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ABSTRACT

We present a comprehensive investigation of the Landé g-factor of the exciton Rydberg series and band-edge electron-hole pairs in

two-dimensional phenethylammonium lead iodide (PEPI) films using magnetic circular dichroism (MCD) spectroscopy. At low
magnetic field (B < 0.5 T), we observe a sizable difference of 15%-20% between the effective g-factors of the 1s exciton and that of
the higher energy Rydberg excitons, which overlap with the interband (IB) electron-hole (e-h) pair transitions at the band-edge
(labeled here as the “2s+” band). At T = 3 K, we obtained g;, = 1.86 + 0.15 and g,,, = 2.33 = 0.15. These results demonstrate that
the exciton g-factor is smaller than the sum of the individual electron and hole band edge g-factors, namely g,..io, < 8. + &, =
g5 - The experimental results are rationalized by theoretical calculations of the g-factors using a multiband effective-mass model
that includes the electron-hole interaction for the different exciton states. It is shown that with the decreasing spatial extent of the
exciton wavefunction, the exciton g-factor also decreases. At B > 10 T, the interband Landau level transition (N = 1) extrapolates
to the bandgap value in PEPI at E, = 2.62 + 0.016 €V, providing further evidence of the formation of Rydberg excitons.

1 | Introduction

Phenethylammonium lead iodide (PEA,Pbl, or PEPI) is a widely
studied two-dimensional (2D) Ruddlesden-Popper hybrid lay-
ered perovskite that possesses a natural multiple-quantum well
structure consisting of alternating inorganic well and organic
barrier layers [1]. The width of the inorganic (Pbls)* layer is
~0.64 nm, and the organic PEA layer is ~1 nm thick [2, 3]. PEPI
crystallizes in the space group, P1,(no. 2) [4] with the stacking
direction along the c-axis (near normal to the layers) (see Figure
Sl.1a). The bandgap of PEPI has been commonly accepted to be
~2.57 eV [2, 5, 6], although a larger value of 2.625 eV was also
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reported [7]. Due to quantum and dielectric confinements, the
excitons in PEPI play a crucial role in shaping its optical and
electronic properties [7-12].

The energy structure of the excitons in various 2D layered hybrid
perovskites, similar in structure to PEPI, has been reported to
have a series of discrete levels following a 2D Wannier exciton
model [13] (inset in Figure 4c). The lowest lying exciton (n = 1),
namely the 1s exciton, is tightly bound and has a binding energy
of a few hundreds of meV [5, 7, 14, 15]. The excitons in higher
states (n > 2), commonly known as Rydberg excitons, are more
loosely bound with a binding energy of up to a few tens of meV
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[13, 14, 16-18]. As a result, the Rydberg excitons have extended
spatial radii compared to those of the 1s exciton [14, 18], and may
be more susceptible to applied perturbations such as an electric
field.

The electron-hole (e-h) exchange interaction, combined with the
crystal field and spin-orbit coupling (SOC), splits the 1s exciton
level into four exciton fine structure (EFS) sub-levels. In PEPI,
the lowest EFS state is the electric-dipole forbidden dark state (D
exciton), followed by the two bright states, X and Y, having in-
plane dipole orientation and capable of coupling to light incident
normal to the layers. The highest EFS state has an out-of-plane
dipole orientation (Z exciton) [19-22]. However, the energetic
order of the Z exciton relative to that of X and Y may differ in
various systems, as the energetic order is parameter dependent
[21, 22].

XRD spectrum shows that the inorganic layers in PEPI are
oriented parallel to the substrate plane, with an average crystal
grain size of a few microns (Figure S1.1). This plane (labeled as
the x-y plane) contains the primitive translation vectors a and b,
with primitive vector ¢ oriented mainly out of plane (z-direction).

Hence, for light propagating along the z-direction (E | 2), the
optical absorption is mainly determined by the in-plane X and Y
excitons [19, 22]. In particular, the X and Y excitons in PEPI have
been shown experimentally to be split by zero-field splitting (ZFS)
energy of ~2 meV [19, 21-24]. The relatively large ZFS could,
in principle, complicate the interpretation of magneto-optical
experiments in PEPI since it surpasses the Zeeman splitting up
to relatively high magnetic fields of order ~10 T [23]. Below, we
analyze in detail the impact of finite ZFS on the magnetic circular
dichroism (MCD) spectrum.

In general, under the application of a magnetic field, the Zeeman
interaction results in splitting of the electronic energy levels
and changes in the oscillator strength of the optical transitions
(see Section S3). The physical parameter that describes the
Zeeman interaction of charge carriers (electrons or holes) with
the magnetic field is the respective Landé g-factor, g, and gj,. Our
present study is focused on g (or g,) measured in the Faraday
configuration, with magnetic field normal to the sample plane,
thus near parallel to the crystal c-axis.

