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Spin-polarized lasers have demonstrated many superiorities over conven-

tional lasers in both performance and functionalities. Hybrid organic-inorganic
perovskites are emerging spintronic materials with great potential for advan-
cing spin-polarized laser technology. However, the rapid carrier spin relaxa-
tion process in hybrid perovskites presents a major bottleneck for spin-
polarized lasing. Here we report the identification and successful suppression
of the spin relaxation mechanism in perovskites for the experimental realiza-
tion of spin-polarized perovskite lasers. The electron-hole exchange interac-
tion is identified as the decisive spin relaxation mechanism hindering the
realization of spin-polarized lasing in perovskite microcrystals. An ion doping
strategy is employed accordingly to introduce a new energy level in per-
ovskites, which enables a long carrier spin lifetime by suppressing the electron-
hole exchange interaction. As a result, spin-polarized lasing is achieved in the
doped perovskite microcrystals. Moreover, the doped cation is a magnetic
species allowing for the magnetic field control of the spin-polarized perovskite
lasing. This work unlocks the potential of perovskites for spin-polarized lasers,
providing guidance for the design of perovskites towards spintronic devices.

A spin-polarized laser is a unique coherent light source based on the
stimulated emission of spin-polarized carriers*”. The spin-polarized
laser generates a new function, circularly polarized laser emission,
through the conversion of spin angular momentums from carriers to
photons®*. In addition, the spin-polarized lasers have many super-
iorities in performance, such as lasing threshold, efficiency, and
modulation speed®”. By virtue of the new function and superior per-
formance, the spin-polarized lasers have great potential in a wide
range of fields, such as asymmetric synthesis, chiral sensing, displays,
chiroptics, spintronics, valleytronics, and optical communications*™,

The spin polarization for circularly polarized lasing relies on the
spin splitting of electronic bands by spin-orbit interaction*”. This
stringent requirement has severely limited the choice of candidate
materials for spin-polarized lasers. So far, most spin-polarized lasers
have been demonstrated based on GaAs quantum wells with large

spin-orbit coupling"'®"”. Besides, the spin-polarized lasers suffer from
low degrees of circular polarization because the recombination of
spin-imbalanced electrons with degenerated light and heavy holes
produces opposite circularly polarized emission'®. Recently, hybrid
organic-inorganic perovskites have emerged as excellent spintronic
materials combining giant spin-orbit coupling and lifted spin degen-
eracy of light and heavy holes” . As direct-bandgap semiconductors,
the perovskites are also outstanding gain media for laser
oscillations® ., Hence, they have rapidly become promising candi-
dates for exploring spin-polarized lasers***'. However, the fast carrier
spin relaxation processes in hybrid perovskites make it challenging to
sustain spin polarization for lasing®*,

As a long spin relaxation lifetime is beneficial for achieving spin-
polarized lasing in perovskites, various strategies have been developed
to suppress the carrier spin relaxation processes®*****, However, the
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realization of spin-polarized lasing remains elusive in perovskites
because their carrier spin lifetimes are still too short to sustain suffi-
cient spin polarization before laser generation. In particular, the
complex carrier spin relaxation processes mainly through Elliott-Yafet
(EY), D’yakonov-Perel (DP), and Bir-Aronov-Pikus (BAP)
mechanisms®? make it even more difficult to find a strategy of
increasing the carrier spin lifetime of perovskites towards spin-
polarized lasing.

In this work, we identify and successfully suppress the dominant
spin relaxation mechanism in the lasing regime of perovskites,
enabling the experimental realization of spin-polarized perovskite
lasers. The BAP mechanism based on the electron-hole exchange
interaction was identified as the decisive factor hindering the realiza-
tion of spin-polarized lasing in perovskites. Accordingly, a type of
divalent metal cation was doped into the perovskite microcrystals to
introduce a new energy level capable of suppressing the electron-hole
exchange interaction by trapping a portion of carriers, which led to a
fourfold increase in the carrier spin lifetime of the perovskites. By
virtue of the effective carrier spin polarization, spin-polarized lasing
with a degree of circular polarization up to 27.3% was realized in the
perovskite microcrystal under optical spin injection. Furthermore, the
doped cations exhibited a characteristic of amplifying the magnetic
effect on carrier spin in the perovskite microcrystal, which enabled
magnetic field control of the spin-polarized perovskite lasing. These
results establish an ion doping strategy for improving the spintronic
performance of perovskites toward spin-polarized lasing.

