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Rydberg excitons are, with their ultrastrong mutual interactions, giant optical nonlinearities, and
very high sensitivity to external fields, promising for applications in quantum sensing and nonlin-
ear optics at the single-photon level. To design quantum applications it is necessary to know how
Rydberg excitons and other excited states relax to lower-lying exciton states. Here, we present pho-
toluminescence excitation spectroscopy as a method to probe transition probabilities from various
excitonic states in cuprous oxide, and we show giant Rydberg excitons at T' = 38 mK with principal
quantum numbers up to n = 30, corresponding to a calculated diameter of 3 ym.

Rydberg excitons are hydrogen-atom-like bound
electron-hole pairs in a semiconductor with principal
quantum number n > 2. Rydberg excitons share com-
mon features with Rydberg atoms, which are widely stud-
ied as building blocks for emerging quantum technologies,
such as quantum computing and simulation, quantum
sensing, and quantum photonics @] Transferring Ryd-
berg physics to the semiconductor environment offers the
advantages of the well-developed semiconductor technol-
ogy, opportunities for integration in microstructures and
scalability. In contrast to Rydberg atoms, which are rel-
atively stable, Rydberg excitons have potential for ultra-
fast applications, since they decay quickly. Furthermore,
Rydberg excitons can serve as an interface between semi-
conductor physics and quantum photonics [2]. The very
strong interactions between Rydberg excitons B] and re-
sulting giant optical nonlinearities at the single-photon
level @] are promising for applications such as single-
photon emitters and single-photon transistors.

While Rydberg excitons have been observed in a few
material systems [3-10], cuprous oxide (CuyO) takes a
special position as the semiconductor capable of hosting
giant Rydberg excitons with principal quantum numbers
up to n = 25 [11], and recently even up to n = 28 [12].
Here, we show yellow n = 30 Rydberg excitons, which
have an estimated diameter of 3.0 pm (for comparison,
Rydberg atoms typically have diameters in the order of
100 nm) and a Rydberg blockade diameter of 23 ym [11].
In the presence of a dilute electron-hole plasma, the Ry-
dberg exciton diameter can become even larger due to
screening effects ﬂﬁ, ] Cug0 is special in other ways
as well, as it is an abundant nontoxic material of which
the electronic band structure allows paraexciton lifetimes
in the s range [15] and provides favorable conditions for
Bose-Einstein condensation of excitons [16].
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Rydberg excitons in CuyO were identified and studied
in electric [17, 18] and magnetic fields [19-23]. Studies
of the absorption spectrum revealed quantum coherences
ﬂﬂ] and brought an understanding of the interactions of
Rydberg excitons with phonons and photons ], di-
lute electron-hole plasma ﬂﬁ, @], and charged impurities
[28]. Photoluminescence (PL) studies showed Rydberg
states up to n = 10 @], where line broadening could
be explained by exciton-phonon and exciton-exciton in-
teractions @] Phonon scattering from Rydberg states
was studied by resonant Raman scattering spectroscopy
ﬂﬂ] and transitions from 1s yellow excitons to Rydberg
states by infrared Lyman spectroscopy @, @] A non-
local optical response showed up in the PL from Ryd-
berg excitons in Cus0O films with a thickness in the or-
der of the optical wavelength ﬂﬂ] Recently, theoretical
studies were published on the physics of the more highly
energetic green exciton series ﬂ@], as well as on radia-
tive interseries transitions between Rydberg excitons [36].
An experimental paper presented signatures of coherent
propagation of blue exciton polaritons M] Electromag-
netically induced transparency may be realized for Ry-
dberg excitations @, |£)] and could enable control over
exciton-phonon interactions @] High-quality synthetic
Cu20 microcrystals have been demonstrated as host ma-
terial for Rydberg excitons @], with potential for quan-
tum confinement ] and applications such as quantum
sensing and single-photon emission, where the Rydberg
blockade can prevent the excitation of more than one
Rydberg exciton at the same time [42)].

