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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 sys-
tem, though, requires ultra-narrow inhomoge-
neous linewidth compounds. Finding this rare
linewidth behavior within a wide range of po-
tential 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 that correctly predict two ex-
perimentally realized quantum memory candi-
dates. We are the first to synthesize the dou-
ble perovskite halide CsoNaEuFg. It is an air-
stable compound with a calculated band gap of
6.9 eV that surrounds Eu®* with mononuclidic
elements, which are desirable for avoiding inho-
mogeneous linewidth broadening. We also ana-
lyze 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 chemi-
cal effects on quantum memory candidates’ in-
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homogeneous linewidth while also providing a
framework for screening Eu®* compound sta-
bility with DF'T.

Introduction

Rare-earth cations have up to six-hour hyper-
fine energy level coherence times and several
millisecond optical coherence times because of
4f-4f orbital optical transitions well-shielded by
filled 5s and 5p orbitals.'™ The long-lived states
allow for faithful transfer between optical and
spin qubits. Building rare-earth qubits typi-
cally involves low dopant concentrations to im-
prove coherence times, but along with low op-
tical density comes site inhomogeneity and re-
duced efficiency. However, stoichiometric rare-
earth materials with drastically higher rare-
earth concentrations and improved site homo-
geneity can reduce inhomogeneous linewidths
to the point that transitions involving hyperfine
energy levels separated by only ~70-140 MHz
are resolved.® Promisingly, EuCls;-6H,O has
demonstrated an ultra-narrow °Dy —'F, tran-
sition linewidth paired with a near-millisecond
coherence time,%® but its environmental insta-
bility and needed isotopic enrichment prompt
searches for additional candidates.

A desirable candidate would be air stable,
have a large europium cation separation to limit

https://doi.org/10.26434/chemrxiv-2023-lcm3w-v2 ORCID: https://orcid.org/0000-0001-5848-5520 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-lcm3w-v2
https://orcid.org/0000-0001-5848-5520
https://creativecommons.org/licenses/by/4.0/

unintended interactions, consist of mononu-
clidic elements, and have a polar europium
site symmetry to allow observation of the nar-
row Dy —7F, transition. These conditions,
along with europium’s tendency to be divalent,
severely limit the known viable materials that
may achieve the desired narrow inhomogeneous
linewidth. On the other hand, the chemical
similarity of lanthanide elements makes them
ideally suited for using known structures as
prototypes for building unrealized Eut com-
pounds. With prototype structures from mate-
rial databases, we quickly increase our potential
candidate list but with no indication of chemi-
cal stability.

Density functional theory (DFT) calculations
may, therefore, guide 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 eu-
ropium appropriately. Including 4f electrons in
the valence can reduce transferability while in-
creasing the necessary kinetic energy cutoff.1?
Freezing the 4f electrons in the core eliminates
these issues and, despite eliminating the mag-
netic contribution, has shown promise in model-
ing known lanthanide systems.!! If 4f electrons
are frozen in the core, separate pseudopoten-
tials are needed for divalent (4f7 core) and triva-
lent (4% core) europium. Starting with tests of
DFT parameters and a set of proposed candi-
dates, DFT stability calculations can provide a
practical number of compounds to explore ex-
perimentally.

Computational Methods

Proposing candidates

To limit inhomogeneous broadening from iso-
tope variations, we started with compositions
containing Eu**, one or two mononuclidic
cations, and a mononuclidic anion or oxy-
gen. We excluded mononuclidic cations that
are magnetic, toxic, radioactive, or in the lan-
thanides, leaving 12: AI**, Aut/3+ Bi*t, Cs*,
Nat, Nb®*t, P3+/5+ Rh3t, Sc®t, and Y3+,
We included O%~ in addition to the mononu-
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clidic anions F~ and I~ to expand the initial
search range. Oxygen should contribute little
to broadening because of the high natural abun-
dance of 1°O and its low mass relative to the
other elements.” This process gives 234 ternary
and quaternary combinations (eg. Eu®T-Cs'-
Na™-F7). Adding quaternary oxyfluorides and
iodates brings the total to 258 combinations.

