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Abstract 

We perform ab initio molecular dynamics (AIMD) on experimentally-relevant sized lead 

sulfide (PbS) nano-crystals (NCs) constructed with thiol or Cl, Br, and I anion surfaces to 

determine their vibrational and dynamic electronic structure. We show that electron-phonon 

interactions can explain the large thermal broadening and fast carrier cooling rates 

experimentally observed in Pb-chalcogenide NCs. Furthermore, our simulations reveal that 

electron-phonon interactions are suppressed in halide terminated NCs due to reduction of both 

the thermal displacement of surface atoms and the spatial overlap of the charge carriers with 

these large atomic vibrations. This work shows how surface engineering – guided by 

simulations – can be used to systematically control carrier dynamics.  
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The efficiency of nanocrystal (NC)-based optical, optoelectronic, and electronic 

devices has benefitted tremendously from advances in NC surface chemistry.1,2 High photo-

luminescent quantum yields in NCs are linked to engineering of the NC surface, where 

core/shell structures have been used3 to optimize radiative rates,4 emission wavelengths,5 and 

hot carrier cooling rates.6 NC-based solar cell performance has been improved with the 

evolution of termination strategies to increase charge carrier mobility,7,8 reduce charge carrier 

recombination,9 and increase carrier extraction through optimizing inter-NC band alignment.10 

Recently, it has become clear that the surface of the NC plays an important role in electron-

phonon coupling,11 which is key to determining their dynamic electronic and optical properties, 

including charge transport, non-radiative recombination, homogeneous broadening of optical 

transitions, and intra-band carrier relaxation. 

Here we perform Ab-Initio Molecular Dynamics (AIMD) and semi-classical stochastic 

surface hopping calculations on experimentally relevant sized NCs to investigate phonon-

mediated optical and electronic transitions and how the strength of the electron-phonon 

interactions can be tuned through surface engineering of the NC. AIMD generates the nuclear 

dynamics of the NC within the adiabatic approximation, while the forces on the nuclei are 

calculated at each time step with the electronic structure obtained with density functional theory 

(DFT). AIMD thus provides the dynamic adiabatic electronic structure along with the nuclear 

trajectories. The phonon spectra of the NCs can be determined from the nuclear dynamics, and 

phonon coupling to electronic and optical transitions can be calculated utilizing the dynamic 

adiabatic electronic structure. Thermal broadening of optical transitions can be quantified from 

the time-dependent state energies, while semi-classical stochastic surface hopping calculations 

over the adiabatic energy surfaces mapped out by the AIMD can be employed to simulate 

charge carrier dynamics, in particular, the cooling of hot carriers. 
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We choose to work with lead sulfide (PbS) NC due to the large amount of data on their 

electronic and optical properties and their use in a wide variety of bottom-up fabricated opto-

electronic devices.12 We construct PbS NCs with a radius of r = ~1.2 nm, following the 

atomistic model proposed by Zherebetskyy et al.13 (see Supporting Information SI-1). The 

NCs consist of NPb=201 lead atoms, NS=140 sulfur atoms, and the Pb-rich [111] surfaces are 

terminated with ligands. To capture the chemistry of the Pb-S bond present in thiol-terminated 

NCs, such as ethane-dithiol (EDT) or 3-mercaptopropionic acid (MPA), which are used for NC 

devices,14–16 a methane-thiol (mth) ligand is selected.  

We first investigate this thiol-terminated PbS NC. The fully geometrically relaxed NC 

is shown in Figure 1a. As expected for an defect-freeNC, no states are found in the bandgap, 

and a larger density of states is present in the valence band (3p-S / 6s-Pb character) than in the 

conduction band (6p-Pb / 3s-S character), which is consistent with calculations on PbSe NCs.17 

The 4-fold degeneracy of the valence band maximum (VBM) and conduction band minimum 

(CBM) in bulk-PbS is broken due to inter-valley coupling17–20 resulting from the [100] facets 

of the NCs. The conduction band minimum is singly degenerate (which we label ψ1e) followed 

by triply degenerate states (ψ2eα) split by 143meV for the PbS/mth NC, while the valence band 

maximum is triply degenerate (ψ1hα) followed by a singly degenerate state (ψ2h), with a 

142meV splitting. We also find that the lowest energy transitions (the three fold degenerate 

ψ1hα → ψ1e) are weakly optically coupled, while the higher energy ψ1hα → ψ2eα transitions are 

more strongly optically coupled, i.e. responsible for the first absorption peak. This is consistent 

with the observation of large difference between the emission and first absorption peak for PbS 

NCs.21 Further details about the electronic and optical structure of the NC and of bulk PbS are 

given in the Supporting Information SI-2-3. 

