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Viewpoint

Phonon lasers gain a sound foundation
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Two groups have made progress in building laserlike devices that emit phonons rather than photons.
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Electromagnetic waves and sound waves have an ob-
vious resemblance, and the concepts and techniques
used in optics are often brought into the acoustic do-
main and vice versa. One can immediately think of
the obvious correspondences between acoustic and op-
tical microscopes, between radar and sonar, and such
concepts as electrical and acoustic impedances, all of
which highlight this “son et lumiére” similarity. Using
the language of classical physics, this similarity is a
consequence of the fact that the same wave equation
governs oscillations of atoms, ions, and molecules in a
sound wave and the oscillation of electrical and mag-
netic fields in an optical wave. And in the language of
modern quantum physics the basic quanta of light (pho-
tons) and sound (phonons) obey the same rules describ-
ing all bosons—particles with integer spin. The most
striking consequence of the quantum nature of light is
the ability of matter to emit coherent photons of identi-
cal frequencies and phases, a process predicted in 1917
by Albert Einstein, who called it “stimulated emission.”
This was realized 50 years ago, when the first optical
laser was demonstrated [1].

After that groundbreaking discovery, the concept of a
“phonon laser” in which coherent phonons can be am-
plified by stimulated emission has been on the minds
of many researchers. The benefits of such sources
are easy to grasp: since sound waves propagate at a
speed that is about five orders of magnitude less than
speed of light, the wavelength of sound waves is cor-
respondingly shorter than that of light waves of the
same frequency, and thus one can perform highly pre-
cise nondestructive measurements and imaging, as well
as achieve high concentration of energy using focused
sound waves. Conventional sources of sound waves,
such as piezoelectric transducers, do not operate effi-
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ciently above few tens of gigahertz, hence a phonon
laser would be of great interest to the scientific commu-
nity. Now, as reported in Physical Review Letters, two
groups—Ivan Grudinin, Hansuek Lee, Oskar Painter,
and Kerry Vahala at the California Institute of Technol-
ogy in the US [2], and Ryan Beardsley, Andrey Aki-
mov, Mohamed Henini, and Anthony Kent at the Uni-
versity of Nottingham in the UK [3]—both report dra-
matic progress.

Despite all the similarities between photons and
phonons, no phonon lasers have been developed up un-
til now. The difficulty, ironically, can be traced to the
same fact that makes phonon lasers so desirable [4]—the
comparatively short wavelength of sound, which causes
spontaneous emission processes to dominate over stim-
ulated emission unless one modifies the density of
phonon states by employing high-quality acoustic res-
onators.

This is precisely the approach taken by the group
at Caltech who have demonstrated the first unambigu-
ous evidence of optically pumped phonon lasing in the
coupled whispering-gallery mode (WGM) optical res-
onators [2]. In a conventional laser, stimulated emis-
sion occurs from upper to lower states of the atoms and
ions, while in the Caltech design these states are those
of phonons confined in two coupled silica microtoroid
WGM resonators (Fig. 1, top). This arrangement al-
lows one to tune the frequency separation between the
upper and lower states to that of an acoustic resonance
of the system. Under this resonance condition, when
the upper state is populated with a sufficient number
of photons coming from the pump laser via the opti-
cal fiber, these photons begin to split into the lower
frequency photons of the lower state and the coherent

phonons at the Qg,.,,q = 21 MHz frequency (Fig 1,
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center). These vibrations are picked up optically and
the “hockey-stick-like” dependence of their power on
pump power shows unmistakable evidence of the onset
of stimulated emission, also known as the lasing thresh-
old. Phonon lasing is further confirmed by the narrow-
ing of the spectrum of mechanical vibrations.

Only bosons are involved in the phonon lasing, so it
can also be interpreted as a three-wave parametric pro-
cess in which two waves (the “pump” and the “idler” in
the jargon of the field) are optical, and the third one (the
“signal”) is acoustic. This can also be viewed as stimu-
lated Brillouin scattering—an inelastic collision in which
a photon is converted to a downshifted photon and a
phonon with energy equal to the difference is emitted.
But it is important that the threshold is achieved when
the phonon gain surpasses the phonon loss, in contrast
to Brillouin or Raman lasers in which the threshold is
achieved when the photon gain supersedes photon loss
and the coherent phonons are no more than a byprod-
uct. In this sense, the Caltech device is a true phonon
laser.

While the Caltech group has used the transitions
between two photon states as a source of coherent
phonons, the group at Nottingham [3] used a different
strategy to achieve the evidence of coherent phonon am-
plification in the THz range. This is a “sound” with a
pitch 15 octaves higher than that of the acoustic wave in
the Caltech experiment. Their device bears resemblance
to the quantum cascade laser [5] in which an electron
cascades down a staircase of energy states in a biased
semiconductor superlattice, releasing the accumulated
energy in the form of coherent photons in the infrared
or THz range. The Nottingham group uses a similar ar-
rangement (Fig.1, bottom) in which the electrons tun-
nel from one semiconductor quantum well to the next,
with each step releasing a half-THz acoustic phonon
to satisfy energy conservation. The mechanism cou-
pling electrons and phonons is essentially the same one
that causes resistance in electronic devices, but here this
mechanism is put into productive use. Normally this
process occurs spontaneously and the emitted phonons
have all different phases and directions. But in the pres-
ence of a strong coherent phonon wave, the stimulated
process ensues and the phonon wave becomes ampli-
fied.

The Nottingham researchers have used a strong laser
pulse to both generate and detect the THz acoustic
waves, and have demonstrated marked increase in the
power of THz waves when the superlattice is electrically
biased and the electrons start cascading down emitting
coherent phonons to amplify the wave. While so far,
only amplification and not lasing has been achieved, one
can expect that oscillation can be attained when the res-
onant phonon reflectors are incorporated into the struc-
ture.

The impressive results demonstrated by these two
groups portend the advent of versatile sources of coher-
ent acoustic waves in a wide range of frequencies with
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FIG. 1: Schemes for phonon amplification and lasing. (Top) In
the experiment of Grudinin et al.[2], two coupled microcavi-
ties are excited by an optical pulse traveling through an optical
fiber (blue). The two cavities are placed very close together so
that they are coupled by evanescent waves and this coupling
removes the degeneracy of the whispering gallery modes. The
resulting energy level splitting is tuned to be equal to the en-
ergy of a phonon of the sound wave that can resonate within
the same structure mechanically. (Center) Pump photons en-
tering through the optical fiber are converted to lower energy
photons and coherent phonons. At a threshold pump power,
phonon gain exceeds phonon loss resulting in phonon lasing.
(Bottom) Phonon amplification in a superlattice. Tunneling of
electrons from one quantum well to the next is accompanied
by phonon emission. When a strong phonon wave is applied,
Beardsley et al.[3] observe phonon amplification. (Top and cen-
ter panels adapted from [2], bottom panel adapted from [3].)
(Illustration: Alan Stonebraker)

applications in imaging, nondestructive evaluation, and
medicine, as well as in other yet unexplored fields.
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