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Imaging of Acoustic Phonon Stop Bands in Superlattices
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Phonon-imaging experiments reveal the angular distribution of high-frequency acoustic-phonon
transmission through an Inv ~sCJaossAs/A1As superlattice. Phonon stop bands due to Bragg reflection at
the folded-zone boundary are observed for both longitudinal and fast transverse pkonons. A newly pre-
dicted intrazone stop band due to coupling between acoustic modes is detected.
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The layering of two alternating materials to create a
superlattice imposes on the system a periodicity diferent
from that of the crystalline lattice. Electrons and pho-
nons with wavelengths equal to twice the superlattice
period undergo Bragg reflection, leading to a rich variety
of phenomena. In this paper we examine the eAect
of superlattice periodicity on high-frequency acoustic-
phonon propagation. Using the phonon-imaging tech-
nique, we observe gaps in the phonon transmission
spectrum —phonon stop bands —which depend on the
phonon polarization and propagation direction. Compar-
ison of experimental images to theoretical transmission
rates not only reveals the existence of Bragg reflections
at the boundary of the folded Brillouin zone, but also in-
dicates a new type of stop band interior to the zone. The
new stop band involves coupling between the longitudinal
and transverse modes at oblique incident angles, and can
be explained by a generalized form of the Bragg scatter-
ing condition.

Bragg reflection of short-wavelength phonons by su-
perlattices were demonstrated experimentally by Nara-
yanamurti et al. in GaA1As/GaAs superlattices' and ob-
served more recently by Koblinger et al. in Si02/Si
amorphous superlattices. These experiments employed
phonon-spectroscopy techniques, i.e., varying of the pho-
non frequency and monitoring of the time-integrated in-
tensity of phonons at normaI incidence to the interfaces.
In both cases, dips in the transmission were observed
that matched the standard Bragg reflection condition
nX =2D, where X is the phonon wavelength, D =d ~

+d 2

is the superlattice period for layer thicknesses di and d2,
and n is an integer.

The basic question we address is how phonons with ar-
bitrary propagation directions interact with a superlat-
tice. For a phonon of wave vector k, simple Bragg
reflection dictates nX =2D cosOk, where cosOk =k. z and
z is a unit vector normal to the superlattice interface.
Equivalently, the Bragg condition is k~ =nn/D, where
k& =k z is the component of the phonon wave vector
normal to the interface. Phonon propagation through a

superlattice is especially interesting because (1) as a re-
sult of the anisotropy the energy flux (or group velocity)
is in general not parallel to k, and (2) three modes of
propagation —one longitudinal and two transverse —are
involved in the reflection process at an interface. The
first factor gives rise to bulk "phonon focusing, " whereby
the heat flux emanating from a point source is highly an-
isotropic. The second factor allows the possibility of
coupling between the modes and mode conversion at an
interface —eff'ects which are not present in the cases of
electromagnetic-wave or electronic propagation through
periodic structures.

Figure 1 shows the calculated dispersion relation v

vs k & for acoustic phonon propagation through an
lnGaAs/AlAs superlattice at a particular angle of in-
cidence. Longitudinal (L), fast transverse (FT), and
slow transverse (ST) branches are shown. Band gaps
(phonon stop bands) appear at the zone center and
folded-zone boundary with bandwidths AL, ApT, and hsT.
In addition, as predicted recently, a coupled-mode stop
band of width h, L gT appears interior to the zone and is
due to coupling between L and ST vibrations which are
mixed together by mode conversion at the superlattice
interfaces. [For propagation in the (100) plane, no mix-
ing occurs between L and FT or ST and FT phonons. ]
Physically, the coupled-mode stop band may be viewed
as an intermode Bragg reflection with the conditions
k ~ +k ~ =2nn/D, cot = cosT, and k

~~

=k ~~, where k &'

are positive normal components. It should be noted that
as the angle of incidence Ok increases, the branches on
the v versus k& diagram become steeper and thus the
frequencies of the stop bands increase, as predicted by
the Bragg condition, Hence, in a fixed-frequency experi-
ment, one or more stop bands may be detected by scan-
ning of the propagation angle.

