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2 systems driven by the quantum metric
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We show that in rotationally invariant spin-3/2 systems, the orbital Hall effect originates from interband
matrix elements of the orbital magnetic moment. The resulting Hall response is governed by the quantum metric,
rather than by the Berry curvature, revealing a purely geometric transport mechanism. Conventional intraband
contributions associated with the orbital magnetic moment and Berry curvature are shown to vanish identically
in the doubly degenerate two-band structure of the Luttinger model. These results identify the quantum metric
as the key geometric quantity controlling orbital Hall transport in degenerate spin-3/2 systems.
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Introduction. The intrinsic orbital magnetic moment
(OMM) of Bloch electrons is a central quantity governing
orbital-related nonequilibrium phenomena. Within a semi-
classical picture, it is interpreted as the self-rotation of an
electronic wave packet about its center of mass [1–3]. Of
particular importance are the orbital magnetization [4–10] and
the flow of this orbital moment in the presence of external
driving fields which gives rise to orbitally polarized currents
[11–27].

Within semiclassical theory, the OMM is inherently a
band-diagonal quantity, i.e., it possesses only intraband ma-
trix elements. Such intraband contributions have been shown
to generate an orbital Hall response in a variety of systems
[28–31]. In two-band models, the OMM can be expressed
directly in terms of the Berry curvature; however, no such
direct relation exists in multiband systems. As a consequence,
the OMM may remain finite even in situations where the
Berry curvature vanishes, reflecting the fact that it generally
involves interband contributions beyond those captured by the
Berry curvature alone. Moreover, in multiband systems, the
Berry curvature may change sign between states of opposite
helicity, while the OMM retains the same sign, indicating that
the two quantities encode distinct aspects of band geometry.
Such behavior has been reported, for example, in systems
hosting multifold fermions [32], where the Berry curvature
of the m = 0 band of an SU(3) state vanishes but the OMM is
still finite.

This picture applies to nondegenerate bands or to systems
with isolated degeneracy points in the Brillouin zone. When
bands are degenerate at every momentum, however, both the
geometric structure and the transport theory change qualita-
tively and quantitatively. In this case, the intrinsic geometric
properties of the band structure acquire a fundamentally
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matrix character that can be identified with a non-Abelian
structure [33] and which profoundly modifies the structure
of transport theory, particularly the role played by the semi-
classical intraband OMM. Such a situation generically arises
in three-dimensional systems with time-reversal symmetry �

and inversion symmetry I [34]. A paradigmatic realization is
provided by rotationally invariant spin-3/2 systems described
by the Luttinger Hamiltonian [35–37], which constitute the
focus of the present work.

A direct consequence of the combined presence of time-
reversal � and inversion I symmetries is the complete
suppression of the Berry curvature at each k point in the
Brillouin zone [2]. This occurs because, within a degenerate
band, physical eigenstates are arbitrary superpositions of or-
thogonal basis states spanning the degenerate manifold. As
a result, a unique physical state cannot be specified by a
single eigenvector and must instead be described by a density
matrix, reflecting the freedom to form coherent superpositions
within the degenerate subspace. Although a matrix-valued
Berry curvature can be formally defined within the degenerate
manifold, the physically observable Berry curvature relevant
for transport is obtained as the trace over the degenerate
subspace and, owing to the presence of states with opposite
helicity, vanishes identically.

A closely related structure emerges for the OMM in degen-
erate bands. Although a matrix-valued OMM is well defined,
its physically relevant intraband component is given by the
trace over the degenerate subspace and is therefore directly
tied to the Berry curvature in the present two-band Luttinger
model. In systems with two pairs of degenerate bands due
to combined inversion and time-reversal symmetry, this trace
vanishes identically, implying that the semiclassical OMM
contribution to the orbital dynamics is strictly zero. Remark-
ably, however, the interband components of the OMM survive
and generate an orbital Hall response whose geometric struc-
ture has so far remained relatively unexplored and which
constitutes the only intrinsic contribution that persists in fully
degenerate bands. Importantly, this response is not controlled
by the Berry curvature—which vanishes—but by the quantum
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metric, namely, the symmetric part of the quantum geometric
tensor [38–41]. This contribution has no semiclassical coun-
terpart and is intrinsically quantum mechanical.

