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We report our study of the magneto-optical effect in a strictly linear regime on spin-polarized cold cesium
atoms. Due to the low intensity and the short illumination period of the probe beam, less than 7.5% of the
sample atoms change their states by absorbing probe photons. We produce a medium of atoms at rest in either
the 6S1/2,F=3,mF=0 or 6S1/2,F=3,mF=3 state by optically pumping atoms trapped in a magneto-optical
trap. We use theD1 resonance with large lower and upper state hyperfine splittings as a probe transition to
avoid hyperfine mixing from the Zeeman interaction. Under this idealized situation we measure the Stokes
parameters in order to find the polarization rotation and circular dichroism experienced by the probe light. We
find that there are qualitative differences between the results for themF=0 andmF=3 cases. While dispersion
and consequent Faraday rotation play a dominant role when the atoms are in themF=0 state, it is dissipation
and circular dichroism that are important when they are in themF=3 state. Similarly, while the size of the
Faraday rotation and the circular dichroism for themF=0 case scales linearly with the applied magnetic field,
for themF=3 case it is the shift of the probe polarization change versus frequency that is linearly proportional
to the magnetic field strength.
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I. INTRODUCTION

The magneto-optical effect is a rotation of polarization
when linearly polarized light passes through either a magne-
tized medium or a medium in a dc magnetic field. When the
magnetization of the medium produces the rotation, it is
called paramagnetic rotation, and when the applied magnetic
field is responsible for the rotation, it is called the Faraday
effect f1g. An optical isolator using a paramagnetic crystal
placed in a permanent magnet is a well known application of
the Faraday effect. When the medium is an atomic vapor, due
to the low atom density it is necessary to use near resonant
light in order to observe the Faraday rotation. The enhanced
Faraday effect near resonance is known as the Macaluso-
Corbino effect f2g. Both the Faraday effect and the
Macaluso-Corbino effect have been known for more than
100 years. However, there is still much interest in these ef-
fects because they can be used for the sensitive study of
collision dynamicsf3g and for precision measurement in
search of fundamental symmetry violationsf4g. Current re-
search involving the resonant magneto-optic effect using a
gaseous atomic medium is reviewed in Ref.f5g.

While the resonant interaction between an atom and a
probe light makes the magneto-optical effect observable, it
also leads to significant absorption of the probe light by the
atoms. There are two major complications coming from the
large absorption. First, the atomic medium is optically
pumped by the linear probe light and consequently the prop-
erty of the medium is determined by the probe light itself.
This nonlinear situation, coupled with an applied magnetic
field, leads to complex manifestation of the Hanle effectf6g
and various Zeeman coherencesf7g. Second, a large circular
dichroism is unavoidable. Faraday rotation in its original

form relies on a difference in the indices of refraction for the
right ss+d and the left circularly polarizedss−d components
of linear light, i.e., the differential dispersion from the differ-
ence in the real parts of electric susceptibilities of the me-
dium. When the probe frequency is near resonance, however,
the imaginary parts of the susceptibilities are large and in
general asymmetric with respect to thes+ and s− compo-
nents, leading to a differential dissipation of the two compo-
nents. Consequently, the output polarization of the probe
light is a result of a complicated interplay between the
magneto-optic rotation and the circular dichroism.

There have been studies on the resonant Faraday effect
using an atomic vapor cellf8g or cold atoms prepared by a
magneto-optical trapsMOTd f9g. Although relatively low-
intensity probe light was used in the referred work, for the
experimental parameters employed in the experiments each
atom in the probe region absorbed on average more than one
photon while the probe beam was on. An arbitrary distribu-
tion of atoms among Zeeman sublevels also meant that dif-
ferent contributions to magneto-optic rotation and circular
dichroism from atoms in various sublevels are mixed up in
the final result. These factors, together with Doppler broad-
ening for the case of the cell experiment, mixing of the upper
hyperfine states from Zeeman coupling, and depolarization
from the laser linewidthf10g, produced a rather complicated
experimental situation and made quantitative understanding
of the results difficult.

