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Abstract

We show that congruent electric, magnetic and non-resonant optical fields acting concurrently on a
polar paramagnetic (and polarizable) molecule offer possibilities to both amplifyand control the
directionality ofthe ensuing molecular states that surpass those available in double-field combinations
or in single fields alone. At the core ofthese triple-field effects is the lifting of the degeneracy of the
projection quantum number M by the magnetic field superimposed on the optical field and a
subsequent coupling ofthe members ofthe ‘doubled’ (for states with M # 0) tunnelingdoublets due
to the optical field by even a weak electrostatic field.

1. Introduction

Interactions with external electric, magnetic or optical fields provide the chiefmeans to manipulate the
rotational and translational motion of neutral gas-phase molecules [ 1]. These interactions create diredional
datesin which the molecular multipole moments become non-vanishing in the laboratory frame so that space-
fixed fields can act upon them. Directional states are at the core of numerous applications in molecular physics,
such as orientation/alignment of molecules [2—30], deflection and focusing of molecular translation [31-34],
molecular trapping [35], attaining time-resolved photoelectron angular distributions [36—38], diffraction-
from-within [39], separation of photodissociation products [40—42], deracemization [43], high-order
harmonic generation and orbital imaging[44—50], quantum simulation [51, 52] or quantum computing
[53-59].

Herein, we examine directional states created by a triple-combination of congruent (parallel or antiparallel)
electric, magnetic and non-resonant optical fields acting concurrently on linear polar paramagnetic (and
polarizable) molecules. While the electric and magnetic fields interact, respectively, with the body-fixed electric
and magnetic dipole moments of the molecule, the non-resonant optical field couples to the molecular
anisotropic polarizability tensor. The molecular effects generated by the double-field combinations (electric and
magnetic, electric and optical, magnetic and optical) are all Ui generisand amount to more than the sum oftheir
parts. And so does the triple-field combination (electric and magnetic and optical) which not only offersa high
efficiency and flexibility in amplifying the directionality of molecular states but is also of fundamental interest
per se, as supersymmetry [ 60—64] as well as monodromy and quantum chaos [ 65, 66] lurk behind the
combined-field effects.

Polar paramagnetic molecules are of potential importance for many-body physics simulations, studies of
crossings of Stark and Zeeman molecular energy levels, and quantum computing. Amongthe most prominent
examples of linear polar paramagnetic molecules are the ubiquitous %%, 3%, and 1 linear species, such as StF,
SO, and OH. Heteronuclear diatomics or larger polar molecules that contain a rare-Earth atom often exhibit
much higher orbital and spin electronic angular momenta (e.g., CeO isa 3®, molecule in its electronic ground
state) and, therefore, correspondingly larger magnetic dipole moments. Therecently discovered LiHe van der
Waalsmolecule [67, 68], apolar and paramagnetic halo species, would also benefit from the study ofits
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properties in combined fields, as this would likely reveal additional particulars about its structure and the
dynamics ofits formation. A survey oflinear polar paramagnetic molecules along with their key propertiesis
available in table 3 of [9]. However, our treatment here is generic, making use ofreduced molecular interaction
parameters, and therefore applicable to any polar paramagnetic and polarizable molecule in a given electronic
state. For the purposes of the present study, we chose moleculesin a °Z state as a prototype.

Directional states of molecules may exhibit either orientation (visualized as a single-headed arrow librating
about a space-fixed axis) and/or alignment (visualized asa double-headed arrow librating about a space-fixed
axis). The more directional the state, the tighter the librational amplitude ofthe arrow and the more complete
the projection ofthe corresponding dipole (whether permanent or induced) on the space-fixed axis.

Since oriented states may only be of indefinite parity—otherwise they would violate the parity selection rule
[69]—arecipe for creating oriented states is to mix states of opposite parity. The coupling—or hybridization—
ofopposite parity states can be generally achieved by the electric dipole interaction, which is the more effective in
couplingthe opposite-parity levels the closer they lie to one another. Close-lying opposite parity states can be
prepared for large classes oflinear molecules by either optical or magnetic fields. In our previous work as well as
that of others, it has been shown that, for linear molecules, the opposite-parity states amenable to facile electric-
dipole couplingare either the quasi-degenerate members of the tunneling doublets created by the induced-
dipole interaction with anon resonant optical field (combination ofelectric and optical fields)
[4,5,16,21,22,30] or the intersecting opposite-parity Zeeman levels that become exactly degenerate at their
intersection points (combination ofelectric and magnetic fields) [9, 10, 70, 71].

Herein we show that amagnetic and optical double-field interaction with a polar paramagnetic molecule
may create near-degeneracies ofadditional levels that can be easily coupled by even a weak electric field
(magnetic and optical and electric triple-field combination). Thereby, the triple-field combination could, for
instance, enable fast switching of dipolar orientation and other dynamical effects that arenot available in a
double magnetic and electric or optical and electric field combinations alone (not to speak about the single
fields). At the core ofthese novel triple-field effects is the lifting of the degeneracy of the projection quantum
number M by the magnetic field superimposed on the optical field and a subsequent coupling ofthe members of
the ‘doubled’ (for states with M # 0) tunneling doublets due to the optical field by a weak electrostatic field.

This paper is organized as follows: In section 2 we introduce the rotational Hamiltonian ofa ’% polar
molecule as well as its matrix representation in the Hund’s case (b) basis set. In sections 2.1-2.3 we present, in
turn, the single-field Hamiltonians for the electric, magnetic, and optical potentials. In section 2.4, we present
the full Hamiltonian for the electric and magnetic and optical triple-field interaction. In section 3 we present and
discuss the results of our calculations ofthe eigenproperties of the partial Hamiltonians as well as of the full
triple-field combined Hamiltonian. Section 4 surveys and summarizes our results. The appendix lists the key
matrix elements used in the calculations, describes the procedure developed to assign the states obtained by the
diagonalization ofthe Hamiltonian matrix, and lists the conversion factors needed to evaluate the dimensionless
parameters used throughout the paper in terms of customaryunits.

2.Rotational structure ofa polar ’ molecule in combined electric, magnetic and optical
fields

The phenomenological field-free rotational Hamiltonian ofa X molecule s given by [72]
Ho= BN?2+ yN - S, (D

where N and S are, respectively, the rotational and electronic spin angular momenta, B = 2—‘1 istherotational
constant, with | the molecule’smoment ofinertia in a given vibrational state hosted by the 2% electronic state,
and yis the spin-rotation coupling constant. Hamiltonian (1) neglects nuclear spin as well as the (small)
magnetic moment arising due to the rotation ofthe molecule.

While for a °% state the electronic spin angular momentum S = %, the orbital electronic angular

momentum is identically zero and so is the spin—orbit coupling. A X state thus exhibitsa Hund’s case (b)
couplingbetween the rotational and electronic angular momenta [ 72], with the projections ofthe total and spin
electronic angular momenta on the molecular axis (an axis of cylindrical symmetry) Q = X = %, seefigure 1.

