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Recent predictions of orders of magnitude larger orbital
current effects compared with spin currents have attracted
considerable interest. However, orbital currents must first be
converted into spin currents to interact with the static
magnetization dominated by spin angular momentum in
conventional magnets. By using a magnet dominated by
orbital angular momentum (OAM), we demonstrate a 70-fold
enhancement in orbital Hall magnetoresistance in cobalt Il
oxide/copper (CoO/Cu*), compared with spin Hall
magnetoresistance in cobalt Il oxide/platinum (CoO/Pt). This
arises from interactions between dynamic OAM from surface-
oxidized Cu* and static OAM in the antiferromagnetic insulator
CoO. Our results show how by using OAM-dominated
materials, we can harness the benefits of giant orbital currents
that have not been possible using conventional spin-
dominated magnets.

In recent decades, the interaction between static magnetization and the
flow of spin angular momentum (spin currents), has been employed as
the key mechanism to detect and control the magnetic state of ferro-
magnets. This interaction has enabled major applications, ranging from
giant magnetoresistive sensors (1, 2) to spin-orbit torque magnetic
random-access memory (3, 4), chiral skyrmion-based racetrack memory
(5, 6), logic devices (7), and neuromorphic applications (8-10). However,
the generation of spin current relies heavily on the spin-orbit coupling
(SOC) of materials, which is a weak relativistic effect that limits the
efficiency and constrains materials choices (11). More recently, the dy-
namic orbital angular momentum (OAM)—the counterpart of electron
spin angular momentum—has emerged as a promising alternative to
manipulate magnetization more efficiently (12-16). Two mechanisms of
orbital current generation are orbital Hall effect (OHE) in the bulk
(13, 17, 18) and orbital Rashba Edelstein effect (OREE) at interfaces
(19, 20), analogous to their spin counterparts (21). Unlike spin currents,
whose generation from charge currents relies on the relatively weak
SOC mechanism, orbital currents can be directly generated from charge
currents because the crystal momentum of charge carriers (e.g., electrons)
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can directly couple to OAM. This results in a more robust, orders-of-
magnitude larger generation of current-induced OAM (orbital currents),
even in light, abundant, inexpensive, and environmentally friendly ma-
terials (13, 22-25). Despite these advantages, the fundamental limitation
in utilizing orbital currents for device applications lies in their low in-
teraction efficiency with magnetization that in conventional transition
metals is carried by spin angular momentum. Whereas spin currents
interact efficiently with magnetization (or spin moments) through strong
s-d exchange interaction, orbital currents cannot couple in conventional
magnetic materials with nearly quenched OAM by any strong exchange
interaction, and therefore one cannot make use of the large orbital cur-
rents to effectively interact with conventional spin-based magnets.

To address this issue, the mitigation strategy has been the conver-
sion of orbital currents into spin currents using materials that exhibit
high SOC (14, 26). However, the efficiency in such cases again relies
on the comparably weak relativistic SOC mechanism in the conversion
layer. This approach achieves a modest enhancement in spin torque
efficiency, typically a fewfold (14, 27-29), which is considerably smaller
than the theoretically predicted orders of magnitude enhancement.

Therefore, to fully exploit the potential of large orbital currents, one
needs to directly couple it with orbital magnetization carried by OAM
(orbital magnetism), thus bypassing the need for inefficient orbital-to-
spin conversion. Recent theoretical studies predict that orbital-orbital
interactions can be a sizable fraction of the s-d exchange interaction,
indicating that the role of orbital exchange could be considerable (30).
Antiferromagnetic (AFM) transition metal oxide insulators can exhibit
strong orbital magnetization as well as THz spin dynamics (31, 32), im-
munity to external magnetic fields enhancing stability, and low damping,
which allows for the transport of angular momentum over long distances
(33, 34). By exploiting the interaction between orbital currents from Cu*
and unquenched orbital magnetization in CoO, we demonstrate an en-
hancement of two orders of magnitude in the magnetoresistance (MR)
in CoO/Cu* bilayers compared with conventional spin-based CoO/Pt.

Spin and OHE magnetoresistance

We use CoO, a collinear insulating AFM, for which the OAM of each Co
atom is sizable (~ 2.05 pp/atom) (35), unlike in 3d transition metal
ferromagnets for which orbital moments are nearly fully quenched
(<0.1 pp/atom) (36-38). Thus, CoO serves as an ideal system to investi-
gate the interaction between orbital currents and orbital magnetization
and to distinguish it from spin magnetization effects. The insulating
nature of CoO is particularly suitable as it allows us to rule out effects
of current flow in the magnet such as self-torques or anisotropic MR
effects (39, 40). The collinear magnetic and crystallographic structure
of CoO is shown in Fig. 1A.

