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A B S T R A C T

We demonstrate spin-orbit torque (SOT) driven multi-state magnetization switching in Co/Pt Hall crosses in the presence of varying externally applied in-plane (IP)
bias ﬁelds from room temperature (RT = 295 K) to 360 K. In-situ Kerr imaging at various resistance states reveal the evolution of up and down magnetic domain
expansion due to current-induced SOT switching. The control of magnetization states in the Hall cross is attributed to the inhomogeneous current-density and
current-induced eﬀective out-of-plane ﬁeld due to the device geometry. The critical switching current density scales inversely with device temperature, and the SOTdriven change in Hall resistance varies across device temperatures and IP ﬁelds. Subsequently, the current-induced SOT eﬃciency, χsat, and the DzyaloshinskiiMoriya interaction eﬀective ﬁeld, HDMI, at RT and 360 K are determined using the chiral domain wall model and current-induced loop-shift method. The χsat and
HDMI values are found to decrease by ~26% and ~15%, respectively, with increasing device temperature. These results demonstrate the thermal sensitivity of
current-induced SOT magnetization switching in multi-state devices.

1. Introduction
Generation of spin current for spin-orbit torque (SOT) driven magnetization switching in heavy metal (HM)/ferromagnet (FM) heterostructures has attracted a lot of attention recently for fundamental
understanding as well as for device applications. One advantage of SOT
is the elimination of an additional ferromagnetic layer for spin polarization of conduction electrons as required in the conventional spintransfer torque eﬀect. The SOT originates from strong spin-orbit coupling (SOC) via the spin Hall eﬀect (SHE) [1,2], and/or the Rashba
eﬀect [3–9] in HMs. The eﬀects of SOT on local magnetization in a FM
is dependent on structural inversion asymmetry (SIA), and can be
achieved by sandwiching the FM between layers of dissimilar materials
or thicknesses. Since its discovery, SOT has been of great interest in
applications that rely on fast domain wall propagation [10–12], eﬃcient magnetization switching [2,9,13], as well as for sustaining steady
state excitation in ferromagnetic nanostructures [14,15].
More recently, Kurenkov et al., have reported current-driven SOT
analogue switching behaviour characterised by the intermediate resistance states which was observed for device dimensions larger than
the magnetic domain size [16]. Such SOT devices are promising in
applications of neuromorphic engineering due to their non-volatile
analogue behaviour [17–21]. However, CMOS-integrated spintronic
devices will be subjected to thermal eﬀects due to thermal dissipation
from electronic transistor operations. While binary MTJs can aﬀord
large read and write margins [22,23], the impact of elevated operating
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temperature on SOT-driven devices with multi-state behaviour remains
unexplored.
In this work, we demonstrate multi-state characteristics in a Co/Pt
multilayer Hall cross device. The intermediate resistance states due to
the formation of magnetic domains across the device are captured by insitu Kerr microscopy. The multi-state behaviour is shown to be attributed to an inhomogeneous current density proﬁle across the device
junction. The eﬀects of current-induced SOT magnetization switching
from room temperature (RT = 295 K) to 360 K on the change in Hall
resistance ΔRH across varying in-plane (IP) bias ﬁelds Hx are summarised in switching phase diagrams.
A thin ﬁlm stack of Ta (5)/Pt (3)/[Co (0.6)/Pt (0.6)]4/Co (0.6)/Ta
(5) was deposited on high resistivity Si/SiO2 substrates by magnetron
sputtering. The numbers in parentheses indicate the nominal thickness
of each layer in nm. Vibrating sample magnetometry measurements of
the blanket ﬁlms at room temperature indicate perpendicular magnetic
anisotropy with a coercivity Hc ≈ 300 Oe as shown in Fig. 1a. The
eﬀective anisotropy ﬁeld is determined from the hard axis hysteresis
measurement to be Hk,eﬀ ≈ 10 kOe. The Co/Pt multilayer shows strong
as-deposited perpendicular magnetic anisotropy without the need for
annealing. The ﬁlm is subsequently patterned into a Hall cross structure
comprising 5 µm × 50 µm bars using electron beam lithography and Ar
ion milling techniques. Ti (5)/Cu (1 0 0)/Ta (5) electrodes serve as
electrical contacts to inject the pulse write and DC probing current as
well as for Hall voltage measurements. Fig. 1b shows the schematic
