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Initialization protocol for efficient quantum memories using resolved hyperfine structure
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We describe a quantum memory spectral preparation strategy that optimizes memory efficiency and bandwidth
in materials such as 167Er3+:Y2SiO5 in a high-field regime, where the hyperfine structure is resolved. We
demonstrate the method in 167Er3+:Y2SiO5 by preparing spectrally isolated 18-dB-absorbing features on a <1 dB
background. Using these features we create an atomic frequency comb and show a quantum storage of 200-ns
pulses with 22% efficiency, limited by the background absorption which arises from laser instability. We describe
the experimental improvements needed to reach the material limits: O(1)-s spin-state storage, O(100) MHz
bandwidth, and >90% efficiency.
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Quantum memories are an important component in most
applications of quantum information, including both large-
scale quantum computing and long-distance secure communi-
cation [1,2]. Such memories can be created using ensembles
of rare-earth ions doped into crystals. These systems have
shown high potential storage density [3–5], high potential
efficiency when enhanced with an optical cavity [6], and very
long potential storage times [7–9].

For quantum communication applications, Er3+:Y2SiO5

has attracted particular attention. The 4I15/2 → 4I13/2 transi-
tion of Er3+ lies within the low-loss telecom band at 1550 nm.
In Y2SiO5, a magnetic field of O(7 T) and a temperature
below 2 K freezes out the Er3+ spin flips that dominate de-
phasing, resulting in long lifetimes and coherence times on
the optical transition (∼10 ms lifetime and ∼4 ms coherence
time) [10] as well as on the I = 7/2 hyperfine transitions of
167Er

3+
, the only isotope with nuclear spin (10 min lifetime

and 1.3 s coherence time) [11]. These values are compara-
ble to Pr3+ and Eu3+, the non-Kramers ions typically used
to demonstrate high-performance quantum memories to date
[7,12,13], suggesting comparable or improved memory per-
formance is achievable in the telecom band using 167Er3+.

The key requirements for global-scale quantum repeater
applications of quantum memories are O(100) ms storage
times and efficiencies above 90% [1,14]. A high data rate
is also desired, implying a large memory bandwidth. These
requirements place restrictions on materials used for memo-
ries. Long storage times can be achieved using a spin-state
storage quantum memory protocol as long as the hyperfine
coherence time is long. Efficiency depends on the spin storage
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protocol used, but the base requirement is a high absorption
on the ions participating in the memory and low absorption
on any spectator (nonparticipating) ions. The bandwidth is
determined by the maximum width of a transmissive window
that can be created at the storage frequency, since spin-state
storage protocols all require resonant spectator ions (those not
participating in the memory) to be shifted to a nonresonant
state.

Therefore, the memory performance in 167Er3+:Y2SiO5 is
optimized by creating high-contrast spectral features well re-
solved from any spectator ions. Here, we show how to prepare
such features. We use the method to prepare an atomic fre-
quency comb (AFC) in the system and show the nonclassical
delay of coherent states. We did not demonstrate the final
step (spin-state storage) as an appropriate light source for the
shelving pulses was not available; instead, we describe this
step and other experimental modifications required to reach
the full system performance. We consider 167Er3+:Y2SiO5

here, but the method is applicable to other crystals with sim-
ilar resolved hyperfine structures and lifetimes, such as other
Kramers ions at high fields and low temperatures.

We consider 167Er3+:Y2SiO5 in a large field, where the
electron spin is frozen and the hyperfine lifetime and coher-
ence time are long. In particular, we use the experimental
regime of Ref. [11]: 1.5 K and a field of 7 T applied along
the D1 optical extinction axis. Figure 1(a) shows the thermal
equilibrium absorption spectrum (orange line) of the 4I15/2 →
4I13/2 transition of site 2 [10]. The spectrum consists of
three bands of peaks corresponding to optical transitions with
nuclear spin projection �mI = mI (g) − mI (e) = −1, 0,+1,
with transitions in each peak mostly ordered according to
mI (g).