Results and discussion

Doping of perovskites for effective spin polarization

With excellent optical gain and spin properties, the methylammonium
lead bromide (MAPbBr;, upper pane of Fig. 1a) perovskite is a pro-
mising candidate for realizing spin-polarized lasers**. The MAPbBr;

perovskite microcrystals were synthesized through a liquid-phase self-
assembly method (Supplementary Fig. 1, see “Methods” for prepara-
tion details). Figure 1b shows a scanning electron microscopy (SEM)
image of the synthesized MAPbBr; microcrystals with square plate
morphologies. The X-ray diffraction (XRD) spectrum and selected-area
electron diffraction (SAED) pattern reveal the cubic phase of MAPbBr;
microcrystals (Supplementary Figs. 2 and 3).

The carrier spin relaxation dynamics was investigated in the
MAPbBr; microcrystals through the circularly polarized transient
absorption (TA) spectroscopy. The pump-probe configuration con-
sists of a right circularly polarized pump laser (6" pump) and right/left
circularly polarized probe lights (0"probe/0 probe) (Supplementary
Fig. 4). Figure 1c shows the spin relaxation dynamics of the MAPbBr;
microcrystals under low pumping (0.2 pJ/cm?) at room temperature
(293 K). The ground-state photobleaching signal in the same polar-
ization (0" pumpO probe) iNCreases at the expense of that in the opposite
polarization (6" pumpO probe), Which is a typical signature of carrier spin
flip process®*. The net spin relaxation kinetics is obtained by sub-
tracting the 0" pumpO probe Signals from 6" pumpO probe Signals and is
exponentially fitted to evaluate the spin relaxation times. The spin
relaxation time was calculated to be 14.49 ps, which is too short to
sustain efficient spin polarization for lasing (Supplementary Fig. 5a, b).

To find a strategy of achieving spin-polarized lasing in per-
ovskites, we first attempted to probe the carrier spin relaxation
mechanism in the MAPbBr; microcrystals (Fig. 1c-f). As shown in
Fig. 1c, d, f, with temperature decreasing from 293 K to 80 K, the spin
relaxation time notably increases from 14.49 ps to 39.22ps. The
temperature-dependent spin relaxation time identifies that the EY
mechanism dominates the spin relaxation process in MAPbBr;
microcrystals at room temperature'®*. Despite the significant increase
in the spin lifetime at low temperature, the MAPbBr; microcrystal
cannot enable spin-polarized lasing yet (Supplementary Fig. 5c, d). This
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Fig. 1| Investigation of carrier spin relaxation mechanisms in MAPbBr; per-
ovskite microcrystals. a Schematic diagrams showing the MAPbBr; perovskite
and the spin relaxation process through electron-hole exchange interaction (BAP
mechanism). b SEM image of MAPbBr; perovskite microcrystals with square
morphologies and smooth surfaces. Scale bar is 2 pm. c-e Spin relaxation kinetics
(black) of MAPbBr3; microcrystals obtained by subtraction of two sets of circularly
polarized TA signals (red and blue) in the same and different polarization

Pump Fluence (uJ/cm?2)

configurations under ¢ low pumping at 293K, d low pumping at 80K, and e high
pumping at 293 K. The spin relaxation kinetics is exponentially fitted to evaluate the
spin relaxation time (7spin). f The fitted spin lifetime of MAPbBr; microcrystals as a
function of the excitation power and temperature. The spin lifetimes of MAPbBr;
microcrystals at all temperatures dramatically decrease at high pump fluences,
identifying the electron-hole exchange interaction as the dominant spin relaxation
mechanism in the lasing regime of perovskites.
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Fig. 2 | Introduction of an ion doping strategy to suppress the carrier spin
relaxation in MAPbBr; perovskite microcrystals. a Schematic diagrams showing
the Mn-MAPbBr; perovskite and the suppression of spin relaxation process by a
trap level. The Mn-induced trap states disturb the electron-hole exchange inter-
action by capturing part of holes toward, therefore effectively suppressing the spin
relaxation process. b TEM image and EDS mapping of a Mn-MAPbBr; microcrystal,
showing uniform doping of Mn elements in the perovskite microcrystal. Scale bars
are 2 pm. ¢ TA spectra of Mn-MAPbBr; microcrystals at different delay times under
linearly polarized configuration. The emergence of PB bands ranging from 550 nm
to 580 nm after Mn doping is caused by the filling of trap states. d Spin relaxation
kinetics (black) of Mn-MAPbBr; microcrystals obtained by subtraction of two sets

