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Brillouin Light Scattering of Halide Double Perovskite

Simin Pang, Xinbao Liu, Jiajun Luo, Yaru Xie, Jiang Tang, Sheng Meng,*

Ping-Heng Tan, and Jun Zhang*

Cs,Ag;_,Na,In;_Bi,Clg with high photoluminescence quantum yield (PLQY)
and broadband emission due to self-trapped excitons (STEs) is one of the
promising candidates for single-emitter-based white light—emitting materials and
devices. Considering fundamental physical mechanisms, structure design and
performance optimization of devices, comprehensive knowledge of the elasticity,
and thermal properties are imperative to understand the formation of STEs in
Cs,Ag;_,Na,In;_Bi,Clg and minimize thermomechanical stresses induced
device failure, respectively. However, its elastic and thermal properties are still
poorly understood. Herein, the first angle-resolved Brillouin light scattering (BLS)
measurements study for a bulk Cs,Ag, 4Nao ¢InClg:0.04%Bi* " crystal is reported,
and the first-principles calculations of phonon dispersions are used to further
validate our experimental results. Using the measured Brillouin frequency shifts,
we evaluate the low elasticity of CszAgo_4Nao.elnC|5:0.04%Bi3+: Cy1 =38.63,
G2 =16.11, and C,4 = 10.20 GPa, which supports the thesis that STEs exist in
semiconductors with excitons and a soft lattice. Additionally, an ultralow-acoustic
Debye temperature (87 K) and lattice thermal conductivity (1.03Wm 'K )
along the [111] direction of Cs,Ago 4Na ¢InCl¢:0.04%Bi*", which indicates the
weak interatomic interactions and elasticity are estimated. Furthermore, a
general approach is also provided to investigate the elastic and thermal prop-
erties of materials with different crystal structures utilizing angle-resolved BLS
spectroscopy.

1. Introduction

instability and the high toxicity of lead.”!
Among all the lead-free halide perovskites,
the halide double perovskites AMTM3X,
(A:Cs+, MAt, Mt :Ag+, Na®, In™;
M** =1n’", Bi*t, Sb*F; X=Cl", Br, I")
have gained widespread attention for their
characteristics of environmental friendli-
ness, high photoluminescence quantum
yield (PLQY), tunable emission across the
visible spectrum, and low synthesis
cost,**! which enable their potential appli-
cations in solar cells,”® light-emitting
diodes (LEDs),”! photodetectors,® and
X-Ray detectors.”) Remarkably, a novel
halide double perovskite Cs,AgInClg
with direct bandgap’® has attracted
great interest for its essential role in white
light emission. With the strategies of
doping and alloying, Tang's group found
that Cs;AgosNag4InCls bulk material
with 0.04% bismuth doping
(Cs,Ago.6Nag 4InClg:0.04%Bi*™) emits
warm-white light (460-700nm) with a
prominently high PLQY of (86 % 5)%.*")
The Bi*" incorporation improves the
crystal perfection and exciton localization,
further boosting the PLQY, while the intro-
duction of Na® breaks the inversion-

symmetry-induced parity-forbidden dipole transition and

Recently, lead-free halide perovskites emerge to gradually replace
the lead halide perovskites,? which suffer from intrinsic

reduces the electronic dimensionality, leading to efficient
broadband emission via radiative recombination of self-trapped
excitons (STEs).'"! Locardi et al. reported that Bi**-doped
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CsyAgo4NagInCly nanocrystal shows PLQY of 22%.12
Subsequently, the PLQY of the Cs,Agp17Nagg31n0.88Big12Clg
nanocrystal was further promoted to 64% by Hu et all'¥
Benefiting from the negligible self-absorption of STEs, Zhu
et al. demonstrated high scintillator performance and X-Ray
imaging based on CszAgoﬁNaMInl,YBiYCl().[“] Therefore,
Cs,Ag;_,Na,In;_,Bi,Cls holds promise for single-emitter-based
white light-emitting material and high-performance scintillator,
and the related physical problems about the STEs would also be
attractive. The STE is generally described as a bound electron-
hole pair that couples to a soft lattice and then induces the large
lattice deformations.™>*®! Since the soft lattice that the crystal
structure can be easily deformed under mechanical stress, that
is, the weak elastic property is closely related to the STEs, inves-
tigating the elasticity of Cs,Ag;_,Na,In;_,Bi,Clg is significant to
understand the mechanism of STEs formation and would sug-
gest ways to control the STEs. In addition, Zhu et al. proposed
that the softness of the inorganic lattice, which is closely associ-
ated with the small elastic coefficients, is an essential factor for
the strong defect tolerance in halide perovskites.'”*® The lattice
deformation induced by the defects immensely reduces the over-
lap between the free and trapped charges involved in the recom-
bination, thus preventing the defects from acting as efficient
non-radiative recombination centers.'”'*! Therefore, investigat-
ing the elastic properties would also contribute to understanding
the defect tolerance and seeking the lead-free halide double
perovskites with high defect tolerance, which feature potential
application in solar cells. Additionally, considering the structural
design and performance optimization of devices, comprehensive
knowledge of the elasticity is also essential because large thermo-
mechanical stresses possibly occur in the device fabrication pro-
cess, thus affecting the reliability of the devices.”” Nevertheless,
a complete set of elastic coefficients has not yet been reported for
this material. Similar to the lack of investigations for the elastic
properties, although evaluating the lattice thermal conductivity
matters for valuable insights into the fundamental phonon phys-
ics of this material and the stability of devices,*"! few references
about its lattice thermal conductivity have been reported. Hence,
for the further progress of Cs,Ag; ,Na,In; ,Bi,Cls as white
light-emitting material and X-Ray scintillators, a clear under-
standing of its elastic and thermal properties is necessary.

