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The electronic structure of very thin cerium films deposited ofl6® and F€110) surfaces has been
investigated by Ce @ photoemission. The cerium layers were disordered and the growth was mainly of a
two-dimensional nature. Ced3photoemission 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-Scimhammer model.

I. INTRODUCTION Eu, Tm, or Yb-based compounds, it has been shown that a
valence transition could occur at the surfdc& This behav-

Cerium is a very particular rare-earth element exhibitingior generates difficulties in the interpretation of the photo-
an isostructural phase transition from theCe phase toward emission results that are not directly representative of the
a-Ce at about 7 kbar and room temperathifiénis transition  bulk electronic structure.
is accompanied by a 7% reduction of the lattice parameter In the case of cerium, this point has been recently ad-
and by an increase in the hybridization of thestates with  dressed and it is still discussed. A theoretical study in the
conduction band. Two opposite models are generally pro4f-band formalism has predicted that the surfacexeCe
posed to explain this transition and to describe the ceriunshould bey-like.!® This result has been experimentally ob-
ground-state properties. The first one tredtsstates with a  served on some-like Ce compoundé*®and confirmed on
band formalisri™* and considersy-Ce — a-Ce as a Mott  a-Ce!® which havey-like surfaces. These authors noticed
transition® the 4 electrons are well localized in-Ce and that it is necessary to take into account the electronic struc-
they acquire an itinerant character when the transition towarture modification at the surface of strongly hybridized Ce-
the a-Ce phase occurs without any significant change of thdased compounds in order to perform a correct analysis of
4f occupation number. On the other hand, a many-body aphe photoemission spectra. In that case, the bulk cerium at-
proach in the Anderson model framewdficonsiders the##  oms appear to be more strongly hybridized than it was con-
states as localized states hybridized with delocalized conducidered previously.
tion states. This model provides a satisfactory description as However, it has been shown that some systems do not
well of the ground-state properties as of the dynamical beexhibit surface hybridization reduction. Tang, Lawrence, and
haviors(such as high-energy spectroscopfeblevertheless, Hemminger have obtained an epitaxial compound
this phenomenological treatment does not take into accourfCePt ,9) by deposition of Ce on a Bill) surface and
the interactions between neighboring cerium atoms and th&70-K annealing$’ Photoemission results indicate that this
4f-band picture may be more accurate if these interactionsompound ise-like in the bulk and also at the surface. This
become strong. In metallic Ce-based systems, the characteehavior is interpreted by the fact that the surface is Pt en-
of the 4 states depends on the hybridization between €e 4riched and there are then few cerium atoms in contact with
and itinerant states of the other elements. The strongly anthe free surface. Finally, another study demonstrates that one
weakly hybridized Ce electronic configurations in com-could obtain one atomia-Ce layer at the surface. By depos-
pounds are usually characterized dylike and y-like terms,  iting cerium on a W110) surface, Giet al. have evidenced a
respectively(by analogy with the electronic configuration of y-Ce — «-Ce transition during the first atomic layer
cerium metal. formation!® This transition is due to the increase of the layer

Photoemission is a suitable technique to study the eleczompactness, which leads to the decrease of the lattice pa-
tronic properties of Ce-based systems and to test the predicameter. In that case, the hybridization strength increase due
tions of these two different theoretical approaches. Howeveto the Ce-Ce interactions overbalances the surface effect.
photoemission spectroscopy is a surface sensitive technique Then this surface hybridization reduction is not a general
and the contribution from the surface atomic layer to therule and, since the surface effect is not well understood, this
total photoemission spectrum is important. In the case of Smgubject needs further studies. When the surface hybridization
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reduction is well established, one needs an exact knowledge 1

of the depth affected by this reduction to interpret the pho- ! ! ! ! ' 2731|<
toemission spectra. In that way, L. Braicovieh al. have . 08 1 « 300K |
recently separated-like bulk and y-like surface contribu- - = 375K
tions from Ce @ photoemission spectra of various Ce-Rh z * 475K
compounds? They have estimated that the hybridization is g 06 N
reduced for the two atomic layers under the surface. In this 3