We perform AIMD simulations over 10-15 ps on the NC at three different temperatures: 

0 K, 100 K, and 300 K. Videos showing the time evolution of the atomic positions, the 
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conduction band minimum wavefunction, and the carrier density in the valence band maximum 

over a 1ps time window are provided as Supplemental Movie 1 and 2. In Figure 1b, the time 

dependent state energies at 300K are plotted, in which large non-coherent fluctuations are 

evident. The strong fluctuations of the carrier densities and state energies, and their increase 

with temperature, is a clear indication of the dependence of the electronic structure on the 

nuclear coordinates of the NCs, indicative of electron-phonon coupling. 

The AIMD and surface hopping calculations enable us to computationally study two 

experimentally observed, but until now not fully understood, properties of Pb chalcogenide 

NCs - (1) large thermal broadening and (2) fast carrier cooling. We first show that our 

simulations provide values that are in good agreement with experiment, and then analyze the 

AIMD results to explain the origins of these phenomena.  

Large thermal broadening is a typical feature of colloidal NCs,22–24with room 

temperature linewidths exceeding 10% of the NC bandgap for smaller NCs,25,26  While 

electron-phonon coupling is expected to play a role in thermal broadening,24,27–29 the large 

linewidth  in PbS NCs had led to some studies to attribute it to multiple emissive states.26 To 

determine the expected thermal broadening from electron-phonon coupling, we consider the 

time dependence of lowest energy transition, nominally three-fold degenerate, (indicated by 

the arrows in Figure 1b):   

   (1) 

A histogram of the Eg values at 10K, 100K, and 300K are shown in Figure 1c. The Eg(t) 

distributions broaden and red shift with increasing temperature. From the width of the 

distributions, we extract a thermal broadening which increases with temperature from 

σEg(10K)=13meV to σEg(100K)=31meV and σEg(300K)=72meV, where σEg corresponds to the 

standard deviation of the distributions. The values agree well with recent measurements on 

emission spectra of single PbS NCs (65meV < σ(r~1.2nm) < 100meV)26 and isotypic PbSe 

1 1( ) ( ) ( ).g e hE t E t E t= −
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NCs (σ(r~1.4nm)~50meV, σ(r~0.95nm)~100meV).25 This indicates that the experimentally 

observed linewidths in PbS NCs result primarily from the energy fluctuations of the lowest 

energy transition that stems from the nuclear dynamics in NCs. We note that the linewidths 

calculated here represent a lower limit. As we show in the Supporting Information SI-2, loss 

of the octahedral symmetry of the NC will split the degeneracy of the lowest energy transition, 

ψ1hα → ψ1e, resulting in an increased luminescence linewidth. 

Recent experimental11,30–36 and theoretical37–40 work have also indicated that electron-

phonon coupling enables efficient, thermally activated, multi-phonon-mediated11,30,41 

electronic transitions. For lead-chalcogenide NCs, sub-picosecond time constants have been 

measured for intra-band carrier cooling.42–44 To investigate carrier cooling driven by multi-

phonon-mediated electronic transitions, we consider the non-adiabatic transition probability 

between state i and j, which depends on the non-adiabatic coupling,45,46 

 
, ( ) ( ) .i j i jd i t

t
t 


=


−   (2) 

This coupling will become large about the avoided crossing between state i and j along the 

adiabatic state energy surfaces (refer to Figure 1b for an example). To simulate the carrier 

dynamics, we employ semi-classical stochastic surface hopping calculations46 over the 

adiabatic energy surfaces mapped out by the AIMD. In particular, we use the fewest switches 

surface hopping within the neglect of back reactions approximation (FSSH-NBRA), described 

in detail in Ref. 45, employed by Kilina and coworkers in the study of small CdSe and PbSe 

clusters.38,47 FSSH-NBRA stochastically generates time dependent state occupation 

probabilities, ni(t), by propagating initial state occupations according to the non-adiabatic 

transition probabilities of eq. (2), weighted by the Boltzmann factor to maintain detailed 

