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Preface

|. Preface

Thefield of single moleculesis growing rapidly [1- 8]; particularly in its application to
the study of biological systems and chemical processes[1, 9]. The main idea behind these
applications is based on the sensitivity of a single molecule to its nano-environment. But
thisideais productive only if basic principles of the data analysis and most essential mol-
ecule-environment interactions are understood. For such studies, biological objects may
not be the best choice because of their complexity. In this Habilitationsschrift several ef-
fects that were investigated in more simple and better understood systems (polymers and
crystals) are presented.

If the difference between single molecules and ensemble measurements has to be ex-
pressed in a single word, the word is fluctuations. Here we use fluctuations in its broadest
sense, including both static and dynamic (on the time scale of our measurements) varia-
tions of molecular environments in a macroscopically homogeneous sample. Fluctuations
are usually unobservable in ensemble measurements and direct access to fluctuations
(which are characterized by the statistical distribution function) make single molecules an
attractive analytical tool. All the effects and theoretical considerations discussed below are
related to or deal with fluctuations which are the most common and most striking feature
of single molecule studies.

First the concept of time-dependent spectra is introduced. This concept is nontrivial
when applied to a single molecule. Second, an effect of equilibrium and nonequilibrium
phonons emitted owing to nonradiative processesin the matrix is anayzed. Third, we con-
sider precise measurements of excitation line shapes in the presence of a pseudolocal vi-
bration. It is shown that the line deviates from well-known Lorentzian which is the
response function of a classical harmonic oscillator. The last two chapters are closely re-
lated. A fourth topic deals with the distribution of linewidths for single terrylene mole-
cules in polyethylene which are investigated in a broad temperature range. The
distributions are compared to the distributions simulated with the tunnelling two-level sys-
tem model for low-temperature glasses. This comparison revealed a distribution of cou-

pling constants between the probe molecules and the two-level systems and gives an

page 5 of 123



Preface

evidence for the distribution of radiative lifetimes. In detail the influence of the environ-
ments on the radiative lifetimes of an optical transition is considered in the final chapter.
Each chapter (except for Introduction) consists of two sections — a brief review and
Details. In the first section the main results are explained in a self consistent manner. De-
tails gives a more complete account about the subject and can be considered as a supple-
ment to the first part. Theoretical concepts and models are introduced gradually when

corresponding experimental results are discussed.
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Introduction

|l. Introduction

“ An atom is a body which cannot be cut in two. A molecule
is the smallest possible portion of a particular substance.
No one has ever seen or handled a single molecule. Molecu-
lar science, therefore, is one of those branches of study
which deal with things invisible and imperceptible by our
senses, and which cannot be subjected to direct experi-
ment.” — J.C. Maxwell in a lecture before the British Asso-
ciation at Bradford (1873).

“ ... We never experiment with just one electron or atom or
molecule. In thought experiments we sometimes assume that
we do; thisinvariably entails ridiculous consequences... In
thefirst placeit isfair to state that we are not experimenting
with single particles, any more than we can raise Ichthyo-
sauria in the zoo.” E. Schrddinger, Br. J. Philos. Sci. 111,
1952, August

Despite being about ten years old [10, 11], single molecule studies are still a new sub-
ject for most physicists and chemists. The technology was available to allow thisfield of
scientific activities to emerge thirty years ago. However, there is a substantial psychologi-
cal barrier (partially built on a historical scepticism which surrounds this subject) to the
idea of working with just one molecule and yet achieving a reasonable signal-to-noise ra-
tio. Assuming that the reader (if he or she is not familiar with the field) can also have such

abarrier, we begin with afew simple and appealing examples.
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Introduction
A Tour of Single M olecule Spectroscopy

In this section, the technical details 1

of the experimental apparatuses are E
kept at a minimum. We simply state
that under certain conditions (photo

stability, low intersystem crossing,

(e2]
T

high emission rates, high luminescence
guantum yield, etc.) it ispossible to de-

tect asignal from one molecule. More-

Count rate [kHZ]

over not simply to detect but also to
measure spectra and other parameters
for that molecule. One should not think 2+
about single-molecul e spectra as some- A b
F
thing barely visible. With an appropri- 0 ,LB _J\ | JL L
. 0 10 20 30
ate system, the signal-to-background Laser detuning [GHZ]

ratio can be higher than 1000:1. In Fig. 1 These seven single-molecule lines of ter-
rylene in a naphthalene crystal measured at atem-
perature of 1.65 K show that the noise in single

terrylene in anaphthalene crystal. Each molecule spectra can be comparable to that in bulk
measurements.

Fig. 1 such a spectrum is shown for

peak corresponds to a 0-0 electronic

transition in a single terrylene molecule. The signal-to-background ratio for the molecule
E is approximately 1000:1 and the dark counts of the photomultiplier contribute about
50% to the background level.

The sensitivity and selectivity of single-molecule spectroscopy is such that it is also
possible to measure a single-molecul e anal ogue to second harmonic generation. Two-pho-
ton exited emission spectra of asingle molecule were first reported in [12] for diphenyloc-
tatetraene (DPOT) doped in a n-tetradecane (TD) crystal. With a few MW/cm? single
mode infrared laser intensity, the transition from the 11Ag ground state to the first excited
singlet state 21Ag, which is one-photon electric dipole forbidden by parity, was excited by

two photons. Weak one-photon emission proportional to the square of the laser power
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could be observed, as aresult of coupling of the 21Ag state with the nearby 1lBu state. In
200 : | ; . : ,

H
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!

Count rate [counts/s]
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04 1 2 3456
Laser intensity [MW/cmZ]

150+
Fig. 2 A high resolution scan in the wing
of the inhomogeneous band shows three

100+
WW SM lines labeled with A, B, and C, the la-

A B ser power was 2.5 MW/cm?. The second

C scan (shifted up for clarity) shows data re-
S0r producibility. Dependence of the count
rate R of the molecule B on the laser inten-
sity. The lines R~1 and R~12 are shown
0 . . . . for comparison.
0 500 1000 1500
Laser frequency detuning [MHZ]

[12] the saturation behavior under two-photon excitation (TPE) was characterized, and the
photophysical parameters were measured. These experiments opened new possibilities for
high resolution nonlinear spectroscopy.

An interesting point which might not be obvious for non-specialists, and therefore de-
serves abrief discussion here, ishow to prove that the observed peak correspondsto asin-
gle molecule but not to several molecules with accidentally overlapping 0-0 lines. This
proof can be obtained if the second order correlation function of the detected photo counts
is measured. Such a correlation function is defined by the relation
g?(1) = (n()n(t +r)>/<n(t)>2, where n(t)dt and n(t + t)dt are the number of pho-
tons detected within the time interval dt at timest and t + T respectively. g (t)dt is
nothing more than the normalized conditional probability to detect a photon at time t + 1t
if a photon was counted at time t. The emission of a single molecule, or better to say, a
single quantum system has a peculiarity that such a conditional probability approaches
zero when t — 0 [13]. Thisis the so-called antibunching of single-molecule lumines-
cence. A molecule can not emit the second photon right after the first because it takestime
for the molecule to be excited. It can be shown that the probability to emit the second
phonon at time 1 isequal to the probability to find the system in the excited state provided
that the system wasin the ground state at zero time, which isindicated by the first detected
photon. Such correlation functions have been measured for a number of quantum systems
[14-16]. An exampleis shown in Fig. 3. The correlation function was measured for a sin-

gle terrylene molecule embedded in a naphthalene crystal. In addition to the antibunching
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g(7)

0.6 - .

0.4} 1

0.2+ .

L
Deay t [ng]

Fig. 3 Antibunching of single-molecule photo counts. The data were fitted to the func-
tion 1-A- exp(-I1/09)- [0/Q- sin(Qlt]) + cos(Qt])] [17], where the two-parameter fit
givesthefollowing results: Q = 1.13GHz and A = 0.72 . Thelinewidth at 1.65 K and
life time limited linewidth were measured independently: T', = (xT,)™ = 52 MHz and
(2nT,) " = 42MHz. Consequently the third parameter was fixed at
© = (1+T,/Ty)/(2T,) = 021 GHz .

a t = 0, afew oscillations are clearly visible. These oscillations (Rabi oscillations) re-
flect changes in the population of the excited state under resonance excitation. The high
laser power required to make oscillations visible was the reason for the relatively high
background and as a consequence the dip at T = 0 ns does not reach zero. The presence
of negative delay times should not confuse the reader. In the actual experiment two photo
detectors were used. The signal from the first detector was delayed by 31 ns and was used
asadtart signal for aclock. The signal from the second detector produced a stop signal for
the clock. A negative time means simply that the delay between the “start” count and the
delayed “stop” count was smaller than the 31 ns which were then subtracted from t . Of
course for awell-studied system it is not necessary to do correlation measurements every
time. The judgement can be based on the observed linewidths of distinct peaks, their
shape, and spectral density. But a new system should be considered very carefully before a

conclusion about the achievement of single-molecule sensitivity can be made. This be-
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comes a nontrivial exercise if a Raman scattering signal rather than luminescence is de-
tected [18, 19]. The Raman scattering does not show an antibunching effect and there is
always room for speculation about whether a signal corresponds to one molecule or to a

molecular cluster or amicro crystal.

Molecules Interact with Light

Despite its mysterious name, the main idea of single molecule spectroscopy (SMS) is
very simple. Two things are of great importance. Only one probed molecule should be in
the volume under study, and the light emitted by the molecule should be distinguishable
from the experimental noise. The first condition is relatively easy to fulfill. A concentra-
tion of about 107"°M and avolume of 10 um?’ arerequired. This can be straightforwardly
achieved by focusing a laser beam into a very dilute solution. But in the same volume
there will be about 10™ solvent molecules, and it is not easy to distinguish one molecule
from one hundred billion others. To do this, we use spectroscopy, i.e. the interaction of
€l ectromagnetic radiation with matter. The stronger this interaction for the SM, the small-
er the relative solvent contribution to the detected signal. A quantitative measure of this
strength is the interaction cross section 6. The number of elementary acts caused by light
of intensity | (pure absorptions, scatterings, ionizations, etc.) per second, is equal to cl,
where | is measured in photons- cm™ - s™*. It iswell known [20] that the resonance scat-
tering cross section 6., and the total cross-section o, (which includes scattering and
pure absorption) for atwo-level atom (or a classical harmonic oscillator) without radia-

tionless energy losses are given by
Gscat: Gtot = 37\'2/ (27'5) . (1)

Thus they depend only on the light wavelength A. o, calculated according to Eq. (1) is
of the order of 102 cm? for visible light, i.e. 10° times bigger than geometrical cross-sec-
tion of amolecule!

Unfortunately, such a large value can be achieved only if a molecule or an atom does
not interact with its environment. Such interactions increase the uncertainty in the transi-
tion frequency (the linewidth) from the radiative limit y to alarger value I'y . Under nor-

mal conditions the absorption cross-section of a good dye molecule in liquid solution is
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only on the order of 10" cm?. Fortunately this interaction depends on temperature [21]
and at liquid He temperature the cross-section may be closer to the one defined by Eq. (1).
While the cross section increases, the spectral line narrows and may reach awidth of afew
MHz. This complicates the experimental setup since an optical liquid He cryostat is re-
quired to obtain the low temperature and a narrow band single mode laser is hecessary to
observe the narrow features. But it is well worth making the effort to build the apparatus.
Their narrow lines makes SMsvery sensitive to external perturbations, whichis crucial for
many applications.

In fact, because a molecule can be treated as a two-level system only approximately,
its cross-section is:

3’y

Otot — Y_2—7-t_ . 1:;, (2

where Y is the probability that when illuminated by light with wavelength A a molecule
will scatter a photon and return to itsinitial state, as it should in atruly two-level system.
Excitation of molecular vibrations or phonons can cause Y to be less than one. On this
ground Y can be called the generalized Frank-Condon factor. Many dye molecules have
Y = 0.1 at low temperature, so their cross-sectionis 107° cm’ . Since the number of sol-

0™, the cross-section of the light-solvent interaction should be smaller

vent moleculesis 1
than 107 cm® . For comparison, the nonresonance Raman scattering cross section of
benzeneisonly 10°° cm® [22], which is much smaller than the upper limit for the light-
solve interaction cross-section. At room temperature, SM sensitivity can be achieved by
reducing the excited volume using molecular monolayers and conventional [23] or near
field [24] microscopy or by exploiting the time characteristics of luminescence [25].

In fact, the concentration of SMsin the solvent can be much higher than has been esti-
mated above. Even doped in a crystal matrix, SMs have dlightly different frequencies. A
crystal is never ideal and every molecule has different surroundings and hence a different
solvent shift of the resonance frequency [26]. The overlap of spectral lines builds the inho-
mogeneously broadened band. If many molecules are in the excited volume only those
which are in resonance with the laser frequency are excited.

When many molecules are excited simultaneously the so-called statistical fine struc-

ture (SFS) isobserved [27]. SFSisthe reproducible fluctuation of the luminescence inten-
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sity during the laser frequency scan, resulting from the statistical deviation of the number
of molecules in the excited volume from the average value. In the case of Poisson’s distri-
bution law, the standard deviation is equal to the square root of the average number. The
SFS contains information about the average spectral width of the SM lines building the in-
homogeneous band. The auto-correlation function (ACF) of the SFS or the cross-correla-

tion function between two scans made in the same spectral region, g(v), isgiven by:

(Ri(VIR (V' +v)) — (R (R

2 2 2 2. (3
JURY = (RYZI{(RY) — (R}

g(v) =

where R, »(v) and (R, aretheluminescence ratesasafunction of the laser frequency
v and their average values respectively. The function is a L orentzian with awidth of twice
the SM linewidth [27], assuming a Lorentzian SM line shape.

A typical setup for SM spectroscopy is shown in Fig 4. The ability of a SM to emit

| wavelength | ST | o Fig. 4 Experimental setup. An intensity-
mee analyee stabilized beam from aring dye laser illu-
ring dye laser [ ower sebilizer | minates the sample. The fluorescence is

pumped by Ar-ion laser | power sebilizer |-\ collected by a set of lenses outside the cry-
external scan ostat (a) and/or by ahigh efficiency optical

- reference system placed inside the cryostat (b, c, d)
ime Sgral |2 and directed onto a cooled photomultiplier
Frequency (PM) with single-photon counting elec-

polarization tronics. The scattered exciting laser light

rotator and, unfortunately, the 0-0 fluorescence

] are cut off with filters (CF). The laser fre-

g guency is monitored simultaneously with a
spectrum analyzer and a wavemeter. In
version b) the luminescence is collected by
a parabolic mirror but excitation light is
focused by an additional small lens. In ver-
sion c) the sample is excited through a sin-
gle mode fiber. In version d) the emitted
light is gathered by a microscope objective
with high numerical aperture. The thin
grey lines show a version when the same
objective is used for the excitation. Differ-
ent combinations of these four versions,
for example, a) and d), are possible. Using
an aperture A yields a confocal setup.

samples & holders

light with a wavelength shifted to the red side of spectra from excitation wavelength (as a
result of transitionsto the vibrationally excited levels of the ground electronic state) is cru-

cial in the case of one-photon excitation since the stray laser light must be cut off. Unfor-

page 13 of 123



Introduction

tunately, the unshifted 0-0 emission is blocked too. In the case of two-photon excitation,
when the exciting wavelength is twice the resonance one, light emitted by a SM at all fre-
guencies can be collected [12].

This simple analysis implies that SM spectroscopy is an easy exercise and should be
possible for almost every molecule. Unfortunately this is not true. Though the number of
solvent-sol ute systems where SM spectral lines have been observed is growing, this num-
ber is still less than 30. Very careful choice of the chromophore and the host matrix is re-

quired. To understand the reason a more thorough analysis is necessary.

First of all, dark counts from the photo detec- level 2 s,
tor, luminescence from cutoff filters, impuritiesin A mexy.z
the solvent, and statistical fluctuations of the de- k23 T
tected signdl, rather than inelastic scattering inthe 2 Ty} e
matrix give the main contribution to the experi- “% ka1 T g
mental noise. Hence the absolute value of the SM - K ?rH:x,y,z
emission rate R has to be large. We consider the vV S
molecular level scheme shownin Fig. 5. The elec- level 1

. 2 2 . .
tric field E = Eocos(wt) interacts with the 0-0 Fig. 5 The standard three-level model.
Spand S, are the ground and the excited
S s singlet states respectively. T,, Ty, and
Rabi frequency Q = E, - d/h . The steady state T, arethree sublevels of thetriplet state.
The real splitting between these sublev-

solution of the optical Bloch equations for els is much smaller and is important
) o ) only for single spin experiments but not
R = py/ T, Where T,y isthe radiative life  for the smple saturation effect.

transition. This interaction is characterized by the

time of thelevel 2is

R = QT T,/ (2T )
1+ ((0—0)T,)2 + Q°T,T,K '

(4)

where o, isthe transition frequency, K = 1+ O.52k2“3/ ky,and T, = (ky + Zk;‘;)_l is
the total life time of level 2. From Eq. (4), it follows that the emission rate can not exceed
R. = (2KT,,) " and that the unsaturated SM linewidth is T, = 2/ T,. When
Q°T,T,K = 1 the emission rate at resonance excitation (o = w,) equals R. /2 and the
linewidth is /2T, . This s the so-called saturation regime. If E||é the corresponding
electric field amplitude equals
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2 h?

sat — 5o - 5
" dKT,T, ®)

A two-level SM (K = 1) with the typical lifetime T,,4 on the order of 10 nshas a
maximum emission rate on the order of 5x107's ™. In experiments, such large values are
observed very rarely. The main problem is associated with the triplet state. The radiative
transition from the triplet state to the ground state is forbidden and, as a consequence, this
state has a very slow decay. Due to the ISC, a molecule may be transferred from the excit-
ed singlet state to the triplet state. Such a molecule will not emit any photons and will not
return to the ground singlet state until time 1/ ks passes. This changes the maximum
count rate and the saturation conditions dramatically. Usually ks = (10°—10%)s™ [28],
but very often ks, at low temperatureison the order of (1—10%s" [28,29], and hence
the coefficient K = 10°—10° . Molecules with K < 10 are considered to be good candi-
dates for SMS, for which R.~5x10°s™" isarealistic estimate. A photomultiplier count
rate, Rey , Of 10°s™ isexpected taking into account the total (PM and the optics) photo
detection efficiency of 2x107° .

In the literature there has been some confusion about
the importance of the local field factor. The electric field T

_>
mv

int

amplitude in Equations 4-5 is the local electric field am- Eext
plitude E,,. which would be observed in the position of
the SM if it were removed. This electric field differs from _
e=1 e>1

thelaser electric field E., outside of the crystal and from

the internal macroscopic electric field E;, . Thelocal  rig 6 External, internal (elec-

tric field everaged over a vol-
ume mach smaller than A°> but
Eioc = LE,, where L isthelocal field correction factor. ~ much larger then the volume

ocupaid by a single molecule),
In the Lorentz approximation [30] L = (e +2)/3, and local (actually acting on
the molecule) fields.

field is proportional to the internal field in the matrix

where ¢ is the relative dielectric constant of the matrix.
According to the Fresnel formulae for normal incidence [20], Eiye = 2/ (A& + 1) - Eog

(notethat R = 4/(J§: + 1)2 isthe reflection coefficient), thus

Eioe = 2L/ ("% + 1) - Eey. (6)
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Usually the average energy flux o, = 0.5E./€o/ W, IS measured in an experiment,
where g, and , are the permittivity and permeability of vacuum [20]. From Equations
(5) and (6) one gets the corresponding saturation intensity

(int) 1 80Ch2

. L 7
L2 2R, T, TK "

where d,,. isthe value of the transition dipole moment when the molecule is in vacuum,
and c = 1/,/80LL0 Is the speed of light in vacuum. The total cross section at resonance
conditions

thzz (D(Ldvac)z

Oy = = T, = 4rn
S he,e 2

heh 2 - Z2nRTy’ (8)

where n = ./e isthe refraction index of the matrix. To derive the last equality in (8), the
relations Ay, = o°nL’d2,. /(3nh£Oc3) and T, = 2/ T, have been used. The coefficient
A,, isthe radiative decay rate from the purely electronic excited state to the ground state.

The saturation intencity can be now rewritten as

i — 2rhon  _  ho
st 37\,2A21T1T2K 2GtOtTlK ’

(9)

If there are radiative transitions from the purely electronic excited state to vibrationally ex-
cited statesthen A,; = YT, 4, Where I',,y = 1 / T..q (cf. EQ. (2)).

6. = VTT _ 37 Tarn
T AnnT,y 2N 2T,

(10)

The scattering cross-section can be expressed as a multiplication of 6., by the lumines-

cence quantumyield n = F,ad/FT,Where r.=1/T,.

2 2
Gsca’[ = }%_Y Frad
n2r T,I,

(11)

Besides a high emission rate, the SM should have high photo stability. Otherwise it
can “disappear” before enough photo counts are accumulated. Photo instability is connect-
ed with the hole burning effect [31], which has many applications itself but limits the
number of molecules suitable for SMS. Since a) it is difficult to design a detection system

with an overall collection efficiency of greater than 1%, b) approximately 100 photo
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counts are necessary for recording the line shape, and ¢) n =10% — a molecule should be
able to emit 10° photons before a bleaching occurs and thus the quantum yield of the pho-

to transformation should be smaller than 107 .

Electron vibrational spectroscopy

The first measurements of the dispersed fluorescence from SMs excited at 0-0 transi-
tion frequency [32 -36] were done relatively soon after the publication of the excitation
spectra of the 0-0 line. It took much longer for electron vibrational excitation spectra. The
cross section of vibronic transitions is a few orders of magnitude smaller than the cross
section of 0-0 lines. This makes electron-vibrational spectroscopy more difficult but not
impossible. For example, the vibronic cross section of terrylene in naphthalene is
10"°cm’ or approximately 500 times smaller then that for purely electronic transitions.

Nevertheless single molecule vibronic lines can be registered as shown in Fig. 7.

. _ o o Fig. 7 Fluorescence excitation spec-

« ” > | trum of terrylene in naphtalene. To the
left, narrow lines due to the excitation
of the purely electronic transition of
individual molecules are visible. To
the right, vibronic bands of two low
frequency vibrations of terrylene ap-
pear. It was shown [37] that the weak
signal at 17658 cm™ corresponds to a
vibronic transition of molecule A. The
. . . . origin of the narrow line at 17642 cm*
I Im;:sl = Iwus“nsasl = I1T3-15I - I1T355I - IW&.%SI I isunclear.

Laser fraquancy [orr']

countrate [countss]

The investigation of vibrations of large organic molecules embedded in solids yields
important information on the host-guest interaction and the local environments of probe
molecules. Among others, questions about mechanisms and time scales of vibrational re-
laxation, the extent of vibrational energy inhomogeneity and its correlation with electronic

transition energy inhomogeneity are of particular interest.

SM absor ption and near-field excitation

Chronologically, in the first paper [10] it was the absorption of SMs that was detected

rather than emission. Later, this technique was abandoned because the absorption is very
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weak and can barely be seen on the large background of stray laser light. If the cross sec-
tion of the laser beam is S, the relative change in the beam intensity 1/l can be estimated

from the following simple formula
[/l = 1-6i/S. (12)

By inserting into this equation 6, = 10°cm’ and S = 10 'cm’ one gets
| /1o = 0.999. Since |y should not saturate the electronic transition and must be kept at a
low level, the shot noise of the laser light may hide the absorption effect. It follows from
Eq. (12) that achievement of alarge relative absorption requires very small S. This can be
realized in the so-called near field microscope.

The main idea of near field microscopy is that on the shadow side of an illuminated
opague screen with a small hole, the region with strong electromagnetic field is deter-
mined by the hole diameter rather than the light wavelength [38] and hence the theoretical
limit for resolution of a classical optical microscope can be overcome. The first attempt to
combine the high spatial resolution of the near-field and high spectral resolution of SMS at
low temperatures was made in [39]. Here we briefly consider only one fundamental ques-
tion connected with the direct measurement of SM absorption.

