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Theoretical investigation on the possibility of preparing left-handed materials
in metallic magnetic granular composites
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We investigate the possibility of preparing left-handed materials in metallic magnetic granular composites.
Based on the effective medium approximation, we show that by incorporating metallic magnetic nanopatrticles
into an appropriate insulating matrix and controlling the directions of magnetization of metallic magnetic
components and their volume fraction, it may be possible to prepare a composite medium of low eddy current
loss that is left-handed for electromagnetic waves propagating in some special direction and polarization in a
frequency region near the ferromagnetic resonance frequency. This composite may be easier to make on an
industrial scale. In addition, its physical properties may be easily tuned by rotating the magnetization locally.
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In classical electrodynamics, the respoiiggically fre-  yct of E andH for a plane wave in regular media gives the
quency dependentof a material to electric and magnetic direction of both propagation and energy flow, and the elec-
fields is characterized by two fundamental quantities, thg. fia|q E, the magnetic field, and the wave vectdt form
permittivity e and the permeability. The permittivity re- 5 \iont handed triplet of vectors. In contrast, in a medium
lates the electric displacement fidlito the electric fieldE . and 4 both negativeEx H for a plane wave st

throughD = €E, and the permeability. relates the magnetic gives the direction of energy flow, but the wave its@fiat is,
field B andH by B=uH. If we do not take losses into the phase velocijypropagates in the opposite direction, i.e.,
account and treat and u as real numbers, according 10 \ave vectork lies in the opposite direction oExH for
Maxwell’'s equations, electromagnetic waves can propagate . . R .
through a material only if the index of refraction given by prop%gat|ng waves. In Eh's case, electric fiéld magnetic
(GM) 1/27 is rea'_(Dissipation will add imaginary Components field H, and wave vectok form a left-handed t”plet of vec-
to € andu and cause losses, but for a qualitative picture, ondors. Such a medium is therefore termed left-handed
can ignore losses and treatand u as real numbers. Also, medium® In addition to this “left-handed” characteristic,
strictly speakinge and u are second-rank tensors, but they there are a number of other dramatically different propaga-
reduce to scalars for isotropic materials. a medium withe tion characteristics stemming from a simultaneous change of
and u both positive, the index of refraction is real and elec-the signs ofe and w, including reversal of both the Doppler
tromagnetic waves can propagate. All our everyday transpashift and the @renkov radiation, anomalous refraction, and
ent materials are such kind of media. In a medium where oneven reversal of radiation pressure to radiation tension. How-
of the e andu is negative but the other is positive, the index ever, although these counterintuitive properties follow di-
of refraction is imaginary and electromagnetic waves cannotectly from Maxwell's equations, which still hold in these
propagate. Metals and Earth’s ionosphere are such kind afnusual materials, such type of left-handed materials have
media. Metals and the ionosphere have free electrons thaever been found in nature and these peculiar propagation
have a natural frequency—the plasma frequency—which igproperties have never been demonstrated experimentally. If
on the order of 10 MHz in the ionosphere and falls at orsuch media can be prepared artificially, they will offer excit-
above visible frequencies for most metals. At frequenciesng opportunities to explore new physics and potential appli-
above the plasma frequency,is positive and electromag- cations in the area of radiation-material interactions. Re-
netic waves are transmitted. For lower frequenciede- cently, interesting progress has been achieved in preparing a
comes negative and the index of refraction is imaginary, andleft-handed” material artificially. Following the suggestion
consequently electromagnetic waves cannot propagat Pendryet all Smith and co-workers reported that a me-
through. In fact, the electromagnetic response of metals idium made up of an array of conducting nonmagnetic split
the visible and near-ultraviolet regions is dominated by theing resonators and continuous thin wires can have both an
negative epsilon concept? effective negative permittivitg and negative permeability
Although all our everyday transparent materials have bottor electromagnetic waves propagating in some special direc-
positive e and positiveu, from the theoretical point of view, tion and special polarization at microwave frequenéi€his
in a medium withe and . both negative, the index of refrac- is the first experimental realization of an artificial preparation
tion is also positive and electromagnetic waves can alsof a left-handed material. Motivated by this progress, in this
propagate through. Moreover, if such media exist, the propapaper, we propose to investigate the possibility of preparing
gation of waves through them should give rise to severaleft-handed materials in another type of system—metallic
peculiar properties. This was first pointed out by Veselaganagnetic granular composites. The idea is that, by incorpo-
over 30 years ago when no material with simultaneouslyrating metallic ferromagnetic nanoparticles into an appropri-
negativee and u was knowrr For example, the cross prod- ate insulating matrix and controlling the directions of mag-

