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Role of degenerate Zeeman levels in electromagnetically induced transparency

Ying-Cheng Chen, Chung-Wei Lin, and Ite A. Yu
Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300, Republic of China

~Received 21 April 1999; revised manuscript received 27 July 1999; published 10 April 2000!

We have observed variousL-type electromagnetically induced transparency~EIT! spectra in laser-cooled
87Rb atoms of different laser polarization configurations. Unexpected profiles occur in the EIT spectra. We
have found the degenerate Zeeman sublevels are responsible for these profiles. The experimental data are in
good agreement with the results from the theoretical calculation which takes into account all the 13 Zeeman
levels in theL system. Our study demonstrates that Zeeman sublevels play important roles in quantum
interference phenomena such as EIT and amplification without population inversion~AWI !, and should be
taken into account in the analysis of these phenomena.

PACS number~s!: 42.50.Gy, 42.62.Fi, 32.80.Pj
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Since the phenomenon of electromagnetically indu
transparency~EIT! @1# was first proposed and observed@2,3#,
it has attracted great attention along with its applications
the related effects such as lasing without population inv
sion ~LWI ! @4#, coherence population trapping~CPT! @5#,
enhancement of nonlinear wave mixing@6,7#, and modifica-
tion of the refractive index@8,9#. Recently, it gains more
popularity to employ laser-cooled atoms in studying the
quantum interference phenomena@10–14,17–19#. The effect
of Doppler broadening is eliminated in cold atoms with te
peratures below mK. This allows the coupling and the pro
beams to propagate in arbitrary directions and to have v
ous kinds of polarization configurations in the experime
of studying these phenomena. The flexibility of the expe
mental arrangements and the degree of freedom of the s
ies are improved. In addition, the motion of cold atoms
very slow. One can have very high density sample of c
atoms for the studies and the collision perturbation is s
negligible. This can greatly enhance the quantum inter
ence effects. We therefore choose to use laser-cooled87Rb
atoms to study theL-type EIT.

In this work, an unexpected profile appears in the E
spectrum which, in our knowledge, has not been dem
strated in the literature. This has prompted the motivation
the study. We vary the polarization configurations of the
ser fields and obtain different EIT spectra. The result in
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d

d
r-

e

-
e
ri-
s
-
d-

d
ll
r-

-
f
-
i-

cates that the degenerate Zeeman sublevels play impo
roles in the EIT spectra. In order to clarify the experimen
data, we conduct the theoretical calculation that considers
the Zeeman levels. The results of the theoretical calcula
are in good agreement with the experimental data. We p
vide a simple theoretical picture to explain the observ
spectra. Our final step is to extend the theoretical calcula
to predict spectra of room-temperature samples.

Figure 1 illustrates the experimental arrangement. C
87Rb atoms are produced with a vapor-cell magneto-opt
trap ~MOT! @15,16#. Pressure of the vapor cell is about
31029 Torr. The MOT is formed with a spherical quadru
pole magnetic field, six trapping laser beams, and a repu
ing laser beam. Two anti-Helmholtz coils generate t
spherical quadrupole magnetic field with an axial gradien
12 G/cm. The circular trapping beams have 1/e diameters of
9.6 mm and the power of each trapping beam is 2.3 mW.
frequency is tuned to 15 MHz below the 5S1/2,F52
→5P3/2,F853 transition. The repumping beam drives th
5S1/2,F51→5P3/2,F852 transition with an 1/e diameter
of 10 mm and a power of 4 mW. Typically, we trap
3107 atoms with a temperature of 400mK in the MOT. We
use a coupling laser beam and a weak probe laser bea
measure EIT spectra. The frequency of the coupling lase
locked to the 5S1/2,F51→5P3/2,F852 transition, while
es

t
e

FIG. 1. ~a! The diagram of87Rb energy lev-
els. ~b! The scheme of the experiment. T denot
the trapping beams andM denotes the anti-
Helmholtz coils. The repumping beam is no
shown in the figure. The coupling and prob
beams propagate in thexy plane and their propa-
gation directions are orthogonal.PD is the pho-
todetector for measuring the probe absorption.
©2000 The American Physical Society05-1
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that of the probe laser is scanned across the 5S1/2,F52
→5P3/2,F852 transition. Both lasers have linewidths le
than or equal to 1 MHz. The coupling beam is in elliptic
shape with major and minor 1/e diameters of 3.4 and 1.7
mm. Cold atoms produced by the MOT are completely
side this 1/e beam profile of the coupling laser. The profile
probe beam is also elliptical with major and minor 1/e diam-
eters of 1.1 and 0.6 mm. Before the probe beam inter
with the atoms, it is sent through a circular aperture with
diameter of 0.6 mm. We keep the power of the circular pro
beam at 1.5mW through the entire measurements. The co
pling and probe beams propagate in the orthogonal direct
which are denoted asŷ8 and x̂8, respectively. In this experi
ment, the trapping, repumping, coupling, and probe bea
come from four independent diode lasers.

