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We investigate the rovibrational dynamics of heteronuclear diatomic molecules exposed to a strong external
static and homogeneous electric field. We encounter in the presence of the field the effect of induced adiabatic
coupling among the vibrational and hybridized rotational motions. Exact results are compared to the predic-
tions of the adiabatic rotor approach as well as to the previously established effective rotor approximation. A
detailed analysis of the impact of the electric field is performed: the hybridized and oriented rotational motion,
the mixing of angular momenta, and the squeezing of the vibrational motion are observed. It is demonstrated
that these effects can well be accounted for by the adiabatic rotor approximation.
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I. INTRODUCTION They have shown how the main properties of these states

) . . trongly depend on the external electric field, leading to con-
Molecules exposed to external fields represent, in spite Otsrrol over the ultracold scattering propertie20,21]

its substantial history, a very active and promising research a1y studies of molecules in electric fields were moti-

a;]rea with selvfe_rili int:igu?nghperspel_ctives. Du_e to ths keyd_ml‘?/ated by the possibility to get a deeper insight into chemical
that external fields play in the cooling, trapping, and guiding,q, tion dynamics by controlling the orientation or alignment
of atoms and molecules, the availability of molecular Bose-¢ 14 involved molecules. At the end of the 1970s the ori-
Einstein condensaté$—3] has st'lmu'lated fgrther StUd'e‘?" In- entation of symmetric top molecules with permanent electric
deed, the long-range anisotropic dipole-dipole interaction bedipole moments was achieved by using a hexapole electric

tween ultracold polar molecules will give rise_t(_) interestin_gﬁeld [22,23. Only molecules in a few specific preselected
physics, such as cold molecule-molecule collision dynamiCgaies could be oriented this way. In the early 1990s the
[4_7:||’ molecu(ljaL.c%IIectw.e guantum effec[t8,9],hultra}h|gl]h orientation of molecules i states became possible via the
resolution and high-precision spectroscopy, chemical réags,;sqqaqe of the corresponding molecules through an electric
tions [10,11], molecular optics and interferometry, and po- field, known as the “brute force” methd@4]. Strong electric

tent_llalg{l_alsof tol quarlwéum (I:om?utlnbl_Z]h_ More_(()jver, the  fields have subsequently been used to orient the rotational
availability of ultracold molecules might provide an Im- qion of diatomic and also of polyatomic molecules
provement of the precision of several experiments mvoIvmgb

lecul h h f the diol %4—29]. In the beginning only static electric fields were em-
molecuies, such as the measurement of the dipole moment oyed and low-lying rotational states were considered. Sub-
the electron 13,14, the measurement of the time variation

. . sequently also magnetic fiel§i30] were used to orient para-
of the fine-structure constaf5], or the study of weak in- me?gnetig moleculg$31] and more recently intenseplaser
teraction _effects n ch_|ral_ moIecuIeE$6]._ . fields have been employed to align molecl82—36.

In particular, electric fields play an important role in oné 14 yitionally the theoretical description of the nuclear dy-
Thamics of molecules in an electric field is based on the rigid
Potor approximation37], neglecting the “coupling” between

used to decelerate and trap polar molecllé§18|, provid- 4 \ibrational and rotational motions and assuming a perma-
ing a different technique which can be used for a large variyont ginole moment for the molecule. The pendular states
ety of neutral molecules. Recently, the control of the trans

. ; ‘appear for strong electric field when the molecule is oriented
lational motion of Rydberg states of the, Hnolecule has bp g

. ) along the field direction and the rotational motion becomes a
been demonstrated by applying an inhomogeneous eIectrﬁJ

; , | rating one, each pendular state being a coherent superpo-
field [19]. The group of Bohn has introduced an uncommongiyn of field-free rotational state88]. It is only recently
species of molecular states called “field linked” state

: Sthat the authors provided a full rovibrational description
[20,21] which are composed of two groungi—state polar m_o[- FRV) of a heteronuclear diatomic molecule in a homoge-
gcules held at Iar_ge I|nternuclear separation under_th(_a 19 eous electric field including the coupling between the vibra-
influence of electric dipole forces and external electric fields ;. 2nd rotational motions and taking into account that the
electric dipole moment functions depend on the internuclear
coordinate[39]. An effective rotor approximationERA)
*Electronic address: rogonzal@ugr.es which describes the effect of the electric field on rigid di-
"Electronic address: Peter.Schmelcher@pci.uni-heidelberg.de atomic moleculed39] was developed. The ERA includes
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main properties of each vibrational state, and it has beeare the vibrational and rotational kinetic energies, and the
shown to describe the effect of the electric field even forlast term provides the interaction with an electric field of
highly excited rovibrational states of the molecule, being sustrengthF, which is oriented parallel to the axis of the
perior to the traditional rigid rotor approach. laboratory frame. As it was stated above, we consider the
In the present work we go beyond the regime of validityregime where perturbation theory holds for the description of
of the effective rotor approach which represents a crude adidghe electronic structure but a nonperturbative treatment is
batic approximation with respect to the separation of the viindispensable for the corresponding nuclear dynamics.
brational and rotational maotion. In particular we investigate In the field-free case each state is characterized by its
the regime for which a fully adiabatic separation of the rovi-vibrational v, rotationalJ, and magnetioM quantum num-
brational motion is necessary: the fast vibrational motion debers. In particular, the exact solution to the Schrédinger
pends now parametrically on the angular coordinates. Thequation belonging to the Hamiltonidf) is a product of a
latter effect is exclusively due to the presence of the externgburely R-dependent vibrational wave function that depends
electric field. Since we focus on effects due to the field-parametrically on the conserved angular momenfuamd a
induced adiabaticity and their theoretical description in genspherical harmonic depending exclusively on the angles
eral we refrain from using potential-energy curves and dipoldn the presence of an external electric field only the magnetic
moment functions belonging to specific molecules but useuantum numbeM is conserved, giving rise to a noninte-
parameter-dependent models of them in order to address agdable two-dimensional dynamics (R, ) space. In order to
cover as many as possible physically different situations. Theolve the corresponding rovibrational equation of motion we
use of these models does not affect the general validity ofise a hybrid computational approach, which combines dis-
our results. We address the regime of field strengths focrete and basis-set methods. For the angular part a basis-set
which a nonperturbative description of the nuclear motion isexpansion in terms of associated Legendre polynomials is
necessary assuming that the effects of the electric field on thgsed, taking into account thatl is conserved. The vibra-
electronic motion can be described perturbatively. tional degree of freedom is treated by a discrete variable
The paper is organized as follows. In Sec. |l we define ourepresentation. Due to the typical shape of the molecular
rovibrational Hamiltonian and we briefly discuss some spePEC, we choose the radial harmonic oscillator discrete vari-
cifics of our computational method. Here we also present thable representation, where the odd harmonic oscillator func-
key aspects of the adiabatic separation of the vibrational antions are taken as basis functions. Employing the variational
rotational motions in order to obtain the adiabatic rotorprinciple, the initial differential equation is finally reduced to
Hamiltonian. In Sec. Ill we describe the potential-energya symmetric eigenvalue problem which is diagonalized with
curves and electric dipole moment functions used to model ¢he help of Krylov space techniques.
general heteronuclear diatomic molecule. In Sec. IV we The theoretical description of the angular motion of a di-
present the results and their discussion, including a detailedtomic molecule in an external field is traditionally based on
comparison of the adiabatic rotor approgd&RA) with the  the rigid rotor approach for which the so-called pendular
full rovibrational description. The conclusions and outlook Hamiltonian reads

