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Abstract

Naturals and synthetic perovskites are widely used functional materials thanks to their particular physical

properties, such as superconductivity, ferroelectricity and photo-activity. Many of these properties are re-

lated to static or dynamic motion of octahedral units; Yet a full understanding of the relationships between

perovskite crystal structure, chemical bonding and physical properties is currently missing. Several stud-

ies indicate the existence of dynamic disorder generated by anharmonic motion of octahedral units e.g. in

halide perovskite structures. In this work, we derive all possible space groups for simple perovskites ABX3

with dynamical octahedral tilting. The derived space groups extend the well established space group tables

for static tiltings by [Glazer, A. Acta Cryst. B 1972, 28, 3384-3392; Aleksandrov, K. Ferroelectrics 1976,

24, 801-805; Howard, C.J., Stokes, H.T. Acta Cryst. B 1998, 54, 782-789]. We demonstrate ubiquity of

dynamical tilting by analysing the structural data for perovskites reported in recent scientific publications

and discuss the signature of dynamic tilting in the corresponding structures. Finally, we discuss the possible

influence of dynamic disorder on the physical properties of halide perovskites.
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I. INTRODUCTION

Solids with perovskites structure are one of the most widely used functional materials in the

microelectronic, thanks to their exceptional physical properties, such as superconductivity [1], fer-

roelectricity [2] and photo-activity [3]. The origin and underlying physical mechanism of these

properties are intriguing from the theoretical and the application point of view. Yet a full under-

standing of the relationships between perovskite crystal structure, chemical bonding and physical

properties is currently missing. Some observations appear counterintuitive at the first glance. For

example, structural defects usually reduce the yield of photoactive materials because the presence

of defects decreases the carrier density and open up non-radiative recombination paths for the

photo-induced generation of charge carriers. CH3NH3PbI3 is known to have an intrinsically dis-

ordered perovskite type structure with large number of defects and dynamic disorder, which are

very unusual for highly efficient photovoltaic structures. It is therefore intriguing to understand

how disordered solution-processed materials such as halide perovskites as e.g. CH3NH3PbI3 with

X =I, Br, or Cl [4, 5] can possess such a high photoactive yield efficiency which can even compete

with high quality crystalline semiconductors.

Two types of disorder are known for perovskite based structures: mostly non polar rotations of the

octahedra [6], and polar displacements [7]. Interestingly both types of structural disorder can po-

tentially interact with electrons, either through the acoustic deformation potential scattering [6, 8]

or through Frohlich type polar interactions [7]. The structural disorder is thus expected to influ-

ence the carrier mobility [9] in metal halide perovskites. Furthermore it has been suggested, that

ionic displacement could be the source of giant dielectric constants [10] in lead halide perovskites

and polaronic conductors.

It has yet been overlooked so far, that atomic displacements and the corresponding disorder

can be inherent to some perovskite phases within certain cell geometries, ions are confined by

a potential energy surface with multiple local energy minima (see e.g. Fig. 1) and separated by

small energy barriers (40 meV, for CH3NH3PbI3 [11]) . If these minima are close in energy, the

transition between these minima is enhanced and can be excited by small perturbations [12].

In this article, we focus on the role of mostly non polar rotations of the octahedra, which

are ubiquitous in halide perovskites. They have been observed for example in CsPbCl3 [13],

CH3NH3PbBr3 and CH3NH3PbCl3 [14–16]. This kind of disorder is dynamic, i.e. displacements

are created and annihilated permanently, whiles as the disorder persists. Related to the obser-
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vations in the cubic phase of CH3NH3PbI3 through inelastic X-ray scattering the term ‘dynamic

disorder’ has been coined [17, 18] (see also the review of Whalley et al. [19]). In this article

we will refer to these octahedral rotations as ‘dynamic tilting’. The presence of dynamic tilting

e.g in halide perovskites is well documented [11]. The dynamic instabilities are involved in the

series of phase transitions in CH3NH3PbI3 from the orthorhombic phase (Pbn21 space group), to

tetragonal structure (I4cm space group) at around 160 K, and finally at approximately 330 K to

the pseudocubic tetragonal phase (P4mm space group) [20].

