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Orbital-current-driven magnetization switching in a magnetic tunnel junction
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Spin orbitronics, based on both spin and orbital angular momentum, presents a promising pathway for
energy-efficient memory and logic devices. Recent studies have demonstrated the emergence of orbital
currents in light transition metals such as Ti, Cr, and Zr, broadening the scope of torque-driven magnetiza-
tion switching. In particular, the orbital Hall effect, which arises independently of spin-orbit coupling, has
shown potential for enhancing torque efficiency in spintronic devices. However, to date, limited work has
focused on the direct integration of orbital current into a magnetic tunnel junction (MTJ). In this work, we
design a light metal/heavy metal/ferromagnet multilayer structure and experimentally demonstrate mag-
netization switching by orbital current. Furthermore, we have realized a robust spin-orbit torque MTJ cell
by incorporating a reference layer that is pinned by a synthetic antiferromagnetic structure. We observed a
tunnel magnetoresistance of 66%, evident in both magnetic field and current-driven switching processes.
Our findings underscore the potential for employing orbital current in designing next-generation spintronic

devices.

DOI: 10.1103/q2¢c6-kmmw

I. INTRODUCTION

The magnetic tunnel junction (MTJ) is one of the
most fundamental building blocks of magnetic random-
access memory (MRAM), a next-generation nonvolatile
memory technology that offers significant advantages over
conventional memory systems, including low power con-
sumption, high endurance, and ultrafast operation [1-3].
Consisting of two ferromagnetic layers separated by a
thin insulating barrier, data storage is achieved by con-
trolling the relative magnetization orientation of these
ferromagnetic layers, leading to a change in tunnel mag-
netoresistance (TMR), which can be detected to encode
binary information (“0” and “1”) [4-9]. Now, a critical
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challenge in MRAM development is the efficient manip-
ulation of the free-layer magnetization. However, this can
be achieved by the MTJ in three different switching mech-
anisms: driven by the external magnetic field, spin-transfer
torque (STT), and spin-orbit torque (SOT). In the SOT
mechanism, the writing current flows transversely in a
separate bottom electrode rather than through the tun-
nel barrier, mitigating electromigration-induced degrada-
tion and significantly enhancing device endurance [10,11].
Various methods have been explored to minimize switch-
ing current density (J.) to improve the performance of
the MTJ, including the utilization of materials with large
spin Hall angles, such as topological insulators [12—16],
two-dimensional materials [17,18], and complex oxides
[19-23]. While these materials exhibit high charge-to-
spin conversion efficiency and can substantially reduce J,,
their limited compatibility with standard memory device-
fabrication processes limits their practical application in
commercial MRAM technology.

Recently, the orbital Hall effect (OHE) has garnered sig-
nificant attention as a promising mechanism for generating
orbital currents in response to an applied electric field in a
transverse direction, providing an efficient route to enhance
torque efficiencies [24—27]. Unlike the conventional spin
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Hall effect, OHE does not rely on strong spin-orbit cou-
pling (SOC), eliminating the need for rare and expen-
sive heavy metals [25-30]. This is a major advantage
as it allows for the use of lighter, more abundant, and
potentially more cost-effective materials like Ti or Cu for
spintronic and orbitronic applications. This broadens the
material scope and flexibility in future electronics appli-
cations and reduces reliance on expensive heavy metals
[31-33]. Furthermore, OHE exhibits a larger orbital Hall
angle [34,35], which can significantly enhance torque effi-
ciency [25,27,36—41]. Both theory and experiments have
shown that the efficiency of orbital moments may be even
larger than the efficiency of SOC in traditional heavy
metals. Unlike spin angular momentum, which can be
given by S = /s(s + 1)h = <\/§/2) h, a key advantage
of orbital moments is that the magnitude of an electron’s
orbital angular momentum is not an intrinsic, unchang-
ing property. Instead, it depends on the azimuthal quantum
number (L =JI(l+ l)h), offering a tunable parameter for
designing more efficient spintronic devices. As a result,
an electron’s OAM can be much larger than its spin,
potentially by orders of magnitude. In some topological
insulators, for instance, the OHE can be orders of mag-
nitude larger than the SHE [42]. Thereby, it can achieve
magnetic moment reversal with lower power consumption
and higher efficiency [27,32,33]. Crucially, OHE-based
materials are compatible with standard memory device
fabrication processes, making them highly attractive for
next-generation MRAM technologies [27,32].

