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The theory of dislectiric relaxation in a planar ensemble of
polar molecules 1s presented for a model snere dipcles rotate in an
intermolecular conservative double well paxvntia;, having a profile

U = U sin®f. The evolution of wide band dislectric specira Is
demonstrated when the potential depth U_ 1s varied; an isctropic
and anisciroplc  medium being taken as examples. The spectira
comprise the Debye relaxation and the quasi —resonant Poley
abserption region. The rigerous  theory i3 compared with s
simplified one which was called the hybrid quasi—elagtic bond /
exisended diffusicn model . This approximation {3 valid Zfor a
qualltatlve description and also for the quantitative one at the
1/
large rield parameter p = {J / (kD] ;

For p »» 1 the spectrum comprises one narrow absorption band and one Debvye
e P P I 3

that
relaxation region considerably shifted to low frequencies. It is shown,in the

K
oo

leng lifetime limit 47 . there exists a minimum absorption band z3£2(P). The

quantity Ai‘%,becomes small if the parameter p >> 4. The dielectric relaxation in

ice 1 is discussed with regards to this phenomenon.
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1.The Problem of Narrow Lines in a Classic/ﬁ'xsemble of Polar
‘ Molecules

During the last few years considerable attention has been paid to

elaboration of molecular models of dlelectric relaxation in strong
absorbing polar liquids. A possibility was demonstrated’ °
— to describe @using such models the evolution of the
spectrum of the orientational relaxation due to temperature change.

A low frequency ——> wing of this spectrum falls usually intothe
microwave reglon  while  the the

Gmsi—resonance Poley absorption falls Into'FIR spectral reglon.

Tet us list the typleal dlelectric propertjﬁs of polar liguids:

a) a conslderable ( gseveral times or invorder of magnitude)
rige of the frequency «, of a maximum absorption comparing
frequency wgas. The 18‘{}1.‘.;1‘ refers to the m%xj_mum rotational
spectrum absorption due to the Same (a8 1in, liquid ) polar
molecules;

by The freguency mDof maximum dielectric loss, ag =

or |

~max{s"(w)], 1s onéviwo orders of magnitude less than the frequency

Wr the Debye relazation tlme 1T, = u}; being ,characteristic
parameter of a llquid;

¢) the wide band Aw. of the absorption gpecirum 1s

commensurable with the frequency w, of the absorption peak. Thus,

in "simple" polar llguids

|—

W, > w ; S ) L 0. (1.4
L’gas’wD"{G{’”L'AmL““}L ( )
The analytic theory £ L *» ignores cuantum effects and so it is
d . 12 3 . m . .
based on classical descriptions. This assgptlon is also made in our calculations

These are valid not D

because of limitatlons imposed on a maximum radistion frequency w
(as one sometimes considers) but because the time 7T, during which

—1
the local liguid structure exists, 1is small: T Is nsually not

less than w. ,the frequency of maximum absorption:
T << T 5 T o~ WD 1.2)
Simplifying the situation, one may "Justify” the appllcabillty
of classic descripticon by the following argument. Because of
frequent occllision in 1iguids the superposition of individual
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rotational lines occurs and consequently the giscrete rotatlonal
spectrum does not appear a3 a ruls. In strongdabsorbing liquids,
inlike polar gas. the time T between cclilsicre 1s less than the

collision time T, :
{1iquid}: T < T, {gagl): T »» T_. 1.3

T+ 13 hecause of this reason, the term "collision time", having a
definite meaning in case of a gas, bscomes vague 1n case of a
1iquid.Apart jrom  this, quantum rotatlonal lines characterizing a
gas of weak interacting polar molecules shift considerably due to f/:e
strong intermolecular fleld.

.
 We shall prove in the present investigation that in classical theory

a new property of narrow absorption band is attributed to the effect of a strong

conservative field on librating di901?5;ﬁ

ST T T C -

, . a : ' .
A dipole is a classics/Toter (for simpiicity we assume that 1t

nag g form of & linear molecule) which is -haracterized by a moment

0f inertia I and by a dipole moment p. Note that in a atrong
intsrmolecular Fleld one narrow chbacrption band arises a2 U an
7 a quantum spectrum wergcompreased (nto a narrow classical

bvand and wereshlfted to higher freguenclegso
(The Debye relaxation time 1ncreases substantlally Iin this case a8
compaf;d with a typleal I1iquid:

T L4 T T >y u
gtate of substance, 1 to'p Y - PPN
f\‘nchnntavﬂvod g o . X } \ - E
lz_u.u.h.&. Chtd Ul e [ 5 «-&1 J- \JT s {“b ™ '>> /i. 21“4' o o .
narrow abscrption lilne o BT Lt 1, °

The following question arises. Does there exist a molecular system in which a

considerable narrowing of an absorptlon, tand may De
-

torhroT : ; 1~ AT AT ~ = PP oant
interpreted as an influence on a classic/ dipole of an effectlve

tn

termolecular field? One example 1s more or lesg evident. It 1
ice ' where the resonant a

nerrower than in water, while the shift of the :::»:—:ntre-;‘i %5 absorptlon
nealks to higher frequencises 1s about ten  per cent . On
Ather hand, in the case of ice the relaxation time is many orders of

= 3
baorption bands are severgl times

P < e e .
magnitude grsatar than in water.
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% should be noted right away that both in ice  and in Tiquid
watser fwo guasl-rescnant absorption hand are characteristic. This
gltuation 1s more intricate tham'” simple liquids. Thils Zfact
ke— complicates the interpretation but has no great significance since when water
freezes both the absorption bands in the spectrum of of orientational relaxation

becomes narrower and both shift

For the study of the

di
ertles (1.4}, we use g

Q

ge

glectric relaxation characterized by
an apnroximation of ruaraa tredentories

tha nm™n
Ul b ‘}.'.L = AU B ufr' 4L WA B Y A ]
(a planar snsemble). We choSe the —————>potential profile
uey =70 (1 - coste), (1.5)

where ¢ 18 an angular shift of a dipole relative to the symmetry
axls oI a potential U. This profile 18 called the double well
potential (DWP).

