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Erbium doped solids are prime candidates for quantum memories in optical quantum networks
given their telecom-compatible photon emission. An electron spin of erbium with millisecond co-
herence time is desirable for generating remote entanglement between adjacent quantum network
nodes. Here we report GHz-range electron spin transitions of 'S"Er®" in yttrium oxide (Y203)
matrix with coherence times that are consistently longer than a millisecond. By polarizing para-
magnetic impurity spins we achieve a spin T2 up to 1.46 ms, and up to 7.1 ms after dynamical
decoupling. These coherence lifetimes are among the longest found for erbium in crystalline ma-
trices despite the presence of host nuclear spins. We further enhance the coherence time beyond
conventional dynamical decoupling, using customized sequences to simultaneously mitigate spectral
diffusion and dipolar interactions. Our study not only establishes '*“Er®*: Y,03 as a significant
quantum memory platform but also provides a guideline for engineering long-lived erbium spins in

a variety of host materials for quantum technologies.

I. INTRODUCTION

Rare-earth-ion dopants in solids exhibit exceptionally
long spin coherence times and narrow optical linewidths
[1] [2] [3], making them a prime candidate for quan-
tum memories and quantum transduction [4] in an op-
tical quantum network [5], and with a good prospect for
quantum sensing [6]. Kramers rare-earth-ions with un-
paired 4f electrons possess effective electron spin S=1/2,
and Er®" in particular demonstrates telecom-wavelength
optically addressable spins that are ideal for realizing
quantum spin-photon interfaces in a fiber-based quantum
communication network [7, 8]. For such a network, the Er
spin coherence time needs to be at least a millisecond in
order to efficiently generate and store entanglement over
the photon transit time between adjacent network nodes,
assuming a typical repeater node interval of 200 km [9].
Once generated, the entanglement between remote Er®™*
spins can be transferred to '8"Er3* nuclear spin registers
for long-term storage while the electron spins are freed
up for subsequent entanglement generation.

Due to large magnetic dipole moment, however, Er*
electron spins experience strong decoherence from mag-
netic noise created by either Er*T or other paramagnetic
spin flip-flops, limiting their coherence to microseconds
range in most prior reports [10] [11] [12] [13]. Millisec-
onds Er®" spin coherence time has only been demon-
strated recently in bulk single crystals with low nuclear
spin density at milliKelvin temperatures: Ty = 1.3 ms
in 20 parts per million (ppm) doped Er*T:CaWOy, [14];
Ty = 23 ms in undoped CaWOy [15]). Another approach
to prolonging the Er®" spin coherence considers 167Er3+
isotope, which possesses 7/2 nuclear spin with long-lived
hyperfine transitions [2]. This gives rise to hybridized
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electron-nuclear spins [16] [17] with Zero First-Order Zee-
man (ZEFOZ) transitions showing reduced sensitivity to
noise. Nevertheless, ZEFOZ transitions often occur at
zero or low fields, where the fluctuating magnetic noise
amplitude peaks due to unpolarized spin baths, and ad-
dressing them requires stringent field alignment, partially
limiting the robustness of this method.

In this work, we report millisecond coherence times of
electron spins of 187Er*T in yttrium oxide host. Instead
of addressing ZEFOZ transitions, we probe weakly mixed
electron spin transitions with low g-factors. By freezing
the impurity spins and employing customized dynamical
decoupling we demonstrate consistent Er®>" spin coher-
ence time over a millisecond threshold. We investigate
20 parts per million (ppm) doped 7Er®* ensembles in
Y203 polycrystalline hosts using electron spin resonance
(ESR) spectroscopy. Rather than host nuclear spins,
we identify paramagnetic impurity spins as the primary
source of decoherence. By freezing them at milliKelvin
temperatures, we obtain Hahn echo [18] coherence time of
1.46 ms, and TXY® of 7.1 ms after dynamical decoupling
(DD) of spectral diffusion. By further designing cus-
tomized DD sequences to simultaneously mitigate spec-
tral diffusion and instantaneous diffusion we achieved an
even longer coherence than what is obtainable with con-
ventional XY8 sequence. The strategies demonstrated in
this work are applicable to a variety of host materials
for erbium and other Kramers rare-earth spins, includ-
ing those containing nuclear spins and paramagnetic im-
purities. Thus, this work provides a general recipe for
engineering long-coherence rare-earth spins as appealing
resources for quantum technologies.

