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Exciton—Polaritons in CsPbBr; Crystals Revealed by Optical
Reflectivity in High Magnetic Fields and Two-Photon

Spectroscopy

Dmitri R. Yakovlev,* Scott A. Crooker, Marina A. Semina, Janina Rautert,
Johannes Mund, Dmitry N. Dirin, Maksym V. Kovalenko, and Manfred Bayer

Cesium lead bromide (CsPbBrs3) is a representative material of the emerging class
of lead halide perovskite semiconductors that possess remarkable optoelectronic
properties. Its optical properties in the vicinity of the bandgap energy are greatly
contributed by excitons, which form exciton polaritons due to strong light-matter
interactions. Exciton—polaritons in solution-grown CsPbBr; crystals are examined
by means of circularly polarized reflection spectroscopy measured in high
magnetic fields up to 60 T. The excited 2P exciton state is measured by two-
photon absorption. Comprehensive modeling and analysis provides detailed
quantitative information about the exciton—polariton parameters: exciton binding
energy of 32.5 meV, oscillator strength characterized by longitudinal-transverse
splitting of 5.3 meV, damping of 6.7 meV, reduced exciton mass of 0.18my,
exciton diamagnetic shift of 1.6 yeV T2, and exciton Landé factor g, = +2.35.
It is shown that the exciton states can be described within a hydrogen-like model

properties, such as long charge carrier diffu-
sion lengths up to 1.3 um,” high carrier
mobilities (10-181 cm?*V~'s™1),>* low den-
sities of carrier trap states (3.9 x 10'°cm™3)
despite a large density of point defects,”!
and small carrier effective masses
(0.17my — 0.26m,) combined with large
polarons.”) CsPbBr; has been recently
applied to the fabrication of perovskite solar
cells,'*”) sensitive visible light detectors,®
and high-energy detectors.”'” Fully inor-
ganic CsPbBr; exhibits higher stability
against elevated temperatures and polar sol-
vents compared to analogous lead halide
perovskites that incorporate organic cations,
for example, methyl ammonium (MA) lead

with an effective dielectric constant of 8.7. From the measured exciton longi-
tudinal-transverse splitting, Kane energy of E, =15 eV is evaluated, which is in
reasonable agreement with values of 11.8-12.5 eV derived from the carrier

effective masses.

1. Introduction

Cesium lead bromide (CsPbBrs3) is a fully inorganic member of the
large family of lead halide perovskite semiconductors.? This
material delivers an outstanding combination of optoelectronic

bromide. In applications for hard radiation
detection, CsPbBr; is indispensable as it is
the only lead halide perovskite that can oper-
ate under the high bias required for efficient
extraction of charge carriers."”!

Optical properties of semiconductors in
the vicinity of the bandgap energy are con-
trolled by excitons, making knowledge of
the exciton parameters of great importance for optoelectronics.
CsPDbBr; is a model material for the class of lead halide perovskite
semiconductors. It is widely studied experimentally and theoret-
ically, with initial papers on exciton properties dating back to
1978.M7' Light-matter interactions are quite strong in
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CsPbBr;,*® which results in a pronounced resonance in opti-
cal reflectivity and absorption spectra in the vicinity of the
bandgap. Following the classic formulations of electromagnetic
waves interacting with exciton oscillators in semiconductors,
these optical resonances are modeled in the context of “exci-
ton—polariton” quasiparticles.!'>*% Exciton—polaritons are a fun-
damental manifestation of light-matter interactions in all bulk
semiconductors with direct bandgaps, and detailed analyses of
their associated resonances in optical spectra provide tremen-
dous insight into the underlying exciton parameters in the mate-
rial (masses, binding energies, damping, longitudinal-transverse
splitting, etc). We note that in recent years considerable
attention has focused on the related topic of microcavity
exciton—polaritons,*! wherein light-matter couplings can be fur-
ther enhanced and anticrossing between cavity and exciton
modes can be clearly observed. However, the fundamental exci-
ton—polariton quasiparticles exist even in the absence of any addi-
tional cavity.

