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We have studied losses of microwave electromagnetic radiation in granular amorphous
hydrogenated carbon filma-C:H(Co) containing cobalt nanoparticles at cobalt concentrations
below the percolation threshold and in the percolation threshold region. The difference between the
experimental values of the losses in granular structures sputtered on corundum-based substrates and
those on aramide tissues is observed. It is found that this is determined by the difference in
localization sizes of cluster electron statesi@® : H(Co) films. We have found that losses grow with
increasing concentration of cobalt nanoparticles and with increasing frequency. The frequency
dependence of losses is determined by the fast spin relaxation of nanoparticles. The anisotropy of
losses ina-C:H(Co) covers on aramide tissues is observed2@5 American Institute of Physics

[DOI: 10.1063/1.1913797

I. INTRODUCTION perimentally the losses of electromagnetic waves in granular
amorphous hydrogenated carbon struct@&s: H(Co) con-
Granular structures containing ferromagnetic nanopartaining cobalt nanoparticles sputtered on corundum-based
ticles of A metals in an isolating amorphous matrix show substrates and aramide tissues. Amorphous hydrogenated
various interesting microwave properties. Among these is thearbona-C:H is the amorphous organic semiconductor the
effective absorption of electromagnetic waves at microwavesnergy band structure of which is determined and can change
frequencies, which allows us to consider granular structuregith the content of hydrogeha-C:H is in the isolator state
as perspective materials for thin broad-band absorbing couyvhen the hydrogen content is high. We have studied
ers. High values of the microwave electromagnetic wave aba-C:H(Co) structures below the percolation threshold and in
sorption is caused by the dielectric and magnetic losses ithe percolation threshold region. Losses were measured on
granular structures. The magnetic losses are due to the faglfe open-circuit microstrip line and by the horn irradiation
spin relaxation of nanoparticles determined by the spinmethod. The results presented here confirm that the experi-
polarized relaxation mechanish Large dielectric losses in  ment dependencies can be accounted for in terms of the clus-
granular structures near the percolation threshold are detefer electron state model and the spin-polarized relaxation
mined by electron polarization on cluster electron state$nechanism. We have found that the two different
(CESS. These states are formed Isyand p electrons of  substrates—a polycrystalline corundum-based substrates and
metal outer shells in nanoparticles and by electrons in localan aramide tissue—induce different properties of the
ized states of defects and impurities in interparticle regiong-C:H(Co) coatings. This can be accounted for by the dif-
of the matrix* Large localization sizes of CESs give high ference in localization sizes of CESs in the : H(Co) coat-
values of real and imaginary parts of the dielectric constantings and results in different microwave loss properties.
In addition to this, the electromagnetic wave absorption in_osses grow with increasing concentration of cobalt nano-
granular structures strongly depends on the sputtering techyarticles and with increasing frequency. The frequency de-
nology and substrates. pendence of losses is determined by the frequency depen-
Carbon granular structures with Co nanoparticles argjence of the spin relaxation of nanoparticles. We have
good systems to investigate magnetic properties, magnetorghserved the anisotropy of lossesdfC:H(Co) covers on
sistance effects, conduction mechanisms, and microwavgramide tissues. The nature of this effect is not comprehen-
adsorptior®™" In the present work, we have analyzed ex-sjvely clear. It is supposed that the anisotropy of losses can
be caused by the magnetic anisotropy of Co particles that
¥Electronic mail: lutsev@domen.ru originated from the hcp structure.
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Il. PREPARATION OF GRANULAR FILMS

: . o i
Experimental investigations were performed on the |
samples of amorphous hydrogenated carbon containing co |
balt nanoparticles, designated a&C:H(Co). The a

substrates and on aramide tissues by dc magnetron sputterir
of composite graphite and cobalt targets in an argon-
hydrogen plasmé&0% Ar+20% H). The concentration of

films were deposited onto substrates heated to 200 °C. Prio
to the deposition process, the chamber was evacuated to

base pressure of ATorr. The samples were prepared in a

working gas flowing at a pressure of 10 mTorr and an ion ()
current density of 10 A/cm?. Thea-C:H(Co) film growth

rate depended on the amount of cobalt introduced into the
composition and varied in our experiments between 1.4 anc
3.0 nm/min.

