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Rovibrational spectra of diatomic molecules in strong electric fields: The adiabatic regime

R. Gonza´lez-Férez1,* and P. Schmelcher1,2,†
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We investigate the effects of a strong electric field on the rovibrational spectra of diatomic heteronuclear
molecules in a1S1 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 Schro¨dinger 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.

DOI: 10.1103/PhysRevA.69.023402 PACS number~s!: 33.80.Ps, 33.55.Be, 33.20.Vq
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I. INTRODUCTION

During the past decade a variety of experimental te
niques have been developed in order to cool and trap ne
atoms. Using combinations of, e.g., laser and evapora
cooling mechanisms the translational motion of atoms can
slowed down to a few cm/s, which corresponds to typi
temperatures on the nanokelvin scale. The motion of the
oms can then be controlled using external fields that prov
a suitable trapping potential~e.g., a magneto-optical trap!.
Since the atoms are isolated from the environment, the
represents an ideal laboratory to study the physics of a w
defined ensemble of interacting atoms, their number poss
ranging from a few to typically many millions. Due to the
complicated level structure the laser cooling approach can
be applied to provide ultracold molecules. To neverthel
arrive at ensembles of ultracold molecules the followi
paths are currently pursued. The first one is photoassocia
@1–3# of two laser cooled atoms that provides translationa
cold molecules in certain well-defined~typically highly ex-
cited! vibrational states. A major experimental challenge is
prepare molecules also in well-defined rotational states.
second experimental setup, an array of time varying inhom
geneous electric fields has been used to decelerate and
polar molecules@4,5#, providing a technique that can be us
for a large variety of neutral molecules as a first step in
cooling processes. Finally, the combination of elastic co
sions with a cold buffer gas, such as, e.g., helium, with m
netic traps provide an efficient loading technique to cool a
trap a large number of paramagnetic molecules@6#. More-
over, it is expected that these already trapped and co
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molecules could be further cooled by an efficient impleme
tation of, e.g., evaporative cooling.

The prospect of obtaining a Bose-Einstein condens
~BEC! of molecules has become one of the major objecti
in BEC physics. An analysis of the vibrational and rotation
states of the molecules involved is essential to pave the
toward preparation of a molecular condensate. Beyond t
and due to the interaction between the permanent ele
dipole moments of polar molecules, a rich variety of physi
phenomena have to be expected in cold dipolar gases
cluding both spectroscopic and collisional physics@7–9#.
Molecular condensates will give rise to applications in are
as diverse as ultracold molecular physics, molecular opt
and potentially also in quantum computing@10#; in particu-
lar, cooling and trapping of molecules opens the way
ultrahigh-resolution and high-precision spectroscopy of m
ecules, to state-selected chemical reactions, to collision
ultracold molecules, and to study of collective quantum
fects in molecular systems.

In this context the influence of external fields on mo
ecules is of utmost importance: cooling, trapping, guidin
and manipulating atoms and molecules is done by apply
suitable electric, magnetic, or electromagnetic fields. Ev
more, external fields play a key role in the control of m
lecular rotational and vibrational dynamics. However, little
known about how the rovibrational dynamics of molecules
affected by electric fields. Since several of these experim
tal techniques proceed via highly excited rovibrational sta
especial interest arises in the properties of high excitati
exposed to the field.

Historically, one motivation to study the effects of electr
fields on the molecular motion was the possibility of orien
ing or aligning molecular systems in fields. Since the che
cal reaction dynamics strongly depends on the mutual or
tation of the molecules approaching each other,
©2004 The American Physical Society02-1
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possibility of defining and changing their orientation is
major step toward a deeper understanding and contro
chemical reactions. Molecular orientation has a rich hist
during which inhomogeneous@11,12# and homogeneou
@13–18# electric fields, as well as homogeneous magne
fields @19,20# and more recently laser fields@21–25# have
been applied.

In all the above theoretical descriptions of the respons
a molecule to an external field the coupling of the rotatio
and vibrational motions was neglected and the rigid ro
approximation was employed, assuming a fixed perman
dipole moment of the molecule. The resulting ‘‘pendu
Hamiltonian’’ for diatomic molecules is integrable. The e
fect of an electric field on a rigid rotator was studied at t
beginning of the seventies by von Meyenn@26#. Later on this
analysis was extended to describe nonpolar molecules@15#.
The term ‘‘pendular states’’ characterizes the influence of
electric field on the rotational motion of the molecule: wi
increasing field strength it becomes a librating one wh
leads to the orientation of the molecular axis. Each pend
state is a coherent superposition of field-free rotational sta
Except for Ref.@27#, where the authors investigate the pe
dular motion of the HCCF molecule in a particular excit
vibrational state, the rotation of molecules has exclusiv
been discussed for low vibrational excitations.

The present work goes beyond these approximations
aims at a more realistic approach to the rovibrational mot
in molecules in an external homogeneous electric field
particular, we include the rotation-vibration coupling and t
dependence of the dipole moment on the vibrational coo
nates. Especially for highly excited rovibrational states,
additional interactions will have a strong impact on the sp
trum and the properties of the systems. Consequently, a
tional phenomena and effects have to be expected. Effec
weak electric fields on molecular spectra were already inv
tigated very early in the past century. The latter are not
focus of this analysis. We address the situation of stro
electric fields for which the intramolecular and field intera
tions are of comparable strength, thereby excluding a pe
bation theory treatment. The field strength regime of inter
is such that it strongly influences the heavy particle dynam
of the molecule but does not yet lead to significant ioni
tion. Since the energy scales associated with the motio
the heavy and light particles are typically separated by ord
of magnitude there is a wide range of field strengths
which these requirements are met.

