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Excitons consist of electrons and holes held together by their attractive Coulomb interaction. Although
excitons are neutral excitations, spatial fluctuations in their charge density couple with the ions of the
crystal lattice. This coupling can lower the exciton energy and lead to the formation of a localized excitonic
polaron or even a self-trapped exciton in the presence of strong exciton-phonon interactions. Here, we
develop a theoretical and computational approach to compute excitonic polarons and self-trapped excitons
from first principles. Our methodology combines the many-body Bethe-Salpeter approach with density-
functional perturbation theory and does not require explicit supercell calculations. As a proof of concept,
we demonstrate our method for a compound of the halide perovskite family.
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One of the most striking manifestations of electron-
phonon interactions in solids is the formation of polarons.
These quasiparticles form when an electron creates a small
distortion of the surrounding crystal lattice, which in turn
acts as a potential well that promotes electron localization
[1]. Polarons have been investigated extensively in a wide
variety of materials, including alkali halides [2-5], metal
oxides [6-9], hybrid perovskites [10-13], and two-dimen-
sional materials [14].

A similar feedback mechanism between charge and lattice
can occur for neutral excitations such as excitons [15,16].
While the exciton is charge neutral overall, local spatial
fluctuations of its electron and hole charge densities can
induce lattice distortions as in the case of polarons. In turn,
these distortions can stabilize the exciton and promote its
localization. The resulting quasiparticle is referred to as an
excitonic polaron [17]. In the presence of strong exciton-
phonon interactions, the same mechanism can lead to the
formation of self-trapped excitons [18-22].

Excitonic polarons are often invoked to explain large
Stokes shifts observed between absorption and lumines-
cence spectra [19,20,23]. In these cases, the photolumi-
nescence redshift is interpreted as the result of the lattice
relaxation in the optically excited state, within a Franck-
Condon picture [24]. These conceptual models are ubiqui-
tous in solid-state spectroscopy and have been in use for
decades, but detailed ab initio calculations remain exceed-
ingly rare [25-28]. The main difficulties are that (i) calcu-
lations of Hellmann-Feynman forces in the excited state
using the Bethe-Salpeter equation (BSE) approach are
challenging [26]; (ii) since exciton localization breaks
the translational invariance of the crystal unit cell, BSE
calculations on large supercells are needed [19], and this
poses a significant computational challenge.
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Here, we develop an ab initio theoretical and com-
putational method for calculating excitonic polarons and
self-trapped excitons without resorting to supercells.
Following a strategy similar in spirit to previous work
on polarons [2,14,29-31], we express the wave function of
the excitonic polaron as a coherent superposition of finite-
momentum excitons, and we recast the BSE total energy
functional in the excited state as a self-consistent eigen-
value problem in the exciton coefficients. Alongside the
excitonic wave function, our present approach provides the
accompanying atomic displacements and their spectral
decomposition into normal vibrational modes, thereby
offering a detailed picture of the excitonic polaron and
the atomic-scale mechanisms that drive its formation. To
demonstrate this method, we investigate excitonic polarons
in Cs,ZrBrg, a vacancy-ordered double perovskite that
attracted interest in the context of energy-efficient lighting
and that exhibits signatures of exciton self-trapping [23,32].
Additional ab initio calculations of excitonic polarons in
LiF, applications to model Hamiltonians, and a more in-
depth analysis of the theoretical formalism are presented in
the companion paper [33].

The total energy of a crystal in a neutral excited state can
be expressed as [26]
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where E; denotes the ground-state energy with the
atoms in their equilibrium positions, Hggg is the BSE
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Hamiltonian [15,16], and ¥(r.,r,) is the exciton wave
function, with r, and r;, denoting the electron and hole
coordinates, respectively. The integral extends over the
Born-von Karméan (BvK) supercell, and the integration
variable dr is a shorthand notation for dr.dr,dr.dri.
Crapiap denotes the matrix of interatomic force con-
stants, and Az, is the displacement of the atom « in the
unit cell p along the Cartesian direction «, with respect to
the ground-state structure. The term on the last line of
Eq. (1) describes the elastic energy associated with the
lattice distortion. The energy functional is truncated to the
second order in the displacements; this approximation
proved successful in calculations of both small and large
polarons, comparing well with direct hybrid-functional
calculations [2,14,29-31]. In Eq. (1), the BSE Hamiltonian
and wave functions depend implicitly on the atomic
positions, and the interatomic force constants are assumed
to be the same for the ground and excited states. This
approximation was shown to be reliable for large and small
polarons [29].

