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ABSTRACT: The layered hybrid double perovskites (LDPs) Lattice contraction

possess excellent stability and environmental friendliness, which . "

makes them remarkable semiconducting materials. Contrary to IOI\JZOHC ﬁé‘;g}} .

significant advancements, the nonfluorescent nature at ambient ¥ 4 Pt 2

temperature and pressure is still a major hurdle in this intriguing g&&g& 0% o v

family. H d dopi f th iti I cati ] 3 2 w4
y. Here, we demonstrate doping of the transition metal cation %?%?% k5 ot (am

Mn** in two-dimensional (2D) (PEA),NaInCly (PEA = phenyl- 4 o+ 2 m 2 — High conc

ethylamine) LDP, by a solution-processed crystallization method. m M g?’é%f < — Low conc

This results in broadband emission at ambient conditions and initial ~ (ppa)Namcy, ~ highcone % YT L

contraction followed by expansion of host lattice on increasing SV 20 %0 30 400 450

dopant concentration. A higher dopant feed ratio in this wide band Lattice expansion Wavelength (nm)

gap material leads to the absorption at 2.95 eV due to the °A; (°S) —

*A; (*G) transitions on Mn** centers. First-principles calculations based on density functional theory (DFT) confirm that Mn** in
substitutional sites results in lattice contraction while interstitial site Mn>* doping leads to lattice expansion. The potential of Mn** to
improve optical and magnetic properties of host lattice and a deeper understanding of distribution of Mn**dopant make these LDPs
a promising material for emitters for solid-state lighting and magneto-optical applications.

H INTRODUCTION optoelectronic field, e.g,, light-emitting diodes (LEDs), solid-
state lighting (SSL), etc.'* The reason for their nonfluorescent
nature at ambient conditions is unclear yet and requires further
research. Recent literature has delved into studying the
emissive properties of these LDPs. Many previously reported
LDPs are nonfluorescent at ambient conditions but emissive at
low temperature or high pressure. PA,AgInBry (PA =
propylammonium) displays broadband fluorescence emission
only below 100 K. (BA),AgBiBrg (BA = n-butyl amine) shows
the band edge emission below 160 K, which is otherwise
nonfluorescent at room temperature.'> Zou et al. successfully
demonstrated broadband white light emission from
(BA),AgBiBrg at room temperature by applying very high
pressure, intensifying the anisotropic deformation of elastic
lattices and perturbs the detrapping of self-trapped excitons
(STEs).'® Our group has recently added a new emission
feature at low temperature in (BA),AgBiBrg at 625 nm by
doping Mn?, a transition metal cation."” Zhang et al
introduced broadband white light emission at room temper-

Hybrid layered perovskites exhibit useful optoelectronic
properties with some attractive features as compared to their
3D analogues.' ™ They display significant ambient stability,
greater chemical and structural diversity, ease of device
fabrication, and excellent tunability of properties.“’S The
discovery of hybrid layered double perovskite (LDP) is a
recent advancement in this field.® These LDPs consist of
monovalent and trivalent metals, arranged in a regular fashion
forming 2D inorganic layer of perovskite with large organic
amine cations separating the inorganic layers and balancing the
charge. When monovalent ammonium cation separates the
layers, Ruddlesden—Popper (RP) type structures are formed.
Figure la depicts the RP phase with general formula
AMM'™X, for n = 1 (where n is no. of inorganic slabs),
where A’ is the monovalent ammonium cation, which
separates the inorganic layers, formed by alternating corner
sharing octahedra [MX,]*"and [M ' X4]*7, respectively, while
M' = Na, Ag, or some monovalent transition metal ion, M =
Bi, In, Sb, or some trivalent transition metal ion, and X = CI7,
Br~, and 12 Received: December §, 2022
Though LDPs are green alternatives of toxic Pb-based Revised:  January 26, 2023

layered perovskites,"> however, unlike lead-based layered Published: February 8, 2023
perovskites, LDPs are nonemissive at ambient temperature

and pressure.””"" The nonfluorescent nature of LDPs makes

them unsuitable candidates for their application in the
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Figure 1. (a) Schematic showing synthesis methodology (left) for Mn** doped (PEA),NaInCl; along with the its schematic crystal structure
(right); (b) PXRD patterns of Mn**-doped (PEA),NaInClg with different Mn/(Na+In) nominal ratios; (c) magnified view of the (060) diffraction

peak.

