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ABSTRACT: Halide double perovskites like Cs,NaBiClg are good host materials
for luminescent dopants like Mn>*. The nature of photoluminescence (PL)
depends on the local structure around the dopant ion, and doping may sometimes
influence the global structure of the host. Here, we unveil the correlation between
the temperature-induced (global) structural phase transition of Mn**-doped
Cs,NaBiCl, with the local structure and PL of the Mn** dopant. X-ray diffraction
analysis shows Mn**-doped Cs,NaBiCl, is in a cubic (Fm3m) phase between 300
and 110 K, below which the phase changes to tetragonal (I4/mmm), which
persists at least until 15 K. The small (~1%) doping amount does not alter the
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<

phase transition behavior of Cs,NaBiCly. Importantly, the phase transition does

not influence the Mn?* d-electron PL. The PL peak energy, intensity, spectral width, and lifetime do not show any signature of the
phase transition between 300—6 K. The hyperfine splitting in temperature-dependent electron paramagnetic spectra of Mn** ions
also remain unchanged across the phase transition. These results suggest that the global structural phase transition of the host does
not influence the local structure and emission property of the dopant Mn”* ion. This structure—property insight might be explored
for other transition-metal- and lanthanide-doped halide double perovskites as well. The stability of dopant emission regardless of the
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structural phase transition bodes well for their potential applications in phosphor-converted light emitting diodes.

B INTRODUCTION

Mn**-doped Cs,NaBiCly double perovskites emit red light,
indicating their potential for phosphor-converted light emitting
diode (pc-LED) applications.”” Interestingly, such double
perovskites often show a temperature-dependent structural
phase transition. Can Mn** doping influence the phase
transition? On the other hand, does the structural phase
transition influence the luminescence properties of Mn>*
dopants? Here, we address these questions, by employing
structural and photoluminescence (PL) measurements in the
temperature range of 7—300 K. This insight into the
structure—property relationship is critical for advancing
Mn**-doped Cs,NaBiCl;, and other doped halide double
perovskites, for their optoelectronic applications.

Lead halide-based perovskites show excellent properties
relevant for solar cells, LEDs, photodetectors, chiral optoelec-
tronics, and quantum light emitters.> "> These findings
prompted researchers to explore environmentally benign Pb-
free halide perovskites.'"*”™'” Consequently, halide-based
double perovskites with the generic formula Cs,BB'X; (B =
Ag, Na; B’ = B, In, Sb; X = Cl, Br) emerged as a versatile class
of material, that retain the three-dimensional (3D) perovskite
crystal structure, as shown in Figure la. But the halide double
perovskites have either a wide band gap and/or a forbidden
optical transition across the band gap, limiting their optical and
optoelectronic properties. To overcome the issue, different
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doping strategies have been employed, which can introduce
both light emitting and absorbing states in the midgap
region.'® Mn** doping in Cs,AgInClg double perovskite
emitting the red light is one of the first reports of doping in
halide double perovskites.'” Subsequently, dopants like Bi*",
Sb*, Te*, Cr’*, Yb**, and Er’" have been doped in different
halide double perovskites, showing interesting dopant
emissions in both visible and short-wave infrared (SWIR)
region.'*"™** Some of the doped halide perovskites exhibit
high thermal stability, making them serious candidates for pc-
LED applications, though efficient electroluminescence still
remains a challenge because of the poor charge transport in the
hosts.>***

The global and local structure around the dopant center
control the optical and optoelectronic properties. Most of the
perovskites and double perovskites show structural phase
transitions with variation in temperature and pressure.zs_29
For example, Cs,NaBiCly crystallizes in the cubic Fm3m space
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Figure 1. (a) A schematic representation of the crystal structure of Cs,NaBiClg is shown in the left panel. The doped Mn>" substitutes for Bi** in
the lattice, as shown in the right panel. Rietveld fitting of powder XRD patterns of (b) undoped and (c) 0.7% Mn>*-doped Cs,NaBiCl, at room

temperature.

