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Light is often described as a fully transverse-polarized wave, i.e., with an electric field vector that is

orthogonal to the direction of propagation. However, light confined in dielectric structures such as optical

waveguides or whispering-gallery-mode microresonators can have a strong longitudinal polarization

component. Here, using single 85Rb atoms strongly coupled to a whispering-gallery-mode microresonator,

we experimentally and theoretically demonstrate that the presence of this longitudinal polarization

fundamentally alters the interaction between light and matter.
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The interaction between light and matter basically
underlies every optical process and application. For
essentially plane waves in isotropic media, it has been
quantitatively investigated in a number of ground-breaking
experiments at the level of single atoms and single photons
in high-finesse cavities [1–8]. In order to further enhance
the light-matter coupling strength, an increasing number of
recent experiments rely on waveguide structures [9–11] or
high-numerical-aperture objectives [12–14]. However, in
these situations, the physics changes drastically from the
plane wave case because the polarization of the light fields
is in general no longer transversal but exhibits a longitu-
dinal component in the direction of propagation. This tags
the propagation direction of the light by its polarization
state and fundamentally renders full destructive interfer-
ence of two counterpropagating waves impossible. One
would thus expect this effect to have striking consequences
for the physics of light-matter interaction.

Here, we quantitatively investigate this phenomenon in a
model system consisting of single atoms that strongly interact
with a whispering-gallery-mode (WGM) microresonator
[15]. These resonators confine light by continuous total inter-
nal reflection and offer the advantage of very long photon
lifetimes in conjunctionwith near-lossless in and out coupling
of light via tapered fiber couplers [16]. As recently demon-
strated in a series of pioneering experiments with toroidal
WGMmicroresonators [17–22], single atoms aswell as solid-
state quantum emitters can be strongly coupled to WGMs.
Beyond their importance in strong light-matter coupling,
WGM microresonators are highly versatile photonic devices
that have found applications in a large variety of disciplines.
They have enabled, e.g., on-chip detection of single nano-
particles [23] and single viruses [24], the generation of optical
frequency combs [25], as well as squeezed and correlated
twin beams and single and pair photons [26,27]. Moreover,
WGM microresonators provide a successful experimental
platform in the thriving field of cavity optomechanics [28,29].

However, thus far, the nontransversal polarization of
WGMs has not been taken into account in the description
of the quantum mechanical interaction of light and matter.

In particular, WGM microresonators were conceptually
treated as conventional ring resonators that sustain a pair
of degenerate, identically polarized, counterpropagating
modes [17,19–23,30–35]. Under this assumption, the cor-
responding standing wave modes exhibit a full azimuthal
intensity modulation with a phase that can be chosen such
that one mode has a node at the position of a given emitter.
As a consequence, this mode thus cannot interact with the
atom, thereby leading to a fundamental limit of the per-
formance of WGM microresonators for coupling light and
matter. For instance, due to this uncoupled standing-wave
mode, a single emitter should not be able to modify the on-
resonant resonator transmission by more than 25% even
with an arbitrarily large coupling strength [cf. Fig. 4(a)].
Here, we show that this picture is in general inadequate:

In the case of nontransversally polarized WGMs, the two
propagation directions of the photons are correlated with
two nearly orthogonal polarization states. As a consequence,
counterpropagating photons are distinguishable by their
polarization and cannot interfere destructively, a situation
not encountered in Fabry-Perot or conventional ring reso-
nators. In particular, this effect prevents the formation of any
uncoupled mode. In addition, the resonator field is almost
perfectly circularly polarized in the plane of propagation
despite the linear polarization of the pump light.
We investigate the consequences of this effect for light-

matter coupling usingWGMbottlemicroresonators [36–38],
i.e., prolate-shaped cylindrically symmetric silica structures;
see Fig. 1(a). These resonators sustainWGMswith ultrahigh
quality factor (Q * 108) and small mode volume, compat-
ible with the requirements of cavity quantum electrodynam-
ics in the strong coupling regime [37,38]. Compared to other
types of ultrahigh-QWGMmicroresonators, such as micro-
spheres [39] and microtori [40], bottle microresonators
have the additional advantage of being fully tunable [38].
Moreover, their mode geometry straightforwardly enables
near-lossless simultaneous coupling of two independent
tapered fiber couplers [41].
In order to model the interaction of single atoms with

