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The advancement of spin-orbit torque (SOT)-based spintronic devices hinges on the ability to optimize
interfacial spin-orbit coupling phenomena. This work elucidates the modulation of key spintronic parameters
by inserting an Ir layer at Pt/Co and PtCr/Pt(0.5)/Co interfaces. A comprehensive investigation into the
thickness-dependent perpendicular magnetic anisotropy, Dzyaloshinskii-Moriya interaction, spin-orbit torque
efficiency, and switching current density is undertaken. The results reveal that an ultrathin 0.1 nm Ir insertion
layer can enhance the dampinglike SOT efficiency by over 26% in Pt/Co and 10% in PtCr/Co systems, attributed
to increased interfacial impurity scattering. Strikingly, the magnetic anisotropy and Dzyaloshinskii-Moriya inter-
action exhibit a nonmonotonic relationship with Ir thickness, minimized at 0.4-0.5 nm, explained by interfacial
roughness effects evidenced through first-principles calculations. The critical switching current density becomes
widely tunable from 1.6-3.5 x 107 (A/em?) in Pt/Ir/Co and 1.0-2.0 x 107 (A/cm?) in PtCr/Ir/Co, respectively,
reduced by nearly 50% with a 0.4 nm Ir insertion. These findings provide significant physical insights into
interfacial spin-orbit coupling mechanisms and interface engineering of spintronic devices using insertion layers.
The capability to substantially increase SOT efficiency while reducing the switching current highlights the

promise of an Ir insertion layer to unlock the full potential of SOT-MRAM technology.

DOI: 10.1103/PhysRevB.108.224409

I. INTRODUCTION

Spin-orbit torque (SOT) has emerged as a promising spin-
tronic technology, owing to advantages in energy efficiency,
nonvolatility, speed, and integration density [1-4]. Extensive
research has validated SOT as an effective approach to ma-
nipulate magnetization [5-7], drive dynamics of domain [8,9],
and skyrmion [10], by converting charge current to spin cur-
rent through the spin Hall effect [11,12] or Rashba-Edelstein
effect [13,14]. A key goal for SOT-based magnetoresistive
random access memory (MRAM) is concurrent optimization
of charge-to-spin conversion efficiency (for storage density)
and electrical resistivity (for power), despite there being in-
trinsic tradeoffs between them [15].

A pivotal technique is interface engineering of the heavy-
metal (HM)/ferromagnet (FM) bilayer, e.g., by inserting a
spacer layer, which enables modulation of crucial properties
including perpendicular magnetic anisotropy (PMA), SOT
efficiency, critical switching current density, and interfacial
Dzyaloshinskii-Moriya interaction (DMI) [16,17]. This is at-
tributed to the intricate spin-dependent interfacial phenomena:
spin angular momentum transfer, spin accumulation, spin
memory loss, and spin backflow [18,19]. For instance, a NiO
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layer at the Pt/CoFeB interface reduces spin memory loss
and enhances SOT efficiency [18]; metallic Hf or Au inter-
layers improve SOT via reduced spin mixing conductance or
increased spin transmission [20,21].

The strong spin-orbit coupled (SOC) 5d metal Ir is promis-
ing for spintronics, with Pt/Co/Ir exhibiting substantial
DMI for skyrmionics [22-24], [rMn enabling exchange bias
and field-free switching [25-27], and Ir providing antifer-
romagnetic coupling for synthetic antiferromagnets [28-31].
Therefore, it is imperative to conduct a systematic analysis
on the SOT interface modulation in HM/Ir/FM trilayers. So
far, only magnetoresistance modulation in Ta/Ir/CoFeB [32],
both SOT efficiency and PMA optimization in W /Ir/CoFeB
have been demonstrated [19]. Nevertheless, the modulation
of PMA, SOT efficiency and DMI in Pt/Ir/Co remains unex-
plored, especially Ir insertion may benefit SOT performance.