II. EXPERIMENTAL METHODS

We use yttrium oxide (Y203) as a host matrix for
167Er3 % dopants, which has been synthesized in di-
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FIG. 1: (a), (c) Er3":Y503 crystal structure showing the unit cell and Er3* substituting in Co and Cg; sites,
respectively. (b), (d) Zeeman and hyperfine energy levels for '7Er®" in Cy and Cs; sites, respectively, generated
along the eigen-axes of the g-tensors with Easyspin [19]. The red lines show the allowed ESR transitions at 5.67
GHz resonance frequency. The spin energy levels and transitions in a magnetic field are discussed in detail in [27] (e)
MilliKelvin pulsed ESR setup. (f) Echo detected field sweep of 1673t ¢ Y,05 showing predicted transitions as
dashes grouped by their g factors. (g) Rabi nutation of echo signal obtained by varying refocusing pulse length for
the transition at 259 mT. Sequences above (f) and (g) show pulse amplitude in voltage.

verse forms such as single crystals, polycrystalline ceram-
ics, nanoparticles and thin-films [20], with ultra-narrow,
sub-kilohertz optical linewidths already demonstrated in
Er’"T doped Y,03 transparent ceramics [21][22]. The
sample under study is a 20 ppm 'S"Er3* doped Y503
ceramics with 95 % isotopic purity prepared by sintering
Er?*t doped Y,O3 nanoparticles. The average grain size
is 0.90 um?. Y203 has a cubic crystal structure (T} space
group) with 16 formula units per unit cell [23] [24]. These
32 Y37 sites can be grouped into two classes with 24 sites
of Cy point group symmetry (Fig. 1(a)), and 8 sites for
C3; point group symmetry (Fig. 1(c)), where each of the
32 Y3* ions in a umit cell has been shown to be sub-
stituted with an Er3* ion with an equal probability [25]
[26].

Er?* ion has a [Xe]4f!! configuration with 25+1L; =
5 s2 ground state. In a crystal field of low symme-
try the J = 15/2 ground state splits into 8 Kramers dou-
blets with the lowest doublet being occupied at cryogenic
temperatures, leading to an effective S =1/2. Erbium
has 5 stable isotopes (162:164,166.168,1T0F) with zero nu-

clear spin, and a '87Er isotope with I = 7/2 nuclear spin.
The spin Hamiltonian of the lowest Kramers doublet of
J = 15/2 manifold of 15"Er3* in Y503 can be modelled
as,

H=pB-g-S+I-A-S+I1-Q-1—,g,B-1 (1)

where p. is the Bohr magneton, B is the external mag-
netic field, g is the g-factor tensor, A is the hyperfine
tensor, g, is the nuclear g factor, and Q is the nuclear
quadrupole tensor.

We use the principle values of g, A and Q tensors for Cy
and Cg; sites obtained from a separate study [27] to cal-
culate the spin energy levels with magnetic field as shown
in Fig. 1(b, d). Due to the random orientation of crystal
grains in a polycrystalline sample, while ESR transitions
from g =12.2,g = 4.78 and g = 3.28 overlap, we can in-
dividually address transitions with g = 1.64 in the region
of 160-275 mT at ~5 GHz ESR frequency (Fig. 1(b, d)).
The transitions with g = 1.64 are of interest in this study



due to their lowest sensitivity to noise, and strong cou-
pling to microwaves given the high transverse g factor up
to 12.2 [28].

