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ON THE NEW TYPES OF COMPOSITE
METAMATERIALS

This paper is the review of our study published ifsppl Physl15 233509 (2014)
and J Mater S&3, 2034 (2018). In it, we examined the possibilityabricating the
metamaterial, which is both gyrotropic and of timaudtaneously negative permit-
tivity and permeability. Our idea was to use the¢hcomponent mixture of ingre-
dients, where one of them is responsible for tigatiee effective permeabilityer

of hypothetical metamaterial, while all three agsponsible for the negative value
of effective permittivityeetr. At first we considered the following compositee ffirst
component was the “swarm” of single-domain ferromeir nanoparticles, immer-
sed in a mixture of other two, silver and mercuagimium telluride. Then, as fabri-
cation of the Hgx Cdk Te is related to using mercury which is very poisgnhwe
tried to exclude this material substituting it by RSn Te. Additionally, taking into
account that silver is relatively expensive matefiee have also used Cu and Al
particles as the cheaper substitute of it. We tsnevn by computer simulations
that by the proper fitting of the parameters, e, radius of nanoparticles, their
magnetic moments, the relative concentration ofdadignts, etc., it is possible to
obtain the double-negative metamaterial, that i wegative refraction index in
a relatively broad range of temperatures and magfields. The last seems to be
very promising in terms of practical applicatiorisyeetamaterials.

Keywords: negative refraction index, three-component gyrametig metamate-
rials, single-domain ferro-magnetic nanopartickgerparamagntism, Bruggeman
approximation

1. INTRODUCTION

In recent years, we have been witnessed of th@sigpl of interest in a field
of research, which is termed as metamaterials. dieia of research is character-
ized by an exponential growth of a number of putians and it is a hopeless task
to refer to even the most important of them in arsintroduction. However, to
mention just a few, there are two monographs [lar®] the references therein.
According to Ref. [1], the term “metamaterials” daused in a more general, as
well as in a more specific sense. In the more gersamse, these are materials
possessing “properties unlike any naturally ocagrsubstance” or simply “not
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observed in nature.” More specifically, these &eerhaterials with a negative re-
fractive index, whose existence and properties wm@issed for the first time by
Veselago [3]Manyof the researchers apply the term “metamateriadstompo-
sites which contain inclusions of certain resongmmperties and characteristic
sizes of less than the wavelength, such as higitgucting needles, split rings,
spirals. In 1967 V. Veselago [3] considered thecadlyy the medium, which has
simultaneously negative real parts of permittiétyd permeabilityRe[e] and Re
[u], respectively. Veselago himself called these mdgeteft-handed’; left-hand-
edness here refers to the fact that, when thectefeaindex is negative, the electric
field vector E, the magnetic field vector H, and thave-vector k of a plane wave
make a left-handed triad. Since the term left-hdndes sometimes is confused
with chirality, it is not universally accepted angotine researches. In the nice pa-
per [4] Agranovich briefly discussed how people eadmthe understanding of the
phenomenon and clearly pointed out that negatifraation occurs at the inter-
faces as a natural consequence of the negative gadocity of waves propagat-
ing in one of the media. It is worth mentioningtthi@ere is no unanimity as for
the term negative group velocity materials alsam&authors prefer the term neg-
ative phase velocity materials. This is becausmge of such materials the phase
velocity and group velocity are directed againsheather and which direction is
positive and which is negative is the matter ofv@mtion. The results of Veselago
on the other hand, confirmed that this type of medhas to have the negative
refractive index, and thereby could exhibit a lbegtraordinary optical proper-
ties. The necessary requirement for the materiaétmme negative refractive in-
dex material, as it was shown by Veselago and stisghe negativity of both the
real part of permittivity and real part of permedyi that is why we decided to
use in this paper the term double-negative metarab{®NMM). Despite the
theoretically envisaged possibility for this typeenmaterials to exist, there was no
experimental evidence of metamaterials occurringgiture. In the end of 1990s,
Smith et al. [5] and Pendry with co-workers [6] psthed the seminal papers, in
which they have shown that these types of mateciafsbe produced in totally
artificial way in laboratory.

It is interesting to note that already in his vérgt publication, Veselago
anticipated that negative refraction index matsri@r negative phase-velocity
(NPV) materials) could be searched among gyrotrogterials. Optical activity,
which is the ability of the medium to rotate thégpzation plane of electromag-
netic waves, has always been a phenomenon ofigrpattance to many areas of
research. Mackay and Lakhtakia, [7] Pendry [8], @retyakov [9] predicted that
a strong optical activity may result in the negatiefraction. Consequently, arti-
ficial gyrotropic media have started to attracbiadf attention as potential candi-
dates for achieving negative refraction [10-12].

