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Abstract. In this Colloquium, we discuss the main principles, achievements and perspectives in the field
of highly parallel luminescence spectroscopy and imaging of single molecules (SM) in transparent solids.
Special attention will be given to SM detection at low temperatures, where ultranarrow and bright zero-
phonon lines (ZPL) of emitting centres are achievable for observation. Frequency of ZPL can be used
as an additional property for separation of multiple SM images within diffraction limited volume, thus
realising “multicolour” super-resolution microscopy. The extreme sensitivity of ZPL parameters to SM
local environment allows application of SM spectromicroscopy for the study of structure and dynamics of
doped solids on the nanometre scale. We show that the way to “bridge” the accidental rare events detected
by SM probes to general material properties is a statistical analysis of spectral-spatial data obtained by a
separated detection of all effectively fluorescing dye centres in a bulk sample. First experimental realisation
of three-dimensional phononless luminescence SM spectromicroscopy with modification of SM point-spread
function is demonstrated.

1 Introduction

Laser spectroscopy and imaging of single fluorescent
molecules in transparent solids is a relatively young but
already very powerful field of science. The first measure-
ments of absorption and fluorescence excitation spectra of
single molecules (SM) in polycrystalline matrices at low
temperatures were realised in 1989 [1] and 1990 [2], cor-
respondingly. Having joined soon after with luminescence
microscopy and other related techniques, single-molecule
spectroscopy (SMS) has quickly expanded to various
emitting nano-objects (molecular complexes, nanocrys-
tals, quantum dots, nanoholes, biological nano-objects,
emitting sites in polymers and complex media, single
ions and defects in inorganic solids, metallic nanopar-
ticles, hybrid nano-objects). During the past 25 years,
single-molecule spectroscopy and imaging (we will call this
field on the whole as SM spectromicroscopy, SMSM) was
intensively developed, and now is one of the most ur-
gent multidisciplinary fields of science. SMSM methods
became irreplaceable when resolving numerous problems
of modern physics, physical chemistry, optics and spec-
troscopy, nano-optics and nanophotonics, material sci-
ences and nanotechnologies, bio- and medical physics (see
special issues [3–7]).

a e-mail: naumov@isan.troitsk.ru
b Web-page: www.single-molecule.ru

The incredible interest in SMSM can be attributed to
at least several reasons:

(1) SMSM makes it possible to investigate the phys-
ical, chemical and functional properties of matter
on the “smallest” level of SMs, including study
of intramolecular processes (excited state dynamics,
molecular vibrations and conformations, photoioniza-
tion, Frank-Condon and Herzberg-Teller interactions,
Auger recombination), direct observation of quan-
tum processes (e.g. tunnelling, photon emission, lu-
minescence blinking and bleaching) and connecting to
macroscopic characteristics of the objects under study.
It is important also that the SM system is a very con-
venient object for theoretical investigation and model
calculation.

(2) Optical spectra of single dye centres embedded
into condensed matter are very sensitive to local
nanometre-scale environment. Thus single dye cen-
tres can be used as spectral nanoprobes for the
study of intermolecular processes and interaction of
probe molecules with surroundings (e.g. energy and
charge transfer, electron-phonon coupling, spectral
diffusion); and for the exploring of local dynamics of
solids (e.g. elementary excitations of tunnelling and
vibrational type, structural relaxations).

(3) SMSM is a basis of far-field optical super-resolution
microscopy – an extremely “hot” and quickly growing
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field of science and modern technology1. The main
idea of the technique is based on the fact that the ex-
act location (spatial coordinates) of a single point-like
emitter can be found with nanometre-scale accuracy
(much higher than the classical diffraction limit of
far-field optics), which is limited only by the signal-
to-noise ratio and the stability of a setup. This can
be realised by computer analysis of SM luminescence
images, detected by scanned confocal or wide-field lu-
minescence microscope, taking into account its point-
spread function (PSF). According recent research,
even all three spatial coordinates can be restored by
instrumental modification of PSF. In order to recon-
struct a sample structure it is necessary to achieve a
sufficient spatial density of chromophore labels with-
out overlapping of their images. For this, one need to
separate individual molecules located within the same
diffraction-limited volume by an additional property.
In the most popular techniques used so far (mainly in
life sciences) sequential imaging of SM is applied with
variable SM luminescence caused by random transi-
tions between fluorescent and non-fluorescent states
(blinking).

(4) There are various potential innovative applications
of SMSM in nanosciences [8]. For example it is
possible to develop controllable single photon light
sources [9,10], to use SMs as extremely sensitive met-
rical nanoinstruments and nanosensors [11], to ap-
ply SMSM to quick DNA sequencing [12] and in flow
cytometry [13].

The SMSM methods are especially informative at low
(cryogenic) temperatures where zero-phonon lines (ZPL)
of emitting centres are achievable for observation by ex-
citation with narrowband laser light sources (see [14–19]
and references therein). Unique properties of ZPLs sub-
stantially increase all the advances of impurity centre
spectroscopy [20].

The phenomenon of ZPL, which corresponds to a
purely electronic transition of an impurity and is usually
considered as the optical analog of the Mössbauer line, was
intensively studied during the last semi-century. Research
in this area started from discovery of the Shpol’skii effect;
followed by the discovery and theoretical understanding
of the nature of ZPL, then by the discovery and develop-
ment of selective laser spectroscopy techniques – laser flu-
orescence line narrowing, persistent spectral hole-burning,
SMS, and finally by the development of fluorescence mi-
croscopy (detection of images and determination of SM
coordinates with a sub-diffraction accuracy) of individual
molecules in solid matrices.

The phenomenon of appearance of narrow ZPLs in
doped solids is the basis for truly multicolour far-field
super-resolution microscopy by single-molecule lumines-
cence imaging. Actually, scanning through the broad inho-
mogeneous absorption spectral band yields the extremely

1 The Nobel Prize in Chemistry 2014 was awarded jointly to
E. Betzig, S.W. Hell and W.E. Moerner for the development
of super-resolved fluorescence microscopy [S.W. Hell, Far-Field
Optical Nanoscopy, Science 316, 1153 (2007)].

narrow individual ZPLs and images of all fluorophores in
the illuminated macroscopic volume of a sample [21,22].
Moreover statistical analysis of spectral-spatial data ob-
tained for myriad SMs (ideally – all fluorescing SMs in a
bulk sample) is a sui generis “bridge” between accidental
rare events detected by SM probes and general material
properties. This leads to the challenge of linking the dis-
tributions of SM spectral parameters with macroscopic
photo-physical data.

In this Colloquium we discuss recent achievements
in the field of phononless optical reconstruction single-
molecule spectromicroscopy, its main problems and
open questions, as well as perspectives and potential
applications.

2 “Zero-phonon line as a keystone
for high resolution spectroscopy”2

2.1 Spectroscopy of impurity centres

Electronic-vibration spectra of dye-centres (chromophore
molecules) in transparent matrices contain valuable in-
formation about intra- and intermolecular processes in
doped solids. Moreover, complex organic molecules be-
ing fixed in a rigid matrix are very suitable simplified
objects for study, because of “freezing” of the majority
of rotational and conformational degrees of freedom. This
makes it easier to resolve both primal and inverse spec-
troscopic problems in molecular spectroscopy. At the same
time electronic transitions of impurity chromophores are
very sensitive to processes in local matrix surroundings,
thus chromophore-matrix interactions give rise to com-
plication in spectra. One of the most significant matrix
influences is the effect of inhomogeneous broadening. The
essence of this effect is a strong distribution of electronic
transition frequencies of individual chromophores which
are located in slightly different conditions in real solids. As
a result the electronic-vibrational spectra are subjected to
strong blurring even in the case of quite ordered molec-
ular crystals. This effect was a long time a “bottleneck”
that prevented full interpretation of spectra of dye-doped
solids with complex structure.

2.2 Shpol’skii effect

The first essential step to resolving the inhomogeneous
broadening problem was the discovery of the Shpol’skii
effect in 1952 (see Ref. [23] on this subject). It was
found that in a set of frozen solvents (linear n-alkanes)
a quasi-linear thin structure originates in luminescence
spectra of organic chromophores. The phononless na-
ture of Shpol’skii spectra was clarified in a series of
theoretical works [24–28] (see also [29–31]) as a result of
specific transitions in a molecule, which arise without cre-
ation/annihilation of matrix phonons, i.e. without chang-
ing of the crystal state. Such transitions lead to the ap-
pearance of narrow zero-phonon lines, whereas transitions

2 This very meaningful definition was done by one of the
founder of laser selective impurity center spectroscopy field of
sciences, Prof. K.K. Rebane.
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which involve participation of phonons cause the appear-
ance of broad phonon sidebands (PSB). In Shpol’skii ma-
trices the probability of phononless transitions is high and
inhomogeneous broadening is quite small, thus relatively
narrow quasi-linear electronic-vibrational spectra can be
observed in experiment even upon non-laser excitation.
The subsequent decades have given rise to intensive study
of quasi-linear spectra for various chromophore molecules
in Shpol’skii matrices. The resolved vibrational structure
of Shpol’skii spectra gives the opportunity to find frequen-
cies of molecular vibrations of the ground and excited
states, and investigate photophysical and photochemical
properties of complex organic molecules.

2.3 Laser selective spectroscopy

The main disadvantage of spectral techniques based
on the Shpol’skii effect was the strong limitation of
dopant/matrix materials suitable for the observation
of quasi-linear spectra. In the majority of disordered
solids, the width of the inhomogeneous absorption band
γinhom can reach several hundred cm−1, thus preventing
observation of resolved electronic-vibration spectra.

Soon after the first description of ZPL as an opti-
cal analogue of Mössbauer effect, it became clear that
the influence of inhomogeneous broadening can be elimi-
nated via monochromatic excitation. For example, already
in early works it was found that luminescence spectra
of impurity ions in inorganic glasses are narrowed upon
excitation with the relatively narrow lines of a mercury
lamp [32].

The cardinal development of impurity centre spec-
troscopy occurred after the development of truly
monochromatic laser light sources. In reference [33] the
inhomogeneous broadening of the R-line in a ruby crystal
was removed and a ZPL was detected under monochro-
matic excitation. Wherein the possibility of observing ZPL
(and even the existence of ZPL) in highly disordered solids
was debated for a long time.

