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Ultrathin oxide films on metals: new physics and new chemistry?
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Abstract

Oxide thin films on metals are now currently used as model systems to study the surface properties of highly insulating oxides
by means of electron spectroscopies. However, it has been recently proposed that ultrathin oxide films and oxide—metal interfaces
may actually have unprecedented intrinsic chemical—-physical properties, because of image potential screening of charge fluctuations
and interfacial hybridizational effects. In fact, on-site Coulomb interactions and charge transfer energies in oxide thin films on
metals are reduced by as much as a few eV as compared to the bulk values, thus suggesting a large reduction of the conductivity
gap and a strong enhancement of the strength of various exchange and superexchange magnetic interactions in thin layers of
strongly correlated oxides on metals. Moreover, interfacial oxygen states with strong metallic character have been observed and
considered responsible for an unusually high and chemical selective reactivity of oxide—metal interfaces. Some basic ideas and
results connected with these intriguing interfacial phenomena will be presented and discussed taking MgO thin filifk06n Ag
as a model systen® 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction strongly correlated oxides are mostly determined by a
few fundamental quantities, and that among these the
Oxide thin films on metallic substrates provide a On-site Coulomb interactions in the open cation shell,

possible way out to dramatic charging problems which and the corresponding multiplet structure, the charge
severely hamper the study of wide band gap insulatorstransfer energy, i.e. the energy cost to transfer one
by electron spectroscopy and other surface SdenceElectron from the O 2p to the cation shell, and the one-
techniques based on electrically charged probes. For thiselectron band widths, are the most important ones. When
reason, in recent years there has been an increasin%] and A are larger than the band width, the oxide will
interest in the preparation and characterization of metalbe @ magnetic insulator, for which the nature and the
supported oxide films which are by now widely magnitude of the conductivity gap are determined by
employed as model systems to study the surface prop-the relative importance o/ and A. Therefore, if ways
erties of highly insulating oxidefl—4]. could be found to strongly reduc& and A, then the
Nevertheless, it has been recently proposed that ultra-material might go through an insulator-metal phase
thin oxide films and oxide—metal interfaces may actually transition. Moreover, even for modest reductionsiof
have unprecedented intrinsic chemical—physical proper-andA, the strength of the exchange interactions, which
ties, because of image potential screening of chargeare inversely proportional t& and A, will be consid-
fluctuations and interfacial hybridizational effects. This erably enhanced. When the one electron band widths
can be understood realizing that the basic electronicare larger thanU and A, then the effects of electron

structure, band gaps and superexchange interactions, iforrelation become negligible and the material’s prop-
erties are mostly determined by electron delocalization

* Corresponding author: Tel+39-059-205-5242; fax:+39-059-  and hybridization effects. However, at oxide-metal inter-
367-488. faces new hybridizational interactions may set in, so
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Fig. 1. Combined electron removal and addition process for a thin
ionic film close to a metal surface, definin@ the Coulomb inter-
action U at the cation site antb) the anion-to-cation charge transfer
energyA. In the ground state, the valence of the open-shell cation is
(n) and that of the anion i6—n). The ionic charges are subjected to

Metal
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metal that can be described as an effective interaction
with image charges appearing below the metal surface.
The creation of the additional positi¥eegative charge

on the cation is then accompanied effectively by the
simultaneous creation of an additional negatiyp®si-
tive) image charge in the metal. The energy of the
charge excitation that defindg is given by the total
energy of two cations with chargés+1) afwe—1)
minus the total energy of the cations in the ground state
with both charges(n) and in the presence of image
charges is altered into:

U= E(I:at_ EAcat_ (}’L + 1) %image_ (}’Z - l) ¥ image

+ 2n2Eimage (2)

where the third and fourth terms describe the total image
charge stabilization energy of the two cations in the
excited state, and the fifth term that of the two cations
in the ground state. Hel®,,,,4is defined as the binding
energy of a unit charge with its induced image charge,
and is a positive quantity. The result is now tliatis

the interaction with the metal which can be represented as an inter-'eéduced by two times the unit image charge energy, i.e.

action with image charges. During the charge excitation process addi-
tional opposite image charges appear below the surface, thereby

reducingU by 2En.qe Also A is reduced by E n.qeif the A of the
double film (i.e. film plus szatic mirror film) is taken as a reference.

films in the vicinity of a metal surface might be
significantly modified.

