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Impact of hole polaron formation on excitonic transitions in MgO from first principles
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We present a first-principles investigation of the excitonic properties of magnesia (MgO), an ionic insulator
known to host hole polarons. We combine a density functional theory-based approach for structural relaxation in
the presence of the hole and many-body perturbation theory to describe the excitonic properties. We determine
that the hole polaron introduces new in-gap occupied states 0.6–0.8 eV above the valence band maximum that
lead to two low-energy peaks in the optical spectrum. The predicted redshift of the lowest-energy transition due
to polaron formation of 0.8 eV agrees well with the experimental Stokes shift of 0.8–0.9 eV. Analysis of the
exciton wave function indicates that the electron-hole pair consists of a localized hole and delocalized electron,
but that the wave function retains its Wannier-Mott character even in the presence of the hole polaron. Our
study demonstrates that combining these previously established methods allows for a relatively computationally
inexpensive approach to studying the exciton polaron in materials where only one charge carrier forms a polaron.
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I. INTRODUCTION

A polaron is a quasiparticle that forms when an excess
charge carrier strongly interacts with surrounding lattice vi-
brations (phonons), resulting in localization of the charge
carrier [1–4]. Electron-phonon interactions can also result
in the localization of neutral electron-hole pairs or excitons
leading to self-trapping [5,6] or the formation of excitonic po-
larons [7–9]. This localization results in new excitonic states
[5,10] that in turn impact the behavior of these materials.
Thus, polaron formation impacts electro-optical technologies
such as photovoltaics [11], light-emitting diodes [12], and
photocatalysts [13], motivating studies of the microscopic
mechanisms through which polarons influence optical phe-
nomena [14–16].

Computational modeling of exciton polarons can provide
the necessary microscopic insight into the physical prop-
erties of polarons but can be computationally challenging
as it requires accurate modeling of the structural rearrange-
ment of atoms upon photoexcitation. Within first-principles
methods, density functional theory (DFT) can approximate
polaron formation and its impact on the electronic properties
of materials. DFT-based simulations have been utilized for an
accurate description of structural relaxation in the presence of
a localized charge carrier, polaron formation energies, wave-
function localization due to electron-phonon interactions, and
polaron transport [17–24]. To describe exciton self-trapping,
i.e., structural relaxation in the presence of a neutral exci-
ton, it is essential to move beyond ground state DFT. While
wave-function-based quantum chemistry approaches, such as
coupled cluster theory, can be used to study of self-trapped
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excitons (e.g., in α-quartz [25]), this approach is limited in
the size of the clusters that can be studied.

More recently, many-body perturbation theory (MBPT)-
based methods have been developed to investigate self-
trapped excitons in solids [8,26–30]. MBPT-derived exciton-
phonon matrix elements have been utilized in the simulation
of phonon-assisted photoluminescence in bulk hexagonal
boron nitride (h-BN) [29], and exciton-phonon transition rates
in MoS2 and MoSe2 [30]. In addition, an approximation to
excited-state forces within the GW and Bethe-Salpeter equa-
tion (BSE) approach has enabled the prediction of self-trapped
exciton formation in photoexcited carbon dioxide, α-quartz
[26,31], and LiF [28]. A recently introduced supercell free
formalism within GW/BSE has allowed the study of exciton
polarons in larger systems such as Cs2ZrBr6 [7,27] and CrBr3

[8]. Despite these advancements, these methods remain com-
putationally intensive and require multiple BSE calculations,
making the use of a DFT formalism appealing.