The techniques employed to determine the elasticity of
materials include direct mechanical stress—strain methods,*”
resonance ultrasonic spectroscopy (RUS),!**! ultrasonic interfer-
ometry,[24] and inelastic neutron scattering (INS).[ZS] However,
the requirement of large sample volumes hinders their applica-
tions in investigating the elasticity of low-dimensional materials.
Unlike the listed techniques before, arising from the interaction
of light with acoustic phonons close to the center of Brillouin
zone (BZ) or spin waves in a medium, Brillouin light scattering
(BLS) spectroscopy is a noncontact probe with a high spatial
resolution of micrometer or even sub-micrometer defined by
the size of laser beam focusing,**! which renders it a powerful
and versatile tool to investigate the elastic properties for even
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microscopic samples such as multilayered films!*’! and patterned
nanostructures.””® Additionally, BLS measurements can also be
conducted under high temperature in a furnace!* and high pres-
sure in a diamond-anvil cell (DAC).% The sound velocities
attained from BLS measurements can help calculate the elastic
coefficients and the lattice thermal conductivity (see Results and
Discussion for details).

In this article, we reported on the first BLS study of the
acoustic dynamics in CszAgMNao_GInCl():O.O4%Bi3+ and esti-
mated the lattice thermal conductivity along the [111] direction
via the experimentally average sound velocities. The measured
Brillouin frequency shifts and thus the sound velocities of acous-
tic phonons were in good agreement with our first-principles cal-
culations results of Cs,Agg sNag 5InCls. Using the angle-resolved
Brillouin frequency shifts, all the three independent elastic
coefficients for Cs,Ag, 4Nag 6InClg:0.04%Bi** can be calculated.
The elastic coefficients and lattice thermal conductivity we calcu-
lated here are significant for the understanding of STEs and for
future researchers in designing devices like single-emitter-based
white light-emitting devices and X-Ray scintillators which incor-
porate these new materials.

2. Basic Theory of BLS

The Brillouin spectra of CszAgoANalo.GInCl(,:O.04%Bi3+ were
acquired using a confocal microscopic BLS system from JRS
Scientific Instruments, which consists of a high-contrast
(3 + 3)-pass tandem Fabry-Pérot (TFP-2 HC) interferometer
and a confocal microscope (CM-1) with a 20x (numerical aper-
ture [NA], 0.42) objective. Figure 1 displays a schematic of our
BLS setup. The beam from a 532 nm continuous-wave single-lon-
gitudinal mode laser was coupled into the microscope using a
polarizing beam splitter (PBS), which almost entirely reflected
the s-polarized light while nearly completely transmits the
p-polarized component. The s-polarized component, if not ana-
lyzed, was then focused on the sample. Subsequently, the scat-
tered radiation, collected and collimated by the same objective,
was directed to and focused on the entrance pinhole of the inter-
ferometer to be frequency analyzed. Notably, two analyzers,
namely a quarter-wave plate (QWP, A/4) and a polarizer, can
be utilized to obtain various polarization configurations, with
only the QWP, both of them, and none of them in the beam path
corresponding to circular polarization (6" ~), parallel polariza-
tion (VV), and perpendicular polarization (VH), respectively.
In this article, V(H) refers to the polarization of light perpendic-
ular (parallel) to the scattering plane. For example, VH represents
the perpendicular (V) polarized incident light and parallel (H)
polarized scattered light. To measure the angle-resolved BLS
spectroscopy, a goniometer was incorporated in our experimen-
tal setup to alter the incident angle 6;, as schematically shown in
Figure 1.

The BLS of Cs,Ag, 4Nag 6InClg:0.04%Bi*" in our study arises
from bulk acoustic waves (BAWSs) but not surface acoustic waves.
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Figure 1. The schematic diagram of the Brillouin light scattering (BLS)
setup highlighting the sketch of light and acoustic phonon wave vectors
involved on the x—y plane. 6; represents the incident angle outside the sam-
ple, while 6, denotes the refraction angle inside the sample. The green
rectangles indicate the polarization directions of s- and p-polarized light,
respectively.

For the direct scattering by a BAW, conservation of momentum
and energy require that ks = k; £ q and hf; = hf; £ hf, where k; (f)
and k; (f;) are wave vectors (frequencies) of the incident and scat-
tered light inside the sample, respectively. q is the wave vector of
acoustic phonon and f is the Brillouin frequency shift of the
BAW. The =+ sign here accounts for a phonon being annihilated
or created in the scattering process, namely the anti-Stokes and
Stokes events, respectively. Based on the law of cosines, the mag-
nitude of the wave vector q of a BAW can be written as
q= % sin?, where n, 4, and ¢ are the refractive index, the wave-
length of incident light (532 nm here), and the angle between the
incident and scattered light, respectively. For the backscattering
configuration (¢ = 180°) used in our study, the corresponding g

(a) (b)
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can be defined as g = #2. Within the long-wave limit, the acous-
tic branches exhibit linear dispersion and the sound velocity can
be determined by v = z%f See ref. [31] for a detailed derivation of
the formulas mentioned before.

