For longer processes and fluorescent objects
comparable to or bigger than the tip,
quenching can be further avoided by con-
ducting measurements under liquid, where
the frictional forces associated with the
shear-force feedback mechanism allow for
larger tip-sample separations (9). The fact
that time-resolved fluorescence measure-
ments on single chromophores can be per-
formed in a nonpurtabative manner opens
the way toward the study of chemical reac-
tions on a single-molecule basis. Detailed
studies of dynamical processes—such as
photoinduced electron transfer, proton
transfer, isomerization, or protein confor-
mational changes—in specific local envi-
ronments with known molecular orienta-
tions are now experimentally feasible.
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Alterations of Single Molecule Fluorescence
Lifetimes in Near-Field Optical Microscopy

W. Patrick Ambrose,* Peter M. Goodwin, John C. Matrtin,
Richard A. Keller

Fluorescence lifetimes of single Rhodamine 6G molecules on silica surfaces were mea-
sured with pulsed laser excitation, time-correlated single photon counting, and near-field
scanning optical microscopy (NSOM). The fluorescence lifetime varies with the position of
a molecule relative to a near-field probe. Qualitative features of lifetime decreases are
consistent with molecular excited state quenching effects near metal surfaces. The tech-
nique of NSOM provides a means of altering the environment of a single fluorescent
molecule and its decay kinetics in a repeatable fashion.

Experiments on single molecules reveal
details of molecular environments that are
indiscernible in bulk measurements. Opti-
cal single molecule detection has been re-
ported in liquids (I-6), in solids (7-11),
and on surfaces (12—16), where single mol-
ecules are used as probes of individual local
environments and as indicators of unimo-
lecular events. The technique used to de-
tect single molecules on surfaces under am-
bient conditions, NSOM, is a scanned
probe-microscopy that uses a subwavelength
optical aperture to illuminate a subdiffrac-
tion limited area on a surface (17). In
NSOM, small areas are illuminated with
high irradiance and low power. Single mol-
ecule sensitivity is attained because the
background scattered light, which is a fixed
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fraction of the excitation power, is accord-
ingly low. Single fluorescent molecules
were used to probe the optical electric field
distribution around a near-field aperture
with a diameter of ~50 nm (12). Photo-
bleaching of individual molecules was ob-
served directly as an abrupt cessation of
fluorescence under irradiation from a near-
field source (13).

We demonstrate the use of pulsed exci-
tation and time-correlated single photon
counting (TCSPC) to resolve temporally
the fluorescence from individual Rhoda-
mine 6G (R6G) molecules on silica located
<10 nm from an NSOM probe. In TCSPC,
the elapsed time between an excitation
pulse and a detected photon is measured. A
histogram of the elapsed times provides a
fluorescence decay curve, from which the
fluorescence lifetime (7) is extracted. As a
single R6G molecule is moved near an
NSOM probe, T varies repeatably with po-
sition under the probe. Qualitative features
of some alterations in T are consistent with



molecular excited state quenching effects
near metal surfaces (18).

Combining TCSPC with time-gated de-
tection decreases the background noise in
our NSOM images by a factor of 3 and
increases the typical signal-to-noise ratio
(S/N) by a factor of 1.4. The S/N is im-
proved because prompt background scatter
and fluorescence photons are separated tem-
porally and much of the background and its
associated noise are not counted (19).

