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A new bismuth-based halide double perovskite Cs,KBiClg was isolated successfully through solid-state re-
actions and investigated using X-ray and neutron diffraction. Rather than an ordered structure, the crystal
structure consists of shifted Cs, K, Bi, and Cl sites from the ideal positions with fractional occupancy in
compensation, leading to variable local coordination of Cs* ions, as revealed by 33Cs solid-state nuclear
magnetic resonance spectroscopy. Cs;KBiClg displays volume hysteresis at 5-298 K range upon heating
and cooling. The Cs;KBiClg has a direct bandgap of 3.35(2) eV and red-shift luminescence of around
600nm upon Mn doping compared with the Na analogue. The stabilization of disordered structure in
Cs,KBiClg is related to two factors including the large-sized K* cation which prefers to coordinate with
more than six Cl-, and the Bi3+ with 6s? lone pair which has a preference for a local asymmetric environ-
ment. These findings could have general application and help to understand the structure and property
of halide perovskites.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hybrid lead halide perovskites APbX3 (A=CH3NH3%,
HC(NH,),™; X=Cl-, Br~, I, Fig. Sla in Supporting informa-
tion) had been the keystones of the next-generation solar cells as
light absorbers and attracted worldwide attention in last decades
[1-3]. However, concerns about the toxicity and stability of the
lead-containing materials have stimulated a great deal of interest
in the discovery of nontoxic and stable perovskites that might
be equally effective as the parent lead halides [4-7]. One of the
strategies for achieving this has been to synthesize cesium-based
double perovskite (DP), of general formula Cs;M!M!Xs (where
M! and M are univalent and trivalent metals at the Pb site, and
X is a halide anion, Fig. S1b in Supporting information), includ-
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ing examples such as Cs,AgBiClg [4,6,8,9], Cs;AgSbBrg [10] and
Cs;NaBiClg [11-13]. Among these Cs-based DPs, the Bi-containing
materials display band structures broadly similar to those of
the lead halide perovskites, since the substituted Bi(Ill) has 6s?
electronic configuration similar to Pb(Il). Therefore, Bi-based DPs
are seen as promising alternatives for lead halide perovskite.
Apart from solar absorbers, these halide DPs have favorable op-
toelectronic performances for applications such as photodetectors
[8,14], scintillators [15,16], and phosphors [17-21]. Thus, the inter-
est in the halide DPs, especially the Bi—based materials, has been
continuously growing [4,6,8,12,22-25]. Although far more Bi-based
halide DPs were predicted by theoretical studies, only three chlo-
ride Cs;M'BiClg (M!'=Li, Na, and Ag) and one bromide Cs,AgBiBrg
have been isolated experimentally as stable crystalline phases so
far. The Bi-based iodide DPs are unstable under normal conditions
[26]. For instance, the Cs,AgBilg DP can only be prepared as kinet-
ically stabilized nanocrystals by post-synthetic modification of the
corresponding chloride and bromide [27]. The reports of Cs;NaBilg
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DP have not been substantiated by definitive structural characteri-
zation [28].

In addition, the Bi-based chloride DPs suffer from instability is-
sues. For example, the Cs,CuBiClg compositions cannot form per-
ovskite structures in contrast with its Ag analogs. Such difference
in stability comes from the fourfold coordination preference of Cu*
ion with halide ions, dissatisfying the sixfold coordination require-
ment in the DPs [29]. Another example is extremely moisture-
sensitive Cs,LiBiClg DP. This instability is related to small-sized
Li* cation, which degrades from sixfold to lower coordination ir-
reversibly upon the moisture attack [25].

Although the rare-earth-based DPs Cs,KM!IClg (M"=Sc, Eu,
Lu) were first reported in the 1990s [30,31], little attention was
paid to the Bi-based halide DPs containing a large alkali metal
cation K* (Cs,KBiClg) except a pioneer experimental study on the
nanocrystals of Cs,KBiClg DP showing anisotropic polarization lu-
minescence phenomenon [32]. However, the crystal structure of
bulk Cs,KBiClg is still an open question, as nanoscale materials of-
ten consist of surface defects in large amounts and take metastable
structures differently from the bulk. This raises concerns about the
structure and stability of Cs,KBiClg. One might wonder whether
Cs,KBiXg DP is unstable like Cs,AuBiXg given the similar ionic size
and identical charge of K™ and Au* (d'0) ions regardless of their
different electronic configurations [33]. If Cs,KBiXg DP is stabi-
lized, it would be a good host material for Mn%*-activated lumi-
nescence similar to Cs,NaBiClg DP [12]. Motivated by such an idea,
we started an investigation on the Cs,KBiClg DPs. Here we report
the isolation, crystal structure, and Mn?*-activated luminescent of
a new halide DP Cs,KBiClg.

