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ABSTRACT: Recent experiments by S. Krishnia et al. [Nano Lett. 2023, 23,
6785] reported an unprecedentedly large enhancement of torques upon
inserting thin Al layer in Co/Pt heterostructure that suggested the presence of a
Rashba-like interaction at the metallic Co/Al interface. Based on first-principles
calculations, we reveal the emergence of a large helical orbital texture in
reciprocal space at the interfacial Co layer, whose origin is attributed to the
orbital Rashba effect due to the formation of the surface states at the Co/Al
interface and where spin—orbit coupling is found to produce smaller
contributions with a higher-order winding of the orbital moments. Our results
unveil that the orbital texture gives rise to a nonequilibrium orbital accumulation producing large current-induced torques, thus
providing an essential theoretical background for the experimental data and advancing the use of orbital transport phenomena in all-
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metallic magnetic systems with light elements.
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earch for efficient ways to control the magnetization in

magnetic materials has been one of the central activities in
the field of spintronics, which exploits the intrinsic spin of an
electron with a focus on providing novel functionalities in
electronic devices. In this regard, spin—orbit coupling (SOC)
has brought a progressive venue to achieving high-efficiency
electrical control of magnetization via spin—orbit torques
(SOT)," which historically relied on two cornerstone
mechanisms. On the one hand, the spin Hall effect in
nonmagnetic materials with strong SOC, such as Pt, allows
generating spin currents in response to the flowing charge
current.” ™ On the other hand, spatial inversion symmetry
breaking at the interface can give rise to the spin Rashba—
Edelstein effect when a nonequilibrium spin accumulation JS is
produced by an electric field as a result of the interplay of low
dimensionality and SOC.”” Both the spin currents, when
injected into adjacent magnetic layers, and the local spin
accumulation induced at the interface of a magnetic
heterostructure can exert a SOT on the local magnetic
moments M, which is conventionally characterized in terms of
the field-like 7~ m X S and damping-like 7o ~ m X (m X
8S) components with m = M/ IML.® The spin Hall effect is
considered the primary source of 7p; in metallic systems,”"’
while 7y is predominantly associated with the Rashba—
Edelstein effect at the ferromagnet/oxide interfaces.'’ In
general, both effects act in concert producing SOTs, whose
competition governs magnetization dynamics and upon which
reversible magnetization switching'' ™' and domain wall
motion'>™"® can be achieved in a very efficient way.

© XXXX The Authors. Published by
American Chemical Society
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Over the recent years, there has been a lot of evidence that
the spin Hall and Rashba—Edelstein effects may not be the
only principal ways to generate SOTs. It was shown
theoretically that, in addition to the spin accumulation, a
flowing charge current can induce a nonequilibrium orbital
accumulation, and, similar to the spin Hall effect, one can
realize electrical generation of the transverse orbital currents,
or the orbital Hall effect, which is, in many cases, predicted to
exceed its spin counterpart.'”*’ In the same vein, the breaking
of spatial inversion symmetry at the interface can result in
nontrivial orbital textures in the momentum space regardless of
the presence of SOC and the so-called “orbital Rashba
effect””' ™ which can produce a substantial orbital accumu-
lation under applied electric fields due to the orbital Edelstein
effect.””*" Importantly, several studies established that SOTs
can be partly mediated by orbital angular momentum and that
the injection of orbital currents into a ferromagnet can excite
magnetization dynamics.””*° Nowadays, orbitronics is an
emerging field of research that aims at exploiting the transport
of orbital angular momentum and explores possibilities for
generating and manipulating the orbital currents, either
alongside or independently of the spin degrees of freedom,
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Figure 1. Electronic band structures of (a) 12Co(0001)/12Cu(111) and (b) 12Co0(0001)/12A1(111) heterostructures as obtained from GGA
calculations without spin—orbit coupling, and layer-resolved projections of the band structure with spin—orbit coupling onto the corresponding
atomic orbitals (Cu 3p, Al 3p, and Co 3d orbitals). Green arrows denote the surface states at the interfacial (I) and boundary (V) layers. Red and
blue color codes stand for the spin-up and spin-down projections, respectively.

which spurred an ongoing experimental endeavor on direct
observation of the orbital transport phenomena.’’ ~** In the
context of magnetic torques, recent experimental studies
revealed large enhancement of SOTs in thulium iron garnet
TmIG/Pt/Cqu35 and CoFe/Cu/Ale336 heterostructures
which were proposed to be of the orbital origin.

