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Abstract

®

CrossMark

As-deposited [Co/Pt] multilayers show strong perpendicular magnetic anisotropy (PMA) and
spin-orbit torque (SOT). However, such structures require properly textured Pt (111) seed layers
and optimized interlayer Pt thicknesses in order to maximise both PMA and SOT efficiency. In
this work, the interplay of seed and interlayer Pt thickness on PMA and SOT efficiency in
Ta/Pt/[Co/Pt]3/Co/Ta multilayers was studied. Using the harmonic lock-in method, the SOT
damping- and field-like efficiencies were determined, with corrections for current shunting as
well as the planar Hall effect. Our measurements show that the corrected effective SOT
efficiencies are at least twice as large as the uncorrected values, with damping-like efficiency of
up to ~22 Oe per 10'° A m~2, which scales inversely with the Pt seed and interlayer
thicknesses due to screening of the spin current originating from the high-resistivity bottom
B-Ta layer. The choice of Pt seed and interlayer thicknesses is a compromise between PMA and

SOT efficiency of the device.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Current-induced spin-orbit torques (SOTs) have been demon-
strated in bilayer systems of ultrathin ferromagnetic (FM)
layers such as Co interfaced with a heavy-metal (HM)
layer such as Pt [1]. The Pt/Co bilayer structure allows for
Pt-induced (111) crystallinity and low lattice mismatch with
Co, both of which are necessary to achieve as-deposited per-
pendicular magnetic anisotropy (PMA) with large effective
magnetic anisotropy K, [2-6]. These factors favour scalab-
ility as well as thermal stability A, which is given by
A = K,V/kgT, where V is the magnetic volume, kg is the

1361-6463/20/505002+7$33.00

Boltzmann constant, and 7 is the temperature. Driving a
charge current through devices with such structures generates
torques that lead to highly efficient magnetization switching
[1, 7]. As such, manipulating magnetization using SOT has
great prospects for low-power spintronic memory and logic
applications [8, 9].

The SOTs that arise from such structures with inversion
asymmetry stem from the spin current due to the spin Hall
effect (SHE) and the effective magnetic field due to the Rashba
effect. HM/FM bilayer structures have been studied in order to
isolate sources of SOT and quantify SOT efficiencies [10-12].
By parameterizing the SOT efficiency in terms of the spin

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a), (b) Anomalous Hall resistance Ryy in a sweeping in-plane field Hx (black) and out-of-plane field H, (red) across varying feeq
and finerlayer- All devices show PMA with square hysteresis loops in H. Kerr images (i)—(iv) show the respective remanent z-magnetization

state at Hy

0 Oe. (c) Ry across all devices from the OOP field sweep measurement. (d) The normalised RE; in the + Hx — 0 Oe quadrant

is converted to cos ™ IRE; to determine the device anisotropy. (e) The effective anisotropy field is then determined from the effective
anisotropy energy K, err shown in the integrated area shaded in grey. (e) Effective anisotropy field Hy ¢fr across devices with varying fseeq and

finterlayer thicknesses.

Hall angle fsy which represents the ratio of spin current dens-
ity Js to charge current density J., Pt has been reported to
have Osype =~ + 0.07 while Ta has a comparatively larger
spin Hall angle with opposite polarity of up to 10sy ! = 0.15
[10-12]. Sandwiching an FM layer with dissimilar HM lay-
ers has been demonstrated to further increase the overall
SOT efficiency [13, 14]. Current-induced SOT switching is

also not limited to a single FM layer, and the magnetic
volume V can be increased by repeating the bilayers without
sacrificing PMA [15]. As these structures begin to become
more complex, so does the interaction between SOT and the
FM/HM multilayer (ML).

In this work, we investigate the effects of seed fgeq
and interlayer fiperiayer Pt thicknesses in Ta/Pt (fseeq)/[Co/Pt
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Figure 2. (a) Resistances of measured devices showing monotonic decrease in resistance as fseed and finerlayer increases. Inset shows a circuit
schematic of four-resistor approximation with respective conductance Gj, where i represents the Ta adhesion layer, Pt seed layer, [Co/Pt]3/Co
multilayer, and the Ta cap layer. (b) Resistivities p of Ta and Pt of varying thicknesses deposited on thermally oxidised Si substrate. a-Ta
resistivity is shown for comparison [27]. (c) Ratio r of current through the Pt and Ta layers sandwiching the [Co/Pt]3/Co multilayer.