In the present paper we shall discuss the possibility

that ultrathin oxide films on metals may have unprece-

dented chemical-physical properties due to modified

U :E(I:at_ Ef(x:at_ 2Eimage (3)

We argue thatA will also be similarly reduced and
could be smaller than in the bulk depending on the
change in the Madelung potential. This is illustrated in
Fig. 1b, showing the charge excitation that defings
namely (n)+(—n)—>(n—1)+(—n+1), where(n) is
the valence of the cation ar(d-») of the anion in the
ground state. The energy cost is given by:

electronic and magnetic structure by the mutual inter- A= —ES¥+Ef"—e) " V,—e) V,+e) V,

action with the metal surface. The case of strongly

correlated and non-correlated oxides will be discussed

separately.
2. Strongly correlated oxide thin films on metals
2.1. A ‘gedanken experiment’
One possible way of changirig andA of a correlated

oxide is to grow the oxide as a thin film on a metal
substrate or as an oxide—metal multilayer. Duffy and

i#0 i'#0 Jj#0
te Z Vj’ - 2(” - l)ZEimage+ 2n°E image

j#0

4

Here the third and fourth terms describe the cost in
energy when an electrofwith charge—e¢) is added at
the cation site(i=0) due to the Madelung potential set
up by all other iongi+#0) and their image$i’#0), i.e.
the image of the cation excludedSimilarly, the fifth
and sixth terms are the cost in energy when an electron
is removed from the anion sit€¢j=0) due to the
Madelung potential set up by all other iofig+0) and

Stoneham[5] predicted that in such a case the image their images(j'+0). The last two terms represent the
potential will enter the energetics of the system and change in the stabilization energy in the final and the
reduce U considerably. This is illustrated in Fig. 1a, ground states due to the image charges of the cation
showing an ionic lattice for which th& on the open-  and anion involved in the charge excitation process
shell cation site is defined as the energy required for the considered. We note that the image charges of all the
charge excitatior2(n) - (n+1)+(n—1) , wherén) is other ions are static with respect to the excitation, and
the valence of the cation in the ground stdtefor a that therefore their energy contributions can be described
lattice of isolated ions is given by: as originating from a Madelung like potential. Realizing
U = Es_ cat (1) now thgt, for the cation-eV; _o=2nEin.ge and that for

the anioneV;_o=2nEin.ge, Where the factor of two
whereE? is the ionization potential adtf*'the electron  accounts for the fact that the energy associated with an
affinity of the cation. Close to the metal surface, all the induced charge is half that for a static charge, the
ionic charges are subject to the interaction with the expression foA can be rewritten as:
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A: _Eiat"l_E]an_ezvi_ezvi"i_ezvj‘
i+0 i’ Jj#0
+eZVj/_ 2Eimage (5) Ols

J

In other words, the Madelung potentials that contrib-
ute to A for a thin ionic film on a metal are now equal
to those for a double film consisting of the ionic film
plus its static image film. Thus, if the Madelung
potentials of such a double film are not too different
from those in the bulk material, th& of a thin film on
a metal will be smaller bpE;,.qe a5 compared to that
of the bulk.

Intensity (arb. units)

2.2. Reduction of Coulomb interactions and charge PR S S S N S S S S g
transfer energies 535 530 525

Binding energy (eV)

