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High-energy Ce-3d photoemission: Bulk properties of CeM 2 „M 5Fe,Co,Ni… and Ce7Ni3
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We study the photon energy dependence of Ce-3d photoemission in CeM2 compounds~M5Fe,Co,Ni! and
in Ce7Ni3 with measurements taken with synchrotron radiation in the photon energy range 1050–3850 eV. The
results show a drastic increase of the bulk sensitivity at the higher energies due to the increase of the photo-
electron escape depth. The spectra at 3850 eV are largely dominated by the bulk contribution, which is
typically 85% of the total intensity in the CeM2 compounds. The results allow us to obtain the bulk contribu-
tion to the spectra in CeM2 with a procedure presented here and giving the fractional weights of the bulkf 0,
f 1, and f 2 configurations. In the CeM2 compounds a correlation is found between these spectral weights and
the crystallographic data showing that the hybridization is nonmonotonic versus the atomic number of the
transition metal. We discuss the results both in connection with an impurity model and with the available
calculations in an itinerant model. Moreover, the results suggest that the bulk hybridization in CeM2 systems
with heavy transition metals has been probably underestimated up to now.@S0163-1829~97!06544-2#
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I. INTRODUCTION

The electronic properties of cerium and of cerium co
pounds are one of the key topics in the physics of stron
correlated systems. In this field the application of elect
spectroscopies has contributed important information, in p
ticular, on the interaction between the Ce-4f electrons and
the surrounding environment through hybridization.1–3 In
these systems the surfaces are expected to have diff
properties with respect to the bulk so that a problem ar
due to the surface versus bulk sensitivity of the various
perimental methods. Ultraviolet photoemission spectrosco
the traditional Al-Ka XPS ~x-ray photoemission spectros
copy!, inverse photoemission in the ultraviolet and in t
x-ray ranges give a mix of surface and bulk information
different proportions so that a quantitative comparison
tween the results of the different methods is not immedia
These problems were basically overlooked until it w
shown experimentally4,5 that the properties of Ce at the su
face and in the bulk can be very different. In the syste
studied in Refs. 4 and 5 the reduced coordination at the
face decreases the hybridization so that the surface C
systems strongly hybridized in the bulk~often referred to as
a-like systems in analogy witha-Ce!, behave basically as C
in weakly hybridized systems~referred to asg-like systems
in analogy withg-Ce!. A difference in behavior at the sur
face and in the bulk has also been pointed out by Liuet al.6

in elemental Ce. The recovery of reliable bulk informati
from electron spectroscopy is still an open problem and
560163-1829/97/56~23!/15047~9!/$10.00
-
ly
n
r-

ent
s
-
y,

-
e.
s

s
r-
in

e

use of third-generation synchrotrons, as in the present c
can be very useful. The present paper is a step forward in
direction and deals with Ce-3d XPS in thea-like compound
sequence CeFe2, CeCo2, CeNi2 and in ag-like partner in the
Ce-Ni phase diagram (Ce7Ni3). This last compound is pre
sented merely for comparison since the main issue of
paper area-like compounds. This work is based, as in t
first contribution by Laubshatet al.,4 on the kinetic-energy
dependence of the photoelectron escape depth exploite
increase the relative bulk to surface sensitivity by using p
tons of increasing energy. We present Ce-3d photoemission
with photon energies up to about 4 keV so that the results
highly bulk sensitive. Since the cross sections are rap
decreasing at high energies this experimental approach
been very difficult up to now because of the rather limit
photon energy range accessible to the first works~typically
1100–1700 eV in Ref. 4!. In high-energy photoemission th
more natural and easier starting point is Ce-3d XPS instead
of valence photoemission. In fact, Ce-3d lifetime broadening
is considerable so that high-energy Ce-3d XPS is easier
since it does not require the resolution needed in vale
photoemission. Nevertheless, Ce-3d XPS gives significant
information since the different configurations contributing
the spectra are very well separated by the Coulo
interaction.1,2 By exploiting high-energy photoemission w
introduce also a new method of data treatment in orde
extract the bulk information. This approach is useful far fro
resonances where the disentangling of bulk versus sur
can be more complicated due to possible differences in
15 047 © 1997 The American Physical Society
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15 048 56L. BRAICOVICH et al.
surface and bulk resonances. Thus we do not cover the
L-threshold region. On the other hand, the resonant ph
emission at theL threshold is interesting in itself and i
another important issue in high-energy photoemission fr
Ce and Ce compounds.7

