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ABSTRACT: We investigated the magnetic effect of Mn®* ions on an exciton of Mn-
doped CsPbl; quantum dots (QDs), where we looked for the signatures of an exciton
magnetic polaron known to produce a large effective magnetic field in Mn-doped CdSe
QDs. In contrast to Mn-doped CdSe QDs that can produce ~100 T of magnetic field
upon photoexcitation, manifested as a large change in the energy and relaxation
dynamics of a bright exciton, Mn-doped CsPbl; QDs exhibited little influence of a
magnetic dopant on the behavior of a bright exciton. However, a ps-lived dark exciton in
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CsPbl; QDs showed 40% faster decay in the presence of Mn?*, equivalent to the effect

of ~3 T of an external magnetic field. While further study is necessary to fully

understand the origin of the large difference in the magneto-optic property of an exciton in two systems, we consider that the
difference in antiferromagnetic coupling of the dopants is an important contributing factor.
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D oping semiconductor nanocrystals (NCs) with para-
magnetic ions introduces new pathways of energy
exchange or coupling of different degrees of freedom, giving
rise to new optical, electronic, and magneto-optic properties
absent in undoped NCs. For example, dopant photo-
luminescence (PL),"” circularly polarized exciton PL,>" light
or charge-induced magnetism,s_8 and generation of hot
electrons via upconversion’ ' were observed in II-VI or
III-V NCs doped with Mn**, Co**, or Cu*. The efficiency of
introducing new properties in doped NCs depends not only on
the strength of the exciton—dopant interaction but also on
other dynamic processes dissipating exciton population such as
trapping of exciton by defects."”'* Therefore, significant effort
has been made to understand the effect of varying the spatial
distribution of exciton and dopant wave functions within the
NCs and the competitive dynamics involving the relaxation of
an exciton.

Recently, lead halide perovskite (LHP) NCs have emerged
as a new material exhibiting the brighter exciton luminescence
with higher defect tolerance than many other semiconductor
NCs,>™"7 demonstrating their potential as the superior source
of photons and charges.'""** Doping of various transition
metal and rare earth elements was shown to be possible in both
fully inorganic and organic—inorganic hybrid LHP NCs.**~**
This opened the door to the use of LHP NCs as the host to
obtain new photophysical properties resulting from the
interaction of an exciton and a dopant, benefiting from their
desirable photophysical properties. LHP NCs doped with
Mn*" ions are among the most extensively studied doped
perovskite NCs.”’~*° While most studies in LHP NCs focused
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on relatively large NCs with weak quantum confinement,
recent progress in the synthesis of strongly quantum-confined
LHP quantum dots (QDs) enabled investigating the confine-
ment effect in perovskite QDs.”” For instance, strongly
confined CsPbX; QDs have a facile access to intense and us-
lived PL from the dark lowest-energy exciton at low
temperatures in contrast to weakly or nonconfined NCs
dominated by a bright exciton.”®*” Therefore, strong confine-
ment of the host QDs not only provides a generally stronger
exciton—dopant interaction but also enables utilizing both
bright and dark exciton that may have different interactions
with the dopant.

So far, studies in Mn-doped CsPbX; QDs have focused
primarily on the role of Mn®* ions as the source of sensitized
photons, while Mn?* ions can potentially create a magnetic
field that alters the behavior of the exciton through Zeeman
effect and magnetic mixing of bright and dark excitons.*”*' In
Mn-doped CdSe QDs, a large effective magnetic field (~100 T
for 47 nm CdSe QD with 1.4% Mn doping) was observed
from the formation of an exciton magnetic polaron (EMP).°
However, whether a large effective magnetic field can be
produced via EMP in Mn-doped CsPbX; QDs as in Mn-doped
CdSe QDs still remains largely uninvestigated. To this end, we
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studied the effect of a Mn®>* dopant on the energetics and
dynamics of bright and dark exciton PL in strongly confined
Mn-doped CsPbl; QDs and looked for the spectroscopic
signatures of EMP. We chose strongly confined Mn-doped
CsPbl; QDs with sufficiently low bandgap without exciton—
Mn energy transfer, since the potential EMP formation and
exciton relaxation dynamics are not disrupted by the
sensitization of Mn, while simultaneously providing the
quantum confinement.*”

