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% Check for updates Halide perovskites show great optoelectronic performance, but their favor-

able properties are paired with unusually strong anharmonicity. It was pro-
posed that this combination derives from the ns* electron configuration of
octahedral cations and associated pseudo-Jahn-Teller effect. We show that
such cations are not a prerequisite for the strong anharmonicity and low-
energy lattice dynamics encountered in these materials. We combine X-ray
diffraction, infrared and Raman spectroscopies, and molecular dynamics to
contrast the lattice dynamics of CsSrBr; with those of CsPbBr;, two com-
pounds that are structurally similar but with the former lacking ns* cations with
the propensity to form electron lone pairs. We exploit low-frequency diffusive
Raman scattering, nominally symmetry-forbidden in the cubic phase, as a
fingerprint of anharmonicity and reveal that low-frequency tilting occurs
irrespective of octahedral cation electron configuration. This highlights the
role of structure in perovskite lattice dynamics, providing design rules for the
emerging class of soft perovskite semiconductors.

Halide perovskites (HaPs) with formula AMX; generated enormous
research interest because of their outstanding performance in optoe-
lectronic devices, most notably in efficient solar cells'. These com-
pounds are highly unusual among the established semiconductors
because they feature an intriguing combination of properties. Strong
anharmonic fluctuations* ® in these soft materials appear together with
optoelectronic characteristics that are favorable for technological
applications’®. This confluence raised puzzling questions regarding
the microscopic characteristics of the materials and the compositional
tuning of their properties alike. On the one hand, the soft anharmonic

nature of the HaP structure may be beneficial in self-healing mechan-
isms of the material’™, allowing for low-energy synthesis routes in
their fabrication. On the other hand, pairing of anharmonic fluctua-
tions and optoelectronic processes for key quantities of HaPs, e.g.,
band gaps ", optical absorption profiles®, and charge-carrier
mobilities®*, exposed incomplete microscopic rationales for the
fundamental physical processes involved in solar-energy conversion.
Established materials design rules are now being challenged by these
observations, opening a gap in our protocols for making improved
compounds.
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Significant efforts are now underway to discern the chemical
effects giving rise to these remarkable properties of HaPs. Because
lattice dynamical and optoelectronic properties appear both to be
special and coupled in unusual ways, a common origin in chemical
bonding could underlie these phenomena. In this context, an inter-
esting chemical feature is that the octahedral cations in these com-
pounds often bear an ns® electron configuration (e.g., Pb* with
configuration [Xel6s?), which is not present in many other
semiconductors®. This particular aspect of HaPs leads to a strong or
weak pseudo-Jahn-Teller (PJT) effect”*’, depending on the particulars
of cation and anion composition and chemical pressure. The weak case
influences local structure®**, lattice dynamics® and ionic dielectric
responses®***%, while the strong case additionally results in the for-
mation of a stereochemically-expressed electron lone pair and impacts
average crystal structures®**%, The weak PJT effect associated with
65’ Pb?* coordinated by heavy halides plays a role in optoelectronic
properties of these materials: its influence on the dielectric function
can modify the Coulomb screening that is relevant for small exciton
binding energies, reduced recombination rates and other key prop-
erties of HaPs**°,

Confluences of the propensity for lone-pair formation with
structural and lattice-dynamical properties were investigated in pre-
vious work exploring the chemical space of HaPs. Gao et al.** found an
inverse relationship between the Goldschmidt tolerance factor, ¢, and
anharmonic octahedral tilting motions. Similarly, Huang et al. varied
the A-site cation to explore interrelations of chemical, structural, and
dynamical effects in HaPs®, reporting t-induced modulations of octa-
hedral tiltings and lone-pair stereoactivity. A recent study by several of
the present authors found that Cs,AgBiBr lacks some expressions of
lattice anharmonicity found in other HaP variants*.. Because every
other octahedral cation (Ag’, 4d"°) cannot form a lone pair in this
compound, this raised the possibility that changing the electron con-
figuration of the cations may also suppress certain aspects of the lat-
tice dynamics in HaPs. Taken together, previous work assigned a
central role of the ns’ electron configuration and associated PJT effect
in the anharmonic lattice dynamics of HaPs in addition to their
established effect on the electronic structure and dielectric screening.
However, exploring the chemical space of HaPs in this way simulta-
neously changes their structures. Therefore, isolating the convoluted
occurrences of cation lone-pair formation propensity and purely
structurally-determined changes in the lattice dynamics of HaPs
remained challenging, making an assessment of the precise impact of
chemical bonding on anharmonicity in these soft semiconductors
largely inaccessible.