are provided in Sec. V. Atomic units will be used throughout, )
unless stated otherwise. H = J > — FDo£0s0, (2)
2
HMPeq
Il. ROVIBRATIONAL HAMILTONIAN whereRg, and D are the equilibrium internuclear distance
AND THE ADIABATIC ROTOR APPROXIMATION and the corresponding dipole moment, respectively. For di-

) o atomic molecules this rigid rotor Hamiltonian is integrable

We employ the Born-Oppenheimer approximation for theand it was solved numerically in the seventies by von Mey-
Hamiltonian of a heteronuclear diatomic molecule which isenn[37]. Recently, the authors went beyond this rigid rotor
assumed to be in it&" electronic ground state. The mol- description and proposed an effective rotor approximation
ecule is exposed to an external homogeneous and static eleghich includes the main characteristics of each vibrational

tric field. In the rotating molecule fixed frame with the coor- state [39] The Corresponding effective rotor Hamiltonian
dinate origin at the center of mass of the nuclei thereads as follows:

Hamiltonian describing the nuclear motion takes on the fol-

lowing appearance: HZ?: 2i<R—z>(VO)Jz_ F(D(R))(Vo)cosa+ E(VO) (3)
H=- n? K RZi +—J2(0’¢) +&(R) - FD(R)cos# 0 IU;) 0 0 0 0
= 2uRR\NR) T R TER cost. with (RO =0 R4y, (DRY=(y®|D(R)|y/”), and

B ¥ andE\” are the field-free vibrational wave function and
energy, respectively. The total wave functions for the nuclear

whereR and 6, ¢ are the internuclear coordinate and Euler motion arezp(VO)(R) ‘X.(6) wherey, are the eigenfunctions of
angles, respectively, andis the reduced mass of the nuclei. the Hamiltonian(3). The ERA takes into account the vibra-
J(8, ¢) is the orbital angular momentura(R) represents the  tional state dependent moment of inertia and the dependence
electronic potential-energy curu®EQ of the molecule in  of the electric dipole moment on the vibrational coordinate,
field-free space, an®(R) is the corresponding electronic which are of particular importance for highly excited vibra-
dipole moment functiofEDMF). The first and second terms tional states. It was shown to properly describe both low-
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lying and highly excited rovibrational states exposed to arrotational kinetic energy. If the nonadiabatic coupling ele-
electric field. In particular it is superior to the traditional ments are neglected E@) reduces to a single channel equa-
rigid rotor approach39]. tion and an adiabatic separation and approximation of the
The effective rotor represents, in the terminology of anangular and radial motions has been achieved.
adiabatic approach, a crude adiabatic approximation to the Let us comment on the vibrational equation of motidn
true wave function thereby neglecting the influence of theFor weak electric fields the interaction terrkB(R)cosé is
electric field on the vibrational motion. Obviously, this ap- significantly smaller than the vibrational spacing due to the
proximation is expected not to hold for arbitrary parameterslectronic PEC. This allows us to use the field-free vibra-
and regimes, i.e., for arbitrary excitations, field strengthstional wave functions and to apply first-order perturbation
and molecular species. In the present work we investigate thiéeory (see Ref[39]) with respect to the electric-field terms
rovibrational motion in a regime where the vibrational mo-thereby leading to the effective rotor Hamiltoniég). How-
tion is modified by the electric field, i.e., it becomes para-ever, for sufficiently strong electric fields and/or highly ex-
metrically dependent on the slow angular variableThis  cited vibrational states, the interaction with the electric field
leads to interesting effects in the rovibrational spectra andeads vibrational states that depend parametrically on the an-
eigenfunctions which occur typically in the strong-field re- gular variabled. We therefore enter a regime for which the
gime. above adiabatic separation still holds but the vibrational mo-
Following Ref.[39] we exploit the conservation of the tion is affected by the electric field. In practice one then
angular momentum associated with the angular motion dusolves the vibrational equation of motigd) on an angular
to ¢ by the ansat¥V(R, 6, )=V (R, ))¢M?, with M being  grid, {6, i=1,...,N} thereby obtaining/,(R; 6) andE,(4,).
the magnetic quantum number. We restrict ourselves to th&his allows us to compute the expectation values
caseM =0. Let us now perform an adiabatic separation of the(,(R; )|R?#,(R; )) and in principal also the nonadia-
vibrational and rotational motion. To this end we assume thapatic coupling eIementAj,,K which both depend o#.

