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Erbium-implanted materials for quantum communication applications
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Erbium-doped materials can serve as spin-photon interfaces with optical transitions in the telecom C band,
making them an exciting class of materials for long-distance quantum communication. However, the spin and
optical coherence times of Er** ions are limited by currently available host materials, motivating the development
of new Er*'-containing materials. Here we demonstrate the use of ion implantation to efficiently screen
prospective host candidates, and show that disorder introduced by ion implantation can be mitigated through
post-implantation thermal processing to achieve inhomogeneous linewidths comparable to bulk linewidths in
as-grown samples. We present optical spectroscopy data for each host material, which allows us to determine the
level structure of each site, allowing us to compare the environments of Er** introduced via implantation and via
doping during growth. We demonstrate that implantation can generate a range of local environments for Er**,
including those observed in bulk-doped materials, and that the populations of these sites can be controlled with

thermal processing.

DOLI: 10.1103/PhysRevB.105.224106

I. INTRODUCTION

Quantum networks have a myriad of applications, in-
cluding fundamentally secure communication [1], modular
quantum computing [2], and precision measurement [3]. This
has motivated substantial theoretical and experimental efforts
to realize scalable schemes for both long-distance quan-
tum communication and microwave-to-optical transduction.
A major goal is to develop single atom quantum memories
that can be deployed in quantum repeater architectures [4,5].

Experimentally realizing a robust quantum network—
particularly one capable of operating over long distances—is
a challenging prospect. The qubits at the heart of these sys-
tems must simultaneously satisfy several criteria: Long-lived
quantum memories (often realized as electron or spin coher-
ences), high rate of generation of indistinguishable photons
(constraining excited state lifetime and spectral stability of the
optical transition), and efficient initialization, manipulation,
and detection schemes are the minimum requirements. How-
ever, there are several other factors which must be considered
for real-world implementation: Wavelength (and attenuation
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length in fibers or free space), inhomogeneous linewidth
(which may allow frequency-selective multiplexing, or may
require frequency tuning of individual defects), and the scala-
bility of the material system.

Erbium-based systems are promising candidates for both
single atom quantum memories in long-distance quantum
networks and microwave-to-optical quantum state trans-
duction. Many of the essential requirements for quantum
networks have been demonstrated in Er’*-containing systems,
such as long electron [6] and nuclear [7] spin coherence
times, telecom-wavelength spin-photon interfaces [8], and
frequency-selective control of individual ions [9]. However,
demonstrating the full range of properties required to realize a
practical quantum network with Er** remains an outstanding
challenge.

Many of the systems characterized for quantum informa-
tion applications are yttrium-based crystals (e.g., Y,SiOs,
YVO,). Er** readily substitutes for the Y3 site, but the large
spin bath formed by the Y nuclear spins has deleterious
effects on spin and optical coherence times. While extremely
long optical coherence times can be observed in Er**:Y,SiOs
(T, =4.38 ms at 1.5 K and 7 T [10]), these optical coherence
times are ultimately limited by the presence of ¥Y nuclei
[11], motivating the development of nuclear spin-free host

©2022 American Physical Society
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materials. Practically achieving a nuclear spin-free material
will ultimately require isotopic enrichment; this requires sta-
ble spin-zero isotopes of each elemental component exist and
the nuclear spin-full components are initially present in low
levels.

However, Er’T in non-yttrium materials has been stud-
ied in a variety of other contexts, such as infrared-to-visible
up-conversion [12], laser gain media [13], and as probes of
the local crystal environment [14], demonstrating that there
is a rich chemical space still to explore for quantum in-
formation applications. Efficiently exploring this space and
screening potential new materials remains an outstanding
challenge [15].

A further challenge is encountered when integrating
the current generation of Er*'-containing materials with
nanophotonic structures; while nanophotonic integration can
enable single-ion detection [16] and quantum state transduc-
tion [17], the emitters addressed by the device are typically
within hundreds of nanometers of the surface. Surface-related
noise processes (trapped charges, dangling bonds, etc.) can
substantially degrade the optical and spin coherence of nearby
emitters [8,16,18]. Developing new material systems with re-
duced sensitivity to surface noise—either through nonpolar
local symmetry, or fortuitously small Stark coefficients—
may help enable stable, narrow optical transitions in these
nanophotonic devices. These new materials would enable
nanophotonic integration with implanted single crystal sub-
strates as a “top-down” alternative to other cavity-emitter
architectures such as nanoparticles in fiber cavities [19].

We recently demonstrated that Er’* implanted in ru-
tile TiO, exhibits inhomogeneous optical linewidths below
500 MHz, among the narrowest inhomogeneous linewidths
reported for any host material for Er** [20] and especially
remarkable for ion-implanted Er**. Here we build on this re-
sult, using the same methodology to explore the properties of
several other Er-implanted materials. By utilizing ion implan-
tation to introduce Er’T into a variety of materials, we are able
to rapidly generate and screen new material systems while
also ensuring our results are representative of the properties of
the near-surface ions required for nanophotonic integration.

