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Er3+:Y2SiO5 is a material of particular interest due to its suitability for telecom-band quantum memories
and quantum transducers interfacing optical communication with quantum computers working in the microwave
regime. Extending the coherence lifetimes of the electron spins and the nuclear spins is essential for implement-
ing efficient quantum information processing based on such hybrid electron-nuclear spin systems. The electron
spin coherence time of Er3+:Y2SiO5 is so far limited to several microseconds, and there are significant challenges
in optimizing coherence lifetimes simultaneously for both the electron and nuclear spins. Here we perform a
pulsed-electron-nuclear-double-resonance investigation for an Er3+-doped material at subkelvin temperatures.
At the lowest working temperature, the electron spin coherence time reaches 290 ± 17 µs, which has been
enhanced by 40 times compared with the previous results. In the subkelvin regime, a rapid increase in the
nuclear spin coherence time is observed, and the longest coherence time of 738 ± 6 µs is obtained. These
extended coherence lifetimes could be valuable resources for further applications of Er3+:Y2SiO5 in fiber-based
quantum networks.
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I. INTRODUCTION

The construction of a large-scale quantum network is one
of the core topics for quantum information science and tech-
nology [1,2]. Currently relying on a terrestrial optical fiber
network, entanglement distribution can be achieved at a phys-
ical separation on the order of 100 km [3]. To further extend
the distribution distance, the widely accepted solution is to
build up a quantum repeater network based on quantum mem-
ories [3–5]. Significant progress has been made towards this
ultimate goal. Heralded entanglement between two NV cen-
ters, physically separated by 1.3 km, is been established by
photonic connection at the wavelength of 637 nm [6] which
exhibits strong attenuation in optical fiber. Longer channel
length has been recently achieved using the cold atomic en-
semble working at the wavelength of 795 nm and being
combined with visible-to-telecom wavelength conversion [7].
However, in such schemes, the networking scale and the data
rate will be severely limited by the conversion efficiency and
the additional noise. To solve this problem, the necessary
requirement is that the matter-based quantum memory should
be directly compatible with telecom wavelength. Er3+ has a
highly coherent optical transition in the telecom C band [8],
and great efforts have been devoted to develop Er3+-based
quantum memories, using Er3+ ensemble [8–19] or single
Er3+ coupled with optical cavities [20–23].

*zq_zhou@ustc.edu.cn
†ci@ustc.edu.cn

Among the Er3+-doped materials, Er3+:Y2SiO5 has at-
tracted particular interest [8–17,20,21], because of its longest
optical coherence lifetime among all of the rare-earth-ion
doped solids [8]. In order to further extend the storage time,
the optical excitation can be transferred to spin states in a
�-type configuration [4,24–26]. The odd isotope 167Er3+ can
provide such configuration using the nuclear spin states, and
the nuclear spin coherence lifetime can reach 1.3 s at a mag-
netic field of 7 T [14]. The large electronic magnetic moment
of Er3+:Y2SiO5 can be strongly coupled with microwave pho-
tons, showing great promise in the conversion of microwave
to optical photons [11,12,27], as well as microwave quantum
memories [13,28,29]. It therefore offers a possibility to build
a unified and versatile quantum interface connecting quan-
tum processing, memory, and communication. Recently, the
emission of single photons from a single Er3+ ion is observed
[20,22], and single-shot spin readout is realized in Y2SiO5
[21]. These works have set up the foundation of long-range
entanglement distribution based on single Er3+ ions. The
electron and nuclear spin coherence lifetimes are crucial for
applications of Er3+ ions in microwave quantum memories
[30,31] and quantum repeater [6]. However, without utilizing
a clock transition [32] or dynamical decoupling, the electron
spin coherence time is so far limited to several microseconds
in Y2SiO5 crystals [13,16,21]. When the population relax-
ation lifetime T1 is sufficiently long, the primary decoherence
mechanism for this material is the spectral diffusion caused
by electron spin flip-flops [33,34], which can be inhibited by
the polarization of the electron spin ensemble. According to
the Boltzmann distribution, electron spin polarization can be
achieved by either increasing the magnetic field or decreasing
the sample temperature.
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A nuclear spin coherence lifetime of 1.3 s [8] and an
optical coherence lifetime of 4 ms [14] has been obtained with
working magnetic fields of approximately 7 T. However, there
are some drawbacks for using large magnetic fields. For the
single-phonon spin-lattice relaxation process, the electronic
population relaxation rate will increase rapidly at the fifth
power of the magnetic field [33]. As a result, coherence of
the electronic spin has to be sacrificed. Besides, when the
magnetic field reaches several teslas, the electronic Zeeman
splitting is typically on the order of O(100 GHz), which is far
from many promising physical systems for quantum informa-
tion processing, such as superconducting qubits. Compared
with a higher magnetic field, resorting to a lower sample tem-
perature can avoid the problems mentioned above. Moreover,
electron spin flips caused by the spin-lattice relaxation (SLR)
process will be significantly inhibited due to the reduction
in phonon concentration when going to lower temperatures
[33,35,36].

