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Fine and hyperfine interactions in cold YbF-He collisions in electromagnetic fields
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We present a rigorous study of cold and ultracold collisions of YbF(*S) molecules with He atoms in external
electric and magnetic fields based on an accurate calculation of the interaction potential surface and quantum
theory of atom-molecule scattering. We analyze the mechanisms of collisional depolarization of the electron
and nuclear spins of YbF and demonstrate that the rate constants for elastic and inelastic collisions of YbF with
He are sensitive to the magnitudes of the applied fields. Collisions of heavy polar molecules like YbF may thus
be easily manipulated with external electromagnetic fields. We show that collisional spin relaxation of YbF
molecules in rotationally excited states is suppressed by electric fields much more significantly than the spin
relaxation in the ground rotational state. We explain this by the influence of electric-field-induced Feshbach
resonances, which occur at much lower collision energies when the molecule is rotationally excited. Our results
suggest that heavy polar molecules may be amenable to magnetic trapping in a buffer gas of He, which could
greatly enhance the sensitivity of spectroscopic experiments to measure the electric dipole moment of the

electron.
DOI: 10.1103/PhysRevA.75.033416

I. INTRODUCTION

A major goal of several recent experiments has been to
measure the electric dipole moment (EDM) of the electron
[1-5]. A nonzero value of the EDM would indicate violation
of the time-reversal symmetry of nature and inadequacy of
the standard model of elementary particles [1,2,6]. Several
authors proposed to analyze the electric properties of the
electron based on precision spectroscopy measurements of
molecular energy levels. The electrons in molecules are sub-
jected to extremely high electric fields and polarization of
molecules in an external field may lead to energy shifts de-
pendent on the EDM of the electron. For example, Hinds and
co-workers [3] applied electric fields to orient YbF(*S) mol-
ecules and measure the differential Stark shift between two
magnetic sublevels of the F'=1 hyperfine state using molecu-
lar interferometry. The sensitivity of the measurements can
be greatly enhanced if the molecules are cooled to below
20 K, which increases the population of the ground rota-
tional level and leads to longer observation times. Cold
beams of YbF molecules have been recently produced by
Stark deceleration [7] and experiments are planned to gener-
ate a cold beam of YbF using buffer gas cooling in helium as
demonstrated in Ref. [8]. Egorov er al. proposed to carry out
EDM measurements with PbO molecules directly in the
buffer gas of helium [5]. Collisions with helium atoms may,
however, destroy the coherent superpositions of hyperfine
sublevels by inducing hyperfine relaxation and electron spin
changing transitions. It is therefore important to understand
the mechanisms of collisionally induced electron spin and
nuclear spin depolarization of heavy polar molecules like
YbE

Buffer gas loading of molecules in a magnetic trap is one
of the most general techniques for the creation of cold mol-
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ecules [9]. The efficiency of magnetic trapping of molecules
is, however, limited by collisional spin relaxation in helium.
Theoretical studies of Krems et al. [10] showed that mol-
ecules in the *3 electronic state are generally most immune
to collisional spin relaxation and indicated that spin relax-
ation rates in light %3, molecules can be scaled as )/Z/BZ,
where v is the spin-rotation interaction constant, B, is the
rotational constant of the molecule and n>1. These results
suggested that magnetic trapping of heavy >3 molecules like
YDF should be very difficult due to fast spin relaxation al-
though no rigorous calculations for molecules with small ro-
tational constants have been reported to support this argu-
ment. In addition, the mechanism of spin relaxation of heavy
%3, molecules may be modified by strong hyperfine interac-
tions not considered previously [10,12]. The hyperfine con-
stant of YbF is 141.8 MHz, 10 times larger than the spin-
rotation interaction constant 13.4 MHz [13]. The hyperfine
interaction couples the electron and nuclear spins and may
induce spin relaxation. Maussang et al. [11] have recently
observed significant rates of spin relaxation in collisions of
CaF(ZE) molecules with He atoms, which could result from
the hyperfine coupling of the spin levels.

The methodology to describe collision-induced hyperfine
transitions was developed by Alexander and Dagdigian [14]
for the study of collisions of %3, molecules with structureless
atoms. Their theory was subsequently used for the analysis
of more complex molecules such as N,H* and HCN in the
interstellar space [15,16]. Bohn er al. included hyperfine in-
teractions in their studies of cold collisions of OH(*II) radi-
cals in electric [17,18] and magnetic [19] fields. Very re-
cently, Lara er al. calculated cross sections for inelastic
transitions in cold Rb-OH collisions relevant for sympathetic
cooling experiments and found hyperfine interactions to be
important [20]. However, no dynamical calculations for
heavy polar molecules with strong hyperfine interactions in
superimposed electric and magnetic fields have been re-
ported.
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In this work, we calculate the interaction potential be-
tween YbBF(®S) molecules and He and extend the work of
Alexander and Dagdigian to study the role of fine and hyper-
fine interactions in collisions of YbF(%3) molecules with He
atoms in the presence of superimposed electric and magnetic
fields. We find new mechanisms of spin relaxation deter-
mined by the interplay of hyperfine and spin-rotation inter-
actions and the interactions induced by external fields. Our
results suggest that hyperfine interactions are important and
demonstrate that the dynamics of heavy polar molecules at
T~0.1 K can be effectively manipulated by superimposed
electric and magnetic fields. We demonstrate that the orien-
tation of cold molecules with electric fields leads to electric-
field induced Feshbach resonances.

