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Recent progress in the realization of high-quality optical resonators and waveguides along with the possibility
to incorporate rare-earth ions, make lithium niobate a promising material to build integrated platforms for
quantum information processing. 7' Yb>" is a particularly attractive system because it can show long coherence
lifetimes at zero magnetic field thanks to transitions insensitive to magnetic field fluctuations. In this paper,
we investigate the optical and spin properties of 7' Yb** ions in LiNbO; bulk crystals as well as implanted
waveguides. Using hole-burning spectroscopy and optically detected magnetic resonance, we studied ground
and excited state hyperfine structures and probed optical and spin spectral holes. Importantly, the hole linewidths
suggest that part of the ions in the waveguides are in a similar environment as in the bulk sample. We
furthermore characterized spin population relaxation and coherence lifetimes of 7' Yb*" ions in the bulk crystal
at temperatures between 50 mK and 9 K. At low temperatures, 75 up to 9.5 us (34 kHz homogeneous linewidth)
and spin relaxation rates as long as 2100 ms were measured. Our results show that 7' Yb>*:LiNbOj is a system
that exhibits narrow optical homogeneous linewidths over a 50 GHz bandwidth together with an electron spin
degree of freedom. This is of interest for a variety of applications in integrated quantum photonics such as

quantum memories or quantum processors.

DOI: 10.1103/PhysRevB.105.184115

I. INTRODUCTION

Rare-earth (RE) ions in crystals have been recently pointed
out as promising platforms for optical quantum technol-
ogy [1,2], as their long optical and spin coherence lifetimes
(T;) stand out among solid-state systems [3]. They are ac-
tively considered for building quantum memories for light
[4], microwave (MW) to optical quantum transducers [5],
or quantum processors [6]. For RE Kramers ions like Nd**,
Er** or Yb**, magnetic fluctuations originating from the RE
themselves or the crystal host are often the main dephasing
process because of their large electronic magnetic moments
[7]. Indeed, very long optical and hyperfine coherence life-
time of 4.4 ms and 1.3 s, respectively, have been achieved
in Er**:Y,Si05 (YSO) by suppressing RE electron spin flips
with a large external magnetic field and low temperatures,
whereas the YSO matrix shows low nuclear magnetic mo-
ments [8,9].
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Alternatively, an enhancement of the coherence lifetime
can be obtained in ions for which conditions to reach so-
called zero first-order Zeeman (ZEFOZ) transitions have been
established. This is because the frequency of such transitions
is insensitive to magnetic field perturbations at first order
[10]. By applying 1.3 T along a well-defined direction and
dynamical decoupling pulses, a ZEFOZ ground-state hyper-
fine transition with the exceptional coherence lifetime of 6 h
has been found for non-Kramers *'Eu’** ions (nuclear spin
I =5/2) in YSO [11]. Similar effects have been observed
for Pr’* (I =5/2) in YSO [12] and Lay(WOy)3 [13]. Al-
though finding ZEFOZ transitions usually requires a precise
knowledge of the Hamiltonian of the system and are obtained
for very specific conditions, nonzero nuclear spin isotopes
of Kramers RE ions, in sufficiently low site symmetries, are
naturally provided with ZEFOZ optical and spin transitions
at zero magnetic field [14]. This is due to a symmetric mix-
ing of electron and nuclear spin wave functions through the
hyperfine interaction which causes all level energies to be
independent of small magnetic fields at first order. Thus,
optical and spin 7, in the ms range have been observed in
7yb3* (I = 1/2, electron spin S = 1/2) doped YSO, excep-
tionally long values for a Kramers RE ion at zero magnetic
field [14-16]. The same effect led to a 28-fold enhancement

©2022 American Physical Society


https://orcid.org/0000-0002-2997-4090
https://orcid.org/0000-0003-1958-7625
https://orcid.org/0000-0003-3106-9679
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.184115&domain=pdf&date_stamp=2022-05-31
https://doi.org/10.1103/PhysRevB.105.184115

FEDERICO CHIOSSI et al.

PHYSICAL REVIEW B 105, 184115 (2022)

for ground-state hyperfine coherence lifetimes in '*’Er:YSO
(I =17/2,S = 1/2) crystals [17]. The strong potential of the
hybridized electron-nuclear hyperfine levels of the "1Yb3*+
isotope for optical quantum technologies has been recently
highlighted in YSO and YVO, crystals. For instance, they
are promising for the realization of efficient MW to optical
transducers [18,19], optical storage with long memory time
and large bandwidth [16], as well as quantum processors and
single photon sources [20]. In particular, the possibility to
operate at zero magnetic field is attractive for interfacing these
materials with superconducting qubits to create networks of
quantum processing nodes.

Integration into photonic circuits combining waveguides,
micronano resonators, and electrodes is also highly desir-
able for compact multifunctional designs showing enhanced
interaction with light and, e.g., MW fields [20-25]. In this
regard, lithium niobate, LiNbO3 (LN), a well-known material
for its large electro-optical coefficient and nonlinearity, has
become one of the most widely used on-chip platforms [26],
with many applications including coherent photon conversion
[27], fast electro-optic modulators [28], and quantum tech-
nologies [29]. Incorporating RE ions in LN waveguides or
resonators can provide additional functionalities for the latter
field, and several works have been already devoted to this
subject [30-34], building on studies on bulk RE-doped LN
crystals [35,36]. In particular, Yb:LN single ion detection was
recently reported in an implanted lithium niobate on insulator
(LNOI) thin film [25]. Spectral hole burning (SHB) in bulk
Yb:LN crystals has also been studied at temperatures down to
9 K [37]. The properties of the 7' Yb>* isotope were, however,
not assessed in these previous works.