The paper is structured as follows: In Sec. II we outline
the criteria for host material selection; Sec. III briefly outlines
the experimental methods; Secs. IV-VI present results for
cubic, nonpolar, and polar symmetry crystals, respectively;
and Sec. VII concludes with general observations.

II. HOST MATERIAL CRITERIA

To narrow our search, we begin with a coarse set of criteria
for prospective host crystals which can be determined from
the elemental composition or from readily available reference
data. Specifically, we search for material properties that al-
low for long Er** coherence times, and a material band gap
sufficient to host the optical transition. An extensive tabula-
tion of materials satisfying these properties was presented in
Ref. [15].

Long spin coherence times require an environment with
low magnetic noise. Thus, a good host material should be
diamagnetic, composed of elements with nuclear spin-free
isotopes, and have minimal paramagnetic impurities. Spin

coherence is ultimately limited by spin-lattice relaxation, but
this can typically be suppressed by going to sufficiently low
temperatures [22].

Coherent optical transitions are an essential element of
a spin-photon interface. Optical coherence introduces two
requirements; first, the band gap of the host material must
be large enough such that emission from the defect optical
transition is not reabsorbed by the host material (>0.83 eV
for Er**), and second, the optical transition frequency should
be stable in the presence of the solid state environment. One
approach to realizing this second requirement is to optimize
crystal growth and processing to remove sources of noise [23],
while a complimentary strategy is to minimize the sensitiv-
ity of the qubit to these noise sources. If the symmetry of
the crystal site does not allow a permanent electric dipole
moment, then the Stark shift from electric field noise is
quadratic instead of linear. Narrow (<500 MHz) inhomoge-
neous linewidths previously reported in Er-implanted TiO,
were attributed to the nonpolar symmetry (and thus vanishing
first-order Stark shift) of the Er>* site in this material [20], and
inversion-symmetric group IV-vacancy defects in diamond
have significantly less spectral diffusion near surfaces and in
nanostructures [24,25] compared to NV centers [23].

Below, we present the optical characterization of a se-
lection of Er-implanted materials which meet the criteria
outlined earlier: They are composed of elements which have
stable nuclear spin-free isotopes, band gaps greater than
1 eV, and which span a wide range of potential coordination
environments for implanted Er**. By probing both the inho-
mogeneous linewidths and implantation yield for particular
sites we are able to gain insight into both the static disorder
in the crystal and the sensitivity of Er’** to noise sources in
the crystal. These crystals span a wide range of potential Er**
coordination environments: Cubic (MgO, PbTiOs3 : SrTiOs3,
ZnS), noncubic and nonpolar (TiO,, PbWO,), and polar sym-
metries (MoQj3, ZnO).

This wide-ranging screening approach allows us to identify
MgO, PbWOy, TiO,, and ZnO as particularly promising can-
didates, each showing narrow inhomogeneous linewidths for
near-surface ions. In several material systems we also demon-
strate the importance of post-implantation thermal processing.

III. EXPERIMENTAL APPROACH

Er** is incorporated into host materials via ion implanta-
tion (Innovion) at energies up to 350 keV, which corresponds
to an implantation depth of ~100 nm in the materials studied
here (see [26] for full implantation recipe). The implan-
tation process creates a highly nonequilibrium distribution
of Er** coordination environments and implantation-induced
vacancies. To identify different Er** environments in the
host crystals and characterize their properties, we employ
photoluminescence-excitation (PLE) spectroscopy, described
below. These techniques enable us to ascertain the site-
specific level structure of different Er** environments and
their associated inhomogeneous linewidths. In many cases we
observe only lower-lying Z and Y states, which is discussed in
the Supplemental Material (SM) [26]. Samples are mounted in
a sample-in-vapor optical cryostat held at 4.5 K unless other-
wise noted. Multiple samples are mounted on the same copper
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cold finger with GE varnish, using copper barriers between
samples to prevent scattered light from exciting fluorescence
in adjacent samples.

An achromatic doublet lens outside the cryostat is used to
focus excitation light and collect emission from the sample,
and a tunable narrowband laser (CTL 1500, Toptica) is used
to excite the sample. The resulting emission passes through a
polarizing beam splitter to filter residual scattered excitation
light, and the emission is detected using either an ampli-
fied photodiode (Femto systems OE-200-IN2) or a grating
spectrometer with a cooled InGaAs detector array (PyLon-
IR, Teledyne Princeton Instruments), enabling us to generate
two-dimensional maps of the emission spectrum for vari-
ous excitation wavelengths. Fast thermalization of the Er**
excited states (relative to the millisecond radiative lifetime
[27]) results in identical emission spectra for each Er** site
regardless of which transition was excited; thus when Er**
can occupy multiple different sites the emission spectrum can
be used to group excitation peaks originating from Er** ions
occupying the same site.

With site-specific excitation and emission frequencies, we
can extract the ground and excited state energies for each site.
The ground state splits into eight states Z,—Zg, (five in cubic
symmetry), while the excited state splits into seven states
Y1-Y; (five in cubic symmetry). For each site we also mea-
sure the excited state lifetime, which we can compare to the
expected magnetic dipole (MD) decay rate [28]. This allows
us to estimate the role of forced electric dipole moments in the
decay rate, which are only allowed in sites without inversion
symmetry.