Here, the thickness-dependent PMA, SOT efficiency, DMI
effective field, and switching current density in Pt/Ir/Co and
PtCr/Ir/Co are systematically investigated. Hysteresis loop
shift reveals that an ultrathin 0.1 nm Ir insertion layer can
enhance the dampinglike SOT efficiency by over 26% in
Pt/Co and 10% in PtCr/Co systems, which can be due to
additional interfacial impurity scattering. The minimum value
of the PMA field and DMI effective field that arises at ¢, =
0.4nm can be attributed to the interfacial roughness, where
the Pt/Co interface is severely disrupted, yet a perfect Ir/Co
interface cannot be formed, as evidenced by combined high-
temperature sputtering-induced PMA enhancement proofs
and the first-principles calculations. Besides, DMI exchange

©2023 American Physical Society
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FIG. 1. (a) The schematic diagram of the measurement scheme for Hall bar and film stacking. (b) Hall resistance Ry as a function of
z-direction external magnetic field H, in the Pt/Ir/Co system with different Ir thicknesses f,, which exhibits a good PMA. (c) Ry and
(d) perpendicular magnetic anisotropy field H; as a function of #, in Pt/Ir/Co and PtCr/Ir/Co systems. The curves in Fig. 1(c) represent
the curve fitting of the data points. Some error bars, which are not shown in the figure, are smaller than the symbol sizes.

constant indicate the Pt/Co and Ir/Co interfacial DMIs have
the same sign and similar magnitude. SOT switching mea-
surements indicate that the Ir insertion layer is able to
reduce the switching current density by about 50% at op-
timal Ir thickness. The simultaneous achievements of lower
resistivity, enhanced SOT efficiency, tunable DMI intensity,
and decreased switching current density would be techno-
logically important for the development of low-power and
high-performance spintronic devices.

II. EXPERIMENTAL

The samples in this work comprise two series
multilayer structures: (i) Pt/Ir/Co: Ta(1)/Pt(5.5)/Ir(x)/
Co(0.9)/Pt(0.2)/MgO(2)/Ta(1.5) and (ii)) PtCr/Ir/Co:
Ta(1)/Pto gCrp2(5)/Pt(0.5)/Ir(x) /Co(0.9)/Pt(0.2)/MgO(2)/
Ta(1.5) (the numbers in brackets are in nm) with x ranges
from 0-3 nm. All the multilayers were grown on thermally
oxidized Si/SiO, substrates via AJA magnetron sputtering at
room temperature. The base vacuum for magnetron sputtering
is better than 3 x 10~> mtorr, and the working argon pressure
is 3 mtorr. The sputtering rate of each layer is calculated by
x-ray reflection (XRR). After depositing the films, the actual
and nominal values of the film thickness was verified using
XRR (see Fig. S1 of the Supplemental Material [33]).

The bottom Ta(1) is to enhance adhesion and make the
upper layers more uniform. The Pt(0.5) sandwiched by PtCr

and Ir as well as the Pt(0.2) adjacent to Co(0.9) are intended
to enhance the PMA while having little effect on the SOT effi-
ciency. Note that if Pt(0.5) is not inserted, the PtCr/Ir(0.5)/Co
possesses very weak PMA and the Pt(0.5) insertion layer is
considered to enhance the PMA only (Fig. S2 [33]). The
intention of the top MgO(2)/Ta(1.5) is to protect the film from
oxidation and simplify the spin current in the system. The
Pty.3Cry layer was sputtered by cosputtering pure Pt and Cr
targets, the subscripts represent the atomic ratios of the two
elements. According to previous studies [34], 20% Cr has the
largest dampinglike effective field when varying the content of
Cr, therefore, we concentrate on the effect of the Ir insertion
layer in Pt §Crg,/Ir/Co.

Vibrating sample magnetometer (VSM) was used to exam-
ine the magnetism of films. The film was patterned into 5 um
width Hall bars using a standard photolithography technique,
followed by argon ion etching. Then, a secondary photolithog-
raphy and a lift-off process were undertaken to fabricate the
contact electrode Cr(5 nm)/Au(80 nm). It should be noted
that the MgO becomes conductive if Ta is on top of it and the
metal electrode Cr/Au has a large contact area with Hall bar
so that the top MgO/Ta does not affect the electrical transport
test. The main stacking structure and measurement scheme
of the Hall bar is illustrated in Fig. 1(a). All electrical trans-
port tests were performed in a three-dimensional cryogenic
superconducting magnet. The anomalous Hall voltage was
measured by applying an ac current in the x direction of
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the device and reading the voltage in the y direction while
applying a varying magnetic field in the z direction. Current-
induced magnetization switching was determined by applying
a pulsed current of varying amplitude with a pulse width of
30 us, after 4 s, the Hall resistance Ry was recorded by a
small excitation current. See more measurement details in
Supplemental Material [33].