Under near-field excitation, the value S can be very small, even smaller than the SM
absorption cross section. In this case EQ. (12) should be modified. This has been done in
[40] where the absorption of a SM located in the waist of a Gaussian beam of a small radi-
us a isdescribed. The modified expression reads

| _ ( Gtot)z 1—T( Gtot)z
- =(1- + . 13
lo 2na’ T \2na” (13

Theincrease of the relative light intensity when the hole radius a is much smaller than
the light wavelength A can be easily understood. Such a hole works like an antenna which
has dimensions smaller than the wavelength and hence very low efficiency. In the case of
resonance the effective size of the emitting system is equal to the molecular cross section
rather than the hole area and the intensity increase is observed.

If the molecule is placed near a perfectly conducting screen with a small circular hole,
the light intensity in the far field region can be calculated from the solution of Maxwell’s

equations with appropriate boundary conditions. These calculations also show an increase
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in the light intensity at subwavelength hole diameters but when the hole becomes too
small, the SM emission is suppressed by the mirror surface currents on the screen. The
main conditions for detecting SM absorption are large absorption cross section, high photo
stability, and K= 1 . These conditions are identical to the ones for luminescence detec-
tion. On the other hand if a SM has only unshifted 0-0 emission it can not be detected us-
ing luminescence excitation techniques but would be the best candidate for an absorption

experiment.

Single-spin Rabi oscillations

Although magnetic resonance is not a subject of this work, a briefly review is appro-
priate because it shows how sensitive to fluctuations single molecules can be.

Magnetic resonance for SMs was first observed independently by two groups who
showed that the fluorescence emission rate for pentacene (Pc) in p-terphenyl (p-TP) could
be decreased by applying microwave (MW) pulsesthat coupled the hyperfinetriplet levels
[41, 42]. The reason for the decrease is easy to understand. Due to the 1SC, the molecules
primarily decay into the T, and T, sublevels (Fig. 5), which also have the fastest decay
rates. By transferring them to the longer lived T, state with resonant MW radiation, they
spend alonger time in the triplet manifold and hence the fluorescence rate is reduced. For
Ty-T,and Ty - T, resonant MWs, a 25% and 15% reduction in the fluorescence were ob-
served, respectively [42]. The T,-T, resonance was missing, implying that the lifetimes of
the T, and Ty states are similar. The kinetics of this process have since been analyzed in
detail [43].

Significant broadening of the MW resonance lines compared to those measured from
electron spin echo experiments was explained by spectral diffusion due to the second or-
der hyperfine interaction between the triplet spin and the 14 proton spins in the Pc mole-
cule that can flip when the molecule is in the singlet manifold. This hypothesis was |ater
corroborated [44] when broadening from 13C substituted Pc molecules was shown to be
larger because the nonzero *3C nuclear spin contributes. The linewidth could be reduced
by a factor of 40 by using deuterated Pc [45]. Deuterium has only 15% the nuclear mag-
netic moment of protons, and the huge line narrowing results because the hyperfine inter-

action is a second order effect in zero magnetic field.
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These experiments enabled the single spin coherence experiments that followed [46,
47]. In [46], oscillations of the fluorescence level as a function of the length of applied
MW pulses were measured. The fluorescence intensity oscillates synchronously with os-
cillation in the population of the T, and T, levels depending on the pulse length. A decay
in the oscillations was also observed, showing dephasing from nuclear spin flip-flops oc-
curred in p-TP molecules. Magnetic resonance coherence has also been demonstrated with
electron spin echo experiments [47], where “nt/2-wt-t/ 2" pulse trains were used to
measure triplet state coherence for Pc in p-TP. A dispersion of a factor of three was ob-
served for the spin dephasing time, which might come from crystal defects in the vicinity
of some molecules, although the estimated necessary average distortion (about 10% of the

|attice constant) seems too large.

M odel for Molecule's Environment

Even in the case of a single probe moleculein a crystal, the environment of that mole-
cule hasavery complex structure because the perfect crystal periodicity is distorted by the
impurity or by uncorrelated nuclear spins. The situation is still more complex if the probe
molecule is embedded in a polymer or a glass where a detailed description even for a pure
host matrix is not available.

Some simplification comes from low temperatures. The complex multidimensional
potential energy surface of the multi particle system can be reduced to several local poten-
tial minima. Those minima are separated by high barriers and can be in the first approxi-
mation treated independently. Many states can exist in such wells but again, recollecting
that we are dealing with the low temperature limit, it is enough to take into account only
the two lowest states in each local well. The dynamics is then governed by the interaction
between these localized states and long-wavel ength thermally-activated acoustic phonons,
phonons which are not very sensitive to the microscopic structure of the elastic media. The
interaction causes transitions between the two states assisted by emission or absorption of
phonons and thus the states become pseudo localized. Successive excitations and relax-
ations of the pseudo localized states create fluctuating electrical (elastic) fields which af -
fect the probe molecule. The concept of two-level systems (TL Ss) interacting with acoustic

phonons and with probe molecules is the corner stone of theoretical models considered in
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this Habilitationsschrift. Probably, the most direct evidence of the TLS existence can be
found by measuring an phonon-echo effect [48, 49] which is a counterpart of the well
known nuclear spin echo effect in NMR and photon-echo effect [50, 51].

From the model described above, it is clear that the properties of different solids at low
temperatures vary according to the variations of TLS parameters because properties of
acoustic phonons are essentially universal and can be satisfactorily described by the De-
bye model. It was found empirically that in amorphous solids (glasses and polymers) the
TLS parameters should have extremely broad distributions. A standard distribution func-

tion which is usually used in calculation is given below

Po

P(E,K) = :
K 1=K /K, (E T)

(14)

where E isthe energy difference between the two states, and K is the relaxation rate of
the excited state which spans a range from nanoseconds to months.

To explain such broad distribu-
tions, a tunneling mechanism was

suggested [52, 53, 54, 55]. A tunnel- S

INg proses between two minima

(from state |1I> to state |1> In Fig. " Fig. 8 A pictorial presenta-
tion of the model. The envi-
ronment consists of a set of
height and width of the potential two-level  systems (TLSs)
interacting with the probe
molecules (SM). The two
lowest states of the TLSs
are states of a particle in a
single well or a double-well
potentials. In the latter case
the transition between these
states is governed by the
tunneling under the barrier
process.

8) depends exponentially on the

barrier and thus small variations of
these two parameters cause a large
variation in the transition rate. Dur-
ing atransition from a higher to low-

er energy state a phonon is emitted

with a frequency corresponding to
the energy difference between the
two states. Of course, in the presence of thermal phonons with frequencies such that
hv = E an excitation from |1) to |1') can take place too.

When a TL S jumps back and forth between the two states this creates fluctuating

fields. These fields interact with the probe molecule and the molecular wave function
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starts to fluctuate and so does the transition frequency and other molecular parameters. As
a consequence, the spectrum of the probe molecule changes. Spectral lines broaden and
their shapes become complex and time dependent. These variations of the spectrum are
called spectral diffusion (SD) [56].

The TLSrelaxation rate calculated in the approximation of one-phonon emission is

K=W. @2 = coth(zkE?l_) , (15)

where (T / E)2 emphasi zes that the TL S transition dipole moment is proportional to the
square of the tunneling matrix element T and inversely proportional to the square of the
TLS energy [52]. This equation is analogous to that for the emission rate of a one-photon
allowed optical transition.

If the double well potential asymmetry is A, the TLS energy

E = JA*+T? (16)

For a given energy, the maximum relaxation rate is given by

Ky = W-E>- coth(i)

2kg T/’ (17)

Egs. (14) and (17) are usually referred to as a standard TLS model for amorphous solids.
For polymers W - kg =~ 10" HzK™® [57, 58]. Because W is very large, for many TLSs
K « K. and the TLS distribution function can be written approximately as

Po

P(EK) = 2. (18)

Less is known about interactions between the TL Ss and the probe molecule. Most of -
ten, thisinteraction is described as a dipole-dipole interactions. Usually it is assumed that
the difference of the TLS dipole moments in the two states is proportional to the double

well potential asymmetry A and inversely proportional to the TLS energy [59].

2 2 2
Doc'é: E-T . 1—@. (19)

Egs. (17, 15) dlows usto write Eq. (19) in the form
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D oe 1=K /Kpay. (20)

Except for TLSswith K=K, , D isapproximately constant.

The presence of alarge number of states localized in such double well potentials ex-
plains many observation (see [60] and references therein). It is really amazing that such a
simple model can describe a variety of optical phenomena and thermodynamical proper-
ties.

Another source for matrix dynamicsisthe transition between states |1) and |2) (|1') and
|2 ). Such transitions do not involve tunneling and usually have relatively narrow distri-
butions of relaxation rates.

An example of SD is shown in Fig. 9. In the experiment the laser frequency was
scanned repeatedly over the SM resonance line with afrequency step of 4 MHz and a peri-
od of 2.56 s/scan for more than an hour. For each scan, the resonance line was fit to a
Lorentzian function.The line position obtained is plotted against the measuring time in the
Figure 9. The spectral line occupies six spectral positions; whereas interaction with sever-

al TLSsshould lead to the number of states which isa power of two. This example demon-

5F ‘ ‘ ' ]

41 I i
é 2+ ; . Fig. 9 The frequency trajectories for a
P 1 single terrylene molecule in n-hexade-
elr — T cane undergoing light-induced spectral
= R 3 1 diffusion. The shaded vertical bars in-
0 | | dicate the frequency ranges used to dif-
v |V ferentiate the six sites. Along the
TR V] | bottom of the trgjectories, the frequen-

, . — cy-position histograms are shown.
0 50 100 150
Freguency [MHZ]

strates that general arguments suggesting that at low temperatures every system can be
considered as a TL S should be taken with a precaution especially when the system is af -
fected by strong external fields.
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Principles of Data Analysis

In this section we discuss the principles of the interpretation of rare events. When ob-
serving single molecules, there are times when some molecules appear to exhibit peculiar
behavior. Thisis agood reason for studying single molecules, since such behavior may
not be observable with ensemble techniques. The analysis of such behavior may someday
shed light on the microscopic structure of the molecules themselves and their local envi-
ronments, but may also be misleading.

Single molecules sometimes exhibit unusual (non classical) behavior, which isrela-
tively easy to document for cases when all molecul es behave the same way, as with photon
antibunching, for example, but such examples are an exception. More typically, each SM
data set isirreproducible owing to either the SM’s unique local environment or to the fun-
damental probabilistic nature of the microscopic world, and extra effort is required to ex-
tract useful information from the data.

Examples of complex SM behavior have been documented by Boiron et a. [61], for
example. In their study they check the consistency of the spectral trails of single molecules
(similar to that shown in Fig. 9) with the tunneling two-level system model. It isactualy a
minor point in their paper when they mention that one of the ~ 70 molecules studied
jumped 45 times between three states A, B, and C awaysin thedirection\— B — C — /
like an “engine,” but thisis avery good example for our discussion here. If the molecule
had an equal probability to jump to either of the two unoccupied states, the probability of
observing such a sequence would be (1/ 2)45 ,or 10, Thisbehavior appeals for an ex-
planation because it is simple.

A fundamental principle of the data analysisis that the quality of an explanation can
only be judged in relation to others. Probability theory can be used for formalizing such a
judgment. These techniques are described in detail by Siviain his chapter titled “model se-
lection” [62]. Here we adopt those general arguments to the above engine molecule exam-
ple.

Say there are two models for describing the spectral trail. Model A says that the jump
ordering is random. Model B asserts that the order is not always random, but for a certain

range of values for a parameter A , the jump order can show regular behavior. It isan over-
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simplification to specify the jump sequence by a single parameter, but nevertheless we
proceed to do so to keep the discussion simple. An important ingredient of model B is an
estimate for the probability density functions (PDF) of possible values for A deduced ei-
ther from the model or based on previous experience. This estimate must be made before
the analysis of the data. To ssimplify the discussion, we take this PDF as constant between
Amin@nd An., @nd zero otherwise. The relative merit of the two models may be written as

the ratio of the probabilities of the models proving to be correct after data analysis:

P(AID, I) . P(AII)X P(DlAa I) X}\'max_y\'min

P(B|D,1) P(B|l) " P(D|B, A, 1) S ’ (21)

where P(X]Y) isaconditional probability of X given Y, and | stands for prior informa-
tion. Thefirst fraction on the right hand side isthe ratio of the prior PDFsfor the two com-
peting models -- a measure of the relative faith one has in the two models before the
analysis of the data at hand. If both hypotheses are viewed with equal merit then thisterm
can be set equal to one. The second term is the ratio of the likelihood functions for the
two models (probabilities of observing a specific set of data given the truth of the corre-
sponding hypothesis), where 2, is the best estimate of the fit parameter A . Since A, is
found by afit to the data, the ratio of the likelihood functions is automatically less than
one. It can be as small as 10™ in this case. The cost for having the extra parameter in the
theory is contained in the third term, which is the most crucial term for our discussion.
This term is sometimes called the Ockham factor. Without this factor more sophisticated
explanations would always be preferred over simpler ones. The denominator A is the
width of the likelihood function P(D|B, A, 1) . The sticking point here is that enough
ambiguity has to be placed in the prior PDF for A to guarantee that it can describe the
character of all observed molecules and not only the one showing engine-like behavior.
This can dramatically increase the posterior ratio in Eq. (21). If someone suggests a model
for the molecular engine by assuming very special microscopic surroundings for that mol-
ecule he or she should explain why the probability for creating such structure in the pro-
cess of sample preparation islarger than 107,

If the range for A isdetermined from the measurements, then an estimate of the poste-
rior ratio in EQ. (21) can only be obtained with a new set of data not available before. If

these crucia quantities — the widths of the parameter distribution functions — are esti-

page 25 of 123



Introduction

mated based on experimental results, the experimental results become an essential part of
the theory and can not be considered as an argument supporting the theoretical model.
This is where reproducibility comes in. If the probability for observing a certain type of
SM behavior is not fundamentally limited (by rare decay channels, for example), the need
for repeated measurements suggests that the macroscopic conditions (sample preparation,
external fields, etc.) should be specified in away to insure a certain level of reproducibili-
ty. A criterion commonly accepted for ensemble measurements of 5% or higher can aso
be applied to single-molecul e data.

Just because a certain type of behavior isimprobable does not mean that it isinsignifi-
cant, but precise probabilistic methods for the interpretation and characterization of the
rare events should be applied. Meyer points out in his book on statistics [63] that if Lord
Rutherford’s students had disregarded the small fraction of scatterings that occurred at
very large angles when they bombarded a gold foil with o particles, they would not have
discovered the nucleus.

PDFs are not calculated for data and theories presented in this manuscript. But in most
cases the reader can at least qualitatively see how such calculations can be done. And it is
an interesting and instructive exercise to think about PDFs and parameter distributions ev-

ery time single molecule data are addressed.
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[Il. Intensity-Time-Frequency
Correlation Spectroscopy

A common characteristic feature of single molecules (SM), single quantum dots, or
any other single quantum systemsis that each successive spectral measurement performed
on the same SM can reveal a new “spectrum” even when the macroscopic conditions do
not change [64, 65]. Of course time and frequency obey the uncertainty principle and one
can speak about time-dependent “spectra’ only when the measuring procedure is exactly
described. There are a few methods for measuring time-dependent spectra of ensembles
(two- and three-pulse photon echo, “hole burning” etc.). To ssimplify the discussion, let us
assume that a spectrum is measured with a spectrometer having a shutter in front of its en-
trance. The shutter is opened for atime t and a spectrum of the incoming light is mea-
sured. If the system consists of billions of molecules and isin thermodynamic equilibrium,
the “ spectrum” obtained will be afunction of t only. If we repeat the measurement, the
same result will be obtained because for a large system in most cases the fluctuations can
be neglected. But the situation is dramatically different if only one molecule is studied.
The micro environment of every single molecule strongly influences the observed spec-
trum in a unique and time-dependent way. This makes the results “non reproducible’. In
addition, data are obscured by the fluctuations of the number of photons emitted in the
timeinterval t.In genera, the better the time resolution that is needed, the bigger are the
overall fluctuations, and conventionally one has to trade one for the other. A new approach
called intensity-time-frequency correlation (ITFC) spectroscopy [66, 67] allows one to
preserve high time resolution without sacrificing the signal-to-noise ratio.

I TFC spectroscopy works in three steps. a) N laser scans over the same spectral region
are acquired and the SM luminescence intensity as a function of the laser frequency is
measured, b) a correlation function is calculated for each scan, and c) these functions are

averaged. Mathematically this can be written in the following way:

N @

Srec(0,8) = MY [I(@)(0+ @)do, @)

k=10
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wherel, (w) isthe k-th single scan and Iﬁ‘(m) isthe scan starting with atime delay o, with
respect to the moment when I, () is completed. The laser frequency w(t) = rt, where r
is the frequency scan rate and t is the time measured from the beginning of the corre-
sponding scan. The upper integration limit @, is the spectral scan length and hence w,r
is the time needed for asingle scan. 8, = O corresponds to an auto correlation, otherwise
8, > m,r . Theidea of the ITFC method is based on the fact that a correlation function be-
tween two scans is sensitive only to dynamics on the time scale on the order of or shorter
than the time delay between the two scans. A conventional photon correlation technique
where the laser frequency is fixed [68, 69] allows oneto gain insight into fast SM dynam-
ics but does not provide spectral information.

If the single-molecul e resonance frequency, a parameter in optical Bloch equations, iscon-
sidered as a stationary stochastic function of time 9¥(t) , the linearized approximation for

S+tec(w', t,) can be written in the following way [67]

oo /T, ort+ 8 +21 T
Strc(®, t,) ~ Rl j g'" exp| i j 9(u)du—i j d(uydu pae|, (23)
0

-1
T+ +1 0

I (T

where T, isthelifetime of the SM ex-
cited state and t, = 'r " +§,. This
equation is valid for t, » T,. The val-
ue of t, determines the time resolu-
tion of the ITFC spectra. If Tir «1

and ®' «&;r, Stec(®', t,) isidentical

to the expression for a spectral hole or

a Fourier transform of an echo ampli-

Pulsel,r Pulsell Pulselll

tude measured in a “ gedanken” hole Sl %Cho pulse

burning or three-pulse photon echo

experiment done on a sample which
] Fig. 10 A “gedanken” three-pulse photon echo experi-
consists of many probe molecules  ment. The sample consists of molecules (shown as large
. . . . . ellipses) having statistically identical microscopic environ-
[70] but in statistically identical mi- ments i.e interacting with identical sets of TLSs (black
bars). Flips of neither of two TLSs are correlated. The
echo amplitudeis afunction of thetwo time delays 7, t,,,
and parameters of all TLSs.

croscopic environments. This demon-
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strates a fundamental connection between single-molecule data and ensemble

measurements.

The advantage of ITFC with re-

spect to ordinary spectroscopy is dis-

played in two-photon excitation
spectra of diphenyloctatetraene
(DPOT) molecules embedded in n-tet-

radecane. When the first spectra of

single DPOT molecules were mea-
sured at 1.8 K [12], a significant and

Number of photo counts

unexpected difference between the ob-

served linewidth and the lifetime-lim-

2500

2900 3300

ited linewidth was noted. Such a
difference could be explained by tem-
perature effects owing to the nonzero

bath temperature or because of |ocal

2 x laser detuning (MH2)

Fig. 11 (@) A two-photon excitation spectrum re-
corded by averaging 200 single scans recorded with
frequency steps of 3.6 MHz and 5 ms accumulation
time at each frequency position. The spectrum has a
time resolution ~ 500 s. (b) Example of a single

scan. The SM line at 3030 MHz has a count rate of
about 1.3 counts/trace at the maximum. In spectrum
(a) the line has a width of 62 MHz (the thick grey
lineisalorentzian fit). The inset shows the average
over 200 single scan auto correlation functions, cal-
culated for the spectral region between arrows A
and B. The decay of the ITFC corresponds to aline-
width of 28 MHz (a Lorentzian fit is shown).

heating by laser illumination. These
two explanations did not pass experi-
mental tests. The difference was inde-
pendent of laser power and the
lifetime-limited linewidth was close to
the linewidth measured at the same
bath temperature under one-photon excitation. The problem has been solved by applying
the ITFC technique [66]. Two-photon excitation lines were narrowed by a factor of twoin
I TFC spectra when they were measured with a time resolution better than 50 ms (see Fig.
11), atime resolution which was not possible to achieve otherwise. In the ITFC spectrathe
time resolution was defined by the time needed to scan a spectral region which covers a
single-molecule line. Thus in this case alight-induced spectral diffusion (L1SD) was ob-
served. At present only a phenomenological description is available for this effect. At the
wavelength of the exciting light (888 nm) there is a weak absorption of the CH-band (3rd
overtone) of tetradecane. The absorbed energy dissipates into the matrix and leads to some

rearrangements of the local environment of the probe molecules and thus to a change in
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their transition frequencies. This change (repeated many times) causes an apparent line
broadening. When measured conventionally with lower laser power, the spectra become
too noisy and need long accumulation times (on average approximately only ten photo
counts at the absorption peak of a single molecule are detected in atime interval of 50 ms).
A longer accumulation time increases diffusional broadening. Note that the excitation rate
is proportional to the square of the laser intensity while the L1SD is proportional to the
first power of the laser intensity. To keep the signal-to-noise ratio at a constant value with

two times lower laser power one would need afour times longer accumulation time.

Details

It isdifficult to produce a mathematically correct definition for a single molecul e spec-
trum in afluctuating environment. For example, an approach based on the fluctuation dis-
sipation theorem [ 71] has often been used, though neither an ensemble nor time averaging
can be realized with a single molecule. To get around this problem, a* cut-off” approxima-
tion (COA) was used [72-80], but without much discussion of its validity. Wefirst analyze
the accuracy of the COA and then describe a way out of the difficulties associated with

this approximation by using the Intensity-Time-Frequency-Correlation technique.

Linearized Bloch equations and “ cut-off” approximation

Asit was explained in the Introduction, the environment is described by a set of TLSs
interacting with a single molecule and with acoustic phonons. Each TLS is characterized
by the energy difference between the two states, by the relaxation rate, and by the coupling
strength of the SM-TL Sinteraction, which is assumed to be dipole-dipolein nature. Intrin-
sically, the ensemble of TLSsis characterized by a distribution of the first two parameters
and a special kind of this distributions is assumed in the standard TLS model. Because of
interactions with phonons, each TLS flips between its two states and these flips cause
changes of the single molecul e resonance frequency.

At low laser powers we can neglect the triplet state (see Fig. 5) and can treat aSM asa
two-level atom, whose behavior isdescribed by a 2 x 2 density matrix p . The probability

for the atom to emit a spontaneous photon at atime t is then proportional to the density
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matrix element p,,(t) . The time evolution of the density matrix is described by the optical

Bloch equations.

pi2 = (10(1) =1D() =iz + 5Pz —ps) (29

P2 = —2Ypa+ I29(1312—621) ) (25)

where the SM transition frequency ¥(t) is an arbitrary stationary stochastic function of
time, o(t) isthe time dependent laser frequency, pi = pu- exp[—ij;(o(r)dr] , Qs
the Rabi frequency which is proportional to the amplitude of the laser light, and
2y = 1/ T, isthe decay rate of the exited state. The particular form of 3(t) assumed in
the TLS model is not essential for most of the following discussion. For simplicity and
briefness, we assume a that the laser frequency is scanned with a uniform speed
o(t) = o, +rt, wheretheinitial frequency o, is zero.

At low laser power p, =1, pp=0 andhence Eq. (24) reads
P = (iw(t)—iﬁ(t)—’y)ﬁlz—lég. (26)

The solution of linear Egs. (25, 26) is straightforward.

