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Abstract: In recent years, there have been intense studies on hybrid organic-inorganic compounds
(HOIPs) due to their tunable and adaptable features. This present study reports the vibrational,
structural, and elastic properties of mixed halide single crystals of MAFA_,PbCl3 at room temper-
ature by introducing the FA cation at the A-site of the perovskite crystal structure. Powder X-ray
diffraction analysis confirmed that its cubic crystal symmetry is similar to that of MAPbCl; and
FAPDbCl; with no secondary phases, indicating a successful synthesis of the MA,FA_,PbCl3 mixed
halide single crystals. Structural analysis confirmed that the FA substitution increases the lattice
constant with increasing FA concentration. Raman spectroscopy provided insight into the vibrational
modes, revealing the successful incorporation of the FA cation into the system. Brillouin spectroscopy
was used to investigate the changes in the elastic properties induced via the FA substitution. A
monotonic decrease in the sound velocity and the elastic constant suggests that the incorporation of
large FA cations causes distortion within the inorganic framework, altering bond lengths and angles
and ultimately resulting in decreased elastic constants. An analysis of the absorption coefficient
revealed lower attenuation coefficients as the FA content increased, indicating reduced damping
effects and internal friction. The current findings can facilitate the fundamental understanding of
mixed lead chloride perovskite materials and pave the way for future investigations to exploit the
unique properties of mixed halide perovskites for advanced optoelectronic applications.

Keywords: lead halide perovskites; MA 1 ,FA,PbCl3; Raman spectroscopy; Brillouin spectroscopy

1. Introduction

Hybrid organic—inorganic perovskites (HOIPs), particularly 3D perovskites denoted as
the formula ABX3, have recently attracted considerable attention due to their versatile prop-
erties [1-6]. Here, X denotes halide anions (I”, Br~, C1™) located inside corner-sharing BX¢
octahedra, where B denotes divalent metal cations (Pb2+, Sn2+), and A represents monova-
lent cations (FA*, MA*, Cs™). In particular, perovskites, such as MAPbX3 (MA = CH3;NH;*,
methylammonium) and FAPbX; (FA = CH(NH;),", formamidinium), have attracted signif-
icant attention due to their remarkable photovoltaic performance and exceptional optical
and photoluminescent properties. Additionally, their low-cost solution processability en-
hances their potential, making them promising candidates for implementation in solar cells,
light-emitting diodes, and photodetectors [1-12].

APbX3 compounds have been extensively investigated as highly effective materials
for photovoltaics [7,8,12]. Their power conversion efficiencies have exceeded 25% through-
out the last ten years, largely due to their high absorption coefficients, modifiable band
gaps, and other contributing factors [13-17]. Nonetheless, the features of HOIPs can be
significantly altered via the cation and anion compositions and structural phase transitions,
leading to promising opportunities for further optimization [18-20]. In particular, FAPbX3
compounds (X = I, Br, Cl) within the HOIPs have attracted considerable attention due
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to their narrower and more preferable band gap, improved thermal stability at higher
temperatures, and a more symmetrical crystal structure in contrast to their counterparts
with MA [21-24]. Within the MAPbX3 family, MAPbCl; has wide-ranging applications in
ultraviolet (UV) photodetection due to its wide band gap of 2.88 eV [25]. This compound
undergoes two distinct phase transitions with decreasing temperature from cubic to tetrag-
onal at 163 K and then to orthorhombic phases at 159 K [26,27]. In contrast, FAPbCl; is a
distinctive compound among the FAPbX3 compounds due to its high stability, which has
proven to be critical in the development of highly sensitive ammonia gas sensors [28] and
polymer solar cells with anode interfacial layers (AIL) that have achieved power conversion
efficiency (PCE) of 8.75% [29]. Moreover, the ambipolar transport properties of FAPbCls
also play a significant role in the fields of UV detection and optoelectronics [29,30]. Differ-
ential scanning calorimetry (DSC) and quasi-elastic neutron scattering (QENS) experiments
indicate that it undergoes phase transitions from cubic to tetragonal at 271 K and then
from tetragonal to orthorhombic phase at 258 K [31,32]. Furthermore, only a few density
functional theory (DFT) studies thus far [33-35] have focused on their electronic, optical,
and elastic properties. However, no research studies have yet integrated mixed A site cation
composition for lead chloride. Therefore, our aim is to fill this research gap by analyzing
the mixed MAFA;_,PbCl; system.

