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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 of &Fig. 1). Under the action of this potential the molecule will
molecule with the surface of a solid have been the subject die acceleratefithe angle-independent term in Ed.)] and
numerous investigations of both experimental and theoreticariented (the angle-dependent teymFor simplicity, below
nature (see, for instance[1-12] and references cited we will consider the case of sufficiently large when the
therein. It was reported that only involved molecular dy- effect of acceleration can be neglected. For example, for a
namics calculations taking account of a number of fine deKCl molecule @=10.27 D,B=0.1286 cm!) having ve-
tails of the molecule-surface interactiqe.g., the phonon locity v =600 m/s(which is quite typical for both rotation-
spectrum of the solid, inclusion of an attractive well in theally and vibrationally cool molecules seeded in supersonic
interaction potential, surface roughness, )etan properly beams and molecules in thermal beanthe velocity will
explain the main characteristics of the procE$s12. This  increase up to 670 m/s when the molecule approaches the
means that details of the process are crucially dependent &urface to the distance dé=0.5 nm, so this increase really
the peculiarities of both the colliding molecule and the solidcan be neglected. Consideration of smaller molecule-surface
and thus, generally speaking, the conclusions made amistances makes no sense, because when this distance is of
strongly dependent on the theoretical model used. Thishe order of the interatomic distance the dipole approxima-
makes quantitative predictions difficult for the processes ation is no longer valid. At the same time, as follows from
hand. theory and experiments concerning the van der Waals inter-

In this paper we show that for a polar molecule possessingction, the dipole approximation is quite reasonable up to
a dipole moment>3 D the electrostatic interaction of the such a distance—see, for instance, R&4].
molecule with its image dipol¢l3] works as an efficient The Schrdinger equation governed the molecule self-
source of molecule self-alignment: the molecule collidingalignment is
with the surface is oriented in such a manner that its dipole
tends to be perpendicular to the surface. This process is a 2

: : : dy d
quite universal and model-independent one, and such a self- if—=|BJ— ——————=coL 9| . 2
alignment is obviously important for the numerous processes dt 16(1g—vt)
where polar molecules are used—e.g., catalysis, chemical

and surface physic_s, and so on. Of course, it.is also importaere j is the angular momentum operator dgds the initial
for the understanding and correct interpretation of moleculeqgjecyle-surface distance. Searching, as usual, for a solution
surface scattering experiment results which are the maife 5 sumy==Sc:|J=j,M) of the eigenfunctionsJ,M) of

J ] L ’

source of _mformatlon_about molecule-surface mteract_lonsthe operators),J, and using properties of these functions,
For a detailed discussion sgk-12 and references therein. .« reduces Eq2) to the following system:

For simplicity, below we will consider only a linear polar
molecule with dipole momend and rotational constar,
which approaches the surface with normal velocity compo-
nentv (see Fig. 1L From the known expression for the di-
pole electric fieldE=3(dr)r/r®—d/r® [13], it follows that 9
the molecule’s interaction with the electrostatically reflected
dipoled’=[(e—1)/(e+1)]d [13] is described by the poten-

. v
tial
” ” o o~ ” " ” ” " ”
1 solid
U=—-dE=—(dd'/161%)(1+coS 9). (1)
2 N\
At
Here € is the dielectric constant of the solibelow we will —
. : , . it
consider the case whenis large and thusl’~d), | is the \ "/
polar molecule—surface distance, afids the angle between =
the molecule’s symmetry axis and the surface normal FIG. 1. lllustration of the geometry of the problem.

1050-2947/2003/62)/0229015)/$20.00 67 022901-1 ©2003 The American Physical Society



S. K. SEKATSKII PHYSICAL REVIEW A67, 022901 (2003

035 T T T L T T
0.3 T
o (a)
0.25| e E
s i
g Y
g o2f A .
> " :
2
@ : B
g 0.15- 8
g 0 9 .
01k P : B 4
> 3 F—
005k . R4 A -
° : 0.
h é 1'05 1'5 2‘0 .‘0""2‘“5 3’0 . FIG. 2. The populations of the rotational lev-
J els |3,M) for a KCI molecule as a result of its
electrostatic interaction with a solid upon ap-
0.35 T T T T ; T proach. The molecule initially occupies the level
@ [1,; (b) [8,7.
s
0.3 0 -
N ()
025 : B 1
5 ' ‘
z
g oz2r q
3 2
@ : B
§ 015r :
k] :
= 2 :
0.1} - -
: 5
0.05 B q
:': "0-.
0 OQO L 1 O A 1A
5 10 15 20 25 30 35 40
J
_ﬁdcj Bl w [(J+1)2—MZ][(J+2)2—MZ])1’2
ih——= +1)c; =
q; ~Bl+1)g I+29 (2J+1)(23+3)%(23+5) ’
I W, .ci+W +W [2—M?][(J—1)*—M?] |12
160003 WiiCiTWi-2jCi 2T W22l Wy = 2
0 " (2J+1)(2J—-1)7(2J-3)

