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Assuming the low molecular reorientation approximation, the formulae
for the third-order electric polarization induced in liquids composed of rigid
noninteracting dipolar, symmetric-top molecules in spherical solvents were
derived. Our medium is acted on by a strong external dc bias electric field
superimposed on a weak ac electric field, and the classical Smoluchowski—
Debye equation for rotational diffusion of the symmetric-top molecules is
applied. In order to highlight the influence of the anisotropy of rotational
diffusion tensor components and the orientation of permanent dipole moment
of the molecule on the complex linear and nonlinear electric susceptibilities,
we present three-dimensional plots of the linear and nonlinear dispersion and
absorption spectra, for different values of the frequency of ac electric field.

PACS numbers: 05.40.Jc, 77.22.—d, 77.22.Gm

1. Introduction

Linear and nonlinear dielectric relaxation phenomena in molecular liquids,
although discovered many years ago, are still the basis for wide experimental and
theoretical studies. The Smoluchowski—-Debye model of rotational diffusion of
noninteracting, spherical-top molecules in solutions has been successfully applied
in description of linear dielectric relaxation [1-3], the optical Kerr effect [4-6], the
light scattering [7, 8], various phenomena connected with the third-order electric
polarization in liquids [9-11] and especially the nonlinear dielectric effect (NDE)
measured at the frequency of the probe field [12-18]. This last effect, named the
Langevin saturation, is characterized by a negative contribution to the nonlinear
electric susceptibility x(—w;w,0,0), due to a decrease in the potential energy of
the polar molecules in dc electric field.
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The Smoluchowski-Debye rotational relaxation theory has been extended to
non-linear effects by Kielich and his co-workers [9-11], and applied to describe
the dispersional and absorptional behavior of the third-order electric polarization
induced in liquids consisting of the spherical-top molecule by external reorient-
ing electric fields. The nonlinear-Langevin type relaxation was succesfully mea-
sured, as the nonlinear dielectric effect on the frequency of the probe field, by
De Smet, Hellemans, Jadzyn, Kedziora and co-workers in many papers [14-18].
The Smoluchowski—Debye equation for the rotational diffusion of symmetric-top
molecules was used by Morita and Watanabe in description of optical birefringence
[19, 20], by Dejardin in evaluation of the nonlinear dielectric response [21], and
also by one of us [22]. An elegant solution of the Smoluchowski-Debye equation of
asymmetric-top molecules was given by Kalmykov [23]. An excellent and extensive
review of dielectric relaxation phenomena in liquids was given by Coffey [24].

The anomalous rotational diffusion model, given recently by Coffey,
Kalmykov, Dejardin, Jadzyn and co-workers [25-27], permits, in contrast to the
Smoluchowski—Debye approach, investigation of molecular dynamics of the non-
-Markovian type, and opens wide applications in investigation of dynamic phe-
nomena in liquids. This “anomalous rotational diffusion approach” is based on
the non-Markovian equation with non-integer time differential operator and, as an
elegant extension both of the Smoluchowski-Debye model and the Cole-Davidson
results, includes these two types of relaxation [27]. These modern theories are
in good agreement with the ac Kerr effect response experiments, performed on a
dilute solution of poly(3-hexylthiophene), by Schimomura and co-workers [28, 25].

It is our aim to present graphical analysis of the linear and nonlinear dielec-
tric relaxation of rigid, non-interacting symmetric-top dipolar molecules in spheri-
cal solvents, the phenomena which are strongly dependent both on the anisotropy
of rotational diffusion tensor and on the angle between the molecular dipole and
the symmetry axis. In Sect. 2 we derive the formula for the third-order electric
polarization induced in the liquids by a strong external reorienting field, which
consists of the sum of three terms connected with the “cubic” relaxation functions

(), A5EF(t), and ATF#(t) + AT$%(t). These functions depend on the parameter
of the rotational diffusion anisotropy and on the shape of electric fields and are
given for the nonlinear electric susceptibility in Langevin saturation, x(—w;w, 0, 0),
in Sect. 3. In Sect. 4 the linear dielectric relaxation is briefly summarized and in
Sect. 5 we discuss our results for nonlinear relaxation.

Section 6 contains all the dispersion and absorption graphs. Our results
indicate that the spherical-top approximation may be used only in special cases,
especially in the nonlinear case, in which the symmetric shape of the molecule
cannot be neglected.

