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The transport of spin currents across interfaces is relatively well studied, while the transport properties of
orbital currents are just starting to be examined. In Cr/Ni bilayers, the spin-orbit torque (SOT) due to the orbital
current generated in the Cr layer is believed to dominate over torques of other origins. In this work, we study
SOT in Cr/X/Ni trilayers, where X is an ultrathin spacer of a different material. Using the SOT as a proxy for
the orbital current transferred from the Cr to the Ni layer, we compare Cr/X/Ni results to Pt/X/Ni, the system
in which spin current generated in the Pt layer plays a dominant role. We find that across 12 different spacers the
apparent interface transparency to the orbital current is comparable to or larger than the spin current.
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I. INTRODUCTION

The orbital Hall effect (OHE) describes a phenomenon in
which an electrical charge current generates a transverse flow
of orbital angular momentum. It is predicted theoretically that
the OHE can exist in solids even in the absence of spin-orbit
coupling (SOC) and give rise to the spin Hall effect (SHE)
when SOC is present [1–5]. Thus, one can argue that the OHE
is more fundamental than SHE [2,3]. Recently, there has been
a growing amount of experimental observations supporting
the idea of the orbital Hall effect [6–14]. Unexpectedly large
spin-orbit-torque (SOT) signals have been measured in seem-
ingly trivial systems without heavy metals, e.g., CuO/FM,
Cr/FM, and attributed to the orbital currents generated in
nonmagnetic layers [6–10]. It has also been observed that
while SOT is usually large and negative in Ta/FM bilayers,
it depends on the choice of FM and is positive in Ta/Ni [11].
This was attributed to the torque due to the OHE dominating
over the SHE-induced torque. More recently, an orbital accu-
mulation due to the OHE on the surface of a single layer of
light metals Ti [12] and Cr [13] was detected by magneto-
optic Kerr effect, confirming the existence of the OHE more
directly.

While spin transport is relatively well studied, the trans-
port properties of orbital currents have just started to be
investigated. Interface transparency to orbital current is an
important question from both, fundamental and application,
points of view, since to utilize orbital currents for spintronic
applications the efficient injection across NM/FM is required.
It has been suggested theoretically that orbital transport be-
ing dependent on the orbital hybridization at the interface
is more sensitive to interface quality and disorder than spin
transport [15].

In this work, we study interface transparency to orbital
current in Cr/X/Ni trilayers, where X is an ultrathin spacer of
a different material. In Cr/Ni bilayers, the SOT due the orbital
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current generated in the Cr layer is believed to dominate over
torques of the other origin [8,9]. We use the experimentally
measured SOT as a proxy for the orbital current transferred
from Cr to the Ni layer. Comparing Cr/X/Ni to a trilayer
system in which spin current plays the major role, Pt/X/Ni,
we find that across 12 different spacers the apparent interface
transparency to the orbital current is comparable or larger than
to the spin current.

II. EXPERIMENT

Using the current-modulated magneto-optic Kerr ef-
fect (MOKE) technique [16], we measure the dampinglike
spin-orbit torque in Cr/X/Ni (20/0.8/5 nm) and Pt/X/Ni
(20/0.8/5 nm) trilayers, where the numbers in parentheses
represent the thickness in nanometers. We study 15 different
spacer layers X: Al, Ti, Fe, Co, Cu, Ge, Pd, Ag, Sn, Ta, W,
Pt, Au, NiO, and MgO. The films are deposited at room tem-
perature on Mg(100) substrates by a combination of electron
beam evaporation and magnetron sputtering in a chamber with
a base pressure of 2 × 10−7 Torr. To protect the films from
oxidation, they are capped with MgO/Cr (3/3 nm). An ex-
ample of the full stack sequence is MgO/Cr/Cu/Ni/MgO/Cr
(substrate/20/0.8/5/3/3 nm). For Pt/X/Ni samples, a 1 nm
thick Cr seed layer is used to improve adhesion between a Pt
layer and an MgO substrate. During the growth, the thickness
of the deposited materials is monitored by a quartz crystal, in
which readings are calibrated by x-ray reflectivity measure-
ments. We estimate the error of the spacer layer thickness to
be about 20%.