ature and pressure in (PEA),NaInClg and (PEA),CsNaInCl,
by doping it with Sb*', attributed to the STE emission in
otherwise nonemissive materials.'” Beside the work by Zhang
et al, none of these studies focus on the fluorescence at
ambient conditions, rendering these materials limited for
optoelectronic applications.'* These issues are currently
motivating the material scientists to find a way in order to
make these materials emissive at ambient conditions. Through
the controllable doping of certain homo or heterovalent
cations, new emission features can be added to these materials.
The choices for the optically active dopant, for the wide band
gap host semiconductors, have been mainly transition metals,
such as Mn*"."”'® Extensive research has been conducted on
the incorporation and effects of Mn?*, including the chemical
and structural changes, spatial distribution of dopant, and
energy transfer phenomenon of host to dopant resulting in a
signature orange-red emission.'”~>> The sensitization mecha-
nism of dopant from host is not yet clear; it could be from
band edge to dopant ion or from the defect mediated energy
transfer.”**¢

Mn** incorporation into LDPs can possibly occur at two
sites: substitution of the M-site mono/trivalent metal and
occupation of interstices in the lattice. The incorporation route
of dopant would affect the system differently, leading to
changes in the lattice and electronic structure. The interstitial
sites in the case of LDPs are provided by the free space in the
region occupied by the organic chains. Lattice contraction/
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expansion is expected upon occupation of substitutional sites
of semiconductor lattice by Mn?**”*® However, recent
literature on the substitution of Pb** (ionic radii 1.19 A)*’
by Mn** (ionic radii 0.83 A)*” in many inorganic and hybrid
perovskite structures shows all types of lattice distortions, viz.,
contraction,”®3073* exp:msion,33 and no change27’35’36 in
lattice through X-ray diffraction (XRD) measurements. The
dopant incorporation type in these systems is not well
understood. To better understand these anomalous observa-
tions, it would be quite appealing to study the spatial
distribution of dopants inside the host lattice.

In this work, the structural and optical properties of Mn**
doped lead-free LDP (PEA),NaInCl; were investigated
systematically. We synthesized bulk Mn?>* doped
(PEA),NaInClg having a 2D lamellar architecture, by a
solution-processed crystallization method based on slow
cooling of concentrated solutions, with nominal Mn/(Na
+In) feed ratios ranging from 0 to 0.25. Here, we found that
Mn?* doping could effectively improve the emission properties
of (PEA),NaInClg. Furthermore, we observe expansion in the
lattice at higher dopant concentrations. Density functional
theory (DFT) calculations simulate that the observed
expansion in this LDP lattice is due to the presence of Mn**
dopants at interstitial sites, thereby supporting the results of
our experiments. Based on experimental and theoretical results,
we propose an apparent mechanism regarding the type of
distribution of Mn?* into the host (PEA),NaInCl, LDP lattice.

https://doi.org/10.1021/acs.jpcc.2c08506
J. Phys. Chem. C 2023, 127, 3609—3618
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Figure 2. XPS core level spectra of (a—c) Na 1s, In 3d, and CI 2p peaks of pure (PEA),NaInClg; (d—g and h—k) Na 1s, In 3d, Cl 2p, and Mn 2p
peaks of samples with nominal doping Mn/(Na+In) = 0.1, and 0.25, respectively. (1) Field emission scanning electron microscopy (FESEM) image
of (PEA),NaInClg with nominal doping Mn/(Na+In) = 0.1 showing a layered morphology and elemental mapping showing the distribution of Na,

In, and Mn corresponding to this image.

