N
N

N

HAL

open science

High contrast D1 line electromagnetically induced
transparency in nanometric-thin rubidium vapor cell.

A. Sargsyan, Claude Leroy, Y. Pashayan-Leroy, R. Mirzoyan, A. Papoyan, D.

Sarkisyan

» To cite this version:

A. Sargsyan, Claude Leroy, Y. Pashayan-Leroy, R. Mirzoyan, A. Papoyan, et al.. High contrast D1 line
electromagnetically induced transparency in nanometric-thin rubidium vapor cell.. Applied Physics

B - Laser and Optics, 2011, pp.Pages 1-8. 10.1007/s00340-011-4614-0 . hal-00620896

HAL Id: hal-00620896
https://hal.science/hal-00620896

Submitted on 9 Sep 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00620896
https://hal.archives-ouvertes.fr

arXiv:1102.3824v1 [physics.atom-ph] 18 Feb 2011

Noname manuscript No.
(will be inserted by the editor)

High contrast D; line electromagnetically induced transparency in

nanometric-thin rubidium vapor cell

Armen Sargsyan', Claude Leroy?, Yevgenya Pashayan-Leroy?, Rafayel Mirzoyan', Aram Papoyan!,

David Sarkisyan'!

! Institute for Physical Research, NAS of Armenia, Ashtarak-2, 0203, Armenia
2 Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR CNRS 5209 - Université de Bourgogne, F-21078 Cedex, Dijon,

France

The date of receipt and acceptance will be inserted by the editor

Abstract Electromagnetically induced transparency (EIT)the EIT resonance is formed, at the same time keeping
on atomic D1 line of rubidium is studied using a nanometric- good resonance parameters. The linewidth of the EIT

thin cell with atomic vapor column length in the range
of L = 400 - 800 nm. It is shown that the reduction
of the cell thickness by 4 orders as compared with an
ordinary cm-size cell still allows to form an EIT reso-
nance for L = A (A = 794 nm) with the contrast of
up to 40 %. Remarkable distinctions of EIT formation
in nanometric-thin and ordinary cells are demonstrated.
Despite the Dicke effect of strong spectral narrowing and
increase of the absorption for L = A\/2, EIT resonance
is observed both in the absorption and the fluorescence
spectra for relatively low intensity of the coupling laser.
Well resolved splitting of the EIT resonance in moderate
magnetic field for L = X can be used for magnetometry
with nanometric spatial resolution. The presented theo-
retical model well describes the observed results.

1 Introduction

Continuous interest to coherent population trapping (CPT)

and the related electromagnetically induced transparency
phenomena is stipulated by a number of important ap-
plications in a variety of fields such as laser cooling, in-
formation storage, magnetometry, spectroscopy, atomic
frequency references etc. [I2LBI4GL6). EIT resonance
can occur in a A-system with two long-lived states and
one excited state coupled by two laser fields and dis-
plays a strong reduction in absorption where a maxi-
mum is expected in the absence of the coupling laser
field (EIT can occur also in ladder =- and V-systems).
For many applications, it is important to reduce the di-
mensions of a cell containing atomic metal vapor where
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resonance in a /A-system for the case of low laser inten-
sity is given by ygrr = 2I%1 + 2%/yn [3], where I's;
is the coherence dephasing rate, with {2 being the Rabi
frequency and ~n the natural linewidth. For the case
when nanometric-thin cells (NTC) are employed [7l[8]
9,10], the value of Iy is highly affected by atom-wall
(cell window) collisions; it takes place, though less pro-
nounced, also for sub-millimeter thin cells [TT}[12]. Tt is
known that a unique collision with a dielectric surface
of an uncoated vapor cell is sufficient to thermalize the
ground hyperfine levels, with depolarization probabil-
ity 0.5 — 1 (see [I3] and references therein). In order
to preserve the atomic coherence in wall collisions and
to detect ultra-narrow linewidths with the help of coher-
ent processes like EIT, either coated walls or admixture
of a buffer gas were used [II]. As the size of a vapor
cell is reduced, the lifetime of the ground-state coher-
ence becomes shorter because of collisions of atoms with
cell windows: Iy = (27t)~!, where t = L/u (L is the
distance between windows and u is the most probable
thermal velocity). Also the contrast of EIT resonance
depends strongly on Is;. Hence, one could expect that
the EIT effect would completely wash out in the case
of L < 1 pm (2[%; > 100 MHz). Nevertheless, it was
demonstrated that the EIT resonance can be observed
in thin cells with thickness as small as ~ 1 pm [9,[10].
The explanation for this non-intuitive behavior is as fol-
lows: when the coupling laser is resonant with an atomic
transition, only the atoms flying nearly parallel to cell
windows and hence not experiencing wall collisions do
contribute to the formation of the EIT resonance.

