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Dependence of spin pumping in W/CoFeB heterostructures on the structural phase of tungsten
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We report the systematic dependence of spin pumping in tungsten (W)/CoFeB heterostructures on the
structural phase of W, which is intricately related to argon gas pressure (pAr) maintained during the sputter
deposition. We found that with increasing pAr the structural phase of W changes from mixed (α + β) phase to
pure β phase. The β-W is stabilized in films for the high thickness of 40 nm which is desirable for spin devices.
Using ferromagnetic resonance measurement of W(pAr)/CoFeB heterostructures, it is shown that enhancement
of magnetic damping (αeff ) from spin pumping is more in β-W compared to (α + β)-W. The effective spin
mixing conductance (g↑↓

eff ) is estimated for different phases of W from the linear evolution of αeff with the
inverse thickness of the CoFeB layer. For β-W, the g

↑↓
eff is found to be larger than that of (α + β)-W and it is

attributed to different interface structure. Thus, effective tuning of spin pumping efficiency can be achieved using
different W crystal phases. We also studied the dependence of αeff on β-W film thickness to calculate the value
of spin-diffusion length (λSD) and intrinsic spin mixing conductance (g↑↓

β-W ) using both the ballistic and diffusive
spin transport models.
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I. INTRODUCTION

The efficient generation, manipulation, and detection of
spin current are of foremost importance for the development
of spin based magnetic data storage and spin logic devices
[1,2]. The spin Hall effect (SHE) [3,4], spin pumping [5–
8], and spin Seebeck effect [9,10] constitute some of the
possible routes that have been used to generate pure spin
current. Spin pumping is a widely accepted method of spin
injection into normal metal (NM), as no microfabrication
is required for the device structure. In spin pumping based
devices, the magnetization precession of the ferromagnetic
(FM) layer injects spin current into the adjacent NM layer.
The spin mixing conductance (g↑↓) and spin-diffusion length
(λSD) are two important characteristic parameters of spin
pumping which decide whether the dynamically pumped spin
current in the NM layer will dissipate or return back to the
FM layer [2,5,11,12]. The dissipation of spin current into
the NM layer is accompanied by loss of angular momen-
tum in the FM layer which leads to enhancement in the
effective Gilbert damping constant (αeff ) of the FM layer
[13]. Thus, spin pumping allows the possible control of mag-
netization dynamics, which is crucial in several spintronic
devices such as spin transfer torque magnetic random-access
memory (MRAM), spin torque nano-oscillators, etc. [14–16].
The enhanced damping is more prominent in metals with high
spin-orbit coupling (SOC) because of stronger interaction
between electron spin and lattice.

Tungsten (W) in its β phase (A-15 structure) is attracting
great interest, as it exhibits giant spin Hall effect due to large
SOC [17–20]. Very high spin Hall angle (SHA, a measure of
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the efficiency of charge to spin current conversion) is reported
for β-W (up to 0.5 [21]) compared to other transition-metal
elements such as Pt (0.08) [22–24] and β-Ta (0.15) [25]. Thus,
large SHE induced spin-orbit torque can be generated, which
is of interest for magnetization switching [25,26], excitation
of precessional magnetization dynamics [27,28], and domain-
wall motion [29,30]. However, there exists another crystalline
state of W, namely, the α-W (bcc structure). It is known
that the fabrication of phase pure β-W thin films to higher
thicknesses and without adding oxygen in the growth chamber
is particularly challenging [19,20,31–35]. In contrast to β-W,
very small SHA is reported for the α phase (<0.07) and
mixed (α + β) phase (0.18) of W [17,36]. The SHA and spin
mixing conductance have been found to be correlated [37].
Consequently, one would expect that spin pumping might also
be significantly dependent on structural phase changes in W
thin films, which has not been yet experimentally studied. Fur-
thermore, the magnitude of spin-orbit torque is dependent on
the efficiency of spin current transmission across the FM/NM
interface, governed by spin pumping parameter g↑↓, which
remains undefined for various W crystal phases. Therefore,
a detailed understanding of the formation of β-W as well as
the dependence of spin pumping on different phases of W is
crucial from both fundamental and technological viewpoints.

