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The elastic properties and thermal expansion behavior of lead-free halide double perovskite, Cs2AgBiBr6,
were studied first with the aid of first principles calculations, which were followed by experimental char-
acterization. The calculated full elastic constants enable the complete mapping of Young’s and shear
moduli, and Poisson’s ratios of Cs2AgBiBr6 along all crystallographic orientations. Results show that sig-
nificant anisotropy in them despite the fact that Cs2AgBiBr6 possesses cubic symmetry. Detailed struc-
tural analysis and a spring model were utilized to rationalize the observed anisotropy. Further, the
theoretical results were validated by recourse to nanoindentation and high-pressure synchrotron powder
X-ray diffraction experiments. The superior mechanical behavior of Cs2AgBiBr6 over the hybrid bromide
analogues, MAPbBr3 (MA = CH3NH3

+), were attributed to the higher framework stiffness of the former,
which is a result of the presence of relatively stronger Ag-Br and Bi-Br bonds in it. Variable temperature
single crystal X-ray diffraction reveal linear and volumetric thermal expansion coefficients to be about
20% lower than those of MAPbBr3, again suggesting its higher framework rigidity. The superior stiffness,
thermal expansion behavior, moisture stability, and nontoxicity of Cs2AgBiBr6 make it a strong candidate
for potential applications in optoelectronics and photovoltaics.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

It has been shown in the recent past that substantially high
solar energy conversion efficiencies can be achieved by utilizing
hybrid organic–inorganic perovskites (HOIPs). As a result, these
materials are attracting considerable research interest, especially
from the photovoltaic research community. Additionally, process-
ing of these materials is relatively simple, making their cost lower
[1–4]. However, the most efficient HOIPs reported thus far are
lead-based compounds with APbI3 stoichiometry in which the A-
site cations are either CH3NH3

+ (MA) [5–7] or (H2N)2CH+ (FA) [8].
Naturally, the presence of Pb is a serious concern from the environ-
ment point of view [1,9]. Moreover, they face stability issues upon
long term exposure to sunlight, humidity in atmospheric
conditions, and elevated temperatures during functioning [1]. An
additional impediment to the widespread deployment of HOIPs
in solar energy technology is their low mechanical resistance,
which could have adverse effect on their in-service reliability. To
overcome these shortcomings, nontoxic perovskite halides,
wherein the divalent Pb is replaced with the combination of mono-
valent and trivalent metals to form double perovskites, are being
explored. In this pursuit, several double perovskite systems that
include hybrid [MA]2[KBiCl6] [10], [MA]2[TlBiBr6] [11], and
[MA]2[AgBiBr6] [11,12], and inorganic Cs2AgBiCl6, Cs2AgBiBr6
[13–17], and Cs2AgInCl6 [18] have been identified as potential
alternatives. Amongst these, Cs2AgBiBr6 not only has high light
absorbing efficiency in the visible range of the solar spectrum
but also exhibits impressive moisture stability in air. Hence, it is
a possible candidate that could be used in tandem systems with
Si cells. However, its thermal expansion and mechanical proper-
ties, which are crucial for successful technological development,
have not been examined. In particular the anisotropy in these
properties needs to be ascertained, as high anisotropy can be
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detrimental for residual stress management and hence long term
reliability in service. Keeping this in view, we have performed a
comprehensive theoretical study on the elastic behavior of
Cs2AgBiBr6 with the aid of the density functional theory (DFT) cal-
culations, whose predictions were experimentally verified by tech-
niques such as nanoindentation, high-pressure synchrotron
powder X-ray diffraction (HP-PXRD). Moreover, this materials’s
thermal expansion properties were revealed via variable tempera-
ture single crystal X-ray diffraction (VT-SCXRD) experiments. In
this process, we uncover the high framework stiffness, significant
elastic anisotropy, low thermal expansion of Cs2AgBiBr6 and the
underlying structural origins.
2. Theoretical and experimental details