Pn(h)= —Q j eV Im[pra(v)]dv (27)

0

and

P1(t)= —i%.[_[ e‘yt"exp(i j ((o(u)—ﬁ(u))du}dt'} (28)
0 t—t"

where the initial conditions are p;,(0) = px(0) = 0. Substituting expression (28) in

(27), p(t) can bewritten in the following form:

Pa(t) = %Re(je‘”“’“je’“"exp(i j (co(u)—ﬁ(u))du]dt"vj
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. - -
= %.2 ReU g2 j e’“"exp(i j (m(u)—ﬁ(u))du) dt”dt') , (29)
o o g
where the substitution t —v = t' isused.
Theintegrals over dt" and dt' are essentialy different from zero whent' < (2y)™ and
t" <y or, if these conditions are expressed in a different way, when rt't" < 27'r /y2 and
rt*<r/y’. If additionally r/y°«1 (slow scan approximation) then
J’I::_t"(o(u)du = rtt" —rt't" —rt"’/ 2= rtt" = ot" . If only long time behavior (yt» 1)
of p,(t) isof interest than the upper limitsin the two integrals can be set to an infinity
and finally

t—t

j ﬁ(u)du] dt"dt'} (30)

f—t —t"

2 ~ - o
p(t) = %Re{‘[e—z“ﬁ'je—ﬁ"e—lwt exp(i
0 0

The stationary optical line shape R(®) can be defined as follows:

1
R(0) o< = poa(t)],_ gl (31)
m* 0

Ideally the measuring time t,, should be much longer than the longest correlation time of

the system. In this case R(w) isindependent of the measuring time and

R(®) o< Re{ j e‘zYt'J'e‘“"e‘“’“" ( exp(ijﬁ(u)duj) dt"dt'}

ocRe{ je‘“"e‘i“"'KeXD(i J ﬂ(u)du}dt"}, (@)

where an average over all possible trgjectories (denoted by ( ) ) replaces the time aver-
age. For a stationary stochastic function 9(u) this average depends only on the length of
the integration interval over du. Thisinterval isequal tot —t' —(t—t'—t") = t".

For the relaxation time distribution assumed in the standard TLS model, such t,, is
equal to infinity and the stationary spectrum can not be measured in a finite time experi-

ment.
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In the cut-off approximation, all TLSs having a relaxation rate slower than the inverse
of ameasuring time t,, are neglected, and the measuring time for the remaining TLSsis
set to infinity.

Fig. 12 illustrates an

emerging problem. Direct j\ ﬂ\\ J\ AA

numerical simulations A

"’>>
=

i
c)
based on the linearized B n B n " n

optical Bloch equations i

(see Egs. (30) and (31)) JL
show that many SM lines

are subject to significant
fluctuations and it is diffi- J\

to a single molecule in

%
—

cult to assign a line shape j\

[
>‘%
1]

T

@£
L]

these real scan simulations L] v L]
(RSS) while in the COA
each molecule has a well
. . Fig. 12 Different re-
defined spectral line shape J’L JW Jvk dizations of single
(also shown in Fig.12). molecule  spectra.
o _ A A Corresponding  “cut-
This is because during 0) h) off”  approximations
~ - i ! are shown in the cen-
measurements performed ter of each 3x3 block.
over a finite time, some ! ! tn = 1. The TLSre-
laxation rates are dis-
neglected TLSs actually tributed between 300
GHz and 50 mHz.

jump while some relative-

ly fast TL Ss do not have enough time for a number of jumps which can be counted as infi-
nite. TLSs which are not taken into account properly by the COA are approximately those
with the relaxation rate between 0.1/t,, and 10/ t,,.

Theory of the I TFC spectroscopy

The principles of ITFC spectroscopy were explained in the overview. Emission from

the electronically excited state provides the signal and Eq. (22) can be written as
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Srec(@,8) ~ ( [ pa(pas(t + O}t | (33)
where® = o'r*. ( ) inEq. (33) means an average over al possible redizations of the
stochastic function 0(t) . If §,# 0, then pi‘z(O) = pig(O) =0.If § = 0, we should
take into account that when emitting a photon at time t, the SM jumps to the ground state
and hence pi‘z(t) = pig(n = 0. A general expression for pi‘z(t+e) follows from

Eq. (29)

X x-T -7
pas(t+6) = ZQZReUe‘ZW | e’“"exp[i [ (ot+o+uy-o@+o+u+ St))du} dr"dr-} , (34)

0 0 —T' -7

wherey = t+0 if §,# 0 and otherwisey = 6.

Each of the scans starts far from the resonance and takes a time much longer than T, .
This means that p,,(t) is different from zero only when vyt » 1 and hence, because of
exp(—2yt') and exp(—yt") factorsin theintegrated function in Eq. (29), the upper limits
of the integrals over dt', dt" can be set to infinity. If 5, # 0, this can be done aso in
Eq. (34) for integrals over dt' and dt". If &, = O, the approximation is valid only if
v6»1.When y0 <1, adip of width w4 <r /7y inthe frequency domain corresponds to
the well-known photon antibunching effect (see Introduction). For simplicity, this effect is
not considered here and all limits are assumed to be .

From Egs. (29) and (34) it follows that

[ (pa(tpaa(t+0))dt = 20'(Re(A) + Re(A")), (35)

where substituting ® = rt, A* reads:

o comnen " .

At = I””e—zv(t'+r')e—vu"+r-'>eirt<t"¢r")eim<exp(_i J‘ BH(t+u)duFi J‘ 9(t+0+u +5t)du]>dv (36)
—-0000 -t —t" ' -1"

here A" = —t't"¥1'1"4+01" — (1" +£1"%) /2 and dV stands for dt"dt'dr'dt"dt . Since

¥(t") isafunction whose average is independent of a time shift t, integration over dt

gives ad-function §(r(t" +1")). Because t", 7" >0, A" = 0. Further, since t', v areon

the order of ¥ « @ + §, , the average over all possible trajectoriesin Eq. (36) depends very
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little on the time shifts t' and 1’ . If this dependence is neglected, the integration over dt",

dt', and dt' isstraightforward and leads to the following expressions for Stec(w', 9,) :

P ™ 9+6t+21:"
' Q4 —io't" e—2«{r" . . N
Src(0', 8y) ~ 4mYZRe[£e m(exp[—l {ﬁ(u)du +i e”;[”,, ﬁ(u)du}dx ] (37)
or
STFC((Dla 6t) - Re(j——e:m—zp(ra tW)dT} ’ (38)
1+ (Tirr)

0
wheret, = 0+38, = @'r+§, 2y = 1/Tl ,and P(t,t,) isthethree-pulse photon echo
amplitude [56] measured in the “ gedanken” experiment shownin Fig. 10. If T5r « 1 (slow
scan) and §, » o't (unless &, = 0, 5,> wor ~» w'r ), Stec(®', §,) issimply a Fourier
transform of P(1, §,) .

Starting with a paper by Klauder and Anderson [56], averages like that in Eq. (23)
have been calculated many times for ensembles of two-level atoms (spins) interacting
with an ensemble of TLSs[81, 82, 70]. A significant difference between an ensemble and
a SM isthat we do not need to average over distributions of the TLS parameters E, A, and
K (the TLS energy, the change of the SM transition frequency caused by the TLS jump,
and the TL S relaxation rate respectively) because the SM interacts only with a specific en-
vironment. For each molecule 9(t) = 3= A.&.(t) , where & (t) arestochastic functions

equal to 1 or -1. Theindex m refersto the m-th TLS. Using a quantity

A_m)2|sin(vmr)|zsech( E., )2 Kt

Fuls) = (37) S s & (39

where T is the temperature, kg is Boltzmann’s constant, and
Y2 = (A/2)°=K?/4+i(A/2)Ktanh[E / (2ksT)] , the average can be written in the

following form [70]:

<exp(—i j B(t)dt +i j ﬁ(t')dt'}) = H{l—szj Fm(r')dr'—(l—e‘Km‘W)Fm(r)} . (40)

Using an exponential form for F (1)
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Fm(T) = Bniexp[(=2Im(Yy) =Kl + exp[(2Im(Yy) =Ky Tl }-
—Bn{ exp[(-2i Re(Y,) — KTl + expl[(2iRe(Y,) —K)Tl} (41)

where B = A?|Y|?sech[E / (2kT)]’/ 4 . Theintegral can be easily evaluated

ij(’E')d’C' = Bm{

0

1-expl(=2Im(Yn) —Kw)t]  expl2IMm(Yn) —Kp)t]-1]
2Im(Y,) + K., 2Im(Y,) —K,,

+Bm{ expl(2i Re(Yn) —Kn) 11 =1  exp[(=2i Re(Ym) —Kwn)T] = 1} 42)

K. — 2i Re(Y,) 2iRe(Y,,) + Ko,

If TLSs have a broad distribution for K and A, then for each single molecule there
will be very few TLS having K = A . When most of the TLSs are either slow (KA » 1)
or fast (KA™ » 1), equations can be simplified.

For dow TLSs:

Y=3A+iK(p—3) and B~ (p-p? = pp, (43)

F(1) =~ pp{ exp[-2pKr] + exp[-2Kpt] — exp[ (1A —K)T] —exp[(IA—=K)t]} , (44)
1—2KJ'F(T')dT' ~ pexp[—2pK 1] + pexp[—2pK1] , (45)
0

where p isthe probability of aTLSto beinthe upper stateand p = 1—p isthe probabil-
ity of a TLS to be in the lower state (in a thermodynamical equilibrium
tanh[E / (2kT)] = (2p—1), sech[E/(2kT)]* = 4pp ). The observed line shapes are
not Lorentzian and can only be approximately characterized by alinewidth. Thislinewidth
can, for example, be equal to the FWHM or to the width of a Lorentzian which approxi-
mates experimental SM lines according to least squares criteria. The second definition is
most often used by experimentalists. When the spectra are noisy, the FWHM is difficult to

find.
Each slow TLSs contributesavalue of 8I" = K to thelinewidth. Slow TL Ss also shift
and split the SM line. Very often there are very few slow TL Ss which are nevertheless fast

in comparison with the SM relaxation rate T, , because such TLSs should have a large
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vaueof A.If TLSsareslow and K « T;* then further simplifications are possible leading
to

(expli j ﬁ(t')dt'—ij'ﬁ(t')dt' y =

t,+7

= JT(A-2An(tw) + An(ty) - {exp(iAgT) +CC3) (46)

where A, (t,) = (1- e_Kth)pmpm and c.c. stands for a complex conjugate. This expres-
sion is easily understood. Each TLS causes a splitting of the SM line into a triplet with a
central Lorentzian peak of an amplitude 1-—2A,(t,) a zero frequency and two smaller
peaks of equal amplitude A, (t,) with frequenciesshifted to £A,,. Asaresult of the prod-
uct in Equation (46) all possible combinations of the shifts will appear.
For fast TLSs:
Al A

K A m ~
sz |—2—(1+ |Rr—n(2p—1) —ZRFEnpmpm) and Bm"' R‘pmpm (47)

ERN F I

Since B« 1, theterm F(t) can be neglected. For the same reason the only non-negligi-
bletermin (42) isthe one coming from B{exp[(2Im(Y)—-K)t] -1}/ {2Im(Y)—-K} . It

follows that
t,+21 T
(exp[i j ﬁ(t')dt'—ij'ﬁ(t')dt}} = exp[-2T1] (48)
ty+T 0
where
1—‘f = ZmpmpmArzn/ Km . (49)

Thus additional time independent broadening is the main effect of fast TLSs on the SM
linewidth. In this case the ITFC does not produce any additional information in compari-
son with ordinary spectroscopy. The HWHM value obtained by doing ITFC isequal to the
FWHM (usually labeled T, )obtained from conventional slow scan spectra.

_ 2A* E )
Iy =2y+ < exp(—kB—T (50)
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An ultimate goal for SMS could be to find parameters of all TLSs interacting with
each molecule. A brief look at Egs. (46, 48) reveals that even though ensemble averaging
isremoved alot of information is hidden under the envelope of a SM spectrum if, for ex-

ample, the splittings £A,, are much smaller than the natural linewidth 1/ T,.

Recovery of distributionsof TLS parameters

For the following analysis we assume that @' « §r. In this case Eq. (38) can be solved

easily for P(t, 9;)

S +21 T
P(1, 8) = (exp| | j ﬁ(t')dt'—ijﬁ(t')dt'>

&+t 0

T/ Ty

= [1+(T,r1)’le j €°°Srrc(®), 8,)dw’ , >0 (51)
Thus, in principle, the function P(r, 6,) can be found if the ITFC spectrum and T, are
known. Then, applying Egs. (41, 42) and an appropriate fitting procedure, the parameters
K, A and p can be determined. The problem however is not so simple when noise is
present in the measured data. Though, again in principle, with the ITFC technique the
noise can be reduced to the required level without any loss in the time resolution. Now we
consider afew examples of ITFC when exact decomposition of P(t, §;) into components

isnot possible.

Small number of TLSs. Thisis probably the most common case when a single molecule
istrapped in acrystal or when TL Ss have been created artificially. The ITFC line consists
of several overlapping Lorentzian peaks.

We applied the ITFC technique to study time dependence of the SM linewidths in the
Shpol’skii system DPOT-tetradecane which was studied using TPE technique. Light emit-
ted at a wavelength of approximately 888 nm by the single mode laser was focused onto a
spot approximately 3 um in diameter. The power of the laser beam was equal to 140 m\W.
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The data points in Fig. 13 represent

the linewidths averaged over about 10 75t
mol ecules, whose resonance freguencies

are in the 3.7 GHz total scan range, as a 65+
function of the time resolution. To get this
average, the ACF can be calculated for g s b
the whole 3.7 GHz trace in Fig. 11 at 5
once. On alogarithmic time scale, the ob- % 45
served linewidth dependence appears as a

step function. It indicates that in contrast

to glasses, the distribution of TLSsin the ol
DPOT-tetradecane system is remarkably
different from the one assumed in the B 05 07 ot 10 o 1%

Timeresolution t (s)

standard TLS model. A precise analytical
) . Fig. 13 Time dependence of the linewidth (half
form of the observed time evolution of the  width at half maximum of Sec) in TPE spectra.

Each data point represents the average linewidth of
10 SMs. The solid line is aleast squares fit with

. : : ; 2 wi
empirical results are known from theliter- ~ the trid function T, +A(l-(1+ft)")  with
Ty = 3LMHz, A = 33 MHz and f = 0.5 Hz

linewidth is not available but some semi

ature.

Light induced SD has aso been observed in spectral hole burning experiments on dye
doped polymethylmethacrylate. These observations were explained by interaction of the
probe molecules with water molecul es embedded in the polymer and flipping between two
states under IR illumination. For those TLSs, a narrow distribution of the flip rates was as-
sumed, and an approximate relation T' = T'y+ A(1— (1 + ft)™) describing the line
broadening was deduced [83]. In this equation, A describes the interaction between a
probe molecule and TLSs, and f approximately equalsthe TLSsflip rate. A similarity be-
tween hole-burning and ITFC discussed in relation to Fig. 10 alows us to apply the same
empirical fit function. A fit to this equation is shown in Fig. 13. Thefit yieldsa TLSflip
rate of 0.5 Hz. This number should be considered as a rough estimate. Fig. 13 shows that
thereisno SD on thetime scales 10° —107°s and 10200 s, where the linewidth remains
almost constant (31MHz and 65 MHz respectively). These values are still broadened by
3-5 MHz because of a small remaining saturation of the optical transition [12]. Thus, the
linewidth is 26 — 28 MHz on a short time scale, in agreement with OPE data. OPE spectra
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do not show spectral dynamics in the time range 10"°~10%s. This confirms that the differ-
ence between the SM linewidths in OPE and TPE spectrais caused by SD induced by the
strong illumination at 888 nm. The dependence of the SD on the IR power was not studied
in thiswork. First, the emission intensity under TPE depends on the square of the IR pow-
er and it was difficult to vary the power in a broad range. Second, the observed SD varies
significantly from molecule to molecule.

One should keep in mind that despite of high time resolution, it may take along time
to obtain a good signal-to-nice ratio. Frequency jumps of 0.1 —10 GHz occurring on the
time scale of 103-10% s made measurements of the same SM over the time range needed to
obtain all the data points presented in Fig. 13 impossible. Such jumps have been observed
under both OPE and TPE and have already been reported for other Shpol’skii systems
[84]. Because of these dynamics and conventional photo bleaching, the molecular ensem-
ble under study usually changes after one or two hours, even if the spectral range and the
laser beam position are preserved. For this reason, only the average linewidth of 10 mole-
culesis shown in Fig. 13. It must be emphasized that this averaging is not related to the
ITFC method itself, which allows the study of SMs provided that they are photo stable.

Single moleculesinteracting with a set of TL Ss having parametersdistributed
accordingtothe standard TLS moddl. In this section an analysis of a SM in an amor-

phous matrix is based on the standard TLS model which assumes broad and flat distribu-
tions of TLS parameters. The main problem here caused by the very large number of TLSs
(several hundred) coupled with each single molecule. Most of these TLSs have a small
value of A and produce aquasi continuum of possible SM resonance frequencies. In prin-
ciple, one still can apply Eq. (51) but the accuracy required for the I TFC function probably
can not be obtained in arealistic experiment.

Asfollows from Eq. (46), the 5-peaks in the ITFC whose shift is equal to the sum of
shifts related to each TL S and whose amplitude is equal to products of amplitudes of the
single TLS related contributions. Thus &-peak amplitudes are calculated as if every indi-
vidual shift has a probability (amplitude). A general structure of the line shape can be
found by making use of the Central Limit Theorem (CLT). It can be shown (see Appendix
on page 94) that the probability distribution function for A reads

P(A)~ A (52)
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Though a cutoff A, can bein-
troduced for small A [72], such a
distribution function does not have
afinite mean J': P(A)AdA and

min

variance j': P(A)A’dA because
the integral s:nmdiverge on the upper
limit and the CLT can only be ap-
plied if TLSswith alarge A, that is
TLSswhich are closest to the single
molecule, are excluded. Such TLSs
often can be identified when an
ITFC line consists of more than one
peak. When aline with two or more
distinct peaks or shouldersis ob-
served, the complete information
about the TL S causing such a shape
can be extracted from the ITFC
spectra. Additionally, each distinct
peak can be approximated by a

Gaussian. The width of each Gauss-

0.3 : /
<
“Cut-off” approximation)
_ 02} 10.5
B =
o, ©
£ =
2 =3
g g
5 2
0.1t 1 =
~(1_e-754HZ T)
0 2
0 Frequency [GHz]
P . 1 1
107 10° 10® 10! 10t 108

Time [s]

Fig. 14 Centra peak linewidth and side peak intensi-
ty of the ITFC signal calculated for a single molecule
in a polymer. The TLS energies and relaxations rates
are distributed according to the standard TLS model.
The inset shows the ITFC for different time resolu-
tions. The noise level corresponds to 10° detected pho-
to counts. A step function (thick grey line) shows the
side peak time evolutions as described according to the
cut-off approximation.

ianisadow function of the measuring time, and can be approximated by alogarithmic de-

pendence. An example is shown in Fig. 14 where the line is a superposition of three

Gaussians. The flip time of the TLS producing such atriplet is 1.3 ms. The amplitude of

the side peaks evolves according to Eq. (46). The width of the each component decreases

approximately logarithmically on atime between 1000 sand 0.1 ms. Atatimet, = 10°s

the time dependence significantly accelerates. This time coincides with the flipping time

of another TLS whose two states are almost equally populated but whose A value is too
small and the TLS simply contributes to the central peak width. In contrast, the COA pre-

dicts sudden disappearance of the side peaks at 1.3 ms time resolution and sudden reduc-

tion in the central peak linewidth at 10~°s time resolution.
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Experimental data are shown in
Fig. 15. Two single molecules were
studied with a time resolution be-
tween 100 s and 60 ms. A logarith-
mic decrease of the two linewidths
is clearly observed. Interestingly,
the extrapolation of the two curves
to the life time limited resolution
produces the life time limited line-
width. Of course in reality the line-
width evolution does not
necessarily follow the same law
over the whole time range and this
result is probably a simple coinci-

dence.

90 T T T T T T T

85t

80+

75t

70+

ITFC half-width [MHZ]

65+

60

55

10 00 10 20
l0g(tn/s)

Fig. 15 ITFC for two single terrylene molecules em-

bedded in polyethylene measured at 1.42 K. Within

the errors of the measurements both curves approach
40 MHz linewidth whent,, — T, that is~ 4 ns.
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V. Nonequilibrium Phonons and
ac-Sark Effect

Light induced spectral diffusion discussed in the previous chapter is not the only effect
caused by the powerful laser illumination used for two-photon excitation. The relaxation
of the CH-vibration produces a significant amount of so-called nonequilibrium phonons
(NQPs). NQPs are acoustic phonons whose distribution function can not be characterized
by atemperature. The presence of NQPs can be detected using high sensitivity of SM lines
to changes of molecul€'s environment. But thisis not simple. Direct interaction between
probe molecules and the strong electromagnetic field may also effect the spectral lines.
Because both effects are simultaneously present they should be analyzed together. Such an
analysisisthe main topic of this chapter.

Before discussing experimental results, a short theoretical introduction is appropriate.
This introduction (in the part related to phonons) will be formulated in a way suitable for
the description both equilibrium and nonequilibrium thermodynamic conditions.

The direct interaction of acoustic phonons with the electronic states of the chro-
mophore is usually weak because acoustic modes of a crystal lattice are delocalized over a
large volume and have small amplitudes at the chromophore’s location. The chromophore
interacts also with localized (pseudo localized) phonons whose region of existence is re-
stricted to the probe molecule and its nearest surroundings. Such modes have a relatively
strong coupling to the electronic degrees of freedom of the chromophore. If the frequency
of such amode is situated within the acoustic band, the mode is also coupled to the acous-
tic phonons.

A pseudo local phonon at a sufficiently low temperature such that only the two lowest
states of the local vibration are significantly populated (E » kT) isan example of a TLS.
The acoustic phonons play the role of thermal reservoir for the subsystem consisting of the
pseudolocal phonon and the electronic states of the chromophore. The change of the mo-
lecular electronic transition frequency upon a TL S excitation by acoustic phononsis A. A
sudden jump model [85, 86] implies that the transition frequency ¥(t) follows akind of

telegraph function and jumps between two values ®, and w, + A. The population rate of
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the upper TLS stateis k, and the lifetime of that stateis 7. If, in addition, the correlation
time 1. of thisfunction, whichisequal to t /(kur + 1), is shorter than the measuring time,
the line shape function | (@ — w,) can be approximated in a spectral range | — mq| « T;* by
aLorentzian. Expressed in adifferent way, this condition saysthat the lineis Lorentzian if
At.«1.1f E»KkgT theline shapeis always very close to a Lorentzian (see section Non-
Lorentzian Line Shapes). Linear response theory predicts the following expressions for

linewidth and line frequency [71]:

A/2m
' =vy+|2tA- ———— |- k,t = T+ Br- k,T, 53
Y |: 1+’CZA2:| 0 BF ( )
A/Zn
V = Vot | ——— |- kT = vo+ B, - kT, 54
0 |:1+12A2i| 0 B ( )

where y and v, arethe linewidth and resonance frequency at T=0K. Herev and I" are
in units of Hz, whereas A is an angular frequency in rad-s™. Br and B, are the
corresponding expressions in square brackets. In thermal equilibrium, detailed balance

requiresthat k,t = exp% —E/(kBT) %.Introducing thisexpressioninto Egs. (53, 54) yields
T(T) = v+ Br- exp|—E/(kgT) |, (55)

v(T) = vo+ B, exp|—E/(kgT) | (56)

These equations have been shown to be very useful for the description of the temperature-
dependent line broadening and line shift of optical transitions at temperatures below 10 K
[17, 87, 88]. If T°A%« 1, Eq. (55) is equivalent to Eq. (50). Because a temperature can not
be assigned to a NQP distribution function, the interaction between NQPs and local
phonons can not be described by Egs. (55, 56) and Egs. (53, 54) should be used instead.

Experimental data may also show nonlinear effects caused by the very high electric
fields required for two-photon excitation. The nonlinear ac-Stark effect is the most
significant. In a classical interpretation, the ac-Stark shift is caused by the interaction
between the dipole moment o - F - cos(wt) induced by the laser electric field (o isthe
polarizability of an electronic state and F the electric field amplitude) and the inducing
electric field. The resulting average energy shift
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SE = —%- F2. (cos(ot)?) = —%- = (57)
is different in the ground and excited electronic states because the corresponding polariz-
abilities are different. Thisleadsto a change in the transition frequency proportional to the
laser intensity. The lines are usually red shifted because the polarizability is usually larger
in the excited state.