The integration of mixed A-site cation compositions, such as hybrid FA/MA single
crystals, has been used to improve device performances [36—41]. These compositional
variations provide clear benefits, including the ability to precisely adjust band gaps and
exhibit remarkable stability under different stress conditions, resulting in the successful
demonstration of the most successful solar cells using these mixed A-site cation perovskites
to date [36—41]. In regard to band gap tuning, studies have revealed a significant red-
shift in the fundamental band gap when FA replaces MA in MAPbI; [42]. Researchers
have employed various techniques, such as photoluminescence (PL) measurements [43],
absorption [44], diffuse reflectance [45], and ellipsometry spectra [46], to investigate this
phenomenon. Furthermore, hybrid FA,MA_,Pbl; perovskites were investigated in Raman
and PL studies. The resulting temperature-composition phase diagram confirms a slight
redshift in the fundamental band gap when replacing MA cations with FA cations [47].

In regard to improved photovoltaic applications, recent studies show that MAPbI;
achieves impressive power conversion efficiencies (PCEs) exceeding 17% [6,9]. Neverthe-
less, they face challenges like thermal and moisture instability issues [7,10-12]. Similarly,
FAPbI; perovskite also shows potential as a photovoltaic material due to its narrower
bandgap (Eg) of 1.48 eV, aligning more closely with the Shockley—Queisser ideal bandgap
of approximately 1.40 eV for single-junction solar cells. This alignment indicates the possi-
bility of achieving even higher PCEs [48,49]. However, there are challenges, particularly
the undesirable creation of a yellow non-perovskite d-phase during the annealing process,
which hinders the efficiency of resulting photovoltaic solar cells (PVSCs) due to their
insulating properties. To overcome these obstructions inherent within initial perovskite
materials, researchers have explored the concept of mixing A-site cations as a strategy to
achieve improved PCEs. Gritzel et al. successfully demonstrated an approach to achieving
higher PCEs in perovskite solar cells [23]. In particular, they synthesized the perovskite
MA ¢FA( 4Pbl; via the partial substitution of MA™ ions with FA* ions in MAPbI;, resulting
in an enhanced efficiency compared to parent perovskites [23].

The use of cation-halide mixtures is a widely used method to stabilize the cubic
perovskite structure at operational temperatures [37,50-53]. In particular, FA-dependent
perovskites, such as FAPbI3, typically undergo a phase transition from the cubic x-phase
to the undesired hexagonal -phase at room temperature, affecting its photovoltaic be-
havior. However, the introduction of cation-halide mixtures helps to stabilize the cubic
phase [37,50-53]. Furthermore, studies on mixed MA;_,FA,PbBr3 hybrids have used meth-
ods such as specific heat and differential scanning calorimetry to investigate the phase
transition behavior. These studies have revealed a significant reduction in phase tran-
sition temperatures and increased the stability of the cubic phase caused by the A-site
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mixing [54]. These findings emphasize the considerable influence of mixed A-site cations
on the characteristics of lead halide perovskites.

