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Abstract: Since quantum information technologies are expected to offer communication
security and high computational capacities, research in the field is currently attracting a lot of
attention. Among the materials studied so far, rare earth doped inorganic insulators are one
of the most promising. With the different available trivalent rare earth ions, the visible and the
IR range including the telecom wavelength at 1.5 μm can be covered. Transitions are usually
narrow, and at low temperatures, long optical and spin coherence time can often be observed.
Investigations using bulk single crystals have already led to many promising results. Recently,
spectroscopic studies have been extended to other forms of inorganic materials, such as
transparent ceramics, thin films and nanoparticles for single rare-earth qubits. Progress in
these areas is expected to offer many new possibilities for the design of quantum light-matter
interfaces and scalable quantum memories and processors.
1. Introduction
Rare earth doped inorganic materials are well known for applications such as solid-state
lighting, screens, lasers, scintillators, afterglow materials or sensors [1-4]. Advances in these
fields required the development of suited materials, and understanding the relations between
chemical, structural and optical properties. A well-known example are the rare earth doped
compounds, which are nowadays widely used in the field of
white-light emitting diodes [5-6]. Initially, Schnick and co-workers [7-11] discovered the
chemically and thermally stable Eu2+-doped nitridosilicates and oxonitridosilicates. This
discovery then led to great improvements in the multiphosphor approach [12] for generating
white light. And in spite of the progress already made, further efforts are made to find new
narrow-band-emitting red phosphors [13], but also further phosphors for special applications
such as horticultural lighting [14].
Many of such kind of developments are possible due to contributions of inorganic and
materials chemists and their close collaborations to researchers in optical spectroscopy.
In another field of applications for rare earth doped inorganic materials - quantum
information processing (QIP) – it is also expected that progress in the development of tailormade materials will lead to great improvements. In the beginning of the technology, optical
studies were often limited to the available single crystalline materials and commercial optical
fibers. With the rapidly increasing need for quantum technologies, for example for secure
communication, important progress on measurement techniques was made. Yet, the

development of these techniques critically depends on the type and quality of the available
materials. As we shall explain later, prerequisites are for example a combination of long optical
and spin coherences times, which requires the control of spectral diffusion or the possibility
to control inhomogeneous and homogeneous line broadening. Thus, there is a need to
develop materials beyond single crystals and to understand and control spectral diffusion in
these materials in order to overcome the significant limitations and the lack of suited
materials.
Only recently the importance of material design beyond single crystals growth has been fully
recognized and in the last recent years, promising advances in the field of rare earth doped
ceramics, films and (nano) powders especially designed for quantum technologies have been
made. In the present research report, we therefore summarize some of the recent
developments in materials design and emphasize the importance of further research on
materials in order to develop sophisticated quantum devices, as for example single ion
devices. Especially, we aim at elaborating the special requirements that spectroscopists and
materials chemists are confronted with while developing such materials. Thus, we will not
offer a profound and detailed review on the different spectroscopic techniques used in
quantum technology and related fields. A number of detailed and interesting works on the
topic is already available to the interested reader, such as for instance Ref. [15-18]. Review
articles are also available, especially on the progress in the field on rare earth doped single
crystals, for example Ref. [18-22]. Instead, we mainly summarize the advances already made
in the design of non-single-crystalline materials in the field as well as very recent
developments using single crystals. The present research report is organized as follows: In
chapter (2) we introduce basic concepts and techniques for quantum information technology
using rare earth ions and the related materials requirements. In chapter (3), we shall report
on the recent progress made in polycrystalline materials for quantum technologies and also
briefly review some recent developments related to rare earth doped single crystals and
waveguides.
2. Quantum Information Technologies and Related Techniques
Information in digital form and optical data storage play an important role, both for large scale
organizations down to our daily lives. In recent years, there has been a growing interest in
quantum information processing, storage and communication [15-17, 22-27]. These
applications offer both unprecedented computational capacities as well as nearly
unconditional communication security via quantum cryptography. Achieving them in the solid
state is particularly appealing for further technological developments.
2.1. Qubits
Equivalent to the bit in classical computing, the quantum bit (qubit) is the elementary unit of
information. In contrast to the classical bit, which can take the two values 0 and 1, a qubit is a
quantum two-level system. Its eigenstates |0> and |1> correspond to the classical binary
values 0 and 1 (see Fig.1). Yet while the classical bit can only represent 0 or 1, the qubit can
also adopt an arbitrary superposition state. This superposition state can be written in the
following form [15]:
|Ψ> = cos (θ/2)|0> + eiδ sin (θ/2)|1> (equ.1)

|Ψ> and eiδ |Ψ> are equivalent wavefunctions and eiδ a global phase factor. The fact that a
qubit can adopt such an arbitrary superposition state allows to process and transmit data in
ways that are unachievable with classical systems.

