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Microwave magnetoresistance effect in a (CoFe/Cu) superlattice with

micron-sized holes
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The microwave giant magnetoresistance effect in a (CoFe/Cu) superlattice with micron-sized holes has been

studied. Measurements of the frequency dependences of the transmission coefficient, as well as the dependences

of the microwave transmission and reflection coefficients on the magnetic field, are performed. The measurements

were performed on the superlattice samples without holes, having one hole with a diameter of 6.3 µm and seven

holes with a diameter of 1.7 µm. It is shown that the presence of a hole with a diameter of 6.3 µm leads to a

significant frequency dependence of the microwave giant magnetoresistance effect. Magnetic and magnetoresistance

measurements of superlattice samples were performed.
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Introduction

The microwave giant magnetoresistance effect (µGMR)
in metallic nanostructures has been discovered in [1] and

later studied thoroughly in [2]. The technique of microwave

transmission was applied in the study of µGMR, and

a unique correspondence between the measured direct-

current giant magnetoresistance effect (GMR) [3–5] and

relative variations of the transmission coefficient of mi-

crowaves was established [6]. The theory of transmission

of microwaves through a thin metal plate was developed

in [7]. The transmission of microwaves through metallic

nanostructures was examined for several classes of such

nanostructures. It was found that the magnitude of the

µGMR effect in multilayer Co/Cu structures is especially

large [8,9]. High-frequency GMR was observed in [10]
in experiments with high-frequency currents flowing per-

pendicularly to the layers of a superlattice. A series of

studies were devoted to the examination of µGMR in a

wave reflected from a nanostructure [11–13].
Magnonics is a relatively new trend in exploration of high-

frequency properties of nanoobjects (specifically, laterally

bounded films and nanostructures [14–20]). The problem of

transmission of microwaves through a small (compared to

the wavelength) hole in a metallic diaphragm is considered

to be one of the classical problems of magnonics [21,22].
It was solved theoretically for a diaphragm positioned in

a rectangular waveguide in [23]. These results were used

in [24] in calculations for a Bethe directional coupler. It was

found that the transmitted power increases abruptly if the

medium in the hole has an unusual (near-zero) permittivity

value [25,26]. Magnetic and microwave properties in an

array of holes (
”
antidots“) in a permalloy film were studied

in [27]. The examination of ferromagnetic resonance (FMR)
revealed the presence of bound magnetic states localized in

the region of an individual hole. The transmission of tera-

hertz radiation through a diaphragm with an array of holes

was examined in [28]. It was found that two mechanisms

of interaction between waves and inhomogeneities affect

the characteristics of transmitted waves: (1) resonances

associated with local characteristics of individual holes and

the excitation of waves in their vicinity; (2) generation

of fields from the entire array of holes as a sum of

diffraction fields. Apart from magnonics, the problems of

wave transmission and reflection in a system of periodic

and aperiodic inhomogeneities (reflectors) are considered

in research into sensors based on fiber Bragg gratings

(FBGs) [29]. Nanostructures with a grooved surface are

also used in magnetic and high-frequency sensors [30]. A

grooved surface enhances the sensitivity of a sensor. The

research in all related fields mentioned above is focused

on the interaction of electromagnetic waves with nanoscale

distortions of the surface or the bulk of films (or periodic

structures). However, the purposes of this research and the

frequency ranges of electromagnetic radiation differ from

one field to the other.

The aim of the present study is to examine the influence

of a single hole (or several holes) on the µGMR effect

observed in an external magnetic field. A fraction of

microwave power is transmitted trough holes, and the

remaining power goes through the metal of a superlattice.

If these two fractions of power are comparable, the
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frequency dependence of µGMR changes as a result of

interference. Since µGMR decreases when holes are

present, it appears reasonable to choose nanostructures with

large GMR magnitudes as samples for study. We have

examined a (CoFe)/Cu superlattice system, which exhibits

a very high magnetoresistance if the thickness of layers is

chosen properly [31,32]. Another argument in favor of the

(CoFe)/Cu superlattice system is that spin-wave resonances

were observed in this system [33]. The problem addressed in

the present study differs from the one being solved in FBG

research, since we consider a metallic superlattice, while

FBG systems are dielectric structures. The structure studied

here also differs from nanostructures with a grooved surface,

since through holes were made in the metallic nanostructure

by dry etching in our experiments.

