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ABSTRACT
Magnetometer cell wall coat molecules play an important role in preserving the lifetime of pumped alkali metal atoms for use in magnetome-
ters that are capable of measuring very small magnetic fields. The goal of this study is to help rationalize the design of the cell coat molecules.
Rubidium-87 is studied in terms of its interaction with three template cell coat molecules: ethane, ethene, and methyltrichlorosilane (MeTS).
Ab initio electronic structure methods are applied to investigate the effect that the coat molecules have on the 2S ground state and 2P excited
state of 87Rb. We find that, from the ab initio results, the three template molecules have differing effects, with MeTS having the largest effect
on the ground state and ethane or ethene having the largest effect on the non-degenerate excited states.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0201903

I. INTRODUCTION

Atomic magnetometers are used for sensing very small mag-
netic fields (down to ∼1 femto Tesla), where applications include
biological imaging, geology, global positioning, and fundamental
experiments.1,2 An all-optical atomic magnetometer operates as fol-
lows:1 (i) A vapor of alkali atoms (K, Rb, or Cs) within a glass vapor
cell has randomly orientated atomic spins; (ii) circularly polarized
pump light aligns the spins with the pump beam, and when a small
magnetic field is applied, the spins precess in the magnetic field;
(iii) the orientated spins rotate the polarization of linearly polarized
probe light (Faraday rotation); and (iv) the intensity or polarization
of the transmitted probe light measures the magnetic field strength.
An anti-relaxation coat on the cell walls preserves the spin polariza-
tion (lifetime) of the alkali atoms. A key feature is the importance of
designing cell wall coatings with good relaxation properties for these
experiments. For a comprehensive discussion of alkali-metal vapor
cells and anti-relaxation coatings, including surface fabrication and
characterization techniques, the reader is referred to the review of
Chi et al.3 Moreover, Wu has reviewed the progress that has been
made over the past six decades in understanding the nature of the
wall interactions of spin-polarized atoms.4

In a spin-exchange relaxation-free (SERF) magnetometer,5
pumped alkali atoms are in an excited state with hyperfine level

F′. As an example, the D1 line (52S1/2 to 52P1/2 transition) in 87Rb
was used to directly measure the average dwell time of spin polar-
ized rubidium atoms on coated glass surfaces.6 The F = 1 to F′ = 1, 2
transition (optical pump) creates spin polarization in the Zeeman
multiplets (MF) of the ground state F = 2 hyperfine level. Probe
light tuned to the F = 2 to F′ = 1, 2 transition (D1 line) probes the
population in the F = 2 state. The spin polarization is monitored
by the rotation of the polarization plane (Faraday rotation) of the
probe beam. When two spin polarized atoms collide, the electrons
can transition into the other hyperfine state, or precess (change in
orientation of the rotational axis) in the opposite direction from the
bulk of the ensemble, thereby causing decoherence and loss of sig-
nal. Spin-exchange relaxation is suppressed if collisions occur fast
enough in low magnetic fields. In such a regime, the spins do not
have enough time to precess and decohere between collisions. This
is achieved by operating with a sufficiently high alkali metal den-
sity (at a higher temperature) and in sufficiently low magnetic fields.
Collisions with the cell walls also result in spin decoherence, which
is minimized by the vapor cell wall coating.

It has long been recognized that paraffin (CnH2n+2, where
n > 20) is a good coat molecule for magnetometer cell walls.7 Alter-
native coat molecules to paraffin include alkyl chains terminated
with the functional group trichlorosilane (organochlorosilanes)6 and
mono-unsaturated alkene chains.8
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Ulanski and Wu measured dwell times of spin polar-
ized rubidium-87 atoms on pentacontane (CH3(CH2)48CH3) and
octadecyltrichlorosilane (OTS) coated surfaces.6 They used the Lar-
mor frequency shift of 87Rb to determine, at 72 ○C, the dwell times
in OTS-coated cells as 0.9 μs and in paraffin-coated cells as 1.8 μs.
The dwell time for OTS is shorter than that for paraffin, whereas
the relaxation probability for OTS is larger than that for paraffin by
almost one order of magnitude: paraffin-coated surfaces can sup-
port 10 000 polarization-preserving collisions with spin-polarized
Rb atoms;7 in contrast, OTS-coated surfaces can support 1000
collisions.9,10 They concluded that the superior anti-relaxation prop-
erty of paraffin is not due to the extremely short dwell time of spin
polarized 87Rb atoms in paraffin-coated cells but rather to the aver-
age strength of the interactions experienced by the atoms while they
are inside paraffin-coated cells, which are much weaker than while
they are inside OTS-coated cells.

