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We use rigorous quantum mechanical theory to study collisions of magnetically oriented cold
molecules in the presence of superimposed electric and magnetic fields. It is shown that electric
fields suppress the spin-rotation interaction in rotationally excited 2� molecules and inhibit
rotationally elastic and inelastic transitions accompanied by electron spin reorientation. We
demonstrate that electric fields enhance collisional spin relaxation in 3� molecules and discuss the
mechanisms for electric field control of spin-changing transitions in collisions of rotationally excited
CaD�2�� and ND�3�� molecules with helium atoms. The propensities for spin depolarization in the
rotationally excited molecules are analyzed based on the calculations of collision rate constants at
T=0.5 K. © 2006 American Institute of Physics. �DOI: 10.1063/1.2374896�

I. INTRODUCTION

Manipulating molecular collisions and chemical reac-
tions by electromagnetic fields is a major thrust of modern
chemical physics.1 External fields may induce scattering
resonances,2 allow forbidden electronic transitions,3,4 and
close or open reaction pathways.5 Under appropriate condi-
tions, external fields can align and orient molecules with re-
spect to the space-fixed quantization axis, thereby providing
a tool for studying the effects of stereodynamics in molecular
collisions. The observation of molecular orientation by exter-
nal electric fields has been reported by Friedrich and
Herschbach4 and Loesch and Remsheild.6 Modern experi-
mental techniques use strong laser pulses7,8 in combination
with dc electric fields9 to effectively orient molecular wave
packets and control their dynamics.1,10 Among other methods
for aligning molecules,11 the techniques based on the inter-
action with electric fields proved to be most general and
versatile. The effects of orientation by static electric
fields have been studied in molecular collision
experiments,12 as well as in infrared,13 electronic,4 and
rovibrational14 spectroscopy and modeled by classical trajec-
tory calculations.12,15

The creation of cold molecules5,16–18 offers new exciting
perspectives for applications of the orientation and alignment
techniques developed. Methods such as buffer gas loading16

and Stark deceleration of molecular beams18 produce cold
molecular samples with translational energies of molecules
comparable to, or less than, the potentials induced by labo-
ratory practicable electric and magnetic fields. External field
control of molecular dynamics can therefore be most readily
achieved in cold molecular gases.5 Chemical reactions of
cold molecules have been shown to depend sensitively on the
stereodynamics of the reactants19 and aligning cold mol-
ecules with external fields may become a useful mechanism
for controlling state-selective chemistry. Applications of ex-

ternal field control of cold molecules go beyond chemical
physics. Recent proposals include novel quantum computa-
tion schemes,20 precision spectroscopy to test fundamental
symmetries of nature,21 and controlling the motion of mol-
ecules on optical lattices to model quantum condensed-
matter systems.20,22

Strong inhomogeneous magnetic fields are used to con-
fine open shell molecules in a trap by orienting their electron
spin.17 Inelastic collisions may lead to reorientation of the
aligned molecules. This process �also called spin or Zeeman
relaxation� results in spin depolarization of molecules and
trap loss so it limits the applicability of the buffer-gas load-
ing and evaporative cooling techniques.23 It may also lead to
decoherence of qubits in quantum computation schemes in-
volving polar 2� molecules on an optical lattice.20 Colli-
sional spin depolarization of cold molecules has therefore
been studied by several authors.5,24–27 It was demonstrated
that Zeeman relaxation in collisions of rotationally ground
state 2� and 3� molecules proceeds through coupling to ro-
tationally excited states followed by the spin-rotation or
spin-spin interactions in the excited rotational states. Re-
cently, we have shown that spin relaxation in 2� molecules
can be manipulated by dc electric fields.28 In particular, it
was found that electric fields suppress Zeeman transitions in
the rotationally ground-state molecules by increasing the en-
ergy gap between the rotational levels. Spin relaxation of
rotationally excited molecules was, however, not considered.

Rotationally excited molecules can potentially be con-
fined in deep magnetic traps. If the trapping potential is
larger than the splitting between the rotational energy levels
of the molecules and collisionally induced rotational transi-
tions preserve the electron spin orientation, rotational relax-
ation, while releasing energy, may not be accompanied by
trap loss. Trapped clouds of rotationally excited molecules
may thus be used to study quantum transport of energy at
low temperatures. Trapping rotationally excited molecules
may also be used to measure the lifetime of rotationally ex-
cited states,29 or create a lattice of molecules in superposi-a�Electronic mail: timur@chem.ubc.ca
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tions of different rotational states.30 It was recently shown
that such a system is characterized by strong dipole-dipole
interactions even in the absence of electric fields, which is
exploited in quantum computation studies20 and leads to the
development of novel condensed phases of matter.30 It is
therefore important to understand the propensities for spin
depolarization in collisions of rotationally excited molecules
at cold and ultracold temperatures and, if possible, find
mechanisms to suppress spin-changing transitions.

