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Guo Yu-Jie(ZF EZA)YP)T and Nie Wen-Jie(F: L 45)°)

a)Departmem of Physics, Tsinghua University, Beijing 100084, China
b) Beijing Computational Science Research Center, Beijing 100094, China
C)Department of Applied Physics, East China Jiaotong University, Nanchang 330013, China

(Received 26 December 2014; revised manuscript received 13 March 2015; published online 3 August 2015)

We study the optical properties of a two-level atomic ensemble controlled by a high-finesse cavity. Even though the
cavity is initially in the vacuum state in the absence of external driving, the probe response of the atomic ensemble can
be dramatically modified. When the collectively enhanced atom—cavity coupling is strong enough and the cavity decay
rate is much smaller than the atomic damping rate, an electromagnetically induced transparency-like coherent phenomenon
emerges with a dip absorption for the response of the two-level atoms in the cavity without driving, and thus is called

vacuum induced transparency. We also show the slow light with very low group velocity in such an atomic ensemble.
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1. Introduction

The quantum coherent effect in a light—atom interaction
system plays an important role in controlling the optical prop-
erty of the medium. An outstanding instance is electromag-
netically induced transparency (EIT),!'~*! which occurs in the
A-type three-level atomic system. The transition between the
excited and the ground states of the three-level atom is cou-
pled by a weak probe laser, while the transition between the
excited and the metastable states is coupled by a strong coher-
ent controlling laser. Under appropriate conditions, the atomic
medium becomes transparent for the weak probe field in a very
narrow frequency range owing to the destructive interference
between two absorption pathways. Recently, the concept of
EIT has been extended to the few-photon limit within a high-
finesse cavity,!?! where the controlling laser is replaced by a
single quantized cavity mode with only a few photons. Fur-
thermore, the extreme situation is called the vacuum induced
transparency (VIT),>® where the controlling laser is replaced
by a vacuum cavity field with strong atom—cavity coupling.

Besides, there is a quantum coherent effect in the two-
level atomic system, which is similar to the EIT phenomenon
and is called the coherent population oscillation (CPO).!:8]
The CPO occurs in the two-level system coupled to a weak
probe laser and a strong coherent driving laser, where the cou-
plings lead to the oscillation of the ground state population
at the beat frequency of the two lasers. If the driving field is
strong enough and the damping rate of the atomic coherence
is much larger than the decay rate of the excited state popu-
lation, then the probe response of the atomic medium will be
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significantly modified, i.e., a narrow dip will be created in the
absorptive spectrum.”! The result of the CPO is similar to that
of the EIT, except that the absorption dip of the CPO is not
close to zero.

In this paper, we find that VIT, an outstanding instance
of an EIT-like phenomenon, can be realized not only in the
A-type three-level atomic system but also in a relatively sim-
pler two-level atomic system. As mentioned above, the VIT in
the three-level system can be regarded as the few-photon case
of the EIT. The VIT realized in our two-level system in fact
extends the CPO to the few-photon limit. Moreover, the ab-
sorption dip of the VIT in our two-level system can be close to
zero, which is superior to that of the CPO. The VIT realized in
our scheme originates from the coupling between the atomic
ensemble and the cavity field in the absence of external driv-
ing. When the collectively enhanced atom—cavity coupling
is strong enough and the cavity decay rate is much less than
the atomic damping rate, the VIT emerges clearly in the two-
level system. The EIT-like phenomenon, which shows greatly
reduced absorption and enhanced normal dispersion, plays a
central role in the generation of slow light. There have been a
series of researches on the slow light based on the EIT,[H0-13]
VIT,B! and CPO.- 14171 Qur scheme also provides another
candidate. We demonstrate that the VIT in the two-level sys-
tem is particularly suitable for the generation of slow light,
and a group velocity close to 10 m/s is obtained with realistic
parameters.

This paper is organized as follows. In Section 2, we
present our model and its corresponding Hamiltonian. In Sec-
tion 3, the dynamics and the optical response of the atomic
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ensemble are studied, including the EIT-like phenomenon, the
analysis of the vacuum Rabi splitting, and the slow light. Fi-
nally, a discussion and a brief conclusion are given in Sec-
tion 4.

2. Hamiltonian of the model

The studied system is comprised of a two-level atomic en-
semble and a single-mode cavity in the absence of an external
driving field. The atoms coupled to the cavity mode are probed

by a weak laser field. The model Hamiltonian reads!!®!