In this work, we demonstrate perpendicular magnetiza-
tion switching in CooFegByo (CFB) driven by an orbital
current generated via the OHE in a Ti layer within a
Ti/Ta/CFB/MgO/Ta multilayer. The orbital current gen-
erated by the Ti layer is converted into a spin current
through SOC in the adjacent Ta layer, facilitating effi-
cient magnetization switching [43]. Compared to the con-
ventional Ta/CFB bilayer, the inclusion of the Ti layer
reduces the critical switching current density. To explore
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its practical viability, we fabricated a perpendicular mag-
netic tunnel junction (pMTJ) incorporating the Ti/Ta/CFB
free layer, achieving a TMR ratio of 66% at room temper-
ature. These results highlight the future potential of OHE-
driven magnetization for next-generation SOT-MRAM
devices.

II. RESULTS AND DISCUSSION

Figure 1(a) illustrates the design of our MTJ, which
features two ferromagnetic (FM) layers separated by a
thin insulating barrier. When a spin-polarized current is
injected into the ferromagnetic layer, the electrons with
specific spin orientations exert torques on the magnetic
moments of the ferromagnets, inducing magnetization
switching. In this work, we utilize the orbital current
generated by the OHE in a light metal layer to drive mag-
netization switching. Since orbital current cannot directly
interact with the spin-based magnetic moments [43—47],
a heavy metal with strong SOC is introduced between
the light metal and the ferromagnetic layer. This heavy-
metal layer facilitates the conversion of orbital currents
into spin currents, which then exerts SOT on the ferromag-
netic layer. To achieve this goal, we designed a multilayer
stack consisting of Ti/Ta/CFB/MgO/CFB/synthetic anti-
ferromagnet, as shown in Fig. 1(b). The CFB is selected
as the ferromagnetic layer, owing to its large spin polar-
ization (approximately 65%) and perpendicular magnetic
anisotropy (PMA) [48,49]. A synthetic antiferromagnetic
(SAF) stack is placed atop the CFB layers to pin the
magnetization of the top CFB layer [50-52]. Directly
beneath the ferromagnetic stack lies a thin Ta layer, a
heavy metal with strong SOC, which not only facilitates
spin conversion but also enhances the PMA of CFB [49].
Below the Ta layer, the Ti layer—despite its weak intrin-
sic SOC—generates an orbital current through the OHE.
This orbital current is converted into spin currents by the
Ta layer, effectively inducing magnetization by switching
in the CFB free layer.

(b)

Ti/Au Top electrode

layer

MgO Barrier layer

Spin

Ta SOC layer Source

Si/SiO, Substrate

(a) Schematic of the SOT-MRAM cell design. The orbital current is converted into a spin current, which then induces the

magnetization switching in the free layer. (b) Schematic of the multilayer stack design for the orbital current-driven pMT]s.
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(a) Magnetization-switching measurement using polar MOKE in the Ti(5)/Ta(0.5)/CFB(0.75)/MgO(2.2) /Ta(2.0) multi-

layer. The intensity of polarized light passing through the polarizer is recorded as a function of the magnetic field poH., with corre-
sponding MOKE images at different poH; values. (b) Current-induced magnetization switching as a function of pulse current under
varying in-plane magnetic fields jLoH,, with a pulse width of 100 ps. The corresponding MOKE images at different pulse currents are
also shown. The inset displays a microscope image of the device used for current-driven magnetization switching. (c) Current-induced
magnetization-switching curves for Ti(5)/Ta(0.5)/CFB(0.75)/Mg0(2.2) /Ta(2.0) and Ta(5.5)/CFB(0.75)/Mg0O(2.2) /Ta(2.0) multi-
layers. (d) Schematic illustration of the two different switching mechanisms in the multilayers with and without the Ti layer.

