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Self-organized phases in cold atoms as a result of light-mediated interactions can be induced
by coupling to internal or external degrees of the atoms. There has been growing interest in the
interaction of internal spin degrees of freedom with the optomechanical dynamics of the external
centre-of-mass motion. We present a model for the coupling between magnetic and optomechanical
structuring in a J = 1/2→ J ′ = 3/2 system in a single-mirror feedback scheme, being representative
for a larger class of diffractively coupled systems such as longitudinally pumped cavities and counter-
propagating beam schemes. For negative detunings, a linear stability analysis demonstrates that
optical pumping and optomechanical driving cooperate to create magnetic ordering. However, for
long-period transmission gratings the magnetic driving will strongly dominate the optomechanical
driving, unless one operates very close to the existence range of the magnetic instability. At small
lattice periods, in particular at wavelength-scale periods, the optomechanical driving will dominate.

I. INTRODUCTION

Recent years have seen interest in self-organization in
cold atoms in transversely pumped cavities [1–8] and via
diffractive coupling in longitudinally pumped cavities [9],
counter-propagating beam schemes [10–13] and single-
mirror feedback schemes [14–17]. In these schemes cou-
pled light-matter structures are created via optical non-
linearities and the back action of the structured matter
on light. In single-mirror feedback schemes, the sponta-
neous formation of atomic density patterns due to op-
tomechanically mediated interaction was demonstrated
in [14], where the light-matter interaction is provided
via the dipole force. Spontaneous magnetic ordering
of dipolar and quadrupolar nature was demonstrated in
[16, 18, 19], where light-matter interaction is mediated by
optical pumping. The interplay between optomechanical
structures and the electronic two-level nonlinearity was
studied in [14, 20]. In this contribution, we are address-
ing the question whether optomechanical and magnetic
ordering can exist together and potentially support each
other. This complements recent interest in mixed spin-
density textures in cavity QED systems [8, 21–25].

A simplified J = 1/2 → J ′ = 3/2 model for the Rb
transition (Fig. 1) allows us to take into account dipo-
lar magnetic structures analogous to spin-1/2 magnets
and the optomechanical effects due to light-shifts. Fig.
2a illustrates the magnetization of atoms and the light
spin patterns on the one hand, and the dipole poten-
tials and the resulting bunching on the other hand. It
confirms that for negative detuning the two mechanisms
will support each other: Where optical pumping by the
optical spin structures leads to a prevalence of, e.g., pop-
ulation with a positive magnetic quantum number (red
line and magenta line in Fig. 2a at, e.g., point 0) this
state will have also the lower energy in the dipole po-
tential (dotted red line at point 0). Hence, one expects
that thresholds are lower and that the resulting magne-

tization peaks are narrower, more “spiky”, than without
the bunching effect (Fig. 2b). The latter might have in-
teresting consequences for the interaction range on the
self-induced lattice as discussed in [17, 26]. Ref. [13] dis-
cusses the optomechanical part in a J = 1/2→ J ′ = 3/2
model following a wave-mixing approach. However, it
neglects the intrinsic magnetic instability, i.e. would not
lead to an instability for stationary atoms. We will de-
velop a model which can describe both situations in their
limiting cases, but will use the simplest possible optome-
chanical model for this first assessment, overdamped dy-
namics in an externally imposed molasses as originally
suggested by [10] for diffractively mediated transverse
self-organization. The experiments on optomechanical
self-organization reported in [14] did not use optical mo-
lasses and were interpreted in the framework of a con-
servative Vlasov-equation model [14, 27]. Optical mo-
lasses, potentially at lower amplitude and different de-
tuning than used for the initial trapping, are also inter-
esting for extending the lifetime of the structured state
against the heating from scattered pump photons, as ear-
lier demonstrated for the CARL (collective atomic recoil
lasing) instability [28]. First indications for the extension
of lifetime of structured transverse states were found in
counter-propagating beams [13] and single-mirror feed-
back schemes [29]. Most importantly for our present in-
tentions, the simplicity of the overdamped model com-
pared to the Vlasov model makes it suited for a first as-
sessment of the interaction between optomechanical and
magnetic ordering. As the overdamped and conservative
model have the same threshold condition for the same ini-
tial temperature [27, 30, 31], the results developed here
for the combined magnetic-overdamped optomechanical
model will also provide a guidance for the combined mag-
netic - conservative optomechanical situation. Hence, the
current investigations are fruitful even if scattering of mo-
lasses photons can be expected to be detrimental to the
magnetic ordering as it will provide a background of pho-
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tons with all polarizations.

