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Developing the field of quantum information science (QIS) hinges upon designing viable qubits, the smallest
unit in quantum computing. One approach to creating qubits is introducing paramagnetic defects into semicon-
ductors or insulators. This class of qubits has seen success in the form of nitrogen-vacancy centers in diamond,
divacancy defects in SiC, and P doped into Si. These materials feature paramagnetic defects in a low-nuclear-spin
environment to reduce the impact of nuclear spin on electronic spin coherence. In this work, we report
single-crystal growth of Ba,CaWOQy_s and the coherence properties of introduced W>* spin centers generated
by oxygen vacancies. Ba,CaWOg_;s (§ = 0) is a B-site ordered double perovskite with a temperature-dependent
octahedral tilting wherein oxygen vacancies generate W>* (d!), S = 1/2, I = 0, centers. We characterized these
defects by measuring the spin-lattice (7;) and spin-spin relaxation (73) times from 7' = 5—150K. At T = 5K,
Ty =310ms and 7, = 4 us, establishing the viability of these qubit candidates. With increasing temperature,
T, remains constant up to 7 = 60K and then decreases to 75 ~ 1 us at T = 90K, and remains roughly
constant until 7 = 150 K, demonstrating the remarkable stability of 7, with increasing temperature. Together,
these results demonstrate that systematic defect generation in double-perovskite structures can generate viable

paramagnetic point centers for quantum applications and expand the field of potential materials for QIS.
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I. INTRODUCTION

The advent of quantum information science (QIS) will fun-
damentally change our approach to computation, allowing us
to answer currently intractable questions in a myriad of fields
including biochemistry, physics, and cryptography [1,2]. QIS
is an aggregate term comprising quantum sensing, quantum
computing, and quantum metrology among other fields. Of
these areas, the most advanced is quantum computing, which
relies on a computing paradigm wherein information is pro-
cessed using quantum bits, or qubits, which can be placed
into an arbitrary superposition of two states. A wide range of
systems, from photons to superconducting devices, have been
studied as candidates for QIS [3].

A highly promising area of research is harnessing elec-
tronic spins as qubits. As inherently quantum systems, elec-
tronic spins are ideal qubit candidates, both for their mod-
ularity and their ease of manipulation with microwave ra-
diation [4—-11]. Electronic defect sites, particularly nitrogen-
vacancy sites in diamond [12], phosphorus defects in silicon
[5], and double-vacancy sites in silicon carbide, are promi-
nent examples [13—15]. However, to create systems with the
longest possible coherence times, we must continue to glean
new insights into what drives decoherence and develop new
materials design principles for qubit hosts. 7}, the longitu-
dinal electronic spin relaxation time constant, relates to the
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spin-lattice relaxation time of the electronic spin. This param-
eter represents the maximum data storage time of an electronic
spin. 7 is the spin-echo dephasing time constant in the xy
plane and relates to the spin-spin relaxation time. 7, also
represents the coherence time, the maximum operation time of
a qubit [16]. The factors which influence these parameters are
different, so to maximize the coherence time in a system one
must carefully design around both 77 and 7,. Recent studies
of T, both in molecular and in solid-state systems have found
that nuclear spins play a significant role in promoting deco-
herence [7,9-11,15,17,18]. As such, removal of nuclear spin
has become one of the most widely adopted design param-
eters for electronic spin qubit systems [6,19,20-22]. While
fundamentally 75 represents the functional operating time of a
qubit, we often find that 7) is the most restrictive parameter in
practice, as T; represents the theoretical upper limit to 7,. The
chemical properties leading to maximization of 77 remain an
open question and indeed, many recent studies have focused
heavily on questions related to 77 [23-25]. Recent advances
in pulse decoupling techniques have demonstrated that a short
T, can be overcome [26-29], but 7} remains a limiting factor.
Since the longitudinal relaxation time 7} represents the upper
limit to the phase memory time, we must find ways to control
the processes leading to 7} relaxation.