The films are patterned into 20 µm wide devices by pho-
tolithography and argon ion milling. Measuring the resistivity
of the Cr/MgO/Cr (1/3/3 nm) stack, we estimate that less
than 1% of total current applied to the devices is flowing
through the seed layer and partially oxidized Cr cap. The
average resistivities of the entire Cr/X/Ni and Pt/X/Ni stacks
are (96 ± 19) μ�cm and (31 ± 3) μ�cm, respectively. We
do not attempt to estimate the resistivities of the individual
layers since the resistivity of thin multilayers depends strongly
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FIG. 1. Schematics of the current-modulated polar MOKE ex-
periment. A laser is scanned across a Cr/X/Ni device. The Kerr
rotation detects the current-induced out-of-plane component of mag-
netization due to the dampinglike effective SOT field HDL ∼ [m × σ]
and the out-of-plane Oersted field.

on interfacial scattering, while the growth, and as a result,
the resistivity of Ni layer, is affected by the choice of the
underlying spacer X.

A mode-locked Ti:Sapphire laser tuned to λ = 800 nm
wavelength is utilized for the polar MOKE measurements.
The sample is mounted on a motorized XY stage for scanning
in the sample plane. To exclude contributions from quadratic
MOKE, the light is linearly polarized at 45◦ relative to the
applied magnetic field [17] (see Sec. S1 of the Supplemental
Material for details [18]). The beam is focused on the sam-
ple to a spot size of about 2 µm. The laser power incident
on the sample is 800 µW. The Kerr rotation of the reflected
light is measured by a combination of a half wave plate,
Wollaston prism, and balanced photodetector. The signal from
the balanced photodetector is passed to a lock-in amplifier,
which measures the current-induced Kerr rotation by demod-
ulating at the first harmonic of the applied sinusoidal current
of 41 227 Hz frequency. The schematic of the experimental
geometry is shown in Fig. 1.

III. RESULTS AND DISCUSSION

In Fig. 2(a) , we show the current-modulated MOKE data
measured for Cr/Ni. Measuring line scans across the 20 µm
wide device for the Ni magnetization parallel or antiparallel
to the applied current, we separate the MOKE data into the
symmetric part [blue dots in Fig. 2(a)] and antisymmetric
part [red squares in Fig. 2(a)]. The symmetric component is
proportional to the effective dampinglike SOT field ∼HDL,
while the antisymmetric component is proportional to the out-
of-plane Oersted field ∼Hoop

Oe [16]. Using calibration by the
Oersted field, the DL-SOT signal is converted from MOKE
voltages to actual magnetic field values. Effective DL-SOT
field as a function of applied current I for the Cr/Ni device is
plotted in Fig. 2(c). We observe that the signal scales linearly
with the current, as expected for the DL-SOT. The slope of the
current dependence, μ0HDL/I , dimensions of the device, and
the resistivity of the whole stack ρxx is used to determine the
dampinglike SOT efficiency per applied electric field [19]:

ξE = 2e

h̄
MstFM

μ0HDL

E
, (1)

where e is the electron charge, h̄ is the reduced Planck con-
stant, tFM is the thickness of the Ni layer, Ms is its saturation

FIG. 2. Current-modulated MOKE line scan across a 20 µm wide
channel of (a) Cr/Ni (20/5 nm) and (b) Cr/Ge/Ni (20/0.8/5 nm)
at current I = 20 mA, corresponding to current density j = 4 ×
1010 A/m2. Effective dampinglike SOT field, μ0HDL , as a function
of applied current for (c) Cr/Ni and (d) Cr/Ge/Ni.

magnetization, and E is the applied electric field. The surface
magnetization MstFM is measured by superconducting quan-
tum interference device (SQUID) magnetometry. We note,
that we chose tNM , the thickness of the NM layer, to be larger
than the orbital (spin) diffusion length λCr

o ≈ 6 nm [8,13]
(λPt

s ≈ 1–11 nm [19,20]). Since DL-SOT efficiency saturates
with the thickness of the NM layer as ∼[1 − sech(tNM/λNM

o(s) ],
for tNM = 20 nm it is close to its saturated value.

Measuring three Cr/Ni samples grown at different times
we find that ξE = (0.17 ± 0.05) × 103 �−1cm−1, consistent
with previous reports [8,9]. The positive sign of the torque
agrees with the picture of the orbital torque dominating over
the negative spin torque generated by the SHE in Cr. Per-
forming measurements on Pt/Ni, we obtain an efficiency ξE =
(2.43 ± 0.11) × 103 �−1cm−1 of the same sign.

Figures 2(b) and 2(d) show the current-modulated MOKE
data for Cr/X/Ni with one of the spacers, X = Ge. A his-
togram in Fig. 3 summarizes DL-SOT efficiency results for all
spacers. Cr/X/Ni and Pt/i/Ni results are plotted side-by-side
for each X to compare the behavior of the system dominated
by orbital current with the system dominated by the spin
current. Each Cr/X/Ni column is the average of two samples
grown at different times. In the following, we discuss the re-
sults summarized in Fig. 3, making a number of observations.

