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Metal halide perovskites have emerged as an exciting class of materials for applications in solar energy har-
vesting, optical devices, catalysis, and other photophysical applications. Many of the exciting properties of
halide perovskites are tied to their soft, dynamic, and anharmonic lattice. In particular, the precise coupling
between anharmonic lattice dynamics and electronic fluctuations is not completely understood. To build an
understanding of this coupling, we use ab initio molecular dynamics simulations supplemented by the calcula-
tion of maximally localized Wannier functions to carry out a dynamic group theory analysis of local electron
density fluctuations and how these fluctuations are coupled to lattice fluctuations in the model inorganic
halide perovskite CsSnBrs. We detail symmetry-dependent couplings between vibrational modes, including
octahedral tilting. Importantly, we suggest that the large anharmonicity of some of the vibrational modes in
CsSnBrj3 result from electron rotation—nuclear translation coupling, in analogy to rotation—translation cou-
pling effects in molecular plastic crystals. We also identify electronic fluctuations in the Cs cation that couple
to distortions in the surrounding Sn-Br cubic coordination environment. We anticipate that our approach
and resulting insights into electronic fluctuations will aid in further understanding the role of the fluctuating

lattice in determining important physical properties of halide perovskites and beyond.

I. INTRODUCTION

Traditional approaches for understanding solid-state
materials rely on their averaged crystal structures. How-
ever, lost in average structures are local structural dis-
tortions of the coupled nuclear and electronic densities.
Local fluctuations in nuclear or electronic structure can
lead to correlations and order/disorder that is not read-
ily resolved in average crystal structures Y. This hid-
den disorder can play an important role in determining
materials properties.

Of particular interest here is the type of hidden disor-
der known as emphanisis, in which the local symmetry
is broken and an ion displaces away from its average po-
sition. Ultimately, emphanisis usually results from the
localization of electron pairs on an ion in a manner that
create a local dipole moment or other multipole that in-
teracts strongly enough with its surrounding to cause it
to displace significantly far away from its position in the
average crystal structure. This was first discovered in
lead chalcogenides, where stereochemical expression of
the lead s? lone pair leads to dynamic off-centering of lead
ions '3 Since this discovery, a wealth of materials ex-
hibiting emphanisis have been identified, suggesting that
this phenomenon is more common than originally an-
ticipated, including technologically-relevant metal halide
perovskites 4118,

Understanding the hidden disorder in ABX3 halide
perovskites is of paramount importance to inform their
use in solar energy harvesting, optoelectronics, and catal-
ysis?®24 Here, A is a monovalent cation, B is a diva-
lent cations, and X is a halide. Similar to emphani-
sis in PbTell, the dynamic off-centering of B-site metal
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ions in ABXj3 halide perovskites results from localiza-
tion of their s? lone pair to one side due to s — p mix-
ing, which results in a dipole moment on the metal ion
that interacts with the surrounding halide coordination
shell. Dynamic disorder is present in the major phases
of halide perovskites?®26 but is most prevalent in the
cubic phase that is stable at high temperatures rela-
tive to the orthorhombic and tetragonal phases. Em-
phanisis has been linked to many important properties
of halide perovskites, such as low thermal conductivi-
ties 2029 changes in the average band gap#'7 band
gap fluctuations®”3! that determine decoherence times32,
and stabilization of bright excitions®*3%, Dynamic off-
centering is also suggested to impact vibrational dynam-
ics of halide perovskites, including dynamic tilting of the
halide octahedra surrounding the B-site cation32. How-
ever, recent work has challenged the hypothesis that the
B-site lone pair induces octahedral tilting and demon-
strated that perovskites with electronically symmetric
B-site cations also exhibit octahedral tilting, albeit to
a lesser extent than their localized lone pair-containing
analogues?. Nonetheless, there appears to be some form
of dynamic coupling between the vibrational modes of
halide perovskites and fluctuations of their localized elec-
tron density — those of the B-site lone pairs at the very
least.

Here, we present a group theory-based approach for
quantifying static and dynamic orientational electronic
disorder in halide perovskites and focus on cubic CsSnBrg
as a model inorganic halide perovskite of interest. We
construct orientational order parameters from rotor func-
tions that involve symmetry-adapted functions appropri-
ate to the irreducible representations of the site symme-
try of each ion type. We then use these order parameters
to quantify the static and dynamic correlations that ex-
ist among nuclear displacements and orientations of the
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local electron density for both single-site and collective
fluctuations. We uncover strong couplings between elec-
tronic orientations of Sn and Br. Moreover, we demon-
strate that the local electronic structure is coupled to
phonon modes like octahedral tilting and suggest that
orientational disorder of local electron density is indica-
tive of the presence of soft anharmonic phonon modes.
We also quantify electronic fluctuations of the Cs cation
and its cubic coordination environment and find non-
trivial couplings between the two. We anticipate that
these results will be useful in understanding the coupling
between local electron density and lattice dynamics that
dictate many critical processes in halide perovskites, in-
cluding polarization fluctuations in charge transpor

and the overall stability of these materials*!,

Il. SIMULATION DETAILS

We performed density functional theory (DFT)-
based Born-Oppenheimer ab initio molecular dynamics
(AIMD) simulations of CsSnBrs. The simulations used
the QUICKSTEP electronic structure module within
the CP2K ab initio codé*?. QUICKSTEP utilizes a
dual atom-centered Gaussian and Plane wave (GPW)
basis approach for the representation of wavefunctions
and electron density, resulting in an efficient and pre-
cise implementation of DFT. The molecularly optimized
(MOLOPT) Goedecker-Teter-Hutter (GTH) double-¢
single polarization short-ranged (DZVP-MOLOPT-SR-
GTH) Gaussian basis was selected for the expansion of
orbital functions. Our simulations employed a plane-
wave basis with a cutoff of 350 Ry and a REL_CUTOFF
of 50 Ry to represent the electron density*3. Core
electrons were represented using Goedecker-Teter-Hutter
(GTH) pseudopotentials®®.  Exchange correlation in-
teractions were approximated using the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation for
the exchange-correlation functional®¥, as implemented in
CP2K. Grimme’s D3 van der Waals correction was ap-
plied to account for the long-range dispersion interactions
in the simulations®9.,

Our simulations use a 4 x 4 x 4 supercell of CsSnBrg
based on the experimentally determined unit cel®Z, re-
sulting in a cubic simulation cell with length L = 23.18 A.
We equilibrated the system for at least 5 ps before per-
forming production runs. These equilibration simula-
tions propagated the equations of motion with the canon-
ical velocity rescaling (CSVR) thermostat to maintain a
constant temperature of 50 K or 300 K in the canoni-
cal (NVT) ensemble. Unless otherwise stated, results are
for a temperature of T' = 300 K, where the cubic phase
is thermodynamically stable. For the calculation of dy-
namic properties, we performed AIMD simulations in the
microcanonical (NVE) ensemble with a timestep of 0.5 fs
for a total trajectory length of approximately 260 ps at
300 K and 36 ps for 50 K. Maximally localized Wannier
functions (MLWFs)* and their centers (MLWFCs) were

FIG. 1. Contour plot of a slice of the electron localization
function (ELF) overlayed onto a snapshot of the configuration
of CsSnBrj3 for which the ELF was calculated. Also shown are
the MLWEFCs for each ion in the plane of the ELF slice. Sn
are colored yellow, Br are colored pink, and MLWFCs are
colored gray.