Here, we report the correlation of structural phase changes
in W thin films with spin pumping efficiency in W/CoFeB
heterostructures. The W crystalline state is controlled by
varying the argon gas pressure (pAr) during sputtering, and
it is found that with increasing pAr the structural phase of
W eventually changes from mixed (α + β) to pure β phase.
The β-W is stabilized in films having a thickness of ≈40 nm.
The ferromagnetic resonance (FMR) technique is used to
measure the spin pumping induced damping enhancement in
W(pAr)/CoFeB heterostructures. We found that β-W gives

2469-9950/2019/99(1)/014430(8) 014430-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.014430&domain=pdf&date_stamp=2019-01-24
https://doi.org/10.1103/PhysRevB.99.014430


JHAJHRIA, BEHERA, PANDYA, AND CHAUDHARY PHYSICAL REVIEW B 99, 014430 (2019)

rise to greater enhancement in damping and higher effec-
tive spin mixing conductance (g↑↓

eff ) compared to (α + β)-
W. We also determined the intrinsic spin mixing conduc-
tance (g↑↓

β-W ) for the β-W/CoFeB interface and the spin-
diffusion length (λSD) of β-W by studying the dependence
of αeff on β-W thickness. These basic properties of W are
beneficial for a complete understanding of this high SOC
material, which is of interest for pure spin current based
devices.

II. EXPERIMENTAL DETAILS

Thin films of W(40 nm) were deposited at room tem-
perature on naturally oxidized Si substrates using a pulsed-
dc magnetron sputtering system (Excel Instruments, India)
equipped with a cryopump achieving base pressure better than
2 × 10−7 Torr. The confocal sputtering guns have a diame-
ter of 5 cm and the target to substrate distance is kept at
11 cm. The deposition of W films was carried out at different
values of argon gas working pressure (pAr) while maintaining
a constant low sputtering power of 12 W to the W target
(99.99% pure). The pAr was systematically varied from 3
to 20 mTorr. The deposition rate of W at various pAr was
calibrated using x-ray reflectivity (XRR) measurements and
subsequently the deposition time for W (pAr) films was
appropriately chosen to deposit W films having a desired
constant thickness. The growth rates (R) were found to in-
crease from 0.0080(±0.0002) nm/s for pAr = 3 mTorr to
0.0105(±0.0002) nm/s for pAr = 15 mTorr and then decrease
slightly to 0.0100(±0.0002) nm/s for pAr = 20 mTorr. The
crystallographic structure of W films was studied using an
X’pert pro x-ray diffractometer equipped with a Cu-Kα (1.54
Å) source. The resistivity of films was measured using four-
point probe method.

For spin pumping studies, we prepared a layered structure
of Si/W(10 nm, pAr)/Co60Fe20B20(15 nm)/Ta(2 nm). The
CoFeB films exhibited in-plane uniaxial magnetic anisotropy,
induced as a consequence of oblique sputtering, with the
easy axis (EA) along the incident direction [38]. A 2-nm-
thin capping layer of Ta was used to prevent the oxidation
of CoFeB from the atmosphere. Since the thicknesses of
both CoFeB and W are held constant, we have labeled the
bilayers as W(pAr)/CoFeB. The density, thickness, and in-
terface roughness of individual layers in W(pAr)/CoFeB het-
erostructures were accurately determined by XRR measure-
ment. Two additional sets of sample series were also sputter
deposited: (1) Si/W(10 nm, pAr)/Co60Fe20B20(tCoFeB)/Ta(2
nm) thin films with variable CoFeB thickness (tCoFeB =
5, 10, 15, and 25 nm) for pAr = 3 and 10 mTorr; (2) Si/W(tW ,
pAr = 10 mTorr)/Co60Fe20B20(15 nm)/Ta(2 nm) thin films
with variable W thickness (tW = 1, 2, 3, 4, 6, 8, 10, 12, 16,
20, and 25 nm). From the first set of samples the effective
spin mixing conductance (g↑↓

eff ) is deduced, and from the
second set the intrinsic spin mixing conductance (g↑↓

W ) of the
W/CoFeB interface and the spin-diffusion length (λSD) of W
are determined. Additionally, to evaluate the Gilbert damping
of single layer CoFeB, a reference sample Si/Co60Fe20B20(15
nm)/Ta(2nm), labeled as W(0)/CoFeB, was also grown under
similar conditions.

