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Point defects introduce localized electronic states that critically affect carrier trapping, recom-
bination, and transport in functional materials. The associated charge transition levels (CTLs)
can depend on temperature, requiring accurate treatment of vibrational and electronic free-energy
contributions. In this work, we use machine-learned interatomic potentials to efficiently compute
temperature-dependent CTLs for vacancies in MgQO, LiF, and CsSnBr3. Using thermodynamic in-
tegration, we quantify free-energy differences between charge states and calculate the vibrational
entropy contributions at finite temperatures. We find that CTLs shift with temperature in MgO,
LiF and CsSnBrs from both entropy and electronic contributions. Notably, in CsSnBrs a neutral
charge state becomes thermodynamically stable above 60 K, introducing a temperature-dependent
Fermi-level window absent at 0 K. We show that the widely used static, zero-kelvin defect formalism
can miss both quantitative CTL shifts and the qualitative emergence of new stable charge states.

Defects play a crucial role in determining the physi-
cal properties of materials, influencing mechanical, elec-
tronic, and thermal behavior [1-5]. In particular, in
functional applications such as photovoltaics they can
both critically enhance and degrade the performance
of solar energy devices [6-8]. Under realistic operat-
ing conditions, defects are unavoidable, making it es-
sential to understand their impact on material behav-
ior. In non-metals, charged defects can form and in-
teract strongly with their environment through long-
range Coulomb forces, influencing electronic and ionic
processes. A key property of such defects is the charge
transition level (CTL), which determines the thermody-
namically favorable charge state for a given Fermi level.
These CTLs are strongly influenced by the local chem-
ical environment and therefore can be sensitive to tem-
perature [9]. Accurate predictions of CTLs are essential
for understanding defect-related properties, underscoring
the need for detailed studies of their behavior including
finite-temperature effects.

These defect-related properties have mainly been mod-
eled using density functional theory (DFT), an accu-
rate but computationally expensive method that be-
comes prohibitive for larger systems and/or is limiting
when thermal effects are important. Many studies have
mapped out CTLs at zero temperature for a wide range of
materials [10-15]. While this allows a static characteriza-
tion of defects, capturing behavior at finite temperatures
remains a significant challenge. At finite temperatures,
contributions from spin, electronic, vibrational and ori-
entational entropy play a role in the free energy formula-
tions [16, 17]. Among these, vibrational entropy typically
has the largest impact and must be accounted for to ac-
curately predict defect formation energies at finite tem-
peratures. Incorporating this temperature dependence
is therefore essential for reliable predictions above zero
kelvin.

Finite-temperature effects have been explored within
the (quasi-)harmonic approximation but also using

molecular dynamics approaches [17-20], as well as
through analyses of defect-induced volume changes and
band-edge fluctuations [21]. These studies show that
temperature induces only modest variations in defect for-
mation free energies. However, a comprehensive under-
standing of the temperature dependence of CTLs is still
emerging.

Here, we introduce a general finite-temperature frame-
work for defect CTLs by combining DFT-trained neu-
roevolution potential (NEP) models with thermody-
namic integration (TI) to quantify the temperature de-
pendence of CTLs, as well as to determine the temper-
ature dependence of optical transitions associated with
vacancies in MgO, LiF, and CsSnBrs. Building on the
recent work on defect line shapes [19], for each mate-
rial, a NEP model was trained on DFT reference data
encompassing defect configurations across the relevant
charge states. To explicitly represent the vacancy, the
atoms neighboring the defect site were decorated with al-
ternative atomic labels, enabling the potential to distin-
guish local environments associated with different charge
states [19]. Two distinct TI paths were employed to
accurately capture the temperature-induced changes in
the CTLs: the Frenkel-Ladd path [22] and a direct
integration path connecting machine-learned potentials
(MLIPs) representing different charge states. Compared
to previous finite temperature studies of defect free ener-
gies and CTLs, our work provides a practical and general
workflow for obtaining finite temperature CTLs based on
MLIPs, decomposes vibrational and band-edge (valence
band maximum (VBM)) contributions across three rep-
resentative material classes, and demonstrates the finite
temperature emergence of a neutral defect charge state
in CsSnBrjz that is unstable at 0 K.

