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The mechanism of ultrafast structural switching
in superionic copper (l) sulphide nanocrystals

T.A. Miller!, J.S. Wittenberg1, H. Wen?, S. Connor’, Y. Cui' & A.M. Lindenberg1'3

Superionic materials are multi-component solids with simultaneous characteristics of both a
solid and a liquid. Above a critical temperature associated with a structural phase transition,
they exhibit liquid-like ionic conductivities and dynamic disorder within a rigid crystalline
structure. Broad applications as electrochemical storage materials and resistive switching
devices follow from this abrupt change in ionic mobility, but the microscopic pathways and
speed limits associated with this switching process are largely unknown. Here we use
ultrafast X-ray spectroscopy and scattering techniques to obtain an atomic-level, real-time
view of the transition state in copper sulphide nanocrystals. We observe the transformation
to occur on a twenty picosecond timescale and show that this is determined by the ionic
hopping time.
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uperionic conductors are solids that exhibit a critical

temperature above which their ionic conductivity is similar

to those found in ionic liquids, with applications in
electrochemical energy storage devices as solid-state electrolytes
and as resistance switching devices'™. Studied by Faraday?,
superionic materials consist of a compound in which one species
forms a rigid crystalline cage and another species occupies the
interstices. Upon heating into the superionic phase, the rigid cage
expands and often acquires new symmetry, permitting the second
species to move freely within the fixed sublattice. Ionic
conductivities approach 1Q~'cm !, corresponding to ions
moving between sites on the single picosecond timeframe™®.
Furthermore, many superionic materials exhibit a critical
temperature close to ambient, increasing the technological
applicability of this unique solid-liquid hybrid behaviour. For
example, copper (I) sulphide exhibits superionicity above 103 °C,
where the monoclinic sulphur lattice expands into a largely
vacant hexagonal structure; the copper ions, for which there are
many more sites than ions, abandon their fixed low-temperature
positions and move freely among the many possible sites in the
hexagonal sulphur lattice, displayin% the characteristic high ionic
conductivity of superionic phases” 10,

Recent work in nanoscale superionics has shown that the
transition temperature is reduced at small sizes and that polymer
surface treatments enable stabilization of the superionic phase to
room temperaturen’lz. Room-temperature superionic behaviour
of lithium has recently been observed in Li;¢GeP,S;, and can be
stabilized close to room temperature in LiBH,, sparking increased
interest in superionic materials for practical electrochemical
devices'>~1, Despite the long history of investigations into
superionic materials, the mechanism of the structural
reorganization and how that gives rise to high ionic
conductivity remains largely unknown, especially at the
nanoscale. As nanocrystals behave as single non-interacting
domains, they are model systems for understanding phase
transformations!”. Molecular dynamics and other theoretical
treatments have been applied to the study of the phase transition
in a range of compounds, but have not considered nanoscale
superionicsls’zo. Experiments on superionics for nanoscale
resistance  switching devices and non-volatile memory
applications have observed switching on 100ps time scales
(refs 3,21). Recent transmission electron microscopy experiments
have directly observed equilibrium fluctuations on few-second
timescales between the low- and high-temperature phases in an
individual Cu,S nanorod held at the critical temperature?”. These
studies report the time interval to stabilize a nucleus of the high-
temperature phase close to the critical temperature but do not
record the dynamic details of the structural transformation itself
on the timescale on which the ions are moving.
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Here we present time-resolved X-ray spectroscopic and
scattering studies probing the superionic phase transition in
Cu,S nanodisks with femtosecond temporal resolution, permit-
ting an atomic-level study of the superionic transformation
capable of resolving the intrinsic atomic motion. These dynamic
studies allow one to separate the emergence of superionic
diffusional motion from the concomitant crystallographic change.
We observe reversible switching between the low-temperature
and high-temperature superionic phase in less than 20ps, but
significantly longer than the timescale of the temperature jump.
These measurements are carried out in an excitation regime in
which the thermal energy is comparable to the energy barrier
between the two phases, such that the transformation time scale is
determined by the intrinsic dynamics of the structural reorgani-
zation and not the probability of a nucleation event?%23,

Results

Picosecond near-edge X-ray spectroscopy. Copper (I) sulphide
nanodisks (10 nm diameter) were observed using ultrafast X-ray
pump-probe techniques at beamline 6.0.2 at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory?4%°,
Samples were photo-excited with above-band-gap 400 nm light
pulses of 50 fs pulse duration. The incident fluence of 8 mJ cm ~ 2
induced impulsive temperature jumps of approximately 570 °C
above room temperature, which corresponds to a superheating of
approximately 500 °C (the details of this calculation are presented
in the Methods). The near-edge X-ray absorption fine structure
(NEXAFS) spectrum at the copper L; absorption edge was then
measured in transmission, allowing a study of the transient
behaviour of the local copper bonding environment.
Measurements of the copper L; NEXAFS spectrum probe the
2p—3d transition by promoting a core electron into an
unoccupied state in the copper d band. As the copper core
electrons contribute very little to inter-atomic bonding, changes
in the L; spectrum are mainly due to changes in the copper d
band. These measurements provide an ensemble-averaged probe
of all copper sites within each nanocrystal and monitor the
average copper bonding environment.

