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Near-Field Coherent
Spectroscopy and Microscopy of
a Quantum Dot System

J. R. Guest,’ T. H. Stievater,” Gang Chen," E. A. Tabak,’
B. G. Orr,? D. G. Steel,’* D. Gammon,? D. S. Katzer?

We combined coherent nonlinear optical spectroscopy with nano—electron volt
energy resolution and low-temperature near-field microscopy with subwave-
length resolution (<A/2) to provide direct and local access to the excitonic
dipole in a semiconductor nanostructure quantum system. Our technique al-
lows the ability to address, excite, and probe single eigenstates of solid-state
quantum systems with spectral and spatial selectivity while simultaneously
providing a measurement of all the various time scales of the excitation
including state relaxation and decoherence rates. In analogy to scanning tun-
neling microscopy measurements, we can now map the optical local density of
states of a disordered nanostructure: These measurements lay the groundwork
for studying and exploiting spatial and temporal coherence in the nanoscopic

regime of solid-state systems.

The study of fundamental physics and the de-
velopment of nanotechnologies continue to
drive nanostructures to smaller length scales,
resulting in advances in material preparation
techniques and the outgrowth of diagnostic and
control capabilities. Optical interactions with
many of these systems are of critical impor-
tance because optical spectroscopy has evolved
extensively in recent years to provide insight
into their electronic structure and dynamics.
Moreover, in many cases, coherent optical con-
trol and optical manipulation play a fundamen-
tal role in the functioning of some proposed
devices.

To explore and address these systems on
nanometer-length scales, traditional far-field
optical techniques fall short because they are
limited to resolution on a length scale of \/2
under the best conditions. By sacrificing the
ability to image, samples with apertures (/) or
with etched mesa structures (2) have reduced
the number of nanostructures in the field of
view to a small number. By probing these sam-
ples with conventional optical spectroscopies,
the ensemble averaging that occurs in typical
far-field measurements is eliminated because
each nanostructure, characterized by a seeming-
ly random but unique energy level structure, is
now spectrally resolved. The pioneering work
of near-field scanning optical microscopy (3)
has demonstrated the feasibility of obtaining
images of electronic structures far beyond the
classical limit by probing a system through a
small aperture at the end of a scanning probe.
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Anticipation of rapid growth in this field has led
to the proposal of quantum mechanical devices
that require direct access to eigenstates with
spectral and spatial selectivity (4). The current
embodiment of these methodologies, however,
either relies on the indirect optical probe of
photoluminescence (PL), which requires spec-

‘tral and often spatial diffusion for detection, or

sacrifices spatial information by probing the
system through fixed apertures.

We present a technique that combines the
direct optical probe and spectral selectivity of
coherent nonlinear optical spectroscopy with
the spatial selectivity of near-field microscopy
at low temperature, allowing us the ability to
excite and probe the same quantum transition in
an extended structure with subwavelength res-
olution. This capability provides a means to
map the optical dipole in space and energy with
high resolution, revealing the optical local den-
sity of states (LDOS) of the system in analogy
to previous scanning tunneling microscopy
(STM) work (5) that mapped out the electronic
LDOS. In addition to affording neV energy
resolution, this methodology also provides dy-
namical information on the time evolution of
the eigenstate. The work builds on previous
low-temperature transient nonlinear measure-
ments at high spatial resolution (6, 7) and opens
the door-to comparison with theoretical work
on the local optical properties of nanoscopic
semiconductor systems (8—11).