In this work, we investigate the orbital magnetic mo-
ment generated in the Luttinger Hamiltonian and elucidate
its structure, microscopic origin, and consequences for orbital
transport. Our strategy is to exploit the internal rotational
symmetry of an underlying nondegenerate, time-reversal–
symmetric manifold as an auxiliary tool to access the
more intricate degenerate spectrum protected by both time-
reversal and inversion symmetries. As we explicitly show,
the geometric structures of the two descriptions are closely
connected, which allows for a fully analytical treatment
of the orbital response in rotationally invariant spin-3/2
systems.

Theoretical framework. We consider the spherical Lut-
tinger model described by the Hamiltonian [37]

H = h̄2

2m0

[(
γ1 + 5

2
γ2

)
k2 − 2γ2(k · S)2

]
, (1)

where m0 is the electron mass, γ1,2 are material-dependent
parameters, and S denotes the four-dimensional representation
of the SU(2) algebra, satisfying the commutation relations
[Si, S j] = iεi jl Sl .

To elucidate the band structure of Eq. (1) and its un-
derlying intrinsic geometry, it is useful to first consider
the linear operator HL = k · S. Its eigenstates are simulta-
neously eigenstates of the quadratic operator HQ = (k · S)2,
with eigenvalues εL

m,k = m|k| and ε
Q
m,k = m2|k|2, respectively,

where m = ±3/2,±1/2. As a consequence, the quadratic
Hamiltonian depends only on m2 and does not distinguish
the helicity ĥ0 = k̂ · S. This leads to a twofold degeneracy at
each k point of the quadratic spectrum, reflecting the under-
lying helicity symmetry of the Luttinger Hamiltonian. This
twofold degeneracy has direct and nontrivial consequences
for orbital-moment-related responses. Because the quadratic
Hamiltonian describes a degenerate band manifold at each k
point, the OMM must be treated as a matrix-valued operator
acting within the degenerate subspace. As a result, the conven-
tional semiclassical description based solely on band-diagonal
(intraband) contributions breaks down, and interband matrix
elements become essential for capturing the intrinsic orbital
response.

To proceed with the calculation of the OMM, it is con-
venient to first analyze the linear Hamiltonian, HL = k · S.
Although the physical spectrum of the Luttinger model is
governed by the quadratic operator HQ = (k · S)2, the two
Hamiltonians share closely related quantum-geometric struc-
tures. The linear Hamiltonian HL preserves time-reversal
symmetry but breaks inversion symmetry, lifting the helicity
degeneracy and allowing the OMM to be computed within a
nondegenerate framework. Our strategy is to exploit this sim-
plification: we first solve the problem associated with HL and
subsequently reconstruct from it the full band geometry of the
degenerate operator HQ. This approach provides a technically
simpler and physically transparent route to the evaluation of
the OMM, while retaining all the information required to
describe the degenerate problem.

The eigenstates of the linear Hamiltonian HL = k · S are
labeled by the band index m and momentum k, and satisfy
HL|um,k〉 = εL

m,k|um,k〉. For later convenience, we distinguish
states with positive and negative band index by introducing
the notation |u↑

m,k〉 and |u↓
m,k〉, corresponding to +m and −m,

respectively. As will be shown below, these states naturally
combine into degenerate doublets when the quadratic Hamil-
tonian is considered. The OMM of the degenerate bands can
then be expressed entirely in terms of matrix elements evalu-
ated within the linear problem.

