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We perform a detailed density functional theory investigation of the lattice dynamics and excita-

tion spectra of the 2H-PbI2 semiconductor. We model the Born effective charge, optical and static
dielectric tensors, phonon frequencies, and Raman spectrum within the density functional pertur-
bation theory and the local density approximation in a plane-wave pseudopotential formalism. The
static tensor is found strongly anisotropic along the vertical axis of the crystal related to the polar
phonon and the Eu mode at the Γ point. The band structure and complex dielectric functions are
calculated from the G0W0 approximation and the Bethe-Salpeter equation and compare well with
our spectroscopic measurements. A very substantial enhancement of the exciton effects near the
band edge with respect to sp-bonded semiconductors is demonstrated. Our results are in overall
agreement with experiment and consistent with other pseudopotential calculations when available.

PACS numbers: 62.20.-x, 63.20.D-, 71.15.Mb, 71.35.-y, 77.22.-d, 78.20.-e, 78.30.-j

I. INTRODUCTION

Inorganic-organic hybrid quantum structures represent
new routes in solid-state chemistry and optoelectronic
devices [1]. Among these systems, layered halide per-
ovskites have attracted attention over the last few years
due to the interplay between the inorganic and organic
characteristics within a molecular-scale composite, which
makes them into a versatile, highly usable, and attrac-
tive molecular materials for nanophotonic devices. This
is due to the inorganic part forms an extended framework
bound from the covalent/ionic interactions that provide
high carrier mobilities whereas the organic part facilitates
self-assembly to the quantum structure. The most strin-
gent optical property is that the electron-hole interaction
is strongly enhanced by the combination of quantum and
dielectric confinements over the lead iodide network, al-
lowing for the formation of stable excitons with large
binding energy even at room-temperature[2, 3]. Appli-
cations include all-optical nonlinear functionalities built
upon the exciton-photon coupling in microcavity archi-
tectures [2, 4], high power light emitting diodes [5], and
nanoelectronics [1]. Although there is a surge of interest
in the physical properties of low-dimensional lead iodide
compounds, there is little information regarding the in-
organic counterpart PbI2. It is known that PbI2 is a
layered semiconductor involving an atomic layer of Pb
sandwiched between two layers of I atoms. The atomic
structure can be stacked in variety of forms [6] due to
the weak forces between sheets and the most common
structure is the 2H trigonal polytype [7]. Concerning the
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experimental side, bulk 2H-PbI2 has encompassed vari-
ous studies ranging from Raman spectroscopy [8–10], ab-
sorption, transmittance, reflectance, and X-ray photoe-
mission spectra [7, 11–15]. Conversely, theoretical ap-
proaches so far have been concerned with only few em-
pirical works [16, 17] and a detailed insight from the ab
initio approach is still lacking. In this paper, we present
first-principles density functional theory (DFT) calcula-
tions [18, 19] of the structural, elastic, dynamical, and
electronic properties of 2H-PbI2. The paper is orga-
nized into five sections. Section II gives theoretical de-
tails of the numerical computation. Section III concerns
the study of the crystalline structure, elastic constants,
and bulk modulus. We examine in section IV the vi-
brational properties and dielectric properties. In section
V, we calculate the DFT-LDA band structure with the
GW corrections, the total and local density of states, the
complex dielectric functions including the excitonic ef-
fects from the Bethe Salpeter equations (BSE). We also
report on spectroscopic ellipsometry measurements in the
photon energy-range 2-9 eV. A final section concludes.

