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Rovibrational spectra of diatomic molecules in strong electric fields: The adiabatic regime
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We investigate the effects of a strong electric field on the rovibrational spectra of diatomic heteronuclear
molecules in &3 * electronic ground state. Using a hybrid computational technique combining discretization
and basis set methods, the full rovibrational equation of motion is solved. As a specific example, the rovibra-
tional spectrum and properties of the carbon monoxide molecule are analyzed for experimentally accessible
field strengths. Results for energy levels, expectation values, and rovibrational spectral transitions are pre-
sented. They indicate that, while low-lying states are not significantly affected by the field, for highly excited
states strong orientation and hybridization are achieved. We propose an effective rotor Hamiltonian, including
the main properties of each vibrational state, to describe the influence of an electric field on the rovibrational
spectra of a molecular system with a small coupling between its rotational and vibrational motions. The
validity of this approach is illustrated by comparison with the results obtained with the fully coupled rovibra-
tional Schralinger equation. We thereby demonstrate that it is possible to create state-dependent hybridization
of a molecular system, which is of importance for vibrational state-selective chemical reactions. This state
dependence is individually different for each molecular system and represents therefore a characteristic feature
of the species.
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[. INTRODUCTION molecules could be further cooled by an efficient implemen-
tation of, e.g., evaporative cooling.

During the past decade a variety of experimental tech- The prospect of obtaining a Bose-Einstein condensate
nigues have been developed in order to cool and trap neutr@BEC) of molecules has become one of the major objectives
atoms. Using combinations of, e.g., laser and evaporativen BEC physics. An analysis of the vibrational and rotational
cooling mechanisms the translational motion of atoms can bstates of the molecules involved is essential to pave the way
slowed down to a few cm/s, which corresponds to typicaltoward preparation of a molecular condensate. Beyond this,
temperatures on the nanokelvin scale. The motion of the atand due to the interaction between the permanent electric
oms can then be controlled using external fields that providelipole moments of polar molecules, a rich variety of physical
a suitable trapping potentigk.g., a magneto-optical trap phenomena have to be expected in cold dipolar gases, in-
Since the atoms are isolated from the environment, the trapluding both spectroscopic and collisional phys[@s-9].
represents an ideal laboratory to study the physics of a wellMolecular condensates will give rise to applications in areas
defined ensemble of interacting atoms, their number possiblgs diverse as ultracold molecular physics, molecular optics,
ranging from a few to typically many millions. Due to their and potentially also in quantum computiftQ]; in particu-
complicated level structure the laser cooling approach canndér, cooling and trapping of molecules opens the way to
be applied to provide ultracold molecules. To neverthelessiltrahigh-resolution and high-precision spectroscopy of mol-
arrive at ensembles of ultracold molecules the followingecules, to state-selected chemical reactions, to collisions of
paths are currently pursued. The first one is photoassociatianitracold molecules, and to study of collective quantum ef-
[1-3] of two laser cooled atoms that provides translationallyfects in molecular systems.
cold molecules in certain well-defingtlypically highly ex- In this context the influence of external fields on mol-
cited) vibrational states. A major experimental challenge is toecules is of utmost importance: cooling, trapping, guiding,
prepare molecules also in well-defined rotational states. In and manipulating atoms and molecules is done by applying
second experimental setup, an array of time varying inhomosuitable electric, magnetic, or electromagnetic fields. Even
geneous electric fields has been used to decelerate and trapre, external fields play a key role in the control of mo-
polar molecule$4,5], providing a technique that can be used lecular rotational and vibrational dynamics. However, little is
for a large variety of neutral molecules as a first step in th&known about how the rovibrational dynamics of molecules is
cooling processes. Finally, the combination of elastic colli-affected by electric fields. Since several of these experimen-
sions with a cold buffer gas, such as, e.g., helium, with magtal techniques proceed via highly excited rovibrational states,
netic traps provide an efficient loading technique to cool andespecial interest arises in the properties of high excitations
trap a large number of paramagnetic molecllgs More-  exposed to the field.
over, it is expected that these already trapped and cooled Historically, one motivation to study the effects of electric

fields on the molecular motion was the possibility of orient-

ing or aligning molecular systems in fields. Since the chemi-
*Electronic address: Rosario.Gonzalez@pci.uni-heidelberg.de cal reaction dynamics strongly depends on the mutual orien-
"Electronic address: Peter.Schmelcher@pci.uni-heidelberg.de tation of the molecules approaching each other, the
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possibility of defining and changing their orientation is ahighly excited but rotationally low-lying excited states will
major step toward a deeper understanding and control dfe explored. As an example we will focus on the carbon
chemical reactions. Molecular orientation has a rich historynonoxide molecule. In particular, we will show that the ef-
during which inhomogeneou$11,12 and homogeneous fect of an electric field on diatomic molecules with different
[13-19 electric fields, as well as homogeneous magneti€nergy scales for the rotational and vibrational motions can
fields [19,20 and more recently laser field21—25 have be described by means of an “effective rotor Hamiltonian.”
been applied. This Hamiltonian includes the main characteristics of each
In all the above theoretical descriptions of the response ofiPrational level and describes with a high accuracy not only

a molecule to an external field the coupling of the rotationafh® low-lying states, but in addition the complete rovibra-
and vibrational motions was neglected and the rigid rotofional structure of levels, especially highly excited vibra-

approximation was employed, assuming a fixed permaneﬁional states. This _approximation predicts which _rovibra-
dipole moment of the molecule. The resulting “pendulart'onal states are going to be most affected by the field. One

Hamiltonian” for diatomic molecules is integrable. The ef- Of the main applications of our results is the possibility of
fect of an electric field on a rigid rotator was studied at the@chieving state-dependent hybridization, which is an impor-
beginning of the seventies by von Meye2€]. Later on this tant step toward state-selective chemistry, i.e., the control
analysis was extended to describe nonpolar moledalgs ~ @nd manipulation of chemical reactions. _

