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Polarization effects in electromagnetically induced transparency

D. McGloin,* M. H. Dunn, and D. J. Fulton
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St. Andrews, Fife KY16 9SS, Scotland, United Kingdom
~Received 22 March 2000; published 10 October 2000!

We demonstrate the magnitude dependence of electromagnetically induced transparency, in a three-level
cascade scheme in rubidium, on the probe and coupling field polarizations. We show that this dependence is
due to the presence of the degenerate magnetic sublevels and the strengths of their relative dipole matrix
elements. It is shown that this can lead to modified absorption profiles when electromagnetically induced
transparency is used for spectroscopic purposes. We present theory that is in good agreement with our
experiments.

PACS number~s!: 42.50.Gy, 42.25.Ja, 32.70.2n
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I. INTRODUCTION

Electromagnetically induced transparency~EIT! @1# is a
phenomena in which an atom subjected to a weak probe
on one transition and a stronger coupling field on a link
transition will no longer absorb the probe radiation. As w
as being of considerable interest in its own right, EIT und
pins phenomena such as lasing without inversion@2# and
more recently, slow light@3–5#. In the following paper, we
present a study of probe and coupling field polarization
the EIT absorption trace in a multilevel cascade sche
within rubidium. Previously, the role of polarization ha
been largely ignored in studies of EIT, although of late th
has been some interest, particularly in coherent contro
polarization@6#, where EIT is used to change the polarizati
state of the probe field, thus turning the atomic medium i
a waveplate. Interest has also fallen on the use and enha
ment of magneto-optical effects@5,7,8#, where EIT effects
coupled with nondegenerate magnetic sublevels can pro
enhancement of magneto-optical rotation and even produ
magneto-optical switch. Studies by Durrantet al. @9# have
examined the role of polarization in EIT in a Lambd
scheme within a MOT. We also note that a study of pol
ization effects as a function of beam intensity in two-lev
systems has been carried out by Lezamaet al. @10# while
both Ling et al. @11# and Fultonet al. @12# have examined
EIT in media with Zeeman structure. A theory of saturati
spectroscopy outlined by Feuillade and Berman@13# may be
relevant for this work but is beyond the scope of the sim
theoretical outline taken here.

In this paper, we examine the effects of polarization o
system with degenerate magnetic sublevels. Many pa
that discuss EIT mention some arbitary use of coupling fi
or probe field polarization but never actually discuss w
those polarizations were chosen. In this paper, we disc
why it may be appropriate to choose certain polarizations
a typical EIT experiment. It is shown that the Zeeman-le
degeneracy is responsible for the changing EIT absorp
profiles observed when the polarizations of the optical fie
are varied. More specifically, we examine the ‘‘two-routes
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excitation’’ model of EIT and show that the strength of th
two-photon absorption results in enhancement or degrada
of EIT depending on the probe and coupling field polariz
tion. In our cascade scheme it is also possible to resolve
hyperfine structure of the upper coupling field level usi
EIT @14#, and we show how polarization affects this meth
of atomic spectroscopy.

II. THEORETICAL CONSIDERATIONS

A. Two-photon effects

The experimental atomic system is shown in Fig. 1. It
in essence a simple three-level cascade scheme used
number of experiments@15,16#. However, rubidium has a
much more complicated structure due to its intrinsic nucl
spin, therefore in order to examine fully the two-photon e
fects, we must take into account all the sublevels. Note
in this paper we only consider the 5S1/2(F52)25P3/2(F8
51,2,3)25D5/2(F951,2,3,4) transitions of Rb87 but our ar-
guments are valid for any of the rubidium isotopes
ground-state F levels. Previously, the authors have shown
role that two-photon interference plays in EIT@14#. Extend-
ing this work by calculating the two-photon transition pro
abilities for the 5S1/225P3/225D5/2 transition, we are able
to predict the relative magnitudes of EIT features for vario
probe and coupling field polarization orientations. The tra
sition amplitude for an atomic transition between twomF
levels is given by@17#

k
FIG. 1. The atomic system under consideration: Rb87(5S1/2

25P3/225D5/2).
©2000 The American Physical Society02-1
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^IJFmFudquI 8J8F8mF8 &

5~21!F2mFS F 1 F8

2mF q mF8
D

3~21! I 1J1F11A~2F11!~2F811!