Pulsed EPR (electron paramagnetic resonance spec-
troscopy) and ENDOR (electron nuclear double resonance)
spectroscopy is the classic methodology to study the coherent
dynamics of the coupled electron and nuclear spin systems
[31,37]. Coherence can be transferred between the electronic
and nuclear spins with high fidelity [38]. There have been
some previous reports on pulsed-EPR measurements of rare-
earth-ion-doped materials at subkelvin temperatures [13,39],
while pulsed ENDOR spectroscopy at subkelvin temperatures
has been implemented only for 143Nd3+ :Y2SiO5 recently
[35]. Here we implement a pulsed ENDOR investigation for
an Er3+-doped material at subkelvin temperatures. An elec-
tron spin coherence time of 290 ± 17 µs is obtained when the
mixing chamber reaches 10 mK, which has been enhanced
by 40 times compared to the previous results [13,16,21]. The
nuclear spin coherence time increases from 132 to 738 µs
when the sample temperature drops from 900 to 100 mK,
which provides additional subspace for coherence storage.

II. EXPERIMENTAL SETUP

Y2SiO5 is a monoclinic crystal belonging to C6
2h space

group [40]. It is a widely adopted host material for rare-earth-
based quantum memories, because its constituent elements
have small magnetic moments (89Y) or low natural abun-
dance of magnetic isotopes (29Si, 4.6832% abundance,
17O, 0.038% abundance). Long-lived coherence for the sub-
stituted rare-earth ions can be expected due to the low spin
nature of the host [41]. The Y2SiO5 crystal is doped with
50 ppm Er3+ ions and cut along the D1, D2, b optical ex-
tinction axes with dimensions of 1.4 × 1 × 1.2 mm3. Er3+ is
isotopically enriched into 167Er3+ with purity of 92%. 167Er3+

has a large nuclear spin quantum number of I = 7/2. The
hyperfine transitions can be utilized as a resource for long-
lived quantum memory. In Y2SiO5, Y3+ ions are located
in two crystallographic sites of C1 symmetry, which can be
replaced by Er3+ ions. For EPR measurements each of the
crystallographic sites can be divided into two magnetically
inequivalent subsites related by C2 symmetry around the b
axis when the external magnetic field is not parallel or per-
pendicular to the crystal’s b axis.

Traditionally, pulsed ENDOR measurements are hard to
apply for general bulk materials at ultralow temperatures
due to the large power dissipation required for nuclear spin
manipulations [42]. In our recent work we have achieved
this goal by successfully combining the pulsed EPR/ENDOR
spectrometer within a dilution refrigerator (Triton 400, Oxford
Instruments) [35]. Here the heating induced by the back-
ground noise of the microwave (MW) and radio-frequency
(RF) amplifiers is minimized by electrical switches, and the
Ohm heating is reduced by using superconducting coaxial
cables. The lowest sample temperature is verified to be less
than 100 mK. The crystal is placed inside a dielectric ENDOR
resonator (Bruker EN4118X-MD4) with the resonance fre-
quency of 9.56 GHz and a Q value of 200. The electromagnet
is placed outside the cryostat and the external field is allowed
to rotate in a plane. The crystal is mounted in the way such
that the external magnetic field B is parallel to the D1b plane
of Y2SiO5. Microwave and radio-frequency power used for
electron and nuclear spin manipulation is set as 5 and 100 W,
respectively.

