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1 Materials and Methods

1.1 Sample growth and preparation

This section describes the growth and structural characterization of our CoO thin films. The

CoO(5 nm) films were grown on MgO(001) substrates using reactive magnetron sputtering in an

ULVAC QAM 4 fully automated sputtering system. The sputtering chamber was maintained at a

base pressure better than 1.2 × 10−5 Pa. Prior to deposition, the MgO substrates were pre-heated

to a temperature of 770 ◦C for two hours. After cooling, CoO was deposited from a Co target in a

mixed atmosphere of Ar (15 sccm) and O2 (2 sccm) at a temperature of 573 ◦C using an RF power

of 150 W. Following deposition and cooling down, non-magnetic metal layers such as Cu, Cr and

Pt were deposited in-situ without breaking the vacuum at room temperature, utilizing a separate

chamber and DC magnetron sputtering. The lattice constant and growth quality of CoO thin films

are determined by using a Bruker D8 Discover high-resolution X-ray diffractometer.

1.2 Device fabrication and magneto-transport measurements

The as-grown samples were cleaned with acetone and isopropanol prior to patterning. The structures

were patterned by photolithography using a DMO MicroWriter ML3 with negative photoresist and

subsequent etching using Ar+ ion-milling technique. The Hall bar geometry consists of a 6 µm wide

bar and two 2 µm wide wires perpendicular to it, separated by 6 µm and patterned along the sample’s

magnetic hard axes. For the CoO(5 nm)/Cu(6 nm) sample we grew CoO(5 nm)/Cu(6 nm)/Pt(2 nm)

and prior to the measurements removed the Pt by argon etching for 8 s. For the electrical measure-

ments, the sample was mounted onto a piezo-rotating element within a variable temperature insert

(VTI) installed in a superconducting coil capable of generating magnetic fields up to 15 T. For field-

sweep experiments, the magnetic field was swept in-plane along the two perpendicular magnetic

easy axes. For angular-dependent measurements, a constant magnetic field was rotated in-plane. A

charge current of 105 µA was applied to the 6 µm wide bar using a Keithley 6221 current source,

alternating between positive and negative polarity. The resulting transverse and longitudinal voltage

signals were detected in two transverse bars using a Keithley 2182A nanovoltmeter. The voltage

value is an average of 100 measurements, with each measurement being the average of positive
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and negative current polarity. The error bars are the standard deviation of these measurements.

The applied current followed a square-wave signal as a function of time. A delay was introduced

between the current reversal and the start of data acquisition to avoid capturing rise-time effects

from the current source or capacitor-like effects in the Hall structures. By calculating the difference

between the two signals arising from positive and negative current polarities, thermal contributions,

such as the spin Seebeck effect, are averaged out. The resulting voltage variation was recorded as a

function of the externally applied magnetic field and the angle between the charge current and the

magnetic field. We define the MR amplitude as

Δ𝑅𝑥𝑦/𝑅̄ = [𝑅𝑥𝑦 (𝒏2) − 𝑅𝑥𝑦 (𝒏1)]/𝑅̄ (S1)

where 𝒏1,2 are two orthogonal Néel vector orientations along the two magnetic easy axes [11̄0] and

[110], respectively. 𝑅̄ is the longitudinal resistance averaged for the two states. The measurements

were performed with the electrical current 𝑰 ∥ [100] crystallographic direction. The sign of the MR

is defined as positive if upon reorientation of the Néel vector from [1̄10] to [110], the transverse

resistance increases, while a decrease in transverse resistance upon reorientation is defined as a

negative MR.

2 Characterization of structural and crystallographic proper-

ties of CoO thin films

To determine the crystallographic orientation, lattice constant and the growth quality of our CoO

thin films, we performed X-ray diffraction (XRD) measurements using a Bruker D8 Discover high-

resolution diffractometer with Cu 𝐾𝛼 radiation (𝜆 = 0.154 06 nm). Figure S1(a) shows the coupled

𝜃−2𝜃 scan for MgO(001)//CoO(5 nm)/Cu(6 nm). The observed peak position for CoO is consistent

with the CoO(002) direction, in alignment with the orientation of the MgO(001) substrate. The

position of CoO(002) is slightly shifted relative to the expected bulk value, suggesting that the CoO

thin film is strained. This strain arises from a lattice mismatch of 1.1% between the bulk lattice

constants of MgO substrate (𝑎 = 0.4212 nm) and CoO (𝑎 = 0.4260 nm). Figure S1(b) presents

the rocking curves for the CoO(002) thin film and MgO(002) substrate peaks. Both curves exhibit

similar full-width-at-half-maximum (FWHM) values, indicating the high crystalline quality of the
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CoO film, with minimal dislocations, mosaicity, and defects. Moreover, the CoO peak is centered

at the expected position of the film’s Bragg reflection, highlighting the excellent lattice alignment

between the film and substrate.

To assess the structural quality of the CoO/Cu* heterostructure, scanning transmission elec-

tron microscopy (STEM) with a high-angle annular dark-field detector (HAADF) and electron

energy-loss spectroscopy (EELS) measurements were performed, as shown in Figs. S2 and S3.

Cross-sectional lamellas were prepared using a Thermo Fisher Scientific (TFS) dual beam Helios

system. To prevent surface damage during focused ion beam sputtering, a protective C layer was

deposited using electron beam induced deposition prior to FIB milling. HAADF-STEM and EELS

were conducted using a TFS Spectra TEM operated at 300 kV and equipped with a Gatan Contin-

uum imaging filter (GIF). The HAADF-STEM image in Fig. S2(a) reveals coherent epitaxial growth

of the CoO layer on the MgO substrate, confirming its high crystalline quality. The fast Fourier

transform (FFT) pattern shows that the Cu layer also maintains an epitaxial relationship with the

underlying CoO layer indicating a well-defined interface that facilitates the epitaxial growth on top

of the CoO. The observed peak splitting indicates a relaxation of the epitaxial strain in the Cu layer.

The map in Fig. S2(b) shows the variation of the horizontal lattice spacing in the stack, obtained

through geometrical phase (GPA) analysis of the image in (a) and calculated with respect to the

MgO substrate. At the CoO/Cu interface, lattice distortions with a periodicity of approximately

1.3 nm, indicate that the strain is accommodated through a regular array of misfit dislocations.