bottle microresonator modes (bottle modes), we employ
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the Jaynes-Cummings Hamiltonian, generalized to a multi-
level atom description and the full vectorial treatment of
the evanescent electric field of a pair of counterpropagating
bottle modes. As in all types of WGMmicroresonators, the
light fields are guided by total internal reflection and the
bottle modes can be classified according to the orientation
of the electric field polarization, which either lies predomi-
nantly in the plane perpendicular to the resonator axis
(TM) or predominantly points along this z axis (TE). TE
modes are almost exclusively transversally polarized, i.e.,
their electric field vector is, to a good approximation,
perpendicular to their wave vector at any position of the
mode. In qualitative contrast, the TM modes are nontrans-
versally polarized [42,43], meaning that the electric field
vector of the evanescent field has a nonvanishing compo-
nent along the wave vector; see Fig. 2(a). This longitudinal
component oscillates�90� out of phase with respect to the
transversal component. The þ (�) sign follows from
Fresnel equations for the left-handed (right-handed) propa-
gation sense of the mode with respect to the z axis, which
defines our quantization axis. Thus, for a given distance
from the resonator surface, the complex-valued amplitude
vector of TM modes is

E�
TM ¼ Etrans � iElong: (1)

Here, Etrans � jEtransjer (Elong ¼ jElongje’) is the trans-

versal (longitudinal) amplitude vector with the real-valued
radial (azimuthal) unit vector er (e’). The situation is

much simpler for the TE modes, which have approximately
the same amplitude vector for both rotation senses,
Eþ

TE � E�
TE � jE�

TEjez, where ez is the real-valued axial

unit vector.
The sign in Eq. (1) has a decisive consequence forWGM

resonators: For the sake of simplicity, let us first assume
that jEtransj ¼ jElongj. In this case, Eþ

TM and E�
TM describe

two modes with mutually orthogonal circular polariza-
tions. However, in contrast to what is usually encountered
for freely propagating light fields, the plane of polarization
is parallel to the local wave vector of the mode and the
electric field vector describes a cycloid along the circum-
ference of the resonator; see Fig. 2(b). Any superposition
of such a pair of counterpropagating modes corresponds to
a light field with azimuthally symmetric intensity and
ellipticity. In other words, it is not possible to form an
intensity-modulated standing wave in the resonator.
As a consequence, if an atom is coupled to any super-

position of degenerate counterpropagating TM modes, the
atom-light coupling strength is independent of the azimu-
thal position of the atom or, equivalently, of the relative
phase of the superposition. In particular, this rules out the
existence of an uncoupled standing wave mode with TM
polarization. This differs fundamentally from what is
encountered for standard paraxial Fabry-Perot and ring
resonators, where this intrinsic connection between polar-
ization and propagation direction does not occur.

FIG. 1 (color online). (a) Schematic view of our bottle micro-
resonator interfaced with a tapered fiber coupler. Probe light,
launched into the coupling fiber, is coupled into the resonator via
frustrated total internal reflection, and the remaining transmis-
sion is detected by a single photon counter. (b) Relevant atomic
levels and transition strengths for 85Rb. Because of the strong
overlap with �þ (��) polarization, TM modes drive�mF ¼ þ1
(�mF ¼ �1) transitions, pumping into the Zeeman sublevel
with maximum (minimum)mF, while the �-polarized TE modes
drive �mF ¼ 0 transitions.

FIG. 2 (color online). (a) Longitudinal and transversal electric
field components and their ratio as function of the distance to the
resonator surface, calculated for the TM modes of our bottle
microresonator. (b) In the case of TM modes, the spatial depen-
dence of the electric field vector along the resonator is well
described by a cycloid.

PRL 110, 213604 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
24 MAY 2013

213604-2



For WGMs with maximal angular momentum, the ratio
jElongj=jEtransj is largely independent of the geometry and

the diameter of the WGM resonator and almost exclusively
determined by the refractive index of the resonator material
(see Supplemental Material [44]). For WGM microresona-
tors made of silica, one obtains jElongj=jEtransj � 0:7

[see Fig. 2(a)]. Thus, jE�
TM � e�

��j2=jE�
TMj2 > 0:96, where

e�� ¼ ðer � ie’Þ=
ffiffiffi

2
p

, meaning that E�
TM modes almost

fully overlap with an ideally circularly (��) polarized
mode. For higher refractive indices, the overlap will be
even higher.

Besides preventing the formation of an uncoupled stand-
ing wave mode, the near perfect circular polarization of
E�

TM has an additional advantage: Consider the case where
the resonator is, e.g., coupled to a single 85Rb atom and
light is launched into the coupling fiber in the direction of
Eþ

in in order to resonantly excite mode Eþ
TM; see Fig. 2(b).