It is worth mentioning that most of the proposeedresince designs of met-
amaterials were characterized by ever increasipipistication of fabrication
methods. Contrary to these, in our previous wo{,[ve proposed a relatively
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simple way to produce metamaterial using the mecaifrthree ingredients, where
the one was responsible for the negativity of lke)] and the other two for the
negativity of Re §(o)].

This paper comprises an excerpts of our papersshelol previously [13, 14],
in which we addressed the issue of the possiliilitiabricate three-component
artificial composite gyrotropic metamaterial andndastrate by numerical simu-
lations, what are the domains (relative to the eab@ations of individual compo-
nents as well as to other important parameterg$ eistence.

2. THE MODEL

Let us assume that we have a mixture of three makgeach having granular
or powder form, such that the grain sizes are nwnchller than the electromag-
netic wavelength propagating in the medium. Wetigtiag to match the proper-
ties of ingredients in such a way thathe dielectric permittivity of the composite
would be determined by the three components, whileagnetic permeability
mainly by one of them responsible for the magnatoperties of the mixture. Let
us start from the third ingredient mentioned abawvbich by the assumption
should determine the effective permeability of biypothetical material and sup-
pose it to be metal magnetic nano-particles (angrave shall use thedsvo words
interchangeably). We treat these metallic grainsnamersed or dispersed in
a weakly conducting matrix. If the metallic partislare supposed to be single-
domain, then we can take into account only thentait@nal alignment of their
intrinsic magnetic moments and do not need to tateaccount their induced
magnetic moments, as it can be easily proved (séd 1], Chap. 82).

The size of the single-domain particle dependshematerial and contribu-
tions from different anisotropy energy terms. If assume nano-particle shape to
be spherical, then typical values for the criticaiusa are about 15 nm for Fe
and 35 nm for Co, for g — K@z it is about 30 nm, while for Smgat is as large
as 750 nm [16]. Now we can treat the suspensionatéllic grains as a kind of
“frozen paramagnetic macromolecules,” where thealiietnano-particles play
the role of “macromolecules.” The magnetic momerftshese single-domain
nano-particles at room temperature are distribatedndom and we can describe
their behavior in the framework of Langevin theofyparamagnetism. Note that
the “swarm” of magnetic nanoparticles immersed mother medium was al-
ready considered in scientific literature and ethenterm for describing this situ-
ation was already coined, namely, superparamagmgtig]. The point is that such
system behaves like a paramagnet, with one nogdaleption that the indepen-
dent moments are not that of a single atom, bberaaf a single-domain ferro-
magnetic particle, which may contain more thahatoms.

Thus, in the external magnetic fie}ao, an averaged magnetic moment of
the unit volume of such medium is equal
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I\zo :XoHo (1)

whereyo = (Nu%)/3ksT; N, ks are the concentration of magnetic nano-particles
and Boltzmann constant, respectively, and T igvgperature. Suppose now that

we put this hypothetical material in an externabnetic field H = HO + ﬁ(t) :
where the second term is the time dependent magdiedt of the electromagnetic
wave, propagating in the medium.

Then, the magnetization of the medium can be repted as
M = MO + m(t), where the second term arises due to time depécderpo-

nent of the magnetic field and the equation
of motion is of the form

dM _ - -
F:1,{\/|XH (2)

wherey is the gyromagnetic ratio. Supposin@) << Ho andm(t) << Mo one can
make the linearization of Eq. (2) and after songelata (see for details [1]) one
arrives at

M= xh-Gxh (3)
where
Y=y o 1 1
Aar\w-w @t w)’

o
G= X, — _1 —_1 H, .
AT\l w-w w,+w
Here ﬁ[ is the component dﬁ(t) perpendicular td:lo,vectorsHﬁ0 andG
in Cartesian coordinates are of the folﬁira =(0,0,Hy), G =(0,0,G), T=1"

(7 is relaxation time)gg, =il +./af —=2?, @, =il = \J&f -2I* , w-is

the frequency of the electromagnetic wave incidehtthe medium and
, =M, . Using Eq. (3), one can write down the next forrauiar m, andm,,

components ofhn:

m,=xh, +iGh, , m, =xh, - iGh,
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Introducing the tensor

