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The spin-orbit torque switching of ferrimagnetic Gd (FeogCo19)100_, films was studied for both
transition metal (TM)-rich and rare earth (RE)-rich configurations. The spin-orbit torque driven
magnetization switching follows the same sense in TM-rich and RE-rich samples with respect to
the total magnetization, but the sense of the switching is reversed with respect to the TM
magnetization. This indicates that the sign of the spin-orbit-torque-driven magnetic switching fol-
lows the total magnetization, although transport based techniques such as anomalous Hall effect
are only sensitive to the transition metal magnetization. These results provide important insight
into the physics of spin angular momentum transfer in materials with antiferromagnetically coupled
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sublattices. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962812]

Magnetization dynamics at interfaces has been investi-
gated extensively over the last three decades.'™ In that con-
text, “spin-orbit torque” (SOT) has received a lot of interest
recently. Here, a charge current in a heavy metal is converted
into a spin current via spin-orbit coupling and injected into
an adjacent ferromagnet.*”” The transfer of angular momen-
tum from the spins to the ferromagnet causes a torque on
the magnetization which can switch the magnet.*’ To date,
most studies of SOT have concentrated on 3d ferromagnets
such as Co,4’6’8’9 FeCo,lO FeCoB,“*13 and FePd'* or transi-
tion metal (TM) rich ferrimagnetic alloys such as TbFeCo."”
Here, we report SOT switching of ferrimagnetic GdFeCo
alloys with both rare earth (RE) rich and transition metal
(TM) rich configurations with bulk perpendicular magnetic
anisotropy (PMA) at room temperature.

Our study is based on Gd,(FeggCoip)ipo_. thin films,
where the antiferromagnetic ordering between the Gd 4f and
FeCo 3d magnetic moments is mediated by Gd 5d electrons
via 4f-5d exchange interaction and 3d-5d hybridization'®!’
and indirect RKKY conduction band exchange. The mag-
netic properties of Gd,(FegyCoip)i00x can be varied by
changing the composition x. A comparison between TM-rich
and RE-rich samples allows us to conclude that the anoma-
lous Hall effect (AHE) changes sign for these two different
samples, in accordance with literature,lg’21 while the
SOT-driven magnetic switching has the same sign in both
samples. Further, the effective magnetic fields, induced by
damping-like and field-like (FL) SOT, do not show any
change in the sign.

Ta(10)/Gd (FeggCo10)100_(5)/SIN(5) films (thickness in
nm) were grown by RF magnetron sputtering on thermally
oxidized silicon substrates with compositions x =21 (TM-
rich) and x=28 (RE-rich). The base pressure before the
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deposition was lower than 1 x 10 8 Torr. The SiN overlayer
is used to prevent oxidation. After growth, PMA was con-
firmed with magnetometry. Hall bar mesa structures with a
width of 20 um were patterned using optical lithography and
ion milling. The layout of the sample and the measurement
setup are shown in Fig. 1. DC or AC currents are applied
along the x-direction while the transverse voltage is mea-
sured. The orientation of the external magnetic field B is
defined by spherical coordinates ¢ and 0. This device struc-
ture is used for AHE and planar Hall effect (PHE) measure-
ments. We find that the resistivity of our samples is
orv = 320 uQ cm and prg = 342 uQ cm for the TM-rich and
the RE-rich sample, respectively.

FIG. 1. Schematic of the measurement geometry used for SOT measure-
ments. The samples are Ta/a-GdFeCo/a-SiN films, where the a-GdFeCo
layer exhibits perpendicular magnetic anisotropy. Films are patterned into
Hall bar structures for transport measurements. A current is applied along
the x-direction while the anomalous Hall effect voltage is measured along
the y-direction. An external magnetic field can be applied to the sample.

Published by AIP Publishing.
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The AHE of GdFeCo as a function of temperature is
shown in Fig. 2. An out-of-plane magnetic field of Boop
=50mT is applied to fix the magnetization and prevent
domain nucleation. The AHE resistance is proportional to
the out-of-plane component of the TM magnetization.'®>!
In the RE-rich sample, the transition metal moment is
aligned antiparallel to the external magnetic field and thus a
negative AHE resistance is measured. Since the AHE resis-
tance does not change sign over the whole measurement
range, there is no compensation point for the magnetization
in either of our samples. The small decrease in AHE resis-
tance (Rayg) as a function of temperature, seen in both sam-
ples, is due to a decrease in the saturation magnetization in
the TM. The decrease in R g at temperature below 50K in
the RE-rich sample is due to a change of the magnetic anisot-
ropy where the in-plane anisotropy field becomes compara-
ble to Boop=50mT and thus tilts the magnetization from
out-of-plane to in-plane. This is because the net magnetiza-
tion of the sample has grown large (due to the Gd moment
increasing more rapidly than the TM moment with decreas-
ing temperature) causing dipolar coupling energy to become
larger than perpendicular anisotropy energy.

