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Two-Dimensional Localization of Electrons at Interfaces
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Evidence for electron localization in 2D at metal-dielectric interfaces is reported. A nondispersive

peak, derived from the image-potential state and observed in angle-resolved two-photon photoemission, is
assigned to localized excess electrons. The image electron on alkane monolayers is a free electron. Bi-
layers of chain or ring alkanes show both localized and delocalized states; electrons are localized on tri-
layer n-pentane. Bilayers and trilayers of neopentane show no localization. Our results link the
geometry of adlayer molecules with localization of excess electrons at interfaces.

PACS numbers: 73.20.Dx, 71.50.+t, 79.60.Jv, 79.60.Ht

Electrons at interfaces exhibit novel phenomena of
both fundamental interest and widespread technological
importance. For example, both weak and strong localiza-
tion phenomena have been observed for electrons in disor-
dered two-dimensional systems [I]. Although transport
measurements are effectively used to study localization,
few methods are available to directly characterize the sin-
gle particle states populated by an electron at an inter-
face. In this paper the excited state energy levels of a
metal-dielectric interface have been studied in order to
develop a microscopic understanding of the behavior of
electrons in complex media. We have grown molecular-
thickness layers of various alkanes on the Ag(l I I) sur-
face and have measured the energies and effective masses
of excess electrons at these interfaces by angle-resolved
two-photon photoemission (TPPE). Initial studies estab-
lished the effectivness of this technique for studying elec-
trons bound to a bare metal surface by the image poten-
tial [2], while recent experiments have addressed the case
of metal-adsorbate systems [3-6]. Image-potential states
on surfaces provide a nearly ideal system in which to
study the physics of an electron in two dimensions [7].
Using a TPPE instrument with exceedingly good sensi-
tivity and energy resolution [4], this investigation demon-
strates the application of angle-resolved TPPE as a new
probe of electron localization in 2D systems. This tech-
nique forms a bridge between band structure measure-
ments and transport studies of localization phenomena.

The details of the angle-resolved TPPE spectrometer
have been given elsewhere [4,5]. TPPE probes the nor-
mally unoccupied electronic levels at an interface by
populating those levels with one laser pulse and photo-
emitting from the same levels with a second pulse.
Molecular layers were grown by either dosing the cold
Ag(111) crystal or using the temperature and pressure to
reversibly control the layer growth under equilibrium
conditions. These studies include 1ayers of n-pentane, n-
hexane, n-heptane, n-octane, cyclohexane, and neopen-
tane (2,2-dimethylpropane). The experiments reported
here were done at sample temperatures in the range of 80
to 200 K, depending on the adsorbate. Layer-by-layer
growth of the adsorbate can be identi6ed and monitored

in situ by TPPE [4]. Figure I shows the TPPE spectrum
for ks 0 (emission normal to the surface) for the n 1

image-potential state that persists when the Ag(111) sur-
face is covered with different adlayer thicknesses of neo-
pentane and n-pentane. The parameter kt is the electron
wave vector in the plane of the surface.

The dispersion data for the n I image electron as a
function of layer thickness are best illustrated by compar-
ing n-pentane/Ag(111) with neopentane/Ag(111). For a
bare surface, the electron has parabolic dispersion and
effective mass 1.3 times greater than that of a free elec-
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FIG. l. The n l image-potential peak in the TPPE spec-
trum shifts to smaller binding energy (higher photoelectron ki-
netic energy) as successive layers of dielectric material are ad-
sorbed. The image-potential states form a Rydberg series of
hydrogenic levels and persist on many adsorbate-covered metal
surfaces [4,51. The binding energy of the n I image state on
bare Ag(l I I) is —0.77 eV. The monolayer peak in (b) is ac-
companied by a small bilayer peak, illustrating the in situ moni-
toring of layer growth. Curve heights have been sealed.
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FIG. 2. Monolayer dispersion. Angle-resolved TPPE mea-
sures the band structure of the n I image-potential state
which persists in the presence of a monolayer of n-pentane or
neopentane on Ag(l 1 l). The image electron in either case has
an effective mass ratio of l, indicating a free electron. Curve
heights have been scaled.

