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Abstract—Temperature dependence of attenuation of magnetic spin precession in two-layer structures with a
Pt top layer based on a Lag ;Sr; sMnO; (LSMO) epitaxial manganite film is studied by measuring the width
of a ferromagnetic resonance (FMR) line. Ferromagnetic resonance in thin ferromagnetic manganite films is
used for the creation of a spin current at the interface between the metallic and ferromagnetic layers. A sig-
nificant increase in a width of a line in FMR spectrum in two-layer structures due to generation of a spin cur-
rent, heterogeneity of a ferromagnetic layer, two-magnon scattering, and eddy current is discussed.

DOI: 10.1134/S1063783418110288

1. INTRODUCTION

Operation of spintronic devices is based on a spin
transfer in magnetic heterostructures due to transfer of
a spin moment. As a rule, a magnetic heterostructure
consists of magnetic and nonmagnetic layers.
Rare-earth manganite perovskites with a structure
Re, _ ,A.MnO; (Re is rare-earth metals, such as La or
Nd, and A is alkaline earth metals, such as Sr, Ca, and
Ba) possess unusual electrical and magnetic proper-
ties, including high magnetic polarization up to 100%,
an effect of colossal magnetoresistance, etc. [1]. The
parameters of epitaxial films of these materials are very
different from the properties of single crystals. A sig-
nificant effect on magnetic and electrical properties of
films is due to deformation of films caused by discrep-
ancy with a substrate, on which a manganite film is
deposited [1—3]. The effects of phase separation and
the presence of a nonmagnetic layer at the sub-
strate/film interface can appear in very thin films (less
than 10 nm) [4]. Lanthanum—strontium manganites
La, ;Sry, ;MnO; (LSMO) have high spin polarization
up to 100% and can be used in magnetic tunnel junc-
tions [5] and spin valves [6—8]. Manganite films,
whose Curie temperature 7 is close to room one, is
especially attractive for practical applications.
Although some studies on spin-current excitation with
a ferromagnetic resonance in LSMO/N structures (N
is a normal metal, usually platinum) have been per-
formed [9, 10], there are no data on temperature
dependences of a width of a ferromagnetic resonance
(FMR) line on spin current in ferromagnets and no
data on the effect of other sources of a line width, such
as inhomogeneity of a ferromagnetic layer, two-mag-
non scattering, and eddy currents.

2. SPIN PRECESSION ATTENUATION MODEL

The Hilbert attenuation o is a measure of a spin
precession relaxation in homogeneous ferromagnets
due to spin-orbit interaction [12]. The width of an
FMR line induced by the Hilbert attenuation during
FMR measurement is proportional to an FMR fre-
quency ® AH, = ow/y (Y = glg/h is a gyromagnetic
ratio) and describes the situation for a homogeneous
case. An FMR line in a ferromagnetic structure made
of ferromagnet and a normal metal is further broad-
ened due to generation of a spin current, magnetiza-
tion inhomogeneity of a ferromagnet, interaction with
another material, two-magnon scattering, and a vortex
current in a ferromagnet. The width of an FMR line
AHpp measured from experiments can be represented
as a sum:

AHpp = AHg + AH, + AH,,, + AH,, (1)

where AH;, AH,,,, and AHis the width of the lines for
the attenuation caused by inhomogeneous state of a
ferromagnet, two-magnon scattering, and attenuation
due to eddy current, respectively [13, 14]. A change in
magnetic properties of materials (its anisotropy or
magnetization) affects an increase in line width AH,,
which is independent of frequency [13, 14]. Magnetic
field of an alternating current induced by FMR leads
to eddy currents in a thin film. These currents produce
an additional change in amplitude of the magnetic
fields of alternating current in a heterostructure. An
effect of eddy currents on ferromagnetic resonance in
a ferromagnetic system can lead to broadening of the
width of an FMR line and a change in the shape of an
FMR spectrum in the inhomogeneous region of
microwave fields [15—17]. The mechanism of two-
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magnon scattering leads to a relationship between uni-
form precession regime, £k = 0 excited by FMR, and
degenerate finite spin-wave modes [17, 18]. An
increase in Hilbert attenuation parameter in a ferro-
magnet/normal metal heterostructure induced by
magnetization precession in a ferromagnet leads to
spin current to flow through the boundary into the
normal metal [19]. The theory [19] predicts the flow of
a spin current from a ferromagnetic to a nonmagnetic
layer perpendicular to the interface:

o= Tt om
Jis= oo Re(2g T1) [m X at}, ()

where m = M/Mis a unit magnetization vector of the
ferromagnetic layer and Re(2gT\L) is a spin conductiv-
ity of the interface, which is additively added to the
Hilbert attenuation components. The Hilbert attenua-
tion parameter can be written in the form: oo = o, + o',
where 0 is an intrinsic contribution and o' is an atten-
uation due to spin pumping [19—23].

3. MATERIALS AND METHODS

La,,SrysMnO; epitaxial films (LSMO) were
deposited via magnetron sputtering on NdGaO;
(NGO) single-crystal substrates (110) at 7= 820°C
and oxygen pressure of 0.15—1 mbar. 10—20 nm Pt or
Au were ex situ sprayed immediately after cooling the
film. Contact areas were obtained via spraying of Pt
through a metal mask. The resistance of the films was
studied with a four-point method, which excludes an
effect of contact resistance.

Magnetic characteristics were measured with a
magnetic resonance on a Bruker spectrometer (fre-
quency of 9.51 GHz). The samples were located in
microwave cavity of the spectrometer in such a way
that the plane of the sample was always parallel to the
direction of constant external magnetic field and the
magnetic component of the microwave field (parallel
orientation). This arrangement of the samples elimi-
nated a change in magnetic resonance spectra due to
demagnetizing factor of the sample shape. The sam-
ples were rotated around an axis perpendicular to the
plane of the samples (Fig. 1a). The films were imme-
diately examined after deposition to room temperature
(d-LSMO) and annealed after growth at 7= 820°C for
1 h (h-LSMO).

4. RESULTS AND DISCUSSION
4.1. Magnetic Parameters of LSMO Films

Magnetic anisotropy parameters were found from
angular dependences of resonant fields of FMR spec-
tra (Fig. 1b). The solution of a Landau—Lifshitz equa-
tion is used for the evolution of magnetization M in
external constant magnetic field H under the action of
magnetic component of the radio-frequency field,
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Fig. 1. (a) Orientation of a sample relative to directions of
constant and microwave fields and (b) angular dependence
of the line width of resonance field for A-LSMO film at
T= 300 K. The fitting of experimental data gives the fol-
lowing magnetic parameters of LSMO film: magnetization
of My =300 Oe, Hy= 190 Oe, and H-= 10 Oe.

which gives an analytical equation for the resonant
field H, and frequency m [24].

Figure 1b shows the angular dependence of reso-
nance value of the magnetic field H, for the ~-LSMO
film measured at room temperature during rotation
around a normal to the plane of the film by an angle ¢
measured from one of the faces of the substrate
(denoted as n, in Fig. 1a). Considering that the sub-
strate with the film had an area of 5 X 5 mm, anisot-
ropy of the shape of the sample is minimal, and the
entire shift of the resonance field is due to magnetic
anisotropy in the plane of LSMO film. Experimental
angular dependence was well described by resonance
relation taking into account the uniaxial anisotropy
caused by anisotropy effect of substrate and biaxial
(cubic) anisotropy [24]. As a result, the magnetization
M,, as well as K, and K,, being uniaxial and biaxial
anisotropy constants, respectively, whose fields are
determined from the equation H, .= 2K /M,, have
been found.

