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In ferromagnetic/heavy-metal bilayer systems, spin-current transmission with high efficiency between
the heavy-metal layer and the ferromagnetic layer across the interface is crucial for power-efficient spin-
orbit torque magnetic random access memory (SOT MRAM). The spin-mixing conductance is one of the
critical parameters that determines such efficiency at the interface. For the Co-Fe-B/W bilayer system,
which is a promising candidate for SOT MRAM, improving the spin-current transmission efficiency at the
interface by interface engineering, however, is not readily well studied. Here, we report that, by inserting
an atomically thin α-W layer at the interface of Co-Fe-B/W to construct the Co-Fe-B/α-W/β-W trilayer
system, the spin-mixing conductance can be enhanced by about 45%. A modified theoretical model is
proposed that, in accordance with the experimental results, by considering the spin-backflow current as
an equivalent spin resistance, the enhancement of spin-mixing conductance is attributed to suppression of
the spin-backflow current by introducing α-W. This study demonstrates that interfacial phase engineering
between multiphases of the same heavy metal is effective at enhancing the spin-mixing conductance in fer-
romagnetic/heavy metal bilayer systems, which may further improve spin-current transmission efficiency
and help realize power-efficient SOT MRAM based on Co-Fe-B/W systems.
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I. INTRODUCTION

Manipulating magnetic moments by spin-orbit torque
(SOT) is crucial for its profound physics and potential
application in spintronic devices [1–3]. In a ferromag-
net/heavy metal (FM/HM) bilayer, an in-plane charge cur-
rent flowing through the HM layer will generate a pure
spin current and. consequently. exert SOT in the adjacent
FM layer, enabling power-efficient magnetization switch-
ing [4–6], fast domain wall motion [7–9], and magnetic
nano-oscillation [10–12]. Although spin-orbit torques are
much more effective than that of traditional spin-transfer
torque for lowering the critical charge current density for
magnetization switching, methods to further reduce the
critical charge current density exerting SOT are attracting
much attention in the field of spintronics [13–15]. Gener-
ally, the generation of the pure spin current in the HM layer
and transmission of the spin current from the HM layer to
the FM layer are two critical processes for exerting strong
SOT. The former one is determined by the spin-orbit cou-
pling of the HM materials, which is represented by spin
Hall angle, θSH, and the latter one is mainly determined

*pengbin@xjtu.edu.cn
†mingliu@xjtu.edu.cn

by the FM/HM interface, which is represented by the spin-
mixing conductance, g↑↓ [16]. Hence, great efforts focus
on exploring various heavy metals and other nonmagnetic
(NM) materials with strong spin-orbit coupling that exhibit
a large spin Hall angle [2,17–19]. On the other hand, if
the interface limits the transmission efficiency of a spin
current, the effective spin Hall angle in a given FM/HM
bilayer system is much lower than that of the theoretical
value, even for a HM layer with a large spin Hall angle
[20]. Therefore, many efforts also focus on improving the
spin-mixing conductance, g↑↓, at the FM/HM interface
to enhance the transmission efficiency of the spin current
[21,22].

Spin-orbit torques are strongly dependent on the inter-
face in FM/HM bilayer systems that are mainly determined
by the spin-mixing conductance, and they can be modi-
fied by interface engineering and enhanced, in some cases.
The interface engineering methods of FM/HM bilayer sys-
tems can be divided into two primary classes: inserting an
atomically thin FM layer and inserting an atomically thin
HM layer or NM layer. Early studies consider interface
transparency, which is influenced by the spin-mixing con-
ductance, as exemplified by the insertion of atomically thin
magnetic layers at the Ni-Fe/Pt interface, which strongly
modulates the magnitude of the spin-torque-derived spin
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Hall angle due to matching of the electronic properties in
FM and HM layers [20]. Moreover, the spin-mixing con-
ductance changes dramatically when the local microstruc-
ture of Co changes from fcc (111) to hcp (0001), which
suggests differences in the effective specific interface spin
resistance [23]. For inserting an atomically thin HM layer
or NM layer, Cu is widely studied, but may reduce the spin-
torque-derived spin Hall angle or spin pumping [20,24,25].
By building direct and interrupted interface conditions,
inserting a 0.5 nm Cu layer in Ni-Fe/Pt systems reduces
the dampinglike torque, fieldlike torque, and spin pumping
by the same factor, depending on the spin-mixing con-
ductance [24]. The voltage-driven O2− migration near the
FM/Pt interface enables tuning of the spin-orbit torques
in a nonvolatile manner [26]. In addition, the interfa-
cial charge density [27] and interfacial roughness [28]
are also crucial roles for spin-mixing conductance. Thus,
SOT devices with high efficiency and power consumption
might be realized by carefully engineering the FM/HM
interface [22].