The term “pendular states” characterizes the influence of the 1N€ paper is organized as follows. In Sec. Il we define our
electric field on the rotational motion of the molecule: with rovibrational Hamiltonian and briefly discuss some specifics
increasing field strength it becomes a librating one whicH?f our computational method. In Sec. lll we describe the
leads to the orientation of the molecular axis. Each penduldpoténtial energy curve and electric dipole moment function
state is a coherent superposition of field-free rotational state§f @ diatomic heteronuclear molecule. Section IV contains
Except for Ref[27], where the authors investigate the pen_the _results and the corresponding discussion, mc_ludmg a se-
dular motion of the HCCF molecule in a particular excited lection of the results for energy levels, expectation values,

vibrational state, the rotation of molecules has exclusivelya"d rovibrational spectral transitions. In Sec. V we present
been discussed for low vibrational excitations. the key steps of the adiabatic separation of the vibrational
The present work goes beyond these approximations arnd rotational motions in order to get the effective rotor

aims at a more realistic approach to the rovibrational motiorfiamiltonian. In Sec. VI we compare our results obtained by
in molecules in an external homogeneous electric field. e fully coupled rovibrational Schdinger equation with

particular, we include the rotation-vibration coupling and thethose following the effective rotor approach. The conclusions

dependence of the dipole moment on the vibrational coordi@nd outlook are provided in Sec. VII.
nates. Especially for highly excited rovibrational states, the

additional interactions will have a strong impact on the spec- Il. ROVIBRATIONAL HAMILTONIAN
trum and the properties of the systems. Consequently, addi- AND COMPUTATIONAL METHOD
tional phenomena and effects have to be expected. Effects of . . .
weak electric fields on molecular spectra were already inves- “ cOmpléte description of the dynamics of a molecule in
tigated very early in the past century. The latter are not th&" €lectric field should include not only the kinetic energy of
focus of this analysis. We address the situation of strond€ €leéctrons and nuclei, the Coulomb and electric field in-
electric fields for which the intramolecular and field interac-€ractions, but also relativistic corrections such as spin-orbit,
tions are of comparable strength, thereby excluding a pertuSPin-SPin, or hyperfine coupling terms. For spin singlet elec-
bation theory treatment. The field strength regime of interesfONIC States possessing a vanishing orbital angular momen-
is such that it strongly influences the heavy particle dynamicdUm. these interactions are of minor relevance and can be

of the molecule but does not yet lead to significant ioniza-n€glected. Then, the Hamiltonian for a diatomic molecule in

tion. Since the energy scales associated with the motion di" external electric field in the laboratory frame reads as

the heavy and light particles are typically separated by orders

of magnitude there is a wide range of field strengths for H— E

which these requirements are met. o
The aim of this work is to perform theoretical investiga-

tions on the rovibrational dynamics of diatomic molecules,yhere the first and second terms are the kinetic energy of the
with electronic ground states ofS * symmetry, in strong pyclei and the electrons, respectivel., and m, are the
electric fields. In view of the experimental progress a thor-j3ss of theath nucleus and of the electron, respectively.
ough theoretical understanding of the molecular dynamics ijy(;. r ) contains all Coulomb interactions. The interaction

strong electric fields is of utmost importance. With the help,ith the electric fieldF is given in the dipole approximation
of a hybrid computational approach the rovibrational equayq

tion of motion for a diatomic molecule in an electric field is

solved. The effect of increasing field strength on the energy Ng

levels, the expectation yaluésosﬁ) and(Jz},_ and the di- VE( )= _eF.(z r— > Zara)!

pole strength of rovibrational spectral transitions will be pre- =1 a=12

sented. We will restrict ourselves here to the states evolving

from spherically symmetric states iB=0. Vibrationally = whereZ, is the nuclear charge number of thenuclei.

1 o1
I — p? ‘ .
2Mapa+i§1 2mep|+V(r|;ra)+VF(r|ara)y
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In order to derive the working Hamiltonian for the rovi-
brational motion in an electric field, this Hamiltonian is first
transformed to the center of mass frame and then to a rotat-
ing molecule fixed frame with the origin at the center of
mass of the nuclei, which introduces the total orbital angular
momentum. Using the Born-Oppenheimer approximation the
nuclear equation of motion in the presence of the field is
derived, where several coupling terms, such as Coriolis cou-
plings, appear. Due to th& " symmetry of the electronic
ground state some of those coupling terms vanish. From the
remaining ones we extract those that are relevant for an ac-
curate description of the rovibrational motion in the presence FiG. 1. Electronic potential energy curve and electric dipole
of the field. We consider here the regime where perturbatiofoment function of the electronic ground state of carbon monoxide.
theory holds for the description of the electronic structure buBoth quantities are given in atomic units.

a nonperturbative treatment is indispensable for the corre-

sponding nuclear dynamics. The resulting Hamiltonian foras pasis functions. Employing the variational principle, the
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the rovibrational motion reads initial differential equation is finally reduced to a symmetric
5 5 eigenvalue problem which is diagonalized with the help of
_ h I (29 3706, 9) Krylov type techniques.
=——— —|R°*—=|+——+¢(R)
2R?p IR JR 2uR?

