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The results of research of the nonresonant and magnetic resonance absorption of
electromagnetic waves in polymer magnetic nanocomposites (La, ;Sry ;MnO,;) in 10-40 GHz
and 60-78 GHz frequency bands are presented. The absorption magnitude up to —7.5 dB
at 32-35 GHz has been detected for the composite with 60 % filling and a layer thickness
of 0.53 mm. The analysis of results obtained proves a high level homogeneity of magnetic
nanoparticles distribution in the polymer matrix. The most probable reasons of unusually
large value of the spectroscopic splitting factor, obtained by Electron Spin Resonance
technique, are under discussion. The results of design of the technology and the manufac-
turing technique of ferromagnetic composites together with epoxy-polysiloxane polymer
matrix are presented.

IIpuBegeHnl pPe3yabLTATHI MCCAESOBAHNN Oco0eHHOCTeil Hepe3OHaHCHOI'0 M MAarHUTOPEe3O-
HAHCHOTO TOTJIOTIEeHUS JEKTPOMATHUTHLIX BOJIH B MOJUMEPHBIX MATHUTHBIX HAHOKOMIIO3U-
rax (Lag,Srp sMn0O,) B puanasone uactor 10—40 I'Tn u 60-78 I'Tu. O6mapy’xeHa BeIMYMHA
morgomienns —7.5 1B npm 32—-35 ITw aia KoMmmosuTta ¢ 3amoiaHenuem 60 % wm ToamummHOM
ciaoa 0.58 MM. AHaiu3 MOJYUYEHHBIX PE3YyJbTATOB JOKA3LIBAET BLICOKYIO OJ[HOPOJHOCTH YPOB-
Hsl pacmpejie/ileHUsi B MATPUIE TOJMMepa MATHUTHBIX Hamouyactuil. OGcy:xjatorces Hambojee
BEPOSTHLIE TPUYUHBEI HEOOBIUHO GONBIINX 3HAUEHUH (PaKTOpa CIEeKTPOCKOIIMUECKOTO pPaCIIerie-
HUs, MTOJYUYEHHOro IpH moMolnu 9iaexTponnoro Crmaosoro Pesomamnca. IIpemcTaBieHbl pesyiib-
TATBLl MCCAEQOBAHUMN IT0 OTPAbOTKE TEeXHOJOIMM M METOAWKMN W3TOTOBJIEHUSA (DePPOMATHUTHELIX
KOMIIOSUTOB, 8 TaKiKe SIOKCHUAHO-TOJNCUIOKAHOBBIX TTOJUMEPHBIX MAaTPUIIL.
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1. Introduction

Magnetic composites with polymer host
matrix are considered now as the most
promising materials [1-4] among variety of
microwave absorbers. These composites are
advantageous over bulk magnetic materials
because of high resistivity, low density,
high mechanical properties, chemical stabil-
ity and machineability. Magnetic properties
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of composites may be easily varied by
changing the concentration of magnetic in-
clusions, by mechanical treatment of the in-
clusions, ete. For good microwave absorbing
performance, one needs a material with
high magnitude of permeability, high mag-
netic loss, a remarkable type of frequency
dependence of permeability, and a proper
ratio between the permeability and permit-
tivity. A number of publications report on
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studies of microwave properties of compos-
ites comprising various magnetic powders
imbedded into a polymer-host matrix [1-4].
Nanosized magnetic particles are believed to
open new opportunities for developing com-
posites with high microwave permeability
and good absorbing performance, see e.g.,
[6]. Particularly, an evident advantage of
nanosized inclusions is the negligible small
effect of eddy currents. Today one of the
promising candidates for magnetic inclu-
sions is nanosized particles of doped man-
ganites [6—10].

Magnetic composites based on polymers
[11-14] are being considered as prospective
absorbing coatings. The possibilities of wide
selection of matrix material and mag-
netic/nonmagnetic impurities as well belong
to their main advantages. Thus it is expected
that such materials should combine advan-
tages of polymers with the advantages of the
functional properties of the composites.

