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Image potential states on periodically corrugated metal surfaces
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Image potential states~IPS’s! on periodically stepped metal surfaces have been calculated within an impen-
etrable surface model. Band splittings and band anticrossings are predicted for IPS’s caused by the lateral back
scatterings of the stepped surfaces. A reduction in the binding energy of the lowest IPS’s was found due to the
lateral confinement, which agrees fairly well with the experimental results. The calculated photoionization
transition-matrix elements show that the photoionization of the lowest-energy IPS’s on the stepped metal
surface is nearly the same as that on planar metal surfaces, while for the high-energy IPS’s the umklapp
process becomes important in the photoionization, giving rise to electron scattering in different directions.
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I. INTRODUCTION

Image potential states~IPS’s! play a significant role in
many areas of surface physics. As the electrons in IPS’s
bound only a few Å above the solid surface, their behav
can reveal important physical and chemical characteristic
the surface. For example, in low-energy electron diffractio
IPS’s are responsible for a wealth of low-energy, fine str
tures attributed to surface resonances above the vac
level.1,2 In scanning tunneling microscope~STM! studies, it
has been demonstrated that the interaction of the tunne
electrons with the dynamical image potentials of the surf
and tip has profound effects on the tunneling current of
STM.3,4 Highly spin-polarized IPS’s observed in front o
Co(101̄0) indicate that IPS’s can be employed as probes
detecting surface magnetizations.5 Studies of the sensitive
dependence of the dynamical behavior6 and band
dispersion7,8 of the IPS’s on adatoms and their patterns
the metal surfaces helped to gain deeper understanding
the adsorption process on metal surfaces. Very recently
the advent of nanostructure fabrication and high-resolu
detection techniques, IPS’s near nanostructured surf
have again attracted considerable attention.7–11 Sample fab-
rication via the use of atomic-scale techniques, such as v
nal surface miscut9–11 or the addition of patterned adatom7

on surfaces, has created fine periodically corrugated m
surface structures with lateral periods of about 10 Å. T
energy bands of IPS’s on these nanostructured surfaces,
sured directly using angle-resolved inverse photoemiss
and two-photon photoemission~2PPE!, show clear evidence
of localized states,9 band folding,10 and band splitting7 due to
the lateral confinement. However, the experimental res
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are diverse. Both dispersionless band9 and backfolded dis-
persion band10 of the IPS’s on the stepped Cu~001! surface
were reported.

Theoretical explanations of the experimental results,
our knowledge, were mainly based on simple models
scribing the stepped surface by a one-dimensional, Kron
Penney potential,10,11 although complicated numerical calcu
lations of the IPS’s onplanar metal surfaces have bee
carried out.11–15 The effects of the stepped surface on t
image potential and then on the IPS’s are not directly eva
ated. The backfolding of the IPS bands into the first Brillou
zone~FBZ! associated with the lateral period of the stepp
surface can cause band anticrossing between different
bands in the FBZ, since the energy of the umklapp proc
\2K61

2 /2me'0.668 eV for a lateral period ofLx515 Å is
close to the energy difference~0.638 eV! between then51
and n52 IPS’s. In certain cases, this band anticrossing
expected to change the energy dispersions of the IP
greatly. The umklapp process mentioned above also in
duces complexity in obtaining the band structures of
IPS’s with the angle-resolved 2PPE, where the direction
the photoionized electrons is detected to determine the
plane wave vectorkx of the IPS’s.16 It is important to know
in what cases electron transitions to the continuum sta
with in-plane wave vectorskx2Km will dominate the photo-
ionization, whereKm is the reciprocal-lattice wave vecto
associated with the stepped surface. In this paper, we pre
calculations of the IPS’s near periodically stepped metal s
faces aimed at analyzing the problems mentioned abo
Simple impenetrable metal surfaces are assumed in the
culation, which enabled us to evaluate directly the effect
the stepped surface on the image potential and IPS’s.
©2001 The American Physical Society08-1
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metal surfaces where the electron vacuum energy level
close to the bulk electron energy bands,16 the validity of the
application of the impenetrable surface model may be qu
tionable, as in this case the penetration of the wave funct
of the IPS’s into the metals will affect the binding ener
and localization positions, etc., of the lowest (n51) IPS’s.
But for the high-energy-level (n>2) IPS’s, and for metal
surfaces where the electron vacuum energy level lies in
middle of a wide bulk electron energy gap,16 such as a
Cu~001! surface, which is the stepped metal surface stud
in most of the experiments, the model of the impenetra
surface provides a reasonably good approximation.

