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S1. Confocal optical setup

The optical data shown in Fig. 1 and Fig. 2 are
measured using a confocal microscopy setup schemati-
cally shown in Fig. S1. 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
nm –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 length and
frequency modulation depending on the requirements of
various types of optical measurements. For photolumi-
nescence excitation (PLE) measurements, the laser light
is modulated by two fiber-based acousto-optic modula-
tors (AOM, AA opto-electronic) with a rise time of about
30 ns and extinction > 45 dB to generate clean 1.5 ms
excitation pulse. For photon echo measurements, a fiber-
based intensity electro-optic modulator (EOM, iXblue)
with a rise time <1 ns and extinction of 36 dB is used
to generate 10 ns (π/2) and 20 ns (π) pulses. The two
acousto-optic modulators are also used to envelope the
π/2 − τ − π time window in order to further cut down
on laser leakage to further increase the needed signal-
to-noise. The setup can achieve a shortest τ of around
150 ns, without compromising on the extinction level and
subsequent signal-to-noise.

The modulated laser is sent through a 50/50 beam-
splitter and then focused on the sample using an in-
frared 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 sin-
gle mode fiber connected to superconducting nanowire
single-photon detector (SNSPD, Quantum Opus) for de-
tection. A fiber-based acousto-optic modulator (AOM,

∗ jfzhang@anl.gov
† sguha@anl.gov

Fig. S1. Schematic of the home-build confocal optical setup
used for PLE and photon echo measurements in this work.

AA opto-electronic) 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 and EOM on the excitation side is controlled by the
data acquisition system (DAQ, National Instruments) to
set up the properly aligned sequence of collection win-
dow 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. Similarly,
a collection window of 860 ns after the end of the 24 ns
π-pulse is used for photon echo measurements.

S2. Crystal field split energy levels of Er ions

Our prior work [1] indicates that the crystal field in
CeO2 has a cubic symmetry, as expected. Therefore, the
4f-4f transitions in the Er3+ ion’s first two spin-orbit split
multiplets, 4I15/2 and 4I13/2, are split into 5 levels [1, 2],
labeled as Z1 to Z5 and Y1 to Y5 in the order from the
lowest to the highest energy, as schematically shown in
Fig. S2(a) (same as shown in Fig. 1(a), recaptured here
for completeness).

The crystal field split levels Z1 to Z5 and Y1 to Y5 are

mailto:jfzhang@anl.gov
mailto:sguha@anl.gov


2

Fig. S2. Crystal field split states of Er3+ 4I15/2 and 4I13/2 multiplets. (a) schematic of the energy diagram of the 4I13/2 →4 I15/2
transition. (b) PL spectrum of Er emission with Er excited at two different excitation power (P = 0.5Psat and P = 5Psat,
Psat ∼ 200µW on sample) at 3.6 K. (c) PL intensity of Y1−Z1 and Y2−Z1 transition as a function of excitation power at 3.6 K.
(d) Temperature dependent PL spectrum obtained at excitation power, P = 5Psat. (e) Integrated intensity of PL emission
from Y1, Y2,Y3 and Y4 to all Z levels (Data are shown as open circles with fittings using Eq. 1 shown as solid lines.

probed and identified through temperature and power
dependent PL measurements with 20 GHz (0.16 nm,
84 µeV). Er3+ ions are excited by CW laser excitation at
1473 nm with energy higher than 4I13/2 →4 I15/2 tran-
sition. At 3.6 K, PL occurs primarily from Y1 to all the
Z levels due to the rapid non-radiative relaxation of elec-
trons from higher Y levels to Y1 level. Four emission
peaks are observed in Fig. S2(b) (marked with black ar-
rows). These are identified to be Y1 to Z1−Z4 transitions.
With increasing excitation power, increasing population
of electrons to higher Y level, Y2, are created leading to
PL from Y2 to Z1−Z4 level transitions (four more peaks
marked by blue arrows). The confirmation of these be-
ing from Y2 levels comes from the fixed energy separation
of the observed Y2 and Y1 to Z level transitions and the
power dependence of PL intensity of Y1−Z1 and Y2−Z1

transition, as an example, shown in Fig. S2(c).