In this integrated approach (Fig. 1A), the
near-field microscope was operated at 4 K to
reduce phonon-induced broadening and per-
form high-resolution spectroscopy on these ex-
citon systems. The near-field probe, etched and
coated with 100 nm of aluminum, was brought
into the vicinity of the sample (<10 nm) and
maintained there by feeding back on a shear
force signal obtained through a phase-sensitive

piezo-microphone technique (/2). The opti-
cal fields were delivered to the sample col-
linearly polarized and at similar amplitudes.
The transmitted fields were detected by a
built-in photodiode or collected by optics and
delivered to a room-temperature avalanche
photodiode (APD). The signal of interest was
recovered through phase-sensitive detection
at the modulation difference frequency (20
kHz) of the optical beams provided by two
frequency-locked continuous-wave (CW)
tunable lasers (linewidths ~ neV) (13, 14).
Two interferometers were used to verify the
calibration and orthogonality of spatial axes
at 4 K.

The nanostructure investigated in this work
was grown by molecular beam epitaxy and
consists of a 62 A layer of GaAs sandwiched
between two 250 A layers of Al, ,Ga, ,As. The
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Fig. 1. (A) Schematic of the experimental setup.
Two frequency-stabilized lasers are acousto-
optically modulated (AOM) at (slightly differ-
ent) high frequencies (~100 MHz) and coupled
into the same near-field probe, which is main-
tained near the sample surface at 4 K. The
transmitted fields are recollected and transmit-
ted through an optical fiber to an APD. (B)
Far-field ensemble studies. Absorption, PL, de-
generate nonlinear, and spectral hole-burning
spectra are shown. The energies of the pump
fields for the spectral hole-burning studies are
indicated by the arrows.
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growth of the structure was interrupted for 2
min at the interfaces in order to increase the
length scale of the disorder and lead to the
formation of interface quantum dots (1, I5).
The sample was mounted on a sapphire disk (¢
axis normal) with the “lift-off™ technique (/6)
to remove the substrate for transmission and
preserve scanning probe access to the quantum
wells. The disordered layer was buried 130 nm
in the sample to prevent surface broadening of
the spectral lines; however, this led to a spatial
resolution that was degraded relative to that
available within a few tens of nm of the probe.
This was partially compensated by the nonlin-
earity of our signal mechanism, which en-
hanced the achievable spatial resolution (/7).
We first show far-field ensemble measure-
ments based on both luminescence/absorption
and coherent nonlinear optical spectroscopy
(Fig. 1B). The luminescence curve (light blue)
shows high- and low-energy peaks that are due
to excitons localized in the 22- and 23-mono-
layer-wide regions of the quantum well, respec-
tively; this bimodal distribution of confinement
energies arises directly from the growth inter-
ruptions (/). The linear absorption (orange) su-
perimposed on the luminescence from the sin-
gle layer reveals the usual Stokes shift associ-
ated with highly disordered systems. As expect-
ed, the degenerate (2, = 2,) nonlinear
response (green) largely coincides with the ab-
sorption. Furthermore, the absence of zero
crossings in the degenerate nonlinear line shape
demonstrates that the nonlinear optical response
is dominated by saturation with no detectable
contributions from other many-body effects as
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Fig. 2. Three-dimensional CW nonlinear response of the excitonic dipole
in a data set spanning 2 wm by 2 um by 7.44 meV. The vertical axis is
energy, the horizontal axis is x, and each two-dimensional slice of data is
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seen in higher dimensional systems. Superim-
posed on this curve is the nondegenerate
Q, # Q,) nonlinear response (red and
blue) for two different pump-field wave-
lengths (shown by the arrows). These sys-
tems show spectral hole-burning by the
pump field (/8) and, in contrast to higher
dimensional systems (/9, 20), an absence
of spectral diffusion. The linewidth can
therefore be characterized by ~4#%<y, where
# is Planck’s constant divided by 2w and y
is the dephasing rate; in Fig. 1B, &y = 17
pneV (in the language of nuclear magnetic
resonance, T, = 1/y = 39 ps).