MCD spectroscopy is a powerful tool used to obtain the Landé
g-factor of electron-hole pairs and excitons [25]. We refer the
readers to Section S1.2 for further details about the MCD method.
For a given magnetic field orientation, the effective g-factor of
an exciton, gpy, depends on the individual electron and hole g-
factors that contribute to the excitation. ggy of the bright excitons
X&Y in PEPI have been studied extensively, and their value has a
widespread range from 1.2 to 2.3 [8, 19, 20, 23, 24, 26, 27].

Importantly, there is a fundamental question regarding the
relation of ggy to the electron and hole g-factors, which for the
X&Y excitons in Faraday configuration is usually assumed to be
gex = & + g [22, 28]. This relation certainly describes the g-
factor governing magnetic field splitting of transitions creating
uncorrelated electron /hole pairs, i.e., in the case of the interband
(IB) transition, g;; =g, + g,. Yet, strong electron-hole (e-h) inter-
action exists in tightly bound excitons, and therefore, ignoring e-h

interactions is unjustified. In fact, recent reports confirmed that
grx in 2D PEPIis smaller than the sum of individually measured g,
and g, [26]. Also, a recent theoretical study of the exciton g-factor
in 2D transition metal dichalcogenides (TMDs) by Deilmann et al.
[29] highlights the effect of many-body interactions in determin-
ing ggy: It was demonstrated theoretically that gy is reduced by
more than 30% from g;; in MoSe, upon inclusion of electron-hole
(e-h) interactions. PEPI shares many similarities with 2D-TMDs,
such as large exciton binding energy and strong confinement
[30, 31]. A more sophisticated theoretical model considering the
e-h interactions and the extent of the exciton wavefunction in k-
space is needed to account for the experimental observation that

8ex < 8. + & [26].

Another thorny issue in PEPI photophysics is the value of its
bandgap, E,, which is usually obtained from the zero crossing of
the electro-absorption (EA) response near the onset of a broad
absorption band around 2.57 eV in majority of reports [5, 6, 8,
32]; while a few reports have stated a higher value of E, [7,
17]. Since E, is one of the fundamental parameters determining
the optoelectronic properties of PEPI, this discrepancy should be
further investigated.

In this work, we focus on the low-field (B < 0.5 T) MCD
spectroscopy of PEPI films. In addition, we measured MCD
spectra at high fields up to 30T. Importantly, we show theo-
retically that the MCD spectroscopy is insensitive to the ZFS
in the limit of a wide optical transition spectral linewidth
(LW). From the MCD spectra we obtained a sizable differ-
ence of 15%-20% for the Landé g-factors of the tightly bound
1s exciton and the Rydberg excitons (n>2), which spectrally
overlap with the IB edge electron-hole (e-h) pair transitions
(labeled here as the “2s+” band). At temperature T = 3K,
we obtained g = 1.86 + 0.15, while g,,, = 2.33 = 0.15. Our
results are rationalized with a theoretical calculation based
on the model of Deilmann et al. [29], implemented using a
multiband effective mass theory description of the electron-hole
interaction in excitons and incorporating a KeP description of
the k-dependent electron and hole g-factors. Applying MCD at
high magnetic field (B > 10T), we also observe the interband
(IB) Landau level (N = 1) transition from which we evalu-
ated the bandgap value of PEPI to be 2.619 + 0.016 eV (at
T =16 K).

2 | Results and Discussion

2.1 | The Interplay Between Zeeman Splitting and
ZFS in the MCD Spectroscopy

Figure 1la shows a schematic illustration of the MCD experi-
mental set-up in the Faraday configuration, with the incident

hght wave vector parallel to the applied magnetic field (k Il

B) with B perpendicular to the film’s surface along the z-
direction, i.e., B = B,. Details of the experiment can be found in
Section S1.3.

Figure 1c illustrates the case where X&Y excitons are degenerate
(i.e., ZFS = 0), or near degenerate (i.e., at high magnetic field,
where ZFS< gu,B,, hence ZFS can be reasonably approximated
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FIGURE 1 | Magnetic circular dichroism (MCD) schematic. (a) A schematic illustration of the low-field MCD experimental setup. The

measurements are performed in the Faraday configuration (; I 1;), with an external magnetic field applied perpendicular to the sample plane. We
refer the reader to Section S1.3 for details. (b) Filled red (A+) and blue (A—) lines represent the absorbance bands that contribute to the absorption of
left (o+) and right (o—) circularly polarized light, respectively. The black solid line shows the MCD spectrum (Equation 1). Panels (c) and (d) display
schematically the origin of the MCD response in two limits: (c) high magnetic field limit: the zero field splitting (ZFS) is negligible in comparison to the
magnetic energy (ugB > ZFS) and (d) low magnetic field limit: ugB < ZFS. The red (blue) arrows indicate electric dipole transitions for left, o+ (right,
o—), circularly polarized light. The thickness of the arrows indicates the relative oscillator strength of the optical transitions.