Our research aims to investigate mixed MA,FA,PbCl; single crystals, which, to
the best of our knowledge, have not been studied before. We successfully analyzed the
changes in the optical and acoustic phonon modes induced via the FA substitution at
room temperature. We introduced 30% and 40% FA at the A-site cation of MAPbCl3 and
studied their properties using Raman and Brillouin spectroscopic techniques. The cation
stoichiometries (i.e., x values) were precisely determined using nuclear magnetic resonance
(NMR) spectroscopy. Raman spectroscopy was used to investigate optical phonon modes
in the low-frequency range, corresponding to lattice vibrations. The observed decrease
in wavenumber with increasing FA content indicates changes in the Pb-Cl bond strength
within the lattice. Furthermore, Brillouin spectroscopy was used to obtain acoustic phonon
velocities and associated elastic constants. Our results indicate that these parameters
decrease with increasing FA content, suggesting that the lattice rigidity is reduced due to
the larger cation radius of the FA cation compared to the MA cation, resulting in the lattice
distortion and the softer lattice structure.

2. Results and Discussion

The synthesized samples were initially analyzed using solid-state 1H NMR spec-
troscopy to determine the exact FA/MA ratios. Figure 1 illustrates the 1H magic-angle
spinning (MAS) spectra for MA,FA_,PbCl; (x =1, 0.7, 0.6) single crystals. The spectrum
of the MAPbCl3 composition indicates two distinguishable peaks at 6.52 and 3.29 ppm,
with a ratio of 1:1. Interestingly, the signals of the -NH3* and -CH? protons, which have
previously been linked to the MAPbXj series (X =1, Br, Cl) [55], were correlated with these
peaks. The NMR data analysis indicated a discrepancy between the real compositions of the
samples and the nominal compositions employed during synthesis. The MA,FA;_,PbCl;
had values of x at 1, 0.87, and 0.77 with percentage errors of 28% and 24% for the mixed
systems, respectively. It is worth noting that the MA content decreased significantly in the
mixed crystal compared to the starting ratio. This emphasizes the importance of monitoring
the actual MA /FA ratio for this and similar systems after the materials are synthesized.
The discrepancy between the nominal and measured stoichiometries may be due to the
different solubilities and reactivities of the MA and FA precursors in the solution.

Intensity (arb. units)

8 (H") (ppm)

Figure 1. Solid-state (H') NMR spectra of the MA,FA1,PbCl; (x =1, 0.87, 0.77) single crystals.

The powder X-ray diffraction (PXRD) pattern of MA,FA;_,PbClz with varying compo-
sitions is shown in Figure 2. The diffraction pattern consistent with the cubic XRD patterns
of MAPbCl3 [56] and FAPbCl; [57] emphasizes the crystallographic cubic structure of the
synthesized compounds. Notably, the absence of additional peaks and peak splitting in the
PXRD pattern of the mixed crystals at room temperature confirms the high-quality cubic
crystal symmetry (Pm3m) shared with MAPbCl; and FAPbCl; [56,57].
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Figure 2. PXRD patterns of synthesized MAFA,PbCl; (x = 1, 0.87, 0.77) single crystals.

Figure 3 shows the changes in the lattice constant, the unit cell volume, and the density
as a function of FA content within the MA,FA_,PbCl; system. Figure 3a,b show that the
lattice constant and the unit cell volume exhibit a linearly increasing trend with increasing
FA content. This observation supports a strong link between structural changes induced
via the FA substitution and their influence on material properties. There is an increase in
the lattice constant from 5.67 to 5.69 A with increasing FA content. This increase in the
lattice constant and the unit cell volume can be attributed to the weakening of electrostatic
forces resulting from the change in the atomic packing. In particular, the substitution of
smaller MA cations by larger FA cations within the perovskite structure causes structural
distortion and a decrease in the atomic packing density, as shown in Figure 3c. The absolute
values of all these parameters are reported in Table 1.
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Figure 3. (a) Lattice constant, (b) unit-cell volume, and (c) density of MA,FA; ,PbCl; (x =1, 0.87,
0.77) single crystals. The lattice constant of FAPbCl3 was taken from ref. [57].

Table 1. Summary of crystallographic and physical properties for MALFA1 PbCl; (x =1, 0.87, 0.77)
single crystals. Refractive indices for MAPbCl; [58] and FAPbCl3 [33] were interpolated to get values
for all mixed compositions. The lattice constant of FAPbCl; was taken from ref. [57].