Here, we address this issue and show that an ns® cation compatible
with lone-pair formation is not required for the strong anharmonicity
in the low-energy lattice dynamics of soft HaP semiconductors. We
disentangle structural and chemical effects in the lattice dynamics of
HaPs by comparing the well-known CsPbBr; with the far less studied
CsSrBr;. Both exhibit almost identical geometrical and structural
parameters, but CsSrBr; exhibits a negligible PJT effect on the octa-
hedral Sr** site, owing to substantially weaker vibronic coupling to
degenerate excited states than in the Pb*" case (see Supplementary
Note 1), allowing separation of the effects of the ns® electron config-
uration and the geometry on the lattice dynamics in a direct manner.
Combining electronic structure and molecular dynamics (MD)
calculations with X-ray diffraction (XRD), infrared (IR) and Raman
spectroscopies, we assess a key fingerprint of vibrational anharmoni-
city, i.e., the Raman central peak, which is a broad peak towards zero
frequency in the Raman spectrum resulting from diffusive inelastic
scattering?**43%_ While the electronic structure and dielectric
properties of CsPbBr; and CsSrBr; are very different, their vibrational
anharmonicities are found to be remarkably similar. In particular, the
crucial dynamic octahedral tiltings giving rise to the Raman central
peak are still present even in the absence of ns* octahedral cations in

CsSrBrs. Our results provide microscopic understanding of precisely
how the propensity for lone-pair formation influences the anharmonic
octahedral tiltings that dynamically break the average cubic symmetry
in both compounds, and rule out the weak PJT effect associated with
the ns®> main-group cations as the sole reason for the appearance of
such anharmonicity in soft HaPs. These findings are important for
chemical tuning of HaPs needed for new materials design.

Results
Electronic structure and bonding
We first investigate the electronic structure and bonding of CsPbBr;
and CsSrBr; using density-functional theory (DFT). Figure 1 shows their
band structure, total and projected density of states (DOS), as well as
the total and projected crystal-orbital Hamilton population (COHP) of
the high-temperature cubic phases of CsPbBr3; and CsSrBr3. The elec-
tronic band structure and bonding of CsPbBr; were extensively
investigated before*®: the conduction band minimum (CBM) is formed
by anti-bonding interactions (positive COHP in Fig. 1c) between Pb-6p
and Br-4p/Br-4s orbitals, while the valence band maximum (VBM) is
formed by anti-bonding interactions between Br-4p and Pb-6s orbitals.
The electronic structure of CsSrBr; exhibits entirely different
characteristics®*’, especially a much larger band gap and weaker
covalent interactions. Notably, the magnitude of the COHP is sig-
nificantly reduced with respect to that of CsPbBr;, indicating much
greater ionicity, and the COHP is almost entirely recovered by inter-
actions between Cs and Br. Importantly, all bands derived from anti-
bonding interactions between Sr-5s and Br-4p/Br-4s are empty due to
the electron configuration of Sr** ([Kr]), and there is no potential for
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Fig. 1| Electronic structure. DFT-computed electronic band structure of cubic
CsPbBr; a and corresponding total and projected density of states (DOS, b) and
crystal-orbital Hamilton population (COHP, c). Panels d-f show the same data for
CsSrBrs.
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Table 1 | Dielectric properties of cubic CsMBr;

compound e 4 ::s Z *M—site Z ;r

(xx, yy, zz)
CsPbBr3 5.39 1.38 4.33 (-0.63, -0.63, -4.46)
CsSrBrg 3.02 1.35 2.43 (-0.91, -0.91, -1.97)

Dielectric constant in the high-frequency limit with respect to the optical phonon mode fre-
quencies, €., and Born effective charges, Z,‘, of cubic CsPbBr; and CsSrBr as calculated by DFT.
We report Zg, for the Br bonded with Pb/Sr along the z axis.

lone pair formation on Sr**. A manifestation of the lack of ns® cations in
CsSrBr; is that there is no cross-gap hybridization of the halide valence
orbitals. By contrast, Br-4p orbitals hybridize with Pb-6p across the gap
of CsPbBr; (see the pCOHP in Fig. 1c). This leads to large Born effective
charges, i.e., large changes in the macroscopic polarization upon ionic
displacements*®™ reported in Table 1, which for CsPbBr; are more
than double the formal charge of Pb (+2) and Br (-1) and much larger
than the corresponding values for CsSrBrs. Similarly, there is also a
larger electronic contribution to the dielectric response in CsPbBr;
and it features a larger value of the dielectric function at the high-
frequency limit (¢..) compared to CsSrBrs.