the vibrational problem has been solved for a specific value Here we assume the validity of the adiabatic approxima-

of the rotational coordinaté, tion to the separation of the vibrational and rotational motion
22 9 9 and neglect all nonadiabatic coupling elements. This defines
{— —( —> +€&(R) - FD(R)cosé | ,(R; 6) the “adiabatic rotor approach” and the “adiabatic rotor
2uR? IR\ IR Hamiltonian” describing the rotational motion of the molecu-
=E,(0)¢,(R;0), (4) lar system:
where ,(R; 6) is a member of the orthonormal vibrational 1, .
eigenfunctions labeled by. ,(R; 6) depends parametrically 5<R )37+ E(0) —E |x.(0) =0, (7)
on the angled. Making the following ansatz for the rovibra-
tional wave function: where the first term is an effective rotational kinetic energy
and the second one represents the interaction with the elec-
V(R,0) =2 ¢,(R; 0)x,(0), tric field. The rotational equation of motiai¥) looks differ-

ent for each vibrational state since it explicitly contains the
and inserting it in the rovibrational equation of motion be- expectation value$R™?), and the vibrational energg,(6),
longing to the Hamiltoniaril), after left multiplication with ~ which have to be computed for each state.

1//:(R; 0), and performing the integral ove®, using the or- The main difference of the adiabatic rotor approximation
thonormality of the vibrational adiabatic eigenfunctions as(7) compared to the previously obtained effective rotor ap-
well as Eq.(4) we arrive at proach(3) is the way the vibrational motion is treated. The

1 22 expression(7) takes into account the influence of the electric
2 p2y 12 _ IATINN field on the vibrational motion, which might be of impor-

2,u<R I3+ E(0) E]X”(a) * % ( 2 +A”KJ)X"(6) tance for very strong electric fields or highly excited vibra-
0 tional levels due to the field-induced adiabatic coupling be-

+ 2 MJZX 6)=0 (5) tween the rotational and vibrational motions. In contrast to
2 " this we neglected the influence of the electric field on the
_ vibrational motion in case of the effective rotor approach.
with Obviously, the effective rotor approach is contained in the

oo adiabatic rotor approach. Both approximations are, however,

(R‘2>V:f ¥ (R; 0)¢,(R; 0)dR, complementary in the following sense. There is a large num-

0 ber of situations depending on the field strength, the EDMF,

and on the part of the spectrum under consideration, where

A = ljw ‘ROIU(ROIR =012, (6) either the ERA or the ARA might be sufficient to describe the

T 0 $(ROIY(ROAR  ]=0,1,2, behavior and properties in the field.

A Let us comment on how to solve the resulting equations
whereA! are nonadiabatic coupling terms involving differ- (4) and(7) of the above scheme. In a first step, and in order
ent vibrational eigenfunctions,(6) represents a potential to facilitate the computational procedure, we choose the ze-
for the motion ind space, and1/2u)(R™2),J? is an effective  ros of theNgth order associated Legendre polynomial as grid

K#FV

033416-3



R. GONZALEZ-FEREZ AND P. SCHMELCHER PHYSICAL REVIEW A1, 033416(2005

points for the angular coordinate. The vibrational equation 0 ¢oo55800008 00040 oo

(4) is integrated with the help of the discrete variable ap- = b °e

proachNg times on the grid 6}, thus we obtain the vibra- <,

tional wave functionsf,(R; 6;) and the corresponding spec- g w0t 3

trumE,(6). The expectation valugR 2), is computed. These §. b

quantities,E,(6) and(R™2),, are introduced in the effective BogsL Tt TR A ]

rotational equation of motiofi7), which is solved by means :%’

of a basis-set expansion with respect to the associated FrAFk ok ok xk Ak kkkkk k% k% L

Legendre polynomials. 10-8 0 5 10 5 20
There are two reasons for applying the adiabatic rotor v

approximation compared to the full rovibrational description old.f brational ) for th
of the problem. First, a fully adiabatic approach describes tFICt;‘_' Il F'_fhd' r_eg \2/|brat|ona erleg%y spacnr(gs)for tt_e Mofrsti
emerging field-induced effects. Second, from a computaPteNtals withRe=2.2 a.u. ank,=6.0 a.u. as a function of the
tional point of view it provides a drastic reduction of the vibrational quantum number. Field-free rotational energy spacings

! f?r the Morse withR,=2.2 a.u(+) andR.=6.0 a.u(x) as a function
numerical effort. In both cases we need the same number g I

