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ABSTRACT: We report measurements of current-induced thermoelectric and spin—orbit torque effects within devices in which
multilayers of the semiconducting two-dimensional van der Waals magnet Cr,Ge,Tes (CGT) are integrated with Pt and Ta metal
overlayers. We show that the magnetic orientation of the CGT can be detected accurately either electrically (using an anomalous
Hall effect) or optically (using magnetic circular dichroism) with good consistency. The samples exhibit large thermoelectric effects,
but nevertheless, the spin—orbit torque can be measured quantitatively using the angle-dependent second harmonic Hall technique.
For CGT/Pt, we measure the spin—orbit torque efficiency to be similar to conventional metallic-ferromagnet/Pt devices with the
same Pt resistivity. The interfacial transparency for spin currents is therefore similar in both classes of devices. Our results
demonstrate the promise of incorporating semiconducting 2D magnets within spin—orbitronic and magneto-thermal devices.

KEYWORDS: van der Waals materials, 2D magnets, Cr,Ge,Teq, spin—orbit torques, magneto-thermal effects

B INTRODUCTION semiconducting vdW magnet Cr,Ge,Te; (CGT).”” Here we
report additional results on multilayer CGT/Pt and CGT/Ta

The magnetization orientation of magnetic thin films can be
samples. We demonstrate that the magnetic orientation of the

manipulated efliciently by spin—orbit torques generated by

heavy metals,' ™ topological insulators,"~® and transition metal vdW magnet can be detected with good consistency either
dichalcogenides.g_“ The efficiency of these spin—orbit electrically by an anomalous Hall effect or optically (looking
torques can be maximized if the magnetic layer is as thin as through the heavy-metal layer) by magnetic circular dichroism.
possible while maintaining a low magnetic damping, if the We characterize strong magneto-thermoelectric effects in these
saturation magnetization is minimized, and if the magnetic structures.”>™>” We then provide the first direct quantitative
layer has a high electrical resistivity so that current is not measurement of spin—orbit torque in CGT/Pt, finding a
wasted by being shunted through the magnetic layer rather torque efficiency very comparable to those exerted by Pt on
than by passing within the spin—orbit layer to generate torque. conventional 3D metallic ferromagnets. This analysis indicates

For all of these reasons, recently discovered semiconducting
van der Waals (vdW) magnetslz_14 are promising candidates
for improved spin—orbit devices. Additionally, these materials
can provide large magnetoresistances for magnetic read-out via
spin-filter tunneling, >=17 and experiments have shown that
their magnetic properties can also be tuned by electrical
gating,'® which might be used together with spin—orbit torque
to provide added functionality.'” Initial experiments have been
published concerning spin—orbit torque applied by heavy
metals to the metallic vdW magnet Fe;GeTe,”””' and the

that the interface transparency for spin currents in CGT/Pt is
similar to metallic-ferromagnet/Pt samples and that the
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Figure 1. (a) Optical image of a CGT/Pt heterostructure patterned into a Hall bar geometry (4 yum X 11 ym) for transport measurements. (b)
Schematic illustrating the orientation of effective fields due to current-induced damping-like torque (ABp ) and field-like torque (ABy,) acting on
the magnetization vector 7. (c) Spin—orbit-torque switching of the magnetization in a CGT(8.9 nm)/Ta(6 nm) sample in the presence of an in-

plane field B, = 100 mT.

interlayer exchange coupling in multilayer CGT is strong
enough that all layers reorient in response to the spin—orbit
torque, rather than decoupling.

