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The theory of absorbance is developed for the entire electromagnetic spectrum of radiation in a
semi-infinite anisotropic medium with a second rank dielectric tensor, the elements of which are
complex and frequency dependent. The theory of the absorbéfiegd) of an optically anisotropic

liquid in an infrared(IR) test cell is then outlined and applied to IR transmission experiments. A
formula for the dependence gf(w, 6), on 6 (6 being the angle between the electric vector and the
principal optical axiy is derived from first principles. The formula, for radiation of angular
frequency o, viz, A(w,0)=-log;1074@0cogh+1074@™sir?g] is in agreement with that
proposed by Jang, Park, Maclennan, Kim, and CJ&esroelectrics180 213(1996 ] and confirms
some of the work of Kocot, Wrzalik, and MiLig. Cryst. 21, 147 (1996]. The comments on this
formula by Jang, Park, Kim, Glaser, and ClaRhys. Rev. E62, 5027(2000 ], and by Kocotet al.

are discussed. The absorbantéw,0) and A(w,/2) have been expressed in terms of the optical
properties of the material and the dimensions of the celRG®5 American Institute of Physics
[DOI: 10.1063/1.1874833

I. INTRODUCTION lin(@) = | ref(@). (1.2

Infrared absorbance spectroscopy is a powerful tech- Suppose that both these beams have the same cross-

nique for studying the molecular structure and this techniqueectional arear then we may expresk.qj(w) in terms of the
has also been applied to the study of liquid crystallinecorresponding power-flux densitieB,.(w) and Py {(w), as
materiat in the nematic phase since the early 1970's. Thisfollows:
technigue was first applied in the early 1990’s to the study of
the ferroelectric liquid crystalline materials and in particular
for determining the tilt angle and the orientational order
paramete?. Recently, the technique has been used to deter-
mine a complete set of second rank orientational ordefrhe units ofP(w) and Py {w) are W ni2
parameterd* The orientational distribution function of the If the radiation is plane polarized and if the test cell
directors in smectic layers has been determined for the ferrgsontains an optically anisotropic substance, the power-flux
electric liquid crystals first by Fukudet al” In this paper we ~ density P, and hence the transmittandg,, will depend
theoretically investigate the absorbance as a function of then 6, the angle between the electric vector of the incident
angle of polarization where a ferroelectric liquid crystal isbeam and the (or 3) axis of the test cell. See Fig. 2. There-
confined to lie between the two windows of a cell. The meafore we replace Eq(1.3) by
surement of the absorption of infrarétR) radiation in a
liquid crystal involves an arrangement shown schematically T y(,6) = Poul@, 0)_ (1.4)
in Fig. 1. The radiation is divided by a beam splitéerone cellt ™ Pef @, )
part constituting a reference beam of intensjty, the other
enters the test ceB with intensity|,,.

_ The transmittanceof the tes_t cellTean(w), for_radiation Teor(@,6) = A ()cO0 + A | (w)sir?0, (1.5
with angular frequency, is defined by the relation,

- loul ) - TPy ) _ Poul®)
lre(@)  OPref®)  Predw) .

(1.3

cell(w)

In Sec. Il we shall show, in E¢3.14), that in general,

the factorsA (w) and A | (w) depend upon the dimensions
Teen(@) = M (1.2) and optical properties of the test cell and on the optical prop-
lin(w) erties of its contents. Unfortunately there are no simple, gen-
eral expressions foh(w) and A | ().

in which I, {w) is the intensity of the beam leaving the test The absorbanceof the test cell, A(w, §), is defined by
cell andl(w) is the intensity of the beam entering the testihe equation,

cell. We shall assume that

Alw, 0) = = loggTcei(w, 6), (1.6
dAuthor to whom correspondence should be addressed. Electronic mail: ) )
jvij@tcd.ie this result with Eq(1.5) leads to
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FIG. 1. The IR radiation is divided by the beam splitter The reflected b radiation

portion is used as a reference; the transmitted portion enters the teBt cell ) )
FIG. 2. The arrangement for making IR absorption measurements. The ra-

diation of wave vectok propagates along thg or 2, axis. The sample lies
(1 7) between two(a,b) CaF, windows, each with an indium tin oxiddTO)

electrode(c,d). The smectic layersf) lie in the x-y plane. The electric

vectorE, of the polarized radiation is perpendiculaikt@nd makes an angle

104@9 =T (w,0) = A(w)cogo+ A | (w)sirPd

and hence 0 with the z axis which is taken to be the principal optical axis.
10740 = A (o), (1.89
bution function, the equation derived by Kogeital. is ob-
A(w,m/2) —
10 =A (o). (1.8 tained in the absence of quadrupolar ord®=0 in Eg.
With the following notation: (6.9)]; this equation is also valid in the case of thin samples
with C=D=0.
‘A(wl 0) = AH(w)l (19@
Alw,m2)= A (w), (1.9b

Eqg. (1.6) may be written in the form
Alw, 6) = - log,d 104 @coge + 10741 @sir?g]. (1.10

