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We study the photon energy dependence of @eaBBotoemission in Od, compoundg¢M = Fe, Co,N) and
in CeNi; 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 G&, compounds. The results allow us to obtain the bulk contribu-
tion to the spectra in Qd, with a procedure presented here and giving the fractional weights of thef fulk
f1, andf? configurations. In the Qé, 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 hybridizatioMinsgstems
with heavy transition metals has been probably underestimated up tof 86063-18207)06544-7

[. INTRODUCTION use of third-generation synchrotrons, as in the present case,
can be very useful. The present paper is a step forward in this
The electronic properties of cerium and of cerium com-direction and deals with CeeBXPS in thea-like compound
pounds are one of the key topics in the physics of stronglysequence CekFeCeCg, CeNp, and in ay-like partner in the
correlated systems. In this field the application of electronCe-Ni phase diagram (GMi3). This last compound is pre-
spectroscopies has contributed important information, in parsented merely for comparison since the main issue of the
ticular, on the interaction between the Cé-dlectrons and paper area-like compounds. This work is based, as in the
the surrounding environment through hybridization.in  first contribution by Laubshagt al,* on the kinetic-energy
these systems the surfaces are expected to have differetigpendence of the photoelectron escape depth exploited to
properties with respect to the bulk so that a problem arise#icrease the relative bulk to surface sensitivity by using pho-
due to the surface versus bulk sensitivity of the various extons of increasing energy. We present Ge{#hotoemission
perimental methods. Ultraviolet photoemission spectroscopywith photon energies up to about 4 keV so that the results are
the traditional AlKa XPS (x-ray photoemission spectros- highly bulk sensitive. Since the cross sections are rapidly
copy), inverse photoemission in the ultraviolet and in thedecreasing at high energies this experimental approach has
x-ray ranges give a mix of surface and bulk information inbeen very difficult up to now because of the rather limited
different proportions so that a quantitative comparison bephoton energy range accessible to the first wdtipically
tween the results of the different methods is not immediate1100-1700 eV in Ref. 4 In high-energy photoemission the
These problems were basically overlooked until it wasmore natural and easier starting point is C&-8PS instead
shown experimentalf{? that the properties of Ce at the sur- of valence photoemission. In fact, Cet 8fetime broadening
face and in the bulk can be very different. In the systemss considerable so that high-energy Ce-3PS is easier
studied in Refs. 4 and 5 the reduced coordination at the susince it does not require the resolution needed in valence
face decreases the hybridization so that the surface Ce, photoemission. Nevertheless, Cd-XPS gives significant
systems strongly hybridized in the bulften referred to as information since the different configurations contributing to
a-like systems in analogy with-Ce), behave basically as Ce the spectra are very well separated by the Coulomb
in weakly hybridized system&eferred to asy-like systems interaction'? By exploiting high-energy photoemission we
in analogy withy-Ce). A difference in behavior at the sur- introduce also a new method of data treatment in order to
face and in the bulk has also been pointed out bydtial®  extract the bulk information. This approach is useful far from
in elemental Ce. The recovery of reliable bulk informationresonances where the disentangling of bulk versus surface
from electron spectroscopy is still an open problem and thean be more complicated due to possible differences in the
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surface and bulk resonances. Thus we do not cover the Geproducible results. The average acquisition time per spec-
L-threshold region. On the other hand, the resonant photdrum is about 4 h.
emission at thel threshold is interesting in itself and is  The maximum photon energy in the experimgB850
another important issue in high-energy photoemission froneV) was dictated by the upper kinetic energy measurable by
Ce and Ce compounds. the spectrometer in the standard configuration. This photon