Ill. POTENTIAL ENERGY CURVE AND ELECTRONIC
DIPOLE MOMENT FUNCTION

whereR and 6, ¢ are the internuclear coordinate and Euler  The PEC represents the key to the rovibrational spectrum
angles, respectively. is the reduced mass of the nuclei, ang the EDMF determines the strength of the interaction of
J(6,¢) the orbital angular momenturs(R) represents the  the rovibrational states with the electric field. Due to the fact
field-free electronic potential energy curREQ), andD(R)  that we are interested in highly excited rovibrational states in

—F(cosh)D(R), (1)

the electronic dipole moment functideDMF). ~ an electric field we need the PEC and the EDMF not only in
In the framework of the rigid rotator approach, the rovi- the neighborhood of the equilibrium internuclear distance,
brational Hamiltoniar(1) reduces to but for a very broad range of the internuclear distances cov-

ering the short, intermediate, and long range behavior.
Motivated by the special shape of the EDMF of carbon
monoxide, we have chosen it as a prototype to present and
discuss our results. Figure 1 shows the PEC and EDMF for
whereR.q andD.q are the equilibrium internuclear distance the electronic ground state of the CO molecule as a function
and the corresponding dipole moment. For diatomic mol-of the vibrational coordinat® The EDMF is negative and
ecules, this rigid rotator Hamiltonian is integrable and it wasof small absolute value at the equilibrium internuclear dis-
solved numerically in Ref[26]. Our approach goes beyond tanceR.,. With increasingR there is a sign change and a
this rigid rotator description, taking into account the rotation-maximum follows for an internuclear distance much larger
vibration coupling and the dependence of the dipole momerthan R,,. The expectation valu¢y,o|D(R)|#,0), #,0(R)
on the vibrational coordinate. It is to be expected that theébeing the field-free wave function of theh vibrational state
latter are of particular importance for highly excited vibra- with J=0, possesses a maximum for a certain highly excited
tional states. vibrational state. Thus, the influence of the external field is
In the field-free case each state is characterized by itsignificantly more pronounced for the high-lying excited
vibrational v, rotationalJ, and magnetidM quantum num- states compared to the rovibrational ground state. The typical
bers. In the presence of an external electric field only theeases discussed in the literature address exclusively low-
magnetic quantum numbeéM is conserved, giving rise to a lying states localized in the intermediate neighborhood of
nonintegrable two-dimensional Schiinger equation in  Regq.
(R, 6) space. In order to solve the rovibrational equation of To construct the EDMF for the above-indicated broad re-
motion associated with the Hamiltoni&h), we developed a gime Padeapproximation techniqug®8] are employed, us-
hybrid computational approach. The latter combines discret#g experimental absolute and relative intensities and the ap-
and basis set methods, applied to the vibrational and rotgpropriate numerically computed wave functions, possessing
tional degrees of freedom, respectively. For the angular pathe correct asymptotic behavior. For other molecular systems
a basis set expansion in terms of spherical harmonics is usedne might have only some values of the EDMF arotg,
taking into account thatl is conserved. The vibrational de- and it will be necessary to extrapolate it to shorter and larger
gree of freedom is treated by a discrete variable representaistances taking into account the correct asymptotic behav-
tion. Due to the typical shape of molecular PECs, we choséor.
the radial harmonic oscillator discrete variable representa- For the electronic ground state of the CO molecule an
tion, where the odd harmonic oscillator functions are takeraccurate experimental potent[@&@ydberg-Klein-Ree$RKR)

2
H

= —F(cosf)D.g4, 2
20, ( )Deq i)
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[29]], generated by Spielfiedel and Tchang-Bri[lgd], based

on the high-precision measurements of Le FId&i] is
available. These data provide us with an excellent descrip-
tion of the potential well centered arouli,. To extend it

to larger distances, especially the asymptotic behavior, we
have used an analytical expression for the long range behav-
ior, and an empirical intermediate potential connecting the
potential well with the asymptotic long range beha\igg].

The short range behavior is provided by a Morse potential
fitted to the corresponding RKR data. The connection be-
tween the different regimes is done by means of a cubic v
interpolation, providing a smooth and very accurate PEC.

FIG. 2. The parametex (see text as a function of the vibra-
tional numberv of states withJ=0 in the absence of the field, for
IV. RESULTS several field strength&=1078 (¢), 5x107°° (O), 107° (+),

5x10°° (O d 104 (X) a.u.
Applying the method described in Sec. Il to solve the (5). an (x)au

rovibrational Schrdinger equation, we have performed ex- of 1 the spectrum in the presence of the field and without

tensive computations providing the eigenfunctions and speGge|g have almost nothing in common. Figure 2 illustrates the
trum. The expectation valuésos6) and(J?) and the dipole  )apavior of« as a function o for each state, and compares
strengths of corresponding rovibrational transitions have; for several field strengthss=10"% 5x10°¢ 10755
been computed. Our focus is the regife-0.0-10* a.u., w155 and 104 a.u ’ ' '
i.e.,F=(0.0-5.14)x 10’ V/m (1 a.u. of field strength corre- ’ o

1 ) , For the complete spectra we encourker 0, i.e., in the
sponds to 5.1410' V/m), covering the experimentally

) g X resence of the electric field the states become more bound
available static field strengths. In view of the large number ok, 5 \yithout field. This trend continues steadily as the field
vibrationally bound states witd=0 of the CO molecule in  gyength is increased. The valuesobbtained for states with
field-free space, which is more than 80, we will focus onthe ,_ 5 "3 10 ande =106 a.u. are too small to be included in
states evolving from the field-free states for small values Oéig. 2 F,or all field strengths shows a similar behavior as a
the angular momenturd and M=0. In the following we i of the degree of excitation Starting withy=0 «

will frequently refer to the vibrational and rotational quan- fiot jecreases and possesses a minimum for the state with
tum numberss andJ of the states without field even in the |, _ 4~ Thereafter it increases monotonically with increasing

presence of the field. Although this procedure facilitates theV up to very high excitations. For=68 a maximum is
description of our results, it should not obscure the fact thafeached and a decay @ffollOV\'IS on further increasing

the only good quantum number in the presence of the field is ! :
the magnetic quantum numbkt. Mixing of states with dif- %(v) shows a very weak dependence oaround its maxi

¢ t vibrational N berd | tonl mum. For a fixed field strengtk varies by several orders of
erent vibrational guantum nUMbersbecomes reievant only magnitude(up to foun when moving through the spectrum,
for very highly excited states and for very strong fields.