In this paper, we study spin relaxation in collisions of
rotationally excited 2� and 3� molecules with helium atoms
at low temperatures �in the range from tens of millikevins to
4 K�. Molecules at these temperatures can be produced with
cryogenic cooling techniques16,31 so our results can be
readily verified in cold molecule experiments. We use rigor-
ous quantum scattering calculations to explore the effects of
external electric and magnetic fields on the dynamics of ro-
tational and spin relaxations. It is shown that orienting mol-
ecules with dc electric fields suppresses spin-dependent in-
tramolecular interactions and can therefore be used to
manipulate spin relaxation and inelastic collisions in rota-
tionally excited states.

After a brief description of the theory in Sec. II, we
discuss the effects of electric and magnetic fields on spin
relaxation of rotationally excited CaD�2�� and ND�3�� mol-
ecules in collisions with helium �Sec. III�. The CaH molecule
was the first molecular species captured in a magnetic trap17

and it is believed to be a good candidate for cryogenic cool-
ing and trapping experiments.32 The NH molecule is a pro-
totype of 3� molecules with large rotational constants and
strong spin-spin interactions. It was cooled in a molecular
beam experiment.31 In Sec. IV, we discuss the mechanisms
of rotational and spin transitions in the presence of external
fields and outline possible implications of our results. Con-
clusions follow in Sec. V.

II. THEORY

The formalism for quantum calculations of atom-
molecule collisions in an external magnetic field has been
developed by Volpi and Bohn24 and by Krems and
Dalgarno.26 Recently, we have shown28 that the theory can
be easily generalized to include the interactions with super-
imposed electric and magnetic fields. The Hamiltonian de-
scribing a 2� molecule interacting with electric and magnetic
fields can be written as follows

Ĥmol = −
1

2�m

d2

dr2 +
N̂2

2�mr2 + V�r� + �Ŝ · N̂ − Ê · d̂

+ 2�BB̂ · Ŝ , �1�

where �m is the reduced mass of the diatomic molecule and
V�r� is the potential depending on the internuclear distance r.

The rotational �N̂� and spin �Ŝ� anglular momenta are
coupled by the spin-rotation interaction33 with the coupling
constant �. The interaction of the electron spin with a mag-

netic field is 2�BB̂ · Ŝ, where B̂ is the magnetic field vector
and �B is the Bohr magneton. The interaction with an elec-

tric field is −Ê · d̂=−Ed cos �, where � is the angle between

the field direction Ê and the molecular axis d̂, and d is the
electric dipole moment of the molecule. For studies of mag-
netic spin depolarization, it is convenient to orient the quan-
tization axis z along the magnetic field direction. In this case,

only the z component of the B̂ vector is nonzero and the term

2�BB̂ · Ŝ reduces to 2�BB̂zŜz. The value of the spin-rotation
interaction constant � used is 0.021 cm−1 for CaD �Ref. 34�
and −0.0294 cm−1 for ND.34,35 The dipole moment of CaD is
d=2.94 D �Ref. 36� and that of ND is 1.53 D.37 The hyper-
fine interactions arising from nonzero spins of 14N �I=1� and
D �I=1� nuclei were neglected. They may be important at
ultracold temperatures,24,27 but will unlikely affect collision
dynamics at temperatures T�0.1 K relevant for the present
study.

The Hamiltonian for a 3� molecule is obtained from Eq.
�1� by adding the spin-spin interaction operator

VSS =
2

3
�SS�24�

5 �
q

Y2q
� �Ŝ � Ŝ�q

�2�, �2�

where the spherical harmonic Y2q
� depends on the orientation

of the molecule in the space-fixed frame, �SS is the spin-spin

interaction constant �0.9184 cm−1 for ND�, and �Ŝ � Ŝ�q
�2� is

the tensorial product of two identical spin operators.33

The Hamiltonian for the atom-molecule complex has the
form24,26

Ĥ = −
1

2�

d2

dR2 +
�̂2

2�R2 + V̂�R,r,�� + Ĥmol, �3�

where � is the reduced mass for the collision, R is the dis-
tance between the center of mass of the diatomic molecule

and the atom, and �̂ is the orbital angular momentum for

relative motion. The interaction potential V̂�R ,r ,�� vanishes
at infinitely large R. We use the recent ab initio potentials by
Groenenboom et al.38 for CaD–He and by Cybulski et al.39

for ND–He. The vibrational coordinate r of the diatomic
molecule is fixed at the equilibrium distance, which is a good
approximation at low collision energies.40

