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The performance of spin–orbit torque (SOT) in heavy metal/ferromagnetic metal periodic multilayers has attracted
widespread attention. In this paper, we have successfully fabricated a series of perpendicular magnetized [Pt(2− t)/Ni(t)]4
multilayers, and studied the SOT in the multilayers by varying the thickness of Ni layer t. The current induced magnetization
switching was achieved with a critical current density of 1×107 A/cm2. The damping-like SOT efficiency ξDL was extracted
from an extended harmonic Hall measurement. We demonstrated that the ξDL can be effectively modulated by tPt/tNi ratio
of Pt and Ni in the multilayers. The SOT investigation about the [Pt/Ni]N multilayers might provide new material candidates
for practical perpendicular SOT-MRAM devices.

Keywords: spin–orbit torque, perpendicular magnetic anisotropy, spintronics
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1. Introduction

The rapid development of emerging information tech-
nologies, such as artificial intelligence, requires high-
performance and energy-efficient memory devices.[1,2] The
spintronic memories, where information is encoded by the
magnetization, provide a promising solution for the next gen-
eration data storage and processing.[3] Magnetic films ex-
hibiting perpendicular magnetic anisotropy (PMA) are of
great significance in the fabrication of magnetic tunnel junc-
tions (MTJs),[4] which are the core of the magnetic random-
access memory (MRAM) with high storage density and high
thermal stability at room temperature.[5,6] Meanwhile the
spin–orbit torque (SOT) MRAM has advantages of high en-
ergy efficiency, sub-ns switching and high endurance for
writing operation.[7,8] These advancements have been piv-
otal in driving forward research and development efforts,
enabling integration with traditional complementary metal–
oxide–semiconductor (CMOS) processes.[9] Thus, the mag-
netic materials and structures with both strong PMA and high
SOT efficiency are crucial for the development of the MRAM
applications.

The perpendicular magnetized CoFeB/MgO bilayer is
one of the most promising MTJ materials systems, which
has been intensively investigated and widely utilized in vari-
ous spintronics applications.[10] However, the interfacial PMA

originated from the CoFeB/MgO interface is insufficient to
maintain high thermal stability for MTJs at reduced dimension
smaller than 20 nm.[11,12] To achieve stronger PMA for future
sub-10 nm technology node, a number of material systems,
such as Co(Tb,Gd),[13,14] L10-ordered FePt,[15] MnGa[16] al-
loys and CoPt[17] multilayers have been explored, which have
significant magnetocrystalline anisotropy. The bulk PMA in
such alloys is very sensitive to the crystal structures of the
films, and requires epitaxial growth or strict heat treatment.[18]

In contrast, the PMA in the multilayers mainly arises from
the interfacial effect at the multiple interfaces which can be
easily tuned and are much easier for fabrication in practical
device applications.[19] The perpendicular magnetized Co/(Pt,
Pd)[20] and Fe/Pt[21] have been realized and intensively stud-
ied. However, the PMA of Ni/Pt multilayer is relatively com-
plex. There may be several mechanisms, like the magnetoelas-
tic anisotropy induced by lattice stress[22] and magnetocrys-
talline anisotropy of the interfaces,[23] that can lead to PMA
in Ni/Pt multilayers. Therefore, the dependence of PMA for
Ni/Pt multilayer on the thickness of the Ni and Pt layer is in-
triguing.

Furthermore, the magnetization switching of ferromag-
nets through current-induced spin–orbit torque (SOT) has re-
ceived significant attention in recent years.[24] In ferromag-
netic metal (FM)/ heavy metal (NM) heterostructures, it is
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mainly the spin Hall effect (SHE) and the inverse spin galvanic
effect that provide SOT.[25] When the FM layer exhibits per-
pendicular magnetic anisotropy, achieving deterministic mag-
netization switching under current-induced SOT often requires
an in-plane bias field to break the symmetry.[26] However,
there have been few reports on the SOT of Ni/Pt multilayer
films before. This urgently requires us to further explore SOT
in Ni/Pt multilayer, in particular, the SOT efficiency and bias
field dependence, which could enrich the content of Ni/Pt mul-
tilayer films in the field of SOT.

