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Acoustically induced dressed states of long-lived erbium ions in a crystal are demonstrated. These states
are formed by rapid modulation of two-level systems via strain induced by surface acoustic waves whose
frequencies exceed the optical linewidth of the ion ensemble. Multiple sidebands and the reduction of their
intensities appearing near the surface are evidence of a strong interaction between the acoustic waves and
the ions. This development allows for on-chip control of long-lived ions and paves the way to highly
coherent hybrid quantum systems with telecom photons, acoustic phonons, and electrons.
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Interactions between two-level systems (TLSs) and
external fields are of fundamental interest in various fields
of physics and quantum technologies. Such interactions
allow the TLSs to be controlled through external fields,
enabling optical and electrical excitations and readout
of the TLS states. Under a strong field, the TLSs are
renormalized by the field, leading to hybrid states called
“dressed states.” Such dressed states are a universal concept
across many physical platforms [1,2] and can be used for
controlling and engineering TLSs, such as through coher-
ent state manipulation [3,4], population transfer between
different spin states [5,6], and extension of the coherence
time of the systems [7].
Dressed states generated by rapid modulation of TLSs

through an acoustic field are particularly interesting as they
offer the possibility of local manipulation of quantum
devices. Because the acoustic fields can be spatially
confined within the order of their wavelengths, typically
several micrometers in the vertical or horizontal direction,
this scheme is advantageous for enhancing the interaction
between the field and the TLSs and also for device
integration. So far, acoustically induced dressed states have
been used to couple excited electrons with different spin
configurations [6]. This has a potential application to
continuous dynamic decoupling by acoustic phonons and
may lead to robust two-level systems in solid platforms.
Moreover, these states would be useful in the fields of
quantum acoustics [8] and optomechanics [9], as a way to
build hybrid quantum systems with photons, electrons, and
phonons. However, the ability to generate optically acces-
sible dressed states, which are evidenced by the sideband
peaks in the optical spectra, has so far been limited to TLSs
with short decay times (<100 ns), such as in quantum dots
[10–13] and diamond color centers [6,14,15]. These short

decay times hinder the usefulness of the dressed states
especially in quantum memories and repeaters which
require long coherence times (>1 ms). If optically acces-
sible acoustically induced dressed states could be realized
in long-lived TLSs, it would enable great control over
quantum states and be a breakthrough for highly coherent
hybrid quantum systems.
Rare-earth ions in crystals are attractive TLSs whose

resonances cover both optical and microwave frequencies
with extremely long coherence times. They have been
incorporated in various solid-state quantum devices, such
as quantum memories and repeaters [16–18], spin
qubits [19,20], and transducers operating between optical
and microwaves photons [21–23], in which the optical
properties are externally manipulated with magnetic
[24,25] and electric fields [26,27]. Acoustic modulation
of rare-earth ions has also been demonstrated in an erbium-
ion-embedded micromechanical resonator by using
mechanical resonance at 1MHz [28]. However, acoustically
induced dressed states have so far remained unrealized
because the mechanical frequencies have been too low to
modulate the TLSs in the resolved sideband regime.
Here, we demonstrate optically accessible dressed states

that are acoustically induced by the interaction of erbium
(Er) ions and a standing surface acoustic wave (SAW). In
this system, the acoustic resonance frequency (2.13 GHz)
exceeds the optical linewidth of Er ions (500 MHz); thus,
this system meets the resolved sideband condition. The
rapid modulation of the optical resonance in this regime
leads to the appearance of multiple sidebands in the
photoluminescence excitation (PLE) spectra, which corre-
spond to the acoustically induced dressed states of the
Er ions [Fig. 1(a)]. This feature can be reproduced with a
model based on frequency modulation of an ensemble of
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two-level systems. We found that the maximummodulation
index, which is proportional to the coupling strength
between electrons and phonons, reaches 5.0 near the crystal
surface. This large modulation index allows the destructive
interference and reduction of the PL intensities induced by
the SAW. It indicates the suppression of the direct electron-
photon coupling and thus enables one to control the
excitation of Er ions via acoustic waves. These acoustically
induced dressed states would be useful in the fields of
quantum acoustics and optomechanics and may pave the
way to on-chip hybridization of the telecom photons, long-
lived electrons, and acoustic phonons.
Figures 1(b) and 1(c) show schematic and microscope

images of the SAW device fabricated on a 170Er:yttrium
orthosilicate (YSO) crystal with an Er density of 50 ppm.
We fabricated 800-nm-pitch interdigital transducers (IDTs)
and Bragg reflectors (BRs) on YSO crystal with a 200-nm-
thick aluminum nitride (AlN) piezoelectric layer [29].
Figure 1(d) shows the numerically calculated shear strain
(εxz) induced by a SAW with the finite element method. It
shows that the strain field of the SAW penetrates the
substrate with a decay constant (dm) of 3.5 μm from the
boundary of the AlN and YSO [see also Fig. 4(b)], while
the strain field is widely distributed in the x-y plane
between the two BRs. The wavelength of the SAW was
designed to be 1.6 μm, which corresponds to an acoustic
resonance frequency of 2.1 GHz [29].
Figure 2(a) shows the experimental setup for the optical

