ISSN 0031-918X, Physics of Metals and Metallography, 2020, Vol. 121, No. 12, pp. 1137—1167. © Pleiades Publishing, Ltd., 2020.
Russian Text © The Author(s), 2020, published in Fizika Metallov i Metallovedenie, 2020, Vol. 121, No. 12, pp. 1239—1270.

ELECTRICAL AND MAGNETIC

PROPERTIES

Transmission of Microwaves
through Magnetic Metallic Nanostructures

A. B. Rinkevich* *, E. A. Kuznetsov~*, M. A. Milyaev*, L. N. Romashev®, and V. V. Ustinov*
Mikheev Institute of Metal Physics, Ural Branch, Russian Academy of Sciences, Ekaterinburg, 620108 Russia
b Russian State Vocational Pedagogical University, Ekaterinburg, 620012 Russia
*e-mail: rin@imp.uran.ru
Received July 21, 2020; revised August 11, 2020; accepted August 19, 2020

Abstract—The penetration of decimeter, centimeter, and millimeter electromagnetic waves through magnetic
metallic nanostructures is considered in this work. Detailed information on the microwave giant magnetore-
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sion of microwaves through nanostructures are considered.
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INTRODUCTION

The rapid development of physics of metallic
nanostructures began with the discovery of the giant
magnetoresistive effect [1, 2]. This effect is observed in
metallic nanostructures with at least two layers in
which the magnetic moments are ferromagnetically
ordered. Adjacent ferromagnetically ordered layers are
separated by a non-ferromagnetic layer: a spacer. The
thickness of the spacer is such that the adjacent ferro-
magnetic layers are coupled by exchange interaction.
In nanostructures of different types (superlattices,
spin valves, three-layer nanostructures, etc.), a differ-
ent magnetic structure is realized that can be con-
trolled by a magnetic field. The control of the electron
spin in structures of reduced dimension is the subject
of a modern field of science: spintronics [3—6]. The
strong dependence of the electrical resistance of
metallic nanostructures on the magnetic field quickly
found practical application in many fields of technol-
ogy, primarily in sensors and magnetoresistive mem-
ory devices. Therefore, the question immediately
arose about the frequencies to which the giant magne-
toresistive effect (GMR) can be realized and whether
it can be realized in the microwave range and in optics.
The answer to these questions was given in subsequent
works. The fact that the GMR effect is realized with
microwaves was established in [7, 8], and it was pro-
posed in [9] to apply a method of transmission of
microwaves through a nanostructure, which proved to
be very effective. This effect in the microwave fre-
quency range has been called the “microwave giant
magnetoresistive effect” (WLGMR). The GMR effect
was also observed for infrared radiation [10]. In this
review, we will focus mainly on the specifics of the
WGMR in relation to decimeter, centimeter, and mil-

limeter waves, i.e., to frequencies from ~0.5 to
~100 GHz. A review of early works on the uGMR was
published in 2009 [11]. For more than ten years since
then, new lines of research in this area have emerged
and substantially new experimental material has been
accumulated.

The structure of this review is as follows. First, we
present the results on the interlayer exchange interac-
tion and the “usual” GMR, i.e., GMR measured at a
direct or low-frequency current. Then, we give some
information on the growth and certification of metal-
lic nanostructures and on their magnetic and magne-
toresistive properties. These issues are related to the
main topic of this review, and the presentation of them
here is far from being complete. The purpose of dis-
cussing them in this review is to give general under-
standing of these problems and to provide the neces-
sary references. Next, we disclose the physics of the
microwave transmission method, and indicate the
parameters of the nanostructure on which the trans-
mitted and reflected signals depend and give a brief
description of the equipment used to implement the
method. In section “Transmission of microwaves
through metallic nanostructures of different types.
Microwave magnetoresistive effect” we present the
main experimental results obtained to date by the
microwave transmission method. In the subsequent
sections, we describe the results of studying the
WGMR in several special cases, namely, in the case of
reflection of microwaves from a nanostructure and the
microwave magnetoresistive effect when a current
flows across the plane of the nanostructure layers.
Next, we present the results on the ferromagnetic res-
onance and spin-wave resonance observed in nano-
structures along with the uGMR. The uGMR effect
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on the microwave refractive index has been studied
quite recently.

1. INTERLAYER
EXCHANGE INTERACTION

In this section, we will present necessary informa-
tion on the interlayer exchange interaction in nano-
structures. The main types of magnetic ordering of
layers in nanostructures will be indicated, the concept
of bilinear and biquadratic exchange will be given, and
exchange constants will be introduced.

For a phenomenological description of the mag-
netic and magnetoresistive properties of superlattices,
the following expression for the exchange energy of
two ferromagnetic layers separated by a spacer is used:

_; MMy (MM,)’
1 2 2
MM, " (MM,)

where M, and M, are the magnetizations of the ferro-
magnetic layers and J; and J, are the parameters of the
bilinear and biquadratic exchange interaction. The
value and the sign of the exchange constants in (1)
depend on the layer thickness. In the absence of an
external magnetic field, various types of magnetic
ordering of adjacent ferromagnetic layers are possible:
parallel, antiparallel, and noncollinear [12]. A micro-
scopic theory of interlayer exchange interaction was
developed in [13]. The exchange parameter has an
oscillating dependence on the thickness of the non-
magnetic interlayer d,, as in the Ruderman—Kittel-
Kasuya—Yosida indirect exchange model [14—16]. In
this model, the exchange parameter depends on the

E. =

ex

(1)

spacer thickness as follows: J; ~ sin(2de,,)/ d} ;where
kg is the Fermi wavenumber in the spacer material.
Depending on d,, the sign of the exchange parameter
can be either positive or negative. In the first case, the
ordering of adjacent ferromagnetic layers is parallel
and, in the second case, antiparallel. The first maxi-
mum of J; is usually found in the spacer at a depth of
about 1 nm, and the second maximum, 2—2.2 nm.

2. GIANT MAGNETORESISTIVE EFFECT

The giant magnetoresistive effect (GMR) was dis-
covered independently by Fert and Griinberg and their
co-authors in [Fe/Cr], superlattices [1, 2]. The effect
consists in a significant, by tens of percent, reduction
in the electrical resistance of superlattices when a
magnetic field is applied. This effect was studied in
superlattices made of various metals. The role of ferro-
magnets is played by iron, nickel, cobalt, and their
alloys, and the spacer material are metals V, Cu, Ag,
Cr, Au, Mo, Ru, Rh, Re, and Ir. The general objective
of the research was to create nanostructures with the
maximum GMR and a low magnetic field for the sat-
uration of the effect. Record-high values of magneto-
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resistance were obtained for Co/Cu and CoFe/Cu
superlattices [15, 17, 18]. Many studies have been per-
formed on superlattices and other nanostructures of
the Fe/Cr system. At present, practical use requires
nanostructures with a high maximum magnetoresis-
tance, in particular, the CoFe/Cu and NiFe/Cu sys-
tems [19, 20].

The physical cause of the giant magnetoresistance
of metallic nanostructures is spin-dependent scatter-
ing of conduction electrons. The highest magnetore-
sistance is realized in ferromagnetic metal/non-ferro-
magnetic metal pairs with the highest asymmetry of
spin-dependent scattering [21]. Most often, experi-
ments on measuring GMR are conducted in a variant
in which the electric current flows in the plane of the
nanostructure: this is the current-in-plane (CIP)
geometry. Some works use a different geometry: cur-
rent-perpendicular-to-plane (CPP) [22, 23]. In this
geometry, the electron drift creating the electric cur-
rent is perpendicular to the layers. As a result, the tran-
sition of electrons from layer to layer occurs more
often and, at the boundaries of the layers, the accumu-
lation of spins takes place. In the CPP geometry, the
GMR effect is greater than in the CIP geometry. The
theoretical description of the GMR effect for various
directions of current in the CIP geometry was carried
out in [24—26], and, in the CPP geometry, in [27]. A
semiclassical theory of the GMR, unified for the CIP
and CPP configurations, is presented in [28]. Exam-
ples of magnetoresistive dependences for nanostruc-
tures of various types will be given below, in Section 4.

3. GROWTH AND CERTIFICATION
OF METALLIC NANOSTRUCTURES

The GMR effect is realized in nanostructures in
which adjacent ferromagnetic layers are coupled by
exchange interaction. Therefore, the layer thickness
should be from tenths of nanometers to several nano-
meters. The main methods for obtaining metallic
nanostructures with such thin layers are molecular
beam epitaxy and magnetron sputtering [29]. Molecu-
lar beam epitaxy makes it possible to obtain single-
crystal samples. To obtain the maximum GMR, the
spacer thickness at the first maximum of the effect is
selected to be about 0.9—1.2 nm. To obtain a nano-
structure with a lower saturation field, the thickness of
the spacer at the second maximum of GMR, 2.0—
2.2 nm, is chosen. The top layer of the nanostructure
is made of a corrosion-resistant metal such as chro-
mium or tantalum. The magnetron sputtering method
makes it possible to quickly produce multilayer films
with a sufficiently high quality of the layered structure.
This method makes it possible to sputter targets of
complex composition, which makes it possible to cre-
ate superlattices based on double and ternary ferro-
magnetic alloys, as well as complex nonmagnetic and
antiferromagnetic alloys. Magnetron sputtering is
used to obtain polycrystalline nanostructures. The
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Fig. 1. Magnetization of a (100)MgO/[Fe g,Ni( 15(1.03)/
V(1.9)]190/Pd(6) superlattice.

structure of ferromagnetic layers and nonmagnetic
spacers depends on the composition, thickness, and
technology of buffer preparation [30, 31].

Let us list the main methods for characterizing fin-
ished nanostructures. Information on the structure,
frequency, and the state of the interfaces is provided by
electron microscopy, as well as X-ray and neutron
scattering methods. The superlattice period, i.e., the
total thickness of the ferromagnetic layer and spacer is
determined by small-angle X-ray diffraction. X-ray
diffraction makes it possible to determine the type of
crystal structure, the lattice parameters, and the pres-
ence and orientation of the texture. Electron micros-
copy makes it possible to determine whether a sample
is a single crystal or a pseudo single crystal. In the lat-
ter case, it is possible to determine the lateral sizes of
crystallites and the state of the boundaries between
them. It is also possible to determine the crystallo-
graphic orientation of crystallites and other character-
istics of the structure. Neutron diffraction methods
are used to decipher the magnetic structure of super-
lattices [32, 33]. Scanning probe microscopy tech-
niques such as tunneling microscopy and atomic force
microscopy are used to characterize the surface relief
of nanostructures. The domain structure is investi-
gated by scanning magnetic force microscopy.

4. MAGNETIC
AND MAGNETORESISTIVE PROPERTIES
OF METALLIC NANOSTRUCTURES

In this section, we will describe methods for study-
ing the magnetic and magnetoresistive properties of
metallic nanostructures, as well as the measurement
conditions (temperatures, fields, and measured quan-
tities, as well as their use for analyzing microwave
properties). Characteristic magnetization curves and
magnetoresistive dependences for various types of
nanostructures will be presented.
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Fig. 2. Magnetization of superlattices and their approxi-
mation.

It is advisable to measure the magnetic properties
using a SQUID magnetometer. Since the total thick-
ness of the ferromagnetic layers is small and ranges
from a few to one-two hundred nanometers, the con-
tribution of a dielectric substrate several tenths of a
millimeter thick is very significant and should be taken
into account. Figure 1 shows the magnetization curve
of a (100)MgO/[Fe,,Niy,5(1.03)/V(1.9)],00/Pd(6)
superlattice for the direction of the magnetic field
along the [100] axis of the substrate [34]. In the super-
lattice in the absence of an external magnetic field,
there is a parallel ordering of the adjacent Fe; ¢,Nij 5
layers.

