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Abstract

The stability of halide perovskites has been a long standing issue for their real-world appli-

cation. Approaches to improve stability include nanostructuring, dimensionality reduction and

strain engineering, where surfaces play an important role in the formation of a stable structure.

To understand the mechanism we compute the lattice dynamics of the surface of CsPbI3 using

density functional theory. We demonstrate, for the first time, that CsPbI3 crystals exhibit sur-

face phonons that are localized on the outermost layers of the slabs, and perform a complete

symmetry characterization including an identification of the Raman/IR active modes. These

surface phonons are present in the optically active cubic phase but are absent in the optically

inactive “yellow” phase. Furthermore, we show that the surface suppresses bulk instabilities by

hardening soft modes of the bulk cubic phase, resulting in phase stabilization and quenching

of dynamical disorder. This study is fundamental for understanding the structural behaviour of

halide perovskite materials with high surface area-to-volume ratios, and for guiding stabiliza-

tion strategies.
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Introduction

Lead halide perovskites have been considered the most promising photovoltaic material owning

to their favorable electronic and optical properties, including high quantum efficiency, tunable

band gaps, defect tolerance and high carrier mobility1–3 While halide perovskites achieve high

power generation efficiency in the laboratory, their long-term performance is compromised by the

structural instability and chemical volatility, which causes the prototypical cubic crystal to break

down under illumination, humidity and oxygen.4–9 While the hybrid organic-inorganic halide per-

ovskites CN3HN3PbI3 suffer from chemical volatility, inorganic perovskites such as CsPbX3 and

CsSnX3 (X = halide) present a different set of structural stability challenges.10–12 Upon prolonged

storage, the optically active α-phase cubic CsPbI3 transforms into the undesired yellow phase

(δ -phase) at room temperature, due to the low formation energy of the δ -phase at room temper-

ature and the high flexibility of the perovskite lattice.13,14 The types and magnitude of structural

instabilities they adopt depend on the chemical compositions.

Surfaces and interfaces have been exploited as a strategy to stabilize the structure and tune

transport properties of halide perovskites.11,12,15–18 The truncation of the bulk materials alters the

chemical environment and creates room for manipulation. For example, significant improvement

in stability is observed in low dimensional perovskites, e.g. 2D perovskites Ruddlesden–Popper

phase, where sheets of inorganic octahedra are sandwiched between organic cation and held by

Coulomb forces, rendering them promising candidates for environmentally stable devices.19–21

Another solution is the fabrication of quantum dots, of which enhanced phase stability compared

to the bulk materials is observed. Decreased phase transition temperature to the cubic phase have

been reported for these nanocrystals (NCs), suggesting the cubic phase are more readily stabilized

in the NC forms.11,12,22,23

Numerous studies were done to understand the phase transition, in particular, the phonon be-

haviours of halide perovskites.24–27 Raman/IR spectroscopy and X-ray diffraction (XRD) pair dis-
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tribution function (PDF) are used to understand the structural dynamics in experiments, while

phonon dispersion of bulk materials are routinely calculated using first-principles methods.26,28,29

However, a thorough study on the structural behaviour of the low dimensional halide perovskites

have been lacking. Similar to the bulk where soft modes lead to double well potential in structural

dynamics,24,25 soft modes of the surface are likely to dominate the energy landscape in nanostruc-

tures, providing strategies for better stabilization. In addition, luminescence from bulk perovskites

are known to be affected by phonons,30 and surface phonons are likely to behave similarly and

affect the optical properties of perovskites quantum dots/slabs.31,32

Other than perovskites, surface phonons have been reported in traditional NC materials such

as Si, ZnO and CdS.33–35 Raman peak shift and broadening as a function of the NC size are

observed in these materials, which is attributed to finite size effect as well as surface phonons.

For halide perovskites, the picture is complicated by a more complex structure and dynamical

structural instabilities.

In this work, we used density functional theory (DFT) to calculate the phonon properties of

CsPbI3 slabs of two phases: optically active cubic phase (α phase), and the optically inactive

yellow phase (δ phase). We identified a number of surface localized phonon modes via attenuation

curves. We performed a complete characterization of these surface modes, including their Raman

and IR activity. These surface phonon modes have a penetration depth of 1-2 atomic layers into the

surface, and consist of both in-plane and out-of-plane displacements. We found that one imaginary

mode at the Γ-point in the bulk becomes surface localized, which facilitates its control via surface

engineering. Another imaginary mode at the M-point, i.e. the Cs head-to-head mode in the bulk, is

“hardened” in the surfaces, meaning the structure becomes stable against that particular fluctuation.

