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The electronic structure of very thin cerium films deposited on Fe~100! and Fe~110! surfaces has been
investigated by Ce 3d photoemission. The cerium layers were disordered and the growth was mainly of a
two-dimensional nature. Ce 3d photoemission experiments have revealed the formation of a strongly hybrid-
ized cerium phase at the interface with iron for both orientations. Obviously, photoemission spectra contain a
contribution from bulk cerium and a contribution from the surface where hybridization is reduced. By covering
cerium layers with three layers of samarium we have been able to suppress the influence of the surface and we
have obtained the contribution from each atomic layer. The electronic structures of these atomic layers are very
different from each other and the corresponding photoemission spectra have been simulated with the
Gunnarsson-Scho¨nhammer model.

I. INTRODUCTION

Cerium is a very particular rare-earth element exhibiting
an isostructural phase transition from theg-Ce phase toward
a-Ce at about 7 kbar and room temperature.1 This transition
is accompanied by a 7% reduction of the lattice parameter
and by an increase in the hybridization of the 4f states with
conduction band. Two opposite models are generally pro-
posed to explain this transition and to describe the cerium
ground-state properties. The first one treats 4f states with a
band formalism2–4 and considersg-Ce→ a-Ce as a Mott
transition:5 the 4f electrons are well localized ing-Ce and
they acquire an itinerant character when the transition toward
thea-Ce phase occurs without any significant change of the
4f occupation number. On the other hand, a many-body ap-
proach in the Anderson model framework6,7 considers the 4f
states as localized states hybridized with delocalized conduc-
tion states. This model provides a satisfactory description as
well of the ground-state properties as of the dynamical be-
haviors~such as high-energy spectroscopies!.8 Nevertheless,
this phenomenological treatment does not take into account
the interactions between neighboring cerium atoms and the
4f -band picture may be more accurate if these interactions
become strong. In metallic Ce-based systems, the character
of the 4f states depends on the hybridization between Ce 4f
and itinerant states of the other elements. The strongly and
weakly hybridized Ce electronic configurations in com-
pounds are usually characterized bya-like andg-like terms,
respectively~by analogy with the electronic configuration of
cerium metal!.

Photoemission is a suitable technique to study the elec-
tronic properties of Ce-based systems and to test the predic-
tions of these two different theoretical approaches. However,
photoemission spectroscopy is a surface sensitive technique
and the contribution from the surface atomic layer to the
total photoemission spectrum is important. In the case of Sm,

Eu, Tm, or Yb-based compounds, it has been shown that a
valence transition could occur at the surface.9–12This behav-
ior generates difficulties in the interpretation of the photo-
emission results that are not directly representative of the
bulk electronic structure.

In the case of cerium, this point has been recently ad-
dressed and it is still discussed. A theoretical study in the
4f -band formalism has predicted that the surface ofa-Ce
should beg-like.13 This result has been experimentally ob-
served on somea-like Ce compounds14,15 and confirmed on
a-Ce,16 which haveg-like surfaces. These authors noticed
that it is necessary to take into account the electronic struc-
ture modification at the surface of strongly hybridized Ce-
based compounds in order to perform a correct analysis of
the photoemission spectra. In that case, the bulk cerium at-
oms appear to be more strongly hybridized than it was con-
sidered previously.

However, it has been shown that some systems do not
exhibit surface hybridization reduction. Tang, Lawrence, and
Hemminger have obtained an epitaxial compound
~CePt2.23) by deposition of Ce on a Pt~111! surface and
770-K annealings.17 Photoemission results indicate that this
compound isa-like in the bulk and also at the surface. This
behavior is interpreted by the fact that the surface is Pt en-
riched and there are then few cerium atoms in contact with
the free surface. Finally, another study demonstrates that one
could obtain one atomica-Ce layer at the surface. By depos-
iting cerium on a W~110! surface, Guet al.have evidenced a
g-Ce → a-Ce transition during the first atomic layer
formation.18 This transition is due to the increase of the layer
compactness, which leads to the decrease of the lattice pa-
rameter. In that case, the hybridization strength increase due
to the Ce-Ce interactions overbalances the surface effect.

