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Stationary states of mole ular negative ions (anions) near the surfa e of a solid are investigated. The lone ele tron is assumed to intera t with a diatomi mole ule and the surfa e of the solid. The energies of ele tron levels
are determined by solving the 2D S hrödinger equation. It is shown that its stable solutions exist at distan es
from the surfa e greater than some riti al distan e, otherwise the ele tron is deta hed from the anion. In the
ase of attra tion between the ele tron and the solid, the intera tion potential between the anion and the solid
appears to have the LennardJones form and the ion is separated from the surfa e by some equilibrium distan e.
PACS: 34.50.Dy, 32.10.Hq, 31.15.Fx
1. INTRODUCTION

The intera tion of ele tronegative mole ules and
negative mole ular ions (anions) with surfa es of ondensed state is extensively studied within the last
de ades. One of the problems most interesting to us is
the formation and evolution of negative ion resonan es
(NIRs) on surfa es [14℄. As in the gas phase, NIRs
an also be generated at surfa es by the atta hment of
free ele trons to absorbed mole ules at a dened energy [13℄. It has been re ognized that the photo hemi al behavior of adsorbed mole ules an ee tively be
governed by the photoindu ed ele tron transfer from
the substrate to the adsorbed mole ule [57℄. In some
systems, NIRs thus formed are onsidered as the driving for e for the respe tive photo hemi al rea tion.
The formation and evolution of NIRs are usually
appre iably modied when passing from the gas phase
to the surfa e [8; 9℄. This on erns the energy of the
temporary negative ion, its lifetime (with respe t to
the ele tron loss and disso iation), and the bran hing
ratios between the disso iative atta hment hannels.
Some ele tron s attering experiments have been
performed on mole ules deposited on old noble gas
substrates (solids). Here, a noble gas layer of vari* E-mail: dmrzhor .ru

able thi kness an be used to study the inuen e of
the metalli substrate on the parti ular pro ess, e.g.,
the (disso iative) atta hment ross se tion or the energy shift of the negative ion resonan e [810℄. In addition, substrate-indu ed ele tron transfer rea tions via
the initial formation of an ele tron ex iton pre ursor in
the noble gas layer ould be observed [3; 13℄.
The stability of mole ular negative ions at or near
the surfa e is an essential point in the investigation of
low-energy ele tron-driven rea tions on adsorbed and
ondensed mole ules [14℄. In addition to its importan e
from the standpoint of basi s ien e, the stability of
negatively harged parti les at or near a solid surfa e
is an important issue in many te hnologi al pro esses
like photo opying, laser printing, et .
In [15℄, it was shown that the intera tion of a negative ion with a nonpolar liquid results in a onsiderable
shift of its photodeta hment threshold. Apparently, noti eable shifts an be expe ted in the intera tion of an
anion and the surfa e of a solid. In [1618℄, the dynami s of the pro esses of harge transfer and produ tion
of mole ular anions in the vi inity of a surfa e were
investigated. It was re ognized that an a urate alulation of ele tron energies requires solving the 2D
S hrödinger equation, be ause the spheri al symmetry
for the lone ele tron is broken at a short distan e from
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the surfa e [18℄. Consequently, on the basis of a onedimensional perturbation theory, su iently a urate
values of the ele tron energy annot be found at short
distan es from the surfa e be ause higher-order terms
require nonspheri al orre tions to the wave fun tion.
The obje tive of this paper is to al ulate the stationary state energy of the lone ele tron of a mole ular
anion near the surfa e of a solid by solving the stationary 2D S hrödinger equation. The intera tion of the
lone ele tron with the diatomi mole ule is des ribed
by a polarization pseudopotential; the intera tion with
the solid is hara terized by a single parameter, the
ee tive energy of the ele tron inside the solid, V0 .
In this formulation, the problem has a twodimensional axial symmetry with the axis perpendi ular to the surfa e, and we must therefore solve
the 2D S hrödinger equation. Solutions of the multidimensional S hrödinger equation are known in the
ases where spatial variables an be separated (as in
the theory of the Stark ee t). In the ase of unseparable variables, due to the omplexity of the general
mathemati al formulation, no regular methods, either
analyti or numeri al, have been developed up to date.
As a rule, the multidimensional S hrödinger equation
is redu ed to a quasi-one-dimensional one, spe i for
the problem under onsideration. There are several
approa hes to the treatment of multidimensional equations. Among them, the split-step Fourier s heme [19℄
was used in [20℄ for the investigation of white noise
in the 2D nonlinear S hrödinger equation. The 3D
wave pa ket propagation method was used in [21℄
to des ribe the propagation of an ele tron near the
surfa e of a solid.
We propose a solution of this problem assuming
that the ele tron state is in fa t a superposition of
states with dierent values of the angular momentum
in the orresponding ee tive spheri ally symmetri
potentials. The state with zero angular momentum
is assumed to dominate. An exa t solution of the
S hrödinger equations is then sought as a linear ombination of the wave fun tions orresponding to different values l of the angular momentum. Thus, the
2D S hrödinger equation is redu ed to an innite set
of one-dimensional equations for the radial wave fun tions. It an be shown that its solution an be approximated to a very good a ura y by the trun ation of
the innite set to two equations for l = 0 (zero approximation) and l = 1 (rst approximation). The latter
is easily solved numeri ally by the iteration method.
This allows al ulating the lone ele tron energy as a
fun tion of the parameters hara terizing its total intera tion potential.