The Co-Fe-B/W bilayer is one attractive system for
next-generation spin-orbit torque magnetic random access
memory (SOT MRAM) [29,30], not only because the Co-
Fe-B layer is promising for magnetic tunnel junctions
(MTJs) [31,32], but also β-phase tungsten (β-W) has the
largest spin Hall angle among well-studied heavy metals
of up to θSH = 0.33 [17]. They are also compatible with
complementary metal-oxide-semiconductor (CMOS) tech-
nologies through magnetron sputtering [33], as compared
with other newly found two-dimensional materials or topo-
logical insulators [13] with even larger spin Hall angles.
To fully develop the application of Co-Fe-B/W systems
in SOT devices, many studies have aimed to improve the
SOT efficiency in Co-Fe-B/W structures. For the W layer,
microstructure modification by oxygen incorporation [30]
and band structure engineering via Ta alloying enhance the
spin Hall angle of W greatly up to 0.5 [34]. The interfa-
cial effects on SOT in Co-Fe-B/W structures is another
significant method for achieving the goal [25]. So, improv-
ing the SOT efficiency in Co-Fe-B/W systems by interface
engineering still requires further investigation.

Here, we systematically study the effect of engineering
the interfacial layer on the spin-mixing conductance of a
Co-Fe-B/β-W bilayer system and enhance the spin-mixing
conductance about 45% by inserting an ultrathin (0.3 nm)
α-W layer. The theoretical model, which considers the
spin-backflow factor as an equivalent spin resistance, is
presented to describe our experiments and may have ref-
erence to other similar systems for interface engineering.
Taking advantage of a large spin Hall angle from β-
W for efficiently generating a pure spin current, and the
advantage of high spin-mixing conductance at Co-Fe-B/α-
W/β-W for efficient spin-current transmission, our study
demonstrates that interface engineering in the FM/HM
bilayer system will improve the efficiency of SOT devices

by enhancing the spin-mixing conductance. Furthermore,
this study lays the foundation for reducing the critical
charge current density.

II. EXPERIMENT

Co-Fe-B(6 nm)/inserting layer(x nm)/W(6-x nm) and
Co-Fe-B(6 nm)/W(6 nm) multilayers with different phases
of W are deposited onto a thermally oxidized Si substrate
by dc magnetron sputtering at room temperature with a
base pressure of less than 1×10−7 Torr. To grow α-W, the
deposition power is set to 30 W, with a deposition rate of
about 0.02 nm/s, as monitored by a quartz crystal microbal-
ance. To grow β-W, the deposition power is set to 7 W,
with a deposition rate of 0.006 nm/s, since the low sputter-
ing power is essential for the growth of β-W [35]. The Ar
working pressure is 3 mTorr for depositing all layers.

The broadband ferromagnetic resonance (FMR) test is
carried out with a FMR system using a microwave signal
generator (N5173B, Keysight Technology) and a lock-in
amplifier (SR830, Stanford Research). The sample is put
onto a coplanar waveguide with the external magnetic
field parallel to the thin-film surface. The sweeping mag-
netic field is modulated by a small 5 Oe alternating mag-
netic field. A vibrating sample magnetometer (7404, Lake
Shore) is used to measure magnetic hysteresis loops. The
structural characteristics of the samples are investigated by
x-ray diffraction (D8 Advance, Bruker). The spin-pumping
measurement is performed based on the refitting of an
X-band (approximately equals 9.3 GHz) ESR system (JES-
FA200, JOEL). The sample with dimensions of 5×10 mm2

is placed in the TE011 mode microwave cavity by a quartz
rod. The magnetic field is applied parallel to the film and
the microwave power is set at 10 mW. The voltage is mea-
sured by a nanovoltmeter (2182, Keithley). The distance
between the electrodes is 7.5 mm. The resistivity is mea-
sured by a linear array four-point probe system with a test
current of I = 1 mA. All characterizations are performed at
room temperature.

