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The purpose of this paper is to synthesize a micrometric inorganic perovskite CsPbCls:Nd** and investi-
gate the impact of doping with rare-earth ions on structural and optical properties, as well as energy
transfer pathways between the host and dopant. Herein, we report the solid-state reaction synthesis of a
concentration series of CsPbCls:x%Nd>* annealed under a nitrogen atmosphere. Additional doping of a
material that already exhibits luminescence with an optically active ion increases its application potential.
Structural features were determined using X-ray powder diffraction and Raman spectroscopy.
Morphology studies performed with scanning electron microscopy revealed micrometric, well-separated
cubic-like crystallites with a good distribution of individual elements. Surprisingly, a photoluminescence
(PL) study showed that only blue emission appears when the material is excited with a diode operating in
the UV range. Apparently, the emission of Nd** ions can only be obtained with direct excitation of the
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the lack of energy transfer between the host and dopant. Possible explanations for this behavior have
been put forth and substantiated by the first-principles electronic structure calculations in the framework

rsc.li/frontiers-inorganic of hybrid density functional theory.
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Introduction

Perovskite halides (chlorides, iodides, and bromides) are
popular choices for nanocrystalline optoelectronic materials
due to their simple synthesis route and efficient tunable
luminescence. The research on perovskite halides as lumines-
cent materials has been conducted extensively due to the
broadband host emission believed to originate from the coup-
ling of the excited carriers with distorted lead halide units."
This origin of the luminescence of halide perovskites is
responsible for high quantum yield and provides the possi-
bility of material optimization by doping with either optically
active® or inactive ions,® by means of bandgap engineering.
Cesium lead chloride with the chemical formula CsPbCl; is a
member of the all-inorganic halide perovskite family and has
attracted significant attention in the scientific community due
to its high efficiency and stability compared to its organic-in-
organic counterparts. The choice of the synthesis method can
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affect the quality, size, and morphology of the resulting
samples, influencing their optoelectronic properties and
potential applications. The development of efficient and repro-
ducible synthesis methods is crucial for the widespread use of
the CsPbCl; perovskite in various optoelectronic applications.
Recent research on perovskite nanocrystals and thin films
has focused on improving the stability and efficiency of
CsPbCl; perovskite solar cells.*” Moreover, the CsPbCl; perovs-
kite has shown potential in other optoelectronic applications,
such as light-emitting diodes (LEDs)® or as an element of a
phosphor-glass composite.” Overall, the CsPbCl; perovskite
has demonstrated great potential as a candidate for high-per-
formance and stable optoelectronic devices. It has also
recently been studied extensively as a nanocrystal host for rare
earth and transition metal dopants. Since the 1990s, it has
also been known for exhibiting free exciton emission in the UV
region under high-intensity excitation.® This exciton state has
been used as a sensitizer to enhance the dopant’s emission.®
It can be noted that the literature considering nanometric in-
organic halide perovskites is quite rich, but studies involving
larger analogs are still very limited. CsPbCl; quantum dots
have been reported to exhibit efficient blue-violet emission
under UV excitation."! A recent study investigated the
structural and spectroscopic properties of micrometric
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CsPbCl; perovskite powders doped with Yb*' ions, with
varying dopant concentrations (1-20%) prepared via a simpler
solid-state reaction route. Compared to quantum dots, micro-
metric CsPbCl; can be prepared via a solid-state reaction route
and exhibit blue emission."” The study illustrates that similar
to other lead halides, the CsPbCl; host is expected to transfer
energy to the RE dopant.”> Our current study demonstrates this
assumption to be inaccurate for some RE dopants.

Nd** has a characteristic emission spectrum that includes
sharp lines in the near-infrared region, with emission peaks at
around 880 nm, 1060 nm, and 1330 nm. The emission inten-
sity and lifetime of Nd*" luminescence are highly dependent
on the local crystal field environment, which can be tailored
by doping the ion into different host materials. Nd*" exhibits a
fluorescence lifetime, which can range from microseconds to
milliseconds, making it ideal for applications such as solid-
state lasers,"® where the neodymium ions act as an active
medium, producing high-power laser emissions. These
materials also find applications in optical amplifiers, fiber
optic communication,'* and biological imaging."” Due to the
fact that the ionic radius of Nd*" ions is smaller (99.5 pm)
than that of Pb>* ions (119 pm),'® they can be doped in higher
concentrations without changing the structure of CsPbCl;.