To obtain the exciton wave function and the atomic
displacements that minimize the total energy in Eq. (1), we
use the method of Lagrange multipliers and set to zero the
functional derivatives of E[W(r,, 1), { Az, }] with respect
to W(r.,r,) and {Armp} subject to the normalization
constraint f ¥ (r., 1) |>dr.dr, = 1. After some algebra,
we arrive at the following coupled nonlinear eigenvalue
problem:
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where HYp is the BSE Hamiltonian for the undistorted
system, and the eigenvalue ¢ is the Lagrange multiplier.

To solve Egs. (2) and (3) without resorting to supercells,
we express ¥(r.,r,) as a linear combination of exciton
states Q¢ (re, 1yy) of the undistorted ground-state structure,
and we express the displacements Az, as a linear
combination of normal vibrational modes of the undistorted
structure,
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In these expressions, s is the exciton band index, Q is the
exciton momentum, and N is the number of unit cells in the
BvK supercell. M, is the mass of atom k, e, (q) is
polarization vector of the phonon with momentum q,
branch v, and frequency wg,; R, is the lattice vector of
the pth unit cell in the BvK supercell [34]. The sums are
carried out over uniform Brillouin zone grids with N points.
The expansion coefficients A, and By, in Eqgs. (4) and (5)
can be interpreted as the contribution of each exciton and
each phonon of the undistorted lattice to the excitonic
polaron, respectively.

The exciton states of the undistorted lattice appearing in
Eq. (4), Qo (r.,13), can be expressed in terms of Kohn-
Sham single-particle states. To this end, we employ the
Tamm-Dancoff approximation [16,35],
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where () are Kohn-Sham eigenstates of the undistorted
ground state, v and c refer to valence and conduction bands,
respectively, and the coefficients a‘z,?k denote the eigen-
vectors of the ground-state BSE Hamiltonian H%SE, with
eigenvalue EY.

Upon substituting Egs. (4)—(6) inside Egs. (2) and (3),
we obtain a coupled nonlinear system of equations for the
coefficients Ayq and By,
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having introduced the exciton-phonon coupling matrix
element [36,37]
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In this expression, g, (Kk,q) is the standard electron-
phonon coupling matrix element between the Kohn-Sham
states nk and mk + q via the phonon quv [34].
Equations (7) and (8) constitute the central result of this
Letter. The solution of these equations describes the
formation of excitonic polarons and self-trapped excitons
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FIG. 1.

Charge density isosurfaces of electron polaron, hole polaron, exciton polaron, and excitons in Cs,ZrBrg. The atomic color

code is as follows: Cs, purple; Zr, cyan; Br, brown. (a) Charge density isosurface of the electron polaron (yellow). (b) Charge density
isosurface of the hole polaron (dark blue). (c) Electron density isosurface n.(r.) of the excitonic polaron (yellow). (d) Hole density
isosurface n;, (ry,) of the excitonic polaron (dark blue). (¢) Electron density isosurface of the lowest energy exciton (dark) of Cs,ZrBrg in
the ground-state undistorted structure (light blue). (f) Electron density isosurface of the bright exciton corresponding to the first
absorption peak of Cs,ZrBrg, as shown in Fig. S4(a) [38], in the ground-state undistorted structure (light blue). (e),(f) The hole position

1}, is chosen to coincide with a Br atom.

via the exciton-phonon interaction. All quantities appear-
ing in Egs. (7)—(9) can be obtained from calculations
performed in the crystal unit cell, without requiring
supercells. The breaking of lattice periodicity comes from
the coherent superposition of exciton states with different
momenta. The largest size of the exciton polaron that can
be studied is set by the BvK supercell, which in the present
formalism translates into the number N of grid points in the
Brillouin zone.