. ; . . indicating a dramatic change of the response of the molecule
We would like to point out the high accuracy and effi- g 9 P

. . _ . to the field. Let us illustrate this foF =10 a.u.: for the
ciency of our numerical approach: we can trace in the pres

I = _ 5
ence of the field almost all vibrational bound states For ;gylg:tgzi %?#an 4ste;tzlg4>l/v fo_hf} V]%'; _th1é955t>af\t%eowi:[h
=0, thereby providing accurate data on 77 vibrational states _ ;5" . _ 5592 and at the maximum=68. x=0.896
evolving from eitherJ=0 or J=1 for F=0. The energy ' e ’ o
spacing and the expectation values are obtained with a typ
cal relative accuracy of 1¢. Atomic units will be used

throughout unless stated otherwise.

For the low-lying states, an increase with respect to the field
gtrength of one order of magnitude produces a changeodf
approximately two orders of magnitude. This factor de-
creases for higher excitations. For levels with 70, an en-
hancement of one order of magnitude with respect to the
A. Rovibrational spectra field strength leads to an increasexoby one order of mag-

In order to analyze the effect of the electric field on thenitude. Although an increase of the field strength produces a

rovibrational spectra, we introduce the following parameter]arger relative change ot for the low-lying states, its abso-
lute change is comparatively small in this regime, and the

E,o(0)—E,o(F) effects due to the field are most pronounced for energetically

K= E (F)I—E(F)’ () highly excited states. The latter is also natural because the
11(F)—E,o(F) . . . .

EDMF has its maximum at large internuclear distances

whereE,o(F) andE ,(F) are thewth vibrational states with which are probed significantly only by higher excited states.

J=0 andJ=1, respectively, for the field strengkh It is the
ratio of the energy shift of the stater,0), due to the field,
compared to the energy level spacing in the presence of the Figure 3 shows the expectation val(#) of states pos-
field. The larger is, the larger is the influence of the field on sessing a spherical symmetry fB.=0 as a function of the
the spectrum. In particular, for of the order of magnitude vibrational label v for the field strengths F=5

B. Expectation values:(J?), (cos#), and A cosé
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FIG. 3. The expectation valugl?), as a function of the vibra- <
tional numbery of states withJ=0 in the absence of the field, for \8,
several field strengti8=5x10"¢ (0), 10°° (+), 5x10 % (0),

and 10 (X) a.u.

x107%, 107°,5x 10 °, and 10 a.u.(J?) provides a mea-
sure for the mixture of states féfr=0 with different rota- v

tional quantum number3 but the same value favl, i.e., it FIG. 4. The expectation valudsosé) (a) and A cosé (b) as a
describes the hybridization of the rotational motion for  fynction of the vibrational number of states withJ=0 in the
=0. The effects due to the electric field depend not only omapsence of the field, for the same field strengths as in Fig. 2.

the field strength but also strongly on the degree of excita-

tion, as already indicated when studying the corresponding Figure 4a) illustrates the behavior of the expectation
behavior ofx(v). For all field strength$J?) shows qualita- value{cosé) as a function of the degree of excitatienfor
tively a similar but quantitatively very different behavior as athe same values of the field as in Fig. 2. The corresponding
function of v. (J%) passes through a minimum for the stateresults forA cosé=\{cog6)—(cos6)? are included in Fig.
with =4, where the influence of the external field is almost4(b). The closerA cosé is to zero, the stronger is the align-
negligible. Generally, fow=10 the mixture ofF=0 rota-  ment of the state, and the closer the absolute valyeaxs)
tional states is very minor for all field strengths considereds to 1, the stronger is the orientation of the state along the
here. With further increasing the mixing of states becomes field. Of course any small value fax cosé together with a
more pronounced and?) monotonically increases up to the certain value foK cos6) would indicate a preferred direction
maximum forv=68. The range ofl values contributing to of the molecular axis. Let us momentarily focus on the be-
each state becomes significantly larger as the field strengthavior of (cosé) [Fig. 4@)]. Due to the spherical symmetry
increases. The behavior 6§%) with the vibrational quantum of the states aE =0, we have(cosf)=0. ForF+0 a mix-
numbery can be explained by means of the field-free expecture of different states occurs and thus in genéralse)
tation value of the EDMF{#,o|D(R)|#,0) increases ag #0. For all field strengths considerg@0s6) monotonically
increases, reaching its minimum absolute valuesfed and  increases with increasing degree of excitatignosé) is

its maximum forv=>54. This point will be addressed again maximal for the stater=68 and decreases thereafter. Only
in Sec. VI. In order to illustrate the differences of low-lying for the statesy<4 is (cosé) negative. This change of sign
compared to highly excited states, we present in Table | theeflects the change of the sign that the EDMF of the CO
value of(J?) for the rovibrational ground state and for the molecule exhibits foR> Req. indicating that the states with
level for which (J?) possesses its maximum. The corre- <4 are oriented in the opposite direction to the field, while
sponding energies in the absence of the field Bpe= the states withv>4 are in the field direction. For a certain
—0.408212 a.u. andEgg=—0.010334 a.u. A comparison state the orientation increases with increasing field strength.
shows that/J%) is much larger for the highly excited state The absolute changes are largest for highly excited states.
than for the rovibrational ground state. For F=10 % a.u., e.g., states with a field-free energy

TABLE |. Expectation value$J?) and{cos#) for the rovibrational ground state and a highly excited state
v=68, J=0, for several field strengths.

