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Ensembles of dopants have widespread applications in quantum technology. The miniaturization of
corresponding devices is however hampered by dipolar interactions that reduce the coherence at increased
dopant density. We theoretically and experimentally investigate this limitation. We find that dynamical
decoupling can alleviate, but not fully eliminate, the decoherence in crystals with strong anisotropic spin-
spin interactions that originate from an anisotropic g tensor. Our findings can be generalized to many
quantum systems used for quantum sensing, microwave-to-optical conversion, and quantum memory.
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Distributed quantum information processing and sensing
requires long-lived and efficient quantum memories [1,2].
Crystals with rare-earth dopants [3] are a promising plat-
form in which outer-shell electrons shield qubits in the
inner 4f levels, thus achieving exceptional coherence of
both ground-state [4,5] and optical transitions [6,7].
However, the small oscillator strength of the latter [3]
typically requires a large number of dopants. This hampers
constructing small devices for efficient multiplexing and
on-chip integration [8–12]: when increasing the dopant
concentration, the onset of dipolar interactions leads to a
decrease of the achievable coherence time. While off-
resonant spins can be decoupled by a series of spin-echo
pulses [13], this does not work for spins with the same
Larmor frequency. Here, resonant pulses change the pre-
cession frequency of each spin by altering the magnetic
field generated by its neighbors. This phenomenon, termed
instantaneous diffusion (ID) [14], seems to pose a limit to
the minimal size of quantum memories and sensors based
on spin ensembles.
In this Letter, we theoretically and experimentally

investigate to which degree this limitation can be overcome
by dynamical decoupling (DD). DD has developed into a
powerful technique to protect the coherence of spins in
solids [13]. It has also been applied to non-Kramers rare-
earth dopants [15–17] that experience only weak inter-
actions. Instead, we focus on Kramers dopants with strong
spin-spin interactions. Here, the large angular momentum

quantum number J of 4f electrons entails many energy
levels, whose degeneracy is lifted by the crystal field and an
external magnetic field B⃗0. One can then describe their spin
as an effective spin-1=2 system in the eigenstate basis of a
Zeeman Hamiltonian with anisotropic g tensor [18–21]:

HZ ¼ −μBB⃗0gS⃗: ð1Þ

Here, μB is the Bohr magneton, S⃗ is the spin vector, and
the coordinate system x, y, z is chosen such that g is
diagonal. Then, the spins precede around an effective
magnetic field that differs from B⃗0 [22]. Still, the pairwise
interaction between dopants is modeled by dipolar inter-
actions. In the Zeeman eigenbasis, the corresponding
Hamiltonian reads as follows [23]:

Hdd ¼ 2JSðσ̂þσ̂− þ σ̂−σ̂þÞ þ JIσ̂zσ̂z: ð2Þ

Here, σx;y;z represents the Pauli matrices, σ̂� ¼
ðσ̂x � iσ̂yÞ=2 the ladder operators, and we have dropped
all nonsecular terms like σ̂þσ̂þ and σ̂þσ̂z, which is justified
in an external magnetic field of sufficient strength [24].
Still, in systems with an anisotropic g tensor, the secular
terms lead to anisotropic interactions between spins [21].
The coefficients JS and JI represent the strengths of the
flip-flop and spectral diffusion processes, respectively. To
calculate the dephasing rate, we focus on JI that describes
the energy shift for a pair of dopants at a distance r:

JI ¼
μ0
4πr3

h2γ2eff
4

½1 − 3 cos2 δ�: ð3Þ

Here, μ0 is the permeability of free space, h Planck’s
constant, and δ the angle between the spin precession
axis and the vector connecting them. The effective
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gyromagnetic ratio γeff depends on the projections bi of the
magnetic-field vector on the g-tensor eigenaxes:

γeff ¼
μB
h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g4xb2x þ g4yb2y þ g4zb2z
g2xb2x þ g2yb2y þ g2zb2z

s

: ð4Þ

When spin-lattice relaxation is negligible, integrating
over a random distribution of dopants in the dilute
ensemble gives a Lorentzian broadening of the transition
frequency [25,26] with full-width-half-maximum (fwhm)
linewidth:

Δν ¼ 2π

9
ffiffiffi

3
p μ0hγ2effneff : ð5Þ

Here, neff is the concentration of spins that are flipped by
the spin-echo pulse [27]. Equation (5) implies an expo-
nential coherence decay with T−1

SE ¼ πΔν, which poses a
limitation on the coherence of interacting spin ensembles.
As an example, we now consider erbium-doped crystals,
whose large g-tensor eigenvalues [28] lead to particularly
strong spin-spin interactions [22].
Erbium-doped crystals have attracted considerable inter-

est because they enable quantum memories in the main
band of optical telecommunication. First experiments in
erbium-doped yttrium-orthosilicate (Er:YSO) have demon-
strated storage of optical [29,30] or microwave photons
[31] and second-long hyperfine coherence at high magnetic
fields, where the electronic spins are frozen to the ground
state [5]. In this work, we instead study the electronic spin
coherence in the low-field regime.
In Er:YSO, the Kramers ion [32] erbium substitutes for

yttrium in two sites [6,33] with two magnetically inequi-
valent classes each. At a cryogenic temperature, only the
lowest crystal field level of each class is occupied. Its
twofold degeneracy is lifted in a magnetic field [28].
We consider crystals with a comparably low erbium

concentration of 10 ppm, resulting in n ¼ 4 ppm for the
even isotopes in one site. Still, the ground-state lifetime is
limited by flip-flops [29] (top panel of Fig. 1, black
dashed theory curve from [22]). Following Eq. (5), also
the spin-echo time is limited by interactions (black solid
line). It is shortest for the magnetic-field directions that
give a long lifetime. While the latter scales quadratically
with n [22], the former exhibits only linear scaling. Thus,
even in the purest Er:YSO samples investigated so far,
with n ≃ 0.4 ppm [7,11], the ground-state spin-echo
coherence is limited to the submillisecond range, which
is too short for many applications.
In the following, we therefore investigate if the

coherence time can be increased by DD, where a sequence
of control pulses drives the spins along a path in which the
interaction Hamiltonian with the environment cancels to
first order [34]. Typical sequences employed previo-
usly eliminate frequency shifts from magnetic-field

inhomogeneity and off-resonant spin baths [13,15–
17,35]. The decoupling of resonant spin baths has also
been achieved in spectroscopy of isotropic spin-1=2 sys-
tems [36], and anisotropic interactions have been elimi-
nated by rotating the sample in the magnetic field [37].
However, this technique cannot be applied to ensembles
with strong interactions. Here, complete decoupling of
anisotropic interactions is not possible with global spin
(rather than sample) rotations, as they leave the isotropic
component of the interaction, α ˆσ⃗ · ˆσ⃗, unchanged [38–41].
For dipolar interactions in dilute spin baths this component
reads as follows:

α ¼ μ0μ
2
B

12πr3
X

i¼x;y;z

g2i ð1 − 3r̂2i Þ ¼
2JS þ JI

3
: ð6Þ

Here, r̂i represents the components of the unit vector
connecting the spins. For an isotropic g tensor with spin
S ¼ 1=2, spin-spin interactions can be decoupled to first
order as gx ¼ gy ¼ gz ≡ g and thus α ∝ g2ð1 − jr̂j2Þ ¼ 0.
In contrast, in systems with S > 1=2, or with an anisotropic
g tensor, α ≠ 0. Thus, for general input states a part of the
Hamiltonian cannot be averaged out completely via
DD [39].
In the following we show that some coherence improve-

