
Spin Reflection-Induced Field-Free Magnetization Switching in
Perpendicularly Magnetized MgO/Pt/Co Heterostructures
Tianli Jin, Gerard Joseph Lim, Han Yin Poh, Shuo Wu, Funan Tan, and Wen Siang Lew*

Cite This: https://doi.org/10.1021/acsami.1c22061 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Field-free magnetization switching is critical towards practical, integrated
spin-orbit torque (SOT)-driven magnetic random-access memory with perpendicular
magnetic anisotropy. Our work proposes a technique to modulate the spin reflection
and spin density of states within a heavy-metal Pt through interfacing with a dielectric
MgO layer. We demonstrate tunability of the effective out-of-plane spin torque acting
on the ferromagnetic Co layer, enabling current-induced SOT magnetization switching
without the assistance of an external magnetic field. The influence of the MgO layer
thickness on effective SOT efficiency shows saturation at 4 nm, while up to 80% of field-
free magnetization switching ratio is achieved with the MgO between 5 and 8 nm. We
analyze and attribute the complex interaction to spin reflection at the dielectric/heavy metal interface and spin scattering within the
dielectric medium due to interfacial electric fields. Further, through substituting the dielectric with Ti or Pt, we confirm that the
MgO layer is indeed responsible for the observed field-free magnetization switching mechanism.
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■ INTRODUCTION

Spin-orbit torque magnetic random-access memory (SOT-
MRAM) has been widely slated to be the next generation of
MRAM due to its high speed, improved endurance, and better
energy efficiency.1−6 In particular, SOT-MRAM with perpen-
dicular magnetic anisotropy (PMA) boasts excellent thermal
stability and scalability.5−9 However, a collinear in-plane field is
generally required to achieve deterministic current-induced
SOT magnetization switching in PMA devices, a criterion that
challenges the practical integration of SOT-MRAM. Efforts
have been made toward the development of field-free SOT
switching of PMA devices, such as by breaking the overall
symmetry of the system either through its magnetic properties
or spin current distribution. For instance, Yu et al.
demonstrated an external field-free switching technique by
utilizing a wedged stack to form a graded anisotropy field in
the PMA layer.10 Subsequent works include the implementa-
tion of an in-plane exchange bias field11 and an in-plane
interlayer exchange coupling field.12 Cai et al. introduced a
gradient spin-polarized current using a ferroelectric substrate,13

and Baek et al. reported field-free switching using an out-of-
plane spin current by modulating the spin orientation via
interface spin filtering and precession through the use of an in-
plane ferromagnet.14 Most recently, field-free switching was
experimentally demonstrated by out-of-plane spin torque in
systems employing low-symmetry crystals.15 Among these
techniques, magnetization switching through an out-of-plane
spin torque is most advantageous compared to techniques
involving spatial variation and exchange fields as it would not
compromise the scalable integration.

Electrons can be polarized when charge current flows
through heavy metals (HM).4,5 Assuming predominantly spin
Hall effect (SHE)-induced scattering events experienced by
itinerant electrons, oppositely polarized spins accumulate at
the lateral interface of the HM. Conventional SOT devices
exploit this accumulation of spin for magnetization switching
by interfacing the HM with a ferromagnetic (FM) layer, which
allows the accumulated spins to cross the HM/FM interface
and interact with the FM magnetic moments through angular
momentum transfer. Aside from such mechanisms, it is also
reported that scattering can occur at seed layer/HM or FM/
capping interfaces.16−21 As such, the spin density of states
within an HM layer interfacing with the seed layer can be
brought out of balance from purely SHE through spin
scattering or spin reflection, which in turn may be used to
modulate the spin accumulation at the HM/FM interface. As
discussed in previous works on Pt/Co SOT heterostructures,
the spin generation along an HM Pt track with a thickness of d
can be described by Js(d) = Js(∞)[1 − sech(d/λs)] based on
the spin drift-diffusion theory, where Js(∞) is the spin current
at infinite Pt thickness and λs is the spin diffusion length.22−24