H = hwaZGz + hocc' cfth(O' CJrG() )

fmz(

1a)pt+6() 1wpt) . (1)

Here 6/ = [2) ;2| — 1) (1], &' = [2) (1], and V) =
[1);;(2] are the Pauli matrices for the j-th atom with |1);
and |2> being the corresponding ground and excited states;
c and ¢’ are the bosonic annihilation and creation operators
of the single-mode cavity field; and @,, @, and @, are the
frequencies of the atomic transition, the cavity field, and the
probe field, respectively. The coupling coefficient g between
the cavity and the atom is the vacuum Rabi frequency, and
Q = de/(2h) is the coupling strength (Rabi frequency) be-
tween the atom and the probe laser with E = ge '™’ /2 4-c.c.
being the probe field intensity and d the atomic transition
dipole moment constant. Here we have used the rotating wave
approximation and assumed that the size of the atomic ensem-
ble is much smaller than the related optical wavelength of the
cavity field so that the (real) coupling coefficients g and €2 are
identical for all the atoms.

To simplify Hamiltonian (1), we define the collective op-
erators of the atomic ensemble

o), AT =

)

where N is the number of the atoms. In the limit of large N

1 .
ﬁzcﬁrj)v )
j

and under the low-excitation condition, the collective opera-
tors approximatively satisfy the bosomc commutation relation
[A A’ ] ~ 1, and further }’; GZ ~2ATA — N.119-211 In terms
of these collective bosonic operators, Hamiltonian (1) can be
written as

H = ho,A"A+hoec’c —hgyV/N (ATe +Act)
- hQJN(A*e—i“’v’ +Aei“’v’) . 3)

Here the existence of the factor /N means that the coupling
coefficients are collectively enhanced.!*?! From Eq. (3), one
knows that the model can be described as that of two coupled
bosonic modes probed by a single laser.
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Fig. 1. (color online) Schematics of the two-level atomic ensemble cou-
pled to a high-finesse cavity and probed by a weak laser field.

3. Dynamics and optical response

The dynamics of the system is determined by the quan-

tum Langevin equations*?!

A= —iwA+igVNc+iQVNe 1% — yA+\/27An,
¢ = —ioec+igVNA — ke 4 V2Kcin, 4)

where ¥ and K are the atomic damping rate and the cavity de-
cay rate, respectively; A, (¢in), whose mean value is equal to
zero, is the noise operator indicating the action of the reservoir
on the atomic system (cavity). Here we have assumed that the
atomic collisional dephasing rate is negligible.

From the quantum Langevin equations (4), we can obtain
the susceptibility, which actually reflects the optical response
of the atomic ensemble. Taking the average

(A) = —i@, (A) +igVN{(c) +1QVNe '® —y(A),
(¢) = —ioc{c) +igVN(4) — K (c), )
and supposing (A) and (c) o< e 71®’, we can immediately ob-

tain the mean value of the collective operator A at the steady
state

iQV/N
Y—i8+ =iy 1(5 7y

(4) = el ©)
where 6 = @), — @, is the detuning between the probe field and
the atomic transition, and A = @, — w, is the detuning between
the cavity field and the atomic transition. The polarlzatlon
(1/V)xL;d((c) + (o)),
where V is the volume of the atomic ensemble, so its posi-
tive frequency part is P* =Y ;d <G£j )> /V. Then combining
with A = ¥ ;6 /\/N in Eq. (2), we find P+ = dv/N () /V.
Furthermore, we know that the positive frequency part of the
probe field intensity is E* = e ~1%/2. Thus, from the rela-

tion PT = yeyE™, we can obtain the susceptibility

of the atomic ensemble is P =

x1=C ‘ : 7)
Y—i8+ =iy 1(5 7y

(d?/(heo))(N/V). The term proportional to g in
the denominator of Eq. (7) reflects the role of the atom—cavity

where C =
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coupling, and N indicates that the coupling can be collectively
enhanced. Equation (7) can be reduced to the result of bare
atoms when g = 0, which means the existence of the cavity ef-
fectively modifies the optical response of the atoms, although
the cavity is initially in the vacuum state. In this sense, we call
it the vacuum induced transparency phenomenon.

