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A New Optical Phenomenon: 
Exciton Surface Polaritons a t  Room Temperature 

M. R .  PHILPOTT, A. BRILLANTE,? I .  R. P0CKRAND.t and J. D. SWALEN 

IBM, Research Laboratory, San Jose, California 95193. U.S.A. 

(Received July I .  1978) 

Exciton surface polaritons (ESP's) have been detected by attenuated total reflection spectro- 
scopy on three organic solids at room temperature. This is the first time that ESP's have been 
observed at room temperature on any material. The three solids are: CTIP for y-cyclopropyl- 
bis( 1.3.3-trimethyl-indolenine-2-yl) pentamethiniuin Huoroborate, PTS for poly-2.4-hexadiyne- 
I ,6-diol bis(p-toluene sulphonate) and TCNQ" for tetracyanoquinodimethane. These three 
materials are chemically very different, the first being an ionic crystal, and second a crystal of 
macroscopically long polymers, and the third a molecular crystal. The common property that 
allows all three to support ESP's is the existence of electronic transitions of very high intensity. 
These transitions have very wide polariton stop-bands within which one component of the 
dielectric tensor assumes negative values. This is a necessary condition for the existence of the 
surface polaritons. 

1 INTRODUCTION 

The phenomenon known as metallic reflection from molecular crystals was 
first seriously studied by Anex and Simpson' some twenty years ago. Since 
this pioneering work many organic crystals have been discovered that are 
insulators but which look like metals, that is, they have faces that reflect 
visible light well enough to give the crystals a metallic lustre. High reflectivity 
implies a frequency range within which the components of the dielectric 
tensor responsible for the effect go negative. These materials are therefore 
prime candidates in a search for insulators that will support at optical fre- 
quencies and at room temperature surface electromagnetic (EM) waves that 
are the counterparts of plasmon surface polaritons of real metals. Since it is 
a transition to a molecular exciton state that gives rise to the wide reflection 

7 1BM World Trade Postdoctoral Fellow 1977-1978. 
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I40 M. R. PHILPOT?’ el al 

bands, these surface EM waves are called exciton surface polaritons (ESP’s). 
To date exciton surface polaritons (ESP‘s) have been observed only at tem- 
peratures of 77 K or less, on five inorganic solids (ZnO,’  CUB^,^ C U C ~ , ~  
ZnSe,s CdS6) and one organic solid (anthracene’). 

Exciton surface polaritons and plasmon surface polaritons are specific 
examples of a general class of surface wave called surface polaritons. Surface 
polaritons are electromagnetic waves coupled to the surface by electric (or 
magnetic) polarization fields and as such as macroscopic phenomena des- 
cribable by Maxwell’s equations. They have been studied extensively in the 
infrared and visible wavelength regions on inorganic semiconductors, ionic 
crystals and metals. Different types of electric (or magnetic) polarizations 
exist which give rise to different, though related, surface polaritons (SP’s). 
Dielectric polarization caused by optical phonons can generate phonon 
surface polaritons and the oscillations of electrons at a metallic surface can 
produce plasmon surface polaritons. In insulators electronic transitions to 
exciton states are a source of polarization that can under certain conditions 
give rise to exciton surface polaritons (ESP’s). The characteristic features of 
surface polaritons are : 

1) their electromagnetic fields decay exponentially in directions perpendi- 
cular to the planar interface on which they propagate; 

2) their electric field is p-polarized so that the E vector lies in the plane 
containing the surface normal and the direction of propagation, i.e., the 
sagittal plane (this is the same as the plane of incidence when SP’s are excited 
by attenuated total reflection using a prism coupler); and 

3) they exist in frequency ranges where the real part of the dielectric 
function is negative, as inside certain exciton bands of some crystals. 

In this paper we will first briefly review the theory of ESP’s and then des- 
cribe the observation of exciton surface polaritons (ESP’s) on surfaces of 
some highly reflecting organic solids at room temperat~re.’.~ The purpose of 
the review is to provide some theoretical background for readers unfamiliar 
with this relatively new subject. At the end of the review, Section 11, existence 
criteria are derived for metallic reflection and ESP’s. These criteria are de- 
rived by a simple geometrical argument that has not been published else- 
where. The three organic solids are: CTIP for the cationic cyanine dye y- 
cyclopropyl-bis( 1,3,3-trimethylindoIenine-2-yl) pentamethinium tetrafluoro- 
borate, PTS for the polymerized diacetylene poly-2,4-hexadiyne- 1,6-diol 
bis(p-toluene sulphonate), and TCNQ“ for the neutral molecule tetracyano- 
quinodimethane. Figure I shows the schematic chemical structures of these 
organic materials. It will be shown that ESP’s have a wide occurrence on 
organic materials, and for crystals displaying metallic reflection’ are detect- 
able at room temperature. In all observations reported to date, temperature 
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EXCITON SURFACE POLARITONS 141 

CTlP 

R :  CH,OSO,/ Me 0 
FIGURE 1 
exciton surface polaritons on crystals at room temperature. 

Schematic chemical structures of three organic materials shown to support 

of 77 K or less were needed, so that the presence of ESP's on these organics 
at room temperature makes the phenomenon almost as easy to study experi- 
mentally as phonon surface polaritons in the infrared or plasmon surface 
polaritons in the visible. 

There is already a large literature on surface polariton phenomena and 
following the generally accepted convention we shall use the name "surface 
polariton" to describe all electromagnetic waves which are confined to a 
surface by electric or magnetic polarization. It was shown in the work of 
Cohen, Uller, Zenneck and Sommerfield' that electromagnetic waves can 
propagate along an interface between media, provided certain physical con- 
ditions hold. In the case where the two media are homogeneous, isotropic, 
non-magnetic, loss-free and separated by a planar interface ; the necessary 
and sufficient condition is that e,(w) + q,(w) < 0, where E,(o)  and EJO) are 
the real dielectric functions of the two media. 

