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ABSTRACT: A concept of spin plasmon, a collective mode of spin-density, in
strongly correlated electron systems has been proposed since the 1930s. It is
expected to bridge between spintronics and plasmonics by strongly confining the
photon energy in the subwavelength scale within single magnetic-domain to
enable further miniaturizing devices. However, spin plasmon in strongly
correlated electron systems is yet to be realized. Herein, we present a new
spin correlated-plasmon at room temperature in novel Mott-like insulating
highly oriented single-crystalline gold quantum-dots (HOSG-QDs). Interest-
ingly, the spin correlated-plasmon is tunable from the infrared to visible,
accompanied by spectral weight transfer yielding a large quantum absorption
midgap state, disappearance of low-energy Drude response, and transparency. Supported with theoretical calculations, it occurs due
to an interplay of surprisingly strong electron−electron correlations, s−p hybridization and quantum confinement in the s band. The
first demonstration of the high sensitivity of spin correlated-plasmon in surface-enhanced Raman spectroscopy is also presented.
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■ INTRODUCTION

Many-body electronic correlations and spectral weight transfer
play important roles in driving exotic phenomena such as high-
temperature superconductivity, colossal magneto resistivity,
and metal−insulator transition in strongly correlated electron
systems. An exotic but less-explored phenomenon is a spin
plasmon, a quasiparticle due to a quantum oscillation of spin
density in strongly correlated electron systems proposed by Sir
Mott in 1936.1,2 The spin plasmon is important for both new
fundamental science and would open entirely novel future
applications. For instance, it is expected to bridge between
spintronics and plasmonics and, consequently, spin-photon
interaction may occur in such a small-scale of magnetic domain
and is therefore much faster and more energy-efficient than the
electron-photon interaction. The spin-plasmonics, thus, plays
an important role in shaping the future of fast low-energy high-
density data transfer. While spin plasmon in a strongly
correlated electron system remains to be realized, its
relationship between electronic correlations and quantum
confinement such as dimensionalities is rarely explored.
Unlike conventional plasmons in metals where long-range

Coulomb interactions are dominating,3−6 many-body elec-
tronic correlations, that is, an interplay between short-(local)
and long-range interactions,7 play important roles in
determining spin corelated-plasmons in Mott-like insulators.
The fingerprint of electronic correlations is essentially spectral
weight transfer in a broad energy range as a function of

electron- or hole-doping, or temperature.1,8−11 Recently, an
unconventional form of charge plasmons in a Mott-like
insulator1,8 has been found in strongly correlated oxide
Sr1−xNb1−yO3+δ as amanifestation of charge correlated-
plasmons.12 Unlike the conventional charge plasmons in
metals, these plasmons did not originate from collective
excitations of free charges. Instead, they arose from correlated
electrons due to nanometer-spaced confinement and oxygen,
which enhanced unscreened Coulomb interactions. In this
Communication, we present a path to generate a new spin
plasmon in s band of novel Mott-insulator gold and to
demonstrate the first application of spin correlated-plasmons in
surface-enhanced Raman spectroscopy (Spin-SERS).
Gold (Au) [Xe 4f145d106s1] is a noble metal with diverse

applications in society.13 From the discovery of the atomic
nucleus to decorative jewelry, luxury goods, and medicine, its
conducting properties make it useful for many modern
technological platforms including microelectronics, energy-
harvesting, lighting, and displays. Quantum confine-
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ment,12,14−18 conversely, can manipulate and generate exotic
fundamental properties of low-dimensional materials, that is,
when the size of the materials is of the same magnitude as the
de Broglie wavelength of the electron wave function. For this
reason, low-dimensional materials would have different
properties than its three-dimensional bulk counterparts.
Nanostructured-Au, for instance, has different physical and
chemical properties from bulk-Au. Besides being chemically
active,16,19 its optical and electrical responses to photons also
change. Notably, there has been a lot of research effort on
using colloidal Au-nanoparticles for plasmonic sensors,
electronics, and biomedical applications18,20−23 due to their
tunable optical properties with the emergence of surface
plasmon resonance in the visible-range. However, all of these
nanoparticles were not pure gold but instead required some

