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field of the form M(y)P‘(y) can be obtained by
introducing a slowly varying modulation in, say,
the width or the properties of the material of
which an element is made. Similarly, in the case
of azimuthal symmetry, a Bessel beam can be
used together with a set of concentric rings of
properly modulated width placed at radii satis-
fying J1(q0r) = 0. The technology for manu-
facturing plates of this kind for microwave
applications has been available for quite some
time, whereas nanofabrication methods involv-
ing, for example, electron and focused ion beam
lithography, can be used for the infrared and
optical range. An important consideration in the
design of a near-field plate is to avoid as much
as possible the presence of terms giving a back-
ground that could overwhelm the sharp features
of the field. An example of background-free
focusing is shown in Fig. 2. These results are for
the diffraction of a plane wave by a set of rib-
bons of very narrow width << ‘ and parameters
such that the total current density is j = ( jx,0,0)
where

jxºdðzÞ∑
∞

s¼ −∞

ð−1Þsdðy − s‘Þ
ð1þ s2‘2=L2Þ ð7Þ

(the incident electric field is parallel to the
cylindrical axis). Such an array of currents, with
the sign varying from one element to the next,
can be realized at infrared and optical frequen-
cies by alternating material with positive and
negative permittivity and, in the microwave re-

gime, by using a set of interchanging capacitive
and inductive elements. Figure 2B shows a con-
tour plot of the y component of the diffracted
magnetic field (logarithmic scale). These results
are similar to those reported for negative-index
slabs (14, 25), thereby revealing the close rela-
tionship between the two phenomena (26).
Finally, to help ascertain the origin of radiation-
less interference, we show in Fig. 2C a linear
plot of the field intensity, normalized to its largest
value at a given z. Reflecting a property of the
zeros of Hy, the figure clearly shows behavior
reminiscent of beam coupling in that the dif-
fraction of the beam produced by a particular
current source is prevented by the presence of
its neighbors. It is only after the intensity of its
neighbors has decreased a sufficient amount that
the central beam is allowed to spread, and the
point at which this happens determines the focal
length.
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Coherent Optical Spectroscopy of a
Strongly Driven Quantum Dot
Xiaodong Xu,1 Bo Sun,1 Paul R. Berman,1 Duncan G. Steel,1* Allan S. Bracker,2
Dan Gammon,2 L. J. Sham3

Quantum dots are typically formed from large groupings of atoms and thus may be expected to
have appreciable many-body behavior under intense optical excitation. Nonetheless, they are
known to exhibit discrete energy levels due to quantum confinement effects. We show that, like
single-atom or single-molecule two- and three-level quantum systems, single semiconductor
quantum dots can also exhibit interference phenomena when driven simultaneously by two optical
fields. Probe absorption spectra are obtained that exhibit Autler-Townes splitting when the
optical fields drive coupled transitions and complex Mollow-related structure, including gain
without population inversion, when they drive the same transition. Our results open the way for
the demonstration of numerous quantum level–based applications, such as quantum dot lasers,
optical modulators, and quantum logic devices.

The quantum optoelectronic properties of
semiconductor quantum dots (QDs) have
featured prominently in numerous pro-

posals, including quantum computing, single-
photon sources, and quantum repeaters (1–3).
QDs are particularly attractive for these applica-
tions because they behave in many ways as
simple stationary atomic or molecular systems
(4) with discrete states where the electron-hole
pair can be treated as a well-defined composite-
particle state (5).

Whereas strong optical excitation of a semi-
conductor creates a many-body problem because

of the extended nature of the wave function (6),
confinement of thewave function inQDs leads to
strong energy-level shifts between one exciton
and two or more exciton states, enabling the
system to be considered as a relatively simple
few-level problem. The strong-field excitation
regime of the transition from the ground state to
an excited state such as the exciton, a Coulomb
bound electron-hole pair, is then defined by
WR >> 2g where the Rabi frequency WR ¼ mE

ℏ ,
g
p

is a transition linewidth (full width at half-
maximum, in Hz), m is the transition dipole
moment, and E is the amplitude of the optical
electric field. For time scales less than g−1, strong
excitation leads to Rabi oscillations (7–10) in
time. The effect of vacuumRabi splitting (11) has
also been observed in a single QD embedded in a
nanocavity (12–14).

