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Spin-orbit torque in chemically disordered and L11-ordered Cu100-xPtx
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The binary alloys with heavy elements have been considered promising candidates for spin-orbit torque
application due to the tunable spin Hall effect. In light of previous studies, the effect of crystalline structure
on spin Hall effect in nonmagnetic alloys has not been thoroughly studied. Here, we present a systematic
investigation of the spin-orbit torques in chemically disordered Cu100-xPtx and L11-Cu50Pt50 by the spin torque
ferromagnetic resonance technique. The results indicate that both the atomic concentration and the degree of
the chemical ordering substantially influence the spin-orbit torque efficiency of the CuPt alloys. In chemically
disordered Cu100-xPtx , the primary mechanism of spin Hall effect changes from extrinsic to intrinsic when the Pt
concentration is increased to larger than 80%. In L11-Cu50Pt50 with weak chemical ordering, the side-jump and
intrinsic mechanisms dominate, whereas the skew scattering mechanism dominates for strong chemical ordering.
This work provides a perspective to control the spin-orbit torques in alloys.
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I. INTRODUCTION

The spin-orbit torque (SOT) has attracted increasing atten-
tion due to its potential application in energy-efficient devices
[1]. The SOT comprises a dampinglike component, which can
switch the magnetization of a ferromagnet [2–4], and a field-
like component, which drives the magnetic precession [3,4].
In a ferromagnet/heavy metal (FM/HM) heterostructure, it is
commonly believed that the SOT originates from the Rashba-
Edelstein effect due to the inversion-symmetry breaking at
the interface [5] and/or the spin Hall effect (SHE) arising
from the strong spin-orbit coupling (SOC) in nonmagnetic
HMs [2]. The Rashba-Edelstein effect at the interface between
nonmagnetic HM and FM mainly exerts a fieldlike torque on
magnetization to promote the precession [5,6]. In the scenario
of the SOT from the SHE, spin current generated in the HM
layer can be transferred to an adjacent FM layer and exerts
a dampinglike torque on the magnetic moment to switch the
magnetization of the FM [4]. This magnetization switching
efficiency depends on the SOT efficiency (θSH ), which incor-
porates the charge-to-spin conversion efficiency in the HM
layer through the SHE and the spin transmission efficiency at
the interface. Therefore, the investigation of large and tunable
θSH is of critical importance for magnetization switching.

Extensive studies on the SHE in nonmagnetic HMs (such
as Ta [3,7,8], Au [9,10], and Pt [11–13]) and alloys [1,14–
17] have been carried out. The origin of the SHE has been
attributed to three mechanisms: intrinsic, side jump, and skew
scattering [2]. It is believed that the intrinsic SHE is propor-
tional to Z4, in which Z is atomic weight [2,9]. The extrinsic
mechanism, including side jump and skew scattering, can
be adjusted using crystalline defects [9,11,18] and impurities
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[1,14–17]. The introduction of defects and impurities would
increase the probability of electron scattering inside the HM.
As a result, the electrical resistivity (ρo) and thus θSH are
enhanced according to their correlation θSH = σSHρo (where
σSH is the spin Hall conductivity) [2,7,9,14,18]. Based on
this knowledge, researchers have succeeded in manipulating
the θSH by changing the atomic composition in nonmagnetic
alloys [1,14–17]. Given the strong correlation among the
atomic composition, ρo and θSH , however, the understanding
of the intrinsic and the extrinsic contributions to SHE in alloys
is still vague.

Furthermore, ρo can be controlled by changing the degree
of chemical ordering for single-crystalline alloys [19,20]. It
is thus possible to modulate θSH by adjusting the degree of
chemical ordering. To date, studies on the chemical-ordering-
dependent SOT review that the magnetic structures of FMs
[21,22] and antiferromagnets (AFMs) [23,24] can affect SOT
generation. However, experimental evidence of chemical-
ordering-dependent θSH in nonmagnetic alloys is still lacking.

In this work, θSH and ρo in the chemically disor-
dered Cu100-xPtx and L11-Cu50Pt50 alloys are systematically
studied. We used a spin torque ferromagnetic resonance
(ST-FMR) technique to evaluate the θSH of Cu100-xPtx in
Cu100-xPtx/Ni81Fe19 [also known as Permalloy (Py)] bilayer.
The results show that the θSH of CuPt alloys changes with
ρo, which is influenced by both the atomic concentration and
the degree of chemical ordering. Moreover, the mechanisms
of SHE in L11-Cu50Pt50 and chemically disordered Cu100-xPtx
are interpreted by analyzing the components of ρo using
phenomenological models.