complex polymer coating, and the plasmonic properties that
were observed were conventional charge plasmons3 associated
with oscillations of free electrons in the assembly of Au-
nanoparticles. Another problem is the low reproducibility due
of the complexity of the assembly Au nanoparticles, which
make it difficult to control the conventional charge plasmons
and its optical properties.
Herein, a novel class of a strongly correlated-plasmonic

material with spin-polarization and orbital-ordering comprising
highly oriented single-crystal Au quantum-dots (HOSG-QDs)
self-organized on MgO(001) is fabricated with high reprodu-
cibility using a unique ultrahigh-vacuum molecular-beam-
epitaxy pulsed-laser-deposition (UHV-MBE-PLD) system. In
particular, we discover a new unconventional spin plasmon,
namely spin correlated-plasmon, and quantum absorption state

Figure 1. Control of HOSG-QDs growth and orientation on MgO(001) using UHV-MBE-PLD. HOSG(001)-QDs and HOSG(111)-QDs are
formed with and without O2 overpressure, respectively, when grown above 300 °C. (a) Transparency and change of color of HOSG-QDs when
viewed against white and black backgrounds. (b) Real-time in situ RHEED shows the cubic and hexagonal-like transmission RHEED patterns for
HOSG(001)-QDs and HOSG(111)-QDs. (c) ω-2θ rocking curve results of MgO(200) peak (2θ ≈ 42.9° marked with *) shows the singular Au-
phase ((001) at 44.3° or (111) at 38.1°) while no other Au phases are found. (d) AFM results reveal the squarelike HOSG(001)-QDs aligned
along the ⟨110⟩ directions of MgO(001) while HOSG(111)-QDs form hexagonal or triangular shapes. The insets show the lateral size (diameter)
distribution of HOSG-QDs. ((i) 650 °C, HOSG(001)-QDs, average size of 27.4 ± 7.7 nm; (ii) 650 °C, HOSG-(111)-QDs, average size of 38.2 ±
13.2 nm; (iii) 750 °C: average size of 27.2 ± 6.6 nm.)
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through quantum confinement in HOSG-QDs. By tuning
oxygen overpressure and growth temperature, HOSG-QDs
with different crystal orientations (either along (001) or
(111)//MgO(001)) and sizes are achieved. We perform a
comprehensive experimental method of advanced spectro-
scopic ellipsometry (SE), X-ray absorption spectroscopy
(XAS), X-ray magnetic circular dichroism (XMCD), and
electron and X-ray diffraction measurements on HOSG-QDs
as a function of size and crystal orientations with thin
polycrystalline film and bulk Au for references. We also
perform detailed theoretical calculations without and with
hybridizations and on-site Hubbard repulsion for different size
and geometry of QDs to reveal the role of quantum
confinement and electronic correlations. For the first time,
we demonstrate and find that the sensitivity of spin-polarized
correlated-plasmons on SERS is surprisingly very high.

■ RESULTS AND DISCUSSION

Controlling the growth process, purity, and cleanliness of Au at
the nanoscale in real-time during deposition is an essential
prerequisite to make exotic HOSG-QDs structures with the
desired optical properties for fundamental science and
technological applications. For this purpose, a UHV-MBE-
PLD system equipped with reflection high energy electron
diffraction (RHEED) and electron spectroscopies for surface
characterizations is designed and ideally suited for in situ
probing of the growth mode, crystal ordering, and epitaxy.
Using this technique, we demonstrate a clean, simple, and one-
step fabrication approach to produce HOSG-QDs reprodu-
cibly on MgO(001) substrate. In PLD of Au on MgO(001)
above 350 °C, in situ RHEED observations (Figure 1b),

together with postgrowth high-resolution synchrotron radia-
tion X-ray diffraction (XRD) MgO-(002) rocking curve
analyses (Figure 1c) and atomic force microscopy (Figure
1d) scans of the surface morphologies, reveal a Volmer−Weber
epitaxial growth-mode. Two types of HOSG-QD structures are
found to be self-organized on the MgO(001) substrate.
Specifically, growth in the presence of O2 leads to preferential
and selective formation of square-shaped HOSG(001)-QDs
with face-centered cubic Au(001) planes parallel to the
MgO(001) substrate. Contrastingly, growth without O2 results
in the formation of hexagonal- and triangular-shaped
HOSG(111)-QDs decorating the MgO(001) surface with
low surface energy Au(111) planes parallel to the MgO(001)
substrate. By growing in an oxygen-rich regime, the cubic-on-
cubic growth of square-shaped HOSG-QDs on MgO(001)
surface is promoted by preserving the surface registry of the
idealized MgO(001) square unit-cell with little or no oxygen
vacancies for the stronger Au−O binding.24 Higher-growth
temperatures lead to the formation of smaller HOSG-QDs
while room-temperature growth results in bulklike Au
polycrystalline thin film (see Supporting Information (SI)
Note 1).
Formation of self-organized HOSG-QDs and Au thin films

