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Abstract—The magnetic properties of heterostructures consisting of two films are studied. The upper layer
involves rare-earth intermetallic nanostructured superlattices consisting of exchange-coupled layers
(TbCo2/FeCo)n (TCFC), and the lower layer includes either epitaxial manganite La0.7Sr0.3MnO3 (LSMO)
with optimum strontium doping or an epitaxial film of an yttrium–iron garnet Y3Fe5O12 (YIG) with a Bi
additive. TCFC is a ferromagnet having high Curie temperature and provides controllable induced magnetic
anisotropy. Experimental studies showed that the interlayer interaction of the TCFC/LSMO heterostructure
is antiferromagnetic. There was an increase in the FMR line width in the structures due to the f low of a spin
current through the interface between two films. There was electric voltage in the TCFC/YIG heterostructure
induced in the TCFC intermetallide film, due to an inverse spin Hall effect under ferromagnetic resonance
conditions.
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1. INTRODUCTION
Spintronics is based on phenomena due to the

transfer of a spin moment. Spin current can appear via
several mechanisms, among which the spin Hall effect
[1] and spin pumping during the ferromagnetic reso-
nance are the most effective [2]. A structure, in which
spin current is generated, consists of two layers: mag-
netic and nonmagnetic. The spin current may be
detected with an inverse spin Hall effect (ISHE) in a
material with strong spin-orbit interaction via convert-
ing into conduction current. Not only nonmagnetic
metals, however, can be used as ISHE spin current
detectors. Some studies showed that magnetic metals,
such as Ni81Fe19 (permalloy), Fe, Co, and Ni, can be
used as spin current detectors [3–5].

(TbCo2/FeCo)n (TCFC) superlattices containing
Tb with a strong spin-orbit interaction (high atomic
weight Z = 159) possess high Curie temperature (TC =
120°С), giant magnetostriction, controllable magnetic
induction anisotropy, and the possibility of inducing
spin-orientation transitions by imposing magnetic
field or elastic stresses [6, 7]. All these properties of
TCFCs suggest that these films may be used for detec-
tion of spin current with the inverse spin Hall effect. It
is possible that the ferromagnetism in a material with a

strong spin-orbit interaction will enhance the magni-
tude of the current detected.

On the other hand, rare-earth manganite per-
ovskites with a structure Re1 – xAxMnO3 (where Re are
rare-earth materials, such as La or Nd, and A are alka-
line earth metals, such as Sr, Ca, and Ba) possess
unusual electrical and magnetic properties, including
high magnetic polarization up to 100%, great magne-
toresistance, etc. [8, 9]. Manganite films, whose Curie
temperature TC is close to room temperature, is espe-
cially attractive for practical purposes. The spin cur-
rent excitation by ferromagnetic resonance in the
LSMO/N structures (LSMO is La0.7Sr0.3MnO3 and N
is a normal metal, usually platinum) was studied [10,
11]. These works do not describe the data on tempera-
ture dependences of the width of a ferromagnetic res-
onance (FMR) line during the generation of spin cur-
rent in ferromagnets and the magnitude of spin con-
ductivity of the LSMO/Pt boundary.

In this work, we study the magnetic properties of
rare-earth intermetallic superlattices consisting of
exchange-coupled layers (TbCo2/FeCo)n and either
LSMO manganite epitaxially grown or epitaxial
Y3Fe5O12 (YIG) yttrium–iron garnet film with a Bi
additive. We especially focus on the effects that
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Fig. 1. Ferromagnetic resonance spectrum for TCFC
LSMO heterostructure acquired at room temperature and
with the direction of external magnetic field along the axis
of easy magnetization. The amplitude of low-field line
(FMR of TCFC) increased tenfold compared to the other
two lines.
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Fig. 2. Temperature dependences of the widths of FMR
lines (δPP) with the direction of external magnetic field
along the axis of difficult magnetization for different parts
of heterostructure. Triangles and rectangles designate
LSMO film, whereas circles designate TCFC.
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appeared due to excitation and generation of spin cur-
rent in the structures.

2. FERROMAGNETIC RESONANCE
IN TCFC/LSMO HETEROSTRUCTURE

FMR spectrum of the TCFC/LSMO heterostruc-
ture (Fig. 1) was acquired at the frequency ω/2π =
9.74 GHz and T = 300 K with a constant magnetic
field lying in the plane of the substrate and directed
along the axis of easy magnetization of TCFC. There
are three FMR lines attributable to the three ferro-
magnetically ordered spin systems. At the same time,
LSMO films were epitaxially grown via magnetron
sputtering at high temperature on a NdGaO3 substrate
of 5 × 5 mm2 in size, whereas TCFC superlattices were
obtained via layer-by-layer magnetron sputtering of
TbCo2 and FeCo layers in a magnetic field setting
anisotropy. The TCFC superlattice occupied only part
of the substrate.