B RESULTS AND DISCUSSION

Device Fabrication. In the bulk, Cr,Ge,Te is a layered
ferromagnetic material with magnetic anisotropy perpendicular
to the vdW layers and a Curie temperature of 61 K.”** To
fabricate our CGT/Pt and CGT/Ta heterostructures, we first
exfoliate multilayers of the 2D magnet from a bulk crystal (HQ
graphene) using the scotch tape method on SiO, substrates.
The exfoliation is done under high vacuum (<107 Torr) in
the load-lock chamber of our sputter system to prevent
oxidation of the top surface of the CGT. We then integrate the
2D magnet with the heavy metal (Pt 10 nm or Ta 6 nm) by
depositing the metal at a grazing angle (~5°) by dc magnetron
sputtering, to try to minimize damage to the CGT surface. The
grazing-angle sputtering results in relatively high resitivities for
the heavy-metal films: 1.5 #Q m for Pt and 3.8 yQ2 m for Ta at
room temperature. Our procedure differs from the sample
fabrication reported in ref 22; in that work, the CGT was
exposed to air for a few minutes after exfoliation and was then
exposed to an Ar plasma clean before the metal was deposited
by conventional sputtering. For our samples, the heavy metal is
then coated with 2 nm of Al, which is subsequently oxidized
upon exposure to air. We use atomic force microscopy to
identify homogeneous regions (with surface roughness <300
pm) on the CGT flakes and pattern them into Hall bars for
transport measurements, as shown in Figure 1la. Unless
specified otherwise, all measurements were performed at 5 K.

While our fabrication technique works well for CGT, we
note that we have also tried with less success to make devices
using other vdW magnets. Figure 1 in the Supporting
Information shows problems that can arise for CrBr;/Pt and
CrBr;/Ta samples.

Detecting the Magnetization State. We find that the
magnetization state of CGT/heavy-metal devices can be
characterized accurately down to the few-layer limit using
either electrical or optical methods.

To electrically characterize the magnetization, one can
measure the Hall resistance.”””" Figure 2 shows the low-
temperature Hall resistance as a function of out-of-plane
magnetic field for various thicknesses of CGT and for both Pt
and Ta heterostructures. Despite the insulating nature of CGT
flakes at temperatures below 100 K,*° we observe a large
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Figure 2. Detecting the magnetization: (a) Anomalous Hall resistance
observed in CGT/Pt(10 nm) heterostructures at S K, for different
CGT thicknesses. (b) Anomalous Hall resistance observed in a
CGT(10.5 nm)/Ta(6 nm) sample. (c) Optical MCD detection of
magnetization in the same CGT(10.5 nm)/Ta(6 nm) sample at
different temperatures.

anomalous Hall signal, similar to the results in refs 22 and 30.
This could be due to either a proximity effect in the heavy
metal from the adjacent magnet’’ or spin Hall magneto-
resistance effects.’’

It is also possible to use optical measurements to
characterize the out-of-plane magnetization, by performing
measurements of magnetic circular dichroism (MCD) through
the heavy-metal layer. Figure 2c shows magnetic hysteresis
curves measured by MCD at various temperatures on the same
CGT/Ta sample studied electrically in Figure 2b. We find
excellent agreement between the electrical and optical
measurements, thus confirming that our anomalous Hall signal
is a reliable readout of the sample magnetization, without a
major impact on the magnetization state from Ohmic heating.
Further, the temperature dependence of the measured
anomalous Hall signal in these samples (Figure 3 in the
Supporting Information) indicates a Curie temperature that
matches well with the bulk value of 61 K.

Spin—Orbit-Torque Switching in CGT/Heavy-Metal
Samples. Using the anomalous Hall readout to detect the
magnetization state, we demonstrate that current-induced
spin—orbit torques in the CGT/heavy-metal samples can

https://dx.doi.org/10.1021/acs.nanolett.0c02965
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Figure 3. Thermoelectric signals in a CGT(19.6 nm)/Pt(10 nm) sample. (a) Measured Vﬁ;’ signal at an ac current amplitude of ij1=2.08 X 10"° A/
m” for external in-plane fields applied along (¢z = 0°) and perpendicular to the current flow direction (¢b5 = 90°). Black dashed lines indicate the
value where the signal reaches an approximate plateau after the magnetization is pulled in-plane. Cyan solid lines indicate a small linear background
in the signal even after it appears to plateau. (b) Current dependence of the measured SSE signal for both orientations of applied in-plane fields.
The black solid line is a parabolic fit. (inset) Magnitude of the parabolic curvature (in units of 1072° nV A™> m*) for different CGT thicknesses.

