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Clock-transition-enabled long electron spin coherence of telecom emitters in CeO2
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Rare-earth-ion-doped crystals have emerged as a promising platform for quantum technologies, owing to their
narrow telecom-band optical emission, long spin memory, and compatibility with silicon integrated photonic
architectures. However, the realization of scalable quantum devices requires host materials with intrinsically
dilute spin environments to suppress decoherence. In this context, erbium (Er3+) doped cerium oxide (CeO2) is
an attractive candidate due to the ultralow concentration of nuclear spins in the host matrix and its compatibility
with silicon-based technologies. Here we perform a comprehensive investigation of the coherence properties
of an Er3+ electron spin qubit in CeO2 via semiclassical as well as detailed cluster correlation expansion
simulations. By systematically exploring magnetic field strength, pulse sequences, erbium concentration, and
spin temperature, we identify regimes where decoherence from the spin bath is strongly suppressed. Our
investigations illustrate that at dilute doping concentration (of the order of 10 ppb) and sub-Kelvin temperatures,
operation near clock transitions enables Hahn-echo coherence times to approach the second timescale even at
natural isotopic abundance. Importantly, from a practical standpoint, coherence times on the order of ∼10 ms are
expected even at liquid helium temperature (about 2 K) for similar concentrations. Moreover, we demonstrate that
an additional enhancement can be obtained with conventional multi-π -pulse dynamical decoupling protocols.
Thus, our findings establish Er3+ doped CeO2 as a front-runner for realizing spin qubits, quantum memories,
and integrated quantum networks.
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I. INTRODUCTION

Rare-earth-ion-doped crystals are at the forefront of emerg-
ing quantum technologies due to their exceptional optical
and spin properties, making them promising platforms for
quantum memories [1–5], long-distance quantum communi-
cation [2–5], and hybrid quantum systems [6–10]. Among
these, erbium (Er3+) is well suited for telecom-band quantum
information applications, as its optical transitions (∼1.5 µm)
are directly compatible with standard fiber-optic infrastruc-
ture [3,11]. However, harnessing the full potential of Er3+

electron spins requires maximally extending their coherence
times [12], which remains fundamentally limited by interac-
tions with the surrounding spin bath. Recent advances have
demonstrated millisecond scale electron spin coherence (T2)
[2,3,12–14] in erbium-doped crystals through the combined
use of techniques such as isotopic purification [12], dynamical
decoupling [15], and freezing of spectral diffusion at low
temperatures via bath spin polarization [2,16,17]. In addition,
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engineering of clock transitions—magnetic field regimes in
which the spin transition frequency is insensitive to first-order
fluctuations in the magnetic field [5,18,19]—further extends
coherence times. Achieving significantly long coherence in
naturally occurring materials without applying complex de-
coupling sequences still remains a key bottleneck. Cerium
oxide (CeO2), a wide-band-gap oxide with negligible intrinsic
nuclear spins [20], is a promising host for erbium quantum
emitters. Its crystal structure allows for the incorporation of
Er3+ at ultralow concentrations [21–23], granting access to
the fundamental limits of decoherence imposed by the mag-
netic isotope of oxygen (17O) present.

Recent experimental studies on Er3+ : CeO2 have shown
that it is a silicon-compatible quantum materials platform by
demonstrating epitaxial thin-film growth on silicon, telecom-
band optical measurements, and the estimations of optical
and spin coherence properties [21–23]. These works showed
that Er3+ in CeO2 can exhibit a narrow optical homogeneous
linewidth and long spin-lattice relaxation. At the same time,
the experimentally observed electron-spin coherence times
remained comparatively modest, ranging from the sub-µs
regime in early measurements to only tens of µs at millikelvin
temperatures, and were found to be limited primarily by spec-
tral diffusion, dipolar Er–Er interactions, and defect-related
magnetic noise [23]. While CeO2 provides an exceptionally
quiet host from the standpoint of nuclear-spin density, achiev-
ing its full coherence potential requires more than material
optimization alone. In particular, this motivates the search for
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operating regimes in which the Er3+ spin transition is intrin-
sically protected against magnetic-field fluctuations, such as
clock transitions.

In this work, we theoretically investigate the electron spin
coherence of Er3+ in CeO2. We show that electron spin Hahn-
echo coherence times (T2) can approach the second timescale
near clock transitions at ultradilute doping concentrations
(∼10 ppb) and sub-kelvin temperatures (10–20 mk). Even
at liquid-helium temperatures (∼2 K), coherence times on
the order of ∼10 ms are expected at (10–100 ppb) doping
concentrations. Moreover, we demonstrate that coherence can
be further extended through the implementation of dynami-
cal decoupling sequences such as Carr-Purcell-Meiboom-Gil
(CPMG). These results establish erbium-doped CeO2 as a
leading solid-state platform for long-lived microwave quan-
tum memories and efficient microwave-to-telecom photon
transduction within integrated quantum networks.