Figure 2 shows the magnetization curves of four
samples of Fe/Cr superlattices, the layer thickness of
which is given in Table 1. The table also presents some
characteristics of the magnetization curves: saturation
magnetization M, and saturation field H..

The magnetization curves M(H) shown in Fig. 2,
for not too weak magnetic fields, can be approxi-
mated by a third-degree polynomial as an implicit
function of H:

H =AM + BM°, H<H,,

(2)
M=M, H>H,

The possibility of approximation (2) is due to the
form of expression (1) for the exchange energy in the
biquadratic exchange model [35]. For a superlattice
with an infinite number of periods, the approximation
parameters A and B in formula (2) are expressed via
the exchange constants J; and J,:

4J, —8J, _16J,
denM; "~ deyM’

where dpy is the thickness of the iron layers. The inter-

layer exchange constants calculated from the magneti-

zation curves for several superlattices are presented in
Table 1. The data obtained are in good agreement with

A= 3)
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Table 1. Characteristics of samples

RINKEVICH et al.

No. Sample M, kG H, kOe J,, erg/cm? J,, erg/cm?
1 [Cr(1.1)/Fe(1.06)]5,/Cr(8)/MgO 1.62 20 0.75 0.12
2 |[Cr(1.1)/Fe(0.9)]40/Cr(8.5)/MgO 1.18 25 0.35 0.17
3 [Cr(1.2)/Fe(2.3)],6/Cr(7.7)/MgO 1.7 12.6 0.76 0.24
4 |[Cr(1.3)/Fe(2.4)]5/Cr(8.2)/MgO 1.65 12.0 0.82 0.18

the results of [36], where, for a [Fe(2.1)/Cr(1.04)],,
superlattice, the values J;, = 0.4 erg/cm? and J, =
0.23 erg/cm? were obtained. Information on the
exchange constants of superlattices of the [Fe/Cr],
system is given in [37—39].

The electrical resistance of samples of nanostruc-
tures is measured by the four-contact method. It is
convenient to characterize the magnitude of the effect
by the relative magnetoresistance

r= [R(H) —R(0)]/R(0), 4)

where R(H) is the resistance of the sample in a mag-
netic field H. At room temperature, r reaches tens of
percent. Magnetoresistive dependences for several
[Fe/Cr],, superlattices are shown in Fig. 3. As a rule,
the giant magnetoresistance of metallic superlattices is
negative. The magnetoresistance is saturated in strong
fields. In superlattices with parallel ordering of adja-
cent and nearby layers, the saturation field H, is rela-
tively small. In such superlattices, the relative mag-
netoresistance at saturation is no more than a few
percent.

The relative magnetoresistance defined by for-
mula (4) is close to zero if R(H) = R(0) and close to —1
if R(H) <€ R(0). In the latter case, it is more convenient
to define r as

r= (R(H)=R)/R., (4a)
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Fig. 3. Magnetoresistive dependence of superlattices
nos. 2—4.
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where R, is the resistance in a magnetic saturation
field. The results of measuring the magnetoresis-
tance of two samples of superlattices of the
(CoFe)/Cu system, prepared by magnetron sputter-
ing, are shown in Fig. 4 [31, 40]. The highest mag-
netoresistance of 78% is possessed by the
Ta(5)/RuCr(5)/[CogsFe,(1.5)/Cu(0.95)],4/Ta(5) sam-
ple (Fig. 4a). The spacer thickness for this sample is
0.95 nm, which is close to the first maximum of
the GMR.

The magnetic saturation field for this sample is about
7.5 kOe. The Ta(5)/RuCr(5)/[CoggFe»(1.3)/Cu(2.05)]s/
CogFe5(1.3)/RuCr(3) sample (Fig.4b) also exhibits a
very high magnetoresistance of about 25%, and satu-
ration occurs in much weaker fields of about 400 Oe.
For this sample, the spacer thickness falls on the sec-
ond maximum.

5. MICROWAVE
TRANSMISSION METHOD

Studying the high-frequency characteristics of
magnetic nanostructures is one of the important tasks
of spintronics and magnonics. Both planar nanostruc-
tures and laterally limited objects are investigated. The
use of spintronic effects to control the propagation of
spin waves provides new opportunities for the imple-
mentation of nano-oscillators, as well as for the con-
version of spin currents into electric currents and vice
versa [41—43]. In this section, we will present sche-
matics of methods for measuring the transmission of
microwaves through nanostructures and list the mea-
sured parameters. A theoretical analysis of the method
will be given, limiting cases will be considered, and a
comparison of the techniques used by different
research groups will be made.

The WGMR effect was discovered using the mag-
netic resonance technique [7, 8]. In the traditional
form of this method, the sample is placed in a micro-
wave resonator, and changes in the resonant frequency
and the Q-factor are recorded [44]. As a rule, mea-
surements are carried out in a modulation mode,
when an alternating magnetic field is superimposed on
a constant one. Therefore, the received signal is pro-
portional to the derivative of the measured quantity
with respect to the magnetic field. It was found in [7]
that in addition to the ferromagnetic resonance lines,
a three-layer Fe/Cr nanostructure exhibits anomalies,
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the position of which does not depend on the fre-
quency, but corresponds to a field with the steepest
magnetoresistive characteristic. The authors of [7]
related these anomalies to the Joule loss in the metallic
nanostructure and, therefore, to the GMR. This tech-
nique does not allow us to investigate all the important
magnetoresistive characteristics. In particular, it is dif-
ficult to quantify the microwave magnetoresistive
dependence. Nevertheless, this technique has been
used for experimental research for many years, not
least due to the fact that measurements can be per-
formed on standard certified equipment. In particular,
this method was used in [45—47]. A significant disad-
vantage of this technique is that the microwave fre-
quency is fixed due to the use of a high-Q resonator.
The use of a modern network analyzer makes it possi-
ble to work not with a resonator, but with a segment of
a transmission line, e.g., a strip line, and perform
measurements in a frequency range [48, 49].

The state of the art study of the UGMR effect began
with the work [9], in which the technique using the
penetration of microwaves through a nanostructure
was successfully applied. The penetration of micro-
waves through thin metal films was considered in the
literature earlier [50]. It was shown in [9] that the rel-
ative change in the microwave transmission coeffi-
cient is equal to the relative magnetoresistance mea-
sured at direct current. It should be noted that the
transmission of microwaves through thin metal films
is used to find the conductivity at a known film thick-
ness, or, on the contrary, to determine the film thick-
ness at a known conductivity [51].

A consistent presentation of the microwave trans-
mission method for studying WGMR is given in
[11, 52, 53]. The issues of the joint study of the ferro-
magnetic resonance (FMR) and uGMR are consid-
ered in [54]. An original technique for studying the
WGMR, applicable to the case of decimeter waves, was
proposed in [55]. A modification of the transmission
method for the quantitative measurement of micro-
wave magnetoresistance at centimeter and millimeter
wavelengths is considered in [56]. It was found that the
WGMR effect can be observed in a wave reflected from
a nanostructure [57—59]. This version of the tech-
nique is detailed below, in Section 7. The uGMR
effect on infrared radiation is considered in [60—63].
Below, we will consider a technique using the trans-
mission of microwaves through a metal nanostructure
and discover what information about the properties of
the nanostructure can be extracted from such mea-
surements. The presentation will follow [9, 54, 64].

Microwave measurements are performed at fre-
quencies ffrom ~8 to ~70 GHz using equipment capa-
ble of producing microwaves and measuring their
amplitude or power, such as a vector or scalar network
analyzer, or measuring the frequency response func-
tion (FRF) and standing wave ratio (SWR).
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Fig. 4. Giant magnetoresistive effect in [CoFe/Cu],, super-

lattices with record-high magnetoresistance: (a) Ta(5)/
RuCr(5)/[CoggFe,(1.5)/Cu(0.95)],4/Ta(5) sample and

(b) Ta(5)/RuCr(5)/[CoggFe ,(1.3)/Cu(2.05)]g/CoggFe»(1.3)/
RuCr(3) sample.

The sample is placed in a mandrel with the same
dimensions as the flange of a standard waveguide and
with the same mounting holes [11, 59, 64]. A mandrel
with a sample is placed between the flanges of a stan-
dard rectangular waveguide across it so as to com-
pletely cover the cross section. The gaps between the
sample and the mandrel are filled with conductive
glue to prevent spurious leakage of the field around the
sample. A possible schematic diagram of microwave
measurements is shown in Fig. 5.

The output signal from the oscillator of the fre-
quency response meter is fed to the coaxial-waveguide
junction that excites the TE,, wave in the waveguide 1.
The waveguide of the selected section is used in the
frequency range in which only the TE,, mode can
propagate. The wave incident on nanostructure sam-
ple 4 partially reflects from it and partially passes
through. Through directional couplers 3, the trans-
mitted and reflected waves fall on the inputs of the fre-
quency response meter. The transmitted wave partially
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Fig. 6. Schematics of field orientation when placing a nanostructure sample in a waveguide.

falls on the absorber 5 to prevent unwanted reflection.
The sample of a metallic nanostructure creates a sig-
nificant inhomogeneity in the waveguide that is
expressed in a high value of SWR > 1. Therefore, it is
very important that the sample be the only significant
inhomogeneity in the transmission line. A magnetic
field H with a strength up to 12 kOe is generated by the
electromagnet 2. The magnetic field lies in the plane
of the sample, and two orientations of the constant
field can be realized: H//H_.and H L H_, where H.. is
the microwave magnetic field vector. The layout of the
fields is shown in Fig. 6. The microwave electric field
E._ lies in the plane of the sample.

The absolute value of the transmission, D, and the
reflection, R, coefficients and their changes in the mag-
netic field are measured. The relative changes in the coef-
ficients are defined as d., = [|D(H)| — |D(0)[]/|D(0)|, where

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 121

|D(H)| is the absolute value of the transmission coeffi-
cient and r,, = [|R(H) — |R(0)|]/|R(0)|, where |R(H)| is the
absolute value of the reflection coefficient.

Based on the analysis of the propagation of electro-
magnetic waves in a magnetized ferromagnet carried
out in [65], let us describe the scheme of calculating
the transmission and reflection coefficients. In this
version of the calculation, it will be taken into account
that the .GMR effect influences the microwave char-
acteristics D and R through the conductivity of the
nanostructure, skin depth, and complex wavenumber,
while the resonant changes in the transmission coeffi-
cient are caused by the resonance in the effective per-
meability of the ferromagnetic film. It should be noted
that a multilayer inhomogeneous nanostructure in the
calculation is replaced with a plate made of a homoge-
neous ferromagnetic metal of the same thickness and
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with effective parameters: conductivity and static and
dynamic permeabilities [66].

