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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 higegion 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-
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
Cr,05(0001). Our results showed that at ldwalues 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 nunider73.20.Hb, 33.55.Be, 33.20.Sn
[. INTRODUCTION tained in our previous studies is a general result of a system

transiting from hindered states to free states, and can be re-

The rotational motion of a molecule that interacts with agarded as the manifestation of the rotational invariance. Our
solid surface has attracted increasing interest. Experimentahlculated results have been found in good agreement with
and theoretical investigations of the rotational distribution ofthe previously measured data.
scattering or desorbing molecules have been an active re- The surface physics and chemistry in high electric fields
search field ™8 The measured rotational-state distributionshave attracted great interest since the inventions of field
of molecules scattering or desorbing from surfaces weremission microscopdFEM)?° and field ion microscope
found to exhibit a substrate temperature-independent nor(FIM).?! In these microscopes, a strong electric field of the
Boltzmann featuré=3 On the other hand, the theoretical order of 1 V/A is applied to the tip of a sharp metal wire. In
studies on the rotational motion of adsorbed molecules havsuch high electric field, many effects can occur. For example,
been also reported. Gadzuk and his co-workérproposed  the tunneling through a field-deformed barrier at the surface
an infinite-conical-well model, in which the adsorbed mol- of the metal is possible. This is responsible for the field
ecule is only allowed to rotate within the well region, to emission, field ionization, and field desorption/evaporation
mimic the surface hindering potential. Rotational-state enprocesse$?230n the other hand, in a strong electric field of
ergy spectra for both vertical and horizontal adsorption conthe order of 10! V/A, the electronic orbitals may be dis-
figurations were obtained. Together with the sudden unhintorted so that the chemical characteristics of atoms or mol-
drance approximation, the non-Boltzmann property of theecules are affected. Therefore, the chemical effects by estab-
rotational-state distributions can be attributed to the hinderetishing new bonding orbitals may occur. In this way,
rotations of adsorbed molecules. In our previous w8fk8, molecules that are unstable in field free situations may be
we proposed a finite-conical-well model to generalize thestabilized by strong electric field. Also, new pathways of
study of a finite hindrance. Our results showed that thechemical reaction may be establistféd.
rotational-state distributions of desorbing molecules are non- It is well known that the rotational energy levels of a free
Boltzmann and display oscillatory structures with alternatemolecule placed in an electric field are split due to the inter-
drops and plateaus. A similar structure was observed in action between molecular dipole moment and electric fild.
gas-surface scattering experiment and was interpreted iim addition to the splittings, theoretical investigafidn
terms of rotational rainbows. The oscillatory structure ob- showed that, when the applied electric field is strong, mo-
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momentum operatory is the angle betweeﬁ ande, and
U™, ¢) is the surface potential energy to which the mol-
ecule is subjected. As a first approximation we assume that
U6, ¢) is independent of. Calculation indicates that the
dependence o is weaker than that oA.2’~2°We express

the energy in the unit of the molecular rotational constant
B=#2/2l; thus, Eq.(1) can be written as
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where V() is the polar hindering potential energy to
which the molecule is subjected. According to the finite-
conical-well modef~°we assume

FIG. 1. An adsorbed diatomic molecule with a dipole moment hin Osfb=a
in the presence of perpendicular electric field V()= Vo, a<6<m, ©)
lecular rotational energies have large negative shifts. On thEor the vertical adsorption configuration, and
other hand, in our previous workwe have investigated the 0 a=<0<p
external electric field effect on the ground-rotational-state vhing 0):[ ' (4)
energy of an adsorbed dipole molecule. We considered that Vo, 0s6<a or p<ésm,

an dipole-field interaction was added to the finite-conical-¢, the horizontal adsorption configuration. The parameter

well potential. Our results showed that the Stark shift ofj,, Eq. (2) presents the strength of the dipole-field interaction:
ground-rotational-state energy will be suppressed by the

conical-well potential if the field strength is smaller than the
hindering potential. However, when the applied field is very 0=
strong, large Stark shift may take place.