. MACROSCOPIC CONSIDERATIONS

A. Homogeneous plane-wave propagation

This equation was proposed by Jaegal® who obtained M @ semi-infinite anisotropic medium

values ofA(w) andA  (w) by fitting it to experimental data. In this section we derive expressions for the electric field
Several materials have been examined by means of E@f a polarized, homogeneous plane-wave launched into the
(1.10 such as the helical structure of a Simphase as well infinjte plane boundary of a semi-infinite optically aniso-
as the state which is fully unwound by an electric filtf.  yopic medium. A homogeneous wave is one in which the
The measurements were made on liquid crystalline samplésianes of constant amplitude and those of constant phase are
of thicknesses of up to 1pm. The fully unwound Si@ parallel to one another. The ensuing calculations are based on
state is known to have a finite degree of biaxiality. Jahgl. the treatment by Landau and LifshiA more general treat-

st?te n onle B ':Eelrt recen(’;_pap@rias a ft(?]ottn(éte T the|r ment on the propagation of the electromagnetic wave in an
reference 1§ without providing reasons, that EQL.10 IS 616 medium has been given by Yuan al****in which

exact. only n the a.bs.e.nce of blrefn_nger(mm anlsqtropy of they also consider spatial dispersion, i.e., permittivity to be
the dielectric permittivity. Because in most experiments the . . " )
spatially dependent on the wave vector, in addition to its

IR radiation i larized nearly along the principal ical . .

axisagfatlag di(salep;r?c ?:ngtegl 1)6 Zsosugmte ?hgt tr?epgirng;itnC-a frequency dependence. They expand the dielectric tensor as a

gence may be ignor,ed in samples of a few micrometers iI;I'aylor series expansion to first order in the wave ve&tor

thickness. From our derivation of EL.7) in Sec. Ill [see However, in the analysis given here, we confine ourselves to
: ' : investigating the propagation in an absorbing anisotropic me-

Eq. (3.14] it does not seem that it is subject to such limita- " ) . o i
tions. dium confined to a cell and ignore spatial dispersion. We can

To clarify the discussion we outline, in Sec. Il A, the justify this by stating that the wavelengths considered here
theory of the propagation of electromagnetic waves in aniso@re too large compared with the intermolecular separations in
tropic media and in Sec. Il B we discuss the passage of an |fhe liquid crystalline material and furthermore this linear
beam through a test cell containing an anisotropic mediumt€rm ink is likely to introduce only a small correction. By
Expressions for the Poynting vector are obtained in Sec. lllexplicitly including just the linear term ik, the calculations
and those for the density of power absorption in Sec. IV. Théecome too complicated to be helpful in the problem under
molecular aspects of the problem are considered in Sec. V. Aiscussion. We thus assume that all valuek afe allowed
general discussion and conclusions will be found in Sec. VIfor the different frequencies under discussion.
together with an analysis of the calculations of Koebal.” For an insulating medium devoid of free electric charges,
It is found that, for a general molecular orientational distri- Maxwell’s equationgin Sl unity take the form
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- tk(w) X Ho(w) = twDy(w), (2.7
tk(w) -Do(w) =0, (2.9
tk(w) - Bg(w) = tk(w) - Ho(w) = 0. (2.9

Equations(2.8) and (2.9) indicate thatk(w) is perpendicular
to Dy(w) and toHy(w). When we combine Eqg2.6) and
(2.7) we obtain the relation

k(w) X [k(@) X Eg(w)] == &’ueDo(w). (2.10

FIG. 3. The rlght-handed coordinate system with unit vec'tp,r$2, andi3. By means Of the Standard formula from vector algebra’

A X (A XB)=A(A -B) -A%B, 21
curle(r,t) = = gb(r,1), (AXB)=A(A-B) (2.11)
we may rearrange E@2.10 to read

k(w)[k(w) - Eg(w)] = [k(w)PEg(®) = = 0?uoDo(w).
div d(r,t) =divb(r,t) =0, (2.12

in which the vectors(r ,t), h(r,t), d(r,t), andb(r,t) are, Itis clear from this equation thdq(w) need not be parallel
respectively, the electric field, the magnetizing force, theto Eq(w). We cope with this possibility by introducing the
electric flux density, and the magnetic flux density, at posi-complex, frequency-dependent, relative permittivity tensor
tionr at timet. The vector has Cartesian componemtsr,,  &,4(w). The suffixese and 8 can take the values 1, 2, or 3.
andrs, such that We therefore write

curlh(r,t) = 4d(r,t), (2.1

F=igry+ifo+igra=iX+iy+isz, (2.2 3

Doow) =€ €q8(0)Egg(w) = gpe, g(w)Egp(w),
in whichi,, i,, andis (see Fig. 3 are three mutually perpen- 0a(©) Ogl (0)Eop(0) = £0%,5(0) g )

dicular unit vectors of a right-handed coordinate system. 2.13
For a plane wave of angular frequeneyand complex,

frequency-dependent propagation veckdiw), the vectors in which summation over the repeated suffixs implied in

e,h,d, andb may be expressed as follows: the last term. Thus Eq2.13, written in full, reads as fol-

e(r,t) = ReEg(w)exdi(wt -k -1)], lows:
Doi(w) = ggl €1 1(w)Egy(w) + &1 A w)Egy(w)

h(r,t):ReHO(w)eXdl(wt_k'r)]- +¢e ( )E ( )]
1,3\0)Eg3lw) ],

(2.3
alr.n = ReDO(w)exp[l(wt kel Do) = 80[82,1(0))E01(w) + 82,2(w)Eoz(w)
b(r,t) = ReBy(w)exd 1(wt =k - )], + £ (W) Egz(w)], (2.19
Wherelzv’Tl, and Re denotes “real part of”. We shall restrict
attention to nonmagnetic media, so that Dos(@) = eql£3,1(@)Epa(w) + £3 2(w)Eox @)
b(r,t) = ugh(r,t), + &3 5(w)Epg(w)],

