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Optically induced orbital polarization in bulk Ge and GaAs

F. Scali®, M. Finazzi®, F. Bottegoni ®, and C. Zucchetti
Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy

® (Received 21 November 2025; accepted 7 April 2026; published 14 May 2026)

Optical orientation enables the injection of spin-polarized electron and hole populations in III-V and group-IV
semiconductors. In particular, absorption of circularly polarized light near the direct gap generates spin-oriented
electrons in the conduction band with polarization up to 50%, while hole polarization, opposite to that of
electrons, can reach 83%. In recent years, increasing attention has focused on the orbital angular momentum,
as charge-to-orbital conversion in semiconductors has been shown to be significantly more efficient than
charge-to-spin. This has opened possibilities for exerting torques on ferromagnets in a semiconductive platform
and is motivating research on the generation of carrier populations with net orbital angular momentum. In
this framework, here, we exploit a “full-zone” k - p model to theoretically investigate the injection of orbital
angular momentum in bulk Ge and GaAs by means of the absorption of circularly polarized photons. We show
that the orbital polarization of holes considerably exceeds 100% for photon energies close to the direct gap
of the semiconductors. These results offer a route for generating high orbital polarizations and suggest that
semiconductors are a convenient platform for future development of orbitronic and opto-orbitronic devices.
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I. INTRODUCTION

In the past decades, extensive efforts have focused on de-
veloping logic devices that exploit the spin degree of freedom
to boost the performances of Si-based electronics [1] and add
functionalities to the common digital devices. In this context,
spin-transfer torque and spin-orbit torque magnetic random
access memories represent a great success for spintronics,
offering faster write/read speeds and lower power consump-
tion compared with their charge-based counterpart [2]. These
advances rely on the interplay between spin transport and the
spin-charge interconversion properties of metals with large
spin-orbit coupling, as Pt. At variance with storage devices,
spin manipulation remains an elusive task: although electrical
control of spin has been demonstrated in ferromagnet/normal-
metal systems [3], the short spin lifetime of carriers still
hinders the realization of all-electrical spin switch architec-
tures.

Orbitronics, pioneered in 2005 [4], has recently emerged as
a promising alternative [5—10]. Unlike spintronics, it exploits
the orbital angular momentum of electrons or holes as the
state variable. The generation, detection, and manipulation of
orbital currents are therefore key objectives. To this aim, one
can leverage the orbital-Hall effect (OHE) [9,11,12], the orbi-
tronic counterpart of the spin-Hall effect (SHE) [13], in which
a charge current generates transverse flow of orbital angular
momentum. Significant OHE efficiencies have been reported
in light metals Ti [6] and Cr [14], and in semiconductors like
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Ge [9] and Si [4,15]. These orbital currents can exert torques
on ferromagnets, after orbit-to-spin conversion, bridging
semiconductor technology and magnetism—previously lim-
ited by the low efficiency of SHE in semiconductors.

Within this framework, identifying efficient alternatives to
generate orbital carriers is of great interest, and an attractive
possibility is to exploit optical properties of semiconductors.
Circularly polarized (CP) light, carrying spin angular momen-
tum, is well known to induce net spin-polarized electron and
hole populations in semiconductors [16,17], a process widely
used for both fundamental and device-oriented studies [18].
Similarly, non-Gaussian beams designed in an optical vortex
fashion carry a net orbital angular momentum [19] and have
been proposed to generate spin and orbital currents through
the photon-drag mechanism [19-22]. While this approach is
conceptually appealing, the injected orbital polarization de-
pends on the specific beam profile, and beam shaping/control
can be experimentally demanding. A more accessible ap-
proach would be to exploit conventional CP light to directly
generate orbitally polarized carriers, similarly to the optical
spin orientation process.

In this article, we theoretically investigate the generation
of orbital angular momentum in bulk Ge and GaAs through
the absorption of CP photons, extending the optical orienta-
tion technique [16,17,23]. Using a “full zone” 30-band k - p
model, we compute the bandstructure of the semiconductors
over the entire first Brillouin zone (FBZ) and evaluate the car-
rier and orbital injection rates as function of incident photon
energy. We find that near the direct gap, orbital accumulation
in the conduction band remains below 1%, whereas it is as
large as about 166% in the valence band, reflecting the p-type
character of valence band states. These results demonstrate
that bulk semiconductors naturally support strong orbital
polarization and provide a robust platform for orbitronic ar-
chitectures, capable of generating sizable orbital currents.
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FIG. 1. Band structure of bulk Ge [panel (a)] and GaAs [panel
(b)]. Green shaded area indicates the energy gap; the color at each k
value indicates the contribution of p-type states to the band character.

