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Monochromatic transverse-polarized phonons from femtosecond pulsed optical excitation
of a GaAsÕAlAs superlattice

N. M. Stanton, R. N. Kini, A. J. Kent, and M. Henini
School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom

~Received 21 October 2003; published 30 March 2004!

We have generated pulses of;0.5 THz, monochromatic transverse-polarized acoustic~TA! phonons by
resonant excitation of a~001! GaAs/AlAs superlattice~SL! structure using femtosecond optical pulses. The
phonons were detected using superconducting bolometers. Spectral resolution was obtained by using the filter
effect of the frequency-dependent phonon scattering in the GaAs substrate and also using a second superlattice
as a notch filter placed between the generator and bolometer. We propose that the detected TA phonons are due
to the leakage of optically excited coherent SL modes into propagating phonons. We discuss various mecha-
nisms by which TA phonons, which are not Raman active in~001! GaAs, may couple with the optical pump
pulse.

DOI: 10.1103/PhysRevB.69.125341 PACS number~s!: 63.20.Dj, 63.20.Ls, 63.22.1m
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I. INTRODUCTION

Beams of coherent terahertz acoustic phonons have
merous potential applications in science and technology,
cluding: THz light modulation, generation of THz electr
magnetic radiation, sources for phonon spectrosco
acoustic microscopy of solid-state nanostructures, etc.
way to generate such phonons is by ultrafast optical exc
tion of semiconductor superlattice~SL! structures, for re-
views see Refs. 1,2: the periodicity of the acoustic imp
ance of the layers making up the SL gives rise to folding
the acoustic phonon dispersion into a mini-Brillouin zo
extending fromq50 to q5p/dSL , wheredSL is the super-
lattice period, see Fig. 1. This makes it possible to optica
excite zone-folded acoustic phonons havingq50 but with
high (;THz) frequency. The~001! GaAs/AlAs SL has
proved an ideal system for coherent phonon generation
cause it is possible to accurately grow by molecular-be
epitaxy~MBE! SL structures with excellent interface quali
and which show optical absorption at wavelengths within
tuning range of Ti-sapphire ultrafast oscillators. The gene
tion process has been investigated using ultrafast pu
probe measurements,4 in which a high-intensity femtosecon
pump pulse is followed, after an adjustable time delay, b
low-intensity pulse which probes changes in the surface
flectivity. It was observed that when the pump photon ene
was resonant with the E1-HH1 optical transition in the Ga
quantum wells~QW’s!, coherent longitudinal acoustic~LA !
phonons were excited in the SL.5 These were observabl
through oscillations in the surface reflectivity with a peri
equal to the reciprocal of the phonon frequency. Detai
measurements of the spectrum of generated phonons6 re-
vealed a triplet of modes consisting of a dominant line
frequencyn5cLA /dSL (cLA is the speed of LA phonons!
corresponding to the first mini-zone-center mode atq50 and
a pair of sidebands atq52klaser due to backscattering. Th
results were found to be consistent with the generation p
cess being impulsively stimulated-Raman scattering~ISRS!
in which the photoexcitation of an electron-hole pair is a
companied by LA phonon emission. However, other gene
0163-1829/2004/69~12!/125341~5!/$22.50 69 1253
u-
n-

y,
ne
a-

-
f

y

e-
m

e
-

p-

a
e-
y
s

d

t

o-

-
-

tion mechanisms, e.g., displacive excitation,7 have been pro-
posed.

The SL vibrations were observed to decay within a na
second after the pump pulse. This was due to leakage o
SL modes into propagating monochromatic phonons. Us
coherent ~pump-probe! detection schemes, these phono
have been detected at distances of up to 0.5mm from the
SL.8 Propagation of the monochromatic LA phonons acro
macroscopic distances,;1 mm, at liquid helium tempera
tures has also been observed using incoherent detectio
superconducting bolometers.9–11 Superconducting bolom
eters have a response time of the order nanoseconds w
made it possible to resolve the ballistic LA and TA phon
modes due to their different speeds and therefore diffe
times of flight between the SL and bolometer. The intens
of the ballistic LA mode was observed to increase shar
when the condition for coherent phonon generation in the
was met, i.e., the excitation photon energy was resonant
the E1-HH1 transition in the GaAs QW’s.9 The spectrum of
the propagating phonons was studied using the freque

