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The paper is devoted to the analysis of high-frequency dispersion
properties of a dusty plasma with ferromagnetic grains in a strong
constant external magnetic field. The dispersion of the magnetic
permeability of the magnetic subsystem along with the dispersion
of the dielectric permittivity of the charged subsystem are taken
into account. The dispersion of the magnetic permeability tensor is
important only near the ferromagnetic resonance frequency of an
individual grain wj; that is related to the SHF range. Therefore,
in such a plasma, one more typical frequency wps appears. The
magnetic subsystem strongly interacts with the eigenwaves of
the conventional magnetized electron-ion plasma and considerably
affects their dispersion near this frequency.

In particular, the presence of ferromagnetic grains opens
a transparency window in a magnetized dusty plasma with
ferromagnetic grains in the vicinity of was, w & wpr < Qe (electron
plasma frequency) that does not exist in the conventional electron-
ion magnetized plasma. The group and phase velocity of these
new waves are opposite, and we can prescribe them a negative
refraction index. Their group velocity is much smaller than the
velocity of light.

We claim that the dusty plasma with ferromagnetic grains in
a strong constant magnetic field can be related to the left-handed
media or the negative refraction media in a narrow SHF band
near the frequency of the grain ferromagnetic resonance.

1. Introduction

For the last decade, a great deal of attention was
given to theoretical and experimental studies of
physical properties of the so-called left-handed media
(LHM) or media with a negative refraction index
(NRM). It may be useful to recall that, in the
ordinary right-handed media (RHM), the Poynting
vector and the wave vector have the same direction.
This means that the phase velocity of a wave
in RHM and its group velocity have the same
direction. The electromagnetic waves propagating in
LHM have the oppositely directed group and phase
velocities. This fact was firstly noted by Mandelshtam
in [1].
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Later on, Veselago studied theoretically optical
properties of the media with negative dielectric
permittivity e and magnetic permeability u
simultaneously and showed that they can be described
phenomenologically with the help of a negative
refraction index 7 = —y/(—¢)(—pn) < 0 [2].

The serious problem on the way of experimental
realizations of LHM is to find the frequency ranges
where €(w) and p(w) can be negative simultaneously.
Basically, a realization of this condition is limited by the
dispersion properties of the magnetic permeability. The
point is that u(w) practically equals to unity in natural
substances at frequencies much lower than the optical
one [3].

In [4], Pendry with colleagues considered the
electrodynamic properties of a lattice of wires (a low-
frequency plasma medium with negative permittivity at
frequencies lower than the plasma frequency) and split-
ring resonators (a medium with negative permeability)
and showed that this system can be treated as
LHM in some comparatively narrow SHF range. His
prediction concerning a realization of the perfect lens
with resolution beyond the diffraction limit on a parallel
slab with negative refraction index [5] stimulated the
intense study of the negative refraction phenomena
with the aim to pass to higher frequencies and to
optical ones. It was not surprising that the superlensing
effect was experimentally verified for some artificially
created metamaterials in a microwave frequency range
[6]. Manufacturing these artificial materials for the
time being requires modern technologies. A detailed
survey of recent results on the usage of metal-dielectric
nanostructures to develop NRM in the optic range is
given in [7].

There is a point of view that materials with
negative refraction do not exist in nature [8]. However,
the recent publication demonstrates experimentally
that materials with anomalous magnetoresistance like
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Lag/3Ca; ,3MnO3 possess the negative refraction in the
GHz range [9].