computed on the fly using CP2K. The spreads of the
MILWFs were minimized according to established meth-

ods®,

11l. THEORY
A. Electron Density

In this work, we focus on slow electronic modes that
are coupled to fluctuations in nuclear positions. As a re-
sult, we work within the Born-Oppenheimer approxima-
tion and neglect the fast electronic motion that necessi-
tates a more detailed description of quantum dynamics.
In periodic systems like those studied here, the eigen-
states of the Hamiltonian are the delocalized, periodic
Bloch orbitals. However, local fluctuations in electronic
structure are difficult to quantify using Bloch orbitals
because they are not localized in real space. Because
of this, we instead focus our analysis on Wannier func-
tions, which are localized in real space and can be ob-
tained from a unitary transformation of Bloch orbitals.
Wannier functions are not eigenstates of the Hamilto-
nian, but the charge density of the system is preserved
under the unitary transformation, such that we can use
appropriately-defined Wannier functions to quantify lo-
cal fluctuations of the electronic density. In particular,
we focus on MLWF's, which satisfy the non-uniqueness of
Wannier functions originating in their gauge freedom by
minimizing their spread®®. To efficiently quantify fluc-



tuations in electronic structure over the course of AIMD
trajectories, we reduce the three-dimensional MLWF's to
only their centers. These MLWFCs provide a reason-
ably accurate description of electronic charge densities
for localized charge distributions, like those studied here.
Therefore, we use MLWFCs and the changes in their po-
sitions along simulation trajectories as a probe of slow
local fluctuations in the electronic density that are cou-
pled to the vibrational dynamics of the solid.

The utility of using MLWFCs to describe local fluctua-
tions in the electron density can be observed by compar-
ing them to the electron localization function (ELF )",
The ELF is a three-dimensional function (3D), and a two-
dimensional (2D) slice is shown in Fig. [I|for a representa-
tive configuration of CsSnBrs from our AIMD trajectory.
From this slice, one can identify important features like
the localization of Sn lone pairs and their orientation to-
ward the face of the surrounding Br octahedra, evidenced
by higher values (darker red) of the ELF. Similarly, as-
pherical density around the Br anions can also be ob-
served. However, a complete, time-dependent analysis of
this 3D function is complicated by ambiguities associated
with defining appropriate isosurface contours, as well as
the large storage requirements for these 3D distributions.
Instead, we focus on MLWFCs, which produce a picture
of the electronic structure in agreement with the ELF
and similar densities, Fig. [l The Sn lone pairs that are
pointed toward the face of the octahedron and in the 2D
plane of the ELF can be easily seen, as indicated by a
gray sphere on a Sn ion oriented in the direction of the
high intensity lobe of the ELF in that region. Similarly,
the MLWFCs for the Br electron pairs closely align with
the asphericity of the ELF near the Br. Therefore, we
expect that fluctuations of the local electron density can
be probed by monitoring the dynamic structure of ML-
WEFCs as a proxy for the more complicated full electron
density surface.

B. Rotor Functions

To quantify the symmetry of the electron density and
atomic structures, we focus on the orientational distri-
bution function of the MLWFCs around a particular ion
of interest, f, (©). We use rotor functions as order pa-
rameters®, which naturally arise in the expansion of the
orientational distribution function (derived in the SI),
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where (---) indicates an ensemble average over configu-
rations R and the sums are over angular momentum ()
and index m. Note that 0 < m < 2f. The composite
label p = (a, B) defines the vectors for which the solid
angle, O, is determined. The first label, «, indicates the
identity of the central atom. The second label, 8, defines

a vector or set of vectors made by a and symmetry equiv-
alent sites in its first coordination shell. These symmetry
equivalent sites can be atoms (in the undistorted crystal
structure) or nearest MLWFCs. For example, « = Br
and f = MLWFC defines a set of vectors with Br as
the central atom and the immediately surrounding four
MLWEFCs, or @« = Sn and 8 = Br indicates the Sn-Br
octahedron. This expansion is similar to the multipole
expansion, and the rotor functions describe the structure
of the multipoles of increasing angular momentum ().

A rotor function, /\/lz’m, describes the orientation of vec-
tors centered at a deﬁned site under a symmetry-adapted
function Sé’m according to

N
m 1 m
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where 7 is the index of a vector centered on the site of in-
terest, N is the number of vectors for that site, and ©; is
the solid angle of vector i. Rotor functions have been ex-
tensively used to quantify the orientational fluctuations
of molecular units in plastic crystals®#3, Similarly, rotor
functions serve as natural order parameters to quantify
the orientational fluctuations of localized electron pairs
in ionic solids.

In crystals, the symmetry-adapted functions Sf’m are
linear combinations of spherical harmonics that are part-
ner functions to irreducible representations (irreps) of a
particular crystallographic point group, where £ denotes
the type of harmonic. For all but cubic crystallographic
point groups, the partner functions are the real spherical
harmonics, also known as the Tesseral harmonics, £ = Z.
Examples of Sém are shown in Fig. ,b for units com-
posed of Br and its four MLWFCs, and in Fig. |2 for Sn-
Br-Sn bending. Each panel shows two configurations that
lead to opposite signs of the symmetry-adapted function.

For cubic point groups, the symmetry-adapted func-
tions are the cubic harmonics, £ = K. An example of this
type of symmetry-adapted function is shown in Fig.
for Sn-Br correlations that quantify the orientation of
four in-plane Br ions around a central Sn. The two con-
figurations shown lead to opposite signs of S,zc’m, and, in
this case, physically correspond to octahedral tilting in
different directions.

Using the rotor functions that result from summing the
appropriate symmetry-adapted functions, we can com-
pute the orientational distribution function according to
Eq. [, examples of which are shown in Fig. [3] for the
MLWEFC of tin and the four MLWFCs of bromide. The
symmetry of each distribution reflects the average sym-
metry of the site. The tin-MLWFC f,(©) has Oy, average
symmetry and the bromide-MLWFC f,(©) has Daj, av-
erage symmetry. However, the instantaneous symmetry
of each ion-MLWFC unit is incommensurate with the av-
erage site symmetry. As a result, the orientation of the
MLWEFGCs fluctuates, and the average distribution with
the expected site symmetry results from appropriately



FIG. 2. Examples of symmetry adapted functions with representative orientations of bond vectors overlapping the function.
For each panel, two orientations of opposite sign are shown. We show (a) the Br-MLWFC S° (A;}}) that distinguishes

polarization along the local z-axis, (b) the Br-MLWFC S22 (EI(LZ)) that characterizes orientation in the local xy-plane, (c) the

Br-Sn SL° (Eil)) that characterizes to Sn-Br-Sn bending in the zy-plane, and (d) the Sn-Br Sg* (Tl(;)) that characterizes
octahedral tilting. The rotor functions are indicated by blue and red isosurfaces for positive and negative values. Sn is colored

yellow, Br is pink, and Cs is cyan.

averaging over the distribution of these electronic fluc-
tuations. These orientational electronic fluctuations are
the focus of our work.
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FIG. 3. Average orientational distribution functions, f,.(0),
of MLWFCs computed from the Laplace series in Eq. [[] from
0 < ¢ <18 for (a) the Sn—-MLWFC vector and (b) the orien-
tation of the four MLWFCs around a Br. The average orien-
tational distribution functions are shown as gray isosurfaces.
Sn is colored yellow, Br is pink, and Cs is cyan.

