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1. Introduction

Time-resolved spectroscopy is a valuable technique for 
investigating the properties of materials. For example, our 
understanding of the lifetimes and fates of vibrational and 
electronic states of molecules was developed through time-
resolved spectroscopy measurements [1–4]. Ultrafast experi-
ments have provided unique information about bond-breaking 
and isomerization reactions [5–8], and helped elucidate the 
fundamental processes that occur in photosynthesis [9–11]. 
Time-resolved spectroscopy has also played a central role in 
nanoscience. Important examples include the measurements 
of the rates of Auger scattering and charge carrier trapping in 

semiconductor quantum dots [12–17], topics that have been 
the subject of intense research interest for almost two decades. 
Ultrafast spectroscopy experiments have also made a major 
contribution to understanding electron transfer reactions at 
the molecule/surface interface [18–22], which is a key step in 
dye-sensitized solar energy cells [23, 24].

A significant issue in interpreting time-resolved measure-
ments is unraveling homogeneous and inhomogeneous broad-
ening effects in the sample. In molecular spectroscopy (where 
all the moieties being interrogated are in principle identical) 
inhomogeneous effects can arise from the differences in the 
environment experienced by different molecules [25–27]. 
Insight into homogeneous and inhomogeneous effects in the 
ultrafast dynamics of these systems can be obtained using 
photon-echo or 2D spectroscopy experiments [28–34]. For 

Ultrafast measurements of the dynamics  
of single nanostructures: a review

Gary Beane , Tuphan Devkota , Brendan S Brown  
and Gregory V Hartland1

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556,  
United States of America

E-mail: ghartlan@nd.edu

Received 5 October 2017, revised 17 September 2018
Accepted for publication 22 October 2018
Published 28 November 2018

Corresponding Editor Sean Washburn

Abstract
The ability to study single particles has revolutionized nanoscience. The advantage of single 
particle spectroscopy measurements compared to conventional ensemble studies is that they 
remove averaging effects from the different sizes and shapes that are present in the samples. In 
time-resolved experiments this is important for unraveling homogeneous and inhomogeneous 
broadening effects in lifetime measurements. In this report, recent progress in the development 
of ultrafast time-resolved spectroscopic techniques for interrogating single nanostructures will 
be discussed. The techniques include far-field experiments that utilize high numerical aperture 
(NA) microscope objectives, near-field scanning optical microscopy (NSOM) measurements, 
ultrafast electron microscopy (UEM), and time-resolved x-ray diffraction experiments. 
Examples will be given of the application of these techniques to studying energy relaxation 
processes in nanoparticles, and the motion of plasmons, excitons and/or charge carriers in 
different types of nanostructures.

Keywords: ultrafast, microscopy, transient absorption, excitons, single particle, acoustic 
modes, energy relaxation

(Some figures may appear in colour only in the online journal)

Review

IOP

2019

1361-6633

1 Author to whom any correspondence should be addressed.

1361-6633/19/016401+31$33.00

https://doi.org/10.1088/1361-6633/aaea4bRep. Prog. Phys. 82 (2019) 016401 (31pp)

publisher-id
doi
https://orcid.org/0000-0001-5312-0477
https://orcid.org/0000-0002-0572-5874
https://orcid.org/0000-0002-6421-9330
https://orcid.org/0000-0002-8650-6891
mailto:ghartlan@nd.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6633/aaea4b&domain=pdf&date_stamp=2018-11-28
https://doi.org/10.1088/1361-6633/aaea4b


Review

2

nanomaterials an additional complication is that there is typi-
cally a distribution of particle sizes and shapes, and possibly 
compositions in the sample, even for sophisticated synthe-
ses [35–38]. An exception to this rule is the atomically pre-
cise monolayer protected metal nanocluster samples that 
have been produced by size selective purification [39–43]. 
However, these samples are limited to sizes of less than sev-
eral hundred atoms, which is too small for many applications 
[44]. An example where the distribution of particle sizes and 
shapes can have a significant effect is in measurements of the 
spectra of metal nanoparticles. These spectra are dominated 
by the plasmon resonance, which is a collective oscillation 
of the conduction electrons of the particle [45, 46]. The posi-
tion of the plasmon resonance depends on the size and shape 
of the particles [46–49], which means that polydispersity in 
the sample leads to inhomogeneous broadening of the spectra. 
A convenient way of overcoming this problem is to record 
spectra of single particles by dark field microscopy, and this 
has become a standard technique for spectroscopy studies of 
metal nanoparticles [50–57].

This report focuses on ultrafast measurements of single 
nanostructures [58–64]. The review is arranged as follows: 
first the different experimental schemes for ultrafast single 
particle studies, and the advantages and disadvantages of 
these schemes, is discussed. The most common way of per-
forming ultrafast measurements on single particles is by tran-
sient absorption spectroscopy using a conventional far-field 
optical microscope, where the pump and probe beams are 
focused at the sample with a high NA objective [65, 66]. In 
these experiments the pump laser excites the nanostructure, 
and the subsequent dynamics are probed by the change in 
transmission or reflection of the probe laser beam—analo-
gous to regular ensemble transient absorption measurements. 
Far-field ultrafast microscopy measurements can also be per-
formed by detecting scattered light [67], second harmonic 
generation [68] or one- or two-photon fluorescence from the 
pump and/or probe beams [69–73]. There have also been 
significant efforts in developing near-field transient absorp-
tion techniques that are capable of high spatial resolution. 
These techniques include ultrafast near-field scanning opti-
cal microscopy (NSOM) measurements [74, 75], nonlinear 
photo-induced force microscopy [76, 77], and time-resolved 
photoemission electron microscopy (TR-PEEM) [78–81]. 
The use of UEM [82–87] and time-resolved x-ray diffraction 
experiments [88–90] to study ultrafast process in single nano-
structures will also be discussed.

We next provide a select overview of the scientific prob-
lems that have been addressed through ultrafast time-resolved 
spectroscopy of single nanostructures. This includes studies 
of energy relaxation in metal nanostructures [60–62, 91, 92], 
charge carrier trapping and exciton motion in semiconductor 
nanostructures and thin films [93, 94], and of the propaga-
tion of surface plasmon polaritons (SPPs) of metal nanowires 
[95–97]. It is important to note that some processes in nano-
materials occur on timescales that are beyond the capabilities 
of current ultrafast microscopy techniques [98]. A relevant 
example is the dephasing of the localized surface plasmon 
resonances (LSPRs) of metal nanoparticles [50, 51]. For 

these systems useful information about the dynamics can be 
obtained by analyzing linewidths in steady-state single parti-
cle spectroscopy experiments [50, 51, 54], and recent reviews 
of this topic are given in [55, 60, 99–101].

The discussion will focus on cases where single parti-
cle measurements provide new information that cannot be 
obtained from ensemble studies. Not all ultrafast spectroscopy 
problems benefit from single particle studies. For example, 
the timescale for electron–phonon coupling in noble metal 
nanoparticles does not depend strongly on particle size or 
shape for the particle sizes that can be examined by single 
particle experiments [102]. Accurate measurements for this 
process also require very low and well-controlled laser flu-
ences [102–104]. Because of this ensemble transient absorp-
tion experiments are probably a better choice for studies of 
electron–phonon coupling in metal nanoparticles [60]. Note 
that the far-field transient absorption microscopy technique 
discussed in this review has also been used for biological 
imaging applications [105–108]. While this is an important 
area of science, it is not the focus of this review. Excellent 
reviews on the imaging applications of transient absorption 
microscopy can be found in [109–114].

2. Experimental techniques

2.1. Transient absorption microscopy

The majority of the ultrafast studies of single nanostructures 
have been performed by pump-probe transient absorption 
microscopy [65, 66]. In these experiments a pump laser pulse 
is used to excite the sample, and a variably delayed probe 
pulse monitors the subsequent dynamics. The pump can cause 
either an increase or decrease in the detected probe intensity, 
which are termed ‘transient bleach’ or ‘transient absorption’ 
signals, respectively. Note that these measurements can be 
performed in either transmission or reflection. The informa-
tion content from these two experimental geometries is simi-
lar, and the choice is usually dictated by the properties of the 
sample. For example, experiments on samples mounted on 
thick or opaque substrates have to be performed in reflection 
mode. The substrate thickness is an issue in transient absorp-
tion microscopy measurements because the high NA objec-
tives that are typically used in these experiments have short 
working distances.

A diagram of the transient absorption system used in the 
authors’ laboratory is presented in figure 1(a) [115, 116]. In 
the experiments a Ti:Sapphire laser/optical parametric oscil-
lator (OPO) system is used to generate the pump and probe 
pulses. The pump beam, which is typically obtained from the 
Ti:Sapphire laser, is chopped at high frequency (greater than 
several hundred kHz) by an acousto-optic modulator (AOM). 
The pump and probe beam are focused at the sample with a 
high NA objective, and the change in probe beam intensity is 
monitored by a high frequency lock-in amplifier referenced 
to the AOM. Laser systems based on mode-locked oscillators 
are good choices for these experiments, because they provide 
stable, high-repetition rate pump and probe beams. High-
repetition rate laser sources are preferable for the following 
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reason: first, low pulse energies (typically  ⩽  pJ/pulse) have 
to be used for experiments with high NA objectives to avoid 
damaging the sample. The signal level in single particle exper-
iments is also very small [65, 66, 115–117], so many pulses 
have to be counted to achieve a reasonable signal-to-noise. 
This means that there is a signal averaging advantage to using 
a low power high-repetition rate system (like a mode-locked 
Ti:Sapphire laser), rather than a high power lower-repeti-
tion rate system where the pulse energies have to be greatly 
reduced.

Transient absorption microscopy measurements are usu-
ally performed with different colored pump and probe pulses 
so that optical filters can be used to prevent the pump from 
reaching the detector (this would create a large background 
signal) [58, 59, 65, 66]. The different colors can be obtained 
by second harmonic generation of the fundamental from the 
laser [66, 118], or by using a high power oscillator to pump 
an OPO [59, 65, 119, 120]. Note that it is possible to use 
degenerate pump and probe pulses, and to suppress the pump 
beam using polarization [121, 122]. However, this approach 
requires very good polarization selection for the pump and 
probe, which can be hard to achieve with a high NA objective. 
Thus, although there have been some nice results presented 
using degenerate pump-probe experiments, these measure-
ments are very challenging to implement compared to two 
color experiments.

