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A variety of nonphotochemical hole burning experiments are performed on the system pentacene
(PC) in benzoic acid (BZA) crystals. These experiments and previously reported fluorescence line
narrowing experiments are used to probe the nature of the inhomogeneous broadening of
electronic transitions of chromophores in crystals and glasses. A microscopic model is presented
which explains detailed results from both types of experiments. Two fundamental assumptions
are made in formulating the model. First, there is a large degree of accidental degeneracy in the
absolute energy distributions of the chromophores; i.e., molecules in different environments can

have the same absolute energy. Second, this degeneracy is lifted when the electronic state is
changed. Narrow band excitation of PC causes a well-defined change in the PC’s local
environment, producing a narrow spectral hole in the inhomogeneously broadened PC
absorption origin and an antihole which is spectrally well-separated from the PC origin. The
microscopic model is successful in explaining experimental results on correlations between hole
widths and antihole widths, hole positions and antihole positions, and in explaining fluorescence
line narrowing experiments on the correlation between the frequencies of resonant and
nonresonant fluorescence and the broadening of nonresonant fluorescence. The result is a
microscopic picture which demonstrates that narrow band excitation of an inhomogeneously
broadened electronic transition involves molecules with a very wide distribution of absolute

energies.

I. INTRODUCTION

In this paper, detailed experiments and a microscopic
model are presented which elucidate the nature of inhomo-
geneous broadening of optical absorption spectra in crystals
and glasses. The model and its associated formalism permit
explication of a diverse set of experimental observables from
fluorescence line narrowing'~ (FLN) experiments, photo-
chemical hole burning'®'? (PHB), and nonphotochemical
hole burning®!*'* (NPHB) experiments.

In a perfect mixed crystal, guest molecules occupying
sites of a particular symmetry sit in identical environments.
Since the position of the optical absorption zero phonon line
(ZPL)is determined by the total crystal field of the host at the
impurity site, all such guest molecules have the same transi-
tion energy. If such asituation occurred innature, one would
observe a ZPL in absorption that is broadened only by ho-
mogeneous contributions.

However, all real crystals possess imperfections such as
strains, point defects, and dislocations which add inhomo-
geneous contributions to the broadening of the ZPL. For a
chromophore in a glass, the inherent structural disorder of
the glass results in extensive inhomogeneous broadening of
the guest chromophore absorption spectrum. Although a
common feature of virtually all spectra, inhomogeneous
broadening is not well understood, qualitatively or quantita-
tively. Its study is both interesting and important due to the
ubiquitous nature of inhomogeneous broadening in a wide
variety of problems, e.g., impurity bands, time dependent
fluorescence line narrowing experiments, and photon echo
experiments. Inhomogeneously broadened lines are ob-
served in a wide variety of systems ranging from electron
spin resonance lines, e.g., Fe?* in MgO, "’ to optical vibronic
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lines, e.g., pentacene in p-terphenyl.'® Understanding inho-
mogeneous broadening is essential to the extraction of a var-
iety of physical information from spectroscopic observations
on inhomogeneously broadened systems. Sources of inho-
mogeneities have been studied both theoretically’” and ex-
perimentally.'®

Previously it has been recognized that inhomogeneous
broadening plays a central role in fluorescence line narrow-
ing experiments? and hole burning experiments>'? and that
information about inhomogeneous broadening can be ob-
tained from such experiments.*”'* The relevant experi-
ments all have a common feature. A narrow band laser is
used to couple two states, and a narrow spectral feature re-
sults. A secondary spectral feature is observed which does
not involve the identical two initial states. This second fea-
ture is very broad. In experiments by Flach ef al.’® the sys-
tem LaF,:Pr’* was examined. The ground state *H, was
coupled to the *P, state by a narrow band laser. Resonant
fluorescence was sharp while fluorescence from the P, ex-
cited state to a third intermediate level *Hy gave broad flu-
orescence. Griesser and Wild’ examined 1,3-dichloroazu-
lene in a 3-methylpentane glass. The ground state S, was
coupled by the laser to the S, state, which gave rise to narrow
resonant fluorescence, but broad fluorescence from S, to S.
In a somewhat different, but analogous experiment, Al’shits
et al.? excited S, to S| and saw narrow resonant fluorescence
from the system 1,2-benzpyrene in butyl bromide. However,
phosphorescence from T, following intersystem crossing
from S, and broad. Again in an analogous experiment,
Voelker and Macfarlane'? produced a narrow photochemi-
cal hole in free-base porphyrin in n-octane crystals, but the
spectra of the resulting photoproduct antiholes were broad.
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Finally, Olson et al. examined nonphotochemical hole burn-
ing in the mixed crystal system pentacene in benzoic
acid.'*® Again a narrow hole gave rise to a broad antihole.

Yen and Selzer® have put forward a model to explain
the fluorescence line narrowing experiments. This model
considers the distributions of absolute energies in the ground
state and in the excited states. A narrow range of energies in
the ground state is coupled to a narrow range of energies in
an excited state by the laser. Excitation of this narrow band
of absolute energies gives rise to the spectrally narrow reso-
nant fluorescence. The spread of absolute energies in the
ground and excited state inhomogeneous distributions in-
volved in the optical excitation is determined by the laser
bandwidth or homogeneous linewidth, whichever is greater.
At each absolute energy there is a set of atoms or molecules
which are accidentally degenerate, i.e., there are a variety of
distinct physical environments which give rise to the identi-
cal energy. When this set is excited by the laser, the acciden-
tal degeneracy is preserved in the resonantly coupled exited
state. However, when fluorescent relaxation to a third level
occurs, the accidental degeneracy of the set of fluorescing
molecules is broken. The distinct physical environments
now manifest themselves as a broad spread of absolute ener-
gies. Thus the resonant fluorescence occurs from a narrow
spread of absolute energies to a broad spread of absolute
energies in the final state. This results in broad nonresonant
fluorescence.

