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Rare-earth ions are promising solid state systems to build light-matter inter-
faces at the quantum level. This relies on their potential to show narrow
optical homogeneous linewidths or, equivalently, long-lived optical quantum
states. In this letter, we report on europium molecular crystals that exhibit

linewidths in the 10s of kHz range, orders of magnitude narrower than other
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molecular centers. We harness this property to demonstrate efficient optical
spin initialization, coherent storage of light using an atomic frequency comb,
and optical control of ion-ion interactions towards implementation of quan-
tum gates. These results illustrate the utility of rare-earth molecular crystals
as a new platform for photonic quantum technologies that combines highly co-
herent emitters with the unmatched versatility in composition, structure, and

integration capability of molecular materials.

Rare-earth ion (REI)-doped materials are promising systems for optical quantum technolo-
gies. At cryogenic temperatures, REIs doped into high quality bulk single crystals, such as
Y,Si0s5, show exceptionally narrow optical homogeneous linewidths, equivalent to long-lived
quantum coherence lifetime (75) and suitable for building quantum light-matter interfaces (/).
Moreover, REI can present optically addressable electron and/or nuclear spin degrees of free-
dom that can be leveraged to efficiently store and process quantum information (2, 3). These
unique properties in the solid state have been used to demonstrate quantum memories for light
(4), light-matter teleportation (5), and frequency and time-multiplexed storage (6). REI-doped
crystals are also actively investigated for optical to microwave conversion (7) and quantum
processing (8). Besides experiments on high-quality bulk single crystals, strong efforts have
recently been launched towards combining REIs with nanophotonic structures (9). This has en-
abled single REI detection and control (/0), fast spontaneous emission modulation (/7), lifetime
limited single-photon emission (/2), and on-chip optical storage (/3). Further developments of
these exciting topics is, however, impeded by the difficulty to nano-fabricate crystalline host
materials that preserve REIs quantum properties for integration into high-quality nanophotonic
devices. Molecular chemistry is very attractive in this respect because it offers unmatched
flexibility in terms of material composition, fine structural tuning, and integration into photonic

structures, as demonstrated by numerous results obtained with single organic molecules embed-

2



ded in crystalline host lattices (/4). However, most organic molecules studied to date lack a spin
degree of freedom. Recently, optically addressable molecular spins were demonstrated (15, 16),
although with limited optical coherence, hindering their use as coherent spin-photon interfaces.
Here, we introduce REI molecular crystals containing trivalent europium that exhibit optical
homogeneous linewidths between 5 and 30 kHz, 3 to 4 orders of magnitude narrower than any
molecular system (14, 16, 17). This allows us to efficiently exploit the Eu** nuclear spin de-
gree of freedom by demonstrating > 95% spin initialization into a single level, and coherent
optical storage using atomic frequency combs. We also harness Eu®" narrow optical linewidth
to demonstrate ion-ion interactions, which are the basis for high-bandwidth two-qubit quantum
gates (8).

The molecular crystal is composed of a mononuclear Eu** complex [Eu(BA),](pip), where
BA and pip stand for benzoylacetonate and piperidin-1-ium, respectively (Fig. 1A) (/8). For
clarity, it is referred to as Eu®™ complex hereafter. The complex crystallized in P2;/n space
group, belonging to the monoclinic crystal system, with crystal lattice composed of anionic
[Eu(BA),]™ and cationic piperidin-1-ium units as shown in the supplementary information (Fig.
S1). The all-oxygen coordination environment around the Eu®" center is best described as a
biaugmented trigonal prism with the help of a continuous shape measure calculation (CShM)
(19). The point group symmetry around the Eu* center is assigned to Cy,, as inferred from the
CShM calculation and luminescence spectrum depicted in Fig. 1B (see discussion in SI section
1.1.5). All experiments discussed in the following were performed on crystalline powders with
grain sizes of at least 50 nm (see SI section 1.1.4). The Eu®" complex showed high physical
and chemical stabilities over time. Repeated cooling cycles had no noticeable effects on optical
properties, and no photo-degradation was observed neither at low temperature nor under high
laser intensity (Fig. S8).

Fig. 1B shows the emission spectrum of the Eu** complex where the characteristic lines of



trivalent europium are observed (/9). We focused on the "F, —°Dj transition at 580.3778 nm
(vacuum) since this transition is associated with narrow linewidths in crystals like Y5SiO5 (20).
Moreover, it enables optical control of ground state nuclear spins, an important feature for
applications in quantum technologies. Transmission experiments revealed a "F, —°D, inho-
mogeneous linewidth (I',,) of 6.6 GHz, corresponding to 0.007 nm (Fig. 1C). This low value,
together with a Lorentzian absorption profile, is typical of high crystalline quality samples with
low disorder, and comparable to values obtained in crystals like Eu?":Y,03 (9). Strong absorp-
tion was observed in a 500 pm thick powder as a result of the stoichiometric composition of
the molecular crystal and light scattering inside the powder. Fluorescence decay experiments
led to a lifetime value T ., of 540 us for the Dy level (Fig. 1D). This sets a limit of only
1/27T; 1opt = 295 Hz on the optical homogeneous linewidth (I').

The photon echo (PE) technique, similar to Hahn’s spin echo, enables accurate assessment
of narrow homogeneous linewidths (/, 27). Due to its high sensitivity, it can be applied to pow-
ders (22), allowing us to measure the optical coherence lifetime, or quantum state lifetime 75,
of the °Dy<+"Fy transition in the Eu®* complex (Fig. 2A). I';, = 1/7T; was found equal to 30.2
+ 0.2 kHz, remarkably lower than values reported for single molecules (/4), transition metal
ions (23), and a previously reported Eu" complex (16), all in the 10s of MHz range. The Eu?*
linewidth in the complex is indeed comparable to those measured in some bulk crystals, such as
EuP50,4 (24), and in Eu*:Y,03 nanoparticles (9). We further explored line broadening using
stimulated photon echoes (or 3-pulse PE) which allows measuring I';, over the time scale of
the excited state population lifetime 71 ,,;. We observed an increase in homogeneous linewidth
with increasing waiting time 7y (Fig. 2B) until about 1 ms where I'j, plateaued at a value of
~ 105 kHz. The I';, evolution has an s-shape, as already observed in other REI-doped crystals,
and was modelled using a sudden-jump spectral diffusion (SD) model, which could indicate

