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1 1. INTRODUCTION

Over the last decades, atomic physics has observed
rapid development which can be mostly attributed to
the advent of lasers. Spectroscopic measurements have
gained unprecedented level of accuracy and many new
techniques have been discovered. Laser cooling
enabled not only high�resolution spectroscopy but
also studies of many new phenomena in cold and
ultra�cold (at the quantum degenerate regime) atomic
samples.

The term coherence is commonly associated with
light, however, it also possesses well established mean�
ing of quantum superpositions of atomic (electronic)
states, which is usually divided into the optical coher�
ences (associated with the optical transitions) and
Zeeman coherences, i.e., between the magnetic sub�
levels. The latter might be created in the meta�stable
(ground) states, offering very long lifetimes. Moreover,
the atomic external degrees of freedom offer the possi�
bility of creation and observation of the coherent
states, e.g., the Bragg scattering of the Bose�Einstein
condensate [1] or the matter�wave interference in the
superfluid regime [2].

This work aims at introducing the coherence
effects in atomic media, presenting some of the exper�
iments on quantum coherences with cold atoms and
discussing their possible applications. The article is
organized as follows: Section 2 specifies basic defini�
tions and properties of relevant quantum coherences,
Section 3 describes how the coherences manifest
through the change of optical properties of a medium,
Section 4 presents experiments on nonlinear Faraday
rotation in cold atoms, in Section 5 possible applica�
tions in quantum state engineering are considered,
and Section 6 summarizes the paper.

1 The article is published in the original.

2. BASIC DEFINITIONS AND PROPERTIES

2.1. Optical Coherence in Two�Level Atom

The atomic coherences can be observed in various
systems out of which the simplest one is a two�level
atom (TLA) with the ground state  and excited state

, schematically shown in Fig. 1a. The state of a sys�
tem  at any given time  can be expressed in the

 basis as

(1)

where  and  are the time�dependent coefficients

and  normalization condition holds. The
system’s dynamics can be calculated using the
Schrödinger equation and the initial (boundary) con�
ditions.

Suppose the atom initially in the ground state, i.e.,
 starts to interact with the light wave. The

solution of this problem is a periodic oscillation of the

probability  of finding the atom in the excited
state, the Rabi oscillation. For a resonant light, the
amplitude of  oscillation reaches the maximal
value of 1 and becomes reduced for the detuned light.

Alternative, and more general description of the
state of the system can be given in terms of the density
matrix. The density matrix formalism becomes partic�
ularly useful when dealing with the atomic ensembles
where the number of Schrödinger equations to solve
could be very large. The state of the TLA system in this
formalism is described by

(2)

where  for the pure state, while the dynam�
ics is governed by the master equation
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(3)

where  is the Hamiltonian and the brackets repre�
sent the commutator (for the sake of simplicity, the
damping terms are neglected). The normalization
requires that the trace of this matrix must be equal to 1

and the matrix is hermitian, i.e., . Diagonal
elements of such a matrix represent the probability of
finding the atom in a given state and thus are called
populations of the states. On the other hand, the off�
diagonal elements are the measure of the co�evolution
of the two states and are called coherences. Since
Eq. (1) is the generic form of a superposition state, the
off�diagonal elements of the density matrix, the
coherences, are associated with the superposition
states.

2.2. Two�Level Atom with Angular Momentum

In this subsection we will extend the TLA model by
assuming  value of the excited state angular
momentum and  in the ground state. To investi�
gate the interaction of light with such a system, one
has to define a quantization axis and take into account
appropriate selection rules. Suppose the light is lin�
early polarized and we choose a quantization axis
along its propagation direction, as shown in Fig. 1b. In
this case the light is  polarized and it is useful to treat
this polarization as a coherent superposition of the two

circular polarizations,  and , each coupling to its
own transition. The  state is not coupled in this
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scheme and thus is neglected in the following. The
simplified density matrix of such a system has a form

(4)

Without going into calculations (see, e.g., [3] for
details), the immediate result would be a non�zero
value of the optical coherences  and  as in Sec�
tion 2.1. However, the solution of the master equation
leads also to a non�zero value of the  coherence,
which is a result of the simultaneous and coherent
driving of the two optical transitions. The emerging
coherence between two magnetic sublevels is named
the Zeeman coherence and corresponds to the

(5)

superposition state. Importantly, it has a characteristic
time dependence which is an experimental signature
of the specific superposition state in the form of

(6)

where  is the energy of the  state.

