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ABSTRACT: When reducing the size of a material from
bulk down to nanoscale, the enhanced surface-to-volume
ratio and the presence of interfaces make the properties of
nano-objects very sensitive not only to confinement effects
but also to their local environment. In the optical domain,
the latter dependence can be exploited to tune the
plasmonic response of metal nanoparticles by controlling
their surroundings, notably applying high pressures. To
date, only a few optical absorption experiments have
demonstrated this feasibility, on ensembles of metal
nanoparticles in a diamond anvil cell. Here, we report a
nontrivial combination between a spatial modulation
spectroscopy microscope and an ultraflat diamond anvil
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cell, allowing us to quantitatively investigate the high-pressure optical extinction spectrum of an individual nano-object. A
large tuning of the surface plasmon resonance of a gold nanobipyramid is experimentally demonstrated up to 10 GPa, in
quantitative agreement with finite-element simulations and an analytical model disentangling the impact of metal and
local environment dielectric modifications. High-pressure optical characterizations of single nanoparticles allow for the
accurate investigation and modeling of size, strain, and environment effects on physical properties of nano-objects and
also enable fine-tuned applications in nanocomposites, nanoelectromechanical systems, or nanosensing devices.

KEYWORDS: single nanoparticle extinction, spatial modulation spectroscopy, high pressure, diamond anvil cell,

surface plasmon resonance, gold bipyramids

he electromagnetic response of metal nano-objects is

dominated by localized surface plasmon resonances

(LSPR) enhancing their optical absorption and
scattering at specific wavelengths."” Because of their large
fundamental and technological interests, plasmonic properties
have been extensively investigated both experimentally and
theoretically during the past decades, on ensembles and more
recently at the single-particle level>™® The LSPR tunability
with the nano-object size, shape, composition, and surrounding
environment (e.g, a solid matrix, a liquid, a substrate,
molecules, or other nanoparticles) has been continuously
improved following the development of new design and
production methods,”™” concomitant with detailed modeling
for the understanding of the physical mechanisms at the origin
of linear and ultrafast plasmonic responses.10 In particular,
elongated nanoparticles such as gold nanobipyramids (Au-
BPs) exhibit a sharp longitudinal resonance in the visible and
near-infrared spectral domain, adjustable by modifying either
their aspect ratio or local environment.''~'* The high
sensitivity to the latter is enhanced around the tips of BPs,
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making them very suitable for nanosensing applications.'>'® In
this context, a way to continuously tune the optical properties
of a nanomaterial is to subject it, and its environment, to high-
pressure conditions.'’ "> The first optical extinction spectra, in
the 0—10 GPa range, were measured on ensembles of metal
nanoparticles in glass or water—ice.”””>> These experiments
employed a diamond anvil cell (DAC) apparatus generating a
tunable hydrostatic high-pressure environment up to hundreds
of gigapascals when reducing the distance between two
diamond anvils separated by a pressure-transmitting medium
(e.g, a transparent fluid).”**” A spectral shift in the sample
absorption and irreversible processes were highlighted.
However, in such ensemble experiments, the unavoidable
size and shape dispersion of investigated nano-objects
precluded a precise characterization and modeling of the
pressure-dependent optical response. In particular, they did not
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Figure 1. Optical extinction of a single nano-object under high pressure. (a) Developed experimental setup, involving the combination of an
ultraflat DAC with a SMS microscope. Quantitative extinction measurements were performed on Au-BPs spin-coated on the upper diamond
and immersed in a liquid pressure-transmitting medium (4Me:1Et). SMS consists of modulation of the sample position under a focused laser
beam, using a piezoelectric actuator driven at frequency f, with synchronous detection at 2f of the induced relative transmission changes,
AT/T, proportional to the nanoparticle extinction cross section. Images are acquired by sample scanning using a piezoelectric stage. (b)
SMS image of a single Au-BP at A = 780 nm illumination wavelength, consisting of three lobes along the modulation direction y, as a result of
the modulation process. The AT/T profile along direction x orthogonal to the modulation one (white dotted line) shows the focused beam
intensity, fitted by an Airy function of full-width at half-maximum (fwhm) (red line). (c) Wavelength dependence of fwhm (black dots)
measured at low pressure (P = 0.06 GPa) and linear fit (red line). (d) Measured pressure dependence of the fwhm/A ratio (black squares),
close to diffraction-limit and with weak pressure parabolic variations (red line fit).

