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The development of advanced spintronics devices hinges on the efficient generation and utilization of pure
spin current. In materials with large spin-orbit coupling, the spin Hall effect may convert charge current to
pure spin current, and a large conversion efficiency, which is quantified by spin Hall angle (SHA), is desirable
for the realization of miniaturized and energy-efficient spintronic devices. Here, we report a giant SHA in
beta-tungsten (8-W) thin films in Sub/W(z)/Co,oFesB2o(3 nm)/SiO,(2 nm) heterostructures with variable W
thickness. We employed an all-optical time-resolved magneto-optical Kerr effect microscope for an unambiguous
determination of SHA using the principle of modulation of Gilbert damping of the adjacent ferromagnetic layer
by the spin-orbit torque from the W layer. A nonmonotonic variation of SHA with W layer thickness (¢) is
observed with a maximum of about 0.4 at about # = 3 nm, followed by a sudden reduction to a very low value
at t = 6 nm. This variation of SHA with W thickness correlates well with the thickness-dependent structural
phase transition and resistivity variation of W above the spin-diffusion length of W, while below this length the
interfacial electronic effect at W/CoFeB influences the estimation of SHA.
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I. INTRODUCTION

The exciting new frontier of spintronics [1,2] and magnon-
ics [3,4] research is driven by the need of utilizing the
spin-orbit (SO) effect for obtaining pure spin current [5,6]. An
important aspect of improving the performance of the device
is to minimize Joule heating, which requires fundamentally
pure spin current [5-7]. It is quite nontrivial to generate
and transport the spin current. Some of the earlier studies
have used nonlocal spin-injection techniques [8—10], spin
pumping [11-13], and the Rashba effect [14] for generating
spin currents. Moreover, utilization of pure spin current
for magnetization manipulation poses additional challenges.
Recent finding of the spin Hall effect (SHE) [15] has opened up
the possibility of utilizing pure spin current for manipulation
of magnetic moments [5,16,17]. To quantify the SHE, an
important parameter, namely, spin Hall angle (SHA), has
been proposed and it is related to the conversion efficiency
of charge-to-spin current [18,19]. Considerable efforts have
been devoted to estimating and understanding the value of
SHA for various heavy metals (HMs). Particularly, the SHE
in HM layers can generate sufficiently large spin current
to manipulate magnetic moments of a ferromagnetic layer
adjacent to the HM layer as it exerts significant spin torque
[16,20]. Furthermore, the SHE-induced spin-orbit torques
(SOTs) have been shown to induce the large domain wall
velocity [17], excite precessional magnetization dynamics
[21-23], as well as result in magnetization switching [24].
Remarkably, it has been recently demonstrated that by using
sophisticated device structuring, SOT-induced magnetization
switching can be triggered in the absence of any magnetic field
[25-27]. Some key requirements for technological implemen-
tation of the above-mentioned interesting applications are to
search for HMs with reasonably large SHA, investigation of

“abarman @bose.res.in

2469-9950/2017/96(5)/054414(8)

054414-1

various factors affecting the SHA of HM thin films, and to
understand the variation of SHA in such HM thin films by
controlling those factors. An important issue in this research
is to establish an accurate and unambiguous measurement
technique of SHA. The precise quantification of SHA and its
origin in a conventional metal-based system is of technological
interest for spintronics-based device applications. In general,
the techniques used for determining the SHA are the spin
torque ferromagnetic resonance technique [16,28,29], spin
torque switching of perpendicularly magnetized films [26],
and measurement based on nonlocal spin valves [7]. All these
techniques primarily rely on electrical excitation, detection,
and extremely delicate microfabrication [30]. Recently, it has
been demonstrated that by using the time-resolved magneto-
optical Kerr effect (TRMOKE) [31] technique SHA can be
measured more conveniently in a noninvasive manner without
the requirement of advanced microfabrication and electrical
detection, and more precise estimate of SHA may be obtained
[32].