2.1. DFT calculations

The DFT calculations were first carried out so as to optimize
the lattice parameters and calculate the elastic constants (Cij) of
Cs2AgBiBr6 using Cambridge Sequential Total Energy Package
(CASTEP). The electron wave function was expanded through
the plane wave basis set, and the ultrasoft pseudopotentials were
adopted to build the effective interaction between the valence
electrons and the atomic cores, which bring greater flexibility
and smoother pseudo-wavefunctions, which in turn enable the
usage of considerably fewer plane-waves for calculations without
compromising on accuracy [19]. The PBEsol parameterization in
the generalized gradient approximation (GGA) (Table 1) [20] and
other parameterizations (Table S1) were taken as the exchange -
correlation potentials of e-e interactions [21–23]. Previous DFT
works on Pb-free halide double perovskites have shown that the
influence of spin–orbit coupling and spin polarization on structural
and mechanical properties is insignificant [24,25]. Therefore, these
were not taken into consideration in the current computational
study. For geometry optimization and energy calculations per-
formed in the reciprocal space, the energy cut off was set to
350 eV. The Brillouin Zone integration was approximated using a
4�4�4 k-point mesh sampling scheme of Monkhorst – Pack [26]
whereas the fast Fourier transform grid was set as 48�48�48.
The Broyden - Fletcher - Goldfarb - Shanno (BFGS) minimization
scheme was used to optimize the crystal structure at 0 GPa for
the elastic constants calculations [27], and the optimization was
implemented through the relaxation of both the lattice parameters
Table 1
Halogen atom populations, lattice parameters, elastic constants and derived elastic prope

Properties Quantities

Halogen atom populations, (e) Mulliken
Hirshfeld

Lattice parameter, a (Å)
Stiffness coefficient, Cij (GPa) C11

C12
C44

Young’s modulus, E (GPa) Emax = E(1 0 0)
E(1 1 0)
Emin = E(1 1 1)

Shear modulus, G (GPa) G(1 0 0)<h k l>
G(1 1 1)<h k l>
Gmax = G(1 1 0)h1 �1 0i
Gmin = G(1 1 0)h0 0 1i

Poisson’s ratio, m m < 100,h k l>
m < 111,h k l>
mmax = m<110,1–10>
mmin = m<110,001>

Anisotropy index Zener, A (=1 if isotropic)
Bulk modulus, B (GPa)
and atomic positions. All atoms were fully relaxed until residual
forces on constituent atoms become smaller than 0.05 eV/Å in
geometry optimization and 0.01 eV/Å in calculating Cij, with the
convergence criteria for maximum atomic displacement being set
at 2 � 10�3 Å for geometry optimization and 4 � 10�4 Å in calculat-
ing Cij, and the internal stress was less than 0.1 GPa. The elastic
constants of single crystals were calculated by employing the finite
- strain method [28] and by setting the maximum strain amplitude
and the number of steps as 0.003 and 9 for each strain,
respectively.
2.2. Synthesis of the single crystals

All chemicals and solvents used in this study were of reagent
grade or higher purity, purchased from commercial vendors and
are used in the as-received condition. Single crystals of Cs2AgBiBr6
were synthesized using the method already described in the litera-
ture, which is briefly described in the following [13,29]. First, CsBr
(0.426 g, 2 mmol), BiBr3 (0.449 g, 1 mmol) and AgBr (0.188 g,
1 mmol) were added into a 23 mL Teflon-lined autoclave, then
12.8 mL of 7 mol/L HBr acid was added and the mixture was stirred
for 10 min. The autoclavewas then heated to 190 �C and held at that
temperature for 10 h, before cooling at the rate of 4 �C/h from190 to
110 �C, and then at 0.5 �C/h from 110 to 80 �C, before cooling to
room temperature. Orange red crystals were harvested from the
solution after cooling with a yield of about 55% based on Bi [13,29].
2.3. Face indexing and nanoindentation

Single crystals of Cs2AgBiBr6 with well-defined octahedral
shape were selected and the natural face (1 1 1) was indexed by
single crystal X-ray diffraction (SCXRD) using an Oxford Diffraction
Rigaku XtaLAB miniTM diffractometer with Mo-Ka radiation
(k = 0.71073 Å) at 300 K (Fig. S1). The nanoindentation experi-
ments were performed by employing a sharp Berkovich tip
[30,31], and the indenter axis was aligned normal to the (1 1 1)
plane. The loading/unloading rates and the holding time at peak
load were maintained at 0.5 mN/s and 10 s, respectively. A fused
silica standard with a reduced modulus of 72 GPa and hardness
of 9 GPa was used for calibration. Young’s modulus (Es) and inden-
tation hardness (H) of the Cs2AgBiBr6 crystals were obtained from
the P-h plots (Fig. S2) using the standard Oliver-Pharr Method
(Table S3) [32].
rties of Cs2AgBiX6 (X = Cl, Br or I) obtained from the first principles calculations.