The temperature dependences of resonant fields of
these three lines (Fig. 2) showed that the line at
1900 Oe (Fig. 1) is due to TCFC superlattice, which
has a higher Curie temperature compared to that of
LSMO. Two other lines are assigned to LSMO film:
LSMO-2 corresponds to the part of LSMO film lying
under the TCFC superstructure, whereas LSMO-1 is
assigned to that not covered with TCFC film. The
number of electron spins for the LSMO-1 and LSMO-
2 peaks is determined by the topology of a sample (the
area covered by TCFC and not covered by the part of
the substrate). The number of spins was assessed via
calculation of the area of absorption line in FMR
spectrum.
PHYSICS OF THE SOLID STATE  Vol. 61  No. 9  2019
The spin precession decay α0 = δPPγ/ω = 12 × 10–3

was found at room temperature for the LSMO films
from the FMR line width δPP = 40 Oe. δPP of the two
lines of LSMO-1 and LSMO-2 films differ by 40–
50 Oe. Considering that both parts of LSMO-1 and
LSMO-2 are located on the same substrate and have
the same crystal structure, this difference in the widths
of FMR lines is probably due to interaction between
the TCFC superlattice and LSMO film. An Increase
in attenuation α during TCFC film spraying on
LSMO α = α0 + α may arise due to the spin current

through the TCFC/LSMO interface [12]. If the thick-
ness of TCFC film deposited on LSMO is 10 nm, the
parameter α increases by two times at room tempera-
ture (Fig. 2). The spin conductivity in the
TCFC/LSMO heterostructure may be calculated as
follows [13, 14]:

(1)

where γ = 17.605 × 106 is the gyromagnetic ratio for an
electron, ω = 2π × 9.51 × 109 s–1 the angular fre-
quency, Ms = 300 Oe the magnetization of LSMO
film, tLSMO = 40 nm the thickness of LSMO film, μB =
9.274 × 10–21 erg/G the Bohr magneton, and g = 2 the
Lande factor. The width of FMR line increased at
room temperature after the TCFC film was deposited:
δTCFC/LSMO – δLSMO = 40 Oe, so that geff = 9.7 ×
1019 m–2. This spin conductivity value of the boundary
exceeds that of geff = 5 × 1018 m–2 obtained from mea-
surements of spin current on the Pt/LSMO structures
using the inverse spin Hall effect [15]. For compari-
son, geff for the Py/Pt and YIG/Pt boundaries were
2.1 × 1019 [16] and 4.8 × 1020 m–2 [17], respectively.

↑↓ π= α
μ

LSMO
eff

B

4 ',sM tg
g
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Fig. 3. Angular dependence of resonant fields of three
FMR lines for TCFC/LSMO heterostructure. Solid lines
show the calculated dependencies. Triangles and rectan-
gles designate LSMO film, whereas circles show TCFC.
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Fig. 4. Schematic representation of heterostructure in the
Kerr effect geometry. “A” and “B” indicate the position of
a laser beam for TCFC/YIG heterostructure and YIG
film.
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Figure 2 shows the temperature dependences of
FMR line widths, when the external magnetic field is
directed along the axis of difficult magnetization for
different parts of the heterostructure. The triangles
and rectangles belong to LSMO-1 and LSMO-2
films, respectively, whereas circles are attributable to
TCFC superlattice. It is clear that the widths of FMR
lines for the LSMO-1 and LSMO-2 films increase
with an increase in temperature, and the difference
δTCFC/LSMO – δLSMO is slightly changed within the tem-
perature range of 300–320 K. It should be noted that
there is a uniaxial magnetic anisotropy in LSMO
films, which also leads to decay anisotropy. Consider-
ing that magnetic anisotropies of the LSMO-1 and
LSMO-2 films have the same angular dependence
(Fig. 3), the same direction of the external magnetic
field should be used in assessment of spin conduc-
tivity geff.

