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Inhomogeneous Broadening and Excited-Vibrational-State
Lifetimes in Low-Temperature Organic Mixed Crystals
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We have determined the extent of residual inhomogeneous broadening in the "sharp"
mixed-crystal spectrum of the large organic molecule pentacene; and we report a tech-
nique for the direct fluorescence measurement of excited-vibrational-state bandwidths.
We have found the lifetime of the 267-cm vibronic band in pentacene to be greater than
0.2 nsec.

Large organic molecules in solution have broad
optical spectral lines' (200-2000 cm ' wide).
This is true even at liquid-helium temperatures
where rotational and thermal effects are not im-
portant. The mixed-crystal technique' has long
been used to provide much sharper (b, v-1-5
cm ') molecular spectra for study. The mixed-
crystal technique works by locating the subject
molecules at identical lattice sites in an appro-
priate host crystal, thereby eliminating major
environmental differences among the subject mol-
ecules and thus reducing so-called "inhomoge-
neous" broadening drastically. ' Qf course once
inhomogeneous broadening is eliminated then the
width of the sharpened lines can be used to esti-
mate nonenvironmental or "homogeneous" broad-
ening parameters such as the radiative and non-
radiative lifetimes of molecular vibronic transi-
tions. A "sharp" mixed-crystal spectrum of pen-
tacene is shown in Fig. 1. The width of the sharp
lines shown is about 3 cm '.

It is unlikely at low temperatures that lifetime
broadening, either radiative or nonradiative, can
ever account for linewidths of the order of 3 cm ',

and evidence from atomic crystals' and Shpol'skii
matrices~ supports speculation' that much of the
width of these sharp lines is still inhomogeneous.
However, in the absence of experimental data the
fraction of the width to be assigned to inhomoge-
neous effects has not been known, and it has not
been possible to infer lifetimes from these widths.

In this note we report direct experimental an-
swers to both of these questions. We have de-
termined the extent of residual inhomogeneous
broadening in the sharp mixed-crystal spectrum
of pentacene; and we have devised a technique
that allows the direct measurement of excited-vi-
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FIG. 1. The normal absorption and emission spectra
of pentacene in paraterphenyl at 1.8 K in the region of
the four site origins.

bxational -state nonxadiative bandmidtA's.

We have worked with the mixed-crystal system
of pentacene in a paraterphenyl host crystal [(5
& 10 ' mole)/mole]. This mixed-crystal system
fluoresces as if each guest pentacene molecule
occupies one of four distinct lattice sites, each
site giving rise to a system of sharp lines.
These systems of lines have origins at the follow-
ing wavelengths'. 5858.4 A (0,), 5899.0 A (0,),
5920.5 A (0,), and 5921.7 A (04), as shown in

Fig. 1. If it is accurate to speculate that these
sharp lines are still inhomogeneously broadened,
then we might speak of the site giving rise to the

0, lines, for example, as being composed of a
distribution, of "microsites. " The spectral lines
of the microsites would be purely homogeneously
broadened if they could be isolated.

387



VGI.UMz $5, NUMsxR 6 g]. &UGUsr 1/75

To the extent that the residual 3-cm ' widths
shown in Fig. 1 are due to inhomogeneous broad-
ening, the microsite lines can be isolated by
very-narrow-line laser excitation. If hv denotes
the jgom0geneous bandwidth of a microsite, then
those microsites within hv of the exciting laser
frequency will be excited and subsequently flu-
oresce. This technique of optical site selection
has been applied to non-mixed-crystal organic-
molecular spectroscopy recently. ' '

In the present experiment, using mixed-crystal
pentacene, the sample crystals were immersed
in an optical Dewar in liquid helium which was
pumped below the ~ point to reduce light scatter-
ing. Excitation into the first excited vibrational
level of the first excited electronic state of the
site with origin 0, (see arrow at 5829 A in Fig. l)
was provided by a prism-tuned, cw jet-stream
dye laser using rhodamine 110. The output of the
dye laser was narrowed to about 450 MHz (-0.0l5
cm ') by using three intracavity etalons. Selec-
tion and detection of the 0-0 emission line from
the lattice site with origin 0, was accomplished
using a —,'-m (Jarrel-Ash) monochromator-photo-
multiplier system in combination with a scanning
Fabry-Perot interferometer.

