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A scheme of optical polarization modulation of a linearly polarized infrared probe field is studied in a
degenerate four-level Yb atomic system. We have observed an anomalous transmission spectra of two circular
polarization components of the probe field exhibiting an enhanced two-photon absorption and a three-photon
gain with comparable magnitude, leading to the lossless transmission and enhanced circular dichroism. We
carried out a proof-of-principle experiment of fast optical polarization modulation in such a system by modu-
lating the polarization state of the coupling field. The observed enhanced two-photon absorption and three-
photon gain of the probe field are due to the result of competing atomic coherence effects.
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Recently, there has been increasing interest in the study of
nonlinear modification of the polarization state of light �1�.
Especially, considerable attention has been given to Faraday
rotation and nonlinear magneto-optical rotation �NMOR� in
resonant atomic transitions �2,3�. While NMOR arises typi-
cally when light interacts with atoms in the presence of a
magnetic field, laser-induced birefringence �LIB� resulting
from atomic coherence has been observed without a mag-
netic field theoretically �4� and experimentally �5,6�. NMOR
is also associated with quantum coherence effects—for ex-
ample, coherent population trapping �7�, electromagnetically
induced transparency �EIT� �8�, and electromagnetically in-
duced absorption �EIA� �9�.

Polarization rotation and coherent control in ladder-type
three-level atomic systems have been demonstrated by use of
pulsed lasers �3� and continuous-wave lasers �10�. In typical
ladder systems �6,10�, a probe field couples the ground state
to the mJ= ±1 sublevels of the intermediate state and a driv-
ing field couples only the mJ= +1 �or mJ=−1� sublevel to the
upper state. Thus, two circular polarization components ��+

and �− components� of the probe field experience different
absorption and dispersion due to the difference of induced
atomic coherence, leading to the recent observation of LIB in
a wavelength-mismatched cascade system of inhomoge-
neously broadened Yb atoms �6�. Depending on the probe
and coupling field intensities, the resultant absorption spectra
for �+ and �− components may result not only in an EIT �11�
but also in an EIA �6� spectrum. To achieve lossless trans-
mission and large birefringence of the probe field, Wielandy
and Gaeta used a detuned control field �10�. However, to
facilitate lossless transmission and large circular dichroism
of a resonant probe field, a net gain is required for one cir-
cularly polarized component, while the other component ex-
periences enhanced absorption, as demonstrated in this study.

Here we investigate a scheme of optical polarization
modulation in a medium composed of 1S0→ 1P1→ 1S0 de-

generate four-level Yb atoms exhibiting such an anomalous
probe transmission. The level scheme in Fig. 1�a� is similar
to the previously studied one in Refs. �4,6�, but, distinctly, a
strong probe field couples the intermediate state to the upper
state in order to realize a large circular dichroism with loss-
less transmission. Once the coupling field is on, two circular
polarization components of the strong probe field experience
competing quantum coherence effects associated with two
three-level subsystems, a ladder and a �-type subsystem,
since they also act as the coupling fields for these systems.
Consequently, fast modulation of the probe field polarization
would be possible by modulating the polarization state of the
coupling field relying on this competing quantum coherence
effects. Unlike polarization rotation originating from the
LIB, we observed large circular dichroism facilitated by en-
hanced absorption and three-photon gain for two orthogonal
circular polarization components of the probe field. Numeri-
cal solutions of the density matrix equations at the steady
state are analyzed to explain the observed atomic coherence
effects.

