RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Weak Dispersion of Exciton Landé Factor with Band Gap
Energy in Lead Halide Perovskites: Approximate
Compensation of the Electron and Hole Dependences

Natalia E. Kopteva,* Dmitri R. Yakovlev, Erik Kirstein, Evgeny A. Zhukov, Dennis Kudlacik,
Ina V. Kalitukha, Victor F. Sapega, Oleh Hordiichuk, Dmitry N. Dirin,
Maksym V. Kovalenko, Andreas Baumann, Julian Hécker, Vladimir Dyakonov,

Scott A. Crooker, and Manfred Bayer

The optical properties of lead halide perovskite semiconductors in vicinity of
the bandgap are controlled by excitons, so that investigation of their
fundamental properties is of critical importance. The exciton Landé or g-factor
gy is the key parameter, determining the exciton Zeeman spin splitting in
magpnetic fields. The exciton, electron, and hole carrier g-factors provide
information on the band structure, including its anisotropy, and the
parameters contributing to the electron and hole effective masses. Here, gy is
measured by reflectivity in magnetic fields up to 60 T for lead halide
perovskite crystals. The materials band gap energies at a liquid helium
temperature vary widely across the visible spectral range from 1.520 up to
3.213 eV in hybrid organic—inorganic and fully inorganic perovskites with
different cations and halogens: FA, ,Cs, ; Pbl, ¢Br, ,, MAPbI;, FAPbBr;,
CsPbBr;, and MAPb(Br, sCl, o5);- The exciton g-factors are found to be nearly
constant, ranging from +2.3 to +2.7. Thus, the strong dependences of the
electron and hole g-factors on the bandgap roughly compensate each other
when combining to the exciton g-factor. The same is true for the anisotropies
of the carrier g-factors, resulting in a nearly isotropic exciton g-factor. The
experimental data are compared favorably with model calculation results.

1. Introduction

Lead halide perovskite semiconductors at-
tract currently great attention due to their
exceptional electronic and optical proper-
ties, which make them highly promising for
applications in photovoltaics, optoelectron-
ics, radiation detectors, etc.! Their flex-
ible chemical composition APbX;, where
the cation A can be cesium (Cs*), methy-
lammonium (MA*), formamidinium (FA™)
and the anion X can be I-, Br—, Cl, offers
huge tunability of the band gap from the in-
frared up to the ultraviolet spectral range.
The optical properties of perovskite semi-
conductors in the vicinity of the band
gap are controlled by excitons, which are
electron-hole pairs bound by the Coulomb
interaction. The exciton binding energy
ranges from 14 to 64 meV,[®”) making them
stable at room temperature at least for
the large binding energies. In-depth stud-
ies of exciton properties, such as of their
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energy and spin level structure or their relaxation dynam-
ics, which disclose unifying trends for the whole class of lead
halide perovskites, are therefore of key importance for basic and
applied research.

The band structure of lead halide perovskites is inverted com-
pared to conventional III-V and II-VI semiconductors. As a re-
sult, the strong spin-orbit interaction influences the conduction
rather than the valence band. Spin physics provides high preci-
sion tools for addressing electronic states in the vicinity of the
band gap: the Landé g-factors of electrons and holes are inher-
ently linked via their values and anisotropies to the band pa-
rameters, which in turn determine the charge carrier effective
masses.[®?] On the other hand, the g-factors are the key parame-
ters for the coupling of carrier spins to a magnetic field and thus
govern spin-related phenomena and spintronics applications, a
largely uncharted area for perovskites.