allow the quantitative attribution of the observed pressure
effects to intrinsic or extrinsic (i.e., related to metal or
environment modifications, respectively) contributions.
Optically addressing in situ a single nano-object in a DAC is
very challenging and represents a major step toward
quantitative investigation and control of material properties
at the nanoscale. Characterization of morphology and strain
evolution of individual metal particles (Au 400 nm and Ag 120
nm size cubes) in a DAC was recently achieved by coherent X-
ray diffraction imaging.”**” Optical trapping of a large
(micrometer size) single dielectric particle was also demon-
strated in a DAC, permitting local measurements of water
viscosity.30 Here, we report a quantitative high-pressure study
of the optical extinction of a single metal nanoparticle in a
DAC, made possible by designing a specific setup based on
spatial modulation spectroscopy (SMS). SMS is a highly
sensitive far-field optical technique that yields the absolute
extinction cross-section, o(w) (sum of the absorbed and
scattered electromagnetic powers divided by the incident
intensity), of an individual nano-object as a function of the
illuminating light frequency (@) and polarization angle.”"* It
allows investigations of a large variety of nano-objects,
including metal nanoparticles down to 2 nm size, single-wall
carbon nanotubes, semiconductor nanowires, and nano-
tips.”**~*° Single-particle optical microscopy at high pressure
was achieved here by periodically modulating the spatial
position of a designed ultraflat DAC, containing individual Au-
BPs. Development of this challenging setup allowed us to
experimentally monitor the evolution of the nanoparticle
spectrum in the visible to near-infrared range. This spectral
response is dominated by the metal LSPR and undergoes a
pronounced nonlinear red-shift in the 0—10 GPa pressure

range. In contrast to ensemble measurements, these pressure-
adjustable plasmonic changes at the nanoscale are here
quantitatively reproduced by an analytical model and optical
finite-element simulations that take into account the actual
nanoparticle morphology and its inhomogeneous environment.
This elucidates the physical mechanisms at the origin of LSPR
spectral modifications, showing the impact of both metal and
environment dielectric function pressure-induced changes.

RESULTS AND DISCUSSION

To enable optical detection and quantitative extinction cross-
section measurements of a single nano-object under high
pressure, an ultraflat membrane DAC was specifically designed
and realized for experiments under hydrostatic pressure in the
0—10 GPa range (Figure la; see also Methods and Figure S1
of the Supporting Information for details). This was combined
with a SMS microscope, which relies on illumination of a single
nanoparticle with a tightly focused laser beam and direct
detection of the transmitted light. Single-particle sensitivity is
achieved by mechanical modulation (at frequency f) of the
sample position under the focal spot, and synchronous
detection (at frequency f or 2f) of the induced relative changes
in the transmitted light, AT/T, by a photodiode and lock-in
amplifier. High sensitivity, (AT/T)y, ~ 107°, is attained with
modulation frequencies f in the kilohertz range, oscillation
amplitudes ¢ of the order of the focal spot size, and close to
diffraction limit illumination with high stability lasers, allowing
detection of individual nano-objects with extinction cross
sections down to 6,;, of a few square nanometers.’

For high-pressure SMS experiments with a DAC, the entire
DAC containing the nanoparticles was fixed on the mobile part
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Figure 2. Quantitative LSPR spectra of a single Au-BP under high pressure. (a) TEM image of a Au-BP from the colloidal solution with 93 x
33 nm mean size (scale bar, 30 nm).“’12 (b) Extinction cross section (o) spectra (dots, SMS measurements; lines, Lorentzian fits) of a single
Au-BP deposited on diamond in air at P, = 0 GPa (black) and in the 4Me:1Et pressure-transmitting liquid at low (P = 0.06 GPa, blue) and
high (P = 9.5 GPa, red) pressures, for light polarization parallel to the BP major axis. (c) o-polarization dependence in these three
configurations, measured at the LSPR wavelength (dots, SMS measurements; lines, sinusoidal fits). (d) Au-BP extinction cross-section
spectra (left axis), vertically shifted for clarity, measured at increasing pressures (right axis).

