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quantum confined semiconductor systems due to the localiza-
tion of the exciton wave functions.[28] The effective magnetic 
field created by EMP has a similar effect to that of an external 
field and can cause tremendous changes to the electronic fine 
structures of the host semiconductor nanostructures. The for-
mation of EMP has been reported for a variety of Mn2+-ion 
doped semiconductor systems such as quantum wells,[29] self-
assembled QDs grown by molecular-beam epitaxy,[25,30] and 
colloidally synthesized QDs.[24,31] Most of these studies have 
focused on doped II–VI or III–V semiconductors, while the 
investigation of light-induced magnetism in perovskites has 
remained sparse. Recent developments in the synthesis and 
doping of perovskite QDs[32,33] provide opportunities for such 
studies.

Here, we demonstrate the formation of a partially bright 
ground state in Mn-doped CsPbBr3 QDs without the require-
ment of an external field. We use temperature-dependent 
optical spectroscopy to investigate the doped QDs and demon-
strate the formation of EMP. The substantial effective magnetic 
field induced by the EMP not only results in giant Zeeman 
splitting of the bright triplet states in the QDs, but also causes 
brightening of the dark singlet ground state. These results indi-
cate that the electronic ground state of the Mn-doped CsPbBr3 
QDs used in this study can be switched from dark to a partially 
bright singlet state without the application of an external mag-
netic field. This mechanism of creating a bright ground state is 
applicable to other types of semiconductor nanostructures and 
provides a versatile approach for obtaining intrinsically bright 
light emitting materials. The doping-induced control over the 
bright-dark splitting, and consequently the transition between 

them, may promote intriguing optoelectronic applications 
relying on spin-dependent photophysical processes.[34–37]

2. Results and Discussion

The CsPbBr3 QDs used in this study were synthesized using 
a hot-injection method[38] and doped with Mn2+-ions at con-
centrations of 1.2%, 1.6%, 4.6%, and 6.9%[39] (see Section S1, 
Supporting Information for details). Their representative trans-
mission electron microscopy image as well as absorption and 
emission spectra at room temperature are shown in Figure 1 and 
Figure S1, Supporting Information, respectively. The average 
edge length of the QDs is around 10 nm (Figures S2,S3, Sup-
porting Information), which is slightly larger than the exciton 
Bohr radius of CsPbBr3 (≈7 nm),[32] indicating that the QDs are 
in the weak quantum confinement regime. This is consistent 
with their blue-shifted PL spectra compared to their bulk coun-
terparts (Figure 1c).[40] We utilize CsPbBr3 QDs as the hosting 
material for Mn2+-ions in our study because their electronic 
bandgap is close to the emission energy (d–d transition from 
4T1g to 6A1g) of the Mn2+-ions at around 2.1 eV. The relatively 
small difference between the transition energies of the CsPbBr3 
QDs and the Mn2+-ions (between the 4T1g and 6A1g states), 
together with the characteristic small energy transfer rates in 
Mn-doped CsPbBr3 QDs renders energy transfer between these 
two highly inefficient.[41] This is crucial for the formation of 
EMP, which requires that the exciton recombination time of 
the QDs to be longer than the time needed to align the spins of 
the magnetic ions.[30,42] Prevention of energy transfer from the 

Figure 1. Optical and structural properties of the Mn-doped CsPbBr3 QDs. a) Schematic of the formation of exciton magnetic polarons in the Mn-doped 
perovskite QDs. b) Transmission electron microscopy (TEM) image of the CsPbBr3 QDs doped with 6.9% of Mn2+-ions. Inset: high-resolution TEM 
image. c) Absorption (black) and emission (red) spectra of the Mn-doped CsPbBr3 QDs at room temperature.
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QDs to the Mn2+-ions ensures that the formation of the EMP 
would not be interrupted by exciton recombination.

We investigate the temperature-dependent PL spectra of 
the CsPbBr3 QDs doped with various concentrations of Mn2+-
ions using a home-built optical microscope (see Experimental 
Section). As references, PL spectra of undoped CsPbBr3 QDs 
in the temperature range from 4 to 295 K are recorded and 
shown in Figure 2a. Aside from PL spectral broadening (see 
Section S2, Supporting Information for details), a continuous 
blue shift of around 50 meV can also be observed when the 
temperature increases from 4 to 295 K (Figure  2c, black). 
This temperature-induced blue shift in the PL peak positions  
contradicts with the commonly observed Varshni-like red-shift 
trend observed in other semiconductors. This discrepancy  
has mainly been attributed to the opposing contributions from 
different phonon modes in the perovskite QDs.[43] Compared to 
the undoped CsPbBr3 QDs, those doped with Mn2+-ions also 
exhibit a blue shift in their PL energies with increasing tem-
perature, although to a larger extent compared to that of the 
undoped QDs (Figure 2b,c).