The highly resistive S-tungsten (distorted tetragonal phase
commonly referred to as Al5 structure) is known to be
one of the efficient materials for exhibiting large SHA due
to strong SO coupling [33]. Also, in ferromagnetic thin-
film heterostructures, use of tungsten (W) leads to highly
stable perpendicular magnetic anisotropy [34] and interfacial
Dzyaloshinskii-Moriya interaction [35]. Another important
characteristic associated with W is the thickness-dependent
phase transition exhibited by it, usually observed in the
thickness range of sub-10 nm [36,37]. In general, sputter-
deposited W films with thickness below 5 nm are found to
have B phase with resistivity larger than 150 p2-cm, whereas
the films with thickness above 5 nm possess predominantly
a phase (bec structure) with resistivity of about 40 p2-cm
[24,33,38]. To date, the SHA for W has been reported in few
studies mostly in B phase. However, a systematic study of
SHA in W/ferromagnet (FM)/oxide heterostructure with W
layer thickness varying across the structural phase transition is
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missing. Depending on the deposition condition, SHA values
of up to about 0.4 have been reported specifically for 8 phase of
W [24,39]. Few papers have mentioned relatively small SHA
for o phase of W [33]. Therefore, it calls for investigating the
systematic dependence of SHA on the structural phase of W
which is intricately related to its thickness. Furthermore, few
important recent studies have suggested that the transparency
of HM/FM interface plays a crucial role in evaluating the
SHA of HM layer [40—42]. Additionally, a theoretical study
has classified the bulk and interface SHE and claimed that
the interface SHE may be as large as 25 times the bulk SHE
[43]. Recently, by alloying different HM layers, attempts have
been made to achieve large SHA [44]. All these studies relate
to the intricate role of spin-orbit coupling-induced SHE in
generating pure spin current that is aimed toward utilization
for device applications.

