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Coherent spin dynamics of rare-earth doped crystals in the high-cooperativity regime
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Rare-earth doped crystals have long coherence times and the potential to provide quantum interfaces between
microwave and optical photons. Such applications benefit from a high cooperativity between the spin ensemble
and a microwave cavity—this motivates an increase in the rare-earth ion concentration which in turn impacts
the spin coherence lifetime. We measure spin dynamics of two rare-earth spin species, 145Nd and Yb, doped
into Y2SiO5, coupled to a planar microwave resonator in the high-cooperativity regime, in the temperature range
1.2 K to 14 mK. We identify relevant decoherence mechanisms, including instantaneous diffusion arising from
resonant spins and temperature-dependent spectral diffusion from impurity electron and nuclear spins in the
environment. We explore two methods to mitigate the effects of spectral diffusion in the Yb system in the
low-temperature limit, first, using magnetic fields of up to 1 T to suppress impurity spin dynamics and, second,
using transitions with low effective g factors to reduce sensitivity to such dynamics. Finally, we demonstrate how
the “clock transition” present in the 171Yb system at zero field can be used to increase coherence times up to
T2 = 6(1) ms.

DOI: 10.1103/PhysRevB.106.245416

I. INTRODUCTION

Rare-earth ions (REIs) doped into yttrium orthosilicate
(Y2SiO5, or YSO) are promising systems for use in solid-state
quantum technologies. They have optical [1] and microwave
[2] spin transitions with coherence times of milliseconds for
electron spin resonance transitions [3–5] and hours for nu-
clear spin transitions [6,7]. These properties have stimulated
proposals for the use of such REIs in microwave [8,9] or
optical [10–12] multimode quantum memories and quantum
microwave to optical transducers [13–15]. High-efficiency
storage and retrieval protocols based on spins coupled to
microwave resonators require cooperativity, C � 1, and, con-
sequently, high spin density [16–19]. However, such high
spin densities introduce spin decoherence mechanisms such as
spectral [20] and instantaneous [21] diffusion, which must be
understood and mitigated to achieve useful quantum memory
lifetimes.

In this paper we perform pulsed electron spin resonance
(ESR) measurements of two REI systems ( 145Nd and natYb)
in YSO, using planar superconducting resonators [22] that are
strongly coupled to the spin ensemble (C ∼ 4–245). First,
we measure and identify instantaneous diffusion as a limit-
ing decoherence mechanism in highly doped spin systems.
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We observe a strongly temperature-dependent coherence time
and show that this is due to suppression of spectral diffusion
arising from spin bath polarization at low temperatures. Nev-
ertheless, even at a base temperature of 14 mK, coherence
times are limited by spectral diffusion from electron spin
subensembles. Finally, we show how so-called “clock” (or
zero first-order Zeeman [23]) transitions and isotopic purifi-
cation of the REI impurities can extend coherence times T2 at
zero field to over 6 ms.

II. EXPERIMENTAL AND SPIN SYSTEM

We study three Y2SiO5 samples: one doped with (iso-
topically purified) 145Nd3+ ions (nuclear spin I = 7/2) at
200 ppm (4 × 1018 cm−3), one with a natural isotopic abun-
dance of Yb3+ at 50 ppm (1 × 1018 cm−3), and one with
171Yb3+ at 5 ppm (1 × 1017 cm−3). The crystals were cut
along their principal dielectric axes (D1, D2, b) with faces
perpendicular to b polished for resonator fabrication. Due
to its larger ionic radius, 145Nd preferentially substitutes Y
in one of the crystal sites in Y2SiO5, whereas Yb equally
populates both sites. The Nd sample was studied using a
“thin-ring” NbN resonator [22,24] with a film thickness of
45 nm, resonant frequency fc = 8.07 GHz, and loaded qual-
ity factor Q ≈ 72000. For the Yb samples we used several
spiral NbN resonators [25] with a film thickness of 15 nm
to explore different regimes: a resonator with fc = 5.04 GHz
and Q ≈ 31000, as well as lower-frequency resonators
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FIG. 1. (a) The three rare-earth ion doped YSO samples studied
each had superconducting NbN resonators patterned on them to
enable ESR studies of the spin systems. The 145Nd sample (200 ppm)
was measured using a “thin-ring” resonator [22] and then placed
inside a three-dimensional (3D) copper cavity. The Yb samples were
measured using a spiral resonator and placed on top of a Printed
Circuit Board designed to maximize spin signal. (b) Measurement of
the 145Nd mI = + 7