group at room temperature and converts to the tetragonal 14/
mmm phase below 110 K.*° Such phase transitions might
influence the dopant emission that is sensitive to the crystal
field around the dopant ion. Both peak energy and lifetime of
Mn?* emission depend on the ligand field around the Mn?*
ion.”"** Also, it has been shown that a dopant ion can alter the
phase transition behavior of halide perovskites. For example,
doping of Mn?" or Bi** can stabilize the black perovskite phase
of CsPbl; at room temperature, which is otherwise unstable at
room temperature.”” > Such studies of whether Mn** doping
can alter the phase transition of halide double perovskites like
Cs,NaBiClg are not available in the literature. There are
reports of temperature-dependent photoluminescence of Mn**
ions doped inside halide perovskite and double perovskite
systems,’>”’ but those temperature-dependent optical studies
have not been correlated with structural phase transition.

Our powder X-ray diffraction (XRD) data of Mn**-doped
Cs,NaBiClg show a cubic (Fm3m) to tetragonal (I4/mmm)
phase transition below 110 K, similar to the undoped crystal.
In the tetragonal phase, the c-axis elongates, distorting the
[BiClg]*~ octahedron (elongating the Bi—Cl bond along the c-
axis). Such distortion might influence the Mn>* d-electrons
emission, since Mn>* prefers” to substitute the Bi** site in the
Cs,NaBiCly lattice. But the observed optical emission of Mn**
d-electrons remains unperturbed by the structural phase
transition. To probe the local structure around the Mn** ion,
we employed temperature-dependent electron paramagnetic
resonance (EPR) spectroscopy. The EPR hyperfine splitting
energy of Mn*" in both the cubic and tetragonal phases remain
the same at 9 mT. Overall, the PL and EPR data suggest that
the local structure around the Mn®* ion does not change
significantly, in spite of the global phase transition observed by
the XRD data.
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B EXPERIMENTAL SECTION

Synthesis. Cs,NaBiClg double perovskite is synthesized by
modifying the hydrothermal method that was reported earlier.'® 2
mmol of CsCl, 1 mmol of NaCl, 1 mmol of BiCl; and 10 mL of
aqueous solution of 37% (w/w) HCI are taken in a 25 mL Teflon
container, which is then packed inside an autoclave. The reaction
mixture is heated at 180 °C for 12 h inside an oven. Then it is
naturally cooled to room temperature. The obtained crystals are
washed with ethanol, dried in vacuum for 3 h, and then stored in glass
vials under ambient conditions for further study. For the synthesis of
Mn?**-doped Cs,NaBiClg, the method remains the same as that of the
undoped sample, with the only change being the addition of MnCl, in
the autoclave. The amount of precursors used to get a desired amount
of Mn** doping into the product crystals is mentioned in Table S1 of
the Supporting Information (SI).

Characterization. Elemental analysis of the product is carried out
by employing inductively coupled plasma atomic emission spectros-
copy (ICP-AES) using SPECTRO Analytical Instruments GmbH,
Germany, ARCOS, Simultaneous ICP Spectrometer. The Mn?*
dopant % = 100 X [Mn]/([Na] + [Bi] + [Mn]), where [Na], [Bi],
and [Mn] are concentrations of Na, Bi, and Mn obtained from ICP-
AES measurements, respectively. Powder XRD patterns are measured
in a wide temperature range of 15 to 300 K using a Bruker D8
Advance X-ray diffraction machine equipped with Cu Ka (1.54 A)
radiation and a 1Der strip detector. The step size of 26 was 0.016°,
and the counting time was 2 s per step. Rietveld analysis of Powder
XRD patterns are done by using TOPAS 4.2 software.”® EPR
measurements are performed at different temperatures (300—8S K)
using JON Bruker BioSpin connected to Bruker EMX plus
spectrometer with a radio wave source (9.737205 GHz, X-band).