study, as in the previous ones, which have taken numerically 5 04 N
into account ay-like surface contribution, an attenuation co- g

efficient or an electron inelastic-math-free-pathMFP) has 021 n
been arbitrarily chosen. The choice of this value is rather

difficult and may be greatly responsible for uncertainties. 0 D —

: 6 2 4 6 8 10 12 14
Consequently, some aims of our work are as follows: to ob- Ce thickness (&)

tain photoemission spectra af-like bulk cerium directly
without numerical treatment, to give an estimation of the F|G. 1. Dependence of the RdV) Auger transition intensity
hybridization reduction depth, and to study separately th@n cerium thickness for different substrate temperatures. For tem-
electronic structures of the single atomic layers in some Cegeratures smaller than 375 K, the iron signal vanishes for cerium
films. To address these questions, scraped polycrystallingicknesses larger than 10 A. Intensities are normalized to unity for
sample are not suitable and it is necessary to work on wellbare substrate.
characterized systems. We have deposited cerium (t0Be
and Fé110 surfaces since no interdiffusion occurs at thenealing for 10 min. Before each deposition, the preceding
interfaces in Ce/Fe multilayef8. Moreover, it has been cerium film was removed in the same way and then surface
shown that cerium exhibits very unusual electronic and mageleanliness was checked with Auger spectroscopy. Recrystal-
netic properties in these multilayers. At the interfaces, celization was verified with reflection high energy electron dif-
rium is a-like and magnetic circular x-ray dichroism fraction (RHEED).
(MCXD) experiments on Ck, zedges have revealed that Ce ~ Our experimental setup consists of a MBE chamber with
atoms carry a & magnetic moment, which is antiferromag- RHEED and Auger spectroscopy equipment that is con-
netically coupled to the Fed3moment?! Finally, recent nected to a photoemission chamber VG ESCALAB MK II.
MCXD experiments on C#, s edges have shown the exist- Cerium of 99.9% purity was evaporated from a tungsten cru-
ence of a # magnetic momerf This result points out the cible heated by Joule effect and samarium was sublimated
problem of the coexistence of a localizetl agnetic mo- from an effusion cell at 765 K. The film thicknesses were
ment with the partial delocalization of these states. In thameasured with quartz microbalances calibrated from Auger
way, a precise knowledge of the electronic structure of théntensity measurements in the case of cerium evaporations as
cerium layers at the interface is of great importance. we will see in Sec. Ill A and the evaporation rates were
The paper is organized as follows: we shall characterizavithin the 1-2-A min ! range. In the case of samarium
the growth moddSec. Il A) and the crystallographic struc- evaporations, the quartz microbalance was calibrated from
ture (Sec. Il B) of the Ce films. Core-level photemission depositions on Q©®001).%° The base pressure in all the ap-
results for various film thicknesses will be presented in Secparatus was about>410~ ! hPa and the pressure never ex-
Il C. Next, we shall show that it is possible to eliminate the ceeded X 10~ 1° hPa during evaporations.
surface contribution to the photoemission spectra by cover- Auger spectra were recorded in the derivative mode with
ing cerium films with samarium overlayefS$ec. I\). The a 3-V peak-to-peak modulation and a primary electron beam
surface effect will then be discussed and we shall extract thef 2 wA. Photoemission spectra were obtained with Mg
contribution from each atomic layers of the cerium films. K« radiation hr=1253.6 eV and recorded in the constant
These basic spectra will finally be simulated in the AE mode with a pass energy of 20 eV leading to an experi-
Gunnarsson-Scmhammer model. mental resolution of about 1 eV. The contributions due to the
Ka, and Kay radiations were numerically subtracted from