The complex wavenumber k& = k'— ik" of an elec-
tromagnetic wave is defined by the formula

k = VHer = iNHer Vl'LeR. (5)
)

Let us determine the quantities [,; and [, enter-
ing into expression (5). We write the equation of
motion for the magnetization in the Gilbert form:

a_Mz—nyH+&M><a—M, (6)
ot M ot
where M is the magnetization vector, H is the mag-
netic field strength vector, o is the dissipation param-
eter related to the Gilbert constant G by the formula

o= i Equation (6) can be linearized under the

assurYlptsion that the variable (microwave) components
of the magnetic field strength and magnetization in it
are small. As a result, we have the following expression
for the high-frequency permeability tensor:

noip, 0
f=-n, o 04, (7)
0 0w

where U =1+4my, W, =4ny,, and W, =1+ 4my,.
Here,

X=xX-ix"=vyM
O [coi, —(l—ocz)coz] - iocw[oﬁ, +(1+ o) 0321 (8a)
D
Xa = Xa = Xa
_ yM(n[uﬁl —(1+ 0(2)0)2} — 2000, ’ (8b)
D
where ® is the angular frequency, D =

[wi, —(1+0c2)c02]2 + 40(2(02032, and wy, = yH. The

magnetic field H is parallel to the axis 0z.
The effective permeability for an electromagnetic

wave under the condition that k | H is defined by the
ratio

2
Mep = H = Ea, ©)
u

The wavenumber of a plane electromagnetic wave
propagating in a ferromagnetic medium is defined by

the formula k£ = Qxlecffueff, where the effective per-
c

mittivity €. and effective permeability |, are com-
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plex quantities: €.; = €. — i€y AN Wogr = Hegr — IHegr-
For a conductive ferromagnetic plate,

Eop < Eop = 4&. In this case, the wavenumber is
0]

k = %)\/_iznf(ueff - iHeff) = ? N =ilefr — Mer-
The square root of a complex quantity is a multivalued
function. Therefore, when finding a complex wave-
number, it is necessary to choose the solution that cor-
responds to the principle of limiting absorption.
According to [65], this gives the following result:

o \/|Heff| — Wiy — i\/ |Heff| + U
ik" = .
o

From (10), using the notation [t,; = |Wq| — Moy and

k =k'- (10)

Weg = |Uege| + Hegr, We obtain formula (5).
The impedance of a ferromagnetic medium is
mueff — kc — ikc

ke e 4nc
from which, using formula (5), we can obtain the
expression

defined by the relationships Z =

5 - e i iy

(1)
4n cd
The longitudinal wavenumber for the TE;, mode of

a rectangular waveguide for regions filled with a
dielectric medium with a relative permittivity €, and a

relative permeability |L,, is determined by the expres-
sion [67]

2
r=2/leun, - (E) , (12)
c ()]
where a is the width of the waveguide. The impedance

of an H-wave is expressed as Z = %. Substituting for-

c
mula (12) into this expression, we obtain

Z =1, [ssus - (%)ZF. (13)

Let us consider the transmission of an electromag-
netic wave through a system consisting of a conductive
ferromagnetic layer with a thickness d and a dielectric

substrate with a thickness d, (region 2), separating two
half-spaces. We assume that, in both of these half-

spaces, € =1 and |1, = 1. We denote the correspond-

ing wavenumber and the impedance as I', and Z,.
According to formulas (12) and (13), we obtain

1

2 2175

r,=2 1—(E) and Z, = [1 —(E) } * . Similarly,
C wa wa

for a dielectric layer with a thickness d, and a parame-
ter u, =1, we can introduce the notations I, =

7
{as —(E) } . The corre-

2
@ € —(E) and Z, =
wa

C 0a
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sponding characteristics I'; and Z; of the conductive

ferromagnetic layer with a thickness d are specified by
formulas (5) and (11).

The transmission and reflection coefficients D and
R depend on the ratio of the impedances of the nano-
structure, Z,,, and the ambient medium, Z;, as well as on
the ratio of the nanostructure thickness d and the skin
depth 6. Under the condition of the normal skin effect,
the impedance of the metallic nanostructure in the
effective medium approximation is Z,, = [(1 + i)/d]p,
where p is the electrical resistivity of the nanostruc-
ture, & = (2p/®Up,)"/? is the skin depth, and W is the
relative dynamic differential permeability. The
impedance of the waveguide in which the nanostruc-
ture is placed on the TE,, mode wave is determined
by the formula [67]

Z = (mye)” 1 — /1,117,

where A = ¢/fis the wavelength in vacuum and A, = 2a
is the critical wavelength of the TE,, mode wave.
According to [67], the coefficients D and R of an elec-
tromagnetic wave can be expressed as

(14)

Do 27,
27, coshk,d + Zsinhk,d’
27,coshk,d

+ )
27,coshk,d + Zsinhk,d

(15)
R=-1

where k, is the wavenumber in the conducting
medium and k,, = (1 + §)/8. The impedance of the
conducting nanostructure is lower than the imped-
ance Z, |Z,| < Z. If, in the denominator of Egs. (15),
2Z,coshk,d < Zsinhk,d, then the transmission and
reflection coefficients are expressed as

D=—2%n  p-_1+%Zncotmk d  (16)
Zsinhk,d VA

In this limiting case, the coefficients D and R
depend on the frequency, due to the frequency disper-
sion of the constants and the frequency dependence of
the impedance of the waveguide, Z. This dependence
of the impedance Z is weak, far from the cutoff fre-
quency of the waveguide, f, = c/ 2a. In particular, for-
mula (16) implies the one-to-one correspondence,
established in [9], between the GMR effect measured
at a direct current and the relative change in the trans-
mission coefficient if L = 1, i.e., the relationship

d

=T (17)

Formulas (15) are written for a thin metal plate.
Metallic nanostructures are usually grown on dielec-
tric substrates. Therefore, it is necessary to generalize

formulas (15) to the case with a substrate. Let us use
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the expressions for the transmission and reflection
coefficients of a three-layer system, found in [68]:

I+ 2,20 + 72,73 + Z,

D== . .
2"+ 27,7, +Z, 7" + Z, (18)
x exp[~i (@, + ¢3)],
rR=4"2, (19)
Z'+ Z,

where Z," is the input impedance of the nth domain,
0, = k,d, is the phase shift of the wave arising after the
wave passes through the nth domain, k, is the wave-
number in the nth domain, and d,, is the thickness of
the nth domain. The first domain is an empty wave-
guide, the second domain is a metallic nanostructure
with d, = d, and the third domain is a dielectric sub-

strate with d; =d,. The input impedances are
expressed as

Z, +iZtan@,
Z, +iZtang,

" =27, (20)
Z,(Z, — Zstan,tang,) + iZ, (Z,tan@, — Zstang,)

Z,(Z; — Ztan@,tan@; ) + iZ, (Zstang, — Z,tan;)

In formula (20), Z;, = Z is the impedance of the
waveguide at a given frequency, Z, = Z,, is the imped-
ance of the metallic nanostructure, and Z; is the
impedance of the substrate. The application of the
above procedure to a system of several layers is consid-
ered in [69].

There are several more variations of the transmis-
sion method. One of them, in which radio frequency
or microwave currents flow across the layers of the
nanostructure, will be discussed below. In addition,
there is a technique in which a nanostructure sample
is parallel to the waveguide axis [70—72]. In this case,
a traveling electromagnetic wave propagating along
the nanostructure arises. Consideration of this tech-
nique is beyond the scope of this review. We only note
that such an arrangement of the nanostructure can be
used to measure high-frequency giant magnetoresis-
tance [73] and to construct microwave devices [74].

Z"=2; 2, =7,

6. TRANSMISSION OF MICROWAVES
THROUGH METALLIC NANOSTRUCTURES
OF DIFFERENT TYPES. MICROWAVE
MAGNETORESISTIVE EFFECT

As noted above, the microwave giant magnetore-
sistive effect was discovered in [7]; the experiments
were conducted on a magnetic resonance spectrome-
ter. After the publication of [9], where the transmis-
sion method was successfully used, a significant num-
ber of studies on the u.GMR were carried out. The cur-
rent state of research was reviewed in [11] and in a brief
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review [75]. In this section, we will present the experi-
mental results on the transmission of microwaves
through various types of metallic nanostructures:
superlattices with solid layers, three-layer systems, and
cluster-layered structures. The specificity of the trans-
mission of waves through nanostructures made of dif-
ferent materials: Fe/Cr, Co/Cu, AgPt/Co, FeCo/Cu,
and FeNi/V, will be considered. A comparison
between the LGMR and GMR will be made. First of
all, let us analyze formulas (15) from the standpoint of
the accuracy of the fulfilment of relationship (17).

In the Ilimiting case, when the inequality
2Z,cosh(k,d) < Z sinh(k,d) in the denominator of
Eq. (15) holds and equality (17) is satisfied, the relative
change in the transmission coefficient in a magnetic
field does not depend on the total thickness of the
metal in the nanostructure. At the same time, there is
such a dependence in Egs. (15). Let us perform
numerical calculations of the {GMR in the transition
region, when 27, cosh(k,d) < Zsinh(k,d). The calcu-
lations will be performed for a nanostructure with high
conductivity in zero field, 6(0) = 1.26 x 10 S/m. We
assume that the nanostructure has a magnetoresis-
tance similar to that shown in Fig. 7a. The maximum
magnetoresistance of —25% is achieved at magnetic
saturation in fields above 8 kOe. The nanostructure
was grown on a substrate with a thickness d, = 0.3 mm
and a permittivity €, = 5.0. We assume that the magne-
toresistance remains the same as shown in Fig. 7a as
the total thickness of the metal of the nanostructure d
changes. The result of calculating L{GMR by formula (15)
for different thicknesses d of the metal in the nano-
structure is shown in Fig. 7b. It can be seen that, at d >
50 nm, the equality of _(GMR and GMR is quite accu-
rate; with decreasing thickness, at d ~ 20 nm, uGMR
decreases and the equality is satisfied only approxi-
mately; and a further decrease in d leads to a very sig-
nificant decrease in UGMR.

In the reflected signal, the picture of changes is dif-
ferent. First, as d decreases, LGMR increases, reaches
a maximum at d = 3 nm, and then decreases. The
dependence of the maximum change in the transmis-
sion and reflection coefficients on the metal thickness
d is shown in Fig. 7c. Let us now consider the results
of experimental studies of WLGMR for several superlat-
tice systems.

Fe/Cr System

The Fe/Cr system has been studied in most detail,
starting with [7—9]. A detailed description of the phys-
ical causes of the change in the transmission coeffi-
cient in a magnetic field is given in [52]. Examples of
dependences of the transmission coefficient on the
magnetic field at the tGMR for nanostructures of var-
ious types are given in [76].

Let us first consider the uGMR effect for superlattices
with solid layers. In a [Cr(1.8)/Fe(2.8)],,/Cr(7.7)/MgO
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Fig. 7. Field dependence: (a) DC magnetoresistance of a

nanostructure with conductivity 6(0) = 1.26 x 10° S/m;
(b) transmission and reflection coefficients at a frequency
f=32 GHz, calculated for several thicknesses of the nano-
structure; and (c) relative changes in a field of 12 kOe vs.
the thickness of the nanostructure.

superlattice with a saturation field of about 4.5 kOe, in
addition to a monotonic decrease in the transmission
coefficient, caused by the WGMR, a transmission
minimum due to the FMR was observed. Figure 8
shows the dependences d,,( H) measured at frequencies
from 30 to 38 GHz. It should be noted that the nonres-
onant part of the relative change in the microwave
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Fig. 8. Variation in the microwave transmission coefficient
for a [Cr(1.8)/Fe(2.8)]1,/Cr(7.7)/MgO sample in a con-
stant magnetic field for the case of HLH.. at various fre-
quencies.

transmission coefficient, caused by the WGMR, is
somewhat lower than the relative magnetoresistance,
which reaches —7.7% in saturation.