In [14] it was shown that for an ordinary cm-size cell,
the excitation of the Dy line results in greater EIT con-
trast as compared to that for the Dy line. One of the
goals of the present study was to verify whether this
statement holds also for the case of NTC by comparing
the measured EIT contrast with that observed earlier
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for the Do line [910]. A high contrast is needed, in par-
ticular, to detect the splitting of the EIT resonance in
an external magnetic field for the thickness as small as
L = X\ = 794 nm with a better spectral resolution than
that presented in [I5]. This may allow one to develop
an optical magnetometer with nanometric-range spatial
resolution. Switching from Ds line to D line is also ex-
pected to be favorable for forming the EIT resonance
both in the absorption and the fluorescence spectra when
the cell thickness is A/2 (397 nm).

2 Experiment
2.1 Nanometric-thin cell

The design of a NTC is similar to that of extremely thin
cell described earlier [7]. The modification implemented
in the present work is as follows. The rectangular 20 x
30 mm, 2.5 mm-thick window wafers polished to < 5 nm
surface roughness are fabricated from commercial opti-
cal grade sapphire (AlyO3), which is chemically resistant
to hot vapors of alkali metals. The wafers are cut across
the ¢ -axis to minimize the birefringence. In order to ex-
ploit variable vapor column thickness in the range of 30
- 2000 nm, the cell is vertically wedged by placing a 2
pm-thick platinum spacer strip between the windows at
the bottom side prior to gluing. The NTC is filled with
a natural rubidium (72.2 % 8°Rb and 27.8 % 8"Rb). The
photograph of the NTC cell is presented in Fig. [l Since

Fig. 1 Photograph of the NTC. The gap thickness L varies
from 30 to 2000 nm across the window as visualized by an
interference pattern. Regions of L = 30 nm and 2000 nm are
marked. SA: sapphire side-arm; TC: thermocouple.

the gap between the windows (i.e. the thickness of Rb
atomic vapor column) L is of the order of visible light
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wavelength, an interference pattern is clearly seen visu-
alizing a smooth thickness variation from 30 nm to 2000
nm. A thermocouple TC is attached to the sapphire side
arm (SA) at the boundary of metallic Rb to measure
the temperature, which determines the vapor pressure.
The SA temperature in present experiment was 120 -
140 °C, while the windows temperature was kept some
20 °C higher to prevent condensation. This temperature
regime corresponds to atomic number density N = 1.6 X
1013 - 4.8 x 10'3 cm™3. The NTC operated with a spe-
cial oven with four optical outlets: a pair of in line ports
for laser beam transmission and two orthogonal ports to
collect the side fluorescence. This geometry allows simul-
taneous detection of transmission and fluorescence spec-
tra. The oven and NTC assembly was rigidly attached
to a translation stage for smooth vertical movement to
adjust the needed vapor column thickness without vari-
ation of thermal conditions. For more details see [8I[10].

2.2 Experimental setup
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Fig. 2 Sketch of the experimental setup. 1- Faraday isola-
tors; G1,2,3- Glan prisms; 2- Helmholtz coils; 3- photodiodes;
4- main NTC; 5- auxiliary NTC of L = A; 6- auxiliary NTC
of L = \/2; 7- permanent ring magnet (for details, see the
text); BD- beam damp.