Magneto-optical methods are powerful tools to measure
exciton parameters in semiconductors.'***=* Exciton binding
energies can be evaluated from the diamagnetic shift of the
1S exciton state in magnetic fields and/or from the observation
of excited exciton states (2S, 3S, etc.), which gain oscillator
strength and become increasingly visible in high fields. In both
cases, the exciton linewidth is a critical parameter for the evalua-
tion accuracy, which in turn is improved in high magnetic fields.
Magneto-optical studies in high magnetic fields of 45-150 T were
successfully used for investigation of lead halide perovskite
semiconductors.”>*! Most studies to date were made on
polycrystalline films with rather broad exciton lines, and results
on single crystals with small inhomogeneous broadening of the
excitons are available only for MAPDBr;*! and MAPDI,.3?

For CsPbBr; films, measurements in magnetic fields up to
150 T indicate an exciton binding (Rydberg) energy of 33 meV
and a reduced exciton mass of y = 0.126m,.2" Note that earlier
and not very detailed reports inferred exciton binding energies of
37 meVI"! and 34 meV.P¥ Importantly, however, CsPbBr; has a
rich spectrum of optical phonons with energies ranging from 4 to
25 meV,*”*#values which are close to, but smaller than, the exci-
ton binding energy. It is generally in the energy range of the opti-
cal phonons where the magnitude of the energy-dependent
dielectric constant e(w) varies significantly between its stationary
(ie., zero-frequency) value (&) and its value in the high-
frequency limit (e,). This fact provides two aspects for the
exciton properties and calculation of its parameters. The first
one is that phenomenologically the exciton energies are often
described in the framework of a hydrogen-like model, but with
an effective dielectric constant e.g, which falls between the high-
frequency and static dielectric constants ., < €. < &. The sec-
ond one is that the dielectric screening of the exciton may, in fact,
differ between the exciton ground and excited states due to their
different radii®” and, consequently, binding energies, such that
the energy spectrum of excited exciton states may not conform to
the classic Rydberg series that is predicted by hydrogen-like mod-
els (which assume a constant e.g). Note that the exciton spectra
also can differ from the Rydberg series in semiconductors
with complex band structure.**=*? Although, in the lead halide
perovskites, the top valence and bottom conduction bands
have a simple structure*>** (see also Figure Sla, Supporting
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Information), making the hydrogenic model a good approxima-
tion at first glance.

In this study we check the applicability of the Rydberg formula
for excitons in CsPbBr; and determine fundamental exciton
parameters such as Rydberg energy, reduced mass, and effective
dielectric constant. The reflectivity of light in the optical range of
the exciton ground state in high magnetic fields up to 60T is
measured for two circular polarizations of incident light. We
modeled the measured spectra within the exciton-polariton
model, allowing us to determine with a high accuracy the
positions of transverse and longitudinal excitons (TEs and
LEs) and their energy splitting, g-factors, and diamagnetic shift.
To make the evaluation of exciton parameters more accurate, the
excited 2P exciton state has also been measured by two-photon
excitation in magnetic fields up to 10T.

2. Results

The sample under study is a fully inorganic lead halide perovskite
bulk crystal of CsPbBr; grown in solution (Experimental
Section). Information on its optical and spin properties in low
magnetic fields can be found in refs. [44-46]. Here we focus
on exciton-polariton parameters and their modification in strong
magnetic fields. Experiments were performed at T=1.6 K, with
the sample immersed in pumped liquid helium.