FIG. 1. J = 1/2→ J ′ = 3/2 transition. a = 1/3 denotes the
relative strength of weak and strong transition. a′ = 2/9 < a
allows to account for a lower optical pumping efficiency as
some cycles will return to original state. The main part of the
dynamics takes place in the stretched states with maximum
modulus of the magnetic quantum number.

II. MODEL

In the experimental scheme (Fig. 3) a cold atomic cloud
of 87Rb atoms is driven by a detuned lasers beam close
to the D2-line. The transmitted beam is phase modu-
lated by any structure (with transverse spatial period Λ)
in the gas which could be due to a magnetic ordering of
Zeeman sub-states or a density modulation due to atomic
bunching. The beam is retro-reflected by a plane mirror
of reflectivity R. Diffractive dephasing leads to an ampli-
tude modulation of the backward beam which can then
sustain the structure in the cloud. Details can be found
in [14, 16, 18, 26]. Self-organization via single-mirror
feedback was originally predicted in [32].

The optomechnical model is based on overdamped dy-
namics by means of optical molasses as used in [10, 31].
The atom density ρ(r, t) obeys a Smoluchowski drift-
diffusion equation

∂tρ(r, t) =
2σD

Γ
∇⊥ · [ρ(r, t)∇⊥P (r, t)]

+D∇2
⊥ρ(r, t) (1)

=
2σD

Γ

[
∇⊥ρ∇⊥P + ρ∇2

⊥P
]

+D∇2
⊥ρ(r, t)(2)

where D is the cloud diffusivity, P (r, t) = Γs/2 the pump
rate proportional to the total light intensity and the satu-
ration parameter s(r, t). ∆ corresponds to the light-atom
detuning in units of the full linewidth Γ. The relative
strength of optomechanical driving to thermal fluctua-
tions is characterized by

σ =
~Γ∆

2kBT
, (3)

where kB represents the Boltzmann constant and T the
temperature of the cloud. The formulation of Eq. (2) is
beneficial as the grad-grad term can be neglected in the
linear stability analysis (LSA) as it is second order in
spatially inhomogeneous perturbations.

The treatment is based on the J = 1/2 → J ′ = 3/2
depicted in Fig. 1. The equations of motions are for the

FIG. 2. Schematic illustration of interplay of magnetic and
optomechanical degrees of freedom. The figures depict atomic
states and optical fields and potentials in transverse space x
measured in units of the lattice period Λ. Intensity of σ+ (red)
and σ− (blue) component of optical field. Dotted red/blue
lines are the corresponding potentials for spin-up (red) and
spin-down (blue) atoms and the magenta/cyan lines indicate
the resulting bunching in density spatially anti-phased for
spin-up (magenta) and spin-down (cyan) atoms. The atomic
density is narrower than the intensity for cold (enough) atoms.
b) Black line: Atomic magnetization (dominance of spin-up
atoms where positive) resulting from optical pumping from
the optical spin patterns (red and blue lines in a) at low sat-
uration. Red line: more peaked structure of magnetization if
atoms bunch in addition. The profiles of the curves are artist
impressions and not calculated self-consistently.

populations ρ± for the ground states with mj = ±1/2
are

˙ρ+ = −r
2

(ρ+ − ρ−) + a′P+ρ− − a′P−ρ+ + D∇2
⊥ρ+ (4)

+
2σD

Γ

[
∇⊥ρ+∇⊥(P+ + aP−) + ρ+∇2

⊥(P+ + aP−)
]