(2.4 whereg, is the permittivity of free space. For the materials
Bo(®@) = moHo(w), considered here, the permittivity tensor is symmetrical, that

in which ug is the permeability of free space. The quantities's’

Eo(w), Do(w), andHy(w) are the complex vector amplitudes Eap(0) =g (). (2.15
of e(r,t), d(r,t), andh(r,t), atr =0 andt=0, for a particular . . _
propagation vectok(w). This vector may be split into its Equation(2.12, when expressed in tensor form is

real and imaginary components, and in keeping with the con-2 _

vention that counter-clockwise rotations are positive, Weco[k“(w)kﬁ(w)EOB Kel0)ks()Ega()]

write == &4,5(0)Egg(w), (2.19

k(w) =k’ (w) = tk"(w). (2.5 in which the summation convention is implied and where
- -1 ight i
To ensure that the plane wave is homogeneous, the vector8™ Vleouo) ™ is the speed of light in free space.
, ” . ) In view of the symmetry condition in Eq2.15), it is
k’(w) andk”(w) must be parallel. The insertion of Eq&.3) ) .
. always possible to choose a set of coordinate axes so that the
and(2.4) into Egs.(2.1) leads to T . . )
permittiivity tensor becomes diagonal. Therefore, in matrix
—tk(w) X Eg(w) == topgHo(w), (2.6 form, we have
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g1lw) O 0 3 4
[eqp@)]=]| O &fw) 0 |, (2.17
0 0 e3(w
where we have used the abbreviations;(w)=¢;(w), E. © \.ki\z‘
g2 w)=g5(w), ande; 3(w) =e3(w). With this result we may 1/
express Eq(2.16) in matrix form as follows: A
L
2 2 2
- (k5 +k kik kqk
5 kosl ( 2 3) 2 ! 2 2 s FIG. 4. To illustrate the two possible transverse waves propagating along
Co k1k2 k082 - (k1 + k3) kzks the 2 axis with propagation vectoks andk | .
kaks koks Koes = (K5 + 1))
Eoy(w) i = [2a(0) + ex()] £ \[ey(0) + 5(@) ] = 4oy(w)o3(0)
X| Egow) | =0, 219 7 2
Eos(®) _ [e1(0) + 23(0)] £ \[e4(w) — a5(w)]?
where we have introducdg, the free-space wave number of 2
the radiation, defined by the relation e1(w)
= (2.295
w 2T e3(w)
=—=—), 2.19 . )
Co Mo ( ) These two solutions correspond, respectively, to plane waves

with their electric vectors parallel either to thegdr x ) axis
Ao being the free-space wavelength. To save space in EQE  (w)=i,E, (w)] or to the 3(or z) axis [E(w)=isE(w)],
(2.18 we have dropped the dependencewnf ki, k, and  see Fig. 4. If the medium is dissipative, the quantitigo)
k. The condition that the matrix E2.18 has a solution is  gang ¢,4(w) will be complex and, hence, so also will be the
that the determinant of the left-hand matrix should vanishyajyes ofk,(w) obtained from Eq(2.25. We shall use the

that is, following notation:
k3eq — k5 — K3 kaky kqks K, =k (@) =ik, (@) =ik (w) = K] (w)],
kika koeo = ki = K3 koks =0. . . (2.26
kyks Kok Keeq = k2 - K2 k= k() =ik(w) =ilkj(w) = tKj(w)],

(2.20 so that

2 _ 2T’ _ ! 2
After considerable algebra this equation reduces to KL= [ku(@)] = [Ki(@) = K| (o)]

2
w ! "
£18083— £1(85 + £3)KEKG” = £5(21 + £3)k3KG” = ke (o) = g[sl(w) —vey(w)], (2.279
0
— £3(e1 + £2)K5Ko” + 81Kk + £okSkKy* ) - -
+ 83k§k2k64 - 0' (221) kH - [kH(w)] - [k!(w) L k|| ((.U)]
w ’ n
where we have used the facts that = kgea(w) = C_S[Ss(w) -~ vez(w)]. (2.27b
k(w) =i1ky(w) +iKx(w) +izks(w) (2.2 After separating the real and imaginary parts of these expres-
sions, we find that
and .
w
@ = [k = k() K K (0= i), (2.289
=k(®) - k(w) = [k ()] + [ky(@) ] + [ks(w)]? ,
SR +IE+ 12, (2.23 2K, (0)K () = %gg(m), (2.281
0
Now we restrict our attention to a plane-wave traveling
along the 2(or y ) axis, so thak;(w)=Kks(w)=0. In this case , Y w? ,
Eq. (2.2 reduces to the following quadratic k3ky* (K (@)~ [K(w)]*= 0_383(‘”)' (2.280
g1(w)ex(w)ez(w) — ex(w)[e1(w) + 83(w)]k§k(_)2 2
+£5(w)koky* = 0. (2.24) 2k (w)kj (@) = c_gsg(“’)' (2.28d

