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Influence of the octahedral cation on the evolution of lattice phonons in metal halide double
perovskites: Raman spectroscopic investigation of Cs,B'B"Cls (B’ = Ag,_,Na,; B” = Bi;_,In,)
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Vibrational dynamics in halide double perovskites govern several key aspects including carrier recombination
and transport properties. Here, we present comprehensive vibrational studies investigated through micro-Raman
spectroscopy to understand how octahedral cation substitution in a wide range of metal halide double perovskites
Cs,B'B"Clg (B’ = Ag,_,Na,; B” = Bi;_,In,) influence lattice vibrations. A significant enhancement in F>, mode
intensity—a key factor in determining the cation ordering—is observed with Na™ substitution. In contrast to
a generally observed trend, despite similar ionic sizes of Na® and Bi*", an increase in cationic ordering is
observed as Na™ substitutes at Ag™ site in Cs,Ag,_,Na,BiCls and Cs,Ag;_ Na,InClg. The F>, mode intensity
depends on B'-site cationic ordering (Ag' or Na'), while its vibrational energy is governed by the B’-site
cations (Bi** or In*"). The symmetric stretching vibrations depicted by A, mode are mainly influenced by
[B3*-X;] octahedra. The reduction in the linewidth of symmetric-stretching LO phonon mode (Aip) and the
disappearance/diminishing of asymmetric-stretching vibrations (E,) further substantiates the improved cationic
ordering. The changes in the vibrational mode intensities with B'-site substitution (Ag", Na™) and the appearance
of distinct octahedral modes with B-site substitution (Bi**, In") allow us to disseminate different octahedral
contributions to the vibrational dynamics in the lattice. Further, the vibrational analyses on double perovskites
with different choices of B’ and B” cations and X anion reveal the origin of asymmetric stretching (E,). This
mode mainly prevails when sublattice distortions in the lattice exist. Thus, asymmetric-stretching mode can be
a measure of sublattice distortion in the double perovskite, and a highly ordered system would exhibit very

minimal or no asymmetric vibrations.
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I. INTRODUCTION

In the field of perovskite research, recent years have been
largely devoted to exploring the strategies for enhancing the
stability of metal halide perovskites and engineering the band
gap for various applications [1,2]. Despite the exceptional
optoelectronic properties of Pb-based perovskites, their wide
acceptance for commercialization is impeded by two major
challenges, viz., lead toxicity and long-term stability [3]. Sig-
nificant efforts have been made to understand the superiority
of lead halide perovskites and the fundamental origin of their
unique optoelectronic properties, with an aim to discover
compounds with similar functional properties [4,5]. Theoreti-
cal studies have shown that the ns> lone pair in Pb*>" and the
high symmetry of the perovskite structure are major factors
for the optoelectronic properties [5,6]. In this direction, cation
transmutation with isoelectronic elements has been explored
in the last few years to realize stable and lead-free perovskites
without lowering the structural symmetry [7,8]. While the
single-cation transmutation using Sn*>* or Ge>* for Pb>* does
not lead to a stable structure due to the oxidation of cations,
aliovalent substitution of a monovalent and a trivalent cation
results in a high-symmetry cubic double-perovskite structure.
Such structures with the general formula A,B'B"X, exhibit
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exceptional stability owing to the octahedral coordination of
B’ and B” atoms in a corner-sharing framework in three di-
mensions [9]. Various compositions for the choice of B’ (Ag™,
Na*, Cu't), B” (Bi**, In**, Sb**), and X (C1~, Br™) have been
realized while the A site is mostly occupied by inorganic Cs™
or organic moieties (like MA, FA, BA, GA, etc.) [10].

All inorganic lead-free double perovskites have recently
been employed for various optoelectronic applications in-
cluding solar cells, light-emitting diodes, photodetectors, and
x-ray imaging applications [9]. The device performance in
all these applications is majorly governed by the carrier-
phonon interactions in the crystal lattice [11,12]. Unlike the
single perovskites, the lattice dynamics in the case of double
perovskites are inherently complicated due to the dynam-
ically vibrating two dissimilar interconnected octahedra in
the sublattice. Strong exciton-phonon coupling necessitates
understanding phonon dynamics and vibrational characteris-
tics [13]. These will underpin various key features such as
charge-carrier mobilities, thermal transport properties, and the
excitonic emission aspects [14-16].

Raman spectroscopy has been the foremost choice among
various spectroscopic techniques to unfold the vibrational
characteristics of materials. Raman-scattering studies have
been effectively used in the recent literature to understand
the lattice vibrations [17], explore pressure and temperature
phase diagrams [18-20], discern the degree of crystallinity,
and monitor the stability and degradation aspects in halide
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perovskites [20,21]. Our earlier study on the vibrational
characteristics of octahedra in Cs;Ag,_ Na,BiCle double per-
ovskites reveals a strong influence of sublattice distortions
on the band-gap engineering and excitonic emissions [22,23].
A strong synergy between the phonon vibrations with opti-
cal and electronic properties was thus unfolded [23]. Steele
et al. have studied the intrinsic lattice phonon-scattering
mechanisms to explain the interconnectedness of struc-
tural and electronic properties with vibrational attributes
in Cs;AgBiBrg [13]. Manna et al. have studied the lat-
tice dynamics and Frohlich interactions in CsyAgln;_,BixClg
double-perovskite nanocrystals [16]. In a recent review by
Spirito et al., the potential of Raman-scattering studies to
understand the phonon modes and correlate them to the optical
and electronic properties in hybrid organic-inorganic layered
perovskites has been discussed [24]. They also stress the
need for further detailed Raman-scattering analysis in com-
positionally modified three-dimensional perovskites. While
the compositional tuning in double perovskites has been a
ready-to-go strategy to tailor various optoelectronic properties
in halide double perovskites, understanding of the vibra-
tional dynamics upon such compositional tuning is scarce for
Cs,B’B"Clg double perovskites. The contributions of B'Xs and
B"Xs octahedra to the phonon vibrations in these systems
are also not clear in the literature. While cation ordering
(B-site ordering) is well documented and is known to in-
fluence various physical or electronic properties in oxide
perovskites [25-27], cationic ordering studies on halide per-
ovskites are very meager.