An assessment of the opportunities of Rydberg ex-
citons for quantum technology requires measurement
of transitions to and from the Rydberg states. Here,
we present photoluminescence excitation (PLE) spec-
troscopy as a method to explore those transitions. In
our approach, a PLE spectrum is constructed by scan-
ning an excitation laser over all excitonic resonances of a
Cus0 crystal, except the yellow 1s excitons, from which
the optical emission is recorded. Thus, the PLE spectrum
provides information about the transition probabilities to
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FIG. 1. Photoluminescence spectra of natural Cu20O. (a) Yel-
low 1s orthoexciton emission and absence of defect emission
at 1.7 eV. Excitation conditions: Eexc = 2.17 eV, P =1 puW,
T = 170 mK. Insets are photographs of the Tsumeb (left)
and the Onganja crystal (right). (b) Zoom-in of (a), recorded
with a different grating. (c) Yellow Rydberg exciton emission.
Excitation conditions: Fexc = 2.30 eV, P =80 uW, T = 1.0
K. Presented spectra are of the Tsumeb crystal; spectra of
the Onganja crystal are similar.

the 1s orthoexciton state. We introduce a comprehensive
analytical model to describe our observations. Moreover,
we show that PLE spectroscopy allows for the observa-
tion of giant Rydberg excitons of the yellow series with
principal quantum numbers up to n = 30. Excitons of
the green and blue series are observed as well. In con-
trast to optical transmission spectroscopy, where one has
to work with fragile thin slices of CusO crystal (10-100
um), PLE spectroscopy is also suitable on samples with
large thicknesses or complex structures.

Methods. Experiments have been performed on two
natural CupO (cuprite) crystals [Fig. @l(a)]: a flat crystal
(triangle with 4 mm sides, 840 pm thick), originally from
the Tsumeb mine in Namibia and part of the same spec-
imen that was used in previous experiments ﬂﬂ, @, @],
and a (1 0 0) oriented square with dimensions 5 x 5 x 1
mm?, purchased from Surface preparation laboratory and
originally from the Onganja mine in Namibia. We ob-
served the highest Rydberg states in the Tsumeb crystal,
but in general, the two crystals show very similar behav-
ior. Crucial for the appearance of giant Rydberg excitons
is the quality of surface preparation (details in the Sup-
plemental Material @]) A polished and etched crystal
was positioned inside a dilution refrigerator (Bluefors),
with windows for optical measurements. The tempera-
ture, measured directly next to the crystal, was 38 mK
at an excitation power of 2 nW. As excitation laser we
used a tunable 1-MHz linewidth CW laser (Hiibner Pho-
tonics C Wave). The laser frequency was stabilized using
a HighFinesse wavemeter to within 10 MHz (or 40 neV).

The laser power was stabilized to within 0.1% using a
MEMS fiber-optic attenuator (details in the Supplemen-
tal Material [45]). Inside the dilution refrigerator, the ex-
citation laser beam was focused by a lens (f = 3.1 mm,
NA = 0.70) onto the surface of the crystal, which was
mounted on top of a 3-directional Attocube piezoelectric
positioner stack, allowing sample alignment with respect
to the laser focus with nanoscale precision. The emitted
light was collected by the same lens and its spectrum was
measured by a Jobin Yvon 55-cm monochromator and an
Andor iDus CCD.

PL spectra are presented in Fig. [l The two dominant
emission lines are the direct 1s orthoexciton quadrupole
emission at 2.033 eV and the I'; -phonon-assisted 1s or-
thoexciton emission at 2.020 eV. The nearly complete
absence of broad emission at 1.7 eV (the maximum is
250 times lower than the direct orthoexciton emission
maximum) indicates that there are almost no oxygen va-
cancies within the probed sample volume. For the con-
struction of the PLE spectrum, the excitation laser was
scanned with step sizes ranging from 0.2 peV in the re-
gion with the highest Rydberg states to a few meV in
spectral regions far away from any resonances. The total
count rate of the two 1s orthoexciton emission lines was
recorded for each step with integration times between 15
s and 200 s, depending on the chosen excitation power.
At the lowest excitation power of 2 nW, a sliding average
was calculated of 7 subsequent steps, in order to reduce
the noise.

When the spectrometer was tuned to the range 2.14-
2.17 eV, the PL spectrum of the yellow Rydberg excitons,
up to n = 8, was observed [Fig. [[l(c)]. The low-energy
shoulder of the 2p peak at 2.144 eV had been observed
before and its origin has not yet been clarified [29].

Ezperimental results. The measured full PLE spec-
trum is shown in Figs. [Rla) and B(b). Scanning the
excitation laser from low to high photon energy, the PLE
signal starts at 2.047 eV with I';-phonon-assisted ab-
sorption into the yellow 1s orthoexciton state (simultane-
ous creation of an orthoexciton with Fi y ortho = 2.0335
eV and emission of a I'y phonon with h‘*’r; = 13.6

meV) @] Around 2.116 eV the I'j -phonon-assisted
absorption (ﬁwFZ = 82.1 meV) into the orthoexcitons
starts. In the range of 2.13 eV up to the yellow band gap
at 2.172 eV we observe the yellow Rydberg exciton np
resonances with well-known asymmetric Lorentzian line-
shapes M] The strong positive slope of the PLE curve
in this region is caused by the start at 2.162 eV of the
I'; -phonon-assisted absorption into the green 1s orthoex-
citon state, in combination with the absorption into the
Urbach tail of the yellow band gap. At 2.20 eV, above
the yellow band gap, a maximum is reached in the PLE
signal, where the mentioned phonon-assisted absorption
processes are combined with absorption into the yellow
continuum states. The maxima of the yellow Rydberg
resonances are higher than the PLE signal maximum at
2.20 eV, indicating that yellow Rydberg excitons have a
much higher probability of decaying into a yellow 1s or-



