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Abstract 

Systematic study of electron-phonon coupling in nanocrystals (NC) via first-principles methods 

has been limited by the large system sizes presented by the NCs. Here, we present a method to 

extract electron-phonon coupling strengths from ab initio Molecular Dynamics simulations that is 

computationally less demanding. We use this method to investigate how electron-phonon coupling 

strengths depend on NC size, ligands, and defects for the model system of PbS NCs and also 

demonstrate its general applicability by leveraging the approach to compute electron-phonon 

coupling strengths in CdSe and CsPbI3 NCs. The strong coupling of phonons to interband 

transitions in all NCs imposes fundamental limits to emission linewidths. Our results indicate that 

coupling to localized vibrations stemming from undercoordinated atoms on the surface of the NCs 

contribute significantly to linewidth broadening, and help to explain the experimentally observed 

trend that homogenous linewidths decrease with increasing NC size. Finally, we also demonstrate 

that mild surface defects on the NCs, which do not impact the ground state electronic structure of 

the NC, can dramatically increase radiative linewidths. 

 

Keywords: nanocrystals, quantum dots, electron-phonon coupling, emission line broadening, lead-

halide perovskites 
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The facile and scalable syntheses of colloidal semiconductor nanocrystals (NCs), combined with 

the tunability of their optical and electronic properties, and their compatibility with low cost 

solution processing of devices, render them promising candidates for a variety of optical and 

optoelectronic applications.1–5 However, strong electron-phonon coupling (EP-coupling) observed 

in these systems drives multi-phonon mediated transitions, such as broadening of optical 

transitions,6,7 intra-band cooling,8–10 nonradiative recombination of carriers,11–13 and charge 

transfer in solid state ensembles,14  imposing fundamental limits to the efficiency of applications 

and devices utilizing NCs.  

A good example of this is the photoluminescence (PL) linewidth, a key performance parameter for 

applications which utilize NCs for their emission. As the synthesis of NCs has improved, the PL 

linewidths of many NC systems are no longer limited by inhomogeneous broadening of the NC 

ensemble due, for example, to a NC size distribution. Instead, the PL linewidth is determined by 

the intrinsic phonon-broadened linewidth of individual NCs (in some cases, amounting to 10% of 

the emission energy). Linewidths are larger than in bulk samples of the same semiconductor, 

indicating an enhancement of EP-coupling in NCs, further evidenced by a universal increase in the 

NC linewidth with decreasing NC size is observed for core-only chalcogenide and perovskite NCs 

(see Fig. 1A).15–19  

Determining the strengths and origins of EP-coupling through first-principles calculations in NCs 

can enable the systematic optimization of linewidths, for example, through surface engineering.20–

22 However, computing EP-coupling strengths in NCs presents a unique challenge due to their 

large size (100s to 10,000s of atoms), and the need to include the complete structural complexity 

of the NC, including its surface facets and surface-terminating ligands. 
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Within the harmonic approximation, the coupling of a phonon (vibration) with frequency 𝜔 to a 

transition from the state 𝜓# to the state 𝜓$ is given by the dimensionless Huang-Rhys parameter 

𝑆#$,'.23 As shown in Fig. 1B, 𝑆#$,' is related to the shift in the normalized equilibrium atomic 

coordinates of the atoms (𝑄#' and 𝑄$') between states 𝜓# and 𝜓$ in the direction of the 

vibration.24,25 Given the set of 𝑺#$,' for each phonon with frequency 𝜔 which couples to the 

transition of interest, one can compute the temperature dependent rates of both radiative and non-

radiative transitions between 𝜓# and 𝜓$.26  

Various classes of electron-phonon coupling to inter- and intra-band transitions in chalcogenide 

and perovskite NCs have been demonstrated, including Frohlich type coupling of longitudinal-

optical (LO) phonons,6,27–30 and deformation-potential type coupling to confined acoustic 

