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According to W. Cai and V. Shalaey,
Metamaterials: Fundamentals and

Optical

Applications (Springer-Verlag, Berlin, 2010),
the term “"metamaterials” can be used in a

more general,as well as in a more s
sense. In the more general sense, t

materials possessing “properties un
naturally occurring substance” or simply "not
observed innature.” More specifically, these are
the materials with a negative refractive index,
whose existence and properties
were discussed for the first time by

hecific
hese are

ike any

V. Veselago.




Wenshan Cai, V. Shalaev, Optical Metamaterials,Springer
2010

Fig. 1.2 The parameter

space for £ and . The two

axes correspond to the real Negative Index "

parts of permittivity and Materials e
permeability, respectively. s20' "0
The dashed green line

represents non-magnetic

materials with u = 1
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Wenshan Cai, V. Shalaev, Optical Metamaterials,Springer 2010

2.2 Optical Properties of Dielectric Materials

Infrared Visible Ultraviolet
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We consider medium whose structural
components sizes are of the order of or
greater than the wavelength A of waves
propagating in the medium. In an isotropic
medium, the frequency w depends only on
the absolute value of the wave vector k=|k|,
and therefore the group velocity of the wave

packet v - dad’l(zk) :E% is co-directed with

da(K)
dk

either k or -k, depending on the sign of




TLel Lhese condihons be sanshed and, hence, Lhe energy
propagate with the group velocity. But we know that the
group velocity can be negative. This means that the group
(and the energy) propagates in the direction opposite to the
propagation direcion of the phase of the wawve. s this
possible in reality?

Omne considers a sinusoidal plane wave incident atan angle
ip on the interface plane y = 0,

Foy = exp -:_i [-r;i-? — klxsing 4+ yeos fﬁ']] }

and . 10 addition, two other waves: the reflected one

Fren = exp {1' [-r;i-r—.ﬂ:[.:.':-rin @' — yoos iﬁ'J]] }

and the refracted one '

gure L Beflection and refraction of an incident plane wave, (The metwre
Eu = exp {1' [m? _ .ﬂ:][.r:iin @, + ¥COos @, ]]} _ taken from Mandeltam's kectures [1, 3].)

The boundary conditions immediately imoly the laws of
reflection and of refracton

¢

sing=snge', @=4 ksing = k;sing, .

The last equation is, however, satisfied not only by the
angle @, but also by the angle m — @, . The wave crrespond-
ing o g, propagates in the second medium away from the
mterface (ldt panel in Fig. 2). On the contrary, the wave

— corresponding to ® — @, propagates towards the interface
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Negatively
refracted beam

Positively
refracted beam

Figure 1 Negative refraction. a, Light incident on a normal material refracts at a positive angle (blue),

but in a negative-index material the refraction angle is negative (red). Negative refraction occurs only in
specially engineered materials. b, This arrangement of fibreglass sheets (1 cm high) in which is embedded
an array of copper loops and wires was the first ‘material’ for which negative refraction was seen’.

© 2003 Nature Publishing Group NATURE | VOL 423|1 MAY 2003 | www.nature.com/nature
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J. B. PENDRY Negative refraction

Figure 5. A negative refractive index medium bends light
to a negative angle relative to the surface normal. Light
formerly diverging from a point source in the object plane
is set in reverse and converges back to a point. Released
from the medium the light reaches a focus for a second
time in the image plane.

First a few words on the wavelength limit to resolution.
In figure 5 an object emuts electromagnetic waves of
frequency . Note that because of dispersion we can only

define &8 - —1. pn — —1 at a single frequency. Each wave

has by a wave vector, k , where,

k, = o/ —k2

15 responsible for driving the wave from object to umage,
and k,.k, define the Fourier components of the image.




surface plasmon
wavefield

\

wavefield
of object

Figure 16. The new lens works by excitation of surface
plasmons. Matching the fields at the boundaries selectively
excites a surface plasmon on the far surface thus
reproducing the same amplitude in the image plane as in
the object plane.
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We consider
the mixture of
the three
ingedients:

Silver
Hg(1x)Cd(x)Te
Ferromagnetic
nanoparticles




naganetic permeability or ¢

‘J - . % L] 1! A -
yruguenanin tneory

p2 — K 3#3—/& 3
p3 + 2p

0

Since 1, o ~ 1
= i1 + fops + f3(x+1) = fiz + (1 — f12) ¢+

where f12 = f1+ f2




The model

The total magnetization of a single metallic particle can be define

dsS:

.

where:
My - the magnetic moment of the grain, B
€0 - the unit vector along the direction of A
& - the magnetic polarizability of the particle,

—

H - the external magnetic field.