In the limit that the discrete atomic or molecular structure of solids is 
neglected the properties of ESP's are obtained by solving Maxwell's equa- 
tions with the solids treated as a polarizable continuous media. All that is 
required is a complete knowledge of the frequency (w)  and wavevector 
(k) dependence of the dielectric permittivity and magnetic permeability 
tensors. However, at the microscopic level all three classes of surface 
polariton phenomena differ because the physical mechanism producing 
the electric polarization differs in each case. In passing we point out that 
the study of ESP's on organic solids is of great theoretical interest because 
it is possible to invent realistic microscopic theoretical models of surface 
polaritons on molecular crystals that are exactly solvable." This has not 
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142 M. R. PHILPOTT ef al. 

been possible for surface polaritons on metals where the elementary excita- 
tion is a plasmon or on inorganic insulators where the excitation is a 
Wannier-Mott exciton. 

2 THEORY 

Organic solids are often highly anisotropic, and the conditions under 
which ESP's occur are more complicated than those describing surface 
polaritons in isotropic solids. In order to give the reader a full appreciation 
of the experiments and their interpretation and some simple physical insights 
into surface polariton phenomena, we shall review briefly the theory of ESP's 
on isotropic and anisotropic solids in which there is no damping, the dielectric 
tensor being real. This also serves as an introduction to the concept of 
Brewster modes and various types of classifications of surface modes used in 
the literature. 

The dispersion relation for ESP's on an isotropic surface active medium 
with a dielectric function eb(w) is given by" 

(CKlo)' = EaEb((u>/[Ea + E b ( W ) ] ,  (1) 

where K is the wavevector, parallel to the surface plane and E ,  is the real 
dielectric constant of the surface inactive medium. This relation describes 
not only surface polaritons but also the Brewster modes, which are p -  
polarized waves impinging on the surface at the angle for which there is no 
reflected component. It is a simple matter to show that the Brewster angle 
condition 

can be converted into Equation (1) by using the relations 

and sinZ@ = tan28/(1 + tan%). 

Therefore, a solution of Eq. (1) for the K dispersion of o yields both Brewster 
and surface polariton modes. 

For a solid with a single exciton resonance the dielectric function eb(w) is 

G f  
o$ - 0'' Eb(W) = E ,  + (3) 
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EXCITON SURFACE POLARITONS 143 

FIGURE 2 Schematic diagram of the dispersion curve (o v s . ~ )  obtained by solving Equa- 
tions (1) and (3). The relation between the longitudinal frequency, oL, and the transverse, oT, 
is given in Equation (5). The light line for air is shown as the sloping broken straight line. 

Substitution of E&W) into the dispersion relation, Eq. (l), yields a quadratic 
equation for to2. The solutions of this equation are plotted schematically in 
Figure 2. The upper branch is a high frequency Brewster mode and the lower 
branch starting at K = 0 describes a low frequency Brewster mode until the 
point K = &,(oT/c) is reached. At this point the mode becomes localized 
at the surface and crosses over to the surface polariton branch, labelled ESP 
in Figure 2. In the present context, since relaxation within the crystal has 
been assumed to be zero (y = 0), the ESP’s may also be correctly described 
as Fano modes, which are the ideal undamped surface electromagnetic 
waves. Also the SP mode has an asymptotic cut off given by 

which shows that the ESP is frequency bounded and lies entirely within the 
polariton stop-band, i.e., wT I w I wL. Here oL is the longitudinal exciton 
frequency, 

which is independent of the angle of incidence. There is no spatial dispersion 
since E(O)  is independent of wavevector and no orientational dispersion of 
the exciton since the solid is isotropic. 

It is characteristic of surface polaritons of all types that the cut-off fre- 
quency, asp, which corresponds to the surface state frequency in the absence 
of retardation (limit K + a), depends on the dielectric constant of the sur- 
face inactive medium. The effect of increasing E, is to compress the frequency 
range of the surface mode, by pushing wsp closer to the transverse exciton 
frequency wT. Notice that the ESP dispersion lies on the right-har‘d side of 
the light-line of the surface inactive medium; photons incident on the crystal 
face now cannot excite the surface wave because it is not possible to simulta- 
neously match frequency w and surface wavevector K .  If, on the other hand, 
another inactive medium with refractive index ng > n, (where na = &) is 
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I44 M. R. PHILPOTT ef al. 

brought close to the surface (but not close enough to significantly disturb the 
dispersion of the ESP), then it is possible to couple photons to the ESP. The 
coupling arises when the dispersion line of the prism photon intersects the 
ESP dispersion curve. In other words it is now possible to match frequency 
and wavevector of a prism photon to those of an ESP. This is the principle of 
detection of surface waves by attenuated total reflection (ATR) spectroscopy. 

Surface polaritons with a dispersion given by Eq. ( I )  are defined for all 
values of the surface wavevector K greater than the minimum value K =  
= wTna/c. This is clear from the curve in Figure 2. These modes are called 
real surface polaritons because there is no volume polariton with a wave- 
vector parallel to the surface which can match phase and frequency with this 
ESP. Put another way, volume polaritons are excluded from the frequency 
range oT < GO < wL because the stop-band is invariant under changes in 
the direction of the three dimensional wavevector, E. 