spectroscopy (red and yellow arrows) and acoustic fre-
quency response measurements (green arrows). For the

optical spectroscopy, the pump laser frequency was stabi-
lized with an optical frequency comb laser near the
resonance frequency of the Y1-Z1 transition of Er ions
(1536.4 nm) and finely tuned with an electro-optic modu-
lator [30]. To reduce the peak broadening induced by the
heating effect due to the carrier and SAW excitation, the
pulsed optical pump and acoustic drive were injected with
duty ratios of 0.8% and 1.6%, respectively. The pump laser
was focused on the surface (3 μm waist) between the
two IDTs. The PL intensities of the Y1-Z2 transition
(1546.4 nm) were measured with the detectors. For the
acoustic frequency response measurements, the SAW was
continuously excited with a drive voltage of 12 Vrms, while
the frequency was swept near 2.1 GHz. The frequency
response was measured with a Sagnac optical interfero-
meter and a vector network analyzer. The sample was
measured at 10 K in a low-pressure chamber (<10−4 Pa).
The optically measured acoustic response of the SAW

device is shown in Fig. 2(b). The Q factor of the acoustic
resonance at 2.13 GHz (¼ωm=2π), as estimated from a
Lorentzian fitting, was 400. The frequency response of the
electrical transmission between the two IDTs was also
measured, which showed acoustic resonance at 2.13 GHz
[29]. Figure 2(c) shows the PLE spectrum of Er ions
without a SAWexcitation. The full width at half maximum
(Γ=2π) of the optical linewidth was 500 MHz, which is
lower than the acoustic resonance frequency, thereby
allowing for an acoustic modulation of the ion ensemble
in the resolved-sideband regime (ωm > Γ). Figure 2(d)
shows the time-resolved PLE intensities without SAW
excitation. It confirms that the relaxation lifetime is

FIG. 1. (a) Schematic image of the generation of acoustically
induced dressed states of an Er ion ensemble. ωm is the angular
frequency of the SAW. (b) Schematic illustration of the SAW
device fabricated on a 170Er∶YSO crystal. Laser is focused at the
center of two IDT electrodes. (c) Microscope image of the
fabricated device. Red circle indicates the point of the laser
irradiation. (d) Numerically calculated shear strain induced by
SAW in the x-z cross section.

FIG. 2. (a) Experimental setup. LD: laser diode, EOM: electro-
optic modulator, AOM: acousto-optic modulator, OFC: optical
frequency comb, BPD: balanced photo detector, FG: function
generator, SG: signal generator, CCD: charge coupled device,
SM: spectrometer, SSPD: superconducting single photon detec-
tor, and SI: Sagnac optical interferometer. (b) Frequency response
of the displacement. (c) PLE spectrum without acoustic drive.
The inset shows the energy levels used for the optical pump and
luminescence measurements. (d) Optical decay of the excited
state of the Er ions measured through the PLE intensity.
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extremely long (τ ¼ 10.1 ms), which is a remarkable
aspect of the Er ions.
To observe the acoustically induced dressed states, we

combined the PLE measurement with the excitation of a
SAW. Figure 3(a) shows the PLE spectra taken under
acoustic driving (Vd) with 19.2 Vrms and a driving
frequency (fd) of 2.13 GHz (blue plots). For comparison,
the PLE spectra without acoustic driving is plotted in gray.
In addition to the center peak, which corresponds to the
direct optical transition, sideband peaks up to n ¼ 3 appear
at frequencies of �n × fd, where n is an integer. These
sideband peaks correspond to the acoustically induced
dressed states of the Er ions, which are the renormalized
states of the ions under the strong acoustic field.
To quantitatively analyze the dressed states, we fit the

spectra with a model including time-varying strain that
modulates the transition frequency of the Er ion ensemble.
In the case of a single ion, the PLE spectrum of the dressed
state (Ising) is described by multiple peaks weighted with an
n th Bessel function of the first kind [Jn½χ�; Eq. (1a)] in the
same manner as a quantum dot [10] or nitrogen vacancy
center [6].