II. FORMALISM

The IPS’s on a periodically stepped, impenetrable me
surface are calculated with the method we developed pr
ously in the calculation of the electronic states of corruga
lateral superlattices.17 In the effective-mass approximation
the electronic system is described by minimizing the follo
ing functional:

L@F#5E H \2

2m*
u¹F~r !u21Vim~r !uF~r !u2J dr

2EE uF~r !u2dr , ~1!

wherem* is the electron effective mass.F(r ) andE are the
electron wave function and energy eigenvalue of the IPS
be determined.Vim(r ) is the electron self-induced image p
tential outside the stepped metal surface, which we deri
previously:18

FIG. 1. DVim(r ) and dVim( r̃ ) ~defined in the text! plotted as
functions of x ~or x̃! with z ~or z̃! being fixed at~a! z (or z̃)
51 Å and ~b! z (or z̃)53 Å for a periodically stepped surfac
sketched in the figure. The structural parameters of the surface
Lx511 Å, L154 Å (L11L25Lx/2) andh51 Å.
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FIG. 2. The first five calculated energy bands~the solid lines! of
the IPS’s near the periodically stepped metal surfaces simila
those in Fig. 1, with different lateral periods,~a!–~c!. An electron
effective massm* 50.9me is assumed. The dash-dotted line in~c!
indicates the parabolic fit of then52 energy band. The energ
bands~the dashed lines! for the IPS’s of the planar metal surface
are also plotted in the same figure.
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FIG. 3. The calculated wave
functions of the IPS’s in one pe
riod for ~a,b! the lowest energy
level (n51) on the stepped sur
face of Fig. 2~a!, and ~c,d! the n
52 states on the stepped surfa
of Fig. 2~c!. The in-plane wave
vectors for the IPS wave function
are ~a,c! kx /K50, ~b! kx /K
50.5, and~d! kx /K50.1.
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Vim~r !52
e2

4z
1DVim~r ! ~2!

with

DVim~r !52
e2

2p E dx8dy8 f ~x8!

3
z2

@~y82y!21~x2x8!21z2#3 , ~3!

where we assume that the metal occupies the spacz
, f (x), with its surface described by a profile functionz
5 f (x). The first term on the right-hand side of Eq.~2! is the
image potential for a planar metal surface, while the sec
term gives the modification due to the stepped surface.
overcome the difficulty associated with the complicat
boundary conditions on the stepped interface, we introd
the following coordinate transformation:

x̃5x; ỹ5y; z̃5z2 f ~x!, ~4!

which transforms the stepped surface into a plane atz̃50.
The electron wave function of the IPS is expanded with
complete set of eigenwave functions in the transform
spacer̃ :

F̃nkx
~ r̃ !5 (

n8m8

An8m8~n,kx!
e2 i ~kx2Km8!x̃

ALx
~0!

zn8~ z̃!, ~5!

wherezn8( z̃) is the eigenwave function of the IPS on apla-
nar impenetrable surface19 in spacer̃ . The in-plane wave
vector kx of the IPS is limited within the FBZ (ukxu<K/2
5p/Lx) andKm85m8K. The energy bandEn(kx) of the IPS
is obtained by diagonalizing the eigenvalue equation
04540
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tained by minimizing the functionalL@F#.17 A sufficient
number of the expansion functions (n8,m8) are used in the
calculation so that the variation of the first three calcula
energy bands is less than 1% if the number of the expan
functions are further increased.

