S Woźniak 
email: wozniak@amu.edu.pl
  
Paramagnetic Magnetochiral Effect in H h and V h Components of Rayleigh Light Scattering by Molecular Systems

Keywords: Chirality, Light scattering, Nonlinear polarizabilities PACS numbers: 33.15Kr, 33.20.Fb, 33.55.-b, 78.20.Ls Chirality, Light scattering, Nonlinear polarizabilities

   

Introduction

Rayleigh light scattering by isotropic media has long been applied to study the optical properties of atoms and molecules as well as their interactions [START_REF] Fabielinskii | Molecular Scattering of Light[END_REF][START_REF] Barron | Molecular Light Scattering and Optical Activity[END_REF][START_REF] Kielich | Proc. Indian Acad.Sci[END_REF][START_REF] Kielich | [END_REF]. The predominant contribution to the Rayleigh intensity comes from electric-dipole scattering related with electric-dipole transitions (polarizability e α e ) but other scattering processes due to higher-order multipole transitions and described in terms of the respective multipole polarizabilities contribute as well [START_REF] Kielich | Proc. Indian Acad.Sci[END_REF].

In the absence of external fields, molecular chiral media show a natural optical activity as well as Rayleigh and Raman optical activity being its manifestations in light scattering [5][6][7][START_REF] Nafie | Modern Nonlinear Optics, Part 3[END_REF]. A similar situation occurs in chiral media exposed to an external static magnetic field: chirality of the molecular system leads to magnetochiral birefringence and magnetochiral dichroism [9][10][11][12][13][14][15][16][17] but is also revealed in Rayleigh and Raman light scattering [18], which can be called magnetochiral Rayleigh and Raman light scattering. Since magnetochiral birefringence is an axial birefringence, then the magnetochiral effect in light scattering appears as an axial differential effect, contrary to Rayleigh and Raman optical activity as well as magnetic Rayleigh and Raman optical activity [START_REF] Barron | Molecular Light Scattering and Optical Activity[END_REF][19][20][21], which are circular differential effects.

To achieve a complete description of the magnetochiral Rayleigh and Raman light scattering in the molecular approach, in the vibration of the electric dipole moment induced in the molecules by the incident optical wave one has to take into consideration : (i) electricdipole transitions (polarizability e α e ); (ii) magnetic-dipole transitions (polarizability e α m ); (iii) electric-quadrupole transitions (polarizability e α q ); and -in the vibration of their magnetic-dipole and electric-quadrupole moments -(iv) electric-dipole transitions with the polarizability m α e and (v) with the polarizability q α e . Moreover, the infuence of the external magnetic field on the above polarizabilities must be also taken into consideration.

Scattering of light in magnetochiral media was also investigated assuming a different approach [22] in which magneto-optically active scatterers were distributed in a chiral configuration under the influence of an external magnetic field.

In the present paper the paramagnetic magnetochiral Rayleigh light scattering is discussed. It is shown that the effect can be observed as temperature-dependent contributions to the H h and V h components of scattered light in isotropic media containing molecules with intrinsic magnetic dipole moment.

H h and V h components of magnetochiral Rayleigh light scattering

Consider a medium consisting of paramagnetic chiral molecules subjected to the action of a static magnetic field B 0 = jB 0 y , directed along the Y axis of the laboratory frame of coordinates {X, Y, Z} in which a linearly (horizontally) polarized light beam of angular frequency ω with an electric field E y (z, t), of magnetic induction B x (z, t) and intensity I h propagates in the z direction (Fig. 1). Interaction of the electromagnetic wave with the molecules leads to the scattering of light of intensity I s defined by the electric field E s of scattered light having the polarization of the unit vector e s :

I s = 0 c 2 | E s • e s * | 2 B 0 (1) 
which depends on the induced multipole moments, i.e., the electric dipole moment µ(ω), the magnetic dipole moment m(ω), and the electric quadrupole moment q(ω) vibrating at the frequency ω (other higher multipole moments can be neglected) as well as on the scattering angle [START_REF] Barron | Molecular Light Scattering and Optical Activity[END_REF]6]; the brackets ... B 0 stands for statistical averanging over all possible orientations of the molecules in the presence of the magnetic field B 0 .

