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Enhancement and Inhibition of Coherent Phonon Emission of a Ni Film
in a BaTiO;/SrTiO; Cavity
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We report pump-probe time resolved reflectivity experiments in a hybrid air-Ni metal-BaTiO5/SrTiO;
oxide mirror phonon cavity. We demonstrate that the generated coherent acoustic phonon spectra of the
impulsively excited metallic film can be inhibited or enhanced in the phonon cavity with respect to a Ni
film directly grown on a SrTiO; substrate. The experiments are compared with simulations that highlight
the role of the phonon density of states in the coherent acoustic emission, extending concepts at the base of

the optical Purcell effect to the field of phononics.
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Changing the spontaneous light emission rate and spec-
tra of atoms or excitons through the modification of the
photon density of states (DOS) [1-4] has been the subject
of significant efforts following Purcell’s proposal and dem-
onstration in the microwave domain [5]. Depending on the
tuning of the emitter spectra with maxima or minima of the
modified photonic DOS, the emission can be either en-
hanced or inhibited [3]. Similar ideas have been applied to
modify other light-matter interaction processes [6-9]. In
the field of phononics, and specifically the search of pho-
non ‘‘lasing” [10-12], for efficient monochromatic THz
sources [11,13,14], and for the control of heat at the nano-
scale, these ideas have not been pursued to date. Here we
demonstrate that the coherent acoustic phonon emission
spectra of an impulsively excited thin metallic film [15,16]
can be either inhibited or enhanced by embedding the
metal layer in an acoustic nanocavity [17]. This has been
accomplished by using a hybrid metal cavity with a
BaTiO;/SrTiO; epitaxial oxide phonon mirror. Our results
constitute the first necessary step to achieve full control of
the emission rate of phonons in tailored materials.

Acoustic nanocavities [17-19] are the hypersound ana-
log of optical microcavities. The latter have led, through
the tailoring of the spatial and spectral confinement of the
photon field, to optimized optical devices and novel physi-
cal phenomena [4,20]. Phonon cavities are constituted by
acoustic mirrors enclosing a spacer of thickness equal to an
integer number m of half-wavelengths (mA,./2) [17]. The
mirrors are made of stacks of repeated double layers of
materials of contrasting acoustic impedance Z = puv,.
Here p and v, are the material density and sound velocity,
respectively. Such a resonator sustains confined modes,
which can be designed to have perfect transmission in
and out of the structure [17-19,21]. The cavity spacer in
our experiments is made of an evaporated Ni thin film of
nominal thickness =33 nm. The purpose of this investiga-
tion is to study the modification of the light-phonon trans-

0031-9007/ 10/104(18)/187402(4)

187402-1

PACS numbers: 78.47.—p, 42.60.Da, 63.22.—m, 78.30.Fs

duction properties of this film induced by embedding it in a
phonon cavity. We use a femtosecond laser light impulsion
to generate a pulse of coherent sub-THz phonons in the
metallic layer, and then we study how the latter is modified
by changing the structure around the metal film. The
essential idea is that the acoustic mirrors should not couple
themselves with the light pulse and thus play no role in the
phonon generation mechanism, except through the modi-
fication of the acoustic boundaries affecting the Ni emitter
layer. We thus chose as the bottom broadband acoustic
mirror a 10 period BaTiO3/SrTiO; superlattice of thick-
ness 64.6 A/203.1 A with the high-reflectivity stop band
centered at = 130 GHz [19,22]. BaTiO; and SrTiO; have
optical energy gaps in the 350 nm range and are conse-
quently completely transparent at the laser energy of
750 nm. Ni was chosen due to its acoustic impedance
closely matching that of SrTiO3 (Zy; = 53.5 and Zg,pio, =
40.9, respectively). The sample-air interface responds to a
free surface (zero-strain) boundary condition. This leads,
ideally, to 100% acoustic reflectivity, and thus the surface
performs as the top mirror to complete the phonon cavity.
A schematic of the studied sample is shown in Fig. 1.
Figure 1 also displays in its top panel the surface dis-
placement calculated using standard continuum matrix
methods and assuming a white hypersound pulse imping-
ing on the structure from the substrate. The calculation
does not include attenuation, which could lead to a broad-
ening of the cavity mode observed as a thin peak at
~130 GHz. The bottom panel of Fig. 1 illustrates with
an intensity graph the variation of the cavity response with
spacer thickness. The thin band spanning the range from
140 GHz for a Ni thickness of 23 nm to ~115 GHz for
43 nm describes the tuning of the cavity mode. The width
of this curve is indicative of the change of cavity finesse
(i.e., phonon lifetime) with mode detuning from the stop-
band center. It follows that, due to the broadband mirrors
used [19], the Ni metal layer thickness can be detuned by
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FIG. 1 (color online). Top: Calculated surface displacement of
the hybrid metal-oxide cavity. Bottom: Intensity map of surface
displacement versus Ni layer thickness. Inset: Schematic of the
acoustic cavity structure. The number of unit cells does not
correspond to the real structure. STO, SrTiO;; BTO, BaTiO;.