Structural properties and phase transitions

In spite of the markedly different electronic structure and bonding
characteristics, CsSrBr; and CsPbBr; exhibit the same high-
temperature cubic crystal structure (Pm3m) and very similar lattice
parameters (see Supplementary Note 3). One can rationalize this
through the nearly identical ionic radii of Pb?* and Sr** (119 and 118 pm)
and the resulting Goldschmidt factors for the compounds (0.862 and
0.865). Furthermore, both materials exhibit the same sequence of
structural phase transitions from the high-temperature cubic to the
low-temperature orthorhombic phase (with an intermediate tetra-
gonal phase), as shown by temperature-dependent lattice parameters
in Fig. 2 that were determined via XRD. The cubic-to-tetragonal phase
transition temperature of CsSrBr; (-520 K) is noticeably higher than
that of CsPbBr; (-400 K)*>** and slightly higher (-10 K) than that
reported for Eu-doped CsSrBry:Eu 5%*. The volumetric thermal
expansion coefficient (ay) of CsSrBr; (~1.32x10™* K™ at 300 K) is large
and similar to that of CsPbBr3 (~1.29 x 10 K™, see the Supplementary
Note 3), in good agreement with the one reported for CsSrBr3:Eu’*. Just
as for other inorganic HaPs, ay, of CsSrBr; slightly decreases with
temperature®*®, The similarity of geometric factors and structural
phase transitions suggests that the octahedral tilting dynamics in
CsSrBr; might be similar to those in CsPbBr;, which contrasts with
their markedly different electronic structure, and prompts a deeper
investigation of the impact of the ns’ cations on structural dynamics.

Lower-temperature lattice dynamics

We conduct IR and Raman spectroscopy at different temperatures as
well as DFT-based harmonic-phonon calculations. The measured IR
spectra show that the dominant CsSrBr; features are blue-shifted
compared to those of CsPbBr; (see Fig. 3a). Indeed, our DFT calcula-
tions of IR activities find a significant softening of the infrared-active
TO modes in CsPbBr; compared to those in CsSrBr; (see Fig. 3b): the
most prominent IR-active TO mode in CsPbBr3 and CsSrBr; appears at
~68 and 146 cm™, respectively, corresponding to the same irreducible
representation (Bs,) with similar eigenvectors (see Supplementary
Fig. 9) in each system. This is in line with the theory of weak PJT effects
in general” and expectations for lone pairs in particular, with sig-
nificant softening of ungerade modes in CsPbBr; that would corre-
spond to lone-pair formation in the strong PJT case relative to those in
CsSrBr3. Notably, this softening is primarily driven by differences in
bonding rather than the difference in the atomic masses (see Supple-
mentary Note 7).
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Fig. 2 | Structural properties. Temperature-dependent lattice parameters of
CsPbBr; a and CsSrBr; b determined by XRD throughout the orthorhombic—tet-
ragonal—cubic phases. We show reduced lattice parameters @, b and ¢ for better
visualization, with the orthorhombic phase expressed in the Pbnm setting. Dashed
vertical lines indicate phase-transition temperatures. Error bars from Pawley fitting
are smaller than the markers and are omitted.

Moreover, the LO/TO splitting is enhanced in CsPbBr; compared
to in CsSrBr3 and the LO phonon modes are hardened. Related to this,
the CsPbBr; IR spectrum exhibits a broad feature which is known as the
Reststrahlen band as has been reported before for MA-based HaPs™.
This particular effect results in near-zero transmission through the
material in a frequency range between the TO and LO modes, repre-
sented by high IR intensity values, and occurs in polar materials with
larger Born-effective charges. Because the TO modes are softened and
the LO modes hardened in CsPbBr; compared to CsSrBr;, and because
the latter is less polar (cf. Table 1), the absence of the ns? cations leads
to a much less pronounced, blue-shifted Reststrahlen band appearing
in a smaller frequency window in CsSrBr3 (see Fig. 3a, and Supple-
mentary Note 4).

Figure 3c shows the 80 K Raman spectra of CsPbBr3 and CsSrBr;,
which are in good agreement with the Raman activities calculated for
harmonic phonons (Fig. 3d). Specifically, the experimental spectrum
of CsPbBrj in Fig. 3b finds three broader features at frequencies below
and one weaker-intensity feature at frequencies above 100 cm™.
Conversely, CsSrBr; exhibits a structured feature around 50cm’, a
pronounced signal close to 100 cm™, and then a series of weaker
intensities between 100 and 150 cm™. While the DFT-computed Raman
activities calculated in the harmonic approximation are in broad
agreement with these findings (see Fig. 3d), we note a slightly larger
deviation of approximately 20 cm™ for the higher-frequency peak in
CsPbBr;. These findings lead us to conclude that unlike in IR, the
Raman spectrum of CsSrBr; exhibits no substantial energy shifts with
respect to CsPbBr;. Computing the phonon DOS for the orthorhombic
phase of both compounds with DFT (see Supplementary Fig. 8), we
find that they exhibit similar phonon DOS below 100 cm™, i.e., in the
region of most of the Raman-active modes. The similar phonon DOS
and the contributions of the M-site at low frequencies explain the
limited shift of the CsSrBr; Raman spectrum, which might be surpris-
ing at first sight given the different atomic masses of Sr and Pb. Above
this range, CsPbBr; exhibits few vibrational states while CsSrBr; shows
its most pronounced phonon DOS peaks, which correspond well with
the strongest IR mode calculated from the harmonic approximation.