II. COMPUTATIONAL DETAILS

Total energy DFT calculations are carried out by
means of the ab initio ABINIT code [20] within the local
density approximation (LDA) [21]. A plane-wave basis
set with an energy cutoff of 950 eV is used to expand
the electronic wave-functions. The reciprocal space inte-
gration is performed over 12x12x8 Monkhorst-Pack grid
[22, 23]. The energy is computed from the linear response
method[20] and convergence is accurately reached with
tolerance on the residual potential which stems from dif-
ferences between the input and output potentials. The
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crystal structure is relaxed until the forces acting on each
atom are smaller than 5.10− 5 eV/Å. The pseudopo-
tentials are constructed from the Fritz Haber Institute
(FHI) [24] format using the OPIUM code [25, 26] for Pb
[6s26p25d10] atom and for I [5s25p5] atoms. We have
performed electronic band-structure calculations within
DFT and corrected by the GW approximation [27, 28]
where G is the Green function and W is the screened
interaction. The corresponding approximation for the
Green function is known as the G0W0 approximation
at the first iteration of the Dyson equation. This first-
order correction is known to be one of the most accurate
methods for modeling spectral properties and band-gaps
in solids. The vibrational density of states are studied
from the density functional perturbation theory (DFPT)
based on the linear response. The so-called 2n+1 the-
orem [29] within DFPT provides a direct access to the
third-order response function and has been extensively
used for semiconductors in the calculation of total-energy
related properties [30–32]. Finally, the absorption spec-
trum is calculated by solving the Bethe-Salpeter equation
(BSE) with G0W0 following the Haydock recursive pro-
cedure as described in Ref. [33].

III. STRUCTURAL PROPERTIES

A. Crystal structure

The 2H structure of PbI2 has the trigonal space group
D3d with a stacking sequence ABC along the crystallo-
graphic z-axis or c-axis where A, B, and C each rep-
resent a separate close-packed unit of Pb-I dipole. As
demonstrated by Tubbs [34], this molecular configuration
is characterized by a strong intralayer chemical bonding
and weak interlayer Van der Waals interactions. Model-
ing the Van der Waals bonding is beyond of DFT-LDA
which is time-independent and consequently fails to re-
produce the dynamic correlations [35]. We have per-
formed a full optimization of the structure by minimizing
the total energy with respect to the lattice constants a
and c and the internal parameter u characterizing the po-
sitions of Pb and I atoms in the unit cell. While a agrees
rather well with experimental data as seen in table I, a
larger discrepancy is found for c and u which are expected
to also depend on the weak forces along the z-axis. How-
ever, discrepancies are found within 4% of experiment,
consistent with the approximations we should find in our
first-principles calculations. We also note the calculated
ratio c/a=1.518 differ slightly from the value 1.533 of an
ideal trigonal closed-packed structure.

B. Elastic constants

2H-PbI2 has six independent stiffness coefficients (Ta-
ble II), namely, C11, C12, C13, C14, C33, C44, defined
in cartesian coordinates, assuming a vertical (i .e., 3 or

z) axis of symmetry. It is well known that the trigonal
symmetry has a term C66 which is actually depending of
the others terms C11 and C12 such as C66=(C11−C12)/2.
The diagonal term C11 is related to the in-plane in-
tralayer interactions whereas C33 and C44 refer respec-
tively to the shearing of the layers and compressibility
along z-axis. In order to estimate the elastic constants,
we have considered two different approaches: second-
order derivatives of total energy and sound velocities con-
stants. Actuallly, the last one is particulary useful in the
present calculation ( section IV E) because C33 and C44

can be directly extracted along crystal c-axis and C11,
C12 and C14 along the [100] direction. Table II shows
that the DFT-LDA stiffness coefficients of 2H-PbI2 com-
pare well with available experimental data. The bulk
modulus Bo can be obtained from elasticity [36]

Bo =
(2C11 + C33) + 2(C12 + 2C13)

9
(1)

or from a small hydrostatic deformation ε :

∆P = −3εBo (2)

Where ε is here defined in the range of [-0.02;0.02].
We found Bo

∼=17.3GPa to be compared to the experi-
mental value of 15.56 GPa of Sander et al. It is known
that the result of a given functional for the bulk modulus
is strongly related to the behavior of lattice constants.
The shorter lattice parameters give rise to higher bulk
modulus as observed in our calculations.