as zero). In this case, with increasing magnetic field, the energy 2.2 | The MCD Spectra at Low Magnetic Field:
splitting, AE,, between the two absorbance bands A, (Figure1b) ~ Extraction of the Landé g-factors

increases linearly with B, but the oscillator strength of the optical

transition does not change with B,. This is the ordinary Zeeman Figure 2a presents the zero-field absorption spectrum of a PEPI

splitting case (Equation S3.4). thin film measured at T = 3 K. Three well-resolved bands equally

separated by about 40 meV are due to the 1s exciton at 2.349 eV
On the other hand, when X and Y excitons are non-degenerate, and its respective phonon replicas, 1s+1 ph, and 1s+2 ph. The
and ZFS cannot be ignored (Figure 1d), at low magnetic field, fit using a Frank-Condon formalism (Equation 3) confirms the
the energy splitting (AE,) between the two absorbance bands  vibronic progression [33], with a Huang Rhys parameter S = 0.25
A, nearly equals the ZFS, with a small quadratic correc- and phonon energy hy = 41 meV. The phonon energy matches

tion term (Equation S3.19). In this case, it is primarily the well with the rotational mode of the organic cations [34]. Table 1
intensity of the two bands A, that changes nearly linearly lists details of these excitonic bands.
with increasing B, (Equations S3.21-S3.23). We note that this
interplay was nicely shown experimentally by Do et al. by 2 -sgn
measuring circularly and linearly polarized PL in a PEPI single a(E)=a+a Z Tf (E,n,w) 3
crystal [24]. n=0
2 w

In Section S3, we show analytically that as long as the linewidth where f (E,n,w) = PR ——">
(LW) of the absorption bands is far greater than the ZFS and taken to be Lorentzian for the transitions involved. In this
the magnetic energy (LW > ZFS, upB), the experimental MCD expression, the broadening parameter w is the line width (LW)
response takes the form: defined as the full-width at half maximum (FWHM), whereas

the parameter a is proportional to the oscillator strength of the

dA i -
MCD =AA = Ay, — Aoy = —AEyep e ) 1s emeon. The pa’rameter a, reflects non-resonant background
dE scattering/absorption.

is a lineshape function,

where, Figure 2b presents MCD spectra of the PEPI thin film at 3
K, measured at two field polarities of B, = + 0.42 T. The

AEycp = 85y MB (2)  spectral shape closely follows the first derivative of the absorption

spectrum (Figure 2a), with three pronounced zero-crossings

This calculation shows that the g-factor obtained from the MCD that correspond to the 1s exciton and its two phonon replicas.

response is not affected by the consideration of non-zero ZFS, The MCD spectrum for each field value can be well fit (black
provided that the linewidth is large. solid lines), using Equation (1) and the experimental absorption
Advanced Functional Materials, 2026 3of 11
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FIGURE 2 | The absorption and MCD spectra of two PEPI films measured at T = 3 K: The spectra collected in thin, 30 + 5 nm, (a, b) and thick,
365 + 20 nm, (c, d) films are presented. The MCD spectra at B, = + 0.42 Tesla are represented by red/blue squares as indicated in the legends of (b, d).
The red line in (a) is a fit of the thin film absorption spectrum that includes the 1s exciton and its vibrational overtones using Equation (3). The fit of the
absorption spectrum in the thick film (c) is done by deconvolving the absorbance of the exciton (red line, c) and the overlapping Rydberg excitons and
interband (blue line, c) absorbance bands. The broken lines are the individual transitions from the Rydberg excitons (2s, 3s, ns (n > 4)), and interband
(IB). The star in (c) marks the bandgap, E,.

TABLE 1 | Transition energies, linewidths, and spectral weights of the exciton lines in PEPI. Equation (3) is used to fit the tightly bound 1s exciton
and its phonon replicas (Figure 2a), whereas Equation (4) is used for the more loosely bound Rydberg excitons and IB transition (Figure 2c). For the 1s
exciton, the FWHM LW equals the fitted Lorentzian broadening parameter w from Equation (3). For the Rydberg excitons and IB transition, the FWHM
LW is related to the corresponding fitted broadening parameters by LWy = 24/2In2 opx or LW;5 = 24/2 In2 0. The spectral weights are calculated

separately for the 1s exciton and its phonon replicas, and for the Rydberg excitons and IB transition.

1s 1s+1ph 1s+2ph 2s 3s ns(n>4) IB edge (E,)
Energy (eV) 2.3495 2.3906 2.4297 2.580 2.609 2.612 2.610
FWHM LW (meV) 17 17 17 39 39 39 58
Spectral weight 78% 20% 2% 63% 10% 2% 25%

spectrum, with a single fitting parameter, namely AE, . Figure
S1.4 demonstrates zoomed-in regions of the MCD fitting; it is seen
that a good fit is obtained for all three exciton-related absorption
bands (namely 1s and 1s+phs). We obtained g, = 1.86 + 0.15
using a linear fit of AE,;-p(B), Equation (2), see Figure 3b (black
squares). The single g-factor confirms that the three absorption
bands are indeed related to each other via phonon progression.
See Section S1.3.2 for details of the fitting procedure.