The Hund’s case (b) basis functions are an equally weighted linear combination of Hund’s case (a) basis
functions, each a product ofa symmetric top wave function

2+ 1)

17, Q, M) = (=DM 2
8

DiM,*Q(es ¢s X) (2)
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Figure 1. Definition of Euler angles 6, ¢, x describingthe rotation ofthe molecule-fixed coordinates X, y, zwith respect to the space-
fixed coordinates X, Y, Z for adiatomic molecule depicted as a bar-bell. The green axis is the line ofnodes, perpendicular to both z
and Z. Also shown are therotational, N, electron spin, S, and total, J, angular momenta as well as the projections M and Q = X of J
on the space- and body-fixed axis.

and a spin function

aSJrZBS*Z

8. %) = JS+2)I(S-2)! @

with J = N + Sthetotal (rotation and electron spin) angular momentum quantum number, M and Q the
projections of the total angular momentum on, respectively, the space-fixed Z-axis and the body-fixed z-axis,
D {,LQ (0, ¢, %) the Wigner matrix, with 0, ¢, y the Buler angles, and o, B the spin functions. Thus for a > state

S= é), there are two types of Hund’s case (b) basis functions

M) - 5[5 3)  Jon-a. o)
N+ — M| =—1|S, = }I,Q, M)« |S,—=)|],-Q, M 4
wNe o) = s Dhmaan s [s -2 e 4
pertainingto J = N =+ %,with parity (—1)N. The corresponding eigenenergies are
E+[N + % M] —BN(N+ 1) + %N, )
B(N- M) - Bv v+ - Zove . ©)

The + states ofa 2Z molecule are conventionallyreferred to as F; (when J = N + %) and F, (when J = N — %).

Both Jand N but not Q are good quantum numbers for a field-free 2X molecule.

2.1.Interaction with an electric field
The interaction potential for a linear molecule with an electric dipole moment i alongthe molecule-fixed z-
axis subject to an electrostatic field g (a Stark field) defining a space-fixed Z-axis, see figure 2, is given by

Vet = —Bn cos 6, (7
where
_ Hgés
Ne = c? (8)

isadimensionless parameter characterizing the strength ofthe Stark interaction. We note that the attainable
external electric field €g is much weaker than the internal electric field produced by the molecule’s constituent
electrons and nuclei and thusiits effect on the electronic structure ofthe molecule is negligible. In what follows
we will deal solely with the effect of the external fields on the molecular rotational structure.

The cos 0 operator (arising from the direction cosine matrix, see appendix) mixes Hund’s case (b) basis
functions with the same M but with N's that differ by+1 and thus have opposite parities. As aresult, the states
created by the Stark interaction are of indefinite parity and N (and J) cease to be good quantum numbers. The
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Figure 2. An electrostatic field &g directed along the space-fixed Z-axis acting on a polar 25" £ molecule with an electric dipole
moment i, alongthe molecule-fixed z-axis. Also shown are the rotational, spin, and total angular momenta N, S, and J as well asthe
polar angle O between the space- and molecule-fixed axes and the azimuthal angle ¢ uniformly distributed about the Z-axis. See text.

H
A

Z

Figure 3. Amagneticfield () directed along the space-fixed Z-axisactingon a 25" IS molecule with a magnetic dipole moment 1,
alongtheelectronic spin vector S. Also shown are the rotational and total angular momenta N and J as well as the polar angle 8
between the space- and molecule-fixed axes and the azimuthal angle ¢ uniformly distributed about the Z-axis. See text.

only good quantum number is the projection M of J on the Z-axis. N and Jcan, nevertheless, be used as adiabatic
labels of the states in the field, in which case they are furnished with atilde, IN, J, M; n; — 0) — IN, J, M).

2.2.Interaction with a magnetic field

The interaction potential for a > molecule subject to a magnetic field (] (a Zeeman field) defining a space-fixed

Z-axis, see figure 3, is given by

where

Vin= —uy ' = Bn, Sz,

©

(10)
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Figure4. Anonresonant optical field g; polarized alongthe space-fixed Z-axis actingon apolar 25* £ molecule with paralleland
perpendicular components of the molecular polarizability oy and a; with respect to the molecular z-axis. Also shown are the
rotational, spin, and total angular momenta N, S, and J as well as the polar angle 8 between the space- and molecule-fixed axes and
the azimuthal angle ¢ uniformly distributed about the Z-axis. See text.

with f, = gy the electronic magnetic dipole moment of the 2 molecule, gg = 2.0023 the electronic
gyromagnetic ratio and p; the Bohr magneton.

The S operator couples Hund’s case (b) basis functions with the same M but with N's that are either the
same or differ by+2 and hence have the same parity. The selection rule on N moreover ensures that the
Hamiltonian matrix in the Hund’s case (b) basis for the Zeeman interaction ofa 2X molecule factors into blocks
that are no greater than 2 x 2, renderingthe corresponding Zeeman energy at most quadraticin [ . Apart from
M, also parity (— 1)1‘~I isa good quantum number.

2.3. Interaction with an optical field

As for anylinear species, the polarizability tensor ofa 2% molecule is anisotropic, with the principal component
alongthe molecular axis exceeding that perpendicular to the axis, oy > o,. When subject to an electric field g; of
an electromagnetic wave ofintensity [ linearly polarized along the space-fixed Z- axis, figure 4, whose
oscillation frequency is far removed from any molecular resonance, the molecule undergoes an interaction given
bythe potential

Vopt = —Bn,, cos? 6 — Bn,, (11)
where
Mopt L hln (12)
and
2moy, o [
ML= Be (13)
with
)
= —¢f. 14
s (14)

The V¢ potential is a double-well potential with two equivalent minimaat = 0 and 180°, separated by an
equatorial barrier at 6 = g Asaresult, all states bound by V,,, occur as doublets, split by tunneling through the
equatorial barrier. The cos® 0 operator of Vopt hybridizes free-rotor states of same parity and so the states created
by V,p are of definite parity, given by (— 1)’. The members ofany of the tunneling doublets have same M but J's
that differ by+1 and thus are of opposite parity. The tunnelingsplitting AE (n,,) o exp(— njpt ), see[73].

5
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Figure 5. Congruent electrostatic, magnetic and optical fields &g, [], and ¢ directed alongthe space-fixed Z-axis actingon a polar
2513 molecule with body-fixed electric and magnetic dipole moments g and gy, and polarizability components oy and o ;. Also
shown are the rotational, spin, and total angular momenta N, S, and J as well as the polar angle O between the space- and molecule-
fixed axes and the azimuthal angle ¢ uniformly distributed about the Z-axis. See text.
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Figure 6. Dependence of the eigenenergies ofa polar 2 molecule on the permanent electric dipole interaction parameter 1. F; and
F, levels are shown, respectively, by dashed and full lines. Red and blue curves pertain, respectively, to states with J = % and J = %
Notethathere n, = n,,, = 0.

2.4.Interaction with congruent electric, magnetic, and optical fields
In the congruent electric, magnetic, and optical fields, the potential is given by

Vel,m,opt =Va+ Vit Vopt (15)
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Figure 7. Probability densities, orientation and alignment cosines ofa 2% molecule as finctions of the permanent electric dipole
interaction parameter 1. Values pertainingto the F; and F; states are shown, respectively, by dashed and full lines. Blue and red
curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here n,, = My = 0.

and the corresponding Hamiltonian becomes
Hel,m,opt = Hp + Vel,m,opt' (16)
The molecular axis, z angular momenta, J, N, S and the dipole moments, p, 1, and polarizability

components, oy, o, as well as the space-fixed Z-axis are shown in figure 5.

Bydividing Hamiltonian (16) through the rotational constant Band makinguse ofequations (1), (7), (9),
and (11), we obtain the reduced Hamiltonian

Hel,m,opt _
5 -
=N+ y'N - S — ng cos 0 + 1,Sz — 1, cos” 0 — 1. (17)
withy' = L.
The eigenfunction ofthe triple-field Hamiltonian (17) can be written as
W= [T N Mg g ) = 2 M 1L K M) S, ) (18)
1L
with anormalization
)
‘cj{gw‘ - 1. (19)
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Figure 8. Dependence ofthe eigenenergies ofa polar X molecule on the magnetic dipole interaction parameter n,. F; and F, levels
are shown, respectively, by dashed and full lines in panels pertaining to signed values of the good quantum number M. Red and blue
curves pertain, respectively, to states with J = % and J = % Notethat here ng = n,, = 0.