The three CeM2 compounds (M5transition
metal5Fe,Co,Ni! are typical examples of importan
MgCu2-Laves phases. Although the object of theoreti
work8,9 the three compounds have not yet been studied c
pletely even in conventional XPS. Data on Ce-3d XPS from
CeCo2 and CeNi2 are available10 ~however, without the pos
sibility of disentangling safely surface and volume! while
CeFe2 data are lacking, to our knowledge. A specific reas
of interest is the nonmonotonic lattice parameter with
creasingZ providing a significant case in order to compa
bulk spectroscopic information with crystallographic prop
ties. In this connection we show a correlation already in
raw data in the bulk-sensitive regime. Besides that,
present an analysis to recover qualitative ground-state p
erties within the approximation of an impurity model1,2 and
we discuss the problem also in connection with the availa
information from an itinerant treatment.8,9 The present re-
sults are also compared with the bulk information availa
in the literature on related systems leading to suggestions
further research.

The paper is organized as follows. The experimental
formation is given in Sec. II while an overview of the e
perimental results is given in Sec. III, including the relati
weights of the various configurations in the bulk. The resu
are discussed in Sec. IV. The technical details of the d
handling in order to extract the bulk information are given
Sec. V. The reader not interested in these details can
directly to the conclusions given in Sec. VI.

II. EXPERIMENT

The polycrystalline samples were prepared by induct
melting from stoichiometric amounts of the pure compone
under Argon atmosphere. They were annealed for sev
days and checked by x-ray diffraction and microprobe ana
sis. The amount of unwanted phases is below 0.5%.

The measurements were made at the European Sync
tron Radiation Facility in Grenoble11,12 using beamline
ID12A with a double crystal monochromato
(minimum energy>2 keV) and a side branch beamlin
~ID12B! based on a grating in the Dragon mounting worki
between 0.5 and 1.6 keV. Photoemission athn52660 and
3850 eV has been measured at ID12A with a photon ene
bandwidth of 0.8 eV while the other cases have been m
sured at ID12B~bandwidth between 1 eV athn51050 and
1.4 eV at hn51400 eV!. The photoemission spectra hav
been measured with a hemispherical spectrometer with
trance optics accepting620° ~Perkin Elmer PHI 3057 mode
with high-transmission Omega lens! with 60° incidence of
the light with respect to the spectrometer input optics. W
used normal photoemission in order to increase the bulk
sitivity. In the straight beamline a beryllium window wa
used to separate the vacuum of the chamber from the be
line to avoid contamination. The samples were cleanedin
situ by scraping with a diamond file and were periodica
cleaned about every two hours for precaution, always w
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reproducible results. The average acquisition time per sp
trum is about 4 h.

The maximum photon energy in the experiment~3850
eV! was dictated by the upper kinetic energy measurable
the spectrometer in the standard configuration. This pho
energy is sufficient to give spectra largely dominated by
bulk contribution. Our measurements taken with synchrot
radiation at the energy of the Al-Ka line ~1486.7 eV! are in
excellent agreement with the literature on conventio
Al- Ka XPS.10 In order to disentangle the bulk and surfa
contributions the use of the Ce-3d photoemission excited a
the Al-Ka energy is more involved than in the other cas
since the photoemission spectrum is superimposed to
broad distribution coming from the Ce-MNN Auger deca
Thus these measurements are not included in the pre
work.

III. OVERVIEW OF EXPERIMENTAL RESULTS

The Ce-3d photoemission results from the four com
pounds are summarized in Fig. 1 giving an overview of t
trend versus the photon energy and of the effect of chem
composition. All spectra are raw data~including back-
ground! and are normalized to the same height to show
lineshape changes. The binding energies are measured
tive to that of the 3d5/2- f 1 peak, which is about 882 eV. Th
spectral assignments based on thef 0, f 1, and f 2 configura-
tions are well known1,2 and are given by the bars at th
bottom of panelA. The difference between Ce7Ni3, which is
g-like, and the more hybridized Ce compounds~a-like! is, as
expected, clearly seen. Moreover, in each of the threea-like
Laves phases the spectra evolve at increasing photon en
towards a morea-like behavior since the spectra becom
more sensitive to the bulk. This is best shown by the incre
of the f 0 and f 2 components on passing from the surfac
sensitive regime athn51050 eV~kinetic energy 135 eV! to
the more bulk-sensitive regime at the maximum energy
this experiment~hn53850 eV–kinetic energy 2930 eV!.
This is consistent with the expectations4–6,13 and allows an
easy access to the bulk properties, as will be shown belo

The raw data show also differences within thea-like
Laves phase family. This is better seen~Fig. 2! in the com-
parison between the bulk-sensitive spectra of the three c
pounds (hn53850 eV). A good indicator of the hybridiza
tion strength is the spectral intensity in the region betwe
the two main f 1 peaks where two hybridization sensitiv
features~3d5/2- f 0 and 3d3/2- f 2! overlap. In Fig. 2 this spec
tral region is presented with normalization of the three sp
tra to the same height of the 3d3/2- f 1 peak. The relative
intensity in this region increases in the sequen
CeNi2,CeFe2,CeCo2 giving an hybridization trend nonmono
tonic with the transition metal atomic number, which will b
discussed later.