Then this surface hybridization reduction is not a general
rule and, since the surface effect is not well understood, this
subject needs further studies. When the surface hybridization
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reduction is well established, one needs an exact knowledge
of the depth affected by this reduction to interpret the pho-
toemission spectra. In that way, L. Braicovichet al. have
recently separateda-like bulk andg-like surface contribu-
tions from Ce 3d photoemission spectra of various Ce-Rh
compounds.19 They have estimated that the hybridization is
reduced for the two atomic layers under the surface. In this
study, as in the previous ones, which have taken numerically
into account ag-like surface contribution, an attenuation co-
efficient or an electron inelastic-math-free-path~IMFP! has
been arbitrarily chosen. The choice of this value is rather
difficult and may be greatly responsible for uncertainties.
Consequently, some aims of our work are as follows: to ob-
tain photoemission spectra ofa-like bulk cerium directly
without numerical treatment, to give an estimation of the
hybridization reduction depth, and to study separately the
electronic structures of the single atomic layers in some Ce
films. To address these questions, scraped polycrystalline
sample are not suitable and it is necessary to work on well-
characterized systems. We have deposited cerium on Fe~100!
and Fe~110! surfaces since no interdiffusion occurs at the
interfaces in Ce/Fe multilayers.20 Moreover, it has been
shown that cerium exhibits very unusual electronic and mag-
netic properties in these multilayers. At the interfaces, ce-
rium is a-like and magnetic circular x-ray dichroism
~MCXD! experiments on CeL2,3 edges have revealed that Ce
atoms carry a 5d magnetic moment, which is antiferromag-
netically coupled to the Fe 3d moment.21 Finally, recent
MCXD experiments on CeM4,5 edges have shown the exist-
ence of a 4f magnetic moment.22 This result points out the
problem of the coexistence of a localized 4f magnetic mo-
ment with the partial delocalization of these states. In that
way, a precise knowledge of the electronic structure of the
cerium layers at the interface is of great importance.

The paper is organized as follows: we shall characterize
the growth mode~Sec. III A! and the crystallographic struc-
ture ~Sec. III B! of the Ce films. Core-level photemission
results for various film thicknesses will be presented in Sec.
III C. Next, we shall show that it is possible to eliminate the
surface contribution to the photoemission spectra by cover-
ing cerium films with samarium overlayers~Sec. IV!. The
surface effect will then be discussed and we shall extract the
contribution from each atomic layers of the cerium films.
These basic spectra will finally be simulated in the
Gunnarsson-Scho¨nhammer model.

II. EXPERIMENTAL PROCEDURE

Ultrathin films of cerium were evaporated on~100!- and
~110!-oriented monocrystalline iron substrates. To avoid sul-
fur or nitrogen contamination frequently encountered with
monocrystalline massive iron, we used epitaxial
3500-Å-thick iron films as substrates. The Fe~100! and
Fe~110! were grown respectively on MgO~100! ~Ref. 23! and
Al 2O3(112̄0) ~Ref. 24! covered with an iridium buffer.
These substrates were prepared in a molecular-beam epitaxy
~MBE! apparatus other than cerium depositions. The iron
substrates were therefore covered with a 20-Å-thick iridium
film to protect them during the transfer from the first appa-
ratus to the other. This protection was removed by ionic etch-
ing and surface recrystallization was achieved by 825-K an-

nealing for 10 min. Before each deposition, the preceding
cerium film was removed in the same way and then surface
cleanliness was checked with Auger spectroscopy. Recrystal-
lization was verified with reflection high energy electron dif-
fraction ~RHEED!.

Our experimental setup consists of a MBE chamber with
RHEED and Auger spectroscopy equipment that is con-
nected to a photoemission chamber VG ESCALAB MK II.
Cerium of 99.9% purity was evaporated from a tungsten cru-
cible heated by Joule effect and samarium was sublimated
from an effusion cell at 765 K. The film thicknesses were
measured with quartz microbalances calibrated from Auger
intensity measurements in the case of cerium evaporations as
we will see in Sec. III A and the evaporation rates were
within the 1–2-Å min21 range. In the case of samarium
evaporations, the quartz microbalance was calibrated from
depositions on Co~0001!.25 The base pressure in all the ap-
paratus was about 4310211 hPa and the pressure never ex-
ceeded 2310210 hPa during evaporations.