The analysis of the time-dependent exciton PL spectra at
various temperatures and external magnetic fields showed that
Mn doping accelerates the decay of a dark exciton while the
effect on a bright exciton is insignificant. The temperature-
dependent Stokes shift and spectral dynamics of a bright
exciton suggested that EMP similar to that of Mn-doped CdSe
QDs creating a large effective magnetic field is not formed in
Mn-doped CsPbl; QDs.*® Despite the similarity between Mn-
doped CsPbX; QDs and Mn-doped II-VI QDs in their ability
to sensitize Mn PL, the exciton—dopant interaction relevant
for creating EMP appears quite different in CsPbl; and CdSe
QDs. While further studies are necessary to fully understand
the origin of this difference, the results from this study suggest
that the difference in the degree of antiferromagnetic coupling
of dopants in CsPbl; and CdSe QDs may be an important
contributing factor.

Figure 1 shows transmission electron microscopy (TEM)
images (a—d), absorption and PL spectra (e), and time-
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Figure 1. TEM images of undoped CsPbl; QDs (a, c) and 3.0% Mn-
doped CsPbl; QDs (b, d). (e) Room-temperature absorption (dashed
line) and PL (solid line) spectra of undoped and Mn-doped and
CsPbl,; QDs dispersed in hexane. (f) Time-dependent exciton PL
intensities of undoped and Mn-doped CsPbl; QDs dispersed in
hexane at room temperature.

dependent exciton PL intensities (f) of 3.0% Mn-doped and
undoped CsPbl; QDs at room temperature. Both Mn-doped
and undoped QDs have a similar edge length of 6.5 nm, which
is much smaller than the exciton Bohr diameter of CsPbl; (12
nm)."”> Aberration-corrected high resolution TEM images
(Figure lc,d) indicate that doping Mn** ions in CsPbl; QDs
studied here does not introduce a noticeable change in the
lattice structure, consistent with very similar X-ray diffraction
patterns of Mn-doped and undoped CsPbl; QDs. (Figure S1)
Details of the synthesis, structural, and chemical character-
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ization and spectroscopic measurements are in Supporting
Information.

Both Mn-doped and undoped CsPbl; QDs exhibit similar
quantum-confined exciton absorption and emission spectra
blue-shifted by ~0.2 eV with respect to bulk.'>** Both QDs
exhibit comparable exciton PL quantum yield (~85%) and PL
lifetime (14 ns) in solution at room temperature, indicating
little influence of the dopant on the pathways of exciton
relaxation and charge carrier trapping. Earlier studies reported
that heavy Mn doping in CsPbX; (X = Cl, Br) NCs increase
the bandgap unrelated to quantum confinement due to the
alloying within the host NCs.**** On the one hand, the effect
of Mn doping in CsPbl; QDs at the level of this study (<3.0%)
on the bandgap is insignificant. On the other hand, Mn doping
increases the long-term stability of the host QDs, suppressing
the transformation to yellow phase occurring in undoped
CsPbl; QD (Figure S2), similarly to what was observed in the
alloyed CsPb,Mn,_,I; NCs with high Mn content (9%)."

