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Rotational states of an adsorbed dipole molecule in an external electric field
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The rotational states of an adsorbed dipole molecule in an external electric field were investigated. The
surface hindering potential was modeled as a finite conical well and a dipole-field interaction was added to the
hindering potential. The molecular wave functions were expressed in terms of the eigenfunctions of molecular
hindered rotation in the absence of electric field. Eigenenergies were determined by the matrix diagonalization
procedures. Our results showed that, for both vertically and horizontally adsorbed molecules, there is avoided
crossing between two adjacent rotational energy levels, as the field strength is increased, and finally all state
energies decrease rapidly as the field strength is strong enough. The avoided crossing is due to the redistribu-
tion of wave function between different potential well regions. By employing the sudden unhindrance approxi-
mation, the rotational-state distributions of molecules desorbing from a solid surface in the presence of external
electric field were calculated. Our results showed that the rotational-state distributions are significantly influ-
enced by the external electric field. Since the electric field increases the ground-state energy of adsorbed
molecule, the distribution shifts towards the high-J region if the electric field is applied to orient the molecular
axis against the molecular preferred orientation. On the contrary, the distribution shifts towards the low-J
region if the electric field is applied to orient the molecular axis towards molecular preferred orientation
because the electric field decreases the ground-state energy of adsorbed molecule. The solutions to the finite
conical well were also used to calculate the rotational alignment in the photodesorption of CO from
Cr2O3(0001). Our results showed that at low-J values the CO molecules desorb like a helicopter, while at
high-J values a cartwheel-like motion is preferred. This result is in qualitative agreement with the experimental
observation.

DOI: 10.1103/PhysRevB.68.075402 PACS number~s!: 73.20.Hb, 33.55.Be, 33.20.Sn
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I. INTRODUCTION

The rotational motion of a molecule that interacts with
solid surface has attracted increasing interest. Experime
and theoretical investigations of the rotational distribution
scattering or desorbing molecules have been an active
search field.1–18 The measured rotational-state distributio
of molecules scattering or desorbing from surfaces w
found to exhibit a substrate temperature-independent n
Boltzmann feature.1–3 On the other hand, the theoretic
studies on the rotational motion of adsorbed molecules h
been also reported. Gadzuk and his co-workers4–7 proposed
an infinite-conical-well model, in which the adsorbed mo
ecule is only allowed to rotate within the well region,
mimic the surface hindering potential. Rotational-state
ergy spectra for both vertical and horizontal adsorption c
figurations were obtained. Together with the sudden unh
drance approximation, the non-Boltzmann property of
rotational-state distributions can be attributed to the hinde
rotations of adsorbed molecules. In our previous works,8–10

we proposed a finite-conical-well model to generalize
study of a finite hindrance. Our results showed that
rotational-state distributions of desorbing molecules are n
Boltzmann and display oscillatory structures with altern
drops and plateaus. A similar structure was observed
gas-surface scattering experiment and was interprete
terms of rotational rainbows.19 The oscillatory structure ob
0163-1829/2003/68~7!/075402~10!/$20.00 68 0754
tal
f
e-

e
n-

ve

-
-
-

e
d

e
e
n-
e
a
in

tained in our previous studies is a general result of a sys
transiting from hindered states to free states, and can be
garded as the manifestation of the rotational invariance.
calculated results have been found in good agreement
the previously measured data.3

The surface physics and chemistry in high electric fie
have attracted great interest since the inventions of fi
emission microscope~FEM!20 and field ion microscope
~FIM!.21 In these microscopes, a strong electric field of t
order of 1 V/Å is applied to the tip of a sharp metal wire.
such high electric field, many effects can occur. For exam
the tunneling through a field-deformed barrier at the surf
of the metal is possible. This is responsible for the fie
emission, field ionization, and field desorption/evaporat
processes.22,23 On the other hand, in a strong electric field
the order of 1021 V/Å, the electronic orbitals may be dis
torted so that the chemical characteristics of atoms or m
ecules are affected. Therefore, the chemical effects by es
lishing new bonding orbitals may occur. In this wa
molecules that are unstable in field free situations may
stabilized by strong electric field. Also, new pathways
chemical reaction may be established.24

