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Optical control of single-atom dynamics in

plasmonic nanogaps

Paul Kerner', Rakesh Arul', Damien Thompsonz, Jeremy J. Baumberg1*, Bart de Nijs1’3*

Observing and controlling dynamics of single atoms in ambient conditions is challenging when using conven-
tional atomic-scale techniques due to their invasive character. Here, such control is achieved optically, by confin-
ing pulses of visible light within extreme plasmonic nanogaps, where they rapidly create (“write”) an adatom on
one facet surface. Such adatoms are shown to be storable in ambient conditions for at least a week in the dark and
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are observed (“read”) using low-intensity surface-enhanced Raman spectroscopy (SERS). Writing at higher optical
intensities stabilizes the atomic protrusion through light-induced local restructuring, which imposes a higher en-
ergy barrier for its return into the metal surface. Fluctuations in these “picocavity” SERS spectra show that while
adatom movement is significantly slower under low light intensities, ambient thermal energy still enables them to
explore the surrounding energetic landscape. Optical control over single metal atom dynamics opens promising
avenues for next-generation microelectronics, atomic-scale imaging, and catalysis.

INTRODUCTION

Observing and controlling the dynamics of a single atom on a metal sur-
face is not only of fundamental interest but also highly sought after with-
in micro- and nano-electronics (1-3) due to the ever-stronger push for
miniaturization. Devices involving single-atom electronical components
(4) and memory (5, 6) are of particular interest. Understanding the be-
havior of metal surfaces and their interaction with molecules in oper-
ando conditions is also key for catalysis (7-9), where single metal atoms
are found to play increasingly important roles (10-14).

Traditional tools visualizing at the atomic scale are electron (15, 16),
scanning tunneling (17), and atomic force (18) microscopies, which
are unfortunately often highly disruptive to delicate single-atom
dynamics. An alternative solution is offered by tip-enhanced (19-
21) or surface-enhanced (22-25) Raman spectroscopies (TERS or
SERS) to probe systems down to single atoms. These use low-energy
visible light, work in ambient conditions, and can access nanoscale
dynamics (26). Single-atom resolution can now be achieved using
extreme plasmonic light confinement on subnanometer scales around
individual metal adatoms (termed picocavities), which interact with
nearby single molecules, as recently modeled in detail (8, 27-31).
Picocavities have been successfully used for single-molecule sensing
and spectroscopy (32-35) as well as understanding catalysis (8, 12, 36).
Picocavity SERS can be easily accessed through straightforward and
reproducible nanofabrication using self-assembled architectures such
as the nanoparticle-on-mirror (NPoM), which enables diverse mea-
surement strategies (37-42).

Picocavities have also been recently used to capture atomic-scale
dynamics (24, 25, 28, 43-45), revealing the complex energy land-
scape that a molecule-coordinated adatom inhabits on a metal sur-
face. Light appears to play a critical role in enabling the adatom to
explore this landscape by lowering the energy barriers for formation,
diffusion, and decay (24, 28). These results indicate the potential for
deterministic control over the motion of single atoms (8), for instance,
by tuning incident laser intensity, color, and irradiation time.
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Here, we expand the understanding of adatom dynamics by dem-
onstrating control over the formation, evolution, and decay of
adatom systems through varying the illumination intensity in real
time, working across the extreme ranges of yW to mW pm ™ illu-
mination intensities compared to previous work (22-25, 28). Fur-
thermore, our data show that picocavities are robust and stable
phenomena in the absence of illumination.

RESULTS

Plasmonic nanogap design

To access subnanometer light confinement, we create plasmonic
nanogaps within NPoM constructs (Fig. 1A). These are constructed
from a smooth gold mirror substrate coated with a self-assembled
monolayer (SAM; Fig. 1B) of biphenyl-4-thiol (BPT; Fig. 1C). BPT
is used for its ability to form high-quality SAMs due to & — = stack-
ing (46, 47), give strong Raman signals, and support reliable pico-
cavity formation (22, 23, 28). Immersing the SAM-coated mirror in
colloidal 80-nm gold nanoparticle (AuNP) suspension deposits mil-
lions of NPoM structures, each with several hundred BPT molecules
sandwiched in the strong optical “hotspot” within each nanogap un-
der the AuNP facet (37, 48). Each NPoM construct acts as a nanoan-
tenna, coupling light in and out of its nanogap. The small gap size of
1.3 nm (determined by ellipsometry) allows charges in the AuNP
to couple to their images in the mirror and laterally confines light to
~5 nm, resulting in an optical nanocavity with intensity enhance-
ments of >10° (38) and SERS enhancement factors (EFs) of >10% (49)
in the nanogap.

Picocavity SERS

Measuring SERS of NPoMs over time (Fig. 1F) results in stable peaks
originating from the ~200 BPT molecules in the strong nanocavity
field region of the nanogap (black spectrum in Fig. 1G) (37). This
is termed the nanocavity SERS spectrum and does not change with
time. Under illumination above a critical intensity of I.~100 pW pm >
for BPT (28), intense transient spectral features are typically observed
(Fig. 1F). In this work, we concentrate on fleeting narrow-band fea-
tures termed “picocavities” (red, Fig. 1G), which have been attrib-
uted to single Au adatoms lifting out of the gold surface within the
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Fig. 1. Writing and reading an adatom with light. (A) Nanoparticle-on-mirror (NPoM) structure, forming a nanoscale plasmonic hotspot (red) within a biphenyl-4-thiol
(BPT) self-assembled monolayer (SAM) (gray). (B) Schematic of NPoM nanogap, inside which a gold adatom creates a picocavity that perturbs one BPT molecule (within
its <1 nm?> optical mode volume, shaded). (C) Structure of BPT molecule. (D) Schematic setup used to write picocavities. Collected surface-enhanced Raman scattering
(SERS) spectra are scanned every 170 ms for picocavities using charge-coupled device (CCD) camera. Upon picocavity detection, an acousto-optic modulator (AOM) low-
ers the irradiation intensity to near zero. (E) The 633-nm laser irradiation intensity over the course of a typical write-read experiment (note y scale). (F) Corresponding SERS
time scans for (E). Initial check scan collected at 5 uW pm™~2 with 8-s integration time per spectrum, write at 3 mW pm ™2 for 170-ms irradiation time, and read at 10 pW pm ™2
every 4 s (further scans in fig. S1). (G) Example of background-subtracted picocavity and nanocavity spectra normalized to the most intense nanocavity peak, used by the

picocavity detection algorithm (triggers as “written” when any peak outside those shaded exceeds 80% of the normalized intensity, dashed line).