switch the perpendicular magnetization of the vdW magnet.
Figure 1c shows the measured Hall resistance of a CGT(8.9
nm)/Ta(6 nm) sample while sweeping a dc current applied
along &. In the presence of a constant in-plane magnetic field
oriented parallel to & that is small compared to the anisotropy
field (B, ~ 360 mT, see the Supporting Information) so that it
tilts the magnetization into the X—2 plane, the magnetic state
can be switched between the +z and —Z% directions at positive
current densities as low as 1.5 X 10° A/m? and switched back
at negative currents. The polarity of the current-induced
switching is inverted on reversing the direction of the in-plane
field. These observations are as expected for switching due to a
spin—orbit torque™** and confirm the results reported in ref
22. Compared to spin—orbit torque exerted by heavy metals
on thin films of 3D ferromagnets with perpendicular magnetic
anisotropy,”*>** the critical current densities for switching
CGT are smaller by at least an order of magnitude, as one
might expect due to the reduced magnetization and coercivity
of the CGT films. However, it is difficult to be quantitative
about the strength of the spin—orbit torque from such data,
because in micron-scale samples spin—orbit-torque switching
occurs via a process of domain nucleation and domain-wall
motion that is difficult to model in detail.*® Instead, we use ac-
current-driven angle-dependent harmonic Hall measurements
to make quantitative estimates of the torques as described
below.

Thermoelectric Signals in CGT/Heavy-Metal Devices.
Joule heating together with thermoelectric signals in CGT
samples””* can produce backgrounds in measurements of
spin—orbit torques’* " that must be taken into account in
order to measure the torques accurately. Similar heating-
induced theromelectric signals have been studied previously in
heavy-metal/3D ferromagnet samples.”***™** To investigate
the coupling of charge, heat, and spin currents in CGT /heavy-
metal samples, we inject an ac current J||x and measure the
second harmonic Hall voltage V,Zc;“ as an external in-plane field
changes the orientation of the magnetization vector m with
respect to the out-of-plane thermal gradient VTI|Z. Figure 3a
shows the measured second-harmonic Hall voltage in a
CGT(19.6 nm)/Pt(10 nm) sample as a function of in-plane
magnetic fields oriented in both the (¢ = 0°) and (¢
90°) directions. Compared to 3D ferromagnet/heavy-metal
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samples, we observe a thermoelectric signal that is larger
relative to the magnetoresistance signals. (This was also noted
in ref 22.) For fields along the & direction, the signal reaches an
approximate plateau at large magnitudes of applied magnetic
field where the magnetization is pulled in-plane and the large
field strength suppresses the amplitude of precession from
current-induced torques. There is a negligible signal when the
magnetization is tilted along the J, perpendicular to the current
flow direction. These observations are consistent with the
symmetries of the longitudinal spin Seebeck effect (SSE)
together with the inverse spin Hall effect in magnetic-
insulator/heavy-metal structures”® where thermally excited
magnons induce a spin current in the heavy metal with a flow
direction parallel to VT that results in a Hall voltage that varies
as ~VT X m. Further, we measure a positive (negative) Vif
signal when the m is along +%(—%), indicating the current-
induced VT is along +%, consistent with the expectations from
our device geometry.