High-temperature lattice dynamics

A key signature of vibrational anharmonicity in HaPs at higher tem-
peratures is the Raman central peak®®*>3"*>, We use this feature that
is nominally symmetry-forbidden in the cubic phase as a fingerprint to
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Fig. 4 | Lattice dynamics at higher temperature. Raman spectra of CsPbBr3 a and
CsSrBr; b in the high-temperature cubic phase measured experimentally and cal-
culated using DFT-MD. The central peak appears for both compounds in the
experiments and computations despite significant differences in bonding: [PbBr,]*-
is proximate to lone-pair formation (i.e., exhibits a weak PJT effect)”’, while PJT
effects associated with [SrBre]* are negligible.

directly investigate how the propensity for cation lone-pair formation
or lack thereof determines anharmonicity in these materials, using
Raman spectroscopy and DFT-based MD simulations. Interestingly, a
central peak also appears in the high-temperature Raman spectrum of
CsSrBr; (see Fig. 4 and Supplementary Note 5 for full temperature
range). We note that differences in Raman intensity imply that the

scattering cross-section of CsSrBrs is notably weaker than that of
CsPbBr3, which is due to its significantly higher bandgap and weaker
dielectric response at the Raman excitation wavelength (785 nm) and
because a powder sample of CsSrBr; has been used for which scat-
tering of light in the back-scattering direction is considerably lower.
The presence of a central peak in CsSrBr; shows that local fluctuations
associated with a cation lone-pair are not required for the low-
frequency diffusive Raman scattering and anharmonicity to occur. This
result, together with the identical phase-transition sequences of both
materials (see Fig. 2), led us to investigate the role of tilting instabilities
in CsSrBr; and CsPbBrs;.

We first calculate the Raman spectrum for both compounds using
MD calculations (see Fig. 4 and Methods section). Remarkably, a cen-
tral peak appears also in the MD-computed high-temperature Raman
spectrum of CsPbBr; and CsSrBr;. We find good agreement between
experiment and theory, both showing a feature between 50 and
100 cm™ in the Raman spectra of the two materials in addition to the
central peak.

Next, we compute harmonic phonon dispersions of both com-
pounds (see Fig. 5) and find these to be remarkably similar for cubic
CsSrBr; and CsPbBr; in the low frequency region, in line with the
aforementioned similarities in the phonon DOS of the orthorhombic
phase. Specifically, both compounds exhibit the same dynamic tilting
instabilities at the edge of the Brillouin zone (BZ), governed by in-
phase (M point) and three degenerate out-of-phase (R point) rotations.
These rotation modes are not only active in the phase transitions, but
they also have been discussed to drive the dynamic disorder of halide
perovskites**58¢1,

Finally, using the MD trajectories of CsPbBr3 and CsSrBr; in the
cubic phase, we calculate the frequency-resolved dynamic changes of
octahedral rotation angles, ®,(w) (see Fig. 6 and Eq. (1) in the Methods
Section). Figure 6b shows ®,(w) for CsPbBr; and CsSrBr; and indicates
strong low-frequency tilting components in both CsPbBr3 and CsSrBr;.
Recently, a phenomenological model for the description of the
temperature-dependent Raman spectra of cubic HaPs proposed the
inclusion of a low-frequency anharmonic feature, which was associated

Nature Communications | (2024)15:4184



Article

https://doi.org/10.1038/s41467-024-48581-x

a 250+ SStBrs b Mmodfa: i4n‘phaset
I gsib??:@ 3/’ / to
i S—_— “— 'S
'5150— / //\ \ ?\ ‘\\ )
§100 '_/\// ; ¥ C ©Rmodes: out of phase ®
B /7  \% -
S B = °
o (NP5 \\/Xﬂ y
* ()
VI ' > D &

Fig. 5 | Dynamic instabilities in the lattice dynamics. a Harmonic phonon dis-
persion of cubic CsPbBr; and CsSrBr; showing the dynamic instabilities in the high-
temperature, cubic phase of both compounds. The imaginary modes at the Mand R