The single, linearly polarized photon can create
Zeeman coherence between sublevels differing by 2 in
their magnetic number ( ). However, one can
now extend this model to higher angular momentum
structures, both in the ground and excited states, as
well as multi�photon interactions. Figure 1c shows the
possible scenarios for the  atom. By increas�
ing the strength of the light�atom interaction, firstly,
the independent �like systems can be formed leading
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Fig. 1. (a) Two�level atom (TLA) coupled to the resonant light. (b) TLA with angular momentum  in the excited state and
 in the ground state coupled to the linearly polarized resonant light. The linear  polarization is a coherent superposition

of the  and  circular polarizations that drive the  and  transitions, respectively. The dashed line repre�
sents the Zeeman coherence that is created by the light. (c) TLA with J = 2 in both ground and excited states and possible coher�
ence arrangements: independent Λ�systems (left), V�like system (middle), double  with  coherence (right).
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to the three  Zeeman coherences in the
ground state. Analogously, the V�like structures lead to
the existence of  Zeeman coherences in the
excited state. Finally, the  coherence may
arise as a multi�photon process, in which the coher�
ence is generated firstly between pairs of Zeeman sub�
levels with  and then subsequent interactions
merge them into a new one (the possible 
coherence is negligible for not�too�big light and mag�
netic field intensities).

3. OPTICAL EVIDENCE OF COHERENCES

The existence of coherence in a given quantum sys�
tem may lead to an important modification of the
optical properties of the macroscopic medium. The
common examples are the slow (or stopped) light
experiments [4], electromagnetically induced trans�
parency [5], etc. In this section several types of related
experiments are discussed.

3.1. Light Scattering

Perhaps the simplest experiment in which the Zee�
man coherence can be observed is the scattering of
light in the arrangement shown in Fig. 2a. The exper�
iment is based on measuring intensity of the resonance
fluorescence vs. the magnetic field intensity (the
Hanle effect [6, 7]). The linearly polarized light cre�
ates a coherence in the excited state of the ,

 atom (broken line in Fig. 2). The intensity  of
the fluorescence light is then given by

(7)

where  stands for the dipole moment operator,  is
given by Eq. (5) and the sum goes over all possible final
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states. In our case, the only possible final state is ,
and the intensity becomes

(8)

where  is the interference term which represents the
coherence contribution to the scattered light intensity.
It can be shown that the Zeeman coherence has an
amplitude given by

(9)

where  is the coherence decay rate (the inverse of the
lifetime ). Thus, by changing the energies of the 
levels, e.g., by a magnetic field, it is possible to vary the
contribution of the interference term to the scattered
light. In the case of degenerate levels, the coherence
remains stationary and has the maximal (yet decaying)
amplitude

(10)

If the Zeeman sublevel degeneracy is lifted by the
applied magnetic field , the coherence is oscillating.
In the experiment where continuous wave light beam
is interacting with an atomic ensemble, it is necessary
to perform averaging over time, as the coherence in
individual atoms is created at random times and
evolves during lifetime . As a result, the fluorescence
intensity varies by  which has a form of a Lorentzian
resonance centered at B = 0 and a width of

.

3.2. Electromagnetically Induced Transparency

One of the most popular coherence effects is
known as the electromagnetically induced transpar�
ency (EIT) [5]. The idea behind the effect is such that
sufficiently strong and resonant light may induce a
spectral transparency window for the other light beam.
The effect is most often observed in a three�level cas�
cade system with a strong light field resonantly cou�
pling the upper atomic states and a weak light probing
absorption on the transition between the lower states.
Figure 3a shows an exemplary three�level system in
which another kind of EIT can be observed, associated
with the, so called, coherent population trapping,
CPT [8]. In this case, two beams of the opposite helic�
ity are coupling the m = 1 and m = –1 magnetic sub�
levels with the single excited state. If the beams are suf�
ficiently strong, the observed absorption and disper�
sion spectra for either of the beams are strongly
modified, as seen in Fig. 3b.

The modification of the absorption and dispersion
profiles results from existence of the coherence
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Fig. 2. Illustration of the light scattering experiment in
which atom is excited by the linearly polarized light and
laterally emitted fluorescence light is detected. (a) The
arrangement, (b) schematics of the atomic structure with
excitation (solid arrows) and fluorescence (empty arrows)
paths and Zeeman coherence between the  sublevels
(broken line), (c) the same paths, shown to resemble
Young’s double slit experiment.
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between the two ground states introduced by the pres�
ence of both laser beams and has far�reaching conse�
quences. Rapid change of the refractive index with the
light frequency results in modification of the group
velocity of light that passes through the medium. EIT
experiments showed group velocities as low as 8 m/s in
a thermal sample of rubidium vapor [9].