Magnetochiral Ryaleigh light scattering can be observed at the right angle to the propagation direction of light propagating perpendicularly to a static magnetic field, as a difference in the scattered light intensity I ↑↑ -I ↑↓ for the light scattered parallel (↑↑) and antiparrallel (↑↓) to the magnetic field. In the present paper we are concerned with two components of the light intensity, H h and V h , scattered by a unit volume of the medium, in which the magnetochiral effect will be discussed. The indices in Krishnan's symbols H h and V h denote the polarization status of the incident beam (h -for horizontal), and the capital letter stands for the orientation of the polarizer before the detector of the scattered light (H -for horizontal, Denoting the intensities H h and V h of the scattered light propagating in parallel (↑↑) or antiparallel (↑↓) to the direction of B 0 by H ↑↑ h , V ↑↑ h and H ↑↓ h , V ↑↓ h , respectively, the magnetochiral effect in anisotropic light scattering measured at a distance R from the scattering center is described by the following equations [18]:

V -for vertical). H V V H h h h h I h Z Y X O B k
∆H h = H ↑↑ h -H ↑↓ h = K 1 2 µ z (ω, B 0 ) m * x (ω, B 0 ) + µ * z (ω, B 0 ) m x (ω, B 0 ) + iω µ z (ω, B 0 ) q * zy (ω, B 0 ) -µ * z (ω, B 0 ) q zy (ω, B 0 ) B 0 (2)
and

∆V h = V ↑↑ h -V ↑↓ h = K 1 -2 µ x (ω, B 0 ) m * z (ω, B 0 ) + µ * x (ω, B 0 ) m z (ω, B 0 ) + iω µ x (ω, B 0 ) q * xy (ω, B 0 ) -µ * x (ω, B 0 ) q xy (ω, B 0 ) B 0 , (3) 
where K 1 = ρω 4 /32π 2 0 c 4 R 2 ; ρ is the number density of the chiral molecules and the asterisk represents the complex conjugate. Restricting our consideration to the linear influence of 

µ i (ω, B 0 ) = e α e ij (-ω; ω) E j (ω) + e α m ij (-ω; ω) B j (ω) + 1 2 e α q ijk (-ω; ω) ∇ j E k (ω) + e α em ijk (-ω; ω, 0) E j (ω)B 0 k + e α mm ijk (-ω; ω, 0) B j (ω)B 0 k + 1 2 e α qm ijkl (-ω; ω, 0) ∇ j E k (ω)B 0 l , (4) 
m i (ω, B 0 ) = m α e ij (-ω; ω)E j (ω) + m α em ijk (-ω; ω, 0)E j (ω)B 0 k , (5) 
q ij (ω, B 0 ) = q α e (ij)k (-ω; ω)E k (ω) + q α em (ij)kl (-ω; ω, 0)E k (ω)B 0 l , (6) 
where the superscripts e, m and q on the right-hand side of the symbol α (representing molecular polarizabilities) are related to electric dipole (e), magnetic dipole (m) and electric quadrupole (q) interactions with the radiation inducing electric dipole, magnetic dipole and electric quadrupole moments denoted by the superscripts e, m and q, respectively, on the left-hand side of the symbol α; the quadrupole moment operator is

Q ij = n q n r ni r nj , where
q n is the charge of the nth particle, and where the summation includes nuclei as well as electrons. Moreover, the potential energy

u = -m 0 • B 0 (7) 
has to be taken into consideration to perform the statistical averaging in equations ( 2) and

(3); m 0 is the intrinsic magnetic dipole moment of paramagnetic molecule.

Each polarizability tensor α in Eqs. ( 4)-( 6) can be in general split into [11,23,[START_REF] Berestetskii | Quantum Electrodinamics[END_REF]]

α = β + iγ, (8) 
where, in the absence of damping, the tensors β and γ are real.