Auger spectra were recorded in the derivative mode with
a 3-V peak-to-peak modulation and a primary electron beam
of 2 mA. Photoemission spectra were obtained with Mg
Ka radiation (hn51253.6 eV! and recorded in the constant
DE mode with a pass energy of 20 eV leading to an experi-
mental resolution of about 1 eV. The contributions due to the
Ka2 andKa3 radiations were numerically subtracted from
all the presented spectra.

III. ROOM-TEMPERATURE INTERFACE PROPERTIES

A. Auger results

A precedent study29 showed the possibility of obtaining
an epitaxial Ce2Fe17 compound by deposition of cerium on
Fe~100! and reactive diffusion process. The aim of the
present work is the study of the behavior of the Ce/Fe~100!
and Ce/Fe~110! interfaces at room temperature. We have first
to know the growth mode and, more particularly, to deter-
mine if an interdiffusion process occurs.

For this purpose, we recorded for different temperatures
the dependence of the Fe(MVV) Auger transition intensity
on the cerium deposited quantity~Fig. 1! in order to deter-

FIG. 1. Dependence of the Fe(MVV) Auger transition intensity
on cerium thickness for different substrate temperatures. For tem-
peratures smaller than 375 K, the iron signal vanishes for cerium
thicknesses larger than 10 Å. Intensities are normalized to unity for
bare substrate.
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mine the temperature range where interdiffusion occurs. For
the 275- and 300-K measurements, the iron signal disappears
for cerium film thicknesses greater than 10 Å. This behavior
suggests a uniform coverage of the iron surface and indicates
that, for these temperatures, no noticeable interdiffusion
~which would lead to the persistence of the iron signal! oc-
curs. We will see later that by fitting a layer-by-layer growth
model to the experimental data, we can conclude a two-
dimensional growth. For higher temperatures~375 and 475
K!, the nonzero iron intensity for cerium thicknesses greater
than 10 Å demonstrates that interdiffusion occurs. This sig-
nal is due to iron atoms that have interdiffused in the cerium
layer. One should notice that asymptotic value reached by
iron intensity for a large cerium thickness depends on the
temperature, which means that the higher the temperature,
the larger the interdiffusion. As a consequence, we have car-
ried out cerium deposition at room temperature to avoid in-
terdiffusion except films with samarium coverage~Sec.
IV A !, which were elaborated at 130 K.

The evolution of the Auger intensities at room tempera-
ture can give information about the cerium film growth
mode. We have reported~Fig. 2! the Auger intensitiesICeand
I Fe as a function of the cerium thickness. A model of layer-
by-layer growth has been fitted to the experimental data. In
this model, the iron and cerium intensities for a deposit ofn
complete monolayers of cerium (n>1) are given by

I Fe
n 5I Fe

0 exp~2nd/lFecos42°!, ~3.1!

ICe
n 5ICe

1 (
m51

n21

exp~2md/lCecos42°!, ~3.2!

wherelFe andlCeare the electron attenuation lengths~AL’s !
at the energies of the Fe(MVV) and Ce(NVV) transitions
~47 and 90 eV, respectively!, d is the equivalent thickness of
one atomic layer of Ce~see below!, and cos42° accounts for
the detection angle.

The best agreement with experimental data is obtained for
l Fe54.160.3 Å andlCe52.460.3 Å and the correspond-
ing result is presented in Fig. 2. These values seem weak in

comparison with those observed in many materials and are in
contradiction with the universal behavior proposed by Seah
and Dench, which suggests a minimum AL around 40 eV.26

