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We suggest a novel approach for spatially resolved probing of local fluctuations of the refractive index n in solids by means

of single-molecule (SM) spectroscopy. It is based on the dependenc e Ti(n) of the effective radiative lifetime T; of dye
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centres in solids on n due to the local-field effects. Detection of SM zerophonon lines at low temperatures gives the values

of SM natural spectral linewidth (which is inverse proportional to T;) and makes it possible to reveal the distribution of the

local n values in solids. Here we demonstrate this possibility on the example of amorphous polyethylene and

polycrystalline naphthalene doped with terrylene. Particularly, we show that the obtained distributions of lifetime limited

spectral linewidths of terrylene molecules embedded into these matrices are due to the spatial fluctuations of the

refractive index local values.

1. Introduction

One of the most important characteristics of a material that
determine many of its macroscopic properties is the refractive
index n. It is included as a parameter in classical equations
(e.g., Fresnel’s and Maxwell’s), linked to dielectric permitivity
and magnetic permeability, and known to depend on
temperature, pressure and wavelength *. In recent years a
special attention has been attracted to the refractive index in
relation to metamaterials, which are assumed to have the
negative n 23

Since Ernst Abbe invented the refractometer in 1874 * the
most precise techniques for measuring n have been based on
the principle of the total internal reflection (TIR) on the
interface of two media. There are also some other practical
techniques for direct and indirect measurements of n
(goniometry, ellipsometry, interferometry, frustrated TIR, see,
e.g. L 5'8), however, most of them require averaging over a
large macroscopic volume of the sample. As a result the
question of the local fluctuations of n in real solids remains
unanswered. Moreover, in view of the growing interest to
nanotechnology and nanophotonics, it is important to know
whether there is a relation between n and micro- and
nanoscopic structure of solids. In order to give the answer
some special instruments for probing the local n values on the
sub-wavelenght (nanometer) level must be developed.

The topical papers describe a great number of very
promising “nanoinstruments” for probing of various local
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parameters of a sample based on single quantum light
emitters embedded into the sample’s material. For example,
single-molecule (SM), single quantum dot (QD) and single
nanocrystals  spectroscopy imaging provides an
outstanding basis for various kind of nanoinstrumentation, like
nanoscale thermometry 9, nanodetectors of acoustic strain 10,
single charges detectors 11, instruments for probing of low-
energy excitations in disordered solids 12‘17, etc. Besides, we
see a possibility to use SM spectroscopy for probing the local-
field effects in dye-doped solids. It is well know that the local-
field effects cause the dependence of the exited state lifetime
of a light emitter on the refractive index of the hosting
medium Ty(n) 1825 Thus, the study of photo-physical
properties of a single dye center is the way to probe the local n
values. For example, in % such an idea was realised by

and

analysing the fluorescence decay of QDs.

Figure 1. The illustrative sketch of the developed approach for the
probing of local values of the refractive index n in solids.

In this work we propose a method for the probing of the local
(nm-scale) fluctuations of n in solids by the analysis of zero-
phonon spectral lines (ZPL) of single impurity dye-molecules at
ultra-low temperatures (Fig. 1).
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2. Theoretical

The possibility to measure the index of refraction on the sub-
wavelength scale is extremely important because of the
explosive growth of interest to nanophotonics and related
fields. The refractive index n is taken into account in all model
calculations and theoretical analysis (e.g. development of
single-photon sources, hybrid nanostructures, nanodevices,
nanoscale metamaterials), but scientists usually consider just
the average n value for the specific material. At the same time,
the local n values in a macroscopically homogeneous material
can be distributed in a very broad range for the different
microscopic volumes. This fact should be obviously taken into
account in any nanophotonics applications.

ZPL, which corresponds to a purely electronic transition in
an impurity molecule 27, is a unique source of information
about dye-matrix interactions 21 7pL parameters
(frequency, intensity, width, etc.) are very sensitive to the local
environment of the corresponding chromophore SM. This fact
makes SMs good candidates for spectral probes to obtain data
on the structure and the internal dynamics of solids.

As we know from numerous studies, the temperature T
dependence of the homogeneous spectral width of ZPL is
determined by three main contributionslz'm, i.e.