In the last decade, there has been an increasing
amount of effort to understand theoretically the proper- Fig. 2. O 1s core level XPS spectra of bulk MgO and Mgao)
ties of oxide—metal interfaces. Far away from the inter- fims on Ag(100). The core level of the 10, 2.7 and 1 ML film shifts
face, i.e. at distances large compared to the inter atomictowards lower binding energies by 0.2, 0.8 and 1.6 eV, respectively,
lattice spacing, it is expected that a continuum dielectric "¢'tve o that of the 20 ML film.
approximation can provide an accurate description. Very
close to the interface, however, the atomistic nature of XPS and Auger spectra of Mg in the thin MgO films
the metal surface cannot be neglected anymore. It hason Ag(100), and using Eq(6), we found[6] that U
been suggested, for instance, that the finite wavelengthindeed becomes smaller as the thickness of the film is
response of the metal surface due to the existence of deduced. Relative to the bulk or to the 20-ML film, the
Fermi surface introduces strong deviations from the reduction of U amounts to 0.4, 0.8 and 1.8 ed4+0.2
classical electrodynamics results. An experimental deter-eV) for thicknesses of 10, 2.7 and 1 ML, respectively.
mination of U and A for oxide films in close vicinity to These observations fit well with the expectations based
metal surfaces is therefore highly desired. It is, however, on the simple model presented in Fig. 1. They also
also a difficult task, because the charge fluctuations in show that the effects due to the presence of the oxide—
correlated electron systems created, for instance, in ametal interface are quite appreciable and still operative
spectroscopic experiment, involve not only the transition at coverages as high as 10 ML.
metal (TM) 3d degrees of freedom but also simultane- A similar analysis can be carried out for the Coulomb
ously transfer of charge from the O 2p to the TM 3d. interactionU in the O 2s and 2p shells using the O
The interpretation of the data is, therefore, not so KLiL;and KLx4 »sAuger data, respectively, and the
straightforward and requires detailed calculations. To corresponding oxygen XPS core levels as reported in
avoid these difficulties, we have recently conducted a Figs. 2 and 3. The results reveal that also the oxygen
spectroscopic investigation of ultrathin M@@DO) films Coulomb interactions are reduced in the thinner films.
epitaxially grown on a A§l00) substrate[6], thereby ~ The reduction ofU is approximately 1.3 eV, for both
making use of the finding that Mg@O00) films can be the O 2s and 2p shells. The uncertainty in this number
grown epitaxially on the AGLO0) surface in a well is, however, larger than in th& of the Mg 2p shell.
controlled mannef7]. With its crystal structure similar ~We estimate that the margin of error in the reduction of
to some TM oxides, MgO may serve as a model system U in the O 2s is approximately-0.5 eV, due to the
without the complexity due to correlation effects because uncertainty with which the peak position of the extreme-
of its closed shell electronic structure. It allows for the ly low intensity O KL;L; Auger line of the 1 ML
direct determination of changes iY and A via a MgO(100) can be determined. The error in the reduction
combined X-ray photoemissiofXPS) and Auger elec- of U in the O 2p is also at least 0.5 eV, but for a
tron spectroscopyAES) experiment. In fact, from the different reason. Here, the O 2p final state of the
energy conservation principle, the following equation KLa4 3 Auger process can hybridize with states in
can be written down: which one of the two holes have hopped to a neighbor-
EKL — s _pp2o_(y () ing orbital [8] causing changes in the Auger peak

: positions that have not been taken into account by the
where Ef5- is the kinetic energy of a KLL Auger simple model as given by Ed6). It is important to
transition, andE:® and E2P denote the 1s and 2p XPS realize that these hybridizational effects are quite differ-
core level binding energies, respectively. Measuring the ent for the 1 ML case as compared to the bulk, since
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Fig. 3. O KL,L,, KL4L »3 and KL 4 ,3Auger spectra of bulk MgO
and MgQ100) films on Ag(100). A shift towards higher kinetic ener-
gies by approximately 2.9 eV can be observed for the 1 ML spectra
with respect to the 20 ML and bulk spectra.

the O 2p orbital of the monolayer can mix not only
with neighboring O 2p orbitals but also with the under-
lying Ag 4d and 5sp bands. This is indicated, for
instance, by the much larger FWHM of the O KL ,4
Auger line in the 1 ML film as shown in Fig. 3.