The model

here X= E 0=C/~ 20w Isthe skin depth, cis the speed of light in vacuum,
0 o is the conductivity of a metallic grain.




The model

Assuming conductivity of the metallic nano-particles

AP I=E3G

and for the frequencies up to w ~ 10“Hz

we have for the a’ and a” the next expressions:

da' o’ of
10%*

. dow

a —
1Q°



Calculation of effective permeability

We consider the hypotetical material in an external magnetic field:

H=H-+®

Where ﬁ(t) is the time-dependent magnetic field of electromagnetic wave,
propagating in the medium.

The equation of motion is of the form:

'e \V/ I
IS TE i

where 7 is the gyromagnetic constant.




The model

The magnetic moments of single-domain nano-particles at room
temperature are distributed at random and we can describe their
behaviour in the framework of Langevin theory of paramagnetism.

In the external magnetic fieldH, an averaged magnetic moment of the
unite volume of such medium is:

b

M, =25,

Npmg-n - the concetration of magnetic nano-particles,
kg - Boltzmann constant,
T - temperature.




Calculation of effective permeability

I

= I B

here.

—

hL is the component of ﬁ(t)perpendicular to I__io ,
H=QaHD G=Q0G3
[=7! WX, ol DX a-=H




dm(t)
dt

m(t) &= h(t) = hgexp(—iwt)

=~ym X Ho + vMj x h(t) —
' m
—‘E-wm:’}“h){H[]—F’}’XQHDXh—?

b mZXhJ_—iGXhJ_

1 1
G m) ™
Wo + W

B wg 1 1
X_XOQ@T W —w  wWetw

-is the component of h(t) perpendicular to H,

Hy = (0,0,Hy) .G = (0,0,G), [ =71
w1 = —il + \/wa — 2].12,".:‘2 = —il' — \/Lu‘g — QPE,WO = vHy
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Yy iG 0 mi =my tim,, he =h,+h,
Xaps = _'[';G S ?] m+ = x+ht, x+=x=£G,

X+ =x+G, x-=x—-G

2

XoWg Xow

w§ — 2iwl’ = I'? — w?’ w§ — 2iwl = I'? —w?

Now we are searhcing for the parameters, T tempe-
rature, B magnetic field, r radius of the ferromagnetic
nanoparticles, x concentration of Cd in Hg,_,Cd,Te -
compound, . f.. f; the volume filling factors, to get

Re [p(w)] <0, Rele(w)] <0, Im[p(w)] >0, Imle(w)| > 0.




B — £ Eo — & £33 /18

i - J2 - /3

181—|—28 E9 + 2¢ 3 + 2¢

€,&,,&3 are the dielectric permittivities of the components

& IS the dielectric permittivity of the composite

f,, f,, f; the percentage of the components in a mixture




Dielectric function of particular components

1. Silver

A silver is a metal, its dielectric function we calculate from
Drude model:

>
é(éraw

where:

£ = D.00 is the permittivity in the limit of very high frequencies,
wp ~ 14.00 x10™ Hz is the plasma frequency,

[’y ~0.032 x10% Hz is the damping constant.




Energy Gap (eV)
= o — il Pt
= (&) 1 = n [

=
n

f mercury cadmiu
cadmium concentration

0.0

02

04 06 08
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Typical values of the dielectric permittivity of
manganese based ferromagnetics :

Releg(w)] ~ 10

Im[€3 (w)] > ()




We are searching for the corresponding values of the next
parameters

T — temperature

B - magnetic field

r — radius of the ferromagnetic nanoparticles

Im| - magnetic moment of the nanoparticle

X — cadmium concentration in the Hg, ,Cd, Te — compound
f,, f,,f; concentrations of the components in a mixture

with the additional constrains:
Re[u(@)] <0, Re[s(w)] <0, Im[ z(@)] > 0, ImM[&(w)] > O
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I. Tralle, P. Zigba and W. Pasko, J. Appl Phys 115, 233509 (2014)
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Thank you for your attention!

Collaboration: Dr Pawet Zieba and Dr
Wioletta Pasko, my former PhD students




