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We characterize the optical coherence and energy-level properties of the 795-nm *Hg to *Hy transition of
Tm3* in a Ti**:LiNbO; waveguide at temperatures as low as 0.65 K. Coherence properties are measured with
varied temperature, magnetic field, optical excitation power and wavelength, and measurement timescale. We
also investigate nuclear spin-induced hyperfine structure and population dynamics with varying magnetic field
and laser excitation power. Except for accountable differences due to different Ti**- and Tm**-doping concen-
trations, we find that the properties of Tm>*:Ti*":LiNbO; produced by indiffusion doping are consistent with
those of a bulk-doped Tm>*:LiNbOj crystal measured under similar conditions. Our results, which complement
previous work in a narrower parameter space, support using rare-earth ions for integrated optical and quantum

signal processing.

DOI: 10.1103/PhysRevB.103.134105

I. INTRODUCTION

Rare-earth-ion-doped crystals (REICs) cooled to cryogenic
temperatures offer several exceptional properties for optical
and radio-frequency processing tasks that range from ampli-
fier development to quantum signal manipulation [1,2]. These
properties include desirable energy-level structures and pop-
ulation dynamics, long-lived optical and spin coherence, as
well as their ability to be integrated on a chip [3,4]. Of the
many crystals that can host REIs, LiNbO3 is attractive due
to its transparency at optical wavelengths, high second-order
nonlinearity, and ability to be modified to allow optical guid-
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ing, among other properties [5]. These attributes underpin the
use of LiNbOj for several optical applications, including mod-
ulators that are used by the telecommunication industry [6].
An early study of an ensemble of Tm*" ions in a Ti-
indiffused LiNbO3; waveguide (Tm>*:Ti*":LiNbO3) at 3 K
demonstrated properties that were inferior to those measured
in a Tm**-doped LiNbOj; bulk crystal under similar condi-
tions [7]. This difference was attributed to the perturbation
of Tm** ions by Ti**, which is used to raise the index
of refraction of LiNbOj for waveguiding. However, a study
of Tm3*":Ti*":LiNbO; at 0.8 K revealed a tenfold improve-
ment of properties compared to those measured at 3 K,
matching those of a Tm>*-doped bulk LiNbO3 crystal under
similar conditions [8]. Here we complement this study by
measuring detailed coherence properties, population dynam-
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ics, and sublevel structure of the 3Hg to *Hy transition of
a Tm**:Ti**:LiNbO; waveguide at temperatures as low as
0.65 K.

More precisely, using two- and three-pulse photon echo
techniques, we measure coherence properties with varied laser
excitation power and wavelength, temperature, magnetic field,
and measurement timescale [1,2,9]. We then characterize
excited-level population dynamics and lifetimes using spectral
hole burning. We also quantify nuclear spin-induced hyperfine
energy-level structure under the application of a magnetic
field and with varying laser wavelength. The hyperfine struc-
ture is probed further by coherent excitation and emission of
light. Finally, we quantify the dependence of spectral hole
widths and lifetimes on laser excitation power, both of which
impact the suitability of Tm>*:Ti**:LiNbOj for the aforemen-
tioned applications.

Overall, we find equivalent properties to those measured
using a 0.1%-doped Tm**:LiNbO3 bulk crystal at temper-
atures of less than 1 K except for accountable differences
due to different Ti*"- and Tm>"-doping concentrations. Our
results are relevant for integrated quantum and classical light
processing and clarify how properties of REIs are affected
by crystal modification and measurement conditions in the
technologically significant LiNbO3 material system.

II. EXPERIMENTAL METHODS

Measurements are carried out using a 15.7-mm-long
Tm3*:Ti*":LiNbO; waveguide. It is created by raising the
index of refraction of a ~4-um-wide strip by thermally indif-
fusing Ti into a 0.9-mm-thick, up to 0.7% Tm?>*-indiffused,
lithium niobate crystal wafer. More details regarding the com-
position and fabrication of the waveguide can be found in
Ref. [8]. The crystal is mounted inside an adiabatic demagne-
tization refrigerator on an oxidized Cu stage and held down
by a Macor lid that is attached to the Cu stage by spring-
tensioned Ti screws. The Cu stage is mounted on an Au-coated
Cu plate that is attached to a magnetically shielded GGG
paramagnetic salt pill that generates temperatures as low as
0.65 K by adiabatic demagnetization. The temperature is mea-
sured on the Macor lid using RuOx thermoelectric sensors.
Light is directed into, and out of, the waveguide by butt cou-
pling single-mode fiber at around 800-nm wavelength to the
waveguide end facets. Each fiber is mounted on a three-axis
nanopositioning stage to optimize the efficiency of the butt
coupling. Transmission through the entire cryogenic setup is
10-20% due to imperfect overlap between the spatial modes
of the fiber and the waveguide, reflections from uncoated
surfaces, and imperfect fiber splices. Magnetic fields of up to
20 kG are applied parallel to the ¢ axis of the crystal using
a superconducting solenoid. The magnetic field strength is
determined using a Hall sensor mounted directly above the
Macor lid.

We employ a continuous-wave external-cavity diode laser
with an output power of up to 50 mW, an estimated linewidth
of a few hundred kHz over millisecond timescales, and pro-
ducing linearly polarized light oriented approximately normal
to the ¢ axis of the crystal (sigma polarization). The laser
operating wavelength is tuned between 791 and 798 nm (vac-
uum) by a diffraction grating that forms part of the laser cavity

and monitored using a HeNe-referenced wave meter featuring
an accuracy better than 1 GHz. A 400-MHz acousto-optic
modulator is used to produce pulses as short as 50 ns for
photon echo measurements or as long as 100 ms for hole
burning and spectral tailoring of the absorption profile of
the transition. Spectral features are probed by varying the
laser detuning through serrodyne modulation using a standard
20-GHz-bandwidth LiNbO3 phase modulator for frequency
sweeps of >20MHz. A field-effect-transistor wired in par-
allel with the laser diode is used for frequency sweeps of
<20MHz. The laser power is varied from ~1-10mW for
coherent transient (e.g., photon echo) measurements. It is
kept at < 1 mW for creating spectral features to avoid power
broadening.

Optical transmission is detected using a 1 GHz (2 MHz)
AC (DC)-coupled amplified diode for photon echo (spectral
tailoring-based) measurements and digitized using a 3-GHz
digital oscilloscope. In cases where it is undesired, persistent
spectral hole burning [2,9] is mitigated by continuously vary-
ing the laser frequency over several GHz in tens of seconds
using the diffraction grating. Moreover, we record photon
echoes of largest intensities to further avoid spectral hole
burning during photon echo excitation measurements. For all
other measurements, we average over many repetitions of
the same experiment to minimize errors due to laser power
fluctuations, frequency jitter, and noise.

III. RESULTS

A. Optical coherence properties

Frequency-selective modification of the line shape of an in-
homogeneously broadened transition of an ensemble of REIs
is necessary for many optical processing applications [3,4].
The maximum spectral resolution of the modification is ulti-
mately determined by the homogeneous linewidth I'j, of the
transition, which is inversely proportional to the coherence
lifetime 7, = 1/x T, [10]. Accordingly, decoherence can be
interpreted as a broadening of the homogeneous linewidth
[2]. This broadening is due to a time-varying detuning of the
transition frequency of each REI due to dynamic perturbations
caused by the lattice or neighboring ions [1]. These pertur-
bations depend on the REIC and the experimental conditions
used in the measurement. Thus, to better understand the nature
of coherence in Tm**:Ti**:LiNbO3, we quantify I'j, as a func-
tion of laser excitation power and wavelength, temperature,
magnetic field, and measurement timescale (i.e., we perform
time-dependent spectral diffusion).