Experimental results are shown

@ ' ' ]

in Figs. 16 aand 16 b where one- (@ TPE

hoton excitation spectra (OPE) are I
p spectra (OPE) s

compared to the two-photon excita-
tion spectra (TPE) under conditions

of approximately equal line shifts.

Although data in Figs. 16 a and

Fluorescence intensity [arb. units]

16 b do not show the same mole-

wo

cules and the comparison is not di-

rect, these molecules are quite (b) OPE
representative and we focus now on
theratio ‘81‘/8\/’ . In the OPE data

in Fig. 16 b the linewidth increases

y [I%rb. units)

| 515K

® © | |0

by 110 MHz and the frequency

®

shifts by -195 MHz upon a temper-
ature change from 1.8 K to 5.15 K.

1.80K

Fl uorwceﬂce intensit

o
]
:

wlis |
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~05. This broaden- Relative Excitation Frequency [MHZ]

. . . Fig. 16 Comparison of OPE and TPE spectra of DPOT in
ing and shift could be explained by TD. (a) TPE data at a laser wavelength of 888.3 nm — the

asingle TLS mechanism described two—pho_ton_ excitation_spectrum of threemoleculesat 1.8 K.
The excitation power is 125 mW (lower trace) and 400 mW

by Egs. (55, 56). In the TPE spectra  (upper trace, shifted for clarity). The line shift associated
_ _ with this power increase is about —160 MHz; the corre-
(Fig. 16 @), ashift of -160 MHz and  sponding line broadening is about 50 MHz. (b) OPE data at
. . . a laser wavelength of 444.2 nm at 1.8 K (lower trace) and
aline broadening of 50 MHz is ob- 5.15 K (upper trace, shifted for clarity). The line shift asso-

served upon a laser power increase ciated with this temperature increase is between —175 MHz
(molecule E) and —215 MHz (molecule H), the correspond-

from 125 to 400 mW. Optical satu- ing line broadenings are about 110 MHz.

This corresponds to
[T 8v

O g

’OPE
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ration accounts for not less than 35 MHz of broadening [12] and we find that ‘81“ / 8\/‘

TPE

isabout 5 times smaller than ‘SF/Sv’OPE.

An increase of the temperature in the middle of the laser spot during TPE experiments
(if we take ‘81‘ /8\/’ = 0.5 for thermal phonons effect) can account only for a shift of
(50 MHz - 35M Hz)/0.5 ~ 30 MHz. It isdifficult to estimate the contribution to the shift
from the ac-Stark effect because ac-polarizabilities are not known for DPOT and the exact
laser intensity at the molecule location is hard to measure. Based on dc-polarizabilities
(which can be significantly larger or smaller than ac-polarizabilities) and assuming that
the molecule was in the center of afocal spot of 2 um diameter (which is slightly larger
than the diffraction limited value) the estimate gives 50 MHz red shift between the data
taken at 125 and 400 mW laser power. The remaining shift of about
160 MHz — 30 MHz - 50 MHz = 80 MHz indicates that an additional line shift mecha-
nism is activated in the TPE experiment or that the ac-Stark contribution is approximately
3 times larger. The latter can not be ruled out on the basis of available data and the ob-
served shifts might be attributed without contradiction solely to an ac-Stark effect.

An alternative explanation involves NQP. We note that the important parameter
81“/8\/ = BF/BV = 2At issmaller for local vibrations with a larger energy because
7~ E™ [89]. Thus such phonons could cause a large shift while contributing very little to
the broadening. Of course for excitation of these phonons a higher temperature is required.
In thermal equilibrium at high temperatures a very large broadening because of low ener-
gy local phonons would make lines ailmost invisible. But the situation is quite different if
NQP are taken into account. Because NQPs are produced by a down conversion from a
high energy vibration there are much more higher energy phonons than predicted by the
Boltzmann distribution. The excess of the NQP concentration is further enhanced by the
fact that the elastic scattering cross-section of acoustic phononsis proportional to . Thus
the mean free path for NQPs is much smaller than for low-frequency equilibrium phonons
and the latter escape from the hot laser spot much faster. Rough estimates show that NQPs
can contribute 100MHz to the shift while contributing only 10MHz to the broadening
and thus are thought to be responsible for the extra shift in the TPE spectra. Additional
theoretical and experimental studies are needed to identify the main contributions to the
shifts.

page 46 of 123



Nonequilibrium Phonons and ac-Stark Effect

Details

Temperature effects

Within the model of asingle local mode the zero-phonon line (ZPL) consists, in addi-
tion to the conventional Lorentzian, of a dispersive component and a side band (see Sec-
tion V). The relative amplitude of the dispersive component was estimated to be smaller
than 2% and is thus below the noise level of the present data. The latter holds aso for the
sideband. Therefore simple Lorentzians were fitted to the experimental SM spectrato de-
termine linewidths and frequenciesfor all temperatures.The differencesdéI'(T) and ov(T)
were then fitted to Egs. (55) and (56). An example is shown in Fig. 17. In this case no sig-

150
N
I
=100
~ 50
5.65 K
0 300+ 1
0 T S0l 515K |

100+

E 1
-300 L . ml ‘l‘ 1.8 K
- ) ) LAl plamANA T 4

_403.0 20 30 40 50 60 0 1000 2000 3000
Temperature [K] Laser detuning [MHz]

Fluorescence counts/ 200 ms

Fig. 17 Four single molecules measured at three temperatures and systematically studied tem-
perature dependencies for one of them (molecule E).

nificant deviations from the exponential law is observed. For all four molecules shown in

Fig. 17 the parameter of interest 81“/6\/ ~0.5.
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Fig. 18 Temperature dependence of the resonance fre-
quency and the linewidth of molecule D. The solid lines

are least sguares fits with Egs. (55) and

(56), respec-

tively. The local phonon parameters are given in Table

For al nine molecules for which the
line shape as a function of tempera-
ture was measured there was no sig-
nificant temperature dependence of
the line frequencies and linewidths
below 3 K. Therefore we set T', and
v, equal to the average of the values
between 1.8 K and 2.5 K. The param-
eters are listed in Table 1. Good
agreement with the activation laws
was obtained at lower temperatures
but at temperatures above 6 K there
are significant deviations. For mole-
cule D the linewidths and line shifts
are shown in Fig. 18 together with the
fits. The disagreement is clear. These
deviations are more pronounced for
the broadening than for the shift par-
tially because the errors are smaller
for the frequencies and when the two

curves are fitted together the weighted

least squares fit gives a higher priority to the frequency shift data. Bulk phonons may be

also the reason for the deviations because they lead to a broadening that grows faster than

the shift with increasing temperature [91].
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The activation energies of the 9 moleculesin Table 1 are between 14 cm™ and 19 cm™®
and the lifetimeswithin 1 -3 ps. Similar results were observed for octatetraene in n-hexane
[92]. The width-to-shift ratios are in the range of 0.4 < ‘81‘ / 8\/’ <1.

TABLE 1. Linewidth, activation energies, and related parameters of single DPOT molecules
in TD obtained from the temperature dependent one-photon excitation spectra. The ensemble
values determined from the SFS investigations are also presented.

Ig E/hc B B, A2T T
Molecule Br/ Byl
[MHZ] [em™] [GHZ] [GHZ] [GHZ]  [pg]
A 275 17.2 118 -314 0.38 -32.5 0.9
B 18.0 17.9 24.1 -25.3 0.96 -31.0 25
C 35.0 17.3 15.7 -244 0.64 -26.9 19
D 58.5 14.6 135 -18.0 0.76 -20.5 29
E 25.7 18.9 18.6 -34.8 0.54 -37.3 11
F 22.2 17.0 94 -20.2 0.48 -21.3 18
G 26.6 15.9 7.0 -15.8 0.44 -16.6 21
H 29.2 16.7 110 -21.1 0.56 -22.5 18
J 32.0 18.9 13.6 -34.2 0.40 -355 09
average 30.5 17.2 14 -25 0.57 -27 17
SFS 25.0 20.7 16.8 -38 0.44 -40 0.9
(same sample)
SFS 26.0 19.7 15.0 -42 0.36 -43 0.7
(different sample)
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. - . - . - To relate the fitted activation en-
307 | ergiesto local phonon modes,
the TPE spectrum of DPOT in
TD at 1.8 K isshownin Fig. 19.
The 0-0 ZPL at 22,521 cm™t is

assigned to a chromophore lo-

ZPL sitel

20+

cated at the non-centrosymmet-

Intensity [arb. units]

10l ric site l. This line was also
2PL sitel l observed under OP excitation
[93]. The line at around 22,625
cm® (442.1 nm) is the ZPL of
0.0 : : - ' : '

22660 22620 22580 22540 22500 DPOT located at the centro-
Excitation frequency [cm™]

symmetric site Il and is absent

Fig. 19 Two-photon excitation spectrum of the S, « §, transi- . N
tion of DPOT in TD at 1.8 K. The 0-0 zero-phonon line (ZPL) at in OP excitation spectra. Here
22521 cmt (444.0 nm) corresponds to a site of broken molecu-  \ye study exclusively spectra as-
lar symmetry (sitel). Theline around 22625 cmlisthe ZPL of a

site of unbroken symmetry (site I1). Note that the molecular fre-  signed to site |. Two peaks at 25
quency scale is used which corresponds to twice the laser fre- 1 1

quency in the case of two-photon excitation. cm™= and 33 cm™~ are clearly re-

solved in the phonon band of
the ZPL of site |. Both frequencies are larger than the local mode frequencies obtained
from the activation laws. We argue that local vibrations crucial for the broadening and
shift need not necessarily be strongly active modes in allowed electronic transitions. In a
hole-burning study of phthalocyanine doped TD, Rebane et al.[94] reported that the
phonon frequency obtained from the sideband was about twice the activation frequency
determined from the temperature dependent line broadening. It was concluded that the lo-
cal mode detected in the side band was totally symmetric while the mode of the activation
process was non-totally symmetric. Using the same argument, we conclude that the local
modes responsible for the activation behavior of the linewidths and shifts are of low sym-
metry.

When dealing with single molecules, there is always a question about the degree of
statistical representativeness of observed properties (see section Principles of Data Analy-
sis). In order to compare SM with ensemble data we investigated the statistical fine struc-
ture (see Eq. (3) in Molecules Interact with Light) of OPE spectra [96]. From the
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autocorrelation function of the spectra we determined the ensemble linewidth for each
temperature and from the cross-correlation function calculated from spectra at different
temperatures we determined the temperature dependent frequency shifts of the ensemble.
The results obtained from two different samples are also given in Table 1. A reasonable
agreement between the SM and the SFS data is observed. We thus conclude that the mole-
cules A - Jform arepresentative set.

2000 , . The measured linewidths are now

compared with the lifetime limited
I = 16 MHz r=18muz 1| Vvaue. The lifetime was determined
from the decay of theS, —» S fluo-
1500 1 rescence of DPOT in TD at 1.8 K.

The measurements yielded 11.0(5)

counts's

ns corresponding to a homogeneous
linewidth of 14.5 MHz. This value,

AT AL O Wi l IL although measured for the bulk, is
[T TR M L

i !

considered as a lower bound for the

linewidth of the individual chro-

N 000 0 1000 0 -1000 mophores. Only very few of the

Laser frequency detuning x 2 [MHZ]

measured linewidths are close to the

Fig. 20 An example of a single molecule line having limiting value of 14.5 MHz, most of

the width of 17(2) MHz. The spectrum was measured

twice to show its reproducibility. the measurements exceed this value

typically by 5-20 MHz. An example
of a single molecule line with a linewidth close to the lifetime limited value is shown in
Fig. 20. We speculate that the origin of the additional broadening is spectral diffusion from
saturated TL S dynamics.

When the same system was investigated using TPE technique, a light-induced fre-
guency shift of the 0-0 line was observed. The observation can be explained in terms of
light-induced thermal effects, ac Stark shifts, and/or effects caused by non-equilibrium
phonons. All these contributions are related to the very high laser powers (on the order of

10 MW/cm?) needed for TPE and are analyzed in the next two subsections.
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High laser power effects

To avoid a systematic error be-

cause of the laser frequency insta-
bility, measurements as a function 500 -

of the laser power were taken in a

counts/130 ms

g
I

random order (Fig.21). For al mol-

ecules, the frequency shift could be
satisfactorily fit to alinear function I
of the power. The average shift co-
efficient for the investigated mole-

cules was 600 MHz/W. In contrast

350 —

Relative frequency [MHZ]
N
8

- - - 300 B
to the line frequencies, the line

widths were almost insensitive to

250 I | I | I | I
0 100 200 300 400
Laser power [mW]

the laser power though they were 2-

3 times larger than under one-pho-
Fig. 21 Line shift power dependence observed for a
SM (molecule 1 in the Table). The circles are the ex-

caused by LISD discussed in Sec- perimental data. The numbers near the data points
show the order in which they where measured. The sol-

ton excitation. This differenceis

tion 111. A small broadening was id lineis alinear fit. The inset shows the SM line mea-
sured at 320 mwW (left) and 90 mW (right) with
observed at powers above 250 mW, L orentzian fits.

which can be explained by optical

saturation because of the triplet bottleneck. To exclude saturation broadening, only line-
widths measured at powers below 250 mW have been taken into account. In this region,
the broadening was at least 5 times smaller than the line shift (see Table 2).

The average value of oI / ov = 0.1 is supported by the TPE-SFS analysis. From the
auto- and cross-correlation functions of the SFS data we observed that upon an increase of
the laser power from 70 to 340 mW the lines shift to lower frequencies by approximately
44 MHz and broaden by less than 9 MHz. An upper limit of 0.2 results for the width-to-
shift ratio which is further an upper limit because power-broadening is not taken into ac-
count.The increase in width and shift is much smaller for the SFS than for the SM tech-
nique because an average is taken over the spatially inhomogeneous laser field in the

illuminated spot by the SFS. The average laser field is considerably smaller than the field
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at the center of the spot relevant for the SM detection. Concluding, the SFS data confirm
that in TPE spectrathe width-to-shift ratiois~ 0.1.

Temperatureincrease. The tem-
perature increase of the matrix un-
der TPE can now be estimated
using the data of OPE. Assuming
that the broadening of 15 MHz, ow-

TABLE 2. Power dependence of the line frequency and the
linewidth for 11 SMs. The excitation power was changed
within the range 60 + 400 mW . T, isthe low power limit of
the linewidth. In SMSit isdifficult to avoid a selection when
only the strongest SM lines are measured. One has to be
careful when extrapolating SM datato the ensemble average.

' . Mol. Shift I', [MHZ] | Broadening
ing to a power increase from 125 to No | [MHz/W] (linear fit) | [MHz/W]
400 mW, results solely from the | 1 —-800+25 | 120+ 40 150 + 160
warming of the matrix, atempera- | o _600+120| 60+30% |- *
ture increase from 1.8 to 3.5 K is 3 _900+300| 80+30% |-*
calculated when using the average 4 _520+80 | 50+ 20 30+ 50
parameters of Tablel. 5 | 600445 | 55£15 | 60+60
At temperatures bel?w 4K the 5 _630+9 | 6316 30+ 40
phonon mean free path is expected - _500:80 | 60+ 18 60 £ 60
to be larger than the size of the mi-
_ _ 8 —-600+60 | 36+18 160 + 100
cro crystallite of approximately
9 —-580+80 | 55+ 25 70+ 120
10x 20x 20 um. At the crystal- % <
. _ 10 —600+50 | 100+50 -
lite surfaces the heat transport is . .
— + + -
governed by the resistance of the - 680+£80 | 140+40

* The linewidth fluctuations from scan to scan (probably
due to small frequency jumps when taking spectra) have not
allowed usto estimate the line broadening and T, . The mean
value of T and its standard deviation (measured at |ow pow-
er) isgiveninstead of T, .

heat transfer to the reservoir (Kapit-
zaresistance). This resistance leads
to atemperature increase within the
micro crystallite. Owing to the
Kapitza resistance, the temperature in a solid near an interface with liquid He, T;, and the
He bath temperature T, are related by the equation T, — Ty, = xq, where q is the heat flux
through the surface, and y is a coefficient. Acoustic impedance theory provides an esti-
mate, which usually exceeds the experimental values by an order of magnitude, of
¥ «6.2x107 [W g™ 'cm] opM =~ 60 cm W™ , where w;, is the Debye frequency of the
solid (~ 80 cm™ for TD), and M isits molar mass (198 g/mol). In the steady state case, the
heat flux is proportional to the laser power P, that is g = {P. An estimate for { reads
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{~ed/d* = e/d ,whered isthecrystal sizeand ¢ is the absorption coefficient of
the crystal. Based on the micro crystal size d=1.4x10°cm and € = 0.017 cm™ the
result is { ~ 12 cm™ . The film boiling was observed at P~500 mW or at a heat flux of
{x0.5W = 6 Wem™. Thisisin reasonable agreement with the critical flux of around
10 Wem™ at Tp=1.9 K reported in the literature [97]. At very low temperature, the ther-
mal conductivity is proportional to the specific heat, i.e. to T2. In this case,
T'—T.=ePT> /k. yields the steady state temperature T in the excited volume, where
T. =T, isthe temperature far from the laser spot and k., isthe thermal conductivity at
T = T..Hence T'—Ty= (eT>/ k. + x{)P= AP, where an estimate for A based on the
impedance theory reads A = 750 cm™*W™ . To obtain the temperature increase from 2.6
Kto3.4K when T, = 1.7 K and the laser power increases from 125 mw to 400 mW one
should assume A = 80 cm™ W™ . Which isin areasonable agreement with the above es-

timate.

Ac-Sark effect. In DPOT the strong transition dipole moments are aligned parallel to the
long axis of the molecule [98]. Therefore only the component of the polarizability tensor
parallel to the long axisis considered. We thus write for the molecule in the solid

1
2hce,

Vsark = R*L*cosp®dal , (58)

where c isthe speed of light, €, isthe permittivity of vacuum, and cosf is the direction
cosine of the field polarization relative to the molecular axis. | isthe laser intensity at the
location of the molecule in the absence of the dielectric matrix (in units of Wm™). In
Eq. (58) we have aso considered electric field corrections: R = 2 J(1+ Je) accountsfor
the reflection of theincident field on the sample surfaceand L = (1 + e)/3 isthe Lorentz
field correction, where ¢ istherelative dielectric constant. The dynamic polarizabilities of

the ground and excited state are:

1
1-[hv/E]

o (v) = 22|<g||§|i>| _ (59)

and
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1

) 60
1-[hv/(E -EJ)]° (60

Oe(V) = 22'@&'2 '

where the sums run over all states i with energy E; and wave function [i) . [ isthe elec-
tric dipole moment operator. For resonant TPE 2hv = E,.
A Unfortunately, there are not sufficient data available

about the excited state energies and transition dipole
moments of DPOT for areliable calculation of the dy-

Sg(lBu) — V' = 24, 390 Cm_l
17 ) — ) — -1 . . Crey- . .
SA) v =2252kem” namic polarizabilities. For an estimate we consider the

dc-polarizabilities parallel to the long molecular axis
v = 11,260 cm'™ oy = 10°CVv™'m’ [99] and
o = 1.65x10®¥CVv™m® [100] vyielding
da = 0.65x 10°°C V'm’. Taking into account the
So (1A laser spot size of 2um diameter, the angle 3 of approxi-
Fig. 22 Electronic energy levels  mately 60° [95, 96], and the dielectric constant

of DPOT in TD. The laser fre- 1 .
quency is shown by the arows. € = 2.1, weget §v/8P ~—-180 MHzW . Thisvalue

Note a small difference between

S, and S, states. is significantly smaller than the observed value of

dv /8P =~ —(500 + 1000) MHz W™, From Egs. (59, 60)
it follows that the ac-values are larger than the dc-values in general so that one might ex-
pect that 502 > da. However, a substantial contribution to the sum is from the second
electronically excited state |i) = |S,) at 24,390 cm! (see Fig. 22). This state contributes
with a negative sign to the sum in Eq. (60) so that the dc-value could also be larger than
the ac-value. Furthermore, the |S;) and |S,) states are close to each other, so that the ma-
trix distortion of the molecule induces a strong interaction between these states. This
makes the calculation of the dc-polarizabilities of the two states complicated [100]. We
conclude from the data at disposal that the observed shifts might be attributed, without

contradiction, solely to an ac-Stark effect.

The phonon bottleneck model. One part of the irradiated laser power is absorbed by the
host molecules and dissipated into the lattice. This effect was directly observed by the on-
set of film boiling of the He at alaser power of 500 mW. The question thus arises whether
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the absorption and release of energy leads to highly non-equilibrium conditions and to a
significant warming of the laser spot.

At temperatures as low as a few Kelvins the relaxation and thermalization of the ab-
sorbed energy is a complicated process. The molecular vibrational energy is released to
lattice vibrations at non-thermal energies which give rise to pumping phonon modes that
otherwise would have negligible probability of population by thermal activation. The elas-
tic and inelastic scattering probabilities and the mean free paths of the phonons depend on
their frequencies [90]. Thus the heat transport takes place ballistically and diffusionally
through the micro crystallites (typically of 10-30 um size).

A more detailed scenario of re-

laxation and associated phonon § o8
2
mediated processesis schematical- 3 o4} *° 'E'%mrwe
15 +
ly shown in Fig. 23. The IR irradi- : 00 me;‘gate_(sl)* }
) . 800 1000 1200 1400 1600 22523 o 1 i
ation is weakly absorbed by the | aeantm
wetem® ___ _ _ _____ _ T
third overtone of the C-H stretch- C-H band (3'9 overtone) A
10730 cmt
ing mode at 10,730 cm™ of the
matrix molecules. The absorption 5
i
coefficient can be estimated from ~ %
the absorption spectrum which §
-
was recorded at room temperature
and is presented in the inset of  Acoustic band
op~80cm? NQP Local mode
Fig. 23. At 888 nm the absorptivi- T Propagation  E¥

ty is 0.008 cm™* corresponding to
an absorption coefficient of
e = 0.017 cm™. Accordingly, the
excitation rate of the matrix mole-
culesis about 3 kHz at alaser in-
tensity of 12 MW/cm? at the center
of the laser-light focus. The vibra-

tional energy isreleased by an un-

TD Matrix DPOT in Matrix

Fig. 23 Schematic representation of the processes taking
place upon intense laser irradiation at 888 nm of the DPOT/
TD system. In the matrix, the third overtone of the C-H vi-
bration is excited. NQP are generated by vibrational relax-
ation. The NQP propagate and interact with the
chromophore’s local mode. The chromophore is optically
cycled between the ground and S; excited state by two-
photon laser excitation. The inset shows the absorption
spectrum of TD at room temperature. The absorptivity at
888 nm is 0.008 cm%, corresponding to an absorption coef-
ficient of € = 0.017 cm™.

specified relaxation path including internal molecular and lattice vibrations. Because

multi-phonon transitions presumably play a dominant role in the relaxation, the pumping
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of acoustic phonons takes place primarily at higher phonon frequencies below the Debye
frequency wp, giving rise to non-equilibrium phonons (NQP) [90].

Since the IR energy is absorbed by the host molecules, high energy molecular vibra-
tions and NQPs are generated everywhere in the laser spot and may interfere with chro-
mophores and TL Ss before thermalization. In the previous chapter, it was shown that the
broadening in TPE spectra increases with the frequency-scan time which is a signature of
spectral diffusion. Because the linewidths, recorded in the limit of fast scansin TP spectra,
are equal to the ones of OPE spectra, a significant matrix heating can be ruled out up to a
power of 140 mW, at which the ITFC study was carried out. Thus the remarkable conclu-
sion follows that the L1SD observed for slow TPE scans, has to be assigned to TLSs trig-
gered by NQPs but not by thermalized phonons.