Corsini et al. measured for the D1 transition in 85Rb and 87Rb
hyperfine frequency shifts and spin relaxation times with saturated
alkane and mono-unsaturated alkene cell coats.8 It was assumed that
the hyperfine frequency shift is proportional to cell-wall dwell time
(and adsorption energy). For 87Rb with a paraffin and an alkene
(C20–24) coat in spherical cells at 21 and 28 ○C, respectively, hyper-
fine frequency shifts (and spin relaxation times) of−57 Hz (3.5 s) and
−83 Hz (17.7 s) were observed. It was concluded that spin relaxation
time depends not on the cell-wall dwelling time but on a smaller
RMS magnitude of the average spatial fluctuations of the cell-wall
adsorption energy.

Atomic force microscopy (AFM) has been used by Dong et al.11

to study energy dissipation on the surface coating of a magnetometer
cell wall, where the energy dissipation between the AFM tip and the
surface coating is assumed to be approximately equal to the adsorp-
tion energy induced by the collision between alkali-metal atoms and
the surface coating. They established that the energy dissipation on
the coating (paraffin) of the cell surface is related to the relaxation
rate of the alkali-metal (Cs atom) vapor cell. The energy dissipation
is directly proportional to the square root of the relaxation rate (or
inversely proportional to the square root of relaxation time). Thus,
showing that the anti-relaxation behavior of the cell wall coating can
be characterized by the energy dissipation on the coating. Hence,
the performance of anti-relaxation coatings on alkali-metal cells can
be directly analyzed using the energy dissipation of anti-relaxation
coatings instead of measuring the relaxation time. Therefore, charac-
terizing the atomic and molecular interactions between alkali metal
atoms and surface coatings may help to understand the adsorption
energy and the energy dissipation.

Each of these studies, therefore, suggests that the specific inter-
actions between the alkali metal atoms and the surface coating
molecules may be key to understanding how the choice of coating
influences magnetometer cell performance. In this work, we present
ab initio quantum chemical computations to study the interactions
between an alkali atom and cell wall coat molecules that aim to
help rationalize the design and fabrication of magnetometer cell
coats. We consider the template molecules ethane (to represent an
alkane), ethene (an alkene), and methytrichlorosilane (MeTS) (an
organochlorosilane). The purpose of this study is to aid in the design
of a better and more consistently applied cell coat than a saturated
alkyl chain that can be easily fabricated and that would be stable at
high temperatures, a characteristic desired for SERF magnetometers.

In this study, we focus on the ground state (5 2S) and three degen-
erate excited states (5 2P) of 87Rb. In particular, we study the effect
of the electric field due to the coat molecule on the ground and the
excited states of 87Rb.

II. METHODS
Ground state 87Rb-coat-molecule structures were optimized at

the MP2 level of theory with the def2-TZVP basis set,12,13 with
an effective-core-potential (ECP) for a Rb atom, using Gaussian
16 Rev. A.03.14 OpenMolcas15 was employed to perform state-
averaged CASSCF and CASPT2 calculations on the lowest energy
ground state structures and potential energy scans along the coordi-
nate between 87Rb and each coat molecule. The Sapporo TZP 2012
all-electron basis set16–18 was used for the CASSCF and CASPT2 cal-
culations. The CASSCF active space comprises the 5s orbital and
electron and the three 5p orbitals on 87Rb and is denoted (1, 4).
This minimal active space is able to describe the ground state (5 2S)
and the three degenerate excited states (5 2P) of 87Rb. State-averaged
CASSCF calculations for the four lowest-energy roots in C1 symme-
try were performed throughout this study. The CASPT2 calculations
employed an IP-EA level-shift of 0.25 hartree. The electric field (and
gradient) was evaluated using the “FLDG = 0” keyword in OpenMol-
cas. The electric field was evaluated for each state, where the plots in
Figs. 3–7 are for the ground and excited state properties vs ground-
state electric fields only. The electric field includes the effects of the
electronic charge density shifts of the 87Rb atom due to the inter-
actions with the cell coating molecules. Spin–orbit coupling (SOC)
was described using the RASSI program within OpenMolcas to com-
pute the spin–orbit coupled states using single-state (SS) CASPT2
energies for the spin-free effective Hamiltonian’s diagonal elements.