In this paper we have systematically tailored the composi-
tion of Cs,B'B"Clg (with B' = Ag,_ Na,; and B” = Bi;_,In,)
double perovskites and studied the vibrational characteristics.
Systematic changes in the vibration energies and the relative
changes in the intensity of Fa,, E,, and Aj, modes give the
local structural details, including the cationic ordering, sub-
lattice distortion, and octahedral concentration dependence
on normal modes. This study unveils the different octahedral
contributions to the vibrational dynamics in the lattice and
the influence of B’ and B” cations in the octahedra on the
structural ordering in these classes of compounds.

II. EXPERIMENT DETAILS

All the Cs,B'B’Clg (B' = Ag, Na; B” = Bi, In) double
perovskites are synthesized through the solution-precipitation
method [22]. In a typical synthesis, 15 mL of HCI (36
wt. %) is taken in a beaker to which 2 mmol of precursor
salt of B’ [Ag(OAc) or NaCl] is added while the tempera-
ture is raised to 70 °C. The solution is stirred continuously
till the salt dissolves completely, and then 2 mmol of pre-
cursor for B” [Bi(OAc); or In(OAc)s] is added to the clear
solution. The temperature of the solution is now raised to
135°C and stirring is continued till the precursors are com-
pletely dissolved. Finally, 4 mmol of CsCl is added to the
above clear solution, which immediately triggers the pre-
cipitation indicating the formation of a double-perovskite
phase. After 30 min of continuous stirring, the solution is
cooled naturally. The precipitate is filtered and washed with
ethanol till the pH becomes neutral. The filtrate is dried
overnight in a vacuum oven, and the product is ground into

a fine powder and stored in a vial. Alloyed compositions
of double perovskites, Cs,B'B"Cls (with B’ = Ag,_,Na,;
and B” = Bi;_,In,; and x varying between O and 1), are
synthesized through the same approach wherein a 2-mmol
equivalent mixture of (1—x)CH3COOAg + xNaCl is used for
CspAg,_,Na,B"Cls (B” = Bi or In), and 2-mmol equivalent
mixture of (1—x)Bi(CH3COO); + xIn(CH3COO);3 is used
for CsyB'Bi;_,In,Clg (B' = Ag or Na) synthesis.

A. Structural characterization

Powder x-ray-diffraction (XRD) studies on Cs,B'B"Clg
compounds are performed in the 26 range 10° to 70° with
a step size of 0.01° using a Rigaku SmartLab powder x-
ray diffractometer employed with a rotating anode Cu Ko
(» = 1.5406 A) source operating at 4 kW. Room-temperature
Raman spectra are acquired from a Horiba-Yvon (HR 800
UV) micro-Raman spectrometer with a He-Ne laser excitation
source emitting photons of wavelength 632 nm with a laser
power of ~5.02 mW. Power-dependent Raman spectra were
also acquired on the double perovskites with the laser power
ranging between 46 uW and 5.02 mW. Raman spectra are
also acquired with an excitation laser of 488 and 532 nm. The
spectral acquisition is carried out in a backscattered geometry
with an Olympus microscope (100x objective lens) collecting
the scattered radiation. The diffraction grating in the spec-
trometer is grooved with 1800 lines per millimeter. This gives
a spectral resolution of less than 1 cm~!. Further, the spectral
parameters such as laser power, number of acquisitions, and
acquisition time are kept constant for each set of samples.
Compositional analyses have been carried out using FESEM
energy-dispersive spectroscopy (EDS) (Inspect F50/Quanta
400) to estimate the actual composition of the compounds.

III. RESULTS AND DISCUSSION

A. X-ray-diffraction studies

X-ray diffraction (XRD) studies are performed to elu-
cidate the phase purity and crystal structure information
of Cs,B'B"Cls (B’ = Ag,_,Na,; B” = Bi;_,In,) double per-
ovskites. Rietveld refinement is performed to extract the
crystallographic parameters. The synthesized double per-
ovskites are phase pure and devoid of any secondary phases,
as evident from the high degree of crystallinity and absence of
additional reflections from secondary phases. The synthesized
double perovskites exhibit solid-solution behavior in bulk
and crystallize into an elpasolite-type cubic polymorph with
space-group Fm3m symmetry. A schematic representation of
the double-perovskite crystal structure is shown in Fig. 1(a).
The compounds exhibit a rocksalt ordering in the crystal, as
inferred from all odd Miller indices in the XRD patterns. Such
an ordering in perovskites is most preferred when the oxida-
tion states of B’ and B” differ by greater than 2 [25,28]. While
a charge difference of less than 2 mostly leads to a disordered
rocksalt phase, a charge-valence difference of 2 would result
in either an ordered or disordered rocksalt lattice [25,29].
Thus, in the present case, since the difference between the
valence state of B’ and B” is 2, disordered, partially or-
dered, or fully ordered lattice can be observed, which is
mainly governed by the charge state, size of cations occupying
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FIG. 1. (a) Crystal structure of Cs,B’B"Cls double perovskite. (b) Variation of lattice constant with composition in Cs,B'B"Clg double
perovskites (B’ = Ag,_ Na, with B” = Bi or In; B” = Bi;_,In, with B" = Ag or Na). Green open circle is the average lattice constant for

x = 0.5 in Cs,NaBi;_,In,Cls from phase fractions.

these sites, and the bonding preferences. The actual composi-
tions of the synthesized samples have been estimated through
energy-dispersive x-ray spectroscopy. All the compositions
are indeed according to the nominal composition chosen for
the compounds (i.e., A: B :B”:X =2:1:1:6). Detailed
compositional data and the corresponding EDS spectra for all
the samples are given in the Supplemental Material (Table S1
and Fig. S2 in the Supplemental Material [30]).

