
Polaron Formation Dynamics in Lithium 
Niobate from Massively Parallel ab-initio 
Simulations 

M. Krenz, A. Bocchini, T. Biktagirov, A. Kozub, S. Badalov, S. Neufeld, 
I. A. Ruiz Alvarado, U. Gerstmann, and W. G. Schmidt 

Abstract Polarons influence decisively the performance of lithium niobate for opti-
cal applications. In this project, the formation of (defect) bound polarons in lithium 
niobate is studied by ab-initio molecular dynamics. The calculations show a broad 
scatter of polaron formation times. Rising temperature increases the share of trajec-
tories with long formation times, which leads to an overall increase of the average 
formation time with temperature. However, even at elevated temperatures, the aver-
age formation time does not exceed the value of 100 femtoseconds, i.e., a value close 
to the time measured for free, i.e., self-trapped polarons. Analyzing individual tra-
jectories, it is found that the time required for the structural relaxation of the polarons 
depends sensitively on the excitation of the lithium niobate high-frequency phonon 
modes and their phase relation. 

1 Introduction 

The electrooptic, photorefractive, and nonlinear optical properties of lithium niobate 
(LiNbO. 3, LN)  [  1, 2] are exploited in various applications such as surface acous-
tic wave devices, laser frequency doubling, nonlinear optics or optical switches for 
gigahertz frequencies. Many LN properties, e.g., optical absorption, frequency con-
version and photoconductivity, are profoundly affected by polarons, i.e., self-trapped 
charge carriers that are screened by a phonon cloud [ 3– 8]. The excess charge giv-
ing rise to polaron quasiparticles may be the result of chemical reduction or optical 
excitation [ 5, 9]. This, together with the dependence of the polaron density on the 
availability of possible lattice trapping sites—which may be locally modified by 
doping [ 3]—opens many possibilities to engineer the optical coefficients in space 
and time [ 10] and allows for fascinating applications such as nonvolatile holographic 
storage [ 11, 12]. Therefore, there is a strong interest in the detailed understanding 
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of the atomic structure of the polarons as well as their electronic properties, optical 
response, formation and transport [ 3, 5, 13– 24]. 

Concerning the notation, the present work follows Schirmer et al. [ 3]: Free, i.e., 
self-trapped polarons are the simplest polaron species in LN. They result from extra 
electrons trapped at regular Nb.Nb ions of the LN lattice. Bound polarons, in contrast, 
are formed by single electrons localized at Nb.Li point defects compensating the 
lithium deficit observed in the congruently melting composition of lithium niobate. 
Recent ab-initio calculations [ 7, 8] established detailed structure models for these 
electron polarons that account for both the measured optical absorption peaks and 
the electron paramagnetic resonance (EPR) data. 

Generally, the relaxation of hot conduction band electrons into polarons is 
assumed to occur in three steps [ 24]: (i) Upon scattering processes the electron 
reaches the bottom of the conduction band, (ii) the electron localizes onto a locally 
distorted site, e.g., at a regular Nb.Nb site (free polaron) [ 3], or on a Nb.Li antisite 
(bound polaron) [ 3], and (iii) the structural relaxation induced by the trapped extra 
electron gives rise to a level within the band gap, which can be detected, e.g., by 
optical absorption. 

In case of lead halide perovskites, the polaron-induced strain field dynamics has 
recently been measured [ 25]. The experimental studies for lithium niobate indicate 
that polaron formation takes place on a femtosecond time scale. However, the micro-
scopic processes involved in the polaron formation are not well understood. Williams 
and co-workers [ 24] observed a strong temperature dependence of the bound polaron 
formation time and report values of 230 and 110 fs for measurements at 20 K and 
at room temperature, respectively. Similarly, times of less than 100 fs and 70–110 
fs are reported in Refs. [ 20– 22], respectively, for the thermalization of photoexcited 
carriers into polarons. Beyer et al. [ 23] conclude from their measurements that bound 
polarons form in less than 400 fs after optical excitation. In order to explain the ultra-
fast generation of bound polarons, they suggest that non-thermalized electrons in the 
conduction band already form free polarons that transform into bound polarons upon 
interaction with the breathing mode of the oxygen octahedra in lithium niobate. On 
the theoretical side, Monte-Carlo methods were applied to study the polaron dynam-
ics in lithium niobate [ 14, 18]. In these studies, a pronounced influence of the sample 
temperature on the polaron diffusion was found. 