The observations of the optical and magnetic phenomena have
been helpful for both magneto-optical applications and
verifying the presence of the Mn** dopant in samples.’” >’
To the best of our knowledge, so far there is no report on
heterovalent doping inside a LDP lattice, resulting in emission
at ambient conditions and describing the distribution of
dopants inside the host LDPs lattice. The finding of our work
describes the behavior of optically active divalent cations
doped into the LDP lattice, which can be potentially relevant
in developing optoelectronic devices,'”**** viz.,, LEDs for
SSL,"* and in spintronics.”’ ™’

B METHODS

Materials. InCl; (99.999% trace metals basis), NaCl
(299.0%), MnCl, (>99% trace metals basis), HCl (ACS
reagent, 37%), and phenylethyl amine (PEA) (>99%) were
purchased from Sigma-Aldrich and used without further
purification.

Synthesis of (PEA),NainCl; 2D Layered Double
Perovskite. All the synthesis experiments were carried out
in air unless stated otherwise. Synthesis of (PEA),NaInClg
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crystals was carried out by a solution-processed crystallization
method based on the slow cooling of concentrated solutions.'*
For the synthesis of (PEA),NaInClg crystals, we mixed 0.5
mmol of InCl;, 0.5 mmol of NaCl, and 2.5 mmol of PEA
solution in a 15 mL glass vial containing S mL of concentrated
hydrochloric acid (HCl). The vial with these precursors was
heated at 100 °C with constant stirring for 2 h, to ensure the
complete solubility of all the precursors, resulting in a clear
transparent solution. The hot clear solution was naturally
cooled to room temperature, producing the plate-like white
crystals of (PEA),NaInCl. These crystals were filtered and
washed with conc. HCI in order to dissolve any precursor
impurities (if any), and dried in a vacuum oven for 24 h. The
crystals obtained thus were used for further characterization.

Synthesis of Mn?* Doped (PEA),NalnCl; 2D Layered
Double Perovskite. For doping Mn*" ions, a stochiometric
amount of MnCl, salt was added to the precursors while the
rest of procedure remained exactly same, resulting in the white
plate-like crystals of Mn?* doped (PEA),NaInCl, with
different amounts of Mn*" dopants.

https://doi.org/10.1021/acs.jpcc.2c08506
J. Phys. Chem. C 2023, 127, 3609—3618


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08506?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c08506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Lf’» (a) A tos|  [(B) (c) o
/ \ exc@250nm '," \\O
3 2 i / N
3 o |2 5 S Y
2 =
2 o
_'_I_'_‘I'_“'_I_'_I_'_ﬂx T o — T
250 300 350 400 450 500 550 600 650 700 0.05 0.10 0.15 0.20 0.25
Wavelength (nm) Mn/(Na+In)
@ ﬂ (e) 8 Mn/(Na+In) = 0
‘\ \ exc@420nm Mn/(Na+In) = 0.015
> ‘ z Mn/(Na+In) = 0.030
|5 | g Mn/(Na+In) = 0.050
< A | 3 Mn/(Na+In) = 0.100
w I | o
T A | ‘J \ Mn/(Na+In) = 0.150
J/ ‘ J —— Mn/(Na+In) = 0.200
?%b J'\/ Mn/(Na+In) = 0.250
T —
260 350 400 450 50 600 650 700

Wavelength (nm)

Figure 3. Optical measurements of pure and Mn”* doped (PEA),NaInCl,. (a) UV—visible pseudoabsorption spectra. The absorption spectra are
converted from the measured diffused reflectance spectra by using Kubelka—Munk transformation,®" Inset in (a) shows magnified view of UV—
visible absorption spectra showing weak absorption feature at ~420 nm for Mn** doped (PEA),NaInCl;. (b) Steady-state photoluminescence (PL)
spectra using 250 nm light radiation. (c) PL intensity ratio for dopant to host emission for Mn** doped (PEA),NaInCl,. (d) PL excitation spectra
using emission wavelength 562 nm for pure (PEA),NaInClg and 600 nm for Mn** doped (PEA),NaInCl;. (e) Steady-state PL spectra using 420

nm light radiation.