The total wave function of the atom-molecule system is
expanded in a set of space-fixed uncoupled basis functions of
the form

�NMN��SMS���M�� , �4�

where MN, MS, and M� denote the projections of N̂, Ŝ, and �̂
on the magnetic field axis.26 The projection M =MN+MS

+M� of the total angular momentum on the magnetic field
axis is the only conserved quantum number in parallel elec-
tric and magnetic fields.26,28 The R-dependent expansion co-
efficients FNMNSMS�M�

M �R� are obtained by solving the set of
close-coupled equations

	 d2

dR2 + 2�Etot −
��� + 1�

R2 
FNMNSMS�M�

M �R�

= 2� �
N�,MN�

�
MS�,��,M��

�NMN��SMS���M��V̂�R,r,��

+ Ĥmol�N�MN� ��SMS�����M���FN�MN�SMS���M
��

M �R� , �5�
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where Etot is the total energy. The expressions for the matrix

elements of the operators �̂2, V̂, and Ĥmol in the absence of
electric fields were given in Ref. 26. The matrix of the inter-
action with electric fields in Eq. �1� can be obtained in the
same basis using the spherical harmonic addition theorem
and the Wigner-Eckart theorem.41 If the electric field is par-
allel to the magnetic field, the matrix elements are27

�N�MN� ��SMS����M���− Ed cos ��NMN��SMS���M��

= − 	���	M
��M�

	MN� MN
Ed�− 1�MN��2N� + 1��2N + 1�


�N� 1 N

0 0 0
� N� 1 N

− MN 0 MN
 . �6�

A more general case of nonparallel fields will be discussed in
detail elsewhere.42 The first 3− j symbol in Eq. �6� vanishes
unless N�=N±1. Therefore, the interaction of diatomic mol-
ecules with electric fields has no diagonal matrix elements in
the basis �5�. At small electric fields, this results in quadratic
shifts of molecular energy levels �the second-order Stark
effect�.4,41 An electric field creates superpositions of different
N states known as the pendular states.4,9,43 We will continue
to use N as an approximate quantum number to describe the
leading component in the eigenvector of the Hamiltonian �1�.
Equation �6� shows that the states with different projections
MN are not coupled by the field.

The asymptotic Hamiltonian �1� is not diagonal in the
uncoupled basis �4� and, in order to construct the scattering S
matrix, we applied a transfomation diagonalizing Ĥmol.

5,26

The matrix of this transformation is constucted by numeri-
cally diagonalizing the Hamiltonian �1� in the basis �5�. It is
diagonal in � and M� quantum numbers.

The system of coupled equations �5� was solved on a
grid of 830 points in R coordinate from 1 to 50 Å using the
modified log-derivative propagator.44 The basis set for
CaD–He collisions was comprised of the functions
�NMN��SMS���M�� with ��8 and N�6. The propagation
was carried out in a cycle over M, and the number of coupled
equations to solve were �808, 778, 723, 649, 562, 468, 373,
283, 204� for �M� from 1/2 to 17/2. For the ND–He system,
the number of coupled channels is even larger due to the
larger value of total spin S=1. Converged results were ob-
tained by including all rotational states up to N=6 and the
partial waves ��7. This resulted in 826 coupled channels
for M =0.

III. RESULTS

A. Collisions of 2� molecules with 1S atoms

Interactions with external fields perturb the rotational
structure of the molecule. Magnetic fields separate different
MS sublevels and electric fields lift the degeneracy of rota-
tional states with different �MN�. The upper panel of Fig. 1
shows the Stark energy levels of the CaD�2�� molecule as a
function of the applied electric field at a magnetic field of
0.5 T. The rotationally ground N=0 state is split into two
components corresponding to MS= ± 1

2 , while the first rota-
tionally excited state separates into six states. At B=0.5 T,
the interaction with magnetic fields is much stronger than the
spin-rotation interaction so MS is nearly a good quantum
number. The spin-rotation interaction gives rise to three
closely lying sublevels, all characterized by the same MS.
The spin-up and spin-down Zeeman levels exhibit an
avoided crossing at an electric field of 54 kV/cm, where
they are strongly mixed by the spin-rotation and Stark inter-
actions. Friedrich and Herschbach43 demonstrated that the
orientation and alignment of molecules are extremely sensi-
tive to small variations of external fields near the crossings.
Recently, we have shown that the cross sections for spin
depolarization in the N=0 state undergo dramatic changes as
the field is varied through the crossing region.28 Here, we
show that the dynamics of rotational energy transfer is also
sensitive to the crossings.

