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Abstract

Doping erbium ions into europium-based hosts o�ers a promising plat-

form for quantum repeater nodes, combining europium's exceptional co-

herence properties for long-term quantum storage with erbium's microwave

compatibility and direct telecom-band emission for e�cient optical inter-

facing. In this work, we investigated erbium-doped EuCl3 · 6H2O stoichio-

metric crystals as a candidate for such nodes. We demonstrate that er-

bium doping shifts the optical transition frequencies of nearby Eu3+ ions,

producing well resolved satellite lines in the inhomogeneous absorption

pro�le. We experimentally probe the coupling between Er3+ and Eu3+

ions under varying temperature and magnetic �eld conditions, quantifying

the interaction strength, which ranges from tens to hundreds of kilohertz,

depending on �eld orientation, magnitude, and the lattice position of the

Eu3+ ions. At 60 mK and a moderate magnetic �eld of 0.1 T, we observed

a strong frozen core e�ect from Er3+ spins, substantially extending the

Eu3+ optical coherence time from 62 µs to 162 µs, approaching the life-

time limit, and enabling hour-long hyper�ne state lifetimes. These results

underscore the potential of dual-species rare-earth systems for photonic

quantum technologies and highlight their promise for precise quantum

control.
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1 Introduction

The realization of large-scale quantum networks depends critically on the devel-
opment of high-�delity quantum nodes that combine e�cient optical interfaces
with long-lived quantum memories (1; 2; 3). Rare-earth-ion-doped crystals have
emerged as a promising material platform for this purpose, particularly in ap-
plications that require multiple stationary qubits with long coherence times
and direct compatibility with telecom-wavelength photons (4; 5). Within this
class of materials, europium (Eu3+) and erbium (Er3+) ions stand out for their
unique and complementary properties: Eu3+ o�ers exceptional optical and spin
coherence times, making it an excellent candidate for quantum storage and
processing (6; 7; 8; 9), while Er3+ features optical transitions in the telecom C-
band (∼1.5 m), enabling seamless integration with �ber-optic communication
infrastructure (10; 11; 12; 13; 14).

In this context, stoichiometric europium crystals present a compelling plat-
form in which Er3+ ions can be intentionally introduced as active qubits that
interact with the densely packed Eu3+ ions naturally present in the host lat-
tice (15). This architecture enables a novel hybrid quantum node design: Er3+

ions serve as tunable optical interfaces and mediators of interaction, while Eu3+

ions act as long-lived quantum memories (Figure 1) (16). Moreover, the large
and anisotropic electronic spin of Er3+ in low-symmetry environments allows
for controllable dipolar interactions with neighboring Eu3+ ions, creating an
addressable spin ensemble capable of supporting multi-qubit quantum registers
(17).

However, the incorporation of Er3+ ions inevitably perturbs the local Eu3+

environment through lattice strain and electric and magnetic dipolar �elds. Un-
derstanding these Eu�Er coupling mechanisms is essential for elucidating the
microscopic behavior of this hybrid rare-earth system and optimizing it for
quantum repeater node applications. Moreover, while stoichiometric crystals
o�er well-de�ned Eu3+ ion positions and a highly ordered crystal �eld, their

2
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Figure 1: Telecom-band quantum node based on Er3+ ion doped sto-
ichiometric europium crystals. a) Schematic of a telecom-band quantum
node using Er3+ ion doped stoichiometric europium crystals, where Er3+ ions
serve as the quantum interface operating at telecommunication wavelengths,
while nearby Eu3+ ions act as long-lived quantum memories. b) The schematic
energy level diagram of the Er3+ and Eu3+ions with δf denotes the static optical
frequency shift arising from the size mismatch between Er3+ and Eu3+ ions.

high rare-earth-ion density raises concerns about interaction-induced decoher-
ence, which must be carefully managed.