At this point it is useful to consider some of the important 
factors that determine the signal-to-noise level in these experi-
ments [115, 117]. The first is that the relative change in the 
probe power ∆P/P is proportional to the change in the extinc-
tion cross-section ∆σ of the nano-object divided by the area 
A of the probe beam: ∆P/P = ∆σ/A [99, 115]. Thus, high 
NA objectives that focus light to a small spot size are needed 
to detect small particles. As an example, transient absorption 
microscopy images of 20 nm diameter gold nanoparticles are 
presented in figure 1(b) [115]. A line scan through one of the 
particles in figure 1(b) is presented in figure 1(c). The full-
width-at-half-maximum (fwhm) is 320 nm, demonstrating 
near diffraction-limited resolution at the 720 nm pump wave-
length (λ/2NA ≈ 280 nm). These particles have an extinction 
cross-section of approximately 530 nm2, which means that 
they will cause a ~2% change in the linear transmission of 
the probe beam. Given that the non-linear transient absorp-
tion signal from metal nanoparticles is typically 103 to 104 
times smaller than the absorption of the sample, we would 
expect a signal level of ∆P/P ≈ 2 × 10−5 − 2 × 10−6 for 
the time-resolved single particle experiments [115]. This is 
very small, however, noise levels of ∆P/P ≈ 10−7 − 10−8 
can be achieved with low noise Ti:Sapphire oscillator sys-
tems. Indeed, this estimate of the noise level in the experi-
ments is consistent with the signal-to-noise range (100–200) 
observed in figure 1(b).

Second, in general there are three principal sources of noise 
in transient absorption measurements: noise from the amplifi-
cation circuits in the detection electronics, fluctuations in the 
pump and probe pulses energies, and ‘shot noise’—which is 
the statistical noise associated with counting photons [117]. 

Electronic noise (which scales as 1/f where f is the detection 
frequency) is usually not important in these measurements—
its effect can be reduced by using high frequency modulation 
and working at probe powers well above the noise-equivalent 
power (NEP) of the detector [117]. Likewise, pulse-to-pulse 
fluctuations in the pump and probe are typically not a problem 
for modern mode-locked laser systems. In cases where pulse 
fluctuations are an issue, such as when a pulse-picker is used 
to decrease the repetition rate of the laser, a balanced detec-
tor can be used to reduce this contribution to the signal [123]. 
Thus, in well-designed TAM experiments photon-counting 
statistics is the dominant noise source.

The noise from photon-counting statistics is proportional 
to 

√
N , where N is the number of photons detected. Thus, the 

signal-to-noise scales as N/
√

N =
√

N , which means that 
the signal-to-noise can be improved by increasing the probe 
power. This is demonstrated in the top panel in figure 2, where 
images from a single semiconductor nanowire recorded at 
different probe laser powers are presented [115]. Increasing 
the probe power improves the signal-to-noise, consistent with 
photon-counting statistics being the dominant noise source. 
Note that if pulse-to-pulse fluctuations were significant in 
these experiments, then increasing the probe power would 
have no effect on the signal-to-noise. The bottom panel in 
figure 2 shows transient absorption images of several single, 
single-walled carbon nanotubes [124]. These nano-objects 
have lateral dimensions on the order of a nanometer, and 
consequently have absorption cross-sections of tens of nm2 
µm−1 [125–127], which means they are very weak absorbers. 
The images demonstrate that high sensitivity can be achieved 
in ultrafast transient absorption microscopy measurements, 
rivaling that of linear absorption microscopy measurements 
[116].

The images in figures 1 and 2 were obtained by spatially 
and temporally overlapping the pump and probe beams and 
scanning the sample through the laser focus using a piezo 
stage. Similar images can be obtained by using galvo-scan-
ning mirrors to move the laser beams relative to the sample 
[106, 128]. Time resolved images for these types of meas-
urements can be obtained by simply changing the time delay 
between the pump and probe beams. This is shown in fig-
ure 3 where transient absorption microscopy images recorded 
at different times are presented for a sample of multilayer 
epitaxial graphene grown on a Si/SiC substrate [129]. The 
images recorded at 0 ps and 1 ps delay in figures 3(a) and (b) 
have a different form, which is highlighted in the line profile 
in figure 3(c). This effect arises from different rates of cool-
ing in the different regions of the sample [129, 130]. Ultrafast 
transient absorption microscopy has also been used to image 
defects and grain boundaries in graphene, which also cause 
subtle changes in the dynamics [131]. This type of heteroge-
neity would be obscured by inhomogeneous broadening in 
ensemble measurements, which demonstrates the power of 
microscopy measurements.

The transient absorption microscopy images recorded with 
spatially overlapped pump and probe pulses, such as those in 
figure 3, provide information about the timescales for energy 
relaxation processes, but do not directly visualize energy flow. 
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However, this can be achieved by holding the pump laser fixed 
at a specific point in the sample, and spatially scanning the 
probe over the sample. There are several ways of performing 
such fixed pump-scanned probe experiments. First, a single 
or a pair of motorized mirror mounts can be used to change 
the angle that the probe beam enters the focusing objective 
[132–134]. An example of this experimental scheme is shown 

in the top panel in figure 4 [134]. Changing the angle changes 
the point where the probe beam focuses at the sample plane. 
The images to the right in the top panel of figure 4 show an 
experiment with a single Si nanowire, where the time-depend-
ent spatial distribution of free charge carriers (positive ∆T/T  
signal, colored red in the images) and trapped charge carriers 
(negative ∆T/T  signal, colored blue) can be observed [134]. 

Figure 1. (a) Schematic diagram of the instrument used for transient absorption microscopy in the authors’ laboratory (pictured in 
reflection mode). BS: beam splitter; FI: Faraday isolator; BE: beam expander; DM: dichroic mirror; Pol: polarizer; λ/4 and λ/2: quarter- 
and half-waveplates, respectively; APD: avalanche photodiode; LIA: lock-in amplifier; AOM: acousto-optic modulator, 4f  =  4f lens system, 
PZS  =  piezo scanner, PD  =  photodiode. Reproduced from [116]. © IOP Publishing Ltd. All rights reserved. (b) TAM images of 20 nm Au 
nanoparticles recorded with temporally overlapped 720 nm pump and 530 nm probe pulses with powers of 50 µW and 15 µW, respectively, 
at the sample and an averaging time of 100 ms. The scale bar in the images is 1 µm. (c) Line scan through the bright particle in panel (b). 
The fwhm is 320 nm. Reproduced from [115] with permission from the Royal Society of Chemistry.

Figure 2. Top: transient absorption images (7  ×  7 µm2 image size) of a single CdTe nanowire recorded with 1.5 µW pump power, 
and different probe laser powers. The scale shows the signal-to-noise ratio in the image, which increases with increasing probe power. 
Reproduced from [115] with permission from the Royal Society of Chemistry. Bottom: atomic force microscopy (AFM) image (panel (A)), 
and transient absorption images (panels (B)–(D)) of single single-walled carbon nanotubes collected at different probe wavelengths. The 
pump beam in these experiments was the second harmonic of the probe. Image adapted from [124] with permission.
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Fixed pump-scanned probe transient absorption microscopy 
images can also be performed by passing the probe beam 
through a pair of galvo-scanning mirrors and using a 4f lens 
system to direct the probe beam to the back aperture of the 
focusing objective [135]. A diagram of this scheme is shown 
in figure 1(a). These two schemes are very similar in opera-
tion. Finally, fixed pump-scanned probe experiments can also 
be performed by using counter propagating pump and probe 
beams that are focused by separate high NA objectives, and 
translating the objective that focuses the probe along the (x, y) 
co-ordinates of the sample plane [136]. This scheme produces 
high quality images, however, it is limited to thin samples on 
optically transparent substrates. While this is not a problem 
for nanostructures created by chemical synthesis or mechani-
cal exfoliation that can be placed directly on a microscope 

coverslip, it is a limitation for samples that are grown on thick 
or opaque substrates.

One concern in fixed pump scanned probe experiments is 
that as the probe is scanned over the sample it experiences a 
different path length, which could affect the timing between 
the pump and probe pulses. To test this experimentally, spa-
tially separated pump-probe measurements were performed on 
single Au nanowires—see the bottom panel of figure 4 [137]. 
In these experiments the pump laser was focused at the end of 
the nanowire to excite propagating SPPs [137–140], which are 
collective motions of the electrons that have a definite momen-
tum [141–143]. The SPPs move at roughly half the speed of 
light [97, 144, 145], which means that their motion along the 
25 µm long nanowire in figure 4 is effectively instantaneous 
for the time-resolution of the laser system (the time of flight 

Figure 3. Transient absorption images of epitaxial graphene at two different pump-probe delay times, 0 ps (a) and 1 ps (b). Scale bars  =  0.5 
µm. (c) Line profiles taken along the dashed lines as indicated in the figures. Reprinted with permission from [129]. Copyright (2010) 
American Chemical Society.

Figure 4. Top panel: fixed pump-scanned probe transient absorption microscopy implemented by changing the angle that the probe beam 
enters the focusing objective. The transient absorption images show the motion of charge carriers in a single Si nanowire. A scanning 
electron microscopy image of the nanowires is also presented. Reprinted with permission from [134]. Copyright (2013) American Chemical 
Society. Bottom panel: (a) transient absorption image of SPP propagation for a long gold nanowire (approximately 25 µm). (b) Transient 
absorption traces recorded at three different probe locations as indicated in part (a) by the red dots. Reprinted with permission from [137]. 
Copyright (2014) American Chemical Society.
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for the SPP is ca. 80 fs, which is significantly shorter than 
the laser pulse width). Transient absorption traces recorded 
at different points along the nanowire are presented in panel 
(b) in figure 4. There is no change in the form of the transient 
absorption signals for the different traces, which demonstrates 
that the timing between the pump and probe beams does not 
change over a 25 µm length scale.

A significant issue with transient absorption microscopy 
is the image acquisition time. All of the images presented 
above were recorded by raster scanning one or both of the 
beams over the sample. This means a data acquisition time 
of several minutes for a typical image (50  ×  50 points with 
an averaging time of 100 ms per point). A promising way to 
improve the data acquisition speed is to focus the pump and 
probe beams to a line at the sample, and detect the change 
in transmission of the probe beam with a photodiode array 
coupled to tuned amplifier detectors [105, 131]. This scheme 
produces significantly faster data acquisition times, allowing 
images to be collected at rates of up to 1000 frames s−1 in 
favorable cases [131]. It may also be possible to exploit dif-
fractive optics for multiplexed wide-field transient absorption 
imaging to improve data collection times [146].