Here, we present the correlation between thickness-
dependent phase transition in W thin films and large SHE-
induced modulation of damping (MOD) in technologically im-
portant Sub/W (#)/Co,oFegB2o(3 nm)/SiO, (2 nm) heterostruc-
tures. The all-optical detection technique TRMOKE is used for
investigating the magnetization dynamics [32]. Utilizing the
sensitive variation of MOD, we estimate the SHA. We observe
a clear variation in the value of estimated SHA with the phase
of W underlayer. However, even within the 8 phase, when the
thickness of W is smaller than its spin-diffusion length, the
value of SHA is found to be significantly low. We correlate
this variation of SHA with the SO coupling of the bulk of
the HM layer as well as the interfacial electronic effect at the
HM/FM interface.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The thin-film heterostructures  Sub/W(¢)/CoygFegq
B,o(3nm)/SiO,(2nm) with ¢ =2-7nm in steps of 1 nm
were deposited by dc/rf magnetron sputtering on Si (100)
wafers coated with 100 nm SiO,. The purpose of varying W
underlayer thickness was to choose W thickness across the
phase transition regime. The base pressure of the deposition
chamber was better than 2x 107 Torr. CoFeB and W were
grown using dc power of 20 W, whereas the SiO, was
grown using 1f power of 60 W at 13.56 MHz. All thin films
were grown in Ar gas atmosphere of 1-mTorr pressure and
deposition conditions were carefully optimized [35]. Using
a shadow mask, 5-nm-thick chromium/25-nm-thick gold
contact electrodes were first prepared, followed by deposition
of the sample stack of 3 mmx 1 mm dimension between the
contact electrodes using another shadow mask. The dc charge
current was applied along the length of the sample using
a standard source meter (U3606A, Agilent Technologies)
and experimental arrangement allowed us to suitably choose
the applied bias magnetic field angle with respect to the
current flow direction. Time-resolved magneto-optical Kerr
effect microscopy was exploited to study the magnetization
dynamics of the heterostructures. The second harmonic
(wavelength: 400 nm, pulse width: 100 fs) of a mode-locked
Ti-sapphire oscillator (Tsunami, Spectra Physics) was used as
the pump beam to excite the magnetization dynamics in the
samples, whereas the fundamental laser beam (wavelength:
800 nm, pulse width: 80 fs, repetition rate: 80 MHz) was used
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as the probe beam to detect polar Kerr rotation from the sample
as a function of the time delay between the pump and the probe
beam [31,32]. The temporal resolution of the measurement is
limited by the cross-correlation between the pump and probe
pulses. A large magnetic field is first applied at a small angle
of about 15° to the sample plane to saturate its magnetization.
This is followed by reduction of the magnetic field to the
bias field value (H = in-plane component of the bias field),
which ensures that the magnetization remains saturated
along the bias field direction. The slight tilt of magnetization
from the sample plane ensures a finite demagnetizing field
along the direction of the pump pulse, which is further
modified by the pump pulse to launch a precessional
dynamics within the sample. In our experiment a 1.7 ns
time window has been used, which gave a damped uniform
precession of magnetization. The pump and probe beams
are made collinear and are focused on the sample through
a microscope objective with numerical aperture = 0.65.
At the focal plane of the probe (diameter ~ 800 nm) the pump
beam is slightly defocused and has a larger diameter (=1 pm)
than the probe beam. The probe beam is carefully centered
on the pump beam so that the Kerr signal can be collected
from the uniformly excited part of the sample and slight
misalignment during the course of the experiment does not
affect the pump-probe signals. The pump beam is chopped at
2-kHz frequency and the Kerr rotation in the reflected probe
pulse is detected by using a balanced photodiode detector
and lock-in amplifier in a phase-sensitive manner. The
time-resolved reflectivity data are simultaneously recorded
to ensure that there is no breakthrough of Kerr rotation and
reflectivity data into one another. The pump and probe fluences
are chosen to be about 10 and 2 mJ/cm?, respectively, to
avoid the transient increment in damping due to laser heating.
All the experiments were performed under ambient condition.
Atomic force microscope was used to investigate the surface
topography, whereas vibrating sample magnetometer was
used to characterize the static magnetic properties of these
heterostructures. Using standard four-probe technique the
resistivity of W film was determined and the grazing incidence
x-ray diffraction was used for investigating the phase of W.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the grazing incidence x-ray diffrac-
tion (XRD) patterns for Sub/W(z)/CoyyFegB2o(3 nm)/
Si0,(2 nm). In these XRD plots, the peaks corresponding to a-
and B phase of W are marked. The high-intensity XRD peak
at ~40.5° corresponds primarily to the « phase (bcc structure)
of W (~40.5°) (110) orientation. Interestingly, we find that the
peak in the vicinity of 40.5° is present for all thicknesses of
W, but when the W thickness is less than 6 nm, then the peaks
(~34.8° and ~42.1°) corresponding to 8-W (A1S structure)
with (200) and (211) crystal orientations appear [38,41]. One
may note that in close proximity to 40°, 8-W peak for (210)
crystal orientation could also be present, which is quite difficult
to identify. We wish to clarify here that for W thickness below
5 nm the B-rich phase along with a small amount of o phase
exists, while with increasing thickness of the W layer the
fraction of the o phase increases and starts to dominate for
W thickness above 5 nm. For the sake of simple notation we
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FIG. 1. (a) X-ray diffraction patterns measured at grazing angle
incidence for W films with thickness of 3, 4, 5, 6, and 7 nm.
Peaks corresponding to 8- and « phase of W are marked in the
plots. (b) Atomic force microscope images showing the surface
topography of the Sub/W(z)/Co,FegB2o(3 nm)/SiO,(2 nm) samples
with  =2-7 nm. The images are presented with the same scale bar as
shown at the right-hand side of the figure. (c) Variation of inverse
of sheet resistance of Sub/W(¢)/Co,yFegoB2o(3 nm)/SiO,(2 nm) as
a function of W thickness () measured using linear four-probe
technique.

refer to the phase below 5-nm W as B phase and above this
thickness as o phase. These findings are consistent with some
of the existing literature papers, where it is described that W
exhibits a transition from 8 phase (A15 structure) to « phase
(bee structure) with increasing film thickness in the range of
about 5 to 6 nm [36,37]. It has also been shown in some
other studies that this transition thickness may be increased or
decreased by carefully tuning the deposition conditions of the
W thin films [38,45].

In Fig. 1(b), the atomic force microscope images for all
the Sub/W(#)/CoyFegB20(3 nm)/SiO»(2nm) heterostruc-
tures investigated in the present study are shown. We have
used WSXM software to process the images [46]. From these
images we obtained the average topographical roughness for
the samples with t = 2, 3, 4, 5, 6, and 7 nm as listed below
(Table I).

