VoLuUME 35, NUMBER 6 ‘

PHYSICAL REVIEW LETTERS

11 Augusr 1975

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 Ay, *+ Ay *~ Ay, *, 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 Zomoge-
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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0The width of the fluorescence band will be the same
as the width Av * only if there is perfect site coherence
during the nonradiative 1*-0* decay. If there is not,
the observed fluorescence width may be larger than
Av* 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.

Uynfortunately, 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 (~8x107¢ rad), high-energy (75 keV), 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 Letter, 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. €(w) <— 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 ¢ axis (normal to the specimen plane)
makes an angle of 60° with the incident beam. We
demonstrate the existence of three surface modes
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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 Fitton* using photoemission
and secondary-electron emission and Klucker,
Skibowski, and Steinmann® using reflectivity 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 X107® 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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the slit according to energy so that the result, re-
corded on a photographic plate, is a direct map
of the scattered intensity as a function of the en-
ergy loss, AE (=hw), and scattering angle 0
(=q.2\/27, where g, is the scattering vector per-
pendicular to the electron beam and A is the elec-
tron wavelength). The optical density of the pho-
tographic plate is, to a good approximation, lin-
ear with incident electron intensity (provided sat-
uration is not reached) so that the dark regions on
the plate represent regions of high electron inten-
sity. Precise locations of maxima are obtained
by microdensitometry using a Joyce-Loebl Mark
ITIIC densitometer. Single-crystal graphite films
with the ¢ axis perpendicular to the film surface
were obtained by cleaving Madagascar graphite
flakes using Teflon tapes.

Figure 1 shows the spectrum—intensity (as rep-
resented by optical density) as a function of AE
and q ,—recorded photographically for a graphite
flake estimated as 75 nm thick and tilted to an an-
gle of 60° with the incident beam in order to iden-
tify and enhance the intensity of surface modes.®
We note that this photograph is a positive copy of
the plate used to record the original data. The
spectrometer slit has been set perpendicular to
the axis of tilt so that ¢, lies in the plane defined
by the incident beam and the normal of the speci-
men. Under such conditions, the excitation wave
vector of a surface excitation g, in the plane of
the specimen is given by g,=(w/v) 8in60°+ ¢,
Xcos60°, where v is the velocity of the incident
electrons and the plus and minus signs refer to

hw

1
q, or o)

FIG. 1. Photograph of the scattered electron intensi-
ty I(AE, 6) as a function of energy loss, AE, and scat-
tering angle 6 for thin graphite film (~75 nm thick)
tilted at 60°. The degree of blackness is equivalent to
intensity. The horizontal line at the bottom contains
electrons scattered by elastic collisions and by phonons.

the scatterings occurring on each side of the in-
cident beam. In Fig. 2 we have sketched the loca-
tion of the intensity maxima (optical-density max-
ima) seen in Fig. 1 together with axes, units, and
identification marks. The main features® are in
agreement with Zeppenfeld’s earlier observations
within the limits of his angular resolution and
will be discussed elsewhere (see also Chen®).
Particular features of interest here are the peak
FG and the associated structure, not observed by
Zeppenfeld, represented by dashed lines between
E and F and reaching down to the origin. The
peak FG shows little dispersion, is relatively
sharp, and occurs at 11 eV. This is the peak ob-
served by Zeppenfeld® and not seen in the later
work.*5 We conclude therefore, in support of
Zeppenfeld, that this peak quite definitely exists
and that the measurements using photoemission,
secondary-electron emission,* and synchrotron
radiation® are insensitive to it. We now note that
structure represented by the dashed lines between
E and F has all the hallmarks of a surface-guid-
ed-mode dispersion pattern representing the ex-
citation of three such modes.

In much thicker films than those under consid-
eration here, the modes are identical with the
trapped modes currently being exploited in opto-
electronic devices.!® The dispersion relation for
these modes is, however, contained within the
surface-plasmon formalism.! Specifically for an-
isotropic materials, the attenuation coefficient o
of the fields in a direction normal to the surface
inside the slab is given by a=[€ (¢ - € ,w?/c?)/
€,]"2, where € ,(w) and €,(w) are the two princi-
pal, complex, frequency-dependent dielectric
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FIG. 2. Sketch of loss spectrum presented in Fig. 1.
Solid curves represent the volume-type excitations and

dashed curves the excitation of guided surface modes.
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functions of the slab. « is a complex quantity in
general, Depending on the particular behavior of
€,(w) and €,(w), a can be essentially real or
imaginary. When a is essentially imaginary (a
=ip) the dispersion equations for p-polarized sur-
face excitations take the guided-mode form

L¥=q,€e, - BtanBa=0,

L™ =a4e,+Bcotpa=0.

