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Conservative dichroism of polydisperse colloids and suspensions
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An electro-optical technique for studying colloids and suspensions with particles of a wide range of sizes is

considered. This technique can be used to study the formation of aggregates in liquid disperse systems, as

well as the electrical polarizability of particles, which depends on the electrical and adsorption characteristics of

their surface. Relationships were obtained that allow to distinguish two electro-optical effects from the observed

change in the dependences of light intensity caused by the external electric field. One effect is determined by the

polarization of incident light dichroism. The other effect is not related to the polarization of light. Experimental

studies of aqueous colloids of diamond and graphite confirmed the applicability of the obtained relationships used

to determine the electric field-induced dichroism of colloids and the electro-optical effect independently of light

polarization. It is shown that the polarization-independent effect is not observed in systems with small particles,

but as the particle size increases, this second effect becomes comparable to dichroism.
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Introduction

Colloids and suspensions belong to heterogeneous sys-

tems, and their optical properties should largely be asso-

ciated with light scattering by particles of the dispersed

phase, the intensity of which exceeds by several orders

of magnitude the intensity of molecular scattering of the

dispersion medium. The main concept of the orientation

theory by P. Langevin [1] and M. Born [2], explaining the

Kerr effect in single-phase systems, is applicable to colloids

as well, but the nature of this effect differs [3]. According

to W. Heller’s classification, optical effects caused by

anisotropy of light scattering in colloids during orientation

ordering of particles include double refraction, conservative

dichroism, and the Tyndall effect [4]. All these effects are

experimentally observed during particle orientation by an

electric field and used in colloid studies [3,5–8]. Theory

of these effects began to develop in the second half

of the 20th century and is still being refined. Major

achievements [9–11] relate to advances in light scattering

theory by non-spherical particles. In dispersed systems

including colloids and suspensions containing particles sized

tens of nanometers or more, particle orientation order can

be controlled by applying short electric field pulses up to 10

kV/cm without altering the system itself. This allows wide

possibilities for electro-optical methods.

Electric birefringence (EB), dichroism (ED), and light

scattering (ELS) of colloids and suspensions are widely

used to study adsorption of ionogenic and nonionogenic

surfactants on nano- and submicron particles; investigate

their double electric layer; determine particle size, shape,

and distribution; study stability of liquid nanodispersed

systems and aggregation processes. EB has been used

to study the influence of gold nanoparticle coatings on

particle orientation in an electric field [12] and orientation

order dispersion in aqueous silver nanowire dispersions [13].

Using log-normal law approximation, influence of particle

size distribution on transient EB processes was studied [14].

A new mathematical method analyzing polydispersity via

integral equations in relaxation studies of EB, ED, and

ELS was proposed [15]. ED [16] and EB [17] studied

particle polarizability linked to polarization of their dou-

ble electric layer in monovalent electrolytes. ED study

of diamond sols analyzed dielectric particle polarizability

theory in electrolytes [18]. Influence of electrolytes on

Kerr constant in aqueous graphene oxide colloidal solutions

was investigated [19]. Electro-optical methods demonstrated

possibilities in kinetic studies of coagulation and paired

aggregate formation of graphite particles in water [20].

ED and EB studied effect of near-electrode charge on

electrophoretic mobility [21]. ELS studied electric dipole

moments of Escherichia coli HB 101 bacteria in aqueous

electrolytes [22].

Analysis [11] of particle size impact on EB and ED

in dispersed systems with colloids established criteria to

separate these effects in experimental polarization analysis

of light transmitted through the system. Electro-optical

effects observed in dispersed systems linked to electric

field-induced changes in transmitted light intensity have one

part dependent on incident light polarization direction (ED),

another independent part caused by another electro-optical

effect designated as effect A). A effect is not observed in
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small-particle systems with pronounced EB and increases

with particle size.

This study aims to consider electro-optical effects ob-

served in light passing through dispersed systems based

on light scattering theory by particles and develop criteria

distinguishing ED and A effect. Experimental results show

influence of particle size, shape, and composition on ratio

between ED and effect A in several dispersed systems.