III. RESULTS AND DISCUSSION
A. Modulation of perpendicular magnetic anisotropy

Figure 1(b) describes several prototypical hysteresis loops
in Pt/Ir/Co with various Ir thickness. Two important char-
acteristics emerge: first, the Hall resistance (Ry) exhibits a
gradual decrease as Ir thickness increases; second, the coer-
civity field (H,) initially declines before ascending, with a
minimum at #, = 0.4 nm. Furthermore, the hysteresis loops
suggest robust PMA for all samples, attributable to additional
PMA at the Ir/Co interface [19,35]. The Ry attenuation with
increasing Ir thickness arises from the parallel shunt effect
of the Ir layer as depicted in Fig. 1(c). Interestingly, Ry is
roughly inversely proportional to f, as described by the curve
in Fig. 1(c). To discern the resistivity of each layer, Fig. S3
renders the longitudinal resistance (R,,) for all samples (see
Fig. S3 in Supplemental Material [33]). Subsequently, the
resistivity of Pt or Pty gCrg » layer was extracted by subtracting
the conductance of control stacks (without Pt or Pty gCrg,)
from the whole stacks, which is consistent with measuring
the resistivity of Pt,Cr;_, single layer [34]. The resistivities
of the Pt and PtygCrg, layers are 36.3 (u€2cm) and 60.1
(u€2 cm), respectively, which is close to the prior reports [34].
The increase in resistivity makes the Ry of the PtCr/Ir/Co
samples larger than that of the Pt/Ir/Co [Fig. 1(c)].

To rationalize the nonmonotonic relationship of H., we
analyze the perpendicular magnetic anisotropy field (Hy) as
a function of #, since H. and H; share congruous trends
based on our previous study [36]. An in-plane external mag-
netic field parallel to the current was applied to the device,
and a representative plot is shown in Fig. S4 in Supplemen-
tal Material [33]. H; is determined as the spot where the
normalized component of the in-plane magnetization m, =
/(1 —m?) reaches 0.98 [37]. In Fig. 1(d), Hy first gradually
decreases when #; = 0-0.4 nm, experiences a valley at #, =
0.4-0.5 nm, then increases at f; = 0.5-1.0nm and saturates
at f;; = 1.0-3.0 nm. This signature persists irrespective of a Pt
or PtCr heavy-metal layer, implicating an intrinsic attribute
of the Ir interlayer. Another phenomenon is that the H; of
Pt-based is larger than Pt/Cr-based devices with different Ir
thickness [34]. The collective evidence points to substantive
PMA modulation by the Ir insertion layer. The mechanis-
tic explanation of Hj as a function of Ir thickness will be
elaborated in Sec. III C, primarily stemming from interfacial
roughness effect.

B. Enhancement of spin-orbit torque efficiency

Next, the hysteresis loop shift method based on chiral do-
main wall was employed to accurately measure charge-spin
conversion efficiency [38,39]. As illustrated in Fig. 2(a), the
anomalous Hall voltage shift with respect to the out-of-plane

magnetic field (H;) was measured under dc current and in-
plane bias field (H,). A representative normalized hysteresis
loop shift for PtCr/Pt(0.5)/Ir(0)/Co is depicted in Fig. 2(a).
The loop shifts left (right) when +2 mA (—2 mA) is applied
at H, = 1000 Oe, indicating current-induced dampinglike
torque drove magnetic domain wall motion [38]. This op-
posite horizontal movement is attributed to the dampinglike
effective field (Hzeff) along z generated by SOT, the magnitude
of which scales linearly with dc current, and the sign depends
on the bias field direction as shown in Fig. 2(b). The excellent
linear relationship between Hfff and Ij. suggests negligible
Joule heating due to the relatively small /i, allowing us to
easily get the slope of H;ff vs Ij.. Next, the Hff'f/ldC of this
sample was characterized at different bias fields as depicted in
Fig. 2(c). As H, increases, the slope rises and saturates when
H, >Hpyy, allowing simultaneous quantification of DMI field
and SOT efficiency.