IsingðωÞ ∝
X

n

J2n½χ� × Γ
ðω − ωEr − nωmÞ2 þ Γ2

; ð1aÞ

χ ¼ GV ×
Vd

ωm
: ð1bÞ

In these systems, the modulation index, called the Bessel
parameter (χ), is defined by the product of the modulation
coefficient of the resonance frequency of the ions
(GV ¼ dω=dV) and the input voltage normalized by the
acoustic resonance frequency Vd=ωm, where GV corre-
sponds to the overall efficiency of generating the acous-
tically induced dressed states in this device [Eq. (1b)]. In
the case of the ion ensemble, where the ions are uniformly
distributed in the crystal, these modulation effects should
accumulate through all ions within the area of the laser
spot. As shown in Figs. 1(d) and 4(b), the strain field of the
SAW, which is proportional to χ, exponentially decreases
along the z axis with dm of 3.5 μm. On the other hand, the
optical field (Eopt) is distributed according to a Gaussian
beam profile within a focal depth (dopt) of 4.8 μm [see
Fig. 4(b)], which was estimated by fitting the PLE
spectra [29].
The observed PLE spectra include responses from all

of the optically excited ions distributed in the z direction
[IensemðωÞ] and are well fitted with the following
equations:

IensemðωÞ∝
Z

EoptðzÞ×
X

n

J2n½χðzÞ�×ΓðzÞ
½ω−ωErðzÞ−nωm�2þΓðzÞ2dz;

ð2aÞ

EoptðzÞ ¼ E0dopt=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ d2opt

q
; ð2bÞ

FIG. 3. (a) PLE spectra with (blue circles) and without (gray circles) acoustic driving of 19.2 Vrms. Red lines are fittings given by
Eq. (2). (b)–(d) PLE spectra for drive voltages of 19.2, 7.6, and 3.0 Vrms. We decomposed the spectra into the 0th (gray), 1st (green), 2nd
(orange), and 3rd (purple) sidebands by using Eqs. 2(a)–2(e). (e),(f) Drive voltage dependence of the frequency shift (e) and linewidth (f)
of the center peak (gray circles), 1st (green circles), 2nd (orange circles), and 3rd (purple circles) sidebands. (g) Drive voltage
dependence of the peak area of the 1st (green circles), 2nd (orange circles), and 3rd (purple circles) sidebands. (h) Drive voltage
dependence of the Bessel parameters (χ0). The red line is the linear fitting curve. (i) Drive frequency dependence of χ0 determined from
the sideband peaks (circles) at a drive voltage of 12 Vrms. The solid line shows the frequency response of the mechanical displacement
measured with a Sagnac interferometer.
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χðzÞ ¼ χ0 expð−z=dmÞ; ð2cÞ

ωErðzÞ ¼ ω0 þ Δωþ δω expð−z=dmÞ; ð2dÞ

ΓðzÞ ¼ Γ0 þ ΔΓþ δΓ expð−z=dmÞ; ð2eÞ

where E0 is the normalized optical intensity, χ0 is the
Bessel parameter obtained at the boundary of the AlN and
YSO, ω0ðΓ0Þ is the intrinsic resonance frequency (line-
width) measured without SAW driving, Δω (ΔΓ) is the
z-independent frequency shift (linewidth broadening), and
δω (δΓ) is the coefficient of the frequency shift (linewidth
broadening) that exponentially depends on the z position.
Δω (ΔΓ) shifts (broadens) all peaks in equal, whose origin
we consider is the heating effect coming from the dis-
sipation of SAW energy [6,14,15]. On the other hand, the
last term of Eqs. (2d) and (2e) dominantly shifts (broadens)
the higher order sidebands, which originate from the
luminescence from the strained ions located near the
surface (i.e., at small z) [31,32]. The last term of
Eq. (2d) leads to a difference in the frequency shift between
the center peak and the sidebands. This causes the
asymmetry in amplitude between the blue and red side-
bands shown in Figs. 3(b) and 3(c) [29]. We used Eqs. (2a)–
(2e) to fit the PLE spectra for various drive voltages, where
the spectra for Vd ¼ 19.2, 7.6, and 3.0 Vrms are shown in
Figs. 3(b)–3(d). Good agreement between the experimen-
tally observed spectra and the fitted curves confirm that our
model describes the overall behavior of the acoustically
induced dressed states.
Figures 3(e) and 3(f) show the frequency and linewidth

of the center peak and each sideband with respect to
the driving voltage, which were estimated by fitting the
experimental data with Eq. (2). They show that the
frequency shift and linewidth broadening of the higher
order sidebands are larger than that in the lower order
sidebands or the center peak. This suggests that SAW
strain, which is larger in the regime near the surface, is the
main cause of these changes, because the higher order
sidebands are dominated by excited ions located near the
surface (at small z). Figures 3(g) and 3(h) show the drive-
voltage dependence of the peak area in each sideband and
χ0. The linear dependence of χ0 on the drive voltage leads
to GV ¼ 3.34 GHz=Vrms, while χ0 exceeds 5.0 with high
drive voltages. We also found that the generation of the
sidebands strongly depends on the SAW drive frequency
[Fig. 3(i)]. The matching of the overall tendency of χ0 with
the mechanical displacement indicates that the dressed
states were generated by the strain field induced by the
SAW [29].
By taking into account the strain distribution along the