Theoretical section

Light attenuation in dispersed systems under
electric field

Orientation of nonspherical particles along electric field

in dispersed systems like colloids and suspensions causes

extinction coefficient to depend on angle between field

intensity and polarization plane of incident linearly polarized

light. This reflects system anisotropy and changes light scat-

tering characteristics. Complex amplitude of electric field

of light wave accounts for magnitude and initial phase of

field oscillations. Orientation of particles in the electric field

causes complex amplitude of transmitted light to depend on

incident light polarization: The dependence of the real part

of the complex amplitude of transmitted light characterizes

the ED, and the imaginary part characterizes the EB. ED and

EB processes in colloids differ fundamentally from those

in gases, liquids, and crystals; in colloids and suspensions,

they are conservative phenomena governed by anisotropy

of light scattering due to particle orientation changes rather

than molecular absorption/refraction anisotropy. The terms

”
conservative absorption“ and

”
conservative dichroism“ in-

troduced by M. Planck and V. Heller used in discussing light

attenuation and dichroism in solutions and liquid dispersed

systems caused by scattering on high valency ions and

particles [23].
We will denote by subscripts (⊥) and (‖) the quantities

related to polarization directions perpendicular (ordinary
ray) and parallel (extraordinary ray) to the external electric

field. Let light propagate perpendicular to the external

field, and let vectors E0 and E represent the incident and

transmitted light waves through the dispersed system. The

projections of E0 and E onto these directions can be related

by the matrix relation [24,25].

[

E‖

E⊥

]

=

[

1− qS2 qS3

qS4 1− qS1

][

E0
‖

E0
⊥

]

,

where q = 2πnpl/λ, l -are the path length of the light beam

in the colloidal system, λ is the wavelength of light in it,

np — is the number of particles per unit volume, and S1,

S2, S3 and S4 are complex elements of the forward light

scattering matrix by the particles. Here it is assumed that

the particle concentration is low and scattering is single. In

systems containing particles of different sizes, shapes, and

varying orientations relative to the directions of propagation

and polarization of incident light, elements S1, S2, S3

and S4 are averaged scattering matrix elements of individual

particles over sizes, shapes, and orientation angles defining

particle orientation. The size of a rigid particle is usually

taken as the radius of a sphere r , whose volume equals

the particle volume. The shape parameter p is taken as

the ratio of the semi-axes of the ellipsoid of revolution

most closely resembling the particle shape [26]. In some

cases, approximation of particles by truncated cylinders or

Chebyshev polynomials (Chebyshev particles) is used [27].
If a complex refractive index is used to describe dispersed

systems, then for the ordinary and extraordinary rays

defining birefringence and dichroism, the following relation

is valid [28]:

n⊥,‖ − in′
⊥,‖ = n0

(

1− i2π
np

k3
S1,2

)

, (1)

where n⊥,‖ and n′
⊥,‖ are the real and imaginary parts of

the refractive index of the dispersed system scattering light,

n0 is the refractive index of the transparent medium in which

particles are suspended, k = 2πn0/λ, S1,2(0) are averaged

forward scattering matrix elements [29]. In the case of

chaotic orientation of particles: S1 = S2.

Replacing particles by spheres and defining S within

the Mie theory framework allows estimating the influence

of particle sizes on the refractive index of the dispersed

system. Calculations show [30] that for an aqueous diamond

colloid scattering light once, an increase in r/λ from 0.1

to 0.2 causes a decrease in n − n0 by 2.1 times and an

increase in n′ by 7.5 times in the visible spectral region.

Further increase of r/λ leads to a non-monotonic decrease

of n − n0 to zero and passage of n′ through regions of

local maxima at 0.15 < r/λ < 0.4 (regions of diffraction

resonance) followed by its further decrease. For dispersed

systems with light-absorbing particles, dependencies of

n − n0 and n′ on r/λ — show decreasing trends, with n − n0

values decreasing faster with increasing r/λ than in cases of

non-light-absorbing particles.

Formula (1) accounts only for the electric component

of the light wave in determining the refractive index of

the dispersed system. Using theory that accounts for the

magnetic component of light waves when determining the

refractive index of a system with particles comparable in

size to the light wavelength leads to similar results [31,32].
It can be concluded that increasing particle sizes leads to

a decrease in electric birefringence (EB) and an increase

in electric dichroism (ED) caused by light scattering of

dispersed systems. Such a conclusion was previously made

based on experimental studies of electro-optical properties

of colloids [33–35]. As follows from relation (1), intensities
J‖ and J⊥ of light passing through the dispersed system can

be represented by formulas:

J‖/J0
‖ = (1− 2qRe (S2)) and J⊥/J0

⊥ = (1− 2qRe (S1)) ,

(2)
where J0

‖ and J0
⊥ are intensities of incident light polarized

parallel and perpendicular, respectively, to the field applied

to the dispersed system. Here we neglect values q2S2
1,2
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because of their smallness [24]. Use of non-monochromatic

light also leads to averaging S1 and S2 over sizes, shape

parameters, and wavelengths.