Very few experimental data are available for rare earths and
it should be noticed that AL’s involved in the above expres-
sions are always 15–30%~even more for low electron ener-
gies and in the case of high atomic number elements! smaller
than the electron IMFP’s that are usually calculated.27 More-
over, it has been shown that the IMFP behavior at low energy
is greatly material dependent. The calculated IMFP mini-
mum could lie between 30 eV~Si! and 140 eV~Au! ~Ref. 28!
but no calculations are available for rare earths. This result
demonstrates that the energy dependence of Seah and Dench
is not a general rule. Therefore, the contradiction with the
‘‘universal’’ behavior does not invalidate the experimental
AL values we obtain. The thickness dependence of the Auger
intensities allows us to exclude a multilayer growth at least
for thicknesses smaller than 4–5 monolayers~ML !. The
multilayer growth would lead to a larger Fe~smaller Ce!
intensity than actually observed. However, for larger thick-
nesses (.5 ML!, the Fe intensity vanishes so that the experi-
mental data become consistent with several growth modes.
But this behavior is not prejudicial for our photoemission
analysis as discussed in Sec. IV.

In the case of a layer-by-layer growth, the positions cor-
responding to the formation of the complete cerium mono-
layers allow the calibration of the thicknesses measured by
the quartz microbalance. In a previous study devoted to the
650 °C depositions,29 we arbitrarily considered that the
equivalent thickness of one cerium monolayer was that of a
g-Ce ~100! plane, i.e., 2.5 Å. In the present work, as we will
see later, RHEED experiments have shown that cerium films
do not exhibit a long-range order and we do not have infor-
mation about their structure. Thus, we believe that it would
be better to consider that one monolayer contains 831014

atoms cm22, which is an average of the two dense planes
~100! and ~110! of g-Ce phase. Assuming that the thin-film
density is that of massiveg-Ce, an equivalent thickness of
2.75 Å can be obtained for one monolayer. This value con-
stitutes the calibration for the quartz microbalance from
which the thicknesses of all cerium films are deduced. For
simplicity, we have not taken into account the 7% decrease
of the lattice parameter that occurs at theg-Ce → a-Ce
transition.1

B. Structural properties

When cerium is deposited at room temperature, the inten-
sity of Fe~100! RHEED patterns decreases rapidly for thick-
nesses greater than one monolayer and these patterns totally
disappear above two monolayers. We then observe a diffuse
background characteristic of the absence of long-range order.
We can then conclude that there is the formation of a disor-
dered cerium phase, which confirms the results of Klose
et al.,20 who observed that cerium is amorphous in Ce/Fe
multilayers. Moreover, for several rare-earth/iron systems
@Gd/Fe~100!,30,31 Tb/Fe~100! and Dy/Fe~100!,32 Sm/Fe~100!
~Ref. 33!# low-energy electron diffraction experiments re-
vealed the growth of disordered rare earth.

FIG. 2. Thickness dependence of the Fe(MVV) and Ce(NVV)
Auger transition intensities and layer-by-layer growth model~solid
line!. Intensities are normalized to unity for iron intensity on bare
substrate.
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C. Photoemission results

Dependence of Ce 3d photoemission spectra on a cerium
deposited quantity is presented in Fig. 3. The different fea-
tures are labeled from the dominating 4f electronic configu-
ration in the final state. Moreover, each one of these transi-
tions is split by spin-orbit interaction within 3d states. The
main feature is always the 4f 1 one while the 4f 0 and 4f 2

features are satellites, intensities of which depend on hybrid-
ization strength and on the configuration mixing in the initial
state. The 4f 0 feature corresponds to transitions toward
nearly pure 4f 0 states and then provides an estimation of this
configuration weight in the initial state~i.e., a measurement
of the 4f state occupation numbernf since the intensity of
the 4f 0 feature is related to 12nf). The 4f 2 feature corre-
sponds to transitions toward states associated with a mixture
of 4f 1 and 4f 2 configurations in the final state and its inten-
sity is directly related to the hybridization strength.34

Three different steps in the evolution of the Ce 3d photo-
emission spectra may be distinguished. Firstly, for thick-
nesses lower than one monolayer, the 4f 0 feature intensity is
very small and compares with that observed on the weakly
hybridizedg-Ce phase. For larger thicknesses, the 4f 0 inten-
sity strongly increases and reaches a maximum for a 2.5 ML
film. This result unambiguously demonstrates the formation
of a strongly hybridized cerium phase. Finally, the 4f 0 inten-
sity progressively decreases and for large thicknesses the
spectrum characteristic ofg-Ce ~Ref. 35! is observed. The

reference spectra shown in Fig. 3 were obtained for a 50-
Å film on iron substrate. One can assume that for such a
thick film, cerium, which contributes to the photoemission
signal, does not feel the iron influence.

