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Plasmonic Properties of SrVO; Bulk and Nanostructures

Chia-Ping Su, Kari Ruotsalainen, Alessandro Nicolaou, Matteo Gatti,

and Alexandre Gloter*

Correlated metals, such as SrVO; (SVO) or SrNbO;3, are promising materials
for optical devices such as transparent conductors. Here, a real-space and
reciprocal-space electron-energy-loss-spectroscopy (EELS) investigation of SVO
bulk and nanostructures is reported. An intense 1.35 eV excitation with a weak
energy dispersion is observed in the loss function and is attributed to a bulk
plasmonic excitation from the 3d-t,, orbitals. Ab initio calculations done within
a time-dependent density functional theory framework reveal that a 1.5 band
renormalization is sufficient to reproduce quantitatively this d—d plasmon
energy and dispersion. The corresponding localized surface plasmon (LSP)
peaks are measured by EELS on various nanostructures and are compared to
finite-difference time-domain simulations. These LSPs exhibit quality factors
above canonical materials (e.g., indium tin oxide) in the near-infrared regime,
demonstrating that SVO is also a material of high interest for plasmonic appli-
cations. Finally, by phasing out the surface plasmon contribution with EELS
collected at minute off-dipolar conditions, the bulk-type plasmonic values are
retrieved with nanometrical resolution. Core—shelled electronic structures are
then observed for nanorods designed by focused ion beam (FIB), revealing a
bandgap opening due to FIB damage. It is envisioned that similar bulk meas-
urement can be feasible for most of the transition metal oxide nanostructures.

1. Introduction

Correlated metals, such as SrVO; (SVO)
or SrNbO;, are promising materials for
transparent conductors.>2 SVO has good
conductivity, in the range of =107 Q cm
with =2 x 10?2 cm™ carrier densities at
room temperature.’l SVO thin films can
be further modulated by growth condi-
tions,™ strain, or film thickness, down to a
reported metal-insulator transition (MIT)
for ultrathin SVO films under tensile
strain.’} In correspondence to this trans-
port property, remarkable optical transpar-
ency has been reported in the visible range
indicating SVO as a possible new trans-
parent conductive oxide.'*l The transpar-
ency is effective since the absorption due
to transitions from the O-2p to the V-3d
empty bands (p—d excitations a.k.a. charge
transfer excitations) is located above the
visible range while the plasmons and the
transitions associated with the electrons
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within the V-t), bands (d-d excitations)

remain located in the infrared (IR) range.

In the seminal work of Makino et al.l’
on the optical properties of the Ca;_,Sr,VO; solid solution, a
plasmon peak of 1.3 eV was inferred for SVO. It was described
within a Drude model for a 1.7 X 1022 cm™3 charge density (cor-
responding to a V-d! occupation within a perovskite unit cell
volume) and a renormalized effective mass m* of =3, due to
electronic correlation. Such a concept is at the base of the view
of correlated metals as new transparent conductors, when com-
pared to doped oxide semiconductors such as tin-doped indium
oxide (ITO). While the latter has low electron densities, corre-
lated metals have a large amount of charge but plasmon energy
below the optical range due to enhanced effective mass by cor-
relation effects.l!l Electronic correlations are associated with
the bandwidth narrowing in transition metal oxides (ITMO)
and since the bandwidth can be controlled, for example, by a
structural parameter, the optical properties of these correlated
metals have been tentatively tuned by strain. In 2019, Mirjolet
et al.”l and Boileau et al.l®l reported a plasmon redshift and then
increased visible transparency for SVO grown on a SrTiO; sub-
strate. It is associated with a significant mass enhancement up
to m* = 5. This modulation is due to symmetry selection within
the t,, orbitals and to band narrowing due to tensile strain from
the SrTiO; substrate.”] In the case of the vanadium Wadsley
conductors (VO,(B) and V4Oy3), Choi et al.! also proposed an
enhancement of the I[R-visible transparency attributed to a
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redshift of the plasma frequency induced by the correlated elec-
trons. On the other hand, the higher transparency of StNbO,
(4dY) in the UV side is attributed to a lower shift of the plasmon
due to a smaller mass renormalization for the Nb-4d' configu-
ration as compared to the V-3d! configuration of SVO.! While
electron correlations clearly play a role in the plasmon energy
of 3d or 4d TMO, many questions remain open. In particular,
the amount of the mass renormalization is often parametrized
within an extended Drude model by comparing the plasmon
energy extracted from optical conductivity measurements with
the plasmon energy or the effective mass obtained from density
functional theory (DFT) ground state calculations.[?]