˙ρ− = −r
2

(ρ− − ρ+)− a′P+ρ− + a′P−ρ+ +D∇2
⊥ρ− (5)

+
2σD

Γ

[
∇⊥ρ−∇⊥(P− + aP+) + ρ−∇2

⊥(P− + aP+)
]

with a = 1/3 and a′ = 2/9 [33].
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FIG. 3. Experimental scheme for single mirror feedback.
A cloud of length L is driven by pump laser beam. A plane
mirror at a distance d retro-reflects the transmitted light back
into the cloud. The theoretical treatment assumes d >> L.
See text for further explanation.

This effective decay rate r for the magnetization due
to the residual atomic motion introduced in [16] is

r =
4

πΛ

√
8kBT

πM
. (6)

It results from an average time of atoms needing to cross

ballistically a pattern period if no velocity damping by a
molasses is present. It will be dropped in the combined
model with diffusive damping by D. However, it is useful
to keep for the moment to compare to the established
theory for magnetic self-organization.

The populations are separated into total density ρ and
orientation w

ρ = ρ+ + ρ− (7)

w = ρ+ − ρ− (8)

ρ+ =
w + ρ

2
(9)

ρ− =
−w + ρ

2
. (10)

To make connection to the 2-level optomechanical
model, φS is the linear phase shift if all population is
in one of the stretched states. Then the linear phase
shift for equal population ρ+ = ρ− = 1/2 is

φlin =
1 + a

2
φS = b0

∆

Γ (1 + (2∆/Γ)2)
, (11)

where b0 is the optical density in line centre measured
for equal Zeeman populations. This formulation implies
the normalization ρ = 1 in the homogeneous state. The
equations of motion are

ẇ = −rw + a′(P+ +−P−)ρ− a′(P+ + P−)w (12)

+D∇2
⊥w +

σD

Γ

[
w(1 + a)∇2

⊥(P+ + P−) + ρ(1− a)∇2
⊥(P+ − P−)

]
(13)

+
σD

Γ
∇⊥(w + ρ) · ∇⊥(P+ + aP−) +

σD

Γ
∇⊥(w − ρ) · ∇⊥(P− + aP+) (14)

ρ̇ = D∇2
⊥ρ+

σD

Γ

[
ρ(1 + a)∇2

⊥(P+ + P−) + w(1− a)∇2
⊥(P+ − P−)

]
(15)

+
σD

Γ
∇⊥(w + ρ) · ∇⊥(P+ + aP−) +

σD

Γ
∇⊥(w − ρ) · ∇⊥(P− + aP+). (16)

The transmitted field is given by

E±(L) = E±(0) exp (iφSρ± + iaφSρ∓) (17)

= E±(0) exp (iφlinρ± iφlin
1− a
1 + a

w) (18)

where the + sign relates to E+ and vice versa and it is
assumed that the atomic variables do not change over
z. It is also assumed that the cloud is diffractively thin,
i.e. we can neglect diffraction within the medium. The
backward field is then obtained in Fourier space. The
diffractive dephasing between the on-axis pump and the
off-axis spontaneous sidebands of the field is described
by the phasor Θ = q2 × z/(2k) = q2 × d/k after prop-
agation of a distance z = 2d to the mirror and back
[26, 32]. The total pump rate is taken as the sum of
the intensities of the forward and backward field neglect-
ing interference of the counterpropagating beams and the

approximately wavelength scale gratings created by it.
The restriction to a diffractively thin medium and the
neglect of wavelength-scaled gratings is useful for a first
discussion of the interaction between optomechanical and
optical pumping nonlinearities and is sufficient for a qual-
itative description of our experimental situation in most
circumstances [26]. Extensions are quite complex and
discussed for the simple case of a two-level nonlinearity
in [34]. We will comment on limitations of this approach
where appropriate below.

