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ABSTRACT: Optical microcavities provide opportunities to
explore nonlinear effects and enable classic and quantum
applications. This work investigates the manipulation of rare-earth-
ion emission through nonlinear-mode oscillation in an erbium-
doped thin-film lithium niobate microdisk cavity and demonstrates
the changed laser performance. A pulsed transmission was generated
with a detuned laser injected into the cavity. If the injected laser
meets the pump band of the erbium ions, the output
communication-band laser is also pulsed. The pulse’s repetition
rate and duration are changed with different detuned pump
wavelengths and powers. All-optical temporal control of the
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emitter—cavity interaction paves the way to manipulation of quantum states with solid-state devices.

KEYWORDS: rare-earth-ion emission, lithium niobate microcavity, nonlinear-mode oscillation, pulsed laser

esearch into rare-earth dopants has long been a pivotal

focus in laser optoelectronics and quantum photonics.' ™
Due to their distinctive electronic structures, long-lived excited
states, and efficient emission in the near-infrared and visible
spectral ranges, rare-earth ions (REIs) hold significant promise
for applications in lasers, optical amplifiers, optical communi-
cations, and quantum storage. Their relevance is further
underscored in the context of modern optical systems.® "
Precisely controlling the luminescent properties of these ions is
crucial for optical signal modulation, optical signal processing,
and applications in quantum communication and precision
measurement.

The interaction between REIs and their surrounding
environment plays a crucial role in determining their decay
rates and emission characteristics. Researchers have made
strides in introducing active and dynamic control over these
environmental factors to effectively manipulate REI emis-
sions.”™'¢ For example, temperature changes can impact the
width and intensity of the emission spectrum,'” while electric
fields can dynamically modify the energy levels of the ions,
thereby influencing their emission behavior."” Although
considerable progress has been made in these techniques,
traditional methods often rely on complex external setups or
intricate material treatments, which present challenges in terms
of precision, scalability, and integration into miniaturized
systems. Therefore, addressing these challenges to achieve
more efficient and flexible emission control remains a
paramount focus of ongoing research.
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Lithium niobate (LN) is renowned for its strong electro-
optical and nonlinear-optical effects, which provide versatile
control mechanisms.'®™** The rapidly advancing integration
technology combined with REI doping makes thin-film lithium
niobate (TFLN) an ideal medium for manipulating REI
luminescence. Electrooptical modulation of the interaction
between LN microcavities and doped ytterbium ions has been
successfully demonstrated. This platform can help to shape the
waveform of the emitter and encode quantum informa-
tion."*71%*>  Another phenomenon, called nonlinear-mode
oscillation (NMO), which incorporates two nonlinear proper-
ties of LN,”*”” has been investigated and may be useful for
emission control. The NMO effect in TFLN arises from the
competition between thermooptical (TO) nonlinearity and the
photorefractive (PR) effect. The PR effect in LN is induced by
a space-charge electric field, which originates from the drift and
diffusion of carriers generated by the photoionization of trap
states.”® The recovery time of the PR effect varies from hours
to several microseconds, depending on the LN crystal’s
thickness, orientation, and dopants.””*°

Here, we propose a method to manipulate REI emission
using NMO in the microcavity. An erbium (Er)-doped TFLN
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Figure 1. (a) Scheme of the periodic laser emission in an Er:TFLN microdisk through nonlinear oscillation. (b) Schematic of the time-dependent
cavity resonance shift induced by the competition between the TO nonlinear and PR processes. (c) Time-dependent waveform of cavity
transmission with the four stages denoted in part b. (d) Time-dependent gain for the generated laser in the cavity.

microdisk cavity is fabricated for the experiment. The NMO
phenomenon can be observed when a finely tuned laser is
injected. When the driven laser matches the pump band of the
Er ions, a pulsed laser is generated with the pulsed pump, as
shown in Figure la. The oscillation properties, such as the
oscillating frequency (f) and mark—space ratio (MSR), are
controllable by changing the detuned wavelength and power of
the input laser. The duration and repetition rate of the
generated laser are manipulated as a result. The pulse duration
observed ranges from several seconds to hundreds of
microseconds. Our results provide an all-optical way to
temporally control the emission of REIs in a cavity. The
method might find applications in quantum information
processing and optical measurement.

The NMO in the TFLN microcavity could be divided into
four stages, as shown in Figure 1b. A laser with red-detuned
wavelength dw; couples into the cavity, where dw; = @; — w, is
the wavelength detuning of input light frequency w; (i = p and
1, which denote the laser in pump and the laser band of Er
ions) to cavity resonance @, The two nonlinear processes
both start to respond. Because the TO effect has a faster
response time (~10 us) than the PR effect (several
milliseconds), the cavity resonance would experience a fast
red-shift Swr = grla(dw,y)l* in stage I, where gp is the
photothermal coupling coefficient and 7y is the photothermal
heating coefhicient. The input laser is now at the blue detuned
side of 6w, = dw, + dwr. In stage II, the space charge in the
cavity accumulates and the induced electrooptical effect
gradually pushes the resonance toward a shorter wavelength
until the original cavity resonance dw, = 6w, — dwg = 0. The
coupled optical energy reaches its maximum. The PR effect
would continue to blue-shift the resonance, and the input laser
power is reduced in stage III. The temperature in the cavity

would decrease rapidly due to the fast relaxation rate of the TO
effect. The heat-induced wavelength detuning Jw; would
vanish. The input laser has a larger detuned wavelength
compared to the cavity resonance dw; = éw; — dwg. In stage
IV, the accumulated space-charge field gradually relaxes
because the minimum optical power is injected. The cavity
resonance red-shifts to the same position as that in the first
stage, and another oscillation starts. The detailed equations
and corresponding simulation results are given in the
Supporting Information (SI).