Organic: solids are rarely isotropic and a more complex model is needed to 
describe ESP's on the surfaces of anisotropic crystals. The next step in com- 
plexity is to assume that the surface active medium is orthorhombic with the 
principal dielectric axes along the coordinate axes x, y and z where the unit 
vector i is perpendicular to the surface and points into the crystal. The wave- 
vector K of the surface wave is taken to be parallel to the 2 unit vector. It has 
been shown'"15 that now the dispersion relation for ESP's polarized with 
an electric vector in the x z  plane is 

This same relation also describes a Brewster mode which is for anisotropic 
solids thep-polarized mode for which the reflectivity R,, is zero. The Brewster 
angle is given by 

It is important to recall that excitons in orthorhombic crystals have properties 
different from those in isotropic solids, but that they are similar in many ways 
to those observed in crystals of the monoclinic class. For example, excitons 
with an E field in the xz planeexhibit orientational dispersion. The energy of 
this exciton (if the symmetry were uniaxial this exciton mode would be called 
the extraordinary mode) isI6 

w2 = (0; + w;(cos & ) 2 f / E , ,  (8) 
where 4 is the angle between the transition dipole and the wavevector. As the 
angle between the three dimensional wavevector and the transition moment 
changes, the energy of the coulombic exciton shifts from wT(& = n/2) to 
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EXCITON SURFACE POLARITONS 145 

wL($ = 0). If the third component cy has the form given by Equation (3), 
then this exciton at wTY shows no orientation dispersion and in a uniaxial 
crystal would be referred to as an “ordinary” exciton. 

Several cases of great practical interest are approximated by a model for 
which the dielectric component, E, , perpendicular to the crystal surface is 
effectively independent of frequency over a limited range, and the component, 
E , ,  parallel to the direction of propagation is given by Eq. (3) .  This geometry 
approximates the crystals selected for ESP experiments; namely the poly- 
meric crystal, PTS; the cationic cyanine dye crystal, CTIP; and the neutral 
molecule crystal, TCNQ”, each for specific crystal faces. 

It has been shown that there is no surface polariton solution if 0 < E, 

< E , . ~ ~ - ~ ~  When E ,  > E,,, there is a volume exciton-polariton mode with a 
wavevector parallel to the x-axis and an electric vector E parallel to the z axis, 
which intersects the ESP in the frequency range where E,(o) is negative. The 
ESP branch ceases at the intersection point, connecting to  a volume exciton 
polariton, and its range in wavevectors is bounded. Because this type of ESP 
is found only near the light line, it has been called a virtual in con- 
trast to the real ESP’s of an isotropic crystal, which were discussed earlier. 
It is possible that organic crystals with real ESP could be found. The simplest 
case would be a crystal with two molecules per unit cell oriented in such a 
way that E ,  and E, have common frequency regions, where the dielectric 
components are both negative. 

So far we have described the case of non-absorbing solids. In real solids, 
however, there are complicated frequency independent relaxation processes 
which reduce the reflectivity within the stop-band regions. The simplest way 
of including a damping process is to include a phenomenological term - i o y  
in the denominator of the expression for eb , Eq. (3), which becomes 

w:f 
Cb(W) = E ,  + 

w’, - w 2  - iwy’ (9) 

With the inclusion of cb in the form given by Eq. (9) the dispersion relations 
(1 )  and (6) become complex and it is necessary to define the experimental 
conditions by which the surface modes are to be excited. The two most 
commonly used experimental ATR configurations correspond to R, vs. B 
(w constant) and R, vs. w (0 constant) which we shall, henceforth refer to as 
angle and frequency scans, respectively. The complex properties of w and K 
are different for each case and have been discussed fully (see Reference 10d). 
The important point is that there is no longer a sharp division between the 
Brewster mode and the surface polariton. Minima in the ATR spectra can 
occur on either side of 0,, the critical angle, for the prism-air interface. In the 
case where I ReE(w) I P Zm~(w), the surface modes resemble those correspond- 
ing to y = 0 in the theoretical models. These modes are often referred to as 
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146 M. R. PHILPOTT et al. 

€ I *  

I +  

-'a 

FIGlJRE 3 A schematic diagram of the imaginary part of ~ ( ( 1 ) )  plotted against the real part 
of E(w).  The dielectric function E(O) is defined by Equation (9). The large circle is for small 
damping and the small circle is for large damping. The locations of the three limiting regions, 
Fano, Zenneck and Brewster, are shown. See the text for more details. 

Fano modes. Surface modes also occur when 1 Res(w) 1 N fms(o)  and these 
having no formal counterpart in the y = 0 regime, are often referred to as 
Uller-Zenneck or more simply as Zenneck modes. Actually the same solid 
may support all types, there being a continuous blending from one to the 
others. This is shown in Figure 3, where we have plotted Ime(o) against 
Redco) for dielectric functions with the form of Eq. (9) corresponding to very 
different values of the damping parameter y. The Fano region lies close to the 
real negative axis, the Zenneck region on the positive imaginary axis, and the 
Brewster region on the positive real axis. Organic solids tend to be more in 
the Zenneck region whereas metals, like silver, tend to be in the Fano region 
and lie close to the real axis for visible frequencies. 

The dispersion relations (1) and (6), for isotropic and anisotropic crystals, 
respectively, can easily be solved for any values of the damping parameter y ,  
under the assumption that o is real and K is complex, as required for angle 
scan ATR experiments. Figure 4 plots of o against the real part of K for the 
anisotropic (virtual ESP) case. Three values of the damping have been 
selected that simulate the experimental dispersion curves of CTIP, PTS and 
TCNQ". The parameters used were E, = 1.0, E,, = E, = 2.25 and f = 1.0. 

Damping affects the real ESP more because for this mode both the x 
and z components of the EM field are coupled the dissipation process. In the 
case of both real and virtual ESP's the effect of increasing the damping is to 
pull the mode out of the nonradiative region where C K  > o, into the radiative 
region where co > C K .  