2.2. Far field fluorescence and scattered light detection

Detecting the change in intensity of a transmitted or reflected 
probe beam at first seems to be a challenging way of perform-
ing single nanoparticle measurements, as the signal is present 
on a large background [147, 148]. A more intuitive way to 
approach this problem is to detect second harmonic genera-
tion or scattering induced by the probe beam, as this removes 
the background photons from the probe laser that do not inter-
act with the sample. Indeed, the first ultrafast studies of single 
particles were performed in this way [67, 68, 149]. However, 
these measurements are difficult to perform. The primary 
reason is that scattering and second harmonic generation 
are weak effects and, so, the signal suffers from unfavorable 
photon counting statistics (see above). This problem is dif-
ficult to overcome: to get a large number of scattered or sec-
ond harmonic photons, very high probe laser power densities 
are needed, which can lead to sample damage. The scattering 
cross-sections of nanoparticles also scale as volume squared, 
rather than as volume for absorption [147, 148]. This means 
that for small particles absorption is actually more sensitive 
than scattering, for both transient and steady state measure-
ments [147, 148]. However, there is an advantage of these 
measurements compared to the far-field transient absorption 
experiments described above: single particle experiments can 
be performed using a regular lens to focus the pump and probe 
beam, and a high NA objective to collect the second harmonic 
or scattered photons [73, 150–152]. This avoids dispersion 
of the pump and probe beams in the focusing objective, and 
allows measurements to be performed with very high time-
resolution. For example, interferometric experiments with 
degenerate ultrafast (<15 fs pulseswidth) pump and probe 
beams that detect either scattered light, second harmonic gen-
eration or two-photon photoluminescence, have been able to 

directly measure plasmon dephasing for single gold nanorods 
in time [68, 73, 149–152]. This would not be possible using 
the two-color pump-probe measurements described above, 
where the pump and probe beams are focused at the sample 
with a high NA refractive objective.

Extremely high, single molecule level, sensitivity has been 
achieved in ultrafast microscopy measurements by using 
single-photon fluorescence detection [72, 153]. Typically 
these experiments are performed by monitoring the fluores-
cence from a single molecule induced by degenerate pump 
and probe pulses, as a function of the delay time between 
the pump and the probe. When the molecule is in the initial 
excited state created by the pump pulse the probe can cause 
stimulated emission, which reduces the total amount of fluo-
rescence detected. Relaxation out of the initially populated 
state reduces the amount of stimulated emission, causing an 
increase the detected fluorescence [69–71]. Thus, the rise 
in the fluorescence signal gives access to information about 
ultrafast energy redistribution in the excited state of the mol-
ecule [69–72, 153]. A schematic diagram of the experiment, 
and representative single molecule data for two different 
chromophores are presented in figure 5. For these molecules 
the rise in the signal around zero time delay is due to fast 
intra-molecular vibrational energy redistribution [153]. The 
experiments show differences in the dynamics of the indi-
vidual molecules, which are attributed to differences in the 
conformations of the molecules. These experiments have been 
used to examine electronic coupling in multi-chromophoric 
molecules [71], and quantum coherences and wavepacket 
motion in excited electronic states of molecules [153–156] 
and quantum dots [157].

The molecules that have been investigated to date in the 
one-photon fluorescence detection experiments have absorp-
tion cross-sections on the order of 10−2 nm2, which is much 
smaller than the nanostructures that have been studied by 
the ‘regular’ transient absorption microscopy measurements 
described above. For example, the cross-sections for the gold 
nanoparticles in figure 1 are approximately 50 000 times larger 
than those for single molecules. This means that very long 
averaging times would be needed to detect single molecules 
by direct transient absorption experiments, to the extent that 
the experiments would not be feasible (the molecule would 
most likely photo-bleach before the data could be collected). 
Techniques have also been developed to gate the emission 
from single nanostructures [158, 159], similar to what is 
done in ensemble fluorescence up-conversion measurements. 
However, like the scattering and second harmonic generation 
detection experiments discussed above, these measurements 
are very challenging due to the small number of photons gen-
erated per pump laser pulse.

2.3. Near field scanning optical microscopy

Ultrafast transient absorption experiments on single nano-
structures have also been performed using NSOM. These 
experiments have been conducted using both a tapered fiber 
to confine the pump and probe beams at a sub-diffraction spot 
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[74, 160–165], or in a scattering geometry where a sharp tip 
(usually a metal-coated AFM tip) is used to create high electro-
magnetic fields at a very localized point in the sample [166–
171]. Near-field transient absorption experiments have several 
advantages compared to conventional far-field measurements. 
First, much higher spatial resolution can be obtained in NSOM 
measurements. For example, scattering based near-field 
microscopes can regularly achieve  <20 nm spatial resolution 
[172–175]. This is an order of magnitude better than that for 
far field pump-probe measurements, even when these experi-
ments are implemented with super-resolution schemes such as 
structured illumination or controlled saturation of absorption 
[176, 177]. Second, the pump and probe beams do not have 
to pass through a high NA objective for NSOM experiments. 
Such objectives are very dispersive, which makes it difficult to 

obtain sub-100 fs time resolution. In contrast, there have been 
several reports of ultrafast time resolution (below 100 fs) in 
scattering NSOM experiments [75, 168, 178], and 20 fs time 
resolution has even been demonstrated in apertured NSOM 
experiments [179]. High NA objectives are also typically lim-
ited to the near-IR/visible wavelength range, whereas, ultra-
fast time-resolved scattering NSOM experiments have been 
performed in the mid-IR and THz wavelength ranges [75, 
168, 180–183]. The principal disadvantages of NSOM mea-
surements are the increased complexity of the instrument, and 
the limited field of view—typically images are acquired over 
a few microns range [75, 178]. In contrast, far-field transient 
absorption measurements can be readily performed over tens 
or hundreds of microns [131, 184]. It is also difficult to per-
form NSOM measurements in liquids, which is not a limita-
tion for the far-field measurements [185–189].

Figure 6 shows an example of ultrafast apertured NSOM 
experiments on gold nanorods [190]. In these experiments dis-
persion compensated ultrafast pump and probe pulses were 
focused at the sample using an optical fiber with an aperture 
diameter of 100 nm, and two-photon photoluminescence from 
the nanorod was monitored [179, 190, 191]. The laser pulses 
were polarized along the axis of the nanorod and, thus, excite 
longitudinal plasmon resonances of the nanorod. Figure 6(a) 
shows the time-resolved two-photon photoluminescence sig-
nal from the end of the rod. The signal decays on a timescale 
corresponding to the dephasing of the plasmon resonance 
[68, 190, 191]. A two-photon photoluminescence image of 
the nanorod is shown in panel (b). The regions of high sig-
nal in the image correspond to regions of high electric field, 
which creates a large two-photon photoluminescence signal. 
The form of the signal depends on the specific plasmon mode 
excited and, for the nanorod in figure 6, the fourth longitu-
dinal plasmon mode (three nodes) is resonant with the laser 
wavelength. Time-resolved images that show the decay of the 
plasmon mode are presented in figure 6(c).

These experiments provide a wealth of information—they 
directly give the form of the plasmon mode as well as pro-
viding information about the dephasing of the plasmon reso-
nance. Far-field optical experiments on single particles can 
provide information about plasmon dephasing [99], but they 
cannot be used to visualize plasmons. This is because the plas-
mon wavelengths are always smaller than the wavelength of 
light [192]. Plasmons can be imaged by electron microscopy 
techniques, such as cathode luminescence or electron energy 
loss spectroscopy (EELS) [193–196]. However, EELS and 
cathode luminescence typically do not provide information 
about dynamics. The ability to both image the plasmon and 
interrogate its dynamics is a unique aspect of ultrafast NSOM 
experiments [68, 190, 191].

An example of the use of time-resolved scattering NSOM 
experiments to study dynamics in nanomaterials is presented 
in figure 7 [168]. In these experiments the field enhancement 
from the tip of an AFM cantilever is used to focus near-IR 
pump and mid-IR probe beams to a sub-diffraction (approx-
imately 20 nm) spot at a graphene sample. Panel (a) shows 
time-resolved traces recorded by detecting scattered light 
from the probe. The traces have a fast ca. 200 fs decay, which 

Figure 5. (a) Schematic of the energy level diagram and optical 
layout for ultrafast single molecule experiments where pump and 
probe induced fluorescence is monitored as a function of delay 
between the pump and probed lasers. (b) Representative traces for 
two different chromophores. The rise in the signal around zero-time 
delay provides information about the ultrafast energy relaxation 
processes in the molecules. (c) Histograms of the energy relaxation 
times for the two molecules in panel (b). Reproduced from [153] 
with permission from the Royal Society of Chemistry.
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is assigned to cooling of the excited electron distribution by 
optical phonon emission [197]. The longer timescale decay 
is heat transfer to the substrate (acoustic phonon emission), 
which is different for monolayer versus bi-layer or tri-layer 
graphene [129, 168]. The time constants from fits to the data 
are presented in panel (b). Figure 7(c) shows a wide field opti-
cal image of the sample, and a high spatial resolution steady-
state image recorded by detecting probe light scattered by the 
AFM tip is presented in figure  7(d). Regions with different 
numbers of graphene layers can be clearly identified in this 
image. Time resolved images of the same region of the sam-
ple are presented in figure  7(e). The high spatial resolution 
inherent to the scattering NSOM measurements is vital for 
differentiating the different regions on mono-, bi- and tri-layer 
graphene in this sample.

Note that ultrafast measurements can also be performed 
in scanning probe experiments by monitoring the response 
of the probe—rather than the light that is scattered from the 
probe. For example, Potma and co-workers recently reported 
pump-probe measurements for single silicon naphthalocya-
nine aggregates with an approximately 10 nm spatial resolu-
tion, where the optical force between the aggregates and an 
AFM probe was monitored [76, 77]. Time-resolved studies of 
the vibrations of single molecules have also been performed 
by monitoring the tunneling current in a scanning tunneling 
electron microscope [198, 199]. Recording the optical force 
or tunneling current is a very promising approach for two 
reasons: first, much higher spatial resolution can poten-
tially be achieved than what is possible with optical detec-
tion. In NSOM measurements the resolution is limited by 
how tightly the field can be focused by the tip [172–175], 
and is typically on the order of 20 nm. In contrast, atomic 
scale resolution is achievable with force or tunneling current 
detection [200–203]. Second, measuring a force or tunneling 
current provides different and more direct information about 
the changes induced in the sample than optical spectroscopy. 
However, these techniques are in their infancy, and at present 
have only been implemented in a few laboratories [76, 77, 
198, 199].

