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ABSTRACT

The strong spin-orbit coupling (SOC) in lead halide perovskites, when inversion symmetry is lifted, has provided opportunities for investi-
gating the Rashba effect in these systems. Moreover, the strong orbital moment, which, in turn, impacts the spin-pair in singlet and triplet
electronic states, plays a significant role in enhancing the optoelectronic properties in the presence of external magnetic fields in lead halide
perovskites. Here, we investigate the effect of weak magnetic fields (<1 T) on the photoluminescence (PL) properties of CsPbBr; nanocrys-
tals with and without Ruddlesden-Popper (RP) faults and single crystals of CH;NH;PbBr;. Along with an enhancement in the PL intensity
as a function of an external magnetic field, which is observed in both lead bromide perovskites, the PL emission red-shifts in CsPbBr; nano-
crystals. Density-functional theory calculations of the electronic band-edge in CsPbBr; show almost no change in the energy gap as a func-
tion of the external magnetic field. The experimental results, thus, suggest the role of mixing of the triplet and singlet excitonic states under
weak magnetic fields. This is further deduced from an enhancement in PL lifetimes as a function of the field in CsPbBr;. In CH;NH;PbBrs3,
an increase in PL intensity is observed under weak magnetic fields; however, no changes in the peak energy or PL lifetimes are observed.
The internal magnetic fields due to SOC are characterized for all three samples and found to be the highest for CsPbBr; nanocrystals with
RP faults.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085947

I. INTRODUCTION applications.'” Additionally, the strong orbital moment arising
from the lead atoms and the direct orbital bonding in the octahedra
lattice provide opportunities for investigating magnetic field effects
in this class of lead halide perovskites.''

Owing to the centrosymmetric crystal structures, the Rashba
effect as such is forbidden in 3D lead halide perovskites. However,
dynamic lattice distortion due to the thermal motion of the cations
(MA™, Cs*) and local symmetry breaking due to surface defects
result in Rashba splitting observed in 3D perovskite semiconduc-

The past decade has seen a rapid development of high-
performing optoelectronic applications of halide perovskite semi-
conductors, which share the general formula of ABX; with
monovalent cations (A), bivalent metal cations (B), and halide
anions (X). The hybrid organic-metal halide perovskites (OHPs),
with A cations such as methylammonium (MA) or formamidinium
(FA) and the B cation such as Pb or Sn are the front runners in

photovoltaic solar cells."” Nanocrystals of all inorganic metal- tors.”> A ramification of the Rashba effect combined with the
halide perovskites (I.H?) Witb Cs.ions OCCUPYir.lg the A site show strong SOC in the conduction band is that it lowers the bright
tunable, narrow emission with high photoluminescence quantum triplet excitonic states below the dark singlet exciton in IHPs; the
yield (PLQY) mahng them promising candidates for next- lowest J-triplet states in CsPbX; nanocrystals recombine 20 times
generation displays.™* The strong spin-orbit coupling (SOC) due faster than in any other semiconductor nanocrystals at room tem-

to the presence of a heavy element (Pb) and the associated Rashba perature.'” In CsPbBr; nanocrystals, the splitting in the photolumi-
effect’™ make these systems relevant for spin-related device nescence (PL) peaks at low fields was attributed to the Rashba
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effect, whereas beyond 4 T the Zeeman effect was seen to be domi-
nant.” Magnetic field effects (MFE), which redistribute the spin
population in the presence of external magnetic fields impacting
optoelectronic properties, have been the hallmark of carbon-based
semiconductors where the SOC is weak.'* The excitonic states in
such semiconductors are characterized by the spin angular momen-
tum; the equilibrium between the singlet and triplet population
can, thus, be altered by an external magnetic field. Although lead
halide perovskites have strong SOC, which shortens the spin relaxa-
tion times, the presence of a strong orbital moment can result in
spin-mixing of the excitonic states and modulate the emission
properties. The changes in PL, electroluminescence, and photocur-
rent response were attributed to the difference in the g-factors
between the electron-hole pairs under magnetic field-induced spin
mixing in mixed halide OHPs."”

