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Suppression of Angular Forces in Collisions of Non-S-State Transition Metal Atoms

R. V. Krems,1,4 J. Kłos,2 M. F. Rode,2 M. M. Szczȩśniak,2 G. Chałasiński,2,3 and A. Dalgarno4
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Angular momentum transfer is expected to occur rapidly in collisions of atoms in states of nonzero
angular momenta due to the large torque of angular forces. We show that despite the presence of internal
angular momenta transition metal atoms interact in collisions with helium effectively as spherical atoms
and angular momentum transfer is slow. Thus, magnetic trapping and sympathetic cooling of transition
metal atoms to ultracold temperatures should be readily achievable. Our results open up new avenues of
research with a broad class of ultracold atoms.
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The realization of Bose-Einstein condensation (BEC)
and the creation of Fermi degenerate gases of atoms have
greatly expanded our understanding of nature. Novel phe-
nomena such as BEC of a Fermi gas [1], vortices in atomic
clouds [2], and retardation in atom-surface interactions [3]
have been observed. External field control of atomic colli-
sions has become possible [4]. The experiments on quan-
tum degeneracy have been limited to ground-state alkali
metal atoms, hydrogen and helium because BEC occurs at
extremely low temperatures and, with few exceptions, the
creation of ultracold atoms relies on evaporative cooling in
a magnetic trap [5]. Evaporative cooling rests upon energy
dissipation in elastic collisions between atoms, while the
atoms must remain in the Zeeman state with the highest
energy to stay trapped. Evaporative cooling has been ap-
plied only to atoms without internal orbital angular mo-
mentum—S-state atoms— for which Zeeman relaxation
is inefficient. By contrast, the Zeeman relaxation in colli-
sions of non-S-state atoms—atoms with internal orbital
angular momenta—is induced by strong electrostatic and
exchange interactions and it may be very fast [6]. Here we
show that, despite the presence of orbital angular momenta,
non-S-state transition metal atoms interact upon collisions
with He atoms effectively like spherically symmetric
S-state atoms. Our results suggest the possibility of mag-
netic trapping and sympathetic cooling of non-S-state
atoms by collisions with trapped S-state atoms to ultracold
temperatures and open up avenues for research with a new
broad class of ultracold atoms.

The electronic interaction between non-S-state atoms
depends strongly on the relative orientation of the vector
separating the atoms and the orientation of the atomic
orbitals with unpaired electrons [6,7]. The angular depen-
dence of the interaction potential induces a large torque
that spins up the angular momentum of the colliding atoms.
In a magnetic field, such angular momentum rotation leads
to Zeeman transitions. Previous theoretical work [8–10]
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showed that the probability of Zeeman relaxation in cold
and ultracold collisions of open-shell Ca�3P�, Sr�3P� and
O�3P� atoms is very large, as expected. Less then ten
collisions suffice to bring about angular momentum reor-
ientation. Here we show that the interaction of non-S-state
transition metal atoms Sc�2D� and Ti�3F� with ground-
state He atoms is dominated by the spherically symmetric
repulsive exchange interaction and that it suppresses the
role of internal angular momentum in the collision process.

Our choice of 3He as the collision partner for Sc and Ti is
motivated by its use in buffer-gas loading experiments
[11]. Buffer-gas loading is a general technique for mag-
netic trapping of atoms. Atoms are cooled by elastic colli-
sions with He atoms and captured in a magnetic trap for
which their translational energy is smaller than the trap
depth. The Zeeman relaxation rates in collisions of Sc and
Ti with 3He have been recently measured [12]. He is an
S-state atom so the angular dependence of the interaction
of Ti and Sc with He is entirely determined by the elec-
tronic structure of the transition metal atoms.

The interaction potential between an atom in a state with
nonzero electronic orbital angular momentum such as
Ti�3F� and Sc�2D� and an S-state atom such as He can be
written in the effective potential form [13,14]

V �
X

�

V��R�P�; (1)

where R is the interatomic distance and P� is the Legendre
polynomial of order �. The term with � � 0 is the isotropic
part of the potential, while the terms with � > 0 represent
the angular dependence of the interaction potential or the
electronic interaction anisotropy. The expansion coeffi-
cients V��R� can be related to the nonrelativistic Born-
Oppenheimer interaction potentials of the diatomic mole-
cule [6,7]. The relations for D-state atoms have the form
[6,7]
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FIG. 1 (color online). Sc�2D�-He interaction potentials from
CCSD(T) calculations: full line—� symmetry; dashed line—�
symmetry; symbols—� symmetry.
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V��0 � �V� � 2V� � 2V��=5