2.4. Ultrafast electron and x-ray diffraction measurements

The principle advantage of the NSOM measurements dis-
cussed above compared to far-field transient absorption 
microscopy experiments is the improved spatial resolution. 
Another approach to achieve high spatial resolution is to 
use electrons or x-rays as the probe [78–82, 84, 85, 88, 89]. 
For electron microscopy there are two fundamentally differ-
ent approaches to performing ultrafast pump-probe imaging 
experiments. The easiest implementation for ultrafast elec-
tron imaging is to excite the sample with an ultrafast pump 
pulse, and detect the photo-emitted electrons induced by the 
probe (time-resolved photoemission electron microscopy or 
TR-PEEM) [80, 204]. These experiments have been used to 
image the motion of SPPs in metal nanostructures and films 
[79–81, 205–210], and the dynamics of charge carriers in 
semiconductors [211–214].

Figure 8 shows an example of TR-PEEM imaging experi-
ments on single gold nanoplates on a silicon substrate [81, 
210]. In TR-PEEM experiments the sample is mounted inside 
a low energy electron microscope, and ultrafast pump and 
probe beams are introduced into the microscope through 
an optical port. The pump and probe beams induce electron 
emission through multi-photon processes, and the emitted 
electrons are imaged using the regular electron optics and 
detectors of the microscope. For the experiments in figure 8, 
the pump beam launches propagating SPPs at the edges of the 
nanoplates, where the break in symmetry relaxes the momen-
tum matching conditions for coupling plasmons to photons 
[215]. The SPPs travel inwards, away from the edges, and 
are imaged by multiphoton electron photoemission induced 
by the probe beam. The signal in the TR-PEEM process is 
determined by the total electric field at the top, metal-vacuum 

Figure 6. (a) Time-resolved two-photon photoluminescence signal 
from a single gold nanorod. The signal was obtained at the end of the 
nanorod. (b) Two-photon photoluminescence image of the nanorod 
recorded at a time delay of 25.6 fs between the pump and probe, 
and the line profile through the image (lower panel). (c) Images 
recorded at different times that show the decay of the plasmon mode 
of the nanorod. The dimensions of the nanorod in these images 
was length  ×  width  ×  height  =  615  ×  55  ×  20 nm. Reprinted with 
permission from [190]. Copyright (2015) American Chemical Society.
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surface of the sample where the electrons are emitted, which 
is the sum of the fields from the SPPs and the probe beam 
[79–81, 205–210]. Thus, these measurements provide a series 
of images of the SPP field at the top surface of the nanostruc-
ture (more precisely, the interference between the fields from 
the SPPs and the probe beam). This means that TR-PEEM is 
essentially a near-field imaging technique. Note that because 
a regular lens is used to focus the pump and probe beams in 
TR-PEEM, rather than a dispersive high NA objective, the 
time resolution of these experiments can be very high [79–81, 
205–210].

Images from two different sized Au nanoplates are pre-
sented in figure  8: a large 120 nm thick plate is shown in 
figure 8(A), and a smaller 37 nm thick plate is shown in fig-
ure 8(B). Simulations of the TR-PEEM images are presented 
in figures 8(C) and (D). In the simulations the excited SPPs 
were modeled as a series of circular waves distributed along 
the edges of the nanostructure. The waves propagate inwards 
and summing the waves produces the interference pat-
tern in the image [81, 210]. The images show two plasmon 
modes: a long-range ‘leaky’ SPP mode that propagates at the 
Au-vacuum interface, and a short range ‘bound’ SPP mode 
that propagates at the Au-substrate interface [81, 96, 97]. The 
leaky mode has a longer wavelength and, as shown from the 
images, propagates further than the bound mode—which is 
damped over a distance of a few microns. The shorter propaga-
tion length of the bound mode arises because it is more local-
ized in the metal compared to the leaky mode and thus suffers 
greater dissipation [96]. The bound mode does not appear in 
the TR-PEEM image for the thicker nanoplate because its 
field does not penetrate to the top surface of the plate. Note 
that the short wavelengths for the bound SPP modes mean that 
they cannot be measured by far-field optical techniques [141]. 
Thus, TR-PEEM provides a way of interrogating these modes.

Electron detection experiments can also be performed 
using a pulsed electron beam as the probe [82–87]. These 
time-resolved ultrafast electron microscopy (UEM) measure-
ments are very challenging as it is hard to create a short pulse 
of electrons, and keep them from spreading in time before 

they reach the sample [82]. The majority of the UEM experi-
ments reported to date have been performed on bulk surfaces 
[82–87]. However, the ability of UEM to probe the dynamics 
of single gold nanoparticles has been recently demonstrated 
[216]. These experiments were performed in bright field trans-
mission electron microscopy mode. The images show time-
dependent changes that are due to vibrational modes of the 
particle that are coherently excited by the ultrafast pump laser 
pulse [60–62]. By applying a time-domain Fourier filter to 
the UEM images, the authors of [216] were able to gener-
ate spatial maps of the different vibrational modes. As will 
be discussed below, the acoustic modes of single metal nano-
particles have been extensively studied by far-field transient 
absorption microscopy experiments [60–62, 91, 217]. While 
far-field measurements can provide detailed information 
about the frequencies and damping times of the modes, they 
cannot image their form, as was done in [216]. Bright field 
UEM has also been used to image coherently excited strain 
waves in single, micron sized MoS2 nanoflakes [218]. These 
experiments allow the study of how the strain waves are initi-
ated, and how they are affected by defects in the crystal and 
reflections at its edges [218–220].

Another way of interrogating matter with high spatial 
and temporal resolution is to use time-resolved x-ray dif-
fraction measurements [88–90]. Like the UEM experiments, 
time-resolved x-ray measurements require specialized equip-
ment, and have mainly been used to investigate bulk samples 
[221–223]. However, there have been several reports of time-
resolved x-ray studies of single nanoparticles. Clark et al used 
time-resolved Bragg diffraction to examine acoustic phonons 
in single Au nanoparticles [88]. Figure 9(a) shows an example 
of Bragg diffraction patterns from a single Au nanoparticle, 
and the time-dependent angular distortion of the Au (1 1 1) 
Bragg diffraction peak for two different nanoparticles. The 
oscillations in the data are due to the breathing modes of the 
particles [60–62, 217]. In figure 9(b) the displacement field 
within the larger nanoparticle in figure 9(a) is presented at a 
specific time, along with a comparison to finite element simu-
lations. The displacement field was determined by collecting 

Figure 7. (a) Time-resolved traces recorded by ultrafast scattering NSOM measurements. (b) Time constants extracted from the data in 
panel (a). (c) Wide field optical image of the sample and (d) high spatial resolution optical image recorded by NSOM. (e) Time-resolved 
images of the same region of the sample as panel (d). The pump wavelength was 1.56 µm, and the probe wavelength was 8.3 µm. Reprinted 
with permission from [168]. Copyright (2014) American Chemical Society.
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3D coherent diffraction patterns, and using an iterative fitting 
procedure to determine the phase of the diffracted waves [88]. 
Note that the isotropic expansion due to the breathing modes 
has been subtracted in these images, and the plotted displace-
ments correspond to a higher-order shearing vibration of the 
nanoparticle [88]. These types of vibrations are invisible in 
all-optical experiments, because they do not change the size 
of the particle (more details on what modes appear in optical 
measurements are given below). Time-resolved x-ray scatter-
ing has also been used to monitor the melting of individual 
Au nanoparticles [89]. The results show that laser excita-
tion leads to non-homogeneous surface melting, that is com-
pletely reversible [89]. This is an incredible level of structural 

characterization, and it is hoped that improvements in this 
technology will allow the study of smaller objects than the 
several hundred nanometer sized particles in [88, 89].

3. Ultrafast dynamics in single nanostructures

In this section we discuss some of the applications of tran-
sient absorption microscopy to studying the dynamics of 
single nanostructures. The discussion will focus on far-field 
measurements, which are the most common implementation 
of these experiments. There are three basic types of far-field 
time resolved microscopy measurements: (i) experiments 
where a time-resolved trace is recorded at a fixed position 

Figure 8. TR-PEEM images of SPPs in Au nanoplates recorded with linearly polarized sub-15 fs laser pulses. (A) 120 nm thick nanoplate 
recorded at 0 fs delay between the pump and probe beams, and (B) 37 nm thick plate recorded with 4.52 fs delay between the pump and 
probe. Panels (C) and (D) show simulations of the TR-PEEM images, and panels (E) and (F) are line profiles through the experimental and 
simulated images. From [81]. Reprinted with permission from AAAS.
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in the sample, (ii) time-resolved imaging experiments with 
spatially overlapped pump and probe beams, and (iii) fixed 
pump-scanned probe imaging experiments. The first type of 
measurement has been extensively used to examine energy 
relaxation and acoustic vibrations of single metal nanopar-
ticles [65, 66, 117–122, 124, 140, 147, 185–188, 224, 225], 
dimers and oligomers of particles [226–228], and semicon-
ductor nanostructures [123, 229–239]. Imaging experiments 
with spatially overlapped pump and probe beams, like those 
in figures 3 and 7 [129, 168], can be used to study how the 
dynamics varies spatially within a sample. This is extremely 
useful for heterogeneous samples, such as polymer blends 
where there are domains with different compositions [240–
245], 2D materials created by exfoliation [168, 246–253], 
hybrid exciton-plasmon systems [254], and suspended sam-
ples where the material to be studied has been removed from 
the substrate [130, 255]. The fixed pump-scanned probe imag-
ing experiments presented in figure 4 can be used to image the 
motion of plasmons, excitons and charge carriers in nanow-
ires and 2D materials, which provides unique information 
about the propagation lengths and diffusion constants of these 
excited species [93, 94, 132–134, 137, 231, 244, 247, 256–
269]. Below we will focus on energy relaxation processes in 
single metal nanostructures, exciton motion in semiconduc-
tors and the propagation of SPPs in metal nanostructures, as 
these have been the major applications of transient absorption 
microscopy [59–62, 91–94].