We perform ESR spectroscopy on a sample with
dimensions of 4.6mm X 4.6mm X 1 mm, which is
mounted in between the two halves of a 3D copper loop-
gap resonator [29]. The resonator was made with oxygen-
free copper and was assembled with two halves with a gap
exactly matching the sample size for good thermal con-
duction (Fig. 1(e)). The resonator was mounted on the
mixing chamber stage of a dilution refrigerator (Bluefors
LD 250) and had a 5.67 GHz resonance frequency with a
loaded Q of 3500 at 7.5 mK base temperature. A 3-axis
vector magnet (AMI Model 430) was used to apply a DC
bias field. Laser illumination was applied to the sample
using an objective lens with weak focus on the sample
with ~ 2 mm beamspot size on sample.

3D resonators offer advantages over 2D superconduct-
ing microresonators for ESR, including higher field homo-
geneity, the ability to apply out-of-plane magnetic fields,
easier integration with optics, as well as compatibility
with diverse sample geometry [30]. However, reduced
sensitivity of 3D resonators typically requires the use of
high power pulses (= Watts) leading to heating and ele-
vated temperatures [31] of the ESR spectrometer. We use
heterodyne detection technique along with a low noise
preamplifier (HEMT) (Fig. 1(e)) to enhance the spec-
trometer sensitivity, allowing for low power (=~ 100 uW)
pulsed ESR measurements. This results in a lowest possi-
ble temperature of the sample stage of 7.5 mK during the
experiment, allowing us to maximally polarize the spin
population. Rabi frequency of 0.33 MHz is obtained in
a two pulse echo sequence with varying refocusing (sec-
ond) pulse length (Fig. 1(g)), which allows us to estimate
a transverse g factor 7.5, in close agreement with the ex-
pected average transverse g factor between 4.8 and 12.2
for ensembles of crystallites with their eigen-axes having
g=1.64.

We note that the 0.33 MHz Rabi frequency and 1.3
MHz resonator bandwidth in our experiment are both
smaller than the spin inhomogeneous linewidth of ~ 41
MHz, which effectively suppresses spin-spin interactions
by addressing a sub-ensemble of spins. While the low ef-
fective excited spin density in our experiments is relevant
to applications involving addressing single spins as well as
frequency multiplexed quantum memories, the spin-spin
interaction would be stronger when addressing the entire
spin ensemble as required by certain memory protocols
such as spin-wave atomic frequency combs [32] [33] [34].
Nevertheless, the use of low g (e.g. g=1.64) transitions
are still highly advantageous in this regard as they inher-

ently have weaker spin-spin interaction, which scales as

g2

To identify all ESR transitions of 167Er3*, we perform
echo detected field sweep (EDFS) measurement by send-
ing 1 ps-long /2 and 7 pulses at a separation of 5 us,
and sweep magnetic field to detect spin echo from differ-
ent transitions (Fig. 1(f)). We observe spin echoes from

g=4.78, g=3.28 in the <150 mT region and g=1.64 tran-
sitions extending from 160 mT to 275 mT, seen as a long
tail in the spectra. The group of red and blue dashes
in Fig. 1(f) show the ESR transitions for the crystallites
with their eigen-axes of the g-tensor oriented along the
magnetic field. These transitions correspond to the ex-
pected peaks in the ESR spectrum of a polycrystalline
sample.

III. SPIN COHERENCE AND RELAXATION
TIMES

For the ESR transitions observed in Fig. 1(f), we mea-
sure spin relaxation times, Hahn echo coherence times
and coherence times under XY8 dynamical decoupling
at the base temperature. Fig. 2(a) shows Ty (red), Hahn
echo Ty (red) and dynamically decoupled T3 *® (blue)
as a function of B field. We fitted the decay of in-
tegrated echo amplitudes with a stretched exponential
exp(—27/T2)", where n is the stretch factor. Figure 2(a)
shows Tg coherence times approaching or exceeding 1 ms
(green dashed line) for majority of the transitions above
100 mT, with the highest T of 1.46 ms measured around
259 mT from g=1.64 transitions (blue box in Fig. 2(a)).
The coherence time increases with fields due to lower
sensitivity of high field (lower effective g) transitions to
spectral diffusion (SD) and instantaneous diffusion (ID)
[35] noise. At a 5.67 GHz splitting, the sensitivity of ESR
transition to magnetic noise (OE/ dB) is simulated to be
~ gup (Supplemental Material [36]), therefore electron-
nuclear spin mixing does not play a significant role in
the measured long coherence time [17]. The measurable
lowest field transition at 70 mT showed a Ty of 100 us
along with a strong modulation of echo amplitudes due
to superhyperfine couplings [37] [22]. The stretch factor
n increased from 1 for lowest field transition (70 mT) to
2.5 for highest field transition (270 mT), indicating spec-
tral diffusion as a decoherence mechanism for the latter
transitions [38].