Figure 2 shows the temperature dependences of
magnetic parameters for the 2-LSMO film. The mag-
netization of the film increases to 2.2Uug/Mn at T <
200 K. The magnetic anisotropy fields increase with a
decrease in temperature 7' < 50 K. It is clear that the
uniaxial magnetic anisotropy induced by orthorhom-
Vol. 60
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Fig. 2. (Black squares) Temperature dependence for mag-
netization Mg, (light triangles) biaxial magnetic field
anisotropy H,, and (dark circles) cubic magnetic field

anisotropy H, for ~-LSMO film.

bicity of the NdGaO; (110) substrate dominates over
the internal biaxial cubic one (H).

4.2. Homogeneous Attenuation

The width of a FMR line AH measured during
scanning the external magnetic field H is determined
as a difference in positions along the field between the
extrema H,, and H,_ of the first derivative dP/dH of
microwave absorption signal (Fig. 3). With this value,
the resonant field H, defined as a transition point of
the signal dP/dH through zero is always within the
range of H,, < H, < H,_. It should be noted that deter-
mination of a line width via approximation of FMR
spectrum with several Lorentz lines gives approxi-
mately a 10% correction into the AHpp value.

The attenuation of spin precession for 4-LSMO
films with 40 nm in thickness is found at room tem-
perature from the line width AHpp = 28 Oe, o =
AHppy/® = 8 X 1073, When thickness of Pt deposited
on A-LSMO film is 10 nm, o increases by 10%. An
increase in attenuation during deposition of Pt on
LSMO film o = o, + o' may appear due to spin cur-
rent [25, 26] flowing through the Pt/LSMO boundary.
The spin conductivity in the Pt/LSMO heterostruc-
ture may be calculated [25, 26]:

gl = M diswo o, 3)

gUp

where y= 17.605 x 10 is a gyromagnetic ratio for elec-
tron, ® = 21t X 9.51 x 10° s~! the microwave angular
frequency, M, = 300 Oe the magnetization for LSMO
film, #; gpo = 40 nm the film thickness of LSMO layer,
Ug = 9.274 x 10~ erg/G the Bohr magneton, and g =
2 the Lande factor. We get an increase in width of a
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Fig. 3. FMR spectra for d-LSMO and 4#-LSMO films and
Pt/h-LSMO heterostructures. The spectra for d-LSMO
and Pt/A-LSMO are displaced along the dP/dH axis.

FMR line at room temperature after deposition of Pt:
AHp 1 smo — AHpsmo = 4 Oe, so that g = 0.4 X
10" m~2. This spin conductivity value for the bound-
ary is slightly higher than g, ~ 10'® m~2 obtained from
measurements on our Pt/LSMO spin-current struc-
tures with a Hall inverse spin effect [10]. For compar-
ison, g is 2.1 x 10" m~2 for Py/Pt boundaries [27]
and is 4.8 x 10 m~2 for YIG/Pt [28].

No other spin precession attenuation mechanisms
are considered during assessment of spin conductivity
from Eq. (3). The effective one-dimensional spin con-
ductivity (g.) for a normal metallic layer connected in
series with spin conductivity of the interface contrib-
utes to the effective spin conductivity [23, 29]:

&5 = /g1, +1/ge0)- (4)

The functional form g, is obtained by solving the spin
diffusion equation with the corresponding boundary
conditions. The following expression was obtained for
spin conductivity in the case of a ferromagnet/normal
metal structure [26]:

8o = tanh(dp/Ay)/(2A4Pp0), &)

where pp,, dp;, and A, are resistivity, thickness, and dif-
fusion length for a Pt film, respectively. For dp, = 10 nm
being greater than A, = 3 nm [26] tanh(dp,/A),;) = 1, the
contribution to the line width from spin conductivity
in Pt film at room temperature is:

AH, = (/Y)guph/(2nde’ M depp)y) = 6 Oe, (6)

where g=2, M, =300 O¢, dp =4 x 10~%cm, pp, = 3 ¥
103Qcm, A, =3 % 1077 cm, and h/e? = 2.6 x 10* Q.
The broadening of FMR line due to effective spin con-
ductivity of a normal metallic layer appears to be equal
to the contribution from the spin current. Large value
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Fig. 4. Temperature dependence of resistance for Pt and 4-
LSMO films and Pt/A-LSMO heterostructure. The resis-
tivities differ for Pt films in the autonomous case (sputter-
ing on the substrate) and for heterostructure due to differ-

ent thicknesses and types of growth.

