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ARTICLE

Dynamic lattice distortions driven by surface
trapping in semiconductor nanocrystals
Burak Guzelturk 1,2,15,16✉, Benjamin L. Cotts 1,16, Dipti Jasrasaria 3,16, John P. Philbin 3,16,

David A. Hanifi1,3, Brent A. Koscher3,4, Arunima D. Balan3,4, Ethan Curling3, Marc Zajac1, Suji Park2,

Nuri Yazdani2,5, Clara Nyby6, Vladislav Kamysbayev7, Stefan Fischer1, Zach Nett3, Xiaozhe Shen 8,

Michael E. Kozina8, Ming-Fu Lin 8, Alexander H. Reid 8, Stephen P. Weathersby8, Richard D. Schaller 9,10,

Vanessa Wood 5, Xijie Wang 8, Jennifer A. Dionne 1, Dmitri V. Talapin 7,9, A. Paul Alivisatos3,4,11,12,

Alberto Salleo 1, Eran Rabani3,4,13 & Aaron M. Lindenberg 1,2,6,14✉

Nonradiative processes limit optoelectronic functionality of nanocrystals and curb their

device performance. Nevertheless, the dynamic structural origins of nonradiative relaxations

in such materials are not understood. Here, femtosecond electron diffraction measurements

corroborated by atomistic simulations uncover transient lattice deformations accompanying

radiationless electronic processes in colloidal semiconductor nanocrystals. Investigation of

the excitation energy dependence in a core/shell system shows that hot carriers created by a

photon energy considerably larger than the bandgap induce structural distortions at nano-

crystal surfaces on few picosecond timescales associated with the localization of trapped

holes. On the other hand, carriers created by a photon energy close to the bandgap of the

core in the same system result in transient lattice heating that occurs on a much longer 200

picosecond timescale, dominated by an Auger heating mechanism. Elucidation of the

structural deformations associated with the surface trapping of hot holes provides atomic-

scale insights into the mechanisms deteriorating optoelectronic performance and a pathway

towards minimizing these losses in nanocrystal devices.

https://doi.org/10.1038/s41467-021-22116-0 OPEN

1 Department of Materials Science and Engineering, Stanford University, Stanford, CA, USA. 2 Stanford Institute for Materials and Energy Sciences, SLAC
National Accelerator Laboratory, Menlo Park, CA, USA. 3 Department of Chemistry, University of California, Berkeley, CA, USA. 4Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 5Department of Information Technology and Electrical Engineering, ETH Zurich,
Zurich, Switzerland. 6 The PULSE Institute for Ultrafast Energy Science, SLAC National Accelerator Laboratory, Menlo Park, CA, USA. 7Department of
Chemistry and James Franck Institute, University of Chicago, Chicago, IL, USA. 8 SLAC National Accelerator Laboratory, Menlo Park, CA, USA. 9 Center for
Nanoscale Materials, Argonne National Laboratory, Lemont, IL, USA. 10 Department of Chemistry, Northwestern University, Evanston, IL, USA. 11 Department
of Materials Science and Engineering, University of California, Berkeley, CA, USA. 12 Kavli Energy NanoScience Institute, Berkeley, CA, USA. 13 The Sackler
Center for Computational Molecular and Materials Science, Tel Aviv University, Tel Aviv, Israel. 14 Department of Photon Science, Stanford University and
SLAC National Accelerator Laboratory, Menlo Park, CA, USA. 15Present address: X-ray Science Division, Argonne National Laboratory, Lemont, IL, USA.
16These authors contributed equally: Burak Guzelturk, Benjamin L. Cotts, Dipti Jasrasaria, John P. Philbin. ✉email: burakg@anl.gov; aaronl@stanford.edu

NATURE COMMUNICATIONS |         (2021) 12:1860 | https://doi.org/10.1038/s41467-021-22116-0 |www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22116-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22116-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22116-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22116-0&domain=pdf
http://orcid.org/0000-0003-1977-6485
http://orcid.org/0000-0003-1977-6485
http://orcid.org/0000-0003-1977-6485
http://orcid.org/0000-0003-1977-6485
http://orcid.org/0000-0003-1977-6485
http://orcid.org/0000-0002-6988-5762
http://orcid.org/0000-0002-6988-5762
http://orcid.org/0000-0002-6988-5762
http://orcid.org/0000-0002-6988-5762
http://orcid.org/0000-0002-6988-5762
http://orcid.org/0000-0001-7632-6718
http://orcid.org/0000-0001-7632-6718
http://orcid.org/0000-0001-7632-6718
http://orcid.org/0000-0001-7632-6718
http://orcid.org/0000-0001-7632-6718
http://orcid.org/0000-0002-8779-0708
http://orcid.org/0000-0002-8779-0708
http://orcid.org/0000-0002-8779-0708
http://orcid.org/0000-0002-8779-0708
http://orcid.org/0000-0002-8779-0708
http://orcid.org/0000-0002-6844-608X
http://orcid.org/0000-0002-6844-608X
http://orcid.org/0000-0002-6844-608X
http://orcid.org/0000-0002-6844-608X
http://orcid.org/0000-0002-6844-608X
http://orcid.org/0000-0001-8086-2484
http://orcid.org/0000-0001-8086-2484
http://orcid.org/0000-0001-8086-2484
http://orcid.org/0000-0001-8086-2484
http://orcid.org/0000-0001-8086-2484
http://orcid.org/0000-0002-7587-295X
http://orcid.org/0000-0002-7587-295X
http://orcid.org/0000-0002-7587-295X
http://orcid.org/0000-0002-7587-295X
http://orcid.org/0000-0002-7587-295X
http://orcid.org/0000-0001-9696-8830
http://orcid.org/0000-0001-9696-8830
http://orcid.org/0000-0001-9696-8830
http://orcid.org/0000-0001-9696-8830
http://orcid.org/0000-0001-9696-8830
http://orcid.org/0000-0001-6435-0227
http://orcid.org/0000-0001-6435-0227
http://orcid.org/0000-0001-6435-0227
http://orcid.org/0000-0001-6435-0227
http://orcid.org/0000-0001-6435-0227
http://orcid.org/0000-0003-3324-4709
http://orcid.org/0000-0003-3324-4709
http://orcid.org/0000-0003-3324-4709
http://orcid.org/0000-0003-3324-4709
http://orcid.org/0000-0003-3324-4709
http://orcid.org/0000-0001-5287-4357
http://orcid.org/0000-0001-5287-4357
http://orcid.org/0000-0001-5287-4357
http://orcid.org/0000-0001-5287-4357
http://orcid.org/0000-0001-5287-4357
http://orcid.org/0000-0002-6414-8587
http://orcid.org/0000-0002-6414-8587
http://orcid.org/0000-0002-6414-8587
http://orcid.org/0000-0002-6414-8587
http://orcid.org/0000-0002-6414-8587
http://orcid.org/0000-0002-7448-9123
http://orcid.org/0000-0002-7448-9123
http://orcid.org/0000-0002-7448-9123
http://orcid.org/0000-0002-7448-9123
http://orcid.org/0000-0002-7448-9123
http://orcid.org/0000-0003-3233-7161
http://orcid.org/0000-0003-3233-7161
http://orcid.org/0000-0003-3233-7161
http://orcid.org/0000-0003-3233-7161
http://orcid.org/0000-0003-3233-7161
mailto:burakg@anl.gov
mailto:aaronl@stanford.edu
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Nonradiative relaxation processes in materials represent
fundamental loss mechanisms, which set performance
limits in electronics, optoelectronics, and photocatalysis.