F (3o (coséb)y (3eg (cosb)es
108 4.07x10°° —1.64x10°8 2.521x 1073 4.098< 102
5x10°° 1.017x 1074 —8.175x 1073 5.915x 1072 0.1964
1075 4.068x 1074 —1.647x10 2 0.2002 0.3519
5x10°° 1.006x 1072 —8.175x 1072 1.2135 0.7122
1074 3.897x 1072 —0.1600 1.9570 0.7977
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—0.06 a.u., i.e.p>50, already show a significant orienta- 1072
tion 0<6=<40°. For the lowest field strengthF S 1073 3
=10 ° a.u., the response to the electric field is rather weak, = 10-4 1
being negligible for the low-lying levels. See Table | for a f{, s
numerical comparison of the values (@os#) for the states g 10 Iy ]
v=0 andr=68. A cosé in Fig. 4(b) clearly indicates that & 107°F E
the spreading of the field-hybridized angular motion de- ié d® E
creases strongly with increasing field strengtland degree A 10-%F 3
of excitationv. 101 F
C. Rovibrational spectral transitions N 107 P ]
For heteronuclear diatomic molecules, rovibrational elec- =S 10 Bf: 1
tric dipole transitions within the same electronic state are g 107F 5
possible. In the presence of a strong external field only the f 10-5k 3
selection rule/AM =0,%1 remains. We focus on the rovibra- 2 I
tional transitions witlAM =0 and on two kinds of rotational & 107°F E
spectral transitiongsee below. The transitions are charac- ot
terized by their dipole strengti®S9 — [
3 10—2:— (8) et ]
dup=|(¢a|D(R)COSH| i), 4 .
5 107°% 3 E
: R
where ¢, and ¢, are the wave functions of the initial and & 0E* 3
final (eigenstates, respectively. = 1050 * ]
Let us start by addressing the results on the rovibrational §“ "
transitions between the states,@)—(»',1) with Av=1yp' 10-6L L

1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
v

—v=0,1,2, which are allowed transitions fBr=0. Figures
5(a), 5(b), and Jc) present the DS as a function of the vi-
brational numbew of the initial state for the transitions with
Av=0, 1, and 2, respectively, and=0, 10 °, 5x10°°,  (»,00—(v+1,1) (b), and (,0)—(r+2,1) (c) as a function of the
and 10 # a.u. Field strengths belom=5x10"° a.u. cause vibrational number of the initial states, for the field strengths
only tiny changes of the DS and are therefore not included i 0.0 (x), 107 (+), 5x10°° (), and 10%(X) a.u.
Fig. 5. We begin with an analysis of the transitichg=0
and F=0. For energetically low-lying states, the DS de- =1 and 2[see Figs. &) and 5c), respectively, possessing
creases ay increases. There appears to be a very prooverall smaller DSs than the transitionsr=0. The main
nounced minimum for the state=4. Beyond this point, the difference with respect to th&#»=0 case is the absence of a
DS monotonically increases with increasindy several or-  sharp minimum forv=4. Instead, such a feature occurs for
ders of magnitude and passes through a maximum for thiarge values ofv . For Av=1, this minimum appears for
transition withv=>54 for F=0, and then monotonically de- F=0 andF=10"° a.u. for the transition emanating from
creases thereafter. In the neighborhood of the maximum & 64, for F=5x10° a.u. andF=10"*% a.u. we haver
plateaulike behavior is observed. The behavior of the DS is=63. For Av=2, this minimum appears for all field
qualitatively similar for all nonzero field strengths. The main strengths for the transitions with the initial state-72. The
differences are that the position of the maximum is shifted tdield-free positions of the minima can be explained in terms
lower values ofv for increasingrF and the plateaulike struc- of the expectation values|(#,o|D(R)|#,11)| and
ture becomes more pronounced. For 10~ % a.u. the maxi-  |(,0/|D(R)|#,+ 1), which acquire their smallest values for
mum is reached for the states witk= 45. An increase of the the corresponding. Again, an increase of the electric field
field strength generally causes a decrease of the corresporstrength causes a decrease of the DS.
ing DS: for small values of this effect is much less pro- One of the main effects of the electric field on the rovi-
nounced than for large values. Indeed, the effects of a finitérational spectra is the large number of allowed transitions
field on the DS forr=<10 are hardly visible in Fig. ®). that are forbidden without field. We illustrate it with the DSs
Equally, the DSs foF =0 andF=10"° a.u. are practically for the rovibrational transitions {,0)— (»',0) with Av
the same on the scale given in Figapexcept for transitions =1,2,3 in Figs. 6a), 6(b), and Gc), respectively. Let us first
with »>50 where a minor change is observed. For5  focus on the transitiondAv=1, in Fig. §a). Now an increase
X 107% a.u. andF=10* a.u. transitions involvingp=15  of F produces an increase of the DS which, depending,on
show strong deviations from the corresponding field-free valis more or less pronounced. The DS behaves qualitatively
ues. The absolute values of the DS fo=10"% a.u. com- similarly for all values ofF considered. It possesses two
pared toF =0 for »=50 are different by approximately one sharp minima, for small and large valuesiodnd in between
order of magnitude. a very smooth, approximately linear behavior reaching a
Similar conclusions are obtained for the transitiadhs  maximum, that shifts to lower values ofwith increasingr.

FIG. 5. Dipole strengths of the transitions,0)—(»,1) (a),
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1072 motion describes to a very good accuracy the effect of the
= 10| ] electric field on the rovibrational motion of the molecular
S s ] systems.
=S " ] Let Pr, Py, andP, be the conjugate momenta of the
g 1010 . nuclei belonging to the vibrational coordinaeand Euler
@ 100 l angles ¢, ). The Hamiltonian(1) describing the rovibra-