For non-magnetic as well as magnetic molecules the tensors

e β e (αβ) (ω), e γ m αβ (ω) = -m γ e βα (ω), e β q α(βγ) (ω) = q β e (βγ)α (ω), e γ em [αβ]γ (ω), e β mm αβγ (ω) = m β em βαγ (ω), e γ qm α(βγ)δ (ω) = -q γ em (βγ)αδ (ω) (9) 
are non-zero and symmetric with respect to time inversion (i-tensors) [11]. In the above equation the concise notation is used, namely, e β e (ω), e γ m (ω), m γ e (ω), e β q (ω) and q β e (ω)

instead of e β e (-ω; ω), e γ m (-ω; ω), m γ e (-ω; ω), e β q (-ω; ω) and q β e (-ω; ω) for unperturbed linear polarizabilities as well as e γ em (ω), e β mm (ω), m β em (ω), q γ em (ω) and e γ qm (ω) instead of pertured polarizability tensors e γ em (-ω; ω, 0), e β mm (-ω; ω, 0), m β em (-ω; ω, 0), q γ em (-ω; ω, 0) and e γ qm (-ω; ω, 0) respectively; moreover, the indices whose transposition changes the sign of the respective components of the multipolar polarizabilities are indicated by rectangular brackets, e.g.

[αβ], whereas the round parentheses contain the indices whose transposition does not change the sign, e.g. (αβ).

However, for magnetic molecules the polarizability tensors

e γ e [αβ] (ω), e β m αβ (ω) = m β e βα (ω), e γ q α(βγ) (ω) = -q γ e (βγ)α (ω), e β em (αβ)γ (ω), e γ mm αβγ (ω) = -m γ em βαγ (ω), e β qm α(βγ)δ (ω) = q β em (βγ)αδ (ω) (10) 
can be non-zero as well [11]. All polarizability tensors in Eq. ( 10) are antisymmetric with respect to time inversion (c-tensors). Quantum mechanical formulas for the tensors in Eqs. ( 9) and ( 10) are given in [11,19,20] in terms of a sum over all exited states.

The statistical averages in Eqs. ( 2) and ( 3) in the presence of the energy (7) show that the magnetochiral effect in H h and V h components of Rayleigh light scattering mediated by the polarizability tensors ( 9) and ( 10) can be expressed by two parts

∆H h = ∆H D h + ∆H P h , (11) 
∆V h = ∆V D h + ∆V P h . ( 12 
)
For the configuration presented in Fig. 1, the expression

∆H D h = ∆V D h = A m + ωA q KI h B 0 y ( 13 
)
describes the contributions of magnetochiral Rayleigh light scattering to H h and V h components, which can be non-zero for diamagnetic as well as paramagnetic molecules. The first molecular constant in the above equation

A m = A m 1 + A m 2 (14) 
with

A m 1 = 14ε αβγ m γ e αβ (ω) e γ em [γδ]δ (ω) -m γ e αδ (ω) e γ em [βγ]δ (ω) + e γ em [βδ]γ (ω) , (15) 
and The second molecular constant in Eq. ( 13)

A m 2 = 14ε αβγ e β e (αδ) (ω) m β em βγδ (ω) + m β em βδγ (ω) , (16) 
A q = A q 1 + A q 2 ( 17 
)
with

A q 1 = 7 q β e (αβ)β (ω) e γ em [γα]γ (ω) + q β e (αβ)γ (ω) e γ em [γα]β (ω) (18) 
and

A q 2 = e β e (αβ) (ω) 5 q γ em (αβ)γγ (ω) + 3 q γ em (αγ)βγ (ω) + 3 q γ em (αγ)γβ (ω) -2 q γ em (γγ)αβ (ω) -e β e (αα) (ω) q γ em (ββ)γγ (ω) + 2 q γ em (βγ)βγ (ω) (19) 
describes the light scattering related to the vibration of the electric dipole and electric quadrupole moments induced simultaneously in a molecule of the medium by electric dipole interaction with the incident light and perturbed by the static magnetic field B 0 ( A q 1 or A q 2 , respectively, for perturbed electric dipole or electric quadrupole moments). The constant K in Eq.( 13) has the form

K = 2K 1 105 0 c = ρω 4 1680π 2 2 0 c 5 R 2 . ( 20 
)
The second terms in Eqs. ( 11) and ( 12) stand for the pure paramagnetic magnetochiral effect in H h and V h components of Rayleigh light scattering. In our case

∆H P h = ∆V P h = C m + ωC q K I h B 0 y k B T , (21) 
with two molecular constants, C m and C q , describing different kinds of the light-matter interaction leading to magnetochiral light scattering; k B is the Boltzmann constant, Ttemperature.

