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Spin-exchange optical pumping (SEOP) enables hyperpolarization of magnetic noble gas nuclei and allows
enormously enhanced signal in nuclear magnetic resonance studies in materials, biosciences, and medicine.
We model the dynamics of the SEOP process taking place in a Rb- 129 Xe gas mixture and shed light on how
the different microscopic processes influence the macroscopic polarization transfer. For each Rb-Xe collision
taking place in simulated molecular dynamics trajectory, we sample a time series of quantum-chemically
preparametrized Hamiltonians. Combined electron and nuclear spin dynamics of each event is propagated by
solving the corresponding Liouville–von Neumann equation. The rarely occurring, long-lived van der Waals
molecules are seen to give the most significant contribution to polarization transfer under the simulated
conditions (T = 300 K, p = 2.4 bar), in agreement with earlier findings. Besides the lifetime of the collision
complex, the average and minimum Rb-Xe interatomic distances characterize the efficiency of the polarization
transfer events. We obtain insight into magnetization transfer in both individual binary collisions and van der
Waals complexes and demonstrate a stepwise buildup of 129 Xe spin polarization upon bond-length oscillations
in the latter.
DOI: 10.1103/PhysRevA.102.032813

I. INTRODUCTION

Nuclear magnetic resonance (NMR) is among the most
influential spectroscopies [1]. However, NMR suffers from
insensitivity due to the magnitude of the thermal equilibrium
spin polarization, governed by Boltzmann occupations of the
nuclear spin states [2,3]. To overcome this, hyperpolarization
techniques [4–7] have been developed to create by up to
several orders of magnitude enhanced nuclear polarization.
Spin-exchange optical pumping (SEOP) [7] is used to attain
high polarization levels of noble gas (3 He, 83 Kr, 129/131 Xe) nuclei, in interaction with electronically open-shell alkali-metal
atoms. In SEOP, the 2 S electronic state of, e.g., atomic Rb is
spin-polarized by irradiation with circularly polarized light.
The polarization is conveyed to the nuclei of gaseous xenon129 in both short-duration, so-called binary Rb-Xe collisions
[8] and long-lived van der Waals (VDW) complexes of the
two atoms [9–11]. The transfer occurs via the hyperfine (HF)
interaction between the unpaired electron of the Rb atom and
the magnetic (spin quantum number I = 21 ) 129 Xe nucleus, in
Rb-Xe interaction events. Depending on the efficiency of such
collisions, the very large degree of electron spin polarization
(see, e.g., Ref. [12]) can be converted to nuclear polarization
that greatly exceeds the level attainable by thermal polarization in standard NMR magnets [10,13]. Continuous-flow

SEOP is powerful in producing large quantities of hyperpolarized noble gases [14].
A pertinent question concerns the roles played by the binary Rb-Xe collisions and the long-lived VDW complexes
in the polarization transfer [9,15,16], as well as the significance of experimental conditions (temperature T , pressure p,
and the composition of the gas mixture). In particular, it has
been found [9] that the important role played by the VDW
molecules in polarization transfer decreases upon increasing
p and that, at high pressures, the binary collisions emerge
as dominant. Models for the dynamics of the SEOP process
have been developed [9,11], while the microscopic details of
the polarization transfer have not been simulated from first
principles. Present techniques allow detailed investigation of
such processes by combining molecular dynamics (MD) simulations of the atomic trajectories, quantum-chemical (QC)
calculations to extract the instantaneous parameters of the
relevant spin Hamiltonian Ĥ (t ), and spin dynamics (SD)
simulations of the spin system, driven by the time series of
Ĥ . This approach has been applied to the electron [17] and
both nuclear and electron [18] spin relaxation in an aqueous
solution of Ni2+ ion. In the present paper, we introduce a
multiscale simulation procedure for the microscopic processes
of SEOP [7,11,19], a hyperpolarization method that is in
widespread materials science and clinical use [20,21].
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II. THEORY AND COMPUTATIONS
A. Molecular dynamics simulations