interactions with defects or impurities carrying electron spins (25). The limited line broadening
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Figure 1: Material and low temperature optical spectroscopy. A. X-ray crystal structure of
the Eu®* complex. The counter cation is omitted for clarity. Color code: grey, carbon; white,
hydrogen; pink, europium; red, oxygen. B. Eu** photo-luminescence (PL) spectrum showing
characteristic °Dy —"F; (J = 0 — 4) transitions (see inset). All following results were obtained
on the “Fy —°Dy transition (in red). C. "F, —°D, absorption line recorded on a 500 xm
thick powder sample. Center wavelength: 580.3778 nm (vacuum). D. °Dy —7F; (J = 1 — 4)
fluorescence decay. Red line: Single exponential fit to data giving a Dy population lifetime of
T opt = 540 ps.
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Figure 2: Ultra-narrow optical homogeneous linewidths. A. 2-pulse photon echo (PE, pulse
sequence shown in inset) decay for the “F, —°D transition. Red line: exponential fit to data
giving 7o = 10.5 £ 0.2 pus or 'y, = 1/7T» = 30.2 + 0.2 kHz. B. I';, as a function of waiting
time (7y7) measured by 3-pulse PE. Red line: fit using a spectral diffusion model yielding a
flip rate R = 2.9 4+ 0.8 kHz and a width I'sp = 154 + 16 kHz (see SI section 1.1.7 for more
details). C. Temperature dependence of [';, measured by 2-pulse PE (blue dots) and spectral hole
burning (black dots). Red line: fit to a model including contributions from two-level systems
(TLS) and quasi-localized low frequency modes (LFMs) (see text and SI 1.1.7). Inset: Zoom on
lower temperature range. D. PE decays from Y3*-diluted complexes showing 75 increase with
decreasing Eu* concentration. Red line: single (non diluted crystal) and bi- (diluted crystals)
exponential decay fits to data. Inset: 1/e echo amplitude decay time 75 (black dots) and long 75
component from bi-exponential fits (blue dots) as a function of Eu®" concentration.



over 100s of ys in the Eu®* complex is favorable for spectrally resolved repetitive single ion
addressing. Furthermore, lifetime shortening by Purcell enhancement in an optical micro-cavity
by a factor of ~ 100, would enable generation of indistinguishable single photons (71, 26).
Insights into dephasing mechanisms occurring in the complex were also obtained from the
evolution of I';, with temperature 7°, measured by 2-pulse PE and spectral hole burning (SHB)
(Fig. 2C). Two regimes were identified: for temperatures below 3.5 K, dephasing is dominated
by coupling to two-level systems (TLS) and I, increases linearly with 7" (Fig. 2C inset) (27);
above 3.5 K, the exponential increase of I';, is attributed to quasi-localized low frequency modes
(LFMs) (28). Data were modeled using the expression I',(T") = T'g + I'ts + I'Lpum, Where
Frrs = arusT and Tppy = appy exp(—AEpem/kgT), with kg the Boltzmann constant.
The best fit gave a TLS rate aprg = 15 + 5 kHz K1, as observed in some REI-doped crys-
tals (27), and LFM transition energy AEp gy = 580 GHz (19 cm™1), in the range reported
for single molecules (28). The homogeneous linewidth extrapolated to 0 K (I'y) is estimated
at 8 + 4 kHz. This remaining dephasing could be due to Eu?*-Eu?* interactions (20), as the
crystal has a high Eu®" concentration, Cg, = 9.6 x 10%* ions cm~3. To investigate this effect,
an optically inactive REI, Y>*, was introduced in the crystal to reduce Cg,. Fig. 2D shows
2-pulse PE decays in a series of diluted crystals. The non-exponential decays suggest distinct
populations or environments for the Eu** ions in these complexes. Increasing coherence life-
times with decreasing Cf,, are observed, especially for the long decay components (Fig. 2 D,
inset), confirming a contribution of Eu?*-Eu3* interactions to dephasing. At the highest di-
lution investigated here (95% that is 5% Eu®" content), we found a 1/e decay time T, = 25
us, that 1s I', = 12.7 kHz. Remarkably, in this sample, photon echoes could be detected even
after evolution times of 300 us, corresponding to a long decay component of 7, = 68 + 4 us
(I', = 4.6 = 0.2 kHz) (Fig. 2D inset and SI section 1.1.7). This suggests that synthesis could

be optimized to provide a nearly noise-free environment to all Eu®* ions in diluted samples.
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Figure 3: Optically addressable nuclear spins. A. Spectral hole burning experimental spec-
trum of the 1>'Eu?* complex (blue) compared to simulation (red). B. Left - 1>'Eu* ground and
excited state nuclear spin splittings. Right - Scheme of spin initialisation by two-color optical
pumping. C. Hole decay as a function of delay between burn and readout pulses (see Methods
in SI). Red line: double exponential fit yielding spin relaxation times 7 g, of 430 £ 100 ms
and 5.0 £ 0.5 min. D. Initialisation to a single spin level by two-color optical pumping over a
bandwidth of 3 MHz. Applying the pumping scheme shown in B (right), population is trans-
ferred from | +3/2, > and | £5/2, > levels (deep holes at v; and 15), to | = 1/2, > (increased
absorption, or anti-hole, at v3). Center wavelength 580.3778 nm, 7' = 1.45 K.



Narrow optical linewidths are key to efficiently address REI spins, which enabled detailed
investigations of Eu®" nuclear spin states in the complex. First, the nuclear spin structure was
determined for the °Dy ground state and “F, excited states by SHB in a complex isotopically
enriched in ®'Eu®*. At zero magnetic field, it consists of three doubly-degenerate levels split
by quadrupolar interaction (20), giving rise to a complex SHB spectrum after optical pumping.
Thanks to the narrow optical linewidth, well-resolved spectral features could be recorded and
analyzed (Fig. 3A). This allowed us to assign ground and excited state splitting energies (Fig.
3B-Left), and transition branching ratios between nuclear spin levels (Fig. S9). The same study
was done in a natural abundance sample, from which, splitting energies and transition branching
ratios were determined for the 3Eu®" isotope (Fig. S10). Importantly, the obtained branching
ratios show the existence of efficient three-level lambda systems for both isotopes in the Eu®*
complex, an important requirement for all-optical spin control (29).

We then probed the dynamics of ground state spin populations by monitoring the spectral
hole depth as a function of time delay between burn and readout pulses (Fig. 3C). Two distinct
decay components can be observed with relaxation times estimated at 4304100 ms and 5.0£0.5
min. This shows that nuclear spin levels can be used as shelving states for at least 100s of ms.
Such long times enable efficient optical manipulation of the spin population. As an example, we
initialised ions into one nuclear spin level using two-color laser pulses at frequencies v; and vs.
This simultaneously depletes the |+5/2, > and |£3/2, > ground state spin levels and transfers
population into the | = 1/2, > (Fig. 3B-Right and S11). As displayed in Fig. 3D, nearly full
transparency could be induced at 1, and v», which translates to > 95% spin population into a
single level. This also proves that efficient spectral tailoring is possible in the Eu?* complex, an
essential feature for many quantum memory and processing protocols based on REIs (4, 8).