2p3p (a1 uW
20 165 mK | |
-
r 0‘14s,y >
O1sy l p
10 v, 3p
yellow green
Rydberg Rydberg
0 excitons excitons
o 2.1 2.2 2.3
(b) 1 uW
165 mK
ﬁ 1s  2s
= |
s
= —_—
:’8/ blue excitonsl
z 07, 25 26 27
c . ' ' ' ' ‘ ‘ )
8 | m
§ *] 22p ]
8 23p
< 24p 26p
b= P25 |
o Pl 27p
7,
T T
2.1718 21719
7.5 : ‘ ‘
26p 27p (d)2 nW

38 mK

T T T
217192 2.17194 2.17196

Excitation photon energy (eV)

10007 ‘ 1.

& 0.0 (f) v Vvvvessee
51007 £
S o “ v
= [ v
o ° . v
5 14 * 1uw £ VIV R
g v 10w = & + 10 nW
Sgq] 2w v:.‘,é’,:’-o.4A . 2nW
o T
8 2 345 10 20 30 0 10 20 30

Principal quantum number n Principal quantum number n

FIG. 2. Photoluminescence excitation spectra of natural
Cu20. Detection: 1s orthoexcitons. Orange circles: exper-
imental data. Black lines: fits. (a) Yellow Rydberg excitons
(positive) and green Rydberg excitons (negative). Vertical
lines indicate the yellow and green band gaps. Arrows indi-
cate the start of the I'; and I'; phonon-assisted absorption
into the yellow 1s orthoexciton state. (b) Blue excitons (neg-
ative). Vertical lines indicate the blue and indigo band gaps.
Giant yellow Rydberg excitons up to (¢) n = 27 and (d)
n = 30. Samples are the Onganja crystal for (a) and (b) and
the Tsumeb crystal for (c) and (d). (e) Oscillator strengths
and (f) asymmetry parameters for the yellow np Rydberg ex-
citons for the indicated excitation powers.

thoexciton than other excitations in this energy range, as
will be further analyzed in the theory section. At 2.269
eV and 2.290 eV the 2p and 3p green excitons respectively
appear as minima in the PLE signal. The negativity of
these peaks indicates that the transition probability from
these green exciton states to the yellow 1s orthoexciton
state is lower than that from other excitations in this en-
ergy range. Around 2.584 eV and 2.621 eV we observe
the 1s and 2s blue excitons as negative peaks. Indigo
excitons are not visible in the PLE spectrum. The ob-
served spectral positions of the green [35] and blue [29]
excitons are consistent with literature.

Zooming in on the yellow Rydberg excitons, we ob-
serve the number of Rydberg exciton resonances increas-
ing with decreasing excitation power [Figs. Bl(c) and
2(d)], in agreement with literature [13]. At 10 nW gi-
ant Rydberg excitons up to n = 27 are visible. At 2
nW Rydberg states up to n = 30 can be identified, ex-
ceeding the highest Rydberg states reported so far [12].
As represented by the fitted curves, the measured Ryd-
berg energy levels perfectly follow the Rydberg relation
hwn = Egapoy — Ry, /(n —dp)? , with the nominal yel-
low band gap Egapo,y = 2.172053 eV, the yellow Ry-
dberg constant Ry, = 86 meV, and the point defect
dp = 0.21. The linewidths (full width at half maxi-
mum) of the Rydberg excitons are given by the relation
Trpy = To + I'in~3, where we find that T'; = 19 meV
and I'yp = 5.6 pueV at an excitation power of 2 nW and
T'o =7 peV at an excitation power of 10 nW, similar to
what was observed with transmission spectroscopy [12].
The experimentally determined oscillator strengths, pre-
sented in Fig. Bl(e), are proportional to n=3, but, due to
the well-known sensitivity of Rydberg excitons to charges
[13], as well as to other Rydberg excitons (the Rydberg
blockade effect), the oscillator strength for the high Ryd-
berg states is lower, depending on the excitation power.
There seems to be absorption into a few Rydberg states
with n > 30 [Fig. 2(d)], and we find that including Ryd-
berg states up to n = 35 in the theoretical spectrum gives
a better overall fit to the experimental data. However,
Rydberg states with n > 30 cannot be clearly identified
as the signal-to-noise ratio in this range is low and the
observed maxima and minima do not follow the Rydberg
relation. Decreasing the excitation power below 2 nW did
not help to distinguish Rydberg states beyond n = 30.
Features observed between the Rydberg p lines may be
due to Rydberg excitons with higher orbital angular mo-
mentum [12, [24].