The molecular constant C m written in the form 

C m = C m 1 + C m 2 (22 
and

C m 2 = 14ε αβγ e β e (αδ) (ω) m β e βγ (ω) µ m δ + m β e βδ (ω) µ m γ , (24) 
describes the magnetochiral light scattering due to the vibrations of the electric dipole and magnetic dipole moments induced simusltaneously in a paramagnetic molecule of the medium by the electric dipole interaction with the incident light and perturbed by the reorientational process forced by the static magnetic field B 0 .

Similarly, the molecular constant C q has the form

C q = C q 1 + C q 2 ( 25 
)
with

C q 1 = 7 q β e (αβ)β (ω) e γ e [γα] (ω) µ m γ + q β e (αβ)γ (ω) e γ e [γα] (ω) µ m β (26) 
and C q 2 = e β e (αβ) (ω) 5 q γ e (αβ)γ (ω) + 3 q γ e (αγ)β (ω) µ m γ + 3 q γ e (αγ)γ (ω) -2 q γ e (γγ)α (ω) µ m β e β e (αα) (ω) q γ e (ββ)γ (ω) + 2 q γ e (βγ)β (ω) µ m γ [START_REF] Birss | Symmetry and Magnetism[END_REF] and is related to the light scattering due to the vibrations of the electric dipole and electric quadrupole moments induced simultaneously in a molecule by the electric dipole lightmatter interactions and perturbed by reorientational process of paramagnetic molecules forced by the static magnetic field B 0 .

As in the physical configuration presented in Fig. 1, the changes ∆H h and ∆V h in the molecular systems considered are the same (see Eqs. ( 13) and ( 21)), from now on only ∆H h is discussed.

Introducing, to the component H h of scattered light, a dimensionless value of magnetochiral light scattering

δH h = H ↑↑ h -H ↑↓ h H ↑↑ h + H ↑↓ h ( 28 
)
we obtain 

δH h = δH D h + δH P h ( 29 
H ↑↑ h + H ↑↓ h , (30) 
δH P h = ∆H P h H ↑↑ h + H ↑↓ h , (31) 
The temperature independent diamagnetic term δH D h can be non-zero for diamagnetic as well as paramagnetic molecular systems and are discussed in detail in [18]. But the other term, δH P h , differs from zero for the molecules possesing a permanent magnetic dipole moment only.

Since the main contribution to the denominators in Eqs. ( 28)-( 31) is related to the electric dipole type of light scattering, then

H ↑↑ h + H ↑↓ h = V ↑↑ h + V ↑↓ h = ρω 4 I h 240π 2 2 0 c 4 R 2 3 e β e
αβ (ω) e β e αβ (ω) -e β e αα (ω) e β e ββ (ω) , [START_REF] Chełkowski | Dielectric Physics[END_REF] where the contribution to the light scattering intensity caused by the external magnetic field B 0 is neglected because it is much smaller than the result the expression [START_REF] Chełkowski | Dielectric Physics[END_REF].

It is convenient to introduce here a dimensionless parameter of the linear optical anisotropy κ(ω) [START_REF] Bridge | [END_REF]: 

κ 2 (ω) = 3 e β e αβ ( 
with β(ω) = 1 3 e β e αα (ω) being the mean value of the linear polarizability e β e (ω). Thus, the diamagnetic (δH D h ) and paramagnetic (δH P h ) contributions to magnetochiral Rayleigh light scattering can be written as

δH D h = A m + ωA q B 0 y 126cβ 2 (ω)κ 2 (ω) . ( 34 
) δH P h = C m + ωC q B 0 y 126cβ 2 (ω)κ 2 (ω)k B T . ( 35 
)

