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Abstract 

The electrical generation of orbital angular momentum in materials has attracted significant 

attention due to its fundamental importance and technological potential. Notably, recent 

experiments on orbital torque and terahertz emission suggest that Cu enables substantial charge-

to-orbital interconversion upon oxidation. However, direct evidence of orbital generation in Cu 

remains elusive. In this work, we demonstrate current-induced orbital accumulation in pristine and 

naturally oxidized Cu films using magneto-optical Kerr effect measurements. We observe distinct 

thickness dependences of the Kerr signals in pristine and oxidized films, revealing bulk- and 

interface-driven orbital generation mechanisms corresponding to the orbital Hall effect and orbital 

Rashba-Edelstein effect, respectively. The extracted orbital diffusion length in Cu is significantly 

shorter than its known spin diffusion length, yet still exceeds atomic scales. These findings provide 

clear evidence of orbital generation in Cu and highlight the distinct bulk and interfacial 

mechanisms underlying it. 
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Introduction 

Recent studies have theoretically suggested and experimentally demonstrated that the orbital 

angular momentum (OAM) of electrons can be generated and transported under an external electric 

bias.1-3 Two main mechanisms are responsible for the electrical generation of OAM. In 

centrosymmetric systems, the orbital Hall effect (OHE)4-7 generates a transverse orbital current 

(OAM current to be precise), which originates from the orbital texture of materials (Fig. 1a). 

Although, the orbital current itself is usually not directly observable, it leads to the accumulation 

of OAM at the sample edges. In systems with broken inversion symmetry, the orbital Rashba-

Edelstein effect (OREE)8 locally induces an OAM density (Fig. 1b). This electrically generated 

OAM can be utilized to manipulate the magnetization of a ferromagnet (FM) through orbital 

torque.9 Notably, earlier experiments reported remarkably large torques in oxidized Cu/FM or 

oxidized Cu/heavy metal/FM structures.10-19 These studies suggested that the OREE is strongly 

induced in oxidized Cu,20 positioning Cu as a promising material for orbitronic device applications 

without relying on heavy elements.  

However, conclusive evidence for OAM generation in oxidized Cu, as well as a clear 

understanding of its microscopic origin, remains elusive. The torque measurements with magnetic 

heterostructures face inherent challenges due to the existence of the FM layer and additional 

interfaces, rendering the interpretation of orbital torque in some previous experiments still 

controversial.21 As a result, the orbital torque measurements alone do not offer definitive proof of 

the OREE in oxidized Cu. Similarly, in the THz emission experiment using the FM/Cu/MgO 

structure,22 the observed electrical signal was attributed to the inverse OREE at the Cu/MgO 

interface. However, this measurement also resorts to the FM layer, and thus suffers from the same 

limitations as torque measurements. On the contrary, the magneto-optical Kerr effect (MOKE) 

measurement can detect OAM accumulation in a single layer without a FM layer. The detection 

sensitivity is determined by the magneto-optic constant (Q), and the Q value for orbital 

contribution can be much larger than that for spin contribution in a weak spin-orbit coupling 

system. Therefore, the MOKE experiment serves as a powerful tool for exploring the OAM 

generation in Cu. 

Two fundamental issues should be addressed to verify the OAM generation in Cu. First, even 

in a single Cu layer, both bulk-originated (OHE) and interface-originated (OREE) mechanisms 
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can coexist. While it has been predicted that the former is generally negligible and the latter 

becomes significant upon oxidation, these speculations have not been firmly confirmed. Second, 

the symmetries of the OHE and OREE are identical to their spin counterparts, the spin Hall effect 

and the spin Rashba-Edelstein effect. This similarity makes it difficult to distinguish whether an 

experimental signal arises from orbital13,15,20 or spin11 contributions. In fact, recent theoretical 

studies23-25 reported that theoretically predicted orbital relaxation lengths in several transition 

metals are significantly shorter than experimentally reported values,26-29 which led to the 

speculation23 that experimentally evaluated orbital relaxation lengths may be spin relaxation 

lengths in disguise. Therefore, to unambiguously identify the OAM generation in Cu, a systematic 

study using an orbital-selective measurement is desired.  