Temperature-dependent PL spectral shifts in semiconductors 
could be related to factors such as lattice expansion and carrier–
phonon interactions.[44,45] Given the very similar sample condi-
tions including the compositions, sizes, crystalline structures, 
and surrounding environments of the doped and undoped 

QDs, the difference observed in their PL spectra in Figure 2a–c 
is most likely caused by the doped Mn2+-ions. To solely examine 
the influence of the Mn2+-ions on the PL emission and exclude 
other effects, we use the PL energies of the undoped QDs as 
reference and calculate the PL energy difference ∆E between 
the undoped and doped QDs. Figure  2d shows the tempera-
ture-dependent ∆E values for QDs doped with 6.9% of Mn2+-
ions. The value of ∆E remains mostly constant below 30 K but 
increases drastically with the temperature above 30 K.

Similar temperature-dependent energy shift upon magnetic 
ion doping has been observed in epitaxial and colloidal II–VI 
QDs[24,25,27] and is attributed to the formation of EMP. Specifi-
cally, when the doped QDs are irradiated, photogenerated exci-
tons can induce spontaneous ferromagnetic alignment of the 
spins in the local Mn2+-ions through an exchange field. The 
resultant aligned magnetic moments act back on the excitons 
by splitting the excitonic states into Zeeman components. An 
increase in the temperature may suppress the ordering of the 
Mn2+-ion spins in the QDs due to enhanced random thermal 
fluctuations. Therefore, the temperature-dependence of the 
energy difference, ∆E, between the undoped and doped QDs 
could reflect thermally induced changes in the alignment of 
the Mn2+-ion spins.[24–26] The PL energy shift caused by the for-
mation of the EMP can be described by a modified Brillouin 
function:[25,27]

Figure 2. Formation of exciton magnetic polarons in Mn-doped CsPbBr3 QDs. a,b) Temperature-dependent photoluminescence spectra of CsPbBr3 
QDs doped with 0% (a) and 6.9% (b) Mn2+-ions. c) Temperature-dependent emission peak positions of the undoped CsPbBr3 QDs and those doped 
with 6.9% Mn2+-ions. For clarity, the peak positions are offset by setting the corresponding PL energies at 4 K to zeros. d) Dots: Temperature-dependent 
energy difference ∆E between the undoped QDs and the QDs doped with 6.9% Mn2+-ions. The data are offset by setting the ∆E value at 4 K to zero. 
Curves: simulation-obtained ∆E values as a function of the temperature by assuming different effective magnetic field BEMP values in Equation (1). The 
best fitting result (black curve) is obtained with BEMP = 24.2 T. e) The effective internal magnetic field BEMP experienced by the QDs with various doping 
concentrations. The red dots are obtained from the temperature-dependent spectral shifts while the blue dots are from the temperature-dependent 
lifetime changes. The dashed line is a linear fit to the average BEMP values.
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Here, C is a constant related to the doping concentration 
and exchange parameters of the electrons and holes. B5/2 is the 
Brillouin function for spin S  = 5/2. B is the effective internal 
magnetic field experienced by the doped QDs, which in the 
absence of an external magnetic field, is mainly contributed 
by the exchange field of the excitons, BEMP, due to the sp–d 
exchange interactions. µB is the Bohr magneton and gMn is 
the g-factor of Mn. In Mn-doped II–VI QDs, exciton exchange 
fields of up to 17 T have been reported.[31]

Our observation of the temperature-dependent energy shift 
∆E between the doped and undoped QDs (Figure  2d) is con-
sistent with the formation of EMP in the doped QDs. Using a 
similar approach as mentioned above to fit the ∆E values, we 
obtain a reasonable agreement between the experimental data 
and the model when BEMP  = 24.2 T (Figure  2d, black curve). 
The fact that the experimental data can be fit reasonably well 
up to room temperature indicates that the formed EMP are 
stable, mainly due to their large binding energies in quantum 
confined systems.[46] We perform similar studies for CsPbBr3 
QDs doped with various concentrations of Mn2+-ions and the 
obtained BEMP values are plotted in Figure  2e (red dots). An 
increase in the doping concentration leads to enhanced sp–d 
interactions[47] and hence larger exciton exchange fields and 
BEMP values. The notably larger BEMP values obtained here com-
pared to those observed in epitaxial quantum wells are due to 
the confined exciton wave functions in the QDs.