The present project aims at the microscopic understanding of the polaron forma-
tion process in lithium niobate. In particular, we focus on the trapping process of 
bound polarons, i.e., the localization of conduction band bottom electrons and the 
structural and vibrational relaxation of the lattice surrounding the Nb. Li antisite defect 
in dependence on the crystal temperature. To that end, ab-initio molecular dynamics 
is employed.
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2 Theory and Implementation 

The molecular dynamics (MD) calculations presented in the following are based on 
the Quantum ESPRESSO [ 26, 27] implementation of density functional theory 
(DFT). The electron-ion interaction is modeled with norm-conserving pseudopoten-
tials that treat the O .2s and .2p, Li  . 2s, and Nb . 4s, .4p, .4d, and .5s states as valence 
electrons. The PBEsol functional [ 28] within the generalized-gradient approxima-
tion (GGA) is used as starting point to describe the electron exchange and correlation 
effects. The electron orbitals are expanded into plane waves using an energy cutoff 
of 85 Ry. The Brillouin zone is sampled with a 2. ×2. ×2 k-point mesh. 

Congruent, i.e., Li deficient lithium niobate is modelled using a 2. ×2. ×2 supercell 
containing 80 atoms including a single Nb. Li antisite atom. The supercell used here 
overestimates the defect density typical for congruent LN by a factor of two. This 
needs to be considered when comparing the simulations to experiment. Also, the 
supercell approach restricts the representation of long-wavelength phonons. How-
ever, as will be shown below, in particular defect localized vibrational modes are 
instrumental for the polaron relaxation. 

In order to correctly account for the single excess electron of the bound polaron, 
spin-polarized calculations are performed. The excess electron is compensated by 
a positive background. For a proper description of the strongly localized polaronic 
excess electron, we need to go beyond (semi-)local DFT. In Ref. [ 7] it has been 
shown, that PBEsol+.U with the self-consistently determined .U value of 4.7 eV for 
the niobium.4d electrons reproduces the measured EPR parameters, which sensitively 
probe the spatial distribution of the unpaired excess electron of the polaron ground 
state. In the present work, focussing on MD calculations that involve structures far 
away from the ground state, the Hubbard .U has to be chosen such that it is large 
enough to enable the electron self-trapping, but still sufficiently low that no artificial 
level-crossings are induced during the simulations. These conditions are fulfilled for 
.Ud = 2.2 eV, the value chosen here. As will be shown in Sect. 3, the variation of . U
leads to an error bar smaller than 10 fs in the calculated polaron formation times. 

Molecular dynamics using a Berendsen thermostat [ 29] applied to systems with-
out excess charge is used to generate equilibrated configurations, i.e., initial atomic 
positions and velocities, that were subsequently employed as starting points for tra-
jectories that model the polaron dynamics at temperatures of 20, 100, 200, 300, 
600 and 1200 K. Forty starting configurations were generated for each temperature. 
The polaron MD calculations were performed in a microcanonical ensemble with an 
excess charge of one unpaired electron placed in the conduction band bottom. 

The mean distance between the excess electron and the Nb. Li antisite atom given by 
.rm = ∫ |r − rd|n(r)d3r is an obvious choice to quantify the polaron localization. The 
time evolution of this quantity during a specific MD run is exemplarily shown in Fig. 
1. It can be seen that the electron remains delocalized for about 70 fs, then localizes 
rapidly within about 15 fs, and remains localized, albeit slightly oscillating, for the 
remaining simulation time. While the time evolution of the excess electron density
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Fig. 1 Evolution of the mean distance of the excess electron from the Nb.Li antisite atom during 
an MD performed at 300 K. Insets show the excess electron localization (turquoise isosurface, all 
isosurfaces refer to 5% of the respective maximum density values) 

is an obvious and direct way to describe the electron localization, it is numerically 
expensive and storage-intensive, if performed for hundreds of trajectories. 