2 transition around B = 326 mT along D1, show-
ing the avoided crossing in a continuous-wave measurement with a
vector network analyser, where the background S21 transmission of
the 3D cavity has been subtracted for clarity. (c) Echo amplitude from
a two-pulse Hahn echo sequence with the echo-detected avoided
crossing. The darker blue regions indicate larger echo amplitude;
these are points where there is more hybridization between the
resonator and the spins. The operating point for subsequent pulsed
experiments on Nd is indicated by the red cross.

targeting the zero-field clock transition with fc = 2.372 GHz
and Q ≈ 26000. The spiral resonator design was better suited
to the lower target microwave frequencies for Yb, while main-
taining a footprint of about 500 × 800 μm2. All samples were
measured using a dilution refrigerator (base temperature of
∼14 mK) with a (3-1-1) T vector magnet. The Nd sample was
mounted on a sapphire platform inside a copper box, while the
Yb samples were mounted over a copper strip line designed
with impedance steps for efficient collection of signal as out-
lined in the Supplemental Material (SM) [26]. An overview of
all three systems is shown in Fig. 1(a).

Spin transitions were located by monitoring S21( f ) while
sweeping applied magnetic field and identifying avoided
crossings between the resonator and electron spin ensemble,
as shown for Nd in Fig. 1(b). A similar measurement is possi-
ble using pulsed ESR by monitoring the two-pulse Hahn echo
as a function of both magnetic field and frequency, as shown

in Fig. 1(c). The maximum echo intensity is measured at
B = 326 mT, where the resonator and spin line hybridize; we
also note the weak background echo which can be measured
far from the spin line (see the SM [26]). Fitting this avoided
crossing and extracting the ensemble coupling strength gens,
spin linewidth γs, and resonator linewidth κc [27] return co-
operativity C = g2

ens/γsκc = 245 with gens > κc, γs, showing
the system is in the strong-coupling regime, well suited for
high-efficiency memories.

The Nd and Yb impurities studied here are well described
by the spin Hamiltonian:

H = S · Â · I + μBB · ĝ · S − μnB · gn · I, (1)

where the electron spin S interacts with the nuclear spin I
described by a hyperfine tensor Â and to an external magnetic
field B via a g tensor ĝ. The nuclear spin also interacts with
the field via a nuclear g factor gn, the values of which are
given in the SM [26]. The large anisotropy of the electron g
tensor results in an ESR spectrum which has a strong angular
dependence and allows for regimes in which dipole coupling
between rare-earth spins can be suppressed [28].

III. SPIN DECOHERENCE MECHANISMS

A. Instantaneous diffusion

A common decoherence mechanism in bulk doped spin
systems [29]—particularly relevant in samples that are highly
doped to achieve strong coupling to resonators—arises from
the dipolar interaction between resonant spins [21,30]. Such
interactions are not refocused in a two-pulse Hahn echo
(because both interacting spins are flipped), leading to a de-
coherence mechanism known as instantaneous diffusion (ID),
whose rate is proportional to n, the density of resonant spins,
as [30,31]

T2(ID) = 9
√

3h̄

πμ0(gμB)2n
. (2)

Here, g is the effective g factor, while h, μ0, and μB are
Planck’s constant, the vacuum permeability, and the Bohr
magneton, respectively.

We use two approaches to study the effect of resonant
spin density on coherence time: (i) exploiting differences in
the natural abundance of those Yb isotopes which can be
spectrally separated due to their nuclear spin and (ii) using
the variation of spin density across the inhomogeneously
broadened ESR transition. The resonant spin density can be
estimated based on the product of the impurity concentration
of Yb, the natural abundance of the relevant isotope(s), the
two occupied sites in YSO, and the fraction of spins which are
addressed given a particular excitation/resonator bandwidth.
For example, here, a bandwidth of about 66 kHz is set by the
microwave π -pulse length of 15 μs, which should be com-
pared to the inhomogeneously broadened spin linewidth of
γs/2π = 8.7 MHz. This is explained in full in Sec. V of the
SM [26].