On dividing throughout bye,(w), we find the solutions of Thus, in view of these results and Eqg.1) and (2.3), we
this equation to be have
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K (0) X E | (0) =i XK, (0)E, (w)

=-izk, (w)E,(w)
= —izoueH (@) = opH  (w), (2.299
Ki(w) X Ej(w) =i X izk(w)E/(w)
=ik (w)E|(w)
=i10puoH) () = wuoH (). (2.29b

Since divb(r,t)=divh(r,t)=0 everywhere, the vectork

J. Chem. Phys. 122, 174901 (2005)

k(@)

hy(y,t) = i,exd - kj( )y]{ ———cod wt - kj(w)y]

H( )

Slr[ ot = kﬂ(w)y]}Err(w) (232d

These are equations of damped positive traveling waves, i.e.,
waves along the positive @r y ) axis, with phase velocities,

andH must be perpendicular to one another. Consequently

the set of vectork |, E |, andH, and the sek;, E;, andH,

are each mutually orthogonal. Therefore the vector pairs
H,) both lie in the 1-3 plane perpendicular

(E,,H,) and(E,
to the direction of propagation as in Fig. 4.

o Co Co
R R - % 2.33
pnu (@) K (0) ReVe(w) ni(w) ( i
10 Co Co
=0 =G _ % 2.33
VpHI( ) kﬁ(w) Re\"sg(w) né(w) ( b

These relations involve the real parts of the appropriate com-

We have the following relations between the magnituded!ex refractive indices,

E (w), andH  (w), and between the magnitudég ) and

H. (o) = H, ()] = L(“’)|EL( E LL“’)EM
(2.303
Hi() = Hy(0)] = |EH< =) ”( YEw). (2308

For the two modes of propagation we obtain from Eqgs.
(2.3) and (2.26 the following expressions for the electric

field vectors:

e, (y,t) =i;exd - K| (w)y]ReE  (w)exp{ ot - K (w)y]},
(2.313
&(y,t) =izex - K/(w)y]Re E(w)exp{ i wt = ki (w)y]}
(2.31b
and for the magnetizing force vectors:
1040 =~ sexi- K] (0)yIRe™= €. (o)
xexp{dwt =K' (w)y]}, (2.319
— U k{l( )
hy(y,t) =iexd -k (w)YJRe_Eu(@
xexp wt - Kk (w)y]}. (2.3190

Ny() = ni(w) - enf(w) = Ve (w), (2.349
N3(w) = N3(w) = ¢ N(w) = Ves(w), (2.34b

in which the positive root is to be taken for positive traveling
waves. If we express the complex, relative permittivity in the
form

e(w) =e(w)|exp(-16) (2.39
with
le(w)] = \[e" ()] +[" (@) (2.3
and
o=arctafe”"(w)/e’ (w)] (2.37)
then
N(w) = V|e(w)|exp- 15/2)
=|n(w)|[cog 8/2) - 1 sin(5/2)]. (2.39

Because, for a nonmagnetic mediuthmust lie somewhere
in the range from O tar it follows thatn’(w) can never be
negative. Corresponding to Eq2.28 we have

()P -[n"(0)P=¢"()
and
2n"(w)n"(w) =

(2.393

g"(w). (2.39h

If E,(w) andE(w) are real quantities, these equations takeg Propagation within the test cell

the simpler forms

e, (y,t) =i;exgd- K (w)ylcod wt - k' (0)Y]E, (w),
(2.323

&(y.t) =izexg - K/(w)ylcod wt - kj (w)y]E (), (2.32h

K|, ,
h, (y,t) = —izexd - KL(w)y]{ wif;) cod wt - K/ (w)y]

L Kilw)

WMo

——sinwt -k w)y]}Ei(w) (2.329

The analysis of the passage of radiation through the test
cell is made difficult by the presence of the windogee
Fig. 2) which give rise to multiple reflections within the win-
dows themselves and within the sample. An exact analysis
would require the calculation of the reflection and transmis-
sion coefficients at each interface in the cell. Such calcula-
tions would require detailed knowledge of the optical prop-
erties of the windows of the cell and its contents.
Unfortunately this information is lacking. However, as we
shall show, it is possible to evade this difficulty when the
sample is strongly absorbing.
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The electric field within the sample is the sum of the  gH  (w,y)
fields of a succession of damped forward and backward trav- T =
eling waves.

We shall take the origin of the coordinates to be justln the following section, where we treat the Poynting vector,
inside the sample as indicated in Fig. 2. The sample liegve shall require the value of
between the two 1-8x-z) planes passing through the points J
y=0, andy=L, L being the width of the cell. We shall treat —E (0,Y)H (0,y) =H (0,y)—E, (,y)
the interfaces as infinite planes. It is permissible to consider ay

- ()E (w,y). (2.47

each mode of propagation separately. We shall, first, concen- J .

trate on the mode in which the electric field is perpendicular + EL(va)EHL(wa) (2.48

to the 3 (or 2) axis. If the amplitude of the electric field

entering, and just inside, the sample is denoted by where * indicates the complex conjugate. By means of Egs.

