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ABSTRACT: We demonstrate nearly a microsecond of spin
coherence in Er** ions doped in cerium dioxide nanocrystal
hosts, despite a large gyromagnetic ratio and nanometric
proximity of the spin defect to the nanocrystal surface. The
long spin coherence is enabled by reducing the dopant density
below the instantaneous diffusion limit in a nuclear spin-free
host material, reaching the limit of a single erbium spin defect
per nanocrystal. We observe a large Orbach energy in a highly
symmetric cubic site, further protecting the coherence in a qubit
that would otherwise rapidly decohere. Spatially correlated
electron spectroscopy measurements reveal the presence of Ce**
at the nanocrystal surface, which likely acts as extraneous
paramagnetic spin noise. Even with these factors, defect-
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embedded nanocrystal hosts show tremendous promise for quantum sensing and quantum communication applications,
with multiple avenues, including core—shell fabrication, redox tuning of oxygen vacancies, and organic surfactant modification,
available to further enhance their spin coherence and functionality in the future.
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Quantum information technology promises to revolutionize
sensing,”> communications,”* and computing™® by using the
intrinsic quantum mechanical properties of entanglement and
superposition to obtain a quantum advantage. Developing
quantum hardware that is both robust against decoherence and
can scale to practical system sizes is a 8grand challenge for
quantum information technology today.”” Emerging material
platforms present an exciting opportunity to address these
challenges related to robustness, scaling, and integrability by
providing additional functionality not seen in other systems.
Optically active spin defects in crystalline host materials are
an attractive qubit representation given their natural trans-
duction between spin and optical degrees of freedom, which
act as stationary and flying qubits, respectively.” While many of
these spin defects are deeply embedded in a solid-state host
(i.e., away from interfaces and surfaces) to improve their spin
coherence times, this same property makes them difficult to
couple and integrate with other systems,'’ such as photonic
structures that could significantly improve a spin qubit’s optical
addressability and state read-out fidelity.'' Meanwhile,
quantum sensing requires that the sensing qubit be near the
sensing target to maximize its sensitivity and spatial
resolution.”'” Both functionalities necessitate proximity of
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the qubit to the host material’s surface. Yet, it is well-known
that solid-state surfaces often contain complex terminations,
atomic reconstructions, and dangling bonds that act effectively
as sources of electric and magnetic noise, deleteriously
affecting optical and spin coherence."’

Colloidal nanocrystals are a materials platform where
exquisite control of surface morphology meets synthetic
tunability in a system where the surface-to-volume ratio
approaches unity. This synthetic control of surface morphology
has enabled photoluminescence quantum yields approaching
unity and optical coherence times approaching their transform
limit in a variety of material systems.'*”'® Colloidal nano-
crystals also provide flexibility in integrating with various
platforms and structures, enabling their applications in
optoelectronics,'’~"* medicine and biology,”*~>* nanopho-
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Figure 1. Overview of Er** doped CeO, nanocrystals. (a) Schematic of a nanocrystal with an inorganic core (cerium dioxide doped with
erbium) and an outer shell of organic (oleate) ligands. (b) Unit cell of the cerium dioxide with a substitutional erbium defect (green) is
depicted. Red atoms are oxygen, while orange atoms are cerium. (c) Ground state (*I,5/,) and first excited state (*I ;,) of Er** in a cubic
crystal field environment. The crystal field splitting in a cubic symmetry splits both the ground states (Z,) and excited states (Y,) into five
energy levels. Also depicted is the Zeeman splitting of the ground state, which is used as a spin qubit. (d) Bloch sphere representation of the
spin qubit. Microwave pulses are used to rotate the spin qubit along the Bloch sphere.

tonics,””** and catalysis.”> However, investigation of optically
active sg)in qubits in colloidal nanocrystals has so far been
limited.”® To date, only spin defects operating in the visible
portion of the spectrum have been studied and their
corresponding spin-photon interface remains underdevel-
d.””*" Furthermore, a comprehensive understanding of
the factors that limit the spin coherence in doped nanocrystal
systems is still to be developed.

In this work, we demonstrate an ensemble-measured
electron spin coherence time approaching a microsecond in
telecommunication-compatible erbium spin defects embedded
in cerium dioxide nanocrystal hosts. We suggest that this long
spin coherence, despite the large gyromagnetic ratio of the spin
defect and its proximity to the surface, is likely due to a
combination of the nuclear spin-free ceria host and the distinct
crystal field levels that separate the ground state spin level from
the rest of its orbital manifold. High-resolution scanning
transmission electron microscopy imaging combined with
electron energy loss spectroscopy further confirms the highly
crystalline nature of the host material along with the presence
of Ce* on the surface of the nanocrystal. Further, we use
cluster correlation expansion calculations of the qubit’s density
matrix to understand the size, position, and concentration
dependence of spin defects in nanocrystal hosts to corroborate
both our experimental results and to outline important
principles for designing colloidal nanocrystals with long spin
coherence. By simultaneously improving the spin and optical
coherence via rational materials design and synthetic control,
nanocrystal hosts could become a valuable platform for many
future quantum information technologies.

RESULTS AND DISCUSSION

Our system of interest consists of a colloidal nanocrystal
(Figure 1a) with an inorganic ceria (CeO,) core covered with
an organic (oleate) shell. Embedded within the inorganic ceria
nanocrystal matrix are isolated erbium (Er’*) spin defects

(Figure 1b). To synthesize our nanocrystals, we employed a
two-phase solution in an autoclave heated to 180 °C, with the
solutions consisting of oleic acid dissolved in toluene and rare-
earth nitrates dissolved in water. We used erbium precursors
with a natural abundance of isotopes (ie, ~23% '¢Er).
Incorporation of erbium ijons into the ceria lattice is done via
mixing of erbium and cerium nitrate precursors (see Methods),
and the resultant molar ratio of precursor concentration to
incorporated defect concentration is near unity (Table S1),
likely due to the similar ionic radii of the respective cations
(Figure S1).”” We synthesized a variety of erbium-doped ceria
nanocrystals with different doping levels and estimated their
erbium concentration by performing both size distribution
measurements in a TEM instrument along with molar ratio
measurements using either inductively coupled plasma optical
emission spectroscopy (ICP-OES) or inductively coupled
plasma mass spectroscopy (ICP-MS) (Methods). Throughout
the text, (Ng,) refers to the estimated ensemble average
number of erbium defects per ceria nanocrystal. Here, ceria
also acts as a nuclear-spin-free host material in its natural
isotopic abundance, suggesting that long spin coherences
should be achievable.*