Y iG 0
Xaﬁ_ _IG X 0 ’
0 0O O

one can rewrite the above expression (3) as
m, = X,z . a.8={xy}

The conditionsy,; = )(;ﬁ ananﬁ(HO) = Xga (—HO) mean that the me-

dium is gyrotropic [15]. Following the line of remgng of Ref. [13], since our
material is gyrotropic one, we can write down tberfulae for the magnetic sus-
ceptibilities as follows:

X: = X£G,
X: )(owg G= XOWO
Wf -2 -T? -’ Wf -2 -T? - o

These two susceptibilities correspond to two pdesiiycular polarizations
of electromagnetic waves which are the eigenmotileeqyrotropic medium.

In general, the propagation of light in gyrotropiedium is rather compli-
cated and for the medium characterized by the niamgnesceptibility tensor men-
tioned above it will be considered elsewhere. Batdituation becomes more lucid
and simple when the wave vector of light is aligatahg external magnetic field.
Then it turns out, that in such medium two circiylgoolarized waves with

k [ I:|0 propagate which are characterized by two refradtidlices. Thus, for

this alignment we can consider the medium as ipairexcept the two waves
propagate in it.
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Then, the expressions for real and imaginary pditisese magnetic suscep-
tibilities, (x+ andy.) are of the form:

2 2 _
Re[y,] = Ao ek - ~ar)(ch + &)
(wf — T° —w")" +4wT
2X i (w, + w)
Im = ,
[/Y ] (Cdg _ |—2 _w2)2 + 4a)2r2

(«f - T? -w®)? + 4w°T?
_ 22X wd (W, — w)
Im [/Y—] - (a)Z _ (I)—ZO_wZ)OZ + 4w2r2 '
0

The idea of the subsequent calculations (see tailsl&ef. [13, 14) is the
following. First, the ‘swarm’ of magnetic hanopaltis can be treated as paramag-
netic in the frame of Langevin theory of paramatsnet because in the absence
of an external magnetic field their magnetic moraeare distributed at random.
Being placed in magnetic field, magnetic momentsdividual grains, treated in
terms of classical physics start to precess, shahy the frequency domain where
Re [uw(w)] < 0 appears in the vicinity of resonane® & ). Second, being in
external magnetic field the whole ensemble behas&grotropic material. Third,
the magnetic moments of single-domain ferromagmetiwparticles are huge in
comparison with atomic magnetic moments, that ig thile ‘swarm’ of ferromag-
netic nanoparticles forms ‘super-paramagnetic’a&esult, the frequeney, can
be made greater in order to look for such frequatmygains, where the dielectric
permittivity and magnetic permeability are simuttansly negative.

As it was mentioned in the Introduction, in Ref3]for one of the mixture
components was chosen H@-dTe semiconductor compound. The reasoning
behind this choice was the following. The electripaperties of this material are
crucially dependent on cadmium concentration x4f0, that is in case of HgTe,
the material is semimetal with energy dap< O, while in case ot = 1 (CdTe)
material becomes semiconductor with wide energyajaibout 1.5 eV at 300 K.
Thus, changing the concentration of cadmium, omeateange the energy gap,
and hence the concentration of electrons. In tefnesir model, it means that one
can pass smoothly and continuously from Lorentzehémt dielectric permittiv-
ity, where the electrons are almost tightly bountte®rude model, where they
are almost free to move. As a result, cadmium aoinaon becomes an important
parameter of the model; by means of it-among otloers can control the fre-
quency range where the real part of dielectric gty can be made negative
and forced it to be overlapped with the frequenosndin, where magnetic per-
meability is negative.
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3. CALCULATION OF EFFECTIVE PERMITTIVITY
AND PERMEABILITY

In our calculations of the effective permittivitgdisubsequent computer sim-
ulation of the hypothetical metamaterial, we coas@mixture consisting of three
components: silver, mercury cadmium telluride ek Te (herex denotes a cad-
mium fraction), and the third one, which is therafaentioned “swarm” of mag-
netic nano-particles. We denote the permittivitgath component agw), e2(®)
andes(w), respectively, which depends on the angular eeqyo. It is known
that there are several alternative approachetdahbcription of effective macro-
scopic characteristics such as the conductivitynfiivity, etc., of the composite
media. Among them are Maxwell-Garnett theory alsovkn as Clausius-Mosotti
approximation [18-20] and the Bruggeman approxiarabften called as the ef-
fective medium theory [21] (see also Ref. [1]). Wwose for our purposes the
last one, because the Bruggeman theory is mostynidewn and used to calcu-
late an effective permittivity of a composite mediuts main asset is that all in-
gredients of a mixture by assumption are treateth@isame footing in a symmet-
ric way and none of them plays a privileged rabethiis approximation, the effec-
tive permittivity can be calculated as the roaihaf following third-order algebraic
equation (see Ref. [1] for details):