Here we fabricated a multilayer structure composed of
[Pt(2− t)/Ni(t)]4, where the thickness t of the Ni layer in the
periodic layer was adjusted to achieve PMA within a relatively
narrow range of thicknesses (below the intrinsic spin diffu-
sion length). The observed PMA phenomenon arises from
the interplay between magnetoelastic anisotropy and interface
anisotropy. Subsequently, we successfully achieved SOT in-
duced switching of the PMA magnetic multilayer films using
a current density of approximately 1×107 A/cm2. The effec-
tiveness of the spin switching process in the device was found
to be influenced by the regulation of the thickness t.

2. Experimental details
In this work, a serials of substrate/Ge(3)/[Pt(2 −

t)/Ni(t)]4/Ge(3) multilayers were grown on thermally oxidized
Si substrates using a high vacuum magnetron sputtering sys-
tem with a base pressure of 8×10−8 Torr at room temperature,
as shown by the inset in Fig. 1(a). The [Pt(2− t)/Ni(t)]4 multi-
layers were deposited by the alternative deposition of Pt and Ni
using radio-frequency and direct current sputterings. The de-
position rates for Pt and Ni are 0.019 nm/s and 0.018 nm/s, re-
spectively, which were calibrated by atomic force microscopy
(AFM). The thickness t is varied from 1.45 nm to 1.85 nm.
Both buffer and capping layer are 3 nm Ge layers. The AFM
measurements also indicate smooth surfaces and the surface
root mean square roughness is about 0.3 nm for our stacks.
These multilayers were further fabricated into 10×40 µm2

Hall bar devices using photolithography and ion milling. The
electric transport measurements were performed by a Quan-
tum Design physical property measurement system (PPMS) at
room temperature, figure 1(a) illustrates the testing geometry.
The magnetic properties of all multilayers were characterized
by a Quantum Design magnetic property measurement system
(MPMS) with a superconducting quantum interference device
(SQUID) at room temperature.

Figure 1(b) exhibits the anomalous Hall loops of the
[Pt(2− t)/Ni(t)]4 multilayers with different t. The multilay-
ers with thicker Ni layers, as shown by the blue (t = 1.65),

red (t = 1.75), and black (t = 1.85) curves, exhibit square-
shaped loops, which suggest a strong PMA. Otherwise, these
multilayers with t < 1.65 exhibit in-plane magnetic anisotropy
(IMA). The anomalous Hall effect (AHE) coefficients of these
multilayers are all negative, which is consistent with the pre-
vious results for Ni.[27] The saturation magnetization (MS) of
all multilayers was obtained from the M–H hysteresis loops
and plotted as black triangles in the top panel of Fig. 1(c). The
MS monotonically increases with Ni thickness t. The mag-
netic moment per Ni atom was calculated and plotted as the
red triangles. It increases from 0.129 µB/atom at t = 1.45 nm
to 0.216 µB/atom at t = 1.85 nm, which is far below the bulk
value of Ni (∼ 0.6 µB/atom).[23] Such a small atomic mo-
ment at room temperature can be attributed to the reduced
Curie temperature (TC) as Ni film in ultrathin region. It in-
creases with thickness t and would finally reach the bulk value
for thick Ni films.[23] Notably, the multilayer [Pt(2−t)/Ni(t)]N

can show room temperature ferromagnetism only when N > 3,
while for smaller N the reduced TC is lower than room temper-
ature due to the small total thickness of Ni layer.

To investigate the relation between PMA and t in [Pt(2−
t)/Ni(t)]4 multilayer films, both in-plane and out-of-plane hys-
teresis loops were measured to extract the values of the ef-
fective anisotropy field (HK). Then, the effective perpendicu-
lar magnetic anisotropy energy density (Keff) was further cal-
culated from the in-plane and out-of-plane hysteresis loops.
HK (black squares) and Keff (red circles) are plotted as a func-
tion of t in the middle panel of Fig. 1(c). Consistent with the
anomalous Hall loops shown in Fig. 1(b), Keff is positive as
a perpendicular magnetic anisotropy at t ≥ 1.65 and presents
a nonmonotonic trend with the maximum Keff = 8.21 kJ/m3

appearing at t = 1.75.
The resistivity increases as the thickness decreases due

to the additional scattering at the interface and surface of the
film. The resistivity (ρxx) of [Pt(2− t)/Ni(t)]4 multilayer, com-
posed as 2

