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We demonstrate high-contrast Electromagnetically In-
duced Absorption (EIA) bright resonances on the D,
line of ¥K with characteristics comparable to those
of the Electromagnetically Induced Transparency (EIT)
dark resonances observed in the same conditions. EIA
is produced by the interaction of a weak probe beam
with the atomic ground state driven in a degener-
ate coherent superposition by either a co- or counter-
propagating pump beam. We have obtained an order
of magnitude increase of the EIA’s contrast with respect
to previous similar experiments, performed with other
alkalis, without compromising its linewidth. Further-
more, we show that the magneto-optic resonances can
be continuously tuned from EIT to EIA by changing the
relative handedness of circular polarizations of pump
and probe beams, or depending on whether they co- or
counter-propagate. This opens new perspectives in the
use of EIA in a broad range of physical domains and
in a large wealth of potential applications in optics and

photonics.
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Contrary to Coherent Population Trapping and Electromag-
netically Induced Transparency (EIT) with their ultra-narrow
linewidths [1-8], Electromagnetically Induced Absorption (EIA)
has found limited applications, mainly due to its broader
linewidth and significantly smaller contrast. Nonetheless, an
increasing interest in EIA was recently generated in view of po-
tential applications, such as enhancement of the group velocity
of light [9] and photonic metamaterials [10].

EIA linewidths of several tens of kiloHertz have been re-
ported, either with bichromatic excitation of Zeeman sublevels

[11] or in Hanle configuration [12-14]. Bi-chromatic Hanle con-
figuration has been explored by using Rb D; and D; lines [15].
Low-contrast EIA, resulting from EIT on D, line, was reported.
Higher contrast EIA has been observed in [16], although over-
lapped to large background, which could be detrimental for
highly-selective applications. More recently, sub-kHz EIA res-
onances were observed in Rb [17] and Cs [18, 19]. In both
cases, however, the contrast was of only a few percents. A
pump/probe scheme in Hanle configuration for high-contrast
EIA was proposed in a buffered vapor cell [20]. To date, how-
ever, no experimental demonstration has been reported. High-
contrast EIA has been observed on the 8Rb D, line by using a
complex excitation scheme with three separate photonic fields
[21], and was theoretically investigated in [22]. EIA was also
observed in the Paschen-Back regime in a purely non-degenerate
three-level ladder system in 87Rb [23]. Furthermore, while Rb
and Cs have been widely investigated, this is the first observa-
tion of EIA in K, confirming our preliminary results [24].

In this Letter, we report on an alternative and simpler ap-
proach for large contrast EIA in Hanle configuration using a
pump/probe excitation scheme. We have observed EIA reso-
nance contrast exceeding 50% in thermal K vapor. In this case,
hyperfine optical pumping, which accumulates atoms to levels
non interacting with the light [25, 26], is largely compensated
thanks to the substantial overlapping of the potassium D; hy-
perfine transitions. Coherent resonances are produced by a
low intensity probe beam interacting with the ground atomic
state that has been driven in Hanle configuration by a pump
laser beam. The sign of the coherent resonance (i.e. EIT or
EIA) can be controlled by varying independently the circular
polarization handedness of both laser beams. In particular, with
counter-propagating beams, opposite circular polarizations pro-
duce EIT resonances, while circular polarization of the same
handedness produce EIA resonances. The effect is opposite
in the co-propagating configuration. Reversal of the coherent
resonances has been previously reported with co-propagating
beams and only partial accumulation of atoms in the bright state
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[16]. In our work, by taking advantage of the overlapping of
the K ground state hyperfine components and of the optical
transitions of its Dy line, we obtain the same efficiency of accu-
mulation in states forming bright or dark resonances, depending
on the experimental conditions, which can be easily tuned, as
demonstrated in the following. These results represent a relevant
advance in the EIA performances and relevant simplification of
the setup (see, for example, [15, 21]). Also, thanks to the possi-
bility of using counter-propagating beams, new experimental
protocols and arrangements can be thus envisaged, as well as
new possible applications in optics and photonics.
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Fig. 1. Counter-propagating configuration. ECDL: extended
cavity diode laser; LC: laser control; OI: optical insulator; PBS:
Polarizing beam splitter; M: Mirror; Att: variable neutral den-
sity filter; WF Gen: waveform generator; PD: Si photodiode.

