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Efficient conversion of orbital Hall current to spin
current for spin-orbit torque switching
Soogil Lee 1,6, Min-Gu Kang1,6, Dongwook Go2,3, Dohyoung Kim1, Jun-Ho Kang4, Taekhyeon Lee4,

Geun-Hee Lee4, Jaimin Kang1, Nyun Jong Lee5, Yuriy Mokrousov 2,3, Sanghoon Kim 5, Kab-Jin Kim4,

Kyung-Jin Lee 4 & Byong-Guk Park 1✉

Spin Hall effect, an electric generation of spin current, allows for efficient control of mag-

netization. Recent theory revealed that orbital Hall effect creates orbital current, which can be

much larger than spin-Hall-induced spin current. However, orbital current cannot directly

exert a torque on a ferromagnet, requiring a conversion process from orbital current to spin

current. Here, we report two effective methods of the conversion through spin-orbit coupling

engineering, which allows us to unambiguously demonstrate orbital-current-induced spin

torque, or orbital Hall torque. We find that orbital Hall torque is greatly enhanced by intro-

ducing either a rare-earth ferromagnet Gd or a Pt interfacial layer with strong spin-orbit

coupling in Cr/ferromagnet structures, indicating that the orbital current generated in Cr is

efficiently converted into spin current in the Gd or Pt layer. Our results offer a pathway to

utilize the orbital current to further enhance the magnetization switching efficiency in spin-

orbit-torque-based spintronic devices.
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Spin Hall effect (SHE) that creates a transverse spin current
by a charge current in a non-magnet (NM) with strong
spin–orbit coupling (SOC)1 has received much attention

because the resulting spin–orbit torque (SOT) offers efficient
control of magnetization in NM/ferromagnet (FM) hetero-
structures of various spintronic devices2–9. Similar to the SHE,
the orbital Hall effect (OHE) generates an orbital current, a flow
of orbital angular momentum10–13. The OHE has distinctive
features compared to the SHE; first, the OHE originates from
momentum-space orbital textures, so it universally occurs in
multi-orbital systems regardless of the magnitude of SOC12. For
example, it has been reported non-trivial orbital current can be
generated in 3d transition metals, graphene, or two-dimensional
transition metal dichalcogenides13–18. Second, theoretical calcu-
lations show that orbital Hall conductivity is much larger than
spin Hall conductivity in many materials, including those com-
monly used for SOT such as Ta and W10,11,13. This suggests that
the spin torque caused by the OHE, or orbital Hall torque
(OHT)19,20, can be larger than the SHE-induced spin torque,
enhancing the spin-torque efficiency in spintronic devices.
Recently, several experimental reports have claimed that sig-
nificant SOT and magnetoresistance observed in FM/Cu/oxide
structures, in which the SHE is known to be negligible, is of
orbital current origin21–24. However, it seems that the underlying
mechanism of the OHE and associated OHT are not yet fully
understood. One issue is that there is no exchange coupling
between orbital angular momentum (L) and local magnetic
moment, and thus the orbital current cannot directly give a
torque on magnetization. To make the OHT exerts on the local
magnetic moment of the FM, the L must be converted to the spin
angular momentum (S)19,20. Therefore, finding an efficient
method of “L–S conversion” is crucial to utilizing the OHT for
the manipulation of the magnetization direction.

In this article, we experimentally demonstrate two effective L–S
conversion techniques of engineering SOC of either an FM or an
NM/FM interface. We employ Cr as an orbital current source
material because it has been theoretically predicted that Cr has a
large orbital Hall conductivity σCrOH of ~8200 (ħ/e)(Ω cm)−1 while
having a relatively small spin Hall conductivity σCrSH of −130 (ħ/e)
(Ω cm)−1 with the opposite sign13. Here, ħ is the reduced Planck
constant and e is the electron charge. For the Cr/FM bilayers,
overall charge-to-spin conversion efficiency referred as effective
spin Hall angle θeffSH, is expressed as19