In the Laves phases the increase of the bulk sensiti
with increasinghn is visible also in the comparison betwee
the spectra takenhn52660 and 3850 eV. Thus even at hig
photon energies the surface contribution, although redu
is not negligible and the spectrum athn53850 eV is not
completely bulklike. Hence, some data handling is s
needed to obtain the bulk information. This will be done
Sec. V but we stress from the very beginning that in t
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56 15 049HIGH-ENERGY Ce-3d PHOTOEMISSION: BULK . . .
high-energy region the surface effect is small and that
present data allow the recovery of the bulk properties wit
high degree of confidence. In the limit of high kinetic ene
gies the photoelectron escape depth (L) is much longer than
the surface region thickness (s). It is reasonable that this
thickness is of the order of 2 ML since the hybridization
the nearest neighbor is changed by the incomplete fi
neighbor coordination shell and this in turn affects t
second-neighbor coordination shell. In fact in the study of
overlayers onto Fe by using an Sm overlayer to suppress
Ce surface effects, Kierrenet al.14 have shown that a coupl
of layers is the typical depth scale affected by surface
interface effects. An independent argument showing that
thickness~hereafter referred to as ‘‘surface thickness’’! is
about a couple of layers is given in Ref. 15 based on
comparison between resonant valence photoemission a
the 3d and the 4d edges. Thus in our high-energy measu
ments the fractional weight of the surface component is
the order of (s/L). With theL values appropriate to the rar
earths used in Ref. 6 this fractional weight is of the order

FIG. 1. Summary of Ce-3d photoemission results~raw data!
from CeFe2, CeCo2, CeNi2, and Ce7Ni3. The spectral assignment
are given at the bottom. In the CeFe2 case an example of the inte
gral background is given.
e
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15%. The small magnitude of this correction is the key po
and explains why the bulk effects are well observed alre
in the raw data.

The Ce7Ni3 spectra taken at 2660 eV and at 3850 eV a
identical within the statistics. This shows that a possible d
ference between bulk and surface in this case is m
smaller than ina-like compounds, consistently with the in
tial arguments~Ref. 4!. Due to the smallness of this possib
effect the study of the separation of the bulk from the surfa
contributions is beyond the possibilities of the present w
and the study of surface versus bulk effects ing-like com-
pounds is left for future investigations. These should be
lowed in the present experimental setup12 by an increase in
sensitivity obtained with a stronger demagnification of t
source onto the sample in the vertical direction. Thus
Ce7Ni3 spectra at lower energies are immaterial to t
present discussion and were not measured.

A detailed discussion of the measured trends versus c
position requires a knowledge of the weights of the vario
configurations in the bulk spectral functions. As mention
above these are only marginally different with respect to
measurements at about 4 keV. However, the presentatio
the data handling needed to recover the bulk informat
takes considerable space. Thus for clarity we anticipate
results and we postpone the presentation of the data t
ment after the discussion of the results. The data treatm
gives the weights of the bulkf 0, f 1, f 2 contributions one
would measure with complete bulk sensitivity in Ce-3d pho-
toemission~Table I—upper panel!. The overall uncertainties
discussed below~see Sec. V C! of the bulk values in the
Laves phases are60.01 ~f 0 components!, 60.02 ~f 2 com-
ponents!, and60.03 ~f 1 components!; these are the range
of possible systematic errors and are not statistical er

FIG. 2. Comparison between Ce-3d photoemission from the
Laves phases CeFe2, CeCo2, CeNi2 in the region comprising the
3d3/2- f 1 peak, the 3d3/2- f 2, and the 3d5/2- f 0 contributions. The
spectra have been normalized to the same peak height to show
change of the line shape. Note the nonmonotonic change of
3d3/2- f 2 and 3d5/2- f 0 intensity along the sequence CeFe2,CeCo2,
CeNi2.
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TABLE I. Summary of the bulk properties obtained from Ce-3d XPS. The upper panel gives the weigh
of the f 0, f 1, and f 2 configurations in the bulk spectral function~the values are close to the spectral weigh
measured withhn53880 eV and are obtained as explained in the text!. The values obtained with an impurit
model~see text! are given in the central panel~configurations in the theoretical XPS spectra! and in the lower
panel~ground-state properties!.