III. RESULTS AND DISCUSSION
For the isolated 87Rb atom, the transition energy from the 5 2S

ground state to the 5 2P excited state is predicted to be at 1.488 eV
at the CASPT2/TZP level of theory. This can be compared with
the experimental values of 1.560 and 1.589 eV for the D1 (52S1/2 to
52P1/2) and D2 (52S1/2 to 52P3/2) transitions, respectively.19,20 Tak-
ing spin–orbit coupling into account for an isolated atom of 87Rb
using SS-CASPT2/TZP energies, the transition energy for D1 is at
1.476 eV, with the D2 transition energy at 1.494 eV. One confor-
mation for each of the 87Rb-coat-molecules is considered and is
the lowest energy conformer, with no imaginary harmonic vibra-
tional frequencies, of those we found at the MP2/def2-TZVP level
for 87Rb-ethane (two conformers), 87Rb-ethene (three conformers),
and 87Rb-MeTS (three conformers). Figure 1 displays their opti-
mized structures, and their Cartesian coordinates are available in
the supplementary material. For each system, constrained potential
energy scans were performed in 0.2 Å intervals along the coordinate
between 87Rb and the coat molecule. The distance to the 87Rb atom
is from the CC bond midpoint in ethane and ethene and the plane
of the three Cl atoms in MeTS. The electronic states of 87Rb in the
environment of the coat molecule are labeled as 1 2A for the ground
state (5 2S) and 2 2A, 3 2A, and 4 2A for the three excited states (5 2P),
one for each Cartesian component or azimuthal quantum number of
the 5p orbital, and in ascending order of energy.
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FIG. 1. Optimized geometries for 87Rb with ethane (bottom), ethene (middle), and
MeTS (top) at the MP2/def2-TZVP level. The coordinate connecting 87Rb to the
coat molecule is shown as a dashed blue line with the point on the coat molecule
in magenta, with the optimized distance shown in angstroms.

First, we consider the electric field (E), due to the coat molecule,
that a 87Rb atom (that is, the atomic coordinate of the 87Rb nucleus)
would experience at a given distance. Figure 2 displays the ab initio
computations (CASPT2/TZP) of the norm of the electric field (∣∣E⃗∣∣)
felt at the 87Rb atom as a function of the distance with ethane, ethene,

and MeTS [Fig. 2(a)], and the distance between the 87Rb atom and
ethane, ethene, and MeTS as a function of the norm of the electric
field felt by the 87Rb atom [Fig. 2(b)]. As shown in the plots, MeTS
(green curve) has the largest spatially extended E, followed by ethene
(red curve), and ethane (blue curve), where the strength of the field
at short distances is weaker for ethene, which reaches a peak around
3.5 Å [Fig. 2(a)]. This is confirmed in Fig. 2(b), where an incoming
atom would experience the strongest field due to MeTS. 87Rb-MeTS
has the largest dipole moment of the three coat molecules with 87Rb
(Table S4). The MP2/def2-TZVP dipole moment magnitudes for
the optimized geometries of 87Rb-MeTS, 87Rb-ethene, and 87Rb-
ethane are, respectively, 3.6794, 2.3550, and 0.2282 D. In all cases,
the largest component is along the 87Rb-molecule coordinate. These
dipole moment magnitudes are in line with the norm of the electric
field for MeTS, ethene, and ethane (Fig. 2).