Dichroism N accounting for both absorption and light

scattering, is defined as the difference J⊥/J0
⊥ minus J‖/J0

‖

and, taking into account (2), can be represented as:

N = J⊥/J0
⊥ − J‖/J0

‖ = 2qRe (S1 − S2) . (3)

To determine values S1 and S2, one must construct

scattering matrices Sp of individual particles in coordinate

systems linked with them, determine matrix elements Sp in

the laboratory coordinate system, and average them over

particle orientation angles, sizes, and shape parameters.

In calculations of matrix elements Sp corresponding to

different angles of light incidence on particles and scattering

angles, algorithms applicable to dispersed systems and

based on several methods of light scattering research by

nonspherical particles are used, including discrete dipole

approximation, separation of variables method, null-field

method, and others [36–39]. The choice of method depends

on particle sizes, shape parameters, and substance. The

most general and widely used method is the T-matrix

method [40–42]. All these methods are effective and

applicable to calculating light scattering by systems with

particles oriented in electric and magnetic fields but require

large computational resources [26], which are not always

available in laboratory conditions. For simpler algorithms

enabling the use of ED in laboratory studies of colloids

and suspensions, additional theoretical assumptions are

necessary.

Phenomenological theory

Let us assume particles have an axis of rotation. Introduce

a coordinate system linked to the particle such that axis

1 is the symmetry axis of the particle, and axes 2 and

3 lie in the plane perpendicular to it. Let κ1 and

κ2 be the extinction cross sections of the particle for light

propagating perpendicular to axis 1 and polarized along axes

1 and 2, respectively, and let extinction cross section κ3
correspond to light propagating along axis 1. Cross section

κ3 does not depend on the polarization direction of incident

light. Consider small particles for which extinction cross

sections change proportionally to the imaginary parts of

their polarizabilities [24,28]. For such particles, the relations

κ1 = 4πkα′
1, κ2 = 4πkα′

2 and κ3 = 4πkα′
3, where α′

1, α′
2

and α′
3 are imaginary parts of the principal elements of the

optical polarizability tensor of the particles.

Let in the laboratory coordinate system XYZ light prop-

agate along axis X , the electric field orienting the particles

be directed along axis Z, and the orientation direction of

the particle’s axis of rotation be set by polar angle θ and

azimuthal angle ϕ as shown in Fig. 1. With chaotic orien-

tation of small particles, mean values of light attenuation

cross section 〈κ〉 and polarizability 〈α′〉 of particles are

connected by the similar relation 〈κ〉 = 4πk〈α′〉. As follows

Z

E

1

2

3

Y

X
ϕ

θ

Figure 1. Particle orientation in the laboratory coordinate system.

from the theory of ED and EB in dispersed systems with

small particles [1,43], in an electric field the mean values of

cross sections κ‖, κ⊥ for light polarized along axes Z and Y

respectively, can be represented by the relations:

κ‖ =

∫

ω

3
∑

i=1

κi cos
2(Z, i)W dω,

κ⊥ =

∫

ω

3
∑

i=1

κi cos
2(Y, i)W dω, i = 1, 2, 3. (4)

Here, (Z,i), and (Y ,i) are angles between axes Z and Y

of the laboratory coordinate system and axes 1, 2, and 3

of the coordinate systems linked to the particles, W is the

distribution function of axis 1 of particles over angles θ

and ϕ, dω is an element of solid angle. With chaotic particle

orientation, 〈κ〉 = κ‖ = κ⊥ and

∫

ω

cos2(Z, i)W dω =

∫

ω

cos2(Y, i)W dω =
1

3
.

