N
N

N

HAL

open science

On electric-quadrupole and magnetic-dipole contributions to
optical rectification in isotropic media near optical resonance

Roman Zawodny

» To cite this version:

Roman Zawodny. On electric-quadrupole and magnetic-dipole contributions to optical rectifica-
tion in isotropic media near optical resonance. = Molecular Physics, 2007, 105 (10), pp.1441-1451.

{10.1080/00268970701390206). <hal-00513100)

HAL Id: hal-00513100
https://hal.science/hal-00513100v1

Submitted on 1 Sep 2010

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou

privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-00513100v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Molecular Physics

On electric-quadrupole and magnetic-dipole
contributions to optical rectification in
isotropic media near optical resonance

Journal:

Molecular Physics

Manuscript ID:

TMPH-2007-0061

Manuscript Type:

Full Paper

Date Submitted by the
Author:

05-Mar-2007

Complete List of Authors:

Zawodny, Roman; Adam Mickiewicz University, Physics

Keywords:

optical rectification, isotropic media, chiral molecule, electric-
quadrupole polarizability , magnetic-dipole polarizability, second-
order nonlinear process

Note: The following files were submitted by the author for peer review, but cannot be converted
to PDF. You must view these files (e.g. movies) online.

Zawodny-Manuscript.tex
Zawodny-Tablel.tex
Zawodny-Table2.tex

& scholarone"

Manuscript Central

URL: http://mc.manuscriptcentral.com/tandf/tmph




Page 1 of 24 Molecular Physics

©CoO~NOUTA,WNPE

12 On electric-quadrupole and magnetic-dipole contributions to

15 optical rectification in isotropic media near optical resonance

19 R. ZAWODNY
21 Nonlinear Optics Division, Institute of Physics

23 A. Mickiewicz University, 61-614 Poznan, Poland

Resonant electric-quadrupole and magnetic-dipole contributions to

34 optical rectification ....

URL: http://mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics Page 2 of 24

Abstract

A molecular theory of resonant optical rectification via the second-order electric-dipole polar-
izability related to magnetic-dipole and electric-quadrupole interaction of an electromagnetic
radiation with atoms and molecules of an isotropic medium is presented. The magnetic-dipole
and electric-quadrupole contributions to Dc electric-dipole polarization can be produced by
arbitrarily polarized light which has to be at resonance with a molecule. This effect can

appear in an isotropic medium composed of molecules with arbitrary symmetries.

Key words: optical rectification, isotropic media, chiral molecule, electric -quadrupole and

magnetic-dipole polarizabilities, the second-order nonlinear process.
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1. Introduction

Linear and nonlinear multipolar interaction of laser light with atoms and molecules induces
in them multipole moments [1-8] which contribute to the electric and magnetic polarization
of the molecular system. In the nonlinear case, the frequencies of their oscillations are given,
in general, by combinations of the frequencies of the interacting fields. In particular cases a
static magnetization and/or a static electric polarization can be induced in isotropic media.

A static magnetization can be induced by electric dipole interaction of circularly or
elliptically polarized light with matter and can appear in any medium [9-11]. The effect is
referred to as the inverse Faraday effect (IFE) and has been verified experimentally [9]. The
behaviour of the IFE near optical resonances has also been analyzed [12].

It has been shown [13] that a coherent beam of light of arbitrary polarization travelling
in a medium composed of randomly oriented chiral molecules can also induce a static mag-
netization. The effect is caused by magnetic dipole and electric quadrupole interaction of
molecules with the radiation field and is referred to as the inverse magnetochiral birefrin-
gence (IMCHB). The effect may exist outside optical resonances as well as within absorption
bands of the system [14]. Both effects (IFE and IMCHB) are related to the second-order
magnetic susceptibility.

The light-induced static electric polarization (optical rectification - OR) is electric-dipole-
-forbidden via the second-order electric susceptibility in nondissipative isotropic media (i.e.
far from optical resonances) for symmetry reasons [15-17]. Non-resonant optical rectification
is electric-dipole-allowed in optically active liquids and solutions only via the fourth-order
electric susceptibility, arising from the nonlinear electric dipole interaction of chiral molecules
with the electromagnetic field [17]. However, in absorption bands of optically active molec-
ular systems, optical rectification is also allowed via the imaginary part of the second-order
electric susceptibility [15,16,18,19].

The aim of this paper is to present a molecular approach to the description of the in-
duction of optical rectification via the second-order electric-dipole polarizabilities related to
electric-quadrupole and magnetic-dipole transitions in a medium composed of noninteracting
molecules. We show that the second-order electric-quadrupole and magnetic-dipole contri-

butions to Dc electric-dipole polarization can be produced by an arbitrarily polarized optical
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wave with a frequency that has to lie in an absorption band of the molecule and appears in
an isotropic medium composed of molecules with arbitrary symmetries. Finally, we discuss

the effect for all magnetic point groups.
2. Theory

We consider an arbitrary system of volume V containing N uncorrelated atoms or

molecules in which an intense monochromatic light wave with the electric vector
1 .
E(r,t) = §E(w, r)exp(—iwt) + c.c., (1)

oscillating with the circular frequency w, propagates in the s direction. This optical wave

induces in a molecule a static electric-dipole moment, which can be written as follows [1-§]

p3(0) = £2(0) + 12(0) + 7 (0) )

The term M?(O) denotes the static electric-dipole moment induced in a single molecule via

the pure electric-dipole mechanism and is defined as follows:

1
10) = 5 a0 —w W) Bl (w, 1) Eiw,r) + cc. 3)

The last two terms pJ(0) and p7*(0) represent the Dc electric-dipole moments related
with the electric-quadrupole and the magnetic-dipole interaction of a single molecule with

the optical wave, respectively, and are defined in the following form:

p5(0) = (15 [(el)aiiggc(ul)(o; —w, w) Eg(w, )V Ey(w,r)

+ (g)oz(fj}(uk)l(O; —w,w)Ej(w,r)V,Ef(w,r)] + c.c., (4)
p0) = 51 P00 ) By, ) Bilw, )

+ (el)oz(;’i)jkl(O; —w,w)Bi(w, r)Ej(w,r)] + c.c.. (5)

In these expressions the asterisk * and the symbol c.c. stand for complex conjugate
quantities.