Although low temperature PL including measurements under
high magnetic fields has identified the nature of the lowest exci-
tonic states in IHP'” and OHP,'® the effect of weak magnetic fields
on the PL properties of perovskite semiconductors has not been
systematically explored. In particular, the parameters describing the
internal magnetic field due to SOC have not been deduced for dif-
ferent classes of IHP and OHP. Moreover, how this internal mag-
netic field may change in the presence of planar faults has not been
investigated thus far.

Here, we probe the MFE in two classes of lead bromide perov-
skites (IHP and OHP) for field strengths <1 T. For this study, the
OHP class is represented by MAPbBr; single crystals and CsPbBrs;
nanocrystals (defect-free and with defects) were selected for the
IHP class. The demonstration of a simple post-synthesis process
for introducing planar faults, namely, Ruddlesden-Popper (RP)
faults, in 3D CsPbBr; nanocrystals'’ has opened up a pathway for
improving the optoelectronic properties of perovskite nanocrystals.
Most notably, the presence of RP faults in CsPbBr; nanocrystals
enhances the PLQY,'” demonstrates improved PL properties at 1
GPa pressure,'® shows strong third harmonic generation,”” and
enhances the electroluminescence properties compared to CsPbBr;
nanocrystals without RP faults.”” The MFE in CsPbBr; nanocrys-
tals manifest as enhanced PL intensity and a red-shift of the PL
energy with increasing field strengths at room temperature. These
changes are observed both in CsPbBr; nanocrystals with and
without RP faults. The shift in the PL energy exhibits a power-law
dependence on the magnetic field, which is inconsistent with the
typical Zeeman energy shift or the diamagnetic term. The PL life-
time in CsPbBr; is seen to increase with the external field. The PL
under hydrostatic pressure (below 1 GPa) as a function of the mag-
netic field was further investigated and no MFE were observed
under pressure. We compare the MFE results of CsPbBr; to
MAPDBr3;. Single crystals of MAPbBr; are known to show at least
two excitonic peaks in the PL at room temperature and are sensi-
tive to the experimental geometry—reflection or transmission. The
high-energy PL peak, observed in the reflection geometry, shows a
response to the magnetic field; however, the low-energy PL peak
observed in the transmission geometry shows no MFE. Unlike
CsPbBr3, the PL lifetimes in MAPbBr; remain unchanged in the
presence of the field, highlighting differences in the mixing of the
singlet-triplet excitonic states between the two compounds. From
the changes in the PL intensity, parameters describing the internal
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magnetic field due to SOC are obtained for all samples. The field is
seen to be the highest for CsPbBr; nanocrystals with RP faults,
which we attribute to trap/surface states.

II. METHODS
A. Materials

The synthesis of CsPbBr; nanocrystals was carried out via a
hot injection method at 185°C under N, atmosphere. The nano-
crystals were cooled in an ice-water bath and centrifuged at
4000 rpm for 12 min. The nanocrystals were then redispersed in
n-heptane for further analysis. The RP faults in CsPbBr; nanocrys-
tals were developed via the addition of diethylzinc to the purified
nanocrystals. The detailed procedures were reported in Refs. 17
and 20. They are also briefly discussed in supplementary material.
Since there may be some batch-to-batch variation, we made sure to
compare the optical properties of the non-RP and RP films from
the same batch.

Methylammonium bromide, lead bromide (98%), and anhy-
drous dimethylformamide (DMF) were purchased from Millipore
Sigma and utilized without further purification. MAPbBr; single
crystals were synthesized using the inverse temperature crystalliza-
tion technique as described in Ref. 21. We prepared a one molar
solution of PbBr, and MABr in DMF at room temperature. The
solution was stirred for an hour and then filtered through a 0.22 um
PTEE filter with the resulting filtrate distributed into vials in 2 ml por-
tions. The vials were placed into a bath of 80 °C silicone oil for 3 h.
After a short time, several nucleation sites appeared, and the crystal
growth commenced. Finally, the crystals were extracted from the vials
after 3h and dried.