The synthesized perovskite compounds are categorized
into four series based on the choice of cation being
substituted, viz., CsyAg,_.Na,BiCls, Cs,Ag;_,Na,InClg,
CsyAgBi;_,In,Clg, and Cs;NaBi;_,In,Clg. XRD studies on
CsyAg,_,Na,BiClg series reveal that the lattice expands upon
substituting Na™* at Ag™ site despite the former being smaller
in size (1.02 A) compared to the latter (1.15 A). This is mainly
due to the higher electronegativity of Ag (1.93) compared to
Na (0.93). This leads to a large electronegativity difference
between Na-Cl compared to Ag-Cl. Thus, the Ag—Cl bonds
are mainly covalent in characteristics, while Na—Cl bonds
are predominantly ionic. Rietveld refinement shows that the
lattice constant varies linearly following Vegard’s law from
10.7605 to 10.8326 A for x varying between 0 and 1 in
Cs,Ag,_Na,BiCls. Figure 1(b) shows the lattice constant
variation with the compositional substitution for each series.
The XRD patterns of all the synthesized double perovskites,
and the refined XRD plot, are shown in Fig. 2.

The cationic ordering of B’ (Ag" or Na™) and B” (Bi*")
cations in the double-perovskite lattice can be inferred from
the presence of a strong (111) diffraction peak in the XRD
pattern [31,32]. These cations stack alternatively on (111)
planes, and the extent of cationic ordering can be inferred
directly from the intensity variation of these planes. With the
increasing Na™ substitution, the cationic ordering increases,
as evident from the increase in the intensity of diffraction
peaks for all odd (hkl). Also, the intensity ratio of diffraction
planes (111) and (220) can be considered as a simpler way
to assess such B’-B” ordering in perovskites [33]. This ratio
[L(111)/1220)] is found to be ~0.04 for Cs,AgBiCls (x = 0)
and increases to ~0.34 for Cs,NaBiClg (x = 1). Such an
improvement in the cationic ordering with Na™ substitution is

quite anomalous to the general trend for cationic ordering in
perovskites [25,32]. A larger size mismatch between B’ and
B cations, in general, favors ordering. The lattice exhibits
superior ordering in the present case when the size difference
between B’ and B” cations is minimal. Figure 2(b) shows the
XRD patterns of the Cs,Ag,;_,Na,InClg series. The estimated
lattice constant and unit-cell volume from the refined XRD
data of Cs;Ag,_,Na,InCl¢ also confirms the fact that Na*t
substitution results in lattice expansion while retaining the
cubic structure. Even in this series, it is observed that the ratio
Ia11y/I(590)) 18 ~0.014 for x = 0 and gets enhanced to ~ 0.178
for x = 1; thus, B-site cationic ordering improves significantly
with an increase in Na™ substitution as evident from the en-
hanced (111) and other all-odd plane diffraction intensities.
The pristine double perovskites are highly crystalline, and the
XRD peak widths are in the same range (26 ~ 0.09°) as that
of the standard samples used for crystallite size calibration,
meaning that the broadening is only due to the instrumental
factor and the crystallite sizes are much larger than 200 nm. It
is observed that for the alloyed compositions, a slight increase
in peak widths (~0.02° to 0.04°) is observed compared to both
end members. A slight deviation from the actual composition
can lead to such a broadening in the alloyed compositions.
The effect of trivalent cation (B” = Bi** and In*") sub-
stitution on the structure of Cs,B'B"Clg with fixed B’ (Ag™*
or Na't) is investigated by examining the XRD patterns
of Cs,AgBi;_,In,Clg and Cs;NaBi;_,In,Clg compositions
[Figs. 2(c) and 2(d)]. Figure 2(c) shows the refined XRD
patterns of Cs,AgBi;_,In,Clg wherein Bi** is being replaced
with In**. All the XRD patterns correspond to the phase-pure
cubic symmetry and are devoid of any phase segregations
or secondary reflections from impurity phases. Rietveld re-
finement of XRD patterns of Cs,AgBi;_,In,Clg [Figs. 1(b)
and 2(c)] shows that Cs, AgBiClg lattice with lattice constant
10.7605 A shrinks linearly to 10.4703 A for Cs,AgInCls as
the In** substitution increases. This is mainly due to the
smaller ionic radii of In** (compared to Bi*") resulting in
shorter bond lengths of In—Cl bonds compared to Bi—Cl
bonds. Such lattice contraction is also evident from the shift
of XRD reflections towards higher scattering angles with an
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FIG. 2. XRD patterns and Rietveld refined plots for (a) Cs,Ag,_.Na,BiCls, (b) Cs,Ag,_.Na,InCls, (c) Cs,AgBi,_,In,Clg, and
(d) Cs;NaBi;_,In,Clg for x = 0 to 1. Also see Fig. S1 for raw XRD plots [30].

increase in In**. The results are the same even with the
Cs,NaBi;_,In,Clg series, wherein the In* incorporation at
Bi* site tends to shrink the lattice. However, complete misci-
bility and phase purity are difficult to obtain for intermediate
compositions of Cs;NaBi;_,In,Clg [Fig. 2(d)]. For x = 0.5 in
Cs,NaBi;_,In,Clg we observe the XRD reflections have the
signature of doublet peaks. This is very evident, especially
at higher scattering angles. The doublet diffraction peaks are
due to the presence of two cubic phases with different lattice
parameters mostly from a mixture of compositions with x <
0.25 and x > 0.75 in Cs;NaBi;_,In,Clg . A strong tendency
for the Bi and In atoms not to get miscible at B” for x = 0.5
in Cs;NaBi;_,In,Clg, as also observed by Zhou et al. [34],
is expected to be the cause for the mixed composite. They
have investigated the effect of Bi** and In** transmutation
on the structural and optical properties of Cs,NaBi;_,In,Clg
double perovskites. They also observed that complete solid
solutions of Cs;NaBi;_,In,Clg could hardly be obtained, and
it was impossible to get phase-pure Cs,;NaBig sIng sClg [34].
This can be understood in terms of formation energy for these
compounds. The theoretically calculated formation energies
per atom for Cs;NaBi;_,In,Clg are positive, indicating that
the solid solutions are less stable compared to their pris-
tine end members. For x = 0.5, the formation energy per