balance.37,45,46 From the simulated ni(t), we calculate the time dependent occupation weighted 

density of states, 
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i

p E t n t E t E t= −   (3) 

where δ is the Dirac delta function, Ei(t) is the energy of state i at time t, and ER(t) is a reference 

state energy. In Figure 1d, we plot the dynamics of p(E,t) for an electron relaxing in the 

conduction band and a hole relaxing in the valence band, both initially excited to a state with 

mean energy ~0.5eV above the band edges. Superimposed on the plot is the trace of the average 

carrier energy, 

 ( ) ( , ) ,E t p E t EdE=    (4) 

along with an exponential fit of the form 

 0/
( ) ,

t t
E t e

−
   (5) 

where t0 is the time constant associated with the excess energy loss of the carrier. For this initial 

excited state with mean excess energy of 0.5eV, we find that electrons cool with a time constant 

t0,e~825fs, while holes cool significantly faster with a time constant t0,e~182fs, corresponding 

to initial energy loss rates of 0.6eV/ps and 2.7eV/ps, respectively. These cooling rates are 

consistent with recent measurements on isotypic PbSe NCs with 0.54eV/ps and 2.75eV/ps for 

electrons and holes respectively43,44  (see Supporting Information SI-5 for time constants 

associated with the build-up of carrier population of holes in the ψ1hα states and electrons in the 

ψ1e state).  

Additional insight into carrier cooling can be obtained by considering the average 

coupling of the carrier to transitions (eq. (2)).  To do so, we compute the wavefunction overlap 

correlation function, 
2

, )( ( )( )i j i j
t

tR t   +=  , where <…>t represents an averaging 

over the time trace of the AIMD.  The average coupling to a transition can be related to the 

time-derivative of the correlation function: 
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where we have defined Rij(τ)=<<ψi(t)|ψj(t+τ)>2>t and the last step follows as we find the 

variance of <ψi(t)|ψj(t+τ)> to be small (see Supporting Information SI-6). Rather than 

considering all possible transitions for a carrier into the conduction band minimum or valence 

band maximum, we can focus on the auto-correlation function associated with a carrier in one 

of the band extrema, Rii(τ), which, due to completeness, is related to the sum of average 

couplings to all possible transitions:  
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We therefore compute: 
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As the valence band maximum is nominally three-fold degenerate, we evaluate the average 

coupling associated with the carrier remaining in one of the ψ1hα states. An auto-correlation 

function Rij(τ) that rapidly deviates from unity implies rapid dephasing of the wavefunction 

away from the state i and therefore a strong coupling to transitions to/from state i. Plots of 

RCBM(τ) and RVBM(τ) are presented in Figure 1e. Consistent with picture that electronic 

transitions to these states are driven by multi-phonon emission, the mean coupling of transitions 

from the band extrema increase for both bands with increasing temperature. The results also 

indicate stronger coupling of transitions with the valence band maximum compared to the 
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conduction band minimum, in agreement with the results from the surface hopping calculations 

presented above, which showed faster carrier cooling to the valence band maximum than the 

conduction band minimum.  

To determine which phonon modes in the NC are responsible for the large thermal 

broadening and fast carrier cooling, we first compute the phonon density of states, g(ω), of the 

NC. It can be obtained from the power spectrum of the mass-weighted position correlation 

function, ri(t):48 

   (9) 

where mi is the mass of atom i. Figure 2a shows the total g(ω) (black), which is in good 

agreement with experimental measurements of the g(ω) on thiol terminated PbS NCs using 

inelastic neutron scattering.11 We then calculate the power spectral density of the time 

dependent bandgap, 
2

( )g tE  F  (Figure 2b), and the power spectral density of the 

wavefunction overlap autocorrelation functions (eq. (8)),   
2

( )R F  (Figure 2c), where Ƒ 

represents a Fourier transform. A peak in the power spectral density at a specific frequency 

indicates that phonons at that frequency actively drive the fluctuations in state energies and 

induce thermal broadening or wavefunction dephasing. The power spectral densities all 

indicate that electrons couple to both low energy modes (5-40cm-1), below the transverse 

acoustic peak (48.8cm-1 for bulk PbS), as well as to high energy optical phonons, (150-250cm-

1). The electron-phonon coupling to two distributions of modes is in agreement with previous 

work,11 where it was shown experimentally that large energy multi-phonon-mediated electronic 

transitions were driven by both low (25-40cm-1) and high (120-240cm-1) energy phonons.  