CeFe2 CeCo2 CeNi2 Ce7Ni3

Experimental XPS bulk
values

f 0 weight 0.2060.01 0.2160.01 0.1460.01 0.0560.005
f 1 weight 0.5660.03 0.5260.03 0.6760.03 0.8660.020
f 2 weight 0.2460.02 0.2760.02 0.1960.02 0.0960.015

Model photoemission
spectra

f 0 weight 0.20 0.21 0.15 0.05
f 1 weight 0.56 0.52 0.67 0.86
f 2 weight 0.24 0.27 0.18 0.09

Relative hybridization 1 1.2 0.6 0.21
Model ground state

f 0 weight 0.27 0.29 0.18 0.050
f 1 weight 0.70 0.68 0.80 0.945
f 2 weight 0.03 0.03 0.02 0.005
4 f occupation 0.76 0.74 0.84 0.955
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fluctuating independently, since the inaccuracies combin
give alwaysf 01 f 11 f 251.

IV. DISCUSSION

The discussion is divided into distinct parts. The fi
deals with the information one can extract from the bu
values off 0, f 1, andf 2 in the XPS spectral functionswithout
using any modelso that the conclusions are not subject to
possible criticism connected with the use of models. In
second part we interpret our spectra in terms of the impu
model, which is a standard approach, to recover approxim
information on the ground state. In this connection we d
cuss the results also in connection with the available in
mation from band calculations~Refs. 8 and 9!. Finally, we
discuss the correlation between the macroscopic crysta
graphic properties, the excited-state properties given by
spectral functions, and the ground-state properties.

Let us begin with a comparison with the other availab
Ce-3d experimental information on Ce intermetallics. This
necessarily limited to the cases in which an attempt to
entangle surface and bulk contribution has been made.16 In-
formation is available on Laves phases with heavyM ’s. The
substitution of a lightM element with a heavierM is ex-
pected to increase the hybridization due to the strong
crease of the spatial extension of theM -d wave function,
which is in general greater than the increase of the in
atomic distance.17 In CeRh2 a decomposition of the Cd 3d
XPS in a surface and a bulk component has been prese
recently13 by using Mg-Ka ~1253.6 eV! and Al-Ka ~1476.7
eV! with a bulk f 0 contribution around 13–14 %. This resu
is in qualitative agreement with the present findings but i
probably underestimated since the hybridization in CeRh2 is
expected to be greater than in CeCo2 as explained above. It is
likely that the inaccuracy of Ref. 13 is due to the limite
to
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photon energy range and to the difficulty of using Al-Ka
spectra as mentioned above. In Ref. 4 Laubshatet al. give
results on CeIr2 based on Ce 3d XPS in a wider but still
rather limited energy range~1100–1700 eV! obtaining af 0

weight that is the same, within the accuracy, as in o
CeFe2-CeCo2. This is qualitatively correct but it is likely tha
in CeIr2 the hybridization in the bulk has been somewh
underestimated in Ref. 4 since a greater hybridization is
pected with Ir.18 It would be interesting to investigate thi
and other related Laves phases with heavyM ’s in a wider
photon energy interval.

It is interesting to compare the present CeFe2 results with
the recent results by Kierren and co-workers14,19 on Ce-Fe
interfaces. The authors studied Ce-3d photoemission from
Ce overlayers onto Fe~100! and Fe~110! single crystals. To
the purpose of the present discussion the interesting poi
the large change of the spectral function upon continua
of the surface with another rare earth such as Sm. In
buried Ce monolayer we do expect a smaller hybridizat
than in bulk CeFe2 since Ce is in contact with half a space
Sm not able to give the same hybridization as Fe. It is t
that Sm-5d wave functions are much more extended than
3d but they are too high in energy, Sm being formallyd0. In
fact the measured bulkf 0 weight in CeFe2 is 20% while in
the buried monolayer it is about 15%.

In order to recover information on the ground state fro
Ce-3d XPS it is necessary to use models. The most wid
used model is based on the assumption of treating thef
states as a single impurity with an Anderson Hamiltonian1,2

This drastic assumption has been subject to criticism20–23 in
particular in the cases of very strong hybridization in whi
the lattice effects on the 4f states cannot be ruled outa
priori . In the compounds treated here a conclusive ass
ment of the possibilities of this model cannot be made si
a more detailed exploration of the bulk spectral functio