On the other hand, when it comes to structure determination it is surprising that the dynamic

instability has been given little consideration yet, although many perovskites show dynamic insta-

bility especially in the high temperature phase.

The mechanism stabilising the dynamical tilts is explained as follows: The energies of the

oscillation modes in the doublewell potential are usually denser than those in a single well. Fur-

thermore, dynamic tilting is favoured when the ground state of the double potential is (nearly)

degenerate, leading to a particularly high density of states at the lowest energy. Generally, the

high temperature phase is higher in potential energy than the low temperature phase. This en-

ergy difference is outweighed by the free energy, which is the relevant thermodynamic potential at

temperature.

For halide perovskites, this model predicts a generally high sensitivity to external influences

such as electric fields, temperature, humidity, or mechanical stress [21, 22]. We relate it to the

observed instability on the surface of the potential energy. Interestingly it is precisely these insta-

bilities and the resulting dynamic tilting that can lead to high mobility of charge carriers and in

turn might be the premise of the high efficiency of perovskite solar cells.

We therefore systematically explore possible dynamic rotations of the octahedra in perovskite

structures. Then we explore the most important experimentally accessible signatures of dynamic

tilting. Our hypothesis is that many perovskites exhibit dynamic tiling, especially in the group

of halide perovskits. Accordingly, we review most recent publications reporting dynamic tilting,

in order to substantiate our hypothesis. Finally, we will discuss the possible implications of dy-

namic tilting for the physical properties of for halide perovskites such as CH3NH3PbI3 considering

the electronic structure, vibrational properties especially phonon dispersion, the electron-phonon

coupling and efficiency in photovoltaics.
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II. METHOD

To derive possible tilting systems, a 2×2×2 supercell of the ideal cubic ABO3 perovskite con-

taining 40 atoms was setup in which the rigid octahedra were tilted in three spatial directions. The

Glazer notation [23] has been used to denote by a+ an octahedral tilting by angle a where two

succeeding tilting are in phase and a− for succeeding octahedra tilted out of phase. These tilts lead

to a contraction of the two lattice parameters which are perpendicular to the tilting axis — see

also Fig. 2. This reduction has been implemented using three dimensional rotation matrices. They

preserve the bonding distance within the octahedron without further (collective) constraints on the

structure.

As explained in the introduction, recent studies have lead to the discovery of dynamic tilts

[12, 24]. They result from octahedra confined in the structure by potential energy surface (PES)

with multiple energy minima — see Fig. 1. In this study, we only consider systems with symmetric

arrangements of minima of the PES related by a mirror plane. In these structures the tilt-angle os-

cillates between positive and negative amplitude spending most of the time at |a| > 0 whereas the

average position is still a = 0 — see Fig. 1. However, due to the non-zero average tilt-amplitude

time averages of cell parameters perpendicular to the tilting axis become reduced compared to the

untilted cubic structure. We denote these tilting by ad and consider them by leaving the atomic

positions unchanged and reducing the cell parameters perpendicular to the tilting axis.

A. Classification of dynamic tilt systems

The possible combinations of dynamic tilts and their combinations with static tilts were applied

and the resulting structures were classified using the crystallographic tool FINDSYM [25]. It

determines the primitive unit cell, lattice vectors, point group of the lattice and thus the unique

space-group of crystal structure.

For static tilts Howard and Stokes [26] showed, that the 25 distinct isotropy subgroups of static

tilts can be reduced to 15. They consider only ‘simple’ tilt systems, in which the tilts around a

particular axis have the same magnitude and either the same sign (the + pattern) or alternating sign

(the - pattern). This results in the exclusion of tilt systems, that accidently show the same tilt angle

but different type of tilting (+,−) on different axis.
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FIG. 1. Sketch of the potential energy surface as a function of the rotational angle a of the BX3 octahedron.