B RESULT AND DISCUSSION

The synthesis of plate-like crystals of Mn*" doped
(PEA),NaInCl; LDP was performed by modifying the
previously reported method."”” In this approach, we mixed
metal chloride salts and organic amine in concentrated
hydrochloric acid (solvent) and heated to the desired
temperature, until a clear solution was obtained. On cooling
of this solution, plate-like crystals of Mn?* doped
(PEA),NaInClg are obtained with different dopant concen-
trations. For reporting, nominal values of dopant concentration
are used throughout the paper. More details of synthesis
procedure are provided in the Methods section and are also
shown in the scheme in Figure la. The schematic structure of
Mn?*" doped (PEA),NaInCl, is shown in Figure la, containing
alternating corner-sharing octahedra of [InCls]*~ and
[NaCly]*". Some octahedra of [MnClg]*~ depict substitutional
doping, while the PEA" constructs the organic layer that acts as
a spacer cation connecting to the inorganic layers, with
interchain van der Waals forces."” The purity of these as-
prepared bulk undoped and doped crystalline materials was
confirmed by powder X-ray diffraction (PXRD) patterns as
shown in Figure 1b.

The PXRD patterns of both Mn>* doped and pure
(PEA),NaInClgy match well with the reference pattern of
(PEA),NalInCl; (see Figure S1 in Supporting Information (SI)
for enlarged pattern) with a monoclinic space group P2,/c."”
This rules out the formation of any undesired secondary
phases on increasing the Mn/(Na + In) feed ratios. The
cationic radius of Mn>* (0.83 A)*” is closer to that of In**
(0.80 A)*” compared to the larger Na* cation (1.02 A).**"*
Thus, there is a higher probability of Mn*" replacing In*'.
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However, the possibility of Mn** cation substituting the Na*
cation or going to interstitial sites can also not be ignored as
we deduce from the data in Figure lc. The magnified view of
the (060) reflection of PXRD patterns shown in Figure lc
shows that, upon doping with Mn>" cation, the lattice of the
host material initially contracts, and then upon increasing the
dopant amount it gets expanded. The contraction could
possibly arise due to the Mn** dopant occupying the larger Na*
sites. As the radius of Mn*' is close to that of In*', the
substitution of In** with the Mn?* is difficult to detect with
PXRD. Further, with a higher feed ratio, the expansion of the
lattice occurs, which we attribute to the occupation of
interstitial sites. This type of expansion due to the presence
of dopant ions at interstitial sites in perovskites is well-known
in the literature.*>** Thus, by analyzing the PXRD patterns, we
propose the presence of two types of Mn>" sites inside the host
LDP.

The presence of Mn®" dopant cation at interstitial sites is
further supported by inductively coupled plasmon—optically
emission spectroscopy (ICP-OES) measurements, the results
of which are shown in Table S1 in SI. ICP-OES results show
that Mn>" doping concentration inside the lattice is very high
(up to 21%) at higher dopant concentration, which seems
unrealistic in case of aliovalent substitutional doping of an ion.
Presence of a higher dopant content leads us to infer that Mn**
is not only going to substitutional sites but also resides at
interstitial sites in the lattice.**~*