It has been appreciated for decades!!>?*#7*8l that a proper
description of excitons interacting with light in semiconductors
requires consideration of the exciton-polariton effect, which
accounts for the interaction of the so-called “mechanical exciton”
(i.e., the TE) with the light wave. This effect characterizes the
dependence of the dielectric function on the wave vector (spatial
dispersion) and gives rise to two exciton-polariton modes, which
modifies the optical properties of the semiconductor in the spec-
tral range of the exciton-polariton resonance. The splitting
between transverse and longitudinal (with respect to the wave
vector) excitons is the consequence of the long-range part of
the exchange interaction*® and, simultaneously, is connected
with the exciton polarizability, describing its oscillator strength
and playing the key role in exciton-polariton dispersion relation.
Here we analyze the optical reflectivity of CsPbBrj; crystals in the
context of the exciton-polariton model and derive fundamental
optoelectronic parameters.

2.1. Reflectivity of Exciton-Polaritons in Pulsed Magnetic Fields

The reflectivity spectrum of the CsPbBr; crystal at zero magnetic
field is shown in Figure 1a. It has a pronounced exciton-polariton
resonance, which results from the interaction of the mechanical
excitons with the photons and their conversion to each other in
the crystal. For its model description and fit of the reflectivity
spectrum, we used the commonly accepted theory of exciton-
polaritons,?**”) see $2, Supporting Information. For the bound-
ary conditions, we took the “dead” layer approach introduced by
Hopfield and Thomas.*”) It is the simplest boundary condition
assuming the existence of the finite thickness layer at the edge of
the sample, where no excitons are allowed. The thickness of the
“dead” layer we treat as a fitting parameter and its value is
expected to be of the same order of magnitude as an
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Figure 1. Reflectivity spectra of CsPbBrs in a) zero and b) 60 T magnetic
field, measured at T=1.6 K. Solid lines are experiment and dashed lines
are fits. For B=0T we used TE energy Er =2.322eV, longitudinal-
transverse splitting Aw t = 5.3 meV, exciton damping Al' = 6.7 meV,
and “dead” layer thickness L = 2.3 nm. c) Scheme of the exciton—polariton
dispersion that accounts for the spatial dispersion. d) Scheme of the
exciton optical transitions in magnetic field. Single and double arrows
correspond to electron and hole spins, respectively, which in optically
active exciton states have spin +1 for | 1 ) and —1 for | | {). |0) is
the ground state of the unexcited crystal.

exciton radius. Schematically the exciton-polariton dispersion is
shown in Figure 1c. Here, Er is the energy of the transverse
(“mechanical”) exciton, Fp is the energy of the LE, and
hwr = E; — Er is the longitudinal-transverse splitting, which
characterizes the exciton oscillator strength.*”! In Figure 1c,
“LP” and “UP” denote lower and upper exciton-polariton
branches, dashed line “LE” corresponds to longitudinal exciton,
dashed line “TE” to transverse exciton without account of the
polariton effect; dotted line shows light dispersion. In cubic
crystals, LEs are optically inactive and at zero wave vector, their
energy coincides with the upper polariton branch.[*#°%
Although, CsPbBr; in low temperatures is in the orthorombic
phase, which has a lower symmetry than cubic, and, in principle,
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LE may be observable in optics, in experiment we do not see any
line that can be attributed to LE.

The dashed line in Figure la shows the fit of the
experimental reflectivity spectrum with Equation (S4),
Supporting Information. Here we took the background dielectric
constant &, = 4.3°" as a high-frequency one and the translation
exciton mass M =0.72m,. Note that the fit does not depend
strongly on the value of M. For details, see S2, Supporting
Information. The best fit provides the following exciton-polariton
parameters: Et = 2.322eV, hw;r = 5.3 meV, exciton damping
Al' = 6.7 meV, and “dead” layer thickness L=2.3nm. As it
was shown in ref. [47] and can be seen in Figure 1a,b, the TE
energy, Er, does not exactly coincide with the maximum of reflec-
tivity spectrum. We obtain exciton parameters, including Er and
hwy T, from the fitting of the experimental spectra. Details of the
evaluation of the exciton parameters can be found in S2,
Supporting Information. We note the considerable value of
hwyr, which justifies the account of the exciton-polariton effect
in modeling the reflectivity spectra of CsPbBrs.

