solving the eigenvalue problem for the interm
diate states as described above. The effect of the core
was described by an attractive energyU f c59.77 eV in
agreement with values applied in the literature.10 In order to
characterize the relative weights of the direct and autoio
ation PE channels we introduced a ratiot5vAtc /t f , so that
t50 corresponds to direct photoexcitation, and increas
values oft mean increasing amplitude of the autoionizati
channel. The parameterG int was chosen to be equal to 0.2
eV. Fitting the bulka-Ce PE spectrum with different value
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of t ~all taken at the energy of the resonance maximu!
gives the SIAM parameters presented in Table II. It can
seen, that inclusion of the autoionization channel in the t
oretical model influences considerably the values of
SIAM parameters obtained by fitting the simulated curve
the experimental data. An increased amplitude of the au
ionization channel causes a shift of« f to lower BE and an
increase ofD. This is due to the fact, that ‘‘4f 0’’ and ‘‘4 f 1’’
features resonate at slightly different energies.17–19 At the
\v5121 eV resonance maximum the 4f 1/4f 0 intensity ratio
is, therefore, decreased with respect to its value expected
a direct PE process. In order to compensate this effect in
fitting procedure, largerD and smalleru« f u values are neces
sary and, consequently, smallernf values are concluded. Ad
ditionally, largerD values will increase the 4f 5/2/4f 7/2 inten-
sity ratio of the Fermi peak leading to a better agreem
between theory and experiment in this binding-energy
gion.

For t.1 the autoionization channel enhances the integ
spectral intensity by more than a factor of 10 and domina
in the PE process. In this case the SIAM parameters re
the values that are characteristic for the pure autoioniza
channel and show no further changes at larger values oft. It
can be seen from Table III, that although taking into acco
the influence of the autoionization channel to the resona
process changes the estimated values of the SIAM par
eters, all conclusions drawn in Sec. III on their behav
when going froma-like to g-like systems remain valid
Note, that the effect of the autoionization is more pr
nounced for a strongly hybridized system, namely for t
bulk of a-Ce.

TABLE II. Values of the SIAM parameters, 4f occupancy and
integral resonance intensity obtained by fitting the bulka-Ce PE
spectrum for different transition matrix element ratiost.

t « f(eV) D(eV) nf I tot /I dir

0.0 21.45 0.820 0.976 1.0
0.2 21.40 0.833 0.962 1.66
0.4 21.36 0.845 0.947 2.87
0.6 21.34 0.853 0.937 4.69
0.8 21.32 0.860 0.927 7.09
1.0 21.31 0.865 0.921 10.14
1.2 21.30 0.866 0.918 13.95
1.4 21.30 0.866 0.918 18.58

TABLE III. Values of the SIAM parameters and 4f occupancy
obtained by fitting the surface and bulka-Ce PE spectra as well a
the bulk g-Ce PE spectrum~as shown in Fig. 1! considering the
autoionization channel as dominating one in the PE processt
51.4).

Spectrum « f(eV) D(eV) nf

bulk a-Ce 21.30 0.866 0.918
surfacea-Ce 21.82 0.832 1.003
bulk g-Ce 21.36 0.720 0.994
6-4
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In order to estimate the values of the SIAM parameters
the framework of the model that includes the resonance
cess, one needs the values of the transition matrix elem
t f , tc , and vA . An accurate theoretical description of th
resonant PE spectra can be achieved, if the resonant enh
ment of the VB contribution~i.e., 4d-4 f -5d Auger decay of
the intermediate states! is also taken into account. The co
responding investigations are now in progress.

V. CONCLUSIONS

Separation of bulk and surface contributions to t
4 f -derived resonant PE spectra ofa-Ce by means of the
quenching overlayer shows, that the surface signal dif
from the bulk spectrum by a strongly decreased intensity
the Fermi-level feature and a shift of the 4f 0-final-state peak
by about 0.3 eV towards higher BE. The latter observatio
in sharp contrast to previous results, where a surface s
towards lower BE was concluded.
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The analysis of the experimental PE spectra in the fram
work of SIAM shows that a weakened hybridization at t
surface ofa-Ce is caused mainly by a strong surface shift
« f . On the contrary, for the bulk ofg-Ce « f has the same
value as for the bulk ofa-Ce, and the 4f -VB hybridization is
decreased due to a reduced value ofD.

Taking into account the autoionization in the theoretic
model may considerably change the values of the SIAM
rameters. For an accurate quantitative interpretation of
resonant PE spectra it is necessary to know the value
transition matrix elements or, at least, the relative weights
the direct and autoionization PE channels.
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