The quantum mechanical form of the second-order nonlinear electric-dipole polarizability
<;>a(g’g)(0; —w,w) can be obtained on putting w; = —w and w; = w in the quantum

mechanical expression for the polarizability (el)a(g’é)(—wl — w9} w1, ws) which can be found in

2
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Refs. [4-6,20-22]. The polar tensor of the fourth rank (el)a(ee ])k(ul)((); —w,w) describes the
second-order nonlinear electric-dipole polarizability related to electric-dipole and electric-
quadrupole transitions between the stationary ground state and virtual excited states (in
the absence of resonance) or the stationary excited states (in the presence of resonance).
Similarly, the axial tensor of the third rank (l)a(em)]kl(o —w,w) represents the second-
order nonlinear electric-dipole polarizability related to electric-dipole and magnetic-dipole
transitions. The subscripts in semicircular parentheses (...) label the components of the
electric-quadrupole moment; these parentheses at the same time serve to denote the invari-
ance (symmetry) of the respective components with regard to transposition of the subscripts.

Keeping in mind that the quadrupole electric moment operator is trace-less we arrive addi-

tionally at the relations

1 2 1,2
(Z)Q(e)(kk)j<_w; UJ) =0, (l)a(e?y(kk)<_w7 UJ) =0, (l)a(ee z)J(kk) (07 —Ww, w) = 0. (6)

(& (&

For a molecule with complex wavefunctions, the nonlinear electric-dipole polarizability

is complex and can be written as the complex sum
Vo5 (05w, w) = OB (0, —w,w) +i P50 (0w, ). (7)

and, in the presence of damping (the widths of the energy levels are taken into account) the
~(b,c ~(b.c .
two real polarizabilities (16)5(36)(0; —w,w) and 3% (0; —w,w) can be split

(b,e) . ,C
WB'se (0;—w,w) = U8 G0; —w,w) + VG (0; —w,w), 8)

W3G20; —w,w) = Oy GI0; —w,w) + PG (0, —w,w), 9)

with the quantum mechanical forms given in Appendix A. If the frequency of an optical wave
lies very far from an absorption band of a molecule we can omit the widths of the energy
levels as well as the polarizabilities V€59 (0; —w,w) and MG (0; —w,w) as quantities
which are proportional to these widths. From (A3)-(A6) we see that B(;’g)(O; —w,w) is even
in w and satisfies the relation

(b,c) ~(¢,b)
IBBC (0 —w,w) = 1),3 cB (0; —Waw) (10)

whereas (61)7(2’5)(0; —w,w) is odd in w, and fulfils the transposition relation

~ (b,e c,b
M550, —w,w) = — 3520, —w, w) (11)
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owing to this

(W% (0; —w, W) = Dl (0:w, —w), (12)

Dad (0, —w,w) = WalGR (0w, —w) = [Palsd (0; —w,w)]". (13)

The reality of the electric field E(r,t) of the optical wave requires that its spectral amplitude
shall obey the condition [23] E(w,r)* = E(—w,r). The first relation (12) ensures that the
static electric dipole-moment is real for the real electric field (1). The second relation (13) is
very often called Bloembergen’s transposition relation [3], it expresses the invariance of the
polarizability under the 2! permutations of the triads —wbB, wcC.

The invariance of the Schrodinger equation with respect to the time reversal operator
7 implies [24,25] that if the function U is a solution of the Schréodinger equation, then the
function 7V is also a solution of this equation with the same energy Ey = E7y. A physical
quantity @) is invariant with respect to time reversal if its expectation value is the same in
the states W and 7 W, and it is antisymmetrical if the two values are of opposite sign. Of
course, for real wavefunctions, we have the relation 7W = ¥, which rules out the quantities
antisymmetrical with respect to time inversion referred to by Birss as c-tensors [26].

Using the quantum mechanical definitions (A3)-(A6), it is easy to check that the polar-

izabilities
1,1 1,2 1,1)
(6 )’yée j[)k’” (O’ —W, w)’ (el)fyée jl)c(ul) (O —w Ld) (1)ﬁém jk‘l( —w LU)
1,1 1,2 1,1
(61)526 j()kl)<0; —w,w), é.cgejl)c uz)(o% —w,w), (el)ﬁémgkz(o —w,w), (14)

are antisymmetrical with respect to time reversal (c-tensors) and can only exist for molecules

with complex wavefunctions (paramagnetic molecules), whereas

L1 1,2 1,1
(el)ﬁée j()k:l) (O’ —W, LU), (el)ﬁée jlz:(ul) (O’ —W, W), ¢ )’V(Em j)kl(07 —W, Ld),
1,1 1,2 1,1 )
1926 ]%kl} (O’ —W, C(J), 19((36 ]L(ul (0’ —W, w)’ (c})gcgm ])’kl(o’ W, CU), (15)

are symmetrical with respect to time inversion (i-tensors) and can also exist for molecules
with real wavefunctions (diamagnetic molecules).
To find the static electric-dipole polarization induced by an intense optical wave in an

isotropic medium composed of like noninteracting molecules we have to average the static