IL k - p MODEL

We have employed a k - p model including 30 states of s-,
p-, and d- (e,) type orbitals, which has proven effective in
reproducing the band structure of bulk semiconductors across
the full FBZ [24-29]. The eigenvalues, spin-orbit splitting
parameters, and the matrix elements of the linear momentum
have been taken from Ref. [26] for Ge and Ref. [25] for GaAs,
and adapted to room-temperature conditions. The resulting
band structures for Ge and GaAs are shown in Fig. 1, with
the p-type character of the bands indicated by the color scale.
As well known, in both semiconductors the valence band
(VB) is almost fully made by p states, while the minimum
of the conduction band (CB) at I" is made by s-type orbitals.
The minimum at L has a p-type character of ~47% for both
materials.

III. CARRIER INJECTION

Carrier injection rates can be calculated following the
linear response model of Refs. [30,31]. The model consid-
ers the generation of carriers induced by a monochromatic
electric field E(t) = E(w)e ™ + E*(w)e', where w is the
frequency, with fiw > g4, 4. being the direct gap of Ge
(0.80 eV) or GaAs (1.42 eV). Note that the vector E(w) is
complex for elliptically polarized light. The generic compo-
nent of the carrier injection tensor & 2B (@) is given by [30]
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FIG. 2. (a) Total carrier injection tensor element £** as a function
of the incident photon energy for Ge (solid line) and GaAs (dotted
line). To ease the comparison, the value of g4, for each material
has been subtracted from the photon energy. (b) Decomposition of
the total carrier injection rate in contributions from the HH, LH,
and SO bands for Ge (solid line) and GaAs (dotted line). Note that
contribution from SO states has been multiplied by a factor of 50.

where e is the electron charge, o, 8 € {x,y,z} label the
cartesian components along the cubic axes of the crys-
tal, and c(v) denotes the summation over the states of
the CB (VB). The term vf;. represents the matrix element
of the velocity operator 9* along « between bands i and
j at wave vector k: (i, k| 9% |j, K') = vl‘-"j(k)8[k — k'] [31].
Integration of Eq. (1) over the entire FBZ has been per-
formed using the linear tetrahedron method [32], dividing the
irreducible FBZ into &3.2 x 10% elements and accounting
for the 48 symmetry operations of the O; group. In cubic
symmetry, the carrier injection tensor reduces to a sin-
gle real-valued component &% = &Y = §%. The calculated
& is shown in Fig. 2(a) for Ge (solid line) and GaAs
(dotted line), with contributions from heavy hole (HH),
light hole (LH), and split-off (SO) transitions displayed
in Fig. 2(b). The peaks at hiw — g4y =~ 1.35eV (1.65¢eV)
and fiw — g4 ~ 1.55eV (1.85eV) correspond to the I'L
absorption edges of Ge (GaAs), reflecting the large joint
density of states for HH — CB and LH — CB transitions
(see Fig. 1), respectively. The carrier injection rate follows
n= é“ﬁ(w)E;"(w)E,g (w), expressed using the Einstein sum-
mation convention over repeated indices [33]. It is worth
mentioning that from &, the light absorption coefficient can
be obtained as a(w) = & (w) fiw / 2ny ¢ €9) with ny; refractive
index, ¢ speed of light, and €y vacuum permittivity [34].

IV. ORBITAL ANGULAR MOMENTUM INJECTION

The components of the orbital injection pseudotensor ne( h)
can be written as

2P (w ©) =3 P )22/8 ~LE(K) v (k) v), (k)

X (8lwey(K) — 0] + d[wey (K) — @]) (2)

and
h e dk
e () = — E%Z/@L &) v#* (k) v7, (k)
X (8lwey(K) — 0] + d[wep(K) — w]) (3)
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FIG. 3. (a) Electron orbital injection pseudotensor element
7% (w) as a function of the incident photon energy. (b) Decompo-
sition of 72*(w) in contributions from the HH, LH, and SO bands.
(c), (d) Same as panels (a) and (b) but for holes. Results for Ge and
GaAs are indicated with continuous and dotted lines, respectively.

for electrons and holes, respectively. Here, ¢ (v) restricts
the sum to degenerate or quasidegenerate couples of states
for which fhw.z5) < kgT, with the thermal energy set to
kgT = 26 meV in our calculations. This is done to account
for the coherence between states as discussed in Ref. [31].
The term Lj; is the matrix element of the orbital angu-
lar momentum operator L% along o between bands i and
J at wave vector k: (i, k| L |j, k') = L& (k) 3[k — k']. Ow-
ing to cubic symmetry, a unique independent and purely
imaginary component exists: n3); = 7, along with cyclic
permutations of the indices. The matrix elements of L* for
the s, p, and d (e,) orbitals used in the calculation satisfy
(s[L¥]s) = (s|L*|p,d) = (p|L* |d) = 0, while (p| L* |p)
are nonzero and given by