The direct, coherent, and local nature of
the nonlinear measurement through the mi-
croscope can be understood by examining the
spatially dependent third-order polarization
induced by the two independent optical
fields. As the spatial resolution in our exper-
iment does not approach the excitonic Bohr
radius in GaAs (~10 nm), a local description
of the optically induced polarization is suffi-
cient (21). Our measurements are sensitive to
Pﬁl),(",ﬂl»ﬂz) « XO) (r»Q’s:QZ - QI + Ql)

El (",Ql) E; (r9Ql) EZ (r,QZ) (l)
where x® is the resonant nonlinear suscep-
tibility, » is the spatial position in the plane of
the thin film, and (), is the optical frequency
of the field i. The optical field generated by
the imaginary part of this polarization at the
frequency Qg = (), is homodyne detected
with the transmitted probe beam E,. The
signal S, E;Im{P,,®} is then a function
of energy and position. The optical field in
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the plane of the thin film can be written as
E(rQ) = E(Q)&r ~ R), where & is the
spatial profile and R is the near-field probe
position. Integrating the response over space
convolves the spatial dependence of the exci-
tonic dipole with this optical field profile, re-
sulting in a measured response S, (R,Q,,(1,).
This is a complete formulation of the response
in our regime (2/), showing that x> can be
used as a direct local probe of the distributed
optical dipole in our system.

In a mapping (Fig. 2) of our disordered
system with the fully degenerate (2, = ), =
Q) nonlinear optical response [S,,(RQ) =
Sy (RO Q)] of the optically active states in a
2-um by 2-um by 7.44-meV region, the data
display discrete excitonic resonances that have
been isolated from the inhomogeneous re-
sponse shown in the far-field ensemble mea-
surement (Fig. 1B). The measurements show
that the excitonic resonances are localized in
space. The nonlinear data, although visually
appearing similar to the PL data in (3), are
substantially different as evidenced by detailed
analysis. In the wings of the inhomogeneous
distribution, the predominantly positive signal
is indicative of a saturation-dominated re-
sponse, showing that these localized states dis-
play an atom-like character that is profoundly
different from that in higher dimensional sys-
tems. However, near 1586 meV, the response
of specific resonances includes a negative com-
ponent (i.e., induced absorption) and is associ-
ated with line shifts and broadening, suggesting
that the excitonic response in the region is far
less localized and exhibits features associated
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taken at a different y value. Positive signal, or saturation, is indicated by
red to white. Negative signal is indicated by blue. Signatures of satura-
tion, shifting, broadening, and induced absorption are annotated.
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with many-body interactions. That these fea-
tures can be seen at the same energy suggests
the coexistence of strongly and weakly local-
ized states at different spatial locations as pre-
dicted by Zimmerman and co-workers (22) and
inferred from a decay-associated spectral anal-
ysis of far-field photon echo data in our labo-
ratory (23). Even more distinct from the PL
data in (3) is the appearance of isolated fully
negative signals showing resonances character-
ized (in the nonlinear optical response) by in-
duced absorption, indicating the observation of
the biexciton (18, 24).

This spectral and spatial mapping of the
optically active eigenstates of the system is a
nonlinear mapping of the optical LDOS. In
addition to providing a valuable diagnostic for
this nanostructure system, this mapping also
provides the critical experimental connection to
the quantum mechanical description of the sys-
tem. A similar connection has previously been
made in a very different experimental regime;
through STM methodologies, Crommie et al.
were able to map the LDOS of surface elec-
tronic states on copper (5). Although these tun-
neling measurements offer unparalleled spatial
resolution, they are limited by poor spectral
resolution, are restricted to the study of short-
lived surface states, and are intrinsically in-
coherent. In contrast, the direct optical spec-
tral and spatial mapping of the excitonic di-
pole through CW nonlinear near-field spec-
troscopy and microscopy sacrifices the
spatial resolution available to STM in ex-
change for unmatched spectral resolution
(<10 neV), access to stable buried individual
nanostructures, the ability to induce and de-
tect electronic coherences, and a window on
the energy relaxation and dephasing dynam-
ics of the excitation. Statistical analysis of the
optical LDOS has the potential to reveal the
underlying framework for this quantum sys-
tem; evidence for energy-level repulsion (25,
26), for example, has already been revealed
in our system (27). In addition, by studying
optically accessible excitons in semiconduc-
tor nanostructures, we are exploring systems
of considerable general interest and laying
the foundation for addressing, preparing, and
controlling these systems coherently.