In our experiment, shown schematically in Fig. 1�b�, two
external-cavity diode lasers are tuned to the �6s2�1S0
→ �6s6p�1P1 transition at 399 nm �coupling field� and the
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FIG. 1. �Color online� �a� Degenerate four-level system.
�c�p2,p3� and �+�−� are Rabi frequencies and circular polarization
states. Levels �2� and �3� are the Zeeman sublevels of the 1P1 inter-
mediate state with mJ=−1 and +1. �b� Schematic of the experimen-
tal setup. PL, probe laser; CL, coupling laser; P, polarizer; Yb HCL,
Yb hollow cathode lamp; � /4, quarter-wave plate; PBS, polariza-
tion beam splitter; PD, photo diode; DBS, dichroic beam splitter.
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�6s6p�1P1→ �6s7s�1S0 transition at 1077 nm �probe field�.
The probe laser is linearly polarized and the coupling laser is
left-circularly polarized ��− polarization�. Two Zeeman sub-
levels �mJ= ±1� in the intermediate 1P1 state ��2� and �3�� are
coupled to the upper state ��4�� by �+ and �− components of
the probe field, and only the state �2� with mJ=−1 couples to
the ground state �1� by the coupling laser. �i=c,p2,p3 are the
Rabi frequencies. Levels �2� and �3� decay to the ground state
�1� with the same rate �1=2��28 MHz and level �4� decays
to levels �2� and �3� with the same rate �2=2��3.5 MHz.
The coupling beam propagates along the opposite direction
of the probe beam, and it is combined with and separated
from the probe beam through a Yb hollow-cathode lamp by
dichroic beam splitters. Individual laser intensities can be
varied by separate half-wave plates and polarizers �not
shown�, and measured Rabi frequencies of each component
of the probe and coupling field are �2�1. To find the two-
photon resonance condition, the coupling laser frequency is
stabilized to the saturated absorption peak of the 174Yb iso-
tope �12� and the frequency of the probe laser is scanned
across the upper transition such that two-photon resonance is
reached. The probe transmission spectra corresponding to the
two orthogonal polarization components are recorded and
averaged simultaneously by a digital oscilloscope.

Figure 2 shows the measured contrasts of the transmission
spectra of the two circular polarization components of the
probe field as a function of �p /�1, where �p��c� is the probe
�coupling� field detuning. Here, the contrast is defined such
that the unity transmission corresponds to the detected probe
power when the coupling laser is off. Three peaks associated
with the three Yb isotopes are indicated by arrows. In Fig. 2,
we can find two distinct features of the transmission spectra
of the probe fields. First, the transmission curve �A� for �−

component, which is resonant to the �4�− �3� transition, ex-
hibits gain spectrum, while the transmission curve �B� for �+

component, which is resonant to the �4�− �2� transition, ex-
hibits absorption spectrum. Second, the magnitudes of ab-
sorption and gain peaks are comparable so that the total field

experiences a negligible absorption, demonstrating almost
lossless transmission of the probe field at resonance. As
much as 3.5% gain is measured for the �− component at
1077 nm in the presence of the coupling laser at 399 nm. We
note that when the probe and coupling laser beams are co-
propagating, although the widths of the peaks are broadened
significantly due to the Doppler effect so that the isotope
spectrum merges into one peak, the gain at the line center is
measured to be over 10%.

In Fig. 2, “0” in the abscissa corresponds to the two-
photon transition frequency of the most abundant 174Yb iso-
tope with the velocity v=0 along the propagation axis. The
small peak at the right-hand �left-hand� side of the central
peak is identified as the two-photon resonance signal associ-
ated with the 172Yb�176Yb� isotope. The frequency separation
between different isotopes in Fig. 2 contains not only the
isotope shift of the �6s2�1S0→ �6s6p�1P1 transition, but that
of the �6s6p�1P1→ �6s6p�1S0 transition which is not known.
Thus, we calibrated the frequency unit in Fig. 2 by measur-
ing the Doppler shift of the two-photon transition of 174Yb
by alternatively locking the frequency of the coupling laser
from 174Yb to 172Yb single-photon transition and measuring
the shifted two-photon resonance frequency of the 174Yb iso-
tope. Since the isotope shift of the 172Yb at 399 nm is
known—i.e., 534 MHz from 174Yb �13�—the measured Dop-
pler shift of the 174Yb isotope at 1077 nm has the scaled
value k2 /k1�534 MHz�198 MHz�7�1, where k1�k2� is
the wave vector of the coupling �probe� field. This shifted
two-photon resonance condition is satisfied by the 174Yb at-
oms with v�34 m/s. In this way, the linewidth of the two-
photon transition is measured to be about 4�1.

The polarization state of the coupling field can be varied
to any degree of polarization with a rotating polarizer and a
quarter-wave plate, and can be modulated with high fre-
quency with a ferroelectric liquid-crystal �FLC� polarization
modulator �not shown in Fig. 1�. To demonstrate the idea of
polarization modulation, we carried out a proof-of-principle
experiment; i.e., we changed abruptly the polarization state
of the coupling field from the �− state to the �+ state. The
change of polarization state of the coupling field resulted in
the change of signs of the transmission spectra of curves A
and B in Fig. 2 without altering the overall shape of the
spectra. Furthermore, dynamical polarization modulation can
easily be demonstrated by fast modulation of the polarization
state of the coupling field with the FLC as explained. For
instance, the demodulated detection of the modulated trans-
mission signal of one circular polarization component by
employing a lock-in amplifier allows us to directly measure
the circular dichroism. We find that the measured spectrum
of the circular dichroism shows the same spectrum as A in
Fig. 2 without any distortion up to the tested modulation
bandwidth of 10 kHz. We argue that the modulation band-
width is, in principle, limited by the cycling time of the
population in the closed four-level �diamond� system as in
Fig. 1�a�, where the life time of the spontaneous decay of 5.7
ns of the �6s6p�1P1 state limits the cycling time. Thus, in our
degenerate four-level system, the polarization modulation
bandwidth up to �1 /2�=28 MHz is envisaged. Such a fast
modulation capacity of the atomic coherence would find in-