Here, we investigate the stoichiometric crystal EuCl3 · 6H2O, chosen for
its long coherence times and exceptionally narrow inhomogeneous linewidths
( 100 MHz) that enable high-precision quantum control (15). Doping with 0.1%
Er3+ realizes a hybrid Eu�Er system bridging Eu-based quantum memories with
telecom-band optical transitions. Using satellite-line spectroscopy, we map lo-
cal Eu�Er con�gurations and quantify frequency shifts and broadening mech-
anisms. Temperature- and �eld-dependent photon-echo measurements reveal
how Er-induced local �elds in�uence Eu3+ coherence and elucidate the Eu�Er
coupling. Eu3+ ions near Er3+ exhibit pronounced frequency shifts, producing
well-resolved satellite lines. Above 2 K, Er3+ signi�cantly shortens the optical
coherence of nearby Eu3+ ions, while below 2 K this e�ect becomes insigni�-
cant. Under magnetic �elds, the Er-induced e�ects are strongly anisotropic and
at �eld intensity above 1 T, frozen Er3+ electronic spins signi�cantly suppress
Eu�Eu interactions. These �ndings establish this hybrid rare-earth platform as
a promising testbed for e�cient, telecom-compatible quantum repeater nodes
(16)

2 Results

2.1 Resolving Eu3+ Sites Proximal to Er3+ Dopant

The EuCl3 · 6H2O crystal has a monoclinic structure and belongs to the P2/n
space group (No.13), with the single Eu3+ site exhibiting C2 symmetry. In this
study, both undoped EuCl3 · 6H2O crystals and 0.1% Er3+ doped EuCl3 · 6H2O
crystals were grown from an aqueous solution at near room temperatures as
detailed in reference (15). These crystals have the smallest dimension along
the [010] (C2) axis and a single cleavage plane along the [100] direction. For
spectroscopy and coherence time measurements, the crystal was cleaved along
the (100) plane, and the sample had a thickness of approximately 2 mm along
the light propagation direction ([100] axis). The laser was linearly polarized
along the [010] axis to maximize absorption. The orientation of the crystal and
the experimental setup is illustrated in the methods section and Supplementary
Figure 1.

We performed spectroscopic measurements of the 7F0 → 5D0 transition of



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Figure 2: Excitation spectrum of the 7F0 → 5D0 transition for Eu3+

ions in the 0.1%Er3+ : EuCl3 · 6H2O crystal (red) and the undoped
EuCl3 · 6H2O crystal (black). The satellite lines are labeled as peaks A,
B, and C from left to right. The frequency spot at the main peak (-2.9 GHz)
abelled as D was involved in some measurements.

Figure 3: Two pulse photon echo measurements and optical coherence
of Eu3+ satellite lines in Er3+ : EuCl3 · 6H2O. a) The top subplot shows
the the two-pulse photon echo (TPPE) amplitude for the Eu3+ satellite lines
of the Er-doped crystal with a �xed delay of τ = 10 s, while another laser was
tuned to scan through the 4I15/2 →4 I13/2 transition of the Er3+ ions as shown
in the bottom subplot. b) The TPPE decay curves of Eu3+ satellite lines in the
Er-doped crystal and in the undoped crystal recorded at a temperature of ap-
proximately 60 mK. The solid lines represent the �tting resulted from the single-
exponential model A(τ) = A0 exp[(− 2τ

T2
)], where A0 is the initial echo amplitude,

and 2τ represents the total delay between the �rst π/2 pulse and the echo. The
�tting resulted optical T2 values of 62.8 ± 3.6 s, 55.3 ± 3.9 s and 43.6 ± 2.1 s for
the three satellite lines respectively and of 79.4 ± 3.7 s for the undoped sample.
c) Temperature dependence optical homogeneous linewidth Γh of Eu3+ satellite
lines. The solid lines for satellite lines B and D show the �tting results from

a phenomenological formula Γh(T ) = Γ0 + ΓSDe
−(T−TSD)2

2σ2 + αphononT
7, where

the Gaussian function is used to capture the feature of the bump peak ΓSD near
2.9 K and αphonon presents the line broadening contributed by the two-phonon
Raman process. The dashed lines for lines A and C are shown only as guides to
the eye, as the data above 3 K are too limited to reliably extract the �t param-
eter. All measurements were performed in the absence of an external magnetic
�eld.

