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Oxidation of epitaxial Ce films

E. Vescovo and C. Carbone
Institut fur Festkaperforschung des Forschungszentruméichy D-52425 Jlich, Germany
(Received 17 April 1996

Single-crystal Ce films of more than 300 A thickness have been epitaxially grown @A0WN Their
interaction with molecular oxygen at room temperature has been studied by angle-resolved photoemission,
low-energy electron diffraction, and Auger spectroscopy. As a function of the oxygen exposure, the reaction is
found to proceed through a sequence of three distinct stéigesdered dissociative surface adsorptiGny,
formation of an ordered G©;-like surface oxide; andiii) gradual conversion of the sesquioxide into a
disordered surface dioxide CgQ,. A structurally different CgO; oxide is obtained after high oxygen
exposures followed by heating at 450 K. The formation of the epitaxial surface sesquioxides is favored by the
good lattice match with the Ce substrate. The same type of structural relation might lead to the formation of
ordered sesquioxides on other rare-earth surfaces exposing hexagonal planes.

[. INTRODUCTION from the beginning of the oxygen-(@01) surface interac-
tion.

The elementary step in the study of the oxygen interaction In this paper we report on the oxidation of a single-crystal
with a solid surface is the investigation of the reaction with aCe film, epitaxially grown on WL10). Its interaction with
well-defined single-crystal surface. This permits us to clarifymolecular oxygen has been studied by angle-resolved photo-
the relation between the surface reaction and the microscopRmission with synchrotron radiation, low-energy electron
structure. In fact, the oxidation of most metals has alreadgiffraction, and Auger spectroscopy. We show that the room-
been extensively studied on single-crystal surfaces. Howtemperature oxiolation of the crystalline epitaxial Ce films
ever, the surface chemistry of rare-earth single crystals hagroceeds through a sequence of three very distinct oxiolation
been until now very little investigated because of the diffi-Stages(1) ordered dissociative surface adsorption up to 1-L
culties encountered in preparing clean and well-ordere@xposure;(2) formation of an ordered G®-like surface
samples. oxide between 1- and 20-L exposure. a3 gradual con-

In the following we report on the oxidation of a single- version of the sesquioxide into a surface dioxide GeO
crystal y-Ce(111) surface. Metallic Ce has properties that with loss of long-range order, for oxygen exposures higher
distinguish it from the later elements of the rare-earth sériesthan 20 L. Moreover, we report on the observation of a sec-
In Ce, and only to a significantly smaller degree in the twoond and structurally different epitaxial film of G& 5 surface
following elements(Pr and Nd, the radial extension of the oxide, obtained after high oxygen exposure followed by an-
4f levels is such that their direct hybridization with the near-nealing. The formation and the stability of these epitaxial
est neighbors contributes in a non-negligible way to thesurface oxides is favored by the good lattice match between
chemical bonding. In spite of this fact, investigations of the y-Ce(111) substrate and the GO bulk oxide. As will
polycrystalline samples show that, when exposed to the simbe shown, this could have implications also for the oxidation
plest and most common molecules, the Ce surface interactigprocess of other rare-earth metals.
is similar to that of most rare-earth elemefts.