We recently showed experimentally and theoretically that a
universal dependence of the electron and hole g-factors showing
strong variations with the band gap energy can be established
for the whole family of hybrid organic-inorganic and fully inor-
ganic lead halide perovskite crystals.['®!!] These measurements
were performed by time-resolved Kerr rotation and spin-flip Ra-
man scattering spectroscopy including an analysis of the g-factor
anisotropy. As the exciton g-factor gy is contributed by the elec-
tron and the hole g-factor, one may expect a similarly universal
dependence for gy. As some g-factor renormalization due to the
finite carrier k-vectors in the exciton is expected, a direct mea-
surement of the free exciton Zeeman splitting, e.g., by magneto-
reflectivity or magneto-absorption, provides valuable insight. The
data published so far concern mostly polycrystalline materials
with broad exciton lines, which diminish the accuracy of exciton
g-factor evaluation.[®”1213] Magneto-optical studies of high qual-
ity crystals are needed to that end, in combination with high mag-
netic fields providing large Zeeman splittings.[14-1¢]

In this study, we measured the exciton g-factors in lead
halide perovskite crystals with different band gap energies using
magneto-reflectivity in strong magnetic fields up to 60 T. We com-
pare the experimental data with the electron and hole g-factors
measured by time-resolved Kerr ellipticity and spin-flip Raman
scattering. We find that the exciton g-factor is nearly independent
of the band gap energy that varies from 1.5 to 3.2 eV through the
choice of cations and/or halogens in the perovskite composition.
This behavior is in good agreement with the results of model cal-
culations. We also find that the anisotropies of the electron and
hole g-factors compensate each other, such that the net exciton
g-factor becomes isotropic.

2. Results

We studied five lead halide perovskite crystals with bandgap ener-
gies (E,) covering basically the whole visible spectral range from
1.5 up to 3.2 eV. Details of the synthesis of these high-quality crys-
tals are given in the Section S1 (Supporting Information). The
hybrid organic-inorganic compounds FA( 4Cs, ;Pbl, 3Bry, (E, =
1.520 eV at the cryogenic temperature of T = 1.6 K) and MAPbI,
(E; = 1.652 V) have band gap energies close to the near-infrared.
Replacing the iodine halogen with bromine and chlorine re-
sults in a blue-shift of the band gap for FAPbBr, (2.216 eV) and
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MAPD(Br,; 0sCly o5)3 (3-213 eV). To develop a complete picture, we
also study the fully inorganic perovskite CsPbBr; (2.359 eV).

2.1. Optical Properties

An overview of the optical properties of the studied crystals at the
temperature of T = 1.6 K is given in Figure 1. We are interested
in the properties of free excitons, which exhibit pronounced reso-
nances in the reflectivity spectra of four studied crystals, but not
for FA,,Cs,Pbl, ¢Br,,. For the latter, we measured the photo-
luminescence excitation (PLE) spectrum, where the pronounced
peak at 1.506 eV corresponds to the exciton resonance energy,
Ey. The exciton resonances are marked by the arrows in all pan-
els and their energies are summarized in Table 1.

Photoluminescence (PL) spectra are also shown in Figure 1. At
low temperature, the excitons are typically localized or bound to
impurities, and the emission from free excitons is weak. It can be
seen as a weak PL shoulder for FA ,Cs, , Pbl, (Br,, and MAPbI,
only. The PL spectra are Stokes-shifted from the free exciton reso-
nances and are composed of several lines, the origins of which are
discussed in literature, but are not yet fully clarified.['*-2!] The re-
combination dynamics, examples of which we show in Figure S1
(Supporting Information), are complex and show different char-
acteristic time scales ranging from hundreds of picoseconds, as
typical for free exciton lifetimes, up to tens of microseconds. The
longer times are associated with resident electrons and holes,
which are spatially separated due to localization at different sites.
The dispersion in distances between an electron and a hole, re-
sulting in different overlaps between their wave functions and
trapping-detrapping processes, provide a strong variation of de-
cay times. The coexistence of long-lived localized electrons and
holes, which we refer to as resident carriers, is typical for lead
halide perovskites, as confirmed by spin-dependent experimen-
tal techniques.[1015:22.23]

2.2. Measurement of Exciton, Electron, and Hole g-Factors

The band gap in lead halide perovskite semiconductors is located
at the R-point of the Brillouin zone for the cubic crystal lattice and
at the T-point for the tetragonal or orthorhombic lattices.[?*] In all
these cases the states at the bottom of the conduction band and
the top of the valence band have spin 1/2. In an external magnetic
field B, the electron (hole) Zeeman splittings, E; . = Hpen B =
Mpen B, are determined by the g-factors, g, and g;. Here uj is the
Bohr magneton.