Because of the random distribution of the TLSs, the spectral diffusion changes from
molecule to molecule. In fact, 2-3 times fewer SMs were detected in TPE than in OPE

spectra (see Fig. 24). This can be explained by spectral diffusion so strong that up to 30%

L Fig. 24 Excitation spectra of single molecules
measured under different conditions. (a) TPE
| with 350 mW power at the fundamental laser

wavelength (= 888.4 nm); (b) OPE with 500
nW at second harmonic laser frequency
(A=444.2 nm) when the sample was simulta-
| neously illuminated with 350 mW at the funda-
mental laser wavelength; (c) OPE (500 nW);
(d) TPE (350 mW) a reproducibility check of
scan (@). Spectra (a), (b), and (c) are shifted on
| the vertical scale for clarity. The spectra were
measured in the order (a), (b), (¢), (d). Com-
parison of (a) and (d) shows that there was no
laser frequency drift (see SM lines 3 and 4).
| The TPE spectra (a) and (d) have the vertical
scale expanded by a factor of 4. The contribu-
tion from TPE itself to the spectrum (b) isless
than 25%. The number of SMs seen in the OPE
1 spectrum (c) is approximately twice the num-
ber in the spectra (a), (b), and (d). The 0-0 line
of molecules 3 and 4 can be observed under
both OPE (b) and TPE (a), (d). Taking into ac-
1 count the light induced shift, molecule 3 most
likely originates from one of the two molecules
labeled by asterisks in pure OPE spectrum (c).

The vertical lines give a view guide for conve-
2 x Laser detuning [MHZz] nience.

8

600

Count rate [counts/’260 ms]

8

3000 2000 1000 0 1000 2000 3000

of all DPOT molecules were no longer detectable. From the thermal broadening measured
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with OPE it follows that there is no dramatic difference in sensitivity of different single
molecules to a temperature increase. Thus we conclude tat there is a significant variation
in the sensitivity of single molecules to the excitation of high energy vibrational modes
(NQPs).

Because a large amount of energy isreleased in a small volume, the laser spot repre-
sents a system far from equilibrium. We thus speculate whether NQPs, which trigger the
TLSs, may also pump higher frequency local modes. Our discussion is based on the fol-
lowing scaling laws valid for the Debey model [101]: Tye. o< @ for the phonon decay-
time, Toq o< @ for the elastic phonon scattering time, | = St o< ®™ for the mean-free

—9/2

scattering path, D = |2 / Tscat 0", L= /DTg.< ® for the diffusion length (the dis-

tance from the origin which phonons propagate before they decay into phonons of differ-

212 for the diffusion volume, where s denotes the

ent frequency), and Vo< L® o< ®
sound velocity. The large exponents indicate that the behavior of the system may change
completely if the phonon frequency is atered. Above a critical phonon frequency . the
diffusion length is expected to be smaller than the spot size. Thus for frequencies » > w,
the propagating phonons do not escape from the excitation volume before decay and the
pumping and relaxation mechanisms can be assumed to be homogeneous in space. Below
o, the diffusion length and the mean free path become much larger than the spot size. A
fast escape from the laser spot takes place bounded solely by the micro crystallite surfaces.
Therefore, the critical frequency w, acts as a bottleneck in the occupancy of phonon states
in the laser spot.

The photons with frequency of 10* cm™ are absorbed at a rate of 3 kHz per matrix
molecule. This corresponds to a absorbed power of Q=3-hx107cm™s* per mole-
cule. The absorbed energy is quickly released into lattice vibrations which propagate
through the crystal lattice. To estimate the NQP population we make the following as-
sumptions.

i) All phonon modes with o, < ® < ®p are equally pumped.

i) Phonons decay spontaneously into two phonons of equal frequency. Thus for
2m, = ®p only one generation of phonons has to be considered.

The estimates, calculated below, do not significantly change, when these assumptions
are modified, for instance when the pumping of phonons is restricted to frequencies close

to wp and the first relaxation generation is considered in detail (see Appendix).
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From the balance between pumping and decay the phonon occupancy obeys the scal-
iNg law Nygp o< Tgec o< o . Below . the probability of the NQPs to remain in the laser

27/2
(O]

spot scales as Vy;; o< . Therefore the occupancy of phononsin the laser spot is as-

sumed to follow the scaling law nyge o< 0™

, where the phonon density of states and the
conservation of energy is taken into account. From the heat capacity measurements of TD
we estimate the Debye frequency o, /(2nc) ~ 80 cm™ and for the critical frequency we
are motivated by the peaks in the phonon band in Fig. 2 to chose o, /(ch) ~35cm .
Thisvalueis slightly below p /2, nevertheless, we consider only one generation of the
phonon relaxation.

We next estimate the phonon lifetime from the expression [102]

Ty = %(1 + 2(2-;)7&, (61)

where s, and s; arethelongitudinal and transverse sound velocities. p isthe mass densi-
ty and ¢ is the anharmonicity parameter. With s, = 2900 ms ™, sL/stZ,
v=40cm*-3-10°cms* = 1.2THz and p = 0.762gcm™, we obtain
Taec = 10+ 200 ns . We are now able to write nygp(®) = N . The normalization con-
stant N can be obtained by equating the total pumping and the energy release integrated

over all modes

Q = [ Migp(0) Tae(@)p,N 7D, (62)

where p, = 9Nyw5 ®° denotes the density of phonon states, here considered for one
molecule, Ny, = 1. We obtain nyge(®.) = 0.001+ 0.01. These estimates are presum-
ably lower limits because of the above assumptions concerning the pumping and single
generation. We thus take nyop(®.) = 0.01 asour estimate. Thisvalueislargeif compared
with the corresponding values at thermal conditions. A temperature of T=11 K isre-
quired for nygp(®.) = 0.01 by thermal activation which demonstrates that NQPs may
give rise to strong effects. The phonon occupation Nyge(®.) = 0.01 issmall if compared
with the limit required to establish a hot spot1 in the sense of Levinson [101, 103, 104].

1. A hot spot isaregion where NQPs are self locked because of a very small mean-free scattering path
caused by inter-phonon collisions. The hot spot can be generated when the phonon-occupation numbers are
larger than one.
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Therefore a hot spot isunlikely to be generated. Neverthel ess, phonon coalescenceis like-
ly to take place at » > w, which further increases the NQP density in this frequency re-
gime.

We estimate the frequency shift due to the non-equilibrium conditions by adopting the
principle of equipartition of energy between resonant states. For alocal mode with fre-
quency o, p = ., the detailed balance is k,t = nygp(®.) = 0.01 . Using the average B,
of Table I, we obtain from Eq. (54) 6v =—-250 MHz . With regard to the uncertainties in
the derivation, the estimated shift is in reasonable agreement with the observed values of
160-320 MHz at 400 mW.

The broadening induced by NQPs is estimated from the scaling law T o< w5 [89],
which shows that the motional narrowing becomes more effective with increasing local
mode frequency. At o, = ®. we calculate a width-to-shift ratio of ‘81‘ / 8v’ ~0.1, com-
patible with the data of TPE. Although we are not able to provide accurate estimates, we
conclude that the observed line widths and shifts can, again without contradiction, be ex-
plained solely by NQPs.

0.02 The bottleneck model predicts the rel-

ative population of phonon modes

shown in Fig. 25. The essential fea-
0.015

ture of this prediction is a peak in the
T=6K
phonon density at ® = .. To justify

first ati . _
| the choice of w.=35cm™ we

should estimate the phonon diffusion

0.01 ¢

Population of phonon modes

length at o.. To make this estimate
the mean-free path is needed, a quan-

T=3K tity difficult to determine because it

depends on lattice imperfections and

0 02 0.4 06 0.8 1
Phonon frequency [w/wpl umklapp processes [105, 106, 107].
Fig. 25 Populations of phonon modes of zero generation
(right side) and first generation (center) inside the laser There are no data available for TD;
pumped volume. The first generation modes are calcul ated
according 10 opx 0 (wp-0) if ©>05 @, and
Nnop o 2 if @< 0.5- wp . See Appendix for more details.
Populations of phonons modes in the thermal equilibrium

aT=3KandT = 6K areshown for comparison. heat conductivity are found while the

we thus consider other organic solids.

Interestingly, very low values for the

sound velocities show aregular behavior which indicates that there are small mean-free
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paths in these solids. For instance for naphthalene at the relevant temperature of
T=~ho./(3kg) = 17 K [105] the heat conductivity is k = 3Csl =5 Wm'K™'s™ [108]
and the heat capacity per unit volumeis C = 4.5x10* Jm~ K™ [109]. With the sound
velocity of s=2900 ms™ [110], we calculate a mean free path of | ~0.1um . Taking
this value for the mean-free path | of TD at o, we estimate a scattering time of
Teear = 30 ps. Thisresult obtained on the basis of the data for naphthal ene are consistent
with values determined for anthracene [111] and polyethylene [112, 113, 114]. The scat-
tering time T, IS much smaller than the corresponding phonon lifetime 14, of 10-100
ns. Thus the equipartition of energies between NQPs and local modes considered above is
justified. With the estimated mean free path, the diffusion length is
L = JIst4e =1+ 5um whichis of the order of the spot size. This result supports the
choice of m, /(2mc) = 35 cm ™ asthe critical frequency.

Appendix A
The absorbed energy is quickly released into acoustic zero generation phonons with
0,4 = ®p . Every such phonon decays into two phonons with frequencies ® and »'. The
probability to decay in particular modesis proportional to w,,0' [101]. The population
rate of a partcular mode with frequency o isequal to
R = Ro(owp, —o), (63)
where X isthe normalization constant and the energy conservation is taken into account.

> > >
One should consider also the momentum conservation Kk, + kK, = Ko, . FoOr that we need a

specific for every material dispersion law. X can be determined from the expression

Q= _[ Rho,odo = Njhmsz(mD—w)dm , (64)
wp /2 0

where p, = 9N, 05 > denotes the density of phonon states, here considered for one

molecule, Ny, = 1 (remember that Q isthe energy release per molecule).
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R = szD/LQh j mg(mD—m)ade (65)

wp/2

Theintegral can be easily evaluated
j o’ (0, —0)’de = _[ (o0 —3050° + 30,0° — 0 )do

wp/2 wp/2

®p
7
0p

~ 280

3 2 6
B ((DD(DS 3050 +30)D(07 o)e)

5 6 7 8 (66)

wp/2

Assuming that the second generation of phonons will have frequency smaller than ., and
escape from the laser spot we consider only first generation and estimate the phonon occu-
pancy by Nygp = RTec . If mpn > @, phonons do not escape from the excited volume. And

we obtain for NQP with» > o,

3

280Q ®(0p—0)
9h Mp (Dg

nNQP((D) = Tdec- (67)

If 0, < 0, Nygp given by Eq. (67) should be multiplied the extra factor (w/ (oc)27/2

which takes into account the increase of the diffusional volume. Thus,

2800 o(wp,—0)° 2712
nNQP((D) = 9h(J)QD‘ ( 2)4 ) Tdec'(g)') . (68)
D
Thisgives a scaling
Mugp(®) o< (0p —0)’ - 0" (69)

At ® = 0.5m, and with all the numbers at hand

N = 280Q Tae _ 280-3x10'cm’s” (10°+107)s
NPT ohw, 16 9.80 cm™ 16

= 0.007+0.07 . (70)

Thisresult justifiesthe estimate nNyee=0.01 a w=0.5- oy .
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V. Non-Lorentzian Line Shapes

A text book representation of
the resonance line shape by a
Lorentzian with three parameters
— width, amplitude, and center fre-
guency — has been revised using
single terrylene moleculesin a
naphthalene crystal; a very stable
system where the line shape func-
tion can be measured very precise-
ly. In solids, the line shape function
is obscured by a variety of inhomo-
geneities and scattering. Inhomoge-
neities that arise in solids can only
be partially eliminated by spectral
hole burning or photon echo tech-
niques [31, 115]. Single-molecule
spectroscopy automatically elimi-
nates all inhomogeneities and sim-
plifies the analysis. The absence of
inhomogeneity and the extremely
high signal to background ratio (up
to 700:1 in this case) made it possi-
ble to study the core region of the

T I T T T I T T T

Number of counts

-1000
-4000 -2000 O 2000 4000
Laser detuning [MHZ]

Fig. 26 The upper part shows a zoom into the low count re-
gion (the line peak reaches 42000 counts) of a single-mole-
cule fluorescence excitation spectrum recorded at 2.1 K with
an excitation power of 1.2 uW. The weak and narrow line to
the right of the main line corresponds to another molecule.
Below, the deviation of the measured line shape from the
Lorentzian (L) shows the dispersive-like behavior. The larger
deviation on the left side is caused by aweak and broad satel-
lite line Ry(w) . The function R(w) was fitted to the data. L is
the purely Lorentzian part of the fit function and the unla-
beled thick line is the difference between the fit and the
Lorentzian part. For the sake of clarity, this difference was
decomposed into the dispersive component D and the satel-
liteline Ry(®)

line aswell asitswings. The measured spectrum isdisplayed in Fig. 26. A broad and weak

shoulder to the left of the main line and a dispersive contribution in the core region are

clearly visible.

A higher excitation power hasto be used to keep the shot noise in the low count region

small and hence saturation effects should be considered. But in linear response theory
(like that which has led to Egs. (2-56)) it is difficult to take saturation effects into account
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properly. A more general approach where the saturation effects can be easily included is
based on a master equation derived from a microscopic Hamiltonian using Redfield relax-
ation theory [116]. The master equation has been derived by de Bree and Wiersmafor sys-
tems of our kind [117]. Although the equations are complex, they can be solved and a
simplified solution for the line shape function consists of a sum of two contributions
R,(®) and R,(®) which read [118]

_ r I'y+ O(0—0)
Rm:l—[r—rl—q)_34 0 71
(@) = (1-[ (- -0t T (71)
and
FZ
(To=7) - 0= |0 -A-0)
R (w) = 2 2 ’ (72
Tasas + (0 — A — )
where
|F3412|2 E
Lo = v+ | 1-———=—) - exp| —=) . 3
o =7 ( A2+F§434) p( kB) (73)
N E
80) = ——/——/ /7 - &X 1. =/ 74
and
2
O = (ZA -ZRe[Fsilz] _2AEM34|£34122IJ - eX (—i) . (75)
T+ A (A" + T3y, ke T

I" isthe parameter which takes into account the saturation effect. At low laser power
I' = T'y. The coefficient T'y,3, determines the coherence decay rate which can be inter-
preted as aloss of coherence owing to stochastic phase diffusion caused by statistical fluc-
tuations of the transition frequency. I's,,, isthe coherence transfer term which does not
have an obvious classical analogy. The reason for using such indices will become clear in
the next section where a detailed theory is presented.

For low laser intensity asimilar set of equations can be derived using the sudden jump

model if the equations are solved with the condition A >k, (ky isthe decay rate of the ex-
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cited state of asingle TLS interacting with a probe molecule). But while the sudden jump
model has only three parameters, E, A, and ky, a more rigorous theory of relaxations has

five parameters E, A, T'si5,, and I'yy, (s 1S @complex number).

The energy E entersin both theories : : :
through a Boltzmann coefficient

exp(—E/(kBT)) and can be determined

from a temperature dependence of the line 3.0
shape (see Fig. 27). An interesting question
is how these two theories are related, espe-

cially keeping in mind that the sudden jump

In(2T2y)

model is an intuitively very appealing ap-

proach rather than a rigorous theory. If the

line shape function is approximated by a

200 . 0
Lorentzian, then its parameters (if measured 045 05 055 06 065

UT[KY

Fig. 27 A temperature dependence of the main
peack linewidth T". The life-time limitted line-
width 2y/ (2r) = 43 MHz . The dlopeis8.2(4) K
and the intercept 7.3(2).

at two temperatures) can be used to deter-
mine the three parameters of the model and
thus phenomenologically the sudden jump
model and the relaxation theory are equally
applicable. If the side band and the amplitude of the dispersive contribution are also taken
into account then all five coefficients can be determined. Of course the validity of athree-
parameter model would imply that there are at |east two relations between apparently in-
dependent parameters. Thus a precise measurement of the single-molecule line shape will
either display limitations of the sudden jump approach or will reveal new physics which
restricts the number of independent coefficients. Theoretical consideration shows that the
line shapes predicted with the two approaches are different if the vibrational-phonon cou-
pling depends on the electronic wave functions, but the difference, however, can only be
inferred if the amplitude of the dispersive contribution is measured in addition to the line
width and frequency. Since the master equation approach is not limited to low laser pow-
ers, it was used to show that under strong laser excitation the line behavesin a fashion in-
termediate to the homogeneously and inhomogeneously broadened lines.

The actual datawere fitted with Egs. (71-75) with an accuracy defined by the quantum

noise of the measured signal. Because of laser drift, the temperature frequency shift d,,
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was always included when fitting the data. The temperature dependence of the line shape
was measured too. At alower temperature, intensity shifts from the shoulder to the main
line and the dispersive contribution and linewidth decrease. Unfortunately, the precision of
the estimate of the vibrational energy E and the uncontrolled laser drift limit the accuracy
of the determination of the complex parameter TI';,,, , and the question of whether the sud-
den jump model can adequately describe the line shape is still open but definitely deserves
further investigation.

Details

When the shape of aresonance line of a single molecule interacting with a single pseu-
do localized vibration (PLV) is measured with high accuracy, these measurements clearly
show that the line shape is more complicated than a ssmple Lorentzian having essentially
only two parameters, the width (FWHM) and the central frequency.

The data are analyzed in terms of the reduced density matrix o= Trg{p }, which de-
scribes a small system interacting with an unobservable bath. The partial trace is taken
over the bath states and p isadensity matrix of the whole system which may include, for
example, a probe molecule and the matrix in which the molecule isimbedded. The evolu-
tion of ps isdescribed by a master equation (ME) [75], which in the absence of the exter-
nal fields reads

F.)Smn = ZijrijmnpSij- (76)

The coefficients I';;,, are time independent in the secular approximation [75]. Additional
terms must be included to take into account an interaction between the molecule and clas-
sical fields. The spectral line intensity is then proportional to the steady-state response of
the system to an electromagnetic field of a constant amplitude and frequency. The master
equation and its steady-state solutions have been briefly discussed in the Overview but are
considered in full detail in this section, including saturation effects at high laser power.

A different approach, the sudden jump model (SIM), iswidely used for calculations of
line shapes [66 - 72, 76 - 80, 119, 120] at low laser intensities. The SIM is away to cir-
cumvent the complicated ME. The line shape function is expressed as
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0

- i t(,\)(T)d'r
R(m)ocRe{J'e"”%eL >dt] , (77)

where ( ) denotesan average over al realizations of the time dependent stochastic tran-
sition frequency o(t), whose choice is motivated by physical intuition and mathematical
convenience [85].

Inits simplest version (corresponding to atwo-level single molecule interacting with a
PLV) the SIM has only three parameters — the energy of the pseudo-local vibration €, the
single molecule transition frequency change upon excitation of that vibration ¥, and the
lifetime of the PLV 1. For the same model system, the more involved theory based on the
ME has four parameters, one of which is a complex number [118]. The energy of the PLV
€ (or more precisely E, the PLV energy modified by the interaction with the electronic
states) enters both theories through a Boltzmann factor B = exp(-E / kgT) and can be
determined from the temperature dependence of the line shape. An interesting question is
how these two theories are related. If the line shape function can be described by only two
parameters then there must be at least two relations between four apparently independent
real constants in the master equation. Thus a precise measurement of the single-molecule
line shape should either display limitations of the SIM or reveal new physics restricting
the number of independent coefficients in the master equation. These qualitative argu-
ments are analyzed in the next section along with the detailed description of the two ap-

proaches.

The sudden jump model and the master equation

In general, at low laser power the absorption spectrum of a quantum-mechanical sys-
tem is proportional to a Fourier integral of the correlation function of the transition dipole

moment operator in the Heisenberg representation 11(t) as given below

R(w) =< Re j Tr{pﬁoﬁ(r)}e_i“"dr}, (78)

0
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where (1, = [1(0). Original arguments justifying Eq. (78) and their more rigorous version
can be found in the literature [85, 121 - 123]. Thus the key quantity for the calculation of
the spectral line shape is the correlation function

b(T) = Tr{plolt(t)}. (79)

In this paper the system of interest has aHamiltonian H which is assumed to consist of the

following parts.

|:| = He+Hv+Hev+Hb+Hb—v, (80)

where the PLV Hamiltonian H, , the thermal bath Hamiltonian H,,, and the bath-vibration-
al coupling Hy., areindependent of electronic degrees of freedom. H. isthe two-level mo-
lecular Hamiltonian and H., describes the interaction between the molecular states and

the PLV. The system is shown schematically in Fig. 28. We also define a small system

Fig. 28 The energy levels of the three unper-
turbed systems represented by the Hamiltonians
He, Hy and Hp are shown on the left side of the
figure. The interaction Hamiltonians are also
shown there. On the right side the two systems He
and H, are combined in afour level system (small
system) in which the interaction He, istaken into
account. The grey arrows connect levels with a
non zero transition dipole moment. The acoustic-
phonon system Hy, serves as a thermalized reser-
voir. The interaction between the small system and
the acoustic phonons is assumed to be small and
can be treated using a perturbation approach (up to
the second order). This leads to a master equation
for a reduced density matrix of the small system.
A different approach is based on a classical trajec-
tory assigned to the optical transition frequency.
Thetriplet states |5y and |6) are also shown. Co-
efficients I';jj; are denoted by I'j; for briefness.

|6)
15

A\ I'rs

F31Ifrl3:

Hamiltonian Hs = He+ H, + He, . As basis vectors we use direct products of the Eigen-
states |m) of Hs, where m = {1, 2, 3,4}, and the Eigenstates of H, which are the
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phonon modes |b)=|g)=|v) . We consider only two states of the PLV because at low
temperatures (kg T « E) the PLV can be considered as atwo-level system (TLS). Themain
idea of the SIM isto assign aclassical “trajectory” to the dipole moment, that is, to replace
[L(t) by arandom function of time which behaves according to classical probability laws.
In this case the ensemble averaging Tr{pflofl(t)} can be replaced by an averaging of

(Uou(T))y over all possible “trajectories” where a classical stochastic function

wt) = uoexp[ij;u)(r)dr] is used. Such an approximation leads to Eq. (77). For sto-
chastic Markovian trajectories, the correlation function can be expressed in the following

way
(1) = ps,(0) - (Qug+ Qqu) + Ps,(0) - (Qua+ Qui) - (81)

where ps (0) and ps (0) arethe probabilities that at time zero the PVL isin the state
“down” and “up” respectively. Q4 and Qg are the correlation functions averaged over
trajectories starting when the TLSisin its “down” state at time zero and ending in its
“down” or “up” state at time t respectively. Qu + Qg 1S Obviously an average over all
trgjectories starting with the TLS state “down”. Q. , Qu., and Q + Q., have similar
meanings but when the initial state isthe state “up”. Thus the right side of Eq. (81) isthe
Boltzmann weighted average over the two classes of trgjectories. The Q functions are the

solutions of two coupled equations[77, 79]
QXd = - kuQxd + dexua (82)

QXU = kuQxd - (kd - Iﬁ)qu ’ (83)
with theinitial conditions{ Qu4(0), Qw(0)} = {1,0}and{Q(0), Q.(0)} = {0, 1}.
Alternatively to this intuitive approach, one may evaluate the trace in EQ. (78)

_ift/h A ~

T{PR(D)} = Tr{pfloe ™" o™ "} = Tr{e™ " plioe™" iy

= Tre{ Tra{€™" ploe™™ " }io] (84)

—iAt/h

[Ae/n PLLo€ obeys equations of motion formally analogous to those for

and seethat e
p, namely, —ihp = [I:I,p] , and thus the matrix elements of the operator

P(1)=Trs{ €™M plioe™'™ } obey the equations of motion for the corresponding matrix
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elements of the reduced density matrix. The initial conditions
5(0) = Tre{p(0)[lo} = ps(0)[1 can be evaluated for the approximately diagonal form of
the reduced density matrix of the small system in thermal equilibrium. In the optical do-
main, only the ground electronic state is significantly populated, which approximately
holds at low laser powers, and the density matrix has zero off-diagonal elements. Thus

Ps(0) = ps,(0) - |11 + ps, (0) - [3)(3

The dipole moment operator at t = O acts only on the variables of the small system
and reads

flo = RILN2) + W21 + W[3)(4] + w[4)(3 (85)

Hence P(0) = Ps,(0) - [1{2| + ps,(0) - [3)¢4] , where for briefness we assume
that u = 1. The correlation function expressed by means of the matrix elements of P
reads

(1) = 3 (MP(DioM) = Pip(T) + Poa(T) + Pay(T) + Paa(T) - (86)

Taking into account that the homogeneous equations (76) for P, (1) and P,(t) arefor-
mally uncoupled from P,(t) and Py(t) and considering the initial conditions

P, (T) = Puy(t) = 0 weobtain P,(T) =Py (T)=0. Thusthefinal result smplifiesto

0(T) = Prp(T) + Pru(T) , (87)

where
]::)mn = ZrijmnPija (88)
ij

The coefficients I';;,,, are the coefficients of the ME and the initial conditions are
{P12(0), P(0)} = {ps,(0), ps,(0)}.