Isolated Er’* ions have 4f electrons shielded by delocalized
6s and Sp orbital electrons, decoupling them from direct
interactions with the environment. The 4f electrons exhibit
strong spin—orbit coupling with weak optical transitions due to
their parity forbidden transitions. The ground state manifold,
corresponding to 4115 /2 in spectroscopic notation, or Z,, is (2]
+ 1) = 16-fold degenerate. Within a cubic crystal field, this 16-
fold degenerate state splits into three Stark quartets I'g and two
different Kramers doublets I's and I',.*"*” In a similar vein, the
first excited state manifold, denoted by 1,3, (or Y,) is 14-fold
degenerate and, within a cubic crystal field, splits into two
Stark quartets and three Kramers doublets. Thus, under a cubic
crystal field in the absence of an applied magnetic field, we
expect five distinct energy levels for both the ground state
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Figure 2. Structure and chemical composition of Er**-doped CeO, nanocrystals. (a) Typical powder X-ray diffractogram of the erbium-
doped ceria nanocrystals with different crystal diffraction planes labeled. (b) Bright field transmission electron micrograph of erbium-doped
ceria nanocrystals. The scale bar is 10 nm. (c) Inverted ABF image of an erbium-doped ceria nanocrystal oriented along the [110] direction,
depicting a highly crystalline structure. The scale bar is 2 nm. (d) Spatially resolved EEL spectra collected at different probe positions
labeled in the HAADF image in (i) of an erbium-doped ceria nanocrystal ({Ng,) = 179.8). The scale bar is S nm. The extracted EEL spectra
for O K, Ce M, and Er M edges are shown in (ii), (iii), and (iv), respectively. The arrows in (ii) and (iii) mark the O K-edge prepeak and Ce

M postedge peaks, respectively.

manifold Z, and the first excited state manifold Y, (Figure 1c).
The cubic symmetry of the Er'* spin defect can generally be
ascertained from electron paramagnetic resonance (EPR)
measurements, as detailed below. Here, the lowest energy
ground state Z, corresponds to one of the Kramers doublets,
whose degeneracy can be further split by the application of a
magnetic field. It is these two energy levels in the Kramers
doublet that form the spin qubit studied here, where the |0)
state is initialized thermally (Figure 1d).

To first confirm the high crystalline quality of our
synthesized nanocrystals, we performed powder X-ray
diffraction (PXRD) of nanocrystals drop-cast on background-
free silicon holders (Figure 2a). The observed peaks in the X-
ray diffractogram correspond well with that of bulk ceria, with
an occasional low-angle peak due to the ordering of the ligand
shell.”> The fitted lattice constant to a face-centered cubic
lattice yielded a lattice constant of 5.418 + 0.002 A. Scherrer
diameters (~7 nm) were within a standard deviation of the size
distribution (~1—1.5 nm) estimated from transmission
electron microscopy (TEM) images, where mean diameters
are typically 6 to 8 nm (see Table S1 for details). Each
nanocrystal therefore has roughly 3000—6000 cerium atoms
per nanocrystal, with the precise number highly sensitive to the
particular diameter of the nanocrystal. Our ceria nanocrystals
were generally rhombicuboctahedral shaped, as observed via
TEM (Figure 2b). We have further performed scanning
transmission electron microscopy (STEM) to investigate the
crystal structure and chemical composition of these ceria
nanocrystals. Inverted annular bright field (ABF) (Figure 2c)
and high-angle annular dark-field (HAADF) (Figures 2d,i and
S2) imaging confirm the highly crystalline nature of each
individual nanocrystal with clearly resolved Ce and O
sublattice along [110] and [100] crystallographic orientations.

To probe the local chemical environment of individual
nanocrystals, we used spatially resolved electron energy loss
spectroscopy (EELS) (Figure 2d). Multiple EEL spectra were
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acquired at probe positions marked in Figure 2d, i, whose
colors correspond to the spectra shown in Figure 2d,ii,iii,iv. We
observe marked changes in the fine structure of Ce M and O K
core-loss edges at the surface (red and blue) and the bulk
(cyan, black, and green), which is typical of ceria nanocryst-
als.>*™* The Ce M, and M, edges correspond to the
transitions from an initial state of 3d'%4f° to the final state of
3d°4f'. The two post-edge peaks result from the transitions to
4f states in the conduction band due to hybridization between
the Ce 4f and the O 2p states. The diminishing intensity of the
post-edge peaks toward the surface (red and blue in Figure 2d,
iii) as compared with the bulk (cyan, black, and green in Figure
2d, iii) of the nanocrystals is caused by the reduction of Ce** to
Ce¥. Also, a chemical shift of 1.5 eV to lower energy loss is
observed for the Ce My and M, edges during the reduction of
Ce*" to Ce**. This reduction of Ce*" is driven by the formation
of oxygen vacancies at the surface of ceria nanocrystals.”*™*’
Moreover, the reduction of Ce*" is also discernible in the O K-
edge spectra, where the absence of a prepeak at the surface is a
direct result of decreased hybridization between O 2p and Ce
4f states, arising from the formation of oxygen vacancies and
simultaneous reduction of Ce*" to Ce®* at the surface of the
nanocrystals. A detailed STEM-EELS data set showing the
chemical distribution of Ce and O, as well as the distribution of
Ce®* and Ce* across the surface and the bulk of a ceria
nanocrystal is shown in Figure S3. The low concentration of
erbium results in a noisy Er M-edge signal, which makes the
analysis of the Er M-edge fine structure difficult. However, the
EEL spectra of the Er M-edge confirm erbium incorporation in
the bulk and at the surface within individual ceria nanocrystals.
Erbium doping was further verified via energy-dispersive X-ray
spectroscopy over large ensembles (Figure S4).

The ground state spin structure of erbium ions can be
understood from the EPR measurements. We performed EPR
measurements for various estimated ensemble average
numbers of erbium defects per ceria nanocrystal (Ng,),

https://doi.org/10.1021/acsnano.4c04083
ACS Nano 2024, 18, 19110-19123


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c04083/suppl_file/nn4c04083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c04083/suppl_file/nn4c04083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c04083/suppl_file/nn4c04083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c04083/suppl_file/nn4c04083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c04083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c04083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c04083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c04083?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c04083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
a C
729

T T [Fov vy e \ T
c c

{2 (2]

%] 2]

o o /\

o o

ui ui

70 80 90 100 110 120 130
Magnetic Field (mT)

5T - Experiment
45} Power Law Fit

35}

w

Linewidth (GHz)
N
o

70 80 90 100 110 120 130
Magnetic Field (mT)

®  Experiment
Fit

Linewidth (GHz)
o
o

5 10 15 20 25 30 35 40
Temperature (K)