‘We deposited epitaxial CoO (5 nm) / Pt (2 nm) and CoO (5 nm)/Cu*
(6 nm) thin films on MgO(001) substrates using reactive magnetron
sputtering [see section S1.1 (41)]. Here, the asterisk denotes the natural
oxidation of Cu, which serves as an orbital current generator through
the OREE (14), whereas Pt generates spin current through the spin
Hall effect mechanism (3, 1I). As shown in Fig. 1A, the CoO thin films
exhibit fourfold in-plane magnetocrystalline anisotropy with two mag-
netic easy axes of the Néel vector (n) oriented along the [110] and [ilO]
crystallographic axes (38, 42, 43).

The Néel temperature (7) of our thin films is approximately 300 K,
slightly higher than that of bulk CoO [Ty = 291 K for bulk CoO (44, 45),
see sections S1.1 and S2 of (41)]. Scanning transmission electron
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microscopy (STEM) and electron energy loss spectroscopy (EELS) con-
firm the high-quality epitaxial growth of CoO and the formation of
sharp, clean, and well-defined interfaces in the CoO/Cu* system [see
section S2 and figs. S2 and S3 of (41)]. Furthermore, the xray absorp-
tion (XAS) spectroscopy experiments confirm that our CoO thin films
exhibit a large orbital magnetization [larger than 1 pg/ atom; see sec-
tion S3 and fig. S4 of (41)].

To investigate the interaction between orbital current and static OAM,
we fabricated Hall bar structures 6 pm wide (see Fig. 1B for an example
of CoO/Cu*) and measured orbital Hall magnetoresistance (OMR) [see
section S1.2 of (41)]. When a charge current / is injected into the Hall
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Fig. 1. Magnetic structure of CoO and experimental geometry. (A) lllustration of the

magnetic and crystallographic structure of CoO with in-plane magnetocrystalline anisotropy,
showing the Néel vector easy axis along the [110] axis. The Co and O atoms are represented
by blue and black solid circles, respectively. The red and green arrows denote the spin and
orbital angular momenta of each Co atom, respectively. (B) Schematic of the transverse and
longitudinal MR measurement schemes with electrical contacts in the CoO/Cu* structure,

including the magnetic field sweep direction [IlO] shown by a green arrow.

RESEARCH ARTICLES

bar, it generates orbital current in Cu* through OHE and/or OREE. An
orbital accumulation y, is built up at the CoO/Cu* interface. Analogous
to the spin Hall magnetoresistance (SMR) mechanism (46), the OMR
refers to the change in electrical resistance of a nonmagnetic material
caused by the interaction of orbital currents with the magnetization of
an adjacent magnetic layer, governed by the orientation of the Néel vector.

Although SMR has been studied in Pt adjacent to a range of materials,
including 3d ferromagnets and insulating magnets (46, 47), the reported
pure OMR remains weak for the materials previously studied (48) primarily
because there is no direct coupling to conventional spin-dominated mag-
netization in these materials. We first consider a CoO/Pt device to compare
the interaction of spin currents with CoO to the interaction of
orbital currents in CoO/Cu*. We apply an external magnetic field
of 13 T along the [110] direction of CoO to align the Néel vector
along the well-defined [110 magnetic easy axis (42). We then
sweep the magnetic field in 110] direction and probe the reorien-
tation of Néel vector by measuring the transverse resistance (Ry)
at T (< Ty) = 150 K. R,y exhibits different behavior when the
magnetic field is swept upward and downward in the range of 7.5
to 9 T (Fig. 2A). This change in Ry, normalized by the longitudinal
resistance (R, / }_{), represents the spi_n-ﬂop transition and rota-
tion of the Néel vector by 905 ie., from [110] to [110]in this case. The
orientation of the Néel vector remains unchanged upon reducing
the magnetic field to zero (42). Therefore, the difference in R, at
zero fields, before, and after the magnetic field sweep, effectively
probes the two perpendicular Néel vector orientations, providing
a measure of SMR amplitudes. Furthermore, because the SMR is
estimated from resistance measurements taken at zero magnetic
fields, additional contributions to the MR from the metallic layers,
such as Hanle magnetoresistance (49), can be ruled out. The am-
plitude of SMR (AR,,, / R) in CoO/Pt at 150 K is found to be 0.0078%.
This amplitude of the SMR is on the order of what is found for
combinations of Pt with magnetic insulators with spin-based