The integral of the eigenfunction’s square over the spin variables
£00, 9,0 =D vy (20)
S

simplifies to

£0,0,0= D, cimzcimz(—DMK
M
AYTRY

27+ 1)(2) + 1
. \/ (2 )+
64n?
x Dk (0, ¢, 71D vk (0, ¢, %) ds5 2D

In order to visualize the directional properties of the molecular states created, we present probability
distributions ofthe spatial variables, 8, ¢, aspolar plotsof f (0, ¢, x = 0).

3. Results and discussion

The cigenenergies and eigenvectors of Hamiltonian (17) were obtained by numerical diagonalization ofthe
matrix representation of the Hamiltonian in Hund’s case (a) basis. For collinear fields, considered here, M isa
good quantum number and so the Hamiltonian matrix takes a block-diagonal form for different values of M.
For each M, the block was truncated at J = % to ensure the convergence of eigenvalues and eigenvectors. This
leads to formation of block matrices of rank 30. Each ofthese blocks was diagonalized separately. The
diagonalization was carried out using the Armadillo C++ linear algebra library [ 74].

In order to track which state is which as the interaction parameters 1, 1,,, and 1, were varied, a procedure
termed adiabaticfollowingwas developed. Instead of looking at the dependence on the interaction parameters of
the components of the eigenvectors, we monitored the scalar product ofthe states before and after a (small)

8
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Figure 9. Probability densities, orientation and alignment cosines ofa %X molecule as finctions of the magnetic dipole interaction
parameter 1,,. Values pertaining to the F, and F, states are shown, respectively, by dashed and full lines. Blue and red curves pertain,
respectively, to theleft (orientation) and right (alignment) ordinate. Note that here ny = n,, = 0.

change ofthe interaction parameter. The scalar product was calculated between a given state at the initial value of
the interaction parameter(s) and all the other states at the altered value ofthe interaction parameter(s). The
maximum ofthe scalar product was then found and used to identify the state that makes the smallest angle with
the given state.

All the calculations below were carried out for a generic X molecule with a value ofthe reduced spin-
rotation constant y' = y/B = 0.41 (which pertains, e.g., to the NaO molecule in its A’E state[75]).

3.1. Single-field effects

3.1.1. PureSarkinteraction

The Stark potential, equation (7), splits each J levelinto J + % states with different values of IM | but doesnot
undo the + M degeneracy. Figure 6 shows the dependence ofthe eigenenergies of the lowest six states on the
permanent electric dipole interaction parameter n, which is proportional to the electric field strength. Note
that at zero field, the energy levels are given by equations (5) and (6). All Stark states become high-field seeking
(i.e., their eigenenergy decreases with increasing field strength) at sufficiently high field strengths. However, at a

.T(jL:l) < é arefirst
high-field seeking (i.e., their eigenenergy increases with increasing field strength), as exemplified by the

1= %, N=1,IMI= %; M) and 1J = %, N =2 IMI= %; M) states. Thisbehavior results from the tilt
angle ofthe angular momentum (approximately conserved at low field strengths) with respect to the field vector
(space-fixed Z-axis). When the angular momentum isnearly perpendicular to the field vector, the molecule acts
like a planar rotor and spends most ofits time oriented oppositely to the direction of the Stark field, where the
rotor-fixed electric dipole moment interacts with the field repulsively. Once the field strength becomes sufficient
for the Stark potential to confine the molecular rotation and convert it into libration about the field vector, the
body-fixed dipole gets oriented alongthe field vector whereby the Stark interaction becomes attractive.

low field, where the Stark potential merely hinders molecular rotation, Stark states with

9
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Figure 10. Dependence ofthe eigenenergies ofa polar %X molecule on the anisotropic polarizability interaction parameter Topt- F,and
F, levels are shown, respectively, by dashed and full lines in panels pertaining to different values ofthe good quantum number IM I.
Red and blue curves pertain, respectively, to states with J = % and J = % .Notethathere n; = n, = 0.

Figure 7 shows the orientation and alignment ofthe lowest six states as a function of n,;. The orientation and

alignment ofthe molecular axis is characterized, respectively, by the expectation values {cos 0) and (cos? ). In
addition, the directionality of the states and its variation with field strength is visualized by the polar diagrams
displaying, at intervals, the probability density, equation (22). In these polar diagrams and in those that are to
follow below, the full range ofthe rainbow always corresponds to the full range of the probability. The absolute
directionality ofthe states is reflected in the shape of the polar plots and the plotted values ofthe alignment and
orientation cosines.

Asthemolecule becomes oriented in the + Z direction, the lower lobe ofthe probability distribution
becomes smaller and the upper lobe larger. At high electric field strengths the lower lobe is hardlyvisible. For a
given J and N, stateswith IM | = J have the lowest energy and exhibit the highest orientation. We note that, by

__O(E/B)

the Hellmann—Feynman theorem, (cos 0) = ,and so one can glean this key measure of directionality

from the slopes of the Stark energies.
Figure 7 also illustrates the variation of the directionality of the |J = %, N=1,IMl= %; ny) and

1= %, N =2, IMI= %; 1) states, i.e., the ‘wrong-way orientation at low field strengths and its conversion to
the ‘right-way’ orientation at high field strengths, as described above.

Aless intuitive effect ofthe electric field on the polar X molecule is a transfer ofthe probability density from
rotational to spin angular momentum, as reflected by the increase ofthe size of the polar plots.

3.1.2. PureZeaman interaction
The Zeeman potential, equation (9), undoes the + M degeneracy and splits each J levelinto 2J + 1 states with
different signed values of M.

Figure 8 shows the dependence ofthe eigenenergies ofa X molecule for the lowest twelve states on the
magnetic dipole interaction parameter 1,,, which is proportional to the magnetic field strength. The
eigenenergies are linear in 1}, for states with M = +J (so called stretched states) and at most quadratic for other
states. In the strong-field limit, F; states are low- or high-field seeking depending on whether M is positive or
negative, whereas F; states are all high-field seeking. In the strong-field (Paschen—Back) limit, the electron spin
and therotational angular momentum uncouple and the dependence ofthe Zeeman levels on the magnetic field
strength becomes % ~ Mgn,, where Mg = + % isthe projection ofthe spin angular momentum S on the Z-axis.

10
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Figure 11. Probability densities, orientation and alignment cosines ofa 2£ molecule as functions ofthe anisotropic polarizability
interaction parameter n,,. Values pertainingto the F and F; states are shown, respectively, by dashed and full lines. Blue and red
curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here n, = n, = 0.

-E-

The Paschen—Back uncouplingsetson at 1, > E 5 = Y (N + %), i.e,atn, & 1forthemolecular example

considered.

Since parity, (— I)N ,and M are good quantum numbers, the numerous crossings ofthe Zeeman levels that
come about for a X molecule are genuine. Of particular interest are crossings of levels with same M but opposite
parity, see section 3.2.2. We note that it is the Paschen—Back effect that precludes the occurrence of avoided
crossings ofthe 2X Zeeman levels[9, 10].

