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ABSTRACT: Stoichiometric Eu** compounds have recently
shown promise for building dense, optically addressable quantum
memory as the cations’ long nuclear spin coherence times and
shielded 4f electron optical transitions provide reliable memory
platforms. Implementing such a system, though, requires ultra-
narrow, inhomogeneous linewidth compounds. Finding this rare
linewidth behavior within a wide range of potential chemical spaces
remains difficult, and while exploratory synthesis is often guided by
density functional theory (DFT) calculations, lanthanides’ 4f
electrons pose unique challenges for stability predictions. Here, we
report DFT procedures that reliably reproduce known phase
diagrams and correctly predict two experimentally realized
quantum memory candidates. We are the first to synthesize the
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double perovskite halide Cs,NaEuFy. It is an air-stable compound with a calculated band gap of 5.0 eV that surrounds Eu** with
mononuclidic elements, which are desirable for avoiding inhomogeneous linewidth broadening. We also analyze computational
database entries to identify phosphates and iodates as the next generation of chemical spaces for stoichiometric quantum memory
system studies. This work identifies new candidate platforms for exploring chemical effects on quantum memory candidates’
inhomogeneous linewidth while also providing a framework for screening Eu** compound stability with DFT.

Bl INTRODUCTION

Rare-earth cations have up to 6 h hyperfine energy level
coherence times and several millisecond optical coherence
times because of 4f-4f orbital optical transitions well-shielded
by filled 5s and Sp orbitals."~* The long-lived states allow for a
faithful transfer between optical and spin qubits. Building rare-
earth qubits typically involves low dopant concentrations to
improve coherence times, but along with low optical density
comes site inhomogeneity and reduced efficiency. However,
stoichiometric rare-earth materials with drastically higher rare-
earth concentrations and improved site homogeneity can
reduce inhomogeneous linewidths to the point that transitions
involving hyperfine energy levels separated by only ~70—140
MHz are resolved.® Promisingly, EuCl;-6H,0 has demon-
strated an ultranarrow Dy — ’F transition linewidth paired
with a near-millisecond coherence time°~ but its environ-
mental instability and needed isotopic enrichment prompt
searches for additional candidates.

A desirable candidate would be air-stable, have a large
europium cation separation to limit unintended interactions,
consist of mononuclidic elements, and have a polar europium
site symmetry to allow the observation of the narrow D, —
’F, transition. These conditions, along with europium’s
tendency to be divalent, severely limit the known viable
materials that may achieve the desired narrow inhomogeneous
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linewidth. On the other hand, the chemical similarity of
lanthanide elements makes them ideally suited for using known
structures as prototypes for building unrealized Eu®*
compounds. With prototype structures from material data-
bases, we quickly increase our potential candidate list but with
no indication of chemical stability.

Density functional theory (DFT) calculations may therefore
guide the synthesis efforts of the proposed candidates. Still,
care must be taken with DFT calculations to handle the high-
energy but spatially shielded 4f electrons of europium
appropriately. Including 4f electrons in the valence can reduce
transferability while increasing the necessary kinetic energy
cutoff.'? Freezing the 4f electrons in the core eliminates these
issues and, despite eliminating the magnetic contribution, has
shown promise in modeling known lanthanide systems."" If 4f
electrons are frozen in the core, separate pseudopotentials are
needed for divalent (4f core) and trivalent (4f° core)

europium. Starting with tests of DFT parameters and a set
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of proposed candidates, DFT stability calculations can provide
a practical number of compounds to explore experimentally.

B COMPUTATIONAL METHODS

Proposing Candidates. To limit inhomogeneous broadening
from isotope variations, we started with compositions containing
Eu3+, one or two mononuclidic cations, and a mononuclidic anion or
oxygen. We excluded mononuclidic cations that are magnetic, toxic,
radioactive, or in the lanthanides, leaving 12: AP, Au/3, Bi¥*, Cs*,
Na*, Nb**, P3*/5* Rh3*, Sc**, and Y**. We included O?~ in addition to
the mononuclidic anions F~ and I” to expand the initial search range.
Oxygen should contribute little to broadening because of the high
natural abundance of '°O and its low mass relative to the other
elements.” This process gave 234 ternary and quaternary combina-
tions (e.g, Eu**—~Cs*—Na*—F~). Adding quaternary oxyfluorides and
iodates brought the total to 258 combinations.