In our papers [10, 11], while studying the low-
frequency waves in a magnetized dusty plasma with
ferromagnetic grains (MDPFG), we obtained the
permeability tensor of the magnetized dusty plasma
with ferromagnetic grains. It possess a dispersion in
a very narrow frequency interval (in contrast to
a nonmagnetoactive dusty plasma with nonmagnetic
grains, where it is a scalar and equal to unity).
The dispersion was associated with small mechanical
rotational vibrations of the magnetic dipoles of grains
with respect to an external strong magnetic field Hy
with a frequency wy = \/dmHo/J, (d, and J are the
magnetic moment and the inertia moment of a grain,
respectively). In a very narrow frequency band near
wp, the nonzero components of the permeability tensor
Uoz(w) = pyy(w) can be negative. The ferromagnetic
grain subsystem affect the dispersion law of low-
frequency electromagnetic waves. In particular, the
dependence of a frequency w on a wave vector k
of Alfven’s waves takes the form w = kV4/\/pu(w)
(where V4 is the velocity of Alfven’s waves that
remains unchanged). This means that the Alfven waves
with frequencies corresponding to p(w) < 0 cannot
propagate in MDPFG. There is no such opacity
band in the conventional magnetized plasma. The
dielectric permittivity tensor is controlled by the charged
components and is given by the standard formulas. By
varying the number densities of electrons, ions, and
grains and a magnetic field Hy, one can realize e(w) < 0
and p(w) < 0 in this system simultaneously. For typical
parameters of ferromagnetic grains and typical magnetic
fields, wq corresponds to long radio waves. This means
that MDPFG can manifest properties of LHM in a low-
frequency range. Unfortunately, this claim cannot be
verified under laboratory conditions.

2. Dispersion Equation Of SHF Waves in
MDPFG

In this paper, we consider the high-frequency dispersion
properties of a dusty plasma with ferromagnetic grains
in a strong constant magnetic field. The high-frequency
magnetic permeability tensor of MDPFG is associated
with the ferromagnetic resonance of an individual
grain. The frequency of the ferromagnetic resonance is
determined by the frequency of precession of the electron
spin magnetization vector around a constant external
magnetic field Hy and corresponds to the cm range for
the fields of the order of 10% Gs.
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As was mentioned above, the tensor of magnetic
permeability of MDPFG is completely controlled by
the magnetized grain subsystem. The high-frequency
tensor can be obtained on the base of the magnetic
susceptibility tensor of an individual ferromagnetic grain
Xij [3]. Its nonzero components in the coordinate system
with the z-axis along Hy can be written in the form

1 wM(wM + wH)

Xow = Yoy = _sz — (wym +wr)?’
1 Wwy (1)

= — = 71— .

o T T (o +wn)?

We introduce the following notations:

wy =v6M, wy =~vHo,y = g/(2me), (2)

g is the gyromagnetic ratio, e and m are the electron
charge and mass, respectively, c is the velocity of light,
and  is the anisotropy coefficient. Here, M is the static
magnetization in the constant field Hy.The permeability
tensor of the grain subsystem p;; is obtained according
to the relation

tij = 0ij + 4mvNgxij/ B, (3)

where v is the volume of a grain, and N, is the
grain number density. Using (1)and (3), we can write
the nonzero components of the permeabillity tensor of
MDPFG as

wy (wyr +wr)

/’wa:/’byyzl_fwg_(wM+wH)2 E:ul(w)7
_ . WWnr _
M:vy - :u’l/a: - Z£w2 _ (WM + WH)2 /’LQ(UJ))
mu,, = 1. (4)

Here, we introduced the parameter £ = 4mv Ny /(. As one
may expect, £ < 1 for typical dusty plasmas. This allows
us to consider the magnetization of the grain subsystem
as a sum of magnetizations of individual ferromagnetic
grains and to neglect the interaction between the
magnetic dipoles. This inequality also results in that the
dispersion of (4) is important in a narrow frequency band
near w X wyr > Wy

The dispersion equation of monochromatic waves
that can propagate in a medium with arbitrary
permittivity &(w, /2) and permeability [i(w, E) tensors
can be obtained from the Maxwell equations. For plane
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electromagnetic waves exp(iE~F — iwt), they can be
written as follows:

e”lkjEl(w,E) = E,uw(u),l;:)HS(w,Ig),

ik Hy(w, k) = — 255 (w, K) Ey(w, §),

kieij(w, k) Ej(w, k) =0,

Fptig (w, K) H; (w0, k) = 0, (5)

where €;;; is the completely antisymmetric tensor,
Ey(w, k) and H,(w, k) are the Fourier components of the
electric and magnetic fields, respectively. Eliminating
the components of the magnetic field H(w,k) from
system (5), we obtain the system of linear equations for
Ej(w, k). To obtain w(k) for the eigenwaves, one has to
nullify the determinant of the following system of linear
equations:

Aij (w, k)EJ (w, k) =0. (6)
The components of the tensor A(w, E) are given by the
formulas

Apw = €10° — P11 cos2(0),

Apy = —Ayy = —i[eafi® — n’p2 cos?(9)],

Ay = Aoy = 02y sin(0) cos(),

Ayy = (€1 — 772 Sin2(9))ﬂ2 — 772M1 COSQ(H)7

A —A,, = in*ug sin(6) cos(h),

yz —
A, = e3ji® — n?py sin?(9). (7)

Here, we introduced the notation i* = uf — u3. The
expressions for p; and pg are given by formulas (4).

