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Abstract

Phonon lasers, as mechanical analogues of optical lasers, are unique tools for not only fundamental studies

of the emerging field of phononics but also diverse applications such as deep-ocean monitoring, force sensing,

and biomedical ultrasonics. Recently, nonlinear phonon-lasing effects were observed in an opto-levitated micro-
sphere, i.e, the spontaneous emerging of weak signals of high-order phonon harmonics in the phonon lasing regime.
However, both the strengths and the quality factors of the emerging phonon harmonics are very poor, thus severely
hindering their potential applications in making and utilizing nonlinear phonon-laser devices. Here we show that,

by applying a single-colour electronic injection to this levitated system, giant enhancement can be achieved for all
higher-order phonon harmonics, with more than 3 orders enhanced brightness and 5 orders narrowed linewidth.
Such an electronically-enhanced phonon laser is also far more stable, with frequency stability extended from a dozen
of minutes to over 1 h. More importantly, higher-order phonon correlations, as an essential lasing feature, are con-
firmed to be enhanced by the electronic injection as well, which as far as we know, has not been reported in previ-
ous works using this technique. This work, providing much stronger and better-quality signals of coherent phonon
harmonics, is a key step towards controlling and utilizing nonlinear phonon lasers for applications such as phonon
frequency combs, broadband phonon sensors, and ultrasonic bio-medical diagnosis.
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1 Introduction

The coherent generation and control of phonons are cen-
tral to a variety of aspects of quantum metrology and
quantum information science, including the development
of quantum transducer [1-7], solid-state quantum com-
puter [8-10], and metrological techniques for detect-
ing gravitational wave or dark matter [11, 12]. Recent
developments include the demonstration of phonon
beam splitter [13], nonreciprocal sound devices [14, 15],
topological mechanical lattice [16], and vibrational wave
mixer [17], to name only a few. Phonon lasers, which is
the mechanical analogues of optical lasers, characterized
by a wavelength shorter than optical lasers of the same
frequency [18], are expected to play a major role in driv-
ing phonon devices and improving force sensors [19], and
thus great efforts have been devoted to realizing them
with ions [20-23], micro-resonators [24—29], membrane
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[30, 31], semi-conductor lattice [32], and photonic crys-
tal [33]. These pioneering experiments on phonon laser,
instead of thermal phonon amplification, have dem-
onstrated three main features of any lasing: a threshold
behaviour where the system switches from spontaneous
to stimulated emissions [20], linewidth narrowing above
the threshold [24, 34] and subthermal squeezing of phon-
ons well characterized by the autocorrelations of g%(0) ~ 1
[33-35], which proves the high order phonon coherence.

Recently, a nanosphere phonon laser operating in a
levitated optomechanics (LOM) configuration was dem-
onstrated [34], opening the door to exploring phononics
with optical tweezers. However, it is highly challenging or
even impossible to directly use the same way to realize
phonon lasing for a micro-size object, since the dissipa-
tion of mechanical coupling can dominate due to strong
scattering losses of the light. To overcome this difficulty,
we introduce an optical gain into the cavity optomechani-
cal system to compensate for the losses. Thus the dissipa-
tive coupling is significantly strengthened and the power
threshold is suppressed. Then by using a levitated micro-
size object, we demonstrated nonlinear multi-colour
phonon lasers in an active LOM system, which features
simultaneous emerging of weak higher-order mechanical
harmonics, in addition to the fundamental-mode phonon
laser [35]. Such nonlinear phonon lasers are potentially
important for both fundamental studies of nonlinear
phononics and diverse applications such as multi-mode
phonon sensors or acoustic frequency combs [36].

