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Light-assisted spontaneous birefringence and magnetic-domain formation
in a suspension of gyrotropic nanoparticles
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We show that linearly polarized light in a suspension of gyrotropic nanoparticles can experience modulation
instability, which leads to spatial separation of right- and left-circularly polarized waves. Such a separation
preserves zero full angular momentum of the electromagnetic field; thus, the time-reversal symmetry is broken
only locally. Eventually, this instability results in the formation of the lattice of spatial solitons with alternating
right and left circular polarization. As magnetic moments of nanoparticles tend to reorient parallel to the wave
vector in circularly polarized light, every spatial soliton captures a static magnetic field directed along or opposite
to the wave vector depending on the direction of the field angular momentum; therefore, the soliton lattice
altogether looks like an array of magnetic domains with antiferromagnetic ordering.
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I. INTRODUCTION

The interaction of light with metamaterials has been the
subject of careful and comprehensive studies in recent decades.
Metamaterials are composites artificially nanostructured on
subwavelength levels, whose macroscopic electromagnetic
properties may significantly differ from those of natural me-
dia. Moreover, the desired properties can be imparted to a
metamaterial through the design of its structural elements
(meta-atoms). Indeed, to date, various kinds of metamaterials
exhibiting unusual properties in different frequency domains
from microwaves up to optics have been obtained. One of
the primary motivations for developing, designing, and man-
ufacturing metamaterials is the control of electromagnetic
radiation at micrometer and nanometer scales. In this con-
text, one can mention linear and nonlinear tunable negative
index metamaterials [1–13], plasmonic materials including
arrays of plasmonic nanoparticles [14–24], artificial hyperbolic
media [25–28], all-dielectric metamaterials [29–33], etc. All
those metamaterials pave the way toward making tunable
and reconfigurable fast-acting nanoscale optical devices such
as superlenses [34–37], nanolasers [38–40], nanoantennas
[41–44], and biosensors [45–48].

Somewhat apart are recently suggested liquid metamaterials
[49,50], which are easily reconfigurable, capable of filling
the volumes of almost arbitrary shapes, and highly tunable.
However, they are characterized by relatively slow response.
Specific liquid metamaterials called liquid metacrystals
[51–54] are predicted to possess extremely strong nonlinear
properties due to both resonant response and orientational type
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of nonlinearity, which are not related to the nonlinearity of the
substances comprising metamaterial [55].

Composites with inherent magnetic properties have certain
advantages over nonmagnetic metamaterials. Chiral and gy-
rotropic media possess so-called optical activity that manifests
itself as circular birefringence, leading to polarization rotation
and circular dichroism. This, in turn, leads to a number of
important magneto-optical effects, such as Faraday rotation
of the polarization plane [56], and magneto-optical Kerr and
Cotton-Mutton (or Voigt) effects [57]. These effects expand
the possibilities of metamaterial applications. For instance,
the magneto-optical Kerr effect can be prominently enhanced
in nanostructured ferromagnetic metamaterials because of
plasmon dipole resonance of individual pellets making up the
composite [58]. Also, an electromagnetic analog of an electric
diode [59] and nonlinear optical activity in metamaterials [60]
have been demonstrated experimentally with metamaterials
based on an array of nonlinear chiral meta-atoms.

In this paper, we report a class of nonlinear magneto-optical
effects inherent in liquid optical metamaterials with gyrotropic
nanoinclusions. These effects are caused by modulation in-
stability of linearly polarized light, which results in spatial
fragmentation of the initial beam into domains with right and
left circular polarization.

In this context, it is relevant to mention that we consider
nanoparticles in which the magnetization direction is frozen
within the particle and the magnetic moment reorientation is
due to the mechanical rotation of the particle with respect to the
carrier liquid. This so-called Brownian mechanism of magnetic
moment relaxation is different from Neel relaxation taking
place in single-domain nanoparticles (usually, with diameter
∼ 5–10 nm and less), in which the magnetization can change
its direction without mechanical rotation of the nanoparticle
[61,76].
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II. LIGHT-DRIVEN GYROTROPY

We consider the interaction of an optical frequency elec-
tromagnetic wave with a liquid metamaterial consisting of
spherical magnetized ferromagnetic nanoparticles suspended
in viscous liquid. It is well known that the gyrotropy of
ferromagnetics in optics arises from the so-called gyroelectric
effect [62] caused by spin-orbit interaction, which contributes
only to the components of the dielectric tensor, while the mag-
netic permeability remains the unit tensor [63]. In Cartesian
coordinates with the z axis along the magnetization direction,
the dielectric permittivity tensor of ferromagnetic material can
be written as