The aim of this work is to perform theoretical investig
tions on the rovibrational dynamics of diatomic molecule
with electronic ground states of1S1 symmetry, in strong
electric fields. In view of the experimental progress a th
ough theoretical understanding of the molecular dynamic
strong electric fields is of utmost importance. With the he
of a hybrid computational approach the rovibrational eq
tion of motion for a diatomic molecule in an electric field
solved. The effect of increasing field strength on the ene
levels, the expectation values^cosu& and ^J2&, and the di-
pole strength of rovibrational spectral transitions will be p
sented. We will restrict ourselves here to the states evolv
from spherically symmetric states inF50. Vibrationally
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highly excited but rotationally low-lying excited states w
be explored. As an example we will focus on the carb
monoxide molecule. In particular, we will show that the e
fect of an electric field on diatomic molecules with differe
energy scales for the rotational and vibrational motions
be described by means of an ‘‘effective rotor Hamiltonian
This Hamiltonian includes the main characteristics of ea
vibrational level and describes with a high accuracy not o
the low-lying states, but in addition the complete rovibr
tional structure of levels, especially highly excited vibr
tional states. This approximation predicts which rovibr
tional states are going to be most affected by the field. O
of the main applications of our results is the possibility
achieving state-dependent hybridization, which is an imp
tant step toward state-selective chemistry, i.e., the con
and manipulation of chemical reactions.

The paper is organized as follows. In Sec. II we define
rovibrational Hamiltonian and briefly discuss some specifi
of our computational method. In Sec. III we describe t
potential energy curve and electric dipole moment funct
of a diatomic heteronuclear molecule. Section IV conta
the results and the corresponding discussion, including a
lection of the results for energy levels, expectation valu
and rovibrational spectral transitions. In Sec. V we pres
the key steps of the adiabatic separation of the vibratio
and rotational motions in order to get the effective ro
Hamiltonian. In Sec. VI we compare our results obtained
the fully coupled rovibrational Schro¨dinger equation with
those following the effective rotor approach. The conclusio
and outlook are provided in Sec. VII.

II. ROVIBRATIONAL HAMILTONIAN
AND COMPUTATIONAL METHOD

A complete description of the dynamics of a molecule
an electric field should include not only the kinetic energy
the electrons and nuclei, the Coulomb and electric field
teractions, but also relativistic corrections such as spin-or
spin-spin, or hyperfine coupling terms. For spin singlet el
tronic states possessing a vanishing orbital angular mom
tum, these interactions are of minor relevance and can
neglected. Then, the Hamiltonian for a diatomic molecule
an external electric field in the laboratory frame reads as

H5 (
a51,2

1

2Ma
pa

21(
i 51

Ne 1

2me
pi

21V~r i ,ra!1VF~r i ,ra!,

where the first and second terms are the kinetic energy of
nuclei and the electrons, respectively.Ma and me are the
mass of theath nucleus and of the electron, respective
V(r i ,ra) contains all Coulomb interactions. The interactio
with the electric fieldF is given in the dipole approximation
as

VF~r i ,ra!52eF•S (
i 51

Ne

r i2 (
a51,2

ZaraD ,

whereZa is the nuclear charge number of thea nuclei.
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In order to derive the working Hamiltonian for the rov
brational motion in an electric field, this Hamiltonian is fir
transformed to the center of mass frame and then to a ro
ing molecule fixed frame with the origin at the center
mass of the nuclei, which introduces the total orbital angu
momentum. Using the Born-Oppenheimer approximation
nuclear equation of motion in the presence of the field
derived, where several coupling terms, such as Coriolis c
plings, appear. Due to the1S1 symmetry of the electronic
ground state some of those coupling terms vanish. From
remaining ones we extract those that are relevant for an
curate description of the rovibrational motion in the prese
of the field. We consider here the regime where perturba
theory holds for the description of the electronic structure
a nonperturbative treatment is indispensable for the co
sponding nuclear dynamics. The resulting Hamiltonian
the rovibrational motion reads

H52
\2

2R2m

]

]R S R2
]

]RD1
J2~u,f!

2mR2
1«~R!

2F~cosu!D~R!, ~1!

whereR and u,f are the internuclear coordinate and Eu
angles, respectively.m is the reduced mass of the nucle
J(u,f) the orbital angular momentum,«(R) represents the
field-free electronic potential energy curve~PEC!, andD(R)
the electronic dipole moment function~EDMF!.

In the framework of the rigid rotator approach, the rov
brational Hamiltonian~1! reduces to

H5
J2

2mReq
2

2F~cosu!Deq , ~2!

whereReq andDeq are the equilibrium internuclear distanc
and the corresponding dipole moment. For diatomic m
ecules, this rigid rotator Hamiltonian is integrable and it w
solved numerically in Ref.@26#. Our approach goes beyon
this rigid rotator description, taking into account the rotatio
vibration coupling and the dependence of the dipole mom
on the vibrational coordinate. It is to be expected that
latter are of particular importance for highly excited vibr
tional states.

In the field-free case each state is characterized by
vibrational n, rotationalJ, and magneticM quantum num-
bers. In the presence of an external electric field only
magnetic quantum numberM is conserved, giving rise to a
nonintegrable two-dimensional Schro¨dinger equation in
(R,u) space. In order to solve the rovibrational equation
motion associated with the Hamiltonian~1!, we developed a
hybrid computational approach. The latter combines disc
and basis set methods, applied to the vibrational and r
tional degrees of freedom, respectively. For the angular
a basis set expansion in terms of spherical harmonics is u
taking into account thatM is conserved. The vibrational de
gree of freedom is treated by a discrete variable represe
tion. Due to the typical shape of molecular PECs, we ch
the radial harmonic oscillator discrete variable represe
tion, where the odd harmonic oscillator functions are tak
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as basis functions. Employing the variational principle, t
initial differential equation is finally reduced to a symmetr
eigenvalue problem which is diagonalized with the help
Krylov type techniques.