FIG. 1. The XRD patterns for W(40 nm) films deposited at
different pAr. The Bragg peak positions corresponding to reference
data (extracted from the JCPDS database) of α (bcc) and β (A15)
phase of tungsten together with their relative peak intensity are
shown as vertical bars in the bottom. The dotted lines are used to
extend the vertical bars to pass through peaks corresponding to α

phase.

We used vibrating sample magnetometer (VSM) option
in a Quantum Design physical property measurement system
(model: Evercool II) to measure the saturation magnetization
of the films. The magnetization dynamics of the films was
characterized using the broadband (5–12 GHz) in-plane FMR
technique employing a vector network analyzer and coplanar
waveguide (CPW) based transmission line. Here, the samples
(with the film side facing the CPW) are subjected to field
sweep through resonance at different values of constant mi-
crowave frequencies. The signal to noise ratio is improved
using a combination of field modulation and lock-in detection.
The external static magnetic field is modulated at 211.5 Hz by
a very small alternating magnetic field of 1.3 Oe provided by
a pair of Helmholtz coils. Thus, the measured FMR spectrum
is proportional to the field derivative of absorbed microwave
power. Subsequently, the values of the resonance field (Hr )
and field linewidth (�H ) were determined by fitting of the
extracted FMR spectra with the derivative of the Lorentzian
function.

III. RESULTS AND DISCUSSION

Figure 1 shows the glancing angle (1◦) XRD pattern for
W(40 nm) films deposited at different pAr. All the observed
peaks in the XRD pattern of W (pAr) films can be matched
with the reference data of either bcc or A15 structure of
W extracted from the joint committee on powder diffraction
system (JCPDS) file data [references 04-0806 (α-W) and
47-1319 (β-W)] depicted at the bottom of the figure with
peak labels. The W films grown at lower pAr (�6 mTorr) are
highly crystalline and composed primarily of α phase with
some mixed β phase as is evident from the dominant presence
of (110) and (211) reflection peaks of the bcc structure. On
the other hand, for pAr � 10 mTorr, a single phase β-W is
obtained with the absence of (110), (200), and (211) reflection
peaks of the α phase. The metastable β phase in films exists
up to pAr = 20 mTorr. Observing β-W at such high thickness
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FIG. 2. The resistivity of W(40 nm) films as a function of pAr.
The dotted line is a guide to the eyes.

of 40 nm is certainly advantageous in the present scenario as
W generally exhibits thickness dependent structural transition
[17,20,31,34–36]. Since annealing is required during most
device fabrications, it is of interest to see the thermal stability
of the films. We found that after thermal annealing of 40-nm
films at 300 ◦C for 1 h the (α + β)-W films transform into pure
α phase, whereas the β-W films transform into mixed (α + β)
phase only, and not into pure α phase even on annealing at
350 ◦C (data not shown).

The average lattice constants calculated from α (211) and
β (200) peaks were found to remain constant as a function of
pAr with values of 0.317 nm (bcc) and 0.504 nm (A-15) which
match very well with the literature bulk values of 0.3165 and
0.504 nm, respectively [32]. The average sizes of α-W and
β-W crystallites were also estimated from α (211) and β (200)
peaks using Scherrer’s formula and were found to remain
unchanged, with values ≈8 nm for α-W and ≈15 nm for β-W,
for the entire pressure range [39].