ε̂ =
⎛
⎝ε⊥ ig 0

−ig ε⊥ 0
0 0 ε‖

⎞
⎠, (1)

where ε⊥ and ε‖ are the transverse and longitudinal permittivity
components, g is the gyrotropy factor [hereinafter we assume
a quasimonochromatic process: E,H ∼ exp(iωt)]. The off-
diagonal component of the dielectric tensor can be expressed
with the help of the magneto-optical material constant Q, the
so-called Voigt constant: g = Qε⊥ [64].

Bear in mind that usually g � 1 and ε⊥ contains gyrotropy
terms only ∼ g2, whereas ε‖ does not depend on g; further we
do not distinguish between ε⊥ and ε‖, assuming ε⊥ = ε‖ =
εp. Consequently, the polarizability tensor of an individual
ferromagnetic spherical meta-atom in the chosen Cartesian
coordinate system takes the form

α̂ =
⎛
⎝α iu cos θ −iu sin φ sin θ

−iu cos θ α iu cos φ sin θ

iu sin φ sin θ −iu cos φ sin θ α

⎞
⎠,

(2)

where α = a3(εp − εl)/(εp + 2εl), u = 3gεla
3/(εp + 2εl)2, a

is the radius of meta-atoms, εl is the permittivity of the sur-
rounding liquid, and φ and θ are the spherical angles defining
the magnetization direction of an individual meta-atom.

As the meta-atoms are immersed into a liquid, they un-
dergo Brownian motion due to thermal fluctuations. In turn,
Brownian motion disorients the meta-atoms, which obviously
changes the optical properties of the liquid metamaterial.
Brownian reorientation of the meta-atoms can be taken into
account in the case of thermodynamic equilibrium. The angular
distribution of magnetic moments of the meta-atoms obeys the
Gibbs statistics with the distribution function [65]

f (φ,θ ) = A0 exp(−W/kBT ), (3)

where A0 is a normalization factor, T is the temperature, kB is
the Boltzmann constant, and the energy W is given by

W = −〈pE + mH − Wint〉 (4)

and is averaged over the period of the electromagnetic field.
Here p, m are the electric and magnetic moments of the
meta-atom in an external electromagnetic field [66], angular
brackets denote the averaging, and Wint is the energy of
interaction between neighboring meta-atoms. To estimate the
interaction energy Wint one can use the so-called Lorentz-
Lorenz approach, which gives the relation between local and
macroscopic electromagnetic fields [67] and takes into account

the influence of environmental meta-atoms. To simplify the
calculations, we assume that local and macroscopic fields are
equal, which is correct for a rare enough colloid. Then, Wint is
negligibly small in comparison to the dipole energy.

It should be noted that our model is inapplicable below
the critical temperature when the magnetic particles in the
liquid metamaterial arrange in the domain structure because of
magnetic dipole-dipole interaction. We consider the case when
the thermal energy is greater than the magnetic dipole-dipole
interaction energy, kbt � W

(m)
dd , and this condition is satisfied

for the estimation parameters used below.
The averaged electric dipole energy is

W = −〈pE〉 = − 1
2 (pE∗ + c.c.), (5)

where p = α̂E, c.c. means “complex conjugate,” (. . . )∗ = c.c.
The averaged energy of the magnetic dipole in Eq. (4) is zero in
the case of a zero static external magnetic field. By substituting
p into Eq. (5), we come to the explicit expression for the time-
averaged dipole energy

W = −IRe(α) − iRe(u)(r0 · [E∗ × E])

= −IRe(α) − iRe(u)

×(Sxy cos θ − Sxz sin φ sin θ + Syz cos φ sin θ ). (6)

Here I = |E|2, Sik = E∗
i Ek − EiE

∗
k , and r0 = (cos φ sin θ,

sin φ sin θ, cos θ ) is the unit vector. We assume that the dis-
tribution function is normalized as follows:∫ 2π

0
dφ

∫ π

0
f (φ,θ ) sin θdθ = 1. (7)

Let us consider transverse electromagnetic waves propa-
gating in the z direction. Such waves have two components of
electric field, Ex and Ey . Hence, the integral (7) contains only
the term with Sxy and can be calculated explicitly as