For each chemical combination, we used the
pymatgen package!? to find the most likely
ionic substitutions,!® capping them at 15 per
system. We used the default log probabil-
ity threshold of 0.001, where the false posi-
tive 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®16 for the substituted
combinations (eg. CsyNaNdFg for Nd*T-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 un-
wanted Eu®' cation interactions. We also re-
moved candidates predicted to lie in phase di-
agrams that were already thoroughly inves-
tigated experimentally. These included two
fluorides not in published phase diagrams,
CsEusFyy and NaEuyF7;'7 Eu-Bi-O composi-
tions in a solid-solution phase region'® or with
non-stoichiometric structures;'® Eu-Y-O com-
positions expected to be solid-solutions;?° and
Eu-Al-O compounds not appearing in phase di-
agrams. 2522

Pseudopotentials

For structure relaxation, we tested pseudopo-
tentials from the pslibrary set (v. 1.0.0)'° that
allow for spin-orbit coupling contributions and
ones from the SSSP Efficiency (v. 1.1.2)%3%
set that use the scalar relativistic approxima-
tion.26-2® The pslibrary europium pseudopoten-
tials placed the 4f electrons in the core while the
SSSP europium pseudopotential placed them in
the valence. For dielectric function calculations,
Quantum Espresso requires norm-conserving
pseudopotentials, so we used pseudopotentials
from the Pseudo-Dojo set.? Band structures
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calculated with the Pseudo-Dojo pseudopoten-
tials matched those calculated with the psli-
brary pseudopotentials. All pseudopotentials
are listed with their recommended energy cut-
offs in the Supporting Information, as are the
valence configurations of each europium pseu-
dopotential.

Structure relaxation

Initial test runs used Quantum Espresso v.6.4.1
while final relaxation runs used v.7.0.3%32 For
final relaxations, the kinetic energy cutoff for
wavefunctions 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
Monkhorst-Pack k-point grid3? initialized with
a minimum of 500/n points (n = number of
atoms in the cell) distributed in proportion
to reciprocal lattice vector lengths. We re-
quired 5x107° eV /atom (3.7x107% Ry/atom)
convergence  for  electronic  relaxation,
5%107* eV/atom (3.7x107° Ry/atom) for
ionic  relaxation, 9.45x107% eV/A/atom
(3.7x10™* Ry/ag/atom) for forces on each
atom, and 0.5 kbar pressure for cell parame-
ters. The force convergence follows Quantum
Espresso’s default of 10x the ionic convergence.
Similar convergence criteria have performed
well for diverse chemical systems.?* Calcula-
tions included spin-orbit coupling but not the
magnetic moment of Eu3*.

To quantify stability, we relaxed the appro-
priate elemental compounds (eg. Eug)). We
then calculated the formation enthalpy (A Hy)
by subtracting the total energy (FEi.) of each
constituent elemental compound from Fi, of
the compound of interest, with every value nor-
malized to the number of atoms (eg. Eq. 1).

2
AHf,CSQNaEuFG = Etot,CSQNaEuFﬁ - E tot,Cs
1 1 6
— T ot Na — 7~ Lrtot,Bu — 7 Litot,F
107 10 10

(1)

Finally, we used the AH; of the compound
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and its “competing” phases to calculate energy
above hull (Ey,) values. Competing phases are
those that are closest to a proposed compound
by composition. If a competing phase has mul-
tiple known polymorphs, we considered every
polymorph in our calculations. For our Eu?*
competing phases, we calculated the total en-
ergy with the 4f7 core pseudopotential and sub-
tracted the Eu) energy also calculated with the
4f7 core pseudopotential to get AH;, giving re-
sults consistent with published A Hy values (Ta-
ble 1).