In Fig. 2 we show echo-detected magnetic field sweeps
across two ESR transitions: one arising from the set of Yb
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(a)
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FIG. 2. Echo-detected field sweep of natYb at high field (red
curves). The (a) I=0Yb and (b) 171Yb ESR lines can be separately
studied at 905 and 1075 mT, respectively. The effect of ID can be
observed as T2 (blue data points) is measured across the ESR line.
For I=0Yb, the coherence time decreases significantly at the center of
the spin line, where the density of resonant spins is maximal. In both
panels, the black curve is the calculated ID limit on T2 using Eq. (2)
with no fitting parameters (see main text).

isotopes with nuclear spin I = 0 (17.5 ppm) and the other
arising from 171Yb (3.5 ppm). The resonator frequency shifts
as the spin transition is approached [as illustrated for Nd in
Fig. 1(c)], so the applied microwave frequency is adjusted at
each magnetic field value to follow the resonator. The drop
in echo amplitude seen in the center of the line in Fig. 2(a)
arises from the strong resonator/spin hybridization and is
not a result of a distortion of the ESR line shape, which we
assume here to follow a simple Gaussian profile. We measure
T2 across the inhomogeneously broadened ESR line shape and
observe a drop in the coherence time at the center, where the
resonant spin density is greatest. Indeed, using the nominal
50 ppm concentration of Yb3+, natural isotopic abundance,
expected excitation bandwidth, and measured ESR linewidth
with Eq. (2), we can accurately reproduce the observed T2

values with no free parameters. Towards the tails of the
ESR line, where the resonant spin density is lowest, the
measured T2 begins to deviate from that limited by ID and
saturates at 1–2 ms. Performing the same measurement for
the 171Yb transition, we observe no change in T2 over the
ESR line shape—this is expected because we can use the
results above to predict an ID-limited T2 of 11 ms (thanks to
the lower spin concentration of 171Yb), which is well above
the measured values of 6(2) ms. We therefore confirm that
ID is not a limiting decoherence mechanism in the 171Yb
system for this sample and move on to explore alternative
mechanisms.

B. Spectral diffusion

1. Temperature dependence

Cross-relaxation processes (or spin flip-flops) between
spins cause the local magnetic environment to fluctuate over
time, giving rise to spectral diffusion [20,30,32]. Reducing
the temperature of the spin bath polarizes it, reducing the
rate of flip-flops and, consequently, the effects of spectral
diffusion [33–35]. Figure 3 shows such an increase in coher-
ence time with decreasing temperature for both the 145Nd and
natYb samples: in Nd from 24(1) μs at 1.2 K to 0.41(1) ms
at 14 mK and in natYb increasing from 33(7) μs to 3.4(1) ms
over the same temperature range. As in Ref. [9], we model
the temperature dependence of T2 assuming that spectral
diffusion is caused by one or more subensembles of spins
with distinct resonant frequencies. In our 145Nd sample, the
different projections of the I = 7/2 nuclear spin along the
applied magnetic field form the dominant contribution to such
subensembles, while in the natYb sample, multiple isotopes
with different nuclear spins and the projections of nuclear spin
for I > 0 act as subensembles.

We can write the decoherence rate � = 1/T2 of the “central
spin” being studied as [20,32]

� = R�SD

2

(√
�2

0 + R�SD

π
− �0

)−1

≈
√

πR�SD

2
, (3)

where R is the spin flip rate, �SD is the spectral diffusion
linewidth, and �0 is a residual decoherence rate in the ab-
sence of spectral diffusion. When the dominant noise process
is spectral diffusion (i.e., �0 � √

R�SD), we neglect the �0

dependence of T2. Assuming that spectral diffusion occurs
from spin flips due to spin-spin interactions between resonant
subensembles, we can write the flip-flop rate within the ith
subensemble of spins as [28]

Ri = βff (θ )
n2

i

�i
sech2

(TZ,i

T

)
, (4)

where ni and �i are, respectively, the spin density and
linewidth of the ith subensemble and βff is a parameter which
encompasses the angular dependence of the coupling param-
eter and the g tensor. TZ,i is the Zeeman temperature for
each subensemble: TZ,i = h f /kB, where f is the transition
frequency. In the case of an isotropic medium βff ∝ μ4

Bg4,
however, this does not hold in the case of strong anisotropy,
as in YSO [3,36–38]. This term is proportional to the rate
derived from Fermi’s golden rule, taking the dipole coupling
as a perturbation of the spin Hamiltonian. To account for this

we rewrite βff = ξ
μ4

Bμ2
0

h2 M2
i , where Mi is the matrix element

of each subensemble transition and ξ is a coupling rate fit
parameter. We thus rewrite R as