3H J 1 J8

F8 1 F J ~JidiJ8!, ~1!

whereI is the nuclear spin (I 53/2 for Rb87), J is the angular
momentum,F is the total angular momentum, andmF stands
for the magnetic sublevels ofF states. EachF state has
(2F11) degeneratemF values. The primes on the quantu
numbers~e.g.,J8) correspond to the initial state in which th
atom resides. The valuedq is the dipole operator and th
value of q is polarization dependent, with

q5mF2mF850 ~2!

for linearly polarized light and

q5mF2mF8561 ~3!

for circularly polarized light. The value (JidiJ8) is the re-
duced matrix element as defined by Shore@17#, and can be
left unevaluated if one is considering only the relative dip
matrix strengths, as is the case in this work. The values in
parentheses denote standard 3j symbol notation and s
larly, the values in the curly brackets denote standard 6j s
bols @17,18#. In this work they are evaluated via a mat
ematical algebra package.

We can then easily calculate the relative transit
strengths@without evaluating the reduced matrix eleme
(JidiJ8)# using

Sq5 z^IJFmFudquIJ8F8mF8 & z2. ~4!

We then normalize the relative transition strengths
each transition for given initial values ofF andq ~polariza-
tion!. The normalized transition strengths are then treate
the probability value for excitation, and by appropriate ad
tion and multiplication we are able to calculate the proba
ity of starting in a givenF, mF level and ending up in any
otherF, mF level. As such we are able to predict values f
the two-photon transition strengths and hence the streng
observed EIT features.

In examining the EIT in our cascade system, we use n
combinations of field polarization, withp representing lin-
early polarized light;s1, right-handed circularly polarized
light ands2, left-handed circularly polarized light. We se
that there are a number of possible transition routes to
upper state, each with its own weighted probability. By m
tiplying probabilities for the two transitions (5S1/225P3/2)
and (5P3/225D5/2), we end up with a two-photon transitio
probability for each allowedmF to mF level. Then, summing
over all allowed transitions, we arrive at a transition pro
ability betweenF states. The full set of probabilities can b
seen in Table I below. The values for the case where b
05380
e
i-
-

t

r

as
-
-

r
of

e

e
-

-

th

optical fields havep polarization have been included in Fig
2.

It should be noted that for our system we can legitimat
multiply and add across the relevant dipole transitions
cause each system is independent of the others. An ex
nation of Fig. 2 highlights this fact. In order to end up in th
5D5/2(F51) upper state, an atom may interact with the a
plied optical fields and arrive in this state via either t
5P3/2(F51) or 5P3/2(F52) intermediate state. The choic
of which route is employed by the atom is dependent on
relative velocity. This velocity component selects which i
termediate level the atom is Doppler shifted into resona

FIG. 2. Possible transitions in the linear-linear polarization c
with q50. Normalized transition probabilities of allowed two
photon transitions, ending in the 5D5/2(F51) state are given.

TABLE I. Transition probabilities for atoms moving betwee
the 5S1/2(F52)25P3/2(F851,2,3)25D5/2(F951,2,3,4) states as
parts of 35 000, for each possible polarization geometry.

Probe Coupling Peak I Peak II Peak III Peak IV
polarization polarization F954 F953 F952 F951

p p 3600 1232 1160 168
p s1 2700 2044 695 231
p s2 2700 2044 695 231

s1 s1 5400 1848 690 252
s1 s2 900 1428 1165 147
s1 p 2700 2044 695 231
s2 s2 5400 1848 690 252
s2 s1 900 1428 1165 147
s2 p 2700 2044 695 231
2-2
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POLARIZATION EFFECTS IN ELECTROMAGNETICALLY . . . PHYSICAL REVIEW A62 053802
with, and hence which route it employs to the upper level
the situation had been that the atom had a certain probab
of employing one route as opposed to the other then the r
to the upper state would be more complicated. It would
volve calculating the coherent superposition of two sepa
wave functions and therefore we would be unable to sim
add and multiply across the normalized transition probab
ties.

Shown in Table II are the two-photon transition probab
ties of ending up in theF54 state of the 5D5/2 level, nor-
malized against the largest value. This gives us a measu
the relative amount of EIT we expect for each combinat
of field polarizations.

B. Observation of Doppler-free EIT

To conclude our theory section, we briefly look at t
conditions for observing sub-Doppler EIT. EIT is a tw
photon resonance process@14#. The location of an EIT reso
nance in the cascade system is given by

D11D250, ~5!

whereD1 is the probe field detuning~Fig. 1!, and D2, the
coupling field detuning. Therefore, the location of an E
resonance is independent of the structure and position o
intermediate level. It is the energy separation of the low
and upper levels, relative to the photon energies of the
plied optical fields that is the important parameter. Howev
for the EIT effect to be physically observed it is required th
the probe field falls within the absorption linewidth of th
5S1/225P3/2 probe transition. The individual detunings ca
be written in terms of the Doppler shiftkVz on a transition
for an atom with velocity componentVz in the direction of
the beam propagation:

D15D1
01k1Vz , ~6!