The solution of Landau–Lifshitz–Hilbert equa-
tion gives two resonance relationships ω(H0), which
describe the FMR in TCFC and LSMO-2 films, tak-
ing into account the uniaxial and biaxial anisotropies.
These relationships are similar to those obtained in
[18] for an autonomous LSMO film deposited on a
(110)NdGaO3 orthorhombic substrate, which causes
the uniaxial magnetic anisotropy [19]. The H0 value
should be replaced by the sum of the two terms H01 +
HJ1 and H02 + HJ2 for the LSMO-2 film and TCFC
superlattice, respectively, to take into account the
magnetic interaction in the equations for resonant fre-
quency ω(H0) [19]. In this case, H01 and H02 are reso-
nant fields values for LSMO-2 and TCFC, respec-
tively. HJ1 = J/(M1d1) and HJ2 = J/(M2d2) (d1 and d2
are the thicknesses of LSMO and TCFC layers,
respectively) give an effective interlayer exchange
PHY
interaction for the LSMO-2 and TCFC films with an
interaction constant J.

The angular dependence of FMR response of an
autonomous LSMO film (LSMO-1) (Fig. 3) is firstly
calculated to find the structure parameters. Then the
angular dependence of H0 is calculated for the LSMO-
2 film from the magnetization magnitude obtained by
fitting the relationship between resonant field and
angle. Then the exchange interaction constant J is
found. Finally, the J value obtained is used to calculate
the angular dependence of H0 for the TCFC film and
to calculate M2 value. As a result, the data obtained
allow us to conclude that the TCFC/LSMO interface
possesses the antiferromagnetic interlayer interaction
with a constant J = –0.24 erg/cm.

3. SPIN CURRENT IN TCFC/Y3Fe5O12 
HETEROSTRUCTURE

Yttrium–iron garnet (YIG) films are very attractive
for spintronic structures due to their low magnetic
attenuation and low conductivity. The spin current
can be excited in a YIG film and detected with a per-
malloy film [3–5].

An epitaxial film of an Y3Fe5O12 (YIG) garnet
doped with Bi and with 4 μm thickness was grown on
a (111) Gd3Ga5O12 (GGG) substrate. A superlattice of
TCFC intermetallic compounds with a thickness of
30 nm, which covered only part of the substrate
(Fig. 4), was deposited on it. The magnetic parameters
of a heterostructure—the coercive force (HC) and the
saturation field (HS)—were studied with a meridional
Kerr effect [19]. The sample was placed in the electro-
magnet gap in the magnetization directions along and
across the axes of easy (ea) and hard (ha) magnetic
axes of the TCFC layer. The measurements were per-
formed by focusing the laser beam either at the point
“A” or “B” (Fig. 4), which corresponds to measure-
ments of either YIG film or the TCFC/YIG hetetro-
structure.
SICS OF THE SOLID STATE  Vol. 61  No. 9  2019
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Fig. 5. Magnetization curves of TCFC/YIG heterostruc-
ture and YIG films acquired upon the direction of external
magnetic field along easy and hard magnetic magnetiza-
tion axes.
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Fig. 6. Ferromagnetic resonance spectra (transmission
coefficient S12) of YIG film under the action of microwave
radiation at six frequencies of external influence.
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Fig. 7. FMR spectra (dP/dH) of: (1) YIG film and
(2) TCFC/YIG heterostructures obtained for reflection in
the modulation mode of external magnetic field. f =
1.4 GHz and T = 77 K.
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Figure 5 shows the dependencies of magnetic
induction of the YIG film and the TCFC/YIG hetero-
structure on the magnetic field obtained with Kerr
effect for two directions: along the hard and easy mag-
netization axes. The measurements for the
TCFC/YIG heterostructure were carried out with a
test laser beam in the B position (Fig. 4). In this case,
there is no influence of the lower YIG film on the
magnetization of the heterostructure, because the
laser beam is shielded by conduction currents f lowing
in the TCFC film. The induction of saturations of the
YIG and TCFC films were taken from literature data
[20, 21]. The magnetooptical response from the lower
YIG film was measured at the position of the beam at
the A point (Fig. 4). It is clear that the saturation field
of the heterostructure (actually, a TCFC film) HS ≈
1500 Oe significantly exceeds that of the YIG film
(HS ≈ 200 Oe). When the direction of the external
magnetic field changes, there is a clear magnetization
anisotropy for the TCFC film. At the same time, there
was no magnetization anisotropy for the YFO film.