However, due to strong dissipative couplings of the
large-size objects with the light, nonlinear signals of
higher-order harmonics in such levitated phonon-laser
devices are typically very weak, thus severely hinder-
ing their applications in practice. We note that several
methods have been presented previously to improve the
quality of phonon lasers, such as feedback control [34],
optical polarization control [32], and Floquet engineer-
ing [37]. Nevertheless, it has remained a highly nontriv-
ial challenge to greatly improve the qualities of both the
fundamental-mode phonon laser and all its higher-order
harmonics for our levitated micro-sphere system till now.
Here, for the first time, we show that by applying a simple
but powerful way of electronic injection into our active
LOM system, both the fundamental-mode phonon laser
and all its higher-order harmonics can be well locked,
leading to giant enhancement of their qualities, including
brightness, linewidths, frequency stabilities, and higher-
order coherence. Our work provides a significant step
forward for enhancing and controlling micro-object pho-
non lasers, which can be highly desirable for a number of
applications, especially for ultrasensitive metrology.

We note that injection locking, as a flexible tool to tune
all kinds of oscillations [38—43], has been used to achieve
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hertz-linewidth lasers [44—46], low-noise soliton micro-
comb [47-49], and stable motion [50-53]. Particularly,
for a trapped-ion system, this technique enabled 2 orders
enhancements of phonon lasing brightness and linewidth
narrowing, reaching a quality factor Q,,~ 10% which was
shown to be very useful for achieving ultrahigh force
sensitivity [54]. However, as far as we know, there is no
report about simultaneous locking of both fundamen-
tal-mode phonon laser and its higher-order harmonics,
no report about locking-induced giant enhancement of
nonlinear phonon harmonics, and more importantly, no
report at all about its role in enhancing higher-order cor-
relations of phonon lasers.

Here we confirm for the first time that not only the
fundamental-mode phonon laser but also its nonlinear
higher-order harmonics can be simultaneously enhanced
by only a single-colour electronic signal. The new features
of our present work are summarised as: (i) the brightness
of the fundamental-mode phonon laser is enhanced by
3 orders of magnitude, compared to our previous work
[35], with also 5 orders linewidth narrowing, reaching
a quality factor Q,,~6.6x10° (which is 2 orders higher
than those achieved with a cold ion system [54]); (ii) the
frequency stability of the phonon laser is enhanced for 5
orders of magnitude, leading to a longer trapping lifetime
of the micro-object, i.e., from 1.3 min to over 1.2 h; (iii)
giant enhancement can also be observed for all the spon-
taneously emerging mechanical harmonics, which is not
merely due to the locking, but the constructive interplay
of the locking and the optical gain; (iv) for the first time,
we identify the positive role of locking in enhancing the
higher-order correlations of phonon lasers, which are
actually the key features of lasing. With these advantages,
we believe this active LOM system can serve as a power-
ful new tool to explore nonlinear optomechanical effects
with different types of large-mass levitated objects, for
potential diverse applications.

2 Results

For clear comparisons, we first consider the case with-
out electronic control. As shown in Fig. 1a, by increasing
the pump power P of the active cavity, the microsphere
can be driven through a threshold from the thermal to
the coherent phonon lasing regime, as also confirmed by
phonon correlation function measurements discussed
later in this paper. The inset of Fig. la shows the clear
change of the phonon number distribution p(n) from
Boltzmann to the Gaussian. As also observed in the
tweezer phonon laser of Ref. [34], we find that the vari-
ance of the distribution is clearly smaller than that of a
thermal state with the same mean phonon number, a
situation referred to as subthermal number squeezing,
with a higher degree of squeezing leading to Poissonian
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Fig. 1 Electronically-driven active LOM system with a micro-size sphere. a Phonon population <N> of the fundamental-mode phonon

laser of frequency Q, as a function of the laser pump power P. Inset: Phonon probability distributions below (grey) and above (coloured)

the power threshold P,. b Power spectral density (PSD) of the fundamental phonon laser mode above the threshold. ¢. Schematic diagram

of the experimental setup, including an active levitated optomechanics (red), a dual-beam optical tweezer (green), and an electrode (blue). d
Measured phonon frequency as a function of the electronic frequency Q,, plotted over the locking width region. e PSD of the phonon laser
when Q) falls within the locking width region (marked in d), showing a linewidth narrowing of 5 orders in comparison to the case without any
injection, as shown in (b). f A comparison of phonon lasers demonstrated till now, showing the advantage of our present work particularly

in the quality factor and the linewidth. Also, except for our active LOM system, all the other phonon lasers only appear in the fundamental mode,

i.e, without any nonlinear harmonics

statistics [34, 35]. The threshold of the fundamental pho-
non laser at Q, is clearly apparent in the mean phonon
population < N> = MQx*/h, with x its centre-of-mass
displacement. Also, we observe that, below the threshold,
the phonon mode linewidth is 2.5 kHz (for P=30 mW),
and it is reduced to about 100 Hz for P=36 mW above
the threshold (see Fig. 1b).