The atom then interacts with almost purely circularly
polarized (�þ) light, and transitions with �mF ¼ þ1 are
predominantly driven, where mF is the magnetic quantum
number of the atomic hyperfine states. This leads to optical
pumping and, when the Eþ

TM mode is close to resonance
with the atomic transition 5S1=2, F ¼ 3 ! 5P3=2, F

0 ¼ 4,

the atom is transferred to the outermost Zeeman sublevel
with F ¼ 3, mF ¼ 3 after a few scattering events; see
Fig. 1(b). From there, light in theEþ

TM mode can only excite
theF0 ¼ 4,mF0 ¼ 4 state, which can only decay back to the
F ¼ 3, mF ¼ 3 ground state. This situation occurs natu-
rally and is highly advantageous for two reasons: First, the
closed cycling transition maximizes the coupling strength
of the atom to the electromagnetic field. Second, the selec-
tion rules for dipole transitions prevent the atom from
emitting light into the orthogonally polarized, counterpro-
pagatingE�

TM mode. Despite the simultaneous existence of
two degenerate resonator modes, this effectively leads to
the ideal case of a two-level atom that only interacts with a
single traveling-wave mode. Thus, our theoretical model
predicts a spectrum of the coupled atom-resonator system
that exhibits the well-known vacuum Rabi splitting of the
resonance frequencies by�! ¼ 2g [see Fig. 3(a)], where g
is the atom-resonator coupling strength.

In the case of TE modes, both running waves have the
same linear polarization. Thus, the atom will interact with
both modes, and an uncoupled standing wave occurs. This
leads to qualitatively different physical behavior compared
to that of the TM case, which is apparent in the predicted
spectrum, which contains an additional central resonance
that is a signature of the uncoupled standing wave mode;
see Fig. 4(a). This spectrum essentially corresponds to the
predictions of the formerly employed theoretical model
that neglected the nontransversal polarization of the reso-
nator modes.

To verify that the above scenarios adequately describe
our experiment, we investigate the physical behavior of
TE and TM modes. Figure 1(a) shows a schematic of
our experimental setup with the bottle microresonator

interfaced with a submicron diameter coupling fiber
[45–47]. We tune the frequency of the bottle microresona-
tor to the atomic 5S1=2, F ¼ 3 ! 5P3=2, F

0 ¼ 4 transition

of 85Rb (transition wavelength � ¼ 780 nm) and critically
couple the coupling fiber to the resonator. At this set point,
the in- and out-coupling rate of light matches the intrinsic
loss rate of the empty resonator. We set the polarization of
the resonant light in the coupling fiber to match the

FIG. 3 (color online). (a) Calculated coupling fiber transmis-
sion for a TM mode coupled to a single atom with a fixed
coupling strength of g=2� ¼ 20 MHz and zero atom-resonator
detuning (red line; see Supplemental Material [44]). The trans-
mission for an empty resonator is shown by the gray line.
(b) Measured fiber transmission for our TM mode (blue circles:
experimental data; error bars indicate the 1� statistical error)
with a guiding field of Bz ¼ 4:5 G. The red solid line is a
theoretical fit yielding an average coupling strength of �g=2� ¼
17 MHz with a standard deviation of �g=2� ¼ 6 MHz. The

gray data show the transmission of the empty cavity with a
Lorentzian fit yielding a HWHM of �=2� ¼ 10 MHz. The
dashed line is the measured empty resonator transmission spec-
trum in the undercoupled regime. (c) Vacuum Rabi spectrum
measured under same conditions as those in (b) but with appli-
cation of the spectroscopy laser with a direction opposite to that
of the detection laser. To avoid optical pumping by the spec-
troscopy laser, the spectrum is only measured for the first 100 ns.
The theory curve is calculated using the same parameters �g and
�g as in (b). The insets show the direction of the detection

(orange) and the spectroscopy light (green) and a simplified
atomic level scheme indicating the driven transitions.
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polarization of the bottle mode. As a result, the light will be
entirely coupled into the bottle microresonator mode and
dissipated therein. The remaining transmission through the
coupling fiber is typically as low as 1%; see Figs. 3 and 4.
We then launch a cloud of laser-cooled 85Rb atoms towards
the resonator. If an atom enters the evanescent field of the
resonator mode, the vacuum Rabi splitting of the resonance
frequency of the strongly coupled atom-resonator system
results in a significant increase of the coupling fiber trans-
mission; see inset of Fig. 1(a). When such an event is
registered, a fast optical switch is used to turn off the
detection light in real time and to simultaneously apply a
spectroscopy field through the coupling fiber that can be set
to any relevant detuning �rs ¼ !r �!s, where !r=2�
and !s=2� are the frequencies of the resonator mode
and spectroscopy field, respectively. See Supplemental
Material [44] for further details.

