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Due to its half metallic nature, Lay 7Sro3MnOjs is an attractive highly correlated electronic system to obtain
ultralow magnetic damping. In this paper we analyze the temperature and thickness dependence of the damping
of the magnetization dynamic of epitaxial thin Lay7Sro3MnO; films. Our analysis reveals that the damping
encompasses resistivelike and conductivelike contributions, as in transition metal ferromagnets. The data also
show a large increase of the ferromagnetic resonance linewidth at low temperature, a feature that we ascribe to
the presence of a dead layer, insulating and magnetically active, that behaves like a spin sink. The associated

spin-pumping term shows a strong temperature dependence, linked to that of the spin mixing conductance. By
clarifying some unexplored aspects of spin dynamics in half-metallic manganites, our results contribute to the

progress in the burgeoning field of oxide spin orbitronics.
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I. INTRODUCTION

Materials with ultralow magnetic damping are of primary
importance in the framework of spintronics, to produce fast
and energy-efficient spintronic devices such as spin trans-
fer torque magnetic random access memories (MRAMs),
nano-oscillators or low-loss materials for magnonics. The de-
velopment of spintronics based on oxides, i.e., spin oxitronics,
has been accelerating in the past years, with several important
milestones achieved such as record of magnetoresistance in
magnetic tunnel junctions with half metallic electrodes [1] or
the discovery of a highly efficient spin-charge interconversion
[2] in two-dimensional high-mobility electron gas appearing
at oxide interfaces [3]. Together with the multiferroic-based
voltage control of the magnetization [4], the voltage control
of the spin-charge interconversion [5], and the development
of ferroelectric [6] or multiferroic [7,8] tunnel junctions, this
provides a platform to develop oxide-based spintronics appli-
cations.

In this context, the damping of ferromagnetic oxides
is a key issue. In magnetic systems damping governs the
relaxation of the magnetization dynami_gs through the Lan-

e . aM - —
dau Lifshitz-Gilbert equation [9,10]: 5= = —y M x Hefr —
o I — o —
WM P where M is the magnetization vector, Hes is

the effective magnetic field acting on on ﬁ, y is the gyro-
magnetic ratio, M is the saturation magnetization, and « is
the Gilbert damping coefficient. Half metals are particularly
attractive materials due to their 100% spin polarization and
predicted related ultralow damping [11], which has for in-
stance been exemplified by the very low effective damping
of Heusler alloys (7 x 104 [12].
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Lay7Srg3MnO3 (LSMO) is another promising half metal
with a Curie temperature (360 K) above room temperature.
Its half-metallic character has been evidenced through spin
polarized photoemission experiments [13] and record-high
tunnel magnetoresistance in magnetic tunnel junctions with
LSMO electrodes [1]. An ultralow damping has been reported
for this compound (5.2 x 107#) for 44.6-nm-thick films grown
on NdGaO;(110) [14], but to the best of our knowledge the
temperature dependence of the Gilbert damping has not been
studied yet. Due to the very strong temperature dependence
of its resistivity, with a residual resistivity ratio (RRR) of
10-15, temperature should strongly influence the damping, as
previously observed for other ferromagnets [15].

We report here the temperature dependence of the Gilbert
damping parameter of LSMO films grown on (001) oriented
single crystals of (LaAlO3)y3(Sr,AlTaOg)o7 (LSAT), with
thicknesses in the 5.6 to 16.5 nm range. Surprisingly, despite
the half metallic nature of the LSMO, at low temperature the
damping coefficient is larger than at room temperature, with a
peak around 30 K, in line with results obtained in FM/AFM
heterostructures [16,17]. We analyze the temperature depen-
dence of the damping of LSMO by considering resistivelike
and conductivelike contributions, and an additional term due
to spin pumping related to the presence of a magnetically
active dead layer. This latter term presents a pronounced
temperature dependence, linked to the coupling of the mag-
netic moment of the active part of the layer with spins in
the magnetic-insulating portion, and to the large variation in
temperature of the resistivity that results in more localized
electrons in the conductive part of the layer.