In this paper, we investigate OAM accumulation in pristine (non-oxidized) and oxidized Cu 

through MOKE measurements, which are known to be significantly more sensitive to OAM than 

to spin in light metals.27,30 For pristine Cu, we observe a considerable MOKE signal under electric 

bias. The observed thickness dependence is well described by the phenomenological orbital drift-

diffusion model using the effective orbital Hall conductivity obtained from the first-principles 

calculation. This demonstrates that Cu exhibits significant bulk-originated OHE, contrary to 

common belief. The extracted orbital diffusion length is 8 nm at room temperature, which is about 

50 times smaller than the well-known spin diffusion length of 400 nm in Cu,31-34 thus confirming 

that the observed signal is not the spin signal in disguise. The estimated orbital diffusivity is two 

orders of magnitude smaller than the charge diffusivity, indicating that orbital transport can behave 

significantly differently from charge or spin transport.35 Next, we examine the Kerr rotation on 

naturally oxidized Cu films. In contrast to the pristine Cu, a pronounced MOKE signal is observed 

in films thinner than the light penetration depth, where the bulk OHE is suppressed. Moreover, the 

signal is nearly independent of the Cu thickness. These observations clearly indicate that the OAM 

generation in oxidized Cu occurs at the interface, where the OREE dominates.  

Results 

Sample preparation and MOKE measurement 

We fabricated pristine and oxidized Cu films using magnetron sputtering. First, Cu(tCu) 

(number in a unit of nm) films were grown, where tCu varies from 10 to 70 nm. For the pristine Cu 
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samples, a 5 nm Si3N4 capping layer was deposited on top of Cu immediately after the Cu growth 

without breaking vacuum. For oxidized Cu samples, the deposited Cu film was exposed to ambient 

air for one hour to allow natural oxidation at the surface. Then, a 5 nm Si3N4 capping layer was 

deposited to prevent further oxidation. All samples were deposited onto sapphire (0001) substrates 

under the base pressure of < 1×10-7 torr, the operating Ar pressure of 3 mTorr, flow rate of 30 

sccm, and temperature of 300 K. The crystal structure of Cu was confirmed by X-ray diffraction 

(Supplementary Note 1). Our Cu films have polycrystalline structure with (111) texture along the 

out-of-plane direction. The resistivity (ρ) of Cu was characterized by 4-point probe measurement. 

A ρ of 2.3 μΩ∙cm was achieved at the bulk region (thickness 70 nm), then it increased to 15 μΩ∙cm 

at a thickness of 10 nm because of the surface scattering36 (Supplementary Note 1). The complex 

refractive index (𝑛̃ = 𝑛 + 𝑖𝑘) of 0.4+ i4.8 of Cu at the wavelength of 780 nm was obtained by the 

spectroscopic ellipsometry technique (Supplementary Note 1). To apply an electrical bias, the Cu 

films were patterned into a 20 μm wide channel structure using standard photolithography and Ar 

ion milling (Supplementary Note 1). 

The current-induced magnetic moment accumulated on the Cu top interface was measured by 

longitudinal MOKE (Fig. 1c).37 An electric field applied into the x-direction generates a y-

component magnetic polarization, which can originate from various origins, such as the 

spin/orbital Hall effect (Fig. 1a) or the spin/orbital Rashba-Edelstein effect (Fig. 1b). The s-

polarized laser (polarization of light is perpendicular to the plane of incident) with wavelength λ = 

780 nm is focused by a lens and incident on the sample with an incidence angle (ϕ) of 25˚. After 

the light interacts with the accumulated magnetic moment and is reflected, its polarization is 

rotated, and the Kerr rotation (θK) is measured by a balanced detector (Fig. 1c). We used a 

mechanical relay switch and sapphire substrate to suppress the Joule heating contribution on the 

MOKE measurement (see Method for details of MOKE measurement). 

With an oblique incidence, θK has contributions from both the polar and longitudinal 

components of magnetization. These two sources of θK are evident in the channel position 

dependence measurement of pristine Cu(60) (Fig. 2a). The polar component of θK does not depend 

on the incidence angle of light (ϕ) and shows an asymmetric profile along the channel width, which 

comes from the Oersted field (shown later). Conversely, the longitudinal component of θK 

critically depends on the incidence angle and shows a symmetric profile. Especially, at the channel 
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center, where the Oersted-field-driven polar component gets nulled, the measured θK is dominated 

by the longitudinal component and changes its sign with the reversal of the incidence angle (Fig. 

