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Observation of Photon Echoes From Evanescently Coupled Rare-Earth Ions
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We report the measurement of the inhomogeneous linewidth, homogeneous linewidth, and spin-state
lifetime of Pr** ions in a novel waveguide architecture. The TeO, slab waveguide deposited on a bulk
Pr3*:Y,SiO; crystal allows the H,<>'D, transition of Pr** ions to be probed by the optical evanescent
field that extends into the substrate. The 2-GHz inhomogeneous linewidth, the optical coherence time of
70 £ 5 ps, and the spin-state lifetime of 9.8 4= 0.3 s indicate that the properties of ions interacting with the
waveguide mode are consistent with those of bulk ions. This result establishes the foundation for large,
integrated, and high performance rare-earth-ion quantum systems based on a waveguide platform.
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Ensembles of rare-earth-ion optical centers in transparent
crystals are an appealing system for realizing integrated
quantum hardware. Within this single solid-state system
there is the potential to combine the generation and
manipulation of flying qubits, such as photons, for state
distribution with stationary qubits for long-term quantum-
state storage. Several important components for such an
integrated quantum system have been demonstrated in rare-
earth-ion materials, such as efficient quantum memories
for light [1,2] and nonclassical photon sources [3].
Furthermore, dynamic filtering [4], signal modulation
[5], pulse sequencing [6], and beam routing [7] can also
be performed by harnessing the ion-light interactions in
rare-earth systems. To progress from these lab-based proof-
of-principle demonstrations of individual components to a
system that integrates a large number of active and passive
devices on a single crystal chip, a scalable architecture that
preserves the current material properties is required.

The complex optical circuitry enabled by a waveguide-
based platform offers great promise for constructing large,
integrated rare-earth quantum systems. To capitalize on
this potential we propose a planar waveguide architecture
where the control of individual components is achieved by
Stark shifting optical transitions through the application of
voltages to electrodes on the chip. The concept of the
proposed architecture is illustrated in Fig. 1. The funda-
mental idea is to create components by fast, local electronic
manipulation of rare-earth-ion ensembles rather than
changing the frequency of the light. The concept of
utilizing a common source mode has been proposed for
other architectures [8] and is suitable for rare-earth materi-
als because the achievable Stark shifts are many orders of
magnitude greater than the homogeneous linewidth of the
optical transitions of interest. Furthermore, Stark shifting
the ensemble frequency can be achieved rapidly and with
low optical losses.
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PACS numbers: 42.82.-m, 42.82.Et, 76.30.Kg, 78.47.jh

The scheme allows multiple components to be concat-
enated, such as the operation of two simple two-pulse
photon echo devices in series as shown in Fig. 1. The goal
of this architecture is to combine nonclassical sources,
quantum memories, and control elements such as filters,
modulators, and routers all on the one chip. The application
of electric fields in rare-earth-ion materials can be con-
trolled to perform coherent transients [9], spectral and
temporal shaping of the ensemble [4], and quantum
protocols [1]. For example, some of the earliest examples
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FIG. 1 (color online). A simple example of a device utilizing
the proposed architecture for integrated rare-earth-ion quantum
systems. Electrodes are incorporated with a waveguide-based
platform to control individual components through the linear
Stark shift of the ions. Two photon echo devices are shown in (a).
When the voltage is switched from low to high, the ions are
shifted from f into resonance with the excitation laser frequency
Slaser (b). Panels (c) and (d) show an indicative time evolution of
the applied voltage and waveguide output for the two photon
echo devices. In (d) the absorption of the z/2 and # pulses
decreases the output intensity and the photon echoes modulate the
waveguide output because the coherent emission is at f.
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of photon echoes in rare-earth-ion crystals were achieved
with a single-frequency cw laser and using the Stark
interaction to bring an ensemble in and out of resonance
to create the required pulses [10]. With the configurability
and fast switching available with modern microelectrodes,
a particular waveguide region could be arbitrarily manip-
ulated to form a quantum memory, a nonclassical light
source, a filter, a modulator, or to be completely non-
interacting with the excitation laser frequency. Such an
integrated chip would provide a physical implementation
for engineering and maintaining a large resource of
photonic qubits.

For the proposed architecture to be realizable it is
necessary to develop planar waveguide structures incorpo-
rating rare-earth ions where the quantum coherence char-
acteristics of the ions are preserved. Rare-earth-ion
waveguide systems have been previously fabricated in
LiNbO; using proton-exchange [11] or Ti** in-diffusion
[6,12,13]. This approach combines the spectroscopic prop-
erties of rare-earth-ion dopants with the high-performance
waveguide technology that extends from the classical
communications industry [14]. A notable achievement of
this research direction was the achievement of atomic
frequency comb storage of photon entanglement in a
Ti** : Tm* : LiNbO; waveguide [13] and, more recently,
an integrated processor for photonic quantum states [6].