, (2.46 and (2.47) we get
E.(0.0)=E. () =hE, (o), (2.40 ?

a *
then in view of the results obtained in Sec Il A, the electric —E , (w,y)H , (w,y)
field on some plang within the sample may be expressed in
the following manner:

_ 2 K2(w) 2
. t __Lw/-LO|HJ.(w1y)| T |EL(w!y)|
e, (y,t) =i;ReE, (w,y)e", (2.4)) “to

in which =——Zkl(w)k,i(w)|Ei(w,Y)|2‘L :
o W Lo

E (0,y)=E, (0){e KV + R, (0)s k.Y
1) w){e w)e —{[K (@) 2= K] (0)B|E  (w,y)|*]. (2.49

+[R,(0)e™ K 4R, (w) Po )
_ Note that the first term in the second part of this equation is
4. -uk, (BL+y) o ...
*[R(0)e™™ *od (2.42 entirely real, and the second term is entirely imaginary.
and R, () takes account of the reflection at the sample- ~ The series which appear in Eq2.42 and(2.44 can be
window interface, including the multiple reflections within Summed, and we find it possible to write these equations in
the window. In a similar way we have for the magnetizing the following way:

[(0uo)?H (o)

force vector EL(0,y) =E, (0)e™*C, g(0,y) (2.504
h.(y,)=~isReH  (,y)e*", (243 ang
where, in view of Eq(2.303, H, (@) =H, (0)s™*YC | (oY)
k(@) _ _ ;
Hi(wy)= = E (o){e™ Y =R, (w)e™ K12V = ky(@) E (w)e™ kLyCJ_ H(w,y). (2.50b
o [y '
2.—uk, (2L+y) _ 3.—tk,(3L-y)
+[R (0)Pe Y —[R) ()P kO The coefficient<C | g(w,y), andC, y(w,y) have the values,
+ [RL((J))]48_L k BL+y) 4 ... I (2.449 R, (@) + SLZKLY]S‘LZML
N . . CL,E(wvy) = |:1 + RL(“’) 2 —ik, L :|
ote that the odd powers &, (w) now have a negative sign {1-[R, (w)]7e™™1 }
because these terms arise from backward waves for which (2.513
the magnetizing force vector is the reverse of that in a for-
ward wave. and
As we shall later require the derivatives®f (w,y) and [R, (@) — g 2Y]gm2L
of H, (w,y) with respect toy, it is convenient to give their C oy = {1 +R, (w)— 7 kL }
values here {1-[Ru(@)]e™
(2.51b
JE  (w,y)

—I_ -ky
ay =[- ek (@)]E (w){e™ ™ It is clear from these last equations that the sum

[RL(w)]zs—LZle }
{1-[R (w)]Pe %t}
(2.52

_ RL(w)s—L k| (2L-y) + [RL(Q))]ZS—L ki (2L+y)
- [Ry (w)Pe k@

+[R, (w)te™t kG 4 ..y (2.45

CL,E(ULY) + CL,H(w,y) = 2{1 +

and is independent of.

and using Eq(2.303 we obtain Finally we note that the relations for the mode in which

IE, (w,y) the electric vector is parallel to the @r z) axis may be
Ty wpeH | (@,y). (2.46  optained from the foregoing equations by replacing the sub-
script L by the subscript throughout, and by changing the
In the same way we find from Eq&2.42 and(2.44) that vector -5 in Eq. (2.43 to the vectori,.
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XC, plw,y)e™ Y
+i1k(0)Ef(0)C) ylw,y)e ™™V}
= (wpo) 'Ree“ Eyy(w)
X{=i58iN Ok, (0)F | e(0)C | p(w,y)e Y
+i,€080 k(0)F g(0)C y(w,y)e Y}, (3.4b

The time average over one cycle, of duratibn2m/w, of
the product of the two sinusoidal functions of time,

FIG_. 5. The totgl electric vectdt, lies in the 1-3 plane and makes an angle a(t) = ReA(w)s“"t
6 with the 3 axis.

= |A(a))|Re8‘0‘(“’)8“"t

Ill. THE POYNTING VECTOR = |A(w)|cod ot + a(w)],
The time-dependent Poynting vecttr ,t) is defined by

the equation b(t) = ReB(w)e“!
s(r,t) = e(r,t) X h(r,t) (3.1 = |B(w)|Ree#@gtet

and is a measure of the power-flux density in an electromag- = |B(w)|cod wt + B(w)], (3.9

netic field. Equation(3.1) implies that for a plane electro-

magnetic wave, the Poynting vecwis parallel to the propa- S given by

gation vectork. T
T_o calcuIaFe the_Poyntmg vector in the test cell we must MT = lf dta(t)b(t)

take into consideration the angfebetween the electric vec- TJo

tor of the incoming radiation and the(8r z) axis of the test

_1 *
cell. Thus the electric fieldE; (w, §)=Eq(w), in the wave = 3ReA(w)B (w)
approaching the test cell has two componéree Fig. 5, = 2ReA’(0)B(w)
Ein(w, 0) = (i1Sin 0+ i3c0SO)Ey(w). (3.2 - %|A(w)||B(w)|COia(w) - B(w)]. (3.6)