The results of examination of transmission of microwaves

through a (CoFe)/Cu superlattice system without holes and

through superlattice samples with a single micrometer hole

and seven such holes are reported below. The frequency

dependences of transmission coefficients are studied in the

millimeter range at the frequencies of 26−38GHz. The

µGMR effect is measured at a number of frequencies.

1. Samples and their characterization

An MPS-4000-C6 (ULVAC Inc., Japan)
high-vacuum precision system was used to prepare

[(CoFe)/Cu]n superlattices by magnetron sputtering.

Superlattice samples had the following compositions:

glass//Ta5.0/PyCr5.0/[Co88Fe121.5/Cu0.95]24/PyCr3.0 (sam-

ple No. 1) and glass//PyCr5.0/[Co90Fe101.5/Cu0.9]24/Ta3.0.
The numbers following the layer composition in these

designations correspond to the layer thickness, and indices

next to square brackets denote the number of layers.

Py is the Fe20Ni80 alloy, and PyCr is the paramagnetic

(Fe20Ni80)60Cr40 alloy. The Cu spacer thickness was chosen

so that the sample would correspond to the first maximum

of the dependence of the GMR magnitude on the spacer

thickness. Samples were grown on Corning glass substrates

with a thickness of 0.5mm (No. 1) and 0.2mm (the
other samples). The procedure of growth of (CoFe)/Cu
superlattices was detailed in [32]. The total thickness of

metal in two superlattices is 66.8 and 65.6 nm.

The X-ray examination of samples was conducted at the

common use center of the Institute of Metal Physics of the

Ural Branch of the Russian Academy of Sciences with the

use of a PanAnalytical diffractometer. Both superlattices

feature a peak from the family of planes (111) of the FCC

lattice in the diffraction pattern. This peak is common to Cu

and the CoFe alloy, since the parameters of the FCC lattice

of copper and this alloy are very close. Oscillations around

this peak were also observed. The superlattice period

calculated based on the angular position of these oscillations

agrees with the nominal values determined based on the

growth rate and time. The lack of other characteristic

peaks of the FCC lattice in the diffraction pattern suggests

that axial texture 〈111〉 was formed in the samples. The

technique of atomic force microscopy was used to study

the surface relief of samples with a Solver Next (NT-MDT,

Zelenograd) scanning probe microscope. It was found that

the samples have a smooth surface with a height variation

of approximately 3 nm within a scan area of 1× 1µm.

Through holes were made in glass//PyCr5.0/

[Co90Fe101.5/Cu0.9]24/Ta3.0 samples by dry etching: one

hole 6.3µm in diameter in sample No. 2 and seven holes

with a diameter of approximately 1.7µm in sample No. 3.

The images of holes obtained using a scanning electron

microscope are presented in Fig. 1. The hole diameter of

1.7µm is the smallest one that could be obtained with

the available equipment for lithography and dry etching.

The area of one such hole is very small compared to the

area of the entire sample, and this hole cannot exert any
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Figure 1. Electron microscope image of holes in superlattice

samples: a — one hole 6.3 µm in diameter in sample No. 2;

b — seven holes with a diameter of approximately 1.7 µm in

sample No. 3. The accelerating voltage is 20 kV.
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Figure 2. Magnetoresistance dependences for sample No. 1 (a)
and samples Nos. 2 and 3 (b). The hysteresis loop for sam-

ples Nos. 2 and 3 (c).

discernible influence on the microwave characteristics.

Therefore, a system of seven holes with distance between

them being much greater than the hole diameter was

chosen for sample No. 3. With this positioning of holes, the

distortion of microwave fields in the vicinity of any given

hole does not extend over to the adjacent hole. A compact

arrangement of holes near the center of the cross section of

a waveguide was chosen (with the lithography equipment

capability taken into account). A hole 6.3µm in diameter

was made in sample No. 2. According to estimates, a hole

of this size may alter the transmission of microwaves. This

assumption was verified in subsequent experiments.