III. POTENTIAL ENERGY CURVE AND ELECTRONIC
DIPOLE MOMENT FUNCTION

The PEC represents the key to the rovibrational spect
and the EDMF determines the strength of the interaction
the rovibrational states with the electric field. Due to the fa
that we are interested in highly excited rovibrational states
an electric field we need the PEC and the EDMF not only
the neighborhood of the equilibrium internuclear distan
but for a very broad range of the internuclear distances c
ering the short, intermediate, and long range behavior.

Motivated by the special shape of the EDMF of carb
monoxide, we have chosen it as a prototype to present
discuss our results. Figure 1 shows the PEC and EDMF
the electronic ground state of the CO molecule as a func
of the vibrational coordinateR. The EDMF is negative and
of small absolute value at the equilibrium internuclear d
tanceReq . With increasingR there is a sign change and
maximum follows for an internuclear distance much larg
than Req . The expectation valuêcn0uD(R)ucn0&, cn0(R)
being the field-free wave function of thenth vibrational state
with J50, possesses a maximum for a certain highly exci
vibrational state. Thus, the influence of the external field
significantly more pronounced for the high-lying excite
states compared to the rovibrational ground state. The typ
cases discussed in the literature address exclusively
lying states localized in the intermediate neighborhood
Req .

To construct the EDMF for the above-indicated broad
gime Pade´ approximation techniques@28# are employed, us-
ing experimental absolute and relative intensities and the
propriate numerically computed wave functions, possess
the correct asymptotic behavior. For other molecular syste
one might have only some values of the EDMF aroundReq ,
and it will be necessary to extrapolate it to shorter and lar
distances taking into account the correct asymptotic beh
ior.

For the electronic ground state of the CO molecule
accurate experimental potential@Rydberg-Klein-Rees~RKR!

FIG. 1. Electronic potential energy curve and electric dipo
moment function of the electronic ground state of carbon monox
Both quantities are given in atomic units.
2-3
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@29##, generated by Spielfiedel and Tchang-Brillet@30#, based
on the high-precision measurements of Le Floch@31# is
available. These data provide us with an excellent desc
tion of the potential well centered aroundReq . To extend it
to larger distances, especially the asymptotic behavior,
have used an analytical expression for the long range be
ior, and an empirical intermediate potential connecting
potential well with the asymptotic long range behavior@32#.
The short range behavior is provided by a Morse poten
fitted to the corresponding RKR data. The connection
tween the different regimes is done by means of a cu
interpolation, providing a smooth and very accurate PEC

IV. RESULTS

Applying the method described in Sec. II to solve t
rovibrational Schro¨dinger equation, we have performed e
tensive computations providing the eigenfunctions and sp
trum. The expectation values^cosu& and^J2& and the dipole
strengths of corresponding rovibrational transitions ha
been computed. Our focus is the regimeF50.0–1024 a.u.,
i.e., F5(0.0–5.14)3107 V/m ~1 a.u. of field strength corre
sponds to 5.1431011 V/m), covering the experimentally
available static field strengths. In view of the large numbe
vibrationally bound states withJ50 of the CO molecule in
field-free space, which is more than 80, we will focus on
states evolving from the field-free states for small values
the angular momentumJ and M50. In the following we
will frequently refer to the vibrational and rotational qua
tum numbersn andJ of the states without field even in th
presence of the field. Although this procedure facilitates
description of our results, it should not obscure the fact t
the only good quantum number in the presence of the fiel
the magnetic quantum numberM. Mixing of states with dif-
ferent vibrational quantum numbersn becomes relevant only
for very highly excited states and for very strong fields.

We would like to point out the high accuracy and ef
ciency of our numerical approach: we can trace in the p
ence of the field almost all vibrational bound states forF
50, thereby providing accurate data on 77 vibrational sta
evolving from eitherJ50 or J51 for F50. The energy
spacing and the expectation values are obtained with a t
cal relative accuracy of 1026. Atomic units will be used
throughout unless stated otherwise.

A. Rovibrational spectra

In order to analyze the effect of the electric field on t
rovibrational spectra, we introduce the following paramet

k5
En0~0!2En0~F !

En1~F !2En0~F !
, ~3!

whereEn0(F) andEn1(F) are thenth vibrational states with
J50 andJ51, respectively, for the field strengthF. It is the
ratio of the energy shift of the state (n,0), due to the field,
compared to the energy level spacing in the presence o
field. The largerk is, the larger is the influence of the field o
the spectrum. In particular, fork of the order of magnitude
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of 1 the spectrum in the presence of the field and with
field have almost nothing in common. Figure 2 illustrates
behavior ofk as a function ofn for each state, and compare
it for several field strengthsF51026, 531026, 1025, 5
31025, and 1024 a.u.

