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Suppressing the decoherence of alkali-metal spins at low magnetic fields
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Interactions of electron spins with rotational degrees of freedom during collisions or with external
fields are fundamental processes that limit the coherence time of spin gases. We experimentally
study the decoherence of warm cesium spins dominated by spin rotation-interaction during binary
collisions with N2 molecules or by absorption of near-resonant light. We report an order of magnitude
suppression of the spin decoherence rate by either of those processes at low magnetic fields. We
find that the excess decoherence at higher magnetic fields originates from an asynchronous Larmor
precession, which is a mechanism that universally affects all alkali atoms, and can yet be suppressed
at low magnetic-fields. This work extends the widely-used regime of Spin-Exchange Relaxation Free
(SERF), which provides protection from decoherence by random spin-conservative processes, now
for random processes which do not conserve but rather destruct electron spins.

Ensembles of alkali-metal spins are a prominent phys-
ical system. They feature strong coupling to optical
and magnetic fields and can be isolated from the envi-
ronment for considerably long times at or above room-
temperature. Therefore, they have wide-spread and
evolving applications in quantum sensing and precision
magnetometery [IHS], in searches of new physics [9HI6],
in interfacing and polarizing spins of noble-gases for
imaging and fundamental studies [I7H22], in coupling
to opto-mechanical systems [23H25], in quantum infor-
mation applications [26H35] and recently also in studies
of new phases of matter [306].

The great coupling of the electron spin to external
fields also sets the limit for which the spin state can be
isolated from the environment before relaxing, affect-
ing the performance of the aforementioned applications.
The prominent relaxation mechanisms of alkali-metal
spins originate from processes which couple predomi-
nantly to the valence electron spin, during collisions, by
the action of external fields, or at the walls of the en-
closure that holds the gas [37]. The latter can be sup-
pressed by introducing buffer gas, typically mixtures of
noble-gas atoms or diatomic molecules. This gas renders
the motion diffusive and slows-down the collision rate
of alkali-metal atoms with the glass walls [38]. How-
ever, buffer gas also acts to relax the alkali-metal’s spin
by the spin-rotation interaction, which couples the elec-
tron spin to the rotational angular momentum during
collisions [3841]. Other relxation mechanisms are as-
sociated with the action of external fields. For instance,
optical fields tuned near the atomic transitions which
are used, e.g. to dispersively probe the spin state of the
alkali atoms, can be absorbed by the atoms and alter or
relax their spin state [26, 29, [42].

The rate in which different relaxation mechanisms
practically affect alkali-metal spins depends on the mag-
netic field orientation, which determines the quantiza-
tion axis. Spins oriented along the field have a char-
acteristic "longitudinal" spin-lifetime Ty [37, [43] [44].
Spins that are oriented transverse to the field, have a
coherence-time T, which is typically much shorter than
the spin-lifetime for dense alkali-metal vapor. The re-
duced coherence time partially originates from processes
such as random spin-exchange collisions between pairs of
alkali-metal atoms, which predominantly decohere the
spins but weakly affect their lifetime [37) [38], 45]. Never-
theless, decoherence due to random spin-preserving col-
lisions can be usefully suppressed via control over the
magnetic field magnitude in the uG-G range; It is uti-
lized to suppress the decoherence caused by the random
spin-exchange collisions and to drive the vapor into the
Spin-Exchange Relaxation Free (SERF) regime [45H51].
Yet, the direct effect of the magnetic field magnitude
on decoherence by processes which do not conserve the
spins, such as spin-rotation interaction in collisions with
buffer gas or absorption of light, has not been investi-
gated below hundreds of Gauss [52H54].