Cl Br I

�0.49 �0.18 �0.06
�0.18 �0.15 �0.12
10.67 11.19 12.03
66.70 59.02 43.68
15.61 13.37 9.04
8.85 8.15 7.48
60.78 54.08 40.58
28.63 26.17 22.91
24.34 22.33 20.01
8.85 8.15 7.48
15.68 14.26 12.04
25.55 22.82 17.32
8.85 8.15 7.48
0.19 0.18 0.17
0.38 0.37 0.34
0.62 0.61 0.53
0.09 0.09 0.09
2.89 2.80 2.32
32.64(58) 28.58(12) 20.58(35)



Fig. 1. 2D horizontal cross section color-contour graphics of charge density distributions of Cs2AgBiX6. The pictures are projected onto the (0 0 1) plane, (a), (c), (e) and (b),
(d), (f) represent orientations passing through the Cs-X and Ag-Bi-X planes, respectively [38]. Note the charge density (Å�3) marked by color bar only has relative meanings in
each picture.
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2.4. Synchrotron experiments

The structural aspects of Cs2AgBiBr6 with pressure were studied
via HP-PXRD over the range of 0–1.57 GPa at the 4W2 beam line in
the Beijing Synchrotron Radiation Facility (BSRF). An X-ray beam
with a wavelength of 0.61992 Å that was focused on an area of
36�12 lm2 by using Kirkpatrick-Baez mirrors from 0 to 25� inci-
dent angle was utilized. The hydrostatic pressure was imposed
by a diamond anvil cell (DAC) with a 400 lm culet diameter. Well
ground powder samples were placed in �120 lm diameter hole in



Fig. 2. Young’s modulus (E) representation surfaces extracted from DFT calculations. (a) 3D surface. (b) 2D polar plots of E projected normal to the (1 0 0) plane. 0 and 90� are
along the [0 1 0] and [0 0 1], respectively. (c) Perovskite structure of Cs2AgBiBr6. Color codes: Bi, blue; Ag, gray; Cs, rose; Br, green. The arrows indicate the uniaxial stresses
loaded normal to the (1 0 0) (left arrow), (1 1 0) (right arrow), and (1 1 1) (top right arrow) planes, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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a pre-indented stainless steel gasket with a �40 lm thickness. Sil-
icone oil was used as the pressure transmission medium. Ruby
chips were utilized for pressure calibration by measuring its fluo-
rescence shift that is a known function of pressure. The diffraction
patterns were recorded by a Pilatus3 2M detector that was inte-
grated with the FIT2D software package. The cell parameters of
powder patterns collected at each pressure point were refined by
Le-Bail whole profile fitting method using the Total Pattern Solu-
tion (TOPAS) software.
2.5. Variable temperature single crystal X-ray diffraction

The thermal expansion behavior of Cs2AgBiBr6 was studied via
VT - SCXRD experiments using an Oxford Diffraction Gemini E
Ultra diffractometer with Mo - Ka radiation (k=0.71073 Å). The
reduction and refinement of the data collected so as to determine
the structural parameters as a function of temperature were per-
formed by using the CrysAlisPro software. All the structures were
solved using direct methods and successive Fourier difference



Fig. 3. Representative load-indentation depth (P-h) curve normal to the (1 1 1)
plane [43].
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analysis, and refined by full matrix least-squares procedure on F2

with anisotropic thermal parameters for all atoms, using the OLEX
2 software. Crystallographic data for VT - SCXRD have been depos-
ited at the Cambridge Crystallographic Data Centre (1531089–
1531097).

2.6. Transmission electron microscopy (TEM)

Single crystals of Cs2AgBiBr6 were crushed and ground into fine
powders, then a small amount of the powder diluted in ethanol
was sonicated and dispersed for about 15 min. Then the suspen-
sions were dipped onto a perforated carbon foil supported on a
copper grid. Selected area electron diffraction (SAED) patterns nor-
mal to the (1 1 1) and (1 1 �2) planes were obtained on a Tecani
G20 electron microscope operated at 200 kV under ambient tem-
perature, which confirm the single crystallinity of the measured
samples with an indexed lattice parameter of 11.24 Å [13,14,29].