The ferromagnetic resonance of a structure was
measured with a strip line in two modes: by registering
an external signal via modulation in a magnetic field
and modulation by an external microwave signal
together with the transmission and reflection modes
of the microwave signal. The substrate with a film was
pressed against a strip line. Figure 6 shows the depen-
dence of a S12 transmission coefficient of a strip line
with a YIG film at six external exposure frequencies on
magnetic field. It is clear that when the frequency
changes, the line shape remains unchanged. There was
no a sharp change in line width with a frequency in the
range measured. There was no absorption line at fre-
quencies below 1 GHz, probably because of ferromag-
netic domains in the YIG film.
PHYSICS OF THE SOLID STATE  Vol. 61  No. 9  2019
The derivative of a reflection coefficient dP/dH is
measured in the modulation mode of magnetic field.
Figure 7 shows the dP/dH(H) dependences separately
for the YIG film and TCFC/YIG heterostructure.
The FMR spectrum of a YIG film consists of two lines
obtained by fitting the spectrum with two Lorentz
lines. Two lines in the FMR spectrum are probably
due to preparation of a YIG film. The crystallographic
difference has stronger effect near the substrate, and
the quality of the film is worse (worse inhomogeneity,
lower magnetization, and greater FMR width). Then
the layers become more uniform, and the outer part of
the film, with which the TCFC contacts, has the best
uniformity. As a result, an FMR line with a smaller
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Fig. 8. The signal of inverse spin Hall effect arising on
TCFC/YIG heterostructure in the modulation mode of
amplitude of external microwave field.
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resonant field (greater magnetization) was chosen to
calculate the parameters of spin current. The width of
FMR line of TCFC film was chosen to assess the spin
conductivity of TCFC/YIG boundary, because the
YIG layer adjacent to the TCFC participates in the
formation of spin current. There was a broad FMR
line due to TCFC film over the YIG one. The spin
precession decay α0 at the nitrogen temperature may
be found for YIG films from the line width having the
minimum value δPP = 9 Oe, which corresponds to
α0 = ΔδPPγ/ω = 18 × 10–3. The spin conductivity of the
boundary in TCFC/YIG heterostructure may be calcu-
lated according to Eq. (1) with ω = 2π × 1.4 × 109 s–1,
Ms = 138 Oe (magnetization for LSMO film), and
tYIG = 4 μm (the thickness of YIG film) [13, 14]. An
increase in FMR line width was obtained at nitrogen
temperature after deposition of TCFC by 10 Oe and,
therefore, geff = 7.5 × 1021 m–2. This spin conductivity
value of the boundary is significantly higher than geff =
9.7 × 1019 m–2 obtained from measurements of an
FMR line width of TCFC/LSMO heterostructures
(Section 2). Higher spin conductivity value is probably
due to a large thickness of the YIG film tYIG = 4 μm
used in the calculation according to Eq. (1). Only the
upper part of the YIG film probably participates in the
generation of spin current.

Figure 8 shows the experimental results of inverse
spin Hall effect ISHE in the TCFC/YIG heterostruc-
ture. The contact areas were formed on the surface of
the heterostructure to measure the potential difference
caused by ISHE effect. The spin current (JS) may be
detected from inverse spin Hall effect in a material
with strong spin-orbit interaction via transformation
into conduction current Jc = θSH( /2e)(JSσ), where
θSH is the angle of spin Hall effect and σ the polariza-
tion of carriers. When the external magnetic field was

�

PHY
changed, the potential difference interfaces and the
intensity of an FMR signal were recorded. Figure 8
shows the FMR spectrum of the YIG film acquired in
a microstrip configuration at a frequency of
1615 MHz, T = 300 K, a generator power of 2 mW, and
in magnetic field in the substrate plane directed along
the axis of the difficult magnetization of TCFC mate-
rial. When H was 169 ± 0.2 Oe, there was a peak due to
FMR in the YIG film. There is a slight asymmetry of
the peak position relative to a change in polarity of the
magnetic field. The half width of the peak is 24 Oe.
There is no the second peak caused by TCFC ferro-
magnetic layer due to its small thickness. Figure 8 also
shows the field dependence of voltage due to inverse
spin Hall effect measured on the TCFC film. There is
a strong asymmetry of ISHE peak of ~7 Oe. The width
of ISHE peak is 60 Oe. When the direction of magne-
tization field was changed, there was a change in sign
of ISHE voltage, whose value was 80 μV.

4. CONCLUSIONS

Experimental studies of magnetic properties of a
heterostructure consisting of manganite LSMO grown
epitaxially and coated with a rare-earth intermetallic
TCFC superlattice showed that the magnetic interac-
tion in the heterostructure is antiferromagnetic. The
energy of exchange interaction of the layers in the het-
erostructure was found. There was an increase in line
width of ferromagnetic resonance due to spin current
flowing through the TCFC/LSMO boundary. The
spin conductivity of boundaries was assessed from the
measurements of line width of ferromagnetic reso-
nances in the TCFC/LSMO and TCFC/YIG hetero-
structures. An electrical voltage was experimentally
observed due to inverse spin Hall effect in a TCFC
film under ferromagnetic resonance conditions in YIG.
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