The identification of Y2 level is also confirmed with
temperature dependent PL behavior. Fig. S2(d) shows

the PL spectrum measured at temperatures ranging from
3.6 K to 130 K. It is the same as Fig. 1(b) and is repro-
duced here for continuation of discussion. At tempera-
tures above 15 K, the same four Y2 to Z1 to Z4 level tran-
sition peaks (marked by blue arrows in Fig. S2(b) and
(d)) show up with their intensity increasing with tem-
perature, while the PL intensities from Y1 to Z1 to Z4

level transitions (black arrows in Fig. S2(b) and (d)) de-
crease with increasing temperature (Fig. S2(d)). With
continued increase of temperature, higher Y levels get
populated. Four additional set of peaks (marked by pur-
ple arrows in Fig. S2(d)) emerge when temperature is
above 40 K. These four peaks are assigned as Y3 to Z1 to
Z4. With temperature above 50 K, higher Y4 transitions
are also observed. The table shown in in Fig. 1 in main
text captures the summery of deduced crystal field split
Y and Z levels of the 4I13/2 to 4I15/2 transitions.

The intensity of Y1 to Y5 transitions as a function of
temperature is consistent with Boltzmann distribution
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of electrons. Fig. S2(e) shows the PL emission intensity
from all four Y levels as a function of temperature. The
lines are the fit to the data using the following equation:

IYj
∝

exp(−(EYj − EY1)/KBT )∑j=5
j=1 exp(−(EYj

− EY1
)/KBT )

(1)

where EYj
is the energy of j-th Y level, kB is the Boltz-

mann constant, T is temperature. The fit is done using
the energy separation between the Y levels deduced from
PL measurements as input constants to Eq. 1. We find
that the fit is consistent with the observed temperature
dependent PL signal from the involved transitions, con-
firming the assignment of crystal level split states.

S3. Photon echo measurements

To reduce dephasing induced through excitation pulse,
we use 20 ns π pulse and 10 ns π/2 pulse, the shortest
clean pulses from the setup. The laser is resonant on the
Y1−Z1 transition with a bandwidth of 5 MHz, controlled
by the pulse length. The identification of pulse area to π
is achieved by tuning the laser power while measuring the
overall integrated echo intensity with a fixed τ = 150 ns.
Fig. S3 shows the measured integrated echo intensity as
a function of laser power incident on the sample. The in-
tegrated echo amplitude increases with excitation power
till it reaches π pulse. The measured data indicate that
the π pulse area is reached with excitation power close
to the maximum achievable power of 425 µW from our
setup. All two-pulse photon echo measurements reported
in Fig. 2 are done with power of 425 µW on the sample.

Fig. S3. Integrated photon echo amplitude as a function of ex-
citation power (p) on sample indicating π pulse area reached
with power around 420 µW

S4. Pulsed EPR instrumentation

Fig. S4. Schematic of the pulsed EPR setup used for the study
of Er spin coherence and relaxation reported in the main text.

Pulsed EPR measurements are carried out using
Bruker’s ELEXSYS E580 spectrometer. The schematic
of the setup is shown in Fig. S4. The sample is diced into
a 25mm x 1.5mm strip and loaded into an EPR tube. The
tube is inserted in and coupled to the dielectric ring res-
onator (Bruker ER 4118X-MD5). The microwave pulses
are generated from the microwave bridge and applied to
the resonator. The cavity mode with uniform RF mag-
netic field along the sample’s longitudinal axis is used as
pumping mode driving the RF absorption in the sam-
ple [3]. The corresponding magnetization of the electron
spins is measured in the form of an emitted microwave
signal, which is amplified by the cavity before detection.
The change of magnetization of spins as a function of
time with different pulse sequences are measured for the
study of Er spin coherence and relaxation dynamics re-
ported in the main text.