Stability of negative ions

:::

Two ases must be distinguished, the repulsive surfa e (potential barrier) and the attra tive surfa e (potential well). Repulsion of the ele tron from the surfa e
auses pure repulsion of the anion from the surfa e;
there is the minimum distan e at whi h a stationary
state is possible. At shorter distan es, nonstationary
states emerge, whi h prove to have the de ay times too
short to be dete ted experimentally. Thus, deta hment
of the ele tron from a diatomi mole ule o urs, and
the ele tron is removed into va uum.
In the ase of an attra tive surfa e, the existen e of
an ele tron stationary state depends on the values of
potential parameters. If the potential well in a solid is
too deep, no stationary state is possible, and the ele tron is deta hed from the anion at the distan e where
the anion de ay time be omes shorter than its residen e
time near the surfa e of the solid. If the well depth is
moderate, there is a nite range with some minimum
and maximum distan es from the surfa e where a stationary solution exists. If the potential well is shallow,
there is only the minimum distan e, as in the ase of
a potential barrier. In the ase of surfa e attra tion,
deta hment of the lone ele tron implies its tunneling
into the potential well of a solid. If stationary states
exist, the urve of intera tion between the anion and
the surfa e of the solid has the form hara teristi of
the interatomi intera tion (the LennardJones potential). As is known, this potential has an equilibrium
distan e. Hen e, a mole ule-like equilibrium state of
the anion near the surfa e emerges. This makes it possible to predi t not only the shift of the ele tron level
(of the ele tron photodeta hment threshold), but also
the distan e from the surfa e at whi h the anion an
be found.
This paper is organized as follows. In Se . 2,
the intera tion potential for the lone ele tron and the
S hrödinger equation to be solved are written; in Se . 3,
its asymptoti ally exa t solution is found and the rstorder approximation to this solution is onsidered. Potential urves for anions near the surfa e are al ulated
in Se . 4; the results obtained are analyzed in Se . 5.

2.

PROBLEM FORMULATION

We onsider a system onsisting of a highly polarizable diatomi mole ule, the surfa e of a solid, and a
lone ele tron. The intera tions between the mole ule
and the surfa e are assumed to be negligibly small, and
we an therefore take only the intera tions between the
lone ele tron and mole ule, and between the ele tron
671
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and the surfa e into a ount. We let Vp and Vs denote
the respe tive intera tion potentials.
We introdu e the spheri al oordinate system with
the origin at the point of lo ation of the mole ule and
with the polar axis perpendi ular to the surfa e. The
polar axis is dire ted toward the surfa e. The orresponding spheri al oordinates are denoted by r and .
The distan e between the mole ule and the surfa e is
z0 . The half-spa e r < z0 ( = os ) is the va uum
and the other half-spa e r  z0 is o upied by the
solid; the surfa e is dened by the equation r = z0 .
At su iently large distan es from the mole ule in the
va uum, r  r , where r is the mole ule hard- ore radius, the lone ele tron polarizes ore ele trons of the
mole ule, and the intera tion an be des ribed by the
polarization potential

Vp =

òîì
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U (r, 1)

rc

z0
r
V0

Es

Fig. 1.