The initial stage of the oxidation of polycrystalline Ce has
been identified by photoemissién, Auger, and electron
energy-loss studiés,as the immediate formation of a  The experiment has been performed with an angle-
Ce,0; sesquioxide phase. At higher exposures an oxide layaresolved photoemission apparatus on the BESSY TGM-5
is formed containing Ce@ However, the Ce@layer grown  wiggler-undulator beamlinA more complete description of
on the Ce substrate is not stable in ultrahigh-vacuum condithe experimental system has been already rep8r@el epi-
tions, but it tends to reconvert into @@5. This is remark- taxial overlayerdabout 100 atomic layers thitkave been
able if one considers that CeQs the stable bulk oxide in preparedn situ on a W(110) surface. Ce has been deposited
normal conditions. The oxidation of a Ce single crystal ex-on the substrate at room temperaturesblyeam evaporation.
posing the(100) face has been investigated by electron en-The base pressure<(10*° mbayp increased to X 10 1°
ergy loss® Also, in this case, the reaction between the oxy-mbar during Ce evaporation. After evaporation the Ce film is
gen atoms and the Ce surface proceeds in a similar wayiot ordered on the VWL10) substrate but a sharp hexagonal
sesquioxide nucleation and growth, followed by the forma-LEED pattern is obtained after annealing at 600 K for 1 min.
tion of a CeQ-like phase under high oxygen exposures. OnThe sample cleanliness has been checked by Auger and pho-
the Cd&001) surface, the low-energy electron diffraction toemission spectroscopy. The latter is very sensitive to small
(LEED) pattern disappears already after 2-L oxygen expo-amount of contaminants, as will be shown in the following.
sure. The rapid decrease of the work function seems to indiWe estimate the initial oxygen contamination to be below
cate oxygen penetration into the subsurface positions right%. The hexagonal LEED pattern, displayed by the annealed
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FIG. 2. Plot of the binding-energy positions of the main Ge 4
peak(a) and of the O P structuregb) vs oxygen exposure. The full
circles refer to the values for the Ce film annealed after an oxygen
Binding Energy (eV) exposure of SQ L. The inset is an expanded view of the low-oxygen-
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FIG. 1. qumal-emi_ssion valence-band spectra of a clean and The clean Ce spectrum shows two structures, one located
ordered Ce film deposited on (10, and during a sequence of at the Fermi level and the other at about 2 eV fré&mp.

OXxygen exposures. On top is shown the spect(futi circles) ob- 1 oq0 tyyo peaks are mostly due to the emission from the 4
tamgd after exposing the Ce film to 50 L oxygen followed by an- levels, with only a small additional contribution from the
nealing at 450 K for 10 min. . ; .
6s5d valence-band states in the region close to the Fermi
_ _ level* The binding energy and relative intensity of these
Ce film, corresponds to thel11) face of a fcc bulk latticd, 4 teatures are very similar to those pfCe spectrd® The
with the Ce [110] axis aligned to the W[100] axis  yalence-band spectrum of clean Ce does not display other
(Nishiyama-Wassermann orientajofihis growth mode has  stryctures in this experimental conditions. Notice that the
been also found for Ce when deposited ofi}0.™ How-  \eak structure at 6 eV binding energy is most likely due to
ever, on the basis of our LEED information, we cannot €X-contamination, which we estimate to be below 1%.
clude that the Ce layer acquires a staking of the hexagonal grom Fig. 1 it appears that up to about 1 L the main
planes more complicated then the simple fcc sequence. Cryghange in the photoemission spectra is due to the appearance
tal structures such as the hcp or the dhcp, which are adopteg 5 single peak at 5.5 eV binding energy, mostly due to the
by other rare earths, are similar, differing from each otherg 2p emission. This peak displays a very weak dispersion
and from the fcc lattice only for the staking sequence of th&yith the emission anglénot shown. At small oxygen cov-
hexagonal planes. The photoemiss_ion spectra have be@Rage(oxygen exposures:1 L), the oxygen atoms are still
measured by means of a 90° spherical analyzer. In norma$y apart and consequently form very narrow bands. During
emission conditions, the polarization of the light was paralleknis first stage, the Cefdpeaks are essentially unchanged
to the(110 direction of the W substrate. with respect to both their binding energy positidfig. 2(a)
insefl and their relative intensityFig. 3@ insefl. Consis-
tently, also the Ce b core levels(not shown are only little
modified by the small amount of oxygen deposited on the
Photoemission spectra measured for normal electrosurface at this level. We interpret this phase of the oxidation
emission at 60 eV photon energy as a function of oxygerprocess as dissociative surface adsorption. A visual inspec-
exposure are presented in Fig. 1. The spectra show cledion of the LEED pattern reveals that up to this point the
modifications in correspondence to each of the oxidatiorpattern is practically identical to the one of the clearii18)
stages. The changes in the binding energy and in the relativgibstrate. In particular no new superstructure is observed.
intensity of the spectral features are for convenience summarhis indicates that the oxygen atoms adsorb in registry on
rized in Figs. 2 and 3, respectively. the y-Cg(11)) face.

