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Magnetic field effect in photodetachment from negative
ion in electric field near metal surface*
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Based on the closed-orbit theory, the magnetic field effect in the photodetachment of negative ion in the electric

field near a metal surface is studied for the first time. The results show that the magnetic field can produce a significant

effect on the photodetachment of negative ion near a metal surface. Besides the closed orbits previously found by Du et
al. for the H™ in the electric field near a metal surface (J. Phys. B 43 035002 (2010)), some additional closed orbits are
produced due to the effect of magnetic field. For a given ion—surface distance and an electric field strength, the cross

section depends sensitively on the magnetic field strength. As the magnetic field strength is very small, its influence

can be neglected. With the increase of the magnetic field strength, the number of the closed orbits increases greatly

and the oscillation in the cross section becomes much more complex. Therefore we can control the photodetachment

cross section of the negative ion by changing the magnetic field strength. We hope that our results may guide future

experimental studies for the photodetachment process of negative ion in the presence of external fields and surfaces.
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1. Introduction

It is well known that the external field can consid-
erably affect the photodetachment process of negative
ions.!) Early experiments showed that in the presence
of a static electric field, the photodetachment cross
section of negative ion displays oscillatory structure.!?
Rau and Wong[®! used the ‘frame transformation the-
ory’ to explain these oscillations as an interference be-
tween the detached electron wave going up and down
the electric potential hill. On the other hand, Du and
Delos!¥ derived a simple formula by using a quantum
approach involving a momentum space wavefunction
and stationary-phase approximation. This formula is
consistent with the much more general closed-orbit
theory and can be derived directly from it.>~8 Based
on the physical picture provided by the closed-orbit
theory, the oscillations in the photodetachment cross

4 as inter-

section are interpreted by Du and Delos
ference between the outgoing detached-electron wave
and returning detached-electron wave from a closed
orbit moving along the electric field direction. Subse-
quently, photodetachment of H™ in other fields, such

as in parallel electric and magnetic fields, in crossed
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electric and magnetic fields and in electric and mag-
netic fields with arbitrary orientations has also been
investigated theoretically.®~14 Recently, much atten-
tion has been paid to the photo-induced electronic ex-
citations of adsorbates on metal surface.!'? Since H™
has been proposed to be used to probe adsorbate state
lifetime and charge transfer during backscattering, ¢
the photodetachment of H™ near an interface has at-
tracted much interest. First, Yang et al,l'"!8 and
Wang and Yul'! studied the photodetachment of H~
near an elastic interface. Later, the photodetachment
of H™ near a metal surface has been investigated by
Zhao and Du,?% and Rui and Yang.?!! In their work,
the photodetachment cross section was changed a lit-
tle only in a small energy range above the threshold.
How to control the photodetachment of H™ near a
metal surface is an interesting research subject. Yang

and Du,??l Huang and Wang,?’] (24]

and Wang et al.
showed that the photodetachment cross section of H™
near a metal surface can be modified by an external
electric field or a magnetic field. Then what will hap-
pen if we apply parallel electric and magnetic fields to
the photodetachment of H™ near a metal surface? No

one has carried out the study. In this paper, based
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on the theoretical study on the photodetachment of
H™ in an electric field or magnetic field near a metal
surface, we investigate the magnetic field effect in the
photodetachment of H™ in the electric field near a
metal surface by using the closed-orbit theory. In
this system, we fix the value of the electric field and
the ion-surface distance and study the influence of the
magnetic field strength on the cross section. Our re-
sults show that due to the effect of magnetic field, the
number of the closed orbits increases greatly and the
oscillatory structure in photodetachment cross section
becomes much more complicated than the case given
by Yang and Du.[??! This study provides a new under-
standing and will guide the future experimental study
on the photodetachment process of negative ion in the
presence of external fields and surfaces. Atomic units
are used throughout this paper unless specified other-

wise.