Those works mainly dealt with the Pt/Co interface and
assumed that no spin current penetrates out of the X/Pt
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interface, where X is the non-FM seed layer interfacing Pt.
However, the Rashba-like spin-orbit interaction and spin
absorption as well as spin reflection at the X/Pt interface have
been seldom discussed. Electrons reflected from the X/Pt
interface may realign spin orientations, which will change the
spin distribution in the Pt layer.16,17 Moreover, if X is a
dielectric, such as MgO, then an interfacial electric-field is
generated due to the difference of electron chemical potentials
between the substrate and a dielectric.25−27 Modifying the
thickness of the dielectric layer will allow for the tuning of this
interfacial electric field and orientation of the reflected spins.
In this study, we demonstrate the field-free SOT switching

in the MgO/Pt/Co heterostructure by modulating the spin
reflection and spin density of state within Pt through
interfacing with a dielectric MgO layer. Through anomalous
Hall voltage loop shift measurements, we determine that the
SOT acts as an effective out-of-plane field on the magnet-
ization in the absence of an external magnetic field. By
substituting the MgO layer and comparing it with high-
conductivity Ti or Pt, we confirm that the MgO is indeed
responsible for field-free SOT switching. Moreover, the
thickness dependence of MgO reveals an optimal switching
ratio of up to 80% between 5 and 8 nm. This work offers the
technique to achieve field-free SOT magnetization switching
by taking benefits from the spin reflection at the dielectric/HM
interface, and it is important to develop SOT-MRAM and spin
logic devices in large-scale integration.28,29 Furthermore, the
field-free SOT switching device also has a wide range of non-
conventional computing application prospects like brain-
inspired computing and deep neural networks.30,31

■ RESULTS AND DISCUSSIONS

Figure 1a illustrates the interfaces of substrate/X and X/Pt by
inserting a seed layer X between the substrate and Pt in
substrate/X/Pt/Co/Ti heterostructures. When a charge
current flows along the Pt layer in the x-direction, spin-up
and spin-down electrons are scattered in the opposite
directions via the bulk SHE,32 resulting in a spin current
with a polarization py aligned along the y-direction. Upon
entering the Co layer, the spin current exerts anti-damping
torque τDL ≈ M×(M × py) and field-like torque τFL ≈ M × py
to the magnetic moments of Co.33 Here, spin scattering at the
substrate/X interface is neglected since the spin diffusion
length of Pt (1.6−3 nm) is smaller than the thicknesses of the
seed layer X and Pt,4,34 resulting in negligible spin reflected off
the substrate/X interface reaching into the Co layer. Therefore,
the spin scattering at the X/Pt interface instead of substrate/X
is dominant in this particular heterostructure. Figure 1b shows
the depiction of the various spin reflection effects from the X/
Pt interface with MgO, Ti, and Pt layers. In the case of the
heterostructure with X = MgO, spin-down electrons reaching
the MgO/Pt interface can penetrate the MgO layer or be
reflected back, and afterward it is accumulated at the Pt/Co
interface. Furthermore, spin-up and spin-down electrons will
be realigned within the Pt layer, which imbalances the spin
density of states originally due to bulk SHE.35,36 The
significant spin reflection at the MgO/Pt interface also can
be understood from the work function change up to 7 eV of Pt
(5.7 eV) and MgO (−1.2 eV) two materials, which will
generate an internal electric field pointing to the Pt layer from
the MgO layer.37,38 The existence of the internal electric field
at the MgO/Pt interface will interact with the reflected spin,
resulting in the spin flip and rotation as well as spin precession.
In the case of the heterostructure with X = Ti, down-spin