In our previous investigation, the variational method wasThe positive sign is for the cases of Figéa)land Xb), while
utilized and only the Stark shift of ground-state energy ofthe negative sign is for the cases of Figéc)land Xd).
horizontally adsorbed molecule was considered. In this workTherefore,w>0 means the electric field orients the molecu-
we extended the investigation to the Stark shift of the excitedar axis toward molecular preferred orientation, while<0
rotational states for both cases of vertically and horizontallymeans the electric field orients the molecular axis against
adsorbed molecules. Instead of using variational wave funamolecular preferred orientation.
tions, the molecular wave functions we used in this work For the case that the applied electric field is absent, the
were expressed in terms of the eigenfunctions of moleculaHamiltonian of the system is
hindered rotation in the absence of electric field. Therefore, 5 hin
ground state and excited state energies can be determined Ho=L"+V™(0). ®
simultaneously. One can see that the Stark shifts of rotationafhere are analytic eigenfunctions for this syst%‘rHl_
energies of adsorbed molecules show interesting behaviors.

+upelB, y=40

—pelB, y=m—0. ©

Besides, the rotational-state distributions of molecules des- 0) exp(ime) PSR
orbing from a solid surface in the presence of external elec- Wih(0,4)= ®|,m(0059)—\/5 , m=0*1+2,...,
tric field can be calculated. One can see the distributions are @)
significantly influenced by the applied electric field.
where
Il. MODEL AND FORMULISM o CoimPinp(VimME),  cosa<é<1l
Figure 1 shows the situations that an adsorbed diatomic m(&)= CiimP—1)(¥ m.m,é), —1=<é<cosa,
molecule with a dipole momenf in the presence of perpen- (8)
dicular electric fields. The Hamiltonian of such system is for vertical adsorption configuration, and
|
Cii.mP 1) mm,€), cosa<é<l
O%(&)=1 CuimP1y(VimME) + Dy, mQ+1)(¥1,m M, €), CcOSB=E<cosa 9
Cii.mP=1)(Y| m.m,é), —1s<¢<cosp,
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for horizontal adsorption configuration. The functigRgs.;y and Q. ;) in the above equations are defined as

2y|m|/2 1+¢
Py (vim,m, &) =(1-§9)™M"F |m|_Vl,m-1+|m|+vl,mvl+|m|;7 , (10
’ ’ ’ 1_5 1_§
Qur1)(V) .M E)=(1— §Z)|mllz[ F( Im| = 1+ |ml+ v, 1+ ml; T) |H(T)
+i (|m|_VI,,m)n(1+|m|+V|’,m)n 1-¢&\"
=1 (1+|ml),n! 2
X[‘//(|m| - VI,,m+ n)— lr//(|m| - VI,,m) +(1+ |m| + VI,,m+ n)—¢(1+ |m| + VI,,m)
—(1+[m|+n)+@(1+[m)—(1+n)+¢(1)]
[m| -n
(n=1)!(=[m) 1-¢
-2 , T 5 , (11
n=1 (1_ |m| + Vl,m)n(_ |m| - Vl,m)n
|
whereF(a,b,c;z) is the hypergeometric functioff.In above _ *
equations, the molecular rotational energy has been ex- \Ifm“(a,¢>)= 2 c|,ym\lf|(9)m( 0,0). (14
pressed as I'=m '
E{= vim( 1 mt 1), (12 _ _ o _
o . ' ' ’ Substitute Eq(14) into the Schrdinger wave equation, and
and vy ,, is defined as multiply both sides of the equation by (* and then inte-
, , rate it. We get
Y (Pt 1) = 2121 1) = V. 13 9 J

In order to determine;, ,,, one has to match the boundary

conditions at¢;=cosa and £,=c0sp. (0) () ©) \ _
When the electric field is applied, there are no analytic [Elym_Em]Cl,m_“’; Cir (Vi nlcoso| W), )=0.

eigenfunctions to the Hamiltonian, as shown in Ef). (15)

However, consider that the system is still symmetric atzout

axis, we can express the eigenfunctions in terms of(EQ.