Figure 1. A qubit in a superposition state |Ψ>. Left: representation on the Bloch sphere.
Right: superposition represented as ellipse.

To visualize superposition states, a convenient way is the use of vectors originating at the
center of a Bloch sphere. The angles θ and ϕ from equation 1 are used to express the spherical
coordinates of the vector on the sphere. The system adopts the states |0> and |1> when the
vector points at the north, or the south pole, respectively. As a result, a qubit can adopt an
infinite number of different states, but the only states, which can be identified with certainty
are |0> and |1>.
To obtain reliable data transmission and calculation results, it is necessary to use
superposition states, but also to be able to read out the final states with high probability.
Additionally, superposition states are highly sensitive towards perturbations, so that isolated
systems would be ideal. However, control and read out of the superposition states requires
interactions with the environment. A number of suitable quantum systems are investigated,
such as photons and nuclear spins in insulators and semiconductors, trapped ions, ultra-cold
atoms and superconducting circuits [16-18, 28-35]. When light is used as a carrier of quantum
information, it is necessary to interface it to materials in order to store and process
information [36]. Furthermore, suitable lasers for efficient control and long-lived
superposition states are a prerequisite. The lifetime of the superposition states and therefore
the time available for quantum manipulation or storage is correlated to the so-called
coherence time (Τ2), which shall be explained in the next section (chapter 2.2). The coherence
properties critically depend on the type of material. One of the most promising materials
classes among those studied so far are rare earth ions doped into dielectric host lattices [15,
22, 37]. Using transitions of rare earth ions, it is possible to cover the whole visible range as
well the IR, as for example the telecom wavelength at 1.5 μm. At low temperature, these
systems offer long optical and spin coherence states [15, 18, 22]. Line broadening can also be
controlled by carefully adjusting the compositions and using interactions with external electric
and magnetic fields [15, 18,22].

2.2. Inhomogeneous and homogeneous linewidths, coherence
The reason why the trivalent rare earth ions are such promising systems for quantum
information applications is that their partially filled 4f shell is well shielded from the outer
environment by the filled 5s2 and 5p6 shells and therefore, the 4fn-4fn transitions are only
weakly perturbed by the crystalline environment. The 4f shell is so well-shielded that the
crystal field can be considered as a weak perturbation of the free ion levels. Furthermore, the
excited state lifetimes can be long lived, for example up to several ms. As a consequence,
trivalent rare earth ions can show resonances that exhibit extremely narrow inhomogeneous
and homogeneous line widths (Fig.2).
Line broadening mechanisms can indeed be divided into two different types, inhomogeneous
Γinh and homogeneous Γh broadening. The broadening of the inhomogeneous line width is
due to static perturbations in the local environment of the optical center, such as
microstructural strain, point defects and dislocations [38-39 These perturbations cause a small
shift in the center frequencies of the optical centers, because the corresponding crystal field
slightly changes. The inhomogeneous linewidth Γinh is then the combination of many
homogeneously broadened lines centered at their different resonant frequencies. If
inhomogeneous linewidths are narrow, it is possible, for example, to resolve small energy
splittings. Typical values for inhomogeneous linewidths in rare earth doped crystals are 0.5100 GHz [18]. In some special cases, where isotopically pure elements are used,
inhomogeneous linewidths can be even narrower. For example, in 7LiYF4:170Er3+
inhomogeneous linewidths of 16 MHz were observed [18, 40] and it is believed that this is the
narrowest optical ensemble linewidth ever observed in a solid. However, for frequency
domain storage and processing it may be desirable to introduce disorder and increase the
inhomogeneous linewidths, while maintaining a reasonable absorption coefficient and
homogeneous linewidths as narrow as possible. This is because the figure of merit for such
storage applications is Γinh/Γh. In contrast to inhomogeneous broadening, the homogeneous
line broadening is caused by dynamical processes in the surrounding of the optical centers.

Figure 2. Example for inhomogeneous (Γinh) and homogeneous linewdiths (Γh).

