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The influence of interface modifier on photodetachment
of negative ions in an electric field

near a metal surface*
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Based on closed-orbit theory, the influence of an interface modifier on the photodetachment of H™ in an electric field

near a metal surface is studied. It is demonstrated that the interface strengthens the oscillations in the photodetachment

cross section. However, when the electric field environments are different, the strengthening oscillations are caused by

different sources. When the electric field direction is upward, the interface enhances the oscillations by shortening the

period and the action of the closed orbit. When the electric field direction is downward, the interface strengthens the

oscillations either by extending the coherent energy range or by increasing the total number of the closed orbits. We

hope that our results will be conducive to the understanding of the photodetachment process of negative ions near

interfaces, cavities and ion traps.
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1. Introduction

A detailed knowledge of the photodetachment of
negative ions under various environments has been of
great importance for understanding a large variety of
processes!! =4 and for optical device designing.!>¢/ In
the early studies, electric and magnetic fields were of-
ten used as the external environments.”=11 Tt was
found that in the presence of external fields there
appears an oscillating structure in the photodetach-
ment cross section of negative ions in contrast with
the smooth cross section in a free space. Therefore,
researchers managed to control the photodetachment
of negative ions by changing the field direction and
magnitude. Today, the properties of atoms or ions
adsorbed on metal surface in the presence of exter-
nal electric or magnetic field have attracted a lot of
interest. For example, when the scanning tunneling
microscope (STM) is applied to the metal surface, the
detached electron is influenced both by the electric
field created near the STM tip and the image poten-

(2] The correspond-

tial caused by the metal surface.
ing researches on the photodetachment of H™ near

metal surface in external fields have been carried out
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in Refs. [13]-][17]. In all these studies, it was pointed
out that the magnitude of the external field has a sig-
nificant influence on the photodetachment cross sec-
tion. When the distance between the hydrogen nega-
tive ion and the metal surface is kept unchanged, the
bigger the external field is, the stronger the oscilla-
tions in the photodetachment spectrum are. However,
when the ion—surface distance and the magnitude of
the external field are both constant, how to control
the photodetachment of hydrogen negative ion is still
an open problem. To our knowledge, nobody has ever
given an answer to this question.

To solve this problem, we consider the coherent
control of the photodetachment process of the H™ in
an electric field near a metal surface by using an elas-
tic interface. The research is based on the closed
orbit theory. In this paper, we show that when an
elastic interface is added, the oscillations in the pho-
todetachment cross section are strengthened. In ad-
dition, we further study the reason for the strength-
ening effect and find that whether the mechanisms
for the strengthening oscillations are different depends

on the electric field environments. When the electric
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field direction is upward, the interface enhances the
oscillations by shortening the period and the action
of the closed orbits. When the electric field direction
is downward, the interface strengthens the oscillations
either by extending the coherent energy range or by in-
creasing the total number of the closed orbits. Atomic
units are used throughout this work unless indicated
otherwise.

2. Hamiltonian and closed orbits

The schematic diagram of the photodetachment
of H™ in an electric field between a metal surface and
an elastic interface is shown in Fig. 1. In the cylin-
drical coordinates (p, z, ¢), a hydrogen negative ion
sits at the origin and a z-polarized laser is used for the
photodetachment. A metal surface and an elastic in-
terface perpendicular to z-axis are set at z = —d; and
z = dsg, respectively. Following the imaging method,
an image positive electron and an image hydrogen
atom are generated.['3:1% The potentials acting on the
electron by the hydrogen atom and its image are both
short potentials, which can be neglected when the de-
tached electron moves far from the origin. [®!

o

clastic inteface

da
/ the outer clectron
IS
= 4
dy \F{ atom,

metal surface

Fig. 1. Schematic representation of H™ in an electric field
between a metal surface and an interface, with the electric
field F' being along the 4z axis.

The interaction between the active electron and
the image electron is Vee = —1/4(dy + z). The in-
teraction between the detached electron and elastic
interface is described as

0, —00 < z < da,

0, z > ds.