Theory. In this section, the physical processes under-
lying the PLE spectroscopy are explained, as well as the
shape of the PLE spectrum, which can be fitted accord-
ing to the black lines in Fig. 21 The absorption spectrum
of Cuz0 in the range of 2.0 to 2.4 eV can be written as
the sum of six dominant components [26]:

r r r r
— 3 4 3 4
OZ(UJ) = Qp,y + als,y + als,y + Qp.g + als,g + als,g7 (1)

where ay,, (ap4) denotes the absorption into the yel-
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FIG. 3. Theoretical model for the photoluminescence excita-
tion (PLE) spectrum. (a) Theoretical absorption spectrum
(black) and the contributions from the dominant absorption
processes (yellow and green lines). Theoretical PLE spectrum
according to the model where all absorbed photons create an
orthoexciton with the same probability (red). (b) Relative de-
tection probability of a photon emitted at position (z,0, z) in
the crystal. (c) Relation between PLE signal and absorption
coefficient in the model where all absorbed photons create an
orthoexciton with the same probability.

low (green) p states and allz Y (allz ;) the transition of
a photon into a 1s yellow (green) orthoexciton with the
simultaneous emission of a I';; phonon. The absorption

into yellow p states can be written as
35

Qp,y = Qpy cont + Qpy Urbach + E Cnp,y, (2)
n=2

where the first term describes the absorption into the
continuum above the yellow gap, the second the Urbach
tail, and the third the absorption into Rydberg exciton
states, with asymmetric Lorentzian lineshapes, where the
upper limit of the summation depends on the excitation
power. At 2 nW we sum until n = 35 to get an opti-
mal fit. For the absorption into green p states, we have,
likewise,

3

Qp,g = Qpg,cont T Qp,g,Urbach + E Qnp,g- (3)
n=2

The absorption spectrum with the contribution of the
various components is presented in Fig. Bla). More de-
tails on the absorption spectrum, including the values
for the constants and fitting parameters, are given in the
Supplemental Material [45].

The relation between the absorption coefficient and the
detected PLE intensity is nonmonotonic. The shape of
the PLE spectrum can be understood by considering the
spatial distribution inside the crystal of the various exci-
tations created by photon absorption, the probability of
decay of these excitations into 1s orthoexcitons, the diffu-
sion of those orthoexcitons through the crystal and their
radiative or nonradiative decay, and finally the probabil-
ity that a photon emitted by an orthoexciton is collected
and detected.

For these experiments, the front crystal surface was
positioned carefully in the focal plane of the lens. Recall
that the same lens is used for both excitation and collec-
tion. From standard Gaussian optics we know that the
irradiance inside the crystal of the excitation laser beam,
in cylindrical coordinates r and z, is, in the presence of
absorption a(w), given by

2P 2 (w)z
IexC(ruzuw) = We wexe ()2 «) . (4)

Here, P is the power of the beam after trans-
mission through the air-crystal interface, wexc(z) =
Wexe,01/ (1 + (2/2R,exc)? is the beam waist at depth z,
and 2R exc = wwfxc’onexc /Aexc 18 the Rayleigh range, with
Nexc the index of refraction at excitation wavelength Aexc
and Wexc,o the beam waist at the focus (at the front crys-
tal surface). The generation rate of excited states per
unit of volume is given by

Toxc (1, z,w)a(w)

G(r,z,w) = P . (5)

These excited states relax into orthoexcitons, with a
probability depending on their state and energy. As ini-
tial model, let us assume that all excited states relax
into orthoexcitons with the same probability. Later, we
will consider a more refined model about the transition
probabilities.

Orthoexcitons have a lifetime of 3 ns [15], which is large
enough to make their diffusion through the crystal non-
negligible. Some orthoexcitons recombine nonradiatively
at the surface and a small fraction diffuses away from
the excitation beam to a part of the crystal from which
the emission is not collected. Orthoexciton and paraex-
citon diffusion have been studied extensively [48,49]. We
modeled the orthoexciton diffusion using rate equations
as in [50], with a diffusion parameter of 300 cm?/s, and
with the condition that if orthoexcitons reach a surface
of the crystal (only the front surface is relevant in our
case) they vanish due to nonradiative recombination.