The atomic configurations generating these potentials are shown in Fig. 2. a) Dynamic tilting: the rotational

degree of freedom is subject to a double well potential V(a). The resulting ionic wave function ϕ(a) with

lowest energy shows two distinct localisations in both potential minima and so does the particle density

|ϕ(a)|2 (shaded in grey). However, the average tilting angle is at a = 0 — i.e. in between the two minima. b)

Static tilting: The octahedral rotational degree of freedom is subject to a single potential with a minimum at

a , 0. The resulting ionic wave function ϕ(a) with lowest energy shows a single localisation at the potential

energy minimum.
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FIG. 2. a) Ideal perovskite with untilted octahedra. b) Octahedral tilting by angle a allows to reduce the

distance between the cations B and B’ while the bond length between B and X is maintained. The result is

a reduction of the cell volume (highlighted in grey) due to less volume assigned to the A cations. c) Along

the tilting axis two subsequent octahedra can be tilted in antiphase (here, notation a−) or in phase (notation

a+, see subfigure b). Cross sections of the potential energy surface (PES) along the blue lines corresponding

to octahedral rotations are given in Fig. 1.
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Application of this concept to the dynamic tilts i.e. excluding tilting systems showing the same

tilting angle but different type of tilting along different axis 19 different tilting systems have been

derived. Their space groups are reported in Tab. I.

III. APPLICATIONS AND RESULTS

In hybrid halide perovskite semiconductors the presence of organic ions generally reduces the

crystal symmetry compared to simple perovskites containing monoatomic ions. Therefore space

groups listed in Table I cannot be expected to occur there. However, some hybrid halide per-

ovskites show the negative volume change across phase transitions, which can be viewed as a

fingerprint of the dynamical tilting.

A. Volume changes across phase transitions and negative thermal expansion

Positive thermal expansion is common for many materials, a property which is maintained even

across phase transitions and linked to extended thermal movement upon temperature increase or

more precisely to lowering of the free energy upon lattice expansion. A negative thermal expansion

is rather unusual and needs clarification.

The explanation of the negative thermal expansion comes naturally when dynamical tilting is

considered. It should be mentioned that any (dynamic or static) freezing of a tilting increases the

volume of the unit cell - as long as the octahedra are considered to be rigid, because within this

approximation the volume is proportional to

Φ = cos(a)2 · cos(b)2 · cos(c)2 . (1)

where a, b and c are tilting angles. Φ thus has a maximum at a = b = c = 0, and therefore the

cubic Pm3m structure usually denoted as the tilting system a0a0a0 should have largest volume,

which however is not always observed contrary to geometric considerations. In the presence of

dynamical tilting the cubic structure is rather attributed to the adadad tilting system. Therefore

the sharp structural phase transition at 54 ◦C in CH3NH3PbI3 from a tetragonal to the cubic phase

[27] which is linked to a volume drop can be understood as an activation of additional dynamic

tiltings leading to a volume decrease according to equation 1. This explanation is further backed

up by calculations which show large negative portions of the band structure around the R- and

M-point of the Brillouin zone corresponding to octahedral tilting [28] and observations revealing
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large thermal movement [29].

It should be mentioned similar observations are available in other structures e.g. in KNbO3.

There the volume change is positive across both phase transitions observed between 300 and 750 K

[30], with the cubic Pm3m structure at the high temperature end of series of transitions.

B. Agreement between lattice parameters and tilts system

The lattice parameters published e.g. by Brivio et al. [28] for methylammonium lead iodide are

in agreement with the underlying tilt system. For the tetragonal I4/mcm phase the c/a > 1 while

for the orthogonal phase the calculated c/a < 1 is consistent with their respective tilt system. In

other materials such as Pr0.5Sr0.5MnO3, which is reported in the Fmmm and I4/mcm phase, static

tilts cannot explain the pseudo-cubic c/a-ratio of 1.02 (tilt system a−b0b0). Static tilt would require

rotation of more than 10◦, whereas the observed rotation angle is only 3.8◦. The consistent results

can be obtained by considering dynamic tilts, which leads to modification of the lattice parameters

without the change crystal coordinates resulting in the Fmmm space group. The Fmmm structure is

also reported for other Pr/Sr proportion [31] and for combined Pr-Sr-Ce doping [32]. The Pr-sites

retain their statistically distributed fractional occupancies and no ionic ordering takes place. It is

tempting to explain the discrepancy between tilt system and cell parameters assuming distortion

of octahedral sites. This however would undermine the success of the theory of static tilts based

on rigid octahedra. Considering dynamical tilting it comes natural, that non-zero average tilt-

amplitude reduces cell parameters perpendicular to the tilting axis, while as the instantaneous

geometry of the octahedron remains rigid.

