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Scalable implementation of quantum networks and photonic processors
demands integrated photonic memories with high efficiency, yet current
integrated systems have been limited to storage efficiencies below 27.8%.
Here we demonstrate highly efficient integrated quantum memories

based onrare-earth-ion-doped crystals coupled with impedance-matched
microcavities, realized in two novel architectures: 200-pm-thin
membranes of Eu*":Y,SiO; integrated with fibre-based microcavities

and waveguide-based cavities fabricated using femtosecond lasers. Our
approachachievesreliable integrated quantum storage with record
efficiencies 0f 80.3(7)% for weak coherent pulses and 69.8(1.6)% for
telecom-heralded single photons, alongside the storage of 20 temporal
modes with an average efficiency of 51.3(2)%. Moreover, the thin-membrane
Eu*":Y,SiO,architecture enables spectrally tunable efficient quantum
storage viavariable strain, providing a flexible interface for quantum
networks. By combining high efficiency, large multimode capacity and
tunability, our devices establish a versatile hardware foundation for scalable
quantum repeaters and chip-scale photonic processors.

Optical quantum memory, capable of storing and retrieving quantum
states of light, is afoundational technology for long-distance quantum
networks' and for photonic information processing* . Storage effi-
ciencyisakey figure of merit"’ because higher efficiency canboost the
rate of entanglement distribution in quantum repeaters' and improves
the success probabilities of multiphoton generation and quantum
gate operationsin optical quantum computing* . A pivotal efficiency
threshold is 50%, which is the necessary condition to operate in the
no-cloning regime without postselection®and for implementing error
correction protocols in one-way quantum computation’.

Quantum storage of light leverages collective enhancement
in atomic ensembles, whether gaseous or solid-state’®™, or strong

coupling of single atoms with optical cavities'®". So far, the highest
reported quantum storage efficiency has reached 90.6% in cold
atomic gases using the electromagnetically induced transparency
scheme™'®, 82% in warm atomic vapours via Raman memory" and
69% in rare-earth-ion (REI)-doped solids employing the gradient
echo memory scheme, all operating on microsecond timescales.
However, these approaches require physically large medium
(-107-10* mm?®) and are limited to single temporal modes because
the underlying memory protocols suffer from inherently low mul-
timode capacity®’. Integrated quantum memories for light have
been demonstrated in REI-doped solids™* %, successfully reducing
the medium size by several orders of magnitude (Fig. 5), but the

'Laboratory of Quantum Information, University of Science and Technology of China, Hefei, China. 2Anhui Province Key Laboratory of Quantum
Network, University of Science and Technology of China, Hefei, China. *CAS Center For Excellence in Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei, China. “Hefei National Laboratory, University of Science and Technology of China, Hefei, China.

*These authors contributed equally: Ruo-Ran Meng, Pei-Xi Liu, Xiao Liu, Tian-Xiang Zhu, Peng-Jun Liang, Chao Zhang.

zq_zhou@ustc.edu.cn; cfli@ustc.edu.cn

e-mail: cattom@ustc.edu.cn;

Nature Photonics


http://www.nature.com/naturephotonics
https://doi.org/10.1038/s41566-026-01845-y
http://orcid.org/0009-0002-5853-0541
http://orcid.org/0000-0002-3264-7939
http://orcid.org/0000-0001-7774-1622
http://orcid.org/0000-0002-5785-4248
http://orcid.org/0000-0002-0273-2470
http://orcid.org/0000-0001-6357-0084
http://orcid.org/0000-0001-6815-8929
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-026-01845-y&domain=pdf
mailto:cattom@ustc.edu.cn
mailto:zq_zhou@ustc.edu.cn
mailto:cfli@ustc.edu.cn