To determine which atoms in the NCs contribute to the modes coupling to these 

processes, we plot the partial g(ω) for atoms located in three different regions in the NC (Figure 

2d). As we previously reported,11 in the core of the NCs (Region 3), the partial g(ω) resembles 
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that of bulk PbS while deviations from the bulk PbS g(ω) arise due to the outer atomic layers 

of the NC (Region 1). The low energy phonon modes couple to optical and electronic 

transitions and are primarily confined to the outer surface of the NC. 

 The high frequency modes coupling to transitions to/from the valence band maximum 

are localized vibrations of the S atoms on the surface of the NC. A higher hole density on the 

surface S atoms in the VBM (~0.20) compared to the CBM (0.06), can then explain the stronger 

coupling of these modes to the VBM (see fig. 2c). The faster hole cooling observed therefore 

stems from not only a higher density of states in the VB, but additionally from stronger 

coupling to vibrations on the surface of the NC. 

These findings highlight that surface atoms play an important role in electron-phonon 

coupling and that changing the NC surface could be a practical method to control electron-

phonon interactions in NCs and thereby tune optical properties such as the thermal broadening 

and carrier cooling rates.  We therefore systematically investigate the influence of surface 

termination on electron-phonon coupling by constructing NCs with I, Br, Cl ligands and 

repeating the AIMD and stochastic surface hopping calculations described above.  

We first compare results of the thiol terminated NC (PbS/mth) with a Cl terminated NC 

(PbS/Cl). Figure 3a shows that the thermal broadening is reduced in the PbS/Cl NC compared 

to the PbS/mth NC, with a ~30% reduction at 300K. This finding is consistent with the decrease 

of the thermal broadening upon halide passivation that has been demonstrated 

experimentally.21 Likewise, energy loss rates for holes in the valence band is consistently 

slower (<1/2x) for the PbS/Cl NC than for the PbS/mth NC  (Figure 3b). For electrons in the 

CB, cooling rates are significantly slower (<1/4x) for the PbS/Cl NC than the PbS/mth NC in 

the case of excitation to states with low initial excess energies (e.g., 0.1 eV-0.2 eV), while, with 

excitations to states with large excess energies (> 0.6 eV), the cooling rates are similar for both 

the PbS/Cl and PbS/mth NC. This implies that carrier cooling at high excess energies in the 
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conduction band is similar in both the PbS/Cl and PbS/mth NCs, consistent with bulk-like 

cooling rates at high excess energies measured by Spoor et al. in PbSe,44 while PbS/Cl NCs 

exhibit comparatively slow electron cooling from the ψ2eα states to ψ1e  (Supporting 

Information SI-7).  

To demonstrate that the reduced thermal broadening and the slower carrier cooling stem 

from reduced electron phonon coupling, we compare the spectral densities of the mth- and Cl-

terminated NCs (Figure 3c). We find that the reduction in thermal broadening for halide 

terminated NCs stems from a significant reduction in coupling to the optical phonon modes, as 

well as a reduction in the coupling to the lower energy modes. Integrating the power spectra, 

we find an overall reduction of ~50%, consistent with the reduction in extent of thermal 

broadening ((1-0.30)2~0.50).  Similarly, the plots of   
2

( )R F  for the valence band 

maximum and conduction band minimum indicate that the slower cooling results from a 

decrease in the coupling to both low and high energy modes, with an ~60% decrease in the 

integrated power spectra for both. 

To understand the origins of the decreased coupling of phonons to optical and electronic 

transitions upon halide passivation, we complement the calculations on mth- and Cl-terminated 

NCs with calculations on Br and I surface terminated PbS NCs. If we extract the thermal 

broadening at 100K for all four surface terminations (σEg(100K)=31meV for PbS/mth, 27meV 

for PbS/I, 26meV for PbS/Br, and 25meV for PbS/Cl), we find that it decreases with increasing 

effective electronegativity of the surface termination (Table 1). In Figure 4a, we plot the sum 

of the mean coupling constants 1( )
i

ij t
j

i d−



−    for transitions from (or to) the conduction 

band minimum and valence band maximum for all four surface terminations. Again, the 

coupling constants decrease with an increase in electronegativity. Both these results indicate a 
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decrease in electron-phonon coupling with an increase in effective electronegativity of the ion 

or binding group that coordinates the [111] surface.  