Our experimental system, as illustrated in Fig. 1c, con-
sists of a dual-beam optical tweezer, a SiO, microsphere
with mechanical frequency Q,=10.1 kHz and an active
optical gain medium pumped by a CW laser of power P
[35] (see Supplementary Information for details). A tun-
able alternating current field of frequency Q, and ampli-
tude U, is applied to the microsphere. The distance d
between the tip of the electrode and the trap centre is
~ 3 mm, and the natural charge g, of the microsphere is
measured as 2.35x 10* ¢, estimated by ¢q,=(F,)/E,, with
(55]

27 sin ¢2[2(2 — Q) 7]

Fy = \/S,il(sz)/ ML - QD+ 1297 (1)

where F,; is the electric force, E, = U, /d the electric field
intensity, M the mass of the microsphere, I', the mechan-
ical damping rate, 7 the measurement time, and S,°(Q)
the power spectral density (PSD) value at the frequency
Q,

In our experiment, we scan Q, for a fixed U,=0.9 V.
The electronic force on the sphere is~4.47x10712 N,
with a displacement amplitude of ~52 nm. The resulting
shift Q,,—Q, clearly shows the locking of the phonon-
laser frequency to Q.. as depicted in Fig. 1d. The locking
width of this experiment is ~700 Hz. Compared with the
unlocked system of Fig. 1b [35], we observe a 3 order of
magnitude increase of the PSD and a 5 orders linewidth
narrowing for the phonon laser, see Fig. le, with the
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vibrating amplitude of the microsphere increased
from ~ 127 nm to ~ 146 nm.

Compared with previous phonon lasers shown with
different systems (e.g. micro-resonators [23-25, 29],
vibrating membrane [31], optical lattice [33], nanome-
chanical devices [34, 54], or trapped ion [56]), our work
indeed has advantages as given in Fig. 1f. The mechanical
quality factor Q,,=Q_ /T, reaches 6.6 x 10° in this work.
A higher quality factor was achievable for a levitated
nanosphere (with a mass~107!8 kg), using sophisticated
feedback controls based on electronic loops [56-58],
which is difficult to apply for a micro-size sphere (with a
mass ~ 10712 kg), due to much stronger scattering losses
[59]. In our previous work, we used an optical gain to
overcome this obstacle and achieve a microsphere pho-
non laser with a quality factor of~400 [35], while this
factor is improved here for 4 orders, reaching the high-
est record for this micro-object system. This ability, not
achieved in previous works, can be important for appli-
cations requiring coherent control of a wide range of typ-
ical micro-size vibrating objects.

The frequency stability of our phonon laser can also
be significantly improved, as shown in Fig. 2a. In the
absence of any electronic control, the mechanical fre-
quency drifts due to thermal noises and gain-induced
heating [60], with a standard deviation of o ~ 1886.7 Hz.
This eventually leads to the escape of the sphere from the
trap after ~ 13 min (see the grey dots). In contrast, for the
present electronically-controlled system, the trapping
lifetime of the microsphere can be increased to more
than 1.2 h, with the standard deviation of the phonon fre-
quency sharply falling down to ¢ & 0.022 Hz. That is, the
relative standard deviation 0/Q) is improved for 5 orders
of magnitude, from 0.2 to 2x 107%, a significant improve-
ment compared to that achieved in Ref. [35]. Besides,
compared with other works of injection locking [54, 56],
neither work studies the effect of injection locking on sta-
bility, and has the data collection time less than 10 min
actually. In contrast, we test the locked phonon laser for
more than 1 h, and confirm that the frequency stability
is enhanced significantly, which is a major breakthrough.

