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ABSTRACT

We report the influence of ultrathin Ti insertion layer on the effective magnetic damping and effective spin Hall angle in Co/[Pt/Ti],/Pt
structures via spin-torque ferromagnetic resonance measurements. The effective magnetic damping shows a non-monotonic variation as a
function of insertion layers number #, reaching a minimum at #n =>5. Our analysis shows that when # is less than 5, the damping is mainly
related to the thickness of the bottom Pt layer, and when it is greater than 5, the attenuation of the spin currents leads to increased damping.
The effective magnetic damping first decreases as the number of layers n increases, reaching a minimum at n=5, and then increases with fur-
ther increases in n. The observation can be ascribed to a competition between the increased longitudinal resistivity, which is due to the strong
interfacial scattering, and the reduced effective spin Hall conductivity that originates from the shortening of the carrier lifetime. Additionally,
the extracted interfacial spin transparency is found to be improved with the effect of the insertion layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146095

The study of the spin-orbit torque (SOT) phenomenon and the
engineering of SOT devices have received considerable attention due
to their potential application in current-induced magnetization switch-
ing, specifically, in high-speed operations and energy-efficient memory
devices." ” The SOT phenomenon has been observed in heavy metal/
ferromagnetic (HM/FM) bilayer structures, which arises from the
interfacial Rashba-Edelstein effect and/or the bulk spin Hall effect
(SHE).®” The SHE generates a transverse spin current in the HM
layer and diffuses into the FM layer, resulting in a transfer of spin tor-
que to the magnetic moment.'”'" Effective spin Hall angle (ESHA,
0;{,) gives the charge current to spin current conversion efficiency,
which has been commonly used to quantify the effect due to SOT. A
larger ESHA leads to lower energy consumption in devices with SOT-
induced magnetization switching. The search for new materials with
large ESHA continues, and there are a number of interesting materials
reported, for instance, heavy metals,'”* alloys,ls’w antiferromagnet
materials,”’ topological insulators,”** and transition metal dichal-
cogenides (TMDs).”>*¢

Using interface engineering efforts to enhance the SOT has
attracted strong interest, e.g, the insertion of ultrathin films in the
HM/FM interface.”” Nguyen et al reported a considerable SOT
enhancement by inserting a thin Hf layer between the Pt and CoFeB
layer.” Lee et al. demonstrated that the SOT in Pt/CoFeB systems is
significantly enhanced via a Ti spacer.w Other materials, such as, W,
Mo, C, and Au, were also found to have a significant influence on SOT
efficiency for interface modification.”” *” In a more recent reference,
Zhu et al. reported enhanced SOT when ultrathin Ti and Hf layers
were inserted into Pt layers.””’* However, to minimize the critical
switching current in a SOT device, it is essential to achieve a low effec-
tive damping factor (o,.4) and high H?Z simultaneously.””*

In this work, we utilize the spin-torque ferromagnetic resonance
(ST-FMR) measurement technique'®'*"” to investigate the influence
of the ultrathin insertion layers on effective magnetic damping, effec-
tive spin Hall angle, and interfacial spin transparency. Our measure-
ments reveal that the Ti insertion layer reduces the effective magnetic
damping by nearly a factor of two and, concurrently, leads to a two
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times higher 0??:, than the value in Co/Pt. After insertion of the Ti
layers, the o4 is found to be strongly dependent on the thickness of
the bottom Pt layer. The o first decreases as the number of layers n
increases, reaching a minimum at n =5, and then increases with fur-
ther increases in . The H?If, shows the opposite trend due to a compe-
tition between the strong interfacial scattering and the reduced carrier
lifetime. Furthermore, our measurement reveals that interfacial spin
transparency can be improved via Ti insertion layers.

Thin film stacks were deposited on thermally oxidized silicon
substrates by DC magnetron sputtering at room temperature. The film
stack, as schematically shown in Fig. 1(a), consists of Si(SiO,)/Ti
(2nm)/Co (5 nm)/[Pt (d)/Ti (0.2 nm)],,/Pt (d), where (n + 1) d = 5nm
and n=0, 1, 3, 4, 5, and 7. The base pressure in the sputter chamber
was better than 1 x 1077 mTorr, and the sputtering pressure was set at
3 mTorr. The saturation magnetization, Ms, and the interfacial anisot-
ropy constant, Kg, were measured by using a vibrating sample magne-
tometer (VSM). The film stacks were patterned into rectangular-
shaped strips of 50 x 10 um® using a combination of electron beam
lithography and Ar ion milling techniques. For ST-FMR measure-
ment, Ta (5)/Cu (200)/Pt (3nm) electrodes were added to the pat-
terned structures by using electron beam lithography and liftoff
techniques.