In an introductory section 2 the basic relations needed for further consideration

are presented, In Sec. 3 taking an»
9z:mﬁlc oI an 1sotropic polar medium we shall discuss the results
of rigorous calculations for the DWP model with the profile (1.5).
In section 4 4 = we shall show that a hybrid guasi-elastic
bend / extended diffusion (QEB/ED) model 1s also applicable and that
approximate analytical sxpressions are much simpler than in the
strict DWP model. In Sec.5 on an example of an anisotropic medium
e shall turn te the maln effect of this work - %o the narrowi ng ¢
absorptlon lines due to actilon of a strong potential (1.5). In the

final section 6 the relation of the field models of molecular rotation / dielectric

relaxation to ice 1 is investigated.

2. The Approximation of Instantanecus Collision: General Expressions

The dielectric response of an  {actroplc medlum  to

reorlsntations  of dipolss  1s  characterized by the complex
susceptiblliity y(w) =y - 1 x".The co mpl¢x propagation constant
*s B + 1k and dislectric permifitivity €= s/ + I &" of a plane
lectromagnetic wave are related one to another by the squation
B %} V’;:a? ___% (n + t2) S e 2.1)
where [ star « denotes complex conjugation. Let ng be an
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optical refractive index. If one 1gnores the difference between an
internal and macroscopic electromagnetic field In a medium, then

& is related to X by
x nZ 5 o
= (W) =n_ + sy (W) - (2.2)
Thus the constant k iz related to the complex gusceptibllilty by
the equation
*2 f.\:'?-f x 27
BY = =l4my + i, (2.3)
Cc. WJ
Equation (2.2) may be replaced by
e - n22c* + nf
= x (v) (2.4)
47T 38

when the difference beiween internal and macroscople fields 1is
approximately taken Intc mnmldennuon , 9. (2.3) being retained.
In an aniacrropic polar medium the dlelectric susceptibility
X 13 a tensor. In this work we shall cclculate right away ihe
acalar quantity k, the real partﬁof which determines the phase
velocity of an electromsgnetic wave In 3 medlum, while the
imaginary part k" determines the absorprtion coefflclent a:

=)

st

-

-
E:x

-~

”
a =28 =2

D —
Ry -

{4}

n(w
ANISOTROPIC  MEDIUM. We introduce an  g7fectlve compler
auacept{bllity yx of an anisotroplc meciium1 , which is related to
the propagation constant & (2.3), ’

the relation € to ¥ agahagebgtaken in the form (2.2) or {2.4). The
cguse of an anisotrc pJ’ is =& gexisztence of an uniaxial
intermclecular potential U(®), ¥ belng the angle Detween the the
symmetry axis Z of the potential U and the dipols moment vecior

{(t) of a recrientating linear molecule. Note that 1f fthe
directions of the local symmetry axes are random then in various points of the

{2 R
\imets

0IE
3
e ]

a dielectric sample the medium becomes isotropic.

We sssume that the linearly polarized electiric field E(f)
— s, varies harmonically in any point of a medlium:
E(t) = Eﬂ sin (Wt + 7). (2.6)

We denote parallel and orthogonal directions of the amplitude

vactor E to the symmetry axis, by symbols ; and . The preblem 1=
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gsolved ,1f the frequency dependenc-es xﬁ(w) and XL(w) are found for

two crossed orilentations slnce for an arbltrary angle €@ between 2
and Em the susceptibility ¥ 1s a known rational function of x“(m)
and x (W).

W;;n investigating the dependence of X on () we distinguish two

mechanisms of the wave - medlum Interaction ———— for molecular
rotation at equilibrium due to: a) the periodic rotatlon of a
dipole in a potential well of a prescribed proflle; and b) the

stochastic Egrawnian} reorientation of molecules. With regard to a) we calculate

the spectral function (SF) and dencte it K(zl). It should be noted that K(z) differs

from the SF L{(z) introduced in workM

by the multiplier 3 (cq >, which is not dependent
on the radiation frequency ¢@J and which will be difined later. The frequency
dependence of K(z) describes the dielectric response in the FIR spectral range. Hare

z defined by z = x + 1 y 1s the normalized complex freguency, x = rzw and vy =VZ/C
being respectively the normalized radiation frequency and the frequency of "strong”
collisions, rl = [I>/ EZKBTJ 1 1/2 is a normalizing parameter, KB is a Boltzmann
constant, T is absolute temperature and I is the moment of inertia. The K(z)

function is proportional i to the spectrum of the autocorrelation function of the
electric moﬁent vector 0&(*3’ which 1s performing undamped (periodic) rotation in a

AR

potential U[{y):

K(z) = 3 iz(qoj(q—qo>e”’*’d<o>- @.7)

Here the following dimensionless varisbles are used: the time

@=t/m q=gq® =k /I where p, 13 the projectlon of the

electric moment vecicr o on the direction of the amplitude fleld
rect | i | ) at the moment @ = O of
vector E_, W = {il. Q, 13 the value of g(g) at the mom @

a "strong colllsicn”. The aq, coordinate 13 regarded as a point In &
phase space T, and averaging over I' 1s denoted by Drackets Cosed,
e second factor b) 1s determined by 2 collision medel and
plays an important role only In the 1owefreque§cg (Debye) ?y?gtral
region. For definiteness we take the modified Gross collision model
in which ;‘: is related to K by the eguation
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x iy -1

" = g G z K(z) [ gL + L K(z) ] : (2.8)
ag

where G = LN / (3 2.T), ¥ 1s a concentration of polar molecules,

& 1s a Kirkwood correlation factor and

2 .2 .
g=3 f g = <> ] (2.9)
L 2
where (1/3)6‘ is a dispersion of a q . In all equations below ex;eptSeC.6 we
take g =1, while in Sec.6 @ more realistic version of the Gross collision model

in which g differs from 1 will be introduced.

