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Supplementary Note 1: Separation of interaction regimes
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Supplementary Figure 1: Data shift. a) Uncorrected differential transmission spectra around the
n = 9 resonance. Here, we find negative peak amplitudes for low excitation powers that correspond to a
decrease of transmission. b) Corrected spectra around n = 9 peak after subtraction of the initial nonlinear
decrease of transmission. c¢) Black dots show the measured maximum signal amplitude of the resonance
in panel a) as a function of pump power. The Rydberg interaction is extrapolated linearly towards low
intensities (red dashed line). The obtained offset is subtracted from the data resulting in the blue curve.
The linear slope does not change (red solid line).

The data presented in Figure 1 in the main text and in Supplementary Figure 4 originally show a
defect-induced initial nonlinear decrease of transmission for low pump powers that saturates fast.
In order to focus on the Rydberg interaction regime, the data is corrected for this nonlinearity, as
described in the following exemplarily for the n = 9 resonance. Supplementary Figure 1a) shows
the measured differential transmission Al around the n = 9 resonance for different pump powers
P with a focus on the low power range. The pump laser energy is set to the n’ = 16 resonance.

Starting at low powers (dark red), the transmission around the resonance first decreases, re-
sulting in increasing negative values of the differential transmission Al. With growing pump
power, this trend is slowed (orange) and finally reversed into enhanced transmission (Al > 0,
light blue). For a more quantitative discussion, the maximum signal amplitude of the resonance in
panel a), AI(Apax), is shown as a function of pump power by the black dotted line in panel c).
As indicated by the arrow, the nonlinear decrease of transmission can be clearly seen for low
pump powers and is found to saturate fast at powers around 5 pW in this particular case. After
saturation, the nonlinearity is directly followed by a linear increase of transmission over a wider
range of powers. This linear increase is indicated by the red dashed line (see below) and describes
the expected linear optical response of the probed state due to Rydberg interactions for low pump
beam intensities. At higher powers, the curve flattens and finally saturates.



In order to separate the initial nonlinear decrease of transmission from the exciton interaction
regime, the data is extrapolated to zero pump power in the range of linear power dependence,
shown by the red dashed line, and the resulting intercept is subtracted from the spectra. The
corrected data is given by the blue line with an unchanged slope, given by the red solid line. This
procedure is repeated for the whole dataset at every detuning. The resulting corrected spectra
around the resonance n = 9 are shown in Supplementary Figure 1b).



Supplementary Note 2: Extraction of

The maximum difference signal at each resonance, AI(Apax), exhibits a linear dependence on
pump power P in the range of low powers with a characteristic slope 5 that depends on the
principal quantum number n of the probed state. To evaluate the n-dependent scaling of 3, the
maximum signal amplitude of each resonance is extracted from the data in Figure 1 in the main
text as a function of pump power. The data shown for n = 6 — 8 at low pump powers (crossed
circles) was obtained in a subsequent measurement and is shown for completeness. The obtained
values are shown in Supplementary Figure 2 for the states with quantum numbers n = 6 to
n = 18. The linear slope [ is obtained by fits to the data within the range of a linear power
dependence, as shown by the solid lines. The slope grows with increasing principal quantum
number n of the probed state, reflecting a larger interaction strength Cg for Rydberg excitons
with higher n, see Supplementary Eqs. (17) and (18) in Supplementary Note 5. Consequently,
the upper end of the linear power range moves to smaller pump powers with increasing n. The
blockade volume of an exciton, Vi, ~ ry,;2, increases with n. Accordingly, the remaining volume
available for absorption decreases faster with increasing pump power for states with higher n and
the onset of saturation shifts to lower powers with increasing n as well.
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Supplementary Figure 2: Characteristic scaling (n’ = 16). Maximum differential signal AT(Apax)
as a function of pump power P for principal quantum numbers n = 6 to n = 18. The data is obtained
from the spectra shown in Figure 1d in the main text (dots) and a second data set focusing on states
n = 6 — 8 at lower powers (crossed circles). The solid lines show fits with a slope § in the range of a linear
dependence on pump power for each resonance. The slope of each fit increases with n reflecting a stronger
optical response for states with larger n. Note all curves originate at AI = 0, but are shifted vertically
for better visibility.