We now consider the ground 5 2S and 5 2P excited states of
87Rb upon interaction with each of the template coat molecules.
The results of the ab initio computations are described, and based
on the ∣∣E⃗∣∣ plots, we focus on the inter-species distances of >4.0 Å,
where the E strength is comparable for each coat molecule and
of a relatively small magnitude. The minima on the ground state
potential energy surfaces are around 4.0 Å, and at shorter dis-
tances, there are strongly repulsive interactions between 87Rb and
each coat molecule. Along the coordinate between 87Rb and each
coat molecule, potential energy scans, energy shifts (energy at dis-
tance R minus dissociated energy for each state, i.e., the interaction
energy for each state relative to dissociation products) as a function
of ground-state ∣∣E⃗∣∣, and vertical transition energies as a function of
ground-state ∣∣E⃗∣∣ at the CASPT2/TZP level of theory are discussed.

A. Ethane
Figure 3 displays potential energy scans along the 87Rb-ethane

distance [Fig. 3(a)], energy shifts (energy at distance R minus

FIG. 2. (a) Norm of the electric field for the ground state of 87Rb with ethane, ethene, and MeTS at the CASPT2/TZP level experienced at various distances by 87Rb. Norm of
the electric field (∣∣E⃗∣∣) felt at the 87Rb atom as a function of the distance with ethane (blue), ethene (red), and MeTS (green). (b) The distance between the 87Rb atom and
ethane (blue), ethene (red), and MeTS (green) as a function of the norm of the electric field felt by the 87Rb atom.
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FIG. 3. (a) CASPT2/TZP potential energy scan of 87Rb with ethane. (b)
CASPT2/TZP energy shift as a function of ground-state ∣∣E⃗∣∣. (c) CASPT2/TZP
transition energy as a function of ground-state ∣∣E⃗∣∣.

dissociated energy for each state) as a function of ground-state
∣∣E⃗∣∣ [Fig. 3(b)], and vertical transition energies as a function of
ground-state ∣∣E⃗∣∣ [Fig. 3(c)], all at the CASPT2/TZP level of theory.
Figure 3(a) shows very shallow energy minima for the ground state
and two of the non-degenerate excited states (blue and green curves),
with the third higher-lying excited state being repulsive (magenta
curve). The two excited states with shallow minima involve p-type
orbitals orthogonal to the coordinate between 87Rb-ethane, whereas
the higher-energy third excited state involves a p-type orbital that
lies along the inter-species distance. The energy shifts [Fig. 3(b)]
show that the two excited states with a p-type orbital orthogonal
to the coordinate of the ethane molecule are stabilized (undergo
a negative shift), whereas the third excited state is destabilized
(undergoes a positive shift). The energy shift for the ground state
is predicted to decrease slightly and then increase. The transition
energies [Fig. 3(c)] echo the preceding plot and show that the two
excited states with a p-type orbital orthogonal to the axis of the
ethane molecule are stabilized, whereas the third excited state is
destabilized.

B. Ethene
Figure 4 displays potential energy scans [Fig. 4(a)], energy shifts

[Fig. 4(b)], and transition energies [Fig. 4(c)] with respect to ∣∣E⃗∣∣
at the CASPT2/TZP level for 87Rb-ethene. Figure 4(a) shows more
pronounced energy minima of around 3.3 Å for the two lower-lying
excited states (green and blue curves), with the third higher-lying
excited state having a shallower minimum and a repulsive profile
at an inter-species distance of greater than 4.5 Å (magenta curve).
The energy shifts [Fig. 4(b)] with respect to ∣∣E⃗∣∣ show that the two
excited states with a p-type orbital orthogonal to the axis of the
ethene molecule are stabilized by the external field, whereas the third
excited state, with a p-type orbital along the plane of interaction,
is destabilized. The energy shift for the ground state is predicted to
decrease slightly and then remain stationary. The transition energies
[Fig. 4(c)] echo the preceding plot and show that the two excited
states with a p-type orbital orthogonal to the field (the coordinate
to the ethene molecule) are stabilized, whereas the third excited
state is destabilized. For the energy shifts and the transition ener-
gies, the shifts when the E is applied are greater for 87Rb with ethene
than for 87Rb with ethane, with the exception of the energy shift
and transition energy for the third excited state, which undergoes a
larger blue-shift in the presence of ethane. The difference in energy
between the two low-lying 87Rb p-type orbitals in 87Rb-ethene is
more pronounced and is due to one of the low-lying p-type orbitals
lying along the axis of ethene (C=C), with the other low-lying p-type
orbital lying across the axis of ethene. The 2 2A state has the 87Rb p-
type orbital 5py lying along the ethene axis (C=C) and has the lower
transition energy, with the 5px orbital lying across C=C, and that
state, 3 2A, has the higher transition energy of the two states.