Our recent experiments demonstrated strong enhancement
of the current-induced torques in ultrathin Co ferromagnet by
insertion of light metal elements.”” In particular, an
unprecedentedly large ratio of the field-like and damping-like
torques has been observed upon adding thin Al layer to Co/Pt
heterostructure. With 3 nm of Al, 7z and 7y are increased up
to a factor of 11 and §, respectively, as compared to the same
stacking without Al, while similar stackings with Cu inserted
instead of Al are found to have negligible effects on the
torques. Such giant enhancement of the current-induced
torques by introduction of Al layer adjacent to Co and the
predominance of the FL torque over the DL torque support
the interfacial origin of SOTs and the existence of a large
Rashba-type interaction, which is, in turn, not expected for a
light-metal interface. Yet, since SOC is small in light elements
such as Al, the induced SOTs cannot be directly ascribed to
conventional spin Hall and Rashba—Edelstein effects. Despite a
number of pioneering studies uncovering the theory of orbital
torques, the microscopic origin of enhanced current-induced
torques in these systems remains to be understood.

In the present study, we provide a detailed theoretical
evidence on the existence of a large chiral orbital texture at the
Co/Al interface and the orbital origin of SOTs in Co/Al

heterostructure. We carry out first-principles calculations for
Co(0001)/Cu(111) and Co(0001)/Al(111) heterostructures
with a single interface and vacuum region by varying the
number of constituent layers and considering several possible
stackings at the interface. Electronic structure calculations are
performed within density functional theory and generalized
gradient approximation™ (GGA), as implemented in the
Vienna Ab-initio Simulation Package.””~*' All calculations
consider the ferromagnetic state, with an easy axis perpedicular
to the interface in the presence of SOC, and structural
optimization is carried out for each considered heterostructure.
Further details are given in Section I of the Supporting
Information.

The calculated electronic structures of Co/Cu and Co/Al
heterostructures shown in Figure 1 suggest that the interfacial
Co layers (Co;) possess several distinct features which are
determined by hybridization with the adjacent nonmagnetic
layers. In order to understand the essential differences in both
interfaces, we can start by analyzing how the interfacial
electronic states change in comparison to those of the off-lying
layers. The spin nonpolarized surface states are formed at the
outmost Cu layer next to the vacuum region (Cuy in Figure
1a) which are located at the I" point of the Brillouin zone and
have a predominantly Cu p, orbital character (see Figures S2
and S3 in the Supporting Information). Similarly, the surface
states are realized at the boundary Al layer (Aly in Figure 1b)
which are, in contrast, located at the K point and formed by
the Al p, and p, orbitals (see Figures S4 and S5 in the
Supporting Information). At the interface, the hybridization
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primarily occurs between the Al/Cu p and Co dorbitals, being
more pronounced in the vicinity of the K point at the Co/Al
interface due to the presence of the surface states. Indeed,
while the hybridization clearly modifies the states at the
interfacial layers in both systems, one can see that the
difference between the interfacial and boundary Co 3d states
(Co; and Coy) is more striking in the case of Co/Al
heterostructure. Namely, the surface states become spin-
polarized at the Co/Al interface due to the proximity effect
(Al; and Coy in Figure 1b), but vanish at the interfacial Cu
layer (Cu; in Figure 1a). Moreover, as a result of the interfacial
hybridization, both spin and orbital magnetic moments of Co
presented in Figure 2 are relatively decreased at the Co/Al
interface, as opposed to the Co/Cu interface, where neither of
the magnetic moments reveals noticeable changes across the
heterostructure.
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Figure 2. Spin and orbital magnetic moments at Co layers in
12Co(0001)/12Cu(111) and 12Co(0001)/12A1(111) heterostruc-
tures as obtained from GGA calculations with spin—orbit coupling.
Only z components are shown, x and y components are zero at each
layer.