II. METHODS

LSMO films were grown by pulsed laser depo-
sition on (001) oriented single crystals (LaAlO3)o3
(SrpAlTa0g)p.7(001) (001) (LSAT) using a KrF laser with
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FIG. 1. (a) 6-26 scan around the (002)-pc peak of the 11-nm LSMO film. (b) Atomic force microscopy characterization of the film. (c)
Reciprocal space maps around the (103) reflections for different thicknesses of the LSMO films (r.l.u. stands for relative lattice units).

a 248-nm wavelength. The films were grown at 2 Hz, under
an oxygen pressure of 0.2 mbar and a temperature of 800 °C.
After deposition the films were annealed half an hour at
650 °C under 200 mbar, and then cooled to room temperature
at a rate of 20 °C per minute under the same pressure. The
film thickness was monitored using reflexion high energy
electron diffraction oscillations and controlled by x-ray
reflectometry. The crystalline structure was characterized
by x-ray diffraction and reciprocal space maps. The
magnetic and transport properties were characterized by
a superconducting quantum interference device (SQUID)
and a physical property measurement system (PPMS). We
measured the ferromagnetic resonance (FMR) response at
different frequencies from 2 to 18 GHz, using a broadband
coplanar waveguide and magnetic field modulation.

III. RESULTS AND DISCUSSION

A series of LSMO thin films ranging from 5.6 to 16.5 nm
in thickness was grown. Figure 1(a) shows a typical 6-26

scan around the (002)-pc peaks of a 11 nm LSMO (pc stand-
ing for pseudocubic). Laue fringes suggest a good structural
coherence and a smooth surface, confirmed by atomic force
microscopy images [see Fig. 1(b)]. Reciprocal space maps
[Fig. 1(c)] revealed that films up to 16.5 nm are fully strained.

The temperature and field dependence of the magnetiza-
tion for the different films are presented in Figs. 2(a)-2(c).
The magnetization easy axis is [110] for all films [see
Fig. 2(a)] in good agreement with literature [18]. The in-plane
magnetocrystalline anisotropy parameter K; deduced from
these curves is 2 mJ/cm?, corresponding to an out-of-plane
anisotropy field of uoHa = 745 mT, in line with previously
reported values [18] for LSMO on LSAT, and thus pointing
towards similar strain and magnetoelastic constants. The ob-
served reduction of the saturation magnetization Mg and of
the Curie temperature T¢ observed when thickness decreases
[Figs. 2(b) and 2(c)] are also consistent with the literature
[19,20]. Whereas Ms = 582 emu/cm? for the thicker films
at low temperature, it is reduced to 427 emu/cm3 when the
film thickness is 5.6 nm. Such a reduction is generally as-
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FIG. 2. (a) Magnetic hysteresis loops at 10 K of the 8.4-nm film along different directions. (b) Hysteresis loops of the films measured along
the [110] direction for films with different thicknesses. (c) Temperature dependence of the magnetization (at 100 mT) of the films. The inset is
the thickness dependences of the 10-K magnetization, fitted with a simple bilayer model. (d) Temperature dependence of the resistivity of the
films. The inset is the thickness evolution of the sheet conductance at 10 K and the linear fit. For (b)—(d) the symbol colors are orange, green,
blue, red, and violet for the 5.6-, 8.4-, 11-, 14.5-, and 16.5-nm films, respectively.

cribed to the presence of a “dead layer” or of a magnetic
layer with decreased magnetism at the surface or interface
with the substrate. Such difference between the bulk and the
surface/interface associated with the weakening of the dou-
ble exchange mechanism in manganite has been attributed to
surface segregation [21,22], a change in the Mn valence [23],
modified orbital occupancy, and/or oxygen octahedron tilting
related to symmetry breaking [24].

The temperature dependence of the resistivity is presented
in Fig. 2(d). The residual resistivity at 10 K is in the 75-
360-u€2-cm range, in agreement with previously reported
values [20]. When the LSMO layer thickness decreases,
the resistivity increase indicates the presence of a layer
with reduced conductivity due to a weakened double ex-
change at surface/interface. This appears more clearly in the
thickness dependence of the film total conductance G at
10 K, defined as G = 1/Rg where R is the sheet re-
sistance at 10 K, and presented in the inset of Fig. 2(d)
[25]. A thickness of the nonmetallic layer of about 4.8
nm can be deduced, in good agreement with the value
of 3.2 or 4 nm previously reported for LSMO films on
SrTiO3 (001) [26], considering the slight compressive strain