Nonradiative relaxation events become further critical in devices
of quantum-confined materials such as nanocrystals (NCs) and
nanowires due to their high surface-to-volume ratios. As such,
intensive research efforts have been focused on identifying non-
radiative losses and the means to circumvent them in
nanomaterials1,2. Among these, colloidal semiconductor NCs
have attracted significant technological interest due to their
appealing optoelectronic properties3,4, which are tunable via
shape, size, composition, and surface chemistry1,5–7. Today, state
of the art NCs can reach near-unity radiative efficiencies8 but
these are typically measured under moderately weak excitation
conditions. In applications, such as lasers9, photodetectors10,
multiexciton-harvesting solar cells11, and electrically pumped
LEDs12, NCs are commonly exposed to high energy and/or high
intensity excitation conditions, where nonradiative relaxation
rapidly escalates.

Previously, high photon energy excitation of NCs has been
shown to cause increased blinking13, reduced photoluminescence
quantum yields14,15, and increased photoionization16. These
observations have suggested that hot carriers in NCs can lead to
severe charge trapping, increasing nonradiative losses. In addi-
tion, Auger recombination becomes dominant in NCs that have
more than one exciton17. A hot carrier is created at the expense of
an annihilated exciton via an Auger process, hence substantially
curbing the performance of NC lasers18 and LEDs19. Although
earlier works focused on identifying optical signatures associated
with such nonradiative processes in NCs20,21, more recent works
have begun to point to the fundamental role of dynamic struc-
tural fluctuations interrelated with nonradiative relaxation in
NCs22–29. In this context, neutron scattering measurements cor-
roborated by molecular dynamics (MD) simulations22 and cor-
relative transmission electron microscopy (TEM) studies27 have
indicated that NC surfaces are mechanically soft, and thus may
accelerate the nonradiative relaxation process. Nevertheless, such
structural deformations associated with nonradiative relaxations
in photoexcited NCs have remained elusive to date and have
never been directly probed on ultrafast timescales.

Here, we perform femtosecond electron diffraction30 mea-
surements on prototypical cadmium chalcogenide colloidal NCs
to directly probe the atomic scale responses following photo-
excitation. We investigate the effects of excitation photon energy
on the transient atomic responses in thin film samples of core/
shell and core-only NCs. Studying the core/shell sample under
different excitation energies enables selective excitation of the
core vs. the shell; thus, we decouple the effects of NC surfaces on
nonradiative relaxations. We find that Auger recombination
dominates the transient heating of the core/shell NCs when
multiexcitons are generated in the core by photons with energies
close to the bandgap of the core. The transient heating response is
corroborated by MD simulations. On the other hand, we unveil
that localized disordering is induced in addition to transient
heating when multiexcitons are generated predominantly in the
shell by photons with energies much larger than the bandgap of
the shell. These localized structural deformations arise from
localization of hot holes at NC surfaces forming surface small
polarons (Fig. 1a). Kinetic models considering these nonradiative
relaxations capture the experimentally measured dynamics well.
Furthermore, measurements on a core-only sample are presented,
which indicate that hole trapping happens under both excitation
photon energies yet with different temporal dynamics implying
the presence of an energy barrier for surface hot hole trapping in
this system.

Results
Ultrafast electron diffraction of CdSe/CdS nanocrystals.
Figure 1a schematically depicts the femtosecond electron dif-
fraction measurements performed in a transmission geometry,
where we monitor the diffraction from NC thin films deposited
on TEM grids as a function of pump-probe delay. Figure 1b
shows the radially integrated diffraction intensity in the absence
of optical pump I0(Q), where Q is the scattering vector. The
sample in Fig. 1b is a CdSe/CdS core/shell NC with a shell
thickness of eight monolayers (ML) (see “Methods” for sample
details and Supplementary Fig. 1 for TEM images). Figure 1b also
shows the transient change in the diffraction intensity ΔI(Q,t)
measured at a pump-probe delay of t ≈ 500 ps when the sample is
excited at 510 nm. The intensity of all diffraction peaks, labeled
from Q1 to Q7 (see corresponding reciprocal planes in Supple-
mentary Table 1), decreases transiently, while the intensity in the
diffuse scattering region (in-between the peaks) increases. The
relative loss of diffraction peak intensity implies that the NCs
become transiently disordered after photoexcitation.