2. Third-order electric polarization induced in the dielectric medium

We consider a dielectric system of the volume V' composed of a great number
N of dipolar molecules, with the permanent dipole moment of 1. On neglecting the
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induced molecular polarizabilities and molecular interactions, the Z component of
the total dipole moment Myz[E(t)] of the system, induced by the time-variable
external electric field Ez(t) = Ezg(t), is equal to

Mz[Ez(1)]

27 T,
= Ny/ £l |:1U$(Y11 +Yio1) + py (Y11 —Yio1) — V2u.Yio g(t), (1)

where Y, = Y, (¥, @) are the spherical harmonic functions, depending on the
two angles between Ez(t) and the z axis of the molecular coordinate set: the
polar ¥ and the azimuthal ¢ ones, i> = —1, and the function g(t) describes the
shape of the electric field. The components of the permanent dipole moment are:
pr = prcos O, u, = pcos $sin O, p, = psin Psin O, where @, @ are the angles
between p and the z axis of the molecular coordinate set.

The electric polarization (Pz(t)) induced in the dielectric is given by the
ensemble average

(P2) = oy | [ MeBO)10, 01 E2(0)sin 010d. )
0

where f[9, p; Ez(t)] denotes the probability distribution function describing the
rotational diffusion of a molecule.

We assume that the time evolution of the distribution function f =
fl9,0; Ez(t)] is governed by the Smoluchowski-Debye rotational diffusion equa-
tion for the symmetric-top molecule [19, 20]:

9 . . . .
p2 s eirr v -oizr= o[- ni2n) - i)
(€~ DfE2u— €f L% — (¢ — Dul2f + cul?f], (3)

where L and Ly are the components of the quantum mechanical angular momen-
tum operator but with # = 1 and u = u[d, p; Ez(t)] denotes the change in the
potential energy of the molecule in an external electric field

uld, p; Bz (t)] = kT [ips (Y11 4+ Y1-1) 4+ py (Y11 — Y1-1) — p=Yio]g(t), (4)
where the dimensionless parameters of reorientation of the permanent dipole mo-
ment components are

21 uo Bz T Ey
= _— :2 —
Pa =Nk 0 P27 R (5)

k is the Boltzmann constant, T — absolute temperature and o = x,y. In the
Smoluchowski Eq. (3) the dimensionless parameter of the rotational diffusion ten-
sor anisotropy £ of symmetric-top molecule — Dy, = Dy # D,, — is

Dya
€= 5 (6)

where D, D, are the rotational diffusion constants around the molecular z and
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z axis, respectively. In the particular case of the spherical-top molecule £ = 1
and Eq. (3) becomes the well-known Smoluchowski-Debye equation depending on
the polar angle ¥ only [9-11], which is fundamental for the theories of linear and
nonlinear dielectric relaxation [6, 7], the dynamic Kerr effect [5], as well as many
interesting magnetic relaxation phenomena [6].

The approximate solution of Eq. (3), if pg,py,p. < 1, known as “the low
molecular reorientation”, is given in [10, 22].

If the intensity of the external field Ez(t) is sufficiently high, it may induce in
the dielectric, in addition to the linear polarization <P§1)(t)>, proportional to Ez:

2
E
(P (1) = A%, (1)sin® © + Afo(t) cos® €] 2Z, "

the third-order electric polarization, equal to [9, 10]:
(Pég) (t)) = —{ A7 (t)sin* © + A7E*(t) cos* O

413
Trz TzZZz : pll/ E
+[AT5* (t) + ATT* ()] sin® O cos® 9}45k:3TZ3' (8)

For the “ideal” symmetric-top molecules, i.e. when D, = Dy, # D, and
Po = by F bz, t00, or simply © = /4, Egs. (7), (8) are reduced to

(P(0) = (45,0 + Aso(0) 2222 )
and
413
(PED () = ~[ATE* (1) + AT (6) + ATF(0) + AT ()] {2 (10)

The linear A7, (t), Afy(t) and “cubic” AJF®(t), A3E*(t), ATE*(t), ATF#(t) re-
laxational functions, depending on the shape of the external reorienting electric
fields g(t), parameter £ of the rotational tensor anisotropy and the rotational re-
laxation times of the symmetric-top molecule 7;,,, can be found from the set of
simple linear differential equations [9, 22], resulting from the Smoluchowski-Debye
Eq. (3).