Optical Properties. UV—visible diffuse reflectance spectra are
measured using a Schimadzu UV-3600 plus UV—vis-NIR spectrom-
eter. The diffused reflectance spectra are then converted to
absorbance by using the Kubelka—Munk transformation following
eq I:

(1-Rr)?

a
F(R) = — =
®) S 2R

(1)

https://doi.org/10.1021/acs.chemmater.4c00514
Chem. Mater. 2024, 36, 4750—4757


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00514/suppl_file/cm4c00514_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00514?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00514?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00514?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00514?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(@) 2+ (220) (b)
1.3% M
1 oo l A l R OL ! JL
—_ [) 2+ / \
j (| M l A l A l A A (.)7 A) an —_
&) 3
g l 0.2% Mn?* S
= Il La 2 l N L. . N A >
% 0.1% Mn?* 2 /\
g - N L l A l A l T | R Ol A A A "qc-")
l l Undoped
A Im A A l T | . A A
| WLy, Renee I
10 20 30 40 50 60 70 80 23.0 235
20 (degree) 20 (degree)
(© 9mT 1.3% Mn2* Undoped (d)
R ' ——0.1% Mn?*
H v B Aoy = 350 nm
g 1 0.7% Mn 5| —0.7% Mn
5 (P S| —1.3% Mn?*
S : | =
= 0.2% Mn?* %
E Ay} n E
5 Vot T
9 H i
-“QE [ 0.1% Mn?*
_A_
300 325 350 375 400 500 600 700

Magnetic Field (mT)

Wavelength (nm)

Figure 2. (a) Powder XRD patterns of Mn?**-doped Cs,NaBiCls with different dopant concentrations along with the reference pattern of
Cs,NaBiCl; in the cubic phase with space group Fm3m. (b) Magnified view of the XRD patterns. (c) EPR and (d) PL spectra of Mn**-doped
Cs,NaBiCly with different dopant concentrations. All the data shown in this figure are measured at room temperature.

where F(R) is the Kubelka—Munk function, R is the reflectance, « is
the absorption coefficient, and S is the scattering factor.”> For PL
measurements at room temperature, the powder samples are taken
between two quartz plates, one with a fixed groove dimension to
maintain a similar amount of powder used for all measurements. All
the PL, PL excitation (PLE), and PL decay dynamics (time-correlated
single-photon counting) are measured using an Edinburgh FLS980
instrument. The samples are excited using a xenon lamp for PL and
PLE measurements unless otherwise mentioned. For PL lifetime
measurements in the millisecond (ms) time range, a microsecond
flash lamp of Edinburgh Photonics (uF920H) was used to excite the
samples. Temperature-dependent PL, PLE, and PL decay measure-
ments are carried out in the same Edinburgh instrument coupled with
a cryostat. A thin layer of the powdered samples is placed between
two sapphire plates and mounted by sandwiching between two gold-
coated copper holders. The samples are then inserted in a closed cycle
helium cryostat from Advanced Research Systems, which is attached
with a Lake Shore 335 temperature controller to achieve the desired
temperatures in the range of 6 to 300 K.

Experimental PL decay profiles are fitted using biexponential decay
functions shown in eq 2:

2
L=1+ ) Ae""

n=1

)

Where I, is the PL counts at any time t, I, is the offset, and 7, is PL

lifetime with contribution A,. The average PL lifetime (ravg) for
biexponential decay is calculated using eq 3.
Zi:IAnTnZ
T, ==
avg 2
2o Aty 3)
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The dimensionless Huang—Rhys parameter (S), which is a measure
of electron—phonon coupling, can be estimated from the temperature
(T)-dependent variation of full-width-at-half-maxima (FWHM) of PL
spectra, following eq 4, where 7 is the Planck constant, @y, is phonon
frequency, and kg is Boltzmann constant.

hw,,
FWHM = 2-36+/s flwph coth|
2k T (4)

B RESULTS AND DISCUSSION

Mn?* Doping. The powder XRD pattern of the undoped
Cs,NaBiCls at room temperature and the corresponding
Rietveld refinement are shown in Figure 1b. The sample
crystallizes in a face centered cubic Fm3m space group, with
the lattice parameter of 10.847 + 0.001 A, which is in good
agreement with the previous report.*” Refinements are stable
and give low R-factors (Table S2 of the SI). Then considering
the undoped sample as the standard one, we performed the
Rietveld analysis of the Mn®'-doped Cs,NaBiCl,; at room
temperature, as shown in Figure lc. 0.7% Mn**-doped
Cs,NaBiCl, also crystallizes in the Fm3m space group with a
lattice parameter of 10.832 + 0.001 A, similar to that of the
undoped sample.