C. Instantaneous atomic positions and time averaged structure

Egger et al. [18] discussed the possibility for ‘dynamical disorder’ in halide perovskites (‘dy-

namical tilting’ in our terminology). The arguments for the presence of dynamic disorder were

obtained analysing structural results obtained by complementary experimental methods. While

X-diffraction yields an averaged structure with high symmetry, Raman shows a local structure

with low symmetry. Similarly Beecher et al. [11] report “anharmonic modes [...] with diffusive

(order-disorder) dynamics persisting many tens to hundreds of Kelvin above the transition”. Still
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as has been stated, these modes are unobservable by Bragg diffraction. Indeed, these simultaneous

observations can be reconciled through the concept of ‘dynamical tilting’: We interpret these

findings as snapshots of the dynamic tilting. It has been stated [33] that the multi-well nature of

the atomic potential energy surface cannot only lead to structural phase transitions to new phases

which is the main subject of this paper but also to diffuse scattering: above the phase transition

temperature the atoms retain some characteristics of the interactions below the phase transition

(e.g. coupling of the octahedra), which leads to correlated movement of the octahedra.

The transition rate may vary, depending on the height of the energy barrier between adjacent

potential energy minima,[34] High energy barrier for tilting can result in sluggish dynamics, at a

time scale significantly larger than diffraction experiment, making visible the tilting of the octahe-

dra (through the diffuse scattering) in crystals of otherwise higher symmetry. This high symmetry

appears in the time averaged X-ray patters, or equivalently in the averaged structure in MD.

Similar observations can be made for other structures such as PbZrO3 and Zr-rich PbZr1−xTixO3,

which are known to adopt a cubic Pm3m structure above the Curie temperature of TC =523 K

[35].[36] At high temperature T > 523 K however the diffraction pattern contains a considerable

amount of diffuse scattering, which can be attributed to distortion modes at the M-point in the

Brillouin zone, i.e. correlated dynamical in phase tiltings along the crystal main axis in agreement

with molecular dynamic simulations [35].

D. Possible space groups for perovskites with dynamical tilting

Often the structure refinement for perovskites is restricted to the space groups which are listed

in the tables of Glazer [23], Aleksandrov [37], or Howard and Stokes [26] and therefore can be

explained by static tilts.

As mentioned already for hybrid halide perovskite structural refinement should not be restricted

to these structures, due to the presence of an organic ions which alters crystal symmetry com-

pared simple perovskites containing monoatomic ions. This has been widely accepted by research

community working with hybrid halide perovskite and helps to avoid wrong crystal symmetry

assignment and misinterpretation of phase diagrams.

It is described in the methods section, that dynamical tilting can lead to the space groups such

as Fmmm, P4/mmm, Cmmm and Pmmm which cannot be explained by static tilts. In section III B
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and in the discussion (IV A - IV D 1) we review published perovskites structures with Fmmm,

P4/mmm, Cmmm and Pmmm symmetry and show that also in perovskite CaTiO3 and cryolite

Na3AlF6 the known data point towards the presence of dynamical tiltings in these system.

IV. DISCUSSION

The dynamic tilting can explain the some observed structural phase transitions and important

physical properties within perovskite class of structures. In many compounds, the composition

forbids an atomic arrangement corresponding precisely to the perovskite ABX3 described above.

This is often due to the chemical composition involving further chemical species or the ordering

of the ions, frequently occurring in a rock-salt like arrangement of the A and B cations or of

the involved octahedra. Many of the resulting compounds are captured by the structure formula

A2B’B”X6 and are called double-perovskites or layered perovskites. This class retains the stability

and often also the rigidity of the octahedra [38], while as more chemical compositions are feasible

than in the simple ABX3 composition. The layered perovskites are of great importance due to their

strong and unusual magnetic interactions [39], superconductivity [1] and technical applications

[2, 3]. We will therefore include some of these double perovskites in the discussion.

