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Energies and lifetimes of atomic Rydberg states near metal surfaces
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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.

[. INTRODUCTION separation. The energy shift and broadening are obtained di-
rectly from the surface potential using the complex scaling
The interaction of highly excited Rydberg atoms with sur-method®® The surface is described using a density-functional
faces is of considerable scientific interest. Rydberg atoms ar@ethod that properly includes the image potential. The
relatively simple systems with properties that derive fromsurface-induced hybridization of the atomic levels is prop-
basic physical principles rather than complicated chemistryerly included.
Of particular interest is the study of charge transfer processes The results of the calculation show a relatively compli-
between highly excited Rydberg states and metal surface§ated distance dependence of the energy shift and broadening
Due to the large spatial extent of highly excited states, charggf atomic Rydberg levels near the surface. It is shown that
transfer reactions occur at large distances from the surfacéome of the levels hybridize strongly with each other, result-
In this region, the surface potential is believed to be relaing in states with a pronounced orientation. For intermediate
tively simple in character. atom-surface separations, the states oriented toward the sur-
Resonant transfer of electrons between the conductiorface are shown to shift downward with decreasing atom-
band and high-lying ionic Rydberg states is usually the domisurface separation. Due to the distance dependence of the
nant electronic process in the scattering of slow, highlyhybridization, some level widths exhibit a nonexponential
charged ions by metal surfackghe formation of highly ~dependence on the atom-surface separation. The widths of
excited hydrogenr{(<10) atoms has been observed in low- the hybridized states oriented toward the metal are found to
energy ion-surface collisior’s The ionization of Rydberg e many orders of magnitude broader than the states oriented
atoms outside metal surfaces has been studied using meg}yvard the vacuum. The hybridization of the atomic orbitals
transmission experiments’ Recently an experimental ap- is found to depend sensitively on details of the surface po-
proach for the measurement of the ionization distances dential. For an accurate description of the energy shifts and
Rydberg atoms near metal surfaces has been devefoped. broadenings of atomic Rydberg states near metal surfaces it
The probability for electron transfer between a Rydbergs therefore necessary to employ a realistic surface potential.
atom and a metal surface has been previousiy investigated In Sec. Il, some theoretical details of the calculation are
theoretica"y_ By using an approximate anaiogy between tthSCfibEd. In Sec. lll, the results are presented. In Sec. IV,
atom-surface interaction problem and the Stark problenthe results are compared with results from a calculation em-
when the atom is far from the Surface’ the shifts and Width§|0y|ng the finite barrier model for the surface. In Sec. V, the
of atomic Rydberg levels were estimated for asymptoticconclusions are outlined.
distances.The interaction of Rydberg atoms with the surface
have recently been studied extensively by Wille using pertur- Il. THEORY
bation theory°~1? In this work, the surface was modeled '
using a finite barrier model neglecting the image interaction The broadenings and shifts of atomic levels near the sur-
between the electron and the surface. Furthermore, the cdiace are induced by the surface electron potential. In Sec.
culations were performed using an unperturbed atomic basi$ A, a method for the calculation of the surface electron
neglecting the surface-induced hybridization of the atomigotential is presented. In Sec. Il B, our method for calculat-
orbitals. While this approach would be valid for large atom-ing the energies and broadenings of the atomic resonances is
surface separations and for highly charged ions, these apliscussed.
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- Although the basic features of the surface potential can be
els outside a metal surface as a function of atom-surfacanderstood from a simple image model, such an approxima-

A. Electron potential outside surfaces
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FIG. 1. Calculated surface potenti&aVs"(p,z;Z) as a function Z=100 a.u.

of z for p=0 andZ=200 a.u. The distancesand Z refer to the
jellium edge. Positivez and Z are in the vacuum direction. The
solid lines are the results obtained using the density-functional 50
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 large The quantities\ e andz; are

defined in the text. The jellium is characterized 2.

200

(a.u.)

