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Rare-Earth-Mediated Optomechanical System in the Reversed Dissipation Regime
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Strain-mediated interaction between phonons and telecom photons is demonstrated using excited states
of erbium ions embedded in a mechanical resonator. Owing to the extremely long-lived nature of rare-earth
ions, the dissipation rate of the optical resonance falls below that of the mechanical one. Thus, a “reversed
dissipation regime” is achieved in the optical frequency region. We experimentally demonstrate an
optomechanical coupling rate gy = 2z x 21.7 Hz, and numerically reveal that the interaction causes
stimulated excitation of erbium ions. Numerical analyses further indicate the possibility of g, exceeding the
dissipation rates of erbium and mechanical systems, thereby leading to single-photon strong coupling. This
strain-mediated interaction, moreover, involves the spin degree of freedom, and has a potential to be
extended to highly coherent opto-electro-mechanical hybrid systems in the reversed dissipation regime.
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Interactions between electromagnetic and acoustic waves
have been investigated through various optical resonances,
such as optical cavities [1-4], microwave circuits [5-8], and
solid-state two-level systems [9-16], incorporated in
mechanical resonators. Recently, these optomechanical
interactions have attracted much attention in diverse fields
ranging from quantum information to nonlinear optics.
Sideband cooling of the mechanical mode to its ground
state [1], coherent energy transfer between photons and
phonons [2,3,6], and generation of their entangled states [4]
have been demonstrated in the past decade.

In these systems, the dissipation rates of the optical and
mechanical resonances are of crucial importance to deter-
mining the dynamics of the photons and phonons. For
instance, to optically cool (readout) the mechanical motion
(phonon state), the dissipation rate of the optical resonance
should be larger than that of the mechanical one
(Yopt > ¥m)- This regime is the conventional situation in
cavity optomechanical systems. In contrast, the opposite
situation (yop < 7,,) inverts the roles of photons and
phonons. In this regime, the optical resonance and its
intraphoton are dominantly affected by the dynamic back-
action of the optomechanical interaction, which leads to
quantum-limited amplification and self-oscillation of
photons [8,17], entangled-photon generation [18], and
reservoir engineering of photons for nonreciprocal manip-
ulations [19,20]. So far, this reversed dissipation regime has
been realized in the microwave region [8]. However, it is
difficult to achieve in the optical region, including telecom
wavelengths which enable long-distance communication.
The main obstacle is the large energy difference between
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photons and phonons. Although high-Q optical cavities
have been incorporated in optomechanical systems, their
dissipation rates are of the order of a megahertz, i.e., much
higher than mechanical dissipation rates, which typically
range from a hertz to a kilohertz. The optomechanical
interaction using the long-lived optical resonance, whose
dissipation rate is lower than that of the mechanical one, is
required to achieve the reversed dissipation regime in the
optical region.

In this Letter, we demonstrate strain-mediated opto-
mechanical interaction between erbium (Er) ions and a
Y,Si05 (YSO) mechanical resonator. The excited states of
the Er ions play the role of the optical resonance whose
dissipation rate yg, falls below 2z x 99 Hz (corresponding
Q > 103). Their very low dissipation rate is owing to the
4f-4f transition of the rare-earth ions, which is originally
forbidden by the dipole selection rule. This dissipation rate
is 5 orders of magnitude lower than those of the optical
resonances in the conventional optomechanical systems,
such as cavities [1-4] and other two-level systems [10-16],
and one order of magnitude lower than that of the
mechanical resonator in this study. Therefore, we achieved
the reversed dissipation regime at telecom wavelength,
where the mechanical energy relaxation rate exceeds the
energy decay rate of the Er ions (yg, < 7,,)-