Recently Xiong et al. investigated CsPbCl;:Nd**,"” where the
dopant was used not as a luminescent center but rather as an
enhancement agent for exciton emission. Another study
reported the spectroscopic properties of Mn>*- and Nd**-co-
doped CsPbCl;."® To the best of our knowledge, no lumine-
scence of Nd** ions in CsPbCl; upon direct excitation of the
dopant was reported. In this paper, we report the structure,
morphology, and luminescence properties of a concentration
series of CsPbCl;:Nd®*" microcrystals synthesized by a solid-
state reaction method. Additionally, we provide an explanation
for the absence of energy transfer between the host and the
dopant, supported by first-principles calculations using a
hybrid density functional model.

Results and discussion
Structural and thermal properties

Fig. 1a shows the XRD patterns of a concentration series of
CsPbCl; perovskite powders doped with Nd** ions. Analysis of
the diffractograms confirmed that the studied host can accom-
modate a maximum of 20% dopant without structural disrup-
tion. A further increase in the concentration of Nd** ions
caused the appearance of foreign peaks, inconsistent with
pattern #243734. Therefore, the CsPbCl;:25%Nd>" sample was
not considered in further investigations. The pure phase
samples exhibited an orthorhombic structure belonging to the
Pnima space group. Fig. 1b presents a simplified diagram of a
CsPbCl; unit cell containing only lead atoms. The studied
material reveals a distance between Pb ions, partially substi-
tuted by Nd,'® reaching more than 5 A, which ensures a low
concentration quenching rate.
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Fig. 1 X-ray diffraction patterns of the CsPbCls;:x%Nd** perovskite
powders (a) and a simplified unit cell scheme of an undoped sample (b).

To validate the thermal stability of the studied perovskites,
we performed thermogravimetric analysis for powders contain-
ing 1 and 20% of Nd*" ions (Fig. 2). The decomposition of the
sample with a lower concentration begins at around 840 K.
Increasing the dopant ion concentration to 20% lowers the
degradation threshold to 825 K. In both cases, degradation
ends at around 1200 K. The differences in the weight loss
suggest that metallic neodymium is the final form. Fig. 3
shows the scanning electron microscopy (SEM) images of the
morphology of CsPbCl; perovskite powders doped with Nd**.
It can be observed that the investigated host shows well-devel-
oped crystallites with a polyhedron shape, sharp boundaries
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Fig. 2 TGA curves for CsPbCls; powders composed of 1 and 20% of
Nd** ions.

Fig. 3 SEM images of the CsPbCls; perovskite powders containing
different concentrations of Nd** ions.
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and different sizes with a dominant micrometric fraction. It is
worth noting that even a 20% dopant ion content does not
affect the quality of the obtained crystallites. The situation is
different in comparison with CsPbCl; doped with Yb** ions
synthesized using the same technique.*® In the latter case, the
strongly doped samples (more than 10%) had blurred grain
boundaries and their aggregation was very advanced, which
significantly affected their optical properties.

In order to check the distribution of individual elements,
EDS mapping for a CsPbCl;:10%Nd>" ion was performed and
is presented in Fig. 4. It is proven that the elements are evenly
distributed throughout the crystallite volume and the incorpor-
ation of Nd**" was successful.

Raman spectra

Fig. 5 illustrates the Raman spectra of all examined powders.
All spectra exhibit four bands with maxima at about 24, 36,
114, and 199 cm™", as well as two shoulders at roughly 57 and
104 cm™' at ambient temperature. The recorded spectra match
well the data reported in the literature for the orthorhombic
phase of CsPbCl; and demonstrate that the structure is main-
tained over the whole concentration range.>"*> Raman bands
become narrow and well-spaced at 80 K, with peaks at 30, 35,
41, 51, 71, 88, 109, 120, and 201 cm™* for x = 1%. At both