a
ta

iv
t

th
d

rs

ls

th

d-
or
u

t

av

p
al
e-
e
t
e

e
m
a

o

s
de
o

th
o
h
n
m
e
d

nc
at
ng

ith
it
se
In

rid-

ig.
lat-

-
rre-
that
en

e

c

the

c-
-

56 15 051HIGH-ENERGY Ce-3d PHOTOEMISSION: BULK . . .
from other spectroscopies is still lacking and it is known th
the simultaneous use of different spectroscopy is impor
in the impurity model analysis. We use the modelonly in
qualitative terms to discussCe-3d XPS. In this connection it
is important to note that, in the final state, the attract
potential of the core hole has a dehybridizing effect due
the 4f shell contraction so that ina-like compounds this
spectroscopy has a better chance of being described by
single impurity model than other spectroscopies~in particu-
lar, inverse photoemission where the added 4f electron has a
hybridizing effect!. Within these qualitative limits we are
interested basically in the discussion of the trends of
spectral functions within the Laves phase family. We a
also that the way of treating the ground-state properties
our Laves phases is open to controversy since the autho
Refs. 8 and 9 suggested that the ground state should be
scribed in an itinerant model. For that reason we will a
discuss briefly the link between the two descriptions.

With these precautions in mind we have made a fit of
spectral weights with a simple impurity model based on
semielliptical band to simulate the continuum, with hybri
ization independent of the configuration and without any c
rection for crystal field and multiplet effects. Since an acc
rate analysis of this kind ona-like Ce buried layer in contac
with Fe has been published recently by Kierrenet al.14 we
used as a reference this case that is related to CeFe2 as dis-
cussed above. In the spirit of an approximate fitting we h
used the same set of parameters as in Ref. 14, i.e.,U f f
56.8 eV, U f c510.5 eV, « f521.2 eV.24 The semielliptical
band has been taken 8 eV wide and its bottom has been
at 24 eV, consistently with the indications of the band c
culations given in Ref. 8. Due to the strong similarity b
tween the three Laves phases all above parameters ar
sumed to be the same in the three compounds, while
hybridization is changed to fit the different situations. W
have made a fit of the spectrum by Kierrenet al.14 and after
that we have increased the hybridization to fit the pres
spectral weights in the bulk, thus obtaining the values su
marized in Table I, where the hybridizations are given
relative values with respect to CeFe2. The hybridization of
CeFe2 is about two times that in the buried Ce monolayer
Ref. 14 with a decrease of the 4f occupationnf from 0.818
~buried layer—Table I of Ref. 14! to 0.76 in bulk CeFe2.
Here we prefer to give the hybridization in relative term
since the absolute values, as it is well known, are depen
on the details in the implementation of the model in terms
the description of the continuum. To the purpose of
present discussion, it is more significant to think in terms
trends with respect to a reference value. The fit of the ot
compounds gives the values of Table I with a nonmonoto
trend of nf in the three Laves phases at increasing ato
number of the 3d M. Within the limits discussed above th
agreement between the model and the experiment is goo
terms of the description of the weights in the spectral fu
tions. Of course this agreement must not be overevalu
since, strictly speaking, it does not demonstrate that a si
impurity description is fully adequate.

Finally, it is interesting to compare the above results w
the crystallographic data of the Laves phase family since
known that they are not monotonic along the Fe-Co-Ni
ries. The relevant information is summarized in Fig. 3.
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panel A the lattice parameter~left scale! and the Ce-M
nearest-neighbor distance~right scale! are given. When the
interatomic distance is smaller one expects a larger hyb
ization with a decrease of the 4f occupation and off 1 weight
and with an increase of thef 0 and f 2 weights. The trends of
f 0 and f 2 in the raw spectra have been already shown in F
2 and are correlated with the nonmonotonic trend of the
tice parameters. The weightsf 1 in the measurements@black
squares in Fig. 3~b!# obtained, without using models, by sim
ply decomposing the spectra as in Sec. V A are also co
lated with the trend of the lattice parameter in the sense
a minimum in CeCo2 is seen. Some correlation is also se
with the estimated ground state values off 1 @open squares in
Fig. 3~b!# and, as a consequence, with the estimated 4f oc-
cupation @Fig. 3~c!#. The hybridization parameter in th
model is given in panelD in relative terms with respect to
CeFe2 ~black dots!. The correlation with the crystallographi
data isqualitative but, interestingly enough, it is seenal-
ready in the raw data independently of any model. Of course

FIG. 3. Correlation between the crystallographic data and
photoemission results in the Laves phase sequence CeFe2,CeCo2,
CeNi2. PanelA: lattice parameters~left scale! and interatomic dis-
tances between Ce and the transition metal~right scale!. PanelB:
the weights of thef 1 configuration in the measured bulk XPS spe
tral function ~black squares! and thef gs