1. Wavelength dependence

The large inhomogeneous linewidth I'j,, of REISs in crystals
is one of their unique features, which allows broadband or
spectrally multiplexed light-matter interactions [2,4]. There-
fore, we quantify the inhomogeneous line shape and probe
optical coherence at various wavelengths to determine the
bandwidth for which coherence properties are invariant. This
line shape may be determined using the Beer-Lambert relation
Iowt = Lge~ in units of optical absorbance d, where I is the
intensity of laser light at the output of the waveguide when
the laser is tuned in resonance and Iy is the intensity of the
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FIG. 1. Measured optical absorbance spectra from the
Tm**:Ti**:LiNbO; waveguide is shown using circles. The
dotted line indicates the absorption line shape of a 0.1%-doped
Tm*":LiNbO; bulk crystal that has been vertically scaled by a factor
of 2. Two-pulse photon echo intensity (log scale) measured from the
waveguide is shown using squares with lines added to guide the eye.

light when the laser is far detuned from resonance [11-13].
At 0.9 K, we generate a weak laser pulse, direct it into the
waveguide, and detect its intensity I,,(A) at the output as a
function of the wavelength A of the laser light. The laser is
then tuned to an operating wavelength of 800 nm, off-resonant
from the Tm?* transition, and the intensity Iy of the weak
pulse is recorded to yield the absorption line shape (Fig. 1,
circles).

Note that the absorbance between 793 and 795 nm is too
high to resolve the profile. This is expected due to the large
oscillator strength of Tm3*:Ti**:LiNbO;, waveguide length,
and doping concentration [7,14—16]. To compliment the mea-
sured data, Fig. 1 also shows an absorbance profile (dotted
line) measured using a 0.1%-doped Tm>*:LiNbO3 bulk crys-
tal under similar conditions [15] that has been vertically scaled
by a factor of 2. This absorbance profile predicts a high
d > 10 between 793 and 795 nm for the waveguide while the
scaling factor suggests an effective doping concentration of
0.2%, which is consistent with the results of Ref. [7]. Future
measurements using a shorter sample or a lower Tm>* con-
centration will allow better characterization of the optical line
shape of Tm3t:Ti*t :LiNbO3. Nonetheless, our measurements
unambiguously reveal d < 5 for wavelengths between 795
and 797 nm, which is within the zero-phonon line [1,2] and
hence suitable for efficient and broadband signal processing.

We now characterize wavelength-dependent decoherence
at 0.9 K using two-pulse photon echos. Specifically, two
pulses, separated by a time duration of f,, are directed into
the waveguide and, due to the coherent response of the ions, a
photon echo is produced a time ¢, later [10]. The intensity of
the echo 1, is described by [15,17]

I, ~ [e 9sinh(d /2)]?e 4/ (D

Reabsorption strongly reduces the intensity of an echo in
the presence of high optical absorbance (d > 1). Therefore,
using a 20-kG magnetic field, we generate a ~300-MHz-wide

spectral pit of reduced optical absorbance by optically pump-
ing Tm*" ions to long-lived nuclear-hyperfine levels (see
Sec. I B 2) [2,18]. To avoid stimulated decay of population
in the 3H4 excited level, we wait 5 ms, which is an order of
magnitude longer than the ~100 us lifetime of this level (see
Sec. IIIB 1), and perform two-pulse photon echo excitation
for a fixed #1, and varied wavelength to determine 7,(1) (Fig. 1,
squares).

Our optical pumping sequence is performed with maxi-
mum laser power for all measurements, resulting in a varying
residual absorbance as a function of wavelength at the bottom
of the spectral pit. Yet this absorbance is still high (d > 1) for
wavelengths around 794 nm where we expect maximum ab-
sorbance. Accordingly, I, is reduced for wavelengths around
794 nm likely due to reabsorption rather than reduced 7, [15],
an effect that is not taken into account in Eq. (1). Conse-
quently, we are unable to accurately determine 75>(A) using
Eqg. (1). Note that 7, was found to be invariant over ~ 300 GHz
of bandwidth around 794.5 nm using bulk Tm**:LiNbO3 at
1.6 K [15]. Nonetheless, we observe photon echoes over >
100 GHz of bandwidth, suggesting coherence over this range.

As a last step, we vary the laser power and detuning to
generate a spectral population grating [2,8] instead of a spec-
tral pit. After a time delay of 5 ms, we generate a laser pulse
that scatters from the grating to produce an echo 200 ns later.
This protocol is similar to three-pulse photon echo excitation
(see Sec. IITA5) [2]. We repeat this procedure at various
wavelengths, finding that the intensity of the echo varies with
wavelength similar to that of the two-pulse photon echos
shown in Fig. 1. This suggests that the coherence properties
along with the underlying level structure and dynamics are
suitable for wide-band optical processing.

2. Temperature dependence

Phonon interactions are a fundamental cause of de-
coherence of REIs [1]. Therefore, temperature-dependent
measurements are critical for determining the limitations of
coherence properties of REICs. Here we tune the laser operat-
ing wavelength to 795.0 nm and measure I';, as a function of
temperature by measuring the decay of two-pulse photon echo
intensities as the time delay #,, between the two excitation
pulses is varied. This wavelength is used to ensure strong
light-matter interaction without the reduction of signal inten-
sity due to reabsorption. This and similar wavelengths are also
used for several other measurements in this work (e.g., photon
echo excitation and hole burning) for the same reasons. The
echo intensity / is measured and fit using the Mims expression

21,

I(t) =le "B, )

where Ij is the echo intensity at t;, = 0, and x is an empirical
parameter determined by spectral diffusion (also discussed in
Secs. IIT A3 and IIT A 5) [10]. At 4 K, the decay is exponen-
tial (i.e., x = 1), indicating that it is dominated by phonon
scattering [1,15], with I', & 300 kHz. However, at lower tem-
peratures, the decay becomes nonexponential (Fig. 2, circles).
The initial part of the decay shows a time-dependent in-
crease of decoherence due to spectral diffusion (indicated
by a black line in Fig. 2), while the later part of the de-
cay becomes again exponential—a characteristic of motional

134105-3



NEIL SINCLAIR et al.

PHYSICAL REVIEW B 103, 134105 (2021)

O zero field
O 20 kG field

o
e
|

0.01 5

1x10°

Two-pulse photon echo intensity (a.u.)