3.1. Energy relaxation processes in metal nanostructures

Optical excitation of metal nanostructures creates excited 
charge carriers that relax via electron–electron and electron–
phonon scattering [60, 270]. These processes have been exten-
sively studied by ensemble measurements, and the consensus 
view is that electron–electron scattering occurs on a several 
hundred fs timescale, and electron–phonon scattering occurs 
on a 1–2 ps timescale [60, 270]. As noted above, the times-
cales for electron–electron and electron–phonon scattering are 
not particularly sensitive to size or shape, for the size of the 
particles that can be studied by single particle measurements 
[102, 271, 272]. The result from these energy relaxation pro-
cesses is that after a few ps, pump laser excitation has created 
a hot particle. The typical increase in temperature is 1 to 10 K 
[186], although much higher temperatures are possible [273, 
274]. For single particle studies high temperatures are usually 
avoided, as they lead to damage of the sample. The rapid pump 
laser induced heating coherently excites vibrational modes 
of the particles [60–62]. The frequencies of these modes 
depend on the size and shape of the particles [60–62, 217], 
which leads to inhomogeneous damping in ensemble studies 
[275, 276]. This means that ensemble measurements typically 
do not provide good information about damping times. The 
exception is experiments performed on very monodisperse 
samples [277–279], or when the damping is very (very) strong 
[270, 280, 281].

Figure 9. (a) (A) and (B) Time-resolved Bragg diffraction pattern from a single Au nanocrystal at delay times of  −10 and  +60 ps, 
respectively, plotted on a log scale. (C) and (D) Angular shifts in the Au (1 1 1) Bragg peak as a function of delay time for two different 
nanocrystals. (b) Images of the displacement field for the nanocrystal in panel (C) at a specific time (+110 ps), and comparison to 
simulations. From [88]. Reprinted with permission from AAAS.
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Figure 10 shows examples of single particle transient 
absorption measurements on single silver nanospheres [66] 
and gold nanorods in different environments [187]. The data 
for the Ag nanospheres (figure 10(a)) shows the typical sig-
natures of electron–electron and electron–phonon scattering 
in metal nanoparticles—a fast rise followed by a ps timescale 
decay [66, 102, 272]. The timescale for the decay depends 
on the pump laser intensity, which can be understood from 
the two-temperature model for electron–phonon scattering 
[60, 103, 270, 282]. Briefly, in the two-temperature model the 
electrons and phonons are treated as a coupled system with 
separate temperatures, that exchange energy in a way that 
depends on the difference in their temperatures. The differ-
ential equations  that describe the two temperatures are: [60, 
103, 270, 282]

Ce (Te)
dTe

dt
= −g (Te − Tp) (1a)

Cp
dTp

dt
= g (Te − Tp) (1b)

where g is the electron–phonon coupling constant, Te and Tp 
are the electronic and lattice temperatures, and Ce (Te) = γTe 
and Cp are the corresponding heat capacities. Because the 
electronic heat capacity depends on temperature, the measured 
electron–phonon coupling times depend on the pump laser 
power [60, 103, 270, 282]. This can be seen in figure 10(b) 
where the time-constant for electron–phonon coupling is plot-
ted versus pump power [66]. For ensemble measurements 
of electron–phonon coupling it is possible to perform tran-
sient absorption experiments at very low powers, so that the 
electron system is only slightly perturbed [102, 103, 271]. In 
this case the timescale for electron–phonon is independent of 
power and is given by γT0/g, where T0 is the ambient temper-
ature [104, 270, 283]. For single particle experiments higher 
pump powers have to be used because of the lower signal 
levels, which means that the experiments have to be modeled 
using equations (1a) and (1b) [284, 285].

The higher power measurements for the silver nanospheres 
in figure  10(a) show modulations at delay times greater 
than ca. 1 ps, which are due to coherent excitation of the 

Figure 10. (a) Single particle transient absorption traces for single silver nanospheres. The inset shows the signal amplitude as a function 
of pump laser power (Pp). Reprinted with permission from [66]. Copyright (2006) American Chemical Society. (b) Time constant for 
electron–phonon coupling extracted from the single particle transient traces for 21 nm diameter and 30 nm diameter particles (open and 
closed symbols, respectively). Reprinted with permission from [66]. Copyright (2006) American Chemical Society. (c) Transient absorption 
traces for a single gold nanorod in air (top) and water (bottom). Reprinted with permission from [187]. Copyright (2013) American 
Chemical Society. (d) Corresponding Fourier Transforms of the traces in panel (c). Reprinted with permission from [187]. Copyright (2013) 
American Chemical Society.
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breathing modes of the particles [66]. These types of modula-
tions are more clearly seen in the experiments for the single 
gold nanorod in figure 10(c) [187]. In both these experiments 
the particles were immobilized on a glass substrate, and the 
probe laser was tuned to near the maximum of the plasmon 
resonance of the particle [66, 187], where the signal from the 
acoustic modes is largest [276–278, 286].

The vibrational modes of the particles that are excited 
by the pump laser induced heating are in general the ones 
that correlate with the expansion co-ordinates [60–62, 282]. 
For spherical particles the fundamental and (occasionally) 
the first overtone of the breathing mode are observed [287], 
whereas, for non-spherical particles, such as the nanorod in 
figure 10(c), other modes can be seen [60–62]. It is impor-
tant to note that in most cases only the vibrational modes that 
cause a change in the spectrum of the nano-object being stud-
ied appear in the transient absorption traces. Spectral changes 
can occur through changes in the volume and/or the aspect 
ratio of the particles—as both of these quantities affect the 
position of the plasmon resonance [46, 286, 288, 289]. The 
higher frequency modulation in figure 10(c) is assigned to the 
breathing mode of the nanorod (change in radius), and the 
lower frequency modulation is the extensional mode (change 
in length) [119, 187, 275]. In some cases other modes can be 
seen, for example, very low frequency modes corresponding 
to relative motion of the particle and the substrate can some-
times be observed in reflection experiments [225].

In contrast to ensemble measurements, the lifetimes of the 
coherently excited vibrational modes in the single particle 
experiments directly generate meaningful information about 
energy relaxation. The lifetimes of the vibrational modes 
are most conveniently expressed through quality factors 
Qi = πfiτi, as this removes the trivial size dependence that 
arises from the way the lifetimes and periods scale with size 
[270, 280, 290]. There are a number of different contributions 
to the damping of the vibrational modes. These can be broadly 
broken up into internal damping and environmental effects. In 
terms of quality factors these two effects add as:

1
Qtot

=
1

Qint
+

1
Qenv

 (2)

where Qtot, Qint and Qenv are the total, internal and environ-
mental quality factors [186, 217, 277, 278, 291, 292]. The 
internal or intrinsic damping is due to dissipation of the elastic 
energy contained in the vibrational motion into heat [293, 294]. 
This process is expected to depend on factors such as the crys-
tal structure of the particles, the presence of grain boundaries, 
and possibly even the frequency of the vibrational motion [119, 
185]. However, as will be discussed below, there are very few 
systematic studies of internal damping for nanomaterials to date 
[295]. On the other hand, there have been a number of studies of 
the effect of the environment on acoustic mode damping.

The environmental quality factor Qenv can be separated into 
contributions from the substrate, surface bound ligands and the 
surrounding liquid (if any) using a similar sum rule to that in 
equation (2) [186, 188, 291]. These different contributions can 
be separated by performing control experiments in different 

environments, and subtracting the results [186–188, 291]. For 
example, for the nanorod in figure 10(c) the quality factors 
in air are 27.6  ±  1.4 for the breathing mode and 17.9  ±  1.0 
for the extensional mode [187]. When water is added to the 
sample the quality factors are reduced to 21.8  ±  0.9 for the 
breathing mode, and 5.6  ±  0.3 for the extensional mode. 
The effect of the liquid on the damping can be calculated by 

Q−1
liq = Q−1

tot − Q−1
air . This yields values of Qliq  =  103.7  ±  9.5 

for the breathing mode, and Qliq  =  8.1  ±  0.9 for the exten-
sional mode. The much larger liquid damping for the exten-
sional mode was attributed to lubrication forces at the 
nanoparticle-substrate interface [187]. This is consistent 
with the more complicated nanoparticle-fluid interactions 
that occur for modes that generate shear waves in the liquid 
(like the extensional modes of nanorods) compared to modes 
that generate compressional waves (which is what occurs for 
breathing modes) [296]. In the following we will discuss the 
different contributions to acoustic mode damping, starting 
with internal relaxation processes.

Ideally to study internal relaxation, the nanostructure 
should be removed from the substrate, as this is usually a 
large source of damping [227, 291, 292]. Two approaches 
have been developed to achieve this. First, nanowires can be 
suspended over trenches or grooves that are sufficiently large 
that the suspended portion can be probed without interference 
from the supported portion [186, 188, 189, 297, 298]. A sec-
ond approach is to optically trap a single nanoparticle in a 
liquid, and estimate the effect of the liquid on the damping 
through theory [185]. The suspended nanowire experiments 
have several advantages over the trapped particle experiments. 
First, they are much easier, which means that more measure-
ments can be performed. Second, they yield values of Qint 
that do not rely on theoretical models for the particle-liquid 
interaction [186]. Finally, the suspended nanowire experi-
ments can be performed on the same nanowire before and 
after heating/plasma cleaning to evaluate the effect of sur-
factant and/or thermal annealing. The primary disadvantages 
of the suspended nanowire experiments is that they can only 
be used to examine breathing modes, and that energy transport 
and/or propagation of acoustic waves along the nanowire are 
potentially complicating factors in the analysis of the damping 
[297–299].

Figure 11 shows an example of a transient absorption 
measurement on a single suspended gold nanowire. The 
SEM images in figure  11(a) shows that the nanowire has a 
pentagonal cross-section, which is typical of noble metal 
nanowires grown in solution [300–302]. A transient absorp-
tion trace from the nanowire is show in figure 11(b). The trace 
shows two oscillations with ~6 and ~7 GHz frequencies and 
approximately equal amplitudes, which are assigned to the 
breathing modes of the nanowire that correspond to motion 
at the apexes and the faces of the pentagon, respectively 
[186]. These modes appear in the transient absorption trace 
because they create a small change in volume, which shifts 
the position of the plasmon resonance [60, 62]. Finite element 
calcul ations of the form and frequencies of the two modes are 
shown in figure 11(c). In these calculations, the dimensions of 
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the nanowire are taken from the SEM images. The calculated 
and measured vibrational frequencies are in excellent agree-
ment (within 1%).