FIG. 1. Folded acoustic phonon dispersion, calculated using
method described in Ref. 3, for a typical superlattice structure c
sisting of 40 periods each containing 7 ML of GaAs and 7 ML
AlAs (dSL.4 nm).
©2004 The American Physical Society41-1
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dependent phonon scattering in the substrate as a low-
filter10 and by using a second SL as a notch filter between
generator SL and the bolometer.11 These measuremen
showed that the propagating phonon beam was monoc
matic at the design frequency of the generator SL. As no
in Refs. 9–11, a strong transverse acoustic~TA! signal was
also detected by the bolometer. This was attributed to
decay products of optic~LO! phonons emitted during energ
relaxation by carriers photoexcited in the GaAs substr
However, more recent measurements with improved tem
ral resolution found that the intensity of the ballistic T
mode was also enhanced when the condition for cohe
phonon generation was met.12 Three possible reasons for th
have been suggested:~1! the TA phonons were emitted b
carriers photoexcited in the GaAs QW’s relaxing their exc
energy; ~2! the TA phonons were produced by the anh
monic decay of the THz LA SL modes; and~3! coherent
transverse acoustic SL modes were being excited optic
and these were leaking into propagating TA phonons in
same way as for the LA mode. At first, the latter seem
unlikely because the generation of coherent TA phonons
not been observed in pump-probe measurements on~001!
GaAs/AlAs SL’s. This is believed to be due to TA phono
propagating along@001# in GaAs not being Raman active.13

The aim of the work described in this paper was to de
mine the origin of the additional ballistic TA phonon sign
which appeared under resonant photoexcitation of the
We report measurements, made using superconducting
lometer detectors and filter layers, of the temporal, f
quency, angular, and excitation wavelength dependenc
the TA signal intensity. The results are discussed in rela
to the three possible generation processes given above.

II. EXPERIMENTAL METHOD

The experimental samples were all grown by MBE
semi-insulating GaAs substrates. Four different samp
were produced. SampleA contained a single 40-period pho
non generator SL, each period consisting of 22 monolay
~ML ! of GaAs and 4 ML of AlAs. In sampleB, two 40-
period SL’s were grown: each period of the SL closest to
substrate consisted of 7 ML of GaAs and 7 ML of AlAs; o
top of this was grown a 0.5mm GaAs spacer and then
generator SL~the same structure as in sampleA). The lower
SL was designed to act as a phonon notch filter with a n
row stop band centered onnstop5p/2dSL , i.e., the first mini-
zone boundary mode. SampleC differed from sampleB only
in the generator layer composition; 24 ML of GaAs and
ML of AlAs. The SL of sampleD was as sampleA, but
grown on a 2-mm-thick substrate. The SL’s were charac
ized by photoluminescence and Raman spectroscopy.

The back surface of the substrates, opposite the SL’s, w
polished and 40340 mm2 active area granular aluminum bo
lometers were fabricated by photolithography. SampleD was
polished at an angle, 2 mm thick at one end and 0.5
thick at the other. A row of bolometers were fabricated alo
the wedge allowing us to study the effect of changing p
non propagation distance, by optically exciting the SL
points opposite different bolometers.
12534
ass
e

o-
d

e

e.
o-

nt

s
-

lly
e
d
as

r-

L.
o-
-
of
n

s

rs

e

r-

r-

re

m
g
-
t

The measurements were carried out with the samp
mounted in an optical-access helium cryostat and held
constant temperature on the superconducting transition o
bolometers,'2 K. Pulses from a tunable Ti-sapphire osc
lator were focussed to a 40mm-diameter spot on the SL
surface, opposite a bolometer. The pulses had a duratio
'100 fs and a maximum energy of 2 nJ. An acousto-op
pulse picker was used to reduce the pulse period from
MHz at the laser to,100 kHz at the sample. This was t
allow the sample and bolometer sufficient time to return
thermal equilibrium between pulses. Multiple reflections
the beam between a pair of double-chirped negative-G
mirrors precompensated the pulse for dispersion cause
optical components in the beam path.

