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Strong Spin-Orbit Torque Induced by the Intrinsic Spin Hall Effect in Cr1−xPtx
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We report on a spin-orbit-torque study of the spin-current generation in Cr1−xPtx alloy, using the
light 3d ferromagnetic Co as the spin-current detector. We find that the dampinglike spin-orbit torque
of Cr1−xPtx/Co bilayers can be enhanced by tuning the Cr concentration in the Cr1−xPtx layer, with a
maximal value of 0.31 at the optimal composition of Cr0.2Pt0.8. The mechanism and the efficiency of spin-
current generation in the Cr1−xPtx alloy can be fully understood by the characteristic trade-off between the
intrinsic spin Hall conductivity of Pt and the spin carrier lifetime in the dirty limit. This suggests that Cr
is simply as effective as other metals, oxides, and nitrides (e.g., Hf, Au, Pd, Cu, Ti, MgO, and Si3N4) in
enhancing the dampinglike spin-orbit torque generated by the spin Hall effect of a Pt host via strengthening
the spin carrier scattering and that alloying Pt with Cr does not employ observable spin-current genera-
tion via additional spin Hall effect, orbital Hall effect, or interfacial spin-orbit coupling effects. This work
also establishes the low-resistivity Cr0.2Pt0.8 as an energy-efficient spin-orbit-torque provider for magnetic
memory and computing technologies.
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I. INTRODUCTION

Strong spin-orbit torques (SOTs) have the potential to
efficiently manipulate magnetization in nonvolatile mem-
ory and computing technologies [1–9]. In the simple case
of heavy metal/light 3d ferromagnet metal (HM/FM) in
which the spin Hall effect (SHE) of the HM is the domi-
nant source of the spin current and the spin current diffused
into the FM relaxes mainly via the exchange interaction
with the magnetization, the dampinglike SOT efficiency
(ξ

j
DL) is approximately the product of the spin Hall ratio

(θSH) of the HM and the spin transparency (Tint) of the
HM/FM interface, i.e., ξ

j
DL ≈ TintθSH. Consequently, ξ

j
DL

can be enhanced if θSH of the HM [10–14] or Tint of the
HM/FM interface [15–19] can be increased.

Platinum (Pt) is an excellent platform for develop-
ing strong spin Hall metals because of the giant intrin-
sic spin Hall conductivity (σ SH) of approximately equal
to 1.6 × 106 (-h/2e) �−1m−1 in the clean limit [16,20],
high electrical conductivity (σ xx), high spin-mixing con-
ductance (G↑↓

eff ) of 1.3 × 1015 �−1m−2 in contact with
FM [18,19] and ferrimagnetic metals [21]. Theories
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[20] and experiments [22,23] have well established that
θSH= (2e/-h)σ SH/σ xx of a Pt host can be significantly
enhanced by optimizing the trade-off between the intrin-
sic σ SH and the spin carrier lifetime (which is proportional
to σ xx). In agreement with this mechanism, the scaling of
σ SH with σ xx coincides for various Pt-based alloys and
multilayers [19,24].

However, alloying Pt with Cr has been recently reported
to be considerably more [25] or substantially less [26]
effective in enhancing ξ

j
DL than alloys and multilayers

of Pt and other metals (e.g., Hf [10], Au [11], Pd [12],
Cu [9,14], and Ti [21]), oxides (MgO [13]), or nitrides
(Si3N4 [27]). It is also surprising that the claimed high-
est value of ξ

j
DL is one order of magnitude greater for

Cr1−xPtx/Co (ξ
j
DL = 0.92 ± 0.07) in Ref. [25] than for

Cr1−xPtx/Pt(0.4)/Co (ξ
j
DL ≈ 0.1) in Ref. [26] despite the

same spin-current generating material Cr1−xPtx and the
same loop shift-measurement technique. It is particularly
motivating to establish in-depth understanding of the spin-
current physics of the Cr1−xPtx alloy and to clarify the
discrepancies in the literature since Cr is a light metal that
has been reported to have rich manifestations such as neg-
ative [28,29], positive θSH [30], orbital Hall effect [31,32],
and antiferromagnetism [29] in its film form.
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In this work, we examine the spin-current generation
in Cr1−xPtx alloy using the light 3d ferromagnetic Co as
the spin-current detector. We find that ξ

j
DL for Cr1−xPtx/Co

bilayers can be enhanced to 0.31 by tuning the composition
of the Cr1−xPtx layer. The mechanism and the efficiency
of spin-current generation in the Cr1−xPtx alloy can be
fully understood by the characteristic trade-off between the
intrinsic spin Hall conductivity of Pt and the carrier life-
time in the dirty limit. This reveals that Cr is simply as
effective as other metals and oxides (e.g., Au, Pd, Cu, Ti,
MgO, and Si3N4) [9–14,21–23,27] in enhancing ξ

j
DL via

strengthening the spin carrier scattering in the Pt host.