The nanowires produced by wet chemical synthesis are 
coated by surfactant, which can potentially affect the damp-
ing times. To account for the effect of the surfactant, tran-
sient absorption experiments were performed on suspended 
gold nanowires before and after plasma cleaning to remove 
the organic layer [188, 189]. This allows the determination 
of the quality factors for both internal damping (Qint) and the 
surfactant layer (Qsurf). These types of experiments have been 
performed for two different samples [188, 189]. Measurements 
for suspended nanowires with frequencies in the range of 40–
65 GHz gave 〈Qint〉  =  62  ±  8 and 〈Qsurf〉  =  190  ±  40 (errors 
equal 95% confidence limits) for the internal and surfactant 
damping, respectively [188]. A second set of measurements 
on a different set of suspended nanowires, with a similar 
size, gave 〈Qint〉  =  41  ±  5 and 〈Qsurf〉  =  310  ±  70 [189]. 
In comparison, the experiments on the breathing modes of 
trapped nanoparticles gave 〈Qint〉  =  40  ±  8 for spheres, and 
〈Qint〉  =  89  ±  20 for rods [185]. The difference in the values 
of Qint for the different samples, and the large variations in 
Qint within a given sample (see figure 12 below), implies that 
internal damping is sensitive to defects in the crystal struc-
ture and the surface of the particles [185, 188]. Indeed, recent 

studies of polycrystalline nanoparticles created by electron 
beam fabrication showed that internal damping can become 
very large, and even exceed damping due energy transfer 
to the substrate [295, 303]. Specifically, a quality factor of 
〈Qint〉  =  11.3  ±  2.5 was measured for Au nanodisks [295], 
which is significantly smaller than the values determined for 
chemically synthesized Au nanoparticles in [185, 188, 189]. 
While this is an intuitive result (one expects that the poly-
crystalline particles produced by electron beam fabrication 
should have larger internal damping), more work is needed to 
quantitatively understand internal damping, especially how it 
changes from single crystal structures to twinned crystals and 
polycrystalline nanoparticles [185, 188, 189, 295, 303–305].

The transfer of acoustic energy from the excited nanoparti-
cles into the substrate has also been the subject of a number of 
single particle investigations [140, 227, 290–292, 303–305]. In 
general, the results from these studies are consistent with the 
notion that the quality factor for vibrational damping depends 
on the difference in acoustic impedance Z = ρ× cl, where ρ  is 
the density and cl is the longitudinal speed of sound, between 
the nanoparticle and the solid support [280, 306, 307]. For 
small ∆Z  values the sound waves are transmitted at the nan-
oparticle-substrate interface, leading to dissipation of acoustic 
energy into the environment and small quality factors [280, 
306, 307]. In contrast, for large values of ∆Z  the sound waves 

Figure 11. (a) SEM images of a suspended nanowire. The scale bars are 10 µm for the image on the left, and 0.5 µm for the higher resolution 
tilted images on the right. (b) Transient absorption trace for the nanowire recorded over the trench. The inset shows a Fourier transform of the 
modulated portion of the data. The red line is a fit to the data. (c) Calculated breathing modes for a pentagonal nanowire. The dimensions were 
determined from the SEM image in (a). Reprinted with permission from [188]. Copyright (2015) American Chemical Society.
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are reflected at the interface, which leads to large quality fac-
tors. It is important to note that for the majority of single par-
ticle studies reported so far, the measured quality factors for 
substrate damping are significantly larger than the calculated 
values (i.e. there is less damping) [189, 291, 292]. There is also 
typically a large variation in quality factors for substrate damp-
ing from particle-to-particle [227, 291, 292]. This is observed 
both for chemically synthesized nanoparticles that are drop 
cast or spin coated onto the substrate [189, 291, 292], as well 
as for nanoparticles created by nanolithography [227].

The smaller than expected substrate damping and the large 
particle-to-particle variations are attributed to incomplete and 

variable mechanical coupling between the particles and the 
substrate [189, 291, 292]. Note that for the chemically syn-
thesized nanoparticles the acoustic mode frequencies are also 
close to that expected for a particle with free surfaces [119, 
186, 187, 217, 291, 292, 305], which is consistent with weak 
mechanical coupling between the substrate and the particle. A 
natural explanation for this is that the surfactant coating that 
is present on these materials insulates them from the surface. 
Indeed, removing the surfactant layer for supported nanowires 
by plasma cleaning causes increased substrate damping, indi-
cating a stronger contact with the surface [188]. Unfortunately, 
it is difficult to systematically study substrate damping for 

Figure 12. (a) Transient absorption traces for a single suspended nanowire. The different traces correspond to the as-deposited nanowire, 
the nanowire after plasma cleaning, and the cleaned nanowire in glycerol. The red lines are fits to the experimental data. (b) Quality factors 
for the as-deposited and cleaned nanowires in air and after addition of glycerol (GLY). (c) Quality factors for the as-deposited nanowires in 
air and with EG. The panels on the right side show the calculated quality factors for damping by (d) CTAB, (e) glycerol, and (f) EG. In each 
panel the open symbols correspond to the low-frequency breathing mode and closed symbols correspond to the high-frequency breathing 
mode. The lines show the average Q values, where the error bars represent the standard deviations. Reprinted with permission from [188]. 
Copyright (2015) American Chemical Society.
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chemically synthesized particles because it is hard to con-
trol and manipulate the interface between the particle and the 
substrate. More control of the interface can be achieved with 
lithographically defined particles through manipulation of 
the adhesion layer used in the fabrication process. For exam-
ple, a recent study of Au nanodisks showed that the acoustic 
mode frequencies changed from that expected for a particle 
with free surfaces to that for a particle with one interface fixed 
(corresponding to strong attachment to the substrate) as the 
thickness of the adhesion layer was increased [305]. However, 
for these samples the vibrational quality factors are dominated 
by internal relaxation (see above) [295], making it difficult to 
quantitatively assess the effect of the increased coupling on 
the substrate damping. Changes in the breathing mode fre-
quencies from changes in mechanical contact with the sur-
roundings have also been observed in ensemble studies of 
core–shell particles, see [308] and references therein.

The complexity of substrate effects for nanoparticles pro-
duced by electron beam deposition is nicely illustrated in a 
recent paper by Medeghini et al [309]. In this work the authors 
examined Au nanodisks with different aspect ratios (diameter/
height) on a sapphire substrate. They observed that the vibra-
tional quality factors depend on aspect ratio, and at certain 
specific aspect ratios very high quality factors are observed 
(Q ≈ 70). This was attributed to hybridization of the nanodisk 
vibrational modes by interactions with the substrate, which 
creates modes that are effectively decoupled from the sub-
strate [309].

The last source of damping to be discussed here is energy 
dissipation into liquids. As noted above, the effect of liquids 
on the acoustic modes can be determined by conducting 
experiments on the same particle in air and in the liquid, and 
subtracting the quality factors, see figures 10(c) and 12 [186–
189, 291]. In order to perform these types of experiments, the 
nanoparticles must be fixed on a substrate. However, the pres-
ence of the substrate is a challenge for theoretical calculations 
of liquid damping, and ultimately the results from the experi-
ments have to be compared to theory to advance understand-
ing. This problem can be overcome by examining nanowires 
suspended over a trench, like that in figure  11 [186, 188]. 
For sufficiently wide and deep trenches, the suspended por-
tion of the nanowire can be treated as an infinite cylinder in 
a homogeneous environment [186, 217]. In this case analyti-
cal expressions are available for the eigen-frequencies of the 
breathing modes of the nanowire, that allow the calculation of 
quality factors for liquid damping [186, 188, 217, 296].

To illustrate this point, consider a solid circular cylinder in 
a homogeneous environment. For time dependent harmonic 
motion the Navier equation for the displacement field ui asso-
ciated with the breathing mode is: [186, 217, 275]

d2ui

dr2 +
1
r

dui

dr
+

Å
k2

i −
1
r2

ã
ui = 0 (3)

where ki = ω/cL,i and cL,i are the wavevector and longitu-
dinal speed of sound in medium i. Assuming that the dis-
placements for the cylinder (i  =  c) and surrounding medium 
(i  =  m) are given by Bessel functions and Hankel functions 
of the first kind, and that there is continuity of radial stress 

and displacement at the cylinder-medium interface [186, 217], 
equation (3) can be solved to yield the eigenvalue equation
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where ρi and cT ,i are the density and transverse speed of sound 
in medium i, Jn and Hn are the Bessel functions and Hankel 
functions of the first kind, and R is the radius of the cylinder. 
Numerical solution of equation  (4) yields a series of com-
plex eigen-frequencies, with frequencies and damping rates 
of f = Re [ω] /2π and γ = Im [ω], respectively. The quality 
factor for damping due to energy transfer to the environment 
is thus Q = πf/γ = Re [ω] /2 Im [ω]. The effect of viscos-
ity in the environment can be included in equation (4) in an 
heuristic way by adding frequency dependent terms to cL,m 
and cT,m [310]. In the absence of viscosity, the values of Q 
obtained from equation (4) simply depend on the difference 
in the acoustic impedance of the cylinder and the environment 
[186]. Note that to rigorously describe a solid nanostructure 
in a liquid environment the liquid should be described using 
the conservation equations for a general fluid [311]. This leads 
to more complex expressions for the eigen-frequencies of the 
breathing modes which, rather bizarrely, give the same results 
as equation (4), see below [296].

Figure 12 shows representative data for suspended Au 
nanowires [188]. Transient absorption traces from a single 
suspended nanowire in air, in air after plasma cleaning, and 
in glycerol are presented in figure 12(a). Similar to the data in 
figure 11, the traces show oscillations from the two breathing 
modes for chemically synthesized nanowires with pentagonal 
cross-sections. Figures 12(b) and (c) show the measured Q 
values for different suspended nanowires, with and without 
added liquid, plotted against their vibrational frequencies. In 
figure  12(b), data is presented for the as-deposited nanow-
ires in air, after plasma cleaning, and after adding glycerol to 
the cleaned sample. Figure 12(c) shows data for nanowires 
in air and after adding ethylene glycol (EG) to the sample 
without the cleaning step. The open symbols correspond to 
the low-frequency breathing mode and the closed symbols 
correspond to the high-frequency mode. Each pair of data 
points represents a separate single nanowire. As discussed 
above, removing the CTAB surfactant layer causes a measur-
able increase in the quality factor. However, the measured 
values of Qliq are identical for the cleaned and the as-depos-
ited samples [188], which means it is not necessary to plasma 
clean the nanowires to determine Qliq. Figure  12(d) shows 
the values of QCTAB obtained by comparing the as-deposited 
and cleaned nanowires in figures 12(b), Figures 12(e) and (f) 
show the values of Qliq for the individual nanowires in glyc-
erol and EG, respectively. Note that there is no significant 
difference between the quality factors for the two vibrational 
modes, nor any frequency dependence in the Qliq data [188, 
189, 296]. There is also no significant change in the frequen-
cies of the breathing modes when the liquid is added to the 
sample [188, 189].