The CsPbBr; nanocrystals were deposited from solution onto
a glass slide to form a thin film that was mounted on a non-
magnetic frame for transmission geometry measurements. After
each PL measurement, the excitation source was blocked to avoid
photobleaching. The sample was left to relax in the magnetic field
for a short period (approx. 3 min) until the next measurement. In
all cases, the polarity of the magnetic field was kept constant. The
high-pressure PL experiments were carried out using a Merrill-
Bassett-type diamond anvil cell. A small amount of the non-RP
CsPbBr; sample was dropped into the sample chamber (180um
hole of a stainless-steel gasket) along with some silicone oil to
achieve hydrostatic conditions. A small chip of ruby in the sample
chamber served as the pressure calibrant.

B. Characterization

The PL measurements under magnetic fields were carried out
using a 400 nm laser diode for sample excitation with a power
density of 2600 W/m?. Magnetic fields <1 T were generated by a
Helmholtz coil configuration, and the field strength was modulated
through adjustment of the magnetic poles and the applied voltage
to the electromagnet. The magnetic field was calibrated using a
kilogauss meter. The PL from CsPbBr; was measured in the trans-
mission geometry, whereas the PL from MAPbBr; was measured in
the reflection geometry. A 400 nm long pass filter separated the
excitation source from the sample PL and the spectra were recorded
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using a USB2000 Ocean Optics spectrometer with a 2048-pixel
linear silicon CCD array.

The PL lifetimes were measured with a PicoHarp 300 time-
correlated single photon counting module with 4 ps time resolu-
tion. The 800 nm wavelength (100 fs, 80 MHz) from a Ti-Sapphire
laser (Mai Tai, Spectra Physics) was frequency doubled to 400 nm,
which served as the excitation source using an external BBO
crystal. The sample was placed in a variable gap magnet from
PASCO. By changing the separation of the poles, fields up to
500mT could be achieved. The PL decay was measured in a reflec-
tion geometry for the non-RP CsPbBr; film and the MAPbBr;
crystal. The PL emission from the sample was collected by an ava-
lanche photon counting detector module (Micro Photon Devices),
using a long-pass 400 nm filter and a bandpass filter at 530 + 10nm
to eliminate the excitation wavelength.

C. Theory

To determine the influence of magnetic fields on the elec-
tronic band structure of perovskites, we performed first-principles
calculations using density-functional theory (DFT) for orthorhom-
bic CsPbBr; in uniform magnetic fields of varying strength. The
calculations were performed with ELK,*> which is an all-electron
electronic structure code (i.e., not requiring pseudopotentials). For
the DFT calculations, we used the PBEsol exchange-correlation
functional” and a 4 x 3 x 4 k-point grid. The calculations were
converged to a total energy tolerance of 2.7 x 10~* eV and a total
potential tolerance of 2.7 x 107% eV.

lll. RESULTS AND DISCUSSIONS
A. Magneto-PL from CsPbBrz nanocrystals

Figures 1(a) and 1(b) compare the PL spectra from non-RP
CsPbBr; and RP CsPbBrs; films in a Faraday geometry as a function
of the magnetic field strength. All measurements reported here are
at 300 K. The individual PL spectra were fit with a Voigt profile to
obtain the peak position and the intensity. Without the magnetic
field, the PL peak is centered at 515 nm for the non-RP film and is
slightly red-shifted at 523 nm for the RP film. The red-shift in the
PL for the RP sample is expected due to the larger crystalline size;
however, the shift is relatively small and does not scale with the
nanocrystal size effect.'” The insulating CsBr layers in between the
CsPbBr; domains, which form the fault planes, result in a
quantum confinement effect. Detailed temperature-dependent PL
from non-RP and RP CsPbBr; nanocrystals showed very small
shifts in the PL peak positions, consistent with a homogeneous
particle size distribution."®