II. MATERIAL PLATFORM AND SPIN HAMILTONIAN

CeO2 crystallizes in the fluorite structure with cubic Fm3̄m
symmetry, in which each Ce4+ ion is coordinated by eight
oxygen ions and each oxygen occupies a tetrahedral envi-
ronment formed by four cerium ions. This highly symmetric
cubic host distinguishes CeO2 from more commonly studied
rare-earth hosts such as CaWO4 [2,3,17], which possess lower
crystal symmetry and therefore often exhibit stronger orienta-
tional anisotropy in their spin properties. In contrast, the cubic
environment of CeO2 provides a comparatively simple and
symmetric crystal field landscape, which is advantageous for
identifying and exploiting magnetically protected transitions.

The dominant cerium isotope (140Ce) has zero nuclear spin,
and the only naturally occurring magnetic isotope in the host
is 17O (I = 5/2, natural abundance ∼0.038%). As a result, the
intrinsic nuclear spin bath is exceptionally dilute compared to
many oxide and tungstate hosts. This low-spin environment
strongly suppresses host-induced magnetic noise, making
CeO2 a promising platform for long-lived rare-earth spin
qubits without requiring isotopic purification. When erbium
is incorporated into CeO2, it is expected to predominantly
occupy cerium lattice sites. Since the host cation is tetravalent
(Ce4+) while the dopant is trivalent (Er3+), charge compen-
sation is generally required, most commonly through nearby
oxygen vacancies or related local defect complexes [21]. We
focus on the effective spin Hamiltonian of an isolated optically
active Er3+ center and its interaction with the surrounding spin
bath, which governs the coherence properties studied here.
At low temperature, the crystal-field-split ground manifold of
Er3+ can be described as an effective electron spin S = 1/2.
For the naturally abundant magnetic isotope 167Er, this elec-
tronic degree of freedom is coupled to a nuclear spin I = 7/2,
giving rise to a hyperfine-resolved central spin system. In
the presence of an external magnetic field B, the central spin
Hamiltonian is written as

ĤS = B · γe · S + B · γn · I + S · A · I, (1)

where S and I are the electronic spin-1/2 and nuclear spin-
7/2 operators, respectively. Here γe ≈ 95.3 GHz/T is the
effective electronic gyromagnetic ratio, γn ≈ 1.23 MHz/T is
the nuclear gyromagnetic ratio of 167Er, and A ≈ 687 MHz

is the hyperfine interaction constant. The isotropic form of
the hyperfine and γ-tensor reflects the cubic symmetry of the
CeO2 host crystal.

The interplay of Zeeman and hyperfine interactions deter-
mines the magnetic-field dependence of the spin eigenstates
and transition frequencies. In particular, at low magnetic field,
where the Zeeman and hyperfine energy scales are compara-
ble, strong electron-nuclear state mixing gives rise to avoided
crossings and magnetically protected transitions, central to the
present work.

III. SIMULATION METHODOLOGY

To evaluate the coherence properties of Er3+ spins in
CeO2, we use two complementary approaches. First, we per-
form full spin-bath simulations using CCE, which explicitly
captures many-body decoherence arising from the surround-
ing electron and nuclear spin bath. Second, we use a rapid
Hamiltonian-based coherence estimator to efficiently identify
magnetic-field regimes where decoherence is expected to be
strongly suppressed. Together, these methods allow us to both
locate optimal operating points and quantitatively evaluate
their coherence performance.

A. Cluster correlation expansion bath simulation

To capture full spin-bath-induced decoherence, we perform
cluster correlation expansion (CCE) simulations [24–28]. The
total Hamiltonian of the coupled central-spin-plus-bath sys-
tem is written as

Ĥ = ĤS + ĤSB + ĤB, (2)

where ĤS is the central spin Hamiltonian, and ĤSB describes
the coupling between the central spin and the bath spins:

ĤSB =
∑

k

S · Ak · SB
k .

S, SB
k are the central spin and kth bath spin operator, and Ak

is point-dipole hyperfine coupling tensor between central spin
and the kth bath spin. ĤB accounts for interactions within the
bath itself:

ĤB =
∑

k

B · γk · SB
k +

∑
k<l

SB
k · Dkl · SB

l .

γk is the gyromagnetic tensor of kth bath spin, Dkl is the point-
dipole coupling tensor between bath spins k and l .

The bath contains dilute Er3+ electron spins, treated as
effective spin-1/2 fluctuators, and naturally abundant 17O
nuclear spins with I = 5/2, distributed throughout the host
lattice. The Er3+ bath spins are modeled as an effective spin-
1/2 with an effective electronic g factor (g ≈ 6.8), consistent
with the low-field regime relevant to the present work. Since
the magnetic fields considered here remain in the low-field
range (up to ∼50 mT), the fluctuation strength of the di-
lute nuclear bath remains effectively field independent, and
the electron spin bath is only weakly polarized except in
the lowest-temperature limit. This makes the present sys-
tem particularly well suited for combined Hamiltonian-based
screening and explicit bath simulation. Within the CCE for-
malism, the central spin coherence function L(t ) is factorized
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into contributions from correlated bath-spin clusters,