The first step in the spectral preparation process is to spin
polarize the ensemble into one of these extreme hyperfine
states (mI (g) = + 7

2 [mI (g) = − 7
2 ]), by sweeping a laser over

the �mI = +1 (�mI = −1) band [black line in Fig. 1(a)].
The cross in this figure marks the extra absorption due to
I = 0 Er3+ isotope impurities, present at 8% in the sample
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FIG. 1. (a) Absorption spectrum of 0.005% 167Er3+:Y2SiO5

(92% 167Er3+ isotopic purity) before (orange) and after (black) spin
polarization, with the transitions labeled according to mI (g) and
grouped by �mI . Arrow: Location of AFC created. Cross: Location
of the 8% I = 0 impurity line. (b) Solid line: Spin-polarized spec-
trum from (a). Dashed line: Simulation of the absorption spectrum
of |− 7

2 〉
g
, with potential memory bandwidth and location (shaded

gray areas) and possible spin storage � systems indicated (see text).
Arrows and red dots indicate driven transitions for each � system.

studied, which cannot be affected by spectral preparation.
The next step is to transfer a spectral subensemble (memory
ions) back to the other extreme hyperfine state. Using the two
extreme states ensures maximal spectral separation of mem-
ory and bulk ions (all ions not participating in the memory),
maximizing the transmissive window the memory ions sit
in and therefore the memory bandwidth. The large detuning
between bulk and memory ion spins also suppresses cross-
relaxation and increases the memory spin lifetime, compared
to a nonpolarized ensemble. Of the extreme hyperfine states,
the |− 7

2 〉
g

level is better suited for the memory ions since the
oscillator strengths of the |�mI | > 0 transitions required for
spin-state storage increase with decreasing mI (g).

In Fig. 1(b) we have simulated the spectrum of the |− 7
2 〉

g
level to illustrate the possible locations and bandwidth of
the memory prepared using this level. We also show possi-
ble � systems suitable for spin-state storage. To maximize
the oscillator strengths and, thus, potential memory effi-
ciency, the choices of � systems are restricted to those
using �mI = 0,±1 transitions. Further, control pulses must
be applied on �mI = −1, because the memory bandwidth
is larger than the separation of adjacent optical transitions,
so control pulses on �mI = 0,+1 overlap with, and so will
excite, transitions from the |− 7

2 〉
g

state. There are, then,

two possible � systems: (1) |− 7
2 〉

g
→ |− 7

2 〉
e

(�mI = 0) for

optical storage and |− 5
2 〉

g
→ |− 7

2 〉
e

for spin-state storage;

and (2) |− 7
2 〉

g
→ |− 5

2 〉
e

(�mI = +1) for optical storage and

|− 3
2 〉

g
→ |− 5

2 〉
e

for spin-state storage. These options are illus-
trated in Fig. 1(b). Option (1) has a higher oscillator strength
on the optical storage transition, more suitable for a free-space
implementation such as that shown here. Option (2) has only
30% of the peak oscillator strength of option (1) but has a
much lower background absorption [6% of option (1)] since
the �mI = +1 transition is spectrally much further away from
the spin-polarized bulk as well as the absorption from Er3+

isotopic impurity (all I = 0). It may be suitable for the cavity
implementations, discussed at the end of this Letter, where
peak optical depth does not limit the memory efficiency. How-
ever, in the Letter we demonstrate option (1).

We spin polarize the bulk of the ions into |+ 7
2 〉

g
and se-

lectively antipolarize ions into |− 7
2 〉

g
. These memory ions,

addressed via their �mI = 0 transition, are used to demon-
strate quantum storage with the AFC protocol. The simple
extension to spin-state storage on the |− 5

2 〉
g

ground state could
be achieved using an optical π pulse at a detuning of 997 MHz
immediately after the pulse is applied.

The experimental setup is similar to previous work [11].
The sample is a 0.005% 167Er3+:Y2SiO5 crystal (isotopic pu-
rity of 91.77%), mounted in a helium bath cryostat containing
a superconducting magnet to supply a field of 7 T vertically.
Optical access to the sample is provided by a single window
on the bottom of the cryostat. The crystal is mounted with the
D1 axis vertical and the D1 face against a mirror, such that the
laser beam double-passes the crystal. Two laser sources are
combined in-fiber for the input beam: for spin polarization,
a broadly scannable Pure Photonics PPLC300 laser, and for
spectral preparation and pulse storage, a Thorlabs FPL1009S
external-cavity diode laser locked to a home-built fiber ref-
erence cavity to a submillisecond linewidth of 20 kHz, but
is sensitive to acoustic noise on longer timescales (discussed
below). The stabilized laser is amplitude-modulated with
an electro-optic modulator, with the upper sideband driving
the �mI = −1, 0 bands. The (suppressed) carrier is located
−1.5 GHz from the center of the �mI = 0 transition, so both
the carrier and low-frequency sideband experience minimal
absorption. The output beam is spatially separated from the
input beam below the cryostat and collected in a balanced
heterodyne detection system, for which the local oscillator is
derived from the stabilized laser.