Phonon imaging provides a measure of the phonon
transmission through a crystal as a continuous function
of propagation angle. The present experiments require
selection of phonon frequency and velocity (or mode) in

addition to requiring high spatial resolution. A focused
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FIG. 1. Acoustic-phonon dispersion relation v=v(k~) for a
(001)-ino. isGao ssAs/AIAs superlattice, where k& is the normal
component of the phonon wave vector. The angle of incidence
in the GaAs substrate is Oq =32.5' in the (100) plane for L
phonons. [The corresponding real-space direction is indicated

by point A in Fig. 2(d).] The conservation of k~~ implies
6jk =20' and 18' for FT and ST phonons, respectively. The
folded-zone boundary is at k& =z/D, with d~ =dz =D/2=20
A. Phonon stop bands occur at the folded-zone center and

boundary (widths hL, AFT, and AsT), as well as inside the zone
(width AL.sT). The cuton frequency v, of the PbBi detector is

also indicated.

laser beam (cavity-dumped Ar+ pulses, X = 5145 A. ,
width =15 ns, energy =0. 1 p J) is raster scanned across
the (100) surface of an undoped GaAs substrate
( —400-pm-thick wafer) immersed in liquid helium
(T = 1.8 K). The excitation surface is covered with a
2000-A Cu film to localize the heat source. Phonons
created by the thermal relaxation of photoexcited Cu
electrons propagate ballistically across the substrate and
through a superlattice grown by molecular-beam epitaxy
(MBE) on the other side. The superlattice consists of 40
periods of Inn /5Gaps5As/A1As, with single-layer thick-
ness d ~

=d z
=20 A. The phonons are detected by a

20X20-pm PbBi superconducting tunnel junction evap-
orated directly onto the superlattice. The tunnel junc-
tion has a sharp sensitivity cuton at a frequency v, corre-
sponding to twice the superconducting gap. The gap size
is controlled by adjusting the relative amount of Bi used
in the evaporation, permitting a cut-on range 650 ~ v,
~ 850 GHz which can be measured from the junction's
I- V characteristics. The junction s tunneling current
(proportional to the phonon flux) is the input signal to a
boxcar averager which selects the diAerent phonon polar-

ization modes (L and T) by their differing times of flight
(boxcar gate width —35 ns). The output signal is digi-
tized for each position of the laser beam and displayed as
a relative intensity on a video monitor, creating a two-
dimensional map of phonon intensity versus phonon
propagation direction.

The phonon image for L phonons in such a system
v, =850 GHz) is shown in Fig. 2(a). To produce this
image, the boxcar delay time was continuously adjusted
to be proportional to the ballistic path length at each
laser position, thus selecting a constant velocity. This
aflords almost total separation between the L and T
modes. The most obvious feature in Fig. 2(a) is the dark
ring corresponding to a narrow dip in intensity centered
on the (100) direction. This slightly anisotropic ring
occurs at angles Oy= 35 -37' from the axis, which is
close to that predicted for the first-order zone-boundary
stop band, labeled h, L in Fig. 1. Specifically, 0~=39
(Ok =32.5') was chosen in Fig. 1 in order to match the
hL stop band exactly with v, =850 GHz. A 2-A uncer-
tainty in the layer thickness, or the use of nondispersive
elastic theory, could account for the small discrepancy
between theory and experiment.

The sharpness of the transmission dip in the experi-
mental image indicates that a relatively narrow frequen-
cy range is sampled by the detector. The width of the
dip, 50y =7', implies h.,= 150 GHz. This suggests
that the GaAs substrate —an undoped commercial
wafer —must be limiting the transmission of ballistic
phonons with v& 1 THz. A high-frequency cutoA'of this
sort can be caused by mass-defect scattering from natu-
rally occurring isotopes or residual impurities. In the
present case, such frequency-selective scattering (1/r
—v for isotopes) is a highly desirable factor which, in

conjunction with the sharp high-pass sensitivity of the
tunneling junction, produces a quasimonochromatic se-
lection of phonons.