The dissociation energy of the excitonic polaron into a
fully delocalized free electron-hole pair is EgGa%’ - E,
where E,, is given by

1 1
EXp = NZlASQPE?Q - NZ|BqD|2h(DqU. (10)
sQ qu

The first term on the right-hand side of this equation
represents the average energy of the exciton states partici-
pating to the excitonic polarons; the second term is the
stabilization energy resulting from the lattice distortion.
Similarly, the formation energy of the excitonic polaron is
AE® = E,, — EQ,, where EY, is the energy of the lowest-
lying exciton.

To demonstrate the present methodology, we consider
the vacancy-ordered halide double perovskite Cs,ZrBrg as
a test system. All calculations details are described in the

Supplemental Material [38]. Cs,ZrBrg crystallizes in the
Fm3m space group and consists of a rock-salt lattice of
alternating (ZrBg)?~ octahedra and vacancies, with Cs!*
cations acting as spacers, see Supplemental Material
Fig. S1 [38]. Optical absorption and photoluminescence
spectra of this perovskite reveal a large Stokes shift, which
has tentatively been assigned to the presence of self-trapped
excitons [23,32].

In agreement with the experimental proposal, we do find
a highly localized excitonic polaron in Cs,ZrBrg. Figure 1
shows the charge densities of the electron polaron, the hole
polaron, and the excitonic polaron in Cs,ZrBrgs. We find
small electron and hole polarons; in particular, the electron
polaron in Fig. 1(a) primarily consists of a single Zr 4d
orbital of 7,, character (d,, and d,), while the hole polaron
in Fig. 1(b) is derived from a single Br 4p orbital. Our
findings are consistent with the Zr d and Br p characters of
the conduction and valence band edges, respectively
(Supplemental Material Fig. S2 [38]). The highly localized
nature of polarons reflects the weakly interacting nature of
ZrBrg octahedra in the vacancy-ordered double perovskite
structure [32]. In Figs. 1(c) and 1(d) we show the electron
density and the hole density in the excitonic polaron state,
respectively, which are given by n,(r.) = [, [¥(r.,r;)|*dry,
and ny(ry) = [, |¥(re. 1) [?dr,. As for the polarons, the
charge densities of the excitonic polaron are localized in
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FIG. 2. Atomic displacements accompanying the excitonic polaron of Cs,ZrBrs. We only display significant displacements for
clarity. The atomic color code is as follows: Cs, purple; Zr, cyan; Br, brown. (a) Atomic displacements (blue arrows) associated with
the excitonic polaron, whose electron and hole charge densities are shown in Figs. 1(c) and 1(d), respectively. (b) Phonon
contribution to the formation of the excitonic polaron. Black lines are the phonon dispersion relations, and the yellow discs are
proportional to |qu\2. (c) Eigendisplacements of the A;, mode at 23.2 meV at the zone center. (d) Eigendisplacements of the T,
mode at 6.2 meV at the zone center. (c),(d) Only one octahedron and one Cs atom are displayed, since all other octahedra and Cs

atoms have the same displacement pattern.

real space. By comparing Figs. 1(b) and 1(d), we see that
the hole density is distributed among all six Br atoms of a
ZrBrg octahedron, unlike the hole polaron, which is
localized on a single atom.

Localization is a distinctive feature of the excitonic
polaron, whereas free excitons in the undistorted structure
are fully delocalized. In fact, using Eq. (6) and the ortho-
gonality of Kohn-Sham states, it is immediate to see that the
charge densities of the excitons in the ground-state structure,
Jio 1950 (T, 1) |?dry, and [ |Qq (re, 1) |dr, are lattice
periodic. This observation is consistent with the fact
that, to plot the exciton wave function, one must fix the
position of the hole to obtain a localized electron charge
distribution [39]. This type of plot is shown in Figs. 1(e)
and 1(f) for the excitons in Cs,ZrBrg.

