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Plasmonic antennas channel incoming light into a confined near field that comes along with strong field
gradients at the edges. Transverse field gradients are capable of driving quadrupole transitions in a more
effective way than the weak longitudinal field gradient in dipolar light. Cuprous oxide Rydberg excitons with
principal quantum number n between 5 and 15 are several tens to a few hundreds of nanometers in diameter
and can have different orbital angular momentum quantum numbers. Usually, only P- and F -excitons are
electric dipole allowed, while S- and D-excitons remain dark. Here, we use 30-nm-wide and 60- to 110-nm-long
plasmonic aluminum nanoantennas deposited on the cuprous oxide crystal surface to create transverse field
gradients in similar spatial dimensions as the size of the Rydberg excitons. This way, light field and matter wave
function overlap spatially and quadrupole transitions of Sexcitons are enhanced. The relative enhancement of the
S-exciton oscillator strength with respect to the P-exciton oscillator accounts for a factor of up to 1.4.
DOI: 10.1103/PhysRevB.106.165305
I. INTRODUCTION AND MOTIVATION

Semiconductors have stimulated intense research interest
both in fundamental and applied physics. An exciton is an
elemental excitation in a semiconductor, which can be considered as hydrogen-like bound state of an electron and a hole.
Excitons were theoretically proposed by Frenkel in 1931 [1]
and Wannier in 1937 [2], and experimentally found in cuprous
oxide in 1950 by Hayashi and Katsuki [3] and in 1952 by
Gross and Karryjew [4]. In the 1970s and 1980s intensive research was performed on excitons in cuprous oxide in the form
of modulation spectroscopy [5], forbidden resonant Raman
scattering [6], and high-pressure x-ray studies [7,8]. Cuprous
oxide has in total ten valence and four conduction bands with a
direct band gap of Eg = 2.17 eV [see Fig. 1(c).] Since conduction and valence bands have the same (positive) parity, direct
dipole transitions are forbidden and the radiative lifetimes of
the excitons are relatively large. The exciton fine structure
was investigated experimentally by applying external fields
[9]. The even-parity [10] as well as odd-parity [11] excitons
were identified, and in 1981 Uihlein succeeded with a first
complete theoretical description of S- and D-excitons for up to
n = 5. The research continued into the 1990s with a detailed
investigation of the exciton fine structure [12], where it was
found that the coupling of electron and hole to LO phonons
produces a frequency dependence of the dielectric function
ε(k, ω). In 1996 Matsumoto probed S- and D-excitons up to
n = 7 in two-photon experiments [13].
In 2014 P-excitons were probed up to principal quantum
numbers as large as n = 25 in transmission measurements
[14], which renewed the research interest in Rydberg excitons
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in cuprous oxide [15]. Further transmission [16] and photoluminescence emission [17] measurements found Rydberg
excitons with principal quantum numbers up to n = 30. These
highly excited excitons are similar to Rydberg atoms with
the advantage of being embedded in the semiconductor. This
allows for straightforward integration into a more complex
solid-state system. Starting from this system, one can demonstrate schemes that harness light–Rydberg-exciton interaction,
as well as study Rydberg-Rydberg interactions. Furthermore,
having macroscopic quantum objects (Bohr radii of up to
micrometer size) is advantageous for integrated and scalable
solid-state quantum devices [18]. The wavelength of light
is on the same order of magnitude as the Rydberg exciton wave-function diameter. This allows for good overlap
and is crucial for a strong interaction. In the last couple
of years intensive research has been conducted in order to
identify similarities or differences between Rydberg excitons
and Rydberg atoms, i.e., Rydberg blockade [14,19], quantum
defect [20,21], higher angular momentum states [22], Rydberg excitons in external fields [23,24], and quantum-coherent
effects among Rydberg excitons [25]. Much theoretical work
was done on the electro- and magneto-optical properties of
Rydberg excitons [26–28]. Focus was also placed on solidstate specific effects, such as phonon-assisted absorption [29]
and interactions with the electron-hole plasma [30,31]. Twophoton absorption and second-harmonic generation were used
to probe the dipole-forbidden even-parity excitons up to n =
12 [32–34], and detailed theoretical calculations were performed [35,36]. Rydberg excitons trapped in potential [37,38]
and quantum [39] wells, as well as in microcrystals [40]
were studied. Lately, the research on Rydberg excitons in
cuprous oxide has been extended to excitation by orbital angular momentum light [41], and, charged impurities [16,42]
have been found to be the limiting factor for the existence of
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proposed theoretically [45]. Concept and proposed coupling
mechanism are sketched in Figs. 1(a) and 1(b). Plasmonic
nanoantennas exhibit a strong field enhancement at their tips
when illuminated with resonant light. Strong field gradients
extend over a range of a few to a few tens of nanometers.
When brought in close proximity to Cu2 O Rydberg excitons,
we expect strong interaction of the gradient light fields with
the excitonic transitions due to their matching size [46].
II. THEORY