In contrast to the reported two-level systems [9-16], the
optical resonance of Er ions is considered to be less
influenced by the environmental perturbations because it
originates from the inner shell orbits. One important
aspect of our work is that we experimentally observed
the energy modulations driven by the mechanical
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deformation. These results revealed the dispersive inter-
action between Er ions and mechanical motion, where the
coupling rate g, = 27 x 21.7 Hz was determined from the
experiments. We theoretically investigated this optome-
chanical system by using the master equation approach and
found that the strain-mediated interaction caused stimulated
excitation of Er ions with a blue-detuned pump. Further
numerical simulations indicated that g, could be enhanced
to exceed the dissipation rates of the optical and mechanical
resonances, leading to strong coupling between a single
photon and phonon (yg, < 7,, < go).- The strain-mediated
interaction moreover presents the possibility of manipu-
lating the Er ions without external microwaves, which is
advantageous to on-chip integration of quantum systems
for information and sensing applications [21]. These results
pave the way to nonlinear manipulation and reservoir
engineering of photons, as well as highly coherent hybrid
systems in the reversed dissipation regime.

The Er ions in this study were uniformly doped in bulk
YSO crystals (provided by Scientific Materials). The
concentration of Er ions was 0.1%. The degeneracy of
each energy level is lifted because of the crystal fields
of YSO. Mechanical deformation of YSO geometrically
perturbs its crystal field and the transition energies
between I;5/, and I3/, levels, which is the origin of the
strain-mediated optomechanical interaction in this scheme
[Fig. I(a)]. Static strain effects of Er:YSO have been
studied with codoping of other rare-earth materials, such
as Eu [22] and Sc [23]. These auxiliary impurities randomly

generate local strain and increase the inhomogeneous
linewidths of the Er ions. Previous experiments have
demonstrated that the applied strain does not degrade
the coherence of the excited states of the Er ions [22].
Therefore, small dephasing rates (y, < 1 kHz [22,24]) can
be obtained under strain.

We fabricated mechanical resonators by using angled
focused ion beam milling [25,26]. Figure 1(b) is a scanning
electron microscope (SEM) image of a fabricated resonator
taken from the top. Length, width, and milling angle were
160 pum, 16 pm, and 45°, respectively. The length, width,
and height were directed to the Dy, D,, and b axes of the
crystal. The sample was mounted on a piezoactuator, which
electrically drove the mechanical motion, and it was cooled
to a temperature of 4 K.

The mechanical properties of the fabricated resonators
were obtained with a HeNe laser and a Doppler inter-
ferometer, which allows us to measure the velocity and
obtain the displacement of the motion. In the following
measurements, we electrically drove the second-order
flexural mode of the resonator [11], whose maximum
strain is located at the midpoint. Figure 1(c) shows the
frequency response of this mode measured at the midpoint
of the resonator. The mechanical resonance frequency and
quality factor were 1.57 MHz and 2500.

The optical properties of the excited states of the Er ions
were investigated through photoluminescence excitation
(PLE) measurements. We excited the Y|-Z; transition
(1536.4 nm) of the doped Er ions at site 1 of the crystal
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(a) Schematic image of the strain-mediated optomechanical interaction of Er ions in a mechanical resonator. The mechanical

vibration modulates the transition energy of the Er ions. (b) SEM image of Er:YSO mechanical resonator (red shaded region).
(c) Measured frequency response of the second-order flexual mode of the resonator. The inset shows the shape and strain distribution of
this mode calculated by FEM. (d) PLE spectrum of the Y-Z, transition of the Er ions embedded in the resonator. The inset shows the
energy diagram of this transition. (e) Energy decay of the excited state of Er ions and the mechanical mode. The dissipation rate of the Er
ions is one order of magnitude lower than that of the mechanical mode.
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and measured the luminescence from their Y-Z, transition
(1546.5 nm). The laser was aligned along the b axis and
was focused on the midpoint and the top surface of the
resonator. The focal depth of the objective lens was about
3 um, so that about 1 x 10°-Er ions were located in the
laser spot. Figure 1(d) depicts the PLE spectrum of the Er
ions embedded in the resonator without mechanical drive.
The linewidth was 2.66 GHz, which indicated intrinsic
inhomogeneous broadening of the transition energies.