Ri = ξ
μ4

Bμ2
0

h2
M2

i

n2
i

�i
sech2

(TZ,i

T

)
. (5)

The spectral diffusion linewidth of the ith subensemble
(the frequency shift of the central spin by the spins in this
subensemble due to dipolar interactions) is given by [20]

�SD,i = πμ0μ
2
B

9
√

3h
nigig sech2

(TZ,i

T

)
, (6)
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(a)

(b)

(c)

(d)

FIG. 3. The decoherence rate 1/T2(T ) measured from 1.2 K to 14 mK for (a) the 145Nd sample and (b) the natYb sample. In both
samples, the decoherence rate drops with temperature due to suppression of spectral diffusion below the Zeeman temperature of various
spin subensembles present in the sample. The solid curve is a fit using Eq. (7), and dashed lines indicate the Zeeman temperatures of all
the subensembles used in the fit, whose relative abundance is shown in pie charts. The insets in (a) and (b) show the measurement of T2 at
the lowest temperature, 14 mK, using a two-pulse echo sequence. (c) and (d) Stimulated (three-pulse) echo decays for the 145Nd and natYb
samples, respectively, aiming to determine the source of decoherence at the base temperature of 14 mK. The values of τ in the three-pulse
echo sequence were chosen for each sample in proportion with T2 at 14 mK. For natYb ( 145Nd), the magnetic field was 370 mT (326 mT), and
microwave frequency was 5.04 (8.07) GHz.

where g and gi are the effective g factors of the central and ith
spins, respectively. Combining Eqs. (3)–(6) gives an expres-
sion for the overall temperature-dependent decoherence rate,
where the spectral diffusion component contains contributions
from multiple subensembles, similar in form to that given in
Ref. [9]:

�(T ) = �res +
√

πμ3
0μ

6
B

9
√

3h3�
g
∑

i

√
ξn3/2

i Mi(
1 + e

TZ,i

T

)(
1 + e− TZ,i

T

) .

(7)
�res, which we treat as a fit parameter, is a temperature-
independent decoherence rate due to, for example, spectral
diffusion from spins that remain unpolarized even at our base
temperature of 14 mK. ξ is a single temperature-independent
fit parameter reflecting the average effective g factor gi of all
subensembles. Mi was calculated using EASYSPIN [39]. We
assume the linewidth of each subensembles is equal to that of
the central spin. The relative populations of the ground P↓ and
excited P↑ states involved in the flip-flop processes for each
subensemble are P↓ = [1 + exp(+T i

Z/T )]−1 and P↑ = [1 +
exp(−T i

Z/T )]−1 according to Boltzmann statistics [9,34].
Fits to Eq. (7), where ξ and �res are the only free param-

eters, are shown in Fig. 3. The resulting free parameter ξ

returns values of 1.94(1) for Nd and 12(1) for Yb. As ξ ∝ g4,
the difference in these values is attributed to the differences
in the g-tensor components, in particular gz = 4.17 in Nd,

whereas gz = 6.06 in Yb site 2 [3,37]. Notably, the Nd sample
also has a substantially larger residual decoherence rate �res at
the base temperature of the dilution fridge than the Yb sample;
however, we believe this is partially due to poor thermalization
in the Nd sample, as outlined in the SM [26].

2. Low-temperature limit

To further investigate the residual decoherence mechanism
present at low temperatures, we used a three-pulse stimulated
echo sequence (π

2 -τ -π
2 -Tw-π

2 -τ -echo) [32] to directly measure
the component due to spectral diffusion. The inhomogeneous
fields induced by planar resonators on bulk doped crystals
means that the pulses are not true π

2 pulses. The stimulated
echo amplitude is given by [32]

A(τ, Tw) = A0 exp

[
−

(
Tw

T1
+ 2πτ�eff

)]
, (8)

where A0 is a fitted amplitude, τ and Tw are delay parameters
used in the pulse sequence, and T1 is the spin relaxation time,
measured to be 696 ms ( Nd) and 47 ms ( Yb) from data shown
in the SM [26] (see also Refs. [40,41] therein). The effective
decoherence rate �eff is

�eff = �0 + 1
2�SD(Rτ + 1 − e−RTw ), (9)

where �SD is the spectral diffusion linewidth, R is the total
spin-flip rate, and �0 is a residual decoherence rate. As the
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duration of the experiment is much shorter than the measured
T1 (see Sec. VII in the SM [26]), we assume all decoherence
occurs from spectral diffusion and set �0 = 0. Figures 3(c)
and 3(d) show the three-pulse echo decay as TW is increased
for three different values of τ . As T2 is longer for the 171Yb
sample, longer τ values were chosen so that both samples
investigate the same τ/T2 ratio.