Ill. RESULTS AND DISCUSSION
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oxides!? We find that the features of our spectra for 9.4 or
16.9 L closely correspond to those of £&; (Ref. 12 with
respect to both energy position and relative intensities. We
conclude that the formation of the surface oxide begins
above 1 L and converges to a &25-like phase above 10 L.
During this second stage, a sharp hexagonal LEED pat-
tern is still maintained, indicating the formation of an-
deredsurface oxide. The observation of a hexagonal LEED
pattern is consistent with the identification of the surface
oxide as a CgO;-like phase. The bulk Ce sesquioxide crys-
tallizes into an hexagonal geometrical structure that can be
viewed as a simple stack of planes consisting of Ce atoms or
of O atoms®® Inside each plane the Qer the O atoms are
arranged in a two-dimensional hexagonal lattice slightly ex-
panded with respect to the one of the-Ce(11])

(ar2%=3.89 A; aS=3.65 A; with about 6% mismatgh
For oxygen exposures up to 20 L, theCeg(111) surface
lattice thus stabilizes a GB;-like surface oxide with a
slightly compressed in-plane hexagonal lattice. A character-
b) istic of the CeO5 structure is that Ce planes are always
sandwiched between two O planes. Our data show that this
0 10 20 30 40 50 type of configuration with O planes both below and above
the Ce plane should be obtained for oxygen exposw&8

L. Moreover, this oxide forms a continuous surface layer, as
is demonstrated by the attenuation in the photoemission
spectra of the Ce substrate signal, which vanishes for expo-

4f Intensity ratio

0O/Ce Intensity ratio

Oxygen Exposure (L)

FIG. 3. (a) Plot of the intensity ratio between the Cé ghoto-
emission peaks, at the Fermi level and at about 2 eV binding energyur€s>10 L. _
as a function of the oxygen exposure. The inset is an expanded view FOr 0xygen exposures above 20 L; the peaks in the pho-
of the low-oxygen-exposures regiofb) Plot of the exposure-to- toemission spectra shift in the opposite directigtig. 1).
cerium signal as derived from the valence-band spectra presented fhis inversion is indicative of a third stage in the oxygen
Fig. 1. The full circles refers to the values for the Ce film annealed’e€action with the Ce surface. Thd $eak moves back to
after an oxygen exposure of 50 L. lower binding energyFig. 2(@)]. A shift in the same direc-

tion is also observed for the oxygep 2missionFig. 2(b)].

The second stage of the oxidation can be approximatelioreover, the relative intensity of these features continue to
located in the range of oxygen exposure between 1 and 20 Ichange. The # peak progressively decreases its intensity,
Major changes are observed in the valence-band photoemiiidicating a charge transfer from the localizeid states into
sion spectra from about 1- to 10-L oxygen exposuieig.  the valence band of the oxide; i.e., the trivalent,Og oxide
1); whereas, from about 10 to 20 L, the position of the peakss now gradually converged into the tetravalent Gefxide.
does not change apprecialisee also Fig. Rand the O/Ce The 4 emission does not disappear completely, indicating
intensity ratio tends to saturak€ig. 3(b)]. The 4 peak lo- that the conversion process to Ce@ not complete. The
cated at about 2 eV in the clean Ce metal remains very inadditional fact that the binding energy of thé geak con-
tense, but it displays a gradual shift toward higher bindingtinuously changes with increasing oxygen exposure suggests
energied Fig. 2(a)] and becomes broader. At the same time,that oxides, with an intermediate oxidation state between
the Ce emission close to the Fermi level sensibly decreas&3e,0; and CeQ are present in this third oxidation stage.
[Fig. 3(@]. The behavior of the f4emission is indicative of a During this third stage, the long-range order is lost, as dem-
depletion of the 86s-derived conduction band, with conse- onstrated by the rapid deterioration of the LEED pattern,
guent charge transfer into an @-2lominated valence band. which disappears above 30-L oxygen exposure. For these
The depletion of the metal conduction band decreases theasons we attribute this stage to the formation of a disor-
screened # emission neaEr, thereby determining the ob- dered surface dioxide of the CgO, type.
served transfer of weight between the twlostructures. No- As already mentioned, the system maintains long-range
tice that the 4 peak remains very intense, indicating the order for oxygen exposures up to the second stage. However,
formation of a trivalent surface oxide in which the €ehas even at high oxygen coverages, it is possible to recover an
the 41 configuration. ordered structure by heating the system. After the LEED has