AeIReα/kBT

∫ 2π

0
dφ

∫ π

0
eiRe(u)Sxy cos θ/kBT sin θ dθ

= 4πAeIReα/kBT sinh G

G
, (8)

where G = iRe(u)Sxy/kBT is real valued. The normalization
condition (7), together with Eq. (8) give the constant A:

A = G

4π sinh G
exp(−IReα/kBT ). (9)

To find the macroscopic polarizability ᾱik (or any other
macroscopic physical parameter of the system) in thermal
equilibrium one needs to average the microscopic αik with
the distribution function

ᾱik =
∫ 2π

0
dφ

∫ π

0
αikf (φ,θ ) sin θ dθ. (10)

Following this procedure, we find the components of the
polarizability

ᾱii = α,ᾱNL
xy = −ᾱNL

yx = iuL(G) (11)

and dielectric tensor

εik = εl + 4πNᾱik, (12)
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Linear polarization:
chaotic orientation 
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FIG. 1. Reorientation of magnetic nanoparticles in electromag-
netic field: Left panel: linearly polarized light; magnetic moments are
chaotically directed. Right panel: circularly polarized light; magnetic
moments reorient along the light angular momentum.

where N is the concentration of meta-atoms and L is the so-
called Langevin function [68]

L(G) = G − tanh G

G tanh G
. (13)

Thus, we have shown that a suspension of ferromagnetic
nanoparticles behaves as a specific nonlinear medium with
its nonlinear response leading to the light-driven gyrotropy.
This is somehow related to the so-called hidden anisotropy
(or gyrotropy), i.e., anisotropy at the microscopic level [69].
It appears as an emergence of imaginary off-diagonal terms in
the macroscopic polarizability (and also permittivity) tensor,
which are eventually responsible for birefringence and optical
activity in the light field with nonzero angular momentum. The
physical reason for this phenomenon is the reorientation of
meta-atom magnetic moments toward the angular momentum
of the electromagnetic field. It is schematically illustrated in
Fig. 1 where the reorientation of the meta-atoms in the light
wave with finite angular momentum is shown.

Such reorientation leads also to the emergence of macro-
scopic static magnetic field B, and this effect can be identified
with the well-known inverse Faraday effect [70,71]. One
should also note that the light-driven gyrotropy saturates,
ᾱxy,ᾱyx → const, and B → Bmax [see Eq. (13)], in extremely
intense light (or when T → 0), when all the meta-atom
magnetic moments orient strictly along the field angular
momentum. Below, we consider some nonlinear magneto-
optical effects caused by induced gyrotropy in colloids of
ferromagnetic nanoparticles.

III. MODULATION INSTABILITY OF LINEARLY
POLARIZED LIGHT

Let us consider the propagation of a plane wave along the
z axis in a nonlinear medium with the dielectric tensor and
polarizability described by Eqs. (11)–(13). In this case Ex and
Ey components of the electric field obey the equations typically
encountered in gyrotropic media:

d2Ex/dz2 + k2
0εEx = −ik2

0σ
NLEy,

d2Ey/dz2 + k2
0εEy = ik2

0σ
NLEx, (14)

where ε = εl+4πNα, σ NL = 4πNuL(G), G= Re(u)(|ER|2 −
|EL|2)/2kBT , k0 = ω/c, and c is the speed of light. Assuming
that Ex,Ey ∼ exp(−ikz) we obtain the dispersion equation

k2 = k2
0ε ± k2

0σ
NL (15)

for two modes with right and left circular polarization, ER,L =
Ex ± iEy . With these new variables Eq. (14) becomes

d2ER/dz2 + k2
0εER = −k2

0σ
NLER,

d2EL/dz2 + k2
0εEL = k2

0σ
NLEL. (16)

In the realistic case G � 1 the function L(G) can be repre-
sented as the first term of a Taylor expansion, L(G) ≈ G/3 and,
therefore, σ NL ≈ (2πN/3)uRe(u)(|ER|2 − |EL|2)/2kBT . For
the case of linearly polarized light |ER| = |EL|, σ NL = 0, and
the set of equations (16) becomes degenerate. Both modes obey
the same dispersion equation, which is quite obvious because
the total angular momentum of light is zero in this case and
magnetic moments of meta-atoms are disordered.

