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Rydberg Series of Dark Excitons in Cu,O
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We demonstrate the Rydberg series of dark excitons, known as paraexcitons, up to the principal quantum
number n = 6 for the yellow exciton series in Cu,O, using second harmonic generation. Each of these
states is optically inactive to all orders, but their observation becomes possible by application of a magnetic
field which leads to mixing with the quadrupole-allowed bright excitons, called orthoexcitons, of the same
n. The dark parastates are generally located below the bright orthostates, whose energies are increased by
the electron-hole exchange interaction, except for n = 2, where this order is reversed. This inversion occurs
due to band mixing, namely, of the 2, , orthoexciton of the yellow series with the 1S, , orthoexciton of the

green exciton series.
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Excitons attract strongly enhanced interest recently: a
key factor is, for example, the emergence of 2D materials
with exciton binding energies up to more than 100 meV, so
that their optical properties are determined by excitonic
features, even in ambient conditions [1,2]. A comprehen-
sive understanding necessitates the observation of the
excited states with principal quantum numbers 7 > 1 in
an exciton series. The number of observed excited states
has been limited: For the prototype direct band gap semi-
conductor GaAs, two excited states were measured at zero
magnetic field [3], while for 2D materials the maximum n
so far is 5 [4]. A remarkable exception is Cu,O, for which
excited states of the yellow exciton up to n =25 were
detected [5].

The universal feature in each of these cases is that
the associated optical transitions are electric-dipole allowed,
so that the excitons represent optically active states, also
called “bright,” even if excitable only in a higher-order
process. Excitation of “dark” excitons would require a spin
flip, therefore, they are optically inactive to all orders of
perturbative treatment of the light-matter interaction.
Because of the resulting long lifetime they are attractive,
for example, for handling information, even on the quantum
level [6], or accumulation in large numbers to achieve
collective effects like a Bose-Einstein condensation [7,8].

Dark excitons can be optically activated by an external
perturbation that induces a mixing with bright excitons. Most
prominent is the application of a magnetic field which causes
an exciton symmetry reduction. This has enabled dark exciton
observation, if in addition the splitting from bright excitons by
the electron-hole exchange interaction is large enough to
separate them spectrally, for example, in quantum dots, where
the exchange is enhanced by spatial confinement [9].

Also for Cu,O the dark ground state exciton could
be observed [10-12], facilitated by the strong Coulomb
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interaction in this material. Here, the dipole-allowed
excitons have P-type envelope wave functions with
orbital angular momentum L = 1, and their energies
approximately follow a hydrogen series Ry/n?, where
Ry =86 meV. The P excitons form a subset of the
orthoexcitons, whose entirety is completed by the states
with orbital angular momenta L < (n — 1) different from
unity. For the ground state n = 1 with the only possible
value L =0, the S orthoexciton is optically allowed in
quadrupole approximation. Applying a magnetic field, the
corresponding dark S paraexciton appears in absorption
[10]. Below we use the terms bright and dark as well as
ortho- and paraexciton equivalently for Cu,O. In the
Supplemental Material [13], we discuss their angular
momentum configurations in detail.

In Cu,O, like in any other material, the dark exciton
observation has been restricted to the ground state. This
raises the fundamental question about observability of
excited dark excitons: We demonstrate here the Rydberg
series of S paraexcitons in Cu,O and measure their energies
relative to the orthoexcitons. The latter point is closely
related to the question, whether the dark exciton energies
are generally located below the bright excitons as one may
expect from Hund’s rules, or whether there are deviations
from this seemingly universal rule. So far, only one
exception from the conventional order was reported: For
perovskite nanocrystals the dark state was recently claimed
to be above the bright state for the ground state exciton,
which has been intensely debated since [17].

Using second harmonic generation (SHG) in magnetic
field, we disclose the Rydberg series of paraexcitons up to
n = 6. Compared to the 12 meV splitting between the 15
ortho- and paraexciton [10], the splittings for the excited
states are on the order of a meV or fractions of it, in good
agreement with calculations of Schweiner et al. [18].
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Strikingly, while the paraexcitons are mostly located below
the orthoexcitons, for n =2 the order is reversed.
According to Ref. [18], this can be traced to the mixing
of the 2S5, , yellow orthoexciton with the close-by 1S,
orthoexciton of the green series. Because of this mixing, the
two levels repel each other so that the 25, , orthoexciton is
pushed in energy below the 2§, , paraexciton. Here, we
used the subscripts y and g for yellow and green, o and p
for ortho and para.

