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Ferrimagnet GdFeCo Characterization for Spin-Orbitronics:
Large Field-Like and Damping-Like Torques

Héloïse Damas,* Alberto Anadon, David Céspedes-Berrocal, Junior Alegre-Saenz,
Jean-Loïs Bello, Aldo Arriola-Córdova, Sylvie Migot, Jaafar Ghanbaja, Olivier Copie,
Michel Hehn, Vincent Cros, Sébastien Petit-Watelot,* and Juan-Carlos Rojas-Sánchez*

1. Introduction

In the past years, ferrimagnets have
attracted growing interest for their
potential utility in spintronic devices.[1] In
particular, GdFeCo ferrimagnetic alloy is
extensively studied as it exhibits a wide
diversity of phenomena arising from the
specific properties of rare earth–
transition metal (RE–TM) ferrimagnets.
Furthermore, the two antiferromagneti-
cally coupled sublattices have a different
response to external stimuli and the
spin–orbit coupling (SOC) of the Gd 5 d
state allows the interplay between charge,
spin, and orbital transport. The different
relaxation times of these two coupled sub-
lattices are thought to be responsible for the
all-optical helicity-independent switching
(AO-HIS) in GdFeCo demonstrated for
almost a decade.[2,3] AO-HIS has also been
recently observed in TbCo.[4] Nowadays,
GdFeCo is used to perform the AO-HIS
of Co/Pt[5–7] or CoNi/Pt[8] ferromagnetic
multilayers. Moreover, it is possible to tune

the Dzyaloshinskii–Moriya interaction in thin GdFeCo ferrimag-
netic alloys,[9] a relevant property for skyrmions formation. It has
been shown that GdFeCo ferrimagnet also hosts large self-
induced spin–orbit torque, or self-torque,[10,11] with recent theo-
retical advances.[12,13] Ferro- and ferrimagnetic materials are the
source of spin currents with different symmetries[10,12] coming
from the spin anomalous Hall effect (SAHE)[14–16] and the spin
Hall effect (SHE).[17] In the SAHE, the spin polarization of the
spin current JSAHE

s is parallel to the magnetization, while in the
SHE it is perpendicular to both the injected charge current and
the produced spin current JSHE

s . A giant overall spin Hall angle
for SAHE- and SHE-like symmetries has been reported in a
Gd-rich GdFeCo/Cu at room temperature.[10] Sizable intercon-
version efficiencies have also been reported for other magnetic
materials such as NiFe[18–20] and CoFeB.[15,21] In the present
work, we study room temperature FeCo-rich GdFeCo in a
//Gd25Fe65.6Co9.4(8 nm)/Cu(4 or 6 nm)/Ni81Fe19(4 nm) trilayer
by structural, magnetic, and spintronics characterization. We
use two complementary ST-FMR techniques to reveal the signs
and magnitudes of the contributions coming from the different
spin current symmetries in GdFeCo, namely, the modulation of
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Spintronics is showing promising results in the search for new materials and
effects to reduce energy consumption in information technology. Among these
materials, ferrimagnets are of special interest because they can produce large
spin currents that trigger the magnetization dynamics of adjacent layers or even
their own magnetization. Herein, a study of the generation of spin current by
GdFeCo in a GdFeCo/Cu/NiFe trilayer where the FeCo sublattice magnetization
is dominant at room temperature is presented. Magnetic properties such as the
saturation magnetization are deduced from magnetometry measurements while
damping constant is estimated from spin-torque ferromagnetic resonance (ST-
FMR). It is shown that the overall damping-like (DL) and field-like (FL) effective
fields as well as the associated spin Hall angles can be reliably obtained by
performing the dependence of ST-FMR by an added dc current. The sum of the
spin Hall angles for both the spin Hall effect (SHE) and the spin anomalous Hall
effect (SAHE) symmetries is: θSAHE

DL þ θSHE
DL ¼ �0.15� 0.05 and θSAHE

FL þ θSHE
FL ¼

0.026� 0.005. From the symmetry of ST-FMR signals, it is found that θSHE
DL is

positive and dominated by the negative θSAHE
DL . The present study paves the way

for tuning the different symmetries in spin conversion in highly efficient ferri-
magnetic systems.
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the damping along with the shift of resonance field to extract the
overall parameters (sum of the SHE- and SAHE-like contribu-
tions) and the symmetry of the ST-FMR signal which is sensitive
only to the SHE-like parameters. We found that damping-like
(DL) SAHE spin Hall angle, θSAHE

DL , is negative for FeCo-rich
GdFeCo. In contrast, the DL SHE-like symmetry is positive.