diagram of a patterned device with the electrical contacts for the pulse
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magnetic ﬁeld Hz to show the bipolar magnetization switching of the
Hall cross structure. Individual RH – Hz hysteresis loops for each point
in the plot of Fig. 1(c) are shown in Supplementary Material S1. From
RH – Hz measurements at RT up to T = 360 K, the coercivity of the
device was observed to decrease monotonically with increasing temperature as shown in Fig. 1c. However, the change in Hall resistance
ΔRH generally remains to be 2 Ω across the range of measured device
temperatures. The Hall resistance amplitude and squareness of the
hysteresis loops were invariant in the range of measured device temperatures. The inset shows the hysteresis loops obtained at RT and
360 K for comparison.
To study the current-induced magnetization switching (CIMS) due
to the SOT, RH is plotted against pulsed channel current Ich. Each
measurement loop begins with an injection of a 1 ms initialization pulse
Iinit = −24 mA to set a reference magnetization state. Subsequently,
1 ms write pulses Ich up to +24 mA in steps of 1 mA are delivered. A
probing current Iprobe = 200 μA after each write pulse is used to measure RH. Throughout the measurement sequence, the device is subjected
to a static IP ﬁeld Hx = 1 kOe along the direction of current ﬂow to
break the switching symmetry required for deterministic SOT
switching. Fig. 2a shows the RH – Ich loops at various current amplitudes
at RT. The devices exhibit multi-state behaviour with RH dependent on
the amplitude of Ich. No further change in RH was observed beyond
Ich = Isat = 24 mA indicating that SOT-driven magnetization switching
has reached saturation. Intermediate values of the device’s magnetization state can be achieved by regulating the amplitude of the current
pulses up to +24 mA. Fig. 2b shows in-situ Kerr images of the device
magnetization state at current amplitudes of 5 mA, 18 mA, 20 mA, and
23 mA.
The smaller ΔRH in CIMS can be attributed to the partial magnetization switching at the device junction, as compared to the complete
magnetization reversal due to an externally-applied OOP magnetic
ﬁeld. To obtain an accurate current density proﬁle, current ﬂow
through the device was modelled in COMSOL (see Supplementary
Material S2) and plotted in Fig. 3a. The inhomogeneous current-density
is due to lateral shunting of the current at the device junction. Furthermore, the progressive magnetization switching is also observed at
the device junction, as evident from the Kerr microscopy images. Subsequently, the progression of magnetization switching in the Hall cross
structure was simulated in Mumax3 (see Supplementary Material S3),
using the current density proﬁle data derived from COMSOL [24]. The
material parameters used in the simulations are Ms = 7.6 × 105 A m−1,
Ku = 3.8 × 105 J m−3, and Aex = 1.5 × 10−11 J m−1. By mapping the
current density J as an eﬀective OOP ﬁeld Hz,eﬀ, similar behaviour in
magnetization switching was observed. The snap shots for increasing
Hz,eﬀ modelled in the micromagnetic simulation is presented in successive order in Fig. 3b. The domain growth at the junction of the simulated device closely resembles that as observed through in-situ Kerr
microscopy of the physical device. We compare the Kerr microscopy
images of magnetization states between current-induced SOT and OOP
ﬁeld switching methods in Supplementary Material S4. Since the degree
of magnetization switching is dependent on the amplitude of J ∝ Hz,eﬀ,
the ratio between Hz,eﬀ and J can eﬀectively be used to quantify the
eﬃciency Hz,eﬀ / J which will be described in the next section.
As the characteristics of magnetic materials and devices are temperature-dependent, it is imperative to understand how thermal eﬀects
can aﬀect magnetization switching due to current-induced SOTs. To
study the temperature-dependence of ΔRH due to CIMS, the RH – Ich
measurement sequence is repeated at varying temperatures up to 360 K.
Fig. 4a shows ΔRH and critical switching current Isw from RT to 360 K in
the presence of IP ﬁeld Hx = 2.8 kOe. Here, Isw is deﬁned as the current
at which ΔRH changes by 50%. At room temperature, Isw is 17 mA and
drops to 13 mA when the device temperature is increased up to 360 K.
While the device shows monotonic decrease in Isw with increasing
temperatures, ΔRH is observed to increase up to 340 K due to weakened
anisotropy, lowering the energy barrier between states and resulting in