V��2 � �V� � V�� � �V� � V��

V��4 � 9=5�V� � V�� � 3=5�V� � V��;

(2)

and for F-state atoms, they are [6,7]

V��0 � �V�� 2V�� 2V�� 2V��=7

V��2 � 5�V��V��=7� 15�V��V��=14

V��4 � 9�V��V��=7� 3�V��V��=7� 9�V��V��=7

V��6 � 13�V��V��=7� 13�V��V��=14� 13�V�

�V��=70;

(3)

where V�, V�, V�, and V� are the Born-Oppenheimer
potentials of the Sc-He or Ti-He molecules.
Equations (2) and (3) establish that the electronic interac-
tion anisotropy in Sc-He and Ti-He is determined by the
splitting of the Born-Oppenheimer potentials with different
symmetries. Similarly, the interaction anisotropy in com-
plexes of P-state atoms with He is determined by the
splitting between the potentials of � and � symmetry [7].

The interaction of the Sc atom in the ground-state 2D
with He gives rise to three adiabatic potentials: V�, V�,
and V�. We computed the interaction potentials of the Sc-
He complex using a single-reference spin unrestricted
coupled cluster method with single, double, and noniter-
ative triple excitations. The one-electron basis set consisted
of the Bauschlicher’s contracted set [15] for Sc and Ti, and
the augmented correlation-consistent polarized quadruple-
zeta set (aug-cc-pVQZ) [16] without the g-type atomic
orbitals for He. To ensure a proper description of the
dispersion interaction, we placed a set of bond functions
�3s3p2d1g1h� with exponents sp 0:9; 0:3; 0:1;
df 0:6; 0:2; gh 0:3 in the middle of the van der Waals
bond. The 1s orbital of Sc was frozen in this calculation.
We found that freezing the lowest five orbitals (1s, 2s, 2px,
2py, and 2pz) of the metal did not change the results.

The interaction of Ti�3F� with He gives rise to four
adiabatic potentials: V�, V�, V�, and V�. The single-
reference approach is not appropriate in this case and we
used a state-average complete active space self-consistent
field (CASSCF) approach [17] in conjunction with the
internally contracted multi-reference configuration inter-
action (MRCI) method [18] to compute these potentials.
The basis set for the Ti-He calculations was analogous to
that in the Sc-He calculation but no bond functions were
included in the MRCI calculations.

The interaction potentials Vi�R� (i � �;�;�; . . . ) were
obtained using the counterpoise correction procedure

Vi�R� � Ei
Me�He�R; DBS� � Ei

Me�R; DBS�

� EHe�R; DBS� � �Ei
SC (4)
01320
individually applied to each state. DBS stands for the dimer
basis set, Me denotes the metal atom and�Ei

SC is a residual
size-consistency correction. The last term is not necessary
in the coupled cluster single and doubles with perturbative
triples [CCSD(T)] calculations. Note that the degeneracy
of the atomic states is removed in the full dimer basis set.
In the MRCI calculations, the effect of higher excitations
was estimated using the Pople size-consistency corrections
[19]. The�Ei

SC term was obtained by subtracting the dimer
and monomer energies in Eq. (4) evaluated at R � 24 �A.
The calculations were carried out with the MOLPRO suite of
programs [20]. The CASSCF active space included five d
orbitals of Me and 1s orbital of He with the lowest five
orbitals frozen. A state averaging with equal weights was
applied to all the states. More details of these calculations
will be published elsewhere [21]. The calculations of the
O-He interaction potential, which is included for compari-
son, were carried out at the restricted CCSD(T) level of
theory in the aug-cc-pVQZ basis set augmented by the
bond functions described above.

Figs. 1 and 2 show the Born-Oppenheimer potentials for
Sc-He and Ti-He in the vicinity of the van der Waals well
and at long range. Two features are striking: the van der
Waals minima are very shallow and the potentials of differ-
ent symmetries are nearly degenerate at all interatomic
distances. That the splitting between the potentials is
very small indicates suppression of the interaction
anisotropy.

The ratio of the rate constants for elastic collisions and
Zeeman relaxation is a quantitative measure of the inter-
action anisotropy in collision complexes. We computed the
elastic to inelastic ratios (see Table I) using a quantum
mechanical method presented earlier [8,22]. The scattering
2-2
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FIG. 2 (color online). Ti�3F�-He interaction potentials from
MRCI calculations: full line—� symmetry; dashed line—�
symmetry; dot-dashed line—� symmetry; symbols—� sym-
metry.