Article

https://doi.org/10.1038/s41566-026-01845-y

On-chip coplanar
electrode \

BIEU:Y,Si0,
WGC

R,=0.995

Fig.1| The devices for efficient integrated quantum memories based on REI
doped crystals. a, Efficient quantum memories based on the WGC fabricated on
BIEY3*Y,Si0; crystals. Laser-written optical waveguides are coated with reflective
layers at both ends to form optical cavities. On-chip coplanar electrodes deliver
electrical pulses, enabling active control over the readout times of stored
photons. Input and readout photons are separated by a polarizing beam splitter
(PBS) depending on their different polarization states, with multiplexing
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achieved in the time domain. b, Efficient quantum memories based on the FBC.
This cavity consists of a fibre concave mirror and a200-pum-thin membrane
BIEY3":Y,Si0; crystals with reflective coatings onits outer surface. The membrane
isbonded to asapphire substrate with a hole. The concave fibre mirror fixed on
the stacked shearing piezoelectric transducer (SS-PZT) maintains a distance of
approximately 100 pm from the membrane surface. The input and output signal
photons are also separated using a PBS.

highest storage efficiency achieved so far remains limited to 27.8%*,
presenting a substantial hurdle for their practical deployment in
quantum networks.

In this work, we introduce highly efficient integrated quan-
tum memories based on 'Eu":Y,SiO; crystals coupled with
impedance-matched optical cavities. Two novel microcavity con-
figurations are utilized for the quantum storage of light: the wave-
guide cavity (WGC) and the fibre-based microcavity (FBC), as shown
in Fig. 1. The WGC is constructed by applying reflective coatings to
the end surfaces of an on-chip laser-written optical waveguide, incor-
porating coplanar electrodes for on-demand retrieval via electric
pulse control®. This configuration achieves a storage efficiency of
80.3(7)% for single-photon-level weak coherent inputs, the highest
efficiency reported for photonicstorageinsolid-state systems. The FBC
employed hundred-micron™'Eu®"Y,SiO;membranesintegratedintoa
FBC, achieving astorage efficiency of 69.8(1.6)% for telecom-heralded
single photons. It successfully stores 20 temporal modes with an aver-
age efficiency exceeding 50%. In addition, by applying strain to the
membranes, the optical absorption centre is tuned over a 10 GHz
range, enabling efficient quantum storage with adjustable centre
frequencies. Although microcavities have previously been exploited
toaddress individual REIs in the Purcell regime® 2%, our FBC operates
in a distinct regime that harnesses the collective coupling of a REI
ensemble with light.

Results

Theoretical description

Efficient storage of light intuitively demands a medium with strong
optical absorption. However, the coherent intra-4foptical transitions
of REl are generally weak due to the parity-forbidden nature of the
electric dipole transition. This challenge is particularly prominent for
the ’F, - °D, optical transition of the Eu**:Y,SiO; crystal, a promising
candidate for long-lived quantum memory that has enabled coherent
light storage for 1 h (refs. 29,30). Preliminary approaches have been
explored to achieve efficient integrated quantum memories, such as
increasing theinteractionlength with long bent or spiral on-chip wave-
guides or integrating quantum memories with photon sourcesin a
single cavity’'; however, these approaches have yet to reach high effi-
ciency and remain technologically demanding. A broadly applicable
solution to address the weak absorption issue is to introduce an
impedance-matched optical cavity, which enables near-unity storage
efficiency evenwith optically thinmedium®*. Theimpedance-matched
conditionisgivenby R; = e~2?andR,=1, where R,and R, are the reflec-

tivities of the coupling and second mirrors, respectively, and d is the
effective absorption depth averaged over the input bandwidth. Under

this condition, assuming € < d < 1, the storage efficiency of a
cavity-enhanced quantum memory simplifies to**>*

_ v X ’Zdeph
4
(1+32)

where ¢ is the optical depth of round-trip intracavity loss, n,, is the
mode-matchingefficiency between theinputlight and the cavity mode
and nyepn accounts for the remaining atomic dephasing. Achieving
efficiencies close to 100% requires fy, Nyepn ~1and e/4d < 1.