more than =30% without significant broadening of the
resonant cavity mode.

Room temperature reflection-type pump-probe experi-
ments were performed at 750 nm with femtosecond laser
pulses (=80 fs) from a mode-locked Ti:sapphire laser. The
measurements determine the real part of the change in the
normalized reflectivity Re(Ar/rq) induced on the metal
layer by the acoustic phonons [15,16,23]. The left section
of Fig. 2(a) shows Re(Ar/ry), taken as a function of the
time delay with respect to the pump pulse, on a test sample
constituted by a Ni film deposited directly on a SrTiOj
substrate (i.e., without the BaTiO;/SrTiO; mirror). A
broad signal related to the electronic response of the metal
has been subtracted for clarity. At time zero an intense
oscillation can be observed, which disappears within
~15 ps and is followed by clear single frequency oscilla-
tions that extend throughout the whole investigated time
window. The intensity map in the right-hand panel of
Fig. 2(a) displays the sliding Fourier transform of the
time dependent reflectivity, obtained using 85 ps integra-
tion windows. The curve in this panel corresponds to the
Fourier transform for the whole measured time scan. It is
apparent from the peak at 50 GHz that the measured
oscillations correspond almost exclusively to the
Brillouin scattering of propagating acoustic waves in the
SrTiOj; substrate. The initial jump lasting ~15 ps displays
a broad energy spectrum which is rapidly lost leaving its
trace as weak bumps in the full-time Fourier transformed
spectrum. It is due to the localized pulse generated and
detected at the Ni layer, which rapidly escapes to the
substrate facilitated by the acoustic impedance matching
between the metal and StTiOj;.

The situation is qualitatively modified when the
BaTiO;/SrTiO; mirror is added to form the acoustic cav-
ity, as shown in Fig. 2(b). The coherent phonon time trace,
displayed in the left-hand panel, now shows intense and
complex higher frequency oscillations lasting 200 ps, fol-
lowed by very weak stable oscillations. To analyze the
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FIG. 2 (color online). Top panel: Acoustic reflectivity of the
BaTiO;/SrTiO; mirror. Left-hand panels: Time trace of
Re(Ar/ry). Right-hand panels: Sliding Fourier Transform calcu-
lated with 85 ps windows. The full Fourier spectrum is also
included with thick curves. (a) Ni film deposited directly on
S1TiO;3. (b) Hybrid metal-oxide acoustic cavity. The arrows
indicate the Brillouin peak.

spectral content of the observed acoustic phonon signal,
we show in the right-hand panel of Fig. 2(b) the sliding
Fourier transform of the time trace, together with the full-
time Fourier transform of Re(Ar/ry). While a Brillouin
component is still perceptible at all times (indicated with
the vertical arrow), the spectral weight has been clearly
transferred to higher energies. The most conspicuous fea-
ture is a peak located approximately at 120 GHz. The latter
is characterized by an exponential decay with a time
constant of = 100 ps. Oscillations, particularly in the spec-
tral range 0—100 GHz, can also be identified in the Fourier
transform. To identify the relevant energy range, the top
panel of Fig. 2(b) displays the calculated acoustic reflec-
tivity of the BaTiO;/SrTiO; mirror. Note that the intense
peak at 120 GHz lies within the phonon stop band.