can thus be templated on a MgO(001) surface in this one-step
fabrication process. It avoids the need for multistep processes
and complexity of solution-based methods typically established
for the synthesis of colloidal Au-NPs, often involving capping
with surfactants for stabilization25 and subsequently perform-
ing the Langmuir−Blodgett technique for self-assembly on
substrates.26,27 The UHV-MBE-PLD with in situ RHEED
technique provides a direct and real-time control and the

Figure 2. Optical responses of HOSG(001)-QDs and HOSG(111)-QDs in comparison to thin-film and bulk Au. (a) Loss-function plots revealing
new peaks at 1.54, 1.88, and 1.82 eV formed by 650 °C HOSG(111)-QDs, 650 °C HOSG(001)-QDs, and 750 °C HOSG(111)-QDs, respectively,
in contrast to bulk Au. (b) The real part of complex dielectric function (ε1) remains positive while ε2 in (c) shows peaks around 1.58, 1.90, and
1.86 eV for 650 °C HOSG(111)-QDs, 650 °C HOSG(001)-QDs, and 750 °C HOSG(111)-QDs, respectively. Thin film Au resembles closely bulk
Au where ε1 is negative at photon energies from 0.5 to 2.25 eV. The ε2 of thin film Au reveals the Drude response similar to bulk Au. (d) HOSG-
QDs reveal a decrease in the R below photon energies of 1.9 eV while thin film Au shows the opposite trend where R increases to ∼0.9 with
decreasing photon energy.
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ability to tune the crystallinity, phase, size, and structure of
these HOSG-QDs (i.e., either the preferential formation of
HOSG(111)-QDs or HOSG(001)-QDs, and/or the coex-
istence of both types of HOSG-QDs epitaxially on the
MgO(001) surface). This is important as it allows for the
first time the optical response, quantitatively and qualitatively,
from these HOSG-QDs to be studied unambiguously using
advanced spectroscopic ellipsometry, which is sensitive to spin
and charge excitations.28,29 Together with XAS, XMCD, and
electron and X-ray diffractions and supported with theoretical
calculations, simultaneous and direct measurement of spin,
charge, orbital, and lattice of Au on MgO can thus be
ascertained to provide insight into its fundamental spin and
electronic interactions with photons, either as a regular noble
metal and/or as a strongly correlated electron system. Note
that the growth system of UHV-MBE-PLD and in situ
characterizations of RHEED, ARPES, XPS (see SI Note 3),
XAS, XMCD, XLD, and reflectance are all integrated in the
new soft X-ray-ultraviolet (SUV) beamline of Singapore
Synchrotron Light Source and such in situ characterizations
also ensure unambiguity.30

Au thin film exhibits characteristics of a metallic conducting
film akin to bulk Au (Figure 2) as shown in the optical
response arising from the loss function, −Im[1/ε] (Figure 2a),
which is the most direct way to measure plasmon response,
complex dielectric function, ε ≡ ε1 + iε2 (Figure 2b,c), and
reflectivity, R (Figure 2d). For photon energies less than 1 eV,
ε1 shows a very high negative value, as typical of Au bulk,
suggesting that the low energy electrons are screened (inset of
Figure 2b). ε2 shows the typical Drude response for Au as a
metal arising from the electronic intraband transitions
dominated by free-electron behavior in the partially filled sp
bands, which cross the Fermi-level (Figure 2c). For photon
energies of ∼1 to ∼2 eV, ε2 is suppressed and ε1 approaches
finite values but remains negative. The loss function exhibits an
associated absorption tail of interband contributions (5d →
6sp), which extends to about 1.8 eV (Figure 2a).
Our main observation is that HOSG-QDs remarkably show