It is well known that the rotational energy levels of a fre
molecule placed in an electric field are split due to the int
action between molecular dipole moment and electric field25

In addition to the splittings, theoretical investigation26

showed that, when the applied electric field is strong, m
©2003 The American Physical Society02-1
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lecular rotational energies have large negative shifts. On
other hand, in our previous work,9 we have investigated th
external electric field effect on the ground-rotational-st
energy of an adsorbed dipole molecule. We considered
an dipole-field interaction was added to the finite-conic
well potential. Our results showed that the Stark shift
ground-rotational-state energy will be suppressed by
conical-well potential if the field strength is smaller than t
hindering potential. However, when the applied field is ve
strong, large Stark shift may take place.

In our previous investigation, the variational method w
utilized and only the Stark shift of ground-state energy
horizontally adsorbed molecule was considered. In this wo
we extended the investigation to the Stark shift of the exc
rotational states for both cases of vertically and horizonta
adsorbed molecules. Instead of using variational wave fu
tions, the molecular wave functions we used in this wo
were expressed in terms of the eigenfunctions of molec
hindered rotation in the absence of electric field. Therefo
ground state and excited state energies can be determ
simultaneously. One can see that the Stark shifts of rotatio
energies of adsorbed molecules show interesting behav
Besides, the rotational-state distributions of molecules d
orbing from a solid surface in the presence of external e
tric field can be calculated. One can see the distributions
significantly influenced by the applied electric field.

II. MODEL AND FORMULISM

Figure 1 shows the situations that an adsorbed diato
molecule with a dipole momentmW in the presence of perpen
dicular electric field«W . The Hamiltonian of such system is

FIG. 1. An adsorbed diatomic molecule with a dipole momenmW

in the presence of perpendicular electric field«W .
07540
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H5
\2

2I
L21U rot~u,f!2m« cosg, ~1!

whereI is the molecular moment of inertia,\L is the angular
momentum operator,g is the angle betweenmW and «W , and
U rot(u,f) is the surface potential energy to which the mo
ecule is subjected. As a first approximation we assume
U rot(u,f) is independent off. Calculation indicates that the
dependence onf is weaker than that onu.27–29We express
the energy in the unit of the molecular rotational const
B5\2/2I ; thus, Eq.~1! can be written as

H5L21Vhin~u!2v cosu, ~2!

where Vhin(u) is the polar hindering potential energy t
which the molecule is subjected. According to the finit
conical-well model,8–10 we assume

Vhin~u!5H 0, 0<u<a

V0 , a,u<p,
~3!

for the vertical adsorption configuration, and

Vhin~u!5H 0, a<u<b

V0 , 0<u,a or b,u<p,
~4!

for the horizontal adsorption configuration. The parametev
in Eq. ~2! presents the strength of the dipole-field interactio

v5H 1m«/B, g5u

2m«/B, g5p2u.
~5!

The positive sign is for the cases of Figs. 1~a! and 1~b!, while
the negative sign is for the cases of Figs. 1~c! and 1~d!.
Therefore,v.0 means the electric field orients the molec
lar axis toward molecular preferred orientation, whilev,0
means the electric field orients the molecular axis aga
molecular preferred orientation.

For the case that the applied electric field is absent,
Hamiltonian of the system is

H05L21Vhin~u!. ~6!

There are analytic eigenfunctions for this system:8–10

C l ,m
(0)~u,f!5Q l ,m

(0)~cosu!
exp~ imf!

A2p
, m50,61,62, . . . ,

~7!

where

Q l ,m
(0)~j!5H CI, l ,mP(11)~n l ,m ,m,j!, cosa,j<1

CII, l ,mP(21)~n l ,m8 ,m,j!, 21<j,cosa,
~8!

for vertical adsorption configuration, and
Q l ,m
(0)~j!5H CI, l ,mP(11)~n l ,m8 ,m,j!, cosa,j<1

CII, l ,mP(11)~n l ,m ,m,j!1D II, n,,mQ(11)~n l ,m ,m,j!, cosb<j<cosa

CIII, l ,mP(21)~n l ,m8 ,m,j!, 21<j,cosb,

~9!
2-2
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for horizontal adsorption configuration. The functionsP(61) andQ(11) in the above equations are defined as

