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The energy shifts and broadenings of atomic Rydberg states have been calculated as a function of distance
from a metal surface using the complex scaling technique. The results of this calculation show a relatively
complicated distance dependence of the energy shifts and broadenings of the levels near the surface. Some of
the orbitals hybridize with each other, resulting in states with wave functions that differ strongly in their
orientation with respect to the surface. The widths of the states oriented toward the metal are found to be many
orders of magnitude broader than the states oriented toward the vacuum. The widths of some states exhibit a
nonexponential dependence on atom-surface separation. It is shown that for an accurate description of the
interaction of Rydberg atoms with metal surfaces it is important to employ a realistic surface potential.

I. INTRODUCTION

The interaction of highly excited Rydberg atoms with sur-
faces is of considerable scientific interest. Rydberg atoms are
relatively simple systems with properties that derive from
basic physical principles rather than complicated chemistry.
Of particular interest is the study of charge transfer processes
between highly excited Rydberg states and metal surfaces.
Due to the large spatial extent of highly excited states, charge
transfer reactions occur at large distances from the surface.
In this region, the surface potential is believed to be rela-
tively simple in character.

Resonant transfer of electrons between the conduction-
band and high-lying ionic Rydberg states is usually the domi-
nant electronic process in the scattering of slow, highly
charged ions by metal surfaces.1 The formation of highly
excited hydrogen (n<10) atoms has been observed in low-
energy ion-surface collisions.2–4 The ionization of Rydberg
atoms outside metal surfaces has been studied using mesh
transmission experiments.5–7 Recently an experimental ap-
proach for the measurement of the ionization distances of
Rydberg atoms near metal surfaces has been developed.8

The probability for electron transfer between a Rydberg
atom and a metal surface has been previously investigated
theoretically. By using an approximate analogy between the
atom-surface interaction problem and the Stark problem
when the atom is far from the surface, the shifts and widths
of atomic Rydberg levels were estimated for asymptotic
distances.9 The interaction of Rydberg atoms with the surface
have recently been studied extensively by Wille using pertur-
bation theory.10–12 In this work, the surface was modeled
using a finite barrier model neglecting the image interaction
between the electron and the surface. Furthermore, the cal-
culations were performed using an unperturbed atomic basis
neglecting the surface-induced hybridization of the atomic
orbitals. While this approach would be valid for large atom-
surface separations and for highly charged ions, these ap-
proximations are questionable for neutral Rydberg atoms at
thermal energies.

In this paper, we present a first-principles calculation of
the energy-level shift and broadening of atomic Rydberg lev-
els outside a metal surface as a function of atom-surface

separation. The energy shift and broadening are obtained di-
rectly from the surface potential using the complex scaling
method.13 The surface is described using a density-functional
method that properly includes the image potential. The
surface-induced hybridization of the atomic levels is prop-
erly included.

The results of the calculation show a relatively compli-
cated distance dependence of the energy shift and broadening
of atomic Rydberg levels near the surface. It is shown that
some of the levels hybridize strongly with each other, result-
ing in states with a pronounced orientation. For intermediate
atom-surface separations, the states oriented toward the sur-
face are shown to shift downward with decreasing atom-
surface separation. Due to the distance dependence of the
hybridization, some level widths exhibit a nonexponential
dependence on the atom-surface separation. The widths of
the hybridized states oriented toward the metal are found to
be many orders of magnitude broader than the states oriented
toward the vacuum. The hybridization of the atomic orbitals
is found to depend sensitively on details of the surface po-
tential. For an accurate description of the energy shifts and
broadenings of atomic Rydberg states near metal surfaces it
is therefore necessary to employ a realistic surface potential.

In Sec. II, some theoretical details of the calculation are
described. In Sec. III, the results are presented. In Sec. IV,
the results are compared with results from a calculation em-
ploying the finite barrier model for the surface. In Sec. V, the
conclusions are outlined.

II. THEORY

The broadenings and shifts of atomic levels near the sur-
face are induced by the surface electron potential. In Sec.
II A, a method for the calculation of the surface electron
potential is presented. In Sec. II B, our method for calculat-
ing the energies and broadenings of the atomic resonances is
discussed.