2b). The linear dependence on the charge current density (jc) confirms that the Joule heating effect 

does not contribute to the MOKE measurement. Taking the odd component, [θK(ϕ>0) – 

θK(ϕ<0)]/2, we extracted the longitudinal component of the entire channel, which is nearly uniform 

along the channel width (Fig. 2c). 

Determination of magneto-optical constant using polar MOKE 

To quantify the magnitude of θK, we need to determine the magneto-optical constant (Q) of 

Cu, i.e., the optical sensitivity to the magnetization induction. Using first-principles calculations 

for bulk Cu, we evaluate the magneto-optical constants Qspin = −0.054−0.11i (B per atom)-1 and 

Qorbital = −1.3−0.72i (B per atom)-1 at the photon energy 1.58 eV, which arise from the induced 

spin and orbital moments by the Zeeman interaction, respectively (see Supplementary Note 2 for 

the Qspin/orbital calculation). Thus, we expect that the magneto-optical response in Cu would be 

dominated by the orbital magnetization, if the induced spin and orbital moments are comparable 

to each other. Although Qspin/orbital exhibits a dependence on photon energy, Qorbital is consistently 

larger in magnitude than Qspin throughout the photon energy range of 1~6 eV. However, our 

theoretical calculations may not give quantitatively accurate values for Qspin/orbital, since the 

magneto-optical response in noble metals may strongly depend on extrinsic parameters.38 

Therefore, in the following, we provide experimental determinations of Qspin/orbital of Cu. 

The polar MOKE result, measured at ϕ=0 on pristine Cu follows the profile of the z-component 

Oersted field (𝐻Oe
z ). The 𝐻Oe

z -driven complex polar Kerr angle (𝜃̃K
P) is expressed by 

𝜃̃K
P = (𝜃̃K

P)
∞

spin/orbital
𝜒spin/orbital𝐻Oe

z =
−𝑖𝑛𝑄spin/orbital

𝑛2 − 1
𝜒spin/orbital𝐻Oe

z , (1) 

where (𝜃̃K
P)

∞

spin/orbital
 is the spin/orbital complex polar Kerr angle per unit magnetization in bulk 

Cu, χspin/orbital is the spin/orbital susceptibility of Cu, and Qspin/orbital is the spin/orbital contribution 

to the linear magneto-optical constant of Cu. Since the photon energy of 1.58 eV is insufficient to 

excite core electrons, the MOKE is expected to primarily originate from conduction electrons.38 

Therefore, we use χspin and χorbital of Cu for conduction electrons only: χspin of 1.9×10-9 μB atom-1 
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Oe-1 and χorbital of −2.4×10-9 μB atom-1 Oe-1.39 Although χspin, and χorbital are comparable in 

magnitude, Qorbital is much larger than Qspin, as predicted by our first-principles calculations. This 

is because Qspin relies on the weak spin-orbit coupling in Cu whereas Qorbital does not. Using χorbital 

of −2.4×10-9 μB atom-1 Oe-1 and fitting with the experimentally measured 𝜃̃K
P, we obtained Qorbital 

= (−3.2±1.0)−(2.0±0.6)i (B per atom)-1(Fig. 3a and b). Compared with earlier work on Ti, it is an 

order of magnitude larger than the value of Ti. Such a high Qorbital makes MOKE an ideal tool for 

investigating the orbital generation mechanism in Cu. On the other hand, Qspin of −0.016+i0.001 

(B per atom)-1 was previously determined from the intense spin accumulation during the ultrafast 

demagnetization of a FM in a FM/Cu bilayer.40,41 Inserting this Qspin and χspin of 1.9×10-9 μB atom-

1 Oe-1 in Eq. (1), we can calculate 𝜃̃K
P (see Supplementary Note 3 for Oersted-field-induced spin 

polarization): at the edge of the Cu channel, 𝜃̃K
P ≈ (0.1 + 𝑖0) nrad for the spin magnetization, 

which is two hundred times smaller than the measured 𝜃̃K
P ≈ (20 + 𝑖15) nrad. Therefore, we 

conclude that the measured 𝜃̃K
P is mostly driven by the orbital magnetization.  