II. RESULTS AND DISCUSSIONS

A. Samples and characterizations

The samples for this work include in-plane mag-
netic anisotropy (IMA) bilayers of Cr1−xPtx(5)/Co(1.3)
and perpendicular magnetic anisotropy (PMA) bilayers
of Cr1−xPtx(5)/Co(0.48) (numbers are thicknesses in nm)
with different Pt concentration (x), as well as IMA
Cr1−xPtx(d)/Co(1.3) with different Cr1−xPtx thickness (d).
Each sample is sputter deposited on a Si/SiO2 substrate
at room temperature with a 1-nm Ta adhesion layer and

protected by a MgO(1.6)/Ta(1.5) bilayer. The 1-nm Ta
adhesion layer is highly resistive and contributes negli-
gible spin current into the Co. The top Ta capping layer
is fully oxidized upon exposure to the atmosphere. Scan-
ning transmission electron microscopy image and electron-
dispersive x-ray spectrum mapping results in Fig. 1(a)
reveal good elemental uniformity of Cr and Pt within the
Cr1−xPtx layer, polycrystalline structure with large lateral
grain size of 15 nm, and reasonably sharp interface with
the Co layer. High-resolution STEM images of the inter-
face regions [Fig. 1(b)] indicate face-centered cubic (fcc)
structure for both Co and Cr1−xPtx layers and epitaxial
growth of Co layer on top of the Cr1−xPtx along (111)
orientation. This is consistent with previous reports that
Cr1−xPtx alloy prepared at room-temperature crystallizes
into the chemically disordered fcc structure in the com-
position range of x ≥ 0.4 [33]. Atomic force microscopy
measurements [Fig. 1(c)] indicate that our Cr1−xPtx layers
have fairly smooth surfaces in a large scale, for instance,
with a small square-root surface roughness of 0.3 nm for
the Cr1−xPtx with x = 0.2. X-ray diffraction θ–2θ patterns
show only the fcc (111) peaks for all the Cr1−xPtx lay-
ers studied in this work [Fig. 1(d)], reaffirming that the
Cr1−xPtx forms a chemically disordered fcc alloy with

(a)

(b) (c)

(d)

(e)

(f)

(g)

FIG. 1. (a) Cross-section scanning transmission electron microscopy image and electron dispersive x-ray spectrum mapping of Pt,
Cr, and Co for a Cr0.2Pt0.8(5)/Co(1.3) sample. (b) High-resolution scanning transmission electron microscopy image of the interface of
the Cr0.2Pt0.8(5)/Co(1.3) bilayer, suggesting the epitaxial growth of Co on Cr1−xPtx. (c) Atomic force microscopy image (2 × 2 μm2

in area) of the Cr0.2Pt0.8(5)/Co(1.3) sample, indicating a small square-root roughness of 0.3 nm. (d) X-ray diffraction patterns of the
Cr1−xPtx(5)/Co(1.3) with different Cr1−xPtx compositions. (e) Lattice constant of Cr1−xPtx plotted as a function of x. (f) x dependence
of ρxx for the Cr1−xPtx as determined by measuring the resistivity of control Cr1−xPtx single layers (black squares) and by sub-
tracting the conductance of control stacks Ta(1)/Co(0.48), (1.3)/MgO(1.6)/Ta(1.6) from the whole stack Ta(1)/Cr1−xPtx (d)/Co(0.48),
(1.3)/MgO(1.6)/Ta(1.6) (red circles). (g) The averaged resistivity for the Cr1−xPtx with different thicknesses. Dashed lines in (c),(g),(h)
are to guide the eyes.
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preferred (111) orientation. From the Cr1−xPtx (111) peak,
which shifts increasingly more to a higher 2θ angle with
increasing Cr concentration, we determine that the average
lattice constant of the Cr1−xPtx is a linear function of the Pt
concentration [Fig. 1(e)], in good agreement with Vegard’s
law.