The three CBl, compounds I =transition energy is sufficient to give spectra largely dominated by the
metak=Fe,Co,N) are typical examples of important bulk contribution. Our measurements taken with synchrotron
MgCu,-Laves phases. Although the object of theoreticalradiation at the energy of the Ad« line (1486.7 eV are in
work®® the three compounds have not yet been studied conexcellent agreement with the literature on conventional
pletely even in conventional XPS. Data on Cé-8PS from  Al-Ka XPS In order to disentangle the bulk and surface
CeCg and CeNj are availabl¥’ (however, without the pos- contributions the use of the Ced Photoemission excited at
sibility of disentangling safely surface and volumehile  the Al-Ka energy is more involved than in the other cases
CeFe data are lacking, to our knowledge. A specific reasorsince the photoemission spectrum is superimposed to the
of interest is the nonmonotonic lattice parameter with in-broad distribution coming from the Ce-MNN Auger decay.
creasingZ providing a significant case in order to compare Thus these measurements are not included in the present
bulk spectroscopic information with crystallographic proper-work.
ties. In this connection we show a correlation already in the
raw data in the bulk-sensitive regime. Besides that, we
present an analysis to recover qualitative ground-state prop-
erties within the approximation of an impurity motéland The Ce-3l photoemission results from the four com-
we discuss the problem also in connection with the availabl@ounds are summarized in Fig. 1 giving an overview of the
information from an itinerant treatmeff. The present re- trend versus the photon energy and of the effect of chemical
sults are also compared with the bulk information availablecomposition. All spectra are raw datdncluding back-
in the literature on related systems leading to suggestions fayround and are normalized to the same height to show the
further research. lineshape changes. The binding energies are measured rela-

The paper is organized as follows. The experimental intive to that of the 85, f* peak, which is about 882 eV. The
formation is given in Sec. Il while an overview of the ex- spectral assignments based on tRgf!, andf? configura-
perimental results is given in Sec. Ill, including the relativetions are well knowh? and are given by the bars at the
weights of the various configurations in the bulk. The resultshottom of paneA. The difference between @i, which is
are discussed in Sec. IV. The technical details of the datg-like, and the more hybridized Ce compouridslike) is, as
handling in order to extract the bulk information are given inexpected, clearly seen. Moreover, in each of the tlrdike
Sec. V. The reader not interested in these details can goaves phases the spectra evolve at increasing photon energy
directly to the conclusions given in Sec. VI. towards a moren-like behavior since the spectra become
more sensitive to the bulk. This is best shown by the increase
of the f° and f2 components on passing from the surface-
sensitive regime atv= 1050 eV(kinetic energy 135 eVto

The polycrystalline samples were prepared by inductiorthe more bulk-sensitive regime at the maximum energy in
melting from stoichiometric amounts of the pure componentghis experiment(hv=23850 eV—kinetic energy 2930 @V
under Argon atmosphere. They were annealed for severdlhis is consistent with the expectatién$'®and allows an
days and checked by x-ray diffraction and microprobe analyeasy access to the bulk properties, as will be shown below.
sis. The amount of unwanted phases is below 0.5%. The raw data show also differences within theike

The measurements were made at the European Synchrbaves phase family. This is better se@fig. 2) in the com-
tron Radiation Facility in Grenobté'? using beamline parison between the bulk-sensitive spectra of the three com-
ID12A  with a double crystal monochromator pounds firv=3850eV). A good indicator of the hybridiza-
(minimum energe2 keV) and a side branch beamline tion strength is the spectral intensity in the region between
(ID12B) based on a grating in the Dragon mounting workingthe two mainf! peaks where two hybridization sensitive
between 0.5 and 1.6 keV. Photoemissiorhat=2660 and features(3ds,-f° and 35,-f?) overlap. In Fig. 2 this spec-
3850 eV has been measured at ID12A with a photon energlyal region is presented with normalization of the three spec-
bandwidth of 0.8 eV while the other cases have been medra to the same height of thed3,-f! peak. The relative
sured at ID12B(bandwidth between 1 eV dtr=1050 and intensity in this region increases in the sequence
1.4 eV athv=1400e\). The photoemission spectra have CeNi,CeFg,CeCg giving an hybridization trend nonmono-
been measured with a hemispherical spectrometer with ertenic with the transition metal atomic number, which will be
trance optics accepting 20° (Perkin EImer PHI 3057 model discussed later.
with high-transmission Omega lenwith 60° incidence of In the Laves phases the increase of the bulk sensitivity
the light with respect to the spectrometer input optics. Wewith increasinghv is visible also in the comparison between
used normal photoemission in order to increase the bulk serthe spectra takehy=2660 and 3850 eV. Thus even at high
sitivity. In the straight beamline a beryllium window was photon energies the surface contribution, although reduced,
used to separate the vacuum of the chamber from the bearis not negligible and the spectrum h=3850 eV is not
line to avoid contamination. The samples were cleamed completely bulklike. Hence, some data handling is still
situ by scraping with a diamond file and were periodically needed to obtain the bulk information. This will be done in
cleaned about every two hours for precaution, always witSec. V but we stress from the very beginning that in the