Direct-current magnetoresistance dependences were mea-

sured for the prepared samples (see Figs. 2, a, b). The

saturation field of the magnetoresistance dependence for

sample No. 1 is approximately 10 kOe, and relative magne-

toresistance r = [ρ(H)−ρ(0)]/ρ(0) · 100%, where ρ(H) is

the electric resistance in magnetic field H , in saturation

is −34%. The magnetoresistance dependence for sam-

ples Nos. 2 and 3 is shown in Fig. 2, b. The saturation

field for these samples is also 10 kOe, and the maximum

magnetoresistance in saturation is −43%. The error of

magnetoresistance measurements is below 1%. It can be

seen from Fig. 2, b that hysteresis has only a minor effect

on the magnetoresistance dependence. The very large

magnetoresistance of samples corresponds to the magnetic

structure of layers with antiparallel ordering of moments

of adjacent layers in zero external field. Figure 2, c shows

the hysteresis loop in the measurement of magnetization of

samples Nos. 2 and 3. Magnetic saturation is achieved in

this measurement in fields of ∼ 10 kOe.

2. Microwave measurements

Microwave measurements were performed at room tem-

perature in the frequency range of 26–38GHz. In these

measurements, the sample is fitted into a frame constructed

so as to prevent the leakage of electromagnetic energy at

the sample edges. Holes are positioned at the centers

of samples Nos. 2 and 3. The diagram of microwave

measurements is presented in Fig. 3. Frame with sample 4

is introduced into rectangular waveguide 1 with a transverse

size of 7.2× 3.4mm. The generator of the amplitude–
frequency response meter excites a wave in the waveguide,

and this wave reaches the sample. The amplitudes of re-

flected and transmitted waves are measured by the receiving

1

3

4

2

3

5

5 2

Scalar network
analyzer

Input 1 Input 2 Output

Figure 3. Diagram of microwave measurements: 1 — rectangular

waveguide, 2 — electromagnet, 3 — directional couplers, 4 —
sample, 5 — absorbers.
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section of the amplitude–frequency response meter with

the use of directional couplers 3. Absorbers 5 suppress

the unwanted reflection from elements of the microwave

pathway. An external magnetic field with an intensity up

to 12 kOe is produced by electromagnet 2. The magnitudes

of transmission T and reflection R coefficients and their

relative variations in the magnetic field are measured:

dm = [|T (H)| − |T (0)|]/|T (0)| · 100%,

rm = [|R(H)| − |R(0)|]/|R(0)| · 100%,

where |T (H)| and |R(H)| are the magnitudes of trans-

mission and reflection coefficients in magnetic field H .

Directional couplers of transmitted and reflected waves are

positioned more than 20 cm away from the sample. Higher

types of waves generated at the sample as a nonuniformity

in the microwave pathway decay at such distances, and

measurements are performed for the primary type of

waves TE10. The error of measurements of the transmission

coefficient magnitude is 5−7%. The error of measurements

of relative variation dm of the transmission coefficient in a

magnetic field does not exceed 3% of the measured value,

and the corresponding error for measurements of refection

coefficient variation rm is no higher than 10%.

The results of measurements of the amplitude–frequency
curves for transmission coefficients of samples in zero

magnetic field are presented in Fig. 4. It can be seen

that seven holes with a diameter of 1.7µm have only

a slight effect on the amplitude–frequency curve. The

transmission coefficient of the sample with a hole 6.3µm in

diameter increases by a factor of approximately 1.5. These

results may be interpreted in the following way: the major

part of microwave power in sample No. 3 is transmitted

through the metal of the superlattice, while the fractions

of microwave power transmitted through the metal and the

hole in sample No. 2 are comparable.

Let us turn to the examination of the µGMR effect in

a magnetic field. The results of measurements of the field
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Figure 4. Amplitude–frequency curves of samples Nos. 1 (with-
out holes), 2 (with one hole), and 3 (with seven holes).
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Figure 5. Dependence of the transmission coefficient on the

magnetic field for sample No. 1 without holes measured at several

frequencies of the millimeter range.

dependence of the microwave transmission coefficient for

sample No. 1 without holes are presented in Fig. 5. In

accordance with [6], the microwave dependences are similar

in general to the dependence of the relative magnetoresis-

tance. However, there are certain differences. First, the

maximum magnitude of microwave variations is 15−25%

higher than GMR. This feature of the (CoFe)/Cu system

has already been noted in [33]. According to the results of

analysis performed there, this difference is likely attributable

to the fact that the effective medium approximation, which

was used to derive a unique correspondence in [6], is only

partially suitable for a multilayer nanostructure. The second

difference consists in the fact that the maximum µGMR

value has a certain dependence on frequency.