In order to derive how the electric quadrupole of the excitonic transition interacts with an external field, we start from
the multipole expansion of the energy of a localized charge
distribution ρ(x) placed in an external potential (x) [47].
The electrostatic energy of the system reads
W = ∫ ρ(x) (x)d 3 x.

(1)

After expanding the potential into a Taylor series and using
the definition of the electric field E = −∇, with ∇ · E = 0
for the external field, Eq. (1) can be approximated as
∂E j
1 
(0), Ref. [48]
W = q(0) − p · E(0) −
Qi j
6 i j
∂xi

FIG. 1. (a) Concept of coupling a plasmonic nanoantenna to
Rydberg excitons in cuprous oxide. Strong inhomogeneous E fields
result in strong gradients ∇E, allowing for enhanced quadrupole
transitions, favored by matching sizes of light field and Rydberg
exciton. (b) Illustration of the coupling mechanism between a plasmonic nanoantenna and a Rydberg exciton. Strong field gradients at
the antenna tips are expected to strongly interact with the Rydberg
excitons when brought in close proximity. (c) Schematic drawing of
the dispersion relation of cuprous oxide at the  point, explaining
the coupling theoretically. Energy gap (Eg ), as well as crystal field
() and spin-orbit (SO ) splitting, are indicated. The symmetries of
conduction- (CB) and valence (VB) bands of S-, P-, and D-exciton
levels, as well as of the corresponding light field operators (electric
dipole ED / electric quadrupole EQ) are shown.

high principal quantum number excitons with n  25. Very
recently, Rydberg exciton-polaritons in a Cu2 O microcavity
were investigated [43].
The research on Rydberg excitons in cuprous oxide is of
great interest as they can be utilized for establishing solid-state
quantum technologies. In particular, addressing a variety of
angular momentum exciton states is interesting for quantum
information processing [44]. In this paper, we want to excite
even angular momentum exciton states, and, in particular
enhance quadrupole transitions of Rydberg excitons with the
use of plasmonic nanoantennas. The concept of the related
problem for the 1S-exciton in cuprous oxide has already been

(2)
with total charge q, dipole moment p, and quadrupole moment
Qi j , while higher multipole terms have been omitted [48].
From Eq. (2) one sees that the quadrupole interacts with the
field gradient ∇E.
Electric quadrupole transitions caused by the longitudinal
field gradient of a light field are usually three orders of magnitude weaker than the electric dipole transition. On the other
hand, the transverse field gradient in orbital angular momentum light causes enhanced quadrupole transitions [49–53].
Plasmonic antennas have the property of channeling incoming electromagnetic energy into a confined near field. This
results in a strongly inhomogeneous field distribution, and
comes with strong transverse field gradients at the edges of
the antenna that are capable of driving quadrupole transitions.
Whether an optical transition is forbidden or allowed is
determined by the selection rules. This can also be predicted
by symmetry considerations of the initial and final state of
the quantum object as well as the light field operator. The
symmetries of Rydberg excitons in cuprous oxide exc are
composed of the cuprous oxide valence- and conduction-band
symmetries, V and C , respectively, as well as the exciton
l
envelope symmetry env
, determined by the angular momentum quantum state:
l
exc = V ⊗ C ⊗ env
.