FIG. 2. Example of two-pulse photon echo decays using zero
(circles) and 20-kG (squares) magnetic field on a log scale. All data
is taken at 0.89 K with excitation pulse powers of ~ 1 mW. The black
solid line corresponds to the fit using Eq. (2) while the black dotted
line indicates the motional-narrowing regime. The red line is the fit
of Eq. (2) to the 20-kG data.

narrowing (dotted line in Fig. 2) [1,14,15]. The motional
narrowing regime, in which the accumulated dephasing is
reduced due to spins flipping back to their original state, is
distinguished by the lack of time-dependent spectral diffusion.
The time at which motional narrowing appears suggests a
spectral diffusion rate of ~ 100 kHz, which is similar to that
measured using bulk Tm>*:LiNbOj at 1.7 K and a wavelength
of 794.26 nm [14,15]. The decay for t;5 < 7 us is used for
the temperature-dependent characterization and, from fits to
Eq. (2), the temperature-dependent homogeneous linewidth is
determined (Fig. 3). Note that spectral diffusion is suppressed
with applied magnetic field (Fig. 2, squares), as discussed in
Sec. IIT A 3.

We expect ', to be limited by direct phonon excita-
tion to a higher-lying crystal field level in the ground-state
manifold [1,15],

] 3)

Pn=To+ mmr —1°

where Iy is the homogeneous linewidth at zero temper-
ature, I'py is the phonon coupling coefficient, AE is the
phonon energy, T is temperature, and kg is the Boltzmann
constant. A fit of Eq. (3) to the data in Fig. 3 yields
an intrinsic linewidth of 33.5 &= 1.5kHz, agreeing with the
30 kHz predicted from measurements of a bulk Tm>*:LiNbOj;
crystal at a wavelength of 794.26 nm [15]. We also find
AE =7.0+02cm ! and I'ph = 3.2 £ 0.3 MHz. The former
agrees well with the ground-state crystal field splitting of
7.2 cm~! of bulk Tm>**:LiNbO; while the latter is three times
higher than the 1.1 MHz observed using the bulk crystal at
795.01 nm [15]. This supports our previous observation of
nonideal coherence properties of Tm**:Ti**:LiNbO; com-
pared to bulk Tm>*:LiNbO; at 3 K [7]. The large phonon
coupling may be due to the higher, up to 0.7%, doping con-
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FIG. 3. Temperature dependence of the homogeneous linewidth
measured using two-pulse photon echoes. A fit of the data using
Eq. (3) is shown by the red line. Inset: Data and fit shown in the
main figure (log scale) against 1/7 to highlight the exponential
dependence of '), — I'y.

centration of Tm>":Ti**:LiNbO; compared to 0.1%-doped
bulk Tm*":LiNbO5 [19]. Since AE > kT for all our mea-
surements, I';, — I'g exhibits an exponential dependence with
respect to 1 /T (Fig. 3 inset, the fit using Eq. (3) is also shown).

3. Magnetic field dependence

Decoherence beyond that induced by direct phonon-ion
interactions is due to spectral diffusion. This may be caused
by fluctuating fields within the host crystal that are gener-
ated by dynamic interactions between host spins or impurities
[1]. Spectral diffusion results in a broadening of the mea-
sured homogeneous linewidth because each ion experiences
a slightly different dynamic environment. A magnetic field
is expected to reduce the impact of spectral diffusion by in-
creasing the energy splitting between magnetic levels beyond
the phonon energy, inducing spin polarization and reducing
the number of spin flips [1]. Furthermore, the applied field re-
duces decoherence through the frozen core effect in which the
large magnetic moment of REIs create a localized magnetic
field gradient that inhibits spin flips of nearby nuclear spins,
creating a spin diffusion barrier [20]. Spectral diffusion is
expected due to coupling between Tm>* and **Nb, "Li, other
Tm?**, and possibly Ti** nuclear spins in Tm3*:Ti**:LiNbO;
[14-16].

We apply a magnetic field of 20 kG and measure a two-
pulse photon echo decay at a temperature of 0.89 K and
wavelength of 795.0 nm. We find an exponential decay that
is free of time-dependent spectral diffusion (Fig. 2, squares),
consistent with Tm>*:LiNbOj3 bulk crystal measurements at a
wavelength of 794.26 nm [14,15]. Moreover, fitting this decay
using Eq. (2) reveals a coherence lifetime of 49 £ 5 s, which
is consistent with the 51 £ 9 s observed in the motional nar-
rowing regime of the zero field data. We attribute the reduction
of coherence lifetimes compared to the 117 us reported in
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FIG. 4. Magnetic field dependence of I';, (linear-log scale). Inset:
Two-pulse photon echo decay and fit (log scale) using a 200-G
magnetic field.

Ref. [8] to nonzero excitation-induced decoherence during our
measurement (see Sec. III A 4 for an analysis of this effect).

To further investigate magnetic-field-dependent decoher-
ence, we measure two-pulse photon echo decays for varying
magnetic fields at a temperature of 0.86 K and fit the decays
using Eq. (2) to determine I';, (Fig. 4). For reliable fits,
we perform echo decays for f, > 5 us when echo
modulation has diminished (see Sec. IIIB3). We find
little field dependence and that 100 G of field is
enough to achieve coherence properties comparable to
that of the zero-field motional narrowing regime. Note
that we observe a similar field dependence when per-
forming the measurement using three times less excitation
power to avoid the impact of excitation-induced spectral
diffusion.

4. Excitation-induced spectral diffusion

One source of spectral diffusion is due to optical excitation.
Its effect on reducing coherence lifetimes is referred to as
instantaneous spectral diffusion (ISD) [21,22]. As REIs are
excited, the change in their permanent electric dipole moment
perturbs the resonance frequencies of neighboring ions via
electric dipole interactions. Consequently, the coherence life-
time that is inferred from a two-pulse photon echo decay may
be underestimated if intense excitation pulses are employed.
To determine the limitations of the coherence lifetime due to
ISD, we set the temperature to be between 0.81 and 0.89 K
and measure two-pulse photon echo decays at a wavelength of
795.6 nm with varying excitation powers and magnetic fields
of 300 G and 20 kG. The echo decays are fit using Eq. (2)
and we observe that the homogeneous linewidth rises with
excitation power until saturation (Fig. 5). This behavior is
supported by the following rate equation model for ISD:

T = Tpoo + Tisp(1 — &™), )

9_
8_
N7
I ]
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2 ] ®
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c {1 @ =
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FIG. 5. Excitation power dependence of the homogeneous
linewidth. Measurements using a 20-kG (300-G) field is shown in
the main figure (inset). Excitation power refers to the peak power
of the second excitation pulse at the beginning of the waveguide,
accounting for any insertion loss. Two runs of the experiment were
performed for each field.

where I'p—( is the homogeneous linewidth at zero excita-
tion power, ['igp is the full width at half maximum spectral
broadening due to ISD, and cp is a constant [22]. A fit of
our data using this model yields I'p_op = 2.9 + 1.1kHz (3.4 &+
0.3kHz) and T'isp = 8.9 & 1.7kHz (8.1 & 0.5kHz) for the
measurements at 300-G (20-kG) field, consistent with values
reported in Ref. [22]. The constant cp is related to a parameter
Bisp that only depends on the strength and the nature of the
ion-ion interaction. It is intrinsic to the material. For our
measurements, Bisp may be estimated using

3 wolhe r 5)
C ,
2a, plisp

Bisp =

where wy is the radius of waveguide mode, A is the optical
excitation wavelength, « is the absorption coefficient, and ¢,
is the duration of the excitation pulse [22]. The waveguide
features wp = 6.25 um and o = 1.1 cm™! at A = 795.6 nm,
and we employ excitation (77) pulses of duration #, = 25.6 ns.
This yields Bisp = 5.1 £3.2 x 107" Hz x em® (5.1 £ 1.1 x
10~ Hz x cm?) for the 300 G (20 kG) data, which is con-
sistent with the 6 x 10~!" Hz x cm® measured using bulk
Tm3*:LiNbO; at 1.7 K and a wavelength of 794.27 nm [22].
Note that the effects of ISD could not be quantified at zero
field due to a weak photon echo intensity. Furthermore, vary-
ing amounts of ISD are measured at different wavelengths
around 795.6 and 794.2 nm, consistent with observations us-
ing bulk Tm**:LiNbO3 [19]. This suggests more complicated
ion-ion or spin-spin interactions that go beyond the model dis-
cussed here [16,22] and should be addressed in future work.