The initial synthesis attempt performed at ~503K using the
nominal composition of Cs,KBiClg, led to a poor-crystalline DP
with broad reflections in addition to secondary phases Cs3BiClg
and KCl (Fig. S2 in Supporting information). Increasing the tem-
perature above 573K significantly improved the crystallinity of DP
phase and reduced the secondary phases. Although the Cs3BiClg
phase completely disappear at 853K, a minor (~3%) KCl phase
was still observable (Fig. S3 in Supporting information) and further
confirmed through the segregation of potassium on the scanning
electron microscope (SEM) image (Fig. S4 in Supporting informa-
tion). By reducing 10% KCl in raw materials (Fig. S5 in Support-
ing information), the pure-phase DP sample was finally isolated
at the nominal composition of CsyKggBiClsg (or Cs;03Kg.92Bit02Clg
equally).

SEM images and elementary analysis were recorded on the
pellet Cs;KggBiClsg samples (Fig. S6 in Supporting information),
showing homogeneous elements distributions. The Cs:K:Bi:Cl ratio
of 2.37(7):0.94(6):1.05(6):5.64(1) in the sample essentially matches
with the value in the stoichiometric DP phase Cs,KBiClg. The ex-
cessive CsCl and BiClz in the initial composition were either lost
or formed amorphous during the reaction.

The XRD data of Cs;KBiClg sample can be well fitted with the
CsyNaBiClg structure model in Pawley mode (Rwp ~ 4.48%, Fig.
S7a in Supporting information), indicating that Cs,KBiClg likely
adopts an ideal DP structure as its Na analogue. However, the Ri-
etveld refinement using the ideal DP structure model led to ei-
ther extremely large Beq (12.0-19.0 A2) for all atoms or large
residue intensities (Rwp =15.23%, Fig. S7b in Supporting informa-
tion) with the constrained atomic Beq < 3.0 A2, This indicates that
these atoms deviate from the high-symmetric positions of ideal
DP. Therefore, we amended the DP structural model slightly and
allowed atomic shifts from ideal high-symmetric sites as well as
fractional occupancy in the Rietveld refinement. This led to satis-
factory fitting results with Rwp =6.83% (Fig. 1a).

Due to their weak X-ray scattering ability, the light K* and CI~
ions are not well located with X-ray diffractions in the presence
of heavy elements such as bismuth and cesium. Neutron diffrac-
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Fig. 1. Rietveld plots of (a) XRD data and (b) neutron data for Cs,KBiClg. The inset
to (a) shows a disordered DP structural model with the color code: blue sphere (Cs),
red sphere (Cl), yellow sphere (K) and purple sphere (Bi).

Table 1

Final refined structural parameters for Cs,KBiClg.
Atom Site X,y z Occupancy Beg (A?)
K 24e 0, 0, 0.0708(5) 0.1667 0.6(4)
Bi 24e 0.4703(1), 0, 0 0.1667 0.97(3)
Cs 48g 0.25, 0.25, 0.3049(1) 0.1667 1.82(7)
a 96j 0, 0.2665(1), —0.0435(1) 0.25 1.94(5)

a=11.0895(1) A, V=1363.75(4) A3, space group: Fm3m, Z=4.

tion (ND) is more sensitive to identifying K+ and Cl~ ions because
the neutron scattering lengths of potassium (3.67 fm) and chloride
(9.58fm) are distinct from those of Cs (5.42fm) and Bi (8.53 fm)
[34]. Therefore, to find the accurate position of Kt and Cl~, neu-
tron diffraction data were collected on the Cs,KBiClg sample. The
weak diffused peaks on the ND data (Fig. 1b), i.e., 3.0, 1.5 and 0.8 A,
indicate the likely presence of local ordering or amorphous phase
in the Cs,KBiClg sample.

The Rietveld refinements were carried out against the XRD and
neutron data simultaneously, using the disordered DP structural
model. During the refinements, the preferred orientation of the
sample was described with the spherical harmonic functions. The
lattice parameters, atomic coordinates and Beq parameters were re-
fined. The final refinement converged to Ryp =~6.83% and ~5.19%
for XRD and ND data, as shown in Figs. 1a and b, respectively, and
the refined structural parameters are listed in Table 1.