Doped manganites are among the most
promising components of the magnetic
nanocomposites. Moreover they can be used
as "left-handed” metamaterials electromag-
netic properties which are relatively easy to
vary by the external magnetic field [15-17].

This article presents the results of the
study of manufacturing technology of mag-
netic composites based on nanosized powders
of manganite-perovskite (Lag ;Srg sMnO3) and
epoxide polymer polymers. The results of
research of electron spin resonance (ESR)
and nonresonant absorption of electromag-
netic waves in the nanocomposite layered
specimens (Lag 7Srg sMnO3) in the frequency
band 10-40 GHz and 60-78 GHz are ana-
lyzed as well.

2. Samples

2.1. Manganite (La,Sr)MnO; nanopow-

der synthesis

Powders of lanthanum manganites doped
by strontium — La,;_,Sr,MnO5;, (LSMO) —
were synthesized by co-precipitation method
supplemented by microwave heating and ul-
trasound treatment. All chemicals that were
used in the synthesis procedure were re-
agent grade. A nanometer scaled La,_,Sr,MnO;
powder was obtained directly by annealing
the solution at 900°C for 60 min. The pre-
cipitate was then washed several times in
order to remove the by-products of the reac-
tion. The hydrogel was dried in thermo-box.
The powders were dried in the pulsed mag-
netic field at 120°C in a special setup (for
more details see [10, 11].) The Curie tem-
perature measurements shown that the sam-

Functional materials, 19, 4, 2012

ple with x =0.25 has too small T,. How-
ever the sample with x = 0.35 gives large
enough Curie temperature of powder
Lag 7Srg sMnQO5 with particles size of about
50 nm was about 320 K.

2.2. Polymer host-matrix selection

Epoxy resins and composites based on
them have a number of properties which
provide possibility of their usage as a poly-
mer matrix. Different classes of compounds
can be hardeners of such systems: anhy-
drides of carboxylic acids, different types
amines, Lewis’s acid, etc. Considering ne-
cessity of reception of high degree filling as
a basis of polymer component of composite
have been choosen low-viscosity epoxy oli-
gomer, which does not contain aromatic cy-
cles in the structure, EPONEX 1510 (the
hydrobathing analogue epoxy resin ED-22).
Epoxy matrix formation was carried out
with using of amine curing agent Jeffamine
T403.

According to thermal mechanical analysis
the received polymer is characteriged by
high crosslinking density n,, that, in turn,
provides high magnitude of its elasticity
module in highly elastic state, and glass
state at enough high temperature: glass
transition temperature T, and elasticity
temperatures T, are 63°C and 77°C, accord-
ingly. The data of gasovolumometric re-
searches confirms high resisitance of a com-
posite polymer matrix concerning ther-
mooxidizing degradation. Speed of
absorption of molecular oxygen at tempera-
ture 180°C is 3.3 mole-kg l.sec™l.

Filling from 20 to 60 volume percents of
manganite in such polymer practically does
not influence on thermophysical properties
of the polymer matrix: glass transition tem-
perature irregularly changes within 53+65°C
with tendency of insignificant fall. It gives
the grounds to assume that nanofiller does
not render essential influence on course of
polycondensation process and on crosslinking
density of the polymer matrix.

Thus, the chosen system based on epoxy
oligomer EPONEX 1510 and amine hard-
ener Jeffamine T403 has a complex of
rheological, technological and thermal prop-
erties, which provides obtaining of compos-
ites with the high maintenance of magnetic
nanoparticles.

