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Electronic interaction anisotropy between open-shell lanthanide atoms
and helium from cold collision experiment
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Based on measurements of the Zeeman relaxation in a cold gas of 3He �C. I. Hancox, S. C. Doret,
M. I. Hummon, L. Luo, and J. M. Doyle, Nature �London� 431, 281 �2004��, we show that the
electronic interaction anisotropy between rare-earth atoms with nonzero electronic orbital angular
momenta and helium is extremely small. The interaction of the rare-earth atoms with He gives rise
to several adiabatic potentials with different electronic symmetries. It is demonstrated that the
energy splitting between these potentials does not exceed 0.09 cm−1 at interatomic distances larger
than the turning point for collisions at 0.8 K, including the region of the van der Waals interaction
minima. © 2005 American Institute of Physics. �DOI: 10.1063/1.2052687�
Orbital motion of electrons in an atom gives rise to the
anisotropy of the electronic interaction between atoms,1

which is of fundamental importance for cooling mechanisms
in interstellar clouds, diatomic molecule dissociation, and the
stability of ultracold atomic gases.2 The electronic interac-
tion anisotropy is a measure of the energy splitting between
adiabatic molecular potentials with different values of the
electronic orbital angular momentum projection on the inter-
atomic axis. Collisions of atoms at low temperatures are de-
termined by long-range interatomic interactions and mea-
surements of inelastic atomic collisions at temperatures near
1 K provide a sensitive probe of the electronic interaction
anisotropy in the vicinity of van der Waals interaction
minima. Hancox et al.3,4 have recently measured the rate
constants for inelastic Zeeman transitions in collisions of
rare-earth atoms Tm�2F7/2�, Er�3H6�, Nd�5I4�, Tb�6H15/2�,
Pr�4I9/2�, Ho�4I15/2�, and Dy�5I8� with 3He atoms at a tem-
perature of 0.8 K in a magnetic trap with field gradients up
to 2.2 T. Here, we analyze these measurements and show
that the electronic interaction anisotropy between the rare-
earth �RE� atoms and He is extremely small. Our study pro-
vides empirical data for tests of electronic structure theories
for weakly bound complexes of RE atoms. Our results sug-
gest the possibility of evaporative or sympathetic cooling of
a large new class of atoms to ultracold temperatures in a
magnetic trap.

Ab initio calculations of interaction potentials between
RE atoms and other atoms are extremely difficult due to the
complex electronic structure of the lanthanides. Most RE at-
oms have several unpaired electrons in the d and f electronic
shells submerged under the filled 6s electronic orbitals,
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resulting in large electronic spin and orbital angular mo-
menta of the atoms. The limited studies have focused on
equilibrium properties of RE dimers in the ground electronic
states.5–7 The interaction dynamics of most RE atoms with
other atoms is, however, determined by several coupled elec-
tronic states. Particularly interesting would be a study of in-
teraction potentials between RE atoms and structureless
inert-gas atoms such as helium, which would reveal how RE
atoms form weak van der Waals bonds. What is the role of
the outer s-shell paired electrons in the formation of van der
Waals bonds? What forces determine the binding, if any, of
RE atoms to inert-gas atoms? How big is the electronic in-
teraction anisotropy in complexes of RE atoms with inert-gas
atoms? Our work is the first step to answer these questions.

Rare-earth atoms are preceded in the periodic table by
transition-metal atoms, whose electronic structure is deter-
mined by unpaired 3d electrons submerged under the filled
4s electronic shell. A combined experimental8 and
theoretical9,10 study revealed that the interaction potentials
between transition-metal atoms Ti�3F� and Sc�2D� and He
are determined predominantly by the repulsive exchange in-
teraction due to overlap of the outer s electrons of Ti and Sc
with the electron clouds of He. As a result, the anisotropy of
the Ti–He and Sc–He interactions is suppressed and the in-
teraction potentials of different electronic symmetries are de-
generate to within a fraction of one wave number. An accu-
racy of the calculations of less than 0.1 cm−1 was required to
describe realistically the interactions of the transition-metal
atoms with He. Such high-precision calculations are impos-
sible without guidance from the experimental measurements
and empirically derived parameters are critical for under-
standing weak interactions of heavy-metal atoms.