Intera tion potential for the attra tive surfa e
along the polar axis

r 4;

where is the mole ule polarization in the units of a30
(and a0 is the Bohr radius) [22℄; the length and energy
are measured in the units of a0 and in Ry, respe tively
(in ontrast to the atomi units, we measure the energy in Ry). At small distan es r < r , due to the
Pauli prin iple, a short-range repulsion o urs, and we
an therefore set

Vp = +1 at r < r
(see [22℄). Thus, we use a spheri ally symmetri pseudopotential to des ribe a lone ele tron. Be ause a real
diatomi mole ule is not spheri ally symmetri , this assumption is made for simpli ity. We also assume that
the ele tron harge is s reened inside the solid and does
not therefore intera t with the mole ule, whi h allows
us to set Vp = 0 for r  z0 .
The lone ele tron polarizes the surfa e of the solid,
and the arising ele trostati image for e is responsible
for the intera tion between the ele tron and the surfa e at large distan es. At short distan es and inside
the solid, the ele tron experien es attra tion aused by
polarization of surrounding mole ules by its harge and
the Pauli repulsion. For simpli ity, we do not take the
details of this intera tion into a ount and use its simplest form instead.
We note that the hara teristi length of variation
of the image for e potential is given by several a0 ,
whereas the hara teristi length of the lone ele tron
lo alization (the width of the ele tron wave fun tion)
is about 10a0 . Obviously, Vs must be uniform inside
the solid. This enables approximating Vs by a simple
step potential Vs = 0 for r < z0 and Vs = V0 for
r  z0 . The intera tion between the ele tron and the

surfa e is therefore allowed by a single parameter V0 .
This parameter hara terizes the intera tion as a whole
and is essentially an ee tive one. Its sign depends on
the ratio between the strengths of the attra tive ele trostati image for e outside the solid and the Pauli
repulsion inside it. This ratio is dened by onstants
hara terizing the mole ule and the solid. In some ases
(e.g., the surfa e of a metal), the image for e dominates, and V0 < 0. In this ase, a potential well o urs,
whi h auses attra tion, at large distan es at least. If
V0 > 0, the solid is represented by a potential barrier,
and the net ee t is repulsion.
Although the details of the potential Vs an be inluded (as, e.g., in Ref. [21℄), this an onsiderably ompli ate the analysis of the results obtained and mask the
nature of the ee ts that we want to demonstrate. At
the same time, any ompli ated form of the ele tron
surfa e intera tion potential an be in luded in our formalism if ne essary.
Thus, the total ele tron intera tion potential

U

= Vp + Vs

is given by

U (r;  ) =

8
>
< +

1;

>
:

r<r ;
r ; r  r < z0 ;
V0 ;
r  z0 :
4

(1)

It is shown in Fig. 1. Be ause potential (1) has the
axial symmetry, the ele tron energy is found from the
2D stationary S hrödinger equation

H^
672

= Es

;
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where (r;  ) is the ele tron wave fun tion and Es is
the energy. In the spheri al oordinates, the Hamilto^ is given by
nian H

H^ =







2

 2

 2
r
2
r r
r
1

1

1

r2

2




2




+ U (r;  ): (3)

Be ause the Legendre polynomials are eigenfun tions
of the square angular momentum operator,

2

(1;  ) = 0:

; ) =

1
X

The wave fun tion
2

Z1

1

r

l=0

'l (r)Pl ( ):

(5)

is normalized to unity,

r2 dr

Z1

j (r;  )j d = 1:
2

(6)

1

0

It follows from the dis ussion above and ondition (6)
that 'l (r) are real fun tions. Substituting (5) in (6)
and re alling the normalization and orthogonality ondition for the Legendre polynomials,
Z1

Pl2 ( ) d =

1

2
;
2l + 1

Z1

Pl ( )Pk ( ) d = 0; l 6= k;