Consistent with a spin-Seebeck origin, the measured signal
scales quadratically with current density |]l for fields oriented in
the (¢ = 0) direction (Figure 3b). The magnitude of the
signal decreases with increasing CGT thickness (Figure 3b,
inset), suggesting a decreased thermal gradient with increasing
thickness. Finally, we note a small linear increase in the Vﬁ)‘f’
signal with field (~12 + 2 nV/T), even after the magnetization
is saturated in-plane and the signal appears to plateau (Figure
3a). We attribute this to an ordinary Nernst signal that
increases linearly with field as ~VT x B.>**'

Quantifying Spin—Orbit Torques Using Harmonic
Hall Measurements. We are now in a position to quantify
the strength of spin—orbit torques acting on the 2D magnet, by
measuring the second-harmonic Hall response of the sample to
an ac current in the presence of an applied external magnetic
field of varying magnitude and azimuthal angle.”**"

The Hall resistance of the CGT/heavy-metal bilayer in a
field regime where a macrospin approximation is accurate can
be expressed as

R,, = Ryyg cos Oy + Ry sin(2¢h,,) sin”® ),

(1

where ¢, is the azimuthal angle of the magnetization vector ,
Oy is the polar angle m makes with the Z axis, and Ry and

https://dx.doi.org/10.1021/acs.nanolett.0c02965
Nano Lett. 2020, 20, 7482—7488


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c02965/suppl_file/nl0c02965_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02965?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02965?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02965?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02965?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c02965?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

17
1 <=
4 o
1
] 3
1 e
1%
4 2
1%
1 >
| P R ]
0 90 180 270 360
de
(C) ¢B( 9)
050 T ...,,..,...ﬁ,t...,E
0.25F ¥ extracted;
= E 3
£ 0005 — + :
S-0.25F =
< F ]
—-0.50F -
-0.75F =
S B R B
0.0 0.5

J x 101 (A/m?)

cos@, contribution

12511+
1.00:_ o o o ©° o o © _:
0.75F ° -
0.50F o .
0.25:_ O,QS*W) _:
E 0{4 0{5 0!6 0%7 0!8 0%9 1.0 E
0000 o v o1y Py
0.0 0.3 0.6 0.9
(d) Bext(T)
T T T
0.04
c
S
2
0.02
O
>
0.00

P IR
1.5

PP R
1.0
] x 101° (A/m?2)

Figure 4. Second-harmonic Hall analysis for CGT(19.6 nm)/Pt(10 nm). (a) Measured VZ“’ as a function of the azimuthal angle of the applied
external field B, plotted for different magnitudes of B.,. Solid curves are fits to cos . (b) Field dependence of the cos ¢h; contribution to Vz“’
The gray region indicates a regime of unsaturated magnetization. (inset) Fit to the cos ¢b; dependence of VZ‘”, as shown in the saturated regime of
the main figure with (black) spin-Seebeck, (green) ordinary Nernst, and (red) damping-like torque contrlbutlons The green and red curves are
offset by Vg for comparison. (c) Current dependence of the effective fields for damping-line torque extracted from the second harmonic signal
after subtraction of thermoelectric contributions. The solid line is a straight line fit to the data points. (d) Spin Seebeck and ordinary Nernst
contributions extracted from the second harmonic signal. Solid lines are quadratic fits to the data as a function of applied current density.

Rpy are the anomalous Hall and planar Hall resistances of the
sample, respectively. When an ac current I(t) = I, sin(wt)x is
injected into the sample, the effective fields corresponding to
the current-induced damping-like and field-like spin—orbit
torques cause periodic oscillations in 7, which lead to
oscillations in R,, at frequency @. The Hall voltage response
V(t) = I(t)R,,(t) measured at twice the excitation frequency
(VZ'“) can thus be related to the current-induced effective fields
caused by the spin—orbit torques. Additionally, any contribu-
tions from Joule-heating-induced thermoelectric effects like the
spin Seebeck, anomalous Nernst, and ordinary Nernst effects
will also contribute to V2 but with different dependencies on
the magnitude of the externally applied magnetic field (B.)
and the azimuthal angle of the applied field (¢b5) that allow
them to be separated from the spin—orbit torque signals.
Under the assumption that B,y is applied in-plane (6 = 7/2)
and is sufficiently large in magnitude to saturate the
magnetization along the field direction (0y; = 7/2, ¢y = ¢Pp),
the field and angular dependence of the second harmonic Hall

signal can be modeled ag>038
I AB
V;ym = B e+ VongBe + Vsse COS((f’B)
2 Bext - Bk