The bright (optically-active) exciton, composed of an electron
and a hole, has angular momentum L = +1. Its spin sublevels are
split by the Zeeman energy E, = upgy BE, = pupgy B with the exci-
ton g-factor gy. In the Faraday geometry with the magnetic field
parallel to the light wave vector (B||k), the exciton states with
opposite spin orientation can be distinguished by the circular po-
larization of the reflected light.

An example of such measurements for the FAPbBr, crystal is
given in Figure 2a, where the reflectivity spectra detected in o™
or o~ polarization at By = 7 T are shown. One clearly sees the
Zeeman splitting of the exciton resonance with E, = 1.09 meV.
The dependence of E, on By is a linear one, see Figure 2b. From
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Figure 1. Optical properties of lead halide perovskite crystals with various band gaps at a temperature of 1.6 K. The colored lines show the photolumi-

nescence spectra for continuous wave excitation at E,,.

=3.06 eV, using the laser power density of 5 mW/cm?2. For MAPb (Br 5Cly 5)3 the excitation

energy is E.. = 3.23 eV. The black lines show the PLE spectrum for FA, oCsg 1Pbl, gBrg, and the reflectivity spectra for the other samples.

the slope we evaluate the exciton g-factor gy = +2.7. Note that
in this experiment the g-factor sign can be determined: positive
values correspond to a high (low) energy shift of the 6+ (67) po-
larized resonance. We performed similar magneto-reflectivity ex-
periments for MAPbI,, CsPbBr;, and MAPD(Br, ,sCl, o5); and the
measured exciton g-factors (g ) are given in Table 1. The de-
pendences of E, on By for MAPbI; and MAPD(Br, (sCl, o5); are
shown in Figure S2 (Supporting Information) and for CsPbBr;
in Figure 3b.

The Zeeman splitting of the bright exciton is given by the sum
of the electron and hole Zeeman splittings, so that

gx =8 + & 1)

To what extent this equation is exactly fulfilled, needs to be
checked specifically for each material, as some renormalization
of the exciton g-factor may take place when the carriers are bound
to form an exciton, in which they both are in motion. The renor-
malization could be caused by band mixing at finite wave vectors.
We show below that Equation (1) is reasonably well fulfilled for
the studied materials.

Time-resolved Kerr rotation and Kerr ellipticity are powerful
techniques for measuring directly the carrier g-factors by ana-
lyzing the Larmor precession frequencies, @, of their spins.[?]
In lead halide perovskites, resident electrons and holes coex-
ist at low temperatures, so that their g-factors can be mea-

sured in one sample in a single experiment.[10.15:22.23.26.27] \e per-
form measurements of the time-resolved Kerr ellipticity (TRKE)
on the FAPbBr, crystal, with the pump and probe laser en-
ergy tuned to the exciton resonance. The TRKE dynamics mea-
sured in the Voigt geometry with the magnetic field perpen-
dicular to the light wave vector (ByLlk, B, = 0.5 T) are shown
in Figure 2c by the blue line. It contains two Larmor pre-
cession frequencies, which we decompose by the fit function
given in the Experimental Section. We plot the electron and
hole contributions separately in the same figure. Based on the
established universal dependence of the carrier g-factors on
the bandgap energy in lead halide perovskites,!”) we assign
the higher Larmor frequency to the electrons and the smaller
frequency to the holes. Their g-factors of gy, = +2.44 and
gyn = +0.41 are evaluated with high accuracy from the mag-
netic field dependence of the Zeeman splitting E, ., = A, o
(Figure 2d), where 7 is the reduced Planck constant, using |g.,|
= hoy /(e B)-

The sign of the g-factor cannot be determined directly from
the TRKE dynamics in the Voigt geometry. However, dynamic
nuclear polarization in tilted magnetic field??! and theoretical
calculation of the carrier g-factors’ universal dependencel'l al-
low us to identify it as positive for both electrons and holes in
FAPDBr;.