Figure 3. Concentration and temperature dependence of EPR line width. (a) Experimental (colored dots) and fitted (black solid lines) CW-
EPR spectra of erbium-doped ceria nanocrystals with different average number of erbium dopants per nanocrystal denoted nearby each
spectrum. Measurement temperatures were ~3.2 K. (b) Fitted line width for different concentrations of erbium per nanocrystal (I = 0). The
fitted power law exponent is 0.73 + 0.26. Horizontal error bars come from the standard deviation of the size distribution and vertical error
bars are 95% confidence intervals for the line width fit, smaller than the size of the marker for many data points. (c) Experimental CW-EPR
spectra as a function of temperature for {Ng,) = 0.3. Each experimental spectrum (colored dots) is fitted to a simulated spectrum (black solid
lines) with line width broadening as a fitting parameter. (d) Fitted line width for different experimental temperatures with error bars
corresponding to a 95% confidence interval. The line width dependence is fitted to an Orbach term along with a constant offset, which
accounts for inhomogeneous broadening. Fitted values are A = 7.7 + 2.7 GHz, A_,;, = 98 + 13 K, B = 0.20 + 0.02 GHz.

which is the number labeled next to each EPR spectrum in
Figure 3a. The EPR line width narrows by more than an order
of magnitude as the erbium dopants per nanocrystal decrease.
At the lowest doping concentration of Er** (i.e., (Ng,) = 0.3),
the inhomogeneously broadened line width is approximately
200 MHz. Further analysis of the spectrum shows a clear
indication of hyperfine interactions of the Er’* effective S = 1/2
electron spin with the I = 7/2 "¥Er nuclei, which fits very well
with numerical simulations of the spin Hamiltonian, yielding a
hyperfine interaction constant of roughly 695 MHz (see
Methods, Figure S5, and Table S1). However, we find large
error bars on the fit for (Ng,) = 179.8, which is associated with
the larger residuals at the tails of the broad EPR spectra
(Figure SS). Moreover, we find better fits to the experimental
spectra, particularly at high erbium concentrations, by
separately fitting the line widths for the I = 0 and I = 7/2
erbium nuclei (Figure SS5). In contrast, at low concentrations, a
single broadening term for both types of nuclear spins can be
used to describe the entire EPR spectrum. The crossover
between the two regimes occurs when the line width is
approximately the size of the hyperfine interaction constant.
The g-factor of the Er** ion is 6.75, very close to the theoretical

value of 6.8 for Er®' incorporation with cubic site
symmetry.’>” This confirms that Er’* substitutionally
occupies a Ce*" site without local charge compensation,™
similar to what has been observed in bulk’ and thin film
systems.”” Charge neutrality of the nanocrystals is likely
achieved via the formation of oxygen vacancies, e.g, at the
surface, as shown by STEM-EELS measurements presented
earlier. However, wider magnetic field scans of the EPR spectra
(Figure S6) do not indicate a strong signal from Ce®" spins
despite the large quantities observed in STEM-EELS (Figure
S3). This suggests that the environmental conditions (i.e., high
vacuum, high voltage) of electron microscopy measurements
are far more reducing than the environmental conditions of
EPR measurements.””*" Therefore, the Ce** concentrations
measured via EELS should be used only as an upper bound
when estimating their impact in EPR measurements.

The extracted EPR line width at low temperatures as a
function of erbium dopant concentration exhibits a slightly
sublinear relationship (Figure 3b) with the number of erbium
defects per nanocrystal. In bulk materials, a linear dependence
with defect concentration is expected.*” This suggests that
there may be covarying factors such as size, strain, or surface
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Figure 4. Spin relaxation and spin coherence of Er’*-doped CeO, nanocrystals. (a) Echo-detected inversion recovery for different
concentrations of erbium dopants per nanocrystal, corresponding to the spin—lattice relaxation time T, of the electron spin. Biexponential
fits are shown as solid lines with corresponding fitted values listed. Inset corresponds to the pulse sequence for measuring inversion
recovery. (b) Electron coherence measured using a Hahn-echo sequence for different concentrations of erbium dopants per nanocrystal,
corresponding to the T, of the electron spin. Solid lines correspond to a Fourier transformed Lorentzian model fit, with extracted spin—spin
relaxation time T, values listed. Inset corresponds to the Hahn-echo pulse sequence for measuring spin coherence. Measurement
temperatures for (a) and (b) were ~3.2 K. (c) Fourier transform of the fitted time trace of the (Ng,) = 0.3 signal, inset corresponds to a
schematic depicting the coupling of erbium ions to hydrogen nuclei on the surface.

effects that modify the EPR line width, in addition to the
intrinsic dipolar contribution from Er’*-Er’* electron spin
interactions. Nonetheless, the EPR line width at the lowest
erbium concentration is comparable to thin films,*”** despite
the higher erbium to cerium molar ratio, pointing to the
material quality and distinct form factor of the synthesized
nanocrystals.

Temperature-dependent measurements of the line widths
(Figure 3c) were performed for the lowest erbium concen-
tration (i.e., (Ng,) = 0.3). As expected, the line broadens as the
temperature is increased. Above 40 K, the signal-to-noise ratio
makes it difficult to reliably estimate the line width.
Nevertheless, the observed line width primarily scales
exponentially with temperature, suggesting an Orbach-like
phonon-mediated process of spin relaxation.***** Examining
other possible phonon processes to describe the temperature
dependence observed here, such as direct and Raman-
mediated phonon processes, suggests that their contribution
is likely small (Figure S7). It is important to note that these
phonon processes strictly speaking perturb spin relaxation and
not directly the spin line width. Therefore, a more thorough
analysis of the relative contributions of the phonon processes
would require an analysis over a larger range of temperatures
and direct measurements of the spin relaxation. However, there
is precedent in extracting Orbach energies from the spin line
width since spin relaxation ultimately sets the maximum time
scale for dephasing.**** In this system, the extracted activation
energy of the Arrhenius process, i.e, the Orbach energy is 8.4
+ 1.1 meV. The Orbach energy typically corresponds to the
energy splitting between the ground state and a nearby orbital
excited state, limiting the temperature range of qubit
operation.”” Photoluminescence excitation (PLE) spectra at
4K (Figure S8) indicate erbium emission from various
telecommunication-compatible optical transitions. Further
work is to be carried out to identify level assignments.