all the presented spectra.
Il. EXPERIMENTAL PROCEDURE P P

Ultrathin films of cerium were evaporated ¢h00)- and I1l. ROOM-TEMPERATURE INTERFACE PROPERTIES
(110-oriented monocrystalline iron substrates. To avoid sul-
fur or nitrogen contamination frequently encountered with
monocrystalline massive iron, we used epitaxial A precedent study showed the possibility of obtaining
3500-A-thick iron films as substrates. The (F&) and an epitaxial CgFe;; compound by deposition of cerium on
Fe(110 were grown respectively on Mg@00 (Ref. 23 and  Feg(100 and reactive diffusion process. The aim of the
Al,05(1120) (Ref. 24 covered with an iridium buffer. present work is the study of the behavior of the Cé1B6)
These substrates were prepared in a molecular-beam epitagpd Ce/FEL10) interfaces at room temperature. We have first
(MBE) apparatus other than cerium depositions. The irorto know the growth mode and, more particularly, to deter-
substrates were therefore covered with a 20-A-thick iridiummine if an interdiffusion process occurs.
film to protect them during the transfer from the first appa- For this purpose, we recorded for different temperatures
ratus to the other. This protection was removed by ionic etchthe dependence of the Rd{/V) Auger transition intensity
ing and surface recrystallization was achieved by 825-K anen the cerium deposited quantitiig. 1) in order to deter-

A. Auger results
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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 4G%V.
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%ven more for low electron ener-
gies and in the case of high atomic number elemesttsller
than the electron IMFP’s that are usually calculateMore-
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 el5i) and 140 eMAu) (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
FIG. 2. Thickness dependence of the (V) and CelNV'V) AL vaI_u.es we obtain. The thickness dependence of the Auger
Auger transition intensities and layer-by-layer growth mogelid intensities allows us to exclude a multilayer growth at least

line). Intensities are normalized to unity for iron intensity on bare for thicknesses smaller than 4-5 monolay€ksL). The
substrate. multilayer growth would lead to a larger Fsmaller Ce
intensity than actually observed. However, for larger thick-
mine the temperature range where interdiffusion occurs. Fanesses$5 ML), the Fe intensity vanishes so that the experi-
the 275- and 300-K measurements, the iron signal disappeansental data become consistent with several growth modes.
for cerium film thicknesses greater than 10 A. This behavioBut this behavior is not prejudicial for our photoemission
suggests a uniform coverage of the iron surface and indicatesnalysis as discussed in Sec. IV.
that, for these temperatures, no noticeable interdiffusion In the case of a layer-by-layer growth, the positions cor-
(which would lead to the persistence of the iron sigrad-  responding to the formation of the complete cerium mono-
curs. We will see later that by fitting a layer-by-layer growth jayers allow the calibration of the thicknesses measured by
model to the experimental data, we can conclude a tWothe quartz microbalance. In a previous study devoted to the
dimensional growth. For higher temperatu@35 and 475 g50°C deposition®® we arbitrarily considered that the

K), the nonzero iron intensity for cerium thicknesses greateéquivalent thickness of one cerium monolayer was that of a

than 10 A demonstrates that interdiffusion occurs. This SI9°)_Ce (100 plane, i.e., 2.5 A. In the present work, as we wil

lr;aléf %Jﬁetzggﬂlgtgg:iéh?;;agg 'r?fe{gtlgu\s,gﬁjén rtgscf]eer('jugkee later, RHEED experiments have shown that cerium films
yer. ymp 0 not exhibit a long-range order and we do not have infor-

iron intensity for. a large cerium thickness depends on the ation about their structure. Thus, we believe that it would
:ﬁ;nlp;errature, \_/vh|ch_meens that the higher the temperaturg,e better to consider that one monolayer contains16“
ger the interdiffusion. As a consequence, we have caf- 5 N

ried out cerium deposition at room temperature to avoid in20Ms ¢M <, which is an average of the two dense planes
terdiffusion except films with samarium coveragsec. (100 and(110 of y-Ce phase. Assuming that the thin-film
IV A), which were elaborated at 130 K. density is that of massive-Ce, an equivalent thickness of

