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Abstract

We consider a two-level atom inside a cavity. We find that the absorption spectrum of the atom may exhibit a hole at line
center for a weak probe. This hole appears when the cavity linewidth is small compared to the atom-field coupling strength,
which is itself smaller than the atom’s free space linewidth. In the weak-field limit, this system is analogous to a three-level
atom, where similar absorption holes at line center occur due to electromagnetically induced transparency (EIT). In EIT,
a strong field is required to strongly mix the upper two levels, whereas in the system we consider, it is the atom-field
coupling strength that plays this role. An alternate explanation in terms of interference between the cavity field and atomic

polarization is given. We also examine the driven cavity case.

PACS: 42.50

1. Introduction

In recent years much attention has been given to
modifying the radiative properties of atoms by modi-
fying the environment of the atom - an area of study
known as cavity quantum electrodynamics (cavity
Q.ED.) [1,2]. Effects include enhancement or sup-
pression of spontaneous emission of an atom in a cav-
ity with a linewidth « large compared to the natural
linewidth of the atom, as the cavity is tuned in and out
of resonance. This results in a broadening or narrow-
ing of the incoherent spectrum of the atom, relative
to its free space value. In this regime, the cavity field
dynamics can be adiabatically eliminated, resulting in
Bloch equations for the atom with a modified decay
rate, A — y(1 +2C/(1 + 8%)), where C = g*/ky
and A is the usual Einstein coefficient. [1,2] Here y
is the spontaneous emission rate to modes other than
the cavity mode, and is approximately equal to A un-

less the cavity subtends a large solid angle about the
atom. The atom-field coupling strength is g, and & is
the detuning of the cavity from the atomic resonance.

For weak-fields, a non-Lorentzian double-peaked
structure structure known as the vacuum-Rabi dou-
blet has also been predicted and observed when g is
the largest rate in the problem, i.e. when g > «,v
[3,4]. This is due to a shifting of the dressed one-
photon states of the coupled atom-cavity system by
an amount greater than the linewidth of these dressed
states, which is I = (1/2) (x + y/2). The system is
best regarded in this regime as a composite object; an
atom-cavity “molecule” in which the atom cannot be
considered a small perturbation of the cavity or vice-
versa. In this regime the atom-cavity system will have
reduced absorption at the free space resonance fre-
quency of the atom due to the lifting of degeneracy of
the system energy levels. As g is increased, the spec-
trum evolves into two well separated Lorentzians of
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Fig. 1. The model consists of one two-level atom (TLA) coupled
to a single-mode cavity made up of two mirrors (M). The only
external field is that of the probe field (E) which is couple directly
to the atom. The resulting absorption as a function of frequency
is monitored by a detector (D).

width I" centered at £g respectively.

As a single atom in a cavity represents the fun-
damental paradigm of quantum optics, the Jaynes-
Cummings model (with dissipation included) has
been extensively studied. These studies have been in-
creasingly prominent in recent years due to advances
in experimental techniques that allow measurements
to be made on real systems. Yet even in this simple
system, new surprises appear; in this paper we wish to
point out one more such interesting feature. We find
that under some conditions, the absorption spectrum
of the atom inside the cavity is a Lorentzian of width
¥, but with a hole of width approximately g* /v at line
center. We stress that this occurs when vy > g > «.
In this regime, the eigenvalues of the dynamics are
real, and this shape is obtained by the subtraction
of Lorentzians centered about the frequency wy, the
unperturbed resonance frequency of the atom or cav-
ity, rather than the addition of two Lorentzians at
symmetric frequencies about line center. That is, this
hole is not due to vacuum-Rabi splitting, but arises
from some other mechanism. We explain this feature
in terms of a quantum interference between two ab-
sorption paths, in analogy with electromagnetically
induced transparency (EIT) [5,6]. We refer to this
effect as cavity induced transparency (CIT).

2. Theoretical background
The system we consider is shown in Fig. 1. It con-

sists of a single two-level atom inside an optical cav-
ity, with dissipation present in the form of spontaneous

emission to non-cavity modes at rate y/2 and a cavity
field decay rate of «. The atom-field coupling strength
is g = p/hw/2€pV. We assume that the atom is at
an antinode of the cavity mode function; w is the in-
duced dipole strength, and V is the volume of the cav-
ity mode. Typically, to obtain large g a small mode
volume is necessary, requiring a small physical vol-
ume or a highly focused degenerate mode cavity. The
Hamiltonian for this system is

H= %hwa 0. + hwea'a + ihg (aTa_ —aoy)
+ihE (g_e ' — o, &), ()

Here we have the Jaynes-Cummings Hamiltonian with
the addition of the last term which is a probe field
(taken to be weak throughout the paper) coupled di-
rectly to the atoms. The cavity is assumed to be tuned
to the atomic resonance, w, = @, = wp. The cor-
responding master equation in the Born-Markoff ap-
proximation, and in a frame rotating at the frequency
wq 18

p=—(i/k) [H,p| +r(2a'pa — atap — pata)
+(v/2)2oypo_—o0_p—po,o_), (2)

where 4 = w, — wy is the detuning of the weak probe
field from the simultaneous resonant frequency of the
atom and cavity. Note that the only external field in
the model is the weak probe field, which we will
use to study the probe absorption of the atom-cavity
“molecule”; the resonator is initially empty.