Mn Doping Concentration (wt%o)

of circularly polarized TA signals (red and blue) at 530 nm in the same and different
polarization configurations under high pumping at 293 K. The spin relaxation
kinetics is exponentially fitted to evaluate the spin relaxation time (7spin). € TA
kinetics probed at 530 nm of the Mn-MAPbBr3; microcrystals with different Mn
doping concentrations under high pumping. The rapid decay amplitude increases
gradually from 0.8% to 27.8% with the Mn concentration. f Spin relaxation time and
portion of trapped holes of Mn-MAPbBr; microcrystals as a function of the Mn
doping concentration. The spin lifetime and the portion of trapped holes in
MAPbBr; microcrystals share the same variation trend with the Mn concentration
increasing, indicating that the prolonged spin relaxation time is attributed to the
trap levels capturing holes.

implies that the spin-orbit coupling is not the major reason destroying
spin polarization for lasing in MAPbBr; microcrystals. As shown in
Fig. 1c, e, f, with the pump fluence increasing from 0.2 pJ/cm? to 2.5 pJ/
cm?, the spin relaxation time dramatically decreases from 14.49 ps to
4.24 ps. Since the increase in densities of photogenerated electrons
and holes can enhance the electron-hole exchange interaction, the
distinct pump fluence-dependent spin relaxation time indicates that
the BAP mechanism dominates the spin relaxation process in MAPbBr3
microcrystals under high pumping conditions (lower panel of
Fig. 1a)***°. This indicates that the electron-hole exchange interaction
is the decisive factor hindering the realization of spin-polarized lasing
in MAPbBr; microcrystals.

Accordingly, we employ an ion doping strategy to suppress the
electron-hole exchange interaction in the MAPbBr; microcrystals
towards spin-polarized lasing (upper panel of Fig. 2a). The introduc-
tion of divalent manganese cations (Mn*") is expected to construct a
new energy level in the MAPbBr; perovskite, which would weaken the
electron-hole exchange interaction by trapping part of electrons or
holes (lower panel of Fig. 2a). The Mn-doped MAPbBr; (Mn-MAPbBr5;)
microcrystals were synthesized with the same liquid-phase self-
assembly method (Supplementary Fig. 1, see “Methods” for prepara-
tion details). By changing the contents of manganese bromides
(MnBr,) in the perovskite precursor solutions, we were able to syn-
thesize high-quality MAPbBr3; microcrystals with the Mn doping con-
centrations (cy,) ranging from O to 3.7wt%. (Supplementary
Figs. 6-9). The Mn-MAPbBr; microcrystals (cy, <3.7%0) share the same
square morphology as the pure MAPbBr; ones, indicating that the
introduction of a small amount of Mn?" does not affect the crystal
growth of MAPbBr; perovskites. Energy-dispersive X-ray spectroscopy
(EDS) evidences the successful introduction and uniform distribution

of Mn in the MAPbBr; microcrystal (Fig. 2b and Supplementary Fig. 10).
X-ray photoelectron spectroscopy (XPS) reveals the formation of
[MnBrg]* in the MAPbBr; microcrystal (Supplementary Fig. 11). As
shown in Supplementary Figs. 2 and 3, the Mn-MAPbBr; microcrystals
exhibit almost the same XRD spectrum and SAED pattern as the pure
MAPDBr; ones, indicating that the MAPbBr; microcrystal maintains its
high crystallinity and original crystal structure after Mn doping. A very
small shift of the XRD peak towards a high angle reveals a lattice
contraction of the MAPbBr; perovskite crystal, which confirms the
successful introduction of smaller Mn** compared with Pb* in the
MAPDBr3 microcrystal*’. Overall, high-quality Mn-MAPbBr; perovskite
microcrystals were successfully synthesized, which is beneficial for
low-threshold lasing (Supplementary Fig. 12).