Ill. OVERVIEW OF EXPERIMENTAL RESULTS

Il. EXPERIMENT
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15 1 5 15%. The small magnitude of this correction is the key point
AL o U A and explains why the bulk effects are well observed already
' 3dl I 3d' ' in the raw data.
32 5/2 The CeNij spectra taken at 2660 eV and at 3850 eV are
wululunlunlubulilnlul identical within the statistics. This shows that a possible dif-
3 20 10 0 ; ference between bulk and surface in this case is much
Binding Energy with respect to 3d - (eV) smaller than ina-like compounds, consistently with the ini-
o tial argumentgRef. 4. Due to the smallness of this possible
FIG. 1. Summary of Ce-® photoemission resultaw data  effect the study of the separation of the bulk from the surface
from CeFg, CeCg, CeNp, and CeNis. The spectral assignments ¢ nyriputions is beyond the possibilities of the present work
are given at the pottgm. In the CeFease an example of the inte- and the study of surface versus bulk effectsyifike com-
gral background is given. pounds is left for future investigations. These should be al-
lowed in the present experimental setupy an increase in
high-energy region the surface effect is small and that theensitivity obtained with a stronger demagnification of the
present data allow the recovery of the bulk properties with asource onto the sample in the vertical direction. Thus the
high degree of confidence. In the limit of high kinetic ener-Ce/Ni; spectra at lower energies are immaterial to the
gies the photoelectron escape degth {s much longer than present discussion and were not measured.
the surface region thickness)( It is reasonable that this A detailed discussion of the measured trends versus com-
thickness is of the order of 2 ML since the hybridization to position requires a knowledge of the weights of the various
the nearest neighbor is changed by the incomplete firsteonfigurations in the bulk spectral functions. As mentioned
neighbor coordination shell and this in turn affects theabove these are only marginally different with respect to the
second-neighbor coordination shell. In fact in the study of Cemeasurements at about 4 keV. However, the presentation of
overlayers onto Fe by using an Sm overlayer to suppress thtbe data handling needed to recover the bulk information
Ce surface effects, Kierreet all* have shown that a couple takes considerable space. Thus for clarity we anticipate the
of layers is the typical depth scale affected by surface oresults and we postpone the presentation of the data treat-
interface effects. An independent argument showing that thisment after the discussion of the results. The data treatment
thickness(hereafter referred to as “surface thickness8  gives the weights of the bulk®f%,f? contributions one
about a couple of layers is given in Ref. 15 based on thevould measure with complete bulk sensitivity in Cd-gho-
comparison between resonant valence photoemission acrosemission(Table |—upper pangl The overall uncertainties
the 3d and the 4l edges. Thus in our high-energy measure-discussed belowsee Sec. V € of the bulk values in the
ments the fractional weight of the surface component is of.aves phases are 0.01 (f° components +0.02 (f2 com-
the order of §/L). With theL values appropriate to the rare ponent$, and =0.03 (f! components these are the ranges
earths used in Ref. 6 this fractional weight is of the order ofof possible systematic errors and are not statistical errors
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TABLE I. Summary of the bulk properties obtained from Ce-8PS. The upper panel gives the weights
of the f%, f, andf? configurations in the bulk spectral functigine values are close to the spectral weights
measured witth»= 3880 eV and are obtained as explained in the)i&tie values obtained with an impurity
model(see textare given in the central pan@onfigurations in the theoretical XPS spet@ad in the lower
panel(ground-state propertigs

CeFeg CeCo CeNjp CeNij
Experimental XPS bulk
values
fO weight 0.2@:0.01 0.21-0.01 0.14-0.01 0.05-0.005
f1 weight 0.56-0.03 0.52:0.03 0.67-0.03 0.86-0.020
f2 weight 0.24-0.02 0.27:0.02 0.19:0.02 0.09:0.015
Model photoemission
spectra
fO weight 0.20 0.21 0.15 0.05
f1 weight 0.56 0.52 0.67 0.86
f2 weight 0.24 0.27 0.18 0.09
Relative hybridization 1 1.2 0.6 0.21
Model ground state
fO weight 0.27 0.29 0.18 0.050
f1 weight 0.70 0.68 0.80 0.945
f2 weight 0.03 0.03 0.02 0.005
4f occupation 0.76 0.74 0.84 0.955

fluctuating independently, since the inaccuracies combine tphoton energy range and to the difficulty of using Kk

give alwaysfO+ f1+f2=1. spectra as mentioned above. In Ref. 4 Laubghal. give
results on Celr based on Ce @ XPS in a wider but still
IV. DISCUSSION rather limited energy rangel100—-1700 eV obtaining af®