Figure 2 shows that the optical site-selection
technique is able to narrow the already sharp
mixed-crystal 0, line to 0.034 cm ', that is, by
a factor of almost 100. This very large reduction
in linewidth not only confirms speculation that
even the sharp spectral lines of a single lattice
site of mixed-crystal pentacene are almost en-
tirely inhomogeneously broadened, but also
shows that the underlying homogeneous line is (I) (2)

(3) (4)

(7)
(5) (6)

narrower than might reasonably have been expect-
ed. From the measured linewidth it is possible
to conclude that the lifetime of the first vibration-
al state must be about 0.2 nsec or longer. Such
a relatively long lifetime means that radiative de-
cay can be an active relaxation mechanism. It
suggests that in pentacene one might actually ob-
serve fluorescence directly from an excited vi-
brationl state.

In order to justify our conclusion about the vi-
brational-state lifetime, and to show that our
site-selection method offers the general possi-
bility of direct excited-vibrational-state line-
width measurements, it is convenient to refer to
the energy-level diagrams in Fig. 3. Each of the
sets of levels, labeled 1, 2, . . ., 7, represents a
different mixed-crystal molecule located at a
slightly different microsite. This is the reason
the 0*-0 transition frequencies are different. To
a first approximation, however, the vibrational
spacings 0*-1*are not expected to change from
site to site. Levels 0* and 1*are shown with
finite widths, indicating roughly their relaxation
rates; and 1* is shown with the larger width 6v, *
because it has a rapid nonradiative channel to 0*
available to it, while 0* must relax almost com-
pletely radiatively.

As shown in Fig. 3, laser irradiation into the
1*band will excite only those microsites whose
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FIG. 2. The 0-0 emission from 0& for pentacene in
terphenyl at 1.7'K recorded with a scanning Fabry-Per-
ot interferometer. The arrow in the upper inset of
Fig. 1 shows the approximate wavelength of laser ex-
citation into the 0& 267-cm ' vibronic band. The inter-
ferometer's repeat interval is shown to be 0.252 cm '.
The optical site-selection linewidth of the 0& line is
0.034 cm '. The laser line used for excitation had a
width of 0.015 cm i.

FIG. 3. Excitation and decay scheme used to inter-
pret linewidth data. The 1* level is thought to be broad-
ened by rapid nonradiative decay while the 0 and 0*
levels are expected to be very narrow in comparison.
The range of 0-0* transition frequencies reflects the
presumed existence of a range of "microsites" asso-
ciated with each type of lattice site in the mixed crys-
tal.
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0-1*transition lies within Av of the laser fre-
quency. All of those molecules will decay rapid-
ly and nonradiatively to their 0* levels. It is
important to observe that these 0* levels will sub-
sequently fluoresce into a band which also" has
width 6v, *+4v,*=&v, *. Thus, simply by moni-
toring the 0*-0 fluorescence band, the width of
the 1*vibrational level can be detected directly.

We expect, on the basis of our work with other
molecules, "that our conclusions regarding pen-
tacene mixed crystals have fairly general rele-
vance. If this is the case, then the elimination of
inhomogeneous broadening by use of optical site-
selection spectroscopy will be generally possible,
greatly facilitating studies of homogeneous effects
such as electron-phonon interactions and vibra-
tional anharmonicities in organic mixed-crystal
systems. Even more important will be the imme-
diate improvement possible in measured limits
on radiative and nonradiative vibrational life-
times in large molecules.

Finally we point out an interesting and unex-
plained distinction between these and earlier re-
sults, obtained for tetracene' and several other
large organic molecules including pentacene. ' In
the previous measurements the subject molecules
were in vitreous, not crystalline, hosts but held
at liquid-helium temperatures in all cases. The
sharpest of these lines, with inhomogeneous
broadening removed by the optical site-selection
technique, still were about 1 cm ' wide.