Fig. 1. (a) IP and OOP magnetization curves of Ta/Pt/[Co/Pt]4/Co/Ta blanket
ﬁlm at RT. Inset shows the OOP hysteresis loop showing perpendicular anisotropy of the blanket ﬁlm with coercivity Hc ≈ 300 Oe. (b) Device schematic
depicting current delivery along the x-axis and anomalous Hall voltage VH
measurement along the Hall bar. (b) Hc obtained from RH – Hz measurements in
a scanning OOP magnetic ﬁeld from room temperature from RT to 360 K show
an inverse relationship of coercivity with temperature. Insets show square RH –
Hz loops at RT and 360 K. The change in RH is 2 Ω for device temperatures in
the measurement range.

and probing currents I, corresponding to a current density J, applied
along the channel. Post-fabrication, the magnetization of the device was
probed by measuring the anomalous Hall voltage VH across the Hall bar
by applying a non-perturbing DC probing current Iprobe = 200 μA. The
anomalous Hall resistance RH, deﬁned as a measure of the degree of
perpendicular magnetization in the device, can be determined from
RH = VH/Iprobe. RH is plotted as a function of an out-of-plane (OOP)
2
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Fig. 2. (a) RH – Ich loops at RT showing intermediate resistance states, and (b) Kerr microscopy images of device magnetization conﬁguration at various Ich corresponding to the measured Hall resistances.

The set of loop shifts at Hx = ± 10 mT clearly shows that the loop shift
is dependent on the current polarity as shown in Fig. 5d. Here, a linear
ﬁt approximates the eﬃciency χ. This measurement is performed across
Hx = ± 1 kOe at RT and 360 K. The χ versus Hx is plotted in Fig. 5e
and 5f for RT and 360 K, respectively. At RT, χsat(RT) ≈ 74 Oe/
1011Am−2, comparable to reported values in single Pt/Co and Pt/
CoFeB stacks [25]. At T = 360 K, the value of χsat(360 K) ≈ 59 Oe/
1011Am−2. The relationship between χ and the spin Hall angle (SHA)
π θ ℏ
θSH of the HM layers is given by χsat = 2 2eMSHt , where ħ, e, Ms and tFM
s FM
are the Planck’s constant, electron charge, saturation magnetization,
Pt
and FM layer thickness, respectively [26]. The SHA of Pt θSH
has been
reported to be largely invariant with temperature up to 400 K [27–30].
Ta
has been reported to
However, the damping-like eﬃciency of Ta ξDL
decrease monotonically with increasing temperature from 300 K [31].
The damping-like eﬃciency ξDL , spin Hall angle θSH , and SOT eﬃciency
χsat are ﬁgures of merit that scale with each other [25,29]. Therefore,
the decrease of χsat by 26% from 295 K and 360 K can be attributed to
Ta
Ta
and θSH
at higher device temperathe corresponding decrease in ξDL
tures.
By adopting a current-driven domain wall propagation model [32],
the external ﬁeld suﬃcient to overcome the eﬀective ﬁeld due to the
Dzyaloshinskii-Moriya interaction (HDMI) can be determined. At both
ends of the temperature range, HDMI(RT) ≈ 655 Oe and HDMI
(360 K) ≈ 560 Oe. The decrease in HDMI and weakening of DMI
strength with increasing T is due to greater thermal disorder [33,34].
The chiral magnetization canting due to DMI can be overcome with
smaller IP bias ﬁeld Hx at higher temperature T.

