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Stokes parameter studies of spontaneous emission from chiral nematic liquid crystals
as a one-dimensional photonic stopband crystal: Experiment and theory
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The helical structure of uniformly aligned chiral nematic liquid crystals results in a photonic stopband for
only one sense of circular polarization. The spectroscopic Stokes polarimeter is used to analyze spontaneous
emission in the stopband. Highly polarized photoluminescence is found and the polarization properties vary
with the excitation wavelength. Spontaneous emission is enhanced at the stopband edge and this Purcell effect
is greater on excitation at wavelengths where the absorption coefficient is low. This is interpreted as greater
overlap between the excited molecules and the electrical modal field of the resonant modes at the stopband
edge. Photoluminescence detected from the excitation face of the liquid crystal cell is less polarized because of
photon tunneling. Fermi’s golden rule in conjunction with Stokes vectors is used to model the polarization of
emission taking multiple reflections at the interfaces of the cell into account. The discrepancy between the
experiment and the theoretical model is interpreted as direct experimental evidence that virtual photons, which
originate from zero point fluctuations of quantum space, are randomly polarized.
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I. INTRODUCTION In the weak coupling regime, the rate of spontaneous

Spontaneous emission is not an intrinsic atomic propertgMission is described by Fermi's golden r{gg given as

but rather results from the coupling of the atom to the 5

vacuum modes of the electromagnetic figlg2]. Spontane- W= —W|(‘1’m|,u - e(wo, )| WIp(Er, (1)

ous emission from an excited electronic state reflects the h

properties of the surrounding zero point fluctuations. The i .

emission from an emitter in a microcavity can be suppresseherep(E) is the density of state®OS) of photon energy

[3] or enhanced4] as a result of modification of the zero En. u is the electric dipole operator ardw,, o), the electric

point fluctuation density inside the cavity compared to that ofmodal field, is both a function of angular frequeneoy and

free space. The enhancement of spontaneous emission duepsitionry. ¥ is the wave function of the electron making

the cavity effect is called the Purcell effect. Experimentalthe transition from stateto m.

and theoretical studies have shown how the anisotropy of the Very often the guest-host system, consisting of a low con-

vacuum fluctuation distribution inside a microcavity influ- centration of a laser dye in a host CNLC, is used to generate

ences spontaneous emissi@6]. Recent interest in micro- circularly polarized emission and band-edge lagib@-15.

cavities and photonic crystal®Cs is based on their tech- A theoretical model was developed by Schmidtteal. to

nological potential in low threshold lasing and quantumqualitatively account for the observed suppression and en-

information processing7]. hancement of circularly polarized emissidr6]. However, it

Chiral nematic liquid crystal$CNLCs) adopt a helical  does not explain the excitation wavelength dependence of

structure of periodp and are considered one-dimensionalpoth suppression and enhancement of spontaneous emission.

(1D) PCs. Unlike other PCE8], the photonic band gap of a | this paper, an improved model is presented in Sec. Il

CNLC is polarization dependent. When the liquid crystal isretaining the assumption that the spontaneous emission can

sandwiched in a planar texture, it forms a 1D Fabry'PérObe resolved independenﬂy for each eigenmode of propaga-

stopband. Circularly polarized light having the same handedtion in CNLCs. We describe briefly the experimental setup in

ness as the helix is selectively reflected when the opticatec. |1I. Then we present the experimental results and a

wavelength matches the helical period. Inside the stopbangualitative interpretation. A theoretical model based on Fer-

the spontaneous emission of circularly polarized light havingmi's golden rule is used to fit the experimental data in Sec.

the same handedness as the helix is suppressed while at e we show that the polarization states of the emission de-

stopband edge the emission is enhanced. Since the photordend on whether the light is detected from the excitation or

stopband only occurs along the helical axis of CNLCs, theear side of the CNLC. The variation of the polarization of

coupling of atoms to the vacuum modes of the electromagemission with excitation wavelength is also explained. We

netic field is weak. show that the divergence from orthogonality of the eigen-
modes limits the agreement between theory and experiment
when there is a large refractive index mismatch between the

*Electronic address: m.oneill@hull.ac.uk liquid crystals and the alignment layers.
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Il. THEORETICAL MODEL 14
) o . birefringence, An
A. Electromagnetic wave polarization and propagation 124 ——04
inside the CNLC —0—0.3
. . . 010 < ——0.2
In a monodomain planar aligned CNLC, the periodic 0.1

modulation of the refractive index modifies the dispersion
relationship of electromagnetic wave propagation so that the
effective wave numbek along the helix is given by17,1§