Under strong continuous wave (CW) narrow-
band resonant optical excitation of a simple
atomic system, the fluorescence emission spec-
trum, which is a narrow emission line at low
power (the emission width is the laser band-
width), consists of three peaks referred to as the
Mollow triplet (15). A simple picture of the ori-
gin of this emission pattern is understood from a
dressed-atom picture (16). Figure 1B shows the
dressed-state picture with fully quantized atom-
field states, when the driving-field frequency w is
equal to the electronic frequency w0. In this limit,
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the “bare” states j3;N−1〉 and j2;N 〉 are degen-
erate, where N labels the photon number of the
driving field. The atom-field interaction lifts
this degeneracy and produces “dressed” states
jaðN−1Þ〉 and jbðN−1Þ〉 having energy separa-
tion ℏWR as shown. The dressed states are linear
combinations of the bare states. The dashed lines
in the figure indicate a triplet of possible emission
frequencies, occurring at w and w ± WR.

In absorption, the spectrum can be more
complex. For the three-level V system (Fig. 1A),
where the strong field couples levels 2 and 3,
theory predicts that the probe absorption from
level 2 to level 1 is strongly modified from the
usual simple Lorentzian seen in the absence of
strong-field excitation. The probe absorption
splits into two resonances, known as the Autler-
Townes (AT) splitting (17). When the probe
absorption on the strongly driven transition
(between levels 2 and 3) is measured, the spec-
trum is much richer. New physics beyond that
seen in the Mollow fluorescence triplet is ob-
served (18–22) and arises from the coherent
coupling between the two optical fields. When
the Rabi frequency of the strong pump field is
sufficiently large, the absorption spectrum shows
gain without population inversion.

We present experimental results of the AT
splitting and complex Mollow absorption spec-
trum (MAS) using a single semiconductor QD.
We coherently control the probe absorption with
a strong optical field, thus demonstrating that the
single QD coupled with the strong pump can
function as a modulator of the probe absorption
(23). In addition, the spectrum as a function of the
probe frequency shows Rabi splitting and gain
without population inversion. The results are in
good agreement with the standard theory based
on the optical Bloch equations. Our work dem-
onstrates that on long time scales, the discrete
energy-level spectrum of the dot is maintained
even at the high field strengths needed for quan-
tum logic operations (e.g., qubit rotations) and
single-photon devices, and that the system be-
haves in a manner similar to that of a trapped
atom. The results suggest that it should be pos-
sible to demonstrate numerous quantum level–
based applications, such as dressed-state lasers
(24), QD optical modulators (23), and quantum
logic devices (4).

The system of interest is a single, neutral InAs
self-assembled QD embedded in a Schottky
diode structure at 5K (25). The typical single-
beam, linear absorption spectrum of a single QD

(Fig. 1C), taken with a CW laser with a 300-KHz
linewidth, shows that the neutral exciton has two
linearly polarized quantum transitions with or-
thogonal polarizations. The fine-structure split-
ting of the exciton states, due to the QD in-plane
anisotropy (26), is about 15 meV. In the cor-
responding energy-level diagram of the states
(Fig. 1A), states |1〉 and |3〉 represent the exciton
states, state |2〉 is the crystal ground state, and the
two linearly polarized transitions are labeled V
and H.