For the complete spectra we encounterk.0, i.e., in the
presence of the electric field the states become more bo
than without field. This trend continues steadily as the fi
strength is increased. The values ofk obtained for states with
n52 –8,10 andF51026 a.u. are too small to be included i
Fig. 2. For all field strengthsk shows a similar behavior as
function of the degree of excitationn. Starting withn50 k
first decreases and possesses a minimum for the state
n54. Thereafter it increases monotonically with increasi
n up to very high excitations. Forn568 a maximum is
reached, and a decay ofk follows on further increasingn.
k(n) shows a very weak dependence onn around its maxi-
mum. For a fixed field strengthk varies by several orders o
magnitude~up to four! when moving through the spectrum
indicating a dramatic change of the response of the mole
to the field. Let us illustrate this forF51024 a.u.: for the
rovibrational ground staten50, we havek51.9531022,
for the state withn54, k51.2431024, for the state with
n540, k50.592, and at the maximumn568, k50.896.
For the low-lying states, an increase with respect to the fi
strength of one order of magnitude produces a change ofk of
approximately two orders of magnitude. This factor d
creases for higher excitations. For levels withn;70, an en-
hancement of one order of magnitude with respect to
field strength leads to an increase ofk by one order of mag-
nitude. Although an increase of the field strength produce
larger relative change ofk for the low-lying states, its abso
lute change is comparatively small in this regime, and
effects due to the field are most pronounced for energetic
highly excited states. The latter is also natural because
EDMF has its maximum at large internuclear distanc
which are probed significantly only by higher excited stat

B. Expectation values:ŠJ2
‹, Šcosu‹, and D cosu

Figure 3 shows the expectation value^J2& of states pos-
sessing a spherical symmetry forF50 as a function of the
vibrational label n for the field strengths F55

FIG. 2. The parameterk ~see text! as a function of the vibra-
tional numbern of states withJ50 in the absence of the field, fo
several field strengthsF51026 (L), 531026 (s), 1025 (1),
531025 (h), and 1024 (3) a.u.
2-4
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ROVIBRATIONAL SPECTRA OF DIATOMIC MOLECULES . . . PHYSICAL REVIEW A 69, 023402 ~2004!
31026, 1025, 531025, and 1024 a.u.^J2& provides a mea-
sure for the mixture of states forF50 with different rota-
tional quantum numbersJ but the same value forM, i.e., it
describes the hybridization of the rotational motion forF
50. The effects due to the electric field depend not only
the field strength but also strongly on the degree of exc
tion, as already indicated when studying the correspond
behavior ofk(n). For all field strengthŝJ2& shows qualita-
tively a similar but quantitatively very different behavior as
function of n. ^J2& passes through a minimum for the sta
with n54, where the influence of the external field is almo
negligible. Generally, forn&10 the mixture ofF50 rota-
tional states is very minor for all field strengths conside
here. With further increasingn the mixing of states become
more pronounced and̂J2& monotonically increases up to th
maximum forn568. The range ofJ values contributing to
each state becomes significantly larger as the field stre
increases. The behavior of^J2& with the vibrational quantum
numbern can be explained by means of the field-free exp
tation value of the EDMF;̂ cn0uD(R)ucn0& increases asn
increases, reaching its minimum absolute value forn54 and
its maximum forn554. This point will be addressed aga
in Sec. VI. In order to illustrate the differences of low-lyin
compared to highly excited states, we present in Table I
value of ^J2& for the rovibrational ground state and for th
level for which ^J2& possesses its maximum. The corr
sponding energies in the absence of the field areE05
20.408 212 a.u. andE68520.010 334 a.u. A compariso
shows that̂ J2& is much larger for the highly excited sta
than for the rovibrational ground state.

FIG. 3. The expectation valuêJ2&, as a function of the vibra-
tional numbern of states withJ50 in the absence of the field, fo
several field strengthsF5531026 (s), 1025 (1), 531025 (h),
and 1024 (3) a.u.
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Figure 4~a! illustrates the behavior of the expectatio
value ^cosu& as a function of the degree of excitationn for
the same values of the field as in Fig. 2. The correspond
results forD cosu5A^cos2u&2^cosu&2 are included in Fig.
4~b!. The closerD cosu is to zero, the stronger is the align
ment of the state, and the closer the absolute value of^cosu&
is to 1, the stronger is the orientation of the state along
field. Of course any small value forD cosu together with a
certain value for̂ cosu& would indicate a preferred directio
of the molecular axis. Let us momentarily focus on the b
havior of ^cosu& @Fig. 4~a!#. Due to the spherical symmetr
of the states atF50, we havê cosu&50. For FÞ0 a mix-
ture of different states occurs and thus in general^cosu&
Þ0. For all field strengths considered,^cosu& monotonically
increases with increasing degree of excitation.^cosu& is
maximal for the staten568 and decreases thereafter. On
for the statesn<4 is ^cosu& negative. This change of sig
reflects the change of the sign that the EDMF of the C
molecule exhibits forR.Req , indicating that the states with
n<4 are oriented in the opposite direction to the field, wh
the states withn.4 are in the field direction. For a certai
state the orientation increases with increasing field stren
The absolute changes are largest for highly excited sta
For F51024 a.u., e.g., states with a field-free energyE.

FIG. 4. The expectation values^cosu& ~a! andD cosu ~b! as a
function of the vibrational numbern of states withJ50 in the
absence of the field, for the same field strengths as in Fig. 2.
ate
TABLE I. Expectation valueŝJ2& and^cosu& for the rovibrational ground state and a highly excited st
n568, J50, for several field strengths.

F ^J2&0 ^cosu&0 ^J2&68 ^cosu&68

1026 4.0731026 21.6431023 2.52131023 4.09831022

531026 1.01731024 28.17531023 5.91531022 0.1964
1025 4.06831024 21.64731022 0.2002 0.3519
531025 1.00631022 28.17531022 1.2135 0.7122
1024 3.89731022 20.1600 1.9570 0.7977
2-5
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20.06 a.u., i.e.,n.50, already show a significant orienta
tion 0,u&40°. For the lowest field strength,F
51026 a.u., the response to the electric field is rather we
being negligible for the low-lying levels. See Table I for
numerical comparison of the values of^cosu& for the states
n50 andn568. D cosu in Fig. 4~b! clearly indicates that
the spreading of the field-hybridized angular motion d
creases strongly with increasing field strengthF and degree
of excitationn.

