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Abstract. Controlling the damping parameter in metallic ferromagnetic thin films
is a key step for spintronic applications in which spin currents are generated by spin
pumping. The coexistence of two states with low and high damping constant values
would allow to obtain states of high and low spin current intensity, respectively. We
have fabricated Fejgg—,Co,/Ta (with nominal z= 0, 15, 20, 25, 30 and 35) bilayers in
which the Feqgg_,Co, layers grow epitaxially and the Ta layer is polycrystalline. We
have found the coexistence of Gilbert damping and two magnon scattering mechanisms
linked to a sign change in the magnetocrystalline anisotropy constant that allows
the manipulation of low and high intensity states of the measured inverse spin Hall
effect voltage. Bilayers with lower Co concentrations (x < 25 %) present different
relaxation mechanisms (isotropic Gilbert damping and two magnon scattering) and
an extra ferromagnetic resonance linewidth broadening produced due to mosaicity.
Bilayers with Co concentration z > 25 % present a dominating Gilbert damping for all
directions in the film plane. However, in this concentration range the damping constant
is anisotropic and when the magnetic field is applied along the hard magnetization
direction « increases ~ 420 % with respect to the value obtained for the easy
magnetization direction. Coexistence of isotropic Gilbert damping and two magnon
scattering generated spin currents 2.5 times larger when the field is applied along the
hard magnetization axis compared to the value observed in the easy magnetization axis.
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These findings make the Fejgg_,Co,/Ta system an excellent candidate for spintronic
device applications.

Keywords: anisotropic damping, ferromagnetic resonance, spin current, spin pumping

1. Introduction

The vertiginous development of new electronic devices requires fast data processing,
large data storage capacity, miniaturization and low energy consumption [1, 2]. Today,
spintronics is one of the principal candidates to solve these problems [3, 4, 5, 6, 7]. In
the last decades, an exhaustive search for materials and the study of phenomena that
allow the electronic spin manipulation have grown exponentially. An enourmous amount
of publications on spin transfer torque (STT), spin orbit torque (SOT), spin pumping
(SP), spin Hall effect (SHE) and inverse spin Hall effect (ISHE) studied different aspects
of the generation, manipulation and detection of spin currents [4, 5, 6, 7, 8, 9, 10].

SP phenomenon consists in the injection of a pure spin current through the ferromagnetic
(FM)/nonmagnetic metal (NM) interface when the ferromagnetic layer fulfills the
ferromagnetic resonance (FMR) condition [11, 12, 13, 14, 15, 16]. For applications
in spintronics it is desirable that the injected spin current be as high as possible while
keeping low input power. The spin current intensity has a strong dependency on the
damping parameter (J, oc 1/a?), the effective spin mixing conductance (gm), the spin
Hall angle (©gpy) and the spin diffusion length (Ayq) [11, 12, 17, 18, 19, 20, 21]. The
dependence between J; and o has motivated the search for materials with low damping
constants. Schoen et al. [22] reported in 2016 an ultra-low intrinsic magnetic damping
constant (o ~5x107%) in polycrystalline FeCo alloys around the Fe;5Cogs concentration,
and related this exceptionally low damping constant value to a sharp minimum of the
density of states at the Fermi level. More recently, in 2019 Li et al. [23] reported a giant
anisotropic Gilbert damping constant in FesoCoso due to the variation of the spin orbit
coupling for different magnetization orientations in the cubic lattice.

In this paper, we present a detailed structural and magnetic characterization of
Fej90—»Co,/Ta bilayers for Fe-rich thin films that has been complemented by ISHE-
SP measurements. These studies allowed us to determine the presence of different
magnetization relaxation mechanisms which have been correlated with the generation
of spin currents by spin pumping. We have found that epitaxial Fe;q_,Co, films present
anistropic damping for x >25 % which can be used to obtain states of high and low spin
current intensity when the external field is applied along hard and easy magnetization
directions.