We emphasize that in contrast with previous works
on injection locking of levitated oscillators [54, 56], in
our present system, both the electronic injection and
the optical gain are important. The giant enhancement
of phonon lasers, as reported here, is not merely due to
electronic locking. In fact, as demonstrated in Ref. [35],
no significant multimode phonon lasing can be observed
for a micro-size object in a passive LOM system. In con-
trast, clear evidence of multimode lasing is observed with
an active cavity, a consequence of the gain-enhanced dis-
sipative optomechanical coupling [35]. This fact is here
confirmed by a series of measurements that apply only
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the injection locking to the passive LOM system. This
resulted in a weak peak at the locking frequency Q,, but
none at the mechanical harmonics nQ,, n>2, see Fig. 2c.

We stress that the key to strongly enhancing the pho-
non lasers is the constructive interplay of two impor-
tant factors, i.e., the electric locking and the optical
gain, which is not straightforward to see at all. Indeed,
this interplay can lead to not only the giant enhance-
ment of the fundamental-mode phonon laser, but also
the giant enhancement of all its higher-order harmon-
ics. As shown in the grey curves of Fig. 2b, higher-order
harmonics emerge spontaneously due to gain-enhanced
LOM nonlinearity [35]. By applying the electric con-
trol, these harmonics can also be locked, resulting in 3
to 4 orders enhancement in the PSD. In addition, up to
8 high-order harmonics are observed, which have the
potential to realize a high-quality phonon laser comb for
a stronger nonlinearity. Compared with previous works
about injection locking of phonon lasers [54, 56], this
work is the first research on locking and giant enhance-
ment of both the fundamental mode and the high-order
harmonics of phonon lasers. In the work of trapped-ion
phonon laser [54], electronic injection enabled 2 orders
enhancements of both fundamental-mode lasing bright-
ness and linewidth narrowing. In the work of nanopar-
ticle phonon laser [56], electronic injection enabled 2
orders enhancement of fundamental-mode lasing bright-
ness and 1 order enhancement of linewidth narrowing. In
our work, the brightness of the fundamental-mode pho-
non laser is enhanced by 3 orders of magnitude, which is
1 order greater than the work mentioned above. Besides,
the linewidth in our work is 3 orders narrowed relatively.

Furthermore, this is clearly different from a previous
experiment in which a signal close to mechanical har-
monic or subharmonic frequencies was injected into a
microtoroidal optomechanical oscillator [50] and then
resulted in only the locking of the fundamental mode.
As such, our results represent a significant advance
from that work since here in the nonlinear regime, both
the fundamental phonon-laser mode and all its higher-
order harmonics can be simultaneously locked, resulting
in giant enhancement of otherwise very weak nonlin-
ear harmonics, by applying only a single-colour signal.
Also, we remark that our work is clearly different from
the recent one on microcavity phonoritons [61], which
applied an electronic signal to an acoustic resonator to
generate driving phonons, with strict frequency-match-
ing conditions in their dispersive system.

Importantly, as shown in Fig. 2d and e, the linewidths
of all mechanical harmonics of the phonon laser are
also very significantly improved by the injection lock-
ing: In the absence of any injection, the linewidths of
the second and third order harmonics at 20, and 3Q,
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Insets: The PSDs for the case without any electronic control

are about 400 Hz and 500 Hz, respectively, and the
electronic injection reduces them by about 5 orders of
magnitude, corresponding to mechanical quality fac-
tors of 1.32x 107 and 1.98 X 107, respectively. This giant

improvement of high-order harmonics is conducive
to the application of phonon laser in more scenes. As
demonstrated in Fig. 2b, the fundamental phonon laser,
whose frequency (~10 kHz) falls within the audible
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region, has no advantage for ultrasonic applications. In
sharp contrast, the high-order phonon sidebands, such
as the quadruple frequency sideband of about 40 kHz
whose brightness is improved for 3 orders, obviously
enter the ultra-sound region and thus have unique
advantages in applications such as sonar imaging and
biomedical ultra-sonics.