The calculations of this paper were carried out at one temperature T and one pressure p only, to introduce the multiscale
simulation methodology in the context of a single set of experimental parameters. In this initial report we also only simulate
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Rb and Xe, and we omit the other gas components that are
used in SEOP experiments [14]: He, the purpose of which is
to enhance electron spin polarization by broadening the Rb
absorption to better match the laser emission profile [22], and
N2 , used to facilitate radiation-free relaxation of the excited
Rb state [7]. We focus here on the qualitative aspects of the
spin transfer to 129 Xe nuclear spin from Rb electron spin, once
polarization of the latter has been achieved. In future work we
will also address the dependence of the process on the values
of p and T , as well as different gas composition. The influence
of experimental conditions on spin transfer efficiency has been
discussed, e.g., in Ref. [23].
For this work, a MD trajectory of a Rb atom in Xe gas
consisting of 2196 Xe atoms was produced corresponding to
T = 300 K and p = 2.4 bar, using the NAMD software [24].
The ab initio Rb-Xe potential energy function of Ref. [12]
was used. Events (labeled ) of interacting Rb-Xe pairs were
extracted from evenly spaced (τ = 50 fs) MD snapshots. Before the NVE (constant particle number, volume, and energy)
production run, the conditions were prepared with the NPT
(constant particle number, pressure, and temperature) simulation for 1 ns, followed by 1-ns-long thermalization with
NVE. With a MD time step of 1 fs, the resulting production
trajectory was 268 ns long, and with the time step between
adjacent saved snapshots of τ = 50 fs, the data constituted
5 360 000 snapshots. The MDanalysis package [25] was used
to read the binary files into the PYTHON code employed, in
turn, to perform the SD simulations, as well as to calculate the
radial distribution function.

B. Spin Hamiltonian

For each extracted Rb-Xe interaction event, a time series of
spin Hamiltonians [26], {Ĥ j } [Eq. (1) below], was constructed
based on QC calculations using fully relativistic densityfunctional theory (DFT) [27,28]. To the spin Hamiltonian of
the Rb- 129 Xe pair,
Ĥ (t ) = μB Ŝ · g(t ) · B + Ŝ · ε(t ) · M + Ŝ · A(t ) · Î,

(1)

we include the HF coupling tensor (A) connecting the unpaired Rb electron to the 129 Xe nucleus, the g tensor (g)
parametrizing the Zeeman interaction of the unpaired electron
with the external magnetic field B, and the tensor ε arising
from the the electron spin-rotation coupling. Ŝ and Î are the
spins of the Rb electron and 129 Xe, respectively. M is the
rotational angular momentum of the Rb-Xe pair, and μB is
the Bohr magneton.
The electron spin resonance (EPR) g and A tensors were
calculated for the Rb-Xe dimer as a function of the internuclear separation using four-component DFT in the matrix
Dirac-Kohn-Sham framework using the RESPECT quantumchemical package [29]. The hybrid exchange-correlation
functional PBE0 [30] was employed. The completenessoptimized 27s25p21d1f basis [12] was used for the largecomponent wave function, for both Rb and Xe. A common
gauge origin at the center of mass of the Rb-Xe complex was
employed for the g tensor. The obtained components of g and
A parallel (g and A ) and perpendicular (g⊥ and A⊥ ) to the

intermolecular Rb-Xe axis were fitted to the analytical form
T (r) = c +

b
r p0 +p1 r+p2 r 2

,

(2)

for use in the analysis of present MD trajectories. Numerical
values of the fit parameters can be found in Table I. Whereas
QC calculations were used to parametrize g and A as
functions of the interatomic Rb-Xe distance (RRbXe ), the
electron spin-rotation coupling tensor ε was extracted from
Curl’s approximation [31]