Upon increasing the magnetic field, an increase in the PL inten-
sity along with a red-shift of the PL peak position is observed. The
PL energy shifts (with respect to the zero magnetic field) are plotted
in Figs. 1(c) and 1(d). The non-RP sample is seen to shift by
30 meV and the RP sample shifts by 16 meV within a range of 0.5 T.
We have ensured that the red-shift in the PL is not due to any clus-
tering effect. After switching off the field, the PL peak position was
monitored for a few days. The PL peak reverts back to the original
position after the field is switched off (see the supplementary
material).

ARTICLE scitation.org/journalljap

We note that the RP CsPbBr; sample has a broader size
distribution compared to non-RP CsPbBr; (see TEM images in the
supplementary material); the PL is from excitons that are quantum
confined in the smaller domains within the large domains. The
exciton binding energies are, in general, 20-30 meV higher in RP
CsPbBr; compared to non-RP CsPbBr;.”’ The change of excitonic
transition energy with magnetic field, AE, is usually governed by
two terms: the Zeeman energy, which varies linearly with the mag-
netic field (B), and the diamagnetic contribution, which varies as
B?. Thus, AE = + %Ag,uBB +coB?, where Ag is the difference
between the electron and hole g-factors, up is the Bohr magneton,
and ¢y, the diamagnetic coefficient, depends on the excitonic Bohr
radius and the effective reduced mass. The PL transition energies
for both non-RP CsPbBr; and RP CsPbBr; exhibit a different
behavior and do not agree with the Zeeman energy term or the dia-
magnetic term. Instead, we find a reasonable fit with a power law
(cB™), with m being close to 0.5. Our results are consistent with the
magneto-optical measurements from single colloidal CsPbBrs,
which demonstrated that the Zeeman term dominates beyond 4 T
hence, it is not surprising that in the range of the magnetic field in
this work (<1 T), the energy shifts are not linear. The smaller coef-
ficient, ¢, for RP CsPbBr; compared to non-RP CsPbBr; may be
reconciled with the higher exciton binding energy in this sample.*

The non-linear dependence of the transition energy under
weak magnetic fields exhibits some interesting features. If we take
the experimental data of the PL energies vs magnetic field for the
non-RP and the RP samples and add a uniform offset of 23 meV to
the non-RP data, then the two datasets end up almost exactly on
top of each other beyond 0.2 T (see the supplementary material).
This signals two regimes: a sharp red-shift in the PL peak energy
for fields lower than 0.2T (more pronounced in the non-RP
sample) along with a second region that shows a gradual change in
the PL energy beyond 0.2 T. Our DFT calculations show that the
magnetic fields considered in this article affect the band structure
only marginally: a magnetic field of strength 1T changes the
bandgap only by about 0.1 meV. The PL red-shift observed here is,
therefore, not due to any changes in the electronic structure as a
function of the magnetic field.

A more plausible explanation may be due to band non-
parabolicity combined with a polaronic effect. Shi et al.”* observed
that the PL transitions under high fields of 60 T in OHPs show
inconsistent behavior across different halogen substitutions. The
MFE of transition energies across various halogen substituted
OHPs could not be explained by a unified model; a combination of
the Rashba effect induced by strong spin-orbit coupling and the
polaron effect was invoked to explain the results. According to
Ref. 24, the band non-parabolicity in MAPbI; leads to a pro-
nounced magnetic field dependence of the polaronic effective mass
for field strengths below 1 T, causing shifts in the PL energy. Such a
behavior has long been known for III-V semiconductors,” and it
is likely to occur in the case of CsPbBr; as well.