Superconducting quantum interference device measure-
ments reveal that the saturation magnetization (Ms) is
approximately equal to 1370 emu/cm3 for the 1.3 nm Co,
approximately equal to 1210 emu/cm3 for the 0.48 nm
Co. The dependence on the Co thickness of magnetic
moment per area suggests negligible dead layer for these
Co layers [Fig. 2(a)]. The Cr1−xPtx layers are paramag-
netic (Ms ≈ 0 emu/cm3) and show no measurable mag-
netization or anomalous Hall effect [Figs. 2(b)–2(d)],
which is consistent with the literature reports [33,34].
The samples are then patterned by photolithography and
ion milling into 5 × 60 μm2 Hall bars followed by depo-
sition of 5-nm Ti and 150-nm Pt as contacts for elec-
trical measurements. The resistivity (ρxx) for Cr1−xPtx
is determined by measuring the resistivity of control
Cr1−xPtx single layers and by subtracting the conductance
of Ta(1)/Co(0.48)(1.3)/MgO(1.6)/Ta(1.6) from that of the
whole stack Ta(1)/Cr1−xPtx(d)/Co(0.48)(1.3)/MgO(1.6)/
Ta(1.6), respectively. As shown in Fig. 1(f), the values
of ρxx determined from the two methods consistently vary
from 37 μ� cm for x = 1 to 135 μ� cm for x = 0.5. Figure
1(g) shows the dependence on the thickness of the values
of ρxx for the Cr0.2Pt0.8 as determined by averaging the
values estimated from the two methods.

B. Composition dependence of spin-orbit torques

The dampinglike SOT efficiencies of Cr1−xPtx(5)/Co
(1.3) bilayers (x ≥ 0.5) are first determined by angle-
dependent “in-plane” harmonic Hall voltage response
(HHVR) measurements [11,35]. While applying a sinu-
soidal electric field (E) of 33.3 kV/m onto the bar ori-
entated along the x axis, the in-phase first and out-of-
phase second HHVRs, V1ω and V2ω, are collected as a
function of the angle (ϕ) of the in-plane magnetic field
(Hxy) with respect to the current under different magnetic
field magnitudes (1250–3250 Oe). Within the macrospin
approximation,

V2ω = VDL+ANEsin ϕ + VFL+Oesin ϕ cos 2ϕ, (1)

where VDL+ANE=−VAHEH DL/2(Hxy+|Hk|) + VANE,
VFL+Oe=−VPHE (H FL+ H Oe)/2Hxy , VAHE is the anomalous
Hall voltage, VPHE the planar Hall voltage, and VANE the
anomalous Nernst voltage induced by the vertical thermal
gradient, Hk the perpendicular anisotropy field. The val-
ues of VAHE and Hk are determined from the dependence
of V1ω on the swept out-of-plane field (H z) under zero
Hxy [Fig. 3(a)]. The VDL+ANE of the Cr1−xPtx(d)/Co(1.3)
for each magnitude of Hxy is extracted from the fit of the

ϕ dependence of V2ω to Eq. (1) [see Fig. 3(b) for two
representative examples for the Cr0.2Pt0.8(5)/Co(1.3)]. The
slope and the intercept of the linear fit of VDL+ANE vs
−VAHE/2(Hxy + |Hk|) give the values of H DL and VANE,
respectively [Fig. 3(c)]. Figure 4(a) shows ξ

j
DL as calcu-

lated following the relation:

ξ
j
DL = (2e/�)μ0MstCoHDLρxx/E, (2)

with e, µ0, tCo, and -h being the elementary charge,
the permeability of vacuum, the Co thickness, the
reduced Planck’s constant, respectively. ξ

j
DL for the IMA

(a) (b)

(c)

(d)

FIG. 2. Absence of magnetic and anomalous Hall voltage con-
tributions from the Cr1−xPtx layer. (a) In-plane magnetic moment
per area vs in-plane magnetic field for the Pt(5 nm)/Co(1.3 nm)
and for the Cr0.25Pt0.75(5 nm)/Co(1.3 nm), suggesting no dif-
ference in saturation magnetization for samples with differ-
ent Pt concentration and thus no magnetic contribution in the
Cr0.25Pt0.75 layer. (b) The Co thickness dependence of the sat-
uration magnetic moment per area for the Cr1−xPtx /Co tCo
bilayers, extrapolating zero magnetization at zero Co thick-
ness. (c) In-plane nonhysteretic Hall voltage loops for the
Cr1−xPtx(5 nm)/Co(1.3 nm) samples. (d) Square Hall voltage
loops for the Cr1−xPtx(5 nm)/Co(0.48 nm) samples. The loop
shapes in (c),(d) suggest no anomalous Hall voltage contributed
by the Cr1−xPtx layers in the in-plane and out-of-plane direc-
tions. These results are well consistent with expectation that the
Cr1−xPtx layers are paramagnetic.
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(a)