E 1071297 ] tional motion in an electric field is written as follows in term
g 104 (¢) 1 of the canonical pairs:
3 ] Hzi P2+iP2+—P2 +e(R)—FD(R)cos#
ol ) 2u| ® R2 " RZsirg ¢ '
g . 5
i) J
@ ] It is clear from this expression thditis a constant of motion,
& i and one can separatep by using as wave function
A W (R,6,¢0)="T4(R,0)eM? with M the magnetic quantum
i number of the state. For simplicity we restrict our analysis to
_ —k M =0 states. The validity of the following discussion is re-
g? . stricted to those molecular systems and states for which the
o 105 ] energy scales associated with the rotational and vibrational
) ] motions differ by several orders of magnitude.
é’ 10-74 g Let us assume that the vibrational problem has been
Q - solved for a specific value of the rotational coordin#te
2 107 ] assumingP ,—0,
§ 10-1 : y v ’ ’ . :
0 10 20 30 40 50 60 70 80 1, _ _
v ﬂPR_F G(R)_FD(R)COSH l//v(R’ H)ZEv(e)l//V(Rae)!
FIG. 6. Dipole strength of the transitiong,0)— (v+ 1,0) (a), ©)

(»,0)—(v+2,0) (b), and (¥,0)— (v+3,0) (c), as a function of the
vibrational number of the initial states, for the same field strength
as in Fig. 2.

where ¢,(R; 0) is a member of the orthonormal vibrational
Svave functions labeled by. #,(R;0) depends parametri-
cally on the angled. Making the following ansatz for the

The first minimum appears always for the transition involv- rovibrational wave function:

ing the statev=4 and the second one is at=62 for F
=10 ® a.u. and for all other field strengths at=64. The Wo(R,0)=2 #,(R;0)x,(0),
maximum is shifted fronv=46 for the lowest field strength Y

to »=39 for the highest. Forice[téiin transition th7e6increaseand inserting it in the rovibrational equation of motion be-
of the field strength fromF=10""a.u. to 510" au. |onging to the Hamiltoniarl), after left multiplication with
causes an increase of one order of magnitude or even MOIEx (R-9) and performing the integral oveR, using the or-

i ; - —6
for trl% DS. Enhancing thg field frorlﬁ—5><10 a.u. toF honormality of the vibrational functions as well as E§)
=10"" a.u. a correspondingly smaller increase is observe nd keeping in mind thai? is an operator

Due to the minor hybridization of the rotational motion for
vr=10, their DSs are very small. The results obtained for the 1

transitionsAv=2 and 3[see Figs. &) and 6c), respec- 72—<R_2>VJ2+ EV(G)—E}XV(H)JrE
tively] show similar properties as fa&kv=1. Of course, an K “

2

VK

A 1
2 +AVKJ XK( 0)

increase ofAv produces a general decrease of the DS, i.e., AQ
the weighted overlap between non-neighboring vibrational + E ;KJZXK( 0)=0 @
states decreases. KFv

with

V. ADIABATIC SEPARATION OF ANGULAR AND RADIAL

MOTION IN THE PRESENCE OF THE FIELD 5 i
R~ [ wiR R 0dR
0

In this section we develop an approach to solve the rovi-
brational Schrdinger equation belonging to the Hamiltonian L
(1) by performing an adiabatic separation of thH® §) mo- I NN . -
tion, i.e., the radial and angular motions as we shall call them A”K_Mfo Vo (ROIY(RO)AR 1=012. (8)
in the following. We thereby derive an “effective rotor
Hamiltonian” describing the angular motion of the molecule If these coupling coefficients were all equal to zero, &g.
in an electric field. The corresponding effective equation ofwould reduce to a single channel equation and an adiabatic
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separation of the angular and radial motion would have been Let us comment on how to solve the resulting equations

achievedE (6) serves then as a potential for the motion in (6) and (9) of the above scheme. In a first step, the vibra-

0 space. tional equation(6) for F=0 is integrated by means of the
Let us briefly discuss the cafe=0. In this case the sepa- discrete variable approach, obtaining the vibrational spec-

ration of the radial and angular motions is exact in the senstrum E{”) and the corresponding expectation val(gs 2)(%

that the exact rovibrational eigenfunction is a product of aand(D(R)){?). After introducing these quantities in the ef-

vibrational ¢,,(R) and a rotationalY;(6,¢) part. In the  fective rotational equation of motiof9), it is solved by

above adiabatic separation tdedependence of the vibra- means of a basis set expansion with respect to the associated

tional motion is neglectefsee Eq(6)], the centrifugal term | egendre polynomials.

scales as proportional to// and is dominated by the PEC ~ The main difference of the effective rotor Hamiltonié®

€(R) for small values of]. Different rotational excitations compared to the traditional rigid rotator Hamiltonié®) is

possess within this approximation the same vibrational wavehat the expressioit9) involves specific characteristics of

function ¢,0(R). ForF=0, the coefficient®\>=A'=0 and  each vibrational state via the expectation vakRs2)(®) and

A° provides a residual coupling. o ~(D(R))? . This is whyH ® is capable of describing highly
We can then introduce a further approximation, assumingycited rovibrational states exposed to the external field

that (for certain moleculgsthe influence of the electric field \yhereas Eq(2) cannot do so. To see this explicitly it is

on the vibrational motion is very small and can therefore bgnstryctive to compangqz with <R_2>(Vo)i with increasingy

_descrlbed by perturbation 'gheory. Thls concept is meanmgfughey show significant deviations.

if the energy scales associated with the rotational and vibra-

tional motions are well separated. Then, one expands the

vibrational wave functions and energies according to VI. COMPARISON OF THE FULL ROVIBRATIONAL

COMPUTATION WITH THE ADIABATIC SEPARATION

- 0) ~ (0 )R-
Y (Ri0)~ i, (R)+ 4,7 (R ), In this section we compare our results obtained by solving

0 =(1) th_e Schrdinger e_quation belonging_ to the Hamiltonigh
E(0)~E,"+E;(0), with those following the above adiabatic scheme. As was
already emphasized, the validity of this approach is restricted
where y{(R)=,o(R) and E{Y=E,; are the field-free to those molecular systems and states for which the coupling
quantities and only first order corrections have been inbetween the rotational and vibrational motions is very small.
cluded. We have We define the following relative difference between the re-

sults obtained in both approaches:
EM(9)=—F cosg(D(R)){

A - A

with  (D(R){P= (s D(R)|4). M=

v ’