The entire ensemble was spin polarized into the |+ 7
2 〉

g
level

by sweeping over the �mI = +1 band for 10 s at a rate of
25 Hz with 3 mW of power and a beam waist of 40 ± 1 μm.
This pumped 95% of the ions into the |+ 7

2 〉
g

level and raised
the peak optical depth from 4 to 25 dB. Next, a spectrally
narrow subgroup of ions was transferred to the |− 7

2 〉
g

level

by a series of short (100 μs) burns: first on the | 7
2 〉

g
→ | 3

2 〉
e

transition in the �mI = −2 band, and then successively on
the five transitions in the �mI = −1 band from | 3

2 〉
g
→ | 1

2 〉
e

to |− 5
2 〉

g
→ |− 7

2 〉
e
. This antipolarization sequence was re-

peated 250 times (150 ms total time). The first burn was on
a �mI = −2 transition rather than a �mI = −1 transition
to avoid population in the |+ 5

2 〉 level. This is because in
the �mI = −1 line the |+ 5

2 〉
g

overlaps with the tail of the
spin-pumped inhomogeneous line. As a result, burning on the
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FIG. 2. (a) Lifetime of the feature prepared in the |− 7
2 〉

g
hyper-

fine level with fit (orange) and the |− 5
2 〉

g
antihole. (b) Spectrum of

the feature. The population in |− 7
2 〉

g
causes the feature at 0 MHz and

residual |− 5
2 〉

g
population the feature at −4.5 MHz. The dashed line

shows a fit to the 0 MHz spectral feature.

�mI = −1 |− 5
2 〉 line would have the undesirable effect of

producing additional spectral structure.
The system was probed with a strong pulse before and after

the creation of the spectral feature to determine the absorp-
tion of the feature itself above any background absorption or
optical losses in the path. The background at the frequency
of the |− 7

2 〉
g

was separately measured to be 0.48 ± 0.06 dB
by saturating a narrow band of ions before the feature was
created and probing the resultant spectral hole. Using a model
of the spin-polarized optical spectrum [15], we estimate that
0.08 dB of this background arises from the tail of the I = 0
impurity line at this optical frequency, 0.3 dB from the tail of
the spin-polarized bulk line, and the remaining 0.1 dB from
imperfect spin polarization.

The resulting background-subtracted absorption of a
1 MHz spectral feature prepared in the |− 7

2 〉
g

level is shown

in Fig. 2(b). Residual population in the |− 5
2 〉

g
level is also

visible at −4.5 MHz. Earlier we said that the optical frequency
generally increases with mI (g); the |− 5

2 〉
g

and |− 7
2 〉

g
transi-

tions in the �mI = 0 band are one of the few exceptions to
this trend. These features can be described by the convolution
(dashed line) of the square excitation with a 0.4 MHz Gaus-
sian broadening function. This broadening is dominated by
low-frequency laser instability, although for short burn times
can be limited by the 130 kHz inhomogeneous broadening on
the hyperfine transitions [15].

The |− 7
2 〉

g
feature relaxes on the timescale of hundreds

of seconds, as shown by the orange line in Fig. 2(b). Some
of the ions decay via a single-phonon process as was sug-
gested by Rančić et al. [11], with the population in the |− 5

2 〉
g

level initially increasing as it is pumped by the |− 7
2 〉

g
. The

lifetime of the |− 7
2 〉

g
spectral feature is 188 ± 8 s [orange

line in Fig. 2(a)]. As expected, this exceeds the 60 s lifetime
previously measured for spectral holes burnt in a thermal

FIG. 3. (a) Spectrum of the Atomic Frequency Comb (AFC)
created in the |− 7

2 〉
g

level. Residual population in |− 5
2 〉

g
is visible

below −4 MHz. Blue dashed trace: Spectrum of the input pulse.
(b) Time trace of an AFC echo. Blue dashed line: Input pulse sent
through the ensemble before AFC creation. Orange line: The same
input pulse sent through the AFC.

equilibrium population [11], where cross-relaxation domi-
nated the lifetime. However, the lifetime is shorter than the
spin-lattice relaxation time of 600 s calculated in Ref. [11],
suggesting that hyperfine cross-relaxation is not completely
suppressed. These relaxation processes will be the subject of
a subsequent publication.