The difficulty with this model is that it is unnecessarily
restrictive in its assumptions. To apply this model to a var-
iety of systems and a variety of techniques, one must always
assume that a transition between the first two levels, which
are coupled by the laser, never breaks the accidental degen-
eracy of the set of molecules involved, but a transition to a
third state always breaks the accidental degeneracy. The
mathematical model presented in Sec. IT demonstrates that
it is unnecessary to assume preservation of accidental degen-
eracy between the first two levels to explain a narrow reso-
nant spectral feature and a broad nonresonant spectral fea-
ture.

Like the Yen and Selzer model, the model presented
here considers the distribution of absolute energies in each
state. The ground state is described as a Gaussian distribu-
tion of absolute energies. Following Yen and Selzer, we con-
sider each absolute energy in a distribution to be composed
of a set of accidentally degenerate molecules. In the excited
state (which will be coupled to the ground state by the nar-
row band laser) there is also a Gaussian distribution of abso-
lute energies with each energy accidentally degenerate.

The major tenet of this model, which is the exact oppo-
site of the Yen and Selzer assumption, is that any state
change breaks the accidental degeneracies associated with
the absolute energies of the initial state. The set of molecules
which has a single absolute energy in one state has a broad
range of absolute energies in a second state. For mathemat-
ical simplicity in the next section, we take the broad distribu-
tion to be the entire Gaussian distribution of energies of the
second state. (This will be shown to be consistent with exper-
iment, but the exact breadth of the distribution arising from
a set of accidentally degenerate molecules is unimportant, as

long as the accidental degeneracy is broken.)

Consider a narrow band laser coupling the ground state
to the second state. Take the laser to be tuned to the red side
of the inhomogeneously broadened absorption spectrum at
frequency £2. Now consider a single absolute ground state
energy E, somewhere to the high energy side (blue) of the
distribution. The accidentally degenerate set of ground state
molecules with energy E, has energies across the entire
range of absolute excited state energies. Therefore, there will
certainly be some molecules in the set with excited state ener-
gy E, such that (E, — E,)/#i equals the laser frequency £2.
This subset of molecules contributes to the narrow band
transition. This will be true for any choice of the ground state
absolute energy.

In contrast to the Yen and Selzer model, the net result is
that a wide spread of energies in the ground state and a wide
spread of energies in the excited state contribute to the tran-
sition at £2. At each absolute ground state energy, the laser
selects from the set of accidentally degenerate molecules the
subset with the appropriate excited state energy. The laser-
selected distribution of absolute ground state energies in-
volved in the transition at £2 is different from the full ground
state distribution. It is narrower, and it is shifted to the blue
side of the full ground state absolute energy distribution for a
laser frequency on the red side of the inhomogeneous absorp-
tion line. The laser-selected distribution of absolute excited
state energies is shifted to the red rather than to the blue.

The model specifies that all states have broad distribu-
tions of absolute energies involved in the transitions. The
initial two states coupled by the narrow band laser have a
laser-selected subset of molecules with a single transition
energy, giving rise to narrow resonant fluorescence or nar-
row holes. Spectroscopic observables involving other states
or other mechanical situations (antiholes) do not have the
laser selection, and thus the broad distributions of absolute
energies manifest themselves as broad spectral features.

In the following sections we give a simple mathematical
formulation of this model and compare to experiments. The
weight of the experimental evidence confirms this basic
model.

Il. MATHEMATICAL FORMULATIONS

The observables in the experiments to be discussed in
this paper are the distributions of transitions energies of
guest chromophores in crystals and glasses. To obtain a
mathematical model which describes the experimental re-
sults, it is necessary to consider the distribution of absolute
ground state energies and absolute excited state energies of
the chromophores. In the following discussion, E, = fiw,
and E, = #iw, will denote, respectively, the absolute ground
state energy of a guest molecule. All transition frequencies
will be written as 2. In the NPHB experiments, the photo-
product, or antihole will have its own set of absolute ground
and excited state energies and transition frequencies, which
will be represented by the analogous variables with a bar
over the top: Eg = fiw,, E, =#iB,, and 0.

The absolute ground state energy of a molecule is deter-
mined by many different parameters describing intermole-
cular interactions and various fields present in the solid.?’
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Therefore, it is reasonable to describe the distribution of
ground state energies for a large number of molecules with a
Gaussian  distribution centered at some 2:G(w,)

= g {exp[d*(w, — w])*]}. The coefficient  is related to the

width 8, (FWHM) of the Gaussian by a = 2\/In 2/8. The
number of molecules with the same ground state energy
E, = fiw, is G (w,).

As was discussed in the Introduction, the degeneracy at
each E, is accidental. Molecules belonging to the set with
energy E, have many different local environments, but the
interplay of interactions results in a single energy. When the
electronic state is changed from the ground state to an excit-
ed state, the accidental degeneracy can be broken. The first
assumption to be made in this model is that a set of molecules
which has a single ground state frequency w, will have a
broad distribution of excited state frequencies given by
flog,w,). The total distribution of excited energies will be
the sum of all these distributions:

Fo)= (" floyw.do, (1)

For mathematical simplicity, it wil be assumed that each set
of molecules degenerate in the ground state will have a Gaus-
sian distribution of excited state energies spanning all of
F(w,), i.e., it will be assumed that molecules having lower or
nhigher energy than average in the ground state will not have
this relationship in the excited state, so that each f(w,,0,)is
centered at the same frequency w?. It must be emphasized
that the specific assumptions that each f(w,,0.) is a Gaus-
sian of the same width as F{w,) and is centered at the same
frequency as F(w,) are not necessary for the success of this
model. The only essential assumption is that each set of de-
generate molecules in the ground state will have a broad
distribution of excited state energies, with width on the same
order as the width of F(w,). The particular choice we have
made simplifies the mathematics, reduces the number of pa-
rameters in the model, and is consistent with experiment.

Since the total number of molecules must be conserved,
for a particular o, the area under each Gaussian f(w,,o,)
must be equal to G (v, ). f(w,,®,) can be written

flog0,) = B (w,) exp[ — b0, — )] (2)

Therefore,
+ oo

flog0.)do, = Bo,)

JU SRSy

xf+ ) exp[ — b o, — Q] dw, = G (o), 3)

so that B (w,) = G (w,) b /J/. The parameter b is related to
the width of the excited state absolute energy distribution 6
by b = 2y/In 2/6,. Summarizing, the breaking of accidental
degeneracy in going from the ground state to the excited
state is described by

G (w,)— [ G (@,)b /] exp[ — b (@, — w?)]

