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Observation of Spontaneous Spin Polarization in an Optically Pumped Cesium Vapor
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We have observed spontaneous atomic spin polarization of a Cs vapor undergoing rapid spin
exchange in a cell when illuminated with plane-polarized 894 nm (D1) light. The spin polarization
shows marked hysteresis in switching between two stable orientations, fully aligned parallel or
antiparallel to an external magnetic field, as the circular polarization of the pump light is varied
about zero. We show that our observations agree with theoretical expectations and point out possible
applications of spontaneous polarization.

PACS numbers: 42.65.Pc, 32.80.Bx

We have made the first observation of spontaneous
atomic spin polarization in an alkali metal vapor optically
pumped with plane-polarized light. Such polarization
has been predicted to occur when optical pumping and
electronic spin exchange take place faster than spin
relaxation [1]. In our experiment, Cs vapor contained
in a cell along with a nitrogen buffer gas becomes fully
spin polarized when illuminated with linearly polarized
894 nm (D1) light tuned to excite atoms out of only
the F ­ 3 ground state hyperfine level. For certain
orientations of an external magnetic field,B0, the state of
zero spin orientation is unstable; the slightest bias grows
exponentially until the atomic spins are all lined up in
the F ­ 4 state, either parallel or antiparallel to the field.
The full atomic spin orientation remains indefinitely in
either stable state in the presence of linearly polarized
light and can be induced to switch from one stable
state to the other by briefly introducing some circular
polarization to the pump light. A striking feature of the
spontaneous polarization, taken as unambiguous evidence
that such has occurred, is hysteresis in the observed spin
orientation when the circular polarization of the pump
light is varied about zero, analogous to the hysteresis
observed in ferromagnetism.

In this paper we describe the observations that establish
the existence of this phenomenon and show that the main
results are well explained by a generalization of the origi-
nal analysis of Ref. [1]. Many properties of spontaneous
polarization remain to be explored, such as the behavior in
weak magnetic fields, in dense vapors, and at higher buffer
gas pressures. It may also be possible to generate sponta-
neous polarization in coated cells [2] without buffer gas, in
dense optically cooled vapors [3], or in optically pumped
crystals. Spontaneous polarization may prove useful in
precise measurements of spin precession, as in the search
for a permanent electric dipole moment [4–6], and in spin
exchange pumping of noble gas nuclei requiring a dense,
fully polarized alkali vapor [7,8].

In a cesium atom, with nuclear spinI ­
7
2 , the 6S1y2

ground state and the6P1y2 excited state are each split
into two hyperfine levels of total angular momentum

F ­ I 6
1
2 ­ 4 and3. In our experiment, optical pump-

ing takes place on the resolvedF ­ 3 ! F ­ 4 hyper-
fine component of theD1 transition between6S1y2 and
6P1y2. For this hyperfine component, spontaneous spin
polarization appears when the polarization vector of the
linearly polarized pump light is oriented perpendicular to
B0. Absorption of a photon by an atom will then cause
m, the magnetic quantum number alongB0, to change by
61, with an increase injmj more likely than a decrease;
the average change due to excitation from a given ground
state sublevelm is found from Clebsch-Gordan coeffi-
cients to beDm ­ 19mysm2 1 20d. (A ground state
Cs atom in thejF, ml ­ j3, 12l sublevel, for example,
will make transitions to thej4, 13l and j4, 11l excited
state sublevels with relative probabilities7

8 and 1
8 , respec-

tively.) Thus any ensemble-averaged bias,M ; kml, to
the extent that it appears in theF ­ 3 ground state, will
be reinforced in transitions to the excited state by an in-
crementDM ­ kDml, with the extra angular momentum
being extracted from the light. In general only a fraction
of DM will be lost in the return to the ground state, re-
sulting in a net gain in spin angular momentum over a
complete optical pumping cycle.

By itself, optical pumping would soon depopulate the
F ­ 3 state before adding appreciable angular momen-
tum to the system. The crucial role of electronic spin
exchange between atoms is to repopulate the optically
pumped hyperfine level while conservingM , thus al-
lowing optical pumping to continue adding spin angular
momentum as long as atoms are returned to theF ­ 3
state. In the ideal case of no spin relaxation, the atoms
would end up in the unpumpedF ­ 4 hyperfine level, all
aligned with the field in thej4, 14l sublevel or all in the
j4, 24l sublevel, and would no longer be affected by spin
exchange. With a finite spin relaxation rate that is much
smaller than the spin exchange and optical pumping rates,
the atoms will be driven into a stable state of high spin
polarization approaching the ideal case. Further discus-
sion follows the description of the experiment.