Sample preparation, NSOM, and
TCSPC, previously described (1-3, 13),
are summarized below. Samples were fused
silica disks spin-coated with either 3 X
10~° M or 107 M R6G-methanol solu-
tions. The average molecular spacings were
~1000 or 70 nm (20, 21) (referred to,
respectively, below as low- or high-cover-
age surfaces). We constructed NSOM
probes by tapering one end of single mode
optical fibers (~30 cm long) and coating
them with an opaque aluminum film (~150
nm thick), leaving a small aperture at the
tip (13, 22). Scanning electron microscope
images show that the faces of coated probes
are nearly flat and 500 to 600 nm in
diameter. Hence, a probe face consists of a
glass aperture 200 to 300 nm in diameter
within an aluminum annulus 150 nm wide.
For NSOM imaging, a sample surface was
raster-scanned under a probe and shear
force feedback was used to control the
tip-surface height to <10 nm (13, 23).
Laser light coupled into the single mode
fiber emerged from the aperture and illumi-
nated the surface. The laser was a mode-
locked Ar* laser operated at a wavelength
of 514.5 nm with a pulse repetition rate of
82 MH:z and a pulse width of ~150 ps.
Fluorescence emitted from molecules on
the silica surface was collected with a

B

%100, 1.3 numerical aperture, oil immer-
sion microscope objective and was detected
with a photon-counting, silicon avalanche
photodiode (APD) (6, 14, 24). We count-
ed the APD pulses using TCSPC tech-
niques (1-3).

An example of a fluorescence image
obtained on a low-coverage surface is
shown in Fig. 1A. The two-lobed feature,
a, is a stable fluorescence image formed by a
single R6G molecule (25). By stable, we
mean that the fluorescence intensities were
reproducible over many minutes. About
100 spatially well-separated, two-lobed im-
ages were observed in 8 pm by 8 pm images
(14). The lobe orientations are aligned
with and follow the far-field polarization
(14); the two lobes belong to the near-field
image of a single molecule. Some molecules
show intensity variations on time scales less
than a minute (13). For example, feature b
has a dark line through the lower lobe and
feature ¢ has a noisy appearance. A shear
force image obtained concurrently with Fig.
1 shows no feedback instability other. than
2-nm peak-to-peak height noise throughout
the image. The fluctuations in features b
and c are attributed to small motions of the
molecules that change their optical dipole
orientations and thus their absorption and
emission rates (13). There is a terminated
feature at d, which is seen as an abrupt loss
of signal to the background during a line
scan (Fig. 1B). In similar experiments,
terminated features were missing in subse-
quent images. We interpret these as mole-
cules that photobleach during imaging
(13).

The following evidence supports the
idea that these fluorescent features arise
from single R6G molecules. (i) A control
experiment in which one probe and three

Fig. 1. (A) Fluorescence NSOM image of single R6G molecules on silica. The image size is 2.6 pm
by 2.7 um (200 by 200 pixels). (B) Surface plot of the box in (A), scanned from left to right, starting
at the top. The power in the far field was 34 nW, and the polarization was vertical. The peaks in the
surface plot are ~250 photocounts per 20 ms high. The single molecule features are ~200 to 350
nm wide, indicating that the tip aperture is ~300 nm. The arrows show the path across the two-lobed
image (feature a) of a single R6G molecule used for T+ measurements (Fig. 4, molecule a).
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samples (one with R6G, the next without,
and a third with R6G) were used indicates
that the fluorescence arises from R6G. (ii)
Many features of the same lateral extent are
observed with a number density within an
order of magnitude of expected values. (iii)
The individual R6G features have polariza-
tion-dependent absorption characteristics
(14). (iv) With constant excitation, indi-
vidual R6G features disappear abruptly
(photobleach) and are missing in subse-
quent fluorescence images (13) (loose clus-
ters of molecules would show many photo-
bleaching steps). (v) The measured photo-
bleaching efficiencies (13) (10~7 to 107)
are within the previously measured range
(26) (1077 to 107%). (vi) The fluorescence
decays are fitted well by single exponentials
(see below). Taken together, this evidence
is consistent with the detection of single
R6G molecules and is inconsistent with the
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Fig. 2. Time-correlated single photon counting-
rate histograms. (A) Plots obtained from (trace
a) a single R6G molecule on silica and (trace b)
a bare silica substrate (background) <10 nm
under an NSOM probe. (B) Decays obtained
for a higher coverage surface with the tip at a
distance of (trace ¢) <10 nm and (trace d) 1.1
wm above the surface. (C) Traces obtained at
lateral positions of maximum fluorescence in-
tensity (10 nm) over different single R6G
molecules. The extracted t values are (trace e)
4.6, (trace f) 3.4, (trace g) 2.1, and (trace h) 1.3
ns. The rates in (C) are normalized to 10° per
second at zero time for slope comparisons.
Background traces were subtracted in (B) and
(C). Far-field powers: (A) 33 nW, (B) 1.8 nW,
and (C) ~20 nW. Maximum counts per bin for
each trace: (a) 3011, (b) 4804, (c) 5215, (d)
6605, (e) 2667, (f) 8588, (g) 10,407, and (h)
19,474. The bin width is 30.8 ps.



