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Charge fluctuations and image potential at oxide-metal interfaces
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We analyze the dynamical response of the Ag metal surface to electronic excitations in a MgO~100!/Ag~100!
oxide-metal interface system.Intrinsic and extrinsic surface plasmon excitations are discussed in relation to
mutual interactions between the oxide and the metal. A direct relationship is established between the reduction
of charge fluctuation energies in the MgO~100! layers and the image charge screening by the Ag~100! metal
surface.
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I. INTRODUCTION

In the last decade, there has been an increasing amou
effort1–10 to understand theoretically the properties of oxid
metal interfaces. Far away from the interface, i.e., at d
tances large compared to the interatomic lattice spacing,
expected that a continuum dielectric approximation can p
vide an accurate description for various forms of excitatio
Very close to the interface, however, the atomistic nature
the metal surface cannot be neglected anymore. It has
suggested, for instance, that the finite wavelength respo
of the metal surface due to the existence of a Fermi sur
introduces strong deviations from the classical electro
namics results.4–10

An experimental determination of the effective influen
of the dielectric boundary on the properties of oxide-me
interfaces and other dielectrically mismatched systems
therefore, highly desired. Such an information can be
tained in a spectroscopic experiment in which charge exc
tions are created in a thin film on a metal. This is exemplifi
in Fig. 1 showing a charge fluctuation in which one electr
is first removed from one atom and then added onto ano
atom far away within a thin film on a metal. The energy co
for this excitation~E! in the vicinity of the metal surface wil
be effectively reduced by 2Eimage with respect to the value
(Eo) expected in the absence of the metal surface. H
Eimage is the interaction energy of the created charge with
image charge appearing below the metal surface.

In a recent paper,11 we reported a spectroscopic investig
tion of ultrathin MgO~100! films epitaxially grown on a
Ag~100! substrate. Because of its closed shell electro
structure, MgO allows for a direct determination of vario
charge fluctuation energies, via a combined x-ray photoem
sion ~XPS! and Auger electron spectroscopy~AES!
experiment.11–13 From these experiments we found that t
Coulomb and charge transfer energies in the oxide film
reduced from their bulk values by as much as 1.8 and 2.5
respectively. These large energy reductions were interpr
as being the result of a very efficient screening by the nea
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metallic substrate. The use of such efficient image cha
screening may provide a method to alter various transit
temperatures and properties of correlated oxides.

In the present paper we use electron energy-loss spec
copy ~EELS!, XPS, and AES to investigate the dynamic
response of the Ag~100! metal surface to electronic excita
tions occurring in the supported MgO~100! thin films. Intrin-
sic andextrinsicsurface-plasmon excitations are discussed
relation to mutual interactions between the oxide and
metal.

II. EXPERIMENT

The experiments were carried out in an electron spectr
eter described previously.11 In the XPS and Auger experi
ments, the electrons were excited with monochromatized
Ka source (hn51486.6 eV) and were collected at a take-o
angle of 55° with respect to the surface normal of t
samples. The overall energy resolution of the XPS and Au
experiment is 0.75 eV and 0.5 eV, respectively, as de
mined using the Fermi cutoff of a Ag reference samp
which was also taken as the zero of the XPS binding ene
and the Auger kinetic energy scale. In the EELS expe
ments, the excitation electrons impinged on the surf

FIG. 1. Charge fluctuation in which one electron is first remov
from one atom and then added onto another atom far away with
thin film on a metal. The energy cost for this excitation~E! is
effectively reduced by 2Eimage with respect to the value (Eo) ex-
pected in the absence of the metal surface.Eimage is the interaction
energy of the created charge with its image charge appearing b
the metal surface.
©2002 The American Physical Society32-1
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sample at 45°, while the scattered electrons were colle
along the surface normal.

Stoichiometric and epitaxial MgO~100! thin films were
grown in situ as described earlier11 by evaporating high pu-
rity Mg metal from a Luxel Radak-I effusion cell onto
clean and ordered Ag~100! surface, and simultaneously do
ing molecular oxygen from a nozzle.