P(61)~n l ,m ,m,j!5~12j2! umu/2FS umu2n l ,m ,11umu1n l ,m ,11umu;
17j

2 D , ~10!

Q(11)~n l ,m8 ,m,j!5~12j2! umu/2H FS umu2n l ,m8 ,11umu1n l ,m8 ,11umu;
12j

2 D lnS 12j

2 D
1 (

n51

`
~ umu2n l ,m8 !n~11umu1n l ,m8 !n

~11umu!nn! S 12j

2 D n

3@c~ umu2n l ,m8 1n!2c~ umu2n l ,m8 !1c~11umu1n l ,m8 1n!2c~11umu1n l ,m8 !

2c~11umu1n!1c~11umu!2c~11n!1c~1!#

2 (
n51

umu
~n21!! ~2umu!n

~12umu1n l ,m8 !n~2umu2n l ,m8 !n
S 12j

2 D 2nJ , ~11!
e

ry

ti

ut
whereF(a,b,c;z) is the hypergeometric function.30 In above
equations, the molecular rotational energy has been
pressed as

El ,m
(0)5n l ,m~n l ,m11!, ~12!

andn l ,m8 is defined as

n l ,m8 ~n l ,m8 11!5n l ,m~n l ,m11!2V0 . ~13!

In order to determinen l ,m , one has to match the bounda
conditions atj15cosa andj25cosb.

When the electric field is applied, there are no analy
eigenfunctions to the Hamiltonian, as shown in Eq.~2!.
However, consider that the system is still symmetric aboz
axis, we can express the eigenfunctions in terms of Eq.~7!
for specific azimuthal quantum numberm:
en

07540
x-

c

Cm
hin~u,f!5 (

l 85m

`

cl 8,mC l 8,m
(0)

~u,f!. ~14!

Substitute Eq.~14! into the Schro¨dinger wave equation, and
multiply both sides of the equation byC l ,m

(0)* and then inte-
grate it. We get

@El ,m
(0)2Em#cl ,m2v(

l 8
cl 8,m^C l ,m

(0)ucosuuC l 8,m
(0) &50.

~15!

The condition for nontrivial coefficientscl 8,m is, therefore,
UEm,m
(0) 2Em2vam,m

m,m 2vam,m
m11,m 2vam,m

m12,m
•••

2vam11,m
m,m Em11,m

(0) 2Em2vam11,m
m11,m 2vam11,m

m12,m
•••

2vam12,m
m,m 2vam12,m

m11,m Em12,m
(0) 2Em2vam12,m

m12,m
•••

A A A �

U50, ~16!
ol-
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and
s on
whereal ,m
l 8,m5^C l ,m

(0)ucosuuCl8,m
(0) &. The eigenenergyEm to Eq.

~2! for specific azimuthal quantum numberm can be ob-
tained from solving this equation.

III. RESULTS AND DISCUSSION

A. Vertical adsorption configuration

For a vertically adsorbed molecule, the hindering pot
tial energy can be modeled by Eq.~3!. Figure 2 shows the
-

rotational-state energies of a vertically adsorbed dipole m
ecule in an external electric field as functions of fie
strength parameterv.0 for azimuthal quantum numberm
50 and potential barrier heightsV0520 and 80. The hin-
drance angle is set asa530°. From Fig. 2, one can see th
an applied electric field can induce shifts of adsorbed m
lecular rotational energies. When the electric field is
creased, the ground-state energy decreases monoton
while the excited-state energies increase to a maximum
then decrease. The rate of the energy variation depend
2-3
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the rotational state. The lower the state, the larger the r
The behaviors of the rotational energies shown in Fig. 2
similar to those of free dipole molecule in an electric field26

However, if the potential barrier is high enough, even
lower excited-state energies, e.g., the energy of~1, 0! state of
the V0580 case, show direct decreasing as the electric fi
is increased. This is different from that of a free dipole m
ecule.