A. P4/mmm

Many structures are reported in the P4/mmm crystal structure, BaTiO3 [40] — the name of

which is used for the whole crystal class of perovskites with P4/mmm symmetry — KCuF3 and

KCrF3 [41], CeAlO3 [42], TlCuF3 [43], SrFeO3 [44], CsAuCl3 [45] and CeGaO3 [46].

For BaTiO3 the phase transitions from rhombohedral to orthorhombic, tetragonal and cubic

is known [47]. It indicates, that the P4/mmm is stabilized by entropy and that the PES shows

a negative curvature. We would like to stress here, that dynamic instabilities do not necessarily

indicate a structural instability at T = 0 K. In general the correct ground state energy is the sum of

the minimum of the potential energy E0 and the zero-point energy EZP. The calculations suggest

that EZP lies particularly low for in structures with a multi-well potential-energy surface. In some

structures — especially those exhibiting a multi-well potential-energy — E0 + EZP can be lower

at a saddle point of the PES than at the structure relaxed at a minimum of the potential energy.

This could potentially be overseen by atomistic simulations, where often only E0 is accounted for.
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Therefore, for the remaining structures reported (CeAlO3, TlCuF3, SrFeO3, CsAuCl3, CeGaO3)

the stabilization through the zero-point energy is plausible, as they remain stable in the P4/mmm

phase down to low temperatures.

B. Cmmm

The Cmmm space group has been reported for (Li,La)TiO3-perovskite-systems which in turn

give its name to the crystal class [48].

NaIO3 is also known in the Cmmm space group [49], as well as Nd0.7TiO3 [50].

C. Pmmm

Another crystal structure type is Pmmm PbTiO3-perovskite [51]. At ambient pressure it under-

goes a phase transition to the cubic phase between 600 and 800 K [52]. The same space group is

also found for NaNbO3 [53], Mg0.5W0.5O3 [54] and GdCoO3 [55].

The NaNbO3 attracts particularly our attention: It has been refined recently [56] for the a high

temperature phase at 500◦C. Best refinements were achieved with space group Pmmm (χ2 = 1.80)

and Pnma (χ2 = 1.85).

D. Perovskite CaTiO3

In CaTiO3 a cascade of phase transitions from Pbnm , to Cmcm (1380 K), I4/mcm (1500 K)

and finally to the cubic Pm3m phase (1580 K) is observed. For the first transition (Pbnm to Cmcm

at 1380 K) small anomalies in the temperature dependence of the cell and structural parameters

are observed [57].

However, other authors mention the large atomic-displacement parameter of the cubic phase

and state: “the high-temperature phase transition to cubic perovskite is triggered by the sudden

increase of the mobility of the oxygen sublattice or at least of parts of it.” [58]. Quenching allows

to access the dynamic disorder of the cubic phase [59]. Furthermore, within the approximation of

static tilts the fading of tilting angles at the I4/mcm -Pm3m phase boundary at 1500 K ([57]; Fig.

4) should lead to a significant increase of the volume in a temperature range of 20-50 K, which
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is not observed. Therefore the cubic phase should be assigned to a dynamic tilting of oxygen

octahedra adadad rather to an ideal perovskite structure a0a0a0.

1. Cryolite Na3AlF6

The phase transition between the P21/n and the Immm space group [60] is well documented in

cryolite. The critical temperature is Tc = 885 K (612 ◦C). Due to excellent X-Ray data the atomic

positions and the main axes of the vibrational ellipsoids are known [61] below and above TC.

At low temperature, the systems shows static tilts. The P21/n space-group is generated by rigid

octahedra and a tilt system with one in-phase tilting and two out-of-phase tiltings — see also Fig. 3.

Due to the rock-salt ordering of the octahedra the classification for simple perovskites [62–64] —

where a+b−c− corresponds to P21/m — cannot be applied.