To analytically describe our experiments, we
follow the approach used in (17, 19), describing
the system with the optical Bloch equations
iℏdr

dt
¼ ½H ; r� þ Decay (27, 28), where r and H

are the density matrix and Hamiltonian of the
light-coupled QD system, respectively. The
Hamiltonian is given by H ¼ H0 −

→m ⋅
→

E where
→

E ¼ →

E0 þ →

E1.
→

E0 is the strong pump field and
→

E1 is the weak probe field. For calculations of the
absorption spectrum, we can use the semi-
classical approach where the fields are taken to
be classical. H0 is the diagonalized Hamiltonian
for the QD structure (Fig. 1A). The results of
calculations in the limits appropriate to this work
are provided in the Supporting Online Material
(25). The theory is fit to experimental data with

Fig. 1. (A) The energy-level
diagram of a single neutral
QD. The absorption of the
weak probe beam by scan-
ning either transition V or H
is modified by the strong
pump beam, which is near
resonant with transition H.
(B) The dressed-state picture
of the system shown in (A).
The transitions between states
|a,N〉 (|b,N〉) and |1,N+1〉,
outside the energy range of the diagram, are not shown. If a weak beam
probes transition 2-1 as shown by the green arrows, the absorption spectrum
consists of a doublet. Ignoring the state |1〉, the emission spectrum of transition
3-2 consists of three peaks (Mollow triplet): a peak centered at the electronic

transition w, and two Rabi side bands located at w ±WR (shown by the dashed
lines). (C) Single-beam, linear absorption profile of a single exciton state. The
horizontally (or vertically) polarized light only excites the corresponding linearly
polarized exciton transition.
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Fig. 2. Autler-Townes
splitting by means of a
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drives transition H, and a
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transition V. (A) Probe ab-
sorption spectra as a func-
tion of the pump intensity
when the pump is on reso-
nance. I0 equals 1.2 W/cm

2.
The solid lines are theoret-
ical fits to the data. The
inset shows the AT splitting
(Rabi splitting) as a function
of the square root of the
pump intensity. A linear fit
(solid line) matches the data
very well. (B) The probe
absorption spectra as a
function of the pump frequency detuning with fixed pump intensity. The lines are the theoretical fits to the data.
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only the linewidth and amplitude as free
parameters. The dipole moment is extracted from
the linear dependence of the splitting on the field
strength.

To experimentally demonstrate the AT effect
(17), we use two frequency-locked but indepen-
dently tunable CW lasers with a mutual coher-
ence bandwidth of a few MHz (25). We set a
horizontally polarized pump beam resonant with
the H transition. A weak, vertically polarized
probe beam then scans across transition V. The
probe absorption spectra for different pump laser
intensities are plotted in Fig. 2A with increasing
pump intensity. The data are shifted vertically for
clarity. In agreement with theory (solid lines)
(25), the probe absorption splits into a doublet
where each peak has equal strength. There is a
small energy shift of the response relative to the
low-intensity excitation that is probably due to a
small screening of the applied field by photo-
excited charge in the diode. The shift saturates at
a power between the lowest-intensity curve and
the next higher-power spectrum. The pump laser
is adjusted to follow the shift of the resonance.

The frequency separation between the ab-
sorption peaks shows a strong dependence on the
pump intensity. We plot the measured splitting as
a function of the square root of the pump
intensity in the inset of Fig. 2A. The splitting
clearly depends linearly on the pump field
strength and goes to zero in the absence of the
pump, as expected for the dependence of the AT
splitting on the Rabi frequency.

Figure 2B shows the probe absorption as a
function of the pump detuning with a fixed pump
intensity of 30I0 (the corresponding photon
number per unit volume is ~1.4 × 1010/cm3),
where I0 = 1.2 W/cm2, corresponding to a Rabi
frequency of ~ WR

2p ¼ 1:1 GHz. Again, the data
are shifted for clarity, and the solid lines are the
fit of the data to the theory (25) and show good
agreement.

In the MAS, where the pump and probe
beams coherently couple to the same transition
and the pump field is tuned to resonance, we
observe a relatively weak maximum centered at
zero probe detuning and two Rabi side bands
with dispersive line shapes. The pump power
dependence of the probe absorption spectra is
shown in Fig. 3A. The single-beam absorption
data are plotted at the bottom. The spectral shift
of the data with the high-power optical field is
due to the excitation of the charge states in the
buffer layer. The complex line shape of the MAS
depends strongly on the pump intensity. The
splitting between the two side bands is plotted as
a function of the square root of the pump inten-
sity in Fig. 3B, again showing that the splitting
linearly depends on the pump field strength and
is zero in the absence of the pump field.