Thisimpedance-matched cavity approach has beenimplemented
with bulk REI-doped crystals using the atomic frequency comb (AFC)
protocol®* ¥, whose absorption profile consists of a series of periodic
peaks. To date, however, the efficiencies achieved remain below that
of single-pass long-crystal configurations'. Here, we present two
compact cavity designs that simultaneously deliver highnp,andlowe,
enabling efficient integrated quantum storage. For cavity-enhanced
AFC memories, achieving n4.,, = 1 requires a high finesse of the AFC
structure(Fc), which places stringent demands on the peak absorption
depthd, as Fapc ~ d/d (ref.36). However, creating an AFC with strong
absorptionofteninduces aslow-light effect®*®, which limits the achiev-
able bandwidth and hinders temporal multimode storage. To solve this
dilemma, we employ an absorption-enhanced spectral hole-burning
technique to prepare AFC withenhanced absorption embedded within
a transparency pit, so that the fast-light dispersion caused by the
enhanced AFC could counteract the slow-light dispersion caused by
the spectral pit (see Supplementary Section 8 for details). This
approachenablesthe preparation of high-finesse AFC while suppress-
ing slow-light effects, thereby preserving a relatively large system
bandwidth and facilitating efficient storage of multiple
temporal modes.

@

Memory performance

Gaussian-shaped weak coherent pulses with a full width at half maxi-
mum (FWHM) of 0.45 ps and 0.19 ps are used for the WGC and FBC,
respectively, with average photon numbers per pulse (u) of 0.35 and
0.70.AsshowninFigs.2aand 3a, single pulses are stored and retrieved
for1ps for the WGC and 2 ps for the FBC, achieving efficiencies of
80.3(7)%and 75.2(5)%, respectively. Although FBC exhibits alower e/4d
than WGC, the WGC achieves a higher storage efficiency due to its
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Fig. 2| Efficient and multiplexed single-photon-level storage in the WGC.

a, Normalized photon-counting histograms for the first AFC echo. The red solid
line represents the first AFC echo, compared with the reference input signal
(black solid line with hollow squares) at an average photon number per pulse
H=0.35. Noise measurements with zero input are shown as ablue dot-dashed
line. The storage efficiency of the first AFC echo is 80.3(7)%, while the simulation
(greendashed line) predicts a slightly higher efficiency of 80.9%. b, Photon-
counting histograms of higher-order AFC echoes with i =0.35. Inset: the
on-demand storage sequence over time (¢), where two electric pulses actively
control the readout times through Stark-shiftinduced interference. The fitted
efficiency decay (pink solid line) yields an AFC finesse of F,¢c 0f 11.9(1), consistent

with the expected value for theimpedance-matched condition. ¢, On-demand
storage of time-bin qubits. Three input states |e), |/}, and |e) + |/ are presented in
the histogram. The average photon number per qubit 1, =0.35, with an average
storage efficiency of 62.0(6)%. Inset: interference measurements on the
superpositionstate |e) + |[), with constructive (brown solid line with hollow
squares) and destructive interference (cyan solid line with hollow triangles).

d, Storage of eight temporal modes with an average efficiency of 52.9(2)%.

The FWHM of the temporal modes is set as 0.23 ps with each mode containing
1 =0.17.Inset: the interference between the retrieved multimode echoes and
reference pulses with two initial phases differing by i, yielding an average
visibility of 0.94(4).

higher ny and 14¢,n, as summarized in Table 1. The quantum storage
efficiency of WGC surpasses both the highest quantum storage effi-
ciency (69%)" and the highest light storage efficiency (76%)* achieved
in any solid-state medium. The theoretical efficiency of the WGC is
estimated to be 81.5% according to equation (1), and the simulated
efficiency based on measured cavity parametersis 80.9% (Fig. 2a). Both
numbers align well with our experimental results. Details about the
simulation of the storage process are provided in the Supplementary
Section 8.Reducing efrom 0.029t0 0.01inthe WGC could enable stor-
age efficiency of above 90%.