III. RESULTS

Figure 2 shows the EELS spectrum for a 20 M
MgO~100! film on the Ag~100! substrate together with th
spectrum for the bulk MgO sample, excited wi
Ep5400 eV. Strong similarities between the two spectra c
be observed in the wide scan shown in the top panel, d
onstrating the good chemical and structural quality of
MgO~100! thin films. All of the most important MgO bulk
and surface electronic excitations are clea
distinguishable.14,15 The structures at energies higher th
'51 eV arise predominantly from intraionic transitions
the Mg21 ions involving the Mg 2p core level: the peaks a
58 eV and 65 eV can be attributed to 2p→3p and
2p→3d excitations. At lower energies, the EELS is dom
nated by the O bulk plasmon peak at 22.4 eV, which co
sponds to collective oscillations of the electrons in the Op
valence band. Other peaks appearing at 12 eV, 14 eV, 18
and 34 eV have been assigned to O intraionic and O-to-
interionic transitions.15,16

The bottom panel of Fig. 2 shows in detail the low ener
region of the EELS spectra. This region is most relevant
our study, since it covers the band gap of the MgO bu

FIG. 2. EELS spectra of 20 ML MgO~100! on Ag~100! ~upper
curve! and bulk MgO~100! ~lower curve!, excited with
Ep5400 eV. The top panel shows the wide range and the bot
panel the band gap region. The peak at 3.3 eV is due to excita
occurring in the Ag substrate whereas the feature at 6.3 eV co
sponds to the surface band gap of MgO.
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surface, and thin films. A peak at 6.3 eV with a thresho
around 5.5 eV can be clearly observed for both the overla
and the bulk samples. This structure can be ascribed to e
tations across the band gap of the surface layer,14,15,17,18

which is about 2 eV smaller than the bulk band gap@7.8 eV
~Ref. 16!# due to the reduced Madelung potential at the s
face. In EELS experiments realized under less surface se
tive conditions by tuningEp from 400 eV to 1600 eV, the
intensity of the surface peak is strongly depressed as alre
reported in earlier studies for a cleaved single crystal.15 The
spectrum of the 20 ML MgO~100!/Ag~100! also exhibits a
peak at 3.3 eV, which is totally absent in the spectrum of
bulk sample. AtEp51600 eV the amplitude of this structur
increases by more than a factor of 3, suggesting an or
located either in deep layers of the MgO film or in the me
substrate. It is interesting to note that the EELS spectra fr
several UHV cleaved MgO~100! single crystals show a
prominent peak at 2.3 eV from the zero loss line. This pe
has been attributed to the presence of surface defects an
have an amplitude of about 30 50 % of the 6.3 eV surfa
absorption threshold.15,19,20Such a peak is, however, not ob
served in our thin films of MgO~100! on Ag~100!. Perhaps it
may lie buried below the 3.3 eV surface plasmon peak of A
but if so, then the intensity should be quite low. All in a
this indicates that the crystalline purity of the epitaxia
grown 20 ML thick MgO~100! film is much better than tha

m
ns
e-

FIG. 3. EELS spectra of clean Ag~100! surface~upper curve!, 1
ML MgO~100! on Ag~100! ~middle curve!, and 20 ML MgO~100!
on Ag~100! ~lower curve!, excited withEp5400 eV, and normal-
ized in elastic peak height. The top panel shows the wide range
the bottom panel the band gap region. The 3.9 eV Ag~100! surface
plasmon peak shifts to 3.7 eV and 3.3 eV when the surface
covered with 1 ML and 20 ML of MgO~100!, respectively.
2-2



r-

L

be
d

io
3
n
n

rg
ak
an

o

the

e

ing

he
eV
e

se
nce
ng
Ag

d
L
d-
sity
0
d
ve.
. It

s at

on
nd

ec-
e

etic
se

es,

he
n-

e
of

CHARGE FLUCTUATIONS AND IMAGE POTENTIAL AT . . . PHYSICAL REVIEW B 66, 155432 ~2002!
of the reportedin situ cleaved single crystals. Similar obse
vations have also been made using MgO~100! thin films epi-
taxially grown on Mo~100! surfaces.18

Figure 3 compares the spectrum from the 20 M
MgO~100! film with those from a clean Ag~100! surface and
from a surface covered with 1 ML MgO~100!, excited with
Ep5400 eV. It can be clearly seen that the peak now
comes much larger, by more than one order of magnitu
We thus can assign the 3.3 eV peak to electronic excitat
in the Ag metal substrate. From the bottom panel of Fig.
can also be seen that in going from the clean to the mo
layer covered metal surface the Ag plasmon peak not o
shifts but also broadens by about 0.5 eV to lower ene
partly filling the gap that separated it from the elastic pe
Since the Ag plasmon energy is determined by the interb
transition threshold corresponding to the energy position