2.3. Structure and chemical elements

composition of the layered samples

To make quantitative analysis of the
structure and chemical composition analysis
of the sample X-ray energy dispersive spec-
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Fig. 1. Scanning electron microscopy image

for the film with 60 % Lag,SrysMnO,4
nanoparticles filling; the magnification
equals 100.

troscopy (EDS) using INCAPenta-FETx3
spectrometer and JSM-6490LV scanning
electron microscopy (SEM) have been ap-
plied. The SEM image of the layer having
60 % Lag7Srg3MnO3 nanoparticles filling is
shown in Fig. 1. A quite high level homoge-
neity of magnetic nanoparticles distribution
in polymer matrix is directly visible. The
chemical composition analysis reveals a
presence of small amount (-0.01 %) of Ni
ions in the 60 % Lag;Sry3MnO3 layered
sample.

3. Experimental technique

Experimental detecting non-resonant ab-
sorption in the sample was carried out
using Vector Newtork Analyzer Agilent
PNA-L N5230A. Transmission spectra of
the studied sample in 22-40 GHz band were
under analysis. Also the spatial distribution
of the spectra structure were obtained at
temperature T = 300 K.

The specially designed experimental mod-
ule for ESR measurements (Fig. 2) has been
applied for research at 7 = 300 K. The
module possess several principal features
which distinet it from typical spectrometers
significantly. Namely, the module has a kit

of volumetric resonator experimental cells
(Fig. 2), which provide a) — transmitting
regime and b) — angular regime of the
spectra detecting. In order to realize re-
gimes mentioned, the module is adjusted
with Agilent PNA-L N5230A. Thus the re-
alization of two principle operating modes
for this magnetic resonance spectrometer
was ensured. These modes are: 1) scanning
the frequency at the fixed magnetic field,
and 2) scanning the magnetic field at the
fixed frequency (the traditional one). The
resonator is placed in the gap of the electro-
magnet providing with that mutually per-
pendicular orientation of vector of a perma-
nent magnetic field and the vector of an
alternative magnetic field. The resonators
were provided with a movable piston for the
resonator frequency setup and the goniometer.
As a result a possibility to move the sample
along the longitudinal axis of the resonator
and the sample rotation are realized.

The cryomagnetic radiospectrometer
BURAN [20] was applied for carrying out
low-temperature experiments.

4. Results and discussion

The results of analysis of the magnetic reso-
nance absorption in 60-78 GHz (at T = 4.2 K)
and 10 GHz frequency bands (at T = 300 K)
in Lag;Sry3MnO; sample and for the con-
centration of manganite equals to 60 % are
given below.

4.1. Non-resonant absorption

The typical transmission spectra are pre-
sented in Fig. 3. The sample with the size
of 50x80x0.58 mm3 was located in the rec-

tangular waveguide 7.2x3.4 mm?2 (between
the waveguide flanges). For the purpose to
investigate the spatial uniformity such flat
sample, the latest was moved perpendicu-
larly to the waveguide axis with a certain
step of offset: d(mm) = 0; 5; 10; 20. It was
found that such offset does not change
practically the frequency spectra of trans-

Fig. 2. ESR module with a tunable resonator for research in 7-12 GHz band.
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Fig. 3. Microwave transmission through a
sample. The averaging of 4 kit of data for
different values of waveguide channel offsets
d=0; 5; 10; 20 mm.

mission coefficient. A little difference be-
tween dependences lies within an error of
experiment of +0.5 dB. Note that such weak
frequency dependence of the material trans-
mittance proves a very homogeneous distri-
bution of clusters in a manganite sample
volume. The absence of resonances in the
spectrum suggests the idea, that gaps be-
tween the clusters in the sample and/or
cluster sizes are much smaller than
A/2-(¢)1/2 magnitude where A is the wave-
length, and ¢ is the permittivity of a sample.

A certain small non-homogeneity of spec-
trum in Fig. 8 (which manifests itself as the
presence of oscillations with frequency of
~0.5 GHz) is a consequence of non-ideal
matching of the sample with the waveguide
line as well as by the presence of gaps between
the sample surface and the plane of the
waveguide open end.

Besides the tendency of growth of the
averaged (over each scan) transmission coef-
ficient with the frequency increasing is ob-
served. This indicates the dielectric charac-
ter of the sample properties, i.e. the absence
of metallic inclusions. This assumption is
confirmed as well by the study of magne-
toresonance absorption in the sample.

