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Fe,(SiO,),_, magnetic granular films below the percolation threshold (x < 0.45) have
been studied using tunneling magnetoresistance (TMR), magnetorefractive effect (MRE),
and X-ray photoelectron spectroscopy. Maximum magnetoresistance ratio of 3.7 % at
room temperature was observed for films of Fej;5(SiO,); g5 composition. Both the experi-
mental and theoretical analysis reveal a correlation between TMR and MRE, thus demon-
strating the usage possibility of the MRE as a contactless method to measure the TMR.
The chemical surface structure was analyzed by X-ray photoelectron spectroscopy (XPS)
and compared to that of the corresponding SiO, and Fe surfaces. The XPS spectra of
Fe,(SiO,),_, granular films display two main peaks at 707 and 720 eV, which arise from
Fe 2pg /2 and Fe 2p; 20 respectively, and a small peak appears around 710.5 eV due to Fe,O,.

MaruuTHEIe TpaHyaupoBasHsle mieHku Fe,(Si0,),_, ¢ comepxanmeM MeTaslIa HUKe IOPO-
ra MepKOJIAUYN M3YyYeHBI C MMOMOIIBI0 TYHHEJIbHOTO MATHUTOCOIPOTUBIEHUS, MarHuroped-
pakTuBHOTO 9(PPEeKTa M PEeHTreHOBCKOU (POTOIIEKTPOHHOUN creKTpockomuu. MakcumanabHOe
3HAUYEeHWEe MAarHUTOCOUpOTUBJeHUA 3,7 % IpU KOMHATHOUM TeMmIeparype ObLIO OOHAPYIKEHO
I TLJIEHOK FeO,SS(Sioz)O,GS' OKCIIepUMeHTa/JIbHbIe Pe3yJbTATHl U TEOPeTHUYEeCKUIl aHaJu3
MOKa3bIBAIOT KOPPEIAIUI0 MeKIy TyHHeJbHbIM MarHuroconporusierHuem (TMC) u maruuro-
pedpakTuBHeIM s(hdertom (MP3I), uto mosBojser ucmoabzoBaTtb MPO B KauecTBe 0ecKOH-
TagTHOTO Meroga maMmepenus TMC. XumMuuecKuil cOCTAB MMOBEPXHOCTU ILJIEHOK IIPOAHAU3U-
pPOBaH ¢ IIOMOIILI0 PEHTIeHOBCKOU (PoToasekTponuoil crekrpockonuu (P®C) u mposeaeHo ero
cpapuenne c¢ mnosepxHoctamMu SiO, m Fe. P®C cumexkTpsl IPaHyJIMPOBAHHEIX ILIEHOK
Fe,(SiO,),_, xapakTepusyioTcsi IBYMS [OJOCAMY, JOKAIM30BAHHBIMK Ipu dHepruax 707 u
720 B, Koropsle cBasaHEl ¢ Fe 2ps ., u Fe 2p,,, osHepreTmueckuMu ypoBHAME. Takixe
Hab/II0faIca HesHAUNTeIbHBIN muK mpu 710,5 aB 6raromapa Briaaxy Fe,O,.
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Nanocomposite materials consisting of
ultrafine magnetic particles embedded in a
metallic or insulating matrix have recently
attracted a great attention. In particular,
there is an extensive interest in the giant
magnetoresistance (GMR) effect and the
tunnelling magnetoresistance (TMR) effect
[1, 2]. The TMR magnitude is defined by
the spin polarisation of the conduction elec-
trons at the Fermi energy EF. The optical
and magneto-optical properties are known
to be very sensitive to the electron state
density near the Fermi level. Transport
properties depend mainly on the intraband
transitions of the conduction electrons,
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which dominate the dielectric properties in
the infrared (IR) spectral region. Therefore,
IR transmission/reflection spectroscopy in a
magnetic field provides a direect tool for
probing spin-dependent conductivity [3, 4].