D25D2
01k2Vz , ~7!

whereD i
0 is the detuning of the applied field from the atom

transition andki is the wave number of the applied light. I
order to observe sub-Doppler effects on the probe field

TABLE II. Relative probabilites for getting to the 5S1/2(F52)
25P3/2(F851,2,3)25D5/2(F954) state, normalized to the large
value for each polarization oreintation. This value gives a value
the relative amount of EIT found for a pair of given polarization

Probe polarization Coupling polarization Peak I

p p 0.69
p s1 0.48
p s2 0.45

s1 s1 1
s1 s2 0.16
s1 p 0.48
s2 s2 0.97
s2 s1 0.16
s2 p 0.51
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necessary to reduce the two photon residual linewidth be
that of the single photon probe field Doppler width. Th
residual Doppler width of the two-photon transition is

DnD5u~k11k2!uu, ~8!

where

u5A2kBT

M
, ~9!

T being the temperature of the gas andM the atomic mass.
The first requirement to minimize the residual Doppler wid
is to choose a system that employs optical fields of nea
equal wavelengths, i.e.,uk1u'uk2u. If the two input fields
then counterpropagate, the frequency shifts on the individ
transitions will be in the opposite direction and the resid
Doppler width will be low, similar to the situation occurrin
in Doppler-free, two-photon spectroscopy@19#. For the cas-
cade system being considered in this work, the copropa
ing two-photon width is 536 MHz, while with counterpropa
gating fields this value reduces to only 1.38 MHz, at 320
These values compare with the single-photon probe Dop
width of 528 MHz. Therefore, the fact that the probe a
coupling field wavelengths are closely matched can be u
in effect, to cancel out the masking effects of Doppler broa
ening on the probe transition that would normally act to o
scure the observation of EIT.

III. EXPERIMENTAL SETUP

The experimental setup used to investigate these effec
shown in Fig. 3. We make use of two single frequency co
tinuous wave Ti:sapphire lasers, one being a Microla
MBR-110 that is employed as the probe field. It genera
light at around 780 nm for interaction with the 5S1/2
25P3/2 transition and is tuneable across this atomic tran
tion. It has a linewidth of,100 kHz. The coupling laser is
a modified Schwarz Electro-Optic Titan CW and provid
radiation at around 776 nm for interaction with the 5P3/2
25D5/2 transition. The coupling laser is passively stable a
it is possible to manually tune it by employing a solid etal
and a set of Brewster plates. It has a linewdith of,5 MHz.
We estimate that the coupling field Rabi frequency is a
proximately 30 MHz. The rubidium cell used is 2 cm lon
and is heated to approximately 60 °C. The coupling field
unfocused through the cell and the probe is only wea

f

FIG. 3. Experimental setup.
2-3
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FIG. 4. Experimental traces
~a! s12p ~b! s12s1 ~c! s1
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focused in order to keep its spatial profile within that of t
coupling field. We do not employ further focusing of th
beams so as to minimize power-broadening effects. The
sorption traces are monitored by a photodiode placed a
the cell- and phase-sensitive detection is used to improve
signal-to-noise ratio. In order to control the polarization
the fields, a Soleil-Babinet compensator is placed in the p
of both the probe and coupling fields before they enter
cell. Both fields are linearly polarized in the same sense
fore propagation through the compensators. It should
noted that if the polarization of the probe and coupling fie
are set to be in the same circular polarization, then the ato
sample will ‘‘observe’’ the polarization of both fields a
though they are circularly polarized in the opposite se
since the beams are counterpropagating.

IV. EXPERIMENTAL RESULTS

The experimental traces corresponding to the rows VI,
and V of Table I have been reproduced in Figs. 4~a!, ~b!, and
~c!, respectively. It can be seen that each of the absorp
profiles are broadly similar, each consisting of three reso
able EIT peaks. In all the traces there should in fact b
fourth peak, corresponding to theF51 state in the 5D5/2
level, however the relative dipole strengths of the tw
photon routes terminating in this state are so weak that th
peaks cannot be resolved. The relative depths of eac
these peaks can be seen to depend on the relative polariz
orientations of the applied optical field as predicted. Figur
compares directly the situation outlined in rows IV and V
Table I. It can clearly be seen that the depth of the E
feature in thes12s1 case is much greater than in thes1

2s2 case.