To get a deeper insight into the distribution/environment of
Mn?* ions, the chemical composition, and the valence state of
the elements of these undoped and Mn** doped perovskites,
we used X-ray photoelectron spectroscopy (XPS). We show

https://doi.org/10.1021/acs.jpcc.2c08506
J. Phys. Chem. C 2023, 127, 3609—3618
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Figure 4. (a) Room-temperature X-band EPR spectra of Mn?* doped (PEA),NaInCl;, with Mn/(Na + In) ratio 0.015 (black), and 0.03 (red),
showing characteristic 6-fold hyperfine coupling pattern of high-spin Mn**. (b) Scheme showing simplified view of relaxation pathways of excitons

in Mn** doped (PEA),NaInCl.

the high resolution XPS core level spectra of Na 1s, In 3d, CI
2p, and Mn 2p orbitals of pure material and with dopant
concentrations 0.10, and 0.25 in Figure 2a—k. The analysis of
the XPS spectra is fitted with pseudo-Voigt functions using a
least-squares error fitting method with the minimum number
of peaks needed to represent the spectra. Figure 2g and k
shows peaks for Mn 2p;,, and its corresponding spin—orbit
coupling peak for 2p, /,, separated by 11.8 eV, confirming the
+2 valence state of Mn."*~** Also, Mn®* cations possess two
types of chemical environments, assigned to the Mn** dopant
at substitutional sites (at higher binding energy) and at
interstitial sites (at lower binding energy), since the interstitial
site ions are not too strongly bound. The satellite peaks are
seen at 644 and 656 eV. In addition to this, the binding
energies of Na 1s, In 3d, and Cl 2p for doped (PEA),NaInCl,
decrease slightly compared to those of pure (PEA),NaInCl,,
inferring that the incorporation of Mn®* in the lattice affects
the chemical environment of all the species present in the
system, ie, Na*, In**, and CLI= 30 T¢ investigate the
morphological and local chemical composition of undoped and
doped (PEA),NaInClg, we performed field emission scanning
electron microscopy-energy dispersive spectroscopy (FESEM-
EDS). Figure 2l (for more images, see Figure S2) shows the
layered architecture of (PEA),NaInClg:Mn**, similar to the
undoped (PEA),NaInCl,, indicating that doping of Mn?* does
not affect the morphology of the material. The elemental
mapping corresponding to this image shown in Figure 2l
confirms the spatial distribution of Na, In, and Mn throughout
the structure.

The optical properties, including UV—vis absorption spectra,
emission spectra, and excitation spectra, of undoped and doped
materials were investigated systematically to understand the
essential photophysical processes. UV—vis diffuse reflectance
data was transformed using the Kubelka—Munk function to
pseudoabsorbance.”” As shown in Figure 3a, the strong
increase in absorption was observed only below ~280 nm,
attributed to the interband transition of the organic layers."”
Apart from this band edge absorption, there is weak
background absorption at lower energies assigned to interband
transitions of the inorganic layers."” The band gap, E