II. THEORY
A. Potential energy surface for YbF-He

The electronic structure of YbF in the ground electronic
state 23 is determined predominantly by the ionic configura-
tion f1465'(Yb)-2p,(F). We used the MOLPRO 2002.6 suite of
programs [21] to calculate the interaction potential between
YbF and He. Our approach is based on the supermolecular
method using dimer centered basis set for monomer frag-
ments and the procedure of Boys and Bernardi to correct for
the basis set superposition error [22]. The interaction energy
is calculated as the difference between the total energy of
YbF-He and the sum of the total energies of isolated YbF
and He. The potential energy surface (PES) is constructed in
the Jacobi coordinates r,R, 6, where =0 corresponds to the
YbF-He collinear arrangement. Assuming the rigid rotor ap-
proximation, we fixed the distance of YbF at the equilibrium
value r=3.853a,. The radial grid covered the repulsive wall
from 3.0a, to the long range distance 24.0a, with 44 grid
points. The angular grid consisted of 12 points: €€ [0,
11.25,22.5,33.75,45,56.25,67.5,90,112.5,135,157.5,180]
degrees.

We employed the basis set (14s,13p,10d,8f,6g) for Yb
contracted to [6s,6p,5d,4f,3¢g] of Dolg et al. [23] with the
effective core potential of 28 core electrons. The basis was
augmented by one p and one d diffuse functions with the
exponents 0.028 and 0.032, respectively, as described by
Buchachenko et al. [24]. For the fluorine atom we used an
augmented, correlation consistent triple-zeta basis set (aug-
cc-pvtz) of Dunning et al. [25] supplemented with additional
s, p, and d diffuse functions with the exponents 0.0276,
0.0203, and 0.0997 to achieve a better description of the
anionic character of F in the YbF molecule. The final basis
set comprised 451 primitive functions. The helium atom was
described by the aug-cc-pvqz basis set of Dunning et al. To
describe the van der Waals interaction more accurately, we
included an additional set of 35s3p2d midbond functions. Us-
ing canonicalized orbitals from a complete active space self-
consisted-field (CASSCF) calculation with 21 electrons in 11
active orbitals, we performed restricted Hartree-Fock (RHF)
calculations for the *3 state of YbF interacting with He. The
initial CASSCF calculation was to ensure that we obtain
proper symmetry wave functions for the YbF(*S)-He dimer
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and for the YbF(®S) molecule. The RHF wave functions
were then used in the partially spin restricted coupled cluster
with single, double, and noniterative triple excitations
[RCCSD(T)] calculations.

To obtain an analytical representation of the potential en-
ergy surface for YbF-He we approximated the calculated
points by the expression given in Ref. [26] including 10 long
range van der Waals coefficients from C¢ to Cg 5. The final
root mean square error of the fit was 26 cm™!. The largest
contributions to this error come from the repulsive region on
the side of the fluorine atom. The residual errors in the vi-
cinity of the global minimum are on the order of 0.06 cm™!
which is 0.3% of the absolute magnitude of the potential. A
table of interaction energies and the Fortran programs gener-
ating the potential energy surface are available from the au-
thors upon request.

B. Dynamical calculations

The total Hamiltonian of the YbF-He complex in an ex-
ternal electromagnetic field can be written as

02(6p, dr)
2uR?

1 4

H YT
2uR dR

+ V(V,R, 0) + I:Imol(r» (9,, ¢r)’

(1)

where R is the center-of-mass separation between the atom
and the molecule, 6, ¢y specify the orientation of the atom-
molecule separation vector in a space-fixed coordinate frame,
r, 6,, ¢, are the coordinates of the vector joining the nuclei
of YbF, 6 is the Jacobi angle of the YbF-He complex, u is

the reduced mass of the complex, ¢ is the orbital angular
momentum for the relative motion of YbF and He and

V(r,R, 6) is the atom-molecule interaction potential. The di-
atomic molecule is described by the Hamiltonian