modes6,27,31–33 and localized vibrations on the NC surface resulting from a modified chemical 

environment due to undercoordination and ligand binding.13,20  

Unfortunately, without a priori knowledge of which phonons/vibrations exist in the NC and which 

modes couple to the transition of interest, all 3NA-6 of the 𝑺#$,' must be calculated, where NA is 

the number of atoms in the system. Utilizing density functional theory (DFT) based ‘atomic-

displacement/frozen-phonon’ approaches34,35 to estimate the 𝑺#$,' therefore requires 3NA-6 

independent self-consistent energy calculations. In the best case, the computation time for each 

self-consistent energy calculation scales with NA, and the overall time to estimate the set 𝑺#$,' goes 

as ~3NA2. Such approaches are feasible for molecules and bulk materials with relatively small NA 

(for bulk calculations, NA is the number of atoms in the supercell used for the calculation). 

However, the large systems sizes presented by the NCs, with NA in the range of hundreds to tens 

of thousands of atoms (Fig. 1C), limit the applicability of standard ab-initio calculation schemes 

often employed. 
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Here, we present an efficient and conceptually facile method to obtain complete spectral 

representations of  EP-coupling strengths, 𝑆#$(𝜔+), from ab-initio Molecular Dynamics (AIMD) 

simulations. The method scales linearly with system size, enabling the study of NCs with sizes 

relevant for optoelectronic devices. We show that this method can be applied to investigate the 

impact of NC size and ligands on electron-phonon coupling strengths in lead-sulfide (PbS) NCs, 

confirming experimentally observed trends. We show that atomistic surface defects, which have 

negligible impact on the electronic structure of the NC, can lead to a dramatic increase in the EP-

coupling strengths. Finally, we confirm the general applicability of the approach by computing 

EP-coupling strengths in cadmium-selenide (CdSe)36 and cesium-lead-iodide (CsPbI3) NCs,37 the 

results of which show good agreement to previous spectroscopic studies. 

 

Figure 1. Electron phonon coupling in semiconductor nanocrystals. (A) Plot of the 
photoluminescence  (PL) linewidth of various semiconductor NCs as a function of size, taken from 
literature. Measurements on PbS,15 CdSe,17, and CsPbX3,19 are for single NCs while the 
measurements for CdTe18 were performed on an ensemble. (B) Configuration diagram for states 
𝜓# and 𝜓$ along the axis of a particular phonon with frequency 𝜔. The shifted harmonic oscillator 
atomic wavefunctions for each state are shown as the grey lines. The EP-coupling of the phonon 
with frequency 𝜔 to transitions between 𝜓# and 𝜓$ is related to the shift 𝑄#' − 𝑄$'. (C) Atomic 
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models of a small molecule, a NC, and an unit cell of a bulk semiconductor, indicating typical 
system sizes. 

AIMD is a powerful method for investigating dynamical processes at the atomic scale,38–40 from 

which one can simultaneously obtain the atomic trajectories and the adiabatic ground-state 

electronic structure of the system being simulated. From the atomic trajectories, we can directly 

compute the phonon density of states of the NC, g(w), along with the partial density of states for 

each atom in the NC, gi(w) (see Supporting Information Note 1). The g(w) extracted from AIMD 

has been shown to be in good agreement with the g(w) of NCs experimentally measured using 

inelastic neutron- and x-ray scattering.13,41  The EP-coupling strengths can then be computed from 

the time-dependent adiabatic electronic structure.  