(tintertayer)13/Co/Ta ml. The interlayer Pt modifies the interlayer
exchange coupling (IEC) strength between Co layers, and can
be used to tune the magnetic anisotropy. Using the harmonic
lock-in technique, we measure the SOT efficiencies across
Varying fseed and tiperlayer. We treat the [Co/Pt]3/Co as a single
FM unit layer and take into account the current density shunt-
ing through the thicker HM layers as well as the planar Hall
effect (PHE) contribution to the SOT efficiency. We find that
for this stack structure, the Pt layer that promotes PMA but also
screens spin current originates from the bottom Ta layer. Con-
sequently, tuning feed and finertayer 1S @ matter of compromise
between PMA and SOT efficiency.

2. Experiment

Multilayer stacks of Ta (5)/Pt (¢sceq)/[Co (0.6)/Pt (fintertayer) 13/
Co (0.6)/Ta (5) (nominal layer thicknesses in nanometers)
were deposited at room temperature onto thermally oxidized
Si wafers with oxide thickness of 300 nm using magnetron
sputtering at a base pressure of better than 1.0 x 10~ Torr. The
numerical subscript represents the number of [Co/Pt] bilayer
repeats. fgeq is the Pt seed thickness from 2 nm to 5 nm in
1 nm intervals, while fiperiayer 1S the Pt interlayer thickness
from 0.36 nm to 0.60 nm in 0.12 nm intervals. After depos-
ition, the blanket films were patterned into Hall crosses com-
prising wires of 5 ym width and 20 pm length using electron
beam lithography. Contact pads of Ta (5)/Cu (100)/Ta (5) were
deposited for transport measurements.

To characterize the device, the transverse anomalous Hall
resistance Ry, was measured across a sweeping in-plane (IP)
H, and out-of-plane (OOP) H, external magnetic field, using
a dc probing current /4. = 200 pA along the x axis while
measuring the anomalous Hall voltage V, formed across the
y axis. The V,, and R,y are related by R,y = V,y/lqc. The
RYPP (black) and RIE (red) hysteresis curves for all devices are
available in the supplementary materials S1 (available online
at https://stacks.iop.org/JPhysD/53/505002/mmedia). As R,y
is proportional to the out-of-plane magnetization component
M. = Mcos0, where M is the magnetization vector and 6
is the magnetization polar angle, all samples showed square
hysteresis in a sweeping H, indicating PMA [16]. However,

in a sweeping Hy, certain devices show the in-plane to out-of-
plane remanence R /R9" at H = 0 Oe to be below unity. For
comparison, the IP hysteresis curves for (figeriayer = 0.36 nm,
fseed = 2 nm) and (finterlayer = 0.36 N, #eeq = 3 nm) are plotted
in figures 1(a) and (b), respectively.

The MagVision Kerr microscopy system was used in dif-
ferential imaging mode to obtain the polar Kerr images. For
devices with remanence below unity, dark (bright) domains
in an oppositely contrasted magnetic background exist at
H, = 0 Oe, indicating a mix of upwards (downwards) mag-
netized domains. For devices with remanence close to unity,
Kerr microscopy images show a more homogenous dark or
bright contrast across the magnetic material of the devices.
Generally, remanence approaches unity with thicker Pt seed
layers, which can be attributed to reduced roughness, an
improvement to the (111) texture, and subsequent reduction
in Co/Pt interfacial roughness (see supplementary materi-
als S2) [17, 18]. figure 1(c) shows R9" for all devices.
As the Pt seed layer thickness fgeeq increases, its resistance
decreases, and more current can shunt through it. This res-
ults in less current flowing through the [Co/Pt] multilayer
[19]. Furthermore, Ry across devices with fiperlayer = 0.36 nm
and 0.60 nm are almost identical, while devices with
finterlayer = 0.48 nm have a smaller R9°P. Several factors that
affect the multilayer interface as well as interactions between
the ultrathin Co and Pt layers are discussed in supplementary
materials S3.

Devices with fiperlayer = 0.48 nm show that Hy s scales
with feeeq, While that of tiperayer = 0.36 nm and 0.60 nm
show peak Hyefr at feea = 4 nm. The Hy g for each mul-
tilayer stack was determined using the normalised R}‘}; from
the + Hy — 0 Oe quadrant as shown in the exemplary curve
in figure 1(d). The inset shows the conversion to normalised
cos™ 'R and the shaded region represents the effective aniso-
tropy Kyesf- Hyefr Was then determined for all of the devices
and summarized in figure 1(e). The Hy ¢ peaks at fyeeq = 4 nm
with the exception of devices with fiperlayer = 0.48 nm, which
exhibited monotonic increase with #¢..4. In general, a thicker Pt
seed layer ;.4 would yield [Co/Pt] multilayers with stronger
PMA [20]. However, the effective anisotropy field Hy .y peaks
at tye.q = 4 nm and noticeably decreases for fy.; =5 nm
as a result of increased surface and interface roughness
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Figure 3. (a) Schematic set up for harmonic lock-in measurement of a Hall cross structure with coordinate system, where 6 and ¢ are the
polar and azimuthal angles, respectively. (b), (d) First harmonics V, measurements in the longitudinal and transverse schemes, respectively.
(c), (e) Second harmonics V., measurement in the longitudinal and transverse schemes, respectively.

with increasing fe.s [21]. The roughness is exacerbated
for subsequently deposited layers of Co and Pt, and can
lead to undesirable ‘orange-peel’ coupling, leading to the
decrease in Hy .y observed for devices with #eriayer =0.36 and
0.60 nm [22].