The nonlinear mapping of the optical
LDOS characterizes many isolated eigen-
states and is separable in energy and space:

S (RO = X LA @mE) @)

where, for a localized excitonic eigenstate
In), ¢, is a constant, £, () is the line shape of
the nonlinear response, and #,(R) is a nonlin-
ear function of the optical-field distribution
and the excitonic wave function (27). The
concept of the optical LDOS is exemplified
in Fig. 3A, where a three-dimensional data
set spanning 2 pm by 2 pm but only 100 peV
in energy is represented by a series of images
taken at different energies. For these isolated
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homogeneously broadened resonances, the
spectral line shapes take the form of a Lorent-
zian squared where the Lorentzian linewidth
(full width at half-maximum) is 2%vy,. As
seen in Fig. 3B, the data are well fit by this
form and reveal an #+y, that ranges from 17 to
29 peV (T, = 1/y, = 23 to 30 ps) in strong
agreement with the far-field values obtained
from hole-burning (Fig. 1B) and with those
obtained from studies through apertures (/3).
Unlike PL spectra, which frequently have
instrument-limited linewidths for these sys-
tems, the high resolution of the frequency-
stabilized lasers provides an unambiguous
result.

Although the spatial mapping 4,(R) of the
resonances in Fig. 3A largely reflects the
instrument response of the near-field probe,
we observed indications of structure beyond
our spatial resolution. A lower energy eigen-
state (1583.120 meV), which is well repre-
sented by a single Lorentzian squared (28), is
imaged in Fig. 3C. Interferometrically cali-
brated line scans along the crystal axes as
compared with the instrument reponse (Fig.
3D) show unambiguously that this resonance
is elongated along the [110] axis by ~200
nm. This length scale and direction of elon-
gation coincide with the previously reported
properties of the (larger) monolayer islands
that form the quantum dots (/). Taken togeth-
er with the direct nature of the nonlinear
measurement (i.e., no spatial diffusion), these
factors suggest that we are observing indica-
tions of the center-of-mass wave function
through our nonlinear near-field technique.

The various time scales associated with the
decoherence and energy relaxation of the opti-
cally induced quantum coherence can be ex-
tracted by using the full power of coherent
nonlinear spectroscopy. The nonlinear optical
response of quantum dot excitons is composed
of an incoherent and a coherent contribution.
The incoherent contribution is due to simple
phase-insensitive saturation of the optical reso-
nance by one optical field that is then probed by
the second optical field, whereas the coherent
contribution arises from the mixing of the two
fields through the excitation and is highly sen-
sitive to their relative phase. In the above de-
generate nonlinear data sets, these contributions
are indistinguishable, and, as a result, only the
overall dephasing rate is accessible. To differ-
entiate between these contributions (and be-
tween the various time scales, as discussed
below), we used two nondegenerate ({}, # (1)
optical fields that have a mutual coherence time
(~hundreds of nanoseconds) that is much long-
er than the time scale associated with the evo-
lution of the quantum dot excitation (~tens of
picoseconds).