5. Time-dependent spectral diffusion with magnetic field

In the presence of a magnetic field, spectral diffusion is
known to occur over timescales longer than the maximum
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the 3Hy level (see Sec. IIIB 1) and the restriction of echo decays
to timescales beyond which echo modulation has subsided (¢, >
500ns, see Sec. III B 3). Inset:Variation of the three pulse photon
echo intensity with #,3 for #,3 > T} (double-log scale).

value of #;, = 50 us used for our two-pulse photon echo
excitation measurements [1,2]. Since many optical signal pro-
cessing applications using REIs rely on spectral features being
created and probed over long timescales [2-4], we study
spectral diffusion on such timescales. Toward this end, we
use three-pulse photon echos at magnetic fields of 300 G and
20 kG. Specifically, we generate two pulses that are separated
by a time duration of #, to create a population grating. Here,
this grating is formed by optical pumping and trapping of
population in the 3Hg, nuclear-hyperfine, or superhyperfine
levels (see Secs. IIB 1, IIIB2, and IIIB 3). A third pulse,
generated 3 after the second pulse, is scattered from the
grating to produce a photon echo of intensity

I(t23) = Tolpop*(ta3)e™41202) ©6)

where [, (f,3) is the time-dependent homogeneous linewidth,
Iy is a normalization constant, and I,op(#23) represents the
reduction in echo intensity due to population decay [23]. For
Tm>*:Ti*":LiNbO3 at low temperatures and under magnetic
fields, Lyop(ta3) ~ Cre™ /T + Cge™/T6 4 Cye~/T | where
each C; is a constant and 77 = 109 us is the population
lifetime of the 3H4 level, Tz = 2.9 ms is the bottleneck level
population lifetime (see Sec. III B 1), and Ty > 1 s is the pop-
ulation lifetime of the hyperfine levels (see Secs. III B2 and
III B 3). All lifetimes are much longer than #;5.

Specifically, at a temperature of 0.80 K, a wavelength of
795.3 nm, and using a magnetic field of 300 G, we vary ¢,
and fit the echo decay using Eq. (2) (x = 1) to determine
[ (t23) up to f,3 = 300 us (Fig. 6, triangles). We find that
spectral diffusion is negligible over the entire measurement

timescale. An 8 = 3 kHz homogeneous linewidth is observed,
which is consistent with the magnetic-field-dependent results
presented in Fig. 4 given the strong ISD present during the
measurement, and also with the ~10 kHz measured using bulk
Tm>*:LiNbOs at 1.7 K and 794.26 nm wavelength [14-16].

Next, we increase the field to 20 kG and repeat the mea-
surement at 0.95 K (Fig. 6, circles). We find a linewidth that
grows to ~50kHz after 10 ms, indicating a small rate of
nuclear spin flips in the host, which may be due to the frozen
core effect.

To quantify the processes driving spectral diffusion, we fit
our data using a spin fluctuation model,

Ti(t23) = To + 3Tsp(1 — e F0), @)

where 'y is the homogeneous linewidth at f,3 = 0, and I'sp
is the maximum linewidth broadening due to spin fluctuations
at a rate Rsp [10,23-25]. We find I'y = 7.0 & 0.2 kHz, which
is consistent with the magnetic field- and excitation power-
dependence of ', shown in Figs. 4 and 5, respectively. Our
fit also yields I'sp = 67.4 + 12.9kHz, which is a factor of
two larger than that measured using bulk Tm**:LiNbO; with
zero magnetic field at 1.7 K and 794.26-nm wavelength [15].
Moreover, we also find Rsp = 3.4 £ 0.9 kHz, which is nearly
40 times smaller than that measured using the aforementioned
bulk crystal and experimental conditions [15]. While the re-
duced spectral diffusion rate is probably due to differences in
field and temperature compared to those used for the mea-
surements of bulk Tm>*:LiNbOs, the increased maximum
broadening may be due to additional (and not yet understood)
dynamics under strong fields, at long timescales, and at this
wavelength, which will be explored in future studies.

Note that despite the strong excitation powers used in this
measurement, we do not observe the distinct increase (de-
crease) in decoherence over 1 us < t; < 10 us (at tr3 ~
110 pus) that was observed using bulk Tm>*:LiNbO; at a
wavelength of 794.27 nm and zero magnetic field [16,22].
This decoherence was ascribed to the magnetic character of
the *H,; multiplet and population decay of these levels. The
strong magnetic field and low temperature used here likely
inhibits these magnetic interactions by spin polarization.

To examine the effects of spectral diffusion beyond
timescales of 10 ms, we perform three-pulse photon echo
excitation and measure the echo intensity with #,3 varied from
0.2 to 100 ms for fixed #;, = 500 ns (Fig. 6 inset). A fit using
Eq. (6) reveals that the echo intensity depends only on I,
with C; =~ 0 (since tp3 > T}), T ~ 3.8 ms and Ty > 1s. Our
fit suggests that for #,3 > 10 ms, I, remains constant and any
reduction in echo intensity is solely due to population decay
from the hyperfine levels. This is consistent with the model of
Eq. (7) to describe the spectral diffusion dynamics in which
the homogeneous linewidth saturates at long time delays.

B. Population dynamics and energy level structure

In addition to long coherence lifetimes of the optical tran-
sition, long-lived energy levels are required to realize optical
technology with REIs [1-3]. For instance, these levels are
used as a population reservoir for spectral tailoring of diffrac-
tion gratings or quantum memories. Therefore, we character-
ize both the energy-level structure and population dynamics
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FIG. 7. Transient spectral hole decay and fit (log scale). In-
set: Simplified electronic-level structure and approximate transition
wavelengths of Tm>".

of the Hg to >Hy transition of the Tm>**:Ti**:LiNbO; waveg-
uide under varying conditions.

1. Lifetimes and dynamics of excited levels

We perform time-resolved spectral hole burning, in which
interaction of a short laser pulse excites a subset of ions
and, after a varying time delay #;, the resulting increase
in optical transmission is assessed by varying the laser fre-
quency and measuring the depth of the spectral hole [2,9].
We aim to determine the population lifetimes of the *Hy
excited level (77) and the 3F, bottleneck level (T3) as shown
in the simplified energy-level diagram of the inset of Fig. 7
[1]. The 3Hs level has a lifetime much shorter than 75 and
cannot be observed in the hole decay. Our measurements are
performed at zero field, a temperature of 0.85 K, and at a
wavelength of 795.50 nm. Note that, in accordance with the
results of Ref. [16], measurements at this wavelength probe
ions that experience more local strain or those that occupy
multiple sites.