Finite nanocrystal size effects modify some of the Raman/IR selection rules of the surface modes,

which we tabulate according to their irreducible representations (irrep). These results show that,

the roles of surfaces must be considered in the stability of 2D and nanocrystal halide perovskites.
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Methods

The crystal structure of cubic phase and orthorhombic yellow phase CsPbI3 are fully relaxed

using Density functional theory (DFT) as implemented in the pseudopotential plane-wave code

VASP36,37 with PBEsol functional.38–40 A plane-wave kinetic-energy cutoff of 800 eV and an

electronic Brillouin zone sampling with an 8 × 8 × 8 k-point mesh for the cubic and 6 × 6 × 8 for

the yellow phases are used. The convergence criteria for total energy and forces is 1 × 10−6 eV,

and 1 × 10−3 eV/Å. The bulk crystal structure is used to construct the slabs for each phase. Here

we used the (100) facet with CsI termination as it has been shown to be the most stable surface

with the lowest surface energy.41 The lattice parameters are adopted from the bulk values, which

are 6.25 Å for the cubic, and a = 10.42 Å , b = 4.76 Å for the yellow phase. The unit cell of

the slab are kept fixed but the internal atomic positions are fully relaxed. The crystal structures

of the slab models are shown in the Supporting Information (SI Fig.1). For the yellow phase the

slab model is stoichiometric with crystal formula of Cs6Pb6I18, and for the cubic phase it is non-

stoichiometric with the formula Cs6Pb5I16. Convergence of surface energy has been tested against

the number of layers, resulting in the adoption of 5-octahedra-layer slabs for the cubic phase and

3-octahedra-layer for the yellow phase. The vacuum size is chosen to be larger than 30 Å to min-

imize the influence from the opposite surface. The surface is parallel to the x− y plane, normal to

the z direction.

Phonon calculations are carried out using the finite displacement method using both VASP and

Phonopy.42 2×2×2 supercells are constructed with an array of symmetrised atomic displacement

to obtain the force constants, using a displacement amplitude of 0.01 Å. The surface Brillouin zone

(BZ) contains the high symmetry points: Γ̄ (0, 0, 0), M̄ (0.5, 0.5, 0) and X̄ (0, 0.5, 0), shown in

Fig.1. In this study, we mark the high-symmetry points in surface BZ with a bar, and bulk BZ

without it.
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Figure 1: Left: The surface Brillouin zone with the labeled Q-point. Right: the primitive cell in
real space.

Results and discussion

Phonon dispersion

Comparing the phonon dispersion of the slab and bulk structures for each phase (Fig.2), we find

several differences. The surface phonon band structure contains more bands than the bulk band

structure due to larger number of atoms in the simulation cell. For many of these bands, their

frequency and dispersion are largely similar between the slabs and the bulk — these correspond to

bulk phonon modes. Besides these, we find new surface phonon modes that are present only in the

surface simulation, as well as modes that have different frequencies in the bulk and at the surface,

mostly occurring in the low and imaginary frequency region.

We note that the surface phonon band structure contains bulk phonon bands that can have a

different q-vector in the bulk than shown in the surface band structure plot (Fig.2). In general,

a phonon band at q = (qx,qy,0) in the slab calculation can be unfolded to a bulk phonon at q =

(qx,qy,qz) in the bulk calculation.43 For example, the X-point in the bulk contains only a single

imaginary phonon frequency, while the X̄-point in the surface contains many. These are in fact

X̄-point (0,1/2,0) modes which are unfolded to bulk imaginary modes at the M-point (1/2,1/2,0),
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and should not be mistaken for new surface modes. Similarly, some of the flat bands in the surface

band structure plot at q = (qx,qy,0) (marked by black dots in Fig. 4) are unfolded to bulk phonon

bands at q = (qx,qy,2πn/L), where n ranges over the number of unit cells in the slab of thickness

L. These flat bands are not entirely dispersionless, they are flat in the qx− qy plane, but have a

dispersion in qz, which explains why they occur at different frequencies in the bulk and surface

band structure plot. These types of modes, due to their bulk-like nature, will not be discussed in

detail in this paper.