II1. SPIN-TRANSPORT MEASUREMENTS

Based on this design, we first aimed to achieve a CFB
layer with PMA above the Ti/Ta layers. We deposited
a series of Ti(5.0)/Ta(0.5)/CFB(f)/MgO(2.2)/Ta(2.0)
stacks on the oxidized Si(100) wafers using a Singulus
ROTARIS magnetron sputtering system, with all thick-
nesses in nanometers. A 2.0-nm Ta layer is deposited on
the top, serving as a capping layer to protect the multilayer
from oxidation. The magnetic properties are characterized
via magneto-optical Kerr effect (MOKE) measurements.
PMA is observed in the samples with CFB thicknesses
ranging from 0.75 to 0.85 nm, as evidenced by sharp
magnetization switching (see Fig. S3 within the Supple-
mental Material for this magnetization switching [53]).
Among these, the CFB layer with #=0.75 nm is selected
for its higher coercive field of approximately 2.5 mT
[Fig. 2(a)], which enhances the magnetic stability—crucial
for robust data storage and processing. Furthermore,
magnetic-domain images captured during magnetic-field-

driven magnetization-switching measurement confirm a
domain-wall motion mechanism [54—60].

After confirming PMA in the Ti(5.0)/Ta(0.5)/CFB
(0.75)/Mg0O(2.2) /Ta(2.0) multilayers, we performed the
current-induced magnetization-switching measurements.
Figure 2(b) shows the results of these measurements. Dur-
ing the experiment, an in-plane magnetic field (woH,) is

applied along the current direction to facilitate determin-
istic magnetization switching. The MOKE signal reveals
that the magnetization is switched by the pulse current:
a positive pulse favors higher MOKE intensity, while a
negative pulse favors lower MOKE intensity. Due to the
stripe structure of the stack, the observed switching mech-
anism is dominated by domain-wall motion rather than
coherent rotation switching, as indicated by the corre-
sponding MOKE images in Fig. 2(b). Furthermore, the
critical switching current density (J.) is found to depend
on the external magnetic field woH,, increasing as poH,
decreases (see pp. 4 and 5 in the Supplemental Material
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for the detailed method to calculate the current density in
the multilayers [53]). This trend is consistent with previous
observations that J¢ is influenced by the applied external
magnetic field [61].

After verifying the -current-induced magnetization
switching in the Ti(5)/Ta(0.5)/CFB(0.75)/Mg0O(2.2)/
Ta(2.0) multilayer, we conducted a comparative analysis
of the current-induced magnetization-switching measure-
ment between the Ti(5)/Ta(0.5)/CFB(0.75)/Mg0(2.2)/
Ta(2.0) structure and the Ta(5.5)/CFB(0.75)/Mg0O(2.2)/
Ta(2.0) structure under a magnetic field of poH, = 10 mT,
as shown in Fig. 2(c). The J, for the Ti(5)/Ta(0.5)/CFB
(0.75)/Mg0O(2.2)/Ta(2.0) multilayer is approximately
1.2x 107 A/em?, lower than approximately 1.5 x 107
A/em? for the Ta(5.5)/CFB(0.75)/Mg0(2.2)/Ta(2.0)
multilayer. This trend is consistent with the current-
induced magnetization-switching measurements obtained
via the anomalous Hall effect (see Fig. S5 within the Sup-
plemental Material for the critical switching current den-
sity for both samples [53]). The key structural difference
between the two stacks is the replacement of 5-nm Ta with
Ti, suggesting that the OHE in the Ti layer plays a domi-
nant role in reducing J.. [Fig. 2(d)]. In the Ta-only structure,
magnetization switching is primarily driven by the spin
current generated via the spin Hall effect in Ta. However,
with the introduction of a Ti layer, the orbital current gen-
erated by the OHE in Ti is converted into spin current
by the adjacent 0.5-nm-thick Ta layer. This spin current
then exerts a dampinglike torque on the magnetization,
leading to magnetization switching. We also characterize
the dampinglike torque efficiency (&pr) [20,41,45,62,63]
(see Figs. S6-S8 within the Supplemental Material [53])
of the Ti(¢r;)/Ta(0.5)/CFB(0.75)/MgO(2.2) /Ta(2) multi-
layers. The measured &pp 1 within the range of 0.01-0.015
is smaller than the value of 0.045 for the pure Ta layer. The
lower &pr T may be due to the relatively low orbital to spin-
conversion efficiency of np_g of approximately 0.012 of
the Ta layer (see Fig. S8 within the Supplemental Material
for the &p 1 [53]).