In 1972, Personov with colleagues have reported the
appearance of a fine ZPL-based structure in the electronic-
vibration spectra of dye-molecules in a highly disordered
matrix (organic glass) upon monochromatic laser excita-
tion [34,35]. Moreover they concluded that this effect is
general to almost any dye-doped solids, including highly
disordered organic glasses, polymers, and biological me-
dia. This method was called laser-induced fluorescence
line-narrowing (FLN), in some publications as the Per-
sonov effect [36]. Two years after FLN discovery, another
important milestone was reached in the development of
dye-doped solids selective spectroscopy. It was revealed
that the absorption spectra of some doped solids can be
modified by laser illumination, because of photochemical
or photophysical transformations of the dopant molecules.
Such changes lead to the appearance of a narrow “gap”
in the absorption spectra, which corresponds to ZPLs
position of selectively transformed molecules. Thus the
method of persistent spectral hole-burning (HB) was de-
veloped [37,38].

Both FLN and HB techniques have gained incred-
ible popularity and were used intensively for studying
the nature of various inter- and intramolecular processes
in a wide range of doped solids, for investigation of
mechanisms of dye-matrix interactions, internal dynam-
ics of matrices and quantum-size effects. Based on FLN
and HB, numerous methods and approaches were de-
veloped for studying temperature dependences, influence
of thermal cycling, external electric and magnetic fields,
pressure dependences, polarisation dependences, multi-
photon processes, and time-domain processes. HB tech-
nique was also involved in the development of multi-
dimensional holography [39] and investigation of slow
light phenomenon [40]. Laser selective spectroscopy re-
mains in widespread use for studying a broad range of
doped condensed matters and fluorescence dyes of differ-
ent structure and chemical composition: crystals, glasses
and polymers [41,42], rare gas matrices [43], nanoporous
materials [44], quantum dots [45], J-aggregates [46],
nanodiamonds [47,48], nanostructures [49], proteins [50],
light-harvesting complexes [51,52], and bioanalytical
species [53].

2.4 Single-molecule spectroscopy and imaging:
short timeline

In spite of their high spectral selectivity, FLN and HB
address a large number of chromophores, thus averaging
spectral data over a sub-ensemble of spatially distributed
impurities. For this reason, during 1960–1980 scientists
can only ponder over the possibility of single-molecule de-
tection. SMs in a solid matrix were detected for the first
time in 1989 [1] by absorption spectroscopy, and soon af-
ter in 1990 [2] by detection of fluorescence excitation spec-
trum. The first measurement of finely-resolved electronic-
vibration luminescence spectrum of SMs in crystalline
matrix was done in 1994 [54]. The first fluorescence low-
temperature imaging of SMs in solids with a 2D-detector
was reported in 1994 as well [55], showing the possibility
of highly parallel measurements of SM coordinates and
spectra.

All these pioneering experiments were performed at
cryogenic temperatures, viz. ZPLs of SMs were detected.
One can suppose that this success was based on the unique
properties of ZPL (brightness and high spectral selectiv-
ity). These works started worldwide SMS-studies of struc-
ture and dynamics of molecules, amorphous media, solids
and nanostructures with ultra-high spatial, temporal and
spectral resolutions [3–7].

The whetting of scientific “appetite” for SMSM
occurred due to, at least, several reasons:

(i) Progress in modern optics, spectroscopy and related
technologies.

(ii) Development of highly sensitive matrix detectors
(CCD- and CMOS-cameras).

(iii) Rapid growth of power of personal computer systems.
(iv) Progress in chemical and novel material sciences.

In 1993–1994 SMS has been extended to high temper-
ature ambient conditions with near-field [56–58] and in
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1994–1996 with far-field [59,60] optical microscopy. This
was the beginning of SMS applications in huge areas of
biophysics and life sciences [61]. In this field the diagnos-
tics of ultrafast phenomena is of special interest, and to
date such SMS technique has been realised [62].

In 1996–1998 it was experimentally shown that the
accuracy of SM lateral coordinates reconstructed by com-
puter analysis of SM luminescence images is not restricted
by the Abbe diffraction limit of far-field optics, but de-
pends only on the signal-to-noise ratio during measure-
ments and can reach a few tens of nanometres [63,64].
Hereafter researches have shown that by taking into ac-
count the SM point-spread function, precise SM images
analysis can restore coordinates with even sub-nanometre
accuracy [65].

The technology breakthrough in SMSM in the sec-
ond half of 2000s was the development of wide-field lumi-
nescence microscopy with real-time SM images processing
which gives sub-diffraction reconstruction of SM spatial
coordinates. In 2006, a set of far-field super-resolution
optical microscopy techniques were developed based on
the reconstruction of spatial positions of numerous sin-
gle probe molecules: stochastic optical reconstruction mi-
croscopy (STORM) [66] and photoactivation localisation
microscopy (PALM) [67]. These super-resolution tech-
niques have found a broad application in science (espe-
cially, in biophysics and life sciences), gave rise to develop-
ments in numerous subfields and innovative optical devices
have already entered mass-production.

Modern adaptive optical technologies opened up the
possibility of manipulating the SM emission wavefront,
modifying the SM point-spread function on-demand. On
this basis, the techniques of double-helix PSF (DH-
PSF) [68] in 2009, and recently bisected pupil PSF
(BSPPSF) [69] were developed for SM imaging. These
techniques open up avenues for three-dimensional imaging
with resolution beyond the diffraction limit.

ZPL-phenomenon was also used as a basis for “truly
multicolour” super-resolution microscopy. In 2009 the
technique for phononless luminescence optical reconstruc-
tion single-molecule spectromicroscopy (PLORSM) [22]
was developed, which is based on sequential-parallel de-
tection of phononless luminescence images and ZPLs for
nearly all illuminated single molecules in a bulk sam-
ple. At cryogenic temperatures, narrow ZPLs of sin-
gle probe fluorophores can be excited in a controlled
way by frequency-tuning of the narrowband excitation
laser within the broad inhomogeneous absorption spectral
band. The number of resolved SMs within a diffraction-
limited spot depends on the ratio γinhom/γZPL, which at
cryogenic temperatures in disordered solids, is of the or-
der of 105−106 (where γinhom is a width of inhomoge-
neous absorption spectral band, γZPL is a homogeneous
ZPL width). Thus, the ZPL frequency can be used as an
additional property for separation of SM images, which
one can consider as the “colour” of a SM. In addition, the
huge peak intensity of ZPL under narrowband excitation
allows high-precision reconstruction of SM coordinates
with small exposition times. Thereby, the hyperspectral

nanodiagnostics (or, in other words, highly selective spec-
tral “nanotomography”) of doped solids can be realised
for material science applications.

2.5 Zero-phonon line properties

Since pioneering research in the field, the nature of ZPL
is discussed in terms of electron-phonon coupling [24–31].
Later on the theory was generalised to electron-phonon
couplings of any strength as well as phonon localisation
(see [70–72], books [73,74] and references therein). Ad-
vances in SMS stimulated a series of theoretical works,
which clarify the microscopic nature of SM-matrix inter-
action, including interaction with low-energy excitations
of both vibrational and tunnelling type [73–76]. Interest-
ingly, many aspects of the theories developed so far have
found a use for spectroscopy of semiconductor quantum
dots in solid matrices when describing exciton-phonon
coupling [77–79]. Below we restate several frequently used
equations which describe the parameters of ZPLs in doped
solids.

The relation between the integrated intensity of the
ZPL and the total intensity of the single vibrational spec-
tral band (called the Debye-Waller factor) is determined
by linear electron-phonon coupling and depends on the
temperature:

αDW (T ) =
IZPL

IZPL + IPSB

= exp

⎡
⎣−

∞∫

0

g (ν) (2 n (ν) + 1)dν

⎤
⎦ , (1)

where n (ν) = 1/[(exp(hν/kT ) − 1] is the Bose factor,
g(ν) is the density of coupled phonon states of the system.
Thus the ZPL intensity transfers to the PSB intensity with
increasing temperature, while the integrated intensity of
the vibronic band does not depend on temperature. As
it was found in previous studies with ensemble-averaged
techniques, in general, IZPL and αDW can depend on other
system parameters (e.g. excitation wavelength [80]). It
means that single molecules (which are chemically the
same) in different places of the matrix can possess varied
Debye-Waller factors.

Numerous studies (see, e.g., [18] and references
therein) have shown that the homogeneous ZPL width
ΓZPL in the temperature range well below the melt-
ing/vitrification temperatures is determined in general by
three main contributions:

ΓZPL (T ) = Γ0 + ΔΓe-tunn (T, tm) + ΔΓe-phon (T ) , (2)

where Γ0 is the natural linewidth of ZPL; ΔΓe-tunn(T, tm)
is the ZPL broadening caused by the interaction of elec-
tronic transitions in impurity molecules with tunnelling
excitations in the matrix, which depend on the total time
of measurement tm; and ΔΓe-phon(T ) is the ZPL broaden-
ing caused by the interaction of impurity molecules with
vibrational excitations (electron-phonon interaction).
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Meanwhile the electronic transition frequency ω (fre-
quency position of ZPL) of the chromophore molecule also
depends on the temperature T and time of observation tm:

ω (T, tm) = ω0 + Δωe-tunn (T, tm) + Δωe-phon (T ) . (3)

This equation takes into account: (i) The static shift
of ZPL, ω0, which determines the “true” position of ZPL
within the inhomogeneous absorption band, and depends
on particular incorporation of the SM into matrix struc-
ture, on the local surrounding structure, local elastic and
electric fields. (ii) The ZPL frequency shift Δωe-tunn due
to interaction of SM with tunnelling type excitations. This
interaction gives rise to spectral diffusion resulting in the
SM ZPL frequency jumps. (iii) The frequency shift of ZPL
Δωe-phon induced by electron-phonon interaction.

The natural linewidth Γ0 is determined by the excited-
state lifetime of the molecule. As recent research has
shown, this parameter depends on the matrix parameters,
such as the refraction index [81,82]. The influence of local
surroundings on the value of Γ0 becomes pronounced in
the case of interaction of molecules with nanostructures,
e.g. Purcell effect when the molecule is located in a micro-
cavity or interacts with plasmonic nanomaterials [83–86].

Considering the interaction of a SM electronic tran-
sition with low-energy excitations of the tunnelling type,
one usually uses the standard model of low-temperature
glasses which is based on the tunnelling two-level sys-
tems (TLS) and stochastic sudden-jumps models [87–89].
Within this approach the ZPL frequency for each molecule
is determined by independent tunnelling transitions in all
nearby TLSs [75]:

Δωe-tunn (T, tm) =
∑

j

ζj (t) υj where υj = 2πΛ
Aj

Ej

εj

r3
j

.

(4)

Here ζj(t) is a stochastic variable equal to −1 or +1, when
the jth TLS is in its ground or in its excited state, re-
spectively; Λ is the TLS-chromophore coupling constant;
Aj , Ej , and εj are the asymmetry, energy, and orienta-
tion parameter of the jth TLS, respectively; and rj is the
TLS-chromophore distance.