When performing electrical measurements, the various
thin film layers will conduct fractional current densities J
due to their individual electrical resistivities and thicknesses.
Assuming four resistors in parallel for each layer i = Ta
(adhesion), Pt, FM, Ta (cap), we approximate the current

shunting through each layer by noting that the conductance
of the entire device Ggevice 1S the sum of all individual layer
conductances G;,

Gdevice = Z Gi = %

where # is the thickness, and p; is the resistivity of layer i. Here,
we treat the [Co/Pt]3;/Co multilayer as one perpendicularly
magnetized FM layer and assume that the voltage across
each layer i is the same. The individual device resistances

D
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Figure 4. (a) ¢-dependent (0 ~ 90°) Ryy curves fitted with equation (1) for fsceq = 2 nm. (b) Rp and (d) & = Rp/R4 across all devices with

Iseed and finterlayer.

- . T v T T T 7 T T T T
(@) ~ 27 e (o) 1(b) ~
IE 20 4+ Corrected ~ Uncorrected | 'E 6T £
—.—036 =1=036
:C sl e ——048 —0=048 < 51 ? ]
2 1 T —t— — =) =
= - 0.60 0.60 . A
= 164 - 41 ¥ : |
S 14l g Fgeter (B - .
cu o 3T  Corrected Uncorected 1
o 124 ®) —8— (.36 =0=0.36
:’o el = 27 —e—048 =0=048 .
g \é —te () 6 —=/r = (.60 s g
- 81 © T e mefmms A==
- -~ - = z e Al -
= be T = - - = o=r
6 1 } + + + t 0 } f t f
2 3 4 5 2 3 4 5
tseed (nm) tseed (1’111’1)

Figure 5. Uncorrected SOT efficiencies (dashed lines) accompanied by current-density and PHE-corrected SOT efficiencies for (a)
longitudinal and (b) transverse efficiencies. The corrections result in efficiencies several times larger than uncorrected values.

were measured and plotted in figure 2(a). The inset illus-
trates the circuit for each device with each layer having its
own conductance values G;. From this information, we can
account for the current density through the HMs. The current
density through layer i can be determined from the ratio of
conductance r; = Gi/XGj, so that the current density through
each layer scales as J; = riJ.

Subsequently, in order to determine the resistivities of the
HM layers, we deposited varying thicknesses of Ta and Pt onto
a thermally oxidised Si substrate. The sheet resistances for
Ta and Pt were measured using the in-line four-point probe
method and plotted in figure 2(b). The resistivities p scale
approximately as a reciprocal to film thickness ¢, with val-
ues close to those reported elsewhere [23-25]. The sputtered
Ta films are noticeably resistive, indicating that they form
the tetragonal §-Ta phase that has strong spin—orbit coup-
ling [23, 26]. In comparison, the blue dashed line indicates
the resistivity of «-Ta of about 13 pf2-cm [23, 27]. We use
the measured (3-Ta resistivity for the adhesion and capping
Ta layers [10, 28]. As teq increases in thickness, more cur-
rent is permitted to flow through the HM layer. The ratio r of
current flowing through the HM layers that contribute to the
SOT is determined and plotted in figure 2(c). More current is
shunted through the HM layers with a thicker #y.q or a thinner

5 interlayer -

Next, we quantify the SOT damping-like (longitudinal) Hy,
and field-like (transverse) Hrt effective fields for varying #sceq
and fipertayer using the harmonic lock-in technique [29, 30]. A
Keithley 6221 was used to source an ac current density with
amplitude ranging from 8 x 108 to 8 x 10° A m~? in inter-
vals of 1 x 108 A m~2. A Signal Recovery 7265 lock-in amp-
lifier was used to detect the first and second harmonic Hall
voltages simultaneously. A small bias field of 400 Oe in the
z direction was present to prevent the formation of domains.
The measurement set-up is illustrated in figure 3(a). When an
in-plane current is injected along the x axis, a transverse spin
current from the HM layers diffuse into the FM multilayer.
Due to the opposite spin Hall angles of Pt and Ta and the struc-
tural inversion asymmetry, a net spin torque acts on the FM.
Using a sinusoidal current to adiabatically oscillate the mag-
netization, we measure the first V, and second V., harmonic
Hall voltages across a range of current densities J, as a func-
tion of external longitudinal and transverse fields Hy and Hy,
respectively.