In this manuscript, we test a design strategy to avoid
electronic excitations and destruction of spin information by
utilizing a wide-band-gap insulating oxide as a host material.
In the case of a wide-band-gap material, the difference be-
tween the ground and excited states is large enough to avoid
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band-to-band and defect-to-band transitions, thereby causing
native defects to produce trap states known as deep traps far
away from the band edges. This allows certain defects, such
as nitrogen-vacancy centers, to be initialized and measured at
room temperature [30]. Further, for the materials system used,
it is possible to systematically introduce single-spin isolated
paramagnetic centers by controlled defect chemistry.

We report the single-crystal synthesis and structure of
Ba;CaWOg_;, an insulating double perovskite with a large
band gap (3.6 eV) [31]. The primary naturally occurring
isotopes of Ba, Ca, W, and O have zero nuclear spin, largely
eliminating spin-bath effects from the lattice. Furthermore, the
oxide framework itself is rigid, helping suppress local vibra-
tionally mediated decoherence mechanisms. The introduction
of oxygen vacancies creates nominally W3* (d'), § = 1/2,
I = 0 point defects in the single crystals of Ba,CaWQOg_s. Co-
herence studies of Ba,CaWOg_s show promising longitudinal
relaxation time 7} and relatively constant transverse relaxation
time 7, over a temperature range of 7 = 20 — 60 K, lending
credence to our design strategy.

II. EXPERIMENTAL SECTION
A. Single-crystal growth

Ba,CaWOg powder was purchased from Sigma Aldrich
(99.9%). The purchased powder was sealed in a rubber tube,
evacuated, and compacted into a rod (typically 5 mm in diam-
eter and 60 mm long for the feed and 25 mm long for the seed)
using a hydraulic press under an isostatic pressure of 70 MPa.
After removal from the rubber tube, the rods were sintered at
T = 1000°C for 24 hours in air. A laser diode floating zone
(LDFZ) furnace (Crystal Systems, Inc., FD-FZ-5-200-VPO-
PC) with 5 x 200 W GaAs lasers (976 nm) was used as the
heating source. During all of the growths, the molten zone was
moved upwards with the seed crystal being at the bottom and
the feed rod above it. This was accomplished by holding the
lasers in a fixed position at an angle of 4° to the horizontal
axis and translating both the seed and feed rods downwards.
Successive optimizations yielded final parameters of 15 mm/h
feeding rate, 10 mm/h growing rate, and 20 rpm rotation rate
for counter-rotating rods.

B. Characterization

Synchrotron x-ray powder diffraction data (XRPD) were
obtained from 11-BM-B at Argonne National Laboratory
using a bending magnet (BM) of critical energy 19.5 keV
as the source. Twelve independent analyzers each separated
by ~2° in 20 and consisting of a Si (111) crystal and a
LaCl; scintillator where used for detection. Backscattered
x-ray Laue diffraction (with the x-ray beam about 1 mm
in diameter) was utilized to check the orientations of the
crystals. The microstructural homogeneity of sample surfaces
cut directly from the cross sections of the as-grown crystals
was probed using a JEOL JSM IT100 scanning electron
microscope (SEM) at 20 keV operating in backscatter mode.
Laboratory-based x-ray diffraction patterns were collected
using a Bruker D8 Focus diffractometer with Cu K,, radiation
and a Bruker D8 Advance with an Oxford Cryosystem PheniX
cryocontroller with Cu K, radiation from 7 = 80 — 300 K.

Phase identification and unit-cell determinations were carried
out using the Bruker TOPAS software (Bruker AXS). A Quan-
tum Design physical properties measurement system (PPMS)
was used for the heat capacity measurements from 7 =
1.9-300K at u,H =0T using the semiadiabatic method.
Electron paramagnetic resonance (EPR) spectroscopy was
performed on crushed microcrystalline powders contained
within a 4-mm outside diameter quartz EPR tube. EPR data
were obtained at 7 = 297K at X-band frequency (~0.3T,
9.5 GHz) on a Bruker E580 X-band spectrometer equipped
with a 1-kW traveling wave tube (TWT) amplifier (Applied
Systems Engineering) and on a Bruker E580 X-band spec-
trometer at the National Biomedical EPR Center at the Med-
ical College of Wisconsin (Milwaukee, WI) equipped with
a 1-kW TWT amplifier. Temperature was controlled using
an Oxford Instruments CF935 helium cryostat, an Oxford
Instruments ITC503 temperature controller (UIUC), and an
Oxford Instruments ITC503S temperature controller (MCW).
All data were processed using a combination of XEPR, PYTHON
2.7, ORIGIN PRO 2015, and MATLAB R2018b. EASYSPIN [32]
was used to simulate the cw EPR spectra of the W 5d ions.