-]
1

Density of states p /p
[-2]
L

2= 16 = B + 6 ~ V4c?BIG + ok, ]
24
2 =16 = BIG + 7 + \AgKG + ok, (2 o o
wherek, is the wave number in vacuuna=3(n-nd), 3 450 500 V\F;:\/oelength?nono']) 850 700

:%(n§+ ng), andq=27/p, wherep is the pitch of the CNLC.

k, andk, are the two independent eigenmodes of propagation FIG. 1. Theoretical simulation of the DOS versus the birefrin-
andn, and n, are the refractive indices for light polarized gence for a CNLC cell witi,=1.55, n,oy=1.7, p=325 nm, and
parallel and perpendicular to the director, respectively. Thé-=150.

polarization of these basis waves under the rotating coordi-

nate(¢ and » are the axes perpendicular and parallel to the dy  dx
local director of chiral nematic molecule, respectiyeiy dk 1£X_d_w
given by plow) = e L ey (6)
~ E 1 1
E\p= (Eg) = 2('f ) (3) wherel is the thickness of the PC andandy are the real
7 VL+[fPA and imaginary parts of the transmission coefficients, respec-

tively, at normal incidence. By considering the continuity
where relationship between two interfaces and Fabry-Pérot étalon-
like multiple reflections, the DOS can be calculated for each
f= 1+alb (4) eigenmode. Since we are concerned with its modification by
1-alb the cavity and the distributed feedback structure, the DOS is
scaled with respect to thap,, of an infinite homogenous
and slab of constant refractive index. The scaled DOS is

a akd dk

Py ) do’

b~ (k-0)?- BiG p(w) _ do_
One interesting property of light polarization inside the Pso VB
CNLC is that the eigenmodk, becomes imaginary in the Figure 1 shows the change of the DOS with respect to
stopband and is linearly polarized parallebj@t the red end birefringence for a CNLC cell of constant thickness. The
of the stopband and perpendicular to it at the blue end of theesonant peaks observed at the stopband edges result from
stopband. Outside the stopband, the eigennigds ellipti-  the constructive interference of light traveling back and forth
cally polarized with its major axis parallel to the local dielec- between the two boundaries: peaks are created for light of
tric tensor director outside the red end of the stopband anéffective wave numbek when
perpendicular to it outside the blue end of the stopband. Less

()

importantly, the eigenmodk, is elliptically polarized with kL = mr, (8)
opposite handedness with and the major axis of eigen-
modek; is parallel tor [16,18]. wherem is an integer. The first resonant mode nearest to the

stopband edge has the highest DOS and the slowest group
velocity. This means that the interaction time between the
radiation field and the excited atoms is the longest. Hence,

To calculate the rate of spontaneous emission we assuntke threshold for lasing at the first resonant mode is lowest as
that the emission can be resolved into two independendemonstrated by many authdk0,12—15. As shown in Fig.
propagating eigenmodes inside the CNLC. We do not assumkthe DOS of the resonant peak increases with birefringence.
refractive index matching between the CNLC and the poly-The increase of the latter with material birefringence can be
imide. The density of photonic statesof a 1D Fabry-Pérot fitted by an exponential curve. Experimentally the lasing
PC is the inverse of the group velocity and is given bythreshold is observed to exponentially decrease with increas-
[19,2( ing material birefringence at the first resonant mai#).

B. Density of states
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C. Electric modal field 50

resonant modes
—— 1St

2 2nd

. 3rd

The rate of spontaneous emission depends on the locatio
of the excited atom with respect to the electric modal field.  4q
The solution of the 1D Helmholtz wave equation has a gen-

eral electric modal field inside the crystal with boundary con- T
ditions given by & 304
©
En(2) = Af'(2) +Bg'(2), @ 8 »0
whereA andB are constants to be found afit{z) andg(z) %
are functions that depend on the refractive index. The super g
script + and — signs indicate the forward and the backward — 10

propagating waves, respectively.nfz)is constant, ther(z)
andg(z) are simple cosine and sine functions. For a wave of
unit intensity in a linear system with no los4,and B are
given by[20]

00 02 04 0.6 0.8 1.0
ratio of distance to the length of the cell

_Tg(0)-1+Rg(L)