Here we study an isotopically enriched '"'Yb** doped
LN bulk crystal of congruent composition at temperatures
between 50 mK and 9 K. In particular, we report on optical
coherence, spectral diffusion, as well as hyperfine structures
and spectral hole lifetimes, properties that are key to the devel-
opment of '"'Yb:LN integrated quantum photonic platforms.
In this regard, the spin and spectral hole linewidths, along with
the optically detected magnetic resonance (ODMR) spectra,
are compared to those obtained in a LNOI thin film waveg-
uide in which the '"'Yb** doping has been achieved by
implantation.

The paper is organized as follows: After a brief in-
troduction on the crystal structure and description of our
experimental setups, we present the results in six subsec-
tions. We explore the optical absorption and emission spectra
in Sec. IVA. In Secs. IVB-IV D, we discuss ODMR, hole
burning spectra under magnetic field, and ground-state spin
relaxation. Two- and three-pulse photon echo measurements
are presented in Secs. IVE and IVF.

II. CRYSTAL STRUCTURE AND Yb**+
MAGNETIC PROPERTIES

LN crystal structure belongs to the R3c space group (No.
161) and has no inversion center. Both Li* and Nb°T sites
have a C; axial symmetry with the rotation axis parallel to
¢, and thus the substituting trivalent RE ions should possess
the same Cj site symmetry. However, the presence of vacan-
cies and charge compensating defects may reduce the local

symmetry to Cy, as proven in different RE-doped LN crystals
through electron paramagnetic resonance (EPR) and optical
spectroscopy. In addition, several nonequivalent sites have
been identified by EPR in nearly stoichiometric crystals, while
the very broad lines in congruent crystals prevent detailed
analysis [35,38-41].

The '"'Yb** isotope has the simplest hyperfine structure
owing to both the electron and nuclear spins being equal to
1/2. The four hyperfine levels of every crystal field level can
be approximated by the following Hamiltonian:

H=pB-g-S+1-A-S—u,8B-1, (1)

where up and pu, are the Bohr and nuclear magnetons and
gn = 0.9885 [42]. The three terms represent the electronic
Zeeman interaction, the hyperfine coupling, and the nuclear
Zeeman interaction with S and I the electronic and nuclear
spin operators, A and g the hyperfine and electronic Zeeman
tensors, and B the magnetic field.

The Cj; site symmetry implies that the A and g tensors have
one principal direction along the ¢ axis and two equivalent
ones perpendicular to c. At zero external magnetic field, the
hyperfine structure is thus composed of two singlets and one
doublet. On the contrary, there is no condition on the tensors
in the C; site symmetry and the level degeneracy is completely
removed [14].

The analysis of the EPR lines in a stoichiometric Yb:LN
crystal reveals nine different Yb** centers, six of which have
C, site symmetry and slightly different ground-state g ten-
sors [41]. In all cases, their off-diagonal entries are small
(<0.5) and the diagonal g values quite close to those of
Yb3* in the three different Cs sites, namely, g| = 4.46 and
g1 = 2.70. The presence of defects thus results in a weak
perturbation of the C; symmetry, with a small tilt of the g
tensor orientation away from the axial principal axes. Re-
garding the hyperfine parameters, only the Cs sites have been
taken into account with Ay = 3.57GHz and A; =2.14 GHz
for the '7'Yb** isotope in one site and A} = 4.50 GHz and
A = 2.25GHz in another one. For congruent crystals, like
the sample in this paper, a prevalence of quasi-Cs3 centers can
be reasonably assumed.

III. EXPERIMENTAL METHODS

A congruent LN crystal with [Li]/([Li]4+[Nb]) = 48.5%
and doped with 50 ppm (nominal concentration) of iso-
topically enriched "'Yb** (95%) was grown using the
Czochralski method. The sample was then oriented using a
Laue diffractometer and cut so the light could propagate on
a length of 12.5 mm with a polarization either parallel or
perpendicular to the crystalline ¢ axis. "' Yb?* ions were also
incorporated in z-cut (surface perpendicular to ¢) LNOI thin
films (NANOLN, China) by implantation technique. The im-
plantation was performed at the RUBION institute of the Ruhr
University Bochum employing an ion energy of 1.5 MeV and
a fluence of 10'? ions/cm?. The estimated doping concentra-
tion is 3 ppm. The sample was postannealed at 700 °C for
8 h. To increase the excitation volume, the 7' Yb:LNOI thin
film was further shaped into 8-mm-long straight waveguides
spaced by 30 um by means of electron beam lithography
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FIG. 1. (a) Optical microscope image of LNOI waveguides.
(b) Scanning electron microscope image of the 45° undercut used
to redirect light out of the sample plane. (c) A microwave wire was
stretched parallel to the waveguide to resonantly drive 7 Yb** spins.

and reactive ion etching [see Fig. 1(a)]. Further details on the
waveguides can be found in Ref. [25].

Spectroscopic experiments were carried out using three
different setups. The emission spectrum of the bulk crystal
was recorded through a spectrometer (Princeton Instruments
Acton SP2300) coupled to a ICCD camera (Princeton Instru-
ments Pi-MAX 4) after the sample was excited by an optical
parametric oscillator pumped by a Nd:YAG laser (Ekspla
NT342B-SH) with a 6-ns pulse duration and 5 cm™! full width
at half maximum (FWHM) linewidth. The emission decay
was recorded using a photomultiplier tube (ET Entreprises
9658B). The crystal temperature was maintained at 11 K by
a CTI-Cryogenics cryocooler. The measurements using this
setup are presented in Sec. IV A.