Using these expressions in the rotational equatnevalu-

ating the coupling coefficient§8), neglecting all terms of where Af(R) represents one of the quantitieSEf(R),
higher order in the wave functiott,(R; ¢), and assuming (cosg)>®, (co$6)”™®, or (32 | F indicates that they
that the coupling between different vibrational states is verjhave been computed in the framework of the full rovibra-

small, one arrives at tional description andR refers to the effective rotor ap-
proach. The energy level spacing is defined &&%(R)
HR%(0)=x (O with H = i{R*2>(°)J2 =EﬂR?—EféR). Here, we present only the results of the
v ! " 2u g analysis done for the strongest fighd=10* a.u. The com-

parisons for lower field strengths show similar results. Figure
7 illustrates the relative difference for the energy spacing as
_ o (0) s (O) 2] 1(0) _ afunctio_n ofv. The corresponding res.ults'for the given three
with (R7%),7=(¢,”[R™%|1;,”). In this way, we have ob- gxpectation values above are shown in Fig. 8. For the energy
tained an effective rotational equation of motion, providing|eye| spacings the agreement between both schemes is excel-
us with an “effective rotor Hamiltonian"H;, defined for |ent, For the state with-=65 we obtain the highest relative
each vibrational state. In Hf the first term is an effective differenceA[ AEgs]~3.2x 10" 3. A similar conclusion holds
rotational kinetic energy, the second one represents the intefor the comparison of the expectation values. For itie4
action with the electric field through an effective electric state A(cos#),~1.6x10"2 and A(J?),~3.5x10 2 are the
dipole momen{D(R)){”, and the last one is just a shift of highest relative differences for both quantities. Except for the
the energy. Our effective rotor Hamiltonia8) looks differ-  v=5 state withA(J?)s~2.5xX 10" 3, the rest of the states of
ent for each vibrational state since it explicitly contains thethe spectra satisfa(J?), <102 andA{cos#),<10"3. Fur-
expectation value¢R™2)(”) and(D(R))(?). ThereforeH”  ther, we obtainA(cos¢),<10 * for all the states. From
describes an effective vibrational state-dependent angulahese results one concludes that the effective rotor approach
motion. A similar procedure to the above one has been pumprovides an excellent description of the influence of an elec-
sued to describe nuclear collective rotations in R&8]. tric field on the rovibrational spectrum of the CO molecule

—F cosé(D(R)){V+E©® (9)
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0.01F— - - - - T ™ ing on the part of the rovibrational spectrum under consider-

i %, ° o 9% ] ation, a broad variety of responses to the electric field might

07°F m e 0 PRI be expected for the same molecule. For these so called “non-
T 104 P o ‘b@o"; oo°°O°é’ ¢ °ooc,o(,,o 0%0 ] flexible” diatomic molecules the PEC and EDMF play a key
4 L o o ° on® o © role in order to determine which part of the rovibrational
T ° . ] spectra will be affected by the external field in a significant
[ ° o ] way. This could be exploited in the framework of state-to-

10°8F 4 state chemical reaction dynamics, and also in cold molecular
I N ] physics via the preparation of the molecule in a highly ori-

07 T30 20 30 40 50 60 70 80 ented and hybridized rovibrational state.
v Within the present adiabatic approximation we assign to

) ) ~each rotational band a single vibrational wave function, i.e.,
FIG. 7. Relative difference between the energy level spacing, '(R) Beyond this approximation it is possible to consider
obtained with the full rovibrational description and by means of thef‘:Jr each rovibrational state a different vibrational wave func-
effective rotor Hamiltonian, as a function of the vibrational number,[ion e.q., its field-free wave functiom, ;(R), which takes
_ — 4 ’ Y - vJ ’
for F=10"a.u. into account the field-free rotational quantum number of the

for the considered states. This is by no means restricted t%tate. We have seen that the Improvement for the descn_pﬂon
f the above discussed quantities will be very small, since

the CO molecule but expected to hold for a broad variety %the agreement of the exact and effective rotor results is ex-

molecular species. cellent. However, for a proper description of the rovibra-
The expression of the effective rotor Hamiltonied) al- tional fransitions ’the Iatt(fr irrr)l rovemerF:t lays an important
lows us to define a new effective rotor parameter . P play mp
role due to the difference between the expectation values

(D(R))©® (0| D(R)[#,1) and(4,0|D(R)[#,0), which appear in the
wv:w computation of the dipole strengths.

for each vibrational state, which specifies how strong is the VII. CONCLUSIONS AND OUTLOOK
interaction of its associated rotational band with an electric

field. For the field-free vibrational spectra of the CO mol-
ecule this parameter monotonically increasesvag in-
creased, reaching a maximum fer=68, and decreasing

We have investigated the rovibrational structure of carbon
monoxide in an electric field, serving as a prototype hetero-
nuclear diatomic molecule. Our approach was as comprehen-
thereafter monotonically. Moreover, we hawg>0 for v sive. as currently possible by. treating the fully coupled rovi-
>4 and w,<0 for 0<p<4, making clear why the last brational motion and taking into account the dependence of
group of stVates are oriented in the opposite direction com'Ehe electric dipole moment on the mternueleer distance. We

hereby assumed that the external electric field affects the

pared to the complementary part of the spectrum. This P& ovibrational dynamics in a nonperturbative way, whereas
rameter has the lowest absolute value for4, w,=

. = the influence on the electronic structure can be described by
—0.0131 and the highest one for=68, we=4.927, ex- oqng of perturbation theory. The Satlirger equation for

least and most pronounced, respectively. In particular, it eX?he rovibrational motion was solved by a highly efficient and
. A : ' = ““accurate(nonperturbative computational roach bein
plains why(J?) reaches it maximum value for the state with accurate(nonperturbative computational approach being a

; combination of a discrete variable representation method and
v=68. The large difference between the values of these b

NS a basis set expansion, applied to the vibrational and rota-
two levels(two orders of magnitudellustrates that, depend- tional coordinates, respectively. We would like to remark

that, although the accuracy and efficiency of this computa-

B tional scheme is demonstrated here for the CO molecule it
10-3L should be equally applicable to any other heteronuclear di-
[ atomics possessing ¥ " electronic ground state.