3. Results and Discussion

3.1. Structural Characterization

A truncated octahedral-shaped specimen of Cs,Agg 4Nag ¢InClg:
0.049%Bi*" crystal with a size of about 3 x 3 x 0.25 mm? (see the
Experimental Section for more information about the sample
preparation) was used for the BLS measurements. Since
Cs;NaInClg and Cs,AgInCls possess the same structure and
the lattice mismatch between them is as low as 0.30%, and
the Na™ incorporation into Cs,AgInCls would mainly randomly
substitute Ag™ at the M7 sites, Cs;Agp4Nag¢InClg:0.049%Bi*"
can retain the original cubic structure of Cs,AgInClg.™" In
Cs,AgInClg whose space group is Fm3m, the primitive unit cell
contains 10 atoms, with one [AgClg] and one [InClg] octahedron
alternating to form a rock-salt face-centered cubic (fcc) struc-
ture,!"*! while its conventional cubic unit cell contains 40 atoms.
In our first-principles calculations, the crystal structure of
Cs,AgosNag 5InCls we used is depicted in Figure 2a. As men-
tioned before, the actual structure of Cs,AgpsNagsInClg is
Na* and Ag" mainly randomly occupying the M* sites. We used
this layered structure (Figure 2a) as an approximation because it
is a computationally more convenient structure for such a large
doped supercell. The lattice constants of Cs,AggsNagsInClg
obtained from our first-principles calculations indicate merely
a small contraction (0.4%) in the ¢ direction. More details about
the calculated lattice constants of Cs;AggsNagsInClg are avail-
able in Experimental Section.

As shown in Figure 2b, X-Ray diffraction (XRD) pattern of the
Cs;Ag04Nag ¢InClg:0.04%Bi* " crystal exhibits two strong diffrac-
tion peaks of (222) and (444) plane, and two weak peaks of (333)
and (555) planes, which indicates that the sample is a single crys-
tal and the sample surface we tested belongs to the (111) plane.
It is worth noting that since the light sources used

T

1.5x10°

T

1.0x10°

T

5.0x10°

Intensity (a.u.)

0.0—

(222)

(444) —
444 450

(555)

(333) (555)
n 1 P T 1 P P P 1 L 1 n n 1 n 1 n
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Figure 2. Crystal structure and the related structural characterization of Cs,Ag;_,Na,In;_,Bi,Cle. a) Crystal structure of Cs,Ago sNag sInClg double perov-
skite used in the first-principles calculations. The mint green, gray, purple, fuchsia, and green spheres represent Cs, Ag, Na, In, and Cl atoms, respectively.
b) X-Ray diffraction (XRD) patterns of Cs,Ago4Nag ¢InCls:0.04%Bi** crystal. The right panels show the details of the (111) family of crystal planes obtained

from the left panel.
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in the XRD measurements are Cu Ka; and Cu Ka,
(Aka, = 1.540593 A, Ag,, =1.544414A), each crystallographic
plane would correspond to two adjacent diffraction peaks, as
shown in the right panels of Figure 2b. Moreover, the lattice con-
stant (a = 10.518 A) of Cs;Agy 4Nag ¢InClg:0.04%Bi** can be cal-
culated from the diffraction peaks.

3.2. First-Principles Calculations of Phonon Dispersion

We have calculated the phonon dispersion curves of
Cs,AgosNag 5InClg including and excluding spin-orbit coupling
(SOC), wusing the density-functional perturbation theory
(DFPT)P? within the generalized gradient approximation
(GGA).B¥) More details about the first-principles calculations
are available in the Experimental Section. As shown in
Figure 3a, the full phonon dispersion curves calculated without
and with SOC have merely tiny frequency differences. To com-
pare the frequency difference more intuitively, the frequency dif-
ference as a function of phonon frequency and wave vector is
displayed in Figure 3b as a 3D colormap. As shown in
Figure 3b, most of the phonon dispersion curves calculated
including SOC deviate from the corresponding curves calculated
excluding SOC within 0.5cm " (1cm '~ 30 GHz), while the
low-frequency optical branch closest to the longitudinal acoustic
(LA) branch deviates within 2.6 cm ™' near the I point. And the LA
branch deviates within 1.8 cm™" at positions away from the I'
point, which suggests that the SOC would not have a great influ-
ence on the sound velocity of LA (the slope of the LA branch
within the long-wave limit). In addition, the phonon dispersion
of Cs,AgysNag sInClg was also calculated using the DFPT within
the Perdew—Zunger local density approximation (LDA)P* without
considering SOC, as shown in Figure S1, Supporting
Information. In Section 3.3, we would use the theoretical results
corresponding to the GGA approach to further validate our assign-
ment of the acoustic modes in CszAgMNaoA(,InCI(,:O.O4%Bi3 -,

3.3. Assignment of the Acoustic Modes

In an anisotropic medium, when the acoustic phonon propagates
parallel to a high-symmetry crystal axis, two pure transverse (T)
and one longitudinal (L) acoustic waves are involved. In contrast,