Decoherence due to spectral diffusion can be sup-
pressed with dynamic decoupling [39] [40]. While Carr-
Purcell Meiboom-Gill (CPMG) sequence preserves only a
specific spin state [39] and can result in an artificial elon-
gation of the coherence times in the presence of pulse
errors, XYN pulse sequences offer a robust performance
against pulse errors leading to an efficient suppression
of spectral diffusion close to the instantaneous diffusion
limit for an arbitrary spin state [41]. Fig. 2(a) shows a
clear increase in coherence times from a1 ms with Hahn
echo to beyond 3 ms with XY8 sequence for high field (>
150 mT) transitions, with the longest T4 Y8 of 7.08 ms for
the 250 mT transition (red box). The echo decays with
XY8 sequence were well fitted with a single exponential
decay. In this measurement, we sent N= 248 7 pulses.
Further increasing N did not yield longer coherence, indi-
cating an effective filtering of the low frequency noise [42].
Therefore, we expect that the measured T3 % is limited
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FIG. 2: Electron spin coherence and relaxation times of '7Er3": Y,03 at milliKelvin temperatures. (a) Spin
lifetime (T;) (red triangles) was measured using saturation recovery. Spin coherence time measured with two pulse
echo (Ty,red dots) and with XY8 dynamical decoupling ( TXY®, blue triangles) showed coherence times exceeding 1
millisecond spin coherence time (green dashed line) for lower g transitions. red and blue boxes highlight the longest
XY8 and Hahn echo coherence times, respectively. (b) Echo decays for the two transitions with longest Hahn echo

and XY8 coherence times, as highlighted in (a).

by instantaneous diffusion (ID) and possible contribution
from higher frequency noise. The coherence time im-
provement with XY8 was less pronounced for lower field
transitions, which suggests an increase in instantaneous
diffusion with higher effective g factors, scaling approx-
imately as g [43]. This explains the sharp increase in
TXY® at around 170 mT. We estimate the theoretical in-
stantaneous diffusion limited T of 9.4 ms for the g=1.64
transition (blue box, Fig. 2(a)), which is in agreement
with the measured T3 *® of 4 ms for the same transition,
suggesting that the coherence time under XY8 sequence
is ID limited (Supplemental material [36]). We also infer
from this estimate that SD is dominant over ID as the
decoherence mechanism. Thus we do not expect a sig-
nificant degradation of coherence time as we increase the
pulse power, as verified by the measurement of Hahn echo
T, as a function of the refocusing pulse power (Supple-
mental material [36]). Spin T; for a few transitions was
also measured using saturation-recovery sequence and is
found to be in the range of 100 ms to 0.7 s (Fig. 2(a)
red).

ESR transitions between 150-250 mT could have mixed
contributions from Er and other paramagnetic impuri-
ties. Therefore it is imperative to verify those transitions
are indeed from Er spins. By illuminating the sample
with a laser pulse on resonance with the Cs site optical
transition around 1535.6 nm, we observe a clear optically
modulated spin echo signal for the ESR transition around
259 mT, which cannot be attributed to other heating ef-
fects (Supplemental Material [36]), thereby validating its
assignment to '7Er®T spins in the Cy site.