Figure 9 displays the directional properties ofa % molecule subject to a magnetic field. Since amagnetic
field cannot orient the molecular axis, the orientation cosine vanishes identically. However, the axis can be
aligned. The alignment cosine, concurrent for a given state with the expectation value of the magnetic dipole
moment [ 10], increases/decreases monotonously with 1 only for the stretched states with M < 0/M > 0,

while for therest it varies between ‘wrong-way’ (less than field-free value) and ‘right-way’' (more than field-free
value) alignment. In the Paschen—Back limit, the alignment tends to a constant value.

3.1.3. Purepodlarizability interaction with an optical fidd
Like the Stark potential, equation (7), the anisotropic polarizability interaction with a nonresonant optical field,

equation (11), splitseach J levelinto J + % states with different values of IM | but doesnot undo the + M
degeneracy.

Figure 10 shows the dependence ofthe eigenenergies of the lowest six states ofa X molecule on the
interaction parameter n,,,, which is proportional to the optical field intensity [ . One can see the formation of
the opposite-parity tunneling doublets with increasing 1., which become quasi-degenerate at high fields. Note

that the members ofa given tunneling doublet have same J. In contrast to the Stark interaction, where for a

11
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Figure 12. Dependence ofthe eigenenergies ofa 2% molecule on the optical field strength parameter Topt in the presence ofan electric
field. F; and F; levels are shown, respectively, by dashed and full lines in panels pertaining to different values ofthe good quantum
number IM |. Red and blue curves pertain, respectively, to states with J = % and J = % Notethatheren, = Sand 1, = 0.

given J, states with lower IM | have a higher eigenenergy, the eigenenergy of states created by the anisotropic
polarizability interaction increases with increasing IM |.

Figure 11 displays the directional properties ofa X molecule subject to an optical field. The optical field
doesnot orient the molecule but greatly enhances its alignment. Note that the alignment of the members ofa
given tunneling doublet becomes the same as their eigenenergies become exponentially quasi-degenerate as
xexp (— Tépt). Thisbehavior follows from the Hellmann—Feynman theorem, according to which

ot . . .
- ﬁ Wenote that the alignment ofthe state that becomes the higher member ofa tunneling

opt
doublet (and so has a higher value of N) always exceeds that ofthe lower member (with a lower value of N).
Interestingly, for a pair of Stark states with same J, it is the one with lower N that has the larger alignment ofthe
two. The optical field leads to a considerable transfer of the probability density from the rotational to the spin
angular momentum, asreflected by the increase in the size of the polar plots with increasing interaction
parameter n,.

(cos? 0) =

3.2.Double-field effects
In this section we will provide a summary of how two collinear fields affect a polar and polarizable %X molecule.

3.2.1. Congruent dedricand optical fidds
Figure 12 shows the dependence ofthe eigenenergies of the lowest six states ofa 2% molecule on the interaction
parameter 1, in the presence ofan electric field such that the correspondinginteraction parameter 1, = 5.
Compared with figure 10, we see that the opposite-parity tunneling doublets that were quasi-degenerate in the
absence ofthe electric field have been readily split due to the coupling by the electric dipole interaction. The
tunnelingsplitting in the combined fields at a given 1, is proportional to 1, AE; (n,, = const ., 1) & 1
[5,62].

Figure 13 displays the directional properties ofa £ molecule subject to an optical field in the presence ofan
electric field. These exhibit quite a few distinct features, such as the sudden back-and-forth variations ofthe
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Figure 13. Probability densities, orientation and alignment cosines ofa 2 molecule as functions ofthe anisotropic polarizability
interaction parameter n,, in the presence ofan electricfield. Values pertaining to the F, and F, states are shown, respectively, by

dashed and full lines. Blue and red curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here
Ny = Sandn, = 0.

orientation and alignment cosines with n,,,. Most of these features are connected with the mutual ‘repelling’ of
the levels within a given tunneling doublet—which lends the corresponding states opposite-way orientation—
and with intersections of those levels with levels of same |M | but pertainingto different tunneling doublets.

So, for instance, like its tunneling-doublet partner, the 1J = %, N=1IMI= %) state is initially right-way
oriented but flips its orientation, at Mopt ~ 23, dueto its interaction with the |J = 3, N=1,IMI= %) state.
Thisisreflected in the polar plots ofthe probability densities as well in that the upper lobe vanishes and the lower
lobe becomes huge, portending the wrong way orientation ofthe molecular state. Likewise, the
1J = %, N=1,IMI= %) state, which is initially wrong-way oriented, flips its orientation at n,,, = 23 duetoits

interaction with the |J = %, N=1,IMI= %) state and acquires a right-way orientation. The

IJ= %, N =2 IMIl= %) state undergoes the flip twice, whereby the first flip is due to the interaction with the
1J = %, N =1, IMI = %) state and the second flip comes about because ofthe state’s interaction with the
1 = %, N =2 Ml= %) stateat n,,, ~ 28 (ahigher-lyingstate not shown here). The state is right-way oriented

between these two flips and is wrong-way oriented in the high field region. Apart from that, there is, as expected,
aprobability density transfer from the rotational angular momentum to the spin angular momentum.

These flips in the orientation of the molecule are of particular importance since not only do these provide the
means for switching the orientation ofthe molecule, but, as we will see in section 3.3, the values ofthe interaction
parameter where the flips take place can be controlled by introducinga third field.
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Figure 14. Dependence of the eigenenergies ofa polar 2 molecule on the magnetic dipole interaction parameter n, in the presence of
an electric field. F; and F, levels are shown, respectively, by dashed and full lines in panels pertaining to signed values ofthe good
quantum number M. Red and blue curves pertain, respectively, to states with J = % and J = % Notethat here ny = 5Sand n,, = 0

3.2.2. Congruent dedricand magnetictidds
Figure 14 shows the dependence of the eigenenergies of the lowest twelve states ofa 2X molecule on the
interaction parameter 1), in the presence ofan electric field such that the corresponding interaction parameter
N, = 5. Compared with figure 8, we see that the genuine intersection in the absence of the electric field of the
opposite-parity levels have become avoided crossings due to the coupling by the electric dipole interaction. This
transforms the low-field seeking states into high-field seekers and vice versa.

The concomitant directional properties are exemplified in figure 15. For instance, the

J= %, N=1M=- %> state changes its shape from an oriented torus to an oriented double-lobed form

while the crossing ‘ J= %, N=1M=- %> state changes from an oriented double-lobe to an oriented torus.
Wenote that since the intersecting levels are exactly degenerate at the crossing point, even asmall electric field
can mix them and thus generate orientation. For 1, > 1, the maximum value ofthe orientation cosine is
determined just by the intersecting purely Zeeman states and is independent of 1, see [9, 10].

3.2.3. Congruent magneticand optical fidds

In light ofthe fact that the magnetic dipole interaction only couples states with same parity, the opposite-parity
members ofthe tunneling doublets created by the polarizability interaction with the optical field remain
uncoupled in the presence of the magnetic field. However, the magnetic field lifts the + M degeneracy ofthe
good quantum number IM | that characterizes each tunneling doublet in the optical field alone and thus, for
IMI > 0, doublesthenumber ofthe tunneling doublets.

Thisisillustrated in figure 16, which shows the dependence ofthe eigenenergies ofa X molecule on the
optical field in the presence of a magnetic field such that n,, = 2.5. Thekey feature ofthe ‘doubled’ tunneling
doublets is that they all remain quasi-degenerate at high n,,,. However, the states created by the anisotropic
polarizability interaction with the optical field are also affected by the presence of the magnetic field in other
ways than removingthe + M degeneracy. In particular, since the magnetic field moves the levels ofa
paramagnetic molecule around, see section 3.1.2, some of the tunneling doublets undergo a flip ofthe partner
levels: what was a lower member ofa doublet becomes a higher member and vice versa.
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Figure 15. Probability densities, orientation and alignment cosines ofa 2 molecule as functions ofthe magnetic dipole interaction
parameter 1, in the presence ofan electric field. Values pertainingto the F, and F, states are shown, respectively, by dashed and full

lines. Blue and red curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here n, = 5and
Topt = 0.