The experiments in this work are conducted at room tempera-
ture where the rotation of the PbBrs lattice surrounding the Cs*
ion occurs. The longitudinal optical (LO) phonons in polar crystals
are known to result in the formation of Frohlich polarons, which
manifests as a long range interaction between the charge carrier
and the phonon. The Frohlich coupling constants for halide
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FIG. 1. PL spectra of (a) non-RP CsPbBr; and (b) RP CsPbBr; for varying magnetic fields at room temperature. The PL was measured in the transmission mode and the
B field was aligned out of plane. The inset in (a) shows a fit to the no-field PL data with a Voigt profile. The black arrows depict increasing magnetic fields. The PL energy
shift as a function of the magnetic field in (c) non-RP CsPbBr; and (d) RP CsPbBrs The dashed line in each is a fit to a power law.

perovskites are substantially larger than for inorganic semiconduc-
tors such as GaAs.”® Angle-resolved photoelectron spectroscopy
from single crystal CsPbBr; indicates parabolic bands with the evi-
dence of large polarons resulting from an excess hole, where the
polaron mass was observed to be 0.24 m, and the polaron binding
energy and radius were determined to be 34 meV and 6 nm, respec-
tively.”” The observed mass renormalization was ascribed to elec-
tron-phonon interaction, which is responsible for the formation of
the Frohlich polarons.””*® The carrier mass may be further
enhanced due to the interaction with the lattice. Furthermore, the
carriers may be subjected to a polar liquid-like screening™ because
of which the PL energy shifts under magnetic fields deviate from
the diamagnetic term and display approximately v/B dependence.
Our prior work on high-pressure optical properties of
CsPbBr; nanocrystals demonstrated a distinct red-shift of the PL
energy with increasing pressure, which was consistent with DFT
calculations of narrowing of the bandgap.'® The PL as a function of
the magnetic field in non-RP CsPbBr; for two values of pressure is
shown in Fig. 2. The experimental geometry was identical to the
ambient condition. Typical red-shift of the PL position under pres-
sure is observed; however, as seen for the 0.3 and 0.7 GPa data, no
shifts or changes in the PL intensity under pressure occur with

magnetic fields. These results clearly signal an absence of MFE
under pressure. We note that both PL and synchrotron-based XRD
measurements under pressure from CsPbBr; show anomalies in the
pressure range of 0.3-0.7 GPa, representative of an isostructural
phase transition with a pressure-induced octahedral tilt."® Hence,
we expect the relative motion between the PbBrs lattice and the
Cs* ions to be restricted at these low pressures, reducing the
dynamic and the polaronic effect, which, in turn, reduces any
MEE. The locking of the A-site cation in the MAPbX; systems is,
however, seen to occur at slightly higher values of pressure.”””'

1. Intensity changes in CsPbBrs nanocrystals

The percentage increases in the PL intensity as a function of
the magnetic field in non-RP and RP CsPbBr; are shown in Fig. 3.
The data were fit with the sum of two Lorentzian functions (red
dashed line) of the form: A;[B*/(B? + B3)] + A,[B*/(B* + B3)]
and one Lorentzian function A;[B?/(B* + B3)] (blue dotted line).
Although the error bars are large for B; and B,, the two Lorentzian
functions fit the data far better compared to the one Lorentzian
function. We will see later that this trend is different in MAPDbBr3.
For the two Lorentzian functions, the parameters are as follow:

J. Appl. Phys. 131, 125105 (2022); doi: 10.1063/5.0085947
Published under an exclusive license by AIP Publishing

131, 125105-4


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

a)
700 —O0mT 4
— 140 mT

—~600F —— 270 mT -
= ——400mT
S 500+ —— 540 mT A
- —— 700 mT
= 400+ .
ﬂc_a 300+ non-RP CsPbBr, -
C =|
= 200l P=0.30 GPa ]
o

100+ .

0

200} omr ]
—0m
——140mT

- i —— 270 mT |

g 150 ——400mT

-~ —— 540 mT

> —— 700 mT

s 1001 ——870mT 7

c

2

c 50+ non-RP CsPbBr; |

.| P=0.70 GPa

o

0

520 540 560 580
Wavelength (nm)

500

600

ARTICLE scitation.org/journalljap

540 560 580

Wavelength (nm)

520

500 600

FIG. 2. PL spectra of non-RP CsPbBr; nanocrystals as a function of the magnetic field at (a) 0.30 and (b) 0.70 GPa.