The difficulty in observing dark excitons is the domi-
nance of bright excitons in optical spectra, be they allowed
in electric-dipole or higher order. To resolve the dark states
with relatively small oscillator strength, even when mixed
with bright states by the magnetic field, one has to suppress
the bright excitons, i.e., in one photon absorption the P
excitons in Cu,O as much as possible. To avoid them, we
chose SHG spectroscopy as the experimental technique,
where the even excitons can be resonantly excited by two
photons combining two electric dipole transitions, followed
by coherent emission of a photon with the exciton energy in
a quadrupole transition [19]. The experimental setup is
described in detail in Refs. [19,20]. As a light source we use
an optical parametric amplifier pumped by a laser, emitting
200 fs pulses with tunable central photon energy at half the
exciton energies. The pulse linewidth of 14 meV (full width
at half maximum after frequency-doubling) allows record-
ing of a spectrum across this energy range with a single
laser setting, for which we can select between two
spectrometers (80 or 20 eV resolution).

The samples are placed in the He-4 insert (temperature of
1.4 K) of an optical magnetocryostat. Magnetic fields up to
10 T are applied in the Voigt geometry (magnetic field B
perpendicular to light wave vector k). The linear polar-
izations of laser light (E”) and SHG light (E3”) can be
chosen by combining a Glan Thompson prism and a half-
wave plate. The configurations with respect to optical and
crystal axes as well as polarizations (see figure captions) are
optimized for cleanest dark exciton signal. Here we are
interested mainly in state energies; we discuss the relation
of SHG configuration and intensity in the Supplemental
Material [13].

The SHG potential for studying dark excitons is dem-
onstrated for the 1S, , paraexciton in Fig. 1. The second
derivatives of the SHG spectra, rather than the absolute
intensities, are plotted there. This procedure highlights
weak features with reliable information about their energies
[21]. In Fig. 1, with increasing field the 1S, , orthoexciton
shows the expected threefold splitting according to the
magnetic quantum numbers M = 0,£1. The paraexciton
emerges 12.12 meV below the orthoexciton for fields
higher than 2 T. Their field-induced mixing is manifested
by the repulsion between states of the same symmetry,
which are the paraexciton and the central orthoexciton in
the multiplet having both M = 0; see Supplemental
Material [13].
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FIG. 1. Contour plot of second derivatives of SHG spectra in

the 1§, , and 1S, , energy range (note the axis break) vs Voigt
magnetic field. The central laser photon energy is set to half of
2.0206 for para- and 2.0328 eV for orthoexciton. Experimental
configuration: k [|[111], B||[110], E® at 45° to B. For paraexciton
E2“ is parallel to B. For orthoexcitons E” is at 60° to B to
observe the M = 0 as well as M = +£1 excitons [13]. For this
setting, orthoexciton-SHG appears already at zero magnetic field.

Subsequently, we extend the SHG studies for the search of
higher lying S-type paraexcitons of the yellow series.
Identifying n > 1 parastates is complicated for the following
reasons: (i) the decreasing exchange splitting by the increas-
ing wave function extension, (ii) the reduced energy sepa-
ration between excitonic shells nL, which in magnetic field
split in a large number of lines so that they overlap already at
quite low fields. Fortunately, due to the reduced exchange,
weaker magnetic fields are required to induce mixing with
the orthoexciton. As experimental hints for identifying para-
energies, we use the following criteria: (a) emergence at
energies below the orthoexciton, following the standard
expectation; (b) no line splitting with increasing magnetic
field; (c) weak magnetic field shift with indications for
repulsion from associated S orthoexciton; (d) nonlinear
increase of SHG intensity with magnetic field.

Figure 2(a) shows the magnetic field dependence of
SHG spectra with the central laser photon energy at half
of the 35, , orthoexciton energy. Applying a magnetic
field, SHG signal appears at small field strengths for each
multiplet n at the energies of the S, P, and D states, as
identified previously [21] so that we will not discuss them
further. Of interest here are the energy ranges below the S
states. Below the 3§, ,, starting from about 7 T, an
additional line appears around 2.1594 eV, which fulfills
the criteria formulated above. Therefore, we assign it to the
38, , paraexciton, also, because in this range no other state
is expected. For n = 4, the same signatures are found: At
1.5 T a single line appears below 45, ,, which we assign to
the 45, , paraexciton.