A. Electron potential outside surfaces

Although the basic features of the surface potential can be
understood from a simple image model, such an approxima-
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tion would be too crude for the evaluation of tunneling prob-
abilities between atoms and surfaces.13 To model the surface
we invoke the jellium model,14 and use cylindrical coordi-
nates with the cylinder axis through the hydrogen atom. The
electron coordinates are denoted (r,z,a) and uppercase let-
tersZ refer to the atomic coordinates. The distancesz andZ
refer to the jellium edge. Positive distances are in the
vacuum direction. Atomic units will be used throughout the
text unless otherwise indicated.

In this calculation, a one-electron description will be as-
sumed. This approximation is reasonable for the description
of one-electron events such as resonant tunneling between
the ion and the solid but does not describe two-electron
events such as Auger deexcitation which may be important
close to the surface~for atom-surface separationsZ,5 a.u.!.
The atom-surface separations considered in this paper are far
from the surface (Z.50 a.u.! and many-electron effects can
therefore safely be neglected.

The total potential for the electron at coordinates (r,z!
can be written as

Veff~r,z;Z!5V0
s~z!1DVA

s ~r,z;Z!. ~1!

The first part of the potentialV0
s(z) describes the bare

electron-surface interaction. The second term,DVA
s , de-

scribes the surface potential induced by the proton.
There exist several first-principles schemes for the calcu-

lation of the one-electron potential,V0
s(z), outside metal sur-

faces. To properly describe electron tunneling between a sur-
face and an atom it is important to use a potential that
includes image effects.13 In the present case we have adopted
the weighted density approximation.15,16 This particular
many-body approach describes both the image interaction
and the potential in the bulk. For largez, V0

s(z)
→21/4(z2zim), wherezim is the image plane defined as the
first moment of the charge distribution induced by an exter-
nal electric field.17

The DVA
s (r,z;Z) term describes how the bare surface

electron potential is modified when the proton is present.
There are two contributions to this term: the direct Coulomb
potential from the proton and the potential from the proton-

FIG. 1. Calculated surface potentialDVsurf(r,z;Z) as a function
of z for r50 andZ5200 a.u. The distancesz andZ refer to the
jellium edge. Positivez and Z are in the vacuum direction. The
solid lines are the results obtained using the density-functional
method and the dashed lines are results obtained assuming a per-
fectly conducting metal surface using a simple image model. The
upper panel shows the potential near the surface and the lower
panel shows the potential for largez. The quantitiesDe andzc are
defined in the text. The jellium is characterized byr s52.

FIG. 2. Calculated surface potentialDVsurf(r,z;Z) as a function
of z andr for three different proton-surface separations. For illus-
trative purposes, the potential is shown as a function of lateral co-
ordinatey wherer5uyu. The upper panel is forZ5300 a.u., the
middle panel is forZ5200 a.u., and the lower panel is for
Z5100 a.u. The jellium is characterized byr s52.
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induced image charge in the surface. For large electron-
surface separationsz and atom-surface separationsZ, the
latter contribution approaches its classical value
1/Ar21(z1Z22zim)

2. For intermediate separations, the
image contribution is estimated using a linear response ap-
proach. Theoretical studies have shown that the surface
charges induced by a moderate external perturbation are dis-
tributed in a relatively thin layer in the surface region. The
thickness of this layerD as well as the locationzim depends
on ther s of the metal.17

We assume that the proton-induced image surface charge
distribution can be written as

s~r8,z8,Z!5
1

ADp
expF2S z82zim

D D 2Gscl~r8,Z2zim!, ~2!

wherescl is the classical surface charge density induced on a
perfectly conducting metal surface by a unit charge at a dis-
tanceZ2zim . The primed coordinatesz8 andr8 here refer to
the induced electron density distribution along the surface.
Using this ansatz fors, the change in the electrostatic po-
tential as well as the induced exchange-correlation potential
can be calculated using Poisson’s equation and a proper
exchange-correlation functional.18

In order to understand the effects of the surface on the
atomic levels it is useful to subtract the Coulomb potential
between the electron and the proton from the effective po-
tential given in Eq.~1!,

DVsurf~r,z;Z!5Veff~r,z;Z!1
1

r
. ~3!

This quantity is the difference between the one-electron po-
tential when the atom is near the surface and when the atom
is in vacuum. In a perturbative calculation of the shifts and
broadenings of the atomic levels,DVsurf would be the per-
turbing potential.