1 ground state weights de
duced with an impurity model as explained in the text~open
squares!. PanelC: the ground-state occupationnf of Ce-4f levels
deduced with the impurity model. PanelD: the relative hybridiza-
tion ~with respect to CeFe2 assumed as a reference!, deduced with
the impurity model from the fitting of Ce-3d XPS.
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15 052 56L. BRAICOVICH et al.
this argument cannot be pushed too far because the i
atomic distances are only a qualitative indicator of the
bridization. In this connection a last interesting point is t
interplay with the itinerant description of the ground sta
used in Refs. 8 and 9. By assuming a delocalized descrip
we can consider the total 4f bandwidth as a qualitative indi
cator of the hybridization. The partial 4f -derived density of
states of Fig. 1 of Ref. 9 show a total 4f bandwidth that is
clearly larger in CeCo2 than in the other two compound
with a correlation with the trend of our hybridization param
eter. In this sense there is a link between the itinerant and
impurity description. In effect the hybridization to be in
serted in the impurity model should increase with the va
of the 4f function on the Ce Wigner-Seitz sphere as su
gested by Gunnarsson and Jepsen.25 On the other hand, in an
itinerant picture the bandwidth is increasing with this valu
although nonlinearly, and this explains the existence o
correlation. Thus the present situation is consistent with
inherent link between the impurity and the itinerant descr
tions given by the behavior of the 4f tails in the interatomic
region. This also suggests that, in cases of strong hybrid
tion, an itinerant ground state picture can probably give
trends of the typical parameters to be used in an approxim
treatment of core excitations based on an impurity mode

V. DATA TREATMENT

Since the higher energy spectra are dominated by the
contribution and we are not interested in surface propertie
is possible to introduce a new simple data treatment to
cover bulk information. In the traditional approach the sp
trum is decomposed with some best-fit procedure in a n
ber of functions representing the subcomponents. Given a
site there are six components~f 0, f 1, and f 2 within each
spin-orbit contribution!, three of which are independent du
to the constraints given by spin-orbit splitting and branch
ratio. A spectrum containing a surface and a bulk contri
tions has thus to be decomposed in principle in 12 com
nents ~six from the bulk and six from the surface! and a
background. Since the effects coming from the subsurf
layer are in general present, the decomposition should
even more complicated and would imply 18 compone
~nine independent! and a background. Here instead offunc-
tions we are interested only in the weights of the bulk co
ponentsf 0, f 1, andf 2, i.e., in three numbers. These numbers
can be obtained rather directly from the high-energy d
without a decomposition into subfunctions thus avoidi
many difficulties, implicit assumptions, and uncertainties.

At each photon energy one obtains the fractional weig
of the f 0, f 1, and f 2 components in a rather direct way a
explained in Sec. VI A. Each weight is the sum of the bu
and of the surface contributions with an increasing sens
ity to the bulk at increasinghn. The next step is the use o
the dependence of the measured weights on the photo
tron kinetic energy~Sec. VI B! showing a high-energy rang
in which (s/L)!1, wheres is the surface thickness andL
the escape depth~this will be called ‘‘asymptotic regime’’!.
In this case it is rather easy to extract the bulk informat
with minor corrections to the measured weights. In what f
lows all examples refer to CeFe2.
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A. Extraction of the f 0, f 1, and f 2 weights
from a single spectrum

In order to extract the totalf 0, f 1, and f 2 weights
(surface1bulk) from a single spectrum we will follow an
approach relying upon a very limited set of assumptio
Since this step is similar to what is already outlined in R
13 we cover only some relevant points.

Determination of f0. The Ce 3d3/2- f 0 peak is very well
seen~around230 eV in Fig. 1! and its area is obtained ver
easily. An independent measurement of the Ce3d5/2- f 0 peak
area is done as follows. In the 3d5/2- f 0 region there is also a
contribution from the 3d3/2- f 2 contribution which can be
eliminated as in Fig. 4. The measured spectrum is supe
posed to the same spectrum shifted by the 3d spin-orbit split-
ting and rescaled by the statistical branching ratio~original
spectrum given by the black dots and shifted spectrum by
heavy line!. Without making any assumptionthe two spectra
coincide very well, as they must, in the 3d3/2- f 1 region so
that the shaded area between the two curves is due ex
sively to the 3d5/2- f 0 contribution. The difference spectrum
in the bottom of Fig. 4~open points! gives the 3d5/2- f 0 line
with a shape in good agreement with the 3d3/2- f 0 and an area
consistent with the branching ratio. Thus two independ
determinations off 0 give consistent values. The accuracy
the 3d5/2- f 0 weight at 3850 eV is about 5%.