for specific azimuthal quantum number The condition for nontrivial coefficients;: , is, therefore,
0 m,m m+1m m+2m
EEn,)m_ En—wayn —wany —wamn
m,m 0 m+1,m m+2,m
—wapy, 1m EEnJ)r im— Em_ [OFC h 1m —wany 1m -0 (16)
m,m m+1m 0 m+2m Y
—wayiom —wan, o'y ESnJ)rZ,m_ Em— WAy,

wherea| Irhm=<‘l’|(on)q|005‘9|‘1’|(9)m>- The eigenenerg§,, to Eq.  rotational-state energies of a vertically adsorbed dipole mol-
(2) for specific azimuthal quantum number can be ob- etcule tlr? an extternalo eflectrlq f'etlhd las futnctlons %f field
: : : . strength parametep>0 for azimuthal quantum numben
tained from solving this equation. =0 and potential barrier height¢,=20 and 80. The hin-
drance angle is set as=30°. From Fig. 2, one can see that
. RESULTS AND DISCUSSION an applied electric field can induce shifts of adsorbed mo-
lecular rotational energies. When the electric field is in-
creased, the ground-state energy decreases monotonously
For a vertically adsorbed molecule, the hindering potenwhile the excited-state energies increase to a maximum and
tial energy can be modeled by E@). Figure 2 shows the then decrease. The rate of the energy variation depends on

A. Vertical adsorption configuration
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" @) V20 ‘ loyveso =20 case, the energy decreases initially and then increases to
sl ] w| - ©0 avoid the crossing of two energy levels at the same field
| m:,i—_/_’j’\(s‘,m\ strength. The avoided crossing between two levels also
e = makes the ground-state energy to start to decrease at the
- — - i .
o~ T T —— T S - same field strepgth. .Flnally, the energy of tfle 0) state N
L ~ sof e S ~.. decreases again for field strength stronger than another criti-
" zof‘\\:\\“’ T ] W NN cal value. On the other hand, for the first excitéd0) state
, I . I \\ N of the Vy=80 case, the energy increases initially and then
(1\’0\)\ e 20f N 1 decreases at_ some gnnca] field strength and then increases
20f RN . s again to avoid crossing with the ground-state energy level.
ol \\7 A en \\\ The avoided crossing also makgs the ground—st'ate energy to
©.0 = start to decrease at the same field strength. Finally, further

T T T R T decrease occurs for field strength stronger than another criti-
o ® cal value. In Fig. 3, there are two or more avoided crossings
_ . _ . for the other excited-state energies. The avoided crossing of
FIG. 2._ Rotational-state energies of a vertlgally ads_orbed dlpol§WO energy levels is a general result for the case of two very
molecule in an exterpal electric field as functlgns of field Str.engthclose levels with small perturbation where the Hamiltonian
parameter, >0 for_a2|muthal quantum_numbm—o and .potentlal contains some parameter and its eigenvalues are conse-
barrier heightsVo=20 and 80. The hindrance angle is setas -
—30°. quently functions of that paramefér. _ _ _
For the adsorbed molecule with higher potential barrier,

the rotational state. The lower the state, the larger the ratéhere are more avoided cro_ssmgs..Besuj.es, for the ad_sorbed
molecule with lower potential barrier height, their avoided

The behaviors of the rotational energies shown in Fig. 2 are, Jssinas of hiaher enerav levels become more smooth while
similar to those of free dipole molecule in an electric fi#ld. 9 g gy

However, if the potential barrier is high enough, even thecompared with those with higher barrier height. Furthermore,

. . the energies of two adjacent energy levels at the avoided
lower excited-state energies, e.g., the energii.o0) state of rossing are very close to each other, especially for the lower
the V=80 case, show direct decreasing as the electric field 9 y + €SP y

is increased. This is different from that of a free dipole moI-Sta.:_es' | h . f ional ith lied
ecule. 0 analyze the variation of rotational energy with applie

Figure 3 shows the rotational-state energies of a verticallf\)ﬁgg(;:ig’soorgi dmrﬁglergSI)((e airglgﬁbjpgce:tepdo.tennal energy for

adsorbed dipole molecule in an external electric field as
functions of field strength parametes<<O for azimuthal
guantum numbem=0 and potential barrier height¥,
=20 and 80. From Fig. 3 one can see that the variations olf__
rotational energies for the case o0 are very different . . o o
from those for the case ab>0. When the electric field is applied, the potential well is tilted to th#=0° side and the