Fig.4 SEM image (a) and EDS elemental mapping (b—f) of the
CsPbCl3:10%Nd>* perovskite powder.
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Fig. 5 Raman spectra of the CsPbCl; perovskite powders containing
different concentrations of Nd** ions at 300 and 80 K (a) together with
the relative intensity change of the band at 114 cm™ at 300 K (b).
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temperatures, an increased dopant ion concentration induces
band broadening and an intensity decrease, which are con-
nected to the increased concentration of defects generated by
substitution. This impact is most prominent under ambient
conditions for bands in the 100-120 cm ™" range, with a strong
contribution from Cs* ion movements.>"** The relative change
in the intensity of this band decreases exponentially as the
dopant ion concentration increases, demonstrating successful
substitution with Nd** ions in the crystal structure. The con-
centration-related broadening of bands associated with longer
phonon lifetimes becomes more apparent after cooling. Band
shifts caused by various masses and radii of Pb** and Nd**
ions are noticeable in addition to the observed widening. The
strongest of these, ranging up to around 2.3 cm™’, are con-
nected with the vibrations of PbCls octahedra in the
70-90 cm ™" range.”"??

Optical properties

The diffuse reflectance spectra of a concentration series of
CsPbCl; perovskite powders doped with Nd** ions cover the
range of the UV-VIS-NIR region as presented in Fig. 6a. It exhi-
bits a strong band in the range of 200-400 nm corresponding
to the absorption of the host.*® An exciton band at the absorp-
tion edge flattens out as the concentration of Nd*' ions
increases (Fig. 6b). In the visible and infrared spectral ranges,
less intense absorption bands originating from Nd** f-f tran-
sitions can be observed.”* Diffuse reflectance spectra were
used to determine the size of the energy band gap (Eg) in
CsPbCl;:x%Nd*" perovskite powders by the Kubelka-Munk
method:
(1-R’

F(R) == (1)
where R is the reflectance. The band gap energies were extrapo-
lated from the intercept of the fitted straight line at F(R) = 0 in
the F(hv)"? versus the energy (hv) plot. The calculation results
can be found in Fig. 6c. It was found that the energy gap is of
the order of 2.9 eV and reaches the highest value for the
material containing the smallest concentration of the dopant.
Our first-principles calculations confirmed a gap of 2.93 eV
between the host’s valence band (VB) and the conduction
band (CB), as illustrated in Fig. 9, providing further support
for this experimental determination.
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Fig. 6 Diffuse reflectance spectra of the CsPbCls:x%Nd>" perovskite
powders (a) together with an enlarged spectrum showing the exciton
band (b) and energy gap values as a function of dopant concentration (c).
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The excitation spectrum of CsPbCl;:20%Nd>*" was recorded
and is shown in Fig. 7a. It can be seen that by monitoring the
wavelength of 1061 nm, conventional f-f transitions of Nd**
ions were observed, identical to those in the visible to NIR
range of the absorption spectrum (Fig. 6); however, in the
ultraviolet range (300-400 nm), no band originating from the
host was detected, indicating a lack of energy transfer between
the host and the dopant. It is worth mentioning that there are
not many reports in the literature on CsPbCl; doped with Nd**
ions. It is probably due to the lack of energy transfer, which
greatly limits its potential applications and makes this
material unattractive. Recently, a paper reporting emission
from Nd*" ions in CsPbCl; under 365 nm excitation was pub-
lished.'® However, in that case, Mn*' ions were introduced
into the crystal structure of the host, which provided a bridge
for energy transfer between the matrix and the Nd** ions.

