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Optical control of spin in semiconductors has been pioneered using nanostructures of III-V and
II-VI semiconductors, but the emergence of two-dimensional van der Waals materials offers an al-
ternative low-dimensional platform for spintronic phenomena. Indium selenide (InSe), a group-111
monochalcogenide van der Waals material, has shown promise for opto-electronics due to its high
electron mobility, tunable direct bandgap, and quantum transport. In addition to these confirmed
properties, there are predictions of spin-dependent optical selection rules suggesting potential for
all-optical excitation and control of spin in a two-dimensional layered material. Despite these pre-
dictions, layer-dependent optical spin phenomena in InSe have yet to be explored. Here, we present
measurements of layer-dependent optical spin dynamics in few-layer and bulk InSe. Polarized photo-
luminescence reveals layer-dependent optical orientation of spin, thereby demonstrating the optical
selection rules in few-layer InSe. Spin dynamics are also studied in many-layer InSe using time-
resolved Kerr rotation spectroscopy. By applying out-of-plane and in-plane static magnetic fields
for polarized emission measurements and Kerr measurements, respectively, the g-factor for InSe was
extracted. Further investigations are done by calculating precession values using a k-p model, which
is supported by ab-initio density functional theory. Comparison of predicted precession rates with
experimental measurements highlights the importance of excitonic effects in InSe for understanding
spin dynamics. Optical orientation of spin is an important prerequisite for opto-spintronic phenom-
ena and devices, and these first demonstrations of layer-dependent optical excitation of spins in
InSe lay the foundation for combining layer-dependent spin properties with advantageous electronic

properties found in this material.

I. INTRODUCTION

The growing demand for rapid computation and high-
density storage has driven the search for dynamic and fast
control over spin in solid-state materials. Traditional ma-
nipulation of spin with static magnets can be slow, but
all-optical spin orientation and manipulation, enabled by
polarization-dependent optical selection rules in a mate-
rial, offer opportunities for high-speed, non-invasive, and
magnet-free control over spin information [1]. To this
end, a key ingredient of spin injection is optically-induced
spin orientation (OISO), which has been exploited in ITI-
V and II-VI semiconductors for spintronic applications
such as spin transport [2], spin memory [3], and spin co-
herence [4]. More recently, optical orientation and con-
trol of spin have been explored in atomically-thin ma-
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terials. These systems bring new possibilities such as
layer-by-layer engineering in two-dimensional (2D) het-
erostructures. This approach has implications for spin
physics, allowing the paring of materials with compli-
mentary physical properties such as large spin-orbit cou-
pling for valley-spin manipulation (WSe3) and high con-
ductance for electronics (graphene) [5]. In particular,
a large proximity effect in WSes/Graphene heterostruc-
tures has been demonstrated, presenting unique control
over valley-spin dynamics [6]. Group-VT transition metal
dichalcogenides (TMDs) are the canonical examples of
2D materials with non-trivial optical and spin proper-
ties, with valley pseudospin reproducing many optical
features of spin materials. For example, valley-polarized
excitons and carriers can be optically initialized using po-
larized light, mimicking the selection rules required for
OISO [7-9]. Despite this analogy, TMDs are not as opti-
mal for electronic or spin device applications as many tra-
ditional semiconductors. Mobilities in TMDs are orders



of magnitude smaller [10] than traditional semiconductor
spin-based devices [11], and spin-valley locking can im-
pede free pseudospin manipulation by requiring unwieldy
magnetic fields [12, 13].

Other 2D semiconductors can present more favorable
electronic and spin properties while preserving the ben-
efits of layered materials. Group-IIT monochalcogenides,
such as GaSe and InSe, have dersiable electronic and
magnetic properties that can persist in very thin lay-
ers [14-17]. This broader class of materials offers a fresh
platform for optical spin-based devices that combines
layer-by-layer engineering with the ability to orient and
freely manipulate a spin using polarized light that has
long been exploited in traditional semiconductors.

