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Spectral diffusion of the transition frequency of single pentacene molecules in p-terphenyl crystal was
recently observed experimentally. In this Letter we propose a microscopic theoretical model to explain
this phenomenon. Analysis of the experimental data with our model yields detailed microscopic infor-
mation about the nature and spatial distribution of the localized excitations responsible for the observed

spectral diffusion.

PACS numbers: 78.55.Kz, 05.40.+j, 61.50.—f, 78.50.—w

Impurity spectroscopy provides a powerful means for
elucidating the structure and dynamics of condensed
phases. Recent experimental advances have made it pos-
sible, for the first time, to resolve the fluorescence of indi-
vidual impurity molecules embedded in both molecular
crystals and amorphous polymeric hosts [1-6]. A sum-
mary of the current state of single molecule spectroscopy
is given in a recent review by Moerner and Basché [7].
The optical transition frequency of an impurity molecule
depends sensitively on its local environment. Single mole-
cule spectroscopy is therefore a uniquely sensitive probe
of the local interactions and excitations in the solid state.
An unexpected result from these experiments was the ob-
servation of spectral diffusion of individual molecule opti-
cal transitions [1,2,7]. That is, the absorption frequencies
of some of the molecules change with time. Examples of
single molecule spectral diffusion trajectories are shown
in Fig. 1 (reproduced from Ref. [1]).

In this Letter we present a simple theoretical model
with which to analyze single molecule spectral diffusion,
specifically, the results for dilute pentacene in p-terphenyl
crystal shown in Fig. 1. Our analysis yields detailed mi-
croscopic information about the nature of the localized
excitations responsible for the observed spectral diffusion,
their spatial distribution, and their coupling to the impur-
ity molecule optical transition.

The structure of the p-terphenyl crystal has been ex-
tensively studied [8,9], and there are well-characterized
intrinsic localized excitations that are thought to be re-
sponsible for the observed spectral diffusion [1]. p-
terphenyl consists of three phenyl rings connected in a
linear arrangement by single bonds. The two outer rings
lie in the same plane and in its equilibrium configuration
the central phenyl ring is twisted clockwise or anticlock-
wise relative to this plane [10]. In the low-temperature
crystalline phase of p-terphenyl there is evidence that one
orientation of the central ring is stabilized relative to the
other, i.e., the central ring motion occurs in an asym-
metric double well potential [11,12]. Recent electron
paramagnetic resonance (EPR) experiments on penta-
cene in p-terphenyl have confirmed this picture [13]. We
include only the two lowest-lying quantum states of this
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potential in our model.

In our analysis of the experiment we consider two
specific models for these two-level systems (TLS). In the
first model (denoted 3D), we associate an identical, in-
dependent TLS with each lattice site in the crystal (ex-
cept the impurity’s). To motivate our second model, we
note that at low temperature the p-terphenyl crystal has
domains of different central phenyl ring ordering, and
that the central ring motion is expected to be particularly
facile at the boundary between these domains [8]. In or-
der to model this situation, we only associate TLSs with
lattice sites in a plane at a given distance from the impur-
ity molecule. We call this our 2D model.

The state of each TLS is described by a time-depen-
dent occupation variable, £;(z), which is equal to O if
TLS j is in its ground state and is equal to 1 when the
TLS is excited. The subscript j runs over all lattice sites
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FIG. 1. Peak frequency of the fluorescence excitation spec-
trum of a single molecule of pentacene in p-terphenyl as a func-
tion of time. Zero detuning is at about 223 GHz to the red of
the inhomogeneous band center (see Ref. [1] for details).
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for the 3D model and over all lattice sites in the plane for
the 2D model. We assume that the peak frequency of the
impurity (probe molecule), v(z), depends linearly on the
state of excitation of the TLSs, and we can therefore
write

V([)=V0+Zéj(l)vj'. (1)
J

vo is the transition frequency when all of the TLSs are in
their ground states and v; is the perturbation of the probe
molecule transition frequency when TLS j is in its excited
state. The dynamics of the TLSs are taken to be stochas-
tic, with up and down transition rate constants k, and kg,
respectively. Furthermore, we assume that the TLSs are
in thermal equilibrium at a temperature 7. The transi-
tion rates are therefore related by detailed balance:
ku/kqs=exp(—AE/kT), where AE is the energy splitting
of the TLSs.