Figure 1. (a) Schematic illustration of the heterostructures with substrate/X/Pt/Co/Ti. The interface of substrate/X and X/Pt is labeled. (b)
Depiction of the spin reflection effect from the MgO/Pt and Ti/Pt interface with an arrow and the negligible spin reflection in pure Pt. (c)
Hysteresis loops for MgO/Pt/Co, Ti/Pt/Co, and Pt/Co thin film samples. (d) Optical image of the Hall cross device for electric measurements.
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electrons will be absorbed by the Ti layer due to its high
conductivity and less change of work function between Pt and
Ti (1.4 eV), resulting in less spin reflection at the Ti/Pt
interface. Without a distinct interface for the case of X = Pt, no
spin scattering has been considered.
Figure 1c shows the hysteresis loops for substrate/MgO(5)/

Pt(3)/Co(1.4)/Ti, substrate/Ti(5)/Pt(3)/Co(1.4)/Ti and
substrate/Pt(5)/Co(1.4)/Ti (thickness in nm), which were
measured by a vibrating sample magnetometer. The saturation
magnetization of these samples is approximately 650 emu/cm3,
and they all display the high remanent magnetization along the
out-of-plane Hz direction, indicating the good PMA. For the
electrical and optical measurements, Hall cross devices with a
width of 5 μm and length of 50 μm were patterned by electron
beam lithography and Ar ion milling etching. The optical
image is shown in Figure 1d.
The switching behaviors induced by SOT are carried out by

sending the pulse current on MgO/Pt/Co Hall cross devices.
The pulse width of the current I was fixed at 5 ms. The current
amplitude is swept from +15 to −15 mA and then back to +15
mA. The Hall voltage (Vxy) was measured after each pulse
current by sending a small reading current of 470 μA. The
interval of the pulse current is around 2 s. The measurement
procedure was illustrated in Figure 2a. The Vxy switching

curves are shown in Figure 2b with varying the Hx from 30 to
−30 Oe. A mostly fully SOT switching loop was observed at
Hx = 0 Oe. In addition, almost no switching signal was
detected in this sample when Hx = −10 to −20 Oe. These
results indicate the existence of an effective internal field that
participates in the deterministic SOT switching process. The
switching current Isw and the switching ratio as a function of Hx
are displayed in Figure 2c,d, respectively. As expected in the

SOT framework, the switching current is reduced with the
increasing assistant field Hx, while the switching ratio increases
as the magnitude of Hx increases.

3 For Ti/Pt/Co and Pt/Co
samples, the magnetization can be fully switched with the
assistance of Hx.

39 However, partial switching is demonstrated
in the Ti/Pt/Co sample, and the no-switching in the Pt/Co
sample is observed at Hx = 0 Oe. The switching curves for Ti/
Pt/Co and Pt/Co samples are shown in Supporting
Information S3.
To confirm the field-free switching for the MgO/Pt/Co

sample and further gain insights into the magnetization
switching process, we utilized an MOKE microscope to
capture the magnetic domain evolution during switching.
The devices were saturated at a large field (Hz = 3000 Oe) to
initialize the magnetization to the “up” direction and capture as
the reference image. Next, the following images were obtained
after each current pulse by subtracting from the reference one.
Figure 2e shows the Kerr images and domain states after each
pulse current I at the zero field. Pulse currents I with the
increasing amplitude were delivered through the wire from left
to right in all cases. In the MgO/Pt/Co sample, upon delivery
of the increasing current I from 4 mA, a reversed domain first
nucleates at the left-top edge, which then expands across the
entire strip, resulting in the deterministic full switching.40 The
visualized domain evolution is presented in the inset of Figure
2e, which provides clear evidence for the field-free switching in
Figure 2b.
The fully field-free SOT switching was only observed in

MgO/Pt/Co, while no indication of field-free switching was
observed in the Pt/Co system. The result indicates the
significant role of the MgO layer in spin reflection. In this
scenario, the spin electrons in the Pt layer with polarization
along +py (or −py) have been realigned, causing the spin
polarization with an out-of-plane component. To confirm the
existence and contribution of the out-of-plane spin-orbit
torque contribution to the field-free SOT switching in the
particular system,15,41 we carried out the measurements with
shifting Vxy loops under different DC currents IDC. Figure 3a,b
shows the Vxy shift loops for MgO/Pt/Co samples at Hx = 0
and Hx = 520 Oe, respectively. The clear Vxy loop shift to right
and left was observed in the MgO/Pt/Co sample when the IDC
is 7 and −7 mA at Hx = 0 Oe. Moreover, the Vxy loops become
tilted, which is due to the significant Joule heating of high
IDC.