The substantial effective magnetic field induced by the EMP 
could have a significant effect on the doped QD energy levels 
and carrier dynamics. Specifically, a magnetic field can mix the 
bright and dark states and increase the recombination rates 
of the dark excitons.[13] Temperature-induced thermalization 
can lead to redistributions of exciton populations in the bright 
and dark states and consequently changes in the overall decay 
rates.[48,49] These effects are highly dependent on the electronic 
fine structures of the bright triplet states as well as the energy 
splitting ∆DB between the bright and dark states. Hence, tem-
perature-dependent PL dynamics studies can help reveal the 
influence of the induced magnetic fields on the electronic fine 
structures.[13,48,49]

A representative PL decay curve of an undoped QD sample 
at 5 K is shown at the top of Figure 3a. A clear biexponential 
behavior can be observed with the slow component being on 
the time scale of around 100 ns and the fast component on 
sub-nanosecond scale. The fast and slow components observed 
in perovskite QDs are commonly assigned to radiations asso-
ciated with the bright and dark states, respectively (Figure  3c, 
inset).[13,14] At low temperatures, thermal mixing between 
the bright and dark states is mostly inhibited due to minimal 
phonon populations at the relevant energies. The dark states, 
which have negligible oscillator strength, contribute to the slow 
components in the decay curves while the bright states domi-
nate in the emission due to their much faster decay rates that 
shape the fast component. As the temperature increases, the 
slow component shortens considerably while the fast compo-
nent almost disappears (Figure  3a), which is likely caused by 
increased thermalization of excitons between the bright and 

dark states. Fitting the decay curves yields the temperature-
dependent decay rates for the slow component shown in 
Figure 3c. Because the fast component is within the time res-
olution of our time-resolved PL setup, which makes the accu-
rate derivation of the corresponding decay rates challenging, 
we therefore focus our discussion on the slow component. We 
perform similar lifetime measurements on the doped QDs. 
Figure  3b shows a representative group of decay curves from 
a QD sample doped with 6.9% Mn2+-ions. Similar to the decay 
curves of the undoped QDs, slow and fast components can be 
observed for those from the doped QDs, as well as a temper-
ature-induced shortening in the slow components (Figure 3d), 
although the slow components are apparently faster than those 
in the undoped QDs. Since the temperature-dependent car-
rier dynamics of the doped QDs are not only affected by the 
thermalization of excitons as those in the undoped QDs, but 
also the existence of an intrinsic magnetic field caused by the 
Mn2+-ions, we infer that the difference in the carrier dynamics 
observed in the two types of QDs is related to the BEMP in the 
doped QDs.

To better understand the temperature-dependent carrier 
dynamics, we apply a model based on a three-level system[13,49] 
(Figure 3c, inset) in which the slow and fast components of the 
decay curves are closely related to the decay rates of the bright 
and dark states as well as the energy splitting and thermal 

Figure 3. Temperature-dependent carrier dynamics. a,b) Representative 
decay curves of the undoped QDs (a) and QDs doped with 6.9% Mn2+-
ions (b). c,d) Temperature-dependent decay rates of the long compo-
nents of the undoped QDs (c) and QDs doped with 6.9% Mn2+-ions (d). 
The curves are fittings based on the three-level model. Inset: schematic of 
the band-edge energy levels including the bright (|B〉) and the dark (|D〉) 
states. |G〉: ground state; |I〉: intermediate level involved in the phonon-
assisted relaxation process between the dark and bright states.
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relaxation rates between them (Section S3, Supporting Informa-
tion). Since the energy splitting in the QDs is highly associated 
with the magnetic fields they experience, this method allows 
us to determine the influence of the intrinsic magnetic fields  
created by the EMP. The model also takes into account the  
prohibited thermal relaxation between the dark and bright states 
at low temperatures.[13] Using this model, the temperature-
dependent changes in the decay rates of the long components can 
be well reproduced (Figure 3c,d). Moreover, we are able to derive 
the intrinsic effective magnetic fields induced by the Mn2+-ions. 
For the QDs doped with 6.9% Mn2+-ions shown in Figure 3b,d, 
a BEMP value of 18.6 T is obtained, which is close to the result 
obtained from the temperature-dependent spectral shifts in 
Figure  2a–d. Moreover, this BEMP result is consistent with the 
value we derived from a well-accepted “exchange box” model,[50] 
in which an effective hole localization volume is defined so that 
the Mn2+-ions within this volume interact equally strongly with 
the hole (see Section S4, Supporting Information for details).

