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Visualizing and controlling vibrational wave packets
of single molecules
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Klaus Müllen2 & Niek F. van Hulst1,3

The active steering of the pathways taken by chemical reactions
and the optimization of energy conversion processes1–3 provide
striking examples of the coherent control of quantum interference
through the use of shaped laser pulses. Experimentally, coherence
is usually established by synchronizing a subset of molecules in an
ensemble4–7 with ultra-short laser pulses8. But in complex systems
where even chemically identical molecules exist with different
conformations and in diverse environments, the synchronized
subset will have an intrinsic inhomogeneity that limits the degree
of coherent control that can be achieved. A natural—and, indeed,
the ultimate—solution to overcoming intrinsic inhomogeneities
is the investigation of the behaviour of one molecule at a time. The
single-molecule approach9,10 has provided useful insights into phe-
nomena as diverse as biomolecular interactions11–13, cellular pro-
cesses14 and the dynamics of supercooled liquids15 and conjugated
polymers16. Coherent state preparation of single molecules has so
far been restricted to cryogenic conditions17, whereas at room
temperature only incoherent vibrational relaxation pathways have
been probed18. Here we report the observation and manipulation
of vibrational wave-packet interference in individual molecules at
ambient conditions. We show that adapting the time and phase
distribution of the optical excitation field to the dynamics of each
molecule results in a high degree of control, and expect that the
approach can be extended to achieve single-molecule coherent
control in other complex inhomogeneous systems.

For few-atom molecules, coherent control schemes can be
designed on the basis of theory19. For more complex systems, such
as large (bio-)molecules at ambient conditions, ab initio quantum
mechanical calculations fail, and the elegant approach of closed-loop
adaptive feedback20 has gained attention. The implementation of
pulse shaping by self-learning algorithms has led to the coherent
control of a wide variety of photo-induced processes: selective frag-
mentation21, bond dissociation and rearrangement22, laser-induced
fluorescence23, coherent anti-Stokes Raman24 and high-harmonic
generation25. In all of these studies, the time, phase and frequency
content of the optical field is experimentally optimized to obtain a
certain product state. The resulting optimized pulse reflects the
dynamics of the underlying processes and can take non-trivial shapes.

In a single-molecule measurement, the challenge is to extract
information from the limited number of fluorescence photons obtain-
able before photobleaching; a long optimization process is not feasible.
Fortunately, optimal control theory on model systems26,27 and experi-
ments on large molecules4 have demonstrated that complex pulses
can often be simplified to a physically more intuitive shape with
comparable efficiency. Typically, in the time domain, the optimum
optical field takes the shape of a sequence of pulses separated by a time
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Figure 1 | Ultrafast coherent excitation of single molecules. a, Spectra of
the fluorophore (DNQDI29; dissolved in toluene) and broad-band excitation
laser used (see Methods). b, Single fluorescent molecules were imaged and
investigated in an epi-confocal microscope. Each individual molecule was
excited with tailored sequences of 15-fs (full-width at half-maximum) pulses
defined by the inter-pulse time delayDt and phase shift w. BothDt and w were
controlled with a double-pass 4f pulse shaper based on a spatial light
modulator. c, The fluorescence intensity of the single molecules was
recorded for different combinations of Dt and w (for example, (Dti, wi), (Dtk,
wk), and so on), which were applied sequentially, separated by periods of no
illumination and repeated until the molecule photobleached.

Vol 465 | 17 June 2010 | doi:10.1038/nature09110

905
Macmillan Publishers Limited. All rights reserved©2010

www.nature.com/doifinder/10.1038/nature09110
www.nature.com/nature
www.nature.com/nature


(femtoseconds to picoseconds) that is characteristic of the molecular
dynamics. We therefore interrogated the coherent dynamics of indi-
vidual molecules by monitoring the fluorescence emission after excita-
tion with a sequence of equi-spaced phase-locked laser pulses. Both the
inter-pulse time delay (Dt) and phase shift (w) were controlled (Fig. 1).
The excitation intensity was kept constant for all (Dt, w) combinations,
at values causing no significant depletion of ground state population
probability, so that the single-molecule fluorescence intensity provided
a direct measure of the excitation probability.