For the cubic phase, there are numerous phonon modes that are true surface modes, in that

they are localized at the surface and are not just projections of bulk phonon modes. Besides these

features, both the bulk and the slab cubic phases showed imaginary frequencies across the BZ,

particularly at M (M̄) and X (X̄) point, which is mostly attributed to octahedral tilting. At Γ

(Γ̄) point, the imaginary branch for the bulk is -0.54 THz (opposite displacement of Cs and I),

and for the slab -0.41 THz (similar character as the bulk). For higher-lying optical branches, the

frequencies are almost identical (< 0.01 THz difference). The cubic phase has an additional distinct

feature at the M̄-point: the lowest positive frequency branch at 0.1 THz is separated from the rest

of the phonon bands, has an undulating shape, and is absent in the bulk band structure (green box

in Fig. 4). We refer to this mode as a “hardened” M̄ mode, which will be further discussed below.

We calculate the phonon projected density of states (PDOS) on to the surface planes and the

interior planes (Fig.4b) from cubic phase. It is clear that the most of the imaginary modes still

belong to the bulk, although part of it are confined on the surface. Many of the surface phonons are

resonant with the bulk phonons with frequencies buried in the bulk spectrum. However, there are

two peaks in the surface phonon DOS at 1.2 THz and 1.5 THz , suggesting localized states with

density higher than the bulk signals. The 1.2 THz Raman peak belongs to Γ̄-point group 3 mode

with irrep Γ5, and the 1.5 THz Raman peak belongs to the M̄-point group 1 mode with irrep M1.

(Table 1 and Fig.4a)

In comparison, the yellow phase does not exhibit noticeable features for the slabs. Both the

bulk and slab do not show imaginary frequencies, indicating a stable structure. The frequency
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Figure 2: Phonon dispersion of cubic (left column) and yellow phase (right column), respectively.
Top panel for the slabs and bottom panel for bulk.

differences between bulk and slab calculations for each branch is also negligible.

While the characteristics of the phonon dispersion of both bulk and slabs are very similar, it is

not sufficient to rule out the possibilities of localised states as they may be “hidden” in the bulk

branches. In the following section we introduce an approach to identify such surface modes, and

to distinguish them from modes unfolded to other q-points in the bulk band structure.

Identification of surface phonon modes

To differentiate surface phonon modes from bulk-like modes in the calculation, we examine the

attenuation of the phonon wavefunctions as a function of distance from the surface. For a given

phonon mode of eigenvector e, the weight of one atom contributing to the mode is given by:

wn(i) =
3

∑
β

|ei|2[β ] (1)
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where i denotes the atom index, n the phonon mode, β the Cartesian direction. w(i) should be

compared to unity, since ∑N w(i) has a norm of one. Similarly, we define the participation of a

plane in a certain phonon mode as:

Pplane(n,c) = ∑
j∈c

wn( j) (2)

where c denotes the plane index, and j is the atom index that belongs to plane c. P(n,c) quantifies

the weight of a plane c that contributes to the eigenvectors of a phonon mode n.

We then plot the P(n,c) for certain planes of the slab for a particular mode. Here we chose

three high-symmetry points in the BZ: Γ̄-point (0, 0, 0), M̄-point (0.5,0.5,0.0) and X̄-point (0.0,

0.5, 0.0) , and calculated the P(n,c) for each band. The results of the cubic phase are shown in

Fig.3. The surface modes are distinguished by attenuation curves that are strongly peaked at the

surface, and decrease to zero in going from the outer-most layers of the slab into the bulk region.

On the other hand, bulk modes contain appreciable phonon weight deep into the central layers of

the slab. Some of the bulk modes have weights strongly peaked in the central layers of the slab (SI

Fig.2). This is likely to be an artefact of the finite size simulation, and is expected to be distributed

more homogeneously as the number of layers is increased. These attenuation curves therefore

unambiguously identify the surface modes.

For the cubic phase, there are a number of surface localized modes at Γ̄-point, M̄-point and

X̄-point as shown in Fig.3. In comparison, for the yellow phase, there is no such pattern for the

participation P(n,c), indicating that there is no surface localized phonon modes. With the q-point

and the band index, we can then mark these modes in the cubic phase phonon band structure in

Fig.4a. The character of these modes will be discussed in the following section.

