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Abstract—Experiments on the giant magnetoresistance effect observed in microwave reflection have been
conducted in the frequency range of 26—38 GHz on (CoFe)/Cu superlattices exhibiting giant magnetoresis-
tance. The amount of the effect has been determined (up to +3% maximum), and its magnetic field depen-
dence has been found. The microwave reflection coefficient versus magnetic field dependence has been cal-
culated. The measured variation of the reflection coefficient has turned out to be greater than calculated val-
ues. This discrepancy is associated with the fact that a superlattice is approximated by a homogeneous plate
in calculations. The frequency dependence of the giant magnetoresistance effect in microwave reflection has
been observed. It is explained by the influence of the impedance of a waveguide in which samples are placed

to take measurements.

DOI: 10.1134/S1063784221020171

INTRODUCTION

The microwave characteristics of magnetic metal
superlattices are of both scientific and applied interest.
The microwave giant magnetoresistance (WGMR)
effect was first observed in [1]. It was found that the
field dependence of the UGMR in microwave reflec-
tion is similar in form to that in microwave transmis-
sion through a superlattice. However, the UGMR in
reflection is opposite in sign and less pronounced [2].
Different conditions for _GMR effect observation in a
wide frequency range are considered in [3], where two
partial cases were derived from the general expression
for the coefficient of electromagnetic wave propaga-
tion through a metallic plate. One refers to microwaves
passing through metallic nanostructures more than
several nanometers thick. In this case, one-to-one
correspondence between the LGMR effect and the dc
GMR effect (hereinafter, “the GMR effect”) must be
fulfilled. The one-to-one correspondence between the
UWGMR and GMR effects means that the uUGMR is
frequency-independent. The other limiting case con-
cerns nanostructures with a total metal thickness less
than several nanometers. Here, the one-to-one corre-
spondence is absent.

The frequency dependence of the UGMR was stud-
ied in detail in [4], where it was shown that there are
some circumstances causing the dependence of the
WGMR on nanostructure thickness and microwave
frequency. Calculations of the transmission and
reflection coefficients performed in this study indicate
that the second limiting case cannot take place in

metallic nanostructures more than 0.5 nm thick. In
the case of centimeter and millimeter waves propagat-
ing in metallic nanostructures from about 1.5 to about
200 nm thick, only the first limiting case may occur.
The one-to-one correspondence between the uGMR
and GMR effects was many times verified experimen-
tally [3—6]. As a rule, changes in the transmission
coefficient measured in the centimeter and millimeter
wave ranges correlate well with the magnetoresistance
of samples. The frequency dependence of WUGMR in
transmission is weak for most Fe/Cr superlattices.
Only a few superlattices exhibit a slight attenuation of
the uGMR effect with increasing frequency [3]. The
nonfulfillment of the one-to-one correspondence
between the UGMR and GMR effects is observed in
the IR range [7] and at microwave frequencies for
granulated systems [5].

Co/Cu and (CoFe)/Cu nanostructures and super-
lattices have a high magnetoresistance. The uGMR
effect in Co/Cu and (CoFe)/Cu nanostructures was
studied in [8, 9]. In Co/Cu systems, a weak frequency
dependence of uGMR was observed, with uGMR
decreasing with rising frequency [8]. In (CoFe)/Cu
superlattices, the currently record value of microwave
magnetoresistance (up to —80%) was observed [9].
Such a high magnetoresistance was achieved by
(i) selecting Co g3Fe, |, alloy, which has high GMR;
(ii) properly selecting the buffer layer material; and
(iii) optimizing the fabrication technique to provide a
necessary microstructure of samples. In [6], the
WGMR was observed and calculated in spin valves
containing CoFe layers exchange-coupled through a
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Fig. 1. (a) X-ray diffraction pattern for Ta(5.0)/PyCr(5.0)/[CoggFe,(1.5)/Cu(0.95)],4/Ta(5.0) superlattice (sample 1) and

(b) variation of the superlattice resistivity in a magnetic field.

Cu spacer. The microwave reflection from spin valves
containing Co layers and a Cu spacer was measured by
the modulation technique [10].

The aim of our experiments was to study the
UWGMR effect in microwave reflection from
(CoFe)/Cu superlattices, find the frequency depen-
dence of LGMR in reflection, reveal reasons for this
dependence, and jointly observe the WGMR and
GMR effects in microwave reflection. Specifically, we
studied the microwave properties of two
[(Coy gsFeq 12)/Cu],, superlattices with spacer thick-
nesses #, = 0.95 and 2.05 nm. At such thicknesses, the
oscillatory dependence of the GMR on spacer thick-
ness reaches maxima. In these samples, the magneto-
resistance changes in magnetic fields with a different
intensity. Microwave measurements were made in the
frequency interval of 26—38 GHz. The field depen-
dences of the reflection coefficient were taken.