Figure 17 shows the directional properties ofa X molecule as a function ofan optical field in the presence of
amagnetic field. Aswe have seen in figure 9, the magnetic field does not alter the directional properties ofa
molecular state as created by the optical field unless the state encounters another state that couples to it. Since
neither amagnetic nor an optical field can orient a molecule, (cos 0) vanishes identically for all states created by
these fields.

Finally, we observe that the optical field leads to a significant transfer of probability density from rotational to
spin angular momentum in the combined magnetic and optical fields.

3.3. Triple-field effects

In this section we study the effects of all three fields acting on a polar and polarizable £ molecule
simultaneously.

Variation of thededricfidd. Figure 18 shows the dependence ofthe eigenenergies of the lowest six states on
the electric dipole interaction parameter 1, in the presence of constant magnetic (n,, = 2.5) and optical fields
(ype = 15). Since the presence of the magnetic field lifts the £ M degeneracy, the figure is split into four panels,
each pertainingto a given value of M, as states with M > 0 behave differently from states with M < 0. We see
that the states are paired up at n,; — 0 dueto the formation ofthe quasi-degenerate tunneling doublets by the
optical field. For n; > 0the doublets are increasingly coupled by the electric dipole interaction and split up asa
result. The magnetic field brings about arelative shift ofthe doublet levels which leads to avoided crossings.

Figure 19 shows the directional properties ofa X molecule as a function ofthe electric interaction
parameter at constant magnetic and optical fields. We again observe abrupt changes in the sense ofthe molecular
axis orientation. However, the field strengths at which these abrupt changes take place can be controlled by
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Figure 16. Dependence of the eigenenergies ofa polar 2X molecule on the anisotropic polarizability interaction parameter Topt in the
presence ofamagnetic field. Fj and F, levels are shown, respectively, by dashed and full lines in panels pertaining to signed values of
the good quantum number M. Red and blue curves pertain, respectively, to states with J = % and J = % Notethathere n, = 2.5and

Mg = 0.

tuningthe value ofthe superimposed magnetic field. For instance, the 1= %, N=1IMI= %) statein the
absence ofthe magnetic field changesits orientation at 1, = 4;here the change takes place at ahigher value of

the electric field for the I = %, N=1,M= —%) state (1, ~ 6atn, = 2.5) and for the

1 = %, N=1,M= %) state at a lower value ofelectric field (n, = 2atn, = 2.5).

In general, for states with M < 0, the higher the value of the magnetic field, the greater is the electric field
strength required to flip the orientation ofthe state—and vice versa for states with M > 0:the higher the value of
magnetic field, the lower is the electric field strength required to flip the orientation. Thishappens because the
avoided crossings formed that lead to a flip in orientation arise at a lower electric field for states with M < Oand
ahigher electric field for states with M > 0 asthe magnetic field strength isincreased. For M < 0, the lower of
the two states forming the avoided crossing s high-field seeking and the higher state is low-field seekingunder
the magnetic field alone. Thisresults in an increase in the energy splitting between these two states as the
magnetic field is increased. This, in turn, leads to the formation ofavoided crossings, and hence to the flipping of
the orientation ofthe state at a higher electric field. On the other hand, for M > 0 states, the higher ofthe two
states forming the avoided crossingis high-field seeking and the lower state is low-field seekingunder the
magnetic field alone. Thisresults in a decrease ofthe energy splitting between these two states as the magnetic
field isincreased and the formation ofavoided crossings, and henceto the flipping ofthe orientation ofthe states
at alower electric field. The above feature of the triple-field interaction lends itselfas ameans to control the sense
ofthe molecular axis orientation with the superimposed magnetic field as a control parameter.

Variation of themagneticfidd. Figure 20 displays the dependence of the eigenenergies ofa X molecule on
the magnetic field in the presence ofan electricfield (n, = 5) and optical field (nopt = 15). Aswe can see, the
tunnelingdoublets are no longer quasi-degenerate as theyare split by the electric field. Figure 20 bears a
similarity with figure 14; however, due to the level shifts brought about by the optical field, the energy splitting at
theavoided crossingof, e.g., the 1J = %, N=1,M= - %) and IJ = %, N=1,M= - %) statesis less than in
the absence ofthe optical field. This leads to amuch more abrupt variation ofthe orientation cosine in the
vicinity ofthe crossing, as can be seen in figure 21. In addition, by comparing figures 21 and 15, we see that the
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Figure 17. Probability densities, orientation and alignment cosines ofa 2 molecule as functions ofthe anisotropic polariuzability
interaction parameter n,, in the presence ofa magnetic field. Values pertainingto the F, and F, states are shown, respectively, by

dashed and full lines. Blue and red curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here
N, = 25and n, = 0.

presence of the optical field can lead to a higher orientation ofthe states (i.e., greater values of 1{cos 0) I. The
flipping ofthe orientation can be conveniently controlled by makinguse ofthe optical field as a control
parameter. For states with M < 0, the higher the optical field, the lower is the magnetic field required to flip the
orientation and vice versa for stateswith M > 0. This is because the electric field couples the tunneling doublets
formed by the optical field. For M < 0 states, the lowest state for every M is a high-field seeking state which,
therefore, does not have any points ofinflection. The avoided crossings, where the flipping of the orientation
takes place, are formed between states of different J. The energy splitting between these states decreases with
increasingoptical field as the tunneling doublets formed by the optical field are coupled bythe electric field. This
leads to adecrease in the magnetic field strength required to flip the orientation ofthe state with increasing
optical field. On the other hand, for states with M > 0, the lowest state for each M is a low-field seeking state
under the magnetic field interaction. So the avoided crossings where the flip in orientation takes place are within
the same tunneling doublet. The energy splitting between the two states increases with increasing optical field
because the tunneling doublets are coupled by the electric field, thereby requiring a greater magnetic field to flip
the orientation.

Variation of theoptical fidd. Figure 22 shows the dependence of the eigenenergies on the optical field strength
parameter 1, in the presence ofelectric (v, = 5) and magnetic (n,, = 2.5) fields. Like in figure 16, we see that
the tunneling doublets split by the electric dipole interaction. However, due to the Zeeman shifts, some ofthe
levels have interchanged their order. So the lower member ofthe Jj= %, M= %, N=0,1 > tunneling doublet

hasbecome the higher member and the higher member has become the lower member. Such an interchange in
the order ofthe states occurs because the two states genuinely cross each other under the effect of magnetic field,
see figure 8.
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Figure 18. Dependence of the eigenenergies ofa polar X molecule on the electric dipole interaction parameter n in the presence ofa
magnetic and an optical field. F; and F, levels are shown, respectively, by dashed and full lines in panels pertaining to signed values of
the good quantum number M. Red and blue curves pertain, respectively, to states with J = % and J = % Notethat here n,, = 2.5and

Topt = 15.

Thisis detailed in figure 23 which shows the dependence on the optical field 0, ofthe tunnelingsplitting,
%, between the 1] = %, N =0, IMI= %) and ] = %, N=1,IMI= %) states (the lowest tunneling doublet)
in the absence (red curve) and presence (blue curves) of the magnetic field. The magnetic field separates the
tunnelingdoublet into two, with each pertainingeither to M = % orM= — % Anegative tunneling splitting
correspondsto areversal ofthe order ofthe members ofthe tunnelingdoublets. We note that the tunneling
doublets depicted become quasi-degenerate in the high field region, following the % x exp(— no%pt) asymptotic
dependence.