In order to understand the origin of this decrease in electron-phonon coupling, we 

systematically analyze the vibrational and electronic structure of the NCs with the four different 

surface terminations. A typical approach to estimate the strength of coupling of phonons to 

optical or electronic transitions is to compute the dimensionless Huang-Rhys factor, SHR. The 

latter can be approximated by: 

 ( ) ( )
1 12 2 ,HR BS A M u k T D
− −

=        (10) 

where A is the unit-less overlap integral of the electronic states with M number of phonon 

modes with frequency ω, D the deformation potential in (eV/Å), and <uω2> is the mean square 

thermal displacement of the modes (Å2).49 From expression (10), we expect that a change in 

electron-phonon coupling for a specific electronic transition and phonon mode can result from 

a change in (1) the number and frequency of available phonons, which would be reflected in a 

change in the density of states g(ω), (2) the thermal displacement of the atoms contributing to 

phonon mode of the given frequency, or (3) the overlap between the electronic wavefunction 

and the given vibrational mode.  

First, we compare the g(ω) for the different NC surface terminations (Supporting 

Information SI-8). All NCs exhibit modes from Pb-atoms that are lower in frequency than TA 

peak in bulk PbS, and the small deviations in the g(ω) cannot explain the differences in 

electron-phonon coupling observed for the different terminations.  

However, the second parameter playing a role in electron-phonon coupling, <u2>, 

shows systematic changes as a function of the NC surface termination. The <u2> at 100K for 

the Pb, S, and halide anion atoms in the three NC regions are plotted in Figure 4b.  Values for 

Pb and S calculated for bulk PbS are provided for reference (black lines). Three trends are 
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evident. First, the further away a Pb or S atom is from the surface, the smaller its <u2> value. 

In the core of the NC (Region 3), the <u2> values for Pb or S are similar to those in bulk PbS. 

Second, the <u2> values for the Pb and S atoms at the surface are smaller for PbS NCs with 

halide terminations than for the PbS/mth NC. Third, very large <u2> are observed for anions 

(S, I, Br, and Cl) on the [111] surface facets. These three observations can be explained by 

recalling that atomic displacement is inversely related to the effective spring constant of the 

phonon mode, κeff, [Ref. 11]: 

    (11) 

κeff is associated with the bonding strength between neighboring atoms. Pb and S atoms in the 

interior of a NC have a coordination number of 6, while the surface Pb and S atoms on the 

[100] facets of the NCs have a coordination number of 5, and surface anions such as S, I, Br, 

and Cl on the [111] facets have a coordination numbers of 2 or 3 (ignoring the S-C bonds in 

the PbS/mth NC). Thus, larger <u2> are linked to decreased coordination number. 

Furthermore, the large <u2> of the Pb atoms on the outermost [111] facet for PbS/mth NC 

compared to halide terminated NCs can be explained by the strength of the bond. The effective 

spring constants associated with the Pb-X (X=mth, I, Br, Cl) bonds with the [111] surface 

atoms should scale with the percentage ionic character of the bonds,50 and the decrease in <u2> 

with the increase in ligand electronegativity is therefore expected (Table 1). 

Finally, we consider the overlap between the electronic wavefunction and the given 

vibrational mode. In Figure 4c, we plot cross-sections of the electron density for the VBM and 

CBM for NCs with the different surface terminations. The extent of electronic confinement 

increases with increasing electronegativity of the anion (S, I, Br, Cl), which is also evidenced 

by the increasing electronic bandgaps (Table 1). Consistent with previous calculations on Cl-

terminated NCs,51  the wavefunctions for our halide-terminated NCs are confined away from 

the [111] facets. The total carrier density, 

2 / .B effu k T =
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,

2

, . , ,n surf n i

i

p 


=   (12) 

where i runs over the two outermost atomic layers on the [111] facet, and φn,iσ are the 

components of the nth wavefunction projected onto the atomic orbitals σ of the ith atom, 

decreases by 40% (0.17→0.10) in the conduction band minimum and 60% (0.27→0.11) in the 

valence band maximum by replacing the mth with Cl.  