3 107 Due to the many field-free rovibrational bound states of
q the CO molecule we have focused on the study of states that
10-°F belong to small values of the rotational quantum number

ol and haveM =0 in the field-free case. Depending on the state
107 under consideration and on the field strength the influence of
B — . . ! ! . ! the electric field on relevant quantities such as the energy

0 10 20 3 40 50 60 70 8 varies by several orders of magnitude. It is an overall ten-

v dency that the states become stronger bound with increasing
FIG. 8. Relative difference between the expectation vaife  field strength. The orientation, hybridization, and mixing of
(O) computed with the full rovibrational description and by meansfield-free rotational states were illustrated with the help of
of the effective rotor Hamiltonian, as a function of the vibrational Several expectation values foF=10°-10“%a.u., F
number for F=10"% a.u. Similar results for(cosé) () and  =5.14X10°-5.14< 10" V/m, being within the regime of ex-
(cogh) (X) are also presented. perimental interest. In particular, we have shown how the
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range ofJ values contributing to a certain state increasedigh-lying rovibrational excited states, as shown in the
with increasing field strength, this effect being very pro-present work.
nounced for high-lying states, e.g.,, for=68 and F From an experimental point of view one can think of sev-
=10"* a.u. we obtaineqJ?)=1.957. While for all consid- eral potential applications of our results. Depending on the
ered field strengths low-lying states present a very small deEDMF D(R) of a particular molecular species and its field-
gree of orientation, for highly excited states arfdl  free vibrational wave functions one can expect and design a
=10 * a.u. a strong orientation is achieved, e.g., f6r68 large variety of electric-field-dressed properties with chang-
we had(cos#)=0.7977 and in general for>50 and the ing electric field and in particular increasing degree of rovi-
same field strength we obtained<@<40°. We have con- brational excitation of the species. Moreover, going to elec-
sidered two kinds of rovibrational spectral transitions; thetronically excited states still enriches these possibilities
first group are allowed in the absence of the electric fieldof obtaining new “patterns” of field-dressed properties
whereas the second group are allowed only due to the pregaroughout the rovibrational spectra. Obviously, one can then
ence of the electric field. The evolution of their dipole think of the selective control of chemical reaction dynamics:
strengths with increasing field strength is discussed. Our resertain excited states, for example, are strongly hybridized
sults illustrate how theAJ=0 transitions become allowed by the electric field and show a different reaction dynamics
under an electric field and their dipole strengths increaseompared to the nonhybridized ones. An adequate prepara-
with increasing field strength, whereas the dipole strengths dion of the initial rovibrational states of the reactants and the
the AJ=1 transitions decrease. corresponding modification with an electric field will provide
An effective rotor Hamiltonian is derived that describesthe proper initial conditions in order to optimize and control
the influence of the external field on the spectra of a mol@ chemical reaction. Influencing scattering inelastic cross
ecule, with a small coupling between the angular and radia$ections or the control of dissociation dynamics could be
motions. It is superior to the traditional rigid rotator Hamil- possible.
tonian used frequently in the literature. Its major advantage In the present work we have been focusing on low-lying
is the introduction of the properties of each vibrational stateangular excitations. It is a natural next step to investigate the
i.e., for each vibrational state there is a different effectiveinfluence of the electric field on states that possess higher
rotor Hamiltonian individually accounting for its essential values in the field-free case. Obviously, the rotation-vibration
properties. The validity of this approach was demonstrateg¢oupling will become increasingly more important and might
for the CO molecule by comparing with the results obtainednvalidate the above developed state-dependent effective ro-
from the solution of the fully coupled rovibrational Schro tor approach for highly excited rotational states. Even more
dinger equation. This allowed us to predict and explain thémportant and interesting is the perspective of investigating
influence of the external field and to find out those rovibra-flexible molecules that possess a significant rotation-
tional states that are going to be most affected by the field. Ivibration mixing in the absence of the field. Nothing is
turns out that for CO these are vibrationally very highly ex-known so far about the impact of the external electric field
cited states. on the rovibrational motion and properties of these systems.
The vibrational state dependence of the effective rotorfypical examples for the latter are the heteronuclear alkali-
equation opens perspectives for the application of the exteimetal dimers, which are of major current interest with re-
nal field to hybridize the rotational motion. Depending on thespect to the formation of ultracold molecular gases and even-
individual expectation valugD (R))(? and(R™2)(?) for the  tually condensates. As an example we mention LiCs, which
many vibrational states of a certain molecule and dependingepresents a flexible systei®5]. Its equilibrium internuclear
on the heteronuclear species itself possessing differeritistance and dipole moment in the rovibrational ground state
D(R), a broad variety of possibilities of the hybridization, areé Req=6.90 a.u. andDe,=2.16 a.u., indicating an en-
alignment, and orientation can easily be imagined. Molecule§anced influence of the electric field on both the rotational
considered up to now as being inappropriate for achievingnd vibrational motions.
alignment or orientation, or a strong influence of the electric
field on |f[s propert]es in gene.ral, will have to be recons@ered ACKNOWLEDGMENTS
as possible candidates, taking advantage of the variety of
rovibrational states that potentially strongly interact with the R.G.F. gratefully acknowledges support by the Alexander
electric field. In particular, it is considered to be experimen-von Humboldt Foundation and financial support for traveling
tally very difficult to achieve any significant influence of a by the Spanish Project No. BFM2001-3878-C02-01
laboratory static electric field on the rovibrational low-lying (MCYT). Discussions with S. Mahapatra, H. D. Meyer, and
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