To further verify the phase changes in W thin films with
pAr, the electron transport study is done using the resistivity
measurement. It is known that the formation of β-W films
is characterized by very large resistance, since the A-15
structure is associated with strong electron-phonon scattering
while the α-W exhibit fairly low resistivity [17,31,33,34].
Figure 2 shows the resistivity of W films as a function of
pAr. It can be seen that the resistivity of W thin films does
not change significantly for pAr � 6 mTorr and is around
200 μ� cm. Afterwards, there is a sharp rise in resistiv-
ity for pAr > 6 mTorr with a value of ≈450 μ� cm at

pAr = 10 mTorr, and it continues to increase with increasing
pAr, reaching up to ≈600 μ� cm for pAr = 20 mTorr. This
observed higher resistivity for pAr > 6 mTorr indicates the
transformation of films into β phase and the values agree
well with the previously reported resistivity values for β-W
[40]. Thus, the resistivity results corroborate well with those
of XRD measurement, which also suggests clear single phase
formation of β-W for pAr = 10–20 mTorr while the (α + β)-
W with dominant of α phase deposited in the low-pressure
regime has much smaller resistivity than β-W.

Figure 3(a) shows the measured XRR spectra with their
corresponding simulated curves for selected W(pAr)/CoFeB
thin films. At lower pAr, the XRR spectra exhibit well-defined
oscillations for up to 3° indicating uniform deposition thick-
ness and a smoother interface, while for higher pAr there is
clear attenuation in oscillation at higher angles pointing to
slightly higher W surface roughness. The simulated param-
eters, average mass density (D), and rms surface roughness
of the W layer are plotted as a function of pAr in Fig. 3(b).
It can be seen that density of W films reduces with increase
in pAr from close to the bulk value of ≈18.2 g/cm3 (pAr =
3 mTorr) to ≈12.3 g/cm3 (pAr = 20 mTorr) and this points to
the formation of porous W films at higher pAr. In contrast, rms
surface roughness of W increases from ≈0.3 to ≈1.2 nm as
pAr increases from 3 to 20 mTorr. It is known that film growth
kinetics is controlled by the mobility of sputtered adatoms on
the substrate surface [41,42]. For deposition at higher pAr,
the mobility of W atoms at the substrate can be significantly
reduced due to numerous collisions and deflection with argon
atoms and is not sufficient to allow migration of W atoms
to preferred sites for a good crystalline growth, resulting in
slightly rough and porous films. On the other hand, for lower
pAr, the high mobility of sputtered W atoms is sufficient to
overcome the surface diffusion energy, which results in stable
crystalline growth and smoother films with a density close to
bulk crystalline value.

The growth kinetics of W films can further help in un-
derstanding the stabilization of β-W at higher pAr. The
metastable β-W is normally known to be stabilized by in-
corporation of some oxygen [21,32]. Since the W(pAr) films
are grown under the same base pressure, the residual oxy-
gen content in the chamber is the same for all the films.
However, the increased porosity at higher pAr can enhance
the exchange of oxygen incorporation, thereby stabilizing the
A15 structure (in line with XRD measurement). Also, the

FIG. 3. (a) XRR spectra of the W(pAr)/CoFeB films grown at various pAr. (b) The simulation parameter, average mass density (D), and
rms surface roughness of the W layer as a function of pAr. The dotted lines are guides to the eyes.
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FIG. 4. (a) Field-swept normalized in-plane FMR spectra of the W(0)/CoFeB and W(pAr)/CoFeB thin films recorded at 9 GHz. Open
symbols and solid lines represent the experimental data and fits to the derivative of the Lorentzian function, respectively. (b) Variation of f vs
Hr . Open symbols and solid lines represent the experimental data and fits to Eq. (1) respectively. (c) Dependence of Hk on pAr. (d) Variation
of 4πMeff with pAr. The curved dotted lines are guides to the eyes.

numerous collisions at higher pAr might lead to a decrease
in the deposition flux of W atoms reaching the substrate. The
flux (F ) is calculated as F = R D

mW
, where mW is the mass of

a W atom. The F was found to increase from ≈0.48 nm−2 s−1

for pAr = 3 mTorr to ≈0.56 nm−2 s−1 for pAr = 10 mTorr and
then drops in the 10–20-mTorr range to ≈0.40 nm−2 s−1 for
pAr = 20 mTorr. Due to the lower deposition flux observed
at higher pAr, the probability of incorporation of residual
oxygen in the growing W films is higher, which leads to β-W
stabilization [32,41].