Pulsed EPR measurements were done to characterize the
ensemble-averaged erbium ion Hahn-echo sequence spin
coherence times (T,) and spin relaxation times (T;). The
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Hahn-echo spin coherence times are measured for several
erbium concentrations (Figure 4b). At the lowest concen-
trations, we measure a spin coherence of 776.4 + 11.7 ns,
which is large considering the gyromagnetic ratio and the
proximity of the erbium ion to the surface. In fact, the
magnetic noise 6B experienced by the Er’* spins can be
estimated™ from the gyromagnetic ratio and the measured
coherence time, yielding 6B ~ 4.3 yT. This magnetic noise is
comparable to or even better than many bulk systems of rare-
earth doped oxides.*”*”° Further, the estimated dipolar
sensitivity of this spin system is on par with shallow delta-
doped NV centers in diamond (Figure $9).°" Experimentally,
this dipolar sensitivity is observed in the form of envelope
modulation in the spin echo intensity, which has a character-
istic frequency of 4.3 MHz. Fitting of the signal with the
observed envelope modulation (Methods) yields a frequency
that agrees with the hydrogen ("H) nuclear Larmor frequency
at this magnetic field, showing direct evidence of sensing of the
external hydrogenic nuclei on the surface of the nanocrystal
(Figure 4c). The detected hydrogen nuclei are likely both from
the oleate as well as the toluene glassy matrix in which the
nanocrystals are embedded, with the latter expected to
contribute significantly less considering the length of the
oleic acid molecule (~2 nm).

Inversion recovery echo-detected measurements were also
performed to ascertain the spin relaxation dynamics (Figure
4a). The observed relaxation dynamics were observed to be
multiexponential, so a biexponential fit was used. Acquisition at
smaller time steps improved temporal resolution and was used
to improve the fit precision (Figure S10). The relaxation
dynamics consist of a fast and slow component, with fitted
values denoted in Figure 4a. Previous measurements in thin
film samples’ showed that the fast component of their
biexponential systems could be attributed to the coupling of
the Z, spin states to the Z, energy levels; however, this
scenario may be less likely in the case of the nanocrystals,
considering the Orbach energies observed. An alternative
explanation is that there are multiple relaxation processes
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Figure 5. CCE simulations of Er**-doped CeO, nanocrystals. (a) Calculated spin coherence decay as a function of radial position from the
surface (0 nm) to the center (3.5 nm) of a 7 nm diameter CeO, nanocrystal. Inset corresponds to the extracted T, decoherence time, with
each colored dot corresponding to the respectively colored curve. (b) Calculated spin coherence decay as a function of the diameter of the
CeO, nanocrystal, for an erbium spin defect located at the center of the nanocrystal. Inset corresponds to the extracted T, decoherence time.
(c) Calculated distribution of decoherence rates due solely to instantaneous diffusion of neighboring erbium spins. Colors correspond to
different erbium molar ppm (d). Calculated decoherence due to instantaneous diffusion (blue), due to hydrogen nuclei (red) and combining
both effects (black). Also plotted are the experimentally measured T, values.

occurring, for example, due to cross-relaxation of erbium to
both surface paramagnetic species (such as Ce**) and to other
erbium spins, which, when ensemble-averaged, results in
multiexponential dynamics.”>>® Similar effects are likely at
play with the spin coherence dynamics, as detailed by the
coherence calculations described later but detecting the
multiple time scales is below the noise floor in our spin—
echo measurements. Further, given the time scales observed for
our spin coherence and spin relaxation dynamics, it is evident
that our spin coherence at the lowest temperatures studied
(~3.2 K) is not limited by relaxation dynamics (ie., T, <
2T,), with potentially many avenues to improve erbium
coherence times. However, we note that the observed spin
relaxation and spin coherence times in this system are already
comparable to and even longer than the times achieved in their
thin film counterpart™ despite the proximity to the surface,
suggesting that there may be fundamental advantages and
opportunities to developing long-lived qubits in nanocrystals.

19115

To understand the factors at play that limit the spin
coherence of the erbium spins in these nanocrystal hosts, we
turned to numerical simulations. We performed cluster
correlation expansion (CCE) calculations that determine the
quantum evolution of the central erbium spin coherence
embedded in a nuclear spin bath,”* to understand the effect of
the hydrogen near the surface of the nanocrystals. Con-
vergence of the coherence dynamics was ensured by examining
increasingly higher orders of the CCE approximation, the size
of the nuclear bath, and the pairwise cutoff radius (Figure
S11). Figure Sa shows the dependence of the theoretical Hahn-
echo signal on the position of the erbium spin in a nanosphere
with a 7 nm diameter, showing the drastic impact of the
atomistic location of the Er** spin defect on its spin coherence.
The hydrogen nuclei envelope modulation is clearly repro-
duced in the simulations, with the depth of the modulation
being directly related to the distance from the surface. Due to
the 1/r* dependence of the magnetic dipolar interactions
between erbium and hydrogen, as the erbium spin defect
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approaches the surface, the secular approximation breaks
down. Nonsecular flips of the hydrogen nuclear spins in the
spin Hamiltonian in this regime play a very significant role,
which severely reduces the erbium spin coherence time by an
order of magnitude near the surface, as observed in the inset of
Figure Sa. Considering the large surface-to-volume ratios of
our nanocrystals and assuming a uniform substitution
probability, the most likely position of an erbium spin defect
in these nanocrystals is roughly within a nanometer to the
surface (Figure S12).

We next consider the size dependence of the nanocrystal on
the achievable spin coherence, limited by the hydrogen nuclear
spins (Figure Sb). By simulating the nanosphere diameter from
S to 10 nm with an erbium spin defect located at its center, we
can clearly see that the spin coherence increases with size.
Importantly, our calculated values are significantly below the
47 ms predicted for bulk CeO,* clearly showing the
deleterious effects of hydrogen nuclei at the surface despite a
nuclear-spin-free host. However, spin coherence times more
than 10 ps should be readily possible for Er’* in a nanosized
host with improved synthetic control and complexity, e.g., via
shelling and ligand exchange. Developing ligands with low
nuclear magnetic moments will therefore be critical to
maximizing spin coherence in colloidal nanocrystal hosts. Of
note is that the dependence of the coherence time with size is
observed to be approximately linear, which can be understood
as stemming from the competition of two scaling laws: the
number of hydrogen nuclei at the surface of the nanocrystal
(~r*) and their dipolar coupling to Er** (~1/r). Specifically,
the size dependence of the nanocrystal merely comes from
reducing the interactions of the central Er’* spin with the
nuclear spin bath on the nanocrystal surface. This points to
opportunities in modifying shapes of nanocrystal hosts,” with
different coherence time scaling laws possible depending on
how the surface area scales in the specific geometry with
dipolar coupling. Thus, improving the size and shape
dispersion of nanocrystal hosts as well as the position
dispersion of the embedded spin defects will be imperative
for maximizing the coherence times of nanocrystal quantum
hardware.