atom is estimated to be around 1 meV per atom, among
the highest for Cs,NaBi;_,In,Cls compounds [34]. High for-
mation energy for Cs;NaBigsIngsClg makes it difficult to
maintain the solid-solution behavior at x = 0.5 and hence
drives the composition to take either Bi-rich or In-rich con-
ditions. This suggests that the broad peaks with doublet
signatures in the XRD patterns of Cs;NaBig sIngsClg could
be due to a two-phase scenario. We performed refinement
with the known crystallographic information details of com-
positions close to x = 0.5 and allowing the B” occupancies
to vary (Fig. S3 in the Supplemental Material [30]). A best
fit for the diffraction pattern (x2 = 1.56) was obtained for
phase fraction of 73% for Cs;NaBig4Ing¢Clg and 27% for
Cs;NaBig 7gIng 2, Clg. It is noteworthy that the composition
estimated using EDS analyses matches the nominal compo-
sition (Table S1 in the Supplemental Material [30].). It is
interesting to note that the compositions estimated from the
refinement also match with the extrapolated phase fraction
estimated from Vegard’s law (see Fig. S4 in the Supplemen-
tal Material [30]). In the lattice parameter vs x plot for the
CspNaBi_,In,Clg we present lattice parameter values cor-
responding to both these phases. It is worthwhile to note
that the average lattice parameter estimated based on the
phase fraction obtained from the refinement is close to the
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TABLE I. Wyckoff positions, corresponding site symmetries, and associated irreducible representations for the normal modes of vibrations

in double perovskite.

A,B'B"X¢ double perovskite (space group Fm3m)

Atom Wyckoff position Fractional coordinates Site symmetry Irreducible representation for the site symmetry
A 8¢ (1/4,1/4,1/4) Ty (43m) Fu+ By,

B 4a 0,0, 0) Oy, (m3m) Fy

B” 4b (1/2,1/2,1/2) Oy, (m3m) Fy

X 24e (1/4,0,0) Cay (4mm) Ay +E; + Fg +2F + Fog + Foy

Cior = A1g(R) + Eg(R) + 2F54(R) + Fiy(S) 4 4F1,(IR) + F2,(S) + Fiu(ac)
Raman active: 2F,, + E, + A, (Four Raman-active modes)

lattice parameter calculated from Vegard’s law for x = 0.5
[Fig. 1(b) and Fig. S4 in the Supplemental Material [30]). It is
evident that the lattice constant varies linearly with substitu-
tional composition between the pristine end members (except
for Cs;NaBi;_,In,Clg near x = 0.5) following Vegard’s rule
suggesting a macroscopic solid-solution behavior. Further, a
slight variation in the bond lengths of B’-X and B”-X upon
substitution of B’ or B” cations is noted (Table S2 in the
Supplemental Material [30]). Since the crystal structure re-
mains in the cubic symmetry, the bond angles between
B'-X-B” are 180°. All three angles («, 8, y) for the cubic
structure remain 90° for all the compositions. The tolerance
factors for halide double perovskites have been estimated and
these values are found to be in the range of 0.9 to 0.96 for
all the compositions (Table S3 in the Supplemental Mate-
rial [30]).

B. Raman spectral studies

Despite the superiority in elucidating the crystal structure
information of the compounds by diffraction methods such as
XRD, the estimate is only an average from a large number
of unit cells. On the other hand, spectroscopic techniques
like Raman-scattering studies can probe the structural details
down to the molecular scale, thereby revealing information
that might differ from the global average [35]. Such local
deviations, in addition to the atomic vibrations from their
equilibrium positions in the crystal lattice, dictate various
transport properties of the perovskites [36]. Further, the or-
dering of cations in the lattice plays a crucial role in dictating
perovskites’ electrical and optical properties [37,38]. To un-
derstand the local distortions by investigating the octahedral
vibrations in these double perovskites and to underpin the
cationic ordering in the lattice, Raman studies are performed
on Cs;B'B"Clg double perovskites. Raman spectra of these
double perovskites also confirm the phase purity and cubic
system for these double-perovskite compounds. Any phase
transition/distortion in the double-perovskite lattice would
manifest itself with discernible changes in the Raman modes
as these halide double perovskites are highly Raman ac-
tive [39,40]. In fact, Raman spectroscopy has been extensively
used to identify the distortions or symmetry lowering in dou-
ble perovskites [40].

Group theory analysis on Fm3m space group provides
an irreducible representation for I'-point phonons as I' =

Fiy(ac) (Table I). The modes marked in the parenthesis R, IR,
S, and ac refer to Raman active, infrared active, silent, and
acoustic modes, respectively. Thus, four modes (2F5,, Eg, A1)
are Raman active in these double perovskites. These internal
octahedral modes represent the bending (F>g), asymmetric
(Eg), and symmetric stretching (A;,) of metal halide bonds
in octahedra [22]. These vibrational modes are schematically
shown in Fig. 3. Raman spectra of Cs;Ag,_ Na,BiCle and
CsyAg;_,Na,BiClgs compositions are presented in Fig. 4. The
Raman modes from these phases are intense. The samples are
very much stable under laser exposure without decomposing
into other phases.

C. Influence of B’-site substitution
1. Cs;Ag,_.Na,BiClg

The Raman spectra of the first series of compositions
(Cs,Ag,_,Na,BiClg), wherein the monovalent Ag™ is being
replaced with Na™ at the B’ site while the trivalent cation at
B’ site is fixed with a Bi** cation, are shown in Fig. 4(a). The
corresponding intensity contour plot is shown in Fig. 4(b).