III. ENDOR SPECTROSCOPY

For 167Er3+ :Y2SiO5, the spin Hamiltonian can be approx-
imated as [43]

H = μBB · g · S + I · A · S + I · Q · I − μngnB · I, (1)

where μB and μn are the electronic and nuclear Bohr mag-
neton, respectively, B is the external magnetic field, g is the
Zeeman tensor of Er3+, gn is the nuclear g factor, Q is the elec-
tric quadrupolar tensors, and A is the hyperfine tensors. For
167Er3+ with a nuclear spin quantum number of I = 7/2, there
are eight “allowed” EPR transitions obeying the selection rule
of �MS = ±1, �MI = 0. Here MS and MI denote the electron
and nuclear spin projections, respectively. However, MI is
typically not a good quantum number due to the low symmetry
of Y2SiO5, which results in state mixing among the nuclear
spin projections. Therefore, the EPR spectrum should con-
sist of both the �MI = 0 and �MI = ±1 transitions. When
taking into account the �MI = ±1 transitions, for a single
magnetically inequivalent subsite there should be at most 22
EPR resonance lines observable, including 14 �MI = ±1
and 8 �MI = 0 transitions. Considering mostly there are two
magnetic inequivalent subsites for a single crystallographic
site, the dopant Er3+ ions locate in four subsites in total. As
a result, there should be 88 EPR transitions for an arbitrary
field orientation, and the EPR spectrum of 167Er3+ :Y2SiO5 is
expected to be very complicated.

EPR signals are gathered with field-swept electron spin
echo (ESE) experiments. For most of the field orientations in
the bD1 plane, no EPR signal is observed. Instead, the EPR
signals occur mainly at four ranges of field orientations with
each range span for approximately 20◦. This phenomenon
is consistent with the angular variation of the EPR transi-
tion dipole moments γ=|〈α|μBS · g · ê⊥|β〉|. α and β are
the eigenstates, which are diagonalized from the previously
published spin Hamiltonian [43]. ê⊥ represents the direction
of the oscillating magnetic field, which is perpendicular to the
external field provided by the electromagnet. The simulated
angular dependence of the EPR resonant fields is presented in
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FIG. 1. (a) Angular variation of the simulated EPR transitions (�MI= 0) of 167Er3+ ions at four subsites of Y2SiO5 crystal when the
external magnetic field lies in the bD1 plane of the Y2SiO5 crystal. (b) The simulated spectrum of forbidden transitions (�MI=±1) varies with
the angle of the external field which lies in the bD1 plane. Here the horizontal axes represent the angle with respect to the b axis. Color bars
correspond to the transition dipole moment. Signals belonging to the different magnetically inequivalent subsites of the crystallographic sites
are marked with arrows.

Fig. 1 along with the corresponding transition strengths. The
simulation for all of the four subsites are included. According
to the simulation, the large transition dipole moments appear
at field orientations characteristic of small effective g factors,
which is consistent with previous EPR studies [10,44]. In this
work, the electromagnet is rotated such that the external field
is approximately 57◦ with respect to the b axis inside the bD1

plane.
As shown in Fig. 2, here most of the EPR signals associated

with the Er3+ spins in subsite 1 of site I can be detected. More-
over, in the current field orientation, the transition intensities
of the �MI = 0 and �MI = ±1 transitions are compara-
ble, which is consistent with the observations in Ref. [43].
When the magnetic field is in the direction corresponding to
a small effective g value, the accuracy of the effective spin
Hamiltonian is reduced, and it is very difficult to simulate
the accurate positions of the resonant magnetic fields, or to
distinguish between the �MI = 0 and �MI = ±1 transitions
[43,45]. To further study the spin coherent properties, the
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FIG. 2. EPR spectrum of the 167Er3+ :Y2SiO5 detected with field-
swept electron spin echo at 4 K. 781 mT is the magnetic field selected
for investigations of coherent spin dynamics.