We measure the anisotropy of the electron and hole g-
factors in FAPDbBr; by rotating the magnetic field using a vector

Table 1. Parameters of lead halide perovskite crystals at cryogenic temperatures of 1.6 — 10 K.

Material Eg (eV) Ex (eV) Eg my (mo) gyel™ gy n" 8ve t 8vn grel % geyl 8re T 8rh 8F, x
(meV)
1.520 1.506 14161 0.0916] +3.48 -1.15 +2.33 +3.60 -1.22 +2.38
FAg9Cso.1Pbl; gBrg,?
MAPbI,) 1.652 1.636 1661 0.10416] +2.81 -0.68 +2.13 +2.57 -0.34 +2.23 +2.3
MAPbI; ] 1.656 1.640 16161 0.104(6] - - - - - - 2.66 +0.19
FAPbBr, 2.216 2.194 22161 0.115(61 +2.44 +0.41 +2.85 +2.32 +0.36 +2.68 +2.7
MAPbBr, (1] 2.275 2.250 25071 0.1177] - - - - - - 2.69
CsPbBr; 2.359 2.326 33071 0.126(171 +1.69 +0.85 +2.54 +2.06 +0.65 +2.71 +2.35
MAPb (Bry 65 Clo.ss)3 3.213 3.168 459 - - +1.33 - - - - +2.5

% In Ref. [6] the exciton effective mass my and the exciton binding energy Eg are given for FAPbI;. We consider that their values for FA; 4Cs, 1 Pbl, g Br , are very close; 0 MAPbDI4
shows a complex anisotropy of the electron and hole g-factors.l'% Here, the given values of g, correspond to # = 60° and g to 6 = 150°; 9 The value is obtained from a linear
approximation of the dependence of the exciton binding energy Eg on E,. my is the exciton effective mass; In the original papers, the sign of the g-factor was not given.
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Figure 2. Magneto-optical properties of excitons, as well as resident electrons and holes in a FAPbBr; crystal. a) Reflectivity spectra measured in 6™
(red line) and o~ (blue line) polarization in the longitudinal magnetic field B; =7 T at T= 1.6 K. b) Exciton Zeeman splitting as function of By measured
in magneto-reflectivity. Slope of the linear fit gives ggy = +2.7. ) Time-resolved Kerr ellipticity signal (blue) measured at By, = 0.5 T, T = 6 K, using the
laser photon energy of 2.188 eV. The electron (black) and hole (green) components are obtained from decomposing the signal. d) Dependence of the
Zeeman splitting of the hole (green), the electron (black), and their sum (blue) on By,.

magnet, see the Figure S3 (Supporting Information). The g-factor
anisotropy is small, namely the g-factors in the Faraday geom-
etry (gz. = +2.32 and gp), = +0.36) are close to the ones in
the Voigt geometry (gy. = +2.44 and g, = +0.41). This is typ-
ical for lead halide perovskites with an FA cation, as in these
materials the structural tolerance factor is close to unity and
structural modifications at low temperatures are weak. Also for
FA,,Cs,,Pbl, ¢Br, ,, we earlier reported nearly isotropic electron
and hole g-factors.[2%]

The sum of the carrier g-factors g . + g¢}, = +2.68 in FAPbBr,
coincides closely with the exciton g-factor gy = +2.7 obtained
from magneto-reflectivity measurements. These values are also
close for MAPbI; (gg. + ggy, = +2.23 and gy x = +2.3) and fur-
thermore are not differ much in CsPbBr; (g; . + g1, = +2.71 and
grx = +2.35), see Table 1. Note that the experimental accuracy
of g-factor values received from magneto-reflectivity is +0.1 and
from the TRKE is +0.05.