To demonstrate quantum storage, an AFC was created by
applying the above preparation process for five frequencies
separated by 1.5 MHz, with a preparation time of 150 ms.
The first antipolarization step used a 300-kHz chirped burn
but subsequent steps used 500 kHz to capture the broadened
components of each tooth as described above. This strategy
optimizes the optical depth of the AFC teeth, but does produce
tails on said teeth. A cleanup sequence (discussed below)
could be used to remove the broadened tails of the teeth and
the remaining |− 5

2 〉 ions.
The system was probed with strong 200-ns pulses before

and after the comb creation, giving the absorption spectrum
in Fig. 3(a). The peaks are well approximated by a Gaus-
sian function with a full width at half maximum (FWHM)
of 380 kHz. The peak absorption of 18 dB is close to the
maximum peak absorption (20 dB) possible on this optical
transition (see Fig. 1), which requires complete spin polar-
ization and perfect antipolarization. The remaining ∼2 dB
can be seen in the nearby |− 5

2 〉
g
. There is a background of

0.51 ± 0.05 dB only between the teeth and a slight asymmetry
in the tooth shape due to acoustic noise in the laser, mentioned
above. This noise arises from a 500 Hz mechanical reso-
nance in the external laser diode cavity, causing occasional
frequency jumps of up to hundreds of kilohertz.

Figure 3(b) shows the time-domain transmission of the
probe pulse. The echo at 660 ns [(1.5 MHz)−1] after the
input represents the fraction of the pulse stored by the AFC.
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FIG. 4. Quadrature values of the input pulse (a) and the echo
(b) relative to the phase of the local oscillator, for an average in-
put of 0.8 photons. Shaded band: Variance of the pulse amplitude.
(c) Variance added to the input pulse by the AFC. Shaded band: 95%
confidence interval.

Comparing the intensity of the input reference to the echo
gives an efficiency η = 22 ± 1%.

This efficiency can be compared to that expected for an
infinite comb with Gaussian teeth [16],

η = d2

F 2
exp

(
− d

F

)
exp

(
− 1

F 2

π2

4 ln 2

)
exp(−d0), (1)

where d = 18 ± 4 dB is the peak optical depth of the comb,
F = 3.94 is the finesse of the comb, defined as the comb spac-
ing divided by the FWHM tooth width, and d0 = 1 ± 0.2 dB
is the total background absorption. These values predict an
efficiency of 25%, with the difference likely attributed to
overfilling of our finite comb, and the slightly non-Gaussian
tooth shape.

To determine an upper bound for noise added by the
storage process, we delayed weak coherent pulses and com-
pared the noise of the retrieved pulses to vacuum noise. After
each storage event, the transmission of two large, frequency-
detuned reference pulses was used to correct for trigger jitter
and drifting interferometer phase [13]. Each time an AFC was
created, 104 storage events were recorded before the entire
preparation sequence was repeated. This was repeated ten
times for a total of 105 storage events. By comparing the signal
at the detector to shot noise, and accounting for additional
losses in the collection path (reflections from cryostat win-
dows, fiber coupling losses, and detector quantum efficiency
totaling 6.3 dB) we determine the mean photon number for
pulses reaching the crystal is 〈N〉 = 0.8. Figures 4(a) and
4(b) show the resulting noise measurements. An upper bound
for quadrature noise added due to storage is the difference
between the echo’s variance and that of an ideal coherent state
(i.e., vacuum noise), shown in Fig. 4(c). This indicates less
than 0.1 unit of vacuum noise is added by the storage with

over 95% confidence. This is within the classical boundary
for this efficiency level (2η) [13].