weight that is the same, within the accuracy, as in our

The discussion is divided into distinct parts. The firstCeFg-CeCg. This is qualitatively correct but it is likely that
deals with the information one can extract from the bulkin Celr, the hybridization in the bulk has been somewnhat
values off%, f1, andf? in the XPS spectral functionsithout  underestimated in Ref. 4 since a greater hybridization is ex-
using any modeso that the conclusions are not subject to thepected with 1r*® It would be interesting to investigate this
possible criticism connected with the use of models. In theand other related Laves phases with hedds in a wider
second part we interpret our spectra in terms of the impurityphoton energy interval.
model, which is a standard approach, to recover approximate It is interesting to compare the present Cefesults with
information on the ground state. In this connection we disthe recent results by Kierren and co-workérs on Ce-Fe
cuss the results also in connection with the available inforinterfaces. The authors studied Cé-Bhotoemission from
mation from band calculation@Refs. 8 and B Finally, we  Ce overlayers onto K&00) and F¢€110 single crystals. To
discuss the correlation between the macroscopic crystallahe purpose of the present discussion the interesting point is
graphic properties, the excited-state properties given by théhe large change of the spectral function upon continuation
spectral functions, and the ground-state properties. of the surface with another rare earth such as Sm. In this

Let us begin with a comparison with the other availableburied Ce monolayer we do expect a smaller hybridization
Ce-3d experimental information on Ce intermetallics. This is than in bulk CeFgsince Ce is in contact with half a space of
necessarily limited to the cases in which an attempt to disSm not able to give the same hybridization as Fe. It is true
entangle surface and bulk contribution has been Mate.  that Sm-% wave functions are much more extended than Fe
formation is available on Laves phases with hedAs. The  3d but they are too high in energy, Sm being formaify In
substitution of a lightM element with a heavieM is ex-  fact the measured bull® weight in CeFgis 20% while in
pected to increase the hybridization due to the strong inthe buried monolayer it is about 15%.
crease of the spatial extension of the-d wave function, In order to recover information on the ground state from
which is in general greater than the increase of the interCe-3d XPS it is necessary to use models. The most widely
atomic distancé! In CeRh, a decomposition of the Cdd3  used model is based on the assumption of treating the 4
XPS in a surface and a bulk component has been presentgthtes as a single impurity with an Anderson Hamiltorlian.
recently® by using MgK a (1253.6 eV and Al-Ka (1476.7  This drastic assumption has been subject to criti&isfiin
eV) with a bulk f° contribution around 13—14 %. This result particular in the cases of very strong hybridization in which
is in qualitative agreement with the present findings but it isthe lattice effects on the f4states cannot be ruled oat
probably underestimated since the hybridization in GeRh priori. In the compounds treated here a conclusive assess-
expected to be greater than in Ce@s explained above. Itis ment of the possibilities of this model cannot be made since
likely that the inaccuracy of Ref. 13 is due to the limited a more detailed exploration of the bulk spectral functions
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from other spectroscopies is still lacking and it is known that
the simultaneous use of different spectroscopy is important
in the impurity model analysis. We use the modelly in
qualitative terms to discusSe-3d XPS In this connection it

is important to note that, in the final state, the attractive
potential of the core hole has a dehybridizing effect due to
the 4f shell contraction so that im-like compounds this
spectroscopy has a better chance of being described by the
single impurity model than other spectroscopigsparticu-

lar, inverse photoemission where the addédelectron has a
hybridizing effect. Within these qualitative limits we are
interested basically in the discussion of the trends of the
spectral functions within the Laves phase family. We add 0.85
also that the way of treating the ground-state properties of

1.0

Relative Hybridization

IIIII]II

o

0.5

0.84
0.80
0.76

4f occupation

our Laves phases is open to controversy since the authors of £ 0-80
Refs. 8 and 9 suggested that the ground state should be de- 9 075
scribed in an itinerant model. For that reason we will also ; 0.70 _
discuss briefly the link between the two descriptions. S o065 | | ‘

With these precautions in mind we have made a fit of the 3 0.60 | !
spectral weights with a simple impurity model based on a w = L xps!
semielliptical band to simulate the continuum, with hybrid- 0.55 — I\l |
ization independent of the configuration and without any cor- 0.50 L—y ; |
rection for crystal field and multiplet effects. Since an accu- T | 305 <
rate analysis of this kind oa-like Ce buried layer in contact ‘E’ 730~ I 3 8
with Fe has been published recently by Kierrnal** we S — | | a0 &
used as a reference this case that is related to Cad-dis- § 720~ IA | l - 3
cussed above. In the spirit of an approximate fitting we have 2 all | - E
used the same set of parameters as in Ref. 14, Ulg., 3710 | | |_2'95 3