. . . . . . - 0Of the vibrational quantum number
grid pointsNy, in the discrete variable representation applied
to the vibrational coordinate, and the same number of angu- , ,
lar functionsNg in the basis-set expansion performed for theSPacing areAE;=E, ,—E, o and AE/=E,;; o—E, o, respec-
rotational coordinate. In the full rovibrational description we tively, with E, ; being the field-free energy of thie,J) state.
have to diagonalize &x N real symmetric banded eigen- Figure 1 presents these two quantities as a function of the
value problem withN=Ny-Ng. However, in the case of the Vibrational quantum numberQv=<20 for the PECs with
ARA we first diagonalizéNg times aNy X Ny real symmetric ~Re=2.2 @.u. anR.=6 a.u. Note that the vibrational spacing
banded eigenvalue problem for the vibrational part and subS independent of the equilibrium distanig and the differ-
sequently for each vibrational state Bax N real symmet-  €nce between both sets of parameters is due to the rotational
ric eigenvalue problem to diagonalize the rotational equatiorf$Pacing. For the Morse potential wil,=2.2 a.u. the ratio
of motion. between both quantities takes the initial vald&,/AE;
~53, and it decreases monotonically:gis increased, reach-
ing for the highest state the valueE?’/ AE?°~39. For the
Morse with R,=6.0 a.u. a similar behavior is observed, al-
though now the ratios arAE/AE;~396 andAE2%/AE?°
The electronic potential-energy curves and the electronie=319, i.e., almost one order of magnitude larger than in the

dipole moment functions provide valuable information onprevious case. It is clear from these results that the energy
the properties of a molecular system including its rovibra-scales associated with the rotational and vibrational motions
tional spectrum and its response to external fields. Botlare well separated.

IIl. POTENTIAL-ENERGY CURVE AND ELECTRONIC
DIPOLE MOMENT FUNCTION

guantities can be obtained froab initio calculations and/or For the EDMF we take a Gaussian function given by
experimental results in the literature. Since we are interested AR-R.- A2
in predicting general properties and principal effects with the D(R) =M¢e Re= &7, 9

focus on their understanding and theoretical description wi

do not address a specific molecular system but use mod hereR, is the equilibrium distanceh provides the width of

e GaussianA is a shift with respect t&R,, and M, deter-

funXtionsP:‘_:()r the PECI andhthi/lEDMF. ial mines the strength of the EDMF at the maximi®RmaR.+A.
s a PEC we employ the Morse potentia By choosing this kind of function we ensure a proper
s(R)=de[e‘2“(R’R9—2e‘“(R‘R9], (8) asymptotic behavior of the EDMF, satisfying both

limg_oD(R)=0 and ling_..D(R)=0.
whereR; andd, are the equilibrium internuclear distance and  \ve have selected three different shapes for the EDMF, the
the depth of the potential well, respectively. Here we choosgnain difference between them being the position of the
the valuesy=0.5,d,=0.02, andR.=6.0 a.u. being motivated maximum and the width of the Gaussian function. The cho-
by the shape of the PEC of heteronuclear alkali dinjié®.  sen parameters are given in Table I. For the different appear-
The latter are characterized by a large equilibrium distanc@nces of the three functions we refer the reader to FiR2:

R.~6-7 a.u., and a very shallow potential well. We will j5 centered aR,, Dy is a broader function, its maximum
also study the case=0.5, d;=0.02, andR.=2.2 a.u. We

remark th.at our m.Odel potential dpes_ not possess the correct TABLE |. Parameters of the electric dipole moment functions;
asymptotic behavior for largR which is of importance for (. oyt '
very high excitations close to the dissociation threshold. Our

investigation therefore focuses on not too high excitation§ e Mq(D) A (a.u) A (au)
for which the asymptotics is irrelevant.

In order to illustrate the difference with respect to theD¢ 5 2 0
energy scales of the vibrational and rotational motions wepg 5 2 2
have computed the vibrational and rotational energy spacing 5 0.5 1

for a vanishing electric field. The rotational and vibrational
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FIG. 2. The electric dipole moment functions used in our com- E 10230 + ++ 4,
putations, centereB¢, shiftedDs, and widerDy, as a function of g 0 ve g 2 0 " % # % % &
R-Re. 510_4 . &EDQM&“ o
being shifted with respect tR,, andDg is an even further (b) H ° - O
shifted but again narrower dipole moment function. In many 10-5 t 1 f
cases the electric dipole moment of heteronuclear diatomic
molecules is a single humped function possessing its maxi- Swtet LR 00099 %&
mum at a position close t&,. However, exceptions do occur < ngegtoote A L
such as the double humped dipole momentum function of the 'g 1054 ° Bog, tgpnf
CO molecule that possesses a zero closBgtand a broad ® o O
outer hump for large internuclear distances. £ 10-6 +

IV. RESULTS AND COMPARISON OF THE ADIABATIC 3 _7 () . ‘?‘ .
ROTOR APPROXIMATION WITH THE FULL 10 0 5 10 15 20
ROVIBRATIONAL DESCRIPTION v-state
We have performed a full rovibrational analy$is., we FIG. 3. (Color onling (a) The expectation valuggsosé), (b) the

solved the Schrodinger equation belonging to &g of the
effects of an electric field on the six models for molecular
systems, €., the Morse W'tﬁe:_2'2'6 a.u., and the three function of the vibrational label & v< 20 for states emerging from
EDMFs being centeredDc), shifted (Dg), and widened J=0 for F=0 for the Morse potential witR,=6.0 a.u. and the three
(Dw). The reduced mass of the CO molecule  EpmFsD. (0), Dg(+), andDy, (O).
=12 498.102 a.u. has been used. In order to show very well
pronounced effects for our model system we will choose a
field strength F=1073a.u. corresponding to 51MV/m)
which is somewhat stronger than the static fields available in° - .
the laboratory. We emphasize, however, that the observe!mbers(conserved quantitigsonly in the case of the ab-
effects are expected to be pronounced for significantly lowep€nce of the electric field whereas in the presence of the field
(laboratory field strengths for highly excited rovibrational 2 Strong(rotation and weak(vibration) mixing of field-free
states of certain species, such as the alkali dimers. states takes place.