We therefore conclude that electron-phonon interactions are reduced in halide 

terminated NCs compared to thiol-terminated NCs due to (1) reduction of the mean square 

displacement of Pb and S atoms in the NC and (2) confinement of the conduction and valence 

band wavefunctions away from the [111] surface where the largest atomic displacement modes 

occur. To quantify this, we propose the parameter Aue, which we define as the overlap of the 

carrier density with the mean thermal displacement of the atoms: 

    (13) 

where i runs over all atoms in the NC. The Aue at 100K for the conduction band minimum and 

valence band maximum for the four different surface terminations are tabulated in Table 1.  

The Cl-terminated NCs reveal a > 40% reduction in Aue for the band extreme compared with 

the mth-terminated NC and values that approach about 90% of the value for bulk PbS. 

 Lastly, we investigate the impact of carboxylate surface termination, PbS/COO, being 

the most common termination for spectroscopic studies of PbS, here we employ acetic acid for 

computational efficiency. After a full geometry relaxation of the NC, the ligands bind in either 

a bridging or chelating bidentate geometry as expected from NMR studies,52 as shown in 

Figure 5a. The expected thermal broadening at 300K is shown in Figure 5b, and we find the 

broadening to between that of PbS/mth and PbS/Cl: σEg(mth,300K) = 72meV > 

σEg(COO,300K) = 60meV > σEg(Cl,300K) = 50meV. Plots of the auto-correlation functions, 

22

, ,i iu

i

neA u 



 

=  
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eq. (8), for the PbS/COO at 300K are shown in Figure 5c, along with those for PbS/mth and 

PbS/Cl for reference. Interestingly, we find the average coupling to the CBM, eq. (7), to be 

approximately equal to Cl termination, so we can expect electron cooling rates similar to the 

those found for Cl termination. On the other hand, the average coupling to the VBM is 

approximately equal to thiol termination, indicating cooling rates for holes similar to thiol 

termination for hydroxylate termination. 

In summary, our calculations indicate that strong thermal broadening and fast carrier 

cooling observed in lead-chalcogenide NCs are intrinsic effects resulting from strong coupling 

of charge carriers and phonons in the NC, particularly modes arising from the surface atoms of 

the NCs. While we do not rule out that these processes can be affected by emission from defect 

states,26 long range energy transfer to ligand or solvent vibrations,6 or energy loss through 

Auger processes in highly charged NCs,34,36 we find that these additional effects are not 

necessary to explain experimental observations in lead-chalcogenide NCs.  We have further 

demonstrated that the strength of electron phonon coupling can be tuned in the NCs through 

engineering of the surface termination. In particular, electron-phonon coupling in NC can be 

suppressed by reducing the mean thermal displacement of atoms and the overlap of the 

electronic density with atoms having a large thermal displacement. Our findings provide a new 

lever of control for these systems for application-specific material optimization. 

 

Methods 

Construction of NCs 

The approach used for the construction of the NCs investigated in this work is shown 

schematically in Figure S1. To construct the NCs, bulk rocksalt PbS (with a Pb or S atom 

centered on the origin) is cut along the eight (111) planes and six (100) planes at plane to origin 

distances (r) defined by the Wulff ratio RW 
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   (14) 

The scalar A is adjusted such that the resulting NC is S-terminated on the (111) facets. These 

(111)-surface terminating S atoms are then replaced with the desired ligand. To obtain an 

intrinsic semiconductor NC, overall charge balance must be maintained. This includes 

contributions from the ligands and charging of the NC compensated by counter-ions in 

solution,51,53 

   (15) 

where Nx refers to the number of Pb or S atoms, ligands (L), or surplus/deficiency of additional 

charges (ch), and VL is the valence of the ligand. 

For a range of NC radii (~1nm to ~2nm), taking RW = 0.82 and using thiol or halide anion 

ligands (VL = -1), the charge balance condition (Equation 1.1) is almost satisfied (≤±2e). NCs 

cut with RW other than 0.82 require the removal of far more (typically >10) ligands/Pb-ligand-

pairs or strong charging in order to satisfy eq. (15).  For the case RW = 0.82, to fully satisfy eq. 

(15), one to two ligands (-) or Pb-ligand-pairs (+) are removed.  Alternatively, the NC can 

assume to be charged (Nch = ±1/±2). In contrast to the case of ligand removal, with charged 

NCs retain octahedral symmetry. All of the NCs studied in this work are charged by +2e. 