IV. DECOHERENCE AT SUB-KELVIN
TEMPERATURES

A. Temperature dependence of decoherence and
relaxation processes

We perform temperature dependent relaxation and co-
herence time measurements for the 259 mT (g=1.64)
transition to understand decoherence mechanisms below
1 K. We use continuous-wave off-resonant laser at 191
THz (1570 nm) to heat the sample directly. The actual
sample temperature was estimated from the electron spin
echo amplitudes and by correlating it to the recorded
stage temperature [31](Supplemental Material [36]). A
sample temperature of 26 mK is determined based on the
a spin polarization model when the stage temperature is
7.5 mK.

The electron spin lifetimes (T;) measured using sat-
uration recovery (red dots, Fig. 3(a)) show an increase
from 42 ms at 0.95 K to 0.73 s at 26 mK. The spin T,
temperature dependence for rare-earth dopants at tem-
perature below 4K can be modelled by a combination
of direct phonon, flip-flop and temperature independent
processes (red line) [44],

1
7 =Ro+ RgsechZ(

) + RDCOth(Ql?;T) (2)

where Rp is the rate of direct phonon process, Rg is
the rate of flip-flop process and Ry represents a tempera-
ture independent component with f being the transition

hf
2kpT
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FIG. 3: Decoherence mechanisms at sub-Kelvin
temperatures for the 7Er®t ¢=1.64 (259 mT)
transition. (a) Temperature dependence of relaxation
and decoherence processes: spin lifetime (T, red dots)
fitted with Eq. 2 (red line); coherence time (T2, red
dots) fitted with the Ty model described in the text
(red line); XY8 dynamical decoupling coherence time
(TXY8) measured by sending 30 XY8 pulses. Inset
shows time domain Hahn echo decays for the range of
temperatures measured. (b) Spectral diffusion measured
with three pulse echoes at base temperature of 26 mK.

frequency. The fitted coefficients are Rp= 2.19 Hz, Rg =
0.87 Hz and R =1.67 x 10~® Hz.

The Hahn echo spin coherence times Ts show strong
dependence on temperature (Fig. 3(a)) from 58 us at
0.95 K to 1.46 ms at 26 mK. The echo decay was fit-
ted with a stretched exponential and exhibited a stretch

factor in the range of 1.3 to 2.1, pointing to spectral diffu-
sion as the dominant decoherence mechanism throughout
the temperature range. Improvement in coherence times
with XY8 dynamical decoupling (T4, (XY8)) in the same
temperature range is also indicative of a spectral diffusion
dominated decoherence (blue dots in Fig. 3(a)).

To model the temperature dependence of Ty and to
obtain spectral diffusion parameters for the environ-
ment spin bath, we consider three contributions: spec-
tral diffusion limited coherence time, Ty gp, instanta-
neous diffusion Ts1p and spin relaxation limit 2T, so
Ty' =Tysp + Totp + (2T1) 7! Spectral diffusion lim-
ited cohefence, T277SD can be modelled using a Lorentz
diffusion model with a stretch factor 2 [43] [35],

\/WFQSDR 3)

-1
Tz,SD =
where I'sp represents the spectral diffusion linewidth due
to dipolar interaction with environmental spins and R is
the flip rate of the environment spins. The temperature
dependent I'sp can be modelled as [45],

FSD = FMaXSGCh2 (genv[LBB)/(QkBT) (4)

where ge., is the effective g factor and I'yiax is the maxi-
mum dipolar broadening with environment spins causing
spectral diffusion.