42,43 With applied Hx = 520 Oe, the shift field increases and
the Vxy loops become much narrower. However, the switching
loops are merely narrower for Ti/Pt/Co and Pt/Co samples,
and no shift has been observed in further increasing the current
to 10 mA at Hx = 0 Oe (as shown in Supporting Information
S5). The obvious Vxy-H loop shift in MgO/Pt/Co clearly
confirms the existence of finite SOT without an external field,
which is distinguished from the results of Ti/Pt/Co and Pt/Co
samples without shift at Hx = 0 Oe. Moreover, with the current
smaller than ±6 mA, no obvious shift was detected in MgO/
Pt/Co, upon increasing the current to ±7 mA, an abrupt shift
was observed, which was similar to the previously reported
systems with the presence of the spin current with out-of-plane
spin torque component.15 The shift fields Hshift for Hx = 0 and
Hx = 520 Oe with IDC have been summarized in Figure 3c.
Figure 3d shows the comparable results of Hshift for MgO/Pt/
Co, Ti/Pt/Co, and Pt/Co samples with Hx = 520 Oe. The
linear slope between Hshift and IDC can quantitatively manifest
the SOT efficiency.22 The slope of 7.9 ± 0.96 (Oe/mA) was
shown in the MgO/Pt/Co sample. For Ti/Pt/Co and Pt/Co

Figure 2. (a) Measurement procedure of the pulse current-induced
magnetization switching. (b) Hall voltage Vxy with the pulse current I
in the MgO/Pt/Co device under different in-plane magnetic fields Hx.
(c, d) switching current Isw and switching ratio as a function of Hx for
the MgO/Pt/Co sample, respectively. (e) MOKE-normalized signal
and domain images with increasing I at Hx = 0 Oe.
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samples, the slopes are 13.5 ± 1.03 (Oe/mA) and 8.4 ± 0.93
(Oe/mA), respectively. The lower SOT efficiency demon-
strated from the loop shift results in the MgO/Pt/Co sample is
attributed to the stronger spin reflection from the MgO/Pt
interface, resulting in the net spin compensation at the Pt/Co
interface. Moreover, we have performed harmonic measure-
ments by sweeping the in-plane magnetic field to further
investigate the spin-torque efficiency (as shown in Supporting
Information S6).
We, furthermore, tuned the thickness of MgO to investigate

the impact on the switching efficiency by performing harmonic
measurements and the current-induced switching loops at Hx =
0 Oe. Samples with different thicknesses of MgO from 1 to 10
nm all exhibit good PMA, which are denoted as MgO (tMgO

nm)/Pt/Co. The differences of Hall voltages (ΔVxy = VU −
VD) between up and down magnetizations are almost

comparable (as shown in Supporting Information S8). All
the MgO/Pt/Co samples display a clear MgO (200) peak,
confirmed from X-ray diffraction (XRD) scanning, which
indicates a good crystalline quality of MgO. However, a faint
peak still can be observed at MgO (111) for the MgO/Pt/Co
sample with tMgO = 1 nm, which indicates that 1 nm is too thin
for MgO to form a good single crystalline (as shown in
Supporting Information S9). Figure 4a shows the results of
damping-like (DL) field efficiency χDL and field-like (FL) field
efficiency χFL extracted from the increment of the DL field and
FL field with the current density flowing Pt heavy metal layer,
with tMgO. The χDL is around 3.3 Oe/(1010 A/m2) when tMgO =
1 nm, which is almost comparable to the control sample Pt (3
nm)/Co without MgO (indicated with a yellow star).44,45 With
tMgO increasing, χDL shows a decrease to 2.7 Oe/(1010 A/m2).
Meanwhile, the χFL is enhanced to 1.2 Oe/(1010 A/m2) when