g)
calculated from the Tauc plot (Figure S3), comes out to be
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4.50 eV, which is similar to the reported value for this
material.'” Similar to the undoped (PEA),NaInClg, the strong
absorption of Mn** doped samples occurs below ~280 nm,
along with an additional sharp peak at ~420 nm (see inset to
Figure 3a) for higher dopant concentrations (above dopant
ratio 0.05), which is attributed to the d—d transition of Mn?*
ions from the ground state °A; (°S) to the excited state *A,
(*G).> Figure 3b shows the steady-state photoluminescence
(PL) spectra of undoped and doped materials excited with 250
nm light radiation. The undoped material exhibits weak PL
emission centered at 562 nm, attributed to the trap states of
the host.>>>* On the other hand, for Mn** doped LDPs, an
additional band is observed at 600 nm attributed to the *T, to
A, transition of octahedrally coordinated Mn** dop-
ants.' 7177232728305 PL, emission spectra were fitted using
Gaussian functions; the fits are shown in Figure S4. As
estimated from the fits, the PL intensity ratio of Mn?* to host
emission, shown in Figure 3¢, increases up to a dopant
concentration of 0.15 due to the increasing probability of
energy transfer from host to dopant ions. With a further
increase in dopant amount, the number of interacting pairs of
Mn?* increases, leading to concentration quenching, which
explains the decrease in dopant PL at higher concentra-
tions.>*~>® Even though a reduced PL intensity is observed, the
trap state emission of the host still exists at higher dopant
concentration, implying the possibility of distinct energy
transfer between the two PL bands. To differentiate their
emergence, we measured the photoluminescence excitation
(PLE) spectra for the emission at 562 nm for undoped and at
600 nm for Mn** doped samples. As shown in Figure 3d, the
PLE spectra of doped materials resemble those of the undoped
LDP, along with additional peaks at 420, 355, and 335 nm for
higher dopant concentrations, indicating the different
absorption contribution of Mn** d—d transitions compared
to that of trap state emission. The additional peaks at 420, 355,
and 335 nm for higher dopant concentrations in the PLE
spectra are attributed to the spin-forbidden electronic
transitions of Mn®* ions from the ground state °A; (°S) to
excited states *A; (*G), *E (*D), and *T, (*P), respec-
tively.”*”" Eventually, PL spectra were collected at 420 nm
excitation, displaying the pure Mn** emission with narrow peak

https://doi.org/10.1021/acs.jpcc.2c08506
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width as shown in Figure 3e.'”'?7?%?72%3%3% [t has been
suggested that the appearance of the d—d transitions in the
absorption spectra (inset to Figure 3a) and the emission
corresponding to their excitation at 420 nm indicates the
formation of Mn®" pairs in the host lattice at higher dopant
concentrations.'*' 7 The Mn?>* d—d transitions are for-
bidden in octahedral coordination and hence rarely observed,
but the magnetic coué)ling between Mn”* pairs relaxes the
selection rules.”™*”°"°°~% From the PLE spectra, it is clear
that Mn®* emission is sensitized by the energy transfer from
the (PEA),NaInClg host lattice along with direct excitation of
d-electrons of Mn*" dopant ions. When the host material
absorbs some suitable photon energy, electron—hole pairs are
created within the lattice which migrate through the lattice
until they are trapped by Mn®' energy states where they
recombine to emit at 600 nm.**”"~"*

To further confirm the presence of Mn>* dopant and their
distribution inside (PEA),NalnCl; lattice, we perform the EPR
measurement of doped materials. EPR spectroscopy is the
method of choice for determining the chemical environment of
Mn?* jons within the host matrix.”*”’® As shown in Figure 4a,
the room-temperature X-band EPR spectra of the 0.015 and
0.03 samples (see Figure SS for EPR data of all the samples)
displayed the characteristic sextet pattern due to hyperfine
coupling of the electronic spin states, with the nuclear spin of
isolated Mn?* ions, with the g-factor of 2.0047 and a hyperfine
constant A of 8.4 mT, which confirms the incorporation of
Mn*" cations into the LDP structure.”””" Higher Mn** doping
leads to merging of the EPR signal into a single broad
spectrum, implying the formation of Mn?>* cluster due to
exchange interaction between magnetically coupled Mn**
pairs.' %' 7979781 This also explains the appearance of the
420 nm absorption peak at higher Mn®>* concentrations as
discussed above.

Figure 4b summarizes the various processes and pathways
involved in the de-excitation in these Mn>* doped LDPs based
on the above discussion. From this scheme, it can be seen that
electrons from the conduction band can nonradiatively
recombine with the hole in the valence band. Besides this,
there are a couple of other possibilities: electrons get trapped
into the defect states leading to emission at 562 nm by
radiative recombination of charge, along with this, they can get
trapped in Mn*" energy states resulting in emission centered at
600 nm. There is direct excitation of Mn** d-electrons from
the ground state (°A;) to the excited state, which relaxes back
to the *T, state nonradiatively where they finally relax to °A,
ground state giving relatively narrower pure Mn*" emission, as
shown in Figure 3e. A comprehensive study of energy transfer
kinetics for Mn** doped LDPs is not available yet and requires
further understanding,