Taking this into account, one can write:

〈κ〉 =
κ1 + κ2 + κ3

3
. (5)

Particle orientational ordering does not depend on an-

gle ϕ in this case θ = (Z, 1) and W = W (θ). After

averaging κ‖ and κ⊥over azimuthal angle ϕsimilarly to

EB [43] we obtain:

(

κ‖ − 〈κ〉
)

/ (κ⊥ − 〈κ〉) = −2, (6)

κ‖ − κ⊥ = (κ1 − κ2)

π
∫

0

P2(cos θ)W (θ) sin θdθ,
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where P2 (cos θ) =
(

3 cos2 θ − 1
)

/2.

At steady-state particle orientation in the field, the

function W (θ) can be obtained by solving the diffusion

equation in a force field; it is given by the Boltzmann

formula:

W (θ, E) = C exp (u (θ) /kBT ) .

Here u (θ) is the potential energy of particles, C is the

normalization coefficient, kB is the Boltzmann constant, and

T is the temperature. The potential energy of particles

u (θ) depends on the anisotropy of the polarizability 1γ

of particles at the field frequency, the permanent dipole

moment of the particles µ and the intensity of the applied

field E . It can be expressed as:

u (θ) = 1γE2 cos2 θ + µE cos θ.

As a result, at steady-state particle orientation, one can

write:

κ‖ − κ⊥ = (κ1 − κ2)8st (1γ, µ, E) , (7)

where

8st (1γ, µ, E) =

1
∫

−1

x2 exp

(

1γ

kBT
x2 +

µ

kBT
x

)

dx
/

1
∫

−1

exp

(

1γ

kBT
x2 +

µ

kBT
x

)

dx . (8)

For the relaxation of the orientational ordering of parti-

cles [44]

W (θ, t) =

∞
∑

j=1

c jP j (cos θ) exp (− j( j + 1)Dr t) .

Here P j (cos θ) are associated Legendre polynomials, t is

time, Dr is the rotational diffusion constant of particles.

When determining coefficients c j the dependence of W (θ)
at the initial relaxation moment is used. During relaxation,

the following relation holds:

κ‖ − κ⊥ = (κ1 − κ2)8rel (Dr , t) , (9)

in which

8rel = 8st exp(−6Dr t). (10)

For light transmitted through the dispersed system, the

relations hold:

J‖ = J0

(

1− np l κ‖
)

, J⊥ = J0 (1− np l κ⊥) ,

J = J0 (1− np l 〈κ〉) , (11)

where J0 is the intensity of light incident on the dispersed

system, J is the transmitted light intensity at chaotic particle

concentration, J‖ and J⊥ are intensities of light transmitted

polarized parallel and perpendicular to the orienting field,

respectively. Here, it is assumed that the intensity J0 is the

same for both polarizations of light. As before, l is the path

length of the light beam in the dispersed system, and np is

the number of particles per unit volume. Dichroism, defined

by relation (3), is connected with κ‖ and κ⊥ by the equality:

N = np l
(

κ‖ − κ⊥
)

.

The values of κ‖, κ⊥ and 〈κ〉 depend on particle sizes, and

in polydisperse systems, when determining J‖, J⊥ and J the

size distribution function φ(r) of particles by size rshould

be taken into account. For such systems, in relations (11),
the substitutions should be made:

np l κ‖ → np l

∫

κ‖(r)φ(r)dr,

np l κ⊥ → np l

∫

κ⊥(r)φ(r)dr,

np l κ → np l

∫

κ(r)φ(r)dr.

Taking into account (11), instead of equality (6), valid for

small particles, one can write:

(

J‖ − J
)

/ (J⊥ − J) = −2. (12)

This equality does not depend on particle orientation

degree and applies to both monodisperse and polydisperse

systems.

Considering (7) and (9), the stationary dichroism and its

relaxation for polydisperse systems can be expressed by the

relations:

N(E) =

r1
∫

r0

1K(r)8st (1γ(r), µ(r), E)φ(r)dr, (13)

N(t) =

r1
∫

r0

1K(r)8rel (Dr (r), t)φ(r)dr. (14)

Here 1K(r) = (κ1(r) − κ2(r)) np l is the dichroic weight.