Table 1: Computed AH; values best match
experimental ones when the appropriate pseu-
dopotential is used for the compound total en-
ergy and the europium metal total energy (4f°
core for Eu*™ and 4f7 core for Eu®"). All AH;
values are in eV /atom.

Compound AH; Expt. AH; 45 AH; 4f
Euly (2+) -1.8363° -1.189  -1.742
EuO (2+) -3.05736 -2.492  -3.219
Eu03 (3+) -3.44636 -3.629  -2.219
EuFs (3+)  -4.19536 -4.184 -3.042
EuPOy (3+) -3.220°%7 -3.026  -2.511

Other calculated properties

We also calculated band structures with the
pslibrary and Pseudo-Dojo pseudopotentials,
using the SeeK-path conventions.?® We used
the “normal” level cutoffs recommended by
Pseudo-Dojo. The two pseudopotential sets
gave nearly identical band structures. Addi-
tionally, we calculated dielectric functions with
a uniform k-point grid. Convergence tests were
performed to ensure enough points were used,
and in each case, >8x10*/n (n =number of
atoms in the cell) k-points were used. The di-
electric function was used to calculate the op-
tical extinction coefficient, k, which is directly
proportional to the absorption coefficient, .
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Characterization Methods

We collected powder X-ray diffraction (XRD)
data on a Bruker D8 Advance diffractome-
ter with capillary geometry and Mo Ka radi-
ation. We performed Rietveld refinements to
XRD data with GSAS-I1.3° Magnetic suscepti-
bility and magnetization were measured with
a Quantum Design Magnetic Property Mea-
surement System. We placed powder in a gel
capsule mounted in a straw and used the DC
measurement mode. To capture powder im-
ages and analyze chemical composition with en-
ergy 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 pho-
toluminescence (PL) emission spectra. The in-
strument has a 532 nm excitation wavelength, a
50 pm slit width, and a 0.17 nm spectral resolu-
tion. We collected ten emission spectra across
a sample and, seeing no variation in peak inten-
sities, averaged the spectra to reduce noise.

Results and Discussion

Pseudopotential tests

On four Eu®* chemical systems, we compared
results from the relativistic pslibrary pseudopo-
tentials (4% frozen-core Eu) to the scalar rel-
ativistic SSSP pseudopotentials (4f° valence
Eu). As a reference demonstrating the im-
pact 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**. The Euy0s3-Al,05 system is plotted
in Figure 1, and the other systems are in
the Supporting Information. For the Eu 4f%
core set, each experimentally reported com-
pound is on the convex hull except EuyAl;Og
(Epan = 1.9 meV/atom), and two unrealistic
Materials Project compounds, EusAl;O9 and
EuAl}; 045 (ion-swapped NdAlj;Oq5) are well
above it. In contrast, the 4f% valence set places
the known compounds EuzAl;015 and EuAlO3
above the hull. Using the relativistic, 4f% frozen-
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core pseudopotential best represented the ex-
perimental observations in all four systems, and
as expected, the 4f" core pseudopotential does
poorly for the Eut systems. Therefore, we
used the pslibrary set with 4f electrons in the
europium core for our relaxations.

Stable compounds

We obtained prediction results for 33 proposed
structures with 19 unreported stoichiometric
compositions along with results for 48 poly-
morphs 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
initial parameters. To get a rough relaxation,
we used the graph neural network interatomic
potential M3GNet?® to relax them to a bet-
ter starting point. The affected compounds
and their provenance were EuyP4O13 (mp-
77]_342)7 EU_QP4013 (mp—772787), EuNb309
(mp-1173575), and EuNb3Og (mp-1210059).
Calculation results for every proposed and
competing structure, as well as a CIF for each
relaxed proposed structure, are in the Support-
ing Information. Several proposed structures
were predicted to be stable. They are listed in
Table 2 with their energy relative to the convex
hull if it were constructed without them (E,q),
and their crystal structures are shown in the
Supporting Information.