The evolution of the Auger intensities at room tempera-2.75 A can be obtained for one mOﬂOlayer. This value con-
ture can give information about the cerium film growth stitutes the calibration for the quartz microbalance from
mode. We have reporté#ig. 2) the Auger intensitiesccand ~ Which the thicknesses of all cerium films are deduced. For
|- as a function of the cerium thickness. A model of layer-simplicity, we have not taken into account the 7% decrease
by-layer growth has been fitted to the experimental data. lof the lattice parameter that occurs at theCe — «-Ce
this model, the iron and cerium intensities for a deposit of transition!
complete monolayers of ceriunm& 1) are given by

Ce coverage (ML)

Normalized intensities

0 2 4 6 8 10 12 14
Ce thickness (A)

IE=1 geexp(— Nnd/\gL£0s429, (3.2 B. Structural properties
N1 Whendceri;Jm is deposited at room temperature, the inten-
N1 sity of F§100 RHEED patterns decreases rapidly for thick-
ICe:ICele eXP( —M/A cL0s42), (32 nesses greater than one monolayer and these patterns totally
disappear above two monolayers. We then observe a diffuse
where\ o andA ¢ are the electron attenuation lengtidd’'s)  background characteristic of the absence of long-range order.
at the energies of the R#VV) and Ce(VV) transitions We can then conclude that there is the formation of a disor-
(47 and 90 eV, respectivelyd is the equivalent thickness of dered cerium phase, which confirms the results of Klose
one atomic layer of Césee beloy, and cos42° accounts for et al,’® who observed that cerium is amorphous in Ce/Fe
the detection angle. multilayers. Moreover, for several rare-earth/iron systems
The best agreement with experimental data is obtained fdiGd/F&100),%°%! Th/Fg100) and Dy/F&100),3? Sm/F&100)
N e=4.1+0.3 A and\.=2.4+0.3 A and the correspond- (Ref. 33] low-energy electron diffraction experiments re-
ing result is presented in Fig. 2. These values seem weak ivealed the growth of disordered rare earth.
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FIG. 3. Ce 3l photoemission spectra for different cerium thick- Kinetic energy (€V)

nesses on F&00). All spectra are normalized at thef 4feature
intensity at 369 eV. FIG. 4. Ce 4 and Fe 3 photoemission spectra for different
C. Photoemission results cer?um thicknesses_ on [‘—J_EOO). All spectra are normalized at the
’ main Ce 4 feature intensity at 1144 eV.

Dependence of Ced3photoemission spectra on a cerium
deposited quantity is presented in Fig. 3. The different feareference spectra shown in Fig. 3 were obtained for a 50-
tures are labeled from the dominating dlectronic configu- A film on iron substrate. One can assume that for such a
ration in the final state. Moreover, each one of these transitick film, cerium, which contributes to the photoemission
tions is split by spin-orbit interaction withind3states. The signal, does not feel the iron influence.
main feature is always thef% one while the 4° and 42 One should notice that in the case of thicknesses lower
features are satellites, intensities of which depend on hybricthan 4 ML, photoemission spectra contain several contribu-
ization strength and on the configuration mixing in the initial tions associated with distinct electronic configurations of the
state. The #° feature corresponds to transitions towarddifferent layers. Therefore, the experimental spectra only
nearly pure 4° states and then provides an estimation of thisrepresent the mean electronic configuration of the film. We
configuration weight in the initial stat@é.e., a measurement will discuss this problem in Sec. IV.
of the 4f state occupation number; since the intensity of We have also recorded the Cd 4nd Fe 3 photoemis-
the 4° feature is related to 4n¢). The 42 feature corre- sion spectra evolutiofFig. 4), which is very similar to that
sponds to transitions toward states associated with a mixturef Ce 3 spectra. It should be noticed that there is an appear-
of 4f1 and 42 configurations in the final state and its inten- ance of small #° features for a 1.5-ML film. For greater
sity is directly related to the hybridization strendth. thicknesses, their intensity increases, reaches a maximum for