L(t ) ≈
∏

C

L̃C (t ) =
∏

i

L̃i(t )
∏

i j

L̃i j (t ) · · · , (3)

where C denotes a particular cluster and L̃C (t ) is the cor-
responding irreducible coherence contribution. The order of
the expansion (CCE-1, CCE-2, CCE-3, etc.) is determined
by the maximum cluster size included. This framework cap-
tures the many-body correlations responsible for nontrivial
spin-bath dynamics and enables quantitative simulation of
coherence under Ramsey [29], Hahn-echo [30], and CPMG
[31,32] sequences. The numerical convergence of the CCE
calculations with respect to cluster order, bath radius, and
dipolar interaction cutoff has been explicitly verified (see Ap-
pendix A), confirming that the reported coherence dynamics
are insensitive to truncation of the many-body expansion.

To obtain representative ensemble behavior, we generate
statistically independent bath realizations containing both 17O
nuclear spins and Er3+ electron spins at specified concentra-
tions and temperatures, and average the resulting coherence
times over 150 configurations. We adopt a factorized treat-
ment of the combined electron-nuclear spin bath, i.e., we
compute the coherence decay due to the dilute Er3+ electron
spin bath, Le(t ), and the host nuclear spin bath, Ln(t ), sepa-
rately within the CCE framework. The total coherence is then
approximated as

L(t ) � Le(t ) Ln(t ), (4)

which assumes that the dominant decoherence channels aris-
ing from electron and nuclear spins are weakly correlated on
the timescales of interest. This approximation is well justified
in the present system due to the large difference in interac-
tion strengths and dynamical timescales between the sparse
electron spin bath and the highly dilute 17O nuclear spin
bath. The effect of temperature is incorporated through the
thermal polarization of the Er3+ electron spin bath. For a given
temperature and magnetic field, the equilibrium polarization
of each bath spin is sampled according to the Boltzmann dis-
tribution, which determines the spin flip-flop processes. Over
the temperature range considered here, the nuclear spin bath
remains effectively unpolarized owing to its much smaller
Zeeman energy.

B. Rapid T2 estimation

While CCE provides quantitative coherence predictions, it
is computationally expensive to apply over a large magnetic-
field parameter space. To efficiently identify clock transitions,
we therefore use a rapid Hamiltonian-based T2 estimation
method based on the magnetic-field dependence of the central
spin transition frequencies [33–35].

For a given pair of central-spin eigenstates |a〉 and |b〉, the
transition frequency is

ν(B) = Eb(B) − Ea(B), (5)

where Ea(B) and Eb(B) are the corresponding field-
dependent eigenenergies. We evaluate both the first- and
second-order magnetic-field derivatives of the transition

frequency,

∇Bν = ∂ν

∂Bi

∣∣∣∣
B0

, HB = ∂2ν

∂Bi∂Bj

∣∣∣∣
B0

, (6)

which quantify the linear and nonlinear susceptibility of the
transition frequency to field fluctuations. Clock transitions
occur when the first-order magnetic sensitivity is strongly
suppressed, i.e., ∇Bν → 0, such that decoherence is domi-
nated by residual higher-order terms. Assuming a quasistatic
Gaussian distribution of local magnetic-field fluctuations
with variance σ 2

B , the Hahn-echo coherence envelope can be
approximated as

L(t ) = exp
[−(|∇Bν|2σ 2

B + 1
2‖HB‖F σ 4

B + · · · )t2]. (7)

This approach enables rapid mapping of coherence over
magnetic-field strength and orientation without requiring full
bath simulations at every point. An important assumption of
this rapid-estimation approach is that the effective fluctua-
tion amplitude σB remains approximately constant over the
magnetic-field range being scanned. This approximation is
valid in the low-field regime relevant to the present work
(typically � 50 mT), particularly when decoherence is dom-
inated by the sparse 17O nuclear spin bath (I = 5/2), whose
polarization is essentially field independent over this range.

Given a known coherence time extracted from the CCE
simulations at a reference field of Bref = 25 mT (yielding
T2 ≈ 39 ms in the nuclear-spin-dominated regime), we extract
σB and use it to estimate the coherence over nearby field
strengths and orientations. This provides an efficient means
to map optimal operating points in parameter space before
carrying out full many-body simulations.

IV. RESULTS AND DISCUSSION

A. Clock transitions

Figure 1 presents the calculated energy-level structure of
the central spin system as a function of the applied mag-
netic field B0. Near zero field, the spectrum is dominated by
the strong hyperfine interaction between the effective elec-
tron spin (S = 1/2) and the nuclear spin (I = 7/2). As the
magnetic field increases, the Zeeman interaction becomes
dominant, driving a crossover from hyperfine-dominated
eigenstates to states with well-defined electronic spin projec-
tion. In Figs. 1(a) and 1(b), the color-coded energy spectrum
represents the expectation value 〈Sz〉 and 〈Iz〉, illustrating the
electronic and the nuclear character of the eigenstates with
increasing B0. The strong electron-nuclear spin mixing gives
rise to many possible transitions, not all of which are exper-
imentally relevant. Figure 1(c) shows the transition energies
between all pairs of eigenstates as a function of B0, with the
color scale indicating the corresponding transition probabil-
ities. The dark colored lines isolates the spectrally allowed
transitions for the subsequent analysis of magnetic-field in-
sensitivity.