0163-1829/2002/64.4)/1444076)/$20.00 65 144407-1 ©2002 The American Physical Society



S. T. CHUI AND LIANGBIN HU PHYSICAL REVIEW B 65 144407

netization of metallic magnetic partiCleS and their VOlUmewhere wo= nyl-—io is the ferromagnetic resonance frequency;
fraction, it may be possible to prepare a composite mediuny is the effective magnetic field in magnetic particles and
that has simultaneously negativeand negativew and Iow  may be a sum of the external magnetic field, the effective

eddy current loss. This idea was based on the fact that on ﬂ}ﬁﬂsotropy field, and the demagnetization fiedel;= yM
one hand, the permittivity of metallic particles is automati-Wherey is the g']yromagnetic ratio ankl, is the saturatién

cally negative at frequencies less than the plasma frequenc|¥1 - ; : s ;
) - agnetization of magnetic particlesy is the magnetic
and on the other hand, the effective permeability of ferro- g g b % g

. ) . - “.damping coefficient; and is the frequency of incident elec-
magnetic materials for electromagnetic waves propagating IaEL

some particular direction and polarization can be neaativ omagnetic waves. We shall only consider incident electro-
parti rectio po on ¢ € hegative agnetic waves propagating in the direction of the magneti-
frequency in the vicinity of the ferromagnetic resonance fre-

N which i v in the fr eV redion of mi zation. This is the most interesting case in the study of
quencywo, ch IS usuaily € Irequency region o " _magneto-optical effects in ferromagnetic materials. We also

\(/:vrr?ivgr?\(l)?]s; cst)?ﬁrlgrg?]t?sgo%erzee‘;zeﬂlﬁ: gg?fe?fg;argﬁgggr: ssume that t_he_ grain sizes are much smaller compared with

the other component insulating, and we can control the di—he cha.ractensth wavelength, a nd consequently, electro-

rections of magnetization of me,taIIic magnetic particles an agnetic waves in the composite can be treated as propagat-
ng in a homogeneous magnetic system. According to Max-

their volume fraction, it may be possible to achieve a Ieft'well’s equations, electromagnetic waves propagating in the

handed composite medium of IQW _eddy current_loss_,es f.oEiirection of magnetization in a homogeneous magnetic ma-
electromagnetic waves propagating in some special directio

and polarization. This composite mav be easier to make O{Erial is either positive or negative transverse circularly po-
P X P y fhrized. If the composite can truly be treated as a homoge-

an industrial scale. In. addition, its ph_ysigal properties may bEheous magnetic system in the case of grain sizes much
ea?:)yiﬁﬂgﬁgtzﬁrzgtgﬂg%k;serg?ﬁlgfeni?é:;? I?ﬁ"’mﬁ followin smaller than the characteristic wavelength, electric and mag-
Y, 9 netic fields in the composite should also be either positive or

we preser_lt some _results of our model calqulatlons_base_:d ?ﬁbgative circularly polarized and can be expressed as
the effective medium theory. Let us consider an idealize

metallic magnetic granular composite consisting of two types
of spherical particles, in which one type of particle is a me-
tallic ferromag.netif: grair_l Qf radigEl, ano! the other type is H(T )= AL glkepz-tot 5
a nonmagnetic dielectri¢insulating grain of radiusR,. g 0 ,