For each chemical combination, we used the pymatgen package'”
to find the 15 most likely ionic substitutions."> We used the default
log probability threshold of 0.001, where the false positive rate for
substitution in the ICSD" test set was near zero and the true positive
rate was near 50%."° We then collected Materials Project database
entries' "¢ for the substituted combinations (e.g, Cs,NaNdFg for
Nd*—Cs*—Na*—F~). We substituted the desired ion(s) into these
entries and any of their polymorphs.

From the proposed materials, we excluded options where the
minimum Eu®* separation for every polymorph was <3.9 A to avoid
unwanted Eu®* cation interactions. We also removed candidates
predicted to lie in phase diagrams that had already been thoroughly
investigated experimentally. These included two fluorides not in
published phase diagrams, CsEusF;, and NaEu,F,;'" Eu—Bi—O
compositions in a solid-solution phase region'® or with non-
stoichiometric structures;'” Eu—Y—O compositions expected to be
solid-solutions;*® and Eu—Al-O compounds not appearing in phase
diagrams.*"**

Pseudopotentials. For structure relaxation, we tested PBE*’
pseudopotentials from the pslibrary set (v. 1.0.0)'* that allow for
spin—orbit coupling contributions and PBE pseudopotentials from
the SSSP Efficiency set (v. 1.1.2)**7% that use the scalar relativistic
approximation.””~*” The pslibrary europium pseudopotentials placed
the 4f electrons in the core, while the SSSP europium pseudopotential
placed them in the valence. We, therefore, made the SSSP set
relaxations spin-polarized. To include 4f electron bands, we also used
the SSSP set for band structure calculations, following the SeeK-path
conventions.”® All pseudopotentials are listed with their recom-
mended energy cutoffs in the Supporting Information, as are the
valence configurations of each europium pseudopotential.

Structure Relaxation. Initial test runs used Quantum Espresso
v.6.4.1, while final relaxation runs used v.7.0.>'7*® For final
relaxations, the kinetic energy cutoff for wave functions was 952 eV
(70 Ry), and the cutoff for charge density and potential was 6260 eV
(460 Ry), both just above the highest recommended values among
the pslibrary pseudopotentials. Structure relaxations used a Mon-
khorst—Pack k-point grid** initialized with a minimum of 500/n
points (n = number of atoms in the cell) distributed in proportion to
reciprocal lattice vector lengths. We required 5 X 107° eV/atom (3.7
X 107° Ry/atom) convergence for electronic relaxation, 5 X 107 eV/
atom (3.7 X 1075 Ry/atom) for ionic relaxation, 9.45 X 107> eV/A/
atom (3.7 X 107* Ry/a,/atom) for forces on each atom, and 0.5 kbar
pressure for cell parameters. The force convergence follows Quantum
Espresso’s default of 10X the ionic convergence. Similar convergence
criteria have performed well for diverse chemical systems.*®
Calculations with the pslibrary set included spin—orbit coupling,
and since the 4f electrons of Eu were treated as core electrons, they
were not spin-polarized.

To quantify stability, we relaxed the appropriate elemental
compounds (e.g., Eu(,)). We then calculated the formation enthalpy
(AHy) by subtracting the total energy (E,,) of each constituent
elemental compound from E, of the compound of interest, with
every value normalized to the number of atoms (e.g, eq 1).
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Finally, we used the AH; of the compound and its “competing”
phases to calculate the energy above the hull (Ey;) values. Competing
phases are those that are closest to a proposed compound by
composition. If a competing phase has multiple known polymorphs,
we considered every polymorph in our calculations. For our Eu**
competing phases, we calculated the total energy with the 4f" core
pseudopotential and subtracted the Eu(,) energy also calculated with
the 4f” core pseudopotential to get AH,, giving results consistent with
published AH; values (Table 1).