Figures 1(b) and 1(c) show the schematic of the setup with an
optical image of the patterned structure for the ST-FMR measurement.
A high aspect ratio strip and symmetric three-terminal contact config-
uration is used to reduce the asymmetric current spreading effect.”® A
radio frequency (RF) current, I¢,rf, was applied to the microstrip along
the longitudinal direction, while an external magnetic field (H) in the
sample plane was swept at 45° from 0 to 5000 Oe, with the microwave
frequency fixed during each sweep. The Ic,rf generates a microwave-
frequency SOT on the FM layer. The SOT-induced magnetization pre-
cession leads to an anisotropic magnetoresistance effect in the FM
layer.” The oscillatory resistance, together with RF current, gives rise
to a rectified mixing voltage V,,,;,, which was measured by using a bias
tee. For the ST-FMR measurement, the input microwave power was
varied from 10 to 20 dBm, and the measured DC voltage was in the

@ (b)
nx[Pt/Ti]
Ti
Co
Ti
()
RF signal
_I_ generator

FIG. 1. Schematic illustration of the sample structure (a) and the measurement
setup (c). Optical image of the fabricated device and electrodes (b). Inset is the
AFM image of the micro-strip.
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linear regime with increasing power. The measured 0?[, was indepen-
dent of the applied RF power, indicating that the microwave heating
effect is relatively negligible (see Fig. S1 in the supplementary material
for details). All measurements were performed at the RF power of
18 dBm. The ST-FMR spectra were measured for microwave frequen-
cies from 8 to 23 GHz for all samples. All measurements were con-
ducted at room temperature.

Figure 2(a) illustrates a weak increase in saturation magnetization
(M) with increasing n. The measured M for n =20 is 1067.8 emu/cc,
smaller than 1440 emu/cc for the bulk Co. The surface anisotropy con-
stant (K;) was determined using the relation Hy ~ 4nM; — 2 K/Mt,
where Hj was the anisotropy field determined from the intersection
point of the M-H loops along the out-of-plane and in-plane directions
characterized by the VSM, t is the Co layer thickness.””*” The mea-
sured K, decreases non-monotonically with larger n values, and the
minimal K; value, i.., 0.47 erg/cm?, was obtained at # = 5, as shown in
Fig. 2(a). For the case n =0, the measured Kj is 1.02 erg/cmz, which is
close to the value reported by Pai et al® in their Co/Pt structure, i.e.,
1.10 = 0.13 erg/cm>. The longitudinal resistivity p,, for each Pt/Ti
multilayer sample was determined by measuring the resistance
enhancement of the stack with 7 insertions relative to the reference
stack with n = 0. The measured p., for Pt/Ti multilayer as a function
of n is shown in Fig. 2(b). By increasing n from 0 to 7, p,, increases
monotonically from 25.3 puQ cm for n=0-92.5 uQ-cm for n=7
owing to the enhanced interfacial scattering. According to previous
reports,”** it is reasonable to assume that the Elliot-Yafet spin relaxa-
tion mechanism plays a dominant role here,""** in which the spin dif-
fusion length /,; is approximately inversely proportional to p,,. The
obtained Ay values decrease from 2.8 to 0.71 nm as n increases from 0
to 7, as shown in Fig. 2(b). It is interesting to note that d is more signif-
icant than Ay, from n=0 to n=4, and when n=>5, A is very close
to d (d=0.84nm). By further increasing n to 7, d becomes smaller
than A

Figure 3(a) shows the ST-FMR spectra signal V,,,;, for Pt/Ti devi-
ces with n=5 measured at a frequency range of 8-16 GHz. Figure
3(b) shows the curve fitting of an ST-FMR spectrum measured at
12 GHz. The signals have superimposed symmetric and antisymmetric
Lorentzian components, which are presented in Fig. 3(b) as the red
and blue curves, respectively. The measured mixing DC voltage V,,;, is
expressed as'