In our paper, we consider the directions of the electric
field in two cases: upward and downward. Thus, in

the cylindrical coordinates (p, z, ¢), the Hamiltonian
of the detached electron is

1 1
H=-(P?2+pP>y—- -

1
4 F 1
Gt T e W

where the plus sign corresponds to the upward elec-
tric field, the minus sign corresponds to the downward
one and 1/4d; is a constant which is added to shift the
potential such that the value of the potential at the
origin is zero.

Closed orbit theory2%-21] is able to visualize the
photodetachment process of H™ in the present system.
First, two different regions of space are identified: 1)
a region near the core (r < R, with R ~ 5 a.u.) where
the external fields can be neglected but a quantum de-
scription is required; 2) the outer region (r > R) where
the influence of the external fields is important while
the interaction between the detached electron and the
residue of the ion can be neglected. When H™ is il-
luminated by laser, photon energy Ey, is absorbed to
detach the valence electron from the bound of the hy-
drogen atom. Initially, the active electron goes out of
the origin in the form of electronic waves. Sufficiently
far from the hydrogen atom (r > R), the waves prop-
agate semi-classically, following classical trajectories.
Due to the effect of the external environment, some of
the trajectories are turned back to the origin and form
closed orbits. The electron waves associated with the
closed orbits come back to the hydrogen atom and in-
terfere with the outgoing detached electron waves. It
is the interference effect that causes the oscillations
in the photodetachment cross section. However, those
trajectories that cannot travel back to the origin will
never meet with the original outgoing wave or produce
interference effect. As a result, they have no contribu-
tion to the oscillation of the photodetachment cross
section. In the next part of this paper, we will not
mention those unclosed orbits any more.

By solving Eq. (1), we find that the motion in the
p direction is free and p is expressed as

p(t) = Rsinf + ktsin 6, (2)

so closed orbits will form only when the exit angle is
equal to 0 or m. Now we separately describe the closed
orbits according to the direction of the electric field.

Case 1l F >0.

Because the electric field is upward, the electric
force and the image Coulomb force are both down-
ward forces. As a result, there is only one closed orbit
formed which moves away from the origin with an an-
gle of & = 0, reaches its highest point and then be
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pulled back to the origin. The momentum P, in the
z-direction can be obtained from Eq. (1) as

1 1

If the interface is absent, the turning point of the
closed orbit can be obtained by setting P, to be zero.

After some calculations, we obtain two points corre-
sponding to P, = 0 as follows:

1 1
m ar | T F - K 7
z 2F{ ( dq +4d1>

A(rasr- ) e w

1 1
= —| - (Fdy—E+—
2F{ (d1 +4c11>

—\/<Fd1+E—421>2+F], (5)

where z,, is the point that satisfies the actual sit-

N
=]
|

uation. Let zpax be equal to z,. In the process
of travelling along the closed orbits, the electronic
wave changes phase and amplitude, which are very
important for constructing the returning wave and for
analysing the interference effect between the return-
ing wave and the outgoing wave. We can work them
out if we know the travel period T and the action S
along the closed orbits of detached electron,[*1:22:23]
where the travel period means the time taken by the
electron to leave from and return to the nuclear. Here
the period and action of the closed orbits are given by

the following formulas:

Zmax 1
T =2 —d
o

—2—\/5 Zm — %
_\/F{‘/m ZE(\,P) +

522/  Pdz
0

- @{m[(zm + zn + 2d1)E(A, P)

—(zn +d1)F(N\, P)] — v/ —2mznd1 }, (7

where F(X, P) and E(), P) are, respectively, the ellip-
tic integrals of the first kind and the second kind.[?4
The two parameters are defined as

m m d
A = arcsin  / : , P:”Zi—h. (8)
Zm + dy Zm — Zn

The Maslov index is related to the topological

structure of trajectory manifold and can be obtained
simply by counting the singular points such as caustics

[25] For the current case,

and foci along the trajectory.
Malov index can be easily found by counting the re-
turning points and p = 1. However, after the interface
is added, if z,, > ds, then the detached electron will
bounce back by the interface before its velocity reaches
zero. The highest point where the electron can arrive
iS Zmax = do2. Correspondingly the closed orbit period
and action will also change, the integral of P, should
be taken from 0 to ds. In addition, when the electron
is reflected by the interface, there is a m phase loss.
Therefore, the Maslov index becomes u = 2. To be
clearly understood, we plot the schematic closed orbits
in Fig. 2(a) for the cases where the elastic interface is
absent and present.