We demonstrate on-demand retrieval of input photonsin the WGC
using Stark-shift-induced interference for active control of readout
times®**°. After the absorption of input photons, two electric pulses
(FWHM of 48 ns, voltage of +7.7 V) are applied to read out the photons
inanarbitrary order of AFC echoes. Figure 2b shows the first to seventh
AFC echoes with y = 0.35, where efficiency decay follows a Gaussian
profile, yielding a fitted F,rc of 11.9(1), consistent with the expected
value for the impedance-matched condition.

To benchmark the quantum storage fidelity, time-bin qubits are
encoded onto input photons. Photon-counting histogram for qubit
states |e), |) and |e)+|l) are shown in Figs. 2c and 3b, where |e) and |/)
represent the early and the late qubit states, respectively. The fidelities
ofthesuperpositionstates (le) + |/)and |e) + i |I)) are analysed using an

independent AFC-based analyser for the FBC*” and a double-AFC struc-
ture for the WGC?* (see Supplementary Section 7 for details). The
measured fidelities, summarized in Supplementary Table 3, reveal a
minimum total fidelity of 99.0(1)%, which indicates a strong violation
of the fidelity bound that can be achieved with the classical
measure-and-prepare strategy'®?, confirming that the memories are
unambiguously operating in the quantum regime. We note that the
large bandwidth achieved in the FBC ensures that the storage efficiency
for time-bin qubits (74.6(6)%) closely matches that for single
pulses (75.2(5)%).

In the FBC configuration, we extend the storage time to 10 ps
and demonstrate the storage of 20 temporal modes with an average
storage efficiency of 51.3(2)% (Fig. 3¢c). For the WGC, eight temporal
modes are stored with an average storage efficiency of 52.9(2)% over
a storage time of 3.8 ps (Fig. 2d). The reduced temporal multimode
capacity of the WGC is attributed to a narrower storage bandwidth
and ashorter two-level AFC lifetime. The former is constrained by the
cavity linewidth due to a stronger slow-light effect, whereas the lat-
ter is limited by a shorter optical coherence lifetime (measured with
two-pulse photon echoes), most likelyinduced by stronger vibrations
inthe WGC cryostat.

To confirm coherence preservation in the retrieved multimode
echoes, we measure the interference fringes between retrieved echoes
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Fig. 3| Efficient and spectrally tunable quantum storage using 'Eu®":Y,SiO;
membranes coupled into the FBC. a, Photon-counting histograms of storage for
weak coherent pulses with z1=0.35, with an efficiency of 75.2(5)% at 2 pus, while the
simulation (green dashed line) predicts aslightly higher efficiency of 78.4%.
Inset: efficiency decay fitted with an exponential decay function exp(—4t/7§fch).
yielding an effective AFC lifetime TfFfC = 87.6(2.4) us.b, Storage of time-bin
qubits with an average photon number per qubit i, = 0.7. Inset: the interference

measurements for the superposition state |e) + |{). ¢, Quantum storage of 20
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temporal modes with average efficiency of 51.3(2)% at = 0.7. Inset: the
interference between retrieved multimode echoes and reference pulses, yielding
anaverage visibility of 0.94(1). d, Photoluminescence excitation spectra of
BIEY3*:Y,Si0; membranes under variable strain. Lorentz fits reveal fluorescence
centres at 516.8479 THz (black), 516.8479 THz (purple), 516.8521 THz (blue),
516.8532 THz (red) and 516.8593 THz (green). Quantum storage efficiencies
achieved at the latter three frequencies are 62.1(6)%, 75.2(5)% and 61.6(4)%,
respectively.

