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ABSTRACT

Current flowing through heavy metals generates spin current by the spin Hall effect (SHE), and spin current exerts a torque on the adjacent
magnetic layer, thereby switching the magnetization direction of the magnetic layer. Normally, an external magnetic field must be used to
break symmetry in the response to the SHE torque, to realize deterministic switching. However, the presence of magnetic fields increases the
difficulty in integrating spintronic devices with complementary metal-oxide-semiconductor. Thus, field-free spin—orbit torque switching has
been a research hotspot. Here, symmetry-breaking has been realized by tilting the sample during the annealing process, resulting in a non-
uniform diffusion of Ta atoms in the samples along the temperature gradient (x-direction), which was confirmed by transmission electron
microscope mapping. As a result, the sample has demonstrated deterministic switching, in the absence of an external magnetic field, with a
switching ratio of up to 88% and the critical current density of 1.5 x 10" A/cm?. Tilting annealing is a simple approach to achieve field-free
switching.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0192575
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In the writing process of spin-orbit torque (SOT)-based magnetic
random-access memory (SOT-MRAM), the large charge current only
passes through the heavy metal (HM) layer instead of the barrier layer.
This reduces the risk of breaking down the barrier layer and thus
increases the operating lifetime of the device." * SOT mainly has two
mechanisms, the spin Hall effect (SHE) and the Rashba effect. In the
SHE, when a current flows through a heavy metal (HM) layer, due to
spin-orbit coupling, it generates a spin current that is transferred to
the ferromagnetic (FM) layer and exerts a spin transfer torque on its
magnetization.” ' However, the magnetic moment cannot undergo
deterministic switching due to the symmetry of the spatial inversion.
At the beginning, the symmetry was broken by applying an external

magnetic field to achieve a deterministic switching.
presence of this magnetic field does not meet the requirement for
high-density spintronic devices. Thus, field-free SOT switching is
highly desired.

In FM/HM or ferrimagnetic (FIM)/HM heterostructures, many
methods have been attempted to break the symmetry and field-free
switching has been achieved, including interlayer coupling,"* concen-
tration gradient,'® exchange bias,'”'* crystal structure asymmetry, *’
tilted anisotropy,”** wedge-shaped growth of heavy metals™** syn-
thetic antiferromagnets,”” perpendicular spins,”® asymmetric device
geometry,” etc. In this study, by generating a temperature gradient

during the annealing process, field-free switching has been realized in
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a CoFeB/MgO structure. It should be noted that it is difficult to apply
the temperature gradient method to large-scale fabrication.

In this study, A Ta (5)/CoFeB (1)/MgO (2)/Ta (2) (thickness in
nm) structure was deposited through sputtering and annealed at
280°C for 30 min with a titling stage. After annealing, crossbar devices
have been fabricated and measured. All of them have shown determin-
istic field-free switching, with a switching ratio as high as 88%. This
field-free switching was attributed to the non-uniformly diffused of Ta
atoms into the CoFeB layer due to the temperature gradient, which
caused a small spin current gradient along the x-direction. This con-
centration gradient breaks the symmetry in the response to the SHE
torque and leads to field-free switching.

Ta/CoFeB/MgO/Ta multilayers were deposited on Si/SiO, sub-
strates by magnetron sputtering system (SSI UHV-sputter) with a base
pressure of 3 x 1077 Torr. The size of the substrate is 1 x 1cm? and
the diameters of all the targets are 50.8 mm. The purity of Ta, CoFeB
(4:4:2), and MgO (1:1) target is 99.95%. The sputtering gas used is
99.999% Ar for all the materials. For metal deposition, the pressure is
kept at 6 mTorr and the DC power is kept at 10 W. For MgO deposi-
tion, the pressure is 10 mTorr and the RF power is 50 W. The deposi-
tion rates are 0.16, 0.12, 0.07 A/s for Ta, CoFeB, and MgO layers,
respectively. During deposition, the substrates were kept at room
temperature.

After the deposition, the samples were annealed at 280 °C for 30
mins in the sputter chamber, using two mounting methods. The inset
of Fig. 1(a) shows a schematic diagram of the normal mounted sample
A, which means the whole sample has undergone the same annealing
temperature. On the other hand, as shown in the inset of Fig. 1(b),
sample B has only one end touched the heater, resulting in a tempera-
ture gradient of ~0.76 °C/mm along the x-direction. After annealing,
the magnetism of the samples was measured using a magneto-optical
Kerr effect (MOKE) system and a vibrating sample magnetometer
(VSM). Then, three devices of B1 (in the higher temperature end), B2
(in the middle temperature), and B3 (in the lower temperature end)
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along the x-direction have been fabricated by a standard photolitho-
graph technique. For current-induced magnetization switching mea-
surements, a pulsed current Ip, with a width of 0.1 ms is applied
along the long side (x-direction) of the devices. After the pulse, an DC
excitation current Inc (200 A) was output to the current path and the
Hall voltage V, was measured by a nanovoltmeter (Keithley 2182A).