The bolometer was biased with a constant current
10 mA. Phonons incident on the bolometer caused a tr
sient change in its temperature and hence its resistance.
corresponding voltage pulse was amplified and recorded
ing a high-speed digital signal averager. Figure 2 shows ty
cal signals after photoexcitation of the SL in sampleA. The
two traces are for phonon energies corresponding to the
resonance condition (hn5E051.62 eV) and the off-
resonance condition (hn,E0). The peak att50 is due to
direct optical excitation of the bolometer by PL. The sign
due to the arrival of LA phonons is marked (t.80 ns). This
feature has been studied in great detail in previous work.9–11

The larger peak observed att.120 ns is mostly due to TA
phonons and is the focus of this paper.

III. RESULTS AND DISCUSSION

A. The experimental results

Close inspection of Fig. 2 reveals that when the resona
condition is satisfied the TA component of the signal is e
hanced on its rising edge and reaches a higher peak. At ti
*500 ns following the peak~not shown on this scale!, the
tail signal is reduced compared to the off-resonance c
The effect at early times following the pump pulse can
seen more clearly when the off-resonance signal is subtra
from the on-resonance signal. This effectively removes

FIG. 2. Bolometer signals for pump photon energy below re
nance and resonant with the E1-HH1 transition~1.62 eV! in sample
A. The box highlights the region where the increase in the balli
TA signal is seen.
1-2
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large background due to carrier relaxation in the GaAs. T
background subtracted signals are shown in Fig. 3. W
hn.E0, there is a strong increase in the observed TA sig
This behavior is similar to the LA mode enhancement fi
reported in Ref. 9. The TA peak also shifts slightly to earl
times. Note that the TA signal increase occurs over a narr
but finite range of excitation energy consistent with the sp
tral width of the transform limited 100 fs laser pulses.

The appearance of the off-resonance signal is well un
stood. At these wavelengths, there is little optical absorp
in the SL, and the phonon signal is largely due to ene
relaxation by carriers photoexcited in the GaAs substr
Since the excess energy,hn2Eg (Eg5 GaAs band-gap!, is
greater than the GaAs LO phonon energy (\nLO
.36 meV), most of the excess energy is lost by LO phon
emission. These modes decay in a few picoseconds to l
wave-vector LA modes which subsequently undergo anh
monic decay to large wave-vector TA phonons. Isotope m
defects, impurities, and other crystalline defects stron
scatter these large wave-vector modes, and so diffu
propagation results in delayed arrival of the phonons at
bolometer compared to the ballistic flight time. The observ
signal shows a broad, delayed peak and a long tail, whic
generally accepted as being characteristic of the arrival of
delay products of emission of LO phonons.14

The additional TA signal we observe on resonance arri
at a time corresponding to the ballistic time of flig
(.120 ns). This suggests the origin of the signal is due
phonons of frequency (&1 THz) which are not scattered i
the substrate, rather than being the result of diffusive pro
gation. Further evidence for the ballistic nature of the o
resonance TA signal is provided by the shift of the peak
slightly earlier times as a larger proportion of the TA signa
due to ballistic phonons. The signal at the ballistic time
flight is accompanied by a reduction in the tail of the sign
probably due to the increase in optical absorption by the
resulting in less direct excitation of the substrate.