A 0O 0 O

chp) =m0 0 —i}|, (4a)
0O ¢ O
0O 0 1

Lip) =n 0. 0 0], (4b)
—i 0 0
0O —i O

pr) =nli 0 O], (4c)
0O 0 O

with basis states |py), |py), and |p.). Moreover, for |d.)
and |d,>_,2) orbitals, (d |L¥|d ) = 0. The imaginary part of
Mot (@) corresponding to the orbital components of the in-
jection pseudotensor is shown for electrons and holes in
Figs. 3(a) and 3(c), respectively, and panels (b) and (d)
report the individual contributions from HH, LH, and SO
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FIG. 4. Photon energy dependence of the degree of (a) electron
orbital polarization DOP. and (b) hole orbital polarization DOPy,.
Results for Ge and GaAs are indicated with continuous and dotted
lines, respectively.

transitions. Note that the present model has been validated
through calculations of the spin-injection pseudotensor, not
shown here, which are consistent with previous reports [31],
and show excellent agreement with experimental observations
[29,35-37].

The orbital injection rate then reads

L2 (@) = Re[nil) (@) Ej(0)E, ()] (5)

A finite L arises only when two orthogonal field components
are phase shifted, corresponding to elliptical polarization. For
example, for right CP light E(w) = Ep(x + iy)/ /2 the orbital
injection rate result . = NEZEy + n*"EJE\, corresponding
to orbital polarization along z. Using n™ = —n¥* = 5 %, this
reduces to Lﬁ,(h) = Im[nj(‘ﬁ)]Eoz. Similarly, it can be shown
that left CP produces an opposite orbital injection, while linear
polarization yields zero. Thus, for the same optical power,
the orbital injection rate scales linearly with the degree of
circular polarization of the light. Further, in the following,
we do not distinguish the direction of Le(h), since, due to
the cubic symmetry, the orbital polarization aligns with the
propagation of the circularly polarized light with the same
magnitude.

V. DISCUSSION

The degree of orbital polarization (DOP) for electrons
and holes quantifies the fraction of injected carriers with net
orbital polarization. It is defined as DOP.) = Ley /7. For
purely CP light, from previous considerations, this expression
simplifies to DOPeg) = Im[nzgﬁ)(w)]/éxx(a)). The resulting
value of DOP is plotted in Fig. 4 as a function of the incident
photon energy. It is worth mentioning that DOP;, in Fig. 4
exceeds 100% because it is expressed in 7i/2 units in Egs. (2)
and (3). This convention enables direct comparison between
the magnitudes of orbital angular momentum with the spin
one, without changing units.

A simple atomic picture helps interpret the obtained re-
sults. At the I point, the electronic states of Ge and GaAs
can be expressed in terms of atomic s and p orbitals.
Table I lists their total angular momentum quantum num-
bers together with the corresponding spherical harmonics
expansions. Momentum conservation implies that the absorp-
tion of CP photons results in a change of angular momentum
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TABLEI. Total angular momentum quantum numbers and spher-
ical harmonics expansion of the wavefunctions at the I" point.

Band [j, mj) Spherical harmonics expansion

CB 11/2,1/2) A
11/2,=1/2) Y3

LH 13/2,1/2) VIBYHL) + V2B 1)
13/2,=1/2) VIBYTIN) + V2B 1)

HH 13/2,3/2) =Y
13/2,=3/2) YY)

SO 11/2,1/2) V273V = VIBYP M)
11/2,-1/2) V23T = VY L)

Amj = (+)—1 for left (right) circular polarization. For
electrons, however, excitation at fiw = &g, invariably pop-
ulates s-like (I = 0) conduction-band states at I', yielding
DOP. = 0. Even at photon energies above &q5, DOP
remains small because p-like contributions to conduc-
tion states are minor. In contrast, for holes with, e.g.,
left-handed CP light at 7w =e¢&q,, HH (m; =1) and
LH (m; =0, 1) states are involved in optical transitions
(see Table I) with relative intensity 3:1 as known from
the optical orientation technique [17]. Specifically, for
HH states (3/2,3/2|L%|3/2,3/2) = h and for LH states

(3/2,1/2|L*|3/2,1/2) = 1/3 h. Thus, for photon energies
resonant with the direct gap, DOP, = (34 + 1/3 1)/4, leading
to DOP, = 10/6 = 166% in unit of %/2. For higher pho-
ton energies, the increasing weight of m; = 0 states reduces
the DOPy, value, which nonetheless remains above 40% for
photon energies lower than 2.2 eV (3.4 eV) for Ge (GaAs)
[see Fig. 4(b)].

VI. CONCLUSION

In conclusion, we have theoretically demonstrated that
circularly polarized light induces not only spin but also or-
bital accumulation in bulk Ge and GaAs. While the spin
polarization in the conduction band is known to be sig-
nificant, the orbital polarization is <1% due to the s-like
character of the conduction states. Conversely, the valence
band exhibits a remarkably large orbital polarization. These
results suggest that the Ge and GaAs valence band could
be effectively exploited to generate orbital angular mo-
mentum in semiconductors for applications in orbitronic
architectures.
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