To isolate better the eN'ect of the superlattice, we
etched the superlattice ofl' the substrate and repeated the
experiment. As expected, without the superlattice the
dark ring is absent, as shown in Fig. 2(b). The
diflerence between images with and without the superlat-
tice is shown in Fig. 2(c) with increased gain. The dark
regions signify phonons that were not transmitted
through the superlat tice. The

difference

image also
brings out another striking eA'ect of the superlattice
which was not so prominent in the original image, name-
ly the anisotropic diamond-shaped feature surrounding
the n =1 ring. This reduction in transmitted flux is not
due to a higher-order reflection. (For n~ 2, cosgk & 1

under these conditions. )
To gain a quantitative understanding of these results,

we have performed a calculation of the stop-band distri-
bution for this system, Fig. 2(d), assuming a band of fre-
quencies 850-900 GHz. The narrow circular stop-band
ring agrees well with that in the experimental image.
The theory also shows the diamond-shaped feature
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FIG. 2. (a) Image of longitudinal phonons (c& =5.35 km/s) transmitted through a GaAs substrate and an In0~5Gao85As/AlAs su-
perlattice. Detector cuton frequency is v, =850 GHz. The dark ring is due to Bragg-reflected phonons when cos9k =k/2D. The im-
age represents a scan of approximately ~60 from left to right, with the (100) direction at the center of the image. (b) Corre-
sponding image for GaAs substrate only. (c) Differential phonon image in which dark regions represent a reduction in phonon
transmission by the superlattice. Obtained by subtracting (b) from (a), adding an offset, and increasing the gain. To improve the
signal-to-noise ratio, the four symmetry-related quadrants have been added together. (d) Calculated angular distribution of L-
phonon stop bands for the same case. Full crystalline anisotropy is included, as described in Ref. 3. The polar angle is denoted by
~v.

present in the experimental image. This feature is due to
coupled-mode stop bands (ALsT) within the zone. In
Fig. 2(d), the relatively denser regions near j1101 planes
are due to L-FT coupling; the remainder near 1100)
planes are primarily due to L-ST coupling. The noncir-
cular shape of the diamond structure arises mainly from
the anisotropy of the T modes.

Tracking a slower velocity allo~s detection of the
transverse modes, as indicated in Fig. 3. In this experi-
ment, the detector cut-on frequency is v, =700 GHz.
Bright features are due to phonon focusing in the GaAs
crystal. Close inspection of the region indicated by ar-
rows reveals an interesting effect due to the superlattice.
Both a dip in the transmission and a slight shift in the

positions of the FT phonon-focusing caustics are ap-
parent in this image. A theoretical calculation of the
phonon stop band helps to explain these eA'ects. Figure
4(a) shows the predicted FT stop bands for a frequency
of 700 GHz, the lowest frequency present in the experi-
mental phonon image. For 900-GHz phonons, the FT
zone-boundary stop band (AFT) shifts further away from
(100), as indicated in Fig. 4(b). However, the FT caus-
tic for 700- and 900-GHz phonons are separated as a re-
sult of dispersion, as shown in Fig. 4(c). Combining
these eA'ects, we show schematically in Fig. 4(d) the ex-
pected intensity pattern for a distribution of frequencies
between 700 and 900 GHz. All phonons in this frequen-
cy range display a small common gap of reduced
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FIG. 3. Constant-velocity (v=3.35 km/s) phonon image of
transverse phonons (FT and ST) in Ino ~sGaossAs/AIAs super-

lattice, v, =700 GHz. The image scale and orientation are ap-
proximately the same as in Fig. 2. A 25-pm Gaussian
broadening due to finite laser spot and detector resolution has
been deconvolved from this image. The arrows indicate a

Bragg scattering due to the superlattice.

transmission. This gap and the apparent shifting of the
caustics are precisely what is observed in the experimen-
tal image of Fig. 3.

These initial experiments reveal an interesting variety
of new phenomena associated with high-frequency
acoustic phonon transmission through a superlattice.
Phonon detection with small, high-quality PbBi super-
conducting tunnel junctions yields the simultaneous reso-
lution of phonon propagation angle, frequency, and ve-

locity (or mode) necessary to observe the angular distri-
bution of superlattice stop bands. The highly anisotropic
nature of this problem involves a combination of classical
phonon topics —phonon dispersion, mode conversion, and
evanescent wave formation —which can be readily stud-
ied by imaging techniques.
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FIG. 4. Theoretical calculations for the case in Fig. 3.
(a), (b) the stop-band distributions for 700- and 900-GHz pho-
nons from the theory of Ref. 3 are depicted, respectively. (c)
Schematic of the FT caustics formed at 700 and 900 GHZ.
Dispersion in the bulk GaAs causes the shift in their positions.
(d) Schematic representation of the phonon stop-hand effect
for a range of frequencies 700-900 GHz.
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