IV. CUBIC SYSTEMS
A. MgO

Structure and properties: MgO adopts the cubic halite
structure, with octahedrally coordinated (local O;, symmetry)
Mg** and O?~. The only native nuclear spin present at an
appreciable level is Mg (I = 3, 10% natural abundance).

MgO has a relatively low refractive index (n = 1.71) [29],
which is advantageous for improving refractive index contrast
in hybrid nanophotonic devices. The large band gap of MgO
(7.8 eV) is sufficient to host not only telecom-wavelength
optical transitions, but can also host defects with shorter wave-
length transitions.

The samples used in this work had a (001) surface and were
purchased from MTI Corp. Samples were stored in a dessica-
tor when not in use because of the hygroscopic nature of MgO.
Prior to implantation, no Er3t emission was observed.

Optical spectrum: The excitation-emission spectrum of
MgO shown in Fig. 1 has a rich structure with peaks corre-
sponding to at least five distinct incorporation sites. We focus
our discussion on the most intense set of peaks, highlighted
with blue arrows in Fig. 1 (other energy levels are tabu-
lated in the SM [26]). The lowest two excitation peaks show
small splittings (0.08 and 0.3 cm™!, respectively) which are
suggestive of some degeneracy-lifting perturbation. Substan-
tial unresolved fine structure is evident in the Z; — Y; peak
(Fig. 2), making quantitative determination of inhomogeneous
linewidth challenging; however, we can put an upper bound
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FIG. 1. Top panel: Excitation spectrum of annealed Er**:MgO
at T =4.5 K, showing all transitions observed. Colored bars in-
dicate different sites. Bottom panel: Excitation-emission spectrum
of the same sample, plotted on a log intensity axis to show all
peaks observed. The diagonal feature at wex. = Wen 1S from scat-
tered excitation light, and provides a wavelength reference for the
spectrometer.

of 2 GHz on the width of each peak (post-thermal process-
ing), comparable to the inhomogeneous linewidth observed in
many yttrium-based crystals [27].

The fluorescence lifetime of the Y; level is 20.1 ms (see the
SM [26]). We can estimate the expected radiative lifetime of
a magnetic dipole (MD) transition by scaling the lifetime in
the free Er’* ion (98.3 ms) by n* (to account for the higher
density of states in the crystal), which yields an estimated
MD lifetime of 19.6 ms [28]. The good agreement with the
experimental value suggests that there is no forced electric
dipole contribution and that nonradiative relaxation pathways
are not significant in this case.

Previous ESR measurements have reported that Er** occu-
pies the octahedral Mg2+ substitutional site [14,21], and has a
quartet ground state (I'g in the Koster notation), rather than the
usual Kramers doublet. Strain can lift this fourfold degeneracy
[14], consistent with the closely spaced sets of peaks observed
in our measurements. Using previously reported crystal field
parameters [21,30], we determine that the transition from Y,
to the lowest nonquartet state (I'; — I'¢) is symmetry forbid-
den. To determine the ground-state splittings, we increase the
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FIG. 2. Upper panel: Changes in the number and intensities of
peaks in MgO as a function of annealing conditions, described in
the main text. Bottom panel: High-resolution scan of the Z; — Y;
transition, showing the change in linewidth on annealing.

temperature of the sample to populate the Y, level. Emis-
sion from this level allows us to determine the ground-state
splittings, which are in excellent agreement with previously
reported models based on ESR measurements for the substi-
tutional Mg?" site (Table I) [21].

Annealing: Er**-implanted MgO was annealed in air for
a total of 7 h at 600 °C. Previous studies of MgO implanted
with Fe have indicated aggregation and precipitation above
this temperature [31]. Post-anneal spectra show a sevenfold
increase in the intensity of the O site. We also observe a
number of peaks after annealing which we suggest may be
associated with structural configurations where charge com-
pensation occurs locally (as in Nd** in CaF, [32]), though

the detailed structure and symmetry of this site are unknown.
(The level structure for this site is detailed in [26]). A number
of small peaks initially present in the as-implanted sample
disappear on annealing. Figure 2 shows the dependence of the
peak intensities on annealing conditions.

The increase in intensity of the site 1 peaks with an-
nealing indicates that thermal processing is important for
Er**-implanted MgO, though the results here likely do not
represent the optimal annealing method. The detailed mecha-
nism and optimization of this thermal processing will be the
focus of future work.

B. PbTiO; : SrTiO;

Structure and properties: PbTiO3 and SrTiOj3 are both per-
ovskite structures, with cuboctahedral coordination of the A
site (Pb?>T, Sr?*) and octahedral coordination of the B site
(Ti**). Below 105 K, SrTiO3 undergoes a symmetry-lowering
tetragonal distortion [33], lowering the local symmetry of the
A and B sites to Dy, and Cyy, respectively [34]. Both Ti and
Pb have isotopes with nuclear spin, 2’Pb (I = %, 22% natural
abundance), *’Ti (I = %, 7% natural abundance), and “°Ti
I = %, 5% natural abundance).

