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Resonant Rayleigh scattering from an anisotropic organic single-crystal microcavity
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Resonant Rayleigh scattering (RRS) is observed upon excitation of a microcavity containing a single crystal
of the organic molecule anthracene. The RRS profile is obtained for a range of excitation energies and angles.
In contrast to the circular profile observed for inorganic microcavities, the scattered light pattern is elliptical
when projected normal to the sample surface. The profile shape provides a direct visual representation of the
anisotropic microcavity polariton dispersion characteristic of organic crystals.
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Rayleigh scattering from semiconductors typically results
from structural imperfections that cause local fluctuations in
the refractive index. Hegarty et al.' noted that resonant Ray-
leigh scattering (RRS) can be used to obtain information
about electronic resonances in the presence of disorder. In
that case, the homogeneous linewidth of an inhomoge-
neously broadened GaAs quantum well was extracted by fit-
ting the energy dependence of the scattered light intensity.
Since then, there have been several studies of time-averaged
and time-resolved RRS from inorganic semiconductor quan-
tum wells and semiconductor microcavities.”® These have
been used to study the role of disorder and to extract dephas-
ing times for the excitations. Here, we observe RRS from an
anisotropic organic single-crystal microcavity and find that it
provides a direct visual representation of the anisotropic po-
lariton dispersion.

Upon resonant excitation of a semiconductor by laser
light, secondary emission at the excitation wavelength can
occur either due to RRS or to resonant photoluminescence
(PL).” In the absence of disorder, coherent re-emission can
only occur in the specular transmission and reflection direc-
tions. However, phase-preserving elastic scattering, such as
that from static disorder, leads to re-emission by RRS in
other directions. Hence, RRS remains coherent with the ex-
cited interband polarization, and for single-scattering pro-
cesses, retains the polarization direction of the exciting laser
light. Resonant PL, however, occurs from decay of the inter-
band polarization through phase-destroying mechanisms and
is incoherent with the exciting laser beam.

In semiconductor microcavities where the light-matter in-
teraction is stronger than the damping of both the cavity
photon and exciton, an anticrossing of the normal modes
occurs at the degeneracy point.® The new eigenstates of the
system, cavity polaritons, form a coherent superposition of
both the cavity photon and exciton. Unlike bare excitons that
possess a flat dispersion below the light line, the dispersion
of the lower polariton branch exhibits significant curvature
up to the degeneracy point due to its cavity photon content.
As a result, the elastic-scattering contours in an isotropic
semiconductor microcavity form circular rings in k-space as
dictated by conservation of in-plane momentum, and these
can be directly observed in the RRS profile.>* The ring ra-
dius is given by the resonance condition, while its width is
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determined by the broadening of the polariton dispersion in
k- space.

In crystalline organic semiconductor microcavities, the
situation is more complicated. Typically, organic crystalline
solids contain two molecules per unit cell, in which case the
intermolecular interaction leads to a splitting of the excitonic
resonance into two Davydov components.”’ In anthracene, for
example, the lowest-lying transition lies along the short axis
of the molecule, and in the crystal phase it is split into two
moderately intense transitions lying parallel and perpendicu-
lar to the monoclinic b axis [see Fig. 1(a)]. These excitonic
resonances couple to a cavity photon which is also aniso-
tropic due to differences in the background refractive index
originating from higher lying electronic transitions. An an-
isotropic polariton dispersion relation is thus expected, de-
pending on both the incidence () and the azimuthal ()
angles, as shown in Fig. 1(b). Understanding this dispersion
is crucial for the investigation of nonlinear parametric pro-
cesses.

In principle, the anisotropic microcavity dispersion can be
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FIG. 1. (Color online) (a) Projection of the anthracene mono-
clinic unit cell viewed along the ¢ crystal axis. (b) Experimental
arrangement showing the incident (#) and azimuthal (¢) angles.
The azimuthal angle is defined as the angle between the b crystal
axis and the plane of incidence. The cavity was excited such that
¢=0 and with b along the x laboratory axis. (c) Angle-resolved
nonresonant photoluminescence from the microcavity measured
along ¢=0. The lowest energy branch corresponds to LP, and the
other branch to LP,. The spectra are given in 5° increments.
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extracted from angle-resolved reflectivity, transmission, or
photoluminescence measurements versus both incidence and
azimuthal angles. Equivalently, by mapping the RRS pattern,
the full dispersion can be directly visualized and the effects
of anisotropy can be gauged by observing the shape of the
elastic-scattering contours. We find that the anisotropy is es-
pecially pronounced for large values of in-plane momenta,
consistent with theory,'%!! but that the strongest effect comes
from differences in background refractive index along the
different crystal axes.