nanogap (22, 23, 27). The adatom provides an additional gicocavity
field confinement with measured mode volumes <1 nm” resulting
in an additional Raman enhancement of ~100, thus allowing SERS
from single molecules to become visible in the vicinity of the atomic-
scale protrusion (27, 30). Density functional theory (DFT) simulations
show that the undercoordinated adatom interacts with the affected
molecule (23, 46, 50, 51), shifting its vibrational levels (24) and ac-
tivating normally Raman-inactive modes due to the high-field gra-
dient (22, 52). Picocavities also induce vibrational pumping effects
within the molecule, resulting in abnormally high anti-Stokes
emission that scales quadratically with illumination power (22, 23),
which allows direct measurement of the optical volume (<1 nm?).
Transient elevated anti-Stokes (equivalent to T <2000 K) is not seen
in the nanocavity spectrum, which remains unchanged, suggesting
that chemical changes in the gap are not involved. Since typically
only one perturbed vibrational spectrum is observed, from a single
molecule coupling to the Au protrusion, a single Au adatom is strongly
implied. Photochemical changes of the ~200 gap molecules instead
manifest as a gradual onset of broad spectral features (53). In all
cases, no picocavity SERS is seen initially, implying that the Au fac-
ets have no adatoms at the start. Simulations also show that the pit
from which each adatom originates has little light confinement (54).

Kerner et al., Sci. Adv. 11, eadx3216 (2025) 18 July 2025

Adatom dynamics

Picocavity formation and decay rates have been shown to greatly
accelerate in the presence of strong illumination (28). As a result,
picocavities preferentially form near the facet center where the opti-
cal fields are strongest (25). This has been explained by the local pi-
cocavity field further polarizing the nearest atom of the molecule,
inducing dipole-dipole forces, and thus lowering the activation bar-
rier to pull an adatom out (28), or back in. Adatoms form by over-
coming this barrier at a stochastic rate from ambient thermal energy.
The rate scales with the polarizability or electron-donating character
of the nearest molecule moiety (55). Using this activation barrier
lowering model, the picocavity formation rate I'yy is related to the
incident light intensity Iy via

0
Uf

(11 /1) ks T (1)

I'y (IW) =Iyexp

where 'y is a constant, U? is the formation barrier in the dark, , is a
threshold intensity, T is the temperature, and kj is the Boltzmann’s
constant. The critical formation intensity I ~ I, Uf0 / kg T is defined
as the light intensity where Iy, (I.) = I'gye™. Time variations in the
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adatom-molecule configuration manifest as intensity and frequency
fluctuations of the picocavity lines, not observed for SERS lines from
the unperturbed nanocavity (Fig. 1F) (24, 35, 50, 51).

Writing and reading picocavities

Because of this optical modulation of the activation barrier, pico-
cavities once formed are found to be more stable at lower illumina-
tion intensities (22) while forming and decaying quickly at higher
intensities (28). This opens up avenues for more deterministic con-
trol over these atomic features by controlling the irradiation power
density. To this end, a series of automated SERS experiments are
performed on each of hundreds of NPoMs, where the 633-nm laser
power is varied to modulate picocavity formation and decay. Three
stages of measurements are performed on each NPoM: an initial
“check;” a “write” stage where a picocavity is formed, and a “read”
stage that monitors the longevity of the formed atomic protrusion
(Fig. 1, E and E, and fig. S1). The check stage consists of one to three
spectra at <10 pW pm™ to confirm a typical stable nanocavity,
with the laser power density too low to create picocavities. During
the write stage, an acousto-optic modulator (AOM) is used to
deliver brief bursts (0.2 s) of more intense radiation (1 to 5 mW
um™2). Between each irradiation, SERS spectra are inspected for
intense non-nanocavity features. Upon detecting that a previously
absent feature exceeds 80% of the intensity of the highest nanocav-
ity peak (Fig. 1G), a software trigger immediately ends the write stage.
Finally, the read stage consists of a lower intensity (5 to 80 pW pm™?)
time scan over 200 s to observe the stability of the written pico-
cavity over time. Variations of this write-read procedure are per-
formed on over 1000 NPoMs at different incident intensities to

determine their effect on write speed and read survivability (see
notes S2 to S4).

Writing statistics

Picocavity formation characteristics are determined using write-read
experiments at varying write intensities, evaluating 150 to 200 NPoM:s
per intensity. Picocavity write times are directly extracted from
the number of 170-ms write bursts before the trigger. Their distri-
bution appears exponential, in agreement with previous results (28)
(Fig. 2B). Fitting the exponential cumulative distribution function
(Fy =1—¢e™w!) to the empirical cumulative density distribution
function (ECDF; Fig. 2A and fig. S4) yields write rates I'y;. These
scale with illumination intensity, continuing the trend in (28) to
higher intensities (Fig. 2C). ECDFs show that ~50% of all picocavi-
ties are written within 5 to 20 s depending on intensity, demon-
strating on-demand picocavity creation with 0.17-s time resolution.
We find that Iy, ~ 3 mW pm™? is optimal for best writing speed
and mitigating irradiation damage to the system. We use Eq. 1 to fit
the write rate results (Fig. 2C). Assuming that U? ~ 1 eV (as dis-
cussed below) results in a critical intensity I. = 1.3 mW pm ™, an
order of magnitude above the previously reported value for BPT
(28). This difference is not unexpected since our protocol selects only
the most intense picocavities (with >80% of the nanocavity inten-
sity), thus increasing the optical intensity required to write one in
each time interval.