This sample is not implanted with Er**; doping is instead
introduced during growth of the PbTiO3 layer. 100 nm of
PbTiO; is overgrown on a SrTiOj substrate via pulsed-laser
deposition, as detailed in the SM [26]. The Er’* doping is
modulated such that only one unit-cell layer is doped with
Er** at 0.1 mol%, then ten layers are undoped, then another
unit-cell layer is doped, and so on. Thin-film and layered
structures present an alternative approach to integrating quan-
tum emitters with nanophotonic structures; they avoid the
generation of vacancies and other damage centers during im-
plantation, but can be challenging systems to realize ultralow
doping in a controlled manner. Both SrTiO; and PbTiO5; have
high refractive indices (n = 2.28 [35] and n < 2.5 [36], re-
spectively).

Optical spectrum: Tn contrast to MgO, Er’**: PbTiOs :
SrTiO3; shows a much simpler spectrum, shown in Fig. 3. All
peaks show the same emission pattern, consistent with a single
occupied site. The extracted crystal field levels are given in
Table I.

TABLE I. Crystal field energies and other properties of cubic-symmetry host materials. Lifetimes predicted for purely magnetic-dipole
transitions are given in parentheses. Crystal field levels for the Y levels are given relative to the Z; — Y; transition energy. Levels assigned to
strain-split quartet states are given in the same table entry. States which are not observed in our experiments are denoted with asterisks.

MgO PbTiO5 : SrTiO; ZnS
Experiment Cubic model [21] Experiment Site 1 Site 2

Z = Y em™! 6491.5 N/A 6511.7 6489.3 6486.7

n (energies in cm™!) Z, Y, Z, Z, Y, Z, Y, Z, Y,

1 0.0, 0.08 0.0 0.0, 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 110.4 48.3,48.6 111.2 14.21 73.7 7.4 6.7 11.2 5.7

3 134.8 98.7 139.7 113.47 75.1 25.6 30.7 314 16.7
4 * * 619.2 * 204.8 * 39.6 * 49.0
Lifetime/ms 20.1 (19.6) N/A 3.9(6.3) 4.6 (8.4) 5.6 (8.4)
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FIG. 3. Top panel: Excitation spectrum of Er*"-doped PbTiO; :
SrTiO3, showing all transitions observed. Bottom panel: Excitation-
emission spectrum of the same sample, plotted on a log intensity axis
to show all peaks observed.

The inhomogeneous linewidth of the Z; — Y transition is
~9 GHz, with an asymmetric tail. The excited state lifetime of
the Y; state is 3.9 ms. The expected magnetic dipole radiative
lifetime is 6.3 ms, which is indicative of a forced electric
dipole contribution to the emission.

While our measurements do not allow us to unambiguously
assign a site to the incorporated Er’*, we note that ESR
measurements of Er’* in BaTiO; have suggested Er’* can
substitute in either the A or B site [37], and the better matching
of ionic radius between Er’* and Pb*" with respect to Ba?*"
suggests A-site (distorted cubeoctahedral) substitution might
be expected. The A site (Dy; symmetry at low temperature)
permits an electric dipole contribution to the radiative lifetime
via d-f mixing, while the B-site symmetry (Cy;) does not.

C. ZnS

Structure and properties: ZnS adopts the zinc blende struc-
ture, composed of tetrahedrally coordinated Zn** and S?~.

Only the ®’Zn isotope has nonzero spin (I = %, natural abun-
dance 4%). ZnS has a refractive index n = 2.27 [38] and a
band gap of 3.5 eV.

The samples described in this work were purchased from
SurfaceNet, with (111) orientation, grown by a seeded vapor-
phase free growth method. No Er** emission was observed
prior to implantation.

Optical spectrum: Two distinct sites (sites 1 and 2) can be
identified in the ZnS excitation-emission spectrum, shown in
Fig. 4. We note that for both sites, the transitions span a much

Emission Frequency (cm™)
6470

6500 6520
Excitation Frequency (cm™)

6480 6540

FIG. 4. Top panel: Excitation spectrum of Er**-implanted
ZnS (annealed), showing all transitions observed. Bottom panel:
Excitation-emission spectrum of the same sample, plotted on a log
intensity axis to show all peaks observed.

smaller energy range than either MgO or PbTiOj3 : SrTiOs.
Extracted crystal field levels are reported in Table I.

The measured excited state lifetimes for both sites 1
(4.6 ms) and 2 (5.6 ms) are shorter than expected for a pure
MD transition (8.4 ms). The congested spectrum makes accu-
rate determination of the inhomogeneous linewidths difficult,
even with site-selective measurements, but both sites 1 and 2
have Z; — Y; inhomogeneous linewidths of >25 GHz.

Emission in the visible wavelength range from Er’*-
implanted ZnS has been previously reported using cathodo-
luminescence [39], where two sites were also observed. The
Z levels we determine for site 2 are in excellent agreement
with the reported levels for the substitutional Zn>* site. More-
over, the population of this site increased with annealing in a
manner consistent with previous reports [39].