(AH) 4 AH(H —H,.)
(AH)Z + (H - Hres)2 (AH)Z + (H - Hres)z

+ Vo,

&

where AH, H,.,, V, S, and A are the resonance linewidth, the reso-
nance magnetic field, the offset voltage, and the amplitudes of the sym-
metric and anti-symmetric components of the mixing voltage,
respectively. In the ST-FMR signal, the symmetric component is pro-
portional to the damping-like effective torque, and the anti-symmetric
component is due to the sum of the Oersted field torque and the field-
like effective torque.'”'"*’ The effective magnetization 4mM, values
have been extracted by fitting the resonance frequency f as a function
H, in Fig. 3(c). Since the in-plane magnetic anisotropy is negligibly
small, the Kittel equation can be written as f= (p/270)[Hyes (Hyes
+ 4nMeﬁ)]1/ 2, where 7y is the gyromagnetic ratio.”’ The obtained
4nMy for n=>5 is 1.329T, which is consistent with the M value
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FIG. 2. Ms, Ks(a), pxx and Lsq (b) as a function of n.

extracted from the VSM results considering the out-of-plane anisot-
ropy field contribution to the effective magnetization. Furthermore, K
can be obtained from the relationship of 4nM.g For thin films, the
bulk anisotropy related to in-plane crystalline anisotropy and shape
anisotropy is negligible compared to the interfacial anisotropy, the
effective magnetization can be expressed as 4nM ;= 4nM; — 2K/

o Exp.
Fitting

0 1000 2000 3000
H (O¢)

0 1000 2000 3000 4000
H (O¢)

Mt."* The obtained K; are in good agreement with the VSM measure-
ment (see Fig. S2, K; from ST-FMR in the supplementary material for
details).

With a linear fit obtained using the equation AH=AH,,,
+ 2nfogly,"” the oy and the inhomogeneity linewidth broadening
(AH;,;) of the n=5 are determined from the Fig. 3(d). From the

60
b
®) Exp.

—— Fitting
—S
—A

0 1000 2000 3000
H (O¢)

0 5 10 15 20 25
J(GHz)

FIG. 3. ST-FMR measurements for the n=>5 devices. (a) The ST-FMR spectra from 8 to 16 GHz. (b) Vi along with the fitted (green), symmetric (S, red), and asymmetric (A,
blue) Lorentzian functions used for the fitting measured at 12 GHz. (c) The measured f as a function of H,.s. (d) The AH as a function of f.
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fitting, the value of Olepr is found to be 0.0079, which is lower than the
previously reported value of Co/Pt,"’ indicating that the insertion layer
can suppress the o The extracted AH,,, is found to be 24.5 Oe, indi-
cating a flat interface between the Pt/Ti multilayer and Co layer.'*
Moreover, the AH vs f response as plotted in Fig. 3(d) shows no devia-
tion from rigorous linear relation over the entire frequency range, indi-
cating a negligible contribution from the two-magnon scattering
mechanisms in the film that would result in a non-linear trend.””*"**

The dependence of the o,y on n is given in Fig. 4(a). As n
increases from 0 to 7, ¢,y dropped from 0.0130 at n=0 (d= 5nm) to
a minimal value of 0.0079 at n=5 (d=0.84nm) and then quickly
increased to 0.0124 at n =7 (d = 0.625 nm). However, as compared to
the intrinsic damping factor of the Co thin film (0.004-0.006),"" the
effective damping is still enhanced in the [Pt/Ti],/Pt/Co multilayer.
Thus, it is essential to analyze the mechanism of the additional damp-
ing. Since the atomic spin-orbit coupling of Ti is quite small and away
from the Co layer,” the additional damping due to the Ti insertion
layers induced by the spin pumping can be excluded. Second, for the
present Pt/Ti multilayer, the influence of the magnetic proximity effect
on the effective magnetic damping can be excluded owing to the mag-
netic moments of Pt atoms being negligible here.”"”’
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The additional damping should be due to the angular momen-
tum induced by the spin pumping.”””* For non-magnetic metals, the
spin pumping-induced damping enhancement is mostly related to
bulk spin absorption. However, due to the suppression of spin current
into the bulk by the Ti insertion layer,” the bottom Pt layer may pre-
dominantly contribute to the additional damping. To confirm this
mechanism, the o5 as a function of the thickness of bottom Pt layer
was plotted and fitted with the spin pumping model, which can be
expressed as”’