The method of obtaining the master equation and can be found in text books [75] or
elsewhere in the literature [124, 125]. We take the interaction Hamiltonian to be of the
form Hy, = B-V wherethe operator B actsonly on the phonon bath statesand V acts

only on the small system states. In the secular approximation, the master equation reads

(.)11 = le[Plze_iwt] —T3pu+ 2Yop22 + TP + FcTisPSSa (89)

page 70 of 123



Non-Lorentzian Line Shapes

P2 = —Q|m[[3129_iwt] — (T + 2y, + 1HdST)Pzz + TgoPass (90)

Pus = —QIM[P3€ ™1+ Tospor— (2Yo + Tap + T51) P aas (91)

Pss = T'srP2o—T7sPes — ssPss + LesPes (92)

Pos = Tsrpas—T7sPes + [soPss — DesPes (93)

Put Pzt Pt PutPstps =1, (94)

P12 = iéQeiwt(Pzz —Pu) — (sz Yt %T) P12+ TasoPas s (95)
P = %Qeimt(PM —Pss) t [saPro— (F3434 Yt r;zgl - iA) P34, (96)

where o is the laser frequency and the coefficients T';;;; are denoted by T;; . The subscript
S of the reduced density matrix is omitted and in Egs. (95, 96) the transition frequency
w, = O for briefness. The coupling to the electromagnetic field taken in the dipole ap-
proximation and connecting only different electronic states is described by the Rabi fre-
quency Q. By substituting p,, = prexp(iot) and psy = puexp(iot) the time
dependent exponentia functions can be eliminated. Keeping in mind the treatment of opti-
cal saturation effects, two triplet states |5) and |6) (with the PLV state“down” and “up”,
respectively) are included to take into account the triplet bottle-neck, which isimportant at
high laser powers [126]. We assumethat v = Vi = 2Yo, Yo = Y23 = O (seeFig. 28).
Latter on the rates of triplet state depopulation I = 'Y = T'ys and intersystem cross-
ing are considered to be independent of the PLV state, that is s = 'Y = T'ys and
Iy = T4 = T . A notation 2y = 2y, + I'sy will be used for a briefness. The impor-

tant relaxation coefficients are [124]

T = 53" Pe, (L VIFouf3, (4 ElFn|2. V)
v, &

X [0(E. + E;—E,—E;)) +8(E, +E: —E,—E,)] (97
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T ~ 2
Tass = £ P L VIFior[3, I 3(E. + Es—E,— )
v, §

+ 2506, (2 VIFiosf4, O (s + E.~E,—E,) (99
v, &

In Eq. (98) the adiabatic part is neglected. pg,, stands for the bath phonon density matrix
and the summation is performed over the bath phonon states. |m, v) and |m &) arethe
tensor products |m) ® [v) and |m) ® |&) respectively. The coefficients T'ayp, I'ps are
complex numbers. All other coefficients are real. We perform the following interchanges
123, 224, vag, replace pg_ by Pe. &XP[—(E: —E,)/ (kgT)], and assume that
A «kgT toobtain Ty = Blay, and Ty, = Blasg, .

The applicability of the master equations is limited to weak and intermediate optical
fields. In the case of strong fields these equations should be modified. Various approxima-
tions that have been discussed in the literature [128 - 131] concern atwo-level atomic sys-
tem interacting with a heat bath. In this paper we deal with afour-level system where all
the levels are treated on equally. Asin the case of two levels, the validity of Egs. (89-96)
is limited by the conditions Q « 1, and T « 1., forall T, where 1., isthe correlation
time of the phonon bath which is on the order of 1 /®o, where o, is the Debye phonon
frequency. An additional limitation is that the frequency difference A caused by the cou-
pling between PLV and electronic states, should be larger then Q. The opposite case cor-
responds to a PLV interacting with dressed electronic states [75]. All of these conditions
are fulfilled in the numerical examples given below.

From Egs. (88, 95, 96) it follows that

Py = — (Fi212+¥)Pyp + T3Py (99)
and

Pa = I'ipgPip— (Tagas + Y—1A) Py . (100)

Substituting Pi, = Py(t)exp(=yt) and Pa, = Pa(t)exp(—yt) into Egs. (99, 100)
|eadt0 Eqs (82, 83) |f thea:]ualltles rlzj_z = F1234 = ku, F3412 = F3434 = kd y A = /G
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hold and with the correspondences Q,y <> P1. and Q,, <> Px . These equalitiesare valid

if (see Egs. (97, 98))

(L, V|53, &) = (2, V[Hn[4, &) . (101)

The electron-vibrational coupling He, is weak and hence |1)=~|g)®|d) ,
2=e®|d) , B=|9y®|uy ,and |4)=|e)® |uy . With this approximation, Eq.
(101) holds when the coupling between the PLV and phonon bath (H..,) isindependent of
the electronic degrees of freedom. This conclusion (although obtained in a different way)

agrees with other authors[124, 127].

Solution of the master equation

When the system is excited by a harmonic electromagnetic field, the excitation spec-
trum is proportional to the steady-state spontaneous emission and hence to the popul ation
of the electronically excited singlet statesi, = p(o0) + Pas(o0) o< P12(o0) + Pas(oo (See Eqs.
(120, 121)). The steady-state expression for n, reads (see Appendix)

Qz(Re(u—B){r;ﬂrlzwi(co—A)} +(F12+r3412+i0))5) ro(2L ., 2 %}

e N T Tod 87
n, = i (102)
Q*(2+0) (1-B){T 3y + Typgy +i(@—A)} + (I, + Tgypp +i0)B 2y 27\ (Q°
=% [Re( N )+B(r—n+§ (475*@

where N = (T, +i®)(Ty—iA+im) =T 5 ,. For briefness Ty = Ty +vy,

I =Tp+y,p = -5 fglm[ﬂ and g = Re[rlzl\jim}Re[r;“ﬂLi&m_A)}—Re[l%ﬂ}Re[%} . Ad-

ditional simplifying approximations are 2y«I,, Tg,I1s«Ilg and

Ta/Ki=Tis/Ky = B«l, where Ky =Ty+Ty; and Kg = T+l If
Q° « 49T/ (2 + ©), Eq. (102) reads

n. = Q(Ri+Re)/(4Y), (103)
where

AT+ (0 —8,)

ad = )
= i T

(104)
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A — P (0 —A)

) = | 105
>(®) (OJ—A)2+F§434 (105
_ = Loy plem
Ao = 1A = o3 (106)
=y (r _F3434|F341z|2)5 (107)
0 3434 A2 + F§434 ’
2
_ A2|F341§| B, (108)
A"+ T
and
2
o - (2A2Re[r23412] _28Tulend ]B_ (109)
A +F3434 (A +F3434)

Equations (103-109) represent the low-power approximation. It isinteresting that the
exponential temperature dependence in Egs. (107, 108), frequently observed in experi-
ments [17, 88, 132- 136], holds irrespective of the validity of the equality (101). Thus
from an observation of an activation type dependence of linewidths and line frequencies,
no definitive conclusion can be made about the applicability of the SIM. Only when these
data are considered together with the dispersive prefactor @ can an influence of the elec-

tronic states on the PLV-phonon coupling be reveal ed.

At high laser power the line saturates and changes its shape. Two extreme cases can
be distinguished. In the first case the single complex line, Eq. (103), is spit in two parts
corresponding to the transitions1 — 2 and 3 — 4 which then are treated independently. In

this case the combined lineis the sum of two lines with different weights.

Q%6,(m)
“ay+ (2+0)Q%6,(0)

Q%6.(m)

1 2 +A
4y+(2+0)Q°01(w)

(110)

n. = A

whereR; + R, = A6, + A,G,, assuming that A, and A, are proportional to the relative

integrated intensities of the two lines and are subject to the normalization A, + A, = 1. It
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isnot clear what is the best way to split the total line shape R, + R,. The simplest way to
doitis

AG, = R, (111)
and

AG, = Ry. (112)

We will briefly return to this issue when we discuss the numerical example presented
in Fig. 30.

Another extreme can be obtained by assuming that the low power line shape is not a
sum of two independent lines but isa single line with a complex frequency dependence. In

this case

- Q%c(m)

e = : 113
4y + (2+0)Q%(w) (113)

wheres(®w) = Ry () + R,(w . Equations (110) and (113) describe the behavior of inho-
mogeneously and homogeneously broadened spectral lines in strong electromagnetic

fields[137].

page 75 of 123



Non-Lorentzian Line Shapes

The transition from Eq. (110) to Eq. 0.4 —
s
(113) is governed (see Eq. (126)) by the 8 s x10*
value of 2ylm[ps](T'ys + ') andthe 03r £ .

210 -5 0 5 10
Laser detuning [GHZ]

whol e spectrum of intermediate situations

ispossible. If thisfactor can be neglected,

Population ng
o
N

Eq. (113) isvalid. In Fig. 29 the line

o
[N

shape at high saturation is shown for the

experimentally determined PLV parame- 05 = 5 = 7
I Laser detuning [GHZ]
ters[118]. The deviation between (113)  rg 29 (B) is the line shape function at high laser

_— . . power calculated using the master equation formal-
and (102) indicatesthat thelineshapestill g The parameters of the model  are

« " L el /(27) = 0,918 GHz,, [Ty /(2m) = 0.918 GHz,
has a“memory” about itsoriginfromtwo  peir’ 1 on) = 0918 GHz,  A)(2r) = 2.884 GHz,

: » o 2m) = 0.0215GHz, © = 1, and Q/(2y) = /500.
different transitions. The applicability of -ﬁ/h(e i inset shoivs the un%{lgra&d ﬁe

. - . (e (Zy)]2 = 0.1) in the low count region. (A) is the
Eq. (110) is more difficult to define. The Iine/calculated assuming that the line shown in the in-

. . set is asingle line with a complex shape (approxima-
problem is that the complex line shape tion of homogeneous broadening (Eg. (113))).

can not be unambiguously spit in two

lines. Theway it isdonein Eg. (104) and (105) leads to nonphysical negative cross-sec-
tions at large detunings. In a specia case when the dispersive contribution is zero (that is
when Re[Tay15] = T Tamsl’ / (A% +T3,) ), both lines are simple Lorentzians and the
splitting does not lead to non physical results. The line shapes predicted by Egs. (102),
(110), and (113) are compared in Fig. 30, whereit is clear that the exact solution (B) is sit-

uated between the two extremes.

At moderate powers when 4y » (2 + ©)Q°c,(®) the line shape is equally well de-
scribed by both equations as a sum of the saturated main line and unsaturated side band
(see Appendix. C).

o L Ao+ (0-38,) FmAz—q)(“)_A)J (114)

(=8, +To[1+1/l]  (©—A)+ T

Usually the scaling factor in Eq. (114) is of no interest and the effect of saturation isre-
duced to the broadening of the main line which now has alinewidth T' = T, /1 + I/ISat .
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04

[y
o

x 10%

©
w
Population ng
o
[

o
o

10 -5 0 5 10
Laser detuning [GHz] Fig. 30 The parameters arethe same asin Fig.

29 but Re[T'3,] /(2m) = 0.08 GHz. This does
l not change anything but the amplitude of the
dispersive contribution which is zero in this
case. The inset2 shows the unsaturated line
shape ([Q/(ZY)] = 0.1) in the low count re-

Population ng
o
N

0.1 }
gion. (A) and (C) are the lines calculated as-
suming approximations of homogeneous (Eg.

0 : . . (113)) and inhomogeneous Eq. ((110)) broad-
-10 -5 0 5 10 ening, respectively.

Laser detuning [GHZ]
The peak intensity of the maim line is also a nonlinear function of laser intensity. This
function can be written in the form R = S)im/(l + Isat/l) , Where R.. isthe peak count
rate at | » |, . These relations which agree with the predictions of Eq. (4) can be checked
more precisely if the laser intensity is excluded and the linewidth is expressed as a func-

tion of the count rate.

1 _ 1 R
F R (o)
0 0~V

Experimental results are shown in Fig. 31. The straight line described by Eqg. (115) is

also shown for comparison.

150 ; . ; .

__ 100 .

d

N

I

S

o

= sl .
Fig. 31 The linewidth of the main line
as afunction of the peak count rate.

N R 1

5 10
Count rate R [keps]

Conclusion

The electronic spectral line shape of a single molecule doped in a crystal has been
studied in the framework of the master equation approach and the sudden jump model. In
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the presence of atwo-level system which interacts with the electronic transition (a pseudo
local phonon at low temperatures is an example), the line shape consists of two Lorentzian
distorted by the presence of dispersive components. Although both the master equation
approach and the sudden jump model predict the presence of the dispersive components,
the predictions of the two theories differ in the relative amplitudes of the dispersive contri-
bution. If the phonon-vibrational coupling is independent of the electronic state, both pre-
dictions are identical.

It isshown that at low laser power if the dispersive component of the line is neglected,
the sudden jump model can always describe the phenomenological temperature depen-
dence of the linewidth and the line frequency.

At high laser power the line shape broadens and shows an interesting partial memory
effect. The actual line can display a behavior intermediate to the behavior expected from a

combination of two independent lines and from a single line with a complex line shape.
Appendix B

Solving seven linear equations is a conceptually trivial but lengthy exercise. In this
Appendix we provide some details for those who would try to reproduce the solution.

First, Eqg. (92, 93) can be easily solved for pss and pe -

o. I'rsPas + Tes(P2o + Pas)

Pss = Tt e+ , (116)
_ Irspas + Tss(P2z + pas)
=0 : 117
Pes Tro+ T+ Ter (117)
and
Psst Pes = O(P22tPas), (118)

where ® = I'gr / I'+s. The energy of the PLV does not change significantly when the mol-
eculeisin thetriplet state and hence 1“56/1“65 =~B«1l.If I'ts«I'ss from Eg. (116) it fol-
lows that

)
Pss = m(Pzz T Pu) =O(Prt+pu) , (119)

Useful relations can be obtained from Egs. (90, 91).
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(T + 2'Y)|m[[512] + 1—‘42|m[(334]
2Y(T g+ Ty + 27)

P2 = —Q (120)
and

olaslMIpa] + (2 + o) IM[pai]
2y(Tyy + Ty + 2y) ’

0w = — (121)

where a notation 2y = 2y, + I's; isused for a briefness. Equations (95, 96) solved for

P12 and ps, give theimaginary parts of pi, and pas

Qlmio Q% Tu+i(w=A Q> T
—n;[yplz] = ERG[%}(Pzz—pn)*“l—yRe[ 3412}(944 Pa3) (122)

I
}(pzz P11) + [ 22 }(944 Pas), (123)
where T'y, = Ty, +7v, and T3, = 'y, + 7, . From Egs. (94, 118, 120, 121) the relation

le[plz] le[f)34])
2y 2y

pr=pz = 1= (pro—pa) + (2+0)( 23 (124)

follows for the population differences. Using Egs. (89, 94, 119, 120, 121), psx—p4 CaN
also be expressed through Im[p1,] and Im[pas,] as

(Kgo + Kg)Im[pas] —Tplm[p1a]  (Ty3+OT 5 Ty Im[p12] + IM[Pa4]
= = = + Q + Q f 125
Pas ™ Pas K31 Kai(Kgo +27) ( Ka Kg + 2Y) 2y ( )

where Ky, = T’y + T3, Ky, = T+ T, , and (FST/ Ka1) - pas Was neglected in the right
hand side on the ground that FST/ Ks « 1. Under the approximations 2y « K, and
1—‘24/ Ky = F13/ Ka=B«l,

_ le[plz] 2y 27 le[p34]
Paz—Pas B{1+(2+®)—Y (2+®+F13 T 2y (126)

The four Egs. (122, 123, 124, 126) can be solved for Im[pss] and Im[py,] to obtain the
population of the electronically excited states

Ne = Par+ P = —=(IM[P12] + IM[p34])Q/ (2y) whichisgiven by Eq. (102).

page 79 of 123



Non-Lorentzian Line Shapes

Appendix C

Through this appendix we assume that ‘2 + ©)Q’°c,(®) « 4. In such acase

_ [Ri(®) +Ry(@)]Q°  _ Ry(@) +Ry(®) (1_ (2+e>92R2<w)}
C 4yt 2+ 0)Q°[RY(0) +Ry(@)]  4y+(2+©)Q°R(0)\  4y+(2+©)QRy ()

_ Ry(0)Q N Ry(0)Q° 4y 2+ 0)Q°R:(0) } (127)
Ay+(2+O)Q°RI(0) 47+ (2+0)Q°R ()| 47+ (2+O)Q°R(m) 47+ (2+0O)Q°R,(m)

The second term in square brackets in Eq. (127) can be neglected since
(2 + ©)Q°R,(m) « 4y and thus

2 2
. - Rl((D)£22 + 4"YIQ2((D)£22 - (128)
4y+(2+0)QR(w) [4y+(2+0)QRy(w)]
The second term in this equation can be replaced by R,Q° / 4y . Indeed
MROQ: RO _ QR (2+O)RQ* 8y+(2+0)Q°R, (129)

v+ 2+ @R N 4+ (2+0)Q%R, & ay+(2+0)Q7R,

and thus since (2 + ©)Q°R, « 4y, the difference is much smaller than the first term for al
. Thefinal result reads

Ry (0)Q7 N Ry()Q7

= 130
4y + (2 +0)Q°Ry(m) Ay (130)

The first term in Eqg. (130) can be written in a simple form (we drop for a moment s,

which can be easily restored).

Al + 0o
02 o’ +T; _Q? AT+ ®o
AT, +®0 ~ 47 , (2+0)Q2 2 (2+0)Q°
4y+(2+0)Q° ® +—q>m+[r + AF}
o +Th 4y oAy
2 AT, +Pw
o Ty : (131)
(2+0)Q° )2 o, 2+®0Q°, 1[(2+©)Q°
SRR L + + —=
(m gy, ®lo) +T0 1+ s A - o0

With a definition A, (2 + @)Qz/(4yl“o) =(2+ @')QZ/(MFO) = I/I'Sat , a moderate
powers when d)l/(2|5at) «1
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/1 _ _
o / tro( AT+ Q0 Tyl —0(0 2A)} (132)
(2+0) 0)2+F§[1+I/I'Sat] (0—=A)2+T73,
At these moderate powers Eq. (110) reads
I /1 _ _
" / tro( Ao+ @0 Touho—®(0 ZA)]’ (133)
(2+0) " \p?+1r2[1+ |l (@=AP+T5

with a slightly different definition I/ISat =(2+ @)Qz/(4yl“0) . At low temperatures
A, =1 and as aconsequence ©' =0 and I/I'Salt =~ I/IS,.Jlt and thus Egs.(132) and (133)
become identical.
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VI. Spectral Diffusion in Polyethylene
and other Polymers

In this Chapter we consider in detail the effect of spectral diffusion (SD) in amorphous
solids on the optical line shapes. The theoretical discussion is based on the TLS model
briefly described in the section Model for Molecule’'s Environment.

The average of probe molecule linewidths in a host matrix depends on the measure-
ment time t,, and the temperature T . For amorphous solids this dependence can be written

as
(I) = (T +apys(ApT - In[G(T) - tn] . (134)

With al the assumptions made in the standard TLS model outlined in Model for Mole-
cule’'s Environment, the G(T) isafunction which only weakly dependson T. (I",) isthe
average lifetime-limited contribution, a isaproportionaity factor, p, isthe average con-
centration of TLSs, and (A;) isthe ensemble average of the TLS—SM coupling
strength, which reads

JEN

where B,- is the dipole moment difference between the two states of TLS, ﬁi isthe perma-
nent dipole moment difference for the chromophore, §; isthe orientation parameter, and
o isthe coupling parameter, which is assumed constant in the standard application of line
shape theory to impurity spectrain solidsin the presence of SD [72]. The frequency excur-
sionfor SM i caused by aflipof TLS | situated at adistance r;; form the moleculeis

Uij = Aij/l’?}. (136)

Molecules and TL Ss can be coupled by electric and strain dipole fields, both of which can
be modeled by Egs. (135, 136).
On the single-molecule level, the TLS model predicts a distribution of linewidths for a

givent, and T [72, 138, 139]. Single-molecule spectroscopy provides access to distribu-
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tions of parameters rather than ensemble averages, so the TLS model can be tested more

critically than with ensemble techniques.