Because of the absence of the sensitized Mn PL, visual
confirmation of doping is difficult for Mn-doped CsPbl; QDs.
More direct confirmation of Mn doping is obtained from the
magnetization curves measured with superconducting quantum
interference device (SQUID) as shown in Figure 2a. In
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Figure 2. (a) Magnetization curve of 3.0% Mn-doped (solid curve
with X) and undoped (solid curve with O) CsPbl; QDs. For Mn-
doped QDs, the temperature is 4, 20, 50, 100, and 200 K respectively
from top to bottom. The dashed curve is from Brillouin function for S
= 5/2 at 4 K, with saturation magnetization set at 2.1 emu/g for the
comparison of saturation behavior only. (b) EPR spectrum of 3.0%
Mn-doped CsPbI; QDs at room temperature.

contrast to undoped CsPbl; QDs that exhibit weak and
temperature-independent diamagnetic behavior, Mn-doped
CsPbl; QDs exhibit paramagnetic behavior due to the dopant.
However, the magnetization curve at 4 K saturates much more
slowly with increasing magnetic field than what the Brillouin
function (eq 1) predicts for noninteracting Mn>* ions with spin

S=35/2.
H H
(28 + 1)coth| (28 + 1) sl — coth i
2kT 2kT

M x

(1)

Fitting the magnetization curve at 4 K to eq 1 with a g value
of 2.0 gives S < 1, much smaller than 5/2, indicating a
significant antiferromagnetic interaction among Mn*" ions
within the QDs. The room-temperature electron paramagnetic
resonance (EPR) spectrum of Mn-doped CsPbl; QDs shown
in Figure 2b lacks a well-resolved fine structure previously seen
in Mn-doped CsPbCl; QDs,*”** consistent with substantial
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Figure 3. (a, b) Absorption and PL spectra of undoped CsPbl; QDs at various temperatures. (c, d) Absorption and PL spectra of 3.0% Mn-doped
CsPbl; QDs at various temperatures. (e) Temperature-dependent absorption (solid) and PL (dashed) peak energy of Mn-doped and undoped
CsPbl; QDs. (f) Temperature-dependent Stokes shift of Mn-doped and undoped CsPbl; QDs. Error bars represent the average uncertainties in

Stokes shift measurement.
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Figure 4. Time-resolved PL spectra of undoped (a, d, g) and 3.0% Mn-doped (b, e, h) CsPbl; QDs at 300 and S K. At S K, time-resolved PL
spectra are presented in 10 ns and S ys time windows to show both bright and dark exciton PL more clearly. (c, f, i) Time-dependent PL intensities

of Mn-doped and undoped CsPbl; QDs at 300 K (c) and S K (f, i).

antiferromagnetic coupling of Mn*" ions. Further details on
EPR measurements are in Supporting Information.

To examine the effect of Mn doping on the energetics and
dynamics of exciton in CsPbl; QDs, temperature-dependent
steady-state absorption and PL spectra and time-dependent PL
spectra were obtained. Figure 3a—d show the absorption and
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PL spectra of Mn-doped and undoped CsPbCl; QDs dispersed
in polystyrene film at various temperatures. Panels e and f of
Figure 3 show the temperature-dependent absorption and PL
peak energies and Stokes shift, respectively. Both Mn-doped
and undoped CsPbl; QDs show a similar redshift of the
exciton absorption and PL peaks with decreasing temperature,
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with relatively weak temperature dependence of the Stokes
shift.

Earlier studies in Mn-doped CdSe QDs showed the
formation of EMP with a large effective magnetic field (~10>
T at § K), which redshifts the steady-state PL at 5 K by several
hundreds of meV compared with undoped QDs from the
Zeeman splitting of exciton levels.” The EMP formation time
was estimated to be 50—500 ps from the dynamic redshift of
the PL in Mn-doped CdSe QDs during the first several ns that
is absent in undoped CdSe QDs. In CsPbX; QDs, bright and
dark excitons are reported to have a total angular momentum
of J = 1 and 0 respectively.""*>*® Although bright exciton of
CsPbl; QDs decays in ~1 ns at 5 K, PL peak shift of the bright
exciton should still be observable if EMP forms from bright
exciton faster than ~1 ns. However, no significant difference is
observed in the steady-state PL peak energy and Stokes shift at
S K between Mn-doped and undoped CsPbl; QDs.
Furthermore, the dynamic Stokes shift of the bright exciton
at 5 K is also nearly identical for Mn-doped and undoped QDs
as will be discussed shortly. These indicate that EMP similar to
that of Mn-doped CdSe QDs is not formed in Mn-doped
CsPbl; QDs, suggesting a significant difference in the exciton—
dopant interaction responsible for the formation of EMP
between these two QDs.

