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We obtain a low optical inhomogeneous linewidth of 25 MHz in the stoichiometric rare-earth crystal

EuCl; - 6H,0 by isotopically purifying the crystal in 3*Cl. With this linewidth, an important limit for
stoichiometric rare-earth crystals is surpassed: the hyperfine structure of "3Eu is spectrally resolved,
allowing the whole population of >*Eu’* ions to be prepared in the same hyperfine state using hole-burning
techniques. This material also has a very high optical density, and can have long coherence times when
deuterated. This combination of properties offers new prospects for quantum information applications. We
consider two of these: quantum memories and quantum many-body studies. We detail the improvements in
the performance of current memory protocols possible in these high optical depth crystals, and describe how
certain memory protocols, such as off-resonant Raman memories, can be implemented for the first time in a
solid-state system. We explain how the strong excitation-induced interactions observed in this material
resemble those seen in Rydberg systems, and describe how these interactions can lead to quantum
many-body states that could be observed using standard optical spectroscopy techniques.
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The hyperfine levels of rare-earth ions have exceptionally
long coherence times, as much as six hours in >'Eu’* [1].
Additionally, these hyperfine levels are addressable through
an intermediary optical level, allowing high-fidelity spin
storage and read-out using optical pulses [2,3]. Because of
these properties, doped rare-earth crystals have received con-
siderable attention for quantum memory applications [2—6].

All the spin-wave quantum memory demonstrations to
date have used rare-earth-doped crystals with low concen-
trations, ranging from 0.001% to 0.05% [2—4,7], resulting
in low optical densities of the order of 1 to 10 cm™'. In
addition, partly as a consequence of the disorder introduced
by the rare-earth dopant, these crystals exhibited inhomo-
geneous linewidths of the order of 1 GHz, much greater
than the hyperfine structure and the available Rabi frequen-
cies. As a result, spectral-hole-burning techniques were
necessary to create the narrow spectral features that would
allow memory demonstrations. The use of these tech-
niques, combined with the low initial optical density of
the crystal, severely reduces the number of ions that can
contribute to the operation of the memory (the usable
optical depth), limiting its efficiency and storage density
[8—10]. Because of these limitations, only two quantum
memory demonstrations to date have surpassed the no-
cloning limit of 50%, and in both cases a very large
interaction length was required to obtain a sufficient optical
depth to store even a single mode [4,11].

Narrow-linewidth high-optical-density materials would
therefore be very beneficial for quantum memory
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applications. Very narrow inhomogeneous linewidths have
been observed in rare-earth-doped crystals by reducing the
dopant concentration to the ppm level and by isotopically
purifying the host. The most well-known example is YLiF,
[12-14]. When isotopically purified in ’Li to remove
broadening caused by isotopic disorder, this material has
optical inhomogeneous linewidths as low as 16 MHz for
Er3* [15] and 10 MHz for Nd*t [16]. To achieve such
narrow lines, it was necessary to use extremely low rare-
earth dopant concentrations, around 3 ppm. So, although
these crystals have much lower disorder than current
memory materials, their optical and spatial densities are
low, and little advantage is gained from their narrow lines
for quantum memory purposes.

In this Letter, we show that small inhomogeneous
linewidths can be achieved at the same time as high optical
and spatial densities by isotopically purifying a material
that is stoichiometric, rather than doped, in the rare-earth
ion. The linewidth reduction is sufficient in our chosen
material, EuCly - 6H,O, that the rare-earth hyperfine struc-
ture is resolved. Reaching this limit in the high optical
depth regime has broad-reaching implications for quantum
memories. It also opens new applications, and in particular
we discuss the use of these materials for many-body
physics studies, which are made possible because the
linewidth is also smaller than the nearest-neighbor ion-
ion interactions [17].

EuCl; - 6H,0 is a good starting point in the quest to
achieve ultranarrow linewidths because it already has a very
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narrow, 100 MHz optical linewidth without isotopic puri-
fication [18], and good coherence times when deuterated
[19]. This makes it an excellent quantum memory candi-
date in its own right.

EuCl; - 6H,0 is a monoclinic crystal with a single rare-
earth site of C, site symmetry [20,21]. The environment of
a Bu** ion in BuCl; - 6H,0 is shown in Fig. 1. It has eight
direct ligands—six water molecules and two Cl ions at
distances between 2.4 and 2.8 A. Also shown are the first
shell of Eu** neighbors.

The optical Fy,—> D, transition of EuCl;-6H,0 at
579.703 nm (vacuum) shows a structured line spread over
600 MHz, with each component line approximately
100 MHz wide. The structure of the line can be completely
explained by a combination of the hyperfine structure of the
two europium isotopes and shifts caused by different
isotopes occupying the nearest-neighbor ligand positions
[18]. These isotope shifts can be large, up to 2 GHz for
Eu’* ions neighboring D ions (*H), and we expect that
isotopes occupying more distant sites contribute substan-
tially to the inhomogeneous broadening.