Intraband OMM of the linear Hamiltonian. The orbital an-
gular momentum is classically defined as L = r × v. Already
at the classical level, this definition involves a subtlety: the
orbital angular momentum depends on the choice of reference
frame since the position vector r is defined relative to an
arbitrary origin (see Fig. 1). Within the semiclassical theory
of transport, a frame-invariant physical definition is obtained
by choosing the center of mass of the wave packet as the
reference point, leading to L = (r − r0) × v, where r0 fixes
the origin of the coordinate system [42]. This classical ambi-
guity foreshadows the geometric nature of orbital magnetism
in quantum systems.

In quantum mechanics, the OMM operator is defined
as [43]

M̂ = − e

4
(r̂ × v̂ − v̂ × r̂). (2)

Its matrix elements in the Bloch eigenstate basis coincide
with the semiclassical expression [42] provided the intra-
band Berry connection is set to describe the center of the
wave packet. This choice corresponds to the parallel-transport
gauge [44], which we adopt throughout. Within this frame-
work, the intrinsic OMM associated with a nondegenerate
Bloch band m takes the well-known form [43],

M(L)mm
l = − e

2h̄
εli jIm

∑
n �=m

(εm,k − εn,k)A(L)mn
i A(L)nm

j , (3)

where A(L)mn
i = i〈um,k|∂ki |un,k〉 denotes the Berry connection

related to the linear Hamiltonian HL. Exploiting the rota-
tional symmetry of the system, we choose the quantization
axis along the helicity direction ĥ0 = k/|k|. This is achieved
by the rotation operator R(θ, φ) = e−iφSz e−iθSy , where φ =
tan−1(ky/kx ) and θ = cos−1(kz/|k|). Accordingly, the Bloch
states can be written as |um,k〉 = R(θ, φ) |m〉, where |m〉 are
eigenstates of Sz. Using this representation, the Berry con-
nection acquires the compact form A(L)

i = ai · S with ai =
(− sin θ ∂kiφ, ∂kiθ, cos θ ∂kiφ), which follows directly from
A(L) = iR†(θ, φ)∇kR(θ, φ). Since the Berry connection is
proportional to the spin operators, the structure of the or-
bital magnetic moment is entirely dictated by the underlying
SU(2) algebra. As a result, only transitions between adjacent
angular-momentum sectors, 	m = ±1, contribute to the sum
over intermediate states in Eq. (3). This selection rule fol-
lows from rotational symmetry and can be understood as a
direct consequence of the Wigner-Eckart theorem since A(L)

transforms as a rank-1 tensor [45]. In Fig. 1, we illustrate
the corresponding allowed transitions of the underlying linear
spectrum.
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FIG. 1. (a) The classical orbital angular momentum depends on the choice of reference frame. While L = r × v is origin dependent, the
combination L = (r − r0 ) × v is defined with respect to the center of the wave packet, as employed in the semiclassical description of the
orbital magnetic moment. (b) Schematic dispersion relations of the four-dimensional SU(2) model for the linear and quadratic Hamiltonians.
The upper panel illustrates the allowed and forbidden interband transitions associated with the Berry connection, highlighting the nonvanishing
matrix elements of the vector Berry connection AL = iR†(θ, φ)∇kR(θ, φ). The lower panel shows the quadratic spectrum, whose eigenstates
are linear combinations of the underlying linear-SU(2) states with opposite helicity. (c) The net intraband orbital magnetization vanishes in
each band as a direct consequence of the geometry associated with the twofold-degenerate spectrum. The heavy-hole band corresponds to
|m| = 3/2 and is formed by the degenerate manifold {|u↑

3/2〉, |u↓
3/2〉}, whereas the light-hole band corresponds to |m| = 1/2 and is formed

by the manifold {|u↑
1/2〉, |u↓

1/2〉}. The cancellation follows from the exact compensation between opposite-helicity contributions within each
degenerate subspace. This illustrates why no intraband orbital Hall response can arise in the degenerate quadratic spectrum.

Accordingly, the orbital magnetic moment can be decom-
posed as M(L)mm

l = M(L)mm
l,+ + M(L)mm

l,− , with

M(L)mm
l,± = − e

2h̄
εli j

(
εm

k − εm±1
k

)
Im

(
A(L)m,m±1

i A(L)m±1,m
j

)
.