For two cross orlentations we write X s <Uu>, K1or X, » 0,2,
Hi | -
K . while at the "inclined” propagation of a wave

E(z) = £, (2) cos<y + K (2) sin®w. (2.10)

fie repeat that 9 is the angle between E_ and Z.
ISOTROPIC M¥EDIUM. Now we dwell upon an important case of a
macroscople isotropic polar medium. We guppose that only a local

anisotropy exists, and that in a macroscopic veolume of a dielectric sample the
' *
complex susceptibility is found by averaging ecb£2.1D] over all angles (E/ . We
shall consider 4 cases:
a) planar enssmble:

3 0 =3/2, K(z) = (L/2)(E; + E); (2.40)

D) guasi-gpace ensemble. In order to draw near real situation
without substantial mathematical complication due toVealculation of
trajecteries in Space we may obtain Kﬂ(z and Kiiz} funeticns for
planar trajectories while all averages are found for the "space”
gtatistics:

Q> =0, <¢°> = 1/3, 0 = 1, K(z) = (L/3) (K, + K, ). (2.12)
Notwithatanding these "tricks", the integrataiabsorpzhmz is only
the half of a strict value because the number of degrees of freedom
1z actually reduced in this approximation:

1 2 uasl-space
[ TN/ (3T for R

£ B

-
Wx (W) dw = {

M3

C) For better sgreement with experiment Inv¥IR spectral region
Wwe m3y eliminate the last drawback, doub ({
above for a quasi-space ensembl

ot
E
d
b
(]
<]
(o
E;
m
b=
2
4
Q
5
2
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corrected }

og=1; K(2) = (RQ/3)Y(Ky + K ); { quasi-space (2.14)
. ansamh 1;::
d) gpace ensemble ([ which the following relaticns hold
> =0, «§°> =1/3, 0 =1, K(2) = (4/3) (K, + 2K,). (2.15)
and the true integrated absorptlon corresponds. Ky and K, must

be found bv studying rotations in space.
In the three last cases b, ¢, 4 eq.(2.8) reduces to the
following formula

1

X =8Gz Lz [gr+ i ], (2.162)
RS
wnich was widely use&. )5 44 Here the spectral function
P
Lplanar quasi-space (2.16D)
L{z) =3 2 L yanap f I0T {quasi-space with doub- | ensemble, (2.16¢)
i e ling of 8F (2 .16d
L Yspace space y (2.16d)
. 9
Lplan = (1/3)( Ky + K, )3 Lapace = (1/3)( Ky + 2K, ). (2.16e)

DEBYE RELAXATION. “"3Statle" (at z = C) value of K = K = K(iy)
determines the parameters of the Debye relaxation, 1.e. the statie
susceptibliity x_., the relaxatlon time <. and susceptlbllity at the
end of the Deﬁ&e relaxation region ‘?KG i3 real). The Debye
frequency dependence has the form

b 4 ~ H
X (Z) =%, * [xs - meii -t / ﬂ] , (2.17a)
30
r » — o —_ 1 - —
mﬁx x"(r)} = 4% = §[xa— me at 7 =2, =0/, (2.1813)
e
d
an i i X" () (9 18R
@ e = @] T = 14 S, (R.18D)
] { =0 oG | z=w? D XX 4
8 Mo 0

Focr the Grogs collision model, generalized to the case when g # 1,
the above mentloned parameters ars related to the spectiral function
KQ ag follcows
1 .
X = &£0G; X = GEK. 3 Xp = 3G (gc —K, }, T, = & / K_. (2.49)
0

Thus the Debye relaxation ftime is proportional to o and A In

cur Impact theory approximation the 11fe *iwe T 18 2 free mou
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parameter. (Cxperimentally determined relaxation time <, strongly
depends on temperature and 8till more strongly CIl & phasg state of a
dlelectric sample. The value of T may be found ﬁftaking the

preﬂcri'hpd value of Ty 1f one finds the soluticn (I’E.LB.tiVE’, 'c) of
he equaticn

anisctiropic
ot/ K(in/t) =1,/ & { medium } s {2.20)
or -
- isctropic
f<g=> - i@"%}f /S Ln/Ty) =T,/ 8 { medium } . (2.21)

Here the r.h.s. is given 3, the experimental data. To the prescribed change of

T, DAy correspond scme change of the potential well depth Ug
accompanied by the change of the potentlal profile U(8) and t’ae

The Increase of the well depth U, greatly Influences the
"gtatic" response K. and the dispersion o, these values being
different for the 5&1‘81191 and orthogonal susceptibllities.
Examples of T, dependence on U, and T are glven In Sec.4.

In order to interpret experimental dielsctric spectra one must
describe the frequency dependence £(w) «%%‘_’ the complex dielectric

permittivity. We emplov eq. (2.8) with g given by

4T 38

For g 80 defined eg.(2.4) d (2.8) give for w = 0 the
permittivity =(w) which 1s equsl Mfuxnerimenta’ value € _.

3. The Rigorous Theory of Orientational Relaxation
for the Double Well Potentiiml
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THE STEADY STATE PARAMETERS.