Considering the shunting effect of each layer, the SOT
effective field per unit current density is defined as: fpL =
HE/J. The dampinglike SOT efficiency is calculated as
[2040]: &pr. = e/M)(2/m)poMstemHEL, /(). where o,
M, and tgy represent vacuum permeability, saturation
magnetization, and ferromagnetic thickness, respectively.
The VSM show that M; = 1200 (emu/cm3) as shown in
Fig. S5 in Supplemental Material [33], in particular the
M; hardly varies with the thickness of the inserted Ir
layer [19]. As summarized in Fig. 2(d), when #; = Onm,
BoL = 6.2, and 11.8[0e/(10°A/cm?)] for Pt/Ir(0)/Co and
PtCr/Pt(0.5)/Ir(0)/Co, corresponding to &pp, = 0.13 and
0.246, respectively. The higher efficiency of PtCr arises from
balanced intrinsic spin Hall conductivity of Pt and the spin-
carrier lifetime [34]. With the thickness of Ir is about one
atomic layer (#; = 0.1-0.3nm), it is noteworthy that &pp
of Pt/Ir(0.1)/Co increases 26% to 0.164, attributed to ad-
ditional impurity scattering, which may be similar to the
Pt/Hf and Pt/Ti multilayers [41,42]. Similarly, the SOT ef-
ficiency &pp. rises 10% to 0.271 for PtCr/Pt(0.5)/Ir(0.1)/Co,
less than Pt/Ir/Co due to existing alloy scattering in PtCr.
The direct evidence for the enhancement of impurity scat-
tering is the slight enhancement of the resistivity R,, at
fir = 0.1nm [43]. Since the spin Hall angle of Ir is only
about 0.014-0.02 [19,44], which is much smaller than that
of Pt. And Pt, PtysCrg,, and Ir have comparable spin dif-
fusion lengths of 1.4 nm [45], 1.6 nm [34], and 1.35 nm
[19], respectively. It can be inferred that the spin flow gen-
erated from Pt is continuously dissipated in the Ir layer with
the increase of the Ir thickness. As stated in Fig. 2(d), the
dampinglike SOT efficiency of the system gradually decreases
and tends to stabilize when the thickness of Ir is increased
to 3 nm, &pp = 0.078 for PtCr/Pt(0.5)/1r(3)/Co and &pp =
0.048 for Pt/Ir(3)/Co. However, the value of the SOT ef-
ficiency is slightly larger than the spin Hall angle of Ir,
indicating that a portion of the spin flow is still supplied by
Pt at f; = 3 nm.

C. Tunable DMI interaction strength

As mentioned previously, the DMI effective field (Hpmr)
can be determined from the saturation bias field of the hystere-
sis loop shift. Hpyy as a function of Ir thickness for Pt/Ir/Co
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FIG. 2. (a) Representative normalized anomalous Hall loops for the PtCr/Pt(0.5)/Ir(0)/Co structure when the in-plane bias field H, = 1000
Oe and the applied dc current is =2 mA. Hfff represents the offset of the anomalous Hall loop due to the spin Hall effect. (b) Hfff as a linear
function of the dc current magnitude at H, = +2500 Oe for PtCr/Pt(0.5)/Ir(0)/Co structure. (c) The measured Hfff per mA versus H,. The
DMI effective field Hpyp and saturated H;H/I can also be extracted from the figure. (d) Bp. and &pp as a function of #, in Pt/Ir/Co and
PtCr/Ir/Co systems. Some error bars, which are not shown in the figure, are smaller than the symbol sizes.

and PtCr/Ir/Co is shown in Fig. 3(a). Similar to Hy, Hpmp of
the two systems also first decreases at f;, = 0-0.4 nm, then in-
creases at f; = 0.5—1 nm, and finally saturates at #;, = 1-3 nm.
The magnitude of Hpyy is close for 7, = 0 and #, = 3nm.
Furthermore, The DMI exchange constant |D| can be calcu-
lated through [38,46]: |D| = woMs(A/K,)"/?|Hpm|, where A
is exchange stiffness constant around 1.5x10'" (J/m) [47],

effective magnetic anisotropy K, = (1/2)uoMsH; [19]. In
Fig. S6, a tunable |D| is presented for both Pt/Ir/Co and
PtCr/Ir/Co systems, which is comparable to Pt/Co systems
[48,49] (see Fig. S6 in Supplemental Material [33]). The DMI
exchange constant, which can be tuned from a maximum of
3.3 to 1.5 (mJ/m?) in the two systems, highlights the interest-
ing nature of the Ir insertion layer.
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FIG. 3. (a) DMI effective field Hpmy as a function of Ir thickness in Pt/Ir/Co and PtCr/Ir/Co systems. Some error bars, which are not
shown in the figure, are smaller than the symbol sizes. The calculated total DMI (black line) and layer-resolved SOC energy difference AEsoc
between ACW and CW chirality of Pt/Co heterostructures with different roughness induced by random Ir substitution. (b) The roughness
exists only in Co layers and (c) the case that the roughness also exists in Pt layers. The positive and negative d values represent the ACW and
CW chirality, respectively. The gray, blue, and red balls represent Pt, Co, and Ir atoms, correspondingly. The violet bars show the AEgoc from
the whole single layer. The grey bars display the AEgoc from the Co and Pt atoms in the single layer, and the gray bars with dense crossing