Determination of f2 and f1. This is based on 3d5/2 pho-
toemission~Fig. 5!. The evolution of the two high energ
spectra~2660 and 3880 eV! measured in strictly comparabl
conditions is due to the small but measurable increase of
f 2 component when the spectra become more bulk sens
as shown in Fig. 5~a! giving the Ce3d5/2 spectra from CeFe2
at 3850 eV and at 2660 eV normalized to the same p
height. The difference curve~shown at the bottom multiplied
by a factor of 5! due to thef 2 increase defines rather well, i
spite of the statistical noise, the experimentalf 2 line shape,
which is obtained by a polynomial fit~heavy line!. In this
way no assumption is made about the line shape, wh
comes directly from the experiment. Thef 2 line shape is
used in Fig. 5~b! to decompose the spectrum at 3850 eV. T
f 2 peak is subtracted from the spectrum by finding t
weight needed to obtain a difference curve representingf 1

free of undershoots and of oscillations, i.e., having a mo

FIG. 4. The procedure to isolate the Ce-3d5/2- f 0 contribution in
the photoemission spectra~open dots in the bottom!. See the text for
an explanation. The spectra refer to CeFe2.
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tonic variation of the first derivative and a simple oscillati
of the second derivative. All these conditions are very
strictive and allow us to obtain the best result given by
crosses in panelB of Fig. 5. The difference between th
spectra at 3850 and 2660 eV is small so that the backgro
in the 3d5/2- f 2 region is basically the same in the two cas
and thef 2 line shape is independent of any assumption
the background. This has been tested evaluatingf 2 either in
the spectra without the background subtraction or in
spectra after integral background subtraction done as
plained in detail in Ref. 2~see Fig. 1, CeFe2!. On the other
hand, the intensity off 1 is meaningful only after backgroun
subtraction and this introduces some uncertainty inf 1 on top
of those coming from thef 2 subtraction. We have done ex
tensive sensitivity tests of the whole procedure to the va
tion of the parameters including different ways of subtract
f 2. The more significant test was based on the use of spe

FIG. 5. The procedure to isolate the Ce 3d5/2- f 1 and 3d5/2- f 2

contributions in the photoemission spectra. See the text for an
planation. The spectra refer to CeFe2. In (a) the spectrum at the
bottom ~black dots! defines the experimental lineshape of thef 2

contribution. (b) gives the optimized decomposition of the m
sured spectrum at 3880 eV~black dots! in the f 2 contribution~thin
line! and in thef 1 contribution~crosses!.
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having different statistical fluctuations obtained by disca
ing at random a fraction~typically 30%! of the sweeps and
by repeating the whole procedure. We found about 8–10
uncertainty inf 2 and 5% inf 1.

B. Determination of f 0 , f 1 , and f 2 in the bulk
spectral function

The kinetic energy dependence of the measured wei
can be used to obtain the bulk values off 0 and f 2 ~and thus
of f 1!, i.e., the values one would measure in an ideal pho
emission experiment sensitive only to the bulk. This is u
derstood on the basis of the following arguments valid in
asymptotic limit (s/L)!1 where @12exp(s/L)#>(s/L). In
this case it is legitimate to include all surface effects in
single term without distinguishing between surface and s
surface effects since they contribute to a small correcti
The weightf of a given component~f indicates eitherf 0 or
f 2! is the superposition of the surfacef s and of the bulkf b
contributions with bulk and surface weighting signalsi b , i s,
and i b1 i s51 so that

f 5 f bi b1 f si s5 f b~12s/L !1 f s~s/L !5 f b2~s/L !~ f b2 f s!,
~1!

where (f b2 f s).0 since the surface isg like. Thus f is a
linear decreasing function of (1/L). If the dependence of the
escape depth on the kinetic energyEk is given by L
5 f (Ek) the measured values must give in the asympto
regime a linear plot as a function of@1/f (Ek)#. In the high
kinetic-energy regime the escape depth26,27 is well fitted by a
simple power lawL5A•(Ek)

a with A and a constants so
that formula~1! becomes

f 5 f b2Bb ~2!

with

B5~s/A!~ f b2 f s! and b51/~Ek!
a. ~3!

A plot of the measured values in the asymptotic regime
linear in the variableb51/(Ek)

a with slopeB given by Eq.
~3! and with increasing bulk sensitivity at smallerb ~higher
kinetic energies!.