The ODMR, as well as the MW and optical hole burning
spectra of the '""Yb:LNOI waveguide and, for comparison,
of the ''Yb:LN bulk crystal, were obtained with a second
setup. These results are reported in Sec. IVB and at the
end of Sec. IVC. The setup is composed by a homemade
single mode diode laser tuned externally around 980 nm
and by a home-built confocal microscope constructed on the
basis of a custom built continuous flow cryostat (CryoVac)
equipped with a vacuum-compatible nanopositioning stage

(nPoint, travel range 100 um x 100 um x 25 um). The
laser is capable of delivering up to 1 mW of power to the
cryostat. The sample was mounted on a cold finger (5 K)
placed on a 3D stepper motor with a 10 mm travel range in
all three directions for coarse positioning of the sample. A
microscope objective lens (Zeiss, Epiplan-Neofluar, 0.95NA
100x Vak) was used to focus the excitation laser onto the end
of the waveguide and to collect the resulting fluorescence. The
end of the waveguide was undercut at 45° to redirect the flu-
orescence from in-plane waveguide toward the objective lens
[see Fig. 1(b)]. Optical spectral holes were measured tuning
the diode laser in resonance with 7' Yb** at a wavelength of
~980.5 nm (vacuum) and by splitting the laser beam in two
beams that went through acousto-optic modulators (AOM) in
double-pass configuration to serve as pump and probe. The
probe beam frequency was swept around the pump one, which
was kept fixed.

Spin transitions were investigated with the same setup by
ODMR. A copper wire of 20 um in diameter was placed par-
allel to the waveguide ~40 um away from it [see Fig. 1(c)].
It was contacted to the outside of the cryostat with coaxial
cables using a vacuum feedthrough equipped with SubMinia-
ture version A (SMA) connector. The output connector was
terminated with 50 €2 to minimize MW reflections. Two MW
sources (SMIQ 03b, Rhode & Schwarz and HMC-T2220,
Analog Devices) were combined using a home-made MW
resistive splitter/combiner and sent into the cryostat through a
MW amplifier (ZHL-42, Mini-Circuits). For the experiments
with the bulk "'Yb:LN sample, a similar MW wire was
stretched on its surface. Laser-excited '7'Yb** fluorescence
detected from the confocal volume 3040 pum away from
the wire and several microns below the sample surface was
then monitored while the MW source frequency was swept.
An increment of the fluorescence intensity with wavelength
>1 pum, detected by a superconducting single photon detector
(Scontel), revealed a spin transition at the current MW fre-
quency. While for the ODMR experiment we used only one
MW source being swept over a wide range, for the spin-hole
measurements one of the MW sources had a fixed frequency
in resonance with one of the spin transitions while the other
one was swept in the vicinity of the probed spin resonance.
The fluorescence was finally recorded as a function of the MW
frequency.

High-resolution absorption and hole-burning spectra as
well as photon echoes were recorded in the 7' Yb:LN bulk
crystal on a third setup (Secs. IV A, C, D-F). Here the crystal
was mounted in a closed cycle dilution refrigerator (Bluefors
SD) and cooled at temperatures between 50 mK and 9 K.
Temperatures were measured on the mixing chamber base
plate. At the lowest temperatures, the repetition rate of the
laser pulses was reduced so as to limit the average heating
power on the crystal to the ©W range. A helium bath cryostat
(Janis SVT-200) equipped with homemade Helmholtz coils
was used for SHB under magnetic field. A tunable diode-
laser (Toptica DL Pro) with a linewidth of ~1 MHz FWHM
was used as the excitation source. Laser frequency was mea-
sured by a wave meter (Burleigh WA-1100) with a resolution
of 100 MHz while frequency sweeps were calibrated with
a Fabry-Pérot interferometer (Toptica, 1 GHz free spectral
range). A 80-MHz AOM (AA Opto-Electronics) driven by an
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FIG. 2. Top: Emission spectrum recorded at 11 K exciting the
50 ppm "' Yb:LN bulk crystal at 957 nm. Transitions are labeled
according to Ref. [51]. The peak indicated by the arrow is believed to
originate from the coupling with a localized phonon mode. Bottom,
blue and black circles, left scale: Polarized absorption spectra at
10 K. Center frequency corresponds to 980.5 nm (vacuum). Bottom,
purple circles, right scale: Photon echo amplitude as a function of
the laser frequency at 1 K. The delay between the excitation and
rephasing pulses was fixed at 5 us. Lines represent Lorentzian fits.

arbitrary waveform generator (Agilent N8242A) was used to
create pulses for the SHB and photon echo experiments. For
the latter, square pulses with a 1.5 us length and ~10 mW
power were typically used. Spectral holes were burned using
500-ms-long pulses of about 10 mW power and then probed
with a much reduced power of about 100 £ W. The laser beam
went through a half-wave plate to set the light polarization
parallel or perpendicular to the ¢ axis and was focused on
the sample by a 300 mm lens. Light was finally detected
by a photodiode (Thorlabs PDB150A) connected to a digital
oscilloscope (LeCroy WR6200).

IV. RESULTS

A. Absorption and emission properties

The unpolarized emission spectrum of the 50 ppm
7yb:LN sample at 11 K (Fig. 2, top) and the measured
lifetime of the 2Fs 2(0) level, Ti = 440 us, are similar to those
reported previously at higher concentrations [37]. The absorp-
tion spectra for the 2F7/,(0) — 2Fs)2(0) transition for light
polarizations parallel and perpendicular to ¢ are displayed in
Fig. 2, bottom. The spectra show broad Lorentzian shapes that
can be attributed to the high concentration of point defects in

TABLE I. Main spectroscopic parameters of rare-earth transi-
tions in different matrices at liquid helium temperatures and zero
magnetic field.

f 11071 A* [nm] Cipy [GHz] T, [kHz]

Yb:LN 50 ppm®,°© 0.55 980.52 50 35
Yb:Y;Als04, 500 ppm [45] 1.1 968.57 3.6

Yb:YSO 10 ppm®,¢ [15] 0.38 978.85 0.55 1.1
Yb:YVO, 100 ppm® [18] 15.8 984.5 0.28

Er:LN 80 ppm [35] 14 1532.06 180 >700
Tm:LN 0.1% [39] 4.0 794.22 90 28
Pr:LN 0.1% [1,46] 0.08 617 1700 76

4In vacuum, 0-0 transition.
bI71y b3+ isotope enrichment.
“This paper.