A. Nonmagnetic metal spacers

Across 11 nonmagnetic spacer materials (Al, Ti, Cu, Ge,
Pd, Ag, Sn, Ta, W, Pt, and Au) apparent interface transparency
to orbital current is comparable or larger than to spin current.
We define the apparent orbital interface transparency ratio

as T X
o = ξ

Cr/X/Ni
E

ξ
Cr/Ni
E

and the apparent spin interface transparency

ratio as T X
s = ξ

Pt/X/Ni
E

ξ
Pt/Ni
E

.
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FIG. 3. Dampinglike SOT efficiency per electric field for Cr/X/Ni and Pt/X/Ni trilayers. The results are plotted side by side for each X
to compare the behavior of the system dominated by orbital current, Cr/X/Ni, with the system dominated by the spin current, Pt/X/Ni. The
DL-SOT efficiency for all Pt/X/Ni trilayer is scaled by 0.07 to match the Pt/Ni value to the Cr/Ni value.

Light metals and interface transparencies. The DL-SOT
efficiency due to the SHE can be expressed as ξE = Tsσ

NM
SH ,

where Ts is the spin interface transparency, and σ NM
SH is spin

Hall conductivity of the NM layer. According to the current
understanding [15], the orbital torque is a result of the orbital
current generated by the OHE in the NM layer, transferred
across the NM/FM interface, and converted to the spin cur-
rent by the SOC of the FM layer. The resultant spin current
exerts a torque on the FM magnetization, as the orbital current
cannot interact with the magnetization directly [15]. Thus, the
DL-SOT efficiency due to the OHE can be expressed as ξE =
Toη

FM
so σ NM

OH , where To is the orbital interface transparency, ηFM
so

is the conversion ratio from the orbital to spin in the FM
layer, proportional to SOC in the FM, and σ NM

OH is orbital Hall
conductivity of the NM layer, see schematics in Fig. 4. For
light 3d transition metals Ti and Cu with weak SOC, it would
be reasonable to assume that within the ultrathin 0.8 nm spacer
a negligible amount of orbital and spin current is generated
or destroyed since their orbital and spin diffusion lengths are
much larger than the thickness of the spacer [7,12,21], thus
σ NM

OH should not be modified. It is also logical to assume that,
having weak SOC, Ti and Cu do not significantly modify
ηFM

so of Ni, as a spacer with strong SOC, for instance, Pt,
does. Therefore, in a simplistic model of two perfect inter-
faces, the apparent transparency for X = Ti can be written

as ξ
Cr/Ti/Ni
E

ξ
Cr/Ni
E

= T Cr/Ti
o T Ti/Ni

o

T Cr/Ni
o

. Under the assumption that the three

interfaces between the three similar 3d transition metals have
the same transparency, we estimate the order of magnitude
of orbital transparency as T Cr/Ni

o ≈ T Cr/Ti
o ≈ T Ti/Ni

o ≈ 40%.

η

FIG. 4. Schematics of the orbital current transferred across an
NM/FM interface. The orbital current generated by a NM layer is
reduced by a factor To at the interface, before being converted into
a spin current by the spin-orbit coupling in the FM layer, with the
conversion ratio ηFM

so . The converted spin current exerts an orbital
torque on the FM magnetization.

The same logic applied to X = Cu yields an unrealistic value
of ≈130%. For comparison, the spin interface transparency
Ts of Py/Pt and Py/Ni/Pt interfaces (Py = Ni80Fe20) was
investigated in Ref. [22], and estimated to be ≈25%. These
estimates of orbital interface transparency for X = Ti, Cu, are
comparable to or larger than the spin interface transparency
of Py/Pt and Py/Ni/Pt. We emphasize that we do not attempt
to give a precise quantitative evaluation of the orbital inter-
face transparency by this oversimplified reasoning, but rather
to perform a qualitative analysis. For discussion later in the
paper, we take the lower estimate of ≈40% for the Cr/Ni
orbital interface transparency T Cr/Ni

o . Lastly, we note that the
model above implies that the two interfaces can be treated
independently which might not be a good assumption for a
very thin spacer. We also observe that T X

o � T X
s for the other

light elements X = Al and Ge.
Based on these observations for light elements with weak

SOC, we tentatively conclude that not only the apparent or-
bital interface transparency T X

o (which could include SOC
effects in the spacer or FM as discussed later), but also the
actual orbital interface transparency could be comparable or
larger than the spin interface transparency.