The homogenous solution for the system is a homoge-
nous density ρh = 1 and zero orientation, wh = 0. The
ansatz for the linear stability analysis is then

ρ = 1 + δρ (19)

w = δw, (20)

where δρ and δw are small spatially periodic functions
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with wavenumber q. The linear expansion for the trans-
mitted field yields

E±(L) ≈ E±(0) exp (iφlin) ×

(1 + iφlinδρ)(1± iφlinδw
1− a
1 + a

) (21)

≈ E±(0) exp (iφlin) ×

(1 + iφlinδρ± iφlinδw
1− a
1 + a

). (22)

This yields

E±(L) = E±(0) exp (iφlin) (1 + ieiΘφlinδρ) ×

(1± ieiΘφlinδw
1− a
1 + a

) (23)

|E±(L+ 2d)|2 ≈ |E±(0)|2(1− 2φlin sin Θδρ

∓2φlin sin Θδw
1− a
1 + a

) (24)

P±(L+ 2d)|2 = P0 (1− 2φlin sin Θδρ

∓2φlin sin Θδw
1− a
1 + a

). (25)

Here linearly polarized input is assumed with |E+(0)|2 =
|E−(0)|2 ∼ P0.

Linear stability analysis for the density gives

δρ̇ = −Dq2δρ+
4σDφlin sin ΘP0Rq

2

Γ
(1 + a) δρ (26)

with threshold

P0,th =
Γ

4φlin sin ΘσR(1 + a)
. (27)

Note that for linearly polarized light P0,th represents only
half the input intensity. This results agrees with the ex-
pression for the scalar case in [31] for a = 0. Minimal
threshold is achieved for sin Θ = 1 which corresponds to
a phase shift of π/2 after a quarter of the Talbot distance.

This provides positive feedback for a self-focusing situa-
tion [14, 26, 32]. Note that this is independent of the sign
of detuning as both σ and φlin change sign with detun-
ing. The threshold condition for the overdamped case is
the same as for the conservative case at the same initial
temperature. Eq. (6) of [27] reduces to Eq. (27) for high
enough optical densities. At these optical densities (and
the one considered below) the optical dipole potential can
be taken as being proportional to log (1 + P ) ≈ P . Using
log (1 + P ) as the expression for the dipole potential in
the derivation here, would lead to Eq. (6) of [27].

The LSA for the orientation gives

δẇ = −rδw −Dq2δw − 2a′P0(1 +R)δw

−4RP0φlin sin Θa′
1− a
1 + a

δw (28)

+
4σDφlin sin ΘP0Rq

2

Γ

(1− a)2

1 + a
δw,

where the first line describes decay and saturation by to-
tal pump rate, the second line driving by optical pumping
and the last line driving by optomechanics. The magnetic
decay and driving terms have the same structure as de-
rived in [16] for a J = 1 → J ′ = 2-transition but with
different numerical values for the pre-factors. The term
describing optomechanical driving of a magnetic state in
the last line is the new one derived in this treatment.
For negative detuning (∆ < 0, σ < 0, φlin < 0), minimal
threshold is reached for sin Θ = 1 and the optomechan-
ical effect enhances the magnetic instability as expected
from the considerations in Fig. 2. For positive detuning,
optimal feedback for the magnetic instability is obtained
for sin Θ = −1 and for the optomechanical instability
for sin Θ = 1, i.e. the two instabilities are opposing each
other. This is because the magnetic one is self-defocusing
(as the trapping state is bright on the D2-line the opti-
cal pumping nonlinearity is defocusing for blue detuning)
and the optomechanical one is focusing. In the potential
picture of Fig. 2, for blue detuning the optically pumped
atoms would be expelled from the intensity maxima op-
timally sustaining the magnetic ordering. The threshold
is given by

P0,th = Dq2

−2a′(1+R)−4Rφlin sin Θa′ 1−a1+a +4Rφlin sin Θq2 σD
Γ

(1−a)2

1+a

. (29)

An interesting aspect is that the two instabilities are
not directly coupled in linear order as the equations for
δρ and δw are not coupled to each other. The reason
seems to be that a magnetic instability at q would drive
a density modulation at 2q. A density modulation at
q will drive a magnetic modulation at q/2. These are
second order processes.

