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ABSTRACT

167Er3+ Y2SiO5

167Er3+

167Er3+

Erbium-doped  crystals  are  promising  candidates  for  fiber-compatible
quantum memories due to their optical transition in the telecommunication
C-band. Here, we investigate the optical decoherence dynamics of isotopi-
cally  enriched :  (YSO)  at  sub-Kelvin  temperatures  and  low
magnetic  fields  (<1 T).  We observed an optical  homogeneous  linwidth of
100 Hz at 100 mK and 0.2 T – significantly narrower than previous values
obtained  at 7 T  in  a  sample  with  the  same  concentration.  We
analyze the dependence of coherence properties on magnetic field orienta-
tion and temperature, identifying spectral diffusion resulted from the host
spin  bath  as  key  decoherence  mechanisms.  We  further  identified  that
superhyperfine  interactions  between  the  and  the  host  bath  spins
pose challenges for long-term storage protocols requiring precise spectral
tailoring.  To  address  this  issue,  we  propose  a  strategy  that  combined  the
Stark  modulation  memory  scheme  with  noiseless  photon  echo  storage
protocol,  which  is  expected  to  achieve  spin-wave  quantum  storage  with
lower noise and higher efficiency.
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 1   Introduction

Quantum  memories  are  fundamental  components  for
quantum  communication  and  distributed  quantum
computing, enabling the reversible storage and retrieval
of  quantum  states  [1–4].  A  practical  quantum  memory
system  must  satisfy  several  stringent  requirements,
including long storage times, high storage efficiency and
multimode  capacity  [5, 6].  Among  various  candidate
platforms, rare-earth-ion (REI) doped crystals have been
extensively  investigated  over  the  past  two  decades  for
quantum memory application due to their exceptionally
long  optical  and  spin  coherence  times  at  cryogenic

temperatures [7–12]. Their intrinsic optical inhomogene-
ous  broadening  also  enables  broadband  and  multimode
storage [13–17].

3+

Y2SiO5
3+

Er3+

Among REI systems, erbium ions (Er ) are especially
attractive for fiber-based quantum networks due to their
optical transitions near 1.5 μm, within the telecommuni-
cation C-band [18–21]. When doped at low concentrations
into  (YSO),  a  host  known  for  its  low  magnetic
noise [22, 23], Er  exhibit outstanding coherence prop-
erties, featuring an optical coherence time of 4.4 ms and
a nuclear spin coherence time of 1.3 s [24, 25]. Further-
more,  efficient  entanglement  distribution  using

:YSO has been experimentally demonstrated, revealing
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non-classical  correlations  between  distinct  temporal
modes [26]. These results were achieved under stringent
conditions – namely,  liquid  helium  temperatures  and
high  magnetic  field  (6–7  T).  However,  recent  studies
suggest that further lowering the operating temperature
can  reduce  the  requirement  for  such  strong  magnetic
fields [27, 28].

3+

In  this  work,  we  investigate  the  feasibility  of
Er :YSO  quantum  memory  operation  at  sub-Kelvin
temperatures  under  relatively  low  magnetic  field
(<  1  T).  Using  spectral  hole  burning  (SHB)  measure-
ments, we demonstrate that strong superhyperfine inter-
actions  emerge  in  this  regime,  imposing  constraints  on
memory  performance  for  protocols  based  on  spectral
tailoring. To address this, we propose a modified noiseless
photon echo (NLPE) protocol that enhances compatibility
with backward retrieve and cavity-enhanced architectures
[29–32].  This  approach  provides  a  promising  path
toward high-fidelity, low-field quantum memory operation
in integrated photonic platforms.