In the AIMD, each degree of freedom (or vibrational mode) has an average energy of kBT and a 

time-dependent normal coordinate: 

𝑄'(𝑡) = 01+23
ℏ'

𝑒#'678 + 𝑄:', (1) 

where 𝑄:' is the equilibrium normal coordinate in the ground state. The time-dependent energy 

of the transition from any two electronic states in the system, 𝜓# → 𝜓$, is then given by  

𝐸$(𝑡) − 𝐸#(𝑡) = =𝐸$ − 𝐸#> +?@
1
2ℏ𝜔

=𝑄'(𝑡) − 𝑄$'>
1
−
1
2ℏ𝜔

(𝑄'(𝑡) − 𝑄#')1C ,
'

		

= =𝐸$ − 𝐸#> + ∑ =F𝑆:#,'𝑆#$,' + F𝑆:$,'𝑆#$,'>ℏ𝜔' + ∑ F4𝑆#$,'ℏ𝜔𝑘I𝑇𝑒#'678' . (2) 

Referring back to the schematic in Figure 1B, the first term is the energy difference between state 

Ei and Ej (the bottom of the two parabolas); the 2nd term is the shift in energy of the transition 

between states i and j due to the normal coordinates of one or both states being shifted away from 

𝑄:' (i.e., the Stokes shift of the transition); and the third term is the time-dependence of the energy 
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due to the motion of the atomic coordinates at a given temperature T (along by the adiabatic energy 

surfaces, i.e., the parabolas in Figure 1B). Only the third term is time dependent, and we can 

therefore extract a spectral representation of the coupling strengths 𝑆#$(𝜔+) via a Fourier 

transform, ℱ{… }, of the time dependent energies  

𝑆#$(𝜔+) = PℱQ𝐸$(𝑡) − 𝐸#(𝑡)RP
1
/4ℏ𝜔𝑘B𝑇. (3) 

For a finite system (such as a NC) Eq. 3 allows, from a single AIMD simulation, the simultaneous 

calculation of 𝑆#$(𝜔+) for all transitions and over the entire frequency range of vibrational modes 

from a single AIMD simulation of the system. The spectral resolution of 𝑆#$(𝜔+) is determined by 

the number of time steps of the AIMD run, and the extracted 𝑆#$(𝜔+) at a particular 𝜔+  is the sum 

of the 𝑆#$'  over all modes within the frequency range (𝜔+ − 1/2∆𝜔,𝜔+ + 1/2∆𝜔) where ∆𝜔 =

𝜔+ − 𝜔+UV. 

The emission linewidth can be determined from the 𝑆WX(𝜔+), the EP-coupling to the band-gap. In 

the strong coupling limit,26 ∑ 𝑆WX(𝜔+)+ ≫ 1, the emission will have an approximate Gaussian 

lineshape, with a temperature-dependent linewidth  

𝐿(𝑇) = 2.355 ∙ 0∑ 𝑆WX(𝜔+)(ℏ𝜔+)1(2𝑛(𝜔+, 𝑇) + 1)+ ,				𝑛(𝜔+, 𝑇) = =𝑒ℏ'_/+23 − 1>
UV

. (4) 

At high temperatures (𝑘I𝑇 > 	𝜔abc), we can invoke the semiclassical approximation with a 

linewidth given by24,26 

𝐿de(𝑇) = 2.355F2𝛬𝑘I𝑇, (5) 

where Λ is the reorganization energy of the transition:  

𝛬 = ∑ 𝑆#$(𝜔+)ℏ𝜔++ . (6) 
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This approach is best used with AIMD simulations performed at low temperatures. This ensures 

that: (i) there is negligible anharmonic motion, which that may be present at elevated temperatures, 

such that Eq. 2 holds, and (ii) the time dependent energies of both states can be uniquely 

determined such that there are no avoided crossings of the adiabatic levels. Similarly, care must 

be taken if the transition under question is degenerate. Further discussion can be found in 

Supporting Information Note 2. We note that as this AIMD based approach ignores electron-

hole interactions. While this should be a reasonable approximation in the limit of strong quantum 

confinement of carriers in a NC, it can be poor in the case of higher dimensional systems (1D to 

bulk), where this interaction is required to capture excitonic states. 