Figure 3 shows the rotational-state energies of a vertic
adsorbed dipole molecule in an external electric field
functions of field strength parameterv,0 for azimuthal
quantum numberm50 and potential barrier heightsV0
520 and 80. From Fig. 3 one can see that the variation
rotational energies for the case ofv,0 are very different
from those for the case ofv.0. When the electric field is
applied, the ground-state energy increases initially and t
decreases as the field strength is stronger than some cr
value. However, for the first excited~1, 0! state of theV0

FIG. 2. Rotational-state energies of a vertically adsorbed dip
molecule in an external electric field as functions of field stren
parameterv.0 for azimuthal quantum numberm50 and potential
barrier heightsV0520 and 80. The hindrance angle is set asa
530°.

FIG. 3. Rotational-state energies of a vertically adsorbed dip
molecule in an external electric field as functions of field stren
parameterv,0 for azimuthal quantum numberm50 and potential
barrier heightsV0520 and 80. The hindrance angle is set asa
530°.
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520 case, the energy decreases initially and then increas
avoid the crossing of two energy levels at the same fi
strength. The avoided crossing between two levels a
makes the ground-state energy to start to decrease a
same field strength. Finally, the energy of the~1, 0! state
decreases again for field strength stronger than another
cal value. On the other hand, for the first excited~1, 0! state
of the V0580 case, the energy increases initially and th
decreases at some critical field strength and then incre
again to avoid crossing with the ground-state energy le
The avoided crossing also makes the ground-state energ
start to decrease at the same field strength. Finally, fur
decrease occurs for field strength stronger than another c
cal value. In Fig. 3, there are two or more avoided crossi
for the other excited-state energies. The avoided crossin
two energy levels is a general result for the case of two v
close levels with small perturbation where the Hamiltoni
contains some parameter and its eigenvalues are co
quently functions of that parameter.31

For the adsorbed molecule with higher potential barr
there are more avoided crossings. Besides, for the adso
molecule with lower potential barrier height, their avoide
crossings of higher energy levels become more smooth w
compared with those with higher barrier height. Furthermo
the energies of two adjacent energy levels at the avoi
crossing are very close to each other, especially for the lo
states.

To analyze the variation of rotational energy with appli
electric field, one may reexamine the potential energy
which an adsorbed molecule is subjected:

V~u!5Vhin~u!2v cosu. ~17!

For the case ofv.0, when the external electric field i
applied, the potential well is tilted to theu50° side and the
potential energyV(u) has a minimum atu50°. That is, the
electric field as well as conical well tend to concentrate m
lecular wave functions aboutu50°. For the~0, 0! state of
the V0520 case or the~0, 0! and ~1, 0! states of theV0
580 case, since the vertical conical well confines the ma
part of molecular wave functions aboutu50° even the elec-
tric field is absent, an applied electric field will result in mo
concentration of the wave functions aboutu50° and then
rotational energies are decreased rapidly. On the other h
for other excited states, when the electric field is absent,
rotational energies are higher than the barrier height. Th
wave functions are similar to those of free molecule and
major part of the wave functions distributes outside the co
cal well.8 An applied electric field will result in initially in-
creasing the state energy. However, if the applied field is
large that molecular wave functions are forced to concent
aboutu50°, the rotational energies will decrease as the
plied field is increased.

However, the case ofv,0 shows very different situation
Figures 4 and 5 show the potential energyV(u) and the
angular distributions of molecular wave functionsuCu2 for a
vertically adsorbed molecule as functions ofu for different
electric field strengths. For comparison, the energy lev
E0,0 andE1,0 are also indicated. From Figs. 4 and 5, one c

le
h

le
h
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see that, for the case ofv,0, the electric field not only tilts
the conical potential well but also creates a new poten
minimum atu5180°. That is, the applied electric field tend
to turn over the vertically adsorbed molecule. Therefore
fact, the problem treated in this work, for the polar spa
region 0°<u<180°, is equivalent to a double-well problem
This is absolutely different from the situation of a Cartes
square well subjected to an external electric field,32,33 and is
the manifestation of the rotational invariance.

Employing Figs. 4 and 5, one can understand that
avoided crossing of two energy levels in Fig. 3 are due to
redistributions of molecular wave functions between two p
tential wells. For the ground-state, if the electric field is a
sent, the molecular wave function is confined initially in t
0°<u,a region by the vertical conical well. Therefore, th
energy increases initially as the electric field is applie
However, when the electric field strength is increased up
the critical value so thatE0,0 is higher than the energy mini
mum aboutu5180°, it becomes energetically favorable
concentrate the wave function atu5180°. Hence the
ground-state solution has now the character of the field-
~1, 0! state solution and its energy decreases as the ap
field strength is increased.