B; =355 4+ 258 mT and B, = 59.0 + 17.5mT (non-RP CsPbBr3)
and B; = 748 + 172mT and B, = 65.8 + 6.5mT (RP CsPbBr3).

In organic semiconductors, the fitting of MFE is usually
described by two Lorentzian functions; one is related to the hyper-
fine interaction and the second is related to spin-exchange interac-
tions.” In CsPbBr; crystals, the valence band holes show a stronger
hyperfine interaction compared to conduction band electrons due
to the Pb atoms.” In our fits, the B, parameter is similar for both
non-RP and RP samples. This parameter is attributed to the hyper-
fine interaction since the composition of both samples is identical.
The B; parameter would then represent the internal magnetic
parameter, proportional to SOC.”* Although the error bars are
large in the fits, the RP sample does seem to show a somewhat
larger value of B; compared with the non-RP sample. The differ-
ences may arise due to trap/surface states in RP-CsPbBr; at grain
boundaries. We note that SOC is an atomic property and, as such,
should not depend on trap states. However, the trap states are often
formed as charged defects at grain boundaries in halide perov-
skites,* which may affect the local polarization and, thus, lead to
consequences for the SOC. Our prior work on photon
up-conversion experiments shed light on the surface states in
RP-CsPBBr;, which arise due to the removal of the stabilizing
ligands, serving as a reservoir for the excited states.”’

It is worth noting here that the PL intensity is seen to
increase with the field, unlike in mixed halide OHPs,'>> where
the PL intensity decreases with the application of the field. This
difference is a further indication of the important role played by
the lowest excitonic state: in CsPbBrs, the lowest state is the
triplet state,’> whereas in the mixed OHP the lowest excitonic
state is attributed to the singlet exciton.'® This is also consistent
with the MFE in organic semiconductors where both positive and
negative changes in PL intensity are observed.'* Triplet-enhanced
polymers, where the decay channel between the lowest triplet
and the ground state opens up, show a positive MFE beyond a
certain threshold of the incident in'[ensi'[y,35 similar to our
observations.

We have further carried out field-induced circularly polarized
PL from non-RP CsPbBr;. Above 560 mT, a clear difference in
intensity between ¢t and ¢~ polarized PL is observed at room
temperature (see the supplementary material). A simple four-band
model has been effectively used in perovskites to explain the e-h
spin manifold and obtain insights into Ag, effective masses, and
Rashba spin splitting.'>'>*° When the field is turned on, the spin
sublevels follow the Boltzmann distribution at thermal equilibrium;
two of the allowed e-h transitions are circularly polarized since
Am = +1 and the other two transitions are unpolarized since
Am = £0. As a result, under thermal equilibrium, the PL intensi-
ties vary with 6 and o~ due to the + 1 values of Am. In princi-
ple, from systematic changes in the PL intensity under o™ and o~
one should be able to deduce Ag. In our case, there are only a
couple of points at higher fields where this difference is observed,
and thus, Ag cannot be determined. Moreover, low temperatures
are needed to deduce an accurate value of Ag. Nevertheless, our
results confirm that there is spin mixing at weak magnetic fields at
room temperature, which redistributes the spin population.

2. PL lifetimes under magnetic fields

Since the non-RP CsPbBr; nanocrystals do not have any addi-
tional quantum confinement effect due to fault planes, the lifetime
measurements were performed only for this sample. All the legends
and reference to the non-RP sample are simply referred to as
CsPbBr; from here onward. To get additional insight into changes
observed in magneto-PL, we measured the time-resolved PL as a
function of the magnetic field. The schematic of the setup is shown
in the supplementary material. A varjable gap magnet was used for
the application of the field. Figure 4(a) shows the PL decay curves
with and without the external field. The inset shows the instrumen-
tal response function (IRF) and a fit to the 360 mT data. Since the
IRF is significant here, we deconvolute the IRF and the signal
(see the supplementary material) to extract the lifetimes and other
parameters.
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FIG. 3. The percentage increase in PL intensity as a function of the magnetic field in (a) non-RP CsPbBr; and (b) RP CsPbBr; The symbols are the experimental data,
the red dashed line is a fit to two Lorentzian functions, and the blue dotted line is a fit to one Lorentzian function.