FIG. 4. Ag 3d core level XPS spectra of the clean and t
MgO~100! covered Ag~100! surface. The main panel shows an e
largement of the spectra depicted in the inset. The clean Ag~100!
surface plasmon peak, located at 3.9 eV from both the Ag 3d3/2 and
the Ag 3d5/2 lines, decreases in energy to 3.7 eV, 3.6 eV, and 3.4
when the surface is covered with 1 ML, 2.7 ML, and 10 ML
MgO~100!, respectively.
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the Ag 4d states with respect to the Fermi level,21,22 the
plasmon peak broadening may signal a modification of
Ag surface states due to the presence of the O 2p orbitals.23

Figure 4 shows the Ag 3d core level XPS spectra of th
clean and the MgO~100! covered Ag~100! surface. In the
pure Ag a satellite structure is found at 3.9 eV higher bind
energy from both the Ag 3d3/2 and Ag 3d5/2 due to a plasmon
excitation coupled to an interband transition.21,22The charac-
teristic energy of this electronic excitation is modified by t
ionic overlayers of increasing thickness, going from 3.9
in the clean Ag~100!, to 3.7 eV, 3.6 eV, and 3.4 eV in th
Ag~100! covered with 1 ML, 2.7 ML, and 10 ML of
MgO~100!, respectively. As summarized in Table I, the
XPS satellite energies show an excellent corresponde
with the energies of the EELS features of Fig. 3, indicati
a common origin, namely, the surface plasmon of the
substrate.

In Figs. 5 and 6 we report the Mg 1s XPS and
Mg KL23L23 Auger spectral distribution over an extende
energy range far from threshold, from the 1 ML and 20 M
thick films. Especially between 1306 eV and 1314 eV bin
ing energies, there is an appreciable photoemission inten
for the 1 ML film, which instead is almost absent for the 2
ML case~Fig. 5!. Part of this extra intensity is concentrate
in peakA, which is the 3.7–eV plasmon as discussed abo
Perhaps multiple plasmon excitations may also contribute
is tempting to interpret the energies of the weak feature
7.5 eV ~peakB) and 11 eV~peakC) from the main line as
being two and three times, respectively, the 3.7 eV plasm
energy. In fact, support for this interpretation can be fou
from the Mg KL23L23 Auger spectrum of the 1 ML film as
shown in Fig. 6. Also here, in comparison to the the sp
trum of the 20-ML film, there is an extra intensity in th
kinetic energy region between the Mg 2p two-hole 1D and
1S final state peaks, and extra structures on the low kin
energy side of the1S peak. Especially the energies of the
extra structures, namely, at 7.5 eV~peakB), 11.5 eV~peak
C), and 15.5 eV~peakD) from the 1D main line, can be
expressed quite well in terms of two, three, and four tim
respectively, the 3.7 eV plasmon energy.

V

rinsic
TABLE I. XPS core level binding energies and Auger electron kinetic energies, together with the int
@\vs ~XPS/Auger!# and extrinsic@\vs ~EELS!# Ag surface plasmon energies for the clean Ag~100! surface,
the 1 ML, 2.7 ML, 10 ML, and 20 ML MgO~100! thin films on Ag~100!. All values are in eV.

Ag~100! 1 ML 2.7 ML 10 ML 20 ML

Ag 3d3/2 374.2 374.2 374.2 374.2 374.2
Ag 3d5/2 368.2 368.2 368.2 368.2 368.2
Ag 3d3/2 plasmon 378.1 377.9 377.8 377.6
Ag 3d5/2 plasmon 372.1 371.9 371.8 371.6
Mg1s 1302.7 1303.2 1303.5 1303.6
Mg1s satellite 1306.4
Mg KL23L23(

1D) 1183.4 1181.9 1181.2 1180.7
Mg KL23L23(

1S) 1178.4 1176.9 1176.2 1175.7
Mg KL23L23(

1D) satellite 1179.7
\vs ~XPS/Auger! 3.9 3.7 3.6 3.4
\vs ~EELS! 3.9 3.7 3.3
2-3
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IV. DISCUSSION