Due to several noteworthy optoelectronic properties,
InSe has gained significant attention over the last few
years. In a few-layer InSe device at low temperature,
the electron mobility can reach above 10* cm?/(Vs) and
the quantum Hall effect can be observed [18]. Like
TMDs, InSe has a layer-dependent band gap and rel-
atively tightly bound (~ 10 meV) optically excitable
and emissive excitonic states near the band edge [17-
20]. Unlike TMDs, the InSe direct band gap is near the
I point [18, 21, 22], avoiding spin-valley locking caused
by spin and off-center momentum correlations [23]. InSe
is also predicted to have spin-dependent optical selection
rules at these transition points for both the monolayer
and multilayers [21, 22]. This combination of proper-
ties suggests that InSe possesses the potential for 2D
engineering of layered heterostructures while offering a
distinct electronic and spin landscape that differs from
TMDs. Even though seminal demonstrations of optical
spin phenomena have been reported in GaSe [24, 25], di-
rect experimental evidence of these optical spin phenom-
ena in InSe, which has more favorable electronic proper-
ties than GaSe such as higher electron mobility and bet-
ter on/off ratios for photodetection [26, 27], is currently
lacking.

Here, we present layer-sensitive OISO and spin dynam-
ics in few and many-layered InSe. Polarized photolumi-
nescence (PL) reveals both OISO and a layer-dependent
emission polarization. Optical orientation and Zeeman
splitting contributions to polarization can be identified
separately in polarized PL. Although polarized PL is not
observable in thicker InSe, time-resolved Kerr rotation
(TRKR) reveals OISO persists in many-layer InSe. Spin
precession in a magnetic field of optically oriented spin
polarization is observed in thick InSe. Both polarized PL
and TRKR reveal an effective magnetic moment less than
expected for a free electron spin, yet consistent with the
optically relevant spin phenomena originating from the
strongly bound excitons in InSe [19, 20]. These results
provide new insights to the spin properties of InSe and
further establish the potential for layer-dependent ori-
entation and manipulation of spin in InSe, opening the
door for combining layer-sensitive spin properties with
enticing electronic properties of 2D materials.

II. OPTICALLY-INDUCED SPIN
ORIENTATION IN INSE

In semiconductors, optical spin selection rules couple
polarization of absorbed light with carrier spin polariza-
tion. For group-III monochalcogenide layered semicon-
ductors, GaSe has been the primary case study for these
optical selection rules in both theory [14, 28] and exper-
iment [24, 25]. The related layered semiconductor, InSe,
has a similar band structure to GaSe and has also been
predicted to have spin selection rules [21, 22]. Because it
has more favorable electronic properties than GaSe, such
as a field effect mobility that is four orders of magnitude
larger [26], understanding the optical spin properties of
carriers in InSe takes on practical significance for poten-
tial spintronics applications.

In InSe, the spin of excited carriers are coupled to
circularly-polarized light absorbed at energies near the
band-edge (illustrated in Fig. 1la). This interaction be-
tween spin and light in InSe arises from the symmetry
characteristics of the electronic band structure and their
mixing [22]. In the simplest model, near the I' point of
few-layer InSe, the band-edge carrier wavefunctions are
nominally a s-symmetry conduction band and p, orbital
top valence band, suggesting no significant coupling to
spin. Orbitals with p, and p, symmetry, which would
couple with circularly-polarized optical fields, contribute
to lower-energy valence bands. However, atomic spin-
orbit coupling (SOC) disturbs this simple model by caus-
ing hybridization of the valence bands, thereby allowing
spin-polarized optical transitions, by free carriers, from
circularly-polarized light near the band gap energy [22].
This simple picture of free carrier optical transitions is
complicated by the strongly bound excitons in InSe. Typ-
ical excitonic binding energies of ~ 10 meV [19, 20] mean
that at both room and cryogenic temperatures, optical
phenomena are dictated by coupled dynamics of both
electron and hole. Although the free carrier model high-
lights the main optical features of InSe, the excitonic ef-
fects should not be ignored when studying optical spin
dynamics.

The transition selection rules contributing to band-
edge excitons [30, 31] suggests that spin polarization of
InSe [22] can be observed from exciton photolumines-
cence (PL) emitted when excited by circularly polarized
light. Opposite circular polarizations couple to band-
edge excitons composed of the appropriately polarized
electron and hole spin states, characterized by the exci-
ton spin vector (Fig. 1la). When excited by circularly-
polarized light, the degree of circular polarization (P) of
the emitted exciton PL is a readout of the exciton spin
population during the emission process. This expected
optically-induced spin polarization is observed in band-
edge excitonic PL at low temperature from 4-layer (4L)
InSe prepared by mechanical exfoliation (Fig. 1b). The
circular polarization-resolved PL shows that a oy (o_)
excitation beam generates o (o_) PL polarization even
in the absence of a magnetic field, whereas a o, (linear