1. SUPERLATTICES AND THEIR EVALUATION

[(Coy gsFeq 12)/Cu], superlattices were prepared by
magnetron sputtering on an MPS-4000-C6 setup. The
compositions of the superlattices were as follows:

Ta(5.0)/PyCr(5.0)/[CogFe,(1.5)/Cu(0.95)],4/
Ta(5.0)—sample 1;

Ta(5.0)/PyCr(5.0)/[CogsFe 5(1.3)/Cu(2.05)]s/
CogsFe»(1.3)/PyCr(3.0)—sample 2.

The numeral in parentheses is the thickness of a
given layer in nanometers, the subscript at brackets
signifies the number of pairs of layers, and Py means
Fe—Ni alloy. The thicknesses of the Cu spacer were
taken such that the first and second maxima in the
dependence of the GMR on spacer thickness are
attributed to samples 1 and 2, respectively. Structures
were grown on a 0.2-mm-thick Corning glass sub-
strate. The growth technology of (CoFe)/Cu superlat-
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tices was described elsewhere [11]. A Ta(5.0) buffer
layer adjacent to the substrate relieves inner stresses in
the nanostructure and forms a structure that is optimal
for high magnetoresistance. The upper Ta(5.0) layer in
sample 1 and PyCr(3.0) layer in sample 2 prevent the
nanostructure from corrosion. X-ray diffraction anal-
ysis of the samples was performed in the common use
center (Institute of Metal Physics, Ural Branch, Rus-
sian Academy of Sciences) using a PanAnalytical dif-
fractometer.

Diffraction patterns taken of both superlattices
contain only one peak from (111) planes of the fcc lat-
tice. This peak is common for Cu and CoggFe , alloy,
because the fcc lattice parameters of Cu and this alloy
are close to each other. Oscillations are observed
around this peak. They indicate a high perfection of
the layered structure of the superlattices (Fig. 1a). The
superlattice period determined from the angular posi-
tion of the oscillations is nearly coincident with its
rated value. The absence of other peaks characteristic
of the fcc lattice suggests the formation of an axial (111)
texture in these samples, with its axis normal to the
plane of the film (the orientation of the film was con-
firmed by rocking curve measurements). A perfect
(111) texture is present in both superlattices.

The surface relief of the samples was examined by
means of a Solver Next automated scanning probe
microscope. It was shown that the surface of the sam-
ples is smooth with a peak-to-valley height of about
3nmoveral X 1-um scan area.

Magnetic measurements showed that saturation
magnetization M, in samples 1 and 2 equals 1625 + 8
and 1638 £ 8 G, respectively. These values will be used
in subsequent calculations. To analyze \GMR mea-
surement data, it is necessary to know the magnetore-
sistance of the sample. It is known that the magneto-
resistance of (CoFe)/Cu nanostructures will be high if
the magnetic moments of CoFe layers are antiparallel
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Fig. 2. Magnetic field dependences of the reflection coefficient taken at several frequencies for (a) Ta(5.0)/PyCr(5.0)/
[CoggFe5(1.5)/Cu(0.95)],4/Ta(5.0) and (b) Ta(5.0)/PyCr(5.0)/[CoggFe,(1.3)/Cu(2.05)]g/CoggFe ,(1.3)/PyCr(3.0) superlat-

tices.

in the absence of an external magnetic field [10]. The
magnetoresistance was measured using the four-point
probe method (Fig. 1b). For sample 1, in which the
spacer thickness corresponds to the first maximum of
the GMR, the magnetoresistance versus magnetic
field curve tends to saturation at about 7 kOe. The
magnetoresistance is calculated as r [RH) —
R(0)]/R(0), where R (H) is the electrical resistance
in magnetic field H. At saturation, r of this sample is
about —44%. The magnetoresistance curve for sample 2
saturates at about 0.2 kOe, whole magnetoresistance »
at saturation equals —22%. The spacer thickness in
sample 2 corresponds to the second maximum of the
GMR. The measured values of the magnetoresistance
are consistent with data reported in [11].