=6.8eV,U;=10.5eV,s,=—1.2 eV?* The semielliptical CeFe.  CeCo.  CeNi
band has been taken 8 eV wide and its bottom has been put 2 2 2
at —4 eV, consistently with the indications of the band cal-  FIG. 3. Correlation between the crystallographic data and the
culations given in Ref. 8. Due to the strong similarity be- photoemission results in the Laves phase sequence,C&eg,
tween the three Laves phases all above parameters are &@:Ni, PanelA: lattice parameterfleft scalg and interatomic dis-
sumed to be the same in the three compounds, while thences between Ce and the transition méight scale. PanelB:
hybridization is changed to fit the different situations. Wethe weights of thé* configuration in the measured bulk XPS spec-
have made a fit of the spectrum by Kierrenal'* and after ~ tral function (black squaregsand thef  ground state weights de-
that we have increased the hybridization to fit the presenduced with an impurity model as explained in the tdrpen
spectral weights in the bulk, thus obtaining the values sumsquares PanelC: the ground-state occupation of Ce-4f levels
marized in Table |, where the hybridizations are given agleduced with the impurity model. Parigt the relative hybridiza-
relative values with respect to CeféThe hybridization of ~ tion (with respect to CeReassumed as a referenceleduced with
CeFg is about two times that in the buried Ce monolayer ofth€ impurity model from the fitting of Ce8XPS.
Ref. 14 with a decrease of thd #ccupationn; from 0.818
(buried layer—Table | of Ref. D4to 0.76 in bulk CeFg panel A the lattice parametefleft scale and the CeM
Here we prefer to give the hybridization in relative termsnearest-neighbor distan¢gght scal¢ are given. When the
since the absolute values, as it is well known, are dependeiiteratomic distance is smaller one expects a larger hybrid-
on the details in the implementation of the model in terms ofization with a decrease of thef #ccupation and of* weight
the description of the continuum. To the purpose of theand with an increase of th€ and 2 weights. The trends of
present discussion, it is more significant to think in terms off® andf? in the raw spectra have been already shown in Fig.
trends with respect to a reference value. The fit of the othe? and are correlated with the nonmonotonic trend of the lat-
compounds gives the values of Table | with a nonmonotonidice parameters. The weight$ in the measuremenfblack
trend of n; in the three Laves phases at increasing atomisquares in Fig. ®)] obtained, without using models, by sim-
number of the 8 M. Within the limits discussed above the ply decomposing the spectra as in Sec. V A are also corre-
agreement between the model and the experiment is good lated with the trend of the lattice parameter in the sense that
terms of the description of the weights in the spectral func-a minimum in CeCgis seen. Some correlation is also seen
tions. Of course this agreement must not be overevaluatedith the estimated ground state values bfopen squares in
since, strictly speaking, it does not demonstrate that a singleig. 3b)] and, as a consequence, with the estimatede
impurity description is fully adequate. cupation [Fig. 3(c)]. The hybridization parameter in the
Finally, it is interesting to compare the above results withmodel is given in paneD in relative terms with respect to
the crystallographic data of the Laves phase family since it iCeFe (black dot3. The correlation with the crystallographic
known that they are not monotonic along the Fe-Co-Ni sedata isqualitative but, interestingly enough, it is seei-
ries. The relevant information is summarized in Fig. 3. Inready in the raw data independently of any mod&f course
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this argument cannot be pushed too far because the inter- Shift = Spin-orbit splitting CoFe
atomic distances are only a qualitative indicator of the hy- s 2
bridization. In this connection a last interesting point is the 38;:3 ZS
interplay with the itinerant description of the ground state
used in Refs. 8 and 9. By assuming a delocalized description
we can consider the totalfdbandwidth as a qualitative indi-
cator of the hybridization. The partialf derived density of Shifted f
states of Fig. 1 of Ref. 9 show a totaf dandwidth that is spectrum ®
clearly larger in CeCpthan in the other two compounds % Difference
with a correlation with the trend of our hybridization param- spectrum
eter. In this sense there is a link between the itinerant and the oo o beo oo bbb o e
impurity description. In effect the hybridization to be in- 30 20 10 0