In our experiments, linewidths ' ' '
T=247 mK

of single terrylene molecules em-
bedded in polyethylene (PE) were

measured at 13 different tempera-

, T=490 mK
tures covering the temperature

range between 30 mK and 1800

mK. Though PE has regions with
crystal-like structure [140], it can

T=710 mK

be made mostly amorphous by fast

Relative sample frequencies

cooling at th glass transition tem- ]
T=1800 MK 1
perature. The mean values of the E

linewidth distributions were pro-

A e 50 100 150 200
portional to the temperature in Linewidth [MHz]

O|||||||||

agreement with Eq. (134), but o 5 igograms of linewidth distributions (scaled to

when the shapes of the measured equal peak values) of single terrylene molecules doped in
polyethylene measured at four different temperatures. The

histograms were compared to the shaded histrograms are the experimental results. The num-
. L . bers of moleculesin the experimental distributions are 421,
simulated ones, asignificant dis- 300, 359, and 205 counting from the lowest to the highest
. temperature. The solid lines show histograms of 1200 lines

agreement appeared. First, at the gz with TLS model modified by adding a distribu-
lowest temperature, where spectral tion of the lifetime limited linewidths and a distribution of
coupling constants. Both distributions were assumed Gaus-

diffusion was negligible, the line- sian with relative standard deviations of approximately
) o . 20%. The agreement between experimental results and sim-
width distribution did not collapse ulationsis better than 50% (confidence level) at all temper-

to a single value indicating thus the alures.

presence of adistribution of lifetimes of the electronically excited state. As temperatures
increased and hence the mean contribution from spectral diffusion increased (in agreement
with Eq. (134)) making the distribution of lifetimes less significant, the agreement be-
tween the simulations where an equal lifetime of the excited state was assigned to each
molecule and the experiment improved but only to a confidence level of 1% at 1480 mK
(with 584 molecules measured). With a distribution of lifetimes, the confidence level in-
creased dlightly to 5%. Only when a distribution of the coupling constant oo was added to

the model an agreement with a comfortable confidence level of 50% was achieved. The
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experimental results and the Monte Carlo simulations are shown in Fig. 32. The ratios of
the standard deviations of the distributions to the mean values for oo and I', are approxi-
mately 20%. This might indicate that the physical origins of the two distributions are relat-
ed. Indeed, the transition dipole moment distribution (responsible for a distribution of
lifetimes) and the induced permanent dipole moment distribution (responsible for an o
distribution) are both caused by perturbations to the wave functions from the neighboring
host molecules. Details are given in the chapter Distribution of Radiative Lifetimes.
Fluctuations of the TLS density p,s could also cause a broader measured linewidth
distribution because in our experiments only the product o.p, isessential. Thisis a prob-
lem not only of single molecule spectroscopy but of all optical experiments performed so
far and based on optical measurements one can not separate p,s and o.. The reader should
not mix these fluctuations of p,s with the Poissonian fluctuations arising from the ran-
domness in the spatial locations of TLSs. The Poissonian fluctuations are automatically
taken into account in the Monte Carlo simulations. Variations of oo and p,,s are both relat-
ed to some kind of nanoscopic inhomogeneities. The origin of TLSs comes from a pres-
ence of voids in the sample [74] and thus a change in TLS density can be viewed as a
change in polymer density which takes place on a scale of few nanometers. In principle,
fluctuations of the polymer density on a scale much larger than the distances between
probe molecules and TL Ss contributing to the broadening (~10 nm) can be present in the
sample as well. Although the polymer was effectively annealed above its glass transition
temperature one can not completely rule out inhomogeneities on the scale of a few mi-
crons although these inhomogeneities do not play a major role at least for the radiative
lifetime distribution (see Distribution of Radiative Lifetimes). Variations of o are caused

by variations of solvent shell structure rather then macroscopic polymer density.
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A much stronger environmental effect can be observed in other polymers. An example

isshown in Fig. 33. A histogram of 486 linewidths of single terrylene molecul es embed-

30— 17— 1 T
R
T | T=1.8K
Q20r 7]
> [ Fig. 33 Distribution of single molecule
§0)] I linewidth of terrylene in PVB. Also
c ; — .
g - shown are two simulated sistributions
5 1.0 N 7] with the mean value of the coupling
o I constant (o) = 154 GHz nm® . The thin
T : line corresponds to the fit with a narrow
I T s o distribution. The thick line corre-
0-00 0 500 1000 1500 sponds to the presence ~50% standard
) Linewidth (MH2) deviation in the o distribution.

ded in polyvinylbutyral (PVB) shows a distribution which is ten times broader and has a

maximum shifted by 300 MHz in comparison with the highest temperature distribution in
Fig. 32.
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Details

In comparison with other systems, poly-

TABLE 3. Temperature dependence of the av-
erage linewidth. Data are measured with two
ed most carrefully. The temperatures, the samples.

ethylene doped with terrylene was investigat-

number of terrylene molecules measured, the T N (T o
average linewidths, and the standard devia- [mK] [MHZ] [MHZ]
tions of the linewidth distributions are sum- Sandwich sample

marized in Table 3. Some of the 30 380 428(6) 12(1)
measurements were performed in the thin- | 43 32 42.6(23) 13(2)
film sample and some were performed inthe | 50 407 4355 10(1)
sandwich sample, as indicated. Complicated 950 65 73.4(41) 32(4)
broadening effects assumed to arise from sur- 1200 | 157 87.3(20) 36(3)
face phonons [141], as well as lifetime | 1437 | 584 92.5(13) 34(1)
changes caused by changes in the vacuum 1640 | 93 103(4) 39(4)
electromagnetic mode structure near surfaces 1830 | 75 102(3) 33(4)
[142] are known to take place in thin sam- Thin-film sample
247 | 421 51.0() 12(1)
490 | 300 584(11) 17(1)
710 | 359 637(12) 21(1)
1060 | 123 76.5(22) 30(2)

1800 |436 96.4(28) 57(3)

ples, which could complicate interpretation
of the linewidth distributions. To prepare the
thin doped layer, abulk sample was produced
by means of diffusion, by heating a small

amount of terrylene together with some PE at

180 °C under vacuum for several hours. A

small amount of the hot mixture was then

squeezed under high pressure between two polished stainless steel flats (also heated to
180 °C) to produce athin film and cooled by dropping the film together with the stainless
sted flats into a bath of liquid nitrogen. For the layered sample, a piece of the doped film
was then melted between two undoped PE films, so that no SM was within ~10 um from
the sample surface. The films were pressed together by applying aslight pressure and then
quickly cooled in a bath of liquid nitrogen. The terrylene concentration in the doped film

was ~10"® molar. The measured temperature interval was narrower for the thin-film sample
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than for the sandwich sample. The data were collected using single-molecule microscopy
[143], which has an advantage that many molecules from different areas of the sample are
observable in parallel under identical experimental conditions. A solid mirror objective
formed from two homocentric suprasil components has been specially developed to work
inliquid He [144]. The optical properties of this objective do not change as severely in su-
perfluid He, because the full light path isin the suprasil. Time constraints and technical

difficulties prevented measurements in the thin-film sample at lower temperature.

(T'yy isplotted against the tempera- 110 . . .

turein Fig. 34. The solid lines are linear

: 100}
|east-squares fits to the data collected

with the thin-film sample (circles) and ol

the sandwich (diamonds). Fitsto

(To) = a+bT"™ curves (dashed lines) ¥ 80f

are also shown for comparison. A “super- 2
e 70

liner” behavior (T,) = a+bT "¢, with éb

{ = 0.3 was observed in several experi-
ments [145, 146]. With the “standard”

distribution functions of the TL S parame- S0p

60F

ters (see Model for Molecule’s Environ-

40 ) T 15 2
T[K]

approximations concerning “TLS- Fig. 34  The average linewidth as a function of
temperature. The diamonds and the circles were

phonon” coupling, a simple theoretical  measured with the sandwich and the thin-film sam-

. . . ple, respectively. The solid lines are linear least-
analysis predicts a linear temperature de- squares fits to the data, and the dashed lines are fits

toa T-° dependence.

ment) and making some other

pendence. Motivated by this result a
modification for Eq. (14) was suggested
[147] to get an agreement with the superlinear temperature dependence. A more accurate
consideration [148, 149, 150] reveals that even within the standard distribution function a
superlinearity with { = 0.1+ 0.3 appears which however depends on the details of the
TLS-phonon interaction. Thus for those authors a linear dependence would require a mod-
ification of the distribution function. At temperatures above 1 K a broadening caused by
an activation of pseudo local phonons may become significant. This can also lead to an ap-

parent superlinearity in the temperature dependence. Unfortunately, there is a shortage of
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reliable experimental databelow 1 K and it is not clear to which extent a correction of the
distribution function is necessarily. We will not pay to much attention to this subject but
for a completeness we have analyzed our experimental data assuming { = 0 and
€ = 0.3. Thefit parameters and the confidence intervals for least-squares fits to the data

are presented in Table 4 for both alinear and a T** temperature dependence. Based on the

TABLE 4. Fit parameters and values TABLE 4 a. Fit parameters and values
for (I'yy = a+bT tria function for for (Ty = a+bT"® usedasatria
the temperature dependence of the function. Generally the confidence in-
mean linewidth. terval islarger for the linear fit.
a b P a b P
[MHZ] | [MHZ/K] [MHZ] | [MHz/K13]
Sandwich sample Sandwich sample
41.7(3) 35.2(8) 37% 42.8(3) | 30.5(7) 1%
Thin-film sample Thin-film sample
44.0(10) | 30.0(22) 5% 48.2(6) | 24.6(16) 55%

confidence intervals, the linear relationship fits the data better than the T*° temperature
dependence for both samples. If al of the datais combined into one data set and fit simul-
taneously, the linear fit still fits reasonably well (25% confidence level), while the T** de-
pendence fits very badly with an infinitessmal confidence levels. Thisis because the three
lowest-temperature data points fall several standard deviations away from the T** fit.The
slope of the linear fit is smaller and the intercept is larger for the data collected with the
thin-film sample. The differencesin slope and intercept are statistically significant and in-
dicates that the SD is smaller in the sandwich-sample. The differences in the two data sets

are examined further in where the linewidth distributions are fit to the TLS model.

Fitting the linewidth distributions.

So far the data has been presented in terms of ensemble averages, which could have
been measured with an ensembl e technique like hole burning, for example. In this section,
the power of single-molecule spectroscopy for measuring the distributions of parametersis
revealed, and the linewidth distributions are studied by comparing them to distributions
simulated with the TLS model. Since the temperature dependence of the average linewidth
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was linear, a constant density of states for the TLS energy splittings was used without the
phenomenological adjustments that are sometimes applied to produce a T+ temperature
dependence [ 72, 145]. We did, however, modify the model to include distributions for the
lifetime-limited linewidth and the coupling strength.

In contrast to other hosts like polyvinylbutyral, for which the average SM linewidth is
an order of magnitude larger than T", for terrylene moleculesin PE the average linewidth
at 1.8 K isonly about afactor of two larger thanT", . For this reason, lifetime variations
play asignificant role in the linewidth distribution and have to be included in the model —
especialy at lowest temperature where the distribution is narrowest but does not collapse
to asingle value as one would expect if all molecules had the same T, values.

To fit the data reasonably well at higher temperature, it was also necessary to include a
distribution of coupling strengths o in the simulations. For smulating linewidth distribu-
tions one usually assumes a specific TLS density and uses o as afit parameter, but the
amount of line broadening is only sensitive to the product o.p,s. For the simulations pre-
sented below, pys = 0.014 nm™ for TLSs with a maximum energy splitting

Enax = 13 K and a maximum flipping time of ~3000 s.

For the simulations, it has been assumed that oo and T", both have Gaussian distribu-
tions. Since broadening from spectral diffusion is stronger at higher temperatures, the
1.48 K datawere used to find the o distribution. The 30 mK datawere used to find the T,
distribution, since at such low temperatures the broadening of the linewidth distribution
from spectral diffusion isminimal.

The parameters for the o and

TABLE 5. The mean and the standard deviation for the o

and T, distributions found by comparing the data to simu-

guessing initial values, simulating lated linewidth distributions for the sandvich and the thin-
film samples. The error intervals correspond to 95% confi-

distributions, and then minimizing denceintervals.

I', distributions were found by

x> in a goodness-of-fit comparison

o Oy (I'y Or
(see Appendix E for details). After |[GHznm®] [GHznm3] [MHz]  [MHZ]
the suitable parameters had been Sandwich sample
found, the distributions of line- 11(2) 2 388+16 76+1.1
widths were simulated for the inter- Thin-film sample
mediate temperatures and x° was 7.5(25) 25 423+17 67+17
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calculated with no fit parameters. The parameters that were found to best fit the data are
shown in Table 5.

The linewidth distributions for ;5
T = 30 mK and 1480 mK measured in

the sandwich sample are shown in Fig. 35

together with the Smulations. Thesimu- |
lated linewidth distribution for 30 mK is E
very close to the Gaussian T', distribu- %0'03
tion used as input to the simulation. The §
low-temperature data can actually be fit %0-02
2
better when one assumes a Gaussian dis- £

tribution of lifetimes rather than a Gauss- 0.01F
ian I', distribution, but the T,
distribution found from the T, distribu- /

: . : 0 50 100 150
tion for such afit does not have a first Linewidth [MHZ]

moment. Since we are comparing line- o ac e Gigributions of linewidths for T

width distributions, we chose to use a equals 30 and 1480 mK, with distributions simulat-
ed following the procedure explained in the text.

Gaussian T', distribution instead and we  The solid lines are th experimental data and the
do not encounter this problem when com- deshedlines are the smulations

paring the data and the simulations. Because of the long tail toward large linewidths, the
standard deviation of the sample population (presented in the fourth column of Table 3 is
40% larger than the standard deviation one finds from a Gaussian fit.

The standard deviation of the distribution measured at 30 mK found with a weighted
Gaussian fit is8.7 MHz. The distribution of T", that fits the data best has a standard devi-
ation of 7.6 MHz, thus the spectral diffusion contribution is 1.1 MHz. The major contribu-
tion to or_isfrom the lifetime, it also includes a small noise contribution since the
measured distribution is slightly broadened by the signal noise while the simulated spectra
are noise free. Each line was measured several times to determine the fluctuations of the
linewidth caused by the nose. With a reasonabl e approximation these fluctuations could be
described by a Gaussian distribution function. The standard deviation varied from mole-

culeto moleculein arange of (1+5) MHz and was inversely proportional to the line am-
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plitude. Correcting for this random noise, the standard deviation of the lifetime-limited
linewidth distribution is 6.8 MHz.

The confidence levels for the

TABLE 6. Temperature dependence of the average linewidth.

agr ent between the data and Data are measured with two samples.

the simulations produced by fit- ) :
Confidence Confidence

ting the sandwich-sample data |T[mK]| N  innerva when innerval when
o = 11 GHznm® o = 7.5 GHz nm®

are shown in the third column of

Table 6 Sandwich sample
30 380 55%
The measurements per-
_ o 50 407 45%
formed with the thin-film sample 1480 |584 45%
can not be fit with the same life- Thin-film sample
time and o distributions as the |247 421 0.1% 55%
layered sample measurements. 490 300 4% 65%
The disagreement in most pro- 10 359 50% 5%
1800 205 1% 65%

nounced at 250 mK. The simu-

lated distributions and distributions measured in the thin-film sample for temperatures of
250 mK and 710 mK are presented in Fig. 36. The shaded distributions are the experimen-
tal data, and the dotted lines are distributions simulated using the parameters found to fit
the data measured in the layered sample. The peak linewidth for the 250 mK datais broad-
er for the measured distribution than for the simulations, and a significant difference is
visible in the linewidth distributions. This could either be caused by alarger coupling
strength or a shorter lifetime. Since the slope of the temperature dependence is proportion-
al to the average coupling strength (see Eg. (135)), the disagreement must be caused by a
shorter lifetime in the thin-film sample, because the slope is smaller for the thin-film sam-
ple than for the sandwich sample (see Fig. 34). The mean and standard deviations of the
I, distributions found by fitting the data are presented in Table 5. The errors correspond
to approximately two standard deviations, and were found by varying the given parameter
until the confidence interval for the agreement between the simulation and the data
dropped below 5%. The I, distribution that best fits the linewidth distribution at 250 mK
in the thin film sample (the solid curve shown in Fig. 35) had a 10% larger average value

than the best fit to the 30 mK distribution in the sandwich sample (the solid curve shown
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in Fig. 36 @). This difference is statistically significant (confidence interval ~3c). Hence
the lifetime in the thin-film sample is 10% shorter.
The datameasured at 710 mK is 0.05 . .

a)
shown in Fig. 36b with distribu- <
) _ _ o L 004r T =250 mK
tionssimulated using the T, distri- = L
butions found from fitting the ‘% 0.03-
sandwich and thin-film data at g 0.02L
30 mK and 250 mK, respectively. 3 -
9 001+
Both simulations fit the datawell. £
The good agreement at 700 mK  is 0 :
, . _ . 0 50 100
partially accidental, since the linear Linewidth [MHZ]
temperature dependences cross for 0.03 o) | ' |
the two samplesat T=05K . N - T=710 mK
Hence, the narrower lifetime-limit- % 0.02}-
ed linewidth in the sandwich sam- 2
a}
ple partially compensates for the >
= 0011
reduced spectral diffusion inthe §
@)
thin-film sample. At 1.8K thedis &
O 1 1 .
agreement becomes pronounced 0 - 100 150
again because the curves begin to Linewidth [MHZ]

diverge and the precise form of the Fig. 36 Comparison of simulated and measured line-
width distributions at 250 mK, (part @) and 710 mK,

o distribution becomes important. (part b). The shaded distributions are the measured data.
o The dashed and solid lines are simulated distributions
The thin-film sample has lessspec-  for average lifetime-limited linewidths of 38.8 and

tral diffusion arising from TLSs, 42.3 MHz, respectively.

judging from the slope of the temperature dependence and the best-fit value for o in Table
5.

Neither of the surface effects once feared are present in the thin-film sample. The aver-
age coupling constant is ~25% smaller in the thin-film sample than in the layered sample
asindicated by the slope of the temperature dependence and the average o, values. So ex-
tra broadening from surface phonons [141] does not arise. There is also no perturbation of
the average lifetime from the interface between the polyethylene and the liquid helium.

This effect would produce alengthening rather than a shortening of the lifetime [151].
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The shorter lifetime in the thin-film sample probably results from a higher refractive
index since the thin film was produced by squeezing the sample under high pressure. The
same thin film was used to make the layered sample, but it was effectively annealed when
the layers were melted together. The radiative lifetime of a probe moleculein asolvent rel-
ativeto its free-space lifetime is

12 2
) =y 2 (137

The *'? factor arises from a change in the speed of light in the medium. By lineariz-
ing Eq. (137) around € = 2.3 one finds that a reduction of the lifetime of 10% corre-
sponds to an increase of the refractive index by ~3%. This is not a large increase
considering that the density of crystalline polyethylene is 18% higher than for amorphous
PE at room temperature [152].

It might at first seem counterintuitive that for a sample in which the probe molecules
have alarger local-field factor, the coupling constant does not increase as well. The cou-
pling constant in fact goes down, but thisis not contradictory. The higher local field factor
is caused by a higher host density so there are fewer voidsin the solvent structure. Assum-
ing that TL Ss are located in positions adjacent to these voids [153], a lower void concen-
tration means that the TLS density is also lower, which resultsin less spectral diffusion as
evident in Eg. (134). Thisis consistent with spectral hole burning measurements that
showed a decrease in the hole width and spectral diffusion with applied pressure[154]. We
find that the ratios of the standard deviations of the distributions to the mean values for o
and vy for both samples are ~20%.

Infact, oo and T", might even be correlated as we suggested previously [155]. The data
collected at 1480 and 1800 mK were also fitted with correlated distributions such that the
slope of aplot of the normalized o valuesvs. the normalized T, valueswas equal to one.
The data could befit equally well, but with alarger mean value and anarrower distribution
for a. For example, the coupling constant distribution that best fit the sandwich-sample
data with the correlation had a mean of 11.8 GHz nm?® and a standard deviation of ~10%.
With the statistical uncertainty of our data, we cannot say if the distributions are fit better

with or without the correlation.
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Appendix D

Consider a subensemble of probe molecules with equal value of p = p;. Each molecule of
this type interacts with a set of TL S characterized by the set of v values which enter into
Eq. (136). With v = pDEr and disregarding the constant p; the distribution function
for v reads

r

Py(v)= [[Pep(&, D)dEdD [ §(DEr—v)P,(r)dr (139)

where P.5(E, D) isthe probability distribution function for & and D, P,(r) = 3r2/rﬁ1ax
is the probability distribution function for r, and o stays for a d-function. We introduce a
new variable x to replace r accordingto r = [D&/(x+1))]l/3 in the last integral of Eq.
(138) and obtain

- [DE/(x+v)I"7y
Pu(v)= [ [Pyp(§,D)dedDd [ 8003 /3 loe)" " —L1 o

DE>O pErd y I max (X+ U)

DErS —v 2/3

=T [DEj(x+v)] .
- [ [Pt DD [ 8003 l08) —E g (39)
DE<0 . I max 3 (X+U) 3

The first integral is nonzero if D&r;f‘ax< v while for the second integral this condition

reads DEr, > . Integration in (139) over dx gives

P)= = [ [I€DIPsp(& D)dEdD ,v>0 (140)
max 0<D§<Drfnax
and
P ()= 55— [ [IEDIPe(& D)dgdD v <0 (142)

max 3
0>DE >V

For evauation of SD, only the absolute value of v isof interest

Pulloh= == [ [IEDIP..(& D)dEdD (142)

max 3
IDE] <ol rmax
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In a general case the region of integration is complex but it is very simple if

lv| > max{lD&l}/riax. In this case

o ()= LEIDD _ (DI 143

2 3
U rmax D rmax

The second equality is correct if D and & are not correlated that is
P:p(E, D) = Pp(D) - P:(§) . For electric dipole-dipoleinteraction (|E[) =0.7 .

In some cases P, (|v]) can be calculated analytically.

Examplel
P.(E) = % .dE ,where —-1<E<1 (144)

(thiscorrespondsto & = cosB , where 0< 6 <7 and Py(8) = 3sin®).
Po(D) = Dy, Where 0< D < D,y . (145)
For such distributions Eq. (142) for [v] < Dy /rﬁ1ax reads

3
|‘U| " max

Polrhax 1 Duax D
[ [iEDldedD | DfedgdD+ [ D [ ededD
3 0 0 3 0
Pl (o)=Ll = o
2Dmax02ri1ax Dmaxvzri"lax
1 (nzr6 Ve D D r ( D
- max+ maxln|: max - max 1+ 2|n|: max :D 146
Dmaxl)zr?nax 4 2 |D|r?nax 4Dmax |U|r§1ax ( )
and
Dmax H 3
P|v|(|1)|) = 47 If |U| 2 Dmax/rmax- (147)
Example 2
Po(D) = 8(D —-Dy) (148)

and P:(&) isdescribed by Eq. (144). Inthiscasefor [v| < Do/ffnax
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101D T
D Moo
Pu(lo= === [ &d = 52 if [v]<Do/ro, (149)
max 0 0
Dy
Pu(lvl) = 5 —— if [0 2Dy/rna (150)

Appendix E

To obtain a quantitative measure for dissimilarity between two histograms one can cal cu-

late 5 parameter according to the definition

2 [N, —M(x)]°
SE N S A SA TR 151
X =D oF (151)

i=1
where N; is the number of molecules having a value of x in the interval
X —0<X<X +d,Q isthetotal number of intervalsin the histogram, a Gaussian distri-
bution is assumed for the fluctuations of N; around its mean value M(x;) predicted by a
model, ¢; isthe standard of this Gaussian distribution. If the measured molecules are taken
at random, 67 = N(x)"'?.
The larger isthe value of %° the smaller is the probability that a particular histogram can
be observed given the model under consideration is correct.

Of course this probability depends on the number of adjustable parametersin the mod-

el. If the number of parametersis P, anormalized value x> can be considered.

2

:_ X
QP+ (152)

The distribution function for 2 is tabulated and can be found in text books. Two defini-
tions are important for the data analysis.

A confidence level is defined as the probability to have the calculated or smaller value
of Xﬁ assuming that the deviation between N; and M(x;) is caused by statistical fluctua-
tions.

A confidence interval for afit parameter is defined as the interval such that within this

interval the confidence level is not smaller than a specified value (usually 5%).
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VII. Distribution of Radiative Lifetimes

Although not always stated explicitly, the radiative lifetime has usually been assumed
to be equal for like molecules. A text book statement that the influence of nearby mole-
cules on a probe molecules averages out [20] made at a time when nobody would serious-
ly think about measuring the lifetimes of individual molecules was taken for granted and
the effect of the environment on the radiative lifetime was treated in a simplified manner
using the Lorentz factor. Meanwhile, the sensitivity of the energy levels of chromophore
molecules to the microscopic variations in the local environments that lead to inhomoge-
neous broadening has been general knowledge in solid state physics for decades and has
even been used for information storage [31]. One may wonder if a similar effect can be
observed for the lifetimes. Besides having fundamental interest, the presence of alifetime
distribution could have practical importance, for example, when the identification of sin-
gle molecules is based on their lifetimes [156, 157] or when single molecules are used as
nano probes in time-resolved experiments [158, 159].

Experimental accessto the lifetimes of terrylene molecules embedded in polyethylene
was gained by measuring single molecule linewidths at 30 mK. At this temperature spec-
tral diffusion in polyethyleneis negligible and only radiative and nonradiative decays con-
tribute to the measured linewidths. Linewidth measurements for 380 single terrylene
molecules (Fig. 37) clearly show a distribution with arelative standard deviation of ap-
proximately 20%. It was even possible to estimate radiative and nonradiative contribu-
tions to the measured linewidths separately. For a radiative lifetime distribution, the broad
molecules have larger areas and a positive correlation would arise. A non-radiative life-
time distribution would cause a negative correlation. The correlation is obscured by aran-
dom orientation of the transition dipole moments of the terrylene molecules. Nevertheless
an analysis of the linewidth — line area correlation clearly shows that the variations arise
from approximately equal radiative and non radiative contributions and that the fluores-
cence quantum yield is approximately 70%. The time resolution with which the 380 lines
were measured was limited to approximately 5 seconds. Thisis because the data were tak-
en using amulti channel technique when several lines were recorded simultaneously with

a sensitive video camera. I TFC spectra were also measured with a much higher time reso-
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0.06 ' - — Fig. 37 The linewidth distribution for 380 SMs
measured at 30 mK, with transition frequencies be-
tween 17446 cm'® and 17455 cm™L, which is on the
red side of theinhomogeneous band. The solid lineis
a weighted fit to a Gaussian distribution. The stan-
dard deviation of the distribution is 8.7 MHz and the
mean is 41.2(6) MHz. After subtraction of contribu-
tions from random errors, intensity inhomogeneities,
and laser scan calibration errors, the remaining stan-
dard deviation of the distribution is 7.9 MHz. The
events marked by vertical lines are 15 linewidths
measured using the ITFC technique. Measurements
at two different intensities were used to correct for
power broadening. The mean and standard devia-
tion for this distribution are 40.6(20) MHz, and
} 7.6(20) MHz respectively. The ITFC distribution
E E only has 15 molecules because the method is a sin-
X )
60

o
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[) gle-channel measurement technique. Theinsets show
g0  thespectraof four typical single molecules.
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lution (~ 140 ms) to show that the distribution of linewidths was not caused by a light-in-
duced spectral diffusion.