Next, we theoretically analyze the decoherence induced by
instantaneous diffusion®® of resonant erbium spin defects that
are dipolar coupled, for different concentrations of erbium
spins, in the absence of hydrogen nuclei-induced decoherence
(Methods, Figure Sc). Here, we assume nonaggregated
nanocrystals given the colloidal stability of oleate-capped
nanocrystals dispersed in toluene. The distribution of
decoherence rates consists of two main contributions: (1) A
slow decoherence rate that stems from the dipolar coupling of
erbium spins belonging to different nanoparticles (i.e.,
interparticle-induced decoherence) and (2) A fast decoherence
that rate stems from erbium spins belonging to the same
nanoparticle (i.e.,, intraparticle induced decoherence). The
difference of several orders of magnitude in the decoherence
rates is associated with the significantly different length scales
of intraparticle and interparticle interactions. The sharp
features in the computed decoherence rates are due to erbium
being incorporated at discrete lattice sites of the ceria crystal
structure, where we assume erbium can substitutionally replace
cerium sites. Of note is that the effective instantaneous
diffusion rate for a given molar ratio of spin defects to host
atoms is significantly lower in a nanocrystal, given by its
corpuscular nature compared to bulk crystals where defects are

typically homogeneously distributed (Figure S13). This is
particularly relevant since instantaneous diffusion is known to
limit the spin coherence in many rare-earth doped oxide
systems.%’57

Lastly, we consider an ensemble-averaged coherence time by
combining all the effects mentioned above (i.e., related to size,
position, and concentration), where the main decohering
interactions of a central Er spin are with other Er spins (at high
concentration) and the hydrogen nuclear spins (at low
concentration) (Figure Sd). Specifically, we simulate the
experimental coherence time by averaging over the size
distribution of the nanocrystal hosts, the position distribution
of erbium spins (Figure S12), and the Poisson distribution in
the number of erbium spins per nanocrystal host. Furthermore,
the effects of instantaneous diffusion are sensitive to the
fraction of flipped spins®® and can be determined by the 7-
pulse and the inhomogeneous distribution of erbium spins
measured in field-swept echo detected spectra (Methods,
Figure S14). Altogether, we observe reasonable agreement
between experimental data and theoretical simulations of T,
suggesting that CCE calculations are an appropriate framework
to analyze coherence times, even in nanocrystal hosts. The
differences in calculated coherence times at high and low
concentrations can likely be attributed to the following: at high
concentrations, there is a stronger effect of flipping an even
smaller fraction of spins with the m-pulse, due to rapid
dephasing during Rabi oscillations and broader inhomoge-
neous distribution. At low concentrations, where the spin
coherence should be dominated by the hydrogen nuclear spin
bath, we already observed that slight differences in the erbium
defect position distribution can yield very different coherence
times (Figure Sa). As a result, we hypothesize that erbium
spins may be preferentially closer to the surface, more so than
the amount given by the natural density of atoms in a
nanocrystal (Figure S12). This viewpoint is consistent with the
exclusion of dopants within the critical nuclei of a nano-
crystal.’® The other possibility for the coherence time
discrepancy may be due to paramagnetic species that were
not accounted for in these simulations, which likely consist of
either Ce** or O®~ complexes, as observed earlier in STEM—
EELS (Figure 2d). Ce** is likely at least partially coordinated
with the oleate ligands as part of the nanocrystal synthesis but
may still act as a source of magnetic noise for erbium spins,
depending on its own spin relaxation dynamics and
coordination environment. Understanding the specific relaxa-
tion dynamics as well as the concentration of paramagnetic
spins in the surrounding bath will be important to further
understand the limits to spin coherence.” For example, we find
that Er’* spin coherence can be limited by indirect flip-
flops’”®® or by the T-induced spin flips®’ of nearby
paramagnetic spins, depending on the concentration of
extraneous paramagnetic spins (Figure S15). Based on these
calculations, we can safely constrain the number of extraneous
surface spins to less than ten per nanoparticle. With further
experimental studies, it should be possible to pinpoint the
exact effects of Ce®" impurities on Er’* decoherence.

More generally, we expect that intraparticle interactions
between Er'* within a nanocrystal to dominate the spin
dynamics (ie., relaxation, coherence, line width) whenever
there is more than approximately a single Er’* per nanocrystal.
Specifically, intraparticle Er’* interactions have both large
gyromagnetic ratios (yg;3, = 95 MHz/mT, compared to y, =
0.043 MHz/mT and y,_ = 28 MHz/mT) and the dipolar
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interactions are resonant so that Er** flip-flop interactions
cannot be neglected. Therefore, effects such as the size-
dependent coherence time calculated in Figure Sb will likely
not be observable in most systems except when (Ng,) ~ 1. A
general method to improve the spin coherence in these
systems is to estimate the dephasing rates of possible limiting
mechanisms and reduce those rates until a different limiting
mechanism is revealed. This scheme can be viewed analogously
to the work done in improving the photoluminescence
quantum yield of semiconductor systems,'#** where different
nonradiative mechanisms are revealed as the material quality is
improved. In this work, the concentration of Er’* was reduced
until the spin coherence was no longer limited by
instantaneous diffusion but rather by surface effects. Clear
modulations of the spin echo signal by hydrogen nuclei
demonstrate that it is a large contributing factor to the limiting
mechanism. However, it is perhaps surprising that para-
magnetic surface noise does not limit the spin coherence from
the outset, considering the proximity of Er’" to the surface and
the prevalence of Ce® and oxygen vacancies in ceria
systems.”>** Understanding the structural, chemical, and spin
properties of the nanocrystal surface will therefore be
imperative for further development in these systems, analogous
to the previous work done in colloidal quantum dot
science®”®® and shallow NV centers in diamond.'**’

CONCLUSIONS

Our results demonstrate that optically active erbium spin
defects in cerium dioxide nanocrystal hosts represent an
exciting platform for developing quantum hardware. The
quantum coherence observed here, resulting from a combina-
tion of Er’* ions in cubic symmetry embedded in a nuclear-
spin free CeO, nanocrystal host, should enable opportunities
in both quantum sensing and quantum communications. For
example, despite the relatively short spin coherence times of
Er’* ions, their proximity to the surface combined with their
large gyromagnetic ratios should enable magnetic field
sensitivities comparable to or even better than shallow NV
centers in diamond.'” Utilizing core—shell structures to
improve spin coherence times and modifying the nanocrystal
surfaces should facilitate sensitivity down to a single molecule.
Dynamical decoupling pulse sequence engineering can also be
utilized to reduce sensitivity to specific types of noises, such as
those dipolar in character or low frequency.ég’s9 Finally, given
the distinct optical properties of Er’*, there may be
opportunities to embed these nanocrystals into a photonic
structure,'”" significantly improving their spin-photon inter-
face. Quantum memory applications may therefore be possible
with sufficient improvement in the Er’* ions” optical and spin
coherence.