In this work, the magneto-optical proper-
ties of metal-insulator Fe-SiO, granular
films are studied at room temperature over
a wide range of Fe concentrations. The re-
flection of Fe-SiO, granular films were in-
vestigated in IR spectral region in the mag-
netorefractive effect (MRE) geometry. The
magnetorefractive effect probes the change
of reflection and transmission in the IR
spectral region due to the change in electri-
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cal conductivity in a magnetic field [3, 4].
Since its discovery, the MRE has been meas-
ured at transmission and reflection for a
limited range of systems including both
multilayers and granular films [3—5]. It was
shown that the shape of the MRE vs. wave-
length curve is sensitive to the spin-depend-
ent scattering parameters of Co—-Ag granu-
lar magnetic films rather than just the
magnitude of the GMR [4]. We have also
examined the electron properties of Fe-SiO,
granular films using X-ray photoelectron
spectroscopy (XPS).

The granular Fe-SiO, films were pre-
pared by rf magnetron sputtering at
20 mTorr Ar gas pressure. The films were
deposited on glass substrates to a total
thickness of about 170 nm using two tar-
gets of Fe and SiO,. The composition of the
film was determined by energy dispersion
analysis using X-ray and the crystalline
structure was investigated by X-ray diffrac-
tion. The electrical resistivity and TMR
were measured by a conventional four-probe
method.

IR reflection spectra were recorded be-
tween 2.5 and 25 um using a Nicolet Nexus
670 Fourier transform IR reflection spec-
trometer with 4 em ! resolution and a lig-
uid-nitrogen-cooled HgCdTe detector. The
light incidence angle was 65° to the normal
and MRE measurements were performed up
to the field maximum of 12 kOe. To detect
any small, magnetic field-dependent fea-
tures, reflectance ratios [AR = (R(H = 0) —
R(H))/R (H = 0)] were calculated. The data
were collected in several separate rumns,
which generally show the same field de-
pendence, differing mainly in the noise
level. Repetition of the experiment several
times enables us to check the measurement
reproducibility and the correction of the ab-
sorption peak positions determination. For
comparison, Ag and Al reference mirrors
were also measured and found to display no
substantial field dependence.

A standard Mg K excitation source (fiv =
1253.6 eV) was used for the XPS investiga-
tion. XPS analysis was carried out in an
ultrahigh vacuum system at a background
pressure of 510710 mbar. The spectrometer
hemispherical analyzer was set to 44 eV
constant pass energy and used to determine
the kinetic energy of photoelectrons at the
step size of 0.1 eV. The binding energy (BE)
scale was calibrated by measuring reference
peak of Au 4/’7/2 (BE = 84.5 eV) using an
Au film. The accuracy of the measured bind-
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Fig. 1. TMR curves of Fe,(SiO,),_, granular
films measured at room temperature, for dif-
ferent Fe concentrations: (I) — x = 0.29;
(2) — 0.35; (3) — 0.41.

ing energies was +0.3 eV. For three of our
samples, the Fe 2p, O 1s, and Si 2p signals
were recorded. All measurements were per-
formed at angle ¢ = 45° between the sample
normal and the detection direction. At this
angle the (elliptically-shaped) analyzed area
was about 2.5x3 mm2. The X-ray diffrac-
tion patterns for the Fe,(SiO,),_, magnetic
granular films show a broad peak at the
Bragg angle corresponding to the <110>
diffraction line at 20 = 44.5° of bee Fe solid
solution, indicating the nanocrystalline na-
ture of the films. The average grain size of
the ferromagnetic particles varying between
3 and 5 nm, as typical of metal-insulator
granular films, was evaluated using the
Scheller’s formula.

The TMR ratio (pg — pg)/pg values of the
Fe,(SiO,),_, granular films as a function of
x measured at H = 10 kOe at room tem-
perature are plotted in Fig. 1. It is seen
that a maximum MR value of about 3.7 %
is obtained for x = 0.35. For x > 0.35, the
TMR ratio decreases rapidly with increasing
x. The resistance changes occurs mainly at
the magnetic field values below 5 kOe.
Above 5 kOe, the film resistivity decreases
slowly, but has not saturated for magnetic
fields approaching 10 kOe. The electrical
resistivity at H = 0 Oe is of the order of
10%uQ-cm for the film with large MR ratio.
This value is extremely large as compared
with the metal resistivities. The percolation
threshold being around xp=~0.42-0.45
where the electrical conductivity mechanism
is changed. The granular films with low x
are insulating, except for tunneling among
metallic grains, while in samples with large
x values, the metal granules form an infi-
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nite network, exhibiting metallic conductiv-
ity and magnetic closure structure. The
TMR curves are well proportional to — (M/Mg)?
(where M, Mg are magnetization and satu-
ration magnetization of the films). When
Fe content decreases from 85 to 20 %, the
TMR increases abruptly, because tunneling
current is dominant at the Fe contents
lower than the percolation threshold point
xP-
In insulating Fe-SiO, composites, the
electrons are transferred from one grain to
another by tunneling at an activation en-
ergy required to create electron-hole pairs
in the grains [6, 7]. The hopping conductiv-
ity can be written as follows [8]:

c = exp(-2qs — E ./ kgT), )

where ¢ is the tunneling parameter; s, the
intergrain potential barrier height; E_, the
activation energy; kg, the Boltzmann con-
stant; E, ~ €2/ 4ngyeyr; e is electron charge,
gy is the dielectric constant, and r is the grain
radius. For example, for grains of r = 2.5 nm
and g;=4.5 in SiO,, the Coulomb ioniza-
tion potential is E, = 0.13 eV [6, 7]. The ac-
tivation energy is lowered by mutual screen-
ing of grains beyond the percolation radius,
i.e. the radius of grains providing an infi-
nite percolation cluster [6, 7]. Similarly to
the insulator-metal transition according to
[6, 7], we get
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In our samples, E./kg for x =10.35 is
about four times as high as compared to
x = 0.45 [6]. One can notice that the resis-
tivity of the Feo37(8|02)063 granular films
is much larger than that for x = 0.45. The
mean diameter of Fe grain <d> decreases
and the mean intergrain distance <s> increases
with increasing x. So, the potential height of
insulating tunnel barrier for x=0.35 is
much higher than that for x = 0.45, indicating
that E_/kg for x = 0.35 is also much higher
than that at x = 0.45. Because of a broad
distribution in grain size, it is highly prob-
able that large grains are separated from
each other due to their low number density.
Taking into account the tunneling between
large grains through intervening small ones,

the relative magnetoresistivity is given by
[2, 9]:
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Fig. 2. MRE as a function of wavelength for
different Fe concentrations x: (I) — x =
0.29; (2) — 0.35; (3) — 0.41.
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where P = (N = Np Y)/(Nz' + Np*) and

qg=0Cm WV - EF)/h2)1/2. P is spin polariza-
tion of electrons. Here, NFT(“ is the state
density at the Fermi energy Ey for electrons
with spin up and down, and s ~ 2 nm, m" ~
0.8m,, and V ~ 1.5 eV are the barrier thick-
ness, the effective electron mass, and the
barrier height, respectively, for
Feg 35(Si05)g65 [2, 6]. For saturation case
(m=M/Mg=1), the relative polarisation
of the magnetic materials will lead to rela-
tionship (3). The Fermi energy value for
conduction electrons, according to [2], ap-

proximates Ep ~1 eV. Using the estimated
values for 2¢s and the experimental values

of Ap/p = 0.04, we have calculated the rela-
tive polarization of the magnetic grains
(Fe), P = 0.37. This magnitude for P is rea-
sonable for ferromagnetic Fe when com-
pared with experiments of the polarization
of conduction electrons [10]. Note that the
maximum magnetoresistance value is ob-
served just below the percolation threshold
at x ~ 0.35.

Fig. 2 shows the relative change of IR
reflection for Fe,(SiO5),_, granular films as
a function of wavelength for non-polarized
incident light in a magnetic field of 12 kOe.
The magnetorefractive effect in ferromag-
netic metal-insulator granular nanostruc-
tures Fe,(Si05);_, was investigated in IR
spectral region in the wavelength range
from 5 to 20 um. The effect magnitude var-
ies from 0.1 to 0.35 % for different nano-
composites and depends strongly on the
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Fig. 8. XPS spectra of Fe 2p in Fe,(SiO,),_,
granular films: (1) — x = 0.29; (2) — 0.35;
(3)— 0.41.

light frequency and magnetoresistance (Fig. 2).
MRE spectra exhibit a similar shape with
one local maximum around A ~10.5 um
and the height of the MRE peaks increases
with the applied field strength.