The influence of the coherent contribution
is seen in the nondegenerate nonlinear optical
response shown in Fig. 4. For a two-level
system, the spectral component of the nonde-
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Fig. 3. High spectral resolution three-dimen-
sional CW nonlinear response. (A) Three-di-
mensional CW nonlinear response spanning 2
pm by 2 um by 100 eV represented by spatial
images recorded at different energies (annotat-
ed in meV). (B) The spectral line shapes for the
five eigenstates labeled in (A) are fit by Lorent-
zians squared. (C) Spatial mapping (2 wm by 2
wm at 1583.120 meV) of an excitation that is
larger than the spatial resolution; line cuts
through the image along the [T10] (red) and
[110] %blue) crystal axes are compared with the
instrument response (green) in (D).

generate nonlinear response from Eq. 2 takes
the form derived from a solution of the den-
sity matrix equations used to model the quan-
tum dot exciton (/3):
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Fig. 4. Nondegenerate (Q, # Q,) spectral
mapping of a single eigenstate. Eacﬁ spectrum
represents a different spectral position of the
pump (€,), which is indicated by the arrow.
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where A, = @, — ), and indices 1 and 2
refer to the pump and probe fields, respec-
tively (29). As discussed in (/3), the line
shape is distinctive in two limits. In the limit
where excitation decoherence rate (T;' =
v,,) greatly exceeds the energy relaxation rate
(T;' =T ), the line shape is characterized by
a simple Lorentzian resembling a spectral
hole with width 247, ! centered at the pump
frequency superimposed on a much broader
Lorentzian with width 247, " centered at the
quantum dot exciton resonance. In the limit
where the only decoherence is due to energy
relaxation (ie, 7,”!' =~ T,7'/2), the line
shape transforms markedly to one that arises
from interference, resembling dispersion, dis-
tinctly differentiating the two limits. The data
in Fig. 4 show this interference line shape
unambiguously; as the pump field is tuned
away from line center, a dispersion-like line
shape due to the coherent contribution emerg-
es in the nonlinear response. This is consis-
tent with no substantial pure dephasing, such
that 7, =25 psand T, = 1/, = 16 + 3 ps.
This lack of extra dephasing allows for the
coherent coupling of the optical fields
through the eigenstate and the temporal mod-
ulation of the excitation of a single exciton
[population pulsations (30)] at the difference
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frequency 2, — €2, (up to ~12 GHz for the
eigenstate examined in Fig. 4). The single
resonance dephasing rate discussed above is
consistent with the ensemble-averaged
dephasing rate extracted from Fig. 1B and
similar to that reported in (13).

Moving beyond the paradigm of single
exciton spectroscopy, the optical LDOS has
been obtained for a quantum dot system. At
the single eigenstate level, our two optical
fields are coherently coupled through the ex-
citonic resonance, allowing us to determine
the various time scales associated with the
excitation. These experiments have laid the
foundation for selectively addressing and
controlling individual eigenstates in a coher-
ent manner through spatial as well as spectral
discrimination. This technique is applicable
to any optically active system in the vicinity
of the sample surface, such as other semicon-
ductor nanostructures or single molecules,
making it easily adaptable to the changing
frontier of nano-optics and quantum-informa-
tion technology.
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Hydrogen Sensors and Switches
from Electrodeposited

Palladium Mesowire Arrays

Frédéric Favier, Erich C. Walter,2 Michael P. Zach,?
Thorsten Benter,? Reginald M. Penner®*

Hydrogen sensors and hydrogen-activated switches were fabricated from ar-
rays of mesoscopic palladium wires. These palladium "mesowire” arrays were
prepared by electrodeposition onto graphite surfaces and were transferred onto
a cyanoacrylate film. Exposure to hydrogen gas caused a rapid (less than 75
milliseconds) reversible decrease in the resistance of the array that correlated
with the hydrogen concentration over a range from 2 to 10%. The sensor
response appears to involve the closing of nanoscopic gaps or "break junctions”
in wires caused by the dilation of palladium grains undergoing hydrogen ab-
sorption. Wire arrays in which all wires possessed nanoscopic gaps reverted to
open circuits in the absence of hydrogen gas.

Chemical sensors based on nanowires usually
operate through a change in resistance in-
duced by the surface adsorption of analyte

molecules. Tao and co-workers (/) have dem-
onstrated that the conductivity of gold
nanowires changes upon exposure to mole-
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