2.3. Anisotropy of Exciton g--Factor

In CsPbBr; crystals, the anisotropy of the electron and hole g-
factors is pronounced. The results measured by spin-flip Ra-
man scattering (SFRS), for details see the Figure S4 (Support-
ing Information), are shown in Figure 3a. Here 0 is the an-
gle of the magnetic field tilt from the Faraday (9 = 0°) to the
Voigt (f = 90°) geometry. In this experiment, the c-axis is ori-
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ented perpendicular to the light k-vector, so that B||c corresponds
to the Voigt geometry. Note, that contrary to TRKE, spin-flip
lines are detectable also in the Faraday geometry and, therefore,
8 en are measured directly. The g, and g, dependences on 0 are
described by

Lo (0) = \/géye(h)coszﬁ + g&e(h)sinza (2)

The electron and hole g-factors are both positive in CsPbBrj;,
but their anisotropies are orthogonal to each other. The elec-
tron g-factor is largest in the Faraday geometry (gz. = +2.06)
and decreases in the Voigt geometry to g,. = +1.69, while the
hole g-factor increases from the Faraday toward the Voigt ge-
ometry from gg, = +0.65 up to gy, = +0.85. Interestingly, the
sum of the carrier g-factors changes only weakly from +2.71 to
+2.54, see the blue crosses in Figure 3a, demonstrating that the
exciton g-factor anisotropy is weak. Note, that the exciton spin
flip is also visible as a weak line in SFRS spectra (Figure S4,
Supporting Information). Its g-factor, shown in Figure 3a by
red circles, coincides very well with the blue crosses data. The
weak anisotropy of the exciton g-factor is a common feature
for the lead halide perovskites, as confirmed by the data for
MAPDI,, where the strong anisotropies of the electron and
hole g-factors nearly compensate each other in their sum, see
Table 1.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Anisotropy of the electron (black circles) and hole (green circles) g-factors measured by SFRS for CsPbBr;. B=5T and T = 1.6 K. Red
circles present the exciton g-factor. The black and green lines are calculated with Equation (2), using the parameters from Table 1. The blue crosses
are experimental data of g, + g, the blue line is the sum of the fits shown by the black and green lines. b) Magnetic field dependence of the exciton
Zeeman splitting measured from magneto-reflectivity in the Faraday geometry for CsPbBr;. T= 1.6 K. The symbols are experimental data and the line is a

linear fit.

2.4. Exciton Zeeman Splitting in Strong Pulsed Magnetic Fields

We examined the exciton Zeeman splitting in the CsPbBr; crystal
in very strong magnetic fields up to 60 T, using a pulsed magnet
at the National High Magnetic Field Laboratory in Los Alamos.
The experiments were motivated by the possibility to reach large
Zeeman splittings, thus improving the accuracy of the exciton
g-factor evaluation, and also by searching for a possible non-
linearity of the Zeeman splitting by field-induced band mixing.
Magneto-reflectivity was measured at T'= 1.6 K and the Zeeman
splitting of the oppositely circularly polarized exciton resonances
(similar as in Figure 2a) was assessed. The results are shown in
Figure 3b. The exciton Zeeman splitting increases linearly with
magnetic field over the whole range up to 60 T. The evaluated g;
= +2.35. The high linearity indicates that band mixing is negligi-
bly small in lead halide perovskites even in very strong magnetic
fields. This is explained by the simple spin structure (spin 1/2)
of the electronic states in the vicinity of the bandgap, which con-
tribute to the exciton wave function. The shift of the higher-lying
electron states with momentum 3/2 due to the spin-orbit splitting
in the conduction band is about 1.5 eV, which is large enough
to exclude a significant admixture of these states to the ground
exciton state by the magnetic field. Note that in this respect the
lead halide perovskites principally differ from conventional III-
V and II-VI semiconductors, for which strongly nonlinear Zee-
man splittings were reported in GaAs- and CdTe-based quantum
wells.[28:29]