The radiative lifetimes in CsPbX; are relatively short; owing to
the triplet states being the lowest optically active states, the radiative
recombination decay is accelerated. The PL decay has two relaxa-
tion modes: a slow and fast one.”” The overall decay function is of
the form: f(x) = aexp(—x/71) + Bexp(—x/7,), where 7; and 7,
are the two lifetimes and @ and f are the components of each
species.  The  average lifetime was  obtained using
Tavg = (arf + ,Br%) /(at; + Br2). The decay parameters are listed in
Table I. With increasing magnetic fields, the lifetime is clearly seen
to increase. As shown in Fig. 4(b), the average lifetime and the frac-
tion S/a (long to short component) both increase exponentially
with the magnetic field. These results show an opposing trend to
FAPbBr;,'® where the lifetime decreases with increasing field. The
increasing lifetime signals a stronger mixing of the singlet-triplet
states where the triplet character is enhanced.

B. Magneto-PL from MAPbBrz crystal

The PL spectra from a MAPbBr; single crystal with varying
magnetic field strengths are plotted in Figs. 5(a) and 5(b) for two
different geometries: reflection and transmission, respectively. It is
well known that in the reflection geometry, the PL shows a domi-
nant peak at 540 nm and a shoulder at 570 nm.’””*® The appear-
ance of the two peaks depends on the measurement geometry and
the sample thickness. The sample thickness was approximately
1 mm, where self-absorption effects are typically large.”” The low
energy peak (570 nm) originates from a self-absorption effect and
multiple reflections from within the bulk of the crystal. Hence, the
transmission geometry mainly highlights the 570nm peak.
Changes in the PL intensity are only observed in the reflection
geometry [Fig. 5(a)]. As the magnetic field strength increases, the

(@ . . . Y - — . . :
] CsPbBr. ®  Fraction of long to short component 3.0

7 »M ggoB ﬁ:_?d E e Average Lifetime
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FIG. 4. (a) PL decay curves as a function of the magnetic field. The black arrow represents an increasing magnetic field. The inset shows the instrument response function
and the data at 360 mT with the fitted function. (b) Ratio of 3/« and the average lifetime as a function of the magnetic field. The bold lines are an exponential fit through

the experimental data points.
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TABLE 1. Fraction of the short (a) and long (8) PL decay components along with
the individual lifetimes for CsPbBr; as a function of the magnetic field. The second

last column lists the average lifetime and the last column gives the pla ratio.

Field Tavg

(mT) a 7; (ns) B 7, (ns) (ns) Pla
0 0.77 0.546 £0.005 0.23 2.878 £0.048 1.98 0.30
360 0.61 0.507+0.006 0.39 2.688+0.026 2.19 0.64
380 0.59 0.534+0.006 041 2.801+0.026 232 0.70
400 0.56 0.542+0.007 0.44 2.798+0.027 235 0.78
460 041 0.736£0.015 0.59 3.195+0.029 2.86 1.44

PL intensity increases significantly. From 0T to 710 mT, the PL
intensity increases by almost 60% with no accompanying red-shift.
In the transmission geometry, however, no such change in the PL
intensity with a magnetic field is observed, indicating that excitonic
recombination after self-absorption in the bulk is not sensitive to
external magnetic fields.