(3)

Conduction- and valence-band symmetries are known from
literature [54]. The exciton envelope functions are described
by spherical harmonics and can be assigned to a symmetry
operator with the help of the tables by Koster et al. [55]
[see Fig. 1(c)]. For allowed transitions, the overlap of crystal
ground- (1+ ) and excited (exc ) states contains the symmetry
of the light field operator (Q ). A multiplication with 1+
leaves the symmetry unchanged. The quadrupole operator,
having symmetry Q = 3+ ⊕ 5+ , thus allows for a nonzero
transition probability of S- and D-excitons with symmetries
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TABLE I. Overview over different plasmonic antenna dimensions and the spectral position of their plasmonic resonance.
Length (nm)×Width (nm)
Name

Designed

Measured

Resonance (nm)

F1
F2
F3
F4
F5

110 × 30
90 × 30
80 × 30
70 × 30
60 × 30

115 × 40
95 × 40
85 × 35
75 × 35
65 × 35

>600
600
575
550
525

S = 2+ ⊕ 5+ and D = 1+ ⊕ 23+ ⊕ 34+ ⊕ 5+ ,
respectively. The overlap is given by the symmetry operator
5+ .
In addition, the size of the Rydberg excitons is comparable to the plasmonic antenna, and, thus, the field gradient
extension. This implies a strong interaction of the Rydberg
exciton with the confined optical light field and should lead to
an additional enhancement of the quadrupole transitions.
III. EXPERIMENT

Plasmonic nanoantennas can be directly fabricated on the
cuprite crystal surface using electron-beam lithography. The
antennas used are made of aluminum and are designed to be
30 nm wide and 60 to 110 nm long (see Table I) in order to
exhibit plasmon resonances along the long axis at the exciton
energies around 2.17 eV or 571 nm. By varying the antenna
length, the plasmon resonance can be tuned (see Fig. 2), and
by changing the laser polarization the plasmon resonance can
be switched on and off. An in-house implementation of a
numerical Maxwell solver based on the Fourier modal method
is used in order to simulate the antenna response and, thus, to
design the antenna [56,57]. We use antenna arrays with periodicity of 160 nm. Large antenna arrays of 200 × 200 μm2
are fabricated onto the polished cuprite surface to guarantee
optical access in the experiment. This way, the surface becomes equipped with a large number of field gradients when
being illuminated with a focused light beam. Under ideal
conditions the nanoantenna geometry we employed may result
in a field enhancement factor of 10 [58,59]. The field gradient
enhancement, however, is difficult to determine.
The nanoantennas are fabricated onto the polished cuprous
oxide surface with standard electron-beam lithography (Raith
eLINE Plus). The bare cuprite sample is cleaned in an ultrasonic bath with acetone and propanol. The sample is glued
onto a glass substrate using resin with Tmelt = 60◦ C (Struers
GmbH). The positive, high-resolution photoresist AR-P 6200
(CSAR 62, Allresist) is spin coated onto the sample. The
antenna arrays are defined and written by electron-beam exposure at 20 kV and an area dose of 65 μm/cm2 . At the
exposed areas the photoresist chains break up so they become
dissolvable in the developer. After development, an adhesive
layer of 2 nm titanium and 20 nm aluminum are consecutively
evaporated using an electron gun evaporator. A lift-off process
is started with a commercial n-ethyl-2-pyrrolidon–based remover (Allresist) at 60 °C. Afterwards the structured cuprite
flake is cleaned with acetone and propanol. The different

FIG. 2. (a) Scheme of single-layer electron-beam lithography.
The main steps are electron-beam exposure of the poly(methyl
methacrylate) (PMMA) photoresist, development, evaporation of an
adhesive titanium (Ti) layer followed by aluminum (Al), and lift-off.
Figure based on Ref. [60]. (b) Measured plasmon resonances of
antenna fields F1–F5 together with their scanning electron microscope images. The plasmon resonances are active for light at energies
around the exciton resonance at 571 nm (vertical green line) that is
parallel (ࢱ) polarized to the long antenna axis. Relative reflectance
is the ratio between reflectance measurements on the antenna fields
over measurements on the Cu2 O surface without antennas.