The defect formation free energy for a defect X in
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FIG. 1. Machine-learned interatomic potential and illustrations of marked structures. (a) The MgO model

performance. Six closest Mg atoms to the oxygen vacancy are marked. (b) The LiF model performance. Six closest Li atoms
to the fluorine vacancy are marked. (¢) The CsSnBrs model performance. Two closest Sn atoms to the bromine vacancy are

marked.

charge state ¢ is given by Eq. (1).

GIX(T, pte) = Grot[XU(T) — Gror[bulk](T)

- Z T g + q (EVBM (T) + Me) + Ecorr (Q) (1)

Here, Gtot[X?] and Giot[bulk] denote the Gibbs free en-
ergies of the defect-containing and pristine supercells, re-
spectively. The term ), n;u; accounts for the chemical
potential contributions associated with adding or remov-
ing atoms of type i. Since the CTL does not depend on
the chemical potentials, all u; are treated as constants
throughout this study. The term q(Evpm + [te) Tepre-
sents the energy required to add or remove g electrons ref-
erenced to the VBM. The temperature dependence of the
VBM was obtained from molecular dynamics (MD) snap-
shots via deep core level alignment, with further details
given in the ST (Sec. 1.3). Ecop is the correction term for
finite-size effects, which in the present work is charge de-
pendent and evaluated using the Freysoldt, Neugebauer
and Van de Walle (FNV) correction scheme [23, 24]. The
values for ionic chemical potentials, temperature depen-
dent VBM shifts, and FNV corrections are reported in
the ST (Sec. 1.3).

CTLs determine the thermodynamically favorable
charge state of a defect at a given Fermi level. The CTL
between charge states ¢ and ¢’, denoted as €,/ is cal-
culated from the difference in the defect formation free

energies,

G/ [X% pe = 0] = GT[X; pe = 0]
7 —q '

(2)

€q/q =

To obtain well-converged T1 results, we require an effi-
cient way to perform MD simulations. To this end, NEP
models were trained for MgO, LiF, and CsSnBrs. For
MgO and LiF, the reference data were generated using
the PBEsol exchange—correlation functional [25], whereas
for CsSnBr3 the r2SCAN functional [26] was employed.
The training dataset comprised both pristine and defec-
tive structures. For MgO, we included O vacancies with
charge states 0 and +2; for LiF, F vacancies with charge
states —1, 0, and +1; and for CsSnBrs, Br vacancies
with charge states —1, 0, and +1. In all training con-
figurations, atoms neighboring a vacancy were labeled
according to the charge state of that vacancy [19]. For
MgO and LiF, the six Mg or Li atoms surrounding an
O or F vacancy, respectively, were labeled, as illustrated
in Fig. 1. In CsSnBrs, the two Sn atoms closest to the
defect were labeled. These labels encode the charge state
of the associated vacancy.

To obtain free energy differences between charge
states, including anharmonic contributions, we per-
formed TT directly between charge states and validated
against Frenkel-Ladd TT.

The direct path between charge states was imple-
mented by duplicating the MLIP and relabeling the



atoms marked to represent a specific charge state. This
produces two otherwise identical models that differ only
in the assigned charge-state labeling of the defect en-
vironment. We then perform TI along a path between
these two potentials, allowing us to compute the free-
energy difference directly between the charge states. The
resulting free energy difference provided the formation
energy difference between the charge states, from which
the CTLs were obtained.

The Frenkel-Ladd path [22], which connects the sys-
tem described by the NEP model to a reference Einstein
crystal with analytically known free energy, was used to
calculate the free energy of both a pristine and defect cell.
The formation energy was then obtained from Eq. (1).
This approach yielded the absolute free energy of each
structure at the target temperature, enabling accurate
determination of defect formation free energies. These
formation energies for different charge states were subse-
quently used in Eq. (2) to calculate the CTLs.

The performance of the NEP models is shown in Fig. 1.
All models achieve R? scores close to 1 and low root mean
square error (RMSE) scores.

Using TT with our MLIP, we obtained the Gibbs free
energy of the charge states and pristine cells by integrat-
ing along the Frenkel-Ladd path. The defect formation
energies were then evaluated using Eq. (1), including the
VBM and correction terms.