Figure la shows changes in the L; spectral shape at a time 400 ps
after photo-excitation with the unexcited spectrum overlaid. The
differential spectrum, generated by subtracting the laser-off
spectrum from the laser-on spectrum, shows two pronounced
features: a positive peak at 935eV and a broader negative feature
from 936 to 945 eV. The maximum of the low-energy peak in the
differential energy trace occurs at the midpoint of the main L; edge,
whereas the opposite-polarity trough is located above the main
edge. Such features correspond to a subtle red-shift of the copper L
edge, with no other discernible changes to the spectral shape.
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Figure 1| Evidence of a spectral red-shift. (a) Observed differential energy spectrum at a probe delay of 400 ps (black) with the unexcited spectrum
overlaid (blue). The differential spectrum corresponds to a red-shift of the spectrum. (b) Time traces at the two peak energies of the differential spectrum
(935eV in black, 937.5eV in blue) confirm the spectral red-shift observed after time zero. The solid lines in b are guides to the eye.
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To ascertain the dynamics of the observed spectral evolution, the
near-edge absorption as a function of time was recorded at strategic
energies of 935 and 937.5eV, which are the energies of the largest
amplitude changes in the differential energy spectrum. Initial
measurements were carried out using the standard X-ray time
structure with 100 ps time resolution. As shown in Fig. 1b, the
observed time traces corroborate the differential spectrum data.
The polarity of the traces on and above the edge is opposite, which
verifies a shift of the main edge to lower energy occurring on a time
scale faster than 100 ps.

Despite the rapid onset of the effect, the red-shift persists for
hundreds of nanoseconds, as can be seen in Fig. 2a. Such behaviour
is consistent with a light-induced structural transition and not
electronic effects due to changes in occupation of the valence and
conduction band states, which would be expected to decay on faster
timescales associated with carrier recombination rates?®. The
many-nanosecond decay seen in the transient absorption is due
to thermal diffusion of the laser-deposited energy, a slow process
dependent on sample preparation parameters that limits the
switching recovery time of the system.

Ultrafast X-ray diffraction. To probe changes in the crystal-
lographic symmetry, time-resolved X-ray diffraction measure-
ments were performed at the Advanced Photon Source. The
powder diffraction pattern was recorded as a function of probe
delay under identical excitation conditions as the spectroscopic
measurements. On account of the weak X-ray scattering of the
nanocrystals, thick samples were studied, resulting in a smaller
temperature elevation than in the absorption measurements.
Consequently, although one cannot compare the onset behaviour
of the diffraction effect to that of the X-ray absorption, these
measurements provide further evidence that the observed changes
in the absorption spectrum are associated with the superionic
transformation. Owing to the finite-size broadening of the
nanocrystalline sample, many of the finely spaced peaks, char-
acteristic of the low-temperature phase, overlap to form broad
features. Starting from the known crystallographic standards for
the bulk low- and high-temperature phases, one may account for
the finite-size broadening of a 10-nm crystallite and calculate the-
oretical nanocrystal diffraction patterns, resulting in Fig. 2c
(refs 9,27). Supplementary Figure S1 shows the static sample diffrac-
tion pattern. One observes that many of the effective reflections from
the monoclinic low-temperature phase vanish in the high-chalcocite
phase, whereas the high-temperature phase has few reflections
that do not strongly overlap with effective peaks of the broadened

low-temperature pattern. As shown in Fig. 2b, the time-resolved
measurements (black, red, orange, pink and green traces, also
indicated in Fig. 2c) show decreases in intensity by more than 15%,
whereas a clear peak indexed to the high-temperature phase (blue
trace) increases by a similar magnitude, indicating the expected
change in crystallographic symmetry'>?2, The full three-
dimensional pattern may be seen in Supplementary Fig. S2. The
increase in intensity can be indexed to the (011) peak of the high-
temperature hexagonal phase, consistent with previous work
studying the thermally driven superionic phase transition in Cu,S
(ref. 12). The large magnitude of the changes and the long-timescale
recovery of the effect are consistent with the diffraction signature of
the superionic phase transition in copper (I) sulphide. In addition,
we note that the persistence of the time-resolved effect for many
nanoseconds is in agreement with the long-lived spectral change
seen at the copper L; edge.

Femtosecond near-edge spectroscopy. To overcome the limited
time resolution of the time traces in Fig. 1, femtosecond X-ray
pulses were used to determine the rise time of the spectral red-
shift at the energy of maximum amplitude. Femtosecond X-ray
pulses were generated at the ALS using X-ray slicing techniques,
in which a short X-ray pulse is sliced out of the long ~ 100 ps
standard pulse, generating 200fs full-width at half maximum
pulses absolutely synchronized with the optical pump pulse.
Figure 3 shows the measured dynamics at 935 eV, resolving the
fundamental time scale for the red-shift in the NEXAFS spec-
trum. A single-exponential fit to the data reveals an ~ 18 ps onset
time for the spectral evolution. This is significantly longer than
the time scale for the temperature jump to occur, determined by
electron-phonon coupling and carrier relaxation, which have
been measured by optical pump-probe spectroscopy and shown
in Supplementary Fig. S2 and refs 28-31. It is also significantly
longer than the time scale for acoustic propagation across the
nanocrystal (a few picoseconds). This indicates a more complex
transition mechanism than a simple thermal-expansion-driven
process, which would be expected to occur on acoustically limited
timescales?03%33,

