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Rydberg states of excitons are promising quantum objects to engineer giant nonlinearities in a
solid-state system. For this purpose, a deeper understanding of the dynamics of Rydberg excitons
and of their potential for coherent manipulation becomes important. We report experimental results
where two-photon absorption is resonant with various Rydberg states of excitons in copper oxide and
we detect their emission dynamics on a streak camera with sub-picosecond resolution. This technique
enables the direct measurement of the Rydberg states lifetimes, which are in good agreement with
the expected Rydberg scaling law. Moreover, we observe several intriguing dynamics including the
presence of long-lived coherent oscillations. Finally, we independently measure the coherence time
of the Rydberg states using a modified Michelson interferometer and find a good agreement with
the coherent oscillations detected in the exciton emission dynamics. The lifetimes also reveal the
absence of inhomogeneous broadening in the current high-precision spectroscopic data for the S
series, which together with the presence of significant coherence time confirms the suitability of the

system for coherent engineering.

Coherence is a major quantum resource, necessary for
any quantum application. As such, it is important to
accurately assess the (unavoidably finite) coherence time
of real-life quantum systems. Moreover, many such sys-
tems rely on the manipulation of excited states, which
possess a finite lifetime. This lifetime represents an addi-
tional source of decoherence and it is therefore crucial to
fully characterize both the lifetimes and coherence times
involved in emerging quantum platforms.

Rydberg states of excitons have garnered recent in-
terest due to their unique quantum properties and po-
tential applications in quantum technologies [1-3]. Ex-
citons, which are bound electron-hole pairs present in
semiconductors, can exhibit Rydberg states when they
are excited to high principal quantum numbers n [4].
This leads to significantly enlarged orbitals and enhanced
interactions, both between excitons and with external
fields [5-7]. In cuprous oxide (Cuz0), a well-known
direct bandgap semiconductor, Rydberg excitons man-
ifest as a series of discrete energy levels akin to hydro-
gen atoms, with distinct modifications due to the crystal
structure, dielectric screening, and exciton mass [3]. Re-
cent advances in spectroscopic techniques have enabled
the observation of these states up to n = 30 [8], which
corresponds to orbitals spanning several microns in di-
ameter. This opens avenues for exploring fundamental
quantum phenomena, such as strongly nonlinear light-
matter interactions [9-12] and long-range dipole-dipole
interactions [13, 14], which are promising for applica-
tions in quantum information processing and excitonic
devices [3, 15].

Recent research on Rydberg excitons enabled a deeper
understanding of their fundamental nature [4, 5, 16],
their interactions with the crystal environment [7, 17—
19], giant optical nonlinearities [10, 12], and extremely
efficient coupling to microwaves [11, 20]. Very recently,

progress has been made on a more applied side with
new results in thin-film growth [21], strong coupling with
cavity photons [12, 22], coupling with plasmonic struc-
tures [23, 24] and fabrication methods for the engineering
of CuzO micro- and nano-structures [25-27] compatible
with Rydberg excitons physics.

However, most of these works focused on spectroscopic
methods with typically little attention to the time do-
main. Among the few experimental studies displaying
time-resolved measurements [12, 16, 19, 28], none has the
resolution to explore Rydberg excitons dynamics within
their lifetime, hypothesized from their linewidths to be
of order 0.1 — 100 ps. Therefore, the actual lifetime of
Rydberg excitons has remained unknown up to now. The
situation is similar for their typical coherence time, de-
spite early results on the long-lived (but non-Rydberg)
1S state [29, 30] and later encouraging spectroscopic sig-
natures of coherence within high Rydberg excitons [31].