According to the Elliott model [35], the large binding energy of
the 1s exciton in PEPI results in a weak IB transition strength,
as seen in this thin film (see also Figure S1.6). Furthermore, the
2D Wanier exciton model predicts a fast drop-off of the oscillator
strength for the Rydberg excitons with n > 2 [14]. Therefore, to
investigate the MCD spectra of the Rydberg excitons and the IB
transition, we conducted MCD measurements on a thick PEPI
film (thickness of 365 + 20 nm). As seen in Figure 2c, the tail
of the 1s exciton absorption that contains 1s+2 ph band is still
present (1s and 1s+1ph peaks are not shown due to saturation)
together with a step-like absorption band from the combined
Rydberg excitons and IB edge transition. The common practice
is to take the zero crossing in the EA spectrum near the onset

of this step-like absorption as the bandgap E, [5, 6]. However,
the spectrally crowded region, including Rydberg excitons and
their respective phonon replicas, can produce a ‘ramp’ below
the actual IB transition energy. To demonstrate this effect, we
show in Figure 2c the fit of the step-like absorption by the sum
of absorption from 2s, 3s, and ns (n > 4) excitons (black, green,
and magenta broken lines) weighted by their respective oscillator
strength [14], combined with the 2D type IB edge absorption (blue
broken line) using the following equation:

-5y

n e ZUEX
a (E)=a0+aEXZfi—+alB
i=2  Opx V27w

e ()

- @)

Here, f; is the oscillator strength of the i (i = 2,3,4&up) Rydberg
exciton [14], with E; the respective transition energy. The term
opx denotes the transition broadening parameter for the Rydberg
excitons, within a Gaussian lineshape function. This is related to
the transition linewidth (LW), defined as the full width at half
maximum (FWHM), by LWy = 2y/2 In2 0y = 2.355 05y, taken
to be identical for all Rydberg exciton transitions. For the IB edge
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FIGURE 3 | MCD and g-factor determination. (a) MCD spectra of thin and thick PEPI films (separated by a gap) measured at T = 3 K, under
magnetic field, B, ranging from +0.42 T to — 0.42 T. (b) The MCD shift, AEycp, vs the field B,, from which the Landé g-factors of the 1s (black squares),
1s+2 ph (green triangles), and 2s+ (red circles) excitons are extracted using Equation (1) and (2). The larger error of + 0.15 must be considered when
comparing g-factor values between different films. However, when comparing the g-factor values associated with different spectral features determined

within the same experiment (here, the thick film), the smaller error can be considered.

absorption term, a;; denotes the magnitude of the absorption
above the band gap, E,, while o;; denotes the broadening
parameter for the individual interband free carrier absorption
transitions that, when summed, produce the broadened step-
function seen in the last term on the right side of Equation (4).
The parameter oy is related to the FWHM of the individual
IB free carrier absorption transitions by LW,z =2y21n2 o5 =
2.355 o;3. LW}3 is also the linewidth of the Gaussian that results
from taking the derivative of the total IB absorption (last term
on the right side of Equation (4)—this derivative is proportional
to the corresponding interband transition MCD response. From
the fitting, the bandgap was extracted to be E, = 2.61 + 0.02 eV
(indicated by the star in Figure 2c).

To evaluate the relative contributions from the Rydberg excitons
and IB transition, the integrated intensity of each band up to E,
(star in Figure 2c) was calculated (see details in Table 1). The
dominance of Rydberg excitons over IB is clear: The sum of the
spectral weights of the Rydberg excitons is over 75%. Among the
Rydberg excitons, the 2s exciton has the highest contribution (63%
of the total spectral weight). Hence, the absorption edge (aka, the
ramp) is mostly determined by the Rydberg excitons, rather than
the IB transition. We thus label this absorption ramp as 2s+ to
highlight the main contribution from the 2s exciton, but other
Rydberg excitons and IB e-h pairs also contribute. We note that
2s+ is a band label, not a state label.

Figure 2d displays the MCD spectra of the thick film at 3 K,
measured at two polarities of B, = + 0.42 T. As seen, the
spectral shape closely follows the first derivative of the absorption
spectrum, with the zero-crossing at 2.430 eV for the 1s+2 ph
transition, and a broad band at 2.57 eV for the 2s+ transition. We
fit the MCD spectra using Equations (1) and (2), similar to what is
done in the thin film for the 1s exciton (Figure 2b). However, the
complete MCD spectra cannot be fit with a single g-factor. The
best fit is obtained using two g-factors, namely g 5, = 1.98 +
0.03 for the 1s+2 ph band, and g,, , = 2.33 + 0.05 for 2s+ band.