The layout of the experiment is shown in Fig. 1. A
Coherent 899-21 Ti:S ring laser provides the pump beam,
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FIG. 1. The experimental arrangement. The analyzer mea-
sures the optical rotation of the probe beam due to the spin
polarization of the cesium vapor.

which passes through a Glan-Thompson calcite plane
polarizer and enters the cesium vapor cell after being
expanded to a diameter of 1 cm. A static magnetic field,
B0, adjusted in magnitude and direction by Helmholtz
pairs, makes an anglea with the pump beam propagation
direction and an angleb with the electric field vector
of the pump light. A quarter-wave retardation plate [9]
in a rotating mount can temporarily be placed after the
polarizer to give some degree of circular polarization to
the light when it is desired to cause existing spontaneous
polarization alongB0 to reverse sign. A weak plane-
polarized probe beam from an external cavity diode laser
is directed at 5± to the pump beam axis and overlaps the
pump beam inside the Cs cell. The probe laser is tuned
to the 852 nmD2 absorption line and is adjusted to be
near resonance with theF ­ 4 ground state level. Optical
rotation of the plane of polarization of the probe beam,
measured by transmission through an analyzing polarizer
at 45± to the input polarization, acts as a measure of
the ground state spin polarization. An oven regulates the
temperature of the cell, setting the Cs density.

The cells are 2.5 cm diameter pyrex cylinders ranging
in length from 0.5 to 2.5 cm, with flat windows to pass
the laser beams. The N2 buffer gas serves both to prevent
rapid diffusion of the Cs atoms to the walls, where spin
relaxation takes place, and to quench the excited atoms
to the ground state before they emit resonant spontaneous
radiation that can depolarize atoms in theF ­ 4 ground
state level. [N2 has a particularly large collisional cross
section (>86 Å2) for quenching the6P1y2 state compared
with a much lower cross section (>5 Å) for changing
6P1y2 to the more readily depolarized6P3y2 state [10].]

Figure 2 shows theD1 absorption profile with 46 torr
buffer gas pressure as the pump laser frequency is swept
across the hyperfine components of the line. The 9.2 GHz
ground state hyperfine splitting is well resolved, and the
1.2 GHz splitting in the excited state, resolved with no
buffer gas, is partially resolved at 46 torr.

The signature of spontaneous polarization can be seen
clearly in Fig. 3(a), which shows the observed changes in

FIG. 2. The absorption profile of theD1 absorption line,
showing the hyperfine splitting in the ground and excited states.
The arrow marks the3 ! 4 hyperfine component used to pump
spontaneous polarization.

the spin polarization of the sample,M (as measured by
the probe beam), as the degree of circular polarization of
the pump light,sL, is varied by rotating the quarter-wave
plate slowly and continuously. Note thatM does not
follow the variation insL smoothly, but abruptly changes
between two states of spin polarization, one parallel and
the other antiparallel toB0, reversing polarity well after
sL has passed through zero and acquired a sign tending
to reverseM by direct optical pumping.

Figure 3(b) shows a plot ofM vs sL from data taken
as the quarter-wave plate is manually rotated in small
increments from negative to positivesL and then rotated
back. The plot exhibits striking hysteresis behavior
similar to a saturatedM vs H curve in single crystal
ferromagnetism. We emphasize that, even whensL ­ 0,
M automatically acquires a stable finite value which it
keeps for as long as the pump light remains.

All data in Fig. 3 were taken with a field of magnitude
B0 ­ 55 G and directiona ­ 80± relative to the pump
beam. The linear polarization of the pump beam, before
the quarter-wave plate, was set approximately perpendic-
ular toB0 (b > 90±).