The experimental arrangement is sketched in Fig.
The beams of two separate single-frequency extended
cavity diode lasers (ECDL) with A ~ 794 nm and ~
1 MHz linewidth are well superimposed and directed
onto the NTC at near-normal incidence by the first Glan
prism (G1). The coupling and probe beams have an el-
liptical shape of 3 x 2 mm and have linear and perpen-
dicular polarizations. Faraday isolators (1) are used to
prevent an extraneous feedback from reflected beams.
Nanometric-thin cell (4) is placed inside the three pairs
of mutually perpendicular Helmholtz coils (2) provid-
ing the possibility to cancel laboratory magnetic field
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as well as to apply homogeneous magnetic field. The
transmission and fluorescence radiations are recorded by
the photodiodes (3) followed by operation amplifiers; the
signal of the photodiodes is recorded by a two-channel
digital storage oscilloscope Tektronix TDS 3032B. The
radiation power of the coupling and probe lasers was
varied throughout the measurement in the range of 1
- 30 mW and 0.01 - 3 mW, respectively using neutral
density filters F. An improved Dichroic-Atomic-Vapor-
Laser-Locking technique realized with the help of a sep-
arate NTC with L = A/2, a permanent ring magnet (7),
A/4 plate, Glan prism (Gs), and an error signal unit for
electronic subtraction of two photodiodes signals is used
for the coupling laser frequency stabilization (see [16]).
The frequency reference spectrum was formed with the
help of an auxiliary NTC (5) with L = X [16]. A second
Glan prism (Gg) was used for separating the coupling
and probe beams, so that only the probe beam trans-
mission could be monitored.

2.8 EIT in nanometric-thin cell: the coupling laser is
resonant with atomic transition

100% —

L=1=794 nm

Coupling is on

l

Transmission

96% —

|

Coupling is off

252 | [253
e— 362 MHz —

Frequency difference (MHz)

Fig. 3 EIT spectrum for Rb D; line (upper curve). L =
A = 794 nm. Coupling laser is resonant with F =3 — F' = 3
transition, probe laser is scanned across F = 2 — [’/ =
2, 3 transitions. Grey line: the spectrum without the coupling
laser (vertically shifted for convenience).

In Fig. Blis shown the transmission spectrum of the
probe laser (the upper curve) for the thickness L = A
(A = 794 nm) when the 20 mW coupling laser radia-
tion is resonant with ' = 3 — F’ = 3 transition, while
the 0.04 mW probe laser radiation frequency is scanned
across the F = 2 — F’ = 2,3 transitions (see Fig.
in case of zero coupling laser detuning A = 0). The full
width at half maximum (FWHM) of the EIT resonance
is 25 MHz, while the contrast defined as the ratio of the
EIT amplitude to the height of the shoulders is 34 %.

EIT linewidth (MHz)
N w
=} S
1 1
1 1

0 T T T T T T
0 10 20 30

Couple laser power, mW

Fig. 4 Dependence of *Rb D; line EIT resonance linewidth
on coupling laser power for A =0. L = A\ = 794 nm.

For a higher coupling laser radiation power, 28 mW, the
the linewidth broadens to ~ 35 MHz, while the contrast
reaches nearly 40 %. Note that the best contrast for Dy
line obtained under similar experimental conditions was
5-6 % [910]. The grey line shows the transmission spec-
trum when the coupling laser is off. The side-arm tem-
perature of NTC is 140 °C (Rb atomic vapor density
N = 4.8 x 10" cm™3). As is seen, the velocity selective
optical pumping (VSOP) peak demonstrates an increase
of the absorption, since the coupling laser transfers a
number of atoms from F' = 3 to F' = 2, thus increasing
the probe absorption for F' = 2 — F’ = 2,3 transitions
(also the EIT resonance is superimposed on the VSOP
at ' = 2 — F’ = 3 transition). The theoretical spec-
trum as obtained from the numerical calculations (see
Section 3) is shown in Fig. [0 (the second curve from the
bottom, case of A = 0) for the same parameters as in
Fig. Bl except the probe laser power taken to be 1 mW.