At the beginning one finds the best exponenta linearizing
the plot, which isa51/2 in agreement with the known
square-root dependence of the escape depth in the h
energy range.26,27This is a strong support for the accuracy
the data treatment and is shown in Fig. 6 summarizing
measured values off 0 and f 2 in CeFe2 as a function ofb
51/(Ek)

1/2.
The second step is the extraction of thef 0, f 1, and f 2

bulk values from the graph of Fig. 6. It is intuitive to ex
trapolate the trend to infinite kinetic energy (b50) corre-
sponding to complete bulk sensitivity as given by the th
lines in Fig. 6. As a matter of fact, this is not an artist e
trapolation but is done iteratively up to self-consistency
the basis of the above expressions. A first extrapolation
the three points at lowerb gives initial values off b

0 and of
f b

2. With these values one obtains from the definition ofB
the ratioh of the slopes of the two lines and a new fitting
done with this constraint, giving new bulk values. In order
determineh we used surface valuesf s

0 and f s
2 equal to thef 0

x-

-
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and f 2 values in the measured spectrum of theg-like com-
pound Ce7Ni3 since in this case the bulk and surface para
eters are similar.28 One reaches self-consistency already
the second iteration showing that the procedure is intrin
cally safe. Again this comes from the fact that the extra
lation effect is small. For this reason no more data points
needed at different photon energies. The results of the
trapolation~about 17% increase off 0 and f 2 with respect to
the spectrum athn53850 eV! are consistent with an inde
pendent evaluation based on the available information on
surface thickness and on the escape depth anticipated in
III and giving about 15% effect.

The extrapolation might seem naive since it implies t
the lawL4(Ek)

1/2 is valid up to infinity. However, there ar
good physical reasons to believe in an asymptotic dep
dence close to the square root. The electron-electron sca
ing cross section in the high-energy limits approaches n
riously the 1/Ek

2 low. At high excitation energies an almo
free electron model is reasonable so that the total numbe
accessible states goes withEk

3/2 leading to a mean free pat
proportional toEk

1/2.
Having determined the extrapolatedf 0 and f 2 values the

bulk f 1 value is determined by the normalization conditi
f 01 f 11 f 251. The value off 1 defined in this way is con-
sistent with an independent extrapolation of the measuref 1

values done with the above approach.
The points at low kinetic energy~high b! in Fig. 5 deviate

from the linear plot since they belong to the surface sensi
regime. The traditional XPS work with Al-Ka x rays is
within the asymptotic regime but in a situation where t
data are still strongly influenced by the surface as alre
demonstrated in Refs. 4 and 6. Moreover, there are the
ficulties mentioned above due to the superposition with
Ce-MNN Auger.29 We stress that it is very difficult to in
crease drastically the bulk sensitivity with respect to
present experiment. In order to reduce by a factor of 2
correction to the data ina-like compounds, one should in
crease the photon energy by approximately a factor of 4

FIG. 6. Plot of the measured spectral weightsf 0 and f 2 in CeFe2
at different photon energies vs the inverse of the square root o
kinetic energy in the photoemission spectra. The thin lines fit
values belonging to the asymptotic regime in which the esc
depth increases with the square root of the photoelectron kin
energy. The extrapolation to zero gives the values in an ideal
periment having perfect bulk sensitivity~see the text!.
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tering an energy region extremely unfavorable for pho
emission because of the cross section decrease and o
intensity loss due to the retardation factor in the elect
spectrometer.

C. Accuracy of the results

As discussed above the extrapolation has little effect
the results and the accuracy of the results given in Table
basically determined by the spectral weight decomposit
@Sec. V A#. The main sources of uncertainty are thef 2 de-
termination in the measured spectra which propagates
the f 1 value, and the background subtraction. In summ
the overall uncertainties of the extrapolated bulk values
the Laves phases are60.01 ~f 0 components!, 60.02 ~f 2

components!, and60.03 ~f 1 components!. The inaccuracies
combine to give alwaysf 01 f 11 f 251.

VI. CONCLUSIONS

We have presented a rather detailed application of hi
energy photoemission to Ce-3d spectroscopy with referenc
to the Laves phase sequence CeFe2, CeCo2, and CeNi2, and
to Ce7Ni3. The spectra with excitation near 4 keV are ba
cally bulklike and this allowed us to introduce a new simp
and effective way to extract reliable bulk information fro
the spectral functions. In the weakly hybridizedg-like
Ce7Ni3 the spectra at high energies~hn53850 and 2660 eV!
are essentially free of surface contributions within the sen
tivity of the measurements. In the three Laves phases the
still about 15% surface contribution at the highest ene
reached here~3850 eV!. The bulk values have been dis
cussed in connection with the available information on
lated systems. We have shown that the bulk hybridization
related compounds is likely to have been underestimated
to now and this suggests further high-energy photoemiss
work, which is now possible by exploiting third-generatio
synchrotrons. The measured bulk spectral weights have b
discussed in connection with the trends of crystallograp
properties in this Laves phase family. The present data h
been also fitted qualitatively with a single impurity mod
thus recovering approximate ground-state properties wh
have been also discussed in connection with crystallogra
data. Moreover, we have discussed the connection with
available information on an itinerant description by pointi
out the inherent link between the calculated 4f bandwidth
and the hybridization evaluated with the impurity mod
from the Ce-3d XPS.
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