2. Structural and Chemical Characterization

Samples were grown on thermally oxidized Si wafers using dc
magnetron sputtering at room temperature with an Ar gas pres-
sure of 3 mTorr and base pressure of 1� 10�7 Torr. GdFeCo
(Gd25Fe65.6Co9.4) was codeposited using separate Gd, Co, and
Fe targets. All the samples in the present study were capped with
3 nm of naturally oxidized Al. Transmission electron microscopy
(TEM) investigations were carried out using a JEM-ARM 200 F
Cold FEG TEM/STEM (scanning TEM). High-resolution TEM
(HRTEM) micrographs were performed to study the atomic
structure of the deposit layers, as shown in Figure 1a. The fast
Fourier transformation (FFT) patterns in Figure 1b,c confirm
that the Cu/NiFe layers are [111] textured along the growth direc-
tion, while GdFeCo is amorphous as evidenced by the diffuse

rings. Electron energy loss spectroscopy (EELS) maps were
carried out systematically on the different samples and confirm
the nominal composition and thickness of the different materials
(Figure 1d). We also evidence a slight GdFeCo composition
variation along the growing direction as usually observed in
RE- ferrimagnets.[10,11,22]

3. Magnetic Characterization: Magnetic
Anisotropies in GdFeCo

3.1. SQUID Magnetometry

Magnetization loops were performed at room temperature on a
//GdFeCo(8)/Cu(6)/NiFe(4) stack with the applied field parallel
and perpendicular to the field plane. Both MðHÞ measurements
are displayed in Figure 2a, showing an open hysteresis loop.
This confirms that the NiFe magnetization direction m̂NiFe lies
in the plane of the sample while that of GdFeCo, m̂GdFeCo, is
spontaneously perpendicular to the film plane as shown in the
inset. We assume that the 6 nm-thick Cu layer decouples the
two magnetic layers to extract their distinct saturation magneti-
zation and saturation magnetic field. The coercive field is below 2
mT (50 mT) for NiFe (GdFeCo). For NiFe, the saturation

Figure 1. TEM/STEM characterization of Gd25Fe65.6Co9.4(8)/Cu(6)/Ni81Fe19(4)/AlOx. a) HRTEM micrograph of the deposited layers. The yellow
(blue) square shows where the FFT analysis has been performed on Cu/NiFe (GdFeCo). The FFT patterns (b) and (c) indicate the [111] growth direction
of textured Cu/NiFe and that GdFeCo is amorphous. d) High-angle annular dark field (HAADF)–STEM micrograph and the corresponding individual
EELS elemental maps obtained from the green rectangle area in the HAADF micrograph. Co (yellow), Fe (green), Gd (orange), O (red), Ni (cyan),
and Cu (pink).
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magnetization MNiFe
s is 625 kAm�1 and the saturation field

μ0HNiFe
sat�z to place m̂NiFe out of the plane of the film is 0.85 T.

In the case of GdFeCo, the saturation magnetization MGdFeCo
s

is 115 kAm�1 and the saturation field μ0HGdFeCo
sat�xy to align

m̂GdFeCo along the plane is about 0.13 T which are typical values
for both NiFe and Gd25Fe65.6Co9.4 at room temperature.[23–25]

From the saturation field andmagnetizations, we can also estimate
the effective saturation magnetization for both magnetic materials;
it results MNiFe

eff ¼ 676 kAm�1 and MGdFeCo
eff ¼ 103 kAm�1. The

relatively low perpendicular magnetic anisotropy of GdFeCo allows
its magnetization to be easily placed along the plane of the film
which is useful for ST-FMR measurements. The trilayer used
in the next section has a 4 nm Cu spacer and displays a lower satu-
ration field μ0HGdFeCo

sat�xy to align m̂GdFeCo along the plane, which is
about �0.047 T.