Fig.@presents the EIT resonance linewidth as a func-
tion of the coupling laser power for A = 0. The intersec-
tion of the curve with the vertical axis gives the resid-
ual coherence dephasing rate of 4, = 6 MHz, which is
caused by several reasons, including atom-atom, atom-
wall collisions in NTC, time-of-flight broadening, as well
as due to the fact that the lasers are not coherently cou-
pled [3].

Earlier, it was demonstrated that there is a dramatic
difference for the absorption (and also fluorescence) spec-
trum when the thickness of NTC is reduced from L = A
to L = A/2, which is caused by the revival of Dicke-type
coherent narrowing effect. Particularly, the linewidth of
the sub-Doppler absorption spectrum for L = A\/2 is ~
3 times narrower than that for L = A, while showing the
same peak absorption value [I8[1920]. Moreover, as it
was recently demonstrated, for L = A/2 it is impossible
to form any type of sub-Doppler dip (VSOP resonance)
neither in transmission nor in fluorescence spectra, even



for the laser intensity as high as several tens of W/cm?,
as opposed to L = X case where only a few mW /cm?
probe laser intensity is sufficient for a dip formation. For
this reason, the L = \/2 case is of a particular interest
for EIT resonance formation.

The striking point is that it is possible to form an
EIT resonance (i.e. a peak of reduced absorption) for
the thickness L = A\/2 already at a coupling laser inten-
sity as low as ~ 0.1 W/cm? (see Fig. [5(a)). The grey
curve shows the 120 MHz-wide sub-Doppler transmis-
sion spectrum for L = A/2 when the coupling laser is
off. The EIT for the thickness L = A\/2 was theoretically
addressed in [10].

The EIT resonance demonstrating reduction of the
fluorescence (dip of reduced fluorescence) for L = A\/2
is shown in Fig. The grey curve shows the sub-
Doppler fluorescence spectrum of 70 - 80 MHz linewidth
[8] when the coupling laser is off. The theoretical spec-
tra for the parameters matching exactly the correspond-

ing experimental conditions of Figs. and with
2. = 1.5yN, ¥4, = 6 MHz are shown in Fig (trans-
(

mission spectrum, 2, = 0.06yn,) and Fig. [6(b)| (fluores-
cence spectrum, {2, = 0.5yy). As it is seen, there is a
good agreement between the experiment and the theory.
Thus, despite the Dicke effect of strong spectrum nar-
rowing and increase of the absorption for L = \/2, the
increase of coupling laser intensity to ~ 100 mW /cm?
makes it possible to form an EIT resonance both in the
absorption and the fluorescence spectra.

2.4 EIT in nanometric-thin cell: dependence on
coupling laser detuning

One of the drastic differences in behavior of EIT real-
ized in NTC and in an ordinary 1 - 10 cm long cell is
exhibited by the EIT linewidth and amplitude depen-
dence on the coupling laser detuning A (see Fig. B).
The EIT linewidth and amplitude (contrast) as a func-
tion of blue detuning A of the coupling laser for L = A
can be evaluated from the experimental and theoreti-
cal transmission spectra shown in Fig. [l The side-arm
temperature of NTC is 140 °C, P, ~ 20 mW. In or-
der to get more prominent EIT resonance for the large
values of detuning, the probe laser radiation power was
increased to 1 mW. As it is seen, the increase of detuning
A from 0 to 40 and 85 MHz results in rapid broaden-
ing of EIT resonance linewidth from 25 MHz to 50 and
80 MHz FWHM, correspondingly, meanwhile the EIT
amplitude rapidly decreases. This behavior has the fol-
lowing physical explanation. For the case of an exact
atomic resonance (A = 0), mainly the atoms flying par-
allel to NTC windows contribute to formation of the
EIT resonance. The interaction time for these atoms is
7p = D /v, where D is the laser beam diameter (D > L).
When the coupling laser is detuned from an atomic tran-
sition by a value of A, only those atoms having the ve-
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L=0.5A=397 nm

100% —
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Transmission

100 MHz Coupling is off

96%

| 2-3'
T
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Coupling is on

Transmission (arb.un.)