thermally-assisted current-induced SOT switching. Further increase in
temperature beyond 340 K results in a decrease in ΔRH, revealing that
some of the magnetic domains may have substantially weakened anisotropy to the point where much of the perpendicular magnetization is
not sustained under the IP ﬁeld. By varying both Hx and T, a phase
diagram describing the switching behaviour of the devices is obtained
as shown in Fig. 4b. The polarity of Ich and Hx results in LRS-to-HRS or
HRS-to-LRS loops. A large Hx is required for CIMS in highly anisotropic
Co/Pt multilayer systems and can be observed in the region of red of the
phase diagrams where the largest ΔRH is achieved. For Hx < 0.28 T,
ΔRH generally increases with T. Throughout the T-dependent measurements, RH – Hz loops were performed to conﬁrm that there were no
irreversible changes to the magnetic properties of the device due to the
combined eﬀects of thermal and Joule heating.
To quantify the SOT eﬃciency of the device at room and peak T, the
Hz,eﬀ due to Ich at RT and 360 K was determined. For this measurement,
a calibrated air-core electromagnet was used to provide a sweeping Hz
ﬁeld as shown in the schematic Fig. 5a. The sample was located at the
centre of the air-core electromagnet during measurement. The Hall
resistance RH in a scanning OOP ﬁeld Hz was measured at varying
channel currents Ich and IP ﬁeld Hx. The loop shifts for Ich = ± 12 mA
with their loop centres displaced due to opposite current polarities is
shown in Fig. 5b. The vertical oﬀsets are for clarity. Fig. 5c shows the
depinning ﬁelds for down-to-up (blue dots) and up-to-down (red dots)
switching transitions across a range of Ich from −12 mA to +12 mA.
The loop shift (black dots) determined from the depinning ﬁelds (zerocrossing) is deﬁned to be the eﬀective ﬁeld Hz,eﬀ at the respective Hx.

Fig. 3. (a) Current density proﬁle across the device
due to current Ich. Lateral shunting of the current at
the device junction results in inhomogeneous current-density. (b) Sequential snapshots of up (red)
and down (blue) magnetic domains a the amplitudes of current-induced OOP eﬀective ﬁelds are
increased from (i) to (iv). In this sequence, the
down magnetic domains gradually ﬂip up across
the device. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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Fig. 4. (a) Thermally-assisted switching at 2.8 kOe results in monotonic decrease in switching current Isw with increasing temperature T. The change in Hall
resistance ΔRH peaks at 340 K as the reduced anisotropy is unable to sustain a fully OOP magnetization above that temperature. (b) Phase diagrams across varying IP
ﬁelds show ΔRH due to 1 ms write pulses across varying IP bias ﬁeld Hx.

measurement method describes only the net eﬀect from the entire
multilayer stack.
The intermediate magnetization states are persistent and therefore
non-volatile with successive read operations. Bipolar pulse switching

Table 1 compares the HDMI values obtained from other works using
the same techniques [25,35,36]. The [Co/Pt]4/Co multilayer in this
work suggests that opposing DMI at the interfaces of each Co layer
would interfere. Therefore, the HDMI determined from this

Fig. 5. (a) Schematic of measurement set-up showing heater with integrated thermocouple, and air-core coil providing an OOP magnetic ﬁeld Hz. A larger electromagnet (not shown) provides an IP Hx ﬁeld. (b) RH – Hz loop at RT for Hx = 0.1 T and Iprobe = ± 12 mA showing shifts in loop centers. Vertical oﬀset is for clarity.
(c) Loop shift (black dots) due to Iprobe. (d) Loop shifts due to bias ﬁelds of opposite polarity. Eﬀective ﬁeld χ for (e) T = RT and (f) T = 360 K.
4
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temperatures is described in the phase diagram as shown in Fig. 6b. At
T = RT, more intermediate resistance states are accessible, as indicated
by the broadening of the colour map at increasing ﬁelds. Elevated
temperatures result in a reduction of ﬁeld required for switching to
achieve the same resistance state at T = RT as indicated by the eroding
dark blue region. Even though switching occurs across the range of
temperatures, receding red regions indicate that the degree of magnetization switching deteriorates at elevated temperatures.
The eﬀect of temperature on the reliability of writing and reading a
multi-state resistance device may pose a challenge. However, this can
be resolved by using a variation sensing circuit to compensate for a
change in device temperature, and perform corrected write and read
operations accordingly [23,37,38]. On the other hand, the device can
serve as a temperature sensor by utilizing its temperature sensitivity.
[39] Under certain write currents, diﬀerent magnetization states can
result from diﬀerent device temperatures. A threshold used to diﬀerentiate between temperature ranges and boundaries can be implemented.