3.2. ST-FMR Study

We perform ST-FMR measurements[26–31] on a GdFeCo(8)/
Cu(4)/NiFe(4) trilayer to extract properties such as the damping
constant α and the Landé g-factor of the magnetic layers. From
Magneto optic Kerr effect measurements, we have verified that
this GdFeCo(8) is FeCo-rich at room temperature. The experi-
mental setup is described in Figure 3a. A radiofrequency (rf )
charge current, irf , is applied along the x̂ direction and generates
an oscillating Oersted field which triggers the magnetization

Figure 2. Bulk magnetization data using a SQUID magnetometer.
a) Magnetic hysteresis loop of the Gd25Fe65.6Co9.4(8)/Cu(6)/Ni81Fe19(4)
trilayer. Magnetization values are normalized by the surface sample.
To identify the different saturation fields and effective saturation magneti-
zation, we consider that the magnetic layers are decoupled by the 6 nm of
Cu. The inset shows a schematic of the sample with the spontaneous
magnetization alignment of GdFeCo (out-of-plane) and NiFe (in-plane)
according to SQUID results.

Figure 3. Determination of Meff and damping using broadband ST-FMR in Gd25Fe65.6Co9.4(8)/Cu(4)/Ni81Fe19(4), and g-Landé factor for GdFeCo.
a) Illustration of a typical ST-FMR device along with the dc magnetic field applied at φH to the trilayer slab which is along x̂. b) Typical ST-FMR spectra at 8,
12, and 14 GHz. At higher fields, the GdFeCo resonance line is observed. The symmetrical (orange) and antisymmetrical (green) voltage contributions are
shown for NiFe at 8 GHz. Broadband frequency dependence of c)Hres and d) linewidthΔH are used to determineMeff and α, respectively. Equation (2) is
used for NiFe and GdFeCo layer in (c). For Gd25Fe65.6Co9.4 (8 nm), we estimate g ¼ 2.87� 0.04 and α ¼ 0.085� 0.006. Black (green) experimental data
are obtained for the resonance of NiFe (GdFeCo) as depicted in (b).
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precession at the resonance condition. A sweeping dc magnetic
fieldHdc is applied in the xy plane of the device, at an angle of φH

with respect to the current line. At the resonance field Hres, a dc
voltage Vmix composed of a mixing of a symmetric and antisym-
metric Lorentzians of amplitude Vsym and Vanti, respectively, can
be measured using a bias tee. The measured mixed voltage dis-
played in Figure 3b can be fitted with the following general
expression

Vmix ¼ Voffset þ V sym
ΔH2

ΔH2 þ ðH �HresÞ2

þ Vanti
ðH �HresÞΔH

ΔH2 þ ðH �HresÞ2
(1)

where we consider an additional offset Voffset and where ΔH is
the linewidth. In Figure 3b, we observe the two resonance lines
corresponding to the NiFe resonance (lower resonance field) and
the GdFeCo resonance (higher resonance field). For the sake of
clarity, it is only shown at 8, 12, and 14 GHz. Then, from broad-
band frequency dependence ST-FMR we can extract the effective
saturation magnetization Meff (it results negative for systems
where perpendicular magnetic anisotropy dominates over shape
anisotropy) and the Landé g-factor considering the following
expression

f ¼ γ

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðH þHuniÞðMeff þH þHuniÞ

p
(2)

where γ ¼ gμB
ℏ is the gyromagnetic ratio and where Huni stands

for a small in-plane uniaxial magnetic anisotropy. Equation (2)
applies for a thin film ferromagnetic layer with a magnetic field
applied in the plane. We fix the NiFe Landé g-factor to 2.10.
We determine the effective saturation magnetization of NiFe,
MNiFe

eff ¼ 569� 1 kA/m. The difference with previous SQUID
results comes from the difference in Cu thickness which affects
the NiFe anisotropy. We also evaluate a rather small
Huni ¼ �7� 1 Oe. We exploit the same Equation (2) for GdFeCo
resonance condition to determine the GdFeCo Landé g-factor
and its effective saturation magnetization MGdFeCo

eff . We obtain
g ¼ 2.87� 0.04, and MGdFeCo

eff ¼ �37� 4kAm�1 (�46.5mT).
The fitted experimental data are shown in Figure 3c. Finally,
from the frequency dependence of the linewidth ΔH, we calcu-
late the Gilbert-type magnetic damping constant α