The dependence of ZPL broadening due to
chromophore-TLS interaction within the standard
model of low-temperature glasses is defined in general as
follows [90,91]:

ΔΓe-tunn (T, tm) ∼ T α ln (tm) , where 1 � α < 2. (5)

In order to describe electron-phonon interaction, one
needs to take into account both Debye phonon states, local
phonons, as well as quasi localised low-frequency vibra-
tional modes (which are inherent to strongly disordered
solids [92]).

The spectral line broadening of an impurity centre,
caused by the quadratic interaction of an electronic tran-
sition with the phonon excitation spectrum, can generally
be described (for any electron-phonon coupling strength)

by the expression [73]:

ΔΓe-phon (T ) =
1
4π

∞∫

0

dν ln {1 + 4n (ν) [n (ν) + 1]

×W 2g(0) (ν) g(1) (ν)
}

, (6)

where W is the constant of quadratic electron-phonon cou-
pling; g(0) (ν), g(1) (ν) are phonon densities of states in the
ground and excited states of the chromophore.

The intensity of ZPL is in close connection with the lu-
minescence quantum yield and is defined by various prop-
erties of the system. With SMS methods one can look in-
side different processes, which determine the luminescence
yield and ZPL intensity. For example an important ques-
tion is the study of SM absorption and ways of control-
ling this process. The experiments [93] have shown that
strong extinction of a laser beam by a SM is observable
at some conditions (even full extinction is possible using
near-field excitation). IZPL depends on the value of Debye-
Waller factor (Eq. (1)) i.e. on the phonon density of states
and their coupling with dopants. Local environment can
also strongly affect IZPL, especially when the SM interacts
with various nanostructures. For example, luminescence
enhancement by several orders of magnitude is possible
due to the Purcell effect [85] and with the use of optical
nanoantennas [83,84].

ZPL width and amplitude depend also on the laser
excitation intensity PLAS:

ΓZPL (PLAS) = ΓZPL (0)
√

1 + PLAS/PS , (7)

IZPL (PLAS) = I∞max

PLAS/PS

1 + PLAS/PS
(8)

where PS is saturation intensity, I∞max is the ZPL fully
saturated emission rate, ΓZPL (0) is the unsaturated ZPL
spectral width.

Note that low PS values usually correspond to a lat-
eral orientation of the SM transition dipole moment. In
fact, the relative orientations of the excitation light polar-
isation and the SM dipole moment influence strongly the
observable ZPL luminescence [14,94]:

IZPL
∼= (dEL)2 = d2E2

L sin2 θd cos2 (ϕd − ϕL) , (9)

where d is transition electric dipole moment of the SM;
EL is electric field vector of the excitation laser light;
θd, ϕd, ϕL are angles between d-vector and z-axis,
xy-projection of d-vector and x-axis, and EL vector and
x-axis (x, y, z-axes are some chosen Cartesian coordinate
system, in which EL is in the xy-plane). Thus IZPL de-
pends strongly on the relative orientation of d and EL

vectors and this dependence is the basis of SM polarization
spectroscopy [14,94,95].

Because of different d-orientations of SMs relative to
the microscope optical axis, the emitting dipole radiation
pattern also influences the detected luminescence signal.
This is especially important when the SM is located near
the interface of two media with different refraction in-
dexes [8]. Moreover, d-orientation dependent SM radiation
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pattern should be taken into account in the SM imaging
techniques, when correct super-resolution reconstruction
of SM coordinates is achieved only with proper PSF anal-
ysis [65]. Also this dependence can be used for more effec-
tive luminescence excitation by proper manipulation with
laser beams, for example by preparing the light source
with a high axial polarisation component [96].

Applying external electric or magnetic fields leads to
the observation of Stark or Zeeman effect, respectively,
which lead to ZPL frequency shift [14]:

Δωfield = − (Δμ · F + FχF) , (10)

where the first and second terms describe linear and
quadratic effects, respectively; Δμ is the change in elec-
tric (or magnetic) dipole moment of the molecule, F is
field intensity, χ is the change in the electric (or mag-
netic) susceptibility tensor. Thus, a SM can be used as
a very sensitive nanoprobe of local electric and magnetic
fields [97–99].

3 Single molecule spectromicroscopy

3.1 Main principles

Several conditions should be satisfied in order to achieve
SM detection:

(a) “Bright” and photostable chromophore molecules,
with a sufficient length of excited state lifetime and
low quantum yield of internal conversion (transition
into long-lived triplet state). The processes of re-
versible transitions of the chromophore into radia-
tionless “dark” or “grey” states (so called “blink-
ing” [100–103]) play a very important role, as well
as irreversible “bleaching”. These processes can, in
some cases, prevent proper SMSM experiments from
being carried out, but in other cases can be the ba-
sis of specific techniques (e.g. STORM and PALM
techniques [66,67]).

(b) Low background and parasitic light contributions to
the detected signal (i.e. specific choice of dye-matrix
pairs, chemical purity of the sample components and
solvents, extreme cleaning of substrates, cuvettes and
optical elements of the setup). When SM “guests” em-
bedded into “host” solid matrix or liquid are being
detected, the spectral properties of the “host” should
be different: the absorption spectra of guest molecules
and host condensed matter should not strongly over-
lap. Also in some cases radiationless intersystem
crossing to host triplet state strongly diminishes SM
emission efficiency [104].

(c) Highly sensitive light detectors with sensitivity capa-
ble of single photon counting, with quantum yield as
high as possible, very low intrinsic dark and reading
noises, broad range of exposure times, short “dead”
times [105,106].

(d) Optical elements with specific characteristics : objec-
tives with high numerical apertures, small aberra-
tions. Filters with desired sharp-edged pass bands.

(e) High mechanical stability of optics-mechanical ele-
ments of the setup and high precision transmission
units. This is especially important in the case of cryo-
genic experiments where transmission stage and ob-
jective are placed into the measuring chamber of a
cryostat [107].

(f) Specific algorithms and software for fast data process-
ing (SM image recognition and hyperspectral analy-
sis); powerful computer systems for large data-flow
processing and storage. This point is extremely im-
portant in the case of highly parallel detection of
myriad SMs and further statistical data analysis.
This quite sophisticated problem is closely related
to the general multidisciplinary problem of pattern
recognition and image processing, which is undergo-
ing intensive development in astronomy, machine vi-
sion, etc. [108,109]. In relation to SMSM there are
several open-source software packages for highly ef-
fective SM image processing for the STORM and
PALM techniques [110,111], and also for the DHPSF
technique [112].

(g) Sine qua non is emission of only one SM per diffrac-
tion limited volume (DLV) at a time with the se-
lected exposure, or possibility to separate images
of certain single molecules within DLV of a sam-
ple by some additional property. Primarily, it can
be achieved by proper choice of dye concentration
(Fig. 1a), by reducing the sample volume under study
(thin films, sharp excitation light focusing with use of
confocal excitation-detection scheme). However, if all
molecules emit light simultaneously, the required con-
centration is “homeopathic” (∼10 molecules per μm3

for the visible range of wavelengths), that is not always
suitable for the physical problem under study. For
example, in super-resolution microscopy techniques
based on reconstruction of numerous SMs positions,
it is principally important to detect separately many
emitters within DLV in order to restore the nanostruc-
ture of the sample. For resolving this problem there
are several approaches.

The first (and the most popular [66]) one is using the
blinking effect, intrinsic for many single molecular emit-
ters. Each molecule in a sample is stochastically switch-
ing between emitting (on-) and non-emitting (off-) states.
Thus one can select experimental conditions such dyes,
concentration and exposure time, that at each time mo-
ment, only one SM per DLV is fluorescing (Fig. 1c). Mak-
ing numerous sequential snapshots, one can detect sep-
arate images for the required number of SMs in order to
restore the structure of the sample. The only problem is to
make single emitters switchable. In most popular super-
resolution techniques, the blinking of fluorescence chro-
mophore labels attached to biological macromolecules is
used. This blinking is caused by stochastic conformational
changes of biological macromolecules, resulting in changes
of the efficiency of nonradiating energy losses of emitters.

The second possibility to resolve simultaneously flu-
orescing SMs within DLV is the separation of their
emission by some additional property, for example by
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Fig. 1. An illustration of the principles of single-molecule spec-
tromicroscopy. (a) Resolving of individual SMs within diffrac-
tion limited volume by extreme low dyes concentration. (b) Re-
solving of SMs by selective detection at different wavelengths.
(c) Resolving of SMs by effect of stochastic blinking (switching)
of molecules. (d) Resolving of SMs by selective narrowband
excitation of different molecules at different wavelengths. Red
lines show conventional borders of diffraction limit volumes.

the wavelength of emission. For this, one can dope the
condensed matter with several sorts of dyes which emit
light in different wavelength regions at the same excita-
tion (Fig. 1b). Thus different molecules are detectable sep-
arately by sequential changing of special band-pass filters.
In principle, this idea is very closely related to the concept
of “Raman fingerprints”.

Finally, another way to achieve a high concentration of
resolved SMs is to use spectrally selective excitation. For
this, one can use a wavelength tunable light source (e.g.
tunable laser). Tuning of the laser frequency into reso-
nance with the SM absorption line maximum allows con-
trollable and deliberate excitation of different molecules
within the same DLV (Fig. 1d). For the best realisation
of this approach, the molecules should have homogeneous
absorption spectra which are as narrow as possible, dis-
tributed over an inhomogeneous absorption band that is
as broad as possible. Narrow ZPLs meet the conditions
for this “multicolor” technique in the best possible way,
because of an unprecedentedly high ratio between inho-
mogeneous and homogeneous bandwidths. This idea was
for the first time realised in [22] and is the central subject
of the present Colloquium paper.

3.2 Experimental methods

Up to the present time SMSM has been realised in spec-
troscopy and microscopy techniques (see e.g. [113–116]),
most commonly used of which will be shortly discussed
below.

3.2.1 Absorption spectroscopy

This technique was used in the pioneering work on SMS [1]
and is in active current use. The main peculiarity of ab-
sorption methods is that the relatively weak signal has to
be detected on the large background, thus it requires spe-
cial experimental techniques like Stark-modulation, etc.

The high interest of SM absorption techniques is stim-
ulated by their possible applications for the photother-
mal therapy and microscopy of non fluorescent samples.
At present, absorption techniques are actively applied to
single nano-objects of various nature: metal nanoparticles
and nanoclusters, hybrid nano-objects. For example, in
reference [117], the technique of absorption and scattering
microscopy of single metal nanoparticles was realised on
the basis of the photothermal method, which significantly
improves the signal-to-noise ratio. In reference [118], SM
imaging by optical absorption was performed, which sig-
nificantly expands the range of objects that can be studied
by SMSM, including samples which absorb light, but do
not fluoresce. A new, prospective direction in this field is
the development of hybrid nanoparticles which has opti-
cal properties that can be designed on-demand by numer-
ical computation (e.g. FDTD-simulation of metal-organic
nanoparticles [119]).