II. EXPERIMENTAL DETAILS

Three types of Cu100-xPtx/Py bilayer samples were fabri-
cated using DC magnetron sputtering, including chemically
disordered polycrystalline Cu100-xPtx(11)/Py(11), and
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FIG. 1. (a) XRD θ -2θ results for Cu50Pt50/Py in which the Cu50Pt50 samples were prepared at 300 ◦C, 500 ◦C, and 700 ◦C. (b) XRD θ -2θ

results for Cu50Pt50/Py, Cu30Pt70/Py, and Pt/Py in which the Cu100-xPtx layers were prepared at 500 ◦C. (c) The �-scan result of L11-Cu50Pt50

deposited at 500 ◦C. (d) The correlation between the square-rooted integrated intensity ratio of I(111)R over I(222)R and Tgrow.

chemically disordered single-crystalline Cu100-xPtx(11)/
Py(11) and L11-Cu50Pt50(11)/Py(11). Numbers in the
parentheses are the thicknesses in nanometers, which were
measured by x-ray reflectometry. Polycrystalline Cu100-xPtx
thin films were deposited on the thermally oxidized SiO2

substrate at room temperature, while single-crystalline
Cu100-xPtx films were epitaxially grown on SrTiO3 (STO)
(111) substrate at elevated temperatures. The Py layer
was deposited at room temperature. All samples were
protected by a 2-nm SiO2 layer. The atomic composition of
Cu100-xPtx was adjusted by changing the sputtering power
and measured by energy-dispersive x-ray spectroscopy
(EDS). The crystal structure of single-crystalline Cu100-xPtx
was examined by x-ray diffraction (XRD). The devices for
ST-FMR measurements were patterned by a combination of
photolithography and ion-beam etching [25].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the θ -2θ scans of Cu50Pt50(11)/Py(11)
deposited on STO(111) substrates with Cu50Pt50 fabricated
at different temperatures (Tgrow). The peak at 2θ = 20.31◦
corresponds to the (111) plane of the L11 superlattice in a
rhombohedral structure denoted as (111)R, while the peak

at 2θ = 41.17◦ corresponds to the first fundamental peak
(222)R. For Cu50Pt50 prepared at 500 ◦C and 700 ◦C, evi-
dent (111)R peaks can be observed. For Cu50Pt50 prepared
at 300 ◦C, the (111)R peak disappears, which indicates the
chemically disordered phase. There is no shift of (222)R peak
position among those three Cu50Pt50 samples, which indicates
the same atomic composition according to the Vegard’s law.
The peaks at 2θ = 44.08◦ indicate the (111)-textured Py [26].
Figure 1(b) shows the θ -2θ scan of Cu100-xPtx deposited at
500 ◦C. The shift of the (222)R peak is attributed to composi-
tion changes. The (111) texture of Py is retained regardless
of the Cu content. Figure 1(c) shows a typical � scan of
Cu100-xPtx deposited at temperatures higher than 300 ◦C to
confirm the epitaxial growth. A threefold symmetry consisting
of (101)R, (011)R, and (110)R peaks around the (222)R peak
is evident.

The long-range ordering parameter, which is defined as
S = rA −cA

cB
[19], quantifies the degree of chemical ordering

of the L11-Cu50Pt50 films. Here, rCu stands for the fraction
of Cu atoms on the correct atomic position to form the L11

structure, cCu and cPt are the atomic concentrations of Cu
and Pt atoms. For the perfectly ordered L11 structure, S = 1,
which means all the Cu and Pt atoms occupy their respective
right position to form the L11 structure. In the case of perfectly
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FIG. 2. (a)–(c) Illustrations for ST-FMR measurements. (d) Kittel fitting and (e) damping constant fitting of polycrystalline
Cu50Pt50(11)/Py(11) for the ST-FMR measurements. (f) ST-FMR curves of polycrystalline Cu50Pt50(11)/Py(11) at different frequencies.
(g) Decomposition of the ST-FMR curve which was measured at 7 GHz.

disordered CuPt, S = 0, where Cu and Pt atoms are com-
pletely random in the crystal lattice. Experimentally, S can be

extracted from XRD θ -2θ curves as S = C
√

Is
Io

, in which Is is

the integrated intensity of the first superlattice peak [I(111)R],
and Io is the integrated intensity of the first fundamental peak
[I(222)R]. C is a constant, including the Lorentz polarization

factor and the structure factor [27]. The dependence of
√

Is
Io

on Tgrow for Cu50Pt50 is summarized in Fig. 1(d). The ratio√
Is
Io

, which is linear with S, shows a monotonic increase

when Tgrow increases from 300 ◦C to 700 ◦C. Further increas-
ing Tgrow to 900 ◦C leads to a slight decrease of chemical
ordering.