The IR reflection spectra of Fe (SiO,),_,
granular films show a complex character of
vibration modes. The spectra show a pro-
nounced peak at A ~10.5 um which can be
associated with the longitudinal optical (LO)
vibration mode of SiO, [11]. Furthermore,
the position of the prominent features of
MRE spectra is shifted towards larger
wavelength A as the volume content of Fe in
granular films rises (Fig. 2). The MRE spec-
tra for Fe (SiO,);_, granular films in the
2.5-7.5 um region show a similar shape to
those observed in CoAg granular GMR films
[4], with a broad positive peak in the MRE
located between 2.5-5.0 um, consistent with
magnetically induced modification of the scat-
tering of Drude-like free electrons in Fe metal.

Experimental results show that the MRE
effect in Fe,(SiO,),_, granular films takes
place only for films possessing a large TMR
effect. According to the Hagen-Rubens rela-
tion, the TMR and MRE effects are related
to each other [12]. In this case, the reflec-
tivity, R, is a function of the dec resistivity
Po» B =1 —[2g50py]l/2, where ¢, is the per-
mittivity of free space. The change in re-
flectivity, AR/R, is then given to first order
by differentiating R with respect to py giving

AR 1-R_ Ap
R R " p,’ (4)

where Ap/pg is the TMR for granular films.
It is evident from Eq.(4) that AR/R depends
directly on tunnel magnetoresistance TMR.
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Fig. 4. XPS spectra of O 1s in Fe,(SiO,),_,

granular films: (1) — x = 0.29; (2) — 0.35;
(3) — 0.41.

Including in a Hagen-Rubens relation the
dependences of R(A) and TMR, one can de-
scribe accurately the MRE effect in metal
granular films and show the correlation be-
tween the magnetorefractive and magne-
toresistive effects. Our calculations repro-
duce successfully the variation of magni-
tude and shape of the MRE curves as a
function of the Fe volume concentration, x,
and TMR behavior.

It should be noted that the wavelength at
which the main feature in AR/R spectra oc-
curs rises with increasing volume content of
Fe. Based on the experimental and theoreti-
cal investigation of MRE effect, we can sup-
pose that the strong TMR reduction even
down to zero can be governed by the scat-
tering of electrons on the phonons at the
interface between all nearest particles. The
physical mechanism of this effect is related
with the excitation of LO phonons in the
system (electron-phonon interaction). Due
to these processes, the new channels of elec-
tron scattering appear.

Figs. 8 through 5 show typical XPS core-
level spectra of Fe, Si, and O in Fe,(SiO,),_,
granular films. The Fe spectrum exhibits
two peaks at 707 and 720 eV, corresponding
to the Fe 2p3/2 and Zpl/z doublets (Fig. 3).
According to reference XPS data [13, 14],
the binding energy (BE) position of the dou-
blets corresponds exactly to that of metallic
Fe. The BE difference between the doublet
peaks is in the range of 13.0-13.5 eV for
metallic Fe and 12-12.5 eV for Fe,05 [13,
14]. The BE difference for our samples is
13 eV, implying that metallic Fe has been
formed. In these spectra, a clear small peak
is detected at 710.5 eV (see Fig. 8). It is
suggested to be due mainly to Fe,O5 having
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Fig. 5. XPS spectra of Si 2p in Fe,(SiO,),_,
granular films: (I) — x =0.29; (2)— 0.35;
(3) — 0.41.