Also the changes in the charge transfer enexgyith
the film thickness can be defined in terms of the
measured core level binding energy shifts, plus the
previously obtained reductions df [6]. In doing so
one then finds that alsd becomes smaller for thinner
films [6]. Compared to bulk MgO or to the 20 ML film,
A is reduced by approximately 0.5, 1.2 and 2.5 eV in
the 10, 2.7 and 1 ML film, respectively. However, while
the reduction of the Coulomb interactioii with the
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attributed to the increase in the extra-atomic relaxation
energies at both the O and the Mg sites due to the close
proximity of the Ag metal surfacd6]. For the 1-ML
thick film, however, the Madelung potential, as dis-
cussed below, is appreciably changed from the bulk
value, and thus significantly contributes to reduce

The observed reduction df and A implies that the
electrical, magneto-optical, and transport properties of,
for example, transition metal oxides, will be strongly
modified if they are deposited as thin films on a metal
substrate. Consider for instance a magnetic insulator
with an electronic structure which can be described by
an effective half-filled Hubbard model. The interatomic
exchange interactions are then given by , whelenotes
the inter-site hopping integral, and they will be strongly
enhanced near the interface with a metal siicas
reduced. Similarly, the oxygen mediated superexchange
interactionsJ=[—2r*/A%X[(1/A)+(1/U)] important
in many rock-salt and perovskite transition metal struc-
tures, might be greatly enhanced in ultrathin films on a
metal, because of the cooperative effect of the reduced
U and A. This means that, among others, the critical
temperatures for various forms of magnetic order or
perhaps even the superconductivity in the high
materials can be substantially increased. Moreover, the
mere fact thaty and A become smaller also implies
that the conductivity gap will be reduced.

2.3. Madelung potentials

From the XPS study, we have found that the core
level spectra of Mg@L00) films shift progressively
towards lower binding energy with decreasing thickness
[6]. It would be valuable if such shifts can be directly
related to changes in the ionization potentials or Made-
lung potentials. This is relevant for the understanding
of the changes that might occur in various chemical and
physical properties of oxide—metal interfaces with film
thickness. However, such a one-to-one relation is diffi-
cult to make for insulating films, since the measured
one-electron removal energies depend on where the
chemical potential is positioned inside the band gap.

Table 1
Madelung potentials in a free standing MgD0O) monolayer, in a

film thickness depends only upon the changes in the free standing unrelaxed Mg@00) doublelayer, at th€100) surface

total relaxation energjg], the changes i\ also depend
on the changes in the Madelung potentiar example
due to changes in the coordination numbsince the
charge fluctuations definings involve two times the
Madelung potential energy. For the 10 ML and the 2.7
ML case, we expect the changes in the Madelung
potential to be negligible, since the contribution to the
Madelung potential from layers that are farther away

than two interlayer spacing is already less than 0.05%

(see Table 1L The reduction inA can therefore be

of bulk MgO, inside the MgO bulk, and in a free standing Mg0O0)
double layer with a 20% smaller interlayer spacing

MgO(100) Vida Vitad 26V \ad
Monolayer —22.092 22.092 —-3.612
Unrelaxed doublelayer —23.005 23.005 —1.786
Surface of bulk —22.994 22994 —-1.808
Inside bulk —23.898 23.898 0
20% compressed doublelayer —24.329 24.329 0.862