3. Results and discussion

3.1. Elastic properties

The atomic positions within the crystal lattice, the lattice
parameters (a), elastic constants (Cij), calculated using DFT for
three different lead-free halide double perovskites Cs2AgBiX6

(X = Cl, Br or I), are all listed in Table 1. Results of the additional
calculations, which were performed using other exchange–correla-
tion potentials, are listed in Table S1 of the supporting information
(SI) for comparison. The three independent elastic stiffness coeffi-
cients C11, C12 and C44, obtained from DFT, satisfy the fundamental
elastic stability criteria for cubic crystals, i.e., C11 > |C12|,
Table 2
Summary of experimental values of Young’s moduli (E), hardnesses (H), bulk moduli (B),
inorganic and hybrid perovskites.

Phase Orientation E (GPa) H

Cs2AgBiBr6 Cubic (1 1 1) 22.6(6) 0.
CsPbBr3 Orthorhombic (1 0 1) 15.8(6) 0.
(MA)2AgBiBr6 Cubic (1 1 1) 7.9(14) 0.

(1 1 0) 8.4(17) 0.
(MA)2KBiCl6 Trigonal (0 0 1) 10.5(12) 0.
(MA)2TlBiBr6 Cubic (1 1 1) 12.8(19) 0.
MAPbI3 Tetragonal (1 0 0) 10.4(8) 0.

(1 1 2) 10.7(5) 0.
MAPbBr3 Cubic (1 0 0) 17.7(6) 0.

(1 1 0) 15.6(6) 0.
MAPbCl3 Cubic (1 0 0) 19.8(7) 0.

(1 1 0) 17.4(7) 0.

a Estimated for a homogeneous, isotropic, and linear elastic material, according to: B
b Estimated values m = 0.33.
C11 + 2C12 > 0, and C44 > 0 [33–36]. The values of Young’s moduli
(E), shear moduli (G), Poisson’s ratios (m), anisotropy indexes (A)
and bulk moduli (B) estimated using Cij are also listed in
Table 1 [37].

From Table 1, it is observed that the Mulliken or Hirshfeld
charge, Cij, E, G, and B scale inversely with the ionic radii of the
halides. This trend is attributed to the decreasing Mulliken or Hir-
shfeld charge and electronegativity from chlorine to bromine, and
then iodine in Cs2AgBiX6. This is because a reduced electronegativ-
ity lowers the strengths of the Ag-X and the Bi-X bonds. To further
support this hypothesis, 2D horizontal cross sectional images of
the charge density distributions in a 2�2 conventional cell are dis-
played in Fig. 1 [39–41]. From Fig. 1 (a), (c), and (e), it is seen that
all the electrons of Cs and X surround their respective nuclei, with
no shared electrons between the A- and X-sites. This observation
leads us to conclude that the interatomic interactions between Cs
and X are exclusively electrostatic in nature, and this is why they
are nearly-pure ionic. On this basis, it is reasonable to conclude
that the number of the surrounding electrons become less as X
goes from Cl to I, which is consistent with the calculated results
of Mulliken or Hirshfeld charges and electronegativities. While this
providing the rationale for the observed variations in the elastic
properties of Cs2AgBiX6. Note, Fig. 1 (b), (d), and (f), however, indi-
cate that sharing of electrons between Ag/Bi and X does indeed
exists. This observation implies that the Ag-Br and Bi-Br bonds
are relatively more covalent in nature. In addition, the charge den-
sity distributions of halogen atoms show an increasingly diffuse
nature as X goes from Cl to I. This, in turn, weakens the correspond-
ing Ag-X and Bi-X bonds and electrostatic interactions between Cs
and halogen atoms [15]. Consequently, the calculated Cij and other
elastic properties are negative correlation with the size of the halo-
gen atoms.