Figs. S3(a,b) show EELS elemental maps and corresponding atomic fraction profiles extracted

along the growth direction. The O-map and profile (green) confirm the oxidation of the top Cu with

an oxide layer thickness of 2.3 ± 0.3 nm.

3 Measurements of orbital magnetization in CoO thin films

In order to probe the orbital moment in our CoO thin films, we performed X-ray magnetic linear

dichroism photoemission energy microscopy (XMLD-PEEM) measurements. A direct experimen-

tal quantification of orbital moments in antiferromagnetic oxides is very challenging. As CoO is

an ordered antiferromagnet and a correlated Mott insulator, the 2p → 3d transitions exhibit strong
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multiplet splitting due to intra-atomic Coulomb and exchange interactions, therefore, the XMCD

and XMLD sum rules are not applicable. Moreover, the Co ions experience a strong octahedral

crystal field in the lattice, which mixes the spin and orbital characters in the ground state. In addi-

tion, hybridization between Co 3d and O p states delocalizes the magnetic charge, making the sum

rules also not applicable.

Therefore, we used an inverse approach to quantify the unquenched orbital moment in our

CoO thin films. We measured energy-dependent X-ray absorption (XAS) in the CoO thin films and

compared these experimental results with multiplet calculations of the 2𝑝 → 3𝑑 transition and

simulations of the expected XMLD signal for different spin and orbital moments. Such calculations

can be found in the literature and have been conducted, for example, by Csiszar et al. (57) and

Abrudan et al. (58). They also found a large orbital moment in their CoO films (57,58).

We show our experimental data in Fig. S4. Comparing the data with the XMLD spectrum

measured by Abrudan et al., we find the same key features, underlining the existence of a large

unquenched orbital moment in our thin films (larger than 1 𝜇B/atom).

The dichroic signal reflects how crystal field splitting and spin–orbit coupling (SOC) mix oth-

erwise degenerate d-orbitals. When the orbital moment is fully quenched (𝐿 = 0), the XMLD

spectrum is smooth and only shows basic anisotropy. However, if SOC and incomplete crystal

field quenching allow for a residual orbital angular momentum, transitions into spin–orbit coupled

multiplets create interference (“beating”) patterns in the spectrum (59,60). These modulation leads

to non-monotonic variations in the intensities between 776.0 eV and 779.5 eV at the 𝐿3 edge of Co

in our measurements, serve as a sensitive fingerprint of large unquenched orbital angular momen-

tum, since XMLD directly probes anisotropic charge and spin–orbit distributions rather than net

magnetization. Therefore, these measurements, together with comparisons to previous studies on

CoO thin films, underline the presence of a large enhanced unquenched orbital moment (larger than

1 𝜇B/atom as seen from the comparison to literature) in our samples, which facilitates the observed

giant orbital magnetoresistance.
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4 OMR measurements of CoO/Cr

To understand the universality of the observed mechanism and in particular to check if the observed

mechanism is specific to oxidized Cu, or can be observed with other orbital angular momentum gen-

erating materials, we have conducted additional experiments using the weak SOC material Cr. We

performed experiments analogous to those on CoO/Cu* on MgO//CoO(5 nm)/Cr(13 nm)/Al2O3(5 nm).

The samples were capped with Al2O3 to prevent them from surface oxidation. The thickness of

CoO was chosen to match that used in the CoO/Cu* experiments and the thickness of Cr was chosen

considering its orbital diffusion length of approximately 6.5 nm (61). We have chosen Cr as it is

predicted to exhibit large orbital Hall conductivity and is known to exhibit a very small spin Hall

conductivity (22,28).

As a key result, we find that using Cr as an orbital angular momentum generator, a large signal

is found that cannot be explained by a spin Hall effect but results from an orbital degree of freedom

analogous to the results with Cu*. Using Cr allows us to determine the orientation of the Néel

vector of the orbital magnet CoO by following the same experimental procedure detailed in the

main manuscript. Analogous to Fig. 2(b) of the main manuscript for CoO/Cu*, in Fig. S5(a), we

show 𝑅𝑥𝑦, normalized by the longitudinal resistance i.e. OMR, as a function of in-plane magnetic

field in the CoO/Cr sample at a temperature of 𝑇 = 250 K. We observe an abrupt change in 𝑅𝑥𝑦
around 11 T magnetic field, corresponding to the spin-flop field of CoO in this sample. These

experiments confirm that we can read the orientation of the Néel vector in our CoO thin films using

the weak SOC material Cr, in which the spin Hall effect is negligible (22,28). Above 𝑇 = 300 K no

spin-flop is observable anymore, further validating the magnetic origin of the measured signal.

To understand whether the signal originates from the interaction between orbital current from

Cr and orbital magnetization in CoO, we measured the OMR as a function of temperature and

compared its magnitude with that of SMR in CoO/Pt. Figure S5(b) shows an increase of 𝑅𝑥𝑦/𝑅̄

in the CoO/Cr sample as the temperature decreases. At 𝑇 = 150 K, 𝑅𝑥𝑦/𝑅̄ is 0.033%, which

is ∼5 times larger than the pure SMR signal measured in CoO/Pt samples. Owing to the weak

spin–orbit coupling and negligible SHE in Cr (compared to Pt) (22, 28), this behavior can only

be explained within the framework of orbital current generation in Cr and its interaction with the

orbital magnetization of CoO. The OMR in CoO/Cr exhibits the same sign as the CoO/Cu* samples,
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in contrast to CoO/Pt, where it is reversed.

The observation of the many-fold enhancement of the OMR in the CoO/Cr sample clearly

confirms that this effect does not rely on the oxidation and resulting poor conductivity of Cu*, but

is also present in other metallic materials with weak SOC, thereby highlighting its generality and

opening promising new research directions.

5 Measurements on 𝜶 − Fe2O3/Cu∗

To confirm that the observed effects in CoO/Cu* are originating from orbital physics, we performed

MR measurements on 𝛼 − Fe2O3(hematite)/Cu∗. Hematite has a nearly quenched OAM and is thus

expected to show negligible response to the orbital currents (62). For this, we used a 100 nm thin

film in c-cut orientation, interfaced with 5 nm thick Cu*. On this particular 𝛼 − Fe2O3 sample,

we performed SMR measurements using a spin current generated in Pt, as shown in Fig. S6(a).

