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Phonon Bloch oscillations in acoustic-cavity structures
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We describe a semiconductor multilayer structure based in acoustic-phonon cavities and achievable with
molecular beam epitaxy technology, designed to display acoustic-phonon Bloch oscillations. We show that
forward and backscattering Raman spectra give a direct measure of the created phononic Wannier-Stark ladder.
We also discuss the use of femtosecond laser impulsions for the generation and direct probe of the induced
phonon Bloch oscillations. We propose a gedanken experiment based in an integrated phonon source-structure-
detector device, and we present calculations of pump and probe time-dependent optical reflectivity that evi-
dence temporal beatings in agreement with the Wannier-Stark ladder energy splitting.
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Electronic Bloch oscillations, i.e., oscillations of an elec- sound velocity, and the boundary conditions establishing the
tron induced by a constant electric field in the presence of @onnection between displacement and strain between two
periodic potential, are a beautiful and clear example of different materials. Thus, the above concepts applied to elec-
quantum effects in solids. When an electric field is appliedtrons and photons can be extended to phononic structures. In
on a charged particle in a crystal, its wave vector increasefact, Stark-ladder resonances in the phonon spectra of piezo-
with time. Thereafter, Bragg interference leads to a velocityelectric composites have been recently repottéd. this
reduction, and finally to a sign change at the band edgecommunication we propose semiconductor multilayer struc-
Notwithstanding its simplicity, for many years the issue wastures capable of displayingcoustic-phonorlynamics simi-
controversial and only quite recently the existence of electar to Bloch oscillations. The building block of the structures
tronic Bloch oscillations has been definitively established. Inare acoustic-phonon cavities as recently introduced by Trigo
normal crystals the large Brillouin zone and electron relax-and co-workerg. The phonon wavelength is only a few na-
ation lead to an overdamped behavior characterized bywometersphonon frequencies being in the THz rajgend
Ohm'’s law. Instead, electronic Bloch oscillations are observihus the sample full size and required interface layer quality
able in semiconductor superlatticéSL’s) due to the Bril- are achievable with actual MBE technology. In addition,
louin zone reductioR. acoustic-phonon mean-free paths are Bgenpared to the

Motivated by the concepts introduced for electrons instructure sizdtypically below a micromand thus dephasing
crystals, Bloch oscillations of atoms in an accelerating standis not a critical issue. We present calculations of phonon
ing wave of light have been reportéddn the other hand, reflectivity, displacement distribution, and time evolution
recently photon Bloch oscillation devices based in optical upon excitation with a localized phonon source to illustrate
microcavities have been proposednd related reflectivity the device behavior and to demonstrate the existence of a
and time-resolved optical transmission features have begshonon Wannier-Stark laddéWSL) and Bloch oscillations
observed in structures grown on porous sili€dihe concept  (BO). In addition, using a photoelastic model we calculate
behind these devices is also quite nice and simple. The optthe Raman spectra which we show give a direct measure of
cal microcavities provide the discrete photonic states whichihe created phononic WSL. Phonon BO can be indepen-
can couple through photon mirrors thus leading to photoniclently probed using coherent phonon generation techniques.
minibands. The spatial dependent energy gradient, equivalefor this purpose we propose a specifically designed device
to the electric field for electrons, can be achieved, e.g., bynd we present calculations of time-dependent reflectivity
varying the refractive indeXAs compared to electrons, pho- induced by femtosecond impulsions in this structure.
ton dephasing mechanisms are less effective and thus Bloch A periodic stack of two materials with contrasting acous-
oscillations are, in principle, more easy to observe. On thdic impedances reflects soub@he firstk=0 folded phonon
other hand, photonic minibands require a large number ofinigap in a SL is maximum with the layers thicknesh
optical microcavities(around 30-5f) amounting to total ratio given byd;/v,=d,/3v,, the stop band and reflectivity
thicknesses larger than 40—5@n.* This is too large for cur-  of such a phonon mirror being determined by the acoustic
rent molecular beam epitaxy¥iBE) semiconductor technol- impedance mismatcE=pv,/p,v, and the number of SL
ogy. For this reason the reported structures were grown usingeriods!?*1A phonon cavity can be constructed by enclosing
electrochemical methods of porous silicon nanostructurindgpetween two SL's a spacer of thickneksmh /2, where\
that do not have this limitatioh.The drawback is that the is the acoustical phonon wavelength at the center of the pho-
quality of the samples is not as good, layer interfaces andon minigap’ The cavity confined modes correspond to dis-
refractive indices are not that well controlled, and opticalcrete energy states within the phonon stop band, their width
residual absorption becomes an important issue in the perfofi.e., the cavity Q-factgrbeing determined by the phonon
mance of the structures. mirror reflectivity!® When a large series of phonon micro-