In the crystal structure of Cs,KBiClg, the K, Bi, Cs, and CI el-
ements are shifted from the ideal DP sites with fractional occu-
pancies in compensations (Fig. 1a inset). Among all the ions, the
K* cation has the largest relative shift of ~7%, while Bi3* has the
smallest shift of ~3%. This indicates K* is an important factor for
structural disorder as discussed in the following sections. The dis-
ordering of all ions in Cs,KBiClg prevents further meaningful struc-
tural analysis.

Quadrupolar 33Cs (nuclear spin, I=7/2, Qm=—0.34 fm?) is a
highly sensitive nuclear magnetic resonance (NMR) nucleus with
excellent resolution, as it behaves as a pseudo spin-'4 nucleus,
rendering it ideal to investigate the local coordination environ-
ment. The 133Cs magic angle spinning (MAS) NMR spectra for the
Cs,KBiClg sample (Fig. 2a) consist of four resolved NMR resonances
centered at 56(2), 121(2), 180(4), and 253(4) ppm with a ratio of
10:49:35:6 (fitted peak area). This indicates four distinct local co-
ordination environments of Cs in the Cs,KBiClg material. Although
only one 12-coordinated Cs site is present in the average structure,
the fractional occupancy of Cs, Bi, K and Cl sites in Cs,KBiClg are
compatible with different local environments of Cs. Due to their
similar ionic size, the substitution of K and Cs* is evitable in
Cs,KBiClg DP and could lead to local connections and coordina-
tion numbers (CN) such as 7, 8 and 9 for Cs* ions similar to that
in CsK;BiClg and Cs3BiClg materials (Fig. S8 in Supporting informa-
tion). Furthermore, the 133Cs peaks of Cs,KBiClg DP have full width
at half maximum (FWHM) of 25.7-48.2 ppm and are much broader
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Fig. 2. (a) 3Cs MAS NMR spectra (solid lines) and its overall best Gaussian fits
(dotted lines) for Cs,KBiClg. Spectra were acquired at a magnetic field strength of
9.4 T with a spinning frequency of 12kHz. (b) TGA (black) and DTA (red) data for
the Cs,KBiClg sample from room temperature (RT) to 973 K. The dashed baselines
are shown in black and blue to guide the eyes for TGA and DTA, respectively.

than those (FWHM =1ppm) of well-ordered DP Cs,AgInClg and
Cs,AgBiClg [35]. This indicates the disorders of Cs ions in Cs,KBiClg
are close to that in amorphous materials to some extent.

Thermal analysis and variable temperature X-ray diffraction
(VT-XRD) experiments were carried out to examine the thermal
stability of Cs,KBiClg in the air. During the thermal analysis, the
Cs,KBiClg sample kept a constant weight below 573K, as shown
in the thermo gravimetric analysis (TGA) curve (Fig. 2b), which is
consistent with VT-XRD data (Fig. S9 in Supporting information)
showing that Cs;KBiClg was stable up to 523K. In the TGA data,
the initial weight loss starts at ~573 K and turns abrupt at ~800K.
These two temperatures are close to the melting point 506 K and
boiling point 723 K of BiClz [36], suggesting that the weight change
was due to the loss of BiCls. The endothermic peak at 673-897K is
probably related to the decomposition, consistent with the arising
of KCI reflections at 523-773 K in VI-XRD data. The decomposition
was completed at 773K, resulting in KCl and amorphous phases,
as evidenced by the broad peaks in the 773K XRD data. Upon
further temperature increase from 773K, this mixture transformed
into other intermediate phases. This could explain the exothermic
peak above 897K, which was also associated with the significant
loss of BiCls.

Low-temperature XRD patterns were collected to explore any
possible phase change of Cs,KBiClg (Fig. S10a in Supporting infor-
mation). No phase transition exists in the Cs,KBiClg material down
to 5K. Cs,KBiClg has a constant 3% volume decrease upon cool-
ing from RT to 5K. A smaller volume change (~2.5%) occurred
when the sample was warmed from 5K to RT at 1K/min, al-
though reversible volume increase was obtained at a warming rate
of ~0.2K/min (Fig. S10b in Supporting information). This history-
dependent volume change indicates the slow relaxations in the
Cs,KBiClg sample, also keeping with its disordered nature.