imposed by the LSAT substrate promoting a reduced dou-
ble exchange. Taking into account this dead layer thickness,
it is possible to fit the dependence of the measured satu-
ration magnetization M with the thickness ¢ [see inset of
Fig. 2(c)] considering a simple bilayer model, i.e., Mt =
Mg (t — tpr) + MpptpL with My the saturation magnetization
of the bulklike layer, Mpr, the saturation magnetization of the
dead layer and #py, its thickness. In that case, the best agree-
ment is found for Mg = (570 & 20) emu/cm?® and Mp =
(512 4 26) emu/cm?, whereas considering a dead layer with
a zero magnetization and whose thickness is a free parameter,
one finds 7pp, = (0.5 £ 0.3) nm [right inset of Fig. 2(c)].

The typical dynamic magnetic responses of our samples
using ferromagnetic resonance (FMR) at room temperature
are presented in Figs. 3(a)-3(c) (here, for a film thick-
ness of 16.5 nm). Figure 3(a) displays the field derivative
of the imaginary part of the dynamic magnetic suscep-
tibility x” for different frequencies f of the microwave
excitation, as a function of the applied magnetic field Hyc.
The corresponding frequency dependence of the resonance
field Hes and of the peak-to-peak linewidth AH,, are re-
ported in Figs. 2(b) and 2(c) respectively. The dispersion
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FIG. 3. Dynamic magnetic response at room temperature of the LSMO 16.5 nm/(001)LSAT measured along the 110 axis: (a) imaginary
part of the dynamic susceptibility x” for different frequencies f of the microwave excitation (steps of 1 GHz), as a function of the applied
magnetic field Hy.. (b) Resonance frequency frmr as function of the resonance field H,.. The fit corresponds to Kittel’s law. (c) Evolution of
peak-to-peak linewidth AH,,, (symbol) with the resonance frequency. The Gilbert damping extracted by fitting.

relation of H,s with f [Fig. 3(b)] follows the Kittel’s law
[27], f= ko gZB v/ (Hpes + HrR)(Hres + Hr + Megr) with Mg
the effective magnetization, Hg the anisotropy field, and g
the effective electron g factor, taken to be 2.01. The effec-
tive Gilbert damping oy smo Was determined by fitting the
frequency dependence of the peak-to-peak linewidth AHp,
[Fig. 3(c)], with Apr(f)zAHo—{—%(éﬁ)haLSMO where AH,
is the frequency independent contribution arising from mag-
netic inhomogeneities in the LSMO film. The effective
damping is (2.63 4 0.01) 1073 for this 16.5-nm film at room
temperature, slightly larger than values reported in the lit-
erature for thicker LSMO films on LSAT (7.4 x 107 [14];
9 10 [28]) or SrTiO; (1.5 x 1073 [29,30]). This value is
comparable to that of the transition metal alloys with the low-
est damping [31] [FeV (2 x 107%), CoFe (2.1 x 107)] and
of Heusler alloys as Co Fe Ge (2.18 x 1073) [32]. Moreover,
the inhomogeneous broadening is low, evidencing the good
homogeneity of the film.

The temperature dependence of the effective Gilbert damp-
ing asmo is presented in Fig. 4(a). At room temperature the
damping is not particularly affected by the thickness, except
for the 5.6-nm sample. The increase of the damping in thin
films is usually ascribed to electron-electron scattering at sur-
face/interface [14] or surface/interface imperfection/scatterers
inducing local variations in resonance field or to two-magnon
scattering [33]. In the case of LSMO the large enhancement
only for the thinnest film is likely due to the vicinity of the
Curie temperature [34], as the Curie temperature is lower for
the 5.6 nm (325 K) compared to thicker films (more than
350 K). As the temperature increases, o presents a maxi-
mum around 20-30 K whose amplitude increases at smaller
thickness, decreases up to 150-250 K depending on the film
thickness, and finally shows an upturn upon approaching 7T¢.
Such an unexpected and unusual enhancement of the damping
at low temperature has been also observed for transition metal
ferromagnets such as Fe [15] or for the ferrimagnetic insula-
tor YIG [35] and attributed to either intraband scattering or
relaxation mechanisms.