On the other hand, for the excited~1, 0! state of theV0
520 case, its energy decreases initially as an electric fie
applied. However, when the ground-state wave function t
nels into the conical barrier region, the wave function of t

FIG. 4. Potential energyV(u)5Vhin(u)2v cosu and angular
distribution of molecular wave functionuC0,0u2 for a vertically ad-
sorbed molecule as functions ofu for different electric field
strengths.Vhin(u) is the vertical-conical-well hindering potentia
with V0520 anda530°.
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excited~1, 0! state will tunnel into the conical well region t
keep the orthogonality of wave functions. Hence it has n
the character of the field-free ground-state solution and
energy increases as the applied field is increased. When
electric field strength is increased further to another criti
value, the wave function of the~1, 0! state will tunnel back
the region aboutu5180° and then its energy decreas
again. For the~1, 0! state of theV0580 case, when the
electric field is absent, the wave function concentrates au
50° due to the higher potential barrier. Thus, as the fi
strength is increased, there is an additional energy cha
other than the~1, 0! state of theV0520 case. Similar discus
sions can be issued to other higher excited states. For la
field strengths more avoided crossings with the higher st
occur. Beside, for the higher excited states whose ener
are much higher than the potential barrier height, their wa
function can smoothly redistribute over the polar space
an electric field. Thus their avoided crossings beco
smoother.

B. Horizontal adsorption configuration

For a horizontal adsorbed molecule, the hindering pot
tial energy can be modeled by Eq.~4!. Figure 6 shows the
rotational-state energies of a horizontally adsorbed dip
molecule in an external electric field as functions of fie
strength parameterv for azimuthal quantum numberm50

FIG. 5. Potential energyV(u)5Vhin(u)2v cosu and angular
distribution of molecular wave functionuC1,0u2 for a vertically ad-
sorbed molecule as functions ofu for different electric field
strengths.Vhin(u) is the vertical-conical-well hindering potentia
with V0520 anda530°.
2-5
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and potential barrier heightsV0520 and 80. The hindranc
angles are chosen asa575° andb5180°2a. Since the
hindering potential is symmetric about theu590° plane, the
electric field effects on the rotational energies forv.0 case
andv,0 case are the same. Therefore, we show the res
for the v.0 case only. From Fig. 6, one can see that
ground-state energies of bothV0520 and 80 cases decrea
slowly as the electric field is applied and then rapid decre
occurs as the field strength is stronger than some crit
value. However, the variation of excited-state energy is
ferent. ForV0520, the energy of~1, 0! state decreases rap
idly as the field is applied. When the state energy has
creased closely to the ground-state energy, the decrease
becomes gentle to avoid the crossing of two energy lev
For further stronger electric field, the energy of the~1,0! state
decreases rapidly again. For the other excited states o
V0520 case, their energy variations shown in Fig. 6~a! are
similar to those in Fig. 2~a!.

On the other hand, for theV0580 case, the energy of~1,
0! state decreases slowly and then rapidly. Finally, it
creases slowly again when the field strength is larger than
strength at which the energy of~0, 0! state begins to decreas
rapidly. For the other excited states of theV0580 case, the
energy variations show in Fig. 6~b! are somewhat similar to
those in Fig. 3. However, the avoided crossings are smoo
and the gaps between two adjacent levels at these avo
crossings are larger than those in Fig. 3.

Figures 7 and 8 show the potential energyV(u) and the
angular distributions of molecular wave functionuCu2 for a
horizontally adsorbed molecule as functions ofu for differ-
ent electric field strengths. The polar space is divided i
three regions. Whenv increases, the value ofV(u) de-
creases in region I (0°<u,a), and increases in regio
III ( b,u<180°), but changes slightly in region I
(a,u,b).