C. Rovibrational spectral transitions

For heteronuclear diatomic molecules, rovibrational el
tric dipole transitions within the same electronic state
possible. In the presence of a strong external field only
selection ruleDM50,61 remains. We focus on the rovibra
tional transitions withDM50 and on two kinds of rotationa
spectral transitions~see below!. The transitions are charac
terized by their dipole strengths~DSs!

dab5 z^cauD~R!cosuucb& z2, ~4!

whereca and cb are the wave functions of the initial an
final ~eigen!states, respectively.

Let us start by addressing the results on the rovibratio
transitions between the states (n,0)→(n8,1) with Dn5n8
2n50,1,2, which are allowed transitions forF50. Figures
5~a!, 5~b!, and 5~c! present the DS as a function of the v
brational numbern of the initial state for the transitions with
Dn50, 1, and 2, respectively, andF50, 1025, 531025,
and 1024 a.u. Field strengths belowF5531026 a.u. cause
only tiny changes of the DS and are therefore not include
Fig. 5. We begin with an analysis of the transitionsDn50
and F50. For energetically low-lying states, the DS d
creases asn increases. There appears to be a very p
nounced minimum for the staten54. Beyond this point, the
DS monotonically increases with increasingn by several or-
ders of magnitude and passes through a maximum for
transition withn554 for F50, and then monotonically de
creases thereafter. In the neighborhood of the maximu
plateaulike behavior is observed. The behavior of the DS
qualitatively similar for all nonzero field strengths. The ma
differences are that the position of the maximum is shifted
lower values ofn for increasingF and the plateaulike struc
ture becomes more pronounced. ForF51024 a.u. the maxi-
mum is reached for the states withn545. An increase of the
field strength generally causes a decrease of the corresp
ing DS: for small values ofn this effect is much less pro
nounced than for large values. Indeed, the effects of a fi
field on the DS forn&10 are hardly visible in Fig. 5~a!.
Equally, the DSs forF50 andF51025 a.u. are practically
the same on the scale given in Fig. 5~a! except for transitions
with n.50 where a minor change is observed. ForF55
31025 a.u. andF51024 a.u. transitions involvingn*15
show strong deviations from the corresponding field-free v
ues. The absolute values of the DS forF51024 a.u. com-
pared toF50 for n*50 are different by approximately on
order of magnitude.

Similar conclusions are obtained for the transitionsDn
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51 and 2@see Figs. 5~b! and 5~c!, respectively#, possessing
overall smaller DSs than the transitionsDn50. The main
difference with respect to theDn50 case is the absence of
sharp minimum forn54. Instead, such a feature occurs f
large values ofn . For Dn51, this minimum appears fo
F50 andF51025 a.u. for the transition emanating fromn
564, for F5531025 a.u. andF51024 a.u. we haven
563. For Dn52, this minimum appears for all field
strengths for the transitions with the initial staten572. The
field-free positions of the minima can be explained in ter
of the expectation values z^cn0uD(R)ucn111& z and
z^cn0uD(R)ucn121& z, which acquire their smallest values fo
the correspondingn. Again, an increase of the electric fiel
strength causes a decrease of the DS.

One of the main effects of the electric field on the rov
brational spectra is the large number of allowed transitio
that are forbidden without field. We illustrate it with the DS
for the rovibrational transitions (n,0)→(n8,0) with Dn
51,2,3 in Figs. 6~a!, 6~b!, and 6~c!, respectively. Let us first
focus on the transitionsDn51, in Fig. 6~a!. Now an increase
of F produces an increase of the DS which, depending onn,
is more or less pronounced. The DS behaves qualitativ
similarly for all values ofF considered. It possesses tw
sharp minima, for small and large values ofn and in between
a very smooth, approximately linear behavior reaching
maximum, that shifts to lower values ofn with increasingF.

FIG. 5. Dipole strengths of the transitions (n,0)→(n,1) ~a!,
(n,0)→(n11,1) ~b!, and (n,0)→(n12,1) ~c! as a function of the
vibrational number of the initial states, for the field strengthsF
50.0 (!), 1025 (1), 531025 (h), and 1024(3) a.u.
2-6
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ROVIBRATIONAL SPECTRA OF DIATOMIC MOLECULES . . . PHYSICAL REVIEW A 69, 023402 ~2004!
The first minimum appears always for the transition invo
ing the staten54 and the second one is atn562 for F
51026 a.u. and for all other field strengths atn564. The
maximum is shifted fromn546 for the lowest field strength
to n539 for the highest. For a certain transition the increa
of the field strength fromF51026 a.u. to 531026 a.u.
causes an increase of one order of magnitude or even m
for the DS. Enhancing the field fromF5531026 a.u. toF
51025 a.u. a correspondingly smaller increase is observ
Due to the minor hybridization of the rotational motion f
n&10, their DSs are very small. The results obtained for
transitionsDn52 and 3 @see Figs. 6~b! and 6~c!, respec-
tively# show similar properties as forDn51. Of course, an
increase ofDn produces a general decrease of the DS,
the weighted overlap between non-neighboring vibratio
states decreases.