FIG. 2. Calculated surface potenti&avs"(p,z;Z) as a function

tion would be too crude for the evaluation of tunneling prob-Of z andp for three different_ pr_oton-surface separa_tions. For illus-
abilities between atoms and surfa¢d3o model the surface trat!ve purposes, the potential is shown as_ a function of lateral co-
we invoke the jellium model* and use cylindrical coordi- Or%'gl""tey Whler.e”f:M'_ The upper pac?elh's floZ=300 a“f". th?
nates with the cylinder axis through the hydrogen atom. Th(%“_ 10e0 paneThns_ ﬁ_rZ—_zooh a'u'j[ an dtbe Zower panet is for
electron coordinates are denotgd4,«) and uppercase let- =~ a.U. The Jefium Is characterized by=2.
tersZ refer to the atomic coordinates. The distanzesdZ
refer to the jellium edge. Positive distances are in the ) ) s
vacuum direction. Atomic units will be used throughout the electron-surface interaction. The second tedV,, de-
text unless otherwise indicated. scribes the surface potential induced by the proton.

In this calculation, a one-electron description will be as- ~There exist several first-principles schemes for the calcu-
sumed. This approximation is reasonable for the descriptioftion of the one-electron potentialg(z), outside metal sur-
of one-electron events such as resonant tunneling betwedaces. To properly describe electron tunneling between a sur-
the ion and the solid but does not describe two-electroface and an atom it is important to use a potential that
events such as Auger deexcitation which may be importarincludes image effects.In the present case we have adopted
close to the surfacor atom-surface separatiods<5 a.u).  the weighted density approximation® This particular
The atom-surface separations considered in this paper are fayany-body approach describes both the image interaction
from the surface 2>50 a.u) and many-electron effects can and the potential in the bulk. For large, Vg(2)

therefore safely be neglected. — —1/4(z—z;,,), wherez;, is the image plane defined as the
The total potential for the electron at coordinatgszj  first moment of the charge distribution induced by an exter-
can be written as nal electric fieldt’
The AV3i(p,z;Z) term describes how the bare surface
Ve“(p,z;Z)ZVS(z)+AV,§(p,Z;Z). (1) electron potential is modified when the proton is present.

There are two contributions to this term: the direct Coulomb
The first part of the potentiaV/j(z) describes the bare potential from the proton and the potential from the proton-
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FIG. 4. Calculated energy shifigeft) and widths(right) as a
function of distance of the five hi(=5m=0) states outside a jel-
lium surface (s=2). 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.

f ff 1
— AV p,2; 2=V (p,z,Z)+ —. 3
100 200 300 400 r
7 (a.u.) 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
FIG. 3. Calculated energy shifts of the i€ 7—11) m=0 states  broadenings of the atomic levela VU would be the per-
as a function of distancg outside a jellium surfacer(=2). turbing potential.

In Fig. 1, we showAVs¥(p,z:7) as a function of along
induced image charge in the surface. For large electronthe surface normal through the proton, i.e., jor0. The
surface separations and atom-surface separatiods the  upper panel shows the surface potential close to the surface
latter contribution approaches its classical valueand the lower panel shows the potential on a larger scale. For
1p?+(z+Z—2z,)°. For intermediate separations, the comparison, we also show the potential obtained assuming
image contribution is estimated using a linear response aghat the surface is a perfect conductor. The difference be-
proach. Theoretical studies have shown that the surfacaveen the density-functional potential and the classical po-
charges induced by a moderate external perturbation are ditential is largest for smait. For smallz, the jellium potential
tributed in a relatively thin layer in the surface region. Thesaturates and reaches its bulk value within a few a.u. from
thickness of this layeA as well as the locatiom,,, depends the jellium edge. The classical image potential varies more

on ther of the metaf'’ strongly withz and diverges at=0. For largez, the differ-
We assume that the proton-induced image surface chargce between the density-functional potential and the classi-
distribution can be written as cal image potential becomes negligible. From Fig. 1, it can