The experimental high temperature orthorhombic Immm structure shows displacements of fluorine

from the ideal cubic perovskite positions. By further inspection they result from diffrent bonding

length in AlO6 and NaO6 octahedra. The pseudo-cubic lattice parameters on the other hand suggest

a tilting by at least 2.5◦ Finally the main axes of vibrational ellipsoids can increase by more than

200% over the phase transition. All this points toward a system with at least one dynamic tilting.

E. Impact of dynamical tiling on the physical properties

The multi-well energy landscape and the amplification of thermal movement upon temperature

increase lead to

1. unusually large thermal anisotropic displacement factors for B and X sites (see e.g. Ref. [29]

for CH3NH3PbI3)

2. negative (directional) temperature expansion (see e.g. Ref. [27] for the negative directional

temperature expansion in CH3NH3PbI3)

3. and volume decrease at the phase boundary upon temperature increase (see e.g. Ref. [30]

discussing the volume collapse in Na0.5K0.5NbO3 at the phase boundaries at 446 and 666 K).

Wright et al. [7] investigate the electron-phonon in hybrid lead halide perovskites in order to

access the coupling transport properties, charge carrier recombination and finally the charge car-

rier mobility. It is surprising that the structural instabilities are overseen in these calculations: The
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T=880 K T=890 K

ImmmP21/n

FIG. 3. Thermal vibrational ellipsoids in cryolite at T = 880 K and T = 890 K, i.e. below and above the

phase transition as reported in Ref. [61]. Color code: Al blue, Na1 and Na2 blue and yellow, F grey. At

T = 890 K in the high temperature phase neither the atomic positions nor the vibrational octahedra suggest

static tilting.

harmonic approximation result in imaginary frequencies in these materials (see also Ref. [65])

which is a signature of the negative curvature of the PES. However, the frequencies cannot be

interpreted physically. Adams and Passerone [12] showed, that dynamic instabilities can lead to

high DOS in the phonon dispersion relation around ω = 0. Furthermore the electron-phonon

coupling coefficient depends in the atomic mean square deviation (MSD) [66], which diverges

for unstable modes in harmonic theory, and which is overestimated for stable modes in harmonic

theory [67]. It thus remains to be seen how the reevaluation of the electron-phonon matrix element

will change our picture of the electron-phonon in hybrid lead halide perovskites.

However, the importance of anharmonic vibrational excitations in stabilisation of the different

phases of halide perovskites are known. They are accessed through Monte Carlo simulations (see

e.g. [5] for CsPbBr3) or Landau theory, which are computationally costly or semi-empirical, re-

spectively (e.g. for CsPbI3 [24]). The evaluation of the correct vibrational spectrum e.g. in DAMA
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[67, 68] however, gives access to the free energy and thus to most physical and thermodynamic

properties of the material. In some structures the formation of dynamic instabilities seems to be

fostered by pressure e.g. in CsAuCl3 [45]. In these structure the evaluation of the free energy

could clarify the role of pressure in the structure stabilisation.

As mentioned in the introduction, the multi-well character of the PES results in a high sensitiv-

ity of the ionic positions on perturbations. This is also reflected in the electron-phonon coupling

constant

αF ∝

√
m

2~ω

were ~ is Planck’s reduced constant, m is the effective mass of the charge carrier and and ω is the

LO phonon frequency [69]. For degenerate eigenstates the transition frequency vanishes and the

coupling therefore diverges. Therefore the concept of polarons has to be extended.

V. CONCLUSIONS

Phase stabilisation

The dynamic tilts can set in upon temperature increase. Their mechanism can be explained

based on our results in Ref. [12]. The double well potential energy surface is the necessary con-

dition for the onset of dynamic tilt (Fig. 1). The energies of the vibrational modes in the double

well potential are more dense (a) than in a single well (b) (compare also the scale of the energy

axis). Most importantly, the ground state of the double well is almost degenerate, leading to a par-

ticularly high density of states at the lowest energy [70]. Typically the high temperature phase lies

energetically higher than the low temperature phase, e.g. ∆E = 90 meV per CH3NH3PbCl3 unit

has been reported for the cubic phase compared to the its orthorhombic phase [28]. This energy

difference is outweighed by the relevant thermodynamic potential at temperature, which is the free

energy

A = −kB ln(
∑

i

e−
εi

kBT ) (2)

with kB the Boltzmann-constant, T the temperature and εi the energy of the vibrational excitation.