We next used the narrow optical linewidths of Eu*™ molecular crystals to demonstrate co-

herent optical storage and controlled ion-ion interactions. In the first case, we used the atomic



frequency comb (AFC) protocol (4) to store a light pulse in the molecular crystal. This protocol
enables very low output noise and multiplexed storage, important assets for long distance quan-
tum communications. We first made use of the efficient optical pumping achieved in the Eu®*
complex to create an AFC spanning a 6 MHz range, with three 0.9 MHz wide teeth separated
by 1.75 MHz (Fig. 4A). A storage experiment was then performed with a 0.15 s long input
pulse overlapping the AFC structure. As shown in Fig. 4B, the output pulse is observed at a
delay t; = 0.57 us after the partially transmitted input pulse, in perfect agreement with the teeth
spacing since 1/t = 1.75 MHz (4). By varying the teeth spacing and adapting the input pulse
length to keep an identical spectral overlap with the comb, output pulses were observed up to
about 1 us storage time, clearly confirming the AFC process (Fig. 4B inset). Storage efficiency,
defined as the ratio between input and output pulses intensities, was 0.86% for a storage time
ts = 0.57 us, in agreement with theory (see SI section 4). This efficiency could be boosted up
to 100% in an optical cavity (30). This could be achieved by crystallizing the Eu** complex
directly on a cavity mirror. Storage times up to several 10s of us could also be obtained by
creating narrower teeth (4) with a suitable laser, given the narrow homogeneous linewidths and
limited spectral diffusion in the Eu®>" complex.

We finally investigated controlled interactions between Eu®* ions. The scheme we used is
based on the difference in permanent electric dipole moments between Eu®* ground ("F;) and
excited (°Dy) states (37). This difference occurs when Eu3* ions sit in a low symmetry site,
which is the case in our molecular crystal (Cs,, site symmetry). When a control ion is excited,
the electric field it produces changes, causing a shift in transition frequency for a nearby target
Eu3* ion through the linear Stark effect. This mechanism is the basis for 2-qubit gates and qubit
readout in some REI-based quantum computing proposals (8). However, to be useful, ion-ion
interactions must be significantly larger than the optical homogeneous linewidth, a condition

well matched by our highly-concentrated Eu**complex with 10 kHz linewidth.
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Target and control ions were chosen at different frequencies within the absorption line (Fig.
1C) to allow for independent excitation and monitoring. Because of the distribution of distances
and orientations and therefore interaction strengths between Eu3T ions, the excitation of control
ions results in an additional line broadening I, for target ions, as detailed in SI section 4 (32).
['. can be conveniently measured by monitoring the amplitude of a photon echo produced by
target ions while an extra pulse excites the control ions.

We first investigated the effect of changing the evolution time (..,1) between control pulse
and echo, as shown in Fig. 4C. In this case, the echo amplitude varies as exp(—7[:tevor) (32).
A fit to the experimental data yields I'. = 14.5 kHz, in qualitative agreement with expected
Eu*t—Eu?* electric dipole interactions (see SI section 4) and previous experiments in non-
molecular REI-doped crystals (32). It also provides an upper bound to the ion-ion interaction
contribution in the measurements of ', by 2-pulse photon echoes (see SI section 4). We further
confirmed this analysis by varying the control pulse intensity /.. In the weak excitation regime,
I'.. is proportional to the fraction of excited control ions (p), with p o I.. We indeed observed the
predicted exponential decay of the echo amplitude with increasing p, as displayed in Fig. 4D.
Finally, the control pulse frequency was varied over several 10s of MHz with fixed ¢, and p.
No significant change in echo amplitude was observed, ruling out direct light-induced frequency
shift of target ions, the so called AC Stark shift (Fig. 4E) (/3). We therefore conclude that qubit
gate and readout schemes based on electric dipole-dipole interactions could be implemented
in the molecular crystal. Because of the high Eu?* concentration and narrow linewidth, we
estimate that one ion could control thousands of target ions (see SI section 4), a useful property
for scaling up REI-based quantum processors (8).

The Eu®" complex investigated in this study is a very promising platform for optical quan-
tum technologies as a robust system with narrow linewidth and long-lived optically addressable

spins. Furthermore, significant decrease in optical homogeneous linewidth could be obtained
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pulse is directly transmitted and not stored (dashed line at O ps). Inset: variable storage times
ts obtained by changing AFC teeth frequency separation A. Input pulse lengths were adapted
to keep identical spectral overlap with AFCs. C,D,E. Photon echo amplitude of target ions
(at frequency v,) as a function of: (C) evolution time %, after excitation of control ions (at
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linewidth by the control ions of I'. = 14.5 kHz (see text); (D) control ions excitation probability
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control pulse detuning. All experiments were performed at 1.45 K.
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by lowering temperature, tuning the REI concentration, and optimizing synthesis to decrease
residual defects or impurities. In such compounds, interactions with host nuclear spins like
'H or 13C could become the dominant dephasing mechanisms, which can be reduced using
specific isotopes with lower or zero magnetic moments (33). This could also be useful to ob-
tain spin states with long coherence lifetimes, a property that remains to be measured in our
samples. The huge possibility in molecular design also opens the way to accurate engineering
of the ligand field acting on europium and more generally other REIs of interest for quantum
technologies, such as Er*™ or Yb3". This would allow one to optimize transition strengths and
frequencies for optimal coupling to light, tune electronic and spin level structures, and coupling
to molecular vibrations for long coherence lifetimes. Complexes containing several REIs at
close distance can also be synthesized which would enable high-density optically addressable
qubit architectures, as shown with REI magnetic molecules in the microwave range (34). De-
velopments towards applications in quantum technologies could greatly benefit from integration
of molecular crystals into nanophotonic structures. For example, high-quality and small mode
volume optical cavities can dramatically enhance coupling of REI with light, enabling efficient
emission from nominally weak transitions (/0, 11, 35). This would be facilitated by the broad
range of synthesis, functionalization and deposition methods that are available for molecular
complexes (14, 33), as well as the scalable production of large amounts of identical molecules.
REI molecular crystals could therefore emerge as a highly versatile platform for highly coherent
light-matter-spin quantum interfaces for developing applications in quantum communications

and processing and fundamental studies in quantum optics.
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Supplementary materials

Supplementary references are given within brackets. The complete list with details can be found

at the end of the document. References in parenthesis refer to the main text.

1.1 Materials and Methods

I-phenylbutane-1,3-dione (99%), Piperidine (99%), and EuCl3-6H50 (99.9%, trace metal basis)
were purchased from Sigma-Aldrich and used as received. '°'EuyO3 (~96% enriched) was

purchased from Neonest AB and Buylsotope, Stockholm, Sweden.
1.1.1 Preparation of the crystalline powder form of the complex

The Eu?* complex studied is a laser chelate reported in the 1960s [1)] We have selected the
complex, because it can be prepared from a one-pot reaction, using the commercially available
reagents. This allowed us to prepare a series of yttrium-diluted versions and an isotopically
(**'Eu") enriched version of the complex. The complex is stable and can be stored under
ambient conditions.