If the input laser is in the pump band of the Er ions and the
pump power exceeds the threshold of NMO, the cavity
resonance would shift periodically. The schematic transmission
of the pump laser is shown in Figure Ic, in which the time scale
of the fast response process is modified to show more detail.
The pump power coupled into the cavity as well as the gain for
the laser generation is time-dependent, as shown in Figure 1d.
The oscillating gain coefficient has the same period as the
pump transmission, while the shape is slightly different because
the response for Er ions is governed by the rate equation. A
detailed comparison is given in the SI. The green and gray
blocks denote the regions where the gain coeflicient exceeds
the laser threshold or not. When the gain coefficient is in the
green region, a laser in the communication band would be
generated. As the coupled pump power decreases in stage III,
the gain coefficient is decreased to the gray region and the laser
is oft. With this scheme, we obtained a pulsed laser. The above
dynamics could be described using the coupled mode theory
and rate equation, and a detailed description is given in the SIL

The NMO behaviors in both wavelength bands are
investigated first. The experimental setup is shown in the SI
The results are shown in Figure 2. The loaded quality factors
are 6.9 X 10* and 1.72 X 10°, respectively (Figure 2a,e). Take
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Figure 2. (a and e) Quality factor of the trigger mode at the pump and communication bands. (b and f) Laser-scanned cavity transmission
spectrum at the pump and communication bands with increasing input optical power. (c and g) Time-dependent waveform of cavity transmission
with constant input optical power and different laser wavelengths. (d and f) Nonlinear oscillation properties at different detuned wavelengths,

where the colored bands represent the corresponding error bars.

the mode at ~982 nm as an example, which is in the pump
band of the Er ions. We scan the input laser wavelength
forward and then backward around the chosen mode at a
certain speed. The transmission with different power is
compared in Figure 2b. Because the scan range is fixed
(980.8—981.6 nm, 0.1 nm/s), the blue shift of the optical
mode is evident with the increasing input power, which is a
sign of the PR effect. Also, the bistability-type behavior in the
transmission is due to the TO effect. In the red-to-blue

scanning range, the mode is broadened and starts to oscillate
with a higher power. When the input laser is fixed in a certain
detuned wavelength, the transmission would oscillate, as
shown in Figure 2c. With different detuned wavelengths, the
properties of the oscillation are different. Two parameters are
chosen to characterize the behavior: f and MSR. The former
describes how fast the oscillation is, and the latter shows more
detail about the dynamics. As shown in Figure 1b,c. the mark
region refers to stage IV, while the space region refers to
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Figure 4. (a) Periodical laser emission with the pump wavelength at 973.58 nm. The pump signal is marked in green, and the laser is marked in red.
Nonlinear oscillation properties (b) and the period and duration (c) of a pulsed laser with different pump power, where the colored bands

represent the corresponding error bars.

regions I—-III. The initial detuned wavelength and the coupled
laser power would influence the MSR. Figure 2d shows the two
parameters with fixed input powers and different detuned
wavelengths. The MSR has an increasing trend with a longer
wavelength, indicating a smaller ratio of the PR blue-shift time
(stage II) in an oscillating period. The oscillating frequency
first increases and then has a decreasing trend, which is mainly
due to the relaxation time of the PR effect (stage IV). We also
analyze the competing behavior in the communication band, as
shown in Figure 2e—h. The results reveal a similar pattern.
With a larger loaded quality factor (1.72 X 10°), the threshold
for oscillation is lowered.

The laser properties of the Er-doped microdisk are
examined, and the result is shown in Figure 3. We tune the
pump wavelength to a cavity mode and fix it. The output
spectrum covering the pump and laser bands is shown in
Figure 3a. The inset is the zoomed-in spectrum around the

communication band. Several lasing peaks are matched with
the free spectral range of the cavity. Although the cavity
supports multimode lasing, we chose the maximum laser peak
to achieve the pump—laser relationship (Figure 3b). The lasing
threshold is around 3.5 yW. The saturation effect is obvious
when the pump power exceeds 200 yW. It is worth noting that
the threshold for the NMO (over 1 mW) is always larger than
the saturation pump power, paving the way to achieve a
pulsing laser.

When the input laser is in the pump band of the Er ions, the
laser power exceeds the threshold for NMO. We could obtain a
pulsed laser, as shown in Figure 4a. The difference in the
oscillation frequency and MSR between the two results is due
to the different input pump power and detuned wavelength.
The pulse duration of the generated laser in Figure 4a is
around 800 us. We change the input pump power with fixed
wavelength detuning (concerning the resonance at each input
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power) and obtain the frequency—pump power and MSR—
pump power relationships, as shown in Figure 4b. Simulta-
neously, the period and duration of the pulsed laser are
achieved and are shown in Figure 4c. The dependence of the
NMO on the input power and detuned wavelength enables
convenient manipulation of REI emission.

In conclusion, we designed an all-optical method to
manipulate REI emission. The intrinsic properties of REI-
doped TFLN are investigated to realize a compact, convenient,
and highly tunable manipulator. The rare-earth emitters are
coupled with the microcavity, and the NMO temporally
controls the cavity resonance. This maneuvering capability
paves the way for integrated quantum technology. Potential
applications include controllable quantum interfaces between
solid-state spins, single telecom photons, and quantum gates
between REI qubits coupled to an optical cavity.
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