3.2.2 SM emission spectroscopy

When applied to SMS, classic luminescence spectroscopy
is a powerful way to understand the microscopic nature
of intramolecular interactions. By analogy to bulk spec-
troscopy (see e.g. [120,121]), vibrational analysis of the
resolved luminescence spectra can be performed. Such
analysis can give the parameters of Franck-Condon and
Herzberg-Teller interactions, information about breaking
of molecule symmetry due to matrix influence, and the
values of molecular vibration frequencies (for examples of
SM vibration identification (see Ref. [54]). In this way, the
best results can be obtained at low temperatures, when
the luminescence spectra consist of narrow ZPLs and are
highly resolved. For this application one can also refer to
a huge field of SM Raman spectroscopy, especially sur-
face enhanced techniques, which have found a broad use
in modern spectroscopy, plasmonics and related fields. In
addition, multiphoton techniques are also applicable. One
of the main advantages of emission spectroscopy is the
possibility of spectrochemical identification and analysis
of the light-emitting molecules.

3.2.3 Fluorescence excitation technique

Since pioneering works on SMS in 1989-90s it has be-
come clear that fluorescence excitation technique yields
a much higher signal-to-noise ratio when detecting sin-
gle molecules [1,2]. In this technique, a SM fluorescence
is excited by a narrowband light source at a wave-
length within the SM absorption spectral band. Integrated
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Stokes-shifted fluorescence of the SM is detected, while
the excitation frequency is tuned over the SM absorp-
tion spectral band. The fluorescence excitation spectrum
(dependence of integral luminescence on the excitation
frequency) is the equivalent of an absorption spectrum,
but exhibits much higher (in multiple orders of magni-
tude) signal-to-noise ratio. Fluorescence excitation spec-
troscopy became the most used technique for the SMS
study of low-temperature doped solids, in particular, the
study of low-temperature dynamics of disordered solids,
such as glasses, polymers, defected polycrystalline samples
(see [14–19] and references therein). Numerous impress-
ing results in this field were obtained in studies of both
organic dye molecules photophysics and low-temperature
dynamics of disordered molecular systems (some of these
results will be highlighted in Sect. 4 of this Colloquium).
Moreover, the ZPL phenomenon was used as a basis for
a new super-resolution far-field optical microscopy tech-
nique [21,22] which idea is discussed in Section 5 of this
Colloquium.

3.2.4 Analysis of autocorrelation functions, blinking time
traces and photon statistics

Since early SMS works, the study of temporal dynamics
of SM emission was a source of information about quan-
tum emitters. For example, observation of detected photon
antibunching by analysis of the correlation function was
(and remains currently) the best way to confirm the indi-
vidual character of an emitter, because a SM cannot emit
two photons at the same moment [122]. The correlation
function is also a source of information about intersystem
crossing, transition into “dark” states and other processes.

The statistical analysis of SM fluorescence intermit-
tency over a long time period gives information about the
microscopic nature of “dark” and “grey” states of single
emitters, in particular about the roles of photo-oxidation,
phototransformation, photo-ionisation, triplet states and
energy transfer in SM luminescence blinking and bleach-
ing processes [100,101]. For this purpose the statistics of
on-/off- intervals on different timescales (from ns to hours)
is investigated depending on various external parameters
(temperature, external fields, atmosphere, pressure, etc.).

The technique of blinking statistics analysis is not
free of artefacts, for example the dependence of obtained
results on the threshold choice [123]. The way to solve
this problem is by using the analysis of photon statis-
tics (photon distribution functions, PDF) of single emit-
ters [124–127]. The analysis of the PDF gives relaxation
time constants, parameters of intermolecular interaction,
spectral diffusion characteristics, etc. This approach is es-
pecially productive for the analysis of SM emission at
room temperatures, when processes are very fast and
spectra are usually structureless. Regarding ultrafast pro-
cesses, techniques have recently been developed with up
to femtosecond temporal resolution [62].

3.2.5 SM luminescence microscopy (imaging)

Initially SM imaging was realised using a scanning con-
focal microscope with a very sensitive low-noise single
channel detector (photomultiplier tube or avalanche pho-
todiode). It was understood that the analysis of a SM
image allows reconstruction of the lateral position of a
molecule with very high precision, which is not restricted
by the diffraction limit, but depends only on the stabil-
ity of the setup, the precision of scanning module and
the signal-to-noise ratio of detected image. Since the de-
velopment of matrix detectors, especially highly sensitive
CCD-cameras with internal electronic multiplication, clas-
sical wide-field luminescence microscopy became the basis
for numerous SMS investigations and a number of super-
resolution microscopy techniques. Moreover, modern tech-
nologies allow performing all-3D microscopy of SMs by
instrumental modification of their point-spread function.

3.3 Experimental schemes

A general view of a measurement system for various
SMSM experiments is presented on Figure 2. In the most
advanced configuration, the setup includes implementa-
tions of all the spectroscopic techniques discussed above.

In the case of cryogenic measurements, a sample holder
is placed into the measuring chamber of the optical (liquid
nitrogen or helium) cryostat together with a translation
stage and focusing optics. Focusing optics are microscope
objectives, with a numerical aperture that is as high as
possible (NA ∼ 0.8−0.9, and >1 for the immersion ob-
jectives). The translation stage ideally should permit pre-
cise control of 3D-translation of the sample relative to
the microscope objective. A sample holder unit can be
equipped with different elements for implementing various
microscopic techniques, for example joined together with
a head of atomic-force or scanned-tunnelling microscope,
with optical tweezers.

The light source block consists of a laser (e.g. CW tun-
able narrowband laser) and an excitation preparation unit.
The excitation preparation unit fulfils several different
functions:

– control of the laser intensity stability with a noise-
eater, based on the feed-back Pokkels cell, or a liquid
crystal modulator;

– control of the laser frequency stability using a Fabry-
Perot interferometer, Michelson interferometer and/or
iodine cell;

– defocusing of a light beam for the wide field epi-
fluorescence microscopy;

– preparation of on-demand polarized light for
polarization spectroscopy;

– preparation of the homogeneous Gaussian light-wave
front by spatial pin-hole filter;

– preparation of specially constructed light-wave fronts
by spatial amplitude and phase light modulator, e.g.
for effective excitation of SM with dominantly axial
orientation of transition dipole moment.
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Fig. 2. The principal scheme of a measurement system for single-molecule spectromicroscopy in the most advanced configuration
which includes wide-field 2D- and 3D-luminescence microscopes, a scanning confocal microscope, and an imaging spectrometer
(see captions and description in the text).

Dichroic mirrors and filters are used for the best separa-
tion of detectable emission from the excitation and scat-
tering light. In modern experiments, one usually use the
interference filters with very sharp edges. The spectral
characteristics are chosen according to the spectral prop-
erties of the sample under study.

Figure 2 shows the majority of detection scheme types
which are described below. Each scheme can be switched
on and off by the corresponding switching mirror.

3.3.1 2D-microscopy unit

Highly sensitive matrix detector camera 1 (fast low-noise
CCD-camera with internal electronic multiplication) is
used for wide field luminescence microscopy. The fluores-
cent microscope, either of the epifluorescence design, or
with the illumination of a sample from the back-side, al-
lows SM imaging as well as fluorescence excitation spectra
measurements (Fig. 2B). The latter is possible by stepped
frequency tuning of the narrowband laser.

Both SM imaging and fluorescence-excitation spec-
tra measurements allow super-resolution reconstruction of
sample structure (Fig. 2A) by restoring the lateral coordi-
nates of an emitter via computer analysis of a SM image
(see details in [18,21,22]). The required molecule density
can be achieved by either non-correlated switching of SMs
between dark and bright states, or by selective narrow-
band laser excitation (as illustrated on Fig. 1).

In SM imaging mode, at a fixed excitation wavelength,
the SM luminescence time trace and corresponding photon
distribution function can be measured (Fig. 2C).

In fluorescence excitation mode, the CCD-camera
frame is recorded with certain exposure on each laser
frequency detuning step (see Figs. 2B and 2C). After
scanning through the whole selected spectral range, the
sequence of CCD-frames can be analysed with special im-
age processing software in order to recognise individual
images of SMs and extract a fluorescence excitation spec-
trum for each SM (Fig. 2C). This measurement can be
carried out repeatedly in order to detect so called SM
spectral trails which reflect dynamical processes in local
matrix surroundings (Fig. 2C).

3.3.2 3D-microscopy unit

Recent advances in adaptive optics technologies give the
possibility for generating light beam with highly control-
lable spatial amplitudes and phase modifications. On this
basis several techniques for 3D SMs spatial coordinates
reconstruction have been developed, e.g. DHPSF [68,112]
and BSPPSF [69]. The luminescence from SMs is trans-
formed by a liquid-crystal spatial light phase modulator
(SLM) loaded with a specially calculated phase mask. The
mask can be also prepared by grey-level lithography of
polymer film that is much more photon-efficient [128].
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In the case of the DHPSF-technique the SM emission
wavefront is modified so that each SM image is “split”
into two lobes (Fig. 2E) then detected by CCD-camera 2.
The slope of the line connecting two image lobes is re-
lated to the axial coordinate (depth) of SM. Thus, high
precision reconstruction of both lateral and axial coor-
dinates of a SM can be realised and used for further
3D-super-resolution microscopy of doped samples.

3.3.3 Confocal microscope unit

This unit consists of the single-channel photon counting
scheme based on an avalanche photodiode detector. It is
the most popular scheme for SMS because it achieves the
highest temporal resolution possible for direct SM emis-
sion photon counting. Such a scheme is used to detect the
SM photon correlation function, luminescence time trace
(Fig. 2C) and photon distribution function. A confocal mi-
croscope can be used also for the detection of an individual
SM fluorescence excitation spectrum and its spectral trail
(Fig. 2C).

3.3.4 Imaging spectrometer

This unit is used for the detection of luminescence (or reso-
nance Raman, or enhanced Raman) spectrum of a selected
SM (Fig. 2D). As this unit is equipped with a highly sensi-
tive CCD-camera 3, it allows parallel detection of several
SMs in imaging mode.

The whole setup is operated with a specially devel-
oped computer program which is used for the control of
setup units, data acquisition and preliminary processing.
In order to ensure the best results, software should be
suitable for on-flight SM images recognition and data vi-
sualisation. Further statistical data post-processing is a
task that is more generally related to the basic topic of
“big data analysis”.