detection of closely or loosely associated
aggregates of R6G molecules.

Pulsed excitation and time-gated detec-
tion lead to improved S/N (Fig. 2). The
peaks in ungated histograms (at zero time)
for a typical R6G molecule (trace a) and
the bare silica substrate (trace b) at a
distance <10 nm from an NSOM probe are
primarily prompt Raman scattered light
generated in the 30-cm optical fiber of the
probe. After the peak, trace b shows a weak
tail of constant background. The tail in
trace a above the background is fluores-
cence from a single R6G molecule.

For rejection of the prompt background
in emission rate measurements, a time win-
dow is opened from 0.7 to 10 ns after the
peak, and only photons satisfying this gaté
are counted. Time gating decreases the
integrated background by an order of mag-
nitude and the noise in the background by
a factor of 3 [the entire background is 390
photocounts per second per nanowatt
(count s! nW~!) and the gated back-
ground in the tail is 42 count s~! nW~1].
The ungated single molecule signal (back-
ground subtracted) is 225 count s~! nW ™1,
and the gated signal is 200 count s~! nW !
in Fig. 2, trace a (for other molecules, this
value ranges up to ~600). From Fig. 2A,
the integrated S/N without gating is 225/
(225 + 390)2 = 9(Hz/nW)'2, and the
gated S/N is 200/(200 + 42)2 = 13 (Hz/
nW)2, With 30-nW excitation power
measured in the far field and a 50-Hz
counting bandwidth, the typical gated S/N
is ~10.

The goal of this work was to measure the
perturbation of T caused by the presence of
an NSOM probe. We performed experi-

Lifetime (ns)
s

Fig. 3. Summary of single molecule lifetime
data. On the left is a histogram of single expo-
nential decay times obtained at the positions of
maximum fluorescence over 17 different R6G
molecules. The dashed line is the measured
bulk lifetime, (r) = 3.65 ns. The eight spans
show the range of lifetime values resulting from
scans of eight different molecules under an
NSOM probe. The four labeled spans corre-
spond to measurements for molecules a
through d in Fig. 4B.
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ments on populations of molecules to ob-
tain the mean, unperturbed lifetime (7) and
limits on the width in the distribution of 7.
Five unperturbed fluorescence decay curves
were measured for tips positioned 1.0 to 1.1
wm above higher coverage surfaces (~10°
to 10* molecules illuminated) (Fig. 2, trace
d). The decay curves were fitted well by a
single exponential with (1) = 3.65 = 0.04
ns, which is in good agreement with the
value 3.5 * 0.1 ns obtained previously
(26). Statistical noise and instrument non-
linéarity place an upper limit on a possible
Gaussian standard deviation of T values, o,
of o/ft) = 0.2, which is consistent with
theoretical limits on o for single decay data
with noise (27). A high-coverage surface
was then moved into the near field (<10
nm from the probe face) (Fig. 2, trace c).
Approximately 25 molecules were distribut-
ed in the near field, and the decay is more
nonlinear (on this semilogarithmic plot)
than the bulk decay. The far-field, bulk
decay curves could be consistent with an
inhomogeneous distribution of lifetimes
with width <20% of the mean. This width
increases in the near field.