Here we report the first direct lifetime and coherence
time measurements (respectively called 77 and T5, follow-
ing standard terminology) of Rydberg excitons in copper
oxide, up to principal quantum number n = 9. We rely
on a time-resolved version of the so-called second har-
monic generation (SHG) spectroscopy [32, 33] whereby
a degenerate two-photon excitation generates, when res-
onant with an exciton state, a one-photon emission at
twice the pump energy. The key ingredient of this work
is the high-resolution measurement of the doubled signal
dynamics, enabling the observation for the first time of
features such as coherent oscillations and the incoherent
decay (lifetime) for each of the accessible Rydberg states.
Here lifetime refers to the total state lifetime, encompass-
ing both radiative and nonradiative decays. Comparing
the lifetime to the (inverse) spectroscopic linewidth of the
various states is useful to check for sources of inhomo-
geneous broadening for CusO Rydberg excitons. More-
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FIG. 1. Experimental protocol: (a) An infrared picosecond laser generates a frequency-doubled signal on the CuO sample.
The signal is collected on a streak camera coupled to a spectrometer to resolve it in both time and energy. A CCD can be
used instead of the streak camera to obtain more precise spectra without time resolution. (b) Composite image displaying all
the Rydberg states in the time-energy domain. (c¢) Example of streak camera image for the 3S state. We integrate along the
energy axis (between the white dashed lines) to obtain the time trace. (d) 3S time trace for a pump power of 50 mW. The
exciton lifetime is extracted from the fit (7 = 3.1 ps for the 3S state.)

over, we describe the coherent oscillations observed when
n > 3 at low excitation power. We systematically study
the effect of the pump power on the dynamics and the
coherence time for each state.

Experiment - We tested two natural Cup,O sam-
ples from the Tsumeb mine in Namibia with thicknesses
50 pm and 1 mm. Both are highly polished and cut so
that their surface is normal to the [111] crystalline ori-
entation. These samples are cooled in a closed-system
helium flow cryostat to 4 K. In the main experiment,
a pulsed infrared (IR) laser at half the energy of the
Rydberg excitons is sent through the samples and the
doubled signal is observed in energy and/or time domain
(0.8 ps absolute resolution, 0.4 ps relative) in transmis-
sion mode (figure 1, see the Supplementary Material [34]
for details). The samples are oriented such that the light
propagates along the [111] crystal axis and we do not
apply any electric or magnetic field. In this way, the se-
lection rules dictate that only the even parity states of the
S and D series (respective angular momentum L = 0 and
L = 2) are efficiently excited by the two-photon dipole
transition [33].

As visible in figure 1 (c-d) for the 3S state, the streak
camera images are used to produce a time trace for each
state. We measure a finite exciton lifetime 7 = T fn’L),
which we extract for all (n, L) states we can observe. The
fit model is the convolution of two distinct contributions:

The first is a Gaussian function representing both the
temporal width of the laser and the resolution limit of
the whole detection system. The second component is
an exponential decay from which we extract the lifetime
7 of the state.

In a second experiment, we independently check the
coherence of the signal using an energy-resolved, off-
axis Michelson interferometer. The excitation scheme
remains the same as in the previous experiment. As pre-
sented in figure S1 of the Supplementary Material [34],
the signal is split equally into the two interferometer
arms. One arm has a variable delay line (10 pm preci-
sion) providing a time resolution of about 30 fs. In order
to get the fringe contrast information in a single cam-
era picture, the two arms are recombined at an angle.
That angle is set within the plane perpendicular to the
diffraction plane of the spectrometer. This spatial map-
ping of the fringes removes the need for a sub-wavelength
stepping of the mobile mirror (see [34] for more details).

Results and discussions - We first discuss the life-
times 7 = T 1(n7L). The results are presented in Table I
for all the states we could access except the yellow 1S
state, as it has already been extensively studied in the
past [29, 30, 35, 36]. We present results for the yellow
S and D series up to n = 9, the 1S exciton of the green
series and the yellow 2P state which has a weak but al-
lowed dipole-quadrupole transition [33]. Table I also in-



S |Energy (eV)| Rh/T'ss (ps) |Lifetime (ps)
159 2.15425 0.75 £ 0.1 0.74 £ 0.1
25 2.13763 0.66 £ 0.04 0.7 £ 0.12
3S 2.16039 2.85 + 0.02 3.1+0.1
4S 2.16554 5.0 £ 0.05 51+0.2
5S 2.16786 11.02 £ 0.05 *| 11.4 + 1.2
6S 2.16922 19.37 + 0.29 * 19 +£1.5
7S 2.17006 20.57 £ 0.16 * 20 £ 1.5
8S 2.17053* 19.37 £ 0.31 * 215 £2
9S 2.17086* 18.81 + 0.4 * 22 £ 25