These results are an initial demonstration of the quantum
memory performance achievable with an optimized spectral
preparation strategy in 167Er3+:Y2SiO5. Because this system
can be spin polarized, we could create a comb with a near-
maximal optical depth on a relatively low background. The
22% efficiency we then observed is two orders of magnitude
higher than previous demonstrations of spectral hole-burning
quantum memories in Er materials with similar storage times
[16–19], with those demonstrations limited by poor spectral
hole burning of Er3+ in a low magnetic field, from short
lifetimes and coherence times.

Despite this large improvement in efficiency, our mem-
ory demonstration did not reach the material limits of
167Er3+:Y2SiO5 in the high-field regime. Here, we detail what
performance can be achieved in this material and the exper-
imental modifications required. Our quantitative predictions
are made for an AFC memory but the requirements for other
spectral hole-burning quantum memories, such as the gradient
echo memory, are very similar.

The first step to improve the efficiency is to reduce the 1 dB
background absorption. Most (0.9 dB) of this background
is due to 167Er ions and could be removed by a cleanup
sequence, the simplest version of which involves burning in
between the teeth after comb preparation. Given the long 188 s
lifetime of the |− 7

2 〉
g

level relative to the 10-ms excited state
lifetime, we would expect to be able to remove more than
99.9% of the 167Er ions, leaving only the I = 0 erbium ions
(0.08 dB). During this cleanup sequence we would also burn
away the remaining |− 5

2 〉
g

ions [Fig. 3(a)]. It is possible to

burn away ions in the |− 5
2 〉

g
level even if they overlap with

the |− 7
2 〉

g
in the �mI = 0 band by burning on another �mI

transition, such as the +1, since the ions would not overlap in
that band. Applying such a cleanup sequence would allow, in
principal, an increase of the efficiency to 30%.

Substantial further improvements in efficiency are then
possible using an impedance-matched optical cavity [20–22].
Then, the memory efficiency is limited only by the ratio d

d0
≈

225 of the peak to background absorption. We calculate, using
Eq. (5) from Ref. [22], that for an AFC finesse of 9, impedance
matching with a 100-MHz bandwidth can be achieved using a
27-cm cavity with a finesse of 11. For this setup the predicted
efficiency rises to 89%.

This efficiency is limited by the background absorption of
the 8% I = 0 isotope impurities. 96.3% purity 167Er is rou-
tinely available, giving a predicted efficiency of 93%. Other
� systems with higher d

d0
could also be used to increase the

efficiency, such as “option 2” in Fig. 1(b).
We now consider the bandwidth. We prepared a 6-MHz-

wide AFC, and increasing the bandwidth would simply
require creating more teeth. The only cost to doing so
(provided a more stable laser than we had available) is a
linear increase in preparation time, but even a 100-MHz
comb could be prepared in 2.5 s, much shorter than the
188 s population lifetime. A 100-MHz comb would have
a slightly lower average peak absorption of 16.5 dB and a
slightly higher average I = 0 background of 0.095 dB than
the comb prepared here, but >90% efficiency is still possible
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assuming 96.30% isotopic purity and an efficient cleanup
sequence.

The storage time of the memory can be extended with the
use of spin-state storage to the order of the coherence time of
the spin levels, 1.3 s [11]. In this case, the cleanup sequence
would need to be extended to clean both the |− 7

2 〉)g (memory
level) and the |− 5

2 〉
g

(spin-state storage level). Even when con-
sidering a memory with a 100 MHz bandwidth, the cleanup
sequence is still viable (although at these extreme bandwidths
the |− 3

2 〉
g

would also need to be cleaned). This is because the
preparation processes are limited by the relatively long excited
state lifetime (10 ms), rather than laser power. For instance,
with our Rabi frequency of 500 kHz, an entire 100 MHz
line can be excited in 400 us. Achieving spin-state storage
then requires optical π pulses applied during optical storage,
660 ns here. Our 500 kHz Rabi frequency was slightly too
low for spin shelving, but this could be readily increased by
amplifying the 200-μW laser or reducing the 40 μm spot size
on the crystal [23]. For example, a spot size of 10 μm is easily
achievable with different focusing optics, and an erbium-
doped fiber amplifier could be used to amplify the laser to

50 mW, increasing the Rabi frequency to O(100) MHz. Such
additions would allow spin-state storage pulses with band-
widths comparable to the entire inhomogeneous line.