= N(w.,). (4)
N (w,,,) is the number of molecules with ground state ener-
gy fiw, and excited state energy fiw, .

The observables in all experiments involve the transi-
tion energies between states, not the absolute energies of
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molecules in a given state. In the following discussion, £2 will
denote transition frequencies, whereas o will represent abso-
lute frequencies. Also, the widths of transition energy distri-
butions will be represented as A, while widths of absolute
energy distributions will be written 8.

Molecules which absorb with a transition frequency 2
must necessarily have w, — @, = {2. As described in the In-
troduction and by Eq. (4), a wide spread of energies in the
ground state and a wide spread of energies in the excited
state will contribute to the transition at {2, since our model
says that for each set of molecules with ground state energy
#iw,, there will be N (v, ,0,.) of these molecules that have
excited state energy fiw, such that w, — w, = ¢2. Therefore,

Nlwg,w,) =N (0,2 + o,)

= [Glw,)b /7] exp[ — bH2 + w, — &?)?].
(5)
The absorption spectrum of the entire inhomogeneously
broadened line 4 (£2 ) will involve all molecules that absorb at
{2, so that Eq. (5) must be integrated over @, to obtain the
expression for 4 (12 ):
+ o

A2)= N (0,22 4+ w,) do,

+ «
—6Am [ G,
Xexp[ — b2 + 0, — &?)*] do,. (6)
Carrying out the integration gives
A(2)=1[gb/(@>+b%"?] exp{ — [a°b%/(a° + b?)]
X [2 — (@ — 0?)]?}. (7)
The absorption spectrum is described by a Gaussian cen-
tered at 2° = & — wJ. As expected, £2 °is simply the differ-
ence between the center frequencies of the excited state and
ground state distributions. The width A, (FWHM) of the
absorption Gaussian can be related to the width 6, of the

excited state Gaussian and the width 8 of the ground state
Gaussian:

4, =6, + &) (8)

Now suppose that a laser with a negligible bandwidth is
tuned to a frequency £2 which is on the red side of the absorp-
tioncurvewithf2 = £2° — R (seeFig. 1). (Note: for excitation
on the blue side of the absorption band, R is a negative num-
ber.) The distribution of absolute ground state energies con-
tributing to the transition at {2 is not the same as the entire
distribution of absolute ground state energies G(w,), and
will be called the laser-selected distribution of ground state
energies, denoted by G (w,,f2 ° — R ). As discussed in the In-
troduction, G (@, ,2 9 — R)will be narrower than G (w,)and
will be shifted to the blue of G (@, ) if the excitation is to the
red of 2 °. Similarly, there will be a laser-selected distribution
of excited state energies represented as F(w,,2°—R).
F(w,,02° — R )will be narrower than F (o, ) shifted to the red
of F(w,).

Using the mathematical formulation developed thus
far, analytical expressions for the laser-selected distributions
G(w,2°—R) and F(w,,2° — R) can be obtained. Since
w, =2°—R + w,, then
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FIG. 1. The absolute ground state energy distribution G (w,) centered at g
and the absolute excited state energy distribution F(w,) centered at »? for
an inhomogeneously broadened electronic transition are shown on the left.
Due to accidental degeneracy, molecules from many different environ-
ments can have the same absolute energy in a given state. G (w,) and F(w,)
are convolved to form the absorption spectrum 4 (£2 ) centered at £2 ° for the
ground state—excited state transitions | g)—|e). Narrow band excitation of
the absorption spectrumat £2° — R (represented by the dark line) creates the
laser-selected distribution of absolute ground and excited state energies,
G(w,02° — R) and F(w,,22° — R). Note that monochromatic excitation
on the red side of the absorption spectrum selects out a set of molecules with
a wide, blue-shifted distribution of ground state energies and a wide, red-
shifted distribution of excited state energies.

N(wg,0,) =N, 2°—R + o,).
Therefore,
Gw, 2°—R)=N{w,,22°—R+w,)=[Glw,)b/Nr]
Xexp[ — b*@? — ®) — R + o, — 0?)*]
(9a)
or
G(w,.£2°—R) = (gh /) exp[ — d’(w, — w])]
Xexp[ — b 3w, ~ o7 — R)*]. (9b)

Combining terms and completing the square in the exponent
gives the final expression for G (@, £2° — R ):

G (w,,2° — R) = (gb /\/m) exp{ — b?R*[a*/(a* + b?)]}
Xexp(— (@ + b3){w, — [@) + Rb*/(@ +b7)]}))
(9¢)

The laser-selected distribution of ground state energies is
characterized by width 85, and center frequency w3 :

6GR = 565F/(5ZG + 5%-‘)1/2»
wir =2 + Rb*/(@® +b?).

(10a)
(10b)

The laser-selected distribution of excited state energies is ob-
tained in an analogous manner:

F(0,,2° —R)=(gh/\7)exp{ — a’R*[b?/(a’ + b?)]]

xexp( — [@® + b*]{w, — [0? — Ra*/(@® + b?)] D).
(11)

F(w,,02° — R) has width 8, and center frequency w2 :

Opr =086r = 6651-"/(526 + 5%)”% (12a)
0% = w® — Ra*/(a* + b?). (12b)

Figure 1 depicts these laser-selected distributions and their
relationship to the total ground and excited state distribu-
tions.

The equations obtained so far are applicable to the ini-
tial excitation step in both the fluorescence line narrowing
experiments and hole burning experiments that will be dis-
cussed in subsequent sections of this paper. Only two major
assumptions have been made up to this point: (1) There is a
distribution of absolute energies, and each absolute energy
has a large degree of accidental degeneracy; (2) the accidental
degeneracy is broken when the electronic state is changed so
that a set of molecules with a single ground state energy will
have a broad distribution of excited state energies.