Three different steps in the evolution of the G ghoto-  2.5-ML, and then decreases. One can also observe that Fe 3
emission spectra may be distinguished. Firstly, for thick-intensity decreases continuously with cerium deposition and
nesses lower than one monolayer, tti8 #ature intensity is becomes nearly zero for a 8-ML film. This behavior qualita-
very small and compares with that observed on the weaklyively confirms the absence of any interdiffusion that would
hybridizedy-Ce phase. For larger thicknesses, thi®iaten-  lead to the persistence of the iron signal.
sity strongly increases and reaches a maximum for a 2.5 ML The formation of a strongly hybridized cerium phase at
film. This result unambiguously demonstrates the formatiorthe interface with iron has already been reported in the case
of a strongly hybridized cerium phase. Finally, tH€ #nten-  of Ce/Fe multilayeré! In that case, iron layers were poly-
sity progressively decreases and for large thicknesses thmystalline and strongly110 textured in the layer plane for
spectrum characteristic of-Ce (Ref. 39 is observed. The thicknesses greater than 25 A. We were then interested in the
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FIG. 6. Ce 8 photoemission spectra for one monolayer of ce-
FIG. 5. Ce 8 photoemission spectra for different cerium thick- rium covered with one and three monolayers of samarium and un-
nesses on K&10. All spectra are normalized at thef4feature  covered. The inelastic background has been subtracted by Shirley’s
intensity at 369 eV. method and the spectra are normalized at tHefdature intensity at
369 eV.

influence of the iron surface orientation on cerium hybridiza- L ) .
tion since(110) planes are denser than thE00) ones. For layer, which is in contact with the iron substrate and does not

this purpose we have reproduced our experiments (&itf) contribute to the CedSpho_to_emission spectrum. Indeed] 5
iron surfaces and the Ced3hotoemission spectra are pre- and & orbitals are very similar among the rare-earth series

sented in Fig. 5. The evolution of the spectra is the same a&"d samarium in the metallic state is trivalent as weakly
in the case of th€100) surface. We can observe an increaselYPridized cerium. We have checked by monitoring the evo-

in the 4° feature intensity, which reaches a maximum for glution of Auger intensities with samarium coverage that no

2.5-ML film. For greater thicknesses, spectra look more andtérdiffusion between cerium and samarium occurs at 130
more like that of they-Ce phase. Moreover, the %feature

K. The Ce 3 photoemission spectra for one cerium mono-

intensities are roughly identical for a same thickness on thi?yer covered with three samarium monolayers is presented
(100 or (110 iron surface. This result indicates that the " Fig- 6. For comparison, one uncovered cerium monolayer

symmetry and the compactness of iron surface do not great§PECtrum is also shown. _ , _
influence the electronic configuration of cerium at the inter- 1 N€ comparison of the two spectra is very impressive
face. since the uncovered monolayer is trivalent whereas the cov-

ered monolayer exhibits a spectrum characteristic of a
strongly hybridized phase. This spectrum preserifs ahd

IV. EXTRACTION OF THE CONTRIBUTIONS 4f? features that are much more intense than those observed
FROM THE DIFFERENT ATOMIC LAYERS for the various uncovered cerium films. This result unam-
AND SIMULATIONS biguously demonstrates that the cerium layer at the interface

with iron is strongly hybridized if it is not affected by the
surface effect.