Table 1. Computed AH; Values Best Match the
Experimental Values When the Appropriate
Pseudopotential Is Used for the Compound Total Energy
and the Europium Metal Total Energy (4f° Core for Eu*
and 4f” Core for Fu*")“

compound AH; Expt AH; 4f° AH; 4f
Eul, (2+) —-1.836%° —1.189 -1.742
EuO (2+) —-3.057% —2.492 -3.219
Eu,0; (3+) —3.446% —-3.629 -2219
EuF; (3+) —4.195" —4.184 —3.042
EuPO, (3+) —3.220% —-3.026 -2.511

“All AH; values are in eV/atom.

B EXPERIMENTAL METHODS

We collected powder X-ray diffraction (XRD) data on a Bruker D8
Advance diffractometer with capillary geometry and Mo Ka radiation.
We performed Rietveld refinements to XRD data with GSAS-I1.*
Magnetic susceptibility and magnetization were measured with a
Quantum Design Magnetic Property Measurement System. We
placed the powder in a gel capsule mounted in a straw and used
the DC measurement mode. To capture powder images and analyze
chemical composition with energy dispersive X-ray spectroscopy
(EDS), we spread a thin layer of powder on carbon tape and collected
data with a ThermoFisher Axia ChemiSEM. We used a Nanophoton
Raman 11 confocal microscope for room-temperature photo-
luminescence (PL) emission spectra. The instrument had a 532 nm
excitation wavelength, a SO ym slit width, and a 0.17 nm spectral
resolution. We collected ten emission spectra across a sample and,
seeing no variation in peak intensities, averaged the spectra to reduce
noise.

B RESULTS AND DISCUSSION

Pseudopotential Tests. On four Eu®* chemical systems,
we compared results from the relativistic pslibrary pseudopo-
tentials (4f° frozen-core Eu) to the scalar relativistic SSSP
pseudopotentials with spin polarization (4 valence Eu). As a
reference demonstrating the impact of using a europium
pseudopotential with the wrong number of core 4f electrons,
we also relaxed each system using the 4f” frozen-core pslibrary
pseudopotential meant to model Eu®*". As expected, the 4f
core pseudopotential does poorly for the Eu** systems. The
Eu,0;—ALO; system is plotted in Figure 1, and the other
systems are shown in the Supporting Information. For the Eu
4f° core set, each experimentally reported compound is on the
convex hull except Eu AL, Oy (Epy = 1.9 meV/atom), and two
unrealistic Materials Project compounds, Eu,Al,Oy and
EuAl;; 0,5 (ion-swapped NdAl;;O,g), are well above it.

The 4f° valence set also reproduces known phase diagrams
well, but spin-polarization adds complications to calculations,

https://doi.org/10.1021/jacs.3c11615
J. Am. Chem. Soc. 2024, 146, 2113-2121



Journal of the American Chemical Society pubs.acs.org/JACS
'2 T ¥ T K T v T 4 T T '2 T T T T T T '2 T ¥ T L T T T T T 4 T
pslibrary I. ] pslibrary SSSP Efficiency
7 Eu.0 6 6
251 Eu 4f core EudAlyo.q V4| 250 Eu 4f core i o5l Eu4f valence i
= EdALG;, 5
g EUZAJ4OU\-~1/ 5 ‘2 r [ EuAl,,O,q
S 3 —EUA]."O‘f%,---”"".E“A'Os g - —EUNE'O”‘ 7 3r TL Eu,Al,O 7
3’:_ . o." EUAILQ, A|203'~»._~'%12_4 9
3 A ] HALO, .., | EuAL0%-. EUAO,
Eu,ALO. > e... EUALO R S, Eo KB
3.5 . 3.5 b EuAIO, ... 3.5 o“z; )
o Experimental Euz.og- e |
= Theoretical Eu,O,
4 I E T ST I B | A | IV R ST RS N -4 I N (I N B |
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 038 1