2. Experimental details

We deposited by magnetron sputtering a set of five bilayers on MgO [001] single crystal
substrates of the form MgO [001]//Fejg0_.Co,/Ta. The FeCo layers were deposited
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from Fejgo_.Co, alloyed targets with a substrate to target distance of 7.5 cm. The
nominal layer thickness was fixed to 20 nm for FeCo and 10 nm for Ta. Films
with Co concentration =15 %, 20 %, 25 %, 30 % and 35 % were deposited and
identified according to the percentage of Co as Colb, Co20, Co25, Co30 and Co35.
We also fabricated an Fe 99.9 % control sample (called Co0) for additional analysis
and conclusions. The base pressure before depositing the samples was < 107% Torr.

~

2 and an Ar

Feigo_.Co, layers were deposited at a fixed power density of 1.32 W /cm
pressure of 1.8 mTorr. To improve the epitaxial growth, the FeCo layer was deposited
after heating the substrate to a fixed temperature of 423 K. The Ta layer was deposited
at room temperature, at 2.6 mTorr of Ar pressure and at 1.76 W/cm? of power density.
The structural and compositional characterization was performed using a Panalytical
Empyrean diffractometer with an eulerian craddle, both with a Cu X-ray tube (Ag, Cu
= 0.15418 nm) for X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurements,
Scanning Transmission Electron Microscopy with High Angular Annular Dark Field
(STEM-HAADF), Electron energy-loss spectroscopy (EELS) using a XFEG TITAN 60-
300 kV, operated at 300 kV, equipped with monochromator and with a CEOS hexapole
aberration corrector for the electron probe. For both STEM-HAADF and EELS
analysis, lamellae were prepared using a FIB-SEM microscope model Helios 650 from
Thermo Fisher Scientific Company, equipped with a Ga™ source. The determination
of the saturation magnetization (M;), was carry out using a Lakeshore 7300 vibrating
sample magnetometer (VSM). FMR measurements, using a Keysight N9918A vector
network analyzer (VNA) or commercial Bruker spectrometers ESP300 (X-, K-, and Q-
bands; 9.65 GHz, 24.2 GHz, and 34.8 GHz, respectively) and Elexsys E500 (X-band
~9.279 GHz), were performed to study the dynamic response. For the measurements
with the VNA, a single strip grounded coplanar waveguide was used and the parameter
S21 (transmission) was collected in the (2-20) GHz frequency range. In the case of
measurements made with spectrometers, the samples were placed in the center of a
resonant cavity where the derivative of the absorbed power was measured using a
standard field modulation and lock-in detection technique. For the spin pumping-ISHE

2 and a pair of

measurements the samples were cut into small pieces of 1 X 3 mm
contacts were attached with silver paste at the ends of the sample. More details of the

Spin pumping-ISHE characterization can be found in Ref. [24].

3. Results

3.1. Structural characterization

Sample thicknesses were determined by XRR and TEM techniques (see supplemental
material). In Table 1 we summarize nominal and measured thicknesses which are in
good general agreement. Fig.la) shows the X-ray 6 — 26 pattern for the Col5 sample.
Diffraction peaks of the FeCo (200)y,... film and the MgO (200)
identified. The appearance of only the FeCo (200)

fec substrate could be

bee reflection in the XRD pattern
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Table 1. Nominal and measured composition and thicknesses determined by EELS,
XRR and TEM for all the samples under study, respectively.

Real Thickness (nm)
composition Nominal XRR TEM
Feipg_,Coy FeCo/Ta  FeCo/Ta FeCo/Ta

) 20/10  18(1)/9(1)  19(1)/9(1)
) 20/10  20(1)/11(1) 21(1)/12(1)
) 20/10  19(1)/8(1)  21(1)/9(1)
)
)

Sample

name

Colb (Feg5Cors)
Co020 (FeggCosg)
Co25 (Fez5Coss) r = 26(1
(030 (FeroCoso)
Co35 ( )