The europium complex discussed in this study was prepared by employing a slightly modi-
fied procedure reported by Melby et al. (/8). In a typical procedure, 1-phenylbutane-1,3-dione,
hereafter referred to as ligand, (1.3 g, 8 mmol) was added to 20 ml of ethanol at 75 °C and
dissolved by stirring. To the ligand solution, piperidine (0.8 ml, 8 mmol) was added, and the
solution was stirred for 15 minutes. To the pale-yellow solution of the deprotonated ligand,
EuCl;-6H50 (732 mg, 4 mmol) dissolved in 10 ml of water was added. After the completion
of the addition, heating was switched off, and the reaction mixture was stirred at room tem-
perature for 24 h, yielding a half-white crystalline precipitate of the complex. The precipitated
was filtered, washed with 50 ml of ethanol several times, and dried under reduced pressure

overnight.
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Figure S1: Preparation of the europium complex discussed in this study.

Yield: 0.620 g. Elemental analysis: Calculated for C45sH sEuOgN, C, 61.22; H, 5.48; N,
1.59. Found, C, 61.25; H, 5.33; N, 1.77.

A similar procedure was adopted to prepare the yttrium diluted versions of the complex
using the appropriate Eu?*/Y3" mole ratio.

Elemental analysis of Cy5HssEug5Y 508N (50%-Eu): C, 63.49; H, 5.68; N, 1.65. Found,
C, 64.46; H, 5.13; N, 1.58.

Elemental analysis of CysHygEug.25Y0.7508N (25%-Eu): C, 64.69; H, 5.79; N, 1.68. Found,
C, 63.90; H, 5.28; N, 1.66.

Elemental analysis of Cy5H,sEug 05Y0.950sN (5%-Eu): C, 65.68; H, 5.88; N, 1.70. Found,
C, 67.00; H, 5.55; N, 1.74.

1.1.2 Preparation of the '°'Eu’'-enriched crystalline powder form of the complex

151EuCl;-6H,0 was obtained from °'Eu,03. In a typical procedure, **'Eu,O3 (200 mg) was
dissolved in 10 ml of 1 N HCI by heating at 70 °C for a few minutes. The solution was
cooled to RT, and volatiles was removed under reduced pressure. The slurry was dissolved
in double-distilled water, and volatiles was removed under reduced pressure. After three such

dissolution-evaporation cycles, the solids were dried under reduced pressure overnight, yielding
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151EyuCl5-6H,0 in a quantitative yield.

Ligand (0.13 g, 0.8 mmol) was added to 2 ml of ethanol at 75 °C and dissolved by stirring.
To the ligand solution, piperidine (about 0.08 ml, 0.8 mmol) was added, and the solution was
stirred for 15 minutes. To the pale-yellow solution of the deprotonated ligand, ***EuCl;-6H,O
(0.074 mg, 0.4 mmol) dissolved in 1 ml of water was added. After the completion of the
addition, heating was switched off, and the reaction mixture was stirred at room temperature for
24 h, yielding a half-white crystalline precipitate of the complex. The precipitated was filtered,
washed with ethanol several times, and dried under reduced pressure overnight.

Yield: 0.092 g. Elemental analysis: Calculated for C,5H,8EuOgN, C, 61.22; H, 5.48; N,
1.59. Found, C, 62.04; H, 4.865; N, 1.54.

1.1.3 Preparation of X-ray quality crystals of the complex

X-ray crystal structure of the complex reported in the literature was obtained from ethanol, and it
was reported that the complex crystalizes in two isomeric forms, o and 3, with distinct emission
characteristics (2, 3). The °Dy, —"F, lines appear at 612.3 nm and 613.05 nm for the a-form
and at 611.3 nm and 613.5 nm for the S-form. Since we have used a different solvent system
(EtOH-H2O mixture) to prepare crystalline powder forms of the complex, it is necessary to
elucidate the isomeric nature of the complex. Moreover, unambiguous elucidation of the phase
purity of the crystalline powders is also necessary, considering the nature of results discussed in
the study. Therefore, X-ray quality crystals of the complex were prepared by adopting a slightly
modified procedure compared to the one used for the preparation of the crystalline powder form
of the complex.

Ligand (1.3 g, 8 mmol) was added to 20 ml of ethanol at 75 °C and dissolved by stirring.
To the ligand solution, piperidine (0.8 ml, 8 mmol) was added, and the solution was stirred for

15 minutes. To the pale-yellow solution of the deprotonated ligand, EuCls;-6H2O (732 mg, 4
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mmol) dissolved in 10 ml of water was added. The reaction mixture was stirred at 75 °C for 2
h and filtered when hot. X-ray quality single crystals of the complex were obtained after two
days. CCDC 2007594.

Elemental analysis: Calculated for C4sH sEuOgN, C, 61.22; H, 5.48; N, 1.59. Found, C,
61.03; H, 5.22; N, 1.74.

High-resolution PL spectra of the crystalline powder form of the complex depicted in the
main text revealed the presence of Dy, —'F, lines at 612.34 nm and 613.05 nm, indicating
the presence of a-isomers in the powder form of the complex. The good match between the
patterns obtained from the single-crystal X-ray diffraction (SC-XRD) studies and powder X-

ray diffraction (PXRD) studies indicate the phase purity of the samples, as discussed below.
1.1.4 Establishment of phase purity of the samples

The phase purity of the crystalline powder samples utilized for optical studies was established
by comparing the PXRD patterns of the powders to the pattern simulated from the SC-XRD
structure of Eu complex. All complexes gave similar PXRD patterns as they organize in the
same type of structure with only tiny shifts in reflection positions due to slight deviations of
lattice parameters (Fig. S2). The phase purity is confirmed by the absence of additional reflec-
tions. For 100%-Eu®* complex, the shape of reflections is slightly broadened and corresponds
to average crystalline domain sizes about 50 nm, as evaluated from (101) reflection using Scher-
rer equation with shape factor K = 0.9. The shape is close to the natural beam width for the
other samples, meaning that crystallites have average sizes of at least 100 nm or higher.

The molecular self-assembly consists in the arrangement of complexes and counter-ions into
layers, whose shifted superposition forms a lamellar structure of one molecular layer periodicity
and a monoclinic lattice with Z = 4 molecules per cell (Fig. S3).