III. RESULTS AND DISCUSSION
A. Single-crystal growth

Ba,CaWOg is a B-site ordered double perovskite with
a 12-coordinate Ba cation site and octahedrally coordinated
smaller cation Ca/W sites consisting of alternate large and
small octahedra of Ca and W, respectively [see Fig. 1(a)].
The high vapor pressures of BaO and CaO at the melting
temperature of Ba,CaWOg (T ~ 1450 °C as determined from
thermogravimetric analysis) make it difficult to grow crystals
via direct melting at atmospheric pressure [33]. Initial floating
zone crystal growth attempts in oxygen, air, carbon dioxide,
and static argon atmospheres at atmospheric pressure led to
significant vaporization of calcium (in the form of oxides),
and, as a result, produced samples containing a BaWO,
impurity phase, leading to cracks. The optimum growth con-
ditions were found to be a 7-bar high-purity argon atmosphere
flowing at the rate of 2.5 mL/min and 40% laser power. These
conditions significantly reduce the vaporization of calcium
oxide, which allowed us to obtain blue tinted single crystals.
A typical Ba,CaWQOg_; crystal (45 mm in length and 5 mm
in diameter) grown using optimal conditions is shown in
Fig. 1(a). X-ray Laue photographs along the cross section of
the grown crystals show no detectable variation in orientation
and no evidence of twinning, see Fig. 1(b).

A backscattered SEM micrograph taken from a cross
section of a crystal (Fig. S1) [34] complements our Laue
data, showing a uniform microstructure with no evidence
of domain formation or any inclusions on the micrometer
length scale, see Fig. 1(c). The as-grown crystals are blue
(a signature of W>T) and oxygen deficient, a result of the
reducing atmosphere. The precise oxygen vacancy concen-
tration is controllable via postannealing; single crystals were
sintered in flowing oxygen for one month at 7' = 1050 °C to
obtain colorless single crystals of Ba,CaWOg, demonstrating
tunability of the oxygen vacancy concentration and hence the
number of spin centers, see Fig. 1(d).
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FIG. 1. (a) Double-perovskite structure of Ba,CaWQg (6 = 0) containing alternate octahedra of WQOg (orange) and CaOg (gray) and 12
coordinate Ba atoms in the A site. The isolated WOg octahedra are primed to become spin centers upon introduction of electrons by removal
of oxygen (red spheres). (b) A typical Ba,CaWOg single crystal. (c) Representative Laue diffraction along the (101) direction, perpendicular
to the growth axis. (d) Oxygen vacancy concentration can be tuned by sintering under controlled oxygen partial pressure.

B. Crystal structure

To understand the origin and behavior of the relaxation
rates, we analyzed the structure of the grown crystals and the
thermal properties of the material in more detail. The struc-
tures of as-grown Ba,CaWOg_; single crystal were solved in
space group I2/m at T = 295K and at 100 K via Rietveld
refinement to synchrotron XRPD (Fig. S7, Table SV) [34].
We find that introduction of Ba site disorder and replacement
of about 14% Ba atoms with Ca into the structural model
result in significant improvement of the Rietveld fit (Fig. S2)
[34]. No temperature-dependent structural phase transition
was observed within measurement resolution. The structural
model obtained shows that at 7 = 295 K the structure consists
of an octahedral tilt pattern (a~b~cY) with a W-O1-Ca angle
of 173° (a-axis tilt) and a W-O2-Ca angle of 167° (b-axis tilt)
[35]. At T = 100K the W-O1-Ca angle becomes 163° and
the W-O2-Ca angle is 169°. The deviations from pseudocubic
structure (distortion index, i.e., standard deviations of the
monoclinic lattice parameters from the pseudocubic lattice
parameters) were calculated using cell parameters obtained
from Le Bail fits to laboratory XRPD data collected at dif-
ferent temperatures with high-purity Si as standard. Figure 2
shows that the average structure is closest to pseudocubic at
T = 230K and deviates further from cubic with increasing
or decreasing temperature due to in-plane rotations of the
Ca/WOg octahedra. Such structural flexibility is expected to
give rise to low-lying optical phonon modes that may increase
spin-lattice relaxation via phonon-mediated processes.

