
Abstract. The possibility of using photonic crystals with a
lattice defect for the laser guiding of cold atoms is analysed.
We have found a configuration of a photonic-crystal lattice
and a defect ensuring the distribution of a potential in the
defect mode of the photonic crystal allowing the guiding of
cold atoms along the defect due to the dipole force acting on
atoms. Based on quantitative estimates, we have demon-
strated that photonic crystals with a lattice defect permit
the guiding of atoms with much higher transverse temper-
atures and a much higher transverse localisation degree
than in the case of hollow-core fibres.

1. Introduction
In recent years, much interest has been expressed in the
properties of photonic crystals [1 ë 3]. The existence of
photonic band gaps (PBGs) in the dispersion relation of
such structures and the possibility to localise the electro-
magnetic éeld are among the most important properties of
photonic crystals. These and many other remarkable pro-
perties of PBG structures open up new ways for the solu-
tion of many fundamental problems of laser physics and
nonlinear optics and offer much promise for numerous
applications associated with the creation of optical devices
for the formation of ultrashort laser pulses [4] and the
control of parameters of such pulses [5], as well as for the
development of optical switches [6, 7] and delay lines [8],
élters [9], ultrarefractive prisms [9, 10], pulse compressors
[11], and elements of near-éeld microscopy [12].

In this paper,we will consider the possibility of using pho-
tonic crystals with a lattice defect for the laser guiding of cold
atoms. With an appropriate configuration of the photonic-
crystal lattice and the defect, a potential permitting the laser
guiding of cold atoms due to the dipole force acting on atoms
can be constructed.

The main advantages of the proposed method of laser
guiding are associated with a high localisation degree of
atoms, the possibility of guiding atoms with much higher

transverse temperatures than in the case of hollow-core
fibres, and suppression of spontaneous emission at the wave-
lengths falling within the photonic band gap.

2. The procedure of simulations

To investigate the éeld distribution in a PBG structure, we
employed a numerical procedure based on direct integration
of the Maxwell equations using the énite-difference time-
domain (FDTD) technique [13]. Recently, this approach
has gained a wide recognition from the photonic-crystal
community. In particular, this method was successfully
applied for the analysis of optical switching [7] and for-
mation of ultrashort light pulses in one-dimensional PBG
structures [4, 11], as well as for the investigation of the
propagation and localisation of light in two-dimensional
photonic crystals [12, 14]. The procedure of simulation of
the éeld distribution in two-dimensional photonic crystals
with a lattice defect based on direct integration of the Max-
well equations using the FDTD technique was discussed in
detail in [15].

The solution of initial and initial^boundary wave prob-
lems for areas with finite sizes (e.g., photonic crystals with
finite sizes) encounters difficulties associated with the reflec-
tion of an electromagnetic wave from the boundary of the
simulation area. The resulting mirror-reflected wave propa-
gates in the area of simulations in backward direction, dis-
torting the physical distribution of the electromagnetic field.
Therefore, the boundary conditions in such a situation should
be formulated in such a way as to ensure the absorption of a
light wave reaching the boundary with no backward reflec-
tion of this wave.

Unfortunately, no ideally absorbing boundary conditions
can be found for two- and three-dimensional problems in a
reasonably simple form. In our simulations, we employed
absorbing boundary conditions of the second kind [16], which
considerably reduced the influence of reflection from artifi-
cial boundaries on the accuracy of numerical simulations:�
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where L is the length of the simulation area along the y-
coordinate, which coincides with the direction of propa-
gation of laser radiation. The electric éeld in the incident
wave is polarised along the z axis, which is perpendicular to
the xy plane of symmetry of the crystal. The crystal has a
size on the order of 10a along the y axis, where a is the
lattice period. A linear defect was introduced into the lattice
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of the photonic crystal in order to channel laser radiation
with a frequency lying within the photonic band gap along
the y axis. Since we assume that the crystal is inénite along
the x axis, periodic boundary conditions
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where L is the period of the resulting superlattice along the
x axis, were used jointly with absorbing boundary condi-
tions (1). Since the penetration depth of a light wave in the
considered PBG structure within the frequency range cor-
responding to the photonic band gap is less than or of the
order of the period of the photonic-crystal lattice, the
values of L lying within the range of (5ÿ 10)a can be em-
ployed to simulate the channelling of electromagnetic radi-
ation along the linear defect.