From single-crystal to powder structure, the molecular volume (V//Z) of the Eu** complex
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Figure S2: Powder X-ray diffraction (PXRD) patterns of complex series. A: PXRD patterns
of 100% Eu®" complex (black) and 100% > Eu®" complex (red) at 293 K, as compared to
pattern simulated from single-crystal structure of Eu*t complex at 150 K (inverted trace in
green). B: PXRD patterns at 293 K of Y?*-diluted Eu** complex series (pink, orange and grey)
compared to 100% Eu3* complex (black).

increases by 3.25% through a balanced expansion of layer thickness d and molecular area (i.e.,
layer portion area per molecule (A,,.;), see Table S1). This variation is explainable by the
effect of thermal expansion between the different temperatures of measurement — 150 K for
SC-XRD and 293 K for PXRD. The structures of Eu®*" and *'Eu* complexes have identical
parameters within errors. The Y3*-diluted Eu®* complexes form pure structures with geometri-
cal parameters close to that of neat Eu®>* complex. Specifically, the lanthanide substitution leads
to slightly higher or slightly lower molecular volumes (+0.7% for 25%-Eu, -2.2% for 5%-Eu)
while (y/A,,01)/d ratio hardly varies.

Experimental

The diffraction patterns were obtained with a transmission Guinier-like geometry. A lin-
ear focalized monochromatic CuKa1 beam (A = 1.54056 A) was obtained using a sealed-tube

generator (600 W) equipped with a bent quartz monochromator. The samples were filled in
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Figure S3: Self-assembly of Eu®" complexes in the single-crystal lattice at 150 K, viewed
along b-axis. Anionic Eu** complexes and piperidinium counter cations are arranged in layers
of thickness d, parallel to the bx(a+c) plane of the monoclinic P2, /n cell.
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Lattice parameters (A,O),
Method | T(K) Sample cell volume V (A?%) [Z = 4 molecules per lattice]

layer spacing d = d,o; (A), molecular area A,,,, = (V/Z)/d (A?)

a=11.6399, b=19.5760, c = 18.5229,
SC-XRD | 150 | Single-crystal a =90, 5=107.024, v =90

V' =4035.7, d =10.983, A0 = 91.86, (\/Apor)/d = 0.8727

a=11.918, b =19.636, c = 18.529,
PRXD 293 100%-Eu®* a =90, 8=106.07, vy =90

V =4035.7, d =10.983, A,.0; = 91.86, (\/Aor)/d = 0.8727

a=11912,0=19.638, c=18.537,
PRXD 293 | 100%-'1Eu* a=90, 5=106.11,v=90

V =4035.7, d =10.983, A0 = 91.86, (\/Aor)/d = 0.8727

a=11.901, b=19.644, c = 18.503
PRXD 293 50%-Eu?* a =90, 8=105.90, v=90

V =4035.7, d =10.983, Ao = 91.86, (\/Apor)/d = 0.8727

Table S1: Structural parameters of the complex series.

home-made sealed cells of adjustable thickness. Acquisition times were of 24 h or 48 h. The
patterns were recorded on image plates and scanned by Amersham Typhoon IP with 25 ym

resolution. 1(20) profiles were obtained from images, by using a home-developed software.
1.1.5 Point group symmetry around Eu®* in the complex

Reports from the 1960s and 1970s (4,5) and the presence of "D, —7F transition in the pho-
toluminescence (PL) spectrum (/9) of the complex indicate that symmetry around Eu** could
be Cy, (n =1, 2, etc.), C,, (n =1, 2, etc.), C,,, (n =2, 3, etc.), or C,. However, to the best
of our knowledge, a clear assignment of a particular point group symmetry around Eu®* in the
complex is yet to be established. To assign the symmetry, we have performed Continuous Shape
Measure analysis (CShM) [6)] and analysed the high-resolution PL spectrum of the complex
(see Fig. 1B in the main script). The lowest possible value in the CShM analysis indicates
the most plausible coordination geometry; a CShM value of 0.169 indicates the possibility of

square antiprism coordination environment with Dy, point group around Eu®*. However, it is
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well established that the °D, —"F, induced-electric dipole transition is not allowed in the Dy
point group, and the point group symmetry should be lower than D,,. The next lowest val-
ues are 2.268, 2.484, and 2.826 corresponding to bi-augmented trigonal prism (C,,), triangular
dodecahedron (Dsg), and bi-augmented trigonal prism J50 (C,,), respectively. The Dy, point
group symmetry is ruled out due to the presence of °Dy —F transition. Therefore, it is likely

that the point group symmetry around the Eu3* is C,,.

Coordination geometry | Point Group | CShM value
Octagon Dgy, 28.599
Heptagonal pyramid Cr, 23.020
Hexagonal bipyramid Dgp, 17.600
Cube Oy, 10.369
Square antiprism Dyg 0.169
Triangular dodecahedron Doy 2.484
Johnson gyrobifastigium J26 Dy 16.713
Johnson elongated triangular bipyramid J14 D3, 27.423
Biaugmented trigonal prism J50 Cyy 27.423
Biaugmented trigonal prism (& 2.268
Snub diphenoid J84 Doy 5.230
Triakis tetrahedron T, 11.136
Elongated trigonal bipyramid D3, 22.907

Table S2: CShM analysis of Eu®" complex.

Eu?"-center luminescence is used as a spectroscopic probe to elucidate the point group
symmetry around the Eu*. That is, by counting the number of peaks in the PL spectrum of
Eu* complexes, the point group symmetry around Eu®* complexes can be reliably assigned,
as discussed by Binnemans (19). The presence of one, three, and four peaks for the °Dy —F,
°Dy —'F; and °D, —F, transitions, respectively, confirms that the point group symmetry

around Eu®" in the complex is Cy,.
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Figure S4: Sample holder. A. Back side showing four sample containers filled with crystalline
powders of different Eu?* complexes. B. Front side of the sample holder. The small openings
prevent stray beam (i.e. light not interacting with the powders) to reach the detector.

1.1.6 Optical setups

Optical absorption, photoluminescence (PL) decays, photon echo (PE) and spectral hole burn-
ing measurements were performed in a He bath cryostat (Janis SVT-200) under resonant exci-
tation of the °Dy<«+"F, transition of Eu**. The excitation source was a tunable CW dye laser
(Sirah Matisse DS) with ~300 kHz linewidth. Temperature-dependent measurements were per-
formed by tuning the He gas pressure (T<4 K) and using a built in resistance as heater (T>4K).
The temperature of the sample holder was monitored with a Si diode (Lakeshore DT-670).
Pulse sequences were created using an acousto-optic modulator (AOM - AA Optoelectronic
MT200-B100AO0, 5-VIS, 200 MHz central frequency), in double pass configuration, driven by
an arbitrary waveform generator (Agilent N8242A) with 625 MS s™! sampling rate.