Sound in solid media is also described by a wave equaeavities are coupled one after the other, the discrete confined
tion, the relevant parameters being the material density anenergy states form phonon bands that resemble the mini-
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lighted in these figuregi) An acoustic phonon allowed band

;fg: originated in the coupled discrete cavity modes is observed
§ 10 between two forbidden minigap banfisanel(a)]. The en-

5t ergy of the bands decreases linearly with cavity number ac-

0 cording to design. Three different spectral regions can be
identified. Between 17.4 and 18.6 chishaded in Fig. }i

phonons are confined in a spatial region limited by the top
5 T 18 1950 B 2525 and bottom of the lower and upper minigap bands, respec-
Energy [cm] tively. On the other hand, beldabove 17.418.6 cm™ a
phonon entering from cavity No. 1 will bounce back at the
bottom of the lower(uppe) minigap band and leave the
sample.(ii) The phonon reflectivity panel (b)] displays a
il i broad stop ban¢between~15 and 21.5 cit), basically de-
150 300 450 600 750 . L. . . . .
Position [nm] termined by the superposition of the individual cavity mini-
FIG. 1. () Phonon band structure. The central white regiongaps. A series of dips modulate the reflectivity within this
limited by the thicker black forbidden bands corresponds to thevide stop band. Between the lower stop-band limit and
cavity-mode miniband. The white and thinner black regions above~17.4 cn’, and between-18.6 cnt* and the upper stop-
and below this bands arise from Bragg reflections. The arrows inband limit, a series of features with varying energy spacing
dicate the energy of the pulses displayed in Fig.(l9. Phonon  can be identified. These originate from phonon interferences
reflectivity. In(a) and(b) shaded areas indicate the WSL regim).  determined by a propagation limited by the sample surface
Phonon displacement as a function of position and energy. Darkesind by the minigap bands. These features are relatively weak
regions indicate larger acoustic phonon intensities. The arrows labeind broad because of the small acoustic impedance mis-
the WSL energies. The solid lines limit the forbidden bands. Seqnatch between the top GaAs layer and the cavity structure.
text for details. On the other hand, sharp reflection dips are observed in the
region between-17.4 and 18.6 cnt. These dips, which are
bands in electronic SLs. In order to display Bloch oscilla- equidistant and separated hy0.15 cm* correspond to the
tions, the energy of thih cavity must differ from that of the coupling of external phonons, by tunneling through the mini-
(i-=1)th in a constant value. Such a linear dependence witlyap band, to the Wannier-Stark states confined within the
position of the phonon cavity-mode energy, analogous to astructure.(iii) This phononic WSL can be also identified by
electric field for electrons, can be obtained by tuning thethe well-defined discrete phonon modes displayed in panel
cavity widths* We thus consider a multilayer structure where (¢). The WSL is the spectral domain counterpart of the BO. It
each unit cell consists of an acoustic-phonon mirror made bys precisely in this spectral region where oscillations should
(n+1/2) %/2 periods of two materials with contrasting appear in the time domain.
acoustic impedance§SaAs/AlAs in the examples discussed ~ The time and spatial variation of the acoustic-phonon dis-
hera, followed by a\ cavity (GaAs. This unit cell is re- Placement fieldUy(z,t), created by a pulse described by a
peatedN, times with layer thicknesses increasing from thespectral functiong(w) and incident att=0 at the GaAs-
surface to the substrate so as to have a linear decrease sfmple interfacéz=0), can be evaluated using the scattering
cavity-mode energy by steps Af method described by Malpuech and Kavokilvithin this
The stationary solutions of the acoustic waves in the prodescription, Ug(z,t)=1/27rf°_°xu(z)g(w)exp(—iwt)dw, where
posed structure can be derived using a matrix method implai(z) are the stationary solutions of the elastic wave equation
mentation of the elastic continuum modeThe calculations  with frequencye shown in Fig. 1c). The time evolution of
give (i) the phonon field distribution in the different layers, such wavepackets for the two different energies indicated in
(i) the phonon reflectivity and/or transmission, diit) the  Fig. 1(a) are shown in Fig. 2. For energies above or below
variation along the structure of the energy bands associatatie phonon WSL regiof20 cnit in the example shownthe
to an infinite SL with the local unit cell. The latter are given incident pulse propagates within the sample up to a position
by the condition —% (a;;+a,,)/2<1, wherea;; anday are  where it is backreflected by a minigap band leaving after-
the diagonal elements of the transfer matrix across each perards the sample. On the contrary, whercorresponds to
riod of the structuré.In Fig. 1 we present results forld,  the WSL energy regiofi8.3 cm in the displayed figung a
=25 period acoustic-cavity structure. The first unit cell isfraction of the pulse energy is backreflected at the surface
made by a 2.5 GaAs/AlAs period 59.3 A/23.5 A phononwhile another part enters the structure by tunneling through
mirror (n=2) and a GaAs spacer tuned to 20¢ni79 A).  the minigap band developing afterwards clear periodic oscil-
The energy steps are given By=0.15 cm?, and the struc- lations within the structure. In order for these phonon BO to
ture is limited from the two sides by GaAs. Pan@sto (c) be observed, the full width at half maximutFWHM) of
display, respectively, the phonon band struct(skack re- g(w) should be larger than. For these calculations we have
gions represent “forbidden” energjeshe phonon reflectiv- used a Gaussian distribution witlr2 1.0 cni®. On the other
ity, and the phonon displacement distribution as a function ohand, the period of the oscillationgnd consequently the
position and energy. In the latter panel, calculated forength traveled by the pulgsas directly determined byA
phonons entering from the left, darker regions indicate largetrz=h/A).
acoustic-phonon intensities. Several features should be high- In what follows we will show how Raman scattering and
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eration of phonons using high power ultrashort laser