serted in the impurity model should increase with the value
of the 4f function on the Ce Wigner-Seitz sphere as sug-
gested by Gunnarsson and JepSe@n the other hand, in an
itinerant piCtur.e the bandwidth Is incrgasing With this Value’the photoemission spectfapen dots in the bottomSee the text for
althoug_h nonlinearly, and thls_exp_laln_s the existence of a, explanation. The spectra refer to CeFe

correlation. Thus the present situation is consistent with the

inherent link between the impurity and the itinerant descrip- A. Extraction of the f°, f1, and f2 weights

tions given by the behavior of thef4ails in the interatomic from a single spectrum

region. This also suggests that, in cases of strong hybridiza-
tion, an itinerant ground state picture can probably give the
trends of the typical parameters to be used in an approximal
treatment of core excitations based on an impurity model.

Photoemission
intensity

Binding Energy with respect to 3d 5 /z-f 1 (eV)

FIG. 4. The procedure to isolate the Cég3-f° contribution in

In order to extract the totaf®, f!, and f?> weights
urfacerbulk) from a single spectrum we will follow an
approach relying upon a very limited set of assumptions.
Since this step is similar to what is already outlined in Ref.
13 we cover only some relevant points.
Determination of f. The Ce 3l3,-f° peak is very well
seen(around—30 eV in Fig. 2 and its area is obtained very
Since the higher energy spectra are dominated by the bulkasily. An independent measurement of the @g3f° peak
contribution and we are not interested in surface properties &rea is done as follows. In thed3,- f° region there is also a
is possible to introduce a new simple data treatment to recontribution from the #,-f? contribution which can be
cover bulk information. In the traditional approach the spec€liminated as in Fig. 4. The measured spectrum is superim-
trum is decomposed with some best-fit procedure in a numposed to the same spectrum shifted by thlesBin-orbit split-
ber of functions representing the subcomponents. Given a dég and rescaled by the statistical branching ratadginal
site there are six componentt®, f!, and f2 within each  spectrum given by the black dots and shifted spectrum by the
spin-orbit contributioh, three of which are independent due heavy ling. Without making any assumptidhe two spectra
to the constraints given by spin-orbit splitting and branchingcoincide very well, as they must, in thed3,-f* region so
ratio. A spectrum containing a surface and a bulk contributhat the shaded area between the two curves is due exclu-
tions has thus to be decomposed in principle in 12 composively to the 315~ 9 contribution. The difference spectrum
nents (six from the bulk and six from the surfacand a in the bottom of Fig. 4open points gives the 35~ line
background. Since the effects coming from the subsurfacwith a shape in good agreement with tha,3- 9 and an area
layer are in general present, the decomposition should beonsistent with the branching ratio. Thus two independent
even more complicated and would imply 18 componentgleterminations of° give consistent values. The accuracy of
(nine independentand a background. Here insteadfofhc-  the 3dg,-f° weight at 3850 eV is about 5%.
tionswe are interested only in the weights of the bulk com- Determination of f and .. This is based on &, pho-
ponentst®, f1, andf?, i.e., inthree numbersThese numbers toemission(Fig. 5. The evolution of the two high energy
can be obtained rather directly from the high-energy datspectra(2660 and 3880 emeasured in strictly comparable
without a decomposition into subfunctions thus avoidingconditions is due to the small but measurable increase of the
many difficulties, implicit assumptions, and uncertainties. 2 component when the spectra become more bulk sensitive
At each photon energy one obtains the fractional weightsas shown in Fig. &) giving the Ce8ls;, spectra from CeFe
of the f°, f1, and f2 components in a rather direct way as at 3850 eV and at 2660 eV normalized to the same peak
explained in Sec. VI A. Each weight is the sum of the bulk height. The difference curvghown at the bottom multiplied
and of the surface contributions with an increasing sensitivby a factor of 5 due to thef? increase defines rather well, in
ity to the bulk at increasingpv. The next step is the use of spite of the statistical noise, the experimerftaline shape,
the dependence of the measured weights on the photoeleghich is obtained by a polynomial fiheavy ling. In this
tron kinetic energySec. VI B showing a high-energy range way no assumption is made about the line shape, which
in which (s/L)<1, wheres is the surface thickness and comes directly from the experiment. THé line shape is
the escape depttthis will be called “asymptotic regime):  used in Fig. Bb) to decompose the spectrum at 3850 eV. The
In this case it is rather easy to extract the bulk informationf? peak is subtracted from the spectrum by finding the
with minor corrections to the measured weights. In what fol-weight needed to obtain a difference curve represertting
lows all examples refer to Cefe free of undershoots and of oscillations, i.e., having a mono-

V. DATA TREATMENT
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having different statistical fluctuations obtained by discard-
ing at random a fractiofitypically 30% of the sweeps and
Ce 3d5/2 by repeating the whole procedure. We found about 8—10 %
3850 eV uncertainty inf? and 5% inf*.