Figure 2 and Supplemental Material Fig. S3 [38] show
the atomic displacements accompanying the electron
polaron, the hole polaron, and the excitonic polaron in
Cs,ZrBrg. The electron polaron, which is localized on the
Zr atom, tends to attract the eight positively charged
nearest-neighbor Cs cations in a symmetric pattern
[Fig. S3(a) [38]]. Conversely, the hole polaron, which is
centered on a Br atom, tends to repel a single positively
charged nearest-neighbor Zr cation [Fig. S3(b) [38] ]. The
atomic displacement pattern of the excitonic polaron,
shown in Fig. 2(a), resembles the pattern for the electron
polaron in Fig. S3(a), but additionally includes significant
displacements of the nearest-neighbor Br atoms surround-
ing the central Zr atom. This behavior can be rationalized
by noting that, due to the crystal symmetry of Cs,ZrBrg, the
hole polaron shown Fig. 1(b) and Fig. S3(b) is only one of
the six degenerate solutions localized at the six Br atoms,
respectively, and when forming the excitonic polaron, the
six degenerate solutions contribute to making the hole
density of the excitonic polaron carry the approximate
spherical symmetry around the Zr atom.

Our present formalism allows us to identify the phonon
modes that are responsible for the formation of the
excitonic polaron. Figure 2(b) shows the magnitude of
the coefficients |By,|* overlaid on the phonon dispersion
relations of Cs,ZrBrg. The dominant contributions arise
from the phonon branches associated with the A;, mode at
23.2 meV and the T, mode at 6.2 meV. The former is the
octahedral breathing mode [Fig. 2(c)], and the Ilatter
corresponds to displacements of the Cs atoms [Fig. 2(d)].
This decomposition is consistent with the atomic displace-
ment patterns shown in Fig. 2(a). We emphasize that, while
the largest atomic displacements occur for the Br atoms that
are nearest neighbors to the central Zr atom, we find
significant atomic displacements of Cs atoms in more
distant neighbors within other unit cells. This result under-
scores the importance of being able to perform this type of
calculation on large supercells, such as the 576-atoms
equivalent supercell that we can access in the present study
by solving Egs. (7) and (8). Performing direct BSE
calculations on such large unit cells would be prohibitive
using existing methods [25-28].

We now compare the formation energies for electron,
hole, and excitonic polarons, as shown in Fig. 3. Figure 3(a)
shows a schematic illustration of the many-body quasipar-
ticle energy diagram; Fig. 3(b) shows the corresponding
many-body BSE diagram for neutral excitations (exciton
band structures and the BSE absorption coefficients are
shown in Supplemental Material Fig. S4 [38] for com-
pleteness). We see that the electron and hole polaron have
relatively large formation energies (302 and 550 meV,
respectively) that can be rationalized in terms of the heavy
electron and hole effective masses [29,32]; instead, the
formation energy of the excitonic polaron is of one
magnitude smaller (48 meV). In line with this weaker
formation energy, we observe that the charge densities of
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FIG. 3. Energetics of polarons and excitonic polarons in
Cs,ZrBrg. All values in (a) and (b) are in the unit of eV.
(a) GW quasiparticle band gap and formation energies of the
electron polaron and the hole polaron. (b) Energetics of exciton
and excitonic polaron. On the left-hand side of (b), we show the
excitation energy of the lowest (dark) exciton state with respect to
the ground state and its binding energy as measured with respect
to the GW quasiparticle band gap. On the right-hand side of (b),
we show the excitation energy of the excitonic polaron with
respect to the ground state, the binding energy with respect to the
quasiparticle gap, and the stabilization energy from the free
exciton state to the excitonic polaron state.

the excitonic polaron [Figs. 1(c) and 1(d)] are more diffuse
than those of the electron polaron and of the hole polaron
[Figs. 1(a) and 1(b)].

The difference between the formation energy and locali-
zation of the polaron and of the excitonic polaron can be
rationalized by inspecting the exciton-phonon coupling
matrix element in Eq. (9). In this expression, the two terms
associated with electron-phonon and hole-phonon cou-
plings appear with opposite signs and tend to cancel out.
Physically, this partial cancellation stems from the fact that,
when small polarons with similar localization length and
opposite charge combine to produce an exciton, the net
charge density tends to cancel out, which can be seen by the
similar shape and distribution of the electron density and
hole density of the excitonic polaron [Figs. 1(c) and 1(d)],
thus weakening the lattice distortion and leading to a
smaller polaronic stabilization of the free exciton. This
observation indicates that, to observe large polaronic effects
in excitons, one needs to look for materials with large
differences in the electron-phonon and hole-phonon inter-
action strengths.