FIG. 2. �Color online� Measured contrast of probe transmission
for �−�A� and �+�B� component versus �p /�1. The peaks corre-
spond to three Yb isotopes are shown.
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teresting applications—e.g., an all-optical switching and
modulation �14�.

Let us now discuss theoretically the atomic coherence ef-
fects in the degenerate four-level atomic system. The system
that involves one degenerate transition is different from pre-
viously discussed four-level schemes �15�, where the ground
state is linked to a long-lived excited state by three-photon
transitions. In our scheme, the final level �3� decays rapidly
back to the ground state so that the interaction scheme is
quite similar to the closed-loop configuration of a diamond
geometry. Due to the relatively fast lifetime of the levels �2�
and �3� with respect to the systems in Refs. �15,16�, it is
possible to increase the cycling time of the population in the
diamond geometry, leading to the bandwidth enhancement of
the polarization modulation. We now discuss the atomic co-
herence effects of our system based on the solutions of den-
sity matrix equations at steady state �6� to understand the
quantum interference effects observed in our experiment.

If there is no probe field, of course, the intermediate sub-
level �2� is populated by the coherent coupling field from the
ground state �1�. In the following, we consider resonant ex-
citations only—i.e., �p=�c=0. With a nonzero �p2 and in the
limit �p3→0, among the states �1�− �2�− �4� two-photon ab-
sorption occurs, causing population transfer from �2� to �4�
without populating the intermediate state �2� �see Fig. 3�b� at
�p3�0�. In the strong probe field limit—i.e., �p2	�c—it is
exactly corresponding to the conventional ladder-type EIT
scheme, but here we consider the case where the coupling
and probe fields are both strong—i.e., �c��p2��1 �6�.
Moreover, when we apply the second probe field with Rabi
frequency �p3, there is increasing possibility to have a three-
photon resonance from �1� to �3� that exhibits competing
coherence effects. Actually, by analyzing the solutions of the
density matrix equations, we find that the two-photon and
three-photon resonances are, respectively, responsible for the
observed enhanced absorption and gain of the probe fields in
Fig. 2.

The gain-absorption coefficient for the probe field
coupled to the transition �2�→ �4� ��3�→ �4�� is proportional
to Im�
42� �Im�
43��, where Im�
ij� �Re�
ij�� stands for the
imaginary �real� part of the density matrix component 
ij.
Figure 3�a� shows the absorption coefficients of the coupling
and two components of the probe fields—i.e.,
Im�
21� , Im�
42�, and Im�
43�—as a function of �p3 /�1 with
parameters �c=�p2=2�1. As �p3 becomes larger, the ab-
sorption of the probe field Im�
42� increases at a similar rate
as the coupling field absorption Im�
21� for the range where
�p3��p2 and saturates at �p3��p2, but never has a gain.
This means that the second probe field enhances the two-
photon absorption due to the quantum interference between
the dressed states generated by the two strong probe fields
and bare states �2� , �3�, and �4� �15�. Agarwal and Harsha-
wardhan have shown that the two-photon absorption can be
inhibited and enhanced using EIT in a four-level scheme �17�
and this has been experimentally demonstrated by Gao et al.
�18�. In their interaction schemes where the intermediate
level is coupled to the two excited states, there exists a
dressed state with two eigenstates; thus, the two transition
pathways via two eigenstates could interfere. In our scheme,
however, the enhanced two-photon absorption occurs due to
the interferences among three different transition pathways
via three eigenstates, making the interactions much more di-
verse. The important result of the dressed-state analysis in
Ref. �15� is the prediction of the three-photon transition be-
tween levels �1� and �3�. Therefore, we can conclusively say
that the observed gain of the second probe field—i.e.,
Im�
43� in Fig. 3�a�—originates from this three-photon pro-
cess. The gain increases faster than the two-photon probe
absorption Im�
42� and reaches its maximum at �p3�0.8�1.

