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Orbital Hall effect in crystals: inter-atomic versus intra-atomic contributions

Armando Pezo, Diego Garćıa Ovalle, and Aurélien Manchon∗

Aix-Marseille Université, CNRS, CINaM, Marseille, France.
(Dated: June 10, 2022)

The orbital Hall effect (OHE) designates the generation of a charge-neutral flow of orbital an-
gular momentum transverse to an initial charge current. Recent theoretical investigations suggest
that transition metals display sizable OHE, encouraging experimental search along this direction.
Nonetheless, most of these theories assume that the orbital moment originates from the region imme-
diately surrounding the atom core, adopting the so-called atomic center approximation. In periodic
crystals though, the contribution of the interstitial regions is crucial and can lead to a severe mis-
estimation of the OHE. By applying the ”modern theory” of orbital magnetization to the OHE, we
assess the relative importance of intra-atomic and inter-atomic contributions in selected materials
from first principles. We find that whereas the OHE is mostly of intra-atomic origin for wide band-
gap semiconductors (e.g., MoS2), the inter-atomic contribution becomes crucial in narrow band-gap
semiconductors (SnTe, PbTe) and transition metals (Pt, V etc.). These predictions invalidate the
atomic center approximation adopted in some of the previous works and open perspectives for the
realization of efficient sources of orbital currents.

Introduction - The need for energy-efficient microelec-
tronic solutions has accelerated the efforts to identify
degrees of freedom that could complement or replace
the electron’s charge to carry and store information.
Whereas spintronics, which uses the electron’s spin an-
gular momentum (SAM) to transmit and manipulate
data, is probably the most mature alternative technol-
ogy to date [1], other directions have emerged in the past
two decades seeking to exploit magnons in magnetic in-
sulators [2] or the valley degree of freedom in certain
low symmetry semiconductors [3]. Under these various
paradigms, the charge of the electron is replaced by a
quantum degree of freedom (SAM or valley) that sur-
vives in the semiclassical limit and may encode the in-
formation over two distinct values (spin up/down, valley
K/K’ etc.). In recent research, the control of the SAM is
achieved via spin-orbit coupling, a property that scales
with the mass of the elements nucleus. Therefore, most
progress is currently achieved using heavy materials such
as Pt, W, Bi etc. which are scarce and expensive [4].
Alternatively, the emergent field of valleytronics exploits
valley-polarized currents induced by light in optically ac-
tive materials. Whether the valley degree of freedom
could be injected in adjacent materials, transported over
long distances and stored remains an active area of re-
search. In this context, the orbital angular momentum
(OAM) has started to emerge as a promising degree of
freedom that could be generated efficiently and trans-
ported over long distances [5–7].

Equilibrium OAM has been investigated thoroughly
over the past decade and was shown to substantially con-
tribute to the overall magnetization in certain classes
of time-reversal broken materials, associated with the
ground state’s Berry curvature [8, 9]. In fact, equilibrium
OAM necessitates time-reversal symmetry breaking com-
bined with either non-collinear magnetic texture or spin-
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orbit coupling (hence, heavy metal elements) [10, 11].
Although equilibrium OAM vanishes when time-reversal
symmetry is preserved, in the presence of an external
electric field nonequilibrium OAM can be generated even
in the absence of spin-orbit coupling, as long as inversion
symmetry is broken [12, 13]. This effect is tagged ”or-
bital Rashba-Edelstein effect” (ORE), in analogy to the
celebrated spin Rashba-Edelstein effect (SRE) that en-
ables the electrical generation of SAM [14, 15]. Similar
to SRE, ORE features an electron density that carries
OAM and is limited to systems lacking inversion symme-
try such as interfaces and noncentrosymmetric crystals.
The OAM is not transported through the crystal though,
it is rather created locally, which undermines its applica-
tion to nonlocal orbitronics devices.

In contrast, in centrosymmetric crystals charge-neutral
flows of OAM can be induced by electrical field via the
orbital Hall effect [5] (OHE), the orbital analog to the
spin Hall effect [16] (SHE). Theories predict that OHE is
usually much larger than SHE [17], a feature that is par-
ticularly striking in light metals [13, 18]. These theoreti-
cal works have inspired recent experimental observations
such as the orbital torque [19–21] and the orbital magne-
toresistance [22]. Nonetheless, these calculations assume
that the OAM originates from the region immediately
surrounding the atom core, adopting the so-called atomic
center approximation (ACA). In periodic crystals though,
the OAM does not only arise from the atom core but also
from the interstitial, inter-atomic region as accounted for
by the ”modern theory” of orbital magnetization [8, 9].
In fact, it was recently shown that OHE solely originates
from inter-atomic contribution in gapped graphene [23],
whereas both intra-atomic (atom core) and inter-atomic
(interstitial) terms are of comparable magnitude in MoS2

bilayers [24].