The variation of spectral hole depth with time delay reveals
the expected double exponential (Fig. 7). Note that the hole
depth is proportional to the number of excited ions because
spectral diffusion has saturated after 10 us. A fit of the decay
using

B Iz

e—f23/Tl + I

(e—tzz/Te
2Tg— T

— e, ®)

where B is the branching ratio to the bottleneck level [15],
reveals Ty = 109 &= 7 us, T = 2.9 £ 0.4 ms, and a branching
ratio f = 62 £+ 3%.

We find a difference in lifetimes and branching ratio to
those measured previously at 795.52 nm and 3.5 K, where
Ty =82 us, B =44%, and Tg = 2.4 ms is reported [7]. We
attribute this difference to the possibility of addressing dif-
ferent subsets of ions [15,16] or a very weak signal-to-noise
ratio that distorted the previous results. Comparing our mea-

sured lifetimes with those obtained using bulk Tm**:LiNbOj;
[14], where T} = 160 us, B =27%, and Tz = 4.5 ms was
measured at a wavelength of 794.28 nm, we find shorter
lifetimes and a larger branching ratio. This could again be
due to the difference in wavelength or, more likely, to a
larger doping concentration of Tm3*:Ti**:LiNbOj3. Increased
doping enhances the Tm**-Tm>* cross-relaxation rate via
decay through the 3Hs and 3F4 levels [26]. For example,
measurements using a 2% Tm>*-doped LiNbOj; crystal levels
Ty =~ 80 us and Ty =~ 2.4 ms [26].

2. Structure of Tm>* nuclear-hyperfine levels

We apply a magnetic field and perform spectral hole burn-
ing to investigate field-activated atomic-level structure and
dynamics [1,9]. We expect to observe an atomic-level struc-
ture that arises from '®*Tm hyperfine splitting of the 3Hg
and 3Hy levels. This is due to coupling between the nu-
clear spin and the enhanced electronic magnetic moment,
combined with a weaker nuclear Zeeman effect contribution
[14,15]. Previous measurements of Tm>T:Ti**:LiNbO; have
shown these levels to have lifetimes of up to several hours at
795.5 nm and 0.85 K with 600 G field [8], matching that of
bulk Tm3*+:LiNbO; measured under similar conditions [27].

Exposing the Tm-doped crystal at nonzero magnetic field
to narrow-band laser light will result in one additional pair
of side holes and up to three pairs of antiholes in the observed
transmission spectrum due to population redistribution among
the Tm*" nuclear-hyperfine ground levels [2]. The depth of
the side holes and antiholes depends on the measurement
timescale and the relative transition rates between hyperfine
levels within the excited and ground manifolds. However, if
strong selection rules prevent optical transitions involving a
change in the Tm*" nuclear spin, the spectral hole struc-
ture is simplified so only a single pair of antiholes appear.
Furthermore, if magnetic anisotropy or contributions from
magneticially inequivalent sites exist in the crystal, then holes
and antiholes may be broadened or nonresolvable. Previous
work using bulk Tm>*:LiNbO3 indicates that several different
Tm?>* sites may be probed at any given excitation wavelength
[15,16].

We do not immediately resolve antiholes or side holes aris-
ing from Tm>* hyperfine splitting at a temperature of 0.85 K
and field of 600 G for excitation between 794.26- and 795.50-
nm wavelengths. This is likely due to a strong broadening
of the (anti)hole structure or the high optical absorbance at
wavelengths close to 794 nm (see Fig. 1). Antihole broadening
has been observed using bulk Tm3*:LiNbO; [15,16] as well
as bulk and waveguiding Er*T:LiNbO5 [28,29].

To determine the antihole structure, we perform a modified
hole-burning method. We simultaneously excite narrow-band
subsets of ions at laser frequencies referred to as reference
(w,) and control (w.) and measure the resulting absorbance
spectrum at zero magnetic field (i.e., we burn and measure
spectral holes at frequencies of w, and w.). A conceptual
example of the absorbance spectrum with nonzero magnetic
field depicts exaggerated holes and anti-holes for clarity,
where a single pair of antiholes is ascribed to each hole
[Fig. 8(a), grey].
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Next, the magnetic-field strength is increased to 1 kG while
monitoring the shape of the hole at w,. When the antihole
generated by the light at w, begins to spectrally overlap with
the hole at w,, the reference hole depth decreases [Fig. 8(a),
dotted line]. Subsequently, the frequency difference between
the two holes, w, — w, at minimum hole depth, gives the
value of the median separation Ay, between the hole and
antihole. Repeating this process for varying frequency differ-
ences of w. — w, gives rise to antihole profiles that broaden
with increasing field due to spin inhomogeneous broaden-
ing [Figs. 8(c) and 8(d) for wavelengths of 795.50 nm and
794.26 nm, at 3.5 K and 0.85 K, respectively].

We find A, to vary linearly with field at both wavelengths
[Fig. 8(b)]. Fits yield Age, = 136 + 14 kHz/G and 155 +£6
kHz/G for excitation wavelengths of 795.5 and 794.3 nm,
respectively. We attribute A, to the difference between the
hyperfine energy splitting in the *Hg excited level and *Hy
ground level. Our result is consistent with the 140 kHz/G
measured directly from field-dependent antihole shifts in bulk
Tm3*:LiNbO; at 794.28 nm and 1.8 K, indicating a simi-
lar electronically enhanced effective nuclear moment in the
Tm3*+:Ti*":LiNbO; waveguide [14,15]. The differences in
Agp with wavelength are attributed to inequivalent Tm3*
sites [16]. In addition, our analysis reveals the antiholes
to be Gaussian shaped, with an inhomogeneous broadening
of §Asp = 109 =36 kHz/G and 59 4 13 kHz/G for mea-
surements at wavelengths of 795.50 nm and 794.26 nm,
respectively [Fig. 8(b)]. This indicates a variation of split-

tings in either the ground or excited state, and similar to
what was observed using bulk Tm*':LiNbOs, also likely
due to inequivalent Tm>" sites [16]. A difference in hole
broadening at these two wavelengths is also observed when
probing superhyperfine levels and will be discussed in more
detail in Sec. IIIB3. More studies are needed to deter-
mine if this broadening can be reduced or how this limits
the applicability of Tm**:Ti**:LiNbO; for broadband signal
processing.

3. Structure of superhyperfine sublevels

Spectral hole burning measurements. With increased mag-
netic fields beyond 1 kG, we expect to resolve more holes
and antiholes due to superhyperfine splitting caused by the
weak coupling of the ions of the host crystal to the elec-
tronic levels of the REIs [2]. Superhyperfine ground levels
in Tm>*:Ti**:LiNbO; can have lifetimes of at least several
minutes at 0.85 K for these fields [8], similar to those of bulk
Tm3*:LiNbO; under similar conditions [27]. We probe the
superhyperfine structure of the *Hy to *He transition using
spectral hole burning at a temperature of 0.90 K, with mag-
netic fields of up to 19 kG, and at wavelengths of 794.26 nm
and 795.46 nm.