1

we obtain the normalization ondition for the fun tions
'l (r),
2
3
4
13

1
X

4

l=0
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1
2l + 1

Z1
0

'2l (r) dr5 = 1:



d2 Pl
d 2

+ 2

dPl
d

= l(l + 1)Pl ;

Pk

d 2 'k
dr2

+

(7)

(8)

1
1 X

k(k + 1)Pk 'k +
r2 k=0
1
1
X
X
+U
Pk 'k = Es Pk 'k : (9)
k=0

To solve Eq. (2), we have to additionally assume
that its solution has the same symmetry as the potential U (r;  ) in Eq. (1), i.e., the axial symmetry. This
is orre t for the ground state, whi h is a single state
for most of diatomi anions in the approximation of the
simplied ele tronmole ule intera tion potential Vp .
A solution of Eq. (2) an be represented as an expansion in any omplete set of fun tions of  . Similarly
to the quantum s attering theory, we use the Legendre polynomials Pl ( ). But in ontrast to s attering,
we seek a stationary bound state lo alized in a nite
spatial region with the real energy Es less than the
minimum value of potential (1) at r ! 1. Thus, we
an represent the solution as a series in the Legendre
polynomials
1X

k=0

(4)

3. THE METHOD OF SOLUTION

(r;  ) =

1

substitution of expansion (5) in S hrödinger equation (2) yields

The boundary onditions for the wave fun tion are
(r

:::

k=0

We multiply both sides of Eq. (9) with Pl ( ) and integrate over  from 1 to 1 to derive

d 2 'l
dr2



+

Es



l(l + 1)
'l
r2

1
X
k=0

Vlk 'k = 0;

(10)

where the matrix elements

Vlk (r) =



1
l+
2

 Z1

U (r;  )Pl ( )Pk ( ) d

(11)

1

are the ee tive spheri ally symmetri potentials; they
are related by the ratio

Vlk =

2l + 1 
Vkl :
2k + 1

(12)

The boundary onditions for the set of equations (10)
are

'l (r

) = 'l (1) = 0:

(13)

Thus, we have redu ed the 2D S hrödinger equation to
an innite set of ordinary dierential equations (10),
ea h of whi h orresponds to a ertain value of the angular momentum.
Solution of Eqs. (10) makes sense only if series (5)
onverges fast. This means that some state must dominate superposition (5). Be ause the in rease of the
hard- ore parameter r of the potential Vp by few per
ent leads to the disappearan e of the bound state of
an isolated anion, we an assume that if the lone ele tron is lo alized on the mole ule, the deviation of its
wave fun tion from the spheri ally symmetri form is
moderate. Hen e, the s-state (l = 0) must dominate,
and we an trun ate the set of equations (10) at some
nite value of l. The error involved in this trun ation
an easily be estimated by in lusion of a higher-order
equation. Thus, (10) an be regarded as a key to obtain
an asymptoti ally exa t solution.
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d 2 '0
dr2

In the zero approximation (l = 0), Eqs. (10) are
redu ed to the one-dimensional S hrödinger equation
for the radial wave fun tion '0 (r)=r in the spheri ally
averaged intera tion potential V00 (r) in Eq. (1),

V00 (r) =

1
2

Z1

U (r;  ) d = Vp (r) +

1

1
2

Z1

where

+ [E0

8
>
+
>
>
>
<

Vs (r;  ) d =

1

>
>
>
>
:

2

(16)

is the ele tron energy of an isolated anion ( E0 is the
ele tron anity of an isolated mole ule), and we an
therefore obtain the ele tron energy from (14) as

r

4



2

Es

V11 (r)

r2
Z1

U (r;  ) 2 d =

1

>
>
>
:

V0
2

r ;
1

['0 (r) + '1 (r)℄

(21)

z03
r3

(17)

3V01 (r)'0 = 0; (18)

'1

U (r;  ) d =
r < z0 ;
z0
r2





2r4





4r4

+

V0
4



; r  z0 ;

r<r ;
rh  r < z 0 ;

z3
1 + 03 ; r  z0 ;
r

(19)

(20)

'1 (r)  0;