The percentage of Mn*" doping is varied by changing the
concentration of the Mn®" precursor in the reaction mixture
(Table S1 of SI). Powder XRD patterns in Figure 2a show
phase-pure samples up to 1.3% of Mn*" doping, without the
appearance of any extra peak. However, further increase in
doping concentration to 6.2% leads to the appearance of
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Figure 3. (a) Powder XRD patterns of 0.7% Mn**-doped Cs,NaBiCly at four temperatures. (b) Rietveld refinement of the XRD pattern of 0.7%
Mn?*-doped Cs,NaBiClg measured at 15 K. Pseudo color map of the temperature-dependent powder XRD patterns showing the effect of phase
transition on the (400) peaks of (c) 0.7% Mn**-doped and (d) undoped Cs,NaBiCls.

additional impurity peaks, as shown in Figure S1 of SI, so we
restrict our study up to 1.3% Mn?*-doping, which is expected
to be sufficient to yield the maximum Mn** luminescence.’
This may be because the difference in the oxidation state and
ionic radius of Mn** compared to those of host B-site cations
Bi’* and Na* reduces the doping efficacy. The ionic radius of
the high-spin Mn*" ion in octahedral coordination is 0.83 A,
which is significantly smaller than both Na* (1.02 A) and Bi**
(1.03 A) in octahedral coordination.*' Tt was suggested that
the Mn?* dopants substitute Bi*" sites in Cs,NaBiCl,” so
incorporation of Mn** into the lattice Cs,NaBiCl, is supposed
to contract the unit cell, reducing the interplanar distance.
Indeed, Figure 2b shows a systematic shift in XRD peaks
toward higher 26 values indicating a decrease in interplanar
distances with increasing the Mn*" concentration.

While XRD shows the averaged out structural information
on unit cell contraction and suggests Mn>* doping into the
lattice, EPR spectra can provide information regarding the
local structure around the Mn”>* dopant centers. High-spin
Mn*" ions have five unpaired electrons, making them EPR-
active, and are known to show sextet lines because of hyperfine
splitting with nuclear spin I = §/ 2.' Six clear peaks in EPR
spectra are observed for Mn*'-doped Cs,NaBiCly at room
temperature, as shown in Figure 2c. The peaks are well-
resolved, suggesting that the Mn*" dopants are well-separated
from each other, which again supports the homogeneous
distribution of Mn>" into a lattice, negating the formation of
any kind of clustering of Mn*" species. A slight broadening of
the EPR signal just started to appear at a higher dopant
concentration of 1.3% due to dipole—dipole interactions
between Mn*" ions. The obtained value of hyperfine splitting
is 9 mT with a g-factor of 1.98 for all the samples with different
dopant concentrations. The results agree with the prior reports
of Mn** ions incorporated in an octahedral environment of the
host lattice."”**™* The EPR data, in conjunction with the
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XRD data, confirm the homogeneous doping of Mn*" ions in
the octahedral lattice site of Cs,NaBiCl.

Optical absorption data of Mn”**-doped Cs,NaBiClg with
different dopant concentrations are shown in Figure S2 of the
SI. A wide band gap of 3.28 eV (378 nm) is observed for the
undoped sample, which agrees with the prior reports' of
Cs,NaBiClg. PL spectra of Mn*"-doped Cs,NaBiCl, are shown
in Figure 2d. A big change in PL is observed after Mn**
doping. The undoped sample does not emit detectable
emission at room temperature probably because of their
indirect or wide band gap. But after Mn>* doping, an emission
peak appears at 595 nm, which has been assigned earlier as a
*T| to °A, d-electron transition of Mn*" ions." This is a spin-
and Laporte-forbidden transition. Consequently, a long
average PL lifetime of 0.33 ms is observed, as shown by the
PL decay data in Figure S3 of the SL. The intensity of the Mn**
emission increases with increasing Mn** doping from 0.1% to
0.7%, but a further increase in doping concentration to 1.3%
Mn?* starts to show a decrease in the PL intensity. The
decrease in PL intensity beyond a certain dopant concentration
is often observed because the Mn®" ions start interacting with
each other at higher concentrations.”"”

