
ĤH (1)~
p̂p2

xzp̂p2
z

2m
zV0 cos2 (kẑz)

zBg(âa{zâa) cos (kx̂x) cos (kẑz)

{B(Dc{U0 cos2 (kx̂x))âa{âa

ð1Þ

Here the excited atomic state is adiabatically eliminated, which is
justified for large detuning, Da 5 vp 2 va, between vp and the
atomic transition frequency, va. The first term describes the kinetic
energy of the atom with momentum operators p̂px and p̂pz . The con-
jugate position operators are denoted by x̂x and ẑz. The pump laser
creates a standing-wave potential of depth V0 5 BV2

p/Da along the z

axis, where Vp denotes the maximum pump Rabi frequency and B is
Planck’s constant divided by 2p. Scattering between the pump field
and the cavity mode, which is oriented along the x axis, induces a
square-lattice potential that dynamically depends on the atomic posi-

tion and has a lp/
ffiffiffi
2
p

periodicity along the diagonal directions in the
x–z plane, where lp 5 2p/k denotes the wavelength and k the wave-
vector of the pump laser field (Fig. 1c). The maximum scattering rate
is determined by the two-photon Rabi frequency, g 5 g0Vp/Da, where
g0 is the atom–cavity coupling strength. The last term describes the
cavity field, with photon creation and annihilation operators âa{ and,
respectively, âa. The cavity resonance frequency, vc, is detuned from
the pump laser frequency by Dc 5 vp 2 vc, and the light shift of a
single maximally coupled atom is given by U0 5 g 2

0 /Da.
For a condensate of N atoms, the process of self-organization can

be captured in a mean-field description13. It assumes that all atoms
occupy a single quantum state characterized by the wavefunction, y,
which is normalized with respect to the atom number, N. The light–
atom interaction can now be described by a dynamic light potential32

felt by all atoms. Because the timescale of atomic dynamics in the
motional degree of freedom is much larger than the inverse of the
cavity field decay rate, k, the coherent cavity-field amplitude, a,
adiabatically follows the atomic density distribution according to
a 5 gH/(Dc 2 U0B 1 ik). Owing to the standing-wave geometry,
the relative phase between the cavity field and the pump field is
restricted to two possible values, differing by p, according to the sign
of the order parameter H 5 Æyjcos(kx)cos(kz)jyæ, which measures
the localization of the atoms on either the even (H . 0) or the odd
(H , 0) sublattice of the underlying chequerboard pattern defined by
cos(kx)cos(kz) 5 61 (Fig. 1c). In addition, the atoms dispersively
shift the cavity resonance in proportion to the spatial overlap,
B 5 Æyjcos2(kx)jyæ, between the atomic density and the cavity mode
profile. The resulting dynamic lattice potential reads

V (x,z)~V0 cos2 (kz)zBU0jaj2 cos2 (kx)

zBg(aza#) cos (kx) cos (kz)
ð2Þ

where an asterisk denotes complex conjugate. Above a critical two-
photon Rabi frequency, gcr, the atoms self-organize as a result of
positive feedback from the interference term in equation (2), which,
depending on the sign of a 1 a*, takes minima either on the even or
on the odd sublattice. Assuming that a density fluctuation of the
condensate induces, for example, H . 0, and that the pump–cavity
detuning is chosen such that Dc 2 U0B , 0, the lattice potential
resulting from light scattering further attracts the atoms towards
the even sites. This in turn increases light scattering into the cavity
and starts a runaway process. The system reaches a steady state once
the gain in potential energy is balanced by the cost in kinetic energy
and collisional energy.

Fundamental insight into the onset of self-organization is gained
from a direct analogy to the Dicke model quantum phase transition23–25.
This analogy uses a two-mode description for the atomic field, in which
the initial BEC is approximated by the zero-momentum state,
jpx, pzæ 5 j0, 0æ. Photon scattering between the pump and cavity fields
couples the zero-momentum state to the symmetric superposition of

states that carry an additional unit of photon momentum along the x
and z directions, j6Bk, 6Bkæ 5

P
m,n561jmBk, nBkæ/2. The energy of this

state is correspondingly lifted relative to the zero-momentum state by
twice the recoil energy, Er, which is defined in terms of the recoil
frequency as Er ; Bvr 5 B2k2/2m. (For the inclusion of Bloch states,
see Methods.)