4Site 2.

the form of vacancies and antisites in the congruent crystal
[43.,44]. The hyperfine transitions cannot be resolved due to an
inhomogeneous linewidth of ~50 GHz FWHM, in agreement
with the values estimated in natural abundance Yb3*:LN [37],
but narrower than the linewidths found for other RE ions in
LN (see Table I).

As the induced electric dipole contributes most to the tran-
sition [47], we can calculate the transition oscillator strength
from the integrated absorption as [48]

mec 1 9n
O7e2 N (n2 + 2)?

f=4me /a(v)dv, 2)
where € is the vacuum permittivity, e, m, the electron charge
and mass, ¢ the speed of light, N the Yb3t ions density,
taken as the nominal one, «(v) the absorption coefficient at
frequency v, and n the refractive index. At 980.5 nm and cryo-
genic temperatures, the refractive index values perpendicular
and parallel to the c axis are n; =2.23 and n = 2.18 [49]. We
thus obtain fj = 5.5 x 1077 and f| = 4.0 x 1077 that are
compatible with the line strength determined in Ref. [47] but
smaller than the oscillator strength of Yb?* in other matrices
or other RE transitions of interest in lithium niobate (see
Table I).

The spontaneous emission rate on the *Fs 2(0) — 2F, 12(0)
transition can be calculated as follows :

2w e*v? 1 n(n® + 2)?

2f1)=2361s""1
eome® 3 9 (fi+2f0) °

Agso =

Assuming a unit emission quantum yield, we estimate an
emission branching ratio of 8 = T1Ag—o =~ 16%. Given the
high-quality fabrication techniques available in LN, this value
makes Yb:LN a promising system to reach high Purcell fac-
tors in optical cavities [25,50].

B. Optically detected magnetic resonance

Spin transitions in a !"'Yb:LN bulk crystal and a
71Yb:LNOI waveguide were determined by ODMR at 5 K,
as described in Sec. II. Figures 3(a) and 3(b) show the ODMR
spectra which reveal three peaks located at 0.7, 2.0, and
2.9 GHz in good agreement with the ground state A param-
eters previously determined by EPR [41]. The linewidths, on
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FIG. 3. (a), (b) ODMR spectra of "'Yb:LN bulk crystal and
"Yb:LNOI waveguide. The labels refer to the energy levels in Fig. 4
(right). (c), (d) MW spectral holes burnt at 2900 MHz in the 1 — 3,4
spin transition in 7' Yb:LN bulk crystal and 7' Yb:LNOI waveguide.
Linewidths are respectively 19 and 10 MHz FWHM. Black lines
represent Lorentzian fits. All experiments were performed at 5 K.

the order of 100 MHz FWHM, are not unexpected in con-
gruent LN due to the large defect concentration. Presence of
different Yb** sites is further illustrated by the three peaks
composing the transition at 2.0 GHz in Fig. 3(b) or the broad
feature at ~0.7 GHz in Fig. 3(a). Nonetheless, the ground-
state hyperfine structure seems to be consistent with a Cs site

symmetry as a single transition peak is found at 2.9 GHz. The
corresponding hyperfine structure is shown in Fig. 4, right. It
is worth noting that the ODMR contrast in the 7' Yb:LNOI
waveguide appears to be enhanced with respect to the bulk
crystal. It could be due to the LNOI film having the ¢ axis
perpendicular to its surface while the bulk LN crystal had the
¢ axis in plane. This might have led to different polarization
selection rules for both optical and MW transitions. This, in
turn, might explain the differences in ODMR contrast.

To further analyze the spin transition linewidth, we
performed SHB experiments in the MW domain. In the ex-
periment, a MW pump excitation was set at the peak of the
2.9 GHz transition, while a MW probe was swept around the
pump frequency. As shown in Figs. 3(c) and 3(d), both the
bulk crystal and the waveguide show a dip, with a linewidth
of 19 and 10 MHz FWHM, respectively, when the pump
and probe frequencies match. These values give upper limits
(9.5 and 5 MHz, respectively) on the spin effective ho-
mogeneous linewidths at long times, i.e., including spectral
diffusion. They are also likely to contain contribution from
power broadening given the large values observed compared
to those measured on optical spectral holes (see Sec. IV C).
The broader hole observed in the bulk crystal could be related
to its higher doping concentration and/or higher content in
paramagnetic impurities or defects.

C. Optical spectral hole burning

Hole-burning spectra were recorded at 1 K by tuning the
laser to the center of the F7,2(0) — *Fs,2(0) transition and
setting a 5 ms delay between burn and probe pulses to allow
for complete relaxation of the excited state. Measurements
were repeated for magnetic fields B from O to 20.1 mT with
steps of 2.9 mT along or perpendicular to the ¢ axis and
for different laser polarizations. Some spectra are displayed
in Fig. 4. At zero field, broad holes are detected at relative
frequencies of £3.9, 3.4, 2.9, and 0.6 GHz. Few shallow
antiholes are also recognized, for instance, at 2.1 GHz. The
transmission peak in the range (5.5-6.0) GHz which becomes
clearer with the increase in magnetic field is believed to

. . ‘ 3.0
~ 20+t \ ; ELlc/B= ] -
m \ J 1oF — ——————
@ LA A ‘ A 201 mT B
‘3 b 7 17.2 mT N 10k
215 ‘ AN RSN S
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5 ) 8.6mT s = =F
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FIG. 4. Left: Experimental (orange) and simulated (black) optical SHB spectra for different external magnetic fields oriented along the ¢
axis. In purple, the spectrum acquired with the maximum magnetic field (20.1 mT) directed perpendicular to the ¢ axis. A vertical shift has
been added for clarity. The dotted lines highlight the linearly shifting holes attributed to "' Yb*" ions in Cj sites or impurities of even Yb**
isotopes. The narrow peak at —160 MHz is an artifact caused by an AOM. Experiments were performed at 1 K. Right: Simulated *F;,,(0) and
%Fs,5(0) hyperfine level energies as a function of magnetic field along the ¢ axis.