III. ANALYSIS

In a first step, Fig. 4 compares the relaxation of the
structures assuming ballistic motion using an effective
decay rate r, Eq. (6), with the diffusive ansatz with a mo-
lasses (giving a decay rate of Dq2) for the magnetic self-
ordering. Obviously, in both cases relaxation decreases
with increasing lattice period Λ, but the functional rela-
tionship is proportional to q−1 for the ballistic case and
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q−2 for the diffusive one. Matching of rates for the ex-
periment performed at INPHYNI using a large atomic
cloud [14, 18] at the relevant scale of about Λ ≈ 100µm
gives a diffusion coefficient of about (7− 9)× 10−7m2/s.
For the experiment performed at Strathclyde with a
smaller cloud [16], it is D ≈ 3 × 10−7m2/s to match
at Λ ≈ 50 µm. These values are compatible with diffu-
sion coefficients obtained in optical molasses. Measure-
ments in a lin-perp-lin configuration in [35] indicate val-
ues D ≈ (1 − 2) × 10−7m2/s for the diffusion coefficient
above saturation intensity, and a few times 10−7m2/s at
lower intensities. This order of magnitude is fine for the
current preliminary estimations. Properties of the mo-
lasses would need to be optimized anyway.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
0

2 0 0 0

4 0 0 0

6 0 0 0

8 0 0 0

1 0 0 0 0

r, D
q2  (s

-1 )

l a t t i c e  p e r i o d  ( µm )

 r  @  T  =  2 9 0  µK
 D  =  8 . 7  *  1 0 - 7  m 2 / s
 r  @  T  =  2 0 0  µK
 D  =  7 *  1 0 - 7  m 2 / s
 r  @  T  =  1 2 0  µK
 D  =  3 *  1 0 - 7  m 2 / s

FIG. 4. Effective relaxation rate (solid lines) vs. lattice pe-
riod from Eq. (6) for the temperatures relevant for [14, 16, 18]
compared to diffusive modelling (dashed lines) for different
diffusion constants. Black (corresponding to situation in [14]):
solid line T = 290 µK, dashed line 8.7×10−7m2/s; red (corre-
sponding to situation in [18]): solid line T = 200 µK, dashed
line 7 × 10−7m2/s; blue (corresponding to situation in [16]):
solid line T = 120 µK, dashed line 3× 10−7m2/s.

Temperature and diffusion coefficient are not indepen-
dent in an optical molasses. Temperature is related to
the momentum diffusion coefficient Dp and the velocity
damping coefficient α [35, 36] by

T =
Dp

αkb
, (30)

and the space diffusion coefficient is given by

D =
Dp

α2
. (31)

Hence

D =
kBT

α
. (32)

For the velocity damping coefficient we use the estimation
of [35] for a 3D lin-perp-lin molasses,

α ≈ 3

7
~k2 |∆M |, (33)

where ∆M denoted the detuning of the molasses normal-
ized to Γ. Detunings in the range of 1.35-1.9 will produce
then the combination of temperatures and diffusion co-
efficients identified in Fig. 4 and taking |∆M | = 1.8 will
sweep the diffusion coefficient from 3.1 × 10−7m2/s at
120 µK to 7.6× 10−7m2/s at 290 µK, i.e. allows to cover
the range for the first estimations intended here.

Fig. 5a shows the threshold saturation parameter, s0 =
P0/(Γ/2), for one circular component of the linearly po-
larized input vs. temperature for the parameters analyzed
in [16, 18], ∆ = −8.6, Λ = 100µm, b0 = 80. The solid
black lines indicates the threshold for magnetic ordering,
Eq. (29), the dashed black line the one for optomechan-
ical bunching, Eq. (27). They are apart by almost two
orders of magnitude. Indeed, the structures observed in
[16, 18] were identified as arising from magnetic order-
ing. The predicted intensity thresholds rise from about
0.2 mW/cm2 at 100 µK via 0.4 mW/cm2 at 200 µK to
0.6 mW/cm2 at 300 µK. The experimentally observed
threshold for 200 µK is about 2 mW/cm2. The difference
is attributed to stray magnetic fields, the finite reflectiv-
ity of the mirror and imperfect anti-reflection coatings of
cell windows. The predicted intensity thresholds for the
optomechanical bunching rise from about 6.4 mW/cm2