The roughness values vary by about 10% when measured
at various regions of space of the same sample. Overall, the
topographical roughness in all film stacks is found to be
significantly small irrespective of whether the W thickness

TABLE . Average roughness values obtained using atomic force
microscopy for Sub/W(#)/CoyyFegqoB2o(3 nm)/SiO(2nm) samples
with different W thicknesses.

W thickness (nm) 2 3 4 5 6 7
Average roughness (nm) 0.21 021 0.16 0.19 0.14 0.23
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corresponds to its 8- or « phase. Due to the small thicknesses
of the thin-film heterostructures, presumably the interfacial
roughness will clearly show its imprint on the topographical
roughness. We thus infer that the interfacial roughness, if any,
present in these heterostructures is very small and is similar in
all samples.

To determine the variation of resistivity of W with its
thickness across the two different phases, we performed
four-probe measurements on all the samples. Charge current
was applied along the length of the sample and the experiment
was performed in constant current mode [47]. The inverse
of sheet resistance (Ry) of the film stack as a function of W
thickness is plotted in Fig. 1(c). A change of the slope is
observed beyond 5 nm, which indicates a change in the W
resistivity. We estimate the average resistivity of W in 8- and
a-rich phase to be about 260 and 105 pu2-cm, respectively.

A. Principle behind the determination of spin Hall angle

We next focus on the mechanism involved in the tuning of
magnetization dynamics under the influence of spin current.
Figures 2(a) and 2(b) show the schematics of experimental
arrangement before and after the approach of pump-probe
pulses. The flow of charge current through the W layer and
consequent spin-current generation due to SHE are shown
along x- and z directions, respectively. Under the influence of
spin current, the CoFeB layer experiences an antidamping like
SOT and the magnetization dynamics is governed by a modi-
fied Landau-Lifshitz-Gilbert equation [32] as given below:
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FIG. 2. Schematic of sample geometry and illustration of ex-
perimental geometry (a) before and (b) after the approach of
pump and probe laser pulses. Coordinate convention as followed
is also shown. The blue and red cylindrical arrows indicate
the orientation of effective magnetic field and initial magne-
tization, respectively. (c) Time-resolved Kerr rotation data for
Sub/W (4 nm)/CoypFesB2o(3 nm)/SiO,(2 nm) sample at applied field
H = 1.46kOe are shown. The three different temporal regimes are
indicated in the graph.
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Here, y is the gyromagnetic ratio, & is the spin-polarization
vector, m is the magnetization vector, M; is saturation
magnetization, J; is spin-current density, Hes is the effective
magnetic field, d is the ferromagnetic layer thickness, and
«a is the Gilbert damping constant [7,48]. Depending on the
polarity of &, the spin torque [28] acts collinearly against
or toward the intrinsic Gilbert damping of the precessing
magnetization. Effective damping, in turn, gets modulated
depending on the injected spin-current density and relative
orientation between the magnetic moment (which lies along
the direction of magnetic field) and charge current density
[28]. The modulation of damping under the influence of spin
current [32] can be expressed as

Aa = (aeff — ag) = hiy Js/2eMd2m f, (2)

where «p and agr are the damping in the absence and presence
of applied charge current, respectively, e is electronic charge, f
is the precessional frequency, and other symbols have the same
meaning as described before in the text. This approach is valid
in the high-field limit and assuming that the magnetic moment
and the direction of the charge current are perpendicular to each
other [49,50]. Thus, the SHA (charge current to spin-current
conversion efficiency) is given by

J; .
Osy = T =2eMd2mw f Aa/liy J. sin0, 3)

c
where charge current density through the W layer has been
denoted as J,. 6 is the angle between J, and bias magnetic field
direction, which is 90° in the present case. Experimentally, we
find the value of Ax/J, and estimate the SHA using the above
expression.