Reading picocavities
An optimal write power density (3 mW pm™) is used to perform
a set of write-read experiments to determine the stability of written
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Fig. 2. Picocavity writing and reading dynamics versus laser power density. (A) Empirical cumulative density distribution functions (ECDFs) of picocavity write time
distributions along with exponential CDF fits (F,, = 1 — e~ w!) for 1 mW um~2 and 5 mW um™~2 incident laser power densities (dashed). Shaded regions denote 95% confi-
dence intervals. (B) Histogram of picocavity write times at 1 mW pm'2 write intensity, with exponential probability distribution function (dashed line, f,, = FWe*FW‘) de-
rived from the ECDF in (A). (C) Picocavity write rate Iy, versus laser intensity with fit to Eq. 1 model assuming 1-eV activation barrier (28); B marks critical intensity /.. Error
bars derived from CDF least squares fits are too small to be seen. (D) Percentage of picocavities that survive for 200 s versus read illumination intensity (at write intensity

3mW pm‘z)

.Upper and lower limit survival percentages extracted from criteria detailed in Materials and Methods and note S1. (E) Picocavity % survival during read versus

laser intensity in the preceding write (read intensity 40 pW pm™2). Error bars in [(D) and (E)] are derived from binomial distribution variance.
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picocavities against prolonged read irradiation, measuring 60 to
80 NPoMs for each read intensity. Read scans lasting 200 s are eval-
uated for whether the written picocavity survives until their end,
yielding lower and upper limit survival rates at each read intensity
(see Materials and Methods and note S1). Lowest read intensities (5
to 10 pW pm™?) yield the highest survival rates (75 to 90%), making
them optimal for noninvasive reading (Fig. 2D and table S1). In-
creasing read intensity gradually decreases the survival rates, but at
least 20% still survive for >200 s. This contrasts with previous results
using constant light intensities for both formation and decay, where
almost all picocavities decayed within 100 s (28).

Repeating these read-survival experiments for different write in-
tensities (0.2 to 5 mW pm™2), constant read intensity of 40 pW pm >
surprisingly shows that high write intensities result in more stable pico-
cavities (Fig. 2E and table S2). There is a notable reduction in read
survival rate below 1 mW pm™ write intensities. This suggests that
higher write intensities influence the eventual stability of pico-
cavities formed. We suggest that this is the result of more extensive
photo-induced surface restructuring resulting in the adatom-
molecule finding a more stable state (see simulations below). This would
also explain the anomalously high survival rates observed during read
scans after writing at 3 mW um_z (Fig. 2D). Such surface restruc-
turing could be induced by optical forces or light-induced thermal
annealing, with previous work using different molecules in the gap
implying that thermal effects are not dominant (28).

Long-term dark storage

The read dynamics (Fig. 2D) show that below 20 pW pm™ the
chance of destroying a picocavity is low enough to allow repeated
reading of picocavity states without substantial risk of decay, espe-
cially when reading for shorter times. In the absence of light, it

should thus be possible to “store” these atomic-scale complexes for
extended periods of time, even at ambient conditions. To test this, a
proof-of-principle write-read experiment is performed on one pico-
cavity at 785-nm excitation. The latter is used to bring anti-Stokes
emission into resonance (41); this can confirm the presence of a
picocavity from its distinctive vibrational pumping (22, 23), giving
short-wavelength Raman peaks for mW um™ intensities (Fig. 3A).
The picocavity written at 2 mW pm™ is followed by an initial 8-s
reading at 20 pW pm™>. After writing the picocavity, the illumi-
nation is fully switched off, and only after 20 hours in ambient
conditions is the picocavity state read out again, revealing a nearly
identical picocavity spectrum (main picocavity line shifts <10 cm™").
This confirms that picocavities can be successfully “stored” in ambi-
ent but dark conditions for extended periods of time. Subsequently,
the picocavity is again illuminated at 2 mW pm™> and vibrational pump-
ing is again clearly observed in the anti-Stokes spectrum (Fig. 3A), thus
ruling out irreversible photochemical changes as the origin of the
additional stable-in-darkness peaks. After < 1 s of 2 mW pm™ illu-
mination, the picocavity is “erased,” as evidenced by the disappear-
ance of vibrational pumping in the anti-Stokes spectrum. We note
that since the vibrational pumping has a quadratic power density
dependence, it cannot be observed during lower intensity reads (22).

For analyzing storage lifetimes and behavior, a further 32 pico-
cavities in separate NPoMs are written at 3 mW pm™~2 with 633-nm
excitation, and read in 4-s-long 10 pW pm ™2 scans over the course
of a week (138 hours), with increasing periods without illumination
between spectra. Overall, ~10% of the picocavities survived for the
full 138 hours while exhibiting peak shifts of < 20 cm ™" (Fig. 3C and
fig. S5, A to C). Another 75% also survive throughout the week, but
exhibit stronger spectral evolution with peak shifts of >20 cm™" and
peak (dis)appearance (Fig. 3E and fig. S5, D to H). The remaining
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Fig. 3. Picocavity long-term storage in darkness. (A) The 785-nm excitation SERS spectra resulting from a write-read-erase experiment with a 20-hour storage period at
the read stage. Only the final write spectrum is shown. All spectra are normalized to the 290 cm™" nanocavity peak and smoothed with a third-order 5-point Savitzky-Golay
filter. (B) Schematic representations of adatom surface configurations corresponding to the spectra in (A) and [(C) to (E)]. (C to E) The 633-nm excitation SERS spectra re-
sulting from write-read experiments on three example picocavities over the course of a week, with increasing periods of dark storage between read spectra. Only the final
write spectra (red) are shown. (F) The 633-nm excitation SERS spectra resulting from read experiments on a control NPoM with no prior write stage, over the course of
76 hours. All spectra in [(C) to (F)] are normalized to the 1050 cm™! nanocavity peak and smoothed with a third-order 11-point Savitzky-Golay filter. h, hours.
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picocavities decayed before the end of the experiment (Fig. 3D and
fig. S5, I to M). Both evolution and decay can be the result of the
sporadic read illumination, as these have been shown to occasion-
ally happen even at such low irradiation intensities (Fig. 2D) (28).
A control experiment performed on an unperturbed NPoM (omit-
ting the write stage) is probed by 8-s-long read scans (5 pW pm™?)
every few hours. This shows no picocavities forming over the course
of 76 hours (Fig. 3F), implying a negligible write rate at ultralow
illumination and that the picocavities observed above during reads
are the originally written picocavity. These results show that
picocavities can clearly be stored in dark conditions for at least
1 week. This length of time approaches the overall NPoM construct
stability in air (56), signaling that picocavities are surprisingly ro-
bust entities.