Table 1| The device parameters for FBC and WGC

System  ny Farc  Naeph e/4d A+e 4agﬁﬁe¢ Nexp
FBC 95% 8 896% 140 906% T1%  75.2(5)%
WGC 985% 12 952%  1/28 86.9%  81.5% 80.3(7)%

Nmeo theoretical storage efficiency derived from equation (1); Nexpr the experimentally
measured storage efficiency.

andreference pulses (see Supplementary Section 7 for details). Given
the multiple temporal modes, we observe a complete sine oscillation
fringe by linearly varying the phase of allinput modes while maintaining
the reference pulse phase constant (Figs. 2d and 3¢, inset). The meas-
ured interference visibilities of 0.94(4) for the WGC and 0.94(1) for the
FBC confirmreliable quantum storage of multiple temporal modes.
Inthe FBC configuration, the membrane flat mirror is bonded to
asapphire substrate with a central hole using epoxy resin adhesive.
This bonding process introduces variable strain to the membrane as
the adhesive solidifies and cools, shifting the optical absorption centre
frequency of ®'Eu® ions via the piezospectroscopic effect*. As shown
inFig.3d, we measure the photoluminescence spectra of membranes.
For the aforementioned 200 pm membrane with a storage efficiency of
75.2(5)%, the absorption centre frequency is observed at 516.8532 THz.

Atadifferent location on the same membrane, the absorption centre
frequency shifts to 516.8521 THz, where a quantum storage efficiency
of 62.1(6)% is measured for weak coherent pulses. Furthermore, a
thinner membrane with a thickness of 70 pm shows an absorption
centre frequency of 516.8593 THz, with ameasured storage efficiency
of 61.6(4)%. These variations in efficiency are attributed to increased
intracavity loss, probably caused by dust on the fibre concave mirror
during membrane switching. Notably, membranes attached to fused
quartz substrates viavan der Waals forces exhibit an absorption centre
frequency of 516.8479 THz, nearly identical to that of bulk crystals
withoutadditional strain. An optical frequency shift of 10 GHzimplies
a pressure of ~47 MPa in Eu*":Y,SiO;s crystals*. This notable pressure
probably originates from shear strain generated in the thinmembranes.
Although straininbulk crystals typically induces both frequency shifts
and additional broadening®, strain in hundred-micron membranes
can cause substantial optical frequency shifts (-10 GHz) with neg-
ligible broadening, thus preserving the original absorption depth
for efficient quantum storage. This property enables the realization
of spectrally tunable and efficient quantum memories, which could
facilitate wideband spectral multiplexing*** within a single device
through controlled strain, and flexible interfacing with quantum light
sources based on free atoms, where achieving large spectral tuning on
the atomic side poses substantial challenges.
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Fig. 4| Efficient storage of telecom-heralded single photonsin the FBC.
a,A421-nmlaser pumps a nonlinear crystal, generating photon pairs at 1,537 and
580 nm via cavity-enhanced spontaneous parametric down-conversion (cSPDC).
Photon pairs are separated by a dichroic mirror (DM). The 1,537-nm telecom-band
photons are detected by a superconducting nanowire single-photon detector
(SNSPD), providing heralding signals. The 580-nm signal photons are spectrally
filtered using an optically pumped filter crystal, resulting in abandwidth of

4 MHz. After storage in the FBC quantum memory, the readout photons are

=== |nput photons

500 -

== Readout photons

400

300

200

Coincidence counts per 125 s

100

I 1
0 0.5 1.0 1.5 2.0 2.5

Time (us)

extracted by an optical circulator and detected by a silicon-based single-photon
detector (Si-SPD). Coincidence measurements of the photon pairs are performed
using a time-correlated single-photon-counting (TCSPC) module. b, Photon-
counting histograms for storage of heralded single photons. The measured
storage efficiency is 69.8(1.6)% at 2 pus with a cross-correlation of 16.4(2) withina
123-ns window, confirming non-classical correlations between retrieved photons
and telecom heralding photons.