εik (t )Ik j (t ) = h̄2 [ge δi j − gi j (t )],

(3)

k

where I is the moment of inertia tensor of the Rb-Xe pair and
ge = 2.0023 is the free-electron g factor that contributes to
the isotropic part of the g tensor, the latter with components
gi j . The instantaneous EPR tensors occurring in the MD
simulation were furnished for each Rb-Xe pair with g and A
fitted to the precalculated QC property curves as functions of
internuclear RRbXe distance.
The 129 Xe nuclear spin rotation and 85/87 Rb HF interactions were omitted in this initial investigation. Their roles
can be expected to be more significant in the 129 Xe spin and
unpaired electron spin relaxation, respectively [10].
In Fig. 1, the parallel and perpendicular components of
A(129 Xe) and g are plotted, as well as the Rb-Xe radial distribution function (RDF) obtained for the gas mixture, against
RRbXe . The RDF begins to deviate from unity at around 9 Å,
well above the distance range at which the magnetic interactions (A and g) start to deviate from their infinite-separation
limit. The forms of the curves of g , g⊥ , A , and A⊥ reflect
the nature of the underlying interactions. g is seen to be
very anisotropic, with g⊥  g ≈ ge . This is due to the fact
that, at the nonrelativistic limit, the dominating second-order
cross term of the spin-orbit interaction and the orbital Zeeman
interaction with the external magnetic field B [26] causes a
significant shift of the g tensor from ge in the perpendicular
component g⊥ . In contrast, the orbital Zeeman interaction
is ineffective in coupling to the electronically excited states
when the internuclear axis of a linear molecule such as RbXe
coincides with the direction of B in the g component. Minor
contributions in our fully relativistic calculation are responsible for the slight deviation of g from ge .
The xenon HF coupling tensor is seen to be nearly
isotropic, i.e., A ≈ A⊥ , throughout the Rb-Xe distance range.
This can be understood in the light of the dominant Fermi
contact-type coupling mechanism, which is isotropic. Again,
deviations from isotropy result from the fact that we pursue a
four-component calculation using the full relativistic HF operator, of which (among others) the isotropic contact operator
can be obtained only at the nonrelativistic limit [32].
We define each visit of a Xe atom inside the radius of 9 Å
around the Rb atom to constitute a single interaction event.
The simulated distribution of the number of such events as
a function of the event lifetime is presented in Fig. 2. The
number of events decays exponentially, with most of them
having a lifetime shorter than 25 ps. Long-lived complexes
are rare in the present simulation conditions.
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TABLE I. g and 129 Xe hyperfine coupling (A) tensor fitting parameters in Eq. (2).
Parameter
c
b (10−4 Å)
p0
p1 (Å−1 )
p2 (10−2 Å−2 )

g

g⊥

Parameter

A

A⊥

2.002 347 96
−0.022 468 520 0
−8.054 317 82
1.317 103 47
−3.597 953 15

2.002 362 91
−7.390 901 80
−6.028 414 85
1.096 544 97
−3.214 788 59

c (MHz)
b (GHz Å)
p0
p1 (Å−1 )
p2 (10−2 Å−2 )

−0.713 669 632
−1.312 612 27
0.328 979 699
−0.134 632 780
6.902 832 49

−0.636 729 696
−1.380 230 54
0.341 536 219
−0.088 283 167 8
6.454 603 95

C. Spin dynamics

The time series of spin Hamiltonians {Ĥ j } was used in SD
simulation of spin transfer from the unpaired electron of the
Rb atom to the 129 Xe nucleus, in each Rb-Xe interaction event.
The polarization transfer was obtained from the SD trajectories generated with a program written in the PYTHON [33]
language, taking advantage of several of the routines of the
SPINDYNAMICA [34] software package. We simulated the time
evolution of the combined electron-spin–nuclear-spin density
operator separately for each event . A superpropagator of the
form [17,18]
ˆ
ˆ
ˆ
P̂ˆ (nτ ) = eL̂n τ eL̂n−1 τ . . . eL̂1 τ

was constructed, where the Liouvillian superoperator L̂ˆ j relates to Ĥ j through
ˆ





eL̂ j τ σ̂ = e−ih̄Ĥ j τ σ̂ eih̄Ĥ j τ .