The experimental setup is shown in Fig. 1, in the configu-
ration with counter-propagating beams. In the co-propagating
arrangements the two beams are overlapped and propagate
collinearly. A natural mixture of 39K (93.3%) and 41K (6.7%) is
contained in a polydimethylsiloxane (PDMS)-coated Pyrex cell.
The organic coating prevents spin relaxation upon atom/wall
collisions [26, 27]. We recall here that the K hyperfine (hf) ground
(excited) state splitting, 461.7 MHz (55.5 MHZz), is smaller than
the Doppler width, 773.4 MHz at 300 K. Consequently, the op-
tical hyperfine transitions are not resolved and we observe in
the co-propagating scheme a single Gaussian-like absorption
profile [28], while in the counter-propagating scheme the profile
is modified by saturated absorption (Fig. 2).

An extended cavity diode laser (ECDL, Toptica DL 100) is
tuned to the D line of 3K (770.1 nm). The beam is split in
two counter- (or co-) propagating pump (up to 5 mW ) and
probe (between 10 and 50 W) beams. The two beams are then
overlapped along the cell main axis with a waist of 5 mm. The
maximum intensity used in this work is around 6 mW/ cm?,
corresponding to a ratio Iy /Is~3.5 where I;=1.71 mW/ cm? is
the saturation intensity of K D; line [28]. The intensities as well
as the polarizations of the two beams can be independently
controlled by neutral density filters and waveplates. The vapor
cell is placed in a single layer y-metal cylinder. Inside, a pair of
Helmholtz coils provides a uniform transverse magnetic field
scanned across zero. The K density is controlled by means of a
resistive heater (not shown in Fig. 1). The probe absorption is
measured by a Si photodiode and acquired as a voltage signal by

a digital oscilloscope. EIT/EIA resonances are observed on this
beam at zero transverse magnetic field, in degenerate conditions,
in the so-called Hanle configuration [29].

In a first set of experiments, both the laser frequency and the
magnetic field are swept across their resonant values. The laser
frequency is scanned across the D, line resonance by modulat-
ing the voltage supplied to the piezoelectric stack controlling
the ECDL diffraction grating, with a 5 Hz triangular waveform.
At the same time, the magnetic field is modulated by a second
triangular waveform at 200 Hz, phase-locked to the previous
one. The field is continuously swept in the typical interval
B=04500 mG, where B=0 is the zero field condition where Hanle
EIT/EIA is observed. In a second set of experiments, the mag-
netic field is scanned around B=0 and the laser is kept at a con-
stant frequency (typically, at the maximum of the EIT or the EIA
resonance), to measure the absolute characteristics of the EIT
and EIA resonances. Both experiments are repeated in co- and
counter-propagating configurations with different combinations
of polarizations.

In Fig. 2 we show the EIT/EIA conversion on the K absorp-
tion profile with counter-propagating beams. The typical spec-
tral structures due to saturated absorption are visible [30]. Each
time the magnetic field is B=0, a narrow coherent resonance is
observed. The Hanle resonance is produced at degenerate con-
ditions when the laser beams couples Zeeman sublevels of the
ground states (F¢=1,2) and the excited states (F,=1,2).
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Fig. 2. Probe transmission in counter-propagating configura-
tion: EIT (blue curve, upward peaks) conversion to EIA (red
curve, downward peaks); spectroscopy profile (black curve).
Dashed vertical lines mark the hyperfine optical transitions Fg
— Fe. T=50.0°C; Ppump=2.91 mW; P 5p,=30 pW.

In Fig. 2, EIA resonances appear only in the "blue" side of
the absorption profile. This is consistent with the fact that this
resonance is observed for transitions Fg — Fe= Fo+1 [12, 13].
On the contrary, EIT is formed by transitions F¢ — Fe=Fg or
Fe=F¢-1. Here, the nature of the resonance (i.e. EIT or EIA)
depends on the handedness of the circular polarizations of probe
and pump beams, once their mutual alignment is fixed. The
results are summarized in Tab. 1 and Fig. 3. The EIA formation
mechanism is unique to the K hyperfine structure, thus leading
to an enhanced efficiency of accumulation in the bright state,
superior or comparable to those obtained with more complex
schemes and experimental setups, in thermal vapors [15, 21].



Table 1. Conversion of EIT to EIA: results overview.

Configuration Handedness Resonance Ref.
Co-propagating Equal EIT Fig. 3.a)
Co-propagating Opposite EIA Fig. 3.b)

Counter-propagating Equal EIA Fig. 3.c)
Counter-propagating Opposite EIT Fig. 3.d)

In detail, co-propagating pump and probe beams with the
same circular polarization produce EIT: both photon fields act in
the same direction to accumulate atoms in a non-absorbing state
at B =0 as observed in standard Hanle configuration (Fig. 3.a)).
In the case of opposite circular polarizations, the intense pump
beam accumulates atoms in the most absorbing state examined
by the probe beam, thus producing enhanced absorption or EIA

SN

me=-2 -1 0 +1 +2 meg=-2 -1 0 +1 +2

=Y (/AEA\\\Y

c) 3
Fig. 3. Conversion from EIT (a) to EIA (b) in the co-
propagating and from EIA (c) to EIT (d) in the counter-
propagating configurations. Only the optical transitions
F¢=1,2 — F=2 are shown. Analogous explanations apply to
the transitions Fg=1,2 — F.=1, which produce only EIT.