Lattice Unit-Cell Refractive

Composition Parameter (A) Volume (A3) Index (n) Density (kg/m?)
MAPDBCl3 5.67 182.28 1.90 [58] 3149
MA 87FA( 13PbCl3 5.68 183.25 1.93 3147
MA 77FA( 23PbCl3 5.69 184.22 1.95 3142
FAPDCl3 5.76 [57] 191.10 2.10 [33] 3116

Raman spectroscopy has been employed for exploring the vibrational dynamics of
the mixed lead halide perovskite material, as it gives us insights into the lattice dynamics,
phonon modes, and other material properties. Figure 4a—c displays the Raman spectra of
MAFA ., PbCl; single crystals at room temperature, covering a broad range of wavenum-
bers from 10 to 3500 cm ™. For the sake of clarity, this study categorizes the data into low,
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medium, and high wavenumber regions. The Raman spectra exhibit significant peaks that
correspond to lattice vibrational modes and internal modes of the constituent cations. In
particular, these cations are the MA cation (for x = 1) and the MA /FA cations (for x = 0.87,
0.77). It is worth noting that MA,FA_,PbCl; (x = 0.87, 0.77) produces additional peaks
in the frequency domain at 522 em~1, 1117 em™1, 1396 em™1, 1713 em ™1, 3228 cm 1, and
3336 cm~!. These peaks correspond to the bending mode of the FA* cation [11,59], the
symmetric stretching of CN [11,59], the rocking mode of NH; [11,59,60], the asymmetric
stretching of NH; [60,61], and the stretching of NH, (3228 cm ™!, 3336 cm™!) [60-62], re-
spectively. This provides strong evidence for the successful substitution of the FA cation
within the crystal lattice.

(a) (c)

Intensity (arb. units)

e

100 200 300 400 500 600 800 1000 1200 1400 1600 1800 2800 3000 3200 3400
Raman Shift (cm™)

Figure 4. Room temperature Raman spectra of MALFA.,PbCl; (x = 1, 0.87, 0.77) single crystals in (a)
10-600 cm 1, (b) 800-1800 cm !, and (c) 2800-3500 cm ! wavenumber ranges.

The peak positions for all the observed vibrational modes were determined in terms of
the curve fitting analysis using the Lorentzian function. A graphical representation of this
fitting process is provided in the Supplementary Materials, with the resulting individual
fitting lines for the Raman spectra recorded at room temperature (Figures S1-53). The
vibrational mode wavenumbers obtained from the fitting analyses are listed, as shown in
Table 2, with their respective mode assignments.

Table 2. Mode assignments of Raman peaks of MALFA1 ,PbCl; (x = 1, 0.87, 0.77) single crystals at

room temperature.

MAPDLCl; MA 87FA¢13PbCl;  MAg 77FA( 23PbCl;3

(cm-1) (cm-1) (em-1) Mode Assignment
36 36 36 PbClg motion [62,63]
63 62 62 PbClg motion [63]
90 89 88 65 (C1-Pb—Cl) [59]
122 123 123 6as (C1-Pb—Cl) [59]
182 177 174 Vgs (Pb—C1) [59,61]
239 232 228 R of MA* cation [63]
484 486 485 T (MA) [64]

522 522 6 (FA) [11,61]
922 924 923 o (MA) [61]
962 962 961
976 978 978 v (C—N) [59]
1117 1116 vs (CN) [11,61]
1246 1247 1247 o (MA) [59,62]
1396 1395 o (NH) [11,60,61]

1427 1428 1428 55 (CH3) [59]
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Table 2. Cont.