The occurrence of a strong bulk plasmonic excitation at low
energy is also of interest for the interpretation of signatures of
dynamical correlation in the photoemission spectra of SVO.
Indeed, SVO is considered as the prototype of a strongly cor-
related metal, and photoemission spectroscopy (PES)!*1 and
inverse-photoemission spectroscopy (IPES)! have shown sat-
ellites located outside the renormalized quasiparticle band. An
abundance of works has interpreted these satellites as Hub-
bard bands, notably as they appear as the incoherent parts of
the calculated dynamical mean-field theory (DMFT) spectral
function.>! Conversely, several recent works have suggested
that these satellite peaks originate from the coupling of the
quasiparticles with neutral collective low-energy d-d excita-
tions.l'*8] Based on many-body perturbation theory, Gatti and
Guzzol'®l demonstrated that the photo-emission satellite located
at =1.5 eV below the Fermi level is associated with a peak in
the loss function, presumably a d—d plasmon at similar energy.
In this article, we will report the energy and dispersion of the
bulk d-d plasmon in SVO as measured by electron energy loss
spectroscopy.

Furthermore, in the case of metallic nanostructures, surface
plasmons also occur. They have not yet been reported for SVO
nanostructures, while other transparent conductive oxides,
such as aluminum-doped zinc oxide (AZO), gallium-doped
zinc oxide (GZO), or ITO, are already investigated as possible
substitutes to noble metals for low-loss plasmonic and metama-
terial applications in the near-IR regime.l'”) Nanostructuration
of the transparent electrodes (e.g., AZO)?% is also a strategy
to increase its visible transmittance. A figure of merit for the
engineering of this localized surface plasmon (LSP) resonance
is its quality factor (Q-factor), defined as the ratio of LSP peak
energy to its line width. Monochromated scanning transmis-
sion electron microscopy (STEM) and electron energy loss spec-
troscopy (EELS), which are combining high spatial resolution
(sub-nanometric) and high energy resolution (=10 meV), have
recently been used to measure the Q-factors of LSP, mostly for
traditional plasmonic metals such as Au,?Y Ag, or Cu.?Zl The
QO-factors can be measured at the scale of individual objects or
even for each resonance. At low energy, the LSP can extend sev-
eral tens of nanometers away from the metal surface due to the
delocalization of the excitations. We will measure by STEM-
EELS the Q-factors and the spatial distribution of the LSP of
SVO nanostructures.

While the investigation of these surface plasmons is of
interest for optical applications, the quantitative measurement
of bulk d-d plasmon excitations with the nanometer-scale res-
olution is of interest from a solid-state physics point of view,
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where, for example, an MIT can occur at nanodomain or inter-
face.s] In principle, bulk plasmons are expected to be more
spatially localized, notably when probed through non-dipolar
transitions. Nevertheless, while dipolar excitations can be easily
measured due to a large cross-section, non-dipolar measure-
ments are more difficult to access due to experimental and
theoretical constraints (lower cross-section, strong dynamical
electron diffraction, requirement of simultaneous nanometric
and angular resolution, energetic dispersion with the scattering
angle, etc.). Correlated metals have a low band dispersion and
the corresponding bulk plasmon is expected to have a small
energetic dispersion as well. We will use these properties to
obtain a nanometrical measurement of bulk-type excitations in
SVO by minute off-dipolar EELS collection. We expect that such
an approach can extend to most TMO cases.