Eu3+ to examine changes in transition frequencies and inhomogeneous broad-
ening induced by Er3+ doping. To enable analysis of Eu-Er interactions in
subsequent experiments, we also measured the Er3+ spectra, focusing on the
magnetic-�eld dependence of their optical transition frequencies, from which
we extracted the g-factors. Due to the strong absorption of the dense Eu3+

ions in this material, direct transmission (absorption) measurements would be
severely saturated. The inhomogeneous lineshape of the Eu3+ ions, recorded as
an excitation spectrum in both the Er-doped crystal and the undoped crystals,
is shown in Figure 2. These measurements were conducted at a temperature of
60 mK and in the absence of an external magnetic �eld. The Er-doped crystal
exhibits a broad primary excitation feature centered around ∼ 517148.5 GHz
(579.7028 nm in vacuum), which is signi�cantly broader compared to the un-
doped crystal. Additionally, the Er-doped crystal shows three distinct satellite
lines, labeled as A (-8.5 GHz), B (+5.0 GHz), and C (+6.9 GHz), which arise
due to local strain caused by the ionic radius mismatch between Er3+ and Eu3+

(18). Thus, each satellite line relates to the ensemble of Eu3+ ions occupying
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a particular position adjacent to the dopant Er3+ ion. Based on prior studies
(18; 19), we assign the crystallographic sites of these peaks by examining their
frequency shifts and their distance from the Er3+ dopant, as summarized in
Supplementary Table 1. Speci�cally, peak C corresponds to ions located at one
of two possible crystallographic sites along the C2 axis, while peak A and B are
associated with ion sites o� the C2 axis. The linewidths of these satellite lines
are comparable to those observed in the undoped crystal, suggesting that the
doping of Er3+ does not signi�cantly contribute to line broadening of the Eu3+

transition. This observation supports the interpretation that the broadening
of the central peak for Er-doped crystal is primarily due to a large number of
poorly resolved satellite lines.

For the Er3+ ions, measurement of the electronic Zeeman g-factor was real-
ized by performing optical spectroscopy of the 4I15/2 → 4I13/2 (Z1 → Y1) tran-
sition at 60 mK with an external magnetic �eld applied (detailed in Supplemen-
tary information). Along the C2 axis, the measured g-factor are = 0.70± 0.04
for the ground state (Z1) and e = 0.12 ± 0.04 for the excited state (Y1) (Sup-
plementary Figure S2a ). In the plane perpendicular to the C2 axis, the g-
factor values exhibits strong anisotropy , with a maximum exceeding 13 and a
minimum approaching zero (Supplementary Figure S2c), closely matched those
obtained from EPR measurements in the Er3+ doped YCl3 · 6H2O crystal (20).

2.2 Interactions between Eu3+ and Er3+ in the absence of

a magnetic �eld

We explored the potential to indirectly manipulate nearby Eu3+ via the dopant
Er3+ by using a laser to intentionally perturb the Er3+ ions optically prior to
the two-pulse photon echo (TPPE) sequence on the Eu3+ ions. The results is
present in Figure 3a, with the pulse sequences applied shown in the inset.

The scrambler laser frequency of the Er3+ scanned through 1533.9 nm (Z1

→ Y1 transition), while the echo amplitude of Eu3+, at a �xed delay of τ=10
s, was monitored. When the scrambler laser beam is resonant with the Z1

→ Y1 transition, optical excitation of Er3+ ions changes their electric dipole
moments, which in turn alters the local electric �eld experienced by the nearby
Eu3+ ions (21; 22; 23). This perturbation induces small shifts in the Eu3+

optical transition frequencies, leading to decoherence, as evidenced in Figure 3a
by the signi�cantly decreased echo amplitude across all satellite lines. Notably,
satellite line A and C exhibit greater reductions than line B, indicating that
the corresponding Eu3+ sites are strongly coupled to Er3+ ions, whereas those
Eu3+ ions associated with line B experience weaker coupling.

Next, the optical coherence time of Eu3+ at each satellite line was measured
without applying an intentionally perturbing laser on the Er3+ ions. For com-
parison, the coherence time of Eu3+ in an undoped crystal was also measured.
The TPPE decays of these measurements are presented in Figure 3b. The echo
envelope attenuation for all datasets exhibits an exponential form and can be
well described by a standard relaxation time T2. Fitting the data yields the
optical homogeneous linewidth Γh, which are related to the coherence time T2
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Figure 4: Stimulated photon echo decay of Eu3+ satellite lines. a-c)
The measured stimulated photon echo (SPE) decay of the Eu3+ as a function of
the separation Tw for satellites A, B, and C in the Er-doped crystal, with a �xed
time τ = 7 µs. The inset presents the Fast Fourier transform results, modulated
from the SPE for di�erent Tw ranges, which was processed by removing the DC
component through subtraction of the double-exponential �tting results. All
measurements were performed in the absence of an external magnetic �eld.

by Γh = 1/πT2, as 5.1 ± 0.3 kHz, 5.7 ± 0.4 kHz, 7.3 ± 0.4 kHz for Eu3+ ions
corresponding to satellite line peaks A, B, and C, respectively.