R X

points are the in-phase and out-of-phase tilting depicted in b, c, respectively. The
tilting modes are almost identical for CsSrBrz and CsPbBr;.

a z6qP — Ow) | Z ,° — G
c c
y ; 4 — Oy(w) ; — Gy
b 8 OAw) | 2, ] <
3Ia2{h ERL
2 et" \\w\w&'ﬁﬁ:\g&:;l¢,\ . L)% \/“Mﬁ*&’/&”l’k’;r A“»;\,.‘
0 ~—] 0 P
¥ geld Oxw) | € ,]° Cx
= 5 —
é PV + 0 2 4 Oy (w) s y
2=" s — o) | & — G
3 2- 3
= 3
e O
0 T T 0 T T T
0 20 40 0 20 40

Frequency (cm™1)

Fig. 6 | Impact of cation electron configuration on octahedral dynamics at
higher temperature. a Schematic representation of the MBr, octahedron aligned
along the z Cartesian axis. The octahedral rotation angle around z, ¢,, is defined as
the average of the angles formed by the x/y Cartesian axis and the vector con-
necting two in-plane Br atoms at opposing edges of the octahedron (¢ in red and

Frequency (cm™1)

Y in blue). Note that a clockwise rotation is defined as positive and counter-
clockwise as negative. Fourier transform of the octahedral rotation angle, ®,(w),
and cross-correlation between rotation angle and M-site displacement, Cop(w),
calculated using DFT-MD trajectories of cubic CsPbBr; (b, ¢, respectively, T=525K)
and CsSrBr3 (d, e, respectively, T=570 K).

with transitions between minima of a double-well potential energy
surfaces® that correspond to different octahedral tiltings®>****, Our
results confirm that substantial octahedral dynamics correspond to
low-frequency features dynamically breaking the cubic symmetry in
CsPbBr; and CsSrBrs*'***%%_ Interestingly, this low-frequency com-
ponent appears irrespective of the presence of ns? cations and induces
the formation of relatively long-lived (tens of ps) structural distortions
(see Supplementary Fig. 11), which strongly deviate from the average
cubic symmetry. This suggests that the dynamic deviations from the
long-range, crystallographic structure enable the low-frequency
Raman response without violating the selection rules.

We investigate the impact of the M-site chemistry on octahedral
tilting tendencies” by computing the Fourier-transform of cross-
correlations between rotation angles and M-site displacements, Cos(w)
(see Eq. (2) in the Methods section). Larger values of Cs generally
indicate stronger coupling between octahedral rotations and Pb

displacements. Absence of the propensity for lone-pair formation
becomes evident in the low intensity of Ces(w) for CsSrBrs (Fig. 6¢),
which is less than half of that of CsPbBr;, especially at low-frequencies
relevant for the slow, anharmonic, symmetry-breaking rotational fea-
tures. This suggests that the presence of the ns® cations in CsPbBr;
enhances the low-frequency octahedral tilting, in line with the
literature®. M-site displacements and octahedral rotations are corre-
lated because the latter is accompanied by changes of the Br-Pb-Br
resonant network" affecting the charge density in the vicinity of the
M-site. While this effect is very weak in CsSrBr; (see Supplementary
Fig. 12), the non-zero C,g4 for this case shows that the presence of ns®
cations is not necessary to couple octahedral rotations and M-site
displacements because the ions are still interacting through other
types of interactions, e.g., electrostatically or due to Pauli repulsion. In
CsPbF3, the interaction of tilting and M-site displacements is strong
enough to drive the adoption of an unusual tilt pattern®. We speculate
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that the lone-pair-enhanced tilting could contribute to the fact that
CsPbBr; has a lower tetragonal-to-cubic phase transition temperature
compared to that of CsSrBrs.

Discussion

We directly disentangled structural and chemical effects in HaPs by
comparing CsPbBr; and CsSrBrz, two compounds with similar ionic
radii and structural properties but entirely different orbital interac-
tions that imbue CsPbBr; with the weak PJT effect common to
technologically-relevant Pb perovskites and CsSrBr; with negligible
PJT effects. While the ns® configuration of the octahedral cations is
paramount for the optoelectronic and dielectric properties of these
materials, using the Raman central peak at higher temperatures as a
fingerprint to detect anharmonicity we found it to appear also for
CsSrBr; with 5s° cations and to correlate with slow, anharmonic rota-
tions of the octahedra. Notably, the anharmonicity of the tilting
motions is different from that of intra-octahedral distortions asso-
ciated with the PJT effect”. Altogether, these findings demonstrate
that the perovskite structure allows for anharmonic vibrational
dynamics to occur, irrespective of the presence of ns” cations with the
propensity to form lone pairs, which establishes this somewhat unu-
sual behavior as a generic effect in this material class. We note that
recent work by some of the present authors has investigated the
commonalities and differences between oxide perovskites and HaPs in
this context®.