We found that, due to the structure of this sample, SMR of the order of ∼ 3 × 10−4 arises at low

magnetic field when performing field-sweep measurements at 175 K in the easy-axis phase (see

also Ref. (63)).

We patterned Hall bars equivalent to those used for the measurements on CoO and injected

electrical currents up to 1 mA, to ensure a good signal-to-noise ratio. We applied the magnetic field

parallel to the direction of the electric current. We observed no significant change in the resistance

at low magnetic fields (up to 2 T). Only at high magnetic fields, a resistance change in the order of

∼ 2 × 10−4 is observed. However, as this magnetic field strength is far above the spin-flop field of

𝛼 − Fe2O3/Cu∗, the origin of this signal cannot be magnetic from the hematite. Thus, we confirm

that the observed giant OMR in CoO/Cu* originates from the interaction between the orbital current

and the unquenched OAM of CoO.

6 Cu thickness determination

To ensure maximum comparability of the Cu* thickness dependence on OMR, all Cu* thickness

dependence measurements were performed on the same Hall bar device. This approach minimizes

the impact of any potential variation arising from the CoO/Cu* interface due to growth conditions

S7



on the measured OMR. The Cu* thickness was progressively reduced by using repeated Ar-ion

etching of the Hall bar device used for the electrical measurements to study the OMR. After each

etching step, the precise Cu* thickness was determined by measuring the sheet resistance of the

Cu* layer and comparing it with the sheet resistances of as-grown films of known Cu* thicknesses.

For the as-grown samples with varying Cu* thicknesses, we used the Van der Pauw method (64) to

determine the sheet resistance (𝑅S). For the etched Hall bar structure, we measured the longitudinal

resistance at room temperature and accounted for the device geometry (𝑤 = 6 𝜇m, 𝑙 = 8 𝜇m) by

dividing it by a factor of 1.33. Fig. S7 (a) shows the sheet resistance as a function of etch time. In

Fig. S7 (b), we show how the sheet resistances of the etched films were matched to those of the

as-grown samples. It is worth noting that a Cu* layer with a thickness of 2 nm was already fully

oxidized, rendering the sheet resistance measurement impossible.

7 Angular dependent measurements on CoO/Pt and CoO/Cu*

We performed angular-dependent magnetoresistance measurements on CoO/Pt and CoO/Cu* at

various external magnetic fields, ranging from below to above the spin-flop fields of CoO. A static

magnetic field of up to 11 T was applied at a temperature of 200 K, and the sample was rotated

in the x-y plane to vary the in-plane angle between the applied electric current and the magnetic

field. The angle was varied over a range of 300◦ in steps of 1◦. The MR of CoO/Pt and CoO/Cu*

is shown in Fig. S8(a) and (b), respectively.

Our measurements reveal that, for externally applied magnetic fields below the spin-flop field

(7 T), the angular scans in the 𝑥-𝑦 plane exhibit a sinusoidal variation in transverse resistance.

However, when the in-plane magnetic field exceeds the spin-flop field, additional hysteresis loops

emerge, centered around the hard-axis directions ([100], [010], and [1̄00]) of the sample. These

hysteresis loops can be attributed to field-induced anisotropy arising from the unquenched OAM

in CoO (38). The different behaviour of the two signals raises questions about their origin and

their respective contributions to the overall MR. To address this, we analyzed the magnetic field

dependence of the transverse resistance by separating the sinusoidal and hysteretic components.

We first calculated the required shift to align one branch of the hysteresis curve with the other.

The magnitude of this shift corresponds to the amplitude of the hysteretic signal. Subsequently,
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we fitted a sin2(𝑥) function to the signal to represent the data without the hysteretic contribution,

thereby determining the amplitude of the sinusoidal component. The two steps are illustrated in

Fig. S9. As shown in Fig. 3 of the manuscript, we find that the hysteretic signal emerges only above

the spin-flop field and saturates at 9 T. In contrast, the sinusoidal contribution increases with the

applied magnetic field as shown in Fig. S10. The magnetic field range for which a hysteretic signal

is observed without reaching the saturated amplitude yet, corresponds well to the range of magnetic

field strengths in Fig. 2(b) of the manuscript for which the spin-flop transition is observed, thus

indicating that the hysteresis in the MR signal corresponds to the switching of the Néel vector. The

magnitude of the hysteretic component quantifies the MR amplitude. At 200 K, the extracted MR

values for the CoO/Cu* and CoO/Pt samples are 0.25% and 0.002%, respectively. These values

are consistent with those obtained using the zero-field approach (see Fig. 2(c)). Consequently, the

observed hysteresis in the transverse MR not only confirms the presence of significant unquenched

OAM in our samples but also provides a reliable measure of the MR amplitude through the height

of the hysteretic component. On the other hand, the sinusoidal signal likely arises as an artifact due

to MR contributions from the Cu layer and is not of magnetic origin from the CoO.

8 Electronic structure of CoO

We performed our density functional theory (DFT) calculations of CoO using the full-potential

linearized augmented plane wave method (FLAPW), as implemented in the Jülich DFT code

FLEUR (65), with the Perdew-Burke-Ernzerhof (66) parametrization of the exchange-correlation

potential. For the self-consistent calculations, a 16×16×16 𝑘-point mesh was used to sample the

whole Brillouin zone. To account for the effect of electron-electron correlation among 3𝑑-electrons

of Co, the GGA+𝑈 method in Liechtenstein approach was applied within a self-consistent DFT

cycle. The on-site Coulomb and Hund exchange parameters were set to 𝑈 = 6.0 eV and 𝐽 = 0.92

eV. We set the muffin-tin radii to 2.48 a.u. for Co and 1.4 a.u. for oxygen atoms. The cut-off for the

plane-wave basis functions was chosen as 𝐾max = 4.3 and 𝐺max = 12.9 a.u.−1 for the charge density

and potential. The upper limit of angular momentum inside of the muffin-tin spheres was set to 𝑙max

= 10 and 6 for Co and O respectively.