In electronic structure theory, the inverse participation ratio (IPR), defined as IPR(y)=∑
N
i y4

i /(∑i y2
i )

2,

has often been employed to quantify the localization of states, where yi is the eigenvector for state

i, and N is the total number of states. IPR = 1/N represents completely delocalized states, and IPR

= 1 for completely localized state. A delocalized phonon would have an IPR proportional to 1/n (n
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→ ∞), when n is a large number of unit cells. However, in practice, phonon calculations can only

be scaled up to a moderate number of atoms at the DFT level. We therefore use the attenuation

curve to identify the surface localized states here.

Figure 3: Attenuation curves of surface modes, showing the participation P for different planes in
the cubic slab. The plane index denotes atomic planes starting from out-most layer and counting
inwards into the center. Odd numbered planes are CsI, and even numbered planes are PbI2. Only
half of the planes are shown here as the slab is symmetrical. The legend shows the band index,
counting from bottom of the dispersion. The three columns correspond to Γ̄, M̄ and X̄ point,
respectively.

Figure 4: Surface phonon modes of the cubic phase. a) Phonon dispersion of the cubic slabs with
red stars marking the surface modes. The green box marks the “hardened” mode from the bulk.
The black dots mark the “flat band” that can be unfold to bulk-like phonons in the qz direction. b)
PDOS of the surface modes and the bulk modes.
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Table 1: Table of all cubic phase surface modes categorized by their characterization. The first-
order IR/Raman activity is tabulated for the Γ̄ modes, and the second-order IR/Raman activity is
tabulated for the zone-boundary modes (M̄ and X̄ points), which all exhibit second-order IR/Raman
activity. Irreps are tabulated for the single-surface (P4mm) and for the symmetric slab (P4/mmm)
cases. The pair of irreps under the P4/mmm column correspond to in-phase and out-of-phase
combinations of the single-surface modes.

Frequency
(THz)

Characterization irrep
(P4mm)

irrep
(P4/mmm)

IR/Raman ac-
tivity

Γ̄

Group1 -0.415 Imaginary Γ5 Γ
+
5 , Γ

−
5 IR/Raman

Group 2
0.39 Out-of-plane Cs and I displacement Γ1 Γ

+
1 , Γ

−
3 IR/Raman

0.91 Out-of-plane I displacement Γ2 Γ
+
2 , Γ

−
4 Raman

1.51 Out-of-plane Cs and I displacement Γ1 Γ
+
1 , Γ

−
3 IR/Raman

Group 3
0.99 In-plane Pb displacement Γ5 Γ

+
5 , Γ

−
5 IR/Raman

1.19 In-plane Cs and I displacement Γ5 Γ
+
5 , Γ

−
5 IR/Raman

2.67 In-plane JT distortion Γ5 Γ
+
5 , Γ

−
5 IR/Raman

M̄

Group 1 0.47 Octahedral tilting M1 M+
1 , M−3 2nd-order

0.92 Octahedral tilting + out-of-plane Cs
displacement

M1 M+
1 , M−3 2nd-order

1.57 Octahedral tilting + out-of-plane Cs
displacement

M1 M+
1 , M−3 2nd-order

Group 2

0.97 Out-of-plane cation displacement M1 M+
1 , M−3 2nd-order

1.04 In-plane cation displacement M5 M+
5 , M−5 2nd-order

2.63 In-plane cation displacement M5 M+
5 , M−5 2nd-order

2.63 In-plane cation displacement M5 M+
5 , M−5 2nd-order

Group 3
3.28 Out-of-plane JT distortion M1 M+

1 , M−3 2nd-order
3.29 In-plane JT distortion M3 M+

4 , M−2 2nd-order
Group 4 3.62 In-plane octahedral breathing M4 M+

3 , M−1 2nd-order

X̄

Group 1 -0.14 Imaginary X1 X+
1 , X−2 2nd-order

Group 2

0.47 Octahedral tilting + in-plane Cs dis-
placement

X3 X+
3 , X−4 2nd-order

0.80 Octahedral tilting + out-of-plane Cs
displacement

X1 X+
1 , X−2 2nd-order

1.20 Octahedral tilting + out-of-plane Cs
displacement

X1 X+
1 , X−2 2nd-order

1.22 Octahedral tilting + out-of-plane Cs
displacement

X3 X+
3 , X−4 2nd-order

1.45 Octahedral tilting + out-of-plane Cs
displacement

X1 X+
1 , X−2 2nd-order

Group 3
0.94 In-plane JT distortion X3 X+

3 , X−4 2nd-order
2.67 In-plane JT distortion X3 X+

3 , X−4 2nd-order
Group 4 3.54 In-plane breathing mode X4 X+

4 , X−3 2nd-order
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Categorization of surface phonon modes

The symmetries of the surface phonon modes are characterized by direct examination of their

eigenvectors. Due to the complex nature of these modes, we categorized them first based on the

q-point of each mode: at Γ̄, M̄, X̄ , and then by their symmetries and character at each q-point.