CeFe 2

B. Determination of f°, f1, and f2 in the bulk
spectral function

The kinetic energy dependence of the measured weights
can be used to obtain the bulk valuesf8fandf? (and thus
of f1), i.e., the values one would measure in an ideal photo-
emission experiment sensitive only to the bulk. This is un-
derstood on the basis of the following arguments valid in the
asymptotic limit &/L)<1 where[1—exp@L)]=(gL). In
this case it is legitimate to include all surface effects in a

>

@ single term without distinguishing between surface and sub-
g LLL L] ' . | I surface effects since they contribute to a small correction.
<= | @ eeee 3850 0V The weightf of a given componentf indicates eitheir® or

2 1 00000 2660 eV f2) is the superposition of the surfadg and of the bulkf,,

2 ! contributions with bulk and surface weighting signgls i,

E CeFe, A

2 andi,+is=1 so that

a

f=fpip+fos=fo(1—S/L)+fo(s/L)=Fo—(SIL)(fp—fo),
(1)

where (,—f)>0 since the surface iy like. Thusf is a
linear decreasing function of (11). If the dependence of the
escape depth on the kinetic ener@y is given by L
=f(E,) the measured values must give in the asymptotic
regime a linear plot as a function p1/f(E,)]. In the high
kinetic-energy regime the escape déptHis well fitted by a
simple power lawL=A-(E,)* with A and « constants so
that formula(1) becomes

5 0 5 -10 =f—Bp @

1 .
Binding Energy with respect to 3d g»-f (eV) with

FIG. 5. The procedure to isolate the Cds3-f and Hs,-f2 B=(s/A)(f,—1y and g=1(E)® )
contributions in the photoemission spectra. See the text for an exa plot of the measured values in the asymptotic regime is
planation. The spectra_ refer to CQFd:_w (a) the_ spectrum at the  |inear in the variable8= 1/(E,)* with slopeB given by Eq.
bottom (black dot3 defines the experimental lineshape of tfe  (3) and with increasing bulk sensitivity at smallgr(higher
contribution. (b) gives the optimized decomposition of the mea-inetic energies
sured spectrum at 3880 ellack dot3 in the f# contribution(thin At the beginning one finds the best exponetinearizing
line) and in thef™ contribution(crossex the plot, which ise=1/2 in agreement with the known

tonic variation of the first derivative and a simple oscillation sSquare-root dependence of the escape depth in the high-
of the second derivative. All these conditions are very renergy rangé>?This is a strong support for the accuracy of
strictive and allow us to obtain the best result given by thethe data treatment and is shown in Fig. 6 summarizing the
crosses in paneB of Fig. 5. The difference between the Measured values df® and f* in CeFe as a function ofg
spectra at 3850 and 2660 eV is small so that the background 1/(Ex) ">

in the s~ f2 region is basically the same in the two cases The second step is the extraction of tffg f*, and f?

and thef? line shape is independent of any assumption orPulk values from the graph of Fig. 6. It is intuitive to ex-
the background. This has been tested evaludtingither in  trapolate the trend to infinite kinetic energg<0) corre-

the spectra without the background subtraction or in thesponding to complete bulk sensitivity as given by the thin
spectra after integral background subtraction done as esines in Fig. 6. As a matter of fact, this is not an artist ex-
plained in detail in Ref. Zsee Fig. 1, CeR& On the other trapolation but is done iteratively up to self-consistency on
hand, the intensity of* is meaningful only after background the basis of the above expressions. A first extrapolation of
subtraction and this introduces some uncertaintftion top  the three points at loweg gives initial values offy and of