Storage of single photons

All previous demonstrations of efficient solid-state quantum
memories'?” are implemented with attenuated laser pulses rather
than true quantum light, despite the latter being essential for prac-
tical quantum network applications such as quantum repeaters"*>*
or photonic quantum computing*°. So far, the maximum storage
efficiency for single photons in solids has been limited to 18%>***,
far below the requirements for practical applications. Here, we dem-
onstrate the efficient storage of single photons with the heralding
photon at the telecom C-band* using the setup illustrated in Fig. 4a.
Heralded single-photon generation is achieved via cavity-enhanced
non-degenerate spontaneous parametric down-conversioninaperiodi-
cally poled potassium titanyl phosphate crystal pumped by a421-nm
laser. The poled potassium titanyl phosphate crystal is housed in a
symmetric confocal cavity supporting multiwavelength resonance,
producing photon pairs at 580 and 1,537 nm. After spectral filtering
withinterference filters, cascaded etalons and afilter crystal based on
anoptically pumped 1%-doped Eu*:Y,SiO, crystal, the finalbandwidth
of the 580-nm photons is limited to 4 MHz. These telecom-heralded
580-nmsingle photons are stored inthe FBC-based quantum memory.
We measure astorage efficiency of 69.8% +1.6% at 2 ps (Fig. 4b), setting
anewrecord for the storage efficiency of true single photons in solids,
which also significantly outperforms the corresponding efficiency
(-33%) of afibre delay line at the same wavelength. The slight efficiency
drop relative to weak coherent inputs arises from the spectrally fil-
tered single-photon wave-packet departing from an ideal Gaussian
profile. The second-order cross-correlations between 1,537-nm pho-
tonsand readout 580-nm photons are measured to be 16.4(2) withina
123-ns window, far exceeding the classical threshold of 2, confirming
the non-classical nature of the retrieved signal**. With a single-mode
duration of 0.5 ps for the heralded single photons, the FBC success-
fully stored four temporal modes of heralded single photons. Given
the C-band heralding photons, this system provides adirectinterface
for long-distance quantum networks"**.

Discussion
We have demonstrated integrated quantum memories for light based
on both the WGC and the FBC. We achieve multiplexed quantum
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Fig. 5| Performance overview of quantum memories for light. The horizontal
axis represents the inverse of effective volume which corresponds to the number
of potential memory units per volume of cubic millimetres. The surveyed
physical systemsinclude cold atomic gases'*>**>, warm atomic vapours'>'>**,
REI-doped solids'*?">*37555¢ optical phonons in diamond™*” and single atoms in
cavities”, with a focus on those that have demonstrated efficient or small-volume
quantum storage. For each experimental work plotted, the reported efficiency
corresponds to the maximum measured storage efficiency. The effective volume
Vofaquantum memory is determined by multiplying the transverse mode area
of the optical field with the effective device length (the medium length or the
cavity length). The effective number of stored modes (Ny,) is calculated as the
product of the number of modes and the corresponding storage efficiency,

with the colour depth of each data point representing this value.

storage with an efficiency up to 80.3(7)% for weak coherent pulses
and 69.8(1.6)% for telecom-heralded single photons. Figure 5 shows
an overview of efficient and compact quantum memories imple-
mented across various physical systems. To facilitate a fair compari-
son of multiplexing capabilities across systems with different storage
times, we introduce the effective number of stored modes (V,,), defined
as the product of the number of modes and the storage efficiency.
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Using this metric, the FBC and the WGC achieve N, values 0f10.26 and
4.23, respectively. Our work represents the first demonstration of mul-
timode quantum storage with an efficiency surpassing the no-cloning
limit of 50% while achieving a device volume as small as 4 x 10~ mm?,
areduction of more than three orders of magnitude compared with
other efficient quantum memories.

The FBC and the WGC offer complementary strengthsinapplica-
tions. The FBC architecture supports spectrally tunable and efficient
quantum storage through variable strain applied to thin membranes,
facilitating wideband spectral multiplexing and flexible interfacing
with quantum light sources. This tunable quantum memory comple-
ments single-atom-based tunable quantum light sources***, forming
an efficient interface that could dramatically boost the data rate of
multiplexed quantum repeaters®*. Meanwhile, WGCs offer the poten-
tial for high-density integration viaa three-dimensional femtosecond
laser micromachining, enabling spatial multiplexing.