Several observations about the proposed com-
pounds should be made before discussing syn-
thesis attempts. Two iodide compounds were
predicted to be stable, Css3Eusly and NagEulg,
but we did not attempt to synthesize them be-
cause there are no known Eu?t iodides. Euls
has not been realized experimentally*4? as
its hydrated phases decompose directly into
Euly,** and it has an estimated formation
enthalpy ~0.6 eV /atom higher than that of
Eul,.3%4%46 Also, while Naz Mg has been syn-
thesized for M=Sm, Gd, Tb, and Dy, NazEulg
is conspicuously absent.*” Second, the quater-
nary fluoride Cs;NaEuFg has a non-polar pre-
dicted europium site symmetry that should pre-
clude observation of the Dy —7F, transition;
however, the composition’s actual structure, if
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Figure 1: Three sets of pseudopotentials are tested on the Euy03-Al,O3 system.
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We assume

that the binary oxides are stable. Blue compounds are on the calculated hull while red ones are
not. Calculations using the set with 4% electrons in the Eu pseudopotential core best represent

experimental observations.

Table 2: Compounds predicted to be stable (Ey,; = 0) are listed along with their formation energy
relative to the convex hull if it were constructed without them (E,q). Also listed are the predicted
symmetry and separation of their Eu®* cations. Site symmetries followed by “(x)” are, in theory,
not compatible with observing the Dy —"F, transition.

P (eV/atom) Symmetry  Separation (A)
CSgEu(PO4>2 -0.057 01 5.42
CsEuP,0y -0.035 Ci 5.99
CsyNaEuFg -0.033 On (x) 6.52
EHQP4013 -0.023 01 4.02
Na7Eu2(PgO7)2(P3010) -0.005 Cl 5.48
CS5EUO4 -0.003 01 6.15
synthesized, may of course be different. Fi- Synthesis of predicted compounds

nally, before completing the calculations, we
were unaware of the prior report of EusP,O;3,48
which is not in ICSD or the Materials Project.
We calculated energies for four proposed poly-
morphs of the compound, and the most sta-
ble is the same as that realized experimentally.
Only polycrystalline Euy,P4O13 was previously
synthesized by decomposition of Eu(POs3)s, so
we did not pursue crystal growth here because
of the complicated phase space. Figure 2 shows
the absorption coefficient (13x13x13 k-point
grid) and band structure of EusP,O;3. The
compound has a direct band gap of 5.6 eV at
the I' point.
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We successfully synthesized polycrystalline
CsoNaEuFg. We first combined stoichiometric
amounts of CsF (99.9%, Sigma Aldrich),
EuFj3 (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 at
that temperature for 4 h, and cooled back to
room temperature at 10°C/min. The structure
matched the cubic double perovskite structure
type used in the DFT calculations (Figure 3).
The XRD pattern is in Figure 4, and the refined
atomic positions are in Table 3. The refined
lattice parameter is a = 9.1430(2) A, smaller
than the DFT predicted value of 9.2306 A, and
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Figure 2: (Left) The band structure of EusP4Oy3, calculated with the Pseudo-Dojo pseudopotential
set, is plotted with the density of states. The direct band gap at the I' point is 5.60 eV. (Right) The
absorption coefficient of EusP,Oq3 is plotted, and the first increase matches the calculated band

gap.

the experimental Eut separation is 6.47 A.
The XRD pattern did not change over two
months, showing the fluoride’s air stability
(Supporting Information). A small NaEuF,
impurity that we could not eliminate with
excess CsF was present in each sample.