TzpL(T) = To + Ale—tunn (T, tm) + Al—‘e—phon(T)r (1)

where the natural (lifetime limited) linewidth Iy is

—_ 1 .
~ 2nT,’

Ty (2)
the ZPL broadening due to the interaction of electronic
transitions in impurity molecules with tunneling excitations in
a matrix is

ATe—tunn (T, tm) ~TIn(tm); (3)
the ZPL broadening due to the quadratic electron- phonon
interaction, which in the simplest case of interaction with a
single quasilocalized low-frequency vibrational mode (LFM) is
expressed as

exp(—AE/KT)

Ale—phon(T) =W [1—exp(—AE/KT)]2’

“)
In these equations t,, is the total time of measurement, 1 <
a < 2 and its exact value depends on the dye-matrix system, w
is the constant of quadratic electron-phonon coupling, AE is
the energy of LFM.
ZPL width is also a function of the laser excitation intensity

Pias:

P
TzpL(PLas) = IzpL(0) 1+l';—:S. (5)
where P, is the saturation intensity and [,,(0) is the

unsaturated ZPL spectral width.
From Egs.(1-5) it follows that if Py,s < Ps and the
temperature is in the range of ultra-low values, then the
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additional broadenings Al,.,, and Al. ., can be neglected
and for each SM it is possible to measure the lifetime-limited
ZPL spectral width related to T;. Numerous experiments have
shown, that these conditions are achieved at P,s < 0.1 —
10.0W-cm™ and at T<1-5K (depending on the type of the
matrix, see e.g. %, 29). Thus, SMs can be used as very sensitive
probes of T, fluctuations due to the local-field effects.

As a primary step, the light emitters can be viewed as if
they are
macroscopic space while the space that separates their

(quasi)homogeneously distributed over some
localities is an n-valued “continuous medium”. We assume
that this n is the averaged value and there are variations of the
effective index in the regions that contain a single emitter (due
to local matrix inhomogeneities). In reality, a specific host
material may require a more accurate theory because of
numerous types of complexity. The local environments around
an emitter can be of its own n value contrasting with the bulk
host matrix or be a discrete or structured region where the
continuous medium approximation is not applicable. If we
leave these cases for a later discussion in this section (e.g.,

30-32
recent

), the correction factors for T; can be summarized
using five models 2024 They all consider the situation when a
guest molecule emits light to the continuous medium of the
host matrix, that is weakly absorbing, isotropic

characterized by n. Most generally, the effective T, is written
19, 20
as :

and

T;(n) = nfT(on) ,

(6)

where 1 is the “vacuum” value of the excited state lifetime; n
is the refractive index (if precisely, at the wavelength of the
emitted light); fin) the
contributions and includes either squared or straight n-
dependent coefficient /(n) being the proportionality between

function reflects local-field

the local-field acting on the emitter £, and the average
Maxwellian field E,, i.e., E; = I(n)Ep,.

To this date, the choice of /(n) has been among two
concepts of the local-field. One is the Lorentz local-field which
is classically calculated under the assumption that the field due
to polarized molecules inside a small sphere centered at the
site of a light emitter may be neglected. The other is a
simplified variant of Onsager’s approach, 3 where there is a
small empty cavity around the emitter. These cases are often
distinguished by the concept of interstitial and substitutional
guest molecules % The most popular models for the lifetime
correction are the virtual-cavity model n =z based,
respectively, on the Lorentz local-field:

) = (22)’,

3

(7)

and the real- or empty-cavity model 2 hased on the Onsager
model for the local-field:

3n% \?
f(n) = (2n2+1) :
Another approach is called the fully microscopic model 24,

in which

®
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=422,

3

®

Similar to Eq. (7) it uses the Lorentz field but here the I(n)
function is not squared. At the same time it misses the n factor
in the final form of (6). The remaining models imply f(n) = I(n)
20 \which brings back the missing n and provides agreement
with the fully microscopic model (9) in terms that the local-
field coefficients /(n) are not squared. Thus, for the likely-to-
be-interstitial emitters:

2
f(n) ===, (10)
while for the likely-to-be-substitutional emitters:

f(n) = _3n%

2n2+1"

(€R9)

Speaking generally, the models in Egs. (7) and (8) are based
on the field quantization procedures in dielectrics and other
macroscopic concepts for treating the problem of spontaneous
emission. The models in Eqgs. (9)-(11) appeared from derivation
of the Maxwell-Bloch equations describing the light-matter
interaction using the Heisenberg operator formalism for (9)
and Bogoliubov-Born-Green-Kirkwood-Yvon equations for
reduced density matrices and correlation operators of material
particles and modes of the quantized radiation field for (10)-
(11). In both approaches the field operators were initially
written for material vacuum providing interactions between
the guest and host particles.