Investigations of microwave transmission for the
casesof H// H. and H 1L H.. were also carried out on
a [Cr(1.1)/Fe(0.9)]4,/Cr(8.5)/MgO superlattice with
thin Fe layers (Fig. 9a) and on cluster-layered nano-
structure [Cr(1.1)/Fe(0.4)]5,/Cr(8.5)/MgO (Fig. 9b).
For a sample with thin layers, a weak resonance mini-
mum is observed at H L H_. No resonant changes
were observed in a cluster-layered Fe/Cr nanostruc-
ture. Figure 9 also shows the dependence of the mag-
netoresistive effect GMR. In all cases, outside the
FMR region, an approximate equality of the .GMR
and GMR is observed.

It was shown in [77] that the magnetoresistance of
cluster-layered Fe/Cr nanostructures with thicknesses
of the Fe layer below the percolation threshold
depends linearly on an external magnetic field strength
in a fairly wide range of fields and is almost indepen-
dent of the direction of the field. Another feature of
cluster-layered Fe/Cr nanostructures with Fe cluster
layers is that the temperature coefficient of electrical
resistivity can change sign, just as in alloys with the
Kondo effect.

The magnetic, magnetoresistive, and high-fre-
quency properties of Fe/Cr nanostructures with thick-
nesses of the Cr layer both above and below the perco-
lation threshold were studied in [78]. The percolation
threshold of Fe/Cr nanostructures grown by molecu-
lar beam epitaxy appears at layer thicknesses of ~(0.4—
0.5) nm and strongly depends on the quality of the
substrate surface. In nanostructures with thicknesses
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Fig. 9. Field dependences of static magnetoresistance (r)
and microwave transmission coefficient (d,,) at a frequency
of 36 GHz for the cases of H//H.. and H L H.. for multilayer
Fe/Cr samples: (a) [Cr(1.1)/Fe(0.9)]40/Cr(8.5)/MgO super-
lattice; (b) cluster-layered [Cr(1.1)/Fe(0.4)]5,/Cr(8.5)/MgO

nanostructure.

of the Cr layer below the percolation threshold, the
WGMR is practically absent. In Fe/Cr superlattices
with thin Cr layers, the microwave analogue of the
giant magnetoresistance effect is observed regardless
of whether the direction of the constant magnetic field
H is parallel or perpendicular to the plane of the
microwave magnetic field H.. The magnetoresistance
of metallic multilayer Fe/Cr nanostructures is nega-
tive; the microwave transmission coefficient also
decreases due to the presence of the utGMR effect ina
magnetic field (see Fig. 10).

It can be seen from Fig. 10a that the relative change
in the microwave transmission coefficient has a field
dependence similar to the GMR.
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Fig. 10. (a) Field dependence of the transmission coefficient
through a [Cr(0.7nm)/Fe(2.6nm)];,/Cr(6.5nm)/Al,0O5
nanostructure, measured at several frequencies for H//H . ;
(b) microwave GMR and magnetic resonance for the same
nanostructure; and (c) comparison of microwave magne-
toresistance and DC magnetoresistance.

The observed changes in the transmission coeffi-
cient arising from the presence of the A\GMR effect in
the nanostructures under consideration have a weak
frequency dependence.

Let us consider the frequency dependence of the
WGMR for Fe/Cr superlattices. Figure 11 shows the
frequency dependence of the relative change in
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Fig. 11. Frequency dependence of the relative change in
the transmission coefficient through the samples of Fe/Cr
superlattices: (No. 1) [Fe(2.3)/Cr (1.9)]1,/Cr(8)/Al,03;
(No. 2) [Fe(0.9)/Cr(1.1)]49/Cr(8.5)/Mg0O; (No. 3)
[Fe(0.4)/Cr(1.1)]50/Cr(8.5)/MgO; and (No. 4)
[Fe(2.3)/Cr (1.2)];4/Cr (7.7)/MgO.

the transmission coefficient (d,,)..« through several
samples of Fe/Cr superlattices with different thick-
nesses of the Fe and Cr layers, measured in a magnetic
field of 12 kOe [79]. The field H = 12 kOe is chosen to
achieve a state close to magnetic saturation. It can be
seen from the figure that the frequency dependence of
these changes is weak. As a rule, the changes in the
microwave transmission coefficient are either equal to
or slightly less than the relative magnetoresistance.
The uGMR effect and measurements of the FMR and
the magnetization curve were used in [36] to deter-
mine the numerical values of the bilinear and biqua-
dratic constants of the interlayer exchange interac-
tion. The results of this work are partially presented
in Section 4.

Co/Cu System

The high-frequency magnetoresistance of Co/Cu
nanostructures was studied in [55, 80]. In [80], the
experimental technique was modified. The short side
of the waveguide where the sample was located was
made smaller, which slightly reduced the mismatch of
the microwave transmission line. The measurements
were carried out in a frequency range from 30 to
140 GHz with a [Co(1.0)/Cu(1.7)]5, superlattice. At
the highest frequencies, the microwave magnetoresis-
tance was lower than GMR, d,, < r. However, the
shape of the field dependence of the W GMR and
GMR turned out to be the same.

The microwave magnetoresistance of Co/Cu
nanostructures grown on single-crystal silicon sub-
strates was studied in [55]. In this work, an original
measurement technique was applied, suitable for fre-
quencies in the decimeter-wavelength range. A sample
in the form of a strip with a size of 0.3 X 6 mm was
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Fig. 12. Microwave magnetoresistance of Co/Cu nano-
structures: data from [55].

placed in a loop antenna, and the real and imaginary
parts of the impedance were measured. This technique
measures the apparent magnetoresistance that
includes the radiation loss. The dependence of the
apparent magnetoresistance on the magnetic field for
two crystallographic orientations of the substrate is
shown in Fig. 12. It can be seen that the magnetoresis-
tance at the maximum reaches 25%. This has been a
record-high for the uGMR for many years. Figure 13
shows the frequency dependence of the uUGMR at fre-
quencies up to 5.5 GHz. In general, the frequency
dependence of the UGMR is weak, but there is a trend
to a decrease in the effect with increasing frequency.
However, it should be noted that this trend is more
related to the measurement technique than to the
UWGMR.

CoFe/Cu System

Multilayer nanostructures of the CoFe/Cu system
are distinguished by high magnetoresistance. The
largest value of ~110% was obtained at room tempera-
ture in [Cog ¢sFey os/Cul,,o superlattices [81]. Despite
lower magnetoresistance, [Cogq¢Fe,,;/Cu], superlat-
tices are characterized by weak hysteresis and high
temperature stability, which is important for use in
sensors. For this type of superlattice, the maximum
value of the relative magnetoresistance of more than
80% was recently obtained [31].

Measurements of the UGMR effect in the trans-
mission and reflection of microwaves were performed
in [59]. In this work, the authors used samples of the
spin-valve type, obtained by magnetron sputtering,
Ta(10)/NiFe(3)/IrMn(6)/CoFe(t:.r.)/Cu(2.5)/CoFe(1)/
NiFe(2)/Ta(2), where the thickness of the CoFe #¢,p,
layer varied from 1.5 to 3.5 nm. In this work, a different
definition of the transmission coefficient was used. In
[59], following [50], the transmission coefficient d,
was defined as the ratio between the powers of trans-
mitted and incident waves. As a result, instead of (17),
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Fig. 13. Frequency dependence of _(GMR in Co/Cu nano-
structures: data from [55].

the relationship d;, = 2r was obtained. It is easy to check
that, for r << 1, this relationship is equivalent to (17).

The microwave transmission method was used in
[82] to study the UGMR effect in [Co,qFe,,;/Cul,
superlattices. Samples of superlattices, the magnetore-
sistance of which is shown in Fig. 4, were used. The
results of microwave measurements are compared with
the GMR measurements in Fig. 14. It follows from
Fig. 14 that, for the system under consideration, rela-
tionship (17) is satisfied approximately, namely, the
values of L\GMR and GMR are approximately equal
and the saturation fields also coincide. Here, the rela-
tive change in the transmission coefficient is intro-
duced by analogy with (4a). At present, the ~78%
change shown in Fig. 14b are record-high for the
WGMR effect.

FeNi/V System

Nanostructures with vanadium layers are interest-
ing for the possibility of regulating the interlayer
exchange interaction due to their saturation with
hydrogen [83, 84]. Microwave measurements of the
transmission coefficient were carried out on
(Fey 4,Niy 13)/V superlattices [34, 85]. For the uAGMR
and GMR effects to be noticeable, the magnetic
moments in the adjacent Fe,s,Ni; s layers must be
exactly or approximately antiparallel. It was found in
[84] that the GMR effect is observed at a thickness of
V layers from 12 to 15 monatomic layers. Antiparallel
ordering of magnetic moments is realized in a
(100)MgO/[Fe, ¢,Nij 15(1.47)/V(1.77)],5/Pd(6) super-
lattice. Here, the thickness of the vanadium layer is
12 monolayers. Figure 15 shows the field dependences
of the GMR and the dependences of the relative
change in the transmission coefficient, measured for
two orientations of the magnetic field: H // H. and
H 1 H_.. Microwave measurements were performed at
a frequency f= 37 GHz. The field dependences of the
WGMR and GMR have a similar shape. The magni-
tude of the WGMR in saturation is slightly higher than
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Fig. 14. Comparison of the field dependence of the micro-
wave transmission coefficient at a frequency of /=26 GHz
and the relative magnetoresistance of the sample:
(a) Ta(5)/RuCr(5)/[CoggFe5(1.3)/Cu(2.05)]g/CoggFe5(1.3)/
RuCr(3); (b) Ta(5)/RuCr(5)/[CoggFe(1.5)/

Cu(0.95)]4/Ta(5).

that of the GMR; nevertheless, the equality d,, = r is
approximately satisfied.

In addition, the \GMR has been measured in sev-
eral other systems. In [86], the LAGMR was studied in
films made of ferromagnetic metal-dielectric compos-
ites with compositions Cos; sAl;g 50,9, C0sy,Tig 0497,
Cos, 3511, ,035 s and (Coy 4Fey 6)45(MgF)s,. Microwave
measurements were performed at frequencies from 30
to 50 GHz. The results are compared with the data of
the magnetorefractive effect. For the first two compo-
sitions, strong changes in the microwave transmission
coefficient proportional to the GMR are observed.
For the other two compositions, the microwave trans-
mission coefficient is independent of the magnetic
field. The experimental results are interpreted taking
into account the fact that, in the nanocomposite,
besides the conduction currents, there are displace-
ment currents, and it is concluded that a giant magne-
toimpedance is observed only for such metal-dielec-
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Fig. 15. The uGMR effect upon microwave transmission
through a (Fe(gyNig1g3)/V superlattice: comparison
between GMR and microwave transmission for two orien-
tations of the magnetic field: H//H-and H L H...

tric nanocomposites in which the content of metal
particles exceeds the percolation threshold.

Microwave and magnetic properties of AgPt/Co
nanostructures were studied in [87]. For an (Ag +
Pt)(5.0)/[(Ag + P1)(3.0)/Co(0.5)];s (Ag + Pt)(5.0)
sample, it was found that the microwave magnetore-
sistance is the same for H // H_and H L H_ and is of
the same order as the negative magnetoresistance in
the GMR. In both GMR and puGMR, complete satu-
ration in a magnetic field up to 12 kOe is not achieved.

The transmission coefficient through a
[NigoFe,(5.0)/Cu(2.2)/Co(2.0)/Cu(2.2)]5 nano-
structure was studied in [10]. The measurements were
carried out in the infrared range with a wavelength of
10.6 um. It was established that the field dependence
of the transmission coefficient is similar to the depen-
dence for the GMR, but the changes in the transmis-
sion coefficient turned out to be several times smaller
than the GMR effect.