The film composition was determined by nuclear-
physical methods of elemental analysis employing chargec
particle beams. The cobalt to carbon atomic ratio was deter-f
mined by Rutherford backscattering using protons with a pri-
mary energy ofE,=1 MeV. In addition to the main con-
trolled components, the films contained oxygen and nitrogen
impurities. The impurity concentrations were determined by g
the method of nuclear reactions with deuterons Egt
=1 MeV: *0(d,p)*’0; N(d,p)™N; C(d,p)**C. This
technique is described in more detail (iRef. 9. Based on
these data, we determined the ratio of the number of cobal
atoms to the total number of atoms determined by methods
of elemental analysis. For the samples studied, the content §t&: 1- aC:H(Co) film with the thickness of 1.2:m on filaments and with

d . a Co concentration of 60 at. % deposited onto an aramide tisgugssue
cobalt atoms varies from 20 at. % to 61 at. %, which cor- gcture:(b) a-C:H(Co) cover on filaments.
responded to a cluster structure below the percolation thresh-
old and in the percolation threshold region. The size of co-
balt particles is determined from the small-angle x-rayfrequency range is 2—-18 GHz. The microstrip width is
scattering(SAXS) measurements. 1 mm. At the given frequency range only the single electro-

The a-C:H(Co) films on corundum-based sub- magnetic mode can propagate along the microstrip. We mea-
strates have a thickness of 0.64-08h. The size of sured the absorption of the electromagnetic mode in samples
cobalt particles increases Witr}—from 22nm atx  with the longitudinal size d=10 mm. Samples of
=20 at. % to 3.5 nm at=61 at. %. The ensemble of cobalt 5 ¢ H(co) films on corundum-based substrates are put onto
ferromagnetic particles in the films was in the superparamagy, . microstrip so aa-C : H(Co) films are close to the micros-

netic state. i . :
a-C:H(Co) sputtering on aramide tissues provides hightrlp line. In the case o&-C:H(Co) films sputtered on ara-

flexible and durable electromagnetic absorption coverings. Iﬁmde tissues, in order to increase the preqsmn ,Of the experi-
order to measure the Co concentrationaiC : H(Co) films ment we put four layers onto the microstrip. To find losses of

by nuclear-physical methods and to control the thickness of€ €lectromagnetic mode propagated along the microstrip,
the sputtere@-C: H(Co) films on filaments, we made simul- We measure the incident and reflected waves. The losses in
taneous depositions on Si substrates and on glass substratdegibel units are defined as

respectively. The microstructure efC:H(Co) films on an

aramide filament was observed using the electronic micro-

scope JSM-35Fig. 1). It is found that sizes of Co particles substrate  a-C:H(Co)

are in the range of 80—800 nm. Using depositions on glass
substrates, we have found that the thickness of the sputtered
a-C:H(Co) films varies from 0.85 to 2.1um.

(b)

IIl. ELECTROMAGNETIC MODE ABSORPTION
ON A MICROSTRIP LINE

The electromagnetic mode absorption was measured on
the open-circuit 532 microstrip line shown in Fig. 2. The FIG. 2. Open-circuit microstrip line with-C:H(Co) sample.
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16 ticles with CESs have electric dipole momenta exceeding
those of particle dipoles. The polarization of electric dipoles
of particle groups with CESs determines the dielectric con-
stante=¢’+ig” of the a-C:H(Co) structure. In the percola-
tion threshold region, a sharp growth of the localization size
. of CESs leads to a sharp increasesin