The simplest occurrence criterion for ESP's is the existence of metallic 
reflection' from the surface of the organic solid. If the solid displays metallic 
reflection then as noted in the introduction, there is a distinct possibility 
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EXCITON SURFACE POLARITONS 147 

REDUCED WAVEVECTOR (cK/w,.) 

FIGURE 4 Effect of damping on the dispersionw vs. Re K of an ESP of an anisotropic crystal, 
showing the existence of back bending in the dispersion curve for three large values of the damp- 
ing parameter y .  The parameters used in the calculation were E, = I ,  &,, = 2.25, E,  = 2.25, 
f = 1.0 and y = 0.075 oT. 0.2 of, 0.3 wT. 

than E: is less than - 1 for frequencies corresponding to the metallic color. 
In the notation of Eq. (9) the condition for metallic reflection, as formulated 
by Anex and Simpson,' is 

The damping or relaxation parameter y is the reciprocal of the lifetime of the 
exciton in the solid. In applications of inequality (10) it is well to bear in mind 
that the systems for which it was proposed are organic dye stuffs. The elec- 
tronic transitions of these materials display little or no vibronic structure and 
it was found empirically that within experimental error y was equal to the 
half width of the transition in solution at low concentration. Typically 
y N 3000 cm-', oT N 20,000 cm-' arAd E ,  N 3, which implies that the 
oscillator strength f should be greater than unity for metallic reflection to 
occur. An alternative way of writing criterion (lo), involving the width of 
the polariton stop-band, is 

(1 1) 

Since Aw is also a measure of the coulombic exciton band width, this last 
relation is the solid state equivalent of the criterion for strong vibronic 
coupling in dimers as put forward by Simpson and Pe te r~0n . l~  

The criterion expressed by inequality (10) does not take into account the 
requirement that &'(a) < - E, for nonradiative surface waves on an isotropic 

AO = wL - O= > y .  
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148 M. R. PHILPOTT et al. 

solid. In a sense (10) is a necessary but not sufficient condition. To derive a 
necessary condition a simple geometrical argument suffices. 

It isa simple matter to show that the locus of E"(o) against ~ ' ( w ) ,  as shown in 
Figure 3, for example, is approximately an open circle centred at (E,, ~E"(o I , , ) ) .  
The locus has a segment missing between the points E' = e, and E' = ~ ( 0 )  on 
the real axis. The radius of the circle is &"(o,) or equivalently g(w,f/y). The 
geometric interpretation of inequality (10) is now evident, it is simply a 
statement that all circles with radii greater than E ,  cut the vertical C" axis. In 
other words for a crystal to show metallic reflection the plot E" vs. E' must 
touch or cut the E" axis. By analogy the necessary condition for the existence 
of real ESP's is 

(12) 

Geometrically this corresponds to circles E" vs. E' that touch or cut the line 

f > 2 ( ~ m  + Ea)Y /W, .  

El = - E a .  

3 EXPERIMENTAL RESULTS 

The method of ATR used in the experiments is shown schematically in 
Figure 5 .  A crucial problem encountered in these experiments is the setting 
of the air gap between the prism and the crystal, to the wavelength of the 
incident light. Even with the best faces the gap varied widely over the width 
of the laser beam, due to irregularity of the sample. To reduce this problem 
we focused the laser beams to a small spot.18 This was accomplished by first 
expanding a p-polarized beam with an inverted telescope and 

Focusina 

spatial filter 

Crvstal 

-Air Gap 
Laser Polarizer 

Prism Beam Expanding 
Telescope 

Screen Pin Diode Or - y K  
FIGURE 5 
crystals with irregular surfaces. 

Schematic diagram of the focused beam method of making ATR angle scans of 
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EXCITON SURFACE POLARITONS 149 

to a width of 40 mm and subsequently focusing the expanded beam onto the 
base of the prism using an achromatic wide angle lens (focal length = 28 
mm). The prism faces were optically flat to within A/ 10. For spot sizes smaller 
than the irregularities in a particular region of the crystal surface the prism- 
crystal separation was uniform. Regions suitable for the ATR experiment 
were found by translating the spot across the base of the prism. The gap be- 
tween the crystal and prism was changed by adjusting the pressure applied 
to the prism. Once a suitable position on the crystal was located and an opti- 
mum gap obtained, the ATR spectrum was measured by moving a pin diode 
detector through the cone of light reflected from the prism. By changing the 
wavelength from 632.8 to 441.8 nm, we were able to determine the dispersion 
of the surface modes throughout the region of the stop-bands. At the end of 
a sequence of experiments the prism was translated and the total internal 
reflection spectrum for the prism-air interface was measured to set the angular 
and reflectivity scales. As already mentioned the air gap was adjusted at each 
wavelength in order to optimize the coupling to the surface polariton. 

3.1 ATR Spectra of CTIP 

Crystals of CTIP were grown from a hot saturated methanol solution that 
was allowed to cool slowly over a period of several days. The crystals grew 
as large 5 x 4 x 2 mm prismatic shapes with well developed silver coloured 
(1 10) and (01 0) faces and blue coloured (100) faces. Some samples had (1 10) 
faces with dimensions as large as 5 x 4 mm, though they were rarely flat over 
areas this large. The experiments reported here were performed on the (1 10) 
face, experiments have also been performed on the (010) and (100) faces. In 
passing we note that silver metallic reflection from organic materials is 
virtually unknown, only (CH),, its derivatives”.” and CTIP’1,2’ display 
reflectivity high enough over all visible frequencies to show this phenomenon. 