V. DISCUSSION

In general EIT experiments upper-state hyperfine str
ture would not be observed due to power-broadening effe
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This is due to the fact that high-powered coupling fields
normally employed and both fields are also usually focu
within the cell in order to obtain better spatial profile matc
ing of the beams. The combined effect is to induce coupl
field Rabi frequencies much closer to the single-photon D
pler width of the probe field~i.e., @DnD) and hence power-
broadening effects become significant. In this experiment
choosing not to focus the optical fields, we are able to
solve the hyperfine levels in the upper transition as show
the experimental traces in Figs. 4 and 5. It is well known t
the two-photon absorption route is fundamental to the E
process. It is the interference between the one- and t
photon routes to the upper probe level that is of fundame
importance in EIT. This has clearly been shown by Mose
et al. @14#. Therefore, the greater the probability of a tw
photon transition within a particular system, the greater
EIT feature we would expect to observe. Thus as the tw

FIG. 5. Change in depth of EIT with polarization. Dashed li
corresponds tos12s1 case, solid line iss12s2 case.
2-4
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photon transition probability changes, as it will do as t
probe and coupling field are altered, we expect the EIT
change as well. EIT is the imprint of the two-photon proce
on the probe field absorption. This is exactly what we o
serve, as outlined in Fig. 5. In the case ofs12s1 polariza-
tion, we expect a two-photon probability of 0.22 of being
the 5D5/2 level; compare this to the probability of 0.11 o
being in the 5D5/2 level with s12s2 polarization. We see
in Fig. 4 that the overall amount of EIT does indeed chan
from one polarization orientation to the next, explained qu
simply by the two-photon transition probabilities.

We now examine the EIT traces showing the structure
the upper coupling field level. Consider the three tra
shown in Fig. 4. It can be seen that there is a signific
difference when the circular polarization of the applied fie
is in the same or opposite sense~as experienced by th
atomic sample!. Relative to thes12s1 field orientation, it
can be seen that in thes12s2 case theF54 peak is sig-
nificantly reduced, to such an extent that theF53 peak is
larger. These results are readily explained when the t
photon probabilities are examined~see Table I!. However,
we cannot directly compare the EIT in each of the polari
tion cases. This is due to the fact that rotation of the Sol
Babiney compensators shifts the probe and coupling be
slightly changing their overlap. Also, the drift of the co
pling field changes the exact position of the peaks and he
exactly where their height should be measured from. We
however, examine how our theory compares with experim
in each individual case. In Fig. 4~a!, the s12p case, we
predict a ratio of peak depths (F54:F53:F52) of
1.32:1.0:0.34. We observe a ratio of 1.2:1:0.6, in reasona
good agreement with our predictions. For thes12s1 case,
@Fig. 4~b!#, we predict a ratio of 2.92:1:0.37 and observe
ratio of 1.62:1:0.46, which implies we did not resolve t
F54 peak with enough resolution. In the final case ofs1

2s2, @Fig. 4~c!#, we predict a ratio of 0.63:1:0.82 and pr
dict a slightly worse ratio of 0.83:1:0.88. So our predictio
are in broad agreement with our observations and the gen
trends in relative peak sizes are all correct. We also see f
Table I that in fact the optimum orientation for observin
EIT is when the field orientations are circularly polarized
the same sense as seen by the atom. The prediction o
two effects whereby the EIT is maximized in thes12s1
re

.
y,

k,

.

.
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case and the fact that theF54 hole is larger than theF
53 hole in thes12s2 case~which is not an obvious re-
sult! mean our theory is largely correct.

Such findings have potential use when using EIT a
method of spectroscopy@14#. We can envisage a situatio
where hyperfine structure is unable to be resolved, for
ample due to power-broadening effects of the coupling fie
If we can change polarization orientation to enhance the E
we can bring down the required coupling field power a
therefore begin to resolve the structure. We note that s
effects in other schemes; e.g., Lambda and V scheme
also be of interest@7#.

VI. CONCLUSIONS

In conclusion, we have shown that the polarization of t
optical fields plays an important role in electromagnetica
induced transparency experiments. EIT can be enhance
degraded by the appropriate choice of polarization for
probe and coupling fields. We have shown that this pheno
enon is a direct result of the relative probability of the tw
photon transition from the ground state to the upper s
connected by the coupling field. By taking into account all
the degenerate magnetic hyperfine levels, it was possibl
explore and explain the cases where EIT may be used
method of spectroscopy to examine the hyperfine structur
this upper coupling field state. Again it was seen that po
ization orientation effects were evident. EIT absorption p
files can be significantly altered by use of appropriate po
ization orientations of the optical fields. If EIT is to b
employed as a method of spectroscopy, this must be ta
into account. A second area of relevance where these eff
should be considered is in experiments to study EIT effe
where a magnetic field is applied to a medium in order to
the magnetic sublevel degeneracy, i.e., in magneto-op
effects.
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