3.3. Nonlinear Faraday Effect

Linear Faraday effect (LFE) is a well�known mag�
neto�optical phenomenon in which the light polariza�
tion plane rotates when propagating through a
medium in a longitudinal magnetic field. The differ�
ence of the refractive indices  for the  and  cir�
cular polarizations results in different phases acquired
by the two helicities over the sample length  and, as a
consequence, in the rotation of the linear polarization
plane by angle

(11)

where  is the light wavelength. The dependence of 
on the magnetic field is hidden here in the difference
of the refractive indices. For a given wavelength and far
from resonant transitions this can be expressed in a
form

(12)

where  is the magnetic field strength and V is the
material (Verdet) constant. On the other hand, for the
near�resonant light, Eq. (11) yields a familiar Faraday
angle dependence on the magnetic field

(13)

where  is the transition linewidth and  is the shift
of the transition frequency for one of the circular
polarizations. For weak magnetic fields the latter is
linear in the magnetic field and thus the rotation
amplitude has a form of a dispersive Lorentzian with
the width corresponding to the optical transition
width, Doppler�broadened in the case of gas samples.
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The asymmetric  dependence is called the Faraday
resonance. In the central part, the resonance curve can
be approximated with a straight line the slope of which
has a meaning of the Verdet constant. It is particularly
important for magnetometric applications. The slope
increases with the increasing amplitude and decreas�
ing width of the  curve yielding better accuracy of
the magnetic field measurement. Typically, the reso�
nant atomic gas samples have Verdet constants a few
orders of magnitude higher than non�resonant solid�
state samples, even though typical atomic densities are
only on the order of 109–1010 at/cm3.

Application of strong, resonant light might addi�
tionally result in the creation of coherence between
Zeeman sublevels of the ground state [3, 10]. Their
presence manifests in the magneto�optical rotation
resonances similar to that in LFE, however, having
much narrower widths. This is due to the much longer
lifetimes of the atomic ground states, which in practi�
cal realizations can be as long as several minutes [11].

For resonant excitation, the rotation angle  is a
measure of circular birefringence, i.e., ,

where  are the refractive indices for  polarized
light and

(14)

with  being the light electric field amplitude,  the
matrix element of the dipole moment associated with

the �polarized light�beam components, and  the
related density matrix elements. The summation goes
over all ground� and excited�state sublevels  and 
linked by the allowed transitions. In the stationary
regime,  can be expressed as

(15)
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ing and Rabi frequency for the  transition, and
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Fig. 3. (a) Schematics of the energy level structure without (left) and with the magnetic field (right). (b) Absorption coefficient 
and refractive index n spectra without (clear) and with (black) the coherence of the ground�state sublevels.
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 is the relaxation rate of the optical coherence. The
polarization index  is related with magnetic quantum
numbers of states e, g by standard selection rules for
polarized light. Relations (14), (15) indicate that opti�
cal coherences, and consequently also the refractive
indices and rotation angle, depend on the density
matrix elements  and  which represent popula�
tions of and coherences between Zeeman sublevels of
the ground and excited states. For not�too�strong
light, the excited�state coherences are negligible and
the rotation signal becomes sensitive mainly to the
ground�state coherences.

Main decoherence processes for the atomic vapor
samples are the atomic collisions or collisions with the
vapor cell walls. Diluted atomic vapor in a buffer/gas
or a paraffin�coated vapor cells can reach coherence
lifetimes as long as a fraction of a second, that results
in µG�wide resonances, which can be used for ultra�
sensitive measurements of the magnetic field. Current
state�of�art optical magnetometers have sensitivities
comparable to that of superconducting quantum
interference devices (SQUIDs) and the Verdet con�
stant reaches 1010 rad/T m [3, 12].

4. NONLINEAR FARADAY EFFECT
WITH COLD ATOMS

4.1. Low�Field Magnetometry, Coherence Evolution

The nonlinear Faraday effect (NFE) has been
widely studied in alkali�metal atomic vapor cells [3].
However, the use of cold atomic samples at tempera�
tures of tens of K offers some advantages over the
room�temperature experiments. Firstly, the negligibil�
ity of the Doppler broadening allows for precise
addressing of a single optical transition. Moreover, the
cold samples offer low relaxation rates and high spatial
resolution as they are typically confined in a small vol�
ume of the trap. Finally, depending on the trapping
procedure, a range of optical depths of the sample can
be achieved (typically 1–100). On the other hand,
cold�atom experiments have also their disadvantages.
Not only they are more technically challenging (laser

2Γ/
±

'g gρ 'eeρ

µ

cooling, trap switching, etc.) but are also more prone
to various systematic errors, such as caused by light
pressure. In the following, we present the results
obtained with the cold�atom sample of 85Rb released
from the magneto�optical trap (MOT) [13].

The experimental sequence, in which NFE signals
were recorded consisted of three phases. Firstly, the
sample was captured and cooled in a standard MOT
configuration.

Subsequently, the cooling (trapping) laser, as well
as the MOT quadrupole magnetic field were switched
off. In addition, during the preparation phase, the
magnetic field of a given value was applied along the
probing beam direction (Faraday field). Finally, the
probing beam was switched on and its polarization
plane rotation was measured. After typically 10 ms, the
probing beam and Faraday field were switched off and
the trap fields were switched on to recapture the
expanding atomic cloud. The sequence was repeated
for each Faraday field value.