Temperature-Dependent Phase Transition. Now we
discuss the temperature-dependent powder XRD patterns in
the range of 15 to 300 K. The sample with 0.7% Mn*>" doping
is chosen since it gives the highest PL intensity at room
temperature (Figure 2d). Figure 3a shows that the XRD peaks
shift slightly toward higher 26 values with decreasing
temperature from 300 to 120 K. This shift at lower
temperature is usually observed because of the lattice
contraction. But at 80 K, the XRD pattern changes its
characteristics. For example, a single peak around 33.3° at 120
K splits into two peaks at 80 K. At 120 K (and higher
temperatures), the sample possesses a cubic phase with lattice
parameters a = b = ¢, and therefore, interplanar distances
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Figure 4. (a) Cell parameters and (b) volume of unit cell of 0.7% Mn?>*-doped Cs,NaBiCl; measured at different temperatures.

corresponding to planes (004), (400), and (040) are the same,
yielding a single peak at around 33.3°. At 80 K, the peak splits
into two peaks with an intensity ratio of roughly 1:2. Such an
observation might arise due to elongation of one of the lattice
parameters, such as “c”. The c-elongation will lead to smaller 26
values for the (004) plane, compared to that of the (400) and
(040) planes.

Similar temperature-dependent changes (Figure 3a) are also
observed for (113), (131), and (311) planes. At 120 K, all
three planes have the same interplanar distance resulting in a
single peak at around 36.3°. But at 80 K, the probable c-axis
elongation of the unit cell leads two peaks, the lower 26 value
corresponding to (133) and (313) planes (same [ = 3), along
with a peak (331) at higher 20 and nearly half intensity. The
crystal structure of 80 K is retained at lower temperatures at
least until 15 K (the lowest temperature limit of our
experiment). The resolution of the peak splitting increases
with decreasing temperature. It is to be noted that the planes
with same h, k, and [ values, like (222) do not split even at 15
K, because elongation along any axis will not result in different
interplanar distances for such planes. Overall, the data suggest
a phase transition of Mn**-doped Cs,NaBiCly from cubic to
tetragonal (c-axis elon(gation) lattice at lower temperatures, as
was suggested earlier’ for the undoped Cs,NaBiCly.

To have a better characterization of crystal structure, we
have carried out Rietveld refinement for all the powder XRD
patterns of 0.7% Mn**-doped Cs,NaBiClg measured across the
temperature range of 15 to 300 K. Figure 3b shows the
Rietveld refinement data at 15 K. A tetragonal space group of
I4/mmm is obtained at 15 K, in difference with the cubic
Fm3m space group observed at room temperature. Similarly,
Rietveld refinement of 0.7% Mn**-doped Cs,NaBiClg at other
temperatures (15 to 300 K) are shown in Figure S4—S5 of SI,
along with the major refinement parameters in Table S3 in SI.
The main bond lengths and fractional atomic coordinates at all
the measured temperatures are shown in Table S4—S6 of SL
We observe a clear cubic Fm3m space group in the
temperature range of 300 to 110 K, below which, in the
range of 100 to 15 K, the tetragonal I4/mmm phase is
observed. In both temperature regions 300—110 K and 100—
1S5 K, the crystal phases are very pure without any mixing. So, a
sharp temperature-dependent phase change is observed here
for the Mn**-doped Cs,NaBiCl,.