Figure 1 shows that the energy of the state �N=1,MN

=0,MS= 1
2 � increases with increasing electric and magnetic

fields. Molecules in such states can be trapped in both mag-
netic and electric traps16,18,23 so we focus on transitions out
of this state.

The cross sections for spin depolarization in rotationally
elastic and rotationally inelastic CaD–He collisions are
shown in Fig. 2 as functions of the electric field at a collision
energy of 0.5 K and magnetic fields of 0.5 and 1 T. The
initial state corresponds to the spin-up �101

2 � orientation. The
upper panel shows that the cross sections for rotational de-
excitation accompanied by spin relaxation decrease with in-
creasing electric field. The MN-changing �101

2 �→ �11− 1
2 �

transition is also suppressed, although to a lesser extent. As
can be seen from the upper panel of Fig. 1, the energy gaps

FIG. 1. Stark shifts of the CaD molecule at a magnetic field of 0.5 T. The
energy is referred to the ground rovibrational state of the molecule at zero
fields. The dashed curve denotes the low-field-seeking state �N=1,MN

=0,MS= 1
2 �. The vertical arrows represent the spin-changing �full lines� and

spin-conserving �dashed line� transitions.
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between the initial and final levels of these transitions in-
crease with the electric field. This determines the decrease of
the cross sections observed in Fig. 2.

The cross sections for the MS-changing �N and MN con-

serving� transition, on the contrary, exhibit pronounced peaks
at E=54 and 80 kV/cm for the magnetic fields of 0.5 and
1 T �see lower panel of Fig. 2�. The value of the electric field
of 54 kV/cm at B=0.5 T corresponds to the avoided cross-
ing in Fig. 1, which suggests that the enhancement of the
cross section is due to the mixing of the MS= 1

2 and MS=
− 1

2 states by the spin-rotation interaction. The analysis of the
eigenvectors of the diatomic Hamiltonian �1� shows that the
eigenfunction of the lowest adiabatic curve �see Fig. 1� can
be represented as

� = �N = 1, MN = 0, MS = − 1/2�

+ ��N = 1, MN = − 1, MS = 1/2� , �7�

where the coefficients  and � depend on the fields. At B
=0.5 T and zero electric field, =1 and �=0. At E
=54 kV/cm, the coefficients are =−0.74 and �=0.61. At
an electric field of 100 kV/cm, far away to the right from the
crossing, the adiabatic state becomes a pure spin-up state
with =−0.01 and �=0.97. We see that the spin-rotation
interaction between the degenarate levels mixes them, result-
ing in the increase of the spin relaxation cross section by
three orders of magnitude �see Fig. 2, lower panel�. At higher
magnetic fields, the splitting between the MS= 1

2 and MS=
− 1

2 levels increases and the crossing is shifted to higher elec-
tric fields. Therefore, the peak in the lower panel of Fig. 2
also shifts to the right. We note that for scattering calcula-
tions one needs to use the diabatic states as opposed to the
adiabatic channels shown in Fig. 1. The notation �101

2 � for

TABLE I. Rate constants for spin-changing and spin-conserving transitions
from the �N=1,MN=0,MS= 1

2 � low-field-seeking state of CaD�2�� in colli-
sions with He atoms at different electric fields, the magnetic field of 0.5 T,
and the temperature of 0.5 K.

Electric field �kV/cm� Final state Rate constant �cm3/s�

0 �00− 1
2 � 1.79
10−13

�11− 1
2 � 3.97
10−14

�10− 1
2 � 4.58
10−14

�001
2 � 1.28
10−10

50 �00− 1
2 � 2.97
10−14

�11− 1
2 � 2.38
10−14

�10− 1
2 � 9.45
10−13

�001
2 � 1.07
10−10

100 �00− 1
2 � 4.28
10−15

�11− 1
2 � 8.71
10−15

�10− 1
2 � 2.75
10−15

�001
2 � 7.71
10−11

150 �00− 1
2 � 1.06
10−15

�11− 1
2 � 3.03
10−15

�10− 1
2 � 2.56
10−16

�001
2 � 5.90
10−11

FIG. 3. Cross sections for spin-conserving transitions from the N=1,MN

=0,MS= 1
2 level as functions of the electric field at a magnetic field of 0.5 T.