Figures 1(a) and 1(b) exhibit normalized magnetization vs mag-
netic field (M-H) hysteresis loops of the normal mounted sample A
and the tilted sample B, after being annealed at 280 °C for 30 min. The
green circles and red triangles represent the hysteresis loops with the
magnetic fields applied perpendicular or parallel to the film surface,
respectively. Both samples exhibit an out-of-plane easy axis. At the
same time, Figs. 1(c) and 1(d) demonstrate the normalized polar
magneto-optical Kerr effect (P-MOKE) loops. The squareness of the
P-MOKE loops indicates that samples A and B maintain good perpen-
dicular magnetic anisotropy (PMA). The results obtained by VSM and
P-MOKE are consistent.

After annealing, the samples were fabricated into a crossbar
device using standard photolithography and ion beam etching pro-
cesses. The width of the current channel is 20 um. The current and
voltage electrodes are made of a 15-nm Ti layer and a 35-nm Au layer,
as shown in the inset of Fig. 2(a). Figures 2(a) and 2(b) present the
anomalous Hall effect (AHE) curve and the SOT switching curve of A,
respectively. The AHE curve in Fig. 2(a) displays a good rectangularity,
indicating that A still possesses good PMA after microfabrication.
Figures 2(b) and S1 reveal the SOT switching curves with different
magnetic fields. It is clear that the magnetic moment of A cannot be
switched without the external magnetic field. This is consistent with
other research works.” *

Figures 2(c) and 2(d) show the AHE loop and the SOT switching
curve of B1, respectively. The AHE curve of Bl exhibits similar results
as A, indicating that B1 also has good PMA. More importantly, the
SOT switching curve demonstrates that B1 has achieved field-free
switching, with the switching ratio of as high as 88% compared to the
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FIG. 1. Hysteresis loops measured on different magnetic fields for sample A (a) and sample B (b). The mounting methods of sample A and sample B are shown in the insets
of (a) and (b), respectively. P-MOKE hysteresis loops of sample A (c) and sample B (d). It is evidenced that both sample A and sample B possess PMA after annealing.
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FIG. 2. Magnetic and SOT properties for the A and B1. Representative out-of-plane hysteresis loops as obtained by anomalous Hall voltage measurements of A (a) and B1 (c).
In-plane (x-direction) pulse-current-induced perpendicular magnetization switching without external magnetic field for A (b) and B1 (d). (e) Current-induced magnetization
switching in the B1, under various in-plane magnetic fields H, ranging from —200 Oe to 200 Oe. (f) Switching phase diagram of A and B1. Under the same magnetic field, the
critical switching current of B1 is lower than that of A, and field-free switching can be achieved in B1.

AR of AHE. The critical current density J. of Bl at zero magnetic field
is 1.5 x 107 A/em’,

Figure 2(e) shows the switching loops of Bl under different
in-plane fields Hy, parallel to the current. The SOT switching
loops are clockwise under a positive magnetic field and counter-
clockwise under a negative magnetic field. We have noticed that
the B1 does not switch when the magnetic field is —4 Oe, sugges-
ting that the built-in field is +4 Oe. We have conducted MOKE
imaging tests on the B1 sample at —50, 0, and 50 Oe, as shown in
Fig. S2. It can be seen that the magnetization can be switched by
the current, even when the applied external magnetic field is zero.
Also, the switching mechanism can be concluded as the domain
wall movement.

Figure 2(f) exhibits the switching phase diagram of A and BI.
Under the same magnetic field, the critical switching current of B1 is
much lower than that of A. More importantly, Bl demonstrates a
field-free switching and shifts the center of the diagram to the negative
field direction by —4 Oe, as indicated by the dotted green line.

The AHE and SOT switching curves of B2 and B3 are demon-
strated in Figs. S3(b) and S3(c). AHE curves of all the samples exhibit
good rectangularity, implying that all samples have good PMA. At the
same time, the corresponding SOT curves demonstrate field-free
switching, with the switching ratio above 80%. Samples of the current
channel perpendicular to the temperature field direction have been
obtained. From Figs. S4(a) and S4(b), we can see that C (middle tem-
perature) has good PMA. The SOT switching curve of the sample at
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zero magnetic field shows that the sample cannot fully reverse, only a
small portion. This indicates that only when the sample’s current
direction is parallel to the temperature field direction, can the sample
achieve field-free switching.

To investigate the damping like torque (DLT) of SOT induced
spin current, a second harmonic method has been adopted, as shown
in Fig. S5. The magnetic field is applied along the x-direction, with a
small inclination angle (¢g) to the film surface to prevent the forma-
tion of multiple domains. An AC with a frequency of 133 Hz is applied
along the x-direction. Simultaneously, the first (V,,) and secondary

(Va,) harmonic signals are acquired through a lock-in amplifier of

OE1022D. Figures 3(a) and 3(b) show V,, and V,,, harmonic Hall vol-
tages as a function of magnetic field H, with an AC of 1 mA. Using the

following formula,”"**
aVZw 82 Vw
Hy = . 1
"7 bH, | oH? ()

The longitudinal effective field (H;) induced by SOT can be quantita-
tively extracted. The damping-like effective field Hp, generated by the
current is based on the following formula:™*