FIG. 2. The spatial dependence|efectric modal fiel¢f for dif-

~ f(L)g (0) - F(0)g (L)’ ferent resonances of the eigenmddeat the stopband edge.
(10)
_ _(1+R)f"(d) - Tf(0) Figure 2 illustrates the spatial dependence of the electric
f*(L)g™(0) - f*(0)g~ (L)’ modal field for the first three resonances of eigenmkgde

from the stopband edge. For the first mode the probability of

where R a_nd T are _the reflection and transmission coeffi- spontaneous emission is maximized in the center of the cell.
cients for light traveling from the substrate to the PC, respec-

tively. The electric modal field obtained is normalized with

respect to the total energy. Unlike other 1D PCs, the electric D. Orientation of dipole moment on spontaneous
modal field inside the CNLC is polarized. Using tigen emission
coordinate system, and noting thgtandn,, are both con- As Eq. (1) shows, the spontaneous emission rate depends
stants, the electric modal field is on the components of electric modal field along the electric
1 1 transition dipole moment of the emitter. Hence the ordering
E(k,2) =EgEn(2) = TW(” )[A sin(kz) + B cogk2)]. and the shape of the dye influence the polarization and lasing
AY

threshold of the guest-host syst¢g?,23. The effect of the
(11)  transition dipole moment has been clearly illustrated theo-

. . o _retically by Schmidtkeet al. [16] with
Equation(11) describes both the polarization and the ampli- ,
2|f[F-1/2 1

tude of the electrical model field of each eigenmode mode. . 2
The refractive index has the effect of concentrating the elec- (d% = |- B, = 3 f2+1 Sit 3’ (16)

tric field, so that the electric modal field must be normalized

with respect to the total field energy. Special care is taken tg/here & is the pseudo order parameter of the dipole mo-
consider the anisotropy of the material. The electric energynent.§=1 corresponds to perfect alignment of the electric

density stored in an anisotropic material is given as transition dipole moment with the local directd=0.25
corresponds to an isotropic orientation distribution wigle
_( 1= =-0.5 corresponds to the perfect orientation perpendicular to
U _( Eey- D)Em(z), 12 e local director.

whereD is the electric displacement vector given as
E. Influence of material absorption coefficient

D = eiocar* Eepy (13) The scaled spontaneous emission fais now given as
and giyc4 is the local dielectric tensor of the CNLCs. . 5 ) )
Using Eqgs.(11)—(13), the total electric energy is b(\.2) = p(w) |2t B En(@|* _ p(o) (d))|E(2) _
1 L Piso U(k) Piso U(k)
U= 2(T|f|2)fo (n3+ |f|?n3)[|A sin(kz) + B cogka)|?]dz. (17)
It is important to note thap is a function of distance and
(14) wavelength (we omit other constants associated with it
Hence, the normalized electric modal field is Equation(17) specifies the scaled spontaneous emission rate
at a given point and wavelength inside the liquid crystals.
ek 2) = E(k,2) (15) The emitter has a finite absorption length so that the number
’ NI of excited chromophores varies with distance. Let the ab-
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C3Hjy C3Hy
T3 ' 7 3 FIG. 3. The chemical struc-
M O 3 Q O O A)\/\)\ tures of compouna.
0 QO
sorption coefficient bey; the spatially integrated spontane- . EXPERIMENT

ous emission ratér(A) is Figure 3 shows the chemical structure of the liquid crystal

L a used in this work. On cooling from the chiral nematic

I+(N) =f p(\,2)e"*“dz (18)  phase, compound forms a nematic glass with a glass tran-

0 sition temperature of 29 °C. A commercial cell of cell gap 5

I+(\) is the scaling factor used to describe the effect of thetm having indium tin oxide substrates coated with rubbed
cavity on the intensity of the total photoluminescence defolyimide alignment layers is filled with compourad We

tected along the helical axis. have previously shown that the spontaneous emission &rom
is highly polarized with a maximum circular extinction ratio
F. Change of polarization upon propagating through of 16:1[27]. The spectroscopic Stokes polarimeter is cali-
polyimide/indium tin oxide/glass/air interfaces brated[24], and used to characterize the polarization state of