In accordance to the experimental setup, here, we consider two directions of the Néel vector in
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the unit cell: along [110] and [11̄0]. The corresponding spin- and orbitally-resolved band-structures

are shown in Fig. S11. We predict the values of 2.63 (2.63) and 1.16 (1.11) 𝜇B for atomic spin and

orbital moments for the [110] ([11̄0]) case, respectively.

9 Orbital response properties of CoO

Here, by referring to first-principles calculations, we calculate the response of the electronic sub-

system to an effect of an orbital current injected through the CoO/Cu* interface into CoO. We

compare the results of our calculations when the effect is driven by the injection of the spin current

generated in Pt through the CoO/Pt interface. Using linear response theory, formulated in terms of

bulk states of CoO, we are going to assess the change in the expectation value of an operator of

interest, which we denote as J , to an exerted by electrical current orbital or spin exchange field,

which we model by a perturbation of the kind 𝐵𝐿
𝑖
𝐿𝑖 or 𝐵𝑆

𝑖
𝑆𝑖, where 𝐵𝐿

𝑖
and 𝐵𝑆

𝑖
quantify the strength

of effective orbital and spin fields. The response of the expectation value of J can be written as

𝛿⟨J𝑖⟩ = 𝜒𝐿J ,𝑖 𝑗𝐵
𝐿
𝑗

and 𝛿⟨J𝑖⟩ = 𝜒𝑆J ,𝑖 𝑗𝐵
𝑆
𝑗
, where 𝜒𝐿 (𝑆)J ,𝑖 𝑗 is the corresponding orbital (spin) J -response

tensor:

𝜒
𝐿 (𝑆)
J ,𝑖 𝑗 = −ℏ

∑︁
𝑛<𝐸𝐹

∑︁
𝑚>𝐸𝐹

Im
⟨𝑛|J𝑖 |𝑚⟩⟨𝑚 |𝑇 𝐿 (𝑆)

𝑗
|𝑛⟩

(𝜀𝑛 − 𝜀𝑚)2 , (S2)

where𝑇 𝐿 (𝑆)
𝑗

is the total spin or orbital torque, defined as𝑇 𝐿
𝑗
= 1
𝑖ℏ
[𝐿 𝑗 , 𝐻] and𝑇 𝑆

𝑗
= 1
𝑖ℏ
[𝑆 𝑗 , 𝐻], with𝐻

being the system’s electronic Hamiltonian. In the latter expression the |𝑛⟩ and |𝑚⟩ are the occupied

and unoccupied eigenstates of the ground state Hamiltonian with eigen energies 𝜀𝑛 and 𝜀𝑚, and

the integration over 𝑘-space is implied. In the following we focus in particular on the response of

J , where J is given by the Co-resolved spin and orbital angular moments, 𝑆𝑖 and 𝐿𝑖, and orbital

quadrupoles (OQPs), {𝐿𝑖, 𝐿 𝑗 }.

The response of 𝑆𝑖 and 𝐿𝑖 is shown in Fig. S12 for two different directions of the Néel vector.

In this figure we observe three notable features: (i) In the case of spin current (i.e. perturbation

by a spin exchange field), the response of the orbital moments vanishes within the gap, and only

spin moments are generated. (ii) When the system is perturbed by the orbital current (i.e. when the

system is perturbed by an orbital exchange field), the response of both spin and orbital moments

is non-vanishing within the gap, with the magnitude of the effect larger by an order of magnitude
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than in the case of spin current. (iii) We observe a strong anisotropy of the response to the orbital

current, which is absent in the case of spin current. Indeed, when the spin exchange field points

along [100], the Co-resolved induced spin moments are staggered and are perpendicular to local

Co spin moments, irrespective of the direction of the Néel vector, pertaining their magnitude as the

Néel vector is rotated. Turning to the case of the orbital current, we observe that while for the Néel

vector along [110] the induced spin moments are aligned with the local Co moments, turning the

Néel vector into the [11̄0] direction keeps the magnitude of the induced spin moments, but makes

them antiparallel to the Co moments, which signifies a very strong anisotropic spin response. The

response of the orbital moments to the orbital current is anisotropic as well: and the Néel vector

is rotated, the induced orbital moments change their direction in a non-trivial way altering the

magnitude as well. This is to be expected, given that the response to the orbital perturbation directly

feeds off the intrinsic anisotropy of the magnetic structure in CoO as reflected e.g. in the sensitivity

of the orbital moments and crystal field splittings on the direction of 𝒏̂, that we observe in our

calculations.

The response of {𝐿𝑥 , 𝐿𝑦}, {𝐿𝑥 , 𝐿𝑧}, {𝐿𝑦, 𝐿𝑧}, 𝐿2
𝑥 , 𝐿

2
𝑦, 𝐿

2
𝑧 quadrupoles is shown in Fig. S13 for

two different directions of the Néel vector. We observe the following: (i) OQPs 𝐿2
𝑥 and 𝐿2

𝑦 exhibit a

qualitatively different behavior in the gap. First of all, both quadrupoles are several times larger in

case of an orbital current than in case of a spin current, with 𝐿2
𝑥 being about 5 times larger than 𝐿2

𝑦.

At the same time, 𝐿2
𝑥 is staggered and insensitive to the Néel vector direction, while staggered 𝐿2

𝑦

changes drastically when changing 𝒏̂. (ii) The response of 𝐿2
𝑧 to spin current is practically vanishing

within the gap, while it is significant for the case of the orbital current. In the latter case, for this

OQP the response is identical for both types of Co atoms and the anisotropy with respect to the

direction of the Néel vector is very large. (iii) The response of {𝐿𝑥 , 𝐿𝑧} and {𝐿𝑦, 𝐿𝑧} quadrupoles is

very weak to both spin and orbital currents. For {𝐿𝑥 , 𝐿𝑦} OQP, in case of orbital currents, where the

response is several times larger as compared to spin currents, the exhibited behavior is qualitatively

very similar to that of 𝐿2
𝑥 , with the only difference that the staggered {𝐿𝑥 , 𝐿𝑦} response changes

sign on each Co as Néel vector is rotated from [110] into [11̄0].
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10 Effective model of quadrupole dynamics

The orbital state of CoO and coupling between the spins and orbital moments are described with

the Hamiltonian

Ĥ =
∑︁
𝑗=1,2

[
−𝐾𝐿

(
L̂ 𝑗e 𝑗

)2
− 𝐾ea

an

(
𝐿̂2
𝑗 𝑋 − 𝐿̂2

𝑗𝑌

) (
𝑆2
𝑗 𝑋 − 𝑆2

𝑗𝑌

)
+ 𝐾ha

an
{
𝐿̂ 𝑗 𝑋 , 𝐿̂ 𝑗𝑌

}
𝑆 𝑗 𝑋𝑆 𝑗𝑌 + 𝜆S 𝑗 L̂ 𝑗

]
.

