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 Nuclear spin levels of rare-earth ions in solids are very attractive candidates for qubits in 
quantum memories and other quantum information applications because of their long coherence times 
T2. Using nuclear spins in open shell ions with narrow optical resonances, such as rare earths (RE), 
introduces the possibility of transferring coherence between nuclear and electronic states. The 
importance of RE doped crystals for quantum information processing is shown for example by the 
recent demonstration of a photon to crystal quantum state teleportation [1]. Moreover, it has been found 
that the coherence times of RE nuclear spin states can be greatly extended by the application of specific 
external magnetic fields or the application of specific rf pulse sequences [2,3].  
 We will review recent results obtained in our group on electric field effects on nuclear spin 
levels in RE doped crystals and their application to optical and microwave photon storage [4,5].  
 

 
Figure 1: Stark Echo Modulation Memory protocol demonstrated in 151Eu:Y2SiO5 [6]. (a) experimental 

set-up, (b) rf and Stark pulse sequence, (c) echo 1 suppression, (d) experimental memory results. 
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π/2 phase shift were applied, leading to an overall π shift, even
in the case of a symmetric Stark distribution (see Appendix A).
In SEMM, the memory bandwidth is therefore only limited by
the π pulses’ fidelity over the ensemble of centers. This is
in sharp contrast to protocols based on transition broadening
by electric fields [17–20], in which the bandwidth is directly
dependent on the magnitude of the Stark shifts that can be
induced. SEMM has no such limitations, and in the microwave
or rf ranges, where π pulses of high fidelity and bandwidth
can be readily obtained, the entire ensemble inhomogeneous
linewidth can be used, as shown in the following.

III. EXPERIMENTAL RESULTS

As a proof of concept, we investigated our protocol in a rare-
earth-doped crystal, Eu3+:Y2SiO5 (Eu:YSO), in which Eu3+

ions sit in a C1 symmetry site and the crystal symmetry (C2h)
includes an inversion operation. In this material, we recently
observed a linear Stark effect on the ground-state hyperfine
transitions of the 151Eu3+ isotope, which has a nuclear spin
I = 5/2 [26]. In the present work, rf excitations were stored
and retrieved using the ground state ±1/2 ↔ ±3/2 transition
at 34.58 MHz [k = 0.43 Hz/(V/cm)], using a 0.1% doped
sample inserted into a coil [Fig. 2(a)]. Spin echoes were
optically detected by Raman heterodyne scattering [27] using
a laser resonant with the Eu3+ 7F0 -5D0 transition at 580 nm.
Electric fields parallel to the D1 crystal dielectric axis were
applied across the 1-mm-thick sample on which two brass elec-
trodes were placed. All experiments were carried out at 3.5 K.
A small static magnetic field of about 48 G was applied in the
D1 direction to increase the spin coherence lifetime to 25 ms.
Other experimental details can be found in Refs. [26,34].

The sequence we used is shown in Fig. 2(b). We first investi-
gated suppression of echo 1 after the first rf π pulse by applying
a Stark pulse of varying length [Fig. 2(c)]. The experimental
data, normalized by the echo intensity at zero field, could be

well fitted by the equation I = [cos(2π"Ts)]2. The minimum
echo intensity corresponds to a suppression µ = 1.5×10−5.
This was obtained in a sample with no accurate polishing
or parallelism, which is likely to produce inhomogeneous
Stark shifts. The observed very low residual echo intensity
therefore confirms the above analysis. The lowest achievable
echo suppression is limited by parameters fluctuating in time.
In our setup, we estimate that the dominating ones were
voltage noise, as well as slow fluctuations in temperature,
and laser intensity and frequency, as signals were averaged
over 200 shots. Echo suppression is particularly important in
decreasing the collective emission at the memory output time
caused by rephased spontaneous emission (see above). This
spontaneous emission can be large when a cavity is used.
For example, in a microwave resonator, the Purcell effect and
the gain due to the inverted medium result in a number of
spontaneous photons equals to nsp = F (eFd − 1), where F is
the cavity finesse and d is the memory opacity [12]. Assuming
high-fidelity π pulses, our experimental value of µ would
allow operation at the single-photon level for a cavity with
F ≈ 100 (see Appendix B). Such a resonator would be suitable
for an impedance-matched memory [12] or a strongly coupled
one, which has to switch between high and medium finesse to
avoid superradiance during the microwave pulses [13].

The complete SEMM sequence was then studied by adding
the second Stark and π pulses to retrieve the memory output
[echo 2 in Fig. 2(b)]. To optimize the signal-to-noise ratio, the
input of the memory was a π/2 pulse. The signals recorded
at zero electric field are shown in Fig. 2(d) (upper trace).
Besides the intermediate and final echoes, we also observed
a stimulated echo after the second π pulse. The stimulated
echo was separated from the memory output by choosing
t2 − t1 < (t4 − t2)/2. When the Stark pulses were applied, the
intermediate echo was strongly suppressed [Fig. 2(d)]. The
stimulated echo was suppressed too since it results from a
population grating that forms from the pulses at t1 and t2. The
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FIG. 2. Measurements on 151Eu3+:Y2SiO5 nuclear spins. (a) Scheme of the sample with attached electrodes to create electric fields. The coil
is used to produced rf pulses, and the laser is used to detect spin coherences. (b) Experimental SEMM scheme. Delays were t2 − t1 = 4.5 ms,
t4 − t2 = 11.5 ms. (c) Normalized echo 1 intensity as a function of the length of a Stark pulse of 16.5 V amplitude. Squares: experimental data;
solid line: fit (see text). (d) Echoes observed with or without electric field in the SEMM sequence.
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