After confirming that the magnetization of Gd,(Feq
Co10)100_r 18 dominated by the TM magnetic moment for
x=21 and by the RE magnetic moment for x =28, we con-
centrate on room temperature measurements. Figure 3(a)
shows the anomalous Hall voltage as a function of the exter-
nal magnetic field applied along the easy axis of the magnet
(6=0). The current density is small to avoid heating- and
SOT-induced effects. Sharp switching in this measurement
indicates good PMA. The RE-rich sample shows a higher
coercive field because it is closer to the compensation tem-
perature. As mentioned earlier, the AHE resistance has oppo-
site sign for the TM-rich sample and RE-rich sample
because it is proportional to the out-of-plane component of
the TM. This leads to the different sense of the hysteresis
loops.

The SOT-induced switching of the magnetization is
shown in Fig. 3(b). During the measurement, a 50mT
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FIG. 2. The anomalous Hall resistance as a function of temperature is plot-
ted for the TM-rich sample (blue circles) and the RE-rich sample (red
squares). The measurements are taken with an applied out-of-plane field
Boop of 50mT. The investigated samples show no compensation point
below room temperature.
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FIG. 3. (a) Anomalous Hall resistance at room temperature as a function of
out-of-plane magnetic field Boop. The sign of the anomalous Hall effect is
different in the TM-rich and RE-rich samples. (b) Spin-orbit-torque-driven
switching of the magnetization. A magnetic field of 50 mT is applied parallel
to the current direction to break the symmetry. The current pulse width is
At =200 ps. The sign of the SOT-driven switching is the same in both the
samples.

in-plane magnetic field with ¢ = 0 and 0 = /2 is applied to
break the symmetry; 200 us long current pulses are used to
switch the magnetization. Consider the TM-rich sample first:
if we call the negative AHE resistance state down (because
that is the equilibrium state if a large negative magnetic field
is applied along the easy axis), then a positive current pulse
will switch the total magnetization from down to up. In the
RE-rich sample, we call the positive AHE resistance state
down (again, this is the equilibrium state if a negative mag-
netic field is applied along the easy axis). A positive current
pulse will then switch the total magnetization of the RE-rich
sample from down to up, just as it did for the TM-rich sam-
ple. Thus, SOT-driven magnetic switching follows the same
sense in both samples with respect to the total magnetization
(down — up for positive current pulses). However, SOT-
driven switching has a different sign in TM- and RE-rich
samples with respect to the FeCo magnetization as measured
by the AHE and thus the sense of the hysteresis is different
in both samples as shown in Fig. 3(b).

Next, we performed harmonic Hall voltage measure-
ments following Hayashi er al.'' to characterize the effective
magnetic fields induced by SOT. To this end, an AC current
with w =97Hz is applied to the sample and the first and
second harmonic voltage responses (V,, and V,,,) are mea-
sured. To measure the Slonczewski-like SOT Hgp, an exter-
nal magnetic field is applied parallel to the current direction,
while the magnetic field is applied perpendicular to the cur-
rent to measure the field-like SOT Hgp. The field is swept
quasistatically between =60 mT. During the measurement, a
small out-of-plane field (=5mT) is applied to prevent the
magnet from breaking into domains. The effective fields can
be calculated using the following procedure:
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Here, V,, and V,,, are the first and second harmonic Hall vol-
tages, respectively. The plus (minus) sign in Eq. (2) indicates
that m is pointing along the positive (negative) direction; & is
the ratio of planar Hall effect and anomalous Hall effect
amplitudes & = ARpyg/ARapg. In our samples, we find
Erm = 0.072 for the TM-rich sample and &g = 0.069 for
the RE-rich sample, measured via in-plane rotations of the
magnetic field R(¢) at 0 = 7/2.