fabrication steps are visualized in Fig. 2(a). For more details
about the fabrication process see Ref. [60].
The cuprous oxide crystals used are high-quality natural crystals from the Tsumeb mine in Namibia. They were
polished to a thickness of 46 μm (sample 1) and 104 μm
(sample 2), respectively. The plasmonic antenna fields are
imprinted on the crystal front facet, which is {110} oriented.
Experiments are performed in reflection geometry with 15°
angle of incidence. Due to the small thickness of sample 1,
reflection as well as transmission spectroscopy is performed.
The probe laser is a tunable dye laser with spot diameter of
100 μm and laser power of 6 μW. The probe laser is scanned
from λ = 574.67 to λ = 570.84 nm (2.1575–2.17195 eV) and
from λ = 572.01 to λ = 571.42 nm (2.1675–2.16975 eV) for
a detailed look into the n = 5 excitons. A reference signal is
recorded in order to compensate for the laser interferences
appearing in the reflection signal. Sample 2 is investigated using pump-probe spectroscopy in reflection geometry. As light
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sources, two solid-state lasers are used. The probe laser spot
diameter is 150 μm and the probe power is 40 μW. The pump
power at λ = 561 nm is 3 mW. The probe laser is scanned
from λ = 571.60 to λ = 571.40 nm (2.1691–2.1698 eV) for
investigating the n = 6 excitons.
For constant laser intensity, the light beams are stabilized
by a BEOC laser power controller (LPC by Brockton ElectroOptics Corp.). The combination of a slightly tilted half-wave
plate and a Glan-Taylor prism allows for further attenuation
of the laser light without interferences. The collimated signals
are detected via photodiodes with variable gain (New Focus
Large-Area Photoreceiver), which are read out by high-speed
multimeters (Keithley 2000) connected to a computer. For
pump-probe measurements a lock-in amplifier is interconnected between photodiode and multimeter.
IV. RESULTS

The antenna resonances were measured using bright-field
reflection microscopy [see Fig. 2(b)]. Under optical excitation
in parallel (ࢱ) polarization configuration, the plasmon resonance is active along the long antenna axis, while no plasmon
resonance appears for perpendicular (⊥) polarization. The
plasmon resonances are very broad (>100 nm) with their peak
shifting across the exciton resonance at 571 nm. While antenna field F1 has a plasmon resonance with maximum above
600 nm, antenna field F5 has the maximum at 525 nm. The
antenna field reflectance is normalized to the reflectance of
the bare cuprous oxide, so the displayed values are larger than
1. The corresponding scanning electron microscope images
of the different antenna fields in Fig. 2(b) illustrate that the
overall reflectivity is largest on field F1 with the largest antennas. The antennas in field F5 are the smallest, so its overall
reflectivity is weakest.
The cuprous oxide samples used are of good quality, which
is indicated by the transmitted and reflected intensity shown in
the spectra of a reference point (no antenna field) on sample
1 in Fig. 3, where Rydberg excitons with principal quantum
numbers up to n = 21 are observed in parallel laser polarization configuration.
The top row in Fig. 4 shows the reflected signal from the
antenna field F5 on sample 1 in perpendicular and parallel
laser polarization configuration for n = 5 (left) and n = 6
(right) separately. The optical density data of the different
polarization configurations have been shifted in the y direction
for a better comparison. This does not change any physical
content. For parallel laser polarization, 5S- and 6S-excitons
appear on the low-energy P-exciton shoulder, while they are
much less pronounced in perpendicular laser polarization. In
order to highlight the antenna effect, 5S- and 6S-excitons have
been fitted with a Lorentzian function Sn of the shape
Sn = Cn