θeffSH ¼ ð2e=_ÞðσCrSH þ σCrOHηL�SÞ=σCrxx ; ð1Þ
where σCrxx is the electrical conductivity of Cr and ηL�S is the L–S
conversion coefficient. Here, we assume perfect transmission
(Tint = 1) of both spin and orbital currents through the Cr/FM
interface. Note that the second term on the right side of Eq. (1)
corresponds to the OHE contribution to θeffSH, which depends on
the magnitude and sign of ηL�S. We demonstrate how to achieve
a large ηL�S by engineering the SOC of an FM or an NM inter-
facial layer. First, we employ a rare-earth FM of Gd with strong
SOC, which increases the OHT in Cr/Gd heterostructures by ten
times compared to that in Cr/Co heterostructures, indicating that
the orbital current generated in Cr is efficiently converted to spin
current in the FM Gd layer. Second, we modify the Cr/
Co32Fe48B20 (CoFeB) interface by inserting a 1 nm Pt layer to
facilitate L–S conversion. This leads to an enhancement in OHT,
allowing us to demonstrate OHT-induced magnetization
switching of perpendicular magnetization in Cr/Pt/CoFeB het-
erostructures. Since the OHE is expected to occur generally in
various materials, our results demonstrating the significant OHT
generated through the L–S conversion techniques broaden the
scope of material engineering to improve spin-torque switching
efficiency for the development of low-power spintronic devices.

Results and discussion
Orbital Hall torque generated by orbital current in Cr. To
demonstrate the OHE in Cr and associated OHT, we investigate
the current-induced spin-torque in Cr/FM heterostructures for
two different FMs of Co and Ni. Figure 1a, b illustrates the role of
ηL�S in θeffSH of the Cr/FM samples, where SSHE is the spin angular
momentum generated by SHE and SOHE is the spin angular
momentum converted from orbital angular momentum due to
OHE (LOHE). Note that we assume that Ni has a greater ηL�S than
that of Co (ηNiL�S > ηCoL�S) because σNiSH is an order of magnitude
larger than σCoSH

25,26. This is also supported by a recent first
principle calculation demonstrating that the W/Ni bilayer exhi-
bits a positive θeffSH despite the negative σWSH of W20. This is
attributed to the increased orbital current contribution to θeffSH by
the large and positive ηNiL�S. Figure 1a shows the case of a Cr/Co
bilayer with ηCoL�S ~ 0, where SSHE is dominant and thus θeffSH is
mainly determined by σCrSH of negative sign. On the other hand,
for the Cr/Ni bilayer having sizable ηNiL�S, non-negligible SOHE

caused by the conversion of σCrOH contributes to θeffSH (Fig. 1b).
Since SOHE is a positive value ðηNiL�S > 0& σCrOH > 0Þ; opposite to
SSHE, θ

eff
SH of the Cr/Ni heterostructures becomes positive when

the magnitude of SOHE is larger than that of SSHE. To test whether
the orbital current generated in Cr gives rise to OHT, we perform
in-plane harmonic Hall measurements of Co (3.0 nm)/Cr
(7.5 nm) and Ni (2.0 nm)/Cr (7.5 nm) Hall-bar patterned samples
(Fig. 1c). Figure 1d, e shows representative second harmonic Hall
resistance (R2ω

xy ) versus azimuthal angle (φ) curves under different
external magnetic fields (Bext). R

2ω
xy ðφÞ is expressed as27

R2ω
xy φ
� � ¼f½R1ω

AHE BDLT=Beff

� �þ R∇T �cosφ
þ ½2R1ω

PHEðBFLT þ BOeÞ=Bext�ð2cos3φ� cosφÞg;
ð2Þ

where R1ω
AHE and R1ω

PHE are the first harmonic anomalous Hall and
planar Hall resistances, respectively; BDLT ðBFLTÞ is the damping-
like (field-like) effective field; Beff is the effective magnetic field,
including the demagnetization field and anisotropy field of FM;
R∇T is the thermal contributions, and BOe is the current-induced
Oersted field. The R1ω