 2   Crystals and setup

Er3+

S

167Er3+

I

4I15/2(Z1)

Erbium ions ( ) in YSO exhibit an effective electronic
spin  =  1/2,  with  only  the  lowest  electronic  doublet
thermally  populated  at  sub-Kelvin  temperatures.  For
the isotope , which possess a nonzero nuclear spin
(  = 7/2), hyperfine interactions further split each elec-
tronic  levels  into  eight  hyperfine  sublevels.  The  spin
Hamiltonian describing the ground  and excited

4I13/2(Y1)
167Er3+ states of  in YSO is [33] 

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

µe ≈ µn ≈

g A Q

B

167Er3+

g
4I15/2(Z1)

4I13/2(Y1)

∆MI

where   14  GHz/T and   7.62  MHz/T are  the
electronic  Bohr  magneton  and  the  nuclear  magneton,
and ,  and  are the Landé g, hyperfine and effective
electric-quadrupole  tensor  respectively  while  is  the
magnetic field vector. The parameters of this Hamiltonian
have  been  characterized  in  prior  studies  [33–37].  A
schematic of the energy level structure of  in YSO
is  shown  in Fig.  1(a).  Due  to  the  difference  in  the 
tensor  of  the  ground  and  excited 
states,  the  combination  of  Zeeman and hyperfine  inter-
actions leads to a set of resolved optical absorption lines
corresponding  to  transitions  with  =  0,  ±1,  ±2,···
under an applied magnetic field.

Er3+ Y3+

C1

C2

In the YSO host,  ions substitute  ions at two
crystallographically  inequivalent  sites  of  symmetry,
known as “site 1” and “site 2”, each with distinct transition
frequencies.  Each  crystallographically  site  consists  of  a
pair of magnetically inequivalent subclasses, related by a
rotation  about  the  crystal’s  (or b)  axis.  When  the
magnetic field is oriented either perpendicular or parallel
to  the b-axis  of  the  crystal,  transitions  associated  with
these  magnetically  inequivalent  sub  classes  remain
degenerate.  This  degeneracy  effectively  doubles  the
number  of  ions  contributing  to  a  given  transition  and
enhancing the optical depth – an essential parameter for
quantum  memory  performance.  This  enhancement  is
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Fig. 1  (a) A schematic of energy structure of the  ion in the :  matrix. (b) An illustration of the optical
and magnetic field applied respect to the crystal orientation. (c) Schematic of pulse sequences for PE and SHB measurement.
(d) Top: Measured homogeneous linewidth  as a function of magnetic field orientation  in –  plane under a fixed
field  strength  of  0.2  T.  Bottom:  Variations  in  the  effective g-factors  of  ions  at  site  1  and  site  2,  extracted  from the
measured parameters in Ref. [34].
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Er3+particularly  important  at  low  doping  concentra-
tions,  which  are  used  to  suppress  ion-ion  interactions
that cause spectral diffusion and coherence degradation.

167 3+

× × D1 D2 b

D1 D2

Er3+ θ

D1

In current experiments, we used a YSO crystal doped
with  50  ppm  isotopically  enriched Er  (Scientific
materials  Corp.).  The  sample,  with  dimensions  of
5  mm 5.5  mm 3  mm  along  the ,  and  axes,
respectively,  was  mounted  in  a  dilution  fridge  (LD400,
Bluefors)  to  reach  sub-kelvin  temperatures.  A  vector
superconducting magnet (American Magnetics Inc.) was
equipped,  providing  an  external  magnetic  field  in  the

–  plane  to  maintain  the  magnetic  equivalence  of
 subclasses.  The magnetic  angle  corresponding to

the  axis is defined in Fig. 1(b).

∆MI

∼ 2

An external cavity diode laser (Toptica) with erbium-
doped  fiber  amplifier  and  an  acousto-optic  modulator
(AOM)  generated  both  monochromatic  and  frequency-
chirped  optical  pulses.  Light  was  directed  along  the b-
axis  of  the  sample,  with  its  polarization  adjusted  to
maximize  the  optical  depth  of  the  = 0  transition.
For two pulse photon echo (PE) measurements, the echo
signal  was  isolated  from  the  strong  excitation  pulses
( 29.2  W/cm )  with  an  additional  AOM and  detected
by  an  avalanche  photodetector.  For  SHB spectroscopy,
the probe field was detected using an InGaAs photode-
tector.  The timing sequences  used in  these  experiments
are illustrated in Fig. 1(c).