(S3)

Here the S 𝑗 ( 𝑗 = 1, 2) are the magnetic spins at two magnetic sublattices, treated as the classical

vectors. Operators L̂ 𝑗 describe the effective orbital angular momenta (𝐿 = 1) at the Co sites. The

first term in Eq. (S3) describes the anisotropy of the angular momenta. The local quantization axes

e1 ↓↓ e2 ↑↑ 𝑥 are fixed along the equilibrium orientation of the Néel vector and opposite to the

sublattice magnetizations. The next two terms describe contribution into magnetic anisotropy with

values parametrized by the constants 𝐾ea
an, 𝐾

ha
an > 0. The last term in Eq.(S3) describes the spin-orbit

coupling with 𝜆 > 0 being the coupling constant. The orthogonal axes 𝑋 and 𝑌 are parallel to

the in-plane easy magnetic axes [110] and [11̄0] and are rotated by 45◦ with respect to the 𝑥, 𝑦

axes used in Supplementary Information S9. We keep only the terms that include operators of the

orbital moments and omit Zeeman energy which describes interaction with the external magnetic

field. It is worth noting that the terms with 𝐾ea
an and 𝐾ha

an come from the crystal field and could be

comparable or stronger than the spin-orbit coupling 𝜆. However, the spin-orbit interaction cannot

be neglected, since it fixes the orientation of the spin and orbital moment at the magnetic atoms

(see Fig. 1(a) of the main text).

The ground states of the Hamiltonian Eq. (S3) in the basis {|1 𝑗 ⟩, |0 𝑗 ⟩, | −1 𝑗 ⟩} of eigenfunctions

of the operator 𝐿̂𝑋 are

|𝜓+ 𝑗 ⟩ = cos 𝜒 𝑗 |1 𝑗 ⟩ + sin 𝜒 𝑗 | − 1 𝑗 ⟩, |𝜓− 𝑗 ⟩ = − sin 𝜒 𝑗 |1 𝑗 ⟩ + cos 𝜒 𝑗 | − 1 𝑗 ⟩, |𝜓0 𝑗 ⟩ = |0 𝑗 ⟩, (S4)

with the eigenenergies

𝜀± = −𝐾ea
an ∓

√︃
𝜆2 + (𝐾ea

an)2, 𝜀0 = 2𝐾ea
an . (S5)

Here

tan 𝜒1 =
𝐾ea

an/𝜆

1 +
√︃

1 + (𝐾ea
an/𝜆)2

, 𝜒2 =
𝜋

2
− 𝜒1. (S6)
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Since 𝜀+ < 𝜀− < 𝜀0, the ground state is |𝜓+⟩. The following relations are satisfied: ⟨𝜓+ 𝑗 |𝐿𝑌 |𝜓+ 𝑗 ⟩ =

⟨𝜓+ 𝑗 |𝐿𝑍 |𝜓+ 𝑗 ⟩ = 0, ⟨𝜓+1 | 𝐿̂𝑋 |𝜓+1⟩ = −⟨𝜓+2 | 𝐿̂𝑋 |𝜓+2⟩ = ℏ cos 2𝜒1 ≠ 0. Remarkably, the orbital mo-

ments contribute to the magnetic anisotropy (the term with𝐾ea
an in (S3)), since ⟨𝜓+ 𝑗 | 𝐿̂2

𝑗 𝑋
−𝐿̂2

𝑗𝑌
|𝜓+ 𝑗 ⟩ =

ℏ2/2 and ⟨𝜓+ 𝑗 |
{
𝐿̂ 𝑗 𝑋 , 𝐿̂ 𝑗𝑌

}
|𝜓+ 𝑗 ⟩ = 0. This means that the coupling with the orbital moments re-

moves the degeneracy of the 𝑥 and 𝑦 easy spin axes in the ground state.

To describe qualitatively the effect of the pumping of the orbital moment, we first assume

that the orbital current induces the transition to the superposition state of |𝜓+ 𝑗 ⟩ and |0 𝑗 ⟩: |𝜓fin, 𝑗 ⟩ =

cos 𝜃 𝑗2 |𝜓+ 𝑗 ⟩+sin 𝜃 𝑗
2 𝑒

𝑖𝜑 𝑗 |0 𝑗 ⟩. The average orbital moments in the final state have nonzero components

in 𝑦 and 𝑧 directions:

⟨𝜓fin, 𝑗 | 𝐿̂𝑋 |𝜓fin, 𝑗 ⟩ = ℏ cos2 𝜃

2
cos 2𝜒 𝑗 , (S7)

⟨𝜓fin, 𝑗 | 𝐿̂𝑌 |𝜓fin, 𝑗 ⟩ = ℏ sin 𝜃 sin
(
𝜒 𝑗 +

𝜋

4

)
cos 𝜑 𝑗 ,

⟨𝜓fin, 𝑗 | 𝐿̂𝑍 |𝜓fin, 𝑗 ⟩ = ℏ sin 𝜃 cos
(
𝜒 𝑗 +

𝜋

4

)
sin 𝜑 𝑗 .

Moreover, in this case the quadrupole ⟨𝜓fin, 𝑗 |{𝐿̂ 𝑗 𝑋 , 𝐿̂ 𝑗𝑌 }|𝜓fin, 𝑗 ⟩ = ℏ2 sin 𝜃 cos
(
𝜒 𝑗 + 𝜋

4
)

cos 𝜑 𝑗 . On

the other hand, the transition to the superposition of |𝜓+ 𝑗 ⟩ and |𝜓− 𝑗 ⟩ states only induces a change

in the ⟨𝐿̂𝑋⟩ component, leaving ⟨𝐿̂𝑌 ⟩ = ⟨𝐿̂𝑍⟩ = 0, and ⟨{𝐿̂ 𝑗 𝑋 , 𝐿̂ 𝑗𝑌 }⟩ = 0.