Summarizing the results of this section, we come to
the conclusion that the one-to-one correspondence of
the relative magnetoresistance and the change in the
microwave transmission coefficient has been con-
firmed experimentally more than once for Fe/Cr,
Co/Cu, AgPt/Co, (FeNi)/Cu, and (CoFe)/Cu nano-
structures. This correspondence is fulfilled both for
nanostructures with solid layers and for nanostructures
with discontinuities. This correspondence is observed for
spin valve nanostructures such as Ta(10)/NiFe(3)/
IrMn(6)/CoFe(dq.r.)/Cu(2.5)/CoFe(1)/NiFe(2)/Ta(2).
According to (17), the quantity d,, does not have a
strong frequency dispersion if there is no dispersion of
conductivity. The one-to-one correspondence is not
observed for metallic nanostructures with discontinu-
ous (cluster-layered) layers of a ferromagnetic metal,
for ferromagnetic metal-dielectric nanostructures
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Fig. 16. Dependence of the derivative of the magnetoresis-
tance with respect to the magnetic field and the microwave
reflection coefficient measured at a frequency of 70 GHz
for a sample of a Fe/Cr superlattice: data from [57].

with a concentration of metal particles below the per-
colation threshold, and for measurements in the infra-
red range.

7. MICROWAVE MAGNETORESISTIVE EFFECT
IN THE REFLECTION OF MICROWAVES

The UGMR effect in the reflection of microwaves
was experimentally observed for the first time in [57],
where the coefficient of reflection from a Fe/Cr
superlattice sample placed in the cross section of a
waveguide but not completely covering the waveguide
was measured. Using this technique, it is possible to
study the dependence of the reflection coefficient on
the magnetic field, to detect the pHGMR saturation
field, but it is difficult to quantify the \GMR. The
measurements in [57] were performed at a frequency
of 70 GHz using a modulation technique. The deriva-
tives of the reflection coefficient and electrical resis-
tance with respect to the magnetic field, obtained as a
result of measurements, are shown in Fig. 16. There is
a similarity of these dependences in a wide range of
magnetic fields. An exception is the region around 16
kOe, where the microwave signal has a resonant singu-
larity caused by the FMR.

The study of the LGMR was further developed in
[58, 88]. Experiments using the technique in which
the superlattice sample completely covers the cross
section of the waveguide were conducted. The shape
of the field dependence of the reflection coefficient
rather than its derivative was determined. Experiments
on the joint observation of the LGMR and FMR were
carried out, and a simple formula was derived making
it possible to calculate the changes in the reflection
coefficient from the nanostructure if the relative mag-
netoresistance is known. Further consideration of the
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WGMR effect in the reflection of microwaves will fol-
low [58, 88].

We begin our consideration with formulas (15) for
the transmission and reflection coefficients. We will
consider these formulas for the limiting case of d <€ &
that is realized on the decimeter, centimeter, and mil-
limeter waves. Two situations are possible, in which
one or another term prevails in the denominator of
Eq. (15). The condition 2Z,,cosh(k,d) > Zsinh(k,d)
corresponds to extremely small nanostructure
thicknesses. In this limiting case, the reflection
coefficient is

R~ < tanhk 4, 1)
Y

m

and, at d < 9, the reflection coefficient R is small. If,
in the denominator of Eq. (15), the opposite inequality
27,cosh(k,d) < Zsinh(k,,d) holds, then the transmis-

sion and reflection coefficients are expressed as

D=—2n  po_1:%ucoshkd  (22)
Zsinhk,d VA4

It can be seen from formulas (22) that the reflec-
tion coefficient is close to —1 and its variations are
small, since k,,d <1. In this limiting case, the coeffi-
cients D and R depend on frequency due to the fre-
quency dispersion of the constants and due to the fre-
quency dependence of the impedance of the wave-
guide, Z. This dependence of Z is weak far from the

cutoff frequency of the waveguide, f, = 2£ If the

changes in the reflection coefficient are causead only by
the magnetoresistance of the nanostructure at L = 1,
then, for a thin nanostructure, hyperbolic functions
can be expanded in a series. Restricting the expansion
to the leading terms, we obtain for the reflection coef-
ficient

R=-1+22.
zd

For the relative change in the reflection coefficient
in a magnetic field, from expression (23), we can
obtain

(23)

= =D(O)[1- D(O)] r,
2 (24)

where D(0) = m

Recall that the impedance for a nanostructure
sample placed in a rectangular waveguide is calculated
by the formula

1/2
_ & 3 2712 _ )
z [soj 1= =20 29
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Fig. 17. Microwaves reflection coefficient of a

[(1.8)/Fe(2.8)]1,/Cr(7.7)/MgO superlattice vs. the mag-
netic field strength, measured at a frequency of 37 GHz.

If measurements are taken in free space, the for-
mula for the impedance takes the form

Z= (@jl/z .
€

The results of measuring the field dependences of
the GMR and relative changes in the transmission and
reflection coefficients at a frequency f= 37 GHz for a
[Cr(1.8)/Fe(2.8)],,/Cr(7.7)/MgO  superlattice are
shown in Fig. 17. The equality of the GMR and
WGMR is fulfilled with high precision. Variations in
the reflection coefficient, in accordance with (24),
have a sign opposite to the GMR, a smaller value, and
a similar field dependence.

(25a)

Figure 18 shows the frequency dependence of the
maximum changes in the reflection and transmission
coefficients for a [Cr(1.3)/Fe(2.9)],/Cr (8.2)/MgO
superlattice, measured in a field H = 12 kOe. It can be
seen that the coefficients have only a weak frequency
dependence, the changes in the transmission and
reflection coefficients have the opposite sign, and the
changes in the reflection coefficient are much smaller
in magnitude. All these features are consistent with
formulas (23) and (24).

A detailed study of the .GMR in the transmission
and reflection of electromagnetic waves from
Ta(10)/NiFe(3)/IrMn(6)/CoFe(t-,r.)/Cu(2.5)/CoF
e(1)/NiFe(2)/Ta(2) spin valves was performed in [59],
in which the thickness of the CoFe 7,p. layer varied
from 1.5 to 3.5 nm. Figure 19 shows the field depen-
dences of the relative changes in the transmission and
reflection coefficients, measured at a frequency of 10
GHz, and of GMR for a Ta(10)/NiFe(3)/
IrMn(6)/CoFe(3.5)/Cu(2.5)/CoFe(1)/NiFe(2)/Ta(2)
nanostructure. Since the transmission and reflection
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Fig. 18. Frequency dependence of the maximum changes
in the reflection and transmission coefficients upon mag-
netization in a field of 12 kOe for a [Cr(1.3)/Fe(2.9)]4/
Cr(8.2)/MgO superlattice.

coefficients in this work were introduced in terms of
power, we can assert that equality (17) is satisfied in
this case as well. In accordance with (24), the reflec-
tion coefficient has an opposite sign and a smaller
value.

In [59], expressions were obtained making it possi-
ble to calculate the relative changes in the coefficients
via the changes in the surface resistance of the nano-
structure:

2R,

=—F,
Ry + 2R

s S 26
rm R0+2Rsrs ( )

m

where ry is the relative change in the surface resistance
Rg under the assumption that Rg o p. The value of
R, is calculated by the formula R, = /B, where L, is
the permeability of the vacuum and B is the propaga-
tion constant in an empty waveguide.
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Fig. 19. Relative changes in the transmission and reflec-
tion coefficients vs. the magnetic field, measured at a fre-
quency of 10 GHz, and GMR for a Ta(10)/NiFe(3)/
IrMn(6)/CoFe(3.5)/Cu(2.5)/CoFe(1)/NiFe(2)/Ta(2) nano-
structure: data from [59].
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Fig. 20. Superlattice sample in a coaxial resonator.

8. MICROWAVE MAGNETORESISTIVE
EFFECT WHEN THE CURRENT
IS PERPENDICULAR
TO THE NANOSTRUCTURE LAYERS PLANE

It was noted in Section 2 that there are two variants
of GMR measurements, in which the electric current
flows in the plane of the nanostructure (the current-
in-plane geometry, CIP) and perpendicular to the
plane (the current-perpendicular-to-plane geometry,
CPP). The latter option has the advantage that the rel-
ative magnetoresistance is higher. However, the
implementation of the experiment in the CPP geome-
try encounters certain difficulties. One of the main
difficulties is the extremely low resistance of the sam-
ple, since the typical thickness of the metal of the
nanostructure usually does not exceed 300 nm. Meth-
ods for making such measurements using modulation
techniques and bridge circuits have been developed.
However, the uGMR can be measured in the CPP
geometry by a simpler method at frequencies of hun-
dreds of megahertz [89—91]. The schematic diagram
of the experiment to study the current flow perpendic-
ular to the plane of the nanostructure layers (CPP) at
high frequencies is shown in Fig. 20.

The electric field in the coaxial resonator is con-
centrated between the end face of the central conduc-
tor and the bottom of the resonator, and the lines of
the high-frequency magnetic field envelop the central
conductor. The superlattice sample is placed in the
region of a strong electric field. The magnetoresis-
tance of the sample significantly changes the loss in
the resonator as the magnetic field changes; therefore,
the absolute value of the transmission coefficient also
changes. The absolute value of the transmission coef-
ficient of the resonator that is included as a feed-
through element, is determined as follows [92]:

_ 20 1
D= . -
00,1+ 0;(Aw/w,)

27)
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Here, Q; is the loaded Q-factor of the resonator
with the sample, and @, and Q, are the Q-factors
introduced by the coupling of the resonator with two
transmission lines: to the oscillator and to the measur-
ing detector. In formula (27), Aw is the detuning from
the resonant frequency ,. At the resonant frequency,
the transmission coefficient is

p-40
00,

On the right-hand side of formula (28), only the
loaded Q-factor Q; = Q;(H) changes in an external
magnetic field. In [90, 91], the intrinsic Q-factor of
the resonator with a sample was calculated taking into
account the power loss P, = 1/2]|H|*Rs dS, where
the surface resistance Rq is the resistance of a unit-area
conductor with a length equal to the thickness d of the
superlattice metal layer and having an electrical resis-
tivity pes: Rs = ped- We can now find the relationship

between the transmission coefficient in a magnetic
field, D(H), and without a field, D(0):

, =, (28)

[ 18, Rds
S5 o<k«
DUH) _ {1 Lt QLOR(H) - R (O)T_
D(0) N ()

In formula (29), a parameter § is introduced that
takes into account the fraction of the loss in the sample
due to all intrinsic losses of the resonator, where H, is
the tangent component of the high-frequency mag-
netic field on the surface of the sample, Sg, and on the
surface of the resonator, S. If [£(Q,(0)/Qy)A < 1, then
the relative change in the absolute value of the trans-
mission coefficient is expressed by the simple formula

d, =229,
)

If the loss in the resonator is almost entirely deter-
mined by the loss in the sample, then § = 1 and (30)
transforms into a simple formula given in [89, 90]:

€2))

Thus, the change in the transmission coefficient
through the resonator with a sample is equal to the
doubled relative change in the resistance taken with
the opposite sign.