ment is still possible. To this end, we calculate the spin
evolution caused by the microwave pulse sequence to
obtain the average Hamiltonian [34]. For all sequences
that consist only of Clifford rotations (e.g., π=2 and π)
[38,41], the average Hamiltonian keeps the form of Eq. (2),
but the coefficients change to J̃S and J̃I, from which we
calculate the new dephasing time constant [23] following
previous work [20,26,42]. We first investigate recently
proposed robust pulse sequences [38] designed to cancel
interactions with both resonant and off-resonant spin baths.
Such sequences have been applied to ensembles of nitro-
gen-vacancy center (NV) centers with an anisotropic
interaction Hamiltonian, but an isotropic g tensor [43].
Here, we instead study the case of interacting spins with an
anisotropic g tensor. As shown in Fig. 1(a) (solid orange
line), we find that a moderate improvement of the dephasing
time is feasible for most magnetic-field orientations, but
comes at the price of a reduced flip-flop time (Fig. 1(a),
dashed orange line). Remarkably, the coherence becomes
independent of the magnetic-field angle since the average
interaction Hamiltonian for a sequence that rotates the
spins in all directions for equal amounts of time reads
Hdd;iso ¼ α ˆσ⃗ · ˆσ⃗. This seems to suggest that an isotropic
average Hamiltonian minimizes dipolar interactions in the
ensemble.
However, further improvement of the dephasing time

while reducing the lifetime is possible by minimizing the
component J̃I σ̂zσ̂z. To this end, we keep the above pulse
sequence, but adjust the free-evolution time between
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pulses. As detailed in the Supplemental Material [23], the
weights of ðσ̂xσ̂x þ σ̂yσ̂yÞ and σ̂zσ̂z can be redistributed
continuously [38,41], with the diffusion parameter ranging
between J̃I ¼ JI (no effect) and J̃I ¼ JS (maximum effect).
The latter case is shown as a dashed blue line in Fig. 1(a).
For magnetic-field directions with large γeff , the coherence
is enhanced by 2 orders of magnitude, approaching the
lifetime limit T2 ≤ 2T1 at the studied concentration.
However, the lifetime is strongly reduced when compared
with the case without DD.While Fig. 1(a) shows the prolate
g tensor of yttrium orthosilicate (YSO), Fig. 1(b) shows the
oblate tensor of CaWO4. Here, it turns out that asymmetric
decoupling sequences do not allow for considerable
improvement as compared with symmetric ones.
We now turn to an experimental test of our model. In all

experiments, we use 0.5 mm thin YSO crystals with a
nominal erbium concentration of 10 ppm, mounted in a
closed-cycle cryostat at 0.8 K at magnetic fields of
approximately 0.02 T. Depending on γeff , the field strength
is slightly adjusted to induce a spin splitting of 3 GHz that
matches the resonance frequency of the used microwave
resonator. As detailed in [44], we have established tech-
niques to initialize, coherently control, and read out the spin
of the erbium ensemble, achieving a π-pulse fidelity of 98%
on the ground-state spin transition, measured at the center

of its inhomogeneous linewidth of ∼9 MHz fwhm. When
integrating over the entire line, the average flip probability
is reduced by approximately one third [23]. Thus, the far-
detuned parts of the ensemble are not decoupled by our
microwave pulses. This reduces the effective concentration
of resonant spins, but does not limit the effectiveness of DD
sequences for the resonant subensemble [27].
The pulse quality is sufficient for DD when a robust

pulse sequence is used. To demonstrate this, we apply the
magnetic field along the b axis of YSO [28], where the
classes are aligned. With a narrowband optical pulse we
initialize a small fraction (around 1%) of the spins in the
optically excited state j↓ie [Fig. 2(a)]. We then apply
square microwave pulses with a Rabi frequency of ΩR ¼
2π × 6.2ð2Þ MHz along the D2 axis to prepare and probe
the coherence on the transition j↓ie ↔ j↑ie. As the
effective g factor geff;e ¼ 10 of the optically excited I13=2
state differs from that of the I15=2 ground state [28], the
concentration of resonant spins is low in this case, such that
ID is negligible. The coherence of the ensemble is instead
limited by off-resonant interactions with erbium dopants in
the ground state and to a weaker extent [23] by interactions
with the Y nuclear spin bath [35,45].
As shown in Fig. 2(b), already a spin echo increases the

coherence from an exponential decay with 0.07ð1Þ μs

(c)

(a) (b)