MAP1_>1C13 MA0.87FA_0i13PbCl3 MAq77FA, %3PbCl3 Mode Assignment
(em™—1) (em—1) (em~1)
1455 1458 1458 845 (CH;) [59]
1485 1486 1486 65 (NH;) [59]
1597 1600 1600 das (NH3) [59]
1715 1716 Vas (CN) [60,61]
2830 2831 2831 Combination modes [65]
2897 2898 2898 vs (C-H) [62]
2947 2949 2948 sym. CHj stretch [65]
2972 2973 2973 vas (C-H) [59,62,65]
3042 3042 3041 vs (CH3) [59,62,65]
3120 3120 3118 vs (NH3) [62]
3189 3190 3190 vs (NH3) [62]
3221 3229 3228 v (NH,) [60-62]
3336 3336 v (NHy) [60,61]
3438 3436 sym. NH3* stretch [65]

o0: bending; p: rocking; v: stretching; s/as: symmetric/asymmetric; T: torsion; R: rotation.

Figure 4a shows the low-frequency lattice modes below 600 cm~!, including the
characteristic torsional (T) mode of the MA cation and the characteristic bending (J) mode
of the FA cation. In particular, the bending (J) mode of the FA cation is more pronounced,
indicating a significant effect of the FA inclusion. It is also worth noting that there is a slight
reduction in the mode frequencies of the low-frequency lattice modes with increasing FA
content. The small reduction in mode frequencies is probably due to the complex interplay
between the FA and MA cations, which has a significant effect on the bonding characteristics
of the PbClg octahedra. When larger FA cations occupy the MA site, they generate local
stress distortions, leading to changes in the lattice behavior and intermolecular angles.

The results for the mid-frequency modes from 800 to 1800 cm ! are shown in Figure 4b.
These vibrational data show that FA has been integrated into the mixed crystal structure,
as evidenced in the clear observation of the symmetric stretching mode of CN [11,59]
(~1117 em™1) and the rocking mode of NH; [11,59,60] (~1396 cm 1) of FA. The mode
intensity tends to increase with increasing FA content as seen in the bending mode of the
FA cation. These vibrations demonstrate how cations interact within the crystal lattice and
provide valuable insights into the complex nature of localized structural changes resulting
from the coexistence of different cationic entities.

The internal modes observed between 2800 and 3500 cm ™! are shown in Figure 4c.
Although there are only minor shifts in mode frequencies, new internal modes associated
with the stretching of the NH; mode [60,61] (~3228 cm~1, 3336 cm_l) appear, revealing the
successful integration of the FA cation in the crystal structure. The distinct properties of
the FA and MA cations induce a rearrangement of atomic interactions, resulting in local
perturbations as evidenced by the spectra.

Overall, the Raman spectroscopy results suggest that small changes in certain Raman
modes indicate the presence of local structural distortions within the crystal. These devia-
tions can be attributed to various factors, such as the different ionic radii of the FA and MA
cations and their different interactions with the PbClg octahedra. The random substitution
of the larger FA cation into the MA site generates local heterogeneous stresses throughout
the lattice, which, in turn, affects the lattice dynamics and interactions with neighboring
PbClg octahedra and can alter the Pb-Cl bond length and the Pb-CI-Pb bond angle.
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Figure 5 shows the Brillouin spectra at room temperature for the mixed single crystals
of MALFA.,PbCl;. Two distinct doublets can be seen in these spectra, corresponding to
the longitudinal acoustic (LA) and transverse acoustic (TA) modes. The mode frequencies
of both the LA and TA modes shift to lower values as the FA content increases. This
phenomenon indicates changes in the elastic properties of the perovskite lattice due to the
introduction of FA cations. The larger FA* cation leads to extended Pb-Cl bond lengths and
weaker bond strengths within the inorganic framework of halide perovskites. Consequently,
a softer lattice structure and lower elastic moduli are expected. The Brillouin spectra were
fitted using the Voigt function, a convolution of the Gaussian instrumental function, and
the Lorentzian phonon response function. The sound velocity (V) can be calculated from
the acoustic mode frequency (vp) using the following equation:

osh

V= 2n M)
where A is the wavelength of the excitation source (532 nm), and # is the refractive index
of the crystal. However, the experimental refractive indices for MA,FA.,PbCl; (x = 0.87,
0.77) are not reported. Therefore, approximate refractive indices were obtained via linear
interpolation between the experimental value of MAPbCl; (1 = 1.90) [58] and the theoretical
value of FAPbCl; (n = 2.10) [33] obtained from DFT calculations, as shown in Figure 54 in
the Supplementary Information. From these data, the longitudinal and transverse sound
velocities were obtained and plotted in Figure 6a,b. Over the investigated composition
range, the longitudinal and transverse sound velocities show a monotonic decrease with
increasing FA content. In particular, for the composition change from x = 1 to x = 0.77, the
longitudinal sound velocity decreases from 3574 m/s to 3471 m/s, and the transverse sound
velocity decreases from 1087 m/s to 961 m/s. The increase in the lattice constant, caused
via the incorporation of the larger FA cation, seems to be the primary factor contributing to
the gradual decrease in the sound velocity. In addition, the reduced dipole moment of the
FA cation could lead to lower acoustic phonon velocities. Similar behavior was observed
by Ma et al. [66] in the mixed system of FAyMA_,PbBrs.

LA LA
z
£ _
= TA *=1 1A
£
e
&
>
=
7} x=0.87
c
(]
e
= ‘ ‘
| |
I g I
Ibw)k T I'\'z IV'\\ T I_J' T
-3 20 -0 0 10 20 30

Brillouin Shift (GHz)

Figure 5. Room temperature Brillouin spectra of MAFA.,PbCl; (x =1, 0.87, 0.77) single crystals. The
LA and the TA denote the longitudinal and the transverse acoustic modes, respectively.

The LA and TA modes observed in this scattering geometry correspond to the elastic
constants Cy; and Cyy, respectively. These elastic constants can be determined from the
sound velocity (V) and the crystal density (p) using the following relation:

Cij = pV? 2)

The calculated densities for the MA,FA.,PbCl; (x =1, 0.87, 0.77) single crystals are
3149 kg/m?3, 3147 kg/m?, and 3142 kg/m?, respectively. These values were determined
using the lattice parameter obtained from PXRD and the chemical formula. The elastic
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constants Cy; and Cyy are shown in Figure 7a,b, respectively. Both C;; and Cygy show a

gradual decrease from 40.22 GPa to 37.85 GPa and from 3.72 GPa to 2.90 GPa, respectively,

with an increase in FA cations. The results are presented in Table 3, together with the

reported values for FAPbCl; obtained from DFT calculations.
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Figure 6. (a) Longitudinal acoustic (LA) and (b) transverse acoustic (TA) sound velocities as a function
of composition x in MAFA 1 ,PbCl3 (x = 1, 0.87, 0.77) single crystals.
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Figure 7. (a) Cq; and (b) Cy4 elastic constants as a function of composition x in MA,FA_,PbCl3 (x =
1,0.87, 0.77) single crystals. (DFT values of FAPbCl3 are from ref. [34]).

Table 3. Summary of calculated sound velocities and elastic constants for MA,FA PbCl; (x =1, 0.87,
0.77) single crystals. Values of elastic constants for pure FAPbCl3 were from ref [34].

Composition Via (m/s) Vra (m/s) C11 (GPa) Cy (Gpa)
MAqu?’ 3574 1087 40.22 3.72
(Brillouin)

MAO.87FAO.13PbC13 (Brllloum) 3507 990 38.71 3.08
MA 77FA( 23PbCl3 (Brillouin) 3471 961 37.85 2.90
FAPDbCly
(DFT calculation) . . 14.64[34] 3.59[54]

