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Abstract—The [(Co0.88Fe0.12)/Cu]N synthetic antiferromagnet has been investigated by the spin wave reso-
nance method over the entire range of angles of an external dc magnetic field to the film surface normal. The
investigations have shown that the superlattice under study consists of two exchange-coupled magnetic sub-
systems, each manifested in the recorded spectra as a series of spin-wave modes. The dependence of the linear
region of propagation of a standing spin-wave mode on the sample orientation in an external magnetic field
has been established.
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The [Co1 – xFex/Cu]N superlattices exhibit a
unique combination of magnetic properties, which
makes it possible to use them in magnetic sensors with
record performances [1–3]. The results of study of the
microwave giant magnetoresistive effect (μGMR) [1–
3] showed the efficiency of the electrodynamic tech-
niques in the centimeter wavelength range for describ-
ing the electromagnetic properties of superlattices.

The methods conventionally used to measure the
dynamic characteristics of magnetic systems are ferro-
magnetic resonance (FMR) and spin wave resonance
(SWR) [4–6]. The angular dependences of the SWR
and FMR spectra allow one to determine the parame-
ters of a magnetic system, including effective magneti-
zation Meff, exchange coupling constant A, the orthog-
onal and in-plane anisotropy constants, and the sur-
face anisotropy constant.

The results of theoretical [7, 8] and experimental
[9, 10] studies of the dynamic characteristics of multi-
layers demonstrate the dependence of the spectrum
shape on both the structural (thickness and number of
layers) and magnetic (magnetization and anisotropy
field) parameters of a separate layer [11]. Thus, the
FMR and SWR methods make it possible to establish
the integral magnetic parameters of the planar
[CoFe/Cu] superlattice and estimate their interplay
with other effects observed on these composites [12].

The dynamic properties of the [(Co0.88Fe0.12)/Cu]N
superlattice with a nonmagnetic spacer thickness of

ts = 0.95 nm were examined. The sample was synthe-
sized by magnetron sputtering on an MPS-4000-C6
setup [13]. Corning glass was used as a substrate mate-
rial. The sample was a planar nanostructure with
the Ta(5 nm)/Ni48Fe12Cr40(5 nm)/[Co88Fe12(1.5 nm)/
Cu(0.95 nm)]24/Ta(5 nm) composition.

X-ray study on a DRON-3M diffractometer (CoKα
radiation) showed that the superlattice has an ideal
layer structure with an fcc lattice and a 111 axial tex-
ture with the axis normal to the layer plane. The
microwave GMR measurement results for the struc-
ture under study were reported in [3]. According to the
M(H) dependences measured on similar structures
[13], the saturation field takes the values   in the range
of 200–300 Oe at different buffer layer compositions.

The microwave spectra of the films were measured
at room temperature in the X-band (the resonator
pumping frequency was f = 9.47 GHz) on a Bruker
ELEXSYS E580 spectrometer (Germany), Kras-
noyarsk Territorial Center for Collective Use, Kras-
noyarsk Scientific Center, Siberian Branch, Russian
Academy of Sciences; the sample was placed in the
antinode of an ac magnetic field h~ of a transmission
resonator. The dc magnetic field H was varied both in
the film plane in angle ϕ and in the plane parallel to
the film normal at different angles θ counted from the
film plane normal.

The dependence of the positions of resonance
fields Hn on wave vector k related to the mode
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Table 1. Magnetic parameters
Magnetic parameters Subsystem 1 Subsystem 2

FMR resonance fields
θ = 90°  = 840 Oe  = 1550 Oe

θ = 0°  = 8700 Oe  = 15100 Oe

Saturation magnetization  = 870 G  = 939 G

Uniaxial crystalline anisotropy field  ≈ 3 Oe  −730 Oe
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number n as k = nπ/d (d is the film thickness; and
n =   1, 3, 5, …, for bulk spin modes; and n = 0 for
a homogeneous FMR mode) at θ = 90° has the
form [14]

(1)

The positions of resonance fields Hn at θ = 0° are
determined as

(2)

where ω = 2πf is the cyclic frequency, s–1; γ = 1.758 ×
107 Hz/Oe, is the gyromagnetic ratio; neff = 2A/Ms is
the spin-wave stiffness, Oe cm2, related to the
exchange coupling constant A, erg/cm; and MS is the
saturation magnetization.

Regardless of the geometry of the SWR experiment
(θ = 0° or 90°), the effective exchange stiffness in the
field coordinates is calculated using the formula

(3)

The anisotropy contribution can be estimated
from the FMR equations for magnetically anisotro-
pic materials obtained in the effective field approxi-
mation [15] 

(4)

at θ = 90° and

(5)

at θ = 0°.
Here, Heff = 4πMS + HK is the effective field that

takes into account the effect of elastic stresses and Hu
is the uniaxial anisotropy field.