(a)
without SOC with SOC
250 — 7500
i ~ |
£ 200 == X%% 6000
S == =
> 150 4500
[
% 100 3000
L 50 1500
0 . i i i i i 0
A TX RT R XTI A
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for a general propagation direction, the involved acoustic modes
are two quasi-transverse (QT) and one quasi-longitudinal (QL)
ones.®! As discussed before, the sample surface examined is
(111) crystallographic plane, thus the phonon wave vector direc-
tion was along [111] high-symmetry crystal axis when laser verti-
cally impinged on the surface of the sample. Figure 4a shows a
typical BLS spectrum of CszAgMNaO.sInClG:0.04-%Bi34r under
VH polarization at 6; = 0°. The (anti-)Stokes peaks were fit with
Gaussian function to extract the Brillouin frequency shift (f).
The BLS spectra under VH and VV polarization configurations
with different incident angle (scattering angle) 0; are displayed in
Figure 4c,d, respectively. According to the Brillouin scattering
polarization selection rules,*® the variation of peak intensity
with polarization is helpful for the peak assignment. Under a
given polarization configuration, the Brillouin scattered light
intensity I is proportional to [¢ - T - &]?, where &, and &; are unit
vectors along the polarization direction of the scattered and
incident light, respectively, and T is the Brillouin scattering
tensor.*® Theoretically, at zero tilt, the intensity of T mode
should dominate under cross-polarized (VH) condition while
substantially decreasing under parallel-polarized (VV) configura-
tion. As shown in Figure 4c,d, when 6;=0°, almost only the
high-frequency peaks exist under VV polarization configuration,
while the low-frequency ones with higher intensity appear under
VH polarization configuration. Therefore, the high- and low-
frequency peaks are most likely attributed to longitudinal (L)
and transverse (T) acoustic modes, respectively. Meanwhile, this
assignment satisfies the condition that the frequency of L mode
is generally higher than that of T mode. To further confirm the
assignment of the acoustic modes, we compared the frequencies
of acoustic phonons calculated using the GGA method including
SOC with our experimental results. The acoustic branches near
the T point with the path of A-I-X-R-T" (extracted from the
phonon dispersion of Cs;AggsNagsInClg calculated using the
GGA method with SOC, as shown in the right panel of
Figure 3a), which exhibit linear dispersion, are shown in
Figure 4b. The experimentally average Brillouin frequency shifts
(11.52 and 21.04 GHz) are denoted by the symbols in Figure 4D,
which were extracted by averaging the frequency values of 10 ran-
domly selected positions on the sample under VH polarization
configuration when 6; = 0°. As exhibited in Figure 4b, our exper-
imentally average Brillouin frequency shifts are well consistent

requency (GHz)
ue!
>

F

=~
<&
<SS
S
I3
<

Figure 3. Phonon dispersions of Cs,Ago sNag sInClg calculated using the generalized gradient approximation (GGA) method. a) Full phonon dispersion
curves of CsyAgosNagsInClg calculated without and with spin-orbit coupling (SOC). b) Frequency difference (A Frequency = Frequency [without
SOC] — Frequency [with SOC]) as a function of frequency and wave vector of phonons, obtained from (a).
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Figure 4. Experimental BLS frequencies and the calculated acoustic phonon dispersion of Cs,Ag;_,Na,In;_,Bi,Cle. a) A representative BLS spectrum of
Cs,Agp.4Nag 6InCls:0.04%Bi*" under VH polarization configuration when 6; = 0°. b) Part of the calculated acoustic phonon dispersion (including SOC)
along the path of A-I'-X—R-T". The L, T,, and T; modes are denoted by solid lines with different colors while the symbols correspond to the experimentally
average Brillouin frequency shifts (11.52 and 21.04 GHz), which were extracted by averaging the frequency values of 10 randomly selected positions on the
sample under VH polarization configuration when ;= 0°. The BLS spectra under c) VH and d) VV polarization configurations with different scattering
angle ;. The T modes are marked with the green background while L modes are marked with the orange one.

with the results of the first-principles calculations (solid lines),
which further verifies our assignment of the acoustic modes.
Combining the measured frequencies of acoustic modes and
0= % we can obtain the corresponding sound velocities. To cal-
culate the magnitude of scattered phonon wave vector g, the
refractive index of the sample is required according to

the formula g=4 The refractive index here was
estimated based on linear interpolation®”’  using
Ncs,Ag, NaggInCly = 0-4Ncs agincl, + 0-6Mcg,Namcr,, ~ Where  the
refractive  indices of Cs,AgInCls (mp-1096926) and

Cs,NalInCls (mp-989 571) obtained from Materials Project
database are 1.89 and 1.68, respectively.?®**) Therefore,
the refractive index for Cs,Agg4NageInCls is 1.76, yielding
g=4.16 x 10°cm™". Theoretically, the Bi*" doping would
increase the refractive index.*>*!! However, since just a small
amount of Bi*™ was doped, we expected that it would have
negligible influence on the refractive index of the sample and
it is reasonable to consider that CsZAgMNaOAGInCl(,:0.04%Bi3+
possesses the same refractive index as Cs,Agg4Nag ¢InCls. The
experimental frequencies and calculated velocities of acoustic
phonons in Cs,Ag, 4Nay¢InCls:0.04%Bi*" as a function of
sing; under VH (T modes) and VV (L modes) polarization

Adv. Photonics Res. 2022, 3, 2100222 2100222 (5 of 10)

configurations are shown in Figure 5c,d, respectively. Because
the sound velocity is proportional to the Brillouin frequency shift,
they display the same trend with sind;. Next, we would fit the
velocity as a function of sin6;, as shown in the solid lines in
Figure 5c¢,d, respectively.