Finally, in order to confirm the coherent nature of
phonon modes in our present system, we carried out
a method to reveal the locking impact on the higher-
order coherence of the phonon lasers by measuring the
phonon field autocorrelations functions at zero-time

delay [62], g®(0) = (b bk /(btb)%, k =2,3,4, with
b and b' the annihilation and creation operators of the
mechanical mode, with
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—6(N)),
(4)

and N is the mean phonon number in the mode under
consideration. Such studies, as far as we know, have not
been reported previously using the injection techniques.
To analyse the impact of the injected signal on the
coherence of the phonon laser, we measure g(k)(O) as
shown in Fig. 3. In the absence of locking, as the pump
power P exceeds the threshold, g(k)(O) of both the funda-
mental and first harmonic modes decreases to approach
1, see the left region in Fig. 3a and b. However, g®(0) falls
short of 1, due to thermal motion [35]. We note that the
locking has the advantage of noise suppressing and thus
enhances the coherence, as the right region in Fig. 3a.
With the injection voltage increases, g®/(0) approaches

g0 = — (N*) = 6(N%) + 11{N?)

2
@ (0) = (N7) — (N) 9) 1 closer, demonstrating a stronger coherent state. Typi-
g0 S 2) @ 3) @
(N) cally, g¥(0), g*(0) and g*(0) falls to 1.04, 1.12 and
1.26, respectively. Similar results are also observed for
double frequency component 20}, (see the right region
(3) 3 2 0
0 = (N ((N )—3 (N )+ 2<N DE 3) in Fig. 3b), where g(z)(O), g(g)(O) and g(4)(0) decrease to
1.06, 1.20 and 1.49. In addition, we compare the phonon
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coherence with or without locking, as demonstrated in
Fig.3c and f. We find that when applying the injection,
g(z)(O) approaches gﬁ)(O)=1 more rapidly, with a lower
value than the case without locking, for the same driving.
Similar results also can be observed for g®(0) and g¥(0),
see Figs. 3d and e for specific examples.

These results, to the best of our knowledge, have not
been reported so far for phonon lasers (and even opti-
cal lasers), and clearly evidence the role of injection in
improving high-order lasing coherence. We expect that
such effects can be observed also in other phonon-laser
devices using e.g., cold ions, vibrating membranes, and
semiconductor lattices [20-33]. We stress that, although
the three key ingredients of our experiment, i.e., the opti-
cal tweezer, the electronic locking, and the active gain,
are well-established techniques, their marriage for engi-
neering nonlinear phonon harmonics and enhancing
their higher-order coherence has not been demonstrated
in previous works. In fact, the advantage of this marriage
is seen not only in Fig. 1, through detailed comparisons
of our work with previous ones, but also in Figs. 2 and
3, confirming its remarkable role in enhancing nonlinear
harmonics and more importantly, their high-order cor-
relations. In contrast to the fundamental-mode phonon
laser, these harmonics are well beyond the audible region
and hence can be potentially useful for high-frequency
applications as e.g., ultrasound material tests or biomedi-
cal diagnosis. In our future work, by further combin-
ing with other nonlinear processes, it is also possible to
build coherent phonon frequency comb with uniform
comb teeth and longer lifetime [63], a novel possibility
as already demonstrated very recently in a purely optical
system [64].

3 Conclusion
In summary, by the direct application of electronic
injection locking into an active LOM system, we have
demonstrated a considerable improvement in several
key features of multi-mode phonon lasers with a micro-
size sphere. We found that an effective locking of both
the fundamental mode and its higher-order mechani-
cal harmonics is achieved, with three orders of mag-
nitude brighter and five orders of magnitude narrower
linewidth, corresponding to mechanical quality factors
of more than Q,,= 10°. We also demonstrated that, for
the same driving strength, higher-order phonon cor-
relations approach unity more rapidly than the case
without any electronic injection. Such a positive role in
enhancing higher-order coherence, as far as we know,
has not been reported for injection-locked phonon
lasers (or even optical lasers).