The contribution of the different isotopes to the broad-
ening can be estimated simply. It depends on the concen-
tration of that element in the crystal, the abundance of the
isotope relative to the dominant isotope, and the perturba-
tion to the lattice caused by substituting the isotope. This
latter quantity depends on the relative mass difference of
the isotope and the dominant isotope, thus D causes the
largest perturbation and "'Eu’* the smallest.

FIG. 1. The first shell of Eu* ions (gray) in EuCly - 6H,O. The
C, symmetry axis is vertical. The Eu* ions are labeled by their
distance from the central ion. Ligand ions CI (green), O (blue),
and H (red) are only shown for the central ion. Our previous
measurements suggest that the static interaction between ions
separated by 6.53 A along the C, axis is > 40 MHz.

We have measured the inhomogeneous broadening rate
due to D as 91 MHz% concentration [18], suggesting that
D is responsible for 1.4 MHz of the inhomogeneous
broadening seen in natural abundance crystals. Assuming
the broadening scales linearly with the relative mass
difference, the concentration, and the abundance, we expect
that 170 and 'O contribute ~2 MHz to the inhomogeneous
broadening, *’Cl~ 60 MHz, and "“'Eu’* ~ 10 MHz.
These numbers are approximate, but indicate that 3’C1 will
be the major source of broadening in EuCl;s - 6H,O0.

To reduce the crystal linewidth, we grew a crystal
isotopically purified in 3Cl from a water solution at near
room temperature. The starting material was 6 g of
Eu*3Cl; - 6H,O that had been prepared from Na®*>Cl and
99.999% EuCl; - 6H,0. The nominal isotopic purity was
99.67%. Sufficient water was added to saturate the solution
at 30°C. A crystal was grown out of the solution over one
week after lowering the temperature to 29 °C. The growth
rate during this time was not constant as the hotplate used
for growth only has a temperature stability of +1°C. An
unstable growth rate can lead to inclusions and other
growth defects. Because the base linewidth in this material
is so low, the effect of these rare growth defects can be seen
as small macroscopic variations in the inhomogeneous
linewidth of the order of 20 MHz over millimeter-size
regions of the crystal. We expect that the majority of these
defects and the associated macroscopic variations in broad-
ening can be removed by improving the temperature
stability of the growth process.

The excitation spectrum of the ’F, =3 D, transition was
measured with a Coherent 699-29 ring dye laser with the
crystal at 4 K in a helium bath cryostat. Because EuCl; -
6H,0 is hygroscopic, the crystal was mounted in a small
helium-gas-filled chamber to avoid exposure to air or
vacuum. The laser beam was orientated parallel to the
C, axis to minimize absorption. Even along this direction,
the absorption is high, and a confocal imaging system was
used to collect fluorescence only from the front face of the
crystal. In this setup, achromatic 10 cm lenses were used for
objective and imaging lenses, and the emission was focused
onto the end of a 62.5 ym multimode fiber serving as the
pinhole.

Figure 2 shows the excitation spectrum of Eu*>Cl; - 6H,0.
There is a 200 MHz Eu?* isotope shift in EuCl; - 6H,0,
leading to two sets of peaks: around the 0 MHz frequency
offset are those due to '>'Eu*, while at higher frequencies are
those due to "*Eu*. These sets of peaks are split by the
hyperfine interaction. For '*Eu’*, which has the larger
hyperfine splittings, this hyperfine structure is well resolved.
In Fig. 2, we have labeled each peak for '3 Eu’* with the
transition that generates it.

The inhomogeneous linewidth of each line in the
spectrum is 25 +5 MHz. The instrumental broadening
due to instability in the laser scan is less than 5 MHz.
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FIG. 2. Excitation spectrum of the F,—> D, transition in
isotopically pure Eu*Cl; - 6H,0. The energy level structure of
the 7 F, ground and > D, excited states for '3 Eu’* is shown on the
upper left, where the splittings are given in megahertz. The
positions of each transition between the "*Eu’* ground and
excited states are indicated by red lines on the spectrum. The
weak transitions are bracketed.

As described earlier, we expect that about 10 MHz of the

remaining linewidth is due to 'Eu**, with about 3 MHz
due to the extra O and H isotopes. Therefore, isotopic
purification of the other elements in the crystal will reduce
the linewidth to the order of 10 MHz.

We also studied spectral hole burning in the crystal using
the same setup. We burned holes with 12 mW of laser
power over 4.5 s, then swept 400 MHz over the 3Eu®*
peaks with lower power, 2.5 mW, to minimize alteration of
the hole-burning spectrum by the read-out sweep. We chose
to burn holes on the g, — e; peak of '*Eu. This prefer-
entially pumps population into g; because most of the
oscillator strength from the e; state goes into the e; — g3
transition. The resulting hole had a linewidth of 4 MHz,
consistent with the long term linewidth of the laser.