Spectral fluctuations

Picocavity spectral wandering is linked to changes in adatom-
molecule configuration. SERS time scans of picocavities often
show metastable states, where the picocavity switches between a
set of similar spectral profiles over time (24, 35, 50, 51). This im-
plies that the adatom switches between local energy minima on
the complex surface-molecule energy landscape. Gradual changes
likely consist of many fast state switches that result in an aver-
age movement.

It is therefore of interest to evaluate the stability of the initial read
state after writing the picocavity (see Materials and Methods), and
when it first evolves. The time distribution of when the initial pico-
cavity state first evolves during the read stage appears exponential
(Fig. 4A). Exponential CDFs are fitted to these ECDF (as above) to
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Fig. 4. Picocavity state dynamics. (A) Example histogram of picocavity state evo-
lution times, with exponential probability distribution (dashed line, f; = I“Se*FS')
derived from fitting 80 pW pm~2 ECDF in (B). (B) Example ECDFs of picocavity state
evolution time distributions along with exponential CDF fits (Fs = 1 — e~'s). Shaded
regions denote 95% confidence intervals. (C) Picocavity state change rate I
dependence on laser intensity (line is guide to eye). Error bars are derived from the
CDF least squares fits. (D) Schematic representation of energy landscape explored
by the adatom, where formation, decay, and evolution barriers are all reduced un-
der illumination.
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extract state change rates I'g for each read intensity (Fig. 4B and
fig. S4). The resulting power density dependence shows a distinct
step in I'q near 30 pW pm™* (Fig. 4C). Such a step has already been
observed for BPT picocavities at 10 K using a different metric for
state changes (24).

This shows that reading at intensities <30 pW pm ™ is much more
likely to preserve the initial state but does not guarantee it even
at lowest intensities. Figure 3E and fig. S5 (I to M) show that
spectral changes are prevalent even at ultralow illumination. This
implies that ambient thermal energy alone may be enough for
the adatom to explore its energy landscape in some configura-
tions. Analogously to formation and decay barriers, the barriers for
fluctuations seem also to be lowered under illumination through a
similar mechanism (Eq. 1), making spectral wandering much more
prominent (Fig. 4D). To prevent these thermally induced fluctua-
tions after writing, molecules with intrinsically higher barriers to
adatom fluctuation could be used, for instance, with different sur-
face binding.

DISCUSSION

To model aspects of this fluctuation and decay landscape for pi-
cocavities, we use periodic DFT with nudged elastic band (NEB)
ab initio molecular dynamics simulations to track the motion of Au
adatoms on Au(111). The model and computational details follow
earlier work (57) with details given in Methods and note S5. The
model shows extraction energies of adatoms up out of the Au(111)
surface of ~0.8 eV, leaving behind a pit vacancy to which the
adatom stays weakly bound. We examine the diffusion of this
adatom around the pit to better understand under what conditions
there can be recombination of adatom and pit vacancy to clear the
protrusion, corresponding to picocavity decay. We find that when
the Au adatom moves back over its vacancy site, it is not always
easily able to recombine. To recombine, the pit needs to briefly
change shape (Fig. 5A and movies S1 and S2), introducing a ~0.3-eV
energy barrier to recombination (Fig. 5B). Another ~0.2-eV barrier
keeps the adatom from migrating away from the pit. With these
barriers of order ~10 kg T locally restraining the adatom, we suggest
that when they are closely suspended around the pit edge they will
still recombine more easily than when the adatoms are fully sepa-
rated from their pit and requiring additional migration along step
edge or terrace sites to return. Adatoms are more prone to diffuse
at higher irradiation intensities (Fig. 4C), so they can then move fur-
ther away from their vacant pit, or other atoms can infiltrate the pit
deforming or migrating the vacancy. Writing at lower intensity would
create less stable closely suspended adatoms (Fig. 5C), thus explain-
ing the decrease in read stability in this case (Fig. 2E). We note that
the energy scales may change with coupled adatom-molecule and
molecule-molecule dynamics in the experiments (57).

It would thus be highly desirable to include the light-induced
energy barrier dependence into such models to further capture the
dynamics displayed by this system. This would also open opportuni-
ties for developing more advanced control strategies, now that fast
tuning of the irradiation (intensity, color, polarization) is possible
since the current picocavity state is read out by SERS in real time.
Work is in progress in this regard, but currently cannot yet be made
rigorous without further advances, indicating the need for further
theory developments in these single-atom extreme light-matter
coupled systems.
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Fig. 5. Adatom stability simulations. (A) Atomistic simulations showing configuration of adatom and pit (from which the adatom emerges and protrudes on the gold
facet). Successive frames show adatom swinging over the lip of the pit, reentering it, and healing the surface. (B) Migration energy of the adatom and surface area of the
pit in (A) versus simulated adatom trajectory time (a.u., arbitrary units). (C) Schematics showing side view of possible configurations of adatom structures corresponding

to lower and higher write intensities: closely suspended versus separated states.

To summarize, we demonstrate the deterministic formation or
“writing” of adatoms in plasmonic nanogaps using bursts of mW
pm™? laser irradiation. By monitoring SERS spectra in real time
and dynamically adjusting laser intensities, single picocavities can
be deterministically created. The atomic-scale protrusions created
provide additional sub—1 nm® optical field localization termed pico-
cavities. These picocavities exhibit intriguing photophysical and
photochemical properties, including greatly boosting light-matter
interactions to enable single-molecule SERS. We show that these de-
terministically created picocavities can be preserved for at least a
week in the dark and probed with minimal risk of destruction using
lower-power SERS. We find that the stability of written picocavities
increases when using higher write intensities, which implies more
extensive reconstruction or adatom movement, changing the energy
landscape for adatom-vacancy recombination. Molecular dynamics
simulations support this, as they find that rapid surface relaxation
introduces additional energy barriers and can result in adatoms re-
siding closely suspended next to their own vacancy pit when the
write intensity is low.

These findings now allow the utilization of extreme molecule-
plasmon interactions offered by picocavities. The controllable forma-
tion and prolonged stability of these atomic-scale features provide
a route toward extended SERS monitoring of metal-molecule in-
teractions (important for catalysis and molecular electronics),
opto-mechanical devices, and single-molecule quantum optical ap-
plications. It also serves as a starting point for optically controlled
atomic-scale memory and electronic devices. While extended sta-
bility is demonstrated, ambient thermal motion of the adatom-
molecule is observed even in dark conditions as evidenced by
SERS fluctuations, with many adatoms decaying or migrating. It
would be interesting to further explore how alternative SAM
molecules and metals can be used to stabilize the adatom under
ambient conditions.