Figure 3a shows MCD spectra in the full spectral range at
various magnetic field strengths at 3 K. In Figure 3b, we plot
the magnetic field dependence of the extracted AE,,, value

from Equation (1), for the 1s (black squares), 1s+2 ph (green
triangles), and 2s+ (red circles) excitons. All three energy shifts
exhibit a linear dependence on B, consistent with Equation (2).
The extracted g-factor values of the three photoexcitations are
listed in Figure 3b. The difference between the g-factors of the 1s
exciton measured for the thin and thick (g »,;,) films is within
the experimental uncertainties among different measurements
as explained in Section S1.3.2. Importantly, the higher preci-
sion of the g-factors can be used for calculating the difference
between the g-factor values obtained in the same experiment, as
indicated in Figure 3b caption. We therefore conclude that the
difference between g,,, and g ,,, Which is more than 15%, is
intrinsic, rather than due to experimental error and/or sample
variation. Hence, our results demonstrate that the 1s, Rydberg
excitons, and IB e-h pairs all have different effective g-factor
values.

To explain this result, we refer to the theoretical analysis of the
relation between the exciton g-factor (gzx) and the IB e-h pair g-
factor (g;3) in TMD systems advanced by Deilmann et al. [29].
These authors found theoretically that gy is reduced by more
than 30% from g;; in MoSe, upon inclusion of electron-hole
(e/h) interactions. We adapt the model given in Ref. [29] to the
selection rules for Faraday geometry in the perovskite PEPI for a
magnetic field applied along z. In this case, the g-factor, g, for
an optically active Wannier-type 2D exciton state with principal
quantum number n and azimuthal quantum number m = 0, can
be expressed as:

go= /|0l (g () +gi (k) dk ©)

The integrand here comprises the sum of the k-dependent
electron and hole g-factors, weighted by the norm-square of the
k-space representation of the relative wave function extent of the
2D exciton, denoted as ¢,, (k). For comparison, the corresponding
expression for the g-factor governing the Zeeman splitting of the
band edge transition, g7, is the sum of the electron and hole
g-factors at k = 0:

g =8 +¢g (6)
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which is the usual result for transitions producing uncorre-
lated electron-hole pairs by magneto-absorption in the Faraday
arrangement, given the optical selection rules in PEPI (Section
S2.3).

To apply Equation (5) in PEPI, we use expressions for the k-
space representations of the exciton wave functions given in
Section S2 in Table S2-3, parameterized by the calculated exciton
parameters (binding energy, radius) summarized in Table S2-
2 within Section S2.1. The calculations reflected in Table S2-2
are performed variationally using the trial 2D exciton relative
wave functions given in Table S2-1, employing Guseinov’s exact
solution for the electron-hole interaction for an electron and a
hole embedded in a dielectric superlattice [36] using the material
parameters given in panel (a) of Table S2-2. The variational
procedure itself is outlined in detail within the SI of Steger et al.,
Ref. [37]. We use the Guseinov potential in favor of simpler
three-layer slab dielectric models introduced by Rytova [38] and
Keldysh [39] or the commonly employed three-layer slab image
charge potential introduced by Hanamura [40], as these three-
layer slab dielectric models are known to be inaccurate in systems
where the low dielectric layer thickness is comparable to the high
dielectric well thickness, such as in PEPI [37]. The exciton g-
factor calculation also requires the k-dependent electron and hole
g-factors as inputs. Analytical expressions for these are derived
using the theory of Roth et al. [41], generalized [42] to address
states of non-zero wave-vector k; this calculation is based on
an 8-band K.P model for the conduction and valence bands
(described in Section S2.3.2). Neglecting anisotropy in the plane
of the inorganic layer, the hole g-factor, g; (k), with k in the k,.k,
plane, is:

cos?8 N sin%0
E.(k)-E, (k) E,(k)-E,(k)

g, ()=g - E, <

1

ERCE (k)) + o8 @
Here g, = Ig,| is the free electron spin g-factor, approximately
equal to 2.0023; E, is the Kane energy [43]; while E,(k), E.(k),
E,(k), and E;,(k) are energies of the valence band, the conduction
band, and the heavy- and light-electron band at a given k in
the k,,k, plane (see Sections S2.2.1 and $2.3.2). In the above
expression, the phase angle 8, given in Equation S2.14, depends
on the spin-orbit split-off parameter, A, which separates the J =
1/2 lowest conduction band from the J = 3/2 heavy- and light-
electron bands at k = 0, and the tetragonal crystal field 6, which
reflects the asymmetry between the in-plane and out-of-plane
directions in 2D perovskites such as PEPI [44]. Finally, dg, is a
correction due to remote band coupling. This term is introduced
following the analysis of Ref. [45], where a discrepancy between
the 8-band KeP model for the hole g-factor was found in quantum
confined nanocrystals, which was suggested to be due to coupling
of the highest valence band with lower remote valence bands. The
corresponding result for the electron g-factor, gZ(k), is:

z _ i 20 2 2 p
g (k=g (sm 0 — cos 6) + cos BEC O -E, & + g,
+ 00526; <144y 14 e k2> ®8)
E. (k) — Ep, (k) *m,

Here, the term dg, represents remote band contributions to the
electron g-factor following Ref. [45, 46] where this correction
was assigned predominantly to conduction band coupling to
remote (lower) valence bands outside the 8-band model. The last
term, which reflects coupling between the J = 1/2 and J =
3/2 conduction bands, depends on the product of the Luttinger
effective parameters y,, y; which are related to the heavy- and
light- electron band effective masses (see Section S2.3 for more
details).