To discuss the FLN experiments of Griesser and Wild’
and Flach ef al.,"® no further assumptions need to be made.
To briefly summarize the FLN experiments, a certain
| 8)—|e) transition is pumped with a narrow band laser. The
resonant |e)—| g) fluorescence is narrow, but nonresonant
fluorescence to an intermediate level |i), |e)—|i) is broad.
The model described above will predict this effect. To use the
example already discussed, suppose the | g)—|e) transition
is excited with frequency 2 which is on the red side of the
absorption spectrum. A distribution F(w,,2 ° — R ) of excit-
ed state energies is selected by this process. Each set of de-
generate molecules in state |e) will have a broad distribution
h (w,,0,;) of state |/} energies, which is analogous to f(w,,,)
in Eq. (2). Again for simplicity, it will be assumed that each
h (w,,;) spans the total distribution of state |/} absolute en-
ergies H (w,) = (D) exp[ — c*(w; — »?)’]. An equation ex-
actly analogous to Eq. (4) can be written to describe the pro-
cess of going from level |e) to level |i):

Fw,2°—R)>[F(,2°—R)c/\7]
xexp[ — Flw; — &})’] =N (@,.,).

(13)
N (w,,w;) is the number of molecules excited by irradiation at
£2° — R that have level |e) energy #iw, and level |/} energy
fiw,. For emission from level |e) to level |7}, the transition
frequency is given by 2,; = @, — w,. The fluorescence spec-
trum L (£2,;) due to |e)—|/) transitions will be Eq. (13) inte-
grated over all w,:

L(2.)) = (egh /7) exp{ — ?R*[6/(@® + b7)])
Xf+ ) exp( — (@ + b ){w, — [0 — Ra*/(@® + b3)]}?)
Xexp[ — o, — w})] do, .

(14)
Carrying out this integral gives the final expression for the
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nonresonant |e)—|i) fluorescence after narrow band excita-
tion of the |g)—|e) transition to the red side of the absorp-
tion spectrum,

L(2,)=[cgh /@ + b+ )]

xexp{ —a’R?[b*/(@* + b3}
X exp( — [(@® + bHc¥/(@® + b% + ¢?)]

X (@ — [2% — Ra*/la® + b7)]}?),

(15)
where 2%, = 0% — ?. It can already be seen that this nonre-
sonant fluorescence will be broad. This result will be dis-
cussed in detail in Sec. IV.

The NPHB and PHB experiments to be discussed are
somewhat different from the FLN experiments. After nar-
row band excitation at £2 = £2° — R creates the laser-select-
ed distributions of ground state energies G (w,,£2° — R ), the
molecules making up this distribution undergo a mechanical
perturbation. The perturbed molecules absorb in a different
range of frequencies and form the broad antihole spectrum.
To calculate the antihole absorption spectrum, it is neces-
sary to make assumptions about what the mechanical per-
turbation does to the energy distribution G (w,,f2 °_R)
The second type of FLN experiments mentioned in the In-
troduction is directly analogous to this. In these experi-
ments, the S,—S, transition is excited with a narrow band
source forming the laser-selected distribution of excited state
energies. The excited molecules undergo intersystem cross-
ing to T, giving broad T',—S, phosphorescence. In this case,
it is necessary to make assumptions about what the intersys-
tem crossing does to the laser-selected distribution of excited
state energies.

The NPHB experiment involving a mechanical pertur-
bation will be dealt with in detail here, and then discussed in
context with the experimental results in Sec. IV. In the fol-
lowing discussion, all quantities with a bar over the top refer
to molecules that have undergone mechanical perturbation
and have formed the antihole. Otherwise, they are complete-
ly analogous to their unbarred counterparts. There are sev-
eral choices that could be made in addressing the question of
what happens to G (»,,£2° — R ) when the molecules mak-
ing up this distribution are mechanicaily perturbed. One
limiting case is that G (w, 42 ®° — R ) could be completely de-
stroyed upon mechanical perturbation so that the molecules
have a ground state energy distribution which spans all of
G (@,). In the opposite limit, G (w,,2° — R could remain
essentially intact so that the perturbed set of molecules will

have a distribution of ground state energies G (@,£2% —R)
}

+ oo

AQN°-R)= N@,.2°+o,)do,

-

=Kf ) exp( — @ + b?){@, — [@0 + Rb*/(@ +bY)]}

= [K(@ +26%)"?/7] exp( — [@ +b?) b

The width of this antihole absorption is

A p = Bor +87)'* = 8¢ [ (285 + 83 )/(6% + 87)] V2.
(21)
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which bears the sme relationship to G (@,) as did
Glw, 2°—R)t0Gw,)ie., G{a) 42° — R ) will be shifted
to the blue and narrower than G (@, ). For now, it will simply
be stated that the best choice is the latter. The reasons for this
choice will be discussed in Sec. IV in terms of the experimen-
tal results.

Burning away the entire inhomogeneously broadened
absorption spectrum A (£2) creates the entire inhomogen-
eously broadened antihole absorption spectrum A4 (2) cen-
tered at £2 ° and of width 4 ,. Since we are assuming that the
fundamental nature of the laser-selected distribution of
ground state energies is preserved upon hole burning al-
though shifted in energy by the mechanical perturbation,
then G (@,,£2° — R ) will be centered at

W% =@ + Rb¥/(@* + b7 (16)
with width
Sor =8667/(6% + 6%)'2 (17

It must be emphasized that these specific assumptions are

not necessary for the success of the model. The only essential

features of G (w 2% — R ) are that it is shifted to the blue of
@, and that it has a width somewhat narrower than b¢:

G(_g,.(l"—-R)- Jexp{ — [@ +5?]

X [@, — @] + Rb*/(@ + b3)]?}.
(18)
The constant K includes the preexponential factors analo-
gous to those in Eq. (9¢}, plus the hole burning efficiency,
which is a measure of how many of the moleculies excited by
the narrow band laser actually undergo a mechanical pertur-
bation to form the antihole.