To summarize, in this article, we address the three fol-
lowing issues: i) Is the 1.35 eV loss excitation of SVO a bulk
plasmon with a small energy dispersion and how important
are electronic correlations that have to be included for reaching
plasmon energy below the optical regime? ii) What are the
quality factors of SVO LSPs and how do they compare with
other alternative plasmonic materials? iii) How can EELS be
efficient to measure the “bulk” type plasmon energy on TMO
nanostructure with nanometric resolution?

To answer these questions, we have done STEM-EELS
measurements on bulk and nanostructured SVO. The EELS
have been done with spatial, angular, or combined resolution.
The experiments are then discussed with the help of ab initio
calculations of the dielectric function obtained within the adi-
abatic local-density approximation (ALDA) of time-dependent
density-functional theory (TDDFT).?4 Surface plasmon EELS
resonances are then simulated using the finite-difference time-
domain method (FDTD)?>%! and compared to EELS experi-
mental maps.

2. Results and Discussions

Figure 1a shows the EELS spectrum (black curve) measured
for micrometrical particles of SVO at a distance of more than
300 nm from any lateral surfaces, and with a local thickness
above 300 nm. The spectrum has been corrected from the
multiple plasmons scattering expected for such thickness and
shows several well-identified features spanning from =1 to
40 eV, among them, a very narrow and intense peak at =1.35 eV.
The EELS spectra (1-15 eV) collected at different scattering
angles are also visible in Figure 1a and are in overall good
agreement with the TDDFT calculation of the loss function
(Figure 1b). The peaks at =1.35 eV (experiment) and =1.7 eV
(theory) are associated with a plasmonic peak within the t,,
bands (noted as d—d) and the structures at =3 eV (experiment
and theory) correspond to transitions from the O-2p band to the
V-d empty states (noted p—d), the dip in-between them being
the EELS analog of the visible transparency.

Plasmon peaks were measured for slabs with different but
homogeneous thicknesses (thickness t of =240, 120, and 50 nm)
as obtained by focused ion beam (FIB) polishing. First, at q
equal to zero, the thicker slab (Figure 1c, t = 240 nm) shows
a bulk plasmon peak at 1.35 eV and an energy dispersion
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Figure 1. a) Experimental EELS loss function measured on micro-crystal. b) Simulated loss function obtained by time-dependent density-functional
theory (TDDFT) using the adiabatic local-density approximation (ALDA). c) Experimental EELS loss function of the d—d plasmon excitations for FIB-
derived slabs of different thicknesses. d) Comparison of the energy dispersion of the experimental d—d plasmons with the ALDA and renormalized
ALDA simulations. For the calculations, the values at g = 0 have been estimated by interpolating the values with a fit following a g? dispersion. When
thickness effects are made negligible in the experimental EELS (i.e., for thick slabs or non-dipolar condition), a renormalization of the t,; bands of
1.5 gives a quantitative match with the experiments. Throughout this work, the reciprocal lattice vector is expressed as 277/a (A™"), where a is the lattice

parameter. The momentum transfers are defined accordingly.

in agreement with the results obtained for large particles
(Figure 1la), confirming the bulk nature of these measure-
ments. The slab with a thickness of 120 nm already exhibits a
very strong additional plasmonic feature at =1.1 eV that corre-
sponds to the surface plasmons probed by the electron beam
at the entrance and exit planes of the slabs. For the transferred
scattering vector of g = 0.26 A, the intensity of this surface
plasmon is vanishing and spectral features similar to the bulk
type are retrieved. The thinner slab of =50 nm exhibits only a
surface plasmon of =0.9 eV when probed with dipolar transi-
tion, while a plasmon in the range of =1.4 eV is retrieved for
non-dipolar conditions. The rapid disappearance of the surface
plasmon at g > 0 is rather consistent with the intensity decrease
of surface plasmons with ¢=>.”?8 For dipolar conditions, the
transfer of spectral intensity from the bulk plasmon to the
surface plasmon (e.g., for the SVO slab with ¢ = 50 nm) and
the thickness dispersion of the plasmon energies have been
reported for other thin films.?®?%) However, it is here to note
that the effect is stronger than reported for noble metals. For
instance, Gong et al.?"l reported that the thickness dispersion
becomes negligible for silver thin films above 20 nm while it is
still prevailing in the case of SVO at similar thickness.