Exemplary curves of the longitudinal and transverse V|,
and V;, are shown in figures 3(b)—(e). Both longitudinal and
transverse V, measurements show similar parabolic charac-
teristics. However, the longitudinal and transverse V;, have
different linear behaviours, as shown in figures 3(d) and (f).
The substantially larger longitudinal V,,, is indicative of a
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dominant SHE, while the significantly smaller slope of the
transverse V), is indicative of the negligible Rashba contri-
bution [31]. The longitudinal V>, has negative slopes for up
and down magnetized states == M,. In contrast, the trans-
verse V;, has different slopes and relatively smaller mag-
nitude for up and down magnetized states += M,. V, and
Vaw are fitted using quadratic and linear fitting functions,
respectively. The following relation is then used to determine
H; and Hr:

OV, PV,
OHyy) 8H)%(y)

Hym = (2

In order to account for the in-plane magnetic field Hall res-
istance, i.e. PHE, ¢-dependent (6 ~ 90°) measurements were
performed using an in-plane field H;p = 4 kOe. The Hall res-
istance can be expressed as:

Ry = Rycosf + Rpsin20 sin2¢ 3)

where R and Rp are the anomalous and planar Hall resist-
ances, respectively. The individual curves are then fitted to
obtain Rp and the PHE/AHE ratio & = Rp/R4, which is then
used to determine the modified, PHE-corrected SOT efficien-
cies H'L(t) given by [32]:

o - Hun £ 28k
L(T) 1—4£2

Due to imperfect alignment between the sample plane and the
field, a small out-of-plane field component is present as the
sample rotates about the z axis. This is resolved by averaging
the planar Hall resistance at # and 6 + 7t as shown in the (-
dependent R,y curves plotted and fitted using equation (1) in
figure 4(a) for devices with fyeq = 2 nm.

The PHE- and current-corrected H'p(1)/J,c are shown in
figure 5. We find that after accounting for both corrections,
H't /], and H'1/J, are several times larger as compared to
their uncorrected values. The magnitude of H'y /J,. is greater
than that of H'1/J,., indicating that the SOT is predominantly
due to the SHE mechanism [33, 34]. At its thinnest range of
tseed = 2 nm, the film stacks demonstrate Ri,’; /Rfyop below
unity at Hy, = 0 Oe. In particular, the measured SOT effi-
ciency for the device with #seq = 2 nm and fipertayer = 0.36 nm
shows an anomalous SOT efficiency. This is attributed to
ineffective (111) texturing of Co by the thin Pt seed lay-
ers, as thicker fyeq and tiseriayer generally improved the in-
plane and out-of-plane remanence ratio Rf; JROOP ~ 1 so that
the magnetization completely returns to one of the bistable
(up or down) states at H, =0 Oe [35]. From our measure-
ments, we observe that the damping- and field-like efficien-
cies are inversely related to feeq and fiperayer- The high-
resistivity 5-Ta layer generates substantial SOT [36, 37]. Due
to the opposite spin Hall angle with respect to the adja-
cent Pt seed layer [38], the spin current from the /3-Ta layer
gets screened. Consequently, the net spin current from the

opposite contributions of the 3-Ta/PT HM bilayer decreases
with increasing Pt seed layer thickness fseq. Similarly, thicker
finterlayer 1€ads to greater spin scattering across the multilay-
ers [39—41]. From the damping-like field efficiency |Hy/J,l
plot, the seed and interlayer Pt layers can be observed to screen
the spin current from the bottom Ta layer as #seeq and fingerlayer
increase in thickness. However, there is no appreciable cor-
relation between the already small transverse field efficiency
[Hr/J gl

3. Conclusions

In this work, we have studied perpendicularly magnetized
multilayers of Ta/Pt/[Co/Pt]3/Co/Ta with varying Pt seed and
interlayer thicknesses. The Pt interlayer thickness influences
the IEC between the Co layers. Consequently, this affects the
Pt seed thickness dependence on the anisotropy. It was determ-
ined from Ryy-H, measurements that f,eq > 3 nm was neces-
sary to achieve remanence close to unity. /n-situ Kerr micro-
scopy images confirm this observation. The SOT efficiencies
for all devices were then measured with current density and
PHE-correction taken into account. The damping-like effi-
ciency scales inversely with Pt seed and interlayer thicknesses,
indicating that the spin current from the bottom Ta layer gets
screened from both. As such, there is a compromise between
PMA and SOT efficiency, as the SOT efficiencies decrease
with increasing fseeq and figerlayer thicknesses.
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