IV. VIBRATIONAL PROPERTIES

A. Zone center

The vibrational activity of crystals is defined from the
symmetry properties and atomic positions of each ele-
ment. 2H-PbI2 possesses nine vibrational modes that
can be decomposed into the irreducible representations
of D3d space group at k=0 as follow:

M = A1g + 2A2u + 2Eu + Eg (3)

The total mechanical representations M (3) are spe-
cific to the Wyckoff positions 1a and 2d of the Pb and
I atom respectively. They split into 3 acoustic modes
(A2u+Eu) and 6 optical modes (A1g+A2u+Eg+Eu)
decomposed as infrared active (A2u+Eu) and as Raman
active (A1g+Eg). We point out the Raman active modes
do not involve the Pb atom. The optical frequencies
are illustrated in Fig. 1 with specific symmetries on a
single octahedron. Two surfaces namely top and down
are formed by all octahedra characterizing a crystal
layer with 3 Iodine atoms localized at the vertices of
equilateral triangle ( figure 1). Consequently, the modes
4 and 5 belong to the same symmetry Eu and I atoms

claudine
extended version of Thin Solid Films 541 (2013) 9–11; https://doi.org/10.1016/j.tsf.2012.10.129 



3

vibrate in opposition of phase of Pb. More generally, the
vibration of iodine planes are found in opposition to the
lead plane. The modes 6 (Eg), 7(Eg), and 8(A1g), are
specific to the Raman mode corresponding to a static
lead atom vibrating in opposite phase of iodine planes.
Finally, the mode 9(A2u) results from the combination
of an orthogonal vibration of iodine surfaces to the lead
plane.

B. Optical dielectric tensor and Born Charge
tensors

It is of interest to apply local-density functional the-
ory framework to study dielectric and piezoelectric prop-
erties of inorganic materials. Objective is to provide a
microscopic understanding of the factors that can lead
to enhanced performance. In particular, the key quan-
tities that determine the piezoelectric constants are the
atomic response to macroscopic strain and Born effective
charge tensors. With respect to the trigonal symmetry,
the dielectric and Born charge tensors are anisotropic
with two equal components in the xy-plane: ε∞‖ and Zn

‖,

and a distinct value along the z-axis: ε∞⊥ and Zn
⊥.

Dugan and Henisch [37] measured the dielectric con-
stants of 2H-PbI2 at low temperature and found a less
ionic character than hitherto supposed by using trans-
mission interference fringes [38]. More recently, infrared
reflectivity measurements [39] have evidenced the nature
of intralayer forces, indicating a frequency anisotropy of
long-wavelength transverse optical (TO) phonons for the
A2u and Eu modes orthogonal to the xy-plane. The di-
electric and Born charge tensors, although often difficult
to measure, can be analyzed in theoretical point of view.
Here, we model the dielectric tensor ε∞ij from the second-
order derivatives of the total energy with respect to an
external electric field. Technical details can be found in
[40]. The resulting matrix are found to be diagonal as
predicted by the symmetry analysis with: ε∞‖ =7.85 and

ε∞⊥=6.35. Our calculations also compare well the experi-
mental results of ε∞‖ =6.1 and ε∞⊥=5.31 at room temper-

ature [39], and ε∞⊥=6.2 measured by Dugan in Ref. [37].
We have calculated the Born effective charge tensors

[40] with respect to the acoustic sum rule. It guarantees
charge neutrality on the atomic species with a direct re-
lationship between the electric field and displacements of
atoms :

Zn
ij =

∂Fn
i

e∂Ej
with


n ≡ Pb, I

i, j ≡ x, y, z∑
n Zn

ij = 0

(4)

where Fn
i is the force acting on atom n in the i direction

and Ej represents the electric field along the j direction.
Our results shown in Table III, are more anisotropic

than the DFT calculations of Du etal [41] which are per-

formed without a minimization of the lattice constants,
considering the experimental values. It is a question-
able issue because a reliable description of forces and the
resulting interplay with the crystalline structure can be
only achieved if the lattice energy minimization is com-
puted.