As already mentioned, photoemission spectra for a few This behavior also focuses on the importance of the free
monolayer films correspond to an average of contributionsurface, which reduces the hybridization. One can, however,
from the various atomic layers that may have different elecwonder if this effect is only restricted to the surface layer or
tronic structures. It has been shown that some strongly hyif it affects several layers below the surface. To check this
bridized cerium-based intermetallic compoulfder the point, we have prepared a one-cerium-monolayer film cov-
a-Ce phas® exhibit a reduced hybridization at the surface. ered with only one samarium monolayer. It should be noticed
Thus, one may have to take into account the influence of thighat the corresponding spectrum is only comparable to the
surface layer to obtain an accurate estimation of the ceriurother ones after Shirley-type backgrodhdubtraction. In-
hybridization strength at the interface with iron. deed, the signal-to-background intensity ratio greatly de-

In order to suppress the surface effect, we have preparedpends on samarium coverage thickness: the three-samarium-
one-cerium-monolayer film that has been covered with sevmonolayer coverage leads to a greater background level than
eral layers of samarium. This samarium coverage is sup# the one-monolayer coverage case. This behavior is due to
posed to mimic the cerium presence on top of the ceriunthe fact that Ce & photoelectrons have to travel through

A. Cerium films with samarium coverage
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samarium and the probability that inelastic scatterings occur
increases with increasing Sm thickness. One can see in Fig. 6
th.at the obtained spectrum is identical to the one observed FIG. 8. (a) Background subtracted Cel @xperimental spectrum
with a three-samarium-monolayer coverage. One could thei

A o . olid line) S, \,. and spectrum constructggointy from S; and
conclude that the surface hybridization reduction is restricte contributions(see text (b) S;, S,, andS, contributions to the

to the atomic layer that is at the surface. _ Ce 3 photoemission spectrum obtained for a three-monolayer ce-
We have also deposited a two-cerium-monolayer filmy,m fiim.

covered by three samarium monolayers. The corresponding
Ce 3 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- o o
ment of the 4° feature with the coverage. We have seen that 1he S; contribution from the surface layer is given by
the surface hybridization reduction only affects the firstSimL. the spectra of one uncovered monolayer:

atomic layer. Consequently, for two covered or uncovered

monolayer films, the cerium layer lying at the interface with S$3=S; mL- 4.2
iron has similar characteristics as the one covered monolayer.

Then, the observedf4 feature enhancement for the covered  The contribution from the second laye®,) is obtained
film indicates that the second cerium layer is more hybridyy subtraction of theS; contribution of the interface layer
ized than in the uncovered case. This results demonstrateattenuated by a coefficiefit due to the electron attenuation
that the iron substrate influence is also felt by the secongength from the S,mLc Spectrum obtained for a two-

$1=S1 mLe- 4.1

cerium Iayer if it is not at the surface. mono|ayer-covered cerium film:
B. Contributions from the different atomic layers S, — CS+S, 4.3
Mbe™ Cc+1 '

From these results, we are now able to extract the contri-
butions of each atomic layer from the different Ce 8ho-

toemission spectra. For instance, in the case of a three- =5=(1+C)S;m,c—CS;. (4.9
cerium-monolayer film, the photoemissid,, spectrum

contains three contributions: th®, contribution from the Note that the area of all the spectra have to be normalized
strongly hybridized interface cerium layer, tig contribu-  to unity.

tion from the less hybridized second layer, and $econ- The value of theC=exp(—d/\) attenuation coefficient

tribution from the trivalent surface layer. As we have already(whered is the equivalent thickness of one Ce or Sm mono-
mentioned, inelastic background depends on the film thicklayer and\ is the electron attenuation length at Ge 8ho-
ness and it must be subtracted to allow comparison or contoelectron energyis obtained by reconstruction and fit of the
bination of different spectra. S, mL two uncovered monolayer spectra from the attenuated

The S; contribution from the interface layer is simply S, interface layer contribution and tl& surface layer con-
given by Sy ¢, the spectra of one covered monolayer:  tribution [Fig. 8@)]:
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_exp(—d/N)S;+ S5 4 | | | | : :
ML™ exp(—d/N)+1 4.9 Simulated Ce 3d spectra

We then obtain a value d€=0.6 but it is not drastic: in
the range 0.55C<0.65(i.e., 4.6<1<6.4 A), S, experi-
mental spectra constructed according to @95 still corre-
spond to each other.