Curves~a!, ~b!, and~c! in Fig. 2 show the EIT spectra o
the cold 87Rb atoms for different coupling beam intensiti
in the presence of the MOT. The coupling beam is linea
polarized in the direction ofx̂8 and the probe beam is lin
early polarized in the direction ofẑ. We determine the probe
laser frequency with the saturated absorption spectrum
room-temperature Rb vapor as shown in curve~e!. The mark
of 0 in the horizontal scale in Fig. 2 indicates the resona
frequency of theF52→F852 transition. When the inten
sity of the coupling beam increases, the dip around the ce
of theF52→F852 transition in the probe absorption spe
trum gets wider and deeper as expected. However, curve~c!
in Fig. 2 differs from all the other EIT spectra that we ha
seen in the literature, e.g., Refs.@12–14,17–20#. An unex-
pected bump emerges inside the dip of that curve. This

FIG. 2. ~a!, ~b!, ~c!, and~d! are the probe absorption spectra
cold 87Rb atoms. The averaged intensities of the coupling beam
the atom cloud are 100, 220, and 420 mW/cm2 for ~a!, ~b!, and~c!
and ~d!, respectively.~e! is the saturated absorption spectrum o
room-temperature Rb vapor.
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expected spectrum is independent of the absolute orienta
of the laser polarization in the space. We keep the polar
tion direction of the coupling beam in thex̂8 and rotate that
of the probe beam to any direction perpendicular tox̂8. We
also try the polarization direction of the probe beam inŷ8
and rotate that of the coupling beam to any direction perp
dicular to ŷ8. The observed spectra in any of the above si
ations are the same as the one shown in curve~c!. The un-
expected bump is also not caused by the presence of
MOT. We perform the measurements of the probe absorp
spectra when the MOT is temporarily shut off~an 1-ms in-
terval! and all the other conditions are kept the same as th
of curve ~c!. The signals of such measurements are sma
and much noisier. Curve~d! is the average of 5 times of suc
measurements and normalized to the height of curve~c!. Due
to the laser-field excitations and the magnetic-field inhom
geneity of the MOT, the spectral width in curve~c! is a little
broader than that in curve~d!. Except for this difference,
curve ~d! is in agreement with curve~c!. Although the pres-
ence of the MOT can perturb the measured spectra, the
turbations do not influence our study much due to the r
sons below. The frequency of the trapping beams is far fr
the resonance of the studied transition; all the light shifts
the 5S1/2,F52 Zeeman states induced by the trapping fie
are much smaller than the Rabi frequency of the coupl
field; the average amount of these light shifts is estimated
be 1.5 MHz and such amount is less than the uncerta
('63 MHz) of our frequency determination; the intensi
of the repumping beam is much weaker than that of the c
pling beam; the Zeeman shift caused by the magnetic fiel
the region of the atom cloud is much smaller than the R
frequency of the coupling field; the broadening of the spec
due to the fields of the MOT does not modify the spect
feature of our study. The rest of our experimental study
under the presence of the MOT for better signal to no
ratio.

In Fig. 3, we vary the polarization configurations of th
coupling and probe beams. The vertical scale of the norm
ized probe absorption in the figure is chosen such that
peak absorption of the probe beam is 1 in the absence o
coupling beam. The probe frequency is also determined
the same way as shown in Fig. 2. The mark of 0 in t
horizontal scale in Fig. 3 indicates the resonance freque
of the F52→F852 transition. The various polarizatio
configurations of the coupling and probe beams result
quite different spectra. These experimental data reveal
the degenerate Zeeman levels play important roles in the
spectra.

In order to clarify the above experimental results, we p
form the theoretical calculation of the probe absorption sp
trum that considers all the 13 Zeeman levels in theL system
@21,26#. Our calculations are limited to the cases that t
coupling field is linearly polarized and the magnetic field
absent. Two examples of the excitations of the coupling a
the probe beams are illustrated in Fig. 4. Figure 4~a! shows
that the directions of the linear polarizations of the tw
beams are parallel and~b! corresponds orthogonal. For th
excitations in Fig. 4~a!, the density matrixr is solved with
the following equations:

in
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dr

dt
5

1

i\
@Hatom1Hcoupling1Hprobe,r#1H dr

dt J , ~1!