B. All-optical investigation of magnetization dynamics

InFig. 2(c), the as-measured data using TRMOKE setup are
shown for the Sub/W(4 nm)/CosyFegB2o(3 nm)/SiO,(2 nm)
sample at H = 1.46kOe without any applied charge current.
The femtosecond laser excites the sample, thereby triggering
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the magnetization dynamics. Overall, the dynamics can be
divided into three different temporal regimes as shown in
the plot. Regime I (sharp drop immediately after negative
delay, ~700 fs) corresponds to ultrafast demagnetization [51]
and regime II corresponds to the fast relaxation (1.7 ps)
due to the spin-lattice relaxation. Subsequently, in regime
III, we observe a slower relaxation (~40 ps) along with
magnetization precession, which gets damped in few ns. The
slower relaxation is due to heat diffusion from the lattice to the
substrate and surrounding. We mainly concentrate on regime
III to estimate the damping and its modulation due to the action
of spin torque. The blue line in Fig. 2(c) corresponds to the
biexponential background present in the precessional data in
regime III. We subtract this background from the raw data and
fit the resulting data using standard damped harmonic function.
From the fit we estimate the damping «.g using the expression
oeff = 1/2m f T, where f is the precessional frequency and 7 is
the relaxation time corresponding to magnetization oscillation.
We further studied the bias-field-dependent magnetiza-
tion dynamics; Fig. 3(a) shows representative experimental
data of precessional magnetization dynamics along with
the theoretical fit using a damped sinusoidal function for
Sub/W (4 nm)/CoyoFegyB2o(3 nm)/SiO,(2 nm) sample. From
the fitting, we extract the relaxation time (t) as 0.52, 0.59,
and 0.70 ns for bias field values of 1.46, 1.05, and 0.65 kOe,
respectively. Figure 3(b) shows the corresponding fast Fourier
transform (FFT, power vs frequency), from which the preces-
sional mode frequency is extracted. The frequency ( f) vs bias
magnetic field (H) is plotted in Fig. 3(c) for the same film
stack. The standard Kittel expression mentioned below is used

to fit the f vs H data:
£ = L1HH + 4n M), @

2

where y = gup/h, g is the Landé g factor, H is the applied
bias magnetic field, and M. is the effective magnetization.
From the fit Mg and g are determined as fitting parameters.
For these film stacks we obtain M ~ 1000 £+ 30emu/cc
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FIG. 3. (a) Time-resolved precessional magnetization dynamics for Sub/W (4 nm)/CoyyFegB2o(3 nm)/SiO,(2 nm) sample at different bias
magnetic field values. (b) The corresponding FFT power spectra to extract the precession frequency. (c) Plot of variation of frequency as a function
of bias magnetic field. The solid line is the fit with Kittel formula. (d) Saturation magnetization of the Sub/W(¢)/CoyoFegoB2o(3 nm)/SiO,(2 nm)

samples as a function of W layer thickness.
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FIG. 4. (a) Representative TRMOKE traces for extraction of damping under the influence of positive and negative current densities. Here,
W thickness is mentioned in the left panel. The estimated damping values at mentioned current densities (in A/m?) are also shown. Comparison
of left and right panels indicates that the damping value changes with the polarity of charge current. (b) Modulation of damping plot for W
thickness of 3 and 4 nm corresponding to the 8 phase and 7 nm corresponding to the « phase. Solid line is the linear fit to the modulation of
damping with current density. Error bars correspond to the fitting error obtained during the estimation of damping.

and g = 2.0 & 0.05, except for the W thickness of 5 nm,
where M.y is found to be lower (770 &+ 24emu/cc). In
Fig. 3(d), the M. obtained from the dynamic measurement
is plotted as a function of W thickness, ¢. Interestingly, for
all the film stacks investigated in this study, M. is found to
be close to the saturation magnetization M; obtained using
vibrating sample magnetometer. From this we infer that in-
terface anisotropy is negligibly small in these heterostructures
[35].

C. Spin-current-induced modulation of damping

Figure 4 shows some typical time-resolved Kerr rotation
data after the application of dc charge current through the
film stack with different polarities and the MOD as a function
of the dc charge current density. The applied charge current
through the heterostructure gets distributed into W and CoFeB
layers according to the resistivity of each metallic layer. Here,
J. represents the current density through the W underlayer.
Figure 4(a) shows the magnetization precession data at a bias
field H = 1.46kOe and for positive and negative J.(6 = 90°)
along with the fit using damped sine function to extract the
damping. The magnitude and sign of J, and the corresponding
extracted value of effective damping «.g are mentioned in
each panel. A direct comparison of MOD with applied J, is
shown for three representative thicknesses of W in Fig. 4(b),
i.e.t = 3nm, 4 nm (corresponding to B-rich phase), and 7 nm
(corresponding to «-rich phase). From these plots, it is evident
that the spin-current-induced spin torque generated by SHE
almost linearly modulates the damping, consistent with the
existing literature [28,32]. We use a linear fit and extract the
slope of MOD (A«/J.) in order to estimate the SHA using
Eq. (3) for a given thickness of W. The values of the slope

extracted from the fit for 2-, 3-, 4-, 5-, 6-, and 7-nm-thick W
are tabulated below (Table II).