Figure 1d comprises the dispersion curves from different
slabs. At g = 0, the surface plasmon energies span from 0.7 to
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1.2 eV (due to the thickness dispersion), with a bulk plasmon
observed at =1.35 eV. On the other hand, the energy differences
for all the slabs become lower than 40 meV for transferred
momentum in the 0.15 to 0.70 A~! regimes accessible in our
EELS experiment. These dispersion curves evidence that the
d-d plasmon has a small energy dispersion of =170 meV across
0.5 A", This is much lower than the plasmon energy disper-
sion measured for In (=0.6 eV over 0.5 A™), Al (=0.35 eV over
0.5 A7), Ag (=0.3 eV over 0.4 A™),BY or black phosphorus
(=1 eV over 0.1 A™)32 and is not surprising for a correlated
metal with V-d bands of limited dispersions. Negative plasmon
dispersions have even been reported for Cs in relation to its low
electron density,**l and for layered transition-metal dichalco-
genides (2H-TaSe,, =~100 meV over 0.5 A™') where narrow d
bands are also present.}¥ Resonant inelastic X-ray scattering of
vanadates, such as CaVOj; or LaVOs;, has reported excitations at
=2 eV, corresponding to crystal-field excitations within a 3d' or
3d? configuration.[*>3% Nevertheless, the dispersion of the SVO
EELS excitation is larger than the one reported for d—d crystal-
field excitations that can be interpreted as a nearly atomic tran-
sition within multiplet terms. For instance, an energy disper-
sion below 100 meV over 7 A~ has been reported by non-res-
onant inelastic X-ray scattering for the d—d excitations in CoO
and NiO.*”) It also confirms that the d-d excitations observed
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in SVO are more of a plasmonic character than intra-atomic
transitions within V-d! multiplet terms. The plasmonic char-
acter is also evidenced in the dielectric function (e= ¢ +i¢”) as
obtained in the TDDFT calculation where its real part crosses
zero at an energy close to the observed loss peak (Figure S1,
Supporting Information). Nevertheless, when comparing the
absolute experimental energy and dispersion from the cal-
culations obtained in TDDFT, a blueshift of 300 meV and a
stronger dispersion is obtained in the simulation (ALDA curve
in Figure 1d). These overestimations by the theory are due to
the following two approximations in the ab initio simulation: i)
the LDA for the ground-state DFT calculation; ii) the ALDA for
the linear-response TDDFT calculation of the spectrum. Both
are known to yield a blueshift of plasmon energies in metals.l*®!
In order to apply a simple correction, the spectra have been
simulated within the ALDA with a bandwidth reduced by a
factor of 1.5 (Figure 1d, renorm. ALDA). The main effect is the
redshift of the plasmon peaks (the result of a simple parabolic
fit of the positions of maxima of the peaks as a function of g
estimates the plasmon energy at g = 0 at 1.35 eV, while in the
original ALDA it is 1.67 eV). The plasmon dispersion is also
reduced from 0.3 to 0.13 eV over 0.32 A-L. Those values are in
excellent agreement with the experimental data and have been
obtained with a band renormalization that is smaller than the
value of 2 suggested by DMFT calculations of the quasiparticle
band.[2:39401