We an estimate the a ura y of this approximation by



V01 (r)'1 = 0;

omparison of ele tron energy Es(0) obtained from (14)
with that al ulated using (17) and (18), Es(1) .
The set of equations (17) and (18) an be solved
numeri ally using the iteration method. First, we set

'20 (r) + '21 (r)=3 dr = 1:

0

(15)

1

8
>
>
< 0;

=
>
>
: 1

4

normalized by the ondition
Z1



+

V00 (r)℄'0

1;

and the wave fun tion is the sum of two terms
1

2r4

+ [Es

1
V01 (r) =
2

This oin ides exa tly with the result of the perturbation theory if Vs is treated as a small perturbation.
At the surfa e (small distan e z0 ), Vs is not small,
and the rst order of the perturbation theory does not

(r;  ) 

z0 
; r  z0 :
1+
r



where relation (12) is used,

'21 (r)Vs (r;  ) d:

Z1

z0 
r

1

d 2 '1
dr2

1

3
V11 (r) =
2

r ;

d2 '0
dr2

8
>
+
>
>
<

(14)

therefore provide high a ura y. Cal ulation of higherorder orre tions of the perturbation theory is impossible, be ause the nonspheri ity ee t is not in luded.
But we an handle small distan es z0 even in the rst
approximation on the basis of the set of equations (10).
In this approximation, (10) is trun ated to two equations for l = 0 and 1,

0

Es  E0 + 2

r<r ;
rh  r < z 0 ;

4

V0 

E0 = z lim
!1 Es

Z1

V00 (r)℄'0 = 0;

+ [Es

1;

Vp (r)℄'1 = 0;
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where

In the zero approximation, nonspheri ity is obviously
not allowed. Far from the surfa e, the lone ele tron
wave fun tion an be approximated by that of an isolated anion '1 (r)=r. By denition,

d2 '1
dr2

òîì

and (17) be omes a one-dimensional equation. This
equation is solved with the boundary onditions
674
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'0 (r

) = 0;



d'0
dr



Stability of negative ions

X; 0; Z )j2

(

j

r=r

= C0 ;

:

0 004

where C0 is an arbitrary number; the parameter Es
appearing in the equation is adjusted to satisfy the
boundary ondition

:

0 002

'1 (r

) = 0;


r=r

'1 (1) = 0:

For the next iteration, the al ulated fun tion '1 (r)
is substituted in Eq. (17), et . This iteration pro edure terminates when the dieren e in the values of
Es obtained from su essive iterations, Es(0) Es(1) , is
su iently small. Obviously, the pro edure des ribed
an also be used for a set ontaining more than two
equations.
4.

280

Z

235
280
325

X

Wave fun tion for Br2 in the X Z plane (repulsive surfa e, V0 = 1 eV). The plane Z = 227
(z0 = 2a0 ) indi ates the lo ation of the surfa e of the
solid

Fig. 2.

in the foregoing. The spheri al oordinates are related
to the Cartesian ones as follows:
p

r = x2 + z 2 ;  = z=r;

CALCULATION RESULTS

For numeri al al ulations, we onsidered two
mole ules, O2 with a moderate polarizability and
highly polarizable Br2 . The mole ule O2 was sele ted
be ause it is widely used in experiments. In addition,
in spite of the obvious internal asymmetry, the ex ess
ele tron an be approximately treated as a lone one,
whi h allows solving the one-ele tron problem. Br2 is
an example of a dimer with a very high polarizability. Polarizabilities and ele tron anities E0 for
these mole ules [23℄ are listed in the Table. The values
of hard- ore radii r of the potential Vp were adjusted
to t the orresponding experimental ele tron anities
by the values of E0 obtained from the ground state
solution of Eq. (16).
The set of equations (17) and (18) was solved numeri ally using the pro edure dis ussed in the previous
se tion for dierent values of the intera tion potential
parameter V0 . We rst onsider positive V0 . Figure 2
illustrates the solution of Eqs. (17) and (18) for Br2
at V0 = 1 eV and z0 = 2a0 . In this gure, wave fun tion (21) is plotted in the XZ plane (Y = 0) of the
Cartesian oordinate system whose Z axis is parallel to
the polar axis of the spheri al oordinate system used

235

190

= C1 :