The pseudo color map in Figure 3¢ highlights the cubic to
tetragonal phase transition of 0.7% Mn*"-doped Cs,NaBiCly
below 110 K, by presenting XRD peak splitting at 26 around
33.3°. In the cubic phase, all three (400), (004), and (040)
planes diffract at the same 20 value, yielding one peak of higher
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intensity, which splits into two peaks in the tetragonal phase
with expected intensity ratio, as reflected through the color
scale bar. The undoped Cs,NaBiCly also shows a very similar
phase transition, as reflected by the pseudo color map in Figure
3d and Figure S6 in SI. For both samples, the phase transition
temperature is between 110 and 100 K. Our data show that the
Mn?**-doping in Cs,NaBiCl; does not change the phase
transition behavior. There are instances in literature where
lattice doping of perovskites can significantly change the
transition temperature from the tetragonal to cubic phase, but
this occurs at a higher (4—7%) doping concentration.*>*” In
Mn?**-doped Cs,NaBiCl,, the dopant concentration relevant
for Mn** PL is small (0.1—1.3%, see Figure 2d), and the
doping does not significantly alter the phase transition
behavior.

Figure 4a shows the variation of the unit cell parameters of
0.7% Mn*"-doped Cs,NaBiClg with temperature. In the
temperature range of 300—110 K, the cubic phase cell
parameter “a” (a = b c) decreases with decreasing
temperature. In the temperature range of 110 to 15 K, the
tetragonal cell parameter “a” b) decreases with decreasing

a’ (a=
temperature, but “c” increases with decreasing temperature.
These results show that below the tetragonal phase transition
temperature, the elongation of the c-axis of the unit cell
continues to increase with decreasing temperature. The unit
cell volume can be estimated for both crystal phases, and the
data for 0.7% Mn**-doped Cs,NaBiCly are shown in Figure 4b.
A systematic decrease in the unit cell volume is observed
throughout temperature range of 300 to 15 K encompassing
both cubic and tetragonal phases.

Temperature-Dependent PL and Local Structure
around Mn** Dopant lon. Powder XRD data (Figure
3—4) confirm the phase transition below 110 K, with
elongation of the c-axis with decreasing temperature. Does
this structural change influence the PL of Mn*" d-electron
emission, which depends upon the local structure around Mn?
dopant ion? Figure 5a shows the PL emission spectra of 0.7%
Mn?*-doped Cs,NaBiCl, at selective temperatures. The pseudo
color map in Figure Sb shows more temperature-dependent PL
spectra together. At lower temperatures, the PL excitation
(PLE) maxima shifts a bit, as shown in Figure S7 in SIL
Consequently, for PL emission measurements at different
temperatures (Figure Sa—b), and we have excited the sample
with slightly different excitation wavelengths, based on their
PLE maxima. The change in PL peak position and full width at
half-maximum are shown in Figure Sc.

Clearly, the PL peak position shifts to lower energy (longer
wavelength) with decreasing temperature. Similar PL shift has
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Figure 5. (a) Temperature-dependent PL spectra of 0.7% Mn*'-
doped Cs,NaBiCly. The excitation wavelength was slightly varied with
the temperature. For 300, 200, 125, 100, and 6 K, the excitation
wavelengths are 359, 346, 338, 336, and 334 nm, respectively. (b)
Pseudo color map of the temperature-dependent PL spectra including
data at many more temperatures, compared to panel (a). (c)
Variation of PL peak position and fwhm of 0.7% Mn**-doped
Cs,NaBiClg with measurement temperature.