P |Energy (eV)| h/T.p (ps) |Lifetime (ps)
2P 2.14732 0.33 £ 0.06 0.48 £ 0.1
D |Energy (eV)| hi/T'up (ps) |Lifetime (ps)
3D: 2.16288 2.5 £0.3 3.2=£02
3D2 2.16324 2.4 4+ 0.25 3.2+02
4Dy 2.16642 3.0 £ 0.27 5.7+ 0.5
4D 2.16667 1.8 £0.1 5.7 £ 0.5
5D 2.16826 3.5£09 10.5 £ 0.9
5D2 2.16839 5.98 + 0.02 * 10.5 £ 0.9
6D 2.16945 9.4 +0.05* 175 £ 1.2
7D 2.17019* 11.02 £ 0.14 * 19+ 1.5
8D 2.17064* 12.91 + 0.16 * 22 £ 2

9D 2.17094* 17.32 + 0.28 * 23 £ 2.5
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FIG. 2. Lifetimes: (a) Directly measured S-states lifetimes
(blue dots), matching the inverse linewidth (%/T'ns, orange
dots). Both are in good agreement with the (n—ds)® Rydberg
scaling (green dots), up to n = 6. (b) Directly measured D-
states lifetimes (blue dots). Unlike the S-states, the D-states
lifetimes do not match the inverse linewidth (5/T'wp, orange
dots). The agreement with the (n — §p)*® Rydberg scaling
(green dots) remains up to n = 6.

cludes the energies of the states as an unambiguous states
identifier, as some are known to be mixed [37, 38]. The
lifetimes of the excited states range from 0.5 ps to over
20 ps and increase systematically with n as predicted by
standard Rydberg physics [5].

As visible in figure 2 the Rydberg scaling n*3, where
n* = (n—0y,), works well using the quantum defect values
provided by the literature (0g = 0.56 and dp = 0.08) [16],
up to n = 6. However, the lifetimes remain almost con-
stant for n > 7 for both the S and the D series. Such
plateau has also been observed in their linewidths [16],
which indicates a lifetime-reducing mechanism is present
and broadens these states. Albeit less dramatic, this ex-
tra broadening has also been observed on the one-photon
absorption spectroscopy of the P series [4, 39] and ex-
plained as an interaction with charged crystal impuri-
ties [7]. Therefore, we hypothesize that the even series
suffer from a similar lifetime-reducing effect, starting at
n = 7 in our samples.

It is also worth checking the lifetimes against the

TABLE 1. Lifetime vs linewidth: Comparison between the
direct lifetime measurement and the inverse linewidth for all
measured states (* from ref. [16]).

timescale set by the inverse linewidths 7,,,;,, = h/T". Fig-
ure 2 and table I present both values for comparison. In-
terestingly, all the S states lifetimes follow their inverse
linewidths (7 =~ 7,4 ), even on the n > 7 plateau. There-
fore, there is no measurable inhomogeneous broadening
in the S series (i.e., no purely spectral broadening inde-
pendent from the lifetime, as opposed to homogeneous
broadening where a decreased lifetime broadens the res-
onance through energy-time relationship). While we ex-
pect an homogeneous broadening is present in the data
for all states due to phonon scattering, its n*3 scaling [17]
makes it indistinguishable from the usual Rydberg scal-
ing for the raditative lifetime. Our observation has the
important implication that the spectroscopic linewidths
predict accurately the actual lifetimes of the S series.
Unlike the S series, the D states lifetimes do not follow
their inverse linewidths (7 > 7p,) and live about 2x
longer than 7,,;,. While we observe that D states live
about as long as or slightly longer than their S counter-
part, both our spectra and the literature [16, 33] mea-
sure nD states that are significantly broader than nS
states. Note that each D envelope is not unique, but
a non-degenerate multiplet [37]. This is unlike the S en-
velopes which are singlets. As our two-photon excita-
tion selects only D states with I'J symmetry, only two
distinct D states are present. We respectively label Dy
and Dy the low and high energy states. While the oscil-
lator strength of the higher energy D state is expected
to be ~ 100x larger than its partner [37], we observe a
position-dependent relative signal from both, up to equal
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FIG. 3. Oscillations: (a) Example of oscillations typically ob-
served at low pump power (here 50 mW) in the time-energy
domain on the high Rydberg states region (n ~ 6 — oo, un-
resolved). The pump laser is set to 1142.6 nm, so that the
doubled signal is centered on 2170.21 meV. A complex beat-
ing pattern involving many states is visible for several tens
of picoseconds. (b) 5S time traces for various pump powers
showing the gradual disappearance of the oscillations. (¢) Ex-
ample of two states, 4D and 6S, displaying oscillations with
distinct periods (here, 3.3 ps for 4D and 12 ps for 6S). (d)
Numerical Fourier transform of the 4D data revealing sev-
eral frequencies, each matching the energy separation with a
nearby state.