Rotor functions with a non-zero value of <M§m> are

partner functions to the fully symmetric irrep of the ori-
entational probability distribution of a system (Eq. .
Rotor functions that belong to other irreps can have non-
zero fluctuations due to local dynamic symmetry break-

ing, <(M§’m)2> # 0. Averages of selected rotor func-

tions and their variances are tabulated in Tables S1, S2,
and S3 for Br-MLWFC, Sn-MLWFC, and Cs-MLWFC
units, respectively. We find that rotor functions with
¢ = 3 are most useful to quantify fluctuations in Br-
MLWEFC and Cs-MLWFC orientations, while £ = 1 is
sufficient to quantify Sn-MLWFC orientations, because
they are the lowest £ that results in relatively large fluc-
tuations (see SI).

IV. RESULTS AND DISCUSSION
A. Symmetry-dependent vibrations in CsSnBr;

Vibrations in CsSnBrs can be quantified with the
phonon density of states,

/ dtC?(t)e ™!

— 00

2

C¥(w) o , 3)

which is computed as the power spectrum of the
concentration-weighted velocity autocorrelation func-
tion,

v 2oaCa V(L) v(0;a)) Y0 CA(t)
O = = R Ga) . 0n0)

where ¢, is the concentration of species a, and v(t; «) is
the velocity of an atom of type « at time ¢. The total

(4)
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FIG. 4. Total vibrational density of states and its atomic
contributions from Cs, Sn, and Br.

vibrational density of states covers a broad range of fre-
quencies below 200 cm ™! and exhibits several peaks over
the range of 40 to 170 cm ™', Fig. 4l By splitting Ccv (w)
into its atomic contributions, we see that Cs vibrations
occur at frequencies below 100 cm ™!, as may be expected
from its large mass. Sn vibrations contribute to the peaks
at approximately 40 cm ™!, 90 cm~ !, and 130 cm ™!, and
Br is involved in all peaks, including being the dominant
contributor to the broad peak near 170 cm~!. The atom-
specific vibrational densities of states suggest that low
frequency modes are dominated by Cs and Br displace-
ments, while high frequency (> 70 cm™!) peaks arise
from Br and Sn vibrational modes.

The overlap in the frequency ranges of Sn and Br
atomic vibrational densities of states suggests a coupling
between Sn and Br displacements. However, Br vibra-
tions can have one of two symmetries, and Sn does not
need to couple to both. To uncover which vibrational
modes of Br and Sn may be coupled, we further decom-
pose the atomic vibrational densities of states based on
symmetry. To do so, we reduce the velocity vector into
its irreps, yielding the irrep-dependent velocity autocor-
relation function

o Y Gppg wiOia)uta),  (5)
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where I'(i) returns the irrep of the velocity vector com-
ponents (v;). The corresponding irrep-dependent vibra-
tional density of states is

o'} 2
Co (W) o ’/ dtC®r (t)e ™t . (6)

The site symmetry of Sn is Op, such that the irreps
for (z,y,z) are Ty,. The site symmetry of Br is Dyj.
We define the primary rotation axis (redefined as the z-
direction) as the unit vector along the direction of the
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FIG. 5. (a) Symmetry-dependent Br vibrational density of
states for the As, irrep (along local z-axis) and Eil) irrep
(along local zy-plane). (b) Symmetry-dependent Sn vibra-
tional density of states for T4, irrep.

average Br-Sn bond vector in the averaged cubic crystal
structure. The Dy site symmetry of Br leads to two ir-
reps for vibrations: E, for (x,y) vibrations and As, for
z.

The irrep-dependent vibrational densities of states un-
cover the symmetry of the vibrations that contribute to
the various peaks in the total and atomic vibrational den-
sities of states. For Br, fluctuations within the As, irrep
result in the peaks near 40, 90, 130, and 170 cm™'. These
fluctuations are along the local z-axis, oriented along the
Br-Sn direction. As a result, the As, fluctuations of Br
should couple to vibrations of Sn. Indeed, the Ty, vibra-
tions of Sn exhibit peaks at the same frequencies as the Br
Ao, density of states. Moreover, these conclusions agree
with previous assignments of Sn-Br stretching modes at
frequencies above 100 cm~! and distortions in the Sn-Brg
octahedron below 100 cm~'954 Tn contrast, Br vibra-
tions within the E, irrep are low frequency, less than
100 cm ™!, suggesting that displacements within the lo-
cal xy-plane occur at the same frequencies as vibrations
involving Cs. Based on previous assignments, we expect
(and discuss more later) that these low frequency modes
involve octahedral tilting®**. ~We will discuss vibra-
tional fluctuations involving Cs later, and focus mainly
on fluctuations involving Br and Sn in what follows.

B. Local Electronic Fluctuations are Coupled to Nuclear
Fluctuations

The Br-MLWFC unit is a distorted tetrahedron, such
that the instantaneous symmetry is incompatible with
the ensemble-averaged symmetry of Dyy,. Instead, the
instantaneous symmetry of the unit composed of Br and
its four MLWFCs depends on the specific configuration
of the nuclei surrounding it. Nuclear fluctuations lead
to fluctuations in the orientation of the Br-MLWFC unit
that can lower the local electronic symmetry, consistent
with subduction to a subgroup of Dyj,. We quantify these
symmetry fluctuations through the probability distribu-
tion function (PDF) of specific rotor functions,

PME™) = (5 (ME™ = ME"(R))), (7)



where M?m(R) is the value of the rotor function com-
puted in the instantaneous configuration R.

The probability distribution P(M%?) exhibits are
range of fluctuations, Fig. fh. These fluctuations sug-
gest breaking of the local symmetry due to structural
fluctuations. Moreover, P(M%?) has global maxima at
M%Z ~ +0.4, indicating that the most probable struc-
tures have symmetries within the FE, irrep, These Br-
MLWEFC orientations are similar to those in Fig. 2b. At
300 K, we find a local maximum at ./\/@2 = 0, which
becomes the minimum of the distribution when the tem-
perature is reduced to 50 K.

We find a similar range of fluctuations in P(M%?),
but this distribution is peaked about zero, Fig. [fc. How-
ever, there are significant fluctuations away from zero,
including small plateaus near M%’S = #£0.4, which cor-
respond to electronic structures within the As, irrep,
Fig. 2h. As the system is cooled to 50 K, the plateaus
near Miﬁg = 40.4 disappear and the distribution be-
comes more sharply peaked about 0. This, combined
with the increased peaks at M;Q + 0.4, suggests that
CsSnBrs has a distorted structure at 50 K that orients
Br-MLWFCs with a symmetry within the E,, irrep.

To further illustrate how structural distortions alter
the local symmetry of the electron density around Br,
we compute the orientational distribution function aver-
aged over configurations within a specified range of ME™
values, indicated by the shaded regions in Fig. [6p,c. This
constrained orientational distribution is given by

fue(©) = -+
= 2t (H (ME"(Rip) = Mo ) ME™) SE™
2 (M M)

®)

where H (z) is the Heaviside step function and M.y is a
cutoff defining the range of values to be considered in the
averaging of the rotor function. Because the distributions
are symmetric about zero, we only consider constraining
the rotor values over ranges of positive values.