Figure 3: The double perovskite crystal struc-
ture of Cs,NaEuFg is shown (a = 9.1430 A). Ce-
sium polyhedra are not shown to avoid crowd-
ing the image. NaFg octahedra are on the cell
edges, and EuFg octahedra are on the cell faces
and corners.
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Figure 4: A powder XRD refi t of

CsoNaEuFg is shown and includes a small
NaEuF, impurity (1.7 wt%). Including Cs/Na
site mixing did not improve the fit.
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Table 3:  The refined atomic positions for
CsyNaEuFg are listed (space group F'mdm,
a = 9.1430(2) A).

Atom Site Y z

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)

Next, we attempted to grow CssNaEuFg sin-
gle crystals by melting the starting powders
in the carbon-coated tube and slow 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 tempera-
ture, though, the compound attacks the glass
despite the carbon coating, eliminating that
route to single crystals. Additionally, EuFy is
insoluble in water, precluding simple solution
precipitation. The most likely routes to high
quality single crystals are a hydrofluoric acid
solution method or a high-temperature sealed
metal tube method.

To characterize the magnetic properties of
CsoNaEuFg, we collected field-cooled and zero-
field-cooled magnetic susceptibility data from
2 to 395 K at 10 kOe on a 38.1 mg pow-
der sample (Figure 5). The compound is a
Van Vleck paramagnet, having a temperature-
independent susceptibility at low temperature.
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?*t
impurities. Fitting to a Van Vleck model4%:>
above 55 K gives an energy separation be-
tween the "Fy and “F; levels ()\) of 43.6 meV
(A kg = 506 K), which agrees with the PL
emission spectrum discussed below. The corre-
sponding magnetization curves are linear with
no hysteresis, as expected for a paramagnet
(Figure 5).

The  calculated absorption  coefficient
(20x20%x20 k-point grid) and band struc-
ture of CsyNaFEuFg are Figure 6, showing a
6.9 eV band gap at the I' point. Interestingly,
the CsyNaEuFg polycrystalline product was
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gray instead of white. When the sealed tube
contained starting powders in a boron nitride
crucible and excess CsF in a separate crucible,
the excess CsF also had a darker hue after
synthesis. EDS revealed oxygen contamina-
tion 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 CssNaEuFg powder sample, we collected
room temperature PL emission data (Figure 7).
Because of the O site symmetry of Eut, we
would expect to observe only the °Dy —7F;
transition with one peak.®' Instead, we see each
of the °Dy —"F; (J = 0-4) transitions, with
one of three J = 1 peaks being the most in-
tense. Many factors can lead to observing the
additional transitions, including site disorder
in the NaEuF, impurity,®® oxygen or Eu?* de-
fects in the structure, or other defects. In the
spectrum, the wavenumber shift between the
observed Dy —'F; and °Dy, —F, transitions
is 365 cm™! (45.3 meV), which is close to the
43.6 meV energy separation between the "Fy
and “F; levels calculated from magnetometry
data.

We attempted several solid-state crystal
growth methods for CszEu(POy)s. The first
followed a procedure for CszLn(POy4)y (Ln:
Y, Gd) that uses a CsyCO3-H3BO; flux.5?
After rinsing the flux off with water, we only
recovered amorphous product. The second
procedure adapted a RbzLn(POy4)s (Ln: Y,
Dy-Lu) growth procedure® by using a eutec-
tic CSQCOg—CSF flux with (NH4)2HPO4 and
Euy0O3 in the stoichiometric ratio. After rinsing
off the flux with water, only EuyO3 remained.
Additional details are in the Supporting
Information.

To try to grow CsEuP,0O; crystals, we re-
placed 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 small EuPO, crys-
tal. The crystal’s PL emission spectrum, with a
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Figure 5: (Left) The field-cooled magnetic susceptibility of CssNaEuFg 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 CsyNaEuFg at
65 K and 300 K are linear and show no hysteresis.
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Figure 6: (Left) The band structure of Cs;NaEuFg, calculated with the Pseudo-Dojo pseudopoten-
tial set, is plotted with the density of states. The direct band gap at the T" point is 6.88 eV. (Right)
The absorption coefficient of Cs;NaEuFg is plotted, and the first increase matches the calculated
band gap.