Considering the sound velocity of a BAW propagating along
an arbitrary direction, Xie et al. proposed a resultant method to
calculate the sound velocity by establishing the connection
between the sound velocities of the acoustic phonons propagat-
ing along the high-symmetry axes in the first BZ and the phonon
wave vector involved in the scattering,*?! which can also be
applied to our work. For a given Bravais lattice, the first BZ
and the corresponding irreducible wedge (IW) can be figured
out. Since the CszAgMNa%Ir1C1(,:0.O4-%Bi3Jr we examined
belongs to the fcc structure, we plotted the IW for BZ in
Figure 5a. The letters label high-symmetry points and axes. As
mentioned before, the propagation direction of the acoustic pho-
non we investigated is along the high-symmetry crystal axis [111]
(T'L) when ;= 0°. While rotating, the propagation direction of
the acoustic phonon (I'B in Figure 5b) would tilt away from
the [111] direction by an amount dictated by Snell's law, that
is, the phonon wave vector would vary from the I'L to I'X direc-
tion in the I'LUX plane of the IW, as indicated in Figure 5b.
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Figure 5. The schematic diagrams of BZ for fcc lattice, together with the experimental BLS frequencies and the related sound velocities of
Cs,Ago.4Nag 6InCls:0.04%Bi**. a) The 1/8 of the first BZ and the IW for the BZ of fcc lattice. Letters label symmetry points and axes. b) The TLUX
plane obtained from (a). 6 denotes the refraction angle inside the sample. The green double arrow corresponds to the wave vector of a BAW.
The blue dotted lines and the green solid one are the auxiliary lines. The experimental frequency extracted from the average value of Stokes and
anti-Stokes frequencies, and the calculated velocity of Cs,Ago 4Nag¢InClg:0.04%Bi*™ as a function of siné; under c) perpendicular polarization (VH)
(T modes) and d) parallel polarization (VV) (L modes) configurations. The solid symbols correspond to the experimental results. The error bars represent
the spectral resolution (0.05 GHz) and the velocity resolution (8 ms™'). The solid lines are the fitting curves of sound velocity based on Equation (2).

Utilizing the resultant method mentioned by Xie et al.,*? the
velocity (vrg) of a BAW traveling along an arbitrary direction
between the I'L and I'X direction can be written as the combina-
tion of the velocities corresponding to the I'L (vry) and I'X (vrx)
directions.

qurg = qrivre €os 8 + qryvrx cos(a — 0}) 1)
where a is the angle between the I'L and T'X direction, and 6;
represents the refraction angle inside the sample. Combining
Snell's law and the geometrical relationship shown in
Figure 5b, Equation (1) can be rewritten as

cosa 1o sin0;4/n* — nsin?g;
vrg = —— (Urx — Urv) 2
sina n 2)
n? — ndsin?0; n2sin?0;
+ orL I E— Urx I —
n n

where no =1 is the refractive index of air, and 6; denotes the

incident angle (scattering angle) outside the sample. <% can

be calculated to be @ here. According to Equation (2), we can
fit the velocity vrg as a function of sind;, as shown in the solid
lines in Figure 5c,d, which are in good accordance with the exper-
imental results (solid symbols in Figure 5c,d). The fitting varia-
bles are listed as follows: for the T modes (Figure 5c), vf; = 1740,
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and ofy = 1658 ms ', while for the L modes (Figure 5d),
ok, = 3181, and vk = 3226 ms™!, which have been tabulated
in column five of Table 1. Furthermore, as listed in column four
of Table 1, for Cs,Agy4NagcInClg:0.04%Bi’>", the sound veloci-
ties of the acoustic phonons travelling along [111] direction were
calculated using the experimentally average Brillouin frequency
shifts (11.52 and 21.04 GHz, as indicated in Figure 4b). From
Table 1, we can find that the fitting sound velocities of the acous-
tic phonons propagating along [111] direction and the ones
obtained from the experimental Brillouin frequency shifts agree
well with each other.

3.4. Analysis of the Elastic Coefficients

The measurement of Brillouin frequency shift enables the calcu-
lations of the velocity of acoustic waves thus the elastic coeffi-
cients of crystals. Based on the expansion of Christoffel's
equation, the elastic coefficients of a given crystal are intrinsically
coupled with one another. The basic calculation process can be
found in the Experimental Section. In the cubic system with
space group Fm3m, the corresponding sound velocities of differ-
ent acoustic modes for different directions are tabulated in col-

umn three of Table 1. The velocity is given by v = \/X/p1**,
where X is an appropriate combination of the elastic coefficients
(Cj). For the cubic CszAgOANao.GInClG:0.04%Bi3+, only three
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Table 1. The sound velocities of different acoustic modes propagating
along various directions in Cs,Ago4Nag¢InCls:0.04%Bi*" (space group
Fm3m).

Propagation Acoustic  Sound velocity v = \/X/pP" Sound velocity
direction of q mode value [ms™]
<100> (I — X) or, VCulp 1658
or, N 1658
u Cnlp 3226”
<110> (I' = K) o, \/m
or, CAA//’
UL (Cii+ Gy +2C)/2p
<1M1> C—1) o, Cn—Cr+Ca)/3p 17409 1740"
T, (Cri = Cia+Caa)/3p 1740” 1740
oL (Cr1 +2Cy, +4Cy4)/3p 3178 31817

ACorresponds to the calculated results using the experimentally average Brillouin
frequency shifts (11.52 and 21.04 GHz, as indicated in Figure 4b); ®Corresponds
to the fitting results of the velocity as a function of sind; under perpendicular
polarization (VH) and parallel polarization (VV) configurations (Figure 5c,d)
using Equation (2).

independent Cj; (Cy1, C12, and Cyy4) elements exist. The mass den-
sity p=3.712¢g cm 3 of CszAgMNao'GInCI(,:0.04%Bi3+ was cal-
culated from the lattice constant (a=10.518A) and the
molecular weight M (using the molecular weight of
Cs,Agp 4Nag ¢InClg as an approximation), according to the for-
mula p = N-M/(N-V). Here, N is the number of motifs per unit
cell. V is the volume of the unit cell (V=a’), and N, is
Avogadro's number.