Excitation with low photon energy in the core/shell
nanocrystal. We first discuss measurements of the core/shell
sample when excited at 510 nm. Note that 510 nm excitation
predominantly excites the CdSe core (see Supplementary Fig. 2).
Figure 2a shows the relative diffraction intensity (I(t)/I0) repre-
sented at four different diffraction peaks at an excitation fluence
of 2.1 mJ cm−2. Changes in I(t)/I0 become progressively larger
for higher Q peaks. This Q-dependence resembles a transient
heating response known as the Debye–Waller (DW) effect,
where diffraction peak intensities decrease as the material
heats up due to increased mean squared atomic displacements
(〈Δu(t)2〉). In a DW model under harmonic assumption,
I(t)/I0 can be related to 〈Δu(t)2〉 via � ln IðtÞ=I0

� � ¼ Q2

3 Δu tð Þ2� �

(Supplementary Section D)31. To check experimental agreement
with the DW model, we plot −ln(I(t)/I0) as a function of Q2 in
Fig. 2b at t= 1000 ps. A linear relationship with zero intercept
holds for all fluences studied between 1.5 and 3.1 mJ cm−2 (see
also Supplementary Fig. 3). This observation implies that the
time-dependent structural response of the core/shell NCs when
excited by 510 nm primarily originates from transient heating.
We estimate 〈Δu(t)2〉 as shown in the inset of Fig. 2b, which
scales linearly as a function of fluence indicating that the
absorbed energy density per NC also increases linearly with the
excitation fluence.

To gain better insight into the structural deformations
occurring in response to photoexcitation in these NCs, we
calculate a differential atomic pair distribution function (PDF)
ΔG(r,t) revealing transient changes in the atomic pair
correlations32,33 (see Supplementary Section C). In a wurtzite
CdSe (or CdS), the first atomic pair correlation peak is at 2.5 Å,
which corresponds to the first nearest neighbor Cd–Se (or S)
bond distance34. Higher order correlations, including those
corresponding to the distances across the a- and c-axis of the
unit cell (Fig. 2c, inset) at 4.1 and 7.1 Å, respectively, are also
observed. At each correlation distance, we observe a transient dip
at the peak center and a rise on each side (Fig. 2c). This indicates
that atomic pair correlations are transiently broadened, as
expected from transient heating of the NCs33. To further validate
this, we perform MD simulations calculating ΔG(r,ΔT) resulting
from a static temperature increase of ΔT (Supplementary
Section D). The simulated ΔG(r,ΔT= 14 K) (T0= 300 K) is
plotted in Fig. 2c, showing good agreement with the experimental
ΔG(r,t), further supporting our conclusion that the lattice
response in this case is dominated by transient heating.
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We convert 〈Δu(t)2〉 into lattice temperature changes ΔT(t) by
considering the DW factors calculated by our MD simulations
(Supplementary Fig. 5), which are also in good agreement with
prior reports31. Figure 2d shows ΔT(t) along with ΔE(t), which is
the energy transferred to the NC lattice (Supplementary Section E).
ΔT reaches a quasi-equilibrium at ca. 13 K under an excitation
fluence of 2.1 mJ cm−2 consistent with the MD simulation
above. We fit ΔT(t) phenomenologically by a single exponential
function, which gives lifetimes on the order of 200 ps (Supple-
mentary Fig. 13). This implies an exceptionally gradual heating of
the NCs, which could be explained either by (1) a bottleneck
during the course of cascaded energy transfer from hot carriers
into optical phonons and then into acoustic phonons35, or (2) an
Auger heating mechanism36. A bottleneck between hot carriers
and optical phonons is not considered, as prior reports have
established that this coupling is rather fast (≤1 ps) in colloidal
NCs37. However, a bottleneck may exist in the down-conversion
of the emitted optical phonons into acoustic ones, where the
acoustic phonons are more prominent in the DW response
because of their larger contribution to mean squared atomic
displacements (Supplementary Fig. 6)38. Previously, a bottleneck
between optical and acoustic phonons has been alluded to in lead-
halide perovskites through a hot phonon bottleneck effect35 due to
the efficient up-conversion of acoustic phonons into the optical
ones. To check on this mechanism, we calculate phonon density of
states and corresponding phonon relaxation lifetimes via MD

simulations. We find that the phonon relaxation lifetimes, which
are dictated by the anharmonic phonon–phonon interactions, are
typically < 1 ps (Fig. 2e). This lifetime reaches ~10 ps only for the
smallest energy acoustic phonons (<0.5 THz), but this is still an
order of magnitude faster than the heating of the NCs. Therefore,
we rule out hot phonon bottleneck as the primary mechanism
underlying the slow heating response.

Next, we check the hypothesis of an Auger heating mechanism,
which arises due to the generation of hot carriers at delayed times
via Auger recombination (Fig. 2f). We propose a simple kinetic
model that considers the Auger heating mechanism, where the
rate of heating is approximately equal to the rate of Auger
recombination (Supplementary Section F). We consider the
dependence of the Auger recombination rate39 on the average
number of excitons per NC (〈N〉) as NðN�1Þ

2
1

τAR
, where τAR is the

biexciton Auger lifetime. τAR ≈ 625 ps in the core/shell NC
(Supplementary Fig. 11). We calculate 〈N〉 based on the
absorption cross-section at 510 nm, which is ca. 10 for a fluence
of 1 mJ cm−2 and scales linearly with the fluence (inset of Fig. 2b).
The Auger heating model (solid lines in Fig. 2d) completely
captures the experimental dynamics including both the time scale
as well as the signal amplitude. This strongly implies that Auger
heating is the predominant mechanism contributing to the
transient heating of the core/shell NCs when many excitons are
generated near the band edge in the core of the NCs.

Fig. 1 Femtosecond electron diffraction on colloidal nanocrystals. a Schematic demonstration of the femtosecond electron diffraction, where we perform
optical pump/electron-beam diffraction probe experiments on colloidal nanocrystals (NCs) deposited on TEM grids. We observe dynamic lattice heating
and localized surface disordering associated with nonradiative relaxations in NCs. In a CdSe/CdS core/shell NC, Auger heating dominates the response
with 510 nm (green colored) excitation, while hot carrier surface trapping prevails with 340 nm (purple colored) excitation. Electrons and holes are denoted
by blue and red colors, respectively. b I0(Q) is the radially integrated diffraction intensity (solid blue) in the absence of optical pump in a CdSe/CdS core/
shell NC. ΔI(Q,t= 500 ps) is the transient change in the diffraction intensity (solid red) measured at a pump/probe delay of 500 ps with 510 nm excitation
under a fluence of 2.1 mJ cm−2. Different diffraction peaks are labeled as Q1–Q7.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22116-0 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:1860 | https://doi.org/10.1038/s41467-021-22116-0 |www.nature.com/naturecommunications 3