However, the parameters we determine for site 1 are not
consistent with the reported levels for the interstitial site iden-
tified in Ref. [39] despite similar implantation fluences and
subsequent annealing. One possible explanation for this dis-
crepancy is the excitation method; cathodoluminescence, and
resonant excitation may excite sites with different efficiencies.
Though we do not propose a detailed structural assignment for
site 1, we note that some charge compensation must occur in
ZnS with Er*" defects (as with all the materials we present
here); differences in charge compensation (e.g., local or re-
mote, compensating ion identity, local configuration) would
be expected to give rise to distinct sites.

Annealing: Er*T-implanted ZnS was annealed in air at
350 °C for 3 h, as described in Ref. [39]. Prior to annealing,
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TABLE II. Crystal field energies and other properties of nonpolar symmetry host materials. Lifetimes predicted for purely magnetic-dipole
transitions are given in parentheses. Crystal field levels for the Y levels are given relative to the Z, — Y transition energy.

PbWO, TiO,
7 — Y, /em™! 6517.7 6575.7
n (energies in cm™") Z Y, . Y,
1 0.0 0.0 0.0 0.0
2 10.7 3.6 35.0 14.8
3 31.9 47.6 40.8 229
4 51.4 103.4 119.6 96.3
5 189.5 134.9 169.7 *
6 228.7 147.6 208.3 *
7 253.3 165.4 269.8 *
8 282.1 N/A x N/A
Lifetime/ms 7.7 (>9.1) 5.25 (5.2-6) [20]

site 1 was observable, but no clear emission from site 2 was
detected. After annealing, emission from site 2 increased sub-
stantially, having similar maximum peak height to site 1.

V. NONCUBIC, NONPOLAR SYSTEMS

A. PbWO,

Structure and properties: PbWQO, adopts the Scheelite
crystal structure, in which the optical properties of doped rare-
earth ions have been extensively studied [40]. Both Pb and
W have isotopes with nuclear spin *’Pb (I = 1, 22% natural

abundance) and '83W (I = 2, 14% natural abundance). We

observe Er’* emission in our PbWO, prior to implantation,
suggesting low levels of native doping; this would suggest
that extra care may be required during synthesis to minimize
additional paramagnetic defects. Similar background levels of
Er** have been observed in other nominally lanthanide-free
materials [41].

PbWOy, like all Scheelite structures, is birefringent. The
refractive indices at 1530 nm are n, < 2.21 and n, < 2.16
(estimated from [42]). Numerous values have been reported
for the band gap of PbWOy, but all are >3.5 eV. CaWOy,
which we compare PbWQ, with below, has the same structure
and similar optical properties (n, = 1.88, n, = 1.9 [35], band
gap 4.2 eV). In Er**-doped CaWOy, Er** is known to occupy
the Ca®* site, which has local Sy symmetry [40,43].

The PbWQ, substrate with (001) orientation was pur-
chased from MTI Corp. The comparison CaWQO, sample was
grown via the Czochralski method, with Er** doping of ap-
proximately 0.8 ppb [44].

Optical spectrum: We compare the optical properties of
three samples: Er3+-implanted PbWO,, PbWO, with native
Er** (presumably introduced during crystal growth), and as
a reference sample, Er’*-doped CaWO,. By comparing the
intensities of the observed spectra in the implanted and unim-
planted PbWO,, we estimate the background Er** doping
levels to be on the < ppb level.

The excitation-emission spectrum of implanted PbWOQO,
(Fig. 5) shows only one site. The peaks are all clearly re-
solvable, allowing the determination of all eight Z levels
and all seven Y levels (Table II). The splittings reported are

qualitatively similar to those known for isostructural Er’*-
doped CaWOy [40].

The excited state lifetime of implanted PboWOy is 7.7 ms,
shorter than the 9.3 ms expected from a pure MD transition,
suggesting a forced electric dipole contribution. The Z; — Y;
transition of the implanted sample (Fig. 6) shows significant
structure, but the FWHM of the central peak is approximately
1 GHz. As noted earlier, our PbWO, samples have trace
Er** contamination pre-implantation, enabling us to directly
compare implanted and bulk Er** in PbWO, (Fig. 6). We find
that the peak positions are identical between the implanted
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FIG. 5. Top panel: Excitation spectrum of Er*'-implanted
PbWO, (annealed). Bottom panel: Excitation-emission spectrum of
the same sample, plotted on a log intensity axis to show all peaks
observed.
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—— PbWO,
CaWO4

PbWO4
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-5 0 5
Relative Frequency (GHz)

FIG. 6. High resolution scan of Z; — Y transition for implanted
PbWO,, bulk-doped CaWOy,, and unimplanted PbWO, with trace
Er*" impurities. The same hyperfine structure is observed in all
cases. PbWO, and CaWO, spectra are shifted by their respective
Z, — Y transition energies, but the frequency axis is not otherwise
altered.

and trace-Er** samples, though the bulk Er** inhomogeneous
linewidths are threefold narrower. This might suggest there
is still some residual disorder from implantation; however,
we also note that our local Er*" concentration is high (~~
100 ppm) in the implanted region, and 1 GHz inhomogeneous
linewidths have been observed in bulk-doped Er**: CaWO,
of similar concentrations [13].