3.4 Sub-diffraction resolution in far-field
single-molecule techniques

SMs are point-like light sources considerably smaller than
the wavelength of emitted electromagnetic waves. It means
that with apriori knowledge of the point spread function
(radiation pattern), one can reconstruct the coordinates
of the emitter with an accuracy which is not restricted by
the diffraction limit of far field optics but depends on the
stability of the experimental setup and the signal-to-noise
ratio of the detected signal. For this one needs to perform
computer analysis of the SM image detected with a 2D
matrix detector (or with a highly precise scanning confo-
cal microscope). As it was shown in early papers [64], the
accuracy of lateral coordinates measured for most bright
molecules can reach a few nanometers, while the longitu-
dinal coordinate can reach ∼100 nm. The latest studies
show that the accuracy of determining coordinates of an
emitting centre can reach values below 1 nm [65].

The precise localisation of single emitters is one of
the keystones of SMSM and related applications [129]. In
many cases one define the SM localisation precision by
semi-phenomenological formula [130]:

σ =

√√√√
(

Γ 2
PSF + a2

/
12

N

)(
16
9

+
8πΓ 2

PSFf2
0

a2N
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where N – the number of collected photons, a – is the
pixel size of the imaging detector, f0 – is the average back-
ground signal, ΓPSF – is the standard deviation of PSF.
With typical setup parameters it gives precision of ∼10 nm
with detection of 1000–2000 photocounts per SM. For
bright ZPL SM image such a number of photocounts
can be obtained with exposure time of a few tens of
milliseconds (at non-saturating laser excitation power).

To achieve the sub-diffraction accuracy of SM coor-
dinates determination, it is necessary to take into ac-
count the PSF. In the first approximation, we can con-
sider an individual fluorophore as a point emitter with
an ideal radiation pattern (emitting into 4π steradian).
In this case, the luminescence SM image is an Airy disc
(Fig. 3a), and lateral coordinates are determined by cal-
culating (in the simplest case) the “the centre of grav-
ity” of the molecule image distributed over some CCD-
detector pixels (Fig. 3c1). This centroid-approximation is
most used in supper-resolution techniques because of the
simplicity of image processing.

The next step is a 2D-Gaussian approximation, when
the registered luminescence intensity distribution within
the SM image is fitted by the two-dimensional Gaussian
function. In the simplest case it can be symmetrical (equal
width in both x-, y-directions):
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2
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(12)

where f0 is a noise pedestal including the detector
noise, parasitic illuminations, nonresonantly excited flu-
orescence, etc.; A is the signal amplitude; ΓPSF is the
PSF width; and xc and yc are the lateral SM coordinates
(Fig. 3c2).

On Figures 3c1 and 3c2 we illustrate the analysis of
the luminescence image of a single organic (tetra-tert-
butylterrylene, TBT) molecule in a polymer film at T =
4.3 K with excitation at laser wavelength ∼575 nm. The
relative lateral coordinates of the molecule can be cal-
culated by finding the “centre of gravity” of the image:
xc = 22.3 μm, yc = 32.3 μm (Fig. 3c1). Determination of
the lateral coordinates of the same SM by approximating
the phononless luminescence image by the 2D-Gaussian
function (Eq. (12)) gives xc = 22.24 ± 0.04 μm; yc =
32.35± 0.03 μm (Fig. 3c2). The analysis of SM image by
its fitting with 2D-Gaussian function increases markedly
the stability and precision of the procedure of coordinates
calculation. Moreover 2D-Gaussian analysis simplifies and
automates the localisation procedure.
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Fig. 3. Illustration of the procedure of analysis of SM point
spread function. (a) Airy disk, which corresponds to the PSF of
an ideal point light source. The central part of the image is well
approximated by a symmetrical 2D-Gauss function. (b) PSF
in the emitting dipole approximation: fluorescent images of a
single emitting center with the dipole transition moment ori-
entation with 60◦ angle with respect to the optical axis of the
luminescence microscope (taken from [65]). (c1) Typical fluo-
rescent image of a single TBT molecule in a PIB film observed
upon resonance ZPL excitation at 4.3 K. (c2) Determination
of the lateral coordinates of the same SM by approximating
the phononless luminescence image by 2D-Gaussian function
(Eq. (12)). (d1) The luminescence image of a single semicon-
ductor quantum dot (QD) CdSe/ZnS (size ∼5 nm) obtained
in our recent experiments with the DHPSF single-molecule
imaging technique. (d2) Image corresponded to elliptical 2D-
Gaussian (Eq. (13)) which can be used for the preliminary lo-
calization of DHPSF SM image. (d3) Determination of all three
coordinates of the QD by approximation of the image (d1) by
a sum of two identical 2D-Gaussian functions (Eq. (12)).

A more accurate analysis requires taking into account
the changes in PSF due to a non-in-plane electronic
transition dipole moment (Fig. 3b) [65]. Finally, SM lu-
minescence images should be analysed taking into ac-
count the PSF changes for SMs near the interface of
media with different refractive indices. Also, the PSF
can be instrumentally modified in order to realise super-
resolution on all 3 coordinates, e.g. with the techniques
of DHPSF [68,112] or BSPPSF [69]. In this case the PSF
gathers a complicated shape (Fig. 3d1) that complicates
image processing. As a result, in the general case, im-
age analysis is more complicated, because the SM im-
age can split into two lobes, became asymmetric, rotated,
etc. Image processing in this case requires much more
complicated (than 2D-Gaussian fitting) numerical analy-
sis. In some cases the two-dimensional elliptical Gaussian
function is very useful for image processing:

f(x, y) = f0 + A exp
[
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where f0 is a noise pedestal; A is the signal amplitude; Γx

and Γy is the 2D-peak widths in orthogonal directions; xc

and yc are the lateral coordinates of the center of the lobe;
and the rotation of the lobe is defined by clockwise angle
θ (for counterclockwise rotation invert the signs in the b
coefficient). Such a 2D elliptical Gaussian function is often
used in image processing and in computational models of
artificial visual systems.

SM image processing procedure in general consists of
several stages: noise reduction, single emitter image pre-
liminary localisation, fitting of image with specific PSF,
and if possible a further “proof of confidence” (e.g. by
time-trace or hyperspectral analysis). For each particular
case, specific algorithms and software are usually devel-
oped, but several powerful open-source libraries also exist
which can be used [110–112].

3.5 Three-dimensional single-molecule microscopy
with the technique of double-helix
point-spread function

An instrumental modification of the SM emission light
beams allows the design of a PSF suitable for reconstruc-
tion of all 3 spatial coordinates of the emitter (within
reasonable vicinity of the focal plane of microscope ob-
jective). The specific engineering of SM PSF is achieved
by the transformation of SM emitted light by a phase
mask, calculated with the computer procedure of Gauss-
Laguerre modes manipulation [131,132]. The first effective
application of this idea to SM imaging was realised in [68]
by using a double-helix PSF. The phase mask modifies
SM emission light beams in such a way that the SM image
splits into two lobes, for which the rotation angle depends
on the depth of SM position relative to the focal plane of
microscope objective.

On Figure 3d1 we show as an example a DHPSF im-
age measured in our recent experiments for a single semi-
conductor quantum dot (QD) CdSe/ZnS (size ∼5 nm) on
a glass substrate. The experiment was performed with a
specially developed epi-fluorescence wide-field microscope
coupled with an atomic-force microscope (Nano Scan
Technology, Russia) at ambient conditions. Fluorescence
was excited by a CW laser Coherent Verdi V6 at wave-
length 532 nm and was detected with a highly sensitive
CCD-camera (PCO Sensicam EM). The calculated phase
mask was loaded into the liquid-crystal phase spatial light
modulator (Holoeye Pluto BB). Computer analysis of this
DHPSF image includes, at first, the single emitter local-
isation with elliptical 2D-Gaussian (Eq. (13), Fig. 3d2),
which also allows initial parameters for further fitting to
be found, and then, approximation of the image by the
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Fig. 4. Luminescence images of three single semiconductor
quantum dots CdSe/ZnS on glass substrate depending on the
distance to microscope objective focal plane. The DHPSF cal-
ibration curve is shown, as obtained by the analysis of images
of QD images in the center of the frame.

sum of two identical 2D-Gaussian functions (Eq. (12),
Fig. 3d3). With sufficient signal-to-noise ratio, all three
coordinates can be reconstructed with sub-diffraction ac-
curacy. For example the single quantum dot image on Fig-
ure 3d1 gave lateral coordinates determined with ∼30 nm
accuracy, and axial one with ∼80 nm accuracy.

The piezo drive translation stage of the microscope
allows precise sample movement in relation to the micro-
scope objective (Fig. 4). Taking into account the high lu-
minescence quantum yield of QDs, the DHPSF scheme can
be accurately calibrated. After obtaining the DHPSF cal-
ibration curve, all-3D microscopy of single emitters can
be realised. One can see from Figure 4, that with the
described setup elements a sample thickness appropri-
ate for 3D-diagnostics is ∼4 μm. After such a calibration
of the DHPSF-scheme, the setup is ready for 3D-SMSM
measurements.

The impressive possibilities of DHPSF SMS technique
were demonstrated in a series of recent works [68,112,128]
on applications of 3D reconstruction microscopy on bio-
logical substances labelled with chromophores at ambient
conditions.

The applications of DHPSF techniques with detection
of phononless luminescence (SM ZPL) at low tempera-
tures is likely to be very useful in material sciences, as we
will show below in Section 5.

4 Low-temperature dynamics
of disordered solids

4.1 Manifestation of internal dynamics of matrix
in SM spectral trails

Disordered solids like molecular glasses and polymers are
characterised by the lack of atomic or molecular long-
range ordering. This does not disturb the macroscopic uni-
formity of the density (or existence of long wave phonon
as in crystals) but at the same time results in local mi-
croscopic inhomogeneity. The latter brings into existence
some outstanding physical phenomena and more complex
low-temperature dynamics in comparison with pure crys-
tal media. These physical peculiarities are manifested in
“anomalous” temperature dependences of heat capacity

and thermal conductivity of disordered solids in compar-
ison with crystals. For example, at cryogenic tempera-
tures, the temperature dependence of thermal conductiv-
ity of disordered solids shows a plateau at around ten
degrees Kelvin, region and a so-called Boson peak ap-
pears in the low-frequency vibration spectrum. According
to current concepts of low-temperature dynamics of disor-
dered solids (at temperatures far below glass-transition),
such behaviours are mainly caused by a few types of low-
energy elementary excitations. These excitations occupy
the lowest energy levels on a multidimensional potential
hypersurface of a disordered medium. Random distribu-
tion of barrier parameters lead to potential surface subdi-
vision into localised regions, which create basic potential
shapes for low energy excitations. As a result, low en-
ergy excitations appear in one-, two- or rarely, multi-well
potentials [87,89,92,133–137].