The final element to be considered is the detection
probability as a function of the emitting orthoexciton
position (z,y, z) in the crystal (the focus is at (0,0,0)).
This is a standard mathematical problem in microscopy
[51, 52]. Details of our calculation are given in the Sup-
plemental Material [45]. The calculated relative detec-
tion probability is shown in Fig. Blb), for the case of
y = 0. We find that the detection probability is almost
constant from z = 0 to z = 20 um, after which it de-
creases rapidly.

Taking into account the shape of the excitation beam,
the diffusion and surface recombination of the orthoex-
citons, and the position-dependent detection probability
of emitted photons, we get a relation between absorption
coefficient and PLE signal as represented in Fig. [3{c).
When the optical penetration depth is long, the PLE
signal increases linearly with the absorption coefficient,
as photons emitted by orthoexcitons close to the focus



have a larger probability of getting detected than photons
from deep inside the crystal. However, at short penetra-
tion depths, the effects of diffusion and surface recombi-
nation become dominant, and therefore the PLE signal
increases sublinearly at larger absorption coefficients, and
decreases for absorption coefficients > 600 cm ™.

Combining this relation between the PLE signal and
the absorption coefficient with the theoretical absorp-
tion spectrum, the PLE spectrum is obtained as rep-
resented by the red curve in Fig. Bla). Comparing
with the experimental data [Fig. [Z(a)], it can be con-
cluded that this model does not yet fully describe the
relevant physics. For example, in the experimental spec-
trum the yellow Rydberg excitons have a larger ampli-
tude and a higher maximum than the above-band-gap
absorption maximum at 2.20 eV. What therefore needs
to be included in the model is a dependence of the transi-
tion probability to the thermalized 1s orthoexciton state
on the type and energy of the photon-generated excited
state. Our experimental data suggests the following tran-
sition probabilities. For the phonon-assisted absorption
into yellow and green 1s excitons

PIT () = o (o Premerme Tt )/ Be

For the yellow and green Rydberg excitons

Papa(@) = 5. (8)
Py g(w) = Zh. (9)

For the continuum states
Py ycomt (@) = gde—[mw—Egap,y)/EiP, (10)
Pp.g.cont (W) = zhde—[(hw_Egap’g)/Eilz. (11)

For the Urbach tails

Py y,Urbach (w) = Zd, (12)
P, 4, Urbach(w) = Zhd. (13)

Here, i = 3,4, Egap,y (Egap,g) is the renormalized yellow
(green) band gap, and for the fit parameters we obtain
the values Ey = 0.28 eV, d = 0.687, E; = 187 meV, and
h = 0.187. Also the energy of the 1s green exciton E, 4
is used as a fit parameter. The 1s green exciton does not
have a single resonance energy, as it is, due to the strong
coupling with the yellow 2p exciton, spread over several

resonances [53]. For simplicity, we model a single reso-
nance energy and obtain the best fit with F,, = 2.148
eV, which is equal to Esp . A physical interpretation of
these transition probabilities is discussed in the Supple-
mental Material [45].

The full range of the fit is presented as the black curve
in Fig. P(a). The same fit is used in Figs. Pfc) and
2(d), with oscillator strengths and asymmetry parame-
ters given in Figs. 2le) and 2(f). The negative shape of
the green Rydberg excitons can be explained by the low
probability of % g = 0.14 of reaching a 1s yellow orthoex-
citon state via a green Rydberg excitation, compared to
other excitations in the same energy range, such as the
phonon-assisted 1s yellow and green excitations.

The calculation of the absorption spectrum as pre-
sented in Fig. Bla) makes use of second-order perturba-
tion theory [26], with blue excitons as virtual states, and
therefore cannot be accurately extended to energies close
to the blue exciton resonances. Qualitatively, the nega-
tive shape of the blue excitons [Fig. 2I(b)] can be under-
stood from the high absorption coefficient at the 1s and
2s blue exciton resonances (dipole-allowed transitions)
[54], combined with the negative slope of the PLE-signal
versus absorption coefficient relation at high absorption
coefficients [Fig. Bl(c)].