As shown in Supplementary Fig. 13, the Mn-MAPbBr; micro-
crystals exhibit a low-energy tail in their absorption spectrum com-
pared with that of pure MAPbBr; microcrystals, which suggests the
introduction of trap states in MAPbBr; microcrystals by Mn doping*>*3.
The trap-involved carrier dynamics was investigated by TA spectro-
scopy. Note that the TA spectra of Mn-MAPbBr3; microcrystals under
moderate and high pumping conditions were collected for investi-
gating the type of trapped carriers and the influence of trap states on
spin relaxation, respectively. Both the pure and doped MAPbBr;
microcrystals are characterized by typical ground-state photobleach-
ing (PB) peaks around 530 nm (Fig. 2c¢ and Supplementary Fig. 14).
Nevertheless, only the Mn-MAPbBr; microcrystals present weak and
broad PB bands ranging from 550 nm to 580 nm, which is attributed to
the filling of trap states. The TA kinetics reveals the emergence of a
rapid decay process in the ground-state PB signal accompanied by a
fast rise process in the trap state PB signal within 1 ps in the MAPbBr;
microcrystals after Mn doping (Supplementary Fig. 15), which
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Fig. 3 | Spin-polarized lasing from Mn-MAPbBr; perovskite microcrystals. a PL
image of square Mn-MAPbBr; perovskite microcrystals, showing typical green
emission. Scale bar is 5 um. b Emission spectra from a Mn-MAPbBr; microcrystal
under right circularly polarized excitation of different pump fluences, exhibiting
the evolution from broad spontaneous emission to sharp lasing. Insets: corre-
sponding PL image of the microcrystal above the lasing threshold. ¢ Plots of
emission intensities versus pump fluences, from which the lasing threshold was
derived to be 10.0 pJ/cm? d Right and left circularly polarized components of the

270

laser emission from the Mn-MAPbBr3; microcrystal. The DCP of the spin-polarized
laser emission is estimated to be as high as 27.3%. e, f Polarization angle-dependent
intensities of the laser emission from the Mn-MAPbBr; microcrystal under right and
left circularly polarized excitation after passing through a quarter-wave plate. The
chirality of spin-polarized laser output from the Mn-MAPbBr; microcrystal changes
with that of the pump source. 0°pump/0 pump, right/left circularly polarized pump-
iNg; 0" get/0 qer, right/left circularly polarized emission components.

corresponds to a fast trapping process of the band-edge carriers by the
trap states®****5, Under moderate pumping (1 pJ/cm?), the rapid decay
amplitude increases from 2.7% to a plateau value of ~36.7% with the Mn
concentration increasing from O to 3.7%. (Supplementary Fig. 16), The
maximum increment of the rapid decay amplitude of -34% with the
introduction of Mn is consistent with the theoretical contribution of
holes in TA signals, which implies that the type of trapped carriers is
holes***’.

Because the hole trapping can weaken the electron-hole
exchange interaction***°, the Mn-MAPbBr; microcrystals are expected
to enable a long spin lifetime. When the Mn doping concentration
increases from 0 to 3.7%, the spin lifetime of the MAPbBr; micro-
crystals increases from 4.24 ps to 17.28 ps under high pumping (2.5 p/
cm?) (Fig. 2d). To better understand the influence of hole trapping on
spin relaxation, we further analyzed the TA measurements on the
MAPDbBr; microcrystals with different Mn concentrations under high
pumping (Fig. 2e). Under the condition of high pumping and conse-
quently a high carrier density, the rapid decay amplitude increases
gradually from 0.8% to 27.8% with the Mn concentration increasing
from O to 3.7%., from which we calculated the portion of trapped holes
increasing from 2.6 to 83.3% (Fig. 2f). Apparently, the spin relaxation
time and the portion of trapped holes in MAPbBr; microcrystals share
the same variation trend with the Mn concentration increasing, indi-
cating that the prolonged spin relaxation time is attributed to the trap
levels suppressing electron-hole exchange interaction by capturing
holes. The long spin lifetime of the Mn-MAPbBr; microcrystals means
the effective maintenance of carrier spin polarization for laser gen-
eration, which is beneficial for the realization of spin-polarized lasing.