E €& £, — €& & &
1 1 eff + f2 2 eff + f3 3 eff :0
& + 26, E, + 26, E3+ 2&,

As we consider a dissipative medium, we always sadbe root of Eq. (13),
which has a positive imaginary part. Using the ptivity values of particular
ingredients (see [13] ), we were able to calcullageeffective permittivity of the
mixture as well as its dependence on the frequehgyor the calculation of the
permeability of mixture, we use the following forlau

Mo = T+ fopt, + f(x+1) = f, + - f)(x+1),

wheref; = f; + f2. It can be easily shown that if the permeabilifigsu. of two
other non-magnetic components arg, which is the case, then this formula fol-
lows directly from the formulae obtained in thenfimwvork of the Bruggeman
theory [22].

4. RESULTS OF COMPUTER SIMULATIONS

Our task now is to find the set of paramet@rs:ithe temperatureé. — ex-
ternal magnetic field; — he radius of nano-particles, —absolute value of the
magnetic moment of nano-particles;-the fraction of Cd in Hg«CdTe-com-
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pound semiconductof, f., andfs fractions of the compounds in the mixture, and

a range of frequencies for which the following ioelifies are simultaneously ful-
filled:

Re[:ueff (CL))] < 0! Re[geff (w)] < O! lm [lueff (CL))] > O! Im [geff (w)] > 0

As one can see, we have seven independent pararnueber controlled at the
simulations and hence, a vast enough searchin@ spgardless the fact that all
of them are bounded from above as well as fromvbeBur strategy can be briefly
outlined as follows: first, we search for the raférequencies where Ra()]
is negative and then we check if for the same faqy interval Refw)] is neg-
ative The process of selecting the values of thdahparameters are carried out
in several sequential steps (for details, see [13])
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Fig. 1. The regions colored in different shade of greefi-rplane and for the different values
of model parameter®, r, andm (see in the main text) correspond to the domainghich at least
one set of the filling factorf, f2, andfs exists, such that the resulting mixture posseRses] < 0
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Figures 1-5 illustrate the results of our simulatibigure 1 presents ifi-x
plane, for different parameter valuesBfr, andm, the domains where at least
one set of the filling factorf, f, and § exists, such that the resulting mixture
has the real part of the refractive index less teno. The different colors have
the following meaning: denote . the region colored in dark green, the do-
main colored in the intermediate shade of gree.,asand the region colored in

light green a®s. Then,D: corresponds ten = 1¢ pg, D, 0 D, corresponds to
m =16 pg and D, [0 D, [0 D, corresponds tm = 10* us, whereus — Bohr mag-

neton. We observe that for the greater values nd4particle magnetic moment,
the existence domain of metamaterial becomes larger

The similar results are presented in Fig. 2 and Figvhere different param-
eter values oB, r, andm, correspond to the domains where at least onef se¢
filling factorsfi, f2, and § exists, such that the resulting mixture has tlaé part
of the refractive index less than zero. Now howeMgg.« CckTe is substituted in
a mixture by PbxSn,Te and silver is substituted by Al. The differeatars have
the following meaning: denote L: the region colored in yellow, the domain
colored in orange d3,, and the region colored in red2s Then,D1 corresponds
tom=1C ps, D, O D, corresponds tm = 1¢ ug and D, 1 D, J D, corresponds

tom= 10" pus.
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Fig. 2. The regions colored in red, orange and yellow {eg® in T - xplane and for the different
values of model parameters for the mixture of PBrkTe, ferromagnetic nanoparticles and Al
particles.B, r andm correspond to the domains in which at least ohefdhe filling factors
f1; f2; f3 exists, such that the resulting mixture posseRsds)] < 0
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Fig. 3. The same as in Fig. 2, but for different valueB of