For single-well potentials vibration excitations can ap-
pear as localised or quasi-localised low-frequency mode
vibration excitations (LFM). For double-well potentials,
there can by tunnelling two level systems (TLS) and ther-
mally activated two-level systems (the so called relaxation
systems with overbarrier transitions between two lowest
energy levels). Tunnelling TLSs dominate in the temper-
ature range below a few degree Kelvin. This determines
low-temperature dynamics and effects in this range. Vi-
bration excitations begin to dominate at higher tempera-
tures and determine dynamical processes above 3−5 K.

Local electric or elastic strain fields in the host ma-
trix result in SM 0-0 transition frequency modifications.
Therefore valuable information about local dynamical pro-
cesses and structural peculiarities are contained in the pa-
rameters of SM ZPL: ZPL linewidths, spectral positions,
spectral dynamics rates and frequency shift amplitudes
(see Sect. 2.6). Interaction with low-energy excitations
leads to homogeneous spectral line broadening (optical
dephasing) and to 0-0 frequency modification with time
(spectral diffusion). The time range available for such mea-
surements is from microseconds (or even nanoseconds) up
to several hours.

Since its first days, SMSM has found numerous appli-
cations in the study of low-temperature local dynamics of
solids and continues to be widely used at present [14–19].

To date, three main types of SM ZPL spectral dynam-
ics at low temperatures have been revealed, which are typ-
ical for dye-doped matrices with different degrees of order:

(i) Stable ZPL with absence of any sign of spectral dif-
fusion (Fig. 5a). Such behaviour was observed only
in highly ordered molecular crystals [138].

(ii) ZPL discrete jumps between 2N stable spectral po-
sitions (Fig. 5b) which are satisfactorily described
within standard tunnelling TLS and stochastic sud-
den jump models, where N is a number of “slow”
(comparing with laser scanning rate) flipping tun-
nelling TLSs. Interaction of SMs with “fast” TLSs
causes a splitting of SM spectrum which is stable
in time. Note that observable ZPL jumps/splitting
(i.e. large in comparison with ZPL homogeneous
linewidth) are caused by TLSs located in close
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Fig. 5. Three types of ZPL spectral dynamics typical for im-
purity/matrices with different degrees of order: (a) Terrylene
in polycrystalline 1,2-ortho-dichlorobenzene. (b) TBT in amor-
phous high molecular weight polyisobutylene. (c) TBT in low-
molecular weight organic glass (frozen toluene). T = 7 K for
all three experiments (taken from [139]).

proximity to the SM. The SM interaction with an
ensemble of “weak” TLSs (distant located or weakly
interacting) leads to small frequency shifts within the
SM homogeneous linewidth, i.e. contribute to the ob-
served ZPL broadening. Furthermore, line broaden-
ing can be induced by interaction with very fast flip-
ping TLSs when frequency shifts are smaller than
the TLS flipping rates. Such ZPL evolution was ob-
served in the many SMS-experiments that have been
performed so far [14–19]. In reference [139] such tem-
poral behaviour was found to be mostly typical for
high molecular weight polymers.

(iii) Sophisticated spectral dynamics of SM ZPL (Fig. 5c):
discontinuous jumps between large numbers of spec-
tral positions and quasi-continual spectral drifts. In
a series of experimental works, such behaviour was
found to be typical for low-molecular weight glasses,
oligomers and ultrathin (a few nanometres) poly-
meric films [139]. It can arise from interaction with
huge number of TLSs, TLS-TLS interaction and from
structural relaxations [137].

4.2 Temperature and external field effects

Modification of external electrical field, pressure, variation
of temperature and polarisation of excitation laser allow
expansion of experimental capabilities of SMSM.

Investigations of the Stark effect in SM systems [14]
make it possible to determine the individual dipole mo-
ments of SMs, and use such “calibrated” SMs as very
sensitive nanoprobes of local electric fields. For exam-
ple in some cases it allows clarification of the nature of
TLS-SM interactions (electrical or elastic dipole-dipole in-
teraction). For example, in reference [97] the value of elec-
tric dipole moment of the active TLS was measured.

The experiments wherein SM luminescence intensity is
measured with different excitation light polarisation give
information about the SM electronic transition dipole mo-
ment (Eq. (9)). It can be used for investigation of ro-
tating dynamics near the glass transition temperature at
SM level [140]. At low temperatures SM rotations are
quenched, and therefore the dipole moment direction is a

Fig. 6. (a) An example of SM spectral behavior at different
temperatures. (b) The temperature dependences of homoge-
neous ZPL width and shift for the selected SM TBT in PIB
(taken from [142]).

good SM identifier [14,94]. For example, polarisation de-
pendence in combination with SM coordinates were used
as criteria for identification of the same SM measured be-
fore and after heating in a thermocycle [141], and for inter-
pretation of complex SM fluorescence excitation spectra
that consisted of several peaks [94].

Finally, temperature is a key parameter for low-
temperature dynamics investigation with SMS. With rais-
ing temperature, ZPLs become broader, and spectral dy-
namics become faster and more complex (see Sect. 2.6 and
Fig. 6). Temperature variations lead to changes in TLSs
flipping rates and corresponding SM spectral dynamics.
Figure 6a shows an example of ZPL spectral behaviours
of the same SM measured at different temperatures [142].
It was a stable ZPL at 4 K (at least during experimental
time), but at 7−7.5 K it began jumping between two posi-
tions because of “activation” of a nearby TLS. The jump
rate became faster with increasing temperature (8 K) and
also linewidth became significantly broader because of
electron-phonon interactions (10−15 K). The lower part
of Figure 6 shows the temperature dependences of ZPL
width and frequency shift for this SM.

4.3 Probing of single low-energy excitations
and local structural relaxations

SMS gives a unique opportunity for the measurement of
single low-energy excitation parameters. Tunnelling TLS
energy splitting, LFM effective local frequencies, and re-
laxation activation energies can be evaluated from analysis
of the ZPL spectral and temporal behaviour at different
temperatures, by analysing Stark spectral shifts, and by
applying thermal cycles.

The investigation of temperature and temporal depen-
dences of ZPL parameters (Fig. 6) allows determination of
the tunnelling TLS energy splitting by analysis of intensity
ratio for split SM spectral lines: the ratio of intensities of
peaks in split SM spectrum is equal to the ratio of average
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Fig. 7. (a) Spectral behavior of SM TBT in PIB measured at
4.5 K before (20 scans, 10 min) and after (30 scans 15 min)
heating in thermal cycle with heating temperature 90 K (b)
corresponding spectra summarised on 10 scans: 1 – before
heating, 2 – after heating. The intensity ratio of the dou-
blet lines changed under heating in a thermal cycle (taken
from [141]).

time that the TLS spends in the upper and lower energy
state, which in turn is equal to the Boltzmann exponents
for the TLS energies.

Moreover, observation and analysis of split SM spec-
tra, together with thermal cycles, gives a very promis-
ing method for investigation of TLS double-well potential
modifications and analysis of single thermally activated
relaxation system. We will demonstrate this technique on
an example taken from reference [141].

Figure 7a shows the spectral behaviour of TBT SM
in PIB measured at 4.5 K before (20 scans, 10 min) and
after heating (30 scans 15 min) in a thermal cycle with
a heating temperature of 90 K. Spectral doublet rarely
jumps between the two positions. Figure 7b shows the
corresponding spectra (before-1 and after-2 heating) sum-
marised over 10 scans. It is obvious that intensity ratio of
the two signals in the doublet was changed under heating
in the thermal cycle, which in turn implicates a change
in TLS energy and double-well potential asymmetry. It
enables us to draw a conclusion about the value of the
relaxation system activation energy and its effect on the
tunnelling TLS.

Temperature dependences of SM linewidths in the re-
gion above 4−5 K can be used for determination of LFM
parameters (effective LFM frequency and coupling con-
stant). Electron-phonon interaction of SM with vibra-
tion excitations leads to homogeneous line broadening and
ZPL spectral shift (Fig. 6b). SM linewidth broadening
due to the quadratic electron-phonon coupling can be de-
scribed in general by equation (6). In the case of interac-
tions between SM and LFM ensembles, this expression is
simplified to:

ΔΓLFM(T ) =
∑

j

Bj
exp(−hνj/kT )

[1 − exp(−hνj/kT )]2
, (14)

νj is the frequency of the LFM with index j, and Bj is
a coefficient which denotes the strength of the quadratic
electron-phonon interaction of this LFM with a SM.
SM linewidth temperature dependence analysis allows us
to determine characteristic (efficient) frequency and the
interaction strength constant. As was shown in refer-
ence [143] vibration dynamics have a localised charac-
ter and temperature dependences can be fitted in most
cases by just one summed term (with one frequency) in
equation (14), thus confirming the strong local character
of LFM.

4.4 Statistical analysis of SMS-data for study
of low-temperature dynamics of disordered solids

SMSM connects the rare local events in doped solids
(as tested by one SM-probe) with macroscopic dynamical
properties due to the highly parallel detection of lumines-
cence from many separated SMs with a wide-field micro-
scope. For this, various statistical regularities were inves-
tigated in the spectra of numerous SMs [15,16,18,21,75].
The distributions of various spectral parameters of SMs
were measured and calculated: SM ZPL spectral widths,
moments and cumulants of SM spectra, SM transition
dipole moments, efficiency of the structural relaxations,
etc. Each distribution contains information about a cer-
tain property of the bulk sample, revealing its microscopic
nature.

For example, the measurement and analysis of
T -dependencies of ZPL spectral widths for a large num-
ber of SM spatially distributed in a sample allows us to
obtain local vibration frequencies in the sample, to find
the LFM energy spectrum and compare it with the den-
sity of states as measured by inelastic neutron scatter-
ing [143,144]. Thereby the possibility to measure a macro-
scopic characteristic of the sample (density of vibrational
states) was demonstrated. Secondly, in the direct exper-
iment, it was shown that vibrational excitations respon-
sible for the ZPL broadening are also responsible for the
appearance of Boson peak in glasses. Finally, one of the
key questions of impurity centre spectroscopy was clari-
fied, that doping of disordered solids with certain chro-
mophore probe molecules does not change the vibrational
dynamics markedly.

5 Luminescent spectromicroscopy of myriad
single molecules

5.1 Photophysics of fluorophores: from single emitter
to bulk sample

SMS has opened an opportunity of direct measurements
of the core photophysical characteristics of fluorescent
organic molecules: absorption cross section, fluorescence
quantum yield, frequency of molecular vibrations, energy
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levels structure, intersystem crossing parameters, dipole
moment value and orientation, natural (excited state life-
time limited) linewidth, blinking parameters and mech-
anisms. As discussed above, the influence of a single
emitter’s surroundings on its photophysics could be also
directly quantified.