The EELS and the XPS data presented in the prece
section show that the growth of MgO~100! films on a Ag
substrate shifts the metal surface plasmon peak to lower
ergies, due to the formation of the oxide-metal dielect
boundary. This shift is a natural consequence of Maxwe
equations and the boundary conditions at the oxide-m
interface, where the electric fieldEW associated with the sur
face charge density fluctuations is of the same magnitu
but opposite in sign, at opposite sides of the interface. T
the equation

“
W DW 5“

W ~eEW !5 lim
v→0

F1

vE n̂~eEW !dSG50, ~1!

with DW as the electric displacement vector, andn̂ the unit
surface normal for a Gaussian pillbox of volumev at the
interface, yields

ed~v!1em~v!50 ~2!

as the condition for the nontrivial solution which allows th
existence of a finite electric field at the boundary. If the f
quency dependent dielectric function of the metalem(v) is
known, Eq. ~2! can be solved by assuming the dielect
function of the insulator to be frequency independent, a
equal to the optical dielectric constant@ed(v)5edo#. For a

FIG. 5. Mg 1s core level XPS spectra of 1 ML~dots, with the
thick line as a guide to the eye! and 20 ML~thin line! MgO~100!
films on Ag~100!. The 20 ML spectrum has been normalized
peak height to the 1 ML spectrum. Features in the 1 ML fil
labeled asA, B, andC, absent in the 20 ML film, occur at energie
that are higher than the main 1s line by multiples of the~reduced!
Ag surface plasmon energy. The inset shows a detailed view
these features.
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simple free-electron metal, withem(v)512vp
2/v2, we then

getvs5vp /Aedo11. If the dielectric is simply the vacuum
then this reduces to the well known resultvs5vp /A2,
which is the relation between the bulk (vp) and the surface
(vs) plasmon frequency of the metal. For Ag metal, ho
ever, the dielectric function cannot simply be derived from
Drude-like model, because of the interband transitions fr
Ag 4d to higher lying conduction band states. The net eff
of these transitions is to shift the plasmon energy from
value\vp59.2 eV, as calculated in the free-electron lim
to \vp53.9 eV. Instead, using the experimental
measured21 frequency dependent Ag dielectric function
shown in Fig. 7, we can now solve graphically the Eq.~2!.
For the vacuum/Ag~100! interface,edo51 gives a surface
plasmon energy of about 3.7 eV, a value that differs by l
than 0.2 eV from the bulk value, as also measured by opt
experiments.24 For the MgO~100!/Ag~100! interface, taking
the bulk MgO optical constantedo53.01,25 we get \vs
53.2 eV, which is in excellent agreement with the value
\vs53.3 eV as measured in the EELS experiment on the
ML MgO~100!/Ag~100! sample. For the NiO/Ag~100! inter-
face, using the optical constantedo55.43,26 we obtain\vs
52.84 eV, which is also in very good agreement with t
EELS and the Ag 3d core level experiments on a 20 M
NiO~100!/Ag~100! sample, where the Ag surface plasmo
was indeed found at 3.0 eV.27 Realizing that Eq.~2!, in prin-
ciple, holds only for the interface between two ideal sem
infinite dielectric media, the agreement indicates tha

,

n

FIG. 6. Mg KL23L23 Auger spectra of 1 ML~thick line! and 20
ML ~thin line! MgO~100! films on Ag~100!. The 20 ML spectrum
has been aligned in peak position and normalized in peak heigh
the 1 ML spectrum. Features in the 1 ML film, labeled asA, B, C,
andD, absent in the 20 ML film, occur at kinetic energies that a
lower than the main1D Auger line by multiples of the~reduced! Ag
surface plasmon energy.
2-4
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20 ML film is thick enough to develop the full dielectri
properties of the bulk material and to make the effect of
oxide/vacuum interface on the electric–field lines at
oxide/Ag~100! interface completely negligible.