III. RESULTS AND DISCUSSION

In the beginning, the phase structure of tungsten films is
carefully controlled during fabrication. Figure 1(a) shows
the x-ray diffraction (XRD) patterns of 20 nm tungsten
films deposited at P = 7 W and P = 30 W on silicon
substrates. The 20 nm W films deposited at P = 30 W
show both α-W and β-W diffraction peaks, correspond-
ing to the standard Joint Committee for Powder Diffraction
Standards (JCPDS) No. 04-0806 and No. 47-1319, respec-
tively. The ratio of α-W/(α-W+β-W) is roughly estimated
to be 84.6% from their relative intensities. The 20 nm
W films deposited at P = 7 W show predominately β-W
diffraction peaks with only one low α-W(110) diffraction
peak, which is consistent with previous reports [36,37].
Therefore, a low deposition rate favors the formation of
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(a)

(b)

FIG. 1. (a) X-ray diffraction patterns of 20 nm tungsten films
deposited at P = 7 W and P = 30 W on silicon substrates and (b)
thickness-dependent resistivity of tungsten films.

β-W, while a high deposition rate favors α-W, since the
low-power deposition ensures a low ultimate substrate
temperature, which avoids the thermally activated phase
transition from β-W to α-W [38,39].

The phase structure of tungsten films studied here is
further confirmed by measuring thickness-dependent resis-
tivity, which is shown in Fig. 1(b). Recent work has shown
a close relationship between the resistivity and spin Hall
angle in heavy metals both experimentally and theoreti-
cally [40–42]. Thus, β-W with a large spin-orbit coupling
should show high resistivity. A previous study has revealed
that bulk β-W shows a much higher resistivity of around
200 µ� cm than that of α-W, which is only about 5.5 µ�

cm [43]. Here, the good quality of β-W films deposited
at low power is confirmed [17]. The inverse thickness
dependence of the resistivity is consistent with the classical
surface scattering Fuchs-Sondheimer model [44]. The bulk
resistivity of β-W obtained by linear extrapolation is deter-
mined and the result agrees well with a previous report in
the range at 150–350 µ� cm [43]. Since a small fraction of
β-W is also produced during growth of the α-W thin film,
the resistivity of α-W obtained by linear extrapolation is

higher than that of the standard value for bulk α-W 5.5 µ�

cm, which mutually confirms with XRD result.
To investigate the effect of different interfacial condi-

tions on spin-mixing conductance in Co-Fe-B/W systems,
we perform broadband FMR measurements on Co-Fe-B/
β-W with 0.5 nm Cu and the α-W inserting layer.
Figure 2(a) shows a schematic illustration of the broad-
band FMR measurement on a coplanar waveguide [45].
The FMR process pumps the spin current from Co-Fe-
B to the adjacent W layer through the FM/HM interface.
Figure 2(b) shows the typical FMR spectra for Co-Fe-
B(6 nm) with different microwave frequencies by sweep-
ing the magnetic field from zero to 1.2 kOe. The single
line of FMR spectrum indicates that it is in a uniform
precession mode. Figure 2(c) compares an expansion of
FMR linewidth broadening at f = 9 GHz for all samples.
Compared with the Co-Fe-B single layer, the linewidths
for Co-Fe-B/α-W/β-W and Co-Fe-B/Cu/β-W increase
around 38 Oe, which is a much larger value than those
of 6.49 Oe for Co-Fe-B/α-W and 22.58 Oe for Co-Fe-
B/β-W; this may indicate the remarkable difference of
spin dynamics in a ferromagnetic layer under different
interfacial conditions [46].