The value of C1 is then varied to satisfy the boundary
ondition

190

145

The obtained value of Es and the al ulated fun tion
'0 (r) are then substituted in Eq. (18), whi h is solved
with the boundary onditions

d'1
dr

100

100

'0 (1) = 0:



:::

x = 0:075(X

200);

z = 0:075(Z

200):

It is seen in Fig. 2 that the front of the wave fun tion
is lowered near the repulsive surfa e. This is indi ative
of a onsiderable repulsion of the wave fun tion from
the surfa e. The ratio

Es(1) Es(0)
E0

= 0:17

is moderate, however.
The lone ele tron energy as a fun tion of the distan e from the solid surfa e is shown in Fig. 3. It is seen
that the results are similar for O2 and Br2 , although
the dieren es in polarizabilities and ele tron anities
for these mole ules are about an order of magnitude.
Ea h urve drops abruptly at some small distan e and
E0 vanishes, whi h is indi ative of the existen e of the
minimum distan e at whi h a stable state of the anion is possible (at this distan e, Es = 0). At shorter
distan es, the ele tron is deta hed from the anion and
is removed to innity in the va uum, whi h means the
ele tron deta hment. Fast vanishing of the ee t of the
surfa e as the anion moves away from the surfa e is also
675
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Parameters of diatomi mole ules

Mole ule

Polarizability , a30

Ele tron anity E0 , eV

Cuto radius r , a0

O2
Br2

10:6
43:6

0:46
2:6

0:909
1:457

ES /E0
1.0

(ES − E0 )/E0
0

1

0.8

−0.02

2

1

2

−0.04

0.6
3

−0.06
0.4
4

−0.08

0.2
2

4

6

8
z0 , a 0

−0.10

Lone ele tron energy as a fun tion of the
distan e from a repulsive surfa e. 1  Br2 for
V0 = 0:5 eV; 2  Br2 for V0 = 1 eV; 3  O2 for
V0 = 0:5 eV; 4  O2 for V0 = 1 eV

6

8

10
z0 , a 0

Fig. 4. Relative ele tron energy shifts as fun tions of
the distan e from an attra tive surfa e at V0 = E0 .
1  Br2 ; 2  O2

Fig. 3.

seen in this gure. We note that the ele tron energy
at a short distan e from the surfa e annot be al ulated on the basis of perturbation theory; at moderate
distan es, the results of the latter are not of interest
be ause of this vanishing.
In the ase of an attra tive surfa e, the form of the
wave fun tion is qualitatively similar to the previous
ase, but the front of the wave fun tion is raised near
the attra tive surfa e, whi h is indi ative of the attra tion of the wave fun tion. The potential urve Es (z0 )
is more ompli ated, however. In Fig. 4, the relative
energy shifts are shown for the values of V0 that oin ide with the orresponding energies E0 of isolated
anions. For both mole ules, potential urves have the
form of the LennardJones interatomi potential with a
short-range repulsion and vanishing long-range attra tion. This behavior of a potential urve holds for any
negative value of V0 . The reason of su h behavior is
as follows. At a large separation z0 from the surfa e,

4

jVp (z )j < jV j, and the ee t of the surfa e amounts
to lowering the energy Es . Be ause jVp (r )j  jE j,
the inequality jVp (z )j > jV j holds at su iently short
0

0

0

0

0

distan es (intera tion of the ele tron with the mole ule
is stronger than with the surfa e), whi h results in the
in rease of Es due to the onnement of spa e available for the ele tron and in the onsequent in rease in
its kineti energy.
A stable ele tron state is realized only if the energy
Es is less than the minimum value rlim
!1 U (r;  ); otherwise, the tunneling to the region of lower potential
must lead to the ele tron deta hment. In the previously onsidered ase of a repulsive potential (V0 > 0),
this minimum is equal to zero at  = 1. If V0 < 0, it
is equal to V0 at  = 1. In the latter ase, the region
of stable states is therefore limited by the ondition
Es < V 0 .
In the ase of an attra tive surfa e, the existen e of
a stable state depends on the ratio of parameters E0
676
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zeq , a0
8

1

2

6

4

0

Fig. 5.
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Equilibrium distan e as a fun tion of
attra tive surfa e. 1  Br2 ; 2  O2