pulsest® In the case of THz vibrations, femtosecond pulses

are required. To the best of our knowledge the generation
mechanism is still an open issue, and no complete theory is
available to describe the processes involved. We briefly de-
scribe next a model for pump and probe coherent phonon
generation and detection based on a photoelastic coupling

between light and acoustic phondridThis mechanism is the
only one active when pump and probe are below the gap.
Above the gap besides the photoelastic coupling other
mechanisms can also contribute, but we expect the main con-
clusions to remain essentially valid. Any arbitrary time and
0 150 300 450 600 750 position dependent phonon displacement in the structure
Position [nm] w(z,t) can be expressed in terms of the phonon eigenstates as
FIG. 2. In(u(z,t)) for Gaussian phonon wavepackets centered atv(z,t) = [T ,u(z)sin(wt)dw. Assuming that phonons are gen-
20 cni! (bottom paneland at 18.3 cmt (top pane), and FWHM  erated coherently through a photoelastic mechanism by a
given by 2r=1 cni’l. These two energies are indicated with arrows femtosecond pulsemodeled asEy(z,t) « s(t)explik 2)], the
in Fig. 1(a). coefficients for the above expansion can be obtainéd as
. _ . _ 1,=1/wf5p(2)|Ey(2)Aou(z)/ dz]dz Herel is the length of
coherent phonon generation experiments can .prowd_e adlregﬁ'e samplep(2) is the photoelastic constant which is as-
probe of the phonon WSL and BO, respectively, in thesey,meq constant in each layer, andz)/dz is the strain as-

devices. Raman scattering has extensi_vely sh(_)wn to be Sbeiated with an eigenstate of enekgyWe note that the FS
povl\ﬁrful §§OOI d to stu;iyl pho”"}fs d n dsem.|conductgr (g=0) Raman cross section discussed above is proportional
multilayers and, In particutar, confined modes in acoustic,, r,|2.7 Once this excitation is generated, it evolves accord-

cavities”191n order to evaluate the Raman spectra, we use %hg to the time-dependence &st) and can be detected by a
phptoelastic modek™ We analyze two experimental geom- delayed, lower power, probe pulse that senses the time-
etries, namely backscatterin@s, ks~ -k, 4= ~2k ) and dependent change of reflectiviyThe change in reflectivity

forward scatteringFS, ks~ k , g~ 0). Herek refers either to - o .
the scattered orqlaserswavLe\(/qector ands the transferred can be calculated (1) = [oAe(z, Vexpl2ikz)dz, Where the
' yrobe pulse has been assumed to be proportionalid®

wave number. In Fig. 3 we present BS and FS spectra calc . X . .
g b P ntroducing again the photoelastic coefficient to relate

lated for the sample described above and assuming laser e he phonon induced change in dielectric funclisrith the

itation with nm. For comparison pur th rre- - ) & -
cratio 550 Of comparison purposes e co estraln ow(z,t)/dz, the time-dependent change in reflectivity

sponding phonon reflectivity is also shown. The Raman _ » .
spectra display a complex series of peaks in the stop-bart®! Pe written as\R(t)= [op(z)[ow(z,t)/ oz]exp2ikz)dz If