The distribution of the radiative linewidth y can be caused by variations of the dielec-
tric constant € which result from variations of the partial mean of the polymer density D
(the value averaged over a macroscopic space domain). In the following paragraph we
show that such an explanation is in contradiction with the experimental results. The rela-
tionship between € and y [160] and between D and the partial mean of the transition fre-

quency v [161, 162] are

Yoc g% (e + 2)° (153)

and

Vyas—V e D?oc [(€—1) / (e + 2)]". (154)

From these equations it follows that o,/(y) = %cg/m and
0./ (Vyao— (V) = %’-208/@ and that the ratio of o,/ () t0 6./ (Vyac— (V)
equals 0.6 (with (e) = 2.3 ). Thusif the y variations were caused by D fluctuations
alone, y would be a simple function of v . Hence linewidth measurements over a narrow
range of v (aswere done to obtain the distribution in Fig. 37) would only sample anarrow

fraction of the linewidth distribution. The total solvent shift distribution may also include
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apart uncorrelated with D . In this case, for each molecule v = v + v, » Where we also
assumethat (v) = (v) .If both v and v,,.,, have Gaussian distributions, molecules
with the same v should have the width of the v distribution at most half of the total inho-
mogeneous band width ¢,. From the experiment G,/ (Via.—(Vv)) = 11%, hence
0,/ (Vyac— (V)) <5.5%. At agiven v therelative width of the y distribution (o, / (v))
caused by variations of € isat most 5.5%- 0.6 =3 % . Thisis much smaller that the ex-
perimentally observed relative standard deviation of the linewidth distribution (~ 20%)
and thus a significant part of the linewidth distribution has a different origin.

Now we sketch a simple microscopical model which suggests that the distribution of
radiative lifetimes in disordered mediais a general effect caused by the interactions re-
sponsible for inhomogeneous broadening. In this model a host is made of noninteracting
molecules. The coupling Hamiltonian W between the chromophore and host moleculesis
reduced to a dipole-dipole interaction, a reasonable approximation for a nonpolar matrix.

3¢ AP )= po)

i |

W = ezz ~ (155)
i ‘Ri
where ﬁi is the radius-vector starting form the probe molecule and ending on i-th matrix
molecule, A = _R)i / ’ﬁ.‘ . f and Si are the electron radius-vectors of the chromophore and
i-th host molecule, respectively, and e isthe elementary electric charge.

Such amodel has been known already for half a century but has been applied almost
exclusively to calculate solvent shifts. Here the model is expanded in two respects. First,
the amorphous structure of the host is taken into account by considering randomly distrib-
uted voids — regions where a host molecule is missing. Second, within the same basic for-
malism of perturbation theory, the influence of the dipole-dipole interaction on the
electronic wave functions and as a consequence on the transition dipole moment is evalu-
ated.

Particularly interesting is a relation between the inhomogeneous band width (defined
by the standard deviation of the frequency distribution ¢,) and the standard deviation of
the radiative linewidth distribution ¢,. Details of the derivation are given in the next sec-

tion. Here we present only the final result
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S/ 214 (156)
O/ (Vuac— (V) EF2 |

Yt
e

where v,..— (V) isthemean value of the solvent shift,and (y) isthe mean value of the
radiative linewidth. This relation emphasizes the fundamental unity of the two distribu-
tions. It can also be shown, that for every probe molecule the change in its radiative line-
width is not asimple function of its solvent shift and that even for molecules with equal v
there can be abroad distribution of y (asitisinFig. 37).

The reason why a lifetime distribution has not 1 ; ; .

been observed previously is that such an effect is

o
©

difficult to observe with ensemble techniques.

o
o

Monte Carlo simulations of the decay of an ensem-

ble of molecules with parameters found for ter-

o
~

rylene in polyethylene show (see Fig. 38)that the

Emission [ab. u.]

o
N

ratio of the deviations from a single-exponential fit

to the signal is less than 1% when the measure- 0

l - 4
or ]
-1 x100 7
2
At higher temperature, the distribution of life- © 10 20 30 40
Time [ng]
times will be affected by the mobility of the host

ments are performed over atime scale of four life-

times.

Deviation

Fig. 38 Monte Carlo simulations

molecules and will depend on the ratio of the time of the non exponential decay fitted
with a single exponent. The signal-

scale of the molecular motion to that of the mea- to-background ratio is 100:1.
: o . (T) = 40MHz , o = 5MHz,
surement time. Measurements of the lifetime varia- 6. = 5MHz "
v

tions on fast time scales might shed additional light

onto local structures and dynamics with potential applications even to the study of single
biomolecules under physiological conditions. The simple theory outlined above can aso
be applied to complex bio- and chemical systems where “exact” calculations are clearly

beyond modern computing capabilities.
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Details

As it was done in all previous chapters, in this sections we give a more compl ete ac-
count about findings and theoretical concepts briefly described above. The experimental
data presented in Fig. 37 and the results of the chapter Spectral Diffusion in Polyethylene
and other Polymers clearly show that for terrylene molecules embedded in polyethylene
there is alinewidth distribution and that the main part of this distribution is not related to
the dephasing caused by the matrix dynamics. In other words the distribution is caused by
the variations of the life-times of the electronically excited state. The life-time consists of
two contributions — radiative and non radiative. The non radiative part can vary because
the coupling strength between molecular electronic states and matrix depends on molecu-
lar local environments. The second part — the radiative lifetime is related to the oscillator
strength of an optical transition. The question is which varies?

The oscillator strength is proportional to the integrated total cross section of an optical
transition. This can be determined from absorption measurement but not from excitation
spectra where the line amplitude depends on the excitation light intensity, detection effi-
ciency, luminescence quantum yield, etc. Nevertheless an answer to the question can be
obtained.

The equation (see Eg. (11) in the section Molecules Interact with Light)

R o< Ooear = COSOYY/[Tior - (K+7)] (157)

tells us that if the angle ©® and the parameter Y are fixed, the observed line area
A = RT,, becomeslarger if the radiative linewidth y becomes larger and smaller if the
nonradiative linewidth k increases. This correlations (anti correlations) can be used for the
analysis. To be able to combine data measured in different experiments we can normalize
the line area of each molecule by the mean value of the line areas of all molecules mea-
sured under equal optical alignment. This takes into account not relevant variations in the
laser intensity and collection efficiency which are dependent on alignments of the laser
beam, the photo multiplier tube, and the collecting optics. Using line areas instead of peak
rates for the correlation studies allow us aso to disregard possible variations in the dephas-

ing contribution to T'y; (T = K+ 7+ Tg1). Ry isindependent of T'y;. The varia-
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tions of ® make the correlation less pronounced but can be included in the simulations.
The assumption about a random orientation of the probe molecules in a polymer seems
very reasonable. Possible variations of the generalized Frank-Condon factor Y’ we assume
to be small and more important not correlated with the variations of linewidth. Indeed, in
the Frank-Condon approximation the radiative rate depends on the electronic transition di-
pole moment but not on Y.

Eq. (157) withY = 1 has been used for the Monte Carlo simulation shown in Fig. 39.

15 —_—

Fig. 39 If the radiative lifetime varies, the
broad lines have larger areas and a positive
correlation between linewidth and area would
arise. A non-radiative lifetime distribution
would cause anegative correlation. The corre-
lation is obscured by a random orientation of
the transition dipole moments of the terrylene
molecules. Nevertheless an analysis of thelin-
ewidth — line area correlation clearly shows
that the variations arise from approximately
equal radiative and non radiative contribu-
tions and that the fluorescence quantum yield
is approximately 70%. The figure shows (@)
data measured at 30 mK, (b) simulation using
a Monte Carlo method. The dope, the inter-
cept, and the correlation coefficient are
0.28(4), 0.72(4), and 0.33(3) respectively.

Gaussian radiative and nonradiative linewidth distributions were assumed with the con-
straintso; + o, = orand  (y) + (k) = (I) , where k is the nonradiative linewidth.
The fluorescence quantum yield n was fixed at 0.7, consistent with experimental data
[163]. Moleculeswith A/ (A) < 0.5 do not appear in Fig. 39abecause their spectraare too
noisy to be fit reliably. To reproduce this in the simulation, the condition A/ JT>2 was
used as a criterion for amolecule to be included, which is consistent with the upper bound
of 7% for the error in the linewidth that was used for screening the datafor Fig. 39a. This

choice can be justified as follows. First, we write
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1/2 .
A _qJF = (iv) 40sg (158)
JT n or/T

The second equality is obtained from the estimate of the linewidth error o~ [164] in the

case when the experimental noise is determined by the background signal (asit was in the

experiment)
Or _ 40sq JE
I R ANrI’ (159)

where 6, is the standard deviation of the signal from the mean value, 6, is the laser fre-
quency step size, R is the line amplitude. In the experiment, the frequency step
0, = 2 MHz. The background signal and hence the noise was equal for all molecules. To
relate the experimental 6, with simulations, we can consider the brightest molecules for
which in the smulations R = 1 . In the experiment such molecules had csig/i){ = 0.05

and thus for the smulationswe set 64, = 0.05. If the error in the linewidth is 7% then

A _ (2\24-005
T (TJ 007 " ° (160)

and the above stated criteria follows.

In a set of simulations, ¢,/0, was varied until the correlation coefficient, the slope,
and the intercept for alinear regression matched the features of the measured scatter plot.
Thisyielded a value of O,/ Oy~ 1. Finally, we conclude that o,/ (7) = 16%.

In the first part of this chapter it was shown that a variation of macro characteristic
properties can not explain the observations. And a microscopic theory of interaction be-
tween electromagnetic radiation and a probe molecule embedded in a solid matrix is need-
ed.

While the interaction of electromagnetic fields with asimple quantum system in avac-
uum is understood with great detail [13], the situation is much more obscure when the
atom or molecule is surrounded by many others. Difficulties arise because the structure of
electromagnetic field in a dense media becomes very complicated. One way to approach
the problem is to consider not the averaged macroscopic fields but so-called local fields,

fields which take into account the effect of surroundings. Accept for the local field factor
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and an obvious replacing the speed of light in vacuum by its value in a medium, the prob-
lem was treated in a manner analogous to that in vacuum.

Instead of a quasi classical concept of local fields, a consistent microscopic picture of
local effects would be a major step forward. Single-molecule spectroscopy (SMYS) is the
perfect technique for making this step, since it provides access to the structure of the local
environment. SMS can be used to gain some insight into the influence of local environ-
ment on radiative life times of a chromophore impurity molecule embedded in an amor-
phous solid.

The model which was already briefly described
in the first part of this chapter is show in Fig.40. Polym

This combined system can be thought of asa ** su-
permolecule,” whose wave function representing
both the impurity and itslocal environment islocal-
ized mostly in the core region. The unperturbed
transition dipole moment —e<(p0|?|(p1> = ﬁ , Where
|p are the unperturbed wave functions of the Continuu
probe molecule and f isthe electron radius-vector, Hg. 40 A model for the probe mdle
which is assumed to be parallel to z-axis. The un-  cule embedded in a polymer.
perturbed energies of the probe molecule are denot-
ed by E, (E, = 0). The chromophore volume is defined by aradius R, . Thisvolumeis
not available for polymer molecules. The polymer is made up of non interacting monomer
molecules with one ground |y,) and three excited states [,y ( m = 1, 2, 3 ). The excit-
ed states have the same energy F and the same value of the transition dipole moments

é'm = —e(wg|gi|\|1m> . The direction of the three moments are ortogonal to each other and
thus the monomer polarizability tensor is diagonal with equal eigen values. When densely
packed, the monomers have adensity n;.

The interaction between the probe molecule and the monomers is taken to have the

form of a dipole-dipole interaction Eq. (155). The perturbed wave functions read

O\ = i <(Pk\lfim|W|(Po\lfig>
[PoVy) = |(P0Wg>_ZZ|(Pka>F+—Ek (161)

i km

and
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~ IRCRTA LA
01y = I<p1w9>—ZKZI<pkwm>Tk_a, (162)

With these wave functions the perturbed transition energy and transition dipole mo-

ments can be evaluated.The transition dipole moment of the combined system (probe mol-

ecule + polymer) is

> ~~ > _—
et = —&(QoWd|f + Pilo1vy) (163)

where |(p’0Tpg> and |(p?pg> are the wave functions expressed by Eq. (161) whose substitu-
tion in Eq. (163) gives

3(1- A (B - ) — (1 - W1 1
et = 1L zz = [F E1+F+EJ.
Because three vectors dm (m = {1, 2, 3}) isafull bassvector systems, for any vec-
tor & the equality Z (3, é'm)é'm = Ad’ holds. This equality helpsto simplify EqQ. (164) as

follows

(164)

N >
> > > >
Hett = M—0l = n—>"o

i=1

N
—, (165)

where o, = 2Fd2/(F2— ED), and 8; isthe angle between vectorsft and f .
The radiative linewidth is proportional to the square of ﬁeﬁ. Within an approximation
T Z(ft, Sft) +(duw)l=p’— Z(ft, Sft) the expression for v reads

" 3cosh-1
Y o< Yvac - Yvacz 20{«—R§—' ’ (166)

. i
i=1

where ¥y, «< uz isthe radiative linewidth in vacuum.

If an external uniform field is applied to the sample, the field acting on the core region
of the super molecule is equal to the field in the center of a spherical cavity in adielectric
media with a uniform polarization P = g,(¢ —1)E,,. , where E,,, isthe macroscopic in-
ternal electric field (see Molecules Interact with Light). The part of solvent where
R > R,.x can be treated in the dielectric continuum approximation. The field inside the

cavity is
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P e—1 e+2
Eoe = Bt 3 = En(1+557) = S22, = LE, (167)

Thelocal field correction L effects the interaction strength of the super molecule with
all kinds of external electromagnetic fields and as a consequence it effects the spontaneous
transition rate (depending on the square of the coupling constant with the field modesin a

large cavity filled with the dielectric). Thus

3 1/2 3 e -1
y= e (1 ey - jv (168)

Vva

wherean extrafactor €''? takesinto account that the speed of light in adielectricis differ-
ent from that in vacuum and the factor (v /vvac)3 takes into account a change of the transi-
tion frequency (see below).

If the distribution of one solvent molecule in space is uniform, (3cos6°—1) = 0.

Thisresultsin

3.1/2 2
<Y> - ( V) 8———(§+—2) * Yvac (169)

Vya 9

The change of the transition frequency is the second order effect for which a standard

text book expression reads

_ |<(Po\|fg|w|(P1‘Ifm>| |<(P1\|fg|w|(P0‘Ifm>|2
R hz[ e 2|, (170)
where for smplicity only the two lowest electronic states of the probe molecule are taken
into account and the two terms in Eq. (170) are the corresponding changes of the two low-

est energies. After asimple math

3

2E
vV = Vvac————— W m 171
h(F El) Z |<(Po\|fg| Py >| (171)

In the explicit expression for the sum we first neglect the cross term

(- A) (B - ) — (1L - ) 3(u B (B G) — (1L - )
ZZ =~ =

I]m1
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2

> >i > 2
[3@» A (A - Om) — (11 - dm)} (172)

3

9

I m=1

R’

and then using dy, as a basis smplify Eq. (172)

I8 A G (- O] _ s S
> Sl = = E([s(u-ﬁi)ﬁi—u]-[3(u-ﬁi)ﬁi—u]) = ?ﬁ(soosei +1)  (173)

- o

m=1 i

to obtain finally

2 2
_ uE 3cos0;" +1
v = vvac—oc{ hFl}' > R (174)

This is the well-known dispersive solvent shift [165, 166]. Within the approximation of
uncorrelated distribution of the solvent molecul es we can add contribution of all solvent

molecules to obtain for the mean frequency

(V) = Vyao— a{“hﬁ} - ?T” , (175)
where n,, isthe density of solvent mol ecules?.

The factor in curly brackets (see Egs. (174, 175)) is the part mainly depending on
higher electronic states. When they are included, this factor is a sum of terms containing
the impurity polarizability, the square of the transition dipole moment p”, and the effec-
tive chromophore excitation energy E which should be used instead of E, [165]. In fact
Thisfactor istreated as a parameter below that eventually cancels.

To analyze the width of y and v distributions it is convenient to consider an effective
interaction between voids and the impurity molecules, which can be described by Eq.
(155) with opposite sign and R, understood as the distance to the i-th void. When densely
packed, the host molecules have a density ng. The concentration of voids n, « ng and

Nt = Ns—N,. The result of addition of the contributions can be evaluated using the cen-

2. One can derive Eq. (154) from Eq. (175) assuming Ry, =< Ny, - With an assumption R.3, = const the
estimate on Page 98 would changeto o,/ (1) < 7% if only the variation of e causes the distribution of .
Thisisstill too small in comparison with 16% obtained in our experiments.
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tral limit theorem. First we calculate the mean and the variance for on contribution. The
variance of the radiative linewidth o> and that of the transition frequency o; are equal to
the number of voids multiplied by the variances calculated with the single void distribu-
tion function.

We begin with 05. In the experiment under consideration, the transition frequencies
were almost equal for all measured molecules and thus v /Vvac WES@ unimportant constant
which can be disregarded. In a general case this factor can be taken into account by nor-
malization of each y by the cube of the corresponding transition frequency. The variance
is defined by

= ((y= (M) (176)

To obtain the mean of (3cos6,” — 1)2 , we should calculate the integral

Rmax T 27

30056% — 3c0s®’-1)° , | 16
<( Ccos - vj U(I(ﬂ____)d(pjgnede]RZdR =7 ng , (177)

min

where the condition R, » R,;, and V = 4nR>_, /3 have been used. Thusfor asingle void

16m

2 2
= -(200)° - . 178
(M- (2 VR (178)
Therelative standard deviation of the y distributionis
o, 167 TN,
—L = nVv.-——— = 8a 179
47 15VR, 15R%;, ()
In asimilar way
rnax n 27
(3cosH’ +1) (3cosb” +1) . 2 _ 321
<—R y = vj U(J-—d(p sinedo |R*dR VR (180)
R1’71II’| 0 O
and for asingle void
2 2
2 _ u El 321
2= [oc — } o (181)

With ahelp of Eq. (175) therelative standard deviation of the solvent shift distribution can

be written as
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o 1 | 3n
- = . - 182
Vyac — <V> ns—n, 10n Ri" n ( )

The Clausius-Mossotti equation [20] in our notations reads

[¢2}
=

3
a(ng—n,) = 4—7]: : e (183)

o
N

This allow us to obtain arelation between relative with of the radiative linewidth distribu-
tion and the relative width of the solvent shift distribution which depends only on the rela-
tive dielectric constant ¢, that is Eq. (156).
The estimate of the left hand side of Eq. (156) which is based on the following experimen-
tal data — o©,=47MHz, vy =28MHz, v, =19230cm™ [Ref],
(v) = 17600 cm™ , and 6, = 185 MHz [163] gives & = 1.5. The evaluation of the
right hand side of Eq. (156) gives = = 0.9 (for ¢ = 2.3). Thistheoretical estimate for
= can be increased by van der Waals attraction forces which reduce the void concentra-
tion in the first solvent shell. This shell contributesto v,,.—(v) avalue determined by
the Eq. (174) but does not effect theratio o, /Oy (since o, and 6, are both proportional to
J/n,) and does not effect () . All this can be taken into account by introducing a radius
Rmin and assuming that there is no fluctuations in the solvent shell configuration if
Rmin < R< Ryin but asmall change of the solvent density in thisregion is negligible. In this
case the right hand side of Eq. (156) ismultiplied by (Ruin/ Rmin)3 [167].
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A brief inspection of Egs. (168)
and (174) may give the impression
that y and the location of an impurity
in the inhomogeneous band should be
strongly correlated. Though there is
partial correlation, y isnot asimple
function of v. Thisis shown in Fig.
41 where aMonte Carlo simulation of
ascatter plot for y/ (y) vs. v/ (V) is
shown. Thus, though all 380 mole-
cules had almost equal transition fre-
guencies, they could nevertheless
have a distribution of lifetimes. In
Fig. 41 we have not accounted for the
well-known v* dependence [13] on
v, which would cause a stronger pos-
itive correlation [142].

14 , ,

Y/ V)

! I
O'§0.1 -0.08 -0.06 -0.04

(<V> _Vvac) / <V>

Fig. 41 Thisfigure shows a Monte Carlo simulation of a
scatter plot for y/ (y) vs dv/{v). Thesolidlineisthein-
homogeneous band. The radiative lifetime found from the
data (T,/¢;=55ns) and the value p?/(hv) = 30A®
have been used. o = 10A® (reasonable for a medium-
sized n-akane), E/F = 1, and R, = 0.6 nm,were also
assumed. Since crystalline PE is ~ 20% denser than amor-
phous PE, the density of voids n, = 0.2n,, where n, isthe
density of packed host molecules. From the Clausius-Mos-
sotti equation the densitiesn, = 1.8 nm> and n, = 9 nm™®
were found (assuming ¢ = 2.3).
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VIII. Perspectives

In my opinion, the development of SMSwill follow three main directions: 1) quantum
optics, where an ability to work with a single quantum system can be vital; 2) solid state
physics and technology, where in the remote future single molecules might be used for
data storage and data evaluation; 3) bio- and chemical physics, where single molecules are
very promising as nano sensors. These are only code names and all the three require an in-
terdisciplinary approach. Some suggestions are listed below.

Quantum optics. One disadvantage of SMS in comparison with, for example, single
ionsin an electromagnetic trap, is that the 0-0 emission of single moleculesis not detect-
able because strong stray and scattered laser light has the same frequency as the 0-0 line.
But estimations show that careful design can significantly improve the situation and the la-
ser light falling onto a photo detector can be severa times weaker than the resonance sin-
gle molecule emission. If such conditions were achieved, this would open many options
for quantum optical experiments. Among them: the direct detection of the Mollow triplet,
a splitting of the resonance line in an intense electromagnetic field; a single-molecule
Young's experiment, a quantum mechanical analog of the classical Young's experiment
but with two single molecules used instead of two slits; a single molecule laser, a laser
where the active medium consists of only one molecule.

Solid state physics and technology. Recent progress in the understanding of the phys-
ics of amorphous solids has led to a phenomenological theory of two-level systems. Pre-
sented results indicate that information about a particular TLSis accessible by monitoring
the transition frequency of a single molecule. Single molecule technique can help to devel-
op a microscopic theory of these structures. Especially interesting effects are expected
when the whole system is of a nanometer size. If such a scheme turns out to be feasible,
thiswill have a fundamental significance as well as a practical value. The excited state
lifetime of a TLS can be very long (up to months) and one can think of using “ TLS-single
molecule” combinationsfor data storage and as components of a quantum computer [168].
Chemical synthesis of structures with desirable TLS parametersis probably akey to a suc-

cess of this scheme.
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Bio- and chemical physics. In alarge ensemble of molecules, fluctuations are small
but their role can be far more important than just a cause for a noise in experimental data.
Crystal grow and chemical reactions are driven by fluctuation. After all, life on Earth is
probably just a fluctuation in the Universe. On the single-molecule level, these fluctua-
tions are the most pronounced phenomenon and can be a subject of thorough investiga-
tions. Single molecules could reveal the origin of non exponential kinetics, and shed extra
light on protein folding and on phase transitions. For example, green fluorescing proteins
can be used as labels in biologically relevant molecules. A combination with near-field
techniques can also add high spatial resolution. Though most biologically relevant studies
imply experiments at room temperature, some techniques developed for low temperatures
are till applicable. For example, the intensity-time-frequency correlation technique could
be applied to enhance time resolution and radiative lifetimes could be used for structural

analysis.
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