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Supplementary Note 1: (s to on-
site energy mapping

The Cg terms
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in Eq.(2) can be mapped onto an on-site energy term
Z?Zl ;07 of the spin model if the n-body Hilbert space
is restricted to the subspace that is spanned by the states
[i) = 1,42y, Tiy- -5 dn) that carry only a single |1)-
excitation at atom i.

In this basis, the action of the number operators Y can
be expressed with the Kronecker ¢ symbols as it ) = (1—
8:7) |j) and Al |j) = 6 |j) . Since aal [k) = dixdjp [5) = 0
for i # j, we see that, as expected, the contribution of the
Cg -term which describes the interaction between multiple
|t)-excitations vanishes in the single-|1) subspace.

Now, we consider |x) = Y1, ¢; |i) with > |e;i]? =1
to be an arbitrary normalized state from the single exci-
tation subspace. The action of the C’é -term from Supple-
mentary Eq. on |x) then yields
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because the product term Zz;j 0ik01 vanishes.
1
Defining position dependent energies ¢; = ,l ;l i gg

and using the identiy 67 |k) = (20;; — 1) [k) we can refor-
mulate Supplementary Eq. in terms of Pauli matrices
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In the single excitation subspace, the model Hamiltonian
Eq. (2) therefore takes the form of an XY model in a lon-
gitudinal random field Eq. (1).

Supplementary Note 2: Coherence
of the system

When the interaction energy Vdd > B dominates the in-
verse dephasing time 74 and the problng remains weak,
ie. Qp < Vi‘}d, we directly excite the coherent many-body
state formed by the n seeds and one additional atom ex-
cited by the probe pulse. The off-diagonal nature of the
dipole—dipole interaction intrinsically provides coherence
on the two particle level. In order to destroy this coher-
ence any decoherence process (laser noise, atomic motion,
internal decay) must be of similar magnitude.

A lower bound for the decoherence time 74 = 150ns is
taken from the pulse length limited linewidth Av ~ 1 MHz
in the measured reference spectrum. Note that for longer
exposure times, we have previously observed a linewidth
of less than 300 kHz. For the blockade radius rp =~ 3 pm,
we find a hopping time h/J = 30ns. This allows for
at least 5 hopping events in each spatial direction, thus
essentially covering the whole atomic cloud.

Supplementary Note 3: Signal eval-
uation

Spectra. We determine the average number of excita-
tions created by the pump and the probe laser relying on
the method depicted in Fig. 2a-b. By making a reference
measurement (Fig.2a), where the probe pulse is delayed
by 7 = 300ps, we obtain the signal created by the seeds
alone (gray area) and the spectroscopic signal of the [1)-
excitations without the presence of the seeds (green area).
For the much smaller pump-probe delay 7 = 1ps, which
we use for the interacting spectra, the signals generated
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Supplementary Figure 1: Influence of the on-site energy. Spectra for the excitation of the [51P3,)-state after the creation
of different numbers of initial seeds in the |51S; /5)-state with two-photon Rabi frequencies Q25 a 27 x 18 kHz, b 27 x 37 kHz,
c 21 x 74kHz, d 27 x 111 kHz. The shaded areas denote the standard error of the mean. The same spectra are already
shown in Fig. 2c—f. In addition to the fitted numerical model with (Cg # 0, orange), a comparison for a model without
(Cs = 0, red) on-site energy is shown. The non-interacting spectra (green) are given as reference.

by both excitation pulses overlap (Fig.2b). We therefore
use the knowledge of the isolated seed contribution from
the reference measurement (gray area) and, by subtrac-
tion, isolate the contribution from the 1) excitation (blue
area).

The integrated number of events in the blue area com-
prises our measurement signal for the interacting case (|1)-
excitation in the presence of the seeds) and the integrated
number of events in the green area is the measurement sig-
nal for the reference spectra (|1)-excitation in the absence
of seeds).

Lifetimes. The time-resolved signal stemming from
probe excitations I(t) is obtained with a similar evalua-
tion scheme as described in the previous section. For each
parameter combination (g, Ap) we subtract the time-
resolved non-interacting signal from the interacting mea-
surement. The ionization processes present in our setup
can create atomic Rb* or molecular Rbj ions, which we
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can distinguish by their arrival time on the detector. Thus,
by choosing a proper window of arrival times (70 us up to
V2 x 70ps &~ 100ps after the excitation pulses) we can
isolate the time-resolved signal of the Rb* ions. Near res-
onance |Ap| ~ 0 MHz we verify that the decay of this sig-
nal is exponential. For increasing detuning, however, the
rapidly decreasing signal strength makes fitting an expo-
nential function challenging. Thus, to obtain lifetimes in a
numerically more stable way, we make use of the relation

/ AeXp(ft/TRb+)dt = ATRb+ (3)
0

between the integral signal and its amplitude A and
lifetime 7Rp+. The lifetime is now obtained by di-

viding the integrated Rb™ signal f710035115 I{t)dt' =

Jo° Aexp(—t/Tgy,+ )dt by its amplitude A.
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Supplementary Figure 2: Influence of the Rydberg state. Spectra for the excitation of the [51P /5)-state after the creation
of different numbers of initial seeds in the |51S; /5)-state (blue) are fitted with the numerical model with (Cs # 0, orange)
and without (Cg = 0, red) on-site energy term. The non-interacting spectra (green) are given as reference. We extract
average coherently coupled seed excitation numbers 7 of a 0.3, b 3.2, ¢ 8.4 and d 8.9.