To further explore the similarities between CaWO, and
PbWO,, we compare the spectrum of the implanted PbWO,
and a bulk-doped CaWO, sample. The same hyperfine struc-
ture around the Z; — Y] transitions is observed for both
CaWO0O, and PbWOQy, which arises from the 23% natural abun-
dance '®’Er. The near perfect correspondence between the
PbWO, and CaWOy spectra suggest their hyperfine constants
(and thus underlying g tensors) are extremely similar, from
which we conclude that Er’* occupies a similar site in both
cases. In CaWOy,, Er*t is known to occupy the substitutional
cation site [40,43].

The prominent hyperfine-split transitions are a result of the
large transverse component of the hyperfine tensor [40]; this
acts in the same manner as a large off-axis magnetic field,
giving rise to optical transitions which flip the electron or
nuclear spin. Well-resolved hyperfine transitions may find use
in optical manipulation of the nuclear spin [45], potentially
serving as an ancilla qubit.

Annealing: Implanted PbWO, was annealed for 1 h at
900 °C. Prior to annealing, the signal observed (both mag-
nitude and linewidth) was similar to the native Er** in the
unimplanted crystal, suggesting implanted Er** is not opti-
cally active. After annealing the sample the signal increased
by a factor of >200.

B. TiO,

Structure and properties: TiO, adopts the rutile structure in
our samples. Previous studies of Er-implanted TiO, demon-
strated that the Er’* occupies the substitutional Ti site, with
local D,;, symmetry [20].
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FIG.7. Top panel: Excitation spectrum of Er**-implanted
TiO, (annealed), showing all transitions observed. Bottom panel:
Excitation-emission spectrum of the same sample, plotted on a log
intensity axis to show all peaks observed.

Ti has two isotopes with nuclear spin, ' Ti (I = %, 7%
natural abundance) and Ti (I = %, 5% natural abundance).
TiO, has a large refractive index (n > 2.4) and is highly
birefringent. The band gap of TiO; is 3.0 eV. The prepara-
tion of the samples described below have been previously
described [20].

Optical spectrum: The excitation spectrum and inhomo-
geneous linewidth of implanted TiO, have been previously
reported in Ref. [20]. Here an improved optical setup enables
us to report a more complete excitation-emission spectrum
(Fig. 7), which is consistent with the previously reported
crystal field levels (Table II). Experimental improvements
in resolution and sensitivity allow us to report here several
previously-unreported Z levels.

VI. POLAR SYSTEMS
A. MoO3;

Structure: MoOj3 forms orthorhombic crystals composed
of distorted octahedra of Mo®" coordinated by O>~. Only two
sites of nontrivial symmetry are found in this crystal, C; (Mo
and O positions) and C; (interstitial sites). Mo has two isotopes
with nuclear spin, >Mo (I = %, 15% natural abundance) and
™o (I = %, 10% natural abundance). The refractive index of
MoOj is n = 2.07 [46]. The band gap of MoOs is 3.2 eV [47].
The samples used in the work below were grown by the vapor
transport method.
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FIG. 8. Top panel: Excitation spectrum of Er*'-implanted
MoO; (annealed), showing all transitions observed. Bottom panel:
Excitation-emission spectrum of the same sample, plotted on a log
intensity axis to show all peaks observed. Inset shows the correlated
line shape in the excitation-emission spectrum for two peaks.

Optical spectrum: The spectrum of implanted MoOj is
consistent with a single dominant environment for Er®*,
showing a sparse pattern of excitation and emission peaks.
The excited state lifetime of MoQOs is 5.5 ms, shorter than the
11.0 ms expected from a pure magnetic dipole transition in
this material. The inhomogeneous linewidth of the Z; — Y
transition is 90 GHz, which is the broadest linewidth we report
here. There are several possible sources of disorder in this
system; not only is Er*™ in MoOjs sensitive to implantation-
induced damage, but the variety of oxidation states that can
be adopted by Mo has the potential to serve as an intrinsic
source of inhomogeneity.

The broad inhomogeneous linewidths in this sample high-
light another source of information accessible from our
spectroscopic approach. Several of the two-dimensional line
shapes show distinct slopes (such as the inset of Fig. 8) which
reveal the correlations between excitation and emission fre-
quencies of subensembles of Er*" ions (e.g., a subensemble
may have a redshifted Z;, — Y transition, but a blueshifted
Z, — Y, transition). These correlations describe how the dif-
ferent energy levels of the Er’* ions shift in response to the
main source of disorder in the system (electric field, strain,
etc.), which may be useful in site assignment or identifying
transitions which are minimally sensitive to the local disorder.
This approach is currently limited by our spectrometer reso-
lution (=1 cm™), but improvements in detection resolution
would allow this information to be extracted for narrower

inhomogeneous linewidths. Identified crystal field levels are
listed in Table III.

