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Abstract—The transmission coefficient of films of CO51_5A119.5029, COSO‘QTi9‘1040_7, C05243Si12_2035‘5, and
(Cog 4Feq 6)4s(MgF)s, ferromagnetic metal-insulator magnetic nanocomposites exhibiting tunneling magne-
toresistance and the magnetorefractive effect for electromagnetic waves was studied in the frequency range 30—
50 GHz. The transmission coefficient of the first two compositions varies strongly under an applied magnetic
field, and its variation exhibits a linear correlation with the field dependence of magnetoresistance. For the other
two compositions, the transmission coefficient does not depend on magnetic field. The data obtained are inter-
preted in terms of the concept of microwave spin-dependent tunneling. © 2005 Pleiades Publishing, Inc.

The high-frequency properties of metallic multilay-
ers with giant magnetoresistance have been studied
over a fairly broad frequency range (see [1-6] and ref-
erences therein). Magnetization of multilayers gives
rise not only to a substantial reduction in resistivity but
also to a change in the permittivity. As a consequence,
the impedance and optical properties of multilayers
become dependent on magnetic field. In the optical
range, this phenomenon was termed the magnetorefrac-
tive effect [6], and in the radio-frequency and micro-
wave ranges, high-frequency magnetoresistance or
magnetoimpedance [1-5]. Similar effects are also
expected to occur in systems with a considerable mag-
netoresistance of any type, including systems with tun-
neling magnetoresistance (TMR). Ferromagnetic
metal-insulator nanocomposites with a metal content
near the value corresponding to the percolation thresh-
old, as well as magnetic trilayer and multilayer systems
with tunneling barriers, belong to TMR systems. Inves-
tigation of the microwave properties of these systems
will make it possible to determine the mechanisms of
spin-dependent tunneling, establish the frequency dis-
persion of conductivity, check the recent concept of
magnetocapacitance [7], determine the possible opera-
tional range of spintronic devices based on TMR sys-
tems (for example, spin filters, magnetic storage
devices, magnetic sensors), and suggest new possible
areas of their application [6]. Recent studies of the
magnetorefractive effect (MRE) in reflection per-
formed in nanocomposites in the near IR region [6, 8,
9] have confirmed the existence of spin-dependent tun-
neling up to optical frequencies. The present paper
reports on an experimental study of the transmission of

millimeter-range electromagnetic waves (30-50 GHz)
through films of ferromagnetic metal-insulator mag-
netic nanocomposites possessing TMR.

As subjects for the study, we chose films of nano-
composites of various compositions with metal con-
tents in the immediate vicinity of the percolation
threshold. The techniques employed in the preparation
and structural characterization of the samples are
described in [8, 9]. The composition, film thickness d,
residual electrical resistivity p (H =0), TMR parameter

 p(H=0)—p(H)
APlp = =S =)

reflection { = AR/R =

, and MRE parameter in

R(H =0)-R(H)
R(H =0)
a field H = 1.5 kOe, as well as the relative changes in
o . AD D(H=0)-D(H)
the transmission coefficient D = D(H =0)
in the same field H = £1.5 kOe at 44 GHz, are listed in
the table. Because the reflectance R at optical frequen-
cies and the MRE depend strongly on the light fre-
quency V, the table specifies, for each composition, the
maximum values of the MRE at the corresponding fre-
quency, which were taken from [8—10]. Also presented
are the values of TMR in a field of £10 kOe; for sim-
plicity, we neglect a certain difference between the val-
ues of the corresponding parameters in a zero external
magnetic field and in the state with zero magnetization
(which occurs in a field equal to the coercive force). All
measurements were conducted at room temperature
with an in-plane field.

The microwave transmission coefficient D of nano-
composites in the range 30-50 GHz and its relative

measured in
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Parameters of the films under study

739

No. | Sample composition. | aole. % ADID,% | puQem | & (szfril R, )%
H=%10kOe | H=+15 kOe ’

1 | Cos sAljo 5O 1.91 9.2 5.08 228 29%10° | -0.9 (1100)

2 | Cosy,Tio 10407 2.02 5.8 2.42 1.6 6.1x10° | —0.7 (1030)

3 | Cosy3Si1n20sss 1.67 4.1 299 | Notdetected | 4.5x10% | +0.7 (1300)

4 | (CoyFeqe)ssMeF)sy 1 13 132 " ~10° ~1.3 (1000)

change under magnetization, AD/D, which can be
called the magnetoimpedance parameter in transmis-
sion, were measured using the open-resonator tech-
nique described in detail in [5]. It should be stressed
that, in contrast to the optical reflectance or transmit-
tance, the transmission coefficient relates to the ratio of
the wave amplitudes rather than the ratio of the intensi-
ties. We also studied ferromagnetic resonance (FMR) in
our samples in fields of up to 20 kOe. We note that, in
the frequency range 30-50 GHz, the FMR is observed
to exist only above 8 kOe, i.e., in fields considerably

stronger than those in the case of AD/D measurements.