Hatom5\v21(
i 59

13

u i &^ i u1\~v212v22!(
i 54

8

u i &^ i u, ~2!

Hcoupling52eivctF\Vc1

2
~ u1&^10u1u3&^12u!

1
\Vc2

2
u2&^11uG1c.c., ~3!

Hprobe52eivptF\Vp1

2
~ u4&^9u1u8&^13u!

1
\Vp2

2
~ u5&^10u1u7&^12u!G1c.c., ~4!

FIG. 3. The average intensity of the coupling beam is 4
mW/cm2. The solid and dashed lines are the experimental and
oretical spectra, respectively. The coupling and probe beams

polarized in~a! ẑ andŷ8, ~b! ẑ andẑ1 ŷ8, ~c! ẑ andẑ, ~d! ẑ ands1

(s2), and~e! x̂8 ands1 (s2). In ~d! and~e!, the spectra of thes1

ands2 polarizations of the probe beam are the same.~f! The cou-
pling beam is off. We useG850.5G andG950.7G in the theoreti-
cal calculation.
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H dr

dt J 52G(
i 59

13

r i i u i &^ i u1(
i 51

8 S (
j 59

13

G j i r j j D u i &^ i u

2
G

2 F(
i 59

13

(
j 51

8

r i j u i &^ j u1c.c.G
2G8F(

i 59

13

(
j 51

8

r i j u i &^ j u1c.c.G
2G9F(

i 51

3

(
j 54

8

r i j u i &^ j u1c.c.G . ~5!

In the equation ofHatom, v21 is theF51→F852 transition
frequency andv22 is theF52→F852 transition frequency.
The equations ofHcoupling andHprobeare written in the rotat-
ing wave approximation.vc is the frequency of the coupling
laser andvp is that of the probe laser.Vs are the Rabi
frequencies and their subscripts indicate the different tra
tions. The equation of$dr/dt% describes all the relaxation
processes in the system.G52p35.9 MHz is the spontane
ous decay rate of the 5P3/2,F852 excited state.G j i is the
spontaneous emission rate from an excite stateu j & to a
ground stateu i &. G8 andG9 are the decoherence rates for t
relaxation processes other than the spontaneous decay
linewidths (g l) of the laser fields and the magnetic-field i
homogeneity (gm) in the experiment contributeG8 ('g l
1gm) andG9 ('2g l1gm) mostly. Treating the weakHprobe
as the perturbation, the calculation is carried out to all ord
of Hcoupling and to the first order ofHprobe @22#. After the
stationary solution of Eq.~1! is found, the probe absorptio
cross section is the imaginary part of

3l2

2p
eivpt(

i , j
G i j ^F852,mz5 i uruF52,mz5 j &/V i j . ~6!

In the above, the summation is for all the allowed pro
transitions,l is the wavelength of the probe beam,G i j is the
spontaneous emission rate fromF852,mz5 i to F52,mz
5 j , and V i j is the Rabi frequency of theF52,mz5 j to
F852,mz5 i transition. For the excitations in Fig. 4~b!, the
probe Hamiltonian is changed to

Hprobe52eivptF\Vp18

2
~ u4&^10u1u8&^12u!

1
\Vp28

2
~ u5&^9u1u7&^13u!

1
\Vp38

2
~ u5&^11u1u7&^11u!

1
\Vp48

2
~ u6&^10u1u6&^12u!G1c.c. ~7!

and the remaining part of the calculation is similar. All th
theoretical spectra of the different polarization configuratio
are obtained in the same way.
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FIG. 4. The excitations of the coupling and probe fields among the Zeeman levels in theL system. The coupling and probe beams a
linearly polarized. Their polarization directions are parallel in~a! and orthogonal in~b!. The probe transition ofu6&→u11& in ~a! is forbidden.
The polarization configurations of~a! and ~b! result in the spectra of Figs. 3~c! and 3~a!, respectively.
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The results of the theoretical calculation are in go
agreement with the experimental data as demonstrate
Fig. 3. We also compare the experimental and theoret
spectra of the probe absorption around theF52→F851
transition, when the frequency of the coupling laser is lock
to the F51→F851 transition frequency. The observe
probe spectra in such arrangement are similar to those in
3. There are bumps or peaks around the resonance frequ
in the observed probe spectra. For the different polariza
configurations of the coupling and probe beams, the con
tency between the experimental and theoretical spectra is
isfactory.