“highest field” EPR resonance line at 781 mT in the spectrum
is chosen, whose linewidth is 55.8 MHz, which corresponds
to the transition between the two electronic spin levels whose
energy level spacing is the smallest. It can be readily attributed
to the EPR transition corresponding to MI = −7/2, �MS =
±1, �MI = 0. To explore the hyperfine spin transitions, the
Davies ENDOR sequence is used to detect the NMR reso-
nance frequencies [46]. The measured ENDOR signal is given
in Fig. 3. The resonance peak at 199 MHz corresponds to the
NMR transition from MI = −7/2 to MI = −5/2. The Rabi
oscillation of this NMR transition is given in Fig. 3 with a π

pulse determined to be 1060 ns.

IV. ElECTRON SPIN-LATTICE RELAXATION

On the one hand, the electron spin relaxation lifetime (T1e)
provides a direct upper bound on the electron spin coherence
time T2e; on the other hand, spin flips of the neighboring
electron spins caused by SLR are one of the main sources
of decoherence experienced by the central electron and nu-
clear spins. Based on the obtained EPR transition, we can
start the investigations on the coherent spin dynamics. The
electronic spin relaxation lifetime T1e of the selected EPR
transition is measured with the inversion-recovery sequence
(π − τvar − π

2 − τe − π − τe − echo, with varying τvar and
fixed τe). The length of a MW π pulse is determined with Rabi
oscillation, which is 52 ns. The recovery curves are fitted with
the exponential decay to acquire the T1e data. The temperature
dependence of T1e is shown in Fig. 4. For rare-earth ions in
solids, population relaxation between the electronic Zeeman
levels can be well understood by SLR mechanism [44]. Typ-
ically the SLR mechanism includes the direct process, the
Orbach process, and the Raman process. The direct process
is a one-phonon process, during which resonant phonons are
absorbed or released. The Orbach process and Raman process
are two-phonon processes [47]. At subkelvin temperatures,
the impact of the two-phonon processes are negligible un-
less the sample temperature reaches the liquid-helium regime
[44]. Therefore, only the direct process is considered when

245134-3



HUANG, LI, ZHOU, LI, AND GUO PHYSICAL REVIEW B 105, 245134 (2022)

199MHz

Frequency (MHz)

(a)

E
ch

o 
am

pl
itu

de
 (a

.u
.)

Time (ns)

(b)

E
ch

o 
am

pl
itu

de
 (a

.u
.)

FIG. 3. (a) Davies ENDOR spectrum recorded at B0 = 781 mT. The NMR resonance frequencies is detected by the Davies ENDOR
sequence (πe − τ − πnvarf − τ − π

2 e
− τ − πe, where πnvarf is the RF pulse that sweeps the frequency), and the resonance peak at 199 MHz

corresponds to an NMR transition from MI = −7/2 to MI = −5/2. (b) Rabi oscillation of the NMR transition at 199 MHz. The sequence used
to measure the Rabi oscillation is πe − τ − πnvart − τ − π

2 e
− τ − πe, where πnvart is the RF pulse that sweeps the length of pulse. The π pulse

is determinted to be 1060 ns.

modeling the temperature dependence of T1e in this work. The
SLR rate is expressed as [44]

T −1
1e = Acoth

(
�E

2kBT

)
, (2)

A is a temperature-independent factor, �E is the energy of
the electronic spin transition, kB is the Boltzmann constant,
and T is the sample temperature. The relaxation times are
given in Fig. 4 with the fitted value of A of 2.91 ±0.06 s−1.
The data point at 0.1 K is not included when generating the
fitted curve. The considerably longer T1e with respect to the
value predicted by the fitted curve implies that there may be a
phonon bottleneck effect when the temperature goes down to
0.1 K [48].