In a first experiment, single fluorescent molecules were imaged
under excitation with a two-pulse sequence. Each image was acquired
with a particular Dt and fixed w 5 0 (Fig. 2a). Even though the same
excitation intensity was used for all images, the molecules fluoresce
with varying intensity, depending on Dt. Remarkably, the individual
molecules do not collectively appear brighter or dimmer but show
characteristic individual changes in fluorescence as a function of Dt.
Plotting the integrated fluorescence emission of each molecule versus
Dt reveals an oscillatory behaviour of the excitation probability, as in
the examples shown in Fig. 2b. Evidently, the probability of photo-
excitation of the single molecules depends on the femtosecond tem-
poral distribution of the photons available for absorption and varies
from molecule to molecule.

The observed oscillatory behaviour can be explained in terms of
wave-packet interference (WPI)28. Initially, the molecule is in the
electronic ground state. The first optical pulse transfers probability
amplitude to the excited state. If the pulse has enough bandwidth, it
excites several vibrational levels and generates a quantum wave
packet that will then travel in a round trip across the excited-state
potential surface, with certain group and phase velocities. The inter-
action with the second, delayed optical pulse generates an additional
wave packet in the excited state. Enhancement or suppression of
the excitation probability arises from constructive or destructive

quantum interference, respectively, between these two wave packets.
Alternatively, the results can be interpreted in the frequency domain,
where the time delay between the phase-locked pulses translates into
a modulation of the spectrum.

Averaging the response of 52 investigated molecules returns the
ensemble oscillation in excitation probability as a function of Dt
(Fig. 2c). In spite of its smaller amplitude in comparison to single
molecules, the ensemble oscillation is clearly visible owing to the higher
signal to noise ratio, and shows a good agreement with theoretical WPI
calculations based on the bulk absorption spectrum (Fig. 2c).

In order to quantify the differences in ultrafast single-molecule
responses, we performed a Fourier analysis of the fluorescence
intensity versus Dt traces for 52 single molecules, and determined
the main frequency component (f) and its corresponding phase (h)
(Fig. 2d). The frequencies range from roughly 20 to 45 THz (670 to
1,500 cm21), with a sharp peak around 32 THz (1,070 cm21), and are
consistent with the energies of the vibrational bands observed for this
molecule in bulk29. The distribution of frequencies reflects under-
lying variations in the energy and relative intensities of the vibrations
for individual molecules. Analogous variations in the emission spec-
trum of single molecules have been ascribed to the influence of dif-
ferent local environments, in the form of varying dispersive
interactions and structural constraints imposed by the polymer
matrix30.

The broader distribution of phases indicates variations in the elec-
tronic excitation energy of the molecules. Phases ranging from 0 to 2p
are found, but the distribution is not uniform; it features a small peak,
which causes the contrast in the ensemble fluorescence oscillation.
This experiment already shows that the observation of ultrafast
dynamics at the single-molecule level is feasible, and demonstrates
its potential to discriminate between individual and ensemble-
averaged responses.
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Figure 2 | Single-molecule wave-packet interference. a, Fluorescence
images of single molecules excited with two mutually delayed (Dt), phase-
locked laser pulses. b, Integrated intensity as a function of Dt for the
fluorescence emission of the three molecules marked in a. A typical
background trace is shown for reference. The traces are normalized to their
respective average in order to visualize fluctuations in the intensity. Error

bars, 61 s.d. c, Averaged response of 52 molecules compared to the
theoretical prediction based on the bulk absorption spectrum. d, Result of
the Fourier analysis of 52 single-molecule traces. Distributions and scatter
plot of the main frequency component (f) and its corresponding phase (h).
Marker size and bin width include the experimental errors.
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One of the most important features of WPI is that the phase of the
generated wave packet is determined by both the vibrational levels
involved and the phase of the optical field. This interdependence of
the optical and wave-packet phases is the basis for the coherent con-
trol of molecular states. A clear-cut experiment to target the phase
dependence of WPI is a time-delayed two-pulse excitation scheme,
where the pulses have a mutual phase shift of p (ref. 28). We recorded
the fluorescence of single molecules at each time delayDt consecutively
with the two pulses in phase (w 5 0) and antiphase (w 5p). Two
examples are shown in Fig. 3a and b. Excitation with two pulses in
phase, or with two pulses in antiphase, produces an inverted molecular
response, in agreement with the expected inverse wave-packet inter-
ferences. This is confirmed by fits based on the bulk absorption spec-
trum (Fig. 3a).