C. MeTS
Figure 5 displays potential energy scans [Fig. 5(a)], energy shifts

[Fig. 5(b)], and transition energies [Fig. 5(c)] with respect to ∣∣E⃗∣∣,
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FIG. 4. (a) CASPT2/TZP potential energy scan of 87Rb with ethene. (b)
CASPT2/TZP energy shift as a function of ground-state ∣∣E⃗∣∣. (c) CASPT2/TZP
transition energy as a function of ground-state ∣∣E⃗∣∣.

FIG. 5. (a) CASPT2/TZP potential energy scan of 87Rb with
MeTS. (b) CASPT2/TZP energy shift as a function of ground-state ∣∣E⃗∣∣.
(c) CASPT2/TZP transition energy as a function of ground-state ∣∣E⃗∣∣.
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at the CASPT2/TZP level for 87Rb-MeTS. Figure 5(a) shows pro-
nounced energy minima of around 3.2 Å for the two lower-lying
excited states, with the third higher-lying excited state having a shal-
lower minimum and a repulsive profile at an inter-species distance of
greater than 3.8 Å. The ground state energy profile has a very shal-
low minimum of around 5.0 Å. The energy shifts [Fig. 5(b)] show
that the two excited states with a p-type orbital orthogonal to the
axis of the MeTS molecule are stabilized, whereas the third excited
state, with a p-type orbital along the plane of interaction, is destabi-
lized. The energy shift for the ground state is predicted to decrease
and then remain stationary. The transition energies [Fig. 5(c)] echo
the preceding plot and show that the two excited states with a p-
type orbital orthogonal to the coordinate of the MeTS molecule are
stabilized, whereas the third excited state is destabilized.

D. Comparison of template coat molecules
Figure 6 presents energy shifts of the ground and the three

excited states as a function of ground-state ∣∣E⃗∣∣ [Fig. 6(a)], and tran-
sition energies as a function of ground-state ∣∣E⃗∣∣ [Fig. 6(b)] for the
three template coat molecules with 87Rb. For the energy shifts of the
ground 5 2S state (1 2A) of 87Rb as a function of ground-state ∣∣E⃗∣∣,
the shift is greatest for MeTS, followed by ethene, and then ethane
[Fig. 6(a)]. For the two lower-lying excited states, 2 2A and 3 2A, the
negative shifts are the greatest for ethene, followed by MeTS, and
then ethane (in red, green, and blue, respectively). The third and
higher-lying excited state, 4 2A, undergoes a positive shift, with the
largest shift with ethane, followed by ethene, and then MeTS. The
transition energies to the three 5 2P excited states of 87Rb follow sim-
ilar trends, with the transition energies to the two lower-lying excited
states undergoing the largest negative shifts with ethene, followed by
ethane, and then by MeTS [Fig. 6(b)]. At ∣∣E⃗∣∣ ≤ 0.0015 au, the shifts
due to ethane are comparable to MeTS. For the third higher-lying
excited state, the greatest positive shift is predicted for 87Rb inter-

acting with ethane, followed by ethene and then MeTS. The above
discussion for each coat template molecule indicates that the two
lower-lying excited states of 87Rb (with a p-type orbital orthogonal
to the axis of interaction) are stabilized in the electric field of the coat
molecule, whereas the third higher-lying excited state (with a p-type
orbital along the axis of interaction) is destabilized.

Despite having the largest magnitude for the E, the 87Rb-MeTS
system is predicted by the ab initio computations to have the great-
est effect on only the energy shift of the ground state of 87Rb,
with ethene or ethane having the largest effect on the excited state.
This suggests that the magnitude of E along the approach coor-
dinate is not the decisive factor for how the electronic states are
influenced, but rather the differences in the local non-uniformity
of E for the different coat molecules. The form of the curves plot-
ted of energy shift and transition energy vs ∣∣E⃗∣∣ [Figs. 6(a) and
6(b), respectively] resemble a Stark effect, where the wavelength of
light emitted/absorbed by an atom is altered by the application of a
transverse electric field to the polarization of the light source.