The crystalline powders were filled into a home-built sample holder made of brass. This
holder is composed of five individual sample containers which have front and rear optical access
through glass windows (Fig. S4). Each container was filled with ~ 5 mg of powder forming

slabs of about 500 um in thickness. The excitation beam was focused on the containers’ front
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Figure S5: Collection setup. Light scattered by a powder sample within the cryostat is col-
lected by a large-diameter lens and focused on the avalanche photodiode (APD) detector.

openings by a 75-mm-diameter lens placed in front of the cryostat window. Excitation beam
and lens were vertically and/or horizontally translated to study one sample after another during
measurements. Light scattered by the powders and transmitted through the back openings was
collected by a lens sitting outside the cryostat as shown in Fig. SS. Signals were detected
with avalanche photodiodes (Hammamatsu C5460 with 10 MHz bandwidth for spectral hole

burning, and Thorlabs 110 A/M with 50 MHz bandwidth for all other measurements).
1.1.7 Low temperature photoluminescence and optical absorption measurements

Photoluminescence (PL) measurements at 15 K were carried out for the isotopically purified
1513t complex using a closed-cycle cold finger cryostat. The °Dy level was resonantly excited
at 580.4 nm with a tunable optical parametric oscillator (OPO) pumped by a Nd** YAG Q-
switched laser (Ekspla NT342BSH, 6 ns pulse length and 10 Hz repetition rate). Spectra were
recorded using an Acton SP2300 spectrometer equipped with 1200 groove/mm holographic

grating and an ICCD camera (Princeton Instruments).
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Figure S6: Low temperature high resolution and optical coherence spectroscopy. A: Op-
tical absorption as a function of excitation wavelength peaking at 580.3778 nm and presenting
a linewidth of 0.007 nm. B: 2-pulse photon echo decay from the 5%Eu*-95%Y3" diluted
complex showing non exponential character. The decay was fitted with a bi-exponential decay
with T josr = 17 ps and Tb g0, = 68 ps (red), and a stretched exponential a exp(—t°), with
b = 0.388 (blue).

Optical density (L) as a function of excitation wavelength (Fig. S6A) was measured in
transmission mode for the '*'Eu* complex at 1.45 K. oL was calculated as — In(Zop1ine / Tofine )
with Ionine and Iomine, the scattered laser intensities transmitted through the crystalline powder
at the optical transition wavelength (online), and in a no-absorption region (offline), respec-
tively (Fig. S6A). The inhomogeneous broadening of the transition (I';,,) was determined by
a Lorentzian fit to the absorption curve as a function of frequency (Fig. 1C). PL decays were
recorded at low temperature for the *'Eu®* complex and Y?*-diluted complexes after a single
pulse (1-ms long), under resonant excitation of the Dy level, yielding comparable decay curves

and population lifetimes (T ,,+ ~ 540 us) for all samples.
1.1.8 Photon echo and spectral hole burning spectroscopic investigations

We detected photon echoes from the Eu®™ complexes in form of crystalline powders, which

we used to determine the optical coherence lifetime 75, and optical homogeneous linewidth
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(T, = 1/7Ty) for the ’Dy<+"F, transition. In the 2-pulse sequence, a first pulse (7/2) creates
a coherent superposition between ground and excited states, and a second pulse () is applied
after some delay (7), to reverse the phase evolution of the Eu®*-ion ensemble. This results in a
collective coherent emission (echo) at time 27 (Fig. S7A). As 7 increases, the echo amplitude
decreases due to the accumulation of phase shifts induced by perturbations such as vibrations
or spin flips occurring in the ions environment, with an echo decay rate proportional to I',.

In addition to 2-pulse photon echoes, we used stimulated echoes to investigate perturbations
arising at longer time scales than 75, producing homogeneous line broadening by spectral dif-
fusion (SD). In the 3-pulse sequence, the first 7/2 pulse is followed by a second 7/2 pulse so
that the phase evolution of the ion ensemble is stopped during a waiting time (7yy), typically,
up to the T; time scale. After 7y, a third and last 7/2 pulse is applied leading to echo emission
at time 27 + 7y (Fig. S7B). Echo amplitudes from 2-pulse and 3-pulse PE experiments were
detected through the fast Fourier transform (FFT) of the beating between the photon echo sig-
nal and a frequency-detuned laser pulse (heterodyne pulse, with detuning = 30 MHz). During
measurements, the laser wavelength was scanned at 500 MHz s~! to prevent echo signal loss
due to spectral hole burning. The length and intensity of the /2 and 7 pulses were optimized
to obtain maximum photon echo amplitudes, with typical pulse lengths between 1 and 2 us, and
an input power of 300 mW. A short-pass filter was set in front of the APD detector to reject
the strong PL emission in the Eu®*" complexes. The echo amplitude obtained by FFT was av-
eraged over 50 sequences to improve signal-to-noise ratio. For single exponential echo decays,
the optical coherence lifetime (75) was directly derived as exp(-27/75). Diluted complexes pre-
sented non-exponential decays which could be described by bi-exponential decay curves and/or
stretched exponential curves exp(—Tb) (Fig. S6B), where b is the stretching parameter. This
non-exponential behavior indicates a distribution of 75 values in these samples, most likely due

to the presence of different environments around the Eu* centers.
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Figure S7: Photon echo (PE) and spectral hole burning (SHB) pulse sequences. A: 2-pulse
and B: 3-pulse photon echo sequences. The phase evolution of the ion ensemble is schematically
represented in a Bloch sphere. C: Spectral hole burning sequence. The change of the nuclear
spin population distribution during and after the burn pulse is schematically represented.

29



[';, as a function of 7y was modeled by the sudden-jump spectral diffusion (SD) model
(25), with I'p=I"g+1/2(1-exp(-R7yy/)). Best-fit parameters yield a flip rate R of 2.9 4+ 0.8 kHz
and spectral diffusion linewidth contribution at half maximum (I'sp) of 154 £+ 16 kHz. The
linewidth at 7,, = 0 (defined as I'y in the model) was found equal to 28 + 4 kHz, in good
agreement with 2-pulse PE results. SD is tentatively attributed from R and I'sp values to the
presence of paramagnetic impurities in the molecular crystals (29).

Spectral hole burning (SHB) spectra from isotopically enriched '**Eu3* and natural abun-
dance complexes, both stoichiometric, were obtained by applying a single pulse, referred to as
burn pulse, of 1 ms length and excitation power of 15 mW. After a waiting time of 10 ms, the
spectrum was read out with a 2-ms-long scanning pulse with 5 mW input power and 200 MHz
scanning range around the burning frequency (Fig. S7C). The time before readout was set to
10 ms (i.e. >> T, . to enable spontaneous relaxation from the optical excited state, followed
by progressive trapping into non-pumped nuclear spin levels. The SHB spectra were corrected
from the AOM frequency-dependent response by dividing by a readout trace obtained with the
burn pulse turned off. A series of high-power pulses scanning over 200 MHz was applied at the
end of the sequence to reset the ground-state population back to equilibrium. The population
lifetime of the ground-state spin levels (77 s,,) was determined by monitoring the hole depth as
a function of waiting time between burn and readout pulses. The hole decay curve presents two
distinct decay rates, estimated by bi-exponential decay fit to the experimental data (Fig. 3C).