S Ci1/2

4
o, o
pZ ...\Vil/z
p £32
b) X,y r VI
T=17K il 4Ll [T=17K
? B=0 ,V"f \l B
é i V‘.«
8 _—6+ ,!’v‘ \
= o. 4 O Pump i
- . \ |
A ,rﬂ"/” (“
4 s 16 14 Ls 16
Energy (eV) Energy (eV)
c
) B=0 B>0 B=0

T—— oo™V fosamim))

Y

o, o. o, o. o, O.
[} [ Oj/’
No Pol Zeeman OISO

FIG. 1. a) Illustration of a monolayer InSe crystal (left) and
monolayer InSe band diagram (right). Monolayer and few-
layer InSe has been predicted to have polarization dependent
optical selection rules for band carriers and optical coupling
to bound excitons due to strong binding energies. b) Detec-
tion of polarization-resolved PL for 4L InSe for a linear (left)
and circularly-polarized (right) pump. The sharp peaks are
from the tail of the pump laser centered at 1.67 V. ¢) Illustra-
tions of several mechanisms underlying polarization-sensitive
PL detection of spin-sensitive optical relaxation for different
pump polarization and energy level configurations.

polarization) excitation results in unpolarized emission.

To illustrate the possible mechanisms of the observed
PL polarization, three PL detection scenarios are com-
pared in Fig. 1c. With linearly polarized excitation and
no applied magnetic field, the spin-labeled excitonic lev-
els are degenerate with no population imbalance, so no
net polarization is detected (No Pol). With an applied
magnetic field, linearly polarized excitation leads to po-
larized emission due to thermal relaxation to exciton lev-
els split by the Zeeman effect (Zeeman). In the absence
of an applied magnetic field, a circularly polarized pump
will lead to spin-polarized exciton population imbalance
resulting in net emission polarization (OISO). The Zee-
man and OISO scenarios are distinct mechanisms both
leading to PL polarization. Because of the absence of an

applied magnetic field, in the right image of Fig. 1b, the
results are due to the OISO response, originating strictly
from the polarization-dependent exciton selection rules
in InSe.

Note that the circular polarization spectrum is energy
dependent, with a reduced polarization in the low-energy
tail (Fig. 1b). This feature could originate from scat-
tering in the valence band, which has a caldera shape
with an energy width commensurate with the energy of
the tails. Additional discussion of this phenomenon is in
Supplemental Material [32] (see, also, references [33, 34]
therein).

To explore the layer dependence of OISO in InSe, po-
larized PL measurements were conducted on exfoliated
n-type InSe flakes of different thicknesses. For samples
greater than 2L, polytype can be a relevant characteristic
of the system, as interesting properties can result from
different stacking orders in InSe [14, 15, 35, 36]. How-
ever, identifying the polytype of a sample can be chal-
lenging and often requires multiple experimental tech-
niques [37-43]. See Supplemental Material for more de-
tails on characterizing InSe polytype [32]. Few-layer (3L -
6L) and multilayer (< 20L) were encapsulated in hexag-
onal boron nitride (hBN) using standard layer transfer
processes [44, 45] in order to protect these samples from
degrading while in ambient conditions. The thickest sam-
ple (> 200L) was not encapsulated because bulk InSe
does not degrade rapidly in air. To account for the layer-
dependent band gap [18, 21, 22], a tunable CW laser was
used to pump near resonance for each InSe thickness. Ex-
citation energies were less than 200 meV from resonance.
Since the valence band spacing in few-layer InSe is on
the order of ~ 1 eV for layers greater than 2L [18, 21], in
these measurements, the tunable laser allows excitation
of just the lowest-energy exciton level. By increasing the
pump laser energy more than 200 meV away from res-
onance of the lowest-energy exciton, the spin-polarized
emission decreases for few-layer InSe (see Supplemental
Material [32]). This may be due to increased scattering
of hot spin carriers [46].

PL energies for different InSe thickness is plotted in
the inset of Fig. 2b. Polarized PL measurements were
conducted in a magneto-optical helium-exchange cryo-
stat. Further experimental setup details can be found in
Supplemental Material [32].