In comparison to the total average orientational distri-
bution function, f,(0) (Fig. Bh), fu.c(©) have a lower
symmetry, and the symmetry of each f,.(©) is con-

sistent with a subgroup of Dy4j. Constraining ./\/l?é;2 to
large positive values results in a f,, .(©) with Cy, symme-
try, Fig. [fp. The shape of this distribution results from
two Br-MLWFCs each pointing toward a neighboring Sn
when the coordination structure distorts away from the
ideal cubic structure, while the other two MLWFCs point
away from the neighboring Sn ions. When constraining
M%B to large positive values, f,.(©) has Cy, symme-
try, Fig. [fd. The shape of this distribution is consistent
with polarization along the Br-Sn axis, suggesting that
fluctuations of M%® away from zero results from nuclear
fluctuations along the local z-axis.

For Br and its four MLWFCs, E, and A,, are the
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FIG. 6. (a) Probability distribution function (PDF) of the
Br-MLWFC M?%? rotor function at 300 K and 50 K. (b)
Constrained average orientational probability distribution,
Su,c(©), for Br MLWFCs, where the average was taken over
the shaded region in panel a. Also shown is a configuration
of Br, Sn, and Cs ions in the perfect cubic crystal struc-
ture for comparison. (c) Probability distribution function
(PDF) of the Br-MLWFC M%? rotor function at 300 K and
50 K. (d) Constrained average orientational probability dis-
tribution, f,.(©), for Br MLWFCs, where the average was
taken over the shaded region in panel c. Also shown is a con-
figuration of Br, Sn, and Cs ions in the perfect cubic crystal
structure for comparison.
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FIG. 7. Joint probability distributions of the Br-MLWFC
rotor function M%? (FE, symmetry) and the displacement of
the Br atom in the y-direction at (a) 300 K and (b) 50 K.

irreps of the displacement vectors in the xy-plane and
along the z-axis, respectively. To quantify correlations
between fluctuations of the Br electronic symmetry and
its displacements along these directions, we define the
two-dimensional probability distributions

P(ME™, Ad) = <5 (Mg’m - MQ"(R)) 5 (Ad — Ad(R))> :

9)
where Ad(R) = d(R) — deq is the deviation of the
Br atom in configuration R along a particular local
axis (d = z,y,z) from its equilibrium position deq =
(d(R)). We find clear correlations between bromide dis-
placements and Br-MLWFC symmetry, evidenced by the



P(/\/IZZQ7 Ay) distributions shown in Fig. E The choices
of [ and m are made so that the rotor function and the
displacement are members of the same F,, irrep. We note
that these choices are not unique and other combinations
of I and m may yield qualitatively similar behaviors to
those identified here, and we use the above choices as il-
lustrative examples of the correlations between local elec-
tronic symmetry and nuclear displacements.

At 300 K, P(/\/I?§27 Ay) displays three peaks, one near
(0,0), and two near approximately (£0.4,F0.5). When
the rotor function is zero, the symmetry of the Br-
MLWFC unit is orthogonal to that of the rotor func-
tion. Structurally, these configurations correspond to
those where the bromide octahedra are not bending along
the local y-axis, which is discussed further below. The
other two peaks, located at non-zero rotor function and
non-zero displacements correspond to Br-MLWFC orien-
tations within the FE, irrep when the Br are displaced
beyond the equilibrium position. These values of the ro-
tor function and displacement arise from configurations
with finite Sn-Br-Sn bending, which is consistent with
tilted octahedra. At 50 K, there are only two asymmet-
ric peaks; the peak at (0,0) is not found. The absence
of the (0,0) peak in the distribution indicates that the
bromide ions are distorted away from the averaged cubic
unit cell structure throughout the duration of the sim-
ulation, suggesting the existence of a low temperature
phase with frozen-in local disorder. Such a disordered
low temperature phase was recently identified®2.

C. Local Electronic Fluctuations are Dynamic

The correlations between nuclear displacements and
the orientation of local electronic structure are not static.
The nuclei, and consequently the local electronic sym-
metry, fluctuate dynamically. To quantify these dy-
namic electronic fluctuations, we computed time corre-
lation functions of appropriate rotor functions charac-
terizing the orientation of Br-MLWFC and Sn-MLWFC
units. We computed the rotor function TCF as

2 Ore) F(eom) <M§””(0;M)M?m(t;u)>

2 0re) Fem) <(M?m(0; H))2>

m

o (0 =

(10)
where T'(*) is the irrep label (') of the ith symmetrized
basis of that label, T'(¢,m) is a function that returns the
irrep label, '), corresponding to the specific combina-
tion of ¢ and m, and d, g is the Kronecker delta func-
tion. To identify the frequencies of electronic structure

fluctuations, we also computed the power spectra of the
normalized TCFs,

O (w) o / Cl (e, (11)

The symmetry-dependent vibrational densities of
states shown in Fig. [5| suggest that Br ions exhibit fast,
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FIG. 8. (a) Time correlation function and (b) power spectrum
of the Br-MLWFC and Sn-MLWFC rotor functions.

high frequency Agj fluctuations and slow, low frequency

E&l) fluctuations. Consequently, the electronic symme-
try fluctuations that couple to vibrations should also ex-
hibit two symmetry-dependent timescales. For the Br-
MLWFC fluctuations, we do find fast and slow decays
for different irreps, and we focus on the faster electronic
fluctuations here before discussing the slower modes in
Section IV.D.

The high frequency Ag} vibrations of Br are similar

to the high frequency Tl(i) vibrations of Sn. As a re-
sult, we can also expect the fast timescale for electronic
fluctuations of Br to be similar to those for Sn. Indeed,
we find that the Br-MLWFC fluctuations of Agb) behave

nearly identical to those for Sn-MLWFC of Tl(i), both of
which quantify fluctuations in the local z-direction. The
time correlation functions for these two types of fluctua-
tions decay and oscillate on the same timescales, Fig. [8h.
Their power spectra overlap and exhibit a large peak
near 90 cm~! and two minor peaks near 40 cm~! and
140 cm~1, Fig. [8b, further suggesting that Br-MLWFC
and Sn-MLWFC fluctuations are dynamically coupled.
To explicitly quantify time-dependent correlations be-
tween Br-MLWFC and Sn-MLWEFC orientations, we

compute the time-dependent cross-correlation function,

OS5 (1) = (0 )¢ (1)) (12)

where ¢ indicates the type of function being computed,
such as a rotor function (¢ = Mé’m) or displacement

(¢ = Ad). The cross-correlation function, C’i;f,,(t), can
be non-zero if ¢ and (' are partner functions to the same
irrep and undergo subduction to the same point group
and primary axis. For example, within the point group
Dyp, we can consider displacements along the local z-
axis and /\/120, both of which are partner functions of
FE,. However, displacements along the z-axis undergo
subduction to Cs, with the primary axis equal to the x-
axis, while ./\/lg0 undergoes subduction to Cy, with the
primary axis equal to the y-axis. As a result, the corre-
sponding Cﬁ;f/l (t) = 0. Because of this condition on the
cross-correlations between ¢ and (’, if we want to quan-
tify correlations between MLWFC orientations on two
sites of different symmetry, or between MLWFC orien-
tations and atomic displacements, we need to construct



a collective rotor function that is a partner function of
the appropriate irrep and shares a primary axis with the
displacement mode or another rotor function of a site
with a different symmetry (e.g. Oy, for Sn or Dy, for

Br). To enable the calculation of cross-correlation func-

T

tions, we define a collective rotor function, ./\;lée’m) , as

a linear combination of the M%™ for the appropriate
nearest neighbors of a central atom using a projection op-
erator formalism (see Section S5 for additional details).
This collective rotor function can have a non-zero cross-
correlation with a ¢ of irrep T'.