We first apply this method to calculate EP-coupling strength in PbS NCs and its impact on the 

linewidth. We choose PbS NCs as a model system due to the extensive previous work 

characterizing phonons, EP-coupling, and phonon-mediated transitions in lead-chalcogenide 

NCs.13–15,20,41–45 We begin by considering a PbS NC of diameter d =2.48 nm with chlorine (Cl) 

ligands and utilize the approach above to calculate its expected emission linewidth (see Fig. 2A-

B). AIMD simulations of the NC are performed as described in the Methods at a temperature of 

10 K. The time-dependent adiabatic electronic structure of the NC is shown in Figure 2C, from 

which we calculate the time dependent band-gap, 𝐸h(𝑡) (Figure 2D). 

Using Eq. 3, we calculate the EP-coupling to the band-gap, 𝑆WX(𝜔+) for the 2.48 nm diameter NC, 

and plot the result in Figure 2E. We identify 4 groups of modes (with energies ℏ𝜔 ~ 3.5 meV, 8.0 

meV, 17.0 meV, and 24.5 meV) that couple to the transition. 

Since we are in strong coupling limit,26 ∑ 𝑆WX(𝜔+)+ ≫ 1, we use the semiclassical expression in 

Eq. (5), to determine the linewidth as a function of temperature (Figure 2F), and find a room 
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temperature linewidth of 93 meV. We also plot the linewidth computed directly from the adiabatic 

electronic structure: 

𝐿ijkl(𝑇) = 2.355	0Var=𝐸p(𝑡, 𝑇)>, (7) 

for AIMD simulations run at temperatures from 10 K to 300 K (blue dots). While the computed 

forces in AIMD are quantum,  the thermal occupation of modes is classical. The linewidths 

extracted directly from AIMD, Eq. 7, therefore show excellent agreement to the semiclassical 

result computed with Eq. 5 using the  𝑆WX(𝜔+) extracted from the 10 K AIMD. By calculating the 

linewidth with the full expression in Eq. 4 (the solid line in Figure 2F), one appropriately accounts 

for finite broadening due to phonon sidebands at low-temperatures (a result of 0-point motion). 

Overall, the temperature dependence indicates that for this PbS/Cl NC, there is no appreciable 

anharmonic contribution to the linewidth at elevated temperatures. 

 

Figure 2. Extracting EP-Coupling from AIMD simulations. (A) 2.48 diameter, Cl-terminated 
PbS NC. (B) Schematic showing that in the case of strong EP-coupling large fluctuations are 
observed in the bandgap of the NC and the emitted energy of the light, hv. (C) Adiabatic electronic 
structure and (D) time-dependence of the bandgap energy. (E) EP-coupling strengths for 
transitions across the bandgap calculated with Eq. 3, and scaled by the phonon energy ℏ𝜔  
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indicate coupling to four sets of modes. (F) The temperature-dependent linewidths calculated by 
eq. 4 using the extracted 𝑆WX(𝜔+) (solid line), the semiclassical approximation (eq. 5) (dashed), 
and computed directly from AIMD simulations performed at various temperatures (eq. 7) (points) 
are shown. 
 
We apply our approach to determine the impact of NC size and surface termination on the EP-

coupling strengths. We performed AIMD at 10 K on d = 1.8, 2.48, 2.84, and 3.60 nm PbS/Cl NCs, 

and use Eq. 3 to compute the EP-coupling strengths to transitions across the bandgap, 𝑆WX(𝜔+). 