If particles are comparable in size to or larger than the

wavelength of incident light, relations (4)−(6) and (12) do

not hold. For systems with such particles, κ‖, κ⊥ and κ are

represented as:

κ‖ =

∫

ω

3
∑

i=1

κi cos
2(Z, i)W dω + s‖, (15)

κ⊥ =

∫

ω

3
∑

i=1

κi cos
2(Y, i)W dω + s⊥, (16)

〈κ〉 =
κ1 + κ2 + κ3

3
+ s . (17)

Here,

s‖ =

π
∫

0

2π
∫

0

s‖(θ, ϕ) dϕW (θ) sin θdθ,
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s⊥ =

π
∫

0

2π
∫

0

s⊥(θ, ϕ) dϕW (θ) sin θdθ,

〈s〉 =

π
∫

0

2π
∫

0

s(θ, ϕ) dϕW (θ) sin θdθ.

Angular dependencies s‖(θ, ϕ), s⊥(θ, ϕ) and s(θ, ϕ)
are determined by elements of the particle light scattering

matrix. They depend on particle size, shape, and size-to-

wavelength ratio. For systems with particles of various sizes

and shapes, averaging of dependencies s‖(θ, ϕ), s⊥(θ, ϕ)
and s(θ, ϕ) characteristic of individual particles over r , p

and r/λ substantially smooths them. Using broadband light

sources, r/λ varies widely even for monodisperse systems.

From relations (15)−(17) it follows that for chaotic particle

orientation, values s‖, s⊥ and 〈s〉 coincide. For particles

fully oriented along the field, the values for light polarized

along the field are κ‖ = κ1 and
3

∑

i=1

κi cos
2(Z, i)W dω = κ1.

Substituting these values into (15) gives s‖ = 0. Analo-

gously, for light polarized perpendicular to the field, we

have s⊥ = 0. As a result, the equality s‖ = s⊥ holds both

for full and chaotic particle orientations. We suppose that

the equality

s‖ = s⊥ (18)

holds for arbitrary degrees of particle orientation. However,

the applicability of this assumption requires experimental

confirmation, which was carried out.

Additional intensity caused by values s‖, s⊥ and〈s〉,
which should be taken into account when determining J‖,

J⊥ and J by formulas (11), can be defined by the relations:

1J‖ = J0 np l s‖, 1J⊥ = J0 np l s⊥, 1J = J0 np l〈s〉.

Since the dichroism N value depends on the difference

J⊥ − J‖, under fulfillment of equality 1J⊥ = 1J‖, resulting

from relation (18), the magnitude N does not depend

on 1J‖, 1J⊥, 1J and formulas (13) and (14) remain

applicable to dispersed systems containing both small and

large particles.

Relation (18) corresponds to the results of studies associ-

ated with the determination of dichroism N. Use of formula

(13) for particle polarizability studies leads to results

consistent with polarizability theory [16,18]. Distribution

functions φ(r) determined by formula (14) correspond to

particle size distribution histograms obtained by scanning

electron microscopy [20]. This matches relation (18) in such

experiments, as equations (13) and (14) hold only when it

is satisfied. Functions f (r) = 1K(r)φ(r) defined by solving

equation (14) were used in studying kinetic coagulation of

graphite sols [20]. The results correspond to Smoluchowski’s

rapid coagulation theory, which also agrees with (18).
In systems where s‖, s⊥ and 〈s〉, must be considered,

relation (12) ceases to hold and
(

J‖ − J
)

/ (J⊥ − J) 6= −2.

However,
(

J‖ − J − JA

)

/ (J⊥ − J − JA) = −2,

if:

JA =
(

J‖ − J
)

/3 + 2 (J⊥ − J) /3. (19)

The intensity JA like intensities J‖ and J⊥ depends on the

particle orientation in the field. At E = 0 particle orientation

is chaotic, and JA = 0, and at E → ∞ particle orientation

approaches full, and JA → 1J . The quantity A = JA/J0

determines the electro-optical effect caused by parameters

s‖, s⊥, 〈s〉 independent of light polarization. In systems

with small particles, s‖ = s⊥ = 〈s〉 = 0 this effect is not

observed.