As shown in Table 1, based on the sound velocities of the
acoustic phonons propagating along [100] direction, Cs4 and
Cy; for the experimental sample CszAgo_4Nao,6InC16:0.04%Bi3 +
can be calculated as 10.20 and 38.63 GPa, respectively.
Additionally, using the values of C44 and Cy;, together with
the velocities of the acoustic phonons with q traveling along
[111] direction, the remaining independent elastic coefficient
(C12) can be calculated as 16.11 GPa. The complete set of elastic
coefficients derived from the sound velocities is listed in line two
of Table 2. All of the calculated elastic constants in this work are
positive, satisfying the Born stability criteria for a cubic
system:**! Cy; 4 2C1, >0, Cp1>|Chy, and Cuy>0. For the
first-principles-calculated specimen Cs,AgysNagsInClg, the
corresponding sound velocities and elastic coefficients are
displayed in Table S1 and S2, Supporting Information,
respectively. As shown in columns six and seven of Table 2,
we also calculated the bulk modulus Voigt-Reuss-Hill (VRH)
average Kyry and shear modulus VRH average Gyry of
CsZAgOANao,(,InCI(,:O.O4%Bi3+. The calculation details are pre-
sented in the Experimental Section. Moreover, the theoretical
elastic quantities of some other halide double perovskites
obtained from previous reports and the Materials Project data-
base are also shown in Table 2 for comparison. The Kyry and
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Table 2. Elastic coefficients and related elastic quantities of halide double
perovskites in units of GPa.

Material Chy Ci Cuas Kvra  GvrnH
Cs,Ag0.4Nao 6InClg:0.04%Bi**  This work 38.63 1611 1020 23.62 10.61
Cs,AgInClg? [46] 93.03 23.69 1591 46.80 21.86
Cs,AgInClg® 139] 3049 8.7
Cs;NalnClg? [41] 24327 119.73 87.14 160.91 75.91
Cs,NalnClg? 39] 2831  8.99
Cs,NaSbClg? [41]  259.03 12621 91.20 170.84 80.31
Cs,NaSbClg® 139] 32 13 1 20 11
Cs,NaTIClg¥ [41] 31549 10932 97.76 174.71 97.88
Cs,NaTICl? 139] 26.36  8.11
Cs,NaBiCl® [41] 31662 11322 76.18 181.02 85.52
Cs,NaBiClg® 139] 2541 7.92
Cs,AgBiClg? 47 69.01 1651 10.63 34.01 1541
Cs,AgBiClg” 139] 2742 776
Cs,AgBiBre” 47 67.60 876 6.59 2837 12.64
Cs,AgBiBre® 139] 2240 7.48

A Corresponds to the theoretical results reported in previous papers; ®Corresponds
to the theoretical results obtained from the Materials Project database.

Gvry obtained from the Materials Project database were pre-
dicted using the statistical learning (SL) models,**** while
the elastic coefficients of Cs,NaSbClg obtained from the
Materials Project database were calculated using the strain—stress
method.®%*) As can be seen in Table 2, the Kyry (Gvrn)
obtained from the Materials Project database for different halide
double perovskites including Cs,AgInCls and Cs,NaInClg are in
the range of 20-31 GPa (7-11 GPa), which can further validate
our calculated results for CszAgo,4NaO,(,Ir1Cl(,:0.04%Bi3Jr since
the Kyru (Gyru) of CsyAgo4NageInCls:0.04%Bi*" s
23.62GPa (10.61 GPa). In contrast, the elastic coefficients
reported by Haque and Hossain!*®*’) and Khan et al.*!! were
overestimated, especially the data provided by Khan et al.M*!
We can find from Table 2 that the elasticity of
CszAg(MNao_GInC16:0.04%Bi3 * is low, which manifests a soft lat-
tice, similar to some other halide double perovskites.

3.5. Estimate of the Lattice Thermal Conductivity

Employing the velocities of the acoustic phonons propagating
along the [111] direction we examined, the lattice thermal con-
ductivity (k;) can be estimated based on the framework of

M. 51/303
“yiT < where M,, &%, s, 0,, y, and

A are the average atomic mass, volume per atom, number of

atoms in the primitive unit cell, acoustic Debye temperature,

2.43x10°% [49]
1-0.514/y+0.228 /7>

respectively. It is worth noting that the M, and s here were
attained from Cs,Agp4Nag¢InClg, neglecting the influence of
the 0.04%Bi’*" incorporation. According to the formulas indi-
cated in the Experimental Section, we estimated the room-tem-
perature lattice thermal conductivity and the related thermal

Slack's equation™®: x; = A

acoustic Griineisen parameter, and A=
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Table 3. Lattice thermal conductivity and related thermal quantities along
the [111] direction of Cs,Agg4Nag ¢InClg:0.04%Bi*".