In Fig. 1, we showDVsurf(r,z;Z) as a function ofz along
the surface normal through the proton, i.e., forr50. The
upper panel shows the surface potential close to the surface
and the lower panel shows the potential on a larger scale. For
comparison, we also show the potential obtained assuming
that the surface is a perfect conductor. The difference be-
tween the density-functional potential and the classical po-
tential is largest for smallz. For smallz, the jellium potential
saturates and reaches its bulk value within a few a.u. from
the jellium edge. The classical image potential varies more
strongly withz and diverges atz50. For largez, the differ-
ence between the density-functional potential and the classi-
cal image potential becomes negligible. From Fig. 1, it can
be seen that the surface-induced potential is negative for
z,zc , and is positive in a regionz.zc . The surface poten-
tial has a maximumDe(Z)5DVsurf(0,Z;Z) for z5Z, and
vanishes as z→`. In a classical image model,
De(Z)527.2/4Z eV andzc5Z/3. The corresponding values
of De(Z) andzc for the density-functional potential are simi-
lar. Since the surface potential is positive and approximately
equal toDe(Z) in an extended region around the proton,
localized atomic states are expected to shift upward by an
amount'De(Z). As will be demonstrated in Sec. III, highly
excited Rydberg states can sometimes extend into the region
z,zc and therefore lower their energy. The degree to which
this happens depends on the surface-induced hybridization of
the degenerate Rydberg orbitals. For a correct description of
this hybridization it is crucial to use the proper surface
potential.13

FIG. 3. Calculated energy shifts of the H(n57–11! m50 states
as a function of distanceZ outside a jellium surface (r s52!.

FIG. 4. Calculated energy shifts~left! and widths~right! as a
function of distance of the five H(n55,m50! states outside a jel-
lium surface (r s52!. The five different states are drawn with dif-
ferent dashed patterns. The same dashed pattern is used both for the
real part and the imaginary part of the atomic state.
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In Fig. 2, we showDVsurf(r,z;Z) for three different atom-
surface separationsZ. It can be seen that the topology of the
potential is relatively complicated. Near the surface, the im-
age interaction between the electron and the metal dominate
the potential and result in a strong attraction. For largez, the
surface potential is small and varies relatively weakly withz.
The lateral variation of the surface potential depends on both
z andZ. The lateral variations are always largest for smallz.
For smallZ, the surface potential shows a strongr depen-
dence in the region close to the surface. For largeZ, the r
dependence becomes weaker.

B. Calculations of the shifts and broadenings
of atomic levels near surfaces

When an atom comes close to a metal surface, the prob-
ability for resonant tunneling of electrons between the atom
and the surface increases. Some of the atomic levels thereby
become resonances. This fact complicates the description of
the levels significantly. In order to calculate the level shifts
and broadenings, the Schro¨dinger equation for the electrons
must be solved:

F2
1

2
¹21Veff~r,z;Z!Gc5ec ~4!

under resonance boundary conditions:

c~r !→
1

r
eikRr1kI r f ~V!, ~5!

wherekI is positive. The energy is related to the complex
wave numberk throughe52(1/2)(kR1 ikI)

2. The energy
thus becomes complex,e5eR2 i e I . The real part of the en-
ergy,eR , describes the energy of the level and the imaginary
part, e I , describes the half-width of the resonance. Since
Veff depends explicitly on the atom-surface separationZ,
both eR ande I will depend onZ.

Resonances can be directly obtained from Eq.~4! by ex-
tending the coordinates to the complex plane. A convenient
method for this is the complex scaling method.13,19–22The
idea is to introduce a complex variable substitution in the
atomic radial coordinate,r→exp@ia#r. Upon this variable
transformation, the resonance boundary condition is changed
to

C~r !→ei ~kRcosa1kIsina!r1~kIcosa2kRsina!r . ~6!

If a is chosen larger than arctankI /kR this expression van-
ishes asymptotically. This means that the resulting Hamil-
tonian can be diagonalized using a normalizable basis. The
advantage of simpler boundary conditions is at the expense
of having to invert a complex non-Hermitian Hamiltonian.
This lengthens the computation time somewhat but is not a
serious problem.

For a jellium surface, there is no azimuthal dependence of
the surface potential. The atomic wave functions are ex-
panded in a finite basis set consisting of generalized La-
guerre polynomials,

fnlm5expF2
lr

2 G r l11Ln
2l12~lr !Ylm~V!. ~7!

In this expression,Ln
2l12 is a generalized Laguerre polyno-

mial andYlm is a spherical harmonic.l is a parameter that is

FIG. 5. Calculated energy shifts~left! and widths~right! as a
function of distance of H(n55!, m51–4 outside a jellium surface
(r s52!. The different states for eachm are drawn with different
dashed patterns. The same dashed pattern is used both for the real
part and the imaginary part of the atomic state.