(5)

The integer n labels the SD time steps of length τ . Hence,
P̂ˆ is a propagator of the piecewise continuous solution to
the pure-state Liouville–von Neumann equation. The SD of
the observable state Ô, traced from the initial state Ŝz , is
obtained as
Tr[Ô P̂ˆ (nτ ) Ŝz ]
SŜz ,Ô (nτ ) = 
 .
Tr(Ô2 )Tr Ŝz2

(4)

(6)

This corresponds to an experimental setup where the unpaired
electron of the Rb atom is assumed to be spin-polarized in
the direction of the z component of the Cartesian laboratory
axis. The observable state Ô can be, e.g., any of the Cartesian
components of the electron or nuclear spins (e.g., Iˆx , Iˆy , Iˆz ,
or Ŝz ).
The events were divided into groups Dr according to the
lifetime of the Rb-Xe complex in question (see Fig. 3 below).
Events in each Dr approximate an ensemble, and within each
range of lifetimes, the magnetization dynamics is obtained as
a sum. We define the polarization transfer from state Ŝz to state
Iˆα (α = x, y, z) as
r
Pz,α
≡


 ∈ Dr



SŜz ,Iˆα nf τ ,

(7)

where nf τ is the lifetime of the event .

FIG. 1. Quantum-chemically computed components parallel to
the internuclear axis and perpendicular to it of the (a) g tensor and
(b) 129 Xe hyperfine coupling tensor for the interacting Rb-Xe dimer
as functions of RRbXe . (c) The Rb-Xe radial distribution function from
molecular dynamics simulations.

FIG. 2. Simulated distribution of the Rb-Xe interaction events,
N, as a function of their lifetime.
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r
FIG. 3. (a) Distribution of polarization transfer, Pz,z
, in
different-lifetime Rb-Xe interaction events, at vanishing external
magnetic field. Each bar represents a lifetime category D1 . . . D8
ranging from short, binary collisions to long-lived VDW complexes.
For categories with significant statistical uncertainty, the upper half
of the error bar is shown in red. (b) The polarization transfer of panel
(a) divided by Nr , the number of events in Dr . Nr is shown for each
lifetime category in panel (b).

III. RESULTS AND DISCUSSION
A. Polarization transfer and event lifetime

Figure 3(a) shows a histogram of the polarization transfer
from Ŝz to the observed state Iˆz , in the chosen lifetime ranges
Dr , with r = 1–8, at 0 T external magnetic field strength.
See Table II for tabulated numerical values. The specific
ranges have been chosen to provide useful statistics corresponding to the number of events Nr in each Dr . In the
absence of an external magnetic field, the electronic Zeeman
term of the Hamiltonian [Eq. (1)] is ineffective. The nature of
the events ranges from hundreds-of-femtoseconds-long binary
collisions to hundreds-of-picoseconds-long VDW molecules.
r
TABLE II. Simulated spin transfer Pz,z
[Eq. (7)] and spin transr
/Nr from the electron to 129 Xe nuclear spin in the
fer per event Pz,z
different lifetime categories of Rb-Xe interaction events. τ = 50 fs
is the time step used in the spin dynamics simulations.

Dr
D1
D2
D3
D4
D5
D6
D7
D8
Total r

Lifetime nf (τ )

Nr

r
102 Pz,z

r
104 Pz,z
/Nr

2 < nf  61
61 < nf  82
82 < nf  106
106 < nf  135
135 < nf  174
174 < nf  256
256 < nf  1069
1069 < nf  4876