(30)

d = -2r.

m

In [91], using Maxwell equation for the divergence
of the electric field and the kinetic equation together
with the boundary conditions written for a metal plate,
the expressions for the distribution of the high-fre-
quency electric field £ and current density j. over the
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depth of the superlattice (along the z-coordinate) were
obtained:

2 2
E@ﬁ{&éﬂeﬁ%ﬂww[k(ﬂéﬂ}ﬂmx
Vi Vi

. i 0.7
J(2) = @(p—D
4\ vg

Zp =

2
] (e /7 ~DE(0),
VE

Jo? — (v — i)

where ®, = (4nne’/m)'/? is the plasma frequency, n
and m are the density and effective mass of the current
carriers, v is the Fermi velocity, E£_(0) is the electric
field on the sample surface, 7}, is the screening param-

eter, and v is the effective collision frequency. At ® <<
®,, V< O,

2
W -V v
ZDzrD[1+_2+l 2]’ rD:_F’

® ,

P p

rp is the Debye screening length. It can be seen from
the above formulas that the field £ and the current ;.
consist of two components. One is due to the dynamic
analogue of the electrostatic screening effect; it decays
exponentially at a depth of the order of the screening
length. The second one is the penetrating component
that penetrates the entire cross section of the sample.
In particular, inside the metal, there is an electric field

|E(z — )| = E.(0)22Y.
O)P
This penetrating component exists only if the
thickness of the metal layer is significantly smaller
than the skin depth. The power of electromagnetic
oscillations in the sample is calculated as

Pz&jﬁ%ﬁﬂ
Vs
where the integration is performed over the sample

volume. The loss in the sample is described by the real
part of P:

B, =ReP= 5

2 T, (32)
:2&&ﬁ@.

2
TT

2
;“ch%Eﬂm

According to (32), the power loss is directly pro-
portional to the surface resistance Rg, in full accor-
dance with (30).

An experimental validation of formula (30) was
performed in [52, 89, 90]. The measurements in [52]
were performed on three superlattices:
(1) [Fe(2.1)/Cr(1.0)] 5, (2) [Fe(1.4)/Cr(0.9)]5,, and
(3) [Fe(2.1)/Cr(1.7)];,. High-frequency measure-
ments were performed at 779 MHz. It can be seen
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Fig. 21. (a) Relative magnetoresistance and (b) relative
change in the transmission coefficient in the CPP geom-
etry vs. the magnetic field for three Fe/Cr superlattice
samples.

from Fig. 21a that these samples have different types
and magnitudes of the GMR. Figure 21b shows the
relative change in the transmission coefficient of the
resonator with a sample. It is seen that the high-fre-
quency changes have the sign opposite to the GMR.
The type of dependence of the WUGMR for each sample
is similar to that of the GMR. It can be seen that high-
frequency changes are approximately 1.2—1.4 times
greater in absolute value than the GMR.

In conclusion of this section, we note that the CPP
geometry of the high-frequency currents can be real-
ized on traveling waves if a nanostructure with a metal
thickness smaller than the skin depth is placed along
the waveguide axis in parallel to its larger wall [71].
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9. MICROWAVE MAGNETORESISTIVE
EFFECT IN A WIDE FREQUENCY RANGE

In this section, we will analyze a formula for the
coefficient of transmission of electromagnetic waves
through a thin metal plate (15) for a wide range of fre-
quencies. We consider the following special cases:
(1) microwave frequencies, (2) low frequencies and/or
very thin films, and (3) frequencies in the upper part of
the millimeter-wavelength range. The \GMR will be
studied for films and nanostructures with both high
and moderate conductivity. The presentation will fol-
low [79, 93].

Let us analyze the penetration of the electromag-
netic field through a superlattice. The transmission
coefficient D depends on the ratio of the impedances
of the superlattice, Z,,, and the ambient space, Z, and
the ratio of the total thickness of the metal in the
superlattice, d, and the skin depth d. If the sample is
placed in a waveguide, then the impedance is calcu-
lated by formula (25), and, if the experiment is carried
out in free space, then the impedance is calculated by
formula (25a).

Consider the limiting case of formula (15),
when d < . The low-frequency interval (radio and
lower frequencies) corresponds to the condition
27,cosh(k,d) > ZAinh(k,d) in the denominator of
(15). In this case, using the condition d < 8, we obtain

D] = 1-11/3(d/d)"]. (33)

It is clear that, in this case, the absolute value of the
transmission coefficient is close to unity. Hence, it is
easy to obtain an expression for the relative change:

2 2
dy == w00
12 p (H) p(0)
The quantity d,, is small due to the inequality d < §.
In saturation fields, W(H) = 1; with a small magnetore-

sistance p(H) = p(0) and a large initial permeability
w1, we have

_ AW O o
120°(0)

Changes in the transmission coefficient at radio
frequencies and (0) >1 can be caused by the change
in the permeability. They are small, d,, << 1, positive,
and, in the absence of frequency dispersion of the
material constants, proportional to ®?.

(34)

m

Now let us consider the range of the centimeter
and millimeter waves. If, in the denominator of (15),
27,cosh(k,d) < Zsinh(k,d), then the transmission
coefficient is expressed by formula (16):

27

D=—""—. (35)
Z sinh k,,d
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For a thin nanostructure with d < 6 and uW(H) = 1,
from (35), we obtain

p=2

Zd

In this limiting case, the transmission coefficient is
real if the impedance p is real. It depends on the fre-
quency through the impedance Z, and this depen-
dence is weak far from the cutoff frequency of the

(36)

waveguide, f, = —. For Xperi in fr .
aveguide, f, € . For the experiments in free space

if the impedanceais expressed by formula (25a), this
source of dispersion is totally absent. Formula (35)
implies one-to-one correspondence (17) between the
magnetoresistive effect measured at direct current and
the transmission coefficient, if u = 1.

Now let us consider a wider frequency range,
including those frequencies at which 2Z,cosh(k,d) ~
Zsinh(k,,d). We will perform numerical calculations of
the dependences of the transmission and reflection
coefficients on the magnetic field by formulas (15),
assuming the conductivity of the nanostructure in zero
field 5(0) = 1.26 x 10° S/m and the magnetoresistance
shown in Fig. 7a. The calculations were performed for
several values of the nanostructure thickness d from
0.5 to 50 nm. The results of calculating the coefficients
are shown in Fig. 7 [93]. For sufficiently large thick-
nesses, the magnitude of the changes in the transmis-
sion coefficient d,, is close to the relative magnetore-
sistance r and the shape of the field dependence of d,,,
is similar to the field dependence of the magnetoresis-
tance. The opposite limiting case, described by for-
mula (33), for this high value of the nanostructure
conductivity is not achieved even at a very small nano-
structure thickness of 0.5 nm. It should be noted that
the maximum changes in the reflection coefficient r,
are achieved at an intermediate value of the thickness,
d = 3 nm. Figure 7c¢ shows the calculated dependence
of the changes in d,, and r,, in a field of 12 kOe, i.e., at
magnetic saturation, as a function of the nanostruc-
ture’s thickness. It can be seen that, in the entire range
of the thickness d, the relative change in the coeffi-
cient is negative and monotonically increases in abso-
lute value with increasing d. At large thicknesses, the
microwave variation in d,, tends to the relative magne-
toresistance r. In contrast, the relative change in the
microwave reflection coefficient has a maximum; with
a further increase in the thickness of the nanostruc-
ture, it decreases and tends to the value prescribed by
formula (24).

Now let us consider the calculation results for a nano-
structure with a low conductivity, 5(0) = 1 % 103 S/m. This
value of conductivity can belong, e.g., to a nanostructure
containing a semiconductor or a semimetal. The rest
of the parameters of the nanostructure are the same as
in the above case. We assume that the magnetoresis-
tance of the nanostructure is as shown in Fig. 7a. In
this case, we consider a wider range of nanostructure
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thicknesses from 0.5 to 300 nm. The results of calcu-
lating the transmission and reflection coefficients are
shown in Fig. 22a.

The shape of the field changes in the dependences
of the transmission coefficient is similar to the shape
of the dependence of the magnetoresistance measured
at direct current, but the changes in the transmission
coefficient d,, is much smaller than the relative mag-
netoresistance. Hence, we can conclude that, in the
entire reasonable range of nanostructure thicknesses
up to 300 nm, at millimeter (and even more so, centi-
meter) wavelengths, the limiting case of the one-to-
one correspondence d,, = r for nanostructures with a

low conductivity 6(0) = 1 X 10° S/m is not achieved.
Figure 22b shows the dependences of the transmission
and reflection coefficients in a field H= 12 kOe on the
thickness of the nanostructure. These dependences
are noticeably different from the dependences shown
in Fig. 7c. The changes in the transmission coefficient
are many times smaller than the magnetoresistance,
and the thickness dependence in the considered range
of parameters is close to linear. The thickness depen-
dence of the reflection coefficient has no maximum.

In this section, we considered the microwave giant
magnetoresistive effect in magnetic metallic nano-
structures in a wide frequency range. Numerical cal-
culations have been carried out to refine the frequency
characteristics of this effect. From the general expres-
sions for the transmission and reflection coefficients
for a metal plate with a magnetoresistive effect, it fol-
lows that there are two limiting cases with very differ-
ent characteristics of the microwave giant magnetore-
sistive effect. The first limiting case cannot be realized
in metallic nanostructures with a thickness greater
than 0.5 nm. The second limiting case is realized at
frequencies of the centimeter- and millimeter-wave-
length ranges for metallic nanostructures with a thick-
ness of 0.5 to 200 nm. On the contrary, for nanostruc-
tures with a low conductivity of ~10° S/m, the second
limiting case and the one-to-one correspondence of
the W.GMR and GMR at microwave frequencies are
not realized.

10. FERROMAGNETIC RESONANCE
AND THE MICROWAVE
MAGNETORESISTIVE EFFECT

In this section, we will consider the joint manifes-
tation of the ferromagnetic resonance and the micro-
wave giant magnetoresistive effect in metallic nano-
structures. We will describe the specifics of the mani-
festation of the FMR in the transmission through
nanostructures of different types. The FMR spectrum
in nanostructures will be considered and information
on the interlayer exchange constants will be obtained
from it. The state of the art FMR studies in films, prior
to the discovery of the GMR effect, are listed in the
review [94]. Damping in a magnetic system in thin-
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Fig. 22. (a) Field dependences of the transmission and
reflection coefficients of a nanostructure with a conduc-
tivity 6(0) = 1 X 10° S/m at a frequency /= 32 GHz, cal-
culated for several thicknesses of the nanostructure and
(b) relative changes in a field of 12 kOe vs. the thickness of
the nanostructure.

film ferromagnets was studied in [95]. In addition to
measurements in standard magnetic resonance spec-
trometers [44], other experimental methods have been
developed [48, 96]. We will restrict our consideration
to works that use the microwave transmission tech-
nique. Of considerable interest is the study of multi-
layer nanostructures by the FMR method. In particu-
lar, from the FMR spectrum, it is possible to obtain
information on the interlayer exchange interaction
[37, 38, 97].

In [54, 64, 76], the transmission method was used
to study the u.GMR and FMR phenomena in Fe/Cr
nanostructures of different types: superlattices with
parallel, antiparallel, and noncollinear ordering of the
magnetic moments of adjacent layers, cluster-layered
nanostructures, and thin Fe and permalloy films. Let
us first consider the results obtained on Fe/Cr super-
lattices with a low saturation field H,, for which the
FMR conditions are realized after the sample reaches
magnetic saturation. Figure 8 shows the results of
measurements performed on this type of
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Fig. 23. Microwave transmission coefficient vs. the mag-
netic field for a Cr(1.0)/[Fe(1.06)/Cr(1.1)]3,/Cr(8)/MgO
superlattice.