1.0
V0 /E0
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Es =E0

1:12

1
1:08

1:04

1:00

2

0:4

0:8

:::

tan es, and the region of possible bound states is nite, zmin < z0 < zmax , where zmin and zmax are
two roots of the equation Es (z0 ) = V0 . As V0 inreases, zmin ! zmax , and at some value V0 = Vmin ,
zmin = zmax . Obviously, this ase orresponds to the
bottom of the potential urve Es (z0 ). At jV0 j > jVmin j,
no stable state is realized; in this ase, only ele tron deta hment is possible.
We note that independently of z0 and the sign of
V0 , the intera tion with a surfa e leads to the de rease
of anion stability, jEs (Vmin ) Vmin j < jE0 j due to broken spheri al symmetry of the lone ele tron state in an
isolated anion.
If we negle t the intera tion between the mole ule
and the surfa e, whi h is most likely a hard- ore attra tion at small distan es, then the energy Es E0 is
that of the anion as a whole. The ondition


dEs
dz0



z=zeq

=0

denes some distan e zeq at whi h the energy Es (z0 )
rea hes the minimum and an equilibrium bound state
of the anion at solid surfa e is realized. We note that
the intera tion between the mole ule and the metal surfa e may noti eably ontribute to the total energy of
the anion, espe ially in the region of short distan es z0 ,
but we an expe t that this does not hange the situation qualitatively. Equilibrium distan es zeq and the
orresponding equilibrium state energies Eeq = Es (zeq )
are shown in Figs. 5 and 6 as fun tions of the potential
well depth V0 . It is seen in Fig. 5 that the equilibrium
distan e in reases sharply as V0 ! 0, and the urves for
O2 and Br2 almost oin ide. The quantities jEeq (V0 )j
in rease with jV0 j until the ondition Es = V0 (dashed
urve in Fig. 6) is satised. In Fig. 6, the interse tion
points of solid urves with the dashed urve indi ate
the maximum well depths at whi h boundÆ states an
o ur. For O2 , the maximum value of V0 E0 is 1:04;
for Br2 , it is 1:12.

V0 =E0

Equilibrium energies as fun tions of V0 for an
attra tive surfa e. 1  Br2 ; 2  O2 ; dashed urve
indi ates the line Es = V0

Fig. 6.

and V0 . If jE0 j > jV0 j, a bound state is possible at
z0 ! 1 at least, where Es = E0 . Therefore, a bound
state exists at a su iently large distan e z0 > zmin ,
where zmin is a single root of the equation Es (z0 ) = V0 .
If jE0 j < jV0 j, ele tron deta hment o urs at large dis-

5.

DISCUSSION

In this paper, we have solved the 2D S hrödinger
equation for the lone ele tron intera ting with a diatomi mole ule and the surfa e of a solid. Our solution allows al ulating ele tron energies of an anion at
the surfa e. In the ase of an attra tive surfa e, we
predi t mole ule-like bound states of the anion, whi h
are realized if the potential well depth jV0 j hara terizing the intera tion with the surfa e does not ex eed
some threshold value. We have determined this value,
677
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above whi h the ele tron deta hment o urs and the
lone ele tron is removed either into the va uum or into
the solid.
Mole ule-like states of the system under onsideration an exist only if the vibrational energy quantum
~!v is mu h smaller than the well depth E0 Es . For
the potential urves shown in Fig. 4, the estimate
~!v

z

r

~

zmin

eq

2(E0

M

Eeq )

;

is valid, where M is the mass of a diatomi mole ule.
Be ause the ratio m=M is small, the resulting ondition
4m

M

a20 (zeq

zmin )

2

Ry(E0

Eeq )

1

1

is satised for both Br2 and O2 (the produ t in the
left-hand side is of the order 10 3 for Br2 and 10 2 for
O2 ). We note that similar phenomenon of levitation
above the surfa e is known for liquid helium [24℄.
The obje tive of introdu ing potential (1) was to
qualitatively in lude all possible ases of the intera tion between the lone ele tron and the solid. For some
parti ular anion and a surfa e, the intera tion potential
may not be redu ed to its simplest form (1). A rigorous answer to the question on erning the existen e of
an equilibrium state for given experimental onditions
implies the al ulation of a real intera tion potential
between the lone ele tron and the surfa e. This ompli ated problem (see, e.g., [21℄) requires additional investigation.
It is natural to dis uss the lifetimes of transient anion states near the surfa e. The lifetime of an anion
above the ele tron deta hment threshold an be estimated as the time of tunneling under the barrier with
the height E0 and width z0 ,



2 ~

E

0

exp

z0
a0

s

E0

Ry

!