a vastly different optical response. The loss function now has
new peaks at about 1.54, 1.88, and 1.82 eV for 650 °C
HOSG(111)-QDs, 650 °C HOSG(001)-QDs, and 750 °C
HOSG(111)-QDs, respectively (Figure 2a). Through a
thoroughly and comprehensive analysis supported with
detailed theoretical calculations (as presented below), these
peaks are attributed to the presence of a new exotic
unconventional plasmon, namely spin correlated-plasmon,
arising from surprisingly strong spin-polarization s band of
HOSG-QDs self-organized on MgO(001). They are also
distinctively missing from the optical response for the Au thin
film and bulk Au. For photon energies less than 1 eV,
interestingly, ε1 turns positive (Figure 2b) revealing that
electrons are unusually unscreened. More significantly, ε2
shows spectral weight transfer in a broad energy range, that
is, a dramatic suppression of the low-energy Drude response
accompanied by an occurrence of an anomalous quantum
absorption of a midgap state at ∼1.58, ∼1.90, and ∼1.86 eV for
650 °C HOSG(111)-QDs, 650 °C HOSG(001)-QDs, and 750
°C HOSG(111)-QDs, respectively (Figure 2c). The quantum
absorption occurs due to unusually strong spin-polarization in
Au-6s and hybridizations of Au-6sp with 5d bands, and its
energy determining the strength of the spin-splitting. The
intensity of ε2 of quantum absorption is enormous, which is as
high as ∼70. While ε1 is unusually high approaching ∼50. This

spectral weight transfer is a fingerprint of strong electronic
correlations, responsible for generating metal to Mott-like
insulator transition and transparency and yielding the new spin
correlated-plasmon observed in the loss function of HOSG-
QDs (Figure 2a). The energy of spectral weight transfer
observed in HOSG-QDs is surprisingly large, that is, at least
∼1.58 eV, a magnitude that is comparable to the strong
electron−electron correlations31 in the charge transfer (O2p−
Cu3d) of copper oxide-based high-temperature superconduc-
tors (cuprates)32 and in d−d Mott-transition of manganites as
revealed by high-energy optical conductivity measurements.11

This is unusual because electrons in s band are well-screened
and noncorrelated as shown in the bulk Au as well as Au thin
film. Such strong electron−electron correlations in s band of
HOSG-QDs create a Mott-like gap, which is comparable to the
direct bandgap of semiconductors such as GaAs whose Eg is
about 1.4 eV.33 The peak position is found to shift to higher
energies as the QD size decreases. The differences in optical
response are also revealed in the reflectivity plots of Figure 2d,
where a significant decrease in reflectivity around photon
energies of 1.9 and 2.0 eV occurs for HOSG-QDs but not for
bulklike thin film.
These unusual optical responses, attributed to the presence

of the spin correlated-plasmon in HOSG-QDs, are due to spin-
polarization bands as proven in our XAS and XMCD
measurements (Figure 3) supported with theoretical calcu-
lations (Figure 3; also see SI Note 2). Particularly, we find that
the degeneracy of the 6s bands at the Fermi-level is lifted and
split to form a gap between the spin-up and spin-down states.
Indeed, XAS measurements at room temperature (Figure 3a)
show unequivocally the existence of a new Au 6s+5d