of a uniaxial piezoelectric actuator (inducing the spatial
modulation along the y axis), whose base was mounted on
the top of a 3-axes piezoelectric stage for sample position
scanning (Figure la). Because of the weight of the sample, its
mechanical movement at high frequency was challenging. The
ensemble composed by the DAC and the two piezoelectric
components behaves like a system of coupled oscillators,
whose complete mechanical characterization was performed to
achieve appropriate working conditions, f = 940 Hz and 6 =
600 nm. The illuminating source is a femtosecond-pulsed
Ti:sapphire oscillator tunable in the 4 = 680—1080 nm
wavelength range. It was focused on the inner surface of the
diamond anvil by a tailored 100X precompensated microscope
objective (Mitutoyo, 0.7 numerical aperture, 1 cm working
distance), which was specifically designed to minimize the
aberrations produced by the passage of the light through the
1.4 mm thick diamond anvil. Note that use of a non-
compensated microscope objective of the same specifications
yielded a beam with severe aberrations, precluding any SMS
investigation of a single nano-object in the DAC.

Optical extinction spectroscopy was performed on individual
gold bipyramids (Au-BPs) spin-coated on the inner face of one
of the two diamonds constituting the DAC (inset of Figure
la), with a density less than one particle per square
micrometer as required for far-field optical experiments on
single particles. Au-BPs are nanoparticles whose chemical
synthesis in colloidal solution, optical characterization at
single-particle level, and modeling have been mastered in the
past decade."'™"* Nanoparticles located far from the border of
the DAC gasket hole were imaged by x—y scanning the central
part (~70 pm diameter) of the diamond culet. For 2f
synchronous detection, every nano-object induces a demodu-
lated extinction signal in transmission, AT/T(xy), of three
lobes along the y vibration direction, where the particle
position coincides with the center of the main lobe (Figure

1b). For nanoparticles smaller than the focal spot, the SMS
signal along the direction perpendicular to the vibration
(dotted line in Figure 1b) reproduces the intensity profile of
the focused beam. The full-width at half-maximum (fwhm)
beam spot size focused with the compensated microscope
objective was then characterized as a function of the
wavelength /, yielding fwhm & 0.84, close to the diffraction
limit (0.734 in air) in the whole 0—10 GPa range (Figure
lc,d). Knowledge of fwhm and oscillation amplitude permits
quantitative extraction of the nano-object cross-section at the
illuminating wavelength, (1), from the amplitude of the
detected signal AT/T.”

A transmission electron microscopy (TEM) image of a Au-
BP is shown in Figure 2a, the geometry being characterized by
its aspect ratio # = L/D, with long axis L and short axis D.
Optical studies were realized at room temperature on single
nanoparticles directly spin-coated from their initial aqueous
solution with mean sizes (L) = 93 nm and (D) = 33 nm (5%
standard deviation). The experimental spectrum of an
individual Au-BP on diamond measured by SMS at standard
pressure in air (P; & 0 GPa) is shown in Figure 2b for light
linearly polarized along its long axis (black points). For such
elongated nano-objects, the longitudinal LSPR is located at a
characteristic energy position Er = /€ (or peak wavelength
A 27c/Qg) far from the gold interband transitions
(occurring below Ay & 520 nm) and thus described by a
quasi-Lorentzian symmetric profile (dotted black line)."> The
strong plasmonic dependence on light polarization is high-
lighted in Figure 2c (black dots and dotted line). The
amplitude of extinction cross-section at Az = 750 nm displays a
sinusoidal behavior with the incident polarization angle and
vanishes for light polarized along the short axis (a transverse
LSPR then appears close to Ay, not shown here).” The
response of the same Au-BP was then characterized after
loading the DAC with a liquid pressure-transmitting medium, a
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4:1 methanol—ethanol (4Me:1Et) mixture (Figure 2b, blue
points and dashed line at P = 0.06 GPa in liquid environment).
This induces a LSPR spectral red-shift (A from 750 nm in air
to 820 nm in liquid) underlying the high sensitivity of such
nano-objects to modifications of the local environment on a
distance of the order of their tip size.'® The polarization
dependence shows, however, the same angular variations as in
air, indicating that the orientation of the nano-object, bound to
the diamond substrate, remains unchanged (Figure 2c, blue
dots and dashed line). The optical extinction spectrum of the
Au-BP was then measured by SMS under increasing pressure
(Methods), which induces a further distinct red-shift visible in
Figure 2b (4 from 820 to 910 nm at P = 9.5 GPa, red points
and solid line). The evolution of the single-particle spectra
measured in the full 0—10 GPa range is shown in Figure 2d,
where each experimental curve has been shifted upward by an
amount corresponding to the applied pressure (right axis).
Again, the polarization dependence of ¢(Qg) remains
unchanged during the pressure ramp, signifying no reorienta-
tion of the particle (as shown in Figure 2c at P = 9.5 GPa, red
dots and solid line).