Discussion

The high-temperature superionic crystal structure of copper (I)
sulphide consists of a rigid, hexagonally close-packed lattice of
sulphur atoms, with 2 copper atoms distributed randomly among
12 interstitial sites. Furthermore, the copper atoms have the
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Figure 2 | Temporal evidence for a structural change. (a) Long-time recovery of the L5 edge spectral red-shift showing several hundred nanosecond
decay. The photon energy is 935eV. (b) Time-resolved X-ray diffraction of Cu,S showing a photo-induced decrease in diffraction efficiency at several Q
locations, complemented by increased intensity of the high-temperature phase superionic (011) reflection (blue). Error bars signify the s.e. (¢) Calculated
powder diffraction patterns of nanocrystalline Cus,S in the high- and low-temperature phases. The reflections studied in b are marked with dots. Both low-
temperature and high-temperature crystallographic standards (grey and green profiles, respectively) are corrected for isotropic nanocrystalline and

instrumental broadening (from refs 9 and 27).
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ability to move between the interstitial sites and occupy the sites
with equal probability, giving rise to superionicity. The low-
temperature structure is a distortion of the superionic crystal,
where the hexagonal symmetry of the sulphur lattice has been
reduced to a monoclinic system as the volume of the unit cell
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Figure 3 | Femtosecond resolution temporal evolution of L3 edge shift.
The time-resolved X-ray absorption at 935eV is shown with 200 fs
temporal resolution. The blue line is a single-exponential fit to the data with
an 18 ps time constant.
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contracts (Fig. 4a). The copper bonding then also distorts, and the
ions assume a long-range order to their site occupancy in the
monoclinic structure, eliminating high ionic conductivity. To
understand how transforming from a the low-temperature
monoclinic to the high-temperature hexagonal crystal structure
would give rise to an L; red-shift, theoretical absorption spectra
were generated using the ab-initio multiple-scattering X-ray
absorption code FEFF**3>, FEFF-generated spectra of the high-
and low-temperature phases were obtained directly from the
atomic coordinates of all atoms within a given cluster, the atomic
species, as well as an index marking unique atomic environments
(see Methods). Figure 4b shows calculated low- and high-
temperature spectra at the copper L; edge using the known crystal
structures as input. Although the dynamic partial-site occupancy
of the high-temperature phase (represented as the light blue sites
in Fig. 4a, which cannot be simultaneously occupied but are
crystallographically equivalent) introduces complexities to the
modelling, the transformation to the superionic configuration
appears as a red-shift in the copper L; edge, further reinforcing
the idea that the ultrafast spectral shift we observe is the signature
of the superionic transformation.

To develop a more intuitive understanding of how the known
crystallographic changes of the phase transformation give rise to
the spectral red-shift, NEXAFS spectra were calculated from the
low-temperature crystal structure under various states of hydro-
static volume expansion. Note that the superionic phase
transformation involves more crystal rearrangements than just
volume expansion would impose. Also, the finite size of the
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Figure 4 | Theoretical calculations of NEXAFS spectrum. (a) The theoretical treatment of NEXAFS spectra is based on the known crystal structures of the
low-temperature and high-temperature crystal structures. The green hexagon marks the hexagonal-like symmetry maintained by the sulphur lattice in both
phases. Note the overlapping copper sites of the high-temperature structure in light blue. (b) Simulated spectra of the two phases supports the conclusion
that a red-shift occurs upon undergoing the superionic transformation. The high-temperature result is shown in black, with the low-temperature spectrum
overlaid in blue. A broader view of the edge is shown in the inset. (¢) The red-shift in L3 edge position is found to be linear for small volume expansions (c),
whereas the differential spectrum produced by approximating the transformation as a volume expansion of the low-temperature phase (black line) matches