Hmol(rv 0,, ¢r) = BeN2 + YN S+ Vzeeman + Vsiark + Vit
(2)

where B, is the rotational constant, N is the rotational angu-

lar momentum, S is the electron spin, and 7 is the spin-
rotation interaction constant. In Eq. (2), we have neglected
the P- and P, T-odd interactions [1,30,31]. These perturba-
tions are known to be extremely weak and, albeit important
for EDM search experiments [30,31], are unlikely to alter
collisional dynamics of YbF at cold temperatures ~0.1 K of

interest for the present work. If the magnetic field B is di-
rected along the space-fixed Z axis, the interaction with mag-

netic fields takes the form ‘A/Zeeman:ZMBBS;Z’ where up is the

Bohr magneton, and the operator S » stands for the projection
of the electron spin. The interaction with an electric field can

be written as VStark=—dE cos x, where d is the molecular
dipole moment, E is the electric field strength, and y is the
angle between the molecular axis and the field direction. The
projection of the total angular momentum is not conserved
and the calculations are prohibitively difficult if the electric
and magnetic fields are not parallel. Changing the relative
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orientation of magnetic and electric fields may affect the
magnitude of the scattering cross sections near avoided
crossings [32] but should leave the qualitative picture un-
changed. Here, we will assume that the electric field is par-
allel to the magnetic field.

The hyperfine structure of "*Yb'°F arises from the spin
I=1/2 of the F nucleus and it is described by the operator

A . CV’E 477\ 112
Vhfz(b+cl3)I'S+T ?

2

X2 (1) (0. g @ SIP+CT-N,  (3)
g=-2

where Y,_,(6,,¢,) is a spherical harmonic. The first term in
this expression is similar to the spin-rotation interaction,
while the second term has the same form as the spin-spin
interaction in *3 molecules. The nuclear spin-rotation inter-
action constant C=6.8X 1077 cm™! is ~10° times smaller
than the constants b and ¢ [13]. We therefore neglect this
interaction.

The collision problem in the presence of time-
independent external fields is most easily described by the
close coupling method based on the expansion of the eigen-
function of the total Hamiltonian in a fully uncoupled basis
[10]

INM ) [SM )| IM)|EM ), (4)
where the projections of all angular momenta are taken with

respect to the field direction. The total wave function of the
system can be expanded as

1
v = 1_2 E E E 2 F]A\;IMNMSMrfMe(R)|NMN>|SMS>|]MI>
Mo NMy Mg My
X|€M,), (5)

where the expansion coefficients F’ IA\;IMNMSMI€ M((R) depend on

the radial coordinate. The total electron and nuclear spins S
and 7 are conserved. Electric and magnetic fields couple dif-

(NMy|SMg|IM €M

3

C\,%(47T)1/2 2
5

q==2
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2 (= 1), (6. ¢ ® SIY
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ferent total angular momentum states, but the projection M
=My+Mg+M;+M, of the total angular momentum on the
field axis is a good quantum number in parallel fields. The
substitution of the expansion (5) in the Schrodinger equation
yields a system of coupled differential equations

d* Cl+1)
(ﬁ +2uE — e F%MNMSM,W{(R)

=2u 2 2 2 (NMySM(IM (M | V(R, . 6)
N'.My Mg My €' .My

75 M
+HmollN’M{v>|SM§>|IM,’>|€'M@>FN,M,NM3M;€,M2(R),

(6)

where E\; is the total energy. The explicit expressions for the
matrix elements of the spin-rotation interaction and the
atom-molecule interaction potential were given in Ref. [10]
and the matrix elements of the Stark interaction were evalu-
ated in Refs. [17,18,27]. The matrices of the centrifugal and
Zeeman interactions in the uncoupled basis (4) are diagonal.
The matrix elements of the hyperfine interaction can be
evaluated using the Wigner-Eckart theorem [28]. For the first

hyperfine term (b+c¢/3)I-S, we have

(NMy|SM|IM | €M (|(b + c/3)I - SIN' My|SM | IM || €' M )

= 5NN’ 5@(! 6M€M25MNM}’V|:(b + C/3)5M1MI’ 6MSMéM1MS

b+c/3
+ > 5M,M1’115MSM§II

X [I(I+1)-M;(M; +1)]"?

X[S(S+1)-My(Mg+ 1)]“2]. (7)

The matrix elements of the second term of the hyperfine
interaction (3) are

N'M}|SMg|IM;|€' M)

= 5”'5"”“@?[(25 + 1SS+ DI+ DIT+ D]PIRN+ DN + 1] (= 1)5MF

1

X(N 2 N’)(NZN’)(l 2><S 1 S)(I 1 1) -
-My —gqy My/\O 0 0 /\qs g —qn/\-Ms q5 Mg)\-M; q, M;)’

where gy=My—My, qs=Ms—Mg, q;=M;—M,. The projec-
tion of the total angular momentum of the diatomic molecule
is given by M =M y+Mgs+M,. The third 3j symbol in Eq.
(8) is nonzero only when gy=gg+q;, which ensures that the

total angular momentum projection My of the molecule is
conserved [29].

