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We present a theoretical investigation of the temperature and of the magnetization of atoms in one-
dimensional ‘‘gray’’ optical lattices. Such lattices consist of counterpropagating beams having crossed linear
polarizations, tuned on the blue side of aJ→J or aJ→J21 transition, and a static longitudinal magnetic field.
The variation of the atomic temperature with the magnetic field recently observed~an increase at low magnetic
field; a decrease towards an asymptotic value at high magnetic field! is found for any atomic transition
admitting one or two uncoupled states. This change of behavior of the temperature results from a qualitative
change of the cooling mechanism and is correlated with a transition from paramagnetism to antiparamagnetism
in the optical lattice.

PACS number~s!: 32.80.Pj

The outstanding development of laser cooling and trap-
ping of neutral atoms originates from the pioneering pro-
posal by Ha¨nsch and Schawlow@1# about Doppler cooling.
But it would certainly never have attracted so much attention
without the experimental discovery@2# and theoretical inter-
pretation @3# of the so-called sub-Doppler cooling mecha-
nisms, the best known of which is Sisyphus cooling. One of
the most striking features of this cooling mechanism is the
possibility for atoms to be efficiently and durably trapped in
the optical potential wells associated with the light shifts@4#,
where they undergo an oscillating motion. The experimental
observation of this vibrational motion is possible because of
the strong spatial confinement of the atoms on the wave-
length scale~Lamb-Dicke regime!, which yields a narrowing
of the atomic vibrational levels@5#. It was first achieved in
one-dimensional~1D! @6,7# and then in 2D@8# geometries
using stimulated or spontaneous Raman spectroscopy. Fi-
nally, the experimental demonstration of atom localization in
a 3D lattice of micrometer-sized optical potential wells
@9–11# was a major achievement in the field of laser cooling,
from which emerged the new field of ‘‘optical lattices.’’

All these early experiments were realized by tuning the
lattice beams on the red side of an atomic transition connect-
ing the ground state of angular momentumJg to an excited
state of larger angular momentumJe5Jg11. In such lattices,
atoms are trapped at locations where their interaction with
the trapping beams is maximum and therefore scatter a large
number of photons from the trapping field. This is why Ray-
leigh scattering is the main feature of the fluorescence spec-
trum of these ‘‘bright’’ lattices@7# ~the fact thatelasticscat-
tering dominates the spectrum is due to the Lamb-Dicke
effect @5#!. This also implies that bright lattices are charac-
terized by strong atom-atom interactions, resulting in par-
ticular from transfers of momentum between atoms via reab-
sorption of scattered photons, and therefore by a small filling
factor of the potential wells.

It was thus realized that another type of lattice was
needed, where atoms would be trapped near points where
their interaction with light would be minimum. We recently
proposed one possible scheme for realizing such a lattice
@12#. It is analogous to the so-called lin'lin @3# bright lat-
tice, except that the angular momentum of the ground state is
either equal to (Je5Jg) or larger~Je5Jg21! than that of the
excited state and that the laser beams are tuned on the blue
side of the atomic transition. The peculiarity of such configu-
rations is the existence, at any point in space, of at least one
internal state being decoupled from light. These ‘‘un-
coupled’’ ~or ‘‘nearly dark’’! states experience no light shift
and lead to a flat optical potential, where atoms tend to ac-
cumulate as a result of the very small departure rate from the
uncoupled potential. This leads to an efficient cooling
mechanism, as well as to a significant reduction of photon
scattering from the atoms, as recently demonstrated experi-
mentally in 3D four-beam molasses geometries@13#. To fur-
ther obtain an efficient spatial localization, a static longitudi-
nal magnetic field should be used, as proposed theoretically
in @12# and studied recently in@14#. One of the most striking
properties of the resulting ‘‘gray’’ four-beam lattices revealed
by the experiment is the variation of the atomic temperature
with the magnitude of the static magnetic field@15#. It was
observed that the temperature increases with the magnetic
field as long as the Zeeman splitting\VB between the out-
ermost ground-state Zeeman sublevels is smaller than the
typical light shift\D8 of the coupled states, reaches its maxi-
mum when\VB is of the order of\D8, and then decreases
towards an asymptotic value. We show in this paper that such
a behavior already arises in one dimension for any transition
involving uncoupled states and that the asymptotic tempera-
ture reached in the limit of large magnetic field is a linear
function of\D8 on a large range of parameters. The magne-
tization of these gray lattices, which is a quantity accessible
to experiments, is also considered. We find in particular that
the lattice magnetization exhibits a behavior analogous to
that of the atomic temperature: increase in the limit of
small magnetic field~paramagnetic behavior!, then decrease
down to zero in the large field limit~antiparamagnetic behav-
ior!. We show that these observations result from a qualita
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tive change of cooling mechanism in the lattice. Finally, the
characteristics and predictions of our 1D model are com-
pared to the geometry and results of a recent experiment@15#
using a 3D stretched tetrahedron@16#.