These act, for example, as a perturbation on the activator ion’s transition frequency. The
homogeneous line width is related to the coherence lifetime by Γh = 1/πΤ2 and determined
by several contributions which are explained in the following (equ. 2) [41-43]:

Γh = Γpop + Γion-ion + Γion-spin + Γphonon + ΓTLS

(equ.2)

Γpop is the contribution of the excited state lifetime Τ1 (Γpop = 1/2πΤ1), which is usually not
significant compared to the other contributions. Γion-ion is the contribution of excitationinduced instantaneous spectral diffusion (ISD) [44-46]. Optical excitation of the activator ions
also leads to a change in its electric dipole moment and thus, a change in the local
environment which can induce random frequency shifts. This contribution depends on the
activator ion concentration and excitation intensity. A further contribution is the broadening
caused by electron or nuclear spin flips, Γion-spin. To give an example, the contribution of
yttrium nuclear spins in the homogeneous line broadening of Eu3+-doped Y2O3 is about 200300 Hz [47]. For the fabrication of materials, it can therefore be useful to reduce electron and
nuclear spins concentrations or to use external fields during manipulation in order to prevent
spin flips. Γphonon is the phonon contribution. Depending on the ion level scheme, different
temperature dependences of Γphonon can be observed due to Raman, Orbach or direct
processes [15, 48].
The last remaining term is the contribution of dynamic fluctuations due to nearly equivalent
configurations in the local environment, the so-called TLS contribution (two-level-system)
ΓTLS. It is a measure of local disorder and can typically be observed in glasses [49]. While the
inhomogeneous broadening can be measured at low temperature in a high-resolution
absorption or photoluminescence experiment and, by scanning the absorption line with a
narrow band laser, more sophisticated procedures are necessary to observe the
homogeneous line broadening. Homogeneous linewidths or the corresponding coherence
time cannot be directly measured in a simple absorption experiment.
There are two basic experiments, in the time or frequency domain, which are in principle
equivalent. A convenient way to measure Τ2 and thus, the homogeneous linewidth, is to study
photon echoes in the time domain. The experiment was initially developed by Hahn for
nuclear spins [50] and then later transferred to the optical domain by Abella et al [51]. In the

Figure 3. Schematic drawing of the two-pulse echo sequence. π/2, π and echo pulses are
separated by a delay of t.

simplest case, a two-pulse-sequence is used and the echo intensity Iecho decays [52] are
recorded as a function of the delay between the π/2 and π pulses (see Fig. 3). A first pulse,
the so-called π/2 pulse, creates a superposition, which can be described as a macroscopic
dipole rotating in the xy-plane of a Bloch sphere. Now the excited ions show slightly different
resonance frequencies, because they experience slightly different local environments. As a
result, the ensemble dephases, which ultimately leads to a decrease of the intensity of the
macroscopic emitting dipole. After a specified time interval , a second pulse, the so-called πpulse, is shone onto the sample which results in a rotation of the Bloch vector (Fig. 2). Thus,
the vectors on the plane will now rephase. After a delay 2t from the initial pulse, the rephasing
will be completed and a photon echo, an emission of light, can be observed. Only ions, which
have not experienced any or only static perturbations during the whole echo sequence can
participate in the echo emission and its intensity decay allows to determine Τ2 [15].
Alternatively, spectral hole burning (SHB) can be used in the frequency domain [15, 53]. For
an inhomogeneously broadened transition, it is possible to bleach by optical pumping with a
narrow-band laser source. In Fig. 4, this is shown for a very simple system with only two
hyperfine ground state levels and one hyperfine excited state level and for simplicity it is
assumed that the transition 1-3 under consideration is situated at the center of the
inhomogeneous line.
At the start of the sequence, a smooth absorption profile is found when the line is scanned
with a narrow laser at rather low laser power. Then, transition 1-3 is optically pumped and it
is assumed that the ions from the upper level relax equally to 1 and 2. Now the ions populating
level 2 are out of resonance and will therefore not be excited into level 3 anymore. Assuming
a long lifetime of level 2, the whole population will be located in level 2 at the end. A low laser
power scan can reveal a narrow hole in the absorption line. This hole is caused by the lack of
ions in level 1, which could be excited into level 3 and its width is limited to twice the
homogeneous linewidth of that transition. But since level 2 has a larger population than at the
start of the sequence, a so-called anti-hole, an increased absorption for the transition from
levels 2 to 3, is now observed. As illustrated in Fig. 4iii), the energy difference between 1 and
2 is often much smaller than the total width of the inhomogeneously broadened line. As a
result, another class of ions will also be present, which show a transition 2’-3’ at the same
energy as the 1-3 transition for the first class of ions we were considering initially. Therefore,
the 2’-3’ transition is pumped as well, which results in another hole also positioned at the
same place as the first (central hole) and a second anti-hole. A more detailed description of
both techniques can also be found in Ref. [15]. For linewidth measurements, the disadvantage
of SHB is the need for a very stable laser with a very narrow line. In contrast, for photon echoes
the requirements concerning the laser are less restrictive. These techniques are not only
useful to measure linewidths, but are also applied in quantum memories, even though the
protocols applied are more complex. For example, hole burning techniques can be applied to
prepare the system into a well-defined state used in further quantum memory experiments
[54]. A memory protocol, which requires the creation of spectral features by spectral hole
burning is, e.g., atomic frequency combs (AFCs) [55-57]. However, with the present short
review we mainly aim at summarizing recent advances in the relevant material and we will
therefore not illustrate the different memory protocols in detail. Beside the storage of
photons, rare earth doped systems are also of great interest because they possess a nuclear
spin and show long spin coherence times [58,59]. Since these systems exhibit both long