Each grain is assumed to be homogeneous. The directions \C/)vfhere EC) =%xiy, HE)=%Fiy, k=Rekes] is the effec-
magnetization of all metallic magnetic grains are assumed t

be in the same direction. In length scales much larger thaﬁve wave numberg=Im[keg] is the effective damping co-

the grain sizes, the composite can be considered as a hom%fﬁcient caused by the eddy current, ang=k+i8 is the

geneous magnetic system. The permittivity and permeabilit)?

ffective propagation constant. In Eqd) and (5) the signs
of nonmagnetic dielectric grains are both scalars, and will bé)f kandg can both be positive or negative depending on the
denoted a%; and u¢. The permittivity of metallic magnetic

directions of the wave vector and the energy flow. For con-
grains will be denoted ag, and will be taken to have a venience we assume that the_d|r_ect|on of energy rov_v IS 1n
o 5 ) ) the positive direction of the axis, i.e., we assumg=>0 in
Drude form:e,=1— wf/w(w+i/7), wherew, is the plasma ; . -
p . P Egs. (4) and (5), but the sign ofk still can be positive or
frequency of the metal and is a relaxation time. Such a
form of e is representative of a variety of metal

negative. In this case, K>0, the phase velocity and energy
composited:® The permeability of metallic magnetic grains

flow are in the same directions, and from Maxwell's equa-
are second-rank tensors and will be denoteqf@swhich

E(F,t)ZEét)eikz_Bz_iwt, (4)

tion, one can see that the electric and magnetic fretchd H

can be derived from the Landau-Lifschitz equatiénss- ~ @nd the wave vectok will form a right-handed triplet of
suming that the directions of magnetization of all magneticvectors. T_hls is the usual case fqr right-handed materlals_. In
. . L .o~ . contrast, ifk<0, the phase velocity and energy flow are in
grains are in the direction of the axis, u, will have the ) . i I N
following form:’ opposite directions, anfl, H, andk will form a left-handed
triplet of vectors. This is just the peculiar case for left-
0 handed materials. So, for incident waves of a given fre-
., guencyw, we can determine whether wave propagations in
Ho=| 1K Ma O, (D the composite is right handed or left handed through the
0 0 1 relative sign changes d&f and 3.
In the following, we shall determine the effective propa-
gation constank.s=k+i8 by means of the effective me-
) dium approximation. In the study of the propagation of elec-
wm(wotiaw) 5 tromagnetic waves through composite media, the effective
2’ @ medium theories constitute the most prevalent approach to
the problenf~'2Basically, the effective medium theories are
based on the self-consistent embedding approximations, and
w'=— L, (3) the accuracy of various types of effective medium theories
(wotiaw)’—w? have been discussed in a series of refereficédn many

Mo  —ip

where

Mma=1+ :
2 (wptiaw)’—w
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cases, the effective medium theories can give a qualitatively R . ) R

correct description on the propagation properties of compos- Ji:f hi(r,w)eerdr, (13)

ite media, but in some cases, due to the limitations of their i

accuracy, effective medium theories will produce incorrectwhich is required to find the integral in Eq®) and (7). For

results. the positive or negative circularly polarized incident waves
As a first step, in this paper, we will assume that thegescribed by Eqs(8) and (9), the integrall; and J; can be

effective medium approximations are valid in our problem;yritten as

further investigations by more accurate approximation

schemes will be carried out in the future to further confirm [=(xTiy)l;, (12)
the results obtained by the effective medium approximation.
Since the details of the effective medium approximation have ji = (XFiy)J;, (13

been discussed in many references, here we only list the

main points. First, if the composite can truly be consideredvherel; andJ; are scalars. If; andJ; can be found, then
as a homogeneous magnetic system in the case of grain siZ&@m Egs.(6) and (7), the effective permittivitye.; and ef-
much smaller than the characteristic wavelength, then fofective permeabilityue can be calculated by

waves(positive or negative circularly polarizegropagating foel At ol
1€1117 12605

through the composite in the direction of magnetization, their o= ———— " (14)
propagations can be described by an effective permittivity ¢ fali+falp

e and an effective permeability ., which satisfy the fol- .