An important question in this context is the relation-
ship between the data obtained via SMS “on the micro-
scopic level” – a set of local parameters of a solid ma-
trix – and the macroscopic photophysical characteristics
of the whole bulk sample. The solution to this problem is
the statistical analysis of individual spectral parameters
of many SMs (see, e.g., references [16,18,21,75] and ref-
erences therein). The combination of SMS and statistical
data analysis yields the challenge of linking the distribu-
tions of spectral positions, widths, and other characteris-
tics of SM lines (which are determined by the local struc-
ture and dynamics) with some macroscopic properties of
the solid matrix involved. Significantly more detailed in-
formation can be obtained by simultaneous measurements
of the spectra and spatial coordinates of SMs. In order to
implement this approach, it is necessary to perform par-
allel measurements of large numbers of SM spectra using
a SM luminescence microscope. Up to very recently, how-
ever, the number of SM spectra an experimentalist could
measure and evaluate was too low to perform accurate
statistical analyses.

It was not until the extension of SMSM to cover all
effectively emitting single molecules [21,22] (shortly all -
SMSM) that it became possible to extend SM studies
to macroscopically large numbers of SM lines compara-
ble with the total number of chromophores in the bulk
sample, and finally make a “bridge” between accidental
rare events detected by SM probes and general proper-
ties of the solid matrix. Description of the setup and the
technique, which allow experimentalists to measure fluo-
rescence excitation spectra of all effectively emitting SMs
across the whole inhomogeneous absorption band and lo-
cated within the observed area of a bulk sample at cryo-
genic temperatures were given in [21,22]. Also in Section 3
of this Colloquium, we presented the principal scheme
(Fig. 2) of multifunction setup, which has a unit for epi-
luminescence 2D-microscopy that can be used for the mea-
surements under discussion. An essential component of the
measuring system for the realisation of all -SMSM tech-
nique is a tunable, narrowband, single-frequency, single-
mode laser with the possibility of continuous tuning of
the excitation radiation frequency along the whole inho-
mogeneous absorption band of the sample under investi-
gation. In references [21,22] these conditions were met by
a tunable, single-mode ring dye laser Coherent CR699-21
with auto-scan controller, which can perform successive
scans with precise stacking over 10 GHz intervals, in the
text below referred to as scan segments Δν̃. As a result
of the measurements and initial data processing for each
sample under study, a giant set of experimental data was
obtained which comprise individual ZPL parameters and
spatial coordinates of all detected SMs. The following mul-
tivariant statistical analysis enabled us to perform dif-

ferent types of nanodiagnostics (nanotomography) of the
sample, including, e.g., the calculation of averages, finding
different spectral-spatial correlations, etc. Below, several
most interesting results obtained with the implementa-
tions of all -SMSM will be demonstrated.

5.2 Synthetic distributions
of single-molecule parameters

An extreme advantage of all -SMSM is the possibility for
post-experimental construction of various synthetic dis-
tributions of SM parameters which have different phys-
ical meanings. In principle, one can “model” the condi-
tions of any “classical” ensemble averaging technique and
perform in-depth comparative analysis. Thereby, many
new aspects of bulk sample spectra formation can be
investigated.

For example, when dye doped systems are studied by
all -SMSM, with many options for different statistical dis-
tributions, of primary interest are relationships between
individual SM ZPL parameters and their spectral posi-
tions in the inhomogeneous absorption band (i.e. SM ZPL
frequency) of the sample involved. To this end, the follow-
ing specific statistical analysis procedure was performed in
references [21,22]. The entire spectral range within which
SM spectra were recorded was divided into small equal
spectral intervals (segments) of the width Δν̃ = 10 GHz.
The width of a segment determines the averaging interval,
and may be larger or smaller depending on the specific
task. In this case, the width of a segment Δν̃ = 10 GHz
has the same value as a single scan performed by a tunable
laser with an auto-scan controller.

For data processing, the following parameters were
calculated for each segment:

ν̃, wave number at the beginning of the segment;
NSM, number of SMs recorded within the segment;

γ̄ =
1

NSM

NSM∑
i=1

γi, (15)

average linewidth of the SM spectra in the segment;

Īmax =
1

NSM

NSM∑
i=1

(Imax) i (16)

average maximum fluorescence count rate;

A sum =
NSM∑
i=1

A i, (17)

integral fluorescence from all SMs recognized
in the segment.

Besides the calculation of the rather trivial depen-
dences γ̄(ν̃) and Īmax(ν̃), which represent the averaged
values of the SM spectral linewidths and maximum flu-
orescence count rates respectively, as a function of the
spectral position ν̃ within the inhomogeneous profile,
in references [21,22] several more sophisticated spectral
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Fig. 8. (a) Spectral density of SMs. (b) Phononless absorp-
tion band (black line, scale on the left side) obtained from
evaluation of individual spectral parameters of 286 931 terry-
lene molecules in 1,2-dichlorobenzene measured at T = 1.5 K.
Fluorescence excitation spectrum (red line, scale on the right
side). The vertical dash-dotted lines indicate the frequency po-
sitions of resolved sites labeled A1-A3 and B1-B3 in (a). The
rainbow scale at the bottom of (a) is used for color encoding of
the spectral positions of SMs on Figure 9 (taken with changes
from [22]).

“functions” were determined – the spectral density of SMs
NSM(ν̃) and the phononless absorption band Asum(ν̃).
NSM(ν̃) denotes the number of SMs detected in the seg-
ment with spectral position ν̃. Thus, it represents the
distribution of the ZPL frequencies within the inhomoge-
neous absorption band. NSM(ν̃) is related, but not equal,
to the high-resolution fluorescence excitation spectrum of
a bulk sample, as measured by conventional laser spec-
troscopy. The differences are due to the fact that the
widths, areas, and even shapes of individual SM spectra
can be very different, and the distributions of their pa-
rameters across the inhomogeneous band may be quite
non-uniform. Asum(ν̃) is also related to the macroscopic
high-resolution fluorescence excitation spectrum. It is the
frequency dependence of the sum of integrated ZPLs for
all SMs registered within a segment. Thus, Asum(ν̃) is
not completely equivalent to the fluorescence excitation
spectrum of a bulk sample either: The important differ-
ence is that Asum(ν̃) does not contain the PSBs of the
chromophores.

Figure 8 shows the distributions NSM(ν̃) and Asum(ν̃)
obtained in references [21,22] from evaluation of indi-
vidual spectral parameters of 286 931 SMs measured at
low temperature in an o-dichlorobenzene (o-DCB) ma-
trix doped with terrylene (Tr) molecules (taken with
changes from [22]). The inhomogeneous absorption band
of Tr/o-DCB has a quasi-site structure, which is best re-
solved in the spectral density NSM(ν̃) (Fig. 8a). At least
six different spectral sites were observed (A1-A3, B1-B3).
For comparison, the red curve overlaid in Figure 8b
shows the usual fluorescence-excitation spectrum of the
selected sample area, F (ν̃), which is structureless, be-
cause it includes the contributions from non-resonantly
excited molecules. Such an unstructured inhomogeneous

(a) (b)

Fig. 9. (a) Photo of the sample of Tr/o-DCB under white-
light illumination from the back. (sub-a) Determination of the
width of a crack by a Lorentz fit to the transmittance curve
obtained from the microscope image. (b) Spatial distribution
of the fluorescence images of 286 931 single molecules in the
sample. Each SM is depicted by a dot. The color indicates the
spectral position within the inhomogeneous band (see rainbow
scale on Fig. 8). (sub-b) Determination of the same crack width
by a Lorentz fit of curve representing the spatial distribution of
SMs along a line perpendicular to the crack (taken from [22]).

band can be calculated as the sum of a set of spectral
sub-bands [121], composed of the narrow ZPLs within Δν̃
and corresponding broad PSBs.

5.3 Multicolour super-resolution microscopy
of doped solids

The possibility of sequential-parallel separate detection of
a huge number of SM ZPLs within the whole inhomo-
geneous absorption band, followed by reconstruction of
SM spatial coordinates with nanometre accuracy, allows
us to achieve the spatial density of registered SMs within a
diffraction limited volume that is high enough for far-field
nanodiagnostics of extended objects. For this, in refer-
ence [22] individual ZPL parameters were measured along
with super-precision reconstruction of lateral coordinates
for each of the 286 931 terrylene SMs. This huge number of
dopant fluorophores separately imaged in a sample volume
with dimensions 70×70×0.5 μm corresponds to a labelling
density of ∼35 molecules per diffraction limited volume of
the sample, which is sufficient for super-resolution diag-
nostics of extended objects. To illustrate this, we show
on Figure 9 the main result of nanodiagnostics from refer-
ence [22]. Figure 9a shows a microscopic photograph of the
Tr/o-DCB sample under back-side illumination with white
light. The polycrystalline structure of the sample is clearly
visible. Consideration of one of the cracks on the white-
light microscopy image yields a diffraction limited width
of about 1.8 μm for this structure (Fig. 9(sub-a)).
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Another situation takes place in the case of phononless
optical reconstruction single-molecule spectromicroscopy.
Figure 9b shows the 2D image of the positions of all
286 931 recorded SMs in the sample plane. The lateral
coordinates of each SM was obtained by calculation of
its image centroid. Each fluorophore is represented by a
dot, whose colour corresponds to the rainbow spectrum
encoding the ZPL frequencies at the bottom of Figure 8a.
The heterogeneities in the spatial distribution of SMs near
the cracks are clearly visible on Figure 9b. The bright
straight lines indicate the lower density of fluorophores
inside the cracks. From the spatial distribution of the flu-
orescence SM images, the width of this crack is deter-
mined as 270±50 nm, i.e. overcoming the diffraction limit
(Fig. 9(sub-b)).

If one observes the structure of straight line cracks on
the sample photo under white-light illumination on Fig-
ure 9a and compares them to the SM spatial distribu-
tion in Figure 9b, it can be concluded that for one of the
cracks, the SM density is clearly higher on one side of
it than on the other (dark blue line in Fig. 9b). One of
the possible reasons is that local (e.g. strain) fields cause
an anisotropic migration of the fluorophores toward the
crack during freezing. Another interesting peculiarity is
that lines of higher SM density running parallel to the
crack are visible in at least three other locations (Fig. 9b),
for which the photograph does not show any cracks at that
places. It is probable that these lines of higher SM den-
sity are the manifestations of strong local inhomogeneity
or strain fields along one of the crystallographic axes, at
which cracks can, but do not necessarily, develop during
crystallisation. Along the perpendicular cracks, the inho-
mogeneities of the SM density are qualitatively different –
there is no sign of SM density increase along these cracks.