The resultant spectra (Figs. 9 and 10) reveal no distinct
antihole structure but rather side holes due to transitions to
different superhyperfine levels in the 3Hy4 excited state [2].
To identify the spin transitions that are associated with the
side holes, a linear fit of each set of field-dependent side-hole
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FIG. 9. Hole-burning transmission spectra at a wavelength of
794.26 nm for varying magnetic fields (as indicated). Triangles,
squares, and circles indicate the side holes associated with the
|Amy;| = 1 transitions of Li, ®*Nb, and ’Li nuclear spins, respec-
tively. Distortions are due to the large absorbance.

detunings (relative to the main hole) is performed to determine
all effective spin gyromagnetic ratios. We find that the hole
structure originates from ®7Li, > Nb, and *”**Ti nuclei in the
Ti4+:LiNbO3 crystal. The ascribed nuclei and transitions, in-
dicated by the difference in magnetic quantum number |Amiy|,
average gyromagnetic ratios y, associated uncertainties from
our fits §y are indicated in Table I (IT) for measurements at a
wavelength of 794.26 (795.46) nm.

At 794.26 nm, the splittings are distinctive and match well
with those observed using bulk Tm3**:LiNbO; at a similar
wavelength [30] despite the presence of more spin inhomoge-
neous broadening or laser-power broadening (see Sec. III B 4).

At 795.46 nm, the structure is different, likely due to
ions experiencing enhanced local strain compared to those
probed at 794.26 nm [15,16]. Side holes corresponding to
|Am;| =1 transitions of **Nb and ®’Li have profiles and
detunings that are easily identifiable since they compose the
two main lattice constituents and are similar to those observed
from measurements using bulk Tm3+:LiNb03 [30] and the
results at 794.26 nm. The remaining side holes are attributed
to the normally forbidden |Am;| =2 transitions for **Nb,
"Li, and ¥*Ti spins. Moreover, the >*Nb sideband is split
into two—Tlikely corresponding to different relative positions
to Tm>" ions—with relative detunings and areas of the two
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FIG. 10. Hole-burning transmission spectra at a wavelength of
795.46 nm for varying magnetic fields (as indicated). Triangles,
squares, circles, diamonds, open squares, open diamonds, and open
circles indicate the side holes associated with the |Am;| = 1 transi-
tions of °Li, **Nb, and "Li nuclear spins, as well as the |[Amy;| =2
transitions of ****Ti, “*Nb; (site 1), *Nb, (site 2), and "Li nuclear
spins, respectively. Note the increase in the range of detuning com-
pared to Fig. 9.

holes giving a center-of-gravity (i.e., weighted-average split-
ting) that is similar to the free-ion gyromagnetic ratio. Further
studies, such as spin double-resonance measurements [31],
are required to fully characterize the nature of the observed
superhyperfine splitting and confirm our assignments of spins.

Next, we set the magnetic field to 19 kG and perform
spectral hole burning with varying laser wavelength across
the inhomogeneous line to further probe variations of the
superhyperfine structure (Fig. 11). We find that the hole
structure varies across the inhomogeneous line, with more

TABLE I. Results of analysis of side-hole structure at varying
magnetic fields at a wavelength of 794.26 nm, see main text for
details. Units of effective gyromagnetic ratios and associated uncer-
tainties is kHz/G.

Element Amy 1% 3%

L4 1 0.57 0.03
Nb 1 1.11 0.05
"Li 1 1.71 0.01

134105-9



NEIL SINCLAIR et al.

PHYSICAL REVIEW B 103, 134105 (2021)

-100 -50 0 50 100

792.73 nm

21 F M% "
[ ; ] , ! . ! i i

Zg i Mmm -
0 L 1 \ ] \ \ ]

r 793.63 nm

0 L \ 1 ) .

17 F JUUL 794.06 nm|
0 [ | | | \ I ) _-

794.23 nm|

. /LM . L]
M 794.42 nm

] | S | ]

ot AN T
0 [ ] ] ] ] i

21 C /\J\/J\A/\/A 794.90 nmy
0 — . - | ) 1 . ]

2 :_ A/‘A/\/\/\/\d/\//\*\ﬁ 795.08 nn_r
0 [ L | L | ! | N il

1OW
ok X I , I , I ) _

-100 -50 0 50 100
Detuning from the main hole (MHz)

Optical transmission (a.u.)
o

FIG. 11. Hole-burning transmission spectra with 19 kG field for
varying laser wavelength (as indicated). Each measurement is opti-
mized to reduce distortions compared to measurements of Figs. 9 and
10, yet holes experience greater power broadening at wavelengths
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complex structure at detunings farthest from 794.2 nm,
corresponding to Tm>* ions that likely experience higher
local strain or are positioned in alternative sites [15,16]. At
794.23 nm, the hole spectrum is dominated by the **Nb split-
ting, similar to that in Fig. 9. This is likely due to the strong
absorbance that limits observation of the other weaker transi-
tions. Varying the excitation wavelength toward either 794.9
or 793.6 nm increasingly reveals the splittings from °Li and
"Li as well as the Am; = 2 transition of *>Nb. The side hole
corresponding to *”**Ti is hidden, owing to power broadening
of the holes. As the detuning is varied more, either to 796.1 or
792.7 nm (addressing ions experiencing higher strain), more
side holes than those in Fig. 10 appear. Although ascribing
transitions to these additional holes is challenging without a
measurement with varied magnetic field, we tentatively at-
tribute the split side hole, corresponding to the |Amy;| =2
transition of the *>Nb ion, to different transitions. Specifically,
we ascribe these two holes to the |Amy;| = 2 and |Amy;| = 3
transitions of >Nb, acknowledging the limited resolution of
Fig. 10. This new assignment is consistent with the additional
side holes being from the |Am;| =4 and |Am;| =5 transi-
tions of 2>Nb. Nevertheless, further studies are required for a
complete interpretation of the hole structure.

Photon echo measurements. If a broad optical inhomo-
geneous distribution obscures transitions that have small

B=300G [ =17+66 kHz o /2rn=517+24 kHz
o =0.09+0.05 r= 15+60 kHz mg/21r = 485+24 kHz

B~60G
c=1+6
I =0.1+1.2 MHz

o /2r = 0.1£0.4 MHz
rg: 0.1+0.6 MHz
mg/2n =70+161 kHz

Photon echo intensity (a.u.)

0.1

FIG. 12. Echo decay modulation (log scale). Two-pulse photon
echo decays are plotted using circles and triangles for fields of 300 G
and 60 G, respectively. A three-pulse photon echo decay at a field of
300 G is shown using squares. Parameters extracted from fits using
Eq. (9) are shown, with large uncertainties due to the large number
of fitting parameters or, for the case of the decay with 60 G field, the
observation of only one period of modulation.

differences in energy splitting, such as the superhyperfine
levels in our case, then a two-pulse photon echo decay may
feature a modulation due to the interference between any of
the sublevels [2,32,33]. Similarly, echo modulations may be
observed in a three-pulse photon echo decay. In the simple
case of two doublets with a splitting of wy() in the ground
(excited) state, the system is composed of four optical tran-
sitions, leading to a two- or three-pulse photon echo decay
described by

o
I+

2112 2
(1) = e P |:1 t 2 F (e l23)} N )]
Here the first part is the Mims decay function of Eq. (2), o0 =
odiff/ Osame 1S the ratio of absorption cross sections between
spins of same or different m;, and F (¢, t3) is a modulation
function that describes the quantum interference between the
four possible optical transitions:

F (112, 123) = e ™" {cos[wqt1n] + cos[wytia + 123)])
+ e T2 {cos[w,t1n] + cos[we (t12 + 123)]}

— e Tt cos[w,tip]cos[wg(t12 + 123)]

— e’”(rﬁrg)mcos[a)gtlz]cos[a)g(tlz + 13)].