Reflectivity spectra were measured in pulsed magnetic
fields up to 60T in 6" and ¢ circular polarizations in order
to distinguish exciton states with spin +1 and evaluate the
exciton Zeeman splitting and its Landé g-factor (see scheme
in Figure 1d). The spectra measured in B=60T are shown in
Figure 1b. One can see the pronounced Zeeman splitting of
the oppositely polarized exciton resonances.

There are three effects of magnetic fields on the exciton reso-
nance that we measured and analyzed: the diamagnetic energy
shift (which is same for both spin components), the Zeeman
splitting, and the increase of the exciton oscillator strength. In
the regime of weak magnetic fields, where the exciton binding
energy exceeds the cyclotron energies of the electrons and holes,
the energy of the n-th exciton state in the hydrogen-like model is

n R 1 n
EY) :Eg—FiEgXMBB+C((i)B2 (1)

Here E, is the free-particle bandgap energy, gy the exciton Landé
g-factor, and py is the Bohr magneton. Here, the plus sign in the
Zeeman term =3 gyup B corresponds to excitons optically active
in 6" polarization and the minus sign corresponds to excitons
activeino™. R is the exciton Rydberg, which is equal to the bind-
ing energy of a 1S hydrogen-like exciton ground state Ef°.

uet &

RR=ES =" —_~
b T 2nely  2eqpap

(2)

where y is the reduced exciton mass, which is composed of the
electron and hole effective masses as y=' = mg! + m; !, e is the
electron charge, 7 is the Planck constant, €. is the effective

dielectric constant, and ag is the exciton Bohr radius.

2
_fl Eoff

a =" 6

The diamagnetic coefficient c((i") is given by

2
n €
= g ) @
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where ¢ is speed of light and (p2) is the mean square of exciton
wave function size in the plane perpendicular to the magnetic field.
In the hydrogen-like model for the 1S state, (p?s) = 24} and for
the 2Pyy-state (p3,) = 12a%. The binding energy of the 2P state is
four times smaller than the binding energy of the 1S state.

uet e

2P — — 5
b 8n%el.  Beegap ()

We fit the reflectivity spectra measured at all magnetic fields and
plot the field dependence of the exciton parameters in Figure 2.
Figure 2a shows the Er and E; energies of the exciton states active
in 0" and o~ circular polarizations. The energy of E; we calculate
as E| = Er + hwpy. The Zeeman splitting of the exciton states
calculated as E,+ — E,- = gypupB is shown in Figure 2b. The
dependences coincide for the Er and Ej excitons, and their linear
fit gives the exciton g-factor gy = +2.35. We emphasize thatitis a
direct measurement of gy value and sign, which is positive. This
result is in agreement with our recent reports on the universal
dependence of exciton*® and isolated charge carrier*"! g-factors
on the bandgap energy in lead halide perovskite bulk crystals.
Note that the high linearity of the field dependence of the
Zeeman splitting indicates that band mixing is negligibly small
in lead halide perovskites even in very strong magnetic fields.
This is explained by the simple spin structure (spin 1/2)
of the electron and hole bands in the vicinity of the bandgap
(which contribute primarily to the exciton wave function) and
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the rather large energy separation to the higher-lying conduction
bands.

The diamagnetic shift of the transverse and LEs, which was
calculated as the center of gravity of the 6% components, is shown
in Figure 2c as a function of the square of magnetic field. Dashed
lines are B? fits; they describe well the experimental data in fields
up to 25T (more details will be given in Figure 4). From the
fits we evaluate the diamagnetic coefficients for the TE
¢®=1.6peVT? and LE c§=2peVT 2 Their difference
originates from the increase of the exciton oscillator strength
(howrr) with magnetic field, which is shown in Figure 2d. It
increases from 5.3meV at zero field up to 6.4meV at
B=060T. The exciton damping AI" does not significantly depend
on the magnetic field (not shown here).