For simplicity we consider rotational meticn In 8 plane, taking
the dependence of the static field E_(%) on the angular shift 4 as
cogd. Thén we come to the double well potential (DWP)in the form
7(8) = consti®) - I /E_(8):

Double well

i }U('&) = Uyt - cos™), Ey(®) = Wg/k) coss.  (3.4a)

In this formula we chose the arbltrary constant<>

C™ so that at the bottom of the well U = C. Thus U, 18 the &vell
depth. The U(®) function has two minima, the dipoles In neighb%'ing
wells have opposlte orlentatlons and so the average dipole moment

-
ql> of the dlelectric sample 1s zero. _In such a field model

o e e e I R |
g > = <q,>= 0, g = 3<qﬂ7ﬁnd g=3q7 > (3.11)

We introduce the static fleld parameter P L’C\j(

e
p=7vU_/(kT) (3.1¢)
+

the normalized Wamiltonian of a dipole it = (the total energy of

a dipole) / (RGT). Denoting by a dot the d fferentiating over of
+the time © = t/7m We have

h = AL rfcinte (2 23
e W N g mrdad Vg S ed m b )
The Integral
v af
; o 3 B
@+ 95)p= | (3.3)
3 d/ hinm— ~ q*ngﬂ
Jn ¥ 'uft.; Tk ol de b L
Yond

1g gbtained for the law of motion Irom (3.2). Putting in (2.2) ¢ =
0, we may relate the maximum angular snift g =9 . with the
snergy of a dipole h and the gtatic field parameiler p:

-

3
arcsinvh/p™ h/7p~ € N
B frr {ns@s o] (3.4)

g
Thus  two sub-ensembles o 1ibrators and hindered rofalors exist,
the value n = p©~ belng the threshold =meTZy. We disztinguish these
T

anrtivaly
; T u.&.!i-.-«’.J -

[y

'me quadrature (2.3) can De gxpressed inferms oj. elliptic
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<p», the distribution functions [f(p) and [J{p, over these

frequencies and the parameter y_, v1z.

¥ ‘ p
- s g Nt
T - Z}x,if =¥ D o

riod of libratlconai/ . . /2 Qs
T
-t A&

aticnal motlon s = M/ <pr. {(2.93)

The +time T means the average - hal

“uf

o
gtate parameters and the distributlon functlons f(p) and f(p) are
1llustrated py Table 1 and Fig.!. The non-zerc distribution F(p)
appears only at sufficlently lsrge f1eld parameter p, 1t falls
abruptly to zerc at the meximum iivration frequency p, equal to

max {p} = p. (3.9}

v
For a deeper well the distribution f (53 becomes narrower, while the
Q

. . . 2} .
peak of the distribution f (p ) shifts to greater
]
< = - - Yy 5
frequencies p. T p 13 szufficlently large (2 z 2), slmost all
S O
dipnles are illbratorsg: in this case the funetlon f(p) rress 1tself

tﬁ* =g L gcoires small. The
Z 1, -
sl eSS When [ ?1355, whlle ths

&
generailzed parameter y_ (which is proporticnal T0 the reciprocal value
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rotaticonal moticn decreases when the well ™ Increasas.,

1
SFPECTRAL FUNCTICNE. Now let us cznaid_f 2isleptric relaxation dus
reorientation 30

¢ melesuwizz In the
repregent the speciral functicn as 3 sum

it

! B +
i {z) 1s represented
e % o o o -~y T e - Te B o~
by a serles, in which lemmms are gquadras d$L over the meauius E of

et lal]
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~ -y = L1 + - — E E T
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R
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. negen (3.12)
5,/2 = '—,:: 1 =]
3t pe e ® X emaff Mz L2
i) r e[ ) e e
- sy {1 ,
& | 2y 4 K : 2 ,2n-1
L “"h\p ¢ 2/ = l- (2”?”1 ) Q
) O - T (2N <12
M__rsﬂ"'f‘f—‘\?-[{ } " 73]
VT / = 2
v 2K ]
whers
Q=exp (-TtK/7K), K =K(@ -m ), (3.43)

gnd X iz found from (3.11)
In the sub ensemble of hindered rotors the variable of
integration kE 1s substlituted by t =p/R (¢ 12 not the time here!l),

and we can obtain

5/2 p /2 w W2
' -k ) .
fK' Er e g~¥ ¢t 2T~ fap 442 (3.14)
N i 1 . o rﬂ‘i‘ Y‘ o Nimwd 0
"E: f 2 Ju" w3 b + /7 2/ 22 L2 en-192°
W ol X n=1[(%a/axp) (2n-1)2p%-z ]{1x Q
T () &= F i
...O\ 2 E t_;
wners K = K(p/t) and Q 1s determlned from (3.13) at m = pjg‘e.
For the firss fime this model was conazidered in  work  , where

the solution of the problem was glven for a planar dipole, rotating
In 8 periodic poisntial Uﬁccggg (= 1,2,3...). A more general
conslderation was given laterfootﬁ‘for plansr and space Systems,

Here we have followed another derivation for a planar system which was given

in the review:1
Evolution of the dlelectric s
the ~hange of an Intermolecular
¥hen the potential well depth Increases, :
fh{s leads to an =zppearance of the rsgion of the low Ifrequency
‘Debye) relaxation. The Debye fregquency z., of the maximum loss Xﬁ
18 much lower than the frequency z. of the absorptlon maximum. With
the increase of the fisld parameté} p the frequency z, also rilses,
and the shasorption curve zy"(r) 18 locallzed nesr the pesk
frequency I, .
Fig.Ea,?@- are calculated for a some "houndary” lifq:;ime Ts
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other terms - > Y = Y, - It should be noted that at y < y_.
cne can regard molecular recorientation 1In & 3state or a local
order tc be gufficiently prolonged, while at y >  y. the
reorientations are s8¢ short lived that librations aEtually
degenerate, become damped. The last situation (¥ > y_.) 1s
illustrated In Fig.4 for p = 3. Dlelectric spectira qualitgtively
regemble typical specira of sireng absorbing liguids. It 1s
especlally true (3ee Fig. b) for a quasi-space calculation scheme
(1.16¢c) with the doubled spectral functicn. Note that Fig.4as, a=
well as Fig.2-3, are drawn according to eq.(1.16d), that 1s for the
quagi~space 1zotropic ensemble but without doubling of K(z).