Figure 13 shows the average quality factors for liquid damp-
ing 〈Qliq〉 for the breathing modes of suspended Au nanowires 
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plotted against the acoustic impedance (Z) of the liquid. The 
error bars are the 95% confidence limits for 〈Qliq〉 determined 
from the standard deviation of the Qliq values for the individ-
ual nanowires divided by the 

√
N , where N is the number of 

measurements for a given liquid. (Note that in this analysis 
we averaged the data from the high and low frequency breath-
ing modes, thus, N is 2  ×  the number of nanowires studied.) 
The data set includes measurements for glycerol and EG (see 
figure 12) [188], and a series of ionic liquids and water [189]. 
Note that in figure 13 glycerol (the most viscous liquid inves-
tigated) is at Z ≈ 2.4 and water (the least viscous liquid) is at 
Z ≈ 1.4. The line in figure 13 is the quality factor for liquid 
damping calculated using equation (4) without including vis-
cosity. The points on this line (open red circles) are the results 
from continuum mechanics calculations of Qliq for the breath-
ing modes of nanocylinders that explicitly include viscoelastic 
effects in the liquid [296].

The small change in Qliq for the different liquids and dif-
ferent sized nanoparticles in figure  13 is an interesting and 
counterintuitive result. The viscosities of glycerol and water 
differ by over 3 orders of magnitude, thus, naively one would 
expect strong damping for glycerol. Indeed, calculations that 
use a Newtonian model for the fluid predict that the breathing 
mode should be completely damped in high viscosity liquids 
like glycerol (Q < 1) [188]. The absence of such damping 
implies that viscoelastic effects must be important for the high 
viscosity solvents [277–279]. However, a recent continuum 
mechanics study showed that when viscoelasticity is impor-
tant, the breathing modes of nanocylinders simply generate an 
inviscid compressible flow in the surrounding liquid—that is, 
conventional sound waves [296]. This leads to the following, 
paradoxical, picture of the dynamics for the breathing modes 
of nanoparticles in liquids: for low viscosity solvents, like 

water, viscoelasticity is not important and vibrational damp-
ing occurs by radiation of sound waves into the medium [185, 
186]. On the other hand, for high viscosity solvents, viscoe-
lasticity is important. In this case the medium has an inviscid 
response and the damping is controlled by radiation of sound 
waves into the medium [296]. In either case the damping of 
the breathing mode is simply determined by the difference 
in the acoustic impedance of the nanowire and the surround-
ings, and the values of Qliq follow the line generated by equa-
tion  (4). This is a rather strange situation where the liquid 
elasticity causes the liquid to respond as if it had no viscosity 
or elasticity at all [296].

The last point considered here is the difference between the 
values of Qliq for suspended and supported nanowires. Recent 
measurements for Au nanowires showed that the measured 
values of Qliq are ca. 60% larger for the nanowires on a solid 
support, compared to suspended nanowires [189]. This effect 
has a simple geometrical explanation: the nanowires in these 
measurements have a pentagonal cross-sections. When they 
are placed on a surface one of the faces is shielded from the 
liquid, which reduces the effect of the liquid on the damping, 
leading to larger measured values of Qliq [189, 291].

3.2. Exciton diffusion and relaxation in semiconductor  
nanostructures

A second area where far-field transient absorption micros-
copy measurements have made a major contribution is the 
study of exciton and charge carrier motion in semiconductor 
nanostructures using the fixed pump-scanned probe scheme 
[93, 94, 132–134, 136, 244, 247, 248, 255–262, 265–268, 
312–315]. In these experiments the pump laser is focused at a 
specific point in the sample. This creates a high concentration 
of excited species that subsequently diffuse away from the 
excitation region. Scanning the probe laser over the sample 
creates a map of the spatial distribution of the excited species, 
and recording these maps at different times provides informa-
tion about charge carrier/exciton transport [93, 94, 258, 265]. 
In the following two examples of these measurements are 
discussed: charge carrier diffusion in Si nanowires [134, 256, 
258], and hot carrier transport in perovskite thin films [267].

Figures 14(a) and (b) show SEM and fixed pump-scanned 
probe transient absorption images for a bent Si nanowire, 
which has a diameter of approximately 100 nm [258]. The 
transient absorption images in panel (b) were collected at the 
region of the black circle in the SEM image in panel (a). The 
signal in this measurement is proportional to the concentra-
tion of excited electron and holes. The images at different 
times show how the excited species spread out after excita-
tion. Quantitative information about the spatial distribution of 
the charge carries in this experiment can be obtained by fitting 

the distribution to a Gaussian function Exp
Ä
−x2/2σ(t)2

ä
, 

where σ(t) characterizes the width of the spatial distribution 

of charge carriers at the time t after the pump pulse [258]. 
The results of fitting the data in figure  14(b) are shown in 
figure  14(c). Note that the images and line profiles in fig-
ures 14(b) and (c) have been normalized: the signal decays in 

Figure 13. Average quality factors for liquid damping 〈Qliq〉 versus 
the acoustic impedance of the liquid. The solid blue circles are 
from [188], and the triangles are taken from [189]. The error bars 
represent 95% confidence limits. For the data from [189] the open 
and closed symbols correspond to measurements from nanowires 
with average diameters of 45  ±  7 and 32  ±  3 nm, respectively 
(errors equal standard deviation). The red line is the calculated 
quality factor for liquid damping determined from equation (4) of 
the main text, and the open circles that lie on this line are from the 
theory in [296].
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time in these experiments due to charge carrier trapping and 
recombination [93, 134, 235, 256–258, 261].

As expected the spatial distribution of charge carriers 
becomes broader as time increases. In terms of the Gaussian 
profile, the spreading of the charge carriers changes the 
width as σ(t)2

= σ2
0 + L(t)2, where σ0  is the initial width of 

the distribution created by the pump laser and L(t) is the 
increase in width from the movement of the charge carri-
ers [93, 258]. For 1D diffusive motion the broadening of 
the spatial distribution of carriers is proportional to 

√
2Dt , 

where D is the ambipolar diffusion constant [258]. Thus, a 
plot of σ(t)2 − σ2

0  versus time should produce a straight line 
with a slope that is related to the diffusion constant. This is 
shown in figure  14(d), where the square of the (fwhm) of 
the excited carrier distribution is plotted versus delay time 
between the pump and probe (∆t ). The diffusion constants 
measured in these experiments are on the order of 6–10 cm2 
s−1, which is significantly smaller than the diffusion constant 
for bulk Si [258]. This was attributed to effects from the high 
carrier concentration in the single nanowire experiments 
[258]. Interestingly, no effect from the local curvature of the 
nanowire was observed for the diffusion constant measure-
ments, even though the curvature had a significant effect on 
the carrier recombination rates [258]. Similar experiments 
have been performed on straight Si nanowires (see figure 4) 
[134], and on Si nanowires fabricated with p-i-n junctions 
[256]. In the latter case the transient absorption images show 
that the electrons and holes excited in the intrinsic region of 
the p-i-n junction initially undergo diffusive motion, and that 
charge separation occurs when the carriers reach the deple-
tion region of the junction [256].

There have also been a number of fixed pump-scanned 
probe measurements of carrier motion in thin films and 2D 

materials. An example for a perovskite thin films is presented 
in figure 15 [267]. These experiments were performed with 
near-IR probe pulses (1.58 eV  =  785 nm) and two different 
pump frequencies (3.14 eV  =  395 nm or 1.97 eV  =  629 nm). 
Figures 15(a) and (b) show σ(t)2  for the excited carrier dis-
tributions plotted over long (panel (a)) and short (panel (b)) 
timescales. At long times σ(t)2  increases linearly with time, 
as expected for diffusional motion. In this regime the dif-
fusion constants are the same within experimental error for 
the two pump laser frequencies [267]. The measured values 
of 0.7  ±  0.1 cm2 s−1 are also relatively large for these mat-
erials, indicating a high quality sample [267]. In contrast, at 
short time there is a significant difference in the evolution 
of σ(t)2  between the high and low frequency pump experi-
ments. Two effects are important here. First, the initial width 
of the distribution is larger for the 3.14 eV pump experiments 
compared to the 1.97 eV experiments. This is attributed to 
quasi-ballistic motion of the charge carriers within the pump 
laser pulse [267]. Specifically, the charge carriers created by 
the higher frequency pump pulses have higher initial kinetic 
energies and, thus, travel further before thermalization. The 
second interesting effect in figure  15 is that σ(t)2  shows a 
rapid increase in the first 10 ps for the 3.14 eV experiments 
before entering the diffusive motion regime. The fast rise is 
absent in the lower frequency pump laser experiments. This 
effect is attributed to the population of an energetic state 
ca. 0.3 eV above the band edge for the 3.14 eV experiments 
[316], which forms high mobility polarons [267]. The abil-
ity to observe charge carrier motion on ultrafast timescales, 
and probe how the motion changes with time, is a unique 
attribute of the fixed pump-scanned probe transient absorp-
tion experiments.

Figure 14. (a) SEM image of a Si nanowire, the scale bar is 5 µm. (b) Fixed pump-scanned probe images of carrier diffusion in the 
nanowire at the black circle in (a), the scale bar  =  1 µm. (c) Normalized carrier profiles obtained from the images in panel (b). The solid 
lines show fits of the data using a Gaussian function. (d) Square of the fwhm of the carrier profiles for two regions of the nanowire. The 
blue shaded region indicates the range of diffusion constants observed for the different nanowires in these experiments. Reprinted with 
permission from [258]. Copyright (2014) American Chemical Society.
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The majority of the fixed pump-scanned probe transient 
absorption microscopy experiments reported in the literature 
have been on thin films. Examples include perovskites [260, 
267, 312, 313], atomically thin 2D materials [133, 136, 247–
249, 251, 265, 315], quantum-dot thin films [262], organic 
semiconductors [244], exotic materials such as topologi-
cal insulators [132], and more complicated heterostructures 
[268]. In addition to being able to probe carrier motion before 
and after thermalization (as demonstrated in figure  15), the 
imaging nature of this technique means that it can also provide 
information about anisotropic carrier transport in crystalline 
materials [259].