Figure 3. XAS and XMCD spectra of HOSG(001)-QDs and
HOSG(111)-QDs. (a) XAS spectra of HOSG(111)-QDs and
HOSG(001)-QDs taken where E-field of the incident photon is
parallel to the MgO(001) substrate in-plane axis (PI) respectively.
The spectra show strongly enhanced, well-resolved peaks due to
quantum confinement effects along with the formation of hybridized
6sp+5d state at 656 eV, which is not seen in thin film Au. The broad
hump at 660 eV for thin film Au depicts the Au4p → 6sp transition.
(b) XMCD spectra of HOSG(111)-QDs using left and right circular
polarized lights, taken at room temperature without applied external
magnetic field, reveal strong spin-states at 656, 651, and 665 eV.
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Figure 4. Theoretical calculation and modeling of Au on MgO(001). (a−d) Optical responses showing the effect of thickness variation on the out-
of-plane optical responses with s−d hybridization, Vs‑d = 1 eV, for Au systems with size 11 × 11 × N atoms (where N = 2, 3, 4, 5 or 6). (e)
Schematic band energy diagrams depicting the spin-polarized, spin-splitting, and hybridization of 6s−5d density-of-states near the Fermi-level for
HOSG-QDs, in contrast to unpolarized bulklike Au. (f) FDTD electromagnetic simulation results showing calculated reflectivity from an infinite
array of hexagonal-shaped quantum dots (QD) and partially embedded spherical nanoislands (NI). The diameter is set at 20.4 nm (blue lines) and
28.4 nm (red lines). Both systems are arranged in a hexagonal array with a spacing of 7 nm between the QD or NI. Inset: Geometries of a single
hexagonal QD and a single spherical NI. In (g), the FDTD simulation shows the calculated reflectivity from an infinite array of square-shaped QD
and partially embedded spherical NI. The diameter is set at 30.2 nm (blue lines) and 44.2 nm (red lines). Both systems are arranged in a square
array with a spacing of 7 nm between the QD or NI. The simulations are run with QD (or NI) sizes in the same range as the hexagonal-shaped
HOSG-QDs and square-shaped HOSG-QDs shown in Figure 1.
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hybridization state yielding Au 4p → 6s+5d transition at ∼656
eV, which is absent in the bulk thin film. For the bulklike thin
film Au, only a broad hump at ∼660 eV attributed to the Au 4p
→ 6sp transition is observed. For the HOSG-QDs,
intriguingly, a new sharp peak at ∼656 eV is observed, while
the peak at ∼660 eV becomes enhanced and well-resolved into
multiple peaks (Figure 3a). This new sharp peak at ∼656 eV is
attributed to the interplay between electron−electron inter-
actions, quantum confinement due to size and orientation and
Au-6s hybridized with 5d through the O2p state arising from
the self-assembly of HOSG-QDs on MgO(001) yielding to
spin-polarized bands as supported by previous density
functional theory calculations.24

Interestingly, room-temperature XMCD measurements,
which are acquired intentionally without magnetic field,
directly reveal strong signal of ferromagnetism, spin-polar-
ization, and ordering as shown in Figure 3b. The XMCD signal
is the strongest at the new ∼656 eV peak of Au-4p → 6s+5d
transition, revealing the strong spin-polarization of Au-6s.
While the energy separation between the strongest XMCD
peak with the next XMCD dip (or negative peak) is about
1.5−2 eV, uncovering strong spin-splitting. These are all
consistent with SE measurements. Furthermore, XMCD
measurements further reveal that these well-resolved new
peaks at higher energy around 660 eV are also spin-polarized.
It is worth noting that the spin ordering is a signature of
strongly correlated electron systems, which are known to occur
in high-temperature superconducting cuprates and manganese-
systems and may determine the Mott gaplike states.34−36 In
HOSG-QDs, the large Mott gaplike state (>1.5 eV) is
consistent with these strongly correlated-electron systems.
Our experimental observations are supported by theoretical

calculations. Using a tight-binding model incorporating s−d
hybridizations and on-site Hubbard repulsion treated within
mean field approximation, our theoretical calculations show
that the occurrence of the unconventional spin correlated-
plasmon is due to the existence of strong electronic
correlations; in this case, the s−d hybridization and hopping
electrons due to the finite sizes of Au quantum dot formation
on MgO(001) (see SI Note 2). The presence of s−d
hybridization creates splitting in the partial density of states
for both s and d bands (Figure S2). The calculated out-of-
plane optical responses of LF, ε1, ε2, and reflectivity agree well
with our experimental results (Figures 4a−d). The calculated

LF indeed shows spin correlated-plasmon in the visible
accompanied by positive value of ε1. A new Mott-like gap
state is also captured in our calculated ε2. Suppression low-
energy Drude response is shown in the calculated ε2
accompanied by a positive and high value of the calculated
ε1. From our theoretical calculations, we also infer that the
optical response data have a dominant contribution from the
out-of-plane responses. Combining both experimental data and
our theoretical calculations, we propose new electronic
structure of HOSG-QDs (Figure 4e). It is found that an
interplay of electron−electron correlations, s−d hybridization,
and quantum confinement in the HOSG-QDs plays an
important role in the generation of the spin-correlated-
plasmon in the loss function, a quantum absorption Mott-
like state, and disappearance of low-energy Drude response in
complex dielectric functions (see SI Note 2). Such an interplay
changes the Au-6s degenerate state to a split spin-polarized
state with an energy difference of about 1.5−2 eV between the
split states (Figure 4b,e) as identified by the quantum
absorption (Figure 2c).
For comparison, we also perform electromagnetic calcu-