The crystal structure of CTIP is triclinic Pf with two molecules per unit 
cell. The cations are parallel and packed approximately in the (1 12) plane.23 
It  is entirely reasonable to assume that the transition dipole lies along the 
chain axis so that in the crystal the transition polarized along the chain axis 
is allowed and that perpendicular is forbidden. Also since the electronic 
transition is well removed from all others it should be entirely responsible 
for the anomalous dispersion of the dielectric tensor. Consequently the 
optical properties of the crystal are equivalent to those of an orthorhombic 
solid with one principal axis parallel to the chain axis and the other two per- 
pendicular to the chain axis. Furthermore since the chain axis is inclined at 
an angle of only 9.4“ to the (1 10) plane, as a first approximation one can 
assume that the dielectric tensor is diagonal in the 2 , j ,  9 coordinate system 
of Eq. (1). 
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FIGURE 6 ATR p-polarized spectra of CTIP face (1 10) for three wavelengths. At 620 nm the 
gapis397 nmande, = -9.10 + i6.61;at514.5 nmthegapis278 nmande, = -2.62 + i0.95; 
at 476.5 nm the gap is 206 nm and E, = - 1.14 + i0.23 for the theoretical solid curves. In all 
cases the dielectric function normal to the ( I  10) face was assumed to be E, = 2.6. The dashed 
line shows the reflectivity from the air-prism interface and the limiting value is marked for the 
critical angle c $ ~ .  

The exciton band therefore has two branches, one with a strongly allowed 
transition parallel to the polymethinium chains and the other polarized per- 
pendicularly to the chains with vanishingly small intensity. Of course second 
order interactions can give this second branch some intensity but as examina- 
tions of the reflection spectrum at room and at 2°K show no sharp structure; 
it is, therefore, reasonable to neglect this second branch as a good first 
approximation. 

Figure 6 shows a representative set ofp-polarized ATR spectra of the (1 10) 
face of CTIP. The data points are measured values and the curves were 
obtained by fitting Fresnel’s formula of the layered system to the experi- 
mental results. The dashed curve gives the internal total reflectivity spectrum 
of the prism-air system without the crystal being present. Note that all 
resonance minima are located to the right of the critical angle 4c in the non- 
radiative region (4 > 4J, which is a characteristic property for surface 
polari tons. 

In Figure 7 the experimentally determined dispersion of the exciton surface 
polariton is shown in a plot of wavelength and energy of the exciting light 
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FIGURE 7 Experimental dispersion curve of wavelength in nm and energy in eV as a function 
of internal and external angles of incidence. The almost vertical line is the critical angle, i.e., the 
light line. A lower right inset shows the experimental configuration. 

versus the angle of the reflection minimum (internal and external resonance 
angle 4o and 6,, respectively). The wavevector of the ESP is k, = (o/c) . n, 
. sin&, , where n, is the refractive index of the prism. The negative slope of 
the light line in Figure 7 (+o = arcsin( 1 In,)) is due to the change in the prism 
refractive index with wavelength. We measured a difference of up to 18 
degrees between the light line and the ESP resonance, an indication of con- 
siderable dispersion. The air gap in the experiments had to be adjusted for 
different spectral regions because of the large variation of the dielectric 
function of CTIP in the wavelength region investigated. Therefore the dis- 
persion curve given in Figure 10 was obtained from measurements with 
slightly different gap widths. 

The experimental ATR spectra were analysed to calculate the dielectric 
function E ,  = E L  + iE: and gap distance d assuming that E, = 2.6 was 
constant, independent of frequency. This value of E, is the same as the back- 
ground value of the dielectric component E,. The values of E, determined 
(see caption Figure 6) were used to obtain the spatial dependence ofthe 
electromagnetic field intensity of the ESP’s shown in Figure 8, where 4 1 H 1 ’ 
is plotted as a function of z across the layered system consisting of prism air 
gap and crystal. The p-polarized intensity, calculated for the resonance angle 
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-100 0 100 200 300 400 500 
Distance (nm) 

FIGURE 8 The electromagnetic field intensity fla(' as a function of distance along the z-axis 
through the prism-air4rystal structure for the wavelengths 620 nm, 514.5 nm and 476.5 nm. 
Each curve was calculated at the internal resonance angle 4,,, using the same parameters as in 
Figure 6. Note that because the experimental gap varied for each reflectivity curve given in 
Figure 6 ,  the crystal surface appears at different z values. 

bo of the curves of Figure 6, shows the behavior typical for the excitation of a 
surface wave, namely a resonantly enhanced field intensity at the air-crystal 
interface. For CTIP this effect is more pronounced for the long wavelength. 
In contrast the s-polarized intensity, where no surface polaritons are excited, 
shows only the character of an evanescent field. 

The remarkable feature of Figure 7 is the fact that the ESP was not ob- 
served at  all in the radiative region, which lies to the left of the light line 
(solid line). Referring back to Figure 4 we see that the type of dispersion 
exhibited is qualitatively similar to the y = 0.075 curve. We shall see 
that the ESP's on PTS and TCNQ" resemble the other two curves in Figure 
4, so that a rather complete range of examples have been studied in our 
experiments. 

3.2 ATR Spectra of PTS 

At room temperature PTS is a monoclinic crystal with space group P2, /c ,  
having two zig-zag polymer chains passing through a unit cell, each parallel 
to the unique monoclinic b axis.24 The plane of the zig-zag is not parallel to 
the main cleavage face (100) but inclined a t  an angle of 17". The optical pro- 
perties of PTS have been determined at room temperature and at  low tem- 
perature by reflection s p e c t r o ~ c o p y . ~ ' ~ ~ ~  There is some evidence that the 
electronic transition dipole of a single chain is not directed exactly along the 
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EXCITON SURFACE POLAKITONS I53 

chain axis but is inclined to it at an angle of approximately 14" within the 
plane of the zigzag The crystal should, therefore, display two 
allowed volume exciton transitions, one parallel to the b axis and the other 
perpendicular to it. The projection of the transition dipole moment on the 
perpendicular direction is, however, much smaller than the projection on the 
parallel direction. Furthermore, this perpendicular projection has only a 
small P component (unit vector f is normal to the (100) crystal face). There- 
fore in the present analysis we shall ignore the weak P component of the 
perpendicular transition and treat the optical properties as if the crystal were 
orthorhombic with the b axis parallel to the 2 direction. 