Figure 24 details what happens when an electric field (correspondingto n, = 5) issuperimposed. Thered
curve shows the tunneling splitting AE,/B in the absence ofthe magnetic field. Since the electric field couples the
1= %, N=0,IMI= %) and ] = %, N=1,IMI= %) states in question, they ‘repel’ each other asaresult.
Initially, the tunneling splitting rapidly increases with the optical field only to taper offin the high field region.
When the magnetic field is switched on, this tunneling doublet divides into two separate tunneling doublets, one
with M = — % and another with M = % The tunneling splitting ofthe two tunneling doublets formed is shown
by the dashed blue line. While the dependence on n,, ofthe tunnelingsplitting of the doublet pertaining to

M= — % resembles that of the tunneling doublet in the absence ofthe magnetic field, the tunneling splitting

keeps on increasing with the optical field strength for the doublet pertainingto M = % Note that in the latter
case, themembers ofthe tunneling doublet interchanged their order, asreflected in the change of sign of AE;/B
from positive to negative.

Figure 25 shows the directional properties ofa > molecule as a function ofthe optical field in the presence
ofboth electric (1, = 5) and magnetic (n,, = 2.5) fields. The presence of the magnetic field can be used to
control the optical field strength at which the orientation cosine changes sign. The optical field strength required
to flip the orientation decreases with increasing magnetic field for states with M < 0 and vice versa for states
with M > 0. Finally, we note that the tunneling doublet member with greater N exhibitsa wrong way
orientation in the high field region, except for the case when the two members ofthe tunneling doublet have
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Figure 19. Probability densities, orientation and alignment cosines ofa 2X molecule as functions of the electric dipole interaction
parameter 1, in the presence ofa magnetic and an optical field. Values pertainingto the F; and F, states are shown, respectively, by
dashed and full lines. Blue and red curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here
M = 2.5and n, = 15.

exchanged their labels; in this latter case it is the state with lower N that exhibits a wrong way orientation at high
optical fields.

4. Conclusions

We examined the eigenproperties of polar, paramagnetic, and polarizable linear molecules in congruent electric,
magnetic, and nonresonant optical fields by numerical diagonalization ofthe corresponding Hamiltonian
matrix. We found that the directionality of the molecular states which can be achieved with the triple-field
combination supersedes—in its magnitude as well as controllability—that obtained by the double-field
combinations or single fields, as studied previously. The highly directional molecular states created by the triple-
field combination can be then acted upon by space fixed fields, permitting to manipulate readily and efficiently
both therotation and translation ofthe molecules. Possible applications abound, but here we would like to
emphasize the potential for manipulating cold molecules. Not only are cold molecules generally more
susceptible to manipulation by external fields due to their low translational energy, but some of their
applications, such as quantum computing [ 76] or the search for the electric dipole moment ofthe electron [ 70],
have already envisioned the use of combined fields for both trappingand probing. The present paper expands on
what the use ofthe triple-field combination would entail.

The combination ofan optical and amagnetic field creates a multitude of degenerate or quasi-degenerate
states of opposite parity that can undergo a facile coupling by a superimposed (weak) electric field. This is the
essence of the effects ofthe three congruent fields and the basis for their synergy. That one ofthe fields—the
optical one—can be varied or switched on and offat time scales on the order ofthe rotational period would lend

19



I0P Publishing

Newd Phys 17(2015) 045017 K Sharma and BFriedrich

N3
=
-
=

3/2,2

E/B

TUan

E/B

—10r T 12,0

_15,

szl/‘2 ‘ M=1/2 ‘ ‘
0 2 4 0 2 4
Mm Nm

Figure 20. Dependence of the eigenenergies ofa polar X molecule on the magnetic dipole interaction parameter 1, in the presence of
an electric and an optical field. F; and F, levels are shown, respectively, by dashed and full lines in panels pertaining to signed values of
the good quantum number M. Red and blue curves pertain, respectively, to states with J = % and J = % Notethathere n, = 5and

Topt = 15.

amanipulation technique based on the triple-field effects a degree of controllability that isneeded for such
applications as stereo-dynamical collisional studies or quantum computing.

In our forthcoming work we will examine the non adiabatic effects that are expected [30] to arise when the
optical field is varied at time scales shorter than the rotational period of the molecule. Also worthy ofexploringis
the dependence ofthe triple-field effects on the tilt angles amongthe three field vectors[21, 71]. Relevant to both
isthe topology of the eigenenergy surfaces spanned by the 0, n,,, and n,, interaction parameters that may result
in conical intersections [ 63, 64], another subject of our forthcoming study.
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Appendix A. Direction cosine matrix elements in the symmetric top basis

Thenon-vanishing elements ofthe direction cosine matrix, ¢ Ij ,used in this work are given by

<J’, Q, M’

oi]1. 0. M)= f(J’, J)gj (J’, Q7 Q)

x hy(J, M, J, M) (22)
with £(J', J), g J', Q' J, Q),and h; (J', M, J, M) listed in tables A1 —A5, see [ 72].
A.1.Matrix elements in Hund s case (a) basis

For the electric field interaction, we need matrix elements ofthe operator cos 0 which arelisted in table A6 .
For the optical field interaction, we need matrix elements ofthe operator cos? 0, which are listed in table A7 .
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Figure 21. Probability densities, orientation and alignment cosines ofa 2 molecule as functions of the magnetic dipole interaction
parameter 1, in the presence ofa magnetic and an opticalfield. Values pertainingto the F; and F, states are shown, respectively, by

dashed and full lines. Blue and red curves pertain, respectively, to the left (orientation) and right (alignment) ordinate. Note that here
Ny = Sand n,, = 15.

For the magnetic field interaction, we need the matrix elements ofthe Sy operator
1 — - zQz
S, = E(¢Z+S +,8) + 6787, (23)

where the superscripts pertain to the body-fixed and the subscripts to the space-fixed frame. The electron spin
matrix elements are

<S,ﬂ:%‘(], Q, M| St

s,%>|J, QM) - 1, (24)

<S,i%‘(J, Q,M|S, (25)

S, :l>|J, QM) =1
2 2

Appendix B. Conversion factors

With quantities express in customary units, the dimensionless interaction parameters are given by:
7 ny = 0.0168 p (Debye) es(kV em 1)/B(em ™),
T n, = 0.9347 [ (Tesla)/B(cm ),

0 My = 1.05 % 1071 Aa[A] 0 (W em2)/B(em ™).
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Figure 22. Dependence of the eigenenergies ofa polar 2% molecule on the anisotropic polarizability interaction parameter Topt in the
presence ofan electric and a magnetic field. F, and F, levels are shown, respectively, by dashed and full lines in panels pertaining to
signed values ofthe good quantum number M. Red and blue curves pertain, respectively, to states with J = % and J = % Note that
heren, = 2.5and n, = 5.
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Figure 23. Dependence of the tunneling splitting AE;/B = (Ej- ;N =1, IMI= % — Ej- 1 R=0IMI- ;)/B on the optical field
interaction parameter 1, for n,, = 0 (red curve) and n,, = 2.5 (blue curves).