(b)

(c)

(d)

(e)

(f)

Cr0.2Pt0.8(5)/Co(1.3) Cr0.2Pt0.8(5)/Co(0.48)

FIG. 3. (a) V1ω vs H z. (b) V2ω vs ϕ, and (c) VDL+ANE
vs −VAHEH DL/2(Hxy + |Hk|) for the Cr0.2Pt0.8(5)/Co(1.3). (d)
V1ω vs H z, (e) V1ω vs Hx, and (f) V2ω vs Hx for the
Cr0.2Pt0.8(5)/Co(0.48). Solid lines in (a),(c),(f) represent linear
fits; the solid curves represent fits of the data to Eq. (1) in (b)
and to a parabolic function in (e). The inset in (b) shows the
measurement coordinate.

Cr1−xPtx(5)/Co(1.3) firstly increases from 0.18 at x = 0 to
the peak value of 0.31 at x = 0.80, and then gradually drops
to 0.20 at x = 0.5. We find a strong anisotropy in the film
plane in the Cr1−xPtx(5)/Co(1.3) with x = 0 and 0.2, pre-
venting analysis of ξ

j
DL at those compositions (see Fig. 6 in

the Appendix).
We find a similar composition dependence of ξ

j
DL

for the PMA Cr1−xPtx(5)/Co(0.48) bilayers from out-of-
plane HHVR measurements [36]. As indicated by the
fairly square Hall voltage hysteresis in Fig. 3(d), the
Cr1−xPtx(5)/Co(0.48) with x ≥ 0.75 show good PMA,
which allows us to perform high-quality out-of-plane
HHVR analyses. As we show in Figs. 3(e) and
3(f), V1ω and V2ω for the Cr1−xPtx(5)/Co(0.48) with
x ≥ 0.75 are well-defined parabolic and linear func-
tions of the in-plane magnetic field Hx, respectively,
from which the dampinglike SOT field is determined
as H DL=−2(∂V2ω/∂Hx)/(∂2V1ω/∂Hx

2). Note that there is
only negligible anomalous Nernst effect [37,38] in our
Cr1−xPtx(5)/Co(0.48) bilayers (Fig. 7 in the Appendix).
We ignore the so-called “planar Hall correction,” which
is generally found to cause errors when not negligi-
ble [12,39,40] (also see Fig. 8 in the Appendix). As
we show in Fig. 4(a), ξ

j
DL for the Cr1−xPtx(5)/Co(0.48)

also peaks at x ≈ 0.80. Interestingly, the values of ξ
j
DL

for the Cr1−xPtx(5)/Co(0.48) are slightly smaller than
that for the Cr1−xPtx(5)/Co(1.3). This is likely because
the Co thickness of 0.48 nm is smaller than the spin
dephasing length of the Co such that a portion of
spin current approaches and gets reflected at the top
Co/MgO interface. It is expected that the polariza-
tion of such reflected spin current is rotated relative
to the incident spin current [41,42], which leads to a
decrease of the effective SOT exerted on the Co layer.
The difference in the torque efficiencies for the PMA
Cr1−xPtx(5)/Co(0.48) and the IMA Cr1−xPtx(5)/Co(1.3)
cannot be attributed to spin memory loss because the
interfacial magnetic anisotropy energy density (K ISOC

s )

is smaller at the Cr0.2Pt0.8(5)/Co(0.48) interface than the
Cr0.2Pt0.8(5)/Co(1.3) interface (Fig. 9 in the Appendix).
The PMA of the Cr1−xPtx(5)/Co(0.48) becomes weak for
x < 0.75 (Fig. 10 in the Appendix), preventing out-of-plane
HHVR analysis.