Supplementary Note 3: Exciton correlations

Here, we present details of the theory of the coupled dynamics of pump and probe excitons.
Probe excitons, described by X (r), are created at an optical coupling rate g from the coherent
probe laser of amplitude £ with a detuning given by A = wiy —wex. The excitonic resonance has a
linewidth . Interactions with the pump excitons, described by }A’(r), are captured by a potential
V. We assume that the density of probe excitons is much lower than the pump exciton density,
such that interactions among the probe excitons can be neglected. The Heisenberg equation of
motion for a probe exciton describes the dynamics

. T . . . .
X (r) = —§X(r) —ig€(r) — i/dr'V(]r — I‘/’)YT(I‘/)Y(I‘/)X(I‘), (1)
where decay and detuning are summarized into the complex linewidth I' = v — 2¢A. To obtain

a solution for the polarization, o <X ), we formulate a hierarchy of exciton correlators based on
Supplementary Eq. (1) and subsequently solve the steady-state equations

oY ()Y (') X (r) = - gw(r')f/(r')f((r) — gV (r')Y (') E(x)
=V (Jr = DY)V () X (r) (2)

—i / de"V (e — DY) YT (") X, () X (") X (r).

In the derivation of Supplementary Eq. (2), we neglect the time dependence of the pump exciton
density, as the pump laser is chopped and the pump exciton lifetime is long. The second-
to-last term describes the interaction-induced shift inflicted on the probe exciton coherence at
r by the presence of a pump exciton at position r/, while the last term describes simultaneous
interactions of a probe exciton with multiple pump excitons. In the limit of low densities relevant
for the experiments, we can drop the last term, thus closing the system of equations after taking
expectation values

PHOT )X 1) = i L) 3

where p(r') = (YT(r/)Y (r)) is the pump exciton density. This leads to the steady-state expression
for the exciton coherence

(X)) =~ 22 (r) (1 —i [ ) /QZ(L‘”V];/‘_) r'r>) - (4)

The expectation value for finding a probe exciton in the vicinity of a pump exciton can be
calculated analogously from Supplementary Eq. (1)

. . 92 . . .
(T (Y (@)X () = R [ig (V)Y ()X () ()
2 2
_ 9P o) e
_72/4+A29 (r,r)|5(r)| )
where we define the probe-pump correlation function
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A ) - A )

9P (r,r)



as given in Eq. (1) of the main text.

The above theory is qualitatively different from a meanfield model that neglects correlations
between the pump and probe excitons. Thus, the latter finds a flat correlation function g(2), as
shown in Figure 1h of the main text. In the meanfield, the coherence is directly obtained by
factorizing the last term in Supplementary Eq. (1)

N . 29
(X(r)) = —ng(r) (7)

with the meanfield shift A,¢(r) = [dr'V(Jr —r'|)p(r).

Supplementary Note 4: Absorption

The propagation of the probe field amplitude £(r) close to an exciton resonance described by X
is determined by

9 (r) + %825(1‘) - —%X(r) (8)

with the refractive index n = 2.74 and the speed of light ¢. Taking expectation values, a closed
absorption equation is obtained upon substitution of Supplementary Eq. (4) into Supplementary

Eq. (8)

. 292 . ’ogd V(|r—r’|)
0:£(r) = ——— <1 — z/dr p(r )F/2+iV(]r = r’)> E(r). 9)

The absorption coefficient associated with the probe field intensity, I(r) = Awinc/7i|E(r)|?, is then

given by
a = ag <1 o /drlp(r/) (V(|I‘ - I';B/—Al iAA)‘;ﬂr — I‘/|)g(2) (I', r/)) ) (10)

The first term describes the standard Lorentzian shape of an exciton resonance in the absence of
a pump laser

4%y
Q)= ——5——5=- 11
0 cn(vy? + 4A2) (11)
The second term captures corrections to linear order in the density of pump excitons. We assume
for simplicity that this density is constant across the sample, p(r’) = p. The integral boundaries

can then be shifted to give the particularly simple form

e [ ),

as given in Eq. (2) of the main text.
The corresponding meanfield absorption is obtained from the coherence given in Supplementary

Eq. (7)
49~
T (2 + A(A = Aw)?)
In effect, the meanfield approximation shifts the resonance position by A with respect to the

linear response, as can be seen by comparison with Supplementary Eq. (11), and as is illustrated
in Figure le of the main text.