~—— Coupling is off

T
-20 0 20
Frequency difference, units of v,

(b)

Fig. 5 Probe laser transmission spectrum for ®*Rb D; line.
L = )\/2 =397 nm. Coupling laser (P. = 27 mW) is resonant
with F' = 3 — F’ = 3 transition, probe laser (P, = 0.04 mW)
is scanned across ' = 2 — F’ = 2,3. Grey line: spectrum
when coupling laser is off. Graph a: experiment; graph b:
numerical calculations for the experimental parameters, 2. =
159N, 2, = 0.06yNn, v41 = 6 MHz.

locity projection v, = 2w A/k contribute to the forma-
tion of EIT, and for these atoms the flight time between
the cell windows shortens with the detuning increase:
7, = L/v, = kL/(2wA). This causes frequent quench-
ing collisions of atoms with the cell windows leading to
the increase of 74, and consequently, to strong linewidth
broadening and contrast reduction of the EIT resonance.
For this case vgrr can be described by a simple expres-
sion

YeIT(A) = VEIT| A_( + 27921 (4), (1)

where 74, (A) = 1/(2771). Replacing the gap thickness
by a justified parameter L.yr = L/2, we get v5,(A) =
A/mfor L = A. From () for A = 40 and 85 MHz we have
vyerr = 50 and 79 MHz, correspondingly, which is in
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Fig. 6 Transmission spectrum of the probe laser for 8 Rb
D; line, L = A/2 = 397 nm. Coupling laser (P. = 27 mW)
is resonant with ' = 3 — F’ = 3 transition, probe laser
(P, = 3 mW) is scanned across F = 2 — F' = 2,3. Grey
line: the coupling laser is off. Graph a: experiment; graph
b: numerical calculations for the experimental parameters,
2. = 1.5vn, 25, = 057N, v51 = 6 MHz.

good agreement with the experimental values. We should
note that measurement of EIT resonance linewidth vg;r
at large coupling laser detuning could serve as a conve-
nient tool to study atom-window collisions and proper-
ties of window material.

This behavior completely differs from that observ-
able in ordinary 1 - 10 cm long cell where formation of
EIT resonance on the wings of the Doppler profile of the
absorption line can lead to its narrowing [21] as opposed
to the case of NTC.

It is well known that addition of a buffer gas into 1
- 10 cm long ordinary cell improves EIT resonance pa-
rameters [34]. The preliminary results have shown that

L=x=794nm EI*TA:85MHZ
EIT A —40 MHz

1
w

EIT

232 coupling is off

| | 253
I 362 MHz '
Frequency difference (MHz)

Transmission (arb.un)

(a)

A =85MHz

A =40 MHz

Transmission (arb.un)

coupling is off
2~>2'| 362 MHz | 23

T t
Frequency difference (MHz)

(b)

Fig. 7 EIT spectra for L = A = 794 nm when the coupling
laser is detuned by A from F = 3 — F’ = 3 transition. The
spectra are shifted vertically for convenience. The lower grey
curve is the transmission spectrum when the coupling laser is
off. Graph a: experiment; graph b: numerical calculations for
the experimental conditions, 2. = 1.3y, 2, = 0.3yn, V51 =
6 MHz. Additional dephasing rate y5;(A) is responsible for
the EIT behavior seen for A # 0 (see the text).

admixture of 20 Torr of Ny buffer gas to Rb vapor in
NTC leads to decrease of EIT broadening rate with the
increase of A. This is explained by substantial short-
ening of the mean free path of Rb atoms due to Rb-Ny
collisions (~ 300 nm), which becomes less than the NTC
thickness (L = 794 nm). However, at A = 0 there ap-
pears undesirable supplementary broadening: Rb atoms
flying parallel to the NTC windows experience velocity
changing collisions with Ng, change their direction and
collide with the windows, which leads to the increase of
F21 .