20/10  18(1)/9(1)  19(1)/9(1)
20/10  19(1)/10(1) 20(1)/10(1)

strongly suggests an epitaxial growth on the MgO (100) substrate. From the FeCo

(200)pcc
obtained was a = 0.286(1) nm, with no systematic variation as a function of x. The

peaks we estimated the lattice parameter a of all samples. The average value

value obtained is in well agreement with those reported for this range of concentrations
(@ ~ 0.286 - 0.287 nm) [22]. In a previous work [25] we found that the FegyCoqq
film presented epitaxial growth on MgO with the [100] FeCo axis rotated by 45° with
respect to the MgO [100] substrate direction. This rotation was verified in all films
by performing X-ray ¢-scan experiments. We can see in Fig.1b) that the (110)}..
FegsCoys peaks (dashed line) are intercalated every 45° with the (220)¢.. MgO (solid
lines) peaks. In Fig.1c) we show a cross section TEM image of the Colb sample, where
we can observe that approximately 2 nm of the Ta layer exposed to air tend to oxidize
forming a TaO, capping layer on top of each bilayer (Fig.1d)). Fig.1c)-e) shows the
good quality of FeCo/Ta and FeCo/MgO interfaces, with a roughness in the range of
1 nm. FeCo shows to be epitaxial, while Ta shows a mixture of $-Ta and a-Ta in
nanocrystal size. Using HRTEM techniques (Fig.1le)), it was found that all FeCo films
present a chemically disordered bcc structure in their A2 cubic phase with small regions
with ordered DOj3 phase. The ordered DOj3 phase corresponds to the thermodynamic
equilibrium phase and is expected to occur for the stoichiometric alloy Fez5Coqs [26]
(see supplemental material for more information about structural properties of FeCo
and Ta layers). In our case, films were deposited at 423 K, so the temperature was not
large enough to promote the full order of this phase. Anyway, small regions with DO3
phase were observed in some of the films. The relative concentrations of Fe and Co were
determined by EELS, obtaining a good agreement between nominal and measured values
in the deposited films (Fig.1f)). The real composition of each sample was summarized
in Table 1.
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Figure 1. a) XRD pattern for the sample Col5. The peaks marked with (x) are
(200) and (400) reflections of the MgO substrate due to partially unfiltered radiation
from lines Cu-Kj3 and W-L, of the Cu anode. b) Normalized intensity vs. ¢ angle
(¢-scan experiment) for FegsCoys (110)},.. (dashed line) and MgO (220)¢.... (solid line)
diffraction peaks. For this experiment the sample was rotated by 45° in the angle x to
put the {110} family of planes in diffraction condition. ¢) Cross section TEM image
of Col5 sample. d)-e) High resolution cross section TEM image. We can observe that
approximately 2 nm of the Ta layer exposed to air tend to oxidize forming a TaO,
capping layer on top of each bilayer. Note the good quality of the samples evidenced
by the small roughness (< 1 nm) of the interfaces and the good epitaxiality of FeCo
on the MgO substrate. ) Cross section concentration profile determined by EELS for
the sample Colb.

3.2. FMR measurements and analysis

The classical Landau-Lifshitz-Gilbert equation of motion is generally used to describe
the dynamics of the magnetization vector [27]:

dM a dM

—=—-yMx |Hf — —— 1

a < VM dt ) (1)
where « is the damping parameter, v = WTB is the gyromagnetic factor, M the

magnetization vector, and Hy is the total magnetic field (that includes the external field
and contributions arising from anisotropies). Using the Smit and Beljers formalism [28],
equation 1 can be solved for the uniform mode of precession. To obtain the dispersion
relation we propose a magnetic free energy of the form:

in? 26 + sin® 2¢sin’ 6
F(6, ) = —MH sin 0 cos(gp—pp )+2mM? cos® §— K, sin?  cos® p— K, <sm + sin® 2 sin ) @

4

where we consider the Zeeman energy of the magnetization M in an external field H,
characterized by an in-plane angle ¢g, (first term in equation 2), the shape energy
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given by the demagnetization factor of a thin film (second term in equation 2) and the
uniaxial and cubic energies characterized by the anisotropy constants of uniaxial and
cubic symmetry K, and K., respectively (third and fourth terms in equation 2). ¢
is the azimuthal angle that forms the projection of M with the spherical coordinate
system (¢ = 0 corresponding to the MgO [100] direction), and 6 is the out of plane
polar angle. For K, and K. > 0 these anisotropy terms describe an easy axis parallel to
MgO [100] and a cubic anisotropy with easy axes parallel to the MgO [110] directions,
respectively. Substituting equation 2 in the Smit and Beljers equation [28] we can obtain
the dispersion relation for our system when the field H is applied in the film plane:

2
(c_u) - {Hcos(cp —opg) + Hycos® o — H, (1 —
~

where H, and H. are the uniaxial and cubic anisotropy fields defined as H, = % and

H, = 2]\]26, respectively, and w = 2w f where f is the excitation frequency. A schematics
of the magnetic field and magnetization vectors with respect to the MgO crystalline

axes is shown in Fig. 2.

sin? 2¢

)} X[H cos(¢ — pg) + H, cos2p — H.cos 4yl ,(3)
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Figure 2. Spectra collected for the Col5 sample. a) Using a spectrometer with field
modulation and a resonator at 9.76 GHz (X-band). The solid line represents the fit
using a derivative Lorentzian lineshape. Inset: Schematics of the magnetic field and
magnetization vectors and the coordinate axes with respect to the MgO crystalline
axes. b) Same sample using a VNA at 9.76 GHz. The dotted line corresponds to the
fit of the absorption curve described by the addition of a symmetrical and an anti-
symmetrical Lorentzian curve [29].
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Figure 3. a)-f) In-plane angular variation of the FMR resonance field for the samples
under study. The solid lines represent the fit using equation 3. g)-i) In-plane angular
variation of the FMR peak to peak linewidth for the samples under study. Dotted
lines in panels g)-j) represent the fit using the phenomenological model described in

Ref. [25]. Solid lines in plots k) and 1) have been obtained from Eq. 7.
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FMR spectra were collected with both an X-band (9.76 GHz) spectrometer with
field modulation (Fig.2a)) and a coplanar wave guide using a VNA in transmission
mode in the 2 GHz - 20 GHz frequency range (Fig.2b)). Data were fitted by assuming a
complex susceptibility second derivative line shape (solid line in Fig.2a)) and using an
absorption peak curve described by the addition of symmetrical and anti-symmetrical
Lorentzian curves [29] (dotted line in Fig.2b)). In order to gain insight into the magnetic
anisotropies of our system as well as the mechanisms that may contribute to damping,
we have performed FMR angular dependence on the X-band spectrometer. Fig.3a)-3f)
show the results of the in-plane angular variation of the FMR resonance field for the
samples under study. We can see that all samples present fourfold symmetry with
the presence of a weak uniaxial anisotropy. In Fig.3 the angle ¢y = 0° indicates
that the external magnetic field is parallel to the MgO [100] direction (H || MgO
[100]). As we previously mentioned, all the samples grow with the FeCo [100] direction
rotated by 45° with respect to the MgO [100] axis (see Fig. 1(b)). The fact that
Co-richer samples (Co30 and Co35) also present an easy axis rotated by 45° (Fig.3e)-
3f)) compared to Fe-richer (Co0 - Co25) samples (Fig.3a)-3d) indicates a sign change
in the cubic magnetocrystalline anisotropy constant K.. Using equation 3 we can fit
the angular variation of the FMR resonance field data (solid lines in Fig.3a)-3f)) to
obtain the H. = 2K./M concentration dependence that is shown in Fig.4. For the
fit with Eq.3, we used the saturation magnetization (M;) values obtained by vibrating
sample magnetometry (VSM) (see supplemental material), with an average value M ~
1700 emu/cm?®. For Fejg_,Co, bulk alloys the sign change in K. takes place at a Co
concentration [30] x ~ 45% (solid stars in Fig.4). For thin films the change was reported
previously by Pelzl et al. [31] around x ~ 33% and the difference between bulk and thin
films zero crossing is attributed to the thickness dependence of the magnetocrystalline
anisotropy field, which decreases as the thickness decreases [31].