In conclusion, we have described a spectral preparation
strategy to optimize quantum memory performance in systems
with a resolved, long-lived hyperfine structure and transitions
clustered according to �mI . We demonstrate this strategy
in 167Er3+:Y2SiO5 at high field and use it to demonstrate a
6-MHz-wide AFC with 22% storage efficiency operating at
the quantum level. This is already the most efficient storage
demonstrated with atoms in the telecommunications C-band.
With further experimental improvements, the same material
and techniques are appropriate for high-performance quan-
tum memory meeting the requirements of global quantum
repeaters [1,6].
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Council Centre of Excellence for Quantum Computation and
Communication Technology (Grant No. CE170100012) and
the Commonwealth of Australia Defence Science and Tech-
nology Group.
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[16] B. Lauritzen, J. Minář, H. de Riedmatten, M. Afzelius, and N.
Gisin, Approaches for a quantum memory at telecommunica-
tion wavelengths, Phys. Rev. A 83, 012318 (2011).

[17] I. Craiciu, M. Lei, J. Rochman, J. M. Kindem, J. G.
Bartholomew, E. Miyazono, T. Zhong, N. Sinclair, and A.
Faraon, Nanophotonic Quantum Storage at Telecommunication
Wavelength, Phys. Rev. Appl. 12, 024062 (2019).

[18] E. Saglamyurek, J. Jin, V. B. Verma, M. D. Shaw, F. Marsili,
S. W. Nam, D. Oblak, and W. Tittel, Quantum storage of entan-
gled telecom-wavelength photons in an erbium-doped optical
fibre, Nat. Photonics 9, 83 (2015).

[19] M. F. Askarani, M. G. Puigibert, T. Lutz, V. B. Verma, M. D.
Shaw, S. W. Nam, N. Sinclair, D. Oblak, and W. Tittel, Storage
and Reemission of Heralded Telecommunication-Wavelength
Photons Using a Crystal Waveguide, Phys. Rev. Appl. 11,
054056 (2019).

[20] M. Afzelius and C. Simon, Impedance-matched cavity quantum
memory, Phys. Rev. A 82, 022310 (2010).

[21] S. A. Moiseev, S. N. Andrianov, and F. F. Gubaidullin, Efficient
multimode quantum memory based on photon echo in an opti-
mal QED cavity, Phys. Rev. A 82, 022311 (2010).

L032054-5

https://doi.org/10.1002/lpor.200810056
https://doi.org/10.1080/09500340.2013.856482
https://doi.org/10.1364/OL.20.001658
https://doi.org/10.1103/PhysRevLett.111.033601
https://doi.org/10.1103/PhysRevA.93.032327
https://doi.org/10.1140/epjd/e2010-00103-y
https://doi.org/10.1038/nature14025
https://doi.org/10.1038/s41467-021-22706-y
https://doi.org/10.1088/1367-2630/ab8aac
https://doi.org/10.1103/PhysRevB.74.075107
https://doi.org/10.1038/nphys4254
https://doi.org/10.1103/PhysRevLett.116.073602
https://doi.org/10.1038/nature09081
https://doi.org/10.1103/PhysRevA.80.032301
https://doi.org/10.1103/PhysRevA.83.012318
https://doi.org/10.1103/PhysRevApplied.12.024062
https://doi.org/10.1038/nphoton.2014.311
https://doi.org/10.1103/PhysRevApplied.11.054056
https://doi.org/10.1103/PhysRevA.82.022310
https://doi.org/10.1103/PhysRevA.82.022311


STUART, HEDGES, AHLEFELDT, AND SELLARS PHYSICAL REVIEW RESEARCH 3, L032054 (2021)

[22] P. Jobez, I. Usmani, N. Timoney, C. Laplane, N. Gisin, and
M. Afzelius, Cavity-enhanced storage in an optical spin-wave
memory, New J. Phys. 16, 083005 (2014).

[23] V. C. Vivoli, N. Sangouard, M. Afzelius, and N. Gisin, High-
bandwidth quantum memory protocol for storing single photons
in rare-earth doped crystals, New J. Phys. 15, 095012 (2013).

L032054-6

https://doi.org/10.1088/1367-2630/16/8/083005
https://doi.org/10.1088/1367-2630/15/9/095012