2. Hamiltonian and closed-orbit

The system is shown schematically in Fig. 1. We
assume that the negative ion is at the origin. The
metal surface perpendicular to the z axis is located at
z = —d and the laser polarization direction is also in
the z direction. The external electric field F' and mag-
netic field B parallel to the z axis are applied. Using
the electrostatic image method,[2%:25! the Hamiltonian
for the detached electron in cylindrical coordinates can
be written as

1 L? 1 1
H=_(P?+=)+=-pP? L,—————
2<ﬂ+p2>+2 + wr, 4(d+2)
11
+ =+ wip? + Vo + Ve + Fz. (1)

4d 2

where V;,(r) is a short range, spherically symmetric
potential between the detached electron and hydrogen
atom;!?! V. is the interaction of the detached electron
with the image hydrogen atom, which is also a short-
range potential; wy, = B/2c¢ is the Larmor frequency;
B is the magnetic field strength; ¢ is the velocity of
light; the expression —1/4(d + z) is the electrostatic
image potential between the detached electron and the
metal surface, which is a Coulomb-like attractive po-
tential; the expression 1/4d is an additional term to
ensure V(z = 0) = 0, which has no influence on the
photodetachment process. Due to the cylindrical sym-
metry of the system, the canonical angular momentum
L, is a constant of motion. For simplicity, we take it

as Zero.

P

metal|surface

e

Fig. 1. Schematic diagram of H™ in parallel electric and

magnetic fields near a metal surface. The electric and

magnetic fields are along the +z axis.

According to the closed orbit theory,!%7 the pho-
todetachment process of H™ in parallel electric and
magnetic fields near a metal surface can be described
as follows: when H™ absorbs photon energy E;, out-
going electron waves are generated. These outgoing
waves propagate over a long distance. Due to the ef-
fect of the external fields and attractive image poten-
tial of the metal surface, these waves cannot propa-
gate to infinity, some of the waves turn back by the
surface and the fields and return to the origin. Finally,
the returning waves overlap with the outgoing source
wave to give the interference pattern in the photode-
tachment cross section. The closed orbit theory gives
a prescription for calculating the oscillations in the
cross section once we have all the closed orbits of the
detached electron of the system which start and end
at the origin.

By solving the Hamiltonian motion equation, we
obtain the classical motion equation of the detached
electron in the p direction as

1
p(t) = —ksinOyye| sin(wt)|
wL

1 .
= —kp [sin(wr)], (2)
wr,

where k, = V2E sin Oy is the initial momentum of
the electron along the p direction and 6, is the out-
going angle between the direction of the momentum
and z axis. The motion of the detached electron in the
p direction is of a sinusoidal oscillation and represents
the cyclotron motion of the electron in the magnetic
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field. The electron returns to p = 0 at cyclotron pe-
riods t£,, = jm/wr, 7 = 1,2... is the number of the
cyclotron period.

The momentum p, in the z direction is readily

obtained from Eq. (1) as

1 1
— /2 (Ecos?byyy — — — Fo4 ——
P2 \/< 082 Oout 1 Z+4(d+z)>’ (3)

where d is the distance between the hydrogen negative

ion and the metal surface. Due to the external fields
and the attractive electrostatic image potential of the
metal surface, the electron will be turned back to the
nucleus in a period of time. z,, is the turning point of
the closed-orbit and can be obtained by setting p. to
be zero. Let parameter A = E cos? Oyt — 1/4d, then

we will have

1

zmzﬁ[—(Fd—AH (Fd+A)2+F] (4)

The time at which the electron returns to the x—y

Zm 1
e (5)

b=

The action of the closed orbit along the z axis is

plane is

S.(E) = /0 " de. (6)

Both integrals in Egs. (5) and (6) can be expressed an-

alytically using special functions, respectively, as26]
P 2v/2 d+ z
e = {v Zm — 2 E(A ) + \/T%ZTLF(AW) ;

(7)

4+/2F
_ T{W — [(z + 2+ 2d)E(), )