Here we study decoherence that originates from pro-
cesses that do not conserve the spin, and its dependence
on the applied magnetic field. We report an order of
magnitude suppression of the decoherence rate by the
spin-rotation interaction during collisions of cesium va-
por with No molecules, and further show that the sup-
pression is robust for a wide range of densities and de-
grees of spin-polarization. We additionally study the
decoherence rate by absorption of near-resonant light
and find an order of magnitude suppression at low mag-
netic fields. We present a simple model that identifies
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Figure 1. Relaxation mechanisms and experimental
apparatus. (a) Cesium spins (red spheres) are enclosed
with a dense molecular N3 gas (black spheres) inside a spher-
ical glass cell. The cesium spins are initially polarized by a
short pulse of optical pumping, and subsequently start pre-
cessing around an applied magnetic field B,. The spin evo-
lution and coherence time is observed using an optical probe
beam, which measures the average spin (S, (t)) transverse to
the magnetic field. (b-d) Processes which effect the electron
spins’ coherence time. (b) Randomization of the cesium’s
electron spin by the spin-rotation interaction during colli-
sions with an N2 molecule. (¢) Exchange of electronic spins-
between pairs of alkali metal atoms in collisions. (d) Absorp-
tion of near-resonance light which excites the cesium’s elec-
tron and alters the spin state in the electronic ground-state
after de-excitation. Unlike process (c) which instantaneously
conserves the total spin of the colliding spins, processes (b)

and (d) do not conserve but rather randomize the spin of
the electron.

the origin of the decoherence in the presence of the mag-
netic field and its suppression at low magnetic-fields.
This study can be directly applied in alkali-metal vapor
based applications and experiments.

We experimentally study the decoherence of cesium
vapor with Ny gas using the apparatus in Fig. The
atoms are enclosed in a 1”7 diameter spherical glass cell,
which contains 2.4 amagat of N5 gas and a small cesium-
metal droplet whose temperature determines the vapor
number-density. The temperature is controlled using
a home-made oven to maintain a constant cesium va-
por pressure, and the cell is magnetically shielded using
several layers of magnetic shields. We characterize the
relaxation mechanisms by monitoring the dynamics of
the cesium spins absent the pumping beam. We first
optically pump the spins along a magnetic field in the
zy plane using a circularly polarized beam that is tuned
on resonance with the Dy optical transition. The lat-
ter, appears as a single spectral line with a linewidth of

about 40 GHz owing to pressure broadening by the Ny
gas. Then, we turn off these fields and apply a magnetic
field BZ which leads to Larmor precession. The average
collective evolution of the alkali spins (S,(t)) is moni-
tored via measurement of the polarization rotation of a
weak, far-detuned and linearly polarized optical probe
beam in a homodyne configuration, which negligibly af-
fects the evolution. Further details on the experimental
configuration are provided in [55].

We measure the decoherence of the alkali metal spins
(S, (t)) as a function of the applied magnetic field B2.
At each value of the field, we fit the data to a simple
model (S, (t)) = Ae~*/T2 sin (wt + ¢) using A, ¢, w and
Ty as fitting parameters and ¢ to denote time of evo-
lution. In Fig. [2] we present the measured coherence
time T3 as a function of the applied magnetic field B2
(blue circles). We observe a £ = 12 fold suppression of
the decoherence rate of the spins at low magnetic fields
(IB| < 0.04 mG) with respect to the decoherence at
moderate magnetic fields (|B| 2 0.8 mG). These results
show that the spins’ decoherence rate can be suppressed
by more than an order of magnitude at low magnetic
fields.

To compare the contribution of the spin-rotation in-
teraction to all other relaxation processes, and ensure
it is the dominant relaxation mechanism, we estimate
the different relaxation rates in our experiment as de-
tailed in [55], and summarized in Table[[ under the "SR
exp." column. Via measurement of the cesium number
density ncs = (3.3 £0.3) x 101 em~2, we estimate the
various spin-relaxation rates affecting the valence elec-
tron; The rate ngz) by collisions of cesium and Ny, the
spin-exchange rate Rs. due to collisions between pairs
of alkali-metal atoms and the spin-destruction rate Ry,
by the weak probe beam. We also estimate and damp-
ing rate of the slowest diffusion mode Rgig by diffusion
and destruction at the enclosure walls. These estima-
tions agree well with the independently measured lon-
gitudinal spin lifetime 77 = (15.0 £ 0.5) ms. Evidently,
the spin-rotation rate Rngz) highlighted in blue is the
dominant relaxation mechanism of the vapor, surpass-
ing all other rates by about an order of magnitude. We
therefore conclude that the suppressed decoherence ob-
served in Fig. 2] is associated predominantly with the
spin-rotation interaction.