Figure 3. Shift effect of the out-of-plane hysteresis loops under positive DC 7 mA and negative DC −7 mA at an in-plane field: (a) Hx = 0 Oe and
(b) Hx = 520 Oe for the MgO/Pt/Co device. The calculation of the shift field Hshift under IDC, defined as the center shifting of the loops, is
determined in the inset of (a). (c) Summarized Hshift with IDC at Hx = 0 and Hx = 520 Oe for the MgO/Pt/Co device. (d) Hshift with a function of
IDC for MgO/Pt/Co, Ti/Pt/Co, and Pt/Co samples at Hx = 520 Oe.

Figure 4. (a) Damping-like field efficiency χDL and field-like field efficiency χFL with tMgO. The χDL and χFL for the control sample without MgO
have been indicated with yellow stars and green stars, respectively. The fitting of χDL is plotted in the red line. (b) Schematic of spin tunneling and
spin relaxation in the MgO layer. The capital A, B, and C indicate the spin reflection mechanics with electrons penetrating into the MgO layer. The
interfacial electric-field (i-EF) indicates the electric-field between the Si/SiO2 substrate and the MgO seed layer. (c) Hall voltage Vxy with pulse
current in the absence of Hx with MgO thickness tMgO. (d) SOT-induced magnetization switching ratio with tMgO.
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inserting a 1 nm MgO layer (indicated with green-star) due to
the Rashba field. χFL almost remaining to 0.9 Oe/(1010 A/m2)
with tMgO above 5 nm. The decreasing of χDL can be fitted as
the function of tMgO in eq 146
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(1)

Here, χPt is the DL efficiency coming from the 3 nm Pt
heavy-metal layer, χref is the DL efficiency coming from the
spin reflection by inserting the MgO seed layer, and λp is the
parameter to describe the spin penetration length in MgO.
Taking the fitting parameters, λp is around 0.9 nm, and the
contribution from spin reflection to χDL is saturated when tMgO
is larger than 3.8 nm. Moreover, the saturated contribution of
χref to DL efficiency is 0.92 Oe/(1010 A/m2) with a ratio of
χref/χPt = 25%, which verifies that the spin reflection from
MgO/Pt plays an important role in overall DL efficiency,
especially for the thin Pt systems. The SOT efficiency with
various tMgO also can be estimated from the shift fields Hshift
with IDC (as discussed in Supporting Information S10).
Thereafter, we carefully considered the impacts of reflected

spin on SOT switching and efficiency. As illustrated in Figure
4b, electrons with a specific spin orientation are reflected from
different depths in the MgO layer with various mechanisms
(marked by A, B, and C). Besides the direct spin reflection
from the MgO/Pt interface (marked as mechanism A), the
spin may penetrate into the MgO layer by tunneling.27 By
inserting the MgO layer, the interface between the substrate
and Pt will be changed from substrate/Pt to MgO/Pt, resulting
in a modulation of the interfacial Rashba field. Furthermore, an
interface between the substrate and MgO is formed with an
interfacial electric-field (i-EF) region due to the different
chemical potentials of the two dielectrics. All those combined
effects play a role in modulating the spin transport and SOT
efficiency in MgO/Pt/Co heterostructures. By inserting a thin
MgO layer, the DL efficiency shows a decrease, while the FL
efficiency shows a distinct increase at tMgO = 1 nm. With
increasing tMgO, the spin tunneling effect is suppressed with low
tunneling probability, resulting in more spin reflection, as
marked with mechanism B. Then, the reflected spin with the
opposite spin direction partially cancels out the spin
accumulation at the Pt/Co interface, causing a reduction of
the SOT efficiency. For a thicker MgO layer (with tMgO > 4
nm), which is the depth of the spin tunneling saturation, most
spin cannot penetrate further into the MgO layer but reaches
the region with the i-EF. The spin will be flipped with a new
orientation (as marked with C), and it leads to a modification
in the spin density of states in the Pt layer, generating an SOT
with an out-of-plane component. While inserting a much
thicker MgO layer, the spin cannot reach the i-EF regime,
which has a penetrating length of around 3−4 nm. The spin
can only be reflected without changing its orientation.
Therefore, the DL efficiency is saturated for tMgO > 4 nm,
and the field-free magnetization switching has been observed
only with tMgO in the range from 5 to 8 nm, as demonstrated in
Figure 4c. More details have been discussed in Supporting
Information S11.
Figure 4d has summarized the switching ratio, which was