Since octahedral dynamics impact the optoelectronic character-
istics of these systems, our results have implications for synthesis of
new HaPs with improved properties for technological applications. For
instance, Pb-Sr alloying has been proposed as a method to tune the
band gap of HaPs for light emission and absorption applications*’. Our
work implies that such Sr alloying for tuning electronic and dielectric
properties preserves the strongly anharmonic lattice dynamics. Fur-
thermore, investigating related compounds with distinct electronic
configurations on the octahedral cation, such as CsEuBr3;, may provide
further insight about chemical trends in tuning of the HaP properties.

The relevance of these findings for material design strategies of
HaP compounds is additionally affirmed when putting our results in
the context of previous work discussing anharmonic effects in this
class of materials. Specifically, cubic CsPbBrs;, CsSnBr;, CsGeBrs,
(CH3NH3)0_13(CH3CH2NH3)0_87PbBr3, CH(NHz)zpbBl’g,, and, here,
CsSrBr; are all reported to exhibit dynamic hopping between low
symmetry minima on the potential energy surface®>>*. By contrast,
the high symmetry phase of Cs,AgBiBr, is anharmonically stabilized
and exhibits well-defined normal modes and a soft-mode transition on
cooling®. Cs,SnBry, on the other hand, lacks any phase transitions and
similarly exhibits well-defined normal modes®®. Where previously the
strength of the PJT effect associated with ns cations or the density of
such cations appeared to be a plausible predictor of broad, nominally
symmetry-forbidden Raman scattering resulting in a central peak, our
work suggests that instead the differing symmetry in both the struc-
ture and the chemical bonding of metal halide perovskites and double-
perovskites may be a controlling factor. Notably, CsGeBrs;, which
exhibits no octahedral tilting transitions®” and a broad Raman central
peak in the cubic phase with a mode reflecting persistent pyramidal
[GeBrs;]” anions®, corresponds to the strong PJT* case: Stereo-
chemically expressed cation lone pairs are evident in the low tem-
perature average structure® and in the local fluctuations of the cubic
phase®. Dynamic symmetry-breaking giving rise to a broad Raman
central peak is thus observed for three distinct bonding regimes with
regard to pseudo-Jahn-Teller effects: strong PJT (CsGeBrs)*’, weak PJT
(CsPbBr; and others)*, and negligible PJT (CsSrBrs).

In conclusion, the ns® electron configuration in HaPs that can
result in the formation of lone-pairs is crucial to several favorable
electronic features®****¢ and gives rise to the elevated ionic dielectric
response via enhancement of Born effective charges®*%. However, we

found that presence of a strong or weak PJT effect associated with ns’
cations is not necessary to produce dynamic symmetry-breaking of the
sort that gives rise to broad, intense Raman scattering in the high
temperature phases of HaPs and that has been associated with
the unique optoelectronic properties in these compounds such as
long charge-carrier lifetimes and photoinstabilities. Instead, such
dynamic symmetry breaking is common to all cubic bromide and
iodide (single-)perovskites thus far studied to the best of our knowl-
edge. These results highlight the key role of structural chemistry in the
anharmonic dynamics of halide perovskites, providing an additional
criterion for the design of soft optoelectronic semiconductors.

Methods

Electronic structure calculations

DFT calculations were performed with Vienna ab-initio simulation
package (VASP) code” using the projector augmented wave (PAW)
method”. We employed the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional’” and the Tkatchenko-Scheffler (TS) scheme’—
using an iterative Hirshfeld partitioning of the charge density’*” - to
account for dispersive interactions. This setup has been shown to
accurately describe the structure of HaPs, also in regard to the omis-
sion of SOC which impacts electronic-structure properties but does
not result in significant changes of quantities related to the total
energy’®”’. All static calculations used an energy convergence thresh-
old of 107 eV, a plane-wave cutoff of 500 eV, and a I'-centered k-grid of
6x6%x6 (6x4x6) for the Pm3m (Pnma) structures. Lattice para-
meters were optimized by a fitting procedure using the Birch-
Murnaghan equation of state’®”® The final structures used in all sub-
sequent calculations were obtained by relaxing the ionic degrees of
freedom until the maximum residual force was below 10*eV A™.. The
total and projected electronic DOS and COHP, were calculated by
partitioning the DFT-calculated band structure into bonding and
antibonding contributions using the LOBSTER code®**'. For this task,
the DFT-computed electronic wave functions were projected onto
Slater-type orbitals (basis set name: pbeVaspFit2015)*° including Cs 6s,
5p and 5s, Pb 6s and 6p, and Br 4p and 4s states. The maximum charge
spilling in this procedure was 1.3%. Spin-orbit coupling was not inclu-
ded in our calculations, since it is currently not supported by the
LOBSTER code. We emphasize that our focus is on the orbital con-
tributions to the (anti) bonding interactions, rather than on a quanti-
tative descriptions of the energy.