Each component of this approaching wave creates its own ] ] ] )
plane wave with propagation vectors; (w)=i,k, () and With this result we find that the time average of the Poynting

ky(w) =ik (w). The magnitudes of the electric vectors of the VECtor withe andh given by Eqgs(3.43 and(3.4D is

waves just entering the test cell will be directly proportional . —

to the components dEy(w). Therefore we write Sly) =iSly) =&(r,t) X h(r,0)
E (0,00=E, (0)=isF | (0)Eo(w)sin g, (3.33 =155 (wpo) *REEq(w) e > 1IsirPg

X[|F, g(@) K (0)C, glw,y)C| y(w,y)]

EH((I),O) = E||((1)) = i3F”'E((1))Eo((l))C050, (33b)
~24y, 21 *
in which the coefficient§ | £(w) andF g(w) take account of + & 200 |F g() % (@)Cy (@) C (@ y) ]}
the properties of the windows and of the window-sample (3.7

interface. The magnitudes of the magnetic vectéts(w) ) )
andH (), may be calculated from the corresponding elec-Ve may assume thdiy(w) is a real quantity so that
tric vectors by means of Eq$2.30, and their orientations

" Ssdllrfgttii Irréllz:i!c?o.nt obtained in Sec. Il B, we find that the Sy) = % \/%EO(Q))'Z[COSZGG'(CO'}/) " sinzGL(w,y)]
total electric field vector within the sample is (3.9
e(r,t) = Refi;E | (0)C, gw,y)e! Y] with
+i3E)(0)Cy g(,y) el T}
= Re&s“'Ey(w){i;sin 6 F | c(0)C, g(w,y)s Y Gy(w,y) = (co/ w)exi - 2K (w)y]
+i50080 Fy e(@)C, e(w,y)e "V} (3.49 X|Fy e(@)’Re(k; (0)C) g(@,Y)C; y(@,Y)]
and the magnetizing force vector is = exfl - 2k (w)y]
h(r,t) = Re[=igH | (0)C, p(,y)el k)] X|F) () ’Reky Tk (0)Cy g(@,Y)C) y(@,Y)]
+i1H(0)Cy (0, y)el k) (3.9
= (wpo) Ree*“{~izk, (w)E, () and
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G, (0,y) = (cfw)ex - 2K} (w)y]
X |FL,E(w)|2R6[k1(w)ci,E((D,Y)CLH(U),Y)]
= exi{~ 2K} ()y]
X|F | g(@)|"Rekg K, (,)CLe(@Y)C) w(@Y)].
(3.9b

The mean-power density in the beam approaching the

test cell is

1 /e
Pil:0) = Pre(.0)= 5/ [Eol@)f,
0

so that the mean-power density entering the sample is
S(0) = Pjy(w, 6)[c0g6 G(w,0) + sifd G, (w,0)] (3.11)

(3.10

and the mean-power density leaving the sample is
S(L) = Piy(w,0)[cog0 G(w,L) +sif6 G (w,L)].
(3.12

The mean-power density emerging from the cBl,(w, ),
will be directly proportional toS(L) but slightly reduced in

intensity by the effect of the window of the test cell. Hence

we write
POUI((DI 0) = Pin(wv 0)[CO§9WH((’))GH((D, L)

+sirfow, ()G, (w,L)]. (3.13

J. Chem. Phys. 122, 174901 (2005)

y+9y

oy

FIG. 6. The Poynting vectas parallel to the 2 axis, decreases in magnitude

as the wave progresses from the 1-3 plang tt the 1-3 plane ay+ dy.

(3.7. The magnitude of at the plangy+3dy) may be ex-
pressed in terms of its magnitude at the plar® means of
the Taylor expansion,

Sty o) =5y + oy

The mean power absorbed in the slab of thickn®sand of
unit (1 m) cross-sectional area is

W(y) oy = Sly) - Sly + dy)

(..). (4.1)

ISly) 9sy)

The factorsw;(w) andw, (») take account of the small ab- In the limit whendy is vanishingly small we obtain

sorption of energy as the radiation passes through the exit

window of the test cell.
Recalling Eq.(1.4), we see that Eq3.13 leads to the
following expression for the transmittance of the test cell:

Pout(wy 0)

Teen(w,6) = P. (,0)

=[A(w)cogh+ A | (w)sirtd],

(3.14)
where
Ay() = exd— 2K/ (w)LIwj(w)
X|F) e(@)PRekg K (0)C (@, L)C) y(w, L)]
(3.153
and
A (w) = exf = 2K (0)LIw (o)
X|F| g(w)|?Rekg' K, (0)C g(w,L)C 1y(w,L)].
(3.15b

The form of Eq.(3.14) is that first proposed by Jareg al®
Spatial dispersion is ignored in this analy§ls.