S5. Instantaneous diffusion measurements

In instantaneous diffusion measurements, generalized
Hahn echo sequences (π/2 − τ − θ, schematic shown in
Fig. 3(c)) are performed with the fidelity of the second
inversion pulse (θ) varied [4] to identify the effect of Er
spin dipolar interaction on ensemble decoherence. To
ensure the probed spin ensemble size being constant, we
have kept the second rotation pulse length as a constant
12 ns with the rotation angle (θ) adjusted by reducing
the microwave (MW) power. The pulse width for the
π/2 pulse is thus increased such that the pulse area re-
mains π/2. We first identify the pulse area by applying
standard Hahn-echo sequence while maximizing the spin
echo signal at fixed τ of 100 ns through fine tuning of
microwave power. Then we switches to instantaneous
diffusion measurement by reducing the second rotation
pulse length down to 12 ns. Table. I below shows the
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three measurement conditions for data in Fig. 3(c).

MW attenuation (dB) π/2 pulse (ns) θ pulse (ns) θ
-19 12 12 90◦

-24 24 12 50.6◦

-28 36 12 31.9◦

TABLE I. Measurement condition and extracted rotation an-
gle θ of instantaneous diffusion measurements.

The rotation angle shown in the table is calculated by
computing the ratio of pulse area of the second rotation
pulse to the π/2 pulse using the following Eq. 2:

θ = π/2 ∗ 10(Pπ/2−Patt)/20 (2)

where Pπ/2 is the MW attenuation for θ angle of 90◦ and
Patt is the MW attenuation for the other rotation angles.
For each rotation angle, general Hahn-echo sequence (

π/2 − τ − θ ) is applied with τ ranging from 100 ns to
1300 ns where 100 ns is the limit of the smallest τ achiev-
able in the pulsed EPR spectrometer. The echo signal is
proportional to the exponential of the averaged inversion
pulse fidelity < sin2(θ/2) > with the spin T2,INST linearly

proportional to < sin2(θ/2) > as shown in main text with
the following relationship:

SE(τ) ∝ exp(
8π2

9
√
(3)

g2β2

h̄
Nsin2(θ/2)τ) (3)

Fig. S5. Spin echo signal at τ = 100 ns the three different
averaged inversion pulse fidelity < sin2(θ/2) >. The solid
line is a fit to the data using Eq. 3.

Fig. S5 shows the plot of the echo signal at τ = 100 ns
as a function of the average inversion pulse fidelity <
sin2(θ/2) >. The solid line is a fit to the data using
Eq. 3. The extracted N sampled by the generalized echo
sequence is 2.08 ∗ 1022/m3. Considering the pulse only
probes ∼ 12% of the spins within the inhomogeneous
distribution, the estimated total concentration of the Er
spin is ∼ 6 ppm, consistent with the value extracted from
T2 data shown in Fig. 3(d).

S6. Possible processes limiting T2,bath

Based on the instantaneous diffusion measurements,
the dephasing due to Er ion-ion interaction governed by
T2,INST is found to be ∼ 0.426 µs with T2,bath being
around 0.66 µs at 3.6 K. The Er ion-ion interaction is
clearly one of the dominating factor for dephasing. With
further reduction of Er concentration down to single ion
limit, one could have T2 = T2,bath = 0.66 µs at 3.6 K.
Now we try to access contributing factor for T2,bath. As
noted in the main text, the T2,bath represents the com-
bined effect of dephasing due to coupling to phonon, mag-
netic TLS and interaction of Er with possible magnetic
defects as represented in Eq. 4 below:

1/T2,bath = 1/T1 + 1/TTLS + 1/Tion−spin (4)

The observed millisecond spin T1 indicates that the dom-
inating limiting factor for T2,bath is from coupling to mag-
netic TLS and interaction of Er with other spin defects.
From the temperature dependent study of optical coher-
ence, the coupling to TLS should lead to TTLS > 10 µs (<
15 kHz). Thus, the dominating processes limiting T2,bath

is coupling of Er to spin defects in the grown CeO2 film.

Fig. S6. CW EPR spectrum of the studied Er doped CeO2

at 3.6 K

Broad band CW EPR data is obtained from the 3 ppm
Er doped CeO2 sample at 3.6 K to probe on possible spin
defects in the sample. Fig. S6 shows the measured re-
sult obtained with B field parallel to sample (111) sur-
face. The lack of spin resonance with g-factor around
1.94(6) (marked by a red arrow) indicates that there is
no detectable signal from Ce3+ [5, 6]. It suggests that
the concentration of Ce3+ in the sample is much lower
compared to Er concentration and is below the detection
limit of EPR. The resonance observed with g around 2.04
could be coming from oxygen vacancies and defect clus-
ters [7, 8]. Further careful examination of this resonance
as a function of Er concentration and annealing temper-
ature is needed to find the origin of the observed spin
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resonance. The results indicate presence of as-grown de-
fects that could interact with Er ion causing dephasing.