It is notable that the directions of the maximum (Emax) and
minimum (Emin) of Young’s moduli of Cs2AgBiX6 depend on the
(a12a22 + a1

2a3
2 + a2

2a3
2) as expounded by the tensorial analysis of a

cubic system, where a (a1, a2, a3) are direction cosines for any
arbitrary direction a. Accordingly, E is defined as E�1 = aiajakalSijkl
in a general structure [37], and E�1 = S11 � (2S11 � 2S12 � S44)
(a12a22 + a1

2a3
2 + a2

2a3
2) in a cubic structure. When 2S11 � 2S12 � S44 > 0,

Emax and Emin occur along h1 1 1i and h1 0 0i, respectively, while
the converse is true for 2S11 � 2S12 � S44 < 0. Variations of E in all
directions of Cs2AgBiBr6 are represented graphically as 3D and sec-
tional 2D diagrams in Fig. 2 (download elastic constants plotting
programs in https://github.com/alfredldong/). From them, it is
seen that the crystal is stiffest along h1 0 0i and most complaint
along h1 1 1i, with h1 1 0i exhibiting an intermediate stiffness
between those extrema. A high ratio of AE = Emax/Emin = 2.42
phase transition pressure (Pc) and linear thermal expansion coefficients (a) of eight

(GPa) B (GPa) Pc (GPa) a (MK�1) Reference

67(3) 27.3(14) >1.57 27.8(3) This work
34(2) 15.5a – 37.7 [42,47]
55(11) 7.7a,b – 44 [12]
47(9) 8.2a,b – – [12]
39(7) 10.3a,b – – [10]
56(10) 12.5a,b – – [11]
42(4) 10.2a,b �0.3 43.3 [48–51]
46(6) 10.5a,b – – [49]
31(2) 14.0a �0.4,�1.1 33.3 [49,52,53]
26(2) 12.4a – – [49]
29(2) 19.4a,b – – [49]
25(2) 17.1a,b – [49]

= E/3(1�2m) [42].

https://github.com/alfredldong/
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indicates significant elastic anisotropy in Cs2AgBiBr6. Compara-
tively, the E values of Cs2AgBiBr6 are larger than those from the cubic
Pm-3m MAPbBr3 (Table S2) along the respective crystallographic
directions with the Young’s moduli normal to (1 0 0), (1 1 0) and
(1 1 1) planes being �24.3%, 5.5% and 2.9% larger, respectively. As
reported in a previous work [25], the Ag-Br and Bi-Br bond lengths
in Cs2AgBiBr6 are 2.821 and 2.814 Å respectively, while the
Pb-Br bond length in MAPbBr3 is 2.950 Å, i.e., the metal-bromide
bonds in the former are 4.37% and 4.61% shorter than that in
the latter. As a result, the corresponding bond strengths in the
[AgBiBr6]2� framework can be expected to be stronger than
those in the [PbBr3]�framework. This is probably the reason for
the observed higher framework stiffness in Cs2AgBiBr6. A compari-
sion of the mechanical properties of Cs2AgBiBr6 with its single
perovskite counterpart, CsPbBr3, suggests that the former is much
stiffer although they are in different space groups (CsPbBr3 is
orthorhombic at room temperature) [42].

To further probe the elastic anisotropy, we simplified the per-
ovskite structure to a simple cubic framework motif by noting that
Fig. 4. Shear modulus (G) representation surfaces extracted from DFT calculations. (a) 3
mean the maximum and minimum values, respectively. (b) 2D polar plots of Gmax and G
respectively. The blue outer and red inner lines mean the maximum and minimum
and h1 �1 0i directions. Color codes: Bi, blue; Ag, gray; Br, green; solid lines: original edg
sheared planes. (For interpretation of the references to color in this figure legend, the re
the bcc structure can be obtained by the superposition of two sim-
ple cubic structures and treating the Ag-X-Bi linkages as springs.
When the springs are connected in parallel, the total stiffness coef-
ficient, ktotal, equals the sum of the individual spring constants, i.e.,
ktotal =Rki. On the other hand, when the springs are arranged in
series, 1/ktotal = R1/ki (see SI for details). On this basis, the uniaxial
deformation response of the perovskite structure when stressed
along the axial, face-diagonal, and body-diagonal directions, as dis-
played in Fig. 2, can be disassociated as described in Fig. S3. This
simple analysis shows that for parallel and tandem arrangement
of springs, ktotal = 4, 2, 1.2 times k along h1 0 0i, h1 1 0i,and h1 1 1i
directions, respectively (see SI for details), where k is the stiffness
coefficient of each spring. Since E is proportional to k, this expected
anisotropy in E is consistent with those made using DFT calcula-
tions, i.e., E(1 0 0) > E(1 1 0) > E(1 1 1). The differences between
the spring model and first principles calculations arise from the
deviation between the classical and quantum mechanics.