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Fig. 2 Low photon energy excitation of the core/shell NCs. a I(t)/I0 is the relative diffraction intensity as a function of pump/probe delay shown for four
different diffraction peaks labeled by Q1, Q3, Q4, and Q6. b −ln(I(t)/I0) plotted as a function of Q2 at t= 1000 ps, which shows a linear response confirming
that the transient effect arises from a Debye–Waller (DW) effect. The inset shows the calculated induced mean squared atomic displacements <Δu(t)2> for
three different fluences. The error bars show standard error. c ΔG(r,t) is the differential atomic pair distribution function measured with respect to G(r) of
unexcited NCs at chosen time delays of t (solid lines). Molecular dynamics (MD) simulated ΔG(r,ΔT= 14 K) is also shown for static temperature increase of
14 K (over 300 K) in the same NCs (dashed line). The inset shows a wurtzite CdS unit cell with the three nearest neighbor distances (Cd–S, a- and c-axis)
marked. d ΔT(t) shows the transient increase in lattice temperature along with ΔE(t), which shows the transient energy transferred to the lattice. The solid
lines are the fits based on Auger heating model. e Phonon relaxation lifetimes at 300 K calculated by MD simulations. f Schematic showing the relevant
nonradiative relaxation channels modeled here. Top schematic indicates the transient heating process of the NCs dominated by Auger heating.
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Excitation with high photon energy in the core/shell nano-
crystal. We now discuss 340 nm excitation of the core/shell NCs.
Supplementary Fig. 14 shows I(t)/I0 measured at four different
diffraction peaks, which shows that the transient structural
responses occur significantly faster under this excitation (~20 ps).
Figure 3a plots −ln(I(t)/I0) over Q2 at t= 200 ps. Although low Q

diffraction peaks (Q1–Q5) show a linear-like response among
themselves (solid line in Fig. 3a), higher Q peaks (Q6 and Q7)
strongly deviate from this linearity. This deviation happens
consistently for all studied fluences between 2.5 and 6.0 mJ cm−2

(see Supplementary Fig. 15). Therefore, this suggests additional
transient deformations occurring in these NCs concurrently with

Fig. 3 High photon energy excitation of the core/shell NCs. a −ln(I(t)/I0) plotted as a function of Q2, which strongly deviates from a linear response.
Although the first five Q peaks are linear among themselves (solid line is linear fit), higher order Q peaks (Q2 >40 Å−2) deviate from linearity. This
indicates a transient lattice effect that cannot be explained by a DW effect alone. The error bars show standard error. b Differential atomic pair distribution
function ΔG(r,t) at chosen t ranges. Dashed lines highlight the dips at 2.5, 4.1, and 7.1 Å. c Ratio of differential atomic pair correlation at the first nearest
neighbor with respect to that of the wurtzite c-axis (ΔG(2.5 Å,t)/ΔG(7.1 Å,t)) to disentangle the localized disorder dynamics. The inset shows the
dynamics obtained by subtracting I(t)/I0 at Q3 from that of Q6. R is a proportionality factor inferred from change in Debye–Waller factor from Q3 to Q6.
d Experimental ΔT(t) and ΔE(t) in the case of 340 nm excitation. The solid lines are the fits based on fast trapping model. e Schematic showing the
relevant nonradiative relaxation channels modeled here. Top schematic also indicates the transient localized lattice disordering associated with surface
hole trapping in addition to transient heating by hot carrier relaxation.
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the transient heating. Particularly, the deviation at high Q implies
that the induced disorder is linked to the formation of short
length scale, localized lattice deformations. This can be under-
stood with the fact that a diffraction peak at Q probes a real space
order of 2π/Q. For example, the Q6 peak at 6.4 Å−1 probes ~1 Å
in real space. Thus, strong disordering of the high Q peaks implies
disordering at the smallest spatial length scale, which we denote
here as a localized structural disordering40.

To understand the nature of these localized structural
deformations, we perform differential atomic PDF analysis.
Figure 3b shows ΔG(r,t) under an excitation fluence of
4.8 mJ cm−2. An investigation of the transient dips at different
atomic correlations indicates that at early delay times the first
nearest neighbor correlation at r= 2.5 Å is more affected than all
other correlations (see dashed lines in Fig. 3b). This observation
implies that the localized disordering has the largest impact on
the first atomic correlation peak, which is consistent with prior
work in other materials with highly localized disorder41. Also, this
implies that the localized disordering proceeds faster than the
transient heating, which is supported by a comparison of the
dynamics of ΔG(r,t) at different r. Supplementary Fig. 16 shows
the time evolution of the correlation loss amplitude at correla-
tions with large r of 4.1 and 7.1 Å, which exhibit the same time
constant of 20 ± 1 ps. Thus, the effect for large r correlations is the
same and its response is dominated by the transient heating. On
the other hand, ΔG(r,t) at r= 2.5 Å exhibits considerably faster
kinetics with a time constant of 11 ps. In this case, local
disordering and transient heating both contribute to the
dynamics together. To decouple the dynamics associated with
the formation of localized deformations, Fig. 3c shows
ΔG(2.5 Å,t) normalized by ΔG(7.1 Å,t), where the normalization
effectively removes the heating dynamics. After the normal-
ization, we estimate a time constant of ~3.5 ps directly linked
with the time scale for the formation of localized lattice
deformations.

In addition, diffraction intensity changes (I(t)/I0) measured at
different Q peaks (Supplementary Fig. 14) reveal the same time
scale for the formation of localized deformation. While I(t)/I0 at
lower Q peaks exhibit a time constant around ~23 ps dictated
by the transient heating, the Q6 peak shows a time constant of
~10 ps. To extract the dynamics of the localized deformations in
this case, we subtract I(t)/I0 measured at a low Q peak (Q3),
scaled to the linear DW value at Q6, from that of the
experimental data at Q6, obtaining a time constant of 6 ps (see
inset of Fig. 3c). This faster time scale at high Q is consistent with
the comparative PDF analysis above. The inset of Fig. 3c also
shows that these localized deformations do not relax within the
measured time window of 200 ps and hence are long lived.
However, they relax within a 2.7 ms time window, which is the
excitation repetition rate in this experiment. Additional longer-
lived distortions may also be induced which are not probed in
these time-dependent measurements.