The real and imaginary parts of the susceptibility are re-
lated to the dispersion and absorption, respectively. For the
case of bare atoms in the absence of the cavity, i.e., g =0,Imy
has a Lorentzian shape with an absorption peak located at the
atomic resonance, while Re y displays an anomalous disper-
sion in the vicinity of the line center, as shown in Fig. 2(a).
Under the control of the cavity vacuum field, the EIT-like
coherent phenomenon emerges when kK < ¥ and the strong
collectively enhanced coupling Ng? > x7y. For simplicity, we
first consider the case of A = 0. From Fig. 2(b), we can see that
Im x has a narrow dip, while Re y displays the strong normal
dispersion in the vicinity of the line center. To show how Ng?
and x influence the susceptibility, we first fix the cavity decay
rate at ¥ = 0.01y; we can see in Fig. 3 that the absorption
at the line center becomes markedly reduced with increas-
ing strength of the atoms—cavity coupling, while the slope of
the normal dispersion at 6 = 0 reaches its maximum when

Ng?> = ky+2Kk> ~ ky. Then we turn to confine the strong
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Fig. 2. (color online) The real and imaginary parts of the susceptibility as
a function of 6 for (a) g =0 or (b) Ng2 = 10xy with k =0.01yand A =0.
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Fig. 3. (color online) The (a) real and (b) imaginary parts of the suscepti-
bility as a function of & for different coupling strengths when A = 0 and
the fixed cavity decay rate k¥ = 0.01y.
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Fig. 4. (color online) The (a) real and (b) imaginary parts of the suscep-
tibility as a function of & for different cavity decay rates when A = 0 and
the confined strong coupling condition Ng> = 10xy is satisfied.

coupling condition, e.g., NgZ = 10xY; in Fig. 4, it is clear that
with decreasing decay rate of the cavity, the width of the dip
in the absorption spectrum becomes narrower and the slope of
the normal dispersion at § = 0 becomes larger.

Note that in Figs. 2—4, we have considered the simplest
resonant case of A = 0. In this case, the imaginary (real) part
of the susceptibility is a symmetric (anti-symmetric) function
of the probe detuning 6 = 0. In fact, in the non-resonant case
of A # 0, the vacuum induced transparency phenomenon still
appears even though the corresponding imaginary (real) part of
the susceptibility is not symmetric (anti-symmetric), as seen in
Fig. 5. The corresponding transparency window appears near
0 = A, wherein the so-called two-photon resonant condition
(w, = m) is satisfied.

We note that the EIT-like phenomenon in our system es-
sentially has the same physical origin as the vacuum Rabi
splitting (VRS),[?>24] je., the sharp exchange of energy be-
tween two oscillators results in a normal-mode splitting in the
eigenvalues, though the original VRS is shown by observing
the transmission spectrum of a cavity!>>2%! and our scheme
focuses on the probing of the atomic susceptibility. A trans-
parency phenomenon in a system consisting of a two-level
atom and a cavity has been studied in Ref. [27], however the
transparency window is not due to the VRS as the atom—cavity
coupling is not strong enough. In our scheme, the atom—cavity
coupling is collectively enhanced by the number of the atoms,
so we can reach the VRS regime relatively easily. To clearly
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demonstrate this normal-mode splitting, as shown in the pro-
file of Im  in Figs. 2(b) and 5, we define two new independent
bogoliubov modes as follows:

a; =Acos0 +csinf, ap =AsinB —ccos 0, )
where 0 satisfies cot26 = A /(2gv/N). Then

h(oaATA + ha)ccTc — hg\/ﬁ (ATC —i—AcT)
= ha)lafal +h(x)2a;a2, ©)]

which means that the two coupled modes A (atoms) and ¢
(cavity) split into two independent modes a; and a, with

frequencies @ = (@, + @.)/2 — \/Ng?>+(A/2)* and @, =

(@a+ @) /2+ /Ng2+ (A/2)*. Moreover, from Eq. (8), we

know that the atomic collective mode A just consists of these
two dressed modes, i.e. A = ajcosf +aysinf. As a result,
the absorption spectrum Im y of the atomic ensemble, which
is essentially determined by (A), naturally has two peaks lo-
cated at frequencies m; and @, of these two dressed modes.
We can see that the coherent features of the atomic ensemble
are entirely produced by the atoms—cavity coupling.

Rey, Imy

wf T

Reyx, Imyx

5/

Fig. 5. (color online) The real and imaginary parts of the susceptibility
as a function of & for Ng2 = 10kxy and k¥ = 0.01y with (a) A = 0.5y (b)
A =—-0.57.