C. Mechanism of spin-orbit torque

We now show that the spin-current generation in the
Cr1−xPtx is dominated by the intrinsic SHE. As plotted
in Fig. 4(b), ξ

j
DL and the apparent spin Hall conductiv-

ity Tintσ SH= (-h/2e)ξ j
DL/ρxx of the Cr0.2Pt0.8(d)/Co(1.3) are

large constants at large d values and reduce gradually
towards zero as d decreases, which is consistent with the
SHE being the dominant mechanism of the spin-current
generation in the Cr1−xPtx. A more unambiguous piece of
evidence for the intrinsic SHE is the characteristic decrease
of Tintσ SH of Cr1−xPtx(5)/Co(1.3) with σ xx in the dirty
limit. Here, Tint is set by spin backflow [16,19,43,44]
and spin memory loss [17], i.e., Tint ≈ TSML

int TSBF
int [23,24].

Drift-diffusion model [16,43,44] predicts

TSBF
int = (1 − sech(d/λs))(1 + tanh(d/λs)/2λsρxxG↑↓

eff ),
(3)

where 1/λsρxx ≈ 1.3 × 1015 �−1m−2 for Pt [45,46]. Our
previous study shows that TSML

int ≈ 1 − 0.23 K ISOC
s for

IMA Pt/Co, with K ISOC
s in erg/cm2. The values of

K ISOC
s for the interfaces of Cr1−xPtx(5)/Co(1.3) are esti-

mated by subtracting the interfacial PMA energy den-
sity of approximately equal to 0.6 erg/cm2 [17] from
the total interfacial PMA energy density (Ks) of the two
interfaces of the Cr1−xPtx(5)/Co(1.3)/MgO (Fig. 11 in
the Appendix). Ks is estimated following the relation
Hk ≈−4πMs + 2Ks/MstCo.

In Fig. 4(c), we compare the values of Tintσ SH and σ SH
of the Cr1−xPtx(5)/Co(1.3) with those of Ptx(MgO)x/Co
[13], Pt-Hf multilayers/Co [23] and Pt-Ti multilayers/Co
[24] as a function of σ xx. Clearly, both Tintσ SH and σ SH
for the Cr1−xPtx follow the characteristic decrease of the
intrinsic spin Hall conductivity with σ xx in the dirty limit,
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(a)

(b)

(c)

Cr0.2Pt0.8 (d)/Co (1.3)

Cr0.2Pt0.8 (d)/Co (1.3)

IMA [Co(1.3)]

PMA [Co(0.48)]

FIG. 4. (a) ξ
j
DL for Cr1−xPtx(5)/

Co(1.3) (IMA) and Cr1−xPtx(5)/
Co(0.48) (PMA) with different Pt
concentration. (b) ξ

j
DL and Tintσ SH

for Cr0.2Pt0.8 (d)/Co(1.3) with
different thickness d. (c) Spin
Hall conductivities Tintσ SH and
σ SH for Cr1−xPtx (5)/Co(1.3),
Ptx(MgO)x/Co [13], Pt-Hf
multilayers/Co [22], and Pt-Ti
multilayers/Co [23]. The lines are
for guidance of eyes.

and overall coincide with those of other systems in which
the intrinsic SHE is the dominant source of the spin cur-
rent. This is striking evidence that the dominant mech-
anism of the spin-current generation in the Cr1−xPtx is
the intrinsic SHE and that there is minimal additional
spin-current generation via any other mechanisms (e.g.,
alternative spin Hall effect or orbital Hall effect from Cr
or interfacial SOC effect) in this material. This is consis-
tent with previous experimental [11–13] and theoretical
[47] reports of the absence of any useful extrinsic spin Hall
effect in Pt-rich alloys. We find that the characteristic varia-
tions of Tintσ SH and σ SH with the longitudinal conductance
for the Pt alloys and multilayers can be empirically fit by

TintσSH = TintσSH0(1 − sech (σxx/σxx0)), (4)

with the clean-limit apparent spin Hall conductiv-
ity Tintσ SH0 of approximately equal to 4.95 × 105

(-h/2e)�−1 m−2 and with the characteristic conductivity
σ xx0 of approximately equal to 5.0 × 105 �−1 m−1. We
also find that the fieldlike SOTs of these samples are
much smaller than the dampinglike torque (Fig. 8 in the
Appendix), which is consistent with the intrinsic SHE in
Cr1−xPtx alloys being the dominant source of the spin
current associated with the SOTs.