In our case, the zero crossing takes place between 25% and 30% of Co concentration.
It is well known that low dimensionality can lead to discrepancies between the values
obtained for bulk materials and thin films. Nevertheless, in a previous work [21] made
on FegyCoyg thin films for different thicknesses (4 nm - 12 nm) no thickness dependence
was observed, but probably the explored thickness range was not large enough to obtain
conclusions about the dependence of K. with film thickness.

The results of the in-plane angular variations of the FMR peak to peak linewidth (AH,,)
for the samples under study are shown in Fig.3g)-3i). A gradual change in the angular
behavior of AH,, is observed. Note, however, that the samples Co0, Col5, Co20 and
Co25 present a minimum in AH,, value when H is applied parallel to the FeCo [110]
hard axis. In turn, AH,, increases as we approach the [100] easy axis, having the
maximum value at an intermediate angle. This behavior was previously observed in
FeggCoq/Ta bilayers [25] and was explained in terms of the influence of the intrinsic
Gilbert damping relaxation mechanism in addition to extrinsic two magnon scattering
relaxation and mosaicity linewidth broadening. [32, 33, 34, 35, 36]. The dotted lines
in Fig.3g)-3j) show the fits using this phenomenological model. In the case of Co-rich
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Figure 4. Cubic anisotropy field as a function of Co concentration. Data for thin
films (open circles-this work) and bulk samples [30] (solid stars).

samples (Co30 and Co35) (Fig.3k)-31)), AH,, presents a minimum and maximum along
the easy and hard magnetization directions, respectively. In Ref. [23] this behavior in
AH,, was attributed to a giant anisotropy of the Gilbert damping constant in epitaxial
Fe50Coso thin films and was ascribed to the variation of the spin orbit coupling for
different cubic lattice magnetization orientations. The general dependence of AH,,
with w is given by:
2 1 w

T BoZon" @

where the first term describes all frequency independent extrinsic contributions related

AJinp = AI—[O + AHQM(“? QOH)

to distributions of anisotropy constants and anisotropy axes, saturation magnetization,
etc. [37]. The second term is a non linear frequency dependent extrinsic contribution
that arises from two magnon scattering mechanisms [25, 33, 34]. The third term
describes the intrinsic damping (Gilbert damping) that is linear with frequency. In
the case of weak uniaxial and cubic anisotropies it is given by [19, 38]:

b w b ey (PR 1 PR\ w1 w
5%’/3HA7_8$/8H oM (802 s 02 ) ~ ot atot—- (D)

7 cos(p — on) gl
Then, Eq. 4 can be approximated by:

w

2
Apr = AHO + AH2M<LU, QDH) + ﬁatot;. (6)

The last term in Eq. 6 assumes an isotropic Gilbert damping constant which should
be corrected to describe the AH,, angular dependence of the samples Co30 and Co35.



Intrinsic and extrinsic relaxation mechanisms 10

Following Ref. [23], we propose an expression that takes into account a giant anisotropic
Gilbert damping constant and the cubic symmetry of the crystal:

2 w :
AHyy = Ay + === [acasy + (Oparq — aeasy) sin’(2¢)] (7)

where aeasy and ay) .4 are the Gilbert damping parameters when the external magnetic
field is applied along the easy and hard magnetization directions, respectively. The
dotted lines in Fig. 3k)-1) represent the fit using Eq.7, from which we obtain aeasy
and ap,-q values. For intermediate angles the proposed model is not very accurate
(particularly for Co35) which could be due to unsaturated magnetization effects for
intermediate angles at relatively low frequencies (9.76 GHz). In order to test this
assumption, we performed AH,, angular variations at a higher frequency (34.9 GHz)
and we have found that the experimental data are very well described by Eq.7 (see
supplemental material).