All these suggests that one could reduce Tion−spin with
growth optimization and post-growth treatment in reduc-
ing unintended defects and enhance spin T2,bath to above
10 µs at 3.6 K, limited by possible coupling to TLS. It
also indicates that one can further improve on T2,bath

by reducing temperature to sub-kelvin to freeze out cou-
pling to magnetic TLS and reach T1 limited coherence of
millisecond time scale.

S7. Optical measurements of spin relaxation

The optical measurements probing spin relaxation dy-
namics are carried out in a dilution refrigerator using
a 3-axis 250 mT–250 mT–250 mT vector magnet with
fiber-coupled optical access as shown in Fig. S7. For di-
rect comparison with pulsed EPR data in Fig. 4(a), we
carry out all measurements at 3.6 K with a magnetic field
along the same crystal direction of ⟨1− 10⟩. The sample
is mounted on the MXC flange inside the dilution refrig-
erator. A single mode fiber is used for optical excitation
and collection. A fiber circulator is used in the optical
path to separate excitation pulses from fluorescence. Ex-
citation laser and collected fluorescence are routed to our
confocal setup shown in Fig. S1 for measurements.

Fig. S7. Schematic of the optical setup with the dilution re-
frigerator for optical measurement of spin relaxation dynam-
ics.

A 100 µs pulse at wavelength resonant to the Z1 spin-
down level to the Y1 spin-up level is applied first. The
excitation wavelength is estimated based on the g factor
of the Er ions. The first pulse excites electrons occupying
the Z1 spin-down level to excited states to create more
population of electrons at Z1 spin-down level at 3.6 K
after the pulse. The pulse length is chosen to be longer
than optical π pulse for improved optical contrast but
also short enough that emission from Y1 − Z1 transition
does not alter electron distribution between the Z1 spin-
up and spin-down states. The relaxation of spin-up to
spin-down is picked out by the second 100 µs pulse after
time τ through exciting the electrons at spin-down level

and tracking the subsequent emission, sequence shown in
Fig. S8(a). Given the spin T1 is shorter than the optical
lifetime of the Y1−Z1 transition, one should sample and
subtract the emission collected in the collection window
due to the radiative decay process after the first opti-
cal pulse. Therefore, a reference measurement with only
the first pulse is carried out for background subtraction.
The population recovery of spin-up to spin-down state
is probed through the measurement of the difference in
counts (∆PL) as a function of time delay τ . Using the
pulse sequence shown in Fig. S8(a), ∆PL as a function
of time delay τ is measured with magnetic field strength
at 100 mT (Fig. 4(b)).
To probe the effect direct spin-lattice coupling has on

spin relaxation, we carry out measurements of spin relax-
ation T1 at various magnetic field strengths (i.e. 50 mT,
100 mT, 150 mT, and 250 mT). Fig. S8 shows the mea-
sured ∆PL(τ) at different magnetic field strength. Spin
T1 is extracted through a single exponential fit (solid line)
with 95% confidence fit.
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Fig. S8. Optically probed spin T1. (a) Two pulse sequences used for optically proved spin T1. The optical pulse is of 100 µs
with delay time, τ , between the two pulses. The collection window of 4 ms opens after the second optical pulse. The collected
signal difference between the two-pulse measurement and reference measurement (∆PL) represents the population recovery of
Z1 level spin-down level due to relaxation. Panel (b)-(d) shows the ∆PL measured as a function of time delay τ at a magnetic
field strength of (b) 50 mT—yielding a spin T1 = 1.575 ± 0.256 ms. (c) 100 mT—yielding a spin T1 = 1.106 ± 0.256 ms
(same as the one shown in Fig. 4(c)). (d) 150 mT—yielding a spin T1 = 0.667 ± 0.257 ms and (e) 250 mT—yielding a spin
T1 = 0.434± 0.087 ms.
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