8067
3295
1684
801
400
205
101
50
14 603

0.125 70
0.095 10
0.054 18
0.027 90
0.015 12
0.009 67
0.105 77
1.416 16
1.849 60

0.001 56
0.002 89
0.003 22
0.003 48
0.003 78
0.004 72
0.104 72
2.832 32

The proportion of binary collisions within the events of Dr
decreases with increasing r. The lifetime range D8 consists
solely of the Rb-Xe VDW complexes, whereas D1 contains
mostly short-lived, binary collisions.
The long-lived VDW molecules contained in the lifetime
range D8 give clearly the most significant contribution to
the total polarization transfer under the present simulation
conditions. The short collisions in D1 give, despite their overwhelming abundance (Fig. 2), a smaller contribution by a
factor of about 10. The fact that binary collisions have only
a little contribution to the total rate under the simulation
conditions corresponding to high pressure, 2.4 bar or 1800
Torr and (in the present subsection) vanishingly small external
magnetic field, is in line with experimental findings tabulated
in Ref. [16]. In Fig. 3(b), the polarization transfers of different lifetime categories are scaled by the multiplicative factor
1/Nr . This highlights the significance of individual events in
different lifetime ranges. The long interaction time in VDW
complexes is reflected in their contribution to the spin transfer.
Experimentally the role of binary collisions in spin transfer is
seen to be independent of p, whereas the polarization transfer
via VDW molecules becomes less efficient with increasing p
[9,15,16]. The latter can be rationalized through the increasing
frequency of three-body collisions and, hence, shorter lifetimes of VDW complexes, upon elevating the pressure. Not all
three-body events lead to the breakup of the VDW molecule,
however, as discussed below. To verify the experimental
trends as functions of p, T , and gas composition, simulations
at different conditions will be carried out in the future.
The influence of the electron spin rotation tensor ε on the
magnitude of the polarization transfer from the Rb electron
to the 129 Xe nucleus turned out to be insignificant in our
simulations. Analogously to the case of the nuclear spin rotation interaction contributing to 129 Xe relaxation, electron spin
rotation is expected mainly to affect the relaxation of the Rb
electron spin [35]. The magnitude of the effect of turning on
the electron spin rotation interaction is in the scale of 10−6 in
the case of D1 (compared to the overall 10−3 ), in the scale of
10−8 in the case of D2 (10−3 ), and 10−11 for the rest of the
lifetime categories (10−4 . . . 10−2 ).
Polarization transfer from the initial state Ŝz to the transr
verse components Iˆx and Iˆy of the xenon magnetization, Pz,x
r
and Pz,y , respectively, has magnitude smaller than that of
r
Pz,z
by a factor of around 1000.
B. Polarization transfer as a function of external
magnetic field strength

Figure 4(a) shows the simulated dependence of the polarization transfer on the external magnetic field. See Table III
for tabulated numerical values. Starting from B = 0.1 T,
the electronic Zeeman term in the Hamiltonian becomes
increasingly significant, with the result that the magnitude
of the polarization transfer decreases. Reference [16] lists
experimental spin-exchange cross sections corresponding,
separately, to van der Waals complexes and binary collisions
at B strengths ranging from 2 × 10−6 T (effectively zero) to
4.7 T. The cross sections decrease with increasing external
magnetic field, which corroborates our observation. It has
been pointed out that spin transfer in particularly (but not

032813-4

POLARIZATION TRANSFER IN A SPIN-EXCHANGE …

PHYSICAL REVIEW A 102, 032813 (2020)

FIG. 4. (a) Simulated polarization transfer in the different event
lifetime ranges (see Fig. 3) as a function of the external magnetic field strength. The contributions of the short lifetime ranges
D1 . . . D6 , are averaged over. (b) The same divided by the number of
events Nr within the individual lifetime categories.

only [16]) the VDW complexes becomes less efficient at
high magnetic fields [8,36]. This trend is reproduced by our
simulations.
We tested the length of the MD sampling interval in the
context of finite B-field simulations, by recalculating the
dependence of the polarization transfer on the external magnetic field strength with a SD time step doubled in length
to τ = 100 fs. With the tested magnitudes of B in the range
10−3 . . . 1 T, the results obtained with the longer τ differ from
those obtained with τ = 50 fs only by 0.01%. The change at
10 T rises to 0.1%, whereas 10% is obtained at 100 T. This
indicates that the sampling frequency is adequately small for
our qualitative purposes.
C. Polarization transfer and Rb-Xe distance