T
 (s

)
1e

Temperature (K)

FIG. 4. Temperature dependence of T1e of 167Er3+ :Y2SiO5 at
781 mT. The EPR transition for the measurement of the T1e cor-
responds to MI = −7/2, �MS = ±1, �MI = 0. The circles are
experimental points with error bars indicating one standard devia-
tions, and the solid line is the fitted line based on Eq. (2).

V. SPIN-SPIN RELAXATION

The electron spin coherence time (T2e) is measured with
Hahn echo sequences (π

2 − τvar − π − τvar − echo), as shown
in Fig. 5(a). The echo decay curves are fitted using the Mims
decay law (echo amplitude E ∝ exp[−(2τvar/T2e)m]) [49], and
all stretch factors m are between 1 and 1.15 (Fig. 6). The
electron spin coherence time increases from 45.1 to 118.6 µs
with the temperature drops from 900 to 100 mK.

For 167Er3+ :Y2SiO5, both the spin-lattice relaxation and
the spin-spin dipolar interaction can cause fluctuations of the
local field, resulting in decoherence of the central spin system.
At sufficiently low temperatures, the spin-lattice interaction is
suppressed. In the experimental temperature range, since T1e

is on the order of 0.1 s, which is much longer compared with
T2e, the electronic spin-lattice relaxation does not limit the
coherence lifetime. The resonant flip-flops among the dopant
electron spins and the host nuclear spins are the primary
sources of decoherence in 167Er3+ :Y2SiO5 [13].

The flip-flop process can be divided into the direct process
and the indirect process [50]. During the direct process, the
central spin directly participates in the flip-flops, while in
the indirect process flip-flops among neighboring spins pro-
duce the fluctuations of the local magnetic field that dephase
the central spin. For the experimental temperature range in this
work, the flip-flop of the host nuclear spins and the direct flip-
flop among the electron spins are independent of the sample
temperature, while the indirect flip-flop process among the
electron spins is temperature dependent. The indirect flip-flop
rate is dependent on the number of pairs which can go through
the flip-flop process. The number of pairs is proportional to
the product of the population residing in each of the elec-
tronic Zeeman levels. This can be calculated according to the
Boltzmann distribution. Therefore the decoherence rate can be
given as [13,51]

1

T2
=

4∑
i=1

C

(1 + eTi/T )(1 + e−Ti/T )
+ D, (3)
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FIG. 5. (a) Temperature dependence of T2n and T2e in
167Er3+ :Y2SiO5 at 781 mT. The measured T2n and T2e are presented
as violet circles and yellow square, respectively. These data are mea-
sured by the short and strong π pulses (“hard pulse”). The blue solid
line and the red dashed line are the fitted curves of the temperature
dependencies of the electron and the nuclear spin coherence time, re-
spectively. (b) The electron spin echo decay at the base temperature.
These data are measured by the long and weak pulses (“soft pulse”).
(c) Pulse sequence for measuring the nuclear spin coherence lifetime.
Microwave pulses and radio frequency pulses, which are employed
to manipulate the electron spin and the nuclear spin, are represented
by blue and orange filled rectangles, respectively. The electron spin
coherence is stored in the nuclear spin for 2τn in the sequence where
τn is the interval between two RF π pulses.

Ti denotes the effective Zeeman temperatures of the Er3+

subensembles residing in the four subsites belonging to

FIG. 6. Electron-spin-echo decay curves of 167Er3+ :Y2SiO5

measured at different temperatures. The scatter points correspond to
the experimental data, and the solid lines with the same color as the
scattered points are the fitting curves based on exp[−(2τvar/T2e)m].

both two crystallographic sites. The effective Zeeman tem-
perature of each subensemble is defined as Ti=giμBB/kB.
gi is the specific effective g factor corresponding to each
of the magnetically inequivalent subsites. C and D are
temperature-independent parameters, where C is related to
the dipole-dipole interaction strength and D is the residual
relaxation rate, which includes the contributions from the flip-
flop of the host nuclear spins and the direct flip-flop process.
The effective Zeeman temperature of the spin subensemble
showing the EPR signal in the current field orientation is
460 mK, as calculated from the MW resonant frequency of
9.56 GHz. The effective Zeeman temperature of subensembles
located in the other three subsites is calculated using the
previously reported g tensor [43] along with the magnetic field
of 781 mT, which are 5.19 K (magnetic inequivalent site 2 of
crystallographic site I), 5.91 K (magnetic inequivalent site 2
of crystallographic site II), and 7.35 K (magnetic inequivalent
site 1 of crystallographic site II), respectively.