4
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electric-dipole moment (2) over all possible orientations. Using the classical Boltzmann

procedure of averaging [27-29] we obtain
P;(0) = P{(0) + PJ(0) + P;"(0). (16)

where the Dc electric-dipole polarizations P#(0), P/(0) and P;*(0) induced, respectively,

by the pure electric-dipole, electric-dipole/electric-quadrupole and electric-dipole/magnetic-

dipole interaction are defined as follows

1 1
PY0) = v Z{ < ,LL? >prd +§[ < <;>a§i’}2€,(o; —w,w) > B (w,r)Ej(w,r) +ccl}, (17)

mol

[< Dalt?) (0 —w,w) > Ef(w,r) V., Ew,r)

e

1 1
PHO) = =Y {<p>pa+=

+ < (I)Oé(r?élj)(uk)l(o; —Ww, w) > L (w’ T)VUEI: (w’ T) + C’C']}’ (18)

1 1 .
PP0) = o {<u om g [ < Qa0 —w,0) > Ei(w,r)Bi(w,r)
+ < (WD (0; —w,w) > By (w,r)E(w,r) + c.c]}. (19)

e~ me jkl

mol

Here the symbol < >p. stands for the statistical average in the presence of the electric-
dipole a = d, electric-quadrupole a = ¢ and magnetic-dipole a = m interactions of the
intense electric field (1) of the optical beam with a single molecule, the following < >

denotes the isotropic average, u? is the jth Cartesian component of the permanent electric
dipole moment of a molecule and the summation runs over all molecules. More exactly,

Ud, U? and U™ are of the form

1

U =~ 0 (—w,0)Biw, 1) Biw,r) + c.e., (20)
1

Ui = _8{(el)a(eg)muz)(—waw)EZ(WvT)VHEI(W’T)
+ (ez)a(el)(ku)l<_w7w)El<w7 T)V“E;?k(w’ T) + C'C’}’ (21)
1 *

U = {00y () By, B )
+ (iza(;%gl(_waw)BZ(w’T)El(w’T)+C'C'} (22)

and represent, respectively, the electric-dipole, electric-quadrupole and magnetic-dipole con-

tributions to the time-averaged potential energy of the molecule in an intense optical beam

>
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7,29,30], which is given by
1
U = =5 [mi(r,w) Ex(r,w) +mi (r,w) Bi(r,w) + c.d = Uh 4 e 4 U (23

An optical wave propagating through a medium modifies its polarization state. This process
is governed by the linear response of the medium to the action of the optical field which is
represented by the electric m®(r,t) and magnetic m™(r,t) moment induced in a molecule
by the optical wave oscillating with the frequency w, of the spectral amplitude looking as

follows [4-7]

1
mZ(r,w) = ,l,Lk(’I“, QJ) - §VUQUIC(T7 (,U) + ... 5 (24)

mp(r,w) = my(r,w)+.... (25)

Here py(r,w), quk(r,w) and myg(r,w) denote, respectively, the Cartesian components of the
spectral amplitude of the electric-dipole, electric-quadrupole and magnetic-dipole moment

induced in a molecule by the optical wave, which are given by [4-7]

pelr0) = a(-0,w) Bi(rw) + 5 P (~0.0) VuEilr, o)
+ Qo) (—w,w)Bi(r,w) + ..., (26)
Quk) (T w) = (f)a(el)(uk)l(—w, w) Ey(r,w)+ ..., (27)
my(r,w) = (Qa(;)kl(—w,w) E(r,w)+ ..., (28)

where (el)oz(el)kl(—w,w), (el)oz(j)k(ul)(—w,w) and (el)oz(,ln)kl(—w,w) represent the linear electric-

dipole polarizabilities related to the electric-dipole, electric-quadrupole and magnetic-dipole
transitions, respectively, whereas the last two symbols (f)a(el)(uk)l(—w, w) and (711)0‘(; )kl(—w, w)
describe the electric-quadrupole and magnetic-dipole polarizabilities related to the electric-
dipole transitions between the electronic ground state and virtual (in the absence of reso-
nance) or excited (in the presence of resonance) states.

The quantum mechanical form of the linear electric A = e and magnetic A = m
multipolar polarizabilities of the ath order related to the transition of the electric B = e
and magnetic B = m multipole moment of the bth order between the stationary ground

(a)_ (b)

state and virtual/excited states “ja'g(—w,w) can be found in Refs. [4-7,29,30]. Here, we

should keep in mind that this polarizability for molecules with complex wavefunctions is

URL: http://mc.manuscriptcentral.com/tandf/tmph
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complex, and if the widths of the energy levels are taken into account, is not Hermitian and

can be written as the sum of the four parts [29,30]

a b a b . (a b .1 (a)e(b . (a b
@aQ(—w,w) = WBY(—w,w) +i P (—w,w) + i YR (~w,w) +i QWP (~w,w)], (29)

©CoO~NOUTA,WNPE

which satisfy the following transposition relations

12 a b b a a b b a
13 “BY(~w,w) = YBY(~w,w), P (~w,w) = Y (—w,w), (30)

a b b a a b b a
15 (A)’Y(B)(_va) = - (3)7(A)(—W7w), (A)ﬁ(s)(—%w) = - 3)19(,4)(—%00)- (31)

17 The polarizabilities
19 (g)ﬁ(s)<_w7w)7 (g)f(é))(_w,w)’ (3)7(2<_w7w>7 (g)fl?(’g’z(_w7w)7 (32)

22 can exist for molecules with real as well as complex wavefunctions and are i-tensors (time

o4 even), whereas
26 (3)7(5)(_("}7“))7 (g)ﬁ(g)(_wvc‘-))’ (3)5(2(—%00)’ (3)5(2(_“}""})’ (33)

28 can only exist for molecules with complex wavefunctions and are c-tensors (time odd) for

30 arbitrary a and b. In the absence of damping, the polarizabilities (j)ﬁ(g)(—w,w) and

32 (j)ﬂ(g) (—w,w) are equal to zero, and owing to this (j)a(g)(—w, w) becomes Hermitian.

