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The recent discovery of ferromagnetism in two-dimensional (2D) van der Waals (vdW) materials holds promises
for spintronic devices with exceptional properties. However, to use 2D vdW magnets for building spintronic
nanodevices such as magnetic memories, key challenges remain in terms of effectively switching the magneti-
zation from one state to the other electrically. Here, we devise a bilayer structure of Fe;GeTe,/Pt, in which the
magnetization of few-layered Fe;GeTe, can be effectively switched by the spin-orbit torques (SOTs) originated
from the current flowing in the Pt layer. The effective magnetic fields corresponding to the SOTs are further
quantitatively characterized using harmonic measurements. Our demonstration of the SOT-driven magnetiza-
tion switching in a 2D vdW magnet could pave the way for implementing low-dimensional materials in the next-

generation spintronic applications.

INTRODUCTION

Emerging phenomena arising from the interfaces and heterostruc-
tures of conventional magnetic thin films (I, 2), such as exchange bias
(3), interfacial perpendicular magnetic anisotropy (PMA) (4, 5), spin-
transfer torque (6-8), and spin-orbit torques (SOTs) (9, 10), have
greatly advanced the development of spintronic applications (8, 11).
However, the pursuit of new magnetic materials with better interfacial
properties and thinner thicknesses is still one of the main themes in
spintronic studies. van der Waals (vdW) materials offer a versatile
platform for exploring novel phenomena and can provide high-quality
interfaces at the atomic scale. Their intersection with spintronics has
just been properly established with the recently found two-dimensional
(2D) magnetism (12-22). It is believed that spintronic devices har-
nessing vdW magnets may inherit many advantages of 2D materials
such as the gate tunability, flexibility, low-cost/large-scale growth,
etc. However, manipulating the magnetic order parameter of vdW
magnets via spintronic approaches, which is essential for practical
applications, have been rarely studied so far.

A feasible scheme to spintronically control the magnetization of
vdW magnets is to combine their PMA with the effect of SOTs, using
an additional heavy metal layer next to the magnetic layer. In this
work, we demonstrate an SOT-driven perpendicular magnetization
switching in a bilayer structure of few-layered Fe;GeTe, (FGT) and
Pt (Fig. 1, A and B). FGT is currently one of the most attractive 2D
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magnetic vdW materials due to its gate-tunable Curie temperature T,
(up to room temperature) and PMA (21, 22), which are both important
for high-density information storage applications (4). The crossover be-
tween magnetic vdW materials and SOT's opens the possibilities to push
spintronic devices to the 2D limit with faster speed and lower energy
consumption.

RESULTS

We fabricated the FGT/Pt device by first exfoliating few-layered FGT
flakes from a high-quality bulk crystal onto Si/SiO, substrates. Char-
acterizations of the magnetic properties and the structure of bulk FGT
are shown in section S1. Figure 1C shows a representative high-angle
annular dark-field scanning transmission electron microscopy (STEM)
image of the as-exfoliated FGT. Atomic arrangements in the [100] axes
are in agreement with the crystal structure of FGT. Each layer is con-
stituted by the alternately arranged Te—Fe—Ge(Fe)—Fe—Te atomic
planes. The vdW gaps (dark area) are visible between different layers.
The exfoliated FGT flakes show a minimum step height of 0.8 nm on
the surface (Fig. 1, D and E), which matches an atomic layer thickness
of FGT. After exfoliating the FGT flakes, we immediately transferred
the substrates into a high-vacuum sputtering system and then deposited
a 6-nm-thick Pt layer on top of FGT. We then patterned the FGT/Pt
bilayers into Hall bar devices (see Fig. 1F) by the processes described
in section S2.