extracted from the switching loop, defined as ΔVxy/ΔVH. The
error bar was obtained by measuring the same device 10 times.
In the MgO/Pt/Co samples with tMgO < 5 nm, a low switching
ratio of less than 25% was obtained and no deterministic

switching was observed without an external field. The reflected
electron spin is relatively limited within a thin MgO layer.
Hence, it is insufficient to contribute to the field-free
deterministic switching. With the increase in MgO thickness,
the switching ratio increases. A higher switching ratio (>80%)
has been observed in MgO/Pt/Co samples with tMgO in the
range from 5 to 8 nm, indicating that a distinct field-free
switching can be obtained in this thickness regime. For the
thicker MgO layer, the switching ratio starts to decrease. We
have confirmed that the bottom interface beneath the heavy
metal has significant influences on spin generation and
magnetization switching, which have not been fully evaluated
in the previous studies. High-efficiency field-free SOT devices
may be realized by implementing different types and
thicknesses of the seed layers to ensure spin reflection while
retaining high SOT efficiency.

■ CONCLUSIONS

Current-induced SOT switching without the assistance of an
external magnetic field has been demonstrated in MgO/Pt/Co
heterostructures. The magnetization switching can be
attributed to the enhanced spin reflection effect from MgO
with high resistivity, resulting in an out-of-plane spin torque,
which exerts an additional anti-damping on the magnetization
of Co for its switching. Moreover, the optimized thickness of
MgO is in the range 5−8 nm for field-free magnetization
switching. SOT efficiency can be enhanced with a high charge
conductivity seed layer to reduce the net spin compensation at
the Pt/Co interface. Our work demonstrates a technique for
field-free SOT switching and provides an approach to tune the
spin generation in both magnitude and orientation.

■ EXPERIMENTAL SECTION
Sample Preparation. In our experiment, the dielectric MgO seed

layer was deposited by radio frequency sputtering onto thermally
oxidized Si substrates in a vacuum with a base pressure of 5 × 10−8

Torr. Subsequently, the samples were transferred to another direct
current (DC) sputtering without breaking the vacuum atmosphere
followed by Pt (3 nm)/Co (1.4 nm)/Ti (5 nm) deposition with a
base pressure of 3 × 10−8 Torr. The metal Ti seed layer and Pt (3
nm)/Co (1.4 nm)/Ti (5 nm) stack were grown on Si substrates by
DC sputtering. The deposition rates for Pt, Co, Ti, and MgO are
0.127, 0.012, 0.017, and 0.003 nm/s, respectively. Hall cross devices
with 5 μm width and 50 μm length were fabricated by electron beam
lithography followed by an Ar ion milling, and the electrode consisted
of Ti (10 nm)/Cu (80 nm)/Pt (10 nm).

Electrical-Transport Measurements. Current-induced magnet-
ization switching was performed by sending a series of current pulses
with 5 ms duration, and after each current pulse, a sensing current of
470 μA was utilized to measure the change in Hall voltage. For the
anomalous Hall voltage measurements, current-induced hysteresis
loop shift measurements and the effective magnetic fields induced by
SOT were demonstrated using a harmonic lock-in technique. The first
and second harmonic Hall voltages with an alternating current of 307
Hz were simultaneously measured while sweeping an out-of-plane or
in-plane external magnetic fields in different directions.

Magneto-Optic Kerr Effect Microscopy. The MagVision Kerr
microscopy system operating in polar mode was used to measure the
switching signal and capture the domain images by sending pulse
current. The pulse current was sent by using a Keithley 2401
sourcemeter.
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