Imn

13, nanoparticles fraction 13, nanoparticles fraction

Fig. 4. Real and imaginary parts of the refractive indethefcomposite for selected cases pre-
sented on the ternary diagram. On each axis dfitmggle, the relative contribution of individual
components of the composite are indicated, whieteapressed as the values of the filling factors

f1; f2; fa. The model parameters arB = 0.2 T,r = 8 nm,m= 10" us, T = 300K, x = 0.08
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Fig. 5.The same as in Fig. 4, but for the model param&er9.4 T,r =8 nm,m= 10" us,
T=300K, x=0.08

5. CONCLUSIONS

Up to now many metamaterial designs leading togative refraction index
were proposed by the researchers. In 2000, it Wwasrs experimentally that
a metamaterial composed of periodically positiosegttering elements, all con-
ductors, could be interpreted as showing simultaglgmegative andp in some
frequency domain. An experimental observation ef legative refraction was
reported for a metamaterial composed of wires ahtdreng resonators deposited
lithographically on the circuit board material [23]l of the proposed ever since
designs have their advantages as well as disadyemthut it would be perhaps
not an overstatement to say, that they are chaizstidby ever-increasing sophis-
tication of fabrication methods. On the contrarypur work [13], we proposed
a comparatively simple way to produce a materidtivis at once gyrotropic and
of negative-phase velocity. The idea is to makeieure of three ingredients,
where one of them would be responsible for the magaof n, while all three
would be responsible for the negativitysofThe first component of the mixture
IS the “swarm” of single-domain ferromagnetic ngrasticles, immersed in a mix-
ture of other two, silver and mercury cadmium tetle. The choice of silver is
determined by the fact, that as it was shown, gmejitivity of a mixture of silver
and a dielectric material can be negative in somguency domain. The other
argument in favor of using silver is that it isiardagnetic material. It means that
considering the “swarm” of single domain ferromaimeiano-particles sus-
pended in a mixture containing silver, we can netglge interaction between their
magnetic moments and treat the whole mixture asrpapamagnetic. The choice
of mercury cadmium telluride is determined by temarkable dependence of its
energy gap on the fraction of cadmium in the comloln its turn, it leads to the
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strong dependence of the electron concentratiothisnfraction as well as on
the temperature. It enables to adjust to each tthefrequency domains where
¢ < 0 andu < 0 and make them simultaneously negative. In [1@} carried out
computer simulations in the frame of the proposedehin order to establish the
domains of existence of such material, searchirmutih a vast parameter space.
We have seven parameters to be controlled in cafirsienulations, these are the
temperature, external magnetic field, radius ofoaparticles, their magnetic mo-
ments, fraction of cadmium in HgCd, Te-compound, and the relative concentra-
tionsfy, f, andfz of the components in a mixture. In total, ther @ight parame-
ters, but due to the relatidn+ f, + f; =1, only seven of them are independent.
Despite as it seems, a relative simplicity of fedtion, if produced, such a met-
amaterial will show its disadvantages or limitason use, too. First of all, a neg-
ative refraction can be achieved only if the males in an external, although
moderate magnetic field. In our calculatioBsyas restricted to ~ 0.8 T. On the
other hand, in some circumstances it could be gardgdge, since switching mag-
netic field on and off, one can trigger NPV-statéadf.

Another disadvantage is the use of KQd,Te , since its fabrication is related
to using mercury, which is very poisoning. So, he work [14] we substituted
Hg:.xCdTe by PhxSn,Te and silver by Al and Cu, since they are alsondig
netic. On the other hand, silver is relatively engiee, while aluminum and cop-
per are cheaper and have very similar conductioggsties as silver. By computer
simulations, we establish the domains where themahtbecomes negative re-
fraction index material relatively to all parameteharacterizing the mixture.
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NOWY TYP KOMPOZYTOWYCH METAMATERIALOW

Praca stanowi przegl prac autoréw, opublikowanych wépéej (J Appl Physl15 233509 (2014)
orazJ Mater Scb3, 2034 (2018)). W w/w pracach autorzy zbadalflimem $¢ utworzenia metamate-
riatu, ktéry bylby jednoczmie giroskopowy oraz posiadat ujemneg&z rzeczywiste przeni-
kalncsci magnetycznej i dielektrycznej. Igigest wykorzystanie w tym celu mieszanki trzech
sktadnikéw, z ktérych pierwszy - to "roj" ferromagfgcznych nano- gstek

Stowa kluczowe: ujemny wspotczynnik zatamania, trojsktadnikowy amagteriat giromagne-
tyczny, jednodomenowe ferromagnetyczne nanastkz superparamagnetyzm, przyeinie
Bruggemana.
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