2. MICROWAVE MEASUREMENT DATA

Microwave measurements were made using the
method described in [2]. A sample was placed in a
standard 3.6 X 7.2-mm rectangular waveguide so that
it completely covers the waveguide’s cross section. The
absolute value of reflection coefficient R and its
change r,, = [R(H) — R(0)]/R(0) in magnetic field H
were measured by taking amplitude—frequency char-
acteristics. During measurements, the external mag-
netic field lay in the plane of the sample and was
directed along the narrower wall of the waveguide.
Thus, the permanent and microwave magnetic fields
were mutually orthogonal. Measurements were taken
at room temperature.

The magnetic field dependence of the reflection
coefficient was taken at different microwave frequen-
cies. Results for sample 1 are presented in Fig. 2a.
These changes are due to two reasons. The first reason
is that the superlattice resistance varies in a magnetic

field. This causes a monotonic increase in the reflec-
tion coefficient and delineates the uUGMR effect. The
second one is associated with ferromagnetic resonance
(FMR). It shows up in a relatively narrow interval of
magnetic fields and usually lowers the reflection coef-
ficient because of microwave absorption at FMR. It is
shown in Fig. 2a that the resonance field grows with
frequency. Estimates made by formulas for the reso-
nance spectrum [12] indicate that fields at which res-
onance variations are observed correlated with the
spectrum of uniform-mode FMR. At frequencies of
35 and 38 GHz, the picture of events becomes more
complicated. In fields slightly below the FMR field,
the reflection coefficient grows. Earlier, in studies of
microwave reflection from Fe/Cr superlattices [2] and
(Co/Fe)/Cu spin-valve structures [9], such a phe-
nomenon was not observed. Further investigations are
needed to clarify the reason for the growth of the
reflection coefficient. One may suppose that this
increase is due to anti-FMR [12]. The following cir-
cumstances count in favor of this supposition: there
exists a singularity in the form of a maximum of the
reflection coefficient, which arises in fields below the
FMR field and at frequencies above 32 GHz. Such
behavior is expected to reveal itself at anti-FMR.

Let us consider the AGMR effect in sample 1 again.
Figure 2a shows that in high fields the variation of the
reflection coefficient generally grows with frequency.
This fact is inconsistent with the theory of the uGMR
effect [2, 4]. The reason for this inconsistency will be
discussed in the next section. In sample 2, the mag-
netic saturation takes place in a field of 0.3 kOe; there-
fore, the domains of the U.GMR effect and FMR are
separated (Fig. 2b). In fields below 2 kOe, only the
WGMR effect is observed. Here, one can also distin-
guish the frequency dependence of this effect, with the
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variation of the reflection coefficient growing with fre-
quency. In higher fields, the variation of the reflection
coefficient is due to a very wide FMR line. It should be
noted that, in this sample, the reflection coefficient
also grows in fields below the FMR field at 32 and
35 GHz. Here, this may be associated with magnetic
antiresonance.

3. DISCUSSION

Calculations of microwave transmission through
and reflection from a metal plate were the subject of a
number of investigations (see, e.g., [13, 14]). These
calculations were applied to analyze the UGMR effect
[6]. In those studies, the transmission and reflection
coefficients were determined as ratios of the transmit-
ted wave and reflected wave intensities to the incident
wave intensity, respectively. In this case, it is necessary
to know the surface resistance of the sample to per-
form calculations. In our case, the reflection coeffi-
cient was determined as a ratio between the amplitudes
of reflected and incident waves. Here, the surface
resistance may be unknown. Both approaches are
based on an approximation according to which a mul-
tilayer nanostructure is replaced by a homogeneous
metal plate with the same conductivity and magnetic
permeability. Our calculations were carried out in
much the same way as in [2]. Reflection coefficient R
depends on the ratio between the impedances of the
nanostructure (Z,) and ambient (Z£). By the ambient is
meant either free space or a waveguide. In our experi-
ments, the inequality d < 0 is valid. In the case of the
normal skin effect, the impedance of a multilayer
superlattice is given by Z,, = [(1 + i)/8]p, where p =
p(H) is the resistivity of the nanostructure, & =
(2p/mup,) /2 is the skin depth, ® = 27tfis the circular
frequency, and W is the relative dynamic differential
magnetic permeability. Hereinafter, by “magnetic per-
meability and resistivity” are meant effective values
averaged over the volume of the superlattice. The
impedance of a waveguide supporting a TE,; mode
with a superlattice inside is given by

Z = (Wo/e0) /1L = /A1, (la)

where A = ¢/fis the wavelength in vacuum, A, = 2a is
the critical wavelength of the TE;, mode, and a is the
width of the wider wall of a rectangular waveguide. In
our experiments, ¢ = 7.2 mm. If measurements were
taken in free space, rather than in a waveguide, expres-
sion (1a) would be replaced by the expression

Z =,/ =522 Q. (1b)