Coupling between Br-MLWFC and Sn-MLWFC orien-
tations causes the halide to experience out-of-phase vi-
brations, breaking the symmetry from Dy to Cy,. For
Sn, its environment can break from Oy to Cs, or Cly,,
depending on the number out-of-plane vibrations that
are coupled. One of the motions belonging to this ir-
rep is associated with off-centering of the B-site cation
along the [111] direction®?, which results in Cs, symme-
try. Therefore, we quantify cross-correlations between
the Sn-MLWFC rotor function of the 17, irrep and a col-
lective rotor function of the Br-MLWFC units. We con-
struct this collective rotor function by summing the M%’g
for the Br-MLWFC along the same axis, appropriately
rotated, Fig. [Op. The resulting cross-correlation function
and the corresponding power spectrum, Fig.[9,d, closely
mirror the rotor function time correlation functions for
Br-MLWFC and Sn-MLWFC, indicating strong correla-
tion between the local electronic symmetries of Br and
Sn. The coupling of these symmetries is a consequence
of the preferential orientation of the Sn lone pair when
it off-centers, and further suggests that off-centering of
B-site ions containing a lone pair is a collective process
that requires reorientation of both the Sn-lone pair unit
and the electron pairs of the neighboring Br ions, as il-
lustrated by the snapshot in Fig. [Op.

D. Local Electronic Symmetry is Coupled to Octahedral
Tilting

To illustrate the coupling between electronic symmetry
fluctuations and specific phonon modes, we consider the
changes in local electronic symmetry induced by octahe-
dral tilting. In metal halide perovskites, the halide-metal
octahedra do not remain in their average cubic structure.
Instead, the softness of the lattice allows the octahedra
to tilt out of alignment in pairs, with significant con-
sequences on many of their material and photophysical
propertied & TT22E252GI56 58|

We first need an order parameter to quantify octahe-
dral tilting, before connecting tilting to changes in elec-
tronic structure. The perovskite lattice can be described
as vertex-sharing B-X octahedra, such that the dynamics
of the octahedra can be looked at from the perspective
of the B-site cation or the X-site anion. From the per-
spective of the Br, we can define a rotor function that
quantifies Sn-Br-Sn bending, which is coupled to octa-
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FIG. 9. (a) Hlustration of the collective rotor function that is
a partner function to 71, with respect to Sn, which consists of
the sum of ./\/@3 rotor functions for Br-MLWFC units along
the same axis, appropriately rotated, resulting in a function
with Cy, symmetry. Shown are the two M‘;ﬁ centered on
Br ions, as well as the ./\/l,lc’1 rotor function centered on the
Sn ion at the center. (b) Simulation snapshot showing the
coupling between off-centering of the Sn-MLWFC unit (7%.)
and the Br-MLWFC orientation (A2,). Sn are yellow, Br are
pink, and MLWFCs are gray. Directional orientation of Br
MLWFCs toward Sn are highlighted by pink dashed cylin-
ders. (c) Time-dependent cross-correlation function between
the Sn-MLWFC rotor function and the Br-MLWFC collective
rotor function, and (d) the corresponding power spectrum.

hedral tilting (though bending does not necessarily al-
ways imply tilting). Sn-Br-Sn bending transforms as E,,
breaking the symmetry from Dy, to Co,, and we quan-
tify this bending with Mlz’o for the Br-Sn vectors. The

probability distribution of ./\/llz’0 indicates significant Sn-
Br-Sn bending at 300 K, Fig.[I0h. While the distribution
is peaked at zero, corresponding to no bending, there are
significant deviations away this value, indicating dynamic
Sn-Br-Sn bending. Interestingly, at 50 K, the distribu-
tion splits into two peaks with a minimum at zero. The
two peaks correspond to Sn-Br-Sn bending in two di-
rections, and the split suggests that bent structures are
stable at this low temperature. Because the Sn-Br-Sn an-
gle is altered by octahedral tilting, this further suggests
that the octahedra rarely fluctuate between tilted config-
urations at 50 K. This is consistent with recent results
that identified the structure of low temperature phases
of CsSnBr3>°.

Our results above for the constrained orientational dis-
tribution, f,c(©), suggest that the symmetry of the lo-
cal electron density couples to distortions of the Br-Sn
coordination environment. Therefore, Sn-Br-Sn bending
should induce similar changes in the local symmetry of
the Br-MLWFC unit. We computed the Br-X f, .(O)

while constraining the Br-Sn Mlzlo > 0.07, Fig. . The
Br-X f,.c(©) induced by octahedral tilting is consistent



with Cs, symmetry, significantly different from the av-
erage Dy symmetry, which indicates a significant cou-
pling between the local Br electronic density and Sn-Br-
Sn bending.

The coupling between Br-MLWFC orientation and Sn-
Br-Sn bending can be further quantified through joint
probability distributions of the Br-MLWFC M%? and the
Br-Sn ./\/li;o rotor functions, Fig. 7d. We find features
reminiscent of the joint distributions for Br-MLWFC ori-
entation and Br atom displacements. We find a peak at
(0,0) that results from linear Sn-Br-Sn configurations and
Ay, symmetry of the B--MLWFC unit, Fig.[I0c. We also
find peaks at approximately (F0.1,20.4), which result
from bent Sn-Br-Sn configurations and the Br-MLWFC
unit orienting two electron pairs to the nearest Sn ions,
consistent with the f, .(©) shown in Fig. . When the
system is cooled to 50 K, the peak at (0,0) once again
disappears while the peaks at (F0.1,+0.4) remain, con-
sistent with tilted octahedra persisting throughout the
duration of the simulation.

We find that there is dynamic coupling between the
local symmetry of the Br-MLWFC unit and octahedral
tilting by computing a modified version of the total rotor
function TCF,
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FIG. 10. Correlations between Sn-Br-Sn bending and the Br-
MLWFC orientation (E,) quantified by the joint probability
distribution of their respective rotor functions at (a) 300 K
and (b) 50 K. (¢) The Sn-Br-Sn bending histogram at 300 K
and 50 K. (d) The constrained average orientational distribu-
tion function, fu,.(©), where the rotor function is constrained
to lie in the shaded region of the 300 K Sn-Br-Sn bending his-
togram. The distribution function is shown as a gray isosur-
face, and a representative configuration of a Sn-Br-Sn triplet
is shown.
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where h(t) is an indicator function. To probe electronic
fluctuations when the octahedra are tilted, h(t) = 1 if

the Br-Sn ‘MIZ’O‘ > 0.07 and h(t) = 0 otherwise. Sim-

ilarly, to quantify dynamic symmetry fluctuations when
the octahedra are not tilted, h(t) = 1 if the Br-Sn

‘Mlziol < 0.07 and h(t) = The resulting

02151(‘2) (t) indicate that the MLWFC symmetry changes
faster when the Sn-Br-Sn unit is linear, and the sym-
metry fluctuations are slower when the Sn-Br-Sn unit is
bent, Fig. |[l1p, strongly suggesting a coupling between
octahedral tilting and localized electronic structure and
dynamics.