IV. MTJ MEASUREMENTS

After demonstrating orbital current-induced magneti-
zation switching in the Ti(5.0)/Ta(0.5)/CFB(0.75)/MgO
(2.2)/Ta(2.0) multilayer, we performed current-induced
magnetization switching in the pMTJs. The complete
pMTIJ device consists of the following stack sequence:
Ti(5.0) / Ta(0.5) /CFB(0.75) / MgO (1.8) / CFB(1.05) /
Ta(0.5) / Co(0.3) /Pt(1.3) / Co(0.4) / Pt(0.6)/Co0(0.4) /Ru
(0.85)/[Co(0.4) /Pt(0.6)]4/Ru(5.0). In this structure, the
Tiand Ta layers serve as the bottom electrode. As shown in
Fig. 3(a), the bottom CFB layer (B-CFB), located directly
above the bottom electrode, functions as the free layer
of the MTJ; while the top CFB layer (T-CFB), located
above the MgO barrier, acts as the reference layer. The

magnetization of the reference layer is pinned by the SAF
structure above the T-CFB layer. All layers are deposited
on the oxidized Si(100) substrates at room temperature.
After deposition, the stack is annealed at 300 °C to improve
the crystalline quality of the MgO barrier. During anneal-
ing, a perpendicular magnetic field of 800 mT is applied
to establish a perpendicular magnetic easy axis (EA) for
both the free and reference layers [64]. The magnetic hys-
teresis (M-H) loop [Fig. 3(b)], measured using a Magnetic
Properties Measurement System (MPMS), is obtained by
scanning the applied magnetic field along the EA of the
multilayer stack. The measurement reveals a two-step
switching process, corresponding to distinct coercive fields
for the B-CFB and T-CFB layers. This supports the pres-
ence of an antiparallel state between H.; (105 mT) and H,
(0.8 mT) (see Fig. S10 within the Supplemental Material
for the detailed discussion of the M-H loop [53]). Sub-
sequently, the stack is patterned into MTJ devices using
photolithography and Ar ion-milling processes.

The magnetic-field-driven magnetization switching of
the MTJ is investigated by measuring the tunneling resis-
tance across the top and bottom electrodes while varying
the external magnetic field woH, at room temperature.
Figure 3(c) shows the tunneling resistance R as a function
of the magnetic field, sweeping from 400 to —400 mT. The
observed two-step switching in tunneling resistance aligns
well with the trends observed in the M-H loop measured
before device fabrication. From this switching behavior, a
TMR ratio of 66% is achieved. Additionally, to confirm
that the reference layer remains unchanged, a narrower
range field scan is performed [Fig. 3(d)]. This measure-
ment distinctly captures the field-driven switching of the
free layer, verifying the successful fabrication and proper
functionality of the pMTIs.

We then performed the current-driven magnetization-
switching measurements in the MTJ devices. During the
measurement, both the pulse current and external mag-
netic field poH, are applied along the x axis. Prior to the
switching measurement, the magnetization of the refer-
ence layer is preset in the up direction. As shown in Fig.
4(a), successful current-induced magnetization switching
has been achieved in the MTJ devices. A positive pulse
current favors the high TMR ratio, while the negative pulse
current favors the low TMR ratio, indicating antiparallel
and parallel alignments of the magnetizations of the free
and reference layers, respectively. Furthermore, the criti-
cal switching current densities for positive and negative
pulses exhibit asymmetric behavior. At woH, =2.5 mT,
the positive critical switching current density J. positive 18
approximately 2.7 x 107 A/cm?, while the negative crit-
ical switching current density J. negative 1S approximately
2.2 x 107 A/cm?. This asymmetry arises from the intrinsic
preference for parallel magnetization alignment between
the free and reference layers (see Fig. S12 within the Sup-
plemental Material for the minor loop measurements of
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(a) Microscopic image and the schematic illustration of the patterned MTJ device. The Ti/Ta layer serves as the bottom