The sample consists of 140 nm thick, 0.5 mm wide by
approximately 2 cm long channels of single-crystal anthra-
cene sandwiched between two distributed Bragg reflectors
(DBRs) composed of 12 pairs of SiO,/SiN,. X-ray diffrac-
tion confirmed that stacking of the crystals occurred in the
(001) direction with the ab plane lying parallel to the sub-
strate. The fabrication and angle-resolved reflectivity spectra
of this structure are reported elsewhere.!? For the RRS mea-
surements, a tunable Ti:sapphire laser producing 200 fs
pulses with a repetition rate of 76 MHz was used. The laser
output was frequency doubled by a 1 mm thick S-BaB,0,
crystal and then filtered using a dichroic mirror. This gener-
ated tunable pulses spanning the entire range of energies of
the lower polariton branch. The RRS pattern was projected
onto a screen oriented normal to the sample surface in a
transmission geometry and captured using a charge coupled
device (CCD) camera. The half-angle spread in the angle of
incidence was ~0.5° for € and ¢. For continuous-wave
(CW) measurements, the sample was nonresonantly excited
at a wavelength of A=325 nm from a HeCd laser.

Figure 1(c) shows angle-resolved PL measured along the
¢=0 direction under nonresonant CW excitation. Only the
lower polariton branches are observed in PL. The lowest
energy branch (LP,) corresponds to the b exciton and the
other (LP,) to the a exciton. The PL originating from LP,
and LP,, is linearly polarized along the b and a crystal axes,
respectively, regardless of sample orientation. This is in con-
trast to the situation in inorganic semiconductor microcavi-
ties where the normal modes can be separated into TE and
TM polarizations and no rotational dependence is observed.
The dispersion extracted along ¢=0 from angle-resolved PL
and reflectivity!? is shown in Fig. 2. Note that for 6>60°,
the DBRs become transparent and the lower polariton
branches vanish.

The lower branches were resonantly excited with in-plane
momentum k;=(k,,0) (corresponding to ¢=0) by selecting
the appropriate polarization (TE for LP, and TM for LP,),
energy, and angle 6. The RRS pattern obtained for particular
angles and energies is shown in Fig. 3. The speckle, which is
observed in all patterns, suggests that the emission is mostly
coherent, thereby justifying the assignment to RRS. We note
that the polarized resonant PL and the RRS makes it impos-
sible to clearly distinguish between the two in a time-
averaged measurement based solely on the degree of polar-
ization with respect to the exciting laser. Indeed, regardless
of the scattering direction, the emission is always polarized
along the crystal axis corresponding to the excited polariton.
From Fig. 3, it is observed that the RRS pattern correspond-
ing to LP, is nearly circular, while that corresponding to LP,
possesses significant asymmetry leading to an elliptical
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FIG. 2. (Color online) Dispersion along the ¢=0 direction ex-
tracted from the peak positions of the angle-resolved PL (hollow
symbols) and reflectivity dip positions from Ref. 12 (filled sym-
bols). The middle polariton branch (MP1 and MP2) dispersions are
also shown. The triangles correspond to the edges of the DBR stop
band (reflectivity minima).

shape. This asymmetry increases as the incidence angle (and
energy) is increased. The bright spot in the patterns corre-
sponds to the directly transmitted beam, which is blocked in
Fig. 3(d) to avoid saturating the CCD.

Upon laser excitation, a coherent polarization Py, sy i8
created. Polarization transfer from disorder scattering can oc-
cur to Py, if the final momentum vectors of the scattered
polarization lie on the elastic-scattering surface determined
by the dispersion relation. The dispersion relation of crystal-
line organic microcavities has previously been derived for
the case of perfect mirrors and two molecules per unit
cell.'%!! It was shown that some weak mixing on the order of
(ky/ Q) (Ref. 4) occurs between the two Davydov compo-
nents, where kj is the in-plane wave vector and Q is the total
wave vector. Neglecting mixing, the lower polariton disper-
sion for each branch is independent and given by

Ey (k) + B
LPa,LPb ="
2
Egy(k) ~ B |7 K
[EEET )

(1)

Here, E;p, (Ep;) is the energy of the lower polariton branch
corresponding to the a (b) exciton, E;(k) [E; (k)] is the
Coulomb exciton'® energy, E., (k) is the cavity photon
energy, V,, is the interaction potential, and f(¢)
=cos’(¢)[sin*(¢)]. We see that anisotropy is pronounced
only for large values of the in-plane momentum k; and re-
sults in a ¢-dependent expression for the Rabi splitting and
Coulomb exciton energy. It was also pointed out!! that the
polaritons are composed of a combination of TE and TM
modes such that the LP, and LP,, polaritons are almost com-
pletely polarized along the a and b crystal axes, respectively,
which is consistent with our observations. For anthracene,
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mixing of the intramolecular vibronics contributes to the
lower branch dispersion. The theory can be extended to this
case, but the ellipticity which results from using the analog
of Eq. (1) is much smaller than experimentally observed.