34 The two kinds of classical Boltzmann averages mentioned in (17)-(19) can be obtained

36 using the formulae [27-29]

1
38 < g >pe=< u?>—ﬁ(<u?U“>—<u? ><U>) (34)
B

40 and isotropic averages over all possible orientations for the second-, third- and fourth-rank

42 tensors which look as follows

1
44 = =50 35
P < o > 3 klOovQou, ( )
46 1
47 < Qg > = 65jkl(sausaauaa (36)

49 < Ajklu > = [Xm/scfsjk(slu + ym/e((sjl(sku + Zouscéjuékl]aouec (37)

51 where

1
53 Xauac = %(45@5&( - 50’851/C - 50’C5V8)7

55 1

56 yO'VEC = %( - 501/65C + 460551/{ - 50451/6)7

57 1

58 ZUVE = SAl— 501/55 - 50'551/ 460 5VE . 38
o ¢ L ¢ ¢+ 405¢0ve) (38)

URL: http://mc.manuscriptcentral.com/tandf/tmph
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Here the tensors oji, o and oy, represent the particular polarizability tensors in the

Cartesian laboratory frame {zyz}, kp denotes the Boltzmann constant, 7' is the absolute

temperature, the greek indices o,v,¢ and ( take the values 1, 2, 3, the symbols o,,

and d,,. represent, respectively, the Kronecker second-rank symmetric and the Levi-Civita

third-rank antisymmetric unit tensors in the Cartesian molecular frame {123}.

Assuming that the optical wave propagates along the z-axis of the Cartesian laboratory

frame and applying the classical Boltzmann average (34)-(38) we obtain

where

y, aso(2) 1
PI0) = [G'+ G+ kBTGq] G g e (),
m _ m m 1 mdSO() m m 1 m
PPO) =[G+ @+ G G 4 G+ Gl (),

p ’
%{ - (el)ﬁ(ele%))'a(uy) (O —w CU) + 3 (1)ﬁ(elezau (ov) (07 —W,W)},

P
*{ — W% ) (~w.w) +3 D%, ) (~w,w)} el
(71’8{ 76171’1)0'1/&:( —w W) (61)7(617,11)0.51,(0 —Ww w)}

50'115{ e’ymua( W,W) (é)ﬁy(rz)au( w7w>} ,Ug,
{_ e eeaa( )(0 —W w) +3 1)ﬁeeou(mj)(0; —w,w)},

p(sm{ D@D (05 —w,w) + Q0D (0 —w,w)},

EM OVE em oev

12

90v Z { - 5(61620'0' (vv) (O —Ww (,U) + 3 E(elezazz(au (07 —W, w)}7

mol

0'1/6 Z { 19(e17rlz m/z—: y W w) 19(el7rlz 0'81/(0 —W w)}

mol

(1),,(1,2) S
45V Z{ ee oo(vv) (O —w (U) + 3 ,yee ov(ov) (Oa w, LU)},

mol

2
45VZ{_ 6760 1/1/( w’w)+3(el)7(e3/(ou)(_w’w)} ’ug’

mol

501’5 Z { (1)6 em 0'1/5(0; —w, w) l)ﬁ(elrr} asu(o; —Ww, w)};
UV€ Z{ (l)ﬁm 1/6 w7w) + (el)ﬁ(r}@)eu(_w7w>} /‘L(c)m
mol

,l/ * *
§[Ex(w, 2)V.E,(w, 2) + B (w, 2) V. Ey(w, 2) — c.c],

URL: http://mc.manuscriptcentral.com/tandf/tmph
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p=N/V is the number of molecules in unit volume and
So(2) =| Eo(w, 2) [ + | Ey(w, 2) |* (54)

is the well known Stokes parameter for a pathlength 2z in the medium, which in fact
corresponds to the total intensity of the light beam. Above we have omitted the expression
for the zth component of the static electric-dipole polarization induced by the pure electric-
dipole mechanism P24(0) which was calculated in Ref. [18] and denoted by P, (0).

To perform the summation in (47) - (52) over all molecules contained in the unit volume
of our medium we have to take into account that all the standing polarizabilities in these
formulae are c-tensors (their values in the state | p > and 7 | p > differ in sign). Owing
to this, the underlined parameters G, G™, G?, G™, G1. and G} will be proportional to
the difference N = IN(p% — p%,7,) which can differ from zero only if we take into account
the variation of the population of these two states induced by the optical beam. Following
the procedure described in Refs. [13,29,31], it is easy to show that G% and G% represent
the static electric polarization due to the variation of the populations of the two states. The
polarizabilities standing in (41)-(46) are time-even, and therefore the parameters GY and
G™, G4, G", G%, and G are proportional to N = (o + p%,7,) which is always
much greater than the difference. Because our aim is to find the optical rectification based
only on the quadratic electric nonlinearity, which leads to the linearly intensity-dependent

Dec electric polarization, we have additionally p2, + p%.7. &~ 2. Due to this, we arrive at

(39) and (40) with the additional condition

G'=G"=G"=G"=GL =G =~0. (55)

In Ref [32] on putting the DC magnetic field BY equal to zero we can find how the electric
field E;(w, z) of the optical wave depends on the path z traversed by the optical beam in
our medium which permit us to find how the Stokes parameter Sy(z) and e,(z) depend

on z. It is easy to check that these dependences look as follows

So(z) = mF(Z)a (56)
__Zomelo o9
) = g P ()], (57)