2.5 Splitting of EIT resonance in magnetic field, L = A

In [9] it was shown that using NTC with Rb vapor of
L = 2\ thickness (A = 780 nm), one can measure a
magnetic field by splitting EIT resonances formed at Do
line excitation. However, due to a small contrast of the
EIT resonance it was impossible to detect the splitting
at smaller L values. Switching to Dy excitation allowed
us to improve the EIT contrast and thus to detect the
splitting for L = A = 794 nm as is shown in Fig.
The measurement shown in the upper curve was done
with application of B = 14 G longitudinal magnetic
field (B|k), for laser radiation powers P, = 5 mW and
P, = 0.05 mW. Three well resolved EIT resonances are
clearly seen in the upper curve; the lower curve presents
the EIT resonance when B = 0. In [9] it was shown
that in this case three A-systems are formed, and the
frequency separation between these EIT components is
1.4 MHz/G x 14 G = 19.6 MHz. The inset presents the
results of fitting by Gaussian function resulting in the
linewidth of 10 MHz FWHM for an individual EIT com-
ponent. Note that the exact splitting value for strong B
fields is given by the Rabi-Breit formula [3].

So-called ” A-Zeeman technique” (LZT) to investigate
atomic transitions in magnetic field was presented in
[15]. Rb atoms are confined in a NTC with L = A. Nar-
row VSOP resonances of 30 - 35 MHz linewidth formed
in a single beam in transmission spectrum are split into
several components in a magnetic field; their frequency
positions and transition probabilities depend on the B
field. As one can see in Fig. [@ the observed splitting of
EIT resonance provides a spectral resolution, which is
better than that for LZT by a factor of 3 [15]. Moreover,
among the inherent advantages of NTC is the possibility
to apply very high magnetic field using widely available
strong permanent ring magnets (our Helmholtz coils pro-
duce B < 200 G). In spite of a strong inhomogeneity of
the B field (it can reach ~ 150 G/mm in axial direc-
tion), the variation of B inside the atomic vapor col-
umn does not exceed ~ 0.1 G (several orders less than
the applied B value) because of sub-micrometer thick-
ness of the NTC. Our preliminary results show that it
is realistic and straightforward to determine a spatially-
localized value of a B field in the range of 1 - 1000 G with
nearly the same precision throughout the whole range,
by measuring the frequency interval between the EIT
components. This is especially valuable for mapping of
strongly non-homogeneous magnetic field.

3 Theoretical model

To calculate the observed EIT resonances we consider
four-level A-type atomic systems consisting of two ground
hyperfine levels (F, = 2, 3) and two excited levels (F, =
2,3) in the Dy line of ®Rb (see Fig. §) confined in a cell
of thickness L. The probe field E, (with center angular
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Fig. 8 Relevant energy levels of 8Rb D; line involved in
EIT process. The coupling laser detuning A varies from F' =
3 — F' = 3 transition in the range of 0 — 100 MHz.
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Fig. 9 Probe laser transmission spectrum for L = A\ = 794
nm with a longitudinal magnetic field B = 14 G (upper
curve). P. = 5 mW, P, = 0.05 mW. Splitting of EIT res-
onance to three components is well seen. The inset shows the
results of fitting by a Gaussian function (grey lines); FWHM
of an individual EIT component is 10 MHz. Lower curve: the
EIT resonance for B = 0.

frequency w,) and the coupling field E. (with angular
frequency w.) couple the transitions |1) — |3),]4) and
[2) — |3}, |4), respectively (see Fig. [I0). For simplicity,
we restrict ourselves to one dimensional situation where
the two driving linearly polarized laser radiations are
in the £z-direction. The probe and coupling lasers are
detuned from the corresponding atomic resonances by

Apl,p? = Wp —W3.4;1 — kpvz; (2)
Acl,cQ = We —W3,4;2 — kcvza
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where the subscripts p(c) mark the detunings for the
probe (coupling) lasers, w;; is the frequency difference
between levels ¢ and j, and k, cv. are the Doppler shifts
for atoms corresponding to the velocity component v,
along the propagation vectors kj .. The total Hamilto-
nian of the system is given by H = Hy + H;, where H,
describes a free atom and H 1 describes the interaction
between the atom and the electric fields. With electric-
dipole and rotating-wave approximations, the interac-
tion Hamiltonian H; of the system is given by