Supplementary Note 4: Influence of

the on-site energy

The van der Waals interactions between the ||) seeds ap-
pearing in Eq.(2) can be mapped to the on-site energy
term of Eq. (1). Due to the positional disorder of the seed
excitations, these on-site energy terms have a randomized
magnitude — although not completely random due to fun-
damental geometric constraints and the blockade condi-
tion: The distance between any two seeds has a lower
bound given by the Rydberg blockade. Only the position of
the atom that is additionally excited by the probe pulse is
not limited by Rydberg blockade, and may therefore have a
smaller distance to other involved atoms. Additionally the
triangular inequality and it’s generalizations impose limits
(which appear as correlations) on the randomness of the
individual distances. For instance, given three atoms A, B
and C, the distance AC between atoms A and C is limited
by the distances AB and BC. The system simultaneously
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realizes disorder of the hopping strength as well as of the
on-site energy. However, the dominant energy scale is set
by the dipole—dipole interaction and thus the effect of the
on-site energy disorder is suppressed. In order to quantify
the effect of the on-site energy term in our measured spec-
tra, we compare the experimental results to our numerical
model with (Cs # 0) and without (Cs = 0) the on-site
energy term. The comparisons shown in Supplementary
Fig. and, for a measurement with a different |1)-state, in
Supplementary Fig.[2] reveal that the model including the
on-site energy term (orange) achieves a better agreement
with the data than the model without (red). While our res-
olution is sufficient to see the effect of the on-site energy,
we also see that its contribution on the overall broadening
and the line shape is small.
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Supplementary Figure 3: Localization—delocalization crossover. We plot the probability to find a localized state pg ., a
for a pure random XY model and b with additional Cg interaction between the seeds as realized in the experiment. In
contrast to Fig. 3 in the main text, here the probe atom is excited into another fine structure state, the [51P; 5)-state. The
regime of predominantly delocalized states spreads for increasing number of seeds n, shifting the localization—delocalization
crossover to larger energies. The estimated energies where the corresponding spectra show a transition towards algebraic

|Ap|~2 scaling are denoted by dashed lines.

Supplementary Note 5: Influence of
the Rydberg state

Spectrum. To study the effect of the relative strength
of the hopping and the on-site energy term we repeated
the same experiment with a different Rydberg state. We
keep the on-site energy identical by choosing the same seed
state |) = |[518;/2). The probing is realized with the other
51P fine structure state 1) = [51P/3). In this state the
Cs coefficient is approximately half the size of the C3 co-
efficient of |51P3/5) investigated in the main text. The
simulations with on-site energy (Cg # 0) shown in Supple-
mentary Fig. (orange) display the same level of agreement
to the measured data (blue) as those for [51P3/5). For this
set of measurements we obtain a slightly smaller blockade
radius rg = 3um. Due to the weaker hopping strength
the influence of the on-site energy term on the lineshape
is increased. As expected, this leads to larger relative de-
viations of the model with absent on-site energy (Cg = 0,
red).

Localization. To also study the effect of the relative
strength of the hopping and the on-site energy term on the
localization properties, we repeated the simulations for an-
other fine structure state [1') = [51P; /). The seed state
was kept constant ||) = |[51S;/5). As stated above, for
this state combination the C3 coefficient is approximately
halved. The phase diagram for the pure random XY model
(Supplementary Fig.) exhibits a substantially broader
delocalized regime than the one with additional Cg inter-
action (Supplementary Fig.[Bp). Since in the weak probing
limit the Cg interaction can be mapped to a random on-
site energy, the spectral narrowing can be interpreted as a
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manifestation of Anderson localization. It should also be
noted, that the same level of agreement between the tran-
sition energies and the phase diagram is reached as for the
other fine structure state.

The comparison between Supplementary Fig.[dh and
Supplementary Fig.[dp shows the different spectral nar-
rowing for the two studied finestructure states, i.e. for
different relative strength of the the on-site and the hop-
ping disorder. Each of the diagrams shows equiprobability
lines Los = {(E,n)|pe,n = 0.5} with (orange) and with-
out (blue) Cs interaction as can be extracted from Fig. 3
and Supplementary Fig.[3] Since, due to the smaller Cj
coefficient, the relative on-site disorder strength is twice as
large as for the [1') = |51Py ;) state as compared to the
|T) = |51P3/5) state, we consequently see a substantially
stronger spectral narrowing for the former.