Nevertheless, each of these models (7)-(11) has found
“verification” during the analyses of the experimental data 19
20 |n all cases the so-called vacuum excitation lifetime Tp Was
subjected to variation during the fitting procedure. Depending
on the model used for data fitting, for each emitting system
the preferable T,(n) dependence was obtained. It must be
noted, however, that the verifications of the models were
based on the data from the excited state lifetime
measurements for dopants in crystals and glasses as well as
quantum dots in various solutions. It has never been
performed for such impurity systems as organic molecules in
solid matrices with different degree of disorder and,
specifically, has never been tried on SMs. Here we make the
first attempt to test this approach using several sets of unique
data obtained by different research groups.

Returning to the models that describe specific materials
and systems and, consequently, include a greater number of
parameters, we note that in Refs. 30, 32, 34 they, as well,
agree with writing the concept (6)-(8) as a starting point. Now
some sophistications are the following. In Ref. 32 they study
the decay dynamics of ions in nanocrystals in various solvents
with different n. A more appropriate model for their case was
shown to be

) = (:22)" [+ £ e, )]

2n2+nyc

(12)
where, if compared to (8), the unit in the denominator (being

actually the index of the empty cavity) is substituted with the
refractive index of the nanocrystal nyc, the term in the square

This journal is © The Royal Society of Chemistry 20xx

brackets describes the second-order correction including the
its radius 35, and n the index of the solvent.

In the studies of polymers using the SM lifetime
fluctuations 34, they used
2 2 2
_ |#eor n“+2
f(n) = [t (252) (13)

as the final working formula. Here, the difference to (7) is the
factor in the right hand side. This factor follows from the
polymers structure theory. It is the ratio between the total
dipole pso; in the cavity and the dipole u associated with the
charge distribution of the probe molecule and is calculated
numerically. It must be noted that the simulated lifetime
distributions for this case are strongly dependent on this ratio
in terms of broadening and asymmetry. This behavior of
distributions was shown to be in good agreement with the one
experimentally observed in Refs. 3, 3% \where SM lifetime
fluctuations were used to reveal the segmental dynamics in
polymers at room and higher temperatures.

The calculations of the spontaneous decay of an exited
atom in a dense atomic cloud were performed numerically for
the model when the continuous medium approximation does
not apply. 31 1t was shown that direct calculations give
different results from the n-value concept for both the similar
and a foreign atom cases.

3. Experimental results and methods

In this work we have chosen terrylene (Tr) 37 as the object of
analysis. It has been widely studied in different matrixes by the
laser selective spectroscopy methods, and is one of the most
used fluorophores in SMS. For this compound the T; values
were measured for a set of solid matrices >%: polyethylene (PE),
polystyrene  (PS), polyvinyl-butyral ~ (PVB), polymethyl-
methacrylate (PMMA), and solid n-hexadecane (Hex). In the
context of the present work we also had to find the refractive
indices for these matrices. The n values for PE, PS, PVB were
found in 39, whereas PMMA and HEX refractive indexes were
measured by our using the laboratory Abbe
refractometer (see the table in Fig.2).

team

A. Refractive index measurements

To obtain the refractive indices of different polymer matrices
as well as of liquid solutions the laboratory Abbe
refractometer URL-1 was used. The measurements were
performed at the temperature 20 + 0.1 °C.

a) In the case of liquids a drop of the solution under study
was placed between the faces of the illuminating and the
measuring prisms.

b) In the case of solids optically uniform sample should
have two mutually perpendicular polished planes, one of
which must be equal in size to the entrance face of the
measuring prism. The sample under study was placed on the
entrance face of the measuring prism. To achieve a good
optical contact an immersion oil was used. The second

J. Name., 2013, 00, 1-3 | 3
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polished plane of the sample was facing towards the
refractometer illuminator.

c) During the measurements the critical angle of the total
internal reflection on the sample/prism interface was obtained
and the sample refractive index n value was found.

B. Excited state lifetime measurements in bulk dye-doped sample

The values of terrylene fluorescence lifetimes in different
matrices were obtained in 3 by measuring fluorescence decays
excited by picosecond pulses of Nd:YAG laser and recorded
using time-correlated single photon counting followed by
specific data analysis.

C. Lifetime-limited single-molecule ZPL widths measurements

The spectra of single terrylene molecules in a naphthalene
crystal and in polyethylene have been measured in a custom
built by Oxford instruments *He/*He dilution refrigerator at 30
mK using the fluorescence excitation technique and single-
molecule microscopy 37,38 Each registered SM ZPL was then fit
with Lorentzian function, thus the values of SM linewidths
were obtained. The power broadening of SM spectra was
taking into account and the proper corrections of SM
linewidths values were performed (see details in 37, 38).