Figure 6 shows the magnetic-field dependences of

transmission and reflection coefficients measured in sam-

ples Nos. 2 and 3 with holes. Let us compare the

results of measurements of transmission coefficients in

samples Nos. 2 and 3. As was demonstrated above (in
measurements in zero magnetic field), the fractions of

microwave power transmitted through the hole and the

metal of the superlattice in sample No. 2 with one large-

diameter hole are comparable. In sample No. 3, microwave

power is transmitted primarily by the wave that passes

through the metal of the superlattice. In both cases, the

dependences of microwave transmission and the relative

magnetoresistance of the sample are qualitatively similar.

Just as in sample No. 1 without holes, the magnitude of

microwave variations is somewhat higher than the relative

magnetoresistance. However, sample No. 2 with one hole

6.3µm in diameter features a well-pronounced frequency

dependence of the maximum variations of the transmission

coefficient.

Let us compare the results of measurements of the

field dependence of reflection coefficients. As is known,

variations of the reflection coefficient in the µGMR effect

are positive in sign, are similar in shape to the relative

Technical Physics, 2022, Vol. 67, No. 4
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Figure 6. Magnetic-field dependences of transmission (a, c) and reflection (b, d) coefficients for sample No. 2 with one hole 6.3 µm in

diameter (a, b) and sample No. 3 with seven holes with a diameter of 1.7 µm (c, d) measured at several frequencies of the millimeter

range.

magnetoresistance, and are much smaller than it in magni-

tude [12]. In the case of sample No. 2 with one hole 6.3µm

in diameter, a well-pronounced frequency dependence of

the maximum microwave variations, which is similar to the

one for the transmission coefficient, is evident. A maximum

caused by the ferromagnetic antiresonance (FMAR) and

a minimum due to the absorption of microwaves, which

occurs when the FMR condition is satisfied, are observed

for sample No. 3 with seven holes with a diameter of 1.7µm

against the background of a monotonic increase of the

reflection coefficient due to the µGMR effect [34].

3. Discussion

The coefficients of transmission and reflection of mi-

crowaves may be calculated in the continuous medium

approximation, where a multilayer metallic nanostructure is

substituted with a homogeneous plate of the same thick-

ness with effective conductivity and permeability values.

According to [35–37], coefficients of transmission T and

reflection R of an electromagnetic wave are expressed as

follows in this approximation:

T =
2Zm

2Zm ch kmd + Z sh kmd
, (1)

R = −1 +
2Zm ch kmd

2Zm ch kmd + Z sh kmd
, (2)

where km = (1 + i)/δ is the wave number in a conductive

medium with normal skin effect and d is the overall

metal thickness in the nanostructure (i.e., total thickness

of all metal layers). The nanostructure impedance is

Zm = (1 + i)ρ/δ, where ρ = ρ(H) is the resistivity of the

nanostructure, δ =
√

2ρ/ωµµ0 is the skin layer depth,

ω = 2π f is the circular frequency, and µ is the relative

dynamic differential permeability. Note that formulae (1)

and (2) were derived under the assumption [35] that the

dependences on time and spatial coordinate for the cor-

responding electromagnetic waves propagating in positive

and negative directions along, say, axis y have the form of

exp(iωt−kmy) and exp(iωt + kmy).
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Figure 7. Comparison of the amplitude–frequency dependences

of the transmission coefficient for sample No. 2 that were mea-

sured, calculated in accordance with (1), and calculated in ANSYS

HFSS (a); frequency dependences of the effective conductivity of

samples Nos. 2 and 3 (b).