We are mainly interested in the limiting case of a
weak probe, taken to be so weak that we need only
consider the zero- and one-photon states of the system.
These states are

[0=)  10+)  [1=).

The numerical index labeling the state refers to the
number of photons in the cavity field, and the + (—)
sign refers to the atom in the excited (ground) state
respectively. Photon statistics and spectra of this sys-
tem have been studied before in this limit [7-9]. We
refer to this as the three-state basis, and these lev-
els are shown schematically in Fig. 2a. In the present
work, we are interested in a specific parameter regime,
where ¥ > g > «. This corresponds roughly to the
“good cavity limit” where the atomic dynamics can be
adiabatically eliminated. The latter requires the more
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Fig. 2. The energy levels, as explained in the text. (a) For the
case of the two-level atom, the coupling with the cavity field (g)
serves to lift the degeneracy of the bare atom levels. The cavity
field decays at a rate « and the atom decays with a rate y. (b) A
similar system is that of a three-level atom in free space with an
external coupling field E..

stringent condition that y/2 > «(1+2C). The effect
we consider here persists in the good cavity limit, but
we stress that adiabatic elimination of the atomic dy-
namics is not needed for an absorption dip at line cen-
ter. Again, g is the intermediate rate, and hence we are
not working in a regime where vacuum-Rabi splitting
occurs; the eigenvalues of the systems dynamics are
real. We can write down the density matrix element
equations for our system in the three-state basis:

Po—0— = YPo+0+ +2kp1 - +E (P0+;0— + Po-:o+) )

(3)
po-o+ = — (¥/2 = i4) po—o0+ — 8po—1—
+& (p0+:0+ - PO—:O—) ; (4)
Po—ii—=— (K —i4) po—.1- + gpo—0+ + EpPorii—,
(5)

po+0+ = —¥Po+0+ — € (po—o4 + p0+;o—)

— g (p1—0+ + Posi1-) » (6)
porii— = — (¥/2+ k) posi1 -

— 8 (P1—1— — poro+) — Epo—ii—, (M
proi-=g(pioor + pora-) — 2kpi_- (%)
In the weak field limit, we set pg_o— = 1; one finds

that the other populations are proportional to £2, and
that the off-diagonal matrix elements are proportional
to £. The validity of this scaling has been discussed
previously [7]. Keeping terms that are lowest order
in £, we find

po—o+ = —8gpPo—i~ — (¥/2) (1 =2i4/y)po—0s — <,
)
Po—;1— =8Po—0+ — k(1 —iA/K)P0~;1—‘ (1)

We are interested in the steady-state value of po_.c+,
as this yields the susceptibility of the atom and hence
information about the absorption and dispersion of a
weak probe field resonant that is scanned across the
atomic resonance. This is given by

Re(po-o+) = (£/D)
x [—x(ky/2 - & + ") — £(x+7/2)],
(n

Im(po—0+) =(&/D)
x [A(ky/2 — & +¢°) ~ kd(k+7/2)], (12)

D= (ky/2— £+ &) + &2(x+v/2)% (13)

The susceptibility is given by y o (po—.0+/iE), and
the real part is the index of refraction of the medium
and the imaginary part is proportional to the absorption
coefficient.

3. Results

We plot the absorption coefficient as a function of
probe frequency in Fig. 3. We see that for a wide
range of parameters there is a broad Lorentzian like
feature with a narrow hole around line center. This dip
in the center indicates a decrease in absorption over a
range of frequencies approximately g?/y wide. Thus
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Fig. 3. Plots of probe absorption as a function of frequency.
Zero detuning represents the transition frequency of the atom in
free space. Parameters are: (a) g = 1, x = 0.001, ¥ = 5; (b)
=2, k=000l y=5; and (¢) g=1,x=0.1, y=35.

the atom becomes transparent at a frequency where
absorption would be maximized if the atom were in
free space. In the limit where x < g < v, we find
that the spectrum is a Lorentzian of width y, with
a second Lorentzian of width g?/y subtracted from

1+

|->

10

Fig. 4. Dressed state picture used to explain the cavity in-
duced transparency. The atom-cavity coupling effectively creates
a three-state entity, which has a mixture of atom and cavity char-
acteristics.

the first. Our results reduce to the free space case by
setting g = 0, i.e. decoupling the atom from the cavity.
For a resonant probe and a lossless cavity, this effect
was noted by Alsing et al. [10]. They found that in
this case the atom decoupled from the probe in the
steady state, and hence there was no fluorescence. This
was interpreted as destructive interference between the
probe field and and the field built up in the cavity
due to fluorescence of the atom into the cavity mode.
Hence the net field seen by the atom goes to zero in
the steady state, for exact resonance and for a perfectly
lossless cavity. Similar arguments have been made for
other EIT systems as well [11]. To further reinforce
the correspondence between our model and a classical
picture of interfering fields, note that the above density
matrix equations 9 and 10 are equivalent in this weak-
field limit to Maxwell-Bloch equations for the average
polarization P and the average field E, where these
are identified with the quantities pg_.o4+ and po_.1_,
respectively.