The effective damping field is shown in the upper panel
of Fig. 4. For both samples, the fields are a linear function of
the current density. This linear relationship also shows that
heating does not play a role in these measurements. The data
were recorded for m pointing along the positive z-direction.
However, it was confirmed that the Slonczewski field
changes sign for m pointing along the negative z-direction.
The effective fields for the TM-rich and the RE-rich samples
have the same sign, which is in agreement with the switching
measurements reported earlier. It is important to notice that
the effective damping field in the RE-rich sample is twice as
large in magnitude as in the TM-rich sample at a given cur-
rent density. The lower panel of Fig. 4 shows the field-like
(FL) torque. The field-like torque follows the same trend in
that it is smaller for the TM-rich sample. It was confirmed
that the FL-torque does not change sign for m, <0 for both
samples.

Mechanisms for the anomalous Hall effect discussed in

literature include Berry phase,””>* side-jump scattering,”
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FIG. 4. The upper panel shows the longitudinal effective field as a function
of the current density in the Ta layer for the TM-rich and the RE-rich sample
while the lower panel shows the transverse effective field. The solid lines
are fit to the experimental data. All measurements were taken with an out-
of-plane field of ~5 mT to ensure m, > 0.
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and screw scattering.%‘27 This indicates that the AHE is ulti-
mately a conduction electron effect. According to Hund’s
rules, Gd has a large magnetic moment due to a half filled
4f-shell; the f-shell is localized and does not contribute to
conduction (except by scattering of conduction electrons). In
Fe, however, the d-band is spin-split and thus the conduction
electrons are spin polarized. For that reason, we expect the
AHE to be dominated by the TM conduction electrons and
consequently to follow the sign of mty as seen in the experi-
ments described above.

SOT, on the other hand, is an angular momentum trans-
fer process. Due to a current in the Ta, electrons of one spin
species will diffuse into the adjacent GdFeCo layer. These
spins lie along the y-axis and are not collinear with the mag-
netization vector in the magnet and thus they are not eigen-
states. Therefore, they will begin to precess around the
magnetization axis. Due to the presence of damping, the
electron spin will eventually align with the magnetization
and average out within the spin coherence length.”® If
angular momentum is conserved in the system, there needs
to be an angular momentum transfer process from the
injected electrons to the ferromagnet. The change in the
angular momentum (i.e., the torque) is of the form
T = 19m X (6 X m), where @ is the spin polarization.*’

Given the localized nature of the f spins in Gd, it is natu-
ral to expect that the spin angular momentum transfer will
happen predominantly with the d spins of CoFe and therefore
the switching will be determined by the CoFe, magnetization
much like how AHE is determined by the magnetization of
CoFe. However, we find that the sign of the switching
depends not only on the net magnetization but also on the
magnetization of TM sub-lattice. The result is consistent
with spin torque measurements in GMR spin valves, where
the sign of the GMR effect changes for TM- and RE-rich
samples, but the sign for spin-torque switching remains
unchanged.*®

It should be noted that in addition to a magnetization
compensation point, an angular momentum compensation
point has been observed in GdFeCo thin films due to the dif-
ferent gyromagnetic ratios of the Gd and FeCo sublattices.”'
However, angular momentum compensation does not play a
role in our experiments with the RE-rich sample as the angu-
lar momentum compensation temperature is above the mag-
netization compensation temperature. The TM-rich sample is
far away from compensation.

In conclusion, we have studied SOT in Ta/GdFeCo/SiN
structures with PMA. It was shown by temperature depen-
dent measurements that the AHE is proportional to the out-
of-plane magnetization of the transition metal. The spin-
orbit-torque-driven magnetization switching follows the
same sense in TM-rich and RE-rich samples with respect to
the total magnetization, but the sense of the switching is
reversed with respect to the TM magnetization. Therefore,
we conclude that the angular momentum transfer process
due to SHE in Ta has the same sign in both the magnetic
subsystems, FeCo and Gd. In addition, 2c» measurements
confirm that the effective fields induced by spin-orbit torque
have the same sign in both samples. However, the effective
field induced in the RE-rich sample is twice as large as that
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in the TM-rich sample, even larger than the effective fields
observed in Ta/CoFeB samples.
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supported by the Director, Office of Science, Office of Basic
Energy Sciences, Materials Science and Engineering Division
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Device fabrication was supported by the STARNET/FAME
Center.
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