The electronic interaction potential between an open-
shell atom �A� and a closed-shell inert-gas atom �Rg� can be

written in the general form
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V = �
�

V�P�, �1�

where P� are Legendre polynomials of order � and V� are
expansion coefficients related to Born-Oppenheimer �BO�
interaction potentials of the diatomic molecule Rg–A in dif-
ferent electronic states.1,11 The summation in Eq. �1� is over
even � values and the number of terms in the summation is
given by L+1, where L is the electronic orbital angular mo-
mentum of the open-shell atom A. In the BO representation,
the interaction of A with Rg gives rise to several adiabatic
potentials V� with different electronic symmetries deter-
mined by the projection � of L on the interatomic axis. For
example, the interaction of a P-state atom with He is de-
scribed by two adiabatic potentials of � and � symmetries
and the interaction of an I-state atom, such as dysprosium,
with He is described by seven adiabatic potentials of �, �,
�, �, �, H, and I symmetries. The V�=0 term in Eq. �1� is the
isotropic part of the electronic interaction potential. It is de-
termined by an average of the BO potentials. The terms with
��0 represent the anisotropy of the electronic interaction
potential responsible for inelastic transitions in atomic colli-
sions. All V��0 terms are determined by differences between
the adiabatic potentials with different symmetries.1,11 Tables
I and II present examples of the relations between the BO
potentials V� and the expansion coefficients V� of Eq. �1�.

In addition to measurements of the Zeeman relaxation in
a magnetic trap, Hancox et al.3 and Hancox4 presented the
cross sections for energy transport in elastic collisions at a
temperature of 1.1 K and at zero magnetic field. To minimize
uncertainties, we used for our analysis the elastic-to-inelastic
ratios rather than the absolute magnitudes of the Zeeman
relaxation constants.12 To estimate the upper limit for the
electronic interaction anisotropy between RE atoms and He,
we solved the scattering problem—as described in Sec. VI of

TABLE I. The isotropic V�=0 and anisotropic V�=2 p
with electronic orbital angular momentum L and stru

L V�=0

1 �V�+2V�� /3
2 �V�+2V�+2V�� /5
3 �V�+2V�+2V�+2V�� /7
4 �V�+2V�+2V�+2V�+2V�� /9
5 �V�+2V�+2V�+2V�+2V�+2VH� /11
6 �V�+2V�+2V�+2V�+2V�+2VH+2VI� /13

TABLE II. The �-symmetry interaction potentials between atoms with elec-
tronic orbital angular momentum L and structureless inert-gas atoms in
terms of the expansion parameters V� of Eq. �1�.

L V�

1 V0+ 2
5V2

2 V0+ 2
7V2+ 2

7V4

3 V0+ 4
15V2+ 2

11V4+ 100
429V6

4 V0+ 20
77V2+ 162

1001V4+ 20
143V6+ 490

2431V8

5 V0+ 10
39V2− 2

13V4+ 80
663V6+ 490

4199V8+ 756
4199V10

6 V0+ 14
55V2+ 28

187V4+ 400
3553V6+ 350

3553V8+ 756
7429V10+ 30492

185725V12
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Ref. 1—for collisions of RE atoms with He at the experi-
mental conditions. The magnetic field was varied in the mag-
netic trap of this experiment from 0 to 2.2 T and the mea-
surement represents an average over the magnetic-field
interval. To account for this, we computed the cross section
at the collision energy of 0.556 cm−1 as a function of the
magnetic field. The magnetic field was then fixed at the mag-
nitude corresponding to the maximum cross section �typi-
cally at 1–2.2 T� for the computation of the rate constants.
The isotropic part of the RE atom-He atom interactions was
represented by a model potential of the closed-shell He–Ba
complex computed using the CCSD�T� method with the rela-
tivistic pseudopotential for the �Xe� core and the correspond-
ing basis set as implemented in the MOLPRO suite of
programs.14 For He, we used the aug-cc-pVQZ basis de-
scribed in Ref. 15. These calculations yield the binding en-
ergy De=1.937 cm−1 at the equilibrium distance Re

=13.1 bohrs, in good agreement with more accurate
results.16 The anisotropic part of the interaction was repre-
sented by a single V2 term taken as 	
V0. The parameter 	
was varied in the scattering calculations until the computed
ratios of the rate constants for energy transport in elastic
collisions and inelastic relaxation agreed with the lower limit
of the error bars of the measured values.3,4 The maximum
values of the interaction anisotropies A=max��V2�� thus ob-
tained are given in Table III �model 1�. The magnitudes of
the interaction anisotropies found are very small. For com-
parison, the interaction anisotropy between typical open-
shell atoms, such as O�3P� or C�3P�, and He is more than
20 cm−1 at turning points in low-temperature collisions.8

To verify that the different terms in the expansion �1� do
not destructively interfere, we repeated the calculations of

f the electronic interaction potential between atoms
less inert-gas atoms.