The polarization, P, of the PL is calculated as percent
polarization of the full spectrum, (Iy — I_)/(I+ + I_).
I, (_) is the intensity integrated over the polarized emis-
sion spectrum of interest. For different incident polariza-
tion on few-layer InSe, P is measured at different mag-
netic fields (Fig. 2a). All three excitation polarizations
show a linear trend in P with magnetic field B. The slope
of each of these polarization trends are similar. These
trends can be explained as arising from the relaxation
and thermal equilibration in the Zeeman-split spin levels
(Fig. 1c). The linear trends for the two circular polar-
izations have offsets of the same magnitude (~16%) and
opposite sign, demonstrating the expected effect of OISO.
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FIG. 2. a) P vs B (magnetic field) for 3L InSe. The linear trend for all excitations occurs due to Zeeman splitting whereas the
offset of o (_y from o,, is due to OISO. Fitting these trends using Boltzmann statistics, we extract an effective g-factor. b)
The average P vs layer number. A qualitative fit is used to account for the Dresselhaus effect which gives a dependence of spin
lifetime with layer number. The Dresselhaus term strictly holds for N > 4L [29]. The inset directly relates peak of excitonic

PL emission energy to thickness.

The B response for o, excitation is caused only by the
Zeeman effect, while the o and o_ response is the result
of both OISO and the Zeeman effect.

Since the linear trend is independent from OISO and
is measured by the o, excitation, it can be subtracted
from the polarized excitation data. The remaining P for
both o4 and o_ are averaged and compared for samples
with different layer numbers to isolate the dependence on
thickness (Fig. 2b). The polarization from OISO is large
for thin InSe (< 5L) but decreases precipitously with
more layers, indicating that optical spin polarization is a
highly layer dependent phenomenon in InSe.

The origin of the layer-dependent polarization can be
understood from the spin and recombination dynamics
in InSe. Emission polarization is highly dependent on re-
combination and spin dynamics, parameterized in a sim-
ple rate model as:

P

p— 1o 1
14 7./7s (1)

where Py is the degree of circular polarization at the time
of excitation and 7, and 7, are the recombination and
spin lifetimes, respectively [1]. Calculations show that
absorption of in-plane circularly polarized light does not
change significantly with thickness in InSe [21, 22]. Thus,
assuming Py is constant with thickness, our observations
suggest that the ratio 7. /75 increases with layer number.
This dependence impacts the ability to observe OISO in
multilayers using polarized PL and it is a central compo-
nent of the discussion of optical spin phenomena later in
this manuscript.

The magnitude of the effective out-of-plane g-factor,
(lg% |) can be estimated from the linear trend in P caused
by the Zeeman splitting. Assuming that excited carriers
thermally relax before emission, a magnetic field-induced
spin splitting will lead to a thermal spin imbalance that
manifests in net polarization (Fig. 1c). The net emission
polarization is a measure of the net spin polarization,
which comes from Boltzmann statistics as:

1Blgi|B

P = tanh [ ey }, (2)
where p g is the Bohr magneton and T is temperature. At
low magnetic fields, P is linear with magnetic field, with
slope related to the g-factor. For 3L InSe, |g%| ~ 0.2.
The Supplemental Material contains extracted values for
other thicknesses [32] . All values sit between 0.08 and
0.24. For the parameters of the experiment, this model
(Eq. 2) is in the linear regime of magnetic field. Stronger
evidence of this Zeeman model would be provided by
higher magnetic fields not accessible with the existing
instrumentation.

The g-factor of monochalcogenides has been treated in
prior studies. Li and Appelbaum theoretically predict
that |g% | < 2 for nearly-free electrons in GaSe [14]. Ban-
durin et al. estimate a g-factor for n-type InSe using
transport measurements, putting the effective g-factor
closer to 2, the expected value for a free electron [18].
These results are not directly comparable to g-factors
extracted from OISO because optical processes in InSe
are dominated by excitons with large binding energies
(~ 10 meV) [19, 20] and long emissive lifetimes (~ 1
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FIG. 3. A cartoon of the TRKR method and TRKR data are shown for bulk InSe in a) and b) respectively. Kerr signal (6k)
was maximized for a probe photon energy of 1.30 eV. The spin lifetime in bulk InSe was extracted to be ~ 25 ps. A comparison
of wavelength dependent Ok (at 3 ps) to PL for different temperatures is shown in ¢).

ns) [19]. Many experiments explicitly consider excitons
when studying optical properties of InSe [18-20, 47, 48],
however, theoretical literature that explicitly deals with
roles excitonic states play in optical spin properties in
InSe is lacking.