Here, we investigate the formation of the hole polaron and
its impact on the exciton in rocksalt MgO. Cathodolumines-
cence (CL) measurements on MgO reveal a broad emission
band at 6.8–6.9 eV that is distinct from the near-band-edge
free-exciton emission at 7.65 eV [32–34] and has been at-
tributed to radiative recombination from self-trapped excitons.
Self-trapping of the exciton is hypothesized to originate from
the formation of a self-trapped hole polaron [35], which is
characterized by localization of the hole on a single oxy-
gen site accompanied by local lattice distortion [20]. Prior
DFT-based studies on the self-trapped hole polaron in MgO
have investigated the polaron formation energy and associated
structural distortions [17], as well as the impact of polaron for-
mation on carrier trapping and electronic transport [35]. These
studies have established that the hole polaron is energetically
favorable in MgO and significantly modifies the electronic
structure.
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Building on this foundation, we study the self-trapping
of the exciton within MgO due to the formation of the self-
trapped polaron. We treat the self-trapped exciton structure as
predominantly dictated by the hole polaron, i.e., we assume
the structural distortion is driven by the localized hole while
the electron remains relatively delocalized. We utilize the
recently developed � self-consistent field (�-SCF) approach
described in Ref. [20] to obtain the structural relaxation upon
hole polaron formation. We then apply many-body pertur-
bation theory to compute the excited state properties of this
relaxed polaron structure. We predict that the lattice distor-
tion associated with polaron formation introduces localized
oxygen 2p states above the valence band maximum that give
rise to new excitonic transitions below the absorption onset.
The resulting optical spectrum displays subgap features that
closely match the experimental luminescence peaks observed
around 6.8–6.9 eV [32,33]. Interestingly, by analysis of the
electron-hole correlation function, we determine that the exci-
ton maintains its Wannier-Mott character with little disruption
to the hydrogenic wave function in the presence of the po-
laron. This is because while the hole is localized on a singly
oxygen atom, the electron density remains delocalized. Our
results highlight the significance of considering polaron for-
mation and the related geometry relaxation when interpreting
the luminescence response of MgO. Additionally, we demon-
strate a relatively computationally inexpensive approach for
the description of the exciton polaron for materials where only
one carrier (electron or hole) forms a polaron.

II. COMPUTATIONAL DETAILS

We studied MgO in the rocksalt crystal structure (space
group Fm3̄m) with initial atomic coordinates obtained from
the Materials Project Database [36]. Density functional theory
(DFT) calculations within the generalized gradient approxi-
mation (GGA) of Perdew, Burke, and Ernzerhof (PBE) [37]
were then performed to optimize the structure with and
without the presence of the hole polaron. The QUANTUM

ESPRESSO software package [38] was utilized with core and
nuclei of atoms described with optimized norm-conserving
Vanderbilt (ONCV) pseudopotentials [39] taken from the
PSEUDODOJO library [40], with 10 and 6 electrons considered
valence for Mg and O atoms, respectively. A plane-wave
energy cutoff of 90 Ry and a 5 × 5 × 5 �-centered uniform
k-point grid were used to converge total energies within
1 meV/atom. Atomic positions and lattice parameters of the
pristine MgO crystal were optimized until the forces on all
atoms were less than 1 meV/Å.

To study the self-trapped hole polaron formation and ob-
tain geometry distortions in the presence of the hole polaron,
we constructed a 2 × 2 × 2 (64-atom) supercell of MgO and
adopted the procedure outlined by Ref. [20] . In short, within
this �-SCF based method, we relaxed the atomic structure
in the presence of the hole by introducing a single hole (+1
charge) with a weak local potential γ added to the Kohn-
Sham Hamiltonian to mitigate self-interaction and derivative
discontinuity errors; γ is determined self-consistently until
piecewise linearity with respect to the occupation levels is
satisfied. The MgO hole polaron structure was presented in
Ref. [20] and our results agree well with the published work.

As expected, the addition of an electron carrier did not result
in structural relaxation or polaron formation. The reason for
this is that the valence band is composed of oxygen p-type
orbitals, while the conduction band is a delocalized sp-type
band.