UV-vis diffuse reflectivity data (Fig. 3a) were collected and
transformed into an optical absorbance coefficient F(R) using the
Kubelka-Munk equation; F(R)=(1 - R)?/2R, where R is the re-
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Fig. 3. (a) UV-vis absorption spectra and (b) the Tauc plot of Cs;KBiClg and
Cs,NaBiClg.

flectance [37]. Similar to that of Cs,NaBiClg, the absorption curve
of Cs,KBiClg consists of three distinct peaks at 270, 321 and
349 nm, all associated with a 6s2-6s!p! transition of the localized
[BiClg]*~ octahedron. Precisely, the peak at a shorter wavelength
~270nm (band 1) is assigned to the 1Sy — 3P, partially allowed
transition; The double peaks centered at 321 and 349 nm (bands 2
and 3) are related to the 'Sy — 3P; spin-forbidden transition.

The absorption edge of Cs,KBiClg DP around 349 nm are sharp
and intense, indicating a probable direct band-gap, which can be
obtained on the Tauc plot as the intercept from the linear fits to
the [F(R)E]?. From the corresponding Tauc plot (Fig. 3b), the di-
rect gaps of Cs,KBiClg can be estimated to be ~3.35eV, agreeing
with theoretical value (~3.18 eV) of Cs,KBiClg (Fig. S11 in Support-
ing information). While the fitting to [F(R)E]!/? leads to an indirect
gap of 3.1eV for Cs;NaBiClg, matching well with the reported value
(3.41 and 3.19eV) [38-40]. An extrinsic defect-related subband gap
is estimated to be ~3.02 eV for Cs,NaBiClg [25,38].

The conduction band minimum (CBM) is split off from other
conduction bands due to the strong SOC interactions of the Bi 6p
states. While the valence band maximum (VBM) is originated from
the hybridization of the Bi 6s and Cl 3p states, as seen from the
corresponding charge densities shown in Fig. S12 (Supporting in-
formation).

Cs,KBiClg samples were doped by Mn?t according to two Mn
replacing K and Bi (i.e., CsyK;_xBi;_xMnyxClg). All the Mn-doped
samples Cs,K;_xBi;_xMn,xClg (x=0, 0.004, 0.007, 0.01, 0.02, 0.025,
0.05) exhibit similar XRD patterns (Fig. S13 in Supporting infor-
mation). The Rietveld refinement against the XRD data of the
highly Mn-doped composition x=0.025 was performed with dif-
ferent structural models. The best fit was obtained with the model
in which Mn equally substituted on both the K and Bi sites (Fig.
S14 in Supporting information, Rwp = 6.50%), compared with those
where Mn substituted on the Bi or K site only (Rwp=6.64% and
6.80% respectively). This indicates that Mn(Il) ions prefer entering
both K and Bi sites. Magnetization measurements were performed
on the x=0.025 sample, which was paramagnetic and consistent
with the diluted manganese ions in the host lattice. The Curie-
Weiss fitting was performed on the 2-12 K data with the most pro-
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Fig. 4. (a) Excitation (blue) and emission (red) spectra for the x=2.5% Mn-doped Cs,KBiClg sample, with its photograph taken under 365nm illumination shown in the
inset. (b) Emission spectra of Cs;K;.xBi;.xMny,Cls (x=0-0.05) samples under an excitation wavelength of 363 nm. (c) Luminescent decay curves of the 4T; —6A; transition
of Mn?* in the Cs,K;.,Bi;.xMn;,Clg samples. The symbols correspond to the experimental data, while the lines show the fitted double-exponential dependence. The inset

shows the average lifetime for all the Mn-doped Cs,KBiClg samples.

nounced paramagnetic signal (Fig. S15 in Supporting information).
The fits resulted in an effective moment of 5.7(1) g per Mn, es-
sentially identical to that of 5.9 ug for a high spin (HS) Mn?* ion,
thus confirming that the incorporated Mn is Mn2*t in HS state.