To highlight the trends with size, we reduce the extracted 𝑆WX(𝜔+) into a four-mode model, by 

summing the 𝑆WX(𝜔+) over the shaded regions in Fig. 2E. For example, the coupling to the low 

energy modes is renormalized to a single mode with an energy 3.5 meV: 

𝑆qWX(3.5	meV) ≡
1
3.5 ? 𝑆WX(𝜔+) ∙ ℏ𝜔+

'_uv	wxy

'_zV	wxy

	(8) 

We plot the extracted 𝑆qWX(𝜔+) as a function of NC size in Fig. 3B, from which it is apparent that 

the coupling to all four effective modes decreases as the size of the NC increases. This is consistent 

with the size dependence of the linewidth observed in experiment.15 

As we show in Supporting Information Note 3, the energies of the effective modes that couple 

with ℏ𝜔 ~ 3.5 meV, 17.0 meV, and 24.5 meV, are independent of NC size. This is consistent with 

previous reports that, in PbS NCs, localized vibrations on the surface of the NCs couple to inter- 

and intra-band transitions. As the strength of the coupling will scale with the spatial overlap of the 

exciton wavefunctions with the surface vibrations, a decrease in the coupling of these modes with 

increasing size is also as expected.13,20 On the other hand, the mode with ℏ𝜔 ~ 8 meV shows a 

monotonic decrease in energy with an increase in the nanocrystal diameter, with ℏ𝜔~𝑑U:.~. The 

energetic scale of this mode (from ~6 meV to ~9 meV), its scaling with NC size (reduced in these 
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small NCs relative to the 𝑑UV expected for an elastic continuum22), and the scaling of its coupling 

strength, point toward coupling of a confined longitudinal acoustic mode, or spheroidal Lamb 

mode, as previously deduced from Raman measurements.27 

 

Figure 3. Size and ligand dependence of EP-coupling. (A) Atomistic models of the 4 PbS/Cl NC 
sizes considered here. (B) EP-coupling strengths, 𝑆qWX(𝜔+) and (C) reorganization energies, 𝛬, 
and room temperature linewidths for the transition across the bandgap. The plots of 𝛬 are 
decomposed into the contributions to 𝛬 from each of the four modes, using the color scheme in 
(B). (D) Atomistic models for 1.24 nm NCs with methanethiol ligands and halide ligands. (E) 
Extracted 𝛬 and linewidths. In (B), (C), and (E), the semi-transparent lines are guides for the eye. 
Experimentally measured reorganization energies, 𝛬, as a function of NC size for (F) thiol-
terminated PbS and (G) 2.7 nm diameter PbS NCs with thiol and different halide passivations.  

 

We also investigate the impact of the ligands and calculate the EP-coupling on 2.48 nm NCs with 

thiol ligands (here methanethiol) and halide ligands (Fig. 3D). In Fig. 3E we plot the 

reorganization energies and expected room-temperature linewidths for each ligand. We find a 

decrease in the EP-coupling and linewidths going from thiol, to iodide, to bromide, to chlorine 

surface termination. The linewidth for the Cl-terminated NC relative to the thiol-terminated NC is 

reduced by ~25%, consistent with previous findings.20 
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These observations trends are of decreased EP-coupling with increasing NC size and decreased 

coupling with halide surface treatment for the transition across the band gap are confirmed 

experimentally using temperature dependent Fourier-transform-photocurrent-spectroscopy 

measurements on PbS NC thin films (Supporting Information Note 4). In Fig. 3F we plot the 

estimated reorganization energy, 𝛬, extracted from experiment, as a function of NC size for PbS-

thiol NCs, which confirms a decrease in the EP-coupling with increasing NC size. We also confirm 

the trend predicted by the calculations for thiol and halide ligands, as shown in Fig. 3G. 

While the experimentally measured trends match the predictions from the calculations, we find 

that the experimentally extracted EP-couplings are larger than those calculated. Similarly, the 

linewidths predicted from the calculations (Fig. 3C,E) are notably smaller than those previously 

measured on single PbS NCs using photon correlation Fourier spectroscopy.15  We investigate 

whether small structural defects on the surface of NCs, such as missing or surplus cations, anions, 

or ligands, could be responsible for the larger than expected EP-coupling strengths and linewidths. 

To do so, we construct two 2.48 nm PbS/Cl NCs with mild structural surface defects (Fig. 4A): 

one NC with a single missing Cl ligand and one NC with a single Pb-Cl pair missing.  