8

https://doi.org/10.26434/chemrxiv-2023-lcm3w-v2 ORCID: https://orcid.org/0000-0001-5848-5520 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-lcm3w-v2
https://orcid.org/0000-0001-5848-5520
https://creativecommons.org/licenses/by/4.0/

1 5 7
D0—> FJ
0.04 T T
0.8 _
)
2
[¢]
z 0.6 0.02} . -
®
N J=0
< 0.4 .
E 2 '
§ 70 580 590 600
0.2

: J=2 I
| J=3 J=4
O_

| L | L | L | L | L 1 L 1 L
580 600 620 640 660 680 700 720
Wavelength (nm)

Figure 7: The room temperature PL emis-
sion spectrum of CsyNaEuFg shows each of the
"Dy ='F; (J = 0-4) transitions. The inset
shows the weak J = 0 transition next to the
much higher intensity J = 1 transition and its
shoulder peaks.

sharp Dy —7F, transition matching a previous
study® is in the Supporting Information along
with additional synthesis attempt details.

For Na;Euy(P207)2(P3501), we followed the
procedure used for its only reported isostruc-
tural compound, Na;Y(P207)2(P3010).%° The
resulting product also contained EuPQOy, along
with an unidentifiable phase(s). The XRD pat-
tern is in the Supporting Information along
with synthesis attempt details. EuPO, again
appears to be more energetically favorable than
the predicted alkali-europium-phosphate com-
pound.

Finally, we attempted to synthesize Cs;EuQy
by heating a stoichiometric mixture of Cs;COg3
and EusO3 in an alumina crucible. After 48 h
at 1000°C, only EuyO3 remained. We believe
that CssCO3 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
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in the Materials Project. First, using the
database’s API 6 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
non-polar Eu®" site symmetries. After filter-
ing, seven compounds remained, each experi-
mentally realized. They are listed in Table 4.
Their database IDs are in the Supporting In-
formation, as are compounds with a smaller
Eu?t separation. Six of the seven are phos-
phates, which stems from our chemistry restric-
tions. Phosphorous, unlike the other cations,
consistently forms polyatomic ions with oxygen.
These polyatomic ions exist in various geome-
tries (see extensive overviews® %3) that allow
for large Eu®t cation separation and provide
space for the mononuclidic alkali metal cations
Nat and Cs*.

Encouragingly, six of the com-
pounds have reported crystal growth
procedures, and all seven compounds
have reported °Dy—"F, Eu®* transi-
tions:  CsEu(PO3),,%4™ NaEu(POs3),,5™
EuP5014,65’66’72 NaEuP207,71 Eu(103)3,68’73774
Eu(P03)3,% and EuPO, (cf.  Supporting
Information).?®™ For the Materials Project
Eu(POj3); entry (space group (€222;), we
could only find reports of polycrystalline
samples. #6%76.77 However, single crystals are
reported for a high temperature Eu(POj3);
polymorph (space group C2/c¢) with a
"Dy —Fy active Eu?T site symmetry (C}) and
a minimum Eu®t separation of 5.30 A.*® Two
of the phosphate candidates were studied to-
gether, showing a more intense °Dy —"F, peak
for NaEuP,O; than for NaEu(POj3),;.™ To
our knowledge, only EuP;0O4 has a reported
Dy —Fy inhomogeneous linewidth, 3.5 GHz,
and optical coherence time, 10 ps.”™® Though
much larger than needed to resolve hyperfine
energy levels (~70-140 MHz), this linewidth
is similar to or lower than europium doped
systems ™82 while providing a drastically
higher europium concentration.

Except for NaEuP,0O7, each compound also
has reported optical lifetimes for the °D, en-
ergy level. The °Dy decay time of EuP5014

seven
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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 °Dy —"F, transition.
For several lifetimes, the collection temperature is unclear.