2.2. Two-Photon Spectroscopy of 2P Exciton State

Information about excited exciton states enriches the knowledge
of the exciton parameters and allows one to define them with
higher precision. Unfortunately, the 2S exciton state was not
detectable in reflectivity spectra even in strong magnetic fields,
most probably due to its small oscillator strength. Therefore, we
used another approach and measured the 2P exciton state, which
is forbidden for one-photon excitation, but is allowed for
two-photon excitation. We measured the photoluminescence
excitation (PLE) spectrum using two-photon excitation, that is,
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Figure 2. Parameters of the 1S exciton-polariton in CsPbBr; in strong magnetic fields evaluated from polarized reflectivity spectra. T= 1.6 K. a) Energies
of transverse (E7) and longitudinal (E|) excitons active in 6" and ¢~ circular polarization as a function of magnetic field. b) Magnetic field dependence of
the Zeeman splitting E,+ — E,- of transverse (triangles) and longitudinal (open stars) excitons. The dashed line is a linear fit with g, = +2.35.
c) Diamagnetic shift of transverse and LE versus B>, Dashed lines are B fits with c}* = 1.6 peV T2 and ¢} = 2 peV T2, respectively. d) The longitudi-
nal-transverse splitting in two circular polarizations as a function of magnetic field.
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the laser photon energy was tuned in the range close to Eg/2.
Recently, we used this technique to study excitons in CdSe col-
loidal nanoplatelets.”?

Figure 3 shows the two-photon PLE spectra of CsPbBr;
measured in zero magnetic field and in 10 T. One can see a
pronounced resonance of the 2P exciton with a maximum at
E,p = 2.3467 eV at zero magnetic field. At B=10T, the maxi-
mum is shifted to 2.3476 eV. The diamagnetic shift of the 2P
state is shown in the inset of Figure 3. The red line shows a
B® fit using the diamagnetic coefficient ¢’ = 10peVT 2.
Note that this state corresponds to the 2Py, state with m=1
(orbital momentum) and q=0 (its projection on the light
wave vector) following ref. [53], where magnetoexciton states
are calculated within a hydrogen-like model.

2.3. Evaluation of Exciton Parameters

We now turn to the evaluation of the fundamental exciton
parameters, which control its ground and excited Rydberg states:
binding energy, reduced mass, and effective dielectric
constant. There are several challenges involved. Firsty, the most
straightforward way to measure the exciton Rydberg energy, that
is, the binding energy of its 1S state, would be to measure it as
R* = E; — Er. But in the studied CsPbBr; crystal, similar to
other lead halide perovskite crystals and polycrystalline
films,P'** the free-particle gap E, has no pronounced feature
in optical spectra. It can, in principle, be evaluated by different
means, such as by extrapolation to zero field of the magneto-
exciton fan chart measured in strong magnetic fields, but the
accuracy of this approach is limited. In ref. [31], the 1S exciton
ground-state binding energy was measured by comparing the
energy positions of 1S and 2S exciton states. However, the latter
was pronounced only in high magnetic fields and its position in
zero field was extrapolated. Secondly, as already mentioned, in
lead halide perovskites the screening of the Coulomb interaction
may be different for different exciton states, and consequently
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Figure 3. Two-photon PLE spectra of CsPbBr; in zero magnetic field and
in 10 T. The PL detection energy is 2.30 eV. Inset: the magnetic field depen-
dence of the 2P exciton energy. Symbols are experimental data. B fit with
diamagnetic coefficient ¢3” = 10peV T2 is shown by the red line.
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exciton energies can deviate from the standard hydrogenic
Rydberg series.