4. Hybrid Quasl Elastic Bond / Extended Diffusion Model

In this section we use the approximate representation AQf the
gpectral function Ky{z) =nd K, (z) by the Iollcwing Integrals

2 P N T
K 3 exp{‘; .»'!!.:} i EXP("(L} it f\i"& . .= (h\ (* N h } .
b g2 s 2 J 2 oo TEUT A
8 % DT I\FT/2 7[4p - 1z J :
{(4.13)
- “E
3 exp(p®/2] T exp(-h) h dn
K = j (4.10)
+ 1/2 2 2 .22] \ }
2u'/® p I lffre) | v [ PP
. ; ®
o o 3 explfre] = - oxpl-g?)efan
K, = K, = Ly L = — | s, 42)
o1 (/2] T4 -z
(—J—C ‘:—l ERE ;

atlons of the
con3ider this

which are cbtalned after a number of simplific
- > serles (3.12) and (2.14).
approximation In more detzall.

Eq.(4.1) correspond %o the guasi - slastic bond  (QEB)
approximation. In the latter we retaln In the hamiltonian # only

‘ay 1o ao%iaq fﬁw tra ratontial 7T adn
ke st Vet B LU WSS T S ) LD O R i-‘v Lt dede U i b e d tud

b

two firgt terms of the
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the normalil- the malrn term, tng term, res-
zed kinetic responsible for ponslible for an
ENETTY harmonic anharmcnicli;
) librations

The last term takes into account the dependence of the libration
frequency of a molecule on the energy h . The greater is b, the less
1s the frequency of the periodic motion. If e.g. the 1libration
frequency $ 0of a dipcle 1s equal to the Ifleld E(?) freguency w,
then for a dlpole of greater energy its llbration frequency Q< w,
the detuning | - w | being greater for greater anharmonicity. This
property leads to the widening of the abscrption line and to the

decrease of 1ts peak value.

o
In the hybrid QEB/ED model we take into account also the contribution K of hin-

dered rotors to the apectrag function. This contribution is found at h 22 p2 on as-

suming that in the interval T between strong collisions the dipoles of the second
subensemble rotate freely just as in the extended diffusion model , i.e. in the
absence of the static potential U. For this reason the longitudinal and orthogonal
spectral functions in (4.2) are eqgual, the anisctropy of the dielectric response being
due only to the libration subensemble. Thus the QEB/ED model behaves as if comprising

two important particular cases.

At pr>1 one can put « In the upper limit of (4.1) and fake £ =
0. Then we get the CEB approximatisﬂ1 .

On the contrary, at a weak intermoiscular Jleld (p<<l) we ;Juﬁ
f{ = (), and take the the range of integration in (4.2) to be E 0, °QJ

Then we get the spectral function of the planar extended
diffusion modei:

w0 - o
_ { " exg{~3')d3
/I(z) = I+ ¥E z w(z); wz) = j o (4.4)
T z -2
-0

~—( Thus we may suppose that this hybrid model i3 applicable (at leasl
for a qualitative description)for any Jleid parameier p.
Tn order to be convinced of the validity of this statement,

. . . . . hY - 1Tem
we compared the approximate and rigorous descriptions (of. Flg.2b and 3}, see 3150

Fig.4. At p Z 2 the difference
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5 A L4
between both approaches becomes small (Curves « In Fig. 26 and 3;

see also Fig. 4). At small p the above mentioned difference 1s
greater. It is seen from the comparison of curves !, 2 in Fig. 2¢
and 3., ag well as from Fig. 5. Thus, the simple QEB/ED

model is applicable for a qualltative description of dielectiric
spectra at any p values and 1s sufficlently true a8t p 2z 2 (of
course, in the frames of applicabillty of the DWF model under
consideration). This conclusion permlis us ®substantially simplify
the consideration of the central idea of this investigation (see Sec.5}.

An unusual property of a microscopic model was found when calculations were
made for a small values of yv (y = 0.005) and a moderate values of the field para-
meter p (p about 1), for which the contributions of both subensembles are commen-
surable. We mean the existence of two absorption maxima (curve 3], one due to the
contribution of librators (curve 1) and other (curve 2] due to that of rotors. At
a greater - but still small value of v (y = 0.005) these maxima appé} less
distinctly. The principal significance of this result consists in that only one ab-
sorption maximum is usually characteristic for simple microscopic models, that is
for models with simple‘L/t{}) Fumctionsq’ " . The existence of a two-humped
absorption curve, shown above, fascilitates the development of new models capable
of describing similar freguency dependences, observed experimentally. We shall

return to this point at the end of the article.



5. Phenomenon of the Narrow Band Absorption
in an Anisotrcpic Pclar Medium

RESONANCE EREGION. We have found above +thAt  when the

pctentigl well is deep (p > 2) the FIR absorption band is narrower.
——>F1g.6 shows a more detallsd pleturs regarding an evolution

of a dielectric loss spectrum due to the fisld paramefer p or the
11fe time t. The two values of p and y are taken (p = 3.5 and 4.5;
y = 0.1 and 0.3). The second paramster y 1z chesen sufflclently
small since at greater values of y a strong widening of an
abscrption band occurs . In Fig.6 only the part of 3 loss spectrum
is presented related to the FIR reglon, In +nis reglon one may
deduce the SF frequency dependence K" (r) since x"(I) ~ GE"(Z).