More broadly, our work demonstrates the specific challenges
and tools needed to fully understand spin defects in
nanocrystal hosts, as their surfaces are deeply entangled with
their properties. Deterministically placing and measuring the
atomic positions of quantum defects in nanocrystal hosts will
therefore be critical to their coherence properties. Moreover, a
complete understanding of extraneous surface noise will
require a combination of extensive surface spectroscopy and
single defect measurements. Yet, there should be many
opportunities to both significantly improve their quantum
coherence and develop quantum systems with distinct
functionality, especially considering the thermodynamic and
kinetic factors that favor few extraneous defects and synthetic

tunability in colloidal nanocrystals. For example, the
substantially reduced instantaneous diffusion given by the
finite size of the nanocrystal could enable opportunities for
studying quantum coherent many-body systems. Furthermore,
synthesizing and controlling systems at the limit of a single
defect should, in principle, be simpler and more modular in
nanocrystal hosts, as long as the surface-associated decoher-
ence can be limited. Specific to this science will therefore be a
strong understanding of the surface and how to mitigate its
impact on quantum coherence, which will likely be broadly
useful for many systems beyond the one investigated here.

METHODS

Materials. Water (Sigma-Aldrich, ACS reagent, for ultra-trace
analysis), hydrogen peroxide (Sigma-Aldrich, 30% (W/W), for ultra-
trace analysis), nitric acid (Sigma-Aldrich, 70% redistilled, >99.999%),
oleic acid (Fisher-Scientific, >99%), tert-butylamine (Sigma-Aldrich,
>99.5%), cerium(III) nitrate hexahydrate (Sigma-Aldrich, 99.999%),
erbium(III) nitrate pentahydrate (Sigma-Aldrich, 99.9%), toluene
(Sigma-Aldrich, 99.8%, anhydrous), hexane (Sigma-Aldrich, 95%,
anhydrous), and methanol (Sigma-Aldrich, 99.8%, anhydrous) were
used without subsequent purification.

Synthesis of Erbium-Doped Ceria Nanocrystals. We followed
a synthetic method similar to that for pure ceria nanocrystal
synthesis’' with slight modifications to yield erbium-doped nano-
crystals. Briefly, we prepared a 16.7 mmol/L stock solution of aqueous
cerium nitrate (~14S mg in 20 mL) and erbium nitrate (~148 mg in
20 mL). Then, specific quantities of the cerium and erbium nitrate
stock solutions were pipetted depending on the desired molar ratio of
erbium to cerium. For example, a 20,000 PPM (2%) erbium sample
would require 7353 puL of the aqueous cerium nitrate solution and
147 uL of the aqueous erbium nitrate solution. For lower
concentrations, it was useful to perform serial dilutions of the erbium
stock solution to reduce errors in pipetting small volumes. The two
aqueous solutions were mixed and subsequently added to a 20 mL
Teflon-lined autoclave, to which 7.5 mL of toluene, 750 uL of oleic
acid, and 75 puL of tert-butylamine were added without stirring. The
autoclave was heated in an oven set to 180 °C for 24 h, which was
allowed to cool naturally to room temperature. The nanocrystals were
then flocculated with methanol (~2—3 mL), centrifuged at 10,000
rpm for S min, and finally dispersed in nonpolar solvents such as
toluene or hexane. Repeated flocculation and redispersion were
performed as necessary to remove unreacted precursors, contami-
nants, and side products, which could be monitored via ICP-OES.

Electron Paramagnetic Resonance Spectroscopy. Electron
paramagnetic resonance (EPR) measurements were performed by
filling a 4 mm OD Wilmad quartz tube (Sigma-Aldrich) in a nitrogen
atmosphere with erbium-doped ceria nanocrystals dissolved in
toluene solution with a concentration of either 5 mg/mL for the
(Ng,) = 0.3, 1.2 samples, 50 pig/mL for the (Ng,) = 3.2 sample, and 10
ug/mL for all other samples. CW Measurements were performed at
X-band frequency (~9.5 GHz) in a Bruker ELEXSYS II ES00
spectrometer (Bruker BioSpin, Ettlingen, Germany) employing a
TE, rectangular EPR resonator (Bruker ER4102ST). Measurements
were performed at approximately 3.2 K unless otherwise noted using a
flow cryostat (ICE Oxford, U.K.) with pumped liquid helium. At this
temperature, toluene forms a glassy matrix embedded with nano-
crystals. Temperature-dependent measurements were performed by
using an ITC temperature controller (Oxford Instruments, U.K.).
Measurements were performed at sufficiently high microwave powers
to ensure good signal-to-noise ratios while avoiding saturation-
induced linewidth broadening.

Pulsed EPR measurements were also performed at an X-band
frequency (~9.7 GHz) in a Bruker ELEXSYS ES80 spectrometer
(Bruker BioSpin, Ettlingen, Germany) that is equipped with a
dielectric ring resonator (Bruker ER 4118-MDS-W1). A CF93S
cryostat in combination with an ITC temperature controller (both
Oxford Instruments, U.K.) was used. Electron spin echoes were first
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detected and a 7-pulse length of 24 ns was fixed. The microwave
power was then adjusted to maximize the spin echo intensity. The
corresponding g pulse is 12 ns. Field-swept electron spin—echo

detected EPR spectra were recorded using a two-pulse Hahn-echo
sequence with a 12 ns 7/2-pulse, followed by a 24 ns z-pulse with a
fixed interpulse delay 7, of either 200 ns for the (Ng,) = 0.3 sample or
110 ns for all other samples. For the spin coherence measurements,
the same two-pulse sequence was used, except with a varying delay
time 7. The typical measurement deadtime was ~100 ns. For
inversion recovery spin relaxation measurements, a three-pulse
inversion sequence was used where a 24 ns z-pulse (inversion
pulse) is followed by a two-pulse Hahn echo sequence with varying
time delay T between the inversion z-pulse and the Hahn echo
sequence. The echo-detected sequence used here is the same as that
in the field-swept electron spin—echo detected spectra, ie, a
microwave pulse sequence composed of a 12 ns z/2-pulse followed
by a 24 ns 7-pulse with a fixed delay 7, of either 200 ns for the (Ng,) =
0.3 sample or 110 ns for all other samples. Microwave power was
adjusted to maximize the echo intensity and the Davies integral
criterion was used to maximize the signal-to-noise ratio for echo
detection.