Quasiparticle energies and optical absorption properties
for both the undistorted and hole-polaron structures were
computed within the GW/BSE approximation using the
BERKELEYGW package [41]. For both structures, calculations
were performed on a 2 × 2 × 2 supercell of MgO, which
was found to be necessary to encompass the hole polaron.
Initial orbitals and energies were taken from DFT-PBE cal-
culations and a one-shot G0W0 correction was applied to
the DFT eigenvalues. The static dielectric function was com-
puted within the random phase approximation (RPA) [42] and
extended to finite frequency using the Generalized Plasmon
Pole (GPP) model of Hybertsen and Louie [43]. The dielec-
tric function and quasiparticle energies were calculated with
a 50 Ry dielectric function cutoff and 15 000 unoccupied
states such that the highest unoccupied state was >400 eV
above the valence band maximum (VBM). For the unoccu-
pied states, 5000 bands were calculated within standard DFT,
and an additional 10 000 bands were generated using the
parabands subroutine of BERKELEYGW. These parameters are
consistent with previously reported GW/BSE studies of MgO
[44]. The band structure of the supercell was unfolded using
the Band Structure Unfolding (BSU) technique, as described
by Popescu et al. [45], implemented within the QUANTUM

ESPRESSO suite. Excitonic properties were obtained by solv-
ing the BSE constructed with 20 valence and 8 conduction
bands on a 12 × 12 × 12k grid interpolated from 3 × 3 × 3 k
grid with 35 valence and 47 conduction bands in the coarse
grid. The imaginary component of the dielectric function was
broadened using a Gaussian broadening of 0.05 eV.

To investigate the spatial localization of excitons, we em-
ployed the electron-hole correlation function (ECF) analysis
of Refs. [46,47]. The ECF is defined as

Fe(r) =
∫

|�(re = r + rh, rh)|2d3rh, (1)

where re and rh represent electron and hole coordinates,
respectively, and the integrals are evaluated over the entire
crystal volume. The numerical integration was carried out by
summing contributions from 100 discrete hole and electron
positions [see Supplemental Material (SM) Sec. II for conver-
gence studies [48]]. In addition to Eq. (1), we also considered
the electron-hole correlation function with the electronic co-
ordinates integrated out, i.e.,

Fh(r) =
∫

|�(rh = re − r, re)|2d3re. (2)

For Fe(r), hole positions were sampled around a central
oxygen atom within a radius of 1 Å, while for Fh(r) electron
positions were sampled within 1 Å of both Mg and O atoms
because of the mixed character of the conduction band (see
SM Sec. III for character of bands [48]). This distance is about
half of the Mg-O bond length of 2.1 Å.
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FIG. 1. (a) The Top shows the (ab) plane of undistorted MgO
with valence band maximum (VBM) orbital density shown at the
bottom. (b) Same as (a) for the MgO structured distorted due to the
presence of the self-trapped hole polaron.

III. RESULTS

The structure of MgO with and without distortion due to
polaron formation is shown in Figs. 1(a) and 1(b). The dis-
tortion is mainly localized near one oxygen atom, consistent
with Ref. [20]. The bonds near the oxygen atom are stretched
and the bond angle with neighboring Mg atoms is distorted
away from 90◦. As shown in the density plots in Fig. 1, the
valence orbital is localized on the oxygen atom, indicating
small polaron formation. We note that we also considered
the structural relaxation in the presence of an added electron
to MgO but found little distortion and no polaron formation,
consistent with prior prediction [49].

To understand how observable electronic properties are
impacted by polaron formation, we plot the calculated band
structure and imaginary component of the dielectric function
for both structures in Fig. 2. In the absence of polaron for-
mation, we predict a fundamental gap of 7.9 eV at k = � as
shown in Fig. 2(a), in good agreement with 7.8 eV extracted
from thermoreflectance spectroscopy [50]. The effective mass
associated with the valence and conduction bands are 4.55me

and 0.33me, respectively, indicating a heavy hole, and in good
agreement with previous first-principles calculations on MgO
[44]. Upon hole polaron formation, three additional occu-
pied bands are introduced at 0.64–0.76 eV above the VBM
of the undistorted MgO. These bands are nondispersive, as

FIG. 2. (a) GW-predicted band structure of MgO for the pristine lattice (black) and the lattice in the presence of a self-trapped hole polaron
(pink). (b) and (c) Show the calculated imaginary component of the dielectric function. (b) shows the predicted spectrum without polaron
formation (blue) and is compared with experimental optical absorption (black), while (c) shows the predicted spectrum in the presence of
a polaron (red) and is compared against experimental cathodoluminescence (black). To aid comparison, intensities in (b) and (c) have been
normalized such that the highest intensity peaks are at one.
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demonstrated in Fig. S7. As discussed previously [20,35],
they are of oxygen 2p character and result from the symmetry
breaking of the MgO crystal lattice in the presence of the hole
polaron.