Before giving the calculated results, it is instructive
analyze the image potential of the stepped metal surfac
more detail. In the transformed spacer̃ , we can also divide
the image potential into

Ṽim~ r̃ !52
e2

4z̃
1dVim~ r̃ !. ~6!

Both DVim(r ) anddVim( r̃ ) are given in Fig. 1 withz and z̃
fixed at ~a! z (or z̃)51 Å and ~b! z (or z̃)53 Å for the
stepped Cu~001! surface similar to that reported in Ref. 1
The structural parameters of the surface~see the sketch in
Fig. 1! are Lx511 Å, L154 Å (L11L25Lx/2) and h
51 Å. Both dVim( r̃ ) and DVim(r ) decrease quickly away
from the surface. This explains why experimental result11

show small changes for the high level IPS’s which are loc
ized far away from the stepped surfaces. But we will sh
that the anticrossing of the energy bands can still introd
significant changes in the energy bands of these IPS’s.
also interesting to note that the signs ofdVim( r̃ ) and
DVim(r ) are opposite. Asz̃5z2 f (x) is thez direction dis-
tance of the electron to the surface,dVim( r̃ ) in Fig. 1 gives
the lateral potential felt by the electron with itsz direction
distance to the surface being fixed. As the electron is bo
near the metal surface by the repulsive force of the surf
~impenetrable! barrier and the attractive force of the imag
potential with its distance to the surface being almost fix
we will show that it isdVim( r̃ ) which determines mainly
where the electron in the IPS is localized laterally on t
stepped surface.
8-3
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III. RESULTS AND DISCUSSION

We give in Fig. 2 the first few calculated energy ban
~the solid lines! of the IPS’s near the periodically steppe
metal surfaces similar to that sketched in Fig. 1, with diff
ent lateral periods@Figs. 2~a!–2~c!#. An electron effective
massm* 50.9me is assumed in the IPS’s of the Cu~001!
surface.20 Also given in Fig. 2 are the energy bands~the
dashed lines! of the IPS’s for theplanar metal surface. Re-
ductions in the binding energies of the lowest IPS’s are p
dicted for all the stepped metal surfaces calculated. A red
tion in the binding energy of the lowest IPS was observed
both the stepped Cu~001! surface10 adsorbed with Na atom
~;0.01 ML! with a lateral period ofLx511 Å and the
stepped Cu~111! surface11 with Lx514 Å. The theoretical
reductions in the binding energy of the IPS’s that we o
tained are 94 meV@Fig. 2~a!# and 63 meV@Fig. 2~b!#, in
fairly good agreement with the observed reduction of 1
and 50 meV, respectively. The reduction in the binding
ergy of IPS’s has also been reported on rough Cu~111!
surfaces.21 This reduction is attributed to the lateral localiz
tion of the IPS’s by the stepped metal surface. The high le
IPS’s are less affected by the stepped surface because
states are bound further away from the surface, as discu
in the last paragraph of Sec. II. But the band anticross
between the high level bands and the backfoldedn851 band
introduce detectable changes in these high level bands. F
stepped metal surface withLx516 Å, a negative effective
electron mass is predicted for then52 IPS in the center of
the FBZ @Fig. 2~c!#. Experimentally, to our knowledge, n
results on stepped Cu metal surface withLx>16 Å were re-
ported. While then52 IPS band for a stepped Cu~111!
surface11 with Lx514 Å was measured within ukxu
,0.1 Å21 ~or ukx /Ku,0.22!, just before the band anticross
ing effect is expected to appear@see Fig. 2~b!#. The band
splitting of the IPS’s at the edge of the FBZ were repor
for the Co(101̄0) surface5 and the Si~111! surface7 adsorbed
with 431 patterned In atoms. While on the stepped Cu~001!
surface,10 only the lower level of the splitting bands at th
edge of the FBZ was observed.