Note that the motion of charge carriers/excitons in thin 
films can also be visualized by detecting emission, for a 
recent example see [317]. However, there are some significant 
advantages to using transient absorption over emission. First, 
not all materials emit strongly, however, creation of excited 
charge carriers or excitons by a pump laser will always pro-
duce an absorption signal. Second, the time-resolution in 
transient absorption experiments is much better than that in 
emission experiments—the time resolution in emission imag-
ing measurements is limited by the detector and, so, is on the 
order of 100 ps for the typical detectors used in microscopy. 
Thus, emission measurements cannot be used to study sys-
tems where there is fast charge carrier trapping and/or the-
malization, such as the perovskite materials in figure 15 [267].

The final point to note about these experiments is that 
charge carrier motion can be measured with a spatial resolu-
tion that is better than the diffraction limit, even though the 
size of the initial distribution of charge carriers is limited by 
the point spread function of the pump beam. This is because 
the measurement of charge carrier motion relies on recording 
the difference between two distributions, which can be done 

with high precision when the signal-to-noise ratio is large  
[93, 94].

3.3. Propagating SPPs in metal nanostructures

Fixed pump-scanned probe experiments can also be used to 
visualize the motion of propagating SPPs in extended metal 
nanostructures. SPPs are electron motions at the surfaces 
of conductors that have a well-defined momentum [192]. 
They can be excited in metal nanostructures by focusing 
a pump beam at the edge or end of the structure, where the 
break in symmetry relaxes the momentum matching restric-
tions [138–140, 215]. As the SPPs propagate they undergo 
dephasing processes that create excited electrons [96]. This 
changes the dielectric function of the metal, which causes a 
transient absorption signal [103, 270]. The spatial distribution 
of the excited electrons created by this dephasing is related 
to the intensity of the SPP mode, thus, recording fixed pump-
scanned probe transient absorption images of metal nano-
structures directly maps the intensity of the SPP modes [96]. 
These experiments have been used to measure the propaga-
tion lengths of SPPs in metal nanowires [137], SPP coupling 
between nanostructures [263], and how SPPs propagate across 
discontinuities in the substrate [318].

Example images of SPP propagation in a Au nanoplate 
recorded by transient absorption microscopy are presented in 
figure 16 [264]. In these experiments the SPPs were launched 
by focusing a 720 nm pump beam at the edge of the nano-
plate, and scanning a 560 nm probe beam over the sample. The 
most noticeable feature in the image is the series of concentric 
rings that propagate away from the excitation spot. This effect 
arises because the pump laser excites ‘bound’ and ‘leaky’ SPP 
modes that propagate at the Au-glass and Au-air interfaces, 

Figure 15. (a) σ(t)2 for the excited charge carriers in a perovskite thin film as a function of time between the pump and probe pulse. 
(b) Expanded region of the plot in panel (a) that shows the rapid changes in σ(t)2 at early time for the 3.14 eV pump experiments. (c) 
Representative fixed pump-scanned probe images for the data in panels (a) and (b). The change in sign occurs because the bleach and 
photo-induced absorption signals in these samples have a different scaling with charge carrier concentration. From [267]. Reprinted with 
permission from AAAS.
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respectively. These modes have different wavevectors, which 
creates an interference pattern in the image. The wavelength of 
the interference pattern is related to the difference in wavevec-
tors by λ = 2π/∆k where ∆k = kbound − kleaky. For the nano-
plate in air the measured wavelength is in excellent agreement 
with finite element calculations of ∆k [264]. Adding water to 
the sample increases the magnitude of the wavevector for the 
leaky mode, producing a smaller ∆k and therefore a longer 
wavelength modulation in the transient absorption image. The 
agreement with finite element simulation is not as good for the 
water experiments, presumably because it is difficult to accu-
rately measure long wavelength modulations for finite size 
plates. Note that the wavevector for the leaky SPP mode for 
the nanoplates can be measured by back focal plane micros-
copy [319–324]. Thus, by combining the ∆k information 
from the transient absorption images with the value of kleaky 
from back focal plane measurements, the wavevector for the 
bound mode can be determined [264].

The interference pattern observed for the nanoplate in fig-
ure 16 is an interesting effect that provides useful informa-
tion about the SPP wavevectors. However, it also illustrates a 
problem with fixed pump-scanned probe transient absorption 
microscopy measurements of SPPs: both the bound and leaky 
modes can be excited, and it is hard to determine whether the 
signal arise from one or the other, or a combination of the two 
[137, 318]. This problem is also an issue with experiments 
where fluorescence is used to image the fields associated with 
SPPs [145, 325, 326]. Indeed, the identity of the SPP mode 
that is being interrogated in transient absorption and fluores-
cence detection imaging experiments is typically inferred by 
comparison to theory calculations of the propagation lengths 

[137, 145, 325, 326]. This problem can be circumvented in 
two ways. First, leakage radiation microscopy can be used to 
image the SPP modes [321–323]. This technique only detects 
modes that have kSPP/k0 values that are smaller than the NA of 
the objective, which are the leaky modes of metal nanostruc-
tures [96, 97, 142, 319–324]. The second approach, as dem-
onstrated in figure 8 above, is to use a high spatial resolution 
imaging technique that can resolve the SPP mode wavevec-
tors, such as NSOM [141, 327–334] or PEEM [78–81]. In this 
case the detected SPP modes are completely characterized.

It is interesting to compare the interference patterns in 
the transient absorption and TR-PEEM images in figures  8 
and 16. In the two-photon PEEM experiments in figure 8 the 
observed signal is proportional to |E∗

T(r, t) · ET(r, t)|2, where 
ET(r, t) is the total electric field at the surface of the nano-
plate, which has contributions from the probe laser (E0(r, t)) 
and the SPPs: ET (r, t) = E0 (r, t) + Ebound (r, t) + Eleaky(r, t) 
[81]. This means that E∗

T(r, t) · ET(r, t) has terms that  
scale as E∗

0(r, t) · Ebound(r, t) and E∗
0(r, t) · Eleaky(r, t), which  

will give spatial modulations in the PEEM images at the SPP 
wavelengths. In contrast, the transient absorption microscopy 
signal in figure 16 is proportional to |E∗

SPP(r, t) · ESPP(r, t)| ×  
|E∗

0(r, t) · E0(r, t)| where ESPP (r, t) = Ebound (r, t) + Eleaky(r, t) 
is the sum of the fields from the bound and leaky SPPs gener-
ated from the pump laser [264]. In this case the spatially modu-
lated terms in the signal go as E∗

leaky (r, t) · Ebound (r, t) + c.c., 
which creates an interference pattern in the images at the dif-
ference in the wavevectors of the bound and the leaky modes.

Finally, an example of the use of fixed pump-scanned 
probe transient absorption imaging to study coupling of 
SPPs between nanostructures is presented in figure 17 [263]. 

Figure 16. Fixed pump-scanned probe transient absorption images of a Au nanoplate on glass in air (a) and in water (b). (c) SEM 
micrograph of the Au nanoplate. (d) Line profiles and fits for the nanoplate in air (blue markers and lines) and water (red markers and 
lines). Note that the signal is plotted on a log scale in panel (d). The wavelengths determined from the fit are given in the panel. Reprinted 
with permission from [264]. Copyright (2017) American Chemical Society.
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In these experiments focused ion beam milling was used to 
create gaps in a large Au ‘nanobar’ (a thick nanowire with a 
rectangular cross-section). Figure 17(a) shows a SEM image 
of the nanobar. The width of the gaps created by ion beam 
milling are, from left to right, 20 nm, 30 nm and 25 nm. A scat-
tered light image where the pump laser is focused at the end 
of the nanobar is presented in figure 17(b). The leaky mode 
appears in this image as the two lines that run down the sides 
of the nanobar [96, 97, 321–323]. Note that the bound mode 
could also be excited in these experiments, but it would not be 
observed in the scattered light images. A fixed pump-scanned 
probe transient absorption image of the nanobar is show in 
figure 17(c) and a line profile extracted from this image is pre-
sented in figure 17(d). The transient absorption signal shows 
clear drops in intensity at the different cuts. Analysis of the 
data for a number of cut nanobars shows that higher losses 
occur at smaller gap sizes. This is counterintuitive, the naïve 
picture is that coupling across the gaps should occur by a radi-
ative coupling mechanism, so that smaller losses are expected 
at smaller gap sizes. Finite element simulations of the cut 
nanobars show that localized resonances occur in the gaps, 
which can dissipate energy. Thus, the increased SPP losses at 
small gap sizes is attributed to energy dissipation by these gap 
modes [263].

4. Conclusions and future directions

The goal of this report has been to describe the current status 
of ultrafast spectroscopy studies of single nanostructures. The 
majority of the work in this area has been to use far-field tran-
sient absorption microscopy experiments to examine energy 
relaxation processes in nanoparticles, with an emphasis on 
metal nanostructures [58–63, 92]. There are several reasons 
for the focus on metal nanoparticles: these materials are strong 
absorbers and are typically air stable and (reasonably) hard to 
photo-damage. Single particle measurements provide detailed 
information about how the lifetimes of the breathing modes of 
the particles are affected by the environ ment, which has been 
a productive way of studying how nanoparticles exchange 

energy with their surroundings [62, 92, 217]. Indeed, the 
studies of liquid damping have led to unexpected discoveries 
of the effects of viscoelasticity at the nanoscale [296]. Far-
field fixed pump-scanned probe measurements also provide a 
unique way to study how charge carriers and plasmons move 
in nanostructures and thin films [93, 94]. In particular, the 
ability to study the motion of charge carriers on ultrafast tim-
escales is very valuable, as many technologically important 
materials show fast charge carrier relaxation processes [267].

Important avenues for future research in this field are to 
continue the development of methods that provide improved 
spatial resolution, sensitivity and spectral range. In this regard, 
the recent advances in time-resolved NSOM measurements 
are very impressive [74, 75, 160–164, 166–171, 178–183, 
190, 191], as is the development of TR-PEEM, UEM and 
x-ray diffraction detection experiments for studies of single 
nanostructures [78–90, 204–214, 216, 218–220]. With these 
techniques single particle experiments can now be performed 
at frequencies ranging from the THz to the near-UV, allow-
ing the investigation of wide range of different photophysical 
processes in almost any material.
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