Note that the slope of MOD due to the spin current
generated by SHE is generally larger for the 8 phase W (3,
4, 5 nm) in comparison to the o phase W (6, 7 nm). The
sample with 2-nm W thickness is an exception and it will be
discussed later in this paper. With increasing current density,
precessional frequency has experienced a downshift for either
direction of the charge flow [47]. This may possibly arise
either from the Joule heating affecting the local magnetization
as well as the frequency [32,47] or due to the presence of
a fieldlike torque. The limited J. value for the high resistive
B-phase W [in Fig. 4(b), fort = 3 and 4 nm] is retained to avoid
Joule heating in these films. Nevertheless, damping variation
in oefr up to £15% is observed for a reasonably small current
density of 0.3x10'°A/m? for the sample with ¢ = 3 nm.
Here we cannot rule out the possibility of small increment
in damping values due to heat accumulation following the
ultrafast demagnetization by the pump pulse on short time
scales but that will not affect the slope of modulation of

TABLE II. Experimentally obtained values of modulation of
damping for Sub/W(#)/CoyoFegB2o(3 nm)/SiO,(2 nm) samples with
different W thicknesses.

W thickness (nm) Modulation of damping (m?/A)

2 (0.47 £ 0.04)x 1012
3 (1.29 £0.10)x 1012
4 (1.20 £ 0.06)x 1012
5 (1.02 & 0.04)x 1012
6 (0.39 £ 0.06)x 1012
7 (0.11 £0.01)x 1012
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FIG. 5. (a) Variation of spin Hall angle with W thickness. Error
bars are estimated by considering errors in damping, saturation
magnetization, and resistivity measurements. The color contrast
shows the transition from S- to o phase of W. (b) Variation of
resistivity of W with thickness (z).

damping originating due to spin current generated by SHE.
The enhancement (if any) will be constant and additive for all
the represented damping values.

D. Tungsten layer thickness dependence of spin Hall angle

Figure 5(a) shows the plot of SHA as a
function of W  thickness 2nm <t < 7nm in
Sub/W(t)/CoygFegyBoo(3 nm)/SiO,(2 nm). Interestingly,
in this plot we notice that the SHA is quite small when the
W layer thickness is 2 nm; subsequently, SHA increases
to a large value for W layer thickness of 3 and 4 nm. For
t > 4nm, the SHA decreases monotonically up to t = 7 nm.
It is important to emphasize here that we observe a giant value
of SHA as large as 0.4 +0.04 for r = 3nm. Within the B
phase of W, the SHA decreases as the thickness of W becomes
comparable to spin-diffusion length of W (A4) [45,52]. The
observed dependence of SHA on W thickness from 2 to 4 nm
can be explained by considering drift-diffusion analysis
of the spin flow that incorporates spin Hall effect. Earlier
theoretical and experimental studies have proposed that within
the spin-diffusion length, the counter-flowing spin current
generated due to vertical gradient in the spin-dependent
electron chemical potential adjacent to the HM surface (under
the assumption that no spin current penetrates out of HM)
cancels the spin-Hall-generated spin current [24,45,50,53,54].
Due to this, the magnitude of the spin Hall spin current reduces
significantly (resulting in smaller MOD and underestimation
of SHA) as the thickness of the HM layer becomes comparable
to Ayt. From our experimental data we understand that the Ay
of our W thin film is less than 3 nm as it is difficult to extract
this parameter precisely using standard fit with few numbers
of data points available in 8-W phase. In order to understand
whether the variation of SHA is directly correlated with the
variation of resistivity, we plot the W resistivity with its
thickness in Fig. 5(b). The significant drop in the resistivity
value for # > 5nm indicates a transition from 8-W to «-W
phase in the W film used in our experiment. It is important
to notice here that the variation in SHA above spin-diffusion
length is primarily correlated with the thickness-dependent S-
to «-phase transition [structural change which is also related
to the resistivity change; cf. Fig. 5(b)] of W [24,33,36,38,52].
Although from Fig. 5(b) the resistivity of 5-nm-thick W film
is found to be primarily in 8 phase, from the trend of SHA
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values it appears that there is probably a mixed B- and «
phase of W at this thickness. Hence, apart from W thickness
of 2 and 5 nm, SHA is found to be in direct correspondence
with the resistivity, which is similar to the variation of SHA
with conductivity as observed for other HMs [44,55].