Acoustic  Sound  Acoustic Debye Poisson Acoustic Lattice thermal
mode velocity temperature ratio v Griineisen conductivity
v[m 571]3) 0, [K] parameter y k| [Wm’1 K’1]
T 1740
87 0.29 1.7 1.03
L 3178

AThe sound velocities were obtained from the experimentally average values in
Table 1, related to the acoustic phonons propagating along the [111] direction.

quantities along the [111] direction of Cs,Agp 4Nag ¢InCls:0.04%
Bi*™, as tabulated in Table 3. The low acoustic Debye tempera-
ture (merely 87 K) of CszAgMNao,(,InCl(,:O.O4%Bi3 * reveals the
weak interatomic potential, which normally indicates that the
crystal structure can be easily deformed under mechanical
stress,***!) leading to the weak elastic properties, as discussed
in the former section. It is reported that the crystals with a
room-temperature value of x; smaller than 100 Wm ™K™' are
considered to possess a low lattice thermal conductivity.*% A very
low x; along the [111] direction of CSZAgMNaoAGInC16:0.04%Bi3+,
approximately 1.03Wm ™ 'K™', similar to many compounds
with rock-salt structure, is potentially due to its strong lattice
anharmonicity.***"! It is worth noting that the x; of
CszAgO.‘;NaO,GInC16:0.04%Bi3 T we calculated here is an estimate,
thus further precise determination of the lattice thermal conduc-
tivity using the experimental methods is required. Nevertheless,
estimating the value of lattice thermal conductivity based on the
framework of Slack's equation is reasonable and the value of x|
we calculated here would probably still be in the same order of
magnitudes as the actual «;, which can yet reflect the character-
istic of very low k. in the halide double perovskite
Cs,Ag0.4Nag 6InCl:0.04%Bi* .

4. Conclusion

In summary, angle-resolved Brillouin light scattering measure-
ments were firstly performed for a bulk doped halide double
perovskite CszAgMNa%InCl(,:0.04%Bi3+ crystal. The high-
(low)-frequency modes observed were identified to the longitudi-
nal (transverse) bulk acoustic modes propagating along the [111]
direction. The measured Brillouin frequency shifts of
CszAgO.‘;NaO,GInCl(,:0.04%Bi3+ agrees with the first-principles
calculated dispersion of Cs,AgysNagsInCls. By exploiting the
relationship between the Brillouin frequency shifts, the sound
velocities, and the elastic coefficients, a complete set of elastic
coefficients and other elastic quantities for Cs,Agg4Nag sInClg:
0.04%Bi*" were calculated: C;;=38.63, C;,=16.11,
C44=10.20, Kyrg=23.62, and Gyry=10.61GPa. The
low elasticity would contribute to our understanding of the
STEs formation in Cs,;Ag;_,Na,In;_,Bi,Cls. Furthermore,
utilizing the Brillouin frequency shifts observed, the
CszAg(),thaloAGInCI(,:0.04%Bi3+ crystal was found to exhibit an
ultralow acoustic Debye temperature (87 K) and lattice thermal
conductivity (1.03 Wm ™" K™ along the [111] direction, reflect-
ing its weak interatomic potential and strong anharmonicity,
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respectively. Our results provide elastic and thermal properties
of Cs,Ago4Nag¢InCls:0.04%Bi’>" and we expected that these
results would facilitate research for Cs,Ag;_,Na,In;_,Bi,Clg
on single-emitter-based white light-emitting phosphors and
diodes for next-generation lighting and display technologies.
In addition, our approach to investigate the elastic and thermal
properties using angle-resolved BLS spectroscopy is also applica-
ble to other materials with different crystal structures.

5. Experimental Section

Sample Preparation: CsZAgMNaO‘GInCI6:0.04%Bi3+ crystal was synthe-
sized by a hydrothermal method, in which the CsCl, AgCl, NaCl, InCls,
and BiCl; precursors were mixed into a concentrated HCl solution in a
hydrothermal autoclave, being heated for a given time and then slowly
cooled down. The Bi** doping into the sample was a small amount
(merely 0.04%, atomic ratio to In). Further details on sample preparation
can be found elsewhere.l'"

BLS Measurements: Concerning the BLS spectroscopic measurement
details, the spectral resolution was 0.05 GHz, with contrast larger than
150 dB. Laser power impinging on the sample was 2 m\W, and the typical
acquisition time was about 25 min per spectrum. All measurements were
carried out at room temperature using 180° backscattering geometry.
Additionally, with the goniometer incorporated in our experimental setup,
the incident angle 6; could be changed systematically and precisely (The
angle accuracy is <1°). The sample was tilted by an angle 6; ranging from
0° to 60° in our angle-resolved BLS measurements.

Calculations of Direction-Dependent Sound Velocities: Utilizing the resul-
tant method, we obtained the velocities of the acoustic phonons traveling
along <100> and <111> directions, as mentioned in Section 3.3. It is
worth noting that Xie et al.*? stated that if vpy was significantly different
from vy, the existence of the I'U path (Figure 5b) would lead the vry in
Equation (2) to change with 6; (rx = vo + Psin;), where vy is the value of
vrx When ;= 0° and f is a O-dependent parameter due to the contribution
of vpy. However, the fitting errors for the variables were relatively larger
when including the contribution of the vpy, compared with the fitting
results without considering the contribution of the vy, which thus have
been displayed in Figure 5c,d, respectively.

Theoretically, for any given crystal structure, a degeneracy in two
transverse mode frequencies occurs if the axis of symmetry where the
acoustic phonon propagates along is of a higher order than two.”?
Thus, in the case of our sample as a cubic crystal, the two transverse
modes propagating along <100> (I'X, a fourfold axis) and <111> (I'L,
a threefold axis) directions should be degenerated and hold the identical
velocities, respectively, while the vy, and vr, corresponding to the <110>
(TK) direction differ from each other, as shown in column three of Table 1.
Therefore, if the phonon wave vector we detected varied from the I'L to 'K
direction while rotating the sample, the degenerate transverse mode
would split into two transverse modes with different velocities.
However, as shown in Figure 5c, only one transverse mode appeared when
changing the scattering angle 6; in our measurements, we could thus con-
clude that the phonon wave vector tilted away from the 'L to I'X direction,
but not the T'K direction, as discussed in Section 3.3.