Fig. 3 shows that in a composite of 60 %
concentration of manganite the absorption
reaches the value of —-7.5 dB in the 32-
35 GHz band (for the sample thickness of a
0.53 mm). We expect that according to ex-
isting literature data [21-25], increasing of
the manganite content up to 80 % allow to
receive the absorption more than 90 %.

4.2. Magnetoresonance absorption in

10-40 GHz band (T = 300 K)

In order to research the magnetic phase
states the study of magnetic resonance ab-
sorption of waves 10—-40 GHz band was car-
ried out.

The results of ESR absorption for the
"parallel” geometry of the experiment (the
vectors external magnetic field and the
magnetic component of microwave field lie
in the plane of the thin-plate sample and
directed mutually perpendicular) are shown
in Fig. 4(a). The results for the “perpen-
dicular” geometry (the vector of magnetic
component of microwave field lies in the
sample plane and the vector magnetic field
directed perpendicularly to the sample
plane) are presented in Fig. 4(b).

The Electron Spin Resonance line width
(AHl/z) does not depend on frequency and
on orientation of the sample relatively the
external magnetic field and it equals
AH1/2:650 Oe. The inserts in (Fig.4(a),
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Fig. 4. Resonant frequency/field dependence for the sample with concentration of manganite of
60 %, T=300 K: (a) "parallel” orientation (insert: the ESR-lineshape at f = 31.00 GHz); (b)
"perpendicular” orientation (insert: the lines hape at f = 11.21 GHz).
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Table. The results of approximation of the experimental data for g-factor at T =300 K

"Parallel” orientation

"Perpendicular” orientation

g=2.05 M, = 157 Gs (+10 Gs)
g = 2.3240.01 M, =-27 Gs (+25 Gs)

g = 2.05 M, =-101 Gs (+10 Gs)
g = 2.3210.01 M, =19 Gs (+25 Gs)

(b)) show the typical ESR line in the com-
posite for corresponding geometries of ex-
periment at T = 300 K. Note that the shape
of the line is intermediate between Lorentzian
and Gaussian ones, but much closely to
Lorentzian. This fact indicates that there is
no any significant anisotropy in the nanocrys-
talline, however more than one type of mag-
netic interactions [17] are presents.

As a result of analysis of the experimen-
tal data the resonance frequency-field de-
pendencies for both orientations of applied
magnetic field relative to the plane of sam-
ple were constructed (Fig.4(a) and (b)). In
order to determine the effective magnetiza-
tion of the sample the experimental curves
were approximated by the known Kittel’s
formula for "parallel” (1) and "perpendicu-
lar” (2) geometry of experimental [26]:

(1)

Vre

gu
s = _hﬁ\/Hres(Hres + 47T’Meff’

Vres =

gug @)
T(Hres - 4T[Meff},

where v,.,. is resonance frequency, g is spec-

res
troscopic splitting factor, Mg is Bohr magne-
ton, A is Plank constant, H,, is resonant
magnetic field. The effective magnetization
M ¢+ [28] produces the so-called "effective
demagnetizing field" 4nM,;, = H, + 4nMj,,
where H, is some anisotropy field. M, is
saturation magnetization, which equals M off
in the absence of anisotropy fields. Note
that this approach allows count the non-flat
shape of the manganite granules; as well as
possible magnetostatic interaction and an-
isotropy fields.

If to perform the approximation of ex-
perimental data by the standard way g-fac-
tor (the spectroscopic splitting factor)
should be chosen by g = 2.05, i.e. close to
value of g-factor for typical ferromagnet.
However, after calculations using (1), (2) —
(see Table) at such assumption one obtains
that M, for "perpendicular” orientation ap-
pears a negative, that contradicts with the
physical concepts of magnetization [27]. Let
remain that as it mentioned above there is
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no reasons to introduce any noticable an-
isotropy field, so H,.