Thickness dependence of longitudinal MOKE 

Next, we investigated the Cu thickness dependence of the longitudinal component of θK (𝜃K
L) 

using the determined Qorbital = −3.2−2.0i (B per atom)-1. Ignoring the spin signal, there are two 

sources of measured 𝜃K
L: one is y-component Oersted field (𝐻Oe

y
) and the other is the OHE. We 

found that at a small incidence angle of 25˚, the 𝐻Oe
y

-driven 𝜃K
L  is ten times smaller than the 

measured 𝜃K
L (Supplementary Note 4). Therefore, the measured 𝜃K

L should be dominated by the 

orbital accumulation due to OHE. To determine the orbital accumulation profile, we performed 

Cu thickness (tCu) dependent 𝜃K
L and the Kerr ellipticity 𝜀K

L measurements (Fig. 4). Both 𝜃K
L and 𝜀K

L 

show a gradual increase and saturation behavior with increasing tCu, and the saturation values are 

comparable to those for Ti.27 The complex longitudinal Kerr rotation (𝜃̃K
L = 𝜃K

L + 𝑖𝜀K
L ) due to 

orbital accumulation as a function of tCu is given by 

 𝜃̃K
L(𝑡Cu) = (𝜃̃K

L)
∞

orbital
∫ 𝑀𝑦(𝑧)𝜅𝑒−𝜅𝑧𝑑𝑧

𝑡Cu

0

, (2) 

Here, (𝜃̃K
L)

∞

orbital
 is determined from Qorbital as (𝜃̃K

L)
∞

orbital
=

cos𝜙0tan𝜙1

cos(𝜙0−𝜙1)

𝑖𝑛̃𝑄orbital

𝑛̃2−1
, where ϕ0 is the 

incidence angle of light, ϕ1 is the refraction angle inside Cu films, and 𝑛̃ is the complex refractive 
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index of Cu. My(z) is the y-component of the orbital profile along the z-position in a Cu film and 

𝜅 =
−4𝜋𝑖𝑛̃𝑐𝑜𝑠𝜙1

𝜆
 describes a light penetration effect,37 where λ is the wavelength of light.  

For the pristine Cu film, the MOKE response is suppressed at a thin thickness limit, and it 

gradually increases and then saturates with the Cu thickness. We analyzed that the thickness 

dependence of orbital edge accumulation is a result of competition between the OHE-driven orbital 

generation and scattering-driven orbital relaxation. The orbital accumulation My(z) in the presence 

of the OHE is obtained by employing the drift-diffusion equation (see Supplementary Note 5): 

 𝑀𝑦(𝑧) = 𝑀0

sinh [(
𝑡Cu

2 − 𝑧)/𝑙L]

cosh (𝑡Cu/2𝑙L)
, (3) 

where 𝑀0 = 𝛾L𝜎OH
eff𝜏L𝑗c𝜌/𝑙𝐿, γL is the gyromagnetic ratio for orbital, 𝜎OH

eff  is the effective orbital 

Hall conductivity, lL is the orbital relaxation length, and τL is the orbital relaxation time. Firstly, 

lL=8±3 nm was determined from the relative change of the MOKE signal with the Cu thickness 

(see Supplementary Note 6 for fits performed with different lL values). Then, M0=(0.14±0.04)×10-

5 B per atom (at jc=107 A cm-2) was determined from the saturated Kerr rotation at the thick 

thickness limit. Note that the effective orbital Hall conductivity is used instead of the conventional 

orbital Hall conductivity to better account for the intrinsic orbital relaxation due to the crystal 

field.27 From first-principles calculations for a Cu film (see Supplementary Note 7 for 𝜎OH/SH
eff  

calculation), we obtain 𝜎OH
eff  of 1000 (ℏ/e)(Ω∙cm)-1 and the effective spin Hall conductivity (𝜎SH

eff) 

of 50 (ℏ/e)(Ω∙cm)-1, which better accounts for the intrinsic spin relaxation due to spin-orbit 

coupling. Note that 𝜎OH
eff  is much larger than 𝜎SH

eff, implying a considerable orbital accumulation, as 

opposed to a negligible spin accumulation. Although our calculation assumes a single crystalline 

structure, the orbital Hall conductivity is not expected to vary significantly in a polycrystalline 

structure (Supplementary Note 8).  This result, together with a significant disparity between the 

values of (𝜃̃K
L)

∞

orbital
 and (𝜃̃K

L)
∞

spin
, enables us to disregard the Kerr angle due to the spin Hall effect 

in Cu.  