Finally, our findings suggest that these ideas can be generalized
to all plasmonic hotspots, including other gold nanogap constructs
beyond the NPoM structures demonstrated here such as bowtie an-
tennas, dimers, aggregates, and in TERS applications. These findings
are expected to also translate to different metals, although formation
rates and the obtainable architectures will vary notably.

Kerner et al., Sci. Adv. 11, eadx3216 (2025) 18 July 2025

MATERIALS AND METHODS

Sample preparation

All chemicals were purchased from Sigma-Aldrich and used as re-
ceived, unless stated otherwise. Template stripping was used to cre-
ate an atomically smooth gold substrate (22, 23, 28). To create a BPT
SAM, the substrate was immersed in 1 mM BPT in anhydrous etha-
nol for 18 hours. The substrate with SAM coating was washed with
ethanol and dried under nitrogen flow. Standard aqueous 80-nm
AuNPs with previously reported morphology (41) were purchased
from BBI Solutions (58). Free-floating citrate is removed from the
AuNP solution by centrifuging at 4500 relative centrifugal force
(rcf) for 5 min and replacing the clear supernatant twice with deion-
ized water. AuNPs were deposited on the gold substrate for 10 s by
drop-casting 85 pl of the solution and mixing with 0.1 M aqueous
NaNOs in a 15:1 volume ratio. The sample was rinsed with deion-
ized water and dried under nitrogen.

SERS measurements

All Raman spectra were collected using a modified BX51 micro-
scope coupled to a spectrometer. The sample position was controlled
by a Prior Scientific motorized stage. Dark field images were recorded
with a Lumenera Infinity2 charge-coupled device (CCD) camera.
These were used to automatically center and focus on individual
NPoMs. Independent 633- and 785-nm single-frequency diode
lasers were used as Raman excitation sources. Laser powers on the
sample were dynamically controlled by an AOM at either laser wave-
length. The AOMs were calibrated by measuring the power on the
sample with a Thorlabs PM16-121 power meter. The lasers were
focused on a diffraction-limited spot of size ~1 pm. Light was cou-
pled onto and from the sample via a dichroic beamsplitter and an
Olympus MPLFLN100XBD NA (numerical aperture) 0.9 objective.
Elastically scattered laser light was removed using two Iridian 632.8-
16 NNF (633 nm) or two Iridian 785-20 NNF (785 nm) notch filters.
Raman scattered light was spectrally resolved by a HORIBA Triax
320 spectrometer and imaged onto an Andor Newton EMCCD.

Manual analysis
All picocavity write-read datasets are manually filtered to exclude da-
tasets: (i) with notable stage drift, (ii) where check spectra are
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anomalous, (iii) where the first read spectrum is notably dissimilar to
the final write spectrum or does not contain a picocavity, (iv) where
the write triggers on something that is not a picocavity, e.g., cosmic
ray or a broadband transient feature known as a flare (28, 54, 59), (v) that
show very extensive persistent broadband features that mask pico-
cavities after writing, attributed to photochemical changes. Lower and
upper limit read lifetimes are extracted manually by measuring the
lifetime of a picocavity from the read start. Correlations between peak
movements, switching, and appearance/disappearance (8, 51) are used
to judge if spectra belong to the same picocavity and assign lower and
upper limit lifetimes (see note S1). The lifetime data are converted
into the proportion of picocavities that survive until the end of the
read scan (200 s), yielding lower and upper limit lifetimes. Only the
upper limit was used for Fig. 2E. The time to evolution is extracted as
the time from start of a read scan before a first significant spectral
change of the written picocavity is observed, either as a marked change
in relative picocavity peak intensities or a peak shift of at least 0.5 nm.

Atomistic simulations

The gold model was described using periodic plane wave DFT in
the VASP code (60) with the generalized gradient approximation of
Perdew-Burke-Ernzerhof (GGA-PBE) functional (61), projector aug-
mented wave (PAW) (62) pseudopotentials with a plane wave cutoff
0f 400 eV, and Brillouin zone I'-point sampling. We used a three-layer
192-atom slab for Au(111) with 30-A vacuum spacing. Further de-
tails of the periodic surface models and DFT methods are in (57).

Supplementary Materials
The PDF file includes:

Figs.S1to S5

Notes S1to S5

Tables S1 and S2

Legends for movies S1 and S2
References

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2

REFERENCES AND NOTES

1. N.Xin, J. Guan, C. Zhou, X. Chen, C. Gu, Y. Li, M. A. Ratner, A. Nitzan, J. F. Stoddart, X. Guo,
Concepts in the design and engineering of single-molecule electronic devices. Nat. Rev.
Phys. 1,211-230(2019).

2. H.Song, M. A. Reed, T. Lee, Single molecule electronic devices. Adv. Mater. 23, 1583-1608
(2011).

3. L.Meng, N. Xin, C. Hu, H. A. Sabea, M. Zhang, H. Jiang, Y. Ji, C. Jia, Z. Yan, Q. Zhang, L. Gu,
X. He, P. Selvanathan, L. Norel, S. Rigaut, H. Guo, S. Meng, X. Guo, Dual-gated single-
molecule field-effect transistors beyond Moore's law. Nat. Commun. 13, 1410 (2022).

4. M. Fuechsle, J. A. Miwa, S. Mahapatra, H. Ryu, S. Lee, O. Warschkow, L. C. L. Hollenberg,
G. Klimeck, M. Y. Simmons, A single-atom transistor. Nat. Nanotech. 7, 242-246 (2012).

5. C.Schirm, M. Matt, F. Pauly, J. C. Cuevas, P. Nielaba, E. Scheer, A current-driven
single-atom memory. Nat. Nanotech. 8, 645-648 (2013).

6. H.P.Specht, C. Nolleke, A. Reiserer, M. Uphoff, E. Figueroa, S. Ritter, G. Rempe, A
single-atom quantum memory. Nature 473, 190-193 (2011).