FIG. 6. Calculated energy shifts~left! and widths~right! as a
function of distance of H(n510!, m50 outside a jellium surface
(r s52!. The different states are drawn with different dashed pat-
terns. The same dashed pattern is used both for the real part and the
imaginary part of the atomic state.
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chosen to optimize the basis set. Since the potential in Eq.
~1! has cylindrical symmetry, basis functions with different
m will not interact and the Hamiltonian matrix has a block
structure.

The matrix elements are calculated on a multicenter grid.
Gauss quadrature is used for efficient numerical integration.
The Hamiltonian is then diagonalized. The accuracy of the
calculations can be checked by investigating the dependence
of the calculated eigenvalues on the parametera. For a com-
plete set of basis functions there should be noa dependence
provided a.arctan(kI /kR). In typical calculations, basis
functions up ton560 andlmax530 are included. The accu-
racy of the resonance calculation is three digits, which is
well beyond the accuracy of our surface potential.

III. RESULTS

In Fig. 3, we show the energy shifts of hydrogenic Ryd-
berg states~with m50! for principal quantum numbern57,
8, 9, 10, and 11, as a function of distanceZ from the surface.
The figure illustrates some of the interesting features of the
interaction between Rydberg atoms and metal surfaces. It can
be seen that the degeneracy of the atomic orbitals is lifted as
the surface is approached. Only the azimuthal quantum num-
berm remains a good quantum number during the interaction
of the atom with the surface. Since the energy difference
between states with different principal quantum number is
large, the interaction between such states is small. We there-
fore continue to use the principal quantum numbern when

referring to the atomic states. For eachumu andn there are
n2umu degenerate atomic orbitals that may hybridize with
each other. The interaction with the surface results in the
formation of states similar to ‘‘Stark states.’’23

For largeZ, all states shift upward with decreasingZ.
This upward shift is approximately equal to
De(Z)527.2/4Z eV. At intermediate distances, some states
shift downward with decreasing atom-surface separation. As
will be discussed in more detail in Sec. III B, this effect is
most pronounced for states oriented toward the surface. The
wave function of these states extends into the regionz,zc in
which the surface potentialDVsurf is attractive~see Fig. 1!.
For the smallest atom-surface separations all atomic levels
shift upward. This is caused by the orthogonalization of the
atomic states against the surface states when the correspond-
ing overlap becomes finite. It can also be seen from Fig. 3
that the energy separations between states that derive from
the n andn61 manifolds becomes smaller with increasing
n. For H(n515), some energy levels cross levels deriving
both from the H(n514) and H(n516) manifolds. When this
happens, the intra-atomic hybridization can be very pro-
nounced. This will be discussed in a forthcoming paper.24

In the following subsections, the calculated energy shifts
and broadenings of atomic Rydberg states will be presented
for H(n55) and H(n510) outside an aluminum jellium sur-
face (r s52!.

A. H„n55… states

In Fig. 4 the calculated shifts and broadenings of hydro-
gen with principal quantum numbern55 are shown for the

FIG. 7. Calculated energy shifts as a function of distance of
H(n510!, m51–9 outside a jellium surface (r s52!. The different
states for eachm are drawn with different dash patterns. The same
dashed pattern is used for the corresponding widths shown in Fig. 8.

FIG. 8. Calculated widths as a function of distance of
H(n510!, m51–9 states outside a jellium surface (r s52!. The
dashed pattern used for the different states are the same as those
used in Fig. 7.

53 4129ENERGIES AND LIFETIMES OF ATOMIC RYDBERG STATES . . .



five states withm50. At very large distances from the sur-
face ~not shown!, the energies and widths of the atomic or-
bitals are relatively similar. As the surface is approached,
both the energy shifts and broadenings vary with distance in
a complex fashion.