One approach to estimate the deviation of the binding energies
of the exciton states from the hydrogen-like model is based on
comparison of the diamagnetic coefficients for the 1S and 2P
states. The hydrogen-like model predicts a ratio c}¥/c2F = 1/6;
see ref. [53] and Equation (8) and (9). The experimental values that
we obtained here are ¢} =1.6peVT 2 and c5* = 10peVT 2
Their ratio is 1/6.25, which evidences the good validity of the
hydrogen-like model for describing excitons in CsPbBr;.

For accurate and self-consistent evaluation of the exciton
parameters, we treat the effective dielectric constant e for 1S
(e15) and 2P (&,p) exciton states as independent fitting parameters
and determine them separately from the analysis of the experi-
mental data, see S2, Supporting Information, for details. We
have four parameters to be determined: the exciton reduced mass
(1), the bandgap energy (E,), and the effective dielectric constants
for the 1S and 2P states (e;5 and &,p). We use, therefore, four
experimentally measured values: the diamagnetic coefficients
(c3¥ and ¢2P) and exciton resonance energies (E'S = Er, and
E®). We use the four following equations, which link the
evaluated and measured parameters.

4

et u
EIS = Eg - E]IJS = Eg - ZhZ% (6)
2P 2P ¢ u
E :EgiEb :EgishZ% (7)

4 2
as_ M &
d 46202 M3

4 2
2P — 3n" ep
d 26262 M}

©)

An equal number of evaluated parameters and linear equations
provides accurate and unequivocal evaluation of all parameters.
The following parameters are determined: u = 0.18m,,
E, = 2.3545eV, &g = 8.66, and e = 8.84. They bring
us to the exciton binding energies of ElS =32.5meV and
E¥ =7.8meV for the 1S and 2P states, respectively. Note that
the values of e and &,p are quite close; therefore, it is safe to
assume that all the exciton states can be treated within the
hydrogen-like model with a single effective dielectric constant
€qr ~ 8.7 with reasonable accuracy. Moreover, the ratio ES /EfP ~
4.17 is close to the value of 4 that is predicted by the hydrogen-like
model (Equation (2) and (5)). From Equation (3), we get the Bohr
radius of the 1S state a5 = 2.55 nm.

In Table 1 we summarize the parameters measured and eval-
uated in this work, and further details are given in Table S2,
Supporting Information.

3. Discussion

Let us have a close look at the field-dependent energy shift of the
1S exciton state, plotted in Figure 2c as a function of B? and also
in Figure 4 as a function of B. In both cases one can see that the
pure B” shift is valid primarily in magnetic fields weaker than
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Table 1. Exciton parameters in bulk CsPbBr; single crystal. T=1.6 K.

Parameter Value Comments
Er = E' 2.3220eV Energy of TE
E. 2.3273 eV Energy of LE.
hoyt 5.3 meV Longitudinal-transverse splitting.
nr 6.7 meV Exciton damping.
4rag 0.0195 Exciton polarizability.
N 4.3 Background dielectric constant. Taken as
&, = &, = 4.3 from ref. [51].
E?P 2.3467 eV Energy of the 2P exciton.
gx +2.35 Exciton g-factor.
s 1.6 peV T2 Diamagnetic coefficient of 1S exciton.
3 10peVT 2 Diamagnetic coefficient of 2P exciton.
ElS 32.5meV Binding energy of the 1S exciton state, that is, the
exciton Rydberg R” in hydrogen-like model.
EZ® 7.8 meV Binding energy of the 2P exciton state.
Eg 2.3545eV Bandgap energy.
Eoff 8.7 Effective dielectric constant.
U 0.18mq Reduced exciton mass.
M 0.72mq Translation exciton mass.
ay’ 2.55nm Bohr radius of the exciton ground state.
5 - J
[} experiment .
4 | 77 7 7 calculation L7
- ®
5 Ll B’ fit R
g o
s 3r B ' /.
£ e
0] .7
s 2 F e
& v 1
=) s
< N 1
.— e
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° .,."
0 —“. . 1 . 1 . 1 . 1

0 10 20 30 40 50 60
Magnetic field (T)

Figure 4. The 1S exciton shift in magnetic field measured (circles), calcu-
lated with Equation (10) (dashed line) and B? fit (dotted line). u = 0.18m,
and e = 8.7.