(4)

To explicitly evaluate the matrix elements of the Berry
connection, it is convenient to express the spin operators in
terms of ladder operators, S± = Sx ± iSy. After straightfor-
ward algebra, we obtain [45]

M(L)mm
l,± = − e

8h̄
εli j ĥ · (∂iĥ × ∂ j ĥ) B±(S, m), (5)

with

B±(S, m) = ∓(
εm

k − εm±1
k

)
[S(S + 1) − m(m ± 1)], (6)

where S = 3/2 is the total angular momentum. Here, M(L)mm
l

denotes the OMM associated with the linear Hamiltonian HL,
which has a nondegenerate spectrum. For S = 1/2, it is in
agreement with Refs. [4,5].

Intraband OMM of the quadratic Hamiltonian. Due to
the twofold degeneracy of the quadratic Hamiltonian HQ, its
eigenstates are not uniquely defined and can be expressed as
arbitrary linear combinations within the degenerate subspace
(see Fig. 1). A general eigenstate can therefore be written
as |φm,k〉 = ∑

α=↑,↓ Cα |uα
m,k〉, where {|u↑

m,k〉, |u↓
m,k〉} form an

orthonormal basis of the degenerate subspace and the co-
efficients satisfy normalization condition |C↑|2 + |C↓|2 = 1.
The notation ↑,↓ is just to reflect the two-dimensional struc-
ture of each degenerate manifold. Hence, it is equivalent to
{|u3/2〉, |u−3/2〉} or {|u1/2〉, |u−1/2〉}. For the quadratic Hamil-
tonian, we reserve m to be m = 3/2 or m = 1/2.

The Berry connection associated with the degenerate band
is defined as

A(Q)mn
i = i〈φm,k|∂ki |φn,k〉, (7)

which can be written in compact form as A(Q)mn
i = C†

mAmn
i Cn,

where Cm = (C↑,C↓)T and the Berry connection matrix reads

Amn
i =

(
i〈u↑

m,k|∂ki |u↑
n,k〉 i〈u↑

m,k|∂ki |u↓
n,k〉

i〈u↓
m,k|∂ki |u↑

n,k〉 i〈u↓
m,k|∂ki |u↓

n,k〉

)
. (8)

Note that the scalar A(Q)mn
i is defined with |φn,k〉 while the

matrix-valued Amn
i is defined with the states in the helicity

basis. The product of two Berry connections then reads

A(Q)mn
i A(Q)nm

j = tr
(
�mAmn

i �nAnm
j

)
, (9)

where, for each degenerate manifold, we introduce the pure-
state density matrix �s ≡ CsC†

s , which encodes the internal
polarization within the degenerate subspace. Any pure in-
ternal polarization within a degenerate manifold can be
represented by

�s
ζ = 1

2 (Is + ζ n̂s · σ ), ζ = ±1, (10)

where Is denotes the 2 × 2 identity matrix acting within the
degenerate subspace s, σ is the vector of Pauli matrices and
n̂ a unit vector on the Bloch sphere. Here, ζ = ±1 labels
the two orthogonal internal polarizations of the degener-
ate manifold. Since the quadratic Hamiltonian possesses a
twofold degeneracy, its eigenstates are not uniquely defined.
In the absence of a symmetry-breaking perturbation, there
is no preferred internal polarization within the degenerate
subspace. In the present work, we represent each degen-
erate manifold by the basis-independent maximally mixed
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density matrix �s
ζ = 1

2 Is, which provides a basis-independent
description of the degenerate band. This choice removes
the arbitrariness associated with the internal gauge of the
degenerate subspace, while preserving all gauge-invariant
observables.

The intraband OMM of the degenerate spectrum is de-
fined using the scalar Berry connections of the quadratic
Hamiltonian as

M(Q)mm
l = − e

2h̄
εli j Im

∑
n �=m

(
ε

(Q)
mk − ε

(Q)
nk

)(
A(Q)mn

i A(Q)nm
j

)
.