For each molecule, we have computed the states with
0<v<20 and angular momenturd=0 for M=0 corre- A. Morse potential for R;=6.0 a.u.
sponding to the first 21 vibrational states in the absence of _. .
the field. The expectation valudsosé),(J?), and(R), to- I_:lgur.e 3a) shows the expectation valules<ob50> for the
gether with density profiles of the eigenfunctions enable ugovibrational states with & »<20 emerging from the=0
to find and analyze relevant phenomena. Equally we perforritates for==0 as a function of the vibrational numberfor
for our model systems studies in the framework of the adiathe Morse potential withR.=6 a.u. Results for the three
batic rotor approackARA) and the effective rotor approach Gaussian EDMF are included in this figufeos6) provides
(ERA). A comparison between these three approatkesct, a measure of the orientation of the molecule with respect to
ARA, ERA) allows us to conclude upon the validity of the the field direction: the closer it is to 1, the stronger is the
different approximations. Let us introduce the relative differ-orientation. ForD. all states show a strong orientation,
ence between the results obtained in the ERA and ARA comwhich slightly decreases as the degree of excitation is in-
pared to the full rovibrational description of the problem: creased, from the rovibrational ground state w{toso)

relative errorA(cosﬂ)f of the effective rotor approximatioric) the
relative errorA(cose)jfl of the adiabatic rotor approximation as a

In the following we will usev and J as labels of the

|Af_ AX| =0.9827 to thev=20 state with(cos#)=0.9626. The behav-
AAT = % with X¥=¢&, A, (100 ior of the states in case dds is completely different. The
v effect of the electric field on the low-lying states is weak

whereA” represents one of the expectation values mentionegompared to the high-lying states. For the rovibrational
above and the upper right inde, &, A refers to the exact, ground state we havécos#)=0.5360. The reason for this
ERA, and ARA approach. behavior is obviously the small values B in the neighbor-
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hood of the equilibrium internuclear distance. The orienta- 30 T T T

tion of the states increases as the vibrational number in- 9509000000000

creases: It reaches a maximum fer10 being (cos6) o s Hoopgg i
=0.9761 and slightly decreases thereafter. Bgy, (cos6) . 20T 0 0% ;' N Ty + 4
increases very little with increasing and reaches a maxi- 5 167 . %0005, 00000 Z
mum for the statev=5 with {cos6)=0.9813. Forv=20 we 104

encounter(cos#)=0.9766. It is clear from Fig. 3 that the 4 +

effects of the electric field on the orientation depend on the 5 "+ + (@)
state under consideration but also strongly on the chosen 0% t t .

EDMF. For these model systems and due to the strong 5 R

electric-field strength all the considered states show a very & LU 5o + 4+,

strong orientation. In Fig. (®), the relative error for this g 10-2 ¥ & %0 o ++ . bmoog
expectation value computed by using the ER&¢os6)’, is ¥ 0 P00, 40000 §%
shown as a function of the vibrational numbefor the three g 103 § ¢

EDMF. The results provided by the ERA for the expectation g 0

value (cos#) for this molecule using the dipole moment w0t F

functions D and Dy, show a good agreement for all the 10-5 - M ' : ()
states under consideration, i.e., we ha«eose>f<0.01 for ] g
0=wv=20. Note, however, that in case Dfs the states for LT " o : g 44
v=2-5possess a relative error larger than 0.01, while for the é ; 000009 g Ig g g g, gooob
remaining states&(cose>f<0.01. Figure &) presents the 108 L gi’r goob

relative error ofcosé) using the ARA,A(COSG)“V“, as a func- g 104 O o

tion of v. Again all three cases of EDMF are considered. The § 1+

results obtained fotcos®) are excellent, i.e.A(cosﬁ>f<2 2 1 o -

X 107 for all the states and any EDMF. Apart from a single 104 L L L ©
exception (v=10) we haveA(cosa>f<A<cos¢9>f demon- v-state

strating that the adiabatic rotor approach is superior to the
effective rotor one.
The dependence of the expectation vali® on the vi-

FIG. 4. (Color onling (a) The expectation value§l?), (b) the
relative errorA(J2>5 of the effective rotor approximatior(c) the

. . . . relative errorA(JZ)V of the adiabatic rotor approximation as a func-
brational labelv is illustrated in Fig. 4a) for the three tion of the vibrational label & »<20 for states emerging from

EDMF. (J%) provides a measure for the mixture of the field- =0 for F=0 for the Morse potential witfR,=6.0 a.u. and the three
free angular momentum states with fixield, i.e., it describes  EpMmFs D (¢), Dg (+), andDy (D).

the hybridization of the rotational motion fétr=0. The ef-

fects due to the electric field depend not only on the choseg,q ARA, A(J?4 as a function ofv are presented in Fig.
EDMF but also strongly on the degree of excitation as al- v

ready indicated when studving the corresponding behavior Oi(c). This figure clearly illustrates the advantage of our pro-
y indi W2 studying the corresponcing Vi osed approximation ARA compared to ERA. For the three
(cos®). For D¢, (J%) decreases significantly with increasing

. EDMF and all the considered states we obtain relative errors
v. All states show, however, a very strong hybridization of

. . . o . X significantly smaller than 0.01. We therefore conclude that
the rotational motion, i.e4J)=28.321 for the rovibrational 4 4diabatic rotor approach accurately describes the proper-

ground state an¢)?)=12.872 for thev=20 state. FODy We tjes of the wave function whereas the effective rotor approxi-
encounter also a strong mixing: In this ca&¥) slightly  mation fails to do so, at least in most cases.