C. Static dielectric tensor

The static dielectric permittivity tensor ε0 is the re-
sponse both of the electronic density and crystal lattice
structure to an electric field. Within the harmonic os-
cillator approximation, ε0 can be separated into contri-
butions arising from purely electronic screening ε∞ and
IR-active phonon modes εion according to:

ε0• = ε∞• + εion
• with


εion
• =

∑
n ε

ion,n
•

εion,n
• = 4π

Ω
Sn
•
ω2

n

• ≡‖,⊥
(5)

where Ω is the volume of the unit cell, ωn is the fre-
quency, Sn

• is the oscillator strength of the mode n and
εion,n is the contribution of each individual phonon mode
n.
The mode frequencies and contributions to the dielectric
tensor are displayed in Table IV. Strong difference be-
tween εion,n

‖ and εion,n
⊥ are observed and this can be

related to the values of oscillator strength and frequency
of the Eu(TO) and A2u modes. Actually, ε0‖ and ε0⊥ can

be decomposed into 33.2% and 84.2%) of ε∞ and 66.8%
and 15.8% of εion respectively, ensuring anisotropy in ε0

with the Eu(TO) mode. This result evidences a strong
electron-phonon coupling occuring in layered halide per-
ovskites.

D. Raman spectra

2H-PbI2 was studied by Raman techniques [8–10] but
to the best of our knowledge no calculations were per-
formed either in DFT or in an empirical context. We
here purpose to clarify the attribution of each mode in
connexion with the frequency and motions.
The Raman susceptibility αv tensor is studied follow-
ing the definition of Cardona [42] where the vibrational
eigenmode v is defined as:

αv
ij =
√

Ω
∑

n

∑
l

∂χij

∂rl

∣∣∣∣
n

ξv
nl√
mn

,

{
n ≡ Pb, I

i, j, l ≡ x, y, z
(6)

Ω is the volume of the primitive cell, χij is the dielec-
tric susceptibility tensor, rl is the displacement of atoms
n along the Cartesian axes mn the mass of n, and ξv

nl the
normalized eigenmode in the vibrational mode v.
In practice, Raman susceptibilities are related to the
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mixed third derivative of the total energy with respect to
uniform electric field twice and an atomic displacement.
In order to calculate them, we have performed for any
direction, displacements of about ±1%. A special atten-
tion on the numerical convergence was paid in our simu-
lations, which was reached with a 24x24x16 Monkhorst-
Pack grid of k-points. Three total-energy derivatives re-
lated to the Pb atom are found equal to zero. Only those
related to a single iodine (iodine 1) has to be known, also
defining the second one (iodine 2). Then, the formula can
be writing as:

∂χij

∂rl

∣∣∣∣
Iodine1

= − ∂χij

∂rl

∣∣∣∣
Iodine2

, i, j, l ≡ x, y, z (7)

Our results are given in Table V. Raman suscepti-
bilities represent the signature of a determined vibra-
tional mode with a specific symmetry [43]. For the io-
dine 1, symmetry of the Eg and A1g modes are Raman
allowed and the displacement pattern is within the xy-
plane and along the z-axis respectively. Eg possesses
only two different components of magnitude: 0.021 and
4.379 in unit of (4π)−110−2bohr−1. Identically, for the
A1g mode: 5.164 and 21.208 (4π)−110−2bohr−1. Con-
sequently, the scattered light polarization is strongly af-
fected by the crystal orientation where the parallel and
orthogonal polarizations are defined as the horizontal-
horizontal and horizontal-vertical components of the Ra-
man spectrum respectively. Our DFT calculations are
plotted in Fig. 2 with experimental data [8–10]. Mag-
nitudes and trends are in reasonable accord with experi-
ment except the shoulder beyond 100cm−1 which is prob-
ably due to a non conventional atomic arrangement of
iodine atoms.