—2d

OCeﬂ = oppm + fNL]\L’G“ (1 - e@), (2)
where g is the spectroscopic splitting factor, up is the Bohr magneton,
oty is the intrinsic damping of the FM layer, and G is the spin mix-
ing conductance. Using different A, obtained from Fig. 2(b), the thick-
ness of the Pt layer dependence of a4 is fitted in Fig. 4(b). For all
d > /g samples (n from 0 to 5) fit well with A, = 2.8 nm, indicating
the bottom Pt layer may play a dominant role in the increased damp-
ing. From the fitting, the obtained G'* is found to be 31.5 nm ™, which
is consistent with the previous reports.””** This spin mixing conduc-
tance also indicates the absence of significant intermixing of Pt

(b) I;l
00145 2 a<a,

0.012

0.010
£

S

0.006

0.004

FIG. 4. The n (a) and thickness of each Pt layer (b) dependence of . The egfﬁ (c) and ogf{, (d) as a function of n.
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impurities within the magnetic layer near the Co/Pt interface.
Furthermore, for n =7 where d < A, the strong attenuation of the spin
currents that diffuse from the bottom Pt layer to the FM interface leads
to the abrupt increase in damping.”* Additionally, this behavior for the
enhanced damping as a function of d is inconsistent with the magnetic
proximity effect-induced additional damping, which is a quasilinear
thickness dependence of damping, indicating that there is no evidence
of the magnetic proximity effect having an effect on the o,z

From the line shape of the ST-FMR spectra, the QEH, which is the
ratio of the spin current density to the RF current density, can be
extracted for a qualltatlve dependence according to the ST-FMR the-

ory.'>”" The OSH is given by'’

ol _ LIS S epigMstd (1 N 471Meﬁ>E

SH ]C A h Hres (3)

where Js is the spin current density generated w1th1n the heavy metal,
and J¢ is the applied charge current density. The 9 sy increases non-
monotonically with # increasing, with the maximal values at n =5, as
shown in Fig. 4(c). The value of n=0 is consistent with a prev1ous
report by comparison. A significant (~110%) enhancement of 93H is
found from 0.10 for n =0 to 0.21 for n=>5. Since Ti does not contrib-
ute to the generation of the spin current due to its negligible bulk
spin-orbit coupling.”” The insertion layer has caused an increase 1n
resistivity, which raises the scattering rate. It demonstrates that the HSH
is enhanced by the Ti insertion layer. To understand the non-
monotonically behavior of 05117{, the effective spm Hall conductivity
O's]zz is determined from the relation o*SJZ = GSH / pxx, as shown in Fig.
4(d). With the n increasing from 0 to 7, the 0' decreases rapldly
due to the decrease in carrier lifetime according to a previous report.”

Tanaka et al. calculated that when the p,, is larger than 30 uQ cm, the
Pt thin film is in the dirty-metal regime, where the shortening of the
carrier lifetime should lead to a sharp decrease in the intrinsic spin
Hall conductivity regardless of the crystalline order.”” Therefore, the
non-monotonically behavior of 0??; can be attributed to a competition

between increased p., and decreased 62@33,34 When n < 5, the inter-
facial scattering is the dominant mechanism. As the number of inser-

. . €] . .
tion layers increases, an enhanced 95{, is observed. When # is greater
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than 5, at this point, the decrease in carrier lifetime due to insertion
layers is greater than the increase in the interfacial scattering contribu-

tion, so the 0?;; decreases with the continued increase in .

To understand the contributions of the spin current attenuation, a
[Pt 0.84/Cu 0.2nm]5/Pt 0.84/Co 5nm multilayer structure was fabri-
cated. Cu has a very weak spin-orbit interaction and a very long spin
diffusion length.”® The spin current undergoes weak dissipation in the
ultrathin Cu spacer but flows into and dissipates in the Pt films. Thus,
an ultrathin Cu insertion layer is not expected to affect the spin pump-
ing effect but can change other interface effects. However, we obtained a

reduced o4 (0.0083) and an enhanced 0217_, (0.16) in the Pt/Cu multi-
layer compared to that in Co/Pt bilayer (Fig. S4, Pt-Cu multilayer in the
supplementary material), suggesting that the attenuation of spin current

is due to the interface. The 0?;; in Pt/Cu multilayer is smaller than that
in Pt/Ti multilayer because the Cu induced interfacial scattering is

smaller than the Ti insertion layer induced. It is noted that the 9‘;{ of
Pt/Cu multilayer is larger than in the Cu,_,Pt, alloy, indicating using
the insertion layer is a more efficient way to engineer the 92?;.