Consider an atomic ensemble interacting with two lin-
early cross-polarized counterpropagating laser beams and a
static magnetic field aligned along their propagation axisOz.
Both lasers have the same amplitude and frequencyv and
are tuned on the blue side of a closed transition connecting
the atomic ground state of angular momentumJg to an ex-
cited state of angular momentumJe5Jg or Jg21 @the fre-
quency detuningD5v2vA between the lasers~v! and the
atomic resonance frequency~vA! is positive#. The combined
effect of the light and magnetic fields results in space-
dependent energy shifts of the ground-state Zeeman sublev-
els, which act as external potentials for the atomic center-of-
mass degrees of freedom. The actual shape of these optical
potentials, which underlies the properties of the lattice, de-
pends on the relative magnitude of the typical light shift
\D85\V2/2D ~V is the resonant Rabi frequency correspond-
ing to one laser beam and a Clebsch-Gordan coefficient
equal to 1! and of the Zeeman splitting\VB between the
outermost ground-state sublevelsu1Jg& and u2Jg& ~in the
absence of the laser field!. In particular, two simple limiting
regimes can be readily characterized. In the caseVB!D8,
where the Zeeman splitting is a small perturbation compared
to the light shifts, the lowest optical potential is mainly as-
sociated with the uncoupled states. Because of the nonzero
magnetic field, this potential exhibits a spatial modulation
arising from an admixture of the Zeeman shifts of the space-
dependent uncoupled states. As shown theoretically in@12#,
atoms are localized in the wells of this potential, where they
very weakly interact with light. By contrast, in the limit
VB@D8, where the light shifts are a small perturbation com-
pared to the Zeeman splitting, the optical potentials are es-
sentially associated with the bare ground-state Zeeman sub-
levelsumg&. These potentials are spatially modulated because
of the light shifts induced by the space-dependent laser field.
In particular, the two outermost optical potentials~associated
with the u1Jg& and u2Jg& states! exhibit minima at points
where the Zeeman sublevels coincide with the uncoupled
state. One therefore expects atoms to accumulate at the bot-
tom of these potentials, hence minimizing their interaction
with light.

In the following, we denote by low magnetic-field regime
the regime where the potential curves originating from the
uncoupled states are well separated from the other potential
curves. The typical range for the low-field limit isVB,V l ,
whereVl is the value for which a crossing occurs between
the lowest potential curve and a potential curve associated
with a coupled state. In a similar way, the high-field limit
corresponds to the situation in which the potential curves
associated with the various Zeeman substates are well sepa-
rated. The condition isVB.Vh , whereVh is the last value
of VB for which there is a crossing between two potential
curves. Therefore, we shall distinguish three domains:

~i! 0<VB<V l ~low magnetic-field regime!,
~ii ! V l<VB<Vh ~intermediate magnetic-field regime!,
~ii ! VB>Vh ~high magnetic-field regime!.

The temperature dependence of these gray lattices on the
longitudinal magnetic field can be readily investigated for
any transition by using the band method introduced in@4#
and employed in@12# for deriving the populations of the
lattice energy levels. Typical results for two types of atomic
transitions ~corresponding toJe5Jg and Je5Jg21! are
displayed in Figs. 1~a! (Jg52→Je52) and 1~b!