We also study the suppression for different degrees of
spin polarization and to different cesium number densi-
ties. The initial spin polarization P = T1/(Tpump + 11)
depends on the longitudinal optical-pumping time
Tpump Which we control and independently measure [55].
We estimate an initial spin polarization of P = 0.15 for
the aforementioned experiment, which corresponds to
the low-polarization limit. We repeat the experiment
also for higher initial polarization P = 0.66 and find
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Figure 2. Suppression of decoherence by spin-

rotation. The measured coherence time 75 at low magnetic
fields is prolonged by the suppression factor £ with respect
to high magnetic fields. We present two different configu-
rations: lower vapor density (blue) where the suppression
factor ¢ = 12 is predominantly associated with the spin-
rotation relaxation, and higher vapor density (grey) where
& = 20 is associated with both the spin-rotation and spin-
exchange which have comparable rates. The rates charac-
terizing the two configurations are summarized in Table [[]
under the columns SR and SE & SR, and the dashed lines
correspond to the calculated relaxation rates as modeled in

[55].

similar behaviour and suppression factor £ [55]. We also
characterize the suppression at an elevated number den-
sity nos = (7.5 £ 0.5) x 1012em™3, in a configuration
whose parameters appear under the "SE & SR exp."
column in table [ Here the spin-exchange and spin-
rotation rates are comparable, and their total measured
decoherence, presented in in Fig. [2| (grey), is simulta-
neously suppressed at low magnetic fields. Frequent
spin-exchange collisions also extend the range of usable
magnetic fields for which the decoherence is maximally
suppressed. These measurements demonstrate that the
suppression of spin-rotation decoherence is robust for
various degrees of spin polarization and alkali number
densities, and that at low magnetic fields, the coherence
time T5 can be prolonged towards the spin-lifetime T7.

We further study the spin-decoherence induced by ab-
sorption of near-resonant light. We repeat the experi-
mental sequence for the parameters of "SR exp." but
increase the optical power of the probe and tune its fre-
quency near resonance with the optical Dy transition.
Consequently, the relaxation by the probe light Ry, is
considerably increased and dominates the spins relax-
ation. We also increase the pump power in the prepara-
tion stage to set the initial polarization P = 0.15 despite
the decreased lifetime T} = 1.040.06 msec. In Fig.[3]we
present the short-time evolution of the mean spin com-
ponent (S;(t)) at three different magnetic fields. Ev-
idently, the decoherence at low magnetic field is sup-

[27rR><a§<eHz] SR exp. SE & SR exp. PR exp.
Rse 0.22 £ 0.02 5.3+ 0.6 0.23 £0.02
Rpr 0.08 +0.03 0.14 4+ 0.06
Ryan < 0.001 < 0.001 < 0.001

Table I. Relaxation rates for the three experimental
configurations. RérN 2) denotes the relaxation rate of the
electron spin by collisions with N2 molecules, Rse denotes
the spin exchange rate, Ry, is the relaxation by of the elec-
tron spin due to light absorption of the probe beam. In the
column PR this value was achieved from spin relaxation time
at the first millisecond of the decay process under powerful
probe beam. And Ryan is the relaxation rate of the first
diffusion mode by diffusion and interaction with the walls.
The column SR corresponds to a configuration with low va-
por density and low probe power, where the spin-rotation
rate is dominant. The column SE & SR corresponds to a
configuration with higher vapor density, where the rates of
spin-rotation and spin-exchange are comparable. The co-
herence time of these two configuration is shown in Fig. 2]in
blue and grey respectively. The column PR corresponds to
low vapor density but high and near resonance optical probe
beam, which renders the probe induced relaxation dominant.
The evolution in the latter configuration is shown in Fig. [3]
Calculation of all rates is detailed in [55]

pressed with respect to higher magnetic fields, and ap-
proaches spin-lifetime 77. Owing to the Gaussian in-
tensity profile of the probe and the slow diffusion of
the atoms, the decay is multi-exponential [37), B8], 56]
which precludes quantitative characterization by a sin-
gle relaxation rate. Nonetheless, both the ratio of the
linewidth of the signals in the frequency domain at high
and low magnetic fields (¢ = 19) as well as the ratio be-
tween the 1/e time (£ = 28) indicate that the decoher-
ence is suppressed by more than an order of magnitude.