184115-5



FEDERICO CHIOSSI et al.

PHYSICAL REVIEW B 105, 184115 (2022)

TABLE II. Hyperfine parameters (GHz) and g factors of 17 Yb**
ground and excited states in LN.

Al Alp A g g1

2F72(0) [41] 2.14 2.14 3.57 45 27
2Fs/z(O) (this paper) 0.98 0.17 6.93 3.5

be an antihole that appears as a hole because of fast spin
relaxation [52]. Broad holes with a complex structure, like
those at around +3.4 GHz, are consistent with the results
of the ODMR experiments (Sec. IV B) and the congruent
composition of the crystal [1,41].

By inspecting the SHB spectra acquired for different mag-
netic fields applied along ¢, we can identify two symmetric
holes that arise from the central hole and shift linearly (dotted
lines in Fig. 4). Fitting their relative frequencies as a function
of the field strength, we infer gy = 3.52 4= 0.03. All the other
holes seem to be due to singlet levels. Their frequency is
insensitive to small magnetic fields, proving that the corre-
sponding transitions are ZEFOZ in nature. As a consequence,
the degeneracy of 2135/2(0) seems to be already completely
lifted at zero magnetic field which is compatible with a C; site
symmetry but not with a C3 one. This lowering of symmetry
was not observed for the ground-state hyperfine structure in
the ODMR experiments (see Sec. IV B), which could be ex-
plained by crystal-field perturbations having different effects
on ground and excited electronic wave functions.

The only two linearly shifting side holes thus probably
originate from a few Cj centers or, more likely, from even
Yb** isotope impurities which represent a few percent of the
total Yb** amount.

Taking into account the number of parameters required
to fully describe '"'Yb?* ions in a C; site, the need to in-
clude different sites, and the broad experimental features, a
comprehensive understanding of the hole-burning spectra is
difficult to achieve. Nonetheless, we provide in the following
a simple model to roughly predict the hyperfine structure at
any arbitrary magnetic field. We consider only one center and
assume a weakly perturbed C3; symmetry that can be described
by the C3 diagonal g and A tensors but with two distinct values
Aj 1, Al . For the ground state, we use A and g determined
for the C; symmetry in Ref. [41]. Note that the parameters
of the two ground-state tensors g and A should not affect the
holes positions in the spectrum but only those of the antiholes.
As g has already been determined, the three diagonal entries
A, AL 1,A) » of the excited state A tensor are the only free
parameters that need to be adjusted to the experimental hole
positions with B || ¢, according to Eq. (1).

The A parameters found by fitting the calculated holes
positions to the experimental ones for the eight B values
are summarized in Table II and the simulated spectra, in-
cluding holes and antiholes, are drawn in black in Fig. 4
(left), assuming equal branching ratios for all transitions.
The hole/antihole amplitude ratio was set to 3:—1, and the
linewidths to 80 MHz FWHM, similar to the widths seen
in ODMR (Sec. IV B). Holes and antiholes of even Yb’*
isotopes impurities have been added to the simulated spectra
for completeness. The hyperfine level energy dependence on
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FIG. 5. (a), (b) Optical spectral holes burnt in '7'Yb:LN bulk
crystal and '7'Yb:LNOI waveguide. Linewidths (FWHM) deter-
mined by Lorentzian fits (black lines) are 3 MHz (a), and 1 and
9 MHz (b). Experiments were performed at 5 K.

the magnetic field along c is also displayed in Fig. 4. In
this scheme, only transitions from the two lower ground-state
levels have a ZEFOZ nature.

By applying magnetic fields perpendicular to ¢, no shifts in
hole frequencies were observed, as shown by spectra obtained
without magnetic field (lowest orange trace in Fig. 4) and
with the highest field (violet trace). In particular, no linearly
shifting holes were observed, indicating a small value of the
g1 factor. This agrees with the expected ratio A /A, = g|/g.1
that predicts g; < 0.5.

Spectral hole linewidths (FWHM) were also compared be-
tween the 7' Yb:LN bulk crystal and '"'Yb:LNOI waveguide
at 5 K and zero magnetic field (see Sec. II). The experimental
results are plotted in Fig. 5. According to a fitting procedure
based on Lorentzian shapes, the width of the central hole
in the bulk '"'Yb:LN is 3 MHz. The hole in the implanted
7'yb:LNOI waveguide shows two components with widths
of 1 and 9 MHz, respectively. The broader component in the
waveguide compared to the bulk sample could be due to the
damages in the crystal structure induced by the implantation
process and not completely cured by the annealing treatment.
The narrower component has however a width smaller than
the bulk value, showing that part of the ions are in an environ-
ment with a low defect density.

In a previous study [25], the hole width in a natural abun-
dance Yb*' implanted LNOI waveguide was found to be
80 MHz, one order of magnitude larger than what we observe
with '7'Yb** . It indicates the magnetic origin of the main fluc-
tuations that perturb Yb* transition frequency in LN and the
effectiveness of the ZEFOZ transition of '7'Yb*" in reducing
the effect of these fluctuations.