Hot carriers in the NCs can be trapped via localization of the
carriers at the NC surfaces at picosecond timescales21,42–44

causing broad defect emissions42, reduced photoluminescence
quantum yields15 and increased blinking13,45. Ab initio calcula-
tions have also suggested that trapping may be linked with the
dynamic atomic fluctuations of the poorly passivated surface
chalcogen atoms44,46–48. Our observations here indicate that the
localized lattice deformations are formed on picosecond time-
scales under 340 nm excitation, where hot carriers are dominantly
excited in the shell region close to the surface of the NCs. In this
context, we hypothesize that the localized atomic deformations
arise from dynamic reconstruction of the NC surfaces as hot
carriers localize at poorly passivated surface atoms forming
surface small polarons29. To validate this hypothesis, we

investigate ΔT(t) (Fig. 3d), which is estimated from the lower Q
peaks exhibiting DW-like response. Note here that, the 〈N〉 is
~100 at 2.5 mJ cm−2 estimated from the absorption cross-section
at 340 nm. We find that the Auger heating model substantially
overestimates the amplitude of ΔT(t) by a factor of 4 (dashed line
in Fig. 3d) although absorbed energy density by the NCs scales
linearly (Fig. 3a, inset). This implies that Auger heating must be
suppressed in this case. Consistent with the hypothesis, Auger
recombination has been observed to be repressed in the NCs with
surface trapped holes49 as the trapping leads to spatial separation
of the carriers in a NC. We extend our kinetic model to account
for the suppression of the Auger heating due to competition with
fast hot carrier surface trapping (Supplementary Section F). We
apply the time constant for formation of the localized deforma-
tions as the time scale for hot carrier trapping. This model (solid
lines in Fig. 3d) agrees well with the experimental ΔT(t), which
strongly implies that the transient structural response in the case
of 340 nm excitation is dominated by the localized surface carrier
trapping (Fig. 3E).

Both types of hot carriers are created in the shell region by
340 nm. Based on only this information, we cannot differentiate
which carrier dominates the trapping process. However, with
510 nm excitation, hot carriers are created predominantly in the
core region. Due to the band alignment between CdSe and CdS,
electrons can be delocalized throughout the whole NC, while
holes are localized to the core39. No significant localized
deformations are observed with 510 nm excitation, which implies
that the delocalized hot electrons cannot be the main cause of the
surface trapping. Thus, hot holes must govern the formation of
localized deformations as they trap at the NC surfaces. This is
consistent with prior theoretical work in cadmium chalcogenide
NCs, which have suggested that the main carrier that leads to
trapping is the hole due to poorly passivated surface chalcogen
atoms23,29,44. The spatial extent of the localized distortions arising
from hot hole trapping can be estimated from the dynamic
structural information (Supplementary Section H). Comparing
the relative disorder introduced to the first and second atomic
correlation peaks under 510 nm (Fig. 2c) vs. 340 nm (Fig. 3b)
permits approximation of these localized distortions under the
assumption that a single hot hole localizes at a single unit cell at
the surface. We find the amplitude of the localized distortion to
be ~0.15 Å per trapped hole, a key input to future theoretical
studies of surface trapped charge, or surface small polaron,
transport in nanomaterials. Furthermore, close examinations of
the diffraction peaks associated with the localized disorder (e.g.,
Q6) reveal larger weighting of the l component of the (hkl) Miller
indices (see Supplementary Table 1). This implies that the local
distortion induced by the small polaron within the unit cell
favorably involves deformations with a significant component
along the c-axis of the wurtzite unit cell of the NCs (see
Supplementary Section I).

Excitation of the core-only nanocrystal. We also measure
the transient structural responses in a CdSe core-only NC
sample, which is the same size core used in the core/shell sample.
Figure 4a shows −ln(I(t)/I0) as a function of Q2 for both 340 and
510 nm excitations. We observe that the localized lattice defor-
mations, evidenced by an increased loss at high Q diffraction
peaks, occur under both excitation cases, while the effect is much
more pronounced for the 340 nm excitation. Differential atomic
PDF analysis in Fig. 4b shows the dynamics associated with the
localized disordering. The localized distortions emerge with a 6.9
± 3.1 ps time constant with 340 nm excitation, consistent with the
core/shell sample under the same excitation condition. On the
other hand, the localized lattice disordering proceeds with a slow
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time constant of 167 ± 70 ps with the 510 nm excitation. This
indicates that hot holes generated by 510 nm are not energetic
enough to cause localized surface trapping, while those generated
by 340 nm are. In the case of 510 nm excitation, Auger recom-
bination leads to the generation of energetic hot holes at later
times which underlies the slower formation of localized defor-
mations. This observation implies that there is a finite energy
barrier for the formation of localized surface hole traps. Con-
sidering the excess energy of the hot holes in the core-only and
core/shell NCs, we estimate that the energy barrier for hole
trapping is >0.1 and <0.36 eV. In the case of core/shell sample
under 510 nm excitation, the absence of strong localized disorder
signal (Fig. 2b and Supplementary Fig. 3) implies that hole
trapping is not a predominant channel. We think the important
reason behind this is that Auger recombination favors hot elec-
tron generation over hot hole generation in this core/shell system.
Our theoretical estimate indicates a 3:1 ratio for hot electron to
hot hole generation, hence a suppressed hot hole population due
to Auger process at later times (see Supplementary Section G).
On the other hand, in a core-only sample the hot electron and hot
hole Auger channels are roughly equivalent.

Discussion
Femtosecond electron diffraction applied to colloidal semi-
conductor NCs directly visualizes nonradiative relaxations
occurring in photoexcited semiconductor NCs in real time with
an atomic-scale resolution. With this, we uncover the dynamical
structural responses associated with the formation of localized
surface charge traps and Auger recombination. We show that hot
holes with excess kinetic energy induce short range atomic
deformations extending ~0.15 Å as these carriers localize at sur-
face trapping sites and form surface small polarons. Our results
indicate that excitation energy management in NCs by mini-
mizing the excess energy of hot hole is crucial to suppress non-
radiative losses associated with surface trapping. As such, high
energy excitation in NC lasers and energetic hole injection in
LEDs should be avoided to minimize undesired surface trapping,
important for wider technological deployment of semiconductor
NCs in applications.