ABy + Bg,
B

ext

+ (IORPHE ] cos(2¢h,) cos(¢py)

)

where ABpy is the effective field due to the damping-like
torque, B, is the effective anisotropy field including
contributions from both the magnetocrystalline anisotropy
and the demagnetizing field (B, — Bdemag)) ABp; is the
effective field due to the field-like torque, Bg, is the Oersted
field generated by the applied current, Vg is the contribution
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from the ordinary Nernst effect per unit applied field, and Vg
is the voltage generated due to the spin Seebeck effect. In our
measurements, we apply an alternating current density in the
range (1.15—2.08) X 10'® A/m? at a frequency of 19.7 Hz and
an in-plane external field up to 0.9 T utilizing a vector magnet
to sweep the angle ¢;.

The measured second harmonic Hall voltage VZ’” in a
CGT(19.6 nm)/Pt(10 nm) sample is plotted in Figure 4a asa
function of ¢y for different magnitudes of the applied external
field. The observed signal fits well to a cos¢p angular
dependence (solid curves), indicating a dominant contribution
from the ABp;, Vg, and Vg terms and an almost negligible
contribution from ABg; + Bg..

To distinguish the contribution of ABp; to Vi;’ from the
thermoelectric signals, for each fixed value of ac current density
we consider the dependence of the cos¢y term on the
magnitude of the external field B, (Figure 4b). For fields
below the effective anisotropy field in our sample B, = 0.36 +
0.01 T (see the Supporting Information), the signal increases
sharply as the magnetization gradually rotates toward in-plane
(gray region). With increasing magnitude of B,,, beyond Bj,
the spin-torque-induced oscillations in m are gradually
suppressed because a given spin—orbit torque produces less
magnetization reorientation, whereas the ordinary Nernst
contribution increases linearly with B, and the spin Seebeck
term is independent of the applied field magnitude. We
observe all three contributions in our measurement. The inset
in Figure 4b shows the fit to the cos ¢ dependence of Vﬁ;" and
the individual contributions from ABp;, Vg and Vg when
m is saturated in-plane. The spin Seebeck effect is the largest
contribution, consistent with data presented in Figure 3. Both
Vssg and Vong vary quadratically with the applied current
density J (Figure 4d), as expected from their thermal origin.
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The effective field from the damping-like torque calculated
after subtraction of the thermoelectric contributions to the
second harmonic signal is plotted in Figure 4c. We find the
magnitude of the damping-like effective field per unit current
density to be IABp /Jl = (2.0 £ 0.7) X 107* T per Am™>.
The corresponding antidamping spin torque efficiency &py,
per unit current density in the Pt layer can be calculated as

()

where Mj is the saturation magnetization of CGT and tgy is
the CGT thickness. Using the maximum bulk value of the
saturation magnetization for CGT (M = 3 pj per Cr atom, or
2.1 X 10° A/m) and the full thickness of the CGT in the
sample, we obtain &pp = 0.25 + 0.09. This is very similar to the
spin-torque efficiencies for Pt alloys with high resistivities
similar to our grazing-angle-sputtered films (1.5 €2 m) when
they act on conventional 3D ferromagnet thin films. For
example, PtTi multilayers with similar resistivity act on Co
with a spin—orbit-torque efficiency of approximately 0.3.* We
conclude that the spin—orbit torque efficiency of Pt acting on a
vdW magnet is similar to more conventional metallic magnets.
We also infer that the magnetization within the full thickness of
the CGT layer (19.6 nm =~ 29 monolayers) responds to the
spin—orbit torque. We had wondered, since the interlayer
exchange interaction in vdW magnets can be much weaker
than the intralayer exchange, whether under the influence of an
interfacial spin—orbit torque, the monolayer nearest the
interface might decouple and reorient to much larger angles
than the bulk of the CGT. However, if this were the case, the
apparent spin—orbit torque calculated using eq 3 would be
much larger than that for the action of the spin Hall effect of Pt
on conventional 3D metallic magnets, and this is not what we
observe.