III. SPIN DYNAMICS IN MANY-LAYER INSE

Because of the rapid decrease in PL polarization with
layer number, thick InSe, including bulk crystals, do not
show evidence of OISO in emission. Yet, this does not
rule out the existence of OISO in thick InSe. If the life-
time ratio in Eq. 1 increases with layer number, as would
be expected if spin lifetimes decrease, then emission po-
larization is suppressed even with robust OISO during ex-
citation. This implies that polarized PL is not a sensitive
probe for detecting OISO for thicker InSe. Time-resolved
studies show that spin polarization in GaSe persists in
nanoslabs with thicknesses greater than 100 nm [24].
Therefore, we use time-resolved Kerr rotation (TRKR)
to detect spin polarization in many-layer InSe.

TRKR is an ultrafast pump-probe technique widely
used to study spin properties in III-V semiconduc-
tors [49-52] and TMDs [23, 53-56] because of its sensitiv-
ity to spin polarization. A circularly polarized pulse op-
tically pumps a non-equilibrium spin imbalance. As the
spin population relaxes to equilibrium, a linearly polar-
ized probe pulse, with a time delay relative to the pump,
monitors the relaxation through the Kerr rotation angle
fx of its linear polarization axis.

We used a one-color pump-probe scheme in the near
infrared (1.26 eV - 1.36 eV) with a ratio of pump to
probe power of 10:1 (~ 7 uJ/cm? for pump fluence). The
InSe sample was placed in a closed-cycle magneto-optical
cryostat designed for free space optics. Due to spot size
limitations, experiments are done on InSe with thickness
> 500 nm to achieve a sample flake size of about 60 pum x
60 pm. The Supplemental Material contains additional

TRKR experimental details [32] .

TRKR is observed in thick InSe with 6k vs Time Delay
for the three pump helicities (Fig. 3). Kerr signals with
similar magnitude and opposite rotation are observed for
the o4 and o_ pump, indicating opposite polarity of spin
population as expected. For a linear pump, a symmetric
spin population is produced and there is no signal. Kerr
rotation spectral features of InSe coincide roughly with
excitonic absorption [19, 20], although the peak TRKR
signal differs from the absorption or emission energy.
Comparing the TRKR spectrum at time delay ~ 3 ps
to the PL emission spectra reveals a good correlation be-
tween energies across temperatures (Fig. 3c), supporting
that TRKR originates from band-edge excitons.

Applying a transverse magnetic field to the optically-
excited spin population leads to spin precession. As the
field increases, oscillations within short lifetimes (~ 25
ps) appear in the TRKR signal (Fig. 4a), evident most
clearly at high fields (high oscillation frequencies). At the
experimentally accessible fields, only a few oscillations
can be observed in the relaxation lifetime. Therefore,
the spin precession is analyzed using a phenomenologi-
cal model of an exponentially decaying cosine function,
Ok o< et/ cos [(2m f)t], where f is the Larmor frequency
and 75 is the spin lifetime. |g% | is extracted from the fre-
quency field dependence, f = “igB , where pup is the
Bohr magneton and B is the applied magnetic field.

A fit to f vs B yields an effective g-factor, |g% | = 0.23 £
0.02 (Fig. 4b). This g-factor is similar to that obtained
from the Zeeman model for polarized PL in thin InSe.
TRKR measurements are performed on bulk InSe across
a wide temperature range (Fig. 4c). At each tempera-
ture, the photon energy was set to maximize the Kerr
signal. Below T = 150 K, |g% | is essentially unchanged.
Higher temperatures are not explored because of reduced
signal-to-noise.




—0T
2T
— 4T
—6T
0 o 100 150 200
Time Delay (ps)
b) c)
20 eri-om00m $] 026
N 7 -
T ] S |5 022
S % =T {—
=~ 1 e 0.18-
0- — T T T T 1 _l""l""l"'l
0 2 4 6 0 50 100 150
B(T) Temperature (K)

FIG. 4. a) Kerr rotation for thick InSe in a perpendicular
magnetic field, revealing oscillations of the excitonic spin ori-
entation. Inset shows a schematic of the circular pump exci-
tation causing the precession of exciton spin in the presence
on in-plane magnetic field b) The Larmor spin frequency at
T =10 K is linear with magnetic field B. c) The effective g-
factor does not change significantly for temperatures between
4 K and 150 K.