To elucidate the suppression mechanism for decoher-
ence by processes which do not conserve the spins, we
use a simple model which highlights the roles of the hy-
perfine interaction, the electron-relaxation process, and
magnetic field precession in the low polarization limit.
In alkali-metal atoms, the strong hyperfine interaction
couples the electron spin S and the nuclear spin I, ren-
dering the total spin F' = I + S and its projection along
the magnetic field M to good quantum numbers. The
relaxation mechanisms we consider here are coined as S-
damping processes with relaxation rate Rgq [38], as they
couple and effect predominantly the electron spin .S ow-
ing to their short correlation time with respect to the
hyperfine rate. Spin-rotation occurs during short and
uncorrelated binary collisions of alkali-metal and buffer-
gas pairs, each lasting a few picoseconds [38] [57]. For
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Figure 3. Suppression of decoherence by optical ab-
sorption. The transverse spin relaxes rapidly at high mag-
netic fields, but the relaxation is suppressed at low magnetic
fields. In this configuration the probe power is increased
and tuned near resonance to render its relaxation dominant
(see the experimental parameters in Table [[| under the PR
exp. coulmn). The measured decay is multi-exponential ow-
ing to the Gaussian shape of the probe beam [55].

the pressure-broadened optical transition in the experi-
ment, the correlation time of both absorption of photons
and of non-radiative de-excitation is associated with the
inverse of the optical linewidth, corresponding to a few
picoseconds.

As the relaxation mechanisms act to relax S but leave
I intact, the latter acts as a flywheel: it partially stores
the total spin orientation during a collision and repo-
larizes the electron spin afterwards. For spins oriented
along the field, this mechanism is known to prolong the
spin-lifetime 77 by a factor ¢, known as the slowing-
down factor, in comparison with the decay of an equiv-
alent electron spin (i.e. I = 0) [37]. The fraction 1/q
represents the fraction of angular momentum that is
carried by the electron spin out of the total alkali-metal
spin, and is lost in a collision. This fraction depends
on the magnitude of the nuclear spin and the state of
the ensemble, and can be cast via I, P and Rsq/Rse, as
studied in Refs. [37, 45 47] at different regimes. While
spin-exchange collisions conserve the average vapor spin
during the collision, at longer time scales they can ef-
fect the observed lifetimes by changing the spin popula-
tion at the hyperfine manifolds while driving the system
to follow a spin-temperature distribution. For cesium
(I = 7/2) in the low polarization limit, the slowing-
down factor is considerable: it ranges from ¢ = 22 for
rapid spin-exchange (Rse > Rsq) up to ¢ = 32 when the
destruction is dominant (Rgq > Rge)-

The introduction of magnetic field however can ham-
per the flywheel mechanism for spins that are oriented
perpendicular to the field. To capture this effect, we
describe the evolution under magnetic field BZ and S-
damping collisions at rate Ryq using the simplified Bloch

equations for infrequent spin-exchange collisions

at<F+> = - (igeB + de) <S+> s (1)
01 (1) = —i%Z (Fy) = Rua(S:) ~ } (L) (@)

Here (Fy) = (Fy) + i(F,) denotes the average total
transverse spin of an alkali-metal atom and (S;) =
(Sz) +1(Sy) denotes the average transverse spin of the
electron. Eq. describes the precession of the total
spin induced by the Larmor precession of the electron
spin where g, is the electron gyromagnetic-ratio, as well
as the decay due to damping of the electron spin at a
rate Rgq. The first term in Eq. describes the back-
action of the total spin on the electron which slows down
its motion, the second term describes its damping, and
the last term describes the flywheel repolarization by a
fraction ¢ = (2I + 1)?/2 via the transverse nuclear spin
(Iy) = (Fy) — (S4).