Conclusion. We presented confocal PLE spectroscopy
as a method to measure a variety of optical excitations
in CuzO: yellow and green Rydberg excitons, blue exci-
tons, yellow and green continuum and Urbach states, as
well as phonon-assisted absorption into excitonic states.
A quantitative analysis of the spectroscopic method is
given. Since the optical emission from the yellow 1s or-
thoexcitons was detected, the observed PLE spectrum re-
veals information about the transition probabilities from
the various excitations to the yellow 1s orthoexciton
state. A model for these transition probabilities is pre-
sented, which can be used as input into theoretical cal-
culations to obtain a deeper understanding of the ex-
citonic transitions and interactions in CusO. By PLE
spectroscopy on a well-polished and etched crystal in a
dilution refrigerator, we have been able to identify giant
yellow Rydberg p excitons up to n = 30, corresponding
to a diameter of 3.0 um and a blockade diameter of 23
pm [11]. The observation of these high Rydberg states is
important, since all nonlinearities scale drastically with
n, and therefore the discovery of every new Rydberg state
increases possibilities for applications in quantum tech-
nology [4]. Interestingly, a recent theoretical paper pre-
dicts dominance of radiative transitions and appearance
of polaritonic features for n > 28 [27], which opens up
exciting opportunities for future studies.
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I. SAMPLE PREPARATION

Before measurement, the CugO crystals were carefully
polished using MicroCloth and an alkaline colloidal sil-
ica polishing solution (Ludox), until a mirror-like surface
was obtained and even um-sized dips at the surface had
disappeared. After polishing, the crystals were etched
using hydrochloric acid (HC1) and ammonia (NHs) [1].
First, a polished crystal was held for 10 s in the HCI
solution (2 mol/1), then rinsed with distilled water and
blown dry with N3. Second, the crystal was held for 10 s
in ammonia (13 mol/1), then rinsed with water and blown
dry with No. At this point, the crystal had an opaque
appearance with blue/grey color. After carefully remov-
ing loose material from the surface with a wet foam head
swap (Texwipe), the crystal retained its transparency.
This etching procedure was repeated two more times.
The quality of surface preparation was crucial for the
appearance of giant Rydberg excitons. Polishing with
the colloidal silica solution gave the best polishing result,
and this, in turn, resulted in the observation of the high-
est Rydberg states. Surface charges have a detrimental
effect on giant Rydberg excitons, because of the Stark
effect E, E] In order to minimize oxidation, we mounted
the cuprite crystal directly after etching in the dilution
refrigerator, which was immediately evacuated. In vac-
uum, the crystal quality can be maintained at least for
several months. We have observed that when the crystal
is kept in air for several days, however, defect emission
appears in the PL spectrum and the highest Rydberg ex-
citons are no longer observed. The original spectrum can
then be recovered by careful polishing and etching of the
surface.

II. POWER STABILIZATION

A schematic of the setup is given in Fig. [SIl The input
power of the excitation laser is attenuated using a MEMS
based variable attenuator (Thorlabs, V450A). In front of
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FIG. S1. Schematic of the experimental setup.

the dilution refrigerator a plate beam splitter is placed,
which reflects 10% of the laser power into the dilution
refrigerator and transmits 90% of the optical signal from
the CuO crystal towards the spectrometer. The 90% of
the laser power that is transmitted by this plate beam
splitter is sent to a power meter (Thorlabs PM100USB
with S120C Powerhead). The splitting ratio is calibrated
using a handheld power meter. The measured power is
used as set point in a software controlled PID controller
(LabView). The generated control signal is sent to a
homebuild Digital Analog Converter based on an DAC-
IC (AD5541A, Analog Devices) controlled by an ESP32
Feather board (Adafruit). With this setup, the power
fluctuations are smaller than 0.1%.

III. ABSORPTION SPECTRUM

The yellow Rydberg mp resonances are modeled by
asymmetric Lorentzians ﬂi@]

Lrpy/2+ 280,49 (Ff(:p_ﬁlz)) hw — wn)
(Trp,y/2)? + B (w — wn)? ,
(S1)
where C,,, , describes the oscillator strength, Iy, ,, the
linewidth (full width at half maximum), w,, the resonance
frequency, &, , the asymmetry parameter, and g(b) is a

npy(W) = Crpy
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TABLE S1. Constants for the calculation of the absorption
spectrum.

Constant Value

Fgapy = 2.17196 eV
(determined via PLE)
Egap.g = 2.30302 eV [5]
Ers.ortho = 2.03351 eV
(determined via PL)
Ryy = 86 meV [6]
fiwp.— = 13.6 meV [7]

3
h""r; = 82.1 meV [§]

Normalized yellow band gap

Green band gap
1s yellow orthoexciton energy

Yellow Rydberg constant
I'; phonon energy

Iy phonon energy

1s exciton mass 2.61mo [9]
Yellow Bohr radius 0.81 nm [10]
Blue Bohr radius 1.72 nm [11]
1s blue exciton energy 2.569 eV [11]
2s blue exciton energy 2.611 eV [11]
Quadratic deformation parameter 0.168 nm? [11]

TABLE S2. Fit parameters for the calculation of the absorp-
tion spectrum.