The dielectric permeability tensor €;; is controlled by
the charged components and is chosen according to the
model of cold electron-ion plasma [12]:

2
=1 Qa
=l- 2 e e T
w® —wgo

WHO
Fov = eyz**lz % m:*“%

3 —I—ZQ—ZZs (8)
z w2—3'

[e3

Exx = Eyy

Summation is taken over all kinds of charged
particles « (electrons, ions, grains), and the notations
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Qo = VATe2ng /My, wia = |e|Hy/mqc are introduced
for the plasma and cyclotron frequencies of the «-
kind charged particles. After the expansion of the
determinant of system (5) with account of (4), (7), and
(8), we obtain the following biquadratic equation for the
refractive index n = ck/w:

An* + Bn? +C =0, (9)
where
A = ji%[e1 sin?(0) + e3 cos®(0)][cos®(0) + 1 sin®(0)],

B = i*[p1(e3 — €3) sin®(0) — e163(2u1 cos? () +

i sin?(0)) + 2e9e3419 cos?(0)],

C = fi'esle} — &3). (10)
Here, 6 is the angle between the z-axis and the direction
of the wave vector k which lies in the z — z plane.
This can be done due to the cylindrical symmetry of
the problem. At ps = 0, coefficients (10) coincide with
the corresponding coefficients obtained in [11]; at pus =
0,1 = 1, they are reduced to those in the case of the
conventional electron-ion magnetized plasma [12].

From solutions of (9),

—B+vB? —4AC (11)
2A

ni =

it follows that two waves with different refractive indices
can propagate in MDPFG (as in the conventional
magnetized electron-ion plasma) in the same direction.
The first wave with the refractive index 74 is called the
conventional wave, and the second one with the index
71— is the unconventional wave.

We now make some simplifications of the tensor
components (4) and (8), by basing on the physical
peculiarities of our problem. In strong fields Hy
closely to the saturation, the static magnetization in
a ferromagnetic grain M > Hy, and wy; > wpy. This
allows us to neglect wy in (4) and rewrite these formulas
as

wiy
Haw = Hyy = 1 _€w2 ey = 1 (w),
. wpyw .
Loy = —flyz = ZSwQ m—y = dug(w). (12)

The simplifications of the permeability tensor (8) are
dictated by the fact that, in the vicinity of the
frequencies w = w); which are of interest for us and are
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Fig. 1. The typical behavior of the refractive index

related to the high-frequency band, we can neglect the
ion motion and the electron cyclotron frequency:

2
e
Erx = Eyy =1 — — =eu,
2
€ € He 2 ie
= — Te = e,
Ty yz w w? ’
Q2
(&
En=1——F5=¢3 13
2 (13)
Here, Q. = 4me’n./m. and wpy, are the electron

Langmuir and cyclotron frequencies, respectively. In this
approximation, we have

g1 =€3, €1>> és. (14)
But even with these simplifications, the analysis of the
dispersion equation (11) for a wave propagating at an
arbitrary angle 6 is very complicated. Below, we consider
two particular cases.

3. Negative Refractive Index in MDPFG

We now consider waves which propagate along the
external magnetic field (§ = 0). In this case, the
refractive index (11) takes a very simple form:

(%)2 = (&1 F e2) (1 £ ). (15)

It follows from (6) that these waves are transverse E, =
0 and circularly polarized E,/E, = Fi ones. In the SHF
range, the pole w = wjs corresponds to the resonance
associated with the grain subsystem. The frequency and
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the direction of rotation of the vector E coincide with
those of the Larmor rotation of electrons and ions and
the rotation of the magnetization vector of an individual
grain.