To simplify the analysis, one can take into account the small
nonlinearity in Eq. (16) and apply the well-known approach of
slowly varying amplitudes, looking for the solution of Eq. (16)
in the form

ER,L = AR,L(z) exp(−ik0
√

εz),

where AR,L are the slowly varying functions with respect to
the phase factor. Substituting this expression into Eq. (16) and
keeping only the first derivative, dAR,L/dz, we find

2ik0
√

εdAR/dz = k2
0σ

NLAR,

2ik0
√

εdAL/dz = −k2
0σ

NLAL. (17)

The important question is: What happens to the linearly
polarized electromagnetic wave when its amplitude is slightly
perturbed? To address this stability problem it is necessary
to allow for transverse dependence of the fields, AR,L =
AR,L(x,y,z). Strictly speaking, Eqs. (16) and (17) become
incorrect in this case because of the appearance of the lon-
gitudinal (Ez) component of the electric field in the wave.
Nevertheless, for “wide” beams, which can be described
within the framework of a paraxial approximation [72], Ez is
negligibly small compared to Ex,y (|Ez| � |Ex |,|Ey |), which
allows us to consider the wave as quasitransversal. Then
Eqs. (17) should be simply supplemented by transverse spatial
Laplace operators, 	⊥ = ∂2/∂x2 + ∂2/∂y2:

2ik0
√

ε∂AR/∂z − 	⊥AR = k2
0σ

NLAR,

2ik0
√

ε∂AL/∂z − 	⊥AL = −k2
0σ

NLAL. (18)

It should be noted that in the absence of dissipation, these ex-
pressions conserve full angular momentum S ∼ ∫ ∞

−∞(|AR|2 −
|AL|2)dxdy = const. Furthermore, the full energy flows in
both right and left circularly polarized beams are conserved
separately PR,L = ∫ ∞

−∞ |AR,L|2dx dy = const.
To study the instability of linearly polarized light (|AR| =

|AL|) we introduce the dimensionless variables

Z = z

Lz

, [X,Y ] = [x,y]

L⊥
, [U,V ] = [AR,AL]

AC

,
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FIG. 2. Instability growth rate � as a function of the transverse
wave number K⊥ for three amplitudes: W0 = 0.3, 0.7, and 0.5138.
The second wave-number scale given on the top is k⊥/k0. The
dotted lines correspond to reduced growth rate in the case of nonzero
damping (� → � − γ with γ = 0.05 and W0 = 0.5138,0.7), and in
the case of W0 = 0.3 the instability vanishes.

with

Lz =
√

ε

k04πuN
, L⊥ = 1

k0

√
4πuN

, AC =
√

2kBT

Re(u)
, (19)

and rewrite Eq. (18) as

2i
∂U

∂Z
− ∂2U

∂X2
− ∂2U

∂Y 2
= L(|U |2 − |V |2)U,

2i
∂V

∂Z
− ∂2V

∂X2
− ∂2V

∂Y 2
= −L(|U |2 − |V |2)V. (20)

Then we perturb a given stationary solution U = V = W0 [73]
by a small (|δR,L| � W0) fluctuation, that is, U = W0 + δR and
V = W0 + δL. By linearizing Eq. (20) we obtain the following
coupled equations for δR , δL:

2i
∂δR

∂Z
− ∂2δR

∂X2
− ∂2δR

∂Y 2
= W 2

0

3
(δR − δL + c.c.),

2i
∂δL

∂Z
− ∂2δL

∂X2
− ∂2δL

∂Y 2
= −W 2

0

3
(δR − δL + c.c.). (21)

Now, setting δR,δL ∼ exp(�Z − iKXX − iKY Y ) we find the
dispersion equation

4�2 = K2
⊥
(
4W 2

0

/
3 − K2

⊥
)
, K⊥ =

√
K2

X + K2
Y . (22)

The expression (22) describes a transversal modulation insta-
bility of linearly polarized light, which takes place at 0 <

K⊥ < 2W0/
√

3, and the maximal growth rate is achieved
for K⊥ = W0

√
2/3. The dependence of the instability growth

rate on the transverse wave number has the typical form that
appears in the modulation instability described by the nonlinear
Schrodinger equation. The presence of small energy losses
leads to the appearance of a threshold of instability. Let γ

be the dimensionless coefficient of spatial damping of light
in suspension, then the development of instability occurs only
at W0 > WC = √

3γ /2. The wave-number dependence of the
instability growth rate is shown in Fig. 2 for three amplitudes:
W0 = 0.3, 0.7, and 0.5138, the last was used in numerical

calculations (see below). Two wave-number scales (top and
bottom) allows us to evaluate � as a function of normalized
K⊥ and also of physical parameter k⊥/k0. The dotted lines
correspond to the case of nonzero damping (� → � − γ with
γ = 0.05). One can see the growth rate reduction for W0 =
0.5138 and 0.7, but in the case of smallest W0 the instability
vanishes.