D. Materials and samples under study

Terrylene (Tr) is a fluorescent molecule which belongs to the
family of rylene dyes, which are extremely persistent against
photo-bleaching and characterized by weaker blinking (as
compared to other types of fluorophores) in a broad range of
temperatures. Tr is characterized by strong absorption, high
fluorescence quantum vyield, negligible population of triplet
states, weak electronphonon coupling at low temperatures,
and high photo-stability.

Samples for excited state lifetime measurements were
prepared by combining 0.1 to 1 uM solutions of the terrylene
dissolved in dichloromethane into about a 0.1% (w/w) solution
of the polymers and or semi-crystalline forming solids. The
hosts utilized were polyvinyl- butral, polymethyl-methacrylate,
polystyrene, and hexadecane. Approximately 12 uL of the
combination was transferred via a micropipet onto quartz
cover glasses where the drop size averaged about 5 mm in
diameter. All samples were baked for evaporation of the
solvent and for structural stability. The standard sample
thickness was about 1 to 5 mm (see details in 3g). The
preparation of samples for lifetime-limited ZPL widths
measurements was the following:

a) Mixed crystals of terrylene
prepared by co-sublimation under a nitrogen atmosphere,
which produced thin crystals with excellent optical quality. A
single crystal was used as a sample, which had a thickness of
10 um and a diameter of 1 mm. The concentration of terrylene
molecules was 10 M (see details in 40)

b) The sample was prepared by means of diffusion, by
heating a small amount of terrylene together with some
polyethylene at 180 °C under vacuum for several hours. A
small amount of the hot mixture was pressed between two

in naphthalene were

4| J. Name., 2012, 00, 1-3

polished stainless steel flats to produce a 2 um thick film. To
avoid surface broadening, the doped film was then melted
between two undoped PE films, so that no SM was within 10
um from the sample surface. (see details in 41).

E. Analysis of experimental data

In Fig. 2 we have plotted the T; values for Tr molecules in all of
the above mentioned matrixes against the values of n in these
systems. The T,;(n) experimental dependencies were fitted
using different models (Egs. 7-11) of the local-field correction
factors including the virtual-cavity model z 22, the real- or
empty-cavity model B the fully microscopic model 24, and the
two models from a quantum-kinetic approach for derivation of
the effective Maxwell-Bloch equations 20

4. Results and discussions

The best fit was proved to correspond to the virtual-cavity
model Eq. 7 (red curve in Fig.2, with the value of o= 12.1 ns
(i.e., o =13.1 MHz).

Given the value 1y and the best dependence T,(n) for the Tr
molecule, we can calculate the local value of n at the position
of a SM from its lifetime-limited ZPL width measured in the
matrix involved (Fig. 1. To do this, we have taken the unique
experimental data on SM ZPL width distributions form Refs.
obtained in the ETH, Zurich (inset in Fig. 3 3738 The authors
had performed unprecedented and complicated
measurements at milliKelvin temperatures on the SMS setup
equipped with the *He/*He dilution cryostat. At these
conditions, the broadening contributions Al..,, and Al non
were negligible. The measurements were performed at the
laser excitation intensities well below the saturation intensity.
Thus, in accordance with Eq. 5 the obtained data were the
distributions of lifetime-limited SM ZPL widths [y directly
related to SM effective excited state lifetimes T;.

These distributions P,(lp) can be easily converted into the
distributions of Pr;(T;) using Eq. 2. Afterwards distributions of
P4(T,) can be transformed into the distributions of refraction
indices P,(n) by numerical solving of corresponding equations
(7-11 with core Eq. 6). For example Fig. 3 demonstrates the
result of such conversions with the virtual-cavity model (Eq.7,
T, = 12.1 ns), the empty-cavity model (Eg.8) and the
microscopic model (Eq. 10)

Considering these distributions of n obtained for the
polycrystalline and the polymer media one should note the
following: (a) there are significant fluctuations of the refractive
index local values in real materials; (b) the value of n measured
in a bulk sample by classical methods corresponds to the peak
of the P,(n) obtained in the sample. Fig. 3 shows that this is
valid for polyethylene and naphthalene. This implies the
applicability of the proposed approach for the probing of the
local fluctuations of the refractive index; (c) the local
fluctuations of n in the amorphous polymer are substantially
greater than in the molecular polycrystal.