The incorporation of larger FA* cations distorts the lattice, resulting in a monotonic
decrease in both elastic constants and sound velocities in the mixed system. A recent
study has suggested that the FA cations in FAPbBr; have weaker hydrogen bonding
between H atoms and halide ions compared to that between MA cations and halide
ions in MAPbBrj; [67]. This suggests that the larger cation size of FA may distort the
crystal structure and weaken the bonding between FA cations and halide ions as the FA
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concentration increases. This results in increased Pb-Cl bond length and weaker bond
strength in the inorganic framework of halide perovskites, leading to greater flexibility and
lower elastic moduli. Conversely, the smaller MA cations are likely to contribute to stronger
elastic interactions, hence, pure MAPbCl; shows the highest value for the sound velocity
and the associated elastic constants. Figure 7 shows that the DFT results are deviating
significantly from the changing trend of the experimental elastic constants, indicating that
the DFT approach needs to be refined to get more reliable results of elastic properties.

The absorption coefficient («) was calculated from the full width at half maximum
(FWHM, I'p) of the LA and TA modes using the following formula:

7TFB
Vv

= ®G)

The calculated absorption coefficients for both acoustic modes, as shown in Figure 8,
show a consistent decrease with increasing FA content. This trend indicates that materials
with higher FA content have lower absorption or attenuation coefficients, implying a
weaker presence of damping effects or internal friction. This could be due to the larger
ionic radii and lower polarizability of the FA cation, which could potentially lead to a
weaker interaction with the inorganic framework and a smaller bandgap. In addition, the
heterogeneity introduced via the MA /FA random substitution is much smaller than the
wavelength of LA and TA mode (the order of 100 nm) and, thus, does not affect the acoustic
absorption process. These results highlight the importance of investigating how changes in
composition not only affect the mechanical properties but also shape the mechanisms of
energy dissipation within the MAFA;_,PbCl; mixed halide perovskite system.
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Figure 8. (a) Longitudinal acoustic (LA) and (b) transverse acoustic (TA) absorption coefficients as a
function of composition x in MA,FA; PbCl; (x = 1, 0.87, 0.77) single crystals.

3. Materials and Methods
3.1. Chemicals

Lead chloride (PbCly, 99.999%), methylamine (CH3NHj, 40% in water), hydrochloric
acid (HCl, 37%, ACS reagent), formamidinium chloride (CH(NH;),Cl, 99.9%), dimethyl
sulfoxide (DMSO, anhydrous > 99.9%), diethyl ether (HPLC grade, >99.9%), and ethanol
(anhydrous 99.5%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Methylam-
monium chloride (MACI) was synthesized according to previously reported methods [26].

3.2. Single Crystals Synthesis

The MAFA;.,PbCl; (x =1, 0.7, 0.6) single crystals were synthesized using the solvent
evaporation method. The MACI, PbCl,, and FACI powders were dissolved in DMSO
(10 mL) in equimolar ratios at 40 °C with continuous stirring in a glove box under nitrogen
gas environment. The resulting dissolved solution was filtered into a crystallization dish
using a 0.22 um syringe filter. Slow evaporation was promoted by covering the dish with
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aluminum foil and leaving it undisturbed at a constant temperature of 85 °C for 1-2 days.
Transparent MA,FA_,PbCl; (x =1, 0.7, 0.6) single crystals were formed, which were then
washed with dichloromethane and dried in a vacuum oven at 60 °C for 12 h to obtain the
final product.

3.3. Characterization Techniques

In this study, the powder XRD pattern was obtained using a high-resolution XRD
spectrometer (PANalytical; X'pert PRO MPD, Malvern, UK) at room temperature with
Cu-K radiation (A = 1.5406 A) in the 26 angular range from 10 to 60°. Prior to measurement,
the single crystals were crushed into crystalline powders. The obtained XRD patterns were
analyzed using the PANalytical software (X'pert highscore v1.1) for further analysis.