ST-FMR measurements were performed upon the
polycrystalline Cu100-xPtx and L11-Cu50Pt50, both of which
were patterned into microstrips [highlighted by a black
circle in Fig. 2(a)] with dimensions of 30 × 150 μm. The
external magnetic field Hext was applied at 40◦ with respect
to the direction of microwave in the sample plane [as shown
in Fig. 2(b)]. The magnetic precession in the FM layer
arises from the combined effects of antidamping torque
(τAD), damping torque (τD), and fieldlike torque (τFL )
[see Fig. 2(c)]. For the bilayer heterostructure composed
by nonmagnetic HM and FM, the traditional ST-FMR
model attributes τAD to the SHE and τFL to the Oersted
field [3]. The τFL from the Rashba-Edelstein effect is
believed to be negligible [3,4]. The magnetic precession

114410-3



XINYU SHU et al. PHYSICAL REVIEW MATERIALS 3, 114410 (2019)

FIG. 3. (a) θSH and ρo in polycrystalline Cu100-xPtx (11)/Py(11), and (b) θSH and ρo in L11-Cu50Pt50(11)/Py(11).

leads to alternating resistance due to the anisotropic
magnetoresistance effect of the FM layer. A rectifying DC
voltage Vmix can arise from mixing the alternating resistance
and alternating current. Vmix can be decomposed into a
symmetric component V s = �H/[�H2 + (Hext − Hres)2]
(corresponding to τAD) and an antisymmetric component
VA = �H (Hext − Hres )/[�H2 + (HextHres )2] (corresponding
to τFL) [3,22], where Hres is the resonant field
and �H is the half-width at half maximum of the
ST-FMR curve. Finally, θSH is expressed as θSH =
(VS/VA)(eμoMstd/h̄)[1 + (4πMeff/Hres )]1/2 [3,24], where
Ms and Meff are saturation and effective magnetization of the
FM layer, respectively. h̄ is the reduced Plank constant, and t
and d are thicknesses of the FM and HM layers, respectively.
It should be noted that the measured θSH corresponds to the
lower boundary of the spin Hall angle due to the loss of
spin current density at the interface during the spin transfer
process.

We exemplify a full set of ST-FMR results of polycrys-
talline Cu50Pt50(11)/Py(11) in Figs. 2(d)–2(g). The resonant
frequency f is fitted against Hres using the Kittel equation f =
(γ /2π )[(Hres + Hk )(Hres + Hk + 4πMeff )]1/2, where γ is the
gyromagnetic ratio and Hk is the in-plane effective anisotropic
field [28]. In Fig. 2(d), Meff and Hk are fitted as 619.32 emu.cc
and 10.79 Oe, respectively. The damping constant α can be ex-
tracted through �H = �Hinhom + 2πα f /γ , where �Hinhom

is the inhomogeneous linewidth broadening [28], as shown
in Fig. 2(e). Figure 2(f) presents Hext-Vmix curves obtained
at different frequencies. A further decomposition of Vmix at
f = 7 GHz is shown in Fig. 2(g). In this paper, the θSH for
each sample is averaged at four different frequencies (6.5, 7,
7.5, and 8 GHz).