According to [15], the formula for coefficient R of
electromagnetic wave reflection can be written as

27, cosh(k,d)

R=-1+ ,
2Z, cosh(k,d) + Z sinh(k,d)

(2)
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where k,, = (1 + i)/ is the wavenumber in a conduct-
ing medium. The impedance of a well conducting
nanostructure is much smaller than impedance Z:
|Z,| < Z. If the inequality 2Z,,cosh(k,,d) < Zsinh(k,,d)
in the denominator of (2) is fulfilled, the reflection
coefficient can be estimated by the formula

R=-1+ %coth(kmd). 3)

This case takes place in metallic nanostructures at
microwaves. In this limiting case, reflection coeffi-
cient R may depend on frequency because of fre-
quency dispersion of material constants and frequency
dependence of waveguide impedance Z. This depen-
dence of impedance Z is weak far from cutoff fre-

quency f, = 2£, but it may have an influence if there

are no other ?ﬁspersion sources. For the parameter
range within which changes in magnetic permeability
may be ignored, one can derive from (3) an expression
for the relative variation of the reflection coefficient:

_|RCH) —IRO) _ _ 2p(0)r (1 _2p(0) j @
|R(O) Zdw(0)\  Zdw(0))

In (4), p(0) is the resistivity and p(0) is the mag-
netic permeability in the absence of a magnetic field.

m

Quantity D(0) = 20 is much smaller than unity,
Zd\(0)

D(0) <« 1, for metal plates more than 10 nm thick. If

the reflection coefficient variation is due to only the

magnetoresistance of the nanostructure at u(0) = 1, we

have from (4)

r, ==D(0)[1 = D(0)]r. ®)

It follows that the variation of the reflection coeffi-
cient is opposite in sign to magnetoresistance ». The
change in r,, is much smaller than |f but varies with in
external magnetic field in the same way as . Formulas
(4) and (5) are valid if the nanostructure is far from the
FMR condition.

The reflection coefficient was calculated for super-
lattices considered in this study. Results of calculation
by formulas (la), (1b), and (5) are summarized in
Table 1. Calculation was performed for frequency f =
35 GHz in fields of 12 and 2 kOe. In the former field,
sample 1 was close to magnetic saturation, whereas in
the latter field, sample 2 was at saturation. It is seen
from Table 1 that the measured variation of the reflec-
tion coefficients for both superlattices is 50—60%
greater than the calculated value. Figure 3a shows the
experimental magnetic field dependence of the reflec-
tion coefficient for sample 2 and the estimation of the
coefficient calculated by formula (5) for the imped-
ance of the waveguide (formula (1a)) and free space
(formula (1b)). In addition, the reflection coefficient
was calculated by formula (2), which is more accurate.
All dependences are of the same type but differ in
amount of change. The measured variations turned
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Table 1. Measured vs. calculated changes in reflection coefficient
o Relative change in reflection coefficient
Sample no Complete thickness Resistivity, - _
: of metal, nm 10-5Qm . calculation calculation
experiment, % for waveguide, % | for free space, %
1 71.8 0.483 2.6 1.5 1.71
2 41.1 0.283 1.0 0.62 0.71

out to be greater than the calculated ones. It seems that
this discrepancy (primarily between experimental data
and data calculated by formula (2)) is associated with
adopted approximations, specifically, with the
replacement of a multilayer superlattice by a homoge-
neous metal plate with equivalent conductivity. It
should be noted that, when considering microwave
propagation in (CoFe)/Cu superlattices, the measured
WGMR effect exceeded its value calculated in the same
approximation [16].

Let us compare the shapes of the field dependences
of LGMR in reflection and GMR. A comparison will
be made for sample 1. The case with sample 1 is more
difficult than that for sample 2, since the field depen-
dences of HGMR in the former case contain FMR-
related features. Comparison results are presented in
Fig. 3b, where r,, normalized to its maximum at satu-
ration, namely, #,/(*,)max> iS plotted on the Y axis.
Figure 3b also compares the field dependence of
GMR reversed in sign and the field dependence of the
reflection coefficient measured at 26 and 35 GHz. Itis
seen that the field dependences of GMR and uGMR
are nearly identical in shape except for regions close to
the FMR condition. Near the FMR condition, the
reflection coefficient decreases because of wave
absorption [2]. Arrows in Fig. 3b show the FMR posi-

(a)
Sample 2

—e— Experiment, f 32 GHz
—o— Estimation, waveguide
—2— Estimation, free space

—a— Calculation, waveguide
1

1.5

|
1.0
H, kOe

2.0

tions. The HGMR-induced monotonic field depen-
dence of the reflection coefficient is almost the same
as the field dependence of GMR. Results of calcula-
tion by estimation formula (5) exactly coincide with
the field dependence of the normalized magnetoresis-
tance at GMR (in Fig. 3b, they are omitted).