In principle, interface-generated spin currents, if signif-
icant, can add to or subtract from the spin Hall spin cur-
rent of HM/FM samples and affect the measured strength
of SOTs. However, this usually seems to be a minor
effect at magnetic interfaces. A recent SOT experiment
[48] has established clean evidence that, under the same

electric field, the efficiency of spin-current generation by
interfacial SOC effect [e.g., Rashba-Edelstein(-like) effect,
inverse spin galvanic effect, or spin-filtering effect] should
be at least 2–3 orders of magnitude smaller than that of
Pt even when the interfacial SOC is quite strong (e.g.,
at Ti/Fe0.6Co0.2B0.2 interfaces). The absence of a sig-
nificant interfacial spin-current generation is also well
supported by (i) a spin Seebeck and ISHE experiment
that spin-current generation is absent at Bi/Ag/Y3Fe5O12
and Bi/Y3Fe5O12 interfaces [49,50] prepared by differ-
ent techniques; (ii) the universal observation of strong
scaling of the SOT efficiencies or the effective spin Hall
ratio with the resistivity and the layer thickness of HMs
[13,14,22,23,45,46,51,52] [see Figs. 3(b) and 3(c) for the
Cr1−xPtx/Co case], topological insulators [53], nonmag-
netic complex oxides [54]; (iii) the clear dependence of
inverse spin Hall voltage on the spin-mixing conductance
of the interfaces of magnetic oxides (e.g., Y3Fe5O12) in
spin Seebeck [49,50,55] and spin pumping [56]; and (iv)
absence of SOT enhancement with increasing interfacial
SOC strength [17,48,57] [see Figs. 4(a) and 11 in the
Appendix for the Cr1−xPtx/Co]. This is consistent with
the theories [16,58–60] that interfacial SOC has negli-
gible contribution to the dampinglike SOT via the two-
dimensional Rashba-Edelstein(-like) effect of magnetic
interfaces.

Here, we note that a previous loop shift study by Quan
et al. [26] reported only a maximum ξ

j
DL of 0.1 for

Cr1−xPtx(8)/Pt(0.4)/Co(0.9), however, those samples were
annealed at 370 °C and thus likely have very strong spin
memory loss at the Pt/Co interface [17]. Meanwhile, at
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the optimal of that work, the resistivity Cr1−xPtx composi-
tion was only 56 μ�cm and the Co magnetization was as
low as 820 emu/cm3. ξ

j
DL of a HM/FM is positively cor-

related to the resistivity of the HM in this range, and a
low magnetization may increase the spin-dephasing length
to above the layer thickness of the FM and lower ξ

j
DL

due to the resultant polarization rotation [41,42] of the
reflected spin current at the top interface. We also notice
that another loop-shift experiment [25] claimed ξ

j
DL of

0.2–0.34 for Pt/Co and 0.9–0.94 for Cr1−xPtx/Co in the
composition range of 0.5 ≤ x ≤ 0.7, which are surprisingly
large compared to our expectation from the existing stud-
ies on Pt [9–14,19,22–24]. However, for reasons unknown,
that work estimated resistivities that are a factor of 2–3
greater than ours in their calculation of ξ

j
DL and their

Cr1−xPtx/Co samples also remained PMA in the wide con-
centration range of x = 0.5–1 even when tCo was as large as
1.6 nm. The latter is in contrast to our observation that the
Cr1−xPtx/Co becomes in-plane magnetized when x ≤ 0.65

(a)

(c)

(d)

(b)

FIG. 5. Hall resistance vs in-plane current density in the
Cr0.2Pt0.8 layer for (a) the Cr0.2Pt0.8(5)/Co(0.48) and (b) the
Cr0.2Pt0.8(5)/Ti(0.8)/Fe0.6Co0.2B0.2(1) under in-plane field of
±500 Oe. (c) ξ

j
DL and ρxx for spin Hall metal/FM bilayers. The

spin Hall metals are Pt, Cr0.2Pt0.8, Ti0.25Pt0.75 [21], Pt0.6(MgO)0.4
[13], Au0.25Pt0.75 [11], Ti0.25Pt0.75 [11], Pt0.7(Si3N4)0.3 [27],
Pd0.25Pt0.75 [12], β-Ta [1], β-W [3], and clean-limit Pt [62]. The
dashed line in (c) represents the plot of Eq. (5), which indicates
maximization of ξ

j
DL for Pt-based HM/FM systems in the resistiv-

ity range of 80–160 μ� cm. (d) Normalized power consumption
of SOT MTJs based on different spin Hall metals as estimated
using Eq. (6). The dashed line in (d) plots the power consump-
tion expected for a spin Hall metal with ξ

j
DL and ρxx following

Eq. (5). Pmin is the minimum value of power predicted by the
dashed line.