Annealing: The implanted MoO; sample was annealed
in air at 550 °C for 4 h. Previous studies assessing Er’*-
implanted MoOs as a potential optoelectronic material found
this annealing procedure increased the visible emission from
Er** in MoOs [48]. Er’** emission was observed both pre-
and post-anneal, the main effect of the annealing was the
removal of a number of small, barely resolvable peaks, but
did not impact the inhomogeneous linewidth. Because of the
irregular size and shape of the crystals, it is not possible to
make a quantitative comparison between pre- and post-anneal
peak heights. The post-anneal excitation-emission spectrum is
consistent with a single environment for the implanted Er.

B. ZnO

Structure: ZnO adopts the hexagonal Wurtzite structure.
The Zn* ion is coordinated by four O~ in a distorted tetra-
hedral fashion with Cs, symmetry. The polar crystal structure
of ZnO gives rise to a piezoelectric effect in the crystal. Only
the %’Zn isotope has nonzero spin (I = %, natural abundance
4%).

The refractive index of ZnO is n = 1.93 [35], and the
band gap is 3.3 eV. The samples described here had a (0001)
orientation and were purchased from MTI Corp. No emission
from Er** was observed prior to implantation.

Optical spectrum: The optical spectrum of Er-implanted
ZnO, shown in Fig. 9, is dominated by a single site. The inho-
mogeneous linewidth of the Z; — Y transition is 1.5 GHz,
which is among the narrowest of the materials we present
here. This narrow linewidth is observed despite the polar sym-
metry and piezoelectric nature of the crystal. An interesting
point of comparison here are “pseudo-Cs,” defects in SiC,
where similarity between dipoles in the ground and excited
states results in minimal sensitivity of the optical transition to
electric fields [49]. Identified crystal field levels are listed in
Table 1.

The lifetime of Er’*t-ZnO is substantially smaller than
would be expected for a magnetic-dipole transition (5.8 vs
13.6 ms), which indicates a forced electric dipole contribution.

Rutherford backscattering measurements of implanted
ZnO have observed that Er** occupies the substitutional Zn>*
site [50], while optical measurements of Er**-implanted GaN
[51], which adopts the same structure and has similar lattice
constants, also find that Er’* occupies the cation substitu-
tional site. Our observation of a single, well-defined site in
the excitation-emission spectrum is consistent with a picture
of Er*" substituting for Zn>*, where the sparseness of the
spectrum suggests either remote charge compensation or one
dominant charge compensation configuration.

Annealing: ZnO was annealed at 750 °C for a total of 16 h;
this was the total time at 750 °C over three annealing runs
of duration 1, 6, and 9 h. Annealing at higher temperatures
is known to lead to out-diffusion of Er** [50]. As-implanted,
the spectrum showed a wide range of low-intensity, spectrally
broad features; after annealing for 1 h a new set of peaks
with much narrower inhomogeneous linewidths was observed.
The intensity of these peaks increased with longer annealing
times, reaching a maximum increase of 10x relative to the
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TABLE III. Crystal field energies and other properties of polar symmetry host materials. Lifetimes predicted for purely magnetic-dipole
transitions are given in parentheses. Crystal field levels for the Y levels are given relative to the Z, — Y) transition energy.

MOO3 ZnO
Z,— Y, /cm™! 6512.5 6504.2
n (energies in cm™) Z, Y, Zn Y,
1 0.0 0.0 0.0 0.0
2 36.5 55.6 19.8 14.8
3 135.6 82.5 27.8 229
4 163.0 117.2 116.9 *
5 177.4 * 152.9 *
6 * * 1954 *
7 * * 217.8 *
Lifetime/ms 5.5(11.0) 5.8 (13.6)

as-implanted peak height. Spectra for these annealing steps
are shown in the SM [26].

VII. DISCUSSION

Ton implantation and doping during growth are two distinct
approaches to introducing Er’t ions into a host material;
understanding to what extent the two approaches can generate
similar coordination environments of Er’* is necessary for
exploring new host materials for quantum communication

L Il

Emission Frequency (cm™)
6350

630 0

6250

6505 6510 6515 6520 6525

Excitation Frequency (cm™)

FIG. 9. Top panel: Excitation spectrum of Er**-implanted
ZnO (annealed), showing all transitions observed. Bottom panel:
Excitation-emission spectrum of the same sample, plotted on a log
intensity axis. Several smaller features are visible in the excitation
range 6507 to 6512 cm™!; these are transitions from thermally popu-
lated states of the Er®*.

applications. We find that, where the coordination environ-
ment for the doped samples is known (i.e., MgO, PbWOy, and
Zn0), ion implantation is capable of generating the same local
environment.

However, we are also able to identify several other sites
occupied by implanted Er** in various samples using ion
implantation. In MgO we can resolve at least four other sites in
addition to the Oy, site (detailed in the SM); multiple sites are
observable in ZnS; and the spectrum of ZnO does not resolve
into a clear single site until the sample has been annealed.
To explain this observation, we consider the effects of charge
compensation and implantation-induced damage to the host
crystal. In all systems described here, Er’* is an aliovalent
defect, requiring charge compensation in the crystal; different
configurations of local charge compensation can give rise to
multiple spectrally distinct peaks, as in the case of Nd** in
CaF, [32] and Er*™: Si[52,53]. Additionally, ion implantation
generates vacancy defects which may produce additional co-
ordination environments of Er** which would not be observed
in a sample doped during growth.