URL: http://mc.manuscriptcentral.com/tandf/tmph
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where
F(z) = cosh(ng/z> +sin 2 sinh<2w‘qlz) exp [ — k(w)z] (58)
- c To . p )
., 2wg'z ) 2wg'z
flz) = Smh( ) + sin 27, cosh( ) exp [ — k(w)z], (59)
c c
and we have used the relation
21
=| E, 24| E 2= 0
S0 =1 Euw,0) F + | Byfw,0) = 20— (60

to express the Stokes parameter Sy by the intensity of the incident optical wave [y (for

z=0) in ST units (W/m?). Above

__PY e (_ 1
i) = 5 L (w,w) (61)

represents the light absorption coefficient, the molecular parameters

_ P oo d 1 Py 62
9= 3 mw(—w,w)  an 9= 3ees (—w,w) (62)

are responsible for the natural optical activity and the natural circular dichroism,

ng =4/1 L (é)ﬁélu)u(_w,w) (63)
360

describes the light refractive index, ny is the initial ellipticity, ¢ is the light velocity in

vacuum, €, is the electric permittivity of vacuum and n(w);,. denotes the refractive index
of the incident optical wave in an incident medium.

The static polarization leads to a potential difference U(z = d) on the transparent plates
of the capacitor introduced into the measuring cuvette along the direction of propagation of

the optical wave

U(d) = — Uy + Uy + U] {1 = F(d)} — Uz {sin(2no) — f(d)}, (64)
where
2 [Gr e+ Gm
= ced(e — 1)n(w)ine’ (65)
Uy — 21y [GT + GT (66)

kpTeced(e — 1)n(w)ine’

210w [G? + G™) [nor — 2245
, — el e = 27 (67)

c2ed(e — 1)n(w)ine ["12 - <2ng')2]

2w [G1+ G [—gr + 2ol
yy - Algegnl [ons =] (6
C 60(6 — 1)n(w)znc [KJQ - (%9)2}

10
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and d is the distance between the capacitor plates (the first is situated at z = 0), €
denotes the static dielectric constant.

Using the Tables [26,33] giving the form of the polar and axial i-tensors we can determine,
for all magnetic point groups, the explicit forms of the parameters G?, G™, G%., G, G?
and G™ which are responsible for the electric-quadrupole and magnetic-dipole contributions
to the DC electric-dipole polarization as well as ¢’ and k(w) which describe the parameters
F(z) and f(z) when the frequency of the optical field is close to the molecular resonance
frequency. The results are assembled in Table 1.

From this Table we see that both the parameter G? and G™ exist for molecules with
arbitrary symmetries (for all the magnetic point groups), whereas the other parameters G
and G7' differ from zero for all the molecules with a permanent electric dipole moment.
Earlier, we showed that pre-resonant optical rectification via the second-order electric dipole
mechanism [15,16,18,19] can appear in an isotropic medium composed of chiral molecules
and can be induced only by an optical wave which has to be circularly (ny = 7/4) or
elliptically polarized (1o # 0) at incidence on the medium. The use of a linearly polarized
or unpolarized (ny = 0) pre-resonant optical wave reduces the space function F(d) and
f(d) to the form
2wyg'd

F(d) = cosh( ) exp|—k(w)d], (69)

£(d) = sinh( 2294

) exp[—r(w)d], (70)

and allows us to observe only the electric-quadrupole and magnetic-dipole contributions
to optical rectification in a medium composed of noninteracting molecules with arbitrary
symmetries. The first two columns of Table 1 denote the form of the function F(d) and
f(d). We see that k can appear in an isotropic medium composed of molecules with
arbitrary symmetries but ¢’ as well as f(d) can only exist in a medium composed of chiral
molecules. It is easy to notice that the potential difference U(z = d) may differ from zero
in the presence of resonance because only in this case F'(d) is less than 1. To estimate the
magnitude of the potential differences given by equations (64)-(68) it is necessary to have
available the numerical value of the parameters G, G™, G%., G, G, G™ Kk, g and ¢

for the appropriate frequency w.

11
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We shall now attempt to estimate the electric-quadrupole and magnetic-dipole contribu-
tions to the potential difference U(d) induced by linearly polarized light in absorption bands
of a chiral ruthenium-tris-phenanthroline salt soluted in an optically transparent solvent at
a concentration of 0.1 mole of [Ru pheny]** per litre.

The Fig. 31 in Ref. [34] and Fig. 2 in [35] present a plot of the molar extinction coefficient
€(A) and the molar decadic absorption coefficient A€é(A\) = €, (\) — ég(A) for left (L) and
right (R) circular polarized light for [Ru phens]?" in the region of the wavelengths from
A =250 nm to A= 545nm. To find the values of the absorption coefficient x(\) and the
parameter 2‘”97;()‘) for ruthenium-tris-phenanthroline salt soluted in an optically transparent

+

solvent with a concentration z.= 0.1 moles per litre of [Ru pheny]** we can apply in the

first approximation the following formula

2wy (w) _ AE(N) 12n(10)xc7 with w — 27;0 (71)
c

K(w) = €é(\) In(10)z,,

On the basis of molar absorption and circular dichroism measurements [34,35], we assign
the following transitions from the ground state A; (symmetry A; under Ds) to elec-
tronically excited states a'(A;y) at Ay = 464 nm, d”"(E) at Ay = 418 nm, V' (E) at
Ay = 269 nm and 0"(As) at Ay = 258 nm. The values of the molar extinction €é(\) and
molar decadic absorption A€(A) coefficients for the above mentioned excited states and
the several wavelengths lying outside absorption bands taken from the plot 31 of Ref. [34]
and 2 of [35] are assembled in Table 2. Speaking more exactly, from this Table we see that
in the region of the wavelengths 250 nm < A < 545 nm the molar extinction coefficient
is €(\) > 755 1mol 'em™! with the minimal value &\)pnin = 755 1 mol ‘em™! for
A = 545 nm and it is easy to check, that the molar decadic absorption coefficient satisfies
the relation A&(\)/2€(\) = 222 < 3.6 x 1073 (see Table 2).