lowing relations assuming that the response functions are _f1M1\]1+f2M(z_)32

local for all components in the composite: Heff= f,J,+,d, ! (15)

.. ) R Lo ) R wheref; andf, are the volume fractions of the two types of
f D(r,w)e'ke"ZdTZGeﬁf E(r,w)e'erdr, (6)  grains, u; is the permeability of nonmagnetic dielectric
grains, andu$”=u,—u' and pu)=u,+u’ [see Egs.
. _ R . _ . (1)—(3)] are the effective permeability of magnetic grains for
J B(f,w)e'kEﬁzdf:Meﬁf H(r,w)e'erdr, (7)  positive and negative circularly polarized waves, respec-
tively. As for the calculation of; andJ;, we can follow the
wherekeq andw are related bker= o[ eguer] V% Equations  method of expanding interior and exterior fields in a multi-
(6) and (7) are exact in principle assuming that nonlocal pole series and matching the boundary conditiositer the
effects can be neglected. This assumption is appropriate igoefficients of the multipole expansion of interior and exte-
many cases. But in some cases, nonlocal effects can be siger fields are obtained by matching the boundary conditions,
nificant and cannot be neglected, as has been shown in theandJ; can be found and subsequently be substituted into
past. In such cases, Eq$) and(7) shall be not exact. For Egs.(14) and (15). Since this method is standard, we shall
simplicity, in this paper we assume that nonlocal effects camot present the details. In the final results, Hd4) and(15)
be neglected and hence E@6) and (7) shall be valid. Al-  reduce to single equation:
though the relations in Eq$6) and(7) are simple, it is very
difficult to calculate the integrals in them because the fields ~
in the composite are spatially varying in a random way. One igz fi;l (21+1)
therefore must resort to various types of approximations. The ’

simplest approximation is the effective medium approxima- Ketrt! (KiR:) i (KestRi) — ity (KiRy) 9] (Ko R)
tion. In this approximation, we calculate the fields in each x| = - - = ' - p =
grain as if the grain were embedded in an effective medium Ketrthy (KiRi) &1 (KetRi) — ki 1 (KiRi) &7 (KertRi)
of dielectric constant.; and magnetic permeability . , ,
Consider, for example, thith grain. Under the embedding N Ki i (KiRi) 1(KeitRi) — ket (KiR) ¢ (KelRi) |
assumption, the electric and magnetic fields incident on the ki (kiR &) (KettRi) — Keith (KiRi) [ (KegtR)) '
grain are the form of Eqg4) and(5): 16
Eine=E§"elkerz 101, (8)  whereR; is the radius of théth type of grains, and
FiinC: Fi(()i)eikeﬁZ*iwt, (9) k1: (J)[ €1/,L1]1/2, (17)
whereE{"~)=xFiy andH{")=XFiy correspond to the posi- kp= o e2u51"2, (18
tive (+) or negative ) circularly polarized waves. If the )
fields inside the grain can be found, then the inside fields can i (X) =X]i(X), (19
be used to calculate the integral over the grain volume: L
L) =xh"(x), (20
ri:f E.(r,w)eket?dr, (100  wherej,(x) and h(x) are the usual spherical Bessel and