We first measured the resistance of the device as a function of tem-
perature, as shown in Fig. 1G. The bilayer device exhibits a metallic be-
havior. To elucidate the resistance behavior of FGT, we separately
characterize the temperature-dependent resistivity of Pt layer by
measuring a Hall bar control device prepared on a Si/SiO, substrate.
Considering the geometry and thickness of the Pt layer in the FGT/Pt
device, the resistance contribution from the Pt layer can be deducted
(see fig. S14) so that the resistance of FGT can be roughly extracted
(see Fig. 1G). The temperature dependence of the FGT resistance is
similar to the previous reports for FGT with four to six layers (3.2 to
4.8 nm) (21). The actual layer number observed by TEM is larger, as
shown in Fig. 1B. We attribute this difference to the oxidization of FGT.
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Fig. 1. Schematic view and characterizations of FGT/Pt bilayer. (A) Schematic view of the bilayer structure. Pt layer (top) is sputtered on top of the exfoliated FGT
(bottom). The green arrow represents the in-plane current flowing in the Pt layer, which generates a spin current flowing in the z direction. The accumulated spins at
the bottom (top) Pt surface are indicated by the red (blue) arrows. The spin current exerts torques on the magnetization of FGT and can switch it in the presence of an
in-plane magnetic field. (B) Cross-sectional STEM image of the FGT/Pt device fabricated on a Si/SiO, substrate. The total thickness of FGT is 12.6 nm. (C) High-resolution
STEM image of an FGT (87 nm)/Pt (6 nm) bilayer on a Si/SiO, substrate. (D) Top view of the FGT exfoliated from the bulk material measured by atomic force microscopy.
(E) The atomic steps profile taken along the yellow dashed lines in (D). An atomic layer step of 0.8 nm is observed. (F) The optical image of the measured Hall bar

device. (G) Temperature-dependent longitudinal resistance of the FGT/Pt bilayer device and FGT only.

We then characterized the magnetic properties of our devices by
measuring the Hall resistances. Figure 2A shows the Hall resistance
as a function of the out-of-plane magnetic fields at various tempera-
tures. Because of the intrinsic magnetization of FGT, anomalous Hall
resistance dominates over the total Hall resistance below T. as indi-
cated by the square-shaped loops. The hysteresis loop gradually dis-
appears, and the Hall resistance curve becomes more linear with
increasing the temperature. The T, of our device is determined to
be ~158 K by performing the Arrott plots (21, 23), as shown in Fig.
2B. Compared to the previously reported layer-dependent T. (21),
the obtained T, in our FGT corresponds to approximately five layers
(4 nm). This thickness value is in consistent with the estimations
from the resistance measurements and the TEM image. Below T,
the device exhibits PMA, as manifested by the much larger satura-
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tion field in the in-plane direction than that in the out-of-plane di-
rection (Fig. 2C).

Next, we show that a current flowing in the bilayer can generate
SOTs, which are originated from the spin Hall effect in Pt and/or
the interfacial effects. The SOTs are characterized through harmonic
measurements (24, 25). For the harmonic measurements, a small ac
is applied to the device in the presence of an in-plane external mag-
netic field along the longitudinal (transverse) direction for mea-
suring longitudinal (transverse) effective fields. Figure 3 shows the
measured harmonic voltages under longitudinal (H;) (A and B) and
transverse (Hr) (D and E) external magnetic fields, which are fitted by
parabolic and linear functions, respectively. The ratios corresponding
to damping-like and field-like torques can be calculated as By r) =

2
-2 361}?;,“-) BE;{E»T)' Here, V,, and V,,, are the first and second harmonic
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Fig. 2. Magnetic properties of FGT/Pt bilayer. (A) Hall resistance as a function
of magnetic field at different temperatures. (B) Arrott plots of the Hall resistance
of the FGT/Pt device. The determined T is 158 K. (C) Rane as a function of in-plane
(IP) and out-of-plane (OOP) magnetic field at 90 K.

voltage, respectively. The current-induced effective fields in the longitu-
dinal and transverse directions can then be extracted on the basis of (26)
AHyry = Byt £ 2BBray)/(1 - 4p%). Here, B is the ratio between the
planar Hall resistance (Rp) and the anomalous Hall resistance (Rang),
and B = Rp/Rpug = 0.12. The obtained effective fields versus current
density are AH; = 53.4 + 4.7 mT per 10’ A/cm® and AHy =
24.3 + 2.3 mT per 10" A/cm?, respectively. Note that the contributions
from thermal effect and Oersted field have been carefully considered
(see section S3).