The microwave absorption curves for the
[CoFe/Cu]N synthetic antiferromagnet in the field
oriented in the film plane (θ = 90°) demonstrate a
complex spectrum with the invariable structure (the
same resonance fields and linewidths of spectral com-
ponents) over the entire range of angles ϕ, which is
indicative of the isotropy of the magnetic parameters

    ω= + π − π − η   γ     

1/22
2 2

eff eff eff(2 ) 2 .n nH M M k

ω= + π − η
γ

2
eff eff4 ,n nH M k

−η =
−

�

1
eff 2 .

1
nH H

n

ω = + +
γ

1/2
eff[( )( )]uH H H H

ω = − − −
γ

1/2
eff eff[( )( )]uH H H H H
TECHNICAL PHYSICS LETTERS  Vol. 46  No. 11  20
in the film plane. When external dc magnetic field H
changes relative to the film plane normal, the micro-
wave absorption curves have a form of a complex spec-
trum over the entire range of angles θ (Figs. 1a, 1b).
The experimental microwave spectra were decom-
posed into components using the differentiated
Lorentzian functions (see the example in Figs. 1c, 1d).

The analysis of the spectra allows us to draw the
following conclusions. Over the entire measuring
angle range, both the bulk standing spin-wave modes
and the surface ones are excited in the film. The
microwave spectrum at any angle θ consists of two
portions: low-field and high-field. The presence of
two portions in the SWR spectra described by separate
series of bulk standing spin-wave modes gives us
grounds to consider the superlattice as two magnetic
subsystems with different magnetic parameters. The
ability of the FMR and SWR methods to detect the
two-phase character was demonstrated in [14, 16].

The approximation of the experimental Hn(n2)
dependences at θ = 90° and 0° (Fig. 2) allows one to
determine the FMR resonance fields (n = 0), and
Eqs. (4) and (5) make it possible to estimate MS and Hu
for each subsystem (see Table 1).

Using Eq. (3) and the Hn(n2) dependences (Fig. 2),
we calculated the effective exchange stiffness and
found  ≈ 80 Oe for both subsystems at θ = 0°
and  ≈ 20 Oe for both subsystems at θ = 90°. At the
same time, it is well-known that the experimental   neff
values in both geometries in the homogeneous films
are equal [14]. The difference between the experimen-
tal    values can be explained by the change in the
linear size of the planar region in which a standing
spin-wave mode is excited, i.e., a certain effective
thickness  of the subsystem. The latter indicates
that, at θ = 0° and 90°, the effective pinning of the
exchange spin wave occurs inside the film, but at dif-
ferent thicknesses . Poimanov et al. [17] discussed
the possibility of the formation of nodes of an
exchange spin wave inside a multilayer film by the
internal boundary conditions, rather than the conven-
tional Kittel boundary conditions on the outer film
surfaces. The features of the SWR spectra in bilayer
films caused by the displacement of the standing spin
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Fig. 1. Evolution of the spectra in the angle range (a) from 90° to 20° and from (b) 10° to –15° and example of decomposition of
the experimental spectra at (c) θ = 90° and (d) 0°. Character S denotes the surface modes and I denotes the intensities of the
surface and first bulk modes. Lines in (c) and (d) denoted by Arabic numerals indicate bulk standing spin-wave modes.
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Fig. 2. Experimental Hn(n2) dispersion dependences for θ = (a) 90° and (b) 0°. Rhombs mark the values for the strong-field spec-
tral portion; circles mark the values for the weak-field one.
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wave node from the interface were detected in [18]. We

assume that the  values in different geometries dif-
fer by a factor of 2, which follows from the experimen-

tal relation ( ) = 4 (see additional materials in
the online version of the article).

Assuming  = 58.8 nm at θ = 90° and using sat-
uration magnetization MS high from Table 1 and

Eq. (3), we obtain the effective exchange coupling

constant Aeff ~ 0.4 × 10–7 erg/cm. Note that the esti-

mated Aeff value for the fcc-Co films (200 nm) is 1.3 ×

10–6 erg/cm [10]; with a decrease in the Co thickness,
the Aeff value can decrease by an order of magnitude

[19]. The great difference between the Aeff value for the

multilayers with an ultrathin (~1.5 nm) CoFe layer at
a nonmagnetic Cu spacer thickness of ~0.95 nm and
the analogous parameter of the single-layer films is
explained by the integral contribution of partial
exchange interactions of individual ferromagnetic lay-
ers and partial exchange between ferromagnetic layers
through a nonmagnetic spacer to this parameter.