D. Spin population relaxation

The decay of the hole amplitude as a function of the delay
between burn and probe pulses shows how the nonequilibrium
distribution of the three hyperfine level populations induced
by the laser excitation relaxes through different spin-flip pro-
cesses. To estimate their rates and temperature dependence,
we measured the hole depth in the '"'Yb:LN bulk crystal
between 5 ms and 700 ms after the burn pulse and at different
temperatures. An example of the hole depth decay at 1 K is
shown in the inset of Fig. 6. All decays were well fitted by the
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FIG. 6. Inset: Optical hole depth as a function of delay after
burning (7 = 1 K). (Main) Temperature dependence of the two hole
relaxation rates (circles) and fit using Eq. (4) (lines).

function
h(x) = cre B 4 cre ™ 5. 3)

The offset c3 may represent levels with very slow relaxation
rates, like the minutes-long spectral hole reported in Er:LN
caused by the superhyperfine interaction with ’Li (92% abun-
dance, I = 3/2) and **Nb (100% abundance, I = 9/2) [39].
Equation (3) has been used to estimate the two relaxation
rates R; and R, for temperatures up to 6.2 K. As shown in
Fig. 6, above 5 K the two rates increase exponentially with
the temperature 7' so starting from 6.2 K only the slowest
component R, can be accurately assessed. Both rates follow
the equation

Rio(T) =R, + ﬁ )
where kp and a are the Boltzmann and coupling con-
stants. The fitting procedure gives R(l) =40.14+0.8571, Rg =
8.4+0.2s7!, AE; =56.4+5.6cm™!, and AE; =59.6 +
1.2cm™!. The first term in Eq. (4) is temperature independent
and attributed to flip-flop processes between ground-state spin
levels. The second one corresponds to a coupling with phonon
modes. Note that the activation energies AE], for the two
rates are close to each other but much lower than the crystal
field level energy expected in an Orbach process [53]. This
point is discussed in the next section as this phenomenon
also appears in the temperature dependence of the optical
homogeneous linewidth.

E. Two-pulse photon echo

The optical homogeneous linewidth (I';) and the mech-
anism responsible for its broadening were assessed by
performing photon echo measurements between 50 mK and
9 K, at zero magnetic field.

In the inset of Fig. 7, the peak intensity of the two-pulse
photon echo as a function of the delay time t; between the
excitation and rephasing pulses is shown for three tempera-
tures. In the first microseconds, the intensity decay follows
a pure exponential function /(z;) o exp(—4t,;/T>) where T
is the coherence lifetime, indicating that spectral diffusion
does not affect the transition homogeneous linewidth in this
time interval. However, it could play a role at longer delays

110
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FIG. 7. Inset: Two-pulse photon echo decay at three different
temperatures. Exponential fits are shown as black lines. Main:
Homogeneous linewidth, obtained through two-pulse photonecho
measurements, as a function of temperature (circles) and fit using
Eq. (5) (black line).

causing the observed deviation from the exponential fit. In
fact, in the case of a dephasing process due to spin flips near a
7Iyb3* ion, frequency shifts can be reversed by another flip
of the same spins, thereby partially reviving the initial "1 Yb3*
ion coherence [39,54]. Alternatively, such a deviation may
originate from subensembles of ions in environments with
lower defect concentration and therefore endowed with longer
coherence lifetimes.

The temperature dependence of the homogeneous
linewidth, calculated from the coherence lifetime as
'y =1/nT,, is displayed in the main panel of Fig. 7.
Remarkably, a 35kHz optical homogeneous linewidth
is observed below 6 K. This value is much closer to
those measured for the non-Kramers Tm>* ions in LN
(T, = 30kHz) [39] rather than for the Kramers Er’* ions
(', > 700kHz). The latter attain such narrow linewidths
only when an external magnetic field is applied [35]. As
already mentioned for spectral hole widths in Sec. IV C, low
[, values are attributed to 7' Yb** ZEFOZ transitions, which
efficiently reduce the effect of magnetic noise. The larger
effective homogeneous linewidth deduced from hole widths,
about 1.5 MHz, is attributed to additional processes like slow
spectral diffusion, laser drifts, or power broadening.

As in the case of hole relaxation, the homogeneous
linewidth increases with increasing temperature and is well
described by the expression

pn

Cp(T) =T+ SAETGT — ] (5)

where the plateau up to 7 K is represented by the term Ty
and the exponential increase above 7 K is due to the coupling
with phonons in the ground and excited states. The best-fit
results are Ty = 35.5 + 0.2 kHz, AE =87.3 £+ 3.2cm™},
and I'p, = 69 £ 36 GHz for the phonon coupling coefficient.
The same exponential energy factor AE has been reported
for the homogeneous linewidth temperature dependence in the
range from 12 to 19 K by fitting spectral hole profiles in Yb**
doped congruent LN [37]. However, as already observed in
other crystals [45], this value does not agree with Yb>* energy
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levels as ~250 cm™! separate “F7,5(0) and *Fs/>(0) from the
next crystal field levels [51]. Interestingly, a peak at a simi-
lar AE energy (~ 85 cm™ 1) with respect to the 2Fs 2(0) —
2F7,2(0) energy appears in both the absorption [51] and emis-
sion spectra of Yb:LN (Fig. 2). This peak could be due to the
coupling between Yb** and a localized phonon mode, which
would explain the temperature dependence of the optical de-
phasing. A similar mechanism, but with a smaller activation
energy, could be responsible for the temperature dependence
of the ground state spin lifetime (Sec. IV D).