Such an instability means that the initial linearly polarized
light beam splits into spatial domains of right and left circular
polarization (with conservation of total zero angular momen-
tum). Furthermore, orientational ordering of the magnetic mo-
ments within the domains of right or left circular polarization
results in a generation of a static magnetic field, i.e., it gives
rise to spontaneous local breaking of time-reversal symmetry.
This effect of spatially separated spontaneous birefringence
arising in suspension of gyrotropic nanoparticles has not been
predicted so far.

To estimate the characteristic spatial and intensity scales,
we use the following set of physical parameters: nanoparticle
radius a = 35 nm; meta-atom concentration N = 1015 cm−3;
permittivity of liquid (water) εl = 1.77; room temperature
T = 293 K; operating wavelength λ = 700 nm; material of
the meta-atom cobalt ferrite (CoFe2O4) with εp = 7 − 0.5i

and gyration g = 0.04 − 0.02i, such as the magneto-optical
constant Q ≈ 6×10−3 [74]. For these parameters the char-
acteristic longitudinal and transverse scale-lengths are Lz =
0.0128 cm, L⊥ = 3.2×10−4 cm, and characteristic amplitude
AC = 973 esu.

IV. SPATIAL SOLITONS AND MAGNETIC-DOMAIN
FORMATION

In general case, the solutions of Eqs. (20) can be ob-
tained only numerically. Nevertheless, preliminary theoretical
analysis can reveal some important properties of nonlinear
light-beam dynamics. It is important to notice that in the field of
purely right or left circular polarization, Eqs. (20) describe light
propagation in nonlinear Kerr-type medium with self-focusing
nonlinearity. The admixture of opposite polarization plays the
role of a defocusing medium inhomogeneity. Hence, when
the field of opposite polarization is relatively weak, its effect
can be overcome, and the self-focusing eventually leads to
the formation of a self-consistent waveguide called “spatial
soliton” (or “filament”), which captures the light with nonzero
field angular momentum and does not experience diffraction
spreading.

Filamentation of a linearly polarized wave generates spatial
solitons in pairs, each one of the pair carrying opposite field
angular momenta. In the framework of perturbation theory,
the solitons with opposite polarization repel each other, and
with the same polarization attract each other. This takes place
in direct analogy with interaction of in-phase and out-of-
phase spatial solitons in the medium with cubic Kerr-type
nonlinearity [75]. Therefore, one can expect formation of a
lattice of filaments with alternating right and left circular
polarizations. Bearing in mind the generation of static magnetic
field along the light angular momentum inside each filament,
one can consider this phenomenon as a formation of magnetic
domains with antiferromagnetic ordering.
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FIG. 3. Nonlinear spatial dynamics of (a) the helicity func-
tion G(x,z) = |U |2 − |V |2 and (b) the total field amplitude√

|U |2 + |V |2(x,z). Initial linearly polarized plane wave with the
amplitude

√
2W0 = 0.73AC perturbed by small random noise un-

dergoes modulation instability and eventually splits into left and right
polarized filaments.

The magnetic induction B inside the filament can be
estimated as

B ≈ (4π )2

3
a3NMRρ,

whereρ = 5.3 g/cm3 is the density andMR is the remanence of
cobalt ferrite, which is about 30% of saturation magnetization,
MR ≈ 0.34MS ≈ 13 emu/g [76]. This estimation gives the
maximum value of magnetic induction inside the filament,
Bmax ≈ 150 G, for the case of identically oriented magnetic
moments of the meta-atoms. When the intensity of light is not
sufficient fora saturation regime the magnitude of B reduces
to B = BmaxL(G), where L(G) is the Langevin function (13).

The validity of this simple qualitative analysis was con-
firmed by numerical solution of the full set of nonlinear equa-
tions (20), which provided the long-distance spatial dynamics
of the light wave.