It is evident from the spectra that Na™ cation mixing at the
Ag™ site influences the octahedral vibrations in terms of vi-
brational frequencies and intensities. With the increase in Na*
concentration at the Ag" site, the F, and A, modes show
a minimal shift towards lower wave numbers, while the E,
mode exhibits a significant shift towards higher vibrational en-
ergies. This is mainly attributed to the expansion of octahedra
with Na™ substitution, as the Na—Cl bond length is longer than
the Ag—Cl bond [41]. The intensity of the A;, mode reduces
with an increase in Nat concentration, while the F>g mode
intensity gets enhanced significantly. The intensity ratio

FIG. 3. Schematic representation of octahedral vibrational
modes (superscript in the parentheses indicates degeneracy of the
mode).
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FIG. 4. Raman spectra of (a), (b) Cs,Ag,_,Na,BiCls (c), (d) Cs,Ag,_,Na,InClg for x = 0 to 1. (b) and (d) are intensity contour plots of

(a) and (c).

among F,,, E,, and A, modes are further analyzed to in-
vestigate the sublattice distortion and the extent of ordering.
Figure 5(a) shows the variation of integrated intensity ratio
[{(A1)/I(F>4)] with Na composition. This ratio I(A;)/I(F2,)]
is ~4.6 for x =0 and reduces to almost ten times, i.e.,
I(A1)/1(F>g)] ~0.46, for complete Na* replacement (x = 1).
An increase in the intensity of F>, mode has been attributed
to improved crystal quality and cationic ordering in double
perovskites, which is also in agreement with XRD studies,
wherein the ordering increases with Na™ substitution [31,41].
The asymmetric-stretching E, mode becomes weak and al-
most disappears with complete Na™ replacement at the Ag™
site. Such a decrease in the intensity of E, mode could be
mainly attributed to the reduced sublattice distortions which
arise out of octahedral mismatch. As one can see from the
jonic radii differences, Nat (1.02 A) and Bi** (1.03 A) have
nearly the same ionic radii, while Ag™ is slightly bigger
(1.15A). Thus, with an increase in Na® at the Ag" site,
the mismatch between B’ and Bi** reduces. The asymmetric
stretching reduces, consequently, as evident from the disap-
pearance of E; mode in the Raman spectra.

Figure 5(b) shows the I(F3,)/1(Eg) variation with x. The
ratio increases to ~26 (for x = 1) from near unity (for x = 0)
as the double perovskite with B’ = Na™ system (Cs,NaBiClg)

exhibits very weak asymmetric-stretching vibrations. The in-
fluence of B’-cation substitution on the vibrational energies
of CspAg,_,Na,BiCls has been analyzed by plotting the
variation of Raman mode positions as a function of sub-
stitution concentration (x) [Fig. 5(c)]. It is observed that
the vibrational energies of F>; mode show minimal change
(~1cm™!) while the A, ¢ modes tend to redshift with low-
ering of vibrational energies (5cm™') upon increasing the
Na™ substitution. The A, mode, which is at ~284 cm~! for
x = 0, decreases to ~279cm~! for x = 1. Such a decrease
is mainly attributed to the expansion of double-perovskite
lattice resulting in the weakening of bond strengths, and
thus the effective vibrational energies of symmetric-stretching
vibrations decrease [41]. This is also evident from the
increased bond lengths of Na—-Cl compared to Ag-—Cl
bonds in Cs;Ag,_,Na,BiCls (Table S2 in the Supplemental
Material [30]). The asymmetric-stretching E, mode energies
increase almost 12cm™' upon replacing Na™ at the Ag™
site. However, this mode gets significantly weaker with a
feeble peak intensity upon completely substituting Na™. This
is due to increased cationic ordering and octahedral match
with [BiClg] upon Na* substitution, as also evident from the
XRD studies. Further, the full width at half maxima (FWHM)
has been analyzed for these Raman modes and it was found
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FIG. 5. Variation of integrated intensities (a) and (b), vibrational energies (c) and (¢), FWHM (d) and (f) of Raman modes with Na

composition in Cs,Ag,;_ Na,BiClg and Cs,Ag,_,Na,InCle.

that the width of A;, mode reduces significantly upon Na™
substitution at the B’ (Ag") site [Fig. 5(d)]. The linewidth
of A, mode which is ~26 cm™! (for x = 0) decreases to
~12cm™! (for x = 1). It is also observed that the narrow
Ay, mode in the case of Cs;NaBiClg becomes broad with a
slight asymmetric profile for Cs;AgBiClg, which is possibly
due to increased anharmonicity owing to the lattice distortions
or antisite defects [42]. The narrow values of FWHM of
Raman modes with Na® replacement also indicate the fact
that there is hardly any intermixing of B’ and B” atoms in
the double-perovskite lattice [43]. The width of E, Raman
mode is observed to remain nearly the same till x = 0.75 and

increases with complete substitution, although the peak itself
almost disappears owing to reduced sublattice distortions. The
low-frequency F>, mode, which represents the translation of
Cs atoms in the space surrounded by metal halide octahedra,
could not be observed as it falls below the detectable range of
the spectrometer used.

2. Cs,Ag,_,Na,InCl,

Figure 4(c) shows the Raman spectra of Na™-substituted
Cs,AgInClg double perovskites (Cs,Ag;_,Na,InClg), and the
corresponding intensity contour plots are shown in Fig. 4(d).
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maps.

The observations from the Raman spectra, in this case, are
in concurrence with that made from the Cs,Ag,_,Na,BiClg
compounds. Raman spectra of Cs;AgInClg (i.e., x =0 in
Cs,Ag,_ Na,InCl) consist of three modes wherein the F3,
and E, modes, which are close to each other, appear to be of
low intensity in comparison to the intense A1, mode. However,
upon replacing the Ag* with Na® in Cs,AgInClg, the inten-
sity of F>, mode increases significantly. This also suggests
that the cationic ordering increases with Na™ substitution. The
integrated intensity ratio of I(Ag)/(Fag) is ~18.2 for x =0,
while it decreases to ~0.87 for x = 1 in Cs,Ag,_,Na,InClg
[Fig. 5(a)]. Further, I(F3,)/I(Eg) ratio ~0.4 for x =0 in-
creases significantly to ~9 for x = 0.9, while the complete
replacement of Na®™ (x = 1) leads to the disappearance of
E; mode; thus, I(F>,)/I(Es) ratio shoots up [Fig. 5(b)]. This
is synchronous with the XRD results wherein the increased
intensities of all-odd Miller indices are observed with increase
in Na™' content. Reduction in the distortion and increase in
the cationic ordering is further strengthened by this fact. The
asymmetric-stretching E, mode diminishes with an increase
in Na™ and completely vanishes upon complete replacement
of Na™ at the Ag? site resulting in Cs,NaInCls composition.
The observations on vibrational energies are consistent even
for the Cs;Ag,_,Na,InClg series wherein a continuous de-
crease in the Aj, peak position (~7cm™') is observed upon
replacing Na™ at Ag™ site [Fig. 5(e)]. On the other hand, the

vibrational energies of F>, modes are nearly identical. While
the peak position of E, mode increases almost ~9cm™! till
x = 0.75, its intensity significantly decays and the complete
substitution of Na™ leads to the disappearance of asymmetric-
stretching vibrations. The change in peak width of Raman
modes with Na™ concentration is plotted in Fig. 5(f). The
FWHM variation is nearly minimal (~2cm™") in the case of
CsyAg,_ Na,InClg series while significant variation in inten-
sities is evidenced.