The differences occur due to anisotropies in the photonic
component of the cavity arising from the different back-
ground (i.e., nonresonant) refractive index along each crystal
axis. This leads to an elliptical dispersion relation for the
Fabry-Perot cavity mode and accounts for the largest fraction
of the ellipticity of the RRS contours. We have calculated the
dispersion relation of our structure based on an anisotropic
transfer matrix that consists of propagating the in-plane com-
ponents of the electric and magnetic fields along the various
interfaces according to first-order Maxwell equations.'*!> An
orthorhombic dielectric tensor was used with £,(=2.9, while
e,0=¢g, and &,,= g, were taken from Ref. 16. An exact cal-
culation accounting for the monoclinic structure would re-
quire knowledge of the frequency dependent Euler angles.
Nominal measured film thicknesses were used and no param-
eters were fitted. The method fully accounts for the response
of the (isotropic) DBRs and, in particular, the polarization
dependence of the penetration depth.

The in-plane electric- and magnetic-field components ¥
= (Ex,EV,Hx,HV)T across a layer of thickness / are calculated
as W(z+h)=exp(iwhA/c)W(z), where o is the angular fre-
quency and c is the speed of light in vacuum. For laboratory
coordinates oriented such that the in-plane momentum k; is
along x:
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FIG. 3. Resonant Rayleigh
scattering images projected onto a
screen oriented perpendicular to
the sample surface in a transmis-
sion geometry. The excitation
angle, polarization direction, and
energy of the exciting laser are in-
dicated in the inset of each image.
The bright spot corresponds to
the straight through beam and is
blocked in (d) to avoid saturating
the CCD. (a) and (c) show LP,,
while (b) and (d) show LP,. The
direction of excitation was chosen
such that k,=0. Note the increase
in ellipticity as the in-plane mo-
mentum is increased. The (k,,k,)
scale is indicated on all of the

images, where the scale bar
ranges from (0,0) to (1.5,1.4)
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The dielectric tensor in this coordinate system is obtained by
an Euler rotation of the intrinsic (diagonal) dielectric tensor
€, such that e=Aeg,A~!, where A is the Euler rotation
matrix. The assignment can then be made that k,
=k sin 0 cos ¢ and k,=k; sin 6 sin ¢. We note that when the
intrinsic coordinate system of the crystal is aligned with the
laboratory axes (¢p=0° or 90°),'* it is possible to decompose
the field into TE and TM components to obtain simple ex-
pressions for the propagation vectors. In general, however, A
must be diagonalized to calculate the wave polarization.

To calculate the dispersion, it is convenient to rewrite the
transfer matrix in the same form as that given in Ref. 17:

A My My My My [ C

By | _| M2 Mz My My 0 3)
Ap My My, My My || C, |

B, My My Myz My ) \ O

where A and B are the field amplitudes of the incident and
reflected waves, respectively, and C is the amplitude of the
transmitted wave. The dispersion can then be found by solv-
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FIG. 4. (Color online) Calculated dispersion for the energies
corresponding to Fig. 3. (a) 2.950 eV and (b) 3.014 eV. These
patterns are obtained by directly plotting F(w,k,,k,)=M M3;
—M3M5;, with M;; defined in Eq. (3). The contours are plotted
using a logarithmic color scale to reduce the contrast. The dark
regions correspond to the minima and dashed lines were added for
clarity. The contours corresponding to both lower polariton
branches are evident in each figure. The outer circle corresponds to
the edge of the light cone. The scale used is the same as in Fig. 3 to
facilitate comparison.

ing for the poles of the reflectance (or transmittance), i.e.,
F(w,kx,kv) =M1 1M33—M13M31 =0. This function is plOtted in
Fig. 4 for the energies corresponding to the RRS patterns of
Fig. 3. The normal modes corresponding to both LP, and LP,,
can be identified as the minima in both figures, and these
agree with experiment. Strictly speaking, since the full re-
fractive index was used, w should be extended to the com-
plex plane to calculate the true dispersion. However, since in
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this energy range the damping of the polaritons is small, the
correction in using the real-valued minima is expected to be
correspondingly negligible.

We have observed RRS from a microcavity containing a
single crystal of the organic molecule anthracene. We have
found that the RRS pattern provides a direct visualization of
the anisotropic polariton dispersion and that the strongest
contribution to the ellipticity comes from the photonic com-
ponent of the cavity. The dispersion of the full structure was
numerically calculated by solving for the poles of the scat-
tering amplitude and the resulting contours were found to
correspond to the experimentally observed RRS patterns.
The plasma-enhanced chemical vapor deposition grown
DBRs are known to have significant interface roughness and
these are likely to play a major role in the disorder-induced
scattering observed. Also, the inhomogeneities and crystal
strain resulting from the melt-grown anthracene are largely
undetermined and cannot be probed directly by x-ray due to
the enclosing substrates. This may, therefore, warrant further
investigation of RRS of the exciton localization in melt-
grown anthracene crystals.
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