10

0 degrees

1.3 1.4 1.5 1.6
Photoelectron Kinetic Energy [eV]

FIG. 3. Bilayer dispersion. A nondispersive feature (inter-
preted as a localized electron state) is prominent in (b) for the
n-pentane bilayer, while the parabolically dispersing band (ex-
tended electron state) dominates the bilayer spectrum of neo-

pentane. Curve heights have been scaled.

tron, m*/m, =1.3+ 0.1. For any physisorbed alkane
monolayer we have studied, the eA'ective mass of the im-

age electron is reduced to that of a free electron,
m* =trt, . This is evident in Fig. 2 where the monolayer
spectra for the neopentane and n-pentane are almost
identical. However, a bilayer of cyclohexane or any
straight-chain alkane studied shows a nondispersive
feature (i.e., the energy of the photoelectron does not de-
pend on angle) in addition to the parabolically dispersing
feature, as shown in Fig. 3(b) for the n-pentane bilayer.
The nondispersive peak dominates the TPPE spectrum of
a trilayer of n-pentane in Fig. 4(b), leaving only a trace
of the parabolic band. On the other hand, the bilayer and
trilayer spectra of neopentane show that the parabolic
band remains the dominant feature in the spectrum. The
parabolically dispersing bands in the bilayers and tri-
layers of any straight-chain alkane or cyclohexane show
eA'ective masses which are again greater than that of a
free electron, unlike the monolayer results. These all
have m*/m, 1.2~0. 1, whereas neopentane maintains
free electron dispersion, m*=m„for both the bilayers
and trilayers. Furthermore, the n =2 state of the image-
potential Rydberg series does not show a nondispersive
feature for any of the alkane bilayers for which n =2
dispersion is measurable.

%e attribute the nondispersive feature in these spectra
to localized electron states, in contrast to electrons in ex-
tended states characterized by dispersive bands. (We
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F16. 4. Trilayer dispersion. The delocalized state continues
to dominate the neopentane spectrum. The trend of the non-

dispersive feature (localized state) becoming more prominent in

the n-pentane spectrum as layer thickness increases is clearly
established. The features marked e in (a) are due to small

patches of bilayer interspersed with trilayer. Curve heights
have been scaled.
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speak here of localization and delocalization in the plane
of the surface; the image potential obviously binds the
electron near the surface in the z direction. ) Free-
electron-like states show parabolic bands, which are
characterized by an effective mass m* with dispersion
E(ki) i' k~f/2m*+ED. The extreme opposite case is

that of a spatially localized electron. For a laterally lo-

calized state, k~~ is not a good quantum number. Instead,
the localized state is a superposition of many k[] plane
wave states, the coefficients of which are given by the spa-
tial Fourier transform of the localized wave function.
Photoelectrons emitted from a localized state can be
ejected over a range of angles. However, the energy is

not a function of k~~, so angle-resolved TPPE will yield a
flat energy band as a function of angle.

We have extensively studied metal-alkane interfaces,
investigating the effects of different preparation methods
and annealing procedures on localization. However, the
only two parameters that control the appearance of the
nondispersive peak are the layer thickness and the identi-

ty of the adsorbate. The obvious effect of layer thickness
is illustrated by the increasing prominence of the non-

dispersive feature in Figs. 2(b), 3(b), and 4(b). This
effect is probably due to increasing overlap of the image
electron wave function with the adlayer as thicker layers
are grown. This interpretation is confirmed by the fact
that the n 2 states (not shown) do not show a non-

dispersive feature while the corresponding n =1 states do.
The hydrogenic model for an image-potential electron on

a bare metal predicts that the expectation value of the
distance z from the surface is 3 A for the n =1 wave

function compared to 13 A for the n 2 wave function
[8]. In comparison, a layer of cyclohexane is approxi-
mately 3 A thick.

The importance of adsorbate chemical identity for
determining whether or not excess electrons are localized
in the plane of the interface is obvious from the contrast-
ing spectra for neopentane and n-pentane in Figs. 3 and
4. The diff'erent interfacial electronic structures we ob-
serve are probably not due to diff'erences in gross adlayer
morphology, since ordered films result in each case. Low
energy electron diffraction studies of straight-chain al-
kanes and cyclohexane adsorbed on Ag(111) [9] have
shown that the monolayer ordered domain sizes are on
the order of 100 A. Ordered multilayers grow in the
same structure as the ordered monolayer in most cases.
The nearly spherical neopentane probably adsorbs in hex-
agonal layers.