One should notice that in the case of thicknesses lower
than 4 ML, photoemission spectra contain several contribu-
tions associated with distinct electronic configurations of the
different layers. Therefore, the experimental spectra only
represent the mean electronic configuration of the film. We
will discuss this problem in Sec. IV.

We have also recorded the Ce 4d and Fe 3s photoemis-
sion spectra evolution~Fig. 4!, which is very similar to that
of Ce 3d spectra. It should be noticed that there is an appear-
ance of small 4f 0 features for a 1.5-ML film. For greater
thicknesses, their intensity increases, reaches a maximum for
2.5-ML, and then decreases. One can also observe that Fe 3s
intensity decreases continuously with cerium deposition and
becomes nearly zero for a 8-ML film. This behavior qualita-
tively confirms the absence of any interdiffusion that would
lead to the persistence of the iron signal.

The formation of a strongly hybridized cerium phase at
the interface with iron has already been reported in the case
of Ce/Fe multilayers.21 In that case, iron layers were poly-
crystalline and strongly~110! textured in the layer plane for
thicknesses greater than 25 Å. We were then interested in the

FIG. 3. Ce 3d photoemission spectra for different cerium thick-
nesses on Fe~100!. All spectra are normalized at the 4f 1 feature
intensity at 369 eV. FIG. 4. Ce 4d and Fe 3s photoemission spectra for different

cerium thicknesses on Fe~100!. All spectra are normalized at the
main Ce 4d feature intensity at 1144 eV.
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influence of the iron surface orientation on cerium hybridiza-
tion since~110! planes are denser than the~100! ones. For
this purpose we have reproduced our experiments with~110!
iron surfaces and the Ce 3d photoemission spectra are pre-
sented in Fig. 5. The evolution of the spectra is the same as
in the case of the~100! surface. We can observe an increase
in the 4f 0 feature intensity, which reaches a maximum for a
2.5-ML film. For greater thicknesses, spectra look more and
more like that of theg-Ce phase. Moreover, the 4f 0 feature
intensities are roughly identical for a same thickness on the
~100! or ~110! iron surface. This result indicates that the
symmetry and the compactness of iron surface do not greatly
influence the electronic configuration of cerium at the inter-
face.

IV. EXTRACTION OF THE CONTRIBUTIONS
FROM THE DIFFERENT ATOMIC LAYERS

AND SIMULATIONS

A. Cerium films with samarium coverage

As already mentioned, photoemission spectra for a few
monolayer films correspond to an average of contributions
from the various atomic layers that may have different elec-
tronic structures. It has been shown that some strongly hy-
bridized cerium-based intermetallic compounds14 or the
a-Ce phase16 exhibit a reduced hybridization at the surface.
Thus, one may have to take into account the influence of this
surface layer to obtain an accurate estimation of the cerium
hybridization strength at the interface with iron.

In order to suppress the surface effect, we have prepared a
one-cerium-monolayer film that has been covered with sev-
eral layers of samarium. This samarium coverage is sup-
posed to mimic the cerium presence on top of the cerium

layer, which is in contact with the iron substrate and does not
contribute to the Ce 3d photoemission spectrum. Indeed, 5d
and 6s orbitals are very similar among the rare-earth series
and samarium in the metallic state is trivalent as weakly
hybridized cerium. We have checked by monitoring the evo-
lution of Auger intensities with samarium coverage that no
interdiffusion between cerium and samarium occurs at 130
K. The Ce 3d photoemission spectra for one cerium mono-
layer covered with three samarium monolayers is presented
in Fig. 6. For comparison, one uncovered cerium monolayer
spectrum is also shown.

The comparison of the two spectra is very impressive
since the uncovered monolayer is trivalent whereas the cov-
ered monolayer exhibits a spectrum characteristic of a
strongly hybridized phase. This spectrum presents 4f 0 and
4 f 2 features that are much more intense than those observed
for the various uncovered cerium films. This result unam-
biguously demonstrates that the cerium layer at the interface
with iron is strongly hybridized if it is not affected by the
surface effect.