 3   Results

 3.1   Optical coherence measurement

τ

In the PE experiment, the observed echo intensity as a
function of the time separation between the two excitation
pulses  was analyzed using the Mims decay model [38]: 

I(τ) = I0exp
{
−2

(
2τ

TM

)m}
, (2)

I0
m

TM

Γh Γh = 1/(πTM )

where  is  the  initial  echo  intensity,  and  the  stretch
factor  characterizes the shape of the decay curve. The
phase  memory  time  is  related  to  the  homogeneous
linewidth  by  [39].

Γh

|B|
Γh θ ◦ ◦

Z1

Er3+ Er3+

Figure  1(d)  presents  the  dependence  of  on  the
magnetic  field  orientation  at  a  fixed  field  strength  of

 = 0.2 T, measured at a temperature of 0.1 K. Two
maxima in  are observed near  = 26  and 82 , which
correspond to the local minimum in the g-factor value of
the  state for the two crystallographically inequivalent
sites [24, 34]. These linewidth maxima suggest enhanced
mutual –  spin flip–flops processes at orientations
with low g-factors, where reduced spin polarization rate
leads to higher flip–flop rate.

Γh ≈
θ ◦

Er3+

In  contrast,  the  narrowest  100  Hz  occurs  near
 =  140  for  both  sites.  This  indicate  strongly

suppressed  spin flip–flop interactions at orientations

Γh ≈
TM

167Er3+ YSO Er3+

with  higher g-factors  and  increased  spin  polarization.
The observed 100 Hz linewidth is significantly narrower
than  the  previously  reported  value  of  245  Hz
(  =  1.3  ms)  for :  with  the  same 
concentration, measured at site 2 under a 7 T magnetic
field [25]. Notably, the narrower linewidth in our experi-
ment was achieved under a substantially lower magnetic
field  of  only  0.2  T.  This  improvement  is  primarily
attributed  to  the  lower  operating  temperature,  which
enhances  spin  polarization  and  suppresses  decoherence
from flip–flop interactions.

Er3+

Γh(T )

|B| θ
◦

Er3+

Γh(T )

To  further  investigate  the  impact  of  temperature  on
 optical  decoherence,  we  measured the  temperature

dependence  of  the  homogeneous  linewidth  at  a
fixed magnetic  field of  = 0.2 T oriented along  =
140 . As shown in Fig.  2,  both crystallographic sites of

 exhibit  similar  temperature-dependent  behavior  in
their  optical  homogeneous  broadening.  At  a  constant
magnetic field, the  dependence can be approximated
by the following model [39]: 

Γh(T ) = Γ0 + αTLS · T + ΓSD · sech2
(
genvµeB

2kBT

)
, (3)

Γ0

genv

where  the  first  term  is  temperature-independent
linewidth.  The  second  term  describes  the  two-level
systems  (TLS)  which  scale  linearly  with  temperature.
The final term accounts for spectral diffusion, with 
representing the effective magnetic moment of the envi-
ronmental spin bath that cause spin flips and frequency
fluctuations [24, 40].
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Fig. 2  Measured  optical  homogeneous  linewidth  at
varying temperatures from 0.1 K and 10 K in two sites under
an  applied  magnetic  field  strength  of  =  0.2  T.  In  the
inset is the stretch factor m from fitting for echo decay using
Mims’ decay model of Eq. (2).
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kBT ≪ ∆E kB
∆E cm−1

4I15/2(Z2) ∆E

Er3+

Since the measurements were conducted at T < 1.5 K,
phonon-related  decoherence  mechanisms,  such  as  two-
phonon  Raman  and  Orbach  processes,  were  neglected.
This  approximation  is  justified  because  the  thermal
energy  satisfies ,  where  is  the  Boltzmann
constant  and  =  39.37  (26.60)  is  the  energy
separation  to  the  next  electronic  level   for
site 1 (site 2) [41]. Additionally, at this field orientation,

 ions  in  both  sites  exhibit  a  large  ground-state g
factor, resulting in substantial electronic Zeeman splittings
and  highly  polarized  spins.  Consequently,  decoherence
contributions from thermally driven spin fluctuations are
negligible under these conditions [42].