In summary, we developed a theoretical and computa-
tional method that enables, for the first time, ab initio
calculations of excitonic polarons and self-trapped excitons
in real materials. This method does not require computa-
tionally prohibitive supercell calculations and can seam-
lessly be used to investigate small and large excitonic
polarons as well as self-trapped excitons. This Letter will
make it possible to investigate the physics of exciton-
phonon couplings and self-trapped excitons in diverse

classes of materials with potential for solar energy harvest-
ing, photocatalysis, energy-efficient lighting, and light-
driven quantum matter.

We are grateful to Bruno Cucco and George Volonakis for
bringing the self-trapped exciton in Cs,ZrBrg to our attention.
This research is primarily supported by the National Science
Foundation, Office of Advanced Cyberinfrastructure and
Division of Materials Research under Grant No. 2103991
of the Cyberinfrastructure for Sustained Scientific Innovation
program, and the NSF Characteristic Science Applications
for the Leadership Class Computing Facility program under
Grant No. 2139536 (development of the excitonic polaron
module, calculations, interoperability). This research was
also supported by the Computational Materials Sciences
Program funded by the U.S. Department of Energy, Office
of Science, Basic Energy Sciences, under Award No. DE-
SC0020129 (development of the polaron module). This
research used resources of the National Energy Research
Scientific Computing Center and the Argonne Leadership
Computing Facility, which are DOE Office of Science User
Facilities supported by the Office of Science of the U.S.
Department of Energy, under Contracts No. DE-ACO02-
05CH11231 and No. DE-AC02-06CH11357, respectively.
The authors acknowledge the Texas Advanced Computing
Center (TACC) at The University of Texas at Austin for
providing access to Frontera, Lonestar6, and Texascale Days,
which have contributed to the research results reported within
this Letter [50].

“fgiustino@oden.utexas.edu

[1] C. Franchini, M. Reticcioli, M. Setvin, and U. Diebold,
Polarons in materials, Nat. Rev. Mater. 6, 560 (2021).

[2] W.H. Sio, C. Verdi, S. Poncé, and F. Giustino, Polarons
from first principles, without supercells, Phys. Rev. Lett.
122, 246403 (2019).

[3] G. Iadonisi, Electron-phonon interaction: Effects on the
excitation spectrum of solids, Riv. del Nuovo Cim. 7, 1
(1984).

[4] M. Inoue, C. Mahutte, and S. Wang, Electronic polarons in
alkali halides, Phys. Rev. B 2, 539 (1970).

[5] N.-E. Lee, H.-Y. Chen, J.-J. Zhou, and M. Bernardi, Facile
ab initio approach for self-localized polarons from canoni-
cal transformations, Phys. Rev. Mater. 5, 063805 (2021).

[6] M. Setvin, C. Franchini, X. Hao, M. Schmid, A. Janotti, M.
Kaltak, C.G. Van de Walle, G. Kresse, and U. Diebold,
Direct view at excess electrons in TiO, rutile and anatase,
Phys. Rev. Lett. 113, 086402 (2014).

[7] S. Yang, A.T. Brant, N.C. Giles, and L. E. Halliburton,
Intrinsic small polarons in rutile TiO,, Phys. Rev. B 87,
125201 (2013).

[8] H. Frederikse, W. Thurber, and W. Hosler, Electronic
transport in strontium titanate, Phys. Rev. 134, A442 (1964).

[9] S. Falletta and A. Pasquarello, Polarons free from many-
body self-interaction in density functional theory, Phys. Rev.
B 106, 125119 (2022).