Ay = —h(21[3)(1] + 2yl (1] 5

where ‘QPLPQ = M1;314Ep/2h and QCLCQ = M2;314EC/2H
are the Rabi frequencies of the probe and coupling fields,
respectively, with p;; being the electric-dipole matrix el-
ement associated with the transition from j to 7, and H.c.
represents Hermitian conjugate. To describe the dynam-

2)

)

Fig. 10 A-type four-level atomic system.

ics of the system driven by this Hamiltonian we adopt
here the theoretical model presented in Ref. [10]. Inter-
ested readers may refer to this work and to the refer-
ences therein for the mathematical details of the calcu-
lations. We summarize here the main features of the ap-
proach used. The basic assumptions made in the model
are as follows: the atomic number density is assumed to
be low enough so that the effect of collisions between the
atoms can be ignored; the atoms experience inelastic col-
lisions with the cell walls; the incident beam diameters
largely exceed the cell thickness. The internal atomic
dynamics is described by a semiclassical density matrix
p =Y pijli)(j|, the time evolution of which is given by
the Liouville equation of motion :

/)Z*i/ﬁ[f{,/)]#’['p, (4)

where I is the relaxation operator : I; = %(% +5;) +
vij0i;. Here y;, 7y; are the natural decay rates of states
|i) and |7), and ~;; is the pure dephasing rate.

To obtain the probe transmission spectra, we pro-
vide an exact numerical solution of the set of optical

Bloch equations deduced from Eq. @) and coupled to
Maxwell equations [22]. In accordance with the assump-
tions made, we neglect the collisional broadening of opti-
cal transitions compared to the spontaneous decay rate,
the relaxation of atoms traveling out of the diameter of
the laser beam. The dephasing rate of the ground-state
coherence, I51, is determined in the model by the finite
time of flight of atoms between the cell windows. This pa-
rameter, usually introduced into theoretical calculations
as a phenomenological constant to fit the experimental
data, is taken into account in the model exactly by solv-
ing the temporal density-matrix equations with proper
boundary conditions for each atom separately.

A number of relevant parameters, both inherent to
the atomic system and the experimental setup, are in-
cluded into the model such as Doppler broadening, phase
fluctuations in the laser fields [23][24], non-correlation of
the laser fields [3]. The light reflections on the locally
highly-parallel cell walls of a nano-cell behaving as a
Fabry-Pérot cavity [25] is taken into account. For the
Rabi frequency the estimates are obtained from §2/27 =
ay(I/8)'/?, where I is the laser intensity in mW /cm?, ~
is the decay rate of the excited state, and a is a fit pa-
rameter (for our case a ~ 0.2) [27]. A general agreement
between the results of our calculations and that of the
experiment is seen.

4 Discussion

Miniaturization of EIT setup without loss of resonance
characteristics is among the challenges for technologi-
cal implementation of the electromagnetically induced
transparency. The results obtained in the present study
are not intuitive, and it is worth to compare them with
the relevant results presented in literature, and analysing
the distinctions. In [26] a similar setup was employed for
the EIT studies: two separate lasers of 1 MHz linewidth
and approximately the same power were used to form
the EIT resonance on D; line of Rb. The vapor was con-
fined in a 3 cm-long glass cell. The following key param-
eters have been achieved: ~ 60 % for the EIT resonance
contrast, and ~ 20 MHz for the spectral width. The cor-
responding values obtained in the present work with the
use of L = 794 nm NTC are ~ 40 % and ~ 35 MHz,
respectively. Thus, decreasing the cell length by a factor
of 3.8 x 10* does not lead to a dramatic deterioration of
the key parameters of EIT.