25T. Here, the condition for the diamagnetic exciton is fulfilled
with high accuracy. Namely, the cyclotron radius of the charge
carriers y/cfi/eB should be larger than the exciton Bohr radius
ag. The critical magnetic field for this criterion is B. = ch/(ea3).
In CsPbBr; it gives B. ~ 100 T, which is only a factor of ~2 larger
than the 60T fields we use. Therefore we can expect a small
deviation from purely quadratic diamagnetic shifts when
approaching the high fields used in this work.

The dashed line in Figure 4 shows the results of a full
calculation that accounts for the decrease of the exciton radius
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in strong magnetic fields. This simple model Hamiltonian
neglects the motion of the exciton center of mass.

. R e 1e B

H:EA—@—i-g??(xz—o—yz) (10)
Here A is the Laplace operator, acting on the electron and hole
relative coordinate r, and x and y are components of r in the plane
perpendicular to the magnetic field. Equation (10) was solved
numerically. We used values of u = 0.18m, and e.4 ~ 8.7 that
were determined above. Note that the received exciton diamagnetic
shift deviates from the B fit in magnetic fields exceeding 20 T. One
can see an excellent agreement with experiment in the whole range
of measured magnetic fields, which justifies our assumptions
made for the calculation of exciton parameters and shows the con-
sistency of the obtained set of exciton parameters.

The exciton parameters measured in this study allow us to
estimate the Kane energy E,,, which is connected with the inter-
band momentum matrix element P, as E, = 2P /m,. The Kane
energy characterizes the efficiency of the light interaction with
the crystal, for details, see S3, Supporting Information.[*+>*>3]
We have two ways to do that. In the first approach, we estimate
E, from the electron and hole effective masses.****! In lead
halide perovskites the electron and hole effective masses are sim-
ilar.®! Therefore, we estimate my, = 2y, which for g = 0.18m,
gives my, = 0.36my. Then taking the bandgap energy of CsPbBr;
of E;=2.35eV and the conduction band spin-orbit splitting
Ago = 1.5eVI* we get from Equation (S13), Supporting
Information, E,=11.8-12.5eV. The two values result from
evaluations via the electron and hole effective masses.

We made a second evaluation of E, from the link between the

longitudinal-transverse splitting and E, given by'**!
4 ZhZ E

hopr =~ P (11)
3myEf epap

Using parameters from Table 1, we calculate E, = 15 eV, which is
close to the value from the first evaluation. This agreement jus-
tifies use of the exciton—polariton approach and obtained exciton
parameters. Note that due to the difference of the band structure
of the lead halide perovskites and conventional zinc-blende semi-
conductors, for the latter in Equation (11), coefficient 2 should be
used instead of 4/3.

The following evaluations of E, can be made on the basis of
literature data. In ref. [44] the effective masses of electrons and
holes were calculated by density functional theory (DFT) and
empirical tight-binding (ETB) methods, the reported values
are m. = 0.3(0.291)m, and my = 0.26(0.298m,) for DFT
(ETB), respectively. Also the experimental value for hole effective
mass my, = 0.26m, was measured by angle-resolved photoelec-
tron spectroscopy in ref. [5]. They correspond to a reduced exci-
ton mass y = 0.14-0.15 and a Kane energy E, = 13.5 — 17.5eV.
In ref. [44], from the modeling of the universal dependence of the
charge carrier g-factors on the bandgap energy, the parameter
P, = hp/my = 6.8eVA was evaluated. It corresponds to a
Kane energy E,=12.1€V.