(a)

(b)

FIG. 6. (a) In-plane magnetization vs in-plane magnetic field
and (b) first-harmonic Hall voltage response V1ω vs in-plane
angle of field (ϕ) with respect to the current (field = 3250 Oe)
for Cr(5 nm)/Co(1.3 nm) and Cr0.75Pt0.25(5 nm)/Co(1.3 nm). The
very small magnitude and the absence of a sin2ϕ dependence of
V1ω indicates a strong anisotropy in the film plane that prevents
magnetization rotation by the in-plane magnetic field in harmonic
Hall voltage response analysis.

regardless of tCo or when tCo is ≥1.3 nm regardless of the
Pt concentration. Note that the Cr1−xPtx(8)/Pt(0.4)/Co(0.9)
bilayers in Ref. [25] also required postgrowth annealing
at 370 °C to obtain PMA for the thin Co in the composi-
tion range of (0.5 ≤ x ≤ 1). Finally, we do not attribute the
large discrepancies of the ξ

j
DL values in this work and Refs.

[25,26] to the measurement techniques since loop shift
and HHVR techniques can yield consistent SOT results
in other material systems (see detailed discussions in Ref.
[61]).

D. Practical impact

Finally, we note that Cr0.2Pt0.8, which has ρxx ≈ 80 μ�

cm, λs ≈ 1.6 nm, θSH ≈ 0.7, is a compelling spin Hall
metal for technological applications. As shown in Fig. 5(a),
a 5-nm Cr0.2Pt0.8 can switch a Co layer with high

Cr0.2Pt0.8 (5)/Co (0.48)

FIG. 7. Second-harmonic Hall voltage response (V2ω) vs in-
plane magnetic field (Hx) for the Cr0.2Pt0.8(5 nm)/Co(0.48 nm),
suggesting negligible anomalous Nernst effect.
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FIG. 8. Dependence on the Pt concentration of the spin-torque
efficiencies (ξ j

DL and ξ
j
FL) for the Cr1−xPtx(5 nm)/Co(0.48 nm)

as determined from out-of-plane harmonic Hall voltage response
(HHVR) measurement with the “planar Hall correction (PHC)”
and for Cr1−xPtx(5 nm)/Co(1.3 nm) as determined from in-plane
angle-dependent HHVR measurement. The values of ξ

j
DL and ξ

j
FL

estimated with the PHC deviate significantly from the in-plane
HHVR results.

PMA and coercivity (Hk ≈ 4900 Oe, Hc ≈ 120 Oe) at
a current density of 1.2 × 107 A/cm2. More impres-
sively, as we show in Fig. 5(b), magnetization switch-
ing of strong PMA Cr0.2Pt0.8(5)/Ti(0.8)/Fe0.6Co0.2B0.2(1)
(Hk ≈ 2500 Oe, Hc ≈ 100 Oe) can be achieved at a current

(a)

(b)

(c)

FIG. 9. Dependence on the Co thickness of (a) the per-
pendicular anisotropy field (Hk), (b) the interfacial mag-
netic anisotropy energy density (Ks), and (c) the dampinglike
torque efficiency (ξ

j
DL) for the Cr0.2Pt0.8/Co tCo. Ks is negli-

gible for the Cr0.2Pt0.8(5 nm)/Co(0.48 nm) but strong for the
Cr0.2Pt0.8(5 nm)/Co(1.3 nm).

density as low as approximately equal to 4.8 × 106 A/cm2

in the Cr0.2Pt0.8 layer. As compared in Fig. 5(c), Cr0.2Pt0.8

has high ξ
j
DL and relatively low ρxx that are similar to

Pt0.6(MgO)0.4 [13], Pt0.7(Si3N4)0.3 [27], Au0.25Pt0.75 [11],
Pt-Ti multilayers [23]. Interestingly, the values of ξ

j
DL and

1/σ xx = ρxx for various Pt alloys and multilayers approxi-
mately follow

ξ
j
DL = (2e/�)TintσSH0(1 − sech (1/σxx0))/σxx, (5)