First, we have considered the (1+1)-dimensional problem
and simulated the spatial evolution of a linearly polarized plane
wave

U0 = W0(1 + r), V0 = W0,

where W0 = 0.5138 (the corresponding dimensional value
is W̃0 = 500 esu) and random perturbation r is uniformly
distributed on the interval [−0.05, 0.05] with zero mean value.

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.01

0.02

z (cm)
〈 |

k/
k 0| 〉

(b)

(a)

FIG. 4. (a) Spatial evolution of the field spectrum, Wk = |U |2k +
|V |2k of initial linearly polarized plane wave. The color illustrates
the function log10 Wk(k,z), and the spectrum averaged over the
propagation distance, 〈Wk〉(k/k0) is shown in the inset. (b) Mean wave
number of the field spectrum, 〈k/k0〉 = ∫ |k|/k0Wkdk/

∫
Wkdk, as a

function the propagation distance z.

The amplitude of the linearly polarized wave is
√

2W0 = 0.73,
which corresponds to the light intensity 6×107 W/cm2. In
simulations, we used periodic boundary conditions.

The local light helicity is characterized by the function G =
|U |2 − |V |2, which enters as an argument of the function L in
Eqs. (20), and in the following we mostly use the function G

for the representation of numerical results.
Figure 3 shows spatial evolution of (a) the helicity function

G(x,z) = |U |2 − |V |2 and (b) the total field amplitude |E| =√
|U |2 + |V |2(x,z). Initial noise evolves eventually into a set of

filaments with the antiferromagnetic ordering. Wide-spectrum
initial noise results in nonstable propagation with colliding
and sometimes merging filaments; however, the width of the
filaments is maintained more or less constant. One can also
see breathing vibrations of the amplitude and the width of
filaments. It should be noted that in the center of the filaments
the functions |G| and |E|2 coincide closely, and thus light has
nearly perfect right- or left-hand circular polarization.

The characteristic features of the spatial spectrum are
shown in Fig. 4. The above estimations predict the max-
imum growth rate at kopt/k0 ≈ 0.0145 for our parame-
ters and, indeed, the perturbation with this wave number
grows faster than the other spectral noise components [see
Fig. 4(a)]. The spectrum-averaged wave number 〈k(z)〉 =∫ |k|Wkdk/

∫
Wkdk [Fig. 4(b)] initially strongly exceeds kopt.

However, its value at the final (nonlinear) stage of instability
approaches this optimal value. A pronounced oscillatory de-
pendence of 〈k〉 on the propagation distance can also be seen
in Fig. 4(b), and this is another manifestation of the breathing
behavior of the filaments.
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FIG. 5. Nonlinear spatial dynamics of (a) the helicity
function G(x,z) = |U |2 − |V |2, (b) the total field amplitude√

|U |2 + |V |2(x,z), and (c) the normalized helicity density
C = (|U |2 − |V |2)/(|U |2 + |V |2). Initial linearly polarized
bell-shaped beam with the amplitude 0.73AC and the width
0.0144 cm perturbed by small random noise undergoes modulation
instability and eventually splits into left and right polarized filaments.
The other parameters of the simulation are given in the text.

Then, we have simulated the propagation of the linearly
polarized light beam with the initial profile of the form

U0 = W0(1 + r)

cosh(X/bx)
, V0 = W0

cosh(X/bx)
,

with the same amplitude W0 = 0.5138 of the circularly po-
larized components and the width bx = 45 (the corresponding
dimensional width is b̃x = 0.0144 cm = 208λ). Here r is again

0 0.5 1 1.5 2 2.5 3 3.5 4
0

2

4

6

x 10
−3

z (cm)
〈 |

k/
k 0| 〉

(b)

(a)

FIG. 6. (a) Spatial evolution of the field spectrum Wk = |U |2k +
|V |2k of initial linearly polarized bell-shaped beam. The color il-
lustrates the function log10 Wk(k,z), and the spectrum averaged
over the propagation distance 〈Wk〉z as a function of k/k0 is
shown in the inset. (b) Mean wave number of the field spec-
trum k̄/k0 = ∫ |k|/k0Wkdk/

∫
Wkdk as a function the propagation

distance z.

a random perturbation uniformly distributed on the interval
[−0.05, 0.05] with zero mean value.