The Mg?* G~ lattice constant is 4.212 A. 2¢y,  is the difference
in 2|V agl relative to the inside bulk value. All values are in V.
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The problem is that the chemical potential is usually distances[10-14, and that the Mg and O ions in the
pinned by defects, the nature and concentration of whichoverlayer may have less charge than in the bulk.
are very sensitive to details of the preparation conditions. Although such a classical approach is expected to break
The chemical potential position can therefore vary down in view of the atomistic nature of the metal
strongly from sample to sample. To obtain the required surface so close to the interfacE,3-19 the simple
information, we have dong¢6] the analysis using the analysis shows at least that it is a priori not obvious
Mg 1s core level as an internal reference of the that the Madelung potential of the overlayer is smaller
MgO(100) film itself. In this way we found that the than in the bulk, and that a measurement is needed to
Madelung potential of 1 ML Mg@L00) on Ag(100) is determine it.
reduced by 28,.+~1.0 eV as compared to the bulk
value [6]. This result shows that in going from the bulk 3. Non-correlated oxide thin films on metals
situation to the monolayer on a metal system the
ionization potentials of the MgO films, and consequently  The properties ofion-correlated oxides are mainly
also charge transfer energies, are modified not only duedetermined by electron delocalization and hybridization-
to the increase of the extra-atomic relaxation energiesal effects. Therefore, for these material the reduction of
but also due to the reduction of the Madelung potential. U and A in the vicinity of a metal surface are not so
For a quantitative understanding, we can calculate themuch relevant. Nevertheless, also non-correlated oxide
Madelung potential in the overlayer using the simple thin films on metals might have an electronic structure,
classical image charge model as a start to account forand perhaps also chemical properties, which greatly
the metal substrate contribution. Let us assume that thedeviate from those of the bulk materials and their
MgO-Ag interlayer spacing is the same as that of the surfaces, mainly because of the reduced coordination,
MgO layers in bulk MgO, and that the image plane is the symmetry breaking, and the possible hybridizational
located half way between the cores of the MgO ions interactions with the metal surface. For example, the
and Ag atoms. Then the overlayer forms effectively reduced surface Madelung potential, together with the
with its image a free standing unrelaxed MdD0) hybridizational effect between the oxide and the metal,
double layer system. We have calculated the Madelungmay result in the development of interfacial mixed
potential for this, and found that it is larger than for a density of states, over the energy region of concern for
free standing Mg@©L00) monolayer, but smaller than various chemical interactions, i.e. the low energy scale
for the bulk. Interestingly, it is almost identic@bithin close to the Fermi level, perhaps stabilizing chemical
0.05% with that of the(100) surface of solid MgO. reactions energetically unfavored at the surface of bulk
The results are summarized in Table 1. Using 2nd oxides. This is shown in Fig. 4 reporting the photon
2— charges for the ions, we obtain Rg,q=-1.786 eV energy dependence of the photoelectron spectra meas-
for the unrelaxed double layetthis quantity is the ured from 1 ML MgQ100)/Ag(100), the clean
difference in Z,,.q between the double layer and the Ag(100), and polycrystalline Ag, excited with photon
bulk). The calculated reduction of the Madelung poten- energies of 21.2 eMHe |, panel 3, 40.8 eV (He II,
tial is nevertheless too large in comparison with the panel b, and 1486.6 eMAIl K, panel 0, respectively
experiment(2dE,,.—1.0 eV, see aboyeln other words, [16]. The bottom panels display the corresponding
the contribution of the metal substrate to the Madelung difference spectra. Here, the important features are those
potential of the overlayer is underestimated: the contri- located between 4 eV binding energy and the Fermi
bution to Z\,,4 is 1.826 eV as can be found from Table level. These features exhibit a clear trend if we compare
1 when comparing the double layer with the monolayer. the spectra taken at the three photon energies: the
We note, however, that the computational results dependmagnitude of the difference between the MgO covered
strongly on the exact position of the image plane. and clean Ag spectra decreases dramatically with
Placing the image plane of the A0) surface at, for  increasing photon energies, even if we include a correc-
instance, 1.26 A above the cores of the Ag surface tion for the fact that the probing depth for the AlLK
atoms, as suggested from an analysis of image potentiameasurement is 3 times larger than that for the He | and
surface states on clean &0) surfaces[9], the over- He Il experiments. This trend coincides nicely with the
layer system then corresponds to a MdQa0) double photon energy dependence of the photoionization cross-
layer system with an approximately 20% compressed section[17] of the O 2§ relative to that of the Ag
interlayer spacing. As shown in Table 1, we then find 4d'°: 4O 2p° /s(Ag 4d'%9=1.0, 0.3 and 0.02 fohv =
2dE\.q= +0.862, which means that now the metal 21.2, 40.8, and 1486.6 eV, respectively. This indicates
substrate contribution is overestimated: the contribution that the features appearing in the Mg&g interface
to 2Ey\.q IS 4.474 eV as can be derived from the spectra between 4 eV binding energy and the Fermi
difference with the monolayer. A correction can possibly level have a strong O 2p character, and that these O 2p
be made by considering the fact that the image potentialstates are spread out that much in energy due to the
will deviate from the ¥r behavior for these short strong hybridization with the wide Ag 5sp bahtie].