We apply the same carrier dynamics method to derive the 
BEMP values of the QDs doped with various concentrations of 
Mn2+-ions. The results are plotting in Figure 2e (blue dots) and 
a good agreement between the values obtained from the two 
methods, namely the temperature-dependent PL spectral shifts 
and carrier dynamics, are observed. These two independent 
methods are used to separately derive the BEMP values and serve 
as a means to confirm the accuracy of the obtained BEMP values. 
The existence of EMP also explains the faster decay rates and 
the more prominent contributions of the slow components 
observed in the doped QDs in Figure 3b. The effective magnetic 
field induced by the EMP can cause a mixing between the bright 
and dark states, allowing the dark states to obtain oscillator 
strength at the expense of the bright state oscillator strength.[49]

Aside from confirming the existence of the intrinsic magnetic  

fields in the doped QDs, fitting the temperature-dependent 

decay rates with the three-level model further allows us to 

derive the electronic fine structures of the QDs. One of the 

most prominent parameters that determines the optical prop-

erties of the QDs is the zero-field energy splitting between the 

dark and bright states ∆0. Since the value of ∆0 should remain  

mostly intact upon Mn2+-ion doping, we are able to obtain an 

average value of 0∆   = 5.4 ± 0.27 meV from the studied QDs, 

a value that is consistent with previous reports.[49] We are also 

able to derive the bright-dark splitting ∆DB under the influence 

of the effective magnetic fields from the fitting, the results of 

which are plotted as a function of BEMP and the doping concen-

tration in Figure 4a (black). With an increase in the doping con-

centration and consequently the effective magnetic field BEMP, 

the dark-bright splitting increases. Another significant para-

meter impacts the electronic fine structures of the QDs is the 

Zeeman splitting. For the doped QDs, their Zeeman splitting 

have two major contributions: EZ, total  = EZ,int  + EZ, EMP. Here, 

EZ,int  = gexc µBB is the Zeeman splitting due to the intrinsic 

g-factor, gexc, of the excitons in the QDs, of which we assume 

to be 2.4;[51] 2
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splitting caused by the exchange field of the excitons. Figure 4a 

shows the Zeeman splitting EZ,int related to the intrinsic g-factor 

of excitons (blue dots) and it increases with the effective mag-

netic field. A similar trend is expected for the Zeeman splitting 

EZ, EMP caused by the exchange field.

These findings allow us to derive a more comprehensive 
picture of the electronic fine structures in the doped CsPbBr3 
QDs. At low temperatures, there are predominantly two types 
of crystalline structures in CsPbBr3 QDs, namely the tetrag-
onal and orthorhombic phases.[52] Given the relatively low 
doping levels of the QDs used in this study, we assume that 
they possess similar crystalline structures as the undoped QDs. 
Compared to perovskite QDs with a cubic phase, those with a 
tetragonal phase have a lower crystal structure symmetry. In 
this case, although the exciton ground level of the QDs remains 
a dark singlet state |0D〉, the originally triply degenerate bright 
states observed in the cubic phase are split into doubly degen-
erate bright states |1±〉 and a bright state |0B〉 (Figure 4b). A fur-
ther reduction in the crystal structure symmetry leads to the 
orthorhombic phase, the bright states of which are split into 
three bright states (Figure 4c). Doping of the QDs with Mn2+-
ions leads to effective magnetic fields in them, which conse-
quently increases the dark-bright splitting ∆DB and induces 
Zeeman splitting, as illustrated in Figure  4b,c. An increase in 
the Mn2+-ion doping concentration could result in larger BEMP 
and increased dark-bright splitting ∆DB in the QDs’ electronic 
structures. In the event that the induced effective magnetic field 
lies parallel to the z-crystal axis of the QD, coupling between 