In general, the SOT can be evaluated by the spin torque efficiency
(27, 28): & = Ty Osy = %uOMStEf\fAAHL(T) /Je, where Ty, is the inter-
facial spin transparency (T, < 1), Oy is the spin Hall angle, e is the
electron charge, h is the reduced Planck constant, i, is the vacuum
permeability, M is the saturation magnetization, £l is the effective
thickness of FGT, and J. is the current density. It is difficult to get §
without knowing the value of M; for few-layered FGT. However, as §
is only determined by the spin Hall angle of the heavy metal and the
interface quality, it may shed a light on estimating the upper limit of
M; for few-layered vdW magnets. If the spin torque efficiency & =
0.12 (in the case with a transparent interface and the spin Hall angle
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of Pt is 0.12), which is in consistent with the previously reported &
values for Pt (27, 28), is assumed, then we can approximately estimate
the upper limit value of Mj to be 1.6 x 10* A/m. This value is notably
smaller than the bulk M value (3.21 x 10° A/m; see fig. S7), which might
be due to the finite size effect, strong surface modification in ultrathin
magnetic films (29, 30), and oxidation of FGT.

Last, we show that the generated SOTs can be used to switch the
perpendicularly magnetized FGT in the bilayer devices with the as-
sistance of an in-plane magnetic field to break the mirror symmetry
(31). Figure 4 (A and B) shows the current-induced magnetization
switching of FGT with the in-plane magnetic field H, = 50 and
—-50 mT at 100 K, respectively. The magnetization of FGT can be
switched from one state to the other by sweeping the electric cur-
rent. Two distinct states can be well sustained at the zero current.
The switching polarity is anticlockwise (clockwise) for the positive
(negative) in-plane field, indicating a positive spin Hall angle of Pt
here, which is consistent with previous works. Similar behaviors
can be observed from 10 to 130 K (see section S4), suggesting a large
temperature window for switching. The switching behavior disap-
pears around 140 K (still below T.), which is likely due to the gradual
loss of squareness of the hysteresis loops and the resulting absence of
two distinct remanence states.

DISCUSSION

It is noted that the two observed resistance states during the switching
are not fully saturated (indicated by the dashed lines in Fig. 4, A and
B). This incomplete switching can be ascribed to a Joule heating effect.
As shown in Fig. 4C, starting from a fully saturated initial state (po-
larized in the positive direction), the magnetization of FGT (represented
by the Hall resistance R,,) begins to decrease once the applied cur-
rent exceeds 8 mA. In our device, the positive current favors a pos-
itive magnetization under a positive in-plane magnetic field, so R,,
should not decrease with increasing the current. Moreover, the
decreasing behavior is independent of the initial state (section S5),
indicating its thermal origin. We have further extracted the tempera-
ture of the device under applied current pulses (with a duration of
50 ms) by monitoring the resistance of the device (blue curves in
Fig. 4C) (32). An evident thermal effect is observed, as the device
temperature is approaching T. under a current of 8 mA and ex-
ceeding T under a current of 10.5 mA. When the device tempera-
ture is close to T, the magnetic interactions of FGT are not
sufficient to fight against the thermal fluctuations and maintain
a single domain state. Thus, a multidomain state is formed under
large applied current pulses, which results in the unsaturated
resistance sates. Further increasing the current to above 10.5 mA also
does little to help in realizing a complete switching since the tempera-
ture rises above T.

To further prove that the switching is originated from the current-
induced SOT, we have also fabricated FGT/Ta bilayer devices and
observed similar switching behavior but with opposite switching po-
larity due to the opposite sign of the spin Hall angle in Ta (see section
S6). Figure 4D shows the switching diagram for various tempera-
tures. The switching current decreases with the increase in temperature.
We attribute the reduction of switching current to the simultaneous
decrease in M, (manifested by the decrease in Ryug) and effective
PMA field (Hy) (see section S7).