In this Letter, we assess the relative magnitude of
the intra- and inter-atomic contributions to the OHE in
selected materials of prime importance to experiments.
Whereas the ACA tends to be mostly valid in large band-
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gap semiconductors (e.g., MoS2 monolayer), it fails in
both narrow band-gap semiconductors (SnTe, PbTe) and
transition metals (V and Pt). This finding suggests that
previous estimates [13, 17, 18] need to be revisited by ac-
counting for the total contribution to the OAM [23, 24].
Due to their different character, local (atom core) and
nonlocal (interstitial), the intra-atomic and inter-atomic
contributions are expected to behave differently in the
presence of disorder and to play a distinct role in orbital
torque and pumping [19].

Orbital Hall conductivity - In the linear response the-
ory the OAM current is time-reversal symmetric, akin to
the spin current, and is governed by the intrinsic Fermi
sea term of the Kubo formula [25]. In other words, in
the limit of weak momentum scattering, the OAM con-
ductivity reads [17]

σγij = −e
∫
BZ

d3k

(2π)3

∑
n

fn(k)Ωo,γn,ij(k), (1)

where the orbital Berry curvature is

Ωo,γn,ij(k) = 2~ Im
∑
m6=n

〈unk|J
γ
o,i|umk 〉 〈umk |v̂j |unk〉
(εnk − εmk )2

. (2)

Here, |unk〉 is the periodic part of the Bloch state associ-
ated with the energy εnk. In addition, fn(k) is the equi-
librium Fermi distribution function and v̂ = ~−1∂kHk

is the velocity operator, Hk being the Hamiltonian in
momentum space. The orbital current operator is de-
fined as J γo,i = {v̂i, L̂γ}/2, where v̂ is the velocity op-

erator and L̂ = r̂ × p̂ is the OAM operator in the unit
of the Planck constant ~. The indices i and γ denote
the flow and orbital polarization directions, respectively,
p̂ is the momentum of the carrier wave packet and r̂
represents its absolute position in the laboratory frame.
Since the position operator r̂ is not well defined in the
usual Bloch state representation, Ref. [8] showed that
by adopting the Wannier representation, the orbital an-
gular momentum operator can be parsed into two terms,
L̂ = r̄i × p̂ + (r̂ − r̄i) × p̂, with r̄i being the position
of the Wannier center. The first term is associated to
the local current circulation, in the vicinity of the atom
core, and the second term is associated with the nonlocal
circulation in the interstitial space between the atoms.
Within the ACA, only the first term is considered while
the second one is neglected [13, 17, 18]; as a result, the
intra-atomic orbital current operator J γo,i|intra is straight-
forwardly defined in the basis of spherical harmonics of
each atom in the unit cell.

The modern theory of orbital magnetization [8, 9] does
not perform the aforementioned separation, and rather
expresses the total OAM operator in terms of the crystal
Bloch states, properly accounting for the corrections due
to Berry connection. The modern theory has been inves-
tigated by first principles calculations, and it was found
that whereas the ACA is qualitatively valid for bulk in-
sulating transition-metal oxides and magnetic transition

metals (Co, Fe, Ni), it substantially fails at interfaces
[10, 26]. As mentioned above, extending the theory of
OHE beyond the ACA [23] is indispensable to the design
of experiments and devices based on orbital transport.
In Eq. (2), the interband matrix element reads [23]

〈unk|J
γ
o,i|u

m
k 〉 =

1

2

∑
p

(
〈unk|v̂i|u

p
k〉〈u

p
k|L̂γ |umk 〉

+〈unk|L̂γ |u
p
k〉〈u

p
k|v̂i|umk 〉

)
. (3)

Using the (symmetrized) definition of the OAM, L̂ =
(r̂× p̂− p̂× r̂)/4, one obtains [23, 27]

〈unk|L̂|u
p
k〉 = e

2gLµB
Im〈∂kunk| × Hk|∂kupk〉

− e
4gLµB

(εnk + εpk)Im〈∂kunk| × |∂ku
p
k〉. (4)