E. Phonon dispersion and Vibrational Density of
States (VDOS)

Fig. 3 shows the DFT phonon dispersion curves of
2H-PbI2 through the following pathway: Γ→M→L→A
→Γ→K→H→. Three specific intervals are observed: [0-
46cm−1], [46cm−1-64cm−1] and [64cm−1-125cm−1]. The
first one is characteristic by an acoustic zone which com-
pares well with experiment [44] for the lower frequencies
(Fig. 3). For the high frequencies, agreement is quali-
tatively, in particular, the phonon behavior is correctly
reproduced over the k-vectors. Table VI, reports on the
DFT sound velocities constants together with experimen-
tal data [44]. It can be seen the theoretical results are
in concordance with experiment for the longitudinal and
transverse coefficients, underlying the reliability of DFT
in modeling elastic constants, as already seen in section
III. The second interval is identified as a frequency gap of
18cm−1 at the L-point of the Brillouin zone. Finally, the
optical phonon zone around 64cm−1 is the most interest-
ing part of the spectrum due to the well known (LO-TO)
splitting [45, 46]. Actually, only the Eu and A2u modes

are involved in the current process because Pb and I
atoms possess charges vibrating in opposite manner. Un-
fortunately, no experimental results neither simulations
exist on the whole pathway except at Γ. To this end,
the present optical phonon frequencies at the zone center
are confronted to those of the rigid-ion model [17] and
measurements [8–10, 47] in table VII. The discrepancy
with experiment is of about 7.4%±5 and corresponds to
the expected error inherent to the computation. splitting
∆ωLO−TO

Eu
and ∆ωLO−TO

A2u
for the Eu and A2u modes are

defined as:

∆ωLO−TO
S =

√
ωS(LO)

2 − ωS(TO)
2
, S ≡ Eu,A2u (8)

As observed in table VII, our results closely agree with
experimental data. This gives us some confidence in the
prediction performed for the other k-points, but exper-
imental tests would be of interest. We finally note the
phonon anomalies are well captured in our DFT simula-
tion in the same way of experiment [8–10, 47].

Fig. 4 shows the vibrational density of states [48]
(VDOS) of 2H-PbI2 calculated at the Γ-point. We have
modeled VDOS by using the relaxed dynamical matrix
and second-order derivatives of the total-energy. The dy-
namical matrix possesses nine eigenvalues with six differ-
ent to zero reported on table VII. The VDOS is defined
by gVDOS(ω) as:

gVDOS(ω) =
1

3N− 3

3N∑
v=4

δ(ω − ωv) (9)

N is the total number of atoms, v the vibrational mode,
ωv is the eigenvalue v of the dynamical matrix.
The resulting peaks reflect the global spectrum at the Γ-
point of the whole motion which is including in Raman
and infrared active modes. Three peaks are clearly iden-
tified around: 68cm−1, 78cm−1 and 111cm−1. One can
be attributed to the Eu, Eg, and A2u modes respectively.

V. ELECTRONIC PROPERTIES

More detailed information on the optical properties of
2H-PbI2 can be obtained from the band structure and
the electronic density of states (DOS). Our DFT-LDA
calculations are performed at the equilibrium lattice pa-
rameters and presented in Fig. 6 for the band structure.
We consider the band shape on the surface of the Bril-
louin zone (Fig. 5) as a crucial test of our simulations,
including the wave-vector pathway connecting the surface
points : Γ→ K→H→A→Γ→M→ L→A. The energy ref-
erence is set at the valence-band maximum (VBM). Since
the space group of the crystal is D3d, the states with x-
and y like symmetry are degenerate both at the Γ and A-
points, whereas states with s-like and z-like symmetry are
non degenerate. Our simulations give the VBM as A+