of this broadening is probably due to an error in deter-
mining the diffusion length A,

4.3. Vortex Current

Figure 4 shows the temperature dependences of a
line width for the ~-LSM O manganite film and for the
Pt/h-LSMO heterostructure. AH,, clearly increases
with a decrease in temperature. An increase in M, with
adecrease in T'may cause an increase in width of a line
(see Eq. (3)). M,, however, is saturated below T =
200 K (Fig. 2), and the width of an FMR line contin-
ues to increase.

An increase in conductivity of a LSMO film with a
decrease in T can increase the line width due to a vor-
tex current in the films. The eddy current is due to a
loss of energy owing to connection with conduction
electrons without the use of thermal magnons. In
cases where the depth of a skin layer is large relative to
the size of the structure, the eddy current losses
depend on the sample size, conductivity, and fre-
quency [15, 16, 30].

An effect of eddy currents in LSMO and Pt thin
films is found from calculations of broadening of an
FMR line for a thin disk with a radius » and thickness
d [30]:

AH, = k*d’e"4nM /101 — (3/25)k*r), (7)
where €" = 416/®, k = 21/\ is the free space constant,
M, = 300 Oe the magnetic film magnetization, and ¢
the conductivity of a ferromagnet. If A = 3.16 cm, r =

0.1 cm, and (3/25)k*r < 1, the expression for an effect
of eddy current on the line width is as follows:

AH, = (4n)’d*M ,05/(10c°), (8)
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Fig. 5. Temperature dependence of FMR line width for:
(light rectangles) A-LSMO film and (dark rectangles)
Pt/h-LSMO heterostructures. Solid lines show the depen-
dence for inverse resistance of structures.

where c is the speed of light. The contribution from
eddy current to the width of an FMR line fora LSMO
film, whose parameters are d = 40 nm, ® = 21 X
9.51 x 10° s~!, and 6 = 300 (2 cm)~, is small and is
AHg =2 Oe at room temperature. The conductivity of
LSMO film increases with a decrease in temperature,
and the width of an FMR line proportionally increases
(Fig. 5). If the contribution of eddy current to the
width of FMR line for LSMO film AH,, is small at
room temperature 7' < 150 K, then it increases to be
proportional to a change in conductivity of a ferro-
magnet with a decrease in temperature, as follows
from (8). The width of FMR line at nitrogen tempera-
ture is two times larger than that of AH,, at room tem-
perature.

When Pt film is deposited over the LSMO film, the
overall conductivity of the structure increases (Fig. 4).
An increase in AH,, observed in the experiment after
deposition of Pt is probably due to generation of a spin
current in Pt/LSMO heterostructure. The resistivity
of the Pt film decreases with a decrease in temperature
to be proportional to 7, whereas resistance for LSMO
film is changed by more than one order. The contribu-
tion of all layers to the resistivity of heterostructure is
due to the fact that LSMO film together with Pt one
acts as parallel resistors [31].

4.4. Inhomogeneous Attenuation

A nonuniform contribution to the broadening of an
FMR line is due to magnetic disorder in the film. A
change in magnetic properties of materials, such as its
anisotropy or magnetization, leads to line broadening,
which nonlinearly depends on a frequency. The con-
tribution to the width of a line AH; depends on inho-
mogeneity of a sample, which is due to a local change
in direction and amplitude of magnetization. The
Vol. 60

No. 11 2018



ATTENUATION OF SPIN PRECESSION

inhomogeneous broadening of a line width AH; can be
written as:

AH, = |0H, /90| A¢ + [0H, /A(M)| AM),  (9)

where A@y and A(M) is a scatter in orientation of the
crystallographic axes and the magnetization ampli-
tude, respectively [14, 32, 33]. An effect of inhomoge-
neity is observed for d-LSMO films at temperature
close to 7 (Fig. 5). There is a strong increase in AH,,
near the Curie temperature for transition metals, such
as Ni and Fe [14, 34]. Probable explanation of an
increase in line width near 7 is a scattering at bound-
aries and inhomogeneities in films [35]. There is not
an increase in line width near 7 for ~-LSMO films
nonannealed. Considering that the line width for
LSMO film decreased after heating, we assume that /-
LSMO film became more uniform. An effect of inho-
mogeneous line broadening due to scatter of the
parameters decreased. There is no a line width peak
near T¢ in the latter case. There was a minimum of
AH,, for d-LSMO films below the Curie temperature
at about 0.67.. Qualitative explanation is that an
increase in the line width at a lower temperature is
probably due to inhomogeneous broadening caused by
anisotropy of magnetic film. It is known that the
anisotropy constants strongly depend on temperature
and increase with a decrease in temperature.

The inhomogeneity of a film can cause the preces-
sion of magnetization (k = 0) excited during FMR
experiment to degenerate the final modes k #= 0 of spin
waves. This relaxation mechanism of homogeneous
mode is known as a scattering of magnons [32, 36].
The two-magnon process is based on a model, in
which one magnon of homogeneous precession is
canceled, and another magnon with the same energy
and a nonzero wave vector, called as a degenerate
magnon, is created. Scattering from a homogeneous
precession to a degenerate mode is an important relax-
ation source in magnetic materials. This is a non-Hil-
bert attenuation mechanism in the crystalline mag-
netic films.

The behavior of the width of an FMR line
described by two-magnon scattering shows that the
process is nonlinear by w. If f <« f;, (below the charac-
teristic frequency of fj; = (gg/h)My), then the line
width should vary linearly with frequency, similar to
the prediction for Gilbert attenuation. If £~ f;,, how-
ever, it exhibits significant deviations from the linear
behavior and is saturated at high frequencies f > f,
[18, 32, 35].

The angular dependence AH,,, given below, involv-
ing a cubic anisotropy, takes into account a two-mag-
non scattering [14, 37]:

AH,, = AH, + 00/ + AH,,, cos’(2¢)

(10)
+ AH,Y cos’(2[@ — m/4]).
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Fig. 6. Temperature dependence of FMR line width for:
(black triangle) Pt/d-LSMO heterostructure and (light tri-
angle) d-LSMO film for two angles of magnetic field
directions.

These line widths can have the parameters AH,, o, and
I',,. Comparison of the data for LSMO film and
Pt/LSMO heterostructure shows that Pt coating the
LSMO film will increase the two-magnon scattering
parameter. There is no angular dependence of the
width of FMR line predicted via Eq. (10) in our exper-
iment. A uniaxial magnetic anisotropy probably dom-
inates in this case.

5. CONCLUSIONS

In summary, the temperature dependence of the
width of FMR line and the magnetic parameters of
LSMO films and Pt/LSMO heterostructures has been
studied. There was a nonmonotonic temperature
dependence of the width of a line in FMR spectrum
for d-LSMO film. The line width at high temperature
first decreases with a decrease in temperature and then
increases at 7' < 150 K. High line width at room tem-
perature is probably due to inhomogeneity of a mag-
netic structure for the d-LSMO film and an increase
in line width for the Pt/d-LSMO heterostructure
owing to two-magnon spin precession attenuation
mechanism. There was only an increase in line width
for ~-LSMO films annealed with a decrease in tem-
perature. There was an anomalous increase in width of
a line in FMR spectrum for LSMO epitaxial films
after deposition of a Pt film from above. An increase in
line width in the Pt/A-LSMO heterostructure at low
temperatures 7' < 150 K is due to a decrease in film
resistance and the contribution of broadening mecha-
nism of FMR line width due to excitation of eddy cur-
rent.
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