Table B shows what values the interaction parameters 1, 1,,, and 1, take at particular values of the

respective field strengths for choice X molecules.
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Figure 24. Dependence of the tunneling splitting AE,/B = (Ej- IR=1m=L — E

=1N=0Imi=] )/B on the optical field interaction
parameter 1, for i, = 5(red curve) and n, = 2.5 (blue curves).
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Figure 25. Probability densities, orientation and alignment cosines ofa 2 molecule as functions ofthe anisotropic polarizability
interaction parameter n, in the presence ofa magnetic and an electricfield. Values pertaining to the F; and F; states are shown,
respectively, by dashed and full lines. Blue and red curves pertain, respectively, to the left (orientation) and right (alignment) ordinate.
Notethathere n, = Sand n, = 2.5.

Table Al. The f(J', J) term ofthe
direction cosine matrix,

equation (22).
£J%5 )
- 1
J=J+1 _—
40+ DJ@T DI+ 3)
y = 1
a0+ 1)
I'=7J-1

—_—

40+ D)Y@+ DH2I-1
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Table A2. The g,(J', Q'; J, Q) term ofthe
direction cosine matrix, equation (22).

g, (', 5], Q)

V=1J+1 2J0+Q+ DI-Q+ 1)
=1 2Q

y=1-1 20+ Q)0- Q)

Table A3. The g, (', Q' = 1;J, Q)and iigy(J', Q+1;1,Q)
terms of the direction cosine matrix, equation (22).

g (J,Q £ 1;1, Q)or iigy(J’, Q'+ 1;],Q)

I=J+1 0 Q+ DI+ Q+2)
V= JOFQUFQ+1)
I'=J-1 FJOFQUIFQ-1)

Table A4. The hz (J', M'; J, M) term of the
direction cosine matrix, equation (22).

hz (J', M'; J, M)

V=J+1 20+ M+ DHJ- M+ 1)
V=1 2M

y=1-1 2J0+ MJT - M)

Table A5. The hx(J', M' £ 1; J, M)and +ihy(J', M' = 1;J, M)
terms ofthe direction cosine matrix, equation (22).

hy (', M' £ 1;J, M)or +ihy (', M £ 13 J, M)

J=J+1 FJOEM+ DI+ M+2)
I = JIEMJFMA+ 1)
I=J-1 FVOFMJFM- D)

Table A6. Non-vanishing matrix elements ofthe
cos 0 operator in the symmetric top basis set.

<J’, Q, M lcos 01 J, Q, M>

Y=g+ I+ QT DI-Q+ DI+ M+ H{I- M+ 1)
(J+ @I+ D@2+ 3)

y = oM

Jg+1
r=J-1 VU+Q)I- Q)+ M)(J- M)

@+ n@i- 1)

Table A7. Nonvanishing elements ofthe cos? § operator in the symmetric top basis set.

<J’QM |cos? | JQM>

Y =142 T+ Q120+ Q+r NI-Q+2)I-Q+ DA+ M+ 2+ M+ DI-M+2)(I-M+ 1)
T+ DI+ 2)(21+ 3)J@I+ )(2I+ 5)

J =7+ 1 OMJU+ O+ DI-QF DOFMF HI-M+ D [ 1 1
J+ 2@+ DI+ 3) J J+2
2_02y(12- M2 2n 2 2_ 02 2_ M2
y =7 2-0)2-mM3y M2 [+ D20+ )I-MD
12(412- 1) 123+ 1)2 J+ D2@EA+12-1)
y=7-1 oM{T+QI-QEMI-M [ 1 ;]
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y=J-2 JI+ QU+ Q- DI- - Q- HA+M)J+ M- (- M)(J- M- 1)
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Table B1. Rotational constants, B, spin-rotation constants, y, electric dipole moments, 1, polarizability anisotropies, Aa., and values of
the dimensionless interaction parameters 1, 1,,, and Topt at electric, magnetic, and optical fields of 100 kV em ™!, 1 Tesla, and 10'?

W cm 2, respectively, for choice 2Z molecules, see text. Dipole moments and polarizabilities given in parentheses are estimates. Compi-
lation based on [5, 77—86] and own calculations.

Molecule B(cm™) y(em™h) p(D) Aa (A%) 1y @100 kV cm ™! n,@1T Tyt @102 W om ™
NaO 0.462 0.193 7.88%° 2.88%° 3.63 2.02 180.1

CaH 4.28 0.045 2.94 1.95° 1.15 0.22 4.81

CaF 0.34 0.0013 3.34 4.83%° 16.4 2.75 150

MgH 5.83 0.020 127 2.29 0.37 0.16 4.15

RbO 0.24 -0.019 (8.5) 0.422°° 60 3.9 18.57

BeH 10.32 0.005 0.1069 1.70 0.16 0.09 1.74

CN 1.99 0.0073 1.45 0.383 1.22 0.47 2.03

CaCl 0.15 0.0014 4.47 1.05°° 50.06 6.23 73.92

* Calculated using Gaussian 09 [87].
® Becke3LYP type calculation using 6311+ +G** basis.
¢ Becke3LYP type calculation using TZP-DKH basis [ 88, 89].

References

1] Lemeshko M, Krems RV, Doyle JM and Kais S2013 Mal. Phys 111 1648-82
2] Slenczka A, Friedrich Band Herschbach D 1994 Phys Rev. Lett. 72 1806
3] Friedrich B, Slenczka A and Herschbach D 1994 Can. J Phys 72 897
4] Friedrich Band Herschbach D 1999 J. Chem. Phys 1116157
5] Friedrich Band Herschbach D 1999b J Phys Chem. A 103 10280
6] Ortigoso J, RodriguezM, Gupta M and Friedrich B 1999 J. Chem. Phys 1103870
7] Seideman T 1999 J Chem. Phys 1114397
8] Seideman T 1999 Phys Rev. Lett. 83 4971
[9] Friedrich Band Herschbach D 2000 Phys Chem. Chem. Phys 2419
[10] Boca Aand Friedrich B2000 J. Chem. Phys 112 3609
[11] LarsenJ,Hald K, Bjerre N, Stapelfeldt H and Seideman T 2000 Phys Rev. Lett. 852470
[12] CaiL, Marango Jand Friedrich B2001 Phys Rev. Lett. 86 775
[13] CaiLand Friedrich B2001 Cdledt. Czech. Chem. Commun. 66 991
[14] Averbukh I and Arvieu R2001 Phys Rev. Lett. 87 163601
1
1
1
1