In proposing a plausible mechanism for excess electron
localization, we note that the n =1 image electron is in-

creasingly constrained to reside inside the molecular layer
as the thickness increases from monolayer to trilayer. It
is now generally accepted for many classes of Hamiltoni-
ans that localized electronic states (for which the wave-
function envelope decays exponentially) exist in two-
dimensional systems for any amount of disorder [10]. On

this basis alone, we might expect that excess electrons at
an alkane/Ag(l I 1) interface should be localized on the

length scale of the ordered domain size. However, the
data point to localization on a smaller length scale.

We note from Figs. 3(b) and 4(b) that the highest

momentum electrons observable with our current ap-
paratus (ki =0.32 A ' at 20') participate in the forma-
tion of the localized state. Higher momentum plane wave

states have shorter de Broglie wavelengths and sense
fewer defects per wavelength. Therefore the de Broglie
wavelength associated with the electrons of highest
momentum, = 20 A, sets a rough upper limit on the la-

teral spatial extent of the localized states. Thus defects
which persist in the ordered adlayer domains probably
provide enough disorder to enforce localization on a
length scale significantly smaller than the domain size,
provided that the individual adlayer molecules couple
strongly to an excess electron.

We suggest that differences in coupling strength be-
tween an excess electron and the various adsorbate
species lead to delocalized states for neopentane and lo-

calized states otherwise. For some atomic and molecular
scatters the phase shifts due to interaction with the at-
tractive and repulsive parts of the electron-molecule pseu-
dopotential roughly cancel one another over a range of
energies. A medium comprised of such constituents will

appear more or less transparent to an excess electron.
This eff'ect is the basis for well-developed theories ex-
plaining the high electron mobilities in some rare gas
fiuids [11,12] and is responsible for delocalized states and

high electron mobility in liquid neopentane [13]. Thus an

excess electron will be largely insensitive to structural im-

perfections in the neopentane layers.
On the other hand, the straight-chain alkanes and cy-

clohexane have electron-molecule pseudopotentials which

couple a low energy ex-cess electron strongly to these mol-

ecules [14]. For cases with strong coupling, the defects in

the otherwise ordered adlayer can readily lead to local-
ized states in accordance with the aforementioned predic-
tion of 2D localization theory. These diff'erences in cou-

pling strengths are intimately related to the molecular
geometries. For the alkanes, the coupling strength de-
pends primarily on the degree to which an excess electron
scatters off' of the electron density of the C-C bonds [14].
Neopentane presents mainly methyl groups on its scatter-
ing surface, hiding the electron density associated with

the C-C bonds on the inside of the molecule. However,
the straight-chain or cyclic alkanes expose the electron
density associated with C-C bonds to an incoming excess
electron.

Additional evidence suggesting that the nondispersive
feature is due to a localized electronic state is found by
comparing our results with excess electron mobility data
for nonpolar liquids. The excess electron mobility of
liquid neopentane is 2 to 3 orders of magnitude higher
than for n-alkanes or cyclohexane [15]. We suggest that
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the correlation of low excess electron mobility in the
liquid with localization at the interface corroborates our
interpretation, although we emphasize that we are not
aware of an analytical result directly relating electron
effective mass to mobility for quasi 20 systems.

Confirmation that the adlayer electronic structures
differ with molecular geometry is provided by the already
noted fact that the effective mass of the deloealized ex-
cess electron is different for neopentane than for the
aspherical alkanes. This independently establishes that
the electronic structures of metal-alkane interfaces differ
for the two classes of adlayer constituents. This is con-
sistent with our assignment of the nondispersive peak as a
feature of the intermediate state rather than an artifact
due to scattering during photoemission.

ln conclusion, we have studied the structure of the
unoccupied electronic levels at metal-dielectric interfaces
and found both localized and delocalized states. The data
suggest a correlation between molecular geometry and

the spatial extent of the excess electron wave function
which may be applicable to other interfacial systems.
This is the first work to observe localization of excess
electrons at an interface as a nondispersive feature in

angle-resolved photoemission. The method (TPPE) pre-
sented here for the study of localization is general and

should also be applicable to many different interfaces.
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