Figure 3 shows the structure associated with this hole
(burned at 340 MHz, peak A). As well as the expected side
and antiholes, extra features are seen. For example, as well
as the expected antihole separated from the hole by the
g» — g3 splitting (peak C), there is another, broader antihole
centered exactly on the g, — e3 line (peak B). This feature
and the associated broad side holes seen on the g; — ¢; and
g, — e, transitions are created by hyperfine spin-spin cross
relaxation of hole burned ions with ions nonresonant with
the laser during the hole-burning step. This results in extra
optical pumping of ions from both ¢g; and ¢, into g;.
Despite the cross relaxation and the relatively weak
excitation, the original hole is very deep, 70%.

The cross relaxation occurs because the hyperfine
inhomogeneous broadening is small and the Eu’* ions
are close together, allowing mutual spin flips to occur. The
lifetime of the original hole is of the order of 10 s, giving a
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FIG. 3. Hole-burning spectrum in Eu*3Cl; - 6H,O (solid black
line) with an unburned spectrum for reference (dotted line). The
red trace in the center is the difference of these two spectra, and
the expected hole or antihole structure due to transferring
population from g, to g3 is indicated at the bottom of the figure.
Three peaks are labeled in the figure. Peak A is the original hole,
peak C is a direct antihole, and peak B is a second antihole
resulting from cross relaxation (see text).

time scale for this cross-relaxation process. However, the
cross-relaxed side and antiholes persist for much longer, of
the order of 1 h. This is comparable to the spin-lattice
relaxation rate of 5 h that we see in EuCl; - 6H,0,
indicating that there is no significant spatial diffusion of
the excitation on this time scale.

The results above demonstrate that Eu*>Cl; - 6H,O has
three very useful features for quantum information appli-
cations: a very high optical density, an inhomogeneous
linewidth smaller than the hyperfine structure and nearest-
neighbor interactions [17], and the ability to burn deep
spectral features with a good lifetime, even in the presence
of cross relaxation. In addition, very long coherence times
will be possible by deuterating the crystal to improve the
optical coherence time to the order of 1 ms [19], and by
using the zero-first-order Zeeman technique [22] to extend
the hyperfine coherence time towards the lifetime limit.
Below, we discuss the implications of these properties for
two quantum information applications: quantum memories
and many-body-physics studies. Other quantum informa-
tion applications, such as optical delay lines [23] and
DLCZ-type quantum repeaters [24,25], could also benefit.

We will first consider quantum memories, concentrating
on spin-wave storage quantum memory protocols, which
comprise the atomic frequency comb (AFC) [23], the
gradient echo memory (GEM) [26,27], and Raman-type
protocols such as electromagnetically induced transparency
(EIT) [28,29]. These protocols make use of some type of
optical pumping preparation—either for tailoring spectral
features (AFC, GEM), or to prepare the material in a single
spin ground state (most Raman schemes), so the ability to
burn spectral holes in Eu**Cl; - 6H, 0 shown above is crucial.
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The cross relaxation seen here may affect the ability to
produce very sharp spectral features; however, a simple
solution to turn off the cross relaxation is to reduce the
IS3Eu* concentration to below 10% using isotope doping.
This has the added advantage of reducing further the
inhomogeneous broadening, maintaining a high optical
density.

Based on the transition oscillator strength (3 x 10~?) and
Eu™ ion concentration, current Eu*>Cl; - 6H,O crystals are
likely to have an optical density of the order of 1000 cm™.
It is this extremely high optical density that is most
beneficial for memories, whose performance to date has
been restricted by the ~1 cm™! optical densities of current
crystals. Multiple aspects of memory performance will be
improved. First, for all protocols the efficiency, which is
directly dependent on the optical depth, will be increased.
In Eu®Cl; - 6H,0, a memory efficiency above 90% should
be easily achievable, exceeding the highest memory effi-
ciency seen, 87% in Rb gas [30].

Second, the multimode storage capacity will also be
increased across all protocols; this is ultimately dependent
on how many atoms are available to store different modes,
and therefore on the optical depth. For example, if spatial
multiplexing is used, since Eu**Cl;-6H,0 will show
appreciable absorption over 1 um, it will be possible to
create a dense set of spatial voxels each capable of storing a
mode at high efficiency.