be seen that the surface-induced potential is negative for
1 z2' =z ? z<z., and is positive in a regiom>z.. The surface poten-
o(p'.2',2)= \/A—GXF{—( A ) oc(p’"Z=2Zm), (2 tial has a maximumi e(Z)=AVs"(0,Z;Z) for z=Z, and
m vanishes as z—«. In a classical image model,
whereo  is the classical surface charge density induced on & e(Z) =27.2/4 eV andz.=Z/3. The corresponding values
perfectly conducting metal surface by a unit charge at a disef Ae(Z) andz. for the density-functional potential are simi-
tanceZ— z;,,. The primed coordinates andp’ here referto lar. Since the surface potential is positive and approximately
the induced electron density distribution along the surfaceequal toAe(Z) in an extended region around the proton,
Using this ansatz forr, the change in the electrostatic po- localized atomic states are expected to shift upward by an
tential as well as the induced exchange-correlation potentiEdmount~Ae(Z). As will be demonstrated in Sec. lll, highly
can be calculated using Poisson’s equation and a prop@xcited Rydberg states can sometimes extend into the region
exchange-correlation functiont. z<z. and therefore lower their energy. The degree to which
In order to understand the effects of the surface on thehis happens depends on the surface-induced hybridization of
atomic levels it is useful to subtract the Coulomb potentialthe degenerate Rydberg orbitals. For a correct description of
between the electron and the proton from the effective pothis hybridization it is crucial to use the proper surface
tential given in Eq(1), potential®
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FIG. 5. Calculated energy shifieft) and widths(right) as a  wherek, is positive. The energy is related to the complex
function of distance of H{=5), m=1—-4 outside a jellium surface \yave numberk through e= — (1/2) (kg + ik,)z. The energy
(rs=2). The different states for eaalm are drawn with different thus becomes complex=ex—i ¢, . The real part of the en-
dashed patte_rns. '_I'he same dashed pat_tern is used both for the r@?by’ e, describes the energy of the level and the imaginary
part and the imaginary part of the atomic state. part, €, describes the half-width of the resonance. Since

) ; ) Ve depends explicitly on the atom-surface separaf#on

In Fig. 2, we showAVS'"(p,z;Z) for three different atom-  poth e and ¢, will depend onZ.
surface separatioris. It can be seen that the topology of the  Resonances can be directly obtained from @by ex-
potential is relatively complicated. Near the surface, the imyending the coordinates to the complex plane. A convenient
age interaction between the electron and the metal dominai@ethod for this is the complex scaling metidd®22The
the potential and result in a strong attraction. For largthe  jgea is to introduce a complex variable substitution in the
surface potential is small and varies relatively weakly with  gtomic radial coordinate; —exgia]r. Upon this variable

The lateral variation of the surface potential depends on botfansformation, the resonance boundary condition is changed
zandZ. The lateral variations are always largest for sraall ¢

For smallZ, the surface potential shows a stropglepen-
dence in the region close to the surface. For laZgehe p P (r)— el (kreoseFkysina)r+ (kjcosa—kgsina)r (6)

dependence becomes weaker. ) ] )
If « is chosen larger than arctavky this expression van-

_ _ _ ishes asymptotically. This means that the resulting Hamil-
B. Calculations of the shifts and broadenings tonian can be diagonalized using a normalizable basis. The
of atomic levels near surfaces advantage of simpler boundary conditions is at the expense

When an atom comes close to a metal Surface, the pro@f haVing to invert a CompleX non-Hermitian Hamiltonian.
ability for resonant tunneling of electrons between the atoml his lengthens the computation time somewhat but is not a
and the surface increases. Some of the atomic levels therel@rious problem.
become resonances. This fact complicates the description of For a jellium surface, there is no azimuthal dependence of
the levels significantly. In order to calculate the level shiftsthe surface potential. The atomic wave functions are ex-
and broadenings, the Schiinger equation for the electrons Panded in a finite basis set consisting of generalized La-

must be solved: guerre polynomials,
Lo yer o oo |y ¢n|m=eXF{_ LY. @)
—5 VAV (p,z.Z) |y=ey (4) 2
In this expres:sionLﬁ'+2 is a generalized Laguerre polyno-

under resonance boundary conditions: mial andY/,, is a spherical harmonia. is a parameter that is
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FIG. 8. Calculated widths as a function of distance of
FIG. 7. Calculated energy shifts as a function of distance ofH(n=10), m=1-9 states outside a jellium surface£2). The