Using a low-coverage surface, we posi-
tioned single R6G molecules within the
near field such that the fluorescence inten-
sity was maximized, and data were collected
until each molecule photobleached (yield-
ing from 10° to 10° photocounts). Depend-

ing on the orientation of each molecule,

maximum fluorescence corresponds to dif-
ferent positions under the tip (12). Exam-
ples of fluorescence decay curves from indi-
vidual R6G molecules are shown in Fig.
2C. Measurements on 17 different mole-
cules were made, and each was fitted well
by a single exponential. A histogram of
these 7 values is shown in Fig. 3. Because
these molecules were at different positions

'under the tip, position-dependent measure-

ments were made on individual molecules.
Single molecules were moved laterally

Fig. 4. (A) Emission

>
o
o

across the face of the NSOM tip, and
emission rate and T were measured at fixed
sample displacements (Fig. 4). These ex-
periments were attempted on many mole-
cules, and eight molecules did not photo-
bleach during the measurements (each data
set contains ~10° photocounts). The data
were obtained at two far-field power levels
differing by a factor of 8 to 9. The emission
rates (Fig. 4A) scale approximately with
the power, indicating that the higher irra-
diance is below the saturation value. Fluo-
rescence decay data were obtained concur-
rently at each position for both power
levels, and the single exponential lifetimes
were calculated (Fig. 4B). Near the metal
coating at the edges of the aperture
(~=*150 nm), 7 is short, and as a molecule
is moved inward away from the metal coat-
ing, T increases. The T values do not de-
pend on power (the triangles and circles
overlap in Fig. 4B) and therefore are not a
function of the tip temperature or near-field
irradiances used. The range of T values
obtained by moving eight different mole-
cules under the probe face (Fig. 3) shows
that the fluorescence lifetime of an R6G
molecule is altered as an NSOM probe
moves over the molecule.

Metal surfaces near radiating dipoles are
known to influence fluorescence lifetimes
(18). Two distinct physical phenomena
were identified (18): fluorescence quench-
ing and spontaneous emission modification.
(i) At short distances (<50 nm), nonradi-
ative energy transfer from a molecule to
electrons in the metal dominates the excit-
ed state decay rate, and T approaches zero
with decreasing distance. (ii) When an
emitting molecule is within a distance of
about one emission wavelength from the
metal (~550 nm), the emission rate is
influenced by the radiation reflected, from
the surface. Spontaneous emission is' sup-
pressed or enhanced depending on the
phase and strength of the reflected field,

rate .and (B) fluores-
cence lifetime versus
lateral displacement for
four different R6G mol-
ecules (a through d).
Molecule a  corre-
sponds to feature a in
Fig. 1. We relocated
single molecules identi-
fied in image scans us-
ing a search routine
while monitoring the flu-

Emission rate

W (10° counts/s)
[6)]
T

Lifetime
(ns)
O = NWHMOULO

- — 5 — ¥ 1 — —

. & - —
-
| | 1 1 1 | | | |

orescence signal. The _(',2 0.0

tip was maintained <10
nm from the surface

0.2 -0.2 0.0

0.2 -0.2 0.0 0.2 -0.2 0.0
Sample displacement (um)

throughout these measurements (the height noise was ~2 nm peak to peak). At each position
separated by ~27 nm, 7938 photocounts were obtained. Error bars on the + data are confidence
limits on single exponential fits. Far-field power levels: molecule a, (@) 22 and (A) 2.5 nW; molecule
b, (®) 38 nW; molecule c, (@) 31 and (A) 3.8 nW, and molecule d, (®) 42 and (A) 4.9 nW.
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and in this region, 7 oscillates with distance
about the value measured at large separa-
tion [this effect can be described either as
classical modifications or cavity quantum
electrodynamic effects in a “bad cavity” as
defined in (28)].