Next, we note that the quadrupole ⟨{𝐿̂ 𝑗 𝑋 , 𝐿̂ 𝑗𝑌 }⟩ contributes to the effective magnetic anisotropy

of CoO, the contribution being

𝑤an = . . . + 𝐾ha
an

[
⟨{𝐿̂1𝑋 , 𝐿̂1𝑌 }⟩ + ⟨{𝐿̂2𝑋 , 𝐿̂2𝑌 }⟩

]
𝑛𝑋𝑛𝑌 + . . . , (S8)

where we keep only the leading terms proportional to the Néel vector 𝒏.

The value of the quadrupole can be estimated from Eq. (S7), assuming that ⟨𝜓+ 𝑗 | 𝐿̂𝑌 |𝜓+ 𝑗 ⟩ ∝ 𝐽𝑌
is related to the orbital current 𝐽𝑌 of the 𝐿𝑌 component:

⟨{𝐿̂1𝑋 , 𝐿̂1𝑌 }⟩ + ⟨{𝐿̂2𝑋 , 𝐿̂2𝑌 }⟩ ∝
𝐽𝑌

cos 2𝜒1
. (S9)

Substituting Eqs. (S8) and (S9) into the equations of magnetic dynamics for the Néel vector

𝒏 × ¥𝒏 = −𝛾2𝐻ex𝒏 × 𝜕𝑤an
𝜕𝒏

(S10)

we get a current-induced torque acting on the Néel vector. Here 𝛾 is the gyromagnetic ratio,𝐻ex is the

intersublattice exchange field that keeps the sublattice spins antiparallel. In an accepted geometry
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where equilibrium 𝒏eq ↑↑ 𝑋̂ , this torque produces a perpendicular in-plane component 𝑛𝑌 ∝

𝛾2𝐻ex𝐽𝑌/cos 2𝜒1. The energy associated with the magnetic dynamics Δ𝐸 ∝ 𝑛2
𝑌
∝ 𝐾ha

an𝐽
2
𝑌
/cos2 2𝜒1.

Since only the current of the 𝑦 component induces magnetic dynamics, 𝐽𝑌 ∝ 𝑗 sin 𝜑, where 𝑗 is the

charge current density and 𝜑 is the angle between the pumped orbital moment and the equilibrium

orientation of the Néel vector. The magnetoresistance is then associated with the absorption of

magnetic energy in CoO: Δ𝑅 ∝ Δ𝐸/ 𝑗2 ∝ 𝐾ha
an sin2 𝜑.

11 Ab initio spin and orbital exchange Hamiltonian of CoO

In order to evaluate the spin and orbital intersite exchange interactions (IEI) in CoO we employed

an ab initio methodology based on DFT+dynamical mean-field theory (67–69) and the quasi-

atomic Hubbard-I (HI) approximation (70), referring to this approach as DFT+HI below. First, the

electronic structure of CoO in the paramagnetic phase was calculated using DFT+HI. Subsequently,

intersite exchange interactions (IEI) were extracted from this electronic structure using the force

theorem in Hubbard-I (FT-HI) approach (71). We solved the resulting effective Hamiltonian in

mean-field and calculated its excitation spectra within a random-phase approximation.

11.1 DFT+Hubbard-I calculations

Our DFT+HI calculations were carried out using the charge self-consistent DFT+DMFT imple-

mentation of Refs. (72–74) that is based on the Wien2k linearized augmented plane-wave (LAPW)

full-potential code (75) and ”TRIQS” library (76). We employed the experimental cubic structure

of paramagnetic CoO. The local-density approximation was employed as the DFT exchange cor-

relation functional. The Brillouin zone (BZ) integration was performed using 2000 k points in the

full Brillouin zone. The LAPW basis cutoff 𝑅MIN𝐾MAX was set to 7. The spin-orbit coupling (SOC)

was neglected in these DFT-HI calculations and in the subsequent FT-HI calculations of IEI.

The Co 3𝑑 correlated orbitals were represented by projective Wannier functions (72, 77) con-

structed from the manifold of Co 3𝑑 bands; this manifold is not entangled with other bands. We

specified the rotationally-invariant on-site Coulomb interaction for Co 3𝑑 shell by 𝑈 = 𝐹0 = 7 eV

and 𝐽𝐻 = 0.9 eV, in accordance with cRPA estimates (78), which, together with the standard

assumptions on the ratio of Slater parameters 𝐹4/𝐹2 = 0.625 (79), fully specify the interaction
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vertex.

11.2 Calculations of intersite exchange interactions

DFT+HI calculations converge to a Mott insulating paramagnetic state with the Co2+ ion in the

𝑑7 high-spin ground state, in agreement with Hund’s rules, as expected. It is specified by spin

𝑠 = 3/2 and an unquenched angular momentum that can be represented by a (pseudo-)orbital

angular momentum 𝑙 = 1 (80). The resulting ground state (GS) multiplet with the degeneracy

(2𝑙 + 1) (2𝑠 + 1) = 12 is energetically well separated from excited 𝑑7 levels, with the lowest excited

multiplet located at about 0.84 eV. The admixture of excited multiplets to the GS due to IEI or

one-electron single-site terms can thus be neglected. Correspondingly, the effective low-energy

Hamiltonian 𝐻eff takes the following general form:

𝐻eff = 𝐻SI + 𝐻IEI =
∑︁
𝑖

𝐻SI(𝑖) +
∑︁
⟨𝑖 𝑗⟩

∑︁
𝑎𝑏

𝑉𝛼𝛽 (R𝑖 𝑗 )Ω𝛼
𝑖 Ω

𝛽

𝑗
, (S11)

where 𝑖 and ⟨𝑖 𝑗⟩ run over the Co sites and Co-Co bonds R𝑖 𝑗 , respectively. 𝐻SI(𝑖) is the single-ion

term acting within the GS multiplet, which can include spin-orbit and crystal-field contributions,

while the IEI term comprises all possible pair-wise interactions between spin-orbital operators

Ω𝛼 acting on the GS multiplets on corresponding Co sites. The operators Ω𝛼 that are active in

the GS manifold when SO is neglected are the spins 𝑆(𝑄), orbital moments 𝐿 (𝑄), their products

𝑆(𝑄)𝐿 (𝑄′), where 𝑄,𝑄′ = 𝑥, 𝑦, 𝑧, as well as the orbital quadrupoles 𝐿2(𝑃) and their products

with spins 𝐿2(𝑃)𝑆(𝑄), where 𝑃 is the standard quadrupole projection 𝑥𝑦, 𝑦𝑧, 𝑧2, 𝑥𝑧, or 𝑥2 − 𝑦2.