The cross sections for elastic �upper panel� and rotationally inelastic �lower
panel� CaD–He scattering are presented at a collision energy of 0.5 K. The
data for B=1 T cannot be distinguished from those at B=0.5 T on the scale
of the graph.

FIG. 2. Electric field dependence of spin relaxation cross sections in
CaD–He collisions at magnetic fields of 0.5 T �full line� and 1 T �dashed
line� and a collision energy of 0.5 K. The initial state is �N=1,MN=0,MS

= 1
2 �.
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the final state in the lower panel of Fig. 2 is not fully accu-
rate and � from Eq. �7� istead of simply �101

2 � is more ap-
propriate near the crossing.

Table I collects the rate constants for the transitions
shown in Fig. 2 at a temperature of 0.5 K. The spin-changing
transitions are slower than the spin-conserving relaxation by
almost three orders of magnitude. The Zeeman transitions
accompanied by rotational quenching are the fastest. Near
the avoided crossing �E=50 kV/cm�, the rate constant for
the transition �101

2 �→ �10− 1
2 � increases by a factor of 20. At

the electric field E=150 kV/cm, all Zeeman transitions are
strongly suppressed.

To explore the effect of electric fields on spin-
independent interactions, we have calculated the cross sec-
tions for transitions that conserve the projection MS. Such
processes are determined by the anisotropy of the interaction
potential, much like in the case of field-free rotationally in-
elastic scattering.45 Figure 3 demonstrates that the cross sec-
tions for spin-conserving transitions �elastic and rotationally
inelastic� vary insignificantly with the electric field. A five-
fold decrease of the cross section for the rotationally inelastic
N=1→N=0 transition is due to the increasing energy gap
between the initial and final rotational levels. A similar sup-
pression of rotationally inelastic transitions in ICl–Ar colli-
sions in electric fields of the order of 100 kV/cm was ex-
perimentally observed by Friedrich et al.12 The cross section
profiles in Fig. 3 do not change with the magnetic field. The
explanation follows from the lower panel of Fig. 1: the en-
ergy separation between the Zeeman levels with fixed MS is

almost independent of the field. This suggests that the pres-
ence of magnetic fields will not complicate the studies of
pure rotational transitions at cold temperatures in a magnetic
trap.

Figure 4 shows the cross sections for spin-conserving
�upper panel� and spin-changing �lower panel� transitions
from the low-electric-field seeking state �111

2 �. The energy
gap between this state and the other states is independent of
the electric field. As a result, no monotonous decrease of the
cross sections is observed. The spin relaxation cross sections
shown in the lower panel of Fig. 4 are influenced by reso-
nances induced by electric fields. The resonances arise be-
cause the structure of metastable levels of the CaD¯He van
der Waals complex is modified by external fields. A complete
description of this novel type of resonances will be presented
in a separate publication.46

In the above analysis of spin relaxation, the CaD–He
collision energy was fixed at �=0.5 K. To see whether the
observed effects due to the electric field occur also at other
temperatures, we have calculated the spin relaxation cross
sections as functions of the collision energy in the interval of
0.01–4 K. Figure 5 shows the results for the spin-changing
�upper panel� and spin-conserving �lower panel� rotationally
inelastic transitions from the low-field-seeking �11− 1

2 � state.
A pronounced resonance feature near �=0.05 K at zero field
is shifted and split into several components as the electric
field increases. The overall magnitude of the spin-changing
cross sections shown in the upper panel tends to decrease
with increasing electric fields, unless a resonance is present.

FIG. 4. Cross sections for transitions from the N=1,MN=1,MS= 1
2 low-

field-seeking level as functions of the electric field at a magnetic field of
0.5 T. The cross sections for elastic �upper left panel� and rotationally in-
elastic �upper right panel� transitions are presented for the CaD–He system.
The lower panel shows the spin relaxation cross sections. The collision
energy is 0.5 K.

FIG. 5. Cross sections as functions of collision energy for the transitions
�11− 1

2 �→ �001
2 � �upper panel� and �11− 1

2 �→ �00− 1
2 � �lower panel� at a mag-

netic field of 0.5 T. The electric field magnitudes are 0 kV/cm �full line�,
50 kV/cm �dashed line�, and 150 kV/cm �dash-dotted line�.
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We conclude that electric fields suppress the spin relaxation
except when a resonant enhancement is observed due to
avoided crossings �see Fig. 2� or in the presence of Feshbach
resonances.