Extending the FBC to long-lived spin-wave storage is straightfor-
ward: the planar mirror coating can be engineered for high reflectance
atnormalincidence butlowreflectance atlarge angles, allowing control
pulses to be injected non-collinearly with respect to the signal***’, For
the WGC, spin-wave operation can be realized by dual-resonance of two
orthogonal polarizations and subsequent polarization-based filtering
of the control pulse®. The WGC facilitates easy operation at the ‘magic’
magnetic field, which demands precise tuning of the entire memory
device”*°. Moreover, fibre pig-tailing and packaging are essential to
enhance the practicality of integrated quantum memories. We have
previously demonstrated waveguide-based quantum memories with
fibre pig-tailing®. Extending this capability to WGCs and FBCs intro-
duces additional challenges, with efficient mode matching as a key
issue that can potentially be addressed using thermally expanded core
fibres or graded-index lenses.

Our results overcome the efficiency barriers of integrated quan-
tum memories and highlight their unique advantages in high-density
multiplexing and flexible spectral tunability, clearing the way for
their widespread application in large-scale quantum networks and
photonic processors.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-026-01845-y.
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Methods

WGC configuration

Inthe WGC configuration (Fig.1a), the substrateiis a™>'Eu®":Y,SiO; crystal
(dopinglevel of 700 ppm) with dimensions 5.0 x4.0 x4.9 mm?>along the
crystal’s D, x D, x b axes. The D, x D, facets are polished to form a
12-arcsecond wedge and coated with reflective films, providing reflectivi-
tiesof R, = 65%and R, =99.5% at 580 nm, respectively. On-chip electrodes
fabricated along the b axis, with 380-pum spacing, enable on-demand
retrieval via electric pulse control®. Five type IV optical waveguides are
fabricated between each pair of electrodes using femtosecond laser
micromachining technology. The wedge ensures the cavity resonance
of atleast one waveguide within the absorption profile of *'Eu**. Coating
directly onbulk crystals to forma cavity® substantially reduces intracav-
ity losses compared with large open cavities® but introduces notable
spatial mode mismatching. By incorporating optical waveguides, we
successfully mitigated this mismatch in the WGC, achieving a
mode-matching efficiency of ,,=98.5%, a significantimprovement over
the 84% mode-matching efficiency reported in ref. 35. After systematic
optimization of the fabrication process, the optical waveguide finally
achieves ultralow propagationloss 0of 0.012 (0.1dB cm™) (Supplementary
Section 3), with an estimated e/4d = 1/28.

FBC configuration

Inthe FBC configuration (Fig. 1b), the ®'Eu**:Y,SiO; membrane, cut from
the same crystal boule, has a size of 5 x4 x 0.2 mm?along the D, x D, x
b axes. The concave fibre mirror is fabricated using CO, laser machin-
ing’, Tominimize intracavity losses, the outer surface of the membrane
isdirectly coated with reflective films, serving as the flat cavity mirror.
Reflectivities for the stored light at 580 nm are R, = 96.5% (membrane
mirror) and R,=99.9% (fibre mirror), with an estimated e/4d of 1/40.
Inputlightis coupled into the cavity viathe membrane flat mirror with
v =95(1)%. To mitigate cryostat vibration effects on cavity length,
passiveisolation using springs and active locking with shear piezoelec-
tric actuators are employed. The locked cavity has a length stability
below 50 pm, resulting in a storage efficiency loss of less than 0.2%
(see Supplementary Section 5 for details).

AFC configuration

Following the absorption-enhanced spectral hole-burning process, the
absorption depth d of Eu** ions in the target band is increased to ~2.6
for the WGC and 0.14 for the FBC. In the AFC preparation process, we
prepare AFC with a total bandwidth of 6 MHz, with comb periodicity
of 1MHz and 500 kHz for the WGC and FBC, respectively. To optimize
theimpedance-matched condition, the finesse of the AFCis adjusted,
yielding estimated values of 12 for the WGC and 8 for the FBC. Addi-
tional details of the spectral preparation process are provided in the
Supplementary Section 2.
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