PRL 94, 013202 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
14 JANUARY 2005
calculations were performed for a magnetic field strength
of 3.8 Tesla and the rate constants were computed for the
temperature T � 1:8 K for comparison with recent experi-
ments [12]. The results are given in Table I. The elastic to
inelastic ratio in Sc�2D�-He collisions is about 200 times
larger than that in O�3P�-He collisions [8], and the rate of
inelastic transitions in Ti�3F�-He collisions is reduced by
almost 4 orders of magnitude. In agreement with measure-
ments [12] we find large values for the elastic to inelastic
ratio in Ti-He and Sc-He collisions. The calculations show
that the anisotropy in the Ti-He interaction is smaller than
in the Sc-He interaction.

We argue that the suppression of the interaction anisot-
ropy in the Ti-He and Sc-He complexes is due to the
specific structure of the transition metal atoms and not
due to the D or F character of the atomic terms. To support
the argument we computed the interaction potential of
helium with oxygen in the higher orbital momentum 1D
state and with doubly ionized titanium Ti2��3F�. The
TABLE I. Ratio � of rate constants for elastic and inelastic
collisions at T � 1:8 K and B � 3:8 T.

Complex � �exp
a

O�3P�-3He 3
O�1D�-He 1.6
Sc�2D�-3He 790 <�1:6� 0:3� 	 104

Ti�3F�-3He 6953 
�4:0� 1:8� 	 104

aThe experimental value of � from Ref. [12].
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potential curves are presented in Figs. 3 and 4. The scat-
tering calculations in Table I of the elastic to inelastic ratio
show that the interaction anisotropy in the O�1D�-He com-
plex is comparable to that in the O�3P�-He complex,
whereas the removal of two electrons from Ti, changing
the electronic configuration of the atom from 3d24s2 to 3d2

[23], increases the anisotropy with He by 3 orders of
magnitude.

The suppression of the anisotropy of the transition
metal-He potentials can be attributed to the role of the
repulsive exchange interaction. The average radius of the
4s orbital in transition metal atoms is over two times larger
than that of the 3d orbital [24]. The ratio of the radial extent
of the 4s to 3d orbitals varies from 2.0 to 3.4 in the Sc-Cu
series [24] due to d-orbital collapse [25]. The exchange
interaction due to the overlap of electronic functions of the
colliding atoms thus involves primarily the 1s orbital of He
and the 4s orbital of the transition metal atoms. The over-
lap leads to an isotropic exchange repulsion resulting in
nearly degenerate energies of the �, �, �, and � states
and to very shallow long-range van der Waals minima.
Removal of the outer electrons from the 4s orbital exposes
the 3d orbitals to a substantial overlap with the 1s He
orbital which leads to the strongly anisotropic interaction
shown in Fig. 4.

In summary, we have demonstrated by explicit quantum
mechanical calculations that the electronic interaction an-
isotropies in complexes of transition metal atoms Sc and Ti
with He are dramatically suppressed. As a result of the
d-orbital collapse in transition metal atoms, the interaction
between Sc or Ti and He is dominated by the repulsive
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FIG. 3 (color online). O�1D�-He interaction potentials from
CCSD(T) calculations: full line—� symmetry; dashed line—
� symmetry; dot-dashed line—� symmetry.
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FIG. 4 (color online). Ti2��3F�-He interaction potentials from
MRCI calculations: full line—� symmetry; dashed line—�
symmetry; dot-dashed line—� symmetry; symbols—� sym-
metry.
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exchange interaction which is found to be spherically
symmetric. The probability of the angular momentum
transfer in collisions of transition metal atoms with spheri-
cally symmetric atoms is very low. This suggests that
transition metal atoms may be cooled and magnetically
trapped in a buffer gas of He. Interactions of transition
metal atoms with S-state alkali atoms in a magnetic trap
will be characterized by similar features as observed in this
Letter [6]. Our results suggest that transition metal atoms
can be cooled to ultracold temperatures sympathetically by
elastic collisions with trapped alkali metal atoms. The
magnetic dipole moment of many transition metal atoms
is small—in Sc it is 1.2 and in Ti, 1.3 Bohr magnetons—so
the magnetic dipole interactions will be ineffective in
collisions with alkali metal atoms.

Ultralow temperature studies of S-state alkali metal
atoms have revolutionized atomic and molecular physics
in the past decade. Most of the atoms in the periodic table
are non-S-state atoms and possibilities of new discoveries
with ultracold non-S-state atoms are boundless. They in-
clude new methods to study fundamental symmetries, new
systems to search for the electric dipole moment of the
electron and the time variation of the fine structure con-
stant, new constituents for quantum computation, and
novel atom-molecule reaction mechanisms at very low
temperatures. Our work is a critical step in the ultracold
physics of non-S-state atoms.
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