We used the following spectroscopic constants for
74Yb!°F [13] (in units of cm™): B,=0.24129, y=4.4778
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FIG. 1. (Color online) Contour map of the calculated PES for
YbF-He. 6=0 corresponds to the He-FYb arrangement.

X 1074, h=4.729 83 X 1073, ¢=2.848 75X 1073. The dipole
moment of YbF is d=3.914 D [13]. The rotational states
|NM ) up to N=8 and partial waves [{M,) up to €=8 were
included in the basis set (4) to ensure convergence of the
cross sections at the collision energy 0.1 K. The total number
of coupled equations (6) to solve was 1938 for M=0. This is
2 times as large as the basis sets used in our previous calcu-
lations without hyperfine interactions [27,32].

III. RESULTS
A. Potential energy surface for YbF-He

Figure 1 presents the contour plot of the PES for YbF-He.
The global minimum of the potential occurs at R=9.6a, and
6=0 and it is characterized by D,=21.88 cm~!. This geom-
etry corresponds to the linear complex in which He is bound
to the YbF molecule on the fluorine side. When 6=180°, the
attraction is much smaller and the repulsion begins at larger
values of R. The He atom is repelled by the outer 6s orbital
and the filled f subshell. The shallow well depth on the Yb
side of YbF is of similar magnitude as the interaction be-
tween the free Yb atom and He [24]. The data of Ref. [24]
show that R, for Yb-He is around 11-12a, which is where
the He-YbF(*Y) PES has a saddle point at 6=180°.

B. YDF in electric and magnetic fields

At zero fields, the ground rotational level N=0 of YbF is
split by the hyperfine interaction into two states, F=0 and
F=1. The F=0 state is lower in energy. Figure 2 shows that
magnetic fields split the F=1 level into three Zeeman states
corresponding to different values of the projections Mg and
M, indicated in the graph. The Zeeman states with M S=—%
and % correspond to the high-field-seeking and low-field-
seeking states, respectively. The fully stretched spin state
IN=0,My=0,Mg=3,M,=3)=|0033) is denoted by the
dashed line in the upper panel of Fig. 2 (for brevity, we omit
the labels for the projection quantum numbers). In the fol-
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FIG. 2. (Color online) Magnetic levels of the YbF molecule at
zero electric field (upper panel); electric field dependence of the
molecular states of YbF at a magnetic field of 0.01 T (middle and
lower panels). The energy is referred to the ground ro-vibrational
state of the molecule at zero fields. The dashed curves in the upper
and lower panels denote the low-field seeking state |00%%), the
dashed curve in the middle panel corresponds to the rotationally
excited |10%%> level. Vertical arrows represent the hyperfine relax-
ation (dashed line), spin relaxation (full line), and spin-conserving
rotational relaxation (dashed-dotted line).

lowing, we will focus on collisions of molecules initially in
this state. The transition [0033)—[00-3—13) corresponds to
the full reorientation of both electronic and nuclear spins. It
will be referred to as Zeeman relaxation. The transition to the
lowest-energy Zeeman level [0033)—[00-33) approxi-
mately conserves the nuclear spin projection so it corre-
sponds to hyperfine relaxation. Both the Zeeman and hyper-
fine transitions result in reorientation of the electron spin and
trap loss and lead to decoherence of the superposition states
%[|F= 1,Mp=1)+|F=1,Mp=—1)] in the experiments of
Hudson et al. [3].

The lower panel of Fig. 2 shows the Stark shifts of all the
N=0 states at a magnetic field of 0.01 T. The energy of the
states decreases with increasing electric field and the energy
level diagram is qualitatively similar to those for 23 and *3
molecules in the absence of the hyperfine interaction [27].
Due to the large electric dipole moment and the small rota-
tional constant of YbF, the Stark shifts are significant already
at moderate electric fields, and the states of N=0 are strongly
mixed with the states of N=1 shown in the middle panel of
Fig. 2. The first excited rotational level of YbF is split into
12 Zeeman states, and we choose the low-field-seeking state
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TABLE 1. Coefficients a, 3, y, & in the expansions (9) and (10)
of molecular wave functions at an external magnetic field of 0.01 T.
The values of the electric field are given in kV/cm. For the func-
tions discussed in the text §;=§, where § denotes the coefficients a,