Typical resonance observed in the experiment is
shown in Fig. 4a. It consists of a wide structure of
about 10 G width associated with a linear Faraday
effect and a central, narrow feature which is a signa�
ture of the nonlinear Faraday rotation. The central
resonance of the 20 mG width corresponds to the
presence of the  coherences in the F = 3
ground state of 85Rb.

By using a special time sequence of the light beams
and Faraday magnetic field, the time evolution of the
superposition state could be studied. Figure 4b depicts
typical time dependences obtained for two different
light intensities at B corresponding to the maximum
coherence contribution, compared with the time
dependence of a linear Faraday rotation at 3 G. While
the linear signal rises almost instantaneously (within
the time resolution of our detector), the NFE signal,
i.e., the quantum coherence, needs some time to
develop. As seen, the build�up time becomes shorter
for higher light intensity. Such experiment allows diag�
nostics of superposition states created in a cold�atom
sample and can be useful for applications in quantum
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Fig. 4. (a) Nonlinear Faraday rotation in a cold�atom sample recorded at 2 ms of probing time. The wide structure is the linear
and the narrow central resonance is the nonlinear Faraday effect, power�broadened by the 64 µW laser beam. (b) Time depen�
dence of the NFE resonances recorded for two laser powers: 4 µW (magnified 8 times) (dotted line) and 16 µW at a magnetic field
of 45 mG (dashed line) compared to the LFE rotation at 3 G (solid line). For more details see [13].
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information and in precision magnetometry. The nar�
row width of the feature (some mG with the present
setup) shows the potential of NFE with cold atoms for
precision magnetometry with important prospective
features: G sensitivity, large dynamic range (zero�
field to several G), and sub�mm spatial resolution in
magnetic field mapping.

4.2. High�Field Magnetometry

The stationary ground�state coherences are
destroyed when Larmor precession becomes faster
than the coherence relaxation time, hence direct
observation of the NFR signals is limited to a very nar�
row range of magnetic fields around B = 0. For obser�
vation of NFE not only around the zero magnetic field
it is necessary to use frequency or amplitude modula�
tion of light [14]. In this arrangement, strobed pump�
ing creates the modulated Zeeman coherence and
phase sensitive detection is used to extract the mag�
neto�optical rotation amplitude. In addition to the
zero�field resonance, two other resonances appear in
the demodulated rotation signal when the modulation
frequency  matches  twice Larmor precession fre�
quency in a given magnetic field. These high�field res�
onances result from the optical pumping synchronous
with the Larmor precession. The width of these reso�
nances is determined by the coherence lifetime and, in
case of long�lived ground states, can be as narrow as
the zero field resonance. Figure 5 shows NFE signal
with two AMOR resonances at ±3 G that are the evi�
dence of driving  coherences at non�zero mag�
netic fields. Presence of such high�field resonances
allows for precision magnetometry of non�zero mag�
netic fields without significant loss of sensitivity.

5. QUANTUM STATE ENGINEERING 
AND QUANTUM DEGENERACY

Various techniques of quantum state engineering,
i.e., controlling the quantum�state superpositions,
have been developed for hot atomic vapor samples.
They include creation and selective detection of
coherences with specific  including higher�order
coherences with  [15, 16], competition
between NFE and EIT [17], and superposition of var�
ious coherences [18]. Most of these techniques should
also be useful in experiments with cold atoms. One
important requirement is the reduction of all factors
limiting the coherence lifetime. A promising solution
is the application of optical dipole traps for such
experiments.

An exciting emerging field of research on quantum
coherence is experiments in the quantum�degeneracy
regime, e.g., with the Bose�Einstein condensate
(BEC) in which superposition states of matter�waves
can be studied. EIT has been directly measured in a
pump�probe experiment in a BEC by Ahufinger et al.

µ

mΩ ±

2mΔ =| |

mΔ

2mΔ >

[19]. It has been also applied by L. Hau and coworkers
for spectacular “slow and halted light” experiments
[20] and demonstration of quantum memory with
about 1 s storing time [21]. A novel, interesting field of
research would be studies of coherence properties of
the, so called, spinor condensates (see, e.g., [22]).

6. CONCLUSIONS

The atomic superposition states (coherences) can
be created and manipulated with a high degree of con�
trol and reproducibility. Since such states are pivotal
for quantum information, the related experiments
pave the way to realization of many ideas of quantum
information. On the other hand, there are many prac�
tical applications of coherently prepared media. One
specific field is quantum magnetometry. Cold atoms
allow for extending the coherence lifetimes and make
it possible to study the phenomena with quantum�
degenerate matter waves.
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