the experimental spectra (blue squares) quite well (d).
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nanocrystals introduces fine structure to the spectrum which the
volume expansion approximation fails to capture. Still, such an
approximation is motivated by the known volume increase of
0.7% associated with the superionic transition®. The low-
temperature structure was used, because the atomic positions
are well-defined and the superionic phase must evolve from the
low-temperature structure in the experiment. Simulations were
performed for a number of unit cell volume expansions, and the
position of the main edge was found to red-shift linearly with
the unit cell expansion for expansions less than 2% (Fig. 4c).
A differential spectrum for comparison with the observed
transient spectrum was generated by taking a 0.7% volume-
expanded theoretical spectrum and subtracting the unexpanded
theoretical spectrum, resulting in Fig. 4d. As these studies are
intrinsically differential in nature, it is this calculated differential
spectrum that is most valuable for comparison with experiment
and captures the most salient features of the measured spectral
changes, despite neglecting fine structure effects. The increased
absorption at the main edge appears in the simulated difference
spectrum with the same qualitative shape and width. The
simulation also captures the decreased absorption just above
the edge observed in the measured difference spectrum, as well as
the recovery of the differential energy to zero in the vicinity of
947 eV. Also of note is that the approximate magnitudes of the
calculated and observed effects are in order-of-magnitude
agreement across the entire measured energy range. Although
the thermal expansion dynamics at the experimental superheating
may also contribute to expansion beyond that associated with the
phase transformation, the good agreement of effect amplitude
obtained using just the volume expansion associated with
the phase transformation suggests that the structural
rearrangement dominates the NEXAFS response. From this we
conclude that the observed red-shift of the main edge
corresponds to a lengthening of the copper bonds within the
sample of a magnitude appropriate for the superionic transition.
Although increased symmetry of the lattice upon transformation
to the high-temperature phase does also alter the copper bond
angles, which one might expect to alter the NEXAFS spectrum, it
appears that the changed copper bond length contributes most
strongly to the NEXAFS response. These results are in accordance
with the well-established relationship between red-shifts in
NEXAFS spectra and increases in bond length3®.

We now turn our attention to the time for the phase transition
to occur. This is typically described by an Arrhenius/transition-
state model, which is a function of an inverse attempt frequency
and the probability of overcoming an activation barrier associated
with the interface between the two phases’”. We calculate the
interfacial energy barrier to form a spherical nucleus of critical
size (much smaller than a nanocrystal) to be about 100 meV,
comparable to thermal energy fluctuations after laser excitation
(70 meV), such that a large fraction of a nanocrystal has sufficient
thermal energy to form the superionic phase. We therefore do not
depend on thermal fluctuations to overcome the nucleation
barrier. Although the system has a distribution of energies, we
note that the thermal fluctuations at this superheating are such
that even regions with thermal energy less than the activation
barrier must only wait for approximately one attempt to
surmount the barrier before success. The details of the energetic
situation are given in the Methods section. Thus, in this
superheated limit, the time scale for the superionic phase
transition is not determined by the probability of nucleating,
which is usually small for most experiments and dominates the
temporal response. Rather, in this regime the nucleation
probability approaches unity, and the transformation time is
determined more strongly by the inverse attempt frequency, here
associated with the time for the structure to rearrange, observed

in this experiment to be about 20ps. We note that this
transformation time is comparable with the time for a copper
ion to self-diffuse the length of a bond, in agreement with the
known ionic diffusion coefficient of ~10~%cm?s~! in the
superionic phase™®. The ionic self-diffusion process has a
relatively small activation barrier, often attributed to a collective
motion of the ionic system, which lowers the barrier for ionic
hopping in the high-temperature phase3>4°. The time for self-
diffusion may itself be described with an Arrhenius model, where
the coefficient of the exponential term represents the period of
ionic motion in the material. For superionic conductors, the
period of the coordinated cation motion has been determined by
far-infrared and microwave studies to be ~1ps (refs 6,39).
Indeed, taking values for the energy barrier associated with the
ionic hopping process in the superionic phase (E,=240meV),
the inverse cation attempt frequency (1 ps), and treating the time
to self-diffuse one hop in the simplest approximation as described
by Totruet = 0P exp ki—AT ~ 17 ps, one obtains a time comparable
to that observed here experimentally?’. As our experiment was
performed on an ensemble of nanoparticles, the observed time
represents the expected value of many events; this allows direct
comparison between experiment and the calculated cation self-
diffusion time.

These measurements indicate that the time for the superionic
transformation may be completely described by the average time
for a successful copper ion self-diffusion event. That is to say that
it is the ionic hopping time, which determines the fundamental
time scale for the phase transition. As the superionic transforma-
tion requires no compositional change, and only a minor crystal
rearrangement, such a conclusion is consistent with a transfor-
mation of the diffusionless class and a collective rearrangement of
the nanocrystalline system. It is interesting to note that one may
describe the superionic transformation dynamics using the
material parameters of the high-temperature phase, indicating
that the superionic transport properties emerge before the
structure rearranges.

In summary, by utilizing X-ray absorption and scattering
techniques with femtosecond temporal resolution, we determine
that the onset of superionicity in nanoscale copper (I) sulphide is
governed by the time for the collective copper motion within a
nanocrystal. These studies indicate a connection between the
equilibrium transport properties in the superionic phase and the
mechanism of the phase transformation itself, linking the short-
range ionic displacements with the large-scale homogeneous
crystallographic rearrangements of the nanocrystal, and provid-
ing a means of separating ionic and crystallographic degrees of
freedom. More broadly, these studies demonstrate new means of
using light to control the emergence of new phases and the speed
at which these transformations occur. Future work may enable
devices taking advantage of these ultrafast transformations for the
development of resistive switching devices operating at the few-
picosecond level.