H(n=10), m=1-9 outside a jellium surface {=2). The different  dashed pattern used for the different states are the same as those
states for eacim are drawn with different dash patterns. The sameysed in Fig. 7.

dashed pattern is used for the corresponding widths shown in Fig. 8.
referring to the atomic states. For edch| andn there are

chosen to optimize the basis set. Since the potential in Eqy—|m| degenerate atomic orbitals that may hybridize with
(1) has cylindrical symmetry, basis functions with different each other. The interaction with the surface results in the
m will not interact and the Hamiltonian matrix has a block formation of states similar to “Stark state$®”
structure. For largeZ, all states shift upward with decreasiag

The matrix elements are calculated on a multicenter gridThis  upward  shift is approximately equal to
Gauss quadrature is used for efficient numerical integrationd e(Z) =27.2/4 eV. At intermediate distances, some states
The Hamiltonian is then diagonalized. The accuracy of theshift downward with decreasing atom-surface separation. As
calculations can be checked by investigating the dependenedll be discussed in more detail in Sec. Il B, this effect is
of the calculated eigenvalues on the paramateffor a com-  most pronounced for states oriented toward the surface. The
plete set of basis functions there should beandependence wave function of these states extends into the regiog, in
provided a>arctank /kg). In typical calculations, basis Wwhich the surface potential VS'" is attractive(see Fig. 1
functions up ton=60 andl,,=30 are included. The accu- For the smallest atom-surface separations all atomic levels
racy of the resonance calculation is three digits, which isshift upward. This is caused by the orthogonalization of the
well beyond the accuracy of our surface potential. 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
then andn=1 manifolds becomes smaller with increasing
n. For H(h=15), some energy levels cross levels deriving
both from the HO=14) and Ha=16) manifolds. When this

8,9, 10, and 11, as a function of distanté&rom the surface. happens, the intra-atomic hybridization can be very pro-

The figure illustrates some of the interesting features of th&°Unced. This will be discussed in a forthcoming pafer.
interaction between Rydberg atoms and metal surfaces. It can In the follqwmg subseqtlons, the calculateql energy shifts
be seen that the degeneracy of the atomic orbitals is lifted d broadenings of atomic Rydberg state.s W'".be. presented
the surface is approached. Only the azimuthal quantum nunje” H(n=>5) and Hf=10) outside an aluminum jellium sur-
berm remains a good quantum number during the interaction@ce (s=2).
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- In Fig. 4 the calculated shifts and broadenings of hydro-
fore continue to use the principal quantum numbervhen  gen with principal quantum number=5 are shown for the

Ill. RESULTS

In Fig. 3, we show the energy shifts of hydrogenic Ryd-
berg stategwith m=0) for principal quantum number=7,

A. H(n=5) states
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bitals { dpiml AV drimy will differ by a term inversely pro-

250 portional toZ3. The strongest effect of hybridization on the
Efgg widths of atomic states is due to the Stark-like third term in
100 Eq. (8). This term mixes symmetric and antisymmetric orbit-

50 als resulting in states that can be oriented toward or away
from the surface. The matrix element of the Stark term is

250 inversely proportional taz*. Since two orbitals will only
200 4 hybridize strongly if their matrix element
8150 {Driml AV po1im) s larger than their energy separation,
&100 the Stark mixing will be very small at large atom-surface

50 separations. As the surface is approached, the Stark matrix
250 elements between the atomic orbitéts,m AV b« 1m)
200 increase and some of the orbitals start to hybridize, resulting
glso in states that have different orientations with respect to the
2100 surface. These states will have very different widths. It can
50 be seen from Fig. 4 that the width of the most short-lived
state is several orders of magnitude broader than the most

250 long-lived state. As will be shown in the next section, the
=i most short-lived states are oriented directly toward the sur-
flzz face and the most long-lived states are oriented toward

150 vacuum.

, h From Fig. 4, it can also be seen that the distance depen-

250 dence of the widths of some levels is nonexponential. At the
~200 atom-surface distances of arouZd=80 and 40 a.u., the
150 s widths of two of the states exhibit kinks. These distances
2100 rﬁgg&\%(:\\\\\\\\ correspond to positions where the Stark matrix element be-

50 ,%\N\Er\\hi \\\\\‘ 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 specifi@ points.