Eu203 Fraction

Euzo3 Fraction

Eu203 Fraction

Figure 1. Three sets of pseudopotentials are tested on the Eu,0;—Al,O; system. We assume that the binary oxides are stable. Compounds with
blue labels are on the calculated hull, while those with red labels are not. Calculations using the set with 4f° electrons in the Eu core place the most
known compounds on the hull, though the 4f° valence set also performs quite well. The known compound Eu,ALQ, is above the hull by 1.2 meV/
atom for the 4f° valence case and by 1.9 meV/atom for the 4f° core case. EuAlO; is above the hull by 1.5 meV/atom for the 4f° valence case.

including difficulties finding the magnetic ground state and
issues accurately predicting insulating behavior without a
Hubbard U. This, for example, prevented the energy
convergence of the known compound Eu;(PO,)O; when
testing several magnetic ground states or when allowing for
unrestricted relaxation. Therefore, we used the pslibrary set
with 4f electrons in the europium core for our structure
relaxations because it reproduces known phase diagrams well
and avoids spin-polarized calculations. For band structure
calculations, we used the 4f® valence set.

Stable Compounds. We obtained prediction results for 33
proposed structures with 19 unreported stoichiometric
compositions, along with results for 48 polymorphs of 35
competing phases. Likely because the initial ion substitution
did not alter the original lattice parameters, several compounds
struggled to converge without a change in the initial
parameters. To get a rough relaxation, we used the graph
neural network interatomic potential M3GNet™ to relax them
to a better starting point. The affected compounds and their
provenance were Eu,P,0;; (mp-771342), Eu,P,O,; (mp-
772787), BuNbyO, (mp-1173575), and EuNb;O, (mp-
1210059). Calculation results for every proposed and
competing structure, as well as a CIF for each relaxed
proposed structure, are provided in the Supporting Informa-
tion. Several proposed structures were predicted to be stable.
The noniodide ones are listed in Table 2 with their energy
relative to the convex hull if it were constructed without them
(E,1), and their crystal structures are shown in the Supporting
Information.

Several observations about the proposed compounds should
be made before discussing synthesis attempts. First, two iodide
compounds were predicted to be stable, Cs;Eu,l, and Na;Euly,
but we did not attempt to synthesize them because there are
no known Eu®" iodides. Eul; has not been realized
experimentally*"** as its hydrated phases decompose directly
into Eul,,"*" and it has an estimated formation enthalpy ~0.6
eV/atom higher than that of EuL,.****® Also, while NasMI,
has been synthesized for M = Sm, Gd, Tb, and Dy, Na;Euly is
conspicuously absent.” Second, the quaternary fluoride
Cs,NaEuF has a nonpolar predicted europium site symmetry
that should preclude observation of the D, — ’F, transition;
however, the composition’s actual structure, if synthesized,
may of course be different. Finally, before completing the

Table 2. Noniodide Compounds Predicted to be Stable
(Epan = 0) Are Listed along with Their Formation Energy
Relative to the Convex Hull if It Were Constructed without
Them (E,,)“

Ep Eu®* site Eu’* separation
compound (eV/atom) symmetry IE
Cs;Eu(PO,), —0.057 C, 5.42
CsEuP,0, —0.035 C, 5.59
Cs,NaEuF, —0.033 0, (x) 6.52
Eu,P,0, —0.023 C 402
Na,Eu,(P,0,),(P;0,,) —0.005 C, 5.48
CssBuO, ~0.003 G 6.15
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“Also listed are the predicted symmetry and separation of Eu**
cations. Site symmetries followed by “(x)” are, in theory, not
compatible with observing the *D, — ’F,, transition.