The emission spectra of a concentration series of CsPbCl;
perovskite powders doped with Nd** ions recorded at liquid
nitrogen temperature are depicted in Fig. 7b. Experiments at
80 K were required because the luminescence of the exciton
was completely quenched at 300 K. It is also worth noting that
the spectra in the visible range were recorded upon 360 nm
excitation, while the spectra in the infrared range were col-
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Fig. 7 Excitation spectra of CsPbCls:20%Nd** at 300 K (a). Emission
spectra of the CsPbCls:x%Nd** perovskite powders recorded at 80 K
together with an inset showing an enlarged exciton spectrum of the
CsPbCl3:10%Nd>** sample (b), and integral intensities of Nd** emission
(c). For clarity in (c), the sample containing 20% of the dopant is shown
on a larger scale.
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lected under 808 nm excitation. The measurement system was
designed to expose the sample to two different beams at the
same time, while the detector recorded the signal continuously
in the range of 350-1100 nm. This arrangement made it poss-
ible to merge both spectra. The use of two excitation sources
was necessary because it turned out that no energy transfer to
Nd** ions was observed when the sample was excited into the
host’s conduction band (Fig. 7a). Regardless of the concen-
tration of dopant ions, the analyzed materials revealed exciton
bands in the visible range, the maxima of which are located at
about 416 nm, while in the infrared range, two bands of Nd**
ions were visible, whose emission maxima are located at
882 nm and 1060 nm, assigned to *F;, — *Iy;, and *F3, —
"1,4/, transitions, respectively.>® In order to indirectly compare
the emission intensities of Nd*" ions, the spectra shown in
Fig. 7b were normalized relative to the exciton intensity and
their relative intensities are plotted in Fig. 7c. It can be clearly
seen that as the dopant concentration increases, the Nd**
emission intensity also increases, and the concentration
quenching,®® typical of this lanthanide usually occurring by a
cross-relaxation process, is not observed. In fact, the opposite
situation happens. The intensity of the CsPbCl;:20%Nd**
sample is so high that showing it in the same figure as the
other samples required an additional scale. The lack of con-
centration quenching is probably related to the large Nd**-
Nd** distances (partially substituted lead positions due to its
similar size and smaller charge mismatch compared to
cesium®’) in the unit cell presented in Fig. 1b. A minimal shift
of the maximum of the exciton’s absorption bands toward
higher energies is observed. This is related to a slight
reduction in the unit cell volume of CsPbCl;:Nd*" as a conse-
quence of the substitution of the larger (Pb>*) ion with a
smaller one (Nd**), which is consistent with the quantum con-
finement effect.>®>° A similar behavior was reported earlier in
the literature."’

Fig. 8 shows the luminescence kinetics of the investigated
compounds measured under 360 nm and 808 nm excitation
and monitoring of the emission maximum of the exciton
(Fig. 8a) and Nd** ions (Fig. 8b), respectively. It is worth noting
that depending on the monitored band, measurements at
different temperatures were made due to hardware limits.
Unfortunately, the Nd>* emission intensity of the sample con-
taining 1% dopant was below the detection capabilities of the
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Fig. 8 The luminescence decay profiles of the exciton (a) and Nd** (b)
luminescence in CsPbClz:x%Nd>* perovskite powders.
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measurement system; therefore, recording its profile was
impossible. Nevertheless, it can be observed that all of the
measured curves show a bi-exponential nature. In the case of
an exciton, this can be attributed to the presence of free and
bound excitons (the asymmetrical shape of the band shown in
the inset of Fig. 7b>°). However, in the case of dopant ions,
some non-radiative processes may be responsible for such be-
havior. It can be clearly seen that as the Nd** concentration
increases, the deviation from the exponential characteristics of
the profiles becomes more pronounced. The luminescence
profiles of CsPbCl;:x%Nd*" were well matched using a double
exponential function:

1 T2

I(t) = A exp(—%) + Ay exp (— i), (2)

where I(t) means the emission intensity, A; and A, are the
fitting constants and 7; and 7, stand for their corresponding
lifetimes. The average lifetimes (¢,,) were determined using
eqn (3) and are presented in Table 1. It turned out that the
luminescence decays of excitons observed in the investigated
material are shorter than those already reported for CsPbCl,
doped with transition metals or lanthanides obtained in the
form of nanocrystalline colloids or films.?*?