IV. DISCUSSION

These results reveal direct evidence of OISO in both
few-layer and bulk InSe. Although the conclusion of opti-
cal spin orientation is well supported, the measurements
reveal two key observations about InSe OISO dynamics in
need of explanation: (1) the persistence of OISO in bulk
for short timescales in TRKR, even though steady state
polarized PL shows P approaching zero for thicknesses
greater than 5L, and (2) the g-factor of ~ 0.2, which is
relatively consistent across thickness regimes, yet much
smaller than expected value for highly mobile electrons
in InSe [18].

To address the first issue, we consider the expected im-
pact of layer number on OISO in InSe. Although there
are predictions of OISO in monochalcogenides such as
GaSe [14, 28] and InSe [21, 22], prior experimental ob-
servations of OISO are only in bulk GaSe [24, 25]. The
results here in few-layer and many-layer InSe present a
much broader exploration of this phenomenon. The band
structure of InSe is highly layer-dependent. The primary
band gap changes non-linearly with layer number, but
the shape of the conduction and valence bands allow

for optical transitions near the I' point for any thick-
ness [21, 33]. For monolayer InSe, the valence band is
shaped like a caldera, with maxima not far from the I
point. For thicker layers, the valence band is relatively
flat. The conduction band, on the other hand, remains
similar in shape for different thicknesses [21, 33]. The ab-
sorption strength for in-plane circularly polarized light is
not expected to depend significantly on thickness [22],
suggesting similar optical spin pumping efficiency inde-
pendent of thickness. These predictions suggest that
band shape and strength of polarization selection rules
for optical transitions play little role in determining layer-
dependent polarization of emission. Therefore, we look
towards relaxation mechanisms as the key to understand-
ing the layer-dependence.

Prior work has considered spin relaxation mechanisms
in group-1IT monochalcogenides [14, 15, 24, 29, 57]. SOC
can exist in these materials for noncentrosymmetric poly-
types [14, 15] (Dresselhaus effect) or when breaking
mirror-plane symmetry with an induced electric field
(Rashba effect) for thicknesses greater than a mono-
layer [14, 29]. Both types of symmetry-dependent SOC
affect the D’yakonov-Perel (DP) spin relaxation [14, 15,
29]. Although it is not strongly dependent on SOC, the
Elliot-Yafet (EY) spin relaxation can also play a major
role in monochalcogenide spin dynamics [14, 24]. Exper-
iments on GaSe suggest that at low temperatures, DP
relaxation dominates in thin samples [57], while EY re-
laxation has been argued to dominate in thicker sam-
ples [24]. Overall, these results imply that spin relax-
ation in monochalcogenides is sensitive to thickness. In
contrast, experiments have shown that the recombina-
tion lifetime of election-hole pairs is on the order of ~1
ns and relatively insensitive to layer number [19, 24].

These trends can be roughly confirmed in our InSe
samples. For thicknesses > 500 nm, ultrafast pump-
probe experiments provides an estimate of 7. ~ 1 ns
from the time-resolved reflectance using cross-polarized
linear beams (see Supplemental Material [32]). TRKR
suggests 75 ~ 25 ps. Thus, 73 < 7, would make OISO
unobservable for thick samples in polarized PL measure-
ments. Unfortunately, due to constraints with the time-
resolved apparatus, we cannot measure both 7,. and 75
independently for thin layers for comparison.

Assuming the DP mechanism dominates relaxation for
thin samples and knowing that the momentum correla-
tion time for an electron (7,) is less than 1 ps based on
mobility measurements [18], the spin relaxation is in the
motional narrowing regime [58]. This implies that 1/7, =
Q27,, where () is the effective SOC precession frequency,
a property of the band structure. This can be written
as () = akp where « is the strength of the effective field
originating from SOC and kp is the Fermi momentum. «
is layer dependent and depends on the underlying SOC
mechanisms, with a(N) « ap(N) [29]. Here, ap is the
SOC strength for Dresselhaus effect and NV is the num-
ber of layers. The functional form of ap can be written



as [29]:

N _ X

ap(N) ~ aoo (1 (N + 2.84)2> 3)
where o, and x are constants that account for bulk prop-
erties. The first describes the SOC at the conduction
band edge and the second represents the SOC having
nonlinear dependence. The relationship of this parame-
ter with spin lifetimes is 1/75(N) ~ Aa%(N), where A
is a constant. Inserting this parameterization into Eq. 1
gives a simple model relating emission polarization P to
layer number N. Since ay and x are previously de-
termined for InSe [29], and 7, is estimated from time-
resolved data, the only undetermined parameters in this
model are the proportionality constants Py and A. A
more detailed discussion of the SOC model from Ref. 29
and the layer-dependent model for P is in Supplemental
Material [32].