To test the efficiency of the above-described boundary
conditions, we simulated the reflection of tightly focused
short-pulse beams. These simulations have demonstrated
that the amplitude reflection coefficient for a Gaussian
beam with a diameter of the order of its wavelength and
an incidence angle of 458 does not exceed 3%, which is con-
sistent with the results of simulations performed in [16] for a
plane monochromatic wave.

As an object of simulations, we chose a two-dimensional
structure consisting of a variable number of periods (from
five to ten) of cylindrical air holes arranged in a triangular
lattice in silicon. A potential with an isolated extremum
within some area inside the defect should be constructed
to trap atoms at the centre of the defect in the considered
PBG structure. This problem can be solved if we employ a
two-dimensional photonic crystal with a complex geometry
of the defect in the crystal lattice shown in Fig. 1. An appro-
priate distribution of the electromagnetic field in this case can
be produced by focusing a laser beam with a cylindrical lens
whose axis is parallel to the axes of the holes in the photonic
crystal (Fig. 1).

3. Results and discussion
The calculated distribution of the electric éeld intensity in
the defect mode of the considered photonic crystal is pre-
sented in Fig. 2. One can see from this map, that with a
defect introduced into a photonic-crystal lattice, the electric
éeld in the defect mode decreases by more than éve orders
of magnitude within a spatial scale less than the optical
wavelength. Physically, the appearance of such steep éeld
gradients in a PBG structure with a complex geometry of
the lattice defect shown in Fig. 1 is due to the following fac-
tors.

The field of an electromagnetic wave whose frequency lies
within the photonic band gap is localised in the defect mode
of the photonic crystal within a spatial area with a size of the
order of optical wavelength (see also [14,15]). At the same
time, the electromagnetic field is expelled from the central

hole of the defect region of the photonic crystal to the area
with a higher refractive index (see the inset in Fig. 1). The
characteristic spatial scale of the field gradient arising at
the interface between the area with a high dielectric constant
e and the region with a low refractive index (air in the case
under study) can be estimated as l=�2p(eÿ 1)1=2�, where l
is the wavelength of the light field. This estimate provides
a qualitative explanation of steep gradients of electromag-
netic fields arising in the considered structure.

Let us estimate the characteristic parameters of the
potential created in such a structure in the case of a two-level
atom irradiated with a controlling laser light whose frequency
is blue-detuned from the atomic resonant transition. The
depth of such a potential well can be estimated from the
expression [17]:
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Figure 1. Laser guiding of cold atoms in a defect mode of a two-dimensio-
nal photonic crystal. The inset shows the configuration of the photonic-
crystal lattice and a defect in this lattice.

y=a 1.000

0.3981

0.1585

0.06310

0.02512

0.01000

0.003981

0.001585

6.31.10ÿ4

2.512.10ÿ4

10ÿ4

0.4

0.2

0

± 0.2

± 0.4

± 0.4 ± 0.2 0 0.2 0.4 x=a

Figure 2. Distribution of the electric field intensity in the two-dimensional
photonic crystal with a lattice defect. The levels of grey scale represent the
mean values of the electric field squared normalised to their maximum.
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where I is the intensity of the laser beam at the periphery of
the defect (the maximum intensity of laser radiation); Isat is
the saturation intensity of the considered atomic transition;
O � oÿ o0 ÿ knz is the detuning from the atomic reso-
nance (blue detuning in the case under study), and gn is the
natural line width.