The S, S,, andS; spectra are presented in Figh8

C. Reconstruction of all experimental spectra

It is now possible to reproduce all the experimental de 3
spectra obtained for different thicknesses from four basic
contributions: theS; contribution from the layer located at
the interface, th&, contribution from the second layer, the
S,.ce contribution of ay-Ce phasgwhich corresponds to
the layers located between the second layer and the syrface
and theS; contribution from the surface layer.

The contribution from a layer covered with atomic
planes is attenuated with a factef'=exp(—nd/\) and then
we get the expression of the reconstructed spectra for all
cerium layer thicknesses:

Normalized intensities

Sl ’V”-:S3’ (4'6) 320 330 340 350 360 370 380
< ~ 0.5C Sl + 33 (4 7) Kinetic energy (eV)
15 ML= A~ g .
0.5C+1 FIG. 9. Simulated Ce @ photoemission spectra obtained by
combination of four contributiongsee text for different cerium
S, :CSl+83 (4.9 thicknesses.
ML Cc+1 '

R Gunnarsson-Scmhammer Hamiltonian. This model gives
_05C°+C)§;+0.5CS+ S5 an extension of the Anderson Hamiltonfato describe the

S ML 0.5C2+C+1 ' (4.9 core-level spectroscopies. To take into account the effect of
the core hole, the Hamiltonian is modified in the final state
S C3S,+C?S,+CS, et S3 according t3®
4 ML= c3rcictl \ (4.10
and generalizing: Hes=Ho~ Ufcn% Nm,ot Ec (4.12
C" 1S+ C" 25, + 32 2C'S, o+ S; where:
ML= P .
shici+1
(41]) HOIZ Skalak—i_z Sfa;\ (ram(r
k,o m,o ' '
The obtained spectra are shown in Fig. 9 and it should be
again noticed that calculated and experimental spectra still +ﬁ E S S E (Ve md ap+ H.c)
correspond to each other for 08€<0.65. 2 g Mot T g A TkmEm oSt T
Using theS; spectrum for the contributions from the bulk m’.o’
trivalent layers instead o6, .. would lead to the same (4.13

agreement of the f# and 42 features evolution with the . th . ity And Hamiltoni

experimental data. Nevertheless, the use ofShe.. spec- IS Tﬁ one |mputr| Y r} tt;rson darlm onlan.f " s th

trum permits us to reproduce in addition the shoulder that € parameters o ) € model are as Tollows.1S the

appears at 348 eV on thd 43d,, feature energy of the 4 states;V is the hybridization betweenf4
3/2 .

It should be noticed that this analysis remains valid ever‘i"md conduction states]y IS the Coulomb Interaction be-
tween 4 electrons; andJ;. is the Coulomb interaction be-

if a multilayer growth occurs after four monolayers since the . )
cerium is trivalent above three monolayers. tween 4 states and the core hole in the final state. _

We have used an approach proposed by Kotani and
co-workers®*°which is based on a direct diagonalization of
the HamiltonianH g5 in a restricted basis. In our calculation,

In order to get semiquantitative information about elec-the conduction band is rectangular and discretized in 20
tronic structure of cerium atoms near the interface with ironequidistant states.
we have numerically simulated the spectra of the different The obtained spectra are convoluted with a 1-eV full

contributions discussed in Sec. IV B in the framework of thewidth at half-maximumFWHM) Lorentzian in order to take

D. Calculation of the single-atomic-layer contributions
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TABLE I. Gunnarsson-Schithammer model parameter values