Although the use of existing waveguide technology
provides thoroughly researched and developed fabrication
methods, the spectroscopic properties of rare-earth ions in
materials such as LiNbO; and KTP fall short of the
properties available in other materials [15]. For example,
rare-earth dopants in LiNbO; demonstrate high levels of
inhomogeneous broadening, spectral diffusion, and rela-
tively short coherence times [15]. Thus, it is not possible to
engineer optimum components for quantum-state creation
or highly efficient, long-term state storage.

An alternate approach for constructing high-performance
rare-earth-ion waveguides is to grow single-crystalline thin
films on lower refractive index substrates to form slab
waveguides. However, achieving the desired crystal quality
in a sub-wavelength-thickness film is yet to be demon-
strated. For example, the 3-um-thick 2% Eu’T:Y,04
film grown by Flinn et al. via metal-organic chemical
vapor deposition possessed an inhomogeneous linewidth of
90 +£ 20 GHz and a homogeneous linewidth of 12.1 MHz
[16]. Such results are a stark contrast from the 8-GHz
inhomogeneous linewidth and 760-Hz homogeneous
linewidth of a 2% bulk sample of the same material [17].

In this Letter we perform initial demonstrations of a
novel architecture for rare-earth-ion waveguides designed
to preserve the properties available in high-quality single
crystals. The technology is based on high-refractive-index
glass waveguides that utilize bulk rare-earth-ion crystals as
an active substrate. The optically active ions are then
accessed by the evanescent field that extends into the

substrate as light in the glass is guided by total internal
reflection. By monitoring the output from the waveguide
the inhomogeneous broadening, the homogeneous broad-
ening and the spin-state lifetime of ions within 100 nm of
the crystal surface were measured. The ion properties
reported in this Letter and the ease with which waveguides
can be fabricated using any one of the myriad of host
crystals for rare-earth ions establishes a solid platform for
large-scale integration of rare-earth quantum hardware.

The slab waveguide utilized in this Letter consisted of a
400 £ 10-nm-thick TeO, thin film (n.s = 2.05) on a
0.005% Pr3*:Y,SiOs crystal (ng, = 1.806). The glass
film was formed by room temperature sputter deposition,
which has been previously shown to produce high-quality
and low-loss TeO, thin films [18]. For the polarization of
the guided light to be parallel to the direction of maximum
absorption (]| D,), the fundamental transverse-electric mode
was excited in the film. Figure 2 illustrates the calculated
relative strength of the electric field propagating in the
vacuum, in the TeO, film, and in the Pr’*:Y,SiOs
substrate. From calculations of the simulated waveguide
mode, the evanescent field in the rare-earth-ion doped
crystal substrate decays to its e~! point over 130 nm and the
ratio of the power in the substrate to the total power in the
guided mode is 7.2%.

To probe the spectroscopic properties of the ions
interacting with the waveguide mode, the experimental
setup shown in Fig. 2 was used. A commercial Coherent
699-29 dye laser with a linewidth on the order of 1 MHz
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FIG. 2 (color online). (a) Crystalline axes relative to the film
deposition. (b) The electric field amplitude E | of the fundamental
TE mode supported by the 400-nm TeO, film waveguide on a
Pr3*:Y,SiO; crystal substrate. (c) Experimental setup inside the
cryostat used to perform the characterization of the TeO, on
Pr3*:Y,Si05 waveguide.
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was tuned to the *H,<>'D, transition of site 1 Pr** ions at
605.977 nm. For pulsed measurements of coherence and
spin-state lifetimes the excitation beam was gated with an
acousto-optic modulator to create the photon echo sequen-
ces shown in Figs. 4 and 5. Light was then coupled into the
planar slab waveguide using a rutile prism held in contact
with the sample. In order to launch into the first transverse-
electric mode in the waveguide, the angle of incidence of
the beam on the air-prism interface was 18 £0.1°. The
optimized spot size at the prism-waveguide interface was
observed to be approximately 80 ym, which allowed a
coupling efficiency on the order of 45%. The prism-
waveguide assembly was placed in a helium bath cryostat
and cooled to 2 K.