The LSPR energy positions Ex(P) of the investigated Au-BP
under each applied pressure are shown in Figure 3. The
resonance exhibits a nonlinear pressure-induced red-shift
(black squares in Figure 3c, with AE; ~ —150 meV at 10
GPa corresponding to a 10% LSPR spectral detuning). A LSPR
broadening under high pressure is also observed; however, its
detailed investigation and determination of its physical origin
require further experiments and are outside the scope of this
paper. To quantitatively analyze the effect of pressure on the
LSPR spectral position, we developed a complete electro-
magnetic finite-element method (FEM) simulation computing
the extinction cross-section of the illuminated nanoparticle in
its inhomogeneous environment under high pressure (Meth-
ods). The actual geometry of the experiment was taken into
account (i.e., gold bipyramid deposited on the diamond
substrate immersed in the pressure-transmitting liquid, Figure
3a). The Au-BP elastic deformation under hydrostatic pressure
was modeled by reducing its volume V(P) at constant aspect
ratio using the Vinet gold equation of state (Methods).>%%”
The nanoparticle material was characterized by the complex
gold dielectric function, &(w), which can be separated into
intraband (Drude) and interband electronic contributions.”®
At the investigated optical frequencies, far from the gold
interband transitions, the main pressure dependence is
expected to stem from modifications of the Drude term
describing the electromagnetic response of the N conduction
electrons of the Au-BP (Methods). In particular, their plasma
frequency wp, proportional to the square root of the
conduction electron density N/V(P), is directly affected by
the nanoparticle volume compression. The diamond substrate
was characterized by its real dielectric constant, &4, which
exhibits a negligible pressure dependence.’”” The significant
pressure variations (1 order of magnitude larger than the
diamond ones) of the methanol—ethanol liquid dielectric
constant &(P) were extracted from the literature.*” LSPR
spectral positions predicted from these FEM simulations are
shown in Figure 3c (solid green line; see Figure S2 for
complementary analysis). A very good quantitative agreement
with the single-particle experimental data is achieved here
(both on the absolute energy values and their nonlinear
pressure evolution), demonstrating that the main physical
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Figure 3. Pressure-induced red-shift of the LSPR of individual Au-
BPs. Schematics show the configurations considered in the
models: (a) Complete FEM model: Au-BP (dielectric function
€) of aspect ratio 77 = 3 and short axis D = 30 nm, deposited on a
diamond substrate (dielectric function €£;) immersed in pressure-
transmitting liquid (dielectric function g). (b) Simplified semi-
analytical model: Au nanoellipsoid in a homogeneous liquid
environment. (c) Measured pressure—dependence of a single Au-
BP LSPR spectral position (black squares), with computations
from FEM and semianalytical models (overlapped green solid and
black dash—dotted lines). The shifts deduced from the simplified
model by taking into account only the pressure-induced
modification of & (blue dotted line) or of £ (orange dashed
line) are also shown (same results can be computed using the
complete FEM model). (d) Pressure-induced LSPR red-shift
measured on five different Au-BPs. This shift was reversible for
four of them (black squares, green diamonds, magenta upward
triangles, and blue rightward triangles) and irreversible for one
(red dots), which showed a discontinuity above 4 GPa pressure
(additional analyses in Figures S2 and S3).

phenomena at the origin of the plasmonic pressure tuning
originate from the above-described dependencies.

A simplified semianalytical model based on a simpler
geometry was developed, which captures the mechanisms
dominating the pressure-induced variations and enables us to
easily distinguish contributions from metal or environment
property changes. We modeled the Au-BP as an elongated
prolate nanoellipsoid embedded in a homogeneous matrix of
dielectric function &(P), with an effective fixed aspect ratio
chosen to reproduce the LSPR position at ambient pressure
(Figure 3b and Methods). In the framework of the quasi-static
approximation, suitable for the sizes and aspect ratios
investigated here, the LSPR position is given by an analytical

formula,® Qx(P) = wp(P)/\&" + He(P), where & is related
to the interband component of the gold real dielectric function
at the resonance frequency and H is a geometrical factor

depending on the Au-BP aspect ratio (Methods). The
pressure-induced shift predicted by this simplified approach