Equations. form a coupled set of two linear dif-
ferential equations whose dynamics is characterized by
the evolution of two modes; the imaginary part of the
eigenvalues represent to the precession rates w and the
real part of the eigenvalues represent the decoherence
rates T, . At high magnetic fields (9B > Ryq) we find
two precession rates w = +¢.B/(2I + 1) and two rapid
decoherence rates are Ty ' = Ryq(q++/2¢+1)/(2q) that
are associated with two modes: one in which the elec-
tron and nuclear spins are anti-aligned, and another in
which they are aligned. These two modes correspond to
the lower and upper hyperfine manifolds respectively,
which precess at equal rates but with opposite direc-
tions. Owing to this sign difference, the Larmor preces-
sion of the different hyperfine manifolds which is initially
in phase, becomes asynchronous and results with rapid
decoherence of the ensemble-averaged signal. For I > 1,
the coherence time of the two hyperfine manifolds ap-
proaches the same value of T & 2/Rgsq, manifesting a
rapid decay of the electron and nuclear spins and no
re-polarization by the nucleus.

At low magnetic fields (¢B < Rsq) in contrast, the
evolution of the nuclear and electron spins is highly
correlated and the total spin is dominated by a sin-
gle eigenvalue; Its over-damped precession rate is w =
geB/(2q —2) and its coherence time is 7o = ¢/Rsq. The
ratio between the average coherence times in the low and
high magnetic field regimes give the suppression factor
& ~ (I + %)%, which is about £ ~ 16 for cesium. This
factor manifests the excess decoherence that originates
from the asynchronous precession, and that can be sup-
pressed at low magnetic fields for processes that do not
conserve the electron spin.

To quantitatively compare the theoretical model with
the experimental result, we cast the former in the stan-
dard form of the hyperfine-Bloch equations [58], [59], and



include also the spin-exchange term, as well as the small
contribution of diffusion-damping [55]. The modeled re-
sponse is shown in Fig. 2| (dot-dashed lines), and is in
good agreement with the measured data.

In conclusion, we have experimentally demonstrated
an order of magnitude suppression of Th-type decoher-
ence at low magnetic fields for processes that do not
preserve the spin such as spin-rotation interaction and
absorption of light. A simple model reveals that the sup-
pression is owed to preservation of the nuclear spin of
the alkali at low magnetic field, which is lost at moder-
ate magnetic fields by uncorrelated Larmor precession of
the magnetic moments in the two hyperfine manifolds.
This work extends the use of magnetic-field as a tool
to suppress decoherence that originates from processes
which do not preserve the spins.

It is intriguing that the decoherence rates observed at
moderate-high magnetic fields due to spin-destruction
collisions or by absorption of light are only partially
owing to the loss of spin during the collision. Instead,
it is the coherent but asynchronous precession of the
magnetic moments in the two hyperfine manifolds that
dephases the average spin of the ensemble after few col-
lisions. In the limit I > 1, the fraction of the total
spin that is lost during a collision is so small that the
dynamics and dephasing become akin to that of spin-
exchange collisions where the relaxation of the uniform
spin mode is only due to the asynchronous precession
after redistribution of the spin population between the
two hyperfine manifolds.

It is also interesting to consider the potential sup-
pression of decoherence by other relaxation processes.
The relaxation mechanisms we considered here cou-
pled predominantly through the spin of the electron,
owing to the short correlation time of the interaction.
Other relaxation processes also have sizeable coupling to
the electron spins. These processes include relaxation
by spin-axis in collisions of alkali-metal pairs [43] [54],
relaxation by the walls of anti-relaxation coated cells
[60], and relaxation by very short-lived Van-der-Waals
molecules [61]. It is therefore plausible that the decoher-
ence rate by these processes would also be suppressed
at lower magnetic fields.
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