5.4 Spectral-spatial nanodiagnostics of solids

One of the well-known advantages of impurity centre spec-
troscopy is that the electronic spectra of dye centres em-
bedded into a solid matrix are very sensitive to their lo-
cal surroundings, and contain valuable information about
structure and dynamics in the nearby neighbourhood. The
neighbourhood is different for different impurity centres,
and one of the main “difference parameters” is the spatial
position of a centre in the host matrix. Thus, to study and
discuss the differences in spectra and spectral dynamics of
dopants, while gathering no information about their spa-
tial positions in a sample structure, would mean loosing
sight of the most important physical relationship in this
type of spectroscopy. SMSM technique gives at the out-
put both spectral characteristics and spatial coordinates
of recorded impurity centres. Thus, it becomes possible
to investigate many aspects of this physical relationship
by analysing various correlations between spectral prop-
erties of SMs and their spatial positions within a sample
structure. In this paragraph, we show examples of such
spectral-spatial analyses.

In reference [94], the first attempt to match the di-
rections of SM transition dipole moments with the ma-

Fig. 10. An image of fluorescing sample (Tr/n-Hex) with
an inverted intensity scale. For each SM, its dipole moment
orientation is overplotted on the fluorescence sample image
as a black stretch. The direction of the rotation of the vec-
tor EL (polarization) is counted from the horizontal axis (taken
from [94]).

trix structure was performed on the example of typical
Shpol’skii matrix, n-hexadecane (n-Hex) doped with ter-
rylene molecules. For this, the authors performed polarisa-
tion spectroscopy experiments (see Sect. 2.6 and Eq. (9)
of the present Colloquium). It allows reconstructing the
orientations of SM dipole moments projections on a sam-
ple plane. At the same time, SM imaging gives lateral
spatial coordinates for all observed SMs. Thus, SM dipole
moment direction can be analysed in relation to SM posi-
tion within a sample structure (Fig. 10). From observing
the distributions of SM dipole moment orientations, the
authors found that in the system under study, different
sample structures exist: crystals with preferred orienta-
tion, samples with domains of aligned crystals, and sam-
ples where crystals were mixed at random. They concluded
that the resulting microstructure of the Shpol’skii matrix
under study could not be predetermined and varies from
sample to sample.

The potential of all -SMSM may be revealed most pro-
nouncedly in synchronous analysis of spectral parameters
and spatial coordinates of myriad SMs. Such an analysis
opens up the way to gain deeper insight into the nature
of structural and photophysical features of a sample.

In reference [21], Tr/n-Hex system was investigated
with the implementation of all -SMSM by recording ZPLs
and lateral coordinates for a huge number (105 332) of
SMs. Among many other impressive results, an attempt
to look inside the microscopic nature of a spectral site
and its relation to the sample structure has been made.
Namely, the main site S1 of the inhomogeneous absorption
band of Tr/n-Hex was specially considered. On Figure 11a
the spectral density of Tr molecules in n-Hex at T = 1.5 K
measured in [21] is plotted by a solid black line. The main
spectral site S1 of this system is well resolved. It had
always been assumed in previous studies that this spec-
tral site corresponds to a unique incorporation of the Tr
molecule in the n-Hex matrix.
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Fig. 11. (a) Spectral density of Tr molecules in polycrystalline
n-Hex at T = 1.5 K as measured in reference [21] (solid black
line, left axis); absorption (fluorescence excitation) spectra for
Tr/n-Hex as obtained by conventional spectroscopy for bulk
sample in [145] (dash-dot red line, right axis) and in [146] (dot
blue line, right axis). (b,c) Colour-encoded topograms repre-
senting the spatial density of SMs with different spectral posi-
tions in the sample plane in the spectral region of main site S1:
Parts (b) and (c) correspond to ZPLs in the spectral interval
17 480–17 492 cm−1 and 17 492−17 504 cm−1, respectively. The
spatial density reaches values of up to ∼200 molecules per µm3

(red colour in the topograms) (taken from [21]).

In reference [21], the spatial (lateral) distribution of
the SMs forming the site S1 was calculated. It was a big
surprise to find that that these SMs can be roughly divided
into two groups. Figures 11b and 11c show the spatial den-
sity of Tr molecules whose spectra are located in the low-
frequency (Fig. 11b) and the high-frequency wing of S1

(Fig. 11c), respectively. Both SM spatial distributions
correspond to identical structures in the polycrystalline
sample, but they show a pronounced anti-correlation with
each other. This can be ascribed to the presence of a sub-
site structure of peak S1, which had never been discussed
so far. A possible interpretation is that the n-Hex crystal
provides two slightly different ways for the Tr molecules
incorporation. A clarification of this assumption may be
performed with the help of crystallographic calculations.

5.5 Double-helix point spread function phononless
luminescence SMSM

The above discussed achievements of all -SMSM lead us to
the development of a technique for 3D (with reconstruc-
tion of all the spatial coordinates) hyperspectral nanodi-
agnostics of solids on the base of phononless luminescence
single-molecule spectromicroscopy with modification of
SM PSF by the double-helix scheme.

Fig. 12. 3D-mapping of 14 single Tr molecules in o-DCB film,
as measured by detection of their ZPLs and phononless lumi-
nescence images by DHPSF technique. On the middle panels,
the SM spectral trails of four selected SMs. Bottom panel shows
the corresponding fluorescence excitation spectra.

Here we present the first results of SM ZPL and
spectral trails detection in the system terrylene in poly-
crystalline 1,2-ortho-dichlorobenzene at T = 5 K. For
the measurements, we built the setup based on the epi-
luminescence microscope scheme, and included a tunable
dye-laser Coherent CR-699, optical cryostat RTI (Russia)
with temperature control system Lakeshore 93C, and the
cryogenic micro-objective Microthec NA = 0.8, CCD-
camera PCO Sensicam EM. DHPSF-mode spectroscopy
was realised and calibrated as described in Section 3.4.
The laser was tuned within a 30 GHz range by scanning
1000 discrete steps; the exposition was 200 ms per point.
In total, 31 scans were performed. As a result, we have
succeeded in measurements of three spatial coordinates,
fluorescence excitation spectra and spectral trails for a
number of molecules in the sample under study (Fig. 12).

Thereby we demonstrate the possibility to perform
phononless luminescence 3D-spectromicroscopy of single
molecules in solids.

6 Problems and open questions

In this section, we briefly specify the main techni-
cal problems and some open questions in the field of
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spectromicroscopy of myriad single molecules, including
the subfield of low temperatures:
(a) Deep understanding of intra- and inter- molec-

ular interactions (energy transfer, electron-phonon
coupling, electron-tunnelling coupling, intersystem
crossing, Auger-ionisation, photo-oxidation, photo-
induced conformation changes), nature of blinking and
bleaching.

(b) Development of highly stable and remote control-
lable sample mounts, 3D-translation stages and optics,
which are operable at different conditions (including
cryogenic temperatures). The technique becomes even
more powerful and informative when SMSM is com-
bined with other instruments, like AFM, STM, optical
tweezers, Raman spectrometers, high pressure cham-
bers, magnetic field chambers, optical cryostats, etc.
Such instruments are very complicated but already
on the way to becoming widespread (see examples in
Ref. [147]).

(c) Development of the methods for highly effective ex-
citation of single emitters, for example with specific
excitation light wave fronts preparation [96], with flu-
orescence enhancement by nanoantennas [83–86], etc.

(d) The methods of sample preparation with high
(sub-ppm) purity.

(e) Development of the methods for theoretical calcula-
tion and synthesis of new luminescent molecules and
nano-objects (semiconductor or dielectric quantum
dots, single ions in nanocrystals, hybrid nano-objects,
molecular and biological complexes) with desired or
controllable photophysical properties such as lumines-
cence quantum yield, absorption band, capability to
ZPL emission, switching, broadening, spectral diffu-
sion (see e.g. [119,148,149]).

(f) Image processing (various point-spread functions,
high level of background signal and noises, uncon-
trolled impurities in a sample, separation of sin-
gle emitters and agglomerates, control of setup
mechanical instability, fast algorithms) [110–112].

(g) Big data processing (statistical analysis of massive
spectral-spatial data). Similarly to the approaches
used in astrophysics [150,151], SMSM has come to the
stage when a large open source-distributed database
can be created, which will contain complete experi-
mental information about photophysical properties of
various impurity solids in the form of spectromicro-
scopic data about all efficiently-emitting single impu-
rity centres in macroscopic volumes of various mate-
rials. This will make possible realisation of the “data
mining” concept, thus combining the efforts of many
specialists in the processing of giant volumes of in-
formation, development of the methods for analysing
this information, searching for fundamental regular-
ities, development of the corresponding models and
theories.

7 Conclusions

Concluding this Colloquium paper, one needs to say
that spectromicroscopy of single molecules is a start-up

technique for a broad field of multidisciplinary basic re-
search and applications. The methods of SMSM become
especially powerful and informative when myriad single-
molecules are detected, and when measurements are per-
formed at low temperatures suitable for observation of
narrow zero-phonon spectral lines (which ultrasensitive to
local environment structure and dynamics).

At present, it is possible to measure low-temperature
fluorescence excitation spectra and coordinates for the ma-
jority of fluorescing SMs in bulk doped solids (crystals,
glasses, polymers). For this, specially developed algo-
rithms and software should be applied for quick (real-
time) SM spectra and images recognition, data process-
ing and specific statistical analyses. Experimental data
postprocessing and numerical analysis give opportunities:

(a) to study comprehensively the photophysical prop-
erties of fluorescent media (from single emitter up
to bulk sample), in particular to investigate the in-
termolecular processes, and the phenomena of sin-
gle quantum objects emission enhancement, bleaching
and blinking;

(b) to probe processes in doped solids on the microscopic
level (up to single low-energy elementary excitations,
single charge carrier transfer); to search and study rare
local events; to probe local fields and energy/charge
transfer on a microscopic level

(c) to recognise/analyse anomalies and artifacts (e.g. sub-
ppm chemical contamination);

(d) to construct synthetic distributions of SM parameters,
which have physical meaning, compare them with en-
semble averaged data obtained by classic experimental
techniques;

(e) to search and analyse the physical nature of various
correlations between local parameters of a sample (e.g.
spectral-spatial).

We also demonstrate for the first time that phononless
single-molecule spectromicroscopy is possible using the
scheme of double-helix point spread function, allowing far-
field reconstruction of all three spatial coordinates of SMs
with nanometre accuracy. Thus, the 3D multicolour super-
resolution microscopy of doped solids can be realised.

The developed approach can be implemented for var-
ious applications in material sciences related to far-field
nanodiagnostics and specific “hyperspectral nanotomog-
raphy” of solids and surfaces (i.e. visualisation of par-
ticular structures and nanoregions of the sample with
different local photo-physical and dynamical properties;
defects and cracks detection; surface inspection; detection
and study of nanoparticles of different nature and chemical
composition).
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