Drastic changes in electronic and magnetic properties at the
Co/Al and Co/Cu interfaces can be observed by calculating
the orbital and spin profiles in reciprocal space, L(k) =
Y, L,(k)f and S(k) = >, S,(k)fi respectively, where f,; is
the Fermi—Dirac occupation function with respect to the
Fermi level, and n runs over all bands. Here, L, (k) = (u/Llu,)
and S,(k) = (u,ISlu,;) are the matrix elements of the orbital
and spin angular momentum operators calculated by projecting
the Bloch wave functions lu,) = )7 aj,4luc) onto atomic
orbitals luo), with i and ¢ encoding orbital and spin indices,
respectively. From the profiles shown in Figure 3, one can see
that both S(k) and L(k) exhibit a 3-fold rotational texture, in
agreement with the C;, symmetry of the constructed
heterostructures. The alternating pattern of L (k) coming
from nonzero matrix elements (dyzlf:zldu) =iand (dxylf:zldxz_yz)
= 2i is found to be strongly suppressed at the interfaces as
compared to the interior layers. With the changes being
seemingly identical at both interfaces, the average value of
L,(k) over the Brillouin zone yields a decreased orbital
moment for the Co/Al interface, in agreement with Figure 2.
More strikingly, the hybridization at the Co/Al interface turns
out to give rise to an exceptionally large orbital texture with an
in-plane helical locking at the interfacial Co layer, as opposed
to the Co/Cu interface where the in-plane orbital texture is
much less pronounced. Following the orbital character of the
states hybridized at the interface, the largest contribution to
the chiral orbital texture is found to arise from nonzero matrix
elements (dIL,ld,,) = \/31' and (dIL,\d,,) = —\/3i. Given that
the hybridization occurs between the Al p, and p, and Co d,
d., and d,, orbitals, the emergence of the chiral orbital texture
at the interfacial Co layer can be attributed to the so-called
orbital Rashba effect*' ~**?° as a result of peculiar hybridization
with the surface states at the interface. It is worth noting that
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Figure 3. (a) Layer-resolved orbital and spin profiles in the Brillouin zone calculated for 12Co(0001)/12Al1(111) and 12Co(0001)/12Cu(111)
heterostructures with spin—orbit coupling. L(k)’s integrated over the Brillouin zone correspond to the orbital magnetic moments presented in
Figure 2. (b) In-plane orbital textures at the interfacial Co layer. Arrows for the Co/Cu interface are magnified by a factor of 2 for clarity.
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Figure 4. (a) Orbital profiles L(k) at the interfacial Co layer in 12Co(0001)/12A1(111) heterostructure as obtained from electronic structure

calculations with and without spin—orbit coupling. (b) Orbital profile L™"(k) induced by spin—orbit coupling as obtained from fully relativistic
electronic structure calculations (FR) and perturbation theory (PT). (c) In-plane orbital textures L(O)(k) and L(l)(k).

the chiral orbital texture at the Co/Al interface does not
change qualitatively upon including the on-site Coulomb
repulsion in the Co 3d orbitals, which changes the splitting
between the fully occupied spin-up and partially occupied spin-
down Co 3d states (see Figures S6—S13 with the results of
GGA+U calculations in the Supporting Information)."””~*
Neither does it change upon considering different stackings at
the interface or changing the number of layers in the
heterostructure (see Figure S14 in the Supporting Informa-
tion), thus implying that the emergence of the chiral orbital
texture can be regarded as a robust feature of the Co/Al
interface due to the formaiton of the surface states. Finally, we
note that the transverse spin profile S,(k) and S (k) is found to
have a similar chiral pattern at the interface of Co/Al
heterostructure but is much smaller in magnitude (see also
Figure S13 in the Supporting Information).

As follows from Figure 4a, the in-plane orbital texture at the
Co/Al interface is preserved without SOC, as opposed to the
transverse spin texture which is identically zero in the absence
of relativistic effects. Without SOC, L(k) = —L(—k) holds true
owing to time-reversal symmetry yielding the net orbital
moment to be identically zero, when integrated over the
Brillouin zone. In the presence of SOC, the magnetization
direction is fixed along the easy axis, and time-reversal
symmetry is broken leading to L(k) # —L(—k) with a
nonzero net orbital moment. To gain further insight into the
origin of the chiral orbital texture, it is expedient to decompose
the orbital moment as a sum of two contributions L(k) =
LO(k) + LW(k), where the first term L (k) = 1/2(L(k) —
L(—k)) represents the time-reversal symmetric contribution,
while the second one LV(k) = 1/2(L(k) + L(=k)) can be
identified with a nonvanishing net orbital moment, with
respect to the magnetization in the presence of SOC. Thus,
L(k) = L(k) and LW(k) = 0 in the absence of SOC, and