In our experiments monomer crystals of 2,4-hexadiyne-l,6-diol bis (p- 
toluene sulphonate) were grown from methanol solution by slow evaporation 
at room temperature. These monomer crystals were cleaved parallel to the 
(100) face. An important physical property of these and related diacetylene 
crystals is the ease with which the basal face may be cleaved to give relatively 
large areas free of visible imperfections. This property is crucial for ATR 
experiments because the air gap between the prism and the crystal must be 
set to the order of the wavelength of the light used. The monomer crystals 
were polymerized in the dark at a temperature of 60°C under vacuum. The 
procedure of cleavage before polymerization yields better surfaces because 
the cleaved polymer crystals often have faces spoiled by the presence of 
loosely attached polymer fibrils. 

Figure 9 shows the ATR curves for a PTS crystal at 295°K as a function 
of the angle of incidence for three different wavelengths, 600,610 and 620 nm. 
The experimental points coincide in each case almost exactly with the 
theoretical curve derived from a least squares computer fit to Fresnel's 
equations. The theoretical parameters used in the calculation are given in the 
caption to Figure 9. The fourth solid curve from R, = 0 to R, = 1 at the 
critical angle, $ c ,  is the internal reflection of the prism-air interface where 
there was no crystal. As in the case of CTIP this curve was used to set the 
angular and reflectivity scales for the ATR measurements. Figure 10 shows 
the dispersion (1 vs. the internal angle, 4, and also the external angle to the 
prism base, 0) of the ESP's determined by plotting the wavelength versus the 
angular position of the reflectivity minimum. 

Starting at  1 = 632.8 nm in the radiative region the dispersion curve, 
shown in Figure 10, crosses the light line at 1 = 607 nm, into the non- 
radiative region where CK is greater than w. It then bends back and returns 
to the radiative region where CK is less than w. This behavior resembles the 
y = 0.2 wT curve in Figure 4. 

Returning to Figure 10 we can now describe the evolution of the ESP along 
the dispersion curve. At the longest wavelength the ESP can be described as 
a damped Brewster mode. In the region of crossing the light line the damping 
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FIGURE 9 Reflectivity intensity R, as a function of angle, internal angle (4) on the lower 
abscissa and external prism angle (0) on the upper abscissa, for three wavelengths. At 600 nm 
the gap is 319nm and E, = -1.11 + i3.92; at 610nm the gap is 488nm and E,  = -3.19 
+ i8.65; and at 620 n m  the gap IS 530 n m  and zX = 2.78 + i22.22 for the theoretical solid 
curves. In all cases the dielectric function normal to the (100) face was assumed to be E,  = 2.48 
+ i0.003. The reflectivity from the air-prism interface is shown as the fourth curve and the 
limiting value is marked for the critical angle, r$c. An upper left inset schematically shows the 
experimental configuration. 

is very heavy and the ESP is a Zenneck or a very lossy Fano mode. At slightly 
shorter wavelengths the surface polariton crosses back into the radiative 
region on the left side of the light line and once again becomes a Brewster 
mode. At room temperature the ESP on PTS does not penetrate very far into 
the nonradiative region. 

In Figure 11 the relative electromagnetic intensity is shown as a function 
of the z position across the layered structure, prism-air gas-crystal, at the 
minimum reflectivity angles for the three curves of Figure 9. Notice how the 
intensity peaks a t  the crystal surface and decays away from the interface very 
rapidly for each case. This enhancement of the field intensity at  the crystal 
surface is a distinctive characteristic of surface waves. Also shown in the 
Figure 9 is the intensity of the s-polarized wave which exhibits the decay 
curve typical of an evanescent field created by total internal reflection. Notice 
that the ratio of the peak field intensity on the crystal surface to that within 
the prism is smaller for PTS than for CTIP, reflecting the fact that in CTTP 
the ESP is more localized. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

4:
24

 2
3 

Fe
br

ua
ry

 2
01

3 



590 

600 

- 
61C - 

4 
r 
Fn 

5 62C 
- 5 

630 

640 

I I I 1  

EXCITON SURFACE POLARITONS 

External Angle of Incidence 0 (deg) 

50 49 
I I 

I 

42 

I55 

2.10 

!.oa 

2 .06  

2.04 - 
2.02 

2 - 

g 
2.00 L5 

I .9a 

I .96 

1.94 

Internal Angle of Incidence r$ (deg) 

FIGURE 10 Experimental dispersion curve of wavelength in nm and energy in eV as a function 
of internal and external angles. (See the inset in Figure 9 for the definition of the angles.) The 
almost vertical line is the critical angle, i.e., the light line. 
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FIGURE 1 I The electromagnetic field intensity flH12 as a function of distance along the z 
axis through the prism-air gapxrystal structure Tor the wavelengths: 600, 610 and 620 nm. 
Each curve was calculated at the reflectivity minimum of the ATR spectra, but because the 
experimental gap varied for each reflectivity curve given in Figure 9 the crystal surface appears 
at a different z value. 
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3.3 ATR Spectra of TCNQ" 

Crystals of TCNQ" were grown from a hot saturated acetonitrile solution 
that was allowed to cool slowly over a period of several days. The crystals 
grew as large as 10 x 10 x 3 mm parallelopipeds with well developed (Ool), 
and ( 1  10) faces and small blue (010) faces. The TCNQ" had previously been 
purified by vacuum sublimation and recrystallization. The acetonitrile was 
purified by distillation over pure TCNQ". 