These calculations enabled the construction of defect
formation energy diagrams as a function of Fermi energy
at various temperatures, as shown in Fig. 2a—c. In these
plots, only the thermodynamically most stable charge
state is shown at each Fermi energy. The positions of
the VBM and CBM are marked by solid vertical lines,
with colors corresponding to their respective tempera-
tures. The shifts of both VBM and CBM are reported
in the SI (Sec. 1.3). While we train our NEP models on
data generated with semilocal functionals, we adjust the
band edges in the formation energy plots for a more direct
comparison with experimental data. It has been shown
that CTLs of localized defects are found at similar abso-
lute energies at different levels of theory [27]. Therefore,
we only adjust the positions of the VBM and CBM in the
plots. The shifts are taken from comparisons between
calculations performed at the PBEsol level of theory for
MgO and LiF, and at the r2SCAN level for CsSnBrg,
against hybrid-functional calculations using the PBEO(«)
functional. In the case of CsSnBrs, we additionally incor-
porate the shifts from including the spin-orbit coupling.
For MgO and LiF, the values of the exact-exchange frac-
tion (o = 0.34 and o = 0.50, respectively) are taken from
Ref. [28], where they were determined using Koopmans’
theorem applied to the hydrogen probe and the H* /0
level. For CsSnBrs we use a = 0.26, following Ref. 29,
where the bromine vacancy was used as a probe.

From the formation energy diagrams, the CTLs at the
temperatures where TI was performed were extracted,

shown as the x-markers in Fig. 2d—f. Note that the
shifts of CTLs in these plots are reported relative to
the temperature dependent VBM. Because the Frenkel—
Ladd path requires extensive sampling to achieve con-
vergence, the full temperature dependence of the CTLs
was obtained using the direct TI path between charge
states, also shown in Fig. 2d—f. The two TI approaches
yield closely agreeing results at all temperatures, while
the direct path is substantially more computationally
efficient. This enhanced efficiency is evident from the
faster convergence shown in the SI (Fig. S7). This likely
arises from the smaller energy differences along the TI
path between charge states compared with those encoun-
tered along the Frenkel-Ladd path. Moreover, evaluat-
ing the free-energy difference between charge states via
the Frenkel-Ladd route requires two separate TI calcu-
lations, one for each charge state. In contrast, the direct
charge-state path requires only a single TI calculation
to obtain the CTL. Thus, the direct path both halves
the minimum number of required TI runs and converges
substantially faster than the Frenkel-Ladd path.

Optical transition energies (Egpi(q/q) for transition
from ¢ to ¢') were calculated both at zero kelvin, us-
ing configurational coordinate diagrams (Fig. 3a-c), and
at finite temperatures, using MD simulations (Fig. 3d-f).
These transitions are reported relative to the tempera-
ture dependent VBM and move similarly to the associ-
ated CTLs. This is in agreement with previous results
showing that the optical transition levels fluctuate sim-
ilarly to the CTL in CsPbBrs [18]. The configuration
coordinate diagram represents the potential energy sur-
face (PES) as the structure transforms between different
defect geometries, where the energy differences between
charge states at their minima correspond to emission or
absorption processes. These diagrams were constructed
by interpolating between the relaxed geometries of dif-
ferent charge states while the MLIP predicted the energy
along the transformation path. These represent the zero-
kelvin optical transitions, as they are derived from re-
laxed geometries. At finite temperatures starting at 10 K,
MD trajectories of defect-containing cells were generated
in charge state g, while the energies were simultaneously
evaluated for charge state ¢’. The energy differences be-
tween these states correspond to the optical transition
energies between states ¢ and ¢', reflecting electronic ex-
citations or absorption occurring on timescales too short
for atomic relaxation. The temperature-dependent opti-
cal transition levels are shown in Fig. 3d-f. The shaded
regions represent the widths of the sampled emission
and absorption distributions. For each temperature, the
mean values and distribution widths were extracted from
individual NPT ensemble simulation runs with durations
ranging from 0.21ns to 5ns.