Due to the large nuclear spin of I = 7/2, for 167Er3+ in
a single subsite, there are many EPR transitions at a cer-
tain magnetic field. However, only one of them is resonantly
excited during a two-pulse-echo sequence. For this reason,
compared with previous work [13], here we further introduce
the flip-flop contribution from the spin subensembles com-
ing from the same subsite as the central electronic spins, in
Eq. (3). Therefore, the 167Er3+ dopants residing in the magnet-
ically inequivalent subsite 1 of the crystallographic site I are
providing not only the central electronic spins that generate
the EPR signals, but also the environmental electronic spins
that generate the noisy magnetic fluctuations. The fitted values
of C and D are 60.4 ± 0.41 and 7.92 ± 2.35 ms−1, respec-
tively. The temperature dependence of T2e is given in Fig. 5(a)
with the fitted curve based on Eq. (3). The corresponding
decay curves of T2e are provided in Fig. 6 in the Appendix. It
has shown an excellent agreement with the experimental data.
Therefore it can be deduced that the electronic flip-flops are
indeed the primary source of decoherence for the electronic
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FIG. 7. Nuclear-spin-echo decay curves of 167Er3+ :Y2SiO5 mea-
sured at different temperatures. The scatter points correspond to the
experimental data, and the solid lines with the same color as the
scattered points are the fitting based on exp[−(2τvar/T2n)m].

spin of 167Er3+ :Y2SiO5 at subkelvin temperatures. Consid-
ering the magnitude of the effective Zeeman temperatures of
subensembles located in the other three subsites, it is obvious
that the spins located in the other three subsites are sufficiently
polarized when the temperature is below 1 K. The influence
from Er3+ residing in the other subsites can be ignored, and
the flip-flop of the 167Er3+ belonging to magnetic inequivalent
site 1 of crystallographic site I is the major limiting factor to
T2e.

For most measurements in this work, the MW π pulse is
short and strong. Under this condition most resonant elec-
tronic spins are flipped during the refocusing pulses, and the
instantaneous spectral diffusion effect tends to be strong [34].
In order to alleviate the instantaneous spectral diffusion effect,
the MW power is reduced to 38 mW, and the pulse length is
increased to 200 ns. The excitation bandwidth, as well as the
number of the excited electronic spins, is thus reduced [52].
The longest two-pulse-echo electronic spin coherence time is
measured as 290 ± 17 µs when the mixing chamber reaches
10 mK, which is considerably longer than the previous result
of 7 µs [13,16,21]. The echo decay curve is given in Fig. 5(b).
The significantly extended spin coherence lifetimes indicate
that the instantaneous spectral diffusion contributes signif-
icantly to decoherence. Slight oscillations can be observed
in the echo decay curve, which may be due to the coupling
with surrounding nuclear spins. To exclude the possibility
of influence from the electron-nuclear spin mixing [32] for
167Er3+, here a controlled experiment is performed with an-
other piece of crystal containing the even isotope of 166Er3+

with zero nuclear spin. The electron spin coherence time of
166Er3+ :Y2SiO5 is measured at 0.7 K with a doping level of
30 ppm. Other experimental conditions, such as the magnetic
field orientation and the length and power of the MW pulses,
are kept the same as that for 167Er3+ :Y2SiO5. The measured
electron spin coherence time of 166Er3+ :Y2SiO5 is 163 ±3 µs
(Fig. 8 in the Appendix), which is close to the results mea-
sured with 167Er3+ :Y2SiO5. These results demonstrate that
long-lived electron spin coherence has no significant depen-
dence on the type of isotopes. The possible reasons for the
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FIG. 8. Electron-spin-echo decay curves of 166Er3+ :Y2SiO5

measured at 0.7 K. The circles are experimental points, and the red
solid line presents an exponential fit to data.

different results obtained in our work and in previous works
[13,16,21] could be the distances between the measured spins
and the crystals’ surfaces, the thermal conducting properties
of the sample holders, and the different coupling strengths
with the host nuclei caused by different magnetic field
orientations.