ρxx
= 2−t

ρPt
+ t

ρNi
linearly decreases from 90.8 µΩ·cm

at t = 1.45 to 61.36 µΩ·cm at t = 1.85, as shown in Fig. 1(c),
which is due to the increase of Ni atoms with t. This means
that as t increases, the proportion of Ni increases, and the re-
sistance gradually approaches the resistivity of the Ni layer,
resulting in a decrease in the total resistivity. The multilayer
structure can also be viewed as incorporating Pt intercalation
into the Ni layer, which introduces interlayer impurity scatter-
ing, and subsequently enhances the resistivity of the material.
Although the anomalous Hall resistivity (ρAH) should be pro-
portional to ρxy, ρAH is factually inversely proportional to ρxy

with increasing t, which is mainly due to the huge enhance-
ment of MS related with increasing t.
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Fig. 1. (a) The structure of the [Pt(2− t)/Ni(t)]4 multilayers and the Hall bar device used for the electrical transport measurements. (b) RAH vs. Hz
curves of the [Pt(2− t)/Ni(t)]4 multilayers at different t. (c) The t dependence of the saturation magnetization (MS), coercive field (HC), anisotropic
field (HK), anomalous Hall resistivity (ρxy), and resistivity (ρxx).

3. Results and discussion
3.1. Current-driven switching of magnetization for the

PMA [Pt(2− t)/Ni(t)]4 multilayer

We investigated the current-driven magnetization switch-
ing for the [Pt(2− t)/Ni(t)]4 multilayers with PMA from t =
1.65 to t = 1.85. A series of current pulses with a 50 µs du-
ration are applied to the Hall bar device along the x direction.
The in-plane bias field (Hx) is necessary to be applied along
with the current, which can assist in deterministic magneti-
zation switching. Figure 2(a) shows the current-driven mag-
netization switching curves for the [Pt(2− t)/Ni(t)]4 multi-
layer at t = 1.65 with Hx from −800 Oe to 800 Oe, which
exhibit clockwise and counterclockwise polarity with positive
and negative Hx, respectively. This is opposite to that of Pt/Co
bilayer, which is due to the negative anomalous Hall coeffi-
cient of Ni compared with the positive anomalous Hall coeffi-
cient of Co.[28]

Furthermore, the critical current density (JC) as a function
of Hx with different t is shown in Fig. 2(b), which decreases
monotonically with the increase of |Hx|. This is because JC is
expressed as[29]

JC =
eµ0MStFM

(
HK−

√
2 |Hx|

)
h̄ξDL

, (1)

where e, µ0, tFM, h̄ and ξDL are the elementary charge, the
permeability of vacuum, the thickness of the magnetic layer,
the reduced Plank constant, and the damping-like SOT effi-

ciency, respectively. Of course, the current-driven magneti-
zation switching amplitude (Rxy/RAH) also decreases, when
the magnetization of [Pt(2− t)/Ni(t)]4 multilayer is gradually
pulled into the x–y plane with |Hx| increasing. Because Rxy is
dependent on the magnetization of the z component.[30]

We note that the current-driven magnetization switching
of [Pt(2− t)/Ni(t)]4 multilayer can be achieved even under the
residual field (∼ 10 Oe) of the PPMS, which might acciden-
tally be mistaken as field-free current-driven magnetization
switching. However, this is actually a significant advantage
in spintronic application, because even a tiny Hx can break the
symmetry in SOT process. We believe that the main reason
should be that the Dzyaloshinskii–Moriya interaction (DMI)
of [Pt(2− t)/Ni(t)]4 multilayer is very small. It is well known
that DMI represents an obstacle for current-driven magnetiza-
tion switching.[31]

Subsequently, the thermal stability is estimated by the
thermal stability factor ∆T = Ku,effVFM/(kBT ), considering a
cylinder with typical diameter of 28 nm for MRAM nodes.[32]

∆T of these PMA [Pt(2−t)/Ni(t)]4 multilayers are on the same
order of magnitude as the previously reported ∆T of the appli-
cable MRAM.[5] Obviously, our [Pt(2− t)/Ni(t)]4 multilayer
maintains the thermal stability and meets some application
standards, which can be further optimized by MgO capping
layer for practical applications. Therefore, [Pt(2− t)/Ni(t)]4

multilayer indeed enriches the material system in the field of
SOT.
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Fig. 2. (a) The current-driven switching of magnetization for the [Pt(2− t)/Ni(t)]4 multilayer at t = 1.65 with different Hx. (b) The Hx dependence
of JC and ∆Rxy/RAH.