To evaluate Equation (5) for the exciton g-factors here, we employ
material parameters of PEPI summarized in the Table S2-4 as
follows: The fundamental gap is estimated here on the basis of
the high magnetic field measurements described below; the spin-
orbit split-off parameter, the crystal field, and the Kane energy are
taken from Ref. [37]; while the band edge effective mass is taken
as the experimental value reported in Ref. [7]. We assume the light
and heavy electron masses to be the same as those of the lowest
conduction band. To estimate the remote band contribution to the
hole g-factor, dg,, we constrain the calculated band edge hole g-
factor to match the experimental value 8,0 = — 0.13 reported in
Ref. [26]. The remote band contribution to the electron g-factor,
dg,, is determined by requiring that either the g-factor of the
band edge free-carrier transition (Equation 6), g7,, or the g-factor
of the 2s exciton, g& (Equation 5), matches the experimental
value g5 . = 2.33 determined above. The rationale for this dual
approach to parameterization, which gives a range for the param-
eters as listed in Table S2-4, is based on the fact that we could not
measure the g-factors of individual Rydberg exciton and IB carrier
due to the spectral overlap, with the measured g,,, being an over-
all g-factor comprising an average among the Rydberg excitons
and band edge e-h pairs. Finally, the geometric mean, 4/7,¥5, of
the Luttinger parameters y,, y; is determined by requiring that
the g-factor of the n = 1, m = 0 exciton match experimental
value measured in this work, gf,=1.86, which has a higher
fidelity. The fitted value, 1/y,y; = 0.34 ~ 0.39, is comparable to
the value for y, ~ 0.25 estimated within a 6 band KeP model in
Ref. [37].

Figure 4a plots the calculated g-factors for Rydberg excitons and
the IB e-h pair (values are shown in Table S2-5). As can be
seen, the biggest difference is between g, (1.86) and g,, (2.21),
at about 16%; the difference between g,, and gz is only about
5%. These values match the experimental results quite well, as
shown in Figure 4. We note in passing that it is impossible to
assign g,,, to g,, or g; with certainty. However, the essential
point is that g for tightly bound 1s exciton is considerably
smaller than g,,, for Rydberg excitons and IB carriers (loosely
bound e-h pairs). Our work shows that the g-factors of exci-
tons in PEPI are different for the various exciton Rydberg
states and distinct from the value associated with the IB e-h
pairs.

Figure 4b,c displays the calculated root-mean-square (rms) exci-
ton wave function extent p;/* and exciton binding energy (E,;),
respectively, for n = 1-4 (values are in Table S2-2). Our calculation
of E,, matches well with the experimental results in this work
and another report [17]. It is seen that the wavefunction extent of
Rydberg excitons in real space is substantially larger than that of
the 1s exciton. This explains why g, > g;,. Our result is similar to

what was reported in TMD [29, 47].

6 of 11

Advanced Functional Materials, 2026

85U8017 SUOWWOD SANERID 3|deol dde aupy Ag peusenob ase sejoe VO ‘85N JO Sa|n. 10} ARl T8UIUO AB|IA LD (SUONIPUOD-PUR-SLLIBIWIOD A8 | Im" ARe.ql1|BuUO//:Sdy) SUOTIPUOD PUe SWe | 8u 89S *[9202/70/20] U0 Akeiqiauliuo A|Im ‘AISIBAIUN 81e1S BpLIO - A /85925202 WPe/Z00T 0T/10p/uioo" A 1M Alelq1jpul U0 peoueApe//Sdiy WwoJj pepeojumod ‘0 ‘820£9T9T



(@)2.6 ————————#— (b) : . , . () . : : :
40 . t continuum ..
® o 250 3 A
—_ [y 351 1S 2
3 o 3
O 24 3 : oA
> 30t 1 E 200t 1 1
5 o %, © | = %l ] uf [:
s 0 B| € -
© g2s+ c ® > 150 1
o22F O 4 > 20t {2
e £ 2
_g O calc. low Q 15¢ 4 w 100} ® E,calc| -
k5] @ calc. high 2 * E, exp.
L 20t % exp.value| 10 Y 1T so0f & Ref. 17
L = v
5} { @ o
| v
O%k 91 ol @ ] of ® |
1.8 1 1 1 1 1F 1 1 1 ! ! 1 1 1 1
0o 1 2 3 4 100 11 1 2 3 4 1 2 3 4
n n n

FIGURE 4 | Results of model calculation for the exciton g-factor, radius, and binding energies. (a) Effective g-factor of each exciton in the Rydberg
series and the g-factor of the interband (IB) e-h pair. Both the lowest (black open circles) and the highest (black filled circles) calculated values are shown.