We see in Fig. 3 that the absorption is still reduced
for nonzero « and persists over a range of frequencies
around line center. Increasing x decreases the size of
the dip; we also note that if g is made larger than y
and «, a vacuum-Rabi structure appears.

We now give an alternative, but complementary, ex-
planation for the dip. Consider the system shown in
Fig. 2b, that of a three level atom with a strong pump
coupling the two upper levels 2 and 3. Under the con-
ditions that y, > E > s, it has been shown that this
system exhibits a dip in absorption at line center, a
phenomenon known as Electromagnetically Induced
Transparency (EIT). This dip results, in a dressed
state picture, from destructive interference between
two indistinguishable absorption paths (Fig. 4). It is
important that y3 be small for the effect to occur, and
further that E < 7y, so that the dressed state splitting
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1s small compared to the linewidth of those states. The
latter is to rule out Stark shifts as the cause for the ab-
sorption dip. The atom in a cavity, in the weak field
limit, can be thought of as a three-level system. Here,
when we have a weak probe on the atom, there is a
one-to-one correspondence between the atom-cavity
system and the three-level atom with strong coupling
field. This correspondence is given by

) —10-),
E—g,

|2> — |0+>,

Y31 — K,

13) = [1-),
Y2 — /2.

In fact, the density matrix element equations (9) and
(10) are formally identical to those for the EIT system
[ 12]. We see that it is the atom-field coupling constant
g that plays the role of the strong coupling field in
the three-level atom case; hence to observe this field
no strong external field is required. We refer to the
absorption dip as Cavity Induced Transparency (CIT).
In the EIT case, the coupling field E; has to be large;
in quantum terms E. = g\/n, and for an atom in free
space EIT is accomplished by a large photon number
n. In the CIT case, it is g that is large so that the
interference effect persists in the single photon limit.
Again, one must have x small, but y > g so that one
is not merely observing large vacuum-Rabi splittings
which take the atom-cavity molecule out of resonance
with the probe field.

The use of a cavity to increase the effectiveness of a
coupling field has been proposed by Field [13], who
considered placing a three-level atom in a cavity, and
used a weak cavity field with large g to play the role
of a strong effective coupling field. This basically uses
the size of g to increase the electric field per photon,
and so -one photon has a rather demonstrative effect,
but an external field is still required to drive the cavity,
albeit a weak one.

In our case, the two-level atom in a cavity, is a
three-level system, and no external fields whatsoever
are required to induce the transparency. For a stronger
probe field, one cannot truncate the basis states, and
the system is not a three-level system.

The spontaneous emission spectrum for this system
has already been presented in the literature, but with
emphasis on the bad-cavity limit (cavity enhanced
linewidths) and strong coupling limit ( vacuum-Rabi
regime) [14]. Preparing the atom in state | 0+), the
fluorescent spectum of the system is given by Eq. (6)

of Ref. [14]. In the limit where ¥ < g < v, there is
indeed a dip in the fluorescence at line center. In this
limit the spontaneous emission spectrum is given by

2 -1
278 (w) = (y — ﬁ)

Y
As A 2
A+—i(w—w0) /\-—i(w—wo)
_a|l vz 2@y [ (14)
y|y/2+id 28 /y+id|’

where here we have Ay = —y/4 + (y?/4 — g%).

Once again, we see that the spectrum is a Lorentzian
of width y/2, with a second Lorentzian of width g2/ y
subtracted from the first. The relation of this hole to
the emission of squeezed light from the system has
been discussed previously by Rice and Carmichael.
[15].

We would also like to point out that a related effect
can occur if one couples a weak field to the cavity, in-
stead of the atom. Here, however, the dip occurs for
the opposite limit of decay rates, i.e. ¥ > g > y. Re-
call in the EIT case, the decay rate on the transition
one is probing must be the fastest rate, and that applics
here as well. The analagous quantity to the absorpticn
coefficient is the off-diagonal matrix element pg_. -
which is proportional to the intracavity field, and it
displays a dip for the appropriate choice of paramc-
ters. This can be given a CIT interpretation as in the
system discussed above. It can also be explained as
destructive interference between the field radiated by
the atom and the driving field injected into the cavity,
leading to no net field in the cavity. Again, the field
is truly zero only in the limit that y tends to zero, but
as long as k > g > 7 a readily observable decrease in
absorption appears. Recently, a demonstration of this
effect was performed experimentaily by Turchette ct
al. [ 16]. Note that the explanation in terms of destruc-
tive interference is similar to that given in Ref. [10],
in which the theoretical treatment of the driven atom
in a cavity is given.

In summary, we have shown that an atom in a cav-
ity may exhibit a dip in absorption at line center. This
dip can be interpretated as an interference phenomena
between two absorption paths in the dressed state pic-
ture. Alternatively this can be viewed as interference
between the intracavity field that builds up and the
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weak probe field; in this interpretation the atom sees a
zero net field,and hence decouples from the probe. We
refer to this effect as Cavity Induced Transparency.
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