Comparing (15) with the corresponding equation for
the conventional magnetoactive plasma [12], we see the
extra factor (u; £ uo) that is related to the permeability
tensor of the grain subsystem. The propagation of
undamped electromagnetic waves is possible if

n*(w) > 0. (16)

This condition in the conventional magnetized
electron-ion plasma reduces to

€1 Feg > 0. (17)

In the case of MDPFG, the transparency condition (16)
includes the term depending on the dispersion properties
of the ferromagnetic grain subsystem,

k22 02

-

w? w

(18)

The magnetoactive electron-ion plasma is opaque
for the electromagnetic waves with wave frequencies
w lower than the plasma frequency €2.. However, the
presence of the ferromagnetic magnetized grains makes
it transparent at frequencies

1M

w=wy(l+af), 0<a<l, (19)

which corresponds to the narrow frequency band (¢ <
1) in the vicinity of wp;. The appearance of this
transparency window is a property of MDPFG.

We now consider the refractive index of MDPFG as
a function of w in the frequency band (19)

n(w) = i\/[l [}

[e%

(20)

Here, the sign “+” corresponds to the case where both
terms in brackets under the square root are positive
and is related to the usual positive refraction, whereas
the sign “—”, when both these terms are negative
simultaneously, is related to the negative refraction. In
Fig. 1, we show the typical behavior of the refractive
index in LHM (n < 0) and RHM (n > 0) transparency
bands. The graph of the refractive index versus the
reduced frequency (w/wp) calculated according to (20)
for typical parameters of MDPFG is shown in Fig. 2.
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Fig. 2. Refractive index in the LHM transparency band in the case
where 6 = 0, Q. = 100 GHz, wy; = 10 GHz, and £ =2 x 1075
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Let us consider the high-frequency electromagnetic
waves in the frequency band w = wjy; provided that
Qe > wy > wye, where MDPFG has a negative
refractive index. The wave vector k(w) of these waves
can written in the form

p=-Le g
c Va

The phase and group velocities of a wave are obtained
according to the known formulas vy, = w/k and v, =
dw/dE that in our case has the next view:

(21)

Wnar o
Q. V11—«

Uph = —C ) (22)

vg = QCwa a3(1 — ).

> (23)

These formulas show that v,, and v, are oppositely
directed. This situation is typical of LHM or NRM.
The energy flow of the electromagnetic wave
propagates with group velocity vy, and its direction
coincides with that of the Poynting vector. In the
frequency range where MDPFG has a negative refractive
index, the group velocity of electromagnetic waves turn
out to be considerably smaller than the velocity of light,

Wi
Vg £,

=c— 1.
CQQe EK

(24)

Here, we use o = 1/2; which means that we are exactly
at the middle of the frequency band Aw = (1/2)wps
corresponding to a mnegative refraction index. At the

ISSN 0503-1265. Ukr. J. Phys. 2008. V. 53, N 8

0 I ————

-107

-207

-307

401

-50 599998 1 100001 1.00002 1.00003 1.00004

Ve,

Fig. 3. Refractive index in the LHM transparency band in the case
where 0 = 7/2, Q¢ = 100 GHz, wjs = 10 GHz, and £ = 2 x 1072

same «, |vpn| > vy because & < 1. Thus, these waves
are related to slow electromagnetic waves.

Let us consider the electromagnetic waves
propagating transversally to the external magnetic field
Hy (0 = 7/2). In this case, we have two roots of the
dispersion equation (9):

2 2 2 2
ck e ck
<> =e -2, () 253<u1—M2).
w €1 w 1251

The first root does not depend on the grain subsystem
and coincides with that for the conventional electron-ion
plasma. The second root describes the electromagnetic
waves with dispersion depending on the magnetic
subsystem p(w) and ps(w). The refractive index of
these waves takes the form

(25)

w 02\ 1— 260(w)
n_j:c\/<1_u12> 1— o)’ (26)
where
- w3, w1
(@) = w2 —w? T 2Aw T 2af 27)

Here, we use definition (19), Aw = a€w),. Different signs
of the square root in (26) correspond to the cases of
positive and negative refraction indices. The graphs of
the refractive index versus a reduced frequency (w/wps)
calculated according to (26) for typical parameters of
MDPFG are shown in Fig. 3. As seen, the transparency
band in this case is twice as narrow, as that in the case of
the longitudinal propagation of electromagnetic waves.
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In the conventional electron-ion plasma £ = 0, and
the wave dispersion is independent on the external
magnetic field Hy:
w? = Q2 + k22 (28)
The wave propagates provided that e3 = 1 — Q2 /w? > 0
or w >0,.