electrode with a stripe width of 5 pm, and the radius of the MT1J pillar is 1 um. (b) M-H loop of the multilayers measured at room tem-
perature. The insets schematically illustrate the multilayer structure and the minor loop measurement of the free layer’s magnetization
switching. (c) TMR as a function of the magnetic field jLoH;. (d) Minor loop measurement of the TMR as a function of the magnetic

field LoH..

the MTJ [53]). Additionally, the average critical switch-
ing current density, defined as J. = (J¢ positive + Je negative )/2,
is strongly influenced by the external field woH,, which
decreases with increasing poH,, as shown in Fig. 4(b).
This observation is consistent with the similar trend
observed in the Ti/Ta/CFB/MgO/Ta multilayer shown in
Fig. 2(b). Moreover, the TMR ratio also decreases with
increasing WoH,, which can be attributed to the canting
of perpendicular magnetization induced by the applied
in-plane field woH.

To gain a comprehensive understanding of the current-
driven magnetization switching in the MTJ devices, we
conducted a phase-diagram mapping measurement of the
TMR ratio as a function of the pulse current density J. and
external magnetic field woH,, as shown in Fig. 4(c). In this
diagram, the blue, red, and green regions correspond to the
high TMR ratio (antiparallel state), low TMR ratio (paral-
lel state), and intermedium states, respectively. The follow-
ing phenomena have been observed: First, the transition

between the high and low TMR states occurs with nar-
row intermediate (green) regions, indicating a coherent
magnetization-switching process. This aligns well with the
sharp switching behavior observed in Fig. 4(a). Second,
consistent with Fig. 4(b), the critical switching current den-
sity, represented by the narrow green region, decreases as
WwoH, increases, further confirming the influence of the in-
plane field pwoH, on the switching dynamics. Finally, the
magnetization-switching polarity is found to be influenced
by the sign of oH,. When scanning pulse current from
positive to negative, the TMR ratio switches from high to
low at positive woH,, whereas at negative woH,, the TMR
ratio switches from low to high.

After successfully demonstrating orbital current-driven
magnetization switching in pMTJ devices, we further eval-
uate their endurance by repeatedly switching between
high- and low-resistance states. The test is conducted at
room temperature under a constant in-plane magnetic field
of 10 mT along the x axis. Under these conditions, current
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switching current density J, as a function of poH,. The inset shows the TMR as a function of woH,. (c) Phase diagram of TMR ratio
as a function of the pulse current density J. and external magnetic field pwoH,. (d) Endurance of the MTJ devices written by alternative
positive and negative pulse currents. After each writing process, the tunneling resistance is measured by a reading current of 2.0 pA.

pulses of 2.5 x 107 A/cm? are alternately applied through
the bottom electrode in both +x and —x directions. After
each writing pulse, the tunneling resistance is measured,
consistently exhibiting two distinct resistance states, con-
firming stable and repeatable switching. Specifically, when
a positive current is applied, the resistance increases to
1.72 k<2, while a negative current reduces it to 1.05kS.
This highly stable bistable resistance behavior underscores
the exceptional reliability of our pMTJ device, demonstrat-
ing its robust performance under continuous writing and
erasing cycles.

In summary, we have successfully demonstrated orbital
current-induced magnetization switching in Ti/Ta/CFB/
MgO/CFB/SAF perpendicular magnetic tunnel junctions,
achieving a high TMR ratio of 66%. The orbital torque-
driven pMTJ exhibits stable performance, showing no
signs of fatigue even after 1000 switching times. These
findings highlight the potential of orbital torque-driven
magnetization switching, for energy-efficient and reliable
spintronic memory applications.
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