In addition to this, at the percolation threshold granular
films have high values of the magnetic permeabjlityThese
high values are determined by the fast spin-polarized relax-
. ation of Cod-electron spins and by high values of the mag-
netization of Co particles? For a-C:H(Co) granular films
4 2 the spin-polarized relaxation is due to spin-flip electronic
transitions between sublevels of thermally activated elec-
tronic clouds in Co particle neighborhoods in the matfijn
the first approximation, at the studied frequency range
the decay constant of spin-polarized excitations grows
with increasing frequencyF as F(F-+yH;)?3, where y
=2.83 MHz/Oe is the gyromagnetic ratio aHgis the inter-
FIG. 3. Frequency dependence of the lodses the electromagnetic mode Nal magnetic field acting on Co particl%kiigh values ofe’,
propagated along the microstrip line with theC:H(Co) film:1—on poly- g", andu’ give high values of the microwave absorptibn
crystal corundum based substrafthickness of the film is 0.64m,  for films on corundum-based substrates in the percolation

61-at. % C9; 2—on aramide tissuéfour layers, thickness of the film on th hold . h the C trati is in th
filaments is 1.2um, 60-at. % C@ Solid curves are theoretical approxima- reshold region, where the Lo concentration IS In the range
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tions based on the spin-polarized relaxation model. of 50—60 at. %, and the fast spin-polarized relaxation results
in the growth of absorption lossds with increasing fre-
FJ
L=-10I We (1) o
- w )’ L =AF(F - yH)??, 2
whereW andWg are powers of incident and reflected waves,where the coefficien depends on the’, &”, u’, conduc-
respectively. tivity, temperature, density of localized states in the matrix

It is found thata-C: H(Co) films sputtered on corundum- a-C:H, and exchange interaction. In Fig. 3 for the
based substrates have higher lodsekan do films with the a-C:H(Co) film on the corundum-based substrate we ap-
same Co content sputtered on aramide tis§b@p 3). Since  proximate the experimental values of the losses by the func-
the anisotropy of the losses &aC:H(Co) covers on aramide tion (2) with the fieldH;=-2.88 kOe.
tissues is revealed, the samples are placed on the microstrip As it was mentioned above, the losses of the electromag-
so that the maximum values of the losses are observed. Theetic mode ina-C:H(Co) films on aramide tissues are lower
difference between the lossesanC:H(Co) films sputtered in comparison with the losses in films with the same Co
on corundum-based substrates and the losses in films witontent sputtered on corundum substrates. This can be ex-
the same thickness and Co content sputtered on aramide tiglained by the difference in the CES forming. CESs in the
sues can be accounted for by higher values of real and imaga-C:H(Co) granular film on an aramide filament are hardly
nary parts,e’, &¢”, of the dielectric constant of films on formed than CESs in the granular film on corundum-based
corundum-based substrates and by different values of thgubstrates. The film on the corundum-based substrate shown
spin-polarized decay constant., ” are proportional to the in Fig. 3 is in the percolation threshold region, and the char-
localization size of CES? If there are direct contacts be- acteristic localization size of CESs for this film becomes in-
tween particles or if electron tunneling transparency betweefinite. The characteristic localization size of CESs for the
particles is high, electrons can be localized on grolghss-  film on the aramide tissue is limited by the filament thickness
terg of particles and form electron states—CESs. CESs arand by the wickerwork structure of the tissue. As a result of
formed by wave functions of and p electrons of Co outer this, despite of the greater sizes of particles, smaller localiza-
shells in particles near the Fermi level and by electrons ofion sizes of CESs in tha-C:H(Co) film on aramide fila-
matrix-localized states of defects and impurities in the interments give low values of the dielectric constant and of the
particle regions. Groups of particles with CESs result in theconductivity. This causes a decrease of the electromagnetic
formation of regions with high conductivity. The increase of mode absorptioh.. We have found that the conductivity of
the metal concentration leads to increasing electron tunneling-C:H(Co) films on aramide tissues decreases by three or-
transparency between particles, and the characteristic locadlers in comparison with the conductivity of the same granu-
ization size of CESs grows. Below and at the percolationar films sputtered on corundum substrates. In Fig. 3, for the
threshold the conductivity ofa-C:H(Co) granular films a-C:H(Co) cover on the aramide tissue the experiment val-
grows with increasing characteristic localization size ofues of losses are approximated by the functi@nwith the
CESs. In the percolation threshold region, the characteristimner magnetic fieldd;=2.54 kOe. The inner magnetic field
localization size of CESs becomes infinite. The electrons irH; acting on Co particles in covers on corundum substrates
CESs can be polarized by an electric field. Groups of parand aramide tissues have different signs. This can be ex-
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FIG. 5. Frequency dependence of the losisesf normal-incident electro-
magnetic waves ira-C:H(Co) films sputtered on polycrystal corundum-
based substrates. The film thickness and the Co content are: 177
20-at. % Co; 2—0.7um, 28-at. % Co; 3—0.&um, 36-at. % Co; 4—
0.81 um, 43-at. % Co.