036902-5


https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1103/PhysRevLett.122.246403
https://doi.org/10.1103/PhysRevLett.122.246403
https://doi.org/10.1007/BF02724336
https://doi.org/10.1007/BF02724336
https://doi.org/10.1103/PhysRevB.2.539
https://doi.org/10.1103/PhysRevMaterials.5.063805
https://doi.org/10.1103/PhysRevLett.113.086402
https://doi.org/10.1103/PhysRevB.87.125201
https://doi.org/10.1103/PhysRevB.87.125201
https://doi.org/10.1103/PhysRev.134.A442
https://doi.org/10.1103/PhysRevB.106.125119
https://doi.org/10.1103/PhysRevB.106.125119

PHYSICAL REVIEW LETTERS 132, 036902 (2024)

[10] B. Guzelturk, T. Winkler, T. W. Van de Goor, M. D. Smith,
S. A. Bourelle, S. Feldmann, M. Trigo, S. W. Teitelbaum,
H.-G. Steinriick, G. A. de la Pena et al., Visualization of
dynamic polaronic strain fields in hybrid lead halide
perovskites, Nat. Mater. 20, 618 (2021).

[11] M. Z. Mayers, L.Z. Tan, D. A. Egger, A. M. Rappe, and
D. R. Reichman, How lattice and charge fluctuations control
carrier dynamics in halide perovskites, Nano Lett. 18, 8041
(2018).

[12] K. Miyata, D. Meggiolaro, M. T. Trinh, P.P. Joshi, E.
Mosconi, S. C. Jones, F. De Angelis, and X.-Y. Zhu, Large
polarons in lead halide perovskites, Sci. Adv. 3, e1701217
(2017).

[13] X.-Y. Zhu and V. Podzorov, Charge carriers in hybrid
organic—inorganic lead halide perovskites might be protected
as large polarons, J. Phys. Chem. Lett. 6, 4758 (2015).

[14] W.H. Sio and F. Giustino, Polarons in two-dimensional
atomic crystals, Nat. Phys. 19, 629 (2023).

[15] M. Rohlfing and S. G. Louie, Electron-hole excitations in
semiconductors and insulators, Phys. Rev. Lett. 81, 2312
(1998).

[16] M. Rohlfing and S. G. Louie, Electron-hole excitations and
optical spectra from first principles, Phys. Rev. B 62, 4927
(2000).

[17] G. Iadonisi and F. Bassani, Polaronic correction to the
exciton effective mass, Il Nuovo Cimento D 9, 703 (1987).

[18] W.B. Fowler, M. Marrone, and M. Kabler, Theory of self-
trapped exciton luminescence in halide crystals, Phys. Rev.
B 8, 5909 (1973).

[19] S. Ismail-Beigi and S.G. Louie, Self-trapped excitons in
silicon dioxide: Mechanism and properties, Phys. Rev. Lett.
95, 156401 (2005).

[20] R. Williams and K. Song, The self-trapped exciton, J. Phys.
Chem. Solids 51, 679 (1990).

[21] J. Li, H. Wang, and D. Li, Self-trapped excitons in two-
dimensional perovskites, Front. Optoelectron. 13,225 (2020).

[22] We note that the names “excitonic polarons” and “self-
trapped excitons” refer to the same physical mechanism of
polaronic stabilization of the exciton. The difference
between these two concepts resides in the strength of the
electron-phonon coupling, the resulting phonon-induced
localization of the exciton wave function, and the magni-
tude of the hopping barrier for exciton migration. There-
fore, in this Letter, we use the two naming conventions
interchangeably.

[23] A. Abfalterer, J. Shamsi, D.J. Kubicki, C.N. Savory, J.
Xiao, G. Divitini, W. Li, S. Macpherson, K. Gatkowski, J. L.
MacManus-Driscoll et al., Colloidal synthesis and optical
properties of perovskite-inspired cesium zirconium halide
nanocrystals, ACS Mater. Lett. 2, 1644 (2020).

[24] A. Nitzan, Chemical Dynamics in Condensed Phases:
Relaxation, Transfer and Reactions in Condensed Molecu-
lar Systems (Oxford University Press, New York, 2006).

[25] F. Mauri and R. Car, First-principles study of excitonic self-
trapping in diamond, Phys. Rev. Lett. 75, 3166 (1995).

[26] S. Ismail-Beigi and S. G. Louie, Excited-state forces within
a first-principles Green’s function formalism, Phys. Rev.
Lett. 90, 076401 (2003).