In order to investigate the Co concentration variation of the damping parameter,
we show in Fig. 5 the AH, vs. % dependence for the samples Col5, Co25 and Co35. For
clarity, in Fig.5 we distinguished between H || FeCo hard axis (full symbols), H || easy
axis (open symbols), respectively. The solid lines represent the fits using Eq.6 with the

AH, = @AHM correction for Lorentzian curves. For the samples Col5 and Co25 it can
be observed that when the external field is applied along the hard axis (full symbols in
Fig.5a)-5b)), the linear model described by Eq.6 is fulfilled. For the easy directions (open
symbols in Fig.5a)-5b)) a non-linear dependence is found. As we already mentioned,
this behavior can be explained in terms of the two magnon scattering mechanism. The
dashed lines in Fig.5a)-5b) have been obtained using Eq.6 with a single « value and the
addition of the two magnon scattering mechanism given by [25]:

Ve -9

(8)

AHop (w,pp) = I'sin? 2¢p sin™
W (3)

where wy = y4mrMyg with Mg the effective magnetization. The factor I' is
the strength of the two magnon scattering, and the term sin®2py gives the behavior
of AH,)y, according to the direction of H with respect to the principal in-plane
crystallographic directions.

The FMR linewidth (AH,) frequency dependence for the sample Co35 shows a
linear dependence in both, easy and hard directions and the minimum linewidth is
in the easy direction. These observations suggest that two magnon scattering is not
an important relaxation mechanism in these films. Samples Co30 and Co35 have a
similar behavior, that shows an increase in the damping constant of 320 % and 420
% between easy and hard magnetization directions, respectively. These values of the
Gilbert damping constant anisotropy are of the same order than those reported in
Ref. [23]. This behavior supports the idea that above a critical Co concentration
x ~ 30 % in our samples, a giant anisotropic Gilbert damping constant emerges as
the main relaxation mechanism. Fig.6 shows the calculated a values (hexagons) as
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Figure 5. Frequency dependence of the FMR linewidth for the samples Col5, Co25
and Co35. Solid lines represent the fit using the linear model described by Eq.6. Dotted
curves represent the fit using the linear model with the addition of the two magnon
scattering mechanism.

a function of the Co concentration for the samples under study. The parameter «
is usually called the total Gilbert damping constant (ato¢) since it includes other
contributions to the intrinsic Gilbert damping constant (aj,¢) such as the spin pumping

contribution agp and the radiative contribution « so that o can be written as

rad’
Q= Qgot = Qipt + Asp T Qpad- Qpad 1S an extra contribution due to the inductive
coupling of the precessing magnetization and the coplanar waveguide [22, 39]. In our
case we have done measurements using both a coplanar waveguide and a resonant cavity

(where this contribution is zero), the match between data extracted with both methods
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lead us to discard this term. agp is an extra relaxation mechanism due to the spin
pumping phenomenon that can be subtracted knowing the spin mixing conductance
(gN) of the Fejgp_.Co,/Ta interface and the Fejpo_,Co, thickness [40, 41, 42]. To
extract the asp contribution we used g = 5.7(3) x 10" cm~? determined in a previous
work in FegyCogy/Ta bilayers[25]. Here we assumed that g is the same for different
Co concentrations, according to the results published in Fig. S4 of Ref.[22]. Fig. 6
shows the Gilbert damping parameter as a function of Co concentration. We present
oot (hexagons) and ajpt = oot — asp (stars) for the samples under study. The figure
shows the minimum «;,)¢ value estimated for each sample where solid and open symbols
indicate that the minimum value was obtained for a hard or an easy magnetization
direction, respectively. An exceptionally low intrinsic damping ajp; = 5(2) X 10~* was
obtained for the Col5 film. Schoen et al. [22] found a minimum a4, value at a 25
% Co concentration (solid squares in Fig. 6) associated to a sharp minimum in the
density of states at the Fermi level. On the other hand, Mankovsky et al. [43] using the
fully relativistic KKR (Korringa-Kohn-Rostoker formalism) band structure method in
combination with the CPA (coherent potential approximation) alloy theory predicted a
minimum between 10 % - 15 % Co concentration at 0 K (solid circles in Fig. 6). Our
experimental results show a minimum in o5, for a 15 % Co concentration and in the 0
% - 20 % range the estimated values are in good agreement with those reports, but for
x > 25 % our data disagrees with previous results. Mankovsky et al. [43] argue that
the coexistence of two phases (see section 3.1) can modify the minimum of the density
of states at the Fermi level and, consequently, the o, Co concentration dependence.
It is possible that the coexistence of A2 and DO3 phases, the monocrystalline nature of
our samples and the sign change in K. contribute to the discrepancy observed at high
Co concentrations.

In Table 2 we summarize relevant parameters obtained in this work for the samples
under study. Two magnon scattering strength I' increases systematically as the Co
concentration increases. The I' parameter is not expected to depend on the Co
concentration because it is a extrinsic relaxation mechanism related to the concentration
of magnetic impurities [33, 34, 25]. But we can not rule out that the samples Co0, Col5,
Co20 and Co25 present some degree of anisotropic damping that increases with the Co
concentration. Because the two magnon scattering contribution is dominant for these
samples it was not possible to separate these two contributions and, consequently, the
I' parameter could be overestimated as the Co concentration increases.

3.3. ISHE voltage measurements

As we discussed in the previous section, different relaxation mechanisms act when the
external field is applied along the easy or hard magnetization directions. To know
if the conversion efficiency is also anisotropic, we then performed measurements with
H applied parallel to MgO [100] or [110] and Vjgyg measured in the [010] and [110]
directions, respectively (see inset in Fig.7). Measurements were made in a resonator
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Figure 6. Gilbert damping parameter as a function of the Co concentration. We
present the minimum « value obtained for each sample. Solid and open symbols are
for data obtained in a hard or an easy magnetization direction, respectively. Hexagons
and stars represent the total and intrinsic Gilbert damping parameters ooy and ajp¢,
respectively. We also show experimental (solid squares) and theoretical (solid circles)
@it values obtained from Refs. [22] and [43].

Table 2. Values of g, Hc, aeasy, Oapd> I and IISHE/I%II?IE obtained in this work.

Sample g He (Oe)  aeasy aphard I (Oe)  dIsugR
Co0  2.085(4) 470(40) 0.0042(4) 0.0042(4) 95(10)  2.49(5)
Cols  2.088(3) 366(20) 0.0026(3) 0.0026(3) 118(15) 2.67(3)
Co20  2.094(5) 200(10) 0.0033(4) 0.0033(4) 160( 0) 1.81(4)
Co25  2.110(3)  110(8)  0.0044(4) 0.0044(4) 180(20) 1.84(4)
Co30  2.125(2) -80(5)  0.0059(6) 0.0191(7) - 1.55(4)
Co35  2.139(4) -280(20) 0.0061(6) 0.0252(8) -  1.04(4)

with the microwave power fixed at 100 mW. Using these two configurations we obtained
the curves Vigyp vs. H shown in Fig.7a)-7d). The maximum value of Vigypr was
obtained in the direction where damping is minimum. This behavior is due to the spin
current density intensity J; dependence with damping[21, 20]:

2

= 74£g“ (h_l"f> ﬂ@w (9)
™ « [F oo + F sw]

where F,, and Fyy are the second partial derivatives of the free energy with respect to

the spherical angles (6 and ) evaluated at the equilibrium angles (feq and weq) of the

magnetization vector.

In Eq.9 we used the free energy expression (Eq.2) for the in-plane configuration
(the external magnetic field always lies in the plane of the sample (see inset in Fig.7)).
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Figure 7. a)-d) Ijggp measurements for the samples Col5 and Co30 for the two
configurations shown in the inset. Data were normalized for the sample width (w)
for comparative purposes. The inset shows the two configurations used for Viggp
measurements. We fixed two electrodes on top of the Ta layer for detection of the

VIsHE signal perpendicular to the applied external field (H || MgO [010] and [110]
directions).

Note that in Eq.9 we have assumed that gN is constant for different IP orientations of
the magnetic field.

In order to corroborate the J, o< =5 dependence in Eq.9 we plotted (see Fig.8a)) the
inverse spin Hall effect current Ijqyp/w = Vigur/(wR) (R is the total electrical
resistance measured between electrodes and w is the sample width) as a function of
é for the samples under study. According to the inset of Fig.7 and the stacking order
of our samples, the negative sign of Ijqyg is due to the negative value of Ogyy (Ta).
Directions that could be described by a linear Gilbert damping model are represented
with open circles and show the expected é linear dependence. From the linear fit
we extracted the slope value -6.53(4) x 10~ 7uA, which is in good agreement with the
calculated value (-5.13 x 1077 pA) using Eq.17 from Ref. [21] and parameters obtained in
a previous work on FegyCoqg/Ta bilayers [21]. Solid circles indicate the directions where
Gilbert damping plus two magnon scattering mechanisms were needed to describe the
experimental behavior. In this case Ijqp is almost constant with the damping. In
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Figure 8. a) Itqug/w vs. é for the samples under study. Open circles represent
the samples and their corresponding directions where only linear Gilbert damping
model was used for the estimation of a. Solid circles represent data for which linear
Gilbert damping and two magnon scattering models were used for « estimation. b)
AHgp/AH, ratio of the linewidths obtained from SP voltage measurements and FMR
spectra as a function of Co concentration for the samples under study. Open and solid
circles represent hard and easy magnetization directions, respectively.

order to discuss the obtained results, we show in Fig. 8b) the ratio AHgp/AH, as
a function of the Co concentration, where AH, and AHgp are the FWHM FMR and
VigHE signal linewidths, respectively. We can observe that the directions described by a
linear Gilbert damping model present a relative constant value AHgp /AH, ~ 0.9, which
is close to the expected value ~ 1 when only the intrinsic damping is present. Directions
described by a linear Gilbert damping plus two magnon scattering mechanisms show
a smaller AHgp/AH, ratio that decreases with Co concentration. The fact that the
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AHgp/AH, ratio decreases as the two magnon scattering strength I' increases (see table
2), could be an indication that the extrinsic mechanisms are less efficient to generate a
spin current.

Despite the previous analysis, it should be noted that the ratio AHqp/AH, is
still close to one and the difference between AHSP and AH, could be due to the
uncertainties in fitting non symmetrical line shapes. In any case, what it is important
to mention is that films in which the two magnon scattering process is needed to explain
the FMR linewidth do not follow a % dependence and they could not be described by
a distribution that preserves the area of the absorption line. In this context, further
analysis is necessary in order to elucidate these results.

The main achievement of the present work has been not only to control the spin
current intensity but also to obtain states of low and high Ijqp values. For the sake
of comparison, we define the ratio between maximum ( inSaﬁE) and minimum ( ]I:I§III—IE)
values of the generated current, obtained when the external field is applied along the hard
and easy magnetization directions. The ratios d[jqgE = inSaI)EIE / IinSHfIE are summarized
in Table 2. The dIqyE quantity gives us an idea of how big is the difference between
high and low intensity spin current states. We can conclude that the coexistence of
the linear Gilbert damping and two magnon scattering mechanisms produces a larger
value of 0Ijqp, obtaining the highest value for the Col5 bilayer. Moreover, these
rather interesting results are in sharp contrast to simple magnetic epitaxial layers as in
Fe/Pt where isotropic damping and gN have been reported as well as spin-orbit torque
depending on the easy or hard directions turned out to be isotropic [44].

4. Conclusions

In summary, through the coexistence of different relaxation mechanisms in
Feigo_Co,/Ta bilayers, it was possible to manipulate the spin current intensity
generated by the spin pumping phenomenon. We obtained an exceptionally low cj, =
5(2) x 107* value that allowed us to produce a high intensity spin current injection.
We observed that the coexistence of intrinsic and extrinsic relaxation mechanisms is
more efficient for obtaining states of high and low spin current intensity than the
existence of a giant Gilbert damping anisotropy. We obtain dIjqqp = flSaI}EIE / ]I:TngI—IE =
2.67(3) for the sample Col5, which is a remarkable result in terms of spin current
manipulation. The possibility to tune the J, injected and the overall spin current to
charge conversion efficiency is one of the main goals of today’s spintronics. Here we
are reporting the possibility to tune both in the very same system just playing with
the crystallographic orientation, making Fejoy_,Co,/Ta system an excellent and robust
candidate for spintronic devices applications.
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