of those coming from thé? subtraction. We have done ex- f2. With these values one obtains from the definitionBof
tensive sensitivity tests of the whole procedure to the variathe ratio» of the slopes of the two lines and a new fitting is
tion of the parameters including different ways of subtractingdone with this constraint, giving new bulk values. In order to
f2. The more significant test was based on the use of spectdetermine; we used surface valud§ andfZ equal to thef®
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Photon energies (eV) tering an energy region extremely unfavorable for photo-
(3850 2660 1400 1175 1050) emission because of the cross section decrease and of the
0.3 \ ] intensity loss due to the retardation factor in the electron
) spectrometer.
£ \i Y Y Y
.g 0.2 ‘r"«?\\‘{h C. Accuracy of the results
S o4 S~ As discussed above the extrapolation has little effect on
3 ‘P\,L the results and the accuracy of the results given in Table | is
i CeFe P~ 0 . . . .
2 [~ *f basically determined by the spectral weight decomposition
0 [Sec. V Al. The main sources of uncertainty are tifede-
0 0.5 1 1.5 2 2.5 3 termination in the measured spectra which propagates into
= V\,Ek (Kinetic energy Ej in keV) the f! value, and the background subtraction. In summary

the overall uncertainties of the extrapolated bulk values of
FIG. 6. Plot of the measured spectral weigtandf2in CeFg  the Laves phases are0.01 (f° components +0.02 (f2
at different photon energies vs the inverse of the square root of theomponents and =0.03 (f* components The inaccuracies
kinetic energy in the photoemission spectra. The thin lines fit thecombine to give alway$®+ f1+ f2=1.
values belonging to the asymptotic regime in which the escape
depth increases with the square root of the photoelectron kinetic
energy. The extrapolation to zero gives the values in an ideal ex-

periment having perfect bulk sensitivifgee the tejt VI. CONCLUSIONS

and f? values in the measured spectrum of théike com- We have presented a rather detailed application of high-
pound CeNijg since in this case the bulk and surface param-€nergy photoemission to Ced3pectroscopy with reference
eters are similaf® One reaches self-consistency already into the Laves phase sequence GeReeCg, and CeNj, and
the second iteration showing that the procedure is intrinsito CeNi;. The spectra with excitation near 4 keV are basi-
cally safe. Again this comes from the fact that the extrapo-cally bulklike and this allowed us to introduce a new simple
lation effect is small. For this reason no more data points arand effective way to extract reliable bulk information from
needed at different photon energies. The results of the exhe spectral functions. In the weakly hybridizeglike
trapolation(about 17% increase df andf? with respect to  Ce/Ni; the spectra at high energiésy=3850 and 2660 eV
the spectrum ahv=3850 eV} are consistent with an inde- are essentially free of surface contributions within the sensi-
pendent evaluation based on the available information on thevity of the measurements. In the three Laves phases there is
surface thickness and on the escape depth anticipated in Sestill about 15% surface contribution at the highest energy
[l and giving about 15% effect. reached herd3850 e\j. The bulk values have been dis-
The extrapolation might seem naive since it implies thatcussed in connection with the available information on re-
the lawL = (E,)*?is valid up to infinity. However, there are lated systems. We have shown that the bulk hybridization in
good physical reasons to believe in an asymptotic deperrelated compounds is likely to have been underestimated up
dence close to the square root. The electron-electron scattdo now and this suggests further high-energy photoemission
ing cross section in the high-energy limits approaches notowork, which is now possible by exploiting third-generation
riously the 1EZ low. At high excitation energies an almost synchrotrons. The measured bulk spectral weights have been
free electron model is reasonable so that the total number sfiscussed in connection with the trends of crystallographic
accessible states goes WEﬁlz |eading to a mean free pa[h properties |n this Lavgs phase family. The present data have
proportional toEL?. been also fitted qualitatively with a single impurity model
Having determined the extrapolaté®i and f2 values the thus recovering approximate ground-state properties which
bulk f* value is determined by the normalization condition have been also discussed in connection with crys.talloglraphlc
fO4f1+f2=1. The value off* defined in this way is con- data. Moreover, we have discussed the connection with the

sistent with an independent extrapolation of the meastired available information on an itinerant description by pointing
values done with the above approach. out the inherent link between the calculatefi dandwidth

The points at low kinetic energihigh 8) in Fig. 5 deviate and the hybridization evaluated with the impurity model
from the linear plot since they belong to the surface sensitivd©m the Ce-8 XPS.
regime. The traditional XPS work with Ak X rays is
within the asymptotic regime but in a situation where the
data are still strongly influenced by the surface as already ACKNOWLEDGMENTS
demonstrated in Refs. 4 and 6. Moreover, there are the dif-
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those summarized in Fig. 6 but do not coincide exactly with the
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energy. The data points at the Kle energy are about 6—8 %
out of the thin lines of Fig. 6.