The effect is opposite in the counter-propagating case, where
opposite polarizations produce EIT resonances (Fig. 3.d)). This
is consistent with [31], where a longitudinal magnetic field was
used. On the contrary, when counter-propagating pump and
probe beams have the same circular polarization, the interac-
tion produces an EIA peak (Fig. 3.c)). When the same circular
polarization, here defined according to its handedness and by
choosing 7 as the quantization axis, is given to probe and pump,
K interacts with photons carrying opposite L,==%# quanta. Ef-
fectively, atoms interact with o light from one beam and ¢~
photons from the other. As a result, the two beams which previ-
ously cooperated in the creation of a dark state are now pushing
atoms towards opposite mr states, thus producing EIA. Inci-
dentally, we note that the spin polarizations of the dark states
created by EIT are opposite in the counter-propagating and co-
propagating cases, namely |mp = +2) and |mp = —2) (Figs. 3.a)
and d)). This could have a relevant impact for state manipulation
in atomic physics.

The EIT/EIA peak profiles are acquired at the laser frequency
maximizing the amplitude and then fitted with Lorentzian
curves to extract information on amplitude, contrast and
linewidth. We have measured a Full Width at Half Maximum
(FWHM) of 40.294-0.03 kHz in the best EIT case, while EIA has
a FWHM=66.4+0.6 kHz (Fig. 4).

Figure 4 shows that the maximum efficiency of the coherent
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Fig. 4. EIA (top) and EIT (bottom) line profiles. Green squares
(downward curve): experimental EIA data; black thick line:
Lorentzian fit; red dots (upward curve): experimental EIT data;
black thin line: Lorentzian fit. T=50 °C, I;=0.4 mW/ cm?, co-
propagating configuration.

resonances can be obtained by re-tuning the laser: the trans-
mitted light level is different for EIT (whose maximum is typi-
cally observed at the center of the absorption profile) and EIA
(whose maximum is instead observed around the frequency of
the Fe=1—F,=2 transition).

In addition, the FWHM has been found to be fitted by a
square root function of the laser intensity (Fig. 5). The agreement
with the simple fit suggests that the main contribution to this
broadening is power broadening (see, among others, [32]). This
indirectly confirms the role of both photonic fields in the creation
of coherent resonances.
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Fig. 5. Resonance FWHM versus pump beam intensity in
counter-propagating configuration. Blue triangles: EIA; Red
circles: EIT.

In Fig. 6.a) we show the amplitude A of the coherent reso-
nances as function of the pump beam intensity. EIT and EIA ex-
hibit very similar heights. This leads to a remarkable EIA /EIT~1
ratio. The resonance contrast, defined as C=A /(| L psorped | ), iS
instead larger for EIA (Fig. 6.b), due to the fact that the best
coherent resonance, contrary to the EIT one, is detuned from the
maximum of absorption.

In conclusion, we have demonstrated a new experimental
approach for EIA with narrow linewidth and unprecedented
contrast. The system is based on a pump/probe scheme in Hanle
configuration realized in K vapor in a PDMS-coated cell. We
have obtained EIA resonances with amplitude comparable with
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Fig. 6. Resonance amplitude a) and contrast b) versus pump beam intensity in counter-propagating configuration. Blue triangles:

EIA; Red circles: EIT.

that of EIT and more than 1.5 larger contrast. FWHMSs as low as
66 kHz were obtained (1.65 times broader than the correspond-
ing EIT). Furthermore, by taking advantage of the K hyperfine
structure aiding efficient transfer between the two ground state
levels, clear tunability of the atomic response was obtained. This
allows easy, potentially fast and continuous switching from EIT
to EIA and intermediate configurations, with different degrees
of opacity, controlled by handedness of pump and probe and/or
by their mutual orientation.

Our results thus disclose new paths for EIA applications,
from state manipulation in fundamental physics and metrology,
to tunable and narrowband optical and photonic devices. Exam-
ples include: atomic optical isolators [33, 34], atom-based polar-
ization filters and splitters, atomic filters with sub-MHz band
[35-37], and cavity-less bistable systems and switches [38, 39],
all with potential for reduced dissipation, fast switching time
and efficiency tunability, not to mention control of light group
velocity [9] and novel photonic metamaterials [10].
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