We plot the electronic structure of the defect-free NC (with full octahedral symmetry, labelled 

‘symmetric’) along with the electronic structure of the two defected NCs in Fig. 4B. Beyond a 

moderate lifting of the degeneracies of the states (< 20 meV for the 6 fold-degenerate, highest 

occupied electronic states), the electronic structure off all three NCs is essentially identical with 

no sign of mid-gap state formation in the NCs with structural defects. In Fig. 4C, we plot the 

wavefunctions of the highest occupied and lowest unoccupied states, which look essentially 

identical for all three NCs, with no sign of localization of the exciton at or around the defects. We 

therefore conclude that these defects negligibly alter the ground state electronic structure. 
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Figure 4. Impact of surface defects on EP-coupling. (A) Atomistic models of a ‘symmetric’ NC 
with full octahedral symmetry and defected PbS/Cl NCs. Plots of the electronic structure of the 
NCs about the bandgap are given in (B) and contour plots of the wavefunctions of the highest 
occupied state and lowest unoccupied state are shown in (C). Computed reorganization energies, 
𝛬, for each NC, with the bars decomposed into the contribution from coupling to ℏ𝜔 = 3.5 meV 
(blue), 8.0 meV (purple), 17.0 meV (yellow) and 24.5 meV (red) modes.   

In Fig. 4D, we plot the reorganization energy 𝛬 computed for the three NCs, where we find a 

dramatic increase in the EP-coupling strengths for the NCs with defect. For the Pb-Cl pair defect, 

this increase is four-fold compared to the defect free NC, corresponding to a two-fold increase in 

the expected room temperature linewidth. This is a result of an significant decrease in the 

coordination of surface atoms surrounding the defects, leading to further localization of vibrational 

modes to the NC surface and an increase in EP-coupling.20 We note that, in addition, defects could 

potentially introduce anharmonic vibrations, further broadening the linewidth. These findings 

highlight how structural defects on the surface of the NC can strongly modify EP-coupling 

strengths without inducing any noticeable change in the ground state electronic structure. 
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Finally, we demonstrate the generality of our AIMD based approach by also calculating EP-

coupling and linewidths for CdSe and CsPbI3 NCs. We first consider a 1.4 nm zincblende CdSe 

NC with Cl surface termination.46,47 In Fig. 5A, we plot EP-coupling strengths to transitions across 

the bandgap, 𝑆WX(𝜔+), along with the phonon density of states of the CdSe NC, g(w), and the 

partial density of states for the Cd, Se, and Cl atoms, gi(w). We find three main groups of modes 

which couple to the lowest energy transition, with energies ℏ𝜔	~ 5 meV, 16 meV, and 26 meV. 

A size-independent coupling to the longitudinal optical (LO) phonon mode in CdSe (ℏ𝜔 ~ 25.5 

meV) with 𝑆WX(25.5	meV)~	0.1 to 0.5 has been extensively reported in the literature,29,36,48–52 and 

is in good agreement with our finding of 𝑆WX(26	meV) = 0.28. In addition, size-dependent 

coupling of ℏ𝜔~ 3-6 meV53,54 and ~15 meV54 modes in core only CdSe NCs have been reported 

in literature, which we see in our simulated results. The predicted room-temperature linewidth 

from our results is ~134 meV, which closely matches the expected linewidth extrapolated from the 

size dependence of the linewidth measured previously (see Fig. 1A).17  

In Fig. 5B we show the results for a CsPbI3 NC with 2.4 nm edgelength. We first note a coupling 

to modes at the LO phonon energy (~13.5 meV) with 𝑆WX(13.5	meV) = 	0.4, in good agreement 

with LO phonon coupling strengths measured in CsPbBr355 and FAPbBr36 NCs. We further 

observe coupling to broad sets of modes centered about ℏ𝜔~ 1.5 meV and 5 meV. Such coupling 

to both low and intermediate phonons has been demonstrated in single formamidinium-lead-

bromide FAPbBr3 NCs,6 and, accounting for the red-shift of phonon frequencies in CsPbI3 relative 

to FAPbBr3, the ranges of modes found from our calculations match those measured. Our 

calculations predict a room-temperature linewidth of ~112 meV, notably smaller than the estimate 

