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Self-alignment of a polar molecule colliding with a solid surface
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It is shown that polar molecules colliding with a solid are subject to efficient self-alignment caused by an
interaction with their own electrostatic image dipole when the permanent dipole moment of the molecule
exceeds 3 D.
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The physical processes occurring during the collision o
molecule with the surface of a solid have been the subjec
numerous investigations of both experimental and theore
nature ~see, for instance,@1–12# and references cited
therein!. It was reported that only involved molecular d
namics calculations taking account of a number of fine
tails of the molecule-surface interaction~e.g., the phonon
spectrum of the solid, inclusion of an attractive well in t
interaction potential, surface roughness, etc.! can properly
explain the main characteristics of the process@9–12#. This
means that details of the process are crucially dependen
the peculiarities of both the colliding molecule and the so
and thus, generally speaking, the conclusions made
strongly dependent on the theoretical model used. T
makes quantitative predictions difficult for the processes
hand.

In this paper we show that for a polar molecule possess
a dipole momentd.3 D the electrostatic interaction of th
molecule with its image dipole@13# works as an efficient
source of molecule self-alignment: the molecule collidi
with the surface is oriented in such a manner that its dip
tends to be perpendicular to the surface. This process
quite universal and model-independent one, and such a
alignment is obviously important for the numerous proces
where polar molecules are used—e.g., catalysis, chem
and surface physics, and so on. Of course, it is also impor
for the understanding and correct interpretation of molecu
surface scattering experiment results which are the m
source of information about molecule-surface interactio
For a detailed discussion see@1–12# and references therein

For simplicity, below we will consider only a linear pola
molecule with dipole momentd and rotational constantB,
which approaches the surface with normal velocity com
nent v ~see Fig. 1!. From the known expression for the d
pole electric fieldE53(dr)r /r 52d/r 3 @13#, it follows that
the molecule’s interaction with the electrostatically reflec
dipoled85@(e21)/(e11)#d @13# is described by the poten
tial

U52
1

2
dE52~dd8/16l 3!~11cos2 q!. ~1!

Heree is the dielectric constant of the solid~below we will
consider the case whene is large and thusd8'd), l is the
polar molecule–surface distance, andq is the angle between
the molecule’s symmetry axis and the surface norm
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~Fig. 1!. Under the action of this potential the molecule w
be accelerated@the angle-independent term in Eq.~1!# and
oriented ~the angle-dependent term!. For simplicity, below
we will consider the case of sufficiently largev, when the
effect of acceleration can be neglected. For example, fo
KCl molecule (d510.27 D,B50.1286 cm21) having ve-
locity v5600 m/s~which is quite typical for both rotation-
ally and vibrationally cool molecules seeded in superso
beams and molecules in thermal beams!, the velocity will
increase up to 670 m/s when the molecule approaches
surface to the distance ofl 50.5 nm, so this increase reall
can be neglected. Consideration of smaller molecule-sur
distances makes no sense, because when this distance
the order of the interatomic distance the dipole approxim
tion is no longer valid. At the same time, as follows fro
theory and experiments concerning the van der Waals in
action, the dipole approximation is quite reasonable up
such a distance—see, for instance, Ref.@14#.

The Schro¨dinger equation governed the molecule se
alignment is

i\
dc

dt
5S BJ22

d2

16~ l 02vt !3 cos2 q Dc. ~2!

HereJ is the angular momentum operator andl 0 is the initial
molecule-surface distance. Searching, as usual, for a solu
as a sumc5( j cj uJ5 j ,M & of the eigenfunctionsuJ,M& of
the operatorsJ,Jz and using properties of these function
one reduces Eq.~2! to the following system:

FIG. 1. Illustration of the geometry of the problem.
©2003 The American Physical Society01-1
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FIG. 2. The populations of the rotational lev
els uJ,M& for a KCl molecule as a result of its
electrostatic interaction with a solid upon ap
proach. The molecule initially occupies the lev
~a! u1,1&; ~b! u8,7&.
-

2 2 2 2 1/2

ri-
i\
dcj

dt
5B j~ j 11!cj

2
d2

16~ l 02vt !3 @Wj , j cj1Wj 22,j cj 221Wj 12,j cj 12#.

~3!