During this second stage the oxygep-@erived emission vanished upon exposure of the Ce film to 50 L oxygen, a
grows in intensity and develops a two-peaked structure, witlsharp hexagonal LEED pattern can be restored by annealing
broad features located at 5.5 and 7 eV, respectively. Thithe sample at 450 K for about 10 min. The valence-band
suggests that the oxygen atoms are now sufficiently coordiphotoemission spectrum of the annealed sample is reported
nated with each other to form well-developeg Bands. at the top of Fig. 1(full circles). Clearly, all the spectral

At this point it is useful to compare our photoemission features are strongly modified by heating. The energy posi-
spectra with those reported in the literature for various Cdion and the relative intensity of both the Cé and O 2
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emission are similar to those previously observed for the
Ce,0O4-like surface oxide. This is also apparent from the plots Ce oxide
reported in Figs. 2 and 3, where the full circles belong to this

O 2p states
annealed system. Furthermore, the Auger spectra also shows \
that annealing the Ce film exposed to 50 L oxygen restores [ Ce 4f states

an oxygen to cerium ratio very close to the one observed in - I

hv =60 eV

the correspondence to the formation of the,Og oxide. | | ©
With respect to the CgD,-like surface oxide obtained at | | 240
room temperature, the photoemission spectrum from the an- |

. - . . 0
nealed oxide shows a weak emission near the Fermi level L) 22

and O P peaks more sharp and slightly shifted at higher Lo 20°
binding energy. The emission nelag could originate either

m L]

from a small amount of uncovered Ce substrate or from a ¥= A | 8

small amount of surface segregated Ce metal on top of the S L | 16°

oxide layer. In this second case, from the intensity of the 4 2 | 140

emission, we can estimate that the segregated Ce metal LS ' ! 1o0
would be at most 0.15 ML. > L I

The hexagonal LEED pattern recovered after the heating ‘B Rl | 10°

is slightly contracted with respect to the one of the clean Ce 5 8°

surface, indicating that this second £; oxide has an in- E N/ : .
|

plane hexagonal lattice that is expanded with respect to the | {
Ce, 05 surface oxide formed at room temperature for lower | 40
oxygen exposures. Probably, at high temperature, th®Le
surface layer relaxes in its stable bulk configuration, which
has an in-plane hexagonal lattice expanded with respect to Lyl vl a ' ,
the y-Ceg(111) lattice. The CgO5 layer so produced is also a 10 8 6 4 2 E
rather continuous layer, as is proved by the weakness of the L
emission neaEg from the metallic Ce in the photoemission Binding Energy (eV)
spectra.

_The angule}r d(_ependence_of t_he photoemission spectra for FIG. 4. Off-normal photoemission spectra of the,Og epitax-
this Ce,05 oxide is reported in Fig. 4. The spectra show thatial oxide layer obtained after exposing the Ce film to 50 L oxygen

the oxygen p-derived bands display a clear dispersion vary-fyjiowed by annealing. The spectra have been measured at room
ing k| along theI'’X’ high-symmetry line of the surface temperature with 60-eV photon energy.