 

Simulations 

Geometry optimization, electronic structure calculations, and ab initio molecular dynamics 

(AIMD) are performed within the CP2K program suite utilizing the quickstep module.54 

Calculations are carried out using a dual basis of localized Gaussians and plane-waves,55 with 

a 300Ry plane-wave cutoff. As in previous calculations for CdSe56 and PbS11 NCs, Double-

Zeta-Valence-Polarization (DZVP),57 Goedecker–Teter–Hutter pseudopotentials58 for core 

electrons, and the Perdew–Burke–Ernzerhof (PBE) exchange correlation functional are used 
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for all calculations. Convergence to 10-8 in Self-Consistent Field calculations is always 

enforced.  

For NCs, non-periodic boundary conditions are used, and 4nmx4nmx4nm cubic unit cells 

are defined for the r=1.2nm NCs. For bulk PbS calculations, periodic boundary conditions for 

the 4x4x4 cubic supercell (512 atoms) are applied, and the supercell dimensions ((6.0115)3Å3) 

are determined through a cell optimization using a conjugate gradient optimization. Geometry 

optimization is performed with the Quickstep module utilizing a Broyden–Fletcher–Goldfarb–

Shannon (BFGS) optimizer. A maximum force of 24 meVÅ-1 is used as convergence criteria. 

All atoms in all systems are relaxed. 

AIMD is performed in the canonical ensemble, using a CSVR thermostat, which achieves 

canonical sampling through velocity rescaling.59 For thermalization and calibration of the 

thermostat, the time constant of the thermostat is set to 15 fs and the AIMD is run for 1ps. The 

time constant is then set to 1ps for the remainder of the AIMD. All AIMD steps prior to 

equilibration of the total energy and temperature (typically ~2ps) are discarded. AIMD time 

steps of 10fs are used for PbS/Cl, PbS/I, PbS/Br, and bulk, while 1.5fs time steps are employed 

for the PbS/mth NCs due to the high frequency C-H stretching modes on the mth ligands. 

AIMD simulations are run for a total of 10-15ps, and all averaged values presented in the 

manuscript are averaged over the entire AIMD window, barring the first ~2ps which are 

discarded. We post-process the atom trajectories by removing the 6 macroscopic degrees of 

freedom (3x translation, 3x rotation) using the Iterative Closest Point algorithm of Besl and 

McKay.60  

FSSH-NBRA are performed utilizing QMflows-NAMD [https://github.com/SCM-

NV/qmworks-namd] for computation of the non-adiabatic couplings using the molecular 

orbitals (MOs) generated from CP2K. For these calculations, occupied and virtual MOs are 

calculated via diagonalization of the Fock matrix generated at each nuclear configuration of 
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the MD trajectory, utilizing the Broyden mixing method,61 and a convergence of 10-5. 

Afterwards, the MOs energies and the non-adiabatic couplings between MOs are printed in a 

format readable by the PYXAID package,45 which propagates the carrier dynamics. 

Electron/hole dynamics are computed independently from one another, fixing one carrier in the 

HOMO/LUMO. All states within 1eV of the band edge for the relevant cooling carrier are 

included for each calculation. 

We follow the procedure described in our previous work11 to compute the phonon band 

structure in Figure SI-1 and the density of states shown in Figure 2c. However, in this work we 

use a lattice constant value of 6.0115 Å, which is found for bulk PbS via cell optimization in 

CP2K. More details of the bulk calculations are given in the Supporting Information. 
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X χ(X) IC Pb-X (%) nc[111] (e-) <u[111]>2 

(Å2) 

Aue  (Å2e-) 

CBM VBM CBM VBM 

mth 2.45[HUH] 13.5 0.17 0.27 0.044 0.033 0.043 

I 2.66 17.9 0.11 0.18 0.035 0.021 0.024 

Br 2.96 23.9 0.10 0.14 0.037 0.019 0.021 

Cl 3.16 27.6 0.10 0.11 0.035 0.019 0.020 

 

Table 1. Results for the electronic and phononic properties of the NCs with X-surface 

terminations. The effective electronegativity of the surface termination X in Pauling units 

(χ(X)) and the percent ionic character (IC) of the X-Pb bond, computed by the Pauling formula 