FIG. 1. Temperature dependence of a 1D lin' lin gray lattice on
the longitudinal magnetic field for two atomic transitions:~a!
Jg52→Je52; ~b! Jg52→Je51. The kinetic temperatureJk is
related to the rms atomic momentumprms by kBTk5prms

2 /M , and
VB characterizes the Zeeman shift between the outermost ground-
state magnetic sublevels. Both the atomic temperature and the Zee-
man shifts are expressed in units of the one-photon recoil energy
ER5\2k2/2M ~k being the wave vector of the incident fields!. The
value of the typical light shift is\D85500ER . Regions I and III
correspond, respectively, to the low- and the high-magnetic-field
regimes, where the curves display similar variations of the tempera-
ture withVB for both transitions, whereas region II stands for the
intermediate-magnetic-field regime, where the temperature varia-
tions depend on the atomic transition. The apparent noise on the
curves is due to the population resonances@17# originating from the
secular approximation used in the band model. Actually, the inset in
~a! displays a zoom of the temperature curve, where these reso-
nances appear more clearly. Because most experiments are per-
formed outside the range of validity of the secular approximation, it
is expected that one should observe experimentally a smoother
variation.
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(Jg52→Je51), where both the atomic temperature and the
Zeeman shifts are expressed in units of the one-photon recoil
energyER . One clearly sees in these figures that the atomic
temperature exhibits thesamequalitative dependence on the
magnetic field, no matter the atomic transition and the asso-
ciated number of uncoupled states.1 This dependence, which
was observed for all the atomic transitions that we have
computed,2 exhibits several universal features: first, a rapid
increase of the atomic temperature in the low magnetic-field
regime~i.e., region I of the figures!; second, a more gradual
increase of temperature for intermediate values of the mag-
netic field ~region II!; third, an increase followed by a de-
crease of the temperature down to an asymptotic value in the
high magnetic-field limit~region III!. The temperature varia-
tion with the magnetic field is always the same in the low
and in the high field regimes whatever the atomic transition.
It is only in the intermediate field regime that different
shapes are observed. For example, one finds a plateau in the
case of Fig. 1~a! and a sharp heating in Fig. 1~b!. The reason
is that region II, previously defined, corresponds to a situa-
tion in which there are many crossings between potential
curves. The number of crossings and their location depend
on the atomic transition~and also onVB!, which is why there
is no universal behavior forV l<VB<Vh . It is also remark-
able to note that the curves of Fig. 1 correspond to that
observed by Triche´ et al. @15# in a 3D case. Another output
of such numerical calculations is the total magnetization
^Jz&/\ of the lattice. The dependence of this quantity on the
magnetic field, represented in Fig. 2 for the cases of a
Jg52→Je52 transition@see Fig. 2~a!# and Jg52→Je51
transition@see Fig. 2~b!#, is also found to be universal in the
low and high field regimes. Furthermore, the comparison be-
tween Figs. 2 and 1 shows that the atomic magnetization
essentially exhibits the same dependence on the magnetic
field as the temperature. Starting from a zero value in the
absence of magnetic field, it first increases with the magnetic
field, reaches a maximum in the intermediate regime~region
II !, and then decreases down to zero~asymptotic value! in
the high-magnetic-field limit~region III!. In other words, the
lattice behaves either as a paramagnetic or as an antipara-
magnetic medium, depending on the magnitude of the mag-
netic field. Finally, we comment on the apparent scatter of
the data in our numerical simulations~Figs. 1 and 2!. This
phenomenon arises from the coarse-grain sampling of the
actual dependences of the magnetization and temperature,
which exhibit narrow resonant variations in the secular ap-
proximation@17#, as shown in the inset in Fig. 1~a!. In usual
experimental conditions, however, a smoother variation is
expected.