Γ0 ± ± ΓSD ±
± αTLS ± ±

m

The solid curves in Fig. 2 shows fits to Eq. (3), yielding
the linewidth parameters (for both site 1 and site 2) as
follows:  = 75  5 (80  1) Hz,  = 880  60 (1010

 50)  Hz,  =  340  40  (270  40)  Hz/T,  respec-
tively.  Notably,  the  stretch  factor  from  the  Mims
decay [Eq. (2)] increases from approximately 1.0 to over
1.5  as  the  temperature  rises  from  0.1  K  to  1.4  K,  as
shown  in  the  inset  of Fig.  2.  This  behavior  further
supports the conclusion that spectral diffusion dominates
the  homogeneous  linewidth  broadening  at  sub-Kelvin
temperatures.

 3.2   Spectral hole burning and super-hyperfine interaction

We then evaluate the quantum memory potential of this
system  at  the  current  temperature  and  magnetic  field
regime  using  the  atomic  frequency  comb  (AFC)  proto-
col, a widely adopted scheme in rare-earth-based quantum
memories. The theoretical forward retrieval efficiency for
an ideal infinite AFC comb with square-shaped teeth is
given by [43] 

ηAFC = d̃2e−d̃sinc2(π/F )e−d0 , (4)

d̃

∆/δ d0

where  = d/F is the effective optical depth (OD), F =
 is  the  comb  finesse,  and  is  the  background

absorption.  High  memory  efficiency  requires  large  OD,
high finesse, and minimal background absorption, all  of
which depend critically on precise spectral tailoring.

tp |B|

To  investigate  spectral  preparation,  we  performed
SHB on site  2  ions using a single-frequency pump with
durations  = 50, 500 and 5000 μs at  = 0.5 T and
T = 0.1 K. Figure 3(a) shows the resulting transmission
spectra. Longer pump times improved pumping efficiency
but also introduced significant broadening and side hole
formation,  attributed  to  laser  instability  and  super-
hyperfine  interactions.  Narrow  hole  linewidths  are
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Fig. 3  (a) Hole-burning spectra obtained via single-frequency excitation with pump durations of , 500, and 5000 μs
at  T. For shorter , the holes are narrower but exhibit significant residual absorption; increasing  leads to more
efficient  optical  pumping,  resulting  in  broader  spectral  holes. (b) Hole  positions  as  a  function  of  magnetic  field  strength,
showing linear Zeeman shifts of 2.1 MHz/T and 8.5 MHz/T for the side holes (dashed lines). (c) Measured hole spectrum at

 T with fitted curve. All frequencies are referenced to the excitation laser frequency. The solid line shows a sum of
multiple Gaussian functions to fit the data, with the purpose of estimating the linewidths of the individual spectral holes.
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1/∆

crucial  for  spin-wave  AFC  memories,  as  the  minimum
rephasing interval  is constrained by the comb teeth
width.

Er3+ YSO Er3+

89Y3+

In : ,  super-hyperfine  broadening  of  ions
arises  from  their  interactions  with  neighboring  nuclear
spins,  primarily  from  (I  =  1/2),  as  described  by
the Hamiltonian [44]: 

HSH =

NY∑
j

{
−µY ·

(
B − µ0

4πr3j
(µg,e

Er − 3
(µg,e

Er · rj) · rj
r2j

)

)}
,

(5)

NY
89Y3+

µY
89Y3+ µ0 µg,e

Er

89Y3+

Er3+ 4I15/2(Z1)
4I13/2(Y1)

29Si4+

d ≈ 0.5 F ≈ 0.2

∆

where  is  the  number  of  being  considered,
 =  2.1  MHz/T  is  the  nuclear  magnetic  moment  for