In summary, an SOT-driven perpendicular magnetization
switching has been demonstrated in an FGT/Pt bilayer device. Our
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Fig. 3. Characterization of the current-induced effective fields. (A and B) First and second harmonic voltages for the longitudinal effective field. H, is the applied
longitudinal magnetic field along the current direction (x axis). (D and E) First and second harmonic voltages for the transverse effective field. Hy is the applied
transverse magnetic field transverse to the current direction (y axis). (C and F) Plots of the longitudinal and transverse field as a function of the peak current. The
solid lines represent the linear fitting result with zero intercept. The red circles (blue squares) are data points for the M, > 0 (M, < 0). In the bilayer device, applying a
current of 1 mA corresponds to a current density of 1.85 x 10'° A/m? in the Pt layer.
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Fig. 4. SOT-driven perpendicular magnetization switching in the FGT/Pt bilayer device. Current-driven perpendicular magnetization switching for in-plane
magnetic fields of 50 mT (A) and =50 mT (B) at 100 K. The switching polarity is anticlockwise and clockwise, respectively. The dashed lines correspond to the Rane
at saturated magnetization states. (C) Current-driven perpendicular magnetization switching with a 300-mT in-plane magnetic field at 10 K (red). The arrows indicate
the current sweeping direction. The initial state is saturated in the positive direction. The current increases gradually in the positive direction, and the Rane jumps down
to an intermediate state. The two states in the switching loop do not correspond to the saturated states. The device temperature during the application of switching
current (blue) is obtained by comparing the measured longitudinal resistance and the measured R,,T curve (fig. S14). The dashed line corresponds to the T obtained
from the Arrott plots. (D) Switching-phase diagram with respect to the in-plane magnetic fields and critical switching currents at different temperatures. The critical switching
current decreases with increasing temperature. In the bilayer device, applying a current of 1 mA corresponds to a current density of 1.85 x 10'® A/m? in the Pt layer.

proof-of-concept SOT devices highlight the potential of magnetic  also be used as SOT sources, leading to the possible all-vdW magnetic
vdW materials and their compatibilities with spintronic technologies. memories. The large family of vdW materials and numerous combina-
Further work is still needed to push the FGT down to the monolayer  tions of vdW heterostructures remarkably extend the material choices
limit. Other than the Pt or Ta used in this work, vdW materials with  and can be visioned as new building blocks for spintronic applications
strong spin-orbit coupling and nontrivial electronic properties can  in the near future.
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MATERIALS AND METHODS

Growth and characterization of FGT bulk crystal

Single crystals of FGT were prepared by chemical vapor transport
(CVT) method with iodine as the transport agent. High-purity
(99.99%) Fe, Ge, and Te were milled into powder form with a stoi-
chiometric molar proportion of 3:1:2 (Fe:Ge:Te) in an agate mortar.

Device fabrication

We obtained few-layered FGT flakes with a freshly cleaved surface on
Si/SiO, substrate by our new developed scratching method (refer
to section S2) through our home-made transfer station. Next, we
deposited a 6-nm-thick Pt [or Ta (6 nm)/Pt (1.5 nm)] layer on the
FGT surface, and the obtained FGT/Pt bilayer is air-stable and this
could confirm the subsequent fabrication process. The Pt/FGT bilayer
was patterned as Hall geometry by a standard e-beam lithography
process, and excrescent areas were etched by ion milling. Last, the
electrodes were fabricated by Ti (3 nm)/Au (50 nm) through e-beam
evaporation.