(13)



Supplementary Note 5: Universal absorption shape and scaling of

The transmitted intensity after propagation through the crystal of length L is given by Beer-
Lambert’s law I = Ipe~ L. The pump-induced transmission difference is, therefore, directly
obtainable from Supplementary Eq. (10)

Al = I, (e—aL _ e—aOL) — Jpe—oL <€aopLI‘W 9@ (rydr 1> ‘ (14)

In the limit of low densities, the exponential in brackets can be expanded giving an expression

for
AT ~ r) —2A)V(r)

= L/ 2/4+( - )_A)er. (15)

For exciton-exciton interaction of van der Waals type, V() = Cg /7%, the integral can be simplified
into

o) =6 _ AA —6
/8 I()e a0L47TOéOL7'b1/ (1/T 4A)1/T = (16)

o 1+ (1 —2A)2"

where we introduced dimensionless variables A = A/~ and r = ry7 with the blockade radius

T = O 76;6 This shows that the transmission difference AI, or 3, have a universal shape as a

function of A, independent of the strength of the interaction. In particular, this proves the fixed
position of the isosbestic point and maximum across all principal quantum numbers as discussed
in the main text and displayed in Figure 1g therein. We note that the linear absorption factor,
represented by the exponential in Supplementary Eq. (16), technically also influences the curve
shape. However, since our main interest is in the pump-induced transmission maximum close
around A = 0 and the isosbestic point, this effect is small and neglected in the following.

Supplementary Eq. (16) also isolates the dependence on the principal quantum number n. In
the limit of radiative scaling, optical dipole coupling scales as g ~ n~3 and the linewidth scales
as v ~ n~>, leaving a constant linear absorption . Thus, the n dependence of 3 for a given n’/
mirrors that of the blockade radius

Cs
v/2

The van der Waals coefficient’s dependence on probe and pump principal quantum number can
be estimated from second-order perturbation theory [1] from the probe [pump] exciton’s dipole

B(n) ~ 7“1?;1 = (17)

moment dp;(n) ~ n? [dpu(n’) ~ (n)?] and the pair state Forster energy 6(n,n’) ~ n=3 + (n/)=3
as
d? d? 40,14 (4 f /
Cﬁ(n,n/) ~ pPr-"pu ~ 7? (n )/ — _ n (TL ) orn << n (18)
) n=3 + (n) nt(n')" for n > n’'

The optical coupling rates g and linewidths v of exciton absorption lines in CusO are known
to deviate from ideal scalings ~ n =3, in particular at high n [2]. Most prominently, this results
in n-dependent absorption strengths o ~ g2/ in linear absorption spectra (see Supplementary
Eq. (11)). The non-monotonic behavior of g with n results in a tent-like envelope that can
directly be observed in Figure 1d in the main text at the lowest pump intensities.



To obtain Cg from experiment from the measured [(n), the constant «g in Supplementary
Eq. (16) is substituted by measured values o exp ~ ggxp /Yexp €xtracted from absorption spectra

Cs
Yexp/2

@ expL

(19)

B(n) ~ aoexple” A

Finally, Cs is then obtained by Cg(n,n') ~ S2yexp , with 3 = % where ( are the
0,exp ’
linear slopes of fits to the data, as shown in Supplementary Figure 2. This gives the experimental

interaction strengths shown in Figure 2 of the main text.

Supplementary Note 6: Asymmetry from phonon background

The absorption lines of the yellow series in CuoO show an asymmetric curve shape due to an
interference with a spectrally broad phonon background [3]. This affects the shape of the pump-
induced difference absorption as we show below. In the excitation process, an incident photon
can either couple to the phonon background, described by a set of operators Xk, directly or first
to a Rydberg exciton and then to the phonon continuum, thus creating a Fano resonance [4]. We
capture this by expanding Supplementary Eq. (1) and adding a phonon equation of motion

X (r) = —g)i'( —ig&(r —thka —i / dr'V(r — v )YT )Y () X(r)  (20)

0. Xi(r) = K1) — i x) — i X (), (21)

where gy denotes the optical coupling rate to the phonons, hy the exciton-phonon coupling and
'y = 9 — 2iAx the complex phonon linewidth with linewidth 4y and detuning Ax = wiy — wy.
The light propagation is modified into