The shift in PXRD patterns, XPS spectra of undoped and
(PEA),NaInClg: Mn?*, EPR spectra, and elemental and
compositional analysis using ICP-OES and FESEM-EDS
validate the successful incorporation of Mn?* dopant, which
occupies the substitutional as well as interstitial sites
throughout the perovskite lattice. To gain more insights at
the atomistic level on how the dopant distribution affects the
lattice, we performed the DFT calculations to understand
which dopant configuration leads to the lattice contraction or
expansion. First lattice constants are obtained for the pristine,
Mn?** substitutionally doped, and Mn** interstitially doped 2D
(PEA),NaInClg configurations. The optimized lattice con-
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stants of monoclinic 2D (PEA),NaInCly and Mn?>* doped
configurations are given in Table 1.

Table 1. Lattice Parameters of Pristine and Mn>* Doped
Configurations, with Respective Change in the Lattice
Parameters with Respect to Pristine

configuration a(d) bA) c@A) Aa% Ab % Ac %
(PEA) NaInCly 659 3809 648 0 0 0
substitutionally 6.56 3798 647 —046 —029 -0.15
doped system
interstitially doped  6.82 3821  6.77 +3.49 +0.32 +4.48

system

Substitutional site (In and Na) doping by Mn*" depicted in
Figure Sa results in an overall lattice contraction as seen from
Table 1. On the other hand, for Mn*" interstitially doped
perovskite, the Mn** ion resides between two benzene rings,
bounded with H and C atoms of two benzene rings close to
the octahedra. Pushing them apart from each other causes
expansion in the lattice as shown in Figure Sb and Table 1.
The optimized DFT model for pristine LDP, its band
structure, and partial density of states (pDOS) are provided
in Figure S6.

In the undoped system, the conduction band minimum
(CBM) is contributed by the hybridized orbitals of In 6s and
Cl 3p. Here, the 6s orbital of In is strongly hybridized with the
3p orbital of Cl, not with other orbitals. Hence, we observe a
single band at CBM, whereas other dispersive conduction
bands are slightly higher in energy. In the valence band
maximum (VBM), the maximum contribution is from CI 3p
and C 2p orbitals. From the band structure, the VBM and
CBM both lie at the G point with a band gap estimated to be
3.5 eV, which is not in agreement with the experimental value
of 4.5 eV. Note that we have done all DFT calculations with
the Perdew—Burke—Ernzerhof (PBE) functional, which under-
estimates the band gap due to the self-interaction error of a
many-electron system. To overcome this problem, the
advanced hybrid exchange—correlation (&) functional, viz.,
HSEO06 or GW becomes essential.*”*> As our unit cell consists
of 188 atoms, utilizing HSE06 or GW is computationally very
expensive and beyond our scope. However, the inferences
derived from the present calculations should be qualitatively
correct.

The band structure and pDOS for substitutionally and
interstitially doped configurations are shown in Figure Sb,c and
e f, respectively. In the substitutionally doped system, the VBM
is contributed by the C 2p orbital and CBM is contributed by
the C 2p, In Ss, Cl 3p orbitals. A slight increase (~0.02 eV) in
the band gap of the dispersive bands is observed for the case of
the substitutionally doped system. Whereas in the interstitially
doped system, the VBM is contributed by the C 2p and Mn 3d
orbitals and the CBM is contributed by C the 2p, In Ss, CI 3p,
and Mn 3d orbitals. Midgap states are introduced by the
impurity, doping Mn?* either substitutionally or interstitially.
For the substitutionally doped system, there are two spin-up
and two spin-down midgap bands. The lowest spin-up band
lies 0.54 eV above the VBM. Two spin-down bands lie 0.81 eV
below the CBM. As it is seen from the pDOS that these
midgap bands are contributed by the Mn** 3d orbitals and
bonded Cl 3p orbitals, here we expect a Mn** d—d transition
from the spin-up bands above the VBM to spin-down bands
below the CBM. In the interstitially doped system, from the