(11)

We are now in a position to relate the band-diagonal
OMM of the quadratic Hamiltonian to that of the underlying
linear Hamiltonian HL, and to elucidate how the intrinsic
symmetries of the system suppress the intraband orbital re-
sponse. To this end, we recall the definition of the Berry
curvature, 
mm

i j = −2Im
∑

n �=m Amn
i Anm

j , which, for the lin-

ear Hamiltonian, takes the simple form 
mm
i j = −m ĥ · (∂iĥ ×

∂ j ĥ) [45,46]. Since the eigenvalues of the quadratic Hamilto-
nian depend on m2, its twofold-degenerate bands are formed
by superpositions of states with opposite helicities. Using the
same definition of the Berry curvature but in terms of the
scalar Berry connections of the quadratic Hamiltonian as



(Q)mm
i j = −2Im

∑
n �=m

A(Q)mn
i A(Q)nm

j , (12)

it follows that 

(Q)mm
i j = 0, namely, for the quadratic Luttinger

Hamiltonian considered here, the Berry curvature constructed
from the scalar Berry connections of the degenerate eigen-
states vanishes identically. Mathematically, this result follows
because the trace in Eq. (9) combines the contributions from
the two opposite-helicity states forming each degenerate man-
ifold. As shown previously for the linear Hamiltonian HL,
these two helicity sectors carry Berry curvatures of equal mag-
nitude and opposite sign, which cancel exactly after taking the
trace.

Returning to Eq. (11), we note that for the Luttinger
Hamiltonian considered here, the intraband OMM has exactly
the same mathematical structure as that of a nondegenerate
two-band model. Once the index m is identified with either
the heavy-hole (HH) or light-hole (LH) degenerate manifold,
there exists only a single interband transition, namely, HH ↔
LH. Consequently, the summation over n �= m contains only
one term, and Eq. (11) reduces directly to the definition of
the Berry curvature given by Eq. (12). Since 


(Q)mm
i j = 0, the

intraband OMM also vanishes identically. We emphasize that
this simplification is specific to the doubly degenerate two-
band structure of the Luttinger Hamiltonian. In a multiband
system containing more than two degenerate manifolds, the
summation over n �= m involves additional interband transi-
tions and the OMM can no longer be reduced solely to the
Berry curvature. Therefore, the vanishing of the intraband
OMM demonstrated here should not be regarded as a general
consequence of I� symmetry, but rather as a consequence of
the particular band structure of the Luttinger model.

We conclude this section by emphasizing the relation
between the linear and quadratic Hamiltonians and its impli-

cations for the geometric description. Since HQ = H2
L , both

Hamiltonians share the same eigenstates and the eigenbasis
of HL provides a natural and convenient gauge choice within
the degenerate subspace of HQ. In the quadratic Hamiltonian,
the energy depends on m2, such that states with m and −m
become degenerate. This allows one to reorganize the basis
into two-dimensional subspaces, introducing an internal index
↑,↓ to label the two orthogonal states within each degenerate
manifold. We stress that this choice corresponds to a gauge
fixing and that the physical quantities considered in this work,
being expressed in terms of traces or ensemble-averaged com-
binations, are invariant under local U(2) rotations within the
degenerate subspace.

Interband OMM and orbital Hall effect. As established
above, the conventional intraband (band-diagonal) contri-
bution to the intrinsic OMM vanishes identically for the
Luttinger Hamiltonian. This result has an important physical
consequence. Since the orbital Hall response cannot originate
from the diagonal orbital magnetic moment, any finite orbital
transport must necessarily arise from the remaining matrix
elements of the OMM operator. In fact, recent studies have
emphasized that the complete orbital magnetic moment is fun-
damentally a matrix-valued operator and that its off-diagonal
matrix elements play an essential role in describing nonequi-
librium orbital transport phenomena such as the orbital Hall
effect [47]. Motivated by this observation, we now investi-
gate the interband OMM coupling the degenerate heavy-hole
(HH) and light-hole (LH) manifolds. Unlike the intraband
contribution, these interband matrix elements remain finite
and constitute the physically relevant contribution responsible
for the intrinsic orbital Hall response in the present model.