SOC can generally contribute to both terms. From a practical
point of view, one can find LV(k) either directly from fully
relativistic electronic structure calculations including SOC
using the definition above or by treating SOC within
perturbation theory starting from the electronic structure
calculated without SOC.*"** For the latter, LV(k) can be
derived by decomposing the Bloch wave functions over the
basis of cubic harmonics that yields to first order in SOC:

LY(k) = —&Re Y (WEW)u\E-miu)(A]],, (k) — AL, (K))
vpup'v'
(1)

where £ = 69.4 meV is the SOC constant adopted for Co
atoms,” ™" and A, (k) is the generalized susceptibility of
linear response theory with u, ', v, v’ and o, 6’ being orbital
and spin indices, respectively (see Section II in the Supporting
Information). As one can see in Figure 4b for the out-of-plane
direction of magnetization m || e,, the inclusion of SOC results
in a symmetric pancake-like profile for L{V(k) giving the net
orbital moment along the magnetization. In addition, the in-
plane profile of LY(k) shown in Figure 4c has a higher-order
winding of the orbital moment obeying the C;, symmetry and
can be regarded as the SOC driven contribution to the orbital
Rashba effect, similar to the spin Rashba effect.”” Importantly,
the in-plane texture L'(k) reveals only minor changes upon
including SOC, and L™(k) arising from SOC is found to be
more than an order of magnitude smaller than L (k), thus
implying that the emergence of the chiral orbital texture is
essentially determined by the hybridization at the interface.
The results of electronic structure calculations demonstrate
that the Co/Al interface features a large in-plane chiral orbital
texture. While both L,(k) and L,(k) cancel out in equilibrium
for m || e,, an applied in-plane electric field can induce a finite
orbital angular momentum, giving rise to the orbital Edelstein
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effect.””?® The current induced orbital accumulation 5L can be
determined as a linear response to an electric field E by using
Kubo theory as 0L, = )((L,/,Eﬁ, where summation over repeated
indices is implied (@, f = «, y, z). Starting from the one-particle
picture ﬂkunk(r) = g, (r), where ‘]t{k is the Kohn—Sham
Hamiltonian, and u,;(r) is the Bloch wave function for band n
at wavevector k and energy ¢,, the rank-2 orbital magneto-
electric susceptibility tensor )(5/; can be written as a sum of two
contributions:***

intra __  L,intra
oL, " = Xp Eﬂ

o,
nk £ A
= —eEr Z <unk|La|unk><unk|v/1,k|unk>
nk enk (2)

inter L,inter
5La te =)(a/j te E/j

iehE Z (f,,k _fmk)<umk|L(x|unk><unkmﬁ,k|umk>

n#m,k (gnk - gmk)(gnk ™ ifl‘L'_l)

©)

where ¢ (<0) is the electron charge, #, = %d,j‘(k is the velocity

operator, and 7 is the characteristic relaxation time defining the
broadening of the electronic spectrum. The first and second
terms correspond to the intraband contribution of the states at
the Fermi surface and the interband transitions coming from
the Fermi sea, respectively, summing up to ;({;ﬁ = ;{5’;“““ +
ﬁ’},‘“er. In magnetic systems, the susceptibility tensor can be
further decomposed into time-reversal-even and time-reversal-
odd components as yhs(m) = yi5"(m) + yoi(m), with
Z570m) = 1727 (m) * 2Ly (—m)) and g25(m) = 1/2(¢k,(m)
— xop(—m)). Taking the out-of-plane direction of m and the
symmetry of Co/Al heterostructures by construction as the C;,
group, one can show that the only nonzero components of
)((Eﬂ(m) are the off-diagonal )(fc;e“(m) = —)(;;e"(m) and diagonal
72%(m) = )(;’ydd(m) # 1% (m) suscegtibilities (see Section Illa
in the Supporting Information).”>*® Following the symmetry
analysis for the in-plane orbital texture L(k), it is
straightforward to note that L (k) and L™(k) determine
)(fcjv’en(m) and x°%(m), respectively. Since LY(k) is much
smaller than L(Ogc(k), the off-diagonal susceptibility }(f;e"(m)
originating from the chiral orbital texture L(®(k) can be
considered to generate the leading nonequilibrium orbital
response at the Co/Al interface (see Section IIId in the
Supporting Information). Calculations of the orbital suscept-
ibility tensor are performed using the Wannier interpola-
tion””>® of the electronic structure along the lines with
previous studies on the anomalous and spin Hall susceptibil-
ities (see Section IIIb in the Supporting Information).**~%!
Given the smallness of L(V(k) and that L(”(k) does not
depend on the magnetization to first order in SOC, )(f;y can be
calculated without SOC. The results shown in Figure §
illustrate that the orbital magnetoelectric susceptibility at the
interfacial Co layer stands out in magnitude in comparison
with the interior Co layers. The diagonal components y;, " are
identicaly zero in agreement with the symmetry consideration.