lations based on finite difference time domain (FDTD) and
calculate the optical reflectivity based on different quantum dot
shapes and sizes of HOSG-QDs but without electronic
correlations (Figure 4f,g). We find that the quantum
confinement due to the shapes and sizes alone cannot explain
our experimental results (c.f. Figure 2d). This further supports
that electronic correlations are enhanced and play an
important role (Figure 4) in the quantum confinement of
HOSG-QDs.
A direct and useful technological application of this unique

spin correlated-plasmon’s property is demonstrated using
HOSG-QDs as a SERS-chip, that is, Spin-SERS, with 1,2-
di(4-pyridyl)ethylene (BPE) as the analyte (see SI Note 4 and
ref 37). Intriguingly, strong SERS signals (Figure 5) are
observed when 10 μM (1.8 ppm) of BPE dripped and dried on
the Spin-SERS chip was excited using laser with photon energy
of 633 nm (∼1.96 eV), which is resonant at the spin
correlated-plasmon. We observe Raman peaks at (i) 1020 cm−1

due to (C−N) and (C−C) stretching modes, (ii) 1200 cm−1

due to (Cr−Cb) stretching and rocking modes where Cr is a
ring-carbon bonded to a bridging carbon and Cb is a bridging-
carbon,38 (iii) 1335 cm−1 due to (CC) bending modes, and
last (iv) 1607 and 1635 cm−1, which are BPE characteristic

Figure 5. SERS spectra of BPE on HOSG(111)-QDs. (a) Raman spectrum of BPE (10 μM, 1.82 ppm) molecule dropped and dried on the
HOSG(111)-QDs. Compared with the Raman spectrum without BPE analyte (black), the HOSG(111)-QDs with BPE analyte (red) shows
additional peaks. The strong Raman signals (marked with *) after background subtraction shown in (b) are major BPE Raman peaks.
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peaks due to (C−C) stretching modes.39 In contrast, no SERS
signal is observed using SERS-substrate of Au thin film or
quartz slide with the same analyte further signifying the unique
role of the spin correlated-plasmon generated in HOSG-QDs
and not in continuous Au thin film (Figure S7). To further
support the high sensitivity of Spin-SERS method, we are able
to acquire about 23 000 counts (based on the 1607 cm−1 peak
for a 1.8 ppm analyte) within a 3 s integration time and 11 mW
laser. It is worthwhile to mention that since currently available
SERS-active substrates have fundamental challenges of either
being not reproducible or very complex and difficult to
prepare,40 the spin correlated-plasmon in HOSG-QDs can
address and overcome them. The spin correlated-plasmon, a
quantum oscillation of an interplay of spin and charge due to
electronic correlations in strongly correlated electron systems,
opens new fundamental science and applications such as
combined spintronic−plasmonic applications.17

■ CONCLUSION

In conclusion, we present a novel class of strongly correlated,
Mott-like insulating gold in the form of highly oriented single-
crystalline gold quantum-dots (HOSG-QDs) grown on MgO
using MBE-PLD. Intriguingly, by controlling quantum confine-
ment, that is, the size and orientation of the HOSG-QDs,
electronic correlations are enhanced yielding a new room-
temperature spin correlated-plasmon and a quantum absorp-
tion Mott-like state, which are all tunable from the infrared to
visible. We find unusually strong spin-polarization and spin-
splitting (∼1.5−2 eV) of Au-6s and hybridizations of Au-6s
with Au-5d yielding ferromagnetism in s band of gold. The first
demonstration of the spin correlated-plasmons with a very high
sensitivity in the surface-enhanced Raman spectroscopy is also
presented. Our result shows the importance of the interplay
between the spin, charge, and quantum confinement in
determining electronic structure and correlations of novel
correlated material, Mott-like insulating HOSG-QDs and
opens new, great potential for spintronic−plasmonic applica-
tions.
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