The influence of the inserting layer on magnetization
of the FM layer is ruled out. Here, 4πMs of the samples
are obtained by fitting the microwave frequency, f, depen-
dent resonance magnetic field, Hr, using the in-plane Kittel
formula [47]:

(
2π f
γ

)2

= (Hr + HK + 4πMs)(Hr + HK). (1)

The experimental value shows good agreement in fit-
ting, and 4πMs of all samples remain relatively stable
around 13 kOe [Fig. 3(a)]. The inserting layer has no sig-
nificant impact on the intrinsic magnetic property of the
FM layer, and thus, indicates that the linewidth broaden-
ing originates from the interface. The in-plane VSM test
is performed for all samples and is illustrated in Fig. 3(c).
All samples show consistent saturation magnetization of
about 1200 emu/cm3, which corresponds well to the pre-
vious study [48] and our FMR test. Thus, the influence of
the inserting layer on the intrinsic magnetic property can
be excluded.

Figure 3(b) shows the linear fitting of FMR linewidth
�H with respect to the microwave frequency f. It clearly
shows that the FMR linewidth varies linearly with the
microwave frequency. The Gilbert damping constant, α,
which is proportional to the slope of the �H -f plot can be
derived from [46]

�H = �H0 + 4παf
|γ | , (2)

where γ is the gyromagnetic ratio and �H 0 represents
the inhomogeneous linewidth of the magnetic layer. The
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(a) (c)

(b)

FIG. 2. (a) Schematic of broad-
band FMR measurement and spin-
current transmission across the
FM/HM interface. (b) FMR spec-
tra recorded in sweeping-field
mode with different microwave
frequencies for Co-Fe-B(6 nm).
(c) FMR spectra at 9 GHz for
different samples.

single Co-Fe-B layer shows a low Gilbert damping con-
stant, α = 0.0027, which is consistent with the previous
study [49]. When the Co-Fe-B layer is covered with β-
W(6 nm) and α-W(6 nm), the Gilbert damping increases
to 0.0066 and 0.0044, respectively. The enhancement of

Gilbert damping due to angular momentum loss in the FM
layer represents the spin-injection process to the HM layer.
The local interfacial structure has a significant impact
on the Gilbert damping constant. Thus, it can be mod-
ulated by inserting a new atomically thin layer into the

(a)

(c)

(b) FIG. 3. (a) FMR resonance
field, Hr, as a function of the
microwave frequency. (b) Peak-
to-peak FMR linewidth versus
microwave frequency. (c) In-
plane magnetic hysteresis loops
of Co-Fe-B/W systems.
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Co-Fe-B/β-W system. For the case of inserting 0.5 nm
Cu, the Gilbert damping constant dramatically decreases to
0.0043, while inserting 0.5 nm α-W results in a maximum
Gilbert damping constant of 0.0076 in all samples. Here,
the inhomogeneous linewidth �H 0 results from the inho-
mogeneity of the magnetic films and depends on the lattice
mismatch at the FM/HM interface [23]. The 0.5 nm insert-
ing layer will induce greater lattice mismatch between the
FM layer and HM layer. Hence, samples with a 0.5 nm
ultrathin inserting layer show a higher inhomogeneous
linewidth, �H 0, in Fig. 3(b), while the pure Co-Fe-B layer
and bilayer samples show a lower �H 0. Since linear fitting
enables separation of the Gilbert damping constant from
the total FMR linewidth, the inhomogeneous linewidth
will not affect the calculation results of Gilbert damping
constant.