V. ADIABATIC SEPARATION OF ANGULAR AND RADIAL
MOTION IN THE PRESENCE OF THE FIELD

In this section we develop an approach to solve the ro
brational Schro¨dinger equation belonging to the Hamiltonia
~1! by performing an adiabatic separation of the (R,u) mo-
tion, i.e., the radial and angular motions as we shall call th
in the following. We thereby derive an ‘‘effective roto
Hamiltonian’’ describing the angular motion of the molecu
in an electric field. The corresponding effective equation

FIG. 6. Dipole strength of the transitions (n,0)→(n11,0) ~a!,
(n,0)→(n12,0) ~b!, and (n,0)→(n13,0) ~c!, as a function of the
vibrational number of the initial states, for the same field streng
as in Fig. 2.
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motion describes to a very good accuracy the effect of
electric field on the rovibrational motion of the molecul
systems.

Let PR , Pu , and Pf be the conjugate momenta of th
nuclei belonging to the vibrational coordinateR and Euler
angles (u,f). The Hamiltonian~1! describing the rovibra-
tional motion in an electric field is written as follows in term
of the canonical pairs:

H5
1

2m F PR
21

1

R2
Pu

21
1

R2 sin2u
Pf

2 G1e~R!2FD~R!cosu.

~5!

It is clear from this expression thatf is a constant of motion,
and one can separatef by using as wave function
C(R,u,f)5CM(R,u)eiM f, with M the magnetic quantum
number of the state. For simplicity we restrict our analysis
M50 states. The validity of the following discussion is r
stricted to those molecular systems and states for which
energy scales associated with the rotational and vibratio
motions differ by several orders of magnitude.

Let us assume that the vibrational problem has b
solved for a specific value of the rotational coordinateu,
assumingPu→0,

F 1

2m
PR

21e~R!2FD~R!cosuGcn~R;u!5En~u!cn~R;u!,

~6!

wherecn(R;u) is a member of the orthonormal vibration
wave functions labeled byn. cn(R;u) depends parametri
cally on the angleu. Making the following ansatz for the
rovibrational wave function:

C0~R,u!5(
n

cn~R;u!xn~u!,

and inserting it in the rovibrational equation of motion b
longing to the Hamiltonian~1!, after left multiplication with
cn* (R;u) and performing the integral overR, using the or-
thonormality of the vibrational functions as well as Eq.~6!
and keeping in mind thatJ2 is an operator,

F 1

2m
^R22&nJ21En~u!2EGxn~u!1(

k
S Ank

2

2
1Ank

1 JDxk~u!

1 (
kÞn

Ank
0

2
J2xk~u!50 ~7!

with

^R22&n5E
0

`

cn* ~R;u!cn~R;u!dR,

Ank
i 5

1

mE0

`

cn* ~R;u!Jick~R;u!dR, i 50,1,2. ~8!

If these coupling coefficients were all equal to zero, Eq.~7!
would reduce to a single channel equation and an adiab

s

2-7
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R. GONZÁLEZ-FÉREZ AND P. SCHMELCHER PHYSICAL REVIEW A69, 023402 ~2004!
separation of the angular and radial motion would have b
achieved.En(u) serves then as a potential for the motion
u space.

Let us briefly discuss the caseF50. In this case the sepa
ration of the radial and angular motions is exact in the se
that the exact rovibrational eigenfunction is a product o
vibrational cnJ(R) and a rotationalYJM(u,f) part. In the
above adiabatic separation theJ dependence of the vibra
tional motion is neglected@see Eq.~6!#, the centrifugal term
scales as proportional to 1/m, and is dominated by the PEC
e(R) for small values ofJ. Different rotational excitations
possess within this approximation the same vibrational w
functioncn0(R). For F50, the coefficientsA25A150 and
A0 provides a residual coupling.

We can then introduce a further approximation, assum
that ~for certain molecules! the influence of the electric field
on the vibrational motion is very small and can therefore
described by perturbation theory. This concept is meanin
if the energy scales associated with the rotational and vi
tional motions are well separated. Then, one expands
vibrational wave functions and energies according to

cn~R;u!'cn
(0)~R!1cn

(1)~R;u!,

En~u!'En
(0)1En

(1)~u!,

where cn
(0)(R)5cn0(R) and En

(0)5En0 are the field-free
quantities and only first order corrections have been
cluded. We have

En
(1)~u!52F cosu^D~R!&n

(0)

with ^D~R!&n
(0)5^cn

(0)uD~R!ucn
(0)&.

Using these expressions in the rotational equation~7!, evalu-
ating the coupling coefficients~8!, neglecting all terms of
higher order in the wave functioncn(R;u), and assuming
that the coupling between different vibrational states is v
small, one arrives at

H n
Rxn~u!5xn~u!E with H n

R5
1

2m
^R22&n

(0)J2

2F cosu^D~R!&n
(0)1En

(0) ~9!

with ^R22&n
(0)5^cn

(0)uR22ucn
(0)&. In this way, we have ob-

tained an effective rotational equation of motion, providi
us with an ‘‘effective rotor Hamiltonian’’H n

R , defined for
each vibrational staten. In H n

R the first term is an effective
rotational kinetic energy, the second one represents the i
action with the electric field through an effective elect
dipole moment̂ D(R)&n

(0) , and the last one is just a shift o
the energy. Our effective rotor Hamiltonian~9! looks differ-
ent for each vibrational state since it explicitly contains t
expectation valueŝR22&n

(0) and ^D(R)&n
(0) . ThereforeH n

R

describes an effective vibrational state-dependent ang
motion. A similar procedure to the above one has been
sued to describe nuclear collective rotations in Ref.@33#.
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Let us comment on how to solve the resulting equatio
~6! and ~9! of the above scheme. In a first step, the vib
tional equation~6! for F50 is integrated by means of th
discrete variable approach, obtaining the vibrational sp
trum En

(0) and the corresponding expectation values^R22&n
(0)

and ^D(R)&n
(0) . After introducing these quantities in the e

fective rotational equation of motion~9!, it is solved by
means of a basis set expansion with respect to the assoc
Legendre polynomials.