DOI: 10.1021/acsnano.8b05539
ACS Nano XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b05539/suppl_file/nn8b05539_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b05539
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b05539/suppl_file/nn8b05539_si_001.pdf

ACS Nano

is in quantitative agreement with experimental data (Figure 3c,
dash-dotted black line), also perfectly overlapping results from
complete FEM simulations. Taking into account only
variations of the liquid environment surrounding the nano-
particle (i.e., only modifying, in the denominator of the
previous expression, the liquid refractive index under high
pressure, ~20% increase at 10 GPa)*® would yield an
overestimation of the plasmonic spectral shift (Figure 3c,
blue dotted line). The difference is an additional blue-shift that
shows the impact of modifications of the metal nanoparticle
real dielectric function with pressure (obtained here by
modifying only @p(P) in the numerator of the previous
formula, orange dashed line in Figure 3c). Experimental data
are well reproduced by considering this additional effect, which
is induced by electron density increase upon a ~ 5% reduction
of the nanoparticle volume at 10 GPa, as predicted by the bulk
gold equation of state.

These investigations were repeated on several single Au-BPs
with aspect ratio # ranging from 2.8 to 3.2, which presented
comparable evolution of their plasmonic response (Figures 3d
and S3). Comparison of individual LSPR shifts revealed a
reversible spectral position upon pressure increase and release
and a good reproducibility up to 4 GPa. Above this value, some
spectra presented an anomalous and irreversible variation (red
dots in Figures 3d and S3), probably due to shape
modification””***? of the Au-BP undergoing a plastic
deformation, fracture, and/or creation of defects.

CONCLUSION

We have developed a high-pressure single-nanoparticle optical
spectroscopy setup by combining the high-sensitivity far-field
SMS technique with an ultraflat DAC. We have performed
quantitative optical measurements of the extinction spectrum
of a single gold nanoparticle up to 10 GPa. Detailed
comparison between experiment and theory elucidates the
physical mechanisms behind the pressure tuning of its
plasmonic response, in particular the disentanglement of the
intrinsic (metal) and extrinsic (local environment) contribu-
tions. This opens the way to a broad spectrum of high-pressure
optical investigations at the single nanoparticle level, in order
to address fundamental questions like size-dependent
plasmonic damping channels, nanoparticle phase transforma-
tions, equation of state, and ultrafast mechanical and thermal
responses, as well as technological perspectives, including
material engineering in the irreversible regime or straintronics
on individual carbon nanotubes and bidimensional systems.

METHODS

Diamond Anvil Cell for High-Pressure Single-Particle
Optical Spectroscopy. The anvils of the specifically designed
ultraflat membrane DAC are Boehler-Almax type IIA diamonds of 1.4
mm thickness and culet diameter 0.4 mm (Figure S1). They are glued
to tungsten-carbide seats having very large apertures (90° and 106°
for the top and bottom parts of the cell) enabling the transmission of
a tightly focused laser beam in ultraclose-field conditions. Objectives
with working distances as low as 10 and 3.4 mm can be placed on the
top and bottom of the DAC facing the diamond anvils, making it
perfectly suited to the SMS setup. The DAC (mass 0.4 kg) is held in
place by an aluminum support, yielding a total mass of 0.6 kg. The
sample chamber was determined by the use of a preindented Cu—Be
metallic gasket placed between the diamond anvils. A 50 gm thickness
indentation with a 130 ym diameter hole (drilled by electro-erosion)
was the chosen geometry in all the experiments.

High-Pressure Extinction Spectra of a Single Au-BP.
Extinction spectra of individual Au-BPs spin-coated on the inner
surface of one diamond anvil were first measured at room temperature
and ambient pressure using the SMS technique, by tuning the incident
wavelength A. Single Au-BPs are easily distinguished from clusters or
nanodusts as they present a quasi-Lorentzian spectrum with sinusoidal
polarization response (Figure 2b,c).

High pressure was then achieved by loading the DAC with a
4Me:1Et mixture used as pressure-transmitting medium (ensuring
hydrostatic conditions up to 10 GPa) and immediately applying an
external force to avoid evaporation, resulting in a typical internal low
pressure of 0.06 GPa. Pressure measurement was achieved by
monitoring the R1 luminescence line of a ruby sphere (diameter of
6—8 um) put on the inner surface of the lower anvil culet and excited
by a CW laser of 532 nm wavelength.*' To prevent contamination of
SMS signals, particular attention was paid to spatially separate the
ruby gauge from the investigated nanoparticles, by placing the ruby on
the opposite anvil to the one with deposited nanoparticles and by
maintaining >1S um lateral distance from them. The DAC mechanical
stabilization was reached after 1 h following each pressure change,
before SMS characterization. Pressure drifts before and after the SMS
measurements were typically 0.02 GPa (error bars in Figure 3 include
these fluctuations and uncertainties related to ruby scale calibration).
To study the reversibility of the optical response, spectra character-
izations were performed by gently releasing the pressure in the DAC
down to residual values of 1—2 GPa.