In reality the transmitted electric fields have to propagateeMission. The refractive |nQ|ces are measured using a simple
through a certain thickness of polyimide and indium tin ox-Intérference method described elsewHe&. n, varies from
ide (ITO) and glass. The polarization of the light changes as?-28 at 450 nm to 1.83 at 600 nm whitg is 1.63 indepen-
it propagates through these layers as coherent reflection ofi€nt of wavelength considered in this experimes#0-700
curs at the interfaces of ITO and polyimide. We can ignore?™- It has a helical pitch of 288 nm when filled in aufn
this effect since it does not change the degree of polarizatiorf€!l t0 give a stopband from 470 to 578 nm. A depolarized
although the shapes sf/s, ands,/s, are altered. We know |aSer is used to excite the sample.
that the degree of polarization is significantly reduced by
rereflection at the glass-air interfai@4]. We take this effect IV. RESULTS AND DISCUSSION
into account in this model using the Berreman transfer ma-
trix where the reflection coefficient of the cell while travers-
ing glass/ITO/polyimide/CNLC can be calculated. Since I andlg are the intensities detected when photolumines-
Jones vectors usually describe coherent light, the addition gfence(PL) passes through a quarter wave plate followed by
two independent eigenmodes of spontaneous emission usif@d analyzer set at45° and—45° from its fast axis, respec-
Jones vectors would give an incorrect answer. However, ifively. Although they are often used to find the degree of
two separate beams of light are superposed incoherentigircular polarization through a CNLE11,14], I and g do
then the Stokes vector of the combination is simply the sunitot necessarily describe left and right circularly polarized
of the Stokes vectors of the original beaf#§]. Hence, we light but can contain linear and unpolarized as well as circu-
use the Stokes parameters to characterize the polarization §fly polarized components. Figure 4 sholysandlg, follow-

light experimentally and theoretically. The Stokes parameter§lg excitation at a wavelength @& 405 and(b) 458 nm,
are defined af26] respectively, and detected from the opposite face of the cell

So=(E50 +(E5),

A. Experimental results

(a)Excitation wavelength

15 405nm
s1=(Eg0 —(E5)), -
(19 = (b) ExtR;itation wavelength
$, = 2(EgyEqy COS), = 458nm
3 ——
K~ —_—
3= 2Eq,Eoy Sin ), 8 g
2
whereEg, andEy, are the electric field amplitudes along the 2
x andy axes, respectively, andlis the phase difference. It is E
evident thats, is the total intensity of the light whiles;
measures the intensity difference between light polarized
parallel tox andy, respectivelys, is the difference in inten-

sity between polarized light at angles ofrf4 andw/4. s;
presents the difference in intensity between right and left
circularly polarized light. The polarization of emission of
each eigenmode obtained from the model has to be trans-
formed into Stokes vectors before adding them incoherently. FIG. 4.1, andlg as a function of wavelength for excitation(a}
This method has proved to be useful in modeling the trans405 and(b) 458 nm, respectively. The light is detected from the
mission of unpolarized light through CNL{24]. opposite face of the cell to the excitation beam.

0. SR P e e g N L 8 s &
450 500 550 600 650 700
Wavelength (nm)
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FIG. 5. I andly detected from the same face of the cell as the
excitation beam of wavelength 405 nm. ) Absorption coefficient (m )
o . 16 —=—1x10"
to the excitation beam. Figure 5 shows the PL component o1 x10°
detected from the same face of the cell as the excitatiol ' —a—1 £ 10°

beam of wavelength 405 nm. The spectra for bgtlnd |y
depend on excitation wavelength and detection geometry
For 405 nm excitation the emission is highly polarized with
a maximum value of /g of 16:1 at 536 nm. The apparent
dependence of the Purcell effect on excitation wavelength i:
related to different absorption lengths at the two different
excitation wavelengths. As Fig. 6 shows, the electric field of
the excitation beam at 405 nm is confined to a relatively thin
layer ~0.3 um. The longer wavelength excitation penetrates 580 580 600
deeper into the liquid crystal cell, providing a greater overlap Wavelength (nm)

with the electric modal field of the resonant modes at the )

stopband edge. Hence emission of the resonant modes is en-F!G. 7. The wavelength dependence of the ratio of the normal
hanced forlg as shown in Fig. @). Figure 4a) shows a modes of emissiofa) inside the stopband ar{ty) around the stop-
larger suppression df, inside the stopband compared with °and €dge.

that shown in both Figs.(#) and 5. In both the latter cases

molecules are excited near the detection side of the cell andfe subscripts refer to spatially integrated spontaneous emis-
the largerl is interpreted as photon tunneling where thesion rates for eigenmodes 1 and 2, respectivly,inside
emitters near the detection side of the cell “sense” a shortetnd (b) outside the stopband for different absorption coeffi-
photonic crystal. This result is confirmed theoretically: Fig. 7cients. An increase in absorption coefficient results in a

shows the wavelength dependence of the rigtiol1,, where  larger suppression and a smaller enhancemetht;ohside
and outside the stopband, respectively.