calculations, we were unaware of the prior report of
Eu,P,0,3,"® which is not in ICSD or the Materials Project.
We calculated energies for four proposed polymorphs of the
compound, and the most stable is the same as that realized
experimentally. Only polycrystalline Eu,P,0,; was previously
synthesized by decomposition of Eu(PO;);, so we did not
pursue crystal growth here because of the complicated phase
space. The relaxed volume of Eu,P,0; (1109.96 A%) was 3.6%
larger than the experimental volume (1071.66 A%), a common
feature of PBE calculations.”” > The band structure of
Eu,P,0,; is plotted in the Supporting Information.
Synthesis of Predicted Compounds. We successfully
synthesized polycrystalline Cs,NaEuFs. We first combined
stoichiometric amounts of CsF (99.9%, Sigma-Aldrich), EuF;
(99.9%, Fisher), and NaF (99.99%, Alfa Aesar) under argon.
We then placed them in a carbon-coated quartz tube before
sealing the hygroscopic powder under vacuum. We heated the
powder at 10 °C/min to 600 °C, held it at that temperature for
4 h, and cooled it back to room temperature at 10 °C/min.
The structure matched the cubic double perovskite structure
type used in the DFT calculations (Figure 2). The XRD
pattern is shown in Figure 3, and the refined atomic positions
are listed in Table 3. The refined lattice parameter is a
9.1430(2) A, which is smaller than the DFT predicted value of
9.2306 A, and the experimental Eu® separation is 6.47 A. The
XRD pattern did not change over two months, showing the

https://doi.org/10.1021/jacs.3c11615
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Figure 2. The double perovskite crystal structure of Cs,NaEuFy is
shown (a4 = 9.1430 A). Cesium polyhedra are not shown to avoid
crowding in the image. NaFg octahedra are on the cell edges and in
the cell center, and EuF, octahedra are on the cell faces and corners.
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Figure 3. A powder XRD refinement of Cs,NaEuF¢ is shown and
includes a small NaEuF, impurity (1.7 wt %). Including Cs/Na site
mixing did not improve the fit.

Table 3. Refined Atomic Positions for Cs,NaEuF; Are
Listed (Space Group Fm3m, a = 9.1430(2) A)

atom site x y %
Cs 8¢ 0.25 0.25 0.25
Na 4b 0 0 0.5
Eu 4a 0 0 0
F 24e 0 0 0.248(1)

fluoride’s air stability (Supporting Information). A small
NaEuF, impurity that we could not eliminate with excess
CsF was present in each sample.

Next, we attempted to grow Cs,NaEuFy single crystals by
melting the starting powders in a carbon-coated tube and
slowly cooling through the melting point. As the melting point
of the mixture is unknown, we attempted to heat the mixture
to 700 °C. At this temperature, though, the compound attacks
the glass despite the carbon coating, eliminating that route to
single crystals. Additionally, EuF; is insoluble in water,
precluding simple solution precipitation. The most likely
routes to high-quality single crystals are a hydrofluoric acid
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solution method or a high-temperature sealed metal tube
method.

To characterize the magnetic properties of Cs,NaEuFg, we
collected field-cooled and zero-field-cooled magnetic suscept-
ibility data from 2 to 395 K at 10 kOe on a 38.1 mg powder
sample (Figure 4). The compound is a Van Vleck paramagnet,
having a temperature-independent susceptibility at lower
temperatures. The field-cooled and zero-field-cooled data did
not deviate from each other. As observed in other Eu®*
compounds,”® the data had a Curie tail near the base
temperature due to Eu®* impurities. Fitting to a Van Vleck
model>*** above 55 K gives an energy separation between the
F, and “F, levels (1) of 43.6 meV (1/ky = 506 K), which
agrees with the PL emission spectrum discussed below. The
corresponding magnetization curves are linear with no
hysteresis, as expected for a paramagnet (Figure 4).