The contribution of decoherence from instantaneous
diffusion Ty 1p can be estimated from the measured co-
herence time after XY8 dynamical decoupling, as it rep-
resents the remaining decoherence that cannot be can-
celled by the XY8 sequence. If we were to assume the
total flip rate R(T) for the environment spin bath as the
inverse of Er** T from the fit (red curve) in Fig. 3(a),
then by fitting the T temperature dependence, we ob-
tain spin bath parameters I'yax = 2.80(0.51) MHz and
genv = 0.70, which are not consistent with *7Er®" spin
induced spectral diffusion. While 'y of 2.80 MHz is
significantly larger than the spectral diffusion linewidth
of 124 kHz due to erbium spins (Supplemental Material
[36]), genv = 0.70 is smaller than the lowest g (1.64) of
1673+ This thus indicates spin bath is primarily com-
prised of impurity spins with a low g factor. Indeed we
observe a broad ESR signal at 300-900 mT fields (g=1.3-
0.4), with peaks at g=0.71 and g=0.81 (Supplemental
Material [36]). Impurity transitions at fields higher than
900 mT (g=0.4) could not be measured due to the field
limit of our magnet. Spins with g=0.4(0.7) are rela-
tively unpolarized even at our lowest measurement tem-
perature, with 87.1(98.1)% polarization as compared to
99.996% polarization for the 'S7Er®T g=1.64 transition
around 259 mT. Therefore, the spectral diffusion mea-
sured is attributed to the unpolarized paramagnetic im-
purities within the host matrix.



B. Spectral diffusion at milliKelvin temperatures

Next, we study the residual spectral diffusion at the
lowest temperature of 26 mK to further validate our
model of spectral diffusion. We use three pulse echo
(stimulated echo) technique with three m/2 pulse with
a delay 7 between the first and second pulses and a wait
time Tw between the second and third pulses. For each
value of T we sweep 7 to measure the effective linewidth

1
Teg = Do + 5FSD(1 — e RTw) (5)

where I'sp is spectral diffusion linewidth, R is total spin
flip rate and I'g is the linewidth in absence of spectral
diffusion [35] [45] .

We obtain I'sp of 64.5(8) kHz, R of 5.6(1.5) Hz and I'y
of 0.6(0.8) kHz at 26 mK. The fitted R and I'sp predict
spectral diffusion limited coherence time (T2 gp) of 1.87
ms from Eq. 3, which is in good agreement with the pre-
dicted Tg gp of 2.2 ms at 26 mK from the temperature
dependent spectral diffusion model. The total spin flip
rate R from three pulse echo 5.6(1.5) Hz is higher than
the measured 1.4(0.6) Hz spin flip rate of '"Er*" g=1.64
transition, further supporting the presence of paramag-
netic impurity spins.

Close agreement between the spectral diffusion mea-
surements from three pulse echo and the temperature
dependence model substantiates our understanding of
decoherence processes. Decreasing temperature low-
ers the spectral diffusion linewidth I'sp by factor of
sech?(geny 18 B)/(2kpT), and slows the total spin flip rate
R by freezing the direct phonon (coth(genvpsB)/(2kpT))
and flip-flop processes (sech?(genyusB)/(2kgT)). The
residual decoherence at 26 mK is dominated by slow spec-
tral diffusion of =~ 5 Hz spin flips and a smaller contribu-
tion from instantaneous diffusion(Supplemental Material
[36)).

To further investigate the spectral diffusion induced
by paramagnetic impurities in Y503, we perform pulsed
ESR on a Y503 sample with no intentional erbium dop-
ing and observe spin echo signals from impurity spins in
the host matrix (Supplemental Material [36]). The Ts
measured on an impurity transition in undoped Y2Osg is
comparable to To measured in 1673+ doped Y,03 at
the same field, as expected. This also puts an upper limit
on magnetic noise from flip-flops of yttrium nuclear spins
(6By) as ~ 1/(rgupT2) = 9nT. The 7Er®* transition
with 1.46 ms Ty at 26 mK shows a non-exponential de-
cay with a stretch factor of 2.1, indicating the presence
of a frozen core of yttrium nuclei in direct proximity to
Er3* with suppressed flip-flop dynamics [46][47]. While
the estimated nuclear spin-bath limited T based on yt-
trium density in Y203 is &~ 1 ms [48], we can expect a
longer Ty due to the frozen core effect [3] [47].