In a vitreous host a subject molecule experi-
ences a far greater broadening due simply to en-
vironmental irregularities than does a molecule
in a crystal, but the limit of fluorescence line
narrowing due to excitation by a very narrow-line
laser should be the same in the two cases. That
is, if the original line is an inhomogeneously
broadened envelope of very narrow homogene-
ously broadened lines, then the homogeneous
linewidth provides a lower limit on the extent of
possible line narrowing, independent of the de-
gree of inhomogeneous broadening in the original
line. The discrepancy between the line-narrow-
ing limit of 0.034 cm ' reported here for mixed
crystals, and the limit of about 1 cm ' reported
earlier for molecules in vitreous hosts, suggests
that even at liquid-helium temperatures the vit-
reous hosts contribute an unexpected lsomoge-
neous component of width about 1 cm ' to the sub-
ject molecules' total spectral width. It will be
very interesting to have optical site-selection re-
sults for similar molecules in Shpol'skii matri-
ces, hosts that are intermediate between glasses

and crystals. "
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' The width of the fluorescence band will be the same

as the width 4v&* only if there is perfect site coherence
during the nonradiative 1*-0*decay. If there is not,
the observed Quorescence width may be larger than
4m&* because of spectral diffusion, due for example to
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excitation-exchange scattering among the sites during
the nonradiative process. Thus, in the present case,
our measurement also puts a limit of about 0.2 nsec on
the time for spectral diffusion in low-temperature pen-
tacene.

~'Unfortunately, the Shpol'skii-matrix measurements
reported by Kohler et al. {see Ref. 4), were instrument-
limited, with resolution on the order of 0.4 cm, not
narrow enough to pin down the residual homogeneous
width of the lines measured.
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High-angular-resolution (-8&10 rad), high-energy {75keV), electron scattering from
graphite thin films demonstrates energy losses due to the excitation of optical surface
guided modes. Measurements of the dispersion offer considerable support for the aniso-
tropic dielectric constant proposed by Tosatti and Bassani.

In this I etter, we report the observation for
the first time of peaks in characteristic electron
energy-loss spectra which can be clearly identi-
fied with the excitation of guided surface waves
in a thin-film specimen. Such waves can most
readily be visualized as electromagnetic waves
propagating in the thin film in a wave-guide fash-
ion. These excitations are contained within the
usual surface-plasmon formalism' and become
significant at long wavelengths in thin films of
materials in energy regimes where the dielectric
constant is greater than unity. Thus in the neigh-
borhood of a strong absorption edge, the surface
excitations above the edge are of surface-plasmon
nature [provided the dielectric constant becomes
sufficiently negative, i.e. e(&u) &- 1], whereas be-
low the edge they become guided surface waves.
In the infrared, in materials where a strong ab-
sorption edge arises as a result of surface-pho-
non effects, the equivalent excitation to the sur-
face plasmon at that edge is the surface polariton,
whereas the guided-mode equivalent has been
identified as a wavelike "bulk" mode. ' In the
present case we are concerned with a situation
in which the basic physical cause of the absorp-
tion edge is a normal interband transition. How-
ever as the system in question, graphite, is ani-
sotropic some complexities are introduced into
this simple picture.

Specifically, we report high-angular-resolution,
energy-loss data as a function of scattering angle
0 for a specimen of graphite, 75 nm thick, tilted
so that the c axis (normal to the specimen plane)
makes an angle of 60' with the incident beam. We
demonstrate the existence of three surface modes

in the energy range between 4 and 11 eV at the
smallest scattering angles. At large angles a
single peak corresponding to a volume excitation
is observed. In between, the volume and surface
terms in the scattering probability cancel each
other-a corresponding gap is seen in the excita-
tion spectrum. The volume peak occurs precisely
at the point where disagreement arises between
the electron energy-loss measurements of Zep-
penfeld' and the optical observations of Willis,
Feuerbacher, and Fitton4 using photoemission
and secondary-electron emission and Klucker,
Skibowski, and Steinmann using ref lectivity mea-
surements with synchrotron radiation. The ob-
servations reported here resolve that discrepan-
cy and offer evidence in favor of the dielectric
constants proposed by Tosatti and Bassani. ' The
interpretation demonstrates the necessity for a
complete calculation of the energy-loss probabil-
ities including both anisotropic dielectric con-
stants and retardation.

The apparatus and techniques have been de-
scribed previously. '~ Briefly a Hitachi HU11A
electron microscope is used to provide a 75-keV
electron beam parallel to 8 &10 ' rad incident on
the specimen while lenses after the specimen are
adjusted to provide a long effective camera length
(-25 m). A Wien electron spectrometer mounted
underneath the electron microscope provides the
energy analysis with an energy resolution -0.5
eV. The entrance slit to the spectrometer is
placed over the central electron beam and allows
the passage of electrons scattered at different an-
gles to the incident beam. The spectrometer de-
flects electrons in a direction perpendicular to
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