at 100 µK via 13 mW/cm2 at 200 µK to 19 mW/cm2

at 300 µK. No experiments on optomechanics have been
performed in this parameter range but the experiments
in [14] can serve as a guideline as the threshold should
be independent of detuning and only dependent on initial
temperature at the optical densities used, independent of
whether the molasses is present or not [27, 30, 31]. The
minimum thresholds found there are about 50 mW/cm2

at 290 µK, i.e. in reasonable agreement with the esti-
mation allowing for some heating effects by the pump
beams.

As the magnetic and optomechanical thresholds are
quite different, the thresholds for combined optical
pumping-optomechanical driving of the magnetic order-
ing are essentially indistinguishable from the optical
pumping one for both detunings and not included in
Fig. 5a. This changes somewhat at lower optical densities
as the presence of the saturation term in the expression
for the magnetic ordering implies a minimum value of
the linear phase shift, φlin > (1 + R)/R. For ∆ = −8.6
this implies b0 > 69.3. The solid and dashed red lines in
Fig. 5a denote the situation for b0 = 70. Both the op-
tomechanical and the magnetic threshold increased but
the gap between them narrowed as the magnetic thresh-
old is much more susceptible to a density change due
to the saturation term. In this situation the thresholds
from combined driving are discernable from the optical
pumping one, leading to a reduction of threshold for neg-
ative detuning (blue line) and an increase of threshold
for positive detuning (magenta line). Going closer to
the magnetic threshold, b0 = 69.31, the optomechanical
and magnetic thresholds nearly coincide (Fig. 5b). The
cooperation between the optomechanical and magnetic
driving leads now to a substantial reduction of thresh-



6

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
1 0 - 4

1 0 - 3

1 0 - 2

s 0

t e m p e r a t u r e  T  ( µK )

a )

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
1 0 - 3

1 0 - 2

s 0

t e m p e r a t u r e  T  ( µK )

b )

FIG. 5. Threshold saturation parameter for one circular
component vs. temperature for ∆ = −8.6, Λ = 100µm. a)
Black lines: b0 = 80, solid line threshold for magnetic order-
ing, dashed line for optomechanical bunching, the thresholds
for combined magnetic and optomechanical driving of mag-
netic ordering are essentially indistinguishable from the black
solid line for magnetic ordering alone at this scale. Red lines:
b0 = 70, solid line threshold for magnetic ordering, dashed
line for optomechanical bunching. The blue solid line repre-
sents the combined threshold for magnetic and optomechan-
ical driving for negative detuning and b0 = 70, the magenta
solid line positive detuning. b) Same for b0 = 69.31.

old (blue line) for negative detuning, whereas the com-
bined threshold is enhanced for positive detuning (ma-
genta line) demonstrating the interaction between the
driving terms. Experiments in the apparatus at Strath-
clyde are performed at lower optical density measured to
be b0 ≈ 27, which is very close to the minimum density
required [16, 26]. More robust agreement between exper-
iment and theory has been obtained assuming b0 ≈ 30
[19]. The current considerations indicate that the self-
organization might have been helped by the reenforce-
ment between optomechanical and magnetic degrees of
freedom already under this situation. (There is no quan-

titative correspondence between thresholds quoted here
and in [16, 26] because the latter papers assume a more
realistic J = 1 → J ′ = 2-transition which changes the
pre-factors of order one in the susceptibilities and pump
rates.) One can also note that there is a strong prefer-
ence for magnetic patterns to appear for negative detun-
ing [16, 18, 26] and only some indications are found for
positive detuning [37]. Although this observation agrees
in tendency with the prediction above, the main reason
for this asymmetry is probably the fact that under self-
defocusing conditions (as indicated, the optical pump-
ing nonlinearity behaves self-defocusing for positive de-
tuning on the D2-line) the assumption of a homogenous
distribution of orientation along the beam axis is not
well justified, as earlier identified for defocusing situa-
tions [14, 26, 38].