The local magnetic moment.µlocal at the Nb. Li antisite atom provides an alternative, 
and numerically far more convenient measure to quantify the electron localization. 
The spatial distribution of the unpaired electron gives rise to magnetic moments at 
each atomic site that are directly accessible in spin-polarized DFT. A local magnetic 
moment of 0.34 .µB at the Nb.Li antisite atom is found to characterize the polaron 
ground state calculated within PBEsol+.U with .U = 2.2  eV.  

The time evolution of the Nb. Li local magnetic moment and the average Nb. Li–O 
bond length is shown in Fig. 2. The data refer to the same trajectory as shown in 
Fig. 1. The magnetic moment is rather small within the first 70 fs. Then it rises to a 
maximum at around 120 fs. This parallels the electron localization shown in Fig. 1, as  
well as the increase of the average bond length between the Nb. Li antisite atom and the 
surrounding O atoms. At the same time, a flat polaron band forms at the conduction 
band minimum, see bottom panels in Fig. 2. The formation of this rather disper-
sionless state is characteristic for the electron localization, and could indeed serve 
as well as criterion for electron localization. When the magnetic moment reaches a 
local maximum after about 120 fs simulation time, the dispersionless polaron band 
is lowered into the band gap, i.e., a localized electron state has formed. Simulta-
neously, the O cage around the Nb. Li atom has expanded to nearly maximum size. 
Subsequently, for the remaining simulation time, the oxygen atoms oscillate around 
their equilibrium positions for the polaron ground state. These atomic oscillations 
are accompanied by oscillations in the Nb. Li local magnetic moment. Here expanded 
oxygen octahedra correspond to high magnetic moments and vice versa. 

It is clear from Figs. 1 and 2 that the Nb. Li local magnetic moment may be used as 
criterion for the excess charge localization. In order to differentiate between localized
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Fig. 2 (Top:) Evolution of the Nb.Li local magnetic moment and average Nb. Li–O bond length (in 
units of the unit cell dimension) for the same MD as shown in Fig. 1. Dashed lines mark the polaron 
ground state magnetic moment and O positions. (Bottom:) Polaron band structures for specific times, 
with colors indicating the electron localization 

polarons and random charge fluctuations, we define the excess electron as localized, 
if the Nb. Li local magnetic moment is above 0.18.µB for at least 85% of a 15 fs time 
interval. The same strategy is used to determine the polaron lifetime: Once the local 
magnetic moment is below 0.18.µB for at least 85% of a 15 fs period, the polaron is 
considered to be quenched. 

Apart from the electron localization time, also the time subsequently required 
for the relaxation of the lattice in response to the localized electron is of interest. 
The lattice relaxation gives rise to an energy level within the band gap, which can 
be detected, e.g., by optical absorption spectroscopy. In order to relate our findings 
to the experimental situation, it is thus helpful to consider the dielectric function. 
Its imaginary part, calculated for MD snapshot configurations as well as for the 
ground-state polaron structure, is shown in Fig. 3. The calculations are performed 
within the independent particle approximation (IPA) employing the Yambo [ 30] 
package. The calculations for the static geometries are performed using Hubbard-.U
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energy corrections of 5.2 eV and 4.7 eV for the antisite Nb and the other Nb atoms, 
respectively. These values are known to reproduce the measured polaron EPR data 
[ 7]. 

Generally, the polaron absorption peak shifts to lower energies with higher polaron 
band position in the LN fundamental gap. The polaron band position relative to the 
bulk conduction band minimum can thus be used to characterize the completion of the 
polaron formation. The polaron optical absorption peak corresponding to snapshot 
(e) in Fig. 3 agrees well with the corresponding absorption of the ground-state polaron 
calculated to be at around 1.8 eV, which is close to the experimental values 1.7.· · · 1.9 
eV, see Ref. [ 7]. The corresponding polaron band position of 0.78 eV below the 
conduction band minimum is therefore used in the following as the criterion that 
determines the completion of the polaron formation. 

Obviously, the average Nb. Li–O bond length, the Nb. Li local magnetic moment, and 
the Kohn-Sham eigenvalues of the polaron state are strongly correlated measures to 
characterize the polaron formation, see also Fig. 3. Since the local magnetic moment 
is directly related to the electron localization and the position of the polaron band 
is directly related to the measured optical absorption, we use these two criteria to 
quantify the electron localization time and the polaron formation time, respectively. 