Figures 3(b) and 4(b) show transmission spectra
obtained for the case of probing a TM- and TE-polarized
mode, Eþ

TM and Eþ
TE, respectively. A guiding magnetic

field Bz ¼ 4:5 G along the z axis lifts the degeneracy of
the Zeeman sublevels. The bottle resonator is set to reso-
nance with the dominant atomic transition (F ¼ 3,
mF ¼ 3 ! F0 ¼ 4, m0

F ¼ 4 for TM and F ¼ 3,

mF¼0!F0 ¼4, m0
F¼0 for TE). Compared to the case

of an atom-resonator system with a well-defined coupling
constant g [Figs. 3(a) and 4(a)], in our experiment the
coupling strength of the atoms varies, both during the transit
and from shot to shot. We account for this by fitting an
averaged spectrum to the transmission data, where the only
free fit parameters are the mean value of the coupling
strength �g and its standard deviation �g. Perfect agreement

is found between the experimental data and the theoretically
predicted spectra. As expected, for the Eþ

TM mode, the

spectrum clearly features two transmission dips whereas
the spectrum for theEþ

TE mode is dominated by a central dip.
We now launch the detection light along Eþ

in and the

spectroscopy light along the opposite directionE�
in . For the

TE-polarized mode, we expect the same transmission spec-
trum as before. However, the situation is different for the
TM modes, where we populate the Eþ

TM mode during

detection and the atom is pumped into the mF ¼ 3 state.
The spectroscopy is then carried out on the E�

TM mode,

which initially drives the F ¼ 3,mF ¼ 3 ! F0 ¼ 4,m0
F ¼

2 transition; see Fig. 1(b). This transition is strongly sup-
pressed by two effects. First, its strength is more than 1
order of magnitude smaller than that for the closed cycling
transition, and second, the strong interaction of the atom
with the empty Eþ

TM mode on the F ¼ 3, mF ¼ 1 ! F0 ¼
4,m0

F ¼ 2 transition leads to a vacuum Rabi splitting of the
excited state. As a result, the transmission spectrum
recorded with detection and spectroscopy light launched
from opposite sides should initially closely resemble that
of an empty resonator. Figures 3(c) and 4(c) show the
transmission spectra of the TM and TE mode recorded
for this case. The interaction time of the spectroscopy field
with the coupled atom-resonator system was limited to the
first 100 ns after the initial relaxation of the resonator field.
We experimentally verified that this time interval is short
enough to prevent optical depumping of the initial atomic
state. The transmission spectrum predicted by our model in
Figs. 3(c) and 4(c) [solid lines with the same values of �g
and �g as in Figs. 3(b) and 4(b)] shows excellent agree-

ment between experiment and theory.
Summarizing, we experimentally and theoretically dem-

onstrated that the longitudinal component of the electric
field in whispering-gallery modes intrinsically correlates
the polarization of counterpropagating photons in the reso-
nator with their propagation direction. Beyond whispering-
gallery-mode resonators, this effect inevitably occurs in all
physical systems and situations that involve longitudinal
polarization components. In particular, this includes opti-
cal waveguides, nanophotonic structures, and even focused
beams that propagate in free space. The polarization-
propagation correlation inhibits full destructive interfer-
ence between counterpropagating photons and can thus
qualitatively alter the resulting light field with respect to
what is expected when treating light as fully transversal
wave. In the case of WGM resonators, this phenomenon
leads to a highly advantageous situation that allows one to

FIG. 4 (color online). (a–c) Same as Fig. 3 but for a
TE-polarized mode. The fit in (b) yields an average coupling
strength of �g=2� ¼ 17 MHz with a standard deviation of
�g=2� ¼ 9 MHz.
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overcome the limitations of traditional ring resonators for
coupling light and matter. In particular, it enables the
control of the interaction between the atom and the two
counterpropagating modes in the resonator. In combination
with the demonstrated low optical losses of whispering-
gallery-mode microresonators, this constitutes ideal con-
ditions for the realization of photonic quantum devices in
optical fiber-based networks.
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