These values are only slightly broader than that of the undoped crystal
(Γh=4.0 ±0.2 kHz), indicating limited decoherence e�ects of Er3+ dopants on
the nearby Eu3+ ions. This can be attributed to the low temperature (at ap-
proximately 60 mK) we used during the measurements, when electronic spin
�ips of Er3+ are largely suppressed.

We extended the coherence time measurements of Eu3+ at the three satellite
lines and the undoped crystal to a broader temperature range, from 60 mK to
10 K. In addition, the measurements were also performed at a frequency detuned
by approximately -2.9 GHz within the primary spectral feature of the Er-doped
crystal, labelled as `D' in Figure 2. As shown in Figure 3c, the homogeneous
broadening of the undoped crystal saturates at temperatures below 4 K, and
exhibits a T7 dependence at higher temperatures (24; 25). This behavior sug-
gests that the optical decoherence of Eu3+ in the undoped crystal is primarily
governed by two-phonon Raman processes.

For the Er-doped crystal, all four Eu3+ groups (A, B, C, and D) exhibit
similar saturation behavior in the Γh below 2 K at a level comparable to that
observed in the undoped crystal. Above 2 K, however, Γh increases more rapidly
with temperature across all satellite lines and the D point. Notably, satellite
peaks A and C show a more pronounced increase, likely due to their stronger
coupling with the Er3+ ion, compared to satellite B and the D point. This
steepening is attributed to the rapid increase in the electronic spin relaxation
rate of Er3+ above 2 K.

Additionally, both satellite B and the D point display a distinct bump near
2.9 K, which we attribute to a narrowing e�ect analogous to motional narrowing
(26). As temperature rises, the spin relaxation rate becomes signi�cantly larger
than the interaction strength induced in nearby Eu3+ ions (group B and D).
In this regime, the �uctuations from Er3+ spin �ips are averaged out over the
measurement window, leading to a reduction in Eu3+ homogeneous broaden-
ing. In contrast, satellite lines A and C, which couple more strongly to Er3+,
are expected to exhibit such narrowing peaks at higher temperatures that fall
outside our measurement range (discussed in more detail later). Above 6 K, ho-
mogeneous broadening is again dominated by two-phonon Raman processes (Γh
∝ T7), as previously discussed and consistent with other Eu3+-doped systems
(25; 24).
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To further quantitatively investigate the Eu−Er interactions, we employed
the stimulated photon echo (SPE) technique using a π/2 − τ − π/2 − Tw −
π/2− τ sequence. Compared with TPPE, SPE o�ers an extended measurement
time window, enabling higher precision in frequency determination (27; 28).
The SPE decay curves of Eu3+ ions in satellite lines A, B, and C at 60 mK
are shown in Figure 4(a-c). Exponential decay �ts yield excited-state lifetimes
of 89.0 s, 96.9 s and 54.3 s, respectively, consistent with luminescence decay
measurements for these sites (Supplementary Table S1 ). Clear modulations
appear in the echo envelopes, indicating frequency shifts in Eu3+ ions due to
coupling with the Er3+. Fast Fourier Transform (FFT) analysis (Figure 4 (a-c),
insets) reveals two frequency components per curve, with the higher-frequency
component vanishing for Tw � 200 s. We thus attribute the higher-frequency
component to interactions involving the excited state (5D0) of Eu3+ and the
lower-frequency component to interactions involving the ground state (7F0).
These results, summarized in Supplementary Table S1 , agree with calculations
based on magnetic dipole�dipole interaction models.