optical and spin coherence lifetimes, they are ideally suited for quantum interfaces. While the
long optical coherence lifetimes allow communication via optical photons, data storage and
processing can be carried out using nuclear spins. Furthermore, the electron spin also allows
storing microwave photons and therefore interfacing with superconducting qubits [60] or
microwave to optical conversion [61].

Figure 4. Schematic drawing of spectral hole burning (SHB).

3. Materials for quantum information processing
3.1. Rare Earth Doped Single Crystals
Coherence properties in rare earth doped crystals have already attracted attention for
quantum information technologies. A number of promising materials is known and summaries
can, for example, be found in Refs. [15, 18-22]. The inhomogeneous and homogeneous
linewidths in rare earth single crystals can be extremely narrow at low temperatures. It is even
believed that the 16 MHz inhomogeneous linewidth observed in 170Er3+:7LiYF4 is the
narrowest optical ensemble linewidth ever observed in a solid, while a 25 MHz linewidth has
been observed in isotopically purified EuCl3.H2O [62]. Very narrow homogeneous linewidths,
in the 100 Hz range, have, for example, been observed in Y2SiO5:Er3+ (YSO:Er3+) and
YSO:Eu3+ [63-65]. Other rare earth doped crystals with attractive coherence properties are,
for example, YSO:Nd3+ [47], YSO:Pr3+ [66], Y3Al5O12:Tm3+ (YAG:Tm3+) [66, 67],
LiNbO3:Tm3+ [68] or Y2O3:Eu3+ [69, 70]. YSO is a particularly attractive compound for low
dephasing because of the low magnetic moment of the 100% abundant 89Y isotope and the
low abundance of isotopes with non-zero spin for O and Si.
An abundant literature has appeared during the last few years on the growth, optical and
magnetic spectroscopy and use of rare earth doped crystals for quantum information
processing. In this review, we focus on three material-related topics that we find particularly

promising: Yb3+ doped crystals, nuclear spin coherence properties and structured bulk
crystals.
Yb3+ has a 4f13 configuration that results in only two electronic multiplets, 2F7/2 and 2F5/2
separated by about 10000 cm-1. This has the advantage of reducing the number of optical
transitions, compared to Eu3+ for example, and potentially increases the branching ratio of
optical lines of interest. The excited state population lifetime is usually around 1 ms, which
sets a limit on the homogeneous linewidth at about 150 Hz. The optical transition is located
in the near infrared region, close to 1 µm, where tunable laser diodes with narrow linewidths
are available. Yb3+ is also a paramagnetic ion and electron spin transitions can be used e.g.
for storing microwave photons. Hyperfine transitions in isotopes 171 (I=1/2) and 173 (I=5/2)
could provide additional storage possibilities. The 1/2 isotope is particularly interesting, since
it corresponds to the simplest possible hyperfine structures. This could be very useful for
tailoring the absorption for quantum memory protocols by optical pumping. Up to now, three
systems have been investigated by high resolution spectroscopy: LiNbO3: Yb3+ [71], YAG:Yb3+
[72] and Y2SiO5:Yb3+ [73]. In the latter, a 50 ppm doped sample showed inhomogeneous
linewidths of 1.7 and 2.2 GHz for the two sites and oscillator strengths of the order of 5-6 x
10-6, among the highest for rare earths in Y2SiO5 (Fig. 5). The branching ratio of the narrow
lines between the lowest crystal field levels of the ground and excited multiplets were also
large, between 5 and 10%, which is useful for coupling to optical cavities [74]. Magnetic
properties were investigated by optical and electron resonance spectroscopies and the
maximum g tensor eigenvalues were 6 and 3.3 for ground and excited states respectively.
Yb3+ has therefore magnetic moments between those of Er3+ and Nd3+, as can be roughly
expected from the J values of the multiplets. Ground state hyperfine structures have also been
measured and exhibit total splittings on the order of a few GHz at zero magnetic field, suitable
for absorbing microwave photons. In addition, simulations suggest that transitions partially
insensitive to magnetic field fluctuations could be obtained by applying small magnetic fields.