In Figs. 3~a! and 3~b!, we plot in one period the wave
functions of the IPS’s of the lowest energy level (n51) on
the stepped surface of Fig. 2~a!, and in Figs. 3~c! and 3~d!,
the n52 states on the stepped surface of Fig. 2~c!. The in-
plane wave vectors for the IPS wave functions arekx /K
50, kx /K50.5, andkx /K50.1 in Figs. 3~a!, 3~c!, 3~b!, and
3~d!, respectively. The electrons in then51 IPS’s@Figs. 3~a!
and 3~b!# localize laterally at the bottom of the steps, whe
dVim( r̃ ) shows a potential valley~see Fig. 1! as we expected
Vertically, the electrons in then51 IPS’s are bound at abou
;3 Å above the stepped surface. While for then52 IPS’s,
electrons are bound further away at about;12 Å from the
surface, which reduces the effect of the stepped surfac
these states. But at the band anticrossing, there is a st
mixture of the wave functions from different bands@Fig.
3~d!#.

This mixture of wave functions complicates the analy
of the experimental results from angle-resolved 2PPE, as
electrons in the photoionization process can make the tra
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tion to different continuum states with in-plane wave vecto
at kx2Km , giving rise to electrons with the same kinet
energy, but scattering in different directions. To analyze
transition strength of the photoionization, we calculate
photoionization transition-matrix element from the bound
continuum IPS’s:

Pz~n,kx2Km!5^Fkx2Km ,kz
~r !upzuFnkx

~r !&, ~7!

whereFkx2Km ,kz
(r ) is the wave function of the IPS’s in th

continuum19 with a kinetic energy EK5\2@(kx2Km)2

1kz
2#/2me . Pz(n,kx2Km) is displayed in Fig. 4~a! for the

stepped surfaces of Fig. 2~a!, and in Fig. 4~b! for that of Fig.
2~c! as functions ofkx with a given incident photon energ
\v5EK2En(kx)52.2 eV forn51,2, andm50,61, where
P0 is the photoionization transition-matrix element on a p

FIG. 4. The calculated photoionization transition-matrix elem
Pz(n,kx2Km), ~a! for the stepped surfaces of Fig. 2~a!, and~b! for
that of Fig. 2~c!, plotted as functions ofkx with a given incident
photon energy\v52.2 eV for n51,2 andm50,61. P0 is the
photoionization transition-matrix element on a planar metal surf
from then51 IPS atkx50 with the same photon energy.
8-4
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nar metal surface from then51 IPS atkx50 with the same
photon energy. The results in Fig. 4 show that the photoi
ization of then51 IPS’s on the stepped surfaces is nea
the same as that on a planar surface. The umklapp proce
(m561) do not affect the photoionization very much, e
cept at the boundary of the FBZ. While for then52 IPS’s,
the umklapp processes (m561) become important in the
photoionization when the energy band anticrossing sta
But in the center of the FBZ (kx'0), photoionization with
the small angle off the surface normal (m50) is the main
scattering process. The negative effective mass due to
band anticrossing effect we predicted in Fig. 2~c! is expected
to be detectable with angle-resolved 2PPE, because it
pears at the center of the FBZ and experimentally then52
band of the IPS is observed only near the center of
FBZ.10,11

IV. CONCLUSION

The IPS’s on periodically stepped metal surfaces h
been calculated within an impenetrable surface model. B
splittings and band anticrossings are predicted for the IP
caused by the lateral back scatterings of the stepped surf
Detectable effects in the energy dispersions of the IPS ba
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are expected. A reduction in the binding energy of the low
IPS’s was found due to the lateral confinement, which agr
fairly well with the experimental results. The calculate
photoionization transition-matrix elements show that t
photoionization of the lowest IPS’s on the stepped me
surface is nearly the same as that on planar metal surfa
while for the high-energy IPS’s, the umklapp process b
comes important in the photoionization, giving rise to ele
tron scattering in different directions.
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