Spontaneous polarization appears above certain thresh-
old values of pump light intensity and cesium density,
determined by the cell geometry and buffer gas pres-
sure (and within a range of values ofa and b as dis-
cussed below). The data in Fig. 3 were taken with a cell
2.5 cm long containing 46 torr N2, at a cell temperature of
82.5±C with an experimentally determined electron spin
exchange rate ofGse ­ 2800 s21 and an approximate ce-
sium density of5 3 1012 atomsycm3. The threshold for
spontaneous polarization in this cell occurs at a cell tem-
perature between 57 and 64±C, corresponding to a value
of Gse between 430 and730 s21. Cells with buffer gas
pressures in the range of 10–160 torr were tested, and
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FIG. 3. Experimental data revealing the presence of sponta-
neous atomic spin polarization. (a) The variation of the atomic
polarization,M , with sL, the degree of circular polarization of
the light, as the quarter-wave plate rotates, showingM switch-
ing between two stable, opposite polarity states well aftersL

has passed through zero and reversed sign. (b) A plot ofM
vs sL, showing the marked hysteresis. In both (a) and (b),
the magnetic field points at an anglea ­ 80± away from the
axis of the light beam, and only a small fraction ofsL actually
pumpsM along B0. The approximate location of zero spin
polarization has been indicated.

all exhibited spontaneous polarization up to the highest
cell temperature tried, 95±C, using typical values of 1–
10 mW pump light and1 10 mW probe light.

When B0 is tilted closer to the light propagation
direction, so thata , 60±, spontaneous polarization is
reduced or may not appear at all because asM is
spontaneously generated in the front part of the cell it
imparts a circular polarization to the light that tends to
induceM of the opposite sign at the rear of the cell.

Preliminary tests were done at low magnetic field by
placing the cell inside a set of magnetic shields. For
magnetic fields below about50 mG the feedback between
M and the inducedsL mentioned above creates an

interesting steady oscillation inM that warrants further
study.

To interpret our experiment quantitatively, the treat-
ment of spontaneous polarization in Ref. [1] must be gen-
eralized to include the resolved hyperfine splitting in the
excited state and arbitrary polarization of the pumping
light. We quote results from a full analysis [11] that uses
the complete optical polarization tensor to obtain the ef-
fect of optical pumping on the various multipoles [2] of
the ground state spin density matrix. In that analysis, the
collisional quenching of the excited6P1y2 atoms by the
N2 buffer gas molecules is shown to produce the same
relative populations among the ground statem sublevels
as does spontaneous radiation, and the Larmor precession
frequency aboutB0 is assumed large enough to average
the off-axis spin components to zero. In the relevant spe-
cial case of pumping with plane-polarized light on the
3 ! 4 hyperfine component of theD1 line, and in the
limit of large optical pumping rate compared to the spin
exchange and spin relaxation rates (a condition that is well
satisfied for most of our data), the rate of change ofM ,
the dipole polarization alongB0, may be written as

dM

dt
­ GM , (1)

where a small contribution from the octupole distribution
of the spin population has been ignored. When the gain
coefficient,G, is positive, we expect spontaneous polar-
ization to appear. In the strong pump regime assumed,
the optical pumping rate drops out andG is given by

G ­
7s1 2 2 cos2bd
12s10 2 cos2bd

s1 2 d6PdfseGse 2 Grel . (2)

The factor1 2 d6P includes spin relaxation due to colli-
sions between excited state atoms and the buffer gas, as
well as the effect of pumping to the partially overlapping
F ­ 3 excited level. Under the conditions of our exper-
iment, d6P ø 1. Excited state losses are expected to be
more severe in the6P3y2 state and did show up clearly in
some preliminary observations usingD2 pumping light.
The factorfse gives the reduction in spin exchange rate
when there is significant spin alignment among the atoms;
fse > 1 whenM is small, butfse ! 0 asM ! 4 [1].

The last term in Eq. (2) is the total spin relaxation rate,
Grel, with contributions from a number of mechanisms:
(1) spin relaxation in the ground state due to buffer gas
collisions, (2) diffusion of Cs atoms to the cell walls,
(3) optical pumping in the wings of the highly populated
F ­ 4 hyperfine level, and (4) relaxation as a result of
Cs2 molecule formation [12]. The magnitude of each
mechanism can be estimated with some reliability for any
given conditions of cell geometry, Cs and N2 density, and
pumping light intensity from measurements of hyperfine
pump and relaxation times, spin relaxation times, and
pump beam absorption spectra. For the conditions under
which the data of Fig. 3 were taken the main sources of
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relaxation are from mechanisms (1), (2), and (3), and we
estimateGrel to be of order40 s21.