One other difference between the magnetic and op-
tomechanical self-organization is that in the latter not
only relaxation but also driving increases with increasing
transverse wavenumber, i.e. decreasing lattice period, as
the dipole force depends on the gradient of the optical
potential. Hence these effects cancel and threshold is in-
dependent of wavenumber, as apparent from Eq. (27).
The same holds for the conservative model discussed in
[15]. In reality we expect stochastic effects due to the
scattering of pump photons to favour longer period grat-
ing over shorter period ones, in particular for the conser-
vative case, as argued in [14]. We will discuss some as-
pects of this further below. Fig. 6 shows an analysis for a
representative temperature around the Doppler temper-
ature, T = 150µK. The horizontal dashed line indicates
the optomechanical threshold for density bunching being
independent of lattice period in the framework of this
treatment. The magnetic threshold increases with de-
creasing lattice period (solid black line) as the structure
is washed out by the residual transverse atomic motion.
The intersection is at Λ ≈ 17µm. For smaller lattice pe-
riods the density modulation is the primary driver. In
the vicinity of this point, there is again the splitting of
threshold condition for the magnetic case apparent as the
optomechanical driving is either supporting (blue line,
∆ < 0) or inhibiting the magnetic ordering (blue line,
∆ > 0). It should be noted that this point is not acces-
sible in an experiment with thermal atoms as the small
transverse period violates the assumption of a diffrac-
tively thin medium. The minimum length scale which
can be obtained is of the order of Λmin ≈

√
λL where L

is the longitudinal extension of the cloud [26, 34]. This
scale agrees roughly with the scale expected for an in-
stability in two independent counter-propagating pump
beams [39, 40]. This implies Lmax ≈ 0.37 mm which is
much smaller than thermal clouds with sufficient optical
density to reach threshold (L ≈ 2−10 mm in our experi-
ments). However, these considerations can be important
for extending the treatment in [15, 17] on optomechan-
ical self-organization in quantum degenerate gases with
optical feedback to spinor-BECs as these have sufficient
optical density in small clouds.
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This limitation on period holds for gratings stem-
ming from the interference between a pump beams
and (nearly) co-propagating sidebands (so-called ‘trans-
mission gratings’). Interference between a pump and
(nearly) counter-propagating sidebands results in grat-
ings with a wavenumber slightly smaller than 2k (so-
called ‘reflection gratings’). Although not directly in-
cluded in our analysis, the argument can be made that
these gratings are mainly driven by optomechanical ef-
fects. This was indeed argued in [11–13] which treat op-
tomechanical bunching concentrating on reflection grat-
ings in a J = 1/2→ J ′ = 3/2 transition without consid-
ering the option of a purely magnetic ordering.

0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0

1 0 - 3

1 0 - 2

1 0 - 1

s 0

l a t t i c e  p e r i o d  ( µm )
FIG. 6. Threshold saturation parameter for one circu-
lar component vs. lattice period for ∆ = −8.6, b0 = 80,
T = 150µK. Solid black line threshold for magnetic ordering,
dashed black line for optomechanical bunching, blue solid line
combined threshold for magnetic and optomechanical driving
of magnetic ordering for negative detuning and magenta solid
line combined threshold for positive detuning ∆ = +8.6.

A final consideration to be done is that the presence of
the 3D molasses implies a background field with many po-
larization components which can be expected to scram-
ble the magnetic substates and to counteract the optical
pumping by the pump beams. Formally, it can be seen
also from the expression in Eq. (28) where the intensity
dependent damping term in the first row represents the
action of the sum pump rate. We model the action of
the molasses by adding a corresponding damping −6Pm
where Pm is the pump rate of a single molasses beam
and no allowance is made for the difference in Glebsch-
Gordon coefficients between substates. We also take tem-
perature and diffusion constant as constant for simplic-
ity. Fig. 7 illustrates that already a saturation parame-
ter of slightly larger than 10−3 is sufficient to drive the
magnetic threshold above the optomechanical one. At
this point, the total saturation by pump and molasses
which needs to be overcome by the driving is of the or-
der of the optomechanical threshold. Hence, experiments
on magnetic ordering will need to be performed without

molasses, as in [16, 18, 19].