FIG. 1. The interaction of erbium dopants at an exemplary concentration of 4 ppm depends on the external magnetic-field orientation,
shown in the g-tensor eigenbasis for prolate [YSO site 1, (a)] and oblate tensors [CaWO4, (b)]. Both the flip-flop limited spin lifetime
(light black dashed) and the ID-limited spin-echo time (black solid) show an angular dependence on the effective g factor (c). When the
interactions are symmetrized using DD (yellow), the coherence can be increased for magnetic-field configurations with large effective g
factors, at the price of a reduced lifetime (yellow dashed). In systems with a prolate g tensor (gz ≫ gx; gy), further suppression of ID is
possible using asymmetric decoupling sequences (blue), approaching the lifetime limit (blue dashed) at the studied concentration. In
contrast, for oblate tensors (gz ≪ gx; gy) only a marginal further improvement is possible. (c) Disorder-robust-interaction-decoupling
(DROID-60) sequence used for DD [38]. It consists of π pulses and π=2 pulses (long and short bars) along the X (blue upward), Y (red
upward), −X (blue downward), and −Y (red downward) axes of the rotating frame, separated by equal spacings (black and orange lines).
In the asymmetric variant, the orange delays are left out.
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(Ramsey measurement, brown) to a Gaussian decay within
1.7ð1Þ μs (black). Further improvement is obtained by
XY-4 DD (other colors). The used sequence is composed
of π pulses of 86 ns duration, applied alternately along X
and Y. After every four pulses, the sequence is robust
against pulse imperfections [13]. As shown in Fig. 2(c), the
improvement of the coherence with the number of π pulses
nπ is well fit by T2 ∝ nπð2=3Þ, as predicted and previously
observed for fluctuating spin baths with Lorentzian spectral
noise density [46]. At large pulse numbers, e.g., nπ ¼ 64,
we observe a slight broadening of the prepared optical hole
that we attribute to pulse-induced heating. Still, the
obtained coherence of 48ð3Þ μs is promising for quantum
memory protocols in the optically excited state [47].
After demonstrating an improvement of the coherence

by almost 3 orders of magnitude in the absence of resonant
interactions, we now turn to the ground-state transition
j↓ig ↔ j↑ig. Here, the concentration of resonant spins is
∼100-fold higher. We start with a magnetic-field orienta-
tion at ∼130° from the D1 axis, slightly out of the D1-D2
plane, such that the magnetic classes are detuned. Here, the
effective g factor and thus the lifetime is the largest [22,23],
but ID is also the strongest. In a Ramsey measurement with
square microwave pulses of ΩR ¼ 2π × 6.4ð5Þ MHz,
applied along the crystal b axis, we find an expo-
nential decay with T�

2 ¼ 0.056ð9Þ μs, caused by the
inhomogeneous linewidth of the ensemble [23].

Comparing the spin echo to that in the optically excited
state, we now observe an exponential rather than a
Gaussian decay, and the improvement is much smaller
[TSE ¼ 0.78ð8Þ μs].
Also DD with XY-4 and XY-8 sequences does not lead to

a significant improvement: TXY-4 ¼ 0.9ð1Þ μs and TXY-8 ¼
1.1ð2Þμs [23]. This is explained by the onset of ID via
resonant spin-spin interactions. The data are in good
agreement with our theoretical prediction of TSE ¼
0.91ð7Þ μs [Eq. (5)], when using a reduced effective
concentration neff ¼ 0.68ð5Þn to account for the finite
Rabi frequency [23].
From this modeling, we expect that the spin-echo time

does not change significantly in the experimentally acces-
sible regime of g factors, where the lifetime of the spin is
long enough for spin pumping [22,44]. To confirm, we
change the magnetic-field direction by 40°, such that
geff;g ¼ 10.5, similar to our previous measurements in
the excited state. The field is now close to the D2 axis
of YSO, but slightly tilted toward the b axis to detune the
magnetic classes by 0.1 GHz. The spin inhomogeneous
linewidth is unchanged, such that a Ramsey measurement
with square microwave pulses of ΩR ¼ 2π × 14.9ð1Þ MHz
gives T�

2 ¼ 0.04ð1Þ μs. Similarly, we find an exponential
spin-echo decay with TSE ¼ 0.89ð6Þ μs (Fig. 3, black data
and fit), in agreement with both our modeling and the above

(b)

(a) (c)

FIG. 2. Dynamical decoupling at a low resonant spin concen-
tration. (a) The coherence of excited dopants is not limited by ID
but by the interaction with the off-resonant spin baths of nuclear
and ground-state electronic spins. (b) Starting from a Ramsey
decay dominated by the inhomogeneous transition linewidth
(brown data and exponential fit), the coherence can be extended
by XY-4 DD, leading to Gaussian decay curves ∝ exp½−ðt=T2Þ2�
(other colors). (c) The dephasing time increases with the pulse
number as T2 ∝ ðnπÞγ . The green dashed line is the theoretical
prediction for a fluctuating spin bath with Lorentzian spectral
noise density (γ ¼ 2=3) [46].

FIG. 3. Dynamical decoupling at high spin concentration. On
the ground-state transition (inset), more resonant spins contrib-
ute to ID, which limits the coherence. While the Ramsey
measurement (brown dots and fit) gives a similar result as in the
excited state, the spin-echo decay is exponential rather than
Gaussian (black diamonds and fit). Its decay constant reduces
twofold when the concentration is doubled by aligning the
magnetic classes (gray). The application of DROID-60 [38]
(yellow rectangles and fit) significantly improves the coherence
time up to the theoretical limit for symmetric sequences (red
dashed line).
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measurement. This proves that the dephasing is largely
independent of the magnetic-field direction.
To investigate the scaling with concentration, we now

align the field along D2, where both magnetic classes [28]
are degenerate and the density of the resonant spins is
increased twofold. As expected, we observe a twofold
decrease of the spin-echo time, finding 0.51ð3Þ μs (gray
data and fit).
The good agreement of all measurements with the

theoretical prediction, the observed exponential decay
and its scaling with concentration, and the ineffectiveness
of XY4-DD as compared with our measurements in the
optically excited state unambiguously prove that the
coherence in the ground state is limited by spin-spin
interactions, which cannot be eliminated by sequences that
use only π pulses. In contrast, some improvement can be
expected by disorder-robust interaction decoupling
(DROID-60) [38,43], which decouples on-site disorder
and isotropic interactions while being robust with respect
to pulse imperfections.
We keep the magnetic field close to D2 and apply 48π

pulses and composite π=2 pulses as shown in [Fig. 1(c)].
When initializing and measuring the spins along X and
increasing the pulse separation, the coherence decays
within 2.5ð4Þ μs (yellow data and fit), in agreement with
our calculation (∼2.7 μs, red dashed theory curve).
In principle, with the prolate g tensor of YSO, further

improvement would be possible with an asymmetric variant
of DROID-60. However, at the achieved Rabi frequency the
pulse duration is not short enough, such that one expects
only a marginal further improvement [23].
To summarize, we have investigated strongly interacting

spin ensembles in Er:YSO, with applications ranging from
sensing [43] to the exploration of new phases of matter
[48]. We find that the coherence is limited by interactions,
but can be enhanced by robust DD sequences. Further
improvement requires increased Rabi frequencies, which
would also allow the investigation of DD sequences in
other magnetic-field configurations, and the decoupling of
anisotropic interactions via adiabatic-driving and double-
resonance techniques [49].
Our findings may guide the improvement and integra-

tion of quantum memories and sensors. In particular, the
insight that DD sequences cannot fully eliminate aniso-
tropic spin-spin interactions, a common situation for all
rare-earth dopants, quantum dots [50], and several color
centers [49], has several implications: first, it seems to
enforce the use of nuclear rather than electronic spins for
long-lived quantum memories [5]. Second, it may stimu-
late research into novel materials with higher oscillator
strength, tailored inhomogeneous broadening, or an iso-
tropic g tensor. Third, it may guide the optimization of
magnetic fields for a given combination of dopant and
host. Finally, enhancing the optical depth with resonators
[7,8,11,51–53] seems promising to increase the coherence

by reducing the dopant concentration without sacrificing

efficiency.
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