A qualitative understanding of the distance dependence of
the hybridization can be obtained from simple perturbation
theory by considering the asymptotic expansion ofDVsurf for
large z and Z.25 A Taylor expansion to the order@r /Z#5

gives26,25

DVsurf→F 14ZG2
r 2

16Z3
2

3r 3

32Z4
cosu2

r 2

16Z3
cos2u

2
3r 3

32Z4
cos3u, ~8!

whereu is the polar angle with respect to an axis perpen-
dicular to the surface. It can be seen from this expression that
no linear Stark term is present. As discussed in Sec. II A, this
is due to the fact that the surface potentialDVsurf has a maxi-
mum atz5Z. From the expansion Eq.~8!, it can be seen that
to lowest order the energy shifts of the different atomic or-

bitals^fnlmuDVsurfufnlm& will differ by a term inversely pro-
portional toZ3. The strongest effect of hybridization on the
widths of atomic states is due to the Stark-like third term in
Eq. ~8!. This term mixes symmetric and antisymmetric orbit-
als resulting in states that can be oriented toward or away
from the surface. The matrix element of the Stark term is
inversely proportional toZ4. Since two orbitals will only
hybridize strongly if their matrix element
^fnlmuDVsurfufnl8m& is larger than their energy separation,
the Stark mixing will be very small at large atom-surface
separations. As the surface is approached, the Stark matrix
elements between the atomic orbitals^fnlmuDVsurfufnl61m&
increase and some of the orbitals start to hybridize, resulting
in states that have different orientations with respect to the
surface. These states will have very different widths. It can
be seen from Fig. 4 that the width of the most short-lived
state is several orders of magnitude broader than the most
long-lived state. As will be shown in the next section, the
most short-lived states are oriented directly toward the sur-
face and the most long-lived states are oriented toward
vacuum.

From Fig. 4, it can also be seen that the distance depen-
dence of the widths of some levels is nonexponential. At the
atom-surface distances of aroundZ'80 and 40 a.u., the
widths of two of the states exhibit kinks. These distances
correspond to positions where the Stark matrix element be-
comes comparable to the energy difference between the cor-
responding orbitals. This nonmonotonic behavior reflects the
formation of hybridized atomic states with a specific orien-
tation with respect to the surface. It can clearly be seen that
the width anisotropy increases for distances smaller than
these specificZ points.

In Fig. 5, the energy shifts and widths of them5124
states of H(n55! are shown. It can be seen that the interac-
tion is similar to them50 case. Since the degeneracy of the
atomic levels decreases with increasing azimuthal quantum
number, we expect the state orientation effects of intra-
atomic hybridization to be smaller with increasingm. This
can clearly be seen from the calculated widths in Fig. 5. As
m becomes larger the anisotropy decreases. We also note that
for a given atom-surface separation, the widths of the atomic
levels become narrower with increasingm. This is due to the
decrease in overlap between the atomic orbitals and the elec-
tronic states of the surface.

B. H„n510… states

In Fig. 6, the energies and widths of the tenm50 states
of H(n510) are shown as a function of atom-surface sepa-
ration outside a metal surface. At large distances, the levels
are almost degenerate. As the surface is approached, hybrid-
ized orbitals are formed and the degeneracy is lifted. Due to
the larger spatial extent of the radial wave functions, the
interaction with the surface starts at larger distances for the
H(n510) states than for the H(n55) states. The general
shape of the energy shifts and broadening of the levels is
similar to the H(n55) case. Some orbitals have hybridized
and formed states with specific orientation with respect to the
surface. As would be expected, the effects of orbital hybrid-
ization and state orientation are much more pronounced for

FIG. 9. Contour plot of the probability densityuc(r,z)u2 for the
H(n510!, m50 states. The hydrogen is placed atZ5300 a.u. The
dashed patterns used in each of the subplots are the same as those
used in Fig. 6. The contour levels are 0.1, 0.5, 2.5, 12.5, and
62.531027 a.u.
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n510 than forn55. At a distance ofZ5300 a.u., the most
long-lived state is more than ten orders of magnitude more
long lived than the most short-lived state. From Fig. 5, it can
also be seen that the distance dependence of some of the
widths is nonexponential. In the interval 230 a.u..Z.220
a.u., the hybridization between two orbitals increases. This
results in the width of one of the states actually decreasing
with decreasing atom-surface separation. Similar effects
have been seen within all of them50 manifolds of hydrogen
orbitals with principal quantum number 5,n,18.

In Figs. 7 and 8, the calculated energy shift and broaden-
ings of H(n510) states with azimuthal quantum numbers
m5129. As for H(n55), the hybridization and conse-
quently the effects of state orientation decrease when the
degeneracy is decreased. The width of the levels generally
decreases with increasingm.