100 200 300 400 50050
z (a.u.)

FIG. 9. Contour plot of the probability density(p,z)|? for the . . . _
H(n=10), m=0 states. The hydrogen is placedZat 300 a.u. The In Fig. 5, the energy shifts and widths of tie=1—-4

dashed patterns used in each of the subplots are the same as thg_ggte_s O_f HOZS) are shown. It Ca_n be seen that the interac-
used in Fig. 6. The contour levels are 0.1, 0.5, 2.5, 12.5, an ion is similar to them=0 case. Since the degeneracy of the

62.5x 107 a.u. atomic levels decreases with increasing azimuthal quantum
number, we expect the state orientation effects of intra-

five states withm=0. At very large distances from the sur- &0mic hybridization to be smaller with increasing This
face (not shown, the energies and widths of the atomic or- can clearly be seen from_ the calculated widths in Fig. 5. As
bitals are relatively similar. As the surface is approached™ Pecomes larger the anisotropy decreases. We also note that
both the energy shifts and broadenings vary with distance ifer a given atom-surface separation, the widths of the atomic
a complex fashion. levels becpme narrower with increasimg Th|§ is due to the
A qualitative understanding of the distance dependence djecrease in overlap between the atomic orbitals and the elec-
the hybridization can be obtained from simple perturbation™oNic states of the surface.
theory by conszitsjering the asymptotic expansiomtms“”fog
I;\r/gezézgnd Z.7> A Taylor expansion to the ordgm/Z] B. H(n=10) states
In Fig. 6, the energies and widths of the ter+=0 states
r2 3rd r2 of H(n=10) are shown as a function of atom-surface sepa-
168 32243059— 1GZ3CO§0 ration outside a metal surface. At large distances, the levels
are almost degenerate. As the surface is approached, hybrid-
3r3 ized orbitals are formed and the degeneracy is lifted. Due to
_@COSD’G’ ®  the larger spatial extent of the radial wave functions, the
interaction with the surface starts at larger distances for the
where 6 is the polar angle with respect to an axis perpen-H(n=10) states than for the HES) states. The general
dicular to the surface. It can be seen from this expression thathape of the energy shifts and broadening of the levels is
no linear Stark term is present. As discussed in Sec. Il A, thisimilar to the Ho=5) case. Some orbitals have hybridized
is due to the fact that the surface potenfil®'" has a maxi- and formed states with specific orientation with respect to the
mum atz=Z. From the expansion E), it can be seen that surface. As would be expected, the effects of orbital hybrid-
to lowest order the energy shifts of the different atomic or-ization and state orientation are much more pronounced for

Avsurf_) i
47
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that the four most short-lived states extend well into the re-

{101 gion z<z.. The five states shown on the right-hand side of
C
' \\ 10-2 Fig. 9 are very similar to each other and show only very
—-.40 \ \ _3 small signs of surface interaction. These states correspond to
\\\\ 10 the states with very similar shifts and broadenings drawn
—_ \ {1074 - with solid and dotted lines in Fig. 6. Since the spatial extent
o ! o5 @ of the wave functions is so similar, one can understand why
L 45 LY L ~ . . 7
o I \ lio-6 © the energy shifts and broadenings of these states are so simi-
0 Lo \\ o g lar. For smaller atom-surface separations these states will
2 \ \ \ q10 s also start to hybridize, resulting in states with more pro-
M 50 | \\ \ {108 nounced orientations with respect to the surface. When this
\\ \ \ 110-9 happens, the differences between their widths also increase.
VoL \ {1010
_ K : IV. DISCUSSION
55 vl \Vlo—ll
N R WL A ‘ It is not possible to directly compare the present results