Figure 5 Absorption spectrum of Y2SiO5:Yb3+ around 981.463 nm (vacuum) for light
polarized along b.
Such transitions should have long coherence lifetimes, since magnetic perturbations, from
other Yb3+ ions or Y host spins, are expected to be the main source of dephasing in this
system. In YAG: Yb3+, a detailed study of the optical transition at 968 nm was performed under
various temperatures and magnetic fields [72]. Doped at 500 ppm, the crystal showed a

surprisingly narrow inhomogeneous line, 3.6 GHz, compared to other rare earth doped in YAG.
0.5% YAG:Tm3+ for example has a linewidth close to 20 GHz, which is generally explained by
the high concentration of antisites defects in this host [75]. It is also a low value compared to
the ones observed for Y2SiO5 in a sample 10 times less doped (see above). Photon echoes
were used to measure homogeneous linewidths, which were found to be as low as 5 kHz under
a field of 2.5 T. This value was limited by interactions between Yb3+ spins, as confirmed by
non-exponential echo decays. In lower doped samples, much narrower linewidths could be
obtained. The third investigated system is LiNbO3:Yb3+ [71]. Here also, despite the high Yb3+
concentration of 1000 ppm, and the charge compensation needed for Yb3+ doping, linewidths
as low as 30 GHz are observed, whereas 180 GHz have been reported in LiNbO3:Er3+ at 50
ppm doping level [22]. A detailed study of spectral hole burning has been carried out, but at
9 K, so that the properties at the temperatures usually used for quantum processing
experiments are not known yet. Although these results show that Yb3+ doped crystals are
promising materials, further studies, especially on the dynamical properties of optical and spin
transitions will be required to completely assess their usefulness for quantum technologies.
Nuclear spins are a very important resource for rare earth ions because they can provide
transitions with very long coherence lifetimes, to which optical or microwave excitations can
be transferred. In this respect, optical quantum memories using nuclear spins have been
reported in Eu3+ [76], [77] and Pr3+ 78, 79] doped Y2SiO5 crystals. Several studies also
focused on the control of spin coherences by magnetic or electric fields. A first example is
given by investigations of 151Eu3+ isotope in Y2SiO5. The zero magnetic field hyperfine
structure of the ground state level (7F0) consists in three doubly degenerate levels separated
by a few tens of MHz, because of the quadrupole interaction between the I=5/2 nuclear spin
and electric field gradients [43].
Experiments were carried out using optically detected magnetic resonance [81]. More
precisely, the crystal is placed in a coil which can produce efficient RF excitations of nuclear
spins. When spin coherence needs to be detected, a lase probe is shone on the sample,
creating an optical coherence that combines with the spin one. This induces a second optical
field that interferes with the probe beam and produces a beating at the RF frequency on a
photodiode output signal with an amplitude proportional to the spin coherence. This
excitation and detection scheme is used in spin echo sequences for T2 measurements. At zero
magnetic field, spin T2 for the 34 MHz transition in Y2SiO5:151Eu3+ is 19 ms 82, 83], and 26
ms under 4.8 mT. These values can be observed up to 16 K [84], and are limited by interactions
with 89Y nuclear spins [106]. A first technique to decrease these interactions, called dynamical
decoupling, is to use trains of RF π pulses [85]. For short enough delays between these pulses,
the fluctuations due to Y spin flips are slow enough to be refocused, in the same way as
inhomogeneous broadening is refocused by the π pulse in a 2-pulse echo. This technique
effectively extends coherence lifetimes and T2 up to nearly 500 ms were demonstrated, an
18-fold increase compared to the 2-pulse echo T2 [83]. This technique was also shown to work
for single photon level excitations, a key result for application to quantum memories [77]. At
the expense of a more complex setup and energy level schemes, much longer values can be
obtained. By applying specific magnetic fields, transitions that are insensitive to magnetic
perturbations, the so-called ZEFOZ (zero first order Zeeman shift) transition [86], can be
created because of the addition of quadrupole and Zeeman interactions. Combined with
dynamical decoupling, this technique resulted in coherence lifetimes of 6 hours, a record value