Therefore linear relaxation consists, Eq. (7), of two terms. It is seen from
Eq. (8) that nonlinear Langevin relaxation is a superposition of three independent
terms. Our treatment may be extended to the case of the polarizable molecules,
taking into account the additional term in the potential energy u[d, ¢; Ez(t)] in

Eq. (4).

3. The rotational diffusion functions of symmetric-top molecule
in the presence of constant and harmonic electric fields

Let us consider an external reorienting electric field Ez(t) as a sum of con-

stant and harmonic fields
1 . . E,
g(t) = 1+ SA(e™t 4 o), A= 22 (11)
2 Ez

switching on at the time ¢t = 0. Here w denotes the frequency of the electric field
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E, coswt. The extension of the Kielich method [9-11, 22] to the symmetric-top
molecules gives the steady-state result

2A47,(t) = 1 + AR e " - cc.,  245,(t) = 1+ ARSpe ! +c.c. (12)
in which the complex Debye-Kielich factors Ry, (nw) = R}, describing the dis-
persion and absorption of the medium are defined as

0 — (1 — inwTy,) (13)

Here the rotational relaxation times of the symmetric-top molecule 73, are
equal to

Tim = [l(l + 1)Dzz - mz(Dzz - Dwz)]_l (14)
and the abbreviation “c.c.” denotes the complex conjugate term. In this paper we
neglect transient effects in the rise in time of polarization and describe here only
the steady-state polarization, attained by the dielectric medium after a sufficiently
long time ¢t > 71¢9. In Fig. 1 we plot the ratios

T11 2 T21 - 6

o ﬁ7 T20 m7
and

T22 3

oo 1426

versus the parameter of anisotropy of the rotational diffusion components £&. We
see that for £ < 1 all these ratios are greater than 1 and for £ — oo these ratios
decrease to zero.

Fig. 1. Relaxation times versus parameters anisotropy &.
aac(t) for the symmetric-top molecules
are of more complicated form and may be obtained from the set of linear differential
equations, given in [22]. We have this result

The cubic reorientational functions A
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2A7E% (1) = 1+ ARS,(1 + Ry, + Ry Ryp)e !
1 " " oo
+§>‘2( 10 + R3o + RiyR5)

1 w w w w W pPW w pwW —i2w
+§)‘2( SR R3 + Ry, RIg Rsy + Rig Ry )e 2"

1 ) w —w w\ ,—iw
+1)\3 0(RYy + Rig” + Ry )e "

1 .
+1)\3 fOR%Rga"e_l?’m +c.c. (15)

The function A7§*(t) is the one that determines the rotational relaxation
of spherical-top molecules with p, # 0, p, = py = 0, too, and depends on two
relaxation times

Ti0 = (2Dzz)7la T20 = (6Dzz)71~ (16)
Moreover we obtain

41+ QAT (t) — 1] = AR {1 + & + (1 + RY))[BRs, + (26 — 1) Ry e "
1 103) 103 103
+§)‘2{2(1 +ORYIRY + (14 Ry )[BR3, + (26 — 1) R5pl}
1 —i2w
oA BRA RS + (26 - DR + (1+ RY)RITBRS, + (26 — DRy ke

1 .
AR BRI RS + 2(1 = (2 + BEg)e ™!

1 )
+1/\3R§;" [3RY, R% + 2(¢£ — 1)R2¢]e 3! - c.c. (17)
and
1 .
2ATEE(H) = 1+ Z/\[2 — (14 RY)) Ry + 3(1 + aRyy + bRY, )Ry, Je ™
1 w w 103) w w w w
+§)‘2[3(QR10 +0RT)(1+ R3)) + 3Rs) — RYy — (1 + Rf)) Rsp)
1 .
+§A2[6(1 +aRyy + bRS, — 2R, R3§ — Ryy) Rige ']
1
+1*6)\3{RT0[3(CLRT0 + bR (1+ R$)) — R (1 + R3]
+Ry°[3(aRyy” + bRyyY) — Rﬁw]}eiiwlt
1 w w w w w W, —i3w
+1—6A3 [3(aR%, + bRY,)R3 — Ry R R3¢ e 3" 4 c.c., (18)
where the coefficients a, b are equal to
14 2¢ 3¢
= h= —> 19
‘T 1tse 1+5¢ (19)

and finally
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xrzz 1 w w w w
(I+O[ATF*(t) - 1] = 5)\[(1 + R{1) Ry — 26(1 + Rip) Rsy
+(1 4+ &R 4 3¢(1 + aRYy + bRY) )RS, Je