[Cr(1.8)/Fe(2.8)],,/Cr(7.7)/MgO superlattice at dif-
ferent frequencies for H L H_. It is seen that the field
dependence of variations in the transmission coeffi-
cient d,, in a certain narrow range of fields has a reso-
nant singularity (minimum). It should be noted that
the nonresonant part of the dependence d,,(H) was
approximately the same in the entire frequency range
under study and is very similar to the field dependence
of the magnetoresistance measured at direct current.
The resonant contribution was observed at frequencies
exceeding 30 GHz, and the field of the minimum
transmission coefficient increases with increasing fre-
quency. For the case of H // H._, the minimum associ-
ated with the FMR was not observed.

On a [Cr(1.1)/Fe(0.9)]4,/Cr(8.5)/MgO superlat-
tice with thin layers and a high saturation field, the
absorption minimum due to the FMR was observed
with H 1L H. in a field weaker than the magnetic satu-
ration field of the sample. Figure 9a shows the depen-
dences d,,(H) determined at a frequency of 36 GHz for
H 1L H.and H // H_, as well as the field dependence
of the magnetoresistance, »(H), measured at a direct
current. It turned out that the resonance amplitude at
f= 36 GHz for this sample is much lower than that for
a [Cr(1.8)/Fe(2.8)],,/Cr(7.7)/MgO sample magne-
tized to saturation. Microwave transmission was also
studied on a [Cr(1.1)/Fe(0.4)]5,/Cr(8.5)/MgO clus-
ter-layered nanostructure. The results are shown in
Fig. 9b. No resonant changes were observed in the
cluster-layered Fe/Cr nanostructure. This is consis-
tent with the magnetization measurement results. The
absence of a hysteresis loop and the absence of a reso-
nant contribution to microwave transmission indicate
that the Fe layers are not continuous, but consist of
individual Fe clusters (islands).

If the magnetic characteristics of the superlattice
are such that the resonance falls on the magnetically
unsaturated state of the superlattice, then the FMR
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spectrum will depend on the interlayer exchange con-
stants. It will be explained below how these constants can
be determined from the FMR spectrum. Figure 23 shows
the dependences of the coefficient of transmission
through a Cr(1nm)/[Fe(1.06)/Cr(1.1)]5,/Cr(8)/MgO
superlattice, measured at several frequencies of the
millimeter-wavelength range. From the resonant field,
the spectrum can be reconstructed.

The FMR spectra were studied in [35, 36, 98—100].
In [35, 36], the spectra were calculated taking into
account the interlayer exchange interaction, including
inhomogeneous modes, and the spectra were obtained
experimentally for several Fe/Cr superlattices. One of
the goals of these works was to obtain the numerical
constants in the biquadratic approximation of the
interlayer exchange interaction.

The spectra of the homogeneous acoustic vibration
mode are important for us, since resonances belong-
ing to this mode are observed experimentally by the
transmission method. The equations of the frequency
spectrum of the acoustic mode are different for the
saturated and unsaturated states:

o = YM[2CQC + K1, H < H, (37)

o=YHH + KM, H > H, (38)

The quantity C is expressed via the constants 4 and
B from the expression for the magnetization curve (2)
or via the exchange constants J, and J,:

2 2
=A+fM =dﬁ2[2[Jl—2J2(1—2%H. (39)

N N

Cc

In formulas (37) and (39), the magnetization M can
be taken from a measured magnetization curve or from
its approximation (2). In numerical calculations of the
spectrum, we neglect the effect of uniaxial anisotropy
and set K. = 4mn. The possibility of such a simplifica-
tion for Fe/Cr superlattices follows from the data of
[36]. The calculated spectra were constructed under
the assumption of a uniform precession of magnetic
moments in all layers and in all parts of the sample.

Figure 24 shows the FMR spectra of four samples
of Fe/Cr superlattices presented in Table 1. Calcula-
tions were performed using formulas (37) and (38).
The magnetization of the superlattice is taken from the
measured magnetization curve, and the exchange
constants J; and J, are taken from Table 1. It can be
concluded from Fig. 24 that the calculated spectra are
in good agreement with the experimental ones. There-
fore, the interlayer exchange constants obtained from
the analysis of the magnetization curves are in good
agreement with the corresponding values obtained
from the FMR spectra.

With increasing frequency, the resonance field
increases; as a rule, the resonance amplitude also
increases (see Fig. 25). The effect of the wave fre-
quency and the magnetization of the film can be ana-
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Fig. 24. Measured and calculated FMR spectra for four
Fe/Cr superlattices.

lyzed based on an approximate formula obtained for a
thin ferromagnetic metal film in the case of the normal
skin effect [101]:

max 2 9
(0—w,) + (ﬂj
M

S

(40)

where , is the resonant frequency, G = ayM, is the
Gilbert constant, and d,,,, is the amplitude of changes
in the transmission coefficient at the resonance.
From (40), it follows that, at the resonance,

do ™ szsz/coG, i.e., with increasing magnetization,
the resonance amplitude increases. The frequency
dependence of the resonance amplitude from (40) dif-

fers from that shown in Fig. 25. The term ((J)G/yMS)2
in the denominator determines the width of the reso-
nance line. In (40), the width is determined only by
the loss in the magnetic system. According to
[102, 103], there are several sources of magnetic loss,
the ratio between which can vary depending on the
film material and temperature. In addition, the imper-
fection of the crystal structure of the film also contrib-
utes to the width of the resonance line. To take into
account various contributions to the width of the mag-
netic resonance line more accurately, its frequency
dependence was approximated by a linear function
[102, 103]:
AH(0) = oG
() = AH0) + —,

VM,

where AH (o) the linewidth at the frequency o, and

AH (0) is the change in the linewidth due to the
imperfection of the structure. A detailed theoretical
analysis carried out in [104] with allowance for the
exchange interaction and the roughness of the film
boundaries has shown that the frequency dependence
of the linewidth is nonlinear, which was experimen-

(41)
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Fig. 25. Frequency dependence of the FMR amplitude
upon transmission for several Fe/Cr superlattices:
(1) [Cr(11A)/Fe(9A ]4O/Cr(85A/{/MgO;
(3) [Cr(11A)/Fe(16A)]30/Cr(83A)/MgO;
(5) [Cr(12A)/Fe(23A)],6/Cr(77A)/MgO; and
(7) [Cr(18A)/Fe(28A)],,/Cr(77A)/MgO.

tally confirmed in [95]. However, approximation (41)
can be used in a limited frequency range. If we take
into account formula (41) in the denominator of (40),
then it turns out that the resonance amplitude
increases linearly with frequency, which is approxi-
mately confirmed experimentally in Fig. 25.

Let us now discuss the orientation of the constant
magnetic field required to observe the FMR line in the
transmission of microwaves [34]. Figure 26 shows the
dependences of the transmission coefficient through a
[Feg s,Nig 15(1.03)/V(1.9)],00/Pd(6) superlattice, mea-
sured for two orientations of the constant magnetic
field: H L H_and H // H_, at two frequencies: f= 33
and 37.5 GHz. The FMR line is clearly observed for
H L H.. For the other orientation of the magnetic
field, H// H_, the FMR either is completely absent, as
in Fig. 26a, or changes very weakly (Fig. 26b). This
picture is consistent with the concept of the effective
dynamic permeability [65]. For H 1L H_, the effective
permeability is combined from the components of the
dynamic permeability tensor, as shown in formula (8)
that includes components that resonantly depend on
the frequency and on an external magnetic field. In
contrast, for H // H., the effective permeability is
determined by the susceptibility component (8c)
that does not have a resonance singularity. Neverthe-
less, the dependence measured at a frequency of
37.5 GHz, in Fig. 26, exhibits weak resonant variation
for H // H.. These variations were related both to the
presence of spin-wave resonance in this sample at f=
36 GHz and to the difference of the dynamic magnetic
susceptibility from the Polder form (18).
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Fig. 26. Comparison of the dependence of the transmis-
sion coefficient on the magnetic fi eld for two orientations
of the constant magnetic field: (filled symbols) H L H.
and (empty symbols) H // H.. Frequencies f= (a) 33 and
(b) 37.5 GHz.

A detailed study of the FMR spectrum was car-
ried out in [85] for three (FeNi)/V superlattices:
(1) (100)MgO/[Fe 4,Nig 15(0.6)/V(1.0)]/190/Pd(6),
(2)  (100)MgO/[Fe ¢;Niy 15(1.47)/V(1.77)],5/Pd(6),
and (3) (100)MgO/[Fe,,Nig5(1.47)/V(0.89)],5/Pd(6).
Among them, sample 2 has an antiparallel ordering of
the magnetic moments of adjacent layers and the other
two samples have parallel ordering.

Figure 27 shows the measured FMR spectra in
these superlattices, as well as the spectrum calculated
by formula (38) for sample 2. The experimental spec-
trum for sample 2 is discontinuous, since, in the range
of frequencies about 36 GHz, in addition to the FMR,
a spin-wave resonance is also observed. The difference
between the calculated and measured spectra is note-
worthy. This difference is explained in [85] by the
presence of “magnetically dead” Fe layers at the inter-
faces in Fe/V and (FeNi)/V superlattices. Fe atoms in
these layers have a much lower magnetic moment [10].
An estimate of the thickness of these layers showed
[85] that the thickness of the magnetically dead layers
is 1—1.5 Fe monolayers.
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11. SPIN-WAVE RESONANCE
UPON THE TRANSMISSION
OF MICROWAVES

In this section, we will discuss the observation of
the spin-wave resonance (SWR) upon the transmis-
sion of electromagnetic waves through metal nano-
structures, consider the specificities of the SWR in a
magnetic field lying in the plane of the nanostructure,
find the conditions for observing spin-wave reso-
nance, and calculate the SWR spectrum.

Spin-wave resonance is achieved when the spin
wavelength is equal to or multiple of the characteristic
size of a metal object, e.g., the thickness of the film.
When a wave passes through a thin film, SWR is
observed as a series of peaks (maxima) in the transmis-
sion coefficient in the field or frequency dependence
of the coefficient [105]. As a rule, to observe SWR, the
geometry of the experiment is chosen so that the con-
stant magnetic field is perpendicular to the film plane
[106, 107]. The observation of spin-wave resonances
in metallic films and nanostructures is hampered by
the strong damping of spin waves in metals. However,
there are ways to compensate the loss due to the spin-
orbit torque effect [108, 109]. The theory of SWR is
presented, in particular, in [110]. A theoretical
description of the propagation of spin waves in films
and nanostructures should take into account the mag-
netic-dipole and exchange interactions, boundary
conditions for spins at boundaries, and magnetic
irregularities [65, 111—114]. An investigation of the
SWR in a magnetic field parallel to the film plane was
performed in [115].

An experimental study of the SWR in a
(100)MgO/|Fe, ¢,Nij 15(1.47)/V(1.77)],5/Pd(6) super-
lattice was performed in [34]. The field dependences
of the transmission and reflection coefficients at fre-
quencies about 36 GHz are shown in Fig. 28. The
presence of the SWR is clearly seen in Fig. 28a, in
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which there are two resonant lines, and in Fig. 28b,
where the resonance line is broadened.

Let us conduct a theoretical discussion of the SWR
resonances upon the transmission of microwaves. The
fundamentals of the theory were laid out in [116],
where the dispersion relation for spin waves in a ferro-
magnetic metal was obtained and solved. The bound-
ary conditions for spins at the metal boundary were
also taken into account [117]. The presentation of this
problem follows [34] using the results of [118, 119].