magnetization such as NiO, YIG, and hematite (46, 50, 51). Based
on the theory of SMR in magnetic insulators, the spin Hall angle
(0sy) of 2-nm-thick Pt, with a resistivity of 26 Q cm at 150 K, is esti-
mated to be ~3.5% with spin diffusion length A, ~1.5 nm, which
agrees well with previous studies (42) assuming a real part of the
spin-mixing conductance of G, = 5 x 10" Q' m~2 (46).

We now compare this result with OMR measurements on the
CoO/Cu* sample. Figure 2B shows the R, / R as afunction of the

magnetic field measured at 7= 150 K (bélow Tn). The magnetic
field protocol used is the same as that for the measurements

in Fig. 2A. An abrupt change in R, is observed at the spin-flop
field, which occurs at approximately 7.5 to 9 T. This value is simi-
lar to that observed for CoO/Pt, indicating that the magnetocrys-
talline anisotropy of CoO remains largely unaffected by the choice
of metallic layer on top. The observation of MR in the absence of
any substantial spin current source indicates the presence of or-
bital currents originating from Cu*, consistent with previous
observations of OMR in Cu* adjacent to metallic ferromagnets
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Fig. 2. Spin and orbital Hall magnetoresistance. Magnetic field sweep measurements on
(A) CoO (5nm) / Pt (2 nm) and (B) CoO (5 nm) / Cu* (6 nm) sample, respectively. Both

samples exhibit a spin-flop transition between 7.5 T to 9 T. The change in transverse

resistance corresponding to the two perpendicular Néel vector orientations is indicated by
the red arrow for SMR in (A) and OMR in (B). The measurements are performed at T =150 K.
(C) The difference in transverse resistance, normalized with the longitudinal resistance for
two perpendicular Néel vector states at zero field as a function of temperature. The top panel
presents the results for CoO/Cu* (in orange), and the bottom panel shows the results for
CoO/Pt (in blue). (D) The difference in transverse resistance for two perpendicular Néel

vector states at zero field as a function of Cu*-layer thickness in CoO/Cu*(tc,+). The
measurements were performed at a constant temperature of T=150 K.
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(48). We observe a change in the sign of Ry, at the spin-flop field
compared with the CoO/Pt structure, a distinct characteristic of
orbital current interaction with the unquenched orbital moment
in CoO not found in 3d transition metal ferromagnets with
quenched OAM (48). The OMR magnitude of 0.28% is ~36 times
larger than the SMR observed in CoO/Pt at 150 K.

Although Cu* has been recently identified as an efficient source
of orbital current (14, 27), the observed orders of magnitude higher
MR in CoO/Cu* cannot be explained solely by the large orbital
currents, as the magnitude of OMR in our previous results for spin-
based magnets, NiFe/Cu* (0.05%) is considerably smaller than the
OMR in our CoO/Cu* sample (48). Our experimental results thus
suggest that additional factors or mechanisms must contribute
to the large amplitude of the MR in the CoO/Cu* system. Specifically,
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our findings indicate that while spin currents from Pt interact with the
spin magnetization in CoO through spin exchange coupling, the orbital
current from Cu* interacts strongly with the large unquenched compo-
nent of the orbital magnetization in CoO. This interaction is dominant in
CoO/Cu* samples in which no considerable source of spin current is
present, and is thus responsible for the relative magnitude of OMR com-
pared with the conventional CoO/Pt. To validate this interpretation, we
compare the results to the MR in a-Fe,O3/Cu*, for which the static OAM
is quenched and we find no sizeable OMR [see section S5 and fig. S6 in (41)].

We next discuss the opposite sign of MR in the two systems. The
sign of spin current from Pt and orbital current from Cu* is theoreti-
cally predicted (22) and experimentally found to be the same, as con-
firmed by the same sign of SMR and OMR in NiFe/Pt and NiFe/Cu*
systems (48). However, the unquenched OAM of CoO can give rise to
an orbital quadrupole moment. Our results indicate that the dynamics
of the orbital quadrupole moment in CoO are fundamentally different
from the classical dynamics of ferromagnets. A similar anomaly in
quadrupole moment dynamics has recently been experimentally dem-
onstrated in a noncollinear antiferromagnet, Mn3Sn (52).