[27] K. W. Sattelmeyer, J. F. Stanton, J. Olsen, and J. Gauss,
A comparison of excited state properties for iterative

approximate triples linear response coupled cluster
methods, Chem. Phys. Lett. 347, 499 (2001).

[28] J. F. Stanton, J. Gauss, N. Ishikawa, and M. Head-Gordon,
A comparison of single reference methods for characterizing
stationary points of excited state potential energy surfaces,
J. Chem. Phys. 103, 4160 (1995).

[29] W. H. Sio, C. Verdi, S. Poncé, and F. Giustino, Ab initio
theory of polarons: Formalism and applications, Phys. Rev.
B 99, 235139 (2019).

[30] J. Lafuente-Bartolome, C. Lian, W. H. Sio, I. G. Gurtubay,
A. Eiguren, and F. Giustino, Ab initio self-consistent many-
body theory of polarons at all couplings, Phys. Rev. B 106,
075119 (2022).

[31] J. Lafuente-Bartolome, C. Lian, W. H. Sio, I. G. Gurtubay,
A. Eiguren, and F. Giustino, Unified approach to polarons
and phonon-induced band structure renormalization, Phys.
Rev. Lett. 129, 076402 (2022).

[32] B. Cucco, C. Katan, J. Even, M. Kepenekian, and G.
Volonakis, Fine structure of excitons in vacancy-ordered
halide double perovskites, ACS Mater. Lett. 5, 52 (2022).

[33] Z. Dai, C. Lian, J. Lafuente-Bartolome, and F. Giustino,
companion paper, Theory of excitonic polarons: From
models to first-principles calculations, Phys. Rev. B 109,
045202 (2023).

[34] F. Giustino, Electron-phonon interactions from first princi-
ples, Rev. Mod. Phys. 89, 015003 (2017).

[35] G. Onida, L. Reining, and A. Rubio, Electronic excitations:
Density-functional versus many-body Green’s-function ap-
proaches, Rev. Mod. Phys. 74, 601 (2002).

[36] H.-Y. Chen, D. Sangalli, and M. Bernardi, Exciton-phonon
interaction and relaxation times from first principles, Phys.
Rev. Lett. 125, 107401 (2020).

[37] G. Antonius and S.G. Louie, Theory of exciton-phonon
coupling, Phys. Rev. B 105, 085111 (2022).

[38] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.036902 for the
computational setup, crystal structure of Cs,ZrBrg, den-
sity-functional theory band structure, and projected density
of states, the displacement patterns of electron polaron and
hole polaron in Cs,ZrBrg, optical absorption spectra, con-
tribution of each exciton states to the excitonic polaron, and
benchmarks, which includes Refs. [2,16,31,32,39-49].

[39] J. Deslippe, G. Samsonidze, D. A. Strubbe, M. Jain, M. L.
Cohen, and S. G. Louie, BERKELEYGW: A massively parallel
computer package for the calculation of the quasiparticle
and optical properties of materials and nanostructures,
Comput. Phys. Commun. 183, 1269 (2012).

[40] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni,
I. Dabo et al., QUANTUM ESPRESSO: A modular and
open-source software project for quantum simulations of
materials, J. Phys. Condens. Matter 21, 395502 (2009).

[41] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. B.
Nardelli, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli,
M. Cococcioni et al., Advanced capabilities for materials
modelling with QUANTUM ESPRESSO, J. Phys. Condens.
Matter 29, 465901 (2017).

[42] J.P. Perdew, K. Burke, and M. Ernzerhof, Generalized
gradient approximation made simple, Phys. Rev. Lett. 77,
3865 (1996).