The effects of atomic concentration and chemical ordering
on the θSH of CuPt are displayed in Fig. 3. Note that the
θSH has been calibrated considering interfacial transparency
(see details in the Supplemental Materials, Sec. I [29]). In
order to understand the mechanisms of SHE, ρo of all the
single-layer CuPt was measured by four-probe technique to
study its correlation with θSH [7–13]. In Fig. 3(a), ρo of
polycrystalline Cu100-xPtx can be well fitted against cPt using
Nordheim’s rule as expressed by Eq. (1) [14]. Figure 3(b)
presents the dependence of ρo on the degrees of chemical

ordering in L11-Cu50Pt50, which is fitted by Rossiter’s model
in Eq. (2) [19,20]:

ρo = AcPtcCu + cPtρPt + cCuρCu, (1)

ρo = ρdis,r

1 − (
C

√
Is
Io

)2

1 − B
(
C

√
Is
Io

)2 + ρT . (2)

In Eq. (1), A is the Nordheim coefficient, and ρCu and ρPt

are the resistivity of Cu and Pt, respectively. The fitting re-
sults are A = 171.01 μ� cm, ρPt = 29.74 μ� cm, and ρCu =
19.69 μ� cm. According to Nordheim’s rule, the residual
resistivity ρr is conveyed as AcPtcCu and the temperature-
dependent ρT is described as cPtρPt + cCuρCu [20]. In Eq. (2),
C can be obtained by fitting in order to calculate S. The
constant B, which is also fitted, depends on the relative po-
sition of the Fermi surface and the superlattice Brillouin-zone
boundaries [19]. ρdis,r is the residual resistivity of perfectly
disordered Cu50Pt50 (i.e., S = 0), and the term ρdis,r

1−S2

1−BS2

stands for the ρr of Cu50Pt50 with different degrees of chem-
ical ordering. The measured ρo of L11-Cu50Pt50 with S =
0.46 deviates from the fitting, which can be attributed to
the effect of short-range ordering [20]. From fitting, ρdis,r =
44.93 μ� cm, ρT = 30.08 μ� cm, C = 1.3, and B = 0.78.

Figure 3 exhibits an evident correlation between θSH and
ρo in polycrystalline Cu100-xPtx and L11-Cu50Pt50, regardless
of how ρo is modulated. In polycrystalline Cu100-xPtx, both
the θSH and ρo present a parabolic trend with the maxima at
cPt = 50%, where θSH = 0.1452 and ρo = 67.3 μ� cm. On
the other hand, the L11-Cu50Pt50 displays negative depen-
dence of θSH on S. Unlike the cases in FM [21] and AFM
materials [24], where dramatic changes in θSH are observed
with simultaneous changes in crystal and magnetic structures,
θSH of L11-Cu50Pt50 can be modified by tuning the crystal
structure alone, as represented by the differed degree of chem-
ical ordering.

In light of the single-element HMs, the correlation between
θSH and ρo can be explained by the intrinsic and extrinsic
contributions to spin Hall resistivity ρSH [7–9,18]. However,
the correlation between θSH and ρo in nonmagnetic binary
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FIG. 4. (a) Correlation between ρSH and cPt in polycrystalline Cu100-xPtx and fitting results by applying Eq. (3). (b) Calculated intrinsic and
extrinsic spin Hall resistivity including the side-jump and skew scattering contributions. (c) Correlation between ρSH and S in L11-Cu50Pt50

and fitting results by applying Eq. (4). The inset in (c) shows the change of θSH with ρo. Two dependences of θSH on ρo are visually guided by
the red dashed lines. A blue dotted line marks the crossover of these two dependences, which corresponds to S = 0.78.

alloys is more complicated due to the effects of the atomic
concentration and the chemical ordering. Here we develop
two models to understand the correlations between ρo and θSH

in polycrystalline Cu100-xPtx and L11-Cu50Pt50, respectively:

−ρSH = (
θ int

SH,CucCu + θ int
SH,PtcPt

)
ρo

+ σ
s j
SH (cPt) ρ2

r + θ ss,T
SH ρT + θ

ss,imp
SH ρr, (3)

−ρSH = σ int
SH (S) (ρr + ρT )2 + σ

s j
SH (S) ρ2

r

+ θ ss,T
SH ρT + θ

ss,imp
SH ρr . (4)

Equation (3) describes ρSH of polycrystalline Cu100-xPtx.
Here, the θ int

SH,Cu = 0 and θ int
SH,Pt = 0.07 are the intrinsic SOT

efficiencies of Cu and Pt, respectively. σ
s j
SH (cPt ) stands for

the concentration-dependent side-jump spin Hall conductiv-
ity. θ

ss,imp
SH and θ ss,T

SH are impurity-dependent and temperature-
dependent components of skew scattering-induced SOT effi-
ciency, respectively [30]. The detailed construction of Eq. (3)
is discussed in the Supplemental Material, Sec. II. Equa-
tion (4) depicts ρSH of L11-Cu50Pt50. In the L11-Cu50Pt50,
the degree of chemical ordering is deemed to strongly affect
the electronic band structure [31,32]. Therefore, σ int