Case 2 F <0.

Obviously, in this case the closed orbits are still
along the z axis. The photodetachment process be-
comes much more complicated because the electric
force and the imaging Coulomb force are in opposite
directions. As is known, nearing the photodetachment
threshold,[??) the metal surface acts like an equivalent
electric field with field strength Fo, = 1/4d3. To de-
scribe the photodetachment process clearly, we have
our external field as F = aFyq = a/4d3.

(I) For @ < 1. In this case, the actual electric field
is weaker than the equivalent electric field. The elec-
tron leaving from the hydrogen atom with angle 7 will
run to the metal surface in an accelerated manner and
then be absorbed by the metal surface, thereby never
turning back. However, for the upward-going electron,
things can be different. The potential barrier for the
current condition can be calculated by

dv(z) d 1 1 B
dz  dz (_4(d1 +2) * 4d; _FZ> =009

As F = a/4d?, we obtain

1

= (1 _ 2
Vi = 7 (1 = V&),

(10)

which occurs at z = dy (1/y/a —1).

When the energy of the detached electron is less
than Viyax, there is a closed orbit in the system which
is similar to the one in case (I) but with different pe-
riods and actions. Here,

When the interface is present but with do > zmax,

the interface will have no effect on the motion of the
detached electron. By setting P, = 0, we have

1 1
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1 1

—V(ﬂh—E+4;)2—F} (13)

where z, is the highest point the detached electron can

reach. And the period, action and the Maslov index
of the closed orbit are as follows:

Zmax
T =2 —d
/0 P."

_ Qg{mm 9) — BO,q)] +

S:Q/HXRdz
0

4/2F
L oo+ 20+ 20 B(6.0)

— (2m — 20)F(6,9)] — (2d1 + 221, + Z")\/ﬁ}’

(15)

p=1, (16)
. (Zm + dl)zn Zn + dl

0 = — = g=)—. 17

arcsin CETAPS q T d (17)

However, if dy < zpax, the integral upper limit be-
comes Zmax = do and the Maslov index turns to be
= 2. When the energy of the detached electron is
greater than V., if the interface is absent, the de-
tached electron will pass through the potential barrier
and travel to infinity. Therefore, no closed orbits will
form. However, if the interface is present, the electron
moving upward will finally be bounced back by the
interface and form a closed orbit (see Fig. 2(b)).

(IT) For a = 1. In this case, the potential barrier
is equal to zero. Due to the presence of the interface,

there is also only a closed orbit formed. It is like the
case where a < 1 and E > Vjax.

(ITT) For o > 1. When the energy of the detached
electron is less than V., there are four fundamental
closed orbits. 1) The electron goes up along the +z
direction, hits the interface and bounces back to the
origin. 2) The electron goes down in the —z direc-
tion, reaches its maximum point and then returns to
the origin. 3) The electron completes the first orbit
and then passes through the origin and continues to
complete the second orbit. 4) This orbit is similar to
the one of 3) but in the reverse order. The electron
completes the second orbit and then the first one (see
Fig. 2(c)). The Maslov indices of the first and the sec-
ond fundamental closed orbits are 1 = 2 and po =1,
respectively. If we denote the periods and the actions
of the first and second fundamental closed orbits as
Ty, Ts, S1, S2, which can be obtained by the integral
of P, from 0 to zmax, the periods, actions and Maslov
indices for the third and fourth closed orbits can be
written, respectively, as

Ty =Ty =T + T, (18)

S3 =Sy = S1 + Sa, (19)
and

M3 = fla = 1 + pha. (20)

Therefore, we obtain the period, action and Maslov
index for any closed orbit as

Tjn = Tj + nT3, Sjn = Sj + nSs,
Wjn = Hj + npi3, (21)

where the indices j and n are used to label the closed
orbits, 7 =1, 2,3, 4and n =0, 1, 2, 3, .... When
the energy of the detached electron is greater than
Vinax, there exists only an upward closed orbit which
is similar to the first fundamental closed orbit.