Gn /2
,
(Gn /2)2 + (x − En )2

(Gn /2) + 2qn (x − En )
,
(Gn /2)2 + (x − En )2

with an additional asymmetry parameter qn , which amounts
to q5 = −0.35 and q6 = −0.33 for the 5P- and 6P-exciton,
respectively. All other fit parameters are listed in Table II. The
difference of the fits for parallel and perpendicular data are
displayed in the middle row in Fig. 4. Despite a feature that
accounts for the different P-exciton parameters in parallel and
perpendicular measurements, the S-exciton, which appears
stronger in parallel polarization, is clearly visible. The bottom
row in Fig. 4 shows the same data as in the top row but
for a reference point (no antenna field). Here, no prominent
S-excitons appear in parallel laser polarization configuration.
Pump-probe spectroscopy in reflection geometry on n = 6
excitons also reveals that in parallel laser polarization the 6Sexciton clearly appears on different antenna fields, while it is
absent in the reference measurement (see Fig. 5). In addition,
the lock-in signal decreases from the top towards the bottom
graph in Fig. 5, i.e., from the longest (F1) towards the shortest
(F4) antenna. As the periodicity between the antennas is kept
constant for all fields, the overall reflectivity decreases from
F1 towards F4.

(4)
V. DISCUSSION

with principal quantum number n, oscillator strength Cn ,
damping constant Gn , and energy En . P-excitons have been
fitted with an asymmetric Lorentzian function Pn :
Pn = Cn

FIG. 3. Optical density (OD) of transmitted and reflected signal
on a reference point (no antenna field) on sample 1. Spectra show that
the crystal is of good quality, revealing Rydberg excitons with principal quantum numbers up to n = 21. The reflected signal is much
weaker than the transmitted signal and exciton lines are broader with
a flatter slope on the low-energy side.

(5)

For investigating Rydberg excitons in cuprous oxide,
samples of good quality are essential. Furthermore, the implementation of spectroscopy experiments in reflection geometry
on cuprous oxide is not straightforward. The spectra in Fig. 3
indicate that both prerequisites have been successfully ful-
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FIG. 4. Top row: Comparison of the reflected signal in parallel
and perpendicular laser polarization on antenna field F5 on sample
1. On the left P-exciton shoulder, 5S- and 6S-excitons appear in
parallel laser polarization configuration, while they are much less
pronounced in perpendicular laser polarization. Middle row: Fit difference of parallel and perpendicular data. Bottom row: Same data as
in top row but for a reference (no antenna field). Here, no prominent
S-excitons appear in parallel laser polarization configuration.

filled. Rydberg excitons with principal quantum number up
to n = 21 are detected in the transmitted- as well as the reflected signal. The reflected signal is much weaker than the
transmitted one. Here, noise and, in particular, interferences
from optical elements manifest themselves to a larger extent.
Therefore, the reflected signal has been divided by a reference
TABLE II. Fit parameters of 5P-, 5S-, 6P-, and 6S-excitons for
measurements with polarization parallel () and perpendicular (⊥)
to the long nanoantennas axis. A Lorentzian line shape has been
fitted to the S-excitons, while an asymmetric Lorentzian has been
fitted to the P-excitons. Energy positions are given as 2.168 eV+E .
(CS /CP )/(CS⊥ /CP⊥ ) denotes the enhancement factor of the relative Sto-P-oscillator strength from parallel to perpendicular measurement.

Parameter
C
(10−7 )
G
(10−4 )
E
(meV)
CS /CP
(10−3 )
 
CS /CP
CS⊥ /CP⊥

5P
()

5S
()

5P
(⊥)

5S
(⊥)

6P
()

6S
()

6P
(⊥)

6S
(⊥)

99

6.2

80

3.5

57

4.0

42

2.5

2.6

1.4

2.6

1.4

1.6

1.2

1.6

1.2

0.32

0.00

0.50

−0.08

1.5

1.3

1.49

1.295

0.062 63

0.043 75
1.42

0.070 17

0.059 52
1.18

FIG. 5. Pump-probe spectroscopy data of n = 6 excitons on different antenna fields (F1–F4) and a reference (bottom) on sample 2
for parallel laser polarization. The 6S-exciton appears on all antenna
fields, while it is absent in the reference. A fixed 6P-exciton energy
is indicated at 2.169 49 eV by the gray dashed line.