To evaluate the acoustic response of the structure we
computed the phonon eigenstates of the system based on a
continuum model with strain-free boundary conditions at
the sample-air surface. The generated spectrum is calcu-
lated assuming that at time zero an ultrafast impulse de-
fines a strain fully localized in the Ni layer. To characterize
the detection properties of the device the time dependent
change in reflectivity induced through a photoelastic
mechanism in the Ni layer is evaluated [15,16]. We identify
the peak at ~120 GHz in Fig. 2(b) as due to the cavity
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confined mode. Thus, based on Fig. 1, we take the actual
thickness of the evaporated Ni layer as 38.5 nm.

We first address the measured time dependent reflectiv-
ity traces shown in Fig. 2. Figure 3 presents the calculated
position versus time strain intensity map. A scheme of the
structure is also presented. As observed in Fig. 3, the
escape time of the phonon pulse from the metal spacer
layer is approximately ~15 ps. This time window deter-
mines the first intense feature observed in Re(Ar/r,) for
both the bare Ni and the hybrid-cavity structures (see
Fig. 2). The establishment of a standing wave pattern is
apparent in the cavity spacer after this first transient. These
oscillations correspond to the cavity mode at ~120 GHz.
The decay of the cavity-mode oscillation intensity with
time is in part related to the tunneling of the phonons
through the BaTiO;/SrTiO; mirrors and into the substrate
(observed in Fig. 3 at all times), and also to phonon lifetime
decay which is not taken into account in the calculation.
An additional secondary feature is the arrival at approxi-
mately 100 ps to the cavity spacer of a reflection of the
initial pulse. This reflection is evidenced in the experimen-
tal Re(Ar/ry) shown in Fig. 2(b) with a jump that adds to
the cavity-mode related oscillations.

We now turn to the spectra of the generated coherent
phonon signals. Figure 4 shows the calculated coherent
phonon spectra generated by either the simple thin Ni layer
deposited on the SrTiO; substrate (thick curve) or by the
hybrid metal-oxide nanocavity (black thin curve). This
figure also represents well the phonon spectrum extracted
out of the Ni layer and transferred into the substrate. For
comparison the actually measured phonon spectrum is also
displayed. Several features are apparent. (i) The spectrum
generated by the nonconfined Ni thin film is broad and
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FIG. 3 (color online). Hypersound strain (|du/dz|?) as a func-
tion of time for the hybrid-cavity structure. Dark regions corre-
spond to larger stresses. No spectral filtering has been included.
A scheme of the structure is shown at the top for comparison.

almost featureless. It corresponds to the Fourier compo-
nents of an acoustic pulse spatially localized within the
film region. (ii) The spectrum emitted by the Ni film is
qualitatively modified by the presence of the
BaTiO;/SrTiO; mirror. The most conspicuous feature is
the strong enhancement of emission at the cavity mode
(indicated by black color) and the inhibition within the stop
band (gray shaded regions). (iii) Outside the phononic
stop-band oscillations develop, which, when compared
with the bare Ni-film, also express clear inhibition and
enhancement regions. (iv) The experimental spectrum
matches the calculation quite well. For the cavity structure
there is a clear enhancement at the cavity mode, an in-
dication of inhibition within the stop band, and oscillations
with the appropriate period also denoting enhanced and
reduced signal intensity with respect to the nonconfined
structure. A broadening of the cavity mode and a reduced
intensity of the higher energy phonons is also observed.
These features possibly arise from phonon decay in the Ni
layer, and a reduction of the metal-air interface reflectivity
due to surface roughness [24].