Figure 5 shows spatial evolution of (a) the helicity
function G(x,z) = |U |2 − |V |2, (b) the total field amplitude√

|U |2 + |V |2(x,z), and (c) the normalized helicity density
C = (|U |2 − |V |2)/(|U |2 + |V |2) of the (1+1)-dimensional
bell-shaped beam. Initial noise evolves into a set of filaments
propagating at different angles with respect to the incident
direction. The total width of the beam increases whereas the
width of the filaments does not. It should be noted that the
propagation of filaments is much more stable in this case, and
the breathing vibrations are less pronounced. The normalized
helicity density C(x,z) gives a chiral portion of the total
intensity and illustrates the “purity” of the light polarization,
and one can see that its spatial dependence is very sharp,
looking like a step function. Thus, the splitting of the beam
into multiple filaments is distinct.

The spectral features are illustrated in Fig. 6. The mean
wave number of the field spectrum, 〈k〉 = ∫ |k|Wkdk/

∫
Wkdk

again oscillates and considerably differs from kopt, though in
this case it is less than the optimal value. This is obvious since
the effective value of the initial field is noticeably less than its
amplitude.

More interesting seems the two-dimensional problem where
the medium nonlinearity can lead to the self-focusing of
light with creation of highly localized hot spots, instead of
quasistationary propagation of nonlinear filaments. However,
the nonlinear dependence L(G) saturates already for G ∼ 2,
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FIG. 7. (a) Nonlinear spatial dynamics of the helicity function
G(x,y,z) = |U |2 − |V |2 of initial linearly polarized 2D wave beam:
the isosurface G(x,y,z) = 1.34 (red filaments) and G(x,y,z) =
−1.34 (blue filaments). (b) Mean wave number of the field spectrum

〈k/k0〉 = ∫ √
k2

x + k2
y/k0Wkdk/

∫
Wkdk as a function of the propa-

gation distance z.

and this prevents strong focusing of light. The results of
numerical simulation of the spatial evolution of the initial
two-dimensional (2D) bell-shaped beam

U0 = A0(1 + r)

cosh(
√

X2 + Y 2/b⊥)
,

V0 = A0

cosh(
√

X2 + Y 2/b⊥)
,

with the amplitude of circularly polarized components A0 =
0.5138 and the width b⊥ = 30, and 2D uniform random
perturbation r (r ∈ [−0.05, 0.05]) are illustrated in Fig. 7.

Our numerical simulations show that the maximal value
of helicity density is |G|max = 6.7, which coincides with
the maximum of intensity, max(|U |2 + |V |2). Thus maximal
field amplification compared to its original value is about
3.5. The nonlinearity saturation results in the similarity of
the z dependencies in transverse 2D and 1D field patterns,
as seen in Fig. 7(a). It should be noted that the transverse
characteristic scale (and the respective wave number) of the
field pattern [see Fig. 7(b)] takes intermediate values between
those in in Figs. 5 and 6. However, in both (1+1)D and
(1+2)D cases the long-distance behavior is characterized by
the concentration of right and left circularly polarized light in
filaments.

FIG. 8. Nonlinear spatial dynamics of initial linearly polarized
2D wave beam. The distribution of the function F (x,y) = |U | − |V |
is depicted at different z positions. Black contour denotes points where
F = 0, and thus the field is linearly polarized.

For demonstration purposes, we also represent in Fig. 8 a set
of field patterns where the function F = |U | − |V | is shown in
the x-y plane taken at different z positions. The black contour
denotes points where the field has linear polarization.

V. CONCLUSION

In conclusion, we have considered the interaction of
light with suspension of spherical gyrotropic (ferromagnetic)
nanoparticles. Within the kinetic approach, taking into account
Brownian disordering of nanoparticles, we have obtained the
nonlinear polarizability of this colloid and derived equations
governing the propagation of light in such a liquid metama-
terial. Our analytical and numerical study has shown that
linearly polarized light undergoes a filamentation instability.
As a result, the light beam with zero angular momentum splits
into an array of spatial filaments with nonzero different-sign
angular momenta. Moreover, every filament traps a constant
magnetic field, thus the initially chaotic suspension changes
into an ordered magnetic structure with antiferromagnetic
ordering.
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It should be noted that this effect does not set major
limitations for the meta-atom size, identity, or frequency band
(only allowing that light can propagate through colloid), and
there is no need for extremely high intensity light. Therefore,
we believe that the effect of spatial separation of different
circular polarizations can find practical applications in optics.
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