2.5. Band Gap Dependence of Exciton g-Factor

To summarize the information on the exciton g-factors for the
whole class of lead halide perovskites and highlight general
trends, we show in Figure 4 the experimental data collected in
Table 1 as function of the band gap energy. Our data for g
measured by magneto-reflectivity are shown by the closed red
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circles. We combine them with literature data (open red circles),
also measured by magneto-reflectivity on MAPbI, and MAPbBr,
crystals.l*16] One can see that the exciton g-factor is nearly inde-
pendent of the band gap energy varying from 1.5 to 3.2 eV. The
exciton g-factors change only in a small range from +2.3 to +2.7.
Compared to the average, this corresponds to a variation well be-
low 10%, while the electron g-factor varies by significantly more
than 50%.

g-factor

E, (eV)

Figure 4. Dependence of the exciton g-factor measured by magneto-
reflectivity (closed red circles are our data and open red circles are from
Refs. [14, 16]) and of the sum of carrier g-factors evaluated from TRKE and
SFRS (crosses) on the band gap energy. The data are taken at cryogenic
temperatures of 1.6 — 10 K. The dashed lines are model calculations! ']
with Equations (3) and (4) for the hole (green) and the electron (black)
g-factors, which closely match the experimental data given in Table 1. The
blue line is the sum of their contributions calculated with Equation (5).
Size of the symbols includes the error.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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We show in Figure 4 also the sum values of gz, + g, by the
crosses, which follow closely the g; x values. Therefore, we con-
clude that the renormalization of the carrier g-factors in the exci-
tons is small in the lead halide perovskites.

Let us compare our experimental data with model predictions.
We showed recently experimentally and theoretically that the
electron and hole g-factors in the lead halide perovskites follow
universal dependences on the band gap energy.'%! According cal-
culations are given in Figure 4 by the dashed lines. They account
for the fact that in the vicinity of the band gap the band structure
of hybrid organic-inorganic and of fully inorganic lead halide per-
ovskites is strongly contributed by Pb orbitals. Then, for the holes
in the valence band, the main contribution to the g-factor is due
to k - p mixing with the conduction band. For the cubic phase it
is described by Ref. [10, 30]:

4p* (1 1
g=2-5s—\=—- 3)
h 3m0<Eg Eg+A>

Here, p is the interband matrix element of the momentum oper-
ator, A = 1.5 eV is the spin-orbit splitting of the conduction band,
m, is the electron effective mass, and #p/m, = 6.8 eVA. For elec-
trons, the k - p mixing with the top valence band and the remote
valence states are important:

2

%p +Ag.. )

8 = RE
¢ 3 myE,
Here, Ag. = —1 is the remote band contribution evaluated as fit-
ting parameter in Ref. [10]. One clearly sees that both electron
and hole g-factors change strongly with increasing E,.
Using Equations (3) and (4) we obtain for the sum of the elec-
tron and hole g-factors:

PP S A
E e T3 3 E+ A

+Ag. ®)

It is shown by the solid blue line in Figure 4. One can see that
it has much weaker dependence on the bandg ap compared to
the g-factors of the individual carriers. The calculated dependence
for g. + g, is in good agreement with the experimental data on
both g;y and g. + g, shown in Figure 4. Note that the similar
cancellation is valid for the angle dependence of the exciton g-
factor, shown forexample for CsPbBr; in Figure 3a. The related
formalism has been developed in Ref. [10], and we give its key
equations in Section S6 (Supporting Information).