WheneverG . 0, any arbitrarily small value ofM
will grow exponentially until reaching saturation, which
occurs when the magnitude ofM becomes so large that
fse begins to decrease, causingG to approach zero. At
saturation, more atoms are in theF ­ 4 ground state level
than when spin exchange is repopulating theF ­ 3 level
at the full rateGse, making the vapor more transparent
to the pump light. This method for identifying a state
of spontaneous polarization is particularly useful in low
magnetic fields, where varyingsL would result in light
shift perturbations comparable toB0.

Equation (2) provides a good qualitative and quantita-
tive description of the spontaneous polarization data. In
the absence of relaxation,G would be positive and spon-
taneous polarization would occur whenj90± 2 bj , 45±.
Under the conditions of Fig. 3 spontaneous polarization
was actually observed within the rangej90± 2 bj , 38±,
the difference being due to a finite value ofGrel. This
qualitative agreement with Eq. (2) can be made quantita-
tive by setting the expression forG equal to zero at the
maximum observed value of cos2b (­ 0.37). Using the
experimentally determined rateGse ­ 2800 s21, we find
that Grel must be>40 s21, in agreement with the earlier
estimate based on the known relaxation mechanisms. Us-
ing Grel ­ 40 s21 in Eq. (2) at the optimumb of 90±

we can estimate the threshold spin exchange rate in this
cell, and find thatGsesthresholdd > 700 s21, which lies
within the observed threshold range already mentioned.

Let us turn now to explaining the shape ofM vs
sL in Fig. 3(a). When Eqs. (1) and (2) are modified
for the general case of elliptically polarized pump light,
a direct pumping term proportional tosL cosa is added
to the right side of Eq. (1), and in Eq. (2) cos2b must
be replaced bykcos2bl ­

1
2 s

2
L sin2a. Note thatsL ­

sin2f [9], where f is the quarter-wave plate angle
measured relative to the initial plane of polarization of the
light. When sL ­ 61 the coefficient ofGse in Eq. (2)
reduces to zero, which is the reason for the pronounced
dip in the magnitude ofM that occurs nearsL ­ 61
in Fig. 3(a). [The center of the dip is shifted slightly to
the right of sL ­ 61 in Fig. 3(a) because the axis of
the linear polarizer is not exactly at90± relative toB0.]
Using a different plate with much smaller retardation at
894 nm causes the dip inM to disappear, as expected,
sincesL then remains small for all values off. All other
features of the curves in Fig. 3, such as the differences
between positive and negativeM in Fig. 3(a), including
the values ofsL at which switching occurs, are well
explained when optical imperfections and birefringence
are taken into account.

With sufficiently small instrumental asymmetries, spon-
taneous polarization would grow directly from the1y

p
N

statistical fluctuations inM , whereN (typically .1012)
is the number of atoms that are mixed by diffusion dur-
ing the spontaneous polarization rise time. Although a
residual circular polarization of the pump light,DsL, pro-
jected alongB0, creates an instrumental bias inM of or-
der DsL cosa, this bias could be madeø1026 sincesL

and a can each readily be adjusted to better than1023.
At thermal equilibrium, the bias inM created by the Zee-
man splitting is of ordermB0ykT , which in fields below
100 mG will be negligible.

In other future work, pumping with isotropic unpolar-
ized light [kcos2bl ­ 1y3 in Eq. (2)] would allow sponta-
neous polarization along an arbitrary magnetic field direc-
tion. In a low magnetic field, with optical perturbations
removed, the spin polarization might precess freely about
B0 for exceptionally long times. In the case of exchange
pumping of3He as applied to neutron spin polarizers [8],
spontaneous polarization might be particularly useful be-
cause the pumping beam direction does not have to be
aligned with the static magnetic field. Finally, in applica-
tions with no buffer gas, and hence no collisional quench-
ing of the Cs excited state, it may be necessary to pump in
the wings of a hyperfine component of the absorption line
to avoid depolarizing the atoms with reabsorbed radiation.
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