Furthermore, the interfacial spin transparency is determined to
better understand the role of the insertion layer. Two major contribu-
tions are essential to T: (1) interfacial spin memory loss (SML) owing
to spin-flip scattering at the interface’”” >’ and (2) spin backflow
(SBF) depends on spin mixing conductance of the interface.””" Zhu
et al. reported that the SML is linear to the interfacial perpendicular
magnetic anisotropy energy density (K,) of the HM/FM interface,”
for the in-plane magnetized Co/Pt interface, there are Tg
~1—0.23 K, with K; in erg/cmz. Using the obtained K from VSM,
the Ty is varied from 0.76 to 0.89, as shown in Fig. 5(a), suggesting,
at the maximum, a 24% attenuation at the interface due to the SML.
On the other hand, according to the drift-diffusion model, the effi-
ciency of spin transport through the interface depends on the SBF,
which can be estimated from**°

d
1
G efftanh (2 )~sd)
Tspr = g ) (4)
Gl}coth( o ) +h/2)ape
(b)
14
_ 1t
(o]
= \
S 10f
<
2 s} \
S \ /
~ \
! o
~
] ¢
0 2 4 6 8

n

FIG. 5. The obtained spin transparency (a) and the calculated J (b) as a function of n.
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where GZl = 61 — &) is the effective spin mixing conductance,
which considers the backflow of spin angular momentum. Figure 5(a)
shows the calculated values of the Tsgr as a function of n. Due to the
rapid decrease in Ay, Tspr tends to be saturated (~0.47) for n >3,
which suggests that the SBF is suppressed due to the Ti insertion layer.
Considering both contributions of SML and SBF, T;,,; = Tsyr Tspr the
T;,.: is enhanced from 0.25 for n =0 to 0.42 for n = 5. In addition, the
SBF and SML effect can also affect the magnetic damping. The SML
effect at the Pt/FM interfaces as an additional spin sink enhances the
effective magnetic damping, while a stronger SBF reduces the spin
pumping damping. Based on the above discussion, because of the sup-
pression of the SBF, it should not cause any reductions in damping.
The increase in the interfacial spin transparency of the SML due to the
insertion layers reduces the scattering of the spin current at the inter-
face, resulting in the reduction of the additional magnetic damping. It
can be proved that the interfacial spin transparency can be effectively
improved by the insertion layer, which is of great significance for low
energy consumption applications of spin current in multilayered
devices."*™

Finally, for SOT-MRAM device applications, it is helpful for
device reliability to have reduced writing current density to meet high
energy efficiency and improved endurance and retention properties.””
The critical current density for in-plane magnetization switching

driven by an in-plane damping-like SOT is given by”*%
2e o 47'CMeff

=T 5 Mst. 5

o h Osy ( 2 > s ©)

Using Eq. (5), the critical switching current density J., is
calculated using the data in Figs. 4(a) and 4(c), and the result is
plotted in Fig. 5(b). With increasing n, the ], exhibits a minimum of
4.4 MA/cm? at n = 5, approximately 63% less than that in pure Pt due
to a combination of lower o,y and larger Osy, which shows great
potential applications as spin Hall material for SOT-MRAM.**"*

In conclusion, we have shown the influence of the ultrathin inser-
tion layers on the oy and H?{, in Co/[Pt/Ti],,/Pt multilayers. The o,y
decreases with increasing 7, while the thickness of the bottom Pt layer
d is larger than A,y The o is found to be strongly dependent on the
thickness of the bottom Pt layer after insertion of the Ti layers. By fur-
ther increasing n, when d is smaller than /g the attenuation of the
spin currents leads to an abrupt increase in magnetic damping. The
non-monotonic behavior of 0?;; can be attributed to a competition
between p,, and the G?Z. Moreover, the interfacial spin transparency
is enhanced by the insertion layer. Our findings provide an additional
avenue for the development of low-energy consumption spintronic
devices.

See the supplementary material for the detailed six parts, includ-
ing input RF power dependence, K, from ST-FMR, inhomogeneous
linewidth broadening, Pt-Cu multilayer, XRD pattern, and frequency
dependence of Ogy.
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