z z z
A (a) A (b) A (c)
Zmax = Zm | .\ E > Byarrier E < Evarrier
7N
/
Zmax = d2 Rty i '-\\' '''''' Zmax = dg|----—---ga--------- zmax:d2 ikl Taiainiainiainty’ Yiniaintys Sulul
AVY
/
\/
z=d1 z=d1 z=dy

Fig. 2. Closed orbits for the detached electron in an electric field between a metal surface and an interface: (a) the

electric field is upward, (b) the electric field is downward and «a < 1, (c) the electric field is downward and a > 1. Eparrier

represents the value of the system’s potential barrier.

073201-4



Chin. Phys. B Vol. 20, No. 7 (2011) 073201

3. Photodetachment cross section

Photodetachment cross section is defined as the
ratio of transition probability per unit time P to the
laser incoming density I.[26] It reveals the probabil-
ity of photodetachment by absorption of photons of
energy Fpn. When the external environment changes,
the cross section changes too. Therefore, we can study
the influence of an elastic interface on the photode-
tachment of H™ in an electric field near a metal surface
through the photodetachment cross section. Accord-

v,120:21] the cross section

ing to the closed orbit theor
of our present system can be expressed as the sum of

two terms
J(Ea F7 dladQ) = JO(E) =+ JOSC(E7F7 d17d2)7 (22)

where 0o(E) = 16v/212B%2FE3/2/3¢(Fy, + E)* is the
smooth background term without any external fields,
with B = 0.31522 being a normalized constant, Ey, is
the binding energy which is approximately 0.754 eV
and c is the speed of light with a value of 137 a.u. The
second term in Eq. (22) is the oscillating term which
corresponds to the contribution of the returning wave

travelling along the closed orbit!]

4
UOSC(Ea F7 dla d2) = _?(E + Eb) Im <Dwi|wret> B (23)

where 1y = Be *7"/r is the initial wave function of
the detached electron and D is the dipole operator.[?”!
For the z-polarized light, D = 2. To construct the re-
tuning wave function we start from a spherical surface
centred at the origin with radius R = 5 a.u. If the out-
going wave on the surface of this sphere is denoted by

ei(kaw)
kR

4ABK?
(k% + 2)

VU(R,0,9) = —i 5 cos(0) , (24)
then in the semi-classical approximation, the wave

outside this sphere can be expressed as

PO (r) = > WO(R,0,6) A el S mmT/2) - (25)
J

where the sum runs over all the electron closed orbits,
S;, Aj and p; are the action, the amplitude and the
Maslov index of the closed orbit j, respectively. Due
to the classical motion of the detached electron, the
amplitude related to closed orbit (j,n) is given by

R

Ajy = ———
J R+ KTy

(26)

Equation (25) is valid for the propagation out of and
back to the sphere of radius R. Inside the sphere, the

wave function can be approximated by an incoming
plane wave as

jn(’f’z()) :Njneiikz’ (27)

ret

where the plus sign in the exponent corresponds to
the wave propagating in the positive z-direction, the
minus sign corresponds to the wave travelling in the
negative z-direction, and N;,, is a matching factor that
can be calculated by the matching procedure. The re-
sult is

Njn = Aju(R — 0)e{Sm=y0 (R,0 = 0,7). (28)

Substituting Eqgs. (28) and (27) into Eq. (23) and car-
rying out the overlap integral, we obtain the oscillating
part of the cross section as

JOSC(Ea F7 dladQ)
812B2%V2F s
=S h() -T2V in (Sin — pins ), (29
2 e A T N

where h(j) is a sign factor. For the up and the down
closed orbits, h = —1, while for the other two fun-
damental closed orbits, h = 1. Substituting Eq. (29)
into Eq. (22) yields the total photodetachment cross

section as
16V2m2 B2E3/?
3¢(Ey + E)3

. 8mB%\2oE . T
+ ]Zn h(])m sin <Sjn - Njn2>~ (30)