1
+Z>\2[ 71 — 26RTy + 38(aRio + bRY)) + (1 + RY;) Roy
—26(1 + Rip)Rsp + 3§(1 + aRy, + bR B3y )]

1 w W W w W W w w
+1)‘2[(1 + Ry ) R50 — 26R50 (1 + RigRyg) + 3E(1 + aRyy + bRY ) R3)
+RY B3 — 26RYG R3S + 3E(aRSy + bRY ) R3T|Roye 2!

1 w —w w —w w —w w —w
JFg)\S[ 11+ Ry = 28(Rip + Ryy”) + 38a(Riy + Ryg”) + 36b(RY; + Riy”)
+R{\ R35 — 2RY R3¢ + 3¢(aRyo + bRY) ) R3Y | Ry e "

1 W W W w W W w w . —i3w
+§)\3[ YR8 — 28Ry R3g + 3¢(aRy, + bRY) ) R3] RI e ™ 4 c.c. (20)

Equations (15)—(20) represent the essential result of our theory and describe
the steady-state of the third-order electric polarization induced in the dielectric
medium by a sum of the constant and the harmonic fields, Eq. (11). The dis-
persion and absorption depend on the symmetric-top molecule orientational relax-
ation times 7y¢, 711, T20, T21, T22 as well as on the complex, nonlinear Debye—Kielich
factors R} given by Eq. (13). It is seen from Egs. (7),(8),(15)-(20) that the
anisotropy of the rotational diffusion components £ may have great significance in
the theory of nonlinear dielectric relaxation.

The time independent component of the third-ordered electric polarization
Eq. (8) is connected with the term proportional to A, and may be obtained, in the
case of spherical molecules with p, = pu, =0, p1, # 0, from the series expansion of
the well-known Langevin function L(y), where

1 y oy
(Pz(Ez)) =p (Cothy - y) =pLy) =p ( -+ ) :
,U/ZEZ

=T (21)

We see that the terms in Eqgs. (12),(15)—(20) proportional to A change with

the fundamental frequency w. These components of polarization (8) are measured

in the NDE [14-16] firstly observed in 1936 as “the static positive NDE” in ni-

trobenzene solutions by Piekara [12]. These studies have soon a long history and
are quoted in some monographic papers [7, 8, 13].

The terms proportional to A? in Egs. (12), (15)—(20) split into two compo-

nents — the first, time-independent, and the second, changing with the double

frequency 2w, which describes the generation of the second harmonic polarization
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in the presence of a strong dc electric field. Various third-order electric polarization
phenomena for the spherical-top molecules were discussed in [9-11].

4. Linear dielectric relaxation of non-interacting, rigid, dipolar
and symmetric-top molecules

The external electric field Eq. (11) induces, according to Eq. (9) the first-
-order polarization (P(")(E)), which may be written as a sum of two components

(P IB()) = (P (E2) + (P [EL 1), (22)
the time-independent polarization
2
(1) _ P Ey
(Pz (Bz)) = == (23)

and a harmonic polarization, changing with the fundamental frequency w, which,
according to Egs. (7),(12) may be written in the form

(PO EL(8)])

= [r¥) cos(wt — Y¥)) sin? O + 1%, cos(wt — 1%y cos® O] pg::?” . (24)
This harmonic term depends on the real dispersional functions
rim(nw) = rpe =1+ (anlm)Q]_% (25)
and the phase shift angles
cos Y =Ty, (26)
sin e = nWTm T, (27)

as well as on the relaxation times 719, T11.
It is worth noting that Eq. (22) is a special case of the old Perrin formula [2]
for linear electric polarization of the dielectric medium consisting of noninteracting

rigid, dipolar and asymmetric-top molecules in a cosine electric field
2 Liwt
(1) pEw Mo €
P,(t) = =—— -
Pz ) = gp 14w,

a=x,y,

(28)

Here 7, are the rotational relaxation times of the asymmetric-top molecule
around its a-axis, respectively. This result was extended for the interesting
case of asymmetric-top molecules with the rotating dipole groups by Budo and
co-workers [3].