To understand the underlying mechanisms for the large MR magni-
tude and its sign, we compare the temperature dependence of the MR
in the two systems. Figure 2C shows the evolution in MR as a function
of temperature in CoO/Cu* (top) and CoO/Pt (bottom) showing a similar
nonmonotonic behavior. The ratio of the MR in CoO/Cu* to CoO/Pt
changes from 36 at 200 K to 64 at 100 K, showing that distinct mecha-
nisms are involved. For SMR, spin relaxation by phonon scattering is
important (57), whereas OMR is not prone to such damping mechanisms.

Origin of the orbital current

The observed orbital current could have its origin primarily in either
the bulk Cu* through OHE or at the surface through OREE. To deter-
mine the origin, we perform Cu* thickness-dependent measurements
of OMR in CoO/Cu*(tcy+) samples at 150 K. To investigate this within
the same device, i.e., keeping the CoO/Cu* interface unchanged, we
progressively reduce the Cu* layer thickness using Ar* ion-milling tech-
nique, followed by exposure to air for 12 hours after each etching step.
The remaining Cu* thickness after each etching step was estimated by
comparing the sheet resistance of the milled device to that of separately
grown Cu*(¢cy+) thin films [see sections S6 and fig. S7 of (41)]. In Fig. 2D,
we show the Cu* layer thickness dependence of the OMR. The OMR
remains nearly constant at ~0.32% for Cu* thicknesses ranging from
3.7to 5.5 nm. When the Cu* thickness is reduced further to 3.2 nm, the
OMR decreases slightly, from 0.32% to 0.22%. For Cu* thicknesses below
3.2 nm, the sample becomes insulating, making it impossible to measure
any OMR. This trend suggests that the orbital current responsible for
the OMR in our samples predominantly originates at the surface of the
Cu layer, which exhibits a pronounced oxidation [see fig. S3 of (41)], and
arises from the OREE. The enhancement of OMR observed can thus
result from the efficient generation of large orbital currents at the oxi-
dized Cu surface by OREE. Furthermore, the nearly constant OMR in
the thickness range of 3.7 to 5.5 nm implies that this mechanism is ro-
bust within this thickness regime, likely owing to sufficient Cu volume
and thus constant oxygen gradient and Cu* thickness.

To determine whether the larger OMR originates from the CoO layer
and to rule out contributions from other effects, such as the Hanle effect
and Lorentz magnetoresistance in metallic layers, we measure the an-
gular dependence of R, for different magnetic field amplitudes. The
magnetic field strengths range from values below to above the spin-flop
fields of CoO. Figure 3 shows that the amplitude of the MR is nearly
zero for magnetic field strengths below the spin-flop transition for both
samples [see section S7 of (41) for details]. As the magnetic field is in-
creased beyond the spin-flop field (8 to 9 T), the MR signal saturates,
confirming that the observed effect is field-independent and ruling out
the contribution from other spurious signal origins. The amplitude of the
MR measured is consistent with the values obtained using the zero-field
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Fig. 3. External field dependence of MR. The change in transverse MR for CoO
(5 nm)/Cu* (6 nm) (top) and CoO (5 nm)/ Pt (2 nm) (bottom) as a function of applied
magnetic field at T =200 K.

approach (see Fig. 2C) at T = 200 K, showing the robustness of our
measurement approach and the effect. Additionally, the observed hys-
teresis in the transverse MR is in line with the presence of substantial
unquenched OAM in our sample (38).

Discussion and outlook

CoO is known for its uncompensated atomic-like orbital magnetism of
d-electrons, which arises as a result of a combination between the crystal
field, band filling, and electron-electron correlation of Zy,-electrons
(53, 54). Our first-principles calculations of the AFM CoO for experimen-
tal lattice parameters predict the value of the gap of the order of 2.5 eV,
with the magnitude of local spin and orbital moments of the order of
2.70 pp and 1.2 pp [see sections S3 and S8, and figs. S4 and S11 in (41)].

Although the insulating gap in CoO originates from strong elec-
tronic correlations, its formation can be effectively understood based
on a reduced Hamiltonian incorporating orbital-dependent interaction
terms that split states of opposite orbital polarization. In this sense,
the correlation effects can be recast as an effective orbital exchange
field acting on Co 3d-manifold of states, providing an intuitive single-
particle picture of the gap formation [see section S10 of (41)].