One of the two basic assumptions of the model is that a
set of degenerate ground state molecules will contain subsets
with excited state energies distributed over a wide range of
excited state energies. Therefore, the analysis of the antihole
absorption spectrum will parallel that of the unperturbed
molecules, except that the set of ground state molecules is
the laser-selected distribution G (@, {2° — R ) instead of the
entire distribution G (& ). The equation analogous to Eq. (4)
is

6(@,{10—R)—-»[E(ag,no—R)B/\/}F]

Xexp[ — 3, )

(19)
N (@, ,@,) is the number of antihole molecules with excited
state energy 7w, and ground state energy %@, . Therefore,

the antihole absorption spectrum is written

@, — @, ]_ @y s

Y exp[ — 5@, — @L)] dw,

2/(@* + 2531 { — [2° — RB*/@ + B )]} (20)

I
The width 4 (2 ) of the entire inhomogeneously broadened
antihole absorption is

4, = (8% + 632 (22)
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The center frequency of the antihole absorption produced by
narrow band hole burning of the origin at 2°— R,
A4(2,02° — R),isRb /(@ + b ? tothe red of 2 °, the center
frequency of 4 (12 ).

Ill. EXPERIMENTAL SYSTEM AND PROCEDURES

The experimental results were obtained by using non-
photochemical hole burning techniques on the system penta-
cene in benzoic acid (PC/BZA)." Optical electronic excita-
tion of a pentacene molecule induces a physical
rearrangement of a neighboring host benzoic acid dimer via
an acidic proton tautomerization. The resulting change in
the pentacene local mechanical environment shifts its elec-
tronic transition and gives rise to optical NPHB.'* This
NPHB creates four new distinct pentacene sites in the crys-
tal as is evidenced by the appearance of four sharp new spec-
tral features outside of the original pentacene inhomogen-
eous line. These photoproducts or antiholes
(sites I-TV)!4@)140L14d) are gpectrally narrow and well sepa-
rated from the origin and exhibit pentacene vibrational
structures. The antiholes are pentacene molecules in four
well-defined new environments'“®1%® having different
crystal shifts.

The antihole experiments were conducted on the site I
antihole exclusively, as it is the principal antihole. Approxi-
mately 70% of the molecules which leave the origin upon
hole burning are found in the site I antihole (~135cm™' to
the red of the PC origin). The sites II through IV antiholes
and a series of slightly populated sites contain the remaining
30% of the molecules.

NPHB thus provides a way to effect a well-defined me-
chanical rearrangement of the system. Line shape studies of
the nonphotochemical hole and antihole, in addition to stud-
ies of the spontaneous reversion (SR) and laser-induced re-
version (LIR) of an antihole (hole-filling) are presented.

The NPHB experiments were performed with the ex-
perimental setup shown in Fig. 2. The system consists of a
Coherent model CR-599-21 single mode scanning cw dye
laser pumped by 2.5-3.0 W of the 514 nm line of a Coherent
Innova 90-5 argon ion laser. Maximum dye laser power used

N

~

HE DEWAR

FIG. 2. Experimental setup for nonphotochemical hole burning. This sys-
tem utilizes a single model scanning cw dye laser pumped by 2.5-3.0 W of
the 514 line of an Ar™ laser. BS = beam splitter; CS = camera shutter; SA-
= Tropel 240 spectrum analyzer; Elect. = electrometer; A /2 = half-wave
plate; Pol. = cube polarizer; I, = gaseous I, cell. See the text.

was ~40 mW with ~ 1 MHz bandwidth. The commercially
available CR-599-21 was modified to increase the frequency
sweep from 30 to 120 GHz.

There were four basic experimental procedures used in
these NPHB experiments. The first involved burning a hole
with the narrow band dye laser and recording its excitation
spectrum. The fluorescence was collected at 90° with an EMI
9658B photomultiplier tube (PMT) filtered with Hoya R625
and R645 cutoff filters. The second procedure involved
burning a hole and recording the resultant excitation spec-
trum of the antihole. The third procedure involved burning a
hole, burning away the entire resultant antihole by scanning
the dye laser multiple times slowly across the antihole, and
finally recording the spectral region of the original hole. The
fourth procedure involved burning away the entire un-
burned inhomogeneously broadened PC origin and record-
ing the total width of the inhomogeneously broadened anti-
hole. The entire PC origin was burned away by scanning the
unattenuated dye laser repeatedly across the 16 cm ™" pseu-
dolocal phonon peak in the phonon sideband of the PC ab-
sorption spectrum. Variations in the dye laser output were
normalized out of the excitation spectra by digitizing the
signal intensity and a reference beam intensity and dividing
the two. The resulting normalized signal was stored on disk.
Several scans were usually averaged (typically 10) to improve
signal to noise.

Absolute frequency calibration of a spectrum was ob-
tained using I, gas as a standard. Part of the dye laser beam
was directed into an I, cell. The excitation spectrum of the I,
was recorded with the same laser sweep used to record the
hole burning spectra. The method permits the absolute posi-
tion of various spectral features recorded in different experi-
ments to be compared.

The PC/BZA crystals were grown from the melt by the
Bridgman technique. The pentacene was obtained from Al-
drich and used after vacuum sublimation. Benzoic acid (Ba-
ker analyzed reagent 0076) was recrystallized from deion-
ized water and extensively zone refined (~800 passes).
Crystals were mounted such that the & axis polarized PC
transition was parallel to the laser polarization. All experi-
ments were performed at 1.4 K.

IV. RESULTS AND DISCUSSION

In this section, the results of various hole burning ex-
periments on the pentacene origin and the site I antihole are
described and discussed in terms of the mathematical model
presented in Sec. II. Fluorescence line narrowing experi-
ments are also analyzed. First, the entire inhomogeneously
broadened PC origin was burned away by laser irradiation
into the 16 cm™~"' pseudolocal phonon peak in the phonon
sideband. In all crystals studied after burning away the PC
origin of width A ,, the resultant inhomogeneously broad-
ened total antihole width 4 , was similar in widthto 4 ,. The
results are shown in Table I.