ΔH ¼ ΔH0 þ
2πf
γ

α (3)

where ΔH0 is the f-independent contribution due to inhomoge-
neity. We have fixed g-Landé factor for both NiFe and GdFeCo.
The fits on the measurements are shown in Figure 3 d. The
damping of in-plane NiFe is estimated as αNiFe ¼ 0.012� 0.001
which is about 8 times smaller than the damping of our out-of-
plane Gd25Fe65.6Co9.4 αGdFeCo ¼ 0.085� 0.006 but comparable
with in-plane Gd12.5Fe76.1Co11.4.

[32] Recently, it has been pointed
out that actual or intrinsic damping in ferrimagnets is lower than
that measured directly due to different spin density for each
magnetic sublattice in GdFeCo and determined by domain wall
mobility.[33]

In the next section, we show how we can estimate the effective
fields that drive the spin–orbit torque from Gd25Fe65.6Co9.4(8)/
Cu(4) to Ni81Fe19(4).

4. Damping-like and Field-like Efficiencies
Determination by ST-FMR Techniques

4.1. Spin-Torque Symmetries and ST-FMR Signal

As discussed, there are two symmetries for spin current genera-
tion in magnetic materials, SAHE-like and SHE-like. When these
spin currents are absorbed by another magnetic layer, they
contribute to the total torque on the magnetization

Γtot ¼ ΓSHE þ ΓSAHE (4)

In the geometry of our ST-FMR measurements, the GdFeCo
and NiFe magnetizations are both aligned with an angle of φH

with respect to the x̂ axis. The spin polarization corresponding to
the SHE-like symmetry, σ̂SHE, lies along the ŷ axis regardless of
the direction of both magnetizations. The spin polarization direc-
tion related to the SAHE-like spin current, σ̂SAHE, lies along the
direction of m̂GdFeCo which, in turn, is aligned with the equilib-
rium direction of the NiFe magnetization, m̂NiFe. The different
contributions to the total torque can further be divided into
two contributions, coming from the damping-like (hDL) and
the field-like (hFL) effective fields

ΓSHE

γMNiFe
S

¼ hSHE
DL m̂NiFe � σ̂SHE|ffl{zffl}

ŷ

� m̂NiFe

0
B@

1
CAþ hSHE

FL m̂NiFe � σ̂SHE|ffl{zffl}
ŷ

(5a)

ΓSAHE

γMNiFe
S

¼ hSAHE
DL m̂NiFe � σ̂SAHE|fflffl{zfflffl}

m̂GdFeCo

� m̂NiFe

0
B@

1
CA

þ hSAHE
FL m̂NiFe � σ̂SAHE|fflffl{zfflffl}

m̂GdFeCo

(5b)

The efficiency of the charge-to-spin current conversion
is described by the spin Hall angles θSAHE

DLðFLÞ and θSHE
DLðFLÞ. They

are related to the SAHE- and SHE-like effective fields generated
by GdFeCo and acting on NiFe layer as follows[14,15,34,35]

hSHE
DLðFLÞ ¼

ℏ
2jej

jGdFeCoc

μ0MNiFe
s tNiFe

θSHE
DLðFLÞ (6a)

hSAHE
DLðFLÞ ¼

ℏ
2jej

ðm̂GdFeCo � JGdFeCoc Þ:ẑ
μ0MNiFe

s tNiFe
θSAHE
DLðFLÞ (6b)

with ðm̂GdFeCo � JGdFeCoc Þ:ẑ ¼ sinðφHÞJGdFeCoc in our geometry, as
depicted in Figure 3a.

We show in the following subsections that ST-FMR techni-
ques can be useful tools to further study the sign and quantifi-
cation of the different contributions. Indeed, the analytical
expression for the longitudinal voltage obtained by ST-FMR
measurements reads[15,27,36,37]
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Vdc ¼ �ΔRNiFe
AMR

2
sinð2φHÞIrf ðχ ’φθΔhθ þ χ ’φφΔhφÞ (7)

where ΔRNiFe
AMR is the anisotropic magnetoresistance amplitude,

χ0φθ and χ0φφ are, respectively, the real part of the φθ and the
φφ components of the susceptibility matrix of NiFe, and Δhθ
and Δhφ are, respectively, the polar and azimuthal component
of the exciting fieldΔh (whose expression is discussed in the next
subsection). We can see that only the transverse components of
the excitation fields contribute to the ST-FMR voltage. We will
discuss the different contributions to the total torque: 1) first con-
sidering the symmetries of Equation (7) and 2) adding a dc cur-
rent which will modify the susceptibility components.