For studying the systematic dependence of spin pumping
on the structural phase of W, the in-plane FMR spectra
of W(pAr)/CoFeB films were recorded along the EA of
CoFeB films over the frequency (f ) range of 5–12 GHz.
For the purpose of comparison, the normalized FMR spectra
of W(0)/CoFeB and W(pAr)/CoFeB thin films recorded at
9 GHz are shown in Fig. 4(a). The observed change in reso-
nance field (Hr ) is caused by anisotropy and magnetization
variation in films. To extract the anisotropy field (Hk) and
effective magnetization (4πMeff ), the f versus Hr plots [see
Fig. 4(b)] were fitted using the Kittel equation [43]:

f = gμB

h

√
(Hr + Hk )(Hr + Hk + 4πMeff ). (1)

Here, h is Planck’s constant, μB is the Bohr magnetron,
and g (=2.15) is the Landé g factor. Figure 4(c) presents the
variation of Hk with pAr from which a slight decrease in Hk at
higher pAr is clearly evident. This observed small reduction in

Hk possibly arises from changes in interfacial microstructure
and orbital moment in the films owing to the presence of
different W phases [44]. Also, the W(0)/CoFeB film exhibits
higher Hk than that with the W seed layer. Since the main
aim of this paper is to analyze the magnetic damping and spin
pumping efficiency, the identification of the anisotropy mech-
anism and its variation as a function of pAr is not considered
here. The dependence of 4πMeff for W(pAr)/CoFeB films on
pAr is shown in Fig. 4(d). The 4πMeff values do not clearly
depend on pAr with a mean value of ≈12.5(±0.5) kOe. The
values are higher compared to that of W(0)/CoFeB thin film,
which indicates the W seed layer effect in terms of modifying
the surface magnetism and magnetic anisotropy of the CoFeB
layer [44,45]. The saturation magnetization (4πMs) values
estimated using VSM are found to be very close to 4πMeff

values.
The damping constant and related mechanism can be

determined by analyzing the FMR linewidth (�H ) at dif-
ferent frequencies. The frequency dependence of linewidth
can mainly have two possible contributions: (1) the intrinsic
Gilbert damping contribution, which is linear in frequency
[46,47], and (2) the extrinsic two-magnon scattering (TMS)
contribution, which leads to a nonlinear variation of linewidth
with frequency [48,49]. Figure 5(a) shows �H versus f

plots of W(0)/CoFeB and W(pAr)/CoFeB thin films. The
linear behavior of �H with frequency for all samples in-
dicates that damping is predominantly governed by an in-
trinsic mechanism via electron-magnon scattering and the
possible contribution from TMS can be ignored. Thus, the
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FIG. 5. (a) Variation of �H vs f for W(0)/CoFeB and
W(pAr)/CoFeB thin films with open symbols and solid lines rep-
resenting the experimental data and fits to Eq. (2), respectively. (b)
Dependence of αeff on pAr. (c) Variation of �H0 as a function of pAr.
The curved dotted lines are guides to the eyes.

frequency dependence of �H in films is expected to follow
the relation [50]

�H = 2hαeff

gμB

f + �H0. (2)

Here, the first term 2hαeff
gμB

f corresponds to intrinsic
linewidth contribution and is proportional to the effective
Gilbert damping constant, αeff . The second term �H0
describes an inhomogeneous line broadening caused by
sample imperfections and is independent of frequency. The
obtained αeff from the fit of experimental data is shown
in Fig. 5(b) and it reveals that αeff values are significantly
higher for W(pAr)/CoFeB heterostructures compared to
W(0)/CoFeB films. In terms of intrinsic origin, this enhanced
damping in W(pAr)/CoFeB films is attributed to the spin
pumping mechanism caused by the W seed layer. There is a
clear trend that αeff rapidly rises as pAr increases and peaks
around pAr = 10 mTorr. Thereafter, the αeff stays almost