3.2. The harmonic Hall measurements

Next, in order to directly evaluate the current-driven mag-
netization switching for the [Pt(2− t)/Ni(t)]4 multilayers, we
quantified the damping-like SOT efficiency (ξDL) by employ-
ing the extended harmonic Hall measurement. The harmonic
Hall measurement geometry is shown in Fig. 3(a). A sinu-
soidal current with a frequency of 521 Hz was applied along
the x direction, and then the second harmonic Hall resistances
(R2ω ) were obtained under a constant external magnetic field
(Hext) rotating in the x–y plane. The azimuthal angle (ϕ) is be-
tween Hext and the current. The ϕ dependence of R2ω for the
[Pt(2− t)/Ni(t)]4 multilayers at t = 1.65 is shown in Fig. 3(b)
under a series of Hext. Usually, the second harmonic Hall re-
sistances R2ω can be expressed as[33]

R2ω = −
(

RAH
HDL

Hext−HK
+R0

∆T

)
cosϕ

+2RPH
(
2cos3

ϕ− cosϕ
) HFL +HOe

Hext
, (2)

where RAH is the anomalous Hall resistance, HDL is
the damping-like SOT effective field, HK is the effective
anisotropy field , defined as HK = Hani−Hdem, with Hani and
Hdem being the anisotropy field and the demagnetization field,
respectively, RPH is the planar Hall resistance, HFL is the field-
like SOT effective field, and HOe is the Oersted field. R0

∆T
is the thermoelectric contribution for R2ω , which needs to be
ruled out.

According to Eq. (2), we calculated and plotted the
−R[cosϕ]/RAH vs. 1/(Hext−HK) curves under different Hext,
the damping-like field (HDL) was obtained as the slope of lin-
ear fitting, as shown in Fig. 3(c). Furthermore, ξDL was calcu-

lated by[34]

ξDL =
2eMStFM

h̄
µ0HDL

Je
, (3)

where Je is the current density of the Pt layer. Here, we as-
sume that all Pt land Ni layers are simplified as Pt/Ni bilayer.
The variation of ξDL as a function of t is plotted in Fig. 3(d),
which shows an almost decreasing trend. It reveals a notice-
able trend: ξDL in the [Pt (2− t)/Ni(t)]4 multilayer diminishes
rapidly from 0.125 (t = 1.55 nm) to 0.035 (t = 1.85 nm). This
observation indicates a direct influence of the thickness t of
the Pt layer in the periodic structure on the SOT of the mul-
tilayer film. In the [Pt(2− t)/Ni(t)]4 configuration, two SOT
sources contribute to the damping torque: the bulk spin Hall
effect (SHE) in the Pt layer and the Rashba effect at the Pt/Ni
interface.[26] In typical bilayer film systems such as Pt/Co,
Pt/Fe, and Pt/Ni, the generation of damping-like torque is orig-
inated from the SHE of the Pt layer in the specific context of
SHE. Consequently, it follows that the thickness of the Pt layer
directly affects ξDL in the Pt/Ni multilayer structure.[23]

We have completely adopted a Pt/Ni bilayer in the above
description and discussion, just like the classical Pt/Co bi-
layer in the specific context of SHE. However, the original
consideration as Pt/Ni bilayer is not very accurate, as our
[Pt(2− t)/Ni(t)]4 multilayer seems to be more similar to a
PtNi alloy in terms of material preparation, although the corre-
sponding properties can be well explained considering as Pt/Ni
bilayer. But if [Pt(2− t)/Ni(t)]4 multilayer is simply regarded
as a PtNi alloy, it is difficult to explain the significant current
driven magnetization switching and ξDL in [Pt(2− t)/Ni(t)]4