0(E7F7d17d2) =

4. Results and discussion

Using Eq. (30), we investigate the influence of the
interface modifier on the photodetachment cross sec-
tion of H™ in an electric field near a metal surface. In
all of our calculations, the distance between H™ and
the metal surface is fixed to be di = 80 a.u. When
the electric field is along the +z direction, we keep the
electric field strength F' = 0.3F.q and then change the
Before the
interface modification, the maximum height that the

distance between H™ and the interface.

electron can reach along the 4z axis is zmax = 551 a.u.
After the interface is added, the influence of the inter-
face is dependent on the ion-interface distance as can
be seen from Fig. 3. For better comparison, we also
plot the photodetachment cross section of H™ before
modification™ by the dashed lines. In Fig. 3(a), the
interface modifier is located at do = 600 a.u., which is
larger than 551 a.u., so the interface has no influence
on the photodetachment cross section and the two
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lines in Fig. 3(a) are completely coincident. However,

1.0r (a)

o/a.u.

0 0.05 0.10 0.15 0.20 0.25
E/eV

0 0.05 0.10 0.15 0.20 0.25
E/eV

0 0.05 0.10 0.15 0.20 0.25
E/eV

0 0.05 0.10 0.15 0.20 0.25
E/ev

Fig. 3. Dependences of the photodetachment cross section on
ion—interface distance when the electric field is upward and the
metal surface is fixed at d; = 80 a.u. The dashed line and the
solid line represent the photodetachment cross sections before
and after modification respectively. (a) d2 = 600 a.u., (b)
dz =300 a.u., (c¢) d2 =100 a.u., (d) d2 = 50 a.u.

if the ion-interface distance is less than 551 a.u., the ef-
fect of the interface becomes apparent (see Figs. 3(b)—
3(d)). Meanwhile, we can see that with the decrease
of the ion—interface distance, the oscillation amplitude
increases while the oscillation frequency decreases.
The reasons are as follows: because do < zZpax, SOme
electrons will be bounced back by the interface before
its momentum reaches zero. Since the interface pre-
vents the detached electron from moving further, the
period of the closed orbit becomes shorter. The closer
the interface moves to the hydrogen atom, the shorter
the closed-orbit period becomes and thus the larger
the oscillation amplitude becomes.

When the direction of the electric field is down-
ward, we separately discuss the influence of the inter-
face according to the values of a. When a = 0.01 < 1,
the results are displayed in Fig. 4. In this case, the
interface is located at do = 400 a.u. The solid line
and the short dashed line represent the cases with
and without interface, respectively. From this figure
we find that when the energy of the detached electron
is greater than 0.0688 eV, which is just the poten-
tial barrier, the oscillations without interface disap-
pear while the oscillations with interface still exist.
This figure suggests that the interface can enlarge the
energy range of producing oscillations in the photode-
tachment cross section. This is sensible because the
detached electron that has energy large enough to pass
through the potential barrier will be bounced back by
the interface after it has been added.

0.8

0.6

o/a.u.

0.4 |
0.2 ’_// E=0.0688 eV

0 0.05 0.10 0.15 0.20 0.25
E/eV

Fig. 4. Photodetachment cross sections of the H™ ver-
sus detached electron energy before (dotted line) and af-
ter (solid line) the interface modification , with electric
field being downward, @ = 0.01 < 1, metal surface fixed
at di = 80 a.u.
dg = 400 a.u.

and the interface modifier located at

Figure 5 shows the case of & = 1. In this case,
the electric field force and the equivalent electric field
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force caused by the metal surface cancel out with each
other. If the interface is absent, the ejected electron
either propagates to infinity or hits the metal surface
and then is absorbed by the metal surface, thereby
forming no closed orbits. Therefore, the photodetach-
ment cross section is just a smooth curve. However,
if the interface is present, it will reflect the upward-
going electron back to the origin and form one closed
orbit which causes the oscillations in the cross section.
This case is similar to the one of the photodeachment

of H™ near an elastic surface.[23]

o/a.u.