— (ot d)F(A,y)} — \/fzmznd}, (8)

where z, < 0 is another point corresponding to p, = 0

S2(E)

in Eq. (3) and is given by

zn:% ~ (Fd—A)~/FIT AP+ F|; (9)

F(\,v) and E()\, ) are, respectively, the elliptic inte-
grals of the first kind and the second kind.[?226] The
two parameters are defined as

Aoy Emtd <A<,
Zm — Zn

v = arcsin

(10)

In this system, a closed orbit occurs whenever the
electron goes out with energy and outgoing angle 0,y

3 z
satisfies tZ,

. = t0 .. It is obvious that one closed orbit
always exists: it lies on the positive z axis and the
electron is attracted back to the origin by the image
potential of the metal surface and the electric field. At
very low energies, this is the only closed orbit that ex-
ists, which is called the parallel orbit, denoted as 7 = 0
orbit. The period of this orbit is ¢ (E) =t Bonim0"

If we increase the electron energy, the return time
of the parallel orbit is also increased until, at the first
bifurcation energy, it is exactly equal to one cyclotron
period t. = 7/wy,. At this point, a new returning orbit
is created, which we call the j = 1 orbit. Increasing
the energy further, the return time of the parallel or-
bit continues to increase. As we increase the energy, a
second bifurcation energy occurs, at which the return
time of the parallel orbit is exactly twice the cyclotron
period. At this point another new returning orbit is
created, which is denoted as j = 2 orbit. Increas-
ing the energy still further takes us through a discrete
set of bifurcation energies, where at each such an en-
ergy one new orbit is created. The j-th new closed
orbit has a return time equal to j cyclotron periods.
Therefore, at any given energy, the total number of re-
turning orbits is equal to the smallest integer greater
than ¢ (E)/t.. Some of the closed orbits are given in
Fig. 2.

3000
=0
j=4
2000 |
5 L
< =3
N
1000 .
Jj=2
o . =1
—800 —400 0 400 800

p/a.u.
Fig. 2. Some closed orbits of the detached electron in par-
allel electric and magnetic fields near a metal surface, with
ion—surface distance d = 100 a.u., electric field strength
F = 10 kV/cm, magnetic field strength B = 60 T and
detached electron energy E = 0.196 eV.

3. Formula for photodetachment
cross section

According to the closed orbit theory,!% 7 the pho-
todetachment cross section of this system can be split
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into two parts

Jmax

U(E) :UO(E)+ Zagsca (11)
j=0
where 0¢(E) is the overlap integral of the direct part
with the source function, which is a smooth back-
ground term in the cross section, !

16v/2B2r2 E3/?

Jo(E) = W; (12)

where FE is the energy of the detached electron; Ey, is
the binding energy of H~ and approximately 0.754 eV
the normalization constant By = 0.31552.

The second part is the oscillating term which cor-
responds to the contribution of the returning wave

traveling along the closed orbit![?4
3
0l (B) = 002 | Rj=o| sin(=5; + p;7/2), (13)
ol (B) = 05— \RJ¢0|COS 637
x sin (—Sj +ot ,uj7r/2) L (14)

In the above formulas, jnax is the total number of the
closed orbits, which is given by jmax = int[t)(E)/tc];
p; is the Maslov index, which is equal to the total
number of singular points through which the electron
passes on its journeys;

p_ | fe || Titto) |2
LA i (tre)

is called the recurrence amplitude, which involves the
ratios between Jacobians at t = tg and t = t,¢t and the
ratios between the outgoing and the returning quan-

tum waves, ! with fé:rt)j(kr) = e'* /kr and

J(t) = p(t)

being the Jacobian at time ¢.[67]

For the parallel closed orbit (5 = 0) along the z
axis, since p(t) equals zero for all the time, the return-
ing wave is approximated by a plane wave directed
along the z axis, f( )i=0 e*ikz /21 The Jacobians

ret
at t = tg and t = t,ey = 1| are given by

Jj=o(to) = 2F? sm(@iut) (15)
1 .
Jj=0(tret) = 2 — (V2E)? mn(@out)st(wLﬂ). (16)
L
Then
o= o | imolt) [F L me
=0 r(e_t)j:0 Jj:O(tret) FE sin(wltH) '