Figure 5 illustrates the dependence of the polarization
transfer on both the average and the minimum Rb-Xe distance, RRbXe , occurring within the lifetime of the event (see

FIG. 5. (a) Distribution of polarization transfer in Rb-Xe interaction events with different average Rb-Xe distances, at vanishing
external magnetic field. The average is calculated over the lifetime
of the event. (b) The same as panel (a), but for different ranges of
minimum Rb-Xe distance occurring within the lifetime of the event.
The number of events in each distance range is shown. For categories
with significant statistical uncertainty, the upper half of the error bar
is shown in red.

Tables IV and V for tabulated numerical values). The most
significantly contributing lifetime range, D8 in Fig. 3, consists
solely of VDW molecules, and the large statistical error in
D8 illustrates the diversity among the complexes that occur
in that lifetime range. Figure 5(a) shows that the average
RRbXe of some of the most significantly contributing events
is between 5.5 and 6 Å, in the bar with 100 events. Based
on the contribution to the polarization transfer, many of these
events belong to D8 . On the other hand, Fig. 5(b) shows that
the events with shortest minimum RRbXe do not contribute
significantly to the polarization transfer. Binary collisions
are more prevalent among the events with the shortest
minimum RRbXe .

TABLE III. Simulated polarization transfer as a function of the external magnetic field strength B presented in Fig. 4. The lifetime
categories D1 . . . D6 have been summed over and categories 7 and 8 are shown individually. The last three columns show the same data
divided by the number of events in the categories.
B (T)

r
r=1−6 Pz,z

7
Pz,z

8
Pz,z



r
r=1−6 Pz,z
/N1−6 a

7
Pz,z
/N7

8
Pz,z
/N8

10−3
10−2
10−1
100
101
102
103

3.28 × 10−3
3.28 × 10−3
3.27 × 10−3
3.25 × 10−3
2.01 × 10−3
6.70 × 10−8
4.64 × 10−12

1.06 × 10−3
1.06 × 10−3
1.02 × 10−3
1.05 × 10−4
4.15 × 10−5
6.05 × 10−11
3.86 × 10−14

1.42 × 10−2
1.41 × 10−2
8.33 × 10−3
8.89 × 10−5
6.62 × 10−5
8.16 × 10−12
2.31 × 10−14

2.27 × 10−7
2.27 × 10−7
2.27 × 10−7
2.25 × 10−7
1.39 × 10−7
4.64 × 10−12
3.21 × 10−16

1.05 × 10−5
1.05 × 10−5
1.01 × 10−5
1.04 × 10−6
4.11 × 10−7
5.99 × 10−13
3.82 × 10−16

2.83 × 10−4
2.82 × 10−4
1.67 × 10−4
1.78 × 10−6
1.32 × 10−6
1.63 × 10−13
4.62 × 10−16

a

N1−6 = r=1−6 Nr , the sum of the number of events in lifetime categories 1–6.
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TABLE IV. Simulated polarization transfer per event, in average
Rb-Xe distance ranges, from Fig. 5(a).
Number
of events
100
200
400
800
1600
3200
8303

Average
distance d (Å)
5.51  d
6.03  d
6.11  d
6.18  d
6.27  d
6.43  d
6.78  d

Polarization transfer
per event
1.15 × 10−4
3.25 × 10−6
1.51 × 10−6
1.22 × 10−6
9.48 × 10−7
7.53 × 10−7
1.00 × 10−7