(b) The calculated root-mean-square (rms) wave function extent p; 'gs = 1/(p?),, is shown (black circles). (c) The calculated (black filled circles) and

experimental (red stars) exciton binding energies (E) in the Rydberg series. See Table S2-5 for the values. Previously reported values of Ej, for PEPI [17]
are displayed (green open circles) alongside the present work values. The inset illustrates schematically the transitions between the ground state and

the Rydberg states, which eventually merge with the continuum band.

2.3 | The MCD Spectra at High Magnetic Field:
Extraction of the Bandgap (E;) and Diamagnetic
Shift Coefficient (C,, )

Here, we discuss the MCD spectra measured at high magnetic
fields in a thick PEPI film. Figure 5a presents several MCD spectra
in the spectral range 2.53-2.70 eV. A prominent broad band (2s+
band) is seen centered at ~2.576 eV, similar to that in Figure 2d. It
blueshifts quadratically with B, at high magnetic field, due to the
diamagnetic shift given in Equation (9) [48].

E2s+ (B) = E25+ (0) + CZerB2 (9)

where C,, is the ‘effective’ diamagnetic coefficient of the 2s+
band. A good fit is seen in the inset of Figure 5a, from which
we obtained E,, (0) = 2.576 eV, and C,,, = 7.25 peV/T. We do
not observe a measurable diamagnetic shift for the 1s exciton
within our experimental ability. However, the diamagnetic shift
was measured to be less than 2 meV at B, > 60 T [7]. Therefore,
taking C;; = 0.36 peV/T [7], it is seen that C,,, > C,, meaning
the root-mean-square (rms) wave function extent of 2s+ band is
much larger than that of the 1s exciton (as shown in Figure 4b),
consistent with g, , > gi;.

As the magnetic field increases, we observe the evolution of a
broad band at energies above 2.60 eV. A magnified view of this
feature is presented in Figure 5b (for B, < 0) & Figure S1.8 (for B, >
0). We assign this band due to the interband transition between
Landau Levels (LL) in the valence band (VB) and conduction
band (CB) that are induced by the high magnetic field [7, 49, 50].
Since the MCD spectra are proportional to the first derivative of
the absorption spectrum, the LL transition photon energy can be
extracted from the zero-crossing (marked as circles in Figure 5b).

The photon energy of the LL interband transitions from VB to CB
without spin-orbit coupling may be expressed as:

Ey (B)=E, + (N + %) ha,, (10)

where N is the LL quantum number, and w, = £ is the effective

cyclotron frequency of the combined electron anlzi hole, using the
reduced mass p™! = m,”! + m,!. This follows since optically
allowed transitions only occur between the VB and CB states
with the same N, with the lowest transition (N = 0) differing
from the bandgap, E,, by ihwc. However, due to the broadening
of the IB onset (see Figure 2c), the (0,0) LL transition is not
resolved in PEPI; actually, this transition has not been identified
in magnetic fields as high as 65 T in reports elsewhere [7]. In
our range of B, (<30T), we believe that the observed transition
is the N = 1 LL transition (LL(1,1)). A fit using Equation (10)
yields p = 0.1 + 0.06 m, and E, = 2.619 + 0.016 eV. The
values recently reported for PEPI crystals are within the exper-
imental error of our result [7, 50]. The fact that the E, value
determined by LL spectroscopy is well above that determined
by the EA spectrum (2.62 eV vs. 2.57 eV) strongly supports
the hypothesis of the Rydberg exciton formation just below the
energy gap, as demonstrated in Figure 2c. Our results echo an
earlier statement by Plochocka et al. about the underestimated
value of E, in PEPI [7]. From our various measurements, we
extract the binding energy of 1s and 2s excitons to be Ej;; =
2619—2349 meV = 270 + 16 meV, and E),,; = 2619—2571 meV =
48 + 16 meV, respectively. Both values match well with the model
calculation (Figure 4c, red stars) and are consistent with earlier
reports [7, 12, 15]. Furthermore, Ej, ,,/E},;; ~ 1/6 as predicted in
Ref. [16].
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FIGURE 5 | MCD spectra at high magnetic field measured at T =16 K. (a) The MCD spectra measured at field up to 30T show the 2s+ band and the
interband N =1 Landau level (LL) transition (labelled LL (1,1)). The lower inset shows the “2s+” band energy vs. B, from which the diamagnetic shift

coefficient C,q, is obtained. The upper inset is a schematic drawing of the LL interband transitions. (b) Magnified view of the LL(1,1) transition with
B, < 0, where the circles indicate the transition energy at each magnetic field value. (c) LL(1,1) transition energy as a function of B, from which the
values of the exciton effective mass (1) and bandgap E, are obtained. The weighted average values are p = 0.11 £ 0.06 m, and E, = 2.619 + 0.016 V. (d)

The MCD spectra at various applied in-pane electric field strengths (F), measured at B, = 24.4 T. The inset shows a magnified view of the MCD spectrum

of the 2s+ band.