In this fitting, we considered a weak background (black and blue dashed lines in Fig. 4) that is 

from 𝐻Oe
𝑦

 induced 𝜃̃K
L. Nonetheless, the 𝐻Oe

𝑦
-driven 𝜃̃K

L is about ten times smaller than the OHE-

driven 𝜃̃K
L, so that its effect on the determination of M0 and lL is not significant. When tCu is smaller 
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than optical penetration depth, multiple reflections from Si3N4 layer and Sapphire substrate affect 

the fitting results. To account for this, we adopted an optical model that treats the entire 

Air/Si₃N₄/Cu stack (Supplementary Note 9). The fitting results in overlap with those obtained from 

simpler model that neglects multiple reflections. Therefore, the multilayer reflection does not 

affect our conclusions. 

In the bulk limit, the sign of the MOKE signal arising from the OHE is determined by two 

main factors [see Eq. (2)]: (i) the bulk MOKE signal per unit orbital moment, and (ii) orbital 

accumulation, which is in turn determined by the (effective) orbital Hall conductivity. In addition, 

we note that the sign convention for MOKE signals can differ between studies, so determining the 

sign of orbital accumulation requires a careful comparison. In our case, for Cu, we followed the 

sign convention used in Ti.27 Our theoretical calculations indicate a negative (𝜃K
L)

∞

orbital
  and 

positive 𝜎OH , giving rise to a negative net Kerr rotation (same as Ti), consistent with our 

experimental observations. 

The surface roughness can affect the interface scattering, thus orbital accumulation. The 

measured roughness remained nearly constant (~1 nm) across all thicknesses (Supplementary Note 

10). Therefore, we expect that the roughness might affect the saturation value of orbital 

accumulation, but it does not affect the thickness dependence. 

Impact of surface oxidation 

Next, we investigated the surface oxidation effect of Cu. The surface oxidation was achieved 

by exposing Cu films to an ambient air for one hour. X-ray photoemission spectroscopy (XPS) 

analysis confirmed that the oxidized surface is composed of Cu2O and this oxidation state exists 

uniformly for films with different Cu thicknesses (Supplementary Note 11). The chemical analysis 

indicated that a 2 nm-thick CuOx layer exists on top of the unoxidized Cu film (Supplementary 

Note 12). The surface oxidation effect on the orbital generation was revealed by longitudinal 

MOKE measurements of the 10 nm-thick Cu film (Fig. 5), where the bulk OHE is minimized (Fig. 

4). The partially oxidized Cu film shows a significant 𝜃K
L of 18 nrad at jc=107 A cm-2, which is 

significantly larger than 𝜃K
L of 3 nrad for the unoxidized 10 nm-thick Cu film (Fig. 4). Interestingly, 

𝜃K
L of the partially oxidized Cu films is nearly independent of the Cu thickness, see Fig. 5e, which 

indicates the interfacial origin of the orbital generation. The OREE-driven OAM at the interface 
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can diffuse to unoxidized part of Cu as 𝑀𝑦(𝑧) = 𝑀0exp(−𝑧/𝑙L), where z=0 is the interface 

position, 𝑀0 describes the OREE efficiency, and 𝑙𝐿=8 nm is determined above (see Supplementary 

Note 9 for Kerr angle calculation and fits incorporating multilayer reflections). Together with Eq. 

(2), we obtain the saturation behavior of 𝜃K
L after the Cu thickness of 8 nm (fittings in Fig. 5e). 

However, the realistic thickness-dependence would be more complicated because the charge 

current density at the interfacial region will be different from thickness-averaged current density. 

We note that, at the thick limit of 60 nm, 𝜃K
L of the oxidized Cu is close to that of the pristine Cu. 

We speculate that, with a thick Cu thickness, charge current mostly flows in the unoxidied part of 

Cu and OHE becomes dominant. On the other hand, with a thin Cu thickness, a significant portion 

of charge current flows near the CuOx interface and OREE becomes dominant. Assuming that the 

OHE contribution does not change with the existence of the interfacial oxide, we distinguished 

OREE and OHE contributions in Fig. 5e.  