To understand the origin of the observed change in
generated spectrum, we recall the top panel of Fig. 1
showing the surface displacement of the hybrid metal-
oxide cavity. This curve reflects the local acoustic DOS.
In particular, within the phononic stop band modes are
expelled and they concentrate at the cavity resonance and
at the stop-band edges. It is this modification of the mode
density landscape that determines at which energies acous-
tic phonons can be emitted by the metallic layer (enhance-
ment at the cavity mode) and at which they cannot
(inhibition within the phonon gap). A similar effect, though
of smaller magnitude, leads to the observed oscillations in
the coherent phonon generated spectra. These concepts are
closely related to those at the base of ‘“‘cavity quantum
electrodynamics,” the Purcell effect, and the search of light
emission control by photon DOS engineering [1-7,9]. In
fact, the spontaneous photon emission decay rate of an
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FIG. 4 (color online). Calculated (bottom) and measured (top)
coherent phonon spectra generated by the thin Ni layer deposited
on the SrTiO; substrate (thick curve) and by the hybrid metal-
oxide nanocavity (black thin curve). Shaded black (gray) regions
represent phonon emission enhancement (inhibition).
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excited electronic state is also determined, through the
Fermi golden rule, by the photon density of states at the
emitter position [2]. The phononic effects described here
are particularly strong because phonons are emitted normal
to the layers and thus take maximum profit of the modified
DOS. The equivalent quantum electrodynamic control on a
single mode, or in a small aperture angle, has also been
achieved for photons [6,7]. Controlling all photon modes
so as to modify significantly the light emission rate is still a
challenging problem in photonic devices [4]. Similarly,
attaining full control of vibrational modes and thus of the
emission rate of phonons emerges as a stimulating moti-
vation with implications for the development of novel
technologies, including phonon lasing [10-12].

In the experiment we report here we have a spectrally
broad “‘emitter”’ (the ultrathin film which through photon-
electron coupling leads to a localized perturbation of the
strain field), and we demonstrate how the generation at
some energies is enhanced and at others is inhibited. For
the demonstration of the Purcell effect (i.e., the modifica-
tion of the spontaneous phonon emission rate of an emitter
induced by its environment) one would need to embed in a
cavity a spectrally narrow emitter, energetically tuned to
the cavity mode and spatially located at the position of the
confined field (DOS amplitude) maximum [4]. Ruby might
be a good candidate to demonstrate the phonon Purcell
effect based on oxide cavities. Submicron thick ruby films
can be evaporated with excellent quality for this purpose
[25]. The Zeeman-split E(2E) Cr3* doublet of ruby has
long phonon-decay lifetimes in the sub-ms range, and a
frequency that can be tuned from 1to 5 cm™! with external
magnetic fields of reasonable magnitude (=5 T)
[12,25,26]. Such magnetic field would provide an external
means by which it could be possible to tune the electron
transition energy through that of the cavity confined mode.
The mode lifetime (7.,,) for a 1 cm™' ruby cavity em-
bedded between two symmetric SrTiO;/BaTiO; mirrors
could be varied from 300 ps to 150 ns by changing the
number of mirror periods from 1 to 10. These lifetimes
(corresponding to Q factors Q = w/Aw that range from
~10 to ~4300) are much smaller than the phonon-decay
lifetime of the Zeeman-split E(2E) Cr** doublet. This
implies that the cavities would always be in the ‘“weak-
coupling regime” to which the Purcell effect belongs [4].
For a planar cavity, one could expect at most a Purcell
enhancement factor for the fotal phonon emission rate of
approximately 1.4, due to the penetration of the strain field
in the distributed Bragg mirrors, and the coupling of the
emitters to nonconfined modes over a large fraction of the
total solid angle [27]. The phonon wavelengths involved
(Aphonon =~ 240 nm for 1 cm™! phonons) would open the
possibility, in addition, to laterally confine the phonon field
by etching the planar cavity to form micropillars. The
diameter for which the pillar would become better than
the planar cavity for spontaneous phonon emission en-
hancement can be estimated to be around dj;, ~

20Apponon ~ 5 mm [4]. The Purcell factor for a micropillar

3 ZLQ/\cav
18 F, 7 ST,

yp= where L is the confined mode extension
in the growth direction, S ~ 7d?/16 is the mode surface in
the cavity plane, A.,,/L ~ 1/2 for the Bragg mirrors used,
and d is the pillar diameter [4]. For a 1 um diameter
micropillar, and a cavity Q factor = 1000, we estimate
F, ~ 10. Ruby should be held at liquid-helium tempera-
tures to suppress transition between the Zeeman states that
could obscure the Purcell effect [12,25,26].

In conclusion, we have demonstrated enhancement and
inhibition of the generation of hypersound of a metal film
impulsively excited by a laser pulse, using the modification
of the local phonon density of states induced by embedding
this film in an oxide mirror based cavity, and proposed a
way to test the phonon Purcell effect in ruby. These ideas
exploit in phononics fundamental concepts of cavity quan-
tum electrodynamics.
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