A decreases whenever the vibrational energies εi decrease, e.g. through lattice expansion, or here

when a phase transition leads to a high density of states at low excitation energies e.g. through

degenerate low lying modes in the cubic phase of CsPbI3 [24].
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The activation energy i.e. the energy required to surmount the energy barrier between different

energy minima - see Fig. 1 a), is, in general comparable with the energy of thermal vibrations at

the transition temperature. It is particularly low for structures with small tilting, which according

to Glazer [23] appears mostly in structures where the size of the A cation matches the one of the

cavity. This leads to a small tilting and thus a low energy barrier with relatively low transition

temperatures (e.g. 7.3 meV in CsPbI3 in the cubic phase which transforms to the tetragonal β-

phase at 260 ◦C [24]). If the A cation is small (e.g. MgSiO3) the tilting is larger, and the phase

transition can potentially occur at higher temperatures. This kind of transition can be expected to

be very common. In some systems, however, the critical temperature lies above the melting point

and therefore such transition is not observed.

Group-subgroup relations

It should be emphasised that in general the appearance or disappearance of a dynamic tilting

mode does not lead to the simple group/sub-group relation between resulting structures. This can

be shown in the example of the

Pnma (a+b−b−) → Cmcm (adb+c−)

transition, where one b− transforms to the ad dynamic tilt. Considering group-subgroup relations

at least one intermediate subgroup is involved (either Pbcm or Pmmm) [71]. In other structures the

onset of dynamic tilt does not lead to space group change, e.g. in the case of

Imma (a−a−b0) → Imma (a−a−bd)

The shortening of the crystal axis related to the onset of the dynamic tilt does not break any

symmetry. As shown in these two examples dynamic tilts do not correspond to irreducible repre-

sentations of the space group and the two end members are related in a simple or more complex

way.

Crystallographic consequences of dynamical tiling

As shown in the few examples the particular structural relationships in the structures at phase

transition can be indicative transformations driven by dynamic tilts. Dynamic tilt should be con-

sidered if:
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1. the observed instantaneous symmetry does not correspond to the average symmetry.

2. the experimentally observed space group of a perovskite-type structure is not listed in the

tables established by Glazer [23], Woodward [63] or Aleksandrov [37].

3. the proportions of the lattice parameters are at odds with the ones indicated from the theory

of static tilts. E.g. in the I4/mcm symmetry, which appears in the (adadb−) as well as in the

(a0a0b−) tilting system, the first one corresponds strictly to a lattice ratio of c/a > 1, while

as the second one has no restrictions for this ratio.

4. the octahedra appear distorted. The octahedra represent a stable configuration of the BX6

chemical configuration. (Large) distortions are unlikely, except in the case of Jahn-Teller

distortions. The success of the theory of static tilts in numerous other systems [23, 37, 63,

64, 72] underlines the correctness of these considerations.

Dynamical tilting and electron-phonon interaction

The interaction between phonons and charge carriers is an important for understand the physical

mechanisms controlling the mobility of the charge carriers. High mobility is desirable for appli-

cations which are based on the efficient separation of electrons and holes, e.g. in photovoltaics.

It is significantly influenced by the interaction between photons and the charge carriers. Steele et

al. [73] confirm a strong electron-phonon coupling in CH3NH3PbCl3 and relate it to ‘strong anhar-

monicity and dynamic disorder’. Similar results are found for CsPbBr3 and CH3NH3PbBr3 [74].

The the interdependence between dynamic structural distortions, photo-carriers and photons in

lead halide perovskites is also documented in Ref. [75]. The effect of this coupling on the mobility

needs further investigation as at large coupling its temperature dependence can exhibit multiple

extrema [76]. Such a coupling can have further unexpected effects on the photoluminescence,

such as the up-conversion i.e. an increase of the luminescence frequency through energy transfer

from phonons [3].