0 . 0 0 0 0 . 0 0 1 0 . 0 0 2 0 . 0 0 3

1 0 - 3

1 0 - 2

s 0

s m

FIG. 7. Threshold saturation parameter for one circular
component vs. saturation parameter for one molasses beams
for ∆ = −8.6, b0 = 80, T = 150µK, Λ = 100µm. Solid
black line threshold for magnetic ordering without molasses,
dashed black line for optomechanical bunching, and red line
the threshold for magnetic ordering including the repumping
of the molasses.

IV. CONCLUSIONS

We demonstrated by linear stability analysis that op-
tical pumping and optomechanical driving will cooperate
in magnetic ordering for negative detuning, in principle.
However, for long period transmission gratings the driv-
ing by optical pumping will strongly dominate. Close to
the existence limit of magnetically ordered states (i.e.
at low optical density), the additional driving by op-
tomechanics is more important and will help to sustain
these states over a larger parameter regime. The back-
ground photons from the molasses will scramble the mag-
netic ordering at quite low saturation values. Hence, an
overdamped system with molasses is not attractive for
these investigations but magnetic-optomechanical cou-
pling should be realized without molasses in the conser-
vative limit, with a view of including the potential cool-
ing and heating effects by the pump and self-organized
gratings in the long term. Ref. [12] found indications
for 3D Sisyphus also in the transverse direction after
self-organization occurred in a counter-propagating beam
scheme. However, as the optomechanical threshold con-
ditions are identical for the overdamped and conservative
case for the same initial temperature we expect that the
results obtained here with molasses are indicative what
to expect in the conservative case. Current procedure
to establish that the structures are of magnetic origin
is their sensitivity to an external transverse magnetic
field [16, 18]. The prevalence of the magnetic structures
to enable optomechanical ordering has been achieved by
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introducing a polarizer in the feedback loop to enforce
the incident linear polarization state [14]. Switching be-
tween circular and linear input polarization is an alterna-
tive way to distinguish between magnetic (or mixed) self-
organization and optomechanical self-organization with-
out putting in a polarizer in the feedback loop and as such
keeping all residual losses and alignments the same, if
analyzing the predicted difference between magnetic and
optomechanical thresholds. In the analysis, φlin needs to
be replaced by φS and the saturation parameter needs to
be low enough to avoid excitation of the excited state.

Reducing the structure period increases the relative
importance of the optomechanical driving and at periods
below about 20 µm the optomechanical density structur-
ing will prevail as not only relaxation but also the driving
by the dipole force increases. This transition might be
observable using quantum degenerate gases which have
the necessary optical density in small size clouds. The re-
sults also indicates that optical pumping induced wave-
length scale reflection grating are not significant com-

pared to the long-period transmission gratings. This
supports the assumption in [11–13] to treat only optome-
chanical effects in a counter-propagating beam scheme.
In conclusion, the best prospects for studying the inter-
action between optomechanical and magnetic driving for
thermal atoms is to use cold and small clouds with struc-
ture periods on the order of some tens of micrometers.

Having established the effects of magneto-
optomechanical coupling on threshold conditions, it
is now interesting to look at the nonlinear stage of
evolution by numerical simulations. Even if the insta-
bilities for density and orientation decouple in linear
approximation during the initial stage of the instability,
this won’t be the case in the saturation regime where the
structures achieved significant amplitudes. Modulations
of total density will appear even if the instability is
driven by the orientation and vice versa. One can
expect a narrowing of structures for negative detuning
(Fig. 2b). Via the higher harmonics involved, this will
have consequences on the coupling behaviour across the
self-induced lattice [17, 26].
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