increases withv reaching a maximum fow=6 with (J2) To complete the description of the effect of the electric
=26.229 and decreasing thereafter. In cas@gfthe low- field on our systems, we illustrate in Figabthe expectation
lying states exhibit a much smaller hybridization comparedvalue of the vibrational coordinat®) as a function ofv for

to the previous cases: For the rovibrational ground state wghe same set of states and EDMF. For comparison also the
find (3%)=0.527. The reason for this effect is that the low- corresponding field-free values ¢6R) have been included.
lying states “do not feel” the EDMg, due to the small This expectation value provides a measure of the size of the
overlap of the wave function and the EDMF. In this ca3® molecular state. In the case @&f the states satisfyR)"
rapidly increases as increases, reaching a maximum fer <(R)°, whereF indicates the presence of the field and 0
=10 with(J%)=20.577 and slightly decreases thereafter. Figstands folf=0. They are attracted towards the maximum of
ure 4b) shows the corresponding relative errors of this ex-D. at R=6 a.u. and have a lower energy compared to the
pectation value computed by means of the EBA]Z)i, asa field-free case. For the low-lying statess0—-2, in thecase
function of the vibrational numbep. Note that for each of Dg we obtain (R)F=(R)°, the maximum ofDg at R
EDMF there is a significant number of states Wiil(lJZ)f =8 a.u. is too far, and therefore the attraction is not strong
>0.01. Even more, foDg the states withv=3-8 show  enough to modify the vibrational part of the wave function.
A(J2>f> 0.1. Therefore we can conclude that the ERA is notThe statesv=3-11 show a completely different behavior,
good enough to describe the hybridization of the rotational.€., (R)" >(R)? being stretched due to the attraction of the
motion taking place in this systems. The relative errors foEDMF thereby lowering their energy. The states for
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relative errorA(R}g of the effective rotor approximatior(c) the
relative errorA(R); of the adiabatic rotor approximation as a func- =0 for the Morse potential witlRe=2.2 a.u. Results for the
tion of the vibrational label & v<20 for states emerging from  three Gaussian EDMFBs, D¢, and Dy are included. The
=0 for F=0 for the Morse potential witlR,=6.0 a.u. and the three relative errors obtained by using the ERA and the ARA,
EDMFs D¢ (¢), Ds (+), andDyy (). For completeness the field- A<0059>f and A(cos@)“j, are presented in Figs.(§ and
free values of R) (X) have also been included. 6(c), respectively. FoD¢ all the states exhibit a strong ori-
entation, which smoothly decreases as the degree of excita-
=12-20 posses¢R)"<(R)? being also attracted by the tion increases, from(cos#)=0.9526 for »=0 to (cosé)
maximum of the EDMF. However, for these states a signifi-=0.8926 for ther=20 state. ForDg the low-lying states
cant part of their amplitude is at distances larger than 8 a..show a weak orientation such @sos6)=0.1092 for»=0.
and that is why they are squeezed compared to their fieldFhe orientation quickly increases with increasimgreaches
free extension. A similar behavior is observed why is @ maximum forr=9 with (cos¢)=0.9312 and slowly de-
used. The states far=0—6 arestretched compared to their creases thereafter. The orientation of the states belonging to
field-free counterparts. For the states7-9 wehave(R)" Dy increases fromy=0 to »=2 with (cos#)=0.9485 de-
~(R)°. Due to the attraction of the EDMF maximum, the creases slowly thereafter, except for the statel9 with
states withv= 10 are again squeezed. We would like to point{c0s6)=0.8910 for which a dip of this expectation value
out the importance of these results: they show how the eledvith respect to the values of the neighboring levels is ob-
tric field is affecting the vibrational part of the wave function Served. The corresponding expectation values provided by
of the molecule. Indeed, we can identify this effect as arfhe ERAforDc [see Fig. &)] agree well with the exact ones
adiabatic coupling between the vibrational and rotationa2{c0s6),<0.01. Similar results are found fdd,y except
motion induced by the strong electric field. Figuréb)sand ~ again for ther=19 stateA(cos6);,~0.05, which interrupts
5(c) show the relative error ofR) computed by using ERA the smooth behavior of the ERA relative error for the other
and ARA, A(R)® and A(R), respectively, as a function of  States. FoDs only the states withv=2—8 show a relative
for the three EDMFs. Comparing these two figures, the ARAdIfference larger than 0.01. In Fig(& we observe how the
approximates much more accurately the FRV results than th&RA improves the results of the ERA and apart from a few

ERA does. Only for a few states does the ERA provide arfxceptions we always find(cos 6)5> A(cos6);'. The ARA

adequate description of the effects of the electric field. relative error obtained for ther=19 state usingDy is
_ A(cos6)7,~0.05 being much larger than the relative error
B. Morse potential for Rg=2.2 a.u. for the remaining states.
Figure Ga) shows the expectation valugsos6) for the Figures 7a)-7(c) illustrate the behavior 0fJ?), A<J2>§,

states BG= »<20 emerging from the states with=0 for F andA(JZ>f, respectively, as a function of for the same set
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L ) FIG. 8. (Color onling Same as in Fig. 5 but fdR,=2.2 a.u.
of states and the three EDMFs. The hybridization of this

model system is much smaller than the hybridization=6 a.u. This holds both for the dependence(Rf on the
achieved by the Morse potential witR,=6 a.u. due to its vibrational excitation and on the choice of the EDMF. More-
smaller rotational constant. F@¢, (J%) decreases as is  over, the phenomenon of squeezing and stretching of the
increased, fromJ%)=10.049 forv»=0 to (J?)=4.163 forv  vibrational wave function can be observed equally Ry
=20. For theDg we obtain a small hybridization for low- =2.2 a.u. We remark that the behavio&) as a function of
lying states,(J%)=0.018 for the rovibrational ground state, v is smoothfor all the levelsand any EDMF. The compari-
and strong mixing of the rotational motion for the states son of the relative errors of the ERA and ARA support our
=3, (J% increases with increasing reaching a maximum previous observation that the ARA is superior to the ERA.
for »=10 with(J?)=7.523, and decreasing thereafter. By _Let us comment on the anomalous behavior of the expec-
first (3% slightly increases withy, reaches a maximum for tation val_ues(J?) and(cosd) for the stater=19 when com-
the =5 state with(J2=9.473, and decreases as the degreé’afed to its neighboring states. Closely inspecting higher ro-