spectral region. We have verified that such rich spectra are &(2) i constant, this equation implies that only phonons with
kind of sample finger print that can be used as a charactef=2k can be probed. On the other hand, the detecto@s
ization tool. Interestingly, the BS and FS spectra displaycan be designed to access other excitations by backfolding
clear peaks and dips, respectively, at exactly the WSL enethe phonon dispersion. Comparing this equation with the Ra-
gies. High-resolution Raman setups working in the visibleman cross sectiohit is easy to see that the observable pho-
can discern spectral features with resolution better thafOn spectrum is related to the BS Raman scattering compo-
0.02 cm1,22 thus providing a spectral-domain tool able to nent of the detector structure. _
probe the underlying phonon WSL. In orde_r to generate the quasimonoenergetic phonons re-
Coherent phonon generation is termed the impu|sive gerquwed to induce BO, and to monitor the time evolution of
the latter, we have conceived a monolithic source-sample-
1.0 detector device(see the scheme in Fig.).4The first
GaAs/AlAs SL(SL/s in Fig. 4 acts as the phonon source
and is designed to generate, by excitation with a femtosec-
ond impulsion above the gap, an elastic pulse with energy
centered at 18.3 cth and width equal to~0.8 cm1.13 It is
made of 30 periods of 43.2 A/51.5 A GaAs/AlAs. The layer
widths determine the energy of the generated pulse, while the
number of periods define, due to finite-size effects, its width.
The coefficientr,, of the phonon pulséor equivalently the
FS Raman spectrgenerated in this SL is shown in the inset

Time [ns]
O=NWhOO~N

0.0 —

Intensity [arb. units]

T man shift fem ] o on Fig. 4. Once generated, the coherent phonons propagate

FIG. 3. Back(BS) and forward(FS) 550 nm Raman scattering Nt the structure and act as the phonon sougte) for
spectra corresponding to the acoustic cavity structure Wjth25  exciting Bloch oscillations. Between the SL source and the
described in the text. For comparison the corresponding phonoftructure, a GaAs 200 nm buffer layer is introduced to screen
reflectivity is also shown. The inset highlights the Stark ladder specthe residual pump power, not absorbed in the SL, from im-

tral region(17—-19.5 cri). pinging into the cavity structure and generating unwanted
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(>1 um) Ga Al sAs layer which acts both as a stop layer

Mg“ III§" “ for chemically etching the GaAs substrate and as a window
L Lo for accessing the detector SL from the back. In Fig. 4 we
12 14 16 1820, present calculations of the reflectivity change as a function of
pramen Sn:lem | time. Fast oscillations dominate the reflectivity, correspond-
ing to the frequency of the coherently excited phonons
(18.3 cm?Y). In addition, this fast component is amplitude
modulated by an envelope whose frequency is determined
precisely by the Bloch oscillation period. The Fourier trans-
form of the time-dependent reflectivity clearly shows the
01234567 gn‘:r-g;"[-g;‘?;;’ WSL frequencies within an envelope determined by the input
Time [ns] sourceg(w) and the detector bandwidth.
_ FIG. 4. Top-left, source and detectqr _SL’s Raman spectra. Top- |n conclusion we have extended concepts previously dis-
right, scheme of the proposed monolithic source-sample-detectqfssed in the context of electronic and photonic properties of
phonon devicgsee text for details Bottom-left, time variation of  ¢)jigs to acoustic-phonon physics. We have described semi-
the reflectivity probed at the detector SL. Bottom-right, Fourier o nqctor structures based in recently reported acoustic cavi-
transform of the detected reflectivity change. ties and achievable with actual growth technologies, display-
. ing phononic Stark ladders and capable of sustaining Bloch
frequencies. Theg(w) phonon pulse, on the other hand, oscillations. We have also shown how Raman scattering and
propagates through the GaAs layer basically unaltered. Thgherent phonon generation provide spectral and time do-
cavity structure is identical to the one described above. Oncg,5in, probes, respectively, of these acoustic phenomena.

within this structure, Bloch oscillations develop and part of gy cyres as the one described here can be exploited to en-
the energy is lost to the substrate upon each turn. Their effe¢l; o the coupling between sound and other excitations

at the right end side of the sample is probed by the secon lectrons and photopsand as the feedback higb-resona-

SL (SL/d in Fig. 4, which acts as an energy selective detec'tor of a phonon laser. Moreover, engineered phonon poten-
tor of the Bloch oscillations through their effect in the time ;215 are not limited to linear dependencies that mimic elec-
variation of the reflectivity* To keep this time variation tric fields but can take arbitrary shapes. This opens the way

simple, a second GaAs layer is introduced to stop the probg, jitterent phonon devices based in the discrete confined
beam from being modulated also by the cavity structure. Th tates of acoustic cavities.

BS Raman spectrum of the SL defines the detector’'s band-

width, which we have designed to include the pul¢e). It We acknowledge M. Trigo and B. Perrin for enlightening
consists of a 20 periods 38.1 A/68.1 A GaAs/AlAs SL. Its discussions and G. Malpuech for useful information concern-
BS spectrum, calculated for a 750 nm probe pulse, is showimg the porous silicon optical Bloch structures. A.F. also ac-
in the inset on Fig. 4. The device is terminated by a thickknowledges support from the ON®J.S).
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