Figures 1(d) and 1(e) show the corresponding transition
frequency gradients ∂ν/∂B0 and curvatures ∂2ν/∂B2

0. Clock
transitions arise at field values where the first-order field
dependence is strongly suppressed (∂ν/∂B0 → 0), and the
residual second-order sensitivity remains minimal, indicating
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FIG. 1. Energy-level structure of the central spin system as a function of applied magnetic field B0. Energy eigenvalues with color indicating
the (a) electronic spin character 〈Sz〉 of each state, (b) nuclear spin character 〈Iz〉 of the states. (c) Transition energies between all possible pairs
of states, with color bar representing the transition probabilities. (d) and (e) Transition energies as a function of the applied parallel magnetic
field B0, with color bar indicating the magnitude of the transition energy gradient ∂ν/∂B0, curvature ∂2ν/∂B2

0 for transitions with significant
transition probability. (f) Transition energies as a function of the applied parallel magnetic field B0, color bar showing calculated Hahn-echo
coherence time using rapid T2 estimation methodology (Sec. III B). Three distinct transitions exhibiting exceptionally long T2 are identified
and highlighted by red circles, labeled as transitions 1, 2, and 3.

reduced linear and nonlinear susceptibility to magnetic-field
noise.

Using the rapid T2 estimation framework introduced in
Sec. III B, we translate the calculated gradients, curvatures,
and magnetic field noise amplitude (σB ≈ 0.93 nT) into pre-
dicted Hahn-echo coherence times. Figure 1(f) shows the
resulting T2 landscape for transitions with significant tran-
sition probability. A clear correlation emerges—transitions
with reduced magnetic susceptibility, characterized by small
gradient and curvature, exhibit substantially enhanced coher-
ence. In particular, near avoided crossings, electron-nuclear
hybridization redistributes the spin character of the eigen-
states in a way that partially cancels magnetic-field sensitivity,
thereby creating optimal coherence points. We identify these
at (Bz, ν) ≈ (18.5 mT, 2.11 GHz), (10.9 mT, 2.53 GHz), and
(3.6 mT, 2.71 GHz), respectively. For the full CCE calcula-
tions, we highlight that the coherence is evaluated at magnetic
fields approximately 2 G away from the corresponding clock
transition positions. This small offset is chosen because direct
CCE convergence becomes increasingly challenging exactly
at the clock condition. Note that this results in slight un-
derestimation of the highest achievable coherence values.
Importantly, owing to the cubic symmetry of the host matrix,
these optimal points exhibit virtually no dependence on the di-
rection of the magnetic field (see Appendix Fig. 7 for details),
making them highly robust against orientation fluctuations.

All together, this analysis provides a direct route for iden-
tifying clock transitions from the spin Hamiltonian alone,
without the need for explicit bath simulations. Similar

Hamiltonian-based approaches have been successfully em-
ployed to extract the decoherence suppressing subspaces in a
few material systems [33–35]. That said, the aforementioned
approach tends to overestimate coherence lifetimes in the
vicinity of clock transitions. Therefore, having established
these optimal operating regions through rapid estimation, we
now turn to a full microscopic treatment of decoherence near
the identified clock transitions.

B. Decoherence dynamics near clock transitions

1. Decoherence under Ramsey sequence

We now investigate the decoherence dynamics near the
identified clock transitions under the Ramsey sequence (free-
induction decay). At ultralow doping concentration and
sub-kelvin temperature, the dominant source of dephasing is
the 17O nuclear spin bath (I = 5/2), which generates slowly
varying local magnetic fields at the central Er3+ electron
spin. As Ramsey protocol is directly sensitive to slowly vary-
ing Overhauser fields, it provides a direct probe of residual
magnetic-field fluctuations.

Figures 2(a)–2(c) show the calculated Ramsey coherence
envelopes L(t ) as a function of the magnetic field B0 near the
three identified clock transitions, labeled transition 1, tran-
sition 2, and transition 3. As the magnetic field approaches
the clock field, a pronounced enhancement in coherence is
observed. Away from the clock condition, the coherence
decays rapidly due to strong linear magnetic-field sensitiv-
ity to nuclear spin fluctuations. To quantify the statistical
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FIG. 2. Ramsey coherence near clock transitions. (a)–(c) The free-induction decay as a function of the magnetic field B0 near the three
identified clock transitions. (d)–(f) The T ∗

2 heat map obtained from 150 independent nuclear spin bath configurations, reflecting the statistical
variation in dephasing time due to different spin environments. The color corresponds to the number of configurations yielding a given T ∗