3000 1.0
- B. Stokes parameter analysis: Experiment and theory

2500+ Jos & We now compare the theoretical simulations of the polar-
5 § ization states of PL with the experimental data. We t&e
g 20004 g =0.83 for compouné as a nematic compound with the same
5 1°¢€ 5 core asa gives polarized electroluminescence with a linear
g 1500+ § polarization ratio of 11:129]. This is related to the degree of
e {04 8 orientation of the electric transition dipole moment by
B 10004 - g
] —=— Electric modal field™© § o= uTll _ S, (20)

500 - ®. —O— 405nm excitation 0.2 l11+21 o
2 458nm excitation ) i i )
0. L A, 0.0 The theoretical simulation uses a spectral resolution of 0.25

0 1 2 3 4 nm and the simulated results are then averaged over eight
points to obtain a resolution of 2 nm, equal to that obtained
experimentally. Figure (@) shows the experimental and the-
FIG. 6. The coupling of first resonant electric modal field with oretical values 083/, as a function of wavelength for exci-
the excitation species at 405 and 458 nm. tation at 458 nm. Although the spectra are similar, the theory

Distance (um)
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0.75 0.6
—&—Experimental Transmission
050 —— Theoretical +s/s°
0.4 —0—s/s,
0.25 ® PL
2 ——s/s
o 000 £ 0.2
Py g
025 2 0o
g0
-050 &
075 -0.2
0.45 Theoretical -0.4 4 T .
—®— 5 /5 450 500 550 600
0.30 —*—s/s5 Wavelength (nm)
g ‘Experim ental FIG. 9. Experimental values f /s, ands,/s, as a function of
= 0.5 s/, wavelength obtained for PL following excitation at 405 nm and
E ' transmission of unpolarized light through the cell.
z 0.00 cant with the theory consistently overestimating the degree
j‘g of polarization in the stopband. For 405 nm excitation, the
W 015 theory predicts a degree of polarization for PL into the rear
glass substrate 6£100%. Rereflection of light at the glass-
.0.30 air interface of the cell results in a reduction to 92% in the
) degree of polarization of the detected PL.

L) L)
550 600

Wavelength{nmj}
FIG. 8. Theoretical and experimental valuega&fs;/s; and(b)
s1/sg and s,/sy as a function of wavelength for excitation at 458
nm. @=2.3x10* m1, p=284 nm.

L)
500 650

on

predicts a greater degree of circularly polarized emission%
than is obtained in the stopband and a lower degree outside
the stopband. Figure(B) shows the experimental and theo-
retical results fors;/sy and s,/s, for the same excitation
conditions. In this case the theory and experimental datgg
have completely different spectra. Using a Stokes analysis%
we have previously shown that the mismatch of refractive §
index between the liquid crystal and polyimide results in
linear polarized components in the transmitted lig#]. It
is not surprising to find such polarization states in PL. The
change of polarization when the light propagates through the
polyimide-ITO-glass layer is not included in the simulations
so the theoretical values sf/s, ands,/s, are not expected
to quantitatively agree with the experimental results. How-
ever, given the refractive index mismatch, it is surprising that
the theoretical simulation of,/s, is approximately zero in
the stopband. Figure 9 shows thés, ands,/s, components
obtained from PL excited by 405 nm laser and from trans-
mission of incidentunpolarizedlight through the cell. It is
clear that they have similar spectra. However, unlike the PL
data, the experimental values §f s, ands,/s, in transmis-
sion agree closely with the calculated val(i24].

The degree of polarization is unaffected by the omission
of ITO in the theoretical modeling and hence provides a
better parameter to compare theory with experiment. Figure
10 shows the result fofa) 458 and(b) 405 nm excitation.

of pola

Degree of polarization

We now examine the reasons for the discrepancy between
theory and experiment. Incoherent right and left circularly

1.04

0.8 <

06

o
N
1

(a)

—e— Experimental
—*—Theoretical

—&— Experimental
—r— Theoretical

500

550

600 650

Wavelength(nm)