We highlight here that all the equations and signs that our
model describes have been verified by considering the results
obtained in a //Pt(5)/NiFe(4) reference system, namely, in this
system, θDL ¼ θSHE

DL > 0 and θFL ¼ θSHE
FL > 0 (with a negative

Oersted field).

4.2. Symmetry of the ST-FMR Signal

The NiFe magnetization resonance is triggered by the rf current-
induced Oersted field, and the spin torques described in
Equation (5a,b). We gather the different contributions under
the general term of the exciting field, Δh. Here, the delta means
that the excitation is weak. The dynamics around the equilibrium
position, which takes place in the ðêθ, êφÞ plane in spherical coor-
dinates, is only sensitive to the polar and azimuthal components
of the exciting field Δhθ and Δhφ. As σ̂SAHE lies along the NiFe
magnetization equilibrium position m̂NiFe ¼ êr, the associated
SAHE effective fields do not contribute to the magnetization
dynamics. On the contrary, the effective fields associated to the
SHE-like symmetry contribute to the dynamics because σ̂SHEkŷ
and Δhθ ¼ hSHE

DL cosðφHÞ and Δhφ ¼ cosðφHÞðhOe � hSHE
FL Þ.[36,37]

As at the resonance χ0φφ is an antisymmetric function of the
applied magnetic field and χ0φθ is a symmetric function, we
can express the symmetrical voltage Vsym amplitude and the anti-
symmetrical amplitude Vanti introduced in Equation (1) by
replacing the suitable expressions in Equation (7)

Vsym ¼ � sinðφHÞ
1
4

Irf ΔRNiFe
AMR

μ0ð2H þMNiFe
eff Þ

2πf
γ

hSHE
DL

ΔH
(8)

Vanti ¼ � sinðφHÞ
1
4

Irf ΔRNiFe
AMR

μ0ð2H þMNiFe
eff Þ

2πf
γ

1þMeff

Hres

� �1
2 hOe � hSHE

FL

ΔH
(9)

V sym (VantiÞ only depends on hSHE
DL (hOe � hSHE

FL Þ, but the extrac-
tion of the effective fields using Equation (8) and (9) is not trivial
because the rf current has to be evaluated. Nevertheless, we can
discuss the signs of the SHE effective fields. As depicted in
Figure 3b, V sym is positive which means that hSHE

DL > 0. Vanti

is negative, and thus hSHE
FL > 0 assuming that the Oersted field

is lower than the FL effective field.

4.3. Adding a dc Bias in ST-FMR: Damping Modulation and
Shift of Hres

When adding a dc bias to the previous ST-FMR measurement, a
constant torque is applied on the oscillating magnetization which
results in a change in the expression of its dynamical suscepti-
bility matrix. This change induces a modulation of the linewidth
and a shift in the resonant field, which can be both probed by the
ST-FMR technique with an added dc bias. We emphasize that
the direction of the spin polarizations does not directly influence
the linewidth changes or the resonant field shift: it is the projec-
tion of the spin polarization σ̂SHE, SAHE along the equilibrium
position of NiFe magnetization. The modulation of the linewidth
and the shift of the resonance field are thus sensitive to both
the SHE- and SAHE-like symmetries and allow to extract overall
parameters.