In order to quantify the effects of hybridization on the
orientation of the wave functions of the Rydberg states, the
wave functions have been calculated. In Fig. 9, contour plots
of the probability density of the ten H(n510) states are
shown form50 for an atom-surface separation ofZ5300
a.u.27 The contours are drawn with the same dashed patterns
as were used to show the level shifts and broadenings in Fig.
6. These plots explicitly demonstrate how the surface-
induced hybridization results in states with different orienta-
tion with respect to the surface. The wave function of the
most short lived of the H(n510,m50) states extends di-
rectly toward the surface and has negligible weight on the
vacuum side of the atomic nucleus. The most long-lived state
is oriented toward the vacuum region and has negligible
weight on the surface side of the nucleus. The plots in Fig. 9
also illustrate why the energies of certain states shift down-
ward with decreasing atom-surface separation. The surface
potentialDVsurf becomes attractive forz,zc . For Z5300
a.u.,zc'100 a.u. From the left panel of Fig. 9, it can be seen

that the four most short-lived states extend well into the re-
gion z,zc . The five states shown on the right-hand side of
Fig. 9 are very similar to each other and show only very
small signs of surface interaction. These states correspond to
the states with very similar shifts and broadenings drawn
with solid and dotted lines in Fig. 6. Since the spatial extent
of the wave functions is so similar, one can understand why
the energy shifts and broadenings of these states are so simi-
lar. For smaller atom-surface separations these states will
also start to hybridize, resulting in states with more pro-
nounced orientations with respect to the surface. When this
happens, the differences between their widths also increase.

IV. DISCUSSION

It is not possible to directly compare the present results
with the results from perturbation theory.10,12 The perturba-
tive approach neglects the hybridization between the atomic
orbitals. As was demonstrated in the present calculation, the
hybridization of the atomic orbitals results in states with
shifts and broadenings that vary greatly from each other. A
comparison between widths calculated using the complex
scaling method and widths calculated using the perturbative
approach for H(n52) and H(n53) adopting a Stark repre-
sentation have shown reasonable agreement.28

In calculating the energy shift and broadenings of atomic
levels near surfaces it is crucial to employ an accurate de-
scription of the surface. In Fig. 10, the energy shifts and
broadenings of the five H(n55,m50! states are shown as a
function of atom-surface separation outside a surface mod-
eled using the finite barrier model~FBM!, i.e.,

DVsurf~z!5V0Q~2z!. ~9!

The depthV0 is chosen as the bulk value of the jellium
potential forr s52, i.e.,

V05 lim
z→2`

V0
s~z!5216.4 eV. ~10!

It can clearly be seen that both the shifts and broadening of
the atomic levels are very different from those in Fig. 4. For
the FBM, the levels never show any downshift. This is be-
cause the interaction between the Rydberg levels and the
surface is dominated by the orthogonalization energy and
hybridization between the atomic level and the bound states
of the surface. Since the energies of the surface states are
lower than the Rydberg states the interaction with the surface
results in an upward shift of the atomic states. From Fig. 10,
it can also be seen that the anisotropy of the widths is much
larger for the FBM than for the density-functional potential.
This is because the FBM potential results in larger hybrid-
ization and more efficient alignment of the atomic orbitals.
Since the FBM potential is zero outside the surface, the en-
ergy shifts of the atomic orbitals are very small. The overlap
matrix element is larger than the energy shifts even at large
atom-surface separation resulting in an efficient hybridiza-
tion and alignment of the atomic states.

These results show that the hybridization of the Rydberg
orbitals depends sensitively on the details of the surface po-
tential. When calculating the energy shifts and broadenings
of atomic Rydberg levels it is therefore important to employ
a realistic surface potential.

FIG. 10. Calculated energy shifts~left! and widths~right! as a
function of distance of H(n55!, m50 outside a surface modeled
using the finite barrier model, Eq.~9!. The five different states are
drawn with different dashed patterns. The same dashed pattern is
used for both the real part and the imaginary part of the energy of
the atomic state.
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V. CONCLUSIONS

The energy shifts and broadenings of atomic Rydberg
states outside a metal surface have been calculated as a func-
tion of atom-surface separation. It was found that the
surface-induced hybridization of the atomic orbitals results
in states with different orientations with respect to the sur-
face. For a given atom-surface separation, the widths of these
states can differ by many orders of magnitude. The hybrid-
ization is found to be sensitive to the details of the surface

potential. This calculation thus shows that for an accurate
description of the energy shifts and broadenings of atomic
Rydberg levels outside a metal surface it is crucial to employ
a realistic model of the surface.
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