For n = 3 the splitting between ortho- and paraexciton is
1.39 meV, while for n =4 the splitting is reduced to
0.52 meV, where we extrapolate the paraexciton energy to
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FIG. 2. Contour plots of SHG spectra vs magnetic field.
(a) Shown are SHG second derivatives for energies from the n =
3 multiplet upwards. The central laser photon energy is set to half
of 2.164 eV. Experimental configuration: k||[110], B||[110],
E®||B, E2*||[001]. Then orthoexciton-SHG is forbidden at zero
magnetic field, but emerges at finite B [20]. Further, only the
M = 0 orthoexciton can be observed, see Supplemental Material
[13]. (b) Fourth SHG derivatives around the n = 5 D states up to
the n = 6 multiplet.

zero field using a B? dependence, see Supplemental
Material [13]. For the n = 5 multiplet, interference with
n = 4 states occurs for B > 5 T. For B < 5 T, below the
5§, , orthoexciton, a single, weakly shifting line appears,
which is associated with the 5§, , paraexciton. Extra-
polation to zero field gives an ortho-para splitting of
0.28 meV. Zooming in, one observes also the 6Sy,p para-
exciton, see Fig. 2(b). B? extrapolation gives a splitting of
0.16 meV. Further data substantiating our observations are
given in the Supplemental Material [13].

Finally, we turn to the n =2 case. Corresponding
SHG spectra are shown in Fig. 3(a) with the central photon
energy at half of the 25, , energy. In magnetic field an
additional feature appears, which has to be associated with
the 2§, , paraexciton, but surprisingly at higher energies
than the orthoexciton. This is one of the exceptional cases
where the dark exciton is located above the bright exciton.
Extrapolating back to zero field, one obtains an ortho-para
splitting of —1.27 meV.

The open squares in Fig. 4(a) show the measured
splittings between ortho- and paraexcitons, A, =

E(nS,,) — E(nSy,), vs the principal quantum number.
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FIG. 3. (a) Contour plot of SHG spectra vs magnetic field in the

n =2 and 3 energy range. The laser photon energy is set to half
of 2.138 eV in the configuration: k||[111], B||[112], E?|[E**||B.
Then orthoexciton SHG is allowed at zero magnetic field, but
only the M = O state is observed, see Supplemental Material [13].
(b) SHG spectrum at B = 10 T, revealing the 1S, , paraexciton
of the green series as doublet 30 meV below its orthoexciton. The
laser photon energy was set to half of 2.125 eV. Experimental
configuration: k||[110], B||[001], E?**||B, E® at 45° to E®. The
sketch shows the conduction (CB) and valence bands (VBs)
structure for the yellow and green excitons. Also band gap energy
and VB splitting are given.

The large n =1 splitting of 12.12 meV is known from
previous work [10] and reflects the small exciton size with
strong Coulomb interaction. Also the 1S exciton binding
energy of 150 meV is much larger than the Rydberg energy
of 86 meV, derived from the P-exciton energies. For the
states n > 3 the exchange splitting decreases with increas-
ing n due to the increasing wave function extension.

The ortho-para splitting is determined by the short range
exchange interaction [22,23], which is proportional to the
square of the exciton envelope wave function for zero
distance between electron and hole, |y (0)|?, scaling with
principal quantum number as n~> in a hydrogen-model
[24,25]. Within the accuracy, the data for n >3 are
consistent with this scaling [Fig. 4(a)] but care has to be
exercised here, see below. For completeness, we note that
there are also paraexciton series for orbital angular
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FIG. 4. (a) Energy splitting between ortho- and paraexcitons vs

principal quantum number. Note the break on the ordinate axis.
Squares give measured data, circles are from Ref. [18]. The red
line is a fit with an n~> dependence, using only data from n = 4 to
6. Error bars give the maximum tolerable deviation from the
average energies determined through a least mean square fit.
(b) Energy level scheme visualizing the exchange splitting
between bright (red circles) and dark (black circles) excitons
and the impact of band mixing. The energy levels are indicated
by yellow (yellow excitons) and green (green excitons) bars.
The relative green content due to band mixing is represented by
the green part of the bar in the third column. Optical activity
(inactivity) in zero magnetic field is marked by red (black) circles.

momenta L > 0. However, their splitting from the orthos-
tates is small, as their envelope wave functions have nodes
for zero electron-hole separation [26].