Methods

Preparation of nanocrystalline samples. Stoichiometric copper (I) sulphide
nanodisks, 10 nm in diameter and 2nm thick, were prepared using a modified
colloidal synthesis technique*!. Samples were characterized using differential
scanning calorimetry (DSC) to verify the reversibility of the transition and the
critical temperature at the nanoscale. DSC was performed using a TA Instruments
Q100 under nitrogen purge. The measurement was performed in accordance with
the standard for determining phase-transition temperatures by DSC*2. The
measurement was repeated four times; the thermal cycle for the first three extended
from 0 to 125 °C, whereas the fourth cycle continued up to 200 °C. The four
thermal traces are shown in Supplementary Fig. S4a; the traces overlap such that
one cannot distinguish any cycle from any other cycle. From this data, we conclude
that the superionic transition in superionic nanoparticles occurs at 77 °C with an
approximate width of 5 °C. Furthermore, we note that the transformation is
completely reversible and that the nanoparticles do not sinter at elevated
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temperature, which would be expected to shift the transformation temperature
closer to the bulk value of 103 °C for subsequent thermal cycles’.

The nanodisks were suspended in toluene and dropcast onto 100 nm thick
silicon nitride membranes, which provide X-ray transparent sample support.
Supplementary Fig. S4b shows a transmission electron micrograph of the copper
(I) sulphide nanodisks. One can see both the top and side views. The disks tend to
stand on end and stack, whereas the top view of the nanodisks may be seen on the
right side of the image.

To determine the rate of carrier relaxation after optical excitation, and hence the
timescale of the resulting temperature increase, ultrafast optical and terahertz-
frequency absorption measurements on the copper (I) sulphide nanodisks were
performed. Samples were dropcast on optically transparent substrates to a
sufficient thickness, so as to have an approximate optical density of one. The
samples were then excited with ultrashort pulses of 400 nm light at a fluence of
8mJcm 2, and the absorption of delayed THz and 800 nm pulses were recorded
in transmission. The low photon energy of the THz photons does not allow for
direct band gap excitation, but can be absorbed through intraband absorption by
free electrons in the conduction band; this provides an extremely sensitive probe of
free-carrier density. The 800-nm photons can also be absorbed by intraband
excitation, providing a secondary free-carrier density probe, as well as a probe
sensitive to changes in band structure.

Ultrafast near-edge X-ray absorption. X-ray absorption was measured by an
avalanche photodiode placed in the transmitted X-ray beam with a 250-pm alu-
minium foil to prevent the detection of pump laser photons. The ALS is intrin-
sically pulsed with pulses every 2ns of ~70ps duration, and the avalanche
photodiode was fast enough to resolve the few-nanosecond nature of the ring
structure. The output was amplified using fast pre-amplifiers, such that the
detection was sensitive to single X-ray photons, and gated so as to measure one
X-ray pulse per excitation. A second reference X-ray pulse was measured ~ 1 ms
after excitation, providing a laser-off reference. The gated signal was subsequently
integrated on a shot-by-shot basis to generate laser-on and laser-off signals and
improve acquisition quality. Each probe delay was recorded as the average signal
over several seconds, and each time scan was repeated several times to achieve the
necessary signal-to-noise ratio. The experiment has an absolute energy resolution
of 0.9eV.

Measurements were also performed in a femtosecond X-ray mode, in which
200 fs full-width at half maximum X-rays were sliced from the standard X-ray
bunch by a copropagating ultrashort laser pulse interacting with an electron bunch
in an X-ray radiator, at the expense of a factor of ~ 10 in incident X-ray flux.
These are subsequently dispersed spatially from the background picosecond X-rays,
and slits are used to select the femtosecond X-rays, with a contrast ratio better than
2:1 at the Cu L; edge*>*%. X-ray detection is the same as already described. The
slicing laser pulse is absolutely synchronized in time to the sample excitation laser
pulse.

Time-resolved diffraction. Samples were synthesized and excited identically to
those used in the spectroscopic measurements. Samples were dropcast repeatedly to
make a sample thick enough to scatter monochromatic 100 ps X-ray pulses of
8keV energy (1.5 A), resulting in a thicker sample than used for X-ray absorption
measurements, which lessens the imposed temperature jump. The nanocrystal
powder diffraction pattern was collected by a gated area detector in transmission.
The incident X-ray spot size was less than 50 pim in diameter. Theoretical scattering
patterns were calculated using the commercial Crystal Diffract software, account-
ing for a 10-nm diameter isotropic crystallite size and 0.003 A ~ lof instrumental
broadening. The high-temperature phase calculation is based on International
Centre for Diffraction Data (ICDD) reference 00-046-1195, which accounts for the
dynamic partial site occupancy of that phase.

FEFF near-edge spectrum simulations. The absorbing atom in the cluster was
explicitly specified. Different crystallographic sites were considered sufficiently
unique environments to warrant unique indices. Models were run under the
approximation of a fully screened core hole, which removes the dependence of
unique potentials on the coordination shell relative to the absorbing atom. Clusters
of ~275 atoms were used for both the low- and high-temperature phases, and
established crystal structures were used to generate the atomic coordinates as
shown in Fig. 3 and refs 7-9,45. Previous work has shown that the high-
temperature phase has copper sites too close to one another to be simultaneously
occupied; consequently, a representative configuration was used that preserved the
greatest number of different Cu-Cu and Cu-S bond lengths while adhering to this
restriction. Furthermore, different absorbing sites were simulated, sampling various
atomic sites, as well as the interior and surface of the atomic cluster. For each
cluster/absorber combination, FEFF calculated an electronic band structure and the
subsequent theoretical NEXAFS spectrum. The outputs for the different absorbers
were then averaged to generate a spectrum comparable to experimental spectra.