To probe the response properties of CoO to injected spin and orbital
currents, we performed first-principles linear response calculations [see
section S9 of (41)] of the spin and orbital moments, S; and L;, respectively,
as well as orbital quadrupoles {Li,Lj }, induced by applied spin and
orbital exchange fields, which can mimic the effect of spin and orbital
currents on the electronic structure of bulk CoO in the case of CoO/Pt
and CoO/Cu* interfaces. The calculations of the corresponding response
tensors in CoO [see figs. S12 and S13 in (41)] reveal that the response of
dipolar and quadrupolar moments within the gap to the induced orbital
exchange fields is up to one order of magnitude larger in absolute value
than that of the case of perturbation by spin exchange fields—an effect
that originates in the unquenched orbital momentum of Co atoms.
Overall, exploiting orbital injection results in more complex, more aniso-
tropic, and more pronounced dynamical response of Co spin and orbital
moments when compared with the case of spin injection.

The strong orbital response of CoO to injected OAM can result in a
giant OMR amplitude, e.g., through modifications in the anisotropy
profile brought by the large nonvanishing current-induced orbital quad-
rupoles( {L;, L; } ). Recently, nonequilibrium orbital quadrupole moments
have been shown to mediate an injection of magnetic octupole into
altermagnetic materials, driving a novel type of torque on the Néel order
parameter 72 (55). In CoO, it has been recently shown that the orbital
quadrupole moment, arising as a combined result of an externally ap-
plied magnetic field and spin-orbit interaction, plays a key role in driv-
ing intricate spin-orbital dynamics through the coupling of 7 and
(L, L, }) (38). We show in section SI0 of (4) that an increased MR
signal emerges because the orbital dipole-to-quadrupole conversion does
not, in principle, require spin-orbit interaction directly. We thus believe
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that the effective orbital quadrupole torques originating from the orbital
injection from Cu* can be very efficient and ultimately result in strong
absorption of the electrically generated OAM.

One notable feature of CoO, as compared with other materials, is
its strong orbital exchange interaction. Our ab initio calculations show
that the isotropic antiferromagnetic next-nearest-neighbor spin-spin
exchange interaction is by far the largest. However, among the nearest-
neighbor exchange interactions, the largest magnitudes are found
within the orbital quadrupole-quadrupole subblock [see sections S11
and fig. S14: of (41)]. This provides an additional purely orbital channel
for energy dissipation by low-energy excitations of orbital degrees of
freedom when corresponding dynamics is triggered by the orbital cur-
rent. We find that below 80 meV, two wide groups of excitation bands
are present. Although the exact energetic position of the excitation
bands depends sensitively on the structural details of the film and its
interfacial properties, the relative difference in the energy of the lower
and upper group stems from the qualitatively different nature of the
interactions that define them. Indeed, we observe that the lower band
is mainly of orbital-quadrupole character, and the upper one is mainly
caused by spin excitations. Therefore, the efficient mechanism of or-
bital excitations by the orbital current, in addition to the coherent
torques exerted on the Néel order, can also contribute to a much stron-
ger orbital current absorption by CoO from the Cu* system.

To check the universality of our observation, we have replaced Cu*
with Cr as another system that can generate large OAM, and we find
that using this metal with weak SOC and a negligible spin Hall effect,
a fivefold larger signal is observed in CoO/Cr compared with CoO/Pt
[see sections S4 and fig. S5 of (41)]. This underscores the applicability
of our discovered mechanism and highlights the potential of giant
orbital currents to efficiently detect and potentially also manipulate
magnetic order through this route. For applications, materials with
higher ordering temperature than CoO, and in particular, OAM domi-
nating ferro- and ferrimagnets will be particularly well-suited. Overall,
the interaction mechanisms that arise from the combination of the
giant orbital current and the large unquenched static OAM in orbital
magnets could enable the development of all-orbital devices overcom-
ing the limitations of conventional SOC-mediated processes.
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Editor’'s summary

Spin currents can be used to control the magnetic state of ferromagnets, enabling applications such as spin-orbit
torque magnetic random-access memory. However, the choice of materials for such applications is restricted by the
requirement for strong spin-orbiting coupling, which is necessary to generate the spin currents. Instead of spin, Schmitt
et al. coupled orbital currents directly to orbital magnetization in CoO/Cu* heterostructures. This approach proved
effective in boosting the magnetoresistance signal measured by the researchers. —Jelena Stajic
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