CalculLted Ce I3d spectlra ! l ! used to obtairs; , S,, andS; spectra of Fig. 10 and-Ce spectrum
of Ref. 35.
First atomic Second atomic  Surface
8 layer (S;) layer (S,) layer(S;)  a-Ce
g Uy (V) 6.8 6.8 6.8 6.8
2 Ui (V) 10.5 10.5 10.5 10.5
= e; (eV) 1.2 1.2 -1.5 1.2
E V (eV) 0.355 0.315 0.260 0.320
“ s n¢ 0.818 0.861 0.964 0.855
2
S noticeable interdiffusion. The cerium films do not exhibit
| | | | | | long-range order. For thicknesses greater than 2 ML, photo-
320 330 340 350 360 370 380 emission results reveal that ceriurh gtates are strongly hy-
Kinetic energy (eV) bridized at the interface with iron states for cerium films

deposited on both F&00) and F€110) surfaces. Therefore,
FIG. 10. Ce 8 photoemission spectra calculated with Symmetry and compactness of the iron surface do not affect
Gunnarsson-Séhﬂnammer’s model to Simu|a@’ 521 ands3 con- thIS Cerium behaVior. In the case Of f|ImS thinner than two
tributions (see text 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

into account the finite core-hole lifetime and with a 2.2-ev 0! INterface cerium atoms, This original method has permit-

FWHM Gaussian simulating the experimental resolution anc}Ed. us to confirm the crucial role _plgye_d by the free surface,
\AIhICh strongly reduces the hybridization at the surface of

multiplet effect broadenings. The calculated spectra obtained" . g

for describing the5;, S,, andS; contributions discussed in arlike sys_tems. On the other_ hand, photoemssmn_spectra

Sec. IVB are sh0\1/\;n in' Fig. 10. Although these calculateulhen obtained are representative of the bulk electronic struc-
i P Eure without numerical treatment so as to subtract a surface

spectra are in a rather good qualitative agreement with thcontribution. We have also demonstrated unambiguously that

spectra of Fig. 8, they do not exactly reproduce them becausg. S , !
the model does not consider multiplet effects. Our aim Waiaﬁ't:fm?gjgi/cei hybridization reduction only affects the first

only to reproduce intensities of thé%and 42 features that . G .
The photoemission contributions from every atomic layer

reflect respectively thefastate occupation and the hybrid- with different electronic structures have been separated. All

ization strength in the initial state. The model parameters .
. . experimental spectra can then be reconstructed from four ba-
used are reported in Table I. For comparison, we add thég

parameters for the-Ce spectrum from Ref. 35 without tak- >ice contr_lbuuons: contnbuyons from the two s_troqgly hybrid-
L e . Jjzed cerium layers at the interface, the contribution from the
ing into account a surface contribution. It should be notlcedWeakl hvbridized surface laver and a contributionete
that the hybridization of the interface lay8y is larger than y -y y °

the value obtained for the-Ce phase while the f4state gggsg all the intermediate cerium layers for larger thick-

occupation n_umber_|s smaller. This res‘.“t. |nd|cates. t_hat the The contributions from interface layers and surface layer
a-Ce phase is certainly much more hybridized than it is gen;

erally considered following a direct interpretation of photo- have been calculated in the Gunnarsson-Shammer
Y 9 pretation of pnoto~ e framework. The hybridization of the interface layer is
emission spectra that contain a surface contribution. The se

ond layer S, is less hybridized but still feels the iron found to be stronger than that of theCe phase if the sur-

) . . face contribution is not considered. We can then conclude
influence since its parameters compare to those ofvti@e

h when th i i not taken int nt. Finall ththat one must take into account the surface contribution in
phase when the surface 1S hottaken Into account. FInally, I yer 1o perform a correct interpretation of photoemission
surface layelS; is found to bey-like with a 4f states occu-

ation number of about one. The position of ifs dtates is results obtained om-like Ce systems. This procedure of
P ) P coverage by a rare-earth overlayer could be used in the future

shifted tqward higher binding energies compared to bu"ﬁn order to get directly the bulk photoemission contribution
value as it has been already fouhd. of many a-like Ce systems
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