Table 1: Calculated (magnetic dipole�dipole model) and experimental results
(SPE) for variation in transition frequencies for Eu3+ at the satellite lines due
to magnetic dipole�dipole interactions with the Er3+. |δgω| and |δeω| represent
the �uctuation amplitudes of the Eu3+ transition frequency caused by nearby
Er3+ ions, corresponding to the ground and excited states, respectively. The
details of the calculation are presented in Methods.

line ions calculated

|δgω| (kHz) SPE

|δgω| (kHz) SPE

|δeω| (kHz)

A 100.7 101.9 230.5

B 23.9 16.4 39.0

C 93.3 58.0 92.6

To quantify the decoherence induced by Er3+ ions, we model the process as
a Gauss-Markov stochastic modulation. In this framework, the TPPE decay of
Eu3+ is given by (29; 30):

LG(t) = Exp{− δ2w
REr

2 [REr t − 3 + 4e−REr t/2 − e−REr t ]} (1)

Here, δw characterizes the �uctuation amplitude of the Eu3+ transition fre-
quency caused by Er3+, and REr is the Er3+ electronic spin relaxation rate.
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Figure 5: Calculated Er3+ spin relaxation and predicted Eu3+

linewidth broadening. a) The calculated Er3+ electron spin relaxation rate
REr from Equation 2. The inset shows a rapid increase in REr starting from
2 K, re�ecting enhanced relaxation processes. The labelled 2.9 K is where we
observed bump in the broadening for satellite line B and D point shown in Fig-
ure 3. The red crosses represent REr values along satellite line B at 2 K and
2.9 K, corresponding to the initial increase and saturation of the homogeneous
linewidth. b) Predicted temperature dependence broadening for the satellite
line Eu3+ ions, calculated using the di�usion model of Equation 1.

The values of δω used for calculation are the δgω values taken from the SPE
measurements listed in Table 1.

We assume that REr is governed by the Orbach process (20), described by :

REr = αoe−∆/T (2)

where ∆ = 24.5 K (16.8 cm−1) corresponds to the energy of the Z2 excited
state (31), and αo is the Orbach coe�cient. Substituting Equation 2 into Equa-
tion 1 and solving for LG(t = T2) = e−1 yields the temperature-dependent
homogeneous broadening of the Eu3+ satellite lines, parameterized by αo.

Based on the experimentally observed peak at 2.9 K for satellite line B
(Figure 3c), we estimate αo ≈ 9 × 104 kHz. This value is approximately an
order of magnitude higher than that derived from EPR measurements of Er3+

in YCl3 · 6H2O (20), likely due to the presence of an applied magnetic �eld in
the latter experiment. Using Equation 2, we calculate REr as a function of
temperature (Figure 5a).

The resulting temperature-dependent homogeneous linewidths for the Eu3+

satellite lines, derived from the model, are shown in Figure 5b. Compared to
satellite line B, satellite lines A and C, the narrowing peaks occurs at higher
temperatures (3.7 K and 3.4 K, respectively), consistent with their stronger
coupling to Er3+. Likewise, the peak Γh values for A and C are higher than
that of B.

However, certain features in the experimental data (Figure 3c) are not fully
captured by our simulations. For instance, in satellite line B, (i) the homoge-
neous linewidth shows a sharp resurgence following the narrowing peak, and
(ii) the peak value of Γh is signi�cantly higher than predicted. We hypothesize
that these discrepancies may stem from several factors. First, lattice distortions
arising from the ionic radius mismatch of Er3+ may enhance phonon-mediated
decoherence at relatively low temperatures. Second, the presence of multiple
Er3+ isotopes and their complex hyper�ne structures may contribute additional
decoherence channels for nearby Eu3+ ions�e�ects not fully accounted for in
our model.
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Figure 6: Magnetic �eld dependence of optical coherence in Eu3+ ions.
a) The optical Γh of the Eu3+ at the satellite lines (top) and the g-factor value
of Er3+ (, bottom) as a function of the magnetic �eld orientation in the plane
perpendicular to the C2 axis, with a �xed �eld strength of |B| = 0.1 T. b) The
TPPE decays of the Eu3+ at the satellite lines, measured at θ = 100◦(|B| =
0.1 T). An exponential �tting resulting optical coherence time of 161.8± 9.3 s,
155.7±10.1 s, and 85.3±4.2 s for satellite lines A, B, and C, respectively. A free
running laser, without frequency stabilization, was used for these measurements
to minimize phase noise during feedback correlation. c) The optical Γh of Eu3+

as a function of the magnetic �eld strength applied along θ=100◦ in the plane
perpendicular to the C2 axis. The inset shows an expanded view for |B| ≤ 0.1 T.
(d) The optical Γh of Eu3+ as a function of the magnetic �eld strength applied
along the C2 axis. The solid lines in (a), (c) and d) are merely connecting lines
between data points.