Spectral holes were measured as a function of temperature up to 10 K, with with I';, derived

from the holewidths (I',,.1c) as:

Fh = I_\hole/z - I_\SD - Flaser (1)

where ['sp and '}, are the spectral diffusion and laser linewidth contributions to the hole

width. By comparison to I';, obtained from 2-pulse PE experiments, we estimate that I'sp and

30



[Naser add a total contribution of 1.1 MHz to the hole width. This value is indeed larger than the
sum of I'sp obtained from stimulated echoes (153 kHz) and I'},., (300 kHz), which we attribute
to laser instabilities at the 10 ms time scale leading to a larger effective laser linewidth. The

temperature-dependent SHB and PE datasets were fitted by:

exp(—AELFM)/k:BT)
(1 — exp(—AELFM)/kBT))2

Lh(T) =To+ aresT + aprum (2)

where ['j is the residual linewdith at 0 K, a1pg expresses the coupling to two-level system
(TLS) and oy py the coupling to low-frequency modes (LEMs), with AEy gy, the LEM energy
and kg the Boltzmann constant. Best-fit values for these constants are arg = 15 kHz and
aLrpv=106 MHz, I'y = 8 kHz, and AE; ry; = 583 GHz (19 cm™!). We attribute at least part
of the residual broadening at zero K to ion-ion interactions producing instantaneous spectral
diffusion (ISD). This is motivated by the observed I';, reduction when increasing the Eu?*-Eu?"
distance in diluted complexes. Moreover, the Eu*T-Eu®" control-target interaction experiment

provide an upper bond to the ISD contribution at 14.5 kHz (see section 4 below).

2 Photostability and reproductibility

The photostability of the Eu** complex was investigated by monitoring the PL intensity of the
°Dy level of Eu*" under CW excitation of the °D, —"F, line using the same experimental
configuration than in PE and SHB experiments. A long-pass filter, placed in front of the APD
detector, was used to reject the excitation wavelength. As shown in Fig. S8, the PL remains
constant and no sign of photobleaching is observed. Moreover, no evidence of degradation of
the crystalline powder was observed after repeated low-temperature experiments under high-
power laser intensity.

Reproducibility was assessed by comparing photon echo decays from powder samples pro-

duced under equivalent synthesis conditions but belonging to different production batches.
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Figure S8: Photostability of the Eu?* complex. Dy PL intensity under CW excitation mea-
sured at 8 K for the isotopically enriched complex. The constant PL signal confirms absence of
photobleaching in the complex.

Sample to sample 75 variations were found lower than 10%.

3 PlEu?" and "’Eu®" nuclear spin structures

The Dy ground state and *Dj excited state nuclear spin levels for 1*'Eu3* and %*Eu®" isotopes
were derived from SHB spectra. This was achieved by detailed analysis of the holes and anti-
holes frequency positions and depths. As the nuclear spin is I = 5/2 for both isotopes, the
hyperfine structure consists of three doubly-degenerated levels labelled +1/2, +£3/2 and +5/2.
SHB spectra from the *!Eu®* complex and a natural abundance complex are given in Figs.
S9 and S10, respectively. Nuclear-spin splitting of 21.5 and 34 MHz for the ground state, and
46.2 MHz and 37.9 MHz for the excited state, as well as transition branching ratios, BR;;
(Fig. S9 inset), were obtained by least-square-fitting to the experimental spectrum for the nine

possible optical transitions between ground state and excited state nuclear spin levels, where i =
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+1/2,,+3/2,,4£5/2, and j = £1/2.,£3/2.,+5/2,, respectively. Since the total transition
probability from a particular ground state level ¢, towards the three excited states j must be 1
(>_; BR;; = 1), and the same applies for transitions from an excited state j towards the ground
states 7, (3_; BR;; = 1), the number of BR;; parameters to be fitted is reduced from nine to four.
The simulated spectrum in (Fig. S9), showing very good agreement with the experimental one,
was obtained with best-fit BR;; values. Nuclear spin splittings and transition branching ratios
for the 1»3Eu" isotope were determined from a natural abundance Eu®* complex (Fig. S10),
following the same analysis and least-square fitting method. Splittings of 55.7 MHz and 87.3
MHz for the ground state and 118.2 and 96.8 MHz for the excited state were obtained (Fig.
S10) and BR;; values given in inset in Fig. S10B. Despite the complex SHB structure shown
by this sample, the simulation shows excellent agreement with the experimental result.

The nuclear spin level ordering for the >'Eu®* isotope could be determined from asymme-
tries in the SHB spectrum [8]. The complexity of the SHB spectrum in the natural abundance
complex prevents this fine analysis, but we can safely assume that the level ordering is the
same in the 3Bu3* case than in the *'Eu®" since the hyperfine structure is determined by the
quadrupole interaction (see below).

Finally, we calculated spin Hamiltonian parameters for the Dy and “F; levels in the Eu®*
complex. The nuclear spin structure of Eu** at zero magnetic field is described by the quadrupole

Hamiltonian (Hg) [10]:

Ho = P(IZ) = I(I +1)/3) + (n/3)(I3 — I;)] 3)

with P representing the quadrupole coupling constant, and 7 the electric field gradient asym-
metry parameter. x’y’z’ refer here to the principal axes of the electric field gradient tensor.
We used the nuclear spin splittings derived from SHB to calculate P and 7 for the "F, and

°Dy ground and excited states, for **'Eu3* and **Eu3* isotopes (Table S3). We note that the
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Figure S9: Nuclear spin structure and transition branching ratios for >'Eu3*. Experi-
mental and best-fit simulations of the SHB spectrum for the ***Eu?* complex. Inset: transition
branching ratio values (BR;;) for *'Eu**.

’ Level \ P \ n ‘
IEwt ground | 8.84 | 0.47
I51Eu3* excited | -12.6 | 0.77
133Bu3t ground | 22.73 | 0.48
I33Eu3t excited | -32.2 | 0.77

Table S3: Calculated ground-state and excited-state quadrupole Hamiltonian parameters, P
and 7, for 'Eu* and '%*Eu®* isotopes in the Eu®" complex.

P53/ P51 ratio is equals to 2.57 and 2.56 for the ground and excited states, respectively, compa-
rable to the ratio of the bare quadrupolar coupling constants (Py53/P;51=2.55 [9]. This confirms
the almost pure quadrupolar nature of the zero field nuclear spin splittings in the Eu®>™ complex.