In order to further examine the effect of Mn®" ions on the
energetics and dynamics of both bright and dark excitons,
time-resolved PL spectra of Mn-doped and undoped QDs were
obtained at various temperatures under weak pulsed 405 nm
excitation (details in Supporting Information). Figure 4
compares the time-resolved PL spectra and time-dependent
PL intensities of Mn-doped and undoped CsPbI; QDs at 300
and 5 K. At 300 K, the PL is entirely from a bright exciton that
decays single exponentially in both Mn-doped and undoped
QDs. Mn** ions have a negligible effect on the relaxation rate
of a bright exciton, although the PL lifetime is shorter (4.4 ns
in vacuum and 2.5 ns in air) than in solution samples. The
shorter PL lifetime of the QDs in polymer film compared with
in solution was attributed to the loss of the surface ligands
promoting the nonradiative decay.””** The absence of the
effect of doped Mn** ions on PL lifetime continues down to
~100 K, while the difference in PL decay in Mn-doped and
undoped QDs begins to become more apparent below 50 K
(Figure S3).

At S K, the PL decays on two very different time scales. The
average time constants for the fast (7z) and slow (zg)
component of the decay are on subns and s scale respectively
as summarized in Table 1. While both 7 and 7g vary with

Table 1. PL Decay Times of Undoped and 3.0% Mn-Doped
CsPbI; QDs at 300 and S K under Vacuum

300 K SK
sample 7 (ns) 75 (ns) 75 (us)
undoped 4.4 0.82 1.3
doped (3.0%) 4.4 0.82 0.8

temperature, they are interpreted as the decay of a bright and a
dark exciton, respectively, at sufficiently low temperatures
suppressing the thermal excitation from dark to bright state as
has been shown in our recent studies in CsPbX; (X = Br, I)
QDs.***” To show the decay dynamics of both bright and dark
exciton PL at § K more clearly, the time-resolved PL data are
presented in two different time windows in Figure 4d—i.

9546

The fast-decay component of the PL at 5 K shown in Figure
4d—f has contributions from both the relaxation of the initially
photoexcited bright exciton and bright-to-dark transition.”>*”
The decay time constant (z; = 0.82 ns) is nearly identical for
both Mn-doped and undoped QDs. The time-dependent
redshift of bright exciton PL (Figure S4) is also similar. While
the exact origin of this shift is not entirely clear, we tentatively
attribute it to slow cooling from the initially excited state with
405 nm photon. The similarity of the spectral and PL decay
dynamics of the bright exciton in conjunction with the similar
temperature-dependent Stokes shift (Figure 3f) in Mn-doped
and undoped CsPbl; QDs is consistent with the absence of the
strong internal magnetic field from EMP.

On the other hand, the slow-decay component (zg) of the
PL at S K shown in Figure 4g—i, reflecting the relaxation of
dark exciton, shows a distinct difference between Mn-doped
and undoped QDs. 40% shorter 7g in Mn-doped QDs can in
principle be interpreted as the faster radiative decay (e.g., from
increased oscillator strength) or the faster nonradiative decay
(e.g., due to trapping of dark exciton). However, more efficient
nonradiative decay in Mn-doped QDs than in undoped QDs is
unlikely for the following reasons. First, the decay time of the
initially photoexcited bright exciton (z3), from which the dark
exciton level is populated, is not sensitive to doping both at §
and 300 K as shown in Figure 4¢,f, indicating that doping does
not introduce an additional thermally activated nonradiative
pathway for bright exciton. Second, the possible presence of a
deep trap with high thermal detrapping barrier that may affect
only the slowly decaying dark exciton is ruled out, because the
PL decay time of bright exciton is nearly identical for both Mn-
doped and undoped QDs in a very broad range of
temperatures (50—300 K) (Figure S3). Therefore, we consider
more efficient nonradiative decay by doping is unlikely to be
the reason for the faster decay of dark exciton PL in Mn-doped
QDs. We also ruled out the increase of the oscillator strength
by the localization of exciton wave function. An earlier study in
Mn-doped CsPb(Cl/Br); QDs reported the possible local-
ization of exciton by the dopant, leading to the increase in the
oscillator strength of exciton and faster sensitization of Mn PL
at room temperature.49 However, absorption cross sections of
Mn-doped and undoped CsPbl; QDs at room temperature
determined employing the elemental analysis method are
nearly identical.”**" (Figure S5) This indicates the absence of
the dopant-induced exciton localization in Mn-doped CsPbl,
QDs altering the oscillator strength of exciton.