,  is  the  vacuum permeability,  and  denotes
the  erbium electron gyromagnetic  ratios  for  the  ground
or  excited  states.  Each neighboring  ion  splits  the

 hyperfine  sublevels  of  and  in
two, resulting sidebands in the SHB spectra. Contributions
from  (I = 1/2, 4.7% abundance) are a also visible,
with  a  magnetic  moment  of  8.5  MHz/T  but  a  much
smaller spectral weight. Figure 3(b) shows that the side-
band frequency shifts increase linearly with the magnetic
field, at rates of 2.1 MHz/T and 8.5 MHz/T. Figure 3(c)
displays typical hole spectra, the fitting of which yielding
central hole widths of 300–500 kHz, limiting the achievable
AFC  storage  time  to  μs.  Similarly,  we  estimated  the

 and  from the hole burning result in Fig.
3(c) and calculated the storage efficiency using Equation
4,  which  is  merely  2%.  For  this  calculation,  we  set  the
comb  space  to  be  0.63  MHz,  equal  to  the  side-hole
splitting [18].

 3.3   Stark modulated NLPE protocol

Compared to the AFC protocol, the NLPE scheme offers
improved  suppression  of  both  coherent  and  incoherent
noise during retrieval. A key feature of NLPE is the use
of  two  backward-propagating  control  pulses,  which
cancel  the  first  echo  that  would  otherwise  occur  in
forward retrieval [31]. However, NLPE also faces intrinsic
challenges  that  may  limit  its  efficiency  in  practical
memory  implementations.  For  example,  the  use  of  a
reverse  control  pulse,  as  in  the  ROSE scheme [45],  can
inhibit  backward  retrieval.  Additionally,  NLPE’s
reliance on spatial phase mismatching for noise-suppression
can be incompatible with standing-wave cavity configu-
rations [46].

Er3+

167Er3+ YSO

As  an  alternative,  here  we  propose  an  optimized
NLPE  strategy  that  replaces  spatial  phase  mismatch
with  Stark-modulation  to  suppress  the  first-order  echo
[47–49]. This approach requires an ensemble with inversion
symmetry and a weak mixed transition moment – condi-
tions  that  are  met  by  ions  at  site  2  in  YSO [50].
Furthermore,  a  reliable  initialization  protocol  for

:  that has already been proposed and experi-

mentally demonstrated [51].

t1

TE

ei4πΩTE Ω

Here we illustrate our scheme based on a NLPE spin-
wave memory as shown in Fig. 4. The optical transitions
used  are  depicted  in Fig.  4(a),  with  the  corresponding
pulse sequence in Fig. 4(b). At time , an electric field
pulse  is  applied  for  a  duration ,  inducing  a  relative
phase  shift  between  the  two  subsites,  where 
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Fig. 4  The principles  of  the  proposed spin-wave  quantum
memory. (a) An energy-level schematic depicting the ground
and  excited  states.  The  |AUX  state  denotes  an  additional
auxiliary  ground-state  level.  Two  pairs  of  optical -pulses
transfer  the  excitation  to  spin-wave  and  retrieval. (b) A
pulse  sequence  with  transition  frequencies  corresponding  to
those  marked  in  (a).  After  first  optical -pulse,  a  series  of
RF  pulses  can  implement  dynamic  decoupling  to  preserve
spin coherence. A pair of electrical pulses can more effectively
suppress  the  coherent  noise  generated  in  the  quiet  region.
(c) Efficiency  as  a  function  of  optical  depth d for  =
130 kHz (solid line) and 80 kHz (dashed line) in the backward
retrieval configuration, calculated according to Eq. (9).

RESEARCH ARTICLE FRONTIERS OF PHYSICS

Mucheng Guo, et al., Front. Phys. 21(3), 033201 (2026)   033201-5

 



ΩTE =

t4 = t3 + t2 − t0

denotes the Stark shift magnitude. When 1/4, the
primary echo at  is suppressed. The corre-
sponding phase-matching condition for echo cancellation
is [45] 

k4 = k0 − k2 − k3, (6)

ki

ti
k2,k3 = −k0

t6

where  represents the wavevector of  each input pulse
at time . This configuration relaxes the requirement for
counter-propagating  control  pulses,  i.e.,  is
no  longer  necessary.  After  the  fourth  optical  control
pulse (for t > ), a second electric field pulse is applied
to  reverse  the  induced  phase,  thereby  recovering  the
collective excitation at 

techo = t6 + t5 − t3 − t2 + t0 (7)

with the spatial phase-matching condition: 

kecho = k0 − k2 − k3 + k5 + k6. (8)