been observed in the case of Mn?*-doped Cs,Na,_,Ag.BiCly
and Mn*"-doped Cs,NaInCl; double perovskites.”*”” This
shift can be explained by the Tanabe—Sugano diagram for the
d® system, as shown in Figure S8 of SI. The *“T; to °A; PL
transition energy depends on the crystal field strength. The
lattice contracts with decreasing the temperature; consequently
the crystal field strength increases with decreases in temper-
ature, which in turn decreases the *T, to °A, transition
energy.‘“’%'48 But the change in peak position is monotonous
with temperature, without observing any sudden change near
the phase transition temperature (100—110 K). Likewise,
FWHM decreases with temperature because of the decrease in
electron—phonon coupling at lower temperatures, but here
again, no signature of phase transition is observed in the
temperature range of 100—110 K. Figure S9 in SI estimates the
value of Huang—Rhys parameter (S) as 7.1, reflecting a
moderate electron—phonon coupling that is typically observed
for Mn?* d-electron emission.”’ The variation of PL intensity
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with temperature is shown in Figure S10 of SI. The emission
intensity increases with decreasing temperature starting from
300 to 25 K because of the suppression of nonradiative
emission at lower temperature. Then from 25 to 7 K the
intensity decreases a bit, but the reason is unexplained. But the
trend in integrated PL intensity does not deviate near phase-
transition temperature. The variation of emission intensity also
does not show any influence of the structural phase transition.
We also note that all of the temperature-dependent changes in
structure and PL properties are reversible in nature.

We have also measured PL decay profiles of 0.7% Mn*'-
doped Cs,NaBiCly at different temperatures, as shown in
Figure S11—12 of SI. The decay profiles are fitted using eq 2,
and the best-fit parameters are shown in Table S7 of SI. The
Mn*" emission lifetime increases with decreasing temperature
because of the suppression of nonradiative channels. But the
increase in lifetime is also systematic, without showing any
sudden change around the phase-transition temperature. All
features of the steady-state PL and PL decay data do not show
any influence of the phase transition.

The cubic to tetragonal phase transition changes the
octahedral coordination around the Bi** (and also Na*), but
the PL data does not suggest any major change in octahedral
coordination around Mn** dopants. The powder XRD data
provides an averaged out picture and is insufficient to probe
the local structure around the Mn?* dopant ions. To probe the
local structure around the Mn** ion, we employ temperature-
dependent EPR spectroscopy, as shown in Figure 6. The

_ 9mT  ——300K
3 — 85K
S|g=198
>
K7
C
[0}
IS
©
2
3
2
o
300 320 340 360 380

Magnetic Field (mT)

Figure 6. X-band EPR spectra of 0.7% Mn*"-doped Cs,NaBiCly at
300 and 85 K.

hyperfine splitting energy remains at 9 mT with g = 1.98 both
at 300 and 85 K, before and after the phase transition. This
similarity suggests the local octahedral coordination around the
Mn?*" dopant ion does not change much because of the phase
transition, and is also supported by the observation that the
nature of Mn** emission does not change by the phase
transition.

B CONCLUSIONS

We have prepared Mn**-doped Cs,NaBiCly double perovskites
using a hydrothermal method with varying dopant concen-
trations between 0 to 1.3%. The doping introduces an orange-
red PL because of *T, to A, Mn?* d—d transition, with a
maximum intensity for 0.7% doping. Both the undoped and
0.7% Mn**-doped samples show very similar temperature-
dependent structural phase transition. Both samples exhibit a
cubic phase with Fm3m space group between 300 and 110 K,
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transitioning to tetragonal (I4/mmm) phase with elongated c-
axis below 110 K. The extent of c-axis elongation increases
systematically with decreasing temperature until 15 K, while
retaining the tetragonal phase. The c-axis elongation distorts
the [BiCl¢]>~ octahedron, but does not affect the PL and EPR
signature of Mn? dopants, which are expected to substitute
the Bi’* sites. PL peak shifts to lower energy due to lattice
contraction, while changes in PL FWHM, intensity, and
lifetimes result from reduced electron—phonon coupling and
nonradiative decay channels with decreasing temperature from
300 to 6 K. However, no signature of the structural phase
transitions is observed in the Mn?* PL. Also, the EPR spectra
at 300 K (cubic phase) and 85 K (tetragonal phase) show
identical hyperfine splitting of 9 mT with g = 1.98. These
findings suggest that Mn®* local structure remains largely
unaffected by the host lattice’s global phase transition,
providing stability to the Mn*" PL. This insight could extend
to other doped halide double perovskites, advancing them for
various optoelectronic applications.
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