For the other closed orbits:

fret ( ) 3/2(1€ p) 1/26—ikppeikzzeiﬂ/4
and the Jacobians at ¢ = ¢p and t = t,ey = T are
given by

Jj(to) = V2Er®sin(6),,,), (18)

S| Ot
Tj(te) = ~2B cos(0l) sin@ ) (1Y | S| o
90 Zret
(19)
Then
Rypo = [Tt Jilt) v
’ f( ( ret)
B (27)3/2sin 67, (20)
ot
(V2E)3/2 | cos bl . || =
89 Zret
where [0t/94).,,, can be calculated from Eq. (7); 67,

is the outgoing angle of the j-th closed orbit; S; is the
action of the closed orbit, which can be split into two
parts, i.e., along the z axis and along the p axis and
expressed as

Sj(E) = S=(E) + S,(E). (21)

The action of the closed orbit along the p axis is

p
Sp(E) = / ppdp = Esin’ Hout (22)

where t; = jm/wy is the period of the j-th closed orbit.

So the total action of the closed orbit is

4/2F {
3

S;(E) = Vam = 2n [(2m + 20+ 2d) E(N, )

—(Zn+FNY)] -/ —zmznd}

+ Esin? Qout (23)

4. Numerical results and discus-
sion

Using Eq. (11), we calculated the photodetach-
ment cross section of H™ in parallel electric and mag-
netic fields near a metal surface. In our calculations,
we keep the ion—surface distance d = 100 a.u. and
electric field strength F' = 10 kV/cm unchanged. The
photon energy is varied between 0.76 eV and 1.0 eV
and the magnetic field strength B is increased from

1.0 T to 80 T. The results are given in Fig. 3.
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Fig. 3. Photodetachment cross section of H™ in parallel

electric and magnetic fields near a metal surface with fix-

ing electric field F = 10 kV/cm and ion-surface distance

d = 100 a.u., the magnetic field strength are as follows:
(a) B=1T,(b) B=20T, (c) B=30T, (d) B=40T,
(e) B=60T, and (f) B=280T.

Figure 3(a) shows the cross section when the mag-
netic field strength B is 1 T. Under this condition, the
only possible closed orbit which makes a contribution
to the photodetachment cross section is the j = 0
orbit. The oscillatory structure is small and simple,
which likes the case of the photodetachment of H™
in the electric field near a metal surface.?2l With the
increase of the magnetic field strength, its effect can
be seen clearly. Figure 3(b) shows the cross section
with the magnetic field strength B = 20 T, and the
cross section is different from that in Fig. 3(a). In
this case, the Lorentz force acting on the detached
electron is strong enough to pull the electron back
to the origin. When the photon energy is increased
to E, = 0.894 eV, the return time for z motion is
exactly equal to one cyclotron period. Therefore, a
new closed orbit occurs, which produces a large oscil-
lation in the cross section. Figure 3(c) indicates the
cross section when the magnetic field strength B is
increased to 30 T. This figure suggests that when the
photon energy is less than 0.854 eV, the cross section
has a smoothly rising background with small oscilla-
= 0.854 eV, a new closed
orbit (j = 1 orbit) appears, which makes an obvi-
ous oscillation at this energy. At E, = 0.949 eV, the
second closed orbit (j = 2 orbit) appears. As the en-

tions. As the energy FEj

ergy is larger than 0.949 eV, there are altogether three
closed orbits contributed to the cross section. There-
fore the oscillation in the cross section becomes much
With magnetic field strength further
increasing, there is a sequence of boundary energies

more obvious.