The harmonic component (22) of the linear polarization may be written as

(PL(EL)) = cox"(—wsw) Bug(t), (20)
where x*(—w;w) is the complex linear electric susceptibility component with fre-
quency w of the medium, €y is the dielectric permittivity of the vacuum. The
complex linear susceptibility x*(—w;w) is a sum of the real x'(—w;w) and the
imaginary x”(—w;w) parts

X' (~wiw) = X' (~wjw) — X" (~w;w), (30)
which may be written, according to Egs. (22)—(24) in the form
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3eok T (—w;w) = pu? (%, sin? O + 5%, cos® O) (31)
and

3e0k T (—w;w) = —pp? (w1185 sin? O + wTipsy, cos® O), (32)
where s} are the quadratic Debye-Kielich dispersional functions

St = stm(nw) = [r7]2 = (1+ 0w )7, (33)
which decrease from the maximal value s7%(0) = 1 for w = 0 to zero when

WTim — O0.

Equations (31), (32) describe the linear dielectric relaxation as a super-
position of two rotational motions around two perpendicular molecular axes of
symmetry. Those rotational motions were observed, for example, by Jadzyn
and co-workers [17], in linear dielectric spectroscopy with the solutions of 4-
n-decyloxyphenyl-4’-cyano-benzoate (DOPCB) (or CjoHz;-O-Ph-OOC-PH-CN)
molecules, for which the dispersional and absorptional spectra are the sum of
two components, corresponding to the rotational diffusion around the short and
long symmetry axes.

5. Nonlinear dielectric relaxation in dilute solution of dipolar,
symmetric-top molecules in spherical solvent

In this section we will discuss the properties of dispersion and absorption
of the Langevin saturation measured in NDE in a dilute solution of dipolar,
symmetric-top molecules in spherical solvents. These accurate methods of mod-
ern nonlinear dielectric spectroscopy permit measurements of such small effects
[14-16].

The NDE consists on the induction in the dielectric medium of the nonlinear
polarization by the strong constant field F; and a weak measuring harmonic field
E, coswt, Eq. (11), with A < 1. In this case we can neglect in the relaxational
functions (15)—(20) all the terms proportional to A? and A3, and the result is

ATSZ (t) =1+ /\Tlo[COS(wt — 1/)10)

+120 cos(wt — P19 — 20) + 10720 cOS(WE — 2919 — P20)], (34)
41+ AT (1) — 1] = Mria[(1 + §) cos(wt — 911)

+3ra9 cos(wt — P11 — Paa) + (2 — 1)rag cos(wt — P11 — 1hag)

+3r11722 cos(wt — 21P11 — a2) + (26 — 1)r11720 cos(wt — 29p11 — 1ha0)],(35)

1
24757 () — 1= 1)\[2 cos wt — a0 cos(wt — hag) — 111720 COS(wWt — 11 — Pag)
+3rg1 cos(wt — 1) + 3arigrar cos(wt — a1)

+3br11721 cos(wt — Y11 — Ya1)], (36)



676 W. Alexiewicz, K. Grygiel

2(1+ O[ATT*(t) — 1] = A[(1 — 2€)r20 cos(wt — 1h20)
+111720 cos(wt — P11 — Pag) — 2Er10720 cos(wt — P1o — P20)
+(1 4+ &)ri1 cos(wt — 1h11) + 3&ra; cos(wt — 1)a1)

+3a&rigrar cos(wt — 19 — Yo1) + 3bEriirar cos(wt — P11 — 1)) (37)

It is seen from Eqs. (34)—(37) that only A$&*(t) does not depend on the
anisotropy parameter &.

The third-order electric polarization (8) may be written in the form

<Pé?’) (Ewﬂ E%» = [XI(_W; w, 0, 0) coswl — X//(_w; w, 0, 0) sin wt]EwE%7 (38)
where the real x'(—w;w,0,0) and imaginary x”(—w;w,0,0) parts of the complex
nonlinear electric susceptibility are equal to

X (—w;w,0,0) = —{a¥7®(w, ) sin* O + aiZ?(w) cos® 6

4
rrz rzz : p/j/
+[af8* (w, &) + a¥i* (w, £)] sin? O cos? 8}45k3T3 (39)
and
X (—w;w,0,0) = {bT7%(w, &) sin* O + biE* (w) cos* O
ot
TG (W, €) + b7 w, €)] sin® O cos? O} (40)