We now interpret the results of Figs. 1 and 2. Let us first
consider the situation of zero magnetic field. In this case, the
atom-laser configuration reminds us of the one employed in
1D subrecoil cooling, and we therefore expect very low
atomic temperatures~it is well known, however, that subre-

coil temperatures are actually achieved only in the case of a
Jg51→Je51 or Jg52→Je51 atomic transition!. More-
over, the total magnetization of the atoms is then equal to
zero for obvious symmetry reasons. Let us now study the
influence of the longitudinal magnetic field. As previously
mentioned, the situation is particularly simple in the two lim-
iting casesVB,V l andVB.Vh . We first consider the low
magnetic-field limit, where most atoms accumulate in the
energy states associated with the lowest nearly dark optical
potentials ~we choose for illustration purposes apositive
magnetic field and anegativeZeeman shift!. As the magnetic
field increases from zero, potential wells of depth\VB start
to develop around points where the uncoupled state coin-
cides with the Zeeman sublevelm5Jg and where atoms be-
come trapped and spatially localized. As a consequence, the
total magnetization̂ Jz&/\ becomes positive. The fact that
the magnetizationincreaseswith the magnetic field~para-
magnetic behavior of the lattice!, and eventually corresponds
to a significant fraction ofJg @see Fig. 2~a!#, results from

larger population and spatial localization in the potential

1A Jg→Je5Jg atomic transition leads to one uncoupled state,
whereas aJg→Je5Jg21 transition involves two nearly dark states.
2We have performed numerical calculations forJg→Je5Jg

atomic transitions with angular momenta 1<Jg<4, and for
Jg→Je5Jg21 transitions with 2<Jg<5.

FIG. 2. Variation of the magnetization̂Jz&/\ of the lattice with
the magnetic field~the Zeeman splitting is given in recoil units! for
the case of aJg52→Je52 transition~a! and aJg52→Je51 tran-
sition ~b!. The value of the typical light shift is\D85500ER . The
magnetization increases withVB in the low-field limit ~region I!,
corresponding to aparamagneticbehavior of the lattice, whereas
antiparamagnetismappears in the high-magnetic-field limit~region
III !. This behavior is found for any transition admitting uncoupled
states.
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wells, a phenomenon that also yields higher atomic tempera-
tures.We next consider the high magnetic-field limit, where
the lowest and highest optical potentials are associated with
them5Jg and them52Jg Zeeman sublevels, respectively,
and display alternate potential wells where atoms tend to
accumulate.3 More precisely, the populations of these wells
tendasymptoticallytowards the same value because optical
pumping eventually populates them52Jg wells at points
where the light polarization iss2 with the same efficiency as
it populates them5Jg wells at points where the light iss1

polarized. As a consequence,^Jz&/\ tends to zero, as shown
in Fig. 2. The asymptotic behavior of the atomic temperature
results from the additional fact that in the limitVB@D8, the
cooling mechanism due to the Sisyphus effect depends only
on the light shiftD8 but not on the Zeeman splittingVB .

4 In
fact, whenVB@D8, apart from the fact that the transitions
fromm5Jg tom52Jg may require several optical pumping
cycles, the basic properties of the lattice are analogous to
those of an optical molasses based on aJg5

1
2→Je5

1
2

atomic transition@18#. In particular, one expects the asymp-
totic temperature to be a linear function ofD8 in the limit of
large D8. This property is illustrated in Fig. 3~a! for
Jg→Je5Jg transitions with 1<Jg<4 and in Fig. 3~b! for
Jg→Je5Jg21 transitions with ground-state angular mo-
menta 2<Jg<5. A remarkable feature presented in these fig-
ures is that for aJg→Je5Jg21 transition the value of the
asymptotic temperature is essentially independent of the
atomic transition, whereas in the case of aJg→Je5Jg tran-
sition, the slope of the linear part of the curve decreases for
increasing values ofJg .

Finally, let us qualitatively describe the beginning of the
high magnetic-field regime, corresponding to a Zeeman split-
ting larger, but of the order of\Vh ~see Figs. 1 and 2!. In this
case, the lowest optical potential still displays potential wells
around points associated withs1 polarized light andm5Jg
internal state, but potential wells having some component on
them52Jg substate appear in the highest optical potential
around points ofs2 polarization. However, because such
wells are actually associated with linear superpositions of
several substates with relatively large components of Zee-
man sublevels different fromm52Jg , the departure rate
from these wells by optical pumping remains significant, and
accordingly their population remains small though nonnegli-
gible. To validate this interpretation, we have calculated the
populations in the different optical potentials for increasing
values ofVB/D8 and checked that the relative population of
m52Jg in the upper optical potential increases with the
magnetic field in the regionVB.Vh but remains smaller
than the population ofm5Jg in the lowest optical potential.