for optically addressable nuclear spins [87]. Spin T2 extensions obtained in a similar way have
been reported in other systems like YAG:Tm3+ [78] and Y2SiO5:Pr3+ [89, 90]. The influence of
electric fields has also been measured in Y2SiO5:151Eu3+ [91]. It is due to a change in the
electric field gradients surrounding the nucleus which causes a shift in the hyperfine level
energies. These shifts turn to be very small, about 1 Hz/(V/cm), whereas optical transitions
shifts are nearly five orders of magnitude larger. Nevertheless, they can be useful to
manipulate spin state because their effect can accumulate over long coherence lifetimes. This
has been used to design a low noise and broadband quantum memory protocol that can be
used for optical, electron and nuclear spin transitions [92].
Paramagnetic ions have also been recently investigated. It has been shown that high magnetic
fields (7 T) can result in coherence lifetime of the order of 1 s for hyperfine transitions in
Y2SiO5:167Er3+ [93], which is of great interest for quantum memories at the 1.5 µm telecom
wavelength. In this case, the strong fields freeze the spin on the lower electron spin multiplet
which dramatically reduces Er3+-Er3+ magnetic interactions. Nuclear spins can also be used
in connection with electron spins to provide storage for microwave excitations. This was
demonstrated in Y2SiO5:145Nd3+, where electron nuclear double resonance, ENDOR, was
used to investigate nuclear spin coherence lifetimes. Values up to 10 ms at 5 K, under a field
of 500 mT, were measured, at the level of the longest T2 obtained for non-paramagnetic rare
earth ions [59]. They could be significantly increased by using dynamical decoupling and/or
ZEFOZ techniques. Moreover, high fidelity coherence transfer between electron and nuclear
spins, was demonstrated by quantum state tomography. This suggest that this crystal could
be used for microwave quantum storage, with an additional optical interfacing.
Crystals can be structured to create waveguides or optical cavities, which is of interest for
applications in quantum information processing. Indeed, light-matter interactions can be
strongly enhanced in high-quality optical cavities, i.e. in which photons have a long lifetime.
This results in various effects like the enhancement of the fluorescence intensity for
transitions in resonance with cavity, the so-called Purcell effect [94]. Cavities are useful for
e.g. single ion detection, as well as fast coherent driving of transitions over a large bandwidth.
This could lead to new types of quantum memories with e.g. processing capabilities. Highquality cavities can be realized directly in rare earth doped crystals using focused ion beam
(FIB) milling (Fig. 6) [95]. Here FIB allows one to create very precise nano-structures in a
YVO4:Nd3+ crystal that act as an optical resonator with a quality factor (ratio between
resonance frequency and cavity linewidth) up to 10000. A key point is that the coherence
lifetime of Nd3+ ions is unchanged by the cavity fabrication, despite the possibility of crystal
damage from the ion beam resulting in additional dephasing through defects or disorder.
3.2. Waveguides
Waveguides are also an important element of integrated optics. They can be obtained in
several different ways, that often depend on the material. A recent result obtained in LiNbO3
waveguides obtained by ion exchange is the strong increase in coherence lifetime at
temperatures below 1 K [97]. Whereas at 3.5 K, T2 is about 1.5 µs, it reaches 117 µs at 0.8 K
and is equivalent to values observed in the bulk. The reasons for this behavior are not
completely understood yet, but could be linked to the Ti4+ ions that are indiffused in the
crystal to modify the refractive index. Another type of waveguides, obtained by femtosecond
laser writing, have been investigated in Y2SiO5:Pr3+ [98]. In this case, coherence lifetimes,

measured by two pulse photon echoes, were found to be similar to the bulk values at 3.5 K.
Inhomogeneous linewidths were close to the bulk, too, showing that the effect of the writing
pulses, which are on the sides of the guiding area, did not affect Pr3+ ions. Optical memories
have been demonstrated in both types of these waveguides [97, 98]. An alternative to
structure the crystals themselves consists in coupling rare earth ions to waveguide or cavities
deposited on the crystal surface through evanescent waves. This has been reported in Pr3+
[99] and Er3+ [100] doped Y2SiO5 and Yb3+ doped glasses [101].

Figure 6. Scanning electron microscope image of a one-sided nanobeam optical cavity
described in Ref. [95, 96]. Photography courtesy of Jake Rochman, and Andrei Faraon,
California Institute of Technology.

3.3. Rare Earth Doped Powders and Ceramics
Even until the last decade, transparent high quality optical samples, such as single crystals,
fibres or glasses were believed to be necessary for the measurements of photon echoes.
Therefore, highly scattering polycrystalline powders were only studied using spectral hole
burning (SHB), like for example Y2O3:Eu3+ or Eu2O3 nanoparticles [102-104]. These
measurements often suffer from the severe disadvantage that the minimum hole width at low
temperatures can be laser-limited and the real hole widths not resolved. Thus, measurements
of narrow homogeneously broadened lines require a laser with a very narrow line. In 2011,
Beaudoux et al [105] were able to observe for the first time photon echoes on the 3H4-1D2
transition of Pr3+ in a highly-scattering powder obtained by grinding a Y2SiO5:Pr3+ crystal.
Photon echoes could be recorded while heterodyning with a reference field, a technique that
enormously increases the signal-to-noise ratio. This discovery finally opened up the possibility
to measure optical coherence lifetimes in polycrystalline scattering samples. Later on, Perrot
et al [106] measured the temperature dependence of the homogeneous linewidth with a twopulse-photon-echo experiment on the 7F0-5D0 transition in Y2O3:Eu3+ nanocrystals for the
first time. This is of interest for e.g. single rare earth detection [107, 108] and manipulation,
opening the way to e.g. quantum memories with processing capabilities. The particles were
obtained by a solvothermal methods followed by calcination. At 1.3 K, a homogeneous