Let us consider MDPFG in the frequency domain
w =~ wy+Aw at Q. > wys, where both multipliers under
the square root (26) are negative, and the refractive
index is negative as well. The wave vector of this wave
reads

1l -«
20— 1"

k=—V2 % (29)
We note that 1/2 < o < 1 in this case, and the frequency
band corresponding to the negative refraction is two
times narrower than that in the previous case of waves
propagating along the magnetic field. The phase and
group velocities of wave (29) have opposite directions:

v =~ /%, (30)
vy = \/ic%Mg\/(Qa —12(1 - a). (31)

The last formulas show that the electromagnetic wave
propagating transversally to the magnetic field Hy is
slow and propagates with the velocity v, much smaller
than the velocity of light (fwpr/Qe < 1). We note
that formulas (22) and (30) have singularity points at
a = 1 and o = 1/2. This takes place when we pass
from the ‘normal” propagation of an electromagnetic
wave with positive refractive index to the propagation
with negative refraction index and vice versa at the
corresponding variation of the frequency. From (23),
it follows that, at « = 0 and o« = 1, the group
velocity of a wave propagating along Hy turns out to
be zero. The same happens with the group velocity of
the wave propagating transversally to Hy at a = 0.
The a = 0 case corresponds to the exact resonance,
when the frequency of an electromagnetic wave coincides
with the frequency of the grain ferromagnetic resonance,
where the dissipation processes neglected in this model
becomes important. Apparently, the above described
phenomena exist if the following inequality holds true:
€w?,72 > 1 (7 is the relaxation time of the high-
frequency magnetization).

It would be useful to evaluate numerically the
parameters of our theory for typical MDPFG. Let a size
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of ferromagnetic grains be of the order of a ~ 1074
cm (this allows us to consider them as one-domain
particles), and let their number density N, ~ 106 cm 3.
Setting 33 ~ 8, we obtain & = 183N, ~ 2x 1070 < 1.
The frequency of the ferromagnetic resonance at the
magnetic field Hy ~ 5 x 102 Gs is wy ~ 1019 Hz.
Therefore, the frequency band Aw = £wys, where the
dispersion of the magnetic permeability is important,
is of the order of 10° Hz. It is worth noting that the
results obtained hold true at temperatures of the grain
subsystem below the Curie temperature (7. ~ 103 K).

4. Conclusion

In this paper, we have analyzed the peculiarity
of eletromagnetic waves in the dusty plasma with
ferromagnetic grains in a strong constant magnetic
field Hgy. In such a plasma, one has to consider
the dispersion of the magnetic permeability tensor
connected with the grain subsystem. The precessing
magnetization vector of ferromagnetic grains interacts
with the high-frequency self-consistent plasma field. As
a result, we obtain variations of the high-frequency
magnetization of the grain subsystem, which results in
the dispersion of the magnetic permeability of the whole
system. This dispersion is important in the vicinity
of the ferromagnetic resonance frequency wjy; and
can considerably affect the spectrum of high-frequency
electromagnetic waves in MDPFG as compared with
those waves in the conventional magnetized electron-ion
plasma.

On the base of the well-known permeability tensor
for a ferromagnetic obtained by Landau and Lifshits [3],
we have constructed the permeability tensor of MDPFG
fi(w). Using it, the dielectric permittivity tensor of the
cold magnetized electron-ion plasma, and the Maxwell’s
equations, we have obtained the biquadratic equation for
the refractive index of conventional and unconventional
electromagnetic waves. It is obvious that the resonance
character of fi(w) results in that the magnetized
component affects the spectrum of weakly damped waves
propagating in MDPFG only in the narrow frequency
band Aw < &wps. The point is that & a3Ng (a is the
grain size and N, their number density). For typical
dusty plasmas, it is of the order of 107 < 1. If we take
wyr ~ 1019 Hz (the cm range), then Aw ~ 10* Hz. The
analysis of high-frequency waves w = wy; (10 GHz) has
revealed some very interesting properties of MDPFG.