Thus, it is clear from these spectral analyses that the
asymmetric stretching in the octahedra (E,), which is mainly
Raman active when the sublattice distortions persist, gets sig-
nificantly reduced upon replacing the Na™ at the Ag™ site,
while the vibrational energies of octahedral modes are less
affected by the monovalent cation substitution as the peak
features remain the same.

D. Influence of B”-site substitution
1. Cs;AgBi;_,In,Clg

The effect of trivalent cation in the octahedra on the nor-
mal modes of vibrations is studied by modifying B” cations.
Specifically, Bi** is substituted with In** in the double
perovskites by fixing the B’ site with either Na* or Ag™.
Figure 6 shows the Raman spectra of Cs,AgBi;_,In,Clg and
CspNaBi_,In,Clg (x = 0 to 1) double perovskites.
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FIG. 7. Variation of vibrational energies (a) and (c) and FWHM (b) and (d) of Raman modes with In composition in Cs, AgBi,_,In,Clg

and Cs;NaBi;_,In,Clg.

Raman spectra of B”-substituted double perovskites show
the following interesting features. First, with B” cationic
substitution, the presence of only octahedral modes corre-
sponding to cubic double-perovskite crystal system confirmed
that there is no symmetry lowering in crystal structures. Sec-
ond, unlike the B’ (Ag" or Nat) substitution, wherein mainly
the intensity variations in the normal modes of vibrations are
observed, the B” substitution results in the evolution of addi-
tional normal modes. These features can be clearly visualized
through intensity contour plots shown in Figs. 6(b) and 6(d).
These features reveal the distinct vibrational characteristics of
BiClg and InClg octahedra. The vibrational characteristics of
the octahedral framework get strongly impacted by the In’*
substitution at the Bi** site due to the largely differing ionic
radii between Bi** (rg; = 1.03 A) and In** (1, = 0.8 A) and
high electronegative nature of Bi** compared to In**.

Figure 6(a) shows that the end members of
Csp;AgBi_,In,Clg, i.e., Csp AgBiClg and Cs, AgInClg, exhibit
three distinct Raman modes corresponding to M-Xg octahedra
(Fg, Eg, and Ay,) as discussed in the earlier section. For the
in between mixed compositions, the Raman modes from both
end members are present, with slightly modified vibrational
energies. The Raman peak positions and the intensities
evolve systematically with the compositional variation. For
instance, x = 0 in Cs;AgBi;_,In,Clg shows three modes of
vibration at 114, 216, and 283 cm~'. Upon increasing In*"
(x = 0.25), three additional vibrations modes are observed

at 135, 178, and 277 cm™! in addition to the Raman modes
from BiClg octahedra. These arise from the stretching and
bending motions of [InClg] octahedra from the Cs,AgInClg
structure. The Raman modes of mixed compounds highlight
that these modes are predominant characteristics of B”-Xg
octahedra. The intensities of these modes are very much
dependent on the mixing concentration. Even for a 10 at. %
of Bi*t substitution (x = 0.9), the distinct Raman modes
from two different trivalent cation octahedra are seen. While
the observation from XRD implies complete miscibility, the
inference from Raman spectra shows that at the microscopic
level, the Bi-Xg and In-Xg octahedra have distinct features.
Thus, Raman spectral analyses have a unique advantage
over the diffraction techniques, whereby the changes in
the octahedral environment can be discerned directly. The
intensities of F>, modes are thus a direct indication of the
population of B"-Xs octahedra. With the increase in In** at
the Bi** site, the intensity of modes corresponding to In-Clg
octahedra also increases while that of the Bi-Clg octahedral
vibrations decreases. This can be understood as the population
of In-Clg octahedra increases while Bi-Clg decreases, thus
resulting in corresponding intensity changes. The Raman
spectra of these compositions have been deconvoluted, and
the corresponding changes in the mode positions and the peak
widths are analyzed (Fig. 7). The vibrational energy of F3,
mode from BiClg octahedra remains mostly unaltered with
change in In/Bi concentration, while the same mode from
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InClg octahedra shifts towards slightly higher vibrational
energies (~8cm™') [Fig. 7(a)]. We also observe changes
in the vibrational energies of A, and E, modes with In**
substitution. The highly intense A;, mode from InClg
octahedra shows a blueshift (~9 cm™!) in vibrational energy
with In** substitution due to increased force constants of
In—Cl bonds. Shorter In—-Cl1 bond lengths result in stiffer bonds
and hence higher vibrational energies. The E, mode from
[InClg]*~ octahedra in the pristine Cs,AgInCls compound
slightly shifts (~16cm~!) towards lower wave numbers as
Bi** concentration increases, while the same E, mode from
[BiClg]*>~ octahedra in the Cs,AgBiClg shifts (~22cm™)
towards higher wave numbers (refer to the dotted lines
shown in Fig. 6). This is mainly ascribed to the elongation
of In—Cl bonds at higher Bi’* concentrations resulting in
a smaller force constant in the In-Clg. On the other hand,
with increasing In?*, the Bi—Cl bonds shorten, and hence
Bi-Cl¢ related E, mode increases in energy. Due to the
smaller size of In** and stronger In—-Cl bonds, the InCl
octahedra experience compression. Thus, the connected
AgClg octahedra might experience expansive (isotropic
tensile) chemical pressure [44]. This further leads to the
compression in the Bi—Cl bonds in order to compensate
for the pressure from the adjacent octahedra. The resulting
increased stiffness in the Bi—Cl bonds can lead to a blueshift
in the E;, mode of BiCls with an increase in Int [44].
The variation in the peak widths of these Raman modes
as a function of In** composition is shown in Fig. 7(c).
The peak intensity of symmetric-stretching vibrations from
(BiClg) octahedra (A;,) diminishes gradually while its peak
becomes broader and merges with the corresponding mode
from InClg octahedra due to an increase in the population
of InClg octahedral units in the In-rich composition. This
is also evident from the narrow A;, mode evolution from
InClg octahedra with In**. Thus, a clear compensatory
increase (9 cm™') and decrease (11cm™") of peak widths of
Ay, modes from BiClg and InCls octahedra can be seen in
Csp;AgBi_,In,Clg. Similar behavior is observed even in the
peak widths of F>, modes from these two octahedra. The peak
width of F>, mode from BiCls octahedra increases slightly
while that of InClg octahedra decreases nearly to the same
extent (~3—4cm™").