45K3T3"
The dispersional behavior and the influence of the molecular shape on the
nonlinear susceptibility are described by the functions

4(1 =+ f)aﬁ”(w, f) = 811{1 + f + 3322[2811 — w27'117'22(1 =+ 2811)]

+(2£ — 1)520[2511 — w27—117—20(1 =+ 2811)]}, (41)
aféz(w) = 810{1 =+ $20 [2810 — w27107'20(1 —+ 2810)]}7 (42)
8(1+¢)latg” (w, &) + afi”(w, )]

= 2(1 + g) — 4(1 + 5)811 + 3(5 — 1)820 + 3(1 + 5&)521
+(3 — 5)511520(1 — w27'117'20) + 3(1 + 26)810821(1 — w27_107—21)

+9¢€s11821 (1 — w?T11721) + 2€810820(1 — W T10T20), (43)
AL+ b7 (w, &) = wst{(1 + )T} + 3s22[m11 + 2511 (711 + 722)]

+(2£ — 1)820[7’11 + 2811(7’11 + 7'20)}}, (44)
bi5% (w) = wsio{T10 + $20[T10 + 2810(T10 + T20)] }, (45)
8(1+&)bip” (w, &) + bi1* (w, §)]

= w{3({ — 1)T20520 — 4(1 + &) 11511
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+3(1 + 5E) 721821 + (3 — &) (111 + T20)S11520
+3(1 + 26) (710 + T21)810821 + 9E(T11 + T21)511521

+2&(T10 + T20) 510520} - (46)

In Egs. (41)-(46) we ommitted the upper index n in s, which is 1. Equa-
tions (39)—(46) are the main result of this paper and will be used for detailed
graphical analysis of the influence of the symmetric-top shape of the molecule and
of the orientation angle @ between its permanent dipole and the z-molecular axis,
on the linear and nonlinear dielectric dispersion and absorption in liquids.

We see from Eqgs. (31),(32), (39), (40) that in the special case, when 6 = 0,
the dielectric relaxation processes do not depend on the anisotropy parameter &,
so the spherical-top Smoluchowski—Debye equation is a very good aproximation
for the molecules with © = 0 but with ¢ different from 1.

Our Egs. (39), (40) are equivalent to the results of Kalmykov [23], Eq. (32).
In his paper Kalmykov shows that the Euler-Langevin equation of the rota-
tional Brownian motion for an asymmetric-top molecule may be reduced to the
Smoluchowski-Debye equation. With his elegant method, the solution obtained
with the use of the Wigner D?  («, 3,7) functions, the experimental investigations
[16], performed by Jadzyn and co-workers, of the dielectric increments of dilute
solutions of mesogenic 10-TPEB molecules, for which @ = 42° + 2°, were success-
fully explained and the value of the rotational diffusion anisotropy parameter was

evaluated as & = 8.7 for this molecule.

6. Graphical analysis of the linear and nonlinear
dielectric relaxation processes

Our aim is to analyze the changes in the Debye — linear and Langevin —
nonlinear dielectric relaxations, involved by symmetric shape of the molecules, in
comparison with the relaxations of spherical molecules. All plotted linear suscep-
tibilities, are normalized according to Eqs. (31), (32) with

pr?

360]€T
Similarly for the nonlinear susceptibilities, Egs. (39),(40), the normalization is

put

45k3T3

Figure 2 presents the dependences of the susceptibility x/'(—w;w), Eq. (31),

on the frequency wroy of the ac electric field, in logarithmic scale, and the polar
angle © between permanent dipole moment and the symmetry axis of the molecule,

for some values of the anisotropy parameter £&. For © = 0 all dispersion curves
are, for all values of £, identical — it is simply the case of the Smoluchowski-
Debye equation for the spherical top. The influence of the symmetric shape of the
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Fig. 2. Dependence of the linear susceptibility x’'(—w;w), given by Eq. (31), of the
frequency wmao of the ac electric field and of the angle © between permanent dipole
moment and the symmetry axis of the molecule — for some values of the anisotropy

parameter £. The angle @ is changing from 0 to 7/2.

molecule on y'(—w;w) is stronger for £ > 1, for £ < 1 the changes are smaller.
With increasing ©, the region of dispersion shifts to lower frequencies, as we can
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0

0.5 1 150 0.5 1 1.5
e ®

Fig. 3. Maps — projection of the linear susceptibility x'(—w;w), given by Eq. (31) on
the plane (©,log,, (wT20)).

see from Fig. 3, showing the projection of the linear susceptibility x’'(—w;w), given
by Eq. (31), onto the plane (©,log;o(wTap)). Appriopriate colors or shades on all
figures in our paper are connected with the values of susceptibilities.