Phonon calculations

Phonon dispersions and DOSs were obtained via the finite displace-
ments method implemented in the phonopy package®. For these
calculations, we used 2 x 2 x 2 supercells with 40 (160) atoms of the
Pm3m (Pnma) CsMBr; structures reducing k-space sampling accord-
ingly. IR and Raman spectra were computed with the phonopy-
spectroscopy package®®, using zone-center phonon modes, Born-
effective charges and polarizabilities, calculated with density func-
tional perturbation theory (DFPT)®.

First-principles molecular dynamics

DFT-based MD calculations were performed for 2 x 2 x 2 supercells of
the Pm3m structures using a Nosé-Hoover thermostat within the
canonical ensemble (NVT), as implemented in VASP*, The simulation
temperature was set to 7=525 and 570 K for CsPbBr; and CsSrBrs;,
respectively. An 8 fs timestep, reduced k-grid of 3 x 3 x 3, and energy
convergence threshold of 107 eV were used for the 10 ps equilibration
and 115 ps production runs.

Raman spectra from molecular dynamics

DFT-based MD calculations were used to compute the high-
temperature Raman spectra of CsPbBr; and CsSrBr;. We calculated
Raman intensities from the autocorrelation function of the
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polarisability, as detailed elsewhere®. The polarizabilities were calcu-
lated with DFPT®* on 400 evenly-spaced snapshots every 0.11 ps for a
total of 44.8 ps. The k-grid employed for the DFPT calculations was set
to 4 x4 x 4 after testing convergence of the polarisability tensor for
several snapshots.

Octahedral rotation dynamics and cross-correlations

We quantified the octahedral dynamics using the rotation angles, ¢,
around a given Cartesian axis « (see Fig. 6a). The frequency-resolved
rotational dynamics were calculated as the Fourier transform of ¢,:

1

0 )= 5= [~ gu0e e, W)

steps

where Nyeeps is the number of snapshots. To compute the angles we
selected 1000 equally spaced snapshots. We calculated the frequency-
resolved cross-correlation between octahedral rotation angles (around
a Cartesian direction a) and the displacements (along a Cartesian
direction B) of the corresponding M-site, dﬂM(t), as:

1 /oo (Po(t+60) - di (1)

e tdr. )
0 (Pa(0)- dy(®))

Caﬂ((‘)) = Nsteps ‘

Polycrystalline sample preparation

CsBr (Alfa Aesar, 99.9%), anhydrous SrBr, (Alfa Aesar, 99%), Cs,CO3,
PbO, and concentrated aqueous HBr were purchased and used as
received. Guided by the reported pseudo-binary phase diagram®,
polycrystalline CsSrBr3 for X-ray powder diffraction and Raman spec-
troscopy was prepared by a solid-state reaction at 600 °C. CsBr (5
mmol, 1064 mg) and SrBr, (5 mmol, 1237 mg) were ground and pressed
into a 5 mm diameter pellet, placed in an alumina crucible, and flame-
sealed under - 1/3 atmosphere of argon in a fused silica ampoule. The
reaction yields a porous, colorless pellet which is easily separated from
the crucible and ground in inert atmosphere. Polycrystalline CsPbBr;
for X-ray powder diffraction was prepared in ambient atmosphere by
precipitation from aqueous hydrobromic acid. PbO (2 mmol, 446.4
mg) was dissolved in 2 mL hot concentrated HBr under stirring. Cs;CO5
(1mmol, 325.8 mg) was added slowly resulting in an immediate bright
orange precipitate. 13 mL additional HBr was added and the mixture
left to stir. After an hour, stirring was stopped and the mixture allowed
to cool to room temperature. Excess solution was decanted, and the
remaining mixture was evaporated to dryness on a hotplate and
ground. Phase purity of all prepared compounds was established by
powder XRD.