Although the substrate/Cu interface can contribute to OREE in principle, we regard substrate 

effect as unlikely for two reasons. First, sputtered Cu atoms land with insufficient energy to break 

the bonds of an insulating substrate, so no chemical reaction occurs at the bottom interface.42 

Second, the thickness dependence of the Kerr angle does not match the signature expected from 

an OREE at the substrate/Cu interface. As previously described, OREE at the substrate is 

expressed as 𝑀𝑦(𝑧) = 𝑀0exp[(𝑧 − 𝑡Cu)/𝑙L]. It would generate a large Kerr rotation in thin Cu 

that decays to zero once tCu far exceeds the optical penetration depth combined with lL. Instead, 

our pristine Cu data rise with thickness and then saturate, and oxidized Cu shows monotonic 

saturation behavior (see Supplementary Note 13 for fits based on the substrate-Cu interface OREE). 

We also ignore the Cu/Si3N4 interface contribution to OREE based on the lack of MOKE response 

in thin limit (10 nm) of pristine Cu. 

Discussion 

For pristine Cu, the relation 𝑀0 = 𝛾L𝜎OH
eff𝜏L𝑗c𝜌/𝑙𝐿, using the fitted parameters M0 and lL, yields 

the orbital relaxation time τL of 0.65±0.35 ps. This value is very close to τL=0.35±0.1 ps, recently 

reported in a time-resolved THz emission experiment on Ni/Cu.22 Meanwhile, the relaxation time 

is related to the orbital diffusivity DL through the relation 𝑙L
2 = 𝐷L𝜏L, which leads to 𝐷L of 100 nm2 

ps-1. In many previous studies, DL has been assumed to be the same as the charge diffusivity Dc. 
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For Cu, Dc is determined to be 10,000 nm2 ps-1 from Dc = (1/e2ρNF), where NF is the density of 

states at the Fermi level. Note that DL is two orders of magnitude smaller than Dc, which is in stark 

contrast to the spin diffusivity DS, which is assumed to be the same as Dc in many materials. This 

implies that orbital transport is significantly different from spin transport in its nature. We attribute 

the much smaller DL to strong crystal field that transfers OAM to the lattice43. 

A few previous studies have reported DS or DL values smaller than Dc. First, Vélez et al.44 

reported smaller DS than Dc in Pt. Like Pt, materials with strong spin-orbit coupling show both the 

spin Hall effect and OHE4,5,7. Therefore, distinguishing spin or orbital contributions are 

challenging. Second, Sala et al. reported DL is smaller than Dc in Mn, which has weak spin-orbit 

coupling. In their work, DL was 2.5 nm2 ps-1. Using a Mn resistivity ρ = 2.3 μΩ∙m, Dc = (1/e2ρNF) 

is determined to be 6 nm2 ps-1, so Dc/DL ≈ 2. Our prediction of Dc/DL ≈ 100 suggests a much 

stronger suppression of orbital diffusion in Cu.  

Several calculations23-25,45 reported a very short orbital diffusion length of a few atomic 

spacings for various transition metals including Pt,23,25,45 Cu,23 Cr,23 and V.23 This value is one to 

two orders of magnitude smaller than experimentally determined values for Cr,26 Ti,27-29 and Pt.46 

It was suggested23 that experiments may have measured the spin diffusion length lS instead of lL. 

However, the known lS of 400 nm of Cu is fifty-times larger31-34 than our determination of lL of 8 

nm. Note that other reports from the THz emission measurement22, the torque measurement14,16, 

and the nonlocal electrical measurement have reported lL of 6–100 nm of Cu.47 Further research 

for orbital transport, including electron-phonon interaction and polycrystallinity effect,29,48 is 

required to bridge the gap between theory and experiment.  