The spin current transferring from the FM layer into
adjacent the NM layer will slow down the precession of
magnetization corresponding to an enhancement of the
Gilbert damping constant. Hence, the Gilbert damping
constant, α, and 4πMs provide a method to calculate the
spin-mixing conductance, g↑↓, by [50]

g↑↓=4πMstFM

γ�
(αcomb − α), (3)

where tFM is the thickness of the ferromagnetic layer, γ

is the gyromagnetic ratio, α represents the Gilbert damp-
ing constant for a single magnetic layer, and αcomb is the
Gilbert damping constant for the whole FM/NM struc-
ture. The interface spin-mixing conductance is propor-
tional to the enhancement of the Gilbert damping constant,
αcomb-α. The calculation results for all samples are sum-
marized in Table I within in the Supplemental Material
[51]. When 0.5 nm α-W inserts at the Co-Fe-B/β-W inter-
face, the spin-mixing conductance is improved by nearly
30%, while the 0.5 nm Cu inserting layer reduces the
spin-mixing conductance by around 58%, which is con-
sistent with previous studies, and thus, proves that the
spin-mixing conductance can be enhanced by optimizing
the interfacial condition through inserting a well-chosen
material.

To further obtain a deeper understanding of the effect
on the α-W inserting layer and find the best thick-
ness for optimizing the spin-mixing conductance, Fig. 4
shows the inserting-layer-thickness dependence on the
spin-mixing conductance in Co-Fe-B(6 nm)/α-W(x nm)/β-
W(6-x nm). The evolution of the spin-mixing conductance
can be divided into two regions. When the inserting layer
is atomically thin in region I, the spin-mixing conduc-
tance increases and reaches a maximum value of about
18.03×1017 m−2 at 0.3 nm thickness. In region II, the
spin-mixing conductance shows an inversely proportional
tendency to the thickness of the inserting layer. It agrees
with the theory of spin-mixing conductance in trilayer

FIG. 4. Spin-mixing conductance versus thickness of the
inserting layer for Co-Fe-B(6 nm)/α-W(x nm)/β-W(6-x nm). The
red line represents the theoretical result.

systems [52,53] and converges on a reasonable value of
spin-mixing conductance for sample Co-Fe-B(6 nm)/α-
W(6 nm) at around 5.44×1017 m−2.

The spin accumulation will induce a spin-current back-
flow, Is

back, which weakens the total spin current, I net
s =

I pump
s − I back

s . By considering a spin-backflow factor, β,
the spin-current transmission theory for FM/NM/spin sink
trilayer systems is proposed [54,55]. The spin-backflow
factor, β, which is related to the spin-mixing conductance,
can be expressed as

g↑↓(β) =
g0

1 + βg0
, (4)

where g0 is the intrinsic spin-mixing conductance for
Co-Fe-B/β-W without the spin-backflow current. Neglect-
ing spin scattering at the NM/spin sink layer inter-
face, the spin-backflow factor β for a trilayer system is
given by [54]

β= 1
2πgs

gs cosh(d/λ) + gS
s sinh(d/λ) tanh(dS/λS)

gs sinh(d/λ) + gS
s cosh(d/λ) tanh(dS/λS)

, (5)

where d and λ are the thickness and spin-diffusion length
of the NM layer, respectively; gs is the spin conductiv-
ity per unit area related to the charge conductivity, σ ,
given by gs = (�σ)/(2e2λ). Superscript S represents the
parameters for the spin-sink layer. Here, the inserting α-
W layer will reduce the spin-backflow factor for the whole
structure, while inserting the Cu layer increases the fac-
tor as shown in the Supplemental Material [51]. These
results indicate that the enhancement of spin-mixing con-
ductance originates from a reduction of the spin-backflow
factor. Figure 5 illustrates the mechanism of interface engi-
neering to enhance the spin-mixing conductance through
suppression of the spin-backflow current.

In addition, the spin-mixing conductance for a trilayer
system FM/NM1/NM2 is related to the inverse spin con-
ductance of the inserting layer in series, with its two
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(a)

(b)

FIG. 5. Mechanism of spin-current transmission in Co-Fe-B/β-
W modulated by an inserting layer.

interfaces in the limit of vanishing spin-flip processes in
the inserting layer [52,54]. Here, we consider introducing
the spin-backflow factor at the NM2/space interface into
previous work. In the limiting case that the spin resistance
of NM1/NM2 interface is very small and can be neglected,
we have

g↑↓trilayer = 1
(1/g0) + β + (2e2/hρtc)

, (6)

where β is the spin-backflow factor in Eq. (5), which is
added as an equivalent spin resistance to describe the influ-
ence of spin-backflow current at the β-W/space interface
on the total spin-mixing conductance. Correction factor c
is used to describe the imperfect interface due to the small
amount of β-W in the α-W inserting layer, as discussed in
the XRD analysis above. ρ and t represent the resistivity
and thickness of the inserting layer, respectively.