(10)

Finally, I'y() is the nuclear transition linewidths for the ground
(excited) states [14,32,33].

We perform two- and three-pulse photon echo decay mea-
surements using 300 G field at a wavelength of 795.5 nm and
temperature of 0.65 K. For the latter, #,3 was fixed at 300 us.
The results are depicted in Fig. 12 (circles and squares,
respectively).
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TABLE II. Results of analysis of side-hole structure at varying
magnetic fields at a wavelength of 795.46 nm, see main text for
details. Units of effective gyromagnetic ratios and associated un-
certainties is kHz/G. The subscript on the Nb spin denotes the site
associated with its sideband splitting, see main text.

Element Amy y Sy

47494 2 0.50 0.01
5Li 1 0.60 0.03
SNb 1 1.04 0.01
Li 1 1.65 0.01
SNb, 2 1.93 0.03
PNb, 2 2.42 0.03
Li 2 3.31 0.01

We simultaneously fit both decays using Eq. (9). Our
four-transition model describes the observed behavior likely
because the Am; > 1 transitions are weak and any nuclear
quadrupole splitting is very small [14]. The fit reveals mod-
ulation frequencies of wg)/2m = 4854 24 (517 £ 24) kHz
that, considering the results presented in Table II, correspond
to the |Amy| =1 splitting of the ’Li nucleus (495 kHz)
with a nuclear quadrupole shift of 22 kHz [14]. Linewidths
Fgey = 15£60 (17 66) kHz and a cross-section ratio
of 0.09 £0.05 are extracted from the fits. All parameters
extracted from the fit are consistent with wg)/2m = 498
(520) kHz, I'; =T, = 18kHz, and o = 0.06, measured us-
ing a Tm**:LiNbO; bulk crystal at 1.8 K, a wavelength of
794.26 nm, and the same field [14,30], which was also as-
cribed to the same ’Li transition.

Finally, to verify the field dependence of the modulation,
we reduce the magnetic field to ~60 G, and measure a two-
pulse photon echo decay shown in Fig. 12 using triangles.
For these measurements, the temperature is 0.8 K. A fit using
Eq. (9) yields wg()/2m = 70 £ 161 (100 £ 400) kHz, which
is consistent with the measurements using the 300 G field.
Note that we do not observe a modulation due to any other su-
perhyperfine transition, consistent with the observation using
bulk Tm3**:LiNbO3 at 794.26 nm. This may be due to similar
superhyperfine splittings from different Am; transitions of "Li
in the 3Hg and *Hy levels, or weak emission from levels split
by other nuclear spins [14,30].

Measurements using continuous coherent excitation. Su-
perhyperfine structure may also be revealed by continuous
coherent narrow-band excitation of the optical transition. Due
to inhomogeneous broadening, this results in coherent emis-
sion by optical transitions that differ in energies given by
the superhyperfine splittings. This produces a modulation of
the transmitted field, sometimes referred to as a quantum
beat [34].

To this end, for two different laser excitation wavelengths,
three different magnetic fields, and using varying optical ex-
citation power, we observe the modulation of a long optical
pulse after being transmitted through the waveguide. These
measurements are performed at 1 K. Figure 13(a) and insets
show that the modulation is similar for all optical powers.
This modulation cannot be related to optical nutation, which
is the coherent driving, and hence modulation, of atomic
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FIG. 13. Intensity modulation of a narrow-band pulse of light
caused by superhyperfine levels. (a) The transmitted intensity of
pulses with varying input powers (vertically displaced) at a wave-
length of 795.50 nm and a magnetic field of 20 kG. The different
colors, and vertical displacements represent different input powers
in arbitrary units: dark blue (15 a.u.), red (20 a.u.), yellow (40 a.u.),
violet (60 a.u.), green (80 a.u.), light blue (100 a.u.). The inset depicts
the most discernible modulation frequencies and their dependence
on magnetic field, wavelength, and the input pulse intensity. (b) The
transmitted intensity for pulses of fixed intensities with varying mag-
netic field at a wavelength of 794.20 nm. The inset shows that the
frequencies of the most discernible modulation varies linearly with
magnetic field and is independent of wavelength. Fits, represented
by solid and dotted lines, reveal the modulation to be from ’Li
superhyperfine splitting.

population between optical transitions, which has a rate that
is proportional to the square root of the excitation power.
Further, we observe the amplitude and periodicity of the
modulation at the same magnetic field to be similar for both
wavelengths [Figs. 13(a) and 13(b)]. As the field is increased,
the modulation becomes damped, while the modulation fre-
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quency increases and becomes more complex. As shown in
the inset of Fig. 13(b), fits of the most discernible modulation
frequency for both excitation wavelengths reveal a linear and
identical dependence with respect to the magnetic field, with
a slope of 1.67 £+ 0.04 kHz/G and zero offset (within error).
The modulation frequency is similar to that observed using
photon echoes and, according to Tables I and II, consistent
with the splitting caused by coupling to 'Li. Moreover, the
weak intensity of the modulation is consistent with the small
absorption cross sections predicted by the echo data. The
damping of the modulation is due to spin inhomogeneous
broadening, occurs faster for higher magnetic fields, and is
more pronounced at a wavelength of 795.5 nm, consistent
with the broadening of the nuclear-hyperfine levels. The addi-
tional frequency components of the modulation at high fields
could be due to the similar Amy transitions caused by Li
in the *Hg and >Ha levels. However, more measurements are
required to evaluate this interpretation.

4. Excitation-power dependence of spectral hole widths and depths

Spectral tailoring of an optical inhomogeneous line is key
to realizing optical applications with REICs such as optical
filters or dispersion elements [3,9]. Narrow-band excitation
will produce a spectral hole whose depth and width depend
not only on the level structure and dynamics, but also on the
intensity and the duration of the excitation pulse [9]. Here we
investigate the effects of laser power on the widths and depths
of spectral holes using the Tm>*:Ti**:LiNbO3 waveguide.

Power dependence of hole width. Strong laser powers can
rapidly drive transitions. This leads to laser-induced broad-
ening of a spectral hole, an effect referred to as power
broadening [35]. To measure power broadening, we perform
spectral hole burning at 0.85 K, zero magnetic field, and
795.5 nm wavelength with varying laser power.