For the ground~0, 0! state, if the electric field is absen
molecular wave function is confined initially in thea,u

FIG. 6. Rotational-state energies of a horizontally adsorbed
pole molecule in an external electric field as functions of fie
strength parameterv for azimuthal quantum numberm50 and
potential barrier heightsV0520 and 80. The hindrance angle is s
asa575° andb5180°2a.
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,b region by the vertical conical well. Therefore, the sta
energy varies gently as the field is applied, or one can
that the Stark shift of the rotational energy is suppressed
the conical well potential. However, when the electric fie
strength increases so thatE0,0 is higher than the energy mini
mum aboutu50°, the major part of the molecular wav
function begins to distribute aboutu50°; therefore, the
decrease of the state energy becomes rapid. When the
tric field strength is very large, most of the molecular wa
function will concentrate aboutu50°. This implies that the
adsorption configuration changes from horizontal to vertic

For the excited~1, 0! state of theV0520 case, when the
electric field is absent, the major part of the molecular wa
function distributes in region I (0°<u,a) and region III
(b,u<180°). When the electric field is applied, molecul
wave function redistributes. The distribution in region I i
creases, and the distribution in region III decreases. Th
fore, the energy decreases rapidly. If the applied electric fi
is further increased, considerable part of the wave funct
will concentrate in region II (a,u,b), and the energy de
creases slowly. When the electric field is so strong that m
of the wave function concentrates in region I, the energy w
decrease rapidly again. Similar discussions can be issue
other higher excited states. However, for those excited st
whose rotational energies are much higher than the pote
barrier heightV0, the confinement potential is no longe

i-

FIG. 7. Potential energyV(u)5Vhin(u)2v cosu and angular
distribution of molecular wave functionuC0,0u2 for a horizontally
adsorbed molecule as functions ofu for different electric field
strengths.Vhin(u) is the horizontal-conical-well hindering potentia
with V0520, a575°, andb5180°2a.
2-6
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dominant. Therefore, the variations of energy are similar
those of free dipole molecule in an external electric field

C. Rotational-state distributions

The measurement of final rotational-state distributions
molecules desorbing from a surface is one of the fami
experimental methods to study rotational motion of adsor
molecules. To compare with the experimental data, we
ploy the sudden unhindrance approximation to calculate
final rotational-state distributions as proposed in the works
Gadzuk and his co-workers.4–6 We assumed that the desor
tion is induced by a fast process, i.e., the hindering poten
is suddenly switched off and, thus, the pure hindered-to-
rotational transition takes place without changing the wa
function. If the external electric field persists during the d
sorption process, the free-rotational states of a desorbing
pole molecule in an electric field can be expressed in te
of spherical harmonics:26

Cm
free~u,f!5 (

j 85m

`

cj 8,mYj 8,m~u,f!. ~18!

The probability of ending up in theJth free-rotational state is
the sum of rotational Franck-Condon factors between
final state CJ,m

free and the hindered-rotational stateCL,m8
hin

weighted by appropriate thermal factors; that is,

FIG. 8. Potential energyV(u)5Vhin(u)2v cosu and angular
distribution of molecular wave functionuC1,0u2 for a horizontally
adsorbed molecule as functions ofu for different electric field
strengths.Vhin(u) is the horizontal-conical-well hindering potentia
with V0520, a575°, andb5180°2a.
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P~J!5
1

Zhin
(

m,L,m8
exp~2EL,m8 /kBT!u^CJ,m

freeuCL,m8
hin &u2,

~19!

whereT is the surface temperature,kB is the Boltzmann con-
stant, andZhin is the partition function of the hindered roto

Figure 9 shows the calculated rotational-state distributi
based on Eq.~19! for various field strength parameters.
the calculation, we setB/kBT51, and the molecule was as
sumed vertically adsorbed with hindrance parametersV0
520 anda530°. In Fig. 9, the curves are plotted in th
form ln@P(J)/(2J11)# vs J(J11). It is known that for a
Boltzmann distribution a straight line with slope52B/kBT
should be obtained. From Fig. 9 one can see that the n
Boltzmann feature and oscillatory structure with altern
drops and plateaus of the rotational-state distributions
display when an external electrical field is present. Howev
the positions of the dips and the maxima are displaced.