signal intensity at some specific sample positions. This
allows us to identify the two D states for n =3 — 5. We
hypothesize that local strain or impurities can mix the
two states, leading to the observed variations. However,
even when carefully studying each state separately, their
individual linewidths are still significantly broader than
predicted by their lifetimes. We chose to stress this on
figure 2 (b) by only showing the narrower of the two D
states. The origin of this apparent broadening might
be the unresolved participation of more states to the
measured linewidths. For example, the strain required
to resolve the two D states could also mix some non-

4

Fg‘ D states. Likewise, the F states lying near the two
'Y D states could artificially broaden the observed D
linewidths. Whatever the cause, our observations indi-
cate that the D series linewidths typically observed with
this method do not predict the D states lifetimes.

Finally, we note that on all states n > 4 the signal dy-
namics reveals two contributions, as visible in figure 3 (b-
c¢). The first is a strict second harmonic generation pro-
cess (X(Q) nonlinearity) enhanced by the presence of exci-
ton resonances, named "SHG” thereafter. The second is
a two-photon absorption (TPA, a x(®) process) producing
exciton states followed by their emission. The presence
of both mechanisms was previously recognized for the
long-lived 1S state [35]. We call the latter ”Secondary
Emission” (SE) to follow earlier terminology in resonant
excitation conditions [40, 41] and to distinguish it from
a strict SHG. Unlike SE, SHG is in principle not allowed
on the cubic CusO lattice, but symmetry-breaking fac-
tors such as strain and faults allow it weakly [36].

Oscillations - We systematically observe time oscilla-
tions on the SE signal for states n > 4 at low pump
power. Figure 3 (a) presents a example of raw time-
energy data for the highest states (energy just below the
gap). The frequency of these oscillations does not depend
on the sample thickness and shows a consistent state de-
pendence across both samples. Moreover, in all samples
and for all states, the oscillation amplitude decreases with
increasing pump power. Therefore, we can rule out any
Fabry-Perot effect in the sample or the optics.

The oscillations completely vanish above some pump
power (P > 100 mW for the 1 mm sample and P >
250 mW for the 50 pm sample). This behavior, exempli-
fied in figure 3 (b) for the 5S state on the thicker sam-
ple, is indicative of a coherent process. Such process is
expected as the laser linewidth is larger than the energy
splitting between neighbor Rydberg states. The decrease
of coherence with increasing pump power likely origi-
nates from the laser heating the sample, as we recorded
a power-dependent rise of the sample holder temperature
that was more pronounced for the 1 mm sample that for
the 50 pm sample. We confirmed this with a temperature
study, where rising the temperature while keeping a low
pump power showed similar result (see Supplementary
Material [34]).

A numerical Fourier analysis of the time traces reveals
the oscillations are typically dominated by a main fre-
quency that may be accompanied by a few others of
smaller amplitude. These oscillation frequencies are dif-
ferent for each states and decrease with n. Figure 3 (c)
exemplifies this with the 4D and the 6S states, oscillating
at distinct frequencies. Crucially, comparing the energy
hv associated to each frequency v against the energy sep-
aration to nearby states shows an excellent match. Ta-
ble 1 in the Supplementary Material [34] lists the main
frequency and some of the minor components for n > 4
states along with their likeliest beating partners, while
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at ~ 4 ps) are shown for comparison.

figure 3 (d) exemplifies this with the 4D Fourier spec-
trum. We find that for all states, the dominant beating
is between S and D states within the same n group. The
n = 4 — 5 D pairs are especially interesting, as we can
clearly distinguish the two beatings that D and Dy have
their S companion. These beating frequencies are also
present in the S dynamics, as expected by reciprocity.
We also observe a weak Fourier component at the Dy -
Dy energy split, around 70 GHz for n = 4 and 40 GHz
for n = 5.