()
We have also omitted the quantum numbémhich is one
and the same for all the levels involved. Introducing the vari-
Here W; ;=(J=i,M|cos 9]J=],M) are nonzero matrix ele- able change
ments of the cdsd operator15]: ,
d

" 320 (lp—0vt)2 @

T

W 2J2+2)-2M2-1
BT (23+3)(23-1) Eq. (3) can be rewritten as

022901-2



SELF-ALIGNMENT OF A POLAR MOLECULE . .. PHYSICAL REVIEW A 67, 022901 (2003

‘ | | | | | }
......... = B
eer g T Qe X
gL o
0.8k Ll o -
o a8 4
Sorf .= LT o A
-§ E’.. .,0‘ ...... oL *
%0 3 9 SO * | _ |
§ e o e FRRPRSRRSEE 4 FIG. 3. Dependenc_e of t_he orientation of a
S 055, @ e JRRES. ARUIPRIRPRITE NPT | KCI molecule on the dimensionless parameter
% | LA +$ e L Initial state of the molecule is as follows: stars,
§0A_ * * | |13,0; asterisks,|1,1); circles, |0,0); diamonds,
5 )e,o" L ™ |2,2); squares|1,0); pluses|7,7).
§ oaf * e .
g » o
0" x -
x
01 * 4
il
0 1 1 1 i3 1
0 5 10 15 20 25 30
T
de; Bd Debye and dispersiofLondon interactions; see, e.d.14].]
|d—= —Mj(j +1)T_3/ZC]- It was shown earlier that for anisotropic molecules, whose
T 8v2(vh) polarizations by the fields parallel and perpendicular to the
—W, ;6= W, _5;Cj_2— W, 2;Cj+ 2. (5  Symmetry axis are, respectively; anda, , the total van der

Waals interaction coefficient; (U=—C3/1%) can be di-
Without the first term on the right side, which often can bevided into orientation-independent and orientation-dependent

neglected, the derivativet; /d 7 do not depend on time, and parts Cé and C3, where C5=(1/4)(q)— ) [2?’]' The
this is, of course, the reason to introduce the variable chang¥/€ntation-dependent part of the van der Waals interaction is
(cf., e.g.,[16,17). For such a case this equation can bediven by the termU=—C35cos §/I°, whose form is quite
solved using the Laplace transforsee, for examplg18]) ~ similar to that used in Eqgs(1)—(3) if we identify deg
and, for some relations between the coefficiaffts, an ana- =4,/C2. However, an analysis of the polarizabilities of real
lytical solution is also availablfl16,17. However, the solu- molecules[24] shows that this part of the molecule-solid
tion obtained by the Laplace transform method is not mordnteraction is not strong enough to cause a noticeable self-
explicit and easy to use than the result of direct numericaflignment(with the exception of the GSnolecule[25]), and
calculation, which is not so difficult to obtain taking account this effect will be neglected below.
of the first term. Note also that the problem at hand is some- The results of numerical solution of the systés using
what similar to the problem of orientation of a polar mol- theMATLAB program are presented in Figs. 2 and 3 and Table
ecule by an external dc electric fidlti9—21). Important dif-  |. For the given case of the KCI molecule, it is easy to see
ferences are thdt) for our case only rotational levels of the that the maximal value of the parametedefined in Eq(4),
same parity can be mixed, afid) we have at hand a purely is equal to~20 for |=0.5 nm, v =600 m/s; thus we inte-
attractive case: the energy change due to the interaction gfrated Eq(5) from 7=0 [in practice, the value=0.01 was
the molecule with its electrostatic dipole can only be negaused; the first term on the right side of EG) was not
tive while both attraction and repulsion of the molecule fromneglectedi to 7= 20 for different initial conditions. Calcula-
an external electric field can happen. For the stationary casépns showed that we need to take into accow®5 rota-
the Schrdinger equation with a Hamiltonian similar to that tional levels of the molecule: an increase of this number does
used in Eq.(2), i.e., (BJ>—acos 9+b)y=Ey, wherea,b  not influence the resuilt.
= const, describes the orientation of an anisotropic molecule First, to demonstrate the typical quantum dynamics of the
in a strong linearly polarized laser field, and the correspondsystem in the space dfi,M), in Figs. 2a) and 2b) we
ing solution can be expressed via spheroidal funct{@23. present the populations of rotational levels for a molecule
Before we proceed to a discussion of the results of calcuinitially occupying such different levels a4,1) [26] and
lations, we would like to underline the following. In addition |8,7). It is easy to see that for both cases the rotational levels
to the permanent dipole-moment-caused orientation, whichip to J~25 are populated. The alignment is illustrated in
we discuss here, a similar effect can be caused also by thEble | where the mean values of the cosine square
anisotropic polarizability of the moleculgln the terminol-  (¥|cos 9|y are presented for some initial states of the KCI
ogy of van der Waals intermolecule interactions these partsolecule. This parameter attains as large a value as 0.90 for
of the full potential are called, respectively, the Keesom-the initial statd1,0) and is rather large for a number of other
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TABLE I. Values of(y|cog d]y) for different initial states of a J are considered, and, for example, the orientation of the
KCI molecule approaching a surface up to a distance of 0.5 nm witFState|7,7) remains practically the same upon approach de-
a velocity of 600 m/s. spite the fact that rotational polulations for this and neigh-
boring initial states are essentially redistribuf&iy. 2(b)].