2.3 Magnetic �eld e�ects on Er3+ and Eu3+ dynamics

In this section, we investigated how variations in the orientation and magnitude
of the magnetic �eld a�ect the dynamics of Er3+ ions and, in turn, in�uence
nearby Eu3+ ions. Our primary objectives are to characterize the Eu − Er
coupling and to identify magnetic �eld conditions that optimize the optical
coherence time of the satellite-line Eu3+ ions.

As in the g-factor measurements (Supplementary Figure 2), we applied a
moderate magnetic �eld of |B| = 0.1 T at a �xed temperature of 60 mK and
measured the optical linewidth Γh of Eu3+ ions as the magnetic �eld was rotated
in the plane perpendicular to the C2 axis (Figure 6a).

In the undoped crystal, the optical linewidth Γh exhibited no dependence
on the rotation angle θ, as expected. In contrast, in the Er-doped crystal, Γh

for all Eu3+ satellite lines displayed a clear periodic angular dependence. Local
minima of Γh occurred at θ ∼ 10◦ and 190◦, coinciding with -factor minima of
Er3+ spins (Figure 6a). Interestingly, the global minima of Γh for all satellite
lines, appeared at θ ∼ 100◦ (and 280◦), where the Er3+ -factor reaches its
maximum. At this magnetic �eld orientation, the optical coherence times of
Eu3+ ions were measured to be 161.8± 9.3 s, 155.7± 10.1 s, and 85.3± 4.2 s for
satellite lines A, B, and C, respectively - approaching their state-lifetime limits
(Figure 6b).

This re�ects the role of angular dependent g-factor value of the Er3+ spins
in modulating the coherence properties of nearby Eu3+ ions (more direct image
in Supplementary Figure S4 ). When the -factor () is small, the Er3+ spin �ips
cause minimal �eld perturbation to nearby Eu3+. As the -factor increases, both
the interaction strength (δgω) and the rate (REr) of magnetic �eld perturbations
increase (20), resulting in linewidth broadening in all satellite line Eu3+ ions.
At even larger -factor, when the Zeeman splitting of Er3+ spin levels become
signi�cant, compared to kT, the lack of available phonon density cause the
electron spin been frozen into the lower spin state. This also suppress the �ip-



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

�op process because there is limited ions in the upper spin state for exchanging
energy with that in the lower state. The resulted spin `freezing' (lower REr) of
Er3+ induces frozen core e�ect on the nearby Eu3+ and thus narrowing Γh (32).

We further examined linewidth behavior under increasing magnetic �eld
strength applied along two directions: the C2 axis (g-factor minimum ∼0.7)
and θ = 100◦ (g-factor maximum ∼13.46). For each orientation, we measured
Eu3+ optical homogeneous linewidths at satellite lines A, B, C and the undoped
crystal.

In the undoped crystal (Figure 6cd), the homogeneous broadening steadily
increased with �eld strength for both orientations, saturating at 2.5 T along
the C2 axis. This behavior arises from the quadratic Zeeman e�ect, where an
applied magnetic �eld induces a moment in Eu3+ ions, enhancing their dipole-
dipole interactions with each other and broadening the linewidth. At higher
�elds, a large energy gap of Eu3+ is created through Zeeman e�ect, resulting
in frozen core e�ect which suppress the dipole-dipole interaction between these
Eu3+ ions, leading to saturation and a slight narrowing.

In the Er-doped crystal, a distinct trend emerged across both orientations: as
�eld strength increased, Eu3+ linewidths became narrower than in the undoped
sample. We attribute this to the frozen core e�ect induced by Er3+ spins. Here,
two key points merit attention: (1) Er3+ spins must be frozen before they can
stabilize nearby Eu3+ spins; (2) as �eld increase, Eu3+ ions experience both
frozen core stabilization from Er3+ and dipole-dipole interactions with other
Eu3+ ions.