The band structure of Cs,NaEuF4 is shown in Figure S.
With increasing Hubbard U,”**° several highly localized 4f
bands are shifted higher in energy, increasing the band gap.
With a U of 10 eV, similar to values successfully used to model
lanthanide sesquioxides,””*® the band gap is 5.0 eV. Decreasing
U leads to a linear decrease in the gap (Egap =14,23,32,0r
4.0 eV for U = 2, 4, 6, or 8 eV, respectively). The Supporting
Information contains the band structure for the 4f° core
pseudopotential case for comparison. The Cs,NaEuFq
polycrystalline product was white-gray, which supports a larger
gap prediction.

When the sealed tube contained starting powders in a boron
nitride crucible and excess CsF in a separate crucible, the
excess CsF had a darker hue after synthesis. EDS revealed
oxygen contamination in the perovskite product (Supporting
Information). The gray hue, therefore, likely comes from the
oxygen contamination or Eu®* impurities, but no unidentified
peaks were present in our XRD patterns.

On a Cs,NaEuFs powder sample, we collected room-
temperature PL emission data (Figure 6). Because of the O,
site symmetry of Eu®*, we would expect to observe only the
5Dy — 7F, transition with one peak.” Instead, we see each of
the °D, — ’F; (J = 0—4) transitions, with the | = 1—4
transitions having multiple peaks and one of the three J = 1
peaks being the most intense. Many symmetry-lowering factors
can lead to observing the additional transitions, including site
disorder in the NaEuF, impurity,*’ oxygen or Eu?* defects in
the structure, or other defects. In the spectrum, the
wavenumber shift between the observed D, — ’F, and °D,
— "F, transitions is 365 cm™ (45.3 meV), which is close to
the 43.6 meV energy separation between the “F, and "F levels
calculated from magnetometry data.

We attempted several solid-state crystal growth methods for
Cs;Eu(PO,),. The first followed a procedure for Csy;Ln(PO,),
(Ln =Y, Gd) that uses a Cs,CO;—H;BO; flux.’" After rinsing
the flux off with water, we recovered only anamorphous
product. The second procedure adapted a Rb;Ln(PO,), (Ln =
Y, Dy—Lu) growth procedureé2 by using a eutectic Cs,CO3;—
CsF flux with (NH,),HPO, and Eu,0O; in the stoichiometric
ratio. After the flux was rinsed oft with water, only Eu,04
remained. Additional details are in the Supporting Information.

To try to grow CsEuP,O; crystals, we replaced the
lanthanide precursor with europium compounds for several
solution®”** and solid-state®”®° synthesis procedures for
isostructural lanthanide compounds. None of the procedures
returned a phase containing Cs, Eu, P, and O. Both solid-state
procedure products contained EuPO,, with one including a

https://doi.org/10.1021/jacs.3c11615
J. Am. Chem. Soc. 2024, 146, 2113-2121
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Figure 4. (Left) The field-cooled magnetic susceptibility of Cs,NaEuF is shown along with a Van Vleck susceptibility model fit. The data and fit
show good agreement until near 55 K, where Eu** impurities create a Curie tail at lower temperatures. Data points are indistinguishable because of
their tight spacing. (Right) The isothermal magnetization curves for paramagnetic Cs,NaEuF; at 65 and 300 K are linear and show no hysteresis
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Figure S. The spin-polarized band structure of Cs,NaEuFy, calculated
with the 4f° valence pseudopotential set and U = 10 €V, is plotted
with the density of states. The band gap is 5.0 eV. The Fermi energy is
defined as the highest occupied state, and the spin-down density of
states is negative.

small EuPO, crystal. The crystal’s PL emission spectrum, with
a sharp °D, — 'F, transition matching a previous study,67 is in
the Supporting Information along with additional synthesis
attempt details.

For Na,Eu, (P,0,),(P;0,,), we followed the procedure used
for its only reported isostructural compound,
Na,Y,(P,0,),(P;0,,).”® The resulting product also contained
EuPO,, along with unidentifiable phase(s). The XRD pattern is
in the Supporting Information along with synthesis attempt
details. EuPO, again appears to be more energetically favorable
than the predicted alkali-europium-phosphate compound.