V�=2

V�� /3
V��+ �V�−V��
�−V��+30�V�−V��� /28

�−V��+6�V�−V��+34�V�−V��+16�V�−V��� /36

�−VH�+18�V�−VH�+12�V�−V��+2�V�−VH�� /22

�−VH�+130�V�−VI�+90�V�−VI�+10�V�−V��
0�V�−V��+40�V�−VH�� /182

TABLE III. The maximum values of the electronic interaction anisotropies
A=max��V2�� and the maximum splitting B of the adiabatic potentials com-
puted with V2=	
V0 �model 1� and V2=−C6

�=2 /R6 �model 2�.

Atom

Model 1 Model 2

A, cm−1 B, cm−1 A, cm−1 B, cm−1

Tm�2F7/2� 0.036 �0.057 0.041 �0.065
Er�3H6� 0.030 �0.055 0.049 �0.090
Nd�5I4� 0.022 �0.043 0.036 �0.070

Tb�6H15/2� 0.019 �0.035 0.032 �0.059
Pr�4I� 0.019 �0.038 0.031 �0.061
Ho�4I� 0.015 �0.029 0.023 �0.046
Dy�5I� 0.012 �0.023 0.018 �0.036
arts o
cture

�V�−
�V�−
�20�V
�14�V
�10�V
�70�V

+1
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Ref. 9 for Ti�3F�–He collisions with only one V2 term in the
Legendre expansion �1� and confirmed that neglecting the
higher V��2 terms increases the elastic-to-inelastic ratio. In
addition, we repeated the calculation for Tm�2F7/2�–He, and
Dy�5I8�–He collisions in the 2.2 T magnetic field with all
V��2 taken the same as V�=2 and the choice of V�=2 as de-
scribed above. The nonzero values for the V��2 terms de-
creased the elastic-to-inelastic ratio by more than a factor of
2. We conclude that the absolute magnitude of each of the
terms in the expansion �1� cannot exceed the derived value
of A. To find the upper limit for the splitting between the
adiabatic potentials, we assumed that all terms with nonzero
� in Eq. �1� are equal to A and inverted the relations between
the adiabatic potentials and the V� coefficients. The values of
the energy splitting B between two maximally separated
adiabatic potentials thus obtained are listed in Table III. All
adiabatic potentials for RE atom-He interactions are degen-
erate to within the value of B at distances larger than the
turning point R=11.6 bohrs for collisions at 0.8 K.

The functional form of the anisotropic V2 term may be
different from that used in our model. However, the interac-
tion anisotropy found is so small that the form of the V2

interaction does not matter, as long as it describes properly
the long-range dispersion interaction. To confirm this, we
repeated the scattering calculations with V2=−C6

�=2 /R6 as-
suming that the interaction anisotropy V2 is entirely deter-
mined by the long-range dispersion interaction. The param-
eter C6

�=2 was varied until the computed elastic-to-inelastic
ratios agreed with the lower limit of the error bars of the
measurements. The values of the upper limits to the interac-
tion anisotropy A=max��V2�� and the maximum splittings of
the adiabatic interaction potentials evaluated at the collision
turning point are given in Table III �model 2�. The calcula-
tions with dramatically different forms V2=	
V0 and V2=
−C6

�=2 /R6 produce similar results for A and B. We conclude
therefore that our model of the interaction potential is ad-
equate for the analysis presented.

Our analysis is very conservative and the derived mag-
nitudes of the splitting between the adiabatic interaction po-
tentials represent upper limits to the real values. We ne-
glected all terms with ��2 in the expansion �1�. Including
the ��4 terms would decrease the maximum value of the V2

term. The splitting between the adiabatic potentials is deter-
mined by the magnitude of the least of the ��0 terms so
including the ��4 terms would decrease the splitting be-
tween the interaction potentials. The fitting scattering calcu-
lations were performed for the magnetic-field region of the
trap, where the elastic-to-inelastic rate ratios are largest. The
parameters A and B determined at other magnetic fields
would be smaller. Finally, we used the lower values of the
error bars for the experimentally determined elastic-to-
inelastic ratios. The use of the average values of the mea-
surements yields results smaller than those presented in
Tables III and IV by a factor of 1.5.