Discussion

The number of non-zero and independent components of the multipolar polarizability tensors β e αβγ and q γ e αβγ given in the molecular system of coordinates {1, 2, 3} depend on the symmetry of molecules [6,26]. Now we restrict our further disscusion to a medium composed of chiral molecules possesing only one non-zero component, µ m 3 , of the permanent magnetic dipole moment µ m , it means the molecules having the magnetic point group symmetries 2, 3, 4, 6, ∞, 32, 422, 622 [26][START_REF] Birss | Symmetry and Magnetism[END_REF][START_REF] Zawodny | [END_REF]. For the above symmetries the non -zero and independent components of the polarizabiliry tensors e β e αβ , e γ e αβ , m β e αβ , m γ e αβ q β e αβγ and q γ e αβγ are shown in tables I and II: there are , for egzample, 15 non-zero and 5 independent components of the polarizability q β e αβγ and 19 non-zero and 6 independent components of the tensor q γ e αβγ for the symmetry 3, but for the symmetry 422 and 622 we have only 4 nonzero and 1 independent copmonents of q β e αβγ and 7 non-zero and 3 independent components of q γ e αβγ . Fortunately, not all of them participate in the paramagnetic magnetochiral light scattering described by the molecalar constants C m and C q .

For molecules having the symmetries 3, 4, 6, ∞, 32, 422, 622 the same multipolar polarizability components are involved in the effect under consideration leading to the following forms of the molecular constants:

C m 1 = 28 m δ e e γ e 12 µ m 3 , (36) 
C m 2 = 28 e δ e m β e 12 µ m 3 ,

C q 1 = 14 q β e 231 e γ e 12 µ m 3 ,

C q 2 = 2 e δ e (3 q γ e 333 -3 q γ e 113 + q γ e 311 ) µ m 3 ,

where two anisotropies are introduced:

e δ e = e β e 33 -e β e 11 , (40) 
m δ e = m γ e 33 -m γ e 11 . (41) 
Denoting the contribution to δH P h from the paramagnetic molecular constants C m i and C q i by δH P h (C m i ) and δH P h (C q i ), and the contribution to δH D h from the diamagnetic molecular contants A m i and A q i by δH D h (A m i ) and δH D h (A q i ) (i = 1, 2), respectively, we have the ratios: 

r m i = δH P h (C m i ) δH P h (A m i ) = C m i A m i k B T , (42) 
r q i = δH P h (C q i ) δH P h (A q i ) = C q i A q i k B T . (43) 
In particular, for paramagnetic chiral molecules having the symmetries 32, 422, 622 we get

r m 1 = r q 1 = e γ e 12 µ m 3 e δ em k B T , (44) 
r m 2 = m β e 12 µ m 3 m δ em k B T (45) 
with two anisotropies of the nonlinear multipolar polarizabilities

e δ em = e γ em 123 -e γ em 312 (46) 
and

m δ em = m β em 123 -m β em 312 . (47) 
Assuming e δ em ≈ 10 -44 J m 4 V -3 s -1 [18], e γ e 12 ≈ 10 -40 J m 2 V -2 and the temperature T = 290 K, we get r m 1 = r q 1 ≈ 20. It is interesting to compare the ratios (42) and (43) with similar expressions describing some others magneto-optical effects.

(i) Faraday effect Spliting the Verdet constant V into diamagnetic V D and paramagnetic V P parts [26,[START_REF] Serber | [END_REF]30], V = V D + V P , and neglecting molecular interactions, we have 

r F = V P V D = ε αβγ e γ e αβ µ m γ k B T ε αβγ e γ em αβγ , (48) 
The above ratio is of the same order of magnitude as r m 1 and r q 1 . (ii) Magnetochiral birefringence Magnetochiral birefringence can be expressed by the constant V = V m +V q , where V m and V q describe the magnetic dipole and electric quadrupole contributions to the axial birefringence induced in chiral fluids by a static magnetic field [11,30]. Each constant can be split into the diamagnetic and paramagnetic parts

V m = V D m + V P m , (50) 
V q = V D q + V P q .