MP Eng  Eu®t Site MP Eu** B e
Compound (6V/atom)  Symmetry Separation (A) Dy Lifetime*
CsEu(PO3),4 0.021 C1 5.85 ~3.2 us** (77 K)®
NaEu(PO3)4 0.025 C 5.78 ~4.8 ps®* (77 K)
EuP50,4 0.019 C1 5.16 4.4 ms (100 K),5 4.8 ms%:67
NaEngO7 0 01 4.34 -
Eu(103)3 0 C1 4.31 1.6 ms (4.2 K)®
Eu(PO3); T 0 Cy 4.20 3.39 ms%?
EUPO4 0 Cl 4.05 ~(.81 IHS59

2

*Values preceded by “~
**See the main text note about reliability.

are estimated from graphs.

TSee the main text about the high temperature polymorph with a larger Eu* separation.

is the largest at 4.8 ms.%6%7 The 3.39 ms life-
time for Eu(POs3)s, interestingly, increases for
doped (Yi_, Eu,)(PO3)s, indicating the 4.2 A
Eu?* separation in the undoped sample leads to
a high energy transfer probability.®® Focusing
on compounds with a Eut separation >4.2 A
may therefore be prudent. The microsecond-
scale lifetimes of CsEu(PO3), and NaEu(POj3),
may be inaccurate as the report also lists a
~4.4 ps lifetime for KEu(POs), where others
report 4.02 ms.%3

In summary, each compound is a promis-
ing candidate. EuP;0;4 has benchmark val-
ues for its inhomogeneous linewidth and op-
tical coherence time. Eu(POs)s and Eu(10;3);
have millisecond-scale optical lifetimes. EuPOy4
and NaEuP,O; have noticeable Dy, —'F,
transitions at room temperature. And the
MEu(PO3),; compounds have large Eu*" sep-
aration and may have longer than reported ex-
cited state lifetimes. Eu(IO3)3 has the addi-
tional advantage of avoiding phosphate chem-
istry, which can be plagued by synthesis com-
plications related to producing crystals with the
desired phosphate polyatomic ion.
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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 sep-
aration. We initially proposed 33 theoretical
structures with 19 unrealized compositions. We
then showed that using fully relativistic 4f® and
4f7 frozen-core pseudopotentials for Eu®t and
Eu?*, respectively, provide accurate predictions
of europium system AH; values. Using DFT
calculations, we predicted that six of the un-
realized compositions have a stable polymorph,
including EusP4O13, which, unknown to us be-
forehand, has been synthesized.

We then successfully synthesized the DFT-
predicted compound CsyNaEuFg, an air-stable
and insulating double perovskite halide with a
large Eu" separation that leads to paramag-
netic behavior. Magnetic susceptibility, opti-
cal spectra, and EDS indicate that the com-
pound contains several defects. Though our at-
tempts to synthesize the other predicted com-
pounds were unsuccessful, we believe more ex-
tensive tests are merited for Csz3Eu(POy), and
CsEuP,07 because of the compounds’ favorable
Eu?t separations and site symmetries as well as
the wide range of tunable synthesis parameters
involved.
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In addition to our predicted compounds, we
evaluated Materials Project entries to find un-
explored chemical spaces containing more sto-
ichiometric candidates. Six known phosphate
compounds and one iodate have large Eu?"
separations, appropriate Eu" site symmetries,
and advantageous reported optical properties.
The inhomogeneous linewidths of each, except
EuP5014, are unstudied.

To implement dense, optically addressable
quantum memory with stoichiometric com-
pounds, finding environmentally stable materi-
als with controlled or minimal defect chemistry
remains critical. The diversity of Eu?t stoi-
chiometric systems, though, necessitates data-
driven approaches to finding promising candi-
dates. This work demonstrates a pathway to ac-
curate stability predictions and provides a new
set of compounds to prioritize in future studies.
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