In order to avoid these difficulties we study the resonant
magneto-optical effect in a strictly linear regime on spin-
polarized cold cesium atoms prepared by optically pumping
trapped atoms. By optically pumping the atoms to either
mF=0 or mF=3 sublevels, wheremF is the magnetic quan-
tum number, we can clearly distinguish contributions to the
magneto-optic rotation and the circular dichroism from at-
oms in each spin-polarized state. We also use the cesiumD1
transition, whose upper state, 6P1/2, has large hyperfine split-*Email address: cho@korea.ac.kr
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ting, in order to avoid complication from hyperfine mixing.
Our laser linewidth is also only 1/20 of the natural linewidth
of the D1 transition and depolarization from the laser line-
width is thus minimized.

II. THEORY

Considering cesium transitions from theu6S1/2,F=3,mFl
state to theu6P1/2,F=4,mF±1l states, whereF is the total
angular momentum, driven by thes+ ands− components of
linearly polarized light when a magnetic fieldB is applied
along thez axis, the complex indices of refraction for thes±
light are

n± > 1 +
N

2"e0

uk6P1/2,F = 4,mF ± 1uD±u6S1/2,F = 3,mFlu2

v±sBd − v − iG/2
,

s1d

where N is the atom number density;D± are the electric
dipole moment operators;G is the decay rate of the 6P1/2
state;v is the laser frequency; andv±sBd is the Zeeman-
shifted resonance frequency,vD1+smBB/"dhgF8smF±1d
−gFmFj for s± components. HerevD1 is the unperturbedD1
resonance frequency,mB is the Bohr magneton, andgF and
gF8 are the Landeg factors of the lower and the upper states,
respectively. When atoms in a medium are distributed among
differentmF sublevels with fractional populationspsmFd, the
second term of the above expression should be a sum of the
corresponding terms weighted bypsmFd.

When the probe beam propagating along thez axis is
initially linearly polarized along thex axis with its field am-
plitude E0x̂, its output polarization from the atomic medium
can be written as

EW out =
E0

Î2
sê+eib+−1/2a+ + ê−eib−−1/2a−d, s2d

where ê± are the unit vectors for thes± polarizations, and
the absorption coefficientsa± and phase shiftsb± are defined
by

a± = 2kl Imsn±d,

b± = kl Resn±d.

Herek is the wave vector in vacuum andl is the length of the
atomic medium along the probe propagation. When the out-
put polarization is depicted by Fig. 1, the rotation anglec is
related tob± by

c = 1
2sb+ − b−d. s3d

The ellipticity of the ellipse in Fig. 1 can be characterized by
an auxiliary anglex with tanx=b/a f11g. x is related toa±
by

sin 2x =
e−a+ − e−a−

e−a+ + e−a−
. s4d

The above expression for sin 2x can be considered as a defi-
nition for a degree of circular dichroism of the medium. We

also note that the rotation angle is determined by the disper-
sive property of the medium, while the ellipticity is deter-
mined by the dissipative property. In Fig. 2. the relative tran-
sition strengths from theu6S1/2,F=3,mFl states to the
u6P1/2,F=4,mF±1l states are given. We note that whenmF
Þ0, there are large differences between thes+ and thes−
transition strengths. This implies that when an atomic me-
dium is oriented, circular dichroism is the dominant process.
Only a medium without orientation can produce pure Fara-
day rotation, and a sample of atoms spin polarized withmF
=0 is an example.

In the experiment we measure the parallel, perpendicular,
+45°, −45°, s+, and s− components of the output beam,
which we denote byPi, P', P+45, P−45, Ps+, andPs−, respec-
tively. Both tan 2c and sin 2x are related to these compo-
nents by the following relations:

tan 2c =
P+45− P−45

Pi − P'

s5d

sin 2x =
Ps+ − Ps−

Ps+ + Ps−
. s6d

These relations are usually given in terms of Stokes
parametersf11g.

III. APPARATUS

A cold cesium sample is produced by a conventional va-
por cell MOT, which is built around an octagonal ultrahigh
vacuum chamber. Heated dispensers provide cesium vapor

FIG. 1. Output polarization.c is the rotation angle determined
by b±. Ellipticity is characterized by the auxiliary anglex with
tanx=b/a. A degree of circular dichroism sin 2x is determined by
a±.

FIG. 2. Relative transition strengths from theu6S1/2,F=3,mFl
states to theu6P1/2,F=4,mF±1l states. The numbers in the
boxes are 24uk6P1/2,F=4,mF±1uD±u6S1/2,F=3,mFlu2/ uk6P1/2,F
=4iDi6S1/2,F=3lu2, where k6P1/2,F=4iDi6S1/2,F=3l is the re-
duced matrix element.