Despite the good qualitative agreement between the pre-
viously discussed 1D calculations and the recent observa-
tions @15#, it is legitimate to wonder whether the 1D model
presented here can reliably account for a 3D experimental
situation. This problem is of particular importance in the case
of gray lattices where significant differences appear in the
optical potential topography between the 1D lin'lin and the
3D stretched tetrahedron geometries, and betweenJe5Jg
andJe5Jg21 atomic transitions. We first examine the case
of a Je→Je5Jg transition and discuss two different tetrahe-
dron configurations of the lattice, where two pairs of laser
beams propagate in the two orthogonal planesxOz and
yOz@16#. In the case where the light beam polarization is or

3To verify this point, we have calculated the filling factor of each
potential well in the range of largeVB . For aJg→Je5Jg atomic
transition, we have found that most of the atoms occupy potential
wells associated with the two outermost Zeeman sublevels. In the
case of aJg→Je5Jg21 transition, the situation is more complex
and a substantial fraction of the atoms are found in potentials that
differ from u6Jg& and u6~Jg21!&.
4We assume thatVB andD8 are much smaller than the frequency

detuning.

FIG. 3. Variation of the asymptotic temperature in the high-
magnetic-field regime with the typical light shift\D8 for
several atomic transitions: ~a! Jg→Je5Jg with 1<Jg<4;
~b! Jg →Je5Jg21 for angular momenta 2<Jg<5. Both the tem-
perature and the light shift are expressed in units of the one-photon
recoil energy. The Zeeman shift between the outermost magnetic
sublevels isVB52000ER . In the high magnetic-field limit, the
cooling mechanism corresponds to a Sisyphus effect between the
two outermost ground-state sublevels. As in the conventional Sisy-
phus cooling mechanism, it leads to a linear dependence of the
atomic temperature with\D8. A remarkable feature is that the as-
ymptotic temperature is essentially the same for all the transitions
of the typeJg→Je5Jg21 that we have calculated. By contrast, the
slope of the linear part of the curve decreases with increasing values
of Jg in the case of aJg→Je5Jg transition.
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thogonal to the propagation planes~' configuration of@13#!,
the total laser field displays diagonal lines of constant circu-
lar polarization in thexOy plane. In the presence of a lon-
gitudinal magnetic field, these lines are therefore associated
with minima of the optical potential and atoms can escape
from a confining site by following these lines. It thus appears
that this tetrahedron geometry differs from the 1D lin' lin
configuration by the fact that the 1D lattice of optical poten-
tial wells has been substituted for a network ofattractive
linescorresponding to the eigenstatesm56Jg . However, in
the limit of small values ofVB , where the associated poten-
tial valleys in thexOy plane are extremely narrow@Fig.
4~a!#, one can consider that atoms located in trapping sites
arealmostconfined in three dimensions, and one expects the

temperature dependence on the magnetic field to be basically
the same as in 1D lin' lin gray lattices. As the magnetic
field increases, however, the potential valleys broaden and
the probability for atoms to escape along these lines becomes
more important@Fig. 4~b!#. In fact, this phenomenon is not
expected to yield significant differences in the lattice tem-
perature because of the optical pumping processes undergone
by the escaping atoms due to the transverse extension of
their wave function.5 Consequently, it is most likely that the
mechanisms responsible for the increase and decrease of the
atomic temperature described above keep their relevance in
this 3D geometry.

Consider now the situation in which the light beams are
polarized in their propagation planes~ uu configuration of

5This mechanism essentially occurs between the lowest and high-
est potential surfaces that exhibit a spatial modulation along these
lines.