Finally, protocol-dependent improvements are also pos-
sible. For example, while the GEM and EIT protocols allow
higher initial efficiency than the AFC protocol, the band-
width is dependent on the optical depth, so there is eventually
a trade-off between efficiency and bandwidth or spectral or
temporal multiplexing capacity [9]. This trade-off is alle-
viated by a very high optical depth, allowing large-bandwidth
high-efficiency storage. For the GEM protocol, a high optical
density should allow the bandwidth limit, the ground state
hyperfine splitting, to be reached. This limit is generally
considered to apply to all spectral hole burning-based
memories like the GEM and AFC protocols. However, for
a material like Eu®Cl; - 6H,O in which the hyperfine
structure is resolved, this limitation is lifted in the GEM
protocol [4], allowing much larger memory bandwidths.

In addition to these performance improvements in
current protocols, new memory protocols will be possible
in Eu*>Cl; - 6H,0. In particular, the ability to resolve the
hyperfine structure allows off-resonant Raman schemes for
the first time in a rare-earth system [31,32]. These protocols
require a high optical depth, and that the system be
prepared into a single hyperfine ground state over the
entire spectral width of the line. The spin-spin cross
relaxation seen here provides a very efficient way of
preparing this type of state in Eu*3Cl; - 6H, 0. Off-resonant
Raman protocols have a number of advantages over the
resonant schemes described above, such as lower noise
because the excited state is never populated.

Similar to Raman memories, the second quantum infor-
mation application we will consider, quantum many-body
dynamics, is enabled in Eu»Cl; - 6H,O by the high optical
density and small optical inhomogeneous broadening. In
this material, the Eu’* atoms are close together and can
have interactions much stronger than the residual inhomo-
geneity in the system. The result is a lattice of interacting
Eu’* atoms, the ideal platform for investigating many-body
quantum phenomena.

This would involve preparing the ions in a single ground
state as for Raman memories, and exciting the optical
transition to observe many-body effects. The interactions
on the optical transition will determine the many-body states
seen. A variety of interaction mechanisms, such as electric and
magnetic multipole and superexchange (wave-function over-
lap mediated by ligands), are possible, but all can be divided
into two parts. The first is a diagonal interaction producing a
static shift to the electronic levels H;/h = V(r)|es, e3)x
(e, e3]. We previously measured these nearest-neighbor
interactions to be on the order of 40 MHz in EuCl; - 6H,O
[17], larger than the inhomogeneous linewidth. The second
interaction is an off-diagonal interaction, of the form
H,/h =T(r)les, g3)(g3. €3] + T*(r)|g3, €3){e3, g3|.

We expect the diagonal interaction to dominate in
Eu®Cly - 6H,O over all length scales. Over short ion
separations, if the off-diagonal interaction were dominant,
it would cause the inhomogeneous linewidth to be dependent
on the ion density, which we do not see. In the long range, we
can directly estimate the ratio of diagonal and off-diagonal
interactions since we can assume the interactions are dipolar:
it will be the ratio of the static dyy;. = 1.0 x 10732 C m and
transition dy,,s = 1.6 x 1073* C m dipole moments squared
[17]. Thus, the diagonal interaction will be d? ;. / d% ., = 42
times stronger than the off-diagonal interactions.

As the diagonal interaction dominates, a close analogue
for Eu*Cl; - 6H,0 among cold atom systems is an optical
lattice of Rydberg atoms [33,34], and the many-body
effects predicted for Rydberg systems should also be
observable in our rare-earth ion setting. Currently, the
primary experimental signature used to verify the presence
of Rydberg interactions is the blockade effect [35,36]:
exciting one atom in the system pushes nearby atoms out of
resonance with the exciting field. Since the ion-ion dis-
tances and the associated blockade region are much smaller
in solid-state systems, the spatial imaging methods used to
study Rydberg systems are not applicable. Spectral imag-
ing, or sub diffraction-limited spectral-spatial imaging [37],
could be used instead. The blockade region could also be
observed indirectly through the suppression of excitation
[36] or EIT spectroscopy [38].

There are a variety of many-body states predicted to exist
for Rydberg systems that could be investigated in rare-earth
crystals [39—46]. In the dense excitation limit, rare-earth
crystals may have an advantage over Rydberg systems:
Rydberg lattices have recently shown atomic-density
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dependent broadening as a consequence of the two-photon
transitions used to prepare the system [47], which is likely
to bar them from the high density regime.

In conclusion, we have shown that EuCl; - 6H,O iso-
topically purified in 3Cl has an optical inhomogeneous
linewidth for the 7 Fy —> D, transition of Eu** of 25 MHz,
the lowest of any stoichiometric rare-earth crystal and one
of the lowest inhomogeneous linewidths measured in any
material. Isotopic purification of the other elements in the
crystal, in particular Eu**, will further lower this linewidth.
Even in this very-high-density system, it is possible to spin
polarize the sample, and to prepare spectrally narrow
features. Combined with this, the small linewidth and high
optical depth mean this material would be a good system
for quantum memories. This material also shows strong
excitation induced frequency shifts between nearest neigh-
bors, which suggests that many-body physics analogous to
that seen in Rydberg systems can be observed.
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