of excitation is further increased. As for the expectationtational excitations it turns out that the state emerging from

value(cos#), the v=19 state shows an anomalous behavior,_the field-free state with=18, J=3, M=0 comes very close

having a largekJ?) than the rest of the neighboring states: m_energgy o the consider.edz 19 state. For the field strength .
(J%)=11.128. The relative error of the ERA fdd. for F=10"a.u. thf energetical spacing Osf these EWO states s
1<v<10 and»=20 yields A(J%¢>0.01. ForDs we find very small AE_|E(19'°)._E(18*3°|z5><1(T - For F=0 these

- v S »e  two states would not interact. However, we conjecture that
that only the states/=12, 16, 17, and 18 satisfA(J%),  the electric field induces a strong nonadiabatic mixing be-
<0.01. For the states3v<9 we encounter an error being yyeen these two states belonging to two different vibrational
larger than 0.1. In the case Dy we see that only the states pangs thereby causing the observed uncommon properties,
with 11<»=<18 possess\(J9), <0.01. Again the stater ¢ study this phenomenon goes however beyond the scope
=19 is exceptional withA(J?);,~0.37. The ARA relative of the present investigation.
errors, see Fig. (€), improve in most cases but not always  Comparing the relative errors obtained f¢d2) and
the results obtained by the ERA-AFOV the statel9 forDyw  (cosé), one realizes that the latter expectation value is nor-
we find a large relative errat(J2>19zQ.37. . mally better described by the ERA and ARA thalf). (J%)

The expectation valugR), the relative errors\(R), and  yrovides a measure for the error we perform in our approxi-
A(R);' of the ERA and ARA are shown as a function®in  mate approaches, since the computation of it in these
Figs. 8a)-8(c), respectively. By comparing Figs(# and  schemes neglects the elemef@. Therefore we can con-
8(a) we conclude that the behavior @R) for the three sider it as an indicator of the quality of the eigenfunctions
EDMF is similar for the two casef.=2.2 a.u. andR.,  computed within a certain approximation. We also conclude
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that the adiabatic rotor approach works better for the Morse

potential with R,=6 a.u. compared to the system wiky

=2.2 a.u. We believe that the reason herefore is the separa-
tion of the vibrational and rotational energy scales. For the

Morse with R,=6 a.u. the ratio of the rotational and vibra-

PHYSICAL REVIEW A 71, 033416(2005

0.3

0.2

tional spacing is one order of magnitude smaller compared to S
the Morse withR,=2.2 a.u.(see Fig. 1L -
C. Probability densities

From the many data obtained within the present investi- 0
gation let us show some representative examples for the 5.6 5.8 6.0 6.2 6.4
field-induced changes introduced in the rovibrational prob- @) Rla.u]
ability densities. We compare the exact FRV results with the 0.3
results of the ARA and the ERA for three typical states for a
certain EDMF. As already discussed in Sec. Il the ERA em-
ploys the field-free vibrational wave function whereas the
ARA takes into account the adiabatic coupling of the rota- 0.2
tional and vibrational motions. .

First we consider the rovibrational ground state for the
Morse potential witfR,=6 a.u. and the centered EDMF. Fig- 0.1
ures 9a)-9(c) show contour plots in thé€R, 6) plane of the
square of the wave function computed with FRV, ARA, and
ERA, respectively. The orientation achieved for this state is 0
(cos#)=0.983. The position of the maximum of the wave o 5.6 5.8 R?.o , 6.2 6.4

a.u.

function forF=0 atR=6.02 a.u. for§=0 is slightly modified
by the electric field tdR=6.01 a.u. and this is reproduced by
the ARA. The value at the maximuiR=6.01, #=0 for the
FRV probability density igW¥(6.01,0/°=4.90 being repro-
duced by the ARA with|¥(6.01,0/?=4.90. However, the
ERA provides a lower valug¥(6.02,0|?°=4.25. This effect
can be seen in Figs.(8§—-9c). The ERA wave function is
vibrationally more extended than the FRV wave function,
i.e., we observe a compression due to the field. The ARA
reproduces this effect, which is again a manifestation of the
field induced adiabatic coupling between the vibrational and
rotational motions.

As a second example we analyze the rovibrational ground
state of the Morse potential witR,=2.2 a.u. forDy,. The
contour plots of the probability densities for the FRV, ERA,  FiG. 9. (Color onling Probability density of the rovibrational

and ARA are presented in Figs. (8-10(c), respectively. AS  ground state of the Morse potential wil=6.0 a.u. and the cen-
in the previous case the wave function is strongly orientedered EDMF for the field strengtfi=1073 a.u.