We can use the same kind of analysis to examine the

response of the Ao, orientational ﬂuctuations to Sn-Br-

Sn bending. The resulting C’ ’ 2“( ) indicates that the
Ay, orientational ﬂuctuatlons are damped by Sn-Br- Sn
bending as compared to when the unit is linear, Fig. [TTp.
This may be expected from the favorable interactions
between the two Br-MLWFCs with two Sn ions, which
stabilize the bent configuration.

To further quantify the coupling between local elec-
tronic symmetry and Sn-Br-Sn bending, we computed
time-dependent cross-correlation functions . When ( =
M2 =(Br, MLWFC) and ¢’ = M%°, i/ =(Br, Sn),
we find that the cross-correlation is negative, indicat-
ing an anticorrelation between the orientation of the Br-
MLWFC unit and bending of the Sn-Br-Sn unit, Fig. [TTk.

0 otherwise.

Note that both rotor functions are of the same irrep, so
we do not need to define a collective rotor function to
probe cross-correlations involving orientational fluctua-

tions. The cross-correlation, Cc;f,/ (t), decays somewhat
smoothly to zero on a timescale of roughly 5 ps, consis-
tent with timescales relevant to octahedral tilting2559161!
and the above-discussed fluctuations in local electronic
symmetry. The decay is not described completely by a
single exponential, and multiple timescales are involved
in the decay, consistent with the multiple peaks found
in the vibrational density of states. When the system is

cooled to 50 K, Cflf,/ (t) starts at a similar negative value
at t = 0, but only exhibits a rapid, short-time decay
before plateauing near —0.013. This lack of decay is con-
sistent with the octahedra remaining tilted throughout
the duration of the simulation and a negligible fraction
of non-tilted configurations.

Octahedral tilting arises when four Br within the same
plane and octahedron bend along the same rotation axis.
This collective fluctuation can be studied using a rotor
function dependent on the Sn-Br octahedra. Octahedral
tilting of the B-site cation transforms as the irrep 7134,
breaking the symmetry from Oy, to Cgp,. This dynamic
local symmetry breaking results in a propensity for Br-
MLWEFGCs to orient with the tilting of the octahedra, ev-
ident in the simulation snapshot in Fig. [[2h. Therefore,
we computed the time correlation function of the Sn-Br

Mt & rotor function (Tl(q) irrep) and compare it to the
time correlation function of the Br-MLWFC rotor func-
tion (EVEQ)), Fig.[12c. Both correlation functions decay on
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FIG. 11. (a,b) The time correlation functions for Br-MLWFC
(a) B and (b) A, rotations when the octahedron is bent
(JM3°| > 0.07) or not bent (|]M3°|) < 0.025). (c) Time-
dependent cross-correlation function between the Br-MLWFC
rotor function and the Sn-Br-Sn rotor function.

a similar, slow timescale of roughly 5 ps, consistent with
timescales for dynamic octahedral tilting®35%61  The
similarity of these correlation functions suggests further
coupling between Br-MLWFC orientation and Sn-Br-Sn
bending.

Octahedral rotation involves the collective displace-
ment of atoms and the coupling of this collective displace-
ment to local changes in electronic structure. To quantify
this collective displacement and its coupling to electronic
structure, we define another collective rotor function that
is a partner function of the T4 irrep as the sum of Br-
MLWEFC E, rotor functions around the Sn, where the
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FIG. 12. (a) Representative snapshot of octahedral tilting,
illustrating the coupling between tilt and Br-MLWFC orien-
tation. Sn are yellow, Br are pink, Cs are cyan, and MLWFCs
are yellow. Note the alignment of the Br MLWFCs with the
tilt angle. (b) Illustration of the collective rotor function that
is a partner function to 714, which consists of the sum of
M%? rotor functions for in-plane Br-MLWFC units, rotated
appropriately, resulting in a function that has Cy; symme-
try. (c) Time-dependent autocorrelation functions of Sn-Br
octahedral tilting (Th4) and Br-MLWFC orientation (Ei(f))‘
(d) Time-dependent cross correlation function between Sn-
Br (T1,) and the B--MLWFC collective rotor function (E(?).
(e,f) Joint probability distribution of the B--MLWFC and Sn-
Br rotor functions at (e) 300 K and (f) 50 K.

sum is over the four in-plane bromides, Fig. [I2b. Using
this collective rotor function, ./\;I(Z?”Q)’Tlg, we can compute
the time-dependent cross-correlation function of collec-
tive Br orientations and Sn-Br bond orientations. The
cross-correlation function indicates anticorrelation and
decays on the same slow timescale as individual Sn-Br
orientational correlations and the slow Br-MLWFC fluc-
tuations of Eff) symmetry, Fig., suggesting that the
electron orientation is strongly coupled to octahedral ro-
tation. Indeed, static correlations suggest a nearly lin-
ear relationship between the collective Br-MLWFC rotor
function and the Sn-Br rotor function, Fig. [[2k, further
indicating strong correlation. This linear correlation per-
sists at 50 K, Fig. [[2f, although the distribution is split
into two peaks at non-zero values of the rotor functions
due to the static octahedral tilt induced by the low tem-
perature.
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FIG. 13. (a) The Br-Sn potential of mean force, —In g(r), in units of kgT, where g(r) is the Br-Sn raidal distribution function.
(b,c) The potential of mean force decomposed into contributions from correlations (b) in the local xzy-plane and (c) along

the local z-axis. Dashed lines indicate Gaussian fits performed near the minimum of —In g(r).

(d,e) The conditional radial

distribution functions for (d) correlations in the zy-plane given a value of |z| and (e) correlations along the local z-axis given
v/ 22 + y2. Sketches of the vibrational modes that lead to these correlation functions are shown as insets. Both Sn ions (yellow)
move along z toward or away from the bromide (pink), which displaces in the zy-plane. (f) Schematic illustration of the change
in MLWFC orientation upon bending of the Sn-Br-Sn unit. Sn ions are drawn in yellow, Br ions in pink, and MLWFCs in gray.
Shown are representative configurations when the Sn-Br-Sn triplet is linear, p =~ 0 A, and bent, pr~1 A.

E. Phonon Anharmonicity is Coupled to Electron Density
Fluctuations

Halide perovskites are relatively soft solid materials
that display significant anharmonic vibrational fluctua-
tions. These anharmonic vibrational fluctuations can be
observed in appropriate radial distribution functions3Z,
such as the Br-Sn radial distribution function, g(r),
Fig. [[3] At 300 K, the first peak in the Br-Sn radial
distribution function, g(r), is significantly non-Gaussian
far from the peak. Consequently, this anharmonic Br-Sn
g(r) results in an anharmonic potential of mean force,
Bw(r) = —Ing(r), quantifying the effective interactions
between the two ions. When the temperature is lowered
to 50 K, w(r) becomes approximately harmonic, consis-
tent with the system being trapped in a tilted config-
uration. The origins of the pronounced asymmetry in
the Br-Sn ¢(r) and the resulting models for interpreting
radial distribution functions have been a matter of de-
batél™2 and our analysis of local nuclear and electronic
structure fluctuations described below should aid in the
interpretation of this asymmetry.