Characterizations

We used aberration-corrected STEM to image the cross sections di-
rectly. The cross-sectional samples were fabricated by focused ion
beam cutting along the [100] axes of FGT. All the electrical measure-
ments were performed in a Physical Property Measurement System
(PPMS) system with magnetic fields of up to 9 T and temperatures
down to 1.8 K. Multiple lock-in amplifiers (Stanford SR830 and SR850)
and Keithley source meters (Keithley 2400, 2182, and 6221) were
connected to the PPMS, enabling comprehensive transport measure-
ments for the Hall bar devices. A constant of 200 pA dc was applied
for the Hall measurement. In the switching measurement, large cur-
rent pulses (write current, 50 ms) were first applied. After a time in-
terval of 100 ms, we subsequently applied another small current
(read current, 0.1 mA for 50 ms), during which the Hall voltage sig-
nal was picked up. The device temperature during the application of
write pulse was extracted by monitoring the longitudinal resistance.
The temperature increased during the application of read pulse was
negligible.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaaw8904/DC1

Section S1. Crystal growth and characterization

Section S2. Exfoliation of FGT thin flakes and fabrication of FGT/Pt bilayer devices

Section S3. Correction of current-induced effective fields

Section S4. Current-driven switching at different temperatures

Section S5. Current-driven magnetization switching

Section S6. Current-driven magnetization switching and measurement of effective fields
corresponding the current-induced torques

Section S7. Temperature dependence of PMA

Fig. S1. Single crystals of FGT at the colder side in a sealed quartz tube (diameter of the tube is
1.5 cm).

Fig. S2. Characterization of FGT single crystal grown by CVT method.

Fig. S3. Zero-field-cooling and field-cooling curves of the FGT crystals (grown by CVT)
measured from 10 to 300 K with the external magnetic field (H = 0.1 T) parallel to

the c axis.

Fig. S4. Hysteresis loops measured of the FGT crystals (grown by CVT) at various temperatures
with the external magnetic field parallel to the ¢ axis.

Fig. S5. Zero-field-cooling and field-cooling curves of the FGT crystals (grown by CVT
method) measured from 10 to 300 K with the external magnetic field (H = 0.1 T) parallel to
the ab plane.

Fig. S6. Hysteresis loops of the FGT crystals (grown by CVT method) measured at various
temperatures with the external magnetic field parallel to the ab plane.
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Fig. S7. Zero-field-cooling and field-cooling curves of the FGT crystals (grown by CVT)
measured from 10 to 300 K with the external magnetic field (H = 0.1 T) parallel to the c axis
and the ab plane.

Fig. S8. Characterization of FGT single crystal grown by flux method.

Fig. S9. Zero-field-cooling and field-cooling curves of the FGT crystals (grown by flux
method) measured from 10 to 300 K with the external magnetic field (H = 0.1 T) parallel to
the c axis.

Fig. S10. Hysteresis loops measured of the FGT crystals (grown by flux method) at various
temperatures with the external magnetic field parallel to the c axis.

Fig. S11. Schematic view of FGT exfoliation, transfer, and device fabrication process.

Fig. S12. Atomic force microscopy image of the obtained FGT flakes on SiO, substrate through
two strategies.

Fig. S13. Optical image of the device fabrication process.

Fig. S14. Estimation of the temperature dependence of the resistance of FGT layers.

Fig. S15. Schematic diagram of measurement setup and coordinate system.

Fig. S16. Current-driven switching at 10 K.

Fig. S17. Current-driven switching at 20 K.

Fig. S18. Current-driven switching at 30 K.

Fig. S19. Current-driven switching at 40 K.

Fig. S20. Current-driven switching at 50 K.

Fig. S21. Current-driven switching at 60 K.

Fig. S22. Current-driven switching at 70 K.

Fig. S23. Current-driven switching at 80 K.

Fig. S24. Current-driven switching at 90 K.

Fig. S25. Current-driven switching at 100 K.

Fig. S26. Current-driven switching at 110 K.

Fig. S27. Current-driven switching at 120 K.

Fig. 528. Current-driven switching at 130 K.

Fig. 529. R,, as a function of current under different in-plane magnetic field at 140 K.

Fig. S30. Current-driven magnetization switching for different initial states.

Fig. S31. Current-driven switching in an FGT/Ta bilayer.

Fig. S32. Characterization of the current-induced effective fields in an FGT/Ta device.

Fig. S33. Hall resistance as a function of in-plane magnetic field.

Fig. S34. Temperature dependence of effective anisotropy field (uoHy), coercivity (uoH,), and
saturation anomalous Hall resistance.
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