CHOI et al. PHYSICAL REVIEW A 71, 043409s2005d

043409-2



and two external-cavity diode lasers provide trapping and
repumping beams. The vapor cell MOT system is described
in our previous publicationf12g. In addition to the anti-
Helmholtz coil for the MOT, we have three sets of Helm-
holtz coils to counteract the ambient magnetic field. The
quantization fieldB for the optical pumping and the Faraday
rotation is provided by a single coil of 400 turns and 30 cm
diameter, placed 4.5 cm from the MOT center.B defines the
z axis in Fig. 3, where the optical layout of the experiment is
shown.

For the optical pumping we use two laser beams. One of
them is tuned to the 6S1/2,F=4→6P3/2,F=4 transition and
it pumps the atoms in the 6S1/2,F=4 state to the 6S1/2,F
=3 state. It is called hyperfine pumping. We use the trapping
beam,Etrap in Fig. 3, as the hyperfine pumping beam by
shifting its frequency during the optical pumping. Another
one is tuned to the 6S1/2,F=3→6P1/2,F=3 transition and it
is called the Zeeman pumping beam. As the Zeeman pump-
ing beam, we useEOPs0d with linear polarization or
EOPs+3d with circular polarization in Fig. 3 when the target
state is u6S1/2,F=3,mF=0l or u6S1/2,F=3,mF=3l, respec-
tively. Its intensity is 0.5 mW/cm2 and its diameter is 5 mm.
In order to measure the Zeeman distribution of atoms after
the optical pumping, we take a part of the repumping beam
and scan it near the 6S1/2,F=3→6P3/2,F=4 transition. It is
shown asEscan in Fig. 3. Finally we use another diode laser
tuned to the 6S1/2,F=3→6P1/2,F=4 transition as a probe
laser, Eprobe, to study the Faraday effect. The probe laser
beam is spatially filtered and transferred to the chamber by
an optical fiber. Its power is turned on and off by an acousto-
optic modulator.

In order to jump or scan the trapping, repumping, and
probe laser frequencies we use individual dichroic-atomic-
vapor-laser-lockingsDAVLL d systemsf13g for each laser. A
DAVLL system provides a stable reference signal over the
relevant frequency range. We employ an injection-current
feed forward system, which allows us to relock the laser to a
new frequency within a fraction of a millisecond. We also
have a conventional saturated absorption spectrometer for
each laser to monitor its exact frequency.

IV. OPTICAL PUMPING

Each measurement cycle begins with 33108 cesium at-
oms at 200mK collected by a MOT. At the end of the MOT
loading period of 0.7 s the frequencies of the trapping and
the repumping lasers are moved away from the respective
resonances by more than 100 MHz and the repumping beam
shutter is closed within 1 ms. It is followed by switching off
of the anti-Helmholtz coil. For the next 3 ms the quantiza-
tion field is turned on to 13 G, and the magnetic field from
the anti-Helmholtz coil tails off. Then the frequency of the
trapping laser is brought to the hyperfine pumping transition.
Simultaneously, the Zeeman pumping laser, with proper po-
larization, is turned on. Both hyperfine and Zeeman pumping
beams are on for 2 ms and this completes the optical pump-
ing process.

Results of the optical pumping are shown in Fig. 4. To
obtain the Zeeman spectra we increase the quantization field
to 30 G and illuminate the sample withEscanwhile scanning
it over 200 MHz near the 6S1/2,F=3→6P3/2,F=4 transi-
tion. We use this transition because of the large difference
between the Landeg factors of the two states. The Landeg
factor of the 6S1/2,F=3 state is −1/4 while that of the
6P3/2,F=4 state is 4/15. The laser fieldEscan is linearly po-
larized along thez axis so that it can driveDmF=0 transi-
tions only. Adjacent Zeeman components of the transition are
shifted from each other by 22 MHz at 30 G, which is much
larger than the natural linewidth of theD2 transition, so the
probe laser can drive only one Zeeman component at a time.
Once the atoms are driven to the 6P3/2,F=4 state, they de-
cay to the 6S1/2,F=4 state with the branching ratio of 7/12.
Finally, the quantization field is turned off and the trapping
laser, tuned to the cycling transition, is turned on. We inte-
grate the fluorescence from the cycling transition for 1 ms to
measure the number of atoms in the upper hyperfine state.
This measurement is destructive and the optical pumping
cycle has to be repeated for each data point of the spectrum.