Here, µB = e~/2me is Bohr’s magneton and gL is the
orbital g-factor. Following the estimates of Ref. [28]
for transition metals, we adopt gL=1. By considering

|∂kunk〉 = ~
∑
q 6=n

〈uq
k|v̂|u

n
k〉

εqk−ε
n
k
|uqk〉, one finally deduces that

〈unk|L̂|u
p
k〉 =

e~2

4µB
Im

∑
q 6=n,p

(
1

εqk − εnk
+

1

εqk − ε
p
k

)
〈unk|v̂|u

q
k〉 × 〈u

q
k|v̂|u

p
k〉 . (5)

Inserting Eq. (5) into Eq. (3), one infers the expression
of the total OHE, including both intra- and inter-atomic
contributions. It is important to emphasize a key dif-
ference between the intra-atomic and total OHE expres-
sions. Whereas both effects are inversely proportional to
(εnk−εmk )2 [Eq. (2)], suggesting hot spots close to avoided
band crossing in the Brillouin zone, the total orbital cur-
rent is additionally influenced by a factor proportional
to the relative energy difference between bands, εnk − εmk
[Eq. (5)]. Therefore, given the relation between intra-
atomic and total responses, we expect the inter-atomic
OHE to be more sensitive to the band ordering than the
intra-atomic OHE, which could lead to cancellation when
numerous bands are involved (e.g., in a transition metal)
or when disorder is present. We now evaluate these con-
tributions in selected examples.
Minimal model for OHE - To evaluate the impact of

the aforementioned OHE contributions, we first select a
minimal model with a restricted set of spinless atomic
orbitals (typically, px and py). An example of such a
toy model was introduced by Fu [29] as a paradigm for
topological crystalline insulators. From our standpoint,
this model presents the advantage that its topological
properties are due to the OAM character of the Bloch
states rather than to their SAM character. It consists of
a square bipartite lattice whose Hamiltonian reads

H =
∑
n

HAn +HBn +HABn , (6)

where the Hamiltonian for each sublattice Han, a = A,B,
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and the coupling Hamiltonian HABn are given by

Han =
∑
i,j

ta(ri − rj)
∑
α,β

c†a,α(ri, n)ei,jα e
i,j
β ca,β(rj , n),(7)

HABn =
∑
i,j

t′(ri − rj)

[∑
α

c†A,α(ri, n)cB,α(rj , n) + h.c.

]
+tz

∑
i

∑
α

[c†A,α(ri, n)cB,α(ri, n+ 1) + h.c.]. (8)

Each site is identified by the bilayer unit cell n, the planar
coordinate in each layer r = (x, y), the sublattice label
a = A,B and the orbital index α, β. The unit vectors
ei,j = (ri − rj)/|ri − rj | account for the directionality
of the hopping integrals. We recall that this setup can
represent a px,y system just like a dxz,yz one since both
transform in the same way under C4. Without loss of
generality, we limit our treatment to nearest neighbor
(ta1 , t′1) and next-nearest neighbor hopping (ta2 , t′2).

FIG. 1. (Color online) (a) Orbital Hall conductivity com-
puted for the 4-band model. We compute both intra-atomic
(ACA - black) and total contributions (red). (b) Intra-atomic
OHE projected on sublattices A (red) and B (green). These
projections are equal and opposite in the gap, leading to a
vanishing overall intra-atomic OHE. The parameters are set
to ta1 = −tb1 = 1, ta2 = −tb2 = 0.5, t′1 = 2.5, t′2 = 0.5, tz = 2.
The inset displays the unit cell.

In Fig. 1, we show both intra-atomic and total OHE
conductivities σzxy computed using Eq. (1) as a func-
tion of the energy. We find that in the gap vicinity [grey
shaded region in Fig. 1(a)], the intra-atomic OHE van-
ishes (black line), whereas the total OHE is finite (red
line) but not quantized. In other words, the OHE is of
purely inter-atomic origin in spite of the non-vanishing
atomic OAM character of the bands. Remarkably, when
projected on each sublattice the intra-atomic OHE is
quantized and staggered [red and green lines in Fig.
1(b)]. In other words, Fu’s model does not realize a quan-
tum orbital Hall insulator, but rather a quantum ’stag-
gered’ orbital Hall insulator. The finite total OHE shown
in Fig. 1(a) is attributed to Berry curvature peaks ap-
pearing at certain points in the Brillouin zone, as shown

in the Supplemental Material [27]. Another important
feature is that whereas inter-atomic OHE dominates in
the gap, intra-atomic OHE increases away from the gap,
which suggests that intra-atomic and inter-atomic OHE
might be distinguishable in certain multiband systems.