The corresponding matrix-valued interband contribution
follows from Eq. (2) and reads [47]

Mmm′
γ = − e

4
εγ jl

(
vmm

k,l + vm′m′
k,l

)
A(Q)mm′

k, j . (13)

The orbital Hall effect is evaluated within linear response
theory. Following Ref. [28], the orbital current operator is
defined as J γ

α = − h̄
2gLμB

{Mγ , vα}, where μB is the Bohr
magneton, gL is the Landé g factor, and vα is the velocity
operator. Using the formalism developed in Refs. [48,49], we
obtain the orbital Hall response,

σ
γ ,Hall
α,β = e2

8
εγμν

h̄

gLμB

∑
k

(∂μĥ · ∂β ĥ)Cν,α (k), (14)

with

Cν,α (k) =
∑

m,m′(m �=m′ )

(
vmm

k,α + vm′m′
k,α

)(
vmm

k,ν + vm′m′
k,ν

)
εmk − εm′k

× [S(S + 1) − m2]nFD(εmk), (15)

and S = 3/2. Equation (14) reveals that the orbital Hall re-
sponse is entirely governed by the geometry of the degenerate
bands. The factor ∂μĥ · ∂β ĥ corresponds to the quantum met-
ric of the underlying SU(2) texture, i.e., the real part of the
quantum geometric tensor, which measures the distance be-
tween neighboring quantum states in momentum space [40].
In Fig. 2, we show the profile of the relevant components
on the plane. More precisely, the standard quantum metric is
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FIG. 2. The quantum metric is determined by the derivatives of
the texture ĥ, namely, gμβ ∝ ∂μĥ · ∂β ĥ. The components relevant
for the present calculation are gxx and gyx , whose momentum-space
distributions are shown as contour plots. While gyx averages to zero
due to its parity, it yields a finite contribution to the orbital Hall
response when combined with the factor Cν,α , which compensates
its symmetry.

proportional to ∂μĥ · ∂β ĥ. For the present spin-3/2 representa-
tion, the proportionality factor is 1/4, although this prefactor
is not universal and generally depends on the total angular
momentum and the magnetic quantum number, as shown in
Refs. [45,46]. Accordingly, this numerical factor is absorbed
into the overall prefactor of the orbital Hall conductivity.

The resulting Hall response is therefore of purely geomet-
ric origin and persists even in the absence of Berry-curvature
contributions. After straightforward algebra, we obtain the
explicit analytical expression

σ z,Hall
yx = e

2π

1

6π
(γ3/2 + γ1/2)2 1√

2h̄

×
(

3
√

mHH − 7
√

mLH

γ3/2 − γ1/2

)√
εF , (16)

where γm = [(γ1 + 5
2γ2) − 2γ2m2] with m = 3/2 or 1/2 for

HH or LH, respectively. Also, mHH = m0/γ3/2 and similarly
for mLH . The magnitude of the response is controlled by the
separation between heavy- and light-hole bands, encoded in
(γ3/2 − γ1/2)−1, highlighting its interband origin. The scaling
σ z,Hall

yx ∝ √
εF implies linear growth with the Fermi momen-

tum. Since the present work addresses the intrinsic clean-limit
contribution, the quantum-metric-driven orbital Hall response
is expected to survive weak disorder. A quantitative analy-
sis of disorder-induced corrections, however, lies beyond the
scope of the present work. In contrast to conventional orbital
Hall effects driven by Berry curvature, the present response
controlled by the quantum metric probes a complementary
sector of quantum geometry, so far relatively overlooked.

In Table I, we provide explicit estimates of the orbital
Hall conductivity for four representative semiconductors, us-
ing material parameters taken from the literature [50]. The
resulting magnitudes are comparable (or even larger) to intrin-
sic orbital Hall conductivities obtained from first-principles
calculations in transition metals [51–54], of the same order
as the orbital/spin Hall conductivities reported in semicon-
ductors [55–57], and comparable to experimental results on
metallic heterostructure [58] and in Ge [59].