Strong surface plasmons were already present for quasi-
infinite slabs in Figure 1c and we will investigate for different
nanostructures how SrVO; can sustain LSPs. Figure 2ab
reports the evolution of the EELS low-loss spectra when

www.advopticalmat.de

crossing the surface of a thick microparticle (¢ > 200 nm).
While the loss at =100 nm from the surface has almost no sur-
face contribution, an intense surface plasmon is visible when
the electron is traveling at the surface or outside the particle (in
an aloof geometry). When probed from the vacuum, the bulk
excitations below 10 eV have redshifted to the corresponding
surface excitations, whose intensities decay with the energy.
Figure 2c,d reports the case at the edge surface of a slab (¢t <
100 nm as obtained by FIB). In addition to the surface state
(B), edge states (A;, A,) are visible and survive at rather far dis-
tances from the surfaces. The FDTD simulation (Figure 2e,f)
captures the trends, but a single edge state only is visible in
the energy range of the calculation due to the approximation
in the slab shape. Nevertheless, the presence of several plas-
mons at different energies is similar to the case of a classical
noble metal, such as Ag, where edges and surface states were
observed for flat nanostructure.l The EELS measurements
and calculations of Figure S2, Supporting Information, for
different flat nanostructures clearly indicate that most energy
modes are accessible in the 0.4 to 1.2 eV range depending
on the slab geometry and edge lengths. In order to compare
the SVO surface plasmon quality with existing materials and
notably the other transparent conducting oxides, EELS meas-
urements have been done on more regular rod-like nanostruc-
tures, whose plasmon modes are expected closer to Fabry—Pérot
types. Two kinds of nanostructures were obtained by FIB: half-
rods (rods that connect with a vast substrate) and nanoslits,
which are complementary systems of the nanorods notably via
a Babinet reciprocity principle* (see images of typical nano-
structures in Figure S3, Supporting Information).

Experiment Simulation
(a) - (C)
111l
(b) @ A, [ —2m
—— aloof =20 nm B
— surface A, ——40nm
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— — —
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Figure 2. a,b) STEM-high-angle annular dark-field (HAADF) images of the surface of an SVO microcrystal (local thickness > 200 nm). Series of EELS
spectra (040 eV), when the probe is raster from the inner part (=100 nm from the surface) to the vacuum (aloof geometry). c,d) STEM-HAADF and
corresponding EELS spectra (d—d plasmon) obtained near the edge of a slab of thickness <100 nm. Each spectrum is taken from the position with cor-
responding colors marked in (c). e,f) FDTD simulation of the EELS loss near an edge with the model geometry shown at the top. For both experimental
and simulation, the spatial dependence of the spectra is obtained with impact parameters from 2 (dark blue) to 100 nm (light blue).
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Figure 3. a) HAADF-STEM image and experimental EELS energy filtered map of a 2.5 um length half-rod. b) Simulated EELS spectra along a half-rod of
2.5 um with an aspect ratio of =25. ¢) HAADF-STEM image and experimental EELS energy-filtered images of 2.5 um length triple half-rods. d) HAADF-
STEM image and experimental EELS energy-filtered images of a 2.5 um length slit along with a simulated EELS map. All scale bars are 1 um.

Figure 3a shows the experimental EELS maps obtained
for an isolated half-rod of 2500 nm long, where several LSP
modes are observed. A mode with an energy of =160 meV has
a single intensity maximum displaced to the lower part of the
half-rod, while more nodes appear for higher energy plasmons.
The asymmetric distribution (i.e., the lower mode is not at the
center of the half-rod) is also observed in the calculation of
Figure 3b. This asymmetric spatial distribution is modulated by
the aspect ratio of the half-rod (see Figure S4, Supporting Infor-
mation) and the small discrepancy between calculation and

Adv. Optical Mater. 2023, 2202415 2202415 (5 of 9)

experiment (Figure 3a,b) is certainly due to a mismatch in the
geometric model. Indeed, as discussed later, the FIB-designed
nanostructures are suffering from a large surface layer where
the bulk SVO electronic and optical structures are not main-
tained. This layer was not included in the FDTD simulation.
Figure 3c reveals the surface plasmon spatial distributions for
three neighboring half-rods. Every rod has slightly different
widths and the modes maxima are spatially gliding (notably
for the mode at =300 meV) confirming that small changes in
the aspect ratio can change rather efficiently the position and
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Figure 4. a) Full-width at half-maximum (FWHM) and the corresponding quality factors of surface plasmon resonances for half-rods (symbol of the
triangle) and slits (symbol of the circle) of different sizes. FWHM is estimated by fitted with a Lorentzian function. b) Typical EELS spectrum of a slit
showing clearly three modes whose FWHM are below 100 meV. c) Energy dependence of —¢'/€” for several plasmonic materials.