Finally, we attempted to synthesize Cs;EuO, by heating a
stoichiometric mixture of Cs,CO; and Eu,0; in an alumina
crucible. After 48 h at 1000 °C, only Eu,O; remained. We
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Figure 6. The room-temperature PL emission spectrum of
Cs,NaEuF shows each of the Dy — F; (J = 0—4) transitions.
The inset shows the weak ] = 0 transition next to the much higher-
intensity J = 1 transition and its shoulder peaks.

believe that Cs,CO; decomposed to Cs,O, which then
evaporated since it was well above its melting point.

Other Materials Project Database Candidates. In
addition to screening proposed candidates with DFT, we
searched for existing entries in the Materials Project. First,
using the database’s APL,'® we queried every binary, ternary,
and quaternary entry that contained the ions we used to
propose structures. Then, we filtered out entries with a Eu®
minimum separation less than 3.95 A and entries with
nonpolar Eu’* site symmetries. After filtering, seven com-
pounds remained, each experimentally realized. They are given
in Table 4. Their database IDs are listed in the Supporting
Information, as are compounds with a smaller Eu** separation.
Six of the seven are phosphates, which stem from our
chemistry restrictions. Phosphorus, unlike the other cations,
consistently forms polyatomic ions with oxygen. These
polyatomic ions exist in various geometries (see extensive
overviews™”~"") that allow for large Eu®" cation separation and

https://doi.org/10.1021/jacs.3c11615
J. Am. Chem. Soc. 2024, 146, 2113-2121
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Table 4. Listed Are Materials Project Entries (v2022.10.28)
with Eu® Separations > 3.95 A, the Desired Elements, and
Eu*" Site Symmetries Compatible with Observing the *D,
— "Fy Transition”

MP Eu’*
MP E, Eu®' site separation
compound  (eV/atom) symmetry (A) 5D, lifetime”
CsEu(PO,), 0.021 C 5.85 ~3.2 us’_
(77 K)"*
NaEu(PO,), 0.025 C 5.78 ~4.8 ps©_
(77 K)”*
EuP;0,, 0.019 C 5.16 44ms
(100 K),”
4.8 ms”*7°
NaEuP,0, 0 C 4.34
Eu(10,), 0 C 431 1.6 ms (4.2 K)7°
Eu(PO;),? 0 G 420 339 ms”’
EuPO, 0 C 4.05 ~0.81 ms®’

“For several lifetimes, the collection temperature is unclear. “Values
preceded by “~” are estimated from graphs. “See the main text note
about reliability. “See the main text about the high-temperature

polymorph with a larger Eu®* separation.

provide space for the mononuclidic alkali metal cations Na*
and Cs™.

Encouragingly, six of the seven compounds have reported
crystal growth procedures, and all seven compounds have
reported D, — ’F, Eu®* transitions: CsEu(PO,), >"*
NaEu(PO,),,”””? EuP;0,, ""**" NaEuP,0.,,”" Eu-
(105)5,/%%"% Eu(PO;);,”” and EuPO, (cf. Supporting
Information).””*® For the Materials Project Eu(PO;); entry
(space group C222,), we could only find reports of
polycrystalline samples.*®””**®> However, single crystals are
reported for a high-temperature Eu(PO;); polymorph (space
group C2/c) with a "Dy — "F; active Eu’* site symmetry (C,)
and a minimum Eu** separation of 5.30 A.*® Two of the
phosphate candidates were studied together, showing a more
intense *Dy — ’F, peak for NaEuP,0, than that for
NaEu(PO,),.”” To our knowledge, only EuP;O;, has a
reported *Dy — F, inhomogeneous linewidth, 3.5 GHz, and
optical coherence time, 10 ys.** Though much larger than
needed to resolve hyperfine energy levels (~70—140 MHz),
this linewidth is similar to or lower than that of europium-
doped systems®’~”° while providing a drastically higher
europium concentration. The line profile was also asymmetric,
and the linewidth varied across the crystal, indicating strain
and crystal homogeneity contributed to broadening.*®