Although quantitatively modeling this in�uence is di�cult, we can infer
trends by comparing Er-doped and undoped results. Along the θ = 100◦ di-
rection (Figure 6c), all satellite lines initially exhibit narrowing with increasing
�eld and reach minimum linewidths around 0.01 T. Beyond this, A and C satu-
rate, while B gradually broadens. This suggests that Er3+ spins are e�ectively
frozen above 0.01 T, maximizing the stabilization of Eu3+ at A and C. In con-
trast, the Eu3+ at satellite line B, which couples more weakly to Er3+, continues
to broaden due to residual Eu�Eu dipole interactions, resembling the undoped
case.

Along the C2 axis (Figure 6d), although all satellite lines show increasing
linewidths with �eld, the rate is slower than in the undoped sample. Around
0.2 T, the linewidths fall below those of the undoped crystal, implying that Er3+

spins are frozen. However, due to the small g-factor, the coupling of all satellite
line Eu3+ to Er3+ remains weak, and dipole interactions among Eu3+ domi-
nate. As a result, the Eu3+ satellite lines continue to broaden and eventually
saturate�again mirroring the undoped case. Importantly, the magnetic �eld
required to freeze Er3+ spins di�ers by a factor of 20 between the two directions
(0.01 T and 0.2 T)�roughly an inverse match to the ratio of their g-factors,
consistent with expectations.

Finally, we explored the impact of Er3+ spin freezing on Eu3+ hyper�ne dy-
namics. At θ = 100◦ and |B| = 0.1 T, where the g-factor of Er3+ is maximized
and the frozen core e�ect is most pronounced, the Eu3+ hyper�ne lifetime (Ts

1)
measured via spectral hole burning exceeded its zero-�eld value by over three
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orders of magnitude (see Supplementary information). The longest Ts1 was ob-
served for satellite line A, reaching 4200 s (over 1 hour), suggesting hyper�ne
coherence time up-limit of 2 hours.

3 Discussion

In this study, we conducted satellite line spectroscopy and photon echo mea-
surements on a 0.1% Er3+ : EuCl3 · 6H2O crystal to assess the potential of this
system for developing quantum repeater nodes. We characterized the coupling
between Er3+ dopants and nearby Eu3+ ions, revealing well-resolved frequency
satellite lines in the Eu3+ inhomogeneous pro�le, attributed to ionic radius mis-
match. At sub-Kelvin temperatures, both inhomogeneous and homogeneous
optical linewidths of these satellite lines were comparable to those in undoped
EuCl3 · 6H2O crystals.

Upon optical excitation of Er3+, we observed echo demolition e�ects. Even
without deliberately driving Er3+ transitions, temperature-dependent decoher-
ence in neighboring Eu3+ ions was detected, driven by Er3+ spin dynamics.
Stimulated photon-echo modulation measurements quanti�ed the Eu3+�Er3+

coupling, which follows a dipole�dipole interaction model. We measured e�ec-
tive coupling strengths of approximately 100 kHz for nearest-neighbor Eu�Er
pairs. This coupling magnitude is central to enabling coherent quantum-state
transfer: if Er3+ coherence can be extended to the sub-millisecond regime, co-
herent swap or controlled-phase operations between telecom-band Er3+ qubits
and storage-e�cient Eu3+ ensembles become feasible using advanced dynamical
control protocols such as PulPol and ZenPol (33; 34; 35).

Under a 0.1 T magnetic �eld, we achieved an optical coherence time of 162 s
and a hyper�ne-state lifetime exceeding one hour, demonstrating the promise of
Eu3+ for long-lived quantum storage. Further improvements can be realized by
deuterating the crystal to suppress nonradiative decay through O�H vibrations
(15; 36). By deuterating the crystal, it is also possible to extend both the optical
and spin coherence times of Er3+ ions. When complemented by reduced Er3+

doping concentration and Er3+ electronic spin polarization under low tempera-
tures and high magnetic �elds, this approach is highly promising for attaining
the coherence time of Er3+ necessary for building quantum nodes.