The decoherence time of the NMR transition (T2n) is mea-
sured by transferring coherence between the NMR and the
EPR transitions, with a detailed pulse sequence presented in
Fig. 5(c), which is similar to that used in Refs. [31,35]. In
this experiment, it is observed that T2n also increases along
with the decreasing sample temperature. The corresponding
decay curves of T2n are presented in Fig. 7 in the Appendix.
The measured coherence time is 738 ± 6 µs at the working
temperature of 100 mK. Since magnetic disturbance expe-
rienced by the nuclear spin is essentially the same as that
of the electron spin, we still use Eq. (3) to model the tem-
perature dependence of T2n. The fitted parameters for the
nuclear spin coherence in Eq. (3) are C = 17.4 ± 2.2 m s−1,
and D = 1.17 ± 0.077 m s−1. As displayed in Fig. 5(a), the
fitting based on this model provides a reasonable agreement
with the experimental results, which confirms that the tem-
perature dependence of T2n can be well understood with the
indirect electronic spin flip-flop processes. The measured ratio
between T2n and T2e is not large, due to the fact that at the
current magnetic field, the transition frequency of nuclear
spin has a relatively large dependence on the field strength,
according to the predictions of the spin Hamiltonian [43].

VI. CONCLUSIONS

In conclusion, pulsed EPR and ENDOR spectroscopy of
167Er3+ :Y2SiO5 is investigated at subkelvin temperatures,
which is an interesting temperature regime for working with
superconductor-based quantum computing circuits. Tempera-
ture dependence of the electron spin-lattice relaxation time,
the electron spin coherence time, and the nuclear spin co-
herence time are characterized from 100 to 900 mK. The
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measured electron spin relaxation time is shorter than that
reported in a similar temperature regime [10,21,53]. Such a
difference can be well predicted by substituting the different
microwave frequencies of these experiments into Eq. (2). Our
measurements are performed in a higher magnetic field, and
the reduction of electron spin relaxation lifetime is caused
by the increased density of phonon modes and the mixing
with the higher crystal field levels. The two-pulse spin-echo
coherence time of the electron spin is measured to be 290 ±
17 µs when the mixing chamber reaches 10 mK, which has
been enhanced by 40 times compared to the previous results
[13,16,21]. Meanwhile, our measured electron spin coherence
time is slightly longer (but close to) the measured optical
coherence lifetime in a similar regime of magnetic field and
temperature [36,54]. This result can be expected since the
decoherence mechanisms of these two transitions are simi-
lar. Besides the application of an ultralow temperature, the
electron spin coherence time could be further extended by
employing clocklike transitions [32] or looking for some mag-
netic field directions with smaller superhyperfine interactions.
The coherence time of nuclear spin reaches 738 ± 6 µs and
could be further extended with dynamical decoupling [55].
Our results suggest that the primary source of decoherence
of both the electron and nuclear spins are the flip-flops among
the electron spins, which are on the same subsite as the central

electron spin. These results provide a better understanding
of the coherent properties of 167Er3+ :Y2SiO5 at subkelvin
temperatures.
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APPENDIX

In order to study the indirect flip-flop process of the Er3+

electron spin, the coherence lifetimes of the electron spin and
the nuclear spin are measured at different temperatures. The
echo decay curves for the electron spin and the nuclear spin at
various temperatures are provided in Fig. 6 and Fig. 7, respec-
tively. The electron spin echo decay curve of 166Er3+ :Y2SiO5

at a working temperature of 0.7 K is presented in Fig. 8. The
doping level of 166Er3+ is 30 ppm.
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