Experimental Technique and Materials

Determination of J‖ and J⊥dependencies on field

and time

The experimental setup used to determine the depen-

dence of J‖ and J⊥ on the orienting field at steady

particle orientation and the time dependence during the

establishment and relaxation of orientational ordering is

shown in Fig. 2. A narrow beam of unpolarized light

is created by a broadband source (S), passes through a

diaphragm (D), traverses the plane-parallel electrodes of a

cuvette (C) filled with colloid or suspension, and is split

by a beam splitter prism (DP) into two beams of equal

intensity J, which after passing through polarizers P1 and P2

become linearly polarized parallel and perpendicular to the

field in the cuvette and fall onto photodetectors (PD1) and

(PD2).
Intensities J‖ and J⊥ of both beams are simultaneously

recorded by a data acquisition board (L-Card E-502)
connected to the photodetectors (PD1) and (PD2) and a

computer (PC). Before each measurement, when particle

orientation is chaotic, a microprocessor (MPU) located in

the photoreceiver device additionally balances intensities

J‖ and J⊥improving accuracy of their determination upon

particle orientation.

To determine J0
‖ and J0

⊥ necessary for calculating electro-

optical effects N and A, the light attenuation coefficient

of the studied system in the cuvette at chaotic particle

orientation is measured.

To create the field in the cuvette, a voltage generator

(GEN) of specified form and variable value is used, which

is connected to a power amplifier (AMP) coupled with the

cuvette electrodes C. The magnitude, duration, and duty

cycle of field pulses in the cuvette are set using a data

acquisition card connected via digital-to-analog converter to

the voltage generator.

Computer data processing software ensures measuring

intensities J‖ and J⊥ at set fields at chosen measurement

times and builds field dependencies J‖(E), J⊥(E) and time

dependencies J‖(t), J⊥(t).
Light beams converted by photodetectors PD1 and PD2

into electrical signals are recorded by the data acquisition

board’s analog-to-digital converter L-Card E-502 (16-bit).
The ADC resolution allows recording signals with accuracy
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LCard

E-502

P1

PD1

PD2

MPU

DIV
PD

PC

DAC

ADC

RS232

GEN

AMP

S

CD DP

a

b

P2

Figure 2. Block diagram of the electro-optical setup.

200 nm 200 nm

a b

Figure 3. Electron microscopy images of diamond particles (sample No. 2) left and graphite particles (sample No. 3) right.

better than 0.01%, enabling observation of noise from

various sources. Recorded signals can be averaged to reduce

noise influence.

Investigated systems

Four samples were prepared for the study, consisting of

polydisperse systems containing both light-absorbing and

non-absorbing particles. The volume fraction of particles in

the samples was less than a thousandth of a percent. Light

scattering by the samples in the cuvette was single, and its

intensity, as well as the observed electro-optical effects, were

proportional to the particle concentration.

Sample No. 1 was an aqueous colloid with diamond

particles synthesized at high temperature and pressure. The

sizes of the particles, determined as the radii of spheres

equal in volume to them, ranged between 200−400 nm.

Sample � 2 was obtained by centrifuging sample � 1 and

contained smaller diamond particles, with radii ranging

from 50 to 100 nm. Particles of samples � 1 and � 2

did not absorb light. As samples whose particles both

absorb and scatter light, aqueous suspensions of graphite

were chosen. Sample � 3 contained particles obtained by

the electric arc method during dispersion of a graphite

rod in oil and underwent surface cleaning with solvents.

The graphite particles had the shape of thin plates. Their

sizes, determined as the radii of circles equal in area to

the flat surfaces of the graphite particles, ranged from

100 to 300 nm. Sample � 4 was obtained by ultrasonic

treatment of sample � 3. To further remove the largest and

smallest particles from the samples, centrifugation, settling,

and ultrasonic treatment of their aqueous suspensions were

used.

Particles of samples No. 1 and No. 2 did not have

a well-defined shape, but if approximated by ellipsoids of

revolution with symmetry axes oriented along the largest

particle dimensions, the ratio of the semi-axes of most of

such ellipsoids varied between 1.2−1.6. The thickness of the

graphite particles practically did not depend on their planar

sizes. The thickness-to-planar size ratio for most graphite

particles in sample No. 3 ranged between 10−20 and for

smaller particles of sample No. 4 between 5−10. Scanning
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Figure 4. Normalized to the maximum value Nmax relaxation curves of the electro-optical effect N(t) (without averaging) and the

distribution function f (r) for samples � 1 (1), � 2 (2), � 3 (3), � 4 (4).

electron microscope images of particles of samples No. 2

and No. 3 are presented in Fig. 3.