2 at a
given magnetic field. The circles indicate the ensemble-averaged coherence time.

variation arising from different bath realizations, we extract
the inhomogeneous dephasing time T ∗

2 by fitting each Ramsey
coherence trace L(t ) to a stretched exponential function

L(t ) = exp

[
−

(
t

T ∗
2

)n]
. (8)

The resulting distributions are shown in Figs. 2(d)–2(f) as heat
maps of T ∗

2 versus B0. The color scale indicates the number of
bath realizations yielding a given coherence time, while the
circles denote the ensemble-averaged T ∗

2 values. For all three
transitions, the ensemble-averaged T ∗

2 exhibits a pronounced
maximum near the clock field, confirming that suppression
of first-order magnetic susceptibility directly translates into
enhanced coherence under realistic many-body bath dynam-
ics. The maximum achievable T ∗

2 differs among the three
transitions reaching T ∗

2 ≈ 8.3 ms, 1.2 ms, and 17.5 ms for
transitions 1, 2, and 3, respectively, with stretching factor,
n ≈ 2.3, reflecting differences in residual higher-order mag-
netic sensitivity and state composition near their respective
avoided crossings.

A similar analysis for Hahn-echo coherence lifetimes
(T2) is presented in Appendix B. Notably, the extracted
T2 values presented in Appendix Fig. 6 show excel-
lent agreement with the results in Fig. 1(f), thereby
validating the effectiveness of the rapid search protocol
described in Sec. III B.

2. Temperature and concentration dependence of coherence

In addition to the 17O nuclear spins, dipolar interactions
with neighboring Er3+ electron spins constitute an important

decoherence channel, particularly at higher dopant concentra-
tions. Unlike the nuclear spin bath, the electron spin bath is
strongly temperature dependent due to thermal polarization at
sub-kelvin temperatures. To characterize the influence of these
bath degrees of freedom, we analyze the Hahn-echo coherence
time T2 as a function of temperature and Er3+ concentration.
Figure 3 shows the ensemble-averaged Hahn-echo coherence
time T2 as a function of temperature (10 mK–10 K) and Er3+

concentration (10 ppb–100 ppm). A clear and systematic trend
is observed-T2 increases as both temperature and concentra-
tion are reduced.

At higher concentrations, the density of Er3+ electron
spins occupying Ce4+ lattice sites increases, enhancing dipo-
lar flip-flop processes within the electron spin bath. These
dynamics generate fluctuating magnetic fields at the central
spin, leading to faster decoherence and shorter T2. More-
over, experimentally grown Er3+:CeO2 samples may also
contain additional paramagnetic defects with effective g ≈
2, as discussed in Ref. [23]. Although, further investiga-
tion is necessary to systematically quantify the temperature
dependent effect of the paramagnetic spin concentration, a
preliminary analysis is provided in Appendix D. In particular,
we benchmark our results against previously reported data
in Ref. [23] with additional simulations at 60 mK. The data
shown in Appendix Fig. 8 is in excellent agreement with both
the experimental and numerical results. Temperature plays
a complementary role. At high temperatures, the Er3+ elec-
tron spins are weakly polarized, allowing active spin flip-flop
processes that drive spectral diffusion. As the temperature
is lowered, the Zeeman splitting exceeds the thermal energy
and the bath spins become more polarized. This polarization
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FIG. 3. Temperature and concentration dependence of Hahn-
echo coherence. Top panel: Heat map of the ensemble-averaged
Hahn-echo coherence time T2 as a function of temperature (10 mK–
10 K) and Er3+ dopant concentration (10 ppb–100 ppm). Bottom
panels show representative Hahn-echo decay curves illustrating the
coherence dynamics at four extreme parameter combinations.

suppresses flip-flop dynamics and effectively freezes the
electron spin bath, thereby reducing magnetic noise. In the
sub-kelvin regime, particularly below 100 mK, the bath ap-
proaches near-complete polarization, and decoherence from
electron spin dynamics is strongly suppressed.

The combined effect of dilution and low temperature pro-
duces a dramatic enhancement of coherence. In the ultradilute
(�10 ppb) and millikelvin regime, T2 reaches its maximum
values (≈641 ms), limited primarily by residual nuclear spin
interactions and higher-order magnetic sensitivity. In contrast,
at concentrations above ∼10 ppm and temperatures above
1 K, electron spin bath fluctuations dominate, leading to rapid
coherence decay. Nonetheless, for concentrations in the range
of 10-100 ppb, T2 times are expected to be of the order of
10 ms at liquid helium temperatures. This is highly encourag-
ing for single-spin-based quantum transduction and repeater
applications, as it eliminates the need for bulky and expensive
dilution refrigerators.

FIG. 4. Dynamical decoupling enhancement of coherence at the
clock transition 3. (a) Coherence decay L(t ) under a CPMG sequence
with N = 1–32 π pulses for a dilute ensemble (10 ppb erbium)
at T = 10 mK. Solid traces show the simulated coherence signals,
while dashed curves are fits of the form presented in Eq. (8), from
which T2 and the stretching exponent n are extracted. The inset shows
the dependence of T2 on pulse number N , exhibiting a power-law
scaling [see Eq. (9)] characteristic of nuclear-spin-bath noise fil-
tering. (b) Coherence decay and extracted T2 for the same erbium
concentration (10 ppb) but at T = 2 K.