FIG. 4. Three-dimensional gray optical lattices. The section of
the lowest optical potential in thexOy plane in the case of a
Jg52→Je52 transition for Zeeman shifts is given by~a!
VB50.1D8 and ~b! VB54D8. The light field configuration is ob-
tained by dividing each beam of the 1D lin' lin lattice into two
parts, yielding a stretched tetrahedron geometry. The two beams
propagating in thexOz plane are linearly polarized alongOy and
make an angleux540° with Oz. The two counterpropagating
beams, linearly polarized alongOx, propagate in theyOz plane,
and their propagation directions make an angleuy540° with the
magnetic-field direction~' case!. In the small magnetic-field re-
gime, the potential valleys are very narrow, preventing atoms from
escaping the trapping sites. By contrast, in the high-magnetic-field
regime, the potential valleys broaden and the escape rate increases.
Note that the optical potentials are expressed in units of the typical
light shift \D8, and that the space coordinates are given in units of
the optical wavelengthl.

FIG. 5. Three-dimensional gray optical lattices: section of the
lowest optical potential in thexOy plane for theVB54D8, ux540°,
and uy540°. The two pairs of light beams are polarized in their
propagation planes~uu case!. This situation leads to a nonvanishing
p component of the light field.~a! Case of aJg52→Je52 transi-
tion. Thep component of light prevents the formation of attractive
lines and leads to deep potential wells, which should yield strong
spatial localization of the atoms.~b! Case of aJg52→Je51 tran-
sition. The topography of the optical potential is similar to the one
displayed in Fig. 4~b!. The optical potentials are expressed in units
of the typical light shift\D8, and the space coordinates are given in
units of the optical wavelengthl.
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@13#!. In that case, the total electric field exhibits a nonvan-
ishing space-dependentp component, which yields a spatial
modulation of the optical potentials in any direction. In par-
ticular, the lowest potential surface in thexOy plane exhibits
genuine potential wells, which should lead to a strong 3D
confinement of the atoms@see Fig. 5~a!# on a large range of
magnetic field. The deep analogy between this configuration
and the previously discussed 1D lin' lin situation suggests
that they should share the same basic physical properties.
Finally, we discuss the case of aJg→Je5Jg21 atomic tran-
sition for the same tetrahedron configurations of the light
field. In the case in which the light beams have a polarization
orthogonal to the propagation plane, the lowest optical po-
tential essentially exhibits the same topography as in the case
of a Jg→Je5Jg transition, hence a similar physical behavior
is expected. The absence of genuine optical potential wells is
also found in the situation in which the light beams are po-
larized in their propagation planes@Fig. 5~b!#. This is due to
the fact thatJg→Je5Jg21 atomic transitions admit one set
of attractive lines which is insensitive to thep component of
the light polarization.

In conclusion, we have investigated the dependence of the
temperature and of the magnetization of 1D lin' lin gray
optical lattices on the longitudinal magnetic field in the cases
of J→J andJ→J21 atomic transitions, and found the same
behavior for both quantities independently of the value ofJ.
It is legitimate to wonder whether the same behavior occurs
for a lin' lin ‘‘bright’’ lattice based on aJ→J11 transition.
We have calculated the variation of the temperature and of
the magnetization of such a lattice versusVB in the case of a
Jg51→Je52 transition and found essentially the same de-

pendences. However, it is important to note that the under-
lying physical mechanisms are very different in bright opti-
cal lattices. WhenVB50, there are indeed two kinds of wells
in the lowest optical potential, which are essentially associ-
ated with the magnetic sublevelsm51 andm521. As VB
increases, these potential wells acquire different depths and
exchange populations, leading to a paramagnetic behavior of
the lattice that was recently demonstrated experimentally
@19#. As the magnetic field increases, one kind of potential
wells vanishes, reducing the Sisyphus cooling efficiency. The
situation simplifies in the limitVB.Vh , where it becomes
basically identical to the high magnetic-field regime dis-
cussed here: potential wells appear on the optical potentials
associated with the Zeeman sublevelsm51 and m521,
which asymptotically become equally populated. The main
difference with gray lattices is that these potential wells cor-
respond to amaximuminteraction with light. In principle, the
same argument could be applied to higherJ’s, but the com-
putation is more difficult using the band method because of
the population resonances mentioned above@17#. Note, how-
ever, that the experimental demonstration of such a behavior
for a highJ value may present some difficulties because of
the very long optical pumping times between the Zeeman
sublevelsm5J andm52J, which may reduce the velocity
capture range of the lattice.
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