The data confirm that the probe beam
experiences optical gain in the pump-probe
configuration for strong excitation. The MAS
data in Fig. 3A show that part of the probe
absorption curve is below zero, which is the
“gain” effect. Using the data corresponding to

15I0 as an example, the absorption/gain ratio is
about 0.066%/0.0024% = 27.5. This gain is from
the pump and probe beams coherently exchang-
ing energy through the QD and corresponds to
gain without inversion because there is no pop-
ulation inversion either in the dressed- or bare-
atom pictures.

The AT splitting can provide a method to
measure the dipole moment, as the Rabi
frequency is a product of the transition dipole
moment with the optical field. From the ex-
tracted Rabi splitting with the corresponding
optical field strength, we can infer a transition
dipole moment of about 30 D for this particular
QD. The Einstein A coefficient (spontaneous
emission rate) of a QD in a medium is given

as gsp ¼ 9n5

ð2n2 þ n2QDÞ2
×

w 3
0 m

2

3pe0ℏc3
¼ 9n5

ð2n2þ n2QDÞ2
gspo,

where n (nQD) is the refractive index of the medi-
um (QD) and gspo is the spontaneous emission
rate of a two-level quantum system in the vacu-
um (29). By taking n = nQD = 3.44 and inserting
the experimental parameters and the extracted
dipole moment into the equation, we obtain
gsp
2p ¼ 190 MHz, which corresponds to a life time
of about 840 ps. Assuming there is no other
decay and no pure dephasing, this would lead to a
natural linewidth expected in the low-power ab-
sorption spectrum also equal to g3

2p ¼ 190 MHz,
where gj is the decay rate of level j in Fig. 1A.
Compared to the extracted linewidth from the
single-beam, low-power absorption data, which
is about 500 MHz, gsp is smaller by a factor of
about 2.5. This discrepancy indicates that there is
possibly a spectral wandering process that
broadens the transition linewidth (30). This
interpretation agrees with our previous study on
a single charged QD, which also suggested the
absence of pure dephasing.

We can also extract the exciton decay and
dephasing rates from the AT splitting and MAS
data. The solid lines in Fig. 2A are the theoretical
fit of the AT splitting data assuming that g3 =
g1 and G13 = 0, where gij = (gi + gj)/2 + Gij, gij is
the total dephasing rate, andGij is the contribution
to the dephasing rate of the ij transition from
sources other than spontaneous emission. From
the fits, we find g23

2p and
g3
2p of ð176 ± 16ÞMHz and

(357 ± 16) MHz, respectively. The theory fits the
data very well and indicates that under these
experimental conditions, the single QD behaves
like a single atomic system. We also fit the MAS
data to theory (25) (solid lines in Fig. 3A). The
fitting yields g23

2p and g3
2p of (230 ± 12) MHz and

(315 ± 45) MHz, respectively. The value of g23
2p

is within 10% of that extracted from the low-
pump field profile. The physical parameters from
the MAS and AT splitting data show that the
decay rate is almost twice the dephasing rate,
indicating no appreciable pure dephasing. We
speculate that the reason for the discrepancy
between the Einstein A coefficient determined
from the dipole moment (above) and the fitting
parameters is again due to spectral wandering,
which leads to a fit of the theory that over-
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estimates the population relaxation rate. How-
ever, this remains under investigation.

The ATsplitting and gain without inversion in
the Mollow absorption spectrum imply that the
absorption and gain inside a single QD are
tunable. In the AT configuration, the absorption
of the probe beam can be switched on and off by
applying a strong optical field. In contrast, in the
MAS experiment, the absorption of the frequen-
cy fixed probe beam can be tuned to be positive
or negative (gain) by adjusting the pump field
strength. Our results are the first step toward the
realization of electromagnetically induced trans-
parency and lasing without inversion in the spin-
based lambda system and suggest that QDs offer
the potential to be used as elements in opto-
electronics and quantum logic devices (4, 27).