Hankel functions. Equatior{16) determines the effective

144407-3



S. T. CHUI AND LIANGBIN HU PHYSICAL REVIEW B 65 144407

T T T T T T T T T T T T T T T T T T
20F| @ 0=01 - 6.0x10"
o=0.5
"""" o=1.0
ol l 4.0x10™
k
2.0x10™
0.0
-2.0x10™ .
_20 n 1 n 1 2 1 n 1 n 1 n 1 n 1 n 1 n 1 I n 1 n 1 n 1 2 1 2 1 2 1 n 1 I 1 2 1 2
0 2 4 B 8 10 12 14 18 18 20 0 2 4 6 8 10 12 14 18 18 20
(n/o)0 m/coo
L} T T T T T L} T L}
2.0x107 1
1.5x107
l31.0x1o’7—
5.0x10® 4
0.0 i
T T T T T T T T T

O 2 4 6 8 10 12 14 16 18 20
(0/0)0

FIG. 1. (a) The frequency dependence of the real part of the effective permeahliity of magnetic grains and the corresponding
frequency dependencies @) the effective wave numbek and (c) the effective damping coefficien® of the composite for positive
circularly polarized waves propagated in the direction of magnetizatiorall figures we use the units such thag=1 andc=1. For
ferromagnetic metal grains such as Ni and &gis usually on the magnitude of 3010 cm %, and the magnetic resonance frequengy
is usually on the magnitude of Ié—l(TSwp. For simplicity, hereafter we will serbolwp=10’5. The other parameters aig,7=100,
onlwe=4.0, R, /c=wyR,/c=0.2, f,=0.3; a is shown in the figures.

product of (u)qss, OF equivalentlykey, but not a singlee between particles is strong, for example, if they are close
and ueq. It can describe the change of the phase of a plan&gether to each other, the effects of higher-order scattering
wave across a slab of the composite, but it does not preciselyill become important and Eq16) may break down. In this
describe wave propagations across a slab of the compositeaper we are only interested in the case where the interaction
This is due to the fact we make no attempt to rigorouslybetween different particles is weak and hence (&) can be
solve the boundary-value problem for a slab of composite bypplied.
matching the fields inside the slab and external fields outside We have done the numerical calculation for a metal vol-
the slab at the boundary. In fact, it is common in variousume fractionf, of 0.3 based on Eq(16). Since the main
types of effective medium theories that for= 0 the electro-  purpose of our model calculation is to illustrate the idea in-
magnetic properties of a composite cannot in general b&oduced in the beginning of this paper, and there have never
specified by a singlé.¢ and e been such left-handed composite media actually prepared in
Since we can determine whether wave propagationgxperiments, in addition, in real composite media the mate-
through the composite is left handed or right handed by theial parameters for each component in the composite are usu-
calculation of the effective propagation constdqf, Egq.  ally strongly dependent on many factors such as the method
(16) is enough for the problems we are discussing. But itof preparing the sample, the particle sizes in the composite,
should be pointed out that EGL6) was derived by assuming and the external field, etc., so the choice of model parameters
no interaction between different particles. If the interactionin our calculation will be somewhat arbitrary and not related
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FIG. 2. The dependence of the damping coefficighk| of the |
composite on the grain sizes of the metallic compon€rtie pa- soxio* L (b) 1
rameters arewn/wy=4.0, w,7=100, w/wy=1.2, «=0.1, f X ]
5.0x10" | .
to any real composite materials. From an experimental point k
of view, there are a few ferromagnetic metals such as Ni and 4.0x10™ | .
Fe or their metallic magnetic compounds that are both me- .
tallic and ferromagnetic and have large negative permeability 3.0x10* [ .
at frequency in the vicinity of the ferromagnetic resonance
frequency, and may possibly be the candidates for the metal- 2.0x10* | .
lic components in preparing such left-handed composite me- ;
dia, and our calculations may be approximately valid for 1.0x10* | .
such composite materials. The numerical results obtained
from Eq. (16) are summarized in Figs. 1-3. Figurga)l 0.0 4 é : ‘; Ll é -1'0 : 1'2-1'4-1'6 : 1'8-20
shows the frequency dependence of the real part of the ef- 0 6
fective permeability.(") of magnetic grains for positive cir- o/®