Having discounted the possibility that the TA signal e
hancement is due to diffusive propagation of decay produ
from the substrate, we will now move on to consider t

FIG. 3. SampleA bolometer signals after subtraction of the o
resonance signal~traces are offset for clarity!. The increase of the
LA and ballistic TA phonon pulses takes place over a 40 m
energy range centered on 1.62 eV, consistent with the spectral w
of the ultrafast laser excitation pulse.
12534
e
n
l.
t
r
w,
-

r-
n
y
e.

n
ge
r-
ss
y
ve
e
d
is
e

s

o

a-
-
o

f
l,
L

-
ts

generation processes outlined in Sec. I. Initially, we limit o
discussion to sampleA. Consider first the possibility of car
rier relaxation in the GaAs QW’s as being responsible for
TA enhancement. The excess energy of carriers photoexc
in the QW’s is less than the GaAs LO phonon energy, and
energy relaxation is by emission of acoustic phonons. M
mentum conservation considerations lead to an upper
quency cutoff for emission near perpendicular to the Q
growth direction,nmax5cs/2w,15 which in this sample gives
nmax5200 GHz. Next consider anharmonic decay of the c
herent LA superlattice modes: there are two possible de
channels, LA→LA1TA and LA→TA1TA,16 both of which
would result in sub-THz transverse phonons, since we kn
the LA mode is of frequency 650 GHz. Finally, if the in
crease in TA signal was due to optically excited TA superl
tice modes leaking into propagating monochroma
phonons, their frequency would be 450 GHz.

It is clear that using sampleA alone, we are unable to
identify the origin of the signal enhancement. To determ
whether the TA phonons were monochromatic we us
samplesB andC which contain the notch filter SL structure
These samples, as itemized previously, consist of 2 S
separated by a GaAs spacer layer. The filter layer was
signed to block the propagation of transverse phonons
frequency 450 GHz. The generator layers were then fa
cated so that in sampleB TA superlattice modes would hav
a frequency ofnTA.450 GHz, whilst in sampleC, nTA
.360 GHz. Figure 4 shows the dependence of the bolo
eter signals on the excitation energy for samplesB andC. We
see that in sampleB unlike for sampleA, no sudden increase
of the ballistic TA signal is observed when the pump phot
energy is tuned onto resonance with the E1-HH1 transition
the GaAs QW’s. This result provides strong evidence of
monochromatic nature of the additional TA component. T
optically excited TA modes would be filtered since the ge
erator layer frequency matches the stop band of the fi
layer. However, in sampleC, we still see an increase in th
phonon signal when the resonance condition is satisfi
Since the generator layer of sampleC was designed to a
phonon frequency outside of the filter stop band, the fil
should have no effect. This is indeed what is observed, pr
ing that the filter SL is frequency selective and does
simply block all TA phonons.

th

FIG. 4. Ballistic TA signal component as a function of excitatio
photon energy for samplesB andC.
1-3
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The notch filter experiment rules out the possibilities th
the TA enhancement is due to carrier relaxation or anh
monic decay of LA SL modes because neither of these p
cesses would result in generation of monochromatic phon
and then we would have expected samplesB andC to behave
in the same way. However, the possibility that the decay
thepropagatingLA modes can account for the increased T
component must be examined further. In this case, bec
the filter layer prevents propagation of the monochroma
LA phonons, the TA signal would also be attenuated.

To eliminate this possibility, we have studied the effect
phonon propagation distance on TA signal enhancemen
ing sampleD. Figure 5 shows the difference between on- a
off-resonance TA signals as a function of distance betw
source and detector. To account for geometrical effects~i.e.,
the change in solid angle subtended by the detector as
propagation distance increases!, we have normalized the
traces to the off-resonance TA signal amplitude. In previo
work using sampleD, we observed that the LA signal inten
sity decreased with increasing propagation distance du
isotope scattering or LA decay.10 If the additional TA signal
was due to the arrival of LA decay products, we would o
serve an increase of the TA component with increas
propagation distance. Instead, we see a decrease of th
intensity as the source-detector separation is increased, p
ably due to scattering in the substrate and consistent wi
phonon mean free path of'0.8 mm. This rules out the de
cay products of propagating monochromatic LA phonons
the origin of the additional TA component.