In order to verify the aforementioned theoretical results, we
performed nanoindentation experiments, so as to extract the
D surface of Gmax and Gmin. The transparent outer and non-transparent inner layers
min projected normal to the (1 0 0) plane. 0 and 90� are along the [0 1 0] and [0 0 1],
values. (c), (d) Schematic diagrams of the (1 1 0) plane sheared along h0 0 1i

e; dashed lines: sheared edge. h is the deformation angle between the original and
ader is referred to the web version of this article.)
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Young’s modulus of Cs2AgBiBr6 single-crystals. Representative
load-indentation depth (P-h) curve obtained on the (1 1 1) face is
shown in Fig. 3. The maximum surface penetration depth was
about 538 nm, which occurs at the maximum load of 5 mN that
was held for 10 s. As listed in Table S3, the average experimentally
obtained E on the (1 1 1) face is 22.6(6) GPa, which is close to that
22.3 GPa calculated using DFT, indicating the validity of our first
principles approach.

The experimental values of E, hardnesses (H), B, phase transition
pressure (Pc) and linear thermal expansion coefficients (a) are
listed for all known solar cell perovskites in Table 2. It is clear that
E of Cs2AgBiBr6 is significantly higher than those of hybrid halide
double perovskites MA2MBiX6 (M = K, Ag, Tl; X = Cl, Br), which
indicates that the denser Cs-based double perovskite is the stiffest
[12]. Additionally, a comparison with those of hybrid lead halide
perovskites MAPbX3 (X = Cl, Br or I) shows that the E and H values
of Cs2AgBiBr6 are also much higher due to the fact that the bond
lengths of Ag-Br and Bi-Br in the latter are shorter than those of
Pb-X (X = Cl [44], Br [45] or I [46]) in the former.

The shear modulus (G) of a material indicates its resistance to
shape change through distortion under shear loading. Variations
of G, extracted from the DFT calculations, in 3D and a 2D polar plot
that was projected normal to the (1 0 0) plane, are displayed in
Fig. 5. Poisson’s ratio (m) representation surfaces derived from DFT calculations. (a) 3D su
the maximum and minimum values, respectively. (b) 2D polar plots of mmax and mmin

respectively. The blue outer and red inner lines mean the maximum and minimum value
and h1 �1 0i directions respectively, when the stresses all work along the h1 1 0i. Co
deformation edge. (For interpretation of the references to color in this figure legend, the
Fig. 4(a) and (b) respectively. From them, it is seen that Gmin occurs
when (1 1 0) plane is sheared along h0 0 1i, while Gmax arises from
the shearing of the same plane, but along h1 �1 0i. These two
extrema in G, i.e., Gmin (8.15 GPa) and Gmax (22.82 GPa), are equal
to C44 and (C11 – C12)/2, respectively, which is expected for a cubic
crystal [36]. The anisotropy in G of Cs2AgBiBr6, given by the ratio of
Gmax to Gmin, is 2.80. Such an high ratio again confirms that this
material is significantly anisotropic. As compared to Emin

(22.33 GPa), Gmin is �64% smaller, which implies that Cs2AgBiBr6
is most vulnerable to shearing. This observation is particularly
important in the context of manufacturing, as it demands special
attention for aspects such as shear-induced plasticity, amorphiza-
tion and rapture. However, G of Cs2AgBiBr6 are slightly larger than
those of MAPbBr3 in any direction [25], and the shear moduli G
(1 0 0)<h k l>(Gmin), G(1 1 1)<h k l>, and Gmax of Cs2AgBiBr6 are
0.6%, 10.5% and 24.0% larger than those from the same orientations
of MAPbBr3. Similar to the origin of anisotropy in E, the shorter Ag-
Br and Bi-Br bond lengths, compared with Pb-Br in MAPbBr3, are
responsible for the higher G values in Cs2AgBiBr6. Since the G val-
ues along G(1 1 1)<h k l> directions are more sensitive to the
change of bond lengths in the perovskite framework, these orienta-
tions exhibit the largest enhancement in G as compared with those
from MAPbBr3.
rface of mmax and mmin. The transparent outer and non-transparent inner layers mean
projected normal to the (1 0 0) plane. 0 and 90� are along the [0 1 0] and [0 0 1],
s. (c), (d) Schematic diagram of Poisson’s ratios show the transverse strain of h0 0 1i
lor codes: Bi, blue; Ag, gray; Br, green; solid lines: original edge; dashed lines:
reader is referred to the web version of this article.)