One can assume that the particles freely rotate relative to

the axis they align along in the orienting field. In this case,

the particle can be considered axisymmetric, and extinction

cross sections κ1, κ2, κ3 should be regarded as averaged

over the rotation angle. The influence of particle shape on

light scattering features is considered in work [25].
The prepared samples were polydisperse. To determine

the contribution of particles of different sizes to the

observed electro-optical effects, relaxation dependencies of

dichroism N(t) were determined. If relaxation starts from

the state of full particle orientation created by the electric

field, then, as follows from relation (8), 8st(1γ, µ, E) = 1

for all particles in the sample. Taking this and (10) into

account, instead of relation (16) one can write

N(t) =

r1
∫

r0

exp(−6D, t) f (r)dr. (20)

The distribution function of particles by size with dichroic

weight f (r) = 1K(r)φ(r) entering relation (20) character-

izes the maximum contribution made by particles of size r

to the electro-optical effect N. It can be determined as

a numerical solution of equation (20) if the experimental

dependence N(t) for the studied system is known. The

rotational diffusion constant of particles entering this equa-

tion can be represented by relation Dr = kBT
(

8πηr3
)−1

,

in which η is the viscosity of the dispersion medium.

Here, r is the hydrodynamic radius of the particle. It is

close to the radius determined by the particle volume for

diamond particles and to the radius determined by the area

of the flat surface for graphite particles. If the distribution

function f (r) is assumed to be continuous in the domain

[r0, r1], it can be determined by the regularization method

proposed by A. N. Tikhonov [45] or the penalty function

method proposed by L. K. Babadzhanyants [15]. For the

studied samples, the distribution functions f (r) calculated

from relaxation curves N(t), are presented in Fig. 4.

Experimental results and discussion
thereof

In an alternating electric field of sufficiently high fre-

quency, particles orient along the axis of their greatest

polarizability aligned with the field. If the principal axes

of the particle’s polarizability tensor at the optical frequency

and the frequency of the applied field coincide, then, as

follows from relations (4) and (12), for systems with small

Rayleigh particles the greatest attenuation in the cuvette is

observed for light polarized along the applied field. For such

systems, the inequalities
(

J‖ − J
)

/J < 0, (J⊥ − J) /J > 0

must hold. For small particles, the values 〈s〉, s‖, s⊥
appearing in relations (15)−(17), are negligibly small, and

the equalities L = −2, A = 0 hold for systems with such

particles. Here, L =
(

J‖ − J
)

/ (J⊥ − J). These equalities

cease to hold for particles of larger sizes.

Electro-optical studies were conducted on sam-

ples � 1−� 4 by orienting particles with pulses of a

sinusoidal field of variable strength and duration. The

field frequency was 10 kHz, which allowed exclusion of

the influence of permanent dipole moments of particles

on their orientation, and particles oriented along the field

with their axis of greatest polarizability. Experimental

studies showed that for all prepared samples the inequalities
(

J‖ − J
)

/J < 0 and (J⊥ − J) /J > 0 hold at different field

values defining the orientational order of the particles.

For the studied systems, the error in determining values

J‖, J⊥, J and J0 did not exceed 0.1%. The error in

determining ratios
(

J‖ − J
)

/J, (J⊥ − J) /J in a strong

field did not exceed 1%, and in a weak field 5%, which

ensured the error in determining ratios L and A/N not
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Table 1. Values
(

J‖ − J
)

/J, (J⊥ − J) /J, L, N, A, A/N for samples � 1−� 4

Sample, �
(

J‖ − J
)

/J (J⊥ − J) /J L N A A/N

1 −0.046 0.041 −1.1 0.085 0.012 0.14

2 −0.141 0.071 −1.95 0.212 0.00033 0.0016

3 −0.092 0.029 −3.1 0.121 −0.0113 −0.094

4 −0.021 0.011 −1.94 0.033 0.00033 0.01

Table 2. The influence of the spectral composition of light on the value of L

λ, nm Sample � 1 Sample � 2 Sample � 3 Sample � 4

400−460 −1.30 −2.05 −3.77 −2.15

520−560 −1.15 −2.2 −3.23 −2.06

600−650 −0.88 −2.28 −2.82 −1.88

more than 2% in a strong field and 10% in a weak field.