Importantly, as these measurements are energy-
resolved, photons of different energies hit the sensor at
different positions and therefore do not overlap. There-
fore, we can rule out a purely optical beating between
photons originating from different states. This is espe-

cially clear on the lowest oscillating states as they are
well separated energetically, and therefore spatially on
the sensor. Consequently, we infer that these oscillations
are a quantum beating between exciton states simulta-
neously excited by the pump laser.

Coherence times - To verify our conclusions we mea-
sured the coherence time TQn’L) of each state (n, L) for a
given pump power with the energy-resolved off-axis inter-
ferometer (see figure S1 and text of the Supplementary
Material [34]). Figure 4 (a) shows the typical contrast de-
cay as a function of the delay while figure 4 (b) presents
the results for the S series. First, we notice that the
coherence times are in qualitative agreement with the
envelope of the oscillation in the time-resolved measure-
ments. At the lowest power, T grows with n and follows
very closely the maximum theoretical value of twice the
lifetime (742> = 277) up to n = 5. Surprisingly, higher
states display a shorter coherence time. The decrease of
Ty is striking as the power is increased, rapidly stagnating
around 12 ps for all states n > 4. Measuring coherence
times longer or similar to the lifetimes is an additional
indication that the oscillations result indeed from coher-
ent quantum beats. Together, these observations indi-
cate that the coherence time of Rydberg excitons may
be sufficient for more advanced engineering, such as the
electromagnetically induced transparency (EIT) schemes
that have been proposed [9, 42, 43] and complement the
previous observation of a coherent superposition of neigh-
bor Rydberg exciton states [31].

Conclusion - In conclusion, this study provides the
first direct measurements of lifetimes and coherence times
of the even series of Rydberg excitons in CuzO up to a
principal quantum number of n = 9. Using time-resolved
two-photon spectroscopy, we have established that the
lifetime of these states follows the expected Rydberg scal-
ing law n*3 up to n = 6, and confirmed that the plateau
previously observed in the linewidth for n > 6 is also
present for the lifetime. Additionally, we observed quan-
tum beats in the time traces of high Rydberg states,
which we interpreted as the coherent beating of sev-
eral excitonic states excited simultaneously. Lastly, we
verified their coherence times using an energy-resolved
Michelson interferometer.

Overall, these results suggest that CusO Rydberg
excitons are well-suited for coherent control applications
in quantum technologies, laying the groundwork for
future exploration of coherent nonlinear effects in this
solid-state platform.
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Experimental details

Streak camera experiment - As illustrated in figure 1 (a) of the main manuscript, a pulsed Ti:Sa laser pumps
an optical parametric oscillator (OPO) to generate the desired wavelength within the range 1140 — 1220 nm. Each
infrared pulse has a temporal duration of 2.44 ps (from a squared hyperbolic secant fit) and a spectral width of
2.5 nm (FWHM). As previously reported [1], the signal intensity is polarization-dependent and we therefore use a
circular polarization to maximize the signal. The laser is focused (20 pm spot diameter) on the sample. The signal is
collected in transmission mode and can be directed towards two different detection systems. The first system consists
in a high-end streak camera (Hamamatsu C10910) with sub-picosecond resolution (~ 0.8 ps absolute precision,
0.4 ps relative) coupled to a spectrometer. This setup provides both temporal and spectral resolutions (within the
time-energy uncertainty relation) and enables direct measurement of the S and D exciton lifetimes, as exemplified in
figure 1 (b-c) of the main manuscript. As the various states have vastly different lifetimes and spectral separations
with one another, three distinct configurations were used depending on the target state. The first completely removes
the spectral resolution by replacing the grating with a mirror, thereby offering the best time resolution (the streak
camera resolution). This is used on low n states (typically n < 4) which have short lifetimes and are spectrally well
separated from one another. Here the finite laser linewidth is used to only excite one state at a time. The second
configuration uses the spectrometer grating, which vastly reduces the time resolution of the system. To mitigate
this, we place beam blockers inside the spectrometer so that only a small central part of the grating is used. This
trades off some signal intensity and some spectral resolution for a significant improvement of the time resolution.
The active size of the grating can be modulated to change the balance between time and energy resolution. This
method typically achieves a resolution of 1.5 ps with a spectral resolution sufficient to resolve Rydberg states up
ton ~ 7. For n 2 7 we infer the states pixel positions on the camera images from our highest resolution spectra,
refined by the higher-resolution data found in the literature [2]. The last time-resolved configuration uses a double
spectrometer with opposed gratings: Both are set to the same wavelength with opposite orders (+1 and -1) so that
their degradation of the time resolution cancels out. Spectral selection is still achieved thanks to the first spec-
trometer exit slit, that picks out the desired state before sending it to the second spectrometer. This configuration
achieves both a good time resolution and a good state selection, at the cost of a significant decrease of the signal
intensity. Lastly, the second independent detection system employs a liquid nitrogen-cooled charge-coupled device
(CCD) camera coupled to a spectrometer with a shorter period grating to capture higher resolution spectra with no
time resolution. The spectral resolution is about 0.2 meV on the CCD camera and up to 0.6 meV on the streak camera.