- . P otential ener 0) has a minimum av=0°. That is, the
applied, the groun(_j-state energy Increases initially and t-h-eHI ctric field a%y\fv(el? as conical well tend to concentrate mo-
decreases as the field strength is stronger than some cntu:Fa

lue. H for the fi - f theV ecular wave functions abowt=0°. For the(0, 0) state of
value. However, for the first excited, 0) state of theV, the V=20 case or the0, 0) and (1, 0) states of thev,

V(68)=V""(9)— w cosb. (17)

or the case ofw>0, when the external electric field is

100 ‘ 10 ‘ ‘ ‘ =80 case, since the vertical conical well confines the major
(8) V=20 (P) V=80 part of molecular wave functions abo@it=0° even the elec-
O T 1 120~ GG~ tric field is absent, an applied electric field will result in more
N S N /,m)_k ----- ] concentration of the wave functions abait0° and then
[~ (5,0 ~ L ! . . n
6o /#¥_“__ oL~ /_\\—~~/ rotational energies are decreased rapidly. On the other hand,
“© G ST /\,_</ wo =] for other excited states, when the electric field is absent, the
P N — 8O . o X . . . . . .
N R O I N <3-°)///>«/ rotational energies are higher than the barrier height. Their
e T 2 w7 N®97 1 wave functions are similar to those of free molecule and the
d - 4 2N 4 . . . . . .
7 ;)/ = - e TN major part of the wave functions distributes outside the coni-
O ™ w7 ] cal well® An applied electric field will result in initially in-
=20 4 7 1 Ve . . . . .
oo W 7 7 ©o creasing the state energy. However, if the applied field is so
anf” ©0) 20/ * large that molecular wave functions are forced to concentrate
T aboutd=0°, the rotational energies will decrease as the ap-
B ) [) %0 ®0 o0 a0 2 [) p||ed field is increased.
© © However, the case ab<<0 shows very different situation.

FIG. 3. Rotational-state energies of a vertically adsorbed dipold i9ures 4 and 5 show the potential enefg0) agd the
molecule in an external electric field as functions of field strengthangular distributions of molecular wave functionis|® for a
parametew<0 for azimuthal quantum number=0 and potential ~ Vvertically adsorbed molecule as functions éfor different

barrier heightsV,=20 and 80. The hindrance angle is seteas electric field strengths. For comparison, the energy levels
=30°. EooandE; g are also indicated. From Figs. 4 and 5, one can
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FIG. 4. Potential energy/(6)=V""(#)— » cosg and angular FIG. 5. Potential energy/(6)=V""(6)—w cosé and angular

distribution of molecular wave functiop¥', o2 for a vertically ad-  distribution of molecular wave functioj¥; 2 for a vertically ad-
sorbed molecule as functions af for different electric field sorbed molecule as functions of for different electric field
strengths.V""(6) is the vertical-conical-well hindering potential strengths.V""(6) is the vertical-conical-well hindering potential
with Vy=20 anda=30°. with Vo=20 andae=30°.