The inhomogeneously broadened absorption line of an
ensemble of ions is sensitive to the level of mechanical
stress and static disorder in the volume of interest. Hence,
the ensemble absorption provided an initial indication of
the properties of the ions interacting with the waveguide
mode relative to the well-characterized properties of bulk
ions. The inhomogeneous line was observed by scanning
the laser 20 GHz and recording the resultant absorption
spectrum, which is shown in Fig. 3. The inhomogeneously
broadened line of evanescently coupled ions possessed a
linewidth of 2.0 = 0.1 GHz, which is consistent with the
linewidth of bulk samples with the same Pr’* doping
concentration [19]. The absence of excess broadening
indicates that the film deposition process has not intro-
duced additional static disorder into the crystal Iattice.
Furthermore, the narrow linewidth is strong evidence that
the crystal field experienced by the ions and, hence, their
absorption properties, have not been significantly modified.
The observed 2.25 dB of absorption over an interaction
length of 4 & 1 mm is consistent with the expected degree
of absorption in the waveguide mode from the modeled
mode profile, assuming that ions at all depths are contrib-
uting. It should also be noted that the uncertainties
are sufficiently large that it is possible that a region
at the crystal surface could be present in which ions
did not contribute to the observed signal. From our model,
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FIG. 3 (color online). The absorption spectrum of the 0.005%
Pr3*:Y,SiOj substrate probed by the evanescent field from light
guided in the thin TeO, film waveguide.

the upper bound on the depth of such a region was
16 nm.

The homogeneous linewidth of ions within an ensemble
acts as a much more sensitive probe of the environment
compared to the inhomogeneous linewidth. To probe the
homogeneous linewidth of the ions in the waveguide mode,
two-pulse photon echo experiments were performed.
Because of laser power restrictions, the excitation pulses
used were longer than the laser coherence time (3 us for the
7/2 pulse and 6 us for the = pulse). However, a higher-
resolution laser was not available at the time of the
experiment. Figure 4 shows the averaged maximum inten-
sity of the photon echo as a function of the delay z. The
optical coherence time T, is 70 £ 5 us, which corresponds
to a homogeneous linewidth of 4.5 4+ 0.3 kHz. This is the
narrowest linewidth achieved in a solid-state waveguide
and is sufficient to allow demonstrations of nonclassical
light sources based on rephased amplified spontaneous
emission and quantum memories based on the gradient
echo memory protocol.

We note that the homogeneous linewidth is approxi-
mately a factor of 1.6 broader than results obtained in zero-
field bulk sample measurements in crystals of an equal Pr3*
concentration under similar conditions [19]. The slight
increase in broadening is attributed to a combination of
three factors: laser instability, instantaneous spectral dif-
fusion (ISD), and the impact of the guiding TeO, layer.
Given the current measurements, it is not possible to
determine the precise contribution of each factor.
Because the laser pulses exceed the laser coherence time,
there is a reduced degree of spectral overlap between the
pulses that reduces the ability to effectively rephase the
initial coherence of the ensemble. This effect also makes it
difficult to predict the contribution of ISD, because the
excitation density of the ensemble is impacted. As a
reference, assuming an excitation bandwidth of 1 MHz,
the excitation density of site 1 Pr’* ions in the substrate
was p, = 4 x 10" cm™3. Given the coefficient of ISD in
Pr3*:Y,SiOs in Ref. [19] (1.2 x 107! Hz/cm?), 4.8 kHz
of broadening is expected. Without knowledge of the
broadening due to laser instability and ISD, the impact

..

0.5 L
= o b, Ty =T70+5 pus
s -1 o ¥ .
= &
>-15F ®e Sy |
g oo o .
8 2 ° D
g 3 "..gc ® o
o -25[ % T T 3 b
= 2 -~ -~ . 3
CS 3 ) Echo DN
€ E [ | QRLD
= 3.5 : - - e

e Time °

L L L

4 1 I I I 1
0 5 10 15 20 25 30 35 40 45 50 55

Delay - 7 (us)

FIG. 4 (color online).
delay time 7.
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of the guiding TeO, cannot be stated definitively. However,
even if the factor of 1.6 increase in broadening was solely
due to interactions between the ions and the glass film, the
architecture would still allow the pursuit of integrated
quantum systems using rare-earth ions.

To allow long-term shelving of ions for protocols involv-
ing hole burning or to achieve quantum-state storage on the
order of minutes to hours [20], the lifetime of the nuclear
spin states observed in bulk crystals must be preserved in the
waveguide architecture. To probe the ground-state nuclear
spin-level lifetime, a stimulated echo measurement was
performed. In this case, a dye laser was available that was
stabilized to a sub-kHz linewidth by locking to a temper-
ature-stabilized, ultralow-expansion optical cavity. A series
of 1000 z/2-pulse pairs created a spectral grating, which
was then probed with a further /2 pulse after a delay 7. The
intensity of the resultant stimulated echo is dependent on
the preservation of the spectral grating over time. Therefore,
the lifetime of the spin states provides a lower bound on the
echo decay rate with 7.