π

ηf ∝ d2e−d

π

k5 k6

In  the  forward  retrieval  process,  the  present  storage
scheme eliminates  the need for  a  backward-propagating
control  pulse,  resulting  in  forward retrieval  efficiency

 [52].  Importantly,  the  electric  field  control
approach  introduces  no  additional  optical  noise  and
effectively  suppress  coherent  noise  in  the  quiet  region
[53].  This  is  particularly  advantageous  for  integrated
photonic  platforms,  such  as  waveguides,  where  control
and  signal  fields  propagate  in  the  same  direction  and
angular separation is not feasible. In such cases, the electric
field  can  mitigate  noise  caused  by  imperfect  pulses,
enhancing  the  fidelity  of  quantum  storage.  To  achieve
higher efficiency via backward retrieval for samples with
higher optical density, one can reverse  or , leading
to following efficiency [52], 

ηb = (1− e−d)2e
Γ2
12(t6−t2)

2

2 ln 2/π2 e
Γ2
34(t5−t3)

2

2 ln 2/π2 e−2γh(t5−t3),

(9)

Γij

|i⟩ |j⟩
167Er3+ YSO Γij

γh

167Er3+ YSO

t5 − t3 = 1 t6 − t2 = 2

Γij

where  the  first  item  defines  the  efficiency  of  a  back-
retrieval  echo.  is  the  inhomogeneous  broadening  of
the spin transitions from  state to  state. In 50 ppm

:  system,  we  approximately  consider  =
130 kHz [51]. If an intense control light can be applied, a
Rabi frequency of several MHz for the control pulse can
be  achieved.  The  last  term ,  represents  the  effective
optical decoherence. Its contribution can be neglected on
the timescale  considered here,  as :  exhibits  a
millisecond  long  optical  coherence  time.  Therefore,  the
retrieval efficiency in the backward configuration can be
obtained, as indicated by the solid line in Fig. 4(c) with

 μs,  μs. A reduction in the inhomo-
geneous  linewidth  can  significantly  improve  the
memory  efficiency,  as  illustrated  by  the  dashed  line  in
Fig. 4(c). Such a reduction may be achieved by employing
a crystal  with a lower doping concentration,  as demon-
strated in Yb:YSO [54].

 4   Conclusion

167Er3+ YSO
Er3+

167Er3+ YSO

In  conclusion,  we  characterized  the  optical  coherence
times of :  at both crystallographic sites of the

 dopants  at  sub-Kelvin  temperatures.  We  demon-
strated  that,  in  this  temperature  regime,  moderate
magnetic  fields  can  substantially  suppress  optical  deco-
herence, achieving homogeneous linewidths as narrow as
100  Hz  at  0.2  T.  Detailed  angular  and  temperature-
dependent  coherence  measurements  indicate  that  the
dominant  decoherence  mechanisms  are  Er–Er  spin
flip–flop  processes  and  thermally  activated  spectral
diffusion. The experimental conditions used here notably
eliminate  the  need  for  multi-Tesla  fields  previously
required  to  suppress  such  effects.  Nevertheless,  spectral
hole burning measurements reveal that the resolution of
spectral  features  is  fundamentally  limited  by  super-
hyperfine  interactions,  thereby  complicating  precise
spectral tailoring. To address this challenge, we developed
an  optimized  NLPE  protocol.  Since  this  strategy  is,  in
principle, compatible with backward retrieval and cavity-
enhanced configurations,  it  consequently  offers  a  higher
theoretical limit for storage efficiency. These advancements
significantly  enhance  the  viability  of :  as  a
platform  for  integrated  solid-state  quantum  memories,
particularly in applications involving on-chip waveguides
and fiber-based quantum networks.
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