Numerical and Analytical Modeling. Complete modeling of
the optical response of a Au-BP in its local environment, i.e. deposited
on a diamond substrate and immersed in liqzuid 4Me:1Et (Figure 3a),
was performed using a FEM approach.”” This is based on the
numerical computation of the electromagnetic field scattered by a Au-
BP illuminated by a plane wave through the upper diamond (whose
partial reflection on the diamond surface is here taken into account)
in a simulation domain bounded by perfectly matched layers to avoid
spurious light reflections. Absorption and scattering cross sections are
then deduced from the computed field by integration of resistive
heating over the Au-BP volume and of the scattered intensity through
a closed surface surrounding the Au-BP, respectively. The diamond
substrate and pressure-transmitting liquid were both modeled as semi-
infinite media. Au-BPs were described as truncated bicones with
hemispherical ends. Horizontal BP orientation with a 2 nm BP—
diamond separation (because of the surfactant coating layer) was
assumed, corresponding to a conformation evidenced by 3D electron
tomography."* However, note that the predicted LSPR shifts depend
weakly on the precise configuration assumed; similar results are
obtained for direct BP—diamond contact or inclined BP orientation
(Figure S2). The sizes of the investigated single Au-BP could not be
directly retrieved by TEM imaging (the nanoparticles being deposited
on the diamond anvil) but were deduced from the optical
measurements™ and in agreement with the colloidal mean sizes and
dispersion. In particular, the aspect ratio of each modeled BP was
obtained by fitting its SMS spectrum measured in liquid environment
at the lowest pressure (P ~ 0.06 GPa), yielding 5 = 3 for the Au-BP of
Figure 3.

The volume V(P) of a BP compressed under high pressure at
constant aspect ratio was described following the Vinet equation of
state for gold, using the atmospheric pressure bulk modulus B, = 167
GPa and its pressure derivative By = 5.5.°° The frequency- and
pressure-dependent dielectric functions of 4Me:1Et and diamond
were described using available experimental data.*® The dielectric
function of Au-BPs was deduced from Johnson and Christy tables for
bulk gold modified to take into account confinement effects.” Its
pressure dependence was taken into account through modifications of
the plasma frequency wp(P) = @p(Py)[V(P,)/V(P)]"* governing the
Drude dielectric response of the conduction electrons. In the
investigated LSPR wavelength range far from interband transitions
(800—950 nm), pressure-induced modification of the real interband
part of the gold dielectric function is expected to provoke weaker
variations of the LSPR position as compared to the dominant liquid
effect: using a rigid band-shift model,***® an additional LSPR spectral
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red-shift at 10 GPa of <1% can be estimated (smaller than the liquid
and intraband contributions by more than an order of magnitude and
a factor of S, respectively, and thus neglected here). Note that the
weak spectral dispersion of £P(Qg(P)) has also been neglected in the
model, as it would affect only slightly the pressure-induced variations
of Qg (<1%).

Because of the enhanced Au-BP sensitivity to liquid medium
variations (due to electromagnetic field enhancement in the vicinity of
its tips) and negligible pressure dependence of diamond refractive
index, its optical response could then be simply modeled, in the quasi-
static approximation, considering an effective prolate gold nano-
ellipsoid embedded in a homogeneous matrix of dielectric function
&(P) (Figure 3b). The LSPR spectral position is then given by the

analytical formula Qy(P) = w,(P)/+/&" + He,(P) where &° and H
are pressure-independent constants. In the BP case, no analytical
expression is available for the n—degendence of the geometrical factor
H, in contrast to the ellipsoid one.” Moreover, & is here an effective
dielectric constant depending on both the interband gold real
dielectric function at the resonance frequency and the diamond
dielectric constant. For each BPs™ aspect ratio, these two constants
were thus determined at ambient pressure by FEM-computing the
LSPR position of a BP deposited on diamond substrate for different
liquid dielectric constants & and extracted from the intercept and
slope, respectively, of the linear & dependence of (Qg/wp) 2 For the
Au-BP of Figure 2 with 7 = 3, this yields H = 13 and & = 10.7, a value
slightly larger than the interband gold real dielectric function (&P ~ 10
at Az = 820 nm), as expected. From the analytical formula, it is then
easy to distinguish the pressure variations induced by the main
extrinsic and intrinsic mechanisms described above. This is high-
lighted in Figure 3c by taking into account the change of the liquid