Another explanation for the faster relaxation of a dark
exciton is mixing of bright and dark exciton states by the
external perturbation such as magnetic field. Studies in several
LHP NCs reported the shortening of dark exciton lifetime
from magnetic mixing of bright and dark excitons that
increases the oscillator strength of the dark exciton.”®*">>>?
Since accelerating the dark exciton PL decay from 1.3 to 0.8 ys
by borrowing the oscillator strength from bright exciton should
not take much oscillator strength from the bright exciton, little
difference in the bright exciton PL decay time between Mn-
doped and undoped QDs is consistent with this scenario. The
steady-state PL and dynamics of bright exciton PL discussed
above indicate the absence of EMP similar to that of Mn-
doped CdSe QDs. However, the photoexcited Mn-doped
CsPbl; QDs may still generate the weaker effective magnetic
field that can alter the dark exciton lifetime via magnetic
mixing.
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To gain additional insights into the effect of Mn>" on the
relaxation of dark exciton, the decay of dark exciton PL from
Mn-doped and undoped CsPbl; QDs were compared under
varying external magnetic field at 5 K. Figure Sa,b show the
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Figure S. (a, b) Time-dependent exciton PL intensity of undoped (a)
and 3.0% Mn-doped (b) CsPbl; QDs under the external magnetic
field at S K. (c) Comparison of the isolated dark exciton PL decay
components in undoped and 3.0% Mn-doped QDs under the external
magnetic field. (d) Dark exciton PL decay times in undoped and 3.0%
Mn-doped QDs under the external magnetic field.