linewidth of 86 kHz could be resolved for 60 nm Eu3+-doped Y2O3 particles. Even if the
materials cannot be directly compared, because in the earlier works the monoclinic phase was
present, whereas Perrot et al studied the body-centred cubic phase, it is still worth to mention
that the homogeneous linewidths found by photon-echo measurements are by a factor of 100
narrower than those found by spectral hole burning in the earlier experiment [102]. A
measurement via spectral hole burning, would only yield limited information, because the
laser showed a frequency jitter of several MHz, which is much broader than the observed
homogeneous linewidth. These results showed that Eu3+-doped nanoparticles may be of
interest for quantum optics on the submicron scale. Further studies then revealed that
Y2O3:Eu3+ particles of around 150 nm size can show inhomogeneous linewidths comparable
to single crystals [109, 110]. In order to identify the mechanisms responsible for the optical
homogeneous broadening and to clarify if the minimum line width is fundamentally limited
compared to single crystals, further temperature-dependent and magnetic-field-dependent
photon-echo and spectral hole burning studies on Y2O3:Eu3+ particles were carried out by
Bartholomew et al [111]. In 0.5% Eu3+-doped Y2O3 with a particle size of about 400 nm and
crystallite sizes of about 130 nm obtained by homogeneous precipitation followed by
calcination, homogeneous linewidths of about 45 kHz at low temperatures were found. In
contrast to previous studies on nanoparticles, the authors were able to demonstrate that the
broadening due to size-dependent phonon interaction is not significantly contributing to the
homogenous line width. Analogous to bulk single crystals, the dominating contributions to the
homogenous broadening at higher temperatures are two phonon Raman processes. In the
temperature range between 5 and 10 K they observed mainly broadening due to TLS (two
level system). This phenomenon is caused by dynamic fluctuations due to nearly equivalent
configurations, as usually observed in disordered materials such as glasses [112]. Up to a
usually smaller degree than in glasses, optical dephasing due to disorder modes can also take
place in crystals [113, 114]. The remaining broadening at very low temperatures was mainly
attributed to surface charge fluctuations that cause a rapidly varying electric field. Thus, the
authors concluded that the transition is broadened by linear Stark interactions. In conclusion,
this recent result raises hopes that quantum optical devices can be fabricated even on the
submicron scale. Furthermore, Lutz et al [115] suggest nano-structuring of rare earth doped
materials as a tool to influence the phonon density of states. Even at low temperatures, the
so-called spin-lattice relaxation (thermalization of spins through the interaction with lattice
phonons) limits the lifetimes of spin states. Additionally, lattice vibrations also limit coherence
times by contributing to spectral diffusion [116] and two-phonon elastic scattering processes
[117]. Lutz et al propose to overcome these problems by tailoring the phonon density of
states, which is achieved by using nano-structured materials. Suppression of direct phonon
processes can either be reached using nanocrystalline powders with a cut-off frequency in
their phonon density of states or tailored phononic band gap crystals. The later requires the
growth of high-quality thin films. Here, the authors focus on the Er3+-doped materials Y2SiO5,
LiNbO3 and KTiOPO4. The Er3+-transition 4I15/2 – 4I13/2 at approx. 1530 nm, which is also
relevant for telecommunication, is investigated and the authors present numerical
calculations of phonon densities and optical linewidths for Er3+-doped Y2SiO5. The results
suggest that this approach could increase the performance of optical quantum memories
operating at telecommunication wavelengths. Beside the above-mentioned experimental
studies using the bottom-up approach for the particle syntheses and the theoretical
modelling, first investigations using the top-down approach have also been carried out by Lutz
et al. In Er3+-doped LiNbO3 powders, the coherence properties were studied after mechanical