Oxygen vacancies in MgO with charge states +2 and
0 were investigated, resulting in one CTL. This CTL ex-
hibits a clear temperature dependence (Fig. 2a, d) that is
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FIG. 2. Temperature-dependent CTLs for MgO, LiF, and CsSnBrs with regard to VBM position. Dashed lines represent
the positions of the CTLs and solid vertical lines indicate VBM and CBM positions, colored according to the temperature they
represent. (a,d) The e45/0 level in MgO shifts by approximately —785meV over a temperature range of 1000K. (b,e) In LiF,
the €11 /9 and g/_, levels shift by about —994 meV and —1035 meV, respectively, over 500 K. (c,f) The CTLs exhibited a shift
of roughly 111 meV, 324meV and 218 meV over the 300K for the transitions between +1/0, 0/ — 1 and +1/ — 1 respectively.
Notably, a region where the neutral charge state is thermodynamically favorable is introduced around 60 K.

driven by both vibrational entropy and a shift in VBM.
The direct path between charge states yielded a CTL
shift of —0.785meV K~1.

Over the temperature range studied, the VBM in-
creases by approximately 414meV, see Fig. S9 for de-
tails. This shift contributes to roughly half of the CTL
movement. Excluding this shift from the total free energy
change, the vibrational contribution from the path be-
tween different charge states averages —0.371 meV K1,

For MgO, the optical transitions between the neutral
and +2 charge states were considered. From the config-
urational coordinate diagram (Fig. 3a) these transitions
appear as the energy difference between the states in the
their respectively relaxed geometries. We note that these
zero kelvin vertical transitions are in reasonably good
agreement with previous work done within the GoW, ap-
proximation and the Bethe-Salpeter approach [30]. Fur-
thermore, the temperature dependence of these optical
transitions and their fluctuation (Fig. 3d) reveals a de-
crease in transition energies, which aligns well with the
observed change in the CTL. In this figure, the shaded
area indicates the standard deviation of the sampled op-
tical transition energies, showing that these distributions
widen with increased temperature. This increase in dis-
tribution width is similar for both charge states.

For LiF, fluorine vacancies with charge state —1, 0
or +1 were investigated, leading to two CTLs as all

states have a region of stability. Both CTLs exhibit
a shift with temperature (Fig. 2b, e¢). The shifts in
CTLs from the direct integration are —1.988meV K1
and —2.070 meV K~ for the +1/0 and 0/ — 1 transitions,
respectively.

The shift in VBM over 500 K was around 605 meV (see
Fig. S11). Excluding this from the CTLs movement, the
shifts become —0.778 meV K~! and —0.860meV K~ for
the +1/0 and 0/ — 1 transitions, respectively. This is a
substantial shift, even when excluding the VBM contri-
bution, underscoring the importance of including vibra-
tional entropy.

For LiF, the optical transitions between the neutral
and +1/—1 charge states were considered (Fig. 3b, e). As
in the case of MgO, the temperature dependence of these
optical transitions and their fluctuations (Fig. 3e) show a
slight decrease in transition energies with increasing tem-
perature, which aligns well with the observed change in
the CTL. Furthermore, the distribution widths of differ-
ent transitions are on the same scale.

For CsSnBrj, bromine vacancies with charge state —1,
0 or +1 were investigated. In both the orthorhombic
and tetragonal phases there are non-degenerate vacancy
sites. The difference in CTL positions between these are
about 0.025 eV at zero kelvin and they all converge to the
same values in the cubic phase as they become degener-
ate. In this section, we report findings from the defect site
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FIG. 3. Configurational coordinate diagrams and temperature-dependent optical transitions for MgO, LiF,

and CsSnBrs. (a—c) The energy difference at the relaxed geometry of each charge state defines the corresponding emission
or absorption energy. The specific emission and absorption energies are shown as insets in the figures. (d—f) Emission and
absorption energies during MD simulations at different temperatures. The shaded area represents the standard deviations of

the sampled emission and absorption distributions.

that yields the lowest formation energy in the zero kelvin
limit. At absolute zero, only the negative and positive
charge states are thermodynamically stable. However,
at temperatures above approximately 60K, a region in
which the neutral charge state becomes thermodynami-
cally favored emerges (Fig. 2¢). Due to the soft dynamics
of this material, independent TI simulations fluctuated a
lot in comparison to both LiF and MgO, requiring more
sampling to reach convergence. For this reason, linear fits
of the movement of the CTLs were performed. Addition-
ally, two phase transitions are observed across the tem-
perature range considered, an orthorhombic to tetragonal
transition at 140K and a tetragonal to cubic transition
at 225 K. The linear fits were performed for each phase,
showing minor changes in CTL slope at these transitions
(Fig. 2f). Thus, structural phase transitions do not intro-
duce discontinuous CTL shifts for this defect. The CTLs
exhibited shifts of 0.370meVK~!, 1.080meVK~!, and
0.727meV K~! for the transitions between +1/0, 0/ — 1,
and +1/ — 1, respectively.