patterns are AEgsoc from Ir atoms in the single layer.
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Then, we will explain the nonmonotonic relationship of Hj,
and Hpyy. First, Hpyy is defined as the threshold required to
just exceed the stabilizing chiral domain wall, and Hpyy and
H; have the following correspondence: Hpmi/Hy = 2/m [46],
as proved in Fig. S7 in Supplemental Material [33]. Second,
the DMI interaction at the Pt/Co interface is close in magni-
tude and of the same sign as the Ir/Co interface [22,23,30,50—
52]. Based on those, when there is no Ir insertion layer, Pt/Co
interface is responsible for the PMA and DMI. However,
when a thin Ir is inserted (f;; < 0.5 nm), it can be inferred
that the Ir insertion into the Pt/Co interface causes a large
interfacial roughness, which disrupts the Pt/Co interface, yet
does not form a stable Ir/Co interface, and thus reduces
the PMA and DMI. The aforementioned interfacial rough-
ness can be verified from experiment and the first-principles
calculation. In experiment, a significant enhancement of the
perpendicular magnetic anisotropy was observed by sput-
tering the same film [Pt/Ir(0.5)/Co] at high temperature
(350°C) (Fig. S8 [33]), since high-temperature sputtering
can cause the atomic relaxation, thereby ordering the striped
domains [53].

The influence of interfacial roughness on the DMI in
a Co/Pt multilayer structure is investigated using first-
principles calculations (Fig. S9 [33]). Heterostructures with
varying interfacial roughness are constructed by randomly
substituting Co and Pt atoms with Ir in a 2 x 2 supercell. The
DMI constant d is calculated using the chirality-dependent
total energy difference approach, which has been success-
fully utilized for Co/Pt films previously [54]. As interfacial
roughness induced by Ir substitution increases, the value of
d gradually decreases [Figs. 3(b) and 3(c)]. High Ir substi-
tution can even reverse the chirality of the pristine Co/Pt
film from anticlockwise (ACW) to clockwise (CW). To eluci-
date the mechanism behind the evolution of interfacial DMI,
layer-resolved localization of the DMI-associated spin-orbit
coupling energy AEgoc is analyzed. For original Co/Pt films
with crystalline Pt/Co interfaces, substantial DMI between Co
spins arises due to spin-orbital scattering of conduction elec-
trons by neighboring Pt atoms (the largest correlated AEsoc
originates from adjacent Pt layers). This agrees with the Fert-
Levy model of interfacial DMI. The disorder introduced by
Ir substitution disrupts the Co-Co-Pt triplet and reduces the
energy contribution from the Pt layer. Additionally, disor-
dered Ir atoms provide AEsoc with opposite CW chirality,
counteracting the ACW AEggc from Pt atoms. The case that
the substitution of Pt atoms is also considered. As shown in
Fig. 3(c), the AEgoc from the Ir atoms in the Pt layer has CW
chirality, which can cancel out the ACW AEgoc from Pt atoms
and reduce the total DMI. Consequently, the total interfacial
DMI is diminished as interfacial roughness increases due to
Ir substitution. Thus, the combined results of experiments and
first principles confirm that roughness plays a decisive role
in the decrease of H, and Hpyp [55]. However, when the
thickness of Ir is relatively thick (f; = 1-3nm), the PMA
and DMI are ascribed to the Ir/Co interface. Besides, the fact
that H; has the close value at #;, = Onm and 3 nm confirms
the equivalence of the intensity of the DMI interaction at the
Pt/Co and Ir/Co interfaces.