cularly polarized plane waves, Figurethfland Xc) show °

the corresponding frequency dependences of the effective FIG. 3. () The frequency dependence of the real part of the
wave numbek and the effective damping coefficieftin a  effective permeabilityu(~) of magnetic grains an¢b) the corre-
composite consisting of metallic magnetic grains and dielecsponding frequency dependencies of the effective wave nukniifer
tric grains. the composite for negative circularly polarized waves propagated in
From Eqgs.(1)—(3), we can see that if the magnetic damp- the direction of magnetizatioThe parameters_ arem/w():_ 4.0,
ing coefficienta is zero, REx(*)] will be negative in the @p7=100, wRi/c=wR,/c=0.2, f=0.3, a is shown in the
whole frequency region ob>w, (the magnetic resonance 119ures)
frequency. From Fig. 1a), we can see that it is nonzero The calculations also show that if the radius of metallic
but small enough, there can still be a frequency region neajrains are small enough and the volume fraction of metal
wo in which Ré ("] is negative. In this case, if the ampli- components is smaller than the threshold value of the
tude of the negative Re. ()] Is large enoughk will be  jnsylator-metal transition, which is approximately 1/3 in our
negative in this frequency region as was shown in Fi0),1  model, the losses caused by eddy current are very small and
and hence the phase velocity and energy flow will be inthe composite is essentially an insulator. This can be seen
opposite directions in this frequency region, &dH, andk  from Fig. 1(c), in which the damping coefficiens is very
will form a left-handed triplet of vectors, i.e., the composite small compared with the amplitude of the wave numker
will be left-handed in this frequency region for positive cir- i.e., the eddy current losses are very small in the cases shown
cularly polarized plane waves. Butdf is not small enough, in Fig. 1. If the volume fraction of metal components is
Rd ("] will be positive in the whole frequency region, or larger than the threshold value, the composite will be essen-
though Réx("] is negative in a frequency region neas, tially a metal, and the damping coefficieAtwill be much
the amplitude of the negative Re*’] is not large enough. larger than the amplitude of wave numbetnot shown in
In this casek will be positive in the whole frequency region, the figurg. The dependence of the damping coefficient on
as was shown in Fig. (h). Here the composite is right- the size of the metal grains is shown in Fig. 2. We can see
handed for positive circularly polarized waves in the wholethat with the increase of the grain sizes of the metal compo-
frequency region. nent, the damping coefficient will increase substantially and
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will become very large even if the volume fraction of the trix and controlling the directions of magnetization of metal-
metal component is below the threshold value of the metallic magnetic components and their volume fraction and the
insulator transition. particle sizes, it may be possible to prepare a composite me-
Compared with the cases for the positive circularly polar-dium of low eddy current losses which is left-handed for
ized waves, in Fig. @ we show the frequency dependence electromagnetic waves propagating in some special direction
of the real part of the effective permeability'™ of mag-  and polarization in a frequency region near the magnetic
netic grains for negative circularly polarized waves and inresonance frequency. These interesting results are obtained
Fig. 3(b) we show the corresponding frequency dependencgsseq on the effective medium approximation, but as has
of the effective wave numbecin the composite consisting peen shown in the past, the accuracy of various types of
of the metallic magnetic grains and dielectric grains. We canyftactive medium approximations are limited by many fac-
see that for negative circularly polarized waves] fe] is tors, and different effective medium theories can produce
positive in the whole frequency region no matter how Smallsigniﬁcantly different prediction$;'2 so further theoretical
a is, and correspondingly is positive in the whole fre- ;yestigations by other approximation schemes such as first-

quency region, i.e., the composite is right-handed in th&yinciple numerical calculations may be needed in order to
whole frequency region for negative circularly polarized frther confirm the interesting possibility shown in this pa-
waves no matter how smadl is.

. ; . . per
In conclusion, we have investigated theoretically the pos-
sibility of preparing a left-handed material in metallic mag- S.T.C. was supported in part by the Office of Naval Re-
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