< 6.03
< 6.11
< 6.18
< 6.27
< 6.43
< 6.78
< 9.00

D. Individual binary collisions

For more insight into the details of the polarization transfer,
the time evolutions of the spin transfer, SŜ ,Iˆ , of four differz z
ent, individual binary collisions are plotted in Fig. 6. Referring
to the lifetime categories introduced in Fig. 3, the short event
in Fig. 6(a) belongs to D1 , while the much longer-lived events
in Figs. 6(b) and 6(c) belong to D4 and D6 , respectively. In the
latter two events, Rb-Xe distances much shorter than those in
the first event are probed. The event in panel (c) is close to
being twice as long as the event in panel (b), which results in
a larger polarization transfer by one-third in the longer event.
The fact that the spin transfer contribution of both events is
nevertheless on the same scale, roughly 10−7 , suggests that
the magnitude of the transfer is strongly influenced by the
minimum Rb-Xe distance during the event lifetime, which is
similar in the two examples. Figure 6(d) displays a deep binary collision belonging to lifetime category D1 and in which
the minimum interatomic distance of 4 Å is probed. While
still larger polarization transfer is observed than in the events
depicted in Figs. 6(b) and 6(c), even in such a head-on binary
r
remains orders of magnitude
collision the magnitude of Pz,z
smaller than that in the VDW complexes (vide infra).
E. Individual van der Waals complexes

The spin transfer in two individual, long-lived VDW complexes is illustrated in Fig. 7. Figure 7(a) shows the spin
transfer process in an “unperturbed,” purely binary VDW
complex of Rb and Xe atoms. The Rb-Xe distance of the
VDW molecule is seen to undergo regular oscillation. Figures 7(b) and 7(c) illustrate, in contrast, a case where other
perturber Xe atoms visit the immediate neighborhood of the
TABLE V. Simulated polarization transfer per event, in minimum Rb-Xe distance ranges, from Fig. 5(b).
Number
of events
100
200
400
800
1600
3200
8303

Minimum
distance d (Å)
3.28  d
3.61  d
3.74  d
3.88  d
4.05  d
4.36  d
5.07  d

< 3.61
< 3.74
< 3.88
< 4.05
< 4.36
< 5.07
< 9.00

Polarization transfer
per event
4.71 × 10−7
5.41 × 10−7
8.01 × 10−7
9.88 × 10−7
2.05 × 10−6
4.19 × 10−6
6.53 × 10−8

FIG. 6. Simulated polarization transfer between the unpaired Rb
electron and 129 Xe nucleus and the Rb-Xe distance in four binary
collisions as a function of time. Events contained in the lifetime
categories (a) D1 , (b) D4 , (c) D6 , and (d) D1 (see Fig. 3).

long-lived complex during its lifetime. The lifetime of the
complex depicted in Figs. 7(b) and 7(c) is the second-longest
occurring in the entire MD trajectory. The Rb-perturber Xe
distance of the disturbing three-body events, which influence
both the molecular and spin dynamics of the VDW molecule,
are plotted alongside the Rb-Xe distance to the partner Xe
atom in the complex. All the disturbing events occur as single
collisions, and each of these events occurs with a different
“intruder” xenon atom. Naturally, the intruder Xe of the first
three-body event acts as the necessary third body for the
formation of the VDW complex in the first place and, correspondingly, the last such event leads to the dissociation of
the complex. The amplitude of the oscillation of the Rb-Xe
distance within the complex, as well as the minimum distance,
is affected by the impact of the intruders. The minimum
distance is reflected in SŜ ,Iˆ , e.g., during the two intruder
z z
events at about 175 and 200 ps, between which the complex
almost dissociates. This example shows that the intruders do
not necessarily break up the VDW molecule, nor destroy the
buildup of the 129 Xe magnetization (vide infra).
In both complexes depicted in Fig. 7, the spin transfer
increases in a steplike manner whenever the Rb-Xe distance
goes through the minimum region of the periodic trajectory.
There is a strong dependence of the Xe hyperfine coupling
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FIG. 8. Additional polarization transfer as a function of time
between adjacent local maxima of the Rb-Xe distance in the van der
Waals complexes depicted in Fig. 7. The minimum Rb-Xe distance
occurring in each oscillation is also illustrated. (a) Unperturbed complex. (b) Longer-lived, perturbed complex.