Energy calculations. A calculation of the temperature of the nanocrystals after

depth of the light, the temperature increase caused in a material by an incident
oF

laser pulse may be described by the equation AT = % = 572°C, where o

(1.92 x 10° cm ~ 1) is the optical cross-section, F is incident laser fluence

(8mJem ™ 2), C is the specific heat (76.3 J/mol K) and N is the molar density44'10.
Note that one does not include the latent heat of the superionic transformation
when calculating the driving force temperature, as the low-temperature phase has
only been superheated and has not yet transformed. To calculate the equilibrium
temperature jump, one must include the latent heat, as well as the larger specific
heat of the superionic phase (112 J/mol K)'. Inclusion of these effects indicates an
equilibrium temperature jump of ~ 375K, which is within the superionic phase
stability region.

Under the experimental conditions, the entire volume of a given nanocrystal is
near-instantaneously (per the discussion of carrier thermalization presented in
Supplementary Fig. S3) and homogeneously superheated, such that homogeneous
nucleation may occur. Consequently, we consider only homogeneous nucleation.
One may calculate the size of the high-temperature critical nucleus by considering
the superheating calculated above and the expression r* = 22L _L_ where T is the
superionic transition temperature, AH is the enthalpy of transformation, o is the
surface energy of the critical nucleus and AT is the superheating. We calculate ¢ by
equating it to half of the enthalpy of melting a volume with that many bonds; that
is to say that the dangling bonds on the embryo surface cost half of the energy of
the bond in the bulk. This approximation is commonly made*®#”. Consequently,
we calculate a critical radius of 2.2 A, yielding a critical energy of 90 meV per
nucleus, comparable to kT. Note that we consider the activation barrier to be equal
to the surface energy of the critical nucleus; we do not consider the volume energy
decrease in the critical nucleus, as the atoms have not had sufficient time to
rearrange, although their bonds have broken, creating a surface. Also note that the
critical radius size is much smaller than the size of the nanocrystal itself. The
fractional population of critical-nucleus-sized regions within one nanoparticle that
have enough thermal energy to overcome this barrier may be expressed as
P=exp (;—j&l) ~ 0.3 after laser excitation, indicating these measurements are
carried out in a superheated limit in which the energy required to form a critical
nucleus is thermally available. Furthermore, if one were to consider the time for a
cluster of atoms without sufficient energy to surmount the interfacial barrier due to
thermal fluctuations, one calculates 7= 7, exp k:ﬁ =~ 1¢(ref. 22). Therefore,
approximately one attempt to surmount the barrier is required to form a critical
nucleus, even by the fraction of the nanocrystal that formally lacks the thermal
energy to do so.

References

1. Hull, S. Superionics: crystal structures and conduction processes. Rep. Progr.
Phys. 67, 1233-1314 (2004).

2. Schoen, D. T, Xie, C. & Cui, Y. Electrical switching and phase transformation
in silver selenide nanowires. J. Am. Chem. Soc. 129, 4116-4117 (2007).

3. Waser, R. & Aono, M. Nanoionics-based resistive switching memories. Nat.
Mater. 6, 833-840 (2007).

4. Faraday, M. Experimental researches in electricity. Fourth series Phil. Trans. R.
Soc. Lond. 123, 507-522 (1833).

5. Wang, L.-W. High chalcocite Cu,S: a solid-liquid hybrid phase. Phys. Rev. Lett.
108, 085703 (2012).

6. Strom, U., Taylor, P., Bishop, S., Reinecke, T. & Ngai, K. Microwave and
infrared conductivity of Na B-alumina; evidence for collective ionic effects.
Phys. Rev. B 13, 3329-3332 (1976).

7. Evans, H. T. [The crystal structures of low chalcocite and djurleite]. Zeits.
Kristallogr. 150, 299-320 (1979).

8. Evans, H. T. Copper coordination in low chalcocite and djurleite. and other
copper-rich sulfides. Am. Mineral. 66, 807-818 (1981).

9. Evans, H. T. Crystal structure of low chalcocite. Nature 232, 69-70 (1971).

10. Chakrabarti, D. J. & Laughlin, D. E. The Cu-S (copper-sulfur) system. Bull.

Alloy Phase Diagrams 4, 254-271 (1983).
. Makiura, R. et al. Size-controlled stabilization of the superionic phase to room
temperature in polymer-coated Agl nanoparticles. Nat. Mater. 8, 476-480 (2009).

12. Rivest, J., Fong, L. & Jain, P. Size dependence of a temperature-induced solid-
solid phase transition in copper (I) sulfide. J. Phys. Chem. Lett. 2, 2402-2406
(2011).

13. Matsuo, M., Takamura, H., Maekawa, H., Li, H.-W. & Orimo, S. Stabilization of
lithium superionic conduction phase and enhancement of conductivity of
LiBH, by LiCl addition. Appl. Phys. Lett. 94, 084103 (2009).