at which new orbits bifurcate from them, so the os-
cillatory structures in the cross section become much
more complicated, as we can see from Figs. 3(d)-3(e).
In Fig. 3(f), we increase the magnetic field strength B
to the value of 80 T. Under this circumstance, the in-
fluence of the magnetic field becomes much stronger.
The Lorentz force acting on the detached electron is
very strong. The cyclotron period in the p motion
th . = jm/wr, becomes small. Then after a short period
of time, the electron will be turned back by the exter-
nal fields and the metal surface to the origin. Hence
the number of the closed orbits is great. When the en-
ergy I, approaches to 0.982 eV, there are altogether
7 closed orbits and a set of sharp peaks appear in the
cross section. The oscillation in the cross section be-
comes much more complicated and the photodetach-
ment cross section is similar to that in the case of the
photodetachment of H™
netic fields.[1]

in parallel electric and mag-

| = o
. r 7 = 3 orbit

e I
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Fig. 4. Oscillatory photodetachment cross section of H™
in parallel electric and magnetic fields near a metal sur-
face. Contributions made by each closed orbit are shown
in the plot, with ion—surface distance d = 100 a.u., electric
field strength F' = 10 kV/cm, and magnetic field strength
B=60T.

The energy at which a new closed orbit appears
is called bifurcation energy, denoted as E}.["1 As the
detached electron energy equals the bifurcation en-
ergy, a new closed orbit occurs which produces a large
ripple that beats against all the others. In order to
show the oscillation in the cross section, caused by
each closed orbit clearly, we plot the oscillatory part

of the cross section o7

7 corresponding to each closed

orbit. The results are given in Fig. 4. With the mag-
netic field B = 60 T, the first bifurcation energy is
E{):l = 0.06777 eV, which corresponds to the j = 1
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closed orbit plotted in Fig. 2. The second bifurca-
tion energy is EgZQ = 0.10055 eV, which corresponds
to the j = 2 closed orbit, the third bifurcation en-
ergy that corresponds to the j = 3 closed orbit is
Eg:?’ = 0.14113 eV and the fourth bifurcation en-
ergy that corresponds to the j = 4 closed orbit is
Eg:4 = 0.19551 eV. The contribution of each closed
orbit to the cross section is shown clearly in this figure.

100

80

60 |-

40

20

Magnetic field strength B/

0 . |
0.05 0.10 0.15 0.20 0.25

Electron energy/eV
Fig. 5. Bifurcation energies of the detached electron in

the electric field near a metal surface at different magnetic
fields and ion—surface distance d = 100 a.u.

Finally, in order to show the variation of the bifur-
cation energy with magnetic field, we plot the electron
bifurcation energy E versus magnetic field strength,
see Fig. 5. The result suggests that at weak magnetic
field and low energy, the number of the closed orbit is
small. With the increase of magnetic field, the num-
ber of the closed orbits increases. From this figure,
we can obtain the bifurcation energy and the number
of the closed orbits corresponding to each magnetic
field easily. For example, at B = 60 T, there are four
intersections, which indicates there are altogether five

closed orbits that make contributions to the cross sec-
tion. This result is in excellent agreement with the
results given in Figs. 3(e) and 4.

5. Conclusions

In summary, we have studied the magnetic field
effect on the photodetachement of negative ion in the
electric field near a metal surface. An analytical for-
mula for the photodetachment cross section of this
system is derived. It is found that the magnetic field
can produce significant effect on the photodetache-
ment of negative ion near surfaces. The resulting cross
sections are complicated because of the coexistence
As the
magnetic field strength is very small, its influence can

of the external fields and the metal surface.

be neglected and the cross section is similar to that
in the case given by Yang and Du.l*?l With the in-
crease of magnetic field strength, the number of the
closed orbits increases greatly and the oscillations in
the cross section become much more complex. As the
magnetic field strength is very strong, the cross sec-
tion likes the photodetachment cross section of H™
in parallel electric and magnetic fields.['! Our results
suggest that the atoms or ions adsorbed in surface
and external fields show quite different spectroscopic
properties from those without external fields or sur-
face. This study provides a general framework for the
understanding of the photodetachment process of H™
in the presence of external fields and surface and may
have some potential applications in the field of surface
physics.
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