When we consider all the degenerate Zeeman subleve
the L system, the reason of the unexpected profiles of
EIT spectra becomes clear. For example, Fig. 4~b! shows
u5&→u9& and u7&→u13& of the probe transitions without th
interference of the coupling field. Such probe transitio
~nondark transitions! result in a Lorentzian profile with a
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peak at the resonance frequency. All the probe transiti
~dark transitions! other thanu5&→u9& andu7&→u13& result in
an EIT profile. The observed spectrum is the combination
the Lorentzian profile and the EIT profile. In the case of F
4~b!, the intensity of the Lorentzian profile is much small
than that of the EIT profile. The peak of the Lorentzian pr
file protrudes in the dip of the EIT profile such as a sm
bump as shown in Fig. 2~c! or Fig. 3~a!. When the coupling
beam is not strong and the EIT dip is not too deep and w
the small Lorentzian profile is concealed and becomes un
ticeable as shown in Figs. 2~a! and 2~b!. On the other hand
the intensity of the Lorentzian profile is comparable to th
of the EIT spectrum in the case of Fig. 4~a!. A narrower
Lorentzian shape can be seen clearly on the top of
broader EIT profile as shown in Fig. 3~c!. Although our ex-
perimental observations were carried out in the regime
high coupling field intensity where the spectra of the da
transitions can be seen as Autler-Townes doublets@13,18#,
5-4
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ROLE OF DEGENERATE ZEEMAN LEVELS IN . . . PHYSICAL REVIEW A61 053805
the above illustration about the bump is still valid. At lo
coupling field intensity where the spectra of the dark tran
tions are undoubted EIT phenomena, one can also ex
that the nondark transitions will degrade the EIT effect.

We also examine the other twoL-type EIT systems in the
5S1/2 and the 5P3/2 states of87Rb atoms, while the coupling
field is linearly polarized. In one case, the probe field driv
F51→F852 transitions and the coupling field drivesF
52→F852 transitions. Because theF52,mF50→F8
52,mF850 transition is forbidden, the nondark transition
the probe will still exist in all kinds of polarization configu
rations. In the case that the probe field drivesF51→F8
51 transitions and the coupling field drivesF52→F851
transitions, all probe transitions will be dark transitions in
polarization configurations. In theL-type EIT systems of the
5S1/2 and 5P3/2 states of87Rb atoms with a linearly polar
ized coupling field, this is the only arrangement of the la
frequencies that will not have any nondark transition.

We further extend the theoretical calculation to a roo
temperature sample@23#. The calculation considers all the 1
Zeeman levels, and assume that the coupling and p
beams are copropagating to eliminate the Doppler effect.
two solid curves predicted from the 13-level calculation
Fig. 5 are the spectra of the orthogonal and parallel polar
tion configurations of the coupling and probe beams. T
absorption-reduction dips of the two spectra differ greatly
depth. This indicates that proper arrangement of a la
polarization configuration or proper selection of hyperfi
levels will certainly improve the absorption reduction or t
amplification gain in EIT or LWI experiments with room
temperature samples. The dashed curve in Fig. 5 is the
dicted spectra of the orthogonal polarization configurat
from a three-level calculation. The three-level calculati
does not consider the degenerate Zeeman sublevels and
the average Rabi frequency of all the coupling transitio
The spectra of the orthogonal polarization configuration fr
the 13-level and three-level calculations differ a little. A
though the three-level calculation cannot deal with laser
larization, it can be fair to predict spectra of a room
temperature sample in the orthogonal laser-polariza
configuration.
t.

. E
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In summary, we have demonstrated experimentally a
theoretically that the degenerate Zeeman levels play imp
tant roles in the EIT spectra. Only the calculation that tak
into account all the degenerate Zeeman levels can pre
spectra properly for different laser-polarization configu
tions. The experimental data are in good agreement with
results of the theoretical calculation. Our study shows t
Zeeman sublevels should be taken into account in the an
sis of the quantum interference effects such as EIT and A
Other than our demonstration, the effect and the importa
of Zeeman sublevels in cold atom spectroscopy or in qu
tum interference phenomena have also been presente
Refs.@24–27#.

This work is supported by the National Science Coun
of the Republic of China under NSC Grant No. 88-2112-M
007-047. We thank Professor Jow-Tsong Shy and Dr. M
Sheng Huang for loaning us some instruments.

FIG. 5. The EIT spectra of room-temperature87Rb atoms for the
excitations described in Figs. 4~a! and 4~b!. The vertical scale is
chosen such that the peak absorption of the probe beam is 1 in
absence of the coupling beam. The top spectrum is in the par
polarization configuration. The lower two spectra are in the
thogonal polarization configuration. The spectra from the 13-le
calculation are shown in the solid lines and the spectrum from
three-level calculation is shown in the dashed line. The intensity
the coupling beam is 420 mW/cm2. G850.5G andG950.7G.
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