Interferometry experiment - We use an energy-resolved off-axis Michelson interferometer to measure the coher-
ence time of the signal. The excitation scheme remains the same as in the steak camera experiment and a Peltier-cooled
CCD camera coupled to a spectrometer is used to resolve in energy the different exciton states. The schematic of the
setup is depicted in figure S1 (a). A mirror on one of the interferometer arms has a translation stage with a mechanical
resolution of 10 pm, so that it can be used as a delay line with about 30 fs time resolution. The signal from the
sample is split equally into the interferometer arms and eventually recombines to the spectrometer entrance slit at
a small angle in the plane perpendicular to the spectrometer diffraction plane (slit direction). As a result, spatially
extended interference fringes are formed, from which the contrast information can be obtained for each delay. This
spatial mapping removes the need for a sub-wavelength stepping of the mobile mirror to get the contrast information.
Constant-energy cuts in the spectrometer pictures thus give a fringe pattern for each state and for each delay time
At, which we model with a Gaussian-modulated cosine function with variable contrast (see figure S1 (b)):
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FIG. S1. Coherence: (a) Schematic of the energy-resolved off-axis interferometer. The two interferometer arms arrive on the
spectrometer at an angle 6, so that fringes are visible across the non-energy-resolved (vertical) axis of the pictures. (b) Example
of fringe pattern (top) and single-energy slice (bottom) from which the fringe contrast is extracted.

The parameter C' is the fringe contrast that we seek. It depends on the delay time At and directly corresponds to
the first-order autocorrelation function g(*)(At). From its decay, we extract the typical timescale during which the
signal can interfere with itself; that is to say the coherence time Tg(n’L) of the (n, L) Rydberg state.

Power and Temperature dependence of the lifetimes

The exciton lifetime 7 = T; l(n’L) for different (n, L) states are plotted as a function of the average pump power in
figure S2 (a) for the 1 mm thick sample. It can be seen that the lifetimes are to some extend power-dependent: they
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FIG. S2. Variation of lifetime for different exciton states with (a) the incident laser power and (b) the sample temperature.



systematically decrease with the pump power for all states. In general, lifetimes are typically reduced by up to 50%
between 10 mW and 200 mW of IR power, although this seems both sample- and state-dependent. Higher states are
more sensitive than lower states. The thinner sample shows smaller lifetimes changes with the pump power, which
could indicate a thermal effect is at least partly responsible.

The effect of the temperature on the exciton lifetimes for a fixed pump power of 50 mW was also investigated for
the 1 mm thick sample. The result is exemplified in panel (b) of figure S2 for the 5S and the 7S states. We observe
that the lifetimes are decreasing with laser power and that the decrease is more pronounced for the higher n state.

Beyond a certain average pump power, we observe that the sample temperature rises from its lowest value of about
3 K due to laser heating. This temperature rise was more prominent in the thicker of the two samples. We observe
a spectral broadening of all states due to heating, accompanied by the above-mentioned decrease of the lifetimes.
We infer from this behavior that the decrease of the lifetimes with the pump power is due to laser heating, and that
therefore panels (a) and (b) of figure S2 have the same physical origin. However, a more systematic approach would
be required to draw definitive conclusions. As the exact origin of these variations is beyond the scope of this article,

we report the low-power limit, where the longest lifetimes are observed, in the main manuscript.

Table of beating states

Time|| Major frequency (energy) Likely Beating |[/Minor frequencies (energy) Likely Beating
trace (energy split) (energy split)
48 0.30 £ 0.01 THz (1.24 £+ 0.04 meV) [4S-4D2 (1.21 meV)|[0.21 £ 0.015 THz (0.90 + 0.06 meV) [45-4D; (0.93 meV)
4D 0.30 = 0.02 THz (1.24 £ 0.08 meV) [4D2-4S (1.21 meV)|[|0.22 £ 0.01 THz (0.91 + 0.04 meV) [4D;-4S (0.93 meV)
0.12 +0.01 THz (0.50 £ 0.04 meV) |4D2-4F (0.50 meV)
0.07 +0.01 THz (0.29 = 0.04 meV) [4D,-4D; (0.29 meV)
0.05+0.01 THz (0.21 £ 0.04 meV) |4D1-4F (0.21 meV)
55 |[0.14 £ 0.015 THz (0.58 £ 0.06 meV) |55-5D5 (0.56 meV)|[0.42 £ 0.015 THz (1.74 £ 0.06 meV)|55-6D (1.73 meV)
0.31 £ 0.015 THz (1.30 £ 0.06 meV) [5S-6S (1.28 meV)
0.09 £ 0.015 THz (0.37 £ 0.06 meV)|5S-5D1 (0.43 meV)
5D ||0.13 £ 0.02 THz (0.54 £ 0.08 meV) |5D2-5S (0.56 meV)|[0.10 £ 0.02 THz (0.41 £ 0.08 meV) |5D1-59 (0.43 meV)
0.04 & 0.015 THz (0.17 4 0.06 meV) [5D2-5D; (0.13 meV)
6S 0.095 £ 0.01 THz (0.39 + 0.04 meV)|6S-6D (0.42 meV) [{0.26 £ 0.01 THz (1.07 & 0.04 meV) [6S-7D (1.06 meV*)
0.175 £ 0.01 THz (0.72 £ 0.04 meV) [6S-7S (0.76 meV*)
7S |[0.065 £ 0.01 THz (0.27 £ 0.04 meV) | 75-7D (0.30 meV¥) |[0.184 £ 0.01 THz (0.76 £ 0.04 meV)|75-6S (0.76 meV*)
0.173 £0.01 THz (0.72 £ 0.04 meV) [7S-8D (0.72 meV*)
0.11 £ 0.01 THz (0.46 = 0.04 meV) |7S-8S (0.47 meV*)
8S 0.06 £ 0.01 THz (0.25 &+ 0.04 meV) [8S-8D (0.23 meV*)|/0.115 £+ 0.01 THz (0.48 + 0.04 meV) [8S-7S (0.48 meV*)
0.080+0.015 THz (0.33£0.06 meV)|8S-9S (0.33 meV*)
0.040£0.015 THz (0.1740.06 meV) [8S-7D (0.17 meV*)
TABLE S1. Quantum beating: Summary the oscillation frequencies observed in each exciton time traces for n > 4 states,

recorded at low pump power. Typically, a dominant oscillation frequency with maximum amplitude is observed along with a
few other frequencies of smaller amplitude. For each frequency, the likeliest states involved in the beating are indicated along
with their energy separation. (*) Energy splits for n > 7 are calculated from ref. [2].

boulier@insa-toulouse.fr

[1] J. Mund, D. Fréhlich, D. R. Yakovlev, and M. Bayer, Phys. Rev. B 98, 085203 (2018).

[2] J. P. Rogers, L. A. P. Gallagher, D. Pizzey, J. D. Pritchett, C. S. Adams, M. P. A. Jones, C. Hodges, W. Langbein, and
S. A. Lynch, Phys. Rev. B 105, 115206 (2022).