SH (S) and
σ

s j
SH (S) stand for the S-dependent intrinsic and side-jump σ

s j
SH ,

respectively.
The effects of atomic concentration and chemical ordering

on the ρSH of CuPt are well fitted by Eqs. (3) and (4), as shown
in Fig. 4. Figure 4(a) presents both the fitting results and data
of polycrystalline Cu100-xPtx. The side-jump spin Hall conduc-
tivity σ

s j
SH (cPt ) is approximated as (acPt + b) [33]. The fitted

parameters from Eq. (3) are θ ss,T
SH = 0.0016, θ

ss,imp
SH = 0.01,

a = 4.73 × 10−5 μ� cm, and b = 0.002 μ� cm for the poly-
crystalline Cu100-xPtx. The contributions from different mech-
anisms are plotted in Fig. 4(b), where |ρ int

SH | = (θ int
SH,CucCu +

θ int
SH,PtcPt )ρo, |ρSJ

SH | = σ
s j
SH (cPt ) ρ2

r , and |ρSS
SH | = θ ss,T

SH ρT +

θ
ss,imp
SH ρr , corresponding to intrinsic, side jump, and skew

scattering ρSH , respectively. When cPt < 80%, the side-jump
contribution dominates the ρSH . When cPt > 80%, the intrin-
sic contribution overwhelms the extrinsic contribution. The
maximum of ρSH in Fig. 4(a), as well as the maximum of
θSH in Fig. 3(a), can be attributed to the dominant role of the
side-jump mechanism, which is also maximum at cPt = 50%
in Fig. 4(b).

Figure 4(c) shows the data of L11-Cu50Pt50 and its fit
through Eq. (4), where we approximately take σ int

SH (S) and
σ

s j
SH (S) as two constants. The well-fitted results verify the

validity of Eq. (4). In light of the σ
s j
SH (S) ρ2

r in Eq. (4), the
negative dependence of θSH on S in Fig. 3(b) can be attributed
to the decrease of the side-jump contribution in L11-Cu50Pt50

with increasing S. In a perfectly ordered L11-Cu50Pt50, the
crystalline structure acts as a translationally invariant configu-
ration in which the electron scattering at impurities, as well as
ρr , is negligible [19,20]. Therefore, it is expected that the ρr ,
as well as the side-jump contribution, reduces with increasing
S in L11-Cu50Pt50. Additionally, when S � 0.78, the decrease
of ρo is much faster than the reduction in θSH , where θSH is
almost independent of ρo, as shown in the inset in Fig. 4(c).
This implies that there is a threshold value of S at around 0.78
above which the dominant spin Hall mechanism changes from
side jump and intrinsic to skew scattering in L11-Cu50Pt50.

IV. CONCLUSION

In summary, the SOTs of chemically disordered polycrys-
talline Cu100-xPtx and L11-Cu50Pt50 were investigated system-
atically in this work. We demonstrate that both the atomic
composition and the chemical order can strongly influence
the θSH in CuPt alloy. In chemically disordered Cu100-xPtx, the
primary spin Hall mechanism changes from a side-jump to
intrinsic mechanism when cPt increases to larger than 80%.
The dominance of the side-jump mechanism accounts for
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the maximum of θSH and ρSH at Pt concentration of 50%.
In L11-Cu50Pt50, there appears to be a threshold value of S
at around 0.78, which corresponds to the transition of the
dominant mechanism of the SHE, from side jump and intrinsic
to skew scattering.

Note added. We noticed that the dependence of θSH on the
Pt concentration in our work is different from the results in
a previous paper [14] in which the θSH saturates at certain
Pt concentrations. Such a difference may arise from different
considerations of the interfacial transparency. As addressed
in the Supplemental Material, Sec. I [29], the dependence of
θSH on Pt concentration may be significantly influenced by
the interfacial transparency, which is neglected in Ref. [14].
Furthermore, the elemental segregation of Pt as mentioned in
Ref. [14] can also lead to a different θSH from that of the
homogeneous solid solution. The preferential distribution of
Pt can lead to the drop of resistivity and thereby a decrease
of θSH . These two factors can possibly result in the different
dependences of θSH on Pt concentration.
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