:

For typi al values used in our al ulations,  rea hes
the minimum time ne essary for experimental dete tion
of an anion (10 3 s) at z0 > 60a0 , i.e., at mesos opi
distan es, where its intera tion with the surfa e is negligibly small. Therefore, it is impossible to observe an
anion in the instability region: the ele tron deta hment
is very fast.
It is lear that the higher the value of l is at whi h
the set of equations (10) is trun ated, the higher the
a ura y of the al ulated ele tron energy. Be ause (5)
is an exa t solution of (10), the sequen e of approximations Es(0) , Es(1) , Es(2) , : : : onverges to the exa t

ÆÝÒÔ,

òîì

124, âûï. 3 (9), 2003

energy Es . From the standpoint of the variational priniple, the higher the approximation order, the loser the
trial wave fun tion
(k)

(r;  ) = r

1

k
X
l=0

'l (r)Pl ( )

is to the exa t solution for whi h the energy rea hes
the minimum. Therefore,

Es  Es(k+1)  Es(k) ;
and the a ura y of Es(k+1) an be roughly estimated
as jEs(k+1) Es(k) j. In our al ulations, this a ura y depends primarily on the relative energy shift
(Es E0 )=E0 , and the a ura y is better than 4 % for
an attra tive surfa e. If ne essary, higher values of l an
be in luded. The iteration method dis ussed above an
also be applied for the solution of the orresponding set
of equations.
It is interesting to note that for the trun ated set
of equations (17) and (18) for an attra tive potential,
a stable solution disappears at some threshold value of
Es somewhat higher than V0 ; that is, the limit ondition Es = V0 does not hold automati ally. However,
the threshold value of Es onverges to V0 as l in reases.
Thus, for O2 in the zero approximation, this threshold value is Es  1:4 eV; in the rst approximation,
Es  0:8 eV; the exa t value is 0.52 eV.
One an expe t that the a ura y of the method des ribed in this paper is very high and that it is ompatible with the a ura y of spe tros opi measurements.
Thus, al ulation results ould be dire tly ompared
with, e.g., measurements of ele tron photodeta hment
threshold shifts.
We now dis uss possible experimental realization of
the ee ts proposed in this paper. Layers of noble gases
are frequently used as simple model surfa es to study
the ee t of a ondensed environment [25℄. In a typi al experiment, O2 anions are deposited on a metal
surfa e overed with approximately 10 monolayers of a
noble gas (krypton). Be ause the energy of the ele tron inside the solid (relative to the va uum) an range
from 2 to 1 eV, the ase of attra tion would be realized in su h an experiment. The ase of repulsion
ould o ur when the metal is oated with a polyethylene lm. If this lm is su iently thi k, the energy
of the ele tron inside the solid an vary from 0:5 to
1 eV. The problems of possible experimental investigation are also generally related to the photo hemistry of
adsorbed mole ules via phototransfer of substrate ele trons to the adsorbate mole ules. Su h problems an
be treated experimentally by harging experiments.
678
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We hope that the solution of the 2D S hrödinger
equation proposed in this paper is su iently universal
to be used in other appli ations where the ee t of the
wave fun tion nonspheri ity is not negligibly small.
A more detailed investigation of the stability
of anions requires solution of the time-dependent
S hrödinger equation, be ause the ele tron deta hment o urs as a tunnel pro ess. In addition, the ee t
of the image for e has to be in luded more a urately
in the al ulation of the overall intera tion potential.
This paper was supported by a joint program
of the Deuts he Fors hungsgemeins haft (DFG, grant
 436 RUS 113/433/0-2(R)) and the RFBR (grant
 01-02-04008).
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