The dissipation rates of the Er ions and the mechanical
resonance were independently evaluated by the ring-down
measurements using the same Er:YSO resonator with
the same conditions, where the pump pulse width and
period were longer than the dissipation rates. Figure 1(e)
shows the energy decays of the excited state of the
Er ions and the second-order flexural mode of the
resonator. The decay times of the Er ions and the mechani-
cal mode were 10.1 and 0.56 ms, respectively, where the
corresponding dissipation rates were yg, = 27 x 99 Hz and
Ym = 27 x 1.79 kHz. The dissipation rate of Er ions was
one order of magnitude lower than that of the mechanical
mode, which satisfies the criteria of the reversed dissipation
regime (Yg; < 7n)-

We experimentally demonstrated the strain-mediated
optomechanical interaction in this reversed dissipation
regime by making PLE measurements under mechanical
vibration. First, we continuously measured the PLE spectra
at a drive voltage of 20 V,,, which generated a peak-to-
peak mechanical displacement x,, = 357 nm at the reso-
nance frequency. The drive frequency dependences shown
in Fig. 2 reveal that the vibrational strain significantly
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FIG. 2. (a) Drive frequency dependence of PLE spectra taken
with continuous excitation of the pump laser. (b) PLE spectra at
on- (red) and off-resonance (blue). The inset is a schematic image
of the energy diagram with mechanical vibration.

broadened the PLE spectra. This peak broadening was due
to the time averaging of the continuously modulated
transition energy of Er ions and increase in the inhomo-
geneous linewidth [27]. The full-width at half-maximum
(FWHM) of this broadening was 10.5 GHz.

To evaluate the optomechanical coupling factors, we
performed stroboscopic PLE measurements. In this
scheme, the intensity of the excitation laser was modulated
to define the pulse shape, whose repetition was synchron-
ized to the mechanical resonance frequency [Fig. 3(a)].
Therefore, by changing the relative phase of the pump pulse
and mechanical motion, we could measure the PLE spectra
at arbitrary times of the mechanical motion. Figures 3(b)—
3(d) show the stroboscopic PLE spectra at different drive
voltages, V, =3, 5, and 10 V,,, where the measured
x,, were, respectively, 103, 193, and 289 nm. The
mechanical strain clearly modulated the transition energies
of the Er ions. The sinusoidally modulated spectra, instead
of the periodic peak broadening, indicate that the
excitation laser was well focused on the top surface of the
resonator [27]. We evaluated the dispersive optomechanical
coupling factors from the peak fittings with Eq. (1) in
Figs. 3(b)-3(d).

GisnX
W = Wy + %sin(a)mt +6) . (1)

Here, w is the steady-state transition energy of the Er
ions, G is the coupling factor normalized by the
mechanical displacement, w,, represents the resonance
frequency of the mechanical mode, and 6, is the phase
difference between the pump laser and the mechanical
motion. Figure 3(e) shows the displacement and corre-
sponding stress dependences of the frequency shifts, where
the corresponding stress was numerically calculated with
the finite element method (FEM). The linear dependence of
the energy shift gives Gy, = 27 MHz/nm. To compare
the magnitude of the optomechanical interaction of Er ions
to those of other two-level systems, we also derived the
structural independent coupling factor Ggee, Which cor-
responds to the energy shift normalized by stress. For Er
i0n8, Gyeg 1 243 Hz/Pa, which is as large as those of NV
centers (465 Hz/Pa [31]), while the dissipation rate of the
excited states of Er ions is 6 orders of magnitude smaller
than that of NV centers. The optomechanical coupling rate
go in this system is derived from the energy shift caused by
a single-phonon fluctuation.