AHE and R1ω
PHE data are shown in Supple-

mentary Note 1. Figure 1f shows the cosφ component of R2ω
xy

divided by R1ω
AHE [R2ω

cosφ/R
1ω
AHE] as a function of 1=Beff for the two

FM/Cr samples, of which the slope represents BDLT and asso-
ciated θeffSH. We find that the Co/Cr sample shows a negative slope,
and thus a negative θeffSH. This is consistent with the negative σCrSH
reported both theoretically and experimentally28–30. In contrast,
the Ni/Cr sample exhibits a positive slope, indicating a positive
θeffSH. The sign reversal of θeffSH in the Ni/Cr sample is attributed to
the increased contribution of the orbital current in Cr by the L–S
conversion in Ni (σCrOHη

Ni
L�S > 0). Note that the ð2cos3φ� cosφÞ

component of R2ω
xy divided by R1ω

PHE, representing BFLT þ BOe, of
the Ni/Cr sample is larger than that of the Co/Cr sample. This
might also be related to the increased orbital current in the Ni/Cr
sample as discussed in Supplementary Note 2.

To verify whether the orbital current in Cr is the main cause of
the measured torque, we perform two control experiments. First,
we investigate the role of FM in determining θeffSH by measuring
the R2ω

cosφ/R
1ω
AHE of the Co (3 nm)/Pt (5 nm) and Ni (2 nm)/Pt

(5 nm) structures, in which Cr is replaced by Pt, which has
positive σPtSH and σPtOH

10,11,13,31. Figure 1f shows positive slopes
and corresponding positive θeffSH’s for both the FM/Pt samples,
indicating that the sign change of θeffSH in the FM/Cr samples is not
due to the FM layer itself26. Note that the damping-like torque

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00737-7

2 COMMUNICATIONS PHYSICS |           (2021) 4:234 | https://doi.org/10.1038/s42005-021-00737-7 | www.nature.com/commsphys

www.nature.com/commsphys


efficiency31, ξDLT ¼ ð2e=_ÞðMStFMBDLT=JPtÞ where, MS is the
saturation magnetization, tFM is the FM thickness, and JPt is the
current density flowing in Pt (Supplementary Note 3), between
the Co/Pt and Ni/Pt samples differs by a factor of two. This
indicates that interface transmission (Tint) plays a critical role in
determining ξDLT in these samples, where the spin current is
primarily generated by the SHE in the Pt layer32. It implies that
Tint can affect the ξDLT even in the FM/Cr sample, where the OHE
is dominated. However, Tint cannot account for the different signs
of the θeffSH (or ξDLT) between the Co/Cr and Ni/Cr samples since it
can only reduce the magnitude of the ξDLT by diminishing the
transmission of spin (or orbital) currents. Second, we examine the
interfacial contributions33–38 to θeffSH by measuring the Cr
thickness (tCr) dependence of the ξDLT for the FM/Cr samples.
If the positive θeffSH of the Ni/Cr samples is due to the interfacial
effect, ξDLT decreases with increasing tCr and eventually changes
its sign to negative for thicker tCr’s where bulk Cr with negative
σCrSH dominates. However, this is not the case, as shown in Fig. 1g;
for both FM/Cr samples, the magnitude of ξDLT increases with tCr,
while maintaining its sign unchanged, which demonstrates that
there is no significant interfacial contribution to θeffSH in the FM/Cr
samples. Note that we analyze the tCr dependence of ξDLT using a
method of analyzing the SHE-induced SOT31,

ξDLT � 1� sech tCr
λCr

� �h i
, where, λCr is the spin or orbital diffusion

length. The extracted λCr value is 6.1 ± 1.7 nm for the Ni/Cr and
1.8 ± 0.6 nm for the Co/Cr samples, which can be regarded as the
orbital and spin diffusion lengths of Cr, respectively, since the
ξDLT of the Ni/Cr (Co/Cr) sample is governed predominantly by
the OHE (SHE). This result indicates that the orbital diffusion
length is much greater than the spin diffusion length in Cr, as
expected by theoretical calculations (Supplementary Note 4).
These results corroborate that the OHE in Cr primarily governs
the θeffSH of the FM/Cr samples, providing an excellent platform to
study L–S conversion engineering.