We note that the spin homogeneous linewidth deviates
from linear dependence on temperature as expected in

the case of magnetic two-level system (TLS) dominated
decoherence in ceramics [22]. We observe a broad feature
around g = 2, as well as a sharp g=1.97 signal (FT defect
center [49]) at high temperature pulsed ESR, witness-
ing the presence of vacancy defects and magnetic TLS in
the host matrix (Supplemental Material [36]). However,
spins with g &~ 2 would be frozen with 99.9997 % polar-
ization at 26 mK and 259 mT, and are not expected to
contribute significantly to spectral diffusion [10].

We also note that at 4 K, an isotopically purified
167Er3+ 1 Y,03 sample exhibits up to 2800 times longer
spin T; and up to 40 times longer spin Ty compared
to a natural abundance Er®t : Y,03 sample with same
nominal doping, indicating an improvement of relaxation
times with isotopic purification [27] .

V. COHERENCE TIME ENHANCEMENT
BEYOND SPECTRAL DIFFUSION

The spin coherence time measurements for g=1.64
transitions in Fig. 2(a) show instantaneous diffusion by
dipolar interactions in the Er spin ensembles. This de-
coherence cannot be cancelled by standard dynamical
decoupling sequences like XY8. A new sequence is de-
sired so that it can mitigate both spectral diffusion and
dipolar interactions with robustness to pulse errors at
the same time [50]. A previously proposed sequence
for disorder-dominated sequence (Seq.B) has shown im-
provement over XY8 dynamical decoupling for electron
spins in NV centers [51] and Er:YSO [12]. These sys-
tems, however, had strong dipolar interactions with XY8
dynamically decoupled Ty of =1 us as compared to Ty
of ~ ms in our system. For systems with weaker dipolar
interactions, customized sequences are thus required. In
this section, we describe the results of three customized
sequences — CSeql for 3:1 (ratio between spectral dif-
fusion and interaction decoupling), CSeq2 for 9:1 and
CSeq3 for 12:1, together with existing XY8 (inf.:1) and
Seq.B (6:1) on the 259 mT (g=1.64) transition. We note
that the ratio assigned to a sequence is how fast it de-
couples from slow-varying spectral diffusion noise versus
dipolar interaction induced broadening, and it is an in-
trinsic property of the sequence. The actual ratio of spec-
tral diffusion to dipolar interaction noise experienced by
the spin system is difficult to predict when there is noise
fluctuating faster than the sequence time scale. There-
fore, it is important to design sequences with varying
ratios to better match the actual noise characteristics of
the system.

The starting point for the design of customized se-
quences is that a given sequence features different cy-
cle lengths to mitigate either spectral diffusion or dipo-
lar interactions by moving the system into a 'Toggling
Frame’[50], where we can obtain a pictorial visualization
of how the original spin Pauli operators evolve under the
Floquet engineered version [52]. Figure 4(a) presents co-
herence time measurements for different sequences with
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functions of all sequences. Filters are normalized in the whole spectrum but only 0-50kHz range is shown given the
measured noise spectrum range. (c¢) Customized dynamical decoupling pulse sequences in increasing order of the

target ratio of disorder to interaction, along with Seq.B.

a same 25kHz filter center frequency. We observe that
one customized sequence — CSeq2 outperforms all other
sequences and even the XY8 sequence. All customized se-
quences yielded longer coherence than Seq.B, with CSeq2
reached a nearly factor of 2 improvement over Seq.B. We
also note that when measuring Seq.B, spin echo ampli-
tudes quickly diminished below the noise floor after a few
data points. Therefore, only an upper limit of 1.6 ms was
placed on Seq.B Ts.