The sign of the orbital Hall response is governed by the
subtle geometric interplay between heavy-hole and light-
hole contributions. In particular, the factor ( 3

√
mHH −7

√
mLH

γ3/2−γ1/2
),

TABLE I. Estimated orbital Hall conductivity for representative
Luttinger semiconductors with εF = 10 meV. The effective masses
are expressed relative to the free-electron mass m0. The orbital Hall
conductivity is written in units of (h̄/e)(
 m)−1. The spherical ap-
proximation is more accurate when γ2 ≈ γ3, hence Ge, GaAs, and
InSb are good candidates to explore the phenomena.

Material γ1 γ2 γ3 mHH/m0 mLH/m0 σ z,Hall
yx

Si 4.29 0.34 1.45 0.401 0.164 1.013 × 104

Ge 13.38 4.24 5.69 0.289 0.0469 −0.313 × 104

GaAs 6.85 2.10 2.90 0.526 0.084 −0.147 × 104

InSb 37.17 16.50 17.79 0.471 0.0141 −3.986 × 104

together with the material-dependent renormalization of the
effective masses, naturally accounts for the variation of the
sign among different compounds. Remarkably, the theory pre-
dicts the largest orbital Hall conductivity for InSb, where the
isotropic approximation is more accurate.

While the spherical approximation employed here is quan-
titatively most accurate for materials such as InSb and Ge,
and less precise for others, it captures the essential symmetry
and geometric structure of the valence bands in a broad class
of cubic semiconductors. It therefore provides a minimal and
analytically tractable framework for revealing the intrinsic,
geometry-driven mechanisms underlying orbital transport.

In realistic semiconductors, the spherical approxima-
tion may be relaxed by crystal-field anisotropies or other
symmetry-preserving corrections that modify the helicity
structure of the valence bands while preserving the combined
I� symmetry. In such cases, the twofold degeneracy remains
protected and the quantum-metric-driven mechanism dis-
cussed here continues to provide the intrinsic geometric con-
tribution to the orbital Hall response, although its quantitative
value may be modified. By contrast, perturbations that break
the protecting symmetries, such as inversion or time-reversal
symmetry, lift the degeneracy and may generate additional
contributions associated with a finite Berry curvature. The
present theory therefore describes the ideal I�-symmetric
degenerate limit and identifies the geometric mechanism that
survives whenever this symmetry protection is maintained.

Interestingly, the same spherical Luttinger Hamiltonian
has recently been employed to study orbital relaxation and
multipolar dynamics in t2g systems [60]. While that work
addresses nonequilibrium relaxation in the presence of dis-
order, our results demonstrate that already in the clean limit,
the intrinsic orbital Hall response is governed by the off-
diagonal matrix structure of the orbital magnetic moment. Our
results complement these recent developments by showing
the fundamentally matrix-valued nature of orbital dynamics
in crystalline solids.

Conclusion. We have shown that in rotationally invariant
spin-3/2 systems, the orbital Hall response arises entirely
from interband processes mediated by the OMM. Remarkably,
this response is governed by the quantum metric of the bands
rather than by the Berry curvature, which vanishes identically
in the bulk. This intrinsic mechanism is expected to survive
weak disorder and depends solely on the symmetry and band
structure of the system, making it broadly applicable to multi-
band materials with spin-orbit coupling.
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Our results suggest a possible route toward disentangling
bulk and surface contributions in semiconductor materials. In
particular, it is conceivable that Berry-curvature-driven mech-
anisms dominate nondegenerate surface states, whereas the
quantum-metric contribution identified here governs the bulk
response in the ideal degenerate limit. More generally, our
work identifies the off-diagonal orbital magnetic moment as
the fundamental microscopic origin of intrinsic orbital Hall
transport in degenerate spin-3/2 systems.
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