BE(r) + %azg( r) = —@7 —ZZ gka (22)

We start by considering the non-interacting system, V' = 0. In the steady-state, we can solve for
the continuum operators

. 2

(Ri(r) = £ [ione () — il X ()] (23)

Across a single exciton resonance, the phonon states can for simplicity be assumed as flat (gx =
const. and hy = const.) and dense, allowing the sums to be approximated by integrals and
evaluated using Dirac’s identity

lny f(x)x_lk :m/f(x)a(x) +7>/fff>. (24)

In the limit 4 — 0, this renders

> h(Xi(r)) = —imhg€ (x) — imh* (X (x)), (25)



where we absorbed the integration constants and the factor 7 into h and, similarly, § (that have
units ~ ,/energy). If the principal value integral does not vanish, it can also be absorbed into
the barred constants. The polarization can be solved from Supplementary Eq. (20)

5 —ig — hg
X r =5 7_5 r 5 26
o) = 5 e (26)
giving rise to an asymmetric linear absorption spectrum

2 (9° — (gh)*) (/2 + h?) + 29ghA 2

m=— - —g-. 27
Qosym = 07 (2 ++/2)2 + A2 T @d 27)
To simplify the expression we introduce 7/2 = v/2 + h?, the asymmetry parameter @ = % as

well as the constant background absorption coefficient ay,g = % g° and exploit that the excitation
rate is larger than the indirect rate g > gh
492 ¥ + 4QA
cn 72 4 4A2
We recognize a constant absorption term from the background as well as the plain exciton ab-
sorption from Supplementary Eq. (11). The cross term originates from the interference between
direct and indirect excitation of the background and produces an asymmetric lineshape. This
shape corresponds to previous descriptions of the asymmetry in CusO [5, 6, 7]. The linear spectra
are used to extract () from experiment.

The interacting system can be solved straightforwardly, following the approach outlined in
Supplementary Notes 3-4 and giving the polarization

. - —2ig(1 —iQ)
(X(r)) = —’_)/—F—QZA

Qasym = + Opg- (28)

V(jr—r')

1-— ’L'/dr’p(r/)z A4 ZV(‘I- — r/|)] g(r) (29)

The absorption coefficient, here for flat densities, is readily obtained by inserting Supplementary
Egs. (29) and (23) into Supplementary Eq. (22)

2 |2ig? (1 —iQ)? / V(r)
— (gsym T% — " = d . 30
Q= Qasym + [ —5 1 2iA p T AV () r (30)

A non-vanishing asymmetry parameter, () # 0, thus clearly leads to quantitative changes of
the absorption features (Supplementary Figure 3). In particular, the positions of the maximum
and the isosbestic point depend on (). For van der Waals interactions, the difference between
these points decreases with Q. For direct dipole-dipole interactions of the form V(r) = C3/r3,
this difference remains almost constant with (). The corresponding predictions based on the
experimental values of ) are shown in Figure 3 of the main text. We remark that the integral
in Supplementary Eq. (30) for dipole-dipole interactions has a logarithmic divergence for large r,
as can be seen by introducing a sufficiently large R

. (3D

% B v(r)r? C R
/“7 , ('r) dr ~ 47 / = (7“)7”. dr+ lim = 3, In <2>
3 — 1A+ iV (r) o 3 —iA+iV(r) Ra—soco 2 —iA Ry
However, the nonlinearity is dominated by the second term whose shape as a function of A is
determined by

(1 —iQ)?
R _(<_A>)2 (32)
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Supplementary Figure 3: Fano asymmetry. a) Linear absorption spectrum as a function of A = A /%
for three different asymmetry parameters ). The curves are normalized to the maximum of the Lorentzian
profile (@ = 0). b) Normalized pump-induced differential absorption as a function of the asymmetry
parameter @Q for van der Waals interactions (~ 7~°), curves matching panel a). Positions of maximum
and isosbestic point are red-shifted with increasing asymmetry but their difference decreases. c¢) Same as
in b) but for direct dipole-dipole interactions (~ r~3).