B, v, &

Coefficient E=0 E=2 E=5
o 0.999 0.988 0.941
B: 0.0 0.153 0.336
Vi 0.0 7.0x1073 3.8%x1072
¢ -3.6x10™* -35x10™ -32x10™

|10%%) as the initial state for our calculations of rotational
relaxation. This state can be trapped in both electrostatic and
magnetic traps. Note that the labeling of molecular energy
levels in Fig. 2 does not reflect the coupling of the N=0 and
N=2 rotational levels by the hyperfine interaction. The
eigenfunction corresponding to the initial low-field-seeking

state of I:Imol can be written to first order as
11 11 11
Xi= a{0.0.3,3) + Bi1,0.3.3) + %2.0.3.3)
+g|21,-1 -0, )

where the values of the field-dependent coefficients ¢;, 8;, Vi,
and {; at B=0.01 T are given in Table I. Likewise, the wave
function of the final state labeled as |OO—%—%) in Fig. 2 is a
superposition of the following terms:

=100~ 13+ 10 18 2.0 5 1)
+4]2,-2,3.3), (10)

where the subscript f indicates the final Zeeman state. The
small admixture of the N=2 state is due to the hyperfine
interaction which also mixes the states with different M ¢ and
M. The magnitude of the mixing coefficient { depends on
the energy splitting between the N=0 and N=2 levels. The
hyperfine interaction in 23, molecules thus plays a role simi-
lar to the spin-spin interaction in *3, molecules [27,33]. Since
electric fields couple only the adjacent rotational states (for
example, N=0 and N=1), the coefficients {; and {; in Egs.
(9) and (10) do not vary strongly with the electric field. The
coefficients y; and vy, of Table I increase with increasing
electric field.

C. Magnetic field dependence of Zeeman relaxation rates

The cross sections for Zeeman and hyperfine relaxation at
a collision energy of 0.1 K are displayed in Fig. 3 as func-
tions of the magnetic field strength. At zero electric field, the
initial decrease of the cross sections is followed by a broad
maximum around 0.25 T. Nonzero electric fields (Fig. 3,
middle and lower panels) induce resonances in the magnetic-
field dependence of the cross sections. The first resonance at
E=10kV/cm and B~0.11 T enhances the Zeeman relax-
ation cross sections by almost three orders of magnitude.
Increasing the electric field up to 20 kV/cm changes the po-
sitions of the resonances and modifies their widths. As ex-
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FIG. 3. (Color online) Magnetic field dependence of the Zeeman
(full line) and hyperfine relaxation (dashed line) cross sections at
zero electric field (upper panel), E=10 kV/cm (middle panel), and
E=20 kV/cm (lower panel). The symbols in the upper panel are the
results of the calculations without the spin-rotation interaction. The
collision energy is 0.1 K.

plained below, the resonances in Fig. 3 are Feshbach reso-
nances.

To understand the role of the spin-rotation interaction in
YbF-He collisions, we have repeated the calculations with
zero spin-rotation interaction constant 7. The upper panel of
Fig. 3 shows that the Zeeman relaxation cross sections do not
change whereas the hyperfine relaxation is suppressed by a
factor of 20 at low magnetic fields. This suggests that the
hyperfine relaxation occurs through coupling between the
ground and rotationally excited levels (induced by the inter-
action potential) and the reorientation of molecular spin due
to the spin-rotation interaction. This mechanism was first
suggested by Krems ez al. [34] for spin depolarization of 23
molecules.

The Zeeman transitions from the fully stretched state to
the lower magnetic states of the F'=1 triplet appear to follow
a different trend. In the absence of the hyperfine interaction,
the projection of the nuclear spin on the magnetic field axis
must be conserved and the Zeeman transitions cannot occur.
We have verified this in a calculation with the constants b
and c both set to zero. As shown in the upper panel of Fig. 3,
the spin-rotation interaction does not assist the Zeeman re-
laxation and we conclude that the Zeeman relaxation cross
sections are entirely determined by the hyperfine interaction.
The Zeeman transitions are mediated by the anisotropy of the
atom-molecule interaction potential through (1) direct cou-
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FIG. 4. (Color online) Electric field dependence of nuclear spin-
changing (full line) and nuclear-spin conserving (dashed line) Zee-
man cross sections at a magnetic field of 0.01 T and a collision
energy of 0.1 K. The uppermost curve is the elastic scattering cross
section divided by 10? to fit the scale of the graph, symbols denote
the results of the calculations without the spin-rotation interaction.

plings due to the admixture of the N=2 states in the rotation-
ally ground state of the molecule [cf. Eq. (9) and Ref. [33]]
and (2) indirect couplings involving a sequence of virtual
transitions to rotationally excited states and the interaction
between the rotational angular momentum of the molecule

and the spins in the tensor product [/®S$]@. To elucidate
which couplings are more important we repeated the calcu-
lations without the N=2 level. This resulted in an increase of
the Zeeman relaxation cross sections. Omitting the N=2
level from the basis set changes the structure of the diatomic
molecule to a great extent so this test cannot be regarded as
quantitatively conclusive. However, it indicates that the indi-
rect couplings in collisions of YbF with He are significant
and may be stronger than the direct couplings.