and statistically indicate maximization in the resistivity
(1/σ xx) range of 80–160 μ� cm. Since ξ

j
DL expected from

this scaling varies with ρxx only slightly in this resistivity
range, the exact value of the largest ξ

j
DL and the corre-

sponding resistivity of different specific material systems
may vary due to varying strengths of spin backflow and
spin memory loss at the interface and varying thicknesses
and spin relaxation rates of the heavy metal and the fer-
romagnet in different studies. This should explain why
the largest ξ

j
DL for the Cr1−xPtx(5)/Co(1.3) (IMA) and the

Cr1−xPtx(5)/Co(0.48) (PMA) with different Pt concentra-
tion shows up at the composition x = 0.2 [ρxx ≈ 80 μ�

cm, Fig. 4(a)] rather than lower x values [more resistive,
Fig. 1(f)]. Since the switching power of a nanomagnet sit
on a spin Hall metal channel (such as SOT MTJs) can be
estimated as

P ∝ [(1 + tFMσFM/dσxx)/ξ
j
DL]2ρxx, (6)

we plot in Fig. 5(c) the normalized power consump-
tion P of a Fe0.6Co0.2B0.2 nanomagnet (tFM= 1.6 nm,
1/σ FM = 135 μ� cm) sit on different strong spin Hall
metal channels as calculated using the measured values of
1/σ xx and ξ

j
DL. The power consumption for the Cr0.2Pt0.8

device is comparable with the optimized Pt0.6(MgO)0.4
[13], Pt0.7(Si3N4)0.3 [27], Au0.25Pt0.75 [11], Pd0.25Pt0.75
[12], and Pt-Ti multilayers [23], and represents the lower
limit of the Pt-based alloys and multilayers as indicated
by the red dashed line that plots the power consumption

FIG. 10. First-harmonic Hall voltage response (V1ω) vs out-of-
plane magnetic field (Hz) for the Cr0.35Pt0.65(5 nm)/Co(0.48 nm),
suggesting a perpendicular magnetic anisotropy that is too weak
to allow for reliable out-of-plane harmonic Hall voltage response
analysis.

054079-7



QIANBIAO LIU et al. PHYS. REV. APPLIED 18, 054079 (2022)

(a)

(b)

FIG. 11. Dependence on the Pt concentration x of (a)
interfacial perpendicular magnetic anisotropy energy den-
sity (Ks) and (b) spin transparencies set by spin backflow
[TSBF

int , as calculated following Eq. (3)] and by spin memory
loss (TSML

int , as calculated following the relation TSML
int ≈ 1 −

−0.23 K ISOC
s ) for the Cr1−xPtx(5)/Co(1.3)/MgO samples. Ks for

the Cr0.5Pt0.5/Co(1.3)/MgO is smaller than that of the Co/MgO
interface (approximately equal to 0.6 erg/cm2) likely due to a
non-negligible in-plane volume anisotropy of Co.

by using ξ
j
DL and σ xx predicted by Eq. (5). Therefore,

Cr0.2Pt0.8 is an excellent spin Hall metal that is compara-
ble to the optimized Pt alloys and advantageous over β-Ta
[1], β-W [3], clean-limit Pt [62], in terms of energy effi-
ciency, impedance, and endurance when used in spin-orbit
technologies.

III. CONCLUSIONS

In conclusion, we present that the dampinglike spin-
orbit-torque efficiency of Cr1−xPtx/Co bilayers can be
enhanced by tuning the Cr concentration in the Cr1−xPtx
layer, with a maximal value of 0.31 at the optimal com-
position of Cr0.2Pt0.8. The efficiency of the spin-current
generation in the Cr1−xPtx alloy is found to be dominated
by the characteristic trade-off between the intrinsic spin
Hall conductivity of Pt and the spin carrier lifetime in the
dirty limit and coincide well with those of other Pt-based
spin Hall metal systems. Cr turns out to be simply as effec-
tive as other metals, oxides, and nitrides (e.g., Hf, Au, Pd,
Cu, Ti, MgO, and Si3N4) in enhancing the dampinglike
spin-orbit torque generated by the spin Hall effect of a Pt
host. We find no obvious evidence for spin-current gen-
eration by a mechanism other than the intrinsic SHE of
Pt in Cr1−xPtx. This work establishes the low-resistivity
Cr0.2Pt0.8 as an energy-efficient SOT provider for magnetic
memory and computing applications.
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