At room temperature the TCNQ" crystal has space group C2, /c  and the 
unit cell with parameters a = 8.906 A, b = 7.060 1$, b = 16.395 A, ji 
= 98.54" contains four m~lecules.'~ The visible singlet electronic transition 
of the molecule is polarized along the long in-plane axis of the molecule 
(IB3,, e 'Alg) and is very intense, the oscillator strength of the transition in 
solution being greater than 0.9.'' In the crystal this intense molecular transi- 
tion gives rise to a very wide exciton band extending from 2.8 eV to 4.3 eV. 
There are two allowed exciton transitions, one very intense one polarized 
perpendicularly to the unique monoclinic b axis and the other relatively weak 
polarized parallel to the crystallographic b axis. For the (010) face the polari- 
ton stop-band of the i b  transition, which spans the range 2.8 eV to 4.3 eV, 
is responsible for the blue metallic color of this face. This means, of course, 
that the energy range of the ESP is large. 

Figure 12 shows the ATR curves for the (010) face of a TCNQ" crystal at 
295°K as a function of the angle of incidence for three different wavelengths, 

External Angle of Incidence 8 (deg) 
60 58 56 54 52 50 48 46 

1.01 I I I I I I I I 1 

437.8 nm X (nm) 0.9 - 

36 38 40 42 44 
Internal Angle of Incidence 4 (deg) 

FIGURE 12 ATRp-polarized spectra of TCNQ" face (010) for three wavelengths. At 488 nrn 
the gap is 405 nm and e, = 11.63 + i5.17 with E ,  = 2.46 + iO.l I ;  at 457.9 nrn the gap is 441 
nm and ex  = 28.03 + i15.13 with e, = 2.65 + i0.21; at 437.8 nm the gap is 514 nm and E, 

= - 18.05 + i16.8 with e, = 2.64 + i0.56. 
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EXCITON SURFACE POLARITONS 157 

488, 457.9, and 437.8 nm. The data points are the measured values and the 
theoretical curves were obtained by a least squares computer fit to Fresnel's 
equations for a three layered system. The third layer, representing the crystal, 
was assumed to be biaxial with principal directions coincident with the axes 
used in Eq. (1). In deriving these results the complex component E, was 
assigned the values calculated by Pennelly and Eckhardtj' by a Kramers- 
Kronig transformation of the (010) reflectivity spectrum. The computer fits 
yielded complex 8,  and the width of the air-gap. These parameters are given 
in the caption to  Figure 12. 

In Figure 13 the experimentally determined dispersion of the exciton 
surface polariton is shown in a plot of wavelength and energy of the exciting 
light versus the angle of the reflection minimum (internal and external reso- 
nance angle 4,, and O 0 ,  respectively). Starting at 1 = 515 nm in the radiative 
region the dispersion curve, shown in Figure 13, crosses the light line at 
A. N 442 nm, into the nonradiative region where CIC is greater than o. It then 
bends back and returns to the radiative region where CIC is less than w. This 
behavior is more extreme than that observed for PTS and resembles the dis- 
persion of the most heavily damped curve, with y = 0.3 w T ,  in Figure 4. We 
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I58 M. R. PHILPOTT e ta l .  

note that the ESP only just enters the nonradiative region, in spite of a very 
large negative E:  in the spectral range studied (A II 440 nm). At liquid helium 
temperatures the excursion past the light line is expected to be much larger, 
and more structure is expected in the dispersion curve because of the presence 
of strong intramolecular phonons."* 

In Figure 14 the relative electromagnetic field intensity is shown as a func- 
tion of the z position across the layered structure, prism-air gap-crystal. The 
p-polarized intensity, calculated for the resonance angle +o of the curves of 
Figure 14, and the same gap and dielectric parameters shows the behavior 
typical for the excitation of a surface wave, namely a resonantly enhanced 
field intensity at  the air-crystal interface. For the (010) face of TCNQ" this 
effect is more pronounced for the short wavelength. As in earlier examples 
the s-polarized intensity, where no surface polaritons are excited, shows only 
the character of an evanescent field. 

DISTANCE (nrn) 

FIGURE 14 The electromagnetic field intensity (jlfi12) as a function of distance along the z 
axis through the prism-air gapcrystal, for the wavelengths: 488 nm, 457.9 nm and 437.8 nm. 
The air gap and angle of incidence are for each of the three wavelengths the same as those given 
in the caption to Figure 12. 
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4 DISCUSSION 

159 

It was mentioned in the introduction that as a class surface polaritons have 
the following general characteristics : (i) the electromagnetic field decays 
exponentially in directions perpendicular to the surface ; (ii) the &field is 
polarized in the sagittal plane; (iii) they exist in frequency ranges where the 
real part of the dielectric function is negative. The last characteristic needs 
some qualification because it applies strictly only when there are no absorp- 
tion processes. In the absence of absorption there is a clear distinction be- 
tween Brewster modes and surface waves since the former are not bound to 
the surface and extend to infinity in directions perpendicular to the surface. 
However, if absorption occurs at a given frequency the amplitude of the 
Brewster mode can decay exponentially with distance from the surface and 
therefore has the first two characteristics listed above. Furthermore, as the 
experiments for CTIP, PTS and TCNQ” have shown there is no fundamental 
change in the shape of the ATR minimum as A changes and as 0,,, moves 
past the critical angle 0,; there is therefore no operational basis for distin- 
guishing “damped ” Brewster modes from surface polaritons. Accordingly 
we use the term surface polariton henceforth to describe Brewster, Zenneck 
and Fano modes. 