Methods
Femtosecond electron diffraction experiments. UED experiments were con-
ducted at the SLAC National Accelerator Laboratory MeV-UED instrument, a part
of the LCLS User Facility. The experimental setup and our analysis approach have
been detailed before33. A multipass Ti:sapphire laser (800 nm, 60 fs, 360 Hz) is used
to drive both an optical parametric amplifier to create a tunable energy ultrafast
optical pump and to excite a photocathode to drive the electron bunch pulses. The
electron bunch probe pulses are accelerated to 3.7 MeV to achieve ~200 fs pulse
widths with 50 fC charge per pulse. Diffracted electrons were detected using an
EMCCD via a red phosphor. Time zero was calibrated for using either thin single-
crystal silicon or bismuth samples.

High-quality samples of core-only CdSe and eight ML core-shell CdSe/CdS
were used from the same batches detailed in ref. 8 and drop-cast onto TEM grids.
Full synthetic and characterization details for the quantum dot stock solutions can
be found within ref. 8, with details in Supplementary Section A. Samples were
imaged before and after measurements at the MeV-UED facility to confirm that no
damage took place during measurement. For results in Figs. 2–4, time-resolved
measurements are repeated and averaged over >10 different scans.

Time-resolved photoluminescence. To characterize biexciton Auger lifetime, we
measured the core/shell sample under 510 nm excitation. For this, we used a 35 fs
amplified Ti:sapphire laser system with a 2 kHz repetition rate. The output of the
laser is converted into 510 nm using an optical parametric amplifier. The NC
solution (optical density of 0.1 at 510 nm) was placed in a 1-mm-thick quart
cuvette and excited with varying excitation fluences. The excitation beam size was
496 µm in diameter. The sample was kept stirring throughout the measurement
with the help of a small magnet. To capture the photoluminescence decay curves,
we used a streak camera (Hamamatsu) providing an instrument response function
full-width at half-maximum of 30 ps.

Molecular dynamics simulations. MD simulations were performed on CdSe/CdS
core/shell NCs using the LAMMPS code50 and a previously implemented intera-
tomic pair potential parameterized for CdSe and CdS51 (see details in Supple-
mentary Section D). The static temperature differential atomic PDF (Fig. 2c) was
calculated using the eight ML core/shell NC. Radial distribution functions were
computed directly using LAMMPS from equilibrium MD trajectories at 314 and
300 K and then transformed to the PDFs, smoothed, and subtracted to obtain ΔG(r,
ΔT= 14 K). Mean square atomic displacements (MSD) for the eight ML core/shell
NC were computed from equilibrium MD trajectories at temperatures ranging
from 150 to 500 K. A linear relationship between temperature and change in MSD
was found and used to estimate experimental transient lattice temperatures.

The phonon density of states was computed for a four ML core/shell NC. The
structure was minimized using the conjugate descent algorithm implemented in
LAMMPS. This configuration was used to compute the mass-weighted Hessian,
which was diagonalized to obtain the phonon frequencies and modes. The lifetimes
for each of these phonon modes (Fig. 2e) were computed within a linear response
formalism52. Equilibrium MD simulations were used to compute the velocity
autocorrelation function for each mode, which was then used to compute the

Fig. 4 Excitation of the core-only CdSe NCs. a −ln(I(t)/I0) plotted as a function of Q2. Top panel is for 340 nm excitation, bottom panel is for 510 nm
excitation. In both cases, the experimental signal deviates from a linear response due to the presence of localized lattice disordering. The error bars
show standard error. b Ratio of differential atomic pair correlation at the first nearest neighbor with respect to that of the wurtzite c-axis (ΔG(2.5 Å,t)/ΔG
(7.1 Å,t)). Top panel is for 340 nm and bottom panel is for 510 nm. The localized lattice disorder, hence localized charge trapping, happens with a time
constant of 6.9 and 167 ps in the cases of 340 and 510 nm excitations, respectively. The color shaded region around dotted curve shows the exponential fit
and 95% confidence interval. In the case of 510 nm, the slow response arises from Auger recombination-induced hot hole generation, which leads to
trapping at later times.
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Langevin friction kernel via a numerical Laplace transform and obtain the phonon
lifetime (see details in Supplementary Section D).

Kinetic models. The kinetic models consist of sets of coupled differential equations
(Eqs. S1–S12 in Supplementary Section F). These equations were solved using the
Gillespie algorithm53, which uses trajectories with varying time steps to solve
classical master equations. The trajectories were initialized with electron–hole pair
populations according to the Poisson distribution with the average number of
electron–hole pairs consistent with the absorption cross-section and the optical
pump fluence. A linear relationship between the amount of electronic energy lost
via phonons and the temperature increase of the lattice is assumed. The Auger
recombination lifetime was fit to simultaneously reproduce the time dynamics of
the time-resolved photoluminescence and ultrafast electron diffraction data in
Fig. 2d, whereas hot hole surface trapping is taken into account for the data in
Fig. 3d (see Supplementary Section F).

Data availability
Source data are provided with this paper. Other data sets are available from B.G. and
A.M.L. upon reasonable request.

Code availability
Analysis codes used for analyzing UED data are available from B.G., B.L.C., and D.J.
upon reasonable request.

Received: 21 July 2020; Accepted: 4 February 2021;

References
1. Kovalenko, M. V. et al. Prospects of nanoscience with nanocrystals. ACS Nano

9, 1012–1057 (2015).
2. Dasgupta, N. P. et al. 25th anniversary article: semiconductor nanowires—

synthesis, characterization, and applications. Adv. Mater. 26, 2137–2184
(2014).

3. Kagan, C. R., Lifshitz, E., Sargent, E. H. & Talapin, D. V. Building devices from
colloidal quantum dots. Science 353, aac5523 (2016).

4. Kim, J. Y., Voznyy, O., Zhitomirsky, D. & Sargent, E. H. 25th anniversary
article: colloidal quantum dot materials and devices: a quarter-century of
advances. Adv. Mater. 25, 4986–5010 (2013).

5. Alivisatos, A. P. Semiconductor clusters, nanocrystals, and quantum dots.
Science 271, 933–937 (1996).

6. Murray, C. B., Norris, D. J. & Bawendi, M. G. Synthesis and characterization
of nearly monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor
nanocrystallites. J. Am. Chem. Soc. 115, 8706–8715 (1993).

7. Talapin, D. V., Lee, J. -S., Kovalenko, M. V. & Shevchenko, E. V. Prospects of
colloidal nanocrystals for electronic and optoelectronic applications. Chem.
Rev. 110, 389–458 (2010).