energy of these plasmons (see also Figure S4, Supporting
Information). The case of EELS measurement for a slit is in
Figure 3d. As expected from the Babinet principle, the lowest
energy mode is not at the tip of the slit but appears at the center
of the slit. At the upper and lower part of the slit are present
small protuberances, showing local enhancement of the elec-
tromagnetic field typical of plasmonic hot spots. These different
positions of the nodes within the slit are confirmed by the cal-
culations (see for instance the comparison of the plasmon dis-
tribution between the slits versus the rods as calculated for dif-
ferent aspect ratios in Figure S4, Supporting Information).

In order to evaluate the quality of the surface plasmon reso-
nances on these structures, the quality factors of each plasmon
mode have been calculated for these samples, by estimating Q =
@,/T where @, is the energy of the surface plasmon resonance
mode, and T its FWHM. The quality factor is in the range of
Q = 3-5 for energies around 0.4 to 0.7 eV (Figure 4a) and many
modes are exhibiting FWHM lower than 100 meV (Figure 4b).
These estimations of quality factors can be seen as rather con-
servative since the energy broadening of the EELS source (AE =
40 meV) has not been deconvoluted and the nanostructures
engineered by FIB have damaged surfaces and inhomoge-
neous shape (e.g., half-rod have some conic shape). Neverthe-
less, these values are very close to best-reported cases for noble
metals or metallic oxides, even for nanostructures obtained
by chemical route or optimized for their optical properties,
indicating the potential of SVO for plasmonic engineering.
Quality factors of about 5 at 0.5 eV of plasmon energies had
been reported by EELS for gold rodsi?!! and more recently a
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Q of about 4 was reported for silver rods with lower plasmon
energies (0.3 eV).?d For comparison with metallic oxides,
STEM-EELS measurements in lithographed nanostructures of
ITO triangle reveal LSP excitations between 150 and 550 meV
(for a =730 meV bulk plasmon) with damping T in the range
of 150 meV.*3] Runnerstrom et al.l compared Q-factors of Ce-
and Sn-doped indium oxide nanocrystals obtained by chem-
istry. They reported that the LSP peaks are exceptionally narrow
and symmetric with Ce doping, with the narrowest peak occur-
ring for nanocrystals doped with 5.2% Ce, which display an LSP
peak at 310 meV with a width of only 77 meV (giving a quality
factor of =4). Similar Q-factors have also been recently reported
from EELS measurement of (Ba,La)SnO; nanorods.*”] Highly
doped (Ba,La)SnO; support plasmons up to 0.8 eV associated
with electrons being injected in the conduction band consisting
primarily of Sn 5s state. The case of SrVOj; is very different
from these doped semiconductors.

As mentioned earlier, the plasmon in SVO originates from
the V 3d! configuration with a very different electronic struc-
ture as compared to the doped semiconducting oxides. The
quality factor of the LSP depends on many parameters,?!
notably the geometry of the object.??l For spherical nanoparti-
cles, it has been reported that part of the quality factor can be
discussed by comparing the evolution of —¢/€"1*! and the case
of SVO is compared with some other plasmonic materials in
Figure 4c. The very specific position of the SVO with respect
to the doped semiconducting oxides, metal nitrides, or noble
metals is evident and emphasizes the high potential of SVO as
an IR plasmonic material.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Small-angle annular dark field (SA-ADF) image of the tip of a =2.6 um long half-rod. b) EELS energy map obtained in dipolar condition
at low-energy showing surface plasmon modes. c) EELS energy map obtained in non-dipolar condition at the energy of 1.4 eV corresponding to the
bulk-type d—d plasmon. d,e) Spectra extracted at different positions as indicated in the images for the dipolar and non-dipolar conditions. The inset in
(d) shows the presence of an intense surface plasmon measured at the shell or in the vacuum in dipolar condition. f) V-L and O-K EELS edges meas-
ured at the core and shell position, g) the corresponding profiles of the fitting weights of the core and shell EELS components in (f). h) EELS spectra
measured at the core and shell position in non-dipolar condition. The d—d plasmon is suppressed in the shell while the p—d excitation is blueshifted.