Spin-polarized lasing in Mn-doped perovskite microcrystals
Figure 3a shows typical Mn-MAPbBr; perovskite microcrystals with
efficient green photoluminescence (PL). Note that no notable Mn*

emission is observed around 590 nm in the Mn-doped MAPbBr;
microcrystals because the Br-based perovskite has a bandgap com-
parable to that of Mn*, going against energy transfer from the per-
ovskite to Mn* (Supplementary Fig. 17)°**". The individual Mn-
MAPbBr; microcrystals exhibit a high homogeneity in the carrier
spin property as they have spin lifetimes of 16.86 + 0.32 ps (Supple-
mentary Figs. 18 and 19) close to that of ensembles of Mn-MAPbBr;
microcrystals (17.28 ps, Fig. 2d). In addition, the square Mn-MAPbBr;
microcrystals can function as optical gain media and microcavities
simultaneously for realizing laser oscillations?*2. Overall, the indivi-
dual Mn-MAPbBr; microcrystals combining spin polarization, optical
gain, and microcavity effect have the potential to realize spin-polarized
lasing.

Optically pumped lasing of the Mn-MAPbBr; microcrystals was
characterized by a micro-photoluminescence measurement system at
room temperature (Supplementary Fig. 20). As shown in Fig. 3b, a right
circularly polarized pump laser was used for spin injection in a Mn-
MAPbBr; microcrystal (cyn=3.7%0) to induce spin-polarized lasing.
With the increase of pump fluence, the Mn-MAPbBr; microcrystal
exhibits a clear evolution from weak and broad spontaneous emission
to strong and sharp laser peaks. The microcavity effect in Mn-MAPbBr;
microcrystals with different sizes reveals that the laser peaks are sti-
mulated emission amplified whispering-gallery modes (Supplemen-
tary Fig. 21)°***. The coherence of laser emission from the Mn-MAPbBr;
microcrystal is demonstrated through Michelson interference (Sup-
plementary Fig. 22). The lasing action in the Mn-MAPbBr; microcrystal
was confirmed by the nonlinear increase in the light emission versus
the pump fluence (Fig. 3¢)**°. The S-shaped nonlinear dependence of
the emission intensity on the pump fluence reveals the transition from
spontaneous emission via amplified spontaneous emission to full las-
ing emission (Supplementary Fig. 23)°>*. The lasing threshold was
derived to be 10.0 pJ/cm? a little lower than that under linearly

Nature Communications | (2024)15:10880


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55234-6

a e -172

pump

-
(6]
1

o
Q

-1/2 +1/2

PL Intensity ( x 104 counts) T
o

o
2

— 0l - 0T —— MAPDBr,

—— Mn-MAPbBr,

540
Mn2*

550
Wavelength (nm)

T T T

-0.5 0 0.5
Magnetic Field (T)

560 570

6.0]

Opump
72

+112

4.0

2.0q

PL Intensity ( x 10%counts) Q«

-172

+1/2

201
0T 05T g
-20+ A
9/0
P
o—0o
o—o

40/

+
>~ Opump

—e—

— gt I
Oget Odet P
Opump

(%)

DCP

O]L
550

Wavelength (nm)

Fig. 4 | Magnetic control of spin-polarized perovskite microlasers. a Schematic
illustration of Mn-enhanced Zeeman splitting for effective magnetic control of spin-
polarized lasing. b Circularly polarized components of the laser emission from a
Mn-MAPbBr; microcrystal under linearly polarized excitation in different magnetic
fields. ¢ Magnetic field-dependent DCPs of the laser emission from MAPbBr; and
Mn-MAPbBr; microcrystals under linearly polarized excitation. This indicates that
Mn? enhances the Zeeman splitting in the MAPbBr; microcrystal. d Right and left
circularly polarized components of the laser emission from a Mn-MAPbBr3
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microcrystal under right circularly polarized excitation in different magnetic fields.
The DCP of spin-polarized lasing undergoes a substantial increase (decrease) in the
presence of a positive (negative) magnetic field. e Magnetic field-dependent DCPs
of the laser emission from the Mn-MAPbBr; microcrystal under left and right cir-
cularly polarized excitation. The DCP of the laser emission is dynamically tuned
from -10% to -40% by changing the magnetic field from -0.5T to 0.5 T. Lyymp,
linearly polarized pumping.