Taking into account the expressions (69) and (70) together with (71) it is easy to show
that the space parameters F(d) and f(d) reach their maximal value for A = 545 nm,
which for d = 0.00lm are F(d = 0.00lm) =2.85x107% and f(d =0.00lm) = 9.7x 10710
or for d =0.0lm are F(d=0.0lm)= 3.25x 107" and f(d = 0.0lm) = 1.08 x 1077°.
Owing to this we can take 1 — F'(d) = 1 for all the wavelengths belonging to the above

mentioned region.
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The parameter Us being proportional to ¢ and ¢ can exist only in an isotropic

medium composed of chiral molecules and it satysfies the following relation

2wy’ g
Us “er  ng
cKk no

On time-consuming calculations we have estimated that for all the wavelengths belonging to
the region 250 nm < A < 545 nm the parameter U3 is not greater than 0.004 Us, owing
to this Us can be discarded. To reach this result we have had to know the values of the
ratio g/g’ for all A\ with the region 250nm < A < 545nm. The calculated values of ¢/¢’;
for the exact resonances (A = Ay;, A = Ay, A = Apr) and the several wavelengths lying
outside absorption bands are assembled in Table 2.

From Table 1 we see that in our case (the symmetry 32(D3) ) the potential differ-
ence can only be generated by the parameters Gf and G7'. Unfortunately, we have
lacked the experimental values of the suitable components of the nonlinear polarizabilities
<;>B§§’§,1(ul)(o; —w,w), and (el)ﬁé;;l;kl((); —w,w). It has been shown [2] that the interaction
between macroscopic nondissipative media and time-varying electromagnetic fields can be
described by a time-averaged potential function, the free energy density. Knowing this en-
ergy we can find an expression describing the static macroscopic electric polarization which,
after comparing with (39) and (40), enables us to check that the nonlinear polarizabilities

€ €

“Wﬁi’?;(ul) (0; —w,w) and (1)7;17;1;“(0; —w,w) satisfy the additional conditions

1,2 2)e
(61)6§ejl)€(ul)(0; —W,W) = (el)ﬁé Iz(ul)j(_w;w70)7
(61)72717;1])'16[(0; —w,w) = (el)%%)kelj(_u); w,0). (73)

The linear electric-dipole polarizabilities (61)@52,2?”[) j(~w;w,0) and (é)’yr(;),flj(—w; w,0) de-
scribe, respectively, the variation of the linear electric-dipole/electric-quadrupole polariz-
ability () ézlz(ul)(—w;w,Eo) and the linear electric-dipole/magnetic-dipole polarizability
My (—w:w, E°) of a single molecule in the presence of a DC electric field E° which
are proportional to the first power of E? and, of course, in the case when the frequency
of the optical wave lies far from a resonance. The above linear electric variatons of the lin-
ear electric-dipole polarizabilities are responsible for the reflection of an optical wave from a
fluid in a uniform electric field [36-38] predicted by Buckingham and the electric-field-induced

differential scattering of right and left circularly polarized light in a fluid [39,40].
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The above mentioned optical phenomena (linear in an applied DC electrostatic field)
have already been observed [36,37,40] but unfortunately they permit only the calculation of
the magnitude of (YW o (—w,w) = — Wy (—w w) = (=0.34 + 0.04) x 1073AV 'm?
for the achiral molecule CH3Cl (methyl chloride whose symmetry is described by the
point group 3m(Csy) ) [40] giving a contribution to Uj* which in our case is forbid-
den. In accordance with Refs. [41,42] (el)ﬁfl)(eu)l(—w;w, 0) = —1.807 x 10751 J2C*m* and
w! (el)vfi)fﬁ(—w; w,0) = 0.2255 x 1071 J72C®*m* for atomic hydrogen in its ground state at
low frequency.

From Table 1 we see that the parameters G? and G™ exist for molecules with
arbitrary symmetries. Owing to this, the molecules of the solvent also give contributions to
the potential difference. To estimate the magnitude of the potential difference U +U™ we
assume the same value 2 m@éi’ﬂll + @ ) ée 3;);)33 +2 { a )ﬁi 2(12) + ) (Ee 1;(13) + 162 §1 31 } +
n [( )Vgnlfgg + )’anlgg + @ )7;1711;12} = x107%°J72C*m*, for [Ru phen,]** as well as for
the molecule of the solvent. Owing to this, the number density p can take the value
p = 10%m=3 ( typical values for the number density of liquids are 10%" — 10%m=3).