The multilayer nanostructure is replaced by a
homogeneous plate with effective conductivity and
permeability. The theoretical description starts with
Maxwell equations for curls and the Landau—Lif-
shitz—Gilbert equation:

curlE = ~1 9 (H + 4nM); curlH = ¥OF;  (42)
cot c
LM _ M| i+ 24 |vm - | S IMxH |, @3)
Y ot S YM,

where M is the total magnetization vector, ¢ is the
conductivity of the metal, ¢ is the speed of light, A4 is
the exchange parameter, M, is the saturation magneti-
zation, Y = gle|/2mec is the gyromagnetic ratio, g is the
spectroscopic splitting factor, e and m are the charge
and mass of the electron, and G is the Gilbert damping
constant in the magnetic system. The system of equa-
tions (42), (43) is linearized, which results in the dis-
persion relation

K'-CK'+C,K*-C, =0, (44)
from which the wavenumbers of the eigenwaves in the
metal are found. There are three solutions of Eq. (44):
K|, K,, and K;. These solutions correspond to the wav-
enumbers k, that are related to Larmor and anti-Lar-
mor spin waves and an electromagnetic-like spin wave.
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To find the wave amplitudes, system (42) and (43)
must be supplemented with boundary conditions for
fields and spins at the boundaries of the media: on two
sides of the metal plate and the dielectric plate (sub-
strate). This results in a system of linear equations that
can be solved with respect to the amplitudes of the spin
eigenwaves in the ferromagnetic plate. The amplitude
and polarization of the fields and magnetization inside
and at the boundaries of the ferromagnetic plate is
obtained by summation taking into account the phases
of eigenwaves.

The calculations were performed for a plate with
the following parameters. The effective conductivity for
this nanostructure was determined experimentally by the
method described in [69] and was 6 = 2 x 107 S/m. The
magnetization of the Fe¢,Nij 5 layers was taken to be
M, = 1285 G, based on the coincidence of the calcu-
lated and measured FMR fields and took into account
magnetic measurements, the constant oo = 0.0085 is
determined from the FMR linewidth, and the
exchange constant A = 5 X 10~° erg/cm is typical of
Fe-Ni alloys [65]. The thickness of the metal in the
nanostructure (plate thickness) was chosen equal to
d= 290 nm, which is close to the thickness of the
(100)MgO/[Fe, ¢,Nij 15(1.47)/V(1.77)],5/Pd(6) nano-
structure under study. The parameters of the dielectric
substrate were as follows: a thickness d; = 0.5 mm and
a permittivity € = 8.5. The calculation results at sev-
eral frequencies are presented in Fig. 29.

The strongest minimum of the transmission coeffi-
cient, located on the right in each graph in Fig. 29, is
caused by the microwave absorption under conditions
of the resonance of the homogeneous FMR mode.
The singularities on the left of the FMR peak are
caused by the SWR. They are caused by wave interfer-
ence over the depth of the plate. Depending on the
phase relations, these changes can give singularities of
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Fig. 29. Calculated dependences of the absolute value of the microwave transmission coefficient through a 290-nm-thick ferro-
magnetic metal plate at various frequencies: f= (a) 15, (b) 20, (c) 25, and (d) 30 GHz.

both negative and positive sign. The fact that a singu-
larity belongs to the SWR follows, in particular, from
the observation that they disappear in the calculation
when the spin pinning constants significantly
decrease. Some of the calculation results are similar to
the experimental results. The main difference between
the calculation and experiment is that, in the calcula-
tion, the singularities caused by SWR are present in a
wide frequency range and, in the experiment, they
were detected only near the frequency f= 36 GHz. A
comparison of the shape of the calculated and mea-
sured resonance lines is shown in Fig. 30.

It can be seen that the calculation method
described above correctly reproduces the shape of the
field dependence of the transmission coefficient.
However, the magnitude of the resonance effects in
the calculation exceeds that observed in the experi-
ment, because only ferromagnetically ordered
Fe, ¢,Ni, 15 layers that are a part of the cross section of
the nanostructure, participate in the resonances. In
addition, this model does not take into account the
pinning of spins at each boundary of the layers inside
the nanostructure, which leads to a weakening of the
resonance singularities.
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12. MICROWAVE REFRACTIVE INDEX

Knowledge of the microwave refractive index is
necessary for calculating the reflection and refraction
of waves at the boundaries of media and for calculating
transformation of waves in electronic devices. In this
section, we will calculate the refractive index from the
known permittivity and permeability and consider the
contributions from the FMR and uGMR phenomena,
as well as the conditions under which the refractive
index takes unusual values.

The complex refractive index n.4 = n' — in" can be
calculated from the known dynamic permittivity €.
and permeability W

Regr = N'— in" = \[€qqrlesr- (45)

The real part of the complex refractive index, #',
represents refraction, and the imaginary part, n",
attenuation. The effective permittivity €.; in a zero
external field can be determined by the methods with
which modern network analyzers are supplemented. It
can be determined experimentally by the transmission
method [69] if, in the absence of an external magnetic
field, the dynamic permeability is close to unity. In
nanostructures with the GMR, the effective permittiv-
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Fig. 30. (a) Calculated and (b) measured dependences of
the transmission coefficient on the magnetic field at a fre-
quency of 36 GHz.

ity is a function of the magnetic field. In this case, €
is first determined in a zero external field and then the
dependence €.4(H) is constructed. This method can be
used in the frequency range in which equality (17) is
satisfied. The dynamic permeability [ in a zero field
can be determined by the methods with which modern
network analyzers are supplemented. In a magnetic
field, the permeability tensor acquires off-diagonal
components. To find these components and, then, L.,
one can use the results of measurements of the FMR
line upon the passage of microwaves. From the line-
width, the damping factor . in the magnetic system is
estimated. This estimate is not the true value of the
damping factor of the substance that enters the Lan-
dau-Lifshitz equation (see [95, 102—104]). The constant
o can only be used to approximate the field dependence
of the permeability at a given frequency. As a rule, the
approximation is performed in the approximation of the
Lorentzian line shape of (8). To perform calculations, it
is necessary to know the saturation magnetization of the
material of the ferromagnetic layers.

First, the diagonal, p, and off-diagonal, p,, com-
ponents of the tensor are calculated, and then the
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imaginary parts of the refractive index for a
[CoggFe(5(1.3)/Cu(2.05)]g superlattice at a frequency f =
38 GHz.

effective permeability is determined. For example, in
the case of H 1 H_, the effective permeability satisfies
the formula [65]

Moy = 1 — 1 /M. (46)

The real part of L can be negative in fields smaller
than the FMR field. The imaginary part is positive and
has a maximum in the FMR field.

Figure 31 shows the dependences of the real and
imaginary parts of the complex refractive index n 4 on
the magnetic field for a [CoggFe;,(1.3)/Cu(2.05)]g
superlattice at 38 GHz [120]. As can be seen from this
figure, the field dependences of nyare resonant, since
the field dependence of |4 is resonant. The resonance
of n. coincides with the resonance of the permeabil-
ity. It can be seen that the main contribution to the
field dependence of the microwave refractive index is
made by the FMR. However, it is possible to single out
the contribution from the uGMR.

In formula (45), the WGMR exerts effect through
€. The calculation of the refractive index n.; with
allowance for the magnetoresistive effect is shown in
the dependences denoted as ¢ = G(H). In order to
reveal the contribution from the GMR, a calculation
was performed for the case of a constant conductivity
o = const. The adopted value of 6 = 3.5 x 10® S/m
corresponds to the conductivity of the sample in the
absence of a magnetic field. As seen from Fig. 31, the
dependences at 6 = 6(H) and ¢ = const are similar,
but there is a difference between the dependences,
caused by the effect of the GMR on the refractive
index.

Figure 31 shows that the real part of the refractive
index, #', in fields smaller than the FMR field, is neg-
ative, which is determined by the inequality [121]

"on

(&' +Jee]) (W' + |uee]) < €"0". (47)
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For a metallic object, |e.;] = €" and (47) reduces to
the simple inequality ' < 0.

Figure 32 shows in more detail the region of fields
up to 0.3 kOe, where most of the changes in the resis-
tance of the sample occurs. Indeed, in this region of
the fields, the difference between the dependences at
o6 = 6(H) and ¢ = const increases with increasing
magnetic field.

13. PRACTICAL APPLICATIONS
OF MICROWAVE EFFECTS
IN METALLIC NANOSTRUCTURES

Attempts to utilize the GMR and puGMR phenom-
ena began almost immediately after their discovery. A
patent for a magnetic field sensor with thin antiparallel
ferromagnetic layers was filed by Griinberg, the dis-
coverer of the GMR effect, in 1990. Professor Griin-
berg predicted the development of electronic devices
using the GMR, including spin valves. These ideas
were subsequently used by IBM in hard drives. A
review of the application of the GMR effect in magne-
toresistive random access memory was made in 2000
[122]. As the clock frequency increased, the operating
frequencies and bandwidth of computing devices also
increased, moving to the GHz range.

The possibilities of using the HGMR effect in
microwave devices are far from being fully realized.
The variant of the arrangement of the nanostructure
along the waveguide axis has certain prospects for
microwave electronics. The calculation of waves in the
absence of a magnetic field in such a structure is given
in [70], and in an external magnetic field, in [71, 72].
On this basis, a method for contactless measurement
of the high-frequency giant magnetoresistance of
nanostructures was developed [73]. In [74], a nano-
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structure with the GMR effect, located along the
waveguide axis, is considered as the basic element of
microwave electronic devices. At the next stage, we
may expect the development of specific controlled
devices: attenuators and phase shifters.

CONCLUSIONS

This review presents the main results of studies car-
ried out from 1991 up to date on the transmission of
microwaves through multilayer metallic nanostruc-
tures. The microwave transmission method was con-
sidered, diagrams of methods for measuring the pas-
sage of microwaves through nanostructures were
given, and the measured parameters were listed. A the-
oretical analysis of the method was performed, the
limiting cases were considered, and a comparison of
the methods used by different groups was made. The
results of an experimental study of the transmission of
microwaves through metal nanostructures of various
types have been presented. The comparison of the
microwave magnetoresistive effect of the uUGMR and
GMR was carried out.

Various implementations of the techniques were
considered, such as the microwave magnetoresistive
effect in the reflection of microwaves and the micro-
wave magnetoresistive effect with a current perpendic-
ular to the plane of the layers of the nanostructure.
Calculations of the microwave magnetoresistive effect
were carried out in a wide frequency range, when the
conditions of the limiting cases are not satisfied. The
joint manifestation of ferromagnetic resonance and
microwave magnetoresistive effect was described.
Estimates of the interlayer exchange constants have
been made. The manifestation of spin-wave resonance
upon the passage of microwaves through a nanostruc-
ture was considered. An idea of the microwave refrac-
tive index and contributions to it from the uGMR and
FMR effects has been given.

It can be concluded that the wave transmission
method has become a reliable and informative method
for studying metallic nanostructures. However, unre-
solved problems of significant interest remain. It is
promising to expand the class of objects under study to
nanostructures containing both ferromagnetic metal
and conducting carbon layers, e.g., metal/graphene
nanostructures. Of considerable interest are ferromag-
netic metal/semiconductor nanostructures in which it
is possible to control the properties of an electric field.
In metallic nanostructures, the frequency range is
expected to expand to the submillimeter-wavelength
range. Of significant interest is the search for the influ-
ence of the spin-torque effect on microwave transmis-
sion and the study of ferromagnetic metal/heavy metal

nanostructures to clarify the role of the
Dzyaloshinskii—Moriya interaction.
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