FIG. 10. Comparison of degree of polarization between experi-

The difference between the experiment and theory is signifimental and theoretical results f@ 458 and(b) 405 nm excitation.
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0.10 4 Befractive
. index
' X 9 mismatch
5 0.08 4 —fp— 0
= ] —p— 0.1
N
s 0.06 4 : ; : , . —— 0.2 o .
] ' ' —— 0.3 FIG. 11. The degree of polarization of the in-
Q. . .
% coherently summed incident waves, used to cal-
@ 0.04 - culate the two independent eigenmodes of emis-
‘;c,: | sion, for different values of refractive index
g - m mismatch between liquid crystal and substrate.
4 n = 2, n =1.5, p = 325nm
0.00 e e e e e e e e
v Y v Y v T v T v
450 500 550 600 650 700

Wavelength (nm)

polarized light is used as basis states in the transmissiolependent propagating eigenmodes is only an approximation
model to simulate the incident unpolarized light. Accordingwhen there is a refractive index mismatch. The difference
to quantum field theory, spontaneous emission results frorbetween the two approaches is small when the refractive in-
the coupling of excited molecules to virtual photons thatdex mismatch of the CNLC is small but is significant for our
form the zero point fluctuations. The PL model assumes thagystem where there is a large refractive index mismatch. Our
the electric modal field can be resolved into two independentesults show that the virtual photons that originate from the
eigenmodes of propagation. In the transmission experimertero point fluctuations are unpolarized. This is supported by
the interaction of the CNLC Fabry-Pérot cavity with the ex- a study of the classical electromagnetic zero point field as an
ternal unpolarized light creates propagating modes within thanalogy for the vacuum of quantum field theory. The prob-
cavity. Similarly, the same pattern should be established imbility distribution for an unbounded zero point field is found
PL by the virtual photons which must obey Maxwell equa-to be isotropic where the polarization vector distribution is
tions. Since it is possible to interpret spontaneous emissioaqually possible for all polarizatiori81].

as stimulated emission due to quantum fluctuati®, we

should expect similarity of the state of polarization of V|rtua_l V. CONCLUSIONS

photons with the state of polarization of spontaneous emis-

sion perturbed by the virtual photons. PL excited at 405 We have demonstrated highly circularly polarized photo-
rather than 458 nm is used to compare with transmissiofuminescence from compourad exhibiting the widest stop-
because the emission is essentially restricted to a thin laydrand known in a pure chiral nematic liquid crystal. The stop-
and hence the magnitude of electrical modal field is almosband, which exists for one state of polarization only, almost
constant across the wavelength range considered. The elemampletely overlaps the emission spectrum of compoand
trical modal field inside the photonic crystal cavity and its giving a very high degree of polarization over 110 nm. We
polarization are established by unpolarized virtual photonslemonstrate the usefulness of the spectroscopic Stokes po-
from its immersive surrounding. The immersive surroundinglarimeter in studying the polarization of light from photonic

is isotropic and hence corresponds to the vacuum modes afystals. PL detected from the same face of the cell as the
virtual photons. The similarity in the wavelength dependencencident excitation beam is less well polarized in the stop-
in the stopband for transmission and PL indicates that théand since the forbidden mode is less well suppressed be-
virtual photons of the vacuum modes are indeed randomlgause of photon tunneling. The polarization properties of PL
polarized. We now check whether the incoherent superposidepend on the absorption coefficient and hence the excitation
tion of light that produces the eigenmodes used as basiwavelength: the Purcell effect is enhanced when the absorp-
states in PL gives unpolarized light. The two incident polar-tion coefficient is low because the spatial distribution of ex-
ized waves that result in the two independent eigenmodes arited molecules is better coupled to the resonant modes at the
calculated and transformed into Stoke parameters to be incatopband edge. Fermi’'s golden rule is used to theoretically
herently summed. Figure 11 shows the wavelength depemodel the Stokes parameters and degree of polarization of
dence of the degree of polarization of the resultant wave as BL from uniformly aligned compound. The theoretical and
function of the refractive index mismatch between the liquidexperimental results do not agree quantitatively. We show
crystal and the polyimide. The incoherently summed waveshat the assumption that spontaneous emission can be re-
are unpolarized when the refractive index of the substrate isolved into two independent eigenmodes derived from De
matched toyB of the CNLCs but become more polarized as Vries theory becomes less valid with increasing refractive
the refractive index mismatch is increased and so do nanhdex mismatch. We suggest that the invalidity of the as-
accurately describe the vacuum field. Therefore the theoretsumption results directly from the existence of randomly po-
cal description of spontaneous emission in terms of two indarized virtual photons.
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