D. Electric field dependence of YbF-He interactions

Figure 4 shows the dependence of the Zeeman and hyper-
fine relaxation cross sections on the electric field at a mag-
netic field of 0.01 T and a collision energy of 0.1 K typical
of buffer-gas loading experiments [9]. The range of electric
fields chosen corresponds to the EDM search experiments of
Hinds and co-workers [3]. The cross sections vary by three
orders of magnitude near the resonances at 7 and 18 kV/cm.
The hyperfine relaxation is suppressed at low electric fields.
A similar behavior of the Zeeman relaxation cross sections
with increasing electric field has been observed previously
for CaD(*3)-He collisions [27,32]. This again emphasizes
the similarity between the hyperfine relaxation and the spin
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Potential energy (K)

-10~

R (units of aO)

FIG. 5. (Color online) Adiabatic potential curves as functions of
the center-of-mass YbF-He separation R. The black curves corre-
spond to zero electric fields, the curves are calculated at E
=10 kV/cm. The inset shows the bound levels of the YbF---He
complex: the black bars at zero electric field, the bars at E
=10 kV/cm. Horizontal arrow in the inset marks the collision en-
ergy (the zero of energy corresponds to the separated YbF and He
fragments). The magnetic field is 0.01 T.

flipping transitions in 23 molecules with zero nuclear spin
discussed in Sec. III A. The probability of the Zeeman tran-
sition [0053)— |00~ 3 —3) increases with increasing electric
field.

Bohn and co-workers [17] observed resonance structures
in ultracold collisions of OH molecules in the presence of an
electric field and ascribed them to threshold resonances in
incoming collision channels. To verify that the peaks in Fig.
4 are due to scattering resonances, we diagonalized the ma-
trix of the Hamiltonian (1) at fixed atom-diatom distances R
in the basis of four rotational functions (N,,,,=3) and four
partial waves (£,,,=3). To reduce computational effort, we
omitted the hyperfine interaction from Eq. (1) which resulted
in a total of 84 eigenstates for M=1/2. Figure 5 shows the
eigenvalues of the Hamiltonian as functions of the YbF-He
separation at a magnetic field of 0.01 T.

Electric fields modify the adiabatic potential curves and
induce additional interactions between the rotational levels.
As a result, some zero-field crossings shown in Fig. 5 are
transformed into avoided crossings. We have computed the
quasibound levels of the YbF- - -He van der Waals complex in
a magnetic field using the Fourier grid Hamiltonian method
[35]. The resonance states shown in Fig. 5 shift as the elec-
tric field increases. Feshbach resonances arise when the po-
sitions of these levels match the collision energy (marked by
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«—e Zero electric field
== E=10kV/cm

. . <2
Cross section (units of A”)

6.1 |
10 10° 10"
Collision energy (K)

FIG. 6. (Color online) Collision energy dependence of cross
sections for the nuclear spin-changing [0033)—[00—1-3) or Zee-
man transition. The electric field values are zero (circles) and
10 kV/cm (squares), and the magnetic field is 0.01 T. Vertical ar-
rows mark the position of the bound levels from Fig. 5 at zero
electric field (full arrows) and E=10 kV/cm (dashed-dotted
arrows).

the arrow in Fig. 5). The elastic cross section decreases near
the first resonance at 7.5 kV/cm. The ratio of the cross sec-
tions for elastic scattering and Zeeman relaxation remains
large, 1.7 X 10* (see Fig. 8 below). At zero electric field, this
ratio exceeds 1.5X 10° which suggests that YbF molecules
can be good candidates for cryogenic cooling experiments in
a buffer gas of He [7,9]. Interestingly, the Feshbach reso-
nances shown in Figs. 4 and 5 have not been observed in
low-energy collisions of CaH and NH molecules [32-34] in
ground rotational states. The rotational level splittings in
these molecules are large compared to the strength of their
interactions with He, which results in larger splittings of the
adiabatic curves (Fig. 5) and “isolation” of rotationally
ground state from the excited states.

Figure 6 demonstrates the Feshbach resonances in the de-
pendence of Zeeman cross sections on the collision energy e.
At zero electric field, there are two broad resonances at €
=0.07 and 0.74 K, while at E=10 kV/cm the resonances get
closer to each other, and so do the quasibound levels indi-
cated by the arrows in Fig. 5. At lower collision energies, the
cross sections at E=10 kV/cm are larger than at zero electric
field, in agreement with our earlier results for 3 molecules
[32].