The above discussion considered the energies, energy shifts,
and transition energies with respect to the norm of the electric field.
Coupling between the quadrupole moment of the electronic states of
87Rb and the electric field gradient of the coat molecules is expected
to shift the energy of the electronic states. Figures S1–S3 display plots
of CASPT2/TZP energy shift for the four electronic states vs ground-
state CASPT2/TZP electric field gradient (EFG) for three anisotropic
terms for 87Rb with each coat molecule. For 87Rb with ethane and
magnitudes of the EFG <0.3 au [(2YY − ZZ − XX)/2 for the coor-
dinate along the axis of interaction and R > 3.0 Å], the 4 2A and 1
2A states undergo a positive energy shift, whereas the 2 2A and 3 2A
states undergo a negative energy shift of nearly equal magnitude to
each other. For 87Rb with ethene and magnitudes of the EFG <0.8 au
[(2ZZ − XX − YY)/2 for the coordinate along the axis of interaction
and R > 2.8 Å], the 4 2A and 1 2A states undergo a positive energy
shift, whereas the 2 2A and 3 2A states undergo a negative energy

FIG. 6. (a) CASPT2/TZP energy shift of the ground state and the three excited states as a function of ground-state ∣∣E⃗∣∣, and (b) transition energy as a function of ground-state
∣∣E⃗∣∣. 87Rb with ethane (blue), ethene (red), and MeTS (green). State 1 2A (solid line), state 2 2A (dashed line), state 3 2A (dotted line), and state 4 2A (dashed-dotted line).
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TABLE I. Adsorption energy (eV) for 87Rb with the three template coat molecules.
Energy computed from the potential energy curves at the CASPT2/TZP level. For
87Rb-ethane, there is no physisorped minimum for state 4 1A; therefore, this energy
was taken at a distance of 3.52 Å that was used for the 2 1A and 3 1A states.

Adsorption energy (eV)

State 87Rb-ethane 87Rb-ethene 87Rb-MeTS

1 1A −0.009 −0.017 −0.032
2 1A −0.090 −0.321 −0.131
3 1A −0.068 −0.230 −0.134
4 1A 0.197 0.068 0.133

shift, where the 2 2A state experiences a larger negative shift than the
3 2A state. For 87Rb with MeTS and magnitudes of the EFG <0.225
au [(2XX − YY − ZZ)/2 for the coordinate along the axis of interac-
tion and R > 2.8 Å], the 4 2A state undergoes a positive shift, and the
1 2A state undergoes a negative shift that becomes a positive shift at
around an EFG of 0.05 au. The 2 2A and 3 2A states for 87Rb with
MeTS undergo a negative energy shift of nearly equal magnitude.

The lowering of the ground 1 2A state follows coat molecules
MeTS > ethene > ethane, where 1 2A has undergone the largest (neg-
ative) shift for MeTS [Fig. 6(a)]. This may be a result of the favorable
interaction between 87Rb and MeTS that leads to a very shallow and
broad potential energy curve for ground-state 1 2A [Fig. 5(a)] and
the largest relative negative adsorption energy (Table I). The adsorp-
tion energy for the ground state follows the trend MeTS > ethene
> ethane.