Except for NaEuP,0;, each compound also has a reported
optical lifetime for the °D, energy level. Measurement
temperature ambiguity complicates direct comparisons,
especially for phonon-mediated effects. Still, the *D, decay
time of EuP;O,, is the largest at 4.8 ms.”"”® The 3.39 ms
lifetime for Eu(PO3);, interestingly, increases for doped (Y,_,,
Eu,)(PO,),, indicating that the 4.2 A Eu®" separation in the
undoped sample leads to a high energy transfer probability.”’
Focusing on compounds with a Eu®* separation >4.2 A may
therefore be prudent; however, for stoichiometric quantum
memory, the more critical factor is whether the optical
coherence time approaches the optical lifetime limit. Also, of
note, the microsecond-scale lifetimes of CsEu(PO,), and
NaEu(PO;), may be inaccurate as the report also gives a ~4.4
us lifetime for KEu(PO;),, while others report 4.02 ms.”"
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Because *'P has the lowest nuclear spin (I = %) of the

cations included in the search, phosphates are well-suited for
these applications. Additionally, EuP;O,, Eu(PO;);, and

EuPO, do not involve large nuclear spins from **Cs (I = %

) or ®Na (I = %) The reduced nuclear spin baths may help

explain the longer reported lifetimes of the Eu—P—-O
compounds, but a single crystal study of each candidate
under consistent experimental conditions is necessary for a
more thorough comparison.

In summary, each compound is a promising candidate.
EuP;O,, has benchmark values for its inhomogeneous
linewidth and optical coherence time. Eu(PO;); and Eu(10;),
have millisecond-scale optical lifetimes. EuPO, and NaEuP,0,
have noticeable "D, — ’F, transitions at room temperature.
Also, the MEu(PO,), compounds have large Eu** separation
and may have longer than reported excited state lifetimes.
Eu(10;); has the additional advantage of avoiding phosphate
chemistry, which can be plagued by synthesis complications
related to producing crystals with the desired phosphate
polyatomic ion.

Bl CONCLUSIONS

We have explored several new stoichiometric candidates for
optically addressable quantum memory systems that would not
require isotopic enrichment and that have a large europium
separation. We initially proposed 33 theoretical structures with
19 unrealized compositions. We then showed that using fully
relativistic 4f° and 4f frozen-core pseudopotentials for Eu**
and Eu®', respectively, provided accurate predictions of
europium system AH; values. Using DFT calculations, we
predicted that six of the unrealized compositions have a stable
polymorph, including Eu,P,O,;, which, unknown to us
beforehand, has been synthesized.

We then successfully synthesized the DFT-predicted
compound Cs,NaEuF, an air-stable and insulating double
perovskite halide with a large Eu’* separation that leads to
paramagnetic behavior. Magnetic susceptibility, optical spectra,
and EDS indicate that the compound contains several defects.
Though our attempts to synthesize the other predicted
compounds were unsuccessful, we believe more extensive
tests are merited for Cs;Eu(PO,), and CsEuP,0- because of
the compounds’ favorable Eu** separations and site symmetries
as well as the wide range of tunable synthesis parameters
involved.

In addition to our predicted compounds, we evaluated the
Materials Project entries to find unexplored chemical spaces
containing more stoichiometric candidates. Six known
phosphate compounds and one iodate have large Eu®*
separations, appropriate Eu®* site symmetries, and advanta-
geous reported optical properties. The inhomogeneous line-
widths of each, except EuP;0,,, are unstudied.

To implement dense, optically addressable quantum
memory with stoichiometric compounds, finding environ-
mentally stable materials with controlled or minimal defect
chemistry remains critical. The diversity of Eu®" stoichiometric
systems necessitates data-driven approaches to finding
promising candidates. This work demonstrates a pathway to
accurate stability predictions and provides a new set of
compounds to prioritize in future studies.
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