To elucidate the possibility of cryogenic cooling and mag-
netic trapping of YbF, we have calculated the cross sections
for Zeeman and hyperfine relaxation as well as elastic scat-
tering, on a dense grid of 160 collision energies from
0.007 to 0.7 K to obtain thermal rate constants. Because of
the N=1 thresholds, the energy dependence of the cross sec-
tions in this interval is complicated. We approximated the
calculated cross sections by cubic spline functions and trun-
cated the integration over the collision energy at 0.7 K. The
resulting rate constants are accurate to within the factor of 5.
The rate constants for the Zeeman relaxation as functions of
temperature are shown in Fig. 7. Electric fields shift Fesh-
bach resonances and increase rate constants for the nuclear
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FIG. 7. (Color online) Rate constants for the nuclear spin-
changing or Zeeman (upper panel) and nuclear spin-conserving or
hyperfine (lower panel) transitions as functions of temperature at a
magnetic field of 0.01 T. The electric field is zero (circles),
10 kV/cm (diamonds), and 20 kV/cm (triangles).

spin-changing transition. On the other hand, the nuclear spin-
conserving transition is suppressed by electric fields at
0.1 K. At higher temperatures, the resonant enhancement of
the cross section leads to an increase of the rate. Figure 7
shows that the rate constants for the Zeeman relaxation show
different behavior under the influence of the electric field.
This suggests that electric fields can be used for selective
suppression or enhancement of the spin relaxation pathways.
For example, the Feshbach resonance shown in Fig. 6 moves
to the left with increasing electric field. This leads to an
enhancement of the rate constants for Zeeman relaxation at
E=20 kV/cm shown in the upper panel of Fig. 7.

The ratio of elastic and Zeeman relaxation rate constants
is shown in Fig. 8 as a function of the temperature. The ratio
varies moderately over the temperature range 0.06—0.6 K.
Electric fields suppress inelastic transitions in the hyperfine
channel (lower panel) which is compensated by the increas-
ing rate of the Zeeman relaxation (upper panel).

E. Rotational relaxation of YbF

Figure 9 shows the dependence of the cross section for the
transitions from the highest low-field-seeking state in the ro-
tationally excited N=1 manifold of levels (see Fig. 2) to the
four states of the lowest rotational level. The nuclear spin-
conserving transitions are suppressed by the electric field
similarly to how rotational relaxation is suppressed in 23
molecules [27]. As we have shown in Sec. III C, these tran-
sitions are driven by the spin-rotation interaction. Electric
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FIG. 8. (Color online) The ratio of the rate constants for elastic
scattering and Zeeman (upper panel) and hyperfine (lower panel)
relaxation as functions of temperature at a magnetic field of 0.01 T.
The electric field is zero (circles), 10 kV/cm (diamonds), and
20 kV/cm (triangles).

fields split the levels corresponding to the different |M | and
reduce the strength of the effective spin-rotation interaction
thereby inhibiting spin relaxation.

On the contrary, the nuclear spin-changing transition
|1033)—]00—3—3) is only weakly affected by electric

0,0, Y2, %2

. . <2
Cross section (units of A”)

0,0, -¥2, -2

o bl il il il bl

| |
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Electric field (kV/cm)

[553
[=]

FIG. 9. (Color online) Cross sections for rotational relaxation
from the low-field-seeking state |10%%) as functions of the electric
field at a magnetic field of 0.01 T and a collision energy of 0.1 K.
The dominant components of the final states are \00—%—%) (full
line), OO—%%) (short dashed line), 00%—%} (long dashed line), and
|OO%%) (dashed-dotted line). The cross section for the electron and
nuclear spin-conserving transition \10%%>—>|00%%> is divided by
100 to fit the scale of the graph.
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TABLE II. Electric field dependence of rate constants for tran-
sitions from the |10%%) state of YbF in collisions with He at a
magnetic field of 0.01 T and temperature of 0.5 K.

Electric field Final state Rate constant,

(kV/cm) (N, My, Mg, M) cm?/s
0 |00-3-3) 7.1 1077
00— 55 4.7x1071
005 -3) 7.6x 107"
0055 3.5% 107!
[1-1-3-1) 7.9%1077
1-1-33 1.8x 1074
1-13-3) 2.7x107"3
l1-153 25% 107!
[10-5-5) 22%1071
[10-33 3.3x1071
1105-3) 9.6Xx 10713
11055 3.9%10710
[11-5-3) 9.7x 1071
[11-33 45% 1071
[113-3) 8310713
1153 2.6x 107!
10 |00-3-3) 33x107"
00— 55 4.8x10710
005 -3) 2.8X 10710
0055 42x107"
[1-1-3-1) 1.0X 10710
1-1-%3 2.8x1071°
1-13-3) 8.7x 1077
1-153 2.8 107!
[10-3-1) 1.0x 10716
[10-33 46X 10710
[105-3) 1410710
1055 3.9% 10710
[11-5-3) 1.0x 10713
I11-35 48x1071
[113-3) 2.9x 10716
1153 2.8x107!