We now analyze the spectral diffusion trajectories
shown in Fig. 1. The simplest way to characterize these
trajectories is with the autocorrelation function of the
frequency fluctuations: C(1)=(v(z)v(0))—<(v)2 Within
our model this is given by [14]

CW)=(p—p> )M X, (2)
where p is the probability that a TLS is excited,

__exp(—AE/kT)
P= — 5
1+exp(—AE/kT)
K is the sum of the up and down rate constants (K

=k,+ky), and My=3;v?. For our model the correla-
tion function decays as a single exponential, with decay

(3)
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FIG. 2. Correlation function of frequency fluctuations as a
function of time. The experimental results (O ) are calculated
from the two time series shown in Fig. 1 and the solid lines are

the least-squares best fits to a single exponential over the time
range 1-30s.
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rate K and initial value (p—p2)M,.

In Fig. 2 we show C(¢) calculated from the trajectories
in Fig. 1, together with fits by Eq. (2). With the excep-
tion of the point at r=0, the experimental correlation
function is well fit by a single exponential for times out to
about 30 s. The short length of the experimental trajec-
tories causes the correlation function to be noisy for times
greater than about 30 s. Since we cannot estimate error
bars for these points, we simply exclude them from the
fit. The rapid drop of C(¢) at the shortest time must be
due either to some as yet undetermined excitations that
cause spectral diffusion on a time scale faster than the 3 s
time resolution of the experiment or to experimental un-
certainties such as laser jitter.

Using the fits to C(¢) shown in Fig. 2 we can determine
the values of M, AE (and therefore p), and K (and
therefore k, and ky). We find that AE/k =2.625 K and
M,=9.29%x10* MHz2. The results for p, K, k,, and kg
are summarized in Table I. One sees that the motion of
the TLSs is extremely slow. At 1.5 K an individual TLS
will make an up transition about once every 750 s. When
the temperature is raised from 1.5 to 4.0 K the rate of
flipping increases, and the total rate, K, approximately
doubles over this temperature range. If the mechanism
for the TLS transition is one-phonon-assisted tunneling,
the total rate is given by K(T) =Acoth(AE/2kT) [15].
Using AE/k=2.625 K the one-phonon-assisted mecha-
nism predicts a ratio of K(1.5)/K(4.0) =0.450. Using
the values of K(T) given in Table 1 we find K(1.5)/
K(4.0) = 0.455. The temperature dependence of the
TLS flipping rate is therefore consistent with a one-
phonon-assisted tunneling mechanism, although more
data at intermediate temperatures are needed to confirm
this result.

The expression for C(¢) given in Eq. (2) was derived
without reference to any model for the spatial distribution
of TLSs or for the coupling of these TLSs to the probe
molecule. As shown, the correlation function analysis
does give us detailed information about the nature and
dynamics of the individual TLSs but it does not
differentiate between the 2D and 3D models. In order to
extract this information, we must consider a more de-
tailed characterization of the spectral diffusion trajec-
tories. To this end, we have found it useful to analyze
these trajectories in terms of their distribution of spectral
jumps, P(A;t). This quantity is defined as the probability

TABLE I. Model parameters determined from the fit of the
experimental correlation functions by Eq. (2).

T=15K T=40K
p 0.148 0.342
K(G™D 8.98x 103 19.75% 1073
ka (s™1) 7.65%10 73 13.00x10 73
ky (s™1) 1.33x10 73 6.74%x10 73
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that the transition frequency will change by an amount A in a time ¢, and in terms of our model can be written as [14]

P(A) =f_°;

In order to calculate P(A;f) for our model we must speci-
fy the form of the coupling between the TLS excitations
and the probe molecule transition frequency. For simpli-
city we assume a simple cubic lattice for the crystal struc-
ture, and take the coupling to be

W(ﬂj)
=A—15
(rj/a)3

rj is the distance from the probe molecule to TLS j, a is
the lattice spacing, y(Q;) is some function of the polar
angles of the position of TLS j with respect to the probe
molecule, and A is the coupling strength with units of fre-
quency. The 1/r3 range dependence of this interaction
follows from either electrostatic or elastic strain dipole-
dipole interactions. In our analysis of the trajectories in
Fig. 1 we found that the exact form of the angular depen-
dence of the interaction is qualitatively unimportant. We
will take w(Q) = —3cos¢sinfcosh, which is the xz com-
ponent of the strain tensor [16]. For our 2D model, we
must also specify the perpendicular distance (taken to be
in the y direction) of the probe molecule from the TLS
plane.