14. Ricco, M. et al. Superionic Conductivity in the Li;Cgo Fulleride Polymer. Phys.
Rev. Lett. 102, 145901 (2009).

15. Kamaya, N. et al. A lithium superionic conductor. Nat. Mater. 10, 682-686
(2011).

16. Bill, H., Carron, P. L. & Anderson, I. Lithium diffusion in the superionic
conductor Li,S. Phys. B 181, 795-797 (1992).

17. Turnbull, D. Kinetics of heterogeneous nucleation. J. Chem. Phys. 18, 198-203
(1950).

1

—_

carrier thermalization, but before the onset of any phase transformation, provides  18. Rakitin, A. & Kobayashi, M. Microscopic study of superionic transition. Phys.
the thermal-driving force for the phase transformation. Within the extinction Rev. B Condens. Matter 53, 3088-3094 (1996).
6 NATURE COMMUNICATIONS | 41369 | DOI: 10.1038/ncomms2385 | www.nature.com/naturecommunications

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2385

ARTICLE

19. Hainovsky, N. & Maier, J. Simple phenomenological approach to premelting 40. Nomura, K. Particle correlation in a-Agl. Solid State Ionics 154-155, 285-289
and sublattice melting in Frenkel disordered ionic crystals. Phys. Rev. B 51, (2002).

15789-15797 (1995). 41. Zhang, H.-T., Wu, G. & Chen, X.-H. Large-scale synthesis and self-assembly of

20. Griinwald, M. & Dellago, C. Nucleation and growth in structural monodisperse hexagon Cu,S nanoplates. Langmuir 21, 4281-4282 (2005).
transformations of nanocrystals. Nano Lett. 9, 2099-2102 (2009). 42. ASTM International. Standard test method for transition temperatures and

21. Sakamoto, T. et al. Nanometer-scale switches using copper sulfide. Appl. Phys. enthalpies of fusion and crystallization of polymers by differential scanning.
Lett. 82, 3032-3034 (2003). ASTM Standard D4318-08, 1-7 (2012).

22. Zheng, H. et al. Observation of transient structural-transformation dynamics in ~ 43. Schoenlein, R. W. Generation of femtosecond pulses of synchrotron radiation.
a Cu2S nanorod. Science 333, 206-209 (2011). Science 287, 2237-2240 (2000).

23. Wittenberg, J., Merkle, M. & Alivisatos, A. P. Wurtzite to rocksalt phase 44. Wen, H., Huse, N., Schoenlein, R. W. & Lindenberg, A. M. Ultrafast
transformation of cadmium selenide nanocrystals via laser-induced shock conversions between hydrogen bonded structures in liquid water observed by
waves: transition from single to multiple nucleation. Phys. Rev. Lett. 103, femtosecond x-ray spectroscopy. J. Chem. Phys. 131, 234505 (2009).

125701 (2009). 45. Buerger, M. J. & Wuensch, B. J. Distribution of atoms in high chalcocite, Cu,S.

24. Heimann, P. A., Padmore, H. A. & Schoenlein, R. W. ALS beamline 60 for Science 141, 276-277 (1963).
ultrafast X-ray absorption spectroscopy. AIP Confer. Proc. 705, 1407-1410 46. Kelton, K. Crystal nucleation in liquids and glasses. Solid State Phys. 45, 75-177
(2004). (1991).

25. Heimann, P. A. et al. The advanced light source (ALS) slicing undulator 47. Fokin, V. & Zanotto, E. Method to estimate crystal/liquid surface energy by
beamline. AIP Conf. Proc. 879, 1195-1197 (2007). dissolution of subcritical nuclei. J. Non-Cryst. Solids 278, 24-34 (2000).

26. Cavalleri, A. et al. Band-selective measurements of electron dynamics in VO2
1(125(1)r(1)g5)f'emtosec0nd near-edge X-ray absorption. Phys. Rev. Lett. 95, 067405 Acknowledgements

27. Cava, R., Reidinger, F. & Wuensch, B. J. Mobile ion distribution and Research was supported by the U. S. Department of Energy, Basic Energy Sciences,
anharmonic thermal motion in fast ion conducting Cu,S. Solid State Ionics 5, Materials Sciences and Engineering Division, and performed in part at the Advanced
501-504 (1981). Light Source, the Advanced Photon Source and the Stanford Synchrotron Radiation

28. Lou, Y., Yin, M., O’Brien, S. & Burda, C. Electron-hole pair relaxation dynamics Lightsource, DOE-BES user facilities. The Advanced Light Source is supported by the
in binary copper-based semiconductor quantum dots. J. Electrochem. Soc. 152, Director, Office of Science, Office of Basic Energy Sciences of the U. S. Department of
G427 (2005). Energy under contract number DE-AC02-05CH11231. Use of the Advanced Photon