The [(Co0.88Fe0.12)/Cu]N superlattice with a thick-

ness of ~60 nm, in contrast to the similar system with
a thickness of ~30 nm, consists of two exchange-cou-
pled magnetic subsystems, which manifest themselves
as two sets of exchange standing spin-wave modes in
the SWR spectrum over the entire range of angle θ.
The uniaxial perpendicular anisotropy constants of
the subsystems have different signs and values. The
change in the linear region of propagation of an
exchange spin wave in a superlattice depending on the
film orientation in an external dc magnetic field was
found. The established features of the magnetic system
can be used to control the GMR value during superlat-
tice synthesis.

FUNDING

This study was carried out under a state order of the

Ministry of Science and Higher Education of the Russian

Federation (theme “Spin” no. AAAA-A18-118020290104-2)

and supported in part by the Russian Foundation for Basic

Research (project no. 20-42-660018).

CONFLICT OF INTEREST

The authors declare that they have no conflict of inter-

est.

SUPPLEMENTARY MATERIALS

Supplementary materials are available for this article at

https://doi.org/10.1134/S1063785020110140 and are acces-

sible for authorized user.

REFERENCES

1. A. B. Rinkevich, L. N. Romashev, and V. V. Ustinov,
J. Exp. Theor. Phys. 90, 834 (2000).

2. B. K. Kuanr, A. V. Kuanr, P. Grünberg, and G. Nimtz,
Phys. Lett. A 221, 245 (1996).

3. A. B. Rinkevich, Ya. A. Pakhomov, E. A. Kuznetsov,
A. S. Klepikova, M. A. Milyaev, L. I. Naumova, and
V. V. Ustinov, Tech. Phys. Lett. 45, 225 (2019).

4. A. V. Gurevich, Magnetic Resonance in Ferrites and An-
tiferromagnets (Nauka, Moscow, 1973) [in Russian].

5. Ferromagnetic Resonance, Ed. by S. V. Vonsovskii
(Fizmatgiz, Moscow, 1961) [in Russian].

6. N. M. Salanskii and M. Sh. Erukhimov, Physical Prop-
erties and the Use of Magnetic Films (Nauka, Novosi-
birsk, 1975) [in Russian].

7. V. A. Ignatchenko, Y. I. Mankov, and A. A. Maradudin,
Phys. Rev. B 62, 2181 (2000).

8. V. V. Kruglyak and A. N. Kuchko, Phys. B (Amster-
dam, Neth.) 339, 130 (2003).

9. R. S. Iskhakov, C. V. Stolyar, L. A. Chekanova, and
M. V. Chizhik, Phys. Solid State 54, 748 (2012).
http://journals.ioffe.ru/articles/580.

10. R. S. Iskhakov, Zh. M. Moroz, L. A. Chekanova,
E. E. Shalygina, and N. A. Shepeta, Phys. Solid State
45, 890 (2003). http://journals.ioffe.ru/articles/4617.

11. B. Khodadadi, J. B. Mohammadi, J. M. Jones, A. Sri-
vastava, C. Mewes, T. Mewes, and C. Kaiser, Phys.
Rev. Appl. 8, 014024 (2017).

12. V. V. Ustinov, A. B. Rinkevich, I. G. Vazhenina, and
M. A. Milyaev, J. Exp. Theor. Phys. 131, 139 (2020). 
https://doi.org/10.31857/S0044451020070135

13. N. S. Bannikova, M. A. Milyaev, L. I. Naumova, V. V. Pro-
glyado, T. P. Krinitsina, T. A. Chernysheva, and
V. V. Ustinov, Phys. Met. Metallogr. 116, 156 (2015).

14. R. S. Iskhakov, V. A. Seredkin, S. V. Stolyar, L. A. Chekano-
va, and V. Yu. Yakovchuk, JETP Lett. 76, 656 (2002).

15. C. Kittel, Phys. Rev. 110, 1295 (1958).

16. M. A. Morales, H. Lassri, A. Biondo, A. M. Rossi, and
E. Baggio-Saitovitch, J. Magn. Magn. Mater. 256, 93
(2003). 
https://doi.org/10.1016/S0304-8853(02)00386-4

17. V. D. Poimanov, A. N. Kuchko, and V. V. Kruglyak,
Phys. Rev. B 98, 104418 (2018).

18. R. S. Iskhakov, V. Yu. Yakovchuk, C. V. Stolyar,
L. A. Chekanova, and V. A. Seredkin, Phys. Solid
State 43, 1522 (2001). https://journals.ioffe.ru/arti-
cles/38276.

19. R. S. Iskhakov, N. A. Shepeta, S. V. Komogortsev,
S. V. Stolyar, L. A. Chekanova, G. N. Bondarenko,
V. K. Mal’tsev, and A. D. Balaev, Phys. Met. Metal-
logr. 95, 242 (2003).

Translated by E. Bondareva

eff

i
d

⊥η η� �

||

eff eff/

eff

i
d

TECHNICAL PHYSICS LETTERS  Vol. 46  No. 11  2020


	REFERENCES

		2020-12-02T14:52:10+0300
	Preflight Ticket Signature