To solve this contradiction let’s note that
g-factor obtained experimentally (an incli-
nation of the approximating line on reso-
nant frequency/field dependence, Fig. 4)
equals g = 2.34. This value differs essen-
tially from the value of g-factor (an inclina-
tion of the approximating line of resonant
frequency/field dependence) for typical fer-
romagnet is g = 2.05. Let’s note that an ac-
curacy of the experiment is high enough to
claim that experimental errors do not change
out comes. Namely the error for g-factor defi-
nition is Ag < 1-2 % and for magnetizations
of saturation is dM, < £10-25 Gs.

Experimentally obtained magnitude g = 2.32
testifies to an existence of certain addi-
tional sources [29] of magnetism in this sys-
tem. Such source can be particles of Ni,
which remains in the nanomagnet composite
due to the technology process.

This assumption is closely to reality. In
fact, the value of M, obtained in this sug-
gestion, is close to zero within the error of
measurement (Table). The anisotropy field
is also equals to zero. It seems to be quite
natural, since the only source of the anisot-
ropy field at T = 300 K may be internal
stresses, which is excluded under the de-
scribed above technology manufacturing
sample. In such a case the most probable
explanation of the anomalously large g-fac-
tor value can be given in frames of classical
concepts of magnetism [30]. The given sam-
ple can be considered as magnetic with quite
strong spin-orbit interaction. The value of
g-factor is very sensitive to the ligand envi-
ronment of the ion, which forms a crystal-
line field. For such ions g-factor is defined
[30] as g = 2%(1 — E* - A), where & is the con-
stant of spin-orbital interaction and A is the
magnitude of so-called "ligand field split-
ting"”. It is well known that for free radicals
the magnitude of A can be very large, and

the magnitude of  becomes small and nega-
tive. Therefore for such systems g-factor is
close to that for a free electron and changes
within the third sign after a comma. How-
ever in our case for manganite-perovskite
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nanocomposite the magnitude of & can be
substantially higher, because the magnitude
of spin-orbital interaction for manganites-
perovskites is much more than for free radi-
cals. Therefore the value of g-factor should
exceed standard g-factor for electron.

Really, the most probable is that pres-
ence of Ni in this composite can exceed the
value of spin-orbital interaction &. It also
leads to that the detected value g-factor ap-
pears almost 12 % greater than g-factor for
a free electron.

4.3. Magnetoresonance absorption in

60-78 GHz band (T =4.2 K).

To learn the temperature influence on
the magnetic phase state of the sample the
magnetic resonance absorption in 4 mm
waveband has been analyzed at T = 4.2 K.
The resonant frequency/field dependences
are given in Fig. 5. A typical ESR absorp-
tion lineshape is given in (Fig. 5 insert). Let’s
note that the symmetric lineshape indicates
on the uniformity of magnetic system.

As it is known [27] manganite-perovskite
under study is a very complicated magnetic
system with a lot of various combinations of
intrinsic interactions (including dipole-di-
pole, double exchange ones, etc.). This com-
posite transforms into a collinear magnetic
state with temperature decreasing and ap-
pears in a ferromagnetic phase at T = 4.2 K.
This proved indirectly by the fact that
measured value of g-factor g = 2.05 is close
to g-factor for typical ferromagnet. It is
possible to estimate (with the help of (1)—
(2)) the magnitude of magnetization of satu-
ration of M, = 119 Gs (20 Gs), taking into
account that the anisotropy field caused by
thermal shrinkage of polymer matrix lies in
the sample plane.

Note that for low-temperature experi-
ments, the resulting line magnetic reso-
nance absorption becomes wider
(AHy/3=3.5 kOe) in comparison with
linewidth at 7 = 300 K (AHy 9 = 650 Oe) —
(see Fig. 5 insert). The broadening of the
line at T = 4.2 K most probable [31] associ-
ated with the transition into some sort of
weak collinear magnetic phase. It is evident
that as the temperature is lowered, so the
local fields play more important role. This
causes the disordering of magnetic system
of the sample. More detailed this process is
described in [31]. However, the fact that
magnetization M, has final (nonzero)
value, testifies to the asperomagnetic char-
acter of this magnetic phase.
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T T
LawSro‘gMnO3

—*— ESR.Reference

18 24 H. kOe 30

66 |- .