fields. As shown in Sec. III B, this process is determined by
the hyperfine interaction which depends on the splitting be-
tween the N=2 and N=0 levels. Electric fields do not couple
these states so they do not affect nuclear spin-changing tran-
sitions to a great extent. The results shown in Fig. 9 are
consistent with our earlier study of rotational relaxation of
%3, and *3 molecules [27]. They show that heavy molecules
can follow two distinct rotational relaxation pathways that
share common features with similar processes in molecules
with zero nuclear spin: (1) the nuclear spin-conserving relax-
ation pathway driven by the spin-rotation couplings like the
spin relaxation in 3 molecules, and (2) the nuclear spin-
changing pathway mediated by the hyperfine interaction
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similar to the spin-spin interaction in *3 molecules.

The rate constants for the transitions from the highest
low-field-seeking state |10%%> are given in Table II. Electric
fields suppress spin-changing transitions, slightly increase
the propensity for spin-conserving rotational relaxation, and
leave elastic scattering cross sections unaltered. The results
presented in Table II suggest that magnetic trapping of YbF
molecules in the |10%%> state may be facilitated by applying
electric fields on the order of 10 kV/cm. Comparison with
Fig. 7 reveals that the rates for spin relaxation of the N=0
state are larger at E=10 kV/cm. The Feshbach resonances
(Figs. 5 and 6) enhance spin relaxation of YbF molecules in
the ground rotational state. Because of the larger splitting
between the N=1 and N=2 levels, the Feshbach resonances
for collisions of YbF molecules in the rotationally excited
N=1 state occur at lower collision energy and they do not
affect rate constants at 7=0.5 K.

IV. CONCLUSION

We have presented a quantum mechanical study of colli-
sions between YbF molecules and He atoms in electric and
magnetic fields at temperatures below 1 K. YbF is a mol-
ecule with small rotational constant and strong hyperfine in-
teraction. We have shown that the simultaneous electron and
nuclear spin depolarization in collisions of YbF in the rota-
tionally ground state occurs through coupling to rotationally
excited states and the action of the hyperfine interaction. The
electron spin-depolarization conserving the nuclear spin pro-
jection is determined by the spin-rotation interaction, in
agreement with earlier studies of collisions of 3 molecules
without the hyperfine effects [34]. We have found that the
overall rate of magnetic relaxation of rotationally ground-
state YbF molecules in a gas of He is very small. At tem-
peratures between 0.05 K and 0.6 K, the ratio of the rate
constants for elastic YbF-He collisions and inelastic Zeeman
and hyperfine relaxation is larger than 10*. Apparently, the
anisotropy of the YbF-He interaction is so small that it does
not allow for efficient spin-depolarization of YbF, despite the
small rotational constant of the molecule. These results sug-
gest that molecules with small rotational constants may be
amenable to buffer gas loading experiments using He gas.

We have shown that the dynamics of YbF-He collisions at
temperatures below 1 K can be effectively manipulated by

PHYSICAL REVIEW A 75, 033416 (2007)

electric fields. The cross sections for elastic scattering, Zee-
man and hyperfine relaxation as well as rotationally inelastic
transitions can be extremely sensitive to the magnitude of an
applied electric field near electric field-induced Feshbach
resonances. The results shown in Fig. 4 suggest that the
EDM experiments with magnetically trapped YbF molecules
in a buffer gas of He should be performed at electric fields
far detuned from Feshbach resonances to prevent spin deco-
herence and trap loss. In addition, external electric fields de-
crease the coupling between the rotational angular momen-
tum of the molecule and the spin so the transitions
determined by the spin-rotation interaction can be signifi-
cantly suppressed by electric fields of ~10 kV/cm.

We have found that spin-relaxation of rotationally excited
molecules at 7=0.5 K is much slower than the Zeeman and
hyperfine transitions in the ground rotational states in the
presence of electric fields. This happens because the electric-
field-induced Feshbach resonances that enhance the spin re-
laxation occur at much lower collision energies when the
molecule is in the N=1 state. The resonances should disap-
pear if the molecule is excited to higher rotational states.

Our study elucidates the propensities for collisional depo-
larization of the nuclear and electron spins in heavy mol-
ecules with small rotational constants. Collisional spin-
depolarization of molecules leads to quantum decoherence of
superposition spin states in molecular interferometry experi-
ments and determines the stability of molecular ensembles in
a magnetic trap. The complexity of diatomic molecules al-
lows for new degrees of freedom in experiments with cold
molecular gases. The results presented here improve our un-
derstanding of molecular interactions in external fields and
may help with the choice of systems for future cold molecule
experiments.
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