The quadrupoles are defined in the standard way, e. g. 𝐿2(𝑥𝑦) =
(
𝐿𝑥𝐿𝑦 + 𝐿𝑦𝐿𝑥

)
/𝑁 . We use the

normalized operators Ω𝛼, i. e. the normalization 𝑁 is chosen such that 𝑇𝑟
[
Ω𝛼 · Ω𝛽

]
= 𝛿𝛼𝛽.

The IEI couplings𝑉𝛼𝛽 (R𝑖 𝑗 ) in (S11) were calculated from the converged DFT+HI paramagnetic

electronic structure within the FT-HI approach (71) using its implementation in the ”MagInt”

code (81). This approach derives the low-energy exchange Hamiltonian by evaluating the response

of the DFT+DMFT functional (82, 83) to simultaneous small fluctuations within the GS multiplet

density matrix (DM) 𝜌 on two neighboring sites. The FT-HI has been extensively used to derive

effective magnetic Hamiltonians for insulating magnets, in particular, for systems with strong SOC,

see Ref. (84) for a review.
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We calculated IEI couplings 𝑉𝛼𝛽 (R𝑖 𝑗 ) for all nearest-neighbor (NN) and next-nearest-neighbor

(NNN) Co-Co vectors. The isotropic antiferromagnetic NNN spin-spin IEI is by far the largest

(about 90 meV). However, among the NN IEIs, the largest magnitudes are found within the orbital

quadrupole-quadrupole (OQQ) subblock, i. e. between 𝐿2(𝑄) operators. In particular, the diagonal

antiferroic coupling between 𝐿2(𝑧2) quadrupoles is the largest (11.9 meV). Several OQQ couplings

are of a comparable magnitude. A detailed description of our results on the IEI interactions in CoO

will be presented elsewhere.

11.3 Magnetic excitations in bulk CoO from effective Hamiltonian

In order to validate the calculated IEI interactions, we first employed them to derive the magnetic

order and ordering temperature in bulk CoO. To derive the single-ion term 𝐻SI, which contains

the SOC and crystal-field (CF) contributions, for bulk CoO, we ran DFT+HI calculations for its

experimental monoclinic low-temperature lattice structure (85). In these DFT+HI calculations CoO

was also considered to be paramagnetic. We used the same parameters as in our calculations of

IEI, apart from the SOC being turned on. We also employed the approach of Ref. (86) to suppress

the impact of DFT self-interaction error on the CF splitting by averaging the Boltzmann weights

within the Hund’s rule GS multiplet. The SO term is found to provide the dominating contribution

to the on-site splitting. The effective SOC 𝜆 = −4𝐷/9 = −17.4 meV extracted from the splitting

𝐷 = 39.2 meV between the GS 𝑗 = 1/2 doublet and the first excited 𝑗 = 3/2 quadruplet in the

SO-level scheme, agrees well with the value of 𝜆 = −16 meV inferred from measurements of Co2+

ions in an MgO host (87).

Having determined the full effective Hamiltonian for the bulk CoO we solve it within single-site

mean-field approximation using the ”McPhase” (88) package together with an in-house module

for the single-site mean-field problem. We obtain a collinear antiferromagnetic order consistent

with experimental data, (85), i. e. the predicted magnetic structure with the propagation vector

k = [1/2, 1/2, 1/2] and two Co sites per unit cell consisting of ferromagnetic (111) sheets that are

stacked antiferromagnetically. The total Co magnetic moment of 4.04 𝜇B is composed of the spin

and orbital contributions of 2.78 𝜇B and 1.26 𝜇B, respectively; the total moment is tilted by the

angle 𝜙 = 18.3◦ with respect to the pseudo-cubic 𝑐 axis. This structure agrees rather well with the
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experimental one, which has the same collinear type with the total moment of 3.98 𝜇B (85) and

tilting 𝜙 = 11.4◦ (44).

Subsequently we calculated the excitation spectra above this mean-field ground state within the

generalized random-phase approximation (RPA), see, e. g., Refs. (89, 90). Within this approxima-

tion, the general susceptibility matrix reads

𝜒̄(q, 𝐸) =
[
𝐼 + 𝜒̄0(𝐸)𝑉̄q

]−1
𝜒̄0(𝐸), (S12)

where 𝜒̄0(𝐸) is the on-site bare susceptibility, 𝑉̄q is the Fourier transform of the IEI matrices

𝑉̂ (R𝑖 𝑗 ), the bar ¯... designates a matrix in the combined 𝜇 = [𝛼, 𝑎] index labeling the multipoles

𝛼 and the sites 𝑎 within the magnetic unit cell, respectively. The on-site susceptibility 𝜒̄0(𝐸) is

calculated from mean-field potential and 𝐻SI as described, e.g., in Ref. (90).