Here Wi , j5^J5 i ,M ucos2 quJ5j,M& are nonzero matrix ele
ments of the cos2 q operator@15#:

WJ,J5
2J212J22M221

~2J13!~2J21!
,

02290
WJ12,J5S @~J11! 2M #@~J12! 2M #

~2J11!~2J13!2~2J15! D ,

WJ22,J5S @J22M2#@~J21!22M2#

~2J11!~2J21!2~2J23! D
1/2

.

We have also omitted the quantum numberM which is one
and the same for all the levels involved. Introducing the va
able change

t5
d2

32v\~ l 02vt !2 ~4!

Eq. ~3! can be rewritten as
1-2
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FIG. 3. Dependence of the orientation of
KCl molecule on the dimensionless parametert.
Initial state of the molecule is as follows: star
u13,0&; asterisks,u1,1&; circles, u0,0&; diamonds,
u2,1&; squares,u1,0&; pluses,u7,7&.
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dcj

dt
5

Bd

8&~v\!3/2
j ~ j 11!t23/2cj

2Wj , j cj2Wj 22,j cj 222Wj 12,j cj 12 . ~5!

Without the first term on the right side, which often can
neglected, the derivativesdcj /dt do not depend on time, an
this is, of course, the reason to introduce the variable cha
~cf., e.g., @16,17#!. For such a case this equation can
solved using the Laplace transform~see, for example,@18#!
and, for some relations between the coefficientsWi j , an ana-
lytical solution is also available@16,17#. However, the solu-
tion obtained by the Laplace transform method is not m
explicit and easy to use than the result of direct numer
calculation, which is not so difficult to obtain taking accou
of the first term. Note also that the problem at hand is som
what similar to the problem of orientation of a polar mo
ecule by an external dc electric field@19–21#. Important dif-
ferences are that~i! for our case only rotational levels of th
same parity can be mixed, and~ii ! we have at hand a purel
attractive case: the energy change due to the interactio
the molecule with its electrostatic dipole can only be ne
tive while both attraction and repulsion of the molecule fro
an external electric field can happen. For the stationary c
the Schro¨dinger equation with a Hamiltonian similar to th
used in Eq.~2!, i.e., (BJ22a cos2 q1b)c5Ec, wherea,b
5const, describes the orientation of an anisotropic molec
in a strong linearly polarized laser field, and the correspo
ing solution can be expressed via spheroidal functions@22#.

Before we proceed to a discussion of the results of ca
lations, we would like to underline the following. In additio
to the permanent dipole-moment-caused orientation, wh
we discuss here, a similar effect can be caused also by
anisotropic polarizability of the molecule.@In the terminol-
ogy of van der Waals intermolecule interactions these p
of the full potential are called, respectively, the Keeso
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Debye and dispersion~London! interactions; see, e.g.,@14#.#
It was shown earlier that for anisotropic molecules, who
polarizations by the fields parallel and perpendicular to
symmetry axis are, respectively,a i anda' , the total van der
Waals interaction coefficientC3 (U52C3 / l 3) can be di-
vided into orientation-independent and orientation-depend
parts C3

1 and C3
2, where C3

25(1/4)(a i2a') @23#. The
orientation-dependent part of the van der Waals interactio
given by the termU52C3

2 cos2 q/l3, whose form is quite
similar to that used in Eqs.~1!–~3! if we identify deff

54AC3
2. However, an analysis of the polarizabilities of re

molecules@24# shows that this part of the molecule-sol
interaction is not strong enough to cause a noticeable s
alignment~with the exception of the CS2 molecule@25#!, and
this effect will be neglected below.

The results of numerical solution of the system~5! using
theMATLAB program are presented in Figs. 2 and 3 and Ta
I. For the given case of the KCl molecule, it is easy to s
that the maximal value of the parametert, defined in Eq.~4!,
is equal to;20 for l 50.5 nm, v5600 m/s; thus we inte-
grated Eq.~5! from t50 @in practice, the valuet50.01 was
used; the first term on the right side of Eq.~5! was not
neglected# to t520 for different initial conditions. Calcula-
tions showed that we need to take into account;25 rota-
tional levels of the molecule: an increase of this number d
not influence the result.