The final point concerns the potential of EELS to measure the
bulk plasmonic properties of transition oxides at a nanometer
scale. It is of interest for the mapping of MIT in, for example,
VO, or a nickelate (ANiO; with A being a rare earth element),
but also possibly to determine the local TM 3d band occupa-
tion and doping evolution by measuring plasmonic shifts. As
discussed in the first part of the article, SVO exhibits a weak
bulk plasmon dispersion and the surface plasmon intensity is
reduced to a negligible contribution by off-dipolar conditions.

Figure 5a—c exhibits a dark-field STEM image and two corre-
sponding energy maps obtained for dipolar (0.2 eV < E<0.3 eV
and g < 0.1 A™Y) and non-dipolar (E = 1.4 eV and g = 0.2 A™)
EELS condition measured at the tip of a long half-rod (=2.6 um).
The dark-field image exhibits diffraction contrast since it corre-
sponds to the small-angle annular dark-field image (collection
angles of =4 to 8 mrad) due to the projectors lenses setting
required for the g-resolved experiment. The dipolar EELS map
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(0.2 eV < E £ 0.3 eV) evidences surface plasmon modes simi-
larly as discussed in the previous part (e.g., Figure 3a). The
non-dipolar EELS map obtained at 1.4 eV evidences the pres-
ence of the bulk plasmon in the central part of the rod section.
Figure 5d,e compares the dipolar and non-dipolar spectra at
different lateral positions near the tip of the rod as shown in
the maps. Wherever the position of the EELS spectra, almost
no bulk plasmon contribution is visible for dipolar condition
(Figure 5d) while intense surface plasmons are detected every-
where including in aloof position (dark blue square). On the
other hand, a strong bulk-type excitation is measured in the
central part (plain cyan curve) and up to =30 nm from the sur-
face for non-dipolar EELS (Figure 5e). Near the surface, the
bulk d—d plasmon excitation disappears and only a faint surface
plasmon is present (green curve of Figure Se) that is further
vanishing in the vacuum. Figure 5f,g shows the V-L,; and O-K
EELS excitations typical of the core and shell areas of the rods
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with their corresponding spatial distribution across a profile.
The core can be considered as a representative of the bulk SVO
electronic structure while a thick shell of =30 nm displays a dif-
ferent electronic structure. In that shell, the V-L edges display
more resolved multiplet lines and the splitting of the O-K pre-
peak is reduced while its edge onset is blueshifted at =0.8 eV.
The shell corresponds to the amorphized area (as determined
by electron diffraction) due to the FIB beam damage. The
reduction of the O-K pre-peak splitting that is partially a finger-
print of the crystal field strength in TMOs is in agreement with
this structural aspect since amorphous oxides are expected to
have a weaker crystal field than a dense phase such as perov-
skite. The shift of the onset of the O-K edge and the narrowing
of the multiplet lines might also evidence a bandgap opening at
the shell. Disordered (e.g., cation or oxygen-depleted SVO)* or
ultra-thin SrVO; filmslP! are indeed known to experience MIT.
Figure 5h compares the low energy excitations obtained at the
non-dipolar condition for areas corresponding to the core and
the shell. As stated before, the bulk d-d plasmon has totally
disappeared in the shell (while not being replaced by a surface
plasmon contribution) and the p—d charge transfer type excita-
tion exhibits a shift of 0.8 eV in perfect agreement with the O-K
shift. It is additional evidence that the disordered shell has a
different electronic structure from bulk SVO, probably associ-
ated with an MIT. Furthermore, the spatial distribution of the
low-energy excitations of Figure 5h is identical to the core-loss
spatial distribution (Figure S5, Supporting Information) con-
firming that non-dipole EELS can efficiently probe the bulk-type
electronic structure in SVO. It is envisioned that similar EELS
measurement of the bulk low-energy excitations can be feasible
for most of the TMO nanostructures whose small bands and
plasmons dispersions are similarly expected.