2. CszNaBil_xInx C16

The Raman mode characteristics of Cs,NaBi;_,In,Clg
(x =0 to 1) are also in line with the Cs, AgBi;_,In,Clg sys-
tem [Figs. 6(c) and 6(d)]. The pristine compounds show two
intense peaks one from bending (F3,) and the other from the
symmetric-stretching (A1,) vibrations of M-Xs octahedra. Un-
like the spectral features in Cs;AgBi;_,In,Cls, the F>, modes
are intense for both the end members in Cs;NaBi;_,In,Clg.
The asymmetric stretching (E,) is very feeble for x = 0 and
completely absent in the x = 1 compound. The intermediate
compositions exhibit vibrational modes that arise from both
BiClg and InClg octahedral vibrations. The compositional-
dependent Raman spectra in Fig. 6 clearly show the emerging
[InCls]*~ and diminishing [BiCls]*~ F», modes due to the
increase in In’* concentration in Cs,NaBi;_,In,Clg (x = 0
to 1).

The intensity of the A, mode in Cs;NaBi;_,In,Cls is
relatively weak compared to the other series discussed in the
previous section. Also, it remains mostly symmetric, thus con-
sidered as a contribution from both these octahedral units. The
vibrational energies of F>, modes are clearly distinct for these
two octahedra in Cs,NaBi;_,In,Clg and show a clear com-
positional dependence. The F>, mode vibrations from InClg
octahedra become stiffer (~6cm™!) with an increase in In®*
concentration in the composition, and the corresponding mode
from BiClg octahedra gets slightly softer (3 cm™!) [Fig. 7(b)].
The observations on FWHM values of these modes are also in
line with the Cs;AgBi;_In,Clg case. The peak width of F3,
mode from InCls octahedra decreases while />, mode from
BiClg octahedra broadens (~4 cm™") [Fig. 7(d)]. The FWHM
of A, mode is narrow on either side of x = 0.5 and the com-
position with Cs;NaBig sIng sCls shows slightly broader A,
features. This could be due to the convolution of two modes,
as this particular composition is found to be a composite of
two phases of Bi-rich and In-rich compositions from XRD
analysis. Thus, although the competing nature of vibrations in
adjacent octahedra prevails in a corner-connected framework,
the influence of [B3*-Xs]°~ octahedra on lattice vibrations is
significantly larger. Upon substitution with a B”-site cation
which forms distinct octahedra, the spectra exhibits distinct
vibrational energies. Thus, such vibrations can be discerned
clearly in substituted double perovskites. It should be noted
that these additional modes from substituted octahedra are
still the same stretching and bending vibrations but just with
different energies and should not be treated as arising from a
tilting or distortion in the octahedra.

In general, due to the stronger bonding characteristics
of B3T-Cls octahedra compared to B'T-Cls octahedra in
Cs,B'B"Clg, the Raman modes (Fa,, Eg, and Ajg) are mainly
governed by the B**-Xs octahedral units [39,45]. In the case
of ordered Fm3m double perovskites, where well-defined
corner-connected octahedral framework prevails, the observed
Raman modes are expected to be a result of coupled vi-
brations of B'-Xg and B”-Xg octahedra [46]. However, the
normal modes from the octahedra with stronger bonding
characteristics become vibrationally significant, as proposed
by Liegeois-Duyckaerts and Tarte in the virtual octahedral
model [47]. In their work on Raman studies of A,B*t Bt Qg
double perovskites with cubic symmetry, it is shown that
[B%T-Og] octahedral units are of significant vibrational im-
portance due to the fact that the [BT-Og] octahedra are
strongly bonded than the [B*+-Og] octahedra. And thus, the
observed Raman vibrational frequencies can approximately
be described as the internal modes of vibration from an
isolated [B®*-Og] octahedron (virtual octahedra). Such con-
sideration is well accepted by the scientific community, and
it has been found to be the case in various other double-
perovskite systems as well [39,45,48].

Even in the halide double perovskites, Elias et al. have
recently shown that the vibrational modes in Cs, AgSbClg
are mainly due to the vibrational response from [SbClg]
octahedral unit, since Sb—Cl are more strongly bonded as
compared to Ag—Cl bonding in [AgClg] octahedra. Silver
ions contribution to the vibrational spectrum is meager due
to their rigid displacements against chloride ions, similar to
the case found in oxide double perovskite [45]. This has been
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supported through the density-functional theory analyses
as well for Cs;AgSbClg. Our detailed Raman studies on
Cs;B'B"Clg are consistent with these observations. Upon
changing the B’ cation (Ag"™ or Na™), we only observe in-
tensity variations in the Raman modes with slight changes
in their vibrational energies. However, alloying the B” cation
(with Bi** and In*) in the lattice leads to distinct octahedral
modes. Bi/In-X bonds are much stronger compared to Ag—X
bonds in Cs;AgBiClg and Cs,AgInClg [49]. Thus, [BiClg]
or [InClg] internal octahedral modes become vibrationally
significant and distinctly observed. Therefore, substituting the
B cation with strong bonding characteristics with the Cl ion
in the lattice result in two distinct sets of internal vibration
modes from these two octahedral units ([BiClg] and [InClg]).
These unequivocally explain the observation of two distinct
sets of octahedral vibrational modes in substituted double per-
ovskites. The change in concentration of B” cations manifests
as a systematic change in the intensity of octahedral modes.
It should further be noted that the vibrational energies cor-
responding to F, and A, modes from [InCls] octahedra are
larger compared to the respective modes from [BiClg] octahe-
dra. This is mainly due to the fact that Bi** is much heavier
compared to In**, thus resulting in lower vibrational energies

based on harmonic oscillator approximation (w = \/E ).