First, to demonstrate the typical quantum dynamics of
system in the space ofuJ,M&, in Figs. 2~a! and 2~b! we
present the populations of rotational levels for a molec
initially occupying such different levels asu1,1& @26# and
u8,7&. It is easy to see that for both cases the rotational lev
up to J;25 are populated. The alignment is illustrated
Table I where the mean values of the cosine squ
^cucos2 quc& are presented for some initial states of the K
molecule. This parameter attains as large a value as 0.90
the initial stateu1,0& and is rather large for a number of oth
1-3
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initial states, which means that numerous KCl molecu
seeded in a supersonic beam will be well aligned upon
proach. Averaging of the value of^cucos2 quc& for the rota-
tional temperature of 5 K~all the 81 states withJ<8, i.e.,
.95% of all molecules, were taken into account! gives the
cosine square mean value of 0.62. Note that here we re
have an alignment rather than an orientation: all the eq
tions are symmetric with respect to the sign of the angleq.
This means that one-half of all molecules will be orient
with the K atom closest to the surface, and the other hal
the opposite fashion.

The dependence of thêcucos2 quc& value on the param
eter t for the KCl molecule is presented in Fig. 3. The
dependencies can be used in different ways. For exam
one can consider the KCl molecule occupying initially~i.e.,
far from the surface whent50) the stateuJ,M& and ap-
proaching the surface with a velocityv. Then Fig. 3 gives
the value of the orientation achieved at a distancel
5(d/A32v\)t21/2 from the surface; for our case of KC
molecules withv5600 m/sl (nm)52.24t21/2. Or, the other
way around, one can consider KCl molecules approach
the surface up to the distancel but with different velocities
v5(d2/32\ l 2)t21; for our case of KCl molecules andl
50.5 nm,v (m/s)51.23104t21. By the same token an ar
bitrary combination ofv,l can be considered. It is seen th
the degree of alignment drops when initial states with lar

TABLE I. Values of ^cucos2 quc& for different initial states of a
KCl molecule approaching a surface up to a distance of 0.5 nm w
a velocity of 600 m/s.

Initial stateuJ,M & ^cucos2 quc&

u00& 0.661
u10& 0.903
u11& 0.577
u20& 0.683
u21& 0.833
u22& 0.543
u30& 0.736
u31& 0.615
u32& 0.772
u33& 0.510
u63& 0.583
u80& 0.578
u84& 0.518
u88& 0.346
.

,
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J are considered, and, for example, the orientation of
state u7,7& remains practically the same upon approach
spite the fact that rotational polulations for this and neig
boring initial states are essentially redistributed@Fig. 2~b!#.

Figure 3 can be used for the estimation of the degree
orientation for molecules other than KCl. To do this, t
maximum value of the parametert should be calculated from
Eq. ~4! using the corresponding dipole momentd. The exact
degree of orientation depends on the rotational constanB;
hence it can be found only by the numerical solution of E
~3! or Eq. ~5!. However, our analysis of such solutions o
tained for different real~ICN, NaCl, CS2) and imaginary
model molecules with givend and B values shows that the
results presented in Fig. 3 can be used for such an estima
when B ranges from 0.1 to 1 cm21. Thus rotationally cool
polar molecules possessing a permanent dipole momed
.3 D are subject to noticeable self-alignment caused by
electrostatic interaction with their own ‘‘reflected’’ dipole.

Throughout the paper we considered the velocityv
5600 m/s, which corresponds to the normal~or close to nor-
mal! collision of the molecule with the surface. For oth
collision angles the value of the velocity can be considera
smaller and thus the value of the parametert will be larger.
This leads to more efficient alignment. Of course, for suc
case it is not possible to neglect the self-acceleration of
dipole due to its interaction with its own electrostatic imag
For example, for the KCl molecule such an interacti
causes an acceleration from 0 m/s at infinity to 290 m/s w
the distance of 0.5 nm from the surface is reached. Ne
theless, the numerical integration of a generalized equa
similar to Eq.~3! or Eq. ~5! still poses no problems. We did
not do this here only to underline the physical essence of
self-alignment process rather than to discuss technical
tails. For the same reason we also did not consider diffe
imperfections on the surface, which obviously could in so
cases modify the electrostatic interaction and hence
alignment. It should be noted, however, that a quantitativ
correct description of electrons levitating under the surfa
of a cryodielectric~solid hydrogen, etc.! is achieved using an
electrostatic image potential up to distances of 1 Å or so
@27#. Finally, we would like to mention that the process co
sidered resembles to some extent the action of an inte
picosecond laser pulse on an anisotropic molecule~cf. @17#!:
the total duration of the process is of the order of 10 ps~the
molecule-surface distance from 10 to 0.5 nm is importa!
while the maximal electric field attains the value of
3107 V/cm, which corresponds to a light intensity o
;1012 W/cm2.

th
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