(51)

For the paramagnetic chiral molecules we have

r m M B = V P m V D m = ε αβγ m β e αβ µ m γ k B T ε αβγ m β em αβγ , (52) 
and (assuming that the quadrupole electric moment operator is traceless)

r q M B = V P q V D q = q γ e αβα µ m
3 k B T ( q γ em 1111 + q γ em 2112 + q γ em 3113 )

.

We can see from the above equations that r m M B and r q M B are of the same order of magnitude as r m 2 and r q 2 , respectively. The magnitude of the effect described by Eq. ( 28) can be estimated by calculation of the selected dia-and paramagnetic contributions: δH D h (A m 1 ), δH D h (A q 1 ) and δH P h (C m 2 ). The calculation of δH D h (A m 1 ) is performed using Eq. (40) from ref. [18]:

δH D h (A m 1 ) = 2 m δ e e δ em B 0 y c ( e δ e ) 2 (56) 
with e δ em = e γ em 123 -e γ em 312 . The quantities m δ e and e δ em can be estimated from the specific rotation [ϕ] and the Verdet constant V, respectively, [18]: For L-limonene C 10 H 14 we find [31] (after conversion to the SI system): for λ = 459 nm, t = 20 0 C, [ϕ] = 34 rad m -1 ; for λ = 436 nm, t = 20 0 C, V = 17.8 rad T -1 m -1 . Knowing the density of the liquid d = 830 kg m -3 we are able to find the number of molecules in a unit of volume as ρ = 3, 67 × 10 27 m -3 ; as the optical anisotropy of the molecule considered is not known, in the futher calculations we assumed e δ e ≈ 10 -40 J m 4 V -3 s -1 -a value typical of many molecules [START_REF] Chełkowski | Dielectric Physics[END_REF]. For the above data we get m δ e ≈ 1, 8 × 10 -36 J m 3 V -2 s -1 , e δ em ≈ 0, 68 × 10 -44 J m 4 V -3 s -1 , hence

m δ e ≈ 0 λc 2πρ [ϕ], (57) 
δH D h (A m 1 ) ≈ 0, 8 × 10 -8 B 0 y . (59) 
In order to estimate the diamagnetic contribution related to the constant A q 1 , we use Eq. (41) from ref [18]:

δH h (A q 1 ) ≈ ω q β e 231 e δ em B 0 y c ( e δ e ) 2 , (60) 
Taking the quadrupole-dipole polarizability q β e ≈ 10 -50 C 2 m 3 J -1 (a magnitude 10 -49 C 2 m 3 J -1 is typical of the q β e 333 linear molecules [START_REF] Schaefer | The Electronic Structure of Atoms and Molecules[END_REF]) and λ = 436 nm, we have

δH D h (A q 1 ) ≈ 0, 98 × 10 -7 B 0 y , (61) 
which is by one order of magnitude lower than ∆ x , describing the magnetic Rayleigh circular intensity differential [19].

Having C m 2 expressed in the form (37), the paramagnetic contribution δH P h (C m 2 ) can be estimated using the following equation:

δH P h (C m 2 ) = 2 m β e 12 µ m 3 c e δ e k B T . (62) 
The estimation made with the same values of the physical parameters as those for determination of magnetochiral birefringence in [14], i.e. m β e 12 ≈ 10 -34 J m

3 V -2 s -1 , kT = 414 × 10 -23 J, µ m 3 = 9, 274 × 10 -24 J T -1 gives δH P h (C m 2 ) ≈ 1, 5 × 10 -5 B 0 y . (63) 
The estimated value implies that for certain paramagnetic molecules the effect considered can be greater than the magnetic Rayleigh circular intensity differential [19]. Table II. Third rank tensors q β e αβγ and q γ e αβγ for magnetic point groups of the paramagnetic chiral molecules possesing the permanent magnetic dipole moment µ m 3 only [6]. The components of the polarizabilities q β e αβγ and q γ e αβγ , are denoted by the subscripts αβγ each of which, in the molecular system system of coordinates, can take the value 1, 2, 3. 
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 1 Figure 1: Scattering configuration as analized in the present work
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