We are now in a better position to compare ESP’s on CTIP, TCNQ“ and 
PTS. It  is clear from the optical data of Weiser, et that CTIP has 
frequency regions where the magnitude of EL is up to four times greater than 
E: .  Accordingly the ESP lies in the Zenneck region and may even be 
described as a lossy Fano mode. Figure 6 shows several ATR minimum 
lying on the right of the critical angle in the nonradiative region the furthest 
point being almost eighteen degrees past the critical angle. The theoretical 
calculations of Figure 8 show that there is a resonance in the field intensity 
at the crystal surface almost an order of magnitude greater than the field in 
the prism. This resonance is not as great as for metallic silver where several 
orders of magnitude change occur, but nevertheless the enhancement in field 
intensity is large. Further experiments are needed with prisms of higher re- 
fractive index and at wavelengths shorter than 460 nm to look for back 
bending in the dispersion curve as well as the effects of coupling to the bulk 
polaritons which should damp out the ESP.33 

In contrast the ESP on PTS never moves much beyond the light line when 
E: < 0, and consequently is best described in the nonradiative region as a 
Zenneck mode. Figure 9 illustrates well the difficulty, discussed above, of 
separating damped Brewster modes from surface polariton waves. The ESP 
never evolves beyond the Zenneck stage, as could have been predicted solely 
on the basis of a comparison of the relative magnitudes of E; and cf.  At 
room temperature E: is greater than I E: I in the frequency range where E L  is 
negative. 
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Theoretical calculations of the characteristics of ESP’s on the (010) face 
of TCNQ’ suggest them to be more complex. Experimentally we find that at 
the low frequency edge of the stop-band the ESP looks like a damped Brewster 
mode since almost all the ATR minima lie in the radiative region. However, 
since E; < 0 it can also be described as a Zenneck mode. This is an interesting 
point, namely just because E: is negative the ATR minimum need not occur 
in the nonradiative region. In the presence of strong absorption and a suitable 
E, the surface mode may give rise to a minimum in the radiative region. 
Accordingly in this situation one does not need prism to detect the minimum 
in reflection due to the surface mode. However, actual calculations show that 
in the absence of a coupling prism the minimum is extremely broad and would 
be very difficult to detect experimentally. At higher frequencies, near the 
upper edge of the stop-band of TCNQ”, there is a range of negative E: where 
I E :  I % c:. In this range theoretical calculation of the ATR minimum show 
them to lie several degrees past the light line, and in this case the ESP may 
be truly described as a Zenneck or very lossy Fano mode. 

The following conclusions can be drawn concerning virtual ESP’s on 
organic crystal surfaces at room temperature. First of all the ESP’s are likely 
to be heavily damped throughout the stop-band and therefore to behave 
mainly as Zenneck modes. Second, in materials with very wide polariton 
stop-bands there may be several regions of Zenneck and lossy Fano behavior 
because of fluctuations in the magnitudes of EL and E: due to vibronic transi- 
tions. At room temperature the existence of high molecular symmetry, like 
D,, in the case of TCNQ”, is not likely to give rise to any qualitatively new 
features in the ATR spectra because thermal broadening more than counter- 
acts the sparseness of totally symmetric vibrational modes. This will not apply 
at low temperatures, however. 

It is clear from this work that ESP’s should be observable at room tem- 
perature on many if not all the organic “metallic reflectors.’’ The sensitivity 
of surface polaritons to the physical condition of the surface is well established 
from work with plasmon and phonon surface polaritons. It seems possible 
that exciton surface polaritons could be used as sensitive probes of the surface 
layers of the highly reflecting organic solids. This may prove to be useful for 
organics since many of the surface science tools available for studying in- 
organic materials, cannot be used for studying organic surfaces; for example, 
they are notoriously sensitive to damage by electron beams. 

It is the “resonance” enhancement of the electromagnetic field at the 
crystal surface that makes ESP’s sensitive to the conditions at the surface. 
Calculation can model changes at a surface by the insertion of a boundary 
layer of varying optical properties. This is well known from theoretical and 
experimental work on inorganic solids. The importance for organic solids 
like PTS is that we can, in principle, use this technique to study the effects of 
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adsorbed layers on a “clean” crystal surface. ATR spectroscopy has also the 
potential for studying chemical reactions with very small quantities of reagent 
on highly reflecting solids like PTS. Another possibility is for comparative 
studies of different crystal faces, such as (100) and (102), which both contain 
the b component of the crystal transition. Physically these two surfaces are 
expected to behave differently since contraction during polymerization 
affects the (102) face more than the (100) face. 

Another logical extension is to lower temperatures where the damping is 
smaller, and where the possibility exists of observing the interaction of the 
surface polariton with the vibronic states of the surface region. The case of 
anthracene is of particular interest because of the existence of site shift surface 
exciton. Model calculations indicate that the ESP will couple very strongly 
to these other two dimensional states. A hint of this interaction can be found 
in the experimental study of Tomioka, et a/.’ 

There are numerous experiments that can be done at room temperature, 
too. A few of the more obvious ones are: (i) use of the enhanced electro- 
magnetic field intensity to perform resonance Raman and fluorescence excita- 
tion experiments, (ii) nonlinear processes involving polariton fusion, or the 
population of photoconduction states, (iii) dephasing experiments. 

In summary the existence of exciton polariton states on the surfaces of 
molecular crystals has been shown to be phenomenon that is not only easier 
to detect than was heretofore suspected but also has some promise in provid- 
ing information of the physical condition of surfaces. 
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