29. Lou, Y., Chen, X., Samia, A. C. & Burda, C. Femtosecond spectroscopic Source, an Office of Science User Facility operated for the U. S. Department of Energy
investigation of the carrier lifetimes in digenite quantum dots and (DOE) Office of Science by Argonne National Laboratory, was supported by the U. S.
discrimination of the electron and hole dynamics via ultrafast interfacial DOE under contract number DE-AC02-06CH11357. Portions of this research were
electron transfer. J. Phys. Chem. B 107, 12431-12437 (2003). carried out at the Stanford Synchrotron Radiation Lightsource, a Directorate of SLAC

30. Klimov, V. & Karavanskii, V. Mechanisms for optical nonlinearities and National Accelerator Laboratory and an Office of Science User Facility operated for the
ultrafast carrier dynamics in Cu,S nanocrystals. Phys. Rev. B Condens. Matter U. S. Department of Energy Office of Science by Stanford University. We are grateful for
54, 8087-8094 (1996). the experimental assistance of T. E. Glover and M. Hertlein at Lawrence Berkeley

31. Rastogi, A. & Salkalachen, S. Optical absorption behaviour of evaporated Cu,S National Laboratory, as well as N. Huse for useful discussion.
thin films. Thin Solid Films 97, 191-199 (1982).

32. Shank, C,, Yen, R. & Hirlimann, C. Time-resolved reflectivity measurements of  Author contributions
femtosecond-optical-pulse-induced phase transitions in silicon. Phys. Rev. Lett. T A M., J.S.W., H.W. and A.M.L. carried out the experiments. S.C. prepared the samples.
50, 454-457 (1983). Y.C. and A.M.L. initiated the project and conceived the work. T.A.M. wrote the

33. Mariager, S. et al. Structural and magnetic dynamics of a laser induced phase  manuscript, and all authors edited and contributed to the final draft.
transition in FeRh. Phys. Rev. Lett. 108, 087201 (2012).

34. Rehr, J. J. & Albers, R. C. Theoretical approaches to x-ray absorption fine
structure. Rev. Mod. Phys. 72, 621-654 (2000). Additional information

35. Rehr, . J. et al. [AD initio theory and calculations of X-ray spectra]. C. R. Phys. ~ Supplementary Information accompanies this paper at http://www.nature.com/

10, 548-559 (2009). naturecommunications

36. Stohr, J. NEXAFS Spectroscopy 403 (Springer-Verlag, Berlin, 1992). . o . L

37. Caspersen, K. J. & Carter, E. A. Finding transition states for crystalline Competing financial interests: The authors declare no competing financial interests.
solid-solid phase transformations. Proc. Natl Acad. Sci. USA 102, 6738-6743 Reprints and permission information is available online at http://npg.nature.com/
(2005). reprintsandpermissions/

38. Sen, P. & Huberman, B. Low-frequency response of superionic conductors.

Phys. Rev. Lett. 34, 1059-1060 (1975). How to cite this article: Miller, T.A. et al. The mechanism of ultrafast structural

39. Allen, Jr S. & Remeika, J. Direct measurement of the attempt frequency for ion  switching in superionic copper (I) sulphide nanocrystals. Nat. Commun. 4:1369 doi:
diffusion in Ag and Na B-alumina. Phys. Rev. Lett. 33, 1478-1481 (1974). 10.1038/ncomms2385 (2013).

NATURE COMMUNICATIONS | 4:1369 | DOI: 10.1038/ncomms2385 | www.nature.com/naturecommunications 7

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	title_link
	Results
	Picosecond near-edge X-—ray spectroscopy

	Figure™1Evidence of a spectral red-shift.(a) Observed differential energy spectrum at a probe delay of 400thinspps (black) with the unexcited spectrum overlaid (blue). The differential spectrum corresponds to a red-shift of the spectrum. (b) Time traces a
	Ultrafast X-—ray diffraction
	Femtosecond near-edge spectroscopy

	Discussion
	Figure™2Temporal evidence for a structural change.(a) Long-time recovery of the L3 edge spectral red-shift showing several hundred nanosecond decay. The photon energy is 935thinspeV. (b) Time-resolved X-—ray diffraction of Cu2S showing a photo-induced dec
	Figure™3Femtosecond resolution temporal evolution of L3 edge shift.The time-resolved X-—ray absorption at 935thinspeV is shown with 200thinspfs temporal resolution. The blue line is a single-exponential fit to the data with an 18thinspps time constant
	Figure™4Theoretical calculations of NEXAFS spectrum.(a) The theoretical treatment of NEXAFS spectra is based on the known crystal structures of the low-temperature and high-temperature crystal structures. The green hexagon marks the hexagonal-like symmetr
	Methods
	Preparation of nanocrystalline samples
	Ultrafast near-edge X-—ray absorption
	Time-resolved diffraction
	FEFF near-edge spectrum simulations
	Energy calculations

	HullS.Superionics: crystal structures and conduction processesRep. Progr. Phys.67123313142004SchoenD. T.XieC.CuiY.Electrical switching and phase transformation in silver selenide nanowiresJ. Am. Chem. Soc.129411641172007WaserR.AonoM.Nanoionics-based resis
	Research was supported by the U. S. Department of Energy, Basic Energy Sciences, Materials Sciences and Engineering Division, and performed in part at the Advanced Light Source, the Advanced Photon Source and the Stanford Synchrotron Radiation Lightsource
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information