The VBM shift (—214meV between 0 and 300K, see
Fig. S13) accounts for a substantial part of the CTL
motion, but the sign and magnitude of the residual vi-
brational contribution differ between transitions, lead-
ing to the stabilization of the neutral state. Exclud-
ing the VBM shift, the CTL moves by —0.343meV K1,
0.367meVK™!, and 0.014meVK~! for the transitions
between +1/0, 0/ — 1, and +1/ — 1, respectively. This
highlights that the vibrational entropy is the effect sta-
bilizing the neutral charge state at higher temperatures
in CsSnBrz. These results show that, for CsSnBrs, the
CTL moves slightly and has a substantial contribution
from the change in the VBM. This small movement in
the CTLs due to vibrational entropy over this temper-
ature range aligns well with previous results for halide
perovskites [20]. However, the results also show the im-
portance of including finite temperature effects as the
neutral charge state emerges as thermodynamically sta-
ble for some Fermi energies only above 60 K.

For CsSnBrjs, the optical transitions between the neu-



tral and +1/ — 1 charge states were considered (Fig. 3c).
The optical transitions and their fluctuations (Fig. 3f)
exhibit an increase in transition energies. This is con-
sistent with the CTLs of CsSnBrs and also with pre-
vious studies showing that the optical transitions shifts
together with CTLs in CsPbBrs [18]. Furthermore, the
vertical energy distributions associated with transitions
from the neutral to the charged states are substantially
broader than for all other transitions. This is reflected
by the flat energy landscape of the neutral charge state
in comparison with both the negative and positive charge
state (Fig. 3c). When calculating absorption or emission
events from the neutral charge state during MD, the sys-
tem naturally exhibits larger structural fluctuations, as
the flat energy landscape allows it to move in and out
of geometries corresponding to the energy minima of the
negative and positive charge states.

The temperature dependence of the CTLs across the
investigated materials reveals distinct trends governed by
the combination of vibrational entropy and VBM shifts.

For all materials investigated, substantial shifts in
CTLs were identified. In MgO, the CTL movement is
due to a near-equal shift in VBM and vibrational entropy.
For LiF, contributions from vibrational entropy alone ac-
counts for significant movements in CTL positions, which
gets amplified when including the VBM movement. This
emphasizes that lattice vibrations can drive significant
CTL shifts and shows that these effects are of impor-
tance when modeling defect energetics. For CsSnBrs, the
temperature-induced movements of the CTLs are moder-
ate and influenced mainly by VBM shifts. Effects such as
these have been measured experimentally, for instance in
GaSe where the difference between two CTLs, from Ga
vacancies, increases from 0.17eV to 0.38 eV over a range
of 290.5K [31]. This corresponds to a change of roughly
0.722meV K~!, which is on the same order of magni-
tude as our results. Temperature shifts in the optical
transition energies (Fig. 3d—f) have also been reported in
previous experimental [32] and theoretical studies [19].

Furthermore, the most interesting observation related
to the CTLs in CsSnBrs is the change that takes place
at 60 K, where the neutral charge state becomes stable
at some Fermi energies. The width of this stability range
grows as temperature increases and at 300 K the neutral
charge state is the most stable one across a substantial
part of the band gap.

Our results highlight two points: The inclusion of
finite-temperature effects is of importance due to the po-
tential temperature dependence of CTLs and due to the
possible introduction of new thermodynamically favor-
able charge states.

To conclude, we have quantified the temperature de-
pendence of CTLs and optical transition energies for va-
cancies in MgO, LiF and CsSnBrj by employing MLIPs.

The direct TI path between charge states achieves high
computational efficiency because the free energy differ-

ences along this path are small, in contrast to the much
larger changes usually encountered in the Frenkel-Ladd
path to an Einstein crystal. As a result, less sampling is
required to obtain accurate estimates of the vibrational
free-energy differences.