The observed, approximate independence of the exciton g
factor on the band gap E, is a consequence of the underlying sim-
ple band structure, determined by the lowest conduction band c,
+1/2 and the highest valence band v, +1/2, showing both only a
twofold spin degeneracy. As shown above,['% the contributions to
the individual g-factors from the k - p mixing of these bands pro-
portional to 1/E, cancel each other in the exciton g-factor. This
is in striking contrast to the Zeeman splitting of the exciton sub-
levels in conventional ITI-V or II-VI bulk semiconductors of cubic
symmetry, like GaAs or CdTe. First, in these well-studied semi-
conducting materials, the conduction band I'; is simple, but the
electron g-factor is strongly dependent not only on E,, but also on
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the spin-orbit splitting A of the valence band I'y, the latter vary-
ing in a wide range.®!] Second and more importantly, the hole is
characterized by the effective angular momentum j = 3/2 so that
it is fourfold degenerate. The valence band degeneracy leads to
complicated exciton level splitting and structure of its wave func-
tion as result of the interplay of heavy hole-light hole mixing and
electron-hole exchange interaction.[?2*] Even if the field-induced
hole mixing and the exchange interaction in the exciton are dis-
regarded, the effective g-factor of the bright exciton (A-exciton)
contains 1/E, contributions.

While the mixing of the bands forming the gap cancels thus in
gy, the mixing of the valence band with the higher lying, remote
conduction band still contributes, but here the variation with E,
is damped by adding the spin-orbit splitting which is compara-
tively large in the perovskites. The situation is similar to the one
in transition metal dichalcogenide monolayers, where the bright
exciton g-factor is as well largely determined by the remote bands,
while the mutual contributions of the valence band to the electron
g-factor and of the conduction band to the hole g-factor cancel out
in the exciton g-factor.[>>=7]

Up to now we discussed the bandgap dependence of the bright
exciton g-factor, gy = g. + g,. For the optically-forbidden dark ex-
citon the g-factor value is given by the difference g, — g,. Due to
the opposite variation of the electron and hole g-factors, the de-
pendence on E, is expected to be even stronger for the dark exci-
ton than for individual electron and hole, see Figure S5 (Support-
ing Information). Also a stronger anisotropy for the dark exciton
g-factor, compared to the bright exciton g-factor which is nearly
isotropic, is expected.

To summarize, the exciton g-factors in hybrid organic—
inorganic and fully inorganic lead halide perovskites have pos-
itive signs and show relatively constant values over a large range
of band gap energies. Further, they are nearly isotropic. It turns
out that the strong band gap dependences and anisotropies of
the individual electron and hole g-factors contributing to the ex-
citon largely compensate each other. It would be important to
extend these studies to perovskite semiconductors based on an-
other metal ions, e.g., lead-free Sn-based materials. Also the role
of quantum confinement for carriers and excitons in perovskite
nanocrystals and 2D materials would be interesting to examine.

3. Experimental Section

Samples:  The class of lead halide perovskites possesses the compo-
sition APbX;, where the A-cation was typically Cs*, methylammonium
(MA*, CH3;NH7Y), or formamidinium (FA*, CH(NH,)J), and the X-anion
was one of the halogens CI~, Br~, or I~. The ratio of the anion to cation ion
radii defines the Goldschmidt tolerance factor t. If it was close to unity,ps]
then the structure could be synthesized. Replacing the anion leads to a
change in the bandgap width from the infrared to the ultraviolet spectral
range. This study used single lead halide perovskite crystals with different
bandgap widths grown out of solution with the inverse temperature crys-
tallization (ITC) technique.[>3%40] For specific crystals the ITC protocols
were modified, and for the five crystals studied here (FAq 4Cs ;Pbl;, ¢Brg 5,
MAPbI;, FAPbBr;, CsPbBr;, and MAPb(Brg ¢5Cly o5)3) details of their syn-
thesis are given in Section S1 (Supporting Information ) and in Ref. [10].

Magneto-Reflectivity: The samples were placed in a cryostat and im-
mersed in either superfluid liquid helium at T=1.6 K or in - helium gas for
T=6— 10 K. For experiments in dc magnetic fields, two cryostats equipped
with a split-coil superconducting magnet were used. One with a single split
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coil produces magnetic fields up to 10 T in one direction. Another was a
vector magnet with three orthogonally oriented split coils,which allows to
apply and rotate the magnetic field (up to 3 T) in any direction.