multilayer. Because there should be no net spin current flow-
ing in a uniform PtNi alloy. We think that the main reason is
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that the film quality gradient always exists in the z-direction,
which leads to the net SOT in [Pt(2−t)/Ni(t)]4 multilayer. Be-
cause the contribution of Pt/Ni at the lower interface to SOT is
always greater than that of Ni/Pt at the upper interface, similar
to previous reports. Therefore, considering [Pt(2− t)/Ni(t)]4

multilayer as Pt/Ni bilayer is more reasonable than consider-
ing [Pt(2− t)/Ni(t)]4 multilayer as a PtNi alloy.
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In comparison to Pt/Co and Pt/Fe bilayer films, the Pt/Ni
system exhibits weaker interface SOC and magnetic proxim-
ity effects. Consequently, it experiences a smaller spin back-
flow phenomenon and spin memory loss at the interface.[35]

As a result, in most cases, it is reasonable to consider that
the damping-like torque in Pt/Ni systems primarily originates
from the bulk spin Hall effect (SHE) of the heavy metal layer
Pt, while the contribution from the Rashba effect at the in-
terface is relatively minor. Furthermore, the interface Rashba
field can be modulated by varying the number of periodic
layers.[35] However, in this experiment, the number of peri-
odic layers is fixed at 4, and only the thickness (t) is varied.
Therefore, the contribution of the interface Rashba effect re-
mains unchanged with the thickness t. Hence, our analysis
can focus solely on the SHE contribution of the Pt layer.

To investigate the origin of the damping-like torque in the
[Pt (2− t)/Ni(t)]4 multilayer film structure, we can begin by
examining a symmetrical three-layer film structure consisting
of Pt/Ni/Pt, where the thicknesses of the top and bottom Pt lay-
ers are equal. Since the top and bottom Pt layers have equal
thickness in the Pt/Ni/Pt three-layer film structure, and con-
sidering the SHE, the majority of the spin current contribution
from the Pt layer is anticipated to have the same magnitude
but opposite spin directions. Theoretically, this implies that
the damping-like torque experienced by the middle Ni layer

should cancel out due to the opposing spin currents. Con-
sequently, in the [Pt(2− t)/Ni(t)]4 multilayer film, only the
top Ni layer is affected by the damping torque generated by
the current flowing through the lower Pt layer. As a result,
the damping-like switching efficiency of the Pt layer thickness
within the range of 0.15–0.45 nm is expected to be extremely
low.

However, as shown in the SOT tests and the second har-
monic tests in Figs. 2 and 3, it has been demonstrated that the
damping torque efficiency in the [Pt(2− t)/Ni(t)]4 multilayer
film is still very significant, close to the torque efficiency of
Pt/Ni in the literature (∼ 0.05),[36] which means that the spin
current from the Pt layer has not been completely offset. This
means that the asymmetry between the top Ni/Pt and bottom
Pt/Ni interfaces of the multilayer film is the key to the exis-
tence of a large damping torque in the symmetric three layers.

In the SOT study of Pt/Co multilayers with similar struc-
tures, there are different interface structures between Co/Pt
and Pt/Co. The bottom Pt/Co exhibits a chemically sharp inter-
face, but the top Co/Pt is slightly intermixed during the sputter-
ing process, which may be the reason for the obvious damping-
like torque.[37] This can also be used to explain the cause of
symmetry breaking of the Pt/Ni system. Meanwhile, consider-
ing that the thickness of the Pt layer is relatively smaller com-
pared to the Ni layer, as the Pt thickness increases, the increase
in interface mixing may change the interface difference, which
may also lead to ξDL increasing.

4. Conclusion
In this work, we have successfully fabricated a series of

perpendicular magnetized [Pt(2− t)/Ni(t)]4 multilayers and
studied the SOTs as a function of the thickness of Ni layer.
The damping-like SOT efficiency ξDL was extracted from an
extended harmonic Hall measurement. We find that the ξDL in-
creases with increasing the tPt/tNi ratio due to pronounced con-
tribution from the Pt layers. Our experimental results indicate
that the perpendicularly magnetized Ni/Pt multilayers have a
sizeable SOT efficiency which can be tuned by the tPt/tNi ratio,
and could be a promising material for the future SOT-MRAM.
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