Figure 5d demonstrates the dependence of the MCD spectra at
B, =24.4 T measured under an in-plane applied electric field, F,
up to 90 kV/cm. The electro-absorption (EA) setup is explained
in Section S1.5. As seen, the MCD spectrum of the 1s exciton and
its phonon replicas are robust to the electric field. By contrast,
the MCD spectrum of 2s+ band is weakened and broadened by
the electric field, with the LL (N = 1) transition at energies E >
2.63 eV being quenched completely at F > 67 kV/cm (inset of
Figure 5d). This can be explained by the difference in the binding
energies of the 1s and Rydberg excitons. Rydberg excitons are less
strongly bound than the 1s exciton (as seen in Figure 4c) and are
therefore expected to be partially ionized by the applied electric
field [13]. As a result, the MCD of the 2s+ band is weakened and
broadened with F. Note that the broadening of the 2s+ MCD band
is asymmetric, with the higher n Rydberg excitons being affected
more by the electric field (see the inset of Figure 5d). In addition,
the electric field interferes with the formation of LL for the free
carriers, hence the disappearance of the LL (1,1) feature from the
MCD spectrum at applied voltage higher than 67 kV/cm [51].

3 | Conclusions

By implementing the low-field MCD spectroscopy (B < 0.5T),
we demonstrate that the g-factor of the X,Y bright 1s exciton
is smaller by 15%-20% compared to the sum of the individual

electron and hole band edge g-factors, gl'x; xy < g +g =gl

@l E || 2). This result implies that one cannot simply derive
the values of the uncorrelated electron and hole g-factors by

measuring the different exciton g-factors and using the relations
which consider only the electron and hole band edge g-factors,
for example: gy # g, + &, and g, # g, — g,. By implementing
a multiband effective-mass model, we derive the k-dependent
gl'l(k) and g (k) expressions (Equations 7 and 8, respectively).

Accounting for the exciton wavefunction extent in E—space, we
are able to estimate the exciton g-factors (Equation 5). Following
from this analysis, the smaller exciton wavefunction extent in
real-space results in a reduced exciton effective g-factor. Hence,
the exciton g-factor correlates with the exciton’s radius. It is
important to clarify that since the g-factors depend on many
material parameters (Equations 7 and 8), a comparison of the
g-factors alone between different materials does not permit
direct conclusions about excitons’ relative size. However, it is
possible to estimate relative exciton sizes when comparing the
g-factors of Rydberg excitons measured in the same system, as
is demonstrated in the current work. We also show that the g-
factor of bright excitons can be obtained in a low-field MCD setup
(B < 0.5T). On the other hand, obtaining information about the
exciton radii in 2D materials from the diamagnetic shift requires
high-field experiments (B >10 T). A possible implementation
of our findings is the dependence of the g-factors on various
environmental parameters (e.g. temperature, pressure). Lastly,
our high-field MCD LL spectroscopy shows that in PEPI the
absorption onset of the step-like absorption band originates from
Rydberg excitons (mainly 2s) crowded just below the IB transi-
tion, whereby the true energy gap is at higher energy, namely
E, = 2.62 + 0.016 eV, in agreement with previous high-field
studies [7, 50].
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4 | Methods/Measurements
4.1 | Synthesis and Film Preparation

All solutions and sample preparations were carried out in a
nitrogen-filled glove box. To prepare the precursor solution,
0.8 mmol of phenethylammonium iodide (805904, Sigma-
Aldrich) and 0.4 mmol of lead(II) iodide (211168, Sigma-Aldrich)
were dissolved in 2 mL of N,N-dimethylformamide (DMF; D119,
Fisher Chemical), yielding a 0.2 M solution. The mixture was
stirred overnight at room temperature. A portion of this stock
solution was then diluted to obtain a 0.085 M solution.

For thin films (30 + 5 nm, measured by AFM), the 0.085 M solu-
tion was spin-coated at 5000 rpm for 60 s. For thick films (365 +
20 nm), the 0.2 M solution was spin-coated at 2000 rpm for 60 s. In
both cases, the films were subsequently annealed on a hot plate
at 100°C for 30 min.

4.2 | Magnetic Circular Dichroism (MCD)
Spectroscopy

4.21 | Low-Field Setup

A home-made setup was used to measure the film transmission
(T) and the change of T under a magnetic field B < 0.5T generated
by a water-cooled resistive magnet. The experimental setup,
measurement protocol, and data analysis are explained in detail
in Section S1.3.

4.2.2 | High-Field Setup

Qualitatively, the setup was very similar to the one described
above for the low-field experiment, but with different models for
some of the equipment (Newport Cornerstone 260; PEM-100).
The sample was placed in a liquid helium-cooled cryostat, and
the magnetic field was provided by a resistive split magnet up
to ~ 30 T (National High Magnetic Field Laboratory, Cell #5). A
broadband optical fiber was used to collect the light after passing
through the sample.

4.3 | Electroabsorption (EA) Spectroscopy

The EA experiment in the current study was combined with MCD
spectroscopy. The effect of a strong electric field, applied in the
plane of the PEPI film, on the MCD spectra was demonstrated.
Experimental details are summarized in Section S1.5.
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