normalized time-dependent PL intensity as a function of
external magnetic field in 0—8 T range in Faraday geometry for
undoped and 3.0% Mn-doped CsPbl; QDs, respectively
(details in Supporting Information). With increasing external
magnetic field, dark exciton PL decays faster for both Mn-
doped and undoped CsPbl; QDs. For clarity, the dark exciton
component of the PL decay is isolated and compared in Figure
Sc after normalization to the peak amplitude at several different
magnetic fields. Figure Sd shows the average decay time of
dark exciton PL from Mn-doped and undoped QDs under 0—8
T of magnetic field at 5 K. The data in Figure 5d indicate that
the effect of doping Mn** on dark exciton PL decay is
equivalent to an additional 3—3.5 T of magnetic field in
undoped QDs if the shortening of the dark exciton lifetime is
of magnetic origin. This requires that the effective magnetic
field should sustain on the time scale of dark exciton lifetime or
longer, which can be possible if the weak effective magnetic
field is from “weak” EMP formed from dark exciton. However,
a dark exciton with J = 0 renders the Stokes shift less
informative as a signature for the magnetic field created by the
dark exciton interacting with dopants. More direct confirma-
tion of whether a dark exciton can create an effective magnetic
field will require time-resolved measurement of the magnet-
ization with pulsed optical excitation. Interestingly, a recent
study in Mn-doped 2D Ruddlesden—Popper hybrid perovskite
also reported the acceleration of dark exciton PL decay by
Mn** ions, although it is speculative about its exact
mechanism.”*
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The large difference in the ability to generate effective
magnetic field via EMP between Mn-doped CsPbl; and CdSe
QDs is intriguing, considering that the ability to sensitize Mn
PL in Mn-doped CsPbX; (X = Cl, Cl/Br) NCs is not markedly
different from Mn-doped II-VI QDs. A comparison in Mn-
doped CsPbCl; and Mn-doped CdS/ZnS QDs indicated that
the exciton—Mn energy transfer is a few times slower in
CsPbCl, than in CdS/ZnS host QDs of the comparable size
and doping concentration.’” If the sensitization of Mn PL and
the formation of EMP are mediated by the same type of
exciton—dopant exchange interaction, one would expect the
difference in the ability to form EMP in two different host QDs
be comparable to that of sensitization of the dopant PL. Such
simple extrapolation fails to explain the large difference in the
spectroscopic signatures reflecting the effective magnetic field
from dopant in Mn-doped CsPbl; QDs and Mn-doped CdSe
QDs. This suggests that there is a significant difference in the
magnitude of charge carrier-dopant exchange interaction or/
and interaction among dopants within the QDs between Mn-
doped CsPbl; and Mn-doped CdSe QDs. One potential
contribution may be the difference in the degree of
antiferromagnetic coupling of Mn*" ions within CsPbl, and
II-VI host QDs. Recent studies showed that Mn*" clustering
can occur in CsPbClBr;_, nanocrystals at higher doping
concentration or during the anion exchange, reducing the EPR
signal due to antiferromagnetic coupling,”**® which may also
be possible in CsPbl; QDs studied here. This contrasts to Mn-
doped CdSe QDs with comparable doping concentration
exhibiting much more well-defined EPR signal with clearly
resolvable hyperfine structure,’’ suggesting less extensive
antiferromagnetic coupling in CdSe than in CsPbl; host. To
examine the effect of decreasing doping concentration on the
spin interaction of Mn?* that may potentially alter the ability to
form EMP, additional measurements of the magnetization
curves and time-dependent PL under the external magnetic
field were made on 0.5% Mn-doped CsPbl; QDs. Figure S6
compares the optical spectra, EPR data, magnetization curves
and magnetic field-dependent dark exciton PL decay of 0.5%
and 3.0% Mn-doped CsPbl; QDs. Magnetization curves
indicate that Mn*" ions exhibit comparable antiferromagnetic
coupling at both Mn doping concentrations, with very similar
shape of the mass magnetization vs magnetic field curves. Dark
exciton PL decay of 0.5% Mn-doped CsPbl; QDs at S K is also
in between those of undoped and 3.0% Mn-doped CsPbl,
QDs. These indicate that the antiferromagnetic coupling of
Mn** ions in CsPbI; QDs is substantial even at relatively low
(0.5%) doping concentration, unlike in the CdSe host.
Certainly, knowledge on the strength of exciton—Mn exchange
interaction in CsPbl; relative to other hosts and detailed
doping structure will be necessary to gain a complete
understanding of the origin of the large difference between
Mn-doped CsPbX; and II-VI QDs.

In conclusion, we investigated the effect of doping
paramagnetic Mn>' ions in strongly quantum confined
CsPbl; QDs on the energetics and dynamics of bright and
dark exciton. While doping Mn*" ions has little influence on
the spectral and PL decay dynamics of a bright exciton, it
accelerates the decay of a dark exciton significantly. We
attribute this difference to the magnetic mixing of bright and
dark excitons, whose effect is equivalent to ~3 T of external
magnetic field. However, the spectroscopic data indicates that
formation of EMP similar to that observed in Mn-doped CdSe
QDs, producing very large (~10* T) effective magnetic field, is
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not formed in CsPbl; QDs. While further studies are
necessary, we conjecture that more extensive antiferromagnetic
coupling of Mn** ions in CsPbl; QDs is partially responsible
for much weaker ability to produce EMP compared with Mn-
doped CdSe QDs.
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