signal. This way, most of the oscillations can be removed. In
both transmitted and reflected signals we can distinguish Pand F -excitons well. The P-exciton line shapes in the reflected
signal are broader and more triangular shaped compared to the
ones in the transmitted signal. This behavior agrees with what
has been reported in literature [61].
The peak-to-peak energy differences between S- and Pn=6
excitons in Fig. 4 are n=5
SP = 250 μeV and SP = 150 μeV,
while the differences of energy positions of the fitted osn=6
cillators are n=5
SP, fit = 320 μeV and SP, fit = 200 μeV,
respectively. These values agree well with literature [62]
n=6
(n=5
SP, lit = 270 μeV and SP, lit = 168 μeV). For the P- and
S-exciton fits, respectively, we use the same damping constant
Gn for results from parallel and perpendicular measurements.
This allows for a comparison of the oscillator strength ratio
CS /CP . We find an increase of this relative S-exciton oscillator
strength with respect to the P-exciton oscillator strength of
1.42 and 1.18 for n = 5 and n = 6, respectively (see Table II).
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One might also attribute the observed enhancement of the
dipole-forbidden S-exciton to strain or local Schottky electric fields originating from the antennas. However, this effect
would also occur in perpendicular polarization, which is not
the case. Furthermore, these effects should be independent of
the antenna detuning.
For certain crystal orientations, as for the one of the investigated samples ({110}), the quadrupole transition of the
S-exciton is per se forbidden in one polarization configuration
while it is allowed in the perpendicular polarization configuration. This can be determined by group-theoretical calculations
with the help of the tables by Koster et al. [55]. The reference
measurement in the lower panel of Fig. 4 indicates that this
effect is not visible in the chosen polarization configurations.
Here, for both parallel and perpendicular laser polarization no
S-exciton appears. This confirms that the effect seen in the
upper panel is most likely due to the quadrupole enhancement
caused by the plasmonic antennas.
Figure 5 depicts the appearance of the 6S-exciton on different antenna fields F1–F4 for parallel laser polarization in
comparison to a reference measurement. Clearly, the reference
signal shows no 6S-exciton for parallel laser polarization,
while on the antenna fields the 6S-exciton appears. The signal
strength continuously increases compared to the reference via
the antenna fields F4, F3, and F2, towards field F1. Here,
the overall reflectivity of the sample plays a crucial role. On
antenna field F1, the antennas are longest. As the periodicity
is kept constant for all antenna fields, more aluminum covers
the cuprous oxide, so the overall reflectivity is highest.

the Rydberg-exciton–antenna coupling is not fully optimized
yet. Furthermore, the plasmonic antennas might create surface
charges that partly screen the Coulomb interaction [63] or
broaden the lines [64], which would lead to a suppression
of exciton resonances. Another reason for the weak signal
of plasmonic enhancement might stem from the fact that the
measured signals are overlaid by absorption features not coming from the surface close to the antennas, but from the rest
of the bulk sample. Simulations should help to unravel the
influence of the different factors.
In order to increase the quadrupole enhancement caused
by plasmonic antennas with respect to Rydberg excitons, several approaches could be used. First, the coupling between
antenna and Rydberg excitons can be enhanced by localizing
the Rydberg excitons very close to the antennas. Second,
one can polish the crystal to ultrathin flakes with thickness
below 10 μm and measure in transmission configuration. The
transmitted signal is easier to interpret but will contain a
significant amount of dipolar excited P-excitons. This amount
will, however, be reduced in comparison to our current measurements by a factor of 10, so the antenna contribution gains
more weight in the transmitted signal. Third, one could measure cuprite microcrystals [40] scattered among plasmonic
nanoantennas. This way, the antenna field would cover the
entire microcrystal. However, border effects may play a role.
Nevertheless, the implementation of reflection measurements
in pure reflection and pump-probe geometry is a first step
towards quantum integrated fiber-detection schemes with Rydberg excitons.

VI. SUMMARY AND OUTLOOK
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