see that, for the case of<0, the electric field not only tilts excited(1, 0) state will tunnel into the conical well region to
the conical potential well but also creates a new potentiakeep the orthogonality of wave functions. Hence it has now
minimum atd=180°. That is, the applied electric field tends the character of the field-free ground-state solution and its
to turn over the vertically adsorbed molecule. Therefore, irenergy increases as the applied field is increased. When the
fact, the problem treated in this work, for the polar spaceelectric field strength is increased further to another critical
region 0°< §=<180°, is equivalent to a double-well problem. value, the wave function of thel, 0) state will tunnel back
This is absolutely different from the situation of a Cartesianthe region aboutd=180° and then its energy decreases
square well subjected to an external electric fiélifand is  again. For the(1, 0) state of theV,=80 case, when the
the manifestation of the rotational invariance. electric field is absent, the wave function concentrate8 at
Employing Figs. 4 and 5, one can understand that the=0° due to the higher potential barrier. Thus, as the field
avoided crossing of two energy levels in Fig. 3 are due to th&trength is increased, there is an additional energy change
redistributions of molecular wave functions between two po-other than thé1, 0) state of theV,=20 case. Similar discus-
tential wells. For the ground-state, if the electric field is ab-sions can be issued to other higher excited states. For larger
sent, the molecular wave function is confined initially in the field strengths more avoided crossings with the higher states
0°< #<a region by the vertical conical well. Therefore, the occur. Beside, for the higher excited states whose energies
energy increases initially as the electric field is applied.are much higher than the potential barrier height, their wave
However, when the electric field strength is increased up tdunction can smoothly redistribute over the polar space by
the critical value so tha o is higher than the energy mini- an electric field. Thus their avoided crossings become
mum aboutf=180°, it becomes energetically favorable to smoother.
concentrate the wave function ai=180°. Hence the
ground-state solution has now the character of the field-free
(1, 0) state solution and its energy decreases as the applied
field strength is increased. For a horizontal adsorbed molecule, the hindering poten-
On the other hand, for the excitdd, O) state of theV, tial energy can be modeled by E@). Figure 6 shows the
=20 case, its energy decreases initially as an electric field itational-state energies of a horizontally adsorbed dipole
applied. However, when the ground-state wave function tunmolecule in an external electric field as functions of field
nels into the conical barrier region, the wave function of thestrength parameteap for azimuthal quantum numben=0

B. Horizontal adsorption configuration
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FIG. 6. Rotational-state energies of a horizontally adsorbed di- "%
pole molecule in an external electric field as functions of field
strength parametew for azimuthal quantum numben=0 and
potential barrier height¥,=20 and 80. The hindrance angle is set
asa=75° andB=180°- a.

4 S TN ‘
N
and potential barrier heighté,=20 and 80. The hindrance //| _______ Boo___|
angles are chosen as=75° and ,8=180°—a. Since the 0% 30 60 90 120 150 180 2% 30 60 90 120 150 180
hindering potential is symmetric about the-90° plane, the 0 (deg) 6 (deg)

electric field effects on the rotational energies ér 0 case FIG. 7. Potential energy/(6)=V""(6)—w cosé and angular
andw<0 case are the same. Therefore, we show the resu|[’§stribution of molecular wave functioh‘lf()’o|2 for a horizontally

for the >0 case only. From Fig. 6, one can see that theygsorhed molecule as functions 6ffor different electric field
ground-state energies of botfy=20 and 80 cases decrease strengths\V""( ) is the horizontal-conical-well hindering potential
slowly as the electric field is applied and then rapid decreasgith v,=20, «=75°, andg=180°— a.

occurs as the field strength is stronger than some critical

value. However, the variation of excited-state energy is dif-

ferent. ForV,= 20, the energy ofl, 0) state decreases rap- . . .
idly as the field is applied. When the state energy has de-<'8 region by the vertical conical well. Therefore, the state

creased closely to the ground-state energy, the decrease r%%ergy varies ge_ntly as the ﬂ?ld IS applled., orone can say
becomes gentle to avoid the crossing of two energy leveldnat the Stark shift of the rotational energy is suppressed by
For further stronger electric field, the energy of thed) state the conpal well potential. However, when the electric .fu'ald
decreases rapidly again. For the other excited states of ttérength increases so tHag o is higher than the energy mini-
V=20 case, their energy variations shown in Figg)@are =~ Mum about§=0°, the major part of the molecular wave
similar to those in Fig. @). function begins to distribute aboui=0°; therefore, the

On the other hand, for the,=80 case, the energy ¢1, decrease of the state energy becomes rapid. When the elec-
0) state decreases slowly and then rapidly. Finally, it dedric field strength is very large, most of the molecular wave
creases slowly again when the field strength is larger than thiinction will concentrate aboud=0°. This implies that the
strength at which the energy @, 0) state begins to decrease adsorption configuration changes from horizontal to vertical.
rapidly. For the other excited states of tiig=80 case, the For the excited1, 0 state of theV,=20 case, when the
energy variations show in Fig(i) are somewhat similar to electric field is absent, the major part of the molecular wave
those in Fig. 3. However, the avoided crossings are smoothéunction distributes in region | (02 6<«) and region llI
and the gaps between two adjacent levels at these avoidg¢@< ¢<180°). When the electric field is applied, molecular
crossings are larger than those in Fig. 3. wave function redistributes. The distribution in region | in-