Our results for the energy splittings have to be compared
with the calculations reported in Ref. [18], shown in Fig. 4
(a) by full circles. In this publication, the even ortho- and
para-energies up to n = 5 were calculated. The agreement
with experiment is quite good; see also Table I in the
Supplemental Material [13]. We highlight that it was
also predicted that for n = 2 the paraexciton is located
at higher energies than the orthoexciton, but the origin was
not discussed. The calculations show that the yellow
exciton series, associated with transitions between the
highest valence and lowest conduction band, cannot be
treated isolated from the green exciton series. This series
involves dipole forbidden transitions between the second
highest valence and lowest conduction band, see scheme in

Fig. 3(b). The 1§, , state of the green series with a binding

energy of ~150 meV, contributes prominently to the SHG
spectrum in Fig. 3(a) as the intense line at 2.155 eV, about
16 meV above the yellow 2§, , orthoexciton.

When calculating the exciton levels, mixing effects
between the valence bands need to be accounted for.
The mixing is particularly relevant for the low lying
excitons with small diameters, corresponding to a large
spread in k space, and energetic proximity of the involved
levels. For the excitons of interest here, only the 1S, ,/,
states of the green series are relevant, as the higher lying
green states are located far apart in the yellow ionization
continuum. The 1S, orthoexciton is strongly admixed to
the yellow 25, , orthoexciton. Consequently, the two states
repel each other. As a result, we attribute the dark-bright
order reversal for n = 2 to the shift of the 25, , orthoexci-
ton to lower energies, beyond the energy of the dominantly
yellow 2§, , paraexciton. Vice versa, the 1S, , exciton is
moved to higher energies, as sketched in Fig. 4(b).

Schweiner et al. calculated the green content in the
nominal yellow excitons [18]. The 25, , state is 11% green,
and the nominally green 1S, state is 63% yellow, under-
lining their strong mixing, while the yellow 2§, , para-
exciton is only 1.4% green. Mixing effects are also
important for other states, however, with less drastic
consequences. For example, for the n =3 multiplet,
located in energy above 1S, ,, the green content of the
para- and orthostates is 0.5 and 4.5%, so that the orthostate
will be pushed to higher energy, increasing the splitting
from the parastate over the value expected if it had pure
yellow character. Thus one has to be careful with deriving a
scaling law with principal quantum number for the short
range exchange, as it is strongly influenced by band
mixing.

We also searched for the 1§ paraexciton of the green
series (the involved valence band is twofold degenerate at
the Brillouin zone center, neglecting spin), for which
indications were reported in Ref. [27]. The calculations
of Schweiner et al. [18] predict a remarkably large splitting
of the green ortho- and parastates of 30.8 meV. Performing
experiments in the corresponding energy range reveals the
1S, ,, split by 1.5 meV into a doublet, see spectrum in
Fig. 3(b). It indeed is located by slightly more than 30 meV
below the green orthoexciton 1§, ,. The doublet splitting
may be due to field-induced lifting of the valence band
degeneracy.

In conclusion, we have demonstrated the Rydberg series
of paraexcitons in Cu,O up to n = 6 and determined the
exchange splitting from the orthoexcitons, including a level
inversion. Cu,O is a unique system for studying excitons.
However, understanding dark excitons is essential also for
other materials due to their impact on the optical properties.
Here we have shown a possible strategy for their obser-
vation which should be applicable to other systems,
namely, optical activation due to mixing with bright
excitons by a field-induced symmetry reduction, and
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sensitive detection of the related weak signals using two-
photon excitation techniques with selection rules different
from optically active states in one-photon transitions. As
band mixing is important for many materials, e.g., the
heavy-light hole mixing in III-V and II-VI semiconductors,
we expect also for them level inversions of bright and dark
excitons.
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nuclear site R = 0. Using hydrogen wave functions one this splitting to be rather small, as it can occur starting from
therefore also expects an n~> dependence for the hyperfine n =3 only and the mixing is rather small. Therefore, we
interaction. focus on the S paraexcitons, which we can clearly distin-
[26] Strictly speaking, for the even excitons, states with different guish from the orthostates.

L are mixed in the crystal due to spin-orbit interaction, so [27] V.T. Agekyan and Yu. A. Stepanov, Exchange-strain split-
that the D, G, ... excitons contain an S exciton component ting and classification of the S exciton levels in cuprous
and are thus influenced by the exchange interaction, oxide, Fiz. Tverd. Tela 17, 1592 (1975) [Sov. Phys. Solid
inducing a splitting of ortho- and parastates. We expect State 17, 1041 (1975)].
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