Note added in proof: Since the submission
of this paper, two papers have appeared on
http://arxiv.org that report studies of the res-
onant excitation of quantum dots in the strong
excitation regime. The first (31) reports a mea-
surement of the fluorescence correlation func-
tion that Mollow first calculated, and the second
(32) reports Rabi oscillations.
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Deep Ultraviolet Light–Emitting
Hexagonal Boron Nitride Synthesized
at Atmospheric Pressure
Yoichi Kubota,* Kenji Watanabe, Osamu Tsuda, Takashi Taniguchi

Materials emitting light in the deep ultraviolet region around 200 nanometers are essential in a wide-
range of applications, such as information storage technology, environmental protection, and medical
treatment. Hexagonal boron nitride (hBN), which was recently found to be a promising deep ultraviolet
light emitter, has traditionally been synthesized under high pressure and at high temperature. We
successfully synthesized high-purity hBN crystals at atmospheric pressure by using a nickel-
molybdenum solvent. The obtained hBN crystals emitted intense 215-nanometer luminescence at room
temperature. This study demonstrates an easier way to grow high-quality hBN crystals, through their
liquid-phase deposition on a substrate at atmospheric pressure.

Hexagonal boron nitride (hBN) and cubic
boron nitride (cBN) are known as the
representative crystal structures of BN.

hBN is chemically and thermally stable and has
been widely used as an electrical insulator and
heat-resistant material for several decades; cBN,
which is a high-density phase, is almost as hard
as diamond (1).

Promising semiconductor characteristics
due to a direct band gap of 5.97 eV were
recently discovered in high-purity hBN crystals
obtained by a high-pressure flux method,

paving the way for a material that efficiently
emits deep ultraviolet (DUV) light (2, 3).
Similar to aluminum nitride (AlN) (4) and
gallium nitride (GaN) (5), hBN may have
attractive potential as a wide–band gapmaterial.
The layered structure of hBN makes the ma-
terial mechanically weak, but it has greater
chemical and thermal stability than GaN and
AlN. The interesting optical properties of hBN,
such as its huge exciton-binding energy (2), are
due to its anisotropic structure, whereas a single
crystal’s basal plane in hBN is not easily broken
because of its strong in-plane bonds. Thus far,
the excitation of hBN by an accelerated electron
beam or by far-UV light above the band-gap
energy shows various efficient luminescence
bands near the band edge.

However, the electronic properties of hBN
near the band gap, which is fundamental infor-
mation for developing DUV light–emission ap-
plications, are not yet fully understood, as seen
by the fact that the origins of the luminescence
bands are still controversial (2, 6, 7). Two op-
posed models, a Wannier exciton model and a
Frenkel exciton model, have been proposed. The
former model is based on results of the intrinsic
absorption spectra near the band edge from pure
single crystals (2), and the latter model is based
on theoretical calculations and a luminescence
study that used powder samples (7) showing very
intense impurity bands around 4.0 eV (8).
According to work examining the correlation
between impurities and defects and luminescence
properties (8, 9), the intrinsic optical properties of
samples are hindered by the extrinsic ones if
experimenters do not have careful control of the
samples’ crystallinity and polymorphic purity. In
(7), the strong 5.46-eV luminescence band, which
is attributed to stacking faults (9), dominated in
the region of the band gap, and the most intense
photoluminescence band at 215 nm, observed in
a pure single crystal, was not observed from the
powder sample. Pure samples with high crystal-
linity must be indispensable for developing this
newmaterial for DUV light–emitting applications.
Because high-quality hBN crystals have so far
been produced only by high-pressure processes,
it is important to discover an alternative synthesis
scheme for conventional crystal growth at atmo-
spheric pressure.

DUV-luminous single-crystalline hBN has
been created through the reduction of O and C
impurities with the use of a reactive solvent of
the Ba-BN system under high pressure (2, 3, 8).
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