3. Enhancement of coherence via CPMG sequence

Although operating at low temperature and dilute concen-
tration strongly suppresses spin-bath-induced decoherence,
residual fluctuations still limit the achievable coherence time.
To further extend coherence, we applied CPMG sequences
near the identified clock transition 3. Moreover, to assess the
influence of the electron spin bath, we compare two repre-
sentative regimes: (i) 10 ppb Er3+ at 10 mK and (ii) 10 ppb
at 2 K; the results are shown in Fig. 4. At 10 mK, the Er3+

electron spins are strongly polarized and their flip-flop dynam-
ics are largely suppressed. As a result, decoherence remains
predominantly nuclear-spin-limited, and the CPMG sequence
yields substantial enhancement of coherence with increasing
pulse number N . The decay curves are well described by
stretched-exponential fits with exponents n ≈ 2 [see Eq. (8)]
and the extracted coherence times are plotted as a function
of number of π pulses applied (N ) in inset, showing a clear
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FIG. 5. Convergence tests for the CCE calculations. Hahn-echo coherence decay curves to test numerical convergence with respect to key
simulation parameters. (a) Dependence on the CCE order (O). Convergence of the coherence dynamics is achieved by O = 3, indicating that
higher-order spin clusters contribute negligibly. (b) Dependence on the bath radius Rbath, which determines the spatial extent of bath spins
included in the simulation. Increasing Rbath beyond 200 Å produces negligible changes in the decay, demonstrating convergence with respect
to bath size. (c) Dependence on the dipolar interaction cutoff distance Rdip, which limits pairwise dipolar couplings included in the cluster
construction. The coherence curves show minimal variation for cutoffs above ∼40 Å, confirming that the simulation results are insensitive to
longer-range interactions. These tests establish the parameter choices used in the subsequent CCE calculations of Hahn-echo coherence for
nuclear spin dominated bath.

power-law scaling:

T2(N ) ∝ Nη. (9)

In this nuclear-spin-dominated regime, the exponent η ≈ 0.5
is consistent with the filtering of slowly fluctuating dipolar
nuclear spin noise. In contrast, at 2 K, the weakly po-
larized electron spin bath activates flip-flop processes and
generates faster magnetic noise, consistent with the observed
stretched-exponential exponents n ≈ 1–1.5. Consequently,
the efficiency of dynamical decoupling is reduced, leading
to weaker T2(N ) scaling compared to the low-temperature
regime, with a reduced exponent η ≈ 0.35. This behavior re-
flects the broader noise spectrum introduced by the thermally
active electron spin bath, which cannot be fully suppressed
by a finite number of refocusing pulses. Nevertheless, we
emphasize that the expected T2 values approaching 100 ms
at liquid helium temperatures represent a highly promising
outcome.

V. SUMMARY AND OUTLOOK

We have investigated the coherence properties of Er3+

spins in CeO2 by combining rapid Hamiltonian-based iden-
tification of clock transitions with quantitative many-body
simulations using CCE. This unified approach enables effi-
cient screening of magnetically protected transitions while
retaining predictive accuracy for coherence in a realistic spin
environment.

We show that the hyperfine-coupled Er3+ system supports
multiple low-field clock transitions arising from electron–
nuclear hybridization near avoided crossings. Analysis of
first- and second-order magnetic-field sensitivities identifies
three transitions with strongly suppressed magnetic noise sus-
ceptibility. Rapid T2 estimates indicate substantial intrinsic
coherence enhancement at these operating points.

Explicit spin-bath simulations confirm these predictions.
Near the identified clock fields, T ∗

2 is significantly enhanced
in the presence of a natural-abundance 17O nuclear bath,

demonstrating the robustness of magnetic protection. The
Er3+ electron spin bath introduces an additional, strongly
temperature- and concentration-dependent decoherence
channel. In the ultradilute (10–100 ppb) and low-temperature
regime, thermal polarization suppresses electron spin
dynamics, and coherence becomes limited primarily by
the nuclear spin bath and residual higher-order magnetic
sensitivity.

Dynamical decoupling further extends coherence beyond
this limit. Near clock transitions, CPMG sequences suppress
low-frequency bath fluctuations and yield a clear power-law
scaling of T2 with pulse number. This enhancement is most
effective in the nuclear-spin-dominated regime and diminishes
as thermally activated electron spin fluctuations broaden the
noise spectrum.