In this measurement, atoms driven to the 6P3/2,F=4 state
can decay back down to the 6S1/2,F=3 state with 5/12 prob-
ability. If the atom falls back to the original Zeeman sub-
level, it can make another round of theD2 transition, and it
still has a chance to contribute to the final fluorescence. If it

FIG. 3. Orientation of the quantization field and optical fields.
Trapping beams for the MOT, which are also used for the hyperfine
pumping, are shown with shaded arrows.EOPs0d andEOPs+3d are
the Zeeman pumping beams for the target states ofmF=0 andmF

=3, respectively.Escan is used to monitor the results of the optical
pumping andEprobe is the probe field for the Faraday rotation.

FIG. 4. Distribution of atoms among theu6S1/2,F=3,mFl sub-
levles: sad the sample with only the hyperfine pumping,sbd the
sample pumped into themF=0 sublevel, andscd the sample pumped
into themF=3 sublevel.
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falls back to adjacent Zeeman sublevels, however, it is lost.
Considering the branching ratios to different Zeeman sublev-
els, we can calculate the detection efficiency for each Zee-
man sublevel of the 6S1/2,F=3 state. They range from a
minimum of 65% formF= ±3 to a maximum of 77% for
mF=0.

Curve sad in Fig. 4 shows the Zeeman spectrum with the
hyperfine pumping only. The seven peaks from the Zeeman
sublevels are clearly resolved. We note that the Zeeman dis-
tribution is skewed towardmF=3. It is reproducible in our
MOT and it is due to the residual intensity imbalance and
polarization asymmetry of the trapping beams. Curvessbd
and scd show the results of the optical pumping into the
u6S1/2,F=3,mF=0l state and theu6S1/2,F=3,mF=3l state,
respectively. In both cases more than 90% of the atoms are
pumped to the desired state.

V. RESONANT MAGNETO-OPTICAL EFFECT

Before we study the resonant Faraday effect on the spin-
polarized atomic sample, we conduct preliminary measure-
ments to make sure that our experimental situation is in the
linear regime. The probe power is 6.4 nW and it is illumi-
nated for 400ms. When the sample is spin polarized tomF
=0, approximately 90% of the power is absorbed at reso-
nance, which corresponds to the absorption of 1.03107 pho-
tons. The measured optical thickness of the sample is 9f14g.
From the probe beam diameter of 2 mm, this corresponds to
6.63107 atoms. As a result, the fractionf of atoms in the
probe region that absorb at least one photon is 15%. As an
independent check, we measure the number of atoms
pumped to the 6S1/2,F=4 state by the probe light. We find
5% of the sample atoms in the 6S1/2,F=4 state after the
probe illumination. Considering the branching ratios of the
decay from the 6P1/2,F=4 state, it implies that the fractionf
is 12%. Taking into account the fact that a significant part of
the absorption and consequent decay bring the atoms back to
the original state and considering the time average over the
probe illumination period, the effective fraction of atoms per-
turbed by the probe light is only 5%. For the experiment with
atoms optically pumped to theu6S1/2,F=3,mF=3l state, we
use the sample with similar atom density and cloud size so
that Nl remains the same. Because the sum of theDmF
= ±1 transition strengths out of themF=3 state is roughly
50% larger than that of themF=0 statesFig. 2d, the optical
thickness in this case is close to 13, and the effective per-
turbed fraction is 7.5%.