3 Computational Performance 

The ab-initio molecular dynamics discussed here are computationally demanding. 
In order to speed up the calculations, we exploit the Message Passing Interface 
(MPI) parallelization implemented in the Quantum Espresso code. Furthermore, 
the computational algorithms rely on mathematical libraries, especially the Linear 
Algebra Package LAPACK and its distributed-memory implementation ScaLA-
PACK. The latter is applied throughout the simulations. 

Our test calculations shows that the Quantum ESPRESSO’s basis parallelization 
(.NBAND = 1 and.NPOOL = 1), where the plane-waves expansion coefficients are 
divided across the cores, is satisfactory only for a comparatively low number of 
cores (about 500). However, Quantum ESPRESSO features in addition an internal 
parallelization, which allows for treating the number of bands (i.e., .NBAND > 1) 
or k points (i.e., .NPOOL > 1) in parallel. Thereby, the parallelization strategies 
mentioned above are still valid. The latter strategy has extensively tested on a system 
containing 640 electrons: As shown in Fig. 4, the performance of the code can be 
extremely enhanced by the usage of.NPOOL > 1. In fact, its application is mandatory 
to make efficient use of more than 1000 cores. We found that the value. NPOOL = 8
allows for a roughly linear scaling of the CPU (wall-clock) up to 10000 cores. 

Applying the parallelization strategies discussed above, a typical single molecular 
dynamics run utilizes 256 cores on two nodes and requires 2 GB RAM per core, 
i.e., about 0.5 TB in total. These settings allow to complete a molecular dynamics 
trajectory, which consist of 200 to 250 single calculations for an 80-atom cell, within
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Fig. 4 Scaling of CPU 
(wall-clock) under the 
application of k-point 
parallelization 

10 to 14 h wall time. This correspondings to 2560 to 3584 core-h. Obviously, to obtain 
statistically valid results, a multitude of trajectories have to be calculated in parallel. 

The calculation of the optical properties of these systems demands additional 
memory. For example, the computation of the wavefunctions required for the calcu-
lation of the optical absorption is performed using 448 cores on 24 nodes and requires 
up to 8 GB of memory per core, resulting into up to 6 TB and.18 · 103 core-h in total. 

Altogether, we have used about .50 · 106 core-h within the present HLRS project. 

4 Results 

The calculated electron localization times and polaron formation times in depen-
dence on the simulation temperature are shown in Fig. 5. A clear trend is seen: The 
higher the temperature, the longer the localization and formation times. The electron 
localization times are slightly more affected. The strongest temperature dependence, 
however, is seen in the polaron lifetime, which reduces strongly with rising temper-
ature. Here the data have to be interpreted with care, however: Many polarons, in 
particular at low temperature, are not quenched during the simulation time of 0.2 ps. 
The data shown in Fig. 5 thus represent the lower limit of the lifetimes. In any event, 
the fact that for temperatures above 1000 K the polaron lifetimes become smaller 
than their formation times indicates an increasing polaron instability at elevated 
temperatures (see also Fig. 6). 

The electron localization times are essentially evenly distributed with a peak at 
short localization times below 20 fs. This peak attenuates with rising temperature, 
leading to an inversion of the ratio between fast and slow localizations at around room 
temperature, see Fig. 7. Obviously, the pronounced lattice deformation at higher tem-
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Fig. 5 Calculated times 
required on average for 
electron localization, polaron 
formation, and polaron 
quenching in dependence on 
the simulation temperature. 
For low temperatures, many 
polarons live longer than the 
simulation time. This is 
indicated by the dashed line
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peratures obstructs the electron localization. In fact, a MD starting from the relaxed 
ground-state geometry of congruent LN results in spontaneous electron localization. 