Specific heat capacity measurements support this hypothe-
sis. Figure 3 shows the heat capacity for a single crystal of
Ba,CaWOg_s as C,/T* vs log T. These data approximate
the one-dimensional phonon density of states. Modeling the
data illustrates the various contributions to the phonon density
of states [36]. In the model we used, a Debye (acoustic)
contribution is represented by a constant up to 6p, whereas
an Einstein (optical) mode is represented by a peak resulting
from activated low-T behavior. The most striking feature of

the plot is a large low-temperature peak at 7 = 21 K with
0g = 105K, indicating the data cannot be described by any
combination of Debye terms. We observed that this low-lying
Einstein phonon mode becomes operative above 7 = 10K,
resulting in a higher phonon density of states above T =
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FIG. 2. Standard deviations from the pseudocubic lattice param-
eters (distortion index) for a single crystal of Ba,CaWOQO4_s with
increasing temperature where B is the angle between the a and ¢
axes. A line to guide the eye (red) shows the distortion index starts
decreasing at around 7 = 140 K and reaches closest to the pseudocu-
bic structure at 7 = 230 K (black line) before going up again. Crystal
structure of Ba,CaWOg¢_; obtained from refined synchrotron XRPD
data collected at 7 =295K and T = 100K shows the double-
perovskite structure containing alternate octahedra of CaQOg (gray)
and WOy (orange). The structure shows an octahedral tilt pattern of
(a~b~c?) at each temperature. This octahedral distortion is expected
to activate low-lying phonon modes in the structure, resulting in
faster relaxation of the spin.
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— TABLE 1. Characteristic temperatures and number of oscillators
0.0010 - Low-energy Einstein used in fitting Einstein and Debye modes to the specific heat for
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FIG. 3. Heat capacity (C,) divided by temperature cubed (T) vs
log of temperature (7) for a single-crystal piece of Ba,CaWOg4_s. The
red line shows a fit to the experimental data, including the Einstein
and Debye terms. Contributions of individual components are plotted
below: pink — Debye 1 phonon mode heat capacity, green — Debye 2
phonon mode heat capacity, and blue — low-energy Einstein phonon
mode. The low-lying Einstein peak describes the distortion in the
local modes, while the high-temperature Debye mode is associated
with higher energy vibrations due to atoms having lower masses, and
the lower temperature Debye mode is associated with lower energy
vibrations of atoms having higher atomic masses.

15 K. This corresponds to the onset of the local process as
determined by modeling the temperature dependence of 7.
Low-energy optical modes can usually be attributed to a
specific structural feature. It is likely the low-energy vibra-
tional states are associated with the large-amplitude motion
of the oxygen atoms in the Ca/WQg octahedra, resulting
in distortion of the structure from the pseudocubic lattice.
Two-thirds (0.67) of the entropy of the Einstein mode is
recovered by T = 230K, where the soft phonon modes are
excited such that the average becomes pseudocubic. While
the low-lying Einstein peak can be described by the distortion
in the local modes, the high-temperature Debye mode is
associated with higher energy vibrations of atoms having
lower masses. Inversely, the lower temperature Debye mode
is associated with lower energy vibrations of atoms having
higher atomic masses. The high-energy part of the spectrum
was fitted with two Debye contributions having 6p; = 263 K
and Op, = 793 K, a reasonable value for high-energy modes
in oxides. The total number of oscillators sums to 10.23(6)
(the number of atoms per formula unit), which compares well
to the theoretical value of 10. The values of the oscillator
strengths and characteristic temperatures are given in Table 1.
The small upturn at T =~ 2K is due to helium condensation
around this temperature.