polarized excitation. In addition, the spin polarization-induced lasing
threshold reduction of the MAPbBr; microcrystal increases with the
Mn concentration (Supplementary Fig. 24).

Unlike the pure MAPbBr; microcrystals, the Mn-MAPbBr; ones
can maintain long carrier spin lifetimes at high pump fluences up to the
lasing threshold of ~10 pJ/cm? (Supplementary Fig. 25). In other words,
the Mn-MAPbBr; microcrystals maintain spin polarization for obtain-
ing circularly polarized laser emission. The circular polarization of the
laser signal was characterized by selectively collecting its right and left
circularly polarized components (Supplementary Fig. 26)***°, The laser
output from the pure MAPbBr3; microcrystal is linearly polarized as it
has the same right and left circularly polarized components (Supple-
mentary Fig. 5a). By sharp contrast, the laser output from the Mn-
MAPbBr; microcrystal has notably different right and left circularly
polarized components (Fig. 3d, e and Supplementary Fig. 27), reveal-
ing a degree of circular polarization (DCP) of 27.3%. Because the Mn
enhances the carrier spin polarization in the MAPbBr; microcrystal, the
DCP of the laser signal from the MAPbBr; microcrystal increases from
0 to 27.3% as the Mn doping concentration rises from O to 3.7%o
(Supplementary Fig. 28). As the carrier cooling reduces spin polariza-
tion, the circular degree of polarization of laser emission from the Mn-
MAPbBr; microcrystal increases with excitation wavelength (Supple-
mentary Figs. 29 and 30). Furthermore, the chirality of the spin-
polarized laser output from the Mn-MAPbBr; microcrystal can be
switched from right- to left-handedness by changing the chirality of
the circularly polarized pump source (Fig. 3e, f and Supplementary
Fig. 27). To the best of our knowledge, this is the first time that spin-
polarized lasing has been reported in the perovskites so far.

Besides enhancing spin polarization, the Mn* is a typical mag-
netic ion capable of amplifying the magnetic effect on carrier spin
(Fig. 4a), which offers a possibility to manipulate the spin-polarized
lasing more efficiently with a magnetic field B°*°". The magnetic field

lifts the degeneracy of the spin states (Zeeman effect), thermo-
dynamically favoring the spin flipping from high to low spin states
towards spin polarization® ', However, the pure MAPbBr; micro-
crystal without spin injection does not exhibit circularly polarized
lasing under the magnetic field up to 0.5T (Supplementary Fig. 31),
indicating a negligible Zeeman splitting. By contrast, even under lin-
early polarized pumping, the Mn-MAPbBr; microcrystal supports cir-
cularly polarized lasing upon applying a magnetic field (Fig. 4b). This
verifies a distinct enhancement of Zeeman splitting in the MAPbBr;
microcrystal by Mn doping®®. As a result, the DCP of the laser emission
from the Mn-MAPbBr; microcrystal increases with the magnetic field
(Fig. 4c), which suggests great potential for exploring magnetic con-
trol of spin-polarized lasing.

Figure 4d shows the spin-polarized laser spectra from a Mn-
MAPbBr; microcrystal under right circularly polarized pumping at
different magnetic fields. The spin-polarized lasing is remarkably
enhanced and weakened by a positive and negative magnetic field,
respectively. Nevertheless, the situation is the opposite for left circu-
larly polarized pumping (Supplementary Fig. 32). As shown in Fig. 4e,
the DCP of the laser emission from the Mn-MAPbBr; microcrystal is
increased from -10% to -40% by changing the magnetic field from
-0.5T to 0.5T. Overall, we realized the magnetic control of spin-
polarized lasing by exploiting the magnetic Mn?* in perovskites.