The Mn2*-doped Cs,KBiClg sample shows orange-red photo-
luminescence with a medium-wide emission band centered at
600nm (Fig. 4a). The emission originates from a 4T;—®A; transi-
tion of octahedrally coordinated Mn2* centers and shows CIE coor-
dinates of x=0.53 and y =0.42, which are slightly red-shifted from
those of the Na counterpart (x=0.51 and y =0.44). The change in
chromaticity can be observed in the CIE diagram plotted in Fig. S16
(Supporting information). When no dopant is added, the Cs,KBiClg
material exhibits very weak luminescence centered at ~615nm
from the Bi** ions located near the defect site. The emission in-
tensity of Cs,K;_xBi;.xClg increases with the increasing Mn content
within the range of x=0-0.025 (Fig. 4b).

The excitation spectrum for the x=0.025 member (Fig. 4a)
shows peaks centered at 297, 363, and 425 nm, slightly red-shifted
compared with its Na analogue. These bands do not match the ab-
sorption bands observed in the UV-vis spectra of the parent ma-
terial (Fig. S17 in Supporting information), so we assign them to
the direct excitation of the electrons from the Mn2* ground state
6A,(6S) to higher levels of the 3d manifold, i.e., *T{(4P), 4T,(4D),
and “T,(4G). Thus, the absence of absorption bands due to the
spin-forbidden 1Sy—3P;, transitions of Bi>* in the excitation spec-
trum, where the emission of Mn%* is being monitored, proves that
the resulting emission is not sensitized by the host.

To find out the optimal dopant concentration, the decay of the
emission originated from the 4T;—6A; transition (at ~600nm)
was recorded for all the Mn2t—doped samples (Fig. 4c). The PL
decay curves have been described by the following biexponential
function:

I(t) = exp <fi>+12exp (—L) (1)
T1 T2
where I(t) is the luminescence intensity, t is the time after excita-
tion, and 7; (i=1, 2) is the decay time of the i" component, with
intensity I;. This is reasonable since Mn simultaneously replaces
both K and Bi sites, which are crystallographically inequivalent and
may lead to two different luminescence relaxations, similar to that
in the Cs,LiBiClg: Mn materials. The average decay times (t), cal-
culated according to the following equation (Eq. 2) have been plot-
ted in Fig. 4c inset.

Uty dt tih + 17k

('E) - Igo 1(t) dt — 1 + by (2)

As observed, (t) slightly decreases monotonously from 339 ps
to 290 ps when the Mn?* content increases from 0.4% to 2.5%,
although a clear quenching effect cannot be observed within the
compositional range analyzed. Similar magnitude of lifetime has

been reported in halide perovskite [41]. Photoluminescence quan-
tum yield (PLQY) measurements were then performed at an exci-
tation wavelength of 363 nm and indicated a maximum of ~15.8%
in the x=0.02 sample (Table S1 in Supporting information), similar
to that in Cs;NaBiClg:Mn materials. The x=0.004 sample has the
minimum PLQY of ~4.7%, close to that of Cs;AgInClg:Mn materi-
als. Although the more efficient phosphor has been found for the
x=0.02 composition, from a practical view, the most interesting
composition is the one doped with 2.5 mol% Mn?* as it exhibits
the highest emission intensity (Fig. 4b) owing to the larger num-
ber of emission centers compensate for the concentration quench-
ing effect.

Temperature-dependent emission spectra (Fig. S18a in Support-
ing information) were collected for the x=0.025 sample upon
363 nm excitation to evaluate the luminescence thermal quenching
behavior of the material. The decrease in the emission intensity as
well as a blue shift of the emission is observed with increasing
temperature, which is normally ascribed to the enhanced nonra-
diative transition probability and crystal lattice strain. When the
temperature rose to 200 and 300K, the emission intensity of the
orange emission can maintain ~65% and ~9% of its initial value (at
95K), showing obvious thermal quenching behavior (Fig. S18b in
Supporting information). The emission almost disappears at 360K,
indicating that the Cs,KBiClg: Mn materials may not be suitable for
application in pc-LED which typically achieve 400-450K near the
LED chip [42].