The isotropic part of the interaction potential between
the studied RE atoms and He may be somewhat �though not
significantly� different from the Ba–He potential used here.
However, the inelastic collisions at 0.8 K are not sensitive to

reasonable variations of the V0 term. To verify this, we re-
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peated the calculation for Tm�2F7/2�–He collisions with V0

multiplied by 2. Such a dramatic modification of the isotro-
pic interaction resulted in a change of A of only 15% of the
absolute magnitude. For a more realistic test, we computed
the interaction potential between Yb�1S� and He using the
CCSD�T� method, the relativistic pseudopotential and corre-
sponding atomic natural orbital �ANO� basis set for Yb,17 the
aug-cc-pVQZ basis set for He �Ref. 15� and an extended set
of bond functions18 for the diatom. The binding energy and
equilibrium distance of the Yb�1S�–He complex were found

to be D̄e=3.30 cm−1 and R̄e=11.15 bohrs, respectively. The
isotropic part of our model potential V0 was then scaled as

V̄0�R� =
d

De
V0� r

Re
R� , �2�

where De=1.94 cm−1 and Re=13.1 bohrs are the parameters
of the original V0 potential, and d and r are scaling param-
eters, which provide interpolation between the Ba–He and
Yb–He potentials. The calculations for Tm–He collisions
were then repeated with three choices of the scaling param-

eters: �1� r=Re, d= D̄e; �2� r= R̄e, d=De; �3� r= R̄e, d= D̄e.
The results of the calculations with the scaled potential are
summarized in Table IV. The dramatic modification of the
isotropic part of the interaction potential leading to changes
in the elastic energy transport cross section by a factor of 4
results in changes of A only by a factor of 1.8 or less. Inci-
dentally, the calculations with the original choice of V0 re-
produce the experimental measurements of the energy trans-
port cross section that range from 130 to 190 Å2.4

In summary, we have analyzed the measurements of
Zeeman relaxation in cold collisions of RE atoms Tm�2F7/2�,
Er�3H6�, Nd�5I4�, Tb�6H15/2�, Pr�4I9/2�, Ho�4I15/2�, and
Dy�5I8� with 3He to estimate the upper bounds for the elec-
tronic interaction anisotropy between the RE atoms and He.
The interaction of the RE atoms with He gives rise to several
adiabatic potentials with different electronic symmetries. We
have demonstrated that these potentials are nearly degenerate
at interatomic distances larger than 11.3 bohrs. The splitting
between the adiabatic potentials does not exceed 0.09 cm−1.
Rare-earth atoms and molecules composed of RE atoms are
very complex systems. Our study provides empirical data for
theoretical studies of RE atoms and their interactions with
other atoms. In particular, our study emphasizes that the en-

TABLE IV. Sensitivity of the electronic interaction anisotropy determined
from fitting the experimental data, to the isotropic part of the interaction
potential. See text for the definition of the scaling method and caption to
Table III for the definition of models 1 and 2. The notation et is used for the
energy transport cross section computed at the temperature 1.1 K.

Scaling
method

Model 1 Model 2

et, Å2 A, cm−1 et, Å2 A, cm−1

None 127 0.036 127 0.041
�1� 269 0.023 269 0.045
�2� 240 0.017 240 0.032
�3� 503 0.020 503 0.038
ergy difference between different electronic potentials of the
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RE helides is extremely small. It will be a great challenge for
modern quantum chemistry methods to resolve the electronic
interaction anisotropy in such complexes.

The suppression of the electronic interaction anisotropy
in the RE-He complexes is apparently due to the specific
electronic structure of the lanthanides. The electrons of the
incoming He atom interact predominantly with the spheri-
cally symmetric electron distribution in the outer shell of the
RE atoms, which results in strong repulsive interactions
stretching out to large interatomic separations. This repulsion
suppresses the long-range dispersion forces and the interac-
tion potentials between the RE atoms and He should be char-
acterized by unusually small van der Waals minima. It will
be interesting to see if these effects can be observed in quan-
tum chemistry calculations. The electronic interaction aniso-
tropy between open-shell atoms and helium at long range is
determined by the dipole polarizability anisotropies of the
open-shell atoms. The dipole polarizability anisotropies of all
rare-earth atoms have been measured by Rinkleff and
Thorn.19 The measurements showed that the dipole polariz-
ability anisotropies of the RE atoms are less than 4% of the
corresponding mean polarizabilities, whereas the relative
magnitudes of the dipole polarizability anisotropies of typi-
cal open-shell atoms are between 10% and 40%.

Note added in proof. While this paper was in production,
we computed the interaction potentials of the Tm�3F�−He
complex correlating with the ground electronic states of the
separated atoms.20 We found that the maximum energy dif-
ference between these potentials at the collision turning point
corresponding to T=0.8 K is 0.08 cm−1, similar to the maxi-
mum splittings 0.057 and 0.065 cm−1 determined above.
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