Furthermore, we use atomic force microscopy (AFM)
and XRR to characterize the roughness as Ir thickness

—O— Ir=0, H,= -200 Oe
—O—Ir=0, H= 200 Oe
A

. 050
S L
I
x
Ir=0.4 nm, H_=-200 Oe
i —7—Ir=0.4 nm, H= 200 Oe
-0.02 -0.01 0.00 0.01 0.02
Pulse current (A)
(b)
351
3.0F —O0— Pt/Ir/Co
:TE\ 3 —O— PtCr/Ir/Co
S 25} H =200 Oe
2 I X
S 20¢f
=° I i
1.5F
10+ X

0.0 05 1.0 15 20 25 30
t, (nm)

FIG. 4. (a) Current-induced magnetization switching at an in-
plane auxiliary field of £200 Oe for the Pt/Ir/Co system with
different Ir thicknesses (0 and 0.4 nm), the figure also reveals the
scale. (b) Critical switching current density as a function of Ir thick-
ness in Pt/Ir/Co and PtCr/Ir/Co systems after considering shunt
effects. The crosses represent the inability to switching due to weak
anisotropy. Some error bars, which are not shown in the figure, are
smaller than the symbol sizes.

varies. AFM shows that the average roughness of
all the films is very low (Fig. S10 [33]). Then we
measure the interfacial roughness of Ir using simpli-
fied film stacks [Ta(15)/Pt(5.5)/Ir(0.5)/Au(10) and
Ta(15)/Pt(5.5)/1r(3)/Au(10)] (Fig. S11 [33]). The results
show that the roughness of of Ir layer at #; = 0.5nm was
larger than that of #; = 3nm (Table S1 [33]), providing a
direct evidence for the reduced roughness as Ir thickness
increases.

D. Current-induced magnetization switching

Next, we investigated current-driven SOT switching for
the two systems. A small in-plane auxiliary magnetic field is
applied collinear to the charge current to break the mirror sym-
metry. A reduction of the critical switching current density
will be foreseen when the Hpy decreases and can be verified
from Fig. 4(a). The critical switching current is defined as
the current at which 50% magnetization is switched. When
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H, = 200 Oe, the critical switching current is 9.4 mA and 5.6
mA, corresponding to Pt/Co and Pt/Ir(0.4)/Co, respectively,
which throws light on the viability of modulating the inter-
facial DMI effective field and reducing the critical switching
current density through Ir insertion for energy-efficient spin-
tronic devices.

Additionally, we describe the relationship between the crit-
ical switching current density and the Ir thickness in the two
systems. As demonstrated in Fig. 4(b), the critical switch-
ing current density for both systems initially decreases from
tir = 0-0.5nm, then increases within #, = 0.5-1.5nm, and
finally reaches a plateau. The critical switching current density
can be drastically adjusted from 1.6-3.5 x 107 (A/cm?) in
Pt/Ir/Co and 1.0-2.0 x 107 (A/cm?) in PtCr/Ir/Co, respec-
tively. For PtCr/Pt(0.5)/Ir(0.4-0.5 nm)/Co, due to the weak
anisotropy, we use crosses to indicate its inability to switch
magnetization. This trend aligns with the DMI variations,
substantiating that attenuated DMI facilitates reduced SOT
critical switching current density. Furthermore, the critical
switching current density of the PtCr/Ir/Co system is 1.5-1.8
times greater than that of Pt/Ir/Co, analogous to the SOT
efficiency ratio in Fig. 2(d). Hence, intercalating Ir between
the Pt or PtCr/Pt(0.5) and Co layers engenders tunable critical
switching current density across a wide range, underscoring
prospects for reduced energy consumption in spintronic de-
vices by means of interface DMI engineering.

IV. CONCLUSIONS

In conclusion, the insertion of an ultrathin 0.1 nm Ir
layer led to a remarkable enhancement of over 26% and

10% in the dampinglike SOT efficiency for the Pt/Co and
PtCr/Co systems, respectively. This enhancement stems from
increased interfacial impurity scattering induced by the Ir
insertion layer. The perpendicular magnetic anisotropy and
Dzyaloshinskii-Moriya interaction were found to vary non-
monotonically with Ir thickness, minimized at 0.4-0.5 nm
thickness. Using first-principles calculations, this trend could
be attributed to interfacial roughness effects introduced by
Ir insertion. The critical switching current density became
widely tunable from 1.6-3.5 x 107 (A/cm?) in Pt/Ir/Co and
1.0-2.0 x 107 (A/em?) in PtCr/Ir/Co, respectively, by modu-
lating the Dzyaloshinskii-Moriya interaction strength through
the Ir layer thickness. A nearly 50% reduction in switching
current was achieved with a 0.4 nm Ir insertion. The capability
to substantially enhance the SOT efficiency while reducing the
switching current highlights the exceptional promise of an Ir
insertion layer for unlocking the full potential of spin-orbit
torque-based spintronic devices. By providing pivotal insights
into interfacial spin-orbit coupling effects and interface en-
gineering, this work lays the foundation for optimization of
next-generation spin-orbitronics.
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