Based on available observations, we can conclude, that dynamical tilting can affect following

properties in perovskites, especially in lead halide perovskites:

• the electron-phonon coupling. The electron-phonon coupling coefficient depends in the

atomic MSD, which is significantly increased in structures showing dynamical tilting com-

pared to structures without structural instabilities.
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• the charge carrier mobility. Amongst others it is limited by the interaction of chage-carriers

with crystal vibrations [77]. This interaction can be described in terms of polarons, which

consists of the polarisation of the ionic lattice by a mobile electron [69, 78]. The result-

ing field finally creates e.g. the Frohlich interaction. As mentioned above, in a structure

with dynamic tiltings the ionic eigenstates of a double-well of the PES are degenerate,

which results in high sensitivity of the ionic positions on perturbations, and presumably

large electron-phonon coupling constant and polarizability.

• the spectral width of light-emitting semiconductor devices [79] by electron-phonon inter-

actions. Wright et al. [7] underline, that the “Frohlich coupling to LO phonons is the pre-

dominant charge-carrier scattering mechanism in hybrid lead halide perovskites”, leading to

emission linewidth broadening — see also Ref. [77].

All these properties seem to be tightly related to the observed instability on the surface of the

potential energy and the resulting dynamical tilting. Therefore the inherent structural sensibility

might be the premise of the high efficiency of perovskite solar cells, which indicates that the

challenge in the application of these materials is the stabilisation of the structure against phase

transitions. Temperature stabilisation of CSPbI3 [80] points to stabilisation through the free energy

(see also equation 2) and thus confirms our model.

Many perovskite structures show interesting properties such as photoelectricity, but also mag-

netism, ferroelectricity or superconductivity. The dynamically tiltings result in almost degenerate

phonon vibrational modes [12] and worth further investigations. These modes could couple to the

electronic states and thus modify the electron-electron interaction in the solid in an unexpected

many. For photoelectric materials Marronier et al. [24] explicitly state that ‘the perovskite os-

cillations through the corresponding energy barrier could explain the underlying ferroelectricity

and the dynamical Rashba effect predicted in halide perovskites for photovoltaics”. A number of

physical properties of perovskite structures are yet to be explained. The space groups for dynamic

tilting of cubic perovskties reported in this work will facilitate consideration of dynamical tilting

in connection with physical properties of perovskites.
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Tilt system Space group No a b c

a−b−cd C2/m 12 2ap −2cp -ap + bp

a+bdc+ Immm 71 2ap 2bp 2cp

adb+c− Cmcm 63 -2ap 2cp 2bp

a−bdcd Fmmm 69 2ap 2bp 2cp

adb+cd Cmcm 65 -2ap 2cp bp

adb−cd Fmmm 69 2ap 2bp 2cp

a+bdcd Cmmm 65 2cp −2bp ap

adbdcd Pmmm 47 cp bp -ap

a−a−bd Imma 74 ap − bp −2cp ap + bp

a+a+bd I4/mmm 139 2ap 2bp 2cp

adadb− I4/mcm 140 −ap − bp ap − bp 2cp

adadb+ P4/mbm 127 ap + bp -ap + bp cp

adadbd P4/mmm 123 bp ap −cp

adadad Pm3m 221 −bp ap cp

a0a−bd Fmmm 69 2ap 2bp 2cp

a0a+bd Cmmm 65 -2ap 2cp bp

a0adbd Pmmm 47 cp bp -ap

a0adad P4/mmm 123 cp bp -ap

ada0a0 P4/mmm 123 cp bp -ap

TABLE I. 19 perovskite-type structure tilt systems with dynamic tilting. The notation of Glazer [23] was

extended by a dynamic tilt ad, indicating that the corresponding octahedra oscillate between two positions

(positive and negative amplitude). This tilt can be observed instantaneously and locally while as the octahe-

dra appear untilted when averaged over time or/and space. The unit cell is given in terms of the pseudo-cubic

axes ap, bp and cp, which are parallel to the axes of the tilting by angle a, b or c, respectively. The distortion

of the pseudo-cubic axes is given by ap = 2d · cos(b)cos(c), bp = 2d · cos(a)cos(c), cp = 2d · cos(a)cos(b),

where d corresponds to the B-X bond distance.
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