In summary, we have realized spin-polarized lasing in Mn-doped
MAPDBr; perovskite microcrystals. The introduction of Mn?* cations
created a new energy level in the MAPbBr; perovskite. This additional
energy level effectively weakened the electron-hole exchange inter-
action by capturing part of the holes, remarkably extending the carrier
spin lifetimes of the MAPbBr; perovskites. Hence, spin-polarized lasing
was successfully achieved in the Mn-MAPbBr; microcrystals. In addi-
tion, the magnetic Mn** enhanced the Zeeman splitting in the MAPbBr3
microcrystals, allowing for the magnetic field control of the spin-
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polarized lasing. This work provides insight into the carrier spin
dynamics in perovskites, which pave the way for the rational design of
perovskites as powerful spintronic materials.

Methods

Materials

Methylamine bromine (MABr, 99.5%) and Lead (II) bromine (PbBr,,
99.5%) were purchased from Xi'an Polymer Light Technology Cor-
poration.; Manganese (Il) bromine (MnBr,, 98 + %), N, N-anhydrous
dimethylformamide (DMF, 99.9%), dichloromethane (CH,Cl,, 99.9%)
and Toluene (TL, 99.9%) were purchased from Innochem Science &
Technology (Beijing, China). All chemicals were used as received
without further treatment.

Preparation of MAPbBr; and Mn-MAPbBr; perovskite
microcrystals

A DMF solution of 0.1M PbBr, and 0.1 M MABr (equivalent to 0.1M
MAPbBr3) and a DMF solution of 0.02 M MnBr;, were prepared at room
temperature. Then, different volumes of MnBr, solution were added
into the MAPbBr3; solution. 10 uL MAPbBr3; or Mn-MAPbBr; solution
was dropped onto a glass substrate supported by a Teflon stage in a
beaker containing a mixture of CH,Cl, and TL with a mass fraction ratio
of 10:1 (Supplementary Fig. 1). The CH,Cl, and TL vapor induced
nucleation and subsequent growth of MAPbBr; or Mn-MAPbBr; per-
ovskite crystals. After 12 h of growth, large-scale square microcrystals
of MAPbBr; or Mn-MAPbBr; perovskites were obtained on the glass
substrate.

Morphology, component, and structure characterizations

The morphology of perovskite microcrystals was characterized by a
scanning electron microscope (SEM, Hitachi, S-4800). The compo-
nents of perovskite microcrystals were measured through Energy-
dispersive X-ray spectroscopy (EDS) on Transmission electron micro-
scopy (TEM, JEOL, 2100F) and X-ray photoelectron spectrometer
(XPS, Thermo Fisher Scientific, ESCALAB 250XI). The crystal structure
of perovskites was examined through selected-area electron diffrac-
tion (SAED, JEOL, JEM-2100) and X-ray diffraction (XRD, Rigaku, D/
max-2500). The Mn doping concentrations were measured by induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES) on a
Shimadu ICPE-9000. The EDS and SAED were carried out on individual
perovskite microcrystals, while the XRD and XPS were performed on
ensembles of large-scale perovskite microcrystals.

Optical characterizations

The absorption spectra were measured on a UV-Vis spectro-
photometer (Hitachi UH4150). PL microscopy images were acquired
using an optical microscope (Olympus BX51). Femtosecond transient
absorption (TA) chracterizations were carried out using a commercial
ultrafast TA spectroscopy system (Harpia-TA, Light Conversion)
(Supplementary Fig. 4) and a micro-area TA spectroscopy system
(Supplementary Fig. 18). Optically pumped lasing measurements were
carried out by a micro-photoluminescence measurement system
equipped with a femtosecond laser (Spectra Physics), an optical
microscope (Olympus BX51), a charge-coupled device camera (Prin-
ceton Instruments), and a spectrophotometer (Princeton Instruments)
(Supplementary Fig. 20). The optically pumped lasing measurement
was carried out on individual perovskite microcrystals, while the
UV-Vis absorption and TA were performed on ensembles of large-
scale perovskite microcrystals.

Data availability

The authors declare that the data supporting the findings of this study
are available within the main article and the Supplementary Informa-
tion. Source data are provided with this paper.
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