With increasing temperature, the difference between polaron formation and elec-
tron localization times, i.e., the time required by the lattice to screen the electron— 
called relaxation time in the following—decreases slightly as shown in Fig. 5. Fur-
thermore, the relaxation time scatters in a broad range, between about 10 and 40 fs.
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Only the MD runs that lead to polaron formation are considered in the statistics 
shown inFigs.  6 and 7. Polaron formation occurs essentially always in the temperature 
range between 100 and 300 K. In this case, there is, on the one hand, enough thermal 
motion to allow for polaron formation. On the other hand, the thermal energy is not 
sufficiently high to quench the polaron immediately after formation, cf. Fig. 5. At  
low and very high temperatures, however, there are occasionally trajectories that do 
not result in polarons. In case of temperatures above 600 K, this is a consequence 
of the thermal motion. As shown in Figs. 5 and 6, polarons in the temperature range 
between 600 and 1200 K are comparatively short-lived. At 20 K, in contrast, there is 
little thermal motion and systems with unfavorable starting configurations may not 
form a polaron state within the simulation time. Here, however, a word of caution is 
in order. Our MD calculations neglect zero-point motion, which is known to strongly 
affect the LN properties at low temperatures [ 31, 32]. 

A word of caution is also in order concerning the choice of the Hubbard . U . As  
already mentioned in Sect. 2, an.U value of 2.2 eV is used in the MD calculations. In 
order to determine the influence of .U on the calculated localization and relaxation 
times, we performed additional calculations with .U .= 4.7 eV and without any . U . 
It is found that using .U .= 4.7 eV generally speeds up the electron localization 
by 3.· · · 5 fs. However, this .U value frequently leads to numerical instabilities in the 
dynamics calculations, i.e., charge sloshing. If no Hubbard. U is used, the localization 
is slowed down by 5.· · · 8 fs. This agrees with the expectation that larger .U values 
enforce localization. In any event, we expect the error bar induced by the usage of 
the PBEsol+.U methodology to be smaller than 10 fs. 

Another error bar arises from the finite number of simulations and a possible bias 
of the starting configurations. In order to probe the the statistical significance of our 
results, we performed 50 additional MDs at 200 K simulation temperature. The sim-
ulations started from randomly determined configurations, with the displacements 
normalized according to the Boltzmann distribution. This procedure leads to elec-
tron localization and polaron formation times that are on average 4 and 8 fs longer, 
respectively, than the values obtained by starting from equilibrated configurations. 
From this we conclude that the statistical uncertainty of the present calculations is 
smaller than 10 fs. 

With the localization times determined, it suggests itself to relate these to local 
structural motifs that favor or hinder electron localization. For this reason, corre-
lations between the local environment of the antisite Nb, i.e., the geometry of the 
immediate oxygen, lithium, and niobium neighbors, and the localization times where 
searched for. Unfortunately, no simple relation was found, indicating that the electron 
localization is a complex phenomenon that involves more than the local environment. 

The structural relaxation subsequent to electron localization requires between 10 
and 40 fs. In order to identify the phonon modes that are relevant for the polaron 
screening, the ion movements during the polaron structural relaxation are projected 
on the LN bulk phonon modes. As discussed earlier, the oxygen cage around the Nb. Li
antisite atom expands upon electron localization, see bond length evolution in Fig. 
2. Correspondingly, we find strong contributions of the O related A. 2TO. 1, A. 1TO. 1,
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A. 1TO. 4, and in particular A. 2TO. 3 modes (cf. Ref. [ 33] for notation) to the lattice 
relaxation, see Ref. [ 34] for detailed discussion. 

Interestingly, while the presence of the localized excess charge clearly modifies 
the structure evolution during the MD run and its expansion into bulk phonon modes, 
it does not completely alter the structural dynamics of the system, see Ref. [ 34]. This 
holds for all temperatures. The presence of the polaron charge results in overall larger 
O-Nb. Li distances, but otherwise very similar structural dynamics. In line with the 
increase of the bond length, the frequency of the oxygen vibrations with respect to the 
Nb. Li atom is lowered upon charge trapping, from values around 20.5 THz to about 
17.5 THz. Apart from this, it can be concluded that the presence of the localized 
excess charge slightly modifies rather than drastically alters the temperature driven 
lattice dynamics. This holds in particular for the low-frequency modes and naturally 
explains the broad distribution of relaxation times. 