Single crystal preparation
Single crystals of CsSrBr; were grown by the Bridgman method from a
stoichiometric mixture of the binary metal bromides in a 10 mm dia-
meter quartz ampoule. CsSrBr; was pulled at 0.5mm h™ through an
800 °C hot zone, yielding a multi-crystalline rod from which several-
mm single crystal regions could be cleaved. CsSrBr; is hygroscopic and
all preparation and handling was performed in an inert atmosphere.
The vertical Bridgman method was used to grow large, high-
quality single crystals of CsPbBr. After synthesis and purification (see
Supplementary Note 2 for details), the ampoule was reset to the hot
zone for the Bridgman Growth. The zone 1 temperature was set to
650 °C with a150 °C h™ ramp rate, and held for 12 h to ensure a full melt
before sample motion occurred. The zone 2 and 3 temperatures were
set to 375°C. These temperatures were held for 350 h while the
ampoule was moved through the furnace at a rate of 0.9 mm h™ under
0.3 rpm rotation. After the motion had ceased, the zone 1 temperature
ramped to 375 °C to make the temperature profile in the furnace uni-
form. The cooling program was set to slow during the phase transitions
occurring near 120 and 90 °C, with a 10 °C h™ cooling rate from 375 °C

to 175°C, a 2.5°Ch™ slow cooling rate from 175°C to 75°C, and a
10 °C h™ rate to 30 °C. The resulting CsPbBr; ingot was orange-red and
had large (=5 mm) transparent single-crystalline domains, though the
edges of some portions exhibited twinning.

X-ray diffraction

Polycrystalline samples were ground with silicon powder (as an inter-
nal standard and diluent) and packed in borosilicate glass capillaries.
Powder XRD patterns were measured in STOE geometry using a STOE
Stadi P diffractometer (Mo K, radiation, Ge-(111) monochromator,
Mythen 1K Detector) equipped with a furnace. Data were analyzed by
sequential Pawley refinement using GSAS-11%%,

Infrared reflectivity measurements

IR-reflection spectra in the THz range were measured as a combination
of THz spectroscopy (TDS) for the low-frequency end and bolometer
detection for the higher frequencies. Bolometer spectra were mea-
sured using a Bruker 80v Fourier-transform IR spectrometer with a
globar source and a bolometer detector cooled to liquid He tem-
peratures. The crystals were mounted for reflection measurements
and the instrument was sealed in vacuum. A gold mirror was used as
reflection reference. TDS was performed using a Spectra Physics Mai
Tai-Empower-Spitfire Pro Ti:Sapphire regenerative amplifier. The
amplifier generates 35 fs pulses centered at 800 nm at a repetition rate
of 5 kHz. THz pulses were generated by a spintronic emitter, which was
composed of 1.8 nm of CoysoFes0Byo sandwiched between 2 nm of
tungsten and 2 nm of platinum, all supported by a quartz substrate.
The THz pulses were detected using electro-optic sampling in a (100)-
ZnTe crystal. A gold mirror was used as reflection reference. The
sample crystals, THz emitter and THz detector were held under
vacuum during the measurements.

TDS offers better signal at low frequency, while bolometer
measurements have an advantage over TDS at higher frequencies.
Therefore, the spectra were combined and merged at 100 cm™.
Owing to scattering losses, the absolute intensity of reflected light
can not be taken quantitatively. Therefore, the spectra were scaled
to the signal level at 100 cm™ before merging the data. The final
reflectivity spectra are given in arbitrary units. The phonon fre-
quencies and overall spectral shape allows for fitting to the dielectric
function.

Raman spectroscopy

All the measurements were taken in a home-built back scattering
Raman system. For all measurements, the laser was focused with a 50x
objective (Zeiss, USA), and the Rayleigh scattering was then filtered
with a notch filter (Ondax Inc., USA). The beam was focused into a
spectrometer 1 m long (FHR 1000, Horiba) and then on a CCD detec-
tor. To get the unpolarized Raman spectrum for the single crystals
(CsSrBr3 and CsPbBr3), two orthogonal angles were measured in par-
allel and cross configurations (four measurements overall). The
unpolarized spectrum is a summation of all four spectra. The samples
were cooled below room temperature by a Janis cryostat ST-500
controlled by Lakeshore model 335 and were heated above room
temperature by a closed heating system (Linkam Scientific). Due to the
sensitivity of CsSrBr3 to ambient moisture, CsSrBr; powder was flame-
sealed in a small quartz capillary for the high-temperature measure-
ments, and a single crystal was loaded into a closed cell under an Ar
environment for the low temperatures measurements. CsSrBr3 low
temperature measurements were taken with a 2.5eV CW diode laser
(Toptica Inc.). CsSrBr3 high-temperature measurement and all the
CsPbBr; measurements were taken with a 1.57 eV CW diode laser
(Toptica Inc.). We note that while Raman spectra on quartz show a
contribution towards zero frequency®, it is narrower in frequency than
what we observe. Results from control experiments (see
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Supplementary Fig. 7) show that the main signals from quartz do not
contribute to the measured Raman spectra of CsSrBrs.

Data availability

The computational and experimental data generated in this study have
been deposited in the Zenodo repository under accession code
10975217°°.
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