036902-6


https://doi.org/10.1038/s41563-020-00865-5
https://doi.org/10.1021/acs.nanolett.8b04276
https://doi.org/10.1021/acs.nanolett.8b04276
https://doi.org/10.1126/sciadv.1701217
https://doi.org/10.1126/sciadv.1701217
https://doi.org/10.1021/acs.jpclett.5b02462
https://doi.org/10.1038/s41567-023-01953-4
https://doi.org/10.1103/PhysRevLett.81.2312
https://doi.org/10.1103/PhysRevLett.81.2312
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1007/BF02457030
https://doi.org/10.1103/PhysRevB.8.5909
https://doi.org/10.1103/PhysRevB.8.5909
https://doi.org/10.1103/PhysRevLett.95.156401
https://doi.org/10.1103/PhysRevLett.95.156401
https://doi.org/10.1016/0022-3697(90)90144-5
https://doi.org/10.1016/0022-3697(90)90144-5
https://doi.org/10.1007/s12200-020-1051-x
https://doi.org/10.1021/acsmaterialslett.0c00393
https://doi.org/10.1103/PhysRevLett.75.3166
https://doi.org/10.1103/PhysRevLett.90.076401
https://doi.org/10.1103/PhysRevLett.90.076401
https://doi.org/10.1016/S0009-2614(01)01013-2
https://doi.org/10.1063/1.469601
https://doi.org/10.1103/PhysRevB.99.235139
https://doi.org/10.1103/PhysRevB.99.235139
https://doi.org/10.1103/PhysRevB.106.075119
https://doi.org/10.1103/PhysRevB.106.075119
https://doi.org/10.1103/PhysRevLett.129.076402
https://doi.org/10.1103/PhysRevLett.129.076402
https://doi.org/10.1021/acsmaterialslett.2c01010
https://doi.org/10.1103/PhysRevB.109.045202
https://doi.org/10.1103/PhysRevB.109.045202
https://doi.org/10.1103/RevModPhys.89.015003
https://doi.org/10.1103/RevModPhys.74.601
https://doi.org/10.1103/PhysRevLett.125.107401
https://doi.org/10.1103/PhysRevLett.125.107401
https://doi.org/10.1103/PhysRevB.105.085111
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.036902
https://doi.org/10.1016/j.cpc.2011.12.006
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865

PHYSICAL REVIEW LETTERS 132, 036902 (2024)

[43] D.R. Hamann, Optimized norm-conserving Vanderbilt
pseudopotentials, Phys. Rev. B 88, 085117 (2013).

[44] M.J. van Setten, M. Giantomassi, E. Bousquet, M.J.
Verstraete, D. R. Hamann, X. Gonze, and G.-M. Rignanese,
The pseudodojo: Training and grading a 85 element optimized
norm-conserving pseudopotential table, Comput. Phys.
Commun. 226, 39 (2018).

[45] H. Lee, S. Poncé, K. Bushick, S. Hajinazar, J. Lafuente-
Bartolome, J. Leveillee, C. Lian, F. Macheda, H. Paudyal,
W. H. Sio et al., Electron-phonon physics from first prin-
ciples using the EPW code, npj Comput Mater 9, 156
(2023).

[46] S. Poncé, E.R. Margine, C. Verdi, and F. Giustino, EPW:
Electron-phonon coupling, transport and superconducting

properties using maximally localized Wannier functions,
Comput. Phys. Commun. 209, 116 (2016).

[47] G. Pizzi, V. Vitale, R. Arita, S. Bliigel, F. Freimuth, G.
Géranton, M. Gibertini, D. Gresch, C. Johnson, T.
Koretsune et al., Wannier90 as a community code: New
features and applications, J. Phys. Condens. Matter 32,
165902 (2020).

[48] M. S. Hybertsen and S.G. Louie, Electron correlation in
semiconductors and insulators: Band gaps and quasiparticle
energies, Phys. Rev. B 34, 5390 (1986).

[49] K. Momma and F. Izumi, VESTA 3 for three-dimensional
visualization of crystal, volumetric and morphology data,
J. Appl. Crystallogr. 44, 1272 (2011).

[50] https://www.tacc.utexas.edu.

036902-7


https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1016/j.cpc.2018.01.012
https://doi.org/10.1016/j.cpc.2018.01.012
https://doi.org/10.1038/s41524-023-01107-3
https://doi.org/10.1038/s41524-023-01107-3
https://doi.org/10.1016/j.cpc.2016.07.028
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1103/PhysRevB.34.5390
https://doi.org/10.1107/S0021889811038970
https://www.tacc.utexas.edu
https://www.tacc.utexas.edu
https://www.tacc.utexas.edu
https://www.tacc.utexas.edu