0 0.05 0.10 0.15 0.20 0.25
E/eV

Fig. 5. Photodetachment cross sections of the H™ versus
detached electron energy before (dotted line) and after
(solid line) the interface modification, with electric field
being downward, o = 1, metal surface fixed at d; = 80 a.u.
and the interface modifier located at d2 = 200 a.u.

When a > 1, the electric field force is larger than
the equivalent electric field force. Under this con-
dition, the interface can influence the photodetach-
ment cross section by increasing the number of the
closed orbits. To demonstrate this, we take @ = 7
and dy = 800 a.u. In the case of Fig. 6, the potential
barrier Viax = 0.2303 eV. When the energy of the de-
tached electron is less than the potential barrier, the
detachment electron is trapped in the potential well
and the electron waves are bounced back and forth be-
tween the interface and the point where the potential
barrier occurs. The oscillations shown in the solid line
result from the superposition of the four fundamental
closed orbits and their repetitions. However, before
modification the upward-going electron will travel to
infinity because the electric field force is greater than
the equivalent electric force. Thus, the modified spec-
trum displays a more complicated oscillating structure
in contrast with the smooth oscillation without the
interface. When the energy of the detached electron
is higher than the potential barrier, the detachment
electron escapes from the potential well, the returning
wave is just reflected by the interface, thus only one

closed orbit appears under this situation. However, in
the case that the interface is absent, no closed orbit
is formed. Therefore, the cross section with the inter-
face becomes much smoother while the cross section
without the interface becomes a straight line.

1.4

1.2

1.0

g} )
5 08 E=0.2303 eV
~
§)

0.6

047 A

0.2}

0 0.1 0.2 0.3 0.4

E/eV

Fig. 6. Photodetachment cross sections of the H™ versus
detached electron energy before (dotted line) and after
(solid line) the interface modification, with electric field
being downward, a = 7 > 1, metal surface fixed at d; =
80 a.u. and interface modifier located at do = 800 a.u.

In order to demonstrate the influence of the in-
terface clearly, Figure 7 shows how the cross section
varies with do with electric field. In Fig. 7, the de-
tached electron energies are all set to be 0.2 eV. The
direction of the electric field in Fig. 7(a) is upward
while in the other three panels the directions are all
downward and with o < 1, « = 1 and o > 1 respec-
tively. The common point of the four panels is that
with the increase of the ion—interface distance, the am-
plitude of the oscillation decreases. This indicates that
the influence of the interface modifier has a relation-
ship with the ion—interface distance. The larger the
ion—interface distance is, the weaker the influence of
the interface becomes. In addition, we can see that the
changes of the photodetachment cross section with dy
display different patterns in the four panels, of which
the pattern in Fig. 7(d) is the most complicated. The
reason is as follows: as we analysed previously, the
influence mechanisms of the interface modifier in the
four panels are different. In Fig. 7(a), the interface
affects the cross section by changing the closed orbit
period and action; in Figs. 7(b) and 7(c), the interface
affects the cross section by extending the coherent en-
ergy range; in Fig. 7(d), the interface affects the cross
section by increasing the total number of the closed
orbits. Due to these different mechanisms, the effects
of the interface modifier are displayed in different pat-
terns as shown in the four panels.
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100 200 d;g(.)u. o0 =
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Fig. 7. Photodetachment cross sections of H™ under different electric field environments versus the distance
between the interface and the hydrogen atom. The detached electron energies are set to be 0.2 eV. The direction

of the electric field in (a) is upward while in the other three panels the electric field directions are all downward

with (b) @ < 1, (¢) =1 and (d) a > 1 respectively.

5. Conclusion

We investigate the influence of an interface mod-
ifier on the photodetachment of H™ in an electric
field near a metal surface. We find that the interface
strengthens the oscillations in the photodetachment
cross section. However, the mechanisms for strength-
ening the oscillations are different under different elec-
tric field environments. When the electric field is up-
ward, the interface can strengthen the oscillations by
shortening the period and the action of the closed or-
bit. When the electric field is downward, the interface
strengthens the oscillations either by extending the
detached electron energy range or by increasing the
total number of the closed orbits. We hope that our
results are conducive to the understanding of the pho-
todetachment process of negative ions near interfaces,

cavities and ion traps.[28:29)
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