Tet AT be the width of the rescnance curve K”(r) at the level
1/2 and &xa be the same quantity at y = 0. The latter (AIO) may
be called the minimuwm bandwidth (In units wAw) since at the
infinite increase of 1ife time T (as y -~ 0©) the parameter AL
remains non-zero, yet sufficiently low at large p. Correspondingly
the term "Ii,uuxqg line™ (for y = 0) 1is a characteristic of a

classical ensemble of dipoles. In the present investigation we disregard quantum

effects. When the field parameter p rises, the minimum line width
Ar_ decreases and the normall ized frequency z_ of = 1loss peak

approaches the values

(z =P f orthogsnall orientation of a V
radiation (5.4

j QI‘ tJ.a.\.r ra a2
1 z_ %20p | parallel [ field .
Thus the loss line for a parallel orientation may be regarded as a second harmonic

while the first harmonic corresponds to the orthogonal orientation.

At y = O. ‘L the lines, shown in Fig.6, are close to the limiting lines, while

77 . o
curves X (3¢) are considerably wider at v = 0.3. It is also seen from Fig.6
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that in the case of narrow lines the approximate and rigorous theories agree well

with one another.

T h -7 y v 3 K # e T~
The values of ;&rﬁmet @ Az, K and zr_ of

s}

2 wiie fEﬁg? ¥ the fleld parsmeter . ; tnen at
ortnogonal (+) orientation the 1083 line 1o much more intense  than that
) crientaticn. This preperty may be sxplained by
that at + orientatlon molecular chargss move almost along
¢ lines and so radiation spends more power than
at  orisntaticn. Inhg&a last case charges move almost normal to
he E(t) Ileld linss  consequently a small torgue { - E{x) results.

These considerations are confirmed formally Dy the Gordon's

B
4
™
e
ot

=
] 'iu}i-;u
. 3
= Doty A o A L A FE9N
= A e TN Lt "ﬁ Q,«/] Nl mbd ]
—i% I

. . . 2 2
where [l denotes the integrated absorption. Indeed, if p > 1 , then <EL“> SN (?“
i

and ﬂi?> ﬂli’ the relevant statement in the previous paragraph is established.

We see also from Table 3 that

: i- - - =T -~ T Ao Aonrags
a) the relative widih v = Az/z_ of 3 resonance ling deCreases
' ! 1483
{7 E ;, ¥ =7 sy~ [~ Lo - 5
when p rises: st o = C we nave 7 ., ¥ .27 snlls &t o
P i { ar w; ~ 0. 43:
= 4{ ‘min %—3 j ‘min Vi

o) the maximum absorption, which is proporticnal to the product
r K", Increases for L orlentation with the f’e@d.parﬂzeter p, for |
orientation this product goes through a meximum and then, at large
P, qulckly approaches =zero because this type of Interaction
var LiShES,

c) when p rlsess, the resonance loss or absorption line width Ax
= Tew Zoes through 1is mindlmum value while 1a
we repeat, decreasss with 23

~ - =l T T Y w4 oW 5 A B T I - T -
4, the 10ss peav LAl cugh I3 mErim ilue, 1T p
pye 9
4=
BABRCISIC I
i ~ + ™ =101 P Fha meni omart AT Tha
Tn Flg, & 4,e the freguency dependence of the real part of  the

aisTsiats)
- h&'w‘&../.&n\.\.& Nadha
-~F p
Y“
i

Yot
is large, the regicn wnere XK (I

subgtantially changes 13 concentrated near ihe centlfe r  of a
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line. For the maln loss mechanism (at the orthogonal orientation)
the amplitude of a change K| in a resonance region 13 much greatsr
than the value KL, corresponding to z = O.

DEBYE RELAXATION. For the same example as In Flg. & (p = 2.5;
4.5; y = 0.4; 0.3) the low frequency loss spectrum 1s shown In Fig.
7. 30lid lines refer to the complex susceptiblility obtalned from
eq.(1.8) for the hybrid QEB/ED model; doshed 1ines refer to the
same quantlity obtained for the fizxed (zr = 0O) spectral functiocn,
that 1is, for K7 (1y), K;(iy) or L" (1y), the 1ast being required for an isotropis
ensemble}. If y decreases, %the relaxation time T Increases, asince
the Debye loss maximum shifts to lower frequencies. For a parallel
orientation the time T, 1s much greater than for an orthogonal cne:

T% S Tﬁ , 1f p = 2. (5.3)

This property may be explained by the following way. At =&
parallel orlentation in one or the other well there will appear some excess
concentration 8N of dipcles corienting alons electrocmagnetic fileld
E(t), 1f the field frequency 18 not too great . This excess OGN 1s
due to stochastic forces which disturb the thermal equilibrium. It may be noted that
«— Tegular torgques due to a potential U{H) cannot throw
particles over thelr potential wells . When the fleld E(t) 1is
switched off, the concentration of dipclss will appreach the
equilibrium in all wells. n order to reach the steady 3tate
distribution th& "axcess” particles must turn L’h}oq’ﬁa considerable
angle ¢~ =, , s0 the relaxzation time i may Dbe great. Fro the
mathematical point of view this fact 1s due o the great value of
the dispersion GH=8<Q§}, gince the mean dir . cosl

For a deep well with U 1large and K small the ransfer of
dipoles from one weil to another 15 EL easg;ﬁ%at results 15 an
increase of the time Th. Note thls T rises abru tly with p, 1f

D ) D Fy
prat.

At the orthogonal corientaticn the relaxat!
than 1@ since dipoles are 1o turn on less an

na {m,\‘ vanlshes

Uaidsli dedld LT I g
the excess concentration of dipoles appeared in  the directicn of
the fleld E(u,. The value of this excess 15 small since E | Z
It should be noted that the propert (5.2 (

taken into consideration Dr@vio&.tslym’/Mr for an . example of wider 11

resonance absorption.
In taotropic media a dipole
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field components, E, (1) and E,(t), slnce the symmetry axils 1s
inelined at different angles to the direction of electromagnetic

field. Ag a result at p >> 1 the relaxation time 7. i3 1es3 than at

_ orientation but greater than at + - orientation.