1 (z-
like) and the conduction-band minimum (CBM) as A−2
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(z-like), the latter is found as A−3 (x,y-like) in the em-
pirical pseudopotential method (reference). Insight into
the band structure may be gained through analysis of the
total DOS and the local DOS (LDOS) projected on the
atomic basis functions. Fig 7 reveals the energetically
lowest peaks at -15 eV, -12 eV, and -7 eV are atomic-
like arising from the Pb d, I s, and Pb s bands, respec-
tively. The threshold at -4 eV is the absolute minimum of
the fourth valence band deriving from the L-point where
wave functions display sp-bonding character, in analogy
to conventional semiconductors. Near the band edge, the
valence maximum is mainly composed of the I p and Pb s
levels whereas the Pb p states dominates the lowest con-
duction bands. A direct band gap of 1.7 eV is obtained,
smaller than the measured value of 2.55 eV at low tem-
perature [49]. This disparity is expected, since it is well
known that LDA underestimates the band gaps of semi-
conductors. However the calculated DOS agree very well
with the X-ray measurements of Scrocco et al [15], under-
lying the LDA description here considered is qualitatively
correct. We consequently expect the LDA single-particle
Hamiltonian to be a suitable reference for G0W0 to over-
come LDA deficiencies, mainly for the empty states.To
this end, we report on Fig. 6 the G0W0 corrections for
the first valence and three first conduction states. We
observe G0W0 keeps unchanged the order of symmetry
of the conduction bands but corrects differently their en-
ergetic positions in the Brillouin zone. Comparing LDA
and G0W0, the main effects of G0W0 are a significant
increase in the fundamental gap of about 0.8eV with a
slight increase in the valence bandwidth of 0.5 eV. The
G0W0 gap energy is 2.65 eV, a value neglecting the spin-
orbit (SO) interaction which is in concordance with ex-
periment.

A. Dielectric function

The propose here is to give a first representation of the
complex dielectric functions of 2H-PbI2 in DFT within
the many-body perturbation theory and the Bethe-
Salpeter equation. The solution of BSE is obtained by
using Haydocks iterative method to diagonalize the ef-
fective two-particle Hamiltonian in which the BSE is re-
cast. We have considered 96800 transitions evolving from
eleven valence and eleven conduction bands twice a mesh
of 10x10x8 k-points in the Brillouin zone.

Fig. 8 shows the real ε1 and imaginary ε2 parts of the
dielectric function for polarizations parallel and perpen-
dicular to the optical c-axis in three cases: DFT, G0W0
and G0W0-BSE. Going on from DFT to G0W0, we ob-
serve mainly a blue-shift of the optical spectra due to
G0W0 yields more accurate single-particle excitation en-
ergies and band gaps in the whole Brillouin zone. Con-
versely, including the excitonic effects at the BSE level,
the optical gaps in the two polarizations are strongly red-
shifted compared to G0W0. This a direct consequence of
the low dispersion energy of the first conduction bands

as evidenced in Fig. 6, giving high electron masses com-
pared to traditional cubic semiconductor (e.g. GaAs).
Actually, ε⊥2 demonstrates a huge enhancement of the
first peak at approximatively 3.6eV due to the interac-

tion electron hole pair. At the opposite, ε
‖
2 is clearly

decreasing.
The only experiment at low temperature 77K and from

electroreflectance technique was measured by Gähwiller
and analysed by Kramers-Kronig dispersion. Other mea-
sures are found as [12] but the definition of polarizations
was not precise. So, if we compare G0W0-BSE to ex-
periment [11] at 77K (Fig. 9), the resonances are well
described also the value of the dielectric constants. We
note, however, G0W0-BSE overestimates the position of
the exciton peak probably because we do not take into
account the SO coupling. However, the amplitude is still
well reproduced. In conclusion, even if the SO coupling
is not included the position of the main experimental
resonances is reproduced at the GW0-BSE level, and ex-
citonic effects cannot be ignored in modeling the opti-
cal spectrum. Thorough analysis of Y. Nagamune et
al. [13, 50] reported the nature of the exciton ground
state of 2H-PbI2. We have calculated the resulting char-
acteristics at the DFT-BSE level as reported on table
VIII together with the experimental findings. We found
a binding energy of 34 meV different from the result
EA1