100(1-exp[-1/4(χ(X)- χ(Pb))]) are given for reference. The total carrier density (nc[111] ) on 

the outer Pb and X atoms on the [111] facet for both bands, and the mean square thermal 

displacement (<u[111]>2 ) at 100K of the same atoms are given. In the last column, the 

computed Aue values (eq. (13)) are shown for both bands at 100K. 
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Figure 1 Thermal Broadening and Hot Carrier Cooling in PbS/mth Nanocrystal. a) 

Atomistic model of a methane thiol-terminated PbS nanocrystal (NC) (PbS/mth) showing 

bonding of the thiol to the Pb[111] surface. b) Time dependent energies of conduction band 

(CB) and valence band (VB) states at 300K. The dashed circle indicates an avoided crossing 

between two states in the CB. c) Histograms showing the band gap energy (Eg) for three 

different temperatures. d) The density of states of the NC in its nuclear ground state (left). Time 

dependence of the occupation-weighted density of states (eq. (3)) for an electron and a hole 

initially excited 0.5eV above the CB minimum or below the VB maximum, respectively (right). 

e) The wavefunction overlap autocorrelation functions (eq.(8)) for the CB minimum and VB 

maximum.  
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Figure 2. Phonons in the PbS/mth NC and their Coupling to Optical and Electronic 

Transitions a) Phonon density of states (g(ω)) (black line) for the NC, along with the partial 

g(ω) for Pb (brown shading), S (dark yellow shading), and C+H (dashed purple line). b) Power 

spectra of Eg(t) at 100K. c) Power spectra of the wavefunction overlap autocorrelation 

functions (eq.(8)) for the CB minimum and VB maximum at 300K. d) Three regions of interest 

are identified  in the NC: the outer Pb and S layer (1), the sub-surface layers (2), and the core 

(3).  The schematic emphasizes the different terminations on [100] and [111] NC facets. e) 

Partial g(ω) for Pb (brown line) and S atoms (yellow line) for each of the 3 regions of the NC. 

The lower panel displays the g(ω) for bulk PbS.  
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Figure 3. Reducing Electron-Phonon Coupling with Halide Passivation a) Temperature 

dependent thermal broadening for the PbS/mth (red solid square) and PbS/Cl (blue open 

square) NCs. Lines between data points are to guide the eye. b) Hot electron (squares) or hole 

(circles) hot carrier cooling rates associated with the exponential decay of the average excess 

energy (eq. (4)) for the PbS/mth (solid red) and PbS/Cl (open blue) NCs. Shading is added to 

guide the eye. c) Power spectra of Eg(t) at 100K (upper panel) and R(τ) (eq.(8)) for the CBM 
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and VBM at 300K (lower two panels) for the PbS/Cl NC (solid blue lines) and PbS/mth (dashed 

red line). 
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Figure 4 Effects of Halide Termination a) Total couplings (eq. (7)) to all transitions away 

from the CB minimum (squares) and VB maximum (circles) at 100K for NCs with thiol or 

halide terminations. b) Plot of mean square thermal displacement <u2> for Pb (left) and S, I, 

Br, and Cl atoms (right) in the three regions defined in Figure 2d. [111] and [100] facets in 

Region 1 are plotted separately. The bars represent the range (-σ,+σ). The thick black lines are 

the <u2> calculated for Pb and S from bulk PbS. c,d) Slices through a NC showing the electron 

density in the CB minimum state (c) and the 3-fold degenerate VB maximum states (d) for all 

four surface terminations: mth, Cl, Br, and Cl. The total electron density per NC is 1. The 

density plotted for the VB maximum is the average of the three-fold degenerate states ψ1hα, 

while for the CB minimum it is the density in the lowest singly degenerate state ψ1e. The 
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calculated bandgaps of the NCs (indicated) are underestimated as is typical for density 

functional theory calculations.   
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Figure 5 Carboxylate terminated Nanocrystal. a) Atomistic model of a carboxylate-

terminated PbS nanocrystal (NC) showing bonding configurations (bridging and chelating 

bidentate) of the carboxylate to the Pb[111] surface. b) Histograms showing the band gap 

energy (Eg) at 300K, histograms for the PbS/mth and PbS/Cl are included for reference. c) The 

wavefunction overlap autocorrelation functions (eq.(8)) for the CB minimum and VB 

maximum at 300K, plots for PbS/mth and PbS/Cl are included for reference. 