To account for these temperature dependencies, we dis-
carded extrinsic contributions related to the dissipation of
energy due to eddy currents, that can be estimated to

107(107) for the thinner (thicker) film. We can also safely
rule out the scattering of the uniform precession with
short wavelength magnons due to roughness and/or inhomo-
geneities, since the magnetization is almost constant in the
5-100-K range and that a similar linewidth is measured when
the field is applied out of plane (not shown), a configuration
where the two-magnon scattering is considered inefficient
[36].

The Gilbert damping is ascribed to the dissipation of the
energy of the magnetic system towards the lattice promoted by
spin-orbit coupling [37]. In the case of ferromagnetic transi-
tion metals, temperature dependencies of the Gilbert damping
showing a similar minimum have been interpreted theoreti-
cally and experimentally by considering two contributions,
i.e., adding a conductivelike to a resistivelike term [38—40].
In Kambersky’s torque correlation model [39], the first term,
also called the intraband term, is typically understood through
the breathing Fermi surface model, where spin-orbit-induced
electron-hole pairs created in the same band close to the
Fermi level by the magnetization dynamics relax to the lattice.
The damping by this mechanism increases linearly with the
electronic momentum scattering time t yielding a “conductiv-
itylike” Gilbert damping. In contrast, the interband scattering
mechanism where magnetization dynamics excites electron-
hole pairs across different bands corresponds to a Gilbert
damping proportional to 1/t and scales with the resistivity.

To account for the temperature dependence of o syvo, wWe
simulated our experimental curves considering two adding
terms—a conductivelike and resistivelike one [38,15]—using
the transport properties presented in Fig. 2(d):

o(T)
0 (300 K)

o(T)

ALSMO = intra Finter m ‘

The conductivelike term, also called the intraband term,
and the resistivelike term, likewise referred to as the interband
term, are related to spin-1 to spin-| transitions allowed by
the temperature. Indeed, whereas LSMO is a half metal at
very low temperature [13] due to the hole transfer (e, band
of d>_> and d,> character) from Mn** to Mn** through the
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FIG. 4. (a) Temperature dependence of the Gilbert damping term for films with different thicknesses. Inset: temperature dependence of
AH,. (b) Simulation of the temperature dependence of the damping. Symbols correspond to the experimental results, and lines to the sum
of conductivelike and resistivelike contributions. (c¢) Temperature dependence of the damping of the 5.6-nm LSMO film. Green and violet
lines are the conductivitylike () and resistivitylike (ciqer) contributions and the blue line is their sum. The red symbols correspond to
the additional term oy. (d) Thickness dependence of diner and oiny,. Left (right) inset is the conductivitylike (respectively, resistivitylike)

contribution.

oxygen atom possible when the magnetic moments of the core
spins are parallel (localized #4 of dy;, dy,, or dyy character),
the temperature induces a misalignment of the 7, magnetic
moments which affects the hole hopping resulting a lowering
of the double exchange and the related loss of the half metallic
character [41]. In Fig. 5, we illustrate this mechanism. At
very low temperature [Fig. 5(a)], all the #,, magnetic moments
are aligned defining a common quantization axis. The band
structure is composed of a filled 7,54 band, a partially filled
egy band (0.3 holes) and empty 15, and ey, bands. When
temperature increases, the misalignment of the f,; magnetic
moments affects the hopping of the e, holes from site to
site inducing the lowering of the double exchange and the
presence of spin and spin down states at the Fermi level. In
Figs. 5(b) and 5(c), we illustrate this case considering two
sites (A in red and B in blue) with an angle 6 (for simplicity
we consider that ¢ = 0) between their localized t,, magnetic