JHu+28H,

Hp = —
P 1— 48

(2
¢ is the ratio of planar Hall resistance to anomalous Hall resistance. In
the Ta/CoFeB/MgO/Ta system, planar Hall values are very small and
are often neglected.3 * So, Hp can be simplified as —2Hj.. The extracted
Hp, are plotted vs I5¢ for both devices, as shown in Figs. 3(c) and 3(d).
Based on linear fitting, the damping-like torque efficiency (fp),
defined by the damping-like efficient field per charge current density,
is 2.77 x 107°Oe/(A/cm?) for A and 3.06 x 10~ °Oe/(A/cm?) for B,
respectively. The difference in fip, is not significant. The spin Hall angle
of Ta can also be extracted using the following equation:

05H - zeMstCoFeBﬁD/h'

Here, e is the electron charge, M; is the saturation magnetization of

CoFeB, fcope is the thickness of CoFeB, and h is the reduced Planck
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constant. Thus, Ogy; of Ta is 0.07. This is consistent with other research
findings.”*"

Figure 4(a) shows the simulated temperature distributions for
tilted sample B during the annealing process. The highest temperature
is 279.6 °C at the contacted end, and the lowest temperature is 272 °C
at the free end. The average temperature gradient is 0.76 °C/mm. The
derivative of the temperature curve is shown in Fig. 4(b), demonstrat-
ing a linear dependence. This can be understood as that since the sam-
ple is annealed in a vacuum chamber, the only heat lost at the free end
is the radiation to the chamber. The radiation power is proportional to
the sample temperature as well as the sample surface area. The surface
area is linearly proportional to the distance to the cold end. Thus, the
closer to the free end, the smaller the surface area is. As shown in
Fig. 4(b) illustration, when current passes through the sample in the
x-direction, the arrows (in orange and purple) indicate the polarized
electrons moving along the z-direction (indicated by the dashed black
arrows), which generates a spin current (Js) along the z-direction. The
size of the arrows represents the amounts of polarized electrons due to
the concentration gradient of Ta. Thus, there exist a spin current gradi-
ent along the x-direction.

As shown in Fig. 4(d), from the energy dispersive spectroscopy
(EDS) mapping of Ta by transmission electron microscope (TEM), the
diffusion in the high-temperature zone is stronger, while the diffusion
in the low-temperature zone is weaker. Figure S6 shows the intensity
profiles of Ta extracted from each temperature region in Fig. 4(d). The
amount of Ta in the CoFeB region is significantly different, with B1
being the highest and B3 being the lowest. Figure 4(c) shows the struc-
tural diagram of Ta/CoFeB/MgO/Ta after tilted annealing, indicating
that Ta in the buffer layer diffuses into the CoFeB layer non-uniformly
due to the temperature gradient, forming a certain concentration gra-
dient along the temperature gradient direction (x-direction), as indi-
cated by blue balls in the insets. The concentration gradient of Ta can
produce a gradient of spin current [red arrows in Fig. 4(c)], when elec-
tron current flows through the CoFeB layer, as discussed in the supple-
mentary material, Fig. S7. The concentration gradient produces a spin
current gradient and induces a built-in in-plane field. This field breaks
the spatial symmetry in the x-direction, resulting in a deterministic

4541 b {038
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FIG. 3. Harmonic Hall measurements of the Hall-bar devices. The V,, and V5, harmonic Hall voltages as a function of magnetic field H, for A (a) and B1 (b). Current depen-
dence of damping-like effective field (Hp) of A (c) and B1 (d), where the red and green linear lines are the fitted curves.
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FIG. 4. Schematic diagram of tilted annealing simulation and TEM analysis. (a) The simulated temperature distribution during tilted annealing. (b) Position dependent tempera-
ture (red curve) and the derivation of it (black curve). (c) The Schematic of Ta/CoFeB/MgO/Ta after tilted annealing, spin current gradient along the x-direction, and non-uniform

diffusion of Ta in the CoFeB layer. (d) EDS mapping of Ta of the sample B series.

switching of the magnetic moment in the absence of an external mag-
netic field. This is consistent with the literature reports.”

In summary, we have demonstrated field-free switching in a
Ta/CoFeB/MgO/Ta structure with PMA by the tilted annealing
method. The switching ratio has achieved as high as 88%, with a
critical current density of 1.5 x 107 A/cm?. Furthermore, the criti-
cal current of tilted annealed sample decreased by 22.8% compared
to A under the same magnetic field. This field-free switching has
been attributed to different amounts of diffused heavy metal Ta
into the CoFeB layer due to the temperature gradient. The concen-
tration gradient produces a spin current gradient and induces a
built-in in-plane field, breaks the symmetry in the x-direction, and
results in the field-free switching. Our results provide a very simple
and easy to be adopted method to achieve field-free switching in
the conventional SOT devices.

See the supplementary material for the anomalous Hall effect and
SOT switching of the samples A, B, and C; the schematic diagram of
harmonic Hall measurements; the intensity of Ta extracted from each
temperature region in sample B; and the switching phase diagram of
B1 and B3.
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