along the field direction{cos#)=0.948. The ARA wave
function provides a good approximation to the FRV one,
whereas major discrepancies are observed in case of tiduded in Figs. 1(a)-11(c), respectively. Compared to the
ERA wave function. The maximum of the density fé*0 is  two above analyzed states, this state shows a weaker orien-
now atR=2.36 a.u., i.e., due to the attraction of the EDMF it tation (cos¢)=0.894. The probability density possesses six
has been shifted from its field-free positi®¥2.22 a.u. The maxima. We will concentrate here on the most pronounced
ARA vyields R=2.34 a.u., whereas the ERA provides theone with the largest value fdR. In the field-free case, this
field-free value. In addition, the ERA yields for the maxi- maximum is atR=3.31 a.u. In the presence of the electric
mum [W(2.22,0[2=1.27, compared to the full rovibrational field, the FRV analysis yieldR=3.46 a.u., i.e., the wave
result|¥(2.36,0/>°=1.37, while the ARA gives a much bet- function, attracted by the maximum EDMF shifted Rt
ter approximatiof¥(2.34,0[>=1.38. This effect can be also =8 a.u., is shifted towards larger values of the vibrational
observed in Figs. 1@) and 10c). coordinate. Using the ARA we obtaR=3.44 a.u., which is
As a last example we present the state emerging from th@ very good approximation to the exact result. Here the
field-free vibrational quantum number=5 and the rota- Maximal density i§¥(3.46,0[°=0.4 being slightly overes-
tional quantum numberJ=0 for the Morse with R, timated by the ARA resulf¥(3.44,0/2=0.42. For the ERA
=2.2 a.u. and the shifted EDMF. The contour plots of thewe obtain a much lower valué¢¥(3.31,0/2=0.31. In addi-
probability densities for the FRV, ARA, and ERA are in- tion, the ERA is also not able to reproduce the extension of

56 5.8 6.0 6.2 6.4
(c) R [a.u.]
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) - ) ] ] FIG. 11. (Color online Probability density of the state=5
FIG. 10. (Color onling Probability density of the rovibrational emerging from the field-fred=0 state of the Morse potential with

groupd state of the Morse potential wiRy=2.20 a.u. and,y for Re=2.20 a.u. ands for the field strengtF=107 a.u.
the field strengtfF=1073 a.u.

nuclear motion this separability is no longer present. Still, for
each hump of the wave function, see Fig(dlcompared to not too strong fields and/or rigid mqlecu_les, ie., mole(_:ules
Fig. 11(a). for Wh|ch the energy scales of the V|t_)rat|0nal and rotational
motions are well separated, the dominant effect of the elec-
tric field is to hybridize the rotational motion. The effective
V. SUMMARY AND OUTLOOK rotor approximation developed in a previous work of the
o ) ) ) o authors describes this hybridization accurately and in par-
The rovibrational motion of diatomic molecules is given ticylar it provides the correct description of the angular mo-
by a product of aJ-dependentvibrational and a rotational tion depending on the vibrational state. Here the vibrational
wave function(many of the Coriolis coupling terms vanish motion is assumed to be not influenced by the electric field.
in case of an electronic ground state'Bf symmetry and we  In contrast to this the traditional pendular state approach pro-
neglect the remaining onedn the presence of a static ho- vides a hybridization that is independent of the vibrational
mogeneous electric field that is weak enough to be treatestate.
perturbatively with respect to the electronic structure of the In the present work we made a step beyond the above-
molecule but strong enough to act nonperturbatively on itslescribed regime and investigated stronger fields and/or flop-
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pier systems. Since we are interested in new phenomena atal wave functions in this regime. We have analyzed the
properties we did not address a specific molecule, i.egrientation effects, the mixing of angular momenta, and the
potential-energy curve and electric dipole moment functionyibrational stretching and squeezing effects due to the exter-
but a model—the Morse potential—possessing variable panal field in detail. In the case of a shifted electric dipole
rameters and we StUdy three models for the electronic dip0|ﬁ10ment function we observed a distortion of the wave func-
moment function covering typical cases. The field strengthjon specifically a squeezing effect towards the maximum of
we have been usingF=10°au. corresponding 10 the EDMF. We remark that these properties and effects de-
514(MV/m) is somewhat above the experimentally accespeng on the state under consideration which adds to the va-

sible static field strength. However, we expect that the prinyiety of possible behavior and properties in the presence of
cipal effects we have found do occur in certain regimes anghe field.

species at significantly lower field strengths. Moreover, our

results should be equally applicable to the quasistatic regim%r
of low-frequency electromagnetic fields for which the dy-
namical and electromagnetic frequency scales are well sep

rated. An estimation of thesemiclassicaltunneling rate due cold molecular physics since they constitute the prototype of

3 o
clectroni onization process can safely be neglected, Fulh UIACOId quantum gas with long-ange dipole-cipole in

. P : 1ely b gie "~ teractions. Several experimental groups are working in this
thermore, in many cases the interaction with the field due t

the polarizability of the molecule can eaually be nealecte irection[41-43. However, there is still a need for accurate
POl Y € quatly 9 otential-energy curves and electric dipole moment functions
due to its quadratic dependence on the field strength.

. o . I for these species, naming specifically the LiCs dimer.
Starting from the rovibrational equation of motion n the The vibrational state dependence of the adiabatic rotor

ration of the vibrational and rotational motions. It turns out%_qu&ltion together with the field-induced adiabaticity of the
: vibrational and rotational motion open interesting perspec-

that the e_ffect_lve rotor apprommaﬂor_w IS a crude .ad'abat'ctives for the application of the external field to hybridize the
approach in this framework: the fast vibrational motion is therovibrational motion. Natural extensions of the present work

f|eId-.free one and_ in particular mdepepdent on the .SIOW dyi/vould include the investigation of the hybridization of states
namical variable, i.e., the angular motion. We established th

full adiabatic approximation, the so-called adiabatic rotor ap—8 merging from higher rotational excitations and/or studies of

proach, to the rovibrational motion for which the vibrational states with nonzero magnetic quantum numtérs

wave function depends_parametrically on the angular. vari- ACKNOWLEDGMENTS
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Paradigms of heteronuclear diatomic molecules with a
ge equilibrium internuclear distance, a small dissociation
energy, and a large maximal electric dipole moment are the
Alkali dimers. The latter are currently in the focus of ultra-
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