The results show that temperature can shift CTLs by
hundreds of meV, with the cause of these shifts differ-
ing between materials. In MgO, LiF and CsSnBrs both
vibrational and electronic (VBM) contributions are rele-
vant to the movement of CTLs. Notably, in CsSnBr3 we
find the emergence of a thermodynamically stable neu-
tral charge state only above 60 K. This shows that even if
CTLs only vary slightly due to vibrational entropy contri-
bution, this could have a significant impact by introduc-
ing entirely new thermodynamically stable charge states.
Finite temperature shifts in CTLs and the emergence of
new charge states as reported here are directly relevant
for predicting doping limits and non-radiative recombi-
nation in wide-gap functional materials.

Together, these findings demonstrate that finite-
temperature effects are essential for reliable predictions
of defect energetics. We show that the widely used static
formalism of defect modeling fails to capture details that
are important under operating conditions for these ma-
terials.
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1 Supplementary Figures

1.1 Machine-learned potentials

Here, the losses during training are presented for all models as well as the parity plots showing the performance

for energies, forces, virials, and stresses.
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Fig. S6: Parity plot for energies, forces, virials and stresses in CsSnBrj.

1.2 Comparison of thermodynamic integration paths

To illustrate the computational efficiency of the direct integration path, a benchmark of this method in com-
parison with the Frenkel-Ladd path was made for the free energy difference between the charge states 0 and +2
for an oxygen vacancy in MgO at 50 K. From Figure S7 it is clear that the direct path converges more quickly
than the Frenkel-Ladd method, with its standard error for 3 runs outperforming the Frenkel-Ladd path for 30
runs for all numbers of steps. Note that the energies reported here are not corrected with regard to valence
band maximum (VBM) and the FNV scheme, but instead are the raw data obtained from the methods.

Based on this benchmark, a minimum of 30 Frenkel-Ladd runs were performed for each temperature, each
with at least 50000 steps. For the direct integration, at least 50 000 steps were performed for each temperature.
The timestep used throughout this work was 1 fs.

1
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Fig. S7: Results and standard error for the energy difference between charge states 0 and +2
in MgO. Three cases were considered, direct integration between charge states averaged over 3 runs, and the
Frenkel-Ladd path averaged over 3 and 30 runs. Convergence with number of steps is clearly much quicker for
the direct integration method, as it essentially converges already after 1000 steps.



1.3 Chemical potential, corrections, and VBM shifts

Finite-size corrections for charged supercells were evaluated using the FNV scheme. All corrections were com-
puted at 0 K and subsequently assumed to be temperature independent throughout this work.

The temperature dependence of the VBM was calculated using deep core states as reference levels. Snap-
shots from molecular dynamics (MD) simulations at finite temperatures were extracted, and density functional
theory (DFT) calculations were performed to obtain the electronic DOS for each snapshot. A Gaussian fit was
performed to deep levels for the electronic DOS of snapshots obtained from MD heating runs. The distance be-
tween the mean of this fit and the VBM was then calculated to track the VBM shift. This method is illustrated
for one snapshot in Figure S8. The same method was used to track the conduction band maximum (CBM)
movement.
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Fig. S8: Gaussian fits to DOS in MgODashed red curve is the gaussian fit to deep levels and
dashed vertical line is the VBM position .

1.4 MgO

The ionic chemical potential of O was evaluated in a Mg-rich environment and found to be —4.45eV. For
MgO, the FNV scheme yields a correction of 722 meV for the +2 charge state. The VBM shift as a function of
temperature and fit of this data can be seen in Figure S9. The CBM as a function of temperature can be seen
in Figure S10
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The ionic chemical potential of Li was evaluated in a Li-rich environment, and found to be —7.903eV. For LiF,
the calculated FNV corrections amount to 541 meV for the +1 charge state and 0.465eV for the —1 charge
state. The VBM shift as a function of temperature and fit of this data can be seen in Figure S11. The CBM as
a function of temperature can be seen in Figure S12
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1.6 CsSnBr;

The ionic chemical potential of Br was evaluated in a Br-rich environment and found to be —12.758 ¢V. In the
case of CsSnBrs, the +1 and —1 charge states require corrections of 172meV and 113 meV, respectively. The
VBM shift as a function of temperature and fit of this data can be seen in Figure S13. The CBM as a function
of temperature can be seen in Figure S14
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