A halogen lamp was used for measuring magneto-reflectivity. The light
wave vector, k, was perpendicular to the sample surface and the reflec-
tivity was measured in backscattering geometry. The signal was analyzed
for 6 and o~ circular polarization and recorded after dispersion with an
0.5-meter spectrometer with a Silicon charge-coupled-device camera. The
external magnetic field was applied parallel to the light k-vector, B¢ ||k (Fara-
day geometry). In the TRKE and SFRS experiments, the Voigt geometry
was used (ByLk), as well as tilted geometries between Faraday and Voigt.
Here, the tilt angle 6 is defined as the angle between B and By, where 0
= 0° corresponds to the Faraday geometry. Experiments in pulsed mag-
netic fields up to 60 T were performed in the Faraday geometry, following
previously-described methods.[41]

Time-Resolved Kerr Ellipticity (TRKE): The coherent spin dynamics
were studied by a pump-probe method. Pump and probe light, emitted
from a pulsed titanium-sapphire (Ti:Sa) laser,[?’] had the same photon
energy. Both pulses had duration of 1.5 ps with a spectral width of about
1nm (1.5 meV). Laser repetition rate was 76 MHz, which corresponds to
repetition period Ty = 13.2 ns. An optical parametric oscillator (OPO) with
internal frequency doubling was used to convert the photon energy of the
Ti:Sa laser so that it could be resonantly tuned to the exciton resonance in
FAPbBT;.

The pump pulses went through a mechanical delay line and were time-
delayed with respect to the probe pulses. Pump helicity was modulated
between ¢t and ¢~ circular polarization at the frequency of 50 kHz by a
photo-elastic modulator (PEM). Probe polarization was linear, but the am-
plitude was modulated at the frequency of 84 kHz by PEM. The polarization
of the reflected probe beam was analyzed via balanced photodiodes and
a lock-in amplifier (Kerr signal). The signal of all perovskite samples was
elliptically polarized, therefore Kerr ellipticity signal was measured. Kerr
ellipticity signal oscillates and decays in time in transverse magnetic field,
due to the Larmor precession and spin relaxation. In case of perovskites,
both electrons and holes spin coherence were observed in the Kerr elliptic-
ity signal. It can be described as a sum of two decaying cosine functions:
Agg = Se cos(w 1) exp(—t/TZe) + Sy cos(w pt) exp(—t/TZh). Here, S
are the electron and hole spin polarization right after pump action. T;,e(h)
are the carrier spin dephasing times. The Larmor precession frequencies
@ ¢(n is recalculated to g-factors with [ge ()| = | e(n)/ (1 B) TRKE sig-
nal do not provide information about g-factor sign. The sign of the carrier
g-factors could be identified in tilted magnetic field geometry through the
dynamic nuclear polarization effect, for details see Refs. [22, 23].

Spin-Flip Raman Scattering (SFRS): The Zeeman splitting of resident
carriers spin sublevels could be detected directly by the SFRS technique.
The light scattered from the sample had the spectral shift (or Raman shift)
from the laser photon energy,[*?] due to the phonon assisted spin-flip of
carriers. For the semiconductors, Raman shift is about 1 meV at magnetic
field of 10 T. The experiments were performed for the CsPbBr; sample
immersed in superfluid liquid helium (T = 1.6 K). The SFRS signal was
excited by laser with photon energy of 2.330 eV at exciton resonance, with
the laser power density of 1 Wem™2. The SFRS signal was measured in
the backscattering geometry. A Jobin-Yvon U1000 double monochroma-
tor with one meter focal length was used for obtaining the SFRS spectra
with high resolution of 0.2 cm™' (0.024 meV). The signal was detected
by a cooled GaAs photomultiplier and conventional photon counting elec-
tronics. The spectrally narrow laser, high spectral resolution of the spec-
trometer and efficient suppression of the scattered laser light allowed to
detect Raman shifts from 0.1 to 3 meV. The SFRS spectra were measured
for cross-polarized (6~ /o) circular polarizations of excitation (¢~) and
detection (o).

Supporting Information

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