23 24 25 26 27 28 29
H__, kOe

res’

Fig. 5. Resonance frequency/field dependence
for "perpendicular” orientation at T = 4.2 K
(insert: the ESR-line shape at f = 74.00 GHz).

5. Conclusions

The method of manufacturing of micro-
wave absorbing materials has been designed
and composites with different content of
manganite have been prepared by mixing
Lag 7Srg sMnO5; nanoparticles and polymer
compound. The technology of production pre-
vents magnetic nanoparticles conglomeration
and yields homogeneous distribution of mag-
netic nanoparticles in polymer matrix.

The analysis of the non-resonant electro-
magnetic wave absorption in frequency
range 22—40 GHz proves the high homoge-
neity of magnetic particles distribution. The
established trend of improving transmission
coefficient with frequency increasing indi-
cates the absence of regions with metallic
conductivity in the sample under study.

Research of electron spin resonance ab-
sorption of electromagnetic waves of 10—
40 GHz wavelength (at T = 300 K) and 60—
78 GHz wavelength (at T = 4.2 K) in the
magnetic nanocomposite (Lag;Srg3;MnO3)
was performed. It was determined that
g-factor became anomalously large, that
took place most likely due to the presence of
Ni in the nanocomposite. While temperature
decreases up to helium ones the broadening
of the magnetic resonance line is observed.
This occurs due to disordering the electron
spin system of the sample and corresponds
most likely to the transition of the magnetic
phase of the sample from strongly collinear
into weakly collinear magnetic phase.
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S. I

Oco6auBOCTI MOTJIMHAHHA €JEKTPOMATHITHHX XBUJIb Y
IOJiMepHNX MarHiTHUX HaHokKoMmmo3surtax (La,Sr)MnO;

T.B.Kanmuxroéa, C.I.Tapanose, C.B.Hedyx, B.H.Kpueéopyuko,
I.A.Jlanunenxo, B.B.Bypxoeeyvruii, /].I''I'ypmoeuil

Hagemeno pe3yabTaTH LOCHiAMKeHL 0COOIMBOCTEN Hepe3OHAHCHOIO i MarmiTopesoHamc-
HOT'O HOTVIMHAHHA eJeKTPOMATHITHUX XBUJADL y IMOJIMepHUX MATHITHHX HAHOKOMIIOBHUTAX
(Lay 7Sry sMnO3) B piamasoni wacror 10—-40 I'Tm i 60-78 I'Tn. BuaBieHO BeIHMYHHY IIO-
rauHanag —7.5 B npu 32—-35 I'T'm aas xommosuty is samoBHemHam 60 % 1 ToBHMHOIO
naiBku 0.53 mMM. AHauais oTpuMaHMX Pe3yJbTATIB LOBOAUTH BHCOKY OLHOPiaHicTh piBHSA
posmoziny y marpuni moaimMepy MarmitTHmx HaHouacTok. OOropopmoerncsa HanGiabim
Biporigui mpuUYMHN HES3SBHUYHO BeJIMKHNX 3HaUYeHb (PaKTOpa CIEKTPOCKOIIIUHOroO pOS3IIell-
JIOBAHHA, OTPUMAaHOro 3a monomoroio Exextpormoro Crnimosoro Peszomauncy. IIpencrasae-
HO PesyJbTaTH [IOCHigKeHb 3 00polbiseHHSA TexHoJOrili i MeToAMKH BUTOTOBJIEHHH (epo-
MardiTHUX KOMIIOSUTIB, a TAKOM E€INOKCUIHO-IIOJiCHJIOKAHOBUX IIOJiMEPHUX MATPHUID.
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