Efficient L–S conversion through rare-earth ferromagnet Gd.
We now present two techniques to enhance the ηL�S of the Cr/
FM structures. First, we introduce a rare-earth FM Gd, which is
expected to have a large ηL�S due to its strong SOC

39,40. Figure 2a
illustrates the L–S conversion process in Cr/Gd heterostructures,
where ηGdL�S is negative because of its negative spin Hall angle41. In
this case, SOHE due to the orbital current (ηGdL�Sσ

Cr
OH < 0) is the

same sign as SSHE (σCrSH < 0), so they add up constructively with
each other. This would result in enhanced θeffSH in the Cr/Gd
heterostructure compared to the Cr/Co heterostructure. To verify
this idea, we prepare Hall-bar patterned samples of Gd (10 nm)/
Cr (7.5 nm) and Co (10 nm)/Cr (7.5 nm) structures and conduct
in-plane harmonic Hall measurements at 10 K to avoid any side
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Fig. 1 Orbital–current-induced spin torque in Cr/ferromagnet heterostructures. a, b Schematic illustrations of the angular momentum transfer by spin
current (red arrows) and orbital current (blue arrows) for Co (a) and Ni (b) ferromagnets (FMs). The spin (orbital) angular momentum is represented by S
(L). The source of S and L is marked by the subscript of SHE (OHE) for spin Hall effect (orbital Hall effect). ηCoðNiÞL�S is the orbital-to-spin conversion efficiency
of Co (Ni). c The R2ωxy ðφÞ measurement geometry for a Hall-bar sample. φ is the azimuthal angle of the external magnetic field (Bext) with respect to the
current direction. d, e Azimuthal angle (φ) dependent second harmonic Hall resistance, R2ωxy ðφÞ, under different Bext of Co (3.0 nm)/Cr (7.5 nm) (d) and Ni
(2.0 nm)/Cr (7.5 nm) (e) samples. The solid lines are the fitting curves using Eq. (2). Each R2ωxy ðφÞ curve of Co/Cr (d) and Ni/Cr (e) is shifted by a y-axis
offset to clearly show the Bext dependence. f R

2ω
COSφ=R

1ω
AHE as function of 1/Beff of Ni/Cr (red), Co/Cr (light-green), Ni/Pt (magenta), and Co/Pt (green)

samples. Each solid line is the linear fitting line. The error bars in f are due to the standard deviation of the fitting of the R2ωxy ðφÞ versus φ curves using Eq. (2),
which are smaller than the symbol size. g Cr thickness (tCr) dependent damping-like torque efficiency (ξDLT) of Ni/Cr (red) and Co/Cr (light-green)
samples, where tCr ranges from 2 to 12.5 nm. The fitting results of orbital and spin diffusion lengths for Ni/Cr and Co/Cr are given in solid curves. The
ξDLT’s of the reference Ni/Pt (magenta) and Co/Pt (green) samples are included for comparison. Lines are guides to eyes. All measurements are
conducted at 300 K. The error bars in g are due to the standard deviation of the linear fitting of the cosφ components of Eq. (2) versus 1/Beff.
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effects due to the large difference in Curie temperatures between
Gd (~293 K) and Co (~1400 K). Note that Cr is known to be
antiferromagnetic at 10 K42, however, the exchange coupling of
the Gd (Co)/Cr sample is negligibly small and therefore does not
affect the harmonic Hall measurements (Supplementary Note 5).
Figure 2b, c shows the R2ω

xy ðφÞ data measured under different Bext’s
of the Gd/Cr and Co/Cr samples, respectively, which are well
described by Eq. (2) as represented by solid curves. The R1ω