It is of interest to discuss reasons for the frequency
dependence of the reflection coefficient presented in
Fig. 2. This dependence is distinctly seen in the inter-
val 1—12 kOe for sample 1 and near 2 kOe for sample 2.
In this field, sample 2 is magnetically saturated,
whereas the FMR condition is met in much higher
fields. A tendency is observed in both cases: the
amount of the UGMR effect grows with wave fre-
quency. Simplified formula (5) does not involve the
frequency dependence of \GMR effect if the conduc-
tivity does not depend on frequency. For relaxation
time T = 10~5—10"" s, which follows from the con-
ductivity value, the frequency dispersion at frequency
f~ 3 x 10" Hz cannot take place, since 2nft < 1. In
[17], the frequency dependence of the conductivity of
a thin metal sheet is attributed to the spatial, rather
than temporal, dispersion of conductivity. However,
this point of view was criticized and it was concluded
that the conductivity is frequency independent in mil-
limeter and submillimeter wave ranges [18]. It was

Sample 1

—
o
T

—o— Experiment26 GHz
—e— Experiment35 GHz
—o— Calculation 26 GHz
1 1 1 1 1
0 2 4 6 8 10

H, kOe

12

Fig. 3. (a) Measured vs. calculated field dependences of the microwave reflection coefficient for Ta(5.0)/PyCr(5.0)/
[CoggFe5(1.3)/Cu(2.05)]g/CoggFe ,(1.3)/PyCr(3.0) superlattice and (b) shape comparison between the field dependences of
ULGMR and GMR for Ta(5.0)/PyCr(5.0)/[CoggFe5(1.5)/Cu(0.95)],4/Ta(5.0) superlattice.
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Fig. 4. Frequency dependence of the nGMR-induced
variation of the reflection coefficient normalized to the
reflection coefficient at f= 26 GHz.

shown [4] that the formation of standing waves in a
dielectric substrate should be taken into consideration
at upper frequencies of the millimeter wave range,
which makes the reflection coefficient in the case of
the UGMR effect frequency-dependent. The frequen-
cies used in this study are much lower than those men-
tioned above, so that standing waves do not arise.
Basically, the frequency dependence of the reflection
coefficient is embodied in formulas (2) and (5) if
waveguide impedance Z is calculated by formula (1a).
Let us estimate the influence of the frequency depen-
dence of waveguide impedance. Relative change r,, in
the reflection coefficient of either sample, which is asso-
ciated with the .GMR effect, is normalized to changes at
the lower frequency 26 GHz, r,,/r,, (26 GHz). Results
are shown in Fig. 4. As has been already noted, the
changes grow with frequency. Figure 4 also shows the
frequency dependence of the normalized changes in
the reflection coefficient that were calculated by for-
mula (2) for the case when the impedance was calcu-
lated by formula (1) for the waveguide. The impedance
of free space is frequency independent. Accordingly,
the reflection coefficient does not depend on fre-
quency as well. Comparing experimental data with
calculation data presented in Fig. 4, one can conclude
that they are in good agreement for sample 1 and coin-
cide in order of magnitude for sample 2. In general, it
can be argued that, in our conditions, the frequency
dependence of the change in the reflection coefficient
due to the UGMR effect to a great extent results from
the frequency dependence of the waveguide imped-
ance.

CONCLUSIONS

The PHGMR effect in reflection was studied for two
(CogsFe ,)/Cu superlattices with spacer thicknesses
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corresponding to the first and second maxima
observed in the dependence of the amount of the
GMR effect on spacer thickness. It was found that the
field dependence of the reflection coefficient contains
an FMR-induced contribution at microwaves. It
turned out that uUGMR-induced changes in the reflec-
tion coefficient tend to saturation in fields of sample
magnetic saturation. The relative changes in the
reflection coefficient due to the {GMR effect varies
from 1 to 4%. In accordance with the theory, the
changes are positive and vary with field similarly to the
GMR effect. Changes observed experimentally exceed
calculated values. The discrepancy is associated with
the used approximation, according to which a super-
lattice is replaced by a uniform metal plate with an
effective conductivity. It was found experimentally
that L.GMR-induced changes in the reflection coeffi-
cient are frequency-dependent. This frequency depen-
dence can be explained by the frequency dependence
of the impedance of a waveguide in which the sample
is placed.
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