Sub-millimeter-thick cells have been used in [11}12]
for EIT formation. In recent works [2829] EIT resonance
is formed in Rb vapor generated in hollow-core photonic
band-gap (HCPBG) of inner diameter 6 pym and L = 25
cm. Large L together with high laser intensity achieved
in HCPBG leads to the decrease of threshold laser power
for EIT formation. However, the width of EIT resonance
reaches ~ 100 MHz, which exceeds by an order of mag-
nitude the width of EIT resonance in NTC. Moreover,



the realization of HCPBG method is rather complicated
technically.

There are yet other papers where suggestions to im-
prove the EIT characteristics in thin cells are addressed.
In [30] formation of narrow EIT resonance in nano-cells
is proposed by using supplementary anti-relaxation coat-
ing for windows, aiming at decrease of coherence dephas-
ing rate. However, the realisation of such a coating is not
yet feasible. Formation of regions of few tens of microm-
eter in quartz substrate-window is realized using chemi-
cal etching with subsequent filling these regions with Rb
vapor [I7], meanwhile the realization of EIT in such a
structure has not been yet discussed. Based on the above
analysis, we believe the most convenient and technically
justified option for obtaining narrow-linewidth and high-
contrast EIT resonances is the NTC scheme presented in
this work (note that the NTC has been successfully used
also for EIT registration in a ladder Z-system [31]).

As it follows from the obtained results, the decrease
of L is compensated by an increase of Rb atomic density,
so that the product N x L practically does not change.
An important particularity of EIT is the weak influence
of 5P/, level broadening on the EIT parameters (in
contrast, 5P /5 level broadening dramatically affects the
amplitude of the VSOP resonance). The latter can allow
one to form EIT resonance for L < 100 nm by increasing
the density N and improving the laser parameters (for
example, by the technique of phase-locking the coupling
and probe lasers [32]), realization of lock-in detection,
etc. Such a small thickness of the NTC is of interest for
the study of van der Waals interaction of atoms with
dielectric windows [33].

5 Conclusion

The peculiarities of the EIT phenomenon are studied in
transmission and fluorescence spectra under D; line ex-
citation of rubidium atoms with the help of nanometric-
thin vapor cell with a possibility to exploit vapor column
thickness L in the range of 400 - 800 nm. The striking
point of the present work is that the reduction of L by
more than 4 orders as compared with an ordinary cm-
size cell does not worsen the high contrast of EIT peak
(up to 40 %). This relatively weak thickness dependence
is explained by involvement of atoms with particular ve-
locity components in EIT resonance formation: when the
coupling laser is resonant with the atomic transition only
the atoms moving parallelly to the NTC windows con-
tribute to the EIT formation, and the quenching colli-
sions with the windows are not essential. The situation
is dramatically different when the coupling laser is de-
tuned from the atomic transition. In this case the atoms
having velocity component towards the windows are re-
sponsible for the EIT, they experience collisions with the
windows resulting in broadening and contrast worsening
of the resonance. It is justified that with the help of the
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NTC with L = X and for a large frequency detuning A of
the coupling laser from atomic resonance it is possible to
directly reveal and evaluate the strong influence of atom-
walls collisions on the EIT linewidth. By changing the
value of A one can smoothly control the EIT linewidth
and contrast; measurement of the EIT linewidth makes
it is possible to determine the atom-wall collision rate.
The theoretical model well describes the observed re-
sults. Formation of the EIT resonance in a A-system for
even smaller thickness (below 100 nm) can offer a pos-
sibility for quantitative study of atom-surface van der
Waals interaction.

For the first time, it is demonstrated that despite the
Dicke-effect of strong spectrum narrowing and increase
of the absorption when thickness is L = A/2 (397 nm),
the relatively low intensity of the coupling laser is suffi-
cient to form the EIT resonance both in the absorption
and the fluorescence spectra. This is the minimal L for
the coherent process reported so far.

It is shown that the EIT resonance in a NTC with
L = X splits in an external magnetic field to well-resolved
components that may allow one to develop magnetome-
ter with nanometric-range spatial resolution. This can be
of importance for measuring and mapping the strongly
non-homogeneous magnetic field.
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