Table 1
Comparison table of HDMI values obtained from similar measurement methods.
Values of HDMI obtained in this and other works using similar measurement
methods of determining χ [25,35,36].
Multilayer Stack

|HDMI| (Oe)

Reference

Pt
Pt
Pt
Pt
Pt
Pt
Pt
Pt

655
813
1300
1404
2120
2180
2386
2200

Durga Khadka,
et al.

2800
250
300

Chi-Feng Pai, et al.

(4)/Co (1.2)/Ir (1)
(4)/Co (1.2)/Ir (2)
(4)/Co (1)/Ir (1)
(4)/Co (1)/Ir (2)
(4)/Co (0.8)/Ir (2)
(4)/Co (0.8)/Ir (3)
(4)/Co (0.8)/Ir (4)
(3)/[Pt (1)/Co (0.8)/Ru
(1.3)]2
Pt (4)/Co (1)/MgO (2)
Ta (6)/CoFeB (1)/MgO (2)
Ta (3)/CoFeB (1.3)/MgO (1)/
Ta (1)
Pt (3)/[Co (0.6)/Pt (0.6)]4/Co
(0.6)/Ta (5)

655 (RT = 295 K); 560
(360 K)

Jiangwei Cao,
et al.
This work

2. Conclusion

followed by successive reads at varying temperatures from RT to 360 K
is performed to demonstrate this. At each temperature setpoint, alternating polarities of current pulses are delivered in the presence of an
external magnetic ﬁeld of Hx = +1 kOe as shown in Fig. 6a. The write
pulses are each followed by successive read operations in the absence of
the external magnetic ﬁeld. ΔRH for each current amplitude at varying

In summary, SOT-driven multi-state magnetization switching in Co/
Pt Hall cross devices were demonstrated for devices operating from RT
to 360 K. The multilayer shows strong as-deposited perpendicular
magnetic anisotropy. The anomalous Hall resistance scales with current
amplitude, and the multi-state characteristic of a current-induced SOT

Fig. 6. (a) Procedure for multistate write and read involves applying a write pulse Ich in the presence of an IP ﬁeld Hx. The resistance state is probed with a nonperturbing Iprobe = 200 µA. The procedure is repeated with alternating polarities and amplitudes of Ich. (b) Phase diagram for multistate write and read across
varying temperatures T and IP bias ﬁeld Hx.
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switched device was shown to be due to a geometrically imparted, inhomogeneous current density distribution across the device junction.
The current-induced SOT switching was simulated by mapping the
current density proﬁle across the device to an eﬀective OOP ﬁeld. The
simulation results closely mimic the device magnetization states as
observed through in-situ Kerr microscopy imaging at various pulse
current amplitudes. When the device was subjected to the temperature
range from RT to 360 K, the switching amplitude derived from the
change in Hall resistance ﬁrst increases up to about 340 K before decreasing. While the switching current Isw is inversely proportional to
device temperature, the change in high and low resistance states ΔRH is
greatest at 340 K. The eﬀective OOP ﬁeld per unit current density χ was
quantiﬁed at RT (χsat(RT) ≈ 74 Oe/1011 Am−2) and 360 K (χsat
(360 K) ≈ 59 Oe/1011 Am−2). The eﬃciency, saturation ﬁeld, and IP
ﬁeld required to overcome the DMI ﬁeld are reduced at elevated temperatures due to increase in thermal disorder. This work gives additional insight on the eﬀect of elevated temperature on SOT-driven
multi-state devices. The challenges imposed by the temperature sensitivity of multi-state write and read can be resolved with appropriate
sensing circuits to monitor and compensate for the temperature variation. Alternatively, the device can serve as a temperature sensor, by
exploiting the temperature-dependent current-induced SOT switching.
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