Fig. 6. The representative synchrotron powder diffraction patterns of Cs2AgBiBr6 at
0, 0.33, 0.49, 0.66, 0.91, 1.15 and 1.57 GPa, respectively, at room temperature. The
inset shows the right shift of the strongest Bragg peak (0 0 1) as a function of
pressure.

Fig. 7. The evolution of unit cell volume (V) (blue and filled squares) and the cubic
axis (a) length (red and filled triangles) as a function of pressure. The errors are
smaller than the experimental data points. The solid lines represent the 2nd – order
Birch – Murnaghan fits to the experimental data. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. The evolution of unit cell volume (V) (blue and filled squares) and the cubic
axis (a) length (red and filled triangles) as a function of temperature. The errors are
smaller than the experimental data points. The solid lines represent the linear fits to
the experimental data [43]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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The mechanistic reasons for the observed high anisotropy in G
can be understood by examining the underlying framework struc-
ture. When any given crystallographic plane in the cubic structure
is sheared, the shear strains on (1 0 0) or (1 1 1) remain isotropic
because of the high symmetry present in the Fm-3m space group.
This is not the case, however, for shearing on (1 1 0) due to a much
lower symmetry in the arrangement of atoms in the perovskite
unit cell. As seen in Fig. 4(c) and (d), the shear strain (c), which
is defined as the angle of deformation (h), is directly related to
the bond length changes of the perovskite structure. Specifically,
the variation of bond lengths (Dx) is proportional to the square
of deformation angle (h) when the (1 1 0) plane is sheared along
h0 0 1i (Fig. 4c), but proportional to h for (1 1 0)h1 �1 0i shear
(Fig. 4d), as derived by the Taylor series expansion. As h is small,
a much larger shear stress is needed for deformation along
h1 �1 0i as compared to that along h0 0 1i for obtaining same h.
This leads to the observed Gmin along h0 0 1i and Gmax along
h1 �1 0i. Furthermore, shearing of (1 0 0) and (1 1 1) planes along
any direction is similar to that depicted in Fig. 4(c) and (d), and
the extracted results, from DFT, show that G(1 0 0)<h k l> = Gmin

and G(1 1 1)<h k l> = 14.26 GPa, which is intermediate to those of
Gmax and Gmin.

We turn our attention next to the Poisson’s ratios (m), which are
defined as the ratio of the transverse strains (ej) to the axial strains
(ei), m = �ej/ei [54,55]. The values and representation surfaces of m in
Cs2AgBiBr6 are given in Table 1 and Fig. 5(a) and (b), respectively.
From them, it is seen that m ranges from 0.09 to 0.61. Notably, the
maximum in m decreases from Cl to I while the minimum remains
invariant. This observation implies that the Ag-X and Bi-X (X = Cl,
Br or I) bonds exert relatively lesser influence on the anisotropy
in m as compared with E and G.

Interestingly, m of Cs2AgBiBr6 are similar to those of MAPbBr3,
which are in the range of 0.10–0.53 [25]. This similarity is probably
due to the same cubic symmetry since m are more influenced by the
crystal symmetry rather than the strengths of chemical bonds. For
a ductile material, a high value of m (typically above 0.26 [25]) is
preferable. Since a high value of 0.61 for m is noted in <110,
1�10>, Cs2AgBiBr6 may not be brittle. Nevertheless, the significant
amount of directions along which m less than the critical value (i.e.
m<110,001> = 0.09) could lead to brittleness, a vital factor which
needs to be taken into account for device design.

The anisotropic nature of m can also be understood by recourse
to the underlying crystal structure and the spring model that was
alluded to earlier in this paper. When the crystal is subjected to
uniaxial compression along h1 1 0i, the transverse strains along
h0 0 1i and h1 �1 0i are infinitely small and finitely small quanti-
ties respectively, as depicted in Fig. 5(c) and (d). As a result, strains
in h1 �1 0i are much larger than those in h0 0 1i, which cause m to
be maximum along h1 �1 0i and minimum along h0 0 1i.