Value

FEgapo,y = 2.172053 eV

(agreement with [6])

Point defect in the yellow series op =0.21

Minimum yellow Rydberg linewidth I'oc = 5.55 pueV at 2 nW,
T'o=7 peV at 10 nW

Yellow Rydberg linewidth parameter I'1 = 19 meV

Yellow Rydberg oscillator strengths Chyp,y, see Fig. 2(e)

Rydberg asymmetry parameters &n,y, see Fig. 2(f)

1s green exciton energy FEis,g =2.148 eV

2p green exciton energy Eap g = 2.269 eV

3p green exciton energy FEsp g =2.290 eV

Yellow and green Urbach parameter FEy = 20 meV

Fit parameter
Nominal yellow band gap

function included to reproduce long-range decay of sym-
metric Lorentzians [2] and is defined as

if |b| < 6;

1
9(b) = { e_(‘b‘676)2 else. (52)

We find that the parameter 6 yields an optimal fit in
describing the transition between the asymmetric and the
symmetric Lorentzian lineshape at 3Ly, .

The absorption spectrum and the contribution of the
various components to the absorption spectrum are pre-
sented in Fig. 3(a) in the main article. The constants
and fitting parameters relevant to the absorption spec-
trum are given in Tables S1 and S2. The obtained os-
cillator strengths C.,p,, are given in Fig. 2(e) and the
asymmetry parameters &, , are given in Fig. 2(f) in the
main article.

IV. DETECTION PROBABILITY

In this section, we calculate the relative detection prob-
ability for a photon emitted by a 1s orthoexciton in
the CugO crystal as a function of the exciton position
(z,y,z). Here, the xy plane is the front surface of the
crystal, z is the depth and the focus of the lens is at
(0,0,0). For a photon to be detected, it needs to be
transmitted at the crystal-air interface, collected by the
lens (f = 3.1 mm, NA = 0.70), and enter the spectrom-
eter. A photon emitted from an exciton at the focus has
the highest probability of being detected, since a wide
solid angle is available for the photon to be captured, in
contrast to a photon emitted deeper in the crystal. Re-
fraction and total internal reflection at the crystal surface
have to be taken into account, reducing the detection an-
gle further. Following approaches in literature [12, [13],
we write the probability of detecting a photon emitted at
position (z,y, z) as

Pdet(xayuz) =
21 —2(z—1)%—2(y—u)?
ﬁ/k(t,u,z)e (waee 02 dtdu, (S3)
T[waet (2)]
where ¢; is a normalization constant, wget(z) =

Wdet,01/1 + (2/2Rr.det)? is the detection waist at depth

z and zR det = wwgctyondet /Adet is the detection Rayleigh
range, with nget = 2.988 the index of refraction at
detection wavelength Aget = 610 nm, and wget,0 =
Adet/{m tan[arcsin(NA)]} = 0.20 pm the detection waist
at the focus. The function k(t,u, z) is given by

if t2 +u? < [r1(2)]?
else,

1
k(t,u,z) = { g[n(z)b (S4)

with r1(2) = ro + 2r0/(fndet) = 19 = 7.3 pm the ge-
ometrical radius of the detection area on the crystal as
determined by the finite aperture stop of the detection
system. The optical absorption at 610 nm in the CuzO
crystal is negligible. The calculated relative detection
probability Pyet(z,y, ) is shown in the main text in Fig.
3(b), for the case of y = 0.

V. RELAXATION MODEL

By fitting the theoretical curve for the PLE signal to
the experimental data we arrive at functions for the prob-
abilities of transitions from various excited states to the
yellow 1s orthoexciton state, given by Eqs. (6)-(13) in
the main text. In this section, we discuss a qualitative
physical interpretation of these transition probabilities,
first the relaxation from the yellow states and then the
relaxation from the green states to the yellow 1s orthoex-
citon state.