With a TE10-type wave, the impedance of the waveguide

containing the nanostructure is calculated as

Z =

√

µ0/ε0

1− (λ/λc)2
, (3)

where λ = c/ f is the wavelength in vacuum, λc = 2a is the

critical wavelength of mode TE10, and a is the size of the

larger wall of a rectangular waveguide. In our experiments,

a = 7.2mm. Impedance Zm of a highly conductive nanos-

tructure is lower than waveguide impedance Z, |Zm| ≪ Z.
We consider formulae (1) and (2) in the limit case of

d ≪ δ that is relevant to millimeter wavelengths. Then

2Z ch kmd ≪ Z sh kmd, and the transmission and reflection

coefficients are given by

T =
2Zm

Z sh kmd
, (4)

R = −1 +
2Zm

Z
cth kmd. (5)

Figure 7, a presents the comparison of dependences of

the transmission coefficient for sample No. 2 that were

measured, calculated in accordance with Eq. (1), and

determined numerically in ANSYS HFSS. The frequency

dependences of the effective conductivity of samples were

derived by analyzing thoroughly the frequency dependences

of transmission and reflection coefficients of samples Nos. 2

and 3. The obtained dependences are shown in Fig. 7, b. As

was expected, the variations of conductivity of superlattices

with frequency are insignificant.

The magnetic-field dependences of the microwave trans-

mission coefficient calculated in accordance with Eq. (1)
and measured experimentally for sample No. 3 with seven

holes with a diameter of 1.7µm were compared (Fig. 8).
While these dependences are similar in shape and rep-

resent like-sign variations of the transmission coefficient,

significant differences between the calculated and measured

data should be noted. First, the calculated magnitude of

variations of the microwave coefficient is exactly equal to

the measured direct-current GMR effect. Experimental

microwave dependences reveal variations that are 1.3−1.4

times greater in magnitude. Second, calculated data are

almost independent of frequency, while measured data

feature such a dependence.

Let us specify the adopted approximations that may

account for the difference between calculated and measured

data. The multilayer nanostructure with layers of different

materials was substituted in calculations with a homoge-

neous plate of the same thickness with equivalent param-

eters. AS was demonstrated in [33], this approximation is

only partially applicable to the (CoFe)/Cu system with a

very large magnetoresistance. At the same time, adequate

results were obtained in [6,12] for the Fe/Cr system with a

moderate magnetoresistance.

The second significant approximation is the neglected

influence of the dielectric substrate in calculations. This

Experiment
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Figure 8. Magnetic-field dependences of the microwave trans-

mission coefficient calculated in accordance with Eq. (1) and

measured experimentally for sample No. 3 with seven holes with

a diameter of 1.7 µm.
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is justified by the fact that nonuniformities introduced into

the microwave pathway by the metal of the superlattice are

much more substantial than those of the dielectric substrate.

In addition, the substrate is fairly thin. It is considerably

thinner than a quarter- or a half-wave plate.

The results of calculations with these approximations

reveal a unique correspondence between GMR and µGMR

and an almost complete lack of the frequency dependence of

variations of the microwave transmission coefficient. These

specific features persist in calculations for nanostructures

with a widely varying overall metal thickness (from several

nanometers to several tens of micrometers) and within

a wide frequency interval from centimeter to millimeter

waves. Thus, there are reasons to believe that the mentioned

differences between calculated and experimental data are

related to the discussed approximations.

Conclusion

The electrodynamic characteristics of (CoFe)/Cu super-

lattices with micrometer-sized holes were considered. The

amplitude–frequency curves and the microwave transmis-

sion and reflection coefficients in a magnetic field were

measured. Direct-current magnetoresistance characteristics

were also measured. The effective microwave conductivity

of superlattice samples was determined.

The microwave giant magnetoresistance effect was exam-

ined in superlattices with one hole and seven holes. It was

found that a hole 6.3µm in diameter induces a significant

frequency dependence of µGMR both in transmission and

in reflection of microwaves. The maximum variation of

amplitude of the transmitted wave changes by a factor of

more than 1.5 within the frequency interval of 26–38GHz.
Seven holes with a diameter of 1.7µm in the sample do not

induce any noticeable µGMR dispersion. Resonance-type

variations caused by FMR and FMAR were observed for

this sample in the reflected signal.
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