(1)

Here a, is the attenuation coefficient in the vac-
uum [€(w) =1] and 2a is the thickness of the slab.
The scattering probability has been evaluated for
the uniaxial crystal slab and can be cast in a form
(see Chen®) involving terms such as Im(1/L?),

We note that maxima in these functions, in gen-
eral, occur at points given by dispersion equa-
tion (1). This is similar to the calculation for

the isotropic case given by Kroger.!

At this point, it is necessary to insert values
for the dielectric constant. Two sets exist in the
literature. Tosatti and Bassani® (TB) derived
one set from Zeppenfeld’s data and Klucker, Ski-
bowski, and Steinmann® (KSS) derived another set
from synchrotron-radiation data. We have evalu-
ated the scattering probability using both sets and
find that the TB data is an excellent fit, Figure 3
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FIG. 3. Dispersion of the three guided modes shown
in Fig. 1. Note that the data represented as a function
of ¢, in Fig. 1 have now been transformed to g4, the
wave vector in the surface of the specimen. Theoreti-
cal dispersion curves are calculated for a 75-nm-thick
film using TB’s data (represented by solid curves) and
KSS’s data (represented by dashed curve).
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deals specifically with the guided-mode disper-
sion for a graphite film 75 nm thick. Note that
the data represented as a function of ¢, in Figs.
1 and 2 have now been transformed to g, the
wave vector in the surface of the sample. The

. dots represent measurements taken from densi-

tometer traces of the plate of Fig. 1 and the solid
line represents the location of the calculated in-
tensity maxima for the three lowest modes, wlg”,
Wy, and w3g+. In this notation, the symmetry (+,
-) relates back to expression (1) and the integers
arise from the conditions (m — 1)7/2 <Ba <mn/2.
The dashed line represents the only peak which
arises in the calculation when the KSS data are
used. Referring back to Fig. 2, calculations of
the complete scattering probability including both
surface and volume terms as a function of energy
at various scattering vectors also demonstrate
that the peak FG arises from volume terms and
is enhanced considerably as a result of relativis-
tic terms. It should therefore be considered as a
Cherenkov-enhanced volume interband transition.
The gap detected in Fig. 1 between the volume
loss FG and the surface losses also arises in the
calculations—essentially the volume and surface
terms cancel each other out.

The primary difference between the two dielec-
tric functions is a strong absorption peak at 11
eV in €, in the TB function. In order to explore
the consequences of reducing the strength of this
peak we have modeled the constants in the form
€(w) =1+ w2/(w,? - w?+iwy) (following Cazaux'?)
with constants as given in the Table I. The inter-
esting conclusion arising from calculations vary-
ing the strength of the 11-eV peak from the TB
values to the KSS values is that the dispersion
peaks, wg, are quite sensitive to the strength of
that peak down to an energy of ~6 eV and that one

TABLE I, Values used to model the dielectric con-
stant €, and € after Cazaux (Ref. 11).

Wg wp Y
(eV) (eV) (eV)
€, 12,5 4 2.5
21.6 14 4.32
e T8 12.5 11 1.5
12.5 16 6
12.5 27.5 14.4
€ XSS 5.5 11 1.5
13 16 6
12.5 27.5 14
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should stay relatively close to the TB values.
Finally, we note that we have made observa-
tions on flakes of estimated thicknesses 50 nm
showing two modes and 25 nm showing one mode
—again as expected for the surface guided waves.
We believe this is the first clear observation of
these waves as a solid-state thin-film excitation.
They do not occur in normal optical-reflectance
data unless deliberate efforts are made to couple
to them with a prism or grating. We have evi-
dence for the excitation of such modes in a semi-
conductor Si and an insulator Al,0, which will be
published elsewhere. The experiment also dem-
onstrates the value of high-energy electron-loss
experiments in determining the anisotropic di-
electric constant in this region. As pointed out
by Abeles, Washburn, and Soonpaa,!? very small
errors in absolute reflectivity measurements can
give rise to significant deviations in the optical
constants, e.g., optical constants can vary by a
factor of 100 for absolute reflectivity measure-
ments good to 0.5%, whereas an accuracy of
0.03% results in an uncertainty of a factor of 2
in the optical constants. This may have occurred
in the synchrotron-radiation measurements on
graphite.®
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FIG. 1. Photograph of the scattered electron intensi-
ty I(AE, 6) as a function of energy loss, AE, and scat-
tering angle 6 for thin graphite film (~75 nm thick)
tilted at 60°. The degree of blackness is equivalent to
intensity. The horizontal line at the bottom contains
electrons scattered by elastic collisions and by phonons.