Calculations of Elastic Coefficients and Related Elastic Quantities: Based
on the BLS-measured direction-dependent sound velocities, the elastic
coefficients of a given crystal could be obtained within the framework
of the Christoffel's equation: nontrivial solutions, corresponding to the
velocities of three acoustic modes in the vicinity of the BZ center, are
obtained by setting the characteristic determinant of the Christoffel equa-
tion for an anisotropic solid as zero.’?>3

|Cijagiq — po*oy| =0 3)

where Cjjy are the components of the elastic stiffness tensor, g;, g, are the
direction cosines of the unit vector normal to the wave plane, p is the
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density of the material, and §; is the Kronecker delta function. By connect-
ing the elastic coefficients, Equation (3) could be rewritten asP>?

I — po? Az A3
M2 Aaa — po? A3 =0 (4)
Az A23 A3z — po?

where the 1; elements are the combination of direction cosines and Cj
elements. Detailed descriptions and formulae about 4; are provided
by Auld.F?

In the case of cubic crystals containing three independent Cj; (C11, Ci2,
and Cy,) elements, the elastic stiffness tensor is subject to the following
form.3?

G Go G O 0 0
Co Gy Gy O 0 0
Cp, Gy Gy 0 0 0 5)
0 0 0 C4u O 0
0 0 0 0 Cyu4 O
0 0 0 o0 0 Cyu

Hence, the corresponding 4; elements could be reduced to the following
simple form.P?

= q2Ch +q5Ca4 + 42Cas
222 = G5Cas +G5Ci1 + 92Cas
A3 = q2Cas + Q$C44 +42Cn
A1z = x4y (Crz + Cag)
Aoz = q,q,(Crz + Cus)
3 = q,q,(Crz + Caa)

Therefore, if the elastic coefficients C; of the cubic crystals are available,
the three sound velocities v; for an arbitrary direction (qy, g,,9,) phonon
propagating along could be easily calculated using Equation (4) and (6). In
contrast, it is theoretically possible to derive full elastic tensors of a given
crystal by measuring velocities in a sufficient number of arbitrary direc-
tions. Particularly, by judiciously selecting the directions of measurement,
like the high-symmetry directions ([100], [110], together with [111] direc-
tions in cubic system, and others), the algebra could be considerably
simplified.

Additionally, for the cubic structure, the bulk (shear) modulus Voigt
average [Ky (Gy)], which is the upper bound on K (G) for polycrystalline
material, and the bulk (shear) modulus Reuss average [Kr (Gr)] represent-

ing the lower bound on K (G) could be described asi*%
— _ Cn+2G, — Cn—Cp43Ca __5C4u(Cin—Cip) _
Kg = Ky =152, Gy = 5 , and Gy = o —C,y Tespec

tively. Kyry is the average of Ky and Kg, while Gyry is the average of
GV and GR.

Estimate of Lattice Thermal Conductivity and Related Thermal Quantities:
As mentioned in Section 3.5, to evaluate the value of k|, it was necessary to
obtain the values of 8, and y first. Acoustic Debye temperature 6, could be
expressed using the average velocity v,*': 9, = & (3) 30,5713, where h,
kg, and m are the Planck constant, Boltzmann constant, and the number of
atoms per volume, respectively. v, is a combination of longitudinal (v,)
and transverse (vs) sound velocity. For CszAgoANao.slnCI6:0.04%Bi3+ with
the (111) surface we examined, the average sound velocity along [111]

direction could be described as®! v, = [% <%+%>T1/3. In addition,

US UL
the relationship between the Poisson ratio v and the Griineisen parameter

1—-2(vs /v, )? v .
= 20 and y =3 (142), respectively.

Since these two formulas are valid for the materials with the rock-salt
structure,P"! they could be exploited to estimate the y of
Cs,Ago.4Nag 6InClg:0.04%Bi* .

XRD Measurements: Structural identification of the sample was carried
out using a Rigaku SmartLab diffractometer with Cu Ka radiation (A,
=1.540593, Ay,, = 1.544414 A). The 6/20 scan, o (incident angle between

7 could be expressed asP®>7 »
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the X-Ray source and the sample) scan, y (tilt angle from sample surface
normal direction) scan, ¢ (rotation angel around sample surface normal
direction) scan, and 26/w scan were performed for the sample to index the
plane parallel to the sample surface, as shown in Figure 2b, where only the
diffraction peaks correspond to the (111) family of crystal planes appeared.
The optimized parameters we obtained here were y=—1.3° and
@=-0.3°.

First-Principles Calculations: All calculations on Cs,Agg sNag sInClg were
performed using the first-principles method with the Optimized Norm-
Conserving  Vanderbilt ~Pseudopotentials®® as implemented in
QUANTUM ESPRESSO package.® The GGAP*! was adopted to describe
the exchange—correlation potential. The phonon dispersion was calculated
using the DFPT with and without considering SOC.*? We used a single I
point with a plane-wave energy cutoff of 100 Ry and the atomic positions
were relaxed until the Hellmann—Feynman forces on each atom became
less than 107> Rya.u™'. After full structural relaxation, we obtained the
lattice constants a=b=10.731A, and ¢ =10.687 A in the case of exclud-
ing SOC while a=b=10.732 A, and ¢=10.688 A when including SOC.
For the doped Cs,Agq sNag 5InClg, the structure we used in the DFPT cal-
culations is displayed in Figure 2a.
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