To study the dependence of rotational and spin relax-
ations on the initial rotational state of the molecule, we plot
in the upper panel of Fig. 6 the cross sections for spin-
changing transitions in both rotationally elastic �lower panel�
and rotationally inelastic �N→N−1, upper panel� collisions.
The behavior of the cross sections calculated for higher ini-
tial rotational levels is qualitatively similar to that for N=1.
The observed suppression is, however, much less pro-
nounced. The cross sections for rotational relaxation from
the levels with N�3 are independent of the electric field.
Rotations spoil molecular orientation by averaging out the
interaction of the dipole moment with an electric field �3�.4,6

As a consequence, high rotational levels exhibit a progres-
sively weaker Stark effect so they are more immune to elec-
tric fields. We note, however, that the CaD molecule, taken
as a representative example here, has a relatively large rota-
tional constant �Be=3.1 K�. The Stark effect in rotationally
excited levels of heavier molecules4,12,43 is much stronger.

B. Collisions of 3� molecules with 1S atoms

The upper panel of Fig. 7 displays the Stark-Zeeman
level structure of the ND molecule at a magnetic field of
1.5 T. The ground rotational level splits into three compo-
nents �with MS= +1, 0, and −1� whose energies decrease
with increasing electric field. The rotational constant of the

ND molecule �12.6 K� is four times larger than that of CaD
�3.1 K� and the dipole moment of ND is almost two times
smaller. As a result, much stronger electric fields
��300 kV/cm� are required to achieve significant Stark
mixing of the rotational levels in ND �cf. electric field values
in Fig. 1�. The spin-spin interaction �2� induces additional
couplings between the N=2 and N=0 rotational levels
which, as we will show, determine the collision dynamics in
the presence of external fields. As shown in Fig. 7, the ex-
cited N=1 level is split into three distinct groups, each con-
taining three sublevels. The spin-spin and spin-rotation inter-
actions mix the levels near the avoided crossings at E
�300 kV/cm.43 We choose the upper low-field-seeking
level �101� shown by the dashed line in Fig. 7 as the initial
state for our calculations.

As can be seen from Figs. 1 and 7, the level patterns of
CaD and ND are similar. The electric-field dependence of
spin relaxation cross sections in ND�3��-He collisions is,
however, different from that in CaD–He collisions. Figure 8
shows that the cross sections for spin relaxation of ND do
not vary strongly with the electric field except near the reso-
nance at E�180 kV/cm. Unlike in the case of CaD–He col-
lisions, the cross sections plotted in Fig. 8 are not sensitive to
the energy gap between the N=1 and N=0 levels. The cross
section in the middle panel of Fig. 8 begins to increase near
the avoided crossing at E=350 kV/cm. This suggests that
spin relaxation in collisions of 3� molecules can also be
manipulated by varying the electric field near avoided cross-
ings.

The energy dependence of the cross sections displayed

FIG. 6. Upper panel: Electric field dependence of cross sections for rota-
tionally inelastic transitions �101

2 �→ �00− 1
2 � �full line�, �201

2 �→ �11− 1
2 �

�dashed line�, and �301
2 �→ �22− 1

2 � �dash-dotted line�. Lower panel: The
same for rotationally elastic transitions �N ,MN=0,MS= 1

2 �→ �N ,MN

=N ,MS=− 1
2 � with N=1 �full line�, N=2 �dashed line�, and N=3 �dot-dashed

line�. The magnetic field and collision energy are the same as in Fig. 4.

FIG. 7. Stark shifts of the ND molecule at a magnetic field of 1.5 T. The
energy is referred to the ground rovibrational state of the molecule at zero
fields. The dashed lines denote the highest energy low-field-seeking state
�N=1,MN=0,MS=1�. The vertical lines have the same meaning as in Fig. 1.
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in Fig. 9 shows many resonance features. They are likely the
Feshbach resonances associated with rotationally excited
states �Fig. 7�, similar to those depicted in Fig. 4 for CaD–He
scattering. Figure 9 shows that electric fields shift the energy
of the resonances and change their lifetimes. Molecular en-
ergy levels move up and down as the electric field increases
�see Fig. 7�, thereby shifting the energy thresholds and the
positions of the Feshbach resonances. A comprehensive
analysis of the resonance dynamics in ND–He collisions
would require bound-state calculations, which will be re-
ported elsewhere.46 The rate constants for the inelastic tran-
sitions in ND–He collisions at T=0.5 K are given in Table II
at different electric fields. The Zeeman transitions are en-
hanced by the electric field. The variation of the cross sec-
tions with the electric field is much weaker than for the
CaD–He collisions �see Table II�, and the Zeeman relaxation
cross sections for ND–He are approximately three times
smaller.