The space group of our simulation of a symmetric slab is P4/mmm, with the two surfaces the

slab chosen to be inversion symmetric, for simplicity. However, the experimental situation may

contain a breaking of the mirror symmetry between the two surfaces, such as one surface being

exposed to a different substrate or environment than the other surface. In such a situation, the space

group would be P4mm instead, with each surface being considered independently from the other.

Therefore, we consider both symmetries when assigning irreps to the surface phonon modes (Table

1). The symmetric slab case (P4/mmm) contains twice the number of irreps as the single-surface

case (P4mm), because the single-surface modes can be combined either in-phase or out-of-phase.

Symmetry assignments were performed by comparing mode eigenvectors to character tables of

the k-points under P4/mmm or P4mm.44 In the following discussion, we use the irreps of the

single-surface to refer to the modes.

Γ̄ modes: After accounting for symmetry, surface phonon modes reduce to the following 3

groups. (Fig.5 and summarized in Table.1)

Group 1, the imaginary mode, has Cs and I moving with opposite displacements, which is

similar to the Γ-point imaginary mode of cubic bulk CsPbI3. This mode is 2-fold degenerate with

displacements pointing to the x and y direction, and has an irrep of Γ5.

Compared to the bulk imaginary modes at the Γ-point, these surface modes localize at the top

layer of the surface. Secondly, the absolute value of the frequency is smaller (-0.42 THz) than the

bulk (-0.54 THz). This indicates that this mode is slightly less unstable than in the bulk, as it has

a less negative local curvature about the equilibrium structure.25 Group 2 features the out-of-plane

modes.

In the 0.39 THz Γ1 mode, Cs, I, and Pb simultaneously move towards the center of the slabs.

The 0.91 THz mode consists of first layer octahedra distortion via the opposite displacements of
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Figure 5: The Γ̄-point surface modes schematics of cubic CsPbI3. The red arrow represents the
eigenvectors. The frequencies and the IRREPs are denoted.

neighbouring I atoms, with an irrep of Γ2. In the 1.51 THz mode, the surface Cs and I move

towards each other (irrep Γ1). The 0.39 THz Γ1 mode can be compared to an acoustic-like mode

that involves the surface atoms only, while the 1.51 THz Γ1 mode can be compared to an optical-

like mode that involves surface atoms only. Accordingly, the 0.39 THz Γ1 mode has a lower

frequency.

Group 3 includes in-plane modes with frequency 0.99 THz, 1.19 THz, and 1.57 THz. Each of

these modes has a 2-fold degeneracy corresponding to x and y direction displacements, and has an

irrep of Γ5. The 0.99 THz mode and 1.57 THz mode feature the the Jahn-Teller (JT) distortion of

the octahedra at the surface, where the Pb-I bond either shortens or elongates, accompanied by the

off-center motion of Pb. These two modes resembles two optical modes in the bulk, which also

adopt Jahn-Teller type distortion with similar frequencies. Unlike group 1, these modes posses

higher frequencies than the same modes in the bulk. The 1.19 THz mode has opposite displace-

ments of surface Cs and I, which do not resemble any bulk modes.
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Figure 6: Surface modes at M̄-point of cubic CsPbI3 with the corresponding frequencies and irreps
denoted. I atoms (purple circle) are omitted sometimes for clearer visualisation.
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Figure 7: “Hardened” mode and its comparison with the bulk imaginary modes. Both are at M-
point (M̄).

M̄ modes: the surface modes at M̄-point are shown in Fig.6. Similar to the Γ̄-point modes, there

are several groups of modes that we categorize in the following paragraphs.

Group 1 modes at M̄-point involve in-plane octahedral tilting that only happen at the top layer

of octahedra, owing to its zone-boundary nature. These modes include 0.47 THz M1 mode, 0.92

THz M1 mode, and 1.57 THz M1 mode, where the latter two are accompanied by the off-center

displacements of Cs at the top layer too.