As shown in the SM, fitting Eqs. (8) and (9) to the
data in Figs. 3(c) and 3(d) does not uniquely determine R
and �SD due to their covariance; however, the fit routine
does reliably determine their product. In Nd these fits return
R�SD = 3.5(4) × 106 Hz2, which allows us to extract a limit
on the coherence time using Eq. (3) of T2 = 0.60(3) ms. Using
Eqs. (4) and (6) with the stimulated echo fit, an estimated spin
bath temperature of 61 mK is obtained (significantly higher
than the measured base temperature). Further evidence of the
poor thermalization is seen in the deviation from the expected
temperature dependence of the echo magnitude below about
100 mK (see the SM).

Following a similar analysis for the Yb sample, the fits
return R�SD = 1.3(3) × 105 Hz2. This results in a spectral
diffusion limited T2 of 3.1(7) ms, consistent with the two-
pulse echo value of 3.38(9) ms, and an estimated spin bath
temperature of 38 mK. We explore the source of spectral dif-
fusion in the Yb sample and compute the effect of 89Y nuclear
flip-flops. Following the methods presented in Ref. [20], de-
scribed further in the SM, we calculate a spectral diffusion rate
and linewidth from 89Y flip-flops: RY �SD,Y = 1.05 × 105 Hz2

with a limiting T2 = 3.48 ms. This is in agreement with T2

measured with a two-pulse echo, and we therefore conclude
that the low-temperature coherence time is limited by 89Y
nuclear spin flip-flops.

IV. MITIGATING SPIN DECOHERENCE

In Sec. III we found the coherence of 171Yb electron spins
in natYb-doped YSO at 14 mK to be primarily limited by spec-
tral diffusion from 89Y nuclear spin flip-flops when measured
at 5.04 GHz and 370 mT. We next explore two strategies to
further suppress spin decoherence: first, exploiting the sub-
stantial anisotropy of the g tensor and rotating the magnetic
field to orientations which give the lowest effective g factor
and, second, exploring the clock transition at zero magnetic
field for which the first-order sensitivity of the ESR transition
frequency goes to zero with respect to the magnetic field.

A. Increasing magnetic field

For a given ESR transition frequency, the magnetic field
orientation at which the effective g factor is lowest is that
which provides the ESR resonance at the maximum mag-
netic field. We investigate this approach for 171Yb using a
lower resonator frequency (2.43 GHz) than that used above
so that the resonant fields remain within the range of our
vector magnet. As the magnetic field is rotated in the D1-D2

plane, the resonant field reaches a peak of 1.2 T; however,
due to experimental limitations the highest field we studied
was 1.07 T, at an angle of −131◦ from D1. Figure 4(a) shows
how T2 varies as the field is rotated in the D1-D2 plane. Due

Angle D1-D2 plane (o) 
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0

R
 (
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m
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10-2

subsite a
subsite b

89Y SD

(a)

(b)

FIG. 4. Angular dependence of T2 in the high-field regime.
(a) The measured coherence time of 171Yb as the applied field is
rotated in the D1-D2 plane; the subsite degeneracy is lifted due
to a slight misalignment with the b axis. At −131◦, T2 reaches a
maximum, which corresponds well with the modeled coherence time
(dashed lines) extracted using R�SD. The gray curves correspond to
the predicted coherence time in the absence of electron spin spectral
diffusion. (b) As the angle of the applied field is rotated in the
D1-D2 crystal plane, the anisotropic g tensor results in an angular
dependence of the spectral diffusion rate R and 171Yb’s sensitivity to
it ∇ f . At angles of about 131◦, both R and ∇ f reach a minimum,
resulting in an increase in the coherence time.

to a small misalignment towards the b axis (estimated to be
< 0.8◦), the degeneracy of the two crystal subsites is lifted.