In Suppl. Fig. S14(a) we show the absorptive part of the calculated susceptibility traced over the

operator and site indices, 𝑇𝑟ℑ𝜒̄(q, 𝐸), along high-symmetry directions of the parent fcc Brillouin

zone of CoO. Within the displayed range below 80 meV one finds two well separated bands of

excitations each consisting of two branches, with the lower dispersive band spanning the range from

25 to 55 meV, the upper much more narrow band is between 70 and 78 meV. The excitation gap

of about 25 meV calculated from our ab initio effective Hamiltonian compares reasonably with the

gap of 20 meV observed in experimental inelastic neutron scattering (91, 92). In order to identify

the character of each band we also calculated the partial traces 𝑇𝑟spℑ𝜒̄(q, 𝐸) and 𝑇𝑟qorbℑ𝜒̄(q, 𝐸)

over the spin and orbital-quadrupole subblocks of 𝜒̄ that are displayed in Suppl. Figs. S14(b) and

S14(c), respectively. One sees that the lower band is mainly of the orbital character, while the upper

one is dominated by spin excitations. The lower branch happens to be at the energy corresponding

to the lowest spin-orbit excitation in our single-site level scheme, about 40 meV. We thus assign

it to the spin-orbit exciton, discussed before for CoO (92, 93) as well as strong spin-orbit-coupled

systems like the layered iridate Sr2IrO4 (94).
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Figure S1: Structural properties of CoO thin films grown on an MgO(001) substrate. (A)

𝜃 − 2𝜃 XRD scan showing the (001) alignment of the CoO(5 nm)/Cu(6 nm) film on an MgO(001)

substrate. (B) XRD rocking-curves of CoO(002) and MgO(002) planes on top of the 𝜃 − 2𝜃 scan

(grey) from panel (A).
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Figure S2: (A) HAADF STEM image with corresponding FFT in inset showing epitaxial alignment.

(B) Horizontal deformation map calculated via geometric phase analysis. The deformation is

calculated with respect to the lattice spacing of the MgO substrate following 𝜖 = (𝑑− 𝑑MgO)/𝑑MgO,

for which 𝑑 is the local lattice spacing.
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Figure S3: (A) HAADF-STEM image and corresponding elemental EELS maps of Mg (blue), Co

(pink), O (green) and Cu (turquoise). (B) Atomic fraction profiles along the growth direction.
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vector 𝒏 with respect to the X-ray polarization 𝑬.
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Figure S5: (A) Normalized 𝑅𝑥𝑦/𝑅̄, i.e. OMR, as a function of in-plane magnetic field in a CoO/Cr

sample at a temperature, 𝑇 = 250 K. The 𝑅𝑥𝑦/𝑅̄ exhibits abrupt changes at ≈11 T field, correspond-

ing to the spin-flop field of CoO. The inset shows the raw data with a parabolic background signal

arising from Cr. (B) The OMR in CoO/Cr as a function of temperature.
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Figure S6: Interaction of spin and orbital currents with spin-dominated AFM 𝛼 − Fe2O3.

Longitudinal resistance of hematite (A) Pt and (B) Cu* bilayers at 175 K in the easy-axis phase for

a magnetic field applied along the current direction.
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Figure S7: Thickness calibration of etched Cu* using resistivity measurements. (A) Sheet

resistance 𝑅S of the etched Hall bar device as a function of etch time. (B) Comparison of sheet

resistance of as-grown films with varying Cu* thickness and the sheet resistance of a Cu* layer

after several Ar-ion etching steps.

S21



A B

α (°) α (°)
0 50 100 150 200 250 300

−0.006

−0.004

−0.002

0.000

0.002

0.004

0.006

0 50 100 150 200 250 300

−0.15

−0.10

−0.05

0.00

0.05

0.10

0.15
R

xy
/  

  (
%

)

R
xy

/  
  (

%
)

RR

Figure S8: Angular dependence of transverse spin and orbital magnetoresistance in CoO.

Angular dependence of transverse magnetoresistance in (A) CoO/Pt and (B) CoO/Cu* at 200 K for

an applied magnetic field of 11 T. The blue and orange data points represent two different rotation

directions, as indicated by the coloured arrows.
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Figure S9: Disentangling magnetic and spurious contributions to OMR in CoO/Cu*. Exem-

plary data of CoO/Cu* to show how the two contributions to the signal can be disentangled. (A)

The amplitude of the hysteretic signal can be determined by shifting one angle sweep direction

(orange) of the hysteresis to the second one (blue), as shown by the green arrow. (B) By fitting

a 𝑠𝑖𝑛2(𝑥)-function (red) to the minimum and maximum for positive and negative sweep direction

(blue and orange) the amplitude of the sinusoidal signal is determined.
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Figure S10: Field dependence of spurious contribution to OMR in CoO/Cu*. Amplitudes of

the sinusoidal signal as a function of applied magnetic field.
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Figure S11: Orbitally-resolved electronic structure of CoO from density functional theory for [110]

and [11̄0] directions of the Néel vector.
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Figure S12: Atomic Co-resolved response of components of spin 𝑆𝑖 and orbital 𝐿𝑖 angular mo-

mentum to an applied along 𝑥 ([100]) spin (marked with 𝜒𝑆𝑥
𝑆𝑖

and 𝜒𝑆𝑥
𝐿𝑖

) and orbital (𝜒𝐿𝑥

𝑆𝑖
and 𝜒𝐿𝑥

𝐿𝑖
)

exchange field, as given by 𝜒𝑆
𝑆(𝐿),𝑖𝑥 and 𝜒𝐿

𝑆(𝐿),𝑖𝑥 , for [110] (upper row) and [11̄0] directions of the

Néel vector. The values are in arbitrary units comparable across all plots.
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Figure S13: Atomic Co-resolved response of orbital quadrupoles to spin (marked with 𝜒𝑆𝑥J , upper

panel) and orbital (marked with 𝜒𝐿𝑥

J , lower panel) exchange field applied along 𝑥 ([100]), as given

by 𝜒𝑆J ,𝑖𝑥 and 𝜒𝐿J ,𝑖𝑥 , where J𝑖 =

(
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𝑥 , 𝐿
2
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2
𝑧

)
for [110] and [11̄0]

directions of the Néel vector. The values are in arbitrary units comparable across all plots.
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Figure S14: Excitations in the bulk CoO calculated from the effective Hamiltonian (S11). We

display the absorptive part of the generalized susceptibility 𝜒̄(q, 𝐸) traced over all sites and spin-

orbital operators (A) as well as the partial traces of 𝜒̄(q, 𝐸) over the spin (B) and orbital quadrupole

(C) subblocks. The high-symmetry points of the parent fcc lattice are Γ = [0, 0, 0], 𝑋 = [0, 1, 0],

𝑊 = [1/2, 1, 0], 𝐿 = [1/2, 1/2, 1/2] in the units of 2𝜋/𝑎.
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