moments. The reference quantization axis is defined by the di-
rection of the magnetic moment on the A site. In this reference
frame, the magnetic moment on site B(| //)) decomposed as
| /1) = cos(6/2)|1) + sin (6/2)|]) inducing the presence of
a spin-|, band at the Fermi level with a density of state that
increases as the angle 6 increases [which is represented for
6 = 60° and 90 in Figs. 5(b) and 5(c) respectively]. Note that
since the hoping of the e, hole that varies as cos(6/2) is smaller
at temperature 7 than at T = 0 it results in more localized e,
bands. To account for the paramagnetic-insulating state it is
enough to consider that & = 180° and that the insulator char-
acter is induced by the decrease of the e, bandwidth [42].The
presence at the Fermi level of spin-1 and spin-| states allows
d2y t0 dpy or de_ypy to de_y2) (and vice versa) transitions
giving rise to an intraband term and to d 24 to dy2_y2 | OF dy2_y24
to d (and vice versa) transitions resulting in an interband
contribution to the damping.
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FIG. 5. Schematic of the band structure of LSMO at different temperatures. (a) At T = 0 K, #,, magnetic moments of all atoms are parallel
allowing a maximum hopping of the e, hole resulting in half metallicity with only spin1{ states at the Fermi level. (b), (c) When T increases,
it induces a canting between #,, magnetic moments resulting in a decreased double exchange together with the presence of spin-1 and spin-|,
states at the Fermi level, i.e., a loss of the half metallic character and the opportunity for spin-1 (-|) to spin-| (-1) transitions that increase
the damping via conductivelike and resistivelike contributions. (d) Above the Curie temperature, 7c, LSMO is in the paramagnetic insulating

state.

We show in Fig. 4(b) fits of the data for three samples
above 30 K. Whereas the agreement between the data and
this simple model is quite good for the thicker films it
is not the case for the thinnest one. The decrease of the
damping below 30 K cannot be explained by considering only
resistivitylike and conductivitylike contributions. To fully
account for the experimental data, we thus consider not only a
resistivelike and a conductivelike terms, but also an additional
extrinsic term oy, and simulate the data with apsvo =
aima% + Olimerp(%?l() + otext- Figure 4(c) presents the
conductive (green), resistive (violet), and extrinsic (red)
contributions to the damping of the 5.6-nm film. While above
about 100 K, the data are dominated by the resistivelike and
conductivelike term, the extrinsic term becomes prominent at
low temperature and shows a maximum near 30 K.

The extracted conductivelike contribution opsvo =
Qintra 336065 (350%() to the damping evolution in temperature is pre-
sented in the left insert of Fig. 4(d). It corresponds to a small
and almost thickness independent ojpy, = (4.4 £ 1.5) 1074,
in good agreement with the half-metallic nature of LSMO at
low temperature [see left inset of Fig. 4(d)]. The interband
term contribution ainter% is shown in the right inset
of Fig. 4(d). This term varies as 1/t and has a prominent
variation for the thinner film due to its depressed Curie
temperature. Except for the thinnest film oy, is independent
of the film thickness with Qiper = (2.8 £0.7) 1073 [see
Fig. 4(d)].

We now discuss the possible origin of the term o, Whose
contribution to the evolution of total damping in tempera-
ture is presented in Fig. 6(a) for the different films. This
term only has a significant contribution below 100 K, and its
contribution to the total damping increases while the thickness
decreases. The inset of Fig. 6(a) presents the dependence
of the maximum value of oy with 1/M;(t — tpr). The ob-
served 1/M;(t — tpr,) variation points towards spin pumping
by the magnetically active insulating “dead layer,” which
would thus act as a spin sink. The fit of oy at maximum
by g1, 72 4n m leads to a spin-mixing conductance g,

of 19 nm2. This large value, similar to those observed for
metallic interfaces [43-45], is consistent with the continuity of
the oxygen octahedral network through the interface between
the active layer and the insulating one, promoting a high
transparency. The spin mixing conductance appears to be tem-
perature dependent and in particular increases substantially at
low temperatures.

A comparable temperature dependence of the damping due
to spin pumping into an adjacent layer has been reported
for NiFe/NiFeOx and NiFe/IrMn [16,17,46], and ascribed to
spin injection from the exchange-biased ferromagnetic NiFe
layer in the neighboring antiferromagnetic insulator, which
undergoes an antiferromagnetic to paramagnetic transition.
As shown in Fig. 6(b), and similarly to the NiFe/IrMn and
NiFe/NiFeOx cases, at low temperature the resonance fields
of LSMO films significantly depart from Kittel’s law with no
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FIG. 6. (a) Extrinsic contribution agy, to the damping for the different LSMO films, lines are guides for the eyes. Inset: Plot (symbol) and
fit (line) of the maximum of agy vs Ms(t — tpr ). (b) Evolution of the resonance field with the temperature. (c) Evolution of the coercive field
as a function of temperature. (d) Temperature dependence of the rotational anisotropy field Hg.