20 50 80 110 20 50 80 110

. . 2 _
7 (au) 7 (aw) with the results from perturbation thed*? The perturba

tive approach neglects the hybridization between the atomic
orbitals. As was demonstrated in the present calculation, the
FIG. 10. Calculated energy shiftieft) and widths(right) as a  hybridization of the atomic orbitals results in states with
function of distance of H{=5), m=0 outside a surface modeled Shifts and broadenings that vary greatly from each other. A
using the finite barrier model, E9). The five different states are comparison between widths calculated using the complex
drawn with different dashed patterns. The same dashed pattern §£aling method and widths calculated using the perturbative
used for both the real part and the imaginary part of the energy opproach for Hi=2) and H=3) adopting a Stark repre-
the atomic state. sentation have shown reasonable agreerffent.
In calculating the energy shift and broadenings of atomic
n=10 than forn=>5. At a distance oZ=300 a.u., the most levels near surfaces it is crucial to employ an accurate de-
scription of the surface. In Fig. 10, the energy shifts and

long-lived state is more than ten orders of magnitude mor . ) o
long lived than the most short-lived state. From Fig. 5, it Car:%roadenlngs of the five H=5m=0) states are shown as a

also be seen that the distance de F]unction of atom-surface separation outside a surface mod-
pendence of some of teieed using the finite barrier mod&rBM), i.e

widths is nonexponential. In the interval 230 &Ww>220 Y
a.u., the hybridization between two orbitals increases. This AVSUi(2)=V,0(—2). 9)
results in the width of one of the states actually decreasing
with decreasing atom-surface separation. Similar effectdhe depthV, is chosen as the bulk value of the jellium
have been seen within all of tme=0 manifolds of hydrogen potential forrs=2, i.e.,
orbitals with principal quantum number<in<18. ) s

In Figs. 7 and 8, the calculated energy shift and broaden- Vo= lim Vq(z)=—16.4 eV. (10)
ings of H(n=10) states with azimuthal quantum numbers .
m=1-9. As for H(n=5), the hybridization and conse- It can clearly be seen that both the shifts and broadening of
quently the effects of state orientation decrease when ththe atomic levels are very different from those in Fig. 4. For
degeneracy is decreased. The width of the levels generalihe FBM, the levels never show any downshift. This is be-
decreases with increasimg. cause the interaction between the Rydberg levels and the

In order to quantify the effects of hybridization on the surface is dominated by the orthogonalization energy and
orientation of the wave functions of the Rydberg states, théiybridization between the atomic level and the bound states
wave functions have been calculated. In Fig. 9, contour plotsf the surface. Since the energies of the surface states are
of the probability density of the ten HE 10) states are lower than the Rydberg states the interaction with the surface
shown form=0 for an atom-surface separation 8£300 results in an upward shift of the atomic states. From Fig. 10,
a.u?’ The contours are drawn with the same dashed patterriscan also be seen that the anisotropy of the widths is much
as were used to show the level shifts and broadenings in Fidgarger for the FBM than for the density-functional potential.
6. These plots explicitly demonstrate how the surface-This is because the FBM potential results in larger hybrid-
induced hybridization results in states with different orienta-ization and more efficient alignment of the atomic orbitals.
tion with respect to the surface. The wave function of theSince the FBM potential is zero outside the surface, the en-
most short lived of the H{=10m=0) states extends di- ergy shifts of the atomic orbitals are very small. The overlap
rectly toward the surface and has negligible weight on thamatrix element is larger than the energy shifts even at large
vacuum side of the atomic nucleus. The most long-lived statatom-surface separation resulting in an efficient hybridiza-
is oriented toward the vacuum region and has negligiblgion and alignment of the atomic states.
weight on the surface side of the nucleus. The plots in Fig. 9 These results show that the hybridization of the Rydberg
also illustrate why the energies of certain states shift downerbitals depends sensitively on the details of the surface po-
ward with decreasing atom-surface separation. The surfadential. When calculating the energy shifts and broadenings
potential AVS"" becomes attractive for<z.. For Z=300 of atomic Rydberg levels it is therefore important to employ
a.u.,z.~100 a.u. From the left panel of Fig. 9, it can be seena realistic surface potential.
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V. CONCLUSIONS potential. This calculation thus shows that for an accurate

description of the energy shifts and broadenings of atomic

The energy shifts and broadenings of atomic Rydberq?é/dberg levels outside a metal surface it is crucial to employ
states outside a metal surface have been calculated as a fugJl tealistic model of the surface

tion of atom-surface separation. It was found that the
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