FIG. 6. αeff as a function of 1/tCoFeB for W(10 nm, pAr)/
CoFeB(tCoFeB) heterostructures with pAr = 3 and 10 mTorr.

constant for pAr between 10 and 20 mTorr corresponding
to W films with pure β phase only. The variation in
damping correlates well with pAr dependent structural
phase transition in W from (α + β) to β phase occurring
at pAr = 10 mTorr. This dependence of spin pumping on
crystal structure of W films might indicate different values
of spin mixing conductance for different W structural phases
that we will present in the later sections. It is unlikely that
the observed αeff (pAr) trend may arise from the W(pAr)
roughness variation, as an increase of roughness in the range
pAr = 10–20 mTorr could not account for the almost constant
damping. We should mention that the presence of magnetic
anisotropy in films can also influence the damping [38,51].
However, the observed opposite trend of Hk [see Fig. 4(c)]
compared to αeff with pAr suggests that the anisotropy field
is rather weak in films to affect the damping. Therefore, spin
pumping is the dominant mechanism of enhanced damping
observed in W(pAr)/CoFeB heterostructures and is dependent
on the crystallographic structure of the W layer.

The �H0 signifies the sample quality and is assigned to
local dispersions in magnitude and direction of magnetization
and anisotropy field. For best sample quality, �H0 should
approach zero. The obtained values of �H0 are quite small
and found to vary between 3 and 8 Oe for W(pAr)/CoFeB
heterostructures [see Fig. 5(c)], indicating very good sample
quality. The dispersion can result from changes in the rough-
ness, but as the roughness slightly increases with an increase
in pAr it cannot explain the observed opposite trend of �H0

with pAr. However, the finite changes in anisotropy field might
also affect �H0 and the correlation between the two with
changing pAr is also evident.

It is necessary to determine effective spin mixing conduc-
tance (g↑↓

eff ) for characterizing the efficiency of spin current
passing through the FM/NM interface. The g

↑↓
eff is obtained

by studying the evolution of Gilbert damping with thick-
ness of the FM layer. To study the role of different W
crystal phases on spin pumping efficiency in terms of g

↑↓
eff ,

we carried out CoFeB thickness (tCoFeB) dependence of αeff

in W(10 nm, pAr)/CoFeB(tCoFeB) heterostructures with W
deposited at pAr = 3 and 10 mTorr corresponding to mixed
(α + β) and pure β phase, respectively. The typical result
is shown in Fig. 6 and the observed linear dependence of
αeff on 1/tCoFeB for both pAr = 3 and 10 mTorr indicates
an interfacial contribution to damping, which is commonly
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expected in spin pumping phenomena. The total damping of
the system can be derived as [52,53]

αeff = αB + αS/tCoFeB, (3)

where αB is the intrinsic Gilbert damping constant of bulk
CoFeB and αS is the interface/surface contribution to effective
damping.

The linear fit to the data in Fig. 6 with Eq. (3) yields
the values of αB = 0.00527(±0.00007)[0.00526(±0.00038)]
and αS = 0.0356(±0.0008) nm−1 [0.0471(±0.0043) nm−1]
for heterostructures with W deposited at pAr = 3 mTorr
[10 mTorr]. The αS value is quite high for both (α + β)
and β phases of W, which signifies prominent interfacial
damping due to spin pumping. The estimated net contribution
of spin pumping in β-W is somewhat enhanced compared to
(α + β)-W. Next, the interfacial g↑↓

eff can be estimated from the
damping enhancement due to spin pumping contribution (i.e.,
�αSP = αS /tCoFeB) by the following relation [7,8,54,55]:

�αSP = αS/tCoFeB = gμB

g
↑↓
eff

4πMs

1

tCoFeB
. (4)