intial statel ), M) (#lcos ) Figure 3 can be used for the estimation of the degree of
|00y 0.661 orientation for molecules other than KCI. To do this, the
|10) 0.903 maximum value of the parameteshould be calculated from
|11) 0577 Eq. (4) using the corresponding dipole momehtThe exact
[20) 0.683 degree of orientation depends on the rotational condant
[21) 0.833 hence it can be found only by the numerical solution of Eq.
[22) 0.543 (3) or Eq. (5). However, our analysis of such solutions ob-
|30) 0.736 tained for dlfferent.real(_ICN, NaCl, CS) and imaginary
31) 0.615 model molecules with gived and B values shows that the
132) 0.772 results presented in Fig. 3 can tie used for sugh an estimation
133) 0510 when B ranges from 0.1 'Fo 1 cit. Thus rotayonally cool
163) 0.583 polar molecules possessing a permanent dipole moment
80) 0.578 >3 D are subject to noticeable self-alignment caused by the

' electrostatic interaction with their own “reflected” dipole.

Igg g'ig Throughout the paper we considered the veloaity

=600 m/s, which corresponds to the norrtml close to nor-
mal) collision of the molecule with the surface. For other
collision angles the value of the velocity can be considerably
initial states, which means that numerous KCI moleculesmaller and thus the value of the parametevill be larger.
seeded in a supersonic beam will be well aligned upon apthis leads to more efficient alignment. Of course, for such a
proach. Averaging of the value ¢fy|cos’ 9|y) for the rota-  case it is not possible to neglect the self-acceleration of the
tional temperature of 5 Kall the 81 states witll<8, i.e.,  dipole due to its interaction with its own electrostatic image.
>95% of all molecules, were taken into accougives the  For example, for the KCl molecule such an interaction
cosine square mean value of 0.62. Note that here we reallyauses an acceleration from 0 m/s at infinity to 290 m/s when
have an alignment rather than an orientation: all the equahe distance of 0.5 nm from the surface is reached. Never-
tions are symmetric with respect to the sign of the anjle theless, the numerical integration of a generalized equation
This means that one-half of all molecules will be orientedsimilar to Eq.(3) or Eq. (5) still poses no problems. We did
with the K atom closest to the surface, and the other half imot do this here only to underline the physical essence of the
the opposite fashion. self-alignment process rather than to discuss technical de-
The dependence of thig/|cos’ 9|y) value on the param- tails. For the same reason we also did not consider different
eter 7 for the KCI molecule is presented in Fig. 3. Theseimperfections on the surface, which obviously could in some
dependencies can be used in different ways. For exampleases modify the electrostatic interaction and hence the
one can consider the KCI molecule occupying initigl.,  alignment. It should be noted, however, that a quantitatively
far from the surface whemr=0) the statelJ,M) and ap- correct description of electrons levitating under the surface
proaching the surface with a velocity. Then Fig. 3 gives of a cryodielectrigsolid hydrogen, etgis achieved using an
the value of the orientation achieved at a distarice electrostatic image potential up to distancésloA or so
=(d/\32vh) 7 Y2 from the surface; for our case of KCI [27]. Finally, we would like to mention that the process con-
molecules withv =600 m/sl (nm)=2.24r" Y2, Or, the other  sidered resembles to some extent the action of an intense
way around, one can consider KCI molecules approachingicosecond laser pulse on an anisotropic mole¢efld 17]):
the surface up to the distantdut with different velocities the total duration of the process is of the order of 1Qthe
v=(d?32x1%) 7~ 1; for our case of KCI molecules and  molecule-surface distance from 10 to 0.5 nm is impojtant
=0.5nm,v (m/s)=1.2x 107" 1. By the same token an ar- while the maximal electric field attains the value of 3
bitrary combination ofy,| can be considered. It is seen that X 10’ V/cm, which corresponds to a light intensity of
the degree of alignment drops when initial states with larger- 102 W/cn?.
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