Based on our analysis of symmetry-dependent fluctu-
ations above, we can decompose the w(r) into contribu-
tions from within the local zy-plane, Fig.[13b, and along
the local z-axis, Fig. [[3¢. Fluctuations within the local

zy-plane are quantified by the coordinate p = /2 + 32

while those along the local z-axis are quantified by |z|.
At both 300 K and 50 K, w(p) is approximately har-
monic and even sub-harmonic for large displacements,
indicating that the non-Gaussian features in g(r) do not
originate in fluctuations along the in-plane direction.

In contrast, w(|z|) is significantly anharmonic at 300 K
for displacements larger than the mean. At 50 K, the po-
tential of mean force is again approximately harmonic,
in agreement with experimental results that suggest har-
monic lattice motion in halide perovskites at low temper-
atures®d, Therefore, the anharmonicity of the Br-Sn po-
tential of mean force results from changes in interactions
induced by displacements along the local z-axis defined
by the Br-Sn bond axis in the ideal cubic structure.

Displacements along the z-axis and within the xy-
plane may not be independent in an anharmonic system,
and so we also quantified the coupling between these two
types of displacements with conditional radial distribu-
tion functions, Fig. [[3d,e. Correlations in the zy-plane
are significantly coupled to the displacement along the z-
axis, evidenced by g(p ||z]) in Fig. [I3d. For large Br-Sn
distances along the z direction, |z|, g(p ||z|) is peaked
at zero, indicating that the Sn-Br-Sn triplet is linear and
reminiscent of the cubic structure. As |z| decreases, the
peak at p = 0 reduces in magnitude and shifts toward
non-zero values, approaching p = 1 A for the smallest |
values probed here. The peak shift indicates that as the



Sn-Br distance in the z direction is reduced, Br displaces
outward and the Sn-Br-Sn triplet bends. The presence of
only a single peak in g(p | |z|) indicates that both Sn ions
move toward or away from the Br ion at a similar dis-
tance; otherwise, the peak would be split into two. This
coupled vibrational motion is schematically indicated by
the sketch in the inset of Fig. [I3{.

The conditional radial distribution function for the z-
direction, g(|z||p), is consistent with the same qualitative
picture, Fig. S4. At small p, g(|z||p) is peaked at larger
values of |z|. As p is increased, the peak position shifts
to smaller |z|, consist with compression of the Sn-Br-Sn
unit in the z-direction when it bends. Furthermore, the
single peak of the distribution again suggests that the
two Sn ions of the Sn-Br-Sn unit are nearly equidistant
from the Br along z.

Our analysis in previous sections indicates that Sn and
Br electronic orientations are coupled along the local z-
axis, and one might anticipate that the anharmonic fluc-
tuations along the local z-axis are coupled to changes
in local electronic symmetry. To quantify this coupling,
we computed the conditional probability of the Mff ro-
tor function that quantifies the orientation of the Br-
MLWEFC unit for given values of the in-plane displace-
ment of the bromide, p, Fig. [13e. For small p, the Sn-Br-
Sn unit is linear, and P(M?3”|p) is bimodal and peaked

near +0.4. These values of M%’B correspond to Br orien-
tating one MLWFC directly toward Sn, as indicated in
the sketch in Fig. [I3f. As p is increased and the Sn-Br-Sn
unit bends, the two peaks in the distribution converge to
a single peak centered at zero, consistent with a change
in symmetry of the Br-MLWFC orientation. This change
is consistent with the Br ion pointing one MLWFC at
each Sn, such that two MLWFCs are now involved in
interactions with Sn ions (one for each Sn in the Sn-
Br-Sn unit), Fig. [L3f. Therefore, the vibrational mode
sketched in Fig. [I13{d is accompanied by changes in local
electronic orientation. We suggest that this electronic
rotation—nuclear translation coupling leads to the anhar-
monicity and phonon softening observed in CsSnBrs and
other halide perovskites, similar to the effects of rotation—
translation coupling in molecular plastic crystals®L.

The conditional pair distribution functions at 50 K
further support the idea that electronic rotation—nuclear
translation coupling leads to anharmonicity, Fig. S5. At
50 K, the Sn-Br potential of mean force is harmonic,
which suggests that the coupling between electronic ori-
entation and nuclear translations should be small. In-
deed, the structure at 50 K is essentially the bent struc-
ture illustrated on the right side of Fig. [I3f throughout
duration of the simulation. As a result, g(p||z|) is peaked
at finite p for all sampled |z| values. Similarly, P(M%’|p)
is peaked at zero for nearly all configurations and never
bimodal, with rare, small-p configurations exhibiting a
flat distribution that is consistent with equal probabil-
ity of the two orientations sketched in Fig. [L3f in this
small fraction of configurations. Therefore, because elec-
tronic rotations are absent at 50 K, the resulting elec-
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FIG. 14. (a) Vibrational density of states for Cs modes of Tl(i)
symmetry. (b) Orientational distribution function of the Cs-
MLWFCs shown within the cubic coordination environment
of the Cs. (¢) Cs-MLWFC cubic harmonic Sg° (T%.) used to
quantify the orientations of the Cs-MLWFC units.Two con-
figurations of the Cs-MLWFC with opposite signs are shown.
(d) Probability distribution function of the Cs-MLWFC rotor
function, M%5, at temperatures of 300 K and 50 K.

tronic rotation—nuclear translation coupling is small and
the Sn-Br potential of mean force is harmonic.

F. Local Electronic Fluctuations of the A-site

The precise importance of the A-site cation in deter-
mining the properties of halide perovskites is unclear®.
The Cs* electronic states are deep in the valence band®,
and as a result, it is usually considered to have negligible
impact on the properties of halide perovskites beyond
tuning stability. However, it has been suggested that
even a simple A-site cation like Cs™ can have a signifi-
cant impact on the phonon modes of halide perovskites,
and consequently an indirect impact on materials prop-
erties®®99 Tn this section, we demonstrate that the Cst
cation also exhibits non-trivial MLWFC fluctuations that
are coupled to lattice dynamics.

The contribution of Cs to the vibrational density of
states, Fig.[d] primarily exhibits low frequency modes be-
low 100 cm ™!, and we uncover a similar picture through
the symmetry-dependent vibrational density of states for

1

u
Cs overlap significantly with the F, vibrational density
of states for Br, suggesting that the vibrational modes are
coupled. Indeed, displacement of Cs ions typically con-
sist of Cs moving toward a face of the surrounding Br-Sn
cube, resulting in a displacement of the four bromides on
the edge of that face, suggesting a coupling between Cs
and Br vibrational modes®®.

the T1( ) irrep, Fig. . The vibrational frequencies of
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FIG. 15. (a) Time correlation functions of the Cs-MLWFC

orientation (7T%,) and the Br-MLWFC orientation (Eff)) ro-
tor functions. (b) The collective rotor function that is a
partner function to 7%, constructed using the eight near-
est neighbor bromides around a central Cs, which consists
of the sum of M‘;Q on each Br, rotated appropriately, re-
sulting function with Dag symmetry. (c) Time-dependent
cross-correlation function between the Cs-MLWFC orienta-
tion (7%, ) and the collective rotor function for the Br-MLWFC
orientations (E£2>). (d) Simulation snapshot illustrating the
coupling of Cs-MLWFC orientation and Br-MLWFC. Dashed
cylinders highlight direction preferences of the Cs-MLWFCs
toward Br (cyan) and Br-MLWFCs toward Cs (pink).