In Fig. 3 we show the distribution of spectral jumps at
two representative times calculated from the lower-
temperature trajectory shown in Fig. 1. In the upper
panel we also show the results for our 3D and 2D models
calculated by numerical integration of Eq. (4). For the
3D model there are no additional adjustable parameters
in this calculation: p and K are given in Table I and A is
determined from the constraint that Zj vf=M2, which
gives A=232 MHz. For the 2D model the distance of
the probe molecule from the TLS plane, 4 (in units of the
lattice spacing), is an adjustable parameter, and we show
results for =3, 8, and 16, with corresponding values of
A=5060, 36200, and 154000 MHz, respectively. From
Fig. 3 we see that the 2D model with #=8 or 16 agrees
well with the data, whereas the 2D model with A =3 and
the 3D model are both qualitatively incorrect. We note
from Eq. (5) that a TLS flip of a nearest neighbor host
molecule would produce a transition frequency perturba-
tion of the probe on the order of A. We might expect
that this perturbation should be less than but on the order
of the transition frequency difference for pentacenes in
two similar but inequivalent substitutional sites. For the
O, and O sites this is about 4 cm ™' or 120 GHz [2].
Therefore we conclude that the 2D model with h=8 is
more reasonable than that with A=16. This estimate of
the value of A provides further evidence against the 2D
model with A =3 and the 3D model. In the lower panel of
Fig. 3 we show the distribution of spectral jumps at a
later time, comparing experiment to the 2D model with
h=8 (there are no further adjustable parameters), with

2r I

(%)

Vi

gr—e"“n f1+2(p—pH U —e "X)[cos(v;7) — 11} .

(4)

satisfactory agreement. Although this model seems con-
sistent with the available data, and we therefore put it
forth as an explanation of the observed spectral diffusion,
we of course cannot rule out other (as yet unspecified)
mechanisms. We can say, however, that a model of cou-
pling to one or two TLSs, as has been invoked to describe
single molecule spectral diffusions in glasses [6], cannot
be operative here, since the experimental trajectories
show a very large number of possible frequencies.

In summary, we have shown that our simple theoretical
model of a pentacene chromophore interacting with the
central ring orientational degrees of freedom of many p-
terphenyl host molecules can account for the observed
spectral diffusion. In our model, the interactions are di-
polar and the flipping of the phenyl rings occurs in a
plane (presumably a wall between domains of different
orientational order) that is about 8 lattice sites away
from the chromophore. The two lowest quantum states of
the asymmetric orientational potential are split by an en-
ergy on the order of a few degrees K, and the rate of flip-
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FIG. 3. Distribution of spectral jumps, P(A;t), as a function
of jump distance, A. The experimental results (¢ ) are calcu-
lated from the 1.5 trajectory (shown in Fig. 1) at two different
times. For 1 =2.68 s the dotted line is the theoretical calcula-
tion for the 3D model. The remaining three lines are for the 2D
model with # =3 (short dashed), h =8 (solid), and # =16 (long
dashed). For 1=8.04 s the solid line is the 2D model with
h =8.
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ping is very slow (on the order of 1072 s~ "). The flip-
ping mechanism appears to be one-phonon-assisted tun-
neling. This work shows that these remarkable single
molecule spectral diffusion experiments, when coupled
with a microscopic theoretical model, can provide de-
tailed information about the nature of low-frequency ex-
citations in disordered crystals.

The details of the theoretical analysis of the stochastic
model as well as a full analysis of the experimental tra-
jectories will be presented elsewhere [14]. Although our
model was developed for an impurity molecule embedded
in a crystalline host, it can be extended in a straightfor-
ward manner to allow for a dilute, spatially random dis-
tribution of TLS excitations. Therefore our model could
be used to analyze single molecule spectral diffusion in
noncrystalline hosts [6,17]. Information from these ex-
periments should help in our understanding of the nature
of localized low-frequency excitations in amorphous ma-
terials [18].
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