The measured values of AD/D suggest several con-
clusions. First, the Cos; sAl 50,9 and Cosy,Tig Oy 7
nanocomposites exhibit considerable changes in the
transmission coefficient under magnetization, with the
magnetoimpedance parameter AD/D being of the order
of the TMR. A comparison of the field dependences of
AD/D and TMR (see Fig. 1) argues convincingly for the
observed effect being (as should be expected) a fre-
quency analog of the TMR. Because no FMR is observed
in our samples in the frequency range 30-50 GHz in
fields of up to 1.5 kOe, one can also conclude that this
effect is not related to the dependence of magnetic per-
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Fig. 1. (a) Magnetoimpedance at 44 GHz and (b) magnetoresistance of the Cos ,Tig 1040 7 and Cos; sAl g 50,9 nanocomposites.

2H,, is the distance between the maxima in magnetoimpedance an
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meability on magnetic field. Second, the magne-
toimpedance AD/D for these two compositions is only
weakly frequency-dependent (unlike the MRE). This
feature correlates with the magnetoimpedance mea-
surements carried out on metallic multilayers [4] and
corroborates the interference nature of the strong
dependence of the MRE on the frequency of light [8].
Third, the magnetoimpedance parameter for these sam-
ples turns out to be larger than the MRE. Finally, no
magnetoimpedance was detected in samples with the
compositions C0s,3517,0355 and
(Cog 4Fe6)45(MgF)s,, which exhibit appreciable MRE
and TMR; this result, at first glance, is at odds with the
concept of the magnetoimpedance being a frequency
analog of the TMR.

Let us show that these features of magnetoimped-
ance do find explanation within a simple model. In cal-
culating the impedance, we have to take into account
that, near the percolation threshold (x = x_), the electri-
cal resistivity of nanocomposites exceeds the resistivity
of conventional metals by 7 to 10 orders of magnitude
and increases strongly (by a few orders of magnitude)
when crossing over from metallic conduction (x = x,) to
tunneling and hopping transport (x < x,.).

As in [4], we neglect the difference between the
wave impedance of the insulating substrate and that of

free space Z = (uoleo)llz. Under these conditions, the

transmission coefficient of the air—film—air trilayer sys-
tem can be written as

b 27,7
27,Zcoshk,d + (Z2 + Z*)sinhkod

ey

where Z, = ([i/€)"” is the impedance of the nanocom-

posite and k, = i®(&,1,)"? is the wavenumber. For

microwave frequencies and far from the FMR region,
we can assume the magnetic permeability of the nano-

composite to be [1, = |, and, in the expression for the
complex permittivity

€ = €)— j——t (2

the second term is of the order of or less than the first
for the high-resistivity systems under study here (see

table). Considering the limiting case where 6(®)/me,
is a small parameter, we obtain from Eq. (1)

D = exp[— i%)d— (Bdm}

c 2me,
0! o ,6(®) )
= exp[—i—c—d}(l —;dm),
AD _ D(H)-D(H=0) _1d 14p

D D(H =0) T 2cepp’
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where we neglected the possible dependence of the
conductivity on frequency and set 6(®, H) = 1/p(H). It
should be pointed out that the above approximations
are too rough to be used in a quantitative description,
because the parameter 6(®)/®e, is not small for the first
two compositions in the table. We also cannot disregard
the frequency dependence of the conductivity (see dis-
cussion of the possible frequency dependence of the
conductivity of magnetic composites in [6]). Neverthe-
less, Eq. (4) offers an interpretation for the observed
relations. As follows from Eq. (4), the magnetoimped-
ance parameter AD/D and the TMR are linearly corre-
lated. Furthermore, the magnetoimpedance is inversely
proportional to the sample resistivity p. For the last two
samples in the table, which are located on the insulating
side of the percolation transition, the resistivity exceeds
that of the first two samples by about four orders of
magnitude. Therefore, the parameter AD/D for the
former samples is negligible, despite the fact that the val-
ues of MRE and TMR for them are higher. Equation (4)
also shows that the parameter AD/D is of the same sign
as the TMR and is not larger than the TMR. All these
conclusions fit the results displayed in the figure and in
the table. The frequency dependence of the conductiv-
ity and of the magnetoimpedance parameter of mag-
netic nanocomposites over a broader frequency range,
as well as the problem of quantitative description of the
experiment, will be treated in a future publication.

We can conclude that the giant magnetoimpedance
of nanocomposites at 30-50 GHz is a consequence of
microwave spin-dependent tunneling and is observed
only in compositions on the metallic side of the perco-
lation transition.
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