z axis [Figs. 1(d) and 4(b)], we can estimate the z-position
dependence of the acoustically induced dressed states and
the sideband amplitude [29]. Here, we should note that the
optical field depth is deeper than the strain depth, i.e.,

dopt > dm [Fig. 4(b)]. Therefore, the experimentally
obtained PLE spectra include the signal from the ions
with a different strain-field strength. We decomposed the
spectrum (obtained with the drive voltage of 19.2 Vrms)
with respect to the z position based on Eq. (2), as shown in
Fig. 4(a). The decompositions indicate that each sideband
originates from ions located at different depths and the
heights of the sidebands become higher than the center
peak within 8 μm from the top surface. Owing to the large
χ0 near the surface, maximum and minimum points both
appear in the intensities of the 0th, 1st, and 2nd sidebands.
The minimum points, where Jn½χðzÞ� ¼ 0 [points A, B,
and B0 in Fig. 4(a)], are particularly interesting. They are
caused by destructive interference from the cascaded
sidebands [2]. For example, the first sidebands interfere
with the center peak via their cascaded sidebands destruc-
tively, leading to a minimization of the optical intensity at
point A in Fig. 4(a). The appearance of the interference
reveals that the electron states are coherently modulated by
the acoustic strain, so that the energy transduction is a
coherent process. The annihilation of the center peak at
point A indicates that we can externally manipulate the
effective dipole moment of the electrons and set the excited
ions to be optically dark. Such dark states could be used to
extend the relaxation rate of the excited ions and thus would
be useful for memory applications.
In the current device, a signature of the destructive

interference is the saturation and the small reduction in the
peak area of the first sidebands shown in Fig. 3(g). On the
other hand, a reduction in amplitude to zero cannot be
confirmed, because the observed intensity is the sum of the
intensities along the z direction, which include the lumi-
nescence from weakly strained or unstrained ions. In order
to utilize the destructive interference, one should optically
excite only the ions around the top surface, in which the
acoustic strain is large. In this respect, it would be effective
to incorporate nanophotonic waveguides and cavities into
Er:YSO crystals [33], which would give an evanescent

FIG. 4. (a) Decomposition of the PLE spectrum at Vd of 19.2
Vrms with respect to the depth of the YSO crystal. Color
corresponds to the normalized strain. A, B, and B0 indicate the
points where the intensity becomes zero due to the destructive
interference of the excitation. (b) Strain and optical field
distribution along the z axis.
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optical field within 1 μm from the surface. The use of
epitaxially grown thin films containing Er ions would
be another way to localize ions within 100 nm of the
surface [34]. The combination of nanophotonic and acous-
tic devices on epitaxially grown Er-doped substrates would
substantially improve the controllability of the ions with
this acoustically induced dressed architecture.
In summary, this Letter examined the acoustically

induced dressed states of Er ions in a YSO crystal. The
ability to generate an acoustically induced dressed state is
not only important for engineering long-lived optical states;
it is also important in terms of quantum acoustics and
optomechanics, once the acoustic field is quantized. By
using phonon sidebands, coherent energy transduction
between photons, electrons, and phonons becomes possible
with appropriate frequency matching of the laser, ions, and
acoustic waves. For instance, Rabi oscillations (entangle-
ment) between excited electrons and acoustic phonons are
driven by absorption of photons whose frequencies are red-
(blue-) detuned from the resonance of the ions. Owing to
the long-lived nature of the rare-earth ions, the decay times
of the excited electrons, which directly interact with the
photons, are much longer than those of the phonons. Thus,
we can construct an optomechanical system in the so-called
reversed dissipation regime [28,35] with optical photons. In
this regime, multiple acoustic pulses can be applied to the
ions within their decay times. This would allow us to
coherently control the excited electrons by using acoustic
phonons and devise acoustic pump-probe spectroscopy and
phonon-driven echo measurements in an analogous way to
optical pulses. Moreover, the dressed states reflect the
physical characteristics of Er ions, such as spin-selection
rule in the transitions, magnetic field dependence on energy
levels with various g factors, and nonlinear responses due to
the saturations of excitations. The acoustic modulation of
these properties develops the fundamental study of solid-
state physics in rare-earth ions. The resonance frequencies
of the Er ions are at telecom wavelengths, so such devices
can be easily interconnected with optical fibers. The
presented results will enable on-chip control of highly
coherent light-matter interfaces and will advance the field
of quantum acoustics and optomechanics through the
development of integrated hybrid quantum architectures
for large-scale quantum networks.
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