Recently, a theory proposed an alternative mechanism for orbital accumulation, driven by the 

transverse gradient of the longitudinal response (i.e., the vorticity of the electron flow) rather than 

by the orbital Hall effect.49 In this case, the orbital accumulation profile is determined by mean 

free path rather than by the orbital diffusion length. However, we estimate that the magnitude of 

the vorticity-driven orbital accumulation is an order of magnitude smaller than the value obtained 

from our analysis based on the OHE. Further research is hence required to examine the proposed 

vorticity-driven effect (Supplementary Note 14). 
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Conclusion 

Owing to the high conductivity and long spin diffusion length, Cu has been widely used for 

various electronics and spintronics applications. Recent discoveries of the current-generated 

orbital physics, through the OHE and OREE, suggest that Cu can play an important role in 

orbitronics as well. Using MOKE microscopy, we directly measured OHE-driven orbital 

accumulation in pristine Cu and OREE-driven orbital accumulation in oxidized Cu. From the 

thickness profile of the orbital accumulation, we determined the orbital diffusion length of 8±3 

nm, which is 50 times smaller than the spin diffusion length of 400 nm.31-34 The short orbital 

diffusion length indicates that the scattering mechanism and dissipation for orbital angular moment 

are significantly different from that for spin. The magnitude of the orbital accumulation is 

explained by the orbital Hall conductivity of 1000 (ℏ/e)(Ω∙cm)-1 and the orbital relaxation time of 

0.65 ps. The relationship between the orbital relaxation time and the orbital diffusion length 

suggests that orbital diffusivity is two orders of magnitude smaller than the charge diffusivity, 

which starkly contrasts the spin diffusivity being comparable to the charge diffusivity in many 

materials. This discrepancy indicates that the orbital transport may be qualitatively different from 

the spin transport.  
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Fig. 1. Schematics of experiment. a Orbital Hall effect in a centrosymmetric system. When an 

electric field (E) is applied to pristine Cu, electrons with positive and negative orbital angular 

momentum (+𝐿 and −𝐿) move upward and downward, respectively (red and blue circles), and an 

orbital current is generated transverse to E. b Orbital Rashba-Edelstein effect in an inversion-

symmetry broken system. When E is applied to oxidized Cu, electrons with +𝐿 are generated 

locally at the inversion-symmetry broken region. Orbital moment is generated at the interface 

between Cu and CuOx. c Longitudinal magneto-optical Kerr effect experiment. When E is applied 

in the 𝑥 direction of the device, orbital moments with opposite angular momentum (+𝐿 and −𝐿) 

accumulate at the top and bottom surface. Linearly polarized light with incidence angle ϕ interacts 

with y component of orbital angular momentum and is reflected with Kerr angle (θK). 

 

                  

  

     

  

    

  

 

 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Fig. 2. Magneto-optical Kerr effect (MOKE) measurement on pristine Cu. a Spatial position 

(y) dependence of longitudinal MOKE measurement (ϕ=±25˚) on pristine Cu(60). Red upward and 

blue downward triangles are experimental data for ϕ=+25˚ and ϕ=-25˚, respectively. Grey solid 

lines are reflectivity data expressed in arbitrary unit. b Dependence of 𝜃𝐾
𝐿  on the current density 

(jc) measured at the center of the channel (y=0). Red upward and blue downward triangles are 

experimental data for ϕ=+25˚ and ϕ=-25˚, respectively. Red and blue solid lines are linear 

regression fits of the experimental data. The error bars indicate standard deviation of repeated 

measurements.  c Longitudinal MOKE signal from spatial position dependence measurement. 

Black square is the data taken from the odd component of 𝜃𝐾
𝐿  in (a), [θK(ϕ>0) – θK(ϕ<0)]/2. Red 

solid line is the fitting curve which is uniform along the channel width. 
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Fig. 3. Determination of the magneto-optical constant. a,b Spatial position dependence of polar 

magneto-optical Kerr effect measurement (ϕ=0˚) for a real and b imaginary part of the complex 

Kerr angle (Re[𝜃̃K
P] and Im[𝜃̃K

P]). Black squares are experimental data, and red solid lines are fits 

with the calculated Oersted field based on orbital magnetization. The red shaded area indicates the 

uncertainty range corresponding to a ±30% variation in the Qorbital of −3.2−2.0i (B per atom)-1. 

Grey solid lines are reflectivity (R) data expressed in arbitrary unit. 
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Fig. 4. Cu thickness dependence of longitudinal magneto-optical Kerr effect measurements. 