There are two possible paths from the state jpx, pzæ 5 j0, 0æ to the
excited momentum state j6Bk, 6Bkæ: the absorption of a standing-
wave pump photon followed by emission into the cavity, with corres-
ponding operator âa{ ĴJz; and the absorption of a cavity photon followed
by emission into the pump field, with corresponding operator âaĴJz
(Fig. 2). Here the collective excitations to the higher-energy mode are
expressed by the ladder operators ĴJz 5 ĴJ{{ 5

P
ij6Bk, 6BkæiiÆ0, 0j,

a

b

c

Even sites

Odd sites

P < Pcr

P > Pcr

λp

xy

z

SPCM

SPCM

Figure 1 | Concept of the experiment. A BEC is placed inside an optical
cavity and driven using a standing-wave pump laser oriented along the z axis
(vertically in the figure). The frequency of the pump laser is far red-detuned
with respect to the atomic transition line but close detuned from a particular
cavity mode. Correspondingly, the atoms coherently scatter pump light into
the cavity mode with a phase depending on their position within the
combined pump–cavity mode profile. a, For a homogeneous atomic density
distribution along the cavity axis, the build-up of a coherent cavity field is
suppressed as a result of destructive interference of the individual scatterers.
SPCM, single-photon counting module. b, Above a critical pump power, Pcr,
the atoms self-organize onto either the even or odd sites of a chequerboard
pattern, thereby maximizing cooperative scattering into the cavity. This
dynamical quantum phase transition is triggered by quantum fluctuations in
the condensate density. It is accompanied by spontaneous symmetry
breaking both in the atomic density and in the relative phase between the
pump and cavity fields. c, Geometry of the chequerboard pattern. The
intensity maxima of the pump and cavity fields are depicted by the
horizontal and vertical lines, respectively; lp, pump wavelength.
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possible to study spontaneous symmetry breaking induced by pure
quantum fluctuations. Finally, recording the statistics of the scattered
light may allow for quantum non-demolition measurements and the
preparation of exotic many-body states42,43.

METHODS SUMMARY
Our experimental set-up has been described previously44,45. In brief, we prepare
almost pure BECs typically of 105 87Rb atoms in a crossed-beam dipole trap
centred inside an ultrahigh-finesse optical Fabry–Pérot cavity. The atoms are
prepared in the jF, mFæ 5 j1, 21æ hyperfine ground state, where F denotes the
total angular momentum and mF is the magnetic quantum number.
Perpendicular to the cavity axis, the atoms are driven by a linearly polarized
standing-wave laser beam whose wavelength, lp, is red-detuned by 4.3 nm from
the atomic D2 line. The pump–atom detuning is more than five orders of mag-
nitude larger than the atomic linewidth. This justifies that we neglect spontan-
eous scattering in our theoretical description and consider only coherent
scattering between the pump beam and a particular TEM00 cavity mode that is
quasi-resonant with the pump laser frequency. The system operates in the regime
of strong dispersive coupling, where the maximum dispersive shift of the empty
cavity resonance induced by all atoms, NU0, exceeds the cavity decay rate,
k 5 2p3 1.3 MHz, by a factor of 6.5. The light leaking out of the optical resonator
is detected using calibrated single-photon counting modules, allowing us to
monitor the intracavity light intensity in situ. In addition, we infer the atomic
momentum distribution from absorption imaging along the y axis after a few
milliseconds of free ballistic expansion of the atomic cloud.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 5 | Phase diagram. a, The pump power is increased to 1.3 mW over
10 ms for different values of the pump-cavity detuning, Dc. The recorded
mean intracavity photon number, !nn, is displayed (colour scale) as a function
of pump power (and corresponding pump lattice depth) and pump–cavity
detuning, Dc. A sharp phase boundary is observed over a wide range of Dc

values; this boundary is in very good agreement with a theoretical mean-field
model (dashed curve). The dispersively shifted cavity resonance for the non-
organized atom cloud is marked by the arrow on the vertical axis. b, c, Typical

traces showing the intracavity photon number for different pump–cavity
detunings: Dc 5 22p3 23.0(2) MHz, 20-ms bins
(b); Dc 5 22p3 4.0(2) MHz, 10-ms bins (c). The atom number was
N 5 1.0(2) 3 105. In the detuning range
22p3 7 MHz $ Dc $ 22p3 21 MHz, the pump power ramp was
interrupted at 540 mW. Therefore, no photon data was taken in the area of
a under the insets.
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