IV. THE DENSITY OF POWER ABSORPTION

Consider two parallel planes perpendicular to tHer2y)
axis and separated by a small distageas shown in Fig. 6.
The time-averaged Poynting vect& was defined in Eq.

gy — gy - S o oSy
=Sy =Sy -y =y (42
W(y):—%;). (4.3

Here W(y) is the mean power absorbed per unit volume on
the planey. It is convenient here to split the time-averaged

Poynting vector into two part§,(y) andS, (y), for the two

modes of propagation, so that in the notation of Sec. Il B, we

have
Si(y)=e,(y,Hh,(y,)"=3ReE, (0,y)H" (0,y)

with a similar expression fog(y). From Eq.(2.49 and(4.4)
we get

(4.4

dS,(y)

W, (y)=- ay

J *
= - %ReE[EL(w,y)HL(w,W]

12K (@)K (@)

5 EL(w,y). (4.5
By means of Eq(2.28h we see that
W, (Y) = 308681 (0)[E L (w,y)[? (4.6
and hence
WI(y) = Wy(y) + W, (y)
= swege3(w)[EN(w,y)* + e1(0)E (0,Y)]]  (4.7)

in agreement with standard dielectric thebery.
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3 as=a'(0) (5.4)

and the angular brackets indicate an average given by
2 T

<(---)>=f dvf dgsinBp(B,y)(...). (5.9
0 0

Similarly, for e=i,e, we have

» 2
1 >\‘ N :
P1,2= X1,28082 = \_/<a5925|n y cosy sir’B)

FIG. 7. The angular coordinatgsand y specify the orientation of a mol-

ecule with respect to the axes 1, 2, and 3. = (81,2_ 1ege,, (5.6a
N . .
V. MICROSCOPIC CONSIDERATIONS P2.2= X2.260€ = \—/(asezsmzysmz,B) = (85— 1)epey,
As a model we assume that the medium consists of long, (5.6b

rodlike molecules wittonly an axial electrical polarizability,

o) = a'(0) - 1a" (). .3 D3 2= X300 = g(asezsin ysin g cosg)

The problem of the local field ariség;given the postulated

shape of the molecules, it is not unreasonable to assume that =(e32— Degey, (5.60
the local field is equal to the macroscopic electric fi¢lthe
depolarizing factor for an exceedingly prolate spheroid i
negligibly small*®)

sand fore=ise;,

N .
If the angular coordinates of a molecule g8end y as P1,3= X1,38062 = \—/(asechS)/ sin B cosB)
in Fig. 7, the orientational distribution functigr(g, y) will
be taken to be = (81,5 1)k, (5.7a
A7p(B,y) =1+ 3Asin B siny+ 5BP,(cosp) N
+(15/4)[C sin 28 cosy + D sir?3 cos 2y P23~ X2,38082= \_/<0‘Se33in ysin B cosp)
+Esin28siny+Fsin?Bsin2y], (5.2 = (e5.5- Doy, (5.7b

HereA, B, C, D, E,andF are the expansion coefficients and
serve as the order parameters with the maximum value of 1
in completely ordered systemé. measures the polar order
and for the ferroelectric phasg0 in the unwound stateB
measures the order relative to the axi<3D, E andF are  Clearly
the four order parameters measuring the quadrupolar order.
P,(cosB)=(1/2)(3 cogB-1) is a Legendre polynomial.

For a static electric fielé=i,e;, the polarization compo- For an electric field

N
P3,3= X3,380€2 = \—/(asegcosz,8> =(e3— Deges. (5.70

Xa.p=Xpa» €ap~ €pa (58)

nents are
e=i161+i292+i383, (59)
- =N aer codysir?
P1,1= X1,180€1 = v<asel cosy sin'p) the induced-polarization vector
= (g1 - Degey, (5.39 P =i1p; +ioPs +isPs, (5.10

where the components pfare given by the matrix equation:

N
= e, = —(a£,coSYy Sin y sir
P2,1= X2,1€0€1 V<6¥s 1COS Y Sin y sin3) 01 (P11+ P1o* P19

=(e21~ Degey, (5.3b P2 | =|(P2,1% P22t P23
P3 (P3,1% P32+ P33
P21 = X3,150%1 X1,1 X12  X13||©&

=gl X201 X222 X3 €| (5.11)

N
= —(agcosysinysinB)=(e31—- Depe;. (5.30
\4 X31  X32  X33]l€s

In these equation® denotes the number of molecules in On evaluating the averages in E¢5.3), (5.6), and(5.7) by
volumeV, means of Eq(5.5) (see the Appendjxwe find that
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X11 X12 X13 Alw,72) = A | (w)
X21 X222 X23 = - logyghy(w) + 2(27L/\g)n](w)l0g; e -
X31 X32 X33 (6.2b
1-B D F C
- + = —_ =
NP d 5 o z Kocot et al.” assume that the modulus squared of the electric
= PR, 2 [T - E] 2 (5.12 field within the sample varies with distance according to the
0 < E [22] equations:

The condition that the susceptibility matriky, ¢, be diag-

IEy(w,y)]?= [E(w)[2107 4@,

onal is that (6.3
C=E=F=0 (5.13 EL(0y)P=]E. ()10 @00,
and under this condition we get With the approximations introduced in this section, our ver-
- sions of these equations, based on &0503, read
(0)-1=Nal@)| 1°B 9} (5.143
T e s T2 | Ei(w.y)? = |E () Pexd - 2K (w)y]
- (6.9
N 1-B D 2 2exd - 2K’ _
o)1= a(\C/U) T"E] (5,148 E. (@)= E, (o) Pexd— 2K, (w)y]
Fo¥ L For Egs.(6.3) and(6.4) to be compatible it is necessary that
e3(w) - 1= Rt 22 ZB] : (5.149 Aj(w) = 2K/ (w)L logyee, A, (w) = 2K (w)L logyee -
80V L 3 (65)

Hence the susceptibility of the sample in its isotropic state is_ . e .
given by This condition could be satisfied if the absorption was so

strong as to make the lgg'(w) term, in Eq.(6.2), small in
comparison with the term in"(w). Kocotet al.” also derived
an expression folP,,{w, ), the mean-power density ab-
sorbed by the cell, which seems to be in error.

From the discussion in Sec. | and the definition in Eq.
(1.4) it is clear that with

Xiso(@) = €iso(w) — 1
= %[81(0)) +g5(w) + g3(w)]
Na(w)[l—B D 1-B D 1+28
= — =+ — -+
3egoV 3 2 3 2 3
_ Na(w)

B 380V

Papd @, 0) _ Pin(w,0) — Poy{w, )

(519 Pin(,6) Pin(®, 6)

=1 —Tce”(w, 0), (66)
as expected.

Explicit expressions fok, (w) and k(w) in terms of
giso(w), B, andD may be obtained by combining E@®.17
with the results of this section.

then
1-Teei(@,6) = 1 ~[A(0)cog6 + A | (w)sirP6]
=[1-A()]cog0+[1 - A, (w)]sirP0,
(6.7

which differs from the result obtained by Kocett al.[Ref. 7,

o ] ) Eq. (8)]. For the case oiveakabsorption, we have the ap-
In order to simplify the discussion we shall assume thalximation,

the windows of the test cell are only weakly reflecting and
hence that their transmittances are close to unity. Under these
assumptions Eqg3.159 and (3.150 simplify considerably

and take the approximate forms,

Ay(w) = kalku'(w)exd— 2K/ (w)L]

VI. DISCUSSION

27l

o {
0

+[2n! (w)N(w)]sir?6}

Papd @, 6) = Pin(w, 6) [2n5(w)ng(w)]cos'

=Pjy(w, 9)%[8%(&))C0520 + e’l’(w)sinzﬂ].
0

= nj(w)exd — 2(2m/\g)N5(w)L], (6.13
A (w) = koK, (w)exd - 2K (w)L] (6.8
= n}(w)exg - 2(2m/\o)n](w)L]. (6.1b) When the sample is isotropic this equation becomes

The absorbancel(w, 6), defined by Eq(1.5), has the fol-
lowing particular values:

A(w,0) = Aj(w) = = logygnz(w) + 2(27L/\g)N3(w)log; e,
(6.2a

PU(w,6) = Pip(, ) (6.9

2L,
—)\0 €igo(w).

On dividing Eq.(6.8) by Eq. (6.9, we find, by using Egs.
(5.14 and(5.15), that
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Papd @, 0) 3D | _ 1 3D
—= =1 [1+2B]cogh+|1-B+— |sirtd wBcogy)==|1-B+—|, Al
PU9(4, ) [ ]Jco > |S (sirpB cosy) 3 > (A1)
. 3D .
=1+B(2-3sirfh) + ?smze. (6.10
. . 1 3D
This equation agrees with that obtained by Koeb#l. (sirp sirty) = 3[1 B 2 ] (A2)
for D=0 [Ref. 7, Eq.(12)].
VII. CONCLUSIONS (cogB)=3(1+2B), (A3)
We have developed the theory of an electromagnetic ho-
mogeneous plane-wave in a semi-infinite, optically aniso-
tropic and absorbing medium. Based on this, and from first . . _ F
principles, we have derived the empirical equation first pro- (sin’Bsiny cosy) 2’ (A4)

posed by Jang, Park, Kim, and Clafior the IR absorbance

as a function of the angle of polarization for normal inci-

dence of an IR beam in a ferroelectric liquid crystalline E

sample aligned in the homogeneous configuration and the (SinBcosgBsiny)= > (A5)
sample confined to lie between the windows of a cell. We

find that this equation is not subject to the limitation that the

IR birefringence of the sample should be zero. In the deriva- c
tion, we considered the elements of the dielectric tensor to be  (sin 8 cosg cosy) = —.
complex and frequency dependent but neglected the explicit 2
dependence on the wave vector. We thus assume that all

values of the wavevector are allowed for the various frequen-B. J. Bulkin, Liquid Crystals, the Fourth State of Mattezdited by F. D.
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(~3 nm) is much smaller that the shortest wavelength in the 5 - Morkel, A. Kocot, 3. K. Vil G, H. Méhl,léngf. ,\Xey'er:l Chem. Phys.
IR beam(~3 um). The absorbances along the direction of 151 5012(2004.
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