Supplementary Note 6: Collective
reduction of the blockade radius

The Rydberg blockade radius r 5 for a pair of atoms is given
as the distance below which the van der Waals interaction
Cs /7% between the atoms exceeds the Rydberg excitation

linewidth w = /402~ /Ts +~2 [1} 2],

rp = \/g (4)

The linewidth depends on the driving strength € and the
total relaxation rate v = % (I's + T'y) is composed of spon-
taneous decay with a rate I'y = 27 x 7kHz and dephasing
I'y which includes the excitation laser linewidths, motional
dephasing and residual fluctuations of the electric field. We
estimate the total dephasing rate to be I'y = 27 x 500 kHz.
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Supplementary Figure 4: Influence of the Rydberg state on localization. Comparison of the equiprobability lines Lg 5 for
the pure random XY model (blue) and with additional Cs interaction (orange) for a probe atom in a the |51P3,;)-state
and b the [51P; /;)-state. The energy range where the states are predominantly delocalized is substantially narrower in
the model with Cg interaction than in the pure random XY model. Additionally, the relative difference between both
models is more pronounced for the [51P; 5)-state. Note that the energy scales are different.

In the dense atomic samples investigated here the Ryd-
berg seed excitation is shared coherently among a large
number N of atoms within the Rydberg blockade sphere
forming an effective two-level system with collectively en-
hanced Rabi frequency v NQ. These so-called superatoms
[3] require us to consider additional effects to estimate the
blockade radius correctly. In the realized strong driving,
strong dephasing regime (I's < I'y, ) the collective Rabi
frequency broadens the superatom excitation linewidth
to wga = \/ZNsz/FS +92 = \/2NQ2'y/FS7 which de-
pends on the number of atoms N inside the superatom
M. N = 2mr}p depends on the blockade volume and
the atomic density p. This effect leads to a reduction of
the blockade radius. Substituting the superatom linewidth
into Supplementary Eq. yields

ol

Cs

rp =
A /292%%71'1"%,0

Solving for rp finally gives an expression for the blockade
radius in a three-dimensional system [5]

(5)

—
m‘“

C

6
rp =
hq/%ﬂ'p\/QQny/Fs

(6)

Thus, for the experimentally applied range of coupling
strengths ) we estimate blockade radii between 2.6 pm and
3.3 nm under the assumption of homogeneously distributed
atoms inside the trapping volume.
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Supplementary Note 7: Notion of
localization

In the main text, we introduce the coherence C' as a mea-
sure for the localization of the system. However, the single
criterion C' < 2 to identify localized states does not work
for very small system sizes since they fulfill the criterion
trivially. Thus, we have to extend our localization criterion
to consistently characterize the localization for all system
sizes. Thus, we additionally require a localized state to
have a spatial extent S < rp smaller than the blockade
radius.

It is important to note that criterion on the coherence
C < 2 strictly only requires a localization in Hilbert space
that is not necessarily connected to a real space localiza-
tion. This becomes particularly evident in multilevel sys-
tems where an eigenstate could delocalize in Hilbert space
over many states within one particle while staying spatially
localized. But even in our case of the two-level system this
discrepancy arises because the localized dimer state is in
fact delocalized itself. The most localized state with C' = 1
(localized dimer) is spread over exactly two bare states,
which in our effective spin model corresponds to two sites
in real space. These sites, however, could in principle be
arbitrarily far apart. This contradicts a naive picture of
localization that would also expect a confinement in real
space. In Supplementary Fig.[§] we investigate different no-
tions of localization. To this end, we compare the probabil-
ity to find a state with small spatial extent (Supplementary
Fig.ppp) to the probability of a state with small coherence
(Supplementary Fig.). Supplementary Fig. combines
both conditions. Indeed, we see that the probability map is
identical to Supplementary Fig. for n Z 3. We thus con-
clude, that all states that don’t trivially fulfill the Hilbert
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Supplementary Figure 5: Different notions of localization. We plot the probability to find a state that a fulfills the real
space localization condition S < rg, b fulfills the Hilbert space localization condition C' < 2 and c fulfills both conditions.
The probability maps b and c are almost identical, indicating that real space localization is required for Hilbert space

localization.

space localization condition, are already localized in real
space.

Supplementary Note 8: Localiza-
tion probabilities and |Ap|™? scaling

In Supplementary Fig.[] we show how the localization-
delocalization from Fig. 3 connects to the spectra as shown
in Fig.4. The mathematical calculation for obtaining the
detuning Ao is presented in the Methods section.
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Supplementary Figure 6: Comparison between spectra
and probability of localization Pj. a shows the simulated
spectra for n = 4 seeds with (blue) or without (orange)
Cs interaction. The dashed lines indicate the detuning
Aco where the transition towards |Ap|~2 scaling (dotted
gray line) sets in. For the calculation of these detunings
see Methods. b shows the probability P, to find a local-
ized state. The detuning Aco calculated from the spectra
matches the crossover to localized states. The insets ¢ and
d show the Probability P, for different seed numbers and
are identical to Fig. 3, with the position of the cuts shown
in b marked. The dashed lines show Ago from the simu-
lated spectra as shown in a.
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