Moreover, 1H solid-state room-temperature NMR spectra were acquired on a
(1H = 400.13 MHz) Bruker Avance II+ spectrometer using TopSpin 2.1 software (at KBSI
Seoul Western Center, Seoul, Republic of Korea); spectra were collected with a 4 mm magic-
angle spinning (MAS) probe under 12 kHz spinning conditions. Quantitative 1H single
pulse experiments were performed with a pulse length of 1.2 ps, a recycle delay of 100, and
8 scans. The pulse length and recycle delay were carefully calibrated prior to acquisition of
the final spectra to ensure full relaxation of the magnetization and to meet the conditions
for quantitative data acquisition. Tetramethylsilane (TMS) was used as a calibration sample.
The analysis of the obtained data was carried out using the MestReNova program.

Raman measurements were conducted using a standard Raman spectrometer (LabRam
HR800, Horiba Co., Kyoto, Japan) in the frequency range of 10 to 3500 cm~!. A diode-
pumped solid-state green laser with a wavelength of 532 nm was utilized to probe the
samples. Backscattering geometry was used in terms of an optical microscope (BX41,
Olympus, Tokyo, Japan) with a 50 x magnification objective lens. The phonon propagation
direction for the measurement was [100] in the cubic phase. Prior to measurement, the
Raman spectrometer was calibrated using a silicon substrate as a reference sample with
a single peak at 520 cm~!. The measured Raman spectra were corrected using the Bose-
Einstein correction factor.

Brillouin spectra were acquired using a standard tandem multi-pass Fabry—Perot
interferometer (TFP-2, JRS Co., Zurich, Switzerland) with a 532 nm excitation source. A
modified microscope with a backscattering geometry (BH-2, Olympus, Tokyo, Japan) was
used for the measurement. The signal was identified and averaged over 1024 channels
using a conventional photon-counting instrument linked with a multichannel analyzer.
The free spectral range was set to 33 GHz to include both the LA and the TA modes in the
Brillouin spectrum.

4. Conclusions

The mixed halide perovskite single crystals MAFA;_,PbCl3 have been grown success-
fully, providing valuable insights into their structural, vibrational, and elastic properties.
Solid-state 1H NMR spectroscopy revealed that the actual composition of the grown crystals
differed significantly from the nominal values. This highlights the importance of controlling
the composition after synthesis. Powder X-ray diffraction analysis confirmed the uniform
crystallographic structure of the synthesized compounds, which maintained the cubic sym-
metry common to MAPbCl3 and FAPbCl;. The inclusion of FA cations led to an increase in
the lattice constant, the unit cell volume, and a decrease in the density, indicating structural
changes due to FA substitution. Raman spectroscopy revealed wavenumber shifts in the
vibrational modes and the appearance of new modes, particularly associated with the FA
cations, indicating the successful incorporation of the FA cations into the lattice structure
and local structural distortions caused by them. These distortions may be attributed to the
different ionic radii and interactions of the FA and MA cations with the PbClg octahedra.

Brillouin scattering results showed that the incorporation of the FA cation induced a
monotonic decrease in both the longitudinal and transverse sound velocities, along with
the corresponding elastic constants, ultimately affecting the elasticity of the perovskite
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framework. It suggests that incorporating different cations in the perovskite lattice is one
way to control the elastic properties of this system. The obtained absorption coefficients
show that the mixed crystals with higher FA content have lower absorption coefficients,
indicating reduced damping effects and internal friction. This may be due to weaker
interactions between FA cations and the inorganic framework. In summary, our study
highlights the complex relationship between the composition and physical properties of
MAFA1_,PbCl;3 mixed halide perovskites. These findings are not only relevant to their
potential use in optoelectronic devices but also improve our fundamental understanding of
these materials. Further research is needed to fully explore their range of properties and
improve their functionality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11100416/s1, Figure S1: Raman spectra and best-fitted
curves of MAPbClj single crystal at room temperature. Figure S2: Raman spectra and best-fitted
curves of MA( g7FA( 13PbCl3 single crystal at room temperature. Figure S3: Raman spectra and
best-fitted curves of MA 77FA( 23PbCl3 single crystal at room temperature. Figure S4: Interpolated
refractive indices for MA,FA;_,PbCl; single crystals.
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