C. Determination of the spin state of the defect center

To characterize the spin state of the magnetic W ions re-
sulting from oxygen deficiencies (Ba,CaWOQOg_;s), we utilized
continuous-wave and pulse EPR techniques. To determine
the spin state of the system, we performed transient nutation

single crystal of Ba,CaWOg_;.

Oscillator strength

Mode Temperature (K) /formula unit
Einstein O = 104.97(26) 1.23(1)
Debye 1 6p1 = 263(3) 3.5(1)
Debye 2 Opy = 793(63) 5.5(6)

experiments [see Supplemental Material (SM) for details and
discussion] calibrated against a 2,2-diphenyl-1-picrylhydrazyl
(dpph) radical standard (Figs. S3 and S4) [34]. These allowed
us to confirm that the spin state which we observed was a
doublet and that the transition we observed was between the
Mg = :t% sublevels. With this information in hand, we could
easily simulate the experimental cw spectrum using EASYSPIN
[32] to a spin doublet (Fig. 4) with g = 1.96, which is in line
with similar observations in oxygen-deficient tungsten oxides
[37]. Taken together, this information leads us to conclude
that the spin centers introduced by defect generation are W>*
ions. The weakness of this transition likely arises from low
spin concentration across the sample. The spectrum in this
case was measured at 7 = 297 K. We attempted to utilize a
model developed according to theory outlined by Salikhov
et al. [38] to approximate spin concentration. However, the
model cannot account for spin-spin interactions of more than
approximately 50 A. Therefore, we cannot absolutely say the
concentration of spins in the sample, only that they are more
than 50 A apart (i.e., <0.02%).

D. Pulse EPR measurements

To investigate the feasibility of the grown crystals as qubit
candidates and to learn more about how the electrons interact
with the material, we performed pulse EPR spectroscopy on

Experimental

Intensity

Simulated

T T T T T T T T T
3000 3200 3400 3600 3800 4000
Field (Oe)

FIG. 4. Comparison between the resonance peak obtained from

experimental cw spectra and the simulated fit to the experimental
data to a spin doublet with g = 1.96 using EASYSPIN.
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FIG. 5. Pulse electron paramagnetic resonance spectroscopic data. (a) Inversion recovery curve used for calculating the spin-lattice

relaxation time 7} at T = 40K. (b) Temperature dependence plot of the rate of longitudinal relaxation 7;~! with a quantitative fit to a
combination of a direct, two “Raman” (Debye-phonon), and one “local” (Einstein-phonon) contributions. Parameters obtained from the fit
(red line) are Agi; = 0.49(09)K~'s7!, Ay = 4.4(8) x 10°s7!, Aramn = 3.2(8) x 10%s™!, and Ay, = 8(2) x 10° s~!. The associated Debye
and Einstein temperatures were fixed at the values obtained from heat-capacity measurements. (c) Hahn-echo decay curve used to calculate
spin-spin relaxation time 75. (d) Temperature dependence plot of 75 and 7;. (Lines to guide the eye show the trend followed by 7} and 7, with

temperature.)

finely ground single crystals of Ba,CaWOg_;s. The immediate
aim of these measurements was to determine the parameters
most relevant to understanding the coherence properties of the
electronic spin: 77 and 75.

We determined 7; across the temperature range T =
5—150 K. We accomplished this using an inversion recovery
pulse sequence (1 — T — 7 /2 — t —m — © — echo). We fit
the resulting inversion recovery curves using an exponential
function of the form

I(t) = —A(e™ /N0 _p 1),

where [ is the normalized echo intensity, A and b are nor-
malization factors (1 and O approximately), and ¢ is a factor
related to spectral diffusion, which is relevant at low tempera-
tures in this system [Fig. 5(a)] [34]. We found thatat T = 5K,
T; is 310(30) ms in this material, which provides a high ceiling
to the coherence time of the system (Table SI) [34]. The T; of
W3t centers in Ba,CaWOg_g compares very well to some of
the best qubit candidates known (Table SII) [34].