Figure 5 shows the echo intensity as a function of
the delay 7, which ranged from 0.1-1000 s. For T < 10 s,
the echo decays exponentially with a time constant
T,=9.8+0.3s. A well-defined echo was also observed
atadelay 7 = 1000 s, which is indicative of a much slower
degradation of the spectral grating for 7 > 10s. The
degradation rate of the spectral grating is consistent with
the hyperfine relaxation rate of the bulk medium where
short-lived states and states with significantly longer life-
times have been observed in previous hole-burning studies
[21]. Therefore, the close proximity to the interface with the
guiding glass medium has not significantly decreased the
spin-state lifetime.

Furthermore, these results demonstrate that grating
degradation due to spectral diffusion is at a level consistent
with high-quality rare-earth-ion bulk crystals. Even in
the extreme where the echo decay is attributed solely
to spectral diffusion, which assumes that there is no
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FIG. 5 (color online).  Stimulated echo intensity as a function of
the delay between writing and probing the grating. The measured
decay time of the echo amplitude T, = 9.8 £ 0.3 s is represen-
tative of the lifetime (7';) of a subset of the hyperfine spin states.

lifetime-related decay, the total broadening observed on
a 15-m time scale is less than 15 kHz.

To the best of our knowledge, the characterization of the
substrate ions performed here is the first use of an evanescent
field to perform coherent transients in a solid-state rare-
earth-ion system. Furthermore, it is the first characterization
of ions within one optical wavelength from a bulk crystal
surface. The spectroscopic properties of the substrate ions
probed by the guided mode are significantly different from
the properties of previously characterized rare-earth-ion
waveguide devices [11,12]. By using the substrate as the
active medium, the stress introduced into the host material
by the waveguide fabrication process is minimized, allowing
narrow inhomogeneous linewidths to be achieved in a
miniaturized platform. The minimization of inhomogeneity
in rare-earth-ion crystals is essential to allow devices such as
highly efficient, large-bandwidth quantum memories with
spin-state storage [1]. Furthermore, in the investigated slab
waveguide, rapid spectral diffusion is absent. This is a stark
contrast to waveguides fabricated in rare-earth-doped
LiNbO;, where rapid spectral diffusion limits spectral
resolution to the 1-MHz level for 50-us time scales [12].
Therefore, the waveguide structure demonstrated in this
Letter constitutes an enabling architecture for large-scale
integrated rare-earth-ion quantum devices.

Importantly, the architecture proposed and investigated
here allows the optimization of the spectroscopic properties
of the rare-earth crystal to be decoupled from the opti-
mization of the waveguide fabrication. Thus, it is possible
to capitalize on the cumulative knowledge of decades of
high-resolution spectroscopy by choosing a rare-earth-ion
material that is optimally suited for quantum information
processing applications. The deposition of a thin glass film
of suitable quality and refractive index then allows a
waveguide to be formed.

An integrated rare-earth-ion crystal waveguide chip
would be of significant interest not only to rare-earth-ion
spectroscopy and applied quantum optics, but to the
broader quantum information processing community.
Much attention is currently being devoted to waveguide-
based implementations of linear quantum optics to
overcome the large overheads that prevent large-scale
implementations on optical tables. The waveguide archi-
tecture characterized in this Letter accomplishes the goal of
monolithic photonic circuits while combining the benefit of
an on-chip quantum memory to synchronize numerous
probabilistic events. Furthermore, triggerable single-
photon sources based on rephased amplified spontaneous
emission [3] also promise high fidelity and efficiency,
which would significantly reduce the heavy postselection
often incorporated into linear quantum optics experiments.
Thus, the proposed waveguide architecture will be inter-
esting as a system to achieve small-scale quantum compu-
tation based on linear photonics.
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This Letter has proposed and demonstrated the feasibility
of a novel waveguide architecture for rare-earth-ion materi-
als. By guiding light in a thin, high-refractive index glass
deposited on the surface of a bulk rare-earth-ion crystal, the
near-surface ions can be probed by the evanescent field that
extends into the substrate. The result is an effective wave-
guide, with little impact on the spectroscopic properties of
the probed substrate ions. With the achievement of narrow
inhomogeneous and homogeneous linewidths, negligible
material-related spectral diffusion, and long hyperfine state
lifetimes, future research will focus on fabricating and
demonstrating waveguide-based devices such as gradient-
echo quantum memories and single-photon sources. The
ultimate aim is to combine such quantum components with
other active and passive devices into a single, large-scale
integrated crystal chip. The achievable photonic circuitry
paired with the fast and precise control of the substrate ion
ensembles with electric fields will allow new regimes of
rare-earth-ion quantum optics to be probed, in addition to
facilitating research towards practical quantum communi-
cation and computing technology.
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