The induced orbital accumulation 6L couples to the spin
accumulation 6§ by means of SOC and can exert a torque 7 =
M X 6B, on the magnetization, where 6B, .~ 48 is a change in
the effective exchange-correlation magnetic field caused by the
nonequilibrium spin accumulation. Given the in-plane electric
field E and the normal direction e, the spin accumulation 6S

hT_l =02ev 03

— A1 =0.05eV
— hr'=01eV
— w7 t=02eV

(eha/eV)

L
Xy

X

1 i 1
90.4 -0.2 0 0.2 04
er (eV)

Figure 5. (a) Off-diagonal orbital magnetoelectric susceptibility ;(,Lcy
calculated for 8Co(0001)/6Al(111) heterostructure without spin—
orbit coupling as a function of the Fermi level &g (b) z%, at the
interfacial Co layer calculated for different relaxation times. Here, a is
the optimized lattice constant (~2.63 A for 8Co(0001)/6A1(111)
heterostructure). Calculations are performed on a 100 X 100 X 1 k-
point mesh with the temperature factor kzT = 0.1 eV.

can be decomposed into the E-transverse ~ E X e, and M-
transverse ~ m X (E X e,) components, where the former is
time-reversal even and does not depend on the magnetization
direction, while the latter depends on the orientation of m with
respect to E and e,. Thus, it follows that the field-like 7z~ m X
(E X e,) and the damping-like 75~ m X (m X (E X e¢,))
torques can be expressed through the off-diagonal ;{f;e“(m) and
diagonal y°%(m) components, respectively. Using the results
of linear response theory, one can estimate the effective
magnetic field producing 7z as By = f}(f;),E/ (Mdg) (see
Section Illc of the Supporting Information) that for the
thickness dp ~ 107 m, E & 2.5 X 10* V/m (for the spin
current density J* ~ 10" A/m? in the experimental results),
saturation magnetization M ~ 1.4 X 10°A/m, £ = 10720 J, and
Xy & 2.0 X 10 m/V (for Az™" = 0.05 eV and &; = 0) gives
Bg, = 3.6 mT, of comparable magnitude with the increase of
By by ~7 mT, with respect to its value ~0.6 mT before
insertion of AL*>” With the diagonal components y%, being an
order of magnitude smaller, the associated contribution to the
damping-like torque can be regarded small compared to ;.
That being said, 7p; is also likely to originate either from the
diffusion of the orbital accumulation into the interior layers,
which is further transferred to the magnetization by SOC-
induced orbital precession, or indirectly, by conversion to the
spin accumulation and subsequent transfer to the magnet-
ization by spin precession. This generation of 7, by out-of-
equilibrium processes, not calculated here, is expected to be
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smaller than the field-like torque produced by SOC directly
from the interfacial orbital accumulation, the predominance of
which is seen in the experiments. Our analysis is also in good
agreement with micromagnetic estimates suggesting that large
spin accumulation induced by a Rashba-like interaction at the
interface is required to fit the experimental data.”’

In conclusion, the results of first-principles calculations
demonstrate that the Co/Al interface features a large orbital
texture with the in-plane helical locking of the orbital moment
in reciprocal space, which is found to be much smaller at the
Co/Cu interface. The origin of the chiral orbital texture is
attributed to the orbital Rashba effect due to the formation of
the surface states at the interface with smaller higher-order
contributions coming from SOC. Our calculations unveil that
the orbital texture is responsible for the conversion effects in
response to an applied electric current that produce large field-
like torques at the Co/Al interface, thus providing a rigorous
theoretical interpretation for recent experiments3 and
advancing our understanding of transport phenomena in all-
metallic systems with light elements for spinorbitronic-based
technologies.
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