Equations (8) and (22) give 4, and 4, in terms of the
absolute ground and excited state energy distributions of
perturbed and unperturbed molecules, respectively. The fact
that4 , issimilar to 4, indicates that the mechanical pertur-
bation does not basically change the manner in which the
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TABLE I Correlation between widths (FWHM) of total inhomogeneously
broadened PC/BZA unburned origins and total inhomogeneously broad-
ened site I antihole resulting from burning away entire PC origin at 1.4 K.

Crystal  Origin FWHM (GHz) Site I antihole FWHM (GHz)
1 48.4 52.2
2 62.3 50.7
3 28.0 42.9
4 47.3 66.1

disorder in the environments of the guest chromophores
manifests itself in the energy, and suggests that the widths of
the absolute energy distributions associated with the origin
and the antihole are similar.

Burning a narrow hole in the PC origin always pro-
duces a broad antihole which is not quite as broad as 4 , . The
anithole width is independent of the hole width for narrow to
moderate holes burned in the same crystal. Antihole widths
will vary somewhat from crystal to crystal as does the origin
width. Holes of various widths and their corresponding anti-
hole widths are listed in Table II for several samples. Figure
3 shows typical excitation spectra of a hole and its corre-
sponding site I antihole, which in this sample is a 482 MHz
(FWHM) hole and a 25.4 GHz antihole.

It follows directly from the model, independent of the
assumption made concerning the effect of the mechanical
perturbation on the ground state laser-selected distribution,
that a narrow hole will give rise to a broad antihole. Burning
a narrow hole involves molecules with ground state energies
spanning G (@, ). Molecules in the laser-selected distribution
have the same S,—S, pentacene origin transition energies.
When these molecules undergo a mechanical perturbation,
the laser-selected transition energy degeneracy is not pre-
served. The broad range of laser-selected ground state mo-
lecular energies is manifested when there is no longer a parti-
cular relationship between ground and excited state energies

TABLE II. Correlation between widths (FWHM) of holes burned in PC/
BZA origin and their corresponding site I anithole widths (FWHM) in var-
ious crystals at 1.4 K.

Origin Hole Site I antihole

Crystal FWHM (GHz) FWHM (MHz) FWHM (GHz)
1 63.1 25 33
28 26
34 31
428 26
448 27
482 25
2 57.3 421 15
470 19
948 15
3 66.0 408 20
32 26
81 24
580 22
500 15
4 54.3 486 21
5 28.0 484 10
807 12

(a)

FWHM = 482 MHZ
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FIG. 3. (a) Typical excitation spectrum of hole burned near center of the
pentacene in benzoic acid optical absorption origin at 1.4 K. The pentacene
origin is located at 5879.6 A and typically has an inhomogeneous linewidth
of 50 GHz. The hole shown corresponds to a hole depth of 40%. (b) Excita-
tion spectrum at 1.4 K of site I antihole produced by the hole shown in (a).
The antihole appears ~ 135 cm ™' to the red of the hole. Vertical axes of
both spectra are in arbitrary units.

produced by the laser. The antihole width will be discussed
below.

There is a strong correlation between the frequency of
the hole burned in the PC origin and the frequency of the
resulting antihole. That is, burning a hole on the red (blue)
side of the PC origin results in an antihole shifted to the red
(blue) of the center of the inhomogeneously broadened anti-
hole. Figure 4 shows two holes, labeled A and B, and their
corresponding antiholes, labeled A’ and B, respectively. It
can be seen that burning B to the blue of A results in B’
shifted to the blue of A’. This is observed in all cases, inde-
pendent of the hole position in the inhomogeneous PC origin
and independent of the particular sample crystal of PC/
BZA.

This correlation between hole and antihole frequency
permits insights into the effect of the mechanical change on
the ground state laser-selected distribution which accompa-
nies hole burning. Burning a hole at 2 = 2° — R creates a
laser-selected distribution of ground state energies
G (0,,£2° — R). Suppose, upon burning, that the energies
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FIG. 4. (a) Excitation spectra at 1.4 K showing relative positions and sizes of
holes A and B burned in the pentacene origin. Hole A was burned first, then
recorded. The spectrum and position of its antihole A’ {see (b)] was also
recorded. Laser-induced reversion (LIR) of A’ was observed to completely
fill hole A. Hole B was then burned 6.4 GHz to the blue of hole A, giving rise
to antihole B'. LIR of B’ completely filled hole B. The spectra in (a) and (b)
are a superposition of the two independently recorded spectra. (b) Excita-
tion spectra at 1.4 K of site I antiholes A’ and B’, corresponding to holes A
and B of (a), respectively. B’ appears 3.2 GHz to the blue of A'. The area of
the overlap region of antiholes A’ and B’ is 74% of the area of antihole A’.
Although the holes are well separated, the antiholes overlap substantially.
See the text for discussion.

spread out in such a way that the mechanically perturbed set
of laser-selected energies, which make up the antihole
ground state, has the same width and center as the fotal/ dis-
tribution of antihole ground state energies G (@,). In this
case, the position of the antihole will be the same regardless
of where the hole is burned. Furthermore, this supposition
would predict that all antiholes will have the same width 4 ,
as the total antihole. These results directly contradict experi-
ment. Clearly there is some correlation between the laser-
selected distribution G (w, ,.() — R)) and its corresponding
antihole distribution G (@, ,12 2" —R).

Now suppose that G (v, ,2 ® — R) is essentially pre-
served so that G (@, (@ .12 © — R)has the same characteristics as
G(w,,2° —R). G(_g,.(lo — R ) will be shifted to the blue by
Rb 2/(a + b %), anditis somewhat narrower than G (@, @, ), hav-

ing width 85 = 855,/(6% + 6%)"/%. The antihole absorp-
tion spectrum obtained after making this assumption is giv-
en by Eq. (20) The width of the absorption
4,5 = (6% +82)"/? is narrower than 4, = (8% + 5%)!/2
since 8 is smaller than 8. This expression for the width of
the antihole also shows why the antihole width is essentially
independent of hole width for reasonably small holes. 8 is
the only factor that will change with hole width. Since 36 r 18
quite large even for an infinitely narrow hole (if 86 =6,

8¢z =0.75; foran infinitely narrow hole), then 8, will not
be a sensitive function of hole width as long as the hole width
is small relative to the . produced by an infinitely narrow
hole. Thus the antihole width 4 ., will not depend on hole
width as long as the holes are narrow to moderate in width.