The Cs™ cation has four electron pairs, and we can
quantify any coupling of their orientation to vibrational
modes through the type of analysis used above for Br
and Sn. The orientational distribution function, f,(©),
for the Cs MLWFCs is not spherical, as one might ex-
pect, but instead shows significant structure, Fig. [T4p.
The MLWFCs preferentially orient toward bromide and
away from Sn. The non-trivial structure of the Cs ori-
entational distribution function suggests the existence of
local Cs electronic symmetry fluctuations that couple to
distortions of the surrounding Sn and Br ions.

To quantify the orientation of the Cs-MLWFC unit,
we use rotor functions based on the S,3C5 cubic harmonic,
shown in Fig. [[4k, which are partner functlons to the
Ty, irrep. The probability distribution of M © % at 300 K
displays a single plateau-like peak near zero, with signif-
icant fluctuations away from zero. At 50 K, when the
octahedra remain tilted and rarely change orientation,
the probability distribution of the rotor function splits
into two peaks near zero and large peaks emerge at the
positive and negative bounds on M,?’C’S. This splitting
of the distribution and emergence of large peaks suggest
that the Cs MLWFCs adopt preferential orientations at
low temperatures in response to the non-zero average oc-
tahedral tilt.

We computed the time correlation function of the ./\/l%5

rotor function (Téi) symmetry) to quantify the dynamic

13

fluctuations of the Cs-MLWFC orientation, and compare
this to the time correlation function of the E{Y s ym-
metry fluctuations of the Br-MLWFC unit. Joint prob—
ability distributions suggest that these electronic orien-
tations are coupled and suggest distinct orientations at
low temperatures, Fig. S3. The Br-MLWFC fluctuations
are coupled to the low frequency qul) vibrational modes,
Fig. These time correlation functions overlap almost
completely, Fig.[TBh, suggesting that the Cs-MLWFC and
Br-MLWEFC fluctuations are dynamically coupled and
that the Cs-MLWFC unit reorients in response to oc-
tahedral tiltln% Fluctuations in the Cs-MLWFC order
parameter, M2°, which is a partner function to the T3,
irrep, correspond to a subduction in the local symme-
try from Op to Doy. The resulting Doy local symmetry
is what one would expect Cs to experience from out-of-
phase octahedral tilting (aac~ in Glazer’s notation),
further suggesting a coupling of Cs-MLWFC orientation
and octahedral tilting.

We can quantify the coupling between Cs-MLWFC
orientation and the surrounding bromide cage through
a time-dependent cross-correlation function. This time
correlation function again involves a collective rotor func-
tion, which we define as the sum of F,, functions for the
eight Br nearest neighbors of Cs, resulting in a part-
ner function of the Tb, irrep, Fig. [Ibb. The cross-
correlation function closely tracks the decay of the in-
dividual time correlation functions for Cs-MLWFC and
Br-MLWFC, suggesting that indeed the Cs-MLWFC and
Br-MLWEFC orientations are dynamically coupled on the
slow timescale or low frequencies typical of octahedral
tilting, Fig. [[Bk. This dynamic coupling is a result of
preferential orientation of Cs-MLWFCs in response to the
orientations Br-MLWFCs when the surrounding octahe-
dra are tilted, as illustrated by the snapshot in Fig. [I5{.
The simulation snapshot shows a representative struc-
tural arrangement where Br-MLWFCs point toward the
Cs when the lattice distortion results in decreased Br-
Cs distances (pink dashed cylinders). Similarly, Cs-
MLWFCs point toward Br with larger Br-Cs distances
(cyan dashed cylinders), resulting in an arrangement one
might expect for ordering of quadrupolar sites.

We also note that the observed orientational ordering
of the Cs-MLWFC unit does not necessarily involve a
displacement of Cs. Out of phase octahedral tilting and
Cs displacement are partner functions to different irreps,
T, and Tb,, respectively, and as a result they are not
coupled. Instead, it is the distortions of the surrounding
Sn-Br cube, which are a manifestation of out-of-phase
octahedral tilting, that couple to the observed local elec-
tronic fluctuations of Cs. These results suggest that the
A-site cation can play a role in the electronic and lattice
fluctuations of halide perovskites.



V. CONCLUSION

In summary, we used order parameters rooted in group
theory to perform a statistical dynamic analysis of the
coupling between local electronic symmetry of ionic sites
and vibrational fluctuations in CsSnBr3. We found that
there is significant static and dynamic coupling of lo-
cal electronic structure to ionic displacements, including
coupling of electronic symmetry between sites. Of par-
ticular interest is the coupling of electronic symmetry
and the resulting orientation of localized electron den-
sity to specific phonon modes, and we demonstrated that
the octahedral tilting mode of CsSnBrj is strongly cou-
pled to the orientation of bromide electron density on
timescales of 5-10 ps. Using our analysis, the emergence
of an octahedrally distorted structure at low tempera-
tures naturally emerges, and we described how these dis-
tortions lead to long lived orientations of the electronic
density®?. Fluctuations in local electronic structure gov-
ern fluctuations of the conduction and valence band en-
ergies, as well as the band gap®l, such that our analysis
may aid in understanding optical processes in halide per-
ovskites, including coupling of tilts to polaronst?53840 and
excitons®¥, Similarly, we anticipate that the detail pro-
vided by our analysis of local electronic fluctuations will
aid in building further connections between “local po-
lar fluctuations” and their impact on processes like car-
rier transport3040, Furthermore, it was recently shown
that rotation of localized electron pairs can couple to ion
diffusion, resulting in electronic paddle-wheels in solid-
state ion conductors®, such that the understanding of
electronic fluctuations provided here may aid in quan-
tifying mechanisms of ion and defect mobility in halide
perovskitest®ill,

Of particular interest is the coupling between the ori-
entation of localized electron pairs and nuclear displace-
ments identified here. We suggest that the orienta-
tional changes of localized electron pairs leads to nuclear
translation—electronic rotation coupling, analogous to
the translation—rotation coupling that is well-known for
molecular plastic crystals®l. In molecular plastic crys-
tals, translation-rotation coupling impacts many prop-
erties of the solid, including softening of related phonon
modes. Building on this analogy, we anticipate that the
nuclear translation—electronic rotation coupling identi-
fied here results in phonon softening and anharmonic vi-
brations in halide perovskites. Indeed, based on our anal-
ysis of symmetry-dependent pair correlations, we sug-
gested that vibrational (phonon) modes are softened as
a result of their coupling to localized electron density
fluctuations. Moreover, the general ideas presented here
are not limited to halide perovskites, and we anticipate
that couplings between the orientation of localized elec-
tron density and nuclear displacements will be ubiquitous

in anharmonic solids with localized electronsit.
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