It is well known that high-frequency electomagnetic
waves cannot propagate in the electron-ion plasma, if
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their frequency w is smaller than the Langmuir frequency
Q.. The addition of magnetized ferromagnetic grains to
the electron-ion plasma in a strong external magnetic
field (10 Gs) creates the transparency window in the
frequency band Aw ~ 10* Hz provided that wy; < Q..
The group velocity of these waves is much smaller than
the velocity of light vy ~ cwas /2. The refractive index
of these waves is negative.

This allows us to claim that the magnetized
dusty plasma with ferromagnetic grains manifests the
properties of the negative refractive or left-handed
medium. The above described dusty plasma with
ferromagnetic grains in strong magnetic fields can be
considered, in our opinion, as one more NRM and be
used as a comparatively simple system for studying the
physical properties of such media.
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MATHITOAKTHBHA TINJIOBA ITJIASMA
3 OPEPOMATHITHUMU I'PAHVJIAMU SK CEPE/JOBUIIE
3 HETATUBHOIO PE®PAKIIIEIO ¥V BY3bKIN HBY-CMVY3I

B.M. Manvnes, €.B. Mapmuw, B.B. Ilanvkis
PezwowMme

Pobora npucssiyena JIOCTIKEHHIO BHCOKOYACTOTHHUX JUCIIEPCIii-
HUX BJIACTHBOCTEH 3aIlOPOIIEHOl MArHiTOAKTUBHOI IL1a3Mu 3 (de-
POMArHITHUMH I'PDaHyJIaMU B CHJIBHOMY 30BHINIHBOMY MarHITHOMY
nosni. BpaxoByoTbcest gucnepcisi Mart#iTHOl IPOHUKHOCTI HaMarHi-
YeHOl MiJICHCTeMU Pa30M 3 JUCHEPCIEI0 JieJIeKTPUYHOI CIPUWHAT-
JIMBOCT1 3apsjpkeHol migcucremu. Jlucnepcis MarfiTHOl HpPOHUK-
HOCTI € CyTTEBOIO JIHIIE IMOOIU3Y YACTOTH wjs (PEPOMArHITHOrO
pe3oHaHCy OKpeMol rpanyJi, mo Hajgexkutb HBY-nianazony. To-
My B IJIa3Mi 3’SIBJISIETHCS 1€ OJHA XaPAKTEPUCTUIHA JACTOTA W[ -
MarniTHa nijicucTeMa CHJIBHO B3a€EMOJIIE€ 3 BJIACHUMH KOJIMBAHHSI-
MU 3BHYAMHOI €JIEKTPOH-IOHHOI IIa3MU Ta CYTTEBO BIIMBAE Ha
Ix pucmepciro mobau3dy maHol 4acTOTH. 30KpeMa, HasBHICTH IIifi-
CHCTEMH TpaHyJ BiIKPDHBa€ BIKHO IIPO30POCTi HOOJN3Y YaCTOTH
wpr, w R why < Qe (Qe — eNEKTPOHHA ILUIA3MOBA YACTOTA), SIKE
He ICHy€ y 3BUYaNHINA eJIeKTPOH-IOHHI MAarHiTOAKTHUBHIN I1J1a3-
mi. I'pymoBa ta pazoBa mBUAKOCTI IUX XBUJIb IIPOTUJIEXKHO Ha-
paBJjieHi, i MU NPUIUCYEMO TM BiJI’€MHUI MMOKA3HUK 3aJIOMJIEHHS.
I'pynoBa mBuAKICTb IUX XBUJIb 3HAYHO MEHIIA 33 IIBUIKICTH CBIiT-
Ja. Mu cTBep/zKy€eMO, 110 3aMOPOIIEHY MAarHiTOAKTUBHY ILIa3My 3
dbepoMartiTHUMU rpaHy/jiaMy B CUJIbHOMY 30BHIIIHBOMY MAarHiTHO-
My TIOJII MOXKHA BiJJHECTH JIO JIIBUX CEPEJIOBHIL, ab0 CEePeOBUILL 3
HeraTuBHOIO pedpakuiero y By3bkiit HBY-cmysi nobsinsy gacrorn
depoMaruiTHOro pe3oHaHCY IDAHYJIH.
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