We conclude from the analysis of Figs. 2, 7, and 8 that
significant differences exist between the collision dynamics
of 2� and 3� molecules in electric and magnetic fields. In the
next section, we analyze the mechanisms of spin relaxation
in the presence of electric fields and propose an explanation
for the observed effects.

IV. DISCUSSION

To understand the difference between the mechanisms of
spin relaxation in rotationally excited 2� and 3� molecules
in an electric field, we note that the inelastic cross section is

proportional in first order to the square of the matrix element
of the Hamiltonian �3� between the field-dressed eigenfunc-
tions of the asymptotic Hamiltonian �1�.24 We consider the
rotationally inelastic, spin-changing �101

2 �→ �00− 1
2 � transi-

tion in CaD–He collisions. The cross section for this transi-
tion is shown in the upper panel of Fig. 2. The wave function
of the initial state can be written as

�i = i�1,0,1/2� + �i�1,1,− 1/2� �8�

and the final �N=0� state represented as

� f =  f�0,0,− 1/2� + � f�1,0,− 1/2� , �9�

where � ,�� are field-dependent coefficients and �= i , f . For
simplicity, we ignore the partial wave dependence �3� of our
basis functions. It is important at ultracold �Wigner� tempera-
tures when only a single �=0 partial wave contributes to the
dynamics in the incoming collision channel.3,24,26 For the
multiple partial wave regime �T�0.5 K� of interest here we
assume that the matrix elements of the interaction potential
do not vary significantly with �.

We diagonalize the matrix of the asymptotic Hamil-
tonian �1� to obtain the coefficients � and �� as functions of
the electric field at B=0.5 T. As shown in the upper panel of
Fig. 10, the coefficient �i decreases due to the increase of the
energy gap between the Stark levels correlating with N=1,
while the values of i and  f are relatively insensitive to the
electric field. The interaction potential V in Eq. �3� does not
couple different MS states26 so we can write the matrix ele-
ment between the functions �8� and �9� as

FIG. 8. Spin relaxation cross sections for ND–He collisions as functions of
the electric field at a magnetic field of 1.5 T. The initial state is �N=1,MN

=0,MS=1� and the collision energy is 0.5 K. Each curve corresponds to a
particular final state indicated in the graph.

FIG. 9. Spin relaxation cross sections for ND–He as functions of collision
energy at a magnetic field of 1.5 T for the spin-changing transitions �1−1
−1�→ �000� �upper panel� and �1−1−1�→ �001� �lower panel�. The electric
fields are zero �full line�, 100 kV/cm �dashed line�, and 300 kV/cm �dotted
line�.
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��i�V�� f� = �i� f�11�V�00� + � f�11�V�10�� , �10�

where we have suppressed the spin indices, retaining the
notation �NMN� for spinless basis functions. The potential
coupling matrix elements in the square brackets do not de-
pend on the electric field and they are similar in magnitude.
The coefficient i is close to unity and it does not vary with
the electric field �see Fig. 10�. The field dependence of the
matrix element in Eq. �10� is therefore determined by the
coefficient �i which, as follows from Fig. 10, decreases with
the electric field. Electric fields separate the MN=1 and MN

=0 levels, which results in suppression of the effective spin-
rotation interaction �whose strength is quantified by the �i

parameter in Eq. �8��. This leads to the decrease of the po-
tential coupling �10� and suppression of the cross sections for
spin relaxation.

The wave function of the initial low-field-seeking state
of a 3� molecule is

�i = i�101� + �i�1 − 10� + �i�001� + 	i�201� , �11�

while for the final N=0 spin-down state it can be represented
as

� f =  f�00 − 1� + � f�221� + � f�10 − 1� . �12�

The coefficient � f characterizes the strength of the effective
spin-spin interaction in the final N=0 state. The dependence
of � f on the electric field is plotted in the lower panel of Fig.
10, along with other parameters in Eqs. �11� and �12�.

The matrix element of the He–ND�3�� interaction po-
tential takes the form

��i�V�� f� = � f�i�10�V�22� + �i�00�V�22� + 	i�20�V�22�� .