The structural distortions induced by hole polaron for-
mation in MgO give rise to new optical transitions in the
imaginary component of the dielectric function as shown in
Figs. 2(b) and 2(c). Without the presence of a polaron, we
predict a bright low-energy exciton with absorption onset at
7.6 eV, in good agreement with the experimental onset of
7.7 eV [51]. Hole polaron formation redshifts the absorption
onset by 0.84 eV with multiple states contributing to two
peaks below the undistorted MgO gap. The lowest-energy
peak at 6.76 eV corresponds to transitions from the highest oc-
cupied polaron state to the pristine-like MgO conduction band
minimum (CBM), while a second peak at 6.88 eV arises from
transitions from the two degenerate lower energy polaronic
states [shown in Fig. 2(a)] to the CBM (see SM Tables S2 and
S3). This finding agrees well with experimental CL measure-
ments, which report broad, low-intensity peaks at 6.8 eV [33]
to 6.9 eV [32]. These features were previously attributed to
radiative decay from a self-trapped exciton [32], which our
calculations agree with. Specifically, we determine that the
lattice distortions accompanying polaron formation localize or
trap the hole, leading to new optical transitions below the ab-
sorption onset. We note that the breaking of translational sym-
metry and not point group symmetry leads to these new states.

While the energy and intensity of the optical transitions
are modified significantly upon polaron formation, the exciton
binding energies are within tens of meV for both structures;
the binding energy of the lowest-energy excitonic state is
320 meV for unperturbed MgO and 353 meV for the distorted
geometry. The similarity in binding energies despite hole lo-
calization can be understood within the Wannier-Mott model
for which the exciton binding energy can be approximated
as Eb = (ε2/μ)* Ry, where μ = m∗

e m∗
h

m∗
e +m∗

h
is the reduced mass

and ε is the dielectric permittivity. We predict the electronic
component of ε = 3.0ε0 with and without the presence of
the polaron and μ is also unchanged because it is dominated
by the electron mass (me = 0.33m0), which is significantly
smaller the hole mass mh = 4.55m0 in pristine MgO. We note
that our predicted exciton binding energy is larger than found
experimentally (80 meV [34,51] and 145 meV [50]). The
discrepancy between our calculated values and these experi-
mental measurements can be attributed primarily to the effects
of phonon screening [44] and exciton-phonon coupling, which
are not fully captured in the current theoretical approach.

We next investigate the impact of polaron formation on the
exciton wave function. In the absence of hole polaron forma-
tion, the exciton in MgO is expected to exhibit Wannier-Mott
character, with a hydrogenic envelope function describing
the correlated behavior of electron and hole. This is owing
to the dispersive nature of the VBM and CBM, leading to
electron and hole separation greater than the lattice vector.
We have previously introduced an analysis of the exciton
wave function, via the ECF [46,47], which relates to the
envelope function of the exciton and from which the Bohr
radius can be extracted. To better understand the exciton wave
function in MgO, we apply this analysis technique here.

FIG. 3. The electron-hole correlation function associated with
the lowest-energy exciton within (a), (b) undistorted and (c),
(d) polaron-distorted MgO. (a) and (c) plot the function with the hole
coordinate integrated out [Eq. (1)] while (b) and (d) plot Eq. (2).