Figures 7 and 8 show the potential eneigf) and the creases, and the distribution in region Il decreases. There-
angular distributions of molecular wave functip¥r|? for a  fore, the energy decreases rapidly. If the applied electric field
horizontally adsorbed molecule as functionséofor differ- is further increased, considerable part of the wave function
ent electric field strengths. The polar space is divided intawill concentrate in region Il §< 6< ), and the energy de-
three regions. Whenw increases, the value o¥(8) de- creases slowly. When the electric field is so strong that most
creases in region | (G260<a), and increases in region of the wave function concentrates in region I, the energy will
I (B<6=<180°), but changes slightly in region Il decrease rapidly again. Similar discussions can be issued to
(a<O<pB). other higher excited states. However, for those excited states

For the groundO, 0 state, if the electric field is absent, whose rotational energies are much higher than the potential
molecular wave function is confined initially in the<<6  barrier heightV,, the confinement potential is no longer
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o B\ - 2%\ molecule for various field strength parameters. In the calculation,
> 8f //' N\ E,, > 10 NN we setB/kgT=1 and the molecule was assumed vertically ad-
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FIG. 8. Potential energy/(6)=V""(6)—w cos# and angular P(J)= 7 > exq—E,_'m,/kBT)|<‘IfSrﬁ§|\I’L"';n,)|2,

distribution of molecular wave functioff¥'; o2 for a horizontally hin m,L,m’ (19
adsorbed molecule as functions 6éf for different electric field

strengthsV""(6) is the horizontal-conical-well hindering potential _ _
with Vo=20, a=75°, andB=180°- a. whereT is the surface temperatude; is the Boltzmann con-

stant, andZy,, is the partition function of the hindered rotor.
Figure 9 shows the calculated rotational-state distributions
dominant. Therefore, the variations of energy are similar tdased on Eq(19) for various field strength parameters. In
those of free dipole molecule in an external electric field. the calculation, we sé/kgT=1, and the molecule was as-
sumed vertically adsorbed with hindrance parameMgs
C. Rotational-state distributions =20 anda=30°. In Fig. 9, the curves are plotted in the
_ . o form In[P(J3)/(2J+1)] vs J(J+1). It is known that for a
The measurement of final rotational-state distributions ofgjt;mann distribution a straight line with slope-B/kgT

molecules desorbing from a surface is one of the familiarshomd be obtained. From Fig. 9 one can see that the non-
experimental methods to study rotational motion of adsorbegoji;mann feature and oscillatory structure with alternate

molecules. To compare with the experimental data, we eMgrops and plateaus of the rotational-state distributions  still
ploy the sudden unhindrance approximation to calculate thgjsplay when an external electrical field is present. However,

final rotational-state distributions as proposed in the works of,o positions of the dips and the maxima are displaced
. _6 .
Gadzuk and his co-workefs®We assumed that the desorp- apply our calculation to a more realistic system, let us

tion is induced by a fast process, i.e., the hindering potentialonsiger the Cs-CN adsorption system. Figure 10 shows the
is suddenly switched off and, thus, the pure hindered-to-freg|cyated rotational distribution for CN* desorbing from Cs
rotational transition takes place without changing the waveyiface based on Eq19) for various field strength param-
function. If the external electric field persists during the de-giars The measured distribution for Cs-CN adsorption sys-
sorption process, the free-rotational states of a desorbing dig, in the absence of electric fidlis presented for compari-
pole molecule in an electric field can be expressed in termgyn |y our calculation, the hindering potential was modeled
of spherical harmonicé: as a vertical conical well with cone opening angle
o =11.36° and potential barrier heighty=10030 (i.e., Vg
free _ ~2.45 eV). These hindrance parameters for Cs-CN adsorp-
W (0’¢)_.2 Cj'.mYjr.m(6, ). 18 ion system have been determined in our previous Work.
Since the electric field strength parameters we used in the
The probability of ending up in théth free-rotational state is  calculation are much less than the potential barrier height
the sum of rotational Franck-Condon factors between th&/, the electronic wave functions of the adsorbed molecule
final state W% and the hindered-rotational St&ﬂ!tt%, on a surface in the presence of an external electrical field are
weighted by appropriate thermal factors; that is, expected to undergo a mild variation during the desorption