For some molecules with high photostability, we could detect WPI
in the excitation probability for times as long as 120 fs, showing fluc-
tuations that are more complex than a damped, single frequency oscil-
lation (Fig. 3b). In order to explore this complexity and investigate the
limits of the fluorescence excitation enhancement and suppression
achievable on a single molecule, we designed a multiple-pulse coherent
excitation experiment. The idea is straightforward: as a wave packet
propagates, its internal phase evolves with a certain phase velocity that
depends on the amplitudes and phases of the vibrational states that are
superimposed to form the wave packet. If one aims for maximum
interference between two wave packets generated with a time delay
Dt, a certain phase shift should be introduced in the second wave
packet to compensate for the phase evolution of the first one. The
resulting wave packet can then be made to interfere with subsequently
launched wave packets to optimize state preparation. We used a train
of four phase-locked pulses and variedDt and w independently. In this
way, for each individual molecule, we obtained a time–phase map of
the photoexcitation probability that provides a direct view into the
molecular coherent dynamics.

We mapped the excitation probability as a function of (Dt, w) for a
large number of molecules, and found a rich variety of coherent
dynamics. Four examples are shown in Fig. 4a–d. The influence of

phase on the photoexcitation probability is evident. For any given
delay, the opposite behaviour is observed for a phase shift of p.
Diagonal bands of enhanced or suppressed photoexcitation probability
can be seen. These are indications of the time–phase relation and clearly
show how the wave-packet phase evolution can be followed by the
optical field. The maximum enhancement or reduction of the excita-
tion probability occurs for different combinations of delay and phase
shift, depending on the molecule. When the excitation field is tailored
to match the coherent dynamics of each molecule in its particular local
environment, remarkably high degrees of control are achieved.
Depending on the molecule, the control contrast (defined as the ratio
of maximum to minimum excitation probability) ranges from 2.5 to as
high as 4, which is approximately double that obtained with two pulses
in phase or in antiphase (Fig. 2b and 3) and up to 3 times higher than
the contrast we measured in bulk (Fig. 2c).

These experiments merge two of the most valuable experimental
techniques of the past decades: ultrafast spectroscopy and single-
molecule detection. They demonstrate that room-temperature
coherent control experiments in ensembles are limited by intrinsic
inhomogeneities, and at the same time provide the ultimate solution.
The coherent dynamics of each molecule can be mapped at ambient
conditions, and the excitation field can be tailored to obtain maxi-
mum control. We believe that this greatly extends the field of applica-
tion and the potential of coherent control. Investigations addressing
coherent dynamics and energy flow in complex systems and environ-
ments are among the possibilities. Examples include light-harvesting
complexes, photo-active proteins, conjugated polymers and metallic or
metal–organic hybrid nanostructures. Furthermore, single-molecule
detection offers the possibility of multi-parameter correlations, such
as the relation between molecular conformation and function.

METHODS SUMMARY

The highly photostable chromophore dinaphtoquaterrylenebis(dicarboximide)

(DNQDI)29 was embedded in thin polymer films in concentrations sufficiently

low to allow individual DNQDI molecules to be spatially resolved in an epi-

fluorescence confocal microscope, where they were excited with a sequence of up
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Figure 3 | Phase control of single-molecule wave packets. Single-molecule
fluorescence intensity as a function of the time delay between two in-phase
(w 5 0) and in-antiphase (w 5p) excitation pulses. The excitation intensity
was constant for all (Dt, w) combinations except for the (excluded) points
near zero delay with w 5 p. a, The fits to the (w 5 0) and (w 5p) traces are
based on the bulk absorption spectrum. Fourier analysis of the fits shows
that f 5 31 THz in both traces and the difference in h is p. b, Some molecules
present fluctuations even for time delays Dt as long as 120 fs and with more
than one frequency component. Error bars, 61 s.d.
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Figure 4 | Single-molecule time-phase coherent excitation maps.
a–d, Time-phase fluorescence excitation maps of four different molecules
excited with a four-pulse sequence. Dt and w are the time delay and phase
shift between each consecutive pulse in the sequence. The fluorescence
intensity (colour scale) is normalized to the average. The maximum/
minimum ratio, that is, the contrast achievable through control of coherent
excitation, is shown in the upper right corner of each plot.
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to four phase-locked laser pulses. A femtosecond laser system combined with a

pulse shaper was used to generate the excitation pulses with controllable inter-

pulse delays and phase shifts. The excitation intensity was kept low enough to

ensure a linear relationship between the fluorescence intensity and the excitation

probability. The repetition rate of the laser system was high enough to enable the