Figure 3�b� shows the population distributions among the
levels 
44,
22, and 
33 as a function of �p3 /�1 with the same
parameters as in �a�. Note that the gain at the second probe
field occurs always with or without population inversion be-
tween levels �4� and �3� and we can see the maximum gain
could be obtained at the population inversion condition—i.e.,

44�
33 at �p3�0.8�1. If we consider a � scheme com-
posed of intermediate and upper states interacting with two
probe fields, such a gain may be easily understood as a result
of stimulated Raman transition. When the population distri-
bution satisfies the condition 
22

44, called Raman inver-
sion, the stimulated two-photon Raman process occurs fol-
lowing the �2�→ �4�→ �3� pathway. However, amplification
of the probe field is revealed even under the condition 
22
�
44 for a certain parameter range where �p3�1.8�1. This
indicates that a three-photon process dominates the observed
gain in the second probe field over the two-photon Raman
process.

For the resonant two-photon transitions, it is not difficult
to show that the ladder-type two-photon coherence 
41 and
�-type two-photon coherence 
32 are non zero and real.
Thus, it is natural to expect some combined coherence ef-
fects from the two sub systems. One particular example of
the combined coherence effect is the coexisting two-photon
and three-photon resonances in the �1�-�3� transition path-
way, resulting in the enhanced absorption and gain of the
probe field for 0��p3��c ,�p2. We depict the atomic co-

FIG. 3. �Color online� �a� Absorption Im�
21� , Im�
42�, and
Im�
43� versus �p3 /�1. �b� Population 
44,
22, and 
33 versus
�p3 /�1. �c� Atomic coherence Re�
32� and Re�
41� versus �p3 /�1.
�d� Doppler-averaged probe absorption Im�
42

D � and Im�
43
D � versus

�p /�1. Parameters used are �c=�p2=2�1 for �a�, �b�, and �c� and
�c=�p2=�p3=2�1 for �d�, and �c=�p=0 for all graphs.
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herence Re�
32� and Re�
41� as a function of �p3 in Fig. 3�c�
to support such an argument. For instance, 
44	
22�
33� and
Re�
41�=−0.37�Re�
32�=0� at �p3=0—i.e., there exists a
non zero two-photon coherence Re�
41� due to the probe
field, leading to the population inversion between levels �4�
and �2���3��. As �p3 increases, a �-type coherence starts to
play an important role to create a three-photon transition
from levels �1� to �3�, leading to the population redistribution
among three excited levels and the creation of novel coher-
ence Re�
32� between levels �2� and �3�. The competition
between the two atomic coherence effects develops with
similar manner until �p3�2�1=�c�=�p1�. In the intermedi-
ate parameter range where �p3�2�1, however, the coherent
interaction is fairly complicated since Re�
32��Re�
41� and
no population inversion exists. It is interesting to note that
for �p3�2.5�1, 
22�
33 and −Re�
32��−Re�
41�, indicat-
ing the �-type coherence overwhelms the ladder-type coher-
ence.

Finally, to confirm the experimental results, we illustrate
the Doppler-averaged absorption spectra Im�
42

D � and Im�
43
D �

in Fig. 3�d� as a function of �p /�1 at the parameters similar
to the experimental conditions ��c=�p2=�p3=2�1�. As one
can see, Im�
42

D � and Im�
43
D � exhibit enhanced absorption

and gain spectra, supporting strongly the argument that the

observed enhanced absorption and gain of the probe field is
due to the result of competing coherence effects. As dis-
cussed above, the �1�→ �4� two-photon transition gives rise
to the enhanced absorption of the �+ component, while the
�1�→ �3� three-photon transition gives rises to the amplifica-
tion of the �− component of the probe field. The calculated
widths of the spectrum also agree with the experimentally
observed narrow width of about 4�1.

In summary, we introduced a scheme of optical polariza-
tion modulation of an infrared linearly polarized probe field
in a degenerate four-level Yb atomic system. In our scheme,
a lossless transmission of the infrared probe field is achieved,
as the two circular polarization components experience en-
hanced absorption and gain with the comparable magnitude
as a result of the competing coherence effects. In addition,
the modulation bandwidth of the optical polarization is lim-
ited, in principle, by the recycling time of the population in a
closed degenerate four-level system. The fast modulation ca-
pacity of the atomic coherence discussed in this paper would
find interesting applications—e.g., an all-optical switching
and modulation �14�.
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