Orbital-to-spin conversion in the Ni layer. Using ξE =
Toη

FM
so σ NM

OH , theoretically calculated σ Cr
OH = 7 × 105 �−1m−1

[23], and experimentally measured ξE = (0.17 ± 0.05) ×
105 �−1m−1 we can estimate T Cr/Ni

o ηNi
so to be ≈2.4%. Us-

ing the estimate of 40% for T Cr/Ni
o translates into ηNi

so ≈ 6%.
Therefore, while increasing interface transparency is impor-
tant for utilizing orbital torque in SOT-based applications,
increasing the orbital-to-spin conversion in the FM layer
might be a more promising route, as there is more room for
improvement. For example, this can be achieved by alloying
Ni and a HM with a large and positive SOC, e.g., using
Ni90Pt10 as a ferromagnetic layer.

Orbital character of the spacer (p vs d). We observe that
the apparent orbital transparency for Cu and Ge spacers is
larger than their apparent spin transparency. The SOC strength
increases with atomic number Z , thus one could try to ex-
plain the monotonic increase Ti → Cu → Ge of the T X

o , by
enhanced ηNi

so due to additional orbital-to-spin conversion in
the spacer layer. However, T Cu

o > T Ag
o and T Ge

o > T Sn
o of the

heavier elements in the same group in the periodic table with
even larger SOC strength. Thus, the SOC of these spacers
alone cannot account for the enhanced orbital torque. Instead,

104418-3



IGOR LYALIN AND ROLAND K. KAWAKAMI PHYSICAL REVIEW B 110, 104418 (2024)

we attribute it to the enhanced interface transparency by Cu
and Ge spacers. The 2.5-fold increase of the interface trans-
parency for X = Ge (compared to without a spacer) might be
due to 4p orbitals of Ge, indicating that p-d hybridization at
the interface facilitates orbital transport in comparison with
the case of the Cr/Ni interface that have only s and d orbitals.
If T Cr/Ni

o ≈ 40%, then the Cr/Ge/Ni interface is close to
being fully transparent. Thus, to maximize the orbital inter-
face transparency, and, as a result, orbital torque efficiency,
elements with different orbital character on the opposite sides
of NM/FM bilayers might be preferable. We note that, so far,
the orbital torque has been studied mostly in 3d/3d , 4d/3d ,
and 5d/3d bilayers.

Heavy metals with positive SOC. The insertion of 4d and 5d
elements with positive SOC (Pd, Ag, Sn, Pt, and Au) seems to
preserve or increase the T X

o . We attribute this to the increase
of the effective orbital-to-spin conversion parameter ηNi

so in the
Ni layer, by being adjacent to a material with a larger positive
SOC strength. Consistent with this picture, T X

o is larger for
the heavier 5d spacers (Pt and Au) than for 4d elements (Pd,
Ag, and Sn). Pt and Pd are known to be strong spin sources,
so the charge current even in 0.8 nm thick layers can generate
a positive spin current that can enhance the measured torque.
This could explain why T Pd

o � T Ag
o and T Pt

o � T Au
o . For X =

Sn, both, enhanced ηNi
so due to the Sn SOC and enhanced To

due to 5p-3d hybridization, can play a role.
Heavy metals with negative SOC. The behavior of the

apparent transparency for Ta and W is consistent with the
interpretation given in the previous paragraph. Having a neg-
ative SOC, Ta and W decrease the positive value of ηNi

so . As
a result, the measured DL-SOT torque is reduced. The spacer
thickness is likely not large enough to fully convert the posi-
tive orbital current into a negative spin current. Furthermore,
it is not obvious that for a larger thickness of Ta (W), the
torque would change the sign, as for thicker Ta layers the
positive orbital torque due to the OHE in Ta has been shown
to dominate over the negative SHE-induced torque in Ta/Ni
bilayers [11].

B. Ferromagnetic metal spacers

The only spacers that decrease orbital torque in Cr/X/Ni
to zero, or even reverse its sign, are magnetic spacers, Fe
and Co. We attribute this to the ηFM

so being negative in Fe,
ηFe

so < 0, and almost zero in Co, ηCo
so ≈ 0. This agrees with

the experimental observation of the self-induced anomalous
SOT (ASOT) in single layers of Fe, Co, and Ni [24]. The
ASOT arises from the SOC of FM layer, which generates the
spin current that acts on its own magnetization. In Ref. [24],
the anomalous SOT was found to be negative in Fe, a small
positive in Co, and the largest positive in Ni, although this
contradicts theoretical calculations in Ref. [11], where the
spin-orbit correlation at the Fermi level were calculated to be
positive for all the three ferromagnetic materials. We observe
that the DL-SOT is negative in Cr/Fe/Ni and half of the
value of Cr/Ni. The DL-SOT in Cr/Co/Ni is close to zero.
If the orbital diffusion length in Fe and Co would be much
larger than 0.8 nm, then assuming similar to Cr/Ni orbital
transparency at the interface, the orbital current would reach
the Ni layer and be converted to the positive spin current,