https://doi.org/10.1021/acs.jpcc.2c08506
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Figure 5. Single Mn*" substitutionally doped at the Na or In site of 2D RP (PEA),NaInCl; (a) optimized crystal structure of the unit cell, (b) band
structure, and (c) partial density of states (pDOS). Single Mn** interstitially doped 2D RP (PEA),NaInCl, (d) optimized crystal structure of unit
cell, (e) band structure, and (f) pDOS. (g) Variation of absorption coefficient with the wavelength for undoped/doped (PEA),NaInClg. (h)

Configuration coordinate (CC) diagrams for single Mn**

substitutionally doped at In-site of 2D RP (PEA),NaInCl; as a function of the

displacement of atoms, the formation energies in two different charge states; i.e.,, ¢ = 0 and q = 1 are plotted.

band structure and pDOS, we observe three spin-up and three
spin-down midgap bands, where two spin-up and one spin-
down bands lie near the VBM. One spin-up and two spin-
down bands lie near the CBM. Mn** d—d transitions from the
middle gap spin-up/spin-down bands near the VBM to spin-
down/spin-up bands near the CBM in addition to band gap
transition are expected.

Further, we have also plotted absorption spectrum using the
DEFT approach by calculating dielectric coefficients for pristine
and Mn?* doped configurations. From Figure Sg, we can see
that the absorption peak from the band gap transition is
slightly red-shifted in the case of substitutionally doped Mn?*
and even more red-shifted in the case of interstitially doped
Mn?*. In the case of the Mn?* doped configuration, the
absorption peak at 420 nm corresponds to the Mn*" d—d
transition, from °A; (°S) to *A, (*G), which is absent in the
case of pristine LDPs. Notably, as we have used the PBE
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functional, we have manually shifted the energy so that the
absorption peak of pristine coincides with that of experimental.

Lastly, to capture the optical transition for the Mn**
substituted at the In site, we have also plotted the
The CC diagram
represents the variation in the energy of electronic potential
This
description considers only one vibrational coordinate, viz.,

configuration coordinate (CC) diagram.**
surface or levels with the nuclear displacements.

configuration coordinate. Such diagrams aim to present the
relative positions or crossing of different energy levels in detail
along various geometries (with particular charge state). As
Mn2+

optical transition from q = 0 state to q = 1 state (see Figure

substituted at In-site is a cation, hence we have shown
Sh). Here, absorption peak occurs at 2.82 €V i.e, in agreement
with the experimental value.
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B CONCLUSION

In summary, here we have shown that emission of
(PEA),NaInCl; improved greatly at ambient conditions on
doping it with Mn®" cations, attributed to the spin-forbidden
*T, to °A, transition of Mn** d orbitals, which gives an
emission centered at 600 nm. The shift in the PXRD pattern
and XPS spectra of pure and doped materials confirms the
presence of Mn>" dopant into both the substitutional as well as
interstitial sites of the (PEA),NaInCl lattice. The excitation by
420 nm light radiation for higher dopant concentrations
manifests the presence of a magnetic interaction between Mn?*
pairs at interstitial sites, which is further confirmed by the
merging of the sextet into a single broad peak with an increase
in dopant amount in the EPR spectra. Both our experimental
and theoretical results suggest that Mn** dopants are present at
substitutional as well as at interstitial sites, causing the
expansion of the lattice. The extensive understanding of the
distribution of Mn*" in the lattice and changes in the lattice
structure by the Mn** dopant and its ability to improve the
photoluminescence and magnetic properties of host lattice will
make these LDPs promising candidates for optoelectronic and
spintronics applications.
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