As is known, the strong normal dispersion combining
with low absorption is particularly suitable for the realization

of slow light, which has an extremely small group velocity
compared with the velocity of light in a vacuum. In order to
calculate the group velocity v, = ¢/ng, we need to compute
the group index ng which is defined as

ng:Ren—i—wp%Rem (10)

where n = /1 + x is the complex index of refraction. For low-
density atomic vapors, n = 1+ x/2, as |x| < 1. To demon-
strate how well we can do, we take a set of parameters for
the sodium vapor. As an example, for the 3s—3p transition
line of the sodium atom, we have @, = 27 x 5.09 x 104 Hg,
y =27 x 4.89 MHz, and d = 2.0 x 107 C-m.[??1 Under
the strong coupling condition NgZ = 10xy with a small cav-
ity decay rate k = 0.01y and 6 = A = 0, we find that for low
number density N/V = 10" cm™3, the group index is equal
to 6.0 x 10° and vy = 500.4 m/s. Furthermore, for N/V =
50 x 10! ¢m™3, the group index indeed attains 3.0 X 107, as
aresult v; = 10.0 m/s. The results indicate that our scheme is
appropriate for realizing slow light.

4. Discussion and conclusion

It has been emphasized that the strong coupling Ng? > xy
and the small cavity decay rate Kk < 7y are the key conditions
to trigger the EIT-like phenomenon. Realizing the strong cou-
pling condition is relatively easy, since it can be collectively
enhanced by the atom number. The main difficulty lies in the
small cavity decay rate, which requires high finesse. More-
over, as shown in Fig. 4(b), a too small x results in a too nar-
row transparency window, which may broaden the short probe
laser pulse in passing through the atomic ensemble. Alter-
natively, we can choose other atoms with a relatively large
atomic damping rate to realize ¥ > k. In addition, as men-
tioned in Section 3, a large number density can result in a low
group velocity. However, we must emphasize that we cannot
immoderately enlarge N/V, because it can lead to a remark-

291 then our method

able atomic collisional dephasing rate,
based on the quantum Langevin equations (4) will fail.

The mechanism of VIT in the two-level system can be
explained by quantum coherence, which leads to the destruc-
tive interference. Initially, the cavity is in the vacuum state
|0c), and the two-level atomic ensemble is in the ground state
|04). When the system is probed by a very weak laser, only
three states |040c), |041¢), and |140;) will be involved. Here
|nam,) is the Fock state of the two coupled modes, and ny4
and m, are the eigenvalues of ATA and cc, respectively. The
combined action of the probing and the controlling fields
on the atoms generates quantum coherence between |040.)
and |041¢) (dark state). Then this quantum coherence leads
to interference between two absorption pathways, which are
|0A0c> — |1AOC> and |OAIC> — |1AOC>. Here |0A0c> — |1AOC>
means that the atoms absorb a probing photon with frequency
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®,, and [041c) — [140.) means that the atoms absorb a con-
trolling cavity photon with frequency .. When @, = @, (two-
photon resonant condition), the destructive interference be-
tween the two absorption pathways results in the transparency.
As mentioned above, the high finesse (K < 7) and the strong
coupling (Ng? > k) are the essential conditions to trigger
the VIT. On one hand, the cavity decay leads to a dissipative
process from [041¢) to |040.), which breaks the quantum co-
On the other hand, the
strong coupling gives rise to the quantum coherence. So the

herence between |040.) and |041¢).

decay should be suppressed, whereas the coupling should be
enhanced. Here we can see that |040.), [041c), and |140.) are
analogous to the ground, metastable, and exited states in the
EIT, respectively.

The similarity between VIT in the two-level system and
the original EIT can also be seen from the corresponding
Hamiltonians, which have the similar form of two coupled
bosonic modes after defining the atomic collective-excitation
modes in these two models. In our model, the quantized cav-
ity field plays the same role as the collective-excitation mode
from the ground state to the metastable state in the three-level
atomic ensemble. Physically, the additional cavity field (or the
additional metastable state) with very small decay rate changes
the response spectrum to the probe field which couples with
the collective excitation mode from the ground to the excited
states.

In conclusion, we have studied the optical response of a
two-level atomic ensemble controlled by a high-finesse cav-
ity. We find that the EIT-like coherent phenomenon emerges
even when the cavity is in a vacuum. The VIT in our scheme
can be regarded as the few-photon case of the CPO, but their
mechanisms are in fact different, though the two-level atoms
are involved in both models. The former originates from the
VRS, while the latter arises from the interference of the con-
trolling and the probing lasers. Note that in the case of CPO,
the dip in the imaginary part of the susceptibility does not ap-
proach to zero, which means that the transparency is not per-
fect. Instead, in the present cavity-assisted model, the vacuum

induced transparency is near 100% at the two-photon resonant
point in the case of a small cavity decay rate. Our scheme also
provides another candidate for realizing slow light, which may
help promote the quantum computing and optical communica-
tions.
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