Realistic material simulations - We now turn to the
simulation of OHE in real materials. We start by con-
sidering well-known semiconductors that display strong
orbital hybridization in their band structure. As paradig-
matic narrow-gap semiconductors, we select the three-
dimensional topological crystalline insulator SnTe [30],
and its topologically trivial parent compound, PbTe,
both of which possess large p orbitals hybridization near
the gap located at the L points in the Brillouin zone.
As an example of a large-gap semiconductor, we chose
MoS2-2H monolayer. In fact, MoS2 and transition metal
dichalcogenide siblings possess two valleys at K and K’
points in the Brillouin zone and support valley Hall ef-
fect [31], related to intra-atomic OHE [32–34]. We per-
form density functional theory (DFT) simulations [35, 36]
using the Perdew-Burke-Ernzerhof exchange-correlation
functional [37, 38]. We achieved the geometry optimiza-
tion with the plane-wave basis as implemented in the
Vienna Ab-initio Simulation Package (VASP) [39, 40].
For SnTe and PbTe, we used a 400 eV cutoff for the
plane-wave expansion along with a force criterion < 5
µeV/Å with a 15 × 15 × 15 k-points sampling of the
Brillouin zone. The ionic potentials were described us-
ing the projector augmented-wave (PAW) method [41].
For MoS2-2H monolayer, we used a 350 eV cutoff with
15×15×1 Monkhorst pack for the k-grid. Taking a 15Å
vacuum to avoid interaction with mirror images, the
structure was relaxed such that the forces satisfied the
criterion < 10 µeV/Å.

In all three cases, the Hamiltonian matrix was obtained
by Wannier interpolation as implemented in the Wan-
nier90 package [42]. For SnTe and PbTe, we have used
the s and p orbitals which are responsible for the elec-
tronic properties of this material around the L high sym-
metry point [43, 44], whereas for MoS2-2H monolayer we
have used a basis considering the transition metal d or-
bitals along with the chalcogen p orbitals. Finally, in
each case we have symmetrized the real space Hamilto-
nian by imposing lattice symmetry constrains [45]. The
bands structures are displayed in [27].

The intra-atomic and total OHE conductivities are re-
ported in Fig. 2 for (a) MoS2 monolayer, as well as for
(b) SnTe and PbTe. In MoS2, since each valley is asso-
ciated with an OAM of opposite sign, one should expect
that the valley Hall effect is accompanied by an OHE, as
pointed out recently [32–34]. In fact, in agreement with
these studies, we obtain a finite value of the intra-atomic
OHE in the gap for MoS2 [black line in Fig. 2(a)] coincid-
ing with the value of the total OHE (red line), leaving a
negligible inter-atomic contribution. This finite, but not
quantized, value of the intra-atomic OHE in the gap re-
veals that the edge states lack robustness when disorder
is included [46].
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FIG. 2. (Color online) (a) Intra-atomic (ACA - black) and
total (red) OHE for MoS2-2H monolayer. The inset displays
the unit cell and the grey shaded region indicates the gap.
ACA is valid in the vicinity of gap but fails away from it.
(b) Intra-atomic (ACA - solid lines) and total (dashed lines)
OHE for SnTe (black) and PbTe (red). The inset displays the
unit cell and the grey shaded region indicates the gap. The
failure of ACA suggests that the OHE possesses a dominant
inter-atomic contribution.

The narrow-gap semiconductors, SnTe and PbTe, offer
a strikingly different picture as shown in Fig. 2(b). SnTe
has an inverted gap of ∼ 0.15 eV and the active region
near the gap is mostly composed of p orbitals. The same
is true for PbTe although with a narrower gap (∼ 0.08
eV) and no band inversion. We find that the total OHE
(dashed lines) is much larger than the intra-atomic OHE,
indicating that nonlocal contributions are crucial in both
materials. In the case of SnTe, the intra-atomic OHE
vanishes in the gap, whereas for PbTe, it is finite but
small. We notice that the magnitude of the inter-atomic
OHE scales inversely with the gap: it decreases from
PbTe to SnTe and vanishes in MoS2, which reflects the
progressive increase of the localization of the Wannier
states in the gap region [see Eq. (5)].