As the final remark, we note that in previous experi-
ments [51, 56], the locking signals were generated
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optically and transformed into electronic signals
through an electro-to-optical modulator. In contrast,
in our work, the input signal is applied directly from
an electrode, free of additional conversion devices,
reducing the rigorous requirements on input sources.
With this approach, we obtain the highest quality fac-
tor reported so far for the phonon laser, with also giant
enhancement of the nonlinear phonon harmonics. This
electro-LOM system offers a promising platform to
explore nonlinear phononics and to build truly coher-
ent acoustic frequency comb [36]. Besides, it is promis-
ing to realize spatial separated multiple phonon lasers
by levitating two or more microspheres in our system,
and study their synchronization characteristics [65, 66],
collective many-body effects and even entangled pho-
non lasers or distributed coherent force sensors [67].
Future works will also investigate other novel possi-
bilities such as achieving squeezed phonon lasers, and
consider their applications in quantum metrology [68,
69].

4 Materials and methods

4.1 Experimental details

The experimental setup consists of four parts, including
an active levitated optomechanical system, a dual-beam
optical tweezer, electronic injection devices and a posi-
tion detection system. As shown in Fig. 1c, the active
levitated optomechanics is vertical to the dual-beam
optical tweezer around the trapping region. The active
levitated optomechanics is composed of a fibre laser
path (with optical gain) and a free-space laser path. We
install the free-space laser path of the active cavity to a
3D translation stage. Then, the relative position of the
active cavity to the trapped microsphere is tuned with
a resolution of 0.1 um. The detailed parameter is also
found in Ref. [35]. We apply electronic injection to the
trapped microsphere through an electrode, which is
installed directly below the microsphere in the direc-
tion of gravity. It is made of polished stainless steel with
a tip radius of 200 pm. The distance d, between the trap
centre and the electrode is measured to be about 3 mm.
A function signal generator (DG1402-8750) is installed
to generate the electronic field, and then a tunable
alternating current (AC) field could be applied to the
microsphere.

4.2 Experimental procedure

The experiment is mainly operated with the follow-
ing three steps. (i) Microsphere trapping. Microspheres
are loaded into the trapping region with a nebulizer. In
most cases, a microsphere is trapped within 30 s. Once a
microsphere is trapped, we switch on the vacuum pump
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system and reduce the pressure to the desired level. (ii)
Phonon lasing. The free-space laser path of the active
cavity is installed on a 3D translation stage. We adjusts its
relative position to the microsphere in order to optimate
the dissipative coupling strength. The phonon lasing
behaviour is observed, according to the real-time PSD of
the microsphere’s displacement. (iii) Electronic injection
and data acquisition. We adjust the amplitude and fre-
quency of the signal generator according to the phonon
lasing dynamic. Then, we investigate the influence of the
electronic injection on the characteristics of the funda-
mental mode phonon laser and its high-order harmonics,
as shown in the main text.

4.3 Charge estimation
The natural charge of g, of the microsphere is
estimated by g¢,=(F,)/E, with the relationship

el — \/Sel(Q)/ 27 sin 2 [2(Q—Qe) 7]

M@ - T The equation comes

from the Langevin equation of the microsphere, which
can be expressed as mx + mIyx + kx = Fy,(x) + Fy (¢),
where F,(¢t) = F,;_x cos(wgt). Then, the power
density of the microsphere can be calculated as
2 i 2
Sel(w) _ va(w) — ZFf;i?f(iuS;i:g[)zZ(ir;Z;;ﬂ
ment, we get the PSD from the displacement of the
microsphere. As the sphere alters the spatial distribu-
tion of the scattering light, the differential mode signal
from the BPD reveals the sphere’s position. With the
electric force in hand, we can estimate the natural
charge ¢.. Here, we approximates the electric field
strength to the strength of the input electrical signal,
and then for a single suspended microsphere the
charge can be calculated.

In the experi-
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