Brillouin zone. On the opposite, the atomiclike character of

the 4 states is reflected in the absence of any dispersion ghodifications for oxygen exposuresl L within the accu-
the 4 peak with the emission angle. A summary of theracy of our measurements. Notice that in a related photo-
binding-energy positions of the photoemission features oémission study of the oxidation of the @®01) surfacet*

this second CgO; oxide versus is reported in Fig. §full  we could detect modifications of the $eak line shape al-
circles. These data show that the width of the @-@erived  ready for oxygen exposures as low as 0.15 L. Similarly,
bands of the sesquioxide is about 2 eV. In Fig. 5I"at we

also report the binding energies of the oxygen peaks as de-

20
Q°

rived from the normal emission spectig € 0) taken at vari- . r.._____ K
ous photon energies from 25 to 60 €dpen circleg In the F '
perpendicular direction the oxygen-dominated bands display S Tr iy
a weak dispersion(0.25 eV}, which indicates the three- o ot _
dimensional character of the electronic structure of this epi- g-e-e 00 oo 000
taxial oxide layer. § 3
o 4r b
i
IV. COMPARISON WITH OTHER STUDIES ) She-e e, o o0.0.d
Our study of the oxygen interaction with a single-crystal E ¢ Ce-0 0.,
v-Ce(111) surface permits us to identify a sequence of three @ 7-e-e et ol
distinct stages in the oxidation reaction and, especially, it 8 Lo b e
shows that the formation of the 85 sesquioxide proceeds 0 0.5 1 1.5

without loss of long-range order. At this point, it is useful to
discuss our results also in comparison with earlier studies of I
the oxidation of Ce surfacés.®

In our experiments, the existence of a dissociative adsorp- FIG. 5. E (k;) values derived from the off-normal data shown in
tion stage, which precedes the formation of the sesquioxidesig. 4. AtI'’ the open circles mark the binding-energy positions of
is clearly established by recording the photoemission spectri@e oxygen peaks in normal-emission spectra taken at various pho-
from the localized # states, which do not show appreciable ton energies.
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changes of the fAemission have also been shdwin some  earth metals R) leads to the formation of the sesquioxides
Ce compounds for oxygen exposures below 0.2 L. PossiblyR,0;)3, to our knowledge no observation ajrdered

in the case of the G&11) surface, high-resolution measure- R,0O; layers has been reported before this work. We believe
ments could reveal modifications of the two peaks ri&ar that the formation of well-ordered surface sesquioxides with
that are not resolved in the present study. Furthermore, thihe hexagonal structure can be quite a general step in the
electron-energy-loss-spectroscogf ELS) spectra of the oxidation of rare-earth crystals exposing hexagonal faces
polycrystalline as well as of G#00) surface display already [e.g., fcc€111); hcp{0001)]. The formation of ordered ses-
substantial changes at comparable oxygen exposQres.quioxide is indeed most probable for the light rare-earth met-
However, these changes in the EELS spectra are probabbis (La, Pr, Nd. Their sesquioxides have in fact the same
related to the modification of the surface electronic structurdnexagonal structure of G®5. The same type of structural

of the Ce metal upon oxygen adsorption. During the chemirelation found between Ce and its sesquioxide holds true also
sorption stage, the surface charge of the delocaliz#6ls5 for them (for M =La, Pr, Nd:ahMeX is 3.75, 3.67, and 3.66 A
valence electrons on the Ce surface is likely to be modifiegyq ahMe2x03 is 3.94, 3.86, and 3.83 A, which imply 5.0%,

by the bonding to the adsorbed oxygen atoms. _ 5.1%, and 4.6% lattice mismatch, respectiyelfurther-