These results establish Er3+:CeO2 as a promising plat-
form for long-lived, telecom-compatible spin qubits. Impor-
tantly, millisecond-scale Hahn-echo coherence is expected at
liquid-helium temperatures for dopant concentrations in the
10–100 ppb range, eliminating the need for dilution refrig-
eration. Combined with the relatively weak nuclear spin
background, this enables long coherence without isotopic pu-
rification, substantially reducing materials complexity.
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FIG. 6. Hahn echo coherence near clock transitions. (a)–(c) The Hahn-echo coherence decay as a function of magnetic field B0 near the
three identified clock transitions. (d)–(f) The T2 heat map is obtained for 150 independent nuclear spin bath configurations, reflecting statistical
variation in T2 due to different spin environments. The color corresponds to the number of configurations with a given T2 at the given magnetic
field. The circles indicate the ensemble averaged coherence time.
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APPENDIX A: CONVERGENCE TESTS
FOR THE CCE CALCULATIONS

To ensure that the coherence dynamics reported in this
work are not influenced by numerical truncation, we per-
formed systematic convergence tests for CCE simulations
with respect to the principal computational parameters: the
CCE order O, the bath radius Rbath, and the dipolar inter-
action cutoff Rdip. The results are summarized in Fig. 5 for
a representative Hahn-echo calculation in the nuclear-spin-
dominated regime.

Figure 5(a) shows the Hahn-echo coherence decay as
a function of the CCE order. At first order (O = 1), the

FIG. 7. Angular dependence of magnetic-field sensitivity near a clock transition. Spherical maps showing the dependence of coherence
properties on the orientation of the applied magnetic field near a clock transition. (a) First-order magnetic-field sensitivity (energy gradient)
∂ν/∂B. (b) Second-order magnetic-field sensitivity (curvature) ∂2ν/∂B2. (c) Estimated Hahn-echo coherence time T2 obtained from the rapid
T2 framework. The arrows indicate the Cartesian field directions Bx , By, and Bz.

204316-8



CLOCK-TRANSITION-ENABLED LONG ELECTRON SPIN … PHYSICAL REVIEW B 114, 204316 (2026)

coherence remains nearly unchanged, indicating that inde-
pendent single-spin contributions alone are insufficient to
capture the observed decoherence. Including pair correlations
(O = 2) produces substantial decay, demonstrating that cor-
related bath dynamics are essential. The results for O = 3
and O = 4 are nearly indistinguishable, indicating that the
coherence dynamics are well converged by third order and that
higher-order bath-spin clusters contribute negligibly under the
present conditions. Accordingly, all subsequent simulations
were performed using CCE-3. Figure 5(b) examines con-
vergence with respect to the bath radius Rbath, which sets
the spatial extent of bath spins included in the simulation.
For small bath sizes, the coherence decay is artificially slow
because distant spins that contribute weak but collectively
important dipolar fields are omitted. As Rbath is increased, the
coherence converges rapidly, with only negligible differences
between 200 and 250 Å. This establishes that a bath radius
of Rbath = 200 Å is sufficient to capture the relevant spin
environment. Figure 5(c) shows the dependence on the dipolar
cutoff distance Rdip, which determines the maximum pairwise
separation used when constructing interacting spin clusters.
The coherence curves for Rdip = 40 and 50 Å are nearly iden-
tical, while only a modest deviation is observed for 30 Å. This
indicates that longer-range dipolar couplings beyond ∼40 Å
do not materially affect the calculated coherence dynamics.
We therefore adopt Rdip = 40 Å in the main simulations as an
efficient and well-converged choice.

Taken together, these tests confirm that the CCE param-
eters used throughout this work are numerically converged
and that the reported coherence behavior is governed by the
underlying spin physics rather than by finite-cluster or finite-
bath truncation effects.

APPENDIX B: HAHN-ECHO COHERENCE NEAR
THE IDENTIFIED CLOCK TRANSITIONS

For completeness, we also evaluate the coherence near the
identified clock transitions under the Hahn-echo sequence. At
ultralow doping concentration and sub-Kelvin temperature,
decoherence is dominated primarily by the 17O nuclear spin
bath (I = 5/2), which generates slowly fluctuating local mag-
netic fields at the central Er3+ electron spin. As the Hahn-echo
sequence partially refocuses quasistatic bath fluctuations, it
provides a useful probe of the residual magnetic-field sensi-
tivity near the clock points.

Figures 6(a)–6(c) show the calculated Hahn-echo coher-
ence decay L(t ) as a function of the applied magnetic field B0

near the three identified clock transitions, labeled transition 1,
transition 2, and transition 3. As the magnetic field approaches
the clock field, the coherence is strongly enhanced. Away
from the clock condition, the coherence decays more rapidly
due to the increased sensitivity of the transition frequency to
nuclear spin fluctuations. Near the clock point, where the first-
order frequency gradient is strongly suppressed, the decay
becomes substantially slower and the coherence extends to
longer times.

To quantify the statistical variation arising from differ-
ent bath realizations, we extract the Hahn-echo coherence
time T2 by fitting each coherence trace L(t ) to a stretched
exponential form for 150 independent nuclear spin bath

configurations at each magnetic field value. The resulting
distributions are shown in Figs. 6(d)–6(f) as heat maps of
T2 versus B0. The color scale indicates the number of bath
realizations yielding a given coherence time, while the circles
denote the ensemble-averaged T2 values. For all three transi-
tions, the ensemble-averaged T2 remains strongly enhanced
near-clock fields, confirming that suppression of first-order
magnetic susceptibility directly enhances coherence under re-
alistic many-body bath dynamics.