FIG. 4. Frequency dependence of the maxim(ds®) and minimum(1’,2")
values of lossed of the electromagnetic mode propagated along the mi-
crostrip line, which is loaded by four-layex-C:H(Co) sputtered on the
aramide tissue. Tha-C:H(Co) film thickness on aramide filaments and the
Co content are: 1—0.8am, 48-at. % Co; 2—0.9%:m, 60-at. % Co. 1,
2’—minimum values of losses for #1 and #2C:H(Co) covers, which are

obtained by the 90°‘turning of covers relative to the position on the micros2 2_3 5 nni* The sizes of Co particles iaC:H(Co) covers
trip, where the maximum values of losses are observed. on aramide tissues are in the range of 80—800 nm. There-
fore, Co particles in covers on aramide tissues should have
plained in the following way: The self-consistent fiettl  the magnetic anisotropy caused by the hcp phase. In the case
acting on particles is the sum of an exchange field and thghen axes of the magnetic anisotropy of particles have pre-
field H;. The exchange field is determined by the exchanggerred orientation along a certain direction in the tissue area,
interaction betweerd-electron spins of Co particles and the magnetic permeability should have the anisotropy and we
spins of unpaired localized electrons of impurities and deran observe the anisotropy of losses. Contributions of the
fects in the amorphous matrix and on particle boundariesmagnetic anisotropy of Co particles to the anisotropy of

The exchange field should give a greater contribution to thgysses have to be studied in more detail in the next experi-
self-consistent fieldHg for covers with small particles on  ments.

corundum-based substrates, in comparison with covers with

particles _of Iargg sizes on aramide tissugs. The_ particles al® ABSORPTION OF NORMAL-INCIDENT

in potential minima when the self-consistent fitt} has £ ECTROMAGNETIC WAVES

positive sign. At the same time, the magnetic fiéldcan

have a negative sign, and the spin orientations of particles The losses of normal-incident electromagnetic waves in

and the inner magnetic field, can be opposite. In all prob- a-C:H(Co) covers were carried out by the horn irradiation

ability, this is realized ina-C:H(Co) covers with small Co mMethod in the frequency range of 8—12 GHzC:H(Co)

particles on corundum-based substrates, where the exchang@vers were placed on the metal basis. The lossegere

field has higher values. This supposition have to be studieglfined by relatiort1). Frequency dependencies of the losses

in more deta" in the next experiments_ L Of normal-incident waves iEl—CZH(CO) fl|mS Sputtered on
Figure 4 shows frequency dependencies of maximunpolycrystal corundum-based substrates are presented in Fig.

and minimum values of losses of the electromagnetic mod&. The films with closely equal thicknesses have different Co

propagated along the microstrip line for two samples ofconcentrations and have a cluster structure below the perco-

a-C:H(Co) covers on aramide tissues. Maximum values ardation threshold. It can be seen that the lossegrow with

obtained whera-C: H(Co) covers are placed on the position the increasing concentration of cobalt nanoparticles. Maxi-

on the microstrip which is the result of the 90° turning rela-Mmum values of losses are observed for films with Co concen-

tive to the position, where minimum values of losses arelration in the percolation threshold regi¢50—60 at. %. A

observed. This anisotropy of losses is not observed idurther increase of the Co concentration leads to a sharp

a-C:H(Co) samples on corundum-based substrates. The efhange in the conductivity and in the value of the wave

fect of the loss anisotropy in covers on aramide tissues catinpedance of the cover

be caused by the magnetic anisotropy of Co particles that ( w +i Mn)llz

originated from the hcp structure. If sizes of Co particles are 2=~

small (less than 22—24 nmthe cobalt is in the fcc phase.