For the relaxation of yellow 1s orthoexcitons, created
by I'; or I'y phonon-assisted absorption to the thermal-
ized 1s orthoexciton state (from which the emission is



detected) we find

- —(hw—FE1s,y,ortho—hw )/ E
Pliyw) = e TRt (s5)

where i = 3,4. For 1s orthoexcitons created with mini-
mal kinetic energy, that is with photon energies fAw only
slightly above E14 y ortho + Awp—, the probability of re-
laxation to thermalized 1s orthoexcitons is unity by def-
inition. This is how the overall fitting factor was de-
termined. We find a good fit with relaxation probability
that decays exponentially, which can be understood from
the fact that for highly energetic orthoexcitons the cool-
ing process involves emission of many phonons, with a
larger probability of collisions leading to dissociation or
nonradiative recombination. The fit parameter here is
Ey.

For the yellow Rydberg excitons (from 2p to 35p) we
have

Prpy(w) = Z (S6)
Yellow np Rydberg excitons relax with high probability
to the yellow 1s states via optical phonon emission [4].
The factor % comes from the fact that the 1s orthoexciton
state is a triplet state, while the 1s paraexciton state is
a singlet state, so that three quarters of the decaying
yellow Rydberg excitons arrive at an orthoexciton state.

For the continuum states above the yellow band gap

3 |
PP;y,Cont(W) = Zde [(h Egapyy)/E¢]2' (87)

Here, d and FE; are fit parameters. Yellow contin-
uum states (uncorrelated electron-hole pairs) scatter via
phonon emission into yellow np Rydberg states, before
relaxing further into the yellow 1s states [§]. This tran-
sition probability can therefore be regarded as the prod-
uct of the transition probability from a yellow continuum
state to a yellow np Rydberg state, in this model given by
de*[(h“J*Egap’y)/Ei]Q, and the transition probability from
a yellow np Rydberg state to the 1s orthoexciton state,
which is %. The factor d < 1 describes the fact that
photon absorption creates an uncorrelated electron-hole
pair, not a Coulomb-bound exciton. Transition to a 1s
orthoexciton requires formation of an exciton. For higher
excitations into the bands the transition probability de-
creases stronger than exponentially, because the decay
process involves a large number of phonon emissions and,
in addition, uncorrelated electrons and holes with a high
kinetic energy have a large probability of separating from
each other and never form an excitonic state.
For the states in the yellow Urbach tail

3
Pp,y,Urbach(w) = Zd' (88)

States in the Urbach tail can also decay via phonon emis-
sion to yellow np Rydberg states, which decay further to

the 1s orthoexciton state with probability 3/4. Continu-
ity at the band gap requires the inclusion of the same fit
parameter d.

For the I'; and I'; phonon-assisted absorption into the
1s green excitons
where ¢ = 3,4. Here, we have the same exponential as in
Eq. (S8), describing the probability of relaxation to a low
kinetic energy. Green 1s excitons strongly couple to the
yellow 2p state [10]. The parameter d here describes the
transition probability from the low-energy 1s green state
to the yellow 2p state and is considered in this model to
be equal to the transition probability from a low-energy
yellow continuum state, or a yellow Urbach state. The
relaxation from the yellow 2p state to the yellow 1s or-
thoexciton state again has probability 3/4. The energy
of the 1s green exciton, Es 4, is used as a fit parameter
and we obtain the best fit with E1, , = 2.148 eV, which
is equal to Esp,. However, due to the strong coupling
with the yellow 2p state, the 1s green exciton resonance
is spread over several resonances [10)].

For the green Rydberg excitons (2p and 3p)

Popg(w) = §h.
4

Green Rydberg excitons make a transition to a yellow
continuum state, followed by decay to yellow Rydberg
states and finally to the yellow 1s state [8]. The proba-
bilities of the transitions to the yellow Rydberg states are
brought together in the single fit parameter h. Because
of the complicated pathway, involving the transition of
a hole from the l";{ to the l";r band, h should be much
smaller than d.

For the continuum states above the green band gap the
transition to the 1s orthoexciton is even more unlikely,
as first the transition is to be made to one of the green
Rydberg p states [8]. Similar to the transitions from the
yellow continuum, we take as transition probability to the
Rydberg states a factor de_[(h“_Egang)/EiP, resulting in
a total probability of transition from a green continuum
state to the yellow 1s orthoexciton state of

(S10)

3

Pp,g,cont(w) = Zhde_[(hw_Egap’g)/EiF' (S11)
No new fit parameter is introduced in our model here.

For the states in the green Urbach tail, continuity at
the green band gap requires that

3
Pp,g,Urbach(w) = Zhd (812)

The obtained values for the fit parameters are d =
0.687, h = 0.187, E; = 187 meV and F4 = 0.28 eV. The
full range of the fit is presented in the main text as the
black curve in Fig. 2(a). The same fit is used in Figs.
2(c) and 2(d), with oscillator strengths and asymmetry
parameters as given in Figs. 2(e) and 2(f).
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