7. L.Zhou, D.F. Swearer, C. Zhang, H. Robatjazi, H. Zhao, L. Henderson, L. Dong,

P. Christopher, E. A. Carter, P. Nordlander, N. J. Halas, Quantifying hot carrier and thermal
contributions in plasmonic photocatalysis. Science 362, 69-72 (2018).

8. A.Stefancu, J. Aizpurua, |. Alessandri, I. Bald, J. J. Baumberg, L. V. Besteiro, P. Christopher,
M. Correa-Duarte, B. de Nijs, A. Demetriadou, R. R. Frontiera, T. Fukushima, N. J. Halas,
P.K. Jain, Z. H. Kim, D. Kurouski, H. Lange, J.-F. Li, L. M. Liz-Marzan, I. T. Lucas, A. J. Meixner,
K. Murakoshi, P. Nordlander, W. J. Peveler, R. Quesada-Cabrera, E. Ringe, G. C. Schatz,

S. Schliicker, Z. D. Schultz, E. X. Tan, Z.-Q. Tian, L. Wang, B. M. Weckhuysen, W. Xie,
X.Y.Ling, J. Zhang, Z. Zhao, R.-Y. Zhou, E. Cortés, Impact of surface enhanced raman
spectroscopy in catalysis. ACS Nano 18, 29337-29379 (2024).

Kerner et al., Sci. Adv. 11, eadx3216 (2025) 18 July 2025

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

. A.Vojvodic, A. J. Medford, F. Studt, F. Abild-Pedersen, T. S. Khan, T. Bligaard, J. K. Nerskov,

Exploring the limits: A low-pressure, low-temperature Haber-Bosch process. Chem. Phys.
Lett. 598, 108-112 (2014).

. X.-F.Yang, A.Wang, B. Qiao, J. Li, J. Liu, T. Zhang, Single-atom catalysts: A new frontier in

heterogeneous catalysis. Acc. Chem. Res. 46, 1740-1748 (2013).

. S.Qin, J. Will, H. Kim, N. Denisov, S. Carl, E. Spiecker, P. Schmuki, Single atoms in

photocatalysis: Low loading is good enough! ACS Energy Lett. 8, 1209-1214 (2023).

. J.Zhou, J. Guo, A. M. Mebel, G. Ghimire, F. Liang, S. Chang, J. He, Probing the

intermediates of catalyzed dehydration reactions of primary amide to nitrile in plasmonic
junctions. ACS Catal. 12,7737-7747 (2022).

. Y.Wang, F. Chu, J. Zeng, Q. Wang, T. Naren, Y. Li, Y. Cheng, Y. Lei, F. Wu, Single atom

catalysts for fuel cells and rechargeable batteries: Principles, advances, and
opportunities. ACS Nano 15, 210-239 (2021).

. J.Shin,Y.J. Lee, A. Jan, S. M. Choi, M. Y. Park, S. Choi, J. Y. Hwang, S. Hong, S. G. Park,

H. J. Chang, M. K. Cho, J. P. Singh, K. H. Chae, S. Yang, H.-I. Ji, H. Kim, J.-W. Son, J.-H. Lee,
B.-K. Kim, H.-W. Lee, J. Hong, Y. J. Lee, K. J. Yoon, Highly active and thermally stable
single-atom catalysts for high-temperature electrochemical devices. Energ. Environ. Sci.
13, 4903-4920 (2020).

. J-N. Longchamp, S. Rauschenbach, S. Abb, C. Escher, T. Latychevskaia, K. Kern, H.-W. Fink,

Imaging proteins at the single-molecule level. Proc. Natl. Acad. Sci. U.S.A. 114, 1474-1479
(2017).

. S.Van Aert, K. J. Batenburg, M. D. Rossell, R. Erni, G. Van Tendeloo, Three-dimensional

atomic imaging of crystalline nanoparticles. Nature 470, 374-377 (2011).

. C.Chen, P.Chu, C. A. Bobisch, D. L. Mills, W. Ho, Viewing the interior of a single molecule:

Vibronically resolved photon imaging at submolecular resolution. Phys. Rev. Lett. 105,
217402 (2010).

. L. Gross, F. Mohn, N. Moll, P. Liljeroth, G. Meyer, The chemical structure of a molecule

resolved by atomic force microscopy. Science 325, 1110-1114 (2009).

. M. Richard-Lacroix, V. Deckert, Direct molecular-level near-field plasmon and

temperature assessment in a single plasmonic hotspot. Light Sci. Appl. 9, 35 (2020).

A. Rostawska, P. Merino, A. Grewal, C. C. Leon, K. Kuhnke, K. Kern, Atomic-scale structural
fluctuations of a plasmonic cavity. Nano Lett. 21, 7221-7227 (2021).

S. Liu, F. P. Bonafe, H. Appel, A. Rubio, M. Wolf, T. Kumagai, Inelastic Light scattering in the
vicinity of a single-atom quantum point contact in a plasmonic picocavity. ACS Nano 17,
10172-10180 (2023).

F.Benz, M. K. Schmidt, A. Dreismann, R. Chikkaraddy, Y. Zhang, A. Demetriadou,

C. Carnegie, H. Ohadi, B. De Nijs, R. Esteban, J. Aizpurua, J. J. Baumberg, Single-molecule
optomechanics in “picocavities”. Science 354, 726-729 (2016).

C. Carnegie, J. Griffiths, B. De Nijs, C. Readman, R. Chikkaraddy, W. M. Deacon, Y. Zhang,
1. Szabd, E. Rosta, J. Aizpurua, J. J. Baumberg, Room-temperature optical picocavities
below 1 nm 3 accessing single-atom geometries. J. Phys. Chem. Lett. 9, 71467151
(2018).

J. Griffiths, T. Foldes, B. De Nijs, R. Chikkaraddy, D. Wright, W. M. Deacon, D. Berta,
C.Readman, D.-B. Grys, E. Rosta, J. J. Baumberg, Resolving sub-angstrom ambient motion
through reconstruction from vibrational spectra. Nat. Commun. 12, 6759 (2021).

J. Griffiths, B. De Nijs, R. Chikkaraddy, J. J. Baumberg, Locating single-atom optical
picocavities using wavelength-multiplexed raman scattering. ACS Photonics 8,
2868-2875 (2021).

S. Schliicker, Surface-enhanced raman spectroscopy: Concepts and chemical
applications. Angew. Chem. Int. Ed. 53, 4756-4795 (2014).