detection of single-molecule fluorescence and sufficiently low to accommodate

the fluorescence lifetime of DNQDI between successive trains of excitation

pulses. Further experimental details can be found in the Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Experimental set-up. A broad-band, temperature and atmosphere (100% N2

with 0.05 bar overpressure) stabilized, Ti:sapphire oscillator (Octavius 85M,

Menlo Systems) was used to obtain femtosecond pulses in the visible–near-

infrared at a repetition rate of 85 MHz. For the molecular excitation, a band of

120 nm, centred at 676 nm, was selected and compressed to 15-fs pulses in the

focus of a 1.3 NA Zeiss Fluar objective. Pulse shaping was performed with a

double-pass 4f-shaper based on a liquid crystal spatial light modulator

(Biophotonic Solutions). After spatial filtering, pulse characterization was carried

out at the sample plane using the multiphoton intrapulse interference phase scan
(MIIPS) method. The fluorescence of single molecules was detected in an epi-

fluorescence confocal configuration. Suitable optical filters were used to separate

the Stokes shifted fluorescence emission from residual excitation light, which was

suppressed to a fraction of about 10210 in the detected signals from single mole-

cules. Avalanche photo-diodes (APDs, Perkin-Elmer) were used as single photon

detectors. The photon collection-and-detection efficiency of the set-up was 2%.

Sample preparation. Dinaphtoquaterrylenebis(dicarboximide) (DNQDI; N,N9-

bis-(N-2,6-diisopropylphenyl)-1,6,11,16-tetrakis[4-(1,1,3,3-tetramethylbutyl)-

phenoxy]-8,9:18,19-dinaphthoquaterrylene-3,4:13,14-bis(dicarboximide))29

molecules were immobilized in a poly(methyl-methacrylate) film spin-cast from a

toluene solution onto a standard microscopy glass coverslip. Conditions were

adjusted to obtain a film thickness of about 40 nm and one DNQDI molecule

per square micrometre on average. DNQDI has a fluorescence lifetime of

about 3 ns, a quantum efficiency of 40% and a molar extinction coefficient

e 5 142,900 M21 cm21 (62,800 M21 cm21) at 700 nm (638 nm)29.

Measurement procedures. Images (Fig. 2) were obtained by scanning a

10 3 10 mm2 area of the sample on a 256 3 256 pixel grid with an integration

time of 6 ms per pixel. Fluorescence versus Dt traces (Figs 2 and 3) were

obtained by selecting a region of interest (ROI) containing the image of one

molecule and integrating the fluorescence of all pixels in that ROI. The (Dt, w)

excitation maps (Fig. 4) were obtained by monitoring the fluorescence emission

of the single molecules for 400 ms at each combination of (Dt, w). In between

different (Dt, w) combinations, the excitation light was blocked for another

400 ms (as shown in Fig. 1b). The series of (Dt, w) values was repeated until

the molecule photobleached. Only molecules for which each (Dt, w) combina-

tion could be measured at least twice were considered. Owing to the fixed

acquisition time, the shot-noise level varies; typically, each data point was

determined with a total of 4,000 photons which gives a shot-noise level of

1.5%. For the measurements shown in Fig. 2, the laser power fluctuations were

determined to be ,5% and for the measurements in Figs 3 and 4, ,2%. Thus,

the total uncertainty of the data ranges from 2.5% to 6%. The 85 MHz repe-

tition rate of the laser system was high enough to enable the detection of single-

molecule fluorescence and sufficiently low to accommodate the fluorescence

lifetime of DNQDI between successive trains of excitation pulses. The excitation

power was 1 3 1025 W (1.2 3 10214 J per pulse) in all measurements, which

corresponds to roughly 1/80 of the intensity needed for fluorescence saturation

and gives typical detected single-molecule count rates of (3–4) 3 103 counts s21

with a signal-to-background ratio SBR < 10 for the integrated signals. For the

measurements shown in the paper, single-molecule fluorescence count rates

(in units of 103 counts s21) are as follows. Fig. 2b; 4.1 for trace 1, 3.3 for trace

2, 3.6 for trace 3; Fig. 3a, 6.0; Fig. 3b, 3.8; Fig. 4a, 4.1; Fig. 4b, 3.1; Fig. 4c, 3.8;

Fig. 4d, 5.2. Background count rates (in units of counts s21): Fig. 2, 300; Fig. 3,

400; Fig. 4, 300; of the background, 130 counts s21 (that is, ,40%) consists of

detector dark counts.
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