We have also acquired the Raman spectra under different
laser excitation energies and also under different laser inten-
sities to check the influence of laser-induced effects, if any,
on these Raman modes. These spectra are given in Fig. S5
and Fig. S6 in the Supplemental Material [30]. The spectra
remain the same without any appearance of additional modes,
thus ruling out the laser-induced effects or electron-phonon
interactions. We would like to highlight here that the electron-
phonon coupling in the double-perovskite lattice could only
result in higher-order overtones of A;, Raman modes which
has been recently observed by Kai-Xuan et al. and Zhang
et al. in halide double perovskites [50,51]. Thus, the origin
of additional modes in the Raman spectra of intermediate
compositions for B” alloyed compounds is only due to two
distinct sets of internal octahedral vibrations from [BiClg] and
[InClg] octahedral units.

Since the octahedral arrangement and its contribution to
vibrational dynamics is a key component for the observation
of superior optoelectronic properties, introducing substituent
to the lattice by trivalent doping/alloying can be very bene-
ficial for enhancing emission properties [52]. One can find
from recent studies that a small amount of trivalent metal
cation doping in the alloyed double perovskites is shown to
outperform in terms of their emission properties [53,54].

The local arrangement of cations in the lattice has been
a subject of interest in the field of perovskites. Raman
spectroscopy has been widely used in the literature as a
complementary technique to XRD to discern the structural in-
formation including cationic ordering in the lattice since XRD
alone has limitations due to differences in atomic-scattering
factors of B-site cations. Generally, narrow and intense Ra-
man modes are indicative of a well-ordered lattice, while the
disordered systems exhibit broad peaks [42]. For instance,
Runka et al. have proposed that the narrow and intense F>,
mode in the Raman spectra can be considered a key factor
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FIG. 8. Raman spectra of double perovskites with different
cation and anion combinations.

in determining the B-site order in perovskites [55]. Further,
F>; mode intensity is observed to be very much suscepti-
ble to changes in the B-site ordering, and its intensity is
shown to decrease with a decrease in the degree of order.
Reaney et al. also pointed out that the intensity of /5, mode
and linewidth of A, mode is a measure of the long-range
ordering of cations [42]. Thus, our Raman spectral anal-
yses on halide double perovskites, Cs,Ag,_,Na,BiCls and
CsyAg,_,Na,InClg, irrefutably demonstrate that the cationic
ordering increases with Na™ substitution at the Ag™ site.
Further, detailed compositional-dependent Raman spectral
analyses on a series of double perovskites suggest that the F;,
mode intensity depends on B’ cationic ordering (Ag™ or Na™)
while its vibrational energy is governed by the B” cations
(Bi** or In**). The symmetric-stretching vibrations depicted
by A, mode are mainly influenced by [B3*-X;5] octahedra.
We further analyzed the origin of asymmetric-stretching
vibrations (i.e., E,) by examining the Raman modes of double
perovskites with different choices of B’ and B” cations and
X anion. Figure 8 shows the Raman spectra of Cs,B'B"X¢
double perovskites. The spectra reveal that the compounds
with Ag™ as B’-site cation shows asymmetric vibrations while
the smaller Na™ at B’ site would exhibit only symmetric
stretching. Whenever Agt occupies B’ site in the system,
the cationic ordering decreases as inferred from XRD. Thus,
antisite defects (B'B” or B”B’) could result in a partially or-
dered system. This enhances the asymmetric vibrations in the
octahedra. For the Na™'-based systems, the enhanced cationic
ordering leads to a perfectly ordered structure and hence
the asymmetric vibrations are significantly reduced. This is
evident from the disappearance of E, mode for Na*-based
double perovskites. This is consistent with the studies on
some highly ordered perovskite oxides where the E, mode
appears to be very feeble or completely absent [40]. Also, a
recent study by Singh et al. demonstrated that the intensity of
asymmetric-stretching vibrations is susceptible to the strain in
the crystal lattice [45]. Thus, it is clear from these analyses
that the asymmetric-stretching mode can be a measure of
sublattice distortions in the form of octahedral mismatch in
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double perovskite, and a highly ordered system would exhibit
very minimal or no asymmetric vibrations.

IV. CONCLUSION

In summary, vibrational dynamics of Cs,B’B”X halide
double perovskites have been investigated through compre-
hensive Raman spectral analyses. Structural analyses through
XRD reveal solid-solution behavior and cationic ordering in
double perovskites. The degree of cationic ordering increases
with Na® substitution at Ag™ site in CsyAg,_,Na,BiClg
and Cs;Ag,_,Na,InCls. Raman spectral studies further con-
firm this fact as we observe a significant enhancement in
the F>, mode intensities, a decrease in the linewidth of
Ajz mode, and the disappearance of asymmetric-stretching
vibrations (E, mode) with Na* substitution. Further, care-
ful analyses of Raman spectra obtained for a series of B’
and B” cation-substituted double perovskites disseminate the
individual octahedral contributions for observed vibrational
modes. Despite the fact that the octahedral framework is
three-dimensionally connected, we find the octahedra with
B’-site cation mainly influence the structural ordering and the

vibrational intensities, while the B”-Xg octahedra govern the
energies of lattice vibrations. Besides, these results ascertain
the origin of asymmetric-stretching vibrations in halide dou-
ble perovskites. This could pave the way for tailoring the
carrier-phonon interactions and optoelectronic properties by
merely analyzing the vibrational modes of octahedra through
Raman spectroscopy.
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