This behavior also focuses on the importance of the free
surface, which reduces the hybridization. One can, however,
wonder if this effect is only restricted to the surface layer or
if it affects several layers below the surface. To check this
point, we have prepared a one-cerium-monolayer film cov-
ered with only one samarium monolayer. It should be noticed
that the corresponding spectrum is only comparable to the
other ones after Shirley-type background36 subtraction. In-
deed, the signal-to-background intensity ratio greatly de-
pends on samarium coverage thickness: the three-samarium-
monolayer coverage leads to a greater background level than
in the one-monolayer coverage case. This behavior is due to
the fact that Ce 3d photoelectrons have to travel through

FIG. 5. Ce 3d photoemission spectra for different cerium thick-
nesses on Fe~110!. All spectra are normalized at the 4f 1 feature
intensity at 369 eV.

FIG. 6. Ce 3d photoemission spectra for one monolayer of ce-
rium covered with one and three monolayers of samarium and un-
covered. The inelastic background has been subtracted by Shirley’s
method and the spectra are normalized at the 4f 1 feature intensity at
369 eV.
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samarium and the probability that inelastic scatterings occur
increases with increasing Sm thickness. One can see in Fig. 6
that the obtained spectrum is identical to the one observed
with a three-samarium-monolayer coverage. One could then
conclude that the surface hybridization reduction is restricted
to the atomic layer that is at the surface.

We have also deposited a two-cerium-monolayer film
covered by three samarium monolayers. The corresponding
Ce 3d photoemission spectrum is compared in Fig. 7 to the
two uncovered cerium monoloyers spectrum. As in the case
of the one cerium monolayer, one can observe an enhance-
ment of the 4f 0 feature with the coverage. We have seen that
the surface hybridization reduction only affects the first
atomic layer. Consequently, for two covered or uncovered
monolayer films, the cerium layer lying at the interface with
iron has similar characteristics as the one covered monolayer.
Then, the observed 4f 0 feature enhancement for the covered
film indicates that the second cerium layer is more hybrid-
ized than in the uncovered case. This results demonstrates
that the iron substrate influence is also felt by the second
cerium layer if it is not at the surface.

B. Contributions from the different atomic layers

From these results, we are now able to extract the contri-
butions of each atomic layer from the different Ce 3d pho-
toemission spectra. For instance, in the case of a three-
cerium-monolayer film, the photoemissionS3 ML spectrum
contains three contributions: theS1 contribution from the
strongly hybridized interface cerium layer, theS2 contribu-
tion from the less hybridized second layer, and theS3 con-
tribution from the trivalent surface layer. As we have already
mentioned, inelastic background depends on the film thick-
ness and it must be subtracted to allow comparison or com-
bination of different spectra.

The S1 contribution from the interface layer is simply
given byS1ML,c , the spectra of one covered monolayer:

S15S1 ML,c . ~4.1!

The S3 contribution from the surface layer is given by
S1 ML , the spectra of one uncovered monolayer:

S35S1 ML . ~4.2!

The contribution from the second layer (S2) is obtained
by subtraction of theS1 contribution of the interface layer
~attenuated by a coefficientC due to the electron attenuation
length! from the S2 ML,c spectrum obtained for a two-
monolayer-covered cerium film:

S2 ML,c5
CS11S2
C11

, ~4.3!

⇒S25~11C!S2 ML,c2CS1 . ~4.4!

Note that the area of all the spectra have to be normalized
to unity.

The value of theC5exp(2d/l) attenuation coefficient
~whered is the equivalent thickness of one Ce or Sm mono-
layer andl is the electron attenuation length at Ce 3d pho-
toelectron energy! is obtained by reconstruction and fit of the
S2 ML two uncovered monolayer spectra from the attenuated
S1 interface layer contribution and theS3 surface layer con-
tribution @Fig. 8~a!#:

FIG. 7. Ce 3d photoemission spectra for two monolayers of
cerium covered with three monolayers of samarium and uncovered.
The inelastic background has been subtracted by Shirley’s method
and the spectra are normalized at the 4f 1 feature intensity at 369 eV.