additional anisotropy field Hg. In our case we do not observed
any shift of the hysteresis loop linked to an exchange bias
due to exchange coupling between pinned uncompensated
spins in the antiferromagnet and ferromagnetic moments.
We nevertheless see a clear increase of the coercive field at
low temperature [see Fig. 6(c)] that is generally attributed to
some coupling between unpinned uncompensated spins in the
antiferromagnet and ferromagnet magnetic moments at the
interface [47]. The presence in LSMO films at the surface or
at the interface with the substrate of a canted-ferromagnetic
insulating layer [48-50] or a layer with phase separation [51]
due to the lowering of the double exchange mechanism is a
well-known phenomenon leading to an insulating layer with
poor magnetic properties [52]. Since the enhancement of the
damping by spin fluctuations applies to all kinds of ordering
and electrical states, regardless of the electronic or magnonic
nature of the spin current probe [46], a possible scenario could
be related to the presence of this canted-ferromagnetic insulat-
ing or phase-separated layer resulting in a magnetically active

insulting layer with shorter spin relaxation time coupled to
the ferromagnetic part of the film. The spin fluctuations in the
magnetically active dead layer acting as a spin sink lead to an
enhancement of the damping of the ferromagnetic portion of
the film coupled to it. Due to its uncontrolled nature this layer
and the induced anisotropy are likely to be spatially inhomo-
geneous. This is a possible cause for the enhancement of the
inhomogeneous broadening AHj at intermediate temperature
(30-100 K) as seen in the inset of Fig. 4(a). Those fluctuations
tend to freeze at the lowest temperature, below 25-30 K [50], a
behavior which is reminiscent of a disorder induced spin-glass
transition therefore suppressing spin relaxation channels. As a
result the relaxation (damping o and AHj) decreases.

The coupling between the magnetic moments in the fer-
romagnetic metallic part of the LSMO layer to the spins of
this magnetically active insulating layer alters the resonance
field and results in an additional rotational anisotropy Hg in
Kittel’s formula [53,47]. The temperature dependence of Hg
reported in Fig. 6(d) is very similar to what was observed
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for the NiFe/IrMn system [17]. It corresponds to a dynamic
interfacial exchange constant Jpy, = poHg (T)M;(T)(t — tpr)
of (0.21 +0.03) mJ/m2 at 10 K, smaller than the one of the
NiFe/IrMn case. This smaller value is in good agreement with
the fact that we do not observe a shift in the hysteresis loop
due to real exchange bias, but an enlargement related to some
pinning with uncompensated spins.

IV. CONCLUSION

In summary, we have investigated the temperature depen-
dence of the dynamics of LSMO thin films, with thicknesses
in the 5.6—16.5-nm range. This study has revealed that despite
the half metallic nature of LSMO at low temperature, the
damping is larger at 30 K than that at room temperature. We
interpreted this temperature dependence considering resistive-
like and conductivelike contributions, and an additional term
due to spin pumping. This last term arises from the presence
of an insulating and magnetically active dead layer, caused by
the lowering of the double exchange mechanism at surface and
interfaces. The coupling between the magnetic moments in the
ferromagnetic metallic part of the LSMO layer and the spins
of this magnetically active insulating layer, which have shorter
spin relaxation time, alters the resonance field and leads to an
increased damping. The presence of this magnetically active

dead layer, barely visible in quasistatic experiments such as
SQUID magnetometry, is revealed by the surface/interface
sensitive FMR technique through the peak appearing in the
damping and the associated changes in the resonance field.
This further highlights the potential of technics such as FMR
to gain insight on the magnetic properties of heterostructures.
The small damping of 2.63 x 1073 at room temperature mea-
sured for the thicker films qualifies LSMO films as efficient
sources of spin current. Furthermore, the opportunity to eas-
ily combine LSMO with other ferroelectric or multiferroic
perovskites in multifunctional architecture opens new routes
towards multifunctional devices such as artificial magnonic
crystals [54].
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