Group 2: these modes are mostly cation displacements of Cs or Pb atoms at the top 2 layers

of the surface. 0.97 THz M1 mode adopts the out-of-plane motion of Pb, and the 1.04 THz M5

mode adopts the in-plane motion of Cs and Pb, both accompanied by the displacement of I at the

top layer. The two 2.63 THz M5 modes are both doubly degenerate in the x and y directions, both

entailing the off-center displacement of Pb and Cs. The difference is that in the former Cs and Pb

move perpendicular to each other and parallel in the latter.

Group 3: Going to higher frequency, the surface modes mainly involve the Jahn-Teller (JT) dis-

tortion, either in-plane or out-of-plane. The 3.29 THz M3 mode belongs to in-plane JT distortion,

and another 3.28 THz M1 mode are out-of-plane.

Group 4: there is also a breathing mode with irrep M4 at 3.62 THz where the octahedra within

the plane unit cell contracts or expands, with 4 Pb-I bonds either shorten or elongate (different to

15



JT distortion). Similar to JT distortion, it occurs at rather high frequency.

Note that the order of the frequencies which these modes adopt is: octahedral tilting modes <

cation displacements < Jahn-Teller distortion < breathing modes. The reason lies in the strength

of the recoil force for each mode, where octahedral tilting and A-site cation displacement are

dictated by changes in the electrostatic potential where interaction is weak due to singly charged

cations, while Jahn-Teller distortion and the breathing mode are directly associated with stronger

Pb-I bonding.

Interestingly, the lowest (positive) frequency 0.1 THz mode at the M-point appears to be re-

markably similar to the bulk imaginary modes (Fig.7), both containing head-to-head displace-

ments of Cs ions with simultaneous halide breathing displacements, which has been identified as

a dominant contributor to dynamic disorder in bulk halide perovskites.26 This 0.1 THz mode at

the M̄-point is a bulk-like mode that can be understood as being a hardened version of the bulk

imaginary modes. The M5 surface mode at 1.04 THz at the M̄ point also contains head-to-head Cs

displacements, and can likewise be interpreted as being lifted in frequency from the bulk imaginary

head-to-head modes. Therefore, the effect of nanostructuring is to remove one primary mechanism

of structural fluctuations of the surface. As a result, the cubic surface is stabilized relative to the

cubic bulk, and the overall stability of a nanocrystal or a finite slab increases with its surface-to-

volume ratio.

Not only is the surface stabilized by a large amount, but also the interior of the slab, although

to a lesser extent. The mode hardening at the surface can be understood as arising from missing

halide atoms due to cleavage of the surface plane. In the bulk, these halide ions mediate head-

to-head motion of Cs ions by performing a concerted breathing motion.26 In the absence of this

mechanism at the surface, the mode is hardened, with its effect persisting into the interior of the

slab for at least as far as the size of this simulation. This is an intrinsic effect of the surface itself,

and is independent of ligand anchoring effects which may also affect nanostructure stability.

X̄-point modes are rather similar to the behaviour of M̄-point modes (Table 1). Like the M̄-

point, the X̄-point contains octahedral tilting (with X1 and X3 irreps), Jahn-Teller distortions (X3),
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and in-plane breathing modes(X4) (characterization in SI.Fig.S3). The difference between X̄-point

and M̄-point is that for X̄-point modes, the atoms in the neighbouring unit cell are moving out of

phase in a single in-plane direction, while for M̄-point modes in two directions (x and y). There is

an imaginary surface mode (-0.14 THz) at X̄-point (Fig.8), with X1 symmetry, where two I atoms

from the first layer of octahedra move parallel away from the high-symmetry point. This mode

does not appear in the bulk imaginary modes at X-point.

Figure 8: X̄-point imaginary mode of cubic CsPbI3 with the corresponding frequencies and irrep
denoted.

We notice one important distinction between the Γ̄-point and the M̄ point surface modes: while

the surface modes at the M̄ point all have real frequencies, the Γ̄-point has one imaginary frequency

surface localized mode. With the M̄-point head-to-head instability removed from the surface, the

Γ5 imaginary surface mode becomes the primary instability of the surface, with the X1 imagi-

nary surface mode being of a smaller magnitude imaginary frequency. The bare surface thus is

primarily susceptible to polar in-plane fluctuations. This suggests that structural stabilization in

nanostructure perovskites can potentially be achieved via suppression of at least the Γ5 imaginary

surface mode, and ideally the X1 imaginary surface mode as well. First, the imaginary phonons

are partially localized at the surface via nanostructuring, and then the surface phonons can be sta-

bilized through ligands or interfaces, providing a convenient way to control the structural stability

of these compounds. In experiments, ligand passivation and lattice anchoring in 2D or nanocrystal

perovskites have been shown to be excellent stabilization methods.45,46

The organic-inorganic hybrid perovskites such as methylammonium halide perovskites or for-

mamidinium perovskites have similar structures and suffer from similar structural instabilities.