Then taking €, = 8.854188 x 107 2CV 'm~!, ¢ = 2.997925 x 10°ms™!, e—1 =

10, njpe = 1 and the initial intensity of the linearly polarized optical wave [, = 1.5 x

10""Wm~—2, we obtain U ~ 0.4 nV.
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Appendix A

Setting w; = —w and wy = w in the quantum mechanical definition of the second-order
nonlinear electric-dipole polarizability (El)a(ll;’cc)(—wl — wojwiy,ws) given in Refs. [4-6,20-22],
we can find the quantum mechanical definition of the polarizability (el)a(g’é)(O; —Ww,w) Tre-

sponsible for optical rectification, which in the presence of damping looks as follows

0 1bc 1cb
Da®9(0: —w. w) = Prpp 1 Prc n P.ci
- (0 w) 2112 UZ;) {wwp — il Luvp +w—il'y, Wy —w— iva]
1 Pice Phec
Wuwp T w + 1Ly Lwyy + 11y, wyp +w — iy,
1 Pel Peth

I} @

Wap — W+ 00 twyp + il wyp —w — iy,

with
c b c ¢l c b
Pl = (D) (D)o (1) s Pl = (D) (D) o (1R ) e
C b c c b c
Pt = (WD) () (1) s PEe = (D) (D)o () s
c c b c c b
PEE = (D)oo () (112 s Pl = (D)oo (D) (B D)o (A2)

(y,(g))pw =<p| u(g) | w > denotes the transition matrix element of an electric (B =e) or

magnetic (B =m) multipole moment of the b-th order between the ground state | p > and
a stationary state | w >, and pgp is the quantum mean value of the unperturbed density
matrix in the ground state. According to Kielich’s notation [4-6] the symbol Y% (0; —w, w)
is a tensor of the rank a+b+c¢ which describes the second-order nonlinear electric multipole
A = e polarizability of the ath order (for a = 1,2 we have, respectively, the dipole and
quadrupole moment) related to an electric B = e or magnetic B = m multipole transition
of order b and an electric C = e or magnetic C = m multipole transition of order ¢
between the stationary ground state | p > and excited states |w > and |v >.

For a molecule with complex wavefunctions, the polarizability <61>a(,‘;§) (0; —w,w) may be
expressed in the form (7)-(9), with 8% (0: —w,w), PeG(0; —w,w), Wy E2(0; —w, w)
and (61)19(2’5)(0; —w,w) defined by

0 1bc+ blc+
(1)3®:e) (. _ _ P Rese | Rpee (o
e /6 BC (07 w, OJ) - hQ U’Zw{ Nl + 2N2 }7 (A3)
15

URL: http://mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

where

1bct
ReBC

1bct
IeBC
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1bcf blc—
(1), (b,0) _ wppp Zepe Q3 Zpec Sl
Vi (0 —w,w) = UZ;{ 2N, }7 (Ad)
1bc+ ! ble+
oo ze I o 2
We®(0; —w,w) = pp Z{ == Bch 2}7 (AD)
(be) wpy 1%%‘ % . Rec U
1 5C e el
W9 (0; —w,w) = pp Z{ N, }7 (AG)

1
VPl eP e RUE- jPHe T ecl (40
= [7’”” £ Pé — ccl, Ipe = [7’?31@% £ Pep —ccl. (A

and the frequency-dependent functions are given by

0 =
QQI

0y =
QO =

le

N2:

(Wopwwp — vapr)(wgp — w4 ng) — QwQFUppr,

(W2, + w® + T2 ) (Wi, + w4+ 7)) 4 4w’ wypwup) (Wepwwp + w? + Typlup)
— 20w (Wyp + wwp)[va(wfup +w?+ F?Up) + wwp(wgp + w4+ Ff)p)],

Wup(Wyp —w* = T5,) — 2wupLopLup,

(Wi, + w* +T2) (w2, + w* 4+ T2)) + 4w wypwup) (Wep + Wap)

F2lwup (Wi, + W +T2)) 4+ wup(wh, + w” + T2 (Wepwup + w? + Topluy),
(Copwnp + prva)(wgp — w4 sz) + 20T pWip,

[(wiy +w? +T3,) (Wh, + w? +T3,) + dwupwip] (Copwup — Tupwip)
—2w*(Typ — Do) [wop (Wi, + w? +T5) + wup(wh, +w? + T3],
—Lup(w, —w® = T2)) — 20y wupwup,

[(wyp + 0 + T5) Wiy, + w? + T0,) + 4wwupwip] (Top — Tup)

—2{wp Wiy +w? +T5,) + wup(wy, + 0 + Do) Copwup — Tuptny), (A9)
(Wi + Do (W5, = +T5,)" + 4°T3, ),

{(sz - w2 + F?)p)Z + 4w21—‘12)p}{<w121)p - w2 + F121)p)2 + 4w2F121;p}7 (AlO)

It is easy to check that the polarizabilities (D349 (0; —w,w) and (61),@(:,’7?(0; —w,w) dif-

fer from zero

only for molecules with complex wavefunctions (paramagnetic molecules)

whereas the other polarizabilities (1)3(::)(0; —w,w) and WG9(0: —w w) can also exist

e
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for molecules with real wavefunctions (diamagnetic molecules). For a molecule with real
wavefunctions, the matrix element of the transition of the electric multipole moment of the

b-th order (u®)),, is real whereas the matrix element of the transition of the magnetic

©CoO~NOUTA,WNPE

I:I:lbc Z':i:blc

eee ) eee and

10 multipole moment of the b-th order (u(®)),,, is imaginary; owing to this

11 REWe  pible  pklbe  pEble yanish.

12 eem ? eem ? eme ? eem
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The molecular parameters k(w), ¢’, G9, G, G™ and G} for all magnetic point groups.

The molecules with the symmetries described by the magnetic point groups in parentheses { } admit of

a resonant electric-dipole contribution to optical rectification [18].