J.J. Baumberg, Picocavities: A primer. Nano Lett. 22, 5859-5865 (2022).

Q. Lin, S. Hu, T. Féldes, J. Huang, D. Wright, J. Griffiths, E. Elliott, B. De Nijs, E. Rosta,

J. J. Baumberg, Optical suppression of energy barriers in single molecule-metal binding.
Sci. Adv. 8, eabp9285 (2022).

S.Trautmann, J. Aizpurua, |. Gotz, A. Undisz, J. Dellith, H. Schneidewind, M. Rettenmayr,
V. Deckert, A classical description of subnanometer resolution by atomic features in
metallic structures. Nanoscale 9, 391-401 (2017).

M. Urbieta, M. Barbry, Y. Zhang, P. Koval, D. Sanchez-Portal, N. Zabala, J. Aizpurua,
Atomic-scale lightning rod effect in plasmonic picocavities: A classical view to a quantum
effect. ACS Nano 12, 585-595 (2018).

M. Barbry, P. Koval, F. Marchesin, R. Esteban, A. G. Borisov, J. Aizpurua, D. Sdnchez-Portal,
Atomistic near-field nanoplasmonics: Reaching atomic-scale resolution in nanooptics.
Nano Lett. 15,3410-3419 (2015).

R. Chikkaraddy, V. A. Turek, Q. Lin, J. Griffiths, B. De Nijs, U. F. Keyser, J. J. Baumberg,
Dynamics of deterministically positioned single-bond surface-enhanced Raman
scattering from DNA origami assembled in plasmonic nanogaps. J. Raman Spectrosc. 52,
348-354(2021).

R. Chikkaraddy, R. Arul, L. A. Jakob, J. J. Baumberg, Single-molecule mid-infrared
spectroscopy and detection through vibrationally assisted luminescence. Nat. Photon.
17,865-871(2023).

A. Boehmke Amoruso, R. A. Boto, E. Elliot, B. De Nijs, R. Esteban, T. Foldes,

F. Aguilar-Galindo, E. Rosta, J. Aizpurua, J. J. Baumberg, Uncovering low-frequency

70of 8

9202 ‘60 Afenige4 uo AisieAiun abpLgue) e 610°90us 10" MMMW//:sdly WoJ ) papeo jumod



SCIENCE ADVANCES | RESEARCH ARTICLE

vibrations in surface-enhanced Raman of organic molecules. Nat. Commun. 15, 6733
(2024).

35. J.Huang, D.-B. Grys, J. Griffiths, B. De Nijs, M. Kamp, Q. Lin, J. J. Baumberg, Tracking
interfacial single-molecule pH and binding dynamics via vibrational spectroscopy. Sci.
Adv. 7, eabg1790 (2021).

36. J.Zhou, J. Guo, G. Ghimire, A. M. Mebel, S. Chang, J. He, Plasmon-mediated
dehydrogenation of the aromatic methyl group and benzyl radical formation. Chem. Sci.
14,13951-13961 (2023).

37. J.J.Baumberg, J. Aizpurua, M. H. Mikkelsen, D. R. Smith, Extreme nanophotonics from
ultrathin metallic gaps. Nat. Mater. 18, 668-678 (2019).

38. C.Tserkezis, R. Esteban, D. O. Sigle, J. Mertens, L. O. Herrmann, J. J. Baumberg, J. Aizpurua,
Hybridization of plasmonic antenna and cavity modes: Extreme optics of nanoparticle-
on-mirror nanogaps. Phys. Rev. A 92, 053811 (2015).

39. L.Tong, H. Xu, M. Kall, Nanogaps for SERS applications. MRS Bull. 39, 163-168
(2014).

40. J.K.Daniels, G. Chumanov, Nanoparticle—mirror sandwich substrates for surface-
enhanced raman scattering. J. Phys. Chem. B 109, 17936-17942 (2005).

41. F.Benz, R. Chikkaraddy, A. Salmon, H. Ohadi, B. De Nijs, J. Mertens, C. Carnegie,

R.W. Bowman, J. J. Baumberg, SERS of individual nanoparticles on a mirror: Size does
matter, but so does shape. J. Phys. Chem. Lett. 7, 2264-2269 (2016).

42. M.K. Kinnan, G. Chumanov, Surface enhanced raman scattering from silver nanoparticle
arrays on silver mirror films: Plasmon-induced electronic coupling as the enhancement
mechanism. J. Phys. Chem. C 111, 18010-18017 (2007).

43. M.M. Schmidt, E. A. Farley, M. A. Engevik, T. N. Adelsman, A. Tuckmantel Bido,

N. D. Lemke, A. G. Brolo, N. C. Lindquist, High-speed spectral characterization of
single-molecule SERS fluctuations. ACS Nano 17, 6675-6686 (2023).

44. N.C.Lindquist, A. G. Brolo, Ultra-high-speed dynamics in surface-enhanced raman
scattering. J. Phys. Chem. C 125, 7523-7532 (2021).

45. C.D.L.De Albuquerque, K. M. Hokanson, S. R. Thorud, R. G. Sobral-Filho, N. C. Lindquist,
A. G. Brolo, Dynamic Imaging of multiple SERS hotspots on single nanoparticles. ACS
Photonics 7, 434-443 (2020).

46. H.Héakkinen, The gold-sulfur interface at the nanoscale. Nat. Chem. 4, 443-455
(2012).

47. J.C.Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M. Whitesides, Self-assembled
monolayers of thiolates on metals as a form of nanotechnology. Chem. Rev. 105,
1103-1170 (2005).

48. F.Benz, C.Tserkezis, L. O. Herrmann, B. De Nijs, A. Sanders, D. O. Sigle, L. Pukenas,
S.D. Evans, J. Aizpurua, J. J. Baumberg, Nanooptics of molecular-shunted plasmonic
nanojunctions. Nano Lett. 15, 669-674 (2015).

49. M. Kamp, B. De Nijs, N. Kongsuwan, M. Saba, R. Chikkaraddy, C. A. Readman,
W. M. Deacon, J. Griffiths, S. J. Barrow, O. S. Ojambati, D. Wright, J. Huang, O. Hess,
O. A. Scherman, J. J. Baumberg, Cascaded nanooptics to probe microsecond atomic-scale
phenomena. Proc. Natl. Acad. Sci. U.S.A. 117, 14819-14826 (2020).