In the phase-transition regime, the change in crystal
structure indicates a change in SO coupling strength of W
which may play an important role in modifying the SHA
[36]. There is a possibility that in the low resistive regime
(for ¢t > 5nm) the SHA is influenced by the change in SO
coupling strength. As the phase transition in W with its
thickness and the associated resistivity change predominantly
originates from the bulk portion of W, thus it indicates that
the bulk part of W plays a dominant role in defining the
SHA and thereby the spin current above the spin-diffusion
length of W. The bulk SHA in the HM layers is theoretically
predicted and experimentally found to consist of contributions
from the intrinsic, side-jump, and skew-scattering mechanisms
[5,6,56]. SHA of W obtained in our experiment qualitatively
follows the resistivity of the W layer, which indicates that the
intrinsic or side-jump mechanism is primarily responsible for
conversion of charge current to spin current [55]. However,
it requires more elaborate study for full understanding of this
phenomenon. The estimated large value of SHA indicates that
the W/CoFeB interface is transparent enough to efficiently
exert spin torque on the adjacent FM layer. The trend found
in the variation of SHA with W thickness (8-W has larger
SHA in comparison to «-W) is mostly consistent with earlier
reported results [33], while the values of SHA obtained using
all-optical detection technique are a new addition in this
field. The method employed here is noninvasive and more
unambiguous as it helps to eliminate any experimental artifacts
involved in the electrical detection schemes [57]. Being a local
technique, the all-optical method does not suffer from the
large area averaging, which could have produced spurious
effects due to inhomogeneities and defects present in the
sample. Further, in the time-domain measurement technique,
magnetization damping can be directly extracted from time-
resolved precession data, which is more advantageous than
other techniques such as FMR linewidth measurement, where
excitation of multiple modes may lead to inhomogeneous line
broadening, which could artificially increase the damping.

IV. CONCLUSION

In summary, we have wused all-optical time-
resolved  magneto-optical Kerr effect  microscopy
to  investigate the  magnetization  dynamics in
Sub/W(2)/CoyoFegB2o(3 nm)/Si0,(2nm)  with  varying
W layer thickness under the influence of spin current
generated by SHE. The W layer thickness is so chosen that
it undergoes a transition from B-rich to «-rich phase at a
thickness above 5 nm. For highly resistive 8-phase W, large
modulation of damping of up to £15% at a modest current
density of 0.3x10'® A/m? and corresponding SHA as large
as 0.4 are achieved. The SHA above the spin-diffusion length
of W follows the thickness-dependent phase transition of W.
On the other hand, a smaller modulation of damping and
underestimation of SHA is observed for W layer thickness
smaller than its spin-diffusion length. In order to realize the
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full value of spin current due to SHE, it is thus important to
use the HM thickness above its spin-diffusion length. The
variation of SHA with W thickness (8-W has larger SHA
in comparison to «-W) is mostly consistent with the change
in resistivity. Although in some of the recent theoretical and
experimental studies direct correspondence of SHA with
conductivity has been discussed, however we believe our
investigations will trigger more studies to get further deep
insight into the relationship between conductivity and spin
Hall angle specifically for materials with mixed phase. Our
results of detailed variation of SHA for different values of
W thickness will be beneficial for in-depth understanding
of correlation between the thickness-dependent phase
transition in W and SHA. Furthermore, these studies will be

PHYSICAL REVIEW B 96, 054414 (2017)

significantly important from the application perspective as
the future spintronic devices are expected to use large SHA
material and spin-current-induced magnetization switching.
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