Transmission Electron Microscopy Measurements. Nano-
crystal morphology and size distributions were characterized by first
diluting the native solutions to roughly 50 yg/mL concentration, to
which roughly 1 uL of solution was dropped onto a 3 mm TEM grid
with either a ~5—6 nm carbon film (CF400-Cu) for morphology and
size distribution measurements or lacey carbon film (<3 nm thick)
(LC400-Au-CC) for high-resolution TEM or STEM imaging.
Samples were dried before measuring with a 200 kV FEI Tecnai G2
T20 S-TWIN microscope with a Gatan RIO camera at 4096 by 4096
resolution with magnification factors up to 450 kX. Images were
acquired with typical exposure times from 1 to 4 s at a variety of
magnification ratios to ascertain their size and shape distributions.

Scanning Transmission Electron Microscopy and Electron
Energy Loss Spectroscopy Measurements. Atomic-resolution
characterization of the erbium-doped ceria nanocrystals was
conducted using the aberration-corrected scanning transmission
electron microscope (STEM) JEOL ARM200CF at the University
of Illinois Chicago, operated at 200 kV. The microscope is equipped
with a cold field emission gun and a CEOS aberration corrector,
resulting in a probe size of 0.78 A with 350 meV energy resolution. A
probe convergence angle of 30 mrad was used for STEM imaging
experiments. The inner and outer collection angles for high-angle
annular dark-field (HAADF) imaging were set to 90 and 370 mrad,
respectively. The inner and outer collection angles for annular bright-
field (ABF) imaging were set to 11 and 23 mrad, respectively. To
reduce electron-beam-induced damage, the dose threshold was kept
below 800 e/A%. Atomic-resolution images were acquired sequentially,
where consecutive frames (10—20) were aligned and integrated to
obtain high-quality images. Electron energy loss (EELS) experiments
were performed using a dual-range Gatan Continuum spectrometer
with an entrance aperture of S mm and an energy dispersion of 0.3
eV/channel. The O K and Ce M edges were acquired with an
acquisition time of 0.5 s, while the Er M-edge was acquired
simultaneously with an acquisition time of 2 s. We performed
principal component analysis to improve the signal-to-noise ratio of
the EEL spectra. A power law background model was used prior to
the O K, Ce M, and Er M edges. Energy dispersive X-ray spectroscopy
(EDS) was performed by using an Oxford X-Max 100LTE
windowless silicon drift X-ray detector. Ceria nanocrystals were
prepared for STEM analysis by first diluting to roughly 50 ug/mL
concentration and then drop-casting on a TEM grid. Samples were
heated at 80 °C for 2 h prior to STEM experiments to reduce surface
contamination.

Powder X-ray Diffraction Measurements. Nanocrystal sol-
utions were drop-cast onto a single crystal silicon wafer with a low
background (Bruker AXS) from high vapor point solvents, such as
hexane. They were allowed to dry quickly to prevent superlattice
formation of the nanocrystal powder and instead produced randomly

oriented nanocrystals. Measurements were done on a Bruker D2
Phaser instrument and samples were irradiated with copper K-alpha
X-rays with a wavelength of 1.5418 A. Spectra were collected at angles
between 10° and 80° 26.

Inductively Coupled Plasma Optical Emission Spectroscopy
and Mass Spectroscopy. Samples prepared for ICP-OES or ICP-
MS followed a protocol similar to that developed by Buhro and co-
workers.” Briefly, a nanocrystal solution of 50 L was micropipetted
into a centrifuge tube. To the samples, 500 uL of 30% H,0, was
added to the samples, and the centrifuge tube was immediately
capped. After a few minutes, 500 uL of 70% HNO; was added, and
the centrifuge tube was also immediately capped. Samples were left to
digest overnight in hydrogen peroxide/nitric acid solution. The next
morning, 9 mL of DI H,O was added to the solution to be used for
ICP-OES. An ideal target concentration for erbium was either 5—500
ng/mL for ICP-MS, or 500 ng/mL to 100 pg/mL for ICP-OES.
Digested sample solutions were serial diluted to further reduce their
concentrations if necessary, and multiple solution concentrations were
generated for the same sample to confirm the erbium-to-cerium ratio.
Cerium and Erbium standards were purchased from Agilent (1000
ug/mL) and a standard series of 100, 25, S, 1 ug/mL, 200, 40, and 8
ng/mL were typically made by the addition of H,0,, HNO;, DI H,0,
and an appropriate amount of serial dilution. ICP-OES and ICP-MS
measurements were done in an Agilent 700 Series spectrometer and
Agilent 7700x Series, respectively. A diluted solution of 2% HCI and
1% HNOj; was used to rinse the system between samples.

Photoluminescence Excitation Spectroscopy Measure-
ments. The optical data is measured using a confocal microscopy
setup. The sample is mounted in a close-cycle cryostat (Montana
Instrument, s50) with a base temperature ~3.3 K and a sample
temperature ~3.6 K. A continuously tunable C-band laser with a
1460—1570 nm tuning range (Toptica CTL 1500) is used for optical
excitation. The laser is coupled to a single-mode fiber and sent
through multiple optical modulators to create optical excitation pulses
of various lengths and frequency modulation depending on the
requirements of various types of optical measurements. For
photoluminescence excitation (PLE) measurements, the laser light
is modulated by two fiber-based acousto-optic modulators (AOM, AA
optoelectronic) with a rise time of about 30 ns and an extinction >45
dB to generate clean 1.5 ms excitation pulses. The modulated laser is
sent through a 50/50 beamsplitter and then focused on the sample
using an infrared objective with NA 0.65. Photoluminescence (PL)
from the sample is collected by the same objective, passed through the
50/50 beamsplitter, filtered by two 1500 nm long pass filters, and then
coupled into a single mode fiber connected to superconducting
nanowire single-photon detector (SNSPD, Quantum Opus) for
detection. A fiber-based acousto-optic modulator (AOM, AA
optoelectronic) with a rise time of about 30 ns is attached to a
single-mode fiber to time-gate the photon detection. The AOM on
the collection side, as well as the AOM on the excitation side, is
controlled by the data acquisition system (DAQ, National Instru-
ments) to set up the properly aligned sequence of collection window
with respect to excitation sequences. A collection window of 7 ms
opening right after the end of the 1.5 ms optical excitation pulse is
used to time-gate and collect the PL from Er** ions for PLE
measurements.

Analysis of Nanocrystal Size Distribution. Size distributions
were calculated using either home-written codes or the recently
developed autoDetectMNP code’® to ascertain an estimated
projected area A per nanocrystal. Projected areas were then
converted into projected spherical diameters d,..; by using

4
dei = ;APTOi
to calculate an average diameter d for each nanocrystal.