At higher oxygen exposures, the sesquioxide nucleatiog,, o eyen rare earths, whose stable sesquioxides do not
an_d g_rowth IS invariably observed in all room-temperaturecrysta”ize into a simple stack of hexagonal planes, might
oxidation studies of the Ce surfaces: on théX1@) surface  jij| form hexagonal surface sesquioxides. For example, on a
(this expe“mef?t as well a§ on the G&0Y) .Sl.”f_aCé a”‘?' ON " thick GA0001) film epitaxially grown on W110), it has
the polycrystalline surfa_c%._Furthermo_re, itis interesting to  paan foundf that a simple hexagonal LEED pattern is main-
note that, on V110, epitaxial CgOs films have been ob- qineq yp to very high oxygen exposures at room tempera-
tained Ey depositing Ce from a not sufficiently outgassed e - Fyrthermore, the hexagonal LEED is very stable be-
source'” This procedure is not well defined and therefore is 5 cq it does not change either by annealing the system up to
difficult to reproduce. However, before this work, no Obser'temperatures of 500 °C or by exposing the system to the
vation has been reported on the room-temperature formatio&tmosphere for 1 h. These LEED observations are very sur-
qf an ordered_ses_qwomde_ f|Ir_n on the Ce metal. The forma- rising because they cannot be explained by means of the
tion of_ an epltaX|aI_ sesquioxide layer appears favored by thgubic structure of bulk GgD 5.2 The persistence of a simple
good in-plane lattice match and can probably be observefly, o4onal pattern has been interpreted as due to the adsorp-

. e o< tion of a passivating O layer, which does not alter the geo-
Nevertheless, the microscopic description of the oxidationy,ayica| structure of the underlying metal lay&%n view of
reaction might be very similar also for polycrystalline Ce ;o5 its an alternative explanation is instead that, similarly
f"”_‘s _that_preferentlally expose the c!ose-pacKﬂeiﬁl) face. o the C¢111) case, the hexagonal G@D0J) surface lattice
This implies that the str_uct_ural_ re_lat|on hetween the metakiabilizes a surface sesquioxide with a hexagonal structure.
substrate and the sesquioxide is likely to play a role also in
the development of the oxygen reaction with polycrystalline

surfaces. V. CONCLUSIONS
For very heavy oxygen exposure of the polycrystalline . . , .
surface, the formation of the tetravalent Ce®©xide has In conclusion, we have studied the oxygen interaction

been also observed® Moreover, it has been noticethat, ~ With single-crystal Ce films, epitaxially grown on (#40.
at room temperature in ultrahigh-vacuum condition, this sur\JPON 0xygen exposure, three different stages can be distin-

face oxide is metastable because, with time, it reconverts intguished: an ordered dissociative oxygen adsorption stage up
Ce,05. Similarly, in our experiment on the-Ce(111) sub- to_l L_; the form_atlon of an ordered trivalent g@;-like
strate, it has been shown that the sesquioxide can be reoB¥ide in the region between 2 and 20 L; and the gradual

tained from CeQ_, by annealing the system. Furthermore conversion of this trivalent oxide layer into a disordered
x . , .
in the formation of this new GOs layer, the long-range tetravalent Ce@ one, for higher oxygen exposures. A second

order is also recovered. These facts indicate that the stabiligjrdereéd C8O; oxide layer can be obtained by annealing the
of the sesquioxide might be closely related to the good lattic€@MPple after high oxygen exposures. This second type of
match of the hexagonal planes of sesquioxide and the Cg_ezog oxide displays an in-plane hexagonal lattice expanded
metal. On the other side, the fact that in the case of thdVith respect to the one of the-Ce(111). The growth of
Ce(100) surface it has also been foththat, at room tem- _ordered_sesqmomdes on _the hexagoyeﬂ:e(lll) subst_rz_ite
perature, the Ce@stoichiometry could be maintained on the 1S explained by the good in-plane lattice match conditions.
surface only by means of a stationary oxygen pressure
>10"8 Torr, shows that the lattice match condition is only
one of the many parameters that determine the development
of the surface reaction. We wish to thank W. Eberhardt and W. Gudat for their
Finally, we would like to mention that, although it is well interest in this work and for their continuous support. We are
known that the room-temperature oxidation of most rare-also indebted to D. D. Sarma for fruitful discussions.
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