Some of the maximum values near the
middle are well above the far-field bulk ()
(compare ranges in Fig. 3 to the dashed
line). Two factors may contribute to values
larger than the bulk lifetime: (i) There could
be an inhomogeneous distribution of unper-
turbed 7 values, or (ii) spontaneous emission
suppression may affect T near the center of
the probe. An independent means of mea-
suring unperturbed single molecule lifetimes
is needed to establish the level of perturba-

tion in the center of the probe. Near the

metal edges of the aperture, T is decreased by
at least a factor of 3; fluorescence certainly is
quenched near the metal edges.

QOur results highlight an important as-
pect of single molecule experiments; name-
ly, a single molecule can be used as a point
probe that displays dramatic fluorescence
lifetime variations near an NSOM probe,
whereas ensemble measurements only pro-
vide spatially averaged information. Be-
cause the lifetime variations are repeatable,
NSOM provides a means of altering the
environment of a single molecule and its
decay kinetics. Single molecule NSOM ex-
periments will provide important tests for
near-field theories that incorporate the
physical effects of radiators near metallic
structures. In addition, single molecules
will be useful as calibration probes for indi-
vidual NSOM tips.

Note added in proof: Single molecule
detection by conventional optical micros-
copy was recently reported (29). This
method could be used as an independent
technique to explore unperturbed inhomo-
geneous lifetime distributions.
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Fine Structure of the Landers Fault Zone:
Segmentation and the Rupture Process

Yong-Gang Li,* John E. Vidale, Keiiti Aki, Chris J. Marone,
William H. K. Lee

Observations and modeling of 3- to 6-hertz seismic shear waves trapped within the fault
zone of the 1992 Landers earthquake series allow the fine structure and continuity of the
zone to be evaluated. The fault, to a depth of at least 12 kilometers, is marked by a zone
100 to 200 meters wide where shear velocity is reduced by 30 to 50 percent. This zone
forms a seismic waveguide that extends along the southern 30 kilometers of the Landers
rupture surface and ends at the fault bend about 18 kilometers north of the main shock
epicenter. Another fault plane waveguide, disconnected from the first, exists along the
northern rupture surface. These observations, in conjunction with surface slip, detailed
seismicity patterns, and the progression of rupture along the fault, suggest that several
simple rupture planes were involved in the Landers earthquake and that the inferred rupture
front hesitated or slowed at the location where the rupture jumped from one to the next
plane. Reduction in rupture velocity can tentatively be attributed to fault plane complexity,
and variations in moment release can be attributed to variations in available energy.

The major crustal faults that accommodate
tectonic motion are complex sets of slip
planes, which are probably influenced by
the presence of fault gouge and fluid, and
exhibit deformation that ranges from steady
to stick-slip (1). The part of the fault that
slips at depth in an earthquake is quite
narrow, so it is difficult to delineate the
features that make faults segment into dis-
tinct earthquakes. Recently, short-wave-
length seismic waves that travel mainly
within.the fault zone have been detected
(2). Because the fault zone is characterized
by slower velocities than the surrounding
intact rock, probably as a result of intense
brecciation and possibly high fluid pressure,
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it forms a waveguide. When an earthquake
occurs in the fault zone, some seismic en-
ergy is trapped in the waveguide and prop-
agates as normal modes that are formed by
the constructive interference of the multi-
ple reflections at boundaries between the
low-velocity fault zone and the high-veloc-
ity surrounding rock. Such waves are simi-
lar to surface or channel waves.

In this report, we illustrate fault zone—
guided waves from aftershocks of the
Landers earthquakes (3, 4). On the basis of
the observation and modeling of the guided
waves, we document the fine velocity struc-
ture in ‘the heart of the fault zone that
ruptured in the 28 June 1992 magnitude
M7.4 Landers earthquake.

In the months after the main shock,
linear seismic arrays crossing the fault trace
were installed at nine locations along the
rupture plane for the purpose of detecting
fault-guided waves (3, 4). The array at
recording site 8 had 22 three-component
receivers spread over 1000 m across the
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