To understand the performance variations among dif-
ference sequences, we calculate their effective filter func-
tions and compare with that of XY8 in Fig. 4(b). We
also plot the noise power spectrum density (PSD) expe-
rienced by the system obtained by CPMG (Carr-Purcell-
Meiboom-Gill) sequences with varying pulse separations
(detailed information in the Supplemental Material [36]).
While the dominant source of spectral diffusion is low
frequency noise with =~ Hz flip rate as discussed in sec-

tion IV, the noise PSD also exhibits a local maxima
around 25 kHz. Compared with the XY8 sequence, the
filter functions of the customized sequences generate side-
bands which will sample less noises in total. We see from
Fig. 4(b) that some customized sequences have wider
sidebands than CSeq2 (i.e. CSeql and Seq.B) but do
not outperform CSeq2 in terms of the coherence time,
indicating that the amount of dipolar interaction sup-
pressed vary among different sequences and the coher-
ence enhancement is not solely due to the spread of the
filter function. Nonetheless, due to the fact that the elec-
tronic spin g-tensor is highly anisotropic in Er3* ions,
customized sequences cannot fully cancel the dipolar in-
teraction term in the spin Hamiltonian [12]. In this case,
we can only tune the ratio between transverse (Jg) and
longitudinal (J;) coupling in the spin system by rearrang-
ing the pulse separations in the sequence, which give rise
to relaxation and dissipation, respectively [51]. A longer



coherence beyond current best result remains possible if
such ratio can be fine tuned. However, a full optimization
was not performed in this work due to limitations of our
experimental setup, such as the smallest accessible pulse
width (1 ps) and the minimum pulse separation (10 us).

VI. DISCUSSION

Our results show milliseconds erbium spin coherence is
reliably achievable despite the presence of nuclear spins
(e.g. yttrium) and paramagnetic impurities in the host
matrix. To generalize, we obtain a long spin coherence
times by addressing low g-factor transitions and by freez-
ing paramagnetic impurity spins at moderate fields and
milliKelvin temperatures. The remaining decoherence
is attributed to unpolarized spins and dipolar interac-
tions in the weakly interacting Er spin ensembles, which
can be further mitigated by custom designed dynami-
cal decoupling sequence to simultaneously suppress spec-
tral diffusion and dipolar interactions. This set of meth-
ods is generally applicable to erbium or other Kramers
ions in wide-ranging hosts with low site symmetries and
anisotropic g tensors. According to [53], a plethora of
crystalline hosts for Er in trigonal, tetragonal, monoclinic
and orthohombic crystal field symmetries exhibit a lowest
g tensor component < 2. A subset of them are also low
noise hosts with nuclear spin magnetic moments compa-
rable or less than yttrium, such as CaWOy, (tetragonal),
SrWO, (tetragonal), ZnS (tetragonal), MgO (tetrago-
nal), Si (monoclinic), Y2SiOs (monoclinic) [53] [48]. In
these hosts, millisecond erbium spin coherence times are
expected following our strategy.

Our work along with a similar report in
167Er3+.CaWO, [14] shows low g paramagnetic im-
purities as the dominant source of spectral diffusion in
moderately doped (O(10) ppm) hosts at milliKelvin
temperatures. Reaching nuclear spin limited coherence
times would require hosts with higher chemical purity
and a very low concentration of paramagnetic dopants
and defects on the ~ ppb level [15]. In such highly
dilute systems, the instantaneous diffusion limit is
lifted, therefore spin coherence approaching T limit is
expected after efficient dynamical decoupling of spectral
diffusion noise. On the other hand, for dilute ensem-
bles of rare-earth ions ((O(10) ppm)), either dipolar
interactions or paramagnetic impurities are likely the
coherence limiting factors, rather than nuclear spins.
In those cases, hosts with a weak nuclear spins such as
Y203 can provide coherence times on par with nuclear
spin-free hosts.

The polarized and reduced magnetic noise environment
also indicates '7Er®* nuclear spin Ty reaching a second
is anticipated in Y203 at a similar field and tempera-
ture, which bodes well for high-fidelity long-term storage
using nuclear spin registers [54]. With the known hy-
perfine interactions [27], the 'S"Er®" nuclear spins can
be initialized into one hyperfine level by sequential hy-

perpolarization via the Er electron spin, or via optical
pumping [2]. This promising combination of long-lived
electron-nuclear spins and strong hyperfine couplings will
enable efficient quantum memories and multi-qubit quan-
tum nodes that are capable of remote entanglement gen-
eration and storage at the telecom band.
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