thus generating a positive DL-SOT. However, we observe the
opposite. Two possible scenarios can explain the reversal of
the torque for the X = Fe: (i) the orbital diffusion length in
Fe is ultrashort, comparable with the thickness of the spacer
∼ 0.8 nm, which leads to an efficient orbital-to-spin conver-
sion before the orbital current reaches the Ni layer; (ii) the
orbital transparency of the Cr/Fe interface is much smaller
than T Cr/Ni

o which leads to the negative spin torque due to the
SHE in Cr dominating the measurement. The observation of
the apparent orbital transparency being comparable or higher
than spin transparency for all other spacers makes us believe
that the scenario (i) is more likely. This scenario can also
explain the nearly zero DL-SOT in Cr/Co/Ni. The small
positive ηCo

so and ultrashort λCo
o results in a smaller positive

orbital torque than in Cr/Ni which is compensated by the
negative SHE-induced torque. We note, that a very short λo

in FMs agrees with earlier theoretical calculations [15], but
contradicts to later calculations [25].

C. Antiferromagnetic insulator spacers

The spin current from heavy metals can interact with
magnons in magnetic insulators. It has been shown that a thin
layer of NiO can transfer spin current from HM to FM for
temperatures above and below the Néel temperature [26–29].
Using NiO as a spacer, we test whether the orbital current
can be transferred by magnons as well. Unlike other spacers,
the 0.8 nm of NiO is synthesized by oxidation. We reverse
the stack sequence, first growing 5.5 nm of Ni on MgO sub-
strate and then oxidizing the top 0.5 nm of Ni in 1 mTorr
of oxygen atmosphere for 1one minute to the self-limiting
value of 0.8 nm of NiO. This oxygen exposure is more than
100 times the minimal oxygen dose required [30–32]. After
that we deposit 20 nm of Cr on the top and perform current
modulated MOKE measurement through the MgO substrate
side. We find that the apparent transparency of NiO is about
60% which is larger than the value for the Ti and Al spacers.
A NiO spacer grown in the same way for Pt/NiO/Ni reduces
DL-SOT efficiency to the 30% of the Pt/Ni value. Thus, the
apparent orbital interface transparency of NiO is larger than
its spin transparency. In addition, we perform measurements
on Cr/MgO/Ni as a control sample. We observe that DL-
SOT is three times smaller with the MgO, than with the NiO
spacer. This indicates that electron tunneling across a 0.8 nm
insulating layer cannot account for the large observed T NiO

o
and a magnon-mediated mechanism of transferring orbital
angular momentum from Cr to Ni probably plays a role. We
attribute the nonzero torque in Cr/MgO/Ni trilayers to the
presence of pinholes in the MgO layer. We note that NiO
grown by oxidation is pinhole free [30,33]. A detailed study
is needed to investigate the exact mechanism by which con-
duction electrons in a metal can transfer their orbital angular
momentum to magnons in a magnetic insulator. Recent theo-
retical works have investigated the orbital angular momentum
of magnons [34,35], furthermore, an intrinsic magnon OHE
was proposed [36].

IV. CONCLUSIONS

In this work, we studied the spin-orbit torque efficiency
in Cr/X/Ni trilayers with different ultrathin spacers. Using
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the SOT as a proxy for the orbital current transferred from
Cr to the Ni layer, we compared Cr/X/Ni to Pt/X/Ni, the
system in which spin current plays a dominant role. The inter-
pretation of the experimental results relies on an assumption
that the positive SOT in Cr/Ni is due to the orbital torque
dominating over the torques of other origin [8,9]: spin torque,
interfacial torque, and anomalous torque. Contrary to the the-
oretical suggestion that the orbital current is more sensitive
to interface quality and disorder than the spin current [15],
we found that across 12 different spacers, the apparent or-
bital interface transparency is comparable to or larger than
the spin interface transparency. In addition to this principal
result, the most interesting spacers are (i) Ge, which increases
the apparent orbital interface transparency by a factor of 2.5;
(ii) ferromagnetic Fe and Co, which suppress or even reverse

the sign of the spin-orbit torque; and (iii) insulating NiO,
capable of a magnon-mediated transfer of orbital angular
momentum.

Our work provides a broad materials perspective on the
orbital transport across interfaces and can serve as a starting
point for future in-depth studies focused on a specific material
combination, thicknesses, and growth optimization.
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