The main difference of the effective rotor Hamiltonian~9!
compared to the traditional rigid rotator Hamiltonian~2! is
that the expression~9! involves specific characteristics o
each vibrational state via the expectation values^R22&n

(0) and
^D(R)&n

(0) . This is whyH n
R is capable of describing highly

excited rovibrational states exposed to the external fi
whereas Eq.~2! cannot do so. To see this explicitly it i
instructive to compareReq

22 with ^R22&n
(0) : with increasingn

they show significant deviations.

VI. COMPARISON OF THE FULL ROVIBRATIONAL
COMPUTATION WITH THE ADIABATIC SEPARATION

In this section we compare our results obtained by solv
the Schro¨dinger equation belonging to the Hamiltonian~1!
with those following the above adiabatic scheme. As w
already emphasized, the validity of this approach is restric
to those molecular systems and states for which the coup
between the rotational and vibrational motions is very sm
We define the following relative difference between the
sults obtained in both approaches:

DAn5
uAn

F2An
Ru

An
F ,

where An
F(R) represents one of the quantitiesDEn

F(R) ,
^cosu&n

F(R) , ^cos2u&n
F(R) , or ^J2&n

F(R) , F indicates that they
have been computed in the framework of the full rovibr
tional description andR refers to the effective rotor ap
proach. The energy level spacing is defined asDEn

F(R)

5En1
F(R)2En0

F(R) . Here, we present only the results of th
analysis done for the strongest fieldF51024 a.u. The com-
parisons for lower field strengths show similar results. Fig
7 illustrates the relative difference for the energy spacing
a function ofn. The corresponding results for the given thr
expectation values above are shown in Fig. 8. For the ene
level spacings the agreement between both schemes is e
lent. For the state withn565 we obtain the highest relativ
differenceD@DE65#'3.231023. A similar conclusion holds
for the comparison of the expectation values. For then54
stateD^cosu&4'1.631023 and D^J2&4'3.531023 are the
highest relative differences for both quantities. Except for
n55 state withD^J2&5'2.531023, the rest of the states o
the spectra satisfyD^J2&n,1023 andD^cosu&n,1023. Fur-
ther, we obtainD^cos2u&n,1024 for all the states. From
these results one concludes that the effective rotor appro
provides an excellent description of the influence of an el
tric field on the rovibrational spectrum of the CO molecu
2-8
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ROVIBRATIONAL SPECTRA OF DIATOMIC MOLECULES . . . PHYSICAL REVIEW A 69, 023402 ~2004!
for the considered states. This is by no means restricte
the CO molecule but expected to hold for a broad variety
molecular species.

The expression of the effective rotor Hamiltonian~9! al-
lows us to define a new effective rotor parameter

vn5
^D~R!&n

(0)

^R22&n
(0)

for each vibrational staten, which specifies how strong is th
interaction of its associated rotational band with an elec
field. For the field-free vibrational spectra of the CO mo
ecule this parameter monotonically increases asn is in-
creased, reaching a maximum forn568, and decreasing
thereafter monotonically. Moreover, we havevn.0 for n
.4 and vn,0 for 0<n<4, making clear why the las
group of states are oriented in the opposite direction co
pared to the complementary part of the spectrum. This
rameter has the lowest absolute value forn54, v45
20.0131 and the highest one forn568, v6854.927, ex-
plaining why the effect of the field on these states were
least and most pronounced, respectively. In particular, it
plains why^J2& reaches it maximum value for the state wi
n568. The large difference between thevn values of these
two levels~two orders of magnitude! illustrates that, depend

FIG. 7. Relative difference between the energy level spac
obtained with the full rovibrational description and by means of
effective rotor Hamiltonian, as a function of the vibrational numb
for F51024 a.u.

FIG. 8. Relative difference between the expectation value^J2&
(s) computed with the full rovibrational description and by mea
of the effective rotor Hamiltonian, as a function of the vibration
number for F51024 a.u. Similar results for^cosu& (h) and
^cos2u& (3) are also presented.
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ing on the part of the rovibrational spectrum under consid
ation, a broad variety of responses to the electric field mi
be expected for the same molecule. For these so called ‘‘n
flexible’’ diatomic molecules the PEC and EDMF play a ke
role in order to determine which part of the rovibration
spectra will be affected by the external field in a significa
way. This could be exploited in the framework of state-t
state chemical reaction dynamics, and also in cold molec
physics via the preparation of the molecule in a highly o
ented and hybridized rovibrational state.

Within the present adiabatic approximation we assign
each rotational band a single vibrational wave function, i
cn0(R). Beyond this approximation it is possible to consid
for each rovibrational state a different vibrational wave fun
tion, e.g., its field-free wave functioncnJ(R), which takes
into account the field-free rotational quantum number of
state. We have seen that the improvement for the descrip
of the above discussed quantities will be very small, sin
the agreement of the exact and effective rotor results is
cellent. However, for a proper description of the rovibr
tional transitions the latter improvement plays an import
role due to the difference between the expectation val
^cn0uD(R)ucn1& and ^cn0uD(R)ucn0&, which appear in the
computation of the dipole strengths.