�13�

Again, the coefficients in square brackets vary slowly with
the electric field, and the field-independent potential matrix
elements are similar in magnitude. The effective spin-spin
interaction parameter � f depends on the energy splitting be-
tween the N=0 and N=2 rotational states.25,26 Electric fields,
however, couple only adjacent rotational levels. As men-
tioned earlier, the Stark effect in the N=2 state is weaker
than in the N=1 state and the energy gap between the N=0
and N=2 states is large. Therefore, an electric field does not
strongly affect the ratio

�SS

EN=2 − EN=0

that determines the effective spin-spin interaction.25 Since
the cross section in Eq. �13� is proportional to � f, Fig. 10
shows that electric fields may not significantly suppress spin
relaxation in 3� molecules. The cross sections for spin-
changing transitions in collisions of 2� molecules are, on the
contrary, extremely sensitive to the energy separation be-
tween the N=1 and N=0 states.25 Electric fields couple these
states directly, which results in an increase of the relevant
energy gap �see lower panel in Fig. 10 for the effective
strength �i of the spin-rotation coupling� and decrease of the
spin relaxation cross section.

TABLE II. Rate constants for spin-changing and spin-conserving transitions
from the �N=1,MN=0,MS=1� low-field-seeking state of ND�3�� in colli-
sions with He atoms at different electric fields, the magnetic field of 1.5 T,
and the temperature of 0.5 K.

Electric field �kV/cm� Final state Rate constant �cm3/s�

0 �00−1� 7.09
10−16

�000� 1.79
10−14

�10−1� 1.83
10−14

�100� 3.56
10−14

�001� 3.47
10−13

100 �00−1� 1.47
10−15

�000� 2.83
10−14

�10−1� 2.00
10−14

�100� 2.38
10−14

�001� 6.23
10−13

200 �00−1� 2.84
10−15

�000� 4.80
10−14

�10−1� 2.09
10−14

�100� 7.31
10−15

�001� 1.36
10−12

300 �00−1� 3.57
10−15

�000� 5.33
10−14

�10−1� 2.36
10−14

�100� 3.38
10−14

�001� 2.51
10−12
FIG. 10. The coefficients �, �� �upper panel� and ��, 	i �lower panel� from
Eqs. �8�–�13� as functions of the electric field. The magnetic field is the
same as in Fig. 2.
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V. CONCLUSION

It was shown previously26,39 that spin relaxation in col-
lisions of rotationally ground state 2� molecules is an indi-
rect process involving couplings to rotationally excited states
and subsequent spin flip due to the spin-rotation interaction.
Rotationally excited states are directly coupled by the spin-
rotation interaction in the Hamiltonian �1�. Therefore, the
mechanism of Zeeman transitions between rotationally ex-
cited levels is direct and results in efficient spin depolariza-
tion. Figure 1 shows that electric fields change the energy
gap between the states with different �MN� thereby enhancing
�if the energy gap is decreased, see the pair of curves labeled
�10− 1

2 � and �1−1 1
2 � in Fig. 1� or suppressing �if the energy

gap increases with increasing field, see the curves labeled
�101

2 � and �11− 1
2 � in Fig. 1� the effective spin-rotation inter-

action. The results presented in Fig. 2 thus demonstrate that
the spin-rotation interaction in rotationally excited molecules
can be effectively manipulated by electric fields.

We have shown that electric fields, in general, tend to
suppress the Zeeman relaxation in rotationally excited 2�
molecules. The results presented in Fig. 2 suggest that polar
2� molecules trapped in excited rotational states may be sta-
bilized against collisional spin relaxation by applying exter-
nal electric field. By varying the electric field through an
avoided crossing �see lower panel in Fig. 2�, it should be
possible to stimulate spin relaxation. Using this procedure,
the inelastic cross section can be enhanced by three orders of
magnitude which may result in novel phenomena such as
macroscopic instabilities of the cold gas.47 A similar en-
hancement of inelastic rates may be achieved by tuning the
electric-field induced Feshbach resonances displayed in Figs.
4 and 5. Reducing the number of scattering resonances and
increasing their width will help increase the lifetime and den-
sity of trapped molecular samples.48

We have analyzed the propensities for spin relaxation in
collisions of rotationally excited 2� and 3� molecules with
atoms. In particular, we have shown that rotational relaxation
of trapped molecules is independent of the magnetic field
and the branching ratios for spin-conserving and spin-
changing relaxations can be manipulated by electric fields.
The results presented in Tables I and II may stimulate experi-
ments with rotationally excited molecules in magnetic and
electric traps that could elucidate quantum energy transport
in low-temperature gases and provide models for a range of
novel phenomena in quantum cold matter physics.20,22,30
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