Considering first the coherence times measured at an angle
of around −88◦ from D1 (approximately along D2), we see
that they fall substantially below that predicted due to 89Y
nuclear spin flip-flops. Here, the magnetic field was 154 −
174 mT, less than half that used in Sec. III due to the lower
resonator frequency. In this regime, therefore, some electron
spin subensembles appear to remain unpolarized at 14 mK
and contribute to spectral diffusion. As the magnetic field
orientation rotates further away from D1, the effective g fac-
tor decreases, demanding a larger magnetic field magnitude
to satisfy the resonance condition for 171Yb—this increased
magnetic field in turn serves to further polarize electron spin
subensembles in the bulk, as was achieved in Sec. III by
lowering temperature. Therefore, approaching the optimum
field orientation of −133◦ offers the twin benefits of reduc-
ing magnetic field noise by polarizing the bath at high field
(minimizing R�SD) while also reducing the sensitivity ∇Bf of
the central spin to that noise. Indeed, at −131◦, the coherence
time of subsite a was measured to be 6(2) ms. Both ∇B f and
R�SD are plotted in Fig. 4(b), based on the relationships in
Eqs. (4) and (6) and the spin Hamiltonian (see Sec. XI in
the SM for further details [26]). The resulting model for T2

follows the observed data well, including the different times
seen for the two subsites. Figure 4(a) also shows the simulated
impact of spectral diffusion from 89Y nuclear spins varies in
this regime. We can therefore predict that if the 5.04 GHz
resonator were used in this experiment, we would expect a
T2 of 25.5 ms (similar to that measured in [5]) at −132.7◦;
however, this would occur at 3.07 T, beyond the capabilities
of our experimental setup.

245416-5



JOSEPH ALEXANDER et al. PHYSICAL REVIEW B 106, 245416 (2022)

B. Around zero magnetic field

We showed above that using large magnetic fields (around
1 T) applied at specific orientations can extend the 171Yb
electron spin T2 to several milliseconds. However, such fields
introduce practical challenges when embedding 171Yb within
more complex superconducting circuits, and indeed, to inte-
grate with superconducting qubits it is desirable to operate
close to zero magnetic field. One of the attractive features of
171Yb as a quantum memory is the clock transition it exhibits
at zero field—here, the sensitivity to magnetic field noise goes
to zero, to first order, which should reduce the impact of
spectral diffusion on the spin coherence time. The use of a
microresonator to perform ESR at a clock transition at zero
magnetic field requires precise control of its resonance fre-
quency to match the 171Yb zero-field splitting of 2.370 GHz.
This challenge is made more acute by the narrowing of the
ESR linewidth which occurs around the clock transition. We
explore ESR in the low-field regime of natYb doped YSO
using a resonator with a frequency within 2 MHz of the
clock transition (comparable to the spin-resonator coupling
strength).

To investigate the impact of the clock transition on spin
coherence, we perform magnetic field sweeps along a fixed
direction of 49◦ in the D1-D2 plane—at this field orientation
∇B f follows a local minimum, leading to the longest expected
coherence times (see the SM). Figure 5(a) shows how T2

increases sharply as the field passes through zero, reaching
a maximum of 1.77(6) ms at 0 mT. While a strong increase
in coherence time (over an order of magnitude) is observed
around zero field compared to fields up to 40 mT at this orien-
tation, the increase remains well below that predicted by the
decrease in sensitivity to magnetic field noise ∇B f . Indeed,
the times measured here at the nominal clock transition at
zero field remain several times shorter than those measured
at high fields (∼1 T) described above where the effective g
factor drops to 0.1. We attribute this behavior to the impact of
environmental electron spins that not only are unpolarized but
also become mutually resonant at zero magnetic field, leading
to a large increase in the effective magnetic field noise. In
this natYb sample, isotopes with zero nuclear spin ( I=0Yb)
comprise approximately 70% of the natural abundance of
Yb impurities, providing a large bath of unpolarized electron
spins. Approaching zero magnetic field, we conclude that the
rate of spectral diffusion increases faster than ∇B f of 171Yb
decreases, limiting the enhancement of T2 (see Sec. XII of the
SM for more details [26]).