The nearly constant coherence lifetime below 6 K indicates
that interactions with two-level systems (TLSs) do not signif-
icantly contribute to the homogeneous linewidth. According
to the standard TLS model [55], I';, should scale with T¢
with o ~ 1.3 while a plateau is found. Moreover, it should
be stressed that the TLS contribution is not even quantifiable
in 7'Yb>*:LN whereas it has been identified as the main
dephasing factor for Pr’* in LN [46]. This discrepancy may
be attributed to a larger structural disorder in this sample
which presents a huge inhomogeneous linewidth compared to
Yb:LN (see Table I).

As shown in many studies on RE-doped crystals [2],
magnetic fluctuations are likely to dominate dephasing in
T'Yb:LN at low temperature. They can be caused by the
nuclear spin bath of 7Li, ®*Nb and °Li (8% abundance, I = 1),
7yb3* ions themselves, and other paramagnetic impurities
or defects. We first examine the nuclear spin contribution,
noting that it is consistent with the constant coherence lifetime
below 6 K as no nuclear spin polarization is expected even at
50 mK.

We estimated the nuclear spin contribution by considering
a simple model where homogeneous linewidths are given by
[10,14]

[, = $18B + S»28B2, (6)

where 6B is the magnetic noise produced by flipping electron
and nuclear spins in the crystal and S| = 0 for the ZEFOZ lev-
els. This model assumes fast spin bath dynamics, in agreement
with the observed quasiexponential photon echo decays.

For the main site identified in the SHB study (Sec. IV C),
g1 is found much smaller than g in the excited state. As a
result, the second-order perturbation on the energy of a given
ZEFQZ excited state level by §B is mainly due to the parallel
component 8B. It is given by +(upg8B))*/4AE where AE
is the (positive) zero field energy difference to the closest hy-
perfine level (see Appendix). This gives a mean second-order
sensitivity for the excited levels of S, = 1.2 x 10° GHz/T>.
The same calculation can be carried out for the ZEFOZ levels
of the ground state, taking into account in this case 6B , as de-
tailed in the Appendix. The average sensitivity of the ZEFOZ
optical transitions is then estimated as S o5 =~ 600 GHz/ T2.

The magnetic noise §B due to LN nuclear spins can be
estimated from the optical homogeneous linewidths of about
700 kHz measured at low magnetic field in Er’t [35]. With
a S coefficient for the optical transition of 1-2 g [56], this
gives 85 = 25 — 50 uT. Another estimation can be obtained
considering that 8B o< ) _ g,.n; [57], where the sum is per-
formed over the different nuclear spin species. The ratio of
magnetic noise between LN and YSO is thus found to be 11,

leading to 6B ~ 33 uT since the magnetic noise in YSO is
about 3 uT [14]. Using Eq. (6), such a noise gives a second-
order contribution to I';, of only 500 Hz. Even taking account
bias magnetic field up to 50 uT, i.e., the earth magnetic field,
the nuclear spin bath dephasing amounts to about 4 kHz,
whereas we measure an homogeneous linewidth of 35 kHz.

This estimation must, however, be considered as a lower
limit. This simple approach cannot capture the full dynamics
of '"'Yb** ions interacting with the nuclear spin bath and
does not take into account effects like the detuning of nearby
nuclear spins by electron spins. This so-called frozen core ef-
fect, which decreases magnetic noise for Er** [35], should be
much lower for '"'Yb?* since the superhyperfine interaction
vanishes to first order for the ZEFOZ levels. Nevertheless,
it suggests that noise generated by '7'Yb>* ions themselves,
and possibly other paramagnetic defects, have a significant
contribution to the measured optical homogeneous linewidth.

In the case of dephasing produced by the '"'Yb** spin
bath, it should be noted that the ground-state hyperfine struc-
ture shown in Fig. 4 leads to a strong spin polarization (85%)
in the lowest level at 50 mK. This should strongly reduce the
associated magnetic noise but no increase of the coherence
lifetime was measured. This could be explained by a negative
A parameter that would reverse the spin energy level order.
In this case, polarization in the three lowest levels would oc-
cur, which does not prevent spin flips and therefore magnetic
noise. This partial polarization could also explain the nearly
constant hole decay rates between 1 and 0.05 K. Indeed,
a strong polarization to a single level should significantly
change the decay rates. The '"'Yb** spin bath fluctuations
should also be fast enough, on the order of 10s of us, to
lead to the nearly exponential photon echo decays shown in
Fig. 7. Such fast rates would not be observed in spectral hole
decays, where they would be hidden by the optical excited
state decay (7} = 440 us). In 10 ppm "'Yb:YSO, flip-flop
rates of about 500 s~!' have been observed [15], and it is
conceivable that higher values could be reached in our 50 ppm
71Yb:LN samples. In any case, additional experiments using
high-quality samples with lower '7'Yb** concentration are
needed to clarify dephasing processes and coherence lifetime
upper limit.

Finally, we registered the echo amplitude for a fixed de-
lay as a function of the laser frequency while maintaining
the same excitation intensity. The values follow a Lorentzian
distribution with a linewidth of ~50 GHz FWHM, similar to
the absorption inhomogeneous broadening (Fig. 2). When the
absorption coefficient is small, the echo amplitude is indeed
proportional to the number of excited ions, and therefore to
the absorption coefficient. In terms of frequency multiplexing,
71Yh:LN thus offers a large operational bandwidth giving up
to IM'un/ I',=10° addressable channels or qubits.