In previous work, ref 22 used a current-induced shift in the
magnetic coercivity of a CGT(8 nm)/Ta(S nm) sample to
estimate a value for ABp; 40 times larger than our result. This
is a much larger difference from our value than would be
expected due to the differences in CGT thickness and the spin-
torque efficiency of Ta. We suggest that the estimation method
used in ref 22 may not be accurate because a damping-like
spin—orbit torque might not act on the spatially inhomoge-
neous magnetic state near coercivity in a way that is equivalent
to a simple vertically applied magnetic field. In contrast, a
previous measurement of spin—orbit-torque efficiency acting
on the metallic 2D ferromagnet Fe;GeTe, is consistent with
our results: ref 20 used a measurement technique similar to
ours and found a lower bound &p; = 0.14 + 0.01 using a Pt
film with resistivity 0.3 42 m (consistent with the dependence
on Pt resistivity expected from ref 42). In disagreement with
ref 20, ref 21 extracted a much larger effective damping-like
spin—orbit effective field, IABp; /JI = 53.4 X 107** T per Am™
in a Fe;GeTe, (4 nm)/Pt (6 nm) sample, using a second-
harmonic Hall technique with small values of applied in-plane
field so that the magnetization remained nearly out-of-plane.
We note that the possibility of a contribution from the
ordinary Nernst effect was not considered when subtracting
thermoelectric signals in that work, and we suspect that this
might have affected the result.

Compared to previous angle-dependent second-harmonic
Hall measurements on insulating-oxide-ferrimagnet/Pt struc-
tures, our measured spin-torque efficiency for CGT/Pt is

~
~
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generally significantly larger; e.g., measurements by different
groups on TmyFe;O,,/Pt have found &p; ~ 0.014°" and &p; =
0.058," while &p; ~ 0.024™ has been reported for Y;FeO,,/
Pt bilayers. This suggests that the interfacial spin-current
transparency is higher in CGT/Pt relative to the oxide-
ferrimagnet/Pt structures.

Summary and Outlook. The primary results of this study
are as follows: The magnetization configuration within CGT/
heavy-metal structures can be characterized down to the few-
layer limit using either anomalous Hall measurements or
optical magnetic circular dichroism measurements, with good
consistency. The strength of thermoelectric signals in these
structures can be large relative to magnetoresistance signals,
with both the longitudinal spin Seebeck effect and the ordinary
Nernst effect contributing measurably to second-harmonic
Hall experiments. The large spin Seebeck signals suggest that
CGT/heavy-metal samples may be promising systems to
investigate magnon dynamics and magnon transport in vdW
magnetic materials. Despite the strong thermoelectric signals,
angle-dependent second harmonic Hall measurements allow
quantitative measurements of the spin—orbit torque exerted by
the heavy metal. For CGT/Pt, we find a damping-like spin—
orbit torque efficiency of & = 0.25 + 0.09 (for a Pt resistivity
of 1.5 uQm). This value is very similar to previous
measurements of spin—orbit torque from Pt acting on
conventional metallic magnets but significantly larger than
those for the oxide ferrimagnets Tm;Fe;O;, and Y;Fe;O,,/Pt.
This suggests that the interface transparency for spin currents
is similar in CGT/Pt and metallic-magnet/Pt structures and
higher than that for the oxide-ferrimagnet/Pt interfaces.
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