If the temperature regime of 100.· · · 300 K is considered, the bound polaron for-
mation in congruent LN is calculated here to be completed within 50 fs and 80 fs. 
This at the lower end of the experimental observations reporting values between 70 
and 400 fs [ 20– 24]. In addition to numerical uncertainties, at least two reasons may 
contribute to the difference between experiment and theory: On the one hand, the 
present calculations do not account for the electronic relaxation processes that occur 
bevor the excess electron reaches the bottom of the conduction band. On the other 
hand, the comparatively high Nb. Li antisite density in the present simulations may 
play a role: Replacing one Li with one Nb in an 80 atom unit cell results in a Li/Nb 
ratio of 0.88, smaller than the ratio of 0.94 typically observed for congruent LN. A 
formation time of 1500 fs was measured for near stoichiometric LN with a Li/Nb 
ratio of 0.98 [ 21], suggesting that the bound-polaron formation time increases with 
decreasing density of Nb. Li trapping sites. 

Commonly this is attributed to polaron hopping: The excess electron first forms 
a free polaron, which is then transported via hopping processes to the antisite. The 
distance to the nearest antisite, and thus the formation time, is determined by the 
Li/Nb ratio [ 21]. A direct formation at the antisite happens only if the electron is 
excited near the antisite [ 18]. The distance at which the electron is trapped by the 
antisite is referred to as trapping radius and has been estimated to be of the order 
of 8.5 Å for congruent LN [ 35]. Given that the lattice parameter in the present 
calculations amounts to 11 Å, it is obvious that the present study cannot account 
for the formation of free polarons and their subsequent trapping as bound polarons. 
Preliminary test calculations with 160-atom unit cells allowing for a Li/Nb ratio 
of 0.94 indicate indeed a tendency to longer polaron formation times. The bound 
polaron formation times calculated here should thus be considered as lower estimates 
for congruent LN.
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5 Conclusions 

Molecular dynamics on the basis of density functional theory was used to investigate 
the formation of bound polarons in congruent lithium niobate in dependence on 
the temperature. Here we focussed on the localization of excess conduction band 
electrons and their subsequent transformation to a polaron. A considerable scatter 
of the polaron formation times is found. This can be traced to the fact that oxygen-
related phonon modes are instrumental for the polaron formation and that the polaron 
structural relaxation depends on the phase relation between the respective modes. 
The electron localization time, and to a smaller extent, the polaron formation time 
increase with temperature. At room temperature, bound polarons will form within 
about 60 fs on average. Longer times can be expected to result from electronic 
scattering in the conduction band as well as hopping processes required to transport 
the excess charge in the vicinity of a Nb. Li antisite defect. 

Acknowledgements The Höchstleistungs-Rechenzentrum Stuttgart (HLRS) is acknowledged for 
grants of high-performance computer time. We gratefully acknowledge funding from the Deutsche 
Forschungsgemeinschaft (DFG) under project numbers SCHM 1361/25, SCHM 1361/26, and TRR 
142/3-2022 project number 231447078. 

References 

1. Räuber, A.: Curr. Top. Mater. Sci. 1, 481 (1978) 
2. Weis, R.S., Gaylord, T.K.: Appl. Phys. A 37, 191 (1985) 
3. Schirmer, O., Imlau, M., Merschjann, C., Schoke, B.: J. Phys.: Condens. Matter 21(12), 123201 

(2009) 
4. Luedtke, F., Buse, K., Sturman, B.: Phys. Rev. Lett. 109, 026603 (2012) 
5. Imlau, M., Badorreck, H., Merschjann, C.: Appl. Phys. Rev. 2(4), 040606 (2015) 
6. Krampf, A., Messerschmidt, S., Imlau, M.: Sci. Rep. 10(1), 1 (2020) 
7. Schmidt, F., Kozub, A.L., Biktagirov, T., Eigner, C., Silberhorn, C., Schindlmayr, A., Schmidt, 

W.G., Gerstmann, U.: Phys. Rev. Res. 2(4), 043002 (2020) 
8. Schmidt, F., Kozub, A.L., Gerstmann, U., Schmidt, W.G., Schindlmayr, A.: Crystals 11 (2021) 
9. Merschjann, C., Schoke, B., Conradi, D., Imlau, M., Corradi, G., Polgar, K., Phys, J.: Condens. 