Ions are excited using a pulse of 1 ms duration and,
by varying the laser detuning after a delay of 400 us, the
shape of the spectral hole is measured. The full-width-at-half-
maximum width 'y of the hole is fit using a Lorentzian
(Fig. 14). For excitation powers of <100 nW, we observe
no power dependence of the hole width, indicating that our
narrowest spectral hole width is limited by laser frequency
jitter and spectral diffusion. Power broadening increases with
excitation power according to

Thote = TL[(1 + v/ 1+ (T'LK)?)
x (1 4+ /1 + (TLK)2e=4)]?, (11)

where the initial absorbance of the transition is d;, I';, is the
fitted homogeneous linewidth that includes linewidth broad-
ening due to laser frequency instability, and K? is proportional
to the excitation power [35]. We fit our data using Eq. (11),
yielding d; = 2.9 + 1.3 (which is comparable to the d =
2.4 from Fig. 1) and I'y = 106 & 4kHz, which, given the
< 100kHz laser linewidth, is compatible with the ~50 kHz
measured using bulk Tm3":LiNbOs at 1.7 K and 794.27 nm
wavelength [14,15,22].

Power dependence of hole depth. It is a recurrent observa-
tion when spectrally tailoring Tm>*:Ti*":LiNbO5 that wide
spectral features may not be burned to full transparency. We
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FIG. 14. Power broadening of a spectral hole. Linear-log scale is
used to clearly reveal the zero-excitation intercept. The hole width is
deconvolved from 70 kHz of broadening due to the laser frequency
variation. Inset: Spectral hole and fit of the data taken using 16 nW
of excitation power.

attribute this limitation to spin-lattice relaxation that is in-
duced by laser excitation. As discussed below, we arrive at
this conclusion by ruling out accumulation of population in
near-detuned inhomogeneously broadened hyperfine levels,
which could result in a reduction of hole depth, and ISD that
also results in hole broadening and depth reduction [22].

To investigate, we perform the following experiment using
a 3 kG field at 3 K and a wavelength of 795.5 nm [Fig. 15(a)].
We consecutively burn two spectral holes, first one at
700-MHz detuning using a fixed excitation power and then
one at 0-MHz detuning with varying excitation power, starting
with none. The detuning avoids the impact of antiholes from
population accumulation in nuclear-hyperfine levels. After a
2-ms delay, we record the optical absorbance profile and fit
the hole depths and widths at the two detunings with vary-
ing excitation power used to burn the 0-MHz detuned hole
[Figs. 15(b)-15(d)].

As expected, we observe that the depth of the hole at
0 MHz initially increases as the increased power allows more
ions to be optically pumped. However, a further increase in
optical power results in a decrease in hole depth. Note that
the width of this hole increases with the square root of the
power, as expected from power broadening. Meanwhile, the
hole at 700-MHz detuning decreases as soon as optical power
is applied to burn the 0-MHz hole. Since the power employed
to burn the 700-MHz hole is constant, we do not expect any
power broadening of that hole. Specifically, we observe that
the width of the hole at 700-MHz detuning is constant with
excitation power at 0-MHz detuning. Since the area of the
hole at 700-MHz detuning is not conserved, we cannot ascribe
the reduction of this hole to ISD [22]. Although its width is
increased by power broadening, we expect that the reduction
of the hole at 0-MHz detuning also cannot be explained by
ISD [22].
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FIG. 15. Excitation power dependence of the depth of a spectral hole. (a) Timing sequence of the experiment. Optical intensity in (out)
indicates the light that is generated (detected) before (after) the waveguide. (b) Hole burning absorbance spectrum for varying excitation powers
at zero detuning. Dark (light) color corresponds to high (low) absorbance. (c) Depths of both holes are reduced with increased burning power.
(d) Width of hole at 700-MHz detuning remains nearly constant, while the other is power broadened.

We note that this measurement procedure has also been
performed using an Er**:Ti**:LiNbO3; waveguide, with sim-
ilar conclusions (i.e., ruling out population redistribution in
hyperfine levels and ISD) [29]. However, the excitation-power
dependence of hole depth has not been observed in bulk REI-
doped LiNbO; [19], likely because its effect is significantly
enhanced by light confinement in a waveguide. Following
the discussion in Ref. [29], the reduction in hole depth is
furthermore not caused by accelerated spin diffusion, i.e., spin
flip-flops due to nuclear spin excitation and decay during the
burning procedure, and likely not by coupling of laser-excited
two-level tunneling systems (TLSs) to nuclear spins as we
have not observed any clear signature of TLS in any of our
previous (coherence) measurements.

As mentioned at the beginning of this section, we attribute
the reduction in the hole depth at 700-MHz detuning to
spin-lattice relaxation from nonequilibrium phonon dynam-

ics during the laser excitation [1,36], in which phonons are
generated due to electron-phonon interactions and the de-
cay of optically excited levels of REIs. Nonetheless, further
measurements are needed to clarify the presence of these
dynamics. This includes probing a larger parameter space of
laser detunings, magnetic fields, excitation powers and pulse
durations, as well as time delays. Moreover, measurements
should be performed to determine if the effects are caused by
the Ti*":LiNbOs crystal itself. This could be accomplished by
laser excitation measurements far off-resonant from the REI
transition.

IV. CONCLUSION

We analyzed the coherence and energy-level properties of
the *Hg to Hy optical transition of a Tm’>*:Ti*":LiNbO;
waveguide at temperatures as low as 0.65 K, with fields
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up to 20 kG, over varying measurement timescales as well
as laser excitation wavelengths and powers. Complementing
our previous work, we characterize properties that limit the
performance of this material for optical signal processing
applications, shedding light on underlying mechanisms be-
hind important parameters such as optical coherence or hole
spectra.

Importantly, we find properties that are consistent with
those of a Tm®":LiNbO; bulk crystal at temperatures of
less than 1 K except for differences that can be explained
by Tm**- or Ti**-doping concentration. For example, Tm>*
doping appears to impact the temperature dependence of
the homogeneous linewidth and reduces the excited-level
lifetime compared to that measured in the bulk crystal,
while mode confinement provided by Ti** doping yields ad-
ditional side holes while facilitating strong laser intensities
that enhance the spin-lattice relaxation rate of the hyper-
fine levels. Still, some properties could not be compared
because they were not measured in the bulk crystal, e.g.,
time-dependent spectral diffusion using a 20-kG field or
wavelength-dependent superhyperfine structure.

Our study indicates that REIs retain their properties when
the crystal is codoped for integrated applications, thereby
establishing more avenues for optical signal processing in this
widely used electro-optic crystal.

Considering specific applications of Tm?>":Ti**:LiNbO3,
its properties are suited for spectrally multiplexed quantum
memories based on atomic frequency combs [37]. To this
end, the combination of the ~2-nm-wide spectral bandwidth
of its zero-phonon line around 796-nm wavelength and a
hole/antihole separation of 136 kHz/G allows for a multi-
plexing capacity of 1000 with ~0.5 GHz spectral bandwidth
for each frequency channel using a 10-kG magnetic field.
The longest storage time of the memory is dictated by the
homogeneous linewidth, which, taking into account ISD and

time-dependent spectral diffusion (i.e., I'sp), is ~40 kHz
when the storage protocol is implemented. This corresponds
to a 1/e storage time of ~10 us, which is equivalent to the
delay introduced by ~2 km of single-mode fiber or almost
20 000 times the propagation of light across a standard 3-
in. LiNbO3 wafer. Further, the combination of storage time
and spectral multiplexing capacity leads to a large effective
time-bandwidth product of about 5000. Efficient memory will
require cavity enhancement and will be reduced by spectral
holes caused by superhyperfine levels. The impact of the
latter can be reduced with suitable hole-burning strategies and
improved crystal growth to reduce spin broadening.
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