- Alle +A2T22

= 3
a AlTl +A2’Z’2 ( )

It seems that the mechanism responsible for the generation
of exciton luminescence in CsPbCl;:Nd*" is similar to that pre-
sented by us earlier for the same host but doped with Yb®*
ions.” In this case, as in the previous one, there is also an
asymmetric emission band in the visible range upon excitation
with a 360 nm line (inset in Fig. 7b), which indicates the emis-
sion of a free exciton (FE) and bound exciton (BE) on the
defect simultaneously after the prior population of the host
conduction band. However, in the analog containing Nd*',
there was no energy transfer between the host and dopant
ions, as they appear relatively isolated from each other. The
reduction of the Nd** emission lifetime is observed in samples
with a dopant concentration above 10%. Given the fact that
the possibility of concentration quenching was excluded by the
increasing intensity as a function of concentration, such a
reduction in lifetimes can be related to the appearance of
surface defects due to heavy doping with lanthanide ions.

Fig. 9 shows the calculated density of states of the CsPbCl;:
Nd** system. For the pristine host, the top of the valence

Table 1 The lifetimes of the excitons and Nd*' ions calculated by
fitting the decays with the double-excitation function

Dopant Exciton lifetime Neodymium lifetime
content (80 K) (300 K)

1% 53 ps

5% 47 ps 2.15 ms

10% 46 ps 1.93 ms

15% 31 ps 0.86 ms

20% 28 ps 0.19 ms
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Fig. 9 Density of state diagrams calculated for CsPbCls:Nd**. The
labels VBM and CBM represent the maximum of the valence band and
the minimum of the conduction band, respectively. The positions of the
fourteen 4f dopant energy states are denoted by 4f, (n = 1-14).

bands is dominated by the Pb-s and Cl-p orbitals, and the
bottom of the conduction bands is dominated by the Pb-p
orbitals. With the doping of Nd** ions, the top of the valence
bands is hardly influenced, while the bottom of the conduc-
tion bands is greatly hybridized by the Nd-4f orbitals. Our
first-principles calculations demonstrate that the ground state
1y, of Nd*" ions in CsPbCl; lies 3.88 eV below the top of the
host’s VB, as illustrated in Fig. 9. The energy positions of Nd**
dopants are greatly influenced by the properties of hosts, as
the variation of the vacuum-referred binding energy of the 4f
level is no more than 0.4 eV for inorganic compounds.** Here,
the halide anions exhibit less Pauling electronegativity than
the oxygen anion, and the top of the valence bands was greatly
hybridized by the Pd-s orbitals, which makes the vacuum-
referred binding energy of the valence bands higher than
those of the oxides. As a result, the excited energy levels of
Nd*" ions, considering the multiplets up to “Ds, obtained
from Dieke’s diagram, are entirely buried within the VB and
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Fig. 10 Electronic energy level scheme determined for the CsPbCls:
Nd** perovskite powder.
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are unable to accept carriers from the host. Moreover, the
energy mismatch between the exciton energy and the energy
separation between Nd*" multiplets exacerbates the hindrance
of energy transfer. These factors, as depicted in Fig. 10, effec-
tively block any energy transfer from the host to Nd** dopants.
Therefore, the only way to obtain luminescence from Nd** ions
in the investigated host is to excite them directly using, for
example, an 808 nm line.

Conclusions

Systematic structural and optical studies considering a micro-
metric CsPbCl; perovskite containing Nd** ions with concen-
trations in the range of 1-25% have been reported. Powdered
samples were prepared using the classical solid state reaction
method. XRD diffractograms and Raman spectra proved that
the investigated materials exhibit an orthorhombic Pnma sym-
metry and do not show additional phases originating from
impurities when the dopant concentration does not exceed
20%. TGA analysis revealed that the investigated materials are
highly thermally stable. SEM images confirmed the micro-
metric size of the CsPbCl;:Nd®* crystallites and elemental
mapping showed that the dopant is homogeneously distribu-
ted throughout the sample volume. Diffuse reflectance spectra
indicated strong absorption in the UV range and typical Nd**
ion transitions in CsPbCl;. It turned out that the magnitude of
the energy gap is of the order of 2.96 eV and gently decreases
with increasing dopant concentration. Studies of optical pro-
perties revealed that by excitation of the host conduction
band, only exciton luminescence can be obtained. In order to
produce emission from Nd** ions, direct excitation is required.
The reliability of the measured host band gap was confirmed
through our first-principles calculations. The calculations
further demonstrate that the electronic energy levels of the
excitons remain isolated from those of Nd** ions, thereby indi-
cating the absence of energy transfer between them.