To apply our calculation to a more realistic system, let
consider the Cs-CN adsorption system. Figure 10 shows
calculated rotational distribution for CN* desorbing from C
surface based on Eq.~19! for various field strength param
eters. The measured distribution for Cs-CN adsorption s
tem in the absence of electric field3 is presented for compari
son. In our calculation, the hindering potential was mode
as a vertical conical well with cone opening anglea
511.36° and potential barrier heightV0510 030 ~i.e., V0
'2.45 eV). These hindrance parameters for Cs-CN ads
tion system have been determined in our previous wor10

Since the electric field strength parameters we used in
calculation are much less than the potential barrier he
V0, the electronic wave functions of the adsorbed molec
on a surface in the presence of an external electrical field
expected to undergo a mild variation during the desorpt

FIG. 9. Rotational-state distributions of suddenly desorb
molecule for various field strength parameters. In the calculat
we set B/kBT51 and the molecule was assumed vertically a
sorbed with hindrance parametersV0520 anda530°.
2-7
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process. Furthermore, the bond length and dipole momen
adsorbed molecule can be assumed not to be affected.

Figure 10 shows that the rotational-state distributions
significantly influenced by the external electric field. One c
note that, for thev,0 case, when the field strength is in
creased, the distribution shifts towards the high-J region.
However, for thev.0 case, the distribution shifts toward
the low-J region as the field strength is increased. The s
of rotational-state distribution with electric field can be re
ized by the fact that, at low enough temperature, the fi
free-state distribution is mainly due to the conversion of i
tial ground-hindered-rotational-state energy. For the cas
v,0, as we gradually increase the electric field strength,
energy of ground-hindered-rotational state starts to incre
becausev is still much less thanV0 ~see Fig. 3!, and thus the
overlaps of ground-hindered-rotational state with highJ
free-rotational states become more prominent. This cau
the distribution to shift towards the high-J region. However,
for the v.0 case, as the field strength is increased, the
ergy of ground-hindered-rotational state starts to decre
~see Fig. 2!, and the overlaps of ground-hindered-rotation
state with low-J free-rotational states become more prom
nent. Therefore, the distribution shifts towards the lowJ
region.

Finally, an additional remark on the finite-conical-we
model is made. Certainly, using a simplified analytical p

FIG. 10. Rotational-state distribution for CN* desorbing fro
Cs surface for various field strength parameters. In the calcula
the molecule was assumed vertically adsorbed with hindrance
rametersV0510 030 anda511.36°.
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tential is not state of the art. Molecule-surface interact
potentials can nowadays be mapped out in great detail bab
initio electronic structure methods. However, as we ha
seen in our previous8–10 and present works, the simplifie
model shows interesting results. Furthermore, qualita
concepts and mechanisms can also be derived from the
vestigations. For example, we can justify our model by
performance of calculations on the rotational alignment
the desorbing molecules.

When a molecule desorbs from a solid surface,11–14,16,18

the quadrupole momentA0
2(J) is a measure of the rotationa

alignment and is defined asA0
2(J)5^Ju(3Jz

22J2)/J2uJ&.34 In
the classical limit, the value ofA0

2(J) represents the en
semble average of (3 cos2x21) wherex is the angle between
the angular momentum vectorJ of the molecule and the
surface normal. The value ofA0

2(J) ranges from12 to
21, where positive values present helicopterlike motionJ
vector prefers to parallel to the surface normal!, negative
values correspond cartwheel-like motion (J vector prefers to
perpendicular to the surface normal!.

To compare with the possible observed data, we calcu
the quadrupole momentA0

2(J) by the results obtained in ou
model of finite conical well. According to the sudden unhi
drance approximation, the quadrupole moment of
alignment distribution can be evaluated by the followi
equation:

n,
a-

FIG. 11. Quadrupole moments for the desorption of CO fro
Cr2O3(0001) as a function of quantum numberJ. Filled circles:
experimental data points.
A0
2~J!5

(
m,L,m8

exp~2EL,m8 /kBT!^YJ,mu
3Jz

22J2

J2
uYJ,m&u^YJ,muCL,m8

hin &u2

(
m,L,m8

exp~2EL,m8 /kBT!u^YJ,muCL,m8
hin &u2

. ~20!
2-8
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Figure 11 shows our calculated results compared with
experimental results of the rotational alignment in the p
todesorption of CO from Cr2O3(0001).16,18 The hindrance
parameters we used here areV052000 anda5120°.