Two empirical criteria, the Goldschmidt tolerance factor
(TF) [43] and the octahedral factor (u) are popular to assess
the stability of the perovskite halides. They are defined as
TF=(Rp + Rx)/~2(Ry +Rx) and p=Ry/Rx, where Ra, Ry, and Ry
represent the ionic radii of A, M and X ions. Statistical analysis on
simple perovskites indicates that stable halide perovskites have TF
and p in the range of 0.87-1.1 and 0.414-0.732 respectively [44].
This empirical relationship can be extended to the Cs,M'M!IClg
DPs when the average ionic radii of M! and M are adopted as Ry;.
Employing the Shannon ionic radii of 12-coordinated Cs* (1.88A)
and 6-coordinated M', M, and CI- (1.81A) ions [45], the cal-
culated TF and p values of all the experimentally stabilized DPs
Cs;MIM"'Clg (M!=Lit, [25,30,46,47] Nat, [11,47-51] Ag™ [4,23,52-
54], Aut [54,55], TIt [56] and K+ [30,31], Ml =In3+, TI3+, Sbh3+,
Au3t, Bi3* and RE) falls in the empirical stable area, as listed in
Table 2. However, for larger M! cations such as K*, TI* and Aut,
which prefer to take more than six Cl~ ions, the octahedral fac-
tor of the M!Clg octahedron (0.76-0.83) is out of the empirical
criterion, and the TF of Cs,;M'M!IClg (0.87-0.90) is on the lower
limit of the empirical criterion. Therefore, Cs,M'M"Clg (M'=K*,
TI* and Au™) often adopt distorted DP structures in low symme-
try rather than ideal DP structures as other Cs,M'M!Clg (M'=Lit,
Na* and Ag™) DPs. Indeed, the low-symmetric structural distor-
tion helps to meet the higher-coordination requirement of large M!
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Table 2

Experimentally stabilized Cs,M'M!"Cls DPs showing tolerance factor TF and octahedral factor s.
Compound (u, TF) Compound (i, TF)
Cs,LiBiClg [25] (0.49, 0.97) Cs,AgBiCls [4] (0.60, 0.90)
Cs, LiYClg [46,47] (0.46, 0.99) Cs,AgInCls [23,52] (0.54, 0.94)
Cs,LiLuClg [30] (0.45, 1.00) Cs,AgTIClg [53] (0.56, 0.92)
CsyNalnClg [48,49] (0.50, 0.96) CsyAgSbClg [23] (0.53, 0.94)
Cs,NaBiClg [11] (0.57, 0.92) Cs,AgAuCls [54] (0.55, 0.93)
Cs,NaShClg [49] (0.49, 0.97) Cs,KBiClg (0.67, 0.87)
Cs,NaRECls (RE=Y, Sc, La—Gd, Dy, Er, Tm, Lu, Bk, U) [47,49-51] (0.45~0.52, 0.91~0.96) Cs,KRECls (RE=Sc, Eu, Tb) [30,31] (0.54~0.64, 0.88~0.90)
Cs, TITICIg [56] (0.66, 0.87) Cs,AuAuCls [54,55] (0.61, 0.89)

cations. Meanwhile, due to the similar radius, Cs*+ and K+ (1.64A,
CN=12) could substitute each other inevitably in the Cs;KBiClg
DP. However, the substitution could destabilize the double per-
ovskite phase and form a local non-perovskite connection, as in-
dicated by the fact that 50% of Cs replaced by K leads to cryo-
lite CsK;BiClg, while the replacement of K by Cs results in cryo-
lite Cs3BiClg. Furthermore, due to the 6s2 lone pair, the Bi3* ion
prefers local asymmetric coordination rather than octahedron in
DP halides, which further enhances the structural distortion. This
often leads to large atomic thermal displacements (Beq=0.9-3.1
A2) in the cubic structure of Bi-based halides Cs,M!BiClg (M! = Li*,
Na* and Ag") [4,11,25]. Overall, both factors large-sized K* and
Bi3*+ with 6s2 lone pair contribute to the enhanced structural dis-
tortion of Cs,KBiClg DP, forming a disordered cubic crystal struc-
ture with complex local coordination environments.

In summary, a new bismuth-based DP halide Cs,KBiClg was
synthesized successfully. From combined Rietveld refinement
against the XRD and NPD data, its crystal structure consists of
shifted Cs, K, Bi, and CI sites from the ideal positions with frac-
tional occupancy in compensation. Four distinct local coordina-
tion of Cs* ions are revealed in Cs,KBiClg by !33Cs solid-state nu-
clear magnetic resonance spectroscopy. The Cs,KBiClg DP displays
thermal-history-dependent volume change at the 5-298K range.
The Cs,KBiClg has a direct band gap of 3.35(2) eV and red-shift
luminescence around 600 nm upon Mn doping compared with the
Na analogue. The disordered structure of Cs,KBiClg is stabilized via
two factors, large K* cations which prefer to bond with more than
six CI-, and the Bi3* with 6s2 lone pair which has a preference for
a local asymmetric environment.
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