Magnetic point groups I K PZ(0) P(0)
G Q. am cm

{1}, g K Gl | Gy + Gy | G™ | Gy + Gy
m, m, 0 k| G G%, G™ Gy
2 2, gl wla| 6 |o| om
mm2, mm2, 2mm, 0 k| G? G%, G™ G
1, 1, 2/m, 2/m, 2/m, 2/m, mmm, mmm, 0 K G4 0 G™ 0
mmm, mmm,
{222, 222}, g K G 0 G™ 0
{4, 4, 3, 6, 6, oo}, 9% K1 G{ Gy 1 T2
4mm, dmm, dmm, 3m, 3m, 6mm, 6mm, 0 k1 | GY G%., G G,
6mm, oom, ocom,
{4, 4}, 4/m, 4/m, 4/m, 4/m, {42m, 42m, 0 | 1 | G 0 G 0
4m2, 42m}, 4/mmm, 4/mmm, 4/mmm,
4/mmm, 4/mmm, 4/mmm, 3, 3, 3m, 3m,
3m, 3m, 6, 6, 6/m, 6/m, 6/m, 6/m, 6m2,
62m, 6m2, 6m2, 6/mmm, 6/mmm, 6/mmm,
6/mmm, 6/mmm, 6/mmm, co/m, oo/m,
oco/mm, oo/mm, co/mm,
(422, 422, 422, 32, 32, 622, 622, 622}, g | m | G 0 G 0
{23}, gy | k2 | G 0 n 0
m3, m3, 0 | ke | G 0 m 0
(432, 432, Y, K}, A I e 0 m 0
43m, 43m, m3m, m3m, m3m, m3m, Yy, K 0 Ko Gl 0 m 0
where:
g = 555 [2 D000 (—w,w) + DFa(-w,w)], gy = & D0 (—w,0),
k1= 3np0uéoc [ 1)56 i1(—w,w), + (i@)félgg,(—w,w)} ) K2 = ng:;c efe 33( W),
61 = 45| OB + DB + DS T+ DBLDan + BNy + DB ey + DB Ry

Lz L ()312)
+ B 31031) ¢ Bee 32(32)}’

1)(1,2) 1)3(1,2 1)2(1,2) (11,2 )3(1,2)
G(f = % {2 ( )ﬂtEP 111+ (eﬂée 3?‘;33 +2 [ ( )ﬂée 12(12) + eﬂé(*e 12‘3(13) + ﬁee 31(31)}}

w

1 1,2 1)5(1,2 1 1,2) 1 1,2
Gg = % |:( )ﬂée 1)1 11 + ( )/886 1;(12) + ( )ﬂée 21 12)j| Gg = T[g [(e)ﬂéell)l
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Table 1 (continued)

1)~ (1,1 1)~ (1,1 1 1 1)~ (1,1 1)~ (1,1
G™" = é { (P)Vém %23 + ( ) é’m %31 + (P)'Yém %12 (P)Vém )13 (P)Wim )21 - (e)Vém 1)32} )
m 1)~ (1,1 1)~ (1,1 1)~ (1,1 m 1)~ (1,1 1)~ (1,1
G = 3/; [ (e)’Yém 223 + (e)’)’ém %31 + (e)%(:m %12} ) Gy = 2,0 [(e)'Yém 223 (e)'Yém 232] )

1)~ (1,1
Gy = 5 (e)’Yém i237

_ (1)5(2) (1)5( (1) (2) (1)5(2) (1)4(2) (1)5(
G = {:“1 [ el an t+ ﬂe 2(12) + b, 3(13)] + 1 [ b, 121t el 2022) T e B, 3(23)}}

_ (1)5(2) (1)5(2) (1)5(2) _ (1)5(2) (1) (2)
Gr1 = #5115 [ Byt eBea@ny T elsss } Gho = 4543 { By T e Besss ]
m 1) 1) (1 1)_(1 1
GTOZGL{ (1)[(6sz — O }‘*’Mz[()%(n):n (e)%(n)w}}
m 1 1) (1 " 1 (1
GT1: {()() ()()}’ GT273wﬂ(3)(6)77(n)12
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The calculated values of the ratio of Us/Uy for ruthenium-tris-phenanthroline (salt soluted in

an optically transparent solvent with a concentration x. = 0.1 moles per litre of [Ru phens]**), induced

by linearly polarized optical wave of frequency exactly tuned to each of the four electronic levels as well as

the other to be outside absorption bands. The molar extinction coefficient €(A) and the molar decadic

absorption coefficient A&(A\) have been taken from Ref. [35].

’

State | Ay é(N) AE(N) 2 & g Us /Uy Us
U [nm] | [Imol *em™'] | [lmol ‘'em™!] [nV]
- 545 755 3.0 0.0020 78.4 0.00012 0.0018 2.74
- 500 3640 9.0 0.0012 34.3 0.00014 0.0009 2.08
— 472 13660 17.5 0.0006 7.0 0.00005 0.0005 1.67
a'(Ag) | 464 15035 16.9 0.0006 | 9x 1076 | 6 x 10711 0.0006 1.68
— 440 22040 —8.1 —0.0002 —81.3 0.00026 —0.0007 0.25
a’(E) | 418 19110 —13.5 —0.0004 0.002 —8x 1077 | —0.0004 —0.6
— 400 14890 —-9.6 —0.0003 —32.5 0.00011 —0.0005 —0.42
— 338 3640 0.6 0.0001 106.2 0.00002 0.00006 0.14
— 314 8290 12.7 0.0008 72.4 0.00026 0.0003 0.09
— 300 20240 2.7 0.0001 52.5 0.00004 —0.00001 0.05
— 277 69790 254.0 0.0018 15.9 0.00102 —0.0002 —0.03
b(E) 269 115480 566.6 0.0025 | —0.025 | —4x 1076 0.0024 —0.02
- 266 124110 145.8 0.0006 —11.1 —0.00039 0.0014 0.09
b"(A2) | 258 80575 —440.0 —0.0027 0.045 —5x 1075 | —0.00269 0.77
— 250 40190 —200.0 —0.0025 —12.7 0.00058 —0.0037 0.64
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