(~175 meV) predicted by the size dependence from experiment.19 This may come as a result of (i) 
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structural ‘defects’, as discussed above (Fig. 4), such as missing Cs atoms and Pb-I pairs, or 

inhomogeneous ligand coverage on the surface of the NCs,56 or (ii) anharmonic contributions to 

the linewidth at elevated temperatures. 

 

Figure 5. EP-coupling in CdSe and CsPbI3 NCs. Plot of the phonon density of states (black line), 

partial density of states for each atom type, and calculated EP-coupling for a (A) CdSe/Cl NC and 

(B) CsPbI3 NC. 

In summary, we have introduced a new method to extract EP-coupling strengths from AIMD 

simulations, a method which enables the study of EP-phonon coupling in large system sizes. We 

used this method to gain further insight into EP-coupling in PbS NCs, demonstrating the size and 
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ligand dependence of the coupling to the lowest energy transition, which we checked against 

experiment. We found strong enhancement of EP-coupling in NCs resulting from structural surface 

defects, which do not generate electronic defects, shedding light on their impact of the broadening 

of optical transitions. Finally, we have provided initial results for EP-coupling in CdSe and CsPbI3 

NCs, which indicate that, similar to PbS, the emission linewidths in these NCs are limited by 

coupling to low energy phonons, as opposed to LO phonon coupling. Future calculations on these 

systems should be able to pinpoint the origin of this coupling, as well as provide means to mitigate 

their impact on the emission linewidth. 

Methods 

PbS and CdSe NCs are constructed as reported previously.20,46 The cubic CsPbI3 NCs are cut 

directly from bulk CsPbI3 in the cubic phase, with the corner Cs atoms removed. For all NCs, we 

fully geometry relax all atoms. For  the CsPbI3 NCs we find that the atomic structure of the NCs 

after full geometry-relaxation is independent of the starting bulk phase (i.e. orthorhombic or 

cubic).41,57 In order to maintain overall charge balance of the NCs, we add/remove additional 

electrons to the NCs. As we have previously discussed, such charges could be given through 

bonding with surface ligands and/or counter ions in solution. Utilizing this approach, as opposed 

to the removal of ligands/cations-ligand-pairs/Cs-atoms, we maintain the overall symmetry of the 

NCs, allowing more systematic comparisons between different NCs (size, ligands etc.), without 

the addition of any stochastic effects. 

All geometry optimization, electronic structure calculations, and ab initio molecular dynamics 

simulations (AIMD) were performed with the CP2K program suite, using the quickstep module.58 

300 Ry plane-wave cutoff were used for a dual basis of localized Gaussians and plane-waves, used 

for all calculations.59 Goedecker–Teter–Hutter pseudopotentials60 for core electrons, and the 
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Perdew–Burke–Ernzerhof (PBE) exchange correlation functional were employed, with an 

enforced Self-Consistent Field convergence to 10-8. Cubic unit cells were used with edgelengths 

always at least 1.5 nm larger than the widest axis of the NCs. 

We perform AIMD within the canonical ensemble using a CSVR thermostat,61 with AIMD time 

steps of 10 fs. For thermalization, calibration, and equilibration of the total energy and temperature, 

3 ps of the AIMD are run with the time constant of the thermostat set to 15 fs. This is followed by 

11+ ps run of the AIMD with the time constant set to 1ps. The first 4 ps of the AIMD are excluded 

from the calculations of EP-coupling and phonon density of states. 
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