refractive index only (ie, Qg (P) = wp(R)/ qlélib + He(P), blue
dotted line), or of the metal dielectric function only (i.e, Qg »,(P) =
wp(B)/+\/E® + He(R), orange dashed line), whose contribution is
very close to the difference Qy(P) — Qg (P).
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Figure S1. Ultra-flat membrane diamond anvil cell developed for SMS high-pressure
experiments. (a) Diamond anvil cell description: the image shows a symmetric cut of the cell
and associated optics. The cell body, piston and gas-membrane hood (in yellow, green and
magenta colors respectively) were made on LANOX pretreated 320HB resulfurated stainless
steel from Lugand, as a compromise between mechanical strength and homogeneity allowing
for a very precise machining. The central part of the cell is constituted by the perforated
metallic gasket (D) determining together with the two diamond anvils (C and F) the sample
cavity. The two diamond anvils were supported by tungsten carbide (CW) seats (B and E).
Axial alignment of the diamond anvils is made possible by the adjustments in the superior
CW seat (B), whereas parallelism between the two diamond anvil culets is obtained by the tilt
of the lower CW seat (E). The whole cell (= 5 cm diameter) was designed to allow the
extreme close-up approach of two optical objectives (A and G) on both sides. Accessible
working distances (WD) and optical angular aperture are both indicated in the drawing. The
finite element analysis allowed to verify the correct mechanical response of the cell up to
pressures of at least 10 GPa, as well as to optimize the geometry with the goal of reducing the
working distance of the optical objectives. The use of conical cut diamond anvils [described
in R. Boehler et al., High Press. Res. 24, 391 (2004)] participated to the reduction of the WDs.
(b) Perspective cut of the cell inserted in the piezoelectric transducer system: the cell is tightly
fixed to a support coupled to the piezoelectric linear actuator (H, in red) allowing for stable

1 kHz range oscillations between the fixed objectives.
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Figure S2. Influence of Au-BP deposition configuration on computed pressure-induced LSPR
shifts. The figure shows the FEM-computed pressure-induced evolutions of LSPR position for
three different configurations differing by BP orientation and/or distance to the diamond
substrate. Experimental data (black symbols) are the same as in Fig. 3-c. Configuration (a)
(green solid line, as in Fig. 3-c): horizontal BP orientation with 2 nm separation between the
BP and the substrate (of the order of the thickness of surfactant coating layer), as
experimentally observed by electron tomography for BPs deposited on a carbon substrate (see
Methods in main text). Configuration (b) (red dashed line): horizontal BP orientation, direct
contact between the BP and the diamond anvil. Configuration (c¢) (blue dotted line):
maximally inclined BP orientation, with 2 nm separation between the BP and the diamond
anvil. Aspect ratios 77 of 3.0, 2.9 and 2.8 and short axis D = 30 nm were used for
configurations a, b and c, so as to reproduce the SMS spectrum measured at 0.06 GPa
pressure. The figure shows that pressure-induced shifts are close for all configurations, and
thus that the agreement between the experimental evolution and simulated ones is not strongly

sensitive to specific geometrical assumptions made in the modeling.
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Figure S3. Measured and modeled pressure-dependences of the LSPR spectral positions of
single Au-BPs. Three Au-BPs of different aspect ratio are considered (same colors as Fig. 3-
d). (a) Measured LSPR spectral position under high pressure of two single Au-BPs with # = 3
(black squares) and # = 3.2 (magenta triangles), showing a reversible behavior upon pressure
increase (solid symbols) and decrease (empty symbols), well reproduced by the analytical
model (dash-dotted lines) over the 0-10 GPa pressure range. (b) Same information for a # = 3
single Au-BP (red dots) whose LSPR spectral evolution is accurately reproduced by the
model (dash-dotted line) only up to 4 GPa pressure, above which a discontinuity is observed,

presumably resulting from a plastic deformation of the BP and/or defect creation.