8. Hanifi, D. A. et al. Redefining near-unity luminescence in quantum dots with
photothermal threshold quantum yield. Science 363, 1199–1202 (2019).

9. Klimov, V. I. et al. Optical gain and stimulated emission in nanocrystal
quantum dots. Science 290, 314–317 (2000).

10. Livache, C., Martinez, B., Goubet, N., Ramade, J. & Lhuillier, E. Road map for
nanocrystal based infrared photodetectors. Front. Chem. 6, 575 (2018).

11. Semonin, O. E. et al. Peak external photocurrent quantum efficiency exceeding
100% via MEG in a quantum dot solar cell. Science 334, 1530–1533 (2011).

12. Shirasaki, Y., Supran, G. J., Bawendi, M. G. & Bulović, V. Emergence of
colloidal quantum-dot light-emitting technologies. Nat. Photon. 7, 933–933
(2013).

13. Knappenberger, K. L., Wong, D. B., Romanyuk, Y. E. & Leone, S. R. Excitation
wavelength dependence of fluorescence intermittency in CdSe/ZnS core/shell
quantum dots. Nano Lett. 7, 3869–3874 (2007).

14. Geißler, D., Würth, C., Wolter, C., Weller, H. & Resch-Genger, U. Excitation
wavelength dependence of the photoluminescence quantum yield and decay
behavior of CdSe/CdS quantum dot/quantum rods with different aspect ratios.
Phys. Chem. Chem. Phys. 19, 12509–12516 (2017).

15. Hoy, J., Morrison, P. J., Steinberg, L. K., Buhro, W. E. & Loomis, R. A.
Excitation energy dependence of the photoluminescence quantum yields of
core and core/shell quantum dots. J. Phys. Chem. Lett. 4, 2053–2060 (2013).

16. Li, S., Steigerwald, M. L. & Brus, L. E. Surface states in the photoionization of
high-quality CdSe core/shell nanocrystals. ACS Nano 3, 1267–1273 (2009).

17. Klimov, V. I. et al. Quantization of multiparticle auger rates in semiconductor
quantum dots. Science 290, 314–317 (2000).

18. Klimov, V. I. et al. Single-exciton optical gain in semiconductor nanocrystals.
Nature 447, 441–446 (2007).

19. Bae, W. K. et al. Controlling the influence of Auger recombination on the
performance of quantum-dot light-emitting diodes. Nat. Commun. 4, 2661
(2013).

20. Pietryga, J. M. et al. Spectroscopic and device aspects of nanocrystal quantum
dots. Chem. Rev. 116, 10513–10622 (2016).

21. Kambhampati, P. Hot exciton relaxation dynamics in semiconductor
quantum dots: radiationless transitions on the nanoscale. J. Phys. Chem. C
115, 22089–22109 (2011).

22. Bozyigit, D. et al. Soft surfaces of nanomaterials enable strong phonon
interactions. Nature 531, 618–622 (2016).

23. Utterback, J. K. et al. Observation of trapped-hole diffusion on the surfaces of
CdS nanorods. Nat. Chem. 8, 1061–1066 (2016).

24. Kirschner, M. S. et al. Transient melting and recrystallization of
semiconductor nanocrystals under multiple electron–hole pair excitation.
Nano Lett. 17, 5314–5320 (2017).

25. Yazdani, N. et al. Tuning electron–phonon interactions in nanocrystals
through surface termination. Nano Lett. 18, 2233–2242 (2018).

26. Javaux, C. et al. Thermal activation of non-radiative Auger recombination in
charged colloidal nanocrystals. Nat. Nanotechnol. 8, 206–212 (2013).

27. McBride, J. R., Pennycook, T. J., Pennycook, S. J. & Rosenthal, S. J. The
possibility and implications of dynamic nanoparticle surfaces. ACS Nano 7,
8358–8365 (2013).

28. Palato, S., Seiler, H., Nijjar, P., Prezhdo, O. & Kambhampati, P. Atomic
fluctuations in electronic materials revealed by dephasing. Proc. Natl. Acad.
Sci. 201916792 https://doi.org/10.1073/pnas.1916792117 (2020).

29. Cline, R. P., Utterback, J. K., Strong, S. E., Dukovic, G. & Eaves, J. D. On the
nature of trapped-hole states in CdS nanocrystals and the mechanism of their
diffusion. J. Phys. Chem. Lett. 9, 3532–3537 (2018).

30. Weathersby, S. P. et al. Mega-electron-volt ultrafast electron diffraction at
SLAC National Accelerator Laboratory. Rev. Sci. Instrum. 86, 073702 (2015).

31. Gao, H. X. & Peng, L. -M. Parameterization of the temperature dependence of
the Debye–Waller factors. Acta Crystallogr. A 55, 926–932 (1999).

32. Wu, X. et al. Light-induced picosecond rotational disordering of the inorganic
sublattice in hybrid perovskites. Sci. Adv. 3, e1602388 (2017).

33. Guzelturk, B. et al. Nonequilibrium thermodynamics of colloidal gold
nanocrystals monitored by ultrafast electron diffraction and optical scattering
microscopy. ACS Nano 14, 4792–4804 (2020).

34. Yang, X. et al. Confirmation of disordered structure of ultrasmall CdSe
nanoparticles from X-ray atomic pair distribution function analysis. Phys.
Chem. Chem. Phys. 15, 8480 (2013).

35. Yang, J. et al. Acoustic-optical phonon up-conversion and hot-phonon
bottleneck in lead-halide perovskites. Nat. Commun. 8, 14120 (2017).

36. Achermann, M., Bartko, A. P., Hollingsworth, J. A. & Klimov, V. I. The effect
of Auger heating on intraband carrier relaxation in semiconductor quantum
rods. Nat. Phys. 2, 557–561 (2006).

37. Hannah, D. C. et al. Direct measurement of lattice dynamics and optical
phonon excitation in semiconductor nanocrystals using femtosecond
stimulated raman spectroscopy. Phys. Rev. Lett. 111, 107401 (2013).

38. Tewary, V. K. & Yang, B. Singular behavior of the Debye-Waller factor of
graphene. Phys. Rev. B 79, 125416 (2009).

39. Philbin, J. P. & Rabani, E. Auger recombination lifetime scaling for type I and
quasi-type II core/shell quantum dots. J. Phys. Chem. Lett. 11, 5132–5138
(2020).