The following standard values of the parameters are
taken from previous studies [43,56,57]: λα−W = 3.8 nm,
λβ−W = 2.5 nm, σα−W = 5.5 µ� cm, and σβ−W = 350 µ�

cm; g0 is acquired by fitting the spin-mixing conduc-
tance of Co-Fe-B(6)/β-W(6) into Eq. (4). The red curve
in Fig. 4 shows the theoretical result using the standard
values above with a correction factor, c, equal to 195.1.
The theoretical analysis agrees well with the experimen-
tal data and provides a relatively reasonable extrapolated
result for the pure α-W condition. Such results support our
observation that the spin-mixing conductance increases at
first and then declines due to the combined effects of the
spin-backflow factor and series model of spin resistance,
in which the spin-backflow factor dominates region I and
the series model of spin resistance dominates region II.

(a)

(b)

FIG. 6. Spin-pumping voltage signals for (a) Co-Fe-B(6 nm)/
α-W(0.3 nm)/β-W(5.7 nm) and (b) Co-Fe-B(6 nm)/β-W(6 nm)
systems. Inset in (b) is a schematic of the spin-pumping measure-
ment setup in a microwave cavity.

To directly determine the spin-current transmission pro-
cess at the FM/HM interface and compare the value of net
spin current with different interface conditions, we con-
duct spin-pumping measurements in a microwave cavity,
as shown in Fig. 6. To obtain the contribution of the inverse
spin Hall effect and other galvanomagnetic effects, such as
anisotropic magnetoresistance effect, and anomalous Hall
effect from the total dc voltage, we analyze the Lorentzian
symmetric part and Lorentzian antisymmetric part derived
from the best fitting of [58]

Vdc = As
�H 2

[(H − Hr)
2 + �H 2]

+ La
(H − Hr)�H

[(H − Hr)
2 + �H 2]

+ offset. (7)

Figure 6 shows the measured dc voltage with each fit-
ting component. The antisymmetric part of voltage due to
galvanomagnetic effects is the same for the two samples,
which indicates the same galvanomagnetic property in the
Co-Fe-B layer [59,60]. The large spin-pumping signals
of about 23 µV generated by the inverse spin Hall effect
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in Fig. 6(a) directly prove a high spin current in Co-Fe-
B(6 nm)/α-W(0.3 nm)/β-W(5.7 nm) due to the enhance-
ment of spin-mixing conductance, and the overall effect
is beneficial to achieve efficient spin-current transmission.
The combination of broadband FMR and spin-pumping
measurements can be a reliable approach to determine
the spin-current transmission process [24,61,62]. Thus, we
obtain a modified system with both high spin-mixing con-
ductance and strong spin Hall effect to enable efficient
spin-current transmission.

IV. CONCLUSION

We investigate the spin-mixing conductance under dif-
ferent interfacial conditions in the Co-Fe-B/β-W system.
By comparing different inserting-layer conditions, we find
that Co-Fe-B(6 nm)/α-W(0.3 nm)/β-W(5.7 nm) shows
about 45% enhancement of spin-mixing conductance rel-
ative to that of the Co-Fe-B(6 nm)/β-W(6 nm)system.
A modified theoretical model is also developed by intro-
ducing the spin-backflow factor as an equivalent spin
resistance, which is suppressed by introducing ultrathin
α-W that results in the enhancement of spin-mixing con-
ductance. Through such interfacial phase engineering, the
spin-mixing conductance is enhanced and a strong spin
Hall effect is still maintained at the heavy-metal layer;
this will pave the way for highly efficient low-power-
consumption SOT-based spintronic devices through the
design of Co-Fe-B/β-W systems.
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