FIG. 8. ~a! Background subtracted Ce 3d experimental spectrum
~solid line! S2 ML and spectrum constructed~points! from S1 and
S3 contributions~see text!. ~b! S1 , S2 , andS3 contributions to the
Ce 3d photoemission spectrum obtained for a three-monolayer ce-
rium film.
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S2 ML5
exp~2d/l!S11S3
exp~2d/l!11

. ~4.5!

We then obtain a value ofC50.6 but it is not drastic: in
the range 0.55,C,0.65~i.e., 4.6,l,6.4 Å!, S2 ML experi-
mental spectra constructed according to Eq.~4.5! still corre-
spond to each other.

TheS1 , S2 , andS3 spectra are presented in Fig. 8~b!.

C. Reconstruction of all experimental spectra

It is now possible to reproduce all the experimental Ce 3d
spectra obtained for different thicknesses from four basic
contributions: theS1 contribution from the layer located at
the interface, theS2 contribution from the second layer, the
Sg-Ce contribution of ag-Ce phase~which corresponds to
the layers located between the second layer and the surface!,
and theS3 contribution from the surface layer.

The contribution from a layer covered withn atomic
planes is attenuated with a factorCn5exp(2nd/l) and then
we get the expression of the reconstructed spectra for all
cerium layer thicknesses:

S1 ML5S3 , ~4.6!

S1.5 ML5
0.5CS11S3
0.5C11

, ~4.7!

S2 ML5
CS11S3
C11

, ~4.8!

S2.5 ML5
0.5~C21C!S110.5CS21S3

0.5C21C11
, ~4.9!

S4 ML5
C3S11C2S21CSg-Ce1S3

C31C21C11
, ~4.10!

and generalizing:

Sn ML5
Cn21S11Cn22S21( i51

n23CiSg-Ce1S3
( i51
n21Ci11

.

~4.11!

The obtained spectra are shown in Fig. 9 and it should be
again noticed that calculated and experimental spectra still
correspond to each other for 0.55,C,0.65.

Using theS3 spectrum for the contributions from the bulk
trivalent layers instead ofSg-Ce would lead to the same
agreement of the 4f 0 and 4f 2 features evolution with the
experimental data. Nevertheless, the use of theSg-Ce spec-
trum permits us to reproduce in addition the shoulder that
appears at 348 eV on the 4f 1 3d3/2 feature.

It should be noticed that this analysis remains valid even
if a multilayer growth occurs after four monolayers since the
cerium is trivalent above three monolayers.

D. Calculation of the single-atomic-layer contributions

In order to get semiquantitative information about elec-
tronic structure of cerium atoms near the interface with iron,
we have numerically simulated the spectra of the different
contributions discussed in Sec. IV B in the framework of the

Gunnarsson-Scho¨nhammer Hamiltonian. This model gives
an extension of the Anderson Hamiltonian37 to describe the
core-level spectroscopies. To take into account the effect of
the core hole, the Hamiltonian is modified in the final state
according to38

HGS5H02Ufc(
m,s

nm,s1«c , ~4.12!

where:

H05(
k,s

«kak
†ak1(

m,s
« fam,s

† am,s

1
Uf f

2 (
m,s
m8,s8

nm,snm8,s81 (
k,m,s

~Vk,mam,s
† ak1 H.c.!

~4.13!

is the one impurity Anderson Hamiltonian.
The parameters of the model are as follows:« f is the

energy of the 4f states;V is the hybridization between 4f
and conduction states;Uf f is the Coulomb interaction be-
tween 4f electrons; andUfc is the Coulomb interaction be-
tween 4f states and the core hole in the final state.

We have used an approach proposed by Kotani and
co-workers39,40which is based on a direct diagonalization of
the HamiltonianHGS in a restricted basis. In our calculation,
the conduction band is rectangular and discretized in 20
equidistant states.