In the case of the 62S1=2 ÿ 62P3=2 transition of cesium
atoms (with a wavelength of 852 nm), atoms can be guided
in the considered structure with quasi-cw Ti: sapphire laser
radiation with a wavelength of 852 nm and a power below
1 W. Suppose that, in order to guide atoms within the guid-
ance length of 1 cm,we focus a laser beam blue-detuned from
the considered atomic transition by 4 GHz with a cylindrical
lens (Fig. 1) into a 10ÿ4 � 1-cm spot. Then, we arrive at
I � 104 W cmÿ2 for the above-specified parameters of laser
radiation. Taking into account that Isat � 1:06 mW cmÿ2 for
the considered transitions in cesium atoms, we find that
I=Isat � 107 for the chosen transition.

Thus, the light field intensity distribution presented in
Fig. 2 allows the guiding of cold atoms, since it traps a
two-level atom in two dimensions.The presence of the atomic
velocity component along the z axis in such a situation leads
to the drift of atoms in this direction.

The potential depth (3) reaches its maximum for O �
1:6� 103gn=2. Since gn � 5 MHz for the considered transi-
tion in cesium, we can estimate the potential depth as U �
6:35� 10ÿ25 J, and the transverse temperature of atoms is
T � U=k � 460 mK, which corresponds to the maximum
transverse velocity of atoms equal to vm � �2U=m�1=2 �
2:3 m sÿ1.

The estimates presented above allow us to conclude that
photonic crystals with a lattice defect can be used to guide
atoms with much higher transverse temperatures than the
temperatures typical of atoms guided by hollow-core fibres
[18,19]. Yet another important advantage of using photonic
crystals for the laser guiding of atoms is associated with
the possibility to reduce the probability of spontaneous emis-
sion of guided atoms within the range of wavelengths falling
within the photonic band gap.

With the considered geometry, where atoms are guided
by a cylindrically focused laser light (see Fig. 1), atomic
dipoles are oriented in the direction perpendicular to the
xy plane of periodicity of the photonic crystal. Since the fre-
quency of the considered atomic transition lies in the pho-
tonic band gap in the case under study, the density of states
of the electromagnetic field polarised along the z axis is equal
to zero. In accordance with the Fermi golden rule, the life-
time of excited-state atoms should increase under these con-
ditions.

This effect allows one to considerably increase the time of
trapping of atoms around the minimum of the potential well
in a defect mode of a photonic crystal, providing favourable
conditions for the investigation of quantum-electrodynamic
effects accompanying the interaction of an atomwith electro-
magnetic radiation.

Finally, we should note that the localisation degree of
atoms in defect modes of photonic crystals is much higher
than the localisation degree of atoms in hollow-core fibres,
whose characteristic diameters are usually of the order of sev-
eral tens of microns. On the other hand,we have to admit that
the proposed approach to the laser guiding of cold atoms is
more difficult to implement experimentally as compared
with the method of hollow-core fibres, and the guidance
lengths attainable with the proposed technique are typically

less than the guidance lengths characteristic of hollow-core
fibres.

4. Conclusions
Thus, photonic crystals with a lattice defect can be emp-
loyed for the laser guiding of cold atoms. Direct integration
of the Maxwell equations using the énite-difference time-
domain technique shows that such structures allow the
localisation of electromagnetic éeld on a subwavelength
spatial scale.

Analysis performed in this paper allowed us to find the
configuration of a photonic-crystal lattice and a defect pro-
ducing a potential that permits the guiding of cold atoms
along the defect of the photonic crystal due to the dipole force
acting on atoms and the drift of atoms along the lines of con-
stant amplitude and constant phase of the field.

Photonic crystals with a lattice defect can be employed to
guide atoms with much higher transverse temperatures and
can provide much higher transverse localisation degrees of
atoms as compared with hollow-core fibres. Along with the
transport of atoms and filtering of cold atoms in their veloc-
ities, photonic-crystal atom guides introduced in this paper
seem to hold much promise for the investigation of quan-
tum-electrodynamic aspects of the interaction of atoms
with microcavity modes and the implementation of quantum
computations.
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