FIG. 7. Simulated polarization transfer between the unpaired Rb
electron and 129 Xe nucleus and the Rb-Xe distance, in two VDW
complexes as a function of time [panels (a) and (b)]. Both molecules
are contained in the D8 lifetime category (see Fig. 3). (c) Simulated
polarization decay of the unpaired electron (Ŝz ) in the same VDW
molecule as in panel (b). In addition, the Rb-Xe distances of all the
collision events with other Xe atoms are plotted with dashed black
and red lines.

interaction on the Rb-Xe distance (Fig. 1) and, hence, periodic modulation during the lifetime of the VDW complex,
an effect speculated upon earlier [16,37]. In our simulations
the oscillation period of the VDW complexes is circa 5 ps,
corresponding to 2 × 1011 Hz frequency. In doing so, the
magnitude of the additional spin transfer steps corresponding
to one oscillation of the complex increases linearly. Figure 8
depicts how the magnitude of the steps in the spin transfer
evolves during each oscillation cycle of the VDW complex.
The minimum Rb-Xe distance probed as a function of time is
also plotted in both cases. In the case of the unperturbed complex [Fig. 8(a)], with its almost invariant oscillation cycles,
the magnitude of the spin transfer steps is seen to increase
linearly. This shows that the the magnitude of the increase is
proportional to the number of previous steps. The propagator
P̂ˆ accumulates with significant terms up to the second order
in the time step τ . The facts that the number of oscillations
increases linearly with the lifetime of the complex and the
magnitude of the spin transfer in an individual oscillation
increases linearly with the number of oscillations accumulated
so far, make up a quadratic total buildup of the polarization
transfer as a function of time. In Fig. 8(b), the effect of the

disturbing three-body events on the behavior is observed. It is
noteworthy in Figs. 7(b) and 8(b) that the overall polarization
transfer continues also after the third-body event that almost
leads to a breakup of the complex at 175–200 ps.
Finally, Fig. 7(c) shows the decaying dynamics of the
initial state Ŝz , SŜ ,Ŝ , reflecting loss of the electron spin poz z
larization in the perturbed VDW complex of Figs. 7(b), 7(c),
and 8(b). A three-dimensional animation of the entire event
has been placed in the Supplemental Material [38].
IV. CONCLUSIONS

Microscopic molecular and spin dynamics occurring in a
Rb-Xe spin-exchange optical-pumping experiment have been
simulated to study the polarization transfer from the unpaired
electron of the Rb atom to 129 Xe nuclei in the Rb-Xe gas
mixture. The study combined molecular dynamics simulation
of the Rb-Xe mixture, quantum-chemically preparametrized
interactions in the spin Hamiltonian, and analysis of the MD
trajectory to carry out a spin dynamics simulation of the
combined electron and nuclear spin density as driven by the
Hamiltonian. The investigation was performed as a function
of the lifetime of the microscopic Rb-Xe interaction events
occurring in the optical-pumping cell. The long-lived van der
Waals molecules were shown to give the most significant contribution to the overall polarization transfer under the chosen
simulation conditions. The short binary collision also gives
an important, yet smaller contribution than the van der Waals
complexes, due to the high number of the binary collision
events. Experimental trends of polarization transfer as a function of the lifetime of the Rb-Xe interaction event as well as
magnetic-field strength were reproduced by the simulation.
Examples of individual binary and van der Waals events
could be scrutinized. A quadratic buildup of overall polarization transfer is seen in individual van der Waals molecules,
with a steplike transfer increasing in magnitude for each bondlength oscillation of the complex. It is seen in an example
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van der Waals event that disturbing three-body incidents do
not necessarily break up the complex, nor terminate the spin
transfer process.
The present simulation was performed corresponding to
only one set of experimental conditions: T , p, and the composition of the gas mixture. Further work will be needed to
realistically address the influence of these factors at the microscopic level. However, this work suggests that the present
type of multiscale simulations of the microscopic dynamics
of the SEOP process can potentially aid in finding optimal experimental conditions, eventually to gain improved sensitivity
in materials and biological NMR.
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