J'=m
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. . . FIG. 11. Quadrupole moments for the desorption of CO from
- *
FIG. 10. Rotational-state distribution for CN* desorbing from Cr,05(0001) as a function of quantum numbér Filled circles:

Cs surface for various field strength parameters. In the calculationé erimental data. points
the molecule was assumed vertically adsorbed with hindrance pa—Xp : poINtS.

rametersV,=10 030 andae=11.36°.

rocess. Furthermore. the bond lenath and dioole moment é?ntial is not state of the art. Molecule-surface interaction
P ' ' 9 P potentials can nowadays be mapped out in great detaabby

adsorbed molecule can be assumed not to be affected. initio electronic structure methods. However, as we have
Figure 10 shows that the rotational-state distributions ard . . 210 : SR
Seen in our previods'® and present works, the simplified

significantly influenced by the external electric field. One can - ) L
note that, for thew<0 case, when the field strength is in- model shows mterestrng results. Furthermore, qualltatl\re
creased, the distribution shifts towards the highegion. ~ CONCEPts and mechanisms can also be derived from the in-
However, for thew™>0 case, the distribution shifts towards Yestigations. For example, we can justify our model by the
the low-J region as the field strength is increased. The shifP€formance of calculations on the rotational alignment of
of rotational-state distribution with electric field can be real-th€ desorbing molecules. , ia1618
ized by the fact that, at low enough temperature, the fina] When a molecule deg,orb_s from a solid surface;"™®
free-state distribution is mainly due to the conversion of ini-th€ quadrupole momerts(J) is a measure °2f th;z roti;cronal
tial ground-hindered-rotational-state energy. For the case dlignment and is defined #(J)=(J[(33-39)/3%3).*In
»<0, as we gradually increase the electric field strength, théhe classical limit, the value oAZ(J) represents the en-
energy of ground-hindered-rotational state starts to increassemble average of (3 cs-1) wherey is the angle between
becausev is still much less thaW,, (see Fig. 3, and thus the the angular momentum vectar of the molecule and the
overlaps of ground-hindered-rotational state with high- surface normal. The value oh3(J) ranges from+2 to
free-rotational states become more prominent. This causesl, where positive values present helicopterlike motidn (
the distribution to shift towards the highregion. However, vector prefers to parallel to the surface normalegative
for the w>0 case, as the field strength is increased, the envalues correspond cartwheel-like motiahvector prefers to
ergy of ground-hindered-rotational state starts to decreasgerpendicular to the surface normal
(see Fig. 2, and the overlaps of ground-hindered-rotational To compare with the possible observed data, we calculate
state with lowd free-rotational states become more promi-the quadrupole momemg(J) by the results obtained in our
nent. Therefore, the distribution shifts towards the ldw- model of finite conical well. According to the sudden unhin-
region. drance approximation, the quadrupole moment of the
Finally, an additional remark on the finite-conical-well alignment distribution can be evaluated by the following
model is made. Certainly, using a simplified analytical po-equation:

2 2

3‘Jz J hin 2
> exp—ELm IKeTH(Y g ml— 25— Yam (Yol W[5l
m,L,m’ J

A%()= : . (20)
> exp—Epm kg TI(Y 5l T )2

m,L,m’
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Figure 11 shows our calculated results compared with th@ressed in terms of the eigenfunctions of adsorbed molecule
experimental results of the rotational alignment in the pho-n the free field situation.
todesorption of CO from GOz(0001) 1% The hindrance Our results show that for the vertically adsorbed dipole
parameters we used here &fg=2000 anda=120°. molecules, if the external electric field orients the molecular
It was observed experimentally the quadrupole moment oéxis toward molecular preferred orientation, the ground-state
desorbing CO changes its sign from positive to negative wittenergy decreases as the electric field is increased, while the
increasing rotational quantum numbér Theoretically we excited-state energies increase to a maximum and then de-
could reproduce a positive quadrupole moment for smaltrease as the field is increased. While, if the external electric
guantum numbed and thus corresponds to the helicopterlikefield orients the molecular axis against molecular preferred
desorbing, while a negative quadrupole moment of desorbingrientation, there are avoided crossings of two energy levels
CO can be obtained and thus corresponds to the cartwheads the field is increased and finally all state energies decrease
like desorbing for larger quantum numbér This result rapidly as the field strength is strong enough. On the other
agrees qualitatively with the experimental observations abkand, for the horizontally adsorbed molecules, there are
can be noted from Fig. 11. smoother avoided crossings of two adjacent levels as the
To see more profoundly that our calculated results carield strength is increased and finally all state energies de-
yield positive values of quadrupole momentum for small an-crease rapidly for very strong field. The avoided crossing of
gular momentum and negative values for ladgstates, we two adjacent energy levels is due to the redistribution of
examine the expectation vald¥ ; ,|(3J2—J2)/3%|Y, ) in  wave function between different potential well regions.
Eq. (20). For a specific quantum numbay this expectation By employing the sudden unhindrance approximation, the
value is positive for highm| values and is negative for low rotational-sate distributions of molecules desorbing from a
|m| values. In the summation of E¢RO), only the low-lying solid surface in the presence of external electric field were
hindered-rotational stateE[“’:n, dominate due to the thermal Calculated. When the calculated distributions were plotted
factor. We calculated the overlapping factpf¥, m|q,h|n >|2 sem|logar|thm|cglly, the non-Boltzmann feature and o_sm_lla—
tory structure with alternate drops and plateaus of distribu-
between the free- rotatlonal statd§ and the Iow-lymg tions displayed. We applied our calculation to more realistic
hindered-rotational state'slfL m - Our results showed that, c5.cN adsorption system. Our results showed that the
whenJ is small, the calculated value ¢fY m|‘1’hIn |2 for  rotational-state distributions are significantly influenced by
a specificL is larger for\IfL o States with |argefm| which  the external electric field. When the electric field is applied
correspond to more horizontally distributed wave functions!o orient the molecular axis against the molecular preferred
This makes the hindered molecule pernt to the helicopterlik@rientation, the distribution shifts towards the hignegion,
desorption and yield a positive quadrupole moment. On théince the electric field increases the ground-state energy of
contrary, whenl is larger, the Iow-Iying\I’EiTn, states corre- adsorbed molecule. However, when the electric field is ap-

spond smallerjm| and then negative expectation values]E)“eddto o_rle?tche r?r?leggltarba?s tomgadstthe rTc‘jOIEtEUk’I‘(; pre-
(Yyml (322— 332X, ). Our results also showed that, erred orientation, the distribution shifts towards the ldw-

whenJ is larger, the calculated value fifY; m|‘1’E”:nr>|2 ree;g'yog} 235;;2% er:]eoﬁterfurfld decreases the ground-state en
a specificL is larger for?," , states with smalleim|, which We have calculated the rotational alignment in the photo-
correspond to more vertlcally distributed wave functions.desorption of CO from GO5(0001) by the solutions to the
This makes the hindered molecule tend to the cartwheel-likéinite conical well. Our calculated results showed that at low-
desorption in larged states and yield a negative quadrupoleJ values the CO molecules desorb like a helicopter, while
moment. at high J values a cartwheel-like motion is preferred. This

result is in qualitative agreement with the experimental

IV. CONCLUSIONS observation.

We have investigated the electric field effect of adsorbed
dipole molecules. The surface hindering potential to which
the adsorbed molecule is subjected was modeled as a finite This work was supported by the National Science Coun-
conical well and an dipole-field interaction was added to thecil, Taiwan, Republic of China under the Grants Nos. NSC
hindering potential. The molecular wave functions were ex91-2112-M-018-014 and NSC 91-2120-M-009-002.
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