Experimental

Chemicals

The concentration series of CsPb,_,Nd,Cl; (x = 1, 5, 10, 15, 20,
and 25 mol%) perovskite powder was obtained via the solid-
state reaction route. Stoichiometric amounts of the following
precursors: CsCl (Sigma-Aldrich, 99.9%), PbCl, (Sigma-Aldrich,
98%) and NdCl;-6H,0 (Sigma-Aldrich, 99.9%) were weighed
and mixed vigorously in an agate mortar in the presence of
CH;O0H. Alcohol was added solely to provide a better environ-
ment for mixing the reactants, which is crucial in solid-state
synthesis to achieve an even distribution of components. After
thorough mixing and evaporation of CH;OH, the obtained
powder was moved to a quartz boat and placed in a tube
furnace. The heating process was carried out according to the
same regime as reported previously'>?° under a nitrogen flow.
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The dopant content was determined based on theoretical
calculations.

Measurement methods

The X-ray diffraction (XRD) pattern was measured using an
X'Pert PRO powder diffractometer (PANalytical, The
Netherlands) equipped with a linear PIXcel detector and using
Cu-Ka radiation (1 = 1.54056 A). A PerkinElmer TGA 4000 was
used to perform thermogravimetric analysis (TGA) on samples
containing 1 and 20% of Nd** ions at temperatures ranging
from 300 to 1250 K. The samples weighed 91.88 and 60.63 mg,
respectively, and a 10 K min~" heating rate was used. Nitrogen
was used as a purging gas. The chemical composition and
general morphology of the samples were checked using a
FE-SEM microscope (FEI Nova NanoSEM 230) equipped with
an EDS analyzer (EDAX Genesis XM4). Raman spectra at room
temperature and 80 K were recorded in the 10-300 cm™" range
using a Renishaw InVia Raman spectrometer equipped with a
confocal DM 2500 Leica optical microscope, a thermoelectri-
cally cooled CCD as a detector and a laser operating at
830 nm. The absorption measurements were performed in the
back scattering mode using an Agilent Cary 5000 spectrophoto-
meter. The excitation spectrum was recorded using a FLS1000
fluorescence spectrometer from Edinburgh Instruments. Low-
temperature emission recorded with a
Hamamatsu photonic analyzer PMA-12
equipped with a BT-CCD linear image sensor. The laser diode
operating under 360 nm and 808 nm was applied as an exci-
tation source. The temperature of the samples during emission
measurements was controlled by using a Linkam
THMS600 heating/freezing stage. The luminescence decay pro-
files of the excitons were recorded using a femtosecond laser
(Coherent Model Libra). The luminescence decay profiles of
Nd*" emission were recorded using the McPherson spectro-
meter with a Hamamatsu R955 photomultiplier and a digital
oscilloscope Tektronix MDO3052, as well as a Nd:YAG-pumped
Ti-sapphire tunable pulse laser.

spectra were
multichannel

Computational method

The first-principles calculations were performed utilizing the
Vienna ab initio simulation package,*® employing the projector
augmented wave method in conjunction with density func-
tional theory (DFT). To accurately capture the electronic pro-
perties of Pb-based halide perovskites, the PBEO hybrid func-
tional with 25% of non-local Fock exchange*® was adopted,
along with the consideration of the spin-orbit coupling inter-
action, following the recommendation of ref. 37. The valence
configurations of Nd, Cs, Pb and Cl were determined as
55°5p°6s°af*, 55°5p°6s’, 5d'°6s’6p> and 3s*3p°, respectively.
The dopant effect of Nd** ions was modeled in the 2 x 2 x 2
supercell, where one Pb** ion was substituted by one Nd** ion.
For the pure and doped systems, the closed-shell and spin-
polarized DFT calculation forms were applied, respectively.
The plane-wave basis cutoff energy was set to 500 eV, with the
convergence criteria of 107> eV for electronic energy minimiz-
ation and 0.02 eV A™* for Hellmann-Feynman forces on each
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atom. A 6 X 6 x 6 k-point mesh based on the Monkhorst-Pack
scheme was employed for the pure CsPbCl; host, while a
single k point at I was utilized for all the supercells.
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