Figures 3(a) and 3(b) present the ECF of undistorted MgO
in two dimensions, with one axis integrated out. There are
three nearly degenerate oxygen p-type valence states resulting
in three nearly degenerate excitonic states; here, we plot the
lowest-energy state with all three shown in Fig. S5 of the
SM. Both Fe(r) [Eq. (1)] and Fh(r)[Eq. (2)] are spherical
(Fig. 3), consistent with a Wannier-Mott exciton in the 1s
state. The average electron-hole distance, calculated as 〈r〉 =∫
R3 |r|F (r)d3r, is 8.8 Å, greater than the lattice constant of

4.25 Å (see Table I). As expected from a hydrogenic wave
function, the spatial distributions of Fe(r) and Fh(r) are
nearly identical.

Next, we consider the distortion of the exciton wave
function upon polaron formation. The 2D projections of the
electron and hole densities for the lowest-energy state are
shown in Figs. 3(c) and 3(d). For this system, there is a
significant difference between Fe(r) and Fh(r). While Fe(r)
is nearly identical to the undistorted system, Fh(r) is sig-
nificantly localized. This is because hole polaron formation
does not significantly alter the conduction band dispersion
but localizes the valence band wave function, leading to this
asymmetry. As seen in Table I, the average electron-hole
distance associated with Fh(r) in the distorted geometry is

TABLE I. Computed average electron-hole distances (〈|r|〉) for
the electron-hole correlation function and the predicted Bohr radius
(aB) of the envelope function.

Geometry 〈|r|〉 (Å) aB (Å)

Without polaron (e) 8.9 9.1
Without polaron (h) 8.8 9.2
With self-trapped polaron (e) 8.2 9.6
With self-trapped polaron (h) 2.2 10.2
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FIG. 4. Envelope of the ECF in the presence of the polaron with
envelope of both Fh(r) and Fe(r) shown.

∼2.2 Å, which is smaller than the lattice parameter and a
quarter of spatial distribution of the electron density.

While the hole density is localized, the nature of the ex-
citon envelope function retains the Wannier-Mott character.
We demonstrate this with the envelope of the ECF for the
polaron structure shown in Fig. 4. We have previously shown
this function is analogous to the exciton envelope function and
its spatial decay can be fit to extract the Bohr radius of the
exciton [47]. The asymmetry between Fe(r) and Fh(r) in the
polaron geometry arises because these correlation functions
retain the Bloch periodicity and symmetry of their respec-
tive single-particle wave functions. The hole wave function,
localized on a single oxygen atom, has lost the cubic sym-
metry of the pristine lattice, while the electron wave function
remains delocalized and symmetric. However, the envelope
of the these correlation functions obtained by dividing out
the the noninteracting Bloch contributions, reveal the rela-
tive coordinate motion of the electron-hole pair and recovers
the symmetry between electron and hole. For MgO without
polaron formation, fitting the decay function of the F (r) to
obtain the Bohr radius, we find a radius of 9 Å (see SM
Sec. II [48] and Table I), slightly larger than 6.1 Å, as expected
from the effective mass approximation [44]. In the presence
of the hole polaron, the exciton envelope function does not

show asymmetry between electron and hole with a fit Bohr
radius of 9.5 and 10.1 Å, respectively, indicating that the exci-
ton retains its Wannier-Mott character despite the underlying
single-particle asymmetry.

IV. CONCLUSION

In summary, we employed �-SCF and many-body per-
turbation theory to investigate how hole polaron formation
impacts the optical properties of rocksalt MgO. Our findings
indicate that the structural relaxation and symmetry breaking,
caused by the presence of the hole polaron in MgO, introduce
new electronic states above the VBM that in turn result in opti-
cal transitions below the onset of absorption. Our findings link
the observed low-energy PL peaks to structural distortions and
new electronic in-gap states due to polaron formation with a
predicted Stokes shift due to polaron formation within 0.1 eV
of experiment. Additionally, by analysis of the exciton wave
function, we found that self-trapping leads to an asymmetry
between the electron and hole wave function, with a localized
hole and delocalized electron density. However, the exciton
wave function retains its Wannier-Mott-like character.
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