It is noteworthy that the calculation of g
↑↓
eff also includes

the contribution of spin back flow from the NM layer back
into the FM layer at the interfaces. Taking the value of 4πMs

from the VSM measurement, the analysis of �αSP leads to
g

↑↓
eff = 1.77(±0.04) nm−2 [2.35(±0.2) nm−2] for heterostruc-

tures with W deposited at pAr = 3 mTorr [10 mTorr]. This
suggests that g

↑↓
eff strongly depends on the crystal phase of

W, with β-W showing greater g
↑↓
eff . It is known that NM/FM

interface morphology (structure and quality) plays a very
important role in determining the efficiency of spin transfer
across an interface [56,57]. The interface quality does not
seem to differ much for W films deposited at pAr = 3 and
10 mTorr as there is very little difference in values of rough-
ness, grain size, density, and inhomogeneity of films and as
already discussed their role is uncorrelated to the changes in
αeff (pAr).

However, the different crystal phases of W have different
atomic as well as electronic structure at the W/CoFeB inter-
face, which might change the interfacial spin-orbit coupling
and thus could account for the different g

↑↓
eff values obtained

for various W phases. In a similar context, recently, smaller
spin Hall angles have been reported for α-W and mixed (α +
β)-W compared to β-W, suggesting a probable correlation
with spin mixing conductance [17,36]. Therefore, it is pos-
sible to tune the spin pumping efficiency in W(pAr)/CoFeB
heterostructures utilizing different phases of W resulting from
different sample growth conditions.

In the following section, the intrinsic spin mixing conduc-
tance (g↑↓

β-W ) of the β-W/CoFeB interface and spin-diffusion
length (λSD) of β-W are estimated by investigating the
αeff dependence on β-W thickness (tW ) in β-W(tW , pAr =
10 mTorr)/CoFeB(15 nm) heterostructures. As g

↑↓
eff depends

on thickness and the nature of the NM layer, the g
↑↓
W should

be used to characterize the spin pumping. The λSD is one of
the crucial parameters for studying spin-dependent transport,
and for tW > λSD the more likely flipping of the precessing
spin occurs before spin returns to the W/CoFeB interface.

FIG. 7. αeff as a function of tW for β-W(tW )/CoFeB(15 nm)
heterostructure, with open symbols representing the experimental
data and red and blue solid lines being fits to Eqs. (5) and (6),
respectively.

The plot of measured αeff as a function of tW is shown in
Fig. 7. With the initial increase of β-W thickness, the αeff

first increases due to spin pumping in the β-W seed layer
and then peaks and remains nearly at a constant level at
higher thicknesses. The dependence of αeff on tW can be
described by ballistic and diffusive spin transport models. In
the ballistic transport model, the αeff (tW ) is fitted with the
following simple exponential function [54,58]:

αeff = αW (0)/CoFeB + gμB

g
↑↓
β-W

4πMs

1

tCoFeB

(
1 − e

−2tW
λSD

)
, (5)

where αW (0)/CoFeB is the damping for the CoFeB layer with-
out the W seed layer. The exponential term in the equation
refers to the back flow of spin current from the β-W/SiO2

interface. This back flow of spins adds angular momentum
to the CoFeB layer which was previously lost due to spin
pumping. The fit to experimental data in Fig. 7 using this
model (red line) yields values of λSD = 2.52(±0.18) nm and
g

↑↓
β-W = 1.39(±0.02) nm−2. The fitted λSD is close to the

reported values of 3.5 and 2.1 nm [19,59,60]. The fitted value
of g

↑↓
β-W is smaller than that of the earlier reported W/CoFeB

(10.1 nm−2) [59] system. However, the values are comparable
to those reported recently in W/NiFe (1.63 nm−2) [61] and
W/YIG (4.5 nm−2) systems [60].