Results of the polarization measurements with themF=0
sample when theB field is 20 G are shown in Fig. 5. Figure
5 givessad Pi, P'; sbd P+45, P−45; andscd Ps+, Ps−, normal-
ized to the transmitted power when there are no atoms. Fig-
ure 5sdd shows the rotation anglec, Eq. s3d, in radians and
the degree of circular dichroism sin 2x, Eq. s4d. Theoretical
curves are shown with solid and dotted lines. There are no
fitting parameters for the theory curves other than the optical
thickness and the fractional populationspsmFd, which are
measured independently. We use the optical thickness of 9
and the fractional populations,ps0d=0.9 andps±1d=0.05.
Similar results are shown in Fig. 6 for themF=3 sample

under the same magnetic field. The fractional populations are
ps3d=0.9, ps2d=0.07, andps1d=0.03. Data sets shown in
Figs. 5 and 6 are redundant in that they contain three pairs of
orthogonal polarization channels. Sums of each pair are com-
pared. They agree with each other except for the quarter
waveplate insertion loss for thePs+, Ps− channels. In most
of the data the measured results reproduce theoretical results
reasonably well. Residual discrepancies are attributable to:
sid magnetic field inhomogeneity,sii d transient frequency jit-
tering of the probe laser, andsiii d fluctuations of the number
of optically pumped MOT atoms.

By comparing Fig. 5sdd for mF=0 and Fig. 6sdd for mF
=3, we note that there is a drastic difference between the two
cases. In addition to the obvious shift of the curves due to the
Zeeman shift, the parities ofc and sin 2x are even and odd,
respectively, formF=0, while they are odd and even for

FIG. 5. Results of the polarization measurements with themF

=0 sample. sad PisPd P'ssd, sbd P+45sPd, P−45ssd, and scd
Ps+sPd, Ps−ssd. Each component is normalized to the total trans-
mitted power when there are no atoms.sdd the rotation anglec in
radianssPd and the degree of circular dichroism sin 2x ssd. Theo-
retical curves are shown with solid and dotted lines.

FIG. 6. Results of the polarization measurements with themF

=3 sample.
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mF=3 with respect to its resonance. For the atoms in the
mF=0 state under a magnetic field, the phase anglesb± for
s± couplings are of similar size and opposite signs near reso-
nance and they add up in determiningc. Because thes+ and
s− coupling strengths are the samesFig. 2d, the absorption
coefficients are also of similar size and the circular dichroism
is small near resonance. On the other hand, the ratio of the
s+ and s− coupling strengths formF=3 atoms are 28:1.
Near a Zeeman-shifted resonance thes+ component is al-
most completely absorbed, while thes− component is not
attenuated much. This leads to a large circular dichroism and
the output polarization is near left circular polarization. Al-
though dispersion and dissipation are closely connected by
the Kramers-Kronig relations, we may conclude that disper-
sion plays a dominant role in themF=0 case, while it is the
dissipation that is important for themF=3 case. In the reso-
nant Faraday effect experiments performed with unpolarized
atomic samplesf8,9g, the contributions from atoms in differ-
ent Zeeman sublevels are averaged and resulting spectra for
c and sin 2x are a somewhat broadened version of Fig. 5sdd.
The average spectra do not give much information on rela-
tive contributions from dispersion and dissipation coming
from various Zeeman sublevels.

Another major difference between themF=0 andmF=3
cases is that while for the former case it is the magnetic field
that gives rise to the Faraday rotation, for the latter case the
magnetization of the medium itself produces paramagnetic
rotation of the probe polarization. In order to demonstrate
this point we repeat the measurements at a lower magnetic
field. The results for themF=0 state withB=20 and 5 G are

shown in Fig. 7. Similar results for themF=3 case withB
=20 and 2 G are shown in Fig. 8. Comparing the results with
the high and low magnetic fields in Fig. 7, we note that when
atoms are in themF=0 state, the size of both the Faraday
rotation and the circular dichroism is linearly proportional to
the applied magnetic field strength. On the other hand, we
find from Fig. 8 that when atoms are in themF=3 state, the
size of the polarization rotation and circular dichroism is
largely independent of the field strength as expected for the
paramagnetic rotation. Instead, it is the shift of the probe
polarization change versus frequency that is linearly propor-
tional toB for this case. From our measurement we find that,
in a strict sense, the Verdet constant has a meaning only
when the atomic medium is without orientation.

VI. CONCLUSION

We study the resonant magneto-optic effect under an ide-
alized situation. We use a probe light with a very low inten-
sity and short duration to avoid the nonlinear effect and spin-
polarized cold atoms to avoid complications from Zeeman
distribution and Doppler broadening. By comparing output
polarizations from the medium of atoms in themF=0 and 3
states we find that there are qualitative differences in disper-
sive and dissipative properties of the medium, depending on
their spin-polarization state and consequent magnetization.
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