To investigate the spin-lattice relaxation in more detail,
we examined and modeled the temperature dependence of
T, [see Fig. 5(b)]. Modeling this dependence is useful for

determining which processes mediate spin-lattice relaxation,
as each process has a unique and well-defined temperature
dependence. The model we utilized to fit the data was

L 4T 44 d 9J for
T1 = Adir raml 9D1 8 T

(L) (#2) 4 a2
ram2 9D2 8 T loc (69E/T _ 1)2 b

where Agir, Aramls> Aram2, and Ay are coefficients reflecting
the influence of the direct, Raman, and the local processes,
respectively. Each Raman process is associated with a char-
acteristic Debye temperature (6p; and 6p;), the local mode an
Einstein temperature (0g), fixed to values obtained from quan-
titative analysis of the heat capacity, and Jg is the transport
integral describing the joint phonon density of states assumed
by the Debye model. This integral takes the form

0 /T e
W)= [
T 0 (ex - 1)

This overall model for 7} includes terms for the direct
relaxation process, two Raman relaxation processes, and a
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term describing additional relaxation due to local modes.
The direct process proceeds via a spin-flip mechanism and is
typically relevant only at approximately 7 = 10K or below.
The Raman and local processes are two-phonon processes
analogous to Raman photon scattering and become operative
at temperatures where there is substantial thermal phonon
population. Examination of the temperature dependence of 7
hints at why 7; is long at T = 5 K in this system: the influence
of the direct process is very small in this material, with
Agir = 0.49(09) K~!s~!. Typical values for Ag; fall within
the approximate range of 10—50K~!s~! [39]. With minimal
thermal population of the phonon modes, the only means
by which the spin can relax is through the direct process.
However, at X band (~0.3 T) and in the absence of a strong
hyperfine field—a result of the mostly nuclear spin-free nature
of this material in which the spin resides—the direct process
is slow [35]. However, with the onset of the two-phonon pro-
cesses between T = 15 and 20 K, the spin-lattice relaxation
time begins to precipitously decrease. This decrease most
likely arises from the presence of heavy elements with high
spin-orbit coupling in the lattice. With increasing spin-orbit
coupling, the strength of spin-phonon coupling also increases,
leading to enhanced relaxation rates [39].

We can gain quantitative information about the relative
strength of spin-phonon coupling to the different phonon
contributions by utilizing knowledge of the oscillator strength
from heat capacity combined with the coefficients from the fits
to 1/T;. The coefficient for a two-phonon process will have the
general form [40]

1 4xn® (bIV©|a*)

52 4 4
Tl pcryst l)S Acryst

/ nm—+1) o pz(w)dw,
0

where vy is the average sound velocity, perys is the crystal
density, and Ay is the orbital splitting. The (b|V|a) =
G is the matrix element called the spin-phonon coupling
parameter, where V(! is the crystal field potential produced by
phonons generating strain ¢ and taken from the expansion of
the potential into power series V=V, +& V) +£2V® 4
.... For a Debye (Raman)-type phonon process, p(w) =

2 . .
%, where Np is the number of oscillators related to the
Debye mode, vy = Aﬂ , Where N is the number of atoms

B (6m2 83
in a crystal of volume V, resulting in

1 T\’ (6p
e Aram JS P
Ti 6p T

Ox 6 ¥ BN (TG o
7T Oy A (derivation in the
cryst *B VD

cryst

where Am =

SM discussion [34]).
Similarly, for an Einstein (local)-type phonon process,
p(@) = 3Ng ()80 —w,), v, = —2% - where Ng is
h(xd )3
the number of oscillators related to the Einstein mode,

resulting in

1 e/
— =4

Tl oc (eeE/T B 1)2 ’

10
36 7% B NE (5)3 G, AT .
oo s o AT (derivation in the SM dis-
cussion [34]). Using these, the ratio of coefficients for two
Raman-type processes is