The dependencies of
(

J‖ − J
)

/J, (J⊥ − J) /J on the field

strength E for sample � 1, containing both large and small

diamond particles, are shown in Fig. 5.

Similar dependencies are observed for samples� 2−� 4.

Values of L are close to −2 only for samples � 2 and � 4,

which do not contain large particles. For these samples,

inequality N ≫ A also holds. The dependencies of N, A

and L on the field strength E only for samples � 2, which

do not contain large particles.

Similar dependencies are observed for sample � 4,

containing small particles of graphite. For sample No. 1,

the values of L are close to −1, and for sample � 3

they are close to −3. For these samples, the values of A

were within the range of 9−14% from N. For sample

� 1, containing large diamond particles, A > 0, and for

sample � 3, containing large graphite particles, they were

A < 0. The sign of the effect A depends on the size, shape,

and composition of the particles. Dimensionless quantities
(

J‖ − J
)

/J, (J⊥ − J) /J, L, N, A, A/N determined at

saturated particle orientation for samples � 1−� 4, are

presented in Table 1.

Studies showed that values L and A/N weakly depend on

the degree of particle orientation but significantly depend

on particle size and composition. However, in a weak

field, where only the largest particles orient, while smaller

ones remain practically randomly oriented, L has different

values. Thus at E → 0 for sample � 1 L → −5, for

sample � 2 L ≈ −2, for samples � 3 and � 4 L → −4.

This indicates that the value of L changes significantly even

with a small amount of large particles in the system. In

the studied systems, large particles practically did not affect

the value of A which allows concluding their proportion

is small. Studies showed that for samples � 1 and

� 3, containing larger particles, after turning off the field,

the relaxation dependencies A(t) decay slower than the
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Figure 5. Dependencies of
(

J‖ − J
)

/J (1), (J⊥ − J) /J (2) on

the field strength E for sample � 1.

dependencies N(t). This confirms that the effect A is

determined by larger particles than the effect N. Studies,

the results of which are presented in Table 1, were carried

out using light from a continuous spectrum source with

wavelengths from 400 to 750 nm. In this case r/λ varies

widely. To assess the influence of the spectral composition

of light on the magnitude of L studies were conducted in the

red, green and blue regions of the incident light spectrum.

For samples � 1−� 4 values of L, corresponding to these

spectral regions are presented in Table 2. As can be seen

from the table, the influence of the spectral region of the

incident light on the magnitude is small. Observed changes

in L for samples � 1 and � 3, containing large particles, are

greater than for samples � 2 and � 4, containing smaller

particles.
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Conclusions

1. The conducted studies showed that the influence of

the electric field on the intensity of light passing through

colloids and suspensions is determined by two electro-

optical effects N and A related to light scattering by particles

during their orientational ordering. The first, conservative

dichroism, is determined by the difference in extinction

coefficients of colloids and suspensions corresponding to

linear polarization of light parallel and perpendicular to the

direction of particle orientation. The dependence of the

effect N on particle orientation is described similarly to

dichroism or double refraction in pure molecular media and

solutions. This effect is observed in dispersed systems both

with small particles that scatter light like dipoles and with

large particles whose scattering is complex and significantly

depends on the optical and geometric characteristics of the

particles. The magnitude of the effect N is large when the

particle sizes are comparable to the wavelengths of the light

scattered by them and decreases with further increasing

particle size. The effect A is not observed in dispersed

systems with small particles, is comparable to the effect N

in systems where particle sizes are comparable to the

wavelengths of light passing through the dispersed system,

and becomes the main electro-optical effect in systems with

large particles. A criterion has been developed to distinguish

between the effects N and A.

2. In electro-optical studies of polydisperse systems with a

wide distribution of particle sizes, it is advisable to separate

both effects and study them individually. This approach

allows determining even small additions of large particles in

systems with small particles.

3. Studies have shown that in different colloids

and suspensions the values of L =
(

J‖ − J
)

/ (J⊥ − J)

and A/N =
(

J‖ + J⊥ + 3 · J
)

/
(

3 · J⊥ − 3 · J‖

)

can differ

significantly. A decrease in particle sizes in colloids and

suspensions leads to the ratio A/N approaching zero and L

approaching −2. Conversely, the formation of aggregates

from particles should lead to an increase in the ratio A/N

and significant changes in L. These features of electro-

optical studies can be used in investigating aggregation

processes.
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