The layer-dependent OISO data is fit to this model us-
ing Py and A as the only free fit parameters (Fig. 2b).
Although this simple formulation is not quantitatively ac-
curate, the model captures the swiftly decreasing trend
of P with layer number. The main physics encoded in
this model is that 1/75 increases with thickness, which
matches the trends in the experimental data and expec-
tations for 7, from literature [29]. This model, however,
neglects spin-spin scattering. Although predictions ex-
pect this effect to be negligible [15], experimental work
suggests otherwise [24]. Thus, the EY mechanism likely
needs to be included in a full model of layer dependent
spin relaxation in group-III monochalcogenides. Even
so, the current simple model suggested here captures the
experimental trends and provides some insight into the
detailed mechanisms of the OISO observed in polarized
PL.

The second key observation from the OISO and spin
dynamics data is the value of g ~ 0.2. Although both
polarized PL. and TRKR are required to explore the full
range of InSe thicknesses, both methods reveal similar
g-factors. This measurement is distinct from the value
expected for free electrons in InSe. As explained pre-
viously, prior observations estimate g ~ 2 for group III
monochalcogenides [14, 18]. Currently in the literature,
measurements and predictions of g-factor have looked
solely at electron carriers. Because of the strong excitonic
binding, the full explanation for the observed g-factor of
optically excited spin polarization and its insensitivity to
layer number must incorporate excitonic effects.

A recent fully-parameterized theoretical framework de-
veloped to model InSe optical transitions [22] can be
adapted to model the g-factor in InSe multilayers. As
explained in Ref. 22, a k - p perturbation theory Hamil-
tonian for monolayer InSe can be constructed from the
basis of atomic orbitals, with off-diagonal couplings orig-
inating from momentum matrix elements and SOC. This
layer Hamiltonian can then be “stacked using a hopping
model to give a multilayer Hamiltonian. From the zone-
center band solutions of this Hamiltonian and appro-

priate momentum matrix elements, the orbital g-factor
can be calculated separately for conduction and valence
bands [59, 60]. Using these values, the effective out-of-
plane g-factor is calculated using g7, =2+ gé’f\'f . Where
the first term is the g-factor for a free electron (hole) and
the second term represents the orbital g-factor for the
conduction band or valence band. Li and Appelbaum
calculate |go™| = 0.3 for monolayer GaSe [14]. Our band
model gives |ggrb] ~ (.5 for monolayer InSe, which is of a
similar magnitude. Thickness dependence for the magni-
tude of g7 , can be seen in Fig. 5. Only the magnitude is
considered for calculated g-factors since our experiments
cannot determine the sign.
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FIG. 5. Calculated magnitude of out-of-plane g-factors for
electrons (gr), holes (gv), and excitons (ggy) using a few-
layer band model adapted from Ref. 22. The dashed lines are
guides to the eye.

This framework provides a reasonable basis to model
excitonic g-factors in InSe. The exciton g-factor (g, )
can be obtained as gf, = g5 g5. For layers between 3L
to 14L, the magnitude of the effective exciton g-factor
sits between 0 and 0.5 (Fig. 5). These values obtained
from this basic k- p multilayer parameterization are close
to the those from experiment with very little layer depen-
dence, and they are distinct from the free carrier expec-
tation [14, 18].

The k - p model is best thought of as a toy model
to formulate basic expectations rather than a rigorously
accurate calculation since excitonic effects, layer effects,
and details of real materials are not accounted for in ex-
tensive depth. To provide additional and independent
support for the results of this toy model, we have com-
puted the exciton g-factor for monolayer and bilayer InSe
using ab-initio Density Functional Theory (DFT) meth-
ods that have been recently applied to estimate g-factors
in TMDs [61-64]. For a bilayer structure, we considered
AB stacking (Fig. 6b, bottom) as a previous DFT study
showed that the AB stacking mode is more favorable than
the AA stacking mode [65]. The g-factor for band n at
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FIG. 6. PBE band structures for a) a monolayer and b) AB
stacked bilayer InSe. Top and side view of a) monolayer and
b) AB stacking bilayer InSe can seen at the bottom of the
figure. Purple and green spheres represent In and Se atoms,
respectively.