F. Three-pulse photon echo

We further investigated spectral diffusion in '""Yb:LN by
performing three-pulse photon echo experiments at 1 K. The
delay time t, is defined as the time interval between the first
two pulses and T,, as the waiting time between the second
and third pulses. The peak intensity of the stimulated photon
echo, which appears after a delay t,; from the third pulse, is
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FIG. 8. Three-pulse photon echo experiments. Main: Effective
homogeneous linewidth estimated from Eq. (7) versus waiting time
at three temperatures. The black lines are linear fits. Inset: Photon
echo peak intensity as a function of waiting time for t;, = 2.5 us and
at T =1 K. The black line is a fit using Eq. (7).

determined by a time-dependent effective linewidth
et (74, Tw) and expressed as [7]
I(fda Tw) = IOC‘iZTw/T] 6*414711—‘3([ . (7)

For fixed values of T;,, we measured the photon echo intensity
as a function of 7; and extracted I'ey by a pure exponential
fitting. The obtained [ is linearly proportional to T,, as
shown for three temperatures in Fig. 8. Spectral diffusion is
attributed to interactions with the spin bath and the effective
homogeneous linewidth is thus expected to depend on the
waiting time according to [7]

Cett = T'o + 0.5Tsp[RTy + 1 — exp(—RT,)]. (8)

Here, I'sp and R are the maximum broadening caused by
the spin dynamics and the characteristic spin-flip rate. Since
Iesr was found to depend linearly on T7,,, we conclude that
Rty < RT,, < 1 in the probed time interval (50—400 us) so
Cegr = g + 0.5T'spRT,,. The intercepts of the linear functions
are indeed close to the homogeneous linewidth deduced from
two-pulse photon echoes. Spectral diffusion up to a timescale
of 400 us is moderate, with 0.5'spR slopes varying from
14 kHz/ms to 30 kHz/ms in the 1-5 K range.

Finally, we studied the three-pulse photon echo intensity
at 1 K as a function of T, with 7; = 2.5 us (Fig. 8). The
experimental data were fitted with Eq. (7), using the previous
result to take into account the dependence of I on To,.
We obtained 77 = 327 & 4 us, similar to the ?Fs , lifetime of
440 ps measured by fluorescence decay.

V. CONCLUSION

A detailed study of the optical and spin properties of
7yp3* (I =1/2, S = 1/2) in lithium niobate, one of the
most promising materials for integrated optical quantum
technologies, has been performed. Optical SHB experiments
under magnetic field, as well as ODMR spectroscopy, were
used to determine hyperfine structures and spin Hamiltonian
parameters in bulk samples as well as in implanted waveg-
uides fabricated in LNOI thin films. First, optical ZEFOZ
transitions, insensitive to magnetic field to first order, were

clearly identified at zero magnetic field in the hole burning
spectra. Second, it was found that the excited state struc-
ture can be described with a perturbed C; symmetry model,
whereas the ground-state one is consistent with a regular C;
symmetry. Linewidths of spectral holes burned in optical and
spin transitions were probed and showed that much narrower
lines are obtained with '"Yb** compared to samples doped
with natural abundance Yb>* thanks to the zero-field ZEFOZ
transitions. Moreover, comparison of hole width between bulk
and implanted waveguide samples suggests that some ions
sit in similar environments in both materials. Spin relaxation
times were measured through spectral hole decay and can
reach between 25 and 100 ms in the bulk crystal at low
temperature, limited by ground-state flip-flops.

In bulk samples, two-pulse photon echo amplitude was
measured as a function of optical frequency and followed
the 50 GHz broad inhomogeneous absorption profile. This
technique was used to determine homogeneous linewidths and
a value of 35 kHz was found below 6 K and under zero mag-
netic field, similar to values obtained for non-Kramers ions
in LN, highlighting again the ZEFOZ effect. At higher tem-
peratures, the increase in homogeneous linewidth is attributed
to coupling with localized phonon modes. A simple model
suggests that nuclear spins do not limit coherence lifetimes
and that samples with lower dopant or paramagnetic defect
concentrations could show longer 7,. Spectral diffusion was
finally studied by three-pulse photon echoes and found on the
order of 10s of kHz/m:s.

These results show that '"'Yb3*:LN is a promising sys-
tem for obtaining emitters with narrow optical linewidth and
an electron spin degree of freedom in high-quality photonic
structures. This could be exploited to build broadband inte-
grated quantum memories for light, single ion-based quantum
processors or lifetime-limited single photon emitters.
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APPENDIX

The effects of magnetic field fluctuations are estimated
for '"'Yb* starting from the hyperfine interaction that gives
zero field splittings and ZEFOZ levels (see Fig. 4, right). We
assume a regime of small magnetic field (<1 mT) for which
the electronic Zeeman interaction is much lower than the zero
field energy splittings (at least a few 100s of MHz). In this
case, the magnetic field effect on the ZEFOZ level energies
can be calculated using second-order perturbation theory. Nu-
clear Zeeman interactions, which also appear at second order,
are neglected.

For the excited state ZEFOZ levels, it is enough to consider
only magnetic noise parallel to ¢ as g > g . Using the values
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given in Table II for the hyperfine and Zeeman interactions,
this leads to

EY, = (A £AL FALL)/4, (A1)
Ey=(—Aj£AL1 +A10)/4, (A2)
2 2

Ung 6B
El,ZzEgziﬁ, (A3)
2400 —AL)
2 2
Ungi0B
Eya=E3, * i (A4)

2411+ A1)

It can be noted that the matrix elements of the parallel Zeeman
interaction are nonzero only between levels 1-2 and 3—4.

In the ground state, we considered only the ZEFOZ lev-
els, labeled 3 and 4. In this case, the noise generated by
fields perpendicular to ¢ have to be considered too, resulting

in
E), =Ay/4, (AS)
E), = (—A; £241)/4, (A6)
B =B+ ’szjiBz _ 2’(‘/%?_‘351), (A7)
po_po_ MBEOB wpgom

4A | 2041+ Ay

From these expressions, the energies of the optical ZEFOZ
transitions between the four excited-state levels and two
ground-state levels were calculated and an average second-
order sensitivity to magnetic noise determined. The average
was carried out over all possible transitions, although a more
accurate calculation should consider possible selection rules
as a function of light polarization [18,58].
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