Black circles and blue squares are real and imaginary Kerr angle normalized by current density 

(jc) ( Re[𝜃̃K
L]/𝑗c  and Im[𝜃̃K

L]/𝑗c ). The error bars indicate standard deviation of repeated 

measurements. Black and blue solid lines are fits based on the theoretical calculation of the orbital 

Hall effect with M0=(0.14±0.04)×10-5 B per atom per jc=107 A cm-2 and lL=8±3 nm. Black and 

blue dashed lines represent Re[𝜃̃K
L]/𝑗c  and Im[𝜃̃K

L]/𝑗c  induced by the Oersted field ( 𝐻Oe
y

), 

respectively. 
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Fig. 5. Magneto-optical Kerr effect (MOKE) measurement on oxidized Cu. a Elemental 

intensity profiles of Cu (black squares), Si (red triangles), and O (blue circles) extracted from the 

energy dispersive spectroscopy (EDS) line mapping. b EDS line spectrum of oxygen in the sample. 

The oxidized Cu (CuOx) layer, with a thickness of 2±1 nm, exists on top of the unoxidized Cu 

film. c,d Dependence of 𝜃𝐾
𝐿  on the current density (jc) measured on the c pristine Cu(10 nm) and 

d oxidized Cu(10 nm) film. The black upward triangles are experimental data for ϕ=+25˚, and the 

black solid line is the linear regression fit of experimental data. e Dependence of the longitudinal 

MOKE measurement on the Cu thickness (tCu), which is the total thickness of the oxidized and 

unoxidized Cu. Black circles and blue squares are real and imaginary Kerr angle normalized by 

current density (jc). The error bars indicate standard deviation of repeated measurements.  Solid 

lines are fits using equation (2). The orbital accumulation is assumed as 𝑀𝑦(𝑧) = 𝑀0exp(−𝑧/𝑙L), 

where M0 = 0.14×10-5 B per atom at jc = 107 A cm-2 and lL = 8 nm. Dotted lines are the orbital 

Hall effect contribution, assumed to be unaffected by surface oxidation, and dashed lines are the 

orbital Rashba-Edelstein contribution after subtracting the orbital Hall effect component. 

 

 

Methods 

MOKE measurement 

A pulsed laser emitting at 780 nm (Coherent, Chameleon Vision-S) served as the light source. 

After passing through an initial polarizer the beam was prepared in s-polarization. It passed a non-

polarizing beam splitter and was routed into a 50x objective lens (Mitutoyo Plan Apo, NA=0.75), 

which focused ≈ 1 µm spot on the sample.  

For polar MOKE the beam was incident normal to the sample, whereas for longitudinal MOKE 

the objective was laterally offset so that the beam entered the edge of its pupil, producing an 

incidence angle of 25˚. The reflected light passed back through the beam splitter, a half-wave plate, 

and a Wollaston prism before reaching a balanced photodetector (Thorlabs, PDB450A-AC). The 

half-wave plate was adjusted so that the output of balanced photodetector was nulled when the 

sample magnetization was zero. An ac current at 3017 Hz (Keithley 6221) was driven through the 

device. The signal of balanced photodetector was demodulated with a lock-in amplifier (Stanford 

Research Systems, SR830). Data were acquired using a time constant of 1 s and a low-pass filter 

slope of 12 dB/octave. The lock-in output was read out every 100 ms. During acquisition, the 

applied current polarity was alternated using a relay switch (10 s positive, 10 s negative). For each 

polarity-switching cycle, the measured value was defined as the difference between the mean lock-
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in outputs obtained for the two polarities. Each data point represents the average of these cycles 

accumulated over 30–60 min. 

Spatially resolved measurements were obtained by translating the sample with motorized stages 

while the probe beam remained stationary. To suppress Joule-heating artefacts, a mechanical relay 

switch swapped the source and drain leads. Signals recorded for the two current polarities were 

subtracted, isolating only the component that reverses sign with current. 

 

Data availability 

The datasets generated and analyzed during the current study are available in the Figshare 

repository, [10.6084/m9.figshare.28184159]. 
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Editor Summary- 

The electrical generation of orbital angular momentum in materials has attracted significant attention due 
to its fundamental importance and technological potential. Here, the authors demonstrate current-
induced orbital accumulation in pristine and naturally oxidized Cu films using magneto-optical Kerr effect 
measurements. 

 

Peer Review Information- 

Communications Physics thanks Delin Zhang and the other, anonymous, reviewer(s) for their contribution 
to the peer review of this work. A peer review file is available. 

 