Magneto-optical experiments in high fields up to 70 T were
reported for CsPbBr; polycrystalline films in ref. [31]. The follow-
ing exciton parameters were evaluated: R* = E}S = 33 & 1 meV,
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u = (0.126 £ 0.01)m,, and e =7.8. The exciton binding
energy of the 1S state, estimated as the difference between
the energy of the 1S exciton and extrapolation of the magneto-
exciton fan chart to get E, is very close to our value of
32.5 meV. While the reduced exciton mass, evaluated from the
fit of the fan chart in strong magnetic fields, is smaller than
our determination of 4 = 0.18m,, which is based on diamag-
netic shifts in fields below 25T, it can be measured with high
accuracy due to the narrow exciton lines in bulk crystals. e.¢ eval-
uated in ref. [31] from E}® and y is smaller than our value of 8.7,
which is related to the smaller u value. The bandgap energy of
E; = 2.3545eV that we determine in our study is in line with
the literature data.[3">”!

4, Conclusion

Magneto-optics and two-photon spectroscopy of CsPbBr; crystals
allow us to determine a detailed set of exciton and exciton-
polariton parameters summarized in Table 1. The combination
of these approaches can be readily extended to other lead halide
perovskites and their nanostructures.

5. Experimental Section

Samples: The CsPbBr; crystals were grown with a slight modification of
the inverse temperature crystallization technique, see ref. [58]. First, CsBr
and PbBr; were dissolved in dimethyl sulfoxide. Afterward, a cyclohexanol
in N,N-dimethylformamide solution was added. The resulting mixture was
heated in an oil bath to 105 °C whereby slow crystal growth occured. The
obtained crystals were taken out of the solution and quickly loaded into a
vessel with hot (100 °C) N,N-dimethylformamide. Once loaded, the vessel
was slowly cooled down to about 50°C. After that, the crystals were
isolated, wiped with filter paper, and dried. The obtained rectangular-
shaped CsPbBr; was crystallized in the orthorhombic modification. The
crystals had one selected (long) side along the c-axis [001] and two nearly
identical sides along the [T10] and [110] axes.P”!

Reflectivity in Pulsed Magnetic Fields: The sample was mounted on a
custom fiber-coupled probe in a helium bath cryostat with a long tail
extending into the bore of a 65T pulsed magnet. The experiments were
performed at T=1.6K, with the sample immersed in superfluid
helium. Broadband white light from a halogen lamp was coupled down
a 100 pm-diameter multimode optical fiber, and light reflected from the
sample was collected by a 600 pm-diameter fiber. The light wavevector
k was perpendicular to the sample surface and parallel to B (Faraday
geometry). Thin-film circular polarizers were used to select 6~ and o™
polarized light. Full optical spectra were acquired every 1 ms continuously
throughout the magnet pulse using a fast charge-coupled-device camera
combined with a 0.3 m spectrometer. To switch between ¢~ and ™ polar-
ization, the direction of the magnetic field was switched. Further details of
these methods can be found in ref. [60].

Two-Photon Excitation of Photoluminescence: In order to obtain informa-
tion on the energy of the 2 P exciton state in absorption, we measured PLE
spectra. In this technique the emission was detected at the low energy tail
of the PL spectrum and the laser photon energy was tuned across the exci-
ton absorption spectral range. For excitation, a pulsed laser system with an
optical parametric amplifier was used. Its photon energy was tunable in
the spectral range of 0.5-4.0 eV. The laser pulses had a duration of 2.5 ps,
a linewidth of 0.23 nm, and a repetition frequency of 30 kHz. For the
two-photon PLE, the laser was tuned in the range of 1.15-1.20eV. The
PL was measured at 2.30eV, about 50 meV below the exciton energy.
For this, it was spectrally selected by a 10 nm-wide bandpass filter and
a spectrometer. For these measurements the sample was placed in the
magneto-optical cryostat with direct optical access. The sample was in
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direct contact with pumped liquid helium at T=1.6 K. Static magnetic
fields up to 10T were generated by a split-coil superconducting magnet
and applied in the Faraday geometry.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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