Matter 21, 015906 (2008) 
10. Kozub, A., Schindlmayr, A., Gerstmann, U., Schmidt, W.G.: Phys. Rev. B 104, 174110 (2021) 
11. Hesselink, L., Orlov, S.S., Liu, A., Akella, A., Lande, D., Neurgaonkar, R.R.: Science 282, 

1089 (1998) 
12. Buse, K., Adibi, A., Psaltis, D.: Nature 393, 665 (1998) 
13. Guilbert, L., Vittadello, L., Bazzan, M., Mhaouech, I., Messerschmidt, S., Imlau, M.: J. Phys: 

Condens. Matter 30, 125701 (2018) 
14. Vittadello, L., Guilbert, L., Federenko, S., Bazzan, M.: Curr. Comput.-Aided Drug Des. 11, 

302 (2021) 
15. Messerschmidt, S., Krampf, A., Vittadello, L., Imlau, M., Nörenberg, T., Eng, L., Emin, D.: 

Curr. Comput.-Aided Drug Des. 10, 809 (2020) 
16. Corradi, G., Krampf, A., Messerschmidt, S., Vittadello, L., Imlau, M.: J. Phys.: Condens. Matter 

32, 413005 (2020)



Polaron Formation Dynamics … 127

17. Freytag, F., Booker, P., Corradi, G., Messerschmidt, S., Krampf, A., Imlau, M.: Optical Mate-
rials Express, p. 1505 (2018) 

18. Mhaouech, I., Guilbert, L.: Solid State Sci. 60, 28 (2016) 
19. Kämpfe, T., Haußmann, A., Eng, L.M., Reichenbach, P., Thiessen, A., Woike, T., Steudtner, 

R.: Phys. Rev. B 93, 174116 (2016) 
20. Badorreck, H., Nolte, S., Freytag, F., Bäune, P., Dieckmann, V., Imlau, M.: Opt. Mater. Exp. 

5, 2729 (2015) 
21. Sasamoto, S., Hirohashi, J., Ashihara, S.: J. Appl. Phys. 105(8), 083102 (2009) 
22. Reckenthaeler, P., Maxein, D., Woike, T., Buse, K., Sturman, B.: Phys. Rev. B 76(19), 195117 

(2007) 
23. Beyer, O., Maxein, D., Woike, T., Buse, K.: Appl. Phys. B 83(4), 527 (2006) 
24. Qiu, Y., Ucer, K., Williams, R.: Physica Status Solidi (c) 2(1), 232 (2005) 
25. Guzelturk, B., et al.: Nat. Mater. 20, 618 (2021) 
26. Giannozzi, P. et al.: J. Phys.: Condensed Matter 21, 395502 (2009) 
27. Giannozzi, P. et al.: J. Phys.: Condensed Matter 29, 465901 (2017) 
28. Perdew, J., Ruzsinszky, A., Csonka, G., Vydrov, O., Scuseria, G., Constantin, L., Zhou, X., 

Burke, K.: Phys. Rev. Lett. 100, 136406 (2008) 
29. Berendsen, H.J., Postma, J.V., van Gunsteren, W.F., DiNola, A., Haak, J.R., Chem, J.: Physics 

81, 3684 (1984) 
30. Sangalli, D., Ferretti, A., Miranda, H., Attaccalite, C., Marri, I., Cannuccia, E., Melo, P., Marsili, 

M., Paleari, F., Marrazzo, A., et al.: J. Phys.: Condens. Matter 31(32), 325902 (2019) 
31. Friedrich, M., Riefer, A., Sanna, S., Schmidt, W.G., Schindlmayr, A.: J. Phys. Condensed 

Matter 27, 385402 (2015) 
32. Riefer, A., Friedrich, M., Sanna, S., Gerstmann, U., Schindlmayr, A., Schmidt, W.G.: Phys. 

Rev. B 93, 075205 (2016) 
33. Rüsing, M., Sanna, S., Neufeld, S., Berth, G., Schmidt, W.G., Zrenner, A., Yu, H., Wang, Y., 

Zhang, H.: Phys. Rev. B 93, 184305 (2016) 
34. Krenz, M., Gerstmann, U., Schmidt, W.G.: Appl. Phys. A 128, 480 (2022) 
35. Guilbert, L., Vittadello, L., Bazzan, M., Mhaouech, I., Messerschmidt, S., Imlau, M.: J. Phys.: 

Condens. Matter 30(12), 125701 (2018)


	 Polaron Formation Dynamics in Lithium Niobate from Massively Parallel ab-initio Simulations
	1 Introduction
	2 Theory and Implementation
	3 Computational Performance
	4 Results
	5 Conclusions
	References