40. Li, J. et al. Dichotomy in ultrafast atomic dynamics as direct evidence of
polaron formation in manganites. npj Quantum Mater. 1, 16026 (2016).

41. Billinge, S. J. L., DiFrancesco, R. G., Kwei, G. H., Neumeier, J. J. & Thompson,
J. D. Direct observation of lattice polaron formation in the local structure of
La1-xCaxMnO3. Phys. Rev. Lett. 77, 715–718 (1996).

42. Wei, H. H. -Y. et al. Colloidal semiconductor quantum dots with tunable
surface composition. Nano Lett. 12, 4465–4471 (2012).

43. Chen, J. -S., Zang, H., Li, M. & Cotlet, M. Hot excitons are responsible for
increasing photoluminescence blinking activity in single lead sulfide/cadmium
sulfide nanocrystals. Chem. Commun. 54, 495–498 (2018).

44. Houtepen, A. J., Hens, Z., Owen, J. S. & Infante, I. On the origin of surface
traps in colloidal II–VI semiconductor nanocrystals. Chem. Mater. 29,
752–761 (2017).

45. Galland, C. et al. Two types of luminescence blinking revealed by
spectroelectrochemistry of single quantum dots. Nature 479, 203–207 (2011).

46. Puzder, A., Williamson, A. J., Gygi, F. & Galli, G. Self-healing of CdSe
nanocrystals: first-principles calculations. Phys. Rev. Lett. 92, 217401 (2004).

47. Kilina, S., Velizhanin, K. A., Ivanov, S., Prezhdo, O. V. & Tretiak, S. Surface
ligands increase photoexcitation relaxation rates in CdSe quantum dots. ACS
Nano 6, 6515–6524 (2012).

48. Voznyy, O., Thon, S. M., Ip, A. H. & Sargent, E. H. Dynamic trap formation and
elimination in colloidal quantum dots. J. Phys. Chem. Lett. 4, 987–992 (2013).

49. Sippel, P. et al. Two-photon photoemission study of competing auger and
surface-mediated relaxation of hot electrons in CdSe quantum dot solids.
Nano Lett. 13, 1655–1661 (2013).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22116-0

8 NATURE COMMUNICATIONS |         (2021) 12:1860 | https://doi.org/10.1038/s41467-021-22116-0 | www.nature.com/naturecommunications

https://doi.org/10.1073/pnas.1916792117
www.nature.com/naturecommunications


50. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J.
Comput. Phys. 117, 1–19 (1995).

51. Grünwald, M., Zayak, A., Neaton, J. B., Geissler, P. L. & Rabani, E. Transferable
pair potentials for CdS and ZnS crystals. J. Chem. Phys. 136, 234111 (2012).

52. Bader, J. S. & Berne, B. J. Quantum and classical relaxation rates from classical
simulations. J. Chem. Phys. 100, 8359–8366 (1994).

53. Gillespie, D. T. Exact stochastic simulation of coupled chemical reactions. J.
Phys. Chem. 81, 2340–2361 (1977).

Acknowledgements
This work is primarily part of the “Photonics at Thermodynamic Limits” Energy Frontier
Research Center funded by the US Department of Energy, Office of Science, Office of
Basic Energy Sciences under Award Number DE-SC0019140. MeV-UED is operated as
part of the Linac Coherent Light Source at the SLAC National Accelerator Laboratory,
supported by the US Department of Energy, Office of Science, Office of Basic Energy
Sciences under Contract No. DE-AC02-76SF00515. This work was performed, in part, at
the Center for Nanoscale Materials, a US Department of Energy Office of Science User
Facility, and supported by the US Department of Energy, Office of Science, under
Contract No. DE-AC02-06CH11357. Part of this work was performed at the Stanford
Nano Shared Facilities (SNSF), supported by the National Science Foundation under
award ECCS-1542152. R.D.S. and D.V.T. acknowledge support from NSF DMREF
Program under awards DMR–1629361, DMR–1629601, and DMR–1629383. N.Y. and V.
W. acknowledge funding from Swiss National Science Foundation from the Quantum
Sciences and Technology NCCR. M.Z. and S.P. acknowledge support from the Depart-
ment of Energy, Office of Science, Basic Energy Sciences, Materials Sciences and Engi-
neering Division, under Contract DE-AC02-76SF00515. D.J. acknowledges the support
of the Computational Science Graduate Fellowship from the US Department of Energy
under Grant No. DE-SC0019323.

Author contributions
A.M.L. and B.G. conceived the experiment. B.G. and B.L.C. led the UED experimental
team consisting of B.G., B.L.C., D.A.H., B.A.K., A.D.B., M.Z., S.P., N.Y., C.N., V.K. and
S.F. SLAC UED team consisting of X.S., M.E.K., M.F.L, A.H.R., S.P.W. and X.W. assisted
the experiments. B.G. and B.L.C. performed data analysis of the experimental UED data.
B.A.K., Z.N. and E.C. synthesized the nanocrystals. B.L.C., B.G., D.A.H., B.A.K. and E.C.
prepared the UED samples. B.G., B.L.C., A.M.L., D.J., J.P.P., E.R. and A.S. interpreted
the data. B.G. and R.D.S. performed transient photoluminescence measurements.

D.J. performed the MD simulations. J.P.P. and B.G. developed kinetic models. B.G. and
B.L.C. wrote the paper with contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22116-0.

Correspondence and requests for materials should be addressed to B.G. or A.M.L.

Peer review information Nature Communications thanks Marco Califano, Joel Eaves
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

This is a U.S. government work and not under copyright protection in the U.S.; foreign
copyright protection may apply 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22116-0 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:1860 | https://doi.org/10.1038/s41467-021-22116-0 |www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-021-22116-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Dynamic lattice distortions driven by surface trapping in semiconductor nanocrystals
	Results
	Ultrafast electron diffraction of CdSe/CdS nanocrystals
	Excitation with low photon energy in the core/shell nanocrystal
	Excitation with high photon energy in the core/shell nanocrystal
	Excitation of the core-only nanocrystal

	Discussion
	Methods
	Femtosecond electron diffraction experiments
	Time-resolved photoluminescence
	Molecular dynamics simulations
	Kinetic models

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