AHE and
R1ω
PHE data are shown in Supplementary Note 1. Figure 2d shows

R2ω
cosφ/R

1ω
AHE versus 1=Beff for the Gd/Cr and Co/Cr samples. We

find two points; first, both samples exhibit negative slopes, indi-
cating θeffSH<0. Second, the Gd/Cr sample has a much larger slope
or BDLT than that of the Co/Cr sample. The estimated ξDLT of the
Gd/Cr sample is −0.21 ± 0.01, which is about ten times greater
than that of the Co/Cr sample (−0.018 ± 0.002). Note that ξDLT of
the Gd/Cr samples increases with the tCr (Supplementary Note 6),
indicating that ξDLT originates from the orbital current in bulk Cr.
The large enhancement of ξDLT or θeffSH demonstrates that the
OHT contribution can be increased by introducing FMs with
large ηL�S.

We estimate effective spin Hall conductivity σCrSHðeff Þ ¼ σCrSH þ
σCrOHηL�S of the samples using the relation31 σCrSH effð Þ= (ħ/
2e)·(ξDLT × σCrxx ). The calculated σCrSHðeff Þ of the Gd/Cr sample is
−999 (ħ/e)·(Ω cm)−1, which is much larger than the theoretical
spin Hall conductivity of Cr13, σCrSH ¼ −130 (ħ/e)·(Ω cm)−1. The
large σCrSHðeff Þ value of the Gd/Cr sample supports our claim that
the enhanced ξDLT is due to the orbital current in Cr, subject to
the effective conversion into spin currents in Gd (σCrOHη

Gd
L�S). On

the other hand, the σCrSHðeff Þ of the Co/Cr sample is −86
(ħ/e)·(Ω cm)−1, which is comparable to the theoretical σCrSH value.
This is consistent with the fact that the orbital current
contribution is negligible in the Co/Cr sample with ηCoL�S ~ 0.
Furthermore, we observe that the ξDLT of the Gd/Cr sample

decreases with increasing temperature (Supplementary Note 7).
This can be attributed to phonon scattering since the orbital
angular momentum is strongly coupled to the lattice through the
crystal field potential20. At higher temperatures, more phonons
are generated, reducing the OHE.

Magnetization switching by efficient L–S conversion through
Pt interfacial layer. We next demonstrate another L–S conver-
sion technique that modifies the NM/FM interface by inserting a
Pt layer. This method has the advantage that it can be easily
incorporated into perpendicularly magnetized CoFeB/MgO
structures, which is a basic component of various spintronic
devices43–45. Figure 3a illustrates the conversion process in a Cr/
Pt/CoFeB structure, where the LOHE originating from Cr is con-
verted to SOHE in the Pt layer. Since Pt has a positive ηPtL�S due to
positive σPtSH, SOHE would be positive (σCrOHη

Pt
L�S > 0), while SSHE is

negative (σCrSH < 0). Thus, the OHT due to SOHE is the opposite of
the spin Hall torque due to SSHE. To examine the effect of Pt
insertion on OHT, we perform current-induced magnetization
switching experiments as schematically illustrated in Fig. 3b.
Figure 3c shows switching curves as a function of pulse current
density (Jpulse) for Cr (10.0 nm)/Pt (0 or 1.0 nm)/CoFeB (0.9 nm)/
MgO (1.6 nm) Hall-bar patterned samples. Note that an in-plane
magnetic field Bx of +20 mT is applied along the current direc-
tion for deterministic switching of the perpendicular
magnetization2,4,46. The Cr/CoFeB sample shows a counter-
clockwise switching curve consistent with negative θeffSH, caused
primarily by the SHE in Cr. The switching polarity is reversed by
introducing a Pt (1 nm) insertion layer. The clockwise switching
curve of the Cr/Pt/CoFeB sample corresponds to positive θeffSH,
which is the expected sign in the OHT scenario (Fig. 3a). The sign
reversal of θeffSH of the samples is also confirmed by perpendicular
harmonic Hall measurements (Supplementary Note 8). Note that
the switching polarity is abruptly reversed when tPt is greater than
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0.6 nm (Supplementary Note 9), where Pt forms a continuous
film that effectively converts orbital currents to spin currents.
This makes the OHE dominant over the SHE.