Figure 4. Effective magnetic field-induced electronic structure changes. a) Dark-bright energy splitting ∆DB (black dots) and Zeeman splitting due to 
the intrinsic g-factor, gexc, of the excitons (blue dots) in the QDs with various doping concentrations obtained from modeling the carrier dynamics 
based on the three-level system. The black dashed curve is a fitting of the ∆DB data using ( )DB 0

2
exc B EMP

2g B∆ µ= ∆ + , while the blue dashed line is a 
linear fit of the Zeeman splitting data. b,c) Sketches of the effective magnetic field-induced Zeeman splitting and level crossing in QDs with tetragonal 
and orthorhombic phases.
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the dark singlet ground state |0D〉 and the bright state |0B〉 is 
expected, leading to the brightening of the dark state and 
increasing of its decay rate, as observed in Figure  3b,d. Due 
to the random orientations of the induced magnetic fields in 
the QDs with respect to their crystal axes,[30] we assume the 
coupling between the bright and dark states to be an average 
over various conditions. In the QDs with a tetragonal phase, a 
level crossing between the |T0〉 and |T−〉 bright states is expected 
(Figure 4b). Due to the large Zeeman splitting induced by the 
exchange field of the excitons, level crossing between the orig-
inally dark singlet state and the bright triplet state could also 
be expected. Unique to the doped QDs, they possess partially 
bright ground states enabled by the EMP. We expect the EMP-
induced dark state brightening to be even more pronounced in 
smaller QDs supporting stronger EMP effects.

3. Conclusion

In summary, we study the temperature-dependent PL proper-
ties of CsPbBr3 QDs doped with Mn2+-ions. We demonstrate 
that upon photon excitation, excitons in the doped QDs lead 
to the formation of EMP. Our analysis of the carrier dynamics 
reveals that the magnitude of the EMP-induced effective mag-
netic fields in the doped QDs increases with the Mn2+-ion 
doping concentrations. Consequently, the Zeeman splitting and 
the dark-bright splitting ∆DB in the electronic fine structures of 
the QDs also increase with the doping level. The EMP-induced 
effective magnetic fields in the doped QDs can also brighten 
the dark singlet state, resulting in a partially bright ground state 
in the doped QDs. This EMP-induced ground state brightening 
is intrinsic to the doped QDs and does not require the existence 
of an external magnetic field. The findings obtained here may 
have two important implications. First, they would allow the 
creation of semiconductor nanostructures with at least partially 
bright ground states. Aside from the photoexcitation demon-
strated in this study, EMP can also be created by electrical injec-
tion,[53] which may allow the integration of the EMP-enabled 
bright semiconductor nanostructures into compact optoelec-
tronic devices. Second, the EMP-modulated singlet-triplet split-
ting may facilitate the development of intriguing protocols for 
spintronic[54] and energy harvesting[55] devices that rely heavily 
on the transitions between the singlet and triplet states.

4. Experimental Section

Temperature-Dependent Optical Measurements of the QDs: The 
temperature-dependent optical characterization of the QDs was 
performed on a home-built optical microscope. To prepare samples for 
the optical measurements, QD stock solutions were spin coated onto 
pre-cleaned quartz substrates to form uniform thin films. The thin films 
were then loaded into a continuous-flow liquid helium cryostat that was 
mounted on the microscope. A 400 nm diode laser was used to excite 
the samples. A microscope objective (Olympus, 40×, NA = 0.7) was used 
to focus the laser beam and collect emission from the samples. The 
collected emission was directed to a charge-coupled device mounted on 
a 500 mm spectrograph for imaging and spectroscopic measurements. 
For each sample at each temperature, PL spectra were taken from 
around ten different locations on the sample. Gaussian functions 
were used to fit the PL spectra and determine the peak positions. The 

average peak positions and the associated standard errors were derived 
from these spectra. For time-resolved PL measurements, the pulse 
frequency of the diode laser was set to 0.5 or 1 MHz. Emission from 
the samples was focused onto single photon avalanche diodes. Time-
resolved photon counting was performed with HydraHarp electronics 
(PicoQuant). During the temperature-dependent measurements, the 
samples were first cooled to 4 K and gradually warmed up. Between each 
temperature step, a waiting time of 10–15 min were reserved to ensure 
that the samples have reached thermal equilibrium.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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