10



Supplementary Note 7: Relation to exciton-in-plasma studies

Strong optical excitation of the crystal by a pump laser beam above the band gap unavoidably
leads to the creation of a density of free electron-hole pairs that may additionally influence the
exciton states as studied in Ref. [8]. Compared to Ref. [8], we restrict our analysis to very low
pump powers, where the differential transmission spectra are linear in the applied pump power.
In order to estimate the impact of such an electron-hole plasma on the observed spectra we show
a second set of differential transmission spectra recorded with a pump laser energy at 2.20 eV,
i.e., 28 meV above the band gap. We repeat the same analysis as in the case of resonant pumping
of Rydberg excitons (main text). Supplementary Figure 4a) shows the recorded spectra for pump
powers from 0.5 to 500 uW.
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Supplementary Figure 4: Differential signal (plasma). a) Differential transmission AT for excitons
n =6 up to n = 21, recorded with a pump laser energy fixed above the band gap. The pump power P is
increased from 0.5 to 500 uW. b) Closeup of the n = 11 resonance shown for pump powers in the range
of linear power dependence. Also here, the curve shape is universal and exhibits a fixed extreme point at
Amax and an isosbestic point on the high-energy side at Ay, where the probe absorption is independent of
the pump intensity. ¢) The experimentally obtained ratio AE/ky is comparable to the theoretical value
of 0.45 (grey dashed line), that is predicted for the van der Waals potential. The error bars denote the
standard deviation.

First, we investigate the spectral features of the recorded resonances. At first glance, there are

no major differences compared to the pump scenario shown in Figure 1d of the main text. We
again find a non-shifting maximum growing with increasing pump power and an isosbestic point
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Supplementary Figure 5: Characteristic scaling (plasma). a) Maximum differential signal
AI(Apmax) as a function of pump power P for principal quantum numbers n = 6 to 15. The pump
laser energy is set above the band gap. The solid lines show fits with a slope £ in the range of a linear
dependence on pump power for each resonance. Note that the curves originate at AI = 0, but are shifted
vertically for better visibility. b) Experimental scaling of £ as a function of principal quantum number n.
The observed scaling follows an n” dependence in the range from n = 6 to 15 as indicated by the grey
dashed line. The black dashed-dotted line shows the scaling of Bpebye predicted by the Debye model. It
is much weaker than observed in the experiment. The curves are shifted by an arbitrary value to coincide
at n = 6 for comparison. The error bars denote the standard deviation.

at Ag on the high-energy side, as shown exemplarily for the n = 11 resonance in Supplementary
Figure 4b). These characteristic signatures result solely from power-law interaction potentials
and thus stand in contradiction to a possible dynamical screening induced by a plasma, which
can be described to first approximation by a Debye potential [9] V(r) ~ e™*" /r. Further, we also
determine the universal quantity AE/hy for each resonance and find values that are comparable
to the expectations given by the van der Waals interaction of 0.45, as shown in Supplementary
Figure 4c). These observations cannot be explained by dynamical screening.

Following the analysis in the main text, we now evaluate the power dependence of the maxima
of each resonance in order to determine a characteristic scaling law of the slope 3. For the states
from n = 6 to n = 15, we find a pump power regime of linearly increasing maxima, whose
range decreases drastically with n (Supplementary Figure 5a)). Remarkably, the experimentally
determined linear slope § shows a strong increase as a function of principal quantum number
n scaling approximately as n” for low and intermediate states (Supplementary Figure 5b), grey
dashed line). From the Debye model, we numerically extract a pump power dependence of the
085 This implies a scaling of 3 o e*aoL% to
3.85

matrix elements ¢> ~ g3 + giP with g7 ~ n
lowest order in P. The radiative expectation on the scaling of 8 ~ n is corrected by the
experimental values of both ag and ~ in Supplementary Figure 5b), demonstrating that the
Debye model significantly underestimates the observed slope of 5.

Interestingly, the observed scaling is even slightly steeper than the one expected for van der
Waals interactions with resonantly excited Rydberg pump excitons at fixed n’. In this case the
scaling for low n is B(n,n) oc n®, cf. Supplementary Eqs. (17) and (18). The stronger optical
response observed in the experiment may be explained by fast relaxation of free charges into an
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unknown distribution of excitons with different principal quantum numbers and angular momenta
[10, 11].

In conclusion, also for above-band-gap excitation we find characteristic spectral signatures and
an n-dependent scaling of the signal strength that are in accordance with van der Waals-type
interaction between excitons created by fast relaxation of free electron-hole pairs.
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