Estimation of the Number of Erbium Defects per Nano-
crystal. Ensemble average erbium dopants per nanocrystal were
estimated using the following analysis. First, the ceria nanocrystal size
distribution was ascertained from TEM measurements, which gave an
estimated average diameter d for each nanocrystal. The total volume

proj
and the histogrammed distribution was then used

of the nanocrystal in a spherical projection would then be %ds. The
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total number of cerium atoms per nanocrystal was then estimated by
assuming a unit cell lattice constant of 5.42 A in which 4 cerium
atoms would be embedded so that the average volume per cerium
atom would be 39.8 cubic Angstroms. The total cerium atoms per
nanocrystal was then calculated by dividing the total volume of the

nanocrystal (§d3) by the average volume per cerium atom (39.8 cubic

Angstroms). The average erbium concentration for the ensemble
would then be the total cerium atoms per nanocrystal, multiplied by
the erbium to cerium ratio ascertained via either ICP-OES or ICP-
MS, ie.,

<N > - dpro; 3/)Er

where pg, describes the molar ratio of erbium to cerium. The largest
error bars in this estimation pertain to the finite size distribution of
the nanocrystals given its cubic dependence.

Electron Paramagnetic Resonance Spectra and Dynamics.
EPR spectra were first normalized, before using EasySpin’* (6.0.0) in
MATLAB (R2023b) to perform matrix calculations and fitting. A
linear background was used. Briefly, the Hamiltonian considered for
this spin system is given as

H = Hgy + Hyy + Hyp
where
Hgy = uBBgS

is the electron Zeeman interaction in a magnetic field B, with an
electron g-tensor g and an electron spin S. Here, iy is the electron
Bohr magneton. Similarly,

ﬁNZI = —pug BI

is the nuclear Zeeman interaction in a magnetic field B interacting
with a nuclear spin I, with nuclear g-factor g, and nuclear magneton
M, Further, we have neglected the nuclear quadrupolar interaction,
which is expected to vanish in a cubic symmetric site.”> We consider a

spin § = % system for Er’** and an isotropic g factor (g, = Sy = g.2)

given the cubic symmetry of Er**. The hyperfine interaction is given
as

Hyg = SAI

where § is the electron spin vector with spin 1/2, A is the hyperfine
interaction tensor, and I is the nuclear spin vector with a nuclear spin

of % from the interaction with the '*’Er nuclei, which is 22.9%

naturally abundant. We consider a hyperfine interaction tensor that is
isotropic, given the cubic site symmetry. We further considered

separate line widths for the I=0and I = % nuclear spin populations,

and combined their broadened spectra weighted by the natural
abundance of 'Er. Fits were performed using a Voigt function and
total line widths were calculated using the approximate expression’®

f, = 0.5346f + ,/0.2166f + f2

from the individual Gaussian and Lorentzian contributions. The
electron g factor and nuclear hyperfine interaction were allowed to
vary to achieve the best possible fit. The power law fitting of the
dipolar line widths and the temperature-dependent line width fits
were performed in MATLAB using a least-squares curve fit.

For the spin—echo dynamics (Hahn echo decays), we fitted to
either a typical exponential decay, ie, ~exp(—27/T,), or to the
Fourier transform of a shifted Lorentzian model, i.e.,

r

s() = Ya—2——g
S ()

where I' = ’%TZ and the 27 in the exponent must be properly

accounted for when examining T, and the corresponding hyperfine
couplings. This model is equivalent to the typical exponential decay in
the limit where f; — 0. In the simplest case with a single external
frequency ("H Larmor frequency), the expression described above
reduces to a decaying sinusoidal exponential.

For the inversion recovery dynamics, we fitted the dynamics to a

multiexponential decay Y, A, exp(——) Given the large range in rate

constants for the low erbium dopant nanocrystals, inversion recovery
dynamics were additionally measured with short-time delays and
stitched together with the long-time delays, as detailed in Figure S10.

Theoretical Calculations of the Spin Coherence. Cluster
correlation expansion (CCE) simulations were carried out with the
PyCCE package.”” In the CCE framework, the coherence function
L(t) is equal to the normalized element of the central spin density
matrix, and is factorized into the product of contributions of clusters
of different sizes:

Ly~ [ I

CC{1,2,...n}

where T are the irreducible contributions of cluster C, and n is the
total number of clusters included in the expansion. The maximum size
of the cluster determines the order of the approximation.

We consider a system consisting of a central electron spin-1/2 and
hydrogen spin 1/2 in an external magnetic field; the Hamiltonian is

given by
Z}/ Z,Z+ZSAI + ) LPI,
i#j

H= _”Bgzz 2 z

where S is the central spin, I; is the hydrogen spin. The A tensor
denotes the hyperfine interaction between the central spin and the
hydrogens. The P tensor is the spin dipole—dipole intrabath
interaction between the bath spins.

To model the hydrogen nuclear spin bath, we construct an
idealized spherical nanoparticle with hydrogen nuclear spins randomly
distributed around it. We take the concentration of the hydrogen to
be the same as in oleic acid; oleic acid almost completely covers the
surface of nanoparticles, and the difference in the hydrogen
concentrations in toluene and oleic acid should not impact the
qualitative results of our work.

Calculations were carried out at third order for erbium in the
center of the nanoparticle and at second order at varied distance from
the surface.

To model the instantaneous diffusion, we numerically generate
100,000 random distributions of erbium ions in the nanoparticles at a
given concentration and compute the dipolar broadening, induced by
the other erbiums atoms on a single ion as

- 2
V_Zx/i ZUZZ

The distribution of the broadening obtained in our calculations is
shown in Figure Sc in the main text. Next, we numerically integrate
over this distribution. The coherence time T, is the inverse of the
mean decoherence rate multiplied by the fraction f of the erbium
spins, flipped by the z-pulse, to obtain the final decoherence rate T, =
(f7)™". The fraction f is obtained by integrating over the experimental
erbium line width p(6), given by the experimental Rabi frequency wg
and pulse length 7:

= sm[ZM]ma)da

To estimate the adverse effect of Ce®* paramagnetic impurities on
the Er’* electron spin coherence, we simulate a model system of Ce>*
as electron spins with S = 1/2 and g = 2, randomly placed on the
surface of a 7 nm diameter nanosphere. Er** is placed in the center of
the nanosphere. We vary the number of electron spins from 1 to 100

https://doi.org/10.1021/acsnano.4c04083
ACS Nano 2024, 18, 19110-19123


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c04083/suppl_file/nn4c04083_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c04083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

and vary their intrinsic relaxation rate, T}, between 10 ns and 10 ms.
We use Master equation CCE (ME-CCE)”® in the second order to
account for the finite relaxation rate of Ce, stemming from
interactions with unknown Markovian noise sources (e.g., phononic
bath, charge fluctuations, and others).
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