14 S. Altieri et al. / Thin Solid Films 400 (2001) 9-15

It is interesting to note that the O 2p derived states ——
exhibit a clear Fermi cut-offsee bottom panel of Fig. 1.0 - aged Ols
4a), demonstrating that there are also O 2p derived r
states pushed above the Fermi level by the interaction
with the Ag 5sp[16]. The strong metallic character of
the interfacial oxygen atoms is the most important
feature of the Mg@©100) /Ag(100) interface electronic
structure, since only the low energy scale is relevant to
many ground state properties and chemical—physical
processes and applications. The bonding mechanism and
the binding energy of the MgQ00) / Ag(100) interface,
for instance, are determined by those mixed antibonding
states that are pushed above the Fermi level, thereby
lowering the total energy of the system. Moreover, the
chemistry of the oxide—metal interface will be strongly
influenced by the presence of oxygen states in the
vicinity of the Fermi level, because these states can
hybridize with the orbitals of the adsorbed species. As
a result, the activation energies for some specific chem- BINDING ENERGY (V)
ical reactions may be altered, and also chemical species
may now be formed which would not have been stable Fig. 5. Top panel: O 1s core level XPS spectra from the NIiD)
on surfaces of the bulk oxide material. Moreover. the Monolayer on A@100), immediately after the film growtlithin line)

N and after complete ageinghick line). Bottom panel: difference
presence of the m_etal subs_tr_ate may also significantly ooveen the aged and initial spectra.
influence the chemical reactivity also in another way. In
fact, as discussed in the previous section, in the close
proximity of the oxide—metal interface, ionization poten- demonstrated by the strong spectral modifications occur-
tials are reduced and affinity energies increased byring in the Mg and O core levels. This is exemplified
approximately 1 e\6] due to the efficient image charge in Fig. 5 displaying the O 1s core level XPS spectra for
screening. This in turn means that the activation energythe MgQ(100) monolayer on A§100) measured at
barrier for various dissociation processes can be lowered different times after the film growt16]. Immediately
thereby effectively enhancing the chemical reactivity.  after the film growth (thin line), the O 1s spectrum

Support for the above ideas can be found in the consists of a single line. However, after prolonged
dramatic reactivity of the MgQ.00) / Ag(100) interface, exposure to the residual gas in the XPS spectrometer,

initial

S (aged)-(initial)

INTENSITY (arb. units)

T T
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Fig. 4. Valence band photoemission spectra from the M@0) monolayer on Ag100) (thick lines), from the clean Ag100) surface(thin lines),

and from a polycrystalline Ag sampl@lashed linek taken with(a) He | (hv=21.2 eV), (b) He Il (hv=40.8 e\) and(c) Al K, (hv=1486.6

eV) photons. The three top panels show the individual spectra, and the three bottom panels depict the difference spectra: the difference betwee
the MgO covered and the clean @§0) surface(solid lines, and the difference between the polycrystalline and(@@) Ag surface(dashed

lines). The He | and He Il spectra are recorded at normal emission, and the Al K spectrafatrBghe surface normal.
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an intense satellite appears at 2.3 eV higher bindingthe special electronic structure of the oxjdeetal inter-
energy(thick line). The appearance of the O 1s satellite face[16].

is accompanied by a consistent decrease of the O 1s

main line by approximately 25%. Howeuver, the ratio of 4. Conclusions

the satellite increase to the main line decrease is in the

range 2.5:1 to 3.5:1, thereby demonstrating an overall We have discussed some basic ideas connected with
increase of the oxygen content in the ageing film. intriguing interfacial phenomena which might lead to
Interestingly, the observed ratio of the satellite intensity unprecedented properties at oxide—metal interfaces.
increase to main line intensity decrease is consistentResults on the MgQL00) /Ag(100) interface taken as
with the ratio of 2:1 expected for H O dissociative a model system are consistent with these ideas, and
chemisorption at the MgQO00)/Ag(100) interface strongly suggest that ultrathin oxide films on metals and
[16]. On the contrary, dissociative chemisorption of H , oxide/metal interface may indeed have unique chemi-
which might equally produce the appearance of a O 1scal-physical properties due to the mutual interactions
satellite, is ruled out by the result of Fig. 5, since the between the oxide and the metal.

latter chemical reaction would lead to a satellite increase

to main line decrease of 1:116]. Furthermore, the  References
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