B. The origin of the additional transverse phonon signal

We now turn our attention to discussing the possible
citation mechanisms. Having discussed and subseque
discounted the various possible causes of the additiona
signal, the one which remains is that the TA signal is due
coherent TA modes leaking into propagating phonons. T
fact that these SL modes have not been previously obse
in pump–probe measurements is not sufficient reason to

FIG. 5. (I R2I 0)/I 0 for TA phonons as a function of the propa
gation distance along@001#, measured using the wedge-shap
sampleD. Here I R is the signal intensity under resonant excitati
and I 0 is the signal intensity for off-resonant excitation. The so
line is a best fit to the data and gives a phonon mean free path o
mm.
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ject this explanation. Transverse acoustic modes are not
man active in~001! GaAs.13 This means that generation b
ISRS ~the mechanism by which generation of the LA mo
occurs! is not expected. Also, because the surface reflecta
is proportional to the first-order Raman tensor, TA phono
will not modulate the reflectance. Our measurements us
incoherent, bolometric detection show that, in most respe
the TA and LA modes behave in a very similar way und
resonant excitation. However, the ratio of the on-resona
to off-resonance signal intensities is much smaller for the
mode than for the LA. This is due to the overall TA sign
being dominated by the products of carrier energy relaxat

Since ISRS is not expected to generate TA phonons,
must consider the possibility of non-Raman processes
possible candidate is displacive excitation of coher
phonons~DECP!,7,17 the physical basis of which is that ion
are set into motion via the coupling to the photoexcited c
riers or a sudden change in carrier temperature induced
absorption of the optical pulse. If the optically induce
changes occur on a time scale that is very short compare
the phonon period then coherent modes are excited. H
ever, DECP excites only the vibrational modes ofA1 sym-
metry, i.e., LA modes in~001! GaAs/AlAs. Brillouin scatter-
ing measurements on CdS have allowed observation
forbidden TA modes, and this has been attributed to pie
electric coupling.18 Due to the piezoelectric effect, the slo
TA phonon carries a longitudinal electric field and it is th
that couples with the light. However, as discussed in Ref.
this mechanism should not be effective in~001! GaAs be-
cause pure TA phonons propagating along@001# have no
component of longitudinal polarization.

Another possibility is that the effects of acoustic anis
ropy give rise to excitation of the TA modes. This was su
gested as a possible reason for the observation of Ra
scattering by TA phonons in~110! GaAs/AlAs SL’s.19 Acous-
tic anisotropy has also been shown to have a large effec
the mode and angular dependence of the electron-pho
coupling in GaAs QW’s and heterojunctions,20 and this has
been observed in hot carrier energy relaxati
measurements.21 Acoustic anisotropy effects are very stron
for TA phonons propagating close~within a few degrees! to
@001# in GaAs and it is this that leads to the characteris
strong TA phonon focussing patterns.22 In these directions,
the TA modes are not ‘‘pure’’ transverse, i.e., the wave vec
and polarization vector are not exactly perpendicular. The
mode in this case carries a small longitudinal polarizat
component which may permit excitation of slightly off-ax
TA phonons by ISRS or the piezoelectric coupling mech
nism described in Ref. 18. The TA signal is expected to
weak and easily obscured by the LA mode in pump-pro
measurements. It is the ability of the bolometric detect
technique to resolve the phonon modes due to their differ
times of flight that has allowed us to observe this enhan
ment of the TA mode when the condition for resonance
satisfied.

IV. CONCLUSIONS

Acoustic phonons generated by femtosecond pulsed o
cal pumping of a GaAs/AlAs superlattice have been detec

.8
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using superconducting phonon detectors. Enhancemen
the ballistic transverse acoustic phonon signal was obse
when the excitation photon energy was brought into re
nance with the E1-HH1 transition in the GaAs QW’s. Me
surements using samples which comprised a notch filter
between the generator SL and detector showed that the
phonons were monochromatic with frequencyn5cs /dSL ,
corresponding to the first mini-Brillouin zone-center mod
Consideration of the various possible sources of the mo
chromatic TA phonons have led us to the conclusion that
additional transverse phonon signal is due to leakage of
tically excited SL modes. Initially, this was unexpected sin
TA phonons are not Raman active in~001! GaAs. TA
phonons which are not pure transverse, but carry a sm
a

an

H.

s.

n,

d.
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component longitudinal polarization may allow generati
~by ISRS! of monochromatic TA modes which propaga
close to@001#. We believe these effects of acoustic anis
ropy can account for our observations.
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