It was observed experimentally the quadrupole momen
desorbing CO changes its sign from positive to negative w
increasing rotational quantum numberJ. Theoretically we
could reproduce a positive quadrupole moment for sm
quantum numberJ and thus corresponds to the helicopterli
desorbing, while a negative quadrupole moment of desorb
CO can be obtained and thus corresponds to the cartwh
like desorbing for larger quantum numberJ. This result
agrees qualitatively with the experimental observations
can be noted from Fig. 11.

To see more profoundly that our calculated results
yield positive values of quadrupole momentum for small a
gular momentum and negative values for largeJ states, we
examine the expectation value^YJ,mu(3Jz

22J2)/J2uYJ,m& in
Eq. ~20!. For a specific quantum numberJ, this expectation
value is positive for highumu values and is negative for low
umu values. In the summation of Eq.~20!, only the low-lying
hindered-rotational statesCL,m8

hin dominate due to the therma
factor. We calculated the overlapping factorsu^YJ,muCL,m8

hin &u2

between the free-rotational statesYJ,m and the low-lying
hindered-rotational statesCL,m8

hin . Our results showed tha
whenJ is small, the calculated value ofu^YJ,muCL,m8

hin &u2 for
a specificL is larger forCL,m8

hin states with largerumu, which
correspond to more horizontally distributed wave functio
This makes the hindered molecule pernt to the helicopter
desorption and yield a positive quadrupole moment. On
contrary, whenJ is larger, the low-lyingCL,m8

hin states corre-
spond smallerumu and then negative expectation valu
^YJ,mu(3Jz

22J2)/J2uYJ,m&. Our results also showed tha
whenJ is larger, the calculated value ofu^YJ,muCL,m8

hin &u2 for
a specificL is larger forCL,m8

hin states with smallerumu, which
correspond to more vertically distributed wave function
This makes the hindered molecule tend to the cartwheel-
desorption in largerJ states and yield a negative quadrupo
moment.

IV. CONCLUSIONS

We have investigated the electric field effect of adsorb
dipole molecules. The surface hindering potential to wh
the adsorbed molecule is subjected was modeled as a
conical well and an dipole-field interaction was added to
hindering potential. The molecular wave functions were
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pressed in terms of the eigenfunctions of adsorbed mole
in the free field situation.

Our results show that for the vertically adsorbed dipo
molecules, if the external electric field orients the molecu
axis toward molecular preferred orientation, the ground-s
energy decreases as the electric field is increased, while
excited-state energies increase to a maximum and then
crease as the field is increased. While, if the external elec
field orients the molecular axis against molecular prefer
orientation, there are avoided crossings of two energy lev
as the field is increased and finally all state energies decr
rapidly as the field strength is strong enough. On the ot
hand, for the horizontally adsorbed molecules, there
smoother avoided crossings of two adjacent levels as
field strength is increased and finally all state energies
crease rapidly for very strong field. The avoided crossing
two adjacent energy levels is due to the redistribution
wave function between different potential well regions.

By employing the sudden unhindrance approximation,
rotational-sate distributions of molecules desorbing from
solid surface in the presence of external electric field w
calculated. When the calculated distributions were plot
semilogarithmically, the non-Boltzmann feature and oscil
tory structure with alternate drops and plateaus of distri
tions displayed. We applied our calculation to more realis
Cs-CN adsorption system. Our results showed that
rotational-state distributions are significantly influenced
the external electric field. When the electric field is appli
to orient the molecular axis against the molecular prefer
orientation, the distribution shifts towards the high-J region,
since the electric field increases the ground-state energ
adsorbed molecule. However, when the electric field is
plied to orient the molecular axis towards the molecular p
ferred orientation, the distribution shifts towards the lowJ
region, since the electric field decreases the ground-state
ergy of adsorbed molecule.

We have calculated the rotational alignment in the pho
desorption of CO from Cr2O3(0001) by the solutions to the
finite conical well. Our calculated results showed that at lo
J values the CO molecules desorb like a helicopter, wh
at high J values a cartwheel-like motion is preferred. Th
result is in qualitative agreement with the experimen
observation.
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