It ig also sesen from Fig. 7 that for sufficlently Iresquent
+he Debye loss

if

collisions , or equivalently for sufficiently large values of ¥
maximum at Lopientation may almost reach the TESONANCE absorption
reglon. Because of this the approximation of fixed speciral

function (K = K(ly), or K = L{ly) in an isctropic medium) mAay not

be valid. However in our examples the substitution of K(z) by K(iy) and L(z)

by L(iy) is admissible, as we may see from the solid and dashed lines in Fig. 7.

Thus, 1f the 11fe time T 1z great, or equivaleatly 1f y << 1,
the agreement between the theory and experiment may be obtained,
if: chosen

a) the'value of the field parameter p permits us to obtaln

the correct posliilon Z_ of +the Tresonance loss  peak and

i

gimultaneously the line width. We may note that for small y the linewidth is

close o the minimum w}gth Az ),
O hnd .
b) the lifetime chosen or the corresponding value of vy allows agreement
between the theoretical low frequency spectrum and the experimental omne.
The a) criterion demands the agreement o©f the 3Iheory and
experiment for two parameters K and Az by fitting the only free
model parameter p. Indeed, if we want to describe alsc the low
frequency sSpectirum we need & Ttime T or oy for 8
prescribed value T,. As @ Tesult, the applicablliity of =%
model to concrete molecular gystems 13 restricted. We shall turn to
tnis question in the next section.

In Fig. 8 we have a graph of the " - dependence @n the relaxation time T;D
or more precisely the dependence of qb/ 7 on Z'/?. The graph has a minimum

at some critical value vy . ... which divides two regions of low frequency

relaxation. Note that is of the order of unity and depends on the value

Yerit
of p. Thus we have:
1. The regilon where colllslons are not extremely Irequent and
47 Hapits the relaxaticn time Th decreases along with the decrease
of 1ife”time <T;

IL. the region of very frequent collisions (¥ = ycrit>’
whioch the relaxatlon time Ty increases 1f the 1life“time

a
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An anelysis shows that In liquids only the first reglon may
agree with exveﬂimenual data and the most frequent collisions (near
the peint Yapi+! SPProximately correspond to the temperature near
bolling point / the most Ehﬂl Ow potentlal well. In the QEB/ED
model we have the similar dependence of t on T in the region I
(see Fig.8b). But in this model the curve 7 (1) has no point of
minimum, sc, the UEB/ED model is not applicables et very large y.
More detalled data, related tc low frequency spectra (see Table
4) where all calculation are given for the rigorous theory (but in
the approximetion K = K(ly) for anisotropic medium and I = L(ly)
for 1sctropic cne). Using the formulae of Szc. 2 and Table 4 one
can estimate, In partlcular, the static susceptibllity X, and the

LY Xy,
6. On the Applicability of the Model
io Calculation of Dielectiric Spectra of Ice 1

In Table 5 the formulae are given In the quasl-elastic bond
imation, which permitsto estimate apscific parameters of low

[
(@)
b::t
M

frequenoy (at T £ ) and of high LPBQLPHCV (at * » p) dilelesctric
spectra. These mel ae were obtalned > fur the (ERB
approxlmaticn where 1t was assumed that: a) the fisld parameter
prx1; b) the minimum resonance line widih Ar and the pesk sition

rnlare found for the limit © -+ =, that is, ?or the imétwu tine; )
the parameters of low frequency (Debye) spectira are found  for

e
life_time T (at y \~&£?,.
o)
2t na ~rhnaa tho toammarats e zona a=lal ot dg M oo PO 4R o
4 elhd AL AR b e LY oy Ry u‘.zull_l\_r.i. i U oAl \1 \.I -y e o e Pt e Rili e A
take molecular constants of isclated molecule u_= 1.84 D, optic (in
e -
tha TR moaciarnd ﬂg?mnfive naey 1 o~ 1 2D i sradity A~ 1 o, ArmT
LS A e N & ‘.«t,;. o e e PR SN A N i o Nl Nt e )Er.m“" LB o S0 3 Ua ki bt o D d e \-IJ ?..i - t, C hAhdd ¥
molecular mass ¥ = 13. Then the normallzing parameter m o=
(77095 My1V/2_ 4 49 . 1A~ 74 4 the Adnele cmant i in nalar Pindd
te e § ‘;NL&D.L Pt — R e XL * i dd u, U bl u&.by\/&u LddtosBaknar i i W p X b b 2—!‘44‘.&.\. B R
i - =
El 3 4 & PN . - J ST e g - - . 3 =y 77 —
iz iaken In the formu = Bl v 23/3 o Then & = W°N,p/ (3R, TM)=
0 A

.55 (N, - 1s the Avogadro number). In Table & the gapproximats
F. Y
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experimental values of parameter for ice 1 are presented;
the band near 830 cm™' is denoted as £ and the band near 226 om!
as k (the splitting of the second band is ignored; index "m"refers
to centres of both bands and subscripis™min®, "max" refer to the
quantities, related tc on the level 1/2 regarding the peak loss
value g’ 1n these bands. Using experimental data [8] and the
equation € = n® - ¥ + 2in®, we may find the band width Ay from
the frequency dependence =7 (v) = 2 n{v)=(v).

Using these data, we find:

At Loy = 0.05, r =6.68 , Azéxp 13; (6.1)

At R: . = 0.088, z =1.89, Axgxp = 1. " (6.2)

For the descripti on of the dielectric behavior of ice 1 we
1ntrodufe two subensembles of molecules, like In case of llquid

,10

Y}

water’ : {L], with leas, and [R], with greater rotational
mobllity, to which R —-1and £ - bands correspond in the FIR
gpectrum. As in the work we suppose, that [Ll-molescules are

reaponsible for the Debye relaxatlion of polar medium. The above
theory 1s applied aseparately to £- and R- reglons of the TFIR
spectrum of 1ce 1.