50. H.-H.Shin, G. J.Yeon, H.-K. Choi, S.-M. Park, K. S. Lee, Z. H. Kim, Frequency-domain proof
of the existence of atomic-scale SERS hot-spots. Nano Lett. 18, 262-271 (2018).

51. A.Poppe, J. Griffiths, S. Hu, J. J. Baumberg, M. Osadchy, S. Gibson, B. De Nijs, Mapping
atomic-scale metal-molecule interactions: Salient feature extraction through
autoencoding of vibrational spectroscopy data. J. Phys. Chem. Lett. 14, 7603-7610
(2023).

52. Y.Zhang, Z. Dong, J. Aizpurua, Theoretical treatment of single-molecule scanning Raman
picoscopy in strongly inhomogeneous near fields. J. Raman Spectrosc. 52, 296-309
(2021).

Kerner et al., Sci. Adv. 11, eadx3216 (2025) 18 July 2025

53. A.Lombardi, M. K. Schmidt, L. Weller, W. M. Deacon, F. Benz, B. De Nijs, J. Aizpurua,

J.J. Baumberg, Pulsed molecular optomechanics in plasmonic nanocavities: From
nonlinear vibrational instabilities to bond-breaking. Phys. Rev. X 8,011016 (2018).

54. C.Carnegie, M. Urbieta, R. Chikkaraddy, B. De Nijs, J. Griffiths, W. M. Deacon,

M. Kamp, N. Zabala, J. Aizpurua, J. J. Baumberg, Flickering nanometre-scale disorder
in a crystal lattice tracked by plasmonic flare light emission. Nat. Commun. 11, 682
(2020).

55. Y.Kim, S.Ji, J-M.Nam, A chemist’s view on electronic and steric effects of surface ligands
on plasmonic metal nanostructures. Acc. Chem. Res. 56, 2139-2150 (2023).

56. R.Chikkaraddy, J. Huang, D. Kos, E. Elliott, M. Kamp, C. Guo, J. J. Baumberg, B. De Nijs,
Boosting optical nanocavity coupling by retardation matching to dark modes. ACS
Photonics 10, 493-499 (2023).

57. D.Thompson, J. Liao, M. Nolan, A. J. Quinn, C. A. Nijhuis, C. O'Dwyer, P. N. Nirmalraj,

C. Schonenberger, M. Calame, Formation mechanism of metal-molecule-metal
junctions: Molecule-assisted migration on metal defects. J. Phys. Chem. C 119,
19438-19451 (2015).

58. BBI Solutions, Diagnostic Gold Colloid; https://www.bbisolutions.com/en/reagents/
gold-colloid.

59. J.J.Baumberg, R. Esteban, S. Hu, U. Muniain, 1. V. Silkin, J. Aizpurua, V. M. Silkin, Quantum
plasmonics in sub-atom-thick optical slots. Nano Lett. 23, 10696-10702 (2023).

60. G.Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47,
558-561 (1993).

61. J.P.Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865-3868 (1996).

62. P.E.BIochl, Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).

63. A.W.van der Vaart, Asymptotic Statistics, Cambridge Series in Statistical and Probabilistic
Mathematics (Cambridge Univ. Press, 2000).

64. S.Sawyer, The Greenwood and exponential Greenwood confidence intervals in survival
analysis; https://www.math.wustl.edu/~sawyer/handouts/greenwood.pdf.

Acknowledgments

Funding: We thank support from the European Research Council (ERC) under the Horizon
2020 Research and Innovation Programme PICOFORCE (883703) and UK EPSRC EP/X037770/1,
EP/Y036379/1, EP/Y008162/1. R.A. acknowledges support from St. John's College Cambridge
and the Winton Programme for the Physics of Sustainability. B.d.N. acknowledges funding and
support from the Royal Society (URF/R1/211162) and the EPSRC (EP/Y008294/1). D.T.
acknowledges Research Ireland for support under grant number 12/RC/2275_P2 (SSPC) and
for supercomputing resources at the Research Ireland and Higher Education Authority
supported Irish Center for High-End Computing (ICHEC). Author contributions: PK,, B.d.N.,
R.A., and J.J.B. conceived the research idea and developed the experiments. PK. fabricated
samples and performed the SERS experiments, with help from B.d.N. Atomistic simulations of
adatom recombination were performed by D.T. Experimental data analysis was performed by
PK.B.d.N., R.A,, and J.J.B. provided input on the interpretation of results. PK. wrote the
manuscript with contributions from all authors. Competing interests: The authors declare
that they have no competing interests. Data and materials availability: All data needed to
evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Data are archived at DOI: 10.17863/CAM.116518.

Submitted 10 March 2025
Accepted 16 June 2025
Published 18 July 2025
10.1126/sciadv.adx3216

8of8

9202 ‘60 Afenige4 uo AisieAiun abpLgue) e 610°90us 10" MMMW//:sdly WoJ ) papeo jumod


https://www.bbisolutions.com/en/reagents/gold-colloid
https://www.bbisolutions.com/en/reagents/gold-colloid
https://www.math.wustl.edu/~sawyer/handouts/greenwood.pdf
http://dx.doi.org/10.17863/CAM.116518

Science Advances

Optical control of single-atom dynamics in plasmonic nanogaps
Paul Kerner, Rakesh Arul, Damien Thompson, Jeremy J. Baumberg, and Bart de Nijs

Sci. Adv. 11 (29), eadx3216. DOI: 10.1126/sciadv.adx3216

View the article online

https://lwww.science.org/doi/10.1126/sciadv.adx3216
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2025 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

9202 ‘60 Afenige4 uo AisieAiun abpLgue) e 610°90us 10" MMMW//:sdly WoJ ) papeo jumod


https://www.science.org/content/page/terms-service

	Optical control of single-atom dynamics in plasmonic nanogaps
	INTRODUCTION
	RESULTS
	Plasmonic nanogap design
	Picocavity SERS
	Adatom dynamics
	Writing and reading picocavities
	Writing statistics
	Reading picocavities
	Long-term dark storage
	Spectral fluctuations

	DISCUSSION
	MATERIALS AND METHODS
	Sample preparation
	SERS measurements
	Manual analysis
	Atomistic simulations

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