[
[
[
[
[
[
[
[

[15] Leibscher M, Averbukh I and RabitzH 2003 Phys Rev. Lett. 90213001
[16] SakaiH, Minemoto S, Nanjo H, Tanji H and Suzuki T 2003 Phys Rev. Lett. 90 83001
[17] Friedrich B, Nahler N H and Buck U 2003 J Mod. Opt. 50 2677
[18] Friedrich B2003 Manipulating cold molecules with non resonant fields Modern TrendsChemical Reaction Dynamics ed X Yangand
K Liu (Singapore: World Scientific)
[19] Leibscher M, Averbukh I and RabitzH 2004 Phys Rev. A 69 13402
[20] Buck U and Farnik M 2006 Int. Rev. Phys Chem. 25 583
[21] Haértelt M and Friedrich B2008 J. Chem. Phys 128 224313
[22] PoteryaV, Votava O, Farnik M, Oncak M, Slavicek P, Buck U and Friedrich B2008 J. Chem. Phys 128 104313
[23] Leibscher M and Schmidt B2009 Phys Rev. A80 12510
[24] Holmegaard L, Nielsen JH, Nevo I and Stapelfeldt H 2009 Phys Rev. Lett. 102 23001
[25] Owschimikow N, Schmidt Band Schwentner N 2009 Phys Rev. A 80 53409
[26] Ohshima Yand Hasegawa H 2010 Int. Rev. Phys Chem.29 619
[27] Gershnabel Eand Averbukh 12010 Phys Rev. Lett. 104 153001
[28] Owschimikow N, K6énigsmann F, Maurer J, Giese P, Ott A, Schmidt Band Schwentner N 2010 J. Chem. Phys 133 044311
[29] Owschimikow N, Schmidt Band Schwentner N 2011 Phys Chem. Chem. Phys 13 8671
[30] Nielsen J, Stapelfeldt H, Kiipper J, Friedrich B, Omiste Jand Gonzalez-Férez R 2012 Phys Rev. Lett. 108 193001
[31] Zhao B, Lee S, ChungH, Hwang S, Kang W, Friedrich Band Chung D 2003 J. Chem. Phys 119 8905
[32] Fulton R, Bishop A1, Barker P and Shneider M N 2006 Nat. Phys 2 465
[33] Friedrich Band Meier G 2006 Nat. Phys 2 437
[34] Filsinger F, Kiipper J, Meijer G, Holmegaard L, Nielsen JH, Nevo I, Hansen J Land Stapelfeldt H 2009 J. Chem. Phys 131 64309
[35] van de Meerakker SYT, Bethlem H L, Vanhaecke N and Meijer G 2012 Chem. Rev. 112 482878
[36] Holmegaard L2010 Nat. Phys 6428
[37] Bisgaard C Z, Clarkin O J, Wu G, Lee AM D, Gessner O, Hayden C C and Stolow A 2009 Sdence323 1464
[38] Hansen JL, Stapelfeldt H, Dimitrovski D, Abu-samha M, Martiny C P Jand Madsen L2011 Phys Rev. Lett. 106 073001
[39] Landers Aetal 2001 Phys Rev. Lett. 87 013002
[40] ElghobashiN and ManzJ2003 |5 J. Chem. 43 293
[41] ElghobashiN, Gonzalez Land ManzJ2004 J. Chem. Phys 120 8002
[42] Fischer M, Lorenz U, Schmidt Band Schmidt R2011 Phys Rev. A84 033422
[43] Madsen C B,Madsen LB, Viftrup SS, Johansson M P, Poulsen T B, Holmegaard L, Kumarappan V, Jorgensen K Aand Stapelfeldt H
2009 J. Chem. Phys 130234310
[44] ItatanilJ, LevesqueJ, Zeidler D, Niikura H, Pépin H, Kieffer J C, Corkum P Band Villeneuve D M 2004 Nature432 867
[45] Jin C, Bertrand J, Lucchese R, Worner H, Corkum P, Villeneuve D, Le A-T and Lin C 2012 Phys Rev. A85 013405
[46] Yuan K-Jand Bandrauk A 2009 Phys Rev. A80 053404
[47] Bandrauk AD and IvanovM (ed) 2011 Quantum Dynamiclmagng(New York: Springer)

25



I0P Publishing

NewJ Phys 17(2015) 045017 K Sharma and BFriedrich

[48] Smirnova O, Mairesse Y, Patchkovskii S, Dudovich N, Villeneuve D, Corkum P and IvanovM Y2009 Nature460 972

[49] Rupenyan A, Bertrand J, Villeneuve D and Worner H 2012 Phys Rev. Lett. 108 033903

[50] Mohn F, Gross L, MolI N and Meyer G 2012 Nat. Nanotechnology 08 1

[51] BaranovM A, Dalmonte M, Pupillo G and Zoller P 2012 Chem.Rev. 1125012

[52] Manmana SR, Stoudenmire EM, Hazzard KR A, Rey AM and Gorshkov AV 2013 Phys Rev. B87 081106

[53] DeMille D 2002 Phys Rev. Lett. 88 067901

[54] Schneider B, Gollub C, Kompa K-Land de Vivie-Riedle R 2007 Chem. Phys 338 291

[55] KorffBM R, Troppmann U, Kompa K-Land de Vivie-Riedle R 2005 J. Chem. Phys 123 244509

[56] Troppmann U, Tesch C M and de Vivie-Riedle R 2003 Chem. Phys Lett. 378 273

[57] WeiQ, KaisS, Friedrich Band Herschbach D 2011 J. Chem. Phys 134 124107

[58] WeiQ, Kais S, Friedrich Band Herschbach D 2011 J. Chem. Phys 135 154102

[59] Zhu J,Kais S, Wei Q, Herschbach D and Friedrich B2013 J. Chem. Phys 138 024104

[60] Lemeshko M, Mustafa M, Kais Sand Friedrich B2011 Phys Rev. A83 043415

[61] Lemeshko M, Mustafa M, Kais Sand Friedrich B2011 New J. Phys 13 063036

[62] Schmidt Band Friedrich B2014 J. Chem. Phys 140 064317

[63] Schmidt Band Friedrich B2014 Front. Phys 2 37

[64] Schmidt Band Friedrich B2015 Phys Rev. Ain press

[65] Arango C A, Kennerly W W and Ezra G S2004 Chem. Phys Lett. 392 486

[66] Sadovski D Aand Zhilinski BI2006 Mdl. Phys 104 2595

[67] TariqN, Taisan N A, Singh Vand Weinstein JD 2013 Phys Rev. Lett. 110 153201

[68] Friedrich B2013 Physics6 42

[69] Bunker P Rand Jensen P 2005 Fundamentalsof Moleaular Symmetry (Bristol: Institute of Physics Publishing)

[70] Vutha A, Spaun B, Gurevich Y, Hutzler N, Kirilov E, Doyle JM, Gabrielse G and de Mille D 2011 Phys Rev. A 84 034502

[71] Bohn JLand Quemener G2013 Mal.Phys 111 1931

[72] Lefebvre-Brion H and Field R 2004 TheSpedtraand Dynamicsof DiatomicMoeaules(Amsterdam: Elsevier)

[73] Friedrich Band Herschbach D 1996 Z. Phys D 36 221

[74] Sanderson C 2010 Technical Report NICTA41

[75] Joo S, Worsnop D R, Kolb CE, Kim SKand Herschbach D R 1999 J. Phys Chem. 103 3193

[76] KarraM and Friedrich B2015 to be published

[77] Steimle T, Chen Jand Gengler J2004 J. Chem. Phys 121 829

[78] Toerring T, Ernst W and Kindt S 1984 J Chem. Phys 81 4614

[79] Childs W, Goodman G and Goodman L1981 J Mol. Spedtrosc 86 365

[80] LanghofS, Bauchlichter C and Partridge H 1986 J Chem. Phys 84 4474

[81] Lindsay D, Herschbach D and Kwiram A 1974 J. Chem. Phys 60315

[82] Knight Land Weltner W 1970 J. Chem. Phys 534111

[83] Brumer P and Karplus M 1973 J. Chem. Phys 58 390318

[84] Huber Kand Herzberg G 1978 Molewular Soedtraand Madewular Srudure Congantsof DiatomicMoleaules(New York: Van Nostrand-
Reinhold)

[85] Gopakumar G, Abe M, Hada M and KajitaM 2014 J Chem. Phys 140 224303

[86] Kobayashi T, Sasagane K and Yamaguchi K 1997 Int. J. Quantum Chem. 65 665

[87] Frisch M Jet al 2009 Gausian09 (Wallingford CT: Gaussian Inc.)

[88] Feller D 1996 J Comput. Chem. 17 1571

[89] Schuchardt KL, Didier BT, Elsethagen T, Sun L, Gurumoorthi V, ChaseJ, Li Jand Windus T L2007 J Chem. Inf. Modd. 47 1045

26