The effect of ion implantation damage is not limited to
generating new, distinct, Er3t sites, but can also give rise
to disorder in the crystal host. The inhomogeneous linewidth
reflects the extent of the disorder, as well as the sensitivity
of the Er’* optical transitions to this disorder. In multiple
implanted systems (MgO, PbWOQy, TiO,, ZnO) we see inho-
mogeneous linewidths on the order of a few GHz (summarized
in Table IV), comparable to what is typically observed
in conventional host materials such as Er**: Y,SiOs [27],

TABLEIV. Summary of the observed inhomogeneous linewidths
for Z, — Y, transitions after thermal annealing.

Material Inhomogeneous linewidth
MgO <2 GHz

PbTiO; : SrTiOs 9 GHz

ZnS >25 GHz
PbWO, 1 GHz

TiO, 500 MHz

MoOs 90 GHz

ZnO 1.5 GHz
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TABLE V. Summary of the effects of annealing on different host materials.

Material Effect of annealing
Site Occupancy Inhomogeneous linewidth
MgO O, site increases, additional sites also appear Narrows, quartet splitting decreases
ZnS Site 2 appears No change
PbWO, No implanted Er** observable prior to annealing; large increase after anneal N/A
TiO, Increase in D, site Narrows
MoO; Minor peaks disappear on annealing No change
ZnO Initial site disappears, replaced by new site New site has tenfold narrower inhomogeneous linewidth

suggesting that the effect of static disorder in the implanted
samples can be similar to that in doped materials. These
linewidths will also include contributions from defects al-
ready present in the crystal, and may have scope for further
improvement using optimized substrates. The presence of na-
tive Er** ions in our unimplanted PbWO, samples enables
a direct comparison of inhomogeneous linewidths between
doped and implanted samples; here we observe that the im-
planted sample is approximately three times broader than the
doped Er**, but with a linewidth sufficiently narrow to resolve
several hyperfine-related features.

A necessary tool in realizing these GHz-wide inhomo-
geneous linewidths, however, is thermal processing. The
annealing conditions for each sample are given in the ap-
propriate material section, but the effects we observe can be
generally categorized as changing site occupancies and chang-
ing inhomogeneous linewidths. These effects are summarized
in Table V. The effect of annealing is particularly striking
in PboWO,4 and ZnO; in these cases, annealing significantly
changes the nature of the implanted Er** ions, which are not
initially optically active in the case of PbWO, and occupy
a highly disordered site in the case of ZnO. The thermal
processing conditions we outline for each material do not nec-
essarily represent the optimal conditions; given the complex
interplay of Er** diffusion, charge compensation, and implan-
tation damage repair there is likely scope for improvement for
each of the materials outlined here.

VIII. OUTLOOK AND CONCLUSIONS

Several materials presented here are promising candidates
for future single-Er’" studies. MgO is a low refractive in-
dex material with reports of millisecond spin 7; for Er** at
temperatures >1 K [21], while PbWO, and CaWQ, have
interesting hyperfine structure which may be useful for initial-
izing ancilla qubits. Our results enable us to identify a number
of candidate systems which could support highly coherent
optical transitions; specifically, the narrow inhomogeneous
linewidths we observe in MgO, TiO,, PbWQ,, and ZnO,
suggest either the damage from implantation is minimal, or
the Z; — Y transition is insensitive to it. In either case, this
suggests it may be possible to realize optical coherence times
in these materials which are not degraded by ion implantation.

Beyond simply replacing yttrium-based crystals as passive
host materials, both PbTiOj3 : SrTiO3 and ZnO (which are
respectively ferroelectric and piezoelectric) have promising
optical properties. The prospect of long optical and spin co-
herence in polar crystals is particularly intriguing; the ability

to actively control the host material could enable rapid fre-
quency tuning of optical transitions, novel control schemes
[54,55], and spectral shaping of emitted photons [56].

The next step in developing these materials as potential
components of a quantum network is to characterize their
coherence properties (both optical and spin) through time-
resolved approaches such as photon echo and spin echo
measurements. These coherence times are important metrics
for quantum networking applications; further exploring how
the material properties, linewidths, and thermal processing
we present here correlate with these coherence times will
form the basis of future research. We also note that the
implanted materials systems we present could be probed at
both the single-ion and ensemble level, enabling the discrep-
ancies between single-ion and bulk properties to be further
explored [16].

While our discussion has focused on integration with
nanophotonic devices, many of these materials may be useful
in ensemble applications. Our results show that ion implan-
tation can be used to identify promising candidate materials,
which could then be doped during crystal growth. This would
provide a route to combining the flexibility and relative ease
of sample preparation associated with ion implantation with
the higher doping levels and high-quality materials possible
with careful crystal growth. More generally, the combination
of ion implantation and thermal processing we present will
enable efficient searches through material parameter space,
providing new data which could be used in future computa-
tional or data-mining studies to identify new candidate hosts
[15]. This approach is not limited to screening host materials,
but could also be used to efficiently search for new emitters in
established host materials [57-59].
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