For Co particles with sizes greater than 24 nm, the hcp phase If the Co concentration is high>60 at. %9, so that the

is observed. The-C:H(Co) flms on corundum-based sub- film structure is above the percolation threshold region,

strates contain Co particles with average sizes 08&-C:H(Co) covers have very high conductivity and become

8/ +i8//
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FIG. 6. Frequency dependence of the lossesf normal-incident electro- Temperature T (C)

magnetic waves in four-layea-C:H(Co) covers on aramide tissues. The
a-C:H(Co) film thickness on aramide filaments and the Co content are:FIG. 7. Temperature dependence of the lodse$ normal-incident electro-

1—0.95um, 45-at.% Co; 2—0.9m, 39-at.% Co; 3—2.Jum, magnetic waves in the four-layarC:H(Co) cover on the aramide tissue at
39-at. % Co; 4—1.0%uwm, 32-at. % Co; 5—four layers of the aramide tissue a frequency of 9.35 GHz. TheC:H(Co) film thickness is 0.95wm; the Co
without a-C : H(Co) film. concentration is 45 at. %.

reflective ones. The observed increase in the losses with i CONCLUSION
creasing frequenc¥ in Fig. 5 for films with the Co cluster
structure below the percolation threshold can be accounteig?1
for by the frequency dependence of the imaginary part of the, a ; .
. S o3 . . drogenated carbon with Co nanoparticlesC:H(Co) and

magnetic permeability.”.”~ The imaginary part of the mag- . . .

; o . : obtained the following results:
netic permeability grows due to the fast spin-polarized relax-
ation of Cod-electron spins, which increases with increasing(l) a-C:H(Co) films sputtered on corundum-based sub-
frequency:®> The maximum of losses-per-cover-thickness strates have higher losses than do films with the same
unit is observed for covers with 43-at. % Co and is equal to  thickness and Co content sputtered on aramide tissues.

We have investigated the losses of microwave electro-
gnetic radiation in granular structures of amorphous hy-

1.5 dB/um at the frequency=12 GHz. The difference between the losses is accounted for by
Figure 6 shows the frequency dependencies of the losses the difference in localization sizes of cluster electron
of normal-incident electromagnetic waves @C:H(Co) states ina-C:H(Co) films.

covers with the cobalt cluster structure below the percolatiorf2) If the a-C:H(Co) film structure is below the percolation
threshold on aramide tissues. Each cover consists of four threshold, the losses grow with increasing concentration

a-C:H(Co) layers. The losset grow with increasing Co of cobalt nanoparticles. Maximum values of losses are
concentration. For the covers studied, the additive effect is  observed for films with Co concentration in the percola-
revealed—the lossdsgrow proportionally with the increase tion threshold region.

in thickness of thea-C:H(Co) film on aramide filaments. (3) The observed increase in the losses with increasing fre-
The maximum of losses-per-cover-thickness unit is observed quency is accounted for by the growth of the imaginary

for covers with 45-at. % Co and reaches up to 0.73 @/ part of the magnetic permeability due to the fast spin-

at the frequencyF=12 GHz. This value is lower than the polarized relaxation of Cd-electron spins.

value of losses per thickness for covers on corundum-based) The anisotropy of losses ia-C:H(Co) covers on ara-

substrates. mide tissues is observed. We suppose that the effect of
The temperature dependence of the losses of normal- the anisotropy of losses can be caused by the magnetic

incident waves in the-C:H(Co) cover contained four layers anisotropy of Co particles that originated from the hcp

on the aramide tissue is presented in Fig. 7. Each cover has structure.

a-C:H(Co) films on aramide filaments with a thickness of

0.95 um and a Co concentration of 45 at. %. The experiment

was carried out at a frequency of 9.35 GHz. The values OTACKNOWLEDGMENT
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