Consistent with the Ramsey results presented in the main
text, these Hahn-echo simulations further confirm that the
clock transitions identified from the central spin Hamiltonian
correspond to optimal operating points for enhanced coher-
ence in a realistic nuclear spin environment. The agreement
between the Hahn-echo coherence maxima obtained from the

FIG. 8. Effect of additional low-g paramagnetic defects on
Hahn-echo coherence near clock transition 1. (a) CCE-simulated
Hahn-echo coherence decay L(t ) at B0 = 183 G for a 10 ppb Er
sample at 10 mK. Curves represent the nuclear-spin bath alone (0 ppb
g = 2; light blue) and in the presence of additional isotropic g ≈ 2
paramagnetic defect spins at 10 ppb (medium blue) and 100 ppb
(dark blue) concentrations. (b) Coherence decay for a 100 ppb g ≈ 2
defect bath at 60 mK. The yellow curve corresponds to the transition
studied by Seth et al. for a 2 ppm Er sample. The light red and
dark red curves correspond to conditions near clock transition 1 for
2 ppm and 10 ppb Er concentrations, respectively. Solid lines
show the simulated coherence, and dashed lines show stretched-
exponential fits used to extract the corresponding T2 values.
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full CCE simulations and the optimal points predicted by the
rapid T2 estimation therefore provides a direct validation of
the Hamiltonian-based screening approach.

APPENDIX C: ANGULAR DEPENDENCE
OF MAGNETIC-FIELD SENSITIVITY

In addition to magnetic-field magnitude, the coherence
properties near a clock transition can, in general, depend on
the orientation of the applied field. In systems with anisotropic
spin and field coupling, this leads to a strong angular de-
pendence of the transition frequency ν(B) and its magnetic
susceptibility. In the present case, however, Er3+ in CeO2

resides in a cubic crystal environment, for which the effective
g factor and hyperfine interaction are well approximated as
isotropic. As a result, the transition frequency depends pre-
dominantly on the magnitude of the applied magnetic field,
with only weak residual dependence on its orientation. To
quantify this effect, we evaluated the angular dependence
of the coherence properties at a magnetic-field magnitude
chosen near one of the identified clock transitions. For each
field direction on the unit sphere, we compute the first- and
second-order derivatives of the transition frequency, as well
as the corresponding coherence time T2, using the rapid T2

estimation framework described in Sec. III B. The resulting
spherical maps are shown in Fig. 7.

Figures 7(a) and 7(b) show the first- and second-order
magnetic-field sensitivities, ∂ν/∂B and ∂2ν/∂B2, respectively.
Both quantities exhibit only weak variation over the sphere,
indicating that the magnetic susceptibility is nearly isotropic.
Consistent with this, the estimated coherence time T2 shown in
Fig. 7(c) is also largely uniform across all field orientations.

Overall, these results demonstrate that, in contrast to many
anisotropic spin systems, magnetic-field alignment does not
play a significant role in determining coherence near clock
transitions in Er3+ : CeO2. This isotropic behavior is a direct
consequence of the cubic crystal symmetry and further simpli-
fies experimental implementation, as precise field orientation
is not required to access optimal coherence.

APPENDIX D: EFFECT OF ADDITIONAL g = 2
PARAMAGNETIC SPINS ON COHERENCE

To assess the effect of extrinsic paramagnetic defects,
we include dilute isotropic g ≈ 2 spin bath in the CCE
simulations. Figure 8(a) shows the Hahn-echo coherence, ap-
proximately 2 G away from the first identified clock transition
(B0 = 183 G) with varying g = 2 spin concentrations. As
shown in the top panel, for a 10 ppb erbium concentration at
10 mK, the nuclear-spin bath alone yields T2 = 688.4 ms. This
coherence decreases to 205.8 ms upon introducing a 10 ppb
g ≈ 2 bath, and falls further to 21.6 ms at 100 ppb. Figure 8(b)
examines the coherence with a 100 ppb g ≈ 2 bath at 60 mK
and varying Er doping. For a nonclock point (|mI = −1/2〉
sublevel, at 495 Gauss) studied by Seth et al. [23] in a sample
with 2 ppm erbium and 100 ppb g ≈ 2 spins, we obtain a
coherence time of 35.7 µs, which is close to the experimen-
tally reported value of 38.8 µs. Under identical doping and
temperature conditions near clock transition 1, we obtain an
extended coherence of 0.99 ms. If we further decrease the
erbium concentration to 10 ppb near clock transition 1, the
coherence time reaches 3.99 ms. All curves are fitted with a
stretched exponential function with a stretching factor ranging
between 1 and 2, with the extracted T2 values shown in Fig. 8.
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