The obtained spectra are convoluted with a 1-eV full
width at half-maximum~FWHM! Lorentzian in order to take

FIG. 9. Simulated Ce 3d photoemission spectra obtained by
combination of four contributions~see text! for different cerium
thicknesses.
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into account the finite core-hole lifetime and with a 2.2-eV
FWHM Gaussian simulating the experimental resolution and
multiplet effect broadenings. The calculated spectra obtained
for describing theS1 , S2 , andS3 contributions discussed in
Sec. IV B are shown in Fig. 10. Although these calculated
spectra are in a rather good qualitative agreement with the
spectra of Fig. 8, they do not exactly reproduce them because
the model does not consider multiplet effects. Our aim was
only to reproduce intensities of the 4f 0 and 4f 2 features that
reflect respectively the 4f state occupation and the hybrid-
ization strength in the initial state. The model parameters
used are reported in Table I. For comparison, we add the
parameters for thea-Ce spectrum from Ref. 35 without tak-
ing into account a surface contribution. It should be noticed
that the hybridization of the interface layerS1 is larger than
the value obtained for thea-Ce phase while the 4f state
occupation number is smaller. This result indicates that the
a-Ce phase is certainly much more hybridized than it is gen-
erally considered following a direct interpretation of photo-
emission spectra that contain a surface contribution. The sec-
ond layer S2 is less hybridized but still feels the iron
influence since its parameters compare to those of thea-Ce
phase when the surface is not taken into account. Finally, the
surface layerS3 is found to beg-like with a 4f states occu-
pation number of about one. The position of its 4f states is
shifted toward higher binding energies compared to bulk
value as it has been already found.8

V. CONCLUSION

A room-temperature study of the electronic properties
study of Ce/Fe interfaces has been presented. The cerium
growth is two dimensional and the interface is sharp without

noticeable interdiffusion. The cerium films do not exhibit
long-range order. For thicknesses greater than 2 ML, photo-
emission results reveal that cerium 4f states are strongly hy-
bridized at the interface with iron states for cerium films
deposited on both Fe~100! and Fe~110! surfaces. Therefore,
symmetry and compactness of the iron surface do not affect
this cerium behavior. In the case of films thinner than two
monolayers, the cerium hybridization is strongly reduced by
the free surface. By covering these films with a few sa-
marium layers, we have suppressed the contact with the sur-
face and then directly obtained the photoemission spectrum
of interface cerium atoms. This original method has permit-
ted us to confirm the crucial role played by the free surface,
which strongly reduces the hybridization at the surface of
a-like systems. On the other hand, photoemission spectra
then obtained are representative of the bulk electronic struc-
ture without numerical treatment so as to subtract a surface
contribution. We have also demonstrated unambiguously that
this surface hybridization reduction only affects the first
atomic layer.

The photoemission contributions from every atomic layer
with different electronic structures have been separated. All
experimental spectra can then be reconstructed from four ba-
sic contributions: contributions from the two strongly hybrid-
ized cerium layers at the interface, the contribution from the
weakly hybridized surface layer and a contribution ofg-Ce
due to all the intermediate cerium layers for larger thick-
nesses.

The contributions from interface layers and surface layer
have been calculated in the Gunnarsson-Scho¨nhammer
model framework. The hybridization of the interface layer is
found to be stronger than that of thea-Ce phase if the sur-
face contribution is not considered. We can then conclude
that one must take into account the surface contribution in
order to perform a correct interpretation of photoemission
results obtained ona-like Ce systems. This procedure of
coverage by a rare-earth overlayer could be used in the future
in order to get directly the bulk photoemission contribution
of manya-like Ce systems.
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FIG. 10. Ce 3d photoemission spectra calculated with
Gunnarsson-Scho¨nhammer’s model to simulateS1 , S2 , andS3 con-
tributions ~see text!.

TABLE I. Gunnarsson-Scho¨nhammer model parameter values
used to obtainS1 , S2 , andS3 spectra of Fig. 10 anda-Ce spectrum
of Ref. 35.

First atomic
layer ~S1!

Second atomic
layer ~S2!

Surface
layer ~S3! a-Ce

Uf f ~eV! 6.8 6.8 6.8 6.8
Ufc ~eV! 10.5 10.5 10.5 10.5
« f ~eV! -1.2 -1.2 -1.5 -1.2
V ~eV! 0.355 0.315 0.260 0.320
nf 0.818 0.861 0.964 0.855
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