The sign change in θeffSH can be caused by the inserted Pt itself
with positive σPtSH. To rule out this possibility, we investigate the
tCr dependence of the current-induced magnetization switching
for the samples, where tCr ranges from 2.0 to 12.5 nm.
Figure 3d shows the switching efficiency47,48 ξSW ½¼
ð2e=_ÞðMStCoFeBBP=JSWÞ� as a function of tCr. Here, tCoFeB is the
CoFeB thickness, BP is the domain wall propagation field, and
JSW is the switching current density (Supplementary Note 10).
We find that the magnitude of ξSW for both samples increases
with increasing tCr, while its sign remains unchanged for all tCr’s
used in this study. Since the contribution of the spin current
generated from Pt to θeffSH in the Cr/Pt/CoFeB structures will
decrease with increasing tCr, the similar thickness dependence of
ξSW indicates that the θeffSH of both samples predominantly
originates from the Cr layer, not from the Pt interfacial layer;
the SHE and OHE in Cr are the main sources of θeffSH for the

Cr/CoFeB and Cr/Pt/CoFeB samples, respectively. These results
demonstrate that the OHT can be effectively modified by
interface SOC engineering and is capable of switching the
perpendicular magnetization.

In conclusion, we experimentally demonstrate non-trivial
OHT, spin torques originating from the orbital current in Cr,
by introducing two effective ways of orbital-to-spin (L–S)
conversion, which is a key ingredient of OHT generation. First,
we employ a rare-earth FM of Gd having a larger L–S conversion
efficiency than that of conventional 3d FMs. This greatly
improves the SOT efficiency of the Cr/Gd bilayers compared to
that of the Cr/Co bilayers. Second, we introduce a Pt interfacial
layer in the Cr/CoFeB bilayers to facilitate L–S conversion. This
allows the OHT to control the perpendicular magnetization in the
Cr/Pt/CoFeB heterostructures. Since orbital currents can occur in
various materials regardless of the SOC strength, our results
provide a unique strategy based on orbital currents to develop
material systems with enhanced SOT efficiency.

Methods
Film preparation and Hall-bar fabrication. Bilayers of FM (Co, Ni)/Cr, FM (Co,
Ni)/Pt, Gd /Cr, and Co/Cr for harmonic measurements were deposited on Si/SiO2

or Si/Si3N4 substrates using DC magnetron sputtering under a base pressure of
<2.6 × 10−5 Pa, while Cr/CoFeB and Cr/Pt/CoFeB structures for switching
experiments were deposited on a highly resistive Si substrate using DC and RF
magnetron sputtering under a base pressure of <4.0 × 10−6 Pa. An underlayer of Ta
(1 nm)/AlOx (2 nm), or Ta (1.5 nm) layers were used to obtain smooth roughness;
a capping layer of Ta (2–3 nm) was used to prevent further oxidation. All metallic
layers and the MgO layer were grown with a working pressure of 0.4 Pa and a
power of 30W at room temperature. The AlOx layer was formed by deposition of
an Al layer and subsequent plasma oxidation with an O2 pressure of 4.0 Pa and a
power of 30W for 75 s. Hall-bar-patterned devices with widths of 5, 10, or 15 μm
were defined using photolithography and Ar ion-milling.

Spin–orbit torque characterization. In-plane harmonic measurement with AC
current (frequency of 11 Hz) was performed to evaluate the spin–orbit torque of
the heterostructures. Both R1ω

xy and R2ω
xy were recorded by two lock-in amplifiers at

the same time while varying the azimuthal angle (φ) under a constant external field
Bext and a current density Jx of 1 × 1011 A/m2.

Current-induced magnetization switching measurements. Magnetization
switching experiments were conducted by applying a current pulse (pulse width of
30 μs) with a constant external magnetic field (Bx) of +20 mT. The magnetization
state was checked by anomalous Hall resistance (RAHE) after applying the
current pulse.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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