The percentage increase of PL intensity as a function of the
magnetic field is plotted in Fig. 5(c). The dotted blue line is a fit
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with one Lorentzian function. Unlike CsPbBr;3, one cannot fit the
enhancement in PL intensity with two Lorentzian functions, allud-
ing to a different mechanism for MFE. The main contribution here
is spin mixing induced by SOC. The fit results in the internal mag-
netic field parameter to be 208 + 35mT, a value that is close to
OHP films on rigid substrates.” In OHPs such as FAPbBr;, the
dark singlet exciton state is located several meV below the bright
triplet excitons.'® We believe that it may be similar in MAPbBr3,
resulting in differences with CsPbBr;. Unlike CsPbBr;, MAPbBr;
shows no change in the PL lifetime under the magnetic field
[Fig. 5(d)], implying that the triplet or the singlet character of the
excitons remains unchanged.

The ambient structures of MAPbBr; and CsPbBr; are differ-
ent. Under ambient conditions, MAPbBr; adopts a cubic structure
(space group:Pm3m); both experiment and theory show that there
is coupling of the MA cation to the PbBrg lattice via hydrogen
bonding.””” Thus, the polaron-exciton coupling may not be signif-
icant in MAPbBr;, and as a result, no change in the PL energies is
observed at these low magnetic fields. Furthermore, differences
may also arise due to the crystal size (bulk vs nanocrystal).
Electron-phonon interaction in CsPbBr; nanocrystals may be
further altered due to hole self-trapping.*’
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FIG. 5. PL spectra from a single crystal of MAPbBr3 with varying magnetic fields in the (a) reflection and (b) transmission geometry. (c) The percentage increase in PL
intensity as a function of the magnetic field. The crossed circles are the experimental data and the blue dashed line is a fit to one Lorentzian function. (d) Normalized PL

decay curves for MAPbBr; as a function of magnetic field. A variable gap magnet generated the magnetic field and was aligned out of plane.
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IV. CONCLUSIONS

By monitoring the PL at low magnetic fields (<1 T) for two
classes of lead halide bromide perovskites, OHP (MAPbBr;) and
IHP (CsPbBr;), the MFE was observed in both systems at room
temperature. The internal magnetic field due to SOC is seen to be
higher for the IHP samples, especially for RP CSPbBrs;, compared
with MAPbBr;. What is striking here is a sensitivity of the polar-
onic effects to weak magnetic fields at room temperature, which are
highlighted in the PL properties. Although there is an absence of
universality in the changes in PL energy and lifetime as a function
of the magnetic field between the two bromide systems, the PL
intensity is seen to increase in all samples. CsPbBr; nanocrystals
with and without RP faults show a red-shift in the PL energy with
the external field. This shift is inconsistent with the Zeeman energy
shift or the diamagnetic term. Beyond 0.2 T, both non-RP and RP
CsPbBr; show a gradual change in the PL energy. We attribute the
sharp change in PL energies below 0.2 T to a polaronic effect where
the carrier mass is enhanced due to the interaction with the lattice.
Under high pressure and at room temperature, no change in the PL
energy with the magnetic field is observed, suggesting a locking of
the relative motion between the PbBrg lattice and the Cs™ ions.
The enhancement in PL intensity with the external field reflects on
the SOC and the spin-mixing of triplet and singlet states, which is
further gauged from the enhanced lifetimes with increasing fields.
By contrast, MAPbBr; crystals show a strong enhancement in the
PL intensity without any changes in the PL energy for fields up to
700 mT.

In conclusion, our study suggests that the differences in MFE
between the two classes of perovskite systems can be mainly attrib-
uted to structural differences; in addition, the differences in the
lowest excitonic states are likely to play a role as well. This work
warrants the need for detailed theoretical models that take into
account exciton-polaronic interaction to understand the MFE in
these classes of halide perovskite semiconductors.

SUPPLEMENTARY MATERIAL

See the supplementary material for the synthesis of CsPbBr;
nanocrystals, long-time behavior of PL signals, TEM images of RP
and non-RP nanocrystals, overlaying the PL energies of the non-RP
and RP samples, field-induced circularly polarized PL data, experi-
mental setup of time-resolved PL, and deconvolution of IRF and
time-resolved PL data.
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