In the systems discussed so far, we have considered
semiconductors whose band structure in the vicinity of
the gap is reasonably modelled by a few bands only. We
now move on to transition metals that display no gap
and involve a large number of bands close to Fermi level.
In Fig. 3, we show the intra-atomic and total OHE for
two representative metallic materials with large [Pt, Fig.
3(a)] and weak spin-orbit coupling [V, Fig. 3(b)]. The
values obtained for the intra-atomic OHE (black lines)
are in good agreement with Ref. [13], but exceed by a
large margin the total OHE (red lines). We remind that
the total OHE is highly sensitive to the relative band
alignment [see Eq. (5)], which can lead to an overall
cancellation of the total OHE in metals. The fact that
inter-atomic and intra-atomic OHE contributions are of
comparable magnitude in transition metals is surprising
considering that the equilibrium orbital magnetization
of bulk magnetic transition metals (Ni, Co and Fe) is
mostly intra-atomic [10]. This is another illustration of

FIG. 3. (Color online) Intra-atomic (ACA - black) and total
OHE (red) for bulk Pt (a) and bulk V (b), without (dashed
line) and with (solid line) spin-orbit coupling. The total OHE
is systematically smaller than the one estimated within ACA,
pointing out the importance of inter-atomic contribution in
transition metals. In addition, whereas spin-orbit coupling
as a minor influence on the intra-atomic contribution (black),
the total OHE (red) being more sensitive to band alignment,
it is dramatically impacted by turning on spin-orbit coupling.

the fact that nonequilibrium OHE is much more sensi-
tive to band structure details than equilibrium orbital
magnetization. Finally, let us comment on the impact of
spin-orbit coupling on the OHE. As reported on Fig. 3,
the intra-atomic OHE (black lines) is only weakly influ-
enced by spin-orbit coupling whereas the total OHE (red
lines) is again much more sensitive. As a result, great
care should be taken when computing the OHE in bulk
transition metals [13, 17, 18]. The high sensitivity of the
total OHE to band structure peculiarities might result in
dramatic modifications upon interfacial tuning and elec-
trical gating, opening routes to OHE engineering.

Discussion - The present study shows that the con-
ventional ACA used to compute the equilibrium orbital
magnetization [10] in transition metals is not appropri-
ate when considering the OHE and should be replaced
by the modern theory. In semiconductors, our results
suggest that in the vicinity of that gap, the inter-atomic
OHE reduces when increasing the band gap, qualitatively
associated with the enhanced localization of the wave
function. Conversely, in narrow-gap semiconductors the
wave function becomes less localized close to the gap re-
sulting in an enhanced inter-atomic OHE. We emphasize
that the intra-atomic OHE is ubiquitous, except in spe-
cific cases where it is quenched by symmetry (gapped
graphene [23] or Fu’s model [29]). These results con-
firm that two-dimensional transition metals stand out as
promising candidates for orbital current generation.

The obvious failure of the ACA in transition metals
demonstrated above contrasts with previous theoretical
studies [13, 17, 18] and raises a number of questions, es-
pecially considering the importance of these materials for
experiments. First, since light transition metals (V, Cr,
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Cu and their oxides) are considered as promising sources
of OAM [7, 20–22], determining how much of this OAM
is of intra- or inter-atomic origin is crucial for the realiza-
tion of long-range orbital transport. The high sensitivity
of OHE to band structure details and spin-orbit coupling
calls for careful ab initio computations beyond the ACA.

Second, an important question that needs to be ad-
dressed is the distinct role of intra-atomic and inter-
atomic contributions in orbital torque, pumping and
magnetoresistance [19–22]. As a matter of fact, these
effects are all mediated by the spin-orbit coupling, which
in most crystals reduces to the atomic Russel-Saunders
coupling, ∼ ξsoS · L. Because the potential gradient re-
sponsible for the spin-orbit coupling is largest close to the
nucleus, one can expect that the orbital torque, pumping
and magnetoresistance mostly involve the intra-atomic
OAM. Although this statement needs to be confirmed by
precise theoretical calculations, it would mean that pre-
vious estimates of intra-atomic OHE [13, 17, 18] could

be used as guidelines for experimental design. This is an
important question that, together with the distinct ro-
bustness against disorder of intra- and inter-atomic OHE,
requires further experimental and theoretical investiga-
tions.
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