The Er3+ concentration, however, introduces an inherent trade-o� in de-
signing such hybrid quantum systems. Increasing Er3+ content enhances the
optical depth of the Eu3+ satellite transitions, bene�cial for spectral tailoring
and multiplexed memory protocols. However, it also ampli�es lattice strain
and both Er�Er and Eu�Er dipolar interactions, leading to additional spectral
broadening and accelerated decoherence for both Er3+ and Eu3+. Optimizing
this balance�between optical depth, spectral purity, and coherence time�will
be essential for developing robust and scalable telecom-compatible quantum re-
peater nodes based on stoichiometric rare-earth crystals.

Analyzing the decoherence dynamics of central ions in�uenced by the sur-
rounding spin bath is a signi�cant focus in quantum systems based on solid-
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stated defects. In most cases, the dynamics of the spin bath is indirectly ana-
lyzed by observing the central ion. However, in the current system, Eu3+ ions
serve as a spin bath for Er3+ ions. By directly optically driving these envi-
ronmental ions, we observed and analyzed the dynamic process related to the
central spin, such as the `frozen core' e�ect. This work complements existing
theoretical and experimental framework in solid-state quantum systems.

Methods

Experimental setup

With the experimental setup, as depicted in Supplementary Figure 1a, the crys-
tal was mounted on a copper sample holder and enclosed in a sealed glass con-
tainer �lled with nitrogen gas to prevent e�orescence of the sample in vacuum.
This setup was mounted inside a dilution fridge (LD400, Bluefors), maintaining
a base temperature of approximately 60 mK. A three-dimensional vector super-
conducting magnet (American Magnetics Inc.) was employed to generate an
external magnetic �eld, with �eld strength up to |B| = 5 T along the [010] (C2)
axis and |B| = 1 T in the (010) plane, as depicted in Supplementary Figure 1b.

The 7F0→ 5D0 optical transition for Eu3+ ions, excited around 580 nm,
and the 4I15/2 → 4I13/2 transition for Er3+ ions, excited around 1534 nm, were
driven by two separate diode lasers from Toptica. The 580 nm laser has a
linewidth of approximately 10 kHz, with its frequency stabilized using a com-
mercial metrological-grade Fabry-Perot cavity (Stable Laser Systems). The fre-
quency and intensity for both laser beams were modulated using acousto-optic
modulators (AOM1 and AOM2).

Photon echo measurement

Two pulse photon echo measurements on the 7F0 →5 D0 optical transition of
Eu3+ ions were performed using π/2 pulses of 1 µs and π pulses of 2 µs, gen-
erated via an acousto-optic modulator (AOM1). For stimulated photon echo
measurements, three pulses of 1 µs duration were applied. The echo ampli-
tude was detected by interfering it with a local oscillator frequency-shifted by
approximately 21 MHz, and the resulting beat signal was recorded using a pho-
todetector.

Eu3+- Er3+ interaction of di�erent satellite lines

The decoherence of Eu3+ ions located near Er3+ dopants is primarily governed
by magnetic dipole�dipole interactions between the two species (37). For a
Eu3+ ion at a relative position r with respect to a neighboring Er3+ ion, the
interaction Hamiltonian takes the standard form:

Hdd =
µ0

4π

[
γEu · γEr
|r|3

− (γEu · r)(γEr · r)
|r|5

]
, (3)
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where γEu and γEr are the gyromagnetic ratios of Eu3+ and Er3+, respec-
tively. This interaction may lift the e�ective C2 symmetry between otherwise
crystallographically equivalent Eu3+ sites.

However, γEr is not well-de�ned in the absence of an external magnetic �eld,
and the complex hyper�ne structure of Eu3+ complicates accurate modeling of
the dipole�dipole interaction. To estimate the interaction strength in the 7F0

ground state, we approximated the decoherence-inducing energy shift as:

δgω =
µ0

4π

γEuγEr
|r|3

(4)

where anisotropy in the magnetic moment was neglected, and both gyromag-
netic ratios were taken as e�ective scalar values: γEu ≈ 2 MHz/T and γEr ≈ 98
GHz/T (half of the maximum). Hyper�ne-level contributions were also disre-
garded in this approximation.

Data availability

The data for the current study are available via Zenodo (https://zenodo.org/records/18229971).
No other publicly available datasets or sequences were used in this study.

Code availability

All data and �gures are original and generated by the authors using appropri-
ate licensed software. Scripts and routines used to produce these �gures are
available from the corresponding author upon reasonable request.
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