90 = GispXzpF, (2a)
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FIG. 3. (a)Schematic image of stroboscopic measurement. AOM: acousto-optical modulator; SG: signal generator; PA: piezoactuator;

APD: avalanche photodiode; SPD: single-photon detector. (b)—~(d) stroboscopic PLE spectra at drive voltages of 3 (b), 5 (¢),and 10V,
(d), where the measured displacements (x,,) were 103, 193, 289 nm, respectively. The vertical axes correspond to the relative phase of
the pump laser and mechanical motion. Dashed lines are curves fitted with Eq. (1). (¢) Mechanical displacement and stress dependences
of the frequency shifts of the transition energy of Er ions fitted by a linear function (dashed line).

Here, the zero-point fluctuation x,pp and effective mass
of the resonator m. are 0.78 fm and 8.6 ng, respectively.
Thus, we experimentally obtained gy = 2z x 21.7 Hz for
our optomechanical system.

As discussed in Refs. [8] and [17], the dispersive
optomechanical (OM) interaction in the reversed dissipa-
tion regime modifies the susceptibility of the optical
resonance and leads to amplification and lasing of the
cavity photons with a blue-detuned pump. Here, we
theoretically discuss the backaction effects of the dispersive
interaction between an ensemble Er ions and a mechanical
resonator by using the master equation [27,32,33]. In this

detuning between the pump and transition frequency, N is
the number of the Er ions in the laser spot, Q is the pump
amplitude, p is the density matrix, y; = 27z x 99 Hz and
72> = 2z x 1 kHz [22,24] are the dissipation and dephasing
rates of Er ions, and D(0)p =20p 0" — 00 p—pOTO
for a given operator 0. Figure 4 shows that the effective
damping rate of the Er ions (y.s) decreases as a function of
the number of excited ions (ng, = |al?) generated by the
blue-detuned pump. This optomechanical interaction
simultaneously amplifies the excitation efficiency of Er

model, we assume that the mechanical motion collectively 15 10*
interacts with the ensemble Er ions, that the occupancy of
their excited states is much lower than unity, and that the < 110°
inhomogeneity of wg, becomes small enough to use a blue- T 1.0 o
detuned pump [27]. "’t ] 10° 5,

. R A <05
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Here, a (a") and b (BT) are the annihilation (creation)
operators of Er ions and phonons, Ay = ®; — g, is the

FIG. 4. Gain and effective damping rate as a function of ng,
with blue-detuned pump. Shaded area indicates the region of the
self-sustained oscillation.

047404-4



PHYSICAL REVIEW LETTERS 126, 047404 (2021)

ions (gain), which leads to self-sustained oscillation of
Er ions in analogy with the optomechanically induced
instabilities [8,17].

The interaction between the low-loss optical and
mechanical resonances has prospects for quantum and
many-body physics. As described in Eq. (2), gy in this
system increases as the effective mass of the resonator
decreases. We numerically derived that g, reaches
27 x 2 kHz and exceeds both dissipation rates for a
resonator whose length and width are 20 ym and 1 um
[27], which are still large enough to be fabricated with this
method. In this regime, a single photon can be strongly
coupled to a single phonon, whereas the reported opto-
mechanical strong couplings have been achieved with
multiple photons to amplify the effective coupling rate
[5,34,35]. Such a small resonator may cause experimental
difficulties in terms of optical readout of the Er ions,
because the number of Er ions decreases as the volume
decreases. However, the difficulties would be solved by
integrating optical components, such as waveguides and
couplers [24,25,36], which drastically improve the overall
transduction to the Er ions. This single-photon strong
coupling enables one to construct multipartite entangled
spin systems in a solid-state platform [37].

In conclusion, we experimentally demonstrated a strain-
mediated interaction between the optical resonance of Er
ions and a mechanical resonator. The long-lived excited
states of Er ions enabled us to reach the reversed dissipation
regime at telecom wavelengths, which applies backaction
on the optical resonance and amplifies the excitation rate of
the Er ions. The extremely small dissipation of Er ions has a
potential to provide strong coupling between a single
photon and phonon. Our results offer new directions for
research into optomechanical physics and will pave the way
to coherent manipulation of photons, phonons, and even
electrons in the reversed dissipation regime.
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