AramZ _ <@>2 (@) (GrumZ )4
Aram 1 ND 1 9D2 Graml '

whereas the ratio of coefficient for a Raman and local
process is

Aloc 36 7T5 (NE)2<9D)(GIOC )4
Aram (9 X 6¥) T % ND 9E Gram )
We find that the spin-phonon coupling to the Debye mode with
Opr = 793(63) K (Debye 2) is 3.2(4) times greater than to the
one with 6p; = 263(3) (Debye 1). Similarly, the coupling to
the Einstein mode is 1.1(7) relative to Debye 1. These provide
evidence that the spin-phonon coupling is stronger for higher-
frequency oscillators in this material.
Next, we examined 7, over the same temperature range
(Table SIII [34]). We utilized a two-pulse Hahn-echo sequence
to monitor the stability of the superposition as a function of

the interpulse delay time. We then fit the decay curves with a
stretched exponential function of the form

where Ay, =

I(t) = A[l — Beos(wt + d)e™"/Toxc]e= T/ 4 f

see Fig. 3(c). The function includes two parts, the first of
which describes the electron spin-echo envelope modulation
(ESEEM) within the decay curve and the second of which
describes the spin-echo decay itself. Within the function as
written, A is a normalization factor (approximately 1), B is the
ESEEM modulation amplitude,  is the ESEEM frequency in
MHz, d is the modulation phase, T,s is the ESEEM decay
time, ¢ is the stretch factor, and f is an offset term to assist in
fitting (approximately 0). The inclusion of the ESEEM term
was necessary to model the small oscillations within the decay
curve resulting from the interaction between the electronic
spin and the 14.3% abundant I = '/, "W nucleus. However,
the data above T = 70 K was fitted to the equation

I(t) = Ae @/ 4

without the ESEEM term, as the data was too noisy at higher
temperatures to see the ESEEM. We discovered that 7, in
this material is largely invariant across the temperature range
apart from a decrease from 6.35 to 4.71 us between T =5
and 15 K. 7, remains at approximately 4 us until T = 60K
before it decreases to approximately 1 us at T = 90K and
remains roughly constant until 7 = 150K, Fig. 5(d). The
temperature invariance of 7, across the temperature range
could be a result of the relative lack of nuclear spins and
methyl groups within the lattice, which can easily promote
decoherence in electronic spin-based systems [38]. The low
value of T, across the temperature range could, however, stem
from the nonzero natural abundance (14.31%) of '*3W. Phase
memory times are extremely sensitive to even incremental
changes in nuclear spin concentration, as has been observed
in studies examining the isotopic enrichment of diamond hosts
for nitrogen-vacancy centers [41].
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IV. CONCLUSIONS

We have grown single crystals of Ba,CaWOQOg¢_s.
Continuous-wave and pulse EPR measurements confirm
the presence of oxygen vacancies that create W3t defect
centers in the system. Coherence studies indicate that these
defects in Ba,CaWQOg_;s are viable quantum bit candidates.
Without significant optimization, the longitudinal relaxation
time 7; in this material rivals that of top quantum bit
candidates, and the transverse relaxation time 7, shows
relative insensitivity to temperature across the measurement
range. Remarkably, 7} = 310ms at T = 5K, decreasing only
upon population of low-lying phonon modes at 15 K and
with the onset of local vibrational modes above 60 K. Work
towards reducing the influence of these modes is ongoing.
Specifically, we plan to slow phonon-mediated relaxation by
designing systems with lighter elements with less spin-orbit
coupling and systems with less susceptibility to octahedral
tilting. Further we calculate the spin-phonon coupling of the
higher-frequency Debye 2 mode to be ~3 times as strong as
the Einstein or the Debye 1 modes. The fact that all coupling
strengths are not equal is chemically intuitive; our results
show how to gain access to such information in a general,
broadly applicable way. It also suggests that simply pushing
all vibrational spectral weight to high frequencies is not the
only way to design a high-7; lifetime; instead, reducing the
spin-phonon coupling to only the modes present at low energy
(e.g., by making such coupling symmetry-forbidden) is the
key. In short, complex oxides are viable hosts for quantum

bit centers, and the chemical control of oxygen vacancies can
be used to introduce spin centers in the lattice. We further
find that systematic materials design principles can be used to
create qubits with long longitudinal relaxation times.
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