B = 63meV of Nagamune [13] but close to the mea-

sured value EA1

B = 30meV of Le Chi Thanh [14]. Finally,

the effective mass µA1

⊥ and exciton Bohr radius aA1
o are

calculated [51]. The DFT values are: 0.12mo and 30Å,
in reasonable agreement with 0.17mo[13] and 0.08mo[14]
for the effective mass and 19Å[13] and 40Å[14] for the
exciton Bohr radius.

VI. CONCLUSION

The combination of first-principles calculations and ex-
perimental measurements provide detailed information
about the global properties of bulk 2H-PbI2. The me-
chanical properties and elastic constants are well repro-
duced in the uncertainty precision of DFT.
We have employed the many body perturbation theory
in the G0W0 approach to investigate the quasiparticle
band structure and found a good agreement with experi-
ment. We note however, that the spin-orbit and electron-
phonon interactions, which have been neglected in this
work, may play a considerable role in 2H-PbI2. Further
studies in this direction and more refined experiments
are clearly needed for a more unambiguous comparison
between experiment and theory.
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Present DFT Expt [52, 53] Present Expt

a [Å] 4.46(2.2) 4.56 4.56
c [Å] 6.77(3.1) 6.98 6.99
u [/] 0.275(3.8) 0.265 0.265

c/a [/] 1.518(1.0) 1.531 1.533

TABLE I. Lattice parameters a [Å], c [Å] and the internal parameter u [/] of the 2H− PbI2 via DFT calculation, compared to
experimental data [52, 53]. In parenthesis, errors compared to the present experimental results.
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DFT via total energy and (2n+1) theorem DFT via sound velocities Expt [54] Expt [44]
C11 [GPa] 30.9 26.7 27.7 20.2
C12 [GPa] 10.5 9.7 9.6 6.1
C13 [GPa] 12.1 / 11.3 /
C14 [GPa] 4.6 / 3.0 1.8
C33 [GPa] 23.4 15.7 20.2 14.6
C44 [GPa] 8.9 5.9 6.2 5.4
Bo [GPa] 17.20 / 15.56 /

TABLE II. DFT elastic constants [GPa] and bulk modulus [GPa] of 2H− PbI2 compared to experimental data [44, 54].
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Zn
ij

Present DFT work Other theoretical studies [41]
Pb atom (0,0,0)

4.21 0.0 0.0 4.0 0.0 0.0
0.0 4.21 0.0 0.0 4.0 0.0
0.0 0.0 2.08 0.0 0.0 1.92

I atom ( 1
3
, 2
3
,u)

-2.105 0.0 0.0 -2.0 0.0 0.0
0.0 -2.105 0.0 0.0 -2.0 0.0
0.0 0.0 -1.04 0.0 0.0 -0.96

I atom ( 2
3
, 1
3
,u)

-2.105 0.0 0.0 -2.0 0.0 0.0
0.0 -2.105 0.0 0.0 -2.0 0.0
0.0 0.0 -1.04 0.0 0.0 -0.96

TABLE III. Present DFT Born charge tensors for each element of 2H− PbI2 compared to the DFT calculations of Ref. [41].
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Eu modes A2u modes

ωn Sn
‖ εion,n‖ ωn Sn

⊥ εion,n⊥
TO 64.4 8.53 12.03 111.7 2.07 0.67
LO 115.5 8.53 3.74 125.8 2.07 0.52

εion• 15.77 1.19
ε∞• 7.85 6.32

ε0• 23.62 7.51
ε0• Expt[8] 26.75 6.25
ε0• Expt[47] 26.4 8.0

TABLE IV. DFT frequencies ωn in unit of [cm−1] of the Eu and A2u modes. The oscillator strengths Sn
• in unit of [10−5a.u.]