the peak at 710.9 eV [13]. These data sug-
gest that Fe reacts with oxygen released
from SiO,. The intensity at 710.5 eV is
smaller than that at 707 eV, indicating that
the oxidation extent of Fe is not large. The
Fe oxidation rate becomes larger with in-
creasing SiO, concentration. In contrast to
the samples with lower TMR wvalues, the
710.5 eV peak of the Feq 35(Si05)q g5 granu-
lar film is much weaker, although these
samples have been deposited in the same
conditions and exposed to atmospheric O,
for the same period of time. This leads to
conclusion that the Fe grains in film with
maximum magnetoresistance are more resis-
tant against oxidation and have more metal-
lic behavior than those in other samples.
This conclusion is confirmed by XPS spec-
tra measurements for the O 1s and Si 2p
peaks. In the O 1s spectrum (Fig. 4), the
main component at 531.5-532.7 eV is due
to SiO, and a very small shoulder at
530.5 eV results from Fe,O5 [13], in agree-
ment with the results of the Fe 2p spectra
(Flg. 3). The O 1s peak of Feo35(s|02)065
sample is more intense and shifted by
1.2 eV to higher binding energy. The native
oxide shows a large O 1s peak at 532.9 eV
[13, 14]. The Si 2pg 9 /9 spectrum exhibits
a main peak at 102.5 eV and a shoulder
around ~103.5 eV (Fig. 5). The main peak is
due to Si in SiO,, in agreement with the
accepted values [13]. No evidences for
silicides are observed. For Si in silicides,
the Si 2p BE should be about 1.0 eV lower
than that for metallic Si (99.8) due to the
more negative electron environment of the
silicides as compared to elemental Si, i.e.,
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~98.8 eV [13, 14]. This peak is more likely
due to metallic Si. We can see (Figs. 4, 5)
that the peak position of both Si 2p and O
1s shifts toward higher energy when the Fe
concentration in Fe,(SiO,),_, granular films
decreases.

Thus, the Fe,(SiO5),_, granular films
possess a large magnetoresistance attaining
about 3.7 % maximum for x = 0.35. The
tunnelling TMR effect appears at x < 0.45.
The x dependence of TMR ratio could be
explained phenomenologically by the dis-
tance between the nearest-neighbor grain
surfaces. A direct relationship has been
found between the behavior of the magneto-
optical properties and the magnetoresis-
tance effect in granular magnetic films at
various content of the ferromagnetic phase.
The energy shift of Si 2p and O 1s core-
level determined by XPS shows that the Fe
grains react with O released from SiO,. The
oxidation rate of Fe grains is higher in
films with smaller TMR values.
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TMO, MPE Ta pentreHiBcbka (poToeIeKTPOHHA
cIleKTpockonia rpanyaapaHux niaisok Fe,(SiO,),_,

B.I' 'Kpaseuyws, JI.B.Ilonepenxo, K.JI.Binnivenro

Maruirai rpanynapui niaisku Fe,(SiO,),_, i3 smicToM Meramy, HMMXYUM 32 IIE€PKOJIANiH-
HHUH OOpir, MOCHiIKyBaJiKCh 34 JOIOMOIOI0 TYHEJILHOI'0 MarHiToomopy, Mar"HiropedpaKkTus-
HOro eexTy Ta PEeHTreHiBChbKOI (hoToeleKTPOHHOI cmeKTpocKomii. MaxkcumasbHe 3HAUYEHHS
maruiToomopy 3,7 % upm KimuHartHi#i Temmeparypi Oymo B3HaigeHO IiaA ILIiIBOK
Fe0135(Si02)0,65. ExcnepuMeHTAIbHI pe3yJbTaTH Ta TEOPETUUYHUI aHAJII3 MOKa3yIOTh KOPeJd-
miro Misk TyHenbHuM MarHiToomopom (TMO) ta marmitTopedpaxTuBHuUM edextom (MPE). Ile
nosBosige BukopucroByBatu MPE nna 6eskonHTakTHOTo BuMiproBaHHA TMO. Ximiunuit ckian
mosepxHi maiBok Fe,(SiO,),_, amamisyBaBca sa Zomomoroxo peHTreHiBchKOi (poToeeKTpOHHOI
crekrpockonii (P®C) ra mopisHoBaBca 3 manumu auas nosepxonb SiO, i Fe. PDC-cuexrpu
rpanyspoBanux maiBok Fe (SiO,), , xapakrepusyioThcs ABOMa cMyramu npu emepriax 707
ta 720 eB, Aki BigmoBizaooTh eHepreruunuM piBHaM Fe 2p3/2 ta Fe 2P1/2- Takoxk cmocrepi-
raBcs HesHAUHWH MakcumyMm mpu 710,5 eB saBpaxku BHecky Fe,Os.
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