Under the assumption that the mechanical perturba-
tion which generates the antihole leaves the laser-selected
ground state distribution essentially the same but shifted in
energy, i.e., G (@, 42 ° — R ) has the same characteristics as
G (w,,2° — R ), the antihole spectrum is shifted to the red of
the center of the fotal antihole absorption spectrum by an
amount Rb %/(@® + b ?) after burning a hole shifted R to the
red of the center of the origin absorption spectrum.

Burning two holes in the inhomogeneous line gives rise
to two antiholes which are separated in frequency by less
than the two holes. This is illustrated in Fig, 4. The antiholes
are, within experimental error, a factor of 2 closer together
than the holes. This occurs in all PC/BZA samples exam-
ined. If the two holes are burned at £2 ® and £2° — R, then the
corresponding antiholes will be positioned at £2° and
2° — Rb?/(@ + b?).Fordistributionsof ground and excited
state antihole energies having the same width, i.e., @ = b,
two holes separated by R will have two antiholes separated
by R /2, as observed. These observations support the basic
validity of the overall model and demonstrate that the
ground and excited state absolute energy distributions of the
PC/BZA site I antihole have nearly identical widths.

The model presented in Sec. II is successful in describ-
ing a variety of NPHB results. It can also describe the results
of the FLN experiments of Flach et al. Equation (15} gives
the form of the nonresonant fluorescence from the excited
state [e) to a third intermediate level i) after the resonant
|g)—|e) transition is pumped with a narrow band laser at
frequency {2 = £2° — R. The fluorescence to |i) arises from
the set of excited molecules in |e) having the laser-selected
distribution of excited state energies, F(w,,82° — R). This
narrowed and red-shifted distribution of energies is coupled
to the entire range of level |/) energies, giving rise to the red-
shifted broad fluorescence band described by Eq. (15).

If the | g)—|e) transition is pumped with a broadband
source so that all energies are excited, the nonresonant
|e)—>|i) fluorescence will have a total inhomogeneous width
A, = (6% + 6%4)'?, where 8, and 8, are the widths of the
distribution of level |e) and |7}, respectively. Equation (15)
shows that exciting only at £2 = £2° — R gives fluorescence
with width 4, ; = (62 + 6%)!/%, where 8. is the width of
the laser-selected distribution of level |e) energies and &, is
the width of the total distribution of level |} energies. Since
Srg 1s smaller than 6, 4, ; will be smaller than 4, . There-
fore, the nonresonant fluorescence from |e) to |i} following
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narrow band excitation of | g) to |e), while very broad, is
predicted not to be as broad as the total inhomogeneous
width of the |e) to |i) fluorescence.

Earlier in this section, in connection with the NPHB
experiments, the reason for the insensitivity of 85 (hence,
O¢r ) to the bandwidth of the exciting source was described.
This explains why antihole widths are independent of hole
widths. The analogous reasoning applies to FLN experi-
ments and predicts that the width of the nonresonant
ley—|i) fluorescence should not be critically dependent
upon the width of the pumping of the | g)—|e) transition. In
fact, this is observed by Griesser and Wild in their experi-
ments on 1,3-dichloroazulene in glasses.”

Equation (15) also shows another important character-
istic of the broad fluorescence that is verified experimentally.
The |e)—|i) fluorescence obtained after exciting R to the
red side of the | g)—|e) transition at 2 =02°— R is cen-
tered at 29 — Ra*/(a®> + b?). 22 is the center frequency
ofthe total |e)—|i) nonresonant fluorescence obtained by
exciting the | g)—|e) transition with a broadband source. In
the NPHB experiments, it was found that for ahole R to the
red, the corresponding antihole was 0.5R to the red. The
coefficient 0.5 arises when the widths of the ground state and
excited state antihole absolute energy distributions are the
same, i.e., 8, = &5. Flach et al. have examined the center
frequency of the broad nonresonant |e)—|7) fluorescence as
a function of the frequency of the | g)—>|e) pumping in the
ionic crystal system discussed in the Introduction.'® The im-
portant qualitative features are, as predicted, the same as in
the NPHB experiments. For red excitation, the broad flu-
orescence is also red shifted. The red shift of the broad flu-
orescence is not as good as the red shift of laser excitation. In
the NPHB experiments, the coefficient is 0.5. In the fluores-
cence experiments of Flach et al., the coefficient is 0.7. The
0.7 coefficient will occur if the fluorescing state |e) has abso-
lute energy distribution 60% wider than that of the ground
state | g), i.e., 8 = 1.684. Since the two states involved in
the narrow pumping *P, and *H,, are of significantly differ-
ent nature, it is not unreasonable to believe that they will
interact differently with the various environments in the in-
homogeneous crystal, and therefore have absolute energy

distributions with different widths.

The model for the effect of inhomogeneous broadening
on spectroscopic observables can be applied to the experi-
ments involving intersystem crossing as well as the FLN
experiments discussed above. As in the NPHB experiments,
consideration must be given to the effect intersystem cross-
ing has on the .S, laser-selected distribution. A study of the
correlation between the position of the narrow band §,—S,
excitation and the position of the corresponding phosphores-
cence T',—S, would provide information on this effect.

It is worthwhile to experimentally address two impor-
tant points which are implicit in this model. The first is, hole
burning does not physically scramble the local molecular
environments by thermal or other processes. The second is,
accidental transition energy degeneracy exists in inhomo-
geneously broadened systems.