In the ballistic model, the resistivity of NM is not con-
sidered and the thickness of NM is assumed to be less than
the mean free path. In order to include the effect of charge
properties of NM on spin transport, the model based on spin-
diffusion theory is used to describe αeff (tW ) plots. Within
this model, the additional damping due to spin pumping is
described as [62,63]

�αSP = αeff − αW (0)/CoFeB = gμB

4πMstCoFeB

g
↑↓
β-W

1 + g
↑↓
β-W

gext

, (6)

where gext for the NM/FM layer is given by gext =
h

e2ρW λSD
tanh( tW

λSD
), where ρW is the electrical resistivity of

the W layer. The data in the Fig. 7 are nicely fitted us-
ing this model (blue line) and the measured resistivity
ρW (10 m Torr) = 447 μ� cm. The fit parameters are λSD =
2.34(±0.1) nm and g

↑↓
β-W = 3.18(±0.24) nm−2. The value of

λSD is in good agreement with the ballistic model within the
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measurement error and the g
↑↓
β-W is nearly twice as large as

in the ballistic model. Here, the ratio of
g

↑↓
β-W

gext
accounts for the

back flow of spin current into the pumping FM layer.
The values of g

↑↓
eff extracted from Fig. 6 result from

parallel dissipation of spin current into both the W(10 nm)
seed layer and Ta(2 nm) cap layer. Thus, the effective spin
mixing conductance of the individual W/CoFeB interface,
i.e., g

↑↓
eff_W , could not be determined. For the thickness of

W = 10 nm, we can estimate g
↑↓
eff_βW of the β-W/CoFeB

interface from the fitted values of g
↑↓
β-W using the following

two relations corresponding to ballistic and diffusive spin
transport:

g
↑↓
eff_βW = g

↑↓
β-W

(
1 − e

−2tW
λSD

)
, g

↑↓
eff_βW = g

↑↓
β-W

1 + g
↑↓
β-W

gext

. (7)

Interestingly, we obtained the same value of g
↑↓
eff_βW =

1.39 nm−2 from the two relations, which confirms its validity.
The net g

↑↓
eff of the CoFeB layer can be written as the sum of

the individual contributions from the W seed layer and Ta cap
layer as

g
↑↓
eff = g

↑↓
eff_W + g

↑↓
eff_Ta. (8)

Using the fit values of g
↑↓
eff (for pAr = 10 mTorr) and

g
↑↓
eff _βW , we calculated the g

↑↓
eff_Ta = 0.96(±0.2) nm−2. Since

the cap layer structure is the same for all the samples, the
g

↑↓
eff _(α+β )W of the (α + β)-W/CoFeB interface can be simi-

larly calculated and is found to be 0.81(±0.2) nm−2.

IV. CONCLUSIONS

In summary, we systematically investigated the correla-
tion between argon gas pressure (pAr) dependent structural
phase transition in W thin films and spin pumping efficiency
in W/CoFeB heterostructures. X-ray diffraction, XRR, and
FMR techniques were used to characterize the crystalline
structure, interface, and spin pumping properties of W, which
are found to be sensitive with changing pAr in the range
3–20 mTorr. The W films deposited at lower pAr (�6 mTorr)
are dense and smooth with (α + β) phase while higher pAr

(�10 mTorr) forms pure β phase films with reduced den-
sity and slightly higher roughness. The stabilization of β-W
even at a thickness of 40 nm is associated with increased
film porosity and lower deposition flux of W adatoms. In
W(pAr)/CoFeB heterostructures, β-W leads to more enhance-
ment in magnetic damping (αeff ) than (α + β)-W. We observe
linear variation in αeff with inverse CoFeB thickness for both
mixed and pure β phase of W, confirming that spin pumping
is the dominant mechanism of damping contribution. The
estimated effective spin mixing conductance (g↑↓

eff ) is found to
be larger for β-W compared to (α + β)-W and is attributed to
different interface structure which seems to change the inter-
facial SOC. The observed strong connection of spin pumping
efficiency with W crystal phase will allow effective tuning
of magnetic damping. Within the framework of ballistic and
diffusive spin transport models, the intrinsic spin mixing

conductance (g↑↓
β-W ) and spin-diffusion length (λSD) of β-W

are also calculated by studying the enhancement of αeff as a
function of β-W thickness. Thus, the results provide insight
into developing a complete understanding of the W thin films
with high SOC to be subsequently used in spintronics MRAM
and spin logic applications.
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