processing and annealing [118]. Not very surprisingly, it was found that mechanical grinding
rapidly degrades the coherence properties compared to bulk single crystals samples.
Coherence behaviour comparable to amorphous materials can be observed and the
homogeneous linewidth can broaden by three orders of magnitude. In contrast, annealing at
high temperatures can improve the coherence properties and reduce the line widths again to
values less than 10 kHz, which is close to the bulk single crystal line width. In a further study
on Tm3+-doped Y3Al5O12 [119] it was also found that mechanical treatment degrades the
coherence properties of a material, whereas thermal annealing can improve them. These
results underline the importance of controlling the mechanical and thermal treatments of the
sample and avoiding the formation of lattice strain and defects. Additionally, to the recent
investigations on powders of Y2O3, the 7F0-5D0 Eu3+ transition has recently also been studied
in transparent ceramics [41, 120-122]. Since transparent ceramics are promising materials to
replace bulk single crystals in lasers [123], they could also replace crystals in some quantum
technologies. Here, the ceramics were obtained by HIP (hot isostatic pressing) treatment of
pellets obtained from Eu2O3 and Y2O3 nanocrystalline powders. In 2013, when coherence
properties in transparent ceramics were studied for the first time, a homogeneous linewidth
of about 60 kHz was found [120] and the dephasing was attributed to magnetic impurities and
defects from the synthesis process. A better control of the preparation then yielded
homogeneous linewidths below 10 kHz [41], comparable to single crystals. Additionally,
lifetimes of spectral holes of more than 15 min could be observed. Kunkel et al [121, 122] then
studied the influence of annealing treatments of transparent ceramics after the hot isostatic
pressing process. Different types of defects depending on the annealing atmosphere and
temperatures could be identified, which influence the homogeneous linewidth and its
temperature-dependence. Homogeneous linewidths between 3 and 10 kHz were found for
the different samples. As an example, the temperature-dependence of a Eu3+-doped Y2O3
transparent ceramic, which had been annealed under air at high temperature after the hot
isostatic pressing process is shown in Fig. 7.

Figure 7. Temperature dependence of the homogeneous linewidths (Γh) of the 7F0-5D0
Eu3+ transition in a Y2O3 transparent ceramic.
It was concluded that both local disorder as well as magnetic impurities play a role. A better
control on the material’s processing will enable the fabrication of ceramics with even better
coherence properties and open up new possibilities for the design of quantum devices. A

comparison of the homogeneous linewidths at low temperatures for the 7F0-5D0 Eu3+ transition in Y2O3 in its different forms is shown in Fig. 8.

Figure 8. Homogeneous linewidths (Γh) of the 7F0-5D0 Eu3+ transition with respect to
approximate particle sizes in Y2O3.
Besides the optical coherence properties, also the inhomogeneous linewidths and coherence
time of nuclear spin transitions were studied in Eu3+-doped transparent Y2O3 ceramics [58]
by an all-optical spin echo technique. Karlsson et al found that the coherence times are
constant up to 18 K, which relaxes the requirements on the cooling system. Nuclear spin
echoes were recorded for the 1/2-3/2 and 3/2-5/2 ground state transition of 151Eu3+ as well
as for the 1/2-3/2 transitions of 153Eu3+ and the values found here are comparable to the
best rare earth doped bulk single crystal. Recently, coherence properties were also studied in
Er3+-doped Y2O3 transparent ceramics [124] and a homogeneous linewidth of 11.2 kHz at low
temperatures was found for the 4I13/2 – 4I15/2 transition in a 0.65 T magnetic field. The
combination of coherence properties and the good optical transparency in the wavelength
range of 1000-2000 nm make them a promising system for quantum memories using
telecommunication wavelengths. A further system, which was recently studied, are opaque
Tm3+-and Sc3+-doped Y3Al5O12 ceramics prepared by solid state reactions with 0.5% Tm3+
and Sc3+-concentrations from 0-6% [75]. Ferrier et al used Sc3+-doping in order to increase
the Tm3+ inhomogeneous linewidth in Y3Al5O12 ceramics to obtain a larger bandwidth for
signal processing applications and show that the homogeneous linewidths are comparable to
those in single crystals.
4. Conclusion and Outlooks
Quantum information processing currently represents a very important and active research
field, offering unprecedented computational capacities and close to unconditional
communication security using quantum cryptography. A prerequisite for quantum
information processing is the availability of materials with good coherence properties. Among
the material classes studied so far, rare earth doped dielectric host lattices are one of the most
promising. The narrow f-f-transitions of trivalent rare earth ions can cover the visible and the
IR range including the telecom wavelength at 1.5 μm, and, more importantly, at low
temperatures, these systems often show long optical and spin coherence states. Using mainly
single crystals, it could be shown during recent years that spin states can have long coherence

lifetimes and be manipulated using magnetic and electric fields. New systems have been
investigated, like ytterbium doped crystals, with promising optical and spin properties,
whereas structuring opens promising perspectives for stronger light matter interactions and
integrated optics. Beside single crystals, progress has been made in rare earth doped
transparent ceramics, and rare earth doped polycrystalline (nano) powders. Further progress
in fabrication, e.g. nano-structuring, nanoparticles, or thin films will offer new possibilities for
the design of quantum light-matter interfaces, long time storage memories and scalable
processors. They may also benefit to other applications that rely on narrow transitions like
laser stabilization, signal processing or medical imaging.
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