with • ≡‖,⊥ for each mode n. We report the phonon contribution εion,n• , the global contribution εion• , the electronic part ε∞• ,
and the static dielectric constants ε0• , compared to measurements [8, 47].
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∂χij

∂x

∣∣∣
n

∂χij

∂y

∣∣∣
n

∂χij

∂z

∣∣∣
n

Pb atom (0,0,0)
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

I atom ( 1
3
, 2
3
,u)

0.0 0.021 4.379 0.021 0.0 0.0 5.164 0.0 0.0
0.021 0.0 0.0 0.0 -0.021 4.379 0.0 5.164 0.0
4.379 0.0 0.0 0.0 4.379 0.0 0.0 0.0 21.208

I atom ( 2
3
, 1
3
,u)

0.0 -0.021 -4.379 -0.021 0.0 0.0 -5.164 0.0 0.0
-0.021 0.0 0.0 0.0 0.021 -4.379 0.0 -5.164 0.0
-4.379 0.0 0.0 0.0 -4.379 0.0 0.0 0.0 -21.208

TABLE V. DFPT susceptibility tensor
∂χij

∂rl

∣∣∣
n

in unit of [(4π)−1· 10−2· bohr−1] for atoms n and along the cartesian axes

(rl ≡ (x, y, z)) for 2H− PbI2.
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Expt DFT
VL VT (in plane) VT (out of plane) VL VT (in plane) VT (out of plane)

[100] 1.86 1.07 0.94 2.02 1.12 0.97
[110] 1.81 1.10 0.86 1.72 1.15 0.67
[001] 1.54 0.93 0.93 1.55 0.95 0.95

TABLE VI. DFT sound velocities in unit of [105cm.s−1] of 2H− PbI2 compared to experimental data[44]
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in [cm−1] Eu(TO) Eu(LO) Eg A1g A2u(TO) A2u(LO) ∆ωLO−TO
Eu

∆ωLO−TO
A2u

DFT 64.4 115.5 81.3 97.4 111.7 125.8 95.9 57.9
Rigid ion model [17] 52.6 100.1 79.4 97.8 95.4 113.2 85.2 60.9

Expt[8] 52.5 106.0 78.0 98.0 95.0 113.0 95.5 61.2
Expt[9] 52 106 78 97 96 113 91.8 59.6
Expt[10] 51.7 100.1 75.8 100.3 101.8 117.9 85.7 59.5

TABLE VII. DFT phonon frequencies of 2H− PbI2 in cm−1 compared to existing theoretical studies [17] and experimental
data[8–10]
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A1[eV] aA1
o [Å] µA1

⊥ [mo] EA1
B [meV]

Le Chi Thanh [14] 2.499 40 0.08 30
Y. Nagamune [13] 2.496 19 0.17 63

DFT 2.599 30±4 0.12±0.02 34±5

TABLE VIII. DFT-BSE calculations of the peak positions of the exciton levels in eV, exciton Bohr radius in Å, reduced exciton
mass in mo, and the binding energy EB in meV.
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FIG. 1. Optical modes at Γ of 2H-PbI2
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FIG. 2. Raman DFT with experiment [8–10]
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FIG. 4. Vibrational DOS at Γ of 2H-PbI2
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FIG. 5. Brillouin zone of 2H-PbI2
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FIG. 6. DFT-LDA band structure calculation with the G0W0 corrections for the first valence band •, and the first H, second
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FIG. 7. Density of states and partial density of states of 2H-PbI2
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FIG. 8. Real (a) and imaginary (b) part of dielectric functions calculated by DFT, G0W0, and G0W0+BSE
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FIG. 9. Real (a) and imaginary (b) part of dielectric functions at the G0W0-BSE level compared to experiment. [11] at 77K
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