Figure 4 presents the dependences of the linear susceptibility x”(—w;w),
given by Eq. (32), of the frequency wtag of the ac electric field and of the angle
6 — for some values of the anisotropy parameter £, and similarly Fig. (5) gives
the projection of the linear susceptibility x”(—w;w), given by Eq. (32) onto the
plane (0,log;, (wTap)). These linear absorption curves are strongly changed, in
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2 706 2

-1 0 .®
logwo("%o)o |°g1o(‘m209 !
Fig. 4. Dependence of the linear susceptibility x”'(—w;w), given by Eq. (32), of the
frequency w of the ac electric field and of the angle © between permanent dipole moment

and the symmetry axis of the molecule — for some values of the anisotropy parameter &.

comparison with the case £ = 1 and © = 0, especially for £ > 1. The frequency
of the maximal absorption shifts to lower frequencies with increasing £ and 6. It
is easy to see, especially in Fig. 5, that the symmetric absorption curves for £ =1
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Fig. 5. Maps — projection of the linear susceptibility x”'(—w;w), given by Eq. (32) on

the plane (6,log;, (wT20)).

change with the values of £&. For £ < 1 we observe a shift of the maximum of
absorption towards lower frequencies w. When the parameter £ is increased the
situation becomes opposite and the effect is much stronger. In the latest picture
we also observe a significant decrease in absorption in the region of @ ~ 7/4.
The effect of the nonspherical shape of the molecules is more pronounced
in the nonlinear dielectric relaxation. Figure 6 shows the dependences of the
nonlinear susceptibility x'(—w;w,0,0), given by Eq. (39), of the frequency wrag
on the ac electric field, in the logarithmic scale, and on the angle ©, whereas the
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Fig. 6. Dependence of the nonlinear susceptibility x’(—w;w,0,0), given by Eq. (39), of
the frequency wmo of the ac electric field, in the logarithmic scale, and of the angle ©
between permanent dipole moment and the symmetry axis of the molecule — for some

values of the anisotropy parameter £.

projection of the nonlinear susceptibility x'(—w;w, 0,0), given by Eq. (39), on the
plane (0,log,y(wTag)) is plotted in Fig. 7. The calculations were performed for
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Fig. 7. Maps — projection of the nonlinear susceptibility x'(—w;w,0,0), given by
Eq. (39), on the plane (6,logq(wT20)).
some values of the anisotropy parameter £. We see a distinct shift of the region
of dispersion towards the lower frequencies with increasing @ for all values of the
parameter £. Moreover, the changes in the dispersion for the angle © > /4 are
smaller than for @ < /4.
Figure 8 shows the dependences of the mnonlinear susceptibility
X" (—w;w,0,0), given by Eq. (40), of the frequency wrag of the ac electric field
and of the angle ©® — for some values of the anisotropy parameter £ < 1.
Finally, the projection of the nonlinear susceptibility x”(—w;w,0,0), given
by Eq. (40), on the plane (0, log;, (wTa0)) is given in Fig. 9.
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Fig. 8. Dependence of the nonlinear susceptibility x”(—w;w,0,0), given by Eq. (40), of
the frequency wmso of the ac electric field and of the angle © between permanent dipole
moment and the symmetry axis of the molecule — for some values of the anisotropy

parameter £.

Our graphs indicate that the maximum value of nonlinear absorption de-
creases with increasing © and is shifted towards lower frequencies for £ < 1 or
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Fig. 9. Maps — projection of the nonlinear susceptibility x”(—w;w,0,0), given by
Eq. (40), on the plane (6,log,, (wT20)).

higher frequencies, when £ > 1. For the case of small values of £ we can observe
— Fig. 9 — a small increase in the absorption in the region of © = 7/2, but it
disappears when £ is increased.

For ©® = 0 all dispersion and absorption curves are identical with the non-
linear Langevin relaxation, described by the spherical-top rotational diffusion gov-
erned by the Smoluchowski-Debye model.

It is our hope that this analysis may be helpful in interpretation of the
dielectric relaxation experiments in liquids.
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