One can note that the experimental data points of the
initial dependence T,(n) lie in the region of n-values (1.4-1.6)

This journal is © The Royal Society of Chemistry 20xx
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which is narrower than the found region of n-values
distributions P,(n). It means, in principle, that for a broader
range of n another model may be more appropriate (or even a
new model should be developed). In order to answer this
question, the experimental data for T,(n) for a broader range
of n should be obtained.

5.5+

5.0 1

n
>
=]

1

T i~ T o 1

T T
1.5 1.6 1.7

Refractive index

Figure 2.The dependence of the excited state lifetime Ti(n) of
terrylene on the refractive index of its host matrix (squares). The
curves show the best fits of the Ti(n) dependence using different
models: the virtual-cavity model (red solid); the empty-cavity model
(brown dash-dot-dot); the fully microscopic models (green dot);
microscopic model in Eq. (10) (black dash-dot) and in Eq. (11) (blue
dashed).

If one looks again at Fig. 2, another satisfactory fit is seen
(black dash-dot curve), which corresponds to microscopic
model (Eq. 10). Note that it includes the Lorentz local-field
factor as in the best fit with Eq. 7. The other three models
much worse approximations. Yet, we have
recalculated the distribution of lifetime-limited [y in
naphthalene into the distributions of refraction indices P,(n)
using all the rest models. Fig. 3 shows that the distributions
using the fits for Eqs. 10 and 8 are subjected to significant
broadening and, what is most important, their peaks are
notably shifted from the value of n in bulk naphthalene. The
other two P,(n) distributions not shown are even worse. We
treat this as another evidence of the correct choice of the
model and the validity of the developed approach. Note that
naphthalene was absent among the systems (Fig. 2), in which
T, was directly measured.

It is necessary to note that for some materials the
proposed method can be realized at liquid *He temperatures
(1.5 K and higher). For example, in Ref. “2 it was shown that the
measurement of unsaturated ZPL widths I, of Tr molecules in
ortho-dichlorobenzene at T=1.5 K gives the distribution of
lifetime-limited spectral width values (see vertical sticks on the
inset of Fig. 3). The similar result was obtained in Ref. » for
para-dichlorobezene doped with Tr. It is important for the
prospective applications of the developed method that quite
simple “*He based cryostats can be used for nanoscale mapping

result in

This journal is © The Royal Society of Chemistry 20xx

of local n values instead of complicated *He cryogenic
technique.

L n, =151 "_\,zpmlm=l.:89
P | °0 _1’2
3 )
: ? 3{
5 B¢/ L1,0
S / | Lhe o5 é
0->00Lv7# L\“,ﬁ‘goﬁ, ’c
£
10 20 30 40 50 60 70 80 Lo =
ZPL width, MHz _2
2
O - Tr/Polyethylene 0.4 e
=
v
N F0,2
V¥ - Tr/Naphtalene ki
v
0,0

1,4 1,6 1,7

Refractive index

1,5

Figure 3.The distribution of the local values of the refractive index in
amorphous polyethylene (red circles) and polycrystalline naphthalene
(blue triangles). The data are normalized to the maximum value. The
sticks mark the average (for bulk media) values of the refractive index

* and naphthalene (blue) “_Black and brown

of polyethylene (red)
triangles describe the distributions in naphthalene using the
satisfactory fit (Eq. (10)) and the fit with Eq. (8). The inset shows the
spectral linewidth distribution for terrylene SMs in polyethylene at 30
mK with Gaussian fit of the data 41. The same for Tr in naphthalene

40
crystal.

Conclusions

To conclude, in our study we propose a unique approach for
the probing of the local refractive index fluctuations in solids.
The method is based on the detection of SM ZPLs at conditions
allowing lifetime-limited spectral line widths. The potential of
this approach is demonstrated. Particularly, simultaneous
reconstruction of SM spatial coordinates with the nanometre
accuracy by super-resolution fluorescence microscopy a4 opens
the way to perform sub-wavelength refractometry. In the most
advanced version the probing of the local refractive index
values in solids can be performed in all 3 dimensions using any
3D luminescence microscopy technique (e.g. double helix point
spread function a4 45). It was found that there are significant
fluctuations of the local n values in amorphous polymer and
polycrystalline media. These fluctuations are
substantially greater in more disordered medium. The peak of
the distribution P,(n) corresponds to the value of n, averaged
over the bulk sample, which is usually obtained by traditional
methods.
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