3. Conclusion

Our STEM-EELS experiments demonstrate that the narrow
and strong 1.35 eV peak in the SrVOj; loss function is a bulk
plasmon with small energy dispersion. The ab initio calculation
reveals that a 1.5 band renormalization is enough to reproduce
quantitatively the plasmon energy within a TDDFT theoretical
framework. LSPs have been observed for many several nano-
structures (slab, slit, half-rod) and the measured quality factors
indicate that SVO is a promising material for IR plasmonic
technology, exceeding most of the doped oxide semiconduc-
tors. The presence of plasmon hot spots is visible by EELS at
the protuberances and it might result in field enhancement
on granular thin films or for chemically obtained SrVO; parti-
cles, for example, via sol-gel route.¥l Finally, mixed spatial and
angular resolved EELS can be done to phase out the strong sur-
face plasmon retrieving bulk properties. It has revealed a core—
shell structure associated with metal-insulator distributions in
SVO nanostructures designed by FIB.

4. Experimental Section

Sample Preparation: The sample was a SrVO; single crystal grown
with the floating zone technique. Microparticles were obtained by
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crushing small pieces of the single crystal. Slabs and nanostructures
were obtained by Ga-FIB polishing from the single crystal. Slabs were
obtained in a similar approach as conventional TEM lamella preparation
but preparing them with different controlled thicknesses. The final
polishing of the slab was done with a 2 keV Ga beam to reduce the
damaged surface layers. Nanostructures (half-rods, slits) were then
obtained by FIB nano-machining of the slabs with a Ga beam of 30 keV.

STEM-EELS: STEM-EELS measurements were done using
a monochromated Nion microscope operated at 100 keV. EELS
data were collected using a CMOS detector optically coupled to a
scintillator (Figures 1-4) or a direct electron detector (MerlinEM from
QuantumDetectors, Figure 5). Thicknesses were estimated using the
so-called "t-over-lambda" technique and a mean free path was estimated
according to Malis et al.®) The EELS with high spatial resolution were
typically done with convergence semi-angles of 25 or 10 mrad (e.g.,
Figures 2 and 3) and corresponding collection semi-angles of =40 and
20 mrad. Dispersion curves were obtained by reducing the convergence
semi-angle below 1 mrad and the collected angles were varied by
displacing the diffraction pattern in front of the EELS entrance aperture
(e.g., Figure 1b,c) but similar results were obtained using a slit in the
diffraction plane. Mixed angular and spatially resolved EELS were
obtained with convergence semi-angles between 1.5 (e.g., Figure 5)
and 3 mrad. An energy resolution of typical 40 meV was used and no
deconvolutions were done to reduce this instrumental broadening. In
Figure 1a, the black spectrum, corresponding to a very thick area and
a larger energy window, was deconvoluted from the plural scattering
contribution.

Ab Initio: TDDFT calculations adopted the same computational
framework already validated by Ruotsalainen et al.’®l Additionally, the
d-d plasmon dispersion in Figure 2d was obtained with a finer 20 x 20 x
20 grid of k points.

FTTD: The EELS spectra were then simulated using the FDTD method
as described in Cao et al.>) and more details on the procedure can be
found in Figures S6 and S7, Supporting Information. The dielectric
function € of SVO for the FDTD calculations was obtained from the ab
initio calculations. For comparison of all the —¢'/¢” of Figure 4, the other
dielectric functions were obtained from Werner et al.F% and Naik et al.’!

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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