VII. CONCLUSIONS AND OUTLOOK

We have investigated the rovibrational structure of carb
monoxide in an electric field, serving as a prototype hete
nuclear diatomic molecule. Our approach was as compreh
sive as currently possible by treating the fully coupled ro
brational motion and taking into account the dependence
the electric dipole moment on the internuclear distance.
hereby assumed that the external electric field affects
rovibrational dynamics in a nonperturbative way, where
the influence on the electronic structure can be described
means of perturbation theory. The Schro¨dinger equation for
the rovibrational motion was solved by a highly efficient a
accurate~nonperturbative! computational approach being
combination of a discrete variable representation method
a basis set expansion, applied to the vibrational and r
tional coordinates, respectively. We would like to rema
that, although the accuracy and efficiency of this compu
tional scheme is demonstrated here for the CO molecu
should be equally applicable to any other heteronuclear
atomics possessing a1S1 electronic ground state.

Due to the many field-free rovibrational bound states
the CO molecule we have focused on the study of states
belong to small values of the rotational quantum numbeJ
and haveM50 in the field-free case. Depending on the sta
under consideration and on the field strength the influenc
the electric field on relevant quantities such as the ene
varies by several orders of magnitude. It is an overall t
dency that the states become stronger bound with increa
field strength. The orientation, hybridization, and mixing
field-free rotational states were illustrated with the help
several expectation values forF51026–1024 a.u., F
55.143105–5.143107 V/m, being within the regime of ex-
perimental interest. In particular, we have shown how
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R. GONZÁLEZ-FÉREZ AND P. SCHMELCHER PHYSICAL REVIEW A69, 023402 ~2004!
range ofJ values contributing to a certain state increas
with increasing field strength, this effect being very pr
nounced for high-lying states, e.g., forn568 and F
51024 a.u. we obtained̂J2&51.957. While for all consid-
ered field strengths low-lying states present a very small
gree of orientation, for highly excited states andF
51024 a.u. a strong orientation is achieved, e.g., forn568
we had ^cosu&50.7977 and in general forn.50 and the
same field strength we obtained 0,u&40°. We have con-
sidered two kinds of rovibrational spectral transitions; t
first group are allowed in the absence of the electric fie
whereas the second group are allowed only due to the p
ence of the electric field. The evolution of their dipo
strengths with increasing field strength is discussed. Our
sults illustrate how theDJ50 transitions become allowe
under an electric field and their dipole strengths incre
with increasing field strength, whereas the dipole strength
the DJ51 transitions decrease.

An effective rotor Hamiltonian is derived that describ
the influence of the external field on the spectra of a m
ecule, with a small coupling between the angular and ra
motions. It is superior to the traditional rigid rotator Ham
tonian used frequently in the literature. Its major advanta
is the introduction of the properties of each vibrational sta
i.e., for each vibrational state there is a different effect
rotor Hamiltonian individually accounting for its essenti
properties. The validity of this approach was demonstra
for the CO molecule by comparing with the results obtain
from the solution of the fully coupled rovibrational Schr¨-
dinger equation. This allowed us to predict and explain
influence of the external field and to find out those rovib
tional states that are going to be most affected by the field
turns out that for CO these are vibrationally very highly e
cited states.

The vibrational state dependence of the effective ro
equation opens perspectives for the application of the ex
nal field to hybridize the rotational motion. Depending on t
individual expectation valueŝD(R)&n

(0) and^R22&n
(0) for the

many vibrational states of a certain molecule and depend
on the heteronuclear species itself possessing diffe
D(R), a broad variety of possibilities of the hybridizatio
alignment, and orientation can easily be imagined. Molecu
considered up to now as being inappropriate for achiev
alignment or orientation, or a strong influence of the elec
field on its properties in general, will have to be reconside
as possible candidates, taking advantage of the variet
rovibrational states that potentially strongly interact with t
electric field. In particular, it is considered to be experime
tally very difficult to achieve any significant influence of
laboratory static electric field on the rovibrational low-lyin
states of the CO molecule@34#. This does not hold for its
et

m
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high-lying rovibrational excited states, as shown in t
present work.

From an experimental point of view one can think of se
eral potential applications of our results. Depending on
EDMF D(R) of a particular molecular species and its fiel
free vibrational wave functions one can expect and desig
large variety of electric-field-dressed properties with cha
ing electric field and in particular increasing degree of ro
brational excitation of the species. Moreover, going to el
tronically excited states still enriches these possibilit
of obtaining new ‘‘patterns’’ of field-dressed propertie
throughout the rovibrational spectra. Obviously, one can t
think of the selective control of chemical reaction dynami
certain excited states, for example, are strongly hybridi
by the electric field and show a different reaction dynam
compared to the nonhybridized ones. An adequate prep
tion of the initial rovibrational states of the reactants and
corresponding modification with an electric field will provid
the proper initial conditions in order to optimize and contr
a chemical reaction. Influencing scattering inelastic cr
sections or the control of dissociation dynamics could
possible.

In the present work we have been focusing on low-lyi
angular excitations. It is a natural next step to investigate
influence of the electric field on states that possess highJ
values in the field-free case. Obviously, the rotation-vibrat
coupling will become increasingly more important and mig
invalidate the above developed state-dependent effective
tor approach for highly excited rotational states. Even m
important and interesting is the perspective of investigat
flexible molecules that possess a significant rotati
vibration mixing in the absence of the field. Nothing
known so far about the impact of the external electric fie
on the rovibrational motion and properties of these syste
Typical examples for the latter are the heteronuclear alk
metal dimers, which are of major current interest with r
spect to the formation of ultracold molecular gases and ev
tually condensates. As an example we mention LiCs, wh
represents a flexible system@35#. Its equilibrium internuclear
distance and dipole moment in the rovibrational ground s
are Req56.90 a.u. andDeq52.16 a.u., indicating an en
hanced influence of the electric field on both the rotatio
and vibrational motions.
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