It is worth noting that metal plasmon peaks show up
only in the Ag spectra, but also in the XPS and Auger spe
of the insulating overlayers, with consistently identical en
gies. These plasmons can be either excited by the ele
field associated with a photoelectron traveling through
metal ~extrinsic plasmons!, or coupled to the potential of a
suddenly created core hole~intrinsic plasmons!.28,29Both the
extrinsic and the intrinsic plasmon peaks will occur at t
same energy positions and, although the intensity distribu
will be slightly different, it is in general quite difficult to
separate the intrinsic from the extrinsic component. Ho
ever, the plasmon satellites observed in the spectra of
MgO~100! monolayer on Ag~100! are expected to be pre
dominantly intrinsic, because most of the electrons cont
uting to the spectra have not traveled into the Ag substr
Support for this expectation can be found from the fact t
the plasmon satellites in the Auger spectrum are more inte
than in the XPS spectrum. This is based on the idea tha
the linear response regime, the intrinsic plasmon inten
should be four times larger in an Auger experiment~two
holes! than in an XPS experiment~one hole!, while the ex-
trinsic plasmon intensity should be the same. Moreover,
presence of intrinsic metal surface plasmon excitations in
core level spectra of MgO~100! thin films on Ag~100! is not

FIG. 7. Real part of the experimental frequency dependent
electric function of Ag@e1(v), solid line# and its decomposition
into free-electron (e1

( f ) , dashed line! and bound-electron (de1
(b) ,

dotted line! contributions, from Ref. 21. Surface normal modes
the vacuum/Ag, MgO/Ag, and NiO/Ag interface exist fore1(v)
equal to the negative of the optical dielectric constants of vacu
~1!, MgO ~3.0, Ref. 25!, and NiO~5.4, Ref. 26!, i.e., with surface-
plasmon energies\vs of 3.7 eV, 3.2 eV, and 2.8 eV, respectively
15543
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completely unexpected. In fact, after the emission of a p
toelectron or an Auger electron from metals and adsorb
on metal surfaces, the conduction band electrons move i
screen the core hole via collective excitations, resulting i
shift of the threshold energy and the simultaneous app
ance of multiple plasmon peaks.30–33

The presence of these plasmon peaks in the XPS and
ger spectra of the MgO~100! film on Ag~100! is important to
our purposes, because it allows to discriminate between
ferent screening mechanisms possibly responsible for
extra-atomic relaxation energy enhancement observed
MgO~100! thin films on Ag~100!.11 In fact, charge fluctua-
tions on one atom can be screened out by a nearby m
substrate in two possible ways: by transferring electri
charge to a higher lying atomic orbital,34,35or by the induced
charges localized at the metal surface.30–33In both cases, the
energy cost of charge fluctuations in the vicinity of the me
is efficiently reduced. It is also very difficult to predicta
priori which of the two screening channels will preva
However, if intrinsic surface plasmon peaks show up in
core level spectra of the overlayer, then the dynamical
sponse of the metal to charge excitations in the overlayer
be properly described in terms of image charges, because
latter can be expressed as a superposition of surface ch
density fluctuations, which, in the long wavelength limit, a
just surface plasmons.30–33Therefore, the presence of intrin
sic metal surface plasmon peaks in the core level spectr
the oxide thin film on the metal is a direct evidence of t
image potential screening of charge fluctuations at oxi
metal interfaces.

It may appear surprising that energy reductions as larg
several eV~Ref. 11! are associated with plasmon excitatio
having very weak spectral intensity. Nevertheless, the ene
of these weak structures weighted with their intensity de
mines the Koopmans theorem36 average binding energy an
the total relaxation energy via well known sum rules,37–39so
that weak peaks lying at high energy may result in a la
value of the relaxation energy, and a consequently large s
of the core level threshold. We remark, however, that
energy cost of charge fluctuations and the changes with
thickness are actually a result of the competition betwe
image potential screening and atomic polarizability. In t
monolayer case, for example, the energy loss due to the
duced coordination and the energy gain due to the prese
of the metal surface are about 7 eV and 9 eV, respective11

yielding an effective increase of the overall relaxation ene
by about 2 eV.11

V. CONCLUSIONS

We have analyzed the dynamical response of the Ag~100!
metal surface to electronic excitations within support
MgO~100! thin films. We have found the presence ofintrin-
sic metal surface plasmon peaks in the core level spectr
the MgO~100! thin films. This provides a direct evidence o
image potential screening of charge fluctuations at oxi
metal interfaces.

i-

t

m
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