However, they also experience chemical volatility due to the organic molecules. Therefore, while
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the surface phonon behaviours could potentially be similar in these two systems, they need to be

individually investigated.

Raman/IR detection of surface phonon modes

Optical spectroscopies such as Raman and IR absorption are widely used for the characterization

of vibrational properties, including CsPbI3.47–50 Here we consider the detection of surface phonon

modes using these experimental techniques. Knowing that Γ1 and Γ5 are IR active, and that Γ1, Γ2,

Γ3, Γ4 and Γ5 are Raman active, we tabulate the one-phonon IR/Raman activity of Γ̄-point surface

modes in Table 1, with all Γ̄-point surface modes being Raman active. Here we consider unpolar-

ized light; further differentiation of the surface modes may be made by considering polarization

directions and incidence geometries. Other spectroscopies such as spatially resolved electron en-

ergy loss spectroscopy (EELS) is also useful for resolving these vibrational properties.34,51,52

Momentum conservation often restricts these optical spectroscopies to detection of phonons

of wavevector q close to the Γ point, as h̄ks = h̄kl ± h̄q where ks(kl), the wavevector of the scat-

tered(incident) light, is much smaller than the Brillouin zone 2π/a, a being the lattice constant.

Nevertheless, non-Γ̄ point phonons involved in two-phonon processes may still be detectable. To

analyze the IR/Raman activity of the q 6= 0 phonons, we check if the product representations of the

modes, D2, contains the irrep of a vector (for the case of IR), or the irrep of a symmetric second

rank tensor (for Raman),53 where the mode irreps D are taken from Table 1. For the single-surface

modes (P4mm), We find that all overtones of the M̄ and X̄ modes are IR and Raman active. For

the symmetric slab modes (P4/mmm), the odd-parity member of the pair will be IR active, and the

even-parity member will be Raman active.

Additionally, in a nanocrystal of below 10 nm, the translation symmetry is partially lost, and

the selection rule of q ≈ 0 is relaxed. In this situation, IR/Raman probes the active modes from

the whole BZ in the nanocrystal, introducing additional broadening and possibly new peaks to

the bulk spectrum. Such phenomena was described by the “phonon-confinement” model,54 which

describes phonons as wavepackets with spatial dimensions similar to the nanocrystal, with a Gaus-
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sian localization function. Thus phonons with q 6= 0 now also contribute to the Raman spectrum.

Because the phonon dispersion is not flat away from Γ point, shift and broadening in the Raman

frequency are expected.

In the case of CsPbI3, as the optical branches increase frequencies when going away from

Γ̄ point, we can expect a blue shift of the Raman peaks in nanocrystals compared to the bulk.

Additional surface localized peaks are also likely to appear, including the ones identified as surface

states in the phonon PDOS (1.2 THz Γ̄-point mode), and Raman/IR active M̄-point mode. (Table 1)

Work has been done on identifying phase transition using temperature-dependent Raman spectra

on perovskites quantum dots,55,56 where the Raman shift was slightly different to the bulk. We

believe future experimental studies of size-dependent Raman spectra in perovskites quantum dots

will help validate the behaviour we predict in this work.

Conclusions

We have investigated the surface phonon dispersion of CsPbI3 in cubic and yellow phase, respec-

tively. We identify surface localized modes in the cubic phase that have distinct characteristics, and

their corresponding Raman/IR activity. These modes include in-plane and out-of-plane displace-

ments at Γ̄-point, as well as octahedral tilting, Jahn-Teller distortion, and breathing modes at the

Brillouin zone boundary. We discovered mode hardening of bulk Cs head-to-head instabilities due

to the presence of the surface, which results in the polar in-plane distortions being the largest insta-

bility of the surface. These results show that surface has an important role in structural dynamics

by modifying the phonon behaviors of the bulk, which provides a route to structure stabilization,

as well as improved transport and optical properties at the surface. The presence of the surface also

introduces additional Raman/IR peaks, which may serve as experimental signatures of the surface

phonon modes.
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