C. Isotopic purification of Yb

When seeking to exploit 171Yb defect spins in YSO as a
candidate quantum memory medium, any other isotopes of Yb
present in the bulk serve only to introduce additional sources
of decoherence, particularly at the low magnetic fields used
to access the clock transition. We next explore the use of iso-
topically pure 171Yb doped Y2SiO5, using a resonator design
identical to that used in the natYb sample with a resonant
frequency of 2.368 GHz. Figure 5(b) plots measured T2 as
a function of magnetic field along the same 49◦ orientation
as above (the lower resonator frequency here limited the ad-
dressable field range). In the absence of other Yb isotopes the

(a)

(b)

FIG. 5. Field dependence of the coherence time of 171Yb at low
field for both (a) the natYb doped and (b) isotopically pure 171Yb
doped systems. While T2 increases substantially [to 1.77(6) ms] as
the field approaches zero (highlighted by the inset, which is zoomed
in around zero magnetic field) in the natYb system, the coherence
time is not as long as that measured at high field [6(2) ms]. The
coherence time deviates from the trend in decreasing ∇B f , as shown
by the gray dashed line. This is due to the presence of an unpolarized
spin bath of other Yb isotopes at zero field, which is highlighted
by the increased coherence in the isotopically pure 171Yb system in
(b). Here, a longer maximum T2 is measured [6(2) ms], and a wider
region of long coherence is also observed.

coherence times are now over an order of magnitude longer
in this field range of 0–10 mT, reaching a gentle maximum
of 6(1) ms at 2.5 mT—the longest 171Yb T2 measured in all
the systems we studied here. As the field magnitude reaches
< 1 mT, the measured T2 shortens, which we attribute to the
impact of 89Y nuclear spins at low magnetic field. The co-
herence decay curves themselves exhibit electron spin echo
envelope modulation (ESEEM), which occurs when the elec-
tron spin interacts with one or more neighboring nuclear spins
and the coherent quantum state is transferred between the two.
As the frequency of these oscillations is proportional to the
Larmor frequency, the revival of the electron spin echo goes to
infinity as the field goes to zero. This means that a coherence
curve cannot be fitted to the echo decay, so this appears as a
decrease in T2; this is a problem present in all systems with
a strong hyperfine interaction [42]. Another possibility for
the dip in coherence at 0 mT is the changing behavior of the
nuclear spin bath around the clock transition [43]; here, the
89Y nuclear spins are no longer in the frozen core, so there
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is an increase in spectral diffusion. This interaction between
the electron spin and the 89Y nuclear spins is a general issue
for operating quantum memory at zero field which effects all
rare earths doped in Y2SiO5, motivating studies in other host
materials with lower nuclear spin concentrations [44,45].

V. CONCLUSION

We used on-chip superconducting resonators to perform
pulsed ESR measurements on 145Nd and 171Yb in YSO in
the high-cooperativity regime C = 4 to 245. Cooling the spin
ensemble down to a nominal base temperature of 14 mK was
shown to extend coherence times by polarizing the bath of
electron spins in the environment, leading to T2 = 0.41(1) ms
for 145Nd (likely limited by poor sample thermalization) and
T2 = 3.38(9) ms for 171Yb, believed to be limited by spectral
diffusion from 89Y nuclear spins in the host. We explored two
routes to suppressing spectral diffusion in 171Yb. The first in-
volved rotating the applied magnetic field to access transitions
with a low effective g factor to enable the coherence time of
6(2) ms. The high magnetic field (> 1 T) serves to polarize the
spin bath, reducing the spectral diffusion rate, while the low
effective g factor reduces the sensitivity to spectral diffusion,
so the coherence time is further increased. Second, we studied
coherence times around the clock transition, showing that the
strong reduction in sensitivity of magnetic field noise around
zero field is somewhat compensated by a large increase in
magnetic field noise from spin flip-flops from other Yb iso-
topes. Using an isotopically pure 171Yb:YSO sample, we were
able to increase T2 to a maximum of 6(1) ms.

Overall, based on the understanding we have obtained
on decoherence mechanisms in these system, we conclude
that 171Yb offers clear advantages over 145Nd for spin-based

memories in YSO arising from its lower nuclear spin (I =
1/2) and thus reduced concentration of nonresonant electron
spin in the environment. The longest coherence times for
171Yb are predicted to be achieved at higher magnetic fields
(e.g., 25 ms at fields of about 3 T), although these show lim-
ited compatibility with superconducting circuits in general.
ESEEM from 89Y is likely to pose a limiting factor in the use
of 171Yb spins at zero magnetic field; however, this could be
avoided by moving to other crystalline hosts, such as CaWO4

[5]. Quantum memory schemes typically require high-fidelity
control of the spins, which is challenging for bulk-doped rare-
earth ion spins such as those studied here—spatially confining
such spins is therefore likely to be advantageous, for example,
through implantation or lithography.
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