E. Spin–orbit coupling
For the isolated 87Rb atom, the energy splitting of the 52P1/2 and

52P3/2 J levels is calculated to be 0.018 eV using SS-CASPT2/TZP

energies in the computation of SOC. The experimental splitting is
0.029 eV.19,20 Thus, it is judicious to assess the impact of SOC on
the energy shifts and transition energies discussed above. Figure 7
presents energy shifts of the ground and the three excited states as
a function of ground-state ∣∣E⃗∣∣ [Fig. 7(a)], and transition energies
as a function of ground-state ∣∣E⃗∣∣ [Fig. 7(b)] for the three tem-
plate coat molecules with 87Rb when SOC is taken into account.
As found for the non-SOC computed energy shifts, the 87Rb SOC
4 2A state undergoes a positive energy shift and follows the trend
of coat molecule ethane > ethene > MeTS. The energy shift of the
87Rb SOC ground state (1 2A) follows MeTS > ethene > ethane, as
noted for the non-SOC ground state, with both MeTS and ethene
giving a negative energy shift. The SOC 2 2A and 3 2A states of 87Rb
all undergo negative shifts with slightly different magnitudes com-
pared to the non-SOC 2 2A and 3 2A states. For the SOC 2 2A and
3 2A states of 87Rb, the largest negative shifts are for interaction with
the ethene coat, as found for the non-SOC states. A similar trend
is found for the transition energies of the SOC states of 87Rb when
interacting with the coat molecules, where the 4 2A state undergoes
a blue shift and the 2 2A and 3 2A states shift to the red as the
magnitude of the electric field increases. For each system at large
87Rb-coat-molecule separation, R, the SOC 2 2A state lies lower in
energy (by ∼0.02 eV) than the SOC 3 2A and 4 2A states, where the
latter two states are very close in energy.

IV. CONCLUSIONS
We have studied the effect of three template coat molecules

on the ground 5 2S and 5 2P excited states of 87Rb. We studied
the interaction between the coat molecules and 87Rb in terms of
the ground state electric field at various inter-species distances. We
found that the coat molecules influence the energy shifts (energy at
distance R minus dissociated energy for each state) and vertical tran-
sition energies to different degrees. The energy shift of the ground

FIG. 7. (a) Energy shift of the spin–orbit coupled (SOC) electronic states as a function of ground-state ∣∣E⃗∣∣, and (b) transition energy as a function of ground-state ∣∣E⃗∣∣.
SS-CASPT2/TZP energies were used for the spin-free effective Hamiltonian’s diagonal elements. 87Rb with ethane (blue), ethene (red), and MeTS (green). State 1 2A (solid
line), state 2 2A (dashed line), state 3 2A (dotted line), and state 4 2A (dashed-dotted line).
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state is affected by the three coat molecules in rank MeTS > ethene
> ethane. The energy shifts and transition energies of the excited
state show that it is split into two lower- and one higher-lying states,
with the former being stabilized (red-shifted) and the latter destabi-
lized (blue-shifted). The ethene coat stabilizes the lower two states
to the largest extent; the ethane coat destabilizes the third state to
the largest extent. The character and magnitude of the energy split-
ting may have a bearing on the design of magnetometer cell coats
in terms of the interaction with a pumped state of 87Rb (or another
alkali atom) and its lifetime.

The ab initio computations suggest that transitions to a sta-
bilized state (with a p-type orbital perpendicular to the coordinate
to the coat molecule) may lead to a shorter lifetime for an ensem-
ble of 87Rb atoms than transitions to a destabilized state (with a
p-type orbital parallel to the coordinate to the coat molecule); the
stabilized atomic states have a negative interaction energy with the
coat molecules (i.e., favorable physisorption for a bound species)
and, therefore, a larger rate of decoherence, whereas the destabilized
states have a positive interaction energy (unfavorable physisorp-
tion). The computed adsorption energies are shown in Table I. The
population of the destabilized state would preserve the spin polar-
ization by avoiding collisions with the cell wall coat, which leads to
decoherence, as the destabilized state cannot physisorp onto the cell
wall coat.

This observation from the ab initio computations is in line
with the experimental results. Dong et al.11 have observed that
for a Cs atom interacting with a surface coating of paraffin, the
energy dissipation (≈ adsorption energy) is directly proportional
to the square root of the relaxation rate or inversely proportional
to the square root of relaxation time. In addition, the interaction
with the cell wall coat is considered dominant over cell-wall dwell
time; for example, when comparing paraffin and OTS6 and paraffin
and mono-unsaturated alkene.8 Paraffin-coated cells were found to
preserve the lifetime of spin polarized 87Rb atoms more than OTS-
coated cells, and mono-unsaturated alkene-coated cells more than
paraffin-coated cells.

We speculate that the ideal cell wall coat would push the desta-
bilized state higher in energy, decreasing the adsorption energy and,
consequently, the relaxation rate.

SUPPLEMENTARY MATERIAL

Cartesian coordinates and dipole moments of the MP2/def2-
TZVP optimized structures, CASPT2/TZP energy, norm of the
electric field, and ground-state electric field gradient with distance
for each coat molecule are available in the supplementary material.
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