wave vector k can be estimated by [61, 66]
gn(k) = gosn + 2Ln(k) (4)

where go, s, and L, (k) represent the free electron Landé
factor gy ~ 2, spin projection, and orbital angular mo-
mentum, respectively. The z-component of the orbital
angular momentum can be written as [67, 68|

L) = 252 5™ Tale2) (6 ) Bk — ). )
m#n

Here, Enp and &,,,,(k) = i{unk|0/0k|umk) indicate the
eigenvalue of band n at wave vector k and the interband
matrix of the coordinate operator, respectively; g is
the periodic part of the Bloch wavefunction which can
be obtained numerically in DFT scheme. The DFT cal-
culations were performed within the density functional
approximation using the Generalized Gradient Approxi-
mation exchange-correlation functional with the Perdew-
Burke-Ernzerhof (PBE) parametrization [69] as imple-
mented in the Quantum Espresso package [70]. The DFT
calculations were done with a plane-wave basis set with

TABLE I. PBE band gap and exciton g-factor for a monolayer
and bilayer InSe

band gap (eV) 19|
Direct Indirect|T' =T M' =T M - M K - K
Monolayer| 2.0 1.9 1.3 2.7 1.6 0.2
Bilayer 1.5 1.4 0.1 0.9 0.0 0.3

a 400 Ry kinetic energy cut-off for the energy-consistent
norm-conserving Burkatzki, Filippi, and Dolg (BFD)
pseudopotentials [71, 72] for In and Se, and 10 x 10 x 1
k grids used for both mono- and bilayer InSe. In or-
der to incorporate van der Waals interlayer interactions
within the DFT framework, the dispersion of Grimme
(DFT-D3) [73] is applied for bilayer InSe. Using DFT-
D3, the equilibrium interlayer distance of AB-stacked bi-
layer InSe is estimated to be 3.2 A.

Figure 6 shows the calculated band structure of lay-
ered InSe. We see that valence band maximum (VBM)
is located between the I' and M high symmetry points,
but only ~ 0.1 eV energy difference is shown between in-
direct and direct gaps at the I' point both for monolayer
and bilayer structures. Computed band gaps and exci-
ton g-factors are summarized in Tab. I. In this study, we
consider three high symmetry points (T', K, and M), and
denote by M’ the location of the VBM.

For I' — T, the |g},| for monolayer and bilayer are
1.3 and 0.1, respectively. Comparing these to values cal-
culated from the toy model, 1.6 and 0.4, it can be seen
that these results are on the same order of magnitude for
respective layers. Even more important, as layer num-
ber goes from 1L to 2L, there is a significant decrease in
the effective excitonic g-factor that is reflected in both
theoretical methods. The similar trend with g-factors
directly extracted from DFT gives credence to our first
method and offers further confirmation of our observa-
tions of excitonic g-factors in InSe. Due to limitations
of experimental apparatus (wavelengths, spot size, etc.),
we can not experimentally investigate monolayer and bi-
layer, therefore direct experimental comparison to DFT
calculations are left for future studies.

Overall, this analysis confirms that the experiments are
probing InSe exciton spin precession, consistent with ex-
pectations. Being based on a carrier band model, neither
the toy k - p model nor the ab-initio DFT methods ex-
plicitly incorporate exciton effects in the band structure.
It is likely that a more extensive theoretical framework
is needed to better understand the quantitative spin dy-
namics of excitons in InSe, as deeper valence bands are
also predicted to have polarized selection rules [22]. The
experimental results presented here suggest that such an
excitonic spin dynamics theory is needed, but the present
toy model and DFT calculations do provide convincing
support for our interpretation of the data.



V. CONCLUSION

In this report, we have shown direct experimental ob-
servations of OISO and spin precession in InSe. The spin
selection rules predicted for few-layer InSe are confirmed
and shown to persist in bulk materials. The observed
emission polarization from OISO is layer dependent and
vanishes for thicknesses > 5L, originating from layer-
dependent spin relaxation. A Zeeman model and phe-
nomenological spin precession model were used to extract
lg% | < 0.24 for various thickness of InSe. This spin pre-
cession rate differs from the free carrier rate and likely
originates from the excitonic nature of optical transitions
in InSe, which are neglected in common InSe band models
of optical transitions. These results mark the first foray
into exploring optical spin dynamics and optical spin ori-
entation in layered InSe, helping determine its viability
as a layer-sensitive 2D platform for spin-based devices.
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