The bulk modulus (B) is a material parameter that indicates the
resistance it offers to volume change (whereas the shear modulus
indicates the resistance to shape change). Our DFT calculations
show that B of Cs2AgBiX6 scales inversely with the atomic radius
of X (Table 1). This observation is consistent with the trends in
both the strengths of Ag-X and Bi-X bonds. To examine the validity
of the DFT estimates, we performed HP-PXRD experiments on
Cs2AgBiBr6 crystals in a synchrotron facility, the results of which
are displayed in Fig. 6. As seen from it, all the diffraction peaks shift
to higher angles as the pressure (P) is increased from atmospheric
to 1.57 GPa, with no indication of any phase transition. For



Fig. 9. SAED patterns of Cs2AgBiBr6 single crystal along [1 1 1] (a) and [1 1 �2] (b) zone axes.
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contrast, a pressure-induced phase transition was reported to
occur at about 0.3 GPa in MAPbI3 and at 0.4 GPa in MAPbBr3
[53,56]. Thus, Cs2AgBiBr6 shows considerably more resistance to
any such phase transition under hydrostatic compression.

Variations in the unit cell volume (V) and lattice parameter (a)
of Cs2AgBiBr6 with P are displayed in Fig. 7. From it, we note that
both V and a get reduced by �4.8% and �1.6% respectively, when
P is increased from atmospheric to 1.57 GPa. By fitting the V-P data
with the second order Birch - Murnaghan equation of state [57–
59], a value of 27.3(1.4) GPa is obtained for B, which is in excellent
agreement with the DFT estimated value of 28.6 GPa, which not
only validates the DFT calculations but also confirms the inference
that we draw from it, namely resistance to high volumetric
changes of the framework lattice stems from the Ag-X and Bi-X
bond strengths.
3.2. Thermal expansion behavior

The thermal expansion behavior of Cs2AgBiBr6 is examined
next, as it also depends intimately on the crystal structures and
the bond strengths, just like the elastic properties. For this purpose,
VT-SCXRD data of Cs2AgBiBr6 were collected from 120 to 360 K at
30 K intervals. Variations in the obtained cell parameters with
temperature (T) are displayed in Fig. 8, from which it is seen that
both cell volume (V) and axis length (a) vary linearly and positively
with T. Upon increasing T from 120 to 360 K, a increases by about
0.67% and V increases by 2.01%. Linear fits through the experimen-
tal data yield the coefficients of linear (aa) and volumetric (aV)
thermal expansion for Cs2AgBiBr6 as 27.8(3) and 83.9(10) MK�1,
respectively [59]. These properties are compared with respective
values of other perovskites in Table 2, from which it is seen that
aa of Cs2AgBiBr6 is about 26.3%, 36.8%, 35.8% and 17.0% lower than
those from the CsPbBr3, (MA)2AgBiBr6, MAPbI3 and MAPbBr3,
respectively. Such significantly lower thermal expansion of
Cs2AgBiBr6 arises from the stronger bonding characteristics and
the absence of organic components, which impart higher structural
stiffness and less susceptible to temperature perturbation. These
observations are consistent with the strong and sharp electron
diffraction spots in the TEM patterns (Fig. 9) which are in marked
difference with the existence of diffuse scattering in HOIPs arising
from light organic compositions, such as MAPbI3 [60]. Importantly,
a lower thermal expansion behavior can minimize the thermal
strains that could potentially arise either during processing or in
service, in turn enhancing the device life [42,61].
4. Summary and conclusions

In summary, we have examined the elastic and thermal proper-
ties of lead-free halide double perovskite Cs2AgBiBr6 in detail via
DFT calculations, which were validated with complementary
experimental characterizations. The Young’s moduli, shear moduli
and Poisson’s ratios of Cs2AgBiBr6 along all crystallographic direc-
tions were mapped by using the obtained full elastic constants and
the observed elastic anisotropy was rationalized by recourse to
structural analysis from an atomic level. The obtained results
demonstrate that the mechanical and thermal performance of
Cs2AgBiBr6 is significantly better as compared to other MAPbBr3
type perovskites. VT-SCXRD experiments confirm that Cs2AgBiBr6
exhibiting about 20% smaller uniaxial and volumetric thermal
expansion as compared with MAPbBr3. The higher framework
stiffness of the former is due to the presence of relatively stronger
Ag-Br and Bi-Br bonds in the former whereas the Pb-X (X = Cl, Br
or I) bonds in the metal halide perovskites are relatively weaker.
The superior stiffness and thermal expansion behavior of
Cs2AgBiBr6 combined with its nontoxicity and impressive moisture
stability makes it a strong candidate for potential applications in
optoelectronics and photovoltaics.
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