To address the first point, a time-resolved study of the
spontaneous filling of a hole and disappearance of the corre-

sponding site I antihole was performed by recording their
excitation spectra at various time intervals after hole burn-
ing. The line shape and linewidth of the hole and the antihole
remained constant. The hole has a 1/e spontaneous recovery
time of ~40 min and the site I antihole has a 1/e spontane-
ous reversion (SR) time of ~47 min. The hole filling time is
approximately the same as the site I antihole spontaneous
reversion time, but differs somewhat because a fraction of
the hole filling results from the SR of the other antihole sites.
More importantly, the hole is completely filled; the antihole
reverts completely back to the hole. It was noted in Ref. 14
that hole filling can be induced by irradiating the antihole
with a laser, i.e., laser-induced reversion (LIR). Excitation
spectra of the origin were taken before hole burning, after
hole burning, and after LIR of the site I antihole. It was
again seen that the population in the antihole reverts com-
pletely back to the hole. This demonstrates that the hole
burning process cannot involve a randomization of mechani-
cal configurations. Such a randomization would explain
why a narrow hole produces a wide antihole, but it would
preclude complete filling of the hole upon reversion. If con-
figuration scrambling occurred, molecules in the wide anti-
hole would correspond to a wide variety of configurations
which are uncorrelated with the initial origin configurations.
When they revert to the origin they would have a much
wider spread of energies than the hole and consequently not
fill the hole.

Turning to the second point, a natural consequence of
the model presented here is that monochromatic excitation
at a particular frequency in an inhomogeneously broadened
absorption line selects molecules with accidental degeneracy
in transition energy. These molecules come from a wide var-
iety of physical environments and have a large distribution
of absolute energies in the ground state and excited state, but
have identical transition energies. The following experi-
ment, illustrated in Fig. 4, conclusively demonstrated this
important point.

A 484 MHz wide, 50% deep hole was burned near the
peak of the unburned PC origin and its excitation spectrum
recorded. The resulting 10.2 GHz wide antihole was also
recorded and its position was accurately determined by re-
cording a gaseous iodine excitation spectrum with the same
laser sweep. LIR as then performed on the antihole and the
population was seen to revert completely back to the hole. A
similar hole was then burned 6.4 GHz to the blue of the first
hole. Using iodine excitation spectra as frequency markers,
it was determined that the peak of the resulting antihole was
3.2 GHz to the blue of the antihole corresponding to the first
hole. Again, LIR was performed on this antihole and again
the entire population was observed to revert back to its cor-
responding hole. The important observation to be made
from this experiment is that the areas of the two antihole
overlap substantially, in this particular case, 74%. Similar
experiments performed on other crystals give qualitatively
the same results, although the percent overlap of the antihole
varies somewhat from crystal to crystal.

When two holes are burned at well-separated frequen-
cies, they must correspond to different mechanical configu-
rations because they have different transition energies. How-
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ever, the antiholes overlap. Consider the overlap region of
the antihole. If there is only a single mechanical configura-
tion at a particular transition energy, there is no way for the
system to “remember”’ which hole the molecules in the over-
lap region of the antiholes came from. Upon reversion, such
a model would predict that the antihole population would
not revert uniquely to the hole from which it came. This is
contrary to observation. On the other hand, the model pre-
sented in this paper, which has accidental transition energy
degeneracy as a natural consequence, can explain the ob-
served results. At a single transition energy in the overlap
region, there can be many mechanical configurations. The
memory of which hole contributed molecules at a particular
transition energy in the antihole spectrum is stored in the
configuration differences at that transition energy, not in the
energy itself. At a particular transition energy in the antihole
overlap region, the configurations which came from hole A
are different from those which came from hole B, and there-
fore return to their respective holes upon reversion. This
experiment graphically demonstrates that molecues with
identical transition energies nonetheless have differences
which are not manifested in their transition energies.

V. CONCLUDING REMARKS

We have presented a simple model of inhomogeneous
broadening which involves two basic assumptions. The first
assumption is that there exists a large degree of accidental
degeneracy in the absolute energies of guest chromophores
in a crystal or glass. The guest-host interactions in a molecu-
lar solid are dominated by van der Waals forces which are
characterized by the dipolar tensor.?® Since the absolute en-
ergy is given by a sum of terms containing various tensor
elements, there can be many different combinations of tensor
elements (reflecting different mechanical configurations)
which give rise to the same energy, i.e., accidental degener-
acy. In ionic solids, longer range electrostatic guest—host in-
teractions are important. These are also tensor interactions
which can give rise to accidental degeneracy. The second
assumption is that this accidental degeneracy is broken upon
a change of electronic state, so that a set of molecules with
the same energy in one state will have a broad distribution of
energies in another state. This is also a reasonable assump-
tion since the balancing of influences which give molecules
in different environments the same energy will be destroyed
by the change in the guest chromophore’s electron distribu-
tion which accompanies change of electronic state. Fluores-
cence line narrowing experiments”'® are described in con-
siderable detail by the mathematical model which is based
on these two assumptions.

Applying the model to nonphotochemical hole burning
experiments on the system pentacene in benzoic acid host
crystals,’ it is found that the mechancial perturbation
which accompanies hole burning preserves the laser-selected
ground state absolute energy distribution. The relationships
between hole width and antihole width and hole frequency
and antihole frequency were explained.

A natural consequence of this model is that accidental
transition energy degeneracy exists and that nonphotoche-
mical hole burning does not result in a scrambling of the

local environment around a chromophore. Both of these
points were demonstrated experimentally for the pentacene
in benzoic acid system.

The picture of inhomogeneous broadening presented
here is able to explain diverse experiments in a variety of
crystal and glass systems. The model views the narrow band
excitation of an inhomogeneous absorption line as causing
transitions between a very wide distribution of ground state
and excited state energies. The laser selects molecules with
excited state—-ground state energy differences which fall in
the narrow range of the laser bandwidth, but the absolute
energies of these molecules vary greatly. Therefore, mole-
cules involved in a narrow band pumping experiment come
from a wide variety of local environments. It has been sug-
gested previously that narrow band experiments do not pro-
vide site selectivity.” The success of the model presented here
confirms this idea and provides an experimental tool for the
investigation of inhomogeneous absolute energy distribu-
tions and how they are affected by state changes, intersystem
crossing, and nonphotochemical hole burning mechanical
perturbations.
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