Using the formulas of Table 5 we get the following estimations
0f the fleld parameter p and minimum line band Az_:
At L1 p=6.7 , Ar_ = 0.074; (6.3)
At R:p=2, Ar- 0.235. (6.4)
Thus theﬁgg;imated miLimLm width of the L-band is approximately 20
times lessvthe experimental value Ax o I[he guestlon arlses,

whether the losa curve can be widened Hﬂa to the finiterness of the
N\
1ife_time T so that 1t may cancel this drawbs

awback. The 1ife time T we
may estimate using Tables 5 and &. {Czloulating the Kirkwood
£ -nf2s +n
correlation factor S —=—2 = 2.21, we find that the
e 3g

o

- 7
normalized collision frequency y 1s extremely low (y «~ 4.1.1077).
Hence the thecretlczl width Az practleally coincides wi th  the
minimal one (Az_). So, if  the DWP model with the profile cose

were employed it would seem impossible to remove the difference between the theore-

tical and experimental line widths /3L and Axe><ﬁ' A possible way to
=

improve the theory is to change the profile of the intermolecular potential.

The situation is different for R-band. The estimated value of



the p-parameter 1s about 2, and the minimum line width Az i3
several times lesg than the experimental value Az, . Using data of
Table 3 we 7ind that the theoretical R-band mayu%%e widened by
taxing y & 0.3, Then according te "avledd the relazation time will
be in the order of picoseconds. Indeed, we have ‘z ~ 0.038 ps; so, putting

from Table 4 the value fc}b/’l' = 21
and multiplying the result by g

, which corresponds
2.21, we obtain:
Conseguently the corresponding wave length

to p =2 and y = 0.3
,D-—Z']glL _:'

I

T

1.8 ps.

— /. -1
3y = 2xeTy)"t = 0.34em.
for R-molecules is thus several times less than its
liguid water but it is many orders of magnitude less than the value of

The relaxation tims= value for

the main relaxation region in ice 1.

’% for

At last, let us estimate the proporsion r of molecules
responelible for the R-band. Noting that af p =3 and y = 0.3 the
Table 3 glves ’max i (Q/B)Kéax = J.816/3. Doubling this value in
order to account Approx ;atelgf\tne space statistics we obtaln

r
. X;{expe;men* in __>_ ) 0.0E8 _ s.em. 6.5
2 Ay (P72, § = 0.3) 2L (p =2, y=0.3)
' U (s to .

Ain important reslt of these estimaticns. Set oneseld thinking
that the proportlon of H,O molecules with greater rotational
mobllity has in ice the same order of magnitude as in liquld water
in splte of more regular stiructure of ice and consequenily the less
propoertion of "defecta™ of structurse than in water. Indeed,
- - y the proportion of I[R] - molecules 1n
water 131§%éuﬁ 10%. Indirectly this conecliuzion czn te confirmed by
the Iollowing experimental facts : Intensities of R - bands are
nearly squal In lce 1 and liguild water. The obfalned mesult csn be
reformiiated as follows. The rotaticnal /7 translaticonal motion
contributing tc the R - band in FIR specirsl r@giiﬁi actuslly 1s
not frozen at water - lce itranaition in splie of 7 Subsfantial ié}
many orders of magnitude: Increagse of viscosliiy and the Debye
relaxation tlme. Hence, most probably, [Rl - molecules present  the
Inherent property of H-bond itself and heve no direct relation ic
the "derects” of H - bond net.

fonclusion
1. A simple nybrlid guas!l-elastic bond 7/ extended dirfusion



~ 24

model may be applied for a qualitative analysis of a dlelectric
relaxation described by a rigorous planar double well potentlal
model with a profile U_oos"®._ J

2. When a conservative fild parameter p = (UD!RBT)T'2 exceeds
4, the FIR absorption spectrum results In a narrow line and <
great Debye relaxation time t,. In this work the netlon of Eiﬁétin
absorption line 1is introducedj which has the minimum wldth “and
corresponds to the limit T - . If s is very large, 1t 1s the
limiting line that practically describes the FIR absorption
spectrum.

3. The fileld DWP model can be applied for the description of
the dielectric loss spectrum In the translational (near 200 cm )
band of hydrogen-bondedsystems. The comparlson of ice 1 and water
apectra set oneself  thinking that the very existence of
[Rl-molecules with greater mobllity is due . 1o the hydrogen bond
itgelf, and not io the "defects" of H-bond net.

4, The field DWF model with a profille Ugcosaﬁ is not applicable
(B8]

4
tha deaerintiom nf a 1ibhrational (near v «~ =1 ~rmT Y hapd Nt 1ro
b datr VANt b Ak e -Ly WAL A b [RECES & 5 ar e 3 \-LL ndtde Ea ted At et p29%% } LS ! At e e Y At

+tn
1)since the theoretical absorptlon line is‘ﬁoo narrow in this case.
Comparison with the confined rotator model implies the I1dea
that both librational and translational bandsmay be described in
frames of a new field model in which the potentisal profiie U({€) has

the form of & "hat": flat bottom, abruptly slevating walls and flat

edges where U depends weakly on the angle tyf. The explanation of this idea was
given recently15’16. The existence of a two-humped absorption curve, which was show
(Fig. 5c) for a cosine sguared profile Tﬂ éﬁ , supports the idea that both absor-
ption peaks , gLL_and QLFl’ can agree with experimental data for a suitableqS’WB

potential form U( t?).
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Table 2. The estimation of the steady state parameters.
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Table 4. The dependence of the Debye relaxat
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