Figure S11 shows the experimental SHB spectrum resulting from > 95% nuclear spin pop-
ulation initialisation to the | £ 1/2, > level. This spectrum was obtained by optical pumping
at frequencies v; = -34 and v» = 0, with 15-7; matching the nuclear spin transition frequency

between the | £+ 3/2, > and | = 5/2, > levels. A simulated SHB spectrum is also displayed in
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Figure S10: Nuclear spin structure and transition branching ratios for **Eu’*. Exper-
imental and best-fit simulations for the natural abundance Eu* complex. A: SHB spectrum
centered on the central hole. B: SHB spectrum showing structures in the 0 to 200 MHz fre-
quency detuning region. For detunings > 100 MHz, all observed holes and antiholes are due
to the 1*Eu®" isotope. C: Energy level scheme for 1**Eu®" in the complex. Inset: Transition
branching ratio values (BR;;) for **Eu®*.
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Figure S11: Nuclear spin population transfer to a single level by optical pumping. All-
optical spin initialisation to the lowest ground-state nuclear spin level (£1/2,) for an ion en-
semble of 3 MHz spectral width in the isotopically enriched Eu®*" complex. The experimental
spectrum shows good agreement with the simulation for 21.5 MHz and 34 MHz energy split-
tings in the ground state.

the figure, showing good agreement with the experimental one.

4 AFC and controlled interactions experiments

The AFC protocol is based on a spectral structure of periodic absorbing teeth characterized by
a width v and a separation A. An input pulse in resonance with the AFC structure will create
superposition states for ions in the teeth, which will rephase and create echoes or output pulses
at times t, = k/A (k = 1, .., N). This protocol enables very low output noise in the form of
spontaneous fluorescence as excited state population is kept very low between input and output
pulses. It is moreover well adapted to time or frequency multiplexed memories, which is a very
important asset in the context of long distance quantum communications.

The full AFC preparation and storage sequence is displayed in Fig. S12A. We first increased
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Figure S12: Atomic frequency comb storage sequence and Eu’"-Eu®" interaction control
sequence. A: The AFC sequence is divided in three steps. First, we create a 9 MHz width
spectral pit at frequency 30 MHz, which creates an increased absorption region at 0 MHz de-
tuning. Secondly, a periodic spectral structure is created by SHB in the increased absorption
region (AFC). Finally, a weak storage pulse is sent overlapping the AFC, and giving rise to echo
emission at delay 1/A. B: Eu3"-Eu®* interaction control sequence. A frequency detuned pulse
at -20 MHz (control pulse) is applied between the 7 pulse and the echo in a 2-pulse echo se-
quence. This results in reduced echo emission due to increased I';, by electric dipole interaction
between control and target Eu*ions.
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Figure S13: Spectral tailoring prior to AFC storage. A: Spectral pit of 9 MHz digged in the
absorption profile at 30 MHz to create a high absorption region at 0 MHz. B: Atomic frequency
comb (AFC) with teeth of 0.9 MHz separated by 1.75 MHz (F'=1.9). The FFT of the storage
pulse is presented over the AFC (blue line), showing good overlap. The input pulse intensity
was estimated by sending it through the spectral pit in (A), taking advantage of the pit’s almost
full transparency. A correction was made to account for residual absorption.

population in a spectral region of about 9 MHz by burning a corresponding broad hole (spectral
pit) about 30 MHz away (Fig. S13A). In a second step, population was burned away at regularly
spaced frequencies in the high absorbing region. After optimization of the whole sequence, we
succeeded in creating an AFC spanning 6 MHz range with teeth width of 0.9 MHz and 1.75
MHz separation (Fig. S13B). This experiment was performed 4.3 GHz away from the transition
peak at 580.370 nm (Fig. S6) to reduce absorption and facilitate optical pumping. The input
pulse intensity for the AFC efficiency estimation was measured through the spectral pit and
corrected from remaining residual absorption (Fig. S13A).

The AFC storage efficiency in forward mode is given by:
Narc = (aL/F)? exp(—aL/F)exp(—7/F?) 4)
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Figure S14: Theoretical efficiency analysis. AFC efficiency as a function of aL/F. Inset: AFC
efficiency as a function of al./F showing the maximum achievable efficiency (~7.5%) with an
AFC Finesse of 1.9.

where F' is the AFC Finesse defined as the teeth width () over teeth separation A. The
theoretical efficiency curve as a function of aL/F is given in Fig. S14. From the intensity ratio
between the input pulse and the transmitted pulse through the AFC and effective absorption
aLL/F of 0.4 is obtained, corresponding to a theoretical AFC efficiency of 1.4% in quite good
agreement with the experimental efficiency of 0.86%. The mismatch between theory and ex-
periment could be explained by residual absorption of the storage pulse by ions which do not
take part in the AFC (as for instance ions sitting on the sides of the comb region).

Controlled interactions experiments are based on Eu®* permanent electric dipole moments.
The frequency shift of a target ion transition when a nearby control ion is excited is given by
[11]:

- A:ugff
Af(r) = WQ (5)

where r is the distance between the control and target ions, A the effective dipole moment

difference between ground and excited states, ¢, and ¢, the vacuum permittivity and material
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dielectric constant, and © a geometric factor depending on the dipole moments and inter-ion
vector relative orientations. Taking into account the random spatial distribution of control and
target ions, the line broadening of target ions induced by exciting control ions is approximated
as [12]:

A 2
L. = (2/3)n% -2 pop, (©6)
hdmeeg

where p, is the control ion density and p the fraction of excited control ions. Note that the
expression given in the main text for the target ion echo amplitude decay as a function of the
evolution time %, takes into account that excited control ions do not decay during the echo
sequence, i.e. T7 >> teyol-

The excitation induced frequency shift is also present in the 2 pulse PE experiment as the
rephasing pulse exchanges ground and excited state populations, an effect known as instanta-
neous spectral diffusion (ISD) [13]. The experimental value I'. = 14.5 kHz gives an upper
bound to the ISD contribution as ions in the PE sequence are already excited by the first pulse.

At the smallest distance between Eu3* ions in the molecular crystal, 7o = 0.9886 nm, we
estimate a maximal frequency shift of Af(ry) = 85.6 MHz, extrapolated from Apg = 50
kHz/(V/cm) in Eu":Y,03 and €y 03 = 15 [14] and assuming a refractive index n = 1.5 for the
molecular crystal and thus € = n? = 2.25 [15]. From the experimental value I', = 14.5 kHz,
we then deduce p = 8.2 x 107% or 8 x 10" ions/cm?, a value consistent with typical photon
echo experiments (13). The estimation of A f(ry) also gives the number of target ions around
a control ion for which the frequency shift is larger than the homogeneous linewidth. With
I';, = 30 kHz, this corresponds to a sphere of radius 13.7 nm containing about 10000 target

101nS.
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