In the limit of low current densities where we can neglect
strong heating contribution that deformed the linear behavior,
we can modify the expressions developed for magnetic tunnel
junctions,[38,39] to apply it in our system.[10,15,26] For the modula-
tion of the NiFe linewidth, it reads

∂ΔHNiFe

∂idc
¼� f

γNiFe

2
ð2HNiFe

res þMNiFe
ef f Þ

SGdFeCo
WtGdFeCo

� σ̂SAHE:m̂NiFe|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
1

∂hSAHE
DL

∂JGdFeCoc
þ σ̂SHE :m̂NiFe|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

sinðφHÞ

∂hSHE
DL

∂JGdFeCoc

0
B@

1
CA

(10)

where the left-hand term in the equation is the slope of the mod-
ulation of NiFe linewidth, γNiFe ¼ gNiFeμB

ℏ . SGdFeCo accounts for the
shunting of the GdFeCo layer by the other conductive layers, i.e.,
the current density flowing in GdFeCo layer is JGdFeCoc ¼
SGdFeCo
WtGdFeCo

idc with W being the width of the slab (10 μm). For sim-

plicity, Equation (10) can also be written in terms of the Hall
angles using Equation (6a,b) in the following way

∂ΔHNiFe

∂idc
¼ � f

γNiFe

2
ð2HNiFe

res þMNiFe
eff Þ

SGdFeCo
WtGdFeCo

� ℏ
2jej sinðφHÞ

θSAHE
DL þ θSHE

DL

μ0MNiFe
s tNiFe

(11)

The slopes ∂ΔHNiFe
∂idc

that account for the linewidth modulation at

8 GHz are displayed in Figure 4b for φH ¼ 135� and φH ¼ �45�.
The resistivities were determined independently through the
dependence of the GdFeCo and Cu thicknesses for the different
layers obtaining ρCu ¼ 15 μΩ cm, ρGdFeCo ¼ 175 μΩ cm, and
ρNiFe ¼ 40 μΩ cm. It follows SGdFeCo ¼ 0.11. We note that the
slopes obtained when φH ¼ 135�, for all the different frequencies
measured, are opposite than the ones measured for the //Pt/
NiFe reference sample (not shown). It indicates that the DL over-
all spin Hall angle, θSAHE

DL þ θSHE
DL , is negative and opposite to the

one of Pt where only the SHE is present. From the average of
positive and negative dc fields, or 135� and -45�, and
for 8, 12, and 14 GHz, we evaluate the overall DL efficiency
θSAHE
DL þ θSHE

DL ¼ �0.15� 0.05 for the FeCo-rich GdFeCo inter-
faced with Cu.
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Furthermore, the same experiment also allows us to obtain the
corresponding field-like values, hFL and θFL. Based on previous
studies,[38,39] we also obtain the following expression that

accounts for the linear displacement of the resonance field with
an added dc current

∂HNiFe
res

∂idc
¼ SGdFeCo

WtGdFeCo
σ̂SAHE:m̂NiFe|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

1

∂hSAHE
FL

∂JGdFeCoc
þ σ̂SHE :m̂NiFe|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

sinðφHÞ

∂hSHE
FL

∂JGdFeCoc

0
B@

1
CA� σ̂SHE :m̂NiFe|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

sinðφHÞ

∂hOe
∂idc

(12)

where hOe is the Oersted field which lies along the�ŷ direction in
the geometry of our system. Its amplitude can be approximated
with hOe ¼ � 1

2 ðjGdFeCoc tGdFeCo þ jCuc tCuÞ. Equation (12) reads in
terms of the FL Hall angles (Equation (6a,b))

∂HNiFe
res

∂idc
¼ sinðφHÞ

SGdFeCo
WtGdFeCo

ℏ
2jej

θSAHE
FL þ θSHE

FL

μ0MNiFe
s tNiFe

� �
� ∂hOe

∂idc

� �

(13)

The slope obtained from the shift of the resonance field
versus idc is displayed in Figure 4c for different frequencies.
The parabolic pattern at high applied current may come from
Joule heating. The fit on the data only considers the low current
points. We observe that the slope is frequency-independent in
agreement with Equation (13). Moreover, the slope has the same
sign as the one in the //Pt/NiFe reference system. That implies
that if there is any FL contribution on the GdFeCo/Cu/NiFe
system studied here it has the same sign as for the //Pt/NiFe.

The slope is evaluated as ∂HNiFe
res

∂idc
¼ 0.037T=A. The Oersted field

is approximated as ∂hOe
∂idc

¼ �0.0476 T/A. Finally, considering
Equation (13), the overall FL efficiency is assessed as
θSAHE
FL þ θSHE

FL ¼ 0.026� 0.005. This value has the same sign
and is comparable to the one measured in NiFe/Pt.[37,40] We have
independently measured a control //Cu/NiFe sample without a
sizable effect. We can therefore exclude the Cu/NiFe interface as
the origin behind the FL measured in GdFeCo/Cu/NiFe. The

sizable overall FL value would indicate that even though
GdFeCo is not in contact with NiFe, a significant FL contribution
can still be detected. The origin of the FL effect in the trilayer is
not clear at this stage.

5. Discussion and Conclusions

The overall efficiencies for FeCo-rich GdFeCo/Cu/NiFe are
evaluated θSAHE

DL þ θSHE
DL ¼ �0.15� 0.05 and θSAHE

FL þ θSHE
FL ¼

0.026� 0.005. For sake of comparison, the SAHE efficiency of
a ferromagnet such as CoFeB is θCoFeBSAHE ¼ �0.14,[15] and the
SHE efficiency of Pt heavy metal is θPtSHE ¼ 0.056�
0.076.[29,41,42] Seki et al. show in FePt that DL θFePtSAHEþSHE ¼ 0.25
from the linewidth modulation.[43]

The damping-like SAHE contribution dominates over the
SHE one: jθSAHE

DL j > jθSHE
DL j with a negative SAHE contribution

for FeCo-rich GdFeCo and a positive SHE contribution. We also
show that the field-like SHE contribution is positive. However,
we cannot estimate the individual value of each contribution.
We perform the same experiments at 15 K where our ferrimag-
net is Gd-rich and its magnetization aligns in-plane with a field
above 0.4 T. From the sign of the symmetric contribution, we
confirm that SHE remains positive when crossing the magnetic
compensation temperature. This is consistent with the fact that
the SHE does not depend on the GdFeComagnetic properties. In
contrast, we cannot conclude of any θSAHE

DL sign change because

Figure 4. Damping modulation and Resonance field shift. a) Schematic of the NiFe resonance condition with additional idc current injected. b) idc
dependence of the NiFe linewidth for a rf frequency of 8 GHz. c) Resonance field shift versus idc for three frequencies. Unlike the damping or linewidth
modulation, we can see that the resonance field shift is frequency independent.
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the modulation of linewidth experiments at 15 K is hidden by
others effect that are out of the scope of this study. However,
the large variation in absolute value between these results and
the one previously reported, for a Gd-rich GdFeCo at room tem-
perature, jθSAHE

DL þ θSHE
DL j ¼ 0.80� 0.05,[10] suggest that the sign

of θSAHE
DL changes between FeCo- and Gd-rich samples. If so, the

opposite DL-SAHE sign for FeCo-rich GdFeCo might indicate
that the SAHE spin polarization comes always from the same
magnetic sublattice. Despite that, further studies could be carried
out to confirm that.

GdFeCo can thus generate efficient spin currents and the dif-
ferent symmetries allow this material to be used in a wide variety
of devices for spintronics. For instance, the SHE spin current can
generate self-torque[10] and can be used for the electrical switch-
ing of the magnetization, as shown in epitaxial FePt[44] or
CoTb.[45] Also, the total spin current (SAHEþ SHE) can be used
to induce a torque on another magnetic layer or for the manipu-
lation of skyrmions.

In summary, we have studied FeCo-rich GdFeCo/Cu/NiFe
heterostructure at room temperature. First, structural and chem-
ical analyses were performed by HRTEM and EELS. Then, the
magnetic properties and the relevant spin-orbitronics parameters
were determined by combining magnetometry, spin-torque fer-
romagnetic resonance, and additional dc current dependence.
The overall damping- and field-like efficiencies, which include
the SHE- and the SAHE-like symmetries, are θSAHE

DL þ θSHE
DL ¼

�0.15� 0.05 and θSAHE
FL þ θSHE

FL ¼ 0.026� 0.005 at room tem-
perature. We show